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Summary

Practical Rectennas: Far-Field RF Power Harvesting

and Transport

Energy harvesting from renewable sources such as the sun and wind, as well as from

other sources like heat and vibration have been the focus of research recently. However,

an increasing number of applications, especially inside buildings where light/solar energy

is not always sufficient, cannot profit from these sources. Wireless Power Transmission

(WPT) overcomes the lack of different power sources, such as light, heat and vibration

and is an attractive powering method for battery-less sensor nodes, and active Radio-

Frequency Identification (RFID) tags.

In this thesis, different rectenna topologies are investigated and state-of-the-art rectenna

systems are discussed. The basic far-field energy harvester (rectenna) consists of an

antenna, which captures a part of a transmitted RF signal, that is connected to a

rectifier which converts the AC captured signal into a DC power signal. For a maximum

power transfer, a matching network between the antenna and the rectifier is needed. In

order to decrease the size of the system and improve the power conversion efficiency, the

matching network can be removed by directly matching the antenna to the rectifier. A

power management circuit is needed after the rectifier to store the harvested DC power

and regulate the output voltage. This thesis is divided into four main parts:

• The rectifier is investigated in the first part. Since the rectifier is a nonlinear device

and its impedance changes as a function of frequency and power, an accurate

analysis model of the rectifier’s impedance as a function of both is presented.

The model is verified using Harmonic Balance simulations and measurements. In

addition, the optimization of the rectifier’s parameters for maximizing the output

voltage is presented.

• The second part of the thesis presents a far-field power transport system employ-

xi



xii Summary

ing rectennas using matching networks. A novel, modified, 50Ω Yagi-Uda antenna

is presented. The main advantage of the presented antenna is that it can oper-

ate as a broad-band, dual band or a multi-band antenna. Three prototypes are

fabricated, and the simulation results are validated by measurements. A rectenna

system operating at 868 MHz is experimentally validated. Results are reported,

demonstrating, at an input power level of -10 dBm, an RF to DC power conversion

efficiency (PCE) of 49.7%. The 50Ω rectenna system exhibits an increased PCE

of at least 5 % at -10 dBm and at least 10 % at -20 dBm, compared to reported

state-of-the-art results.

• The focus of the third part of the thesis is on reducing the antenna size and at

the same time keeping a high radiation efficiency. A novel (modified) rectangular

loop antenna is presented. The benefits of the suggested novel antenna topology

are the compact size and the ability to tune its input impedance while keeping

a constant radiation efficiency. Using the suggested antenna, at an input power

level of -10 dBm, the power conversion efficiency reaches 54%. The novel compact

rectenna system is smaller in size and exhibits an increased PCE of at least 10 %

at -10 dBm compared to reported state-of-the-art results.

• The fourth part of the thesis introduces a method to harvest RF power using Fre-

quency Selective Surfaces (FSS). The novel FSS design is capable to harvest power

from arbitrarily polarized incident waves. The design does not involve a matching

network which results in a simple, polarization-independent power harvester. A

simple equivalent circuit model to predict the transmission and reflection charac-

teristics of the gridded-square-loop FSS is employed. Two prototypes have been

fabricated and an RF to DC conversion efficiency of 25 % for the first proto-

type and 15.9 % for the second one are measured at 3.2µW/cm2 available power

density level.

Recommendations, future work, and means to enhance the power conversion efficiency

as well as the system performance are addressed in the conclusion chapter.



Chapter one

Introduction

1.1 Introduction

In this chapter we will give the rationale for the analysis and development of rect ifying

antennas or rectennas. Rectennas are used for converting RF energy, radiated by a dis-

tant (intentional or unintentional) source, into usable DC energy. Rectennas are used

for transferring far-field, radiative RF energy into DC energy and in that respect differ

from inductive or non-radiative, resonant, RF energy transferring systems. The differ-

ences between the two ways of RF-to-DC power conversion will be given and potential

applications for far-field RF energy transfer will be discussed. These applications will

be linked to wireless sensors. The outline of the thesis will be discussed, highlighting

the new and original contributions. The chapter will be concluded by an overview of

frequency bands used throughout the thesis and a single-number Figure of Merit used

to compare complex numbers resulting from various simulations and measurements.

1



2 1 Introduction

1.1.1 Trends and Needs

The use of wireless devices is rapidly expanding. The number of mobile phone subscrip-

tions worldwide, for example, has expanded more than twelve times between 1997 and

2007, see Fig. 1.1 [1].
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Figure 1.1. Mobile phone subscribers per 100 inhabitants, 1997-2007 [1]. Courtesy
ITU .

Both Cisco [2] and Ericsson [3] expect 50 billion wireless devices to be connected to the

internet in 2020, serving a population of 7.6 billion [2]. For wireless devices in general,

the world Wireless Research Forum (WWRF) estimates 7 trillion wireless devices serving

7 billion people [4]. The total market for wireless sensor devices totaled $532 million in

2010, $790 million in 2011 and is expected to increase to $4.7 billion in 2016 [5].

Next to this expected growth in the use of wireless devices, also a need is developing for

an increased wireless sensor autonomy and small form factor, see Fig. 1.2 [6]. The need

for long lifetime and small form factors of future wireless sensor nodes do not match

up well with currently available battery technology [7]. Alternative ways of powering

may be found in energy harvesting where energy is taken from ambient sources like

vibration, thermal differences, light and radiofrequency (RF) signals.

One of the main potential applications we see for employing far-field RF energy harvest-

ing and transfer is in the so-called Smart Building Initiative (SBI) concept [8]. Before

discussing SBI in detail, we will first discuss the differences between inductive resonant-
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coupling and radiative far-field power transfer and the differences between transfer and

harvesting.

Wireless 

Sensor

needs

Plug and play 

capability

Adequate

transmission 

range

Adequate 

battery life
Secure RF

signal

Self locating

Self calibrating

Self powered

Self configured

Multi-product

and- vendor

capability

Miniaturization

Figure 1.2. Needs for wireless sensors.

1.2 Non-Radiative and Radiative RF Power Transfer

When employing RF signals for the transfer of energy, we make a distinction between

non-radiative and radiative RF energy transfer. The former is based on (inductive)

coupling, the latter uses the transmission and reception of radio waves. When the

transmitting source is unintentional, we call the transfer of energy harvesting. For

a radiative system this might take the form of converting e.g. the energy in radio

broadcasting signals into DC energy.

1.2.1 Non-Radiative Transfer

Non-radiative RF energy transfer is mostly employed in inductive systems, obeying

the Qi standard [9]. Two coils are brought in each others vicinity for transferring RF

energy, see Fig. 1.3. The two coils in close proximity form an electrical transformer. By
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applying capacitors, a resonant coupling system is created [10], increasing the power

transfer efficiency.

