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The aim for this thesis was to investigate if harvesting of ambient radio 
waves could be a viable source of energy and where and when it can be 
used. A survey of the signal strengths at different locations in Uppsala, 
Sweden was performed which showed that the cellular frequency bands 
were the ones that carried the most energy. 

One circuit was manufactured and two more were simulated, together 
with the circuitry required to measure and display how much energy that 
was being harvested. The design was tested at the same locations as the 
survey of the signal strength was conducted at. The maximum harvested 
energy was 35μW which was at a location inside in a window facing a 
cellular transmittor with an approximate distance of 100m. At 200m away 
from a cellular transmitter, the output was 1μW. In a typical city 
environment, the output from the harvester was 0μW.  

The harvesting technique was also compared to energy from solar- and 
thermal energy. The comparison showed that it is almost always more 
beneficial to use an alternative source of energy, such as solar cells, even 
indoors.  

 



3 
 

Sammanfattning 

Nästan överallt i dagens samhälle finns det radiovågor närvarande. Radiovågorna har olika 

uppgifter, men användas nästan uteslutande till kommunikation. Kommunikationen görs 

på olika frekvenser för att inte störa varandra. I detta projekt görs en undersökning om 

huruvida denna bakgrundsstrålning kan fångas upp och göras om till energi som kan 

användas för att förse elektronik med energi.  

I projektet genomfördes först en studie av hur bakgrundsstrålningen är fördelad på olika 

frekvenser och hur signalstyrkan och frekvensbandens karaktäristik ser ut på olika platser. 

Här framkommer det tydligt att de frekvenser med högst signalstyrka är de frekvenser 

som användas för mobilkommunikation. Signalstyrkan varierar och är som lägst inne i 

bebyggda områden med höga hus som blockerar signalerna. Högst är signalstyrkan nära 

en sändarmast med fri sikt.  

För att kunna fånga upp och göra om signalerna till en energiform som kan användas, 

behövs en antenn och en likriktare. Antennen fångar upp signaler och likriktaren 

konverterar signalerna från AC till DC. Det är viktigt att designa ett system som fungerar 

för så många frekvenser som möjligt och detta var troligtvis ett av de svåraste momenten i 

projektet. Ett nyckelbegrepp i denna design är impedansmatchning. Den karaktäristiska 

impedansen för antennen och likriktaren är inte lika och detta gör att det kommer uppstå 

reflektioner i kretsen, något som inte är önskvärt. Reflektionerna är som minst när 

impedansen för de båda system är lika, därför vill man transformera impedansen hos 

likriktaren så att den för antennen ser ut att vara lika stor som dess egen impedans. Detta 

görs genom ett impedansmatchnings-nätverk vilket kan bestå av antingen passiva 

komponenter eller så kallade ’stubbar’. I kretsen som tillverkats i denna rapport är det 

baserat på passiva komponenter, även om simuleringar av en krets med stubbar har 

genomförts.  

För att kunna visualisera den momentana energiinsamlingen designas även en 

strömmätningskrets och en display som visar hur mycket energi som samlas in för tillfället. 

Den maximala insamlade energi i detta projekt var 35 μW och detta var i ett fönster vänt 

mot en sändarmast på ett avstånd av ca 100m. På ett avstånd av ca 200m från en 

sändarmast kunde endast 1μW samlas in, och i en typisk stadsmiljö var denna siffra 0μW. 

I projektet gjordes även en jämförelse mellan den nämnda energikällan och solceller samt 

termiska harvesteringssystem. Jämförelsen visar på att det i nästan alla fall är mer 

fördelaktigt att använda solceller framför energi från bakgrundsstrålning, även inomhus.  

Även om det finns viss utvecklingspotential i detta projekt för kretsen som samlar in och 

konverterar energin, är största problemet att det helt enkelt inte finns tillräckligt med 

energi i bakgrundsstrålningen för att det ska kunna användas som en effektiv energikälla, 

annat än i vissa specifika tillämpningar.  
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1 Introduction 
1.1 Background 

Ever since the entry of the internet, more and more devices have been connected. For a long 

time, communication was limited to cables, but with the introduction of Wifi-networks and 

cellular networks for phones, the number of wireless connected devices have been exponentially 

increasing. An obvious effect of this is that there now exists an ubiquities radio wave environment 

in most populated areas.  

Devices are becoming smaller and smaller and are requiring less power, especially tiny sensors 

and microcontrollers. The sensors are becoming more common and are used in in a wide variety 

of applications, everywhere from smoke detectors and temperature sensors, to more advanced 

sensors measuring for example internal structural weaknesses in bridges. A sensor of this size is 

often preferred to be connected wirelessly to allow for more flexibility in where to place them. 

However, this requires the sensors to be powered from a battery supply. 

To guarantee a longer period between switching of batteries, or completely disabling the need for 

it, an energy source for charging the battery is often used. One popular energy source is solar 

cells, which is a rather effective way of harvesting energy. However, in places where solar cells 

cannot be used, for example in dark areas or indoors, an alternative source of energy must be 

used. Alternatives to solar energy can be thermal energy which utilizes heat gradients to generate 

power, or piezo electric elements that generates power from vibrations. A newly added category 

to the list of energy sources is ambient radio waves. The ambient radio waves can be captured 

and converted into dc current, which can then be used to charge a battery or drive the sensor 

directly.  

1.2 Purpose and project specification 

The purpose of this project is to evaluate how ambient radio wave energy can be used to power 

sensor and to charge a small battery. A comparison will be made between two alternative power 

sources, solar energy and thermal energy. A study of the ambient radio wave environment in 

Sweden will be conducted to determine where and when ambient radio waves can be considered 

as a valid alternative for energy harvesting.  

A proof of concept circuit will be simulated and constructed and hopefully be able to power a 

sensor or similar with the harvested energy.  

1.3 Previous work 

The idea of power devices by transmitting electricity wirelessly is not new and was even proposed 

by Nikola Tesla in the late 1800 in his famous World Power System. However, it’s not until 

recently that many scientists have been starting to pay interest in the use of ambient radio waves 

to harvest energy.  

In [1] from 2013 by M. Piñuela et al., an outdoor RF power level survey was conducted in the 

London underground and found out that approximately 50% of the 270 stations tested were 

suitable locations for energy harvesting. They also created a single band harvesting circuit that, 

according to the paper, achieved a 40% end-to-end efficiency for the GSM 900MHz band at            

-25dBm.  
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In [2] from 2016 by C. Song et al., a novel six-band rectifier and antenna circuit were proposed 

and designed that managed to harvest 96μW with an input power level (summed over all used 

frequencies) of -15dBm.  

In [3] from 2017 also by C. Song et al., an innovative approach for the rectenna system was 

proposed where the impedance of the antenna was matched to the impedance of the rectifier, 

eliminating the need of a matching network and consequently reducing the complexity of the 

circuit.  

WIFI is used as an energy source in [4] by U. Olgun et al., and an antenna array of 9x9cm can 

power a digital thermometer at -40dBm signal strength.   

This thesis will use similar techniques for harvesting energy from a radio source as in previous 

work. It will evaluate the different possible design methods and determine if energy from ambient 

radio waves is a viable source of energy in Sweden.  
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2 Ambient Radio Wave Environment 
Ambient radio waves are always present around us. The source of the radio waves differs, for 
example there exists radio waves that origins from space, but these are usually very low in 
energy. The ambient radio waves of interest in this thesis are the ones that are transmitted from 
an antenna on earth. The source of theses radio waves can differ both from different countries 
and from different regions. This thesis will focus on radio waves in Uppsala, Sweden and Table 1 
shows how the different radio frequencies are used in Sweden. It is expected that the frequencies 
used for cellular data systems will provide the most energy and therefore these will be the ones 
that are focused on in this thesis. Table 2 shows a more detailed description on how the different 
blocks of digital cellular systems are assigned to different carriers. The same data shown in Table 
2 is displayed in Figure 1 for a better overview.  

Table 1 – Frequency table for radio wave usage In Sweden [5] 

Frequency range (MHz) Usage 

80-115 FM Radio transmissions 

450-700 Digital TV transmissions 

791-862 Digital Cellular Systems 

880-960 Digital Cellular Systems 

1710-1870 Digital Cellular Systems 

1905-1979 Digital Cellular Systems 

2110-2169 Digital Cellular Systems 

2401-2484 802.11 WIFI channels 

2500-2690 Digital Cellular Systems 

5180-5240 802.11 WIFI channels 

 

These tables don’t say anything about the signal strength of the different frequencies, which can 

differ a lot depending on location and time. The ambient signal strength from a cellular tower can 

probably be considered as stable, however the ambient signals transmitted from mobile cell 

phones will differ a lot depending on the number of cell phones in the area. In order to describe 

how the actual ambient radio wave environment looks like at a specific location, measurements 

have to be made.  

The maximum transmission signal strength of an antenna in Sweden are regulated by law, since 

too high energies can be harmful to human cells. It is also worth noting that the required signal 

strength for communications is much lower compared to the required signal strength for 

harvesting energy.  
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Table 2 – Detailed frequency table for cellular radio usage In Sweden [5] 

Downlink Frequency 
range (MHz) 

Uplink Frequency range 
(MHz) 

Type Carrier 

791-801 832-842 4G 3 

801-811 842-852 4G Telia 

811-821 852-862 4G Tele2/Telenor 

925-930 880-885 3G 3 

930-936 885-891 4G Tele2/Telenor 

936-945 891-900 GSM Tele2 

945-950 900-905 GSM Telenor 

950-960 905-915 GSM Telia 

1805-1840 1710-1745 4G Telia 

1840-1870 1745-1775 4G Tele2/Telenor 

1870-1875 1775-1780 4G 3 

1905-1910 Same as downlink(TDD) 3G Telia/Tele2 

1910-1915 Same as downlink(TDD) 3G 3 

1915-1920 Same as downlink(TDD) 3G Telenor 

2110.3-2130.1 1920.3-1940.1 3G Telenor 

2130.1-2149.9 1940.1-1959.9 3G 3 

2149.9-2169.7 1959.9-1979.7 3G Telia/Tele2 

2620-2640 2500-2520 4G Tele2/Telenor 

2640-2650 2520-2530 4G 3 

2650-2670 2530-2550 4G Telia 

2670-2690 2550-2570 4G Tele2/Telenor 

2570-2620 Same as downlink(TDD) 4G 3 

 

 

Figure 1 – A graph over frequency usage for cellular radio In Sweden [5] 

2.1.1 Measurement of ambient RF energy 

In order to evaluate which frequencies are of interest for harvesting energy, a survey of the 

ambient radio waves was conducted at some various locations in Uppsala, Sweden. The 

equipment used for this was a ‘RF-Explorer 3G Combo’ together with a broadband antenna. This 

was done to verify which frequencies carried the highest energy. The frequencies used in cellular 

transmission which are shown in Table 1 and Table 2 were the frequencies assumed to have the 

highest energy.  

Figure 2-5 shows the measured ambient signal strength at four different locations. The downlink- 

and uplink cellular frequencies are shown in the figure for reference. The downlink frequencies 
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are used by cellular base stations, and the uplink frequencies are used by a client, for example a 

cellphone, that communicates with the base station. Table 3 shows a description of the various 

locations. It can be seen that the downlink cellular frequencies are the ones that carries the most 

energy at all measured locations, which is expected since they are transmitted from a base station 

with high power. However, there is a spike in the uplink frequency around 2500MHz in all 

measurements. The reason for this spike is unclear, but it might be a Time Division Duplex (TDD)-

frequency even though this is not declared in the frequency block table. A TDD-frequency shares 

the same frequency for both uplink and downlink and is divided into different time slots. Other 

spikes in the uplink frequencies could be because someone using a phone was passing by during 

the measurements.  

 

Figure 2 – Background signal strength at Location 1.  

 

Figure 3 - Background signal strength at Location 2. 

 

Figure 4 - Background signal strength at Location 3. 
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Figure 5 - Background signal strength at Location 4. 

Table 3 - Description of the various locations used in the signal strength measurements. 

Location Number Description 

Location 1 Inside, in a window facing a Tele2-transmitter with an 
approximately distance of 100m.  

Location 2 Outside facing a tower with multiple cellular 
transmitters with an approximate distance of 200m. 

Location 3 Outside facing a tower with multiple cellular 
transmitters with an approximate distance of 400m. 

Location 4 A typical location outside in a city environment with an 
unknown distance of the closest transmitter. 