RL

Rectification

and power

management

Rs Rr

Ls Lr
CrCs

Vs

Figure 1.3. Resonant coupling (non-radiative) RF energy transfer system.

In the circuit shown in Fig. 1.3, a RF source is connected to a coil Ls, that is resonated

with a capacitor Cs. A receiving coil Lr, resonated with a capacitor Cr is placed in close

proximity and the received signal is rectified, eventually accumulated and used to power

a source that is represented by load resistance RL. The resistances Rs and Rr represent

the losses in the transmitting and receiving coils, respectively. The benefit of this reso-

nant coupling energy transfer, apart from being subject to a standard, lies in the high

power transfer efficiency [11]. The drawbacks are in the limited transferring distance,

the transfer efficiency falls off very steeply for distances larger than approximately one

coil diameter, which also makes harvesting (taking energy from the ambient) impossible.

For RF energy transfer over a distance, we need to employ radiative transfer.

1.2.2 Radiative Transfer

In a radiative transfer system, a RF source (unintentional or intentional) is connected

to an antenna that emits radio waves. At a distance from this radio source, a receiving

antenna intercepts a part of the radiated waves and the RF signal captured by the

antenna is rectified, eventually accumulated and transferred to a load (wireless sensor),

see Fig. 1.4. The dashed box in this figure is in fact a rect ifying antenna, commonly

known as a rectenna.

RectifierPower

source

Power ma-

nagement

circuit

Load
(Sensor)transmit

antenna

Far-field

receive

antenna

Figure 1.4. Radiative RF energy transfer system. The dashed box is commonly
denoted rectenna.
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Wireless radio-frequency (RF) energy transmission dates back to the experiments of

Heinrich Hertz, in the 1880s, proving Maxwells theory of electromagnetics [12]. Initi-

ated by an interest in short-range (≤ 2 m [13]) radio-frequency identification (RFID)

applications, far-field RF energy transfer has become a research topic at many Euro-

pean, American and Asian universities and research institutes [14–22]

1.3 Smart Building Initiative (SBI)

In a smart building, wireless sensors will measure, amongst others, the presence of

persons, the local temperature and the lighting strength. Based on these readings that

are transmitted to a central station, lighting and heating conditions will be adjusted

(switched off or reduced if no persons are present). Thus energy consumption will be

reduced. Artificial lighting, for instance, contributes approximately 30% of electricity

consumption in a commercial building, and buildings collectively account for 40% of

total world energy use [23]. SBI may also add to an increased well-being of elderly

people when employed in an assisted living scenario, allowing the aged to live at home

for a longer period [24], [25]. SBI relies on the use of a large number of wireless sensors,

see also Fig. 1.5 [26].

temperature

humidity

flow

energy meter

CO2

light

Figure 1.5. Wireless sensors in a smart building.

Both aspects of SBI, a reduction in energy consumption and assisted living, are expected

to generate a large economic impulse. The European home automation market revenues
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were US$232.6 million in 2007 with an expected increase to US$446.6 million in 2013

[27]. In April 2011, the European smart homes and assisted living market was estimated

to grow by 16.2% from US$1,544 million in 2010 to US$3,267 million in 2015 [28]. Recent

estimates of revenues from home automation systems in Europe and North America

project a growth at a compound annual rate of 42% from US$ 1.2 billion in 2012 to

nearly US$ 9.4 billion in 2017 [29].

This needed widespread use of wireless sensors in offices and houses has, however, been

severely slowed down due to the cost of cabling. Cabling an average office unit or a four

bed house is estimated at e7,000–11,000 ($9,000–15,000) [30]. This is especially true for

offices, that are, on average, reconfigured every five years [31]. Although using batteries

may severely reduce these cabling costs, the maintenance issues associated with using

primary batteries – i.e. locating batteries to be replaced and disposing of the old ones

will not be tolerated by the market [32].

Then what remains for powering the many wireless sensors is energy harvesting. Well

known sources for energy harvesting are [7]: vibration, ambient light, temperature

gradients, and (ambient) radio waves. With the exception of intentional radio waves,

the availability of energy harvesting sources of sufficient power cannot be guaranteed

under all circumstances [12]. Therefore we will concentrate on the use of dedicated RF

sources, distributed in a building for powering the wireless sensors. The investment

in these sources and the costs of powering them will be more than compensated by

the reduction in power consumption of the whole building by switching off lights and

turning down heating.

1.4 Challenges

For powering the wireless sensors needed in SBI we will employ the license-free frequency

bands for Industry, Science and Medicine (ISM). Although these frequency bands can

be used without the need for a license, they are restricted in the maximum allowed

Effective Isotropic Radiated Power (EIRP), that is the transmit power multiplied by

the transmit antenna gain. For ISM frequencies between 865 MHz and 2.48 GHz the

maximum allowed EIRP does not exceed 4W [12]. Due to the spherical spreading of

the transmitted electromagnetic waves, the power received at the rectenna side will

decrease inversely with the squared distance between transmitter and receiver so that,

in general, we will have to deal with low received RF power levels. That means that

all the subsystems of a rectenna, especially the antenna and the rectifier need to be

designed and impedance matched very carefully. As already demonstrated in [33], the

RF-to-DC power conversion efficiency of the rectenna may be maximized by directly,

complex-conjugate impedance matching the antenna to the rectifier. Thus, we need to

be able to determine the (complex) RF input impedance of a rectifier circuit and need
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to be able to model and design antennas generating a desired complex input impedance.

Furthermore, we need to be able to find the optimum input power level and frequency

to operate the rectifier circuit. All these topics will be discussed in this thesis.

1.5 Organization of the Thesis and Original and Novel
Contributions

The organization of the thesis is graphically depicted in Fig. 1.6.

1- Introduction Applications

2-                                                             Rectifier analysis

4- Conjuage-matched antenna design
5- Conjuage-matched rectenna

     design  

7- Frequency selective surfaces, loaded  

with lumped elements, analysis

8-                                             Conclusions and recommendations

Im
p

lem
en

tatio
n

7- RF power harvesting using

    FSS structures     

3- 50     antenna design   3- 50    rectenna design 

6-                              RF power transfer - complete rectenna system

Figure 1.6. Outline of this thesis.

In Chapter 1 the problem of powering an increasing number of wireless devices is dis-

cussed as well as the possibilities of harvesting power from the ambient. The use of

RF power transfer and harvesting is discussed in more detail and far-field, radiative

RF power transfer is chosen as the preferred way to transfer power wirelessly over a

substantial distance. The main application of this technology is seen in Smart Building

Initiatives and assisted living. Due to restricted power densities it is concluded that the

design of the subsystems of a rectifying antenna (rectenna) as well as the impedance

matching between these subsystems must be carried out very carefully. Therefore it

is important to develop accurate and easy to implement and use models of especially

rectifying circuits and antennas. On top of that, a design strategy with respect to the

choice of the operating frequency, RF input power and impedance matching needs to be

developed. In Chapter 2, the analytical modeling of a high-frequency, rectifying Schot-

tky diode is discussed. Based on the model, the influence of the bulk resistance and the
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saturation current on the DC output voltage is analyzed. The main contributions and

innovations of Chapter 2 are:

• The derivation of a Schottky diode selection criterion and the selection of com-

mercially available Schottky diodes according to this criterion.