 

The survey showed that the energy of the radio waves varies a lot depending on location. It also 

shows that the frequencies with the most energy are the frequencies used in cellular 

transmissions, which was the assumption from the beginning. Other than this, the energy also 

fluctuates with time and probably also on how many people that are in the proximity of the 

measurements. 

The conclusion that can be drawn from the measurements is that the harvester circuit should be 

tuned for as many cellular frequencies as possible, but with focus on the low-band 800MHz & 

900MHz range, where the overall average highest energy was found.  
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3 Theory 
It is crucial to understand the concepts and the building blocks that must be used when designing 

a system that can harvest energy. Since this thesis focus is how radio waves can be utilized for 

harvesting energy, the theory on this subject will be extensive. Some theory about solar cells and 

thermal harvesters will also be included in this section.  

3.1 Harvesting Energy from Radio Waves 

To harvest energy from radio waves, different components must be included in the complete 

system. Figure 6  shows an overview on how the complete harvesting system for radio waves can 

be designed. The antenna captures energy from the surrounding radio waves and translates it into 

an AC-voltage. In order to extract energy from the signal, the AC-voltage have to be converted 

into a DC-voltage.  This is done through a rectifier. However, because of impedance mismatches 

between the antenna and the rectifier, an impedance matching network must be implemented. 

After the energy is converted into DC-voltage, it will have to be boosted to a suitable voltage for 

the sensor or the battery, which is usually around at least 3-4V. This requires a DC to DC Boost 

converter and a PMM (Power Management Module). The PMM handles the output power and 

can usually be integrated in a Boost Converter IC (Integrated Circuit). The power output can be 

attached to any electronic device, either directly or through a battery.  

In the upcoming sections, the theory behind each of the parts in Figure 6 will be described. This 

will include all the theory that is required in order to develop and design this type of system.  

 

Figure 6 – Overview of the full proposed system 

3.1.1 Fundamental antenna theory 

In order to capture the radio waves, an antenna is necessary. Antennas are complex, but this 

chapter will describe several different types of antennas and the necessary parameters required 

to efficiently choose or design a suitable antenna for the application.  

3.1.1.1 Radiation pattern and directivity 

The radiation pattern of an antenna defines how the radiation from the antenna is distributed, 

and can be referred to as radiation lobes. The antenna usually has one main lobe in which 

direction most of the transmitted energy is distributed, and a few more minor lobes which 

radiate less energy. When discussing radiation pattern, the hypothetical isotropic antenna is 

often useful. This is a lossless antenna which radiate an equal amount of radiation in all 

directions. The isotropic antenna is not physical realizable but is often used as a reference to 

how an antenna performs.  
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The radiation pattern of an antenna can be described with the term directivity. The directivity 

defines how the ratio between the average of all radiated intensity and the radiation intensity 

in a certain direction of an antenna is related.  

3.1.1.2 Polarization 

The polarization of antenna can either be linear, circular or elliptical and determines the 
polarization of the wave that are radiated by the antenna. The polarization is related to how 
the electromagnetic wave propagates through free space and describe the characteristics of 
the electrical field.  

Linear polarization is the simplest case and that’s when the E-field component x and y are in 
phase and vary in the same rate. The E-field from a linear polarized wave can be described as 
Eq. (3.1). 

𝐸 = cos (2πf (t −
z

c
)) (𝑥+ �̂�)    (3.1) 

Where z is the direction of propagation, 𝑥+ �̂� is direction of the E-field, t describes the time 

and c is the speed of light.  

However, in the case where x and y components are out of phase, the polarization will be 

circular or elliptical. Equation (3.2) shows the circular polarization case where the x and y 

component are 90 degrees out of phase. If the x and y component are not equal in magnitude, 

one gets elliptical polarization instead.  

𝐸 = cos (2πf (t −
z

c
)) 𝑥 + sin (2πf (t −

z

c
)) �̂�   (3.2) 

The circular polarization can either be “Right Hand Circular Polarized” (RHCP) or “Left Hand 

Circular Polarized” (LHCP) depending on which “direction” in the unit circle the phase 

components of x and y axis are moving.   

The polarization of the antenna defines how the radiated wave from the antenna is polarized. 

Polarization mismatch is used to describe the difference between the polarization of the 

antenna compared to the incident wave. The polarization loss factor (PLF) can be described as 

 

 PLF = |p̂w ⋅ p̂a|2 = |cos(ψp)|
2

     (3.3) 

where p̂w is the unit vector of the incoming wave, p̂a is the polarization vector of the antenna 

and ψp is the angle between the two vectors. This means that maximum efficiency is achieved 

when the polarization of the antenna and the wave is matched. This also implies that a vertical 

linear polarized antenna and horizontal polarized antenna won’t be able to communicate due 

to their 90-degree phase mismatch. A circular polarized antenna with an incident linear 

polarized wave will have a PLF of 0.5 or -3dB, which means that only 50% of power will be 

extracted by the antenna.  

A circular polarized antenna can be beneficial in many situations since it’s able to receive all 

linear polarized waves, no matter the direction. However, a LHCP antenna cannot 

communicate with a RHCP antenna, but the physical property of a propagating wave explicates 

that when a LHCP wave is reflected on a surface it becomes RHCP, and vice versa. This 
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knowledge is used in time sensitive applications, for example GPS-receivers, to avoid that the 

antenna picks up unwanted reflected waves.  

3.1.1.3 Input impedance 

Input impedance is a very important aspect of the antenna since it relates how much power 
that can be delivered to and from the antenna. An antenna and a receiver can (in the simple 
case) be represented as a Thevenin equivalent circuit, which is shown in Figure 7 , where 

Rr = the radiation resistance of the antenna 
RL = the loss resistance of the antenna 
XA = antenna reactance  

And the total impedance ZA of the antenna is given by  

ZA = Rr + RL + jXA  

The total impedance ZT of the generator is given by 

𝑍𝑇 = 𝑅𝑇 + j𝑋𝑇   

 

Figure 7 – Thevenin equivalent circuit of an antenna and receiver 

To find out how much of the power from the antenna that are transferred to the receiver, the 

following calculations will be made 

IT =
VT

ZA+ZT
=

VT

(Rr+RL+RT)+j(XA+XT)
   (3.4) 

and 

|IT| =
|VT|

√(Rr+RL+RT)2+(XA+XT)2
    (3.5) 

The total powered delivered from the antenna to the receiver is given by 

PT =
1

2
|IT|2RT =

|VT|2

2

𝑅𝑇

 ((Rr+RL+RT)2+(XA+XT)2)
   (3.6) 

While the total powered dissipated as heat is given by 

PL =
1

2
|IT|2RT =

|VT|2

2

𝑅𝐿

 ((Rr+RL+RT)2+(XA+XT)2)
   (3.7) 
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And the power dissipated in Rr 

Pr =
1

2
|IT|2RT =

|VT|2

2

𝑅𝑟

 ((Rr+RL+RT)2+(XA+XT)2)
   (3.8) 

Maximum power delivered from the antenna is given under conjugate matching, when 

RR + RL = RT 

XA = −XT 

This will give  

PT =
|VT|2

8RT
     (3.9) 

 

PL =
|VT|2

8

𝑅𝐿

(Rr+RL)2    (3.10) 

 

P𝑟 =
|VT|2

8

𝑅𝑟

(Rr+RL)2     (3.11) 

The collected power from the antenna is, in the same way, under conjugate matching given by 

𝑃𝑐 =
1

2
𝑉𝑇𝐼𝑇 =

|𝑉𝑇|2

4𝑅𝑇
    (3.12) 

This means that in order to deliver the maximum power to the load, which is half the power 

captured by the antenna, the rest half of the power must be dissipated or scattered in the 

circuit. This happens when there is conjugate matching between antenna- and load 

impedances, which is something that is desired at all times. The impedance of an antenna 

however varies with frequency, which makes it impossible to match the impedance perfect for 

all frequencies. This means that the matching between load and antenna always will be a 

trade-off between desired frequencies.  

3.1.1.4 Antenna efficiency 

The efficiency of an antenna considers both the efficiency within the actual structure of the 

antenna, and the losses at the terminals. The total efficiency e0 is given by 

e0 = erecd 

Where 

e0 = total efficiency 

er = reflection mismatch = (1 − |Γ|2) 

ecd = conduction and dielectric efficiency 

The reflection coefficient Γ is given by 

Γ =
Zin − Z0

Zin + Z0
 

Where Zin is the input impedance of the antenna and Z0 the characteristic impedance of the 

transmission line.  
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3.1.1.5 Gain 

The gain and directivity of an antenna are closely related, with the difference that the 

directivity only relates to directional properties, while the gain also include the efficiency of 

the antenna. The gain can be described as “how much of the radiation intensity that are 

obtained by the antenna in a certain direction, given that the power accepted by the antenna is 

radiated isotopically” [6], and is governed by Eq. 3.13. 

G = 4π
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑡𝑜𝑡𝑎𝑙 𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟
=

4πU(θ,ϕ)

Pin
   (3.13) 

Sometimes when the direction of the gain is not specified, then the gain is specified in the 

direction of maximum radiation.  

3.1.1.6 Antenna types 

There exists a massive number of different antenna types and configurations. Below are some 

of the most common ones and Figure 8 shows examples of the different types.  

Wire antenna 

Wire antennas are antennas that consist of a wire that can take many different shapes. The 

antenna can be a straight dipole wire, a helix(spiral), a loop etc.   

Aperture Antenna 

Aperture antennas can take form in many different geometrical configurations and are usually 

used in spacecraft and aircraft applications since they can be flush mounted into the surface of 

the spacecraft.  

Microstrip antenna 

Microstrip antennas are popular for their easy analysis & fabrication and the possibility to add 

them directly onto an existing PCB. They are also low profile and are versatile in its antenna 

characteristics.  

Array antenna 

An array antenna consists of a geometrical arrangement of individuals radiators that together 

creates the desired characteristics. They array antenna can be an array of aperture antennas, 

microstrip antennas, or other type of antennas.  

Other types 

There are also other types of antennas as well, for example reflector antennas and lens 

antennas. These antennas can be made big and used when a very large gain is required to 

achieve a great distance for the transmission.  
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Figure 8 – Different antenna types. (a) Wire (dipole) antenna. (b) Wire (circular loop) antenna. 
(c) Wire (helix) antenna. (d) Microstrip patch antenna. (e) Array antenna. (f) Aperture (conical) 

antenna. Source: [6] 

3.1.1.7 Antenna design techniques 

When designing an antenna, it is important to specify what the area of application is and for 

which frequencies it is supposed to work. There are numerous design techniques for designing 

antennas and this will only be a very brief introduction to some of the techniques.  

The simplest antennas are the monopole- and the dipole antenna which is normally a wire 

antenna and basically consists of thin conductive rod. The characteristics of these antennas 

can easily be explained and derived analytically. For the microstrip antenna, the patch antenna 

is the simplest case. This is basically just a patch of a conductive metal on a substrate and the 

centre frequency can easily be calculated.  

The above antennas however, are normally only antennas that are built to resonate a certain 

frequency. Usually one wants to achieve a broader spectrum of frequencies, or a multiband 

spectrum. The bow-tie antenna shown in Figure 9  is a good example of a broadband antenna 

that can be used when a wider bandwidth is required.   

 

Figure 9 – A bow tie antenna 

There are a lot more both simple and very advanced techniques used to design broadband 

antennas. Log-period antennas, for example, are antennas that have repeated self-similar 

patterns designed at specific distances of each other that will cause the antenna to resonate at 

periodic frequencies, hence the name. The bow tie antenna can be extended using the log 

periodic antenna concept and become a tooth antenna. This is something that has been used 

in [2] to create a six-band circular polarized antenna.  
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3.1.2 Rectifier theory 

A rectifier is a circuit that transforms AC voltage into a DC voltage. In the easiest configuration 

this consists of a single diode and a capacitor. The conversion between AC to DC is required 

because most electronics are using DC. The conversion is also required in order to store energy 

in a battery or capacitor.  

3.1.2.1 Schottky diodes 

The diode is an important building block when designing a rectifier. In this application is 

especially the Schottky diode used. The Schottky diode is a metal-semiconductor junction 

which differs from an ordinary semiconductor-junction. The Schottky diode has a low forward 

voltage and has a very fast switching action. Because of the fast switching action, Schottky 

diodes are often used in RF application with frequencies up to 50GHz.   

3.1.2.2 Rectifier design 

There exists lots of different types of rectifier design and this section will focus on those 

commonly used in RF harvesting application.  