Chapters 3 to 5 deal with antenna design, where the designs are immediately applied

in a co-design with a rectifier to create rectenna structures, see Fig. 1.6. Chapter 3

deals with an antenna structure that can be designed for dual, triple or broadband

frequency use. Based on a reported broadband strip-dipole antenna, a Yagi-Uda like

configuration is created around this active strip-dipole antenna to improve the antenna

characteristics with respect to bandwidth and gain. The antenna is designed for a 50 Ω

input impedance. The new configuration is used to design a rectenna, using a lumped-

element network to match the antenna impedance to the complex input impedance of

a voltage doubling rectifier.

The main contributions and innovations of Chapter 3 are:

• A wideband strip-dipole antenna is combined with parasitic elements in a Yagi-

Uda like antenna configuration to create a dual, triple or broadband antenna

having a moderate gain (3 to 6 dBi).

• The new antenna concept has been used to design a rectenna that demonstrates

an increased Power Conversion Efficiency (PCE) of at least 5 % at -10 dBm and

at least 10 % at -20 dBm with respect to the state of the art as published in the

open literature.

Chapter 4 deals with antenna structures intended for a direct conjugate matching to the

rectifier, thus omitting an impedance matching network that will lead to a higher power

conversion efficiency (less loss) and a more compact design (fewer lumped elements).

Started is in chapter 4 with the strip-dipole antenna analysis. The derived model is

used in modeling a strip folded-dipole antenna. Evolving from this latter antenna, a

modified loop antenna is introduced and full-wave analyzed. The main contributions

and innovations of Chapter 4 are:

• The validity range (length and width) of the impedance equation for a strip dipole

antenna has been extended by deriving new fitting equations.

• The accuracy of an existing strip-folded dipole antenna has been improved by

using the improved strip-dipole antenna model.

• A new, electrically small antenna type has been invented that allows for tuning

the complex input impedance and the radiation efficiency independently.
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In Chapter 5 a design strategy for maximizing the sensitivity of a rectenna is outlined.

As a consequence, an antenna should be designed for having a very low real part of the

input impedance and a high absolute value of the imaginary part. The new antenna

discussed in chapter 4 is used for this purpose and is co-designed with a lumped-element

Schottky diode rectifier and with an integrated custom-made rectifier. Both realized

rectennas demonstrate characteristics better than the state of the art. The main con-

tributions and innovations of Chapter 5 are:

• The realization of a rectenna with dimensions smaller than the state of the art

and demonstrating a RF-to-DC power conversion efficiency larger than state-of-

the art.

• A rectenna based on a co-design of the same antenna and a custom made recti-

fier demonstrating the smallest dimensions paired to the highest sensitivity ever

reported in the open literature.

In Chapter 6, a complete rectenna system is presented where a commercially available

power management circuit, a 1000 µF storage capacitor and a dynamic load are used.

The average DC output power and the system’s RF to DC conversion efficiency are

measured, and compared to those measured for a commercially available rectenna sys-

tem operated under the same conditions. It is shown that the commercially available

rectenna system fails to operate at low power levels (≤ −6dBm) while the presented

system can operate at an RF input power level as low as -13 dBm. At an input power

level of 0 dBm, the power conversion efficiency of the commercially available system

does not exceed 19 %, while the power conversion efficiency of the presented system

reaches 40 %, resulting in more than 20 % improved power conversion efficiency. The

main contributions and innovations of Chapter 6 are:

• Full rectenna system prototyped and characterized.

• Improved performance compared to commercially available system.

In Chapter 7, the analysis of a gridded square loop Frequency Selective Surface (FSS) is

extended with the inclusion of lumped elements to model the presence of Schottky diodes

for harvesting RF power. The updated model that is validated through cross-simulations

and waveguide simulator measurements predicts the resonance frequencies with the

diodes included and thus makes it possible to design RF harvesting FSS structures.

The main contributions and innovations of Chapter 7 are:

• The recognition of the harvesting structure being essentially a FSS.

• The inclusion of square loops in a grid to maximize the current density in that

grid.
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• The modeling of the RF power harvesting FSS and the use of this model to

optimize a large area RF power harvesting structure.

Finally, Chapter 8 presents a summary of the main results, conclusions and recommen-

dations for future research.

1.6 Figure of Merit

In the comparison of different simulation and measurement results for a complex

impedance throughout this thesis, we want to end up with a single-number Figure

of Merit. For that purpose the power wave reflection coefficient is an excellent tool,

relating to a practical use [33].

1.6.1 Power Wave Reflection Coefficient

When a source with internal impedance ZR is connected to a load impedance ZL, see

Fig. 1.7, the standard (voltage) reflection coefficient Γ is given by

Γ =
ZL − ZR
ZL + ZR

. (1.1)

ZR

ZL

Figure 1.7. A source with internal impedance ZR is connected to a load impedance
ZL.

This reflection coefficient is a direct measure for the reflected power only when ZR is

real-valued [34]. When ZR is complex and conjugate impedance matching is applied to

maximize the power transfer from generator to load, the standard reflection coefficient

in Eq. 1.1 will be nonzero. Therefore, the standard definition of reflection coefficient,

based on physical waves propagating along a transmission line, does not in general
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represent the reflection of power. Power waves, mathematical constructs from the circuit

world, have been introduced to correctly describe the reflection of power in systems with

complex reference impedances. The reflection coefficient based on power waves Γp is

given by

Γp =
ZL − Z∗R
ZL + ZR

, (1.2)

where Z∗R denotes the complex conjugate of ZR. The reflection coefficient according to

Eq. 1.2 works for both real-valued and complex impedances.

1.6.2 Application of the Power Wave Reflection Coefficient as a
Figure of Merit

We will now apply this power wave reflection coefficient as a Figure of Merit (FoM) to

describe the differences between two simulated complex impedance values or between

a simulated complex impedance value and a measured value. The FoM will yield a

single number describing the discrepancies between two complex impedance values.

Lets assume that we have two complex impedance values, Zm1 and Zm2 and we want

to compare the two. First we have to make a choice about the reference. Lets assume

that we take Zm1 as a reference and compare the Zm2 value to Zm1. We now assume

that we have a black box with input impedance Z∗m1, see Fig. 1.8.

Zm2

Zm1
*

Figure 1.8. ‘Connecting’ the impedance to be evaluated to a black box having an
input impedance that is the complex conjugate value of the reference impedance.