Villard circuit 

This is the simplest rectifier circuit and consists of a single diode and a capacitor. The circuit is 

shown in Figure 10. When a negative voltage is applied from the source, current will go 

through the diode D1 and charge capacitor C1. When the waveform becomes positive, charge 

will be released from the capacitor and can be seen as a DC-voltage at the output.  

The simplicity of this rectifier is favourable, however, the ripple on the output voltage is very 

large. 

 

Figure 10 – Villard Circuit 

Greinacher circuit 

The Greinacher rectifier is a more sophisticated rectifier compared to the Villard circuit and is 

shown in Figure 11. The main benefit is a much lower ripple on the output voltage.  

When the input is in its negative period of the sinusoidal waveform, current will flow through 

D1 and charge C1 to the input voltage Vp. During the positive period of the input, C1 will be 

discharged through D2 and charge C2 up to 2Vp because C1 is already charged to Vp.  
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Figure 11 – Greinacher rectifier 

Full wave series multiplier (Delon Circuit) 

Figure 12 shows a circuit called Delon circuit. The function is similar to the Greinacher circuit 

and the output voltage is double the input voltage. The two capacitors are each charged during 

the positive respectively the negative part of the input sinusoidal.  

 

Figure 12 – Full wave series multiplier 

Full wave Greinacher voltage quadruple circuit 

Figure 13 shows a rectifier based on the Greinacher circuit but extended into a voltage 

quadrupler. It is basically two Greinacher cells connected to the same source, resulting in a 

higher output voltage compared to the original Greinacher rectifier. The benefit is obviously a 

higher output voltage, however it creates a more complex circuit and the total power output 

will not be higher since the energy will be divided into two subcircuits.  

 

Figure 13 – Full wave Greinacher voltage quadruple circuit 
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3.1.3 Impedance matching techniques 

Impedance matching is important in electronics to maximize power transfer and minimize signal 

reflections. It’s shown in section 3.1.1.3 that the optimal power transfer is achieved when the 

impedances of the load and source are complex conjugate to each other. However, when this is 

not the case, a matching network is required between the two components. Figure 14 shows an 

example where an antenna is connected to a rectifier load. If we assume that ZA and ZL are not 

matched, then a matching circuit ZM is required. ZM will force the input impedance as seen from 

the antenna to appear as complex conjugate to ZA. The impedance of an antenna is usually real 

with an impedance of 50 Ω. 

The impedance of passive components is also frequency dependant, which must be taken into 

consideration when designing the matching network. 

 

Figure 14 - Impedance matching 

3.1.3.1 Matching network 

There exists several methods to impedance match circuits and there are also techniques that 

enables the circuit to be matched to multiple frequencies. The matching network can consist of 

passive lumped components such as capacitors and inductors. Another possibility is that it can 

consist of microstrip components such as stubs, radial stubs or quarter wave transmission lines. 

The benefits of not using lumped components is cost of the components, errors in the 

component value, and easier manufacturing. However, the benefits of using lumped 

components is that they’re easy to calculate and possible to make smaller compared to when 

using microstrips. A simple dual band impedance matching network is shown in Figure 15 . 

Equation (3.14) shows the relation between the “seen” input impedance and the passive 

components. This matching network consists of two parts which don’t affect each other that 

much, making it easy to design. 

 

Figure 15 – Dual band impedance matching network 
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Zinput = jωL1 + (
1

jωC1
// (jωL2// (

1

jωC2
+ ZA)))   (3.14) 

There exists a lot of tools for calculating matching circuits and the correct values of the 

components. These tools are often included into simulation software or available as 

standalone software.  

Using microstrip components instead of the passive lumped components requires another 

design technique. In [7] from 2013 by Y. Liu et al., a multi-band impedance transformer based 

on a X-network of stubs is proposed. The matching circuit topology consists of a J-inverter 

together with two susceptances  jB1 and jB2 as shown in figure 16(a). Susceptance can be 

considered as the imaginary part of the admittance which is the inverse of the impedance and 

expressed as  

Y =
1

𝑍
= G + jB 

Where Y is the admittance, Z the impedance, G conductance and B the susceptance.  

The purpose of the J-inverter is to invert the susceptance so that 

𝑌𝑖𝑛
′ = 𝐽𝑖

2𝑍𝑙
′(𝑓𝑖) 

Where fi, i=1:N are the frequencies that are desired to match.  

The J-inverter is realized with two equal susceptances jBC and a transmission line with 

impedance Z01 and electrical length θ, as shown in Figure 16 (b). The derivation of the 

formulas for calculating the values on the J-inverter is based on ABCD-matrices [8]. A more 

detailed explanation of the derivation can be found in [7]. 

The susceptances jBC, jB1 and jB2 are merged together as two susceptances as shown in 16 

(d). These calculated susceptances are then realized as two combined stubs for each 

susceptances jBt1 and jBt2, both which can be either open stubs or shorted stubs. The stubs 

have an electrical length 𝜃𝑠 and a characteristic admittance 𝑌𝑠. The following formulas are used 

to calculate the susceptance for the double stub depending if the two stubs are open(OO), 

closed(CC) or a combination(OC).  

Bs(fi) = Ys1tanθs1(fi) + Ys2tanθs2(fi)  (OO) 

Bs(fi) = Ys1tanθs1(fi)  − Ys2cotθs2(fi)  (OC) 

Bs(fi) = −Ys1cotθs1(fi)  −  Ys2cotθs2(fi)  (CC) 

Figure 17 shows a realisation of how the stub network could look like. Vias to the ground plane 

are used to create either an open- or shorted stub.  

This is just one example on how stubs can be used to create a multi-band matching network, 

however one benefit with the mentioned approach is that there is no theoretical limitation on 

how many bands that can be matched.  



21 
 

 

Figure 16 – Topology of the multi-band impedance transformer. (a) General topology (b) J-inverter 
implementation (c) Combined topology (d) Realized topology.  

Source: [7] 

 

Figure 17 – Realisation of the stub impedance matching network. The orange path symbols copper 
microstrips.  
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3.1.3.2 Microstrip Transmission-Line 

When working with printed circuit boards, microstrip will make the connection between the 

different components. The microstrip also has a characteristic impedance which is required to 

take into consideration when designing the circuit. Figure 18 shows a simple microstrip 

transmission line where ϵr is the dielectric coefficient of the substrate. Equation (3.15) and 

(3.16) shows how the characteristic impedance Z0 can be calculated. However, as the case with 

matching circuits, the impedance of a transmission line can often be calculated directly in any 

simulation software.  

 

Figure 18 – Microstrip transmission line 

𝐼𝑓 (
W

H
) < 1: 

ϵ𝑒𝑓𝑓 =
ϵR+1

2
+

ϵR−1

2
(

1

√1+12(
H

W
)

+ 0.04 (1 − (
W

H
))

2

)   (3.15) 

Z0 =
60

√ϵeff
ln (8 (

H

W
) + 0.25 (

W

H
))     (3.16) 

3.2 Current measurement with operational amplifier 

In order to verify how much energy is harvested from a rectifier, the current has to measured. To 

measure the current output from a rectifier, a circuit that can handle these (usually small when 

working with ambient radio waves) currents, are required. This section will discuss two different 

circuit types built with an operational amplifier. The circuits will linearly transform the current 

into a voltage that can be measured with an ADC. 

Shunt ammeter 

Figure 19 shows the shunt ammeter. Circuit analysis will show that 

VOUT = I𝐼𝑁RSHUNT (
RA+RB

RB
)      (3.17) 

A downside using this circuit is that the RSHUNT resistor will cause a small voltage drop, which can 

introduce some errors in the measurement result of the current. 
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Figure 19 – Shunt ammeter 

Feedback ammeter 

The feedback ammeter is shown in Figure 20. Circuit analysis shows that 

VOUT = −IINRF     (3.18) 

This circuit will not cause a voltage drop like the shunt ammeter. The voltage at VOUT will be 

negative and the amplifier requires both a positive and negative supply voltage. However this can 

be solved by having separate ground references for the ADC and the amplifier through a voltage 

divider.  

 

Figure 20 – Feedback ammeter 

3.3 Solar cells 

Solar cells are probably the most common harvesting technique to power small self-sustained 

electronics. A solar cell transforms solar energy into a measurable dc current. Photons from a light 

source are absorbed by some semiconductor material, typically a p-n junction.  The efficiency of 

the solar cell is dependant of the material used. A poly crystal silicon solar cell can achieve up to 

20.4% efficiency [9], which is a material commonly used. Other materials can achieve even higher 

efficiencies. 

Figure 21 shows the relative light power densities for various locations. The total output power of 

a solar cell with a certain efficiency and size can easily be approximated using this figure.  
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Figure 21 - Power density in various locations.  
Source: Datasheet for IXYS KXOB22 [10] 

3.4 Thermal harvester  

Another common sources for energy harvesting, except for solar- and ambient radio wave energy, 

is thermal energy. Thermal energy is normally harvested with a Peltier element based on the 

Seebeck effect. This will generate a voltage that is proportional to the temperature gradient V/ °C. 

An example of a chip which is based on this effect is MPG-D751 from Micropelt. Figure 22 shows a 

complete circuit based on this chip which contains a capacitor that stores the energy, a power 

management unit and a wireless sensor module that can transmit data to a wireless sensor 

network. This device is, according to the datasheet, capable to start harvesting power with a 

temperature gradient as low as 10°C. At ∆T = 35°C, it can harvest 600μW and 3600μW at ∆T =

75°C. 

 

 

Figure 22 – TE Power Node harvests energy from a heat gradient. An approximate size of size of 
30x60x20 mm. Source: Datasheet for TE-Power Node [11]. 
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4 Design Procedure 
The main purpose of the project was to design and manufacture a circuit which can capture and 

harvest energy from ambient radio waves. However, since a comparison between different 

harvesting techniques was desirable, a circuit that harvests energy from solar cells was also to be 

manufactured.  

4.1 RF Harvesting Circuit Design 

Figure 6 in section 3.1 shows an overview of the complete harvesting system. In the following 

sections, the design procedure of the required blocks of the system will be described, utilizing the 

theory explained in the previous sections.  

4.1.1 Rectifier design 

Three different rectifier circuit was proposed. The first rectifier was designed using two 

Greinacher rectifier connected in parallel. The reason for this was to increase the number of 

matched frequencies by using two separate matching networks in parallel. Figure 23 shows the 

proposed rectifier circuit together with the matching network. The circuit was designed to be 

quad-band tuned for 0.8-, 0.9, 1.8 and 2.4GHz. The circuit was co-simulated in Keysight ADS using 

EM-simulation based on the copper traces on the PCB together with the simulations of the 

passive components.  

The matching networks were designed using the built-in tool in ADS for dual pass-band filters. The 

rectifiers were first simulated without the matching network and the result was used as data in 

the design process. The circuit was then optimized using a gradient technique to achieve the best 

result for the chosen frequencies.  

The capacitors in the circuit were chosen to be from the GRM-series manufactured by Murata, 

and the inductors the LQW-series form Murata. This was due to their ability to work as intended 

in the correct frequency range. The diodes were chosen to be Skyworks SMS-7630 due to their 

low forward voltage. All simulations included SPICE-models provided by the manufacturer in order 

to increase simulation accuracy.   

Figure 24 shows the EM-simulation of the copper traces which was later used in the co-simulation 

of the passive components together with the EM-simulation. Figure 25 shows a 3D-image of the 

complete circuit which was sent for manufacturing.  
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Figure 23 -The proposed rectifier and matching network. 

 

Figure 24 – EM Simulation of the copper traces 

 

Figure 25 – The complete circuit designed in Altium Designer.  
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Once the circuit was designed, the simulations was compared to actual measurements on the 

circuit which is shown in Figure 26. It becomes apparent that the simulations and the 

measurements not are consistent. However, the characteristics of the measurements are similar 

to the simulated ones.  

 

Figure 26 – The S11-measurments compared to the simulated parameters.  

Two more circuits were proposed. The same Greinacher rectifier was used, but with another 

matching network. One network was designed to be a simpler version of the first one but tuned 

to be a broadband network for the 800-900MHz spectrum. By choosing a simpler circuit with less 

components and fewer frequencies, a much higher conversion efficiency could theoretically be 

achieved.  