If we ‘connect’ an impedance Zm1 to this black box, we will have a perfect impedance

match and the power wave reflection coefficient for this imaginary system, our Figure
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of Merit, will be zero. We are not connecting Zm1 to the imaginary black box however

but Zm2. The amplitude of the power-wave reflection coefficient, our FoM, will give

us a single number describing how ‘far off’ this complex impedance is from the desired

value Zm1. Moreover, the FoM relates to real physics, describing how the mismatch will

relate to the reflection of power. A reflection of 10 % of the input power (FoM≤ -10

dB) is considered as acceptable and realizable in practice.



Chapter two

Rectifier Analysis for RF Energy
Harvesting and Power Transport

In this chapter a complete design method to accurately calculate the impedance and

the DC output voltage of the rectifier part in a wireless power transmission system is

presented. The presented method uses circuit analysis to calculate the input impedance

of a Schottky diode as a function of frequency for different RF input power levels. For the

DC output voltage, the Ritz-Galerkin method is used to predict the output DC voltage

across different load resistances. Moreover, the influence of the diode parameters on the

output voltage is discussed. All the simulated results are validated by measurements

and by Harmonic Balance (HB) simulations.

The rectenna design criteria with respect to the operating frequency and the input

power level are also motivated in this chapter.

13
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2.1 Introduction

Energy harvesting from renewable sources such as solar light and wind, as well as from

other sources like heat and vibration, have been the focus of research recently [7]. How-

ever, an increasing number of applications, especially inside buildings where light/solar

energy is not always sufficient, cannot profit from these sources. Power transport [35]

might be a perfect substitute for batteries to drive wireless sensor nodes.

Recent achievements have shown that far-field energy harvesting [3] and power trans-

port, i.e. means to send power over distances, may overcome the lack of different power

sources such as light, heat and vibration.

The basic far-field energy harvester consists of an antenna, which captures part of the

transmitted RF signal, connected to a rectifier (AC/DC converter) which converts the

AC captured signal into a DC power signal. A power management circuit is needed

to guide and store the DC power. For maximum power transfer, a matching network

is needed between the rectifier and the antenna [36, 37]. The design, fabrication and

measurement of an RF harvester employing a matching network will be presented in

Chapter 3.

In order to decrease the size of the system, the matching network is removed in [38]

and [39] and the antenna is directly matched to the rectifier (Zantenna = Z∗rectifier). The

design, fabrication and measurement of a rectenna directly matched to the rectifier cir-

cuit will be presented in Chapter 5. In both situations, i.e. with or without a matching

network, an accurate analysis of the rectifier’s RF input impedance is crucial. This

chapter investigates the input impedance of the rectifier as a function of frequency for

different power levels. In addition, the influence of the diode’s parameters on the output

voltage and consequently on the rectifier efficiency are discussed.

2.2 Schottky Diode Equivalent Circuit Model

The diode analysis method to be presented has been introduced in [40] and verified

in [33, 41, 42]. The method uses circuit analysis to calculate the input impedance of a

packaged Schottky diode as a function of frequency for different power levels.

Figure 2.1(a) shows some commercially available Schottky diodes in SOT-23 package.

The equivalent electrical circuit is shown in Fig. 2.1(b). Cj is the junction capacitance,

Cp and Lp are the parasitic packaging capacitance and inductance respectively. d is

the ideal diode. Vg is an RF voltage generator and Rg is the internal resistance of the

generator. Since the Schottky diode is a non-linear device, and its input impedance

changes as a function of input power and frequency, the main objective is to present a

standard analysis that is fast, accurate and reliable to calculate the impedance of the

Schottky diodes.
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(a)

Lp

Cj Rs

d

Cp

Rg

+
-

Id

1 3

Vg Vd+ -

(b)

Figure 2.1. Commercially available, packaged Schottky diodes (SOT-23) (a) and their
equivalent circuit model (b).

To be able to determine the impedance of the rectifier between pins 1 and 3 (see Fig. 2.1),

the voltage across and the current through the diode d should be determined. The

electrical behavior of the rectifier is investigated assuming a voltage source with a single

frequency f0 as input, Vg = |Vg| cos(2πf0t). The electrical behavior of this circuit can

be described with the following expressions, obtained by applying Kirchhoff’s relations:

Vg = IgRg + Lp
∂Ig
∂t

+ VCP , (2.1)

VCP = Vd + VRs , (2.2)

VRS = Rs(ICj + Id), (2.3)

ICj = Cj
∂Vd
∂t

, (2.4)

Id = Is(e
αVd − 1), (2.5)

so that

∂Vd
∂t

=
1

RsCj

{
ψ

(
∂Ig
∂t

)
−RsIs

(
eαVd − 1

)}
, (2.6)

where ψ
(
∂Ig
∂t

)
= Vg−RgIg−Vd−Lp ∂Ig∂t . α = q

nKT
, where q

KT
is the thermal voltage and

n is the ideality factor. With the aid of the fourth-order Runge-Kutta method (RK4),

Eq. (2.6) can been solved as in [33], and the voltage Vd across the diode d is calculated.

By using Eq. (2.5), the current Id flowing through the diode is determined. After the

evaluation of Vd and Id the input impedance of the diode d is found using Ohm’s law:

Zd =
Vd
Id
. (2.7)
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After evaluating the input impedance of the diode Zd, using the (Spice) parameters ex-

tracted from the manufacturer data sheet, the input impedance of the Schottky diode

Zin including its series resistance and packaging parasitics is calculated. Table 2.1 sum-

marizes the Spice parameters for two commercially available Schottky diodes, Avago

HSMS-2820 and HSMS-2850 [43]. C23 accounts for a second diode between pins 2 and

3 and is determined empirically from measurements.

To verify the accuracy of the equivalent circuit model, the two different Schottky diodes

HSMS-2820 and HSMS-2852 will be investigated. The input impedance versus frequency

for different power levels is calculated with the aid of the equivalent circuit model and is

compared with harmonic balance simulation results [44] and with measurement results.

Table 2.1. Spice parameters used to calculate the impedance of the rectifier shown
in Fig. 2.1(b) using the analytical procedure.

Parameter HSMS-2820 HSMS-2850 Units

Is 2.2E-8 3.0 E-6 A
n 1.08 1.06 -
Rs 6.0 25 Ω
Cj 0.7 0.18 pF
Lp 2.0 2.0 nH
Cp 0.08 0.08 pF
C23 0.06 0.06 pF

Figures 2.2 and 2.3 show the impedance of the rectifier as calculated by using ADS

harmonic balance simulations and the presented analytical expressions. Figures 2.2(a)

and 2.2(b) show the real and imaginary parts of the input impedance versus frequency

at an input power level of -20 dBm. It is shown in the figures that the equivalent circuit

model can predict the impedance of the rectifier with a relative difference of less than

10 % for the real and imaginary parts of the input impedance. In the next paragraph,

we will investigate whether this accuracy is sufficient.

In Figs. 2.3(a) and 2.3(b) the input power level is increased to -10 dBm. The input

impedance is again calculated using ADS harmonic balance simulations and the equiv-

alent circuit model. It is shown in the figure that the results of the analytical equations

are matching the results obtained using harmonic balance simulations. The relative

difference for the input impedance calculated by Harmonic Balance (HB) simulation

and by the Analytical Expressions (AE) will be presented in detail next.
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Figure 2.2. Real (a) and imaginary (b) parts of the input impedance of the Schottky
diode HSMS-2852 versus frequency for a maximum available power level of -20 dBm
calculated using the analytical equations (AE) and harmonic balance (HB) simula-
tions. Rg = 50Ω.
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Figure 2.3. Real (a) and imaginary (b) parts of the input impedance of the Schottky
diode HSMS-2852 as a function of frequency for a maximum available power level of
-10 dBm calculated using the analytical equations (AE) and harmonic balance (HB)
simulations. Rg = 50Ω.

To quantify the accuracy of the simulated results shown in Fig. 2.2 and in Fig. 2.3,

the Figure of Merit introduced in the previous chapter (see Sec. 1.6), is used. Here,

Zm1 = ZAE and Zm2 = ZHB, with ZAE = RAE + jXAE and ZHB = RHB + jXHB. RAE

and XAE are the real and imaginary parts calculated using the presented equivalent

circuit model. RHB and XHB are the real and imaginary parts of the input impedance

calculated using Harmonic Balance simulations. Figure 2.4 shows that the deviations

between the results of the analytical circuit model (AE) and the results of Harmonic

Balance (HB) simulations do not exceed -10 dB, which satisfies the FoM criterion, which

leads to the conclusion that AE results are a good alternalive for HB simulations.
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Figure 2.4. Figure of Merit to calculate the deviation between the results of the
presented equivalent circuit model (AE) and harmonic balance simulation results
(HB) as presented in Figs. 2.2 and 2.3. Note the different vertical axis scales in
Figs. 2.2 and 2.3.

The real and imaginary parts of the input impedance of the commercially available

Schottky diode Avago HSMS-2820 are also calculated from the analytical expressions

presented in this section and are compared to the ones obtained by Harmonic Balance

simulations [44]. The results at an input power level of 0 dBm and -10 dBm are plotted

in Fig. 2.5 and Fig. 2.6, respectively.
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Figure 2.5. Real (a) and imaginary (b) parts of the input impedance of the commer-
cially available Schottky diode Avago HSMS-2820 versus frequency for a maximum
available power level of 0 dBm calculated using the analytical expressions and har-
monic balance simulations. The source has a 50Ω internal resistance.



2.3 Measurement Setup and Measured Results 19

0 0.5 1 1.5 2
0

50

100

150

R
in

 [
Ω

]

Frequency [GHz]

 

 

HB 

AE

(a)

0 0.5 1 1.5 2
−2

−1.5

−1

−0.5

0

Frequency [GHz]

X
in

 [k
Ω

]

 

 

HB 

AE

(b)

Figure 2.6. Real (a) and imaginary (b) parts of the input impedance of the commer-
cially available Schottky diode Avago HSMS-2820 versus frequency for a maximum
available power level of -10 dBm calculated using the analytical expressions and har-
monic balance simulations. The source has a 50Ω internal resistance.

The deviations between AE and HB have been calculated as a function of frequency

using the Figure of Merit introduced in Sec. 1.6. The deviations do not exceed -10

dB, which validates the accuracy of the presented equivalent circuit model, taking the

Harmonic Balance results as a reference. What remains is to confirm the correctness

of taking the Harmonic Balance simulation results as a reference. Therefore, we will

compare both simulations (AE and HB) with measurements.

2.3 Measurement Setup and Measured Results

In this section, the equivalent circuit model will be verified by measurements. In order to

fully verify the accuracy of the presented analytical equations, the commercial Schottky

diode HSMS-2822 is used for measurements. To measure the impedance of the rectifier

the setup shown in Fig. 2.7 is used. The Device Under Test (DUT) is mounted directly

on a SMA connector and then connected to the Vector Network Analyzer (VNA) using

a phase-stable coaxial cable. A DC blocker is used to prevent DC currents flowing

through the VNA. After calibrating, the phase reference point is at the SMA connector

(point 1 in Fig. 2.7), so that the phase-stable coaxial cable of length l has no influence on

the measurements. The PNA-X Network Analyzer [45] is used to measure the reflection

coefficient S11 at the DUT (Voltage reflected due to the mismatch between Z0 and

ZDUT ).

S11 =
ZDUT − Z0

ZDUT + Z0

. (2.8)
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The input impedance of the rectifier Zrectifier is calculated from the reflection coefficient

Zrectifier = Z0
1 + S11

1− S11

, (2.9)

where Z0 = 50Ω. It should be mentioned that this measurement setup can only be

used to measure the impedance of two or more diodes in parallel. If the impedance of a

single diode has to be measured, the measurement setup in Fig. 2.7 should be modified

and an inductor should be connected in parallel to the rectifier so that the diode can

self-bias itself allowing the diode’s DC current to return to ground. Pins 1,2 and 3 in

Fig. 2.7 correspond to the ones indicated in Fig. 2.1(a).

VNA

RVNA =

50 

Z0 = DC Blocker

32

1

50

l

Figure 2.7. Setup to measure the impedance of the diode using a Vector Network
Analyzer (VNA).

Figures 2.8(a) and 2.8(b) show the real and imaginary parts of the input impedance as

a function of frequency at an available power level of −15 dBm.
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Figure 2.8. Real (a) and imaginary (b) parts of the input impedance versus frequency
for the diode HSMS-2822 at an available power level of −15 dBm.
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Figures 2.9(a) and 2.9(b) show the input impedance as a function of available power

level Pin at an operating frequency of 2.45 GHz.
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Figure 2.9. Real (a) and imaginary (b) parts of the input impedance versus Pin for
diode HSMS-2822 at an operating frequency of 2.45 GHz.

It is demonstrated in Figs. 2.8 and 2.9 that the presented analytical expressions as well

as Harmonic Balance simulations can predict the impedance behaviour of the diode as

a function of frequency (see Fig. 2.8) and as a function of the available power level (see

Fig. 2.9). To quantify the agreement between the results of the AE and measurements,

the Figure of Merit as a function of input power level is plotted in Fig. 2.10. It is

depicted in the figure that the deviations do not exceed the -10 dB threshold, thus

validating the accuracy of the analytical expressions with respect to measurements.
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Figure 2.10. Figure of Merit versus maximum available power level for the equivalent
circuit model and the measurements shown in Fig. 2.9.
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2.4 Output Voltage of the Rectifier Circuit

In this section we will investigate the DC output voltage as a function of maximum

available input power for a single diode. The Ritz-Galerkin averaging method [46] is

used to predict the DC output voltage across different resistance values. An implicit

equation is obtained for the output voltage as a function of the maximum available

input power Pin, the generator resistance Rg, the saturation current Is, the contact

resistance Rs and the load resistance RL,

I0

(
α
√

8RgPin

)
=

(
1 +

Vout
RLIs

)
exp

(
1 +

Rg +Rs

RL

)
αVout (2.10)

where I0

(
α
√

8RgPin
)

is the zero-order modified Bessel function of the first kind. α =
q

nkT
, where q is the electron charge, k is Boltzmann’s constant, T is the temperature

in Kelvins, and n is the diode ideality factor. By solving Eq. (2.10) the output voltage

for different load resistances is calculated. Note that the generator is not matched to

the rectifier and that Pin is the power that would be available if the diode would have

the same impedance as that of the generator. Therefore, Pin is the maximum available

power. The output voltage of the commercially available diode HSMS-2850 (Is = 3 µA

and Rs = 25Ω, n = 1.03) is calculated and compared to harmonic balance simulation

results. Figure 2.11 shows the DC output voltage calculated by the Ritz-Galerkin (RG)

method and by Harmonic Balance (HB) simulations for different load resistances.
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Figure 2.11. Output voltage as a function of maximum available input power calcu-
lated by Ritz-Galerkin averaging (RG) method and by Harmonic Balance (HB) for
a load resistance of (a) RL = 100kΩ, and (b) RL = 10Ω. The generator impedance
Rg = 50Ω.

It is shown in the figure that the simulation results calculated by Ritz-Galerkin aver-
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aging method can accurately predict the output voltage of the rectifier with a relative

difference of less then 5 %, when the load resistance is high (100kΩ). On the other

hand when the load resistance decreases the relative difference increases to 43 % for

Pin = −12 dBm. For a 10 Ω load resistance, the Ritz-Galerkin averaging method is

accurate up to Pin = -15 dBm (relative difference ≤ 5%) as depicted in Fig. 2.11(b).

2.5 Investigation of the Diode Parameters on the Output
Voltage

The influence of the diode parameters (the junction capacitance Cj and the contact

resistance Rs) on the conversion efficiency was first investigated in [47]. In this section

we investigate the effect of the contact resistance Rs and the saturation current Is on

the output voltage. The Ritz-Galerkin averaging method [46] presented in the previous

section is used to calculate the DC output voltage as a function of maximum available

input power level for different contact resistance values Rs and for different saturation

current values Is. Figure 2.12(a) shows the output voltage of the rectifier as a function

of maximum available power for different values of the contact resistance Rs. Figure

2.12(b) shows the output voltage versus maximum available power for different satura-

tion current values Is. The load resistance RL is set to 100 kΩ.

The figure shows that the DC output voltage increases with a decreasing value of Rs

and increases with an increasing value of Is. These results provide additional selection

criteria for choosing commercially available Schottky diodes.
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Figure 2.12. Influence of the contact resistance (a) and the saturation current (b) on
the output voltage as a function of maximum available power. RL = 100 kΩ.

Table 2.2 lists the Is and the Rs values of different commercially available Schottky
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diodes.

Table 2.2. Is and Rs values for commercially available Schottky diodes.

Schottky diode Is (A) Rs (Ω)

HSCH-5310 3.00E-10 13
HSCH-5314 3.00E-10 9
HSCH-5340 4.00E-8 13
HBAT-540X 1.00E-7 2.4
HSMS-270X 1.40E-7 0.65
HSMS-280X 3.00E-8 30
HSMS-281X 4.80E-9 10
HSMS-282X 2.20E-8 6
HSMS-285X 3.00E-6 25
HSMS-286X 5.00E-8 6

Figure 2.13 shows the calculated DC output voltage as a function of the load resis-

tance (RL) for two different maximum available power levels, for three chosen Schottky

diodes. The figure shows that the Schottky diode HSMS-285X outperforms the two

other diodes HSCH-5310 and HSMS-280X with respect to the DC output voltage for

the two simulated maximum available power levels. This is due to the higher saturation

current.
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Figure 2.13. DC output voltage as a function of load resistance (RL) for different
maximum available power levels for three Schottky diodes. (a) Pin = −20 dBm, (b)
Pin = −10 dBm.

The Schottky diode HSMS-285X is characterized by a saturation current that is higher
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than that of the other diodes. Since this leads to a higher DC output voltage, this diode

is selected for rectenna designs to be discussed in subsequent Chapters.

2.6 Voltage Multiplier

At low input power levels, the DC output voltage of the rectifier is well below 1 V.

Modern low-power electronics needs at least a voltage in the order of 1 - 1.2 V to

operate [48]. To increase the DC output voltage, a voltage multiplier may be employed.

A much used configuration is based on a Dickson charge pump circuit [49] and is shown

in Fig. 2.14.
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Figure 2.14. Voltage multiplier configuration based on a Dickson charge pump circuit.

As an illustration, ADS harmonic balance has been used to simulate the DC output

voltage. For an operating frequency of 1 GHz and based on the Schottky diode HSMS

2822, the DC output voltage across RL has been simulated as a function of the number

of rectifier stages. The results are shown in Fig. 2.15 for two maximum available power

levels.

At an input power level of +10 dBm (solid curve), the maximum output voltage is

reached after cascading 8 Schottky diodes, while at a power level of −6dBm (dashed

curve), the output voltage is saturated after cascading only 4 Schottky diodes. It is

clearly shown in Fig. 2.15 that, at a low input power level (e.g. -6 dBm), increasing the

number of the rectification stages will eventually result in a lower DC output voltage,

and consequently the RF-to-DC power conversion efficiency will decrease.

The saturation point depends on the operating frequency, the input power level, and the

load resistance value. In view of this saturation effect, and since this thesis deals with

harvesting power at very low input power levels (Pin = −10 dBm) a voltage doubler

configuration (n=2, see Fig. 2.14) will be adapted for the designed rectennas in Chapter
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3 and in Chapter 5.
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Figure 2.15. DC output voltage as a function of the number of multiplier stages
(diodes) for two maximum available power levels simulated by ADS. Frequency = 1
GHz, RL =1MΩ, CV i = CHj = 100 pF. Rg = 50Ω. Pin is the maximum available
input power.

After choosing the commercially available Schottky diode HSMS-285X for the design of

the rectenna and limiting the multiplier to a voltage doubler, the following section will

present the selection of the design frequency and the input power level.

2.7 Rectenna Design

Since the rectifier’s impedance changes as a function of frequency and as a function

of input power level, an operating frequency f0 and an input power level (Pr) should

be selected first, before proceeding to the investigation of different rectenna topologies.

Based on the two design criteria, operating frequency and assessed input power level

(f0, Pr), different rectenna topologies will be presented. Figure 2.16 shows a general

far-field wireless power transmission system. The rectenna in this system consists of an

antenna that is directly complex-conjugate matched to the rectifier.

The power density (S) at the receiving side is dictated by the effective isotropic radiated

power, EIRP = PtGt, where Pt is the transmitted power and Gt is the transmit antenna

gain, and by the distance R between the transmitting and the receiving antennas as

shown in Fig. 2.16.
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Figure 2.16. Far-field wireless power transmission system, where no matching circuit
is used at the receiving side.

The power density is obtained by distributing the total power over a spherical surface

with area 4πR2:

S =
EIRP

4πR2
=
PtGt

4πR2
. (2.11)

The antenna at the receiving side captures part of this power density with an effective

aperture Ar. The received power Pr (see Fig. 2.16) is given by:

Pr = ArS, (2.12)

where Ar is the effective aperture of the receiving antenna in the direction of the trans-

mitting antenna. According to [50], the effective aperture is related to the antenna gain

by

Ar = Gr
λ2

0

4π
, (2.13)

where λ0 is the wavelength of transmitted signal. Substituting Eq. (2.13) in Eq. (2.12)

leads to the Friis transmission equation where the received power at the terminals of

the rectifier is expressed as

Pr = PtGtGr

(
λ0

4πR

)2

= PtGtGr

(
c

4πfoR

)2

, (2.14)

where c is the free-space speed of light and f0 is the operating frequency of the trans-

mitted signal. The term
(

c
4πfoR

)2

is called the free-space path loss. The term path loss

may lead to confusion. It gives the impression that, apart from a spherical spreading,

a frequency dependent path loss exists. This is not true, since the gain changes with

frequency.
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2.7.1 Operating Frequency

For practical reasons we will aim for a rectenna that is ideally credit-card sized, so that

it can be applied in wireless sensors for smart building applications.

Since there are no special regulations for rectenna systems yet, it makes sense to operate

these systems in the licence-free Industry-Science-Medical (ISM) frequency bands, see

Table 2.3. The frequency bands around 0.9 GHz and 2.4 GHz are of special interest due

to our credit card size constraint and due to the relative high EIRP allowed. Adapting

a frequency band from 865 to 928 MHz will allow RF power transfer operation both

in Europe and North America, and RF harvesting from GSM transmissions on both

continents.

After having thus selected the design frequency, the expected input power level will be

presented next.

Table 2.3. Frequency band allocations and transmit power restrictions for RFID
applications as reported in [12].

Frequency
Power

Duty Cycle/ Channel
Region

Band Tx type Spacing / BW
2446 - 2454 500 mW EIRP Up to 100 No Europe∗

MHz 4 W EIRP ≤ 15% spacing
865.0 - 865.6 10 mW

200 kHz Europe
MHz ERP

865.6 - 867.6 2 W
200 kHz Europe

MHz ERP
867.6 - 868.0 500 mW

200 kHz Europe
MHz ERP

902 - 928 4 W FH (≥ 50 USA

MHz EIRP
channels) Canada
or DSSS

2400-2483.5 4 W FH (≥ 75 USA

MHz EIRP
channels)

Canada
or DSSS

2400-2483.5 10 mW
1MHz BW

Japan
MHz EIRP Korea

In Table 2.3, ERP is the Efective Radiated Power, the EIRP is 1.64 times ERP. FH

stands for Frequency Hopping. DSSS stand for Direct Sequence Spread Spectrum and

BW indicates Band Width. ∗Power levels above 500 mW are restricted to use inside

the boundaries of a building and the duty cycle of all transmissions shall in this case be

≤ 15% in any 200 ms period (30 ms on / 170 ms off).
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2.7.2 Expected Input Power Level

Possible design operating frequencies have been discussed in the previous section. We

will settle for a design frequency of 868 MHz. It is indicated in Table 2.3 that at this

design frequency, the maximum allowed Effective Radiated Power (ERP) is 500 mW in

Europe.

Based on the applications that have been indicated in the previous chapter, including the

Smart Building Initiative (SBI), a direct line-of-sight propagation distance (R) between

2 meters and 10 meters is expected, being related to the size of a general office, hallway

or meeting room. Using the maximum allowed ERP at a frequency of 868 MHz, see

Table 2.3, the power density as a function of propagation distance is calculated using

Eq. (2.11) and is plotted in Fig. 2.17 (solid curve). It is indicated in the figure that the

power density does not exceed 12 dBm/m2. At a distance of 5 meters away from the

transmitting source, the power density drops to 4 dBm/m2.
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Figure 2.17. Power density and received power calculated using Eq. (2.11) and
Eq. (2.14) respectively as a function of propagation distance.

To translate the power density into input power levels Pr (see Fig. 2.16), Eq. (2.14) is

used to calculate the input power level, where a receiving antenna gain of 0 dBi1 is used.

The received power within the practical propagation distance (2 ≤ R ≤ 10 m) is plotted

in Fig. 2.17 (dashed curve). It is clearly indicated in the figure that the received power

is within −8 dBm ≤ Pr ≤ −22 dBm for the practical propagation distances. Based on

this argument it makes sense then to choose an assessed input power level of -10 dBm.

1The reason behind choosing 0 dBi for the receive antenna gain is the size constraint related to a
credit-card size antenna at 868 MHz.
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A second reason to choose an input power level around -10 dBm is derived from the

results of the input impedance of the Schottky diode as a function of maximum available

input power level shown in Fig. 2.9. Since the input impedance of the Schottky diode

(both the real and the imaginary part) is almost constant at low input power levels

≤ −5 dBm, choosing a low input power level for the design of the rectenna will ensure

that the rectenna will be matched for a broad input power-level band.

To further strengthen this power level choice we will look at the antenna matching. To

this end, the term matching efficiency denoted by ηmatching is introduced. The matching

efficiency ηmatching describes how well the antenna is matched to the rectifier. Since

a matching network is not present (see Fig. 2.16), the antenna is conjugately matched

to the rectifier, with an impedance Zantenna = Z∗rectifier, where ∗ denotes the complex

conjugate. The matching efficiency is calculated as a function of received power level Pr,

for an antenna designed to be matched at Pr = −10 dBm and for and antenna designed

to be matched at Pr = 0 dBm.

The matching efficiency is expressed as

ηmatching = 1− S2
11, (2.15)

where the power wave reflection coefficient concept [34] [51] is used to calculate the

reflection coefficient:

S11 =
Zrectifier − Z∗antenna
Zrectifier + Zantenna

. (2.16)

Figure 2.18 shows the matching efficiency as a function of input power level for both

antennas.
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Figure 2.18. Matching efficiency as a function of input power level for an antenna
designed to be matched at Pr = −10 dBm (solid curve) and for and antenna designed
to be matched at Pr = 0 dBm (dashed curve).
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The figure shows that, when the rectenna is designed for -10 dBm, a matching efficiency

higher than 80 % is calculated for a broad input-power-band, −40 dBm≤ Pr ≤ −3 dBm.

On the other hand, if the rectenna is designed at an input power level of 0 dBm, a

matching efficiency higher than 80 % is calculated for an input power band, −8 dBm ≤
Pr ≤ 10 dBm.

It is thus demonstrated that designing a rectenna for an input power level around

−10 dBm will result in a rectenna that is matched to broad input power band from

−40 dBm up to -3 dBm, which corresponds to the expected input power levels for our

applications (see Fig. 2.17 dashed curve).

2.8 Conclusion

For a maximum power transfer between the receiving antenna and the rectifier in a

rectenna system, the antenna’s input impedance should be matched to that of the

rectifier circuit. A detailed design method to accurately predict the input impedance

and the DC output voltage of a Schottky diode based rectifier is presented in this

chapter. The presented method uses circuit analysis to calculate the impedance of a

Schottky diode as a function of frequency for different maximum available power levels.

The simulation results are validated by measurements. In addition, the influence of the

diode’s parameters on the output voltage are investigated. It is shown that the highest

output DC voltage is achieved for the lowest contact resistance and for the highest

saturation current. Thus the commercially available Schottky diode HSMS-285X is

selected for the design of a voltage doubler.

In addition, the practical rectenna design criteria with respect to the operating frequency

and the input power levels are presented. Based on the possible applications, license

free frequency bands and allowed transmit powers, chosen is to design rectennas having

small or broad frequency bands around 868 MHz for an input power level of -10 dBm

(100µW).



32



Chapter three

RF Power Transport Employing
Rectennas Using Matching Networks

In this chapter a modified Yagi-Uda antenna is introduced. The design is based on

a wide-band strip dipole around which a Yagi-Uda structure is formed. The antenna

consists of a reflector and a single director placed nearby the driven dipole. The main

advantage of the suggested antenna is that, by tuning its geometrical parameters, the

antenna can perform as a dual-band, a triple-band or a broad-band antenna. Three

prototypes are designed, simulated, fabricated and measured. The simulated results are

validated by measurements. The modified Yagi-Uda antenna is then used for RF power

transport. A matching network is desigend to match the 50Ω antenna to a voltage-

doubler rectifier. The matching circuit and rectifier are characterized as a single unit.

The measured Power Conversion Efficiency (PCE) reaches 31.6% and 49.7 % over 10

kΩ load resistance at an input power level of -20 dBm and -10 dBm, respectively. Com-

pared to the state-of-the-art published results, the PCE increases by 5 % at -10 dBm

and by 10 % at -20 dBm.

The advantage of this rectenna design is that the antenna may be replaced by any 50Ω

antenna having the correct frequency response. The disadvantage is that the match-

ing network introduces additional losses. This disadvantage will be dealt with in a

subsequent chapter.

33
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3.1 Introduction

The main challenge in far-field energy harvesting is to overcome the power-density

decay due to the long distance between the transmitter and the harvesting location. To

partly compensate for this so-called path loss, antenna arrays or high gain antennas can

be used at the receiving part. Figure 3.1 shows the 50 Ω rectenna system investigated

in this chapter. The arrows indicate the power flow from the transmitting side to the

receiving side to reach the load RL.

First, a novel 50Ω modified Yagi-Uda antenna for the transmission and reception of RF

power is introduced. Three different prototypes are designed, simulated, manufactured

and measured. The first antenna is designed to harvest ambient RF power from Digital

TV (DTV) broadcasting stations. The second and the third prototype are a dual-band

and a triple-band antenna respectively. The dual band prototype is developed for

RF power harvesting at 900 MHz (GSM 900) and 2.45 GHz (ISM). The triple-band

prototype adds (GSM 1800) to these two frequency bands.
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Matching
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circuit
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Transmitting side

Receiving side

Far-field Far-field

Figure 3.1. RF power transport system employing a (50 Ω) antenna matched to the
rectifier using a matching network on the receiving side.

A Schottky diode voltage doubler configuration is used on the receiving side to transform

the RF power into DC power. For an improved power transfer, a lumped-element

matching network between the 50Ω receiving antenna and the voltage doubler (rectifier)

is designed. The main target of the matching network is to transform the impedance of

the rectifier (Zrectifier) to that of the antenna (Zantenna), see Fig. 3.1.

This chapter consists of two parts. In the first part, the design of a novel, modified

Yagi-Uda antenna to harvest power from DTV stations is presented. The developed

procedure is then employed also to design a dual-band and a triple-band antenna. In

the second part, the matching network will be introduced. Using the newly developed

antenna, we design one RF power transport prototype system at an operating frequency
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of 868 MHz for an input power level of -10 dBm.

For the development of the modified Yagi-Uda antenna, we first need to introduce a

wide-band strip dipole antenna that will replace the driven element in a normal Yagi-

Uda antenna.

3.2 Center-Fed and Step-Shaped-Fed Strip Dipoles

Various types of printed dipoles have been studied in the literature [52,53]. The printed

strip dipole antennas are desirable due to their low profile, low production cost and their

ease of fabrication. Many attempts have been performed to enlarge the bandwidth of

the strip dipole antenna [54]. A printed wide-band dipole antenna with a step-shaped

feed gap for DTV signal reception was suggested in [55] and is shown in Fig. 3.2(b).

The wide-band characteristics are obtained by two closely-spaced resonances.

Figure 3.2 shows a conventional centre-fed strip dipole (a) and the step-shaped-fed (the

feed of the antenna has a shape of a step strip dipole antenna (b) as introduced in [55]

and [56].

Feed
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F-W

arm 1 arm 2

(a)

g
t

b

Feed

F-L

F-W

arm 1 arm 2

F-L
2

(b)

Figure 3.2. Centre-fed strip dipole configuration (a) and the step-shaped-fed strip
dipole configuration (b) as introduced in [55].

To verify that the suggested antenna in [55] has two resonance modes, Table 3.1 shows

the optimized parameters for having the step-shaped-fed strip dipole resonate at 550
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MHz. An ordinary, centre-fed strip, dipole is also designed to resonate at the same

frequency. The center-fed and the step-shaped-fed dipole antennas are printed on a 1.6

mm thick FR4 substrate with permittivity εr = 4.4 and loss tangent tan δ = 0.025.

CST Microwave Studio [57] is used to simulate the reflection coefficients as a function

of frequency for both the centre-fed and the step-shaped-fed strip dipole.

Table 3.1. Optimized parameters for the step-shaped-fed dipole to resonate at 550
MHz. The dimensions are explained in Fig. 3.2.

Parameter mm

F-L 226
F-W 20
b 2.5
g 1
t 42.5

Figure 3.3 shows the simulated reflection coefficient versus frequency for a centre-fed

strip dipole