Figure 27 shows the schematic for this simpler circuit and Figure 28 shows the reflection 

coefficients. The blue trace shows the simulated circuit and the yellow trace shows the 

measurements for the same circuit. It becomes clear that the simulation circuit is not equal to the 

measured. However, by choosing the inductance L4 to a slightly lower value in the simulations, a 

much more similar simulation result could be achieved. This could be due to some unwanted 

inductance in the manufactured circuit.  

Figure 29 shows the simulated conversion frequency for the circuit at -20dBm. It is simulated as a 

single tone for each frequency, however studies [2] shows that the real conversion efficiency will 

be much higher when using more than one tone. The circuit is therefore also simulated for five 

tones between 800-900 MHz and the result is shown in Figure 30 . In a real-life scenario, this will 

always be the case since ambient radio waves have a wide frequency spectrum and more than 

one single tone will always be present.  
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Figure 27 – Proposed 800-900MHz Rectifier Schematic 

 

Figure 28 – Reflection coefficient of the 800-900MHz circuit. The orange trace indicates a simulation 
when the inductance L4 is chosen to a slightly lower value compared with the blue trace to fit better 

with real measurements.  

 

Figure 29 – Conversion efficiency of the 800-900 MHz Rectifier at -20dBm.  
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Figure 30 – Conversion efficiency of the 800-900 MHz rectifier showing how the efficiency increase 
when multiple tones are used.  

A third matching network was designed using stubs instead of passive components. The circuit 

was designed using the algorithm explained in section 3.1.3. Figure 31 shows the proposed circuit 

which consists of two open stubs, two closed stubs and one transmission line in between. The 

stubs are realized as ideal transmission lines with a set characteristic impedance and phase angle.  

Figure 32 shows the simulated conversion efficiency of the proposed circuit for a single tone as 

input with a -20dBm power level. Comparing the conversion efficiency with the efficiency shown 

in Figure 29 indicates that this circuit have a relatively high efficiency, but a much more narrow 

bandwidth.  

This circuit was not manufactured because small errors in the simulations would result in a shift of 

the frequency bands. This would render the circuit useless since it would “miss” the frequencies 

of interest and it would require many manufactory iterations to get it correct.  

 

Figure 31 – A rectifier with stubs as matching network.  



30 
 

 

Figure 32 -The conversion efficiency for the rectifier with stubs at -20dBm.  

4.1.2 Boost converter design 

The output voltage from the rectifier is usually too low to be sufficient to power conventional 

electronics. Therefore, a booster circuit is required. The purpose of the booster converter is to 

boost the voltage to a voltage that can be used to charge a battery or capacitor to store the 

energy as a buffer. The chosen IC to handle this is the BQ25504 from Texas Instrument which 

have a very low quiescent current and are also able operate at both very low input power and 

voltage. The IC also enables customized voltage settings for the energy storage, which makes it 

possible to connect a lithium ion battery to it without over- or under charging it.  

Figure 33 shows the complete circuit of the boost converter. It consists of the BQ25504, some 

voltage dividers for setting the correct voltage thresholds to suit a lithium-ion battery to be used 

as storage, and the necessary capacitors and inductors required for the IC to function properly. 

The circuit accepts a power source as input, which will be either a solar cell or the rectifier, and 

converts the low voltage input to a suitable voltage for the attached lithium-battery or storage-

capacitor. When the storage element reaches an acceptable voltage level, in this case 3.7V, the 

output pin VBAT_OK will be set to high and indicate that power can be drawn from the storage 

element safely.  When the voltage level of the of the storage element goes below the pre-defined 

level at 3.1V, the VBAT_OK pin will be set to low again.  
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Figure 33 – The complete boost-converter circuit.  

The drawbacks of using a boost-converter instead of drawing power directly from the rectifier or 

solar cell, is mainly the conversion losses. Figure 34 shows the conversion efficiency of the 

BQ25504 at different input voltages. The circuit also has a minimum input voltage and input 

power which is required for the circuit to function. At cold start, the input voltage required to 

start charging is 330mV and the minimum input power is 15μW which is equal to −18dBm. 

Hence, this is the minimum power and voltage required from the rectifier circuit at cold start. 

However, once the energy storage is boosted to operating conditions, the input voltage and 

power required are instead 130mV and 10 μW = −20dBm respectively.  

 

Figure 34 – The conversion efficiency of BQ25504. 
Source: BQ25504 Datasheet [12] 
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4.2 Display & current measurements 

In order to visualize the momentary effect generated by the rectifier and solar cell, a display- and 

current measurement circuit is used. Figure 35 shows the complete circuit used for current 

measurements and how the voltage source (rectifier or solar cell) is connected to the boost 

converter circuit.  

The current I1 is given by 

I1 =
RB(V𝑂𝑈𝑇−VREF)

RA(RB+RC)
  

and is easily derived from the schematics.  

VREF is used because the feedback ammeter requires a differential voltage source as shown in 

section 3.2. It is created using a diode and resistor as a voltage divider which sets it to be around 

0.7V. The feedback ammeter is connected to another op-amp to boost the output voltage to a 

valid range for the ADC (0-5V). 

As shown in the figure, a LED and a transistor are connected to the boost converter circuit, which 

will drain power from the storage capacitor when it is fully charged, which is indicated by the 

VBAT_OK pin going high.  

 

Figure 35 – The current measurement circuit 

Figure 36 shows the circuit used for the display. The display uses a PCD8544 controller chip from 

Phillips, which were used in old Nokia 3310 phones. The controller chip requires a voltage level at 

3.3V and since the MCU will operate at 5V, a voltage level shifter is required. The HC4050 level 

shifter is connected as shown in the figure. The MCU is an Arduino Nano, chosen for simplicity 

and is powered from a separate 5V power source. This power source is also used in the current 

measurement circuit, indicated as 5V and GND.  
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Figure 36 – Display circuit 

4.3 Antenna  

The ambition was to design and manufacture an antenna from scratch. However, as the project 

went on, it was realized that this was a very complicated task, especially in order for the antenna 

to perform well in all the cellular frequencies. Therefore, a commercial antenna was chosen 

instead. The chosen antenna was a vertical polarized antenna from Siretta called Delta 41. Figure 

37 shows the measured reflection coefficient for the antenna. Even though the S11 

measurements doesn’t include how much energy is actually radiated at the given frequencies, it 

shows that the antenna is tuned for the frequencies of interest. According to the manufactures 

datasheet, it radiates in an omnidirectional pattern with a gain of 3dBi at the cellular frequencies 

for 2G, 3G and 4G.  

 

Figure 37 – Reflection measurements for the Siretta Delta 41 antenna. 
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5 Results 
The final result is shown in Figure 38. This is the complete circuit, including rectifier, boost-

converter circuit, current measurement circuit, display and microcontroller, which is built inside a 

plastic case. The case has a power switch that enables the display to visualize the momentary 

harvested energy from both the antenna and the solar cell. There are two different solar cells 

attached on the case, one large and one smaller positioned left of the display. Only one solar cell 

can be active at the time, but is possible to choose which solar cell that should harvest energy by 

a small switch on the side of the case. There are two separate boost-converter circuit and current 

measurement circuit inside the case, one for the solar cells and one for the rectifier. Each boost-

converter circuit charges a capacitor to 3.7V before they are drained through the two LEDs on the 

side of the case. 

  

Figure 38 – The complete circuit is built in a plastic case with a display and two solar cells on top. 
The display visualizes the momentary charging harvested from the different sources. It is possible 

to choose which solar cell that should be used to harvest energy by a switch on the side of the 
case. 

The harvested energy at the various locations where the ambient signal strength was measured, is 
shown in Table 4. The maximum harvested energy was 35μW which was at a location very close 
to a transmittor and can probably be considered as optimal conditions. In the proximity of a cell 
phone downloading data using a frequency between 800-900MHz, around 20μW could be 
harvested.  

Table 4 – Harvested energy at the various locations. The description of the locations can be found 
in table 3. 

Location Number Maximum harvested energy Average harvested energy 

Location 1 (Indoor) 35μW 10μW 

Location 2 (400m) 0.5 μW 0.35 μW 

Location 3 (200m) 1 μW 0.7 μW 

Location 4 (City) 0 μW 0 μW 

 

This result can be compared with the energy that can be harvested from both solar cells and 

thermal harvesters. Figure 21 in section 3.3 shows how much energy from solar cells that can be 

expected to harvest at various locations. At an indoor location the expected harvested energy can 

be at least 1W/m2, but it is probable that more energy can be harvested in most settings. At an 

outdoor location, the harvested energy can be boosted a hundred times compared to the indoor 

location. Section 3.4 includes an example of a thermal harvester that can harvest 600μW  at ∆T =

35°C and 3600μW at ∆T = 75°C with an approximate size of 30x60x20 mm. 
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It’s complicated to do a fair comparison between the different harvesting methods. The 

harvested energy per physical area is an effective way to compare them, but also hard to 

calculate. For the rectifier-system it strongly depends on the shape of the antenna and/or if the 

antenna is integrated in an already existing structure. For the thermal harvester, which itself is not 

required to be very large, a large heatsink is often required in order to create the temperature 

gradient. The physical size of the solar cell is easy to calculate and have the benefit of being flat 

which sometimes can be favourable.  

Even though there exists an obvious struggle to make the comparison between the harvesting 

methods, it is clear that the harvested energy from the ambient radio waves is much lower in all 

situations compared to both thermal- and solar harvesters. The solar cell will outperform both of 

the other two options in almost all situations, except at places where there is an obvious heat 

source that can power the thermal harvester.  
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6 Discussion 
The main idea behind the project was to determine whether harvesting of ambient radio waves is 

a viable energy source. However, even after the project is finished, the question is still hard to 

answer, and the real answer is probably that “it depends”. Firstly it depends on the signal 

strength of the radio waves at the location, which has been noted to differ a lot between different 

sites. This means that there is no guarantee for how well the harvesting will work without first 

measuring the signal strength. Secondly, even though the signal strength is good, provided that a 

transmitter is in the proximity of the harvester, the maximum energy that can be harvested is still 

very low compared to other harvesting techniques, for example solar cells. The maximum 

harvested power in this thesis was 35μW, and even though an improved circuit would provide a 

higher output, the difference would probably only be marginally. The highest harvested power in 

previous work is, to my best knowledge, 100μW [2] in similar conditions. However, worth noting 

is that the third rectifier-circuit design proposed in this thesis based on stubs may have the 

potential, after some improvements and tuning, to outperform previous state-of-the-art-

rectifiers. One drawback of this circuit though is that it would require a larger physical area 

compared to a circuit based on passive components.  

The most obvious other improvement that could be done in order to provide a higher power 

output is to use a larger antenna, or an array of antennas. This would increase the total power 

captured by the antenna, because it would cover a larger area. Another approach would be to use 

multiple harvester connected in parallel. However, both these approaches would take up a 

considerable amount of physical space, something which is not desirable in most application that 

would benefit from this type of harvester. 

The problem that remains though is that the ambient radio waves doesn’t contain very much 

energy, except at very specific locations or if a dedicated transmitter is being used. Solar cells will 

almost always outperform the rectifier also in relatively low light, and at a much lower space 

requirement.  
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7 Conclusions 
In this thesis, the viability of harvesting energy from ambient radio waves was studied. A survey of 

the signal strengths at different locations in Uppsala, Sweden was performed in order to 

determine which frequencies would be of interest for such a harvester. The harvesting technique 

was also compared to other harvesting methods such as harvesting energy from solar- and 

thermal energy.  

Different methods for designing the harvesting circuit that could capture and store energy from 

ambient radio waves was discussed and three designs were proposed. One design was 

manufactured together with the circuitry required to measure and display how much energy that 

was being harvested.  

The design was tested at the same locations as the survey of the signal strength was conducted 

at. The maximum harvested energy was 35μW which was at a location inside in a window facing a 

cellular transmittor with an approximate distance of 100m. In a typical city environment, the 

output from the harvester was 0μW.  

The conclusion of this project is that harvesting energy from ambient radio waves can be 

beneficial at some, very specific locations, or if very little energy is required. In almost all other 

situations, it would be more beneficial to find an alternative source of energy, such as solar cells, 

even indoors.  

7.1 Future work 

There is still room for improvement for the circuits proposed in this thesis. The conversion 

efficiency rate could be increased as well as the number of supported frequency band. Another 

approach would be to use the proposed method in [3] by C. Song et al. where they match the 

impedance of the antenna directly to the impedance of the rectifier, eliminating the need of a 

matching circuit and therefore reducing the conversion losses. However, this makes the designing 

of the antenna much more complicated.  
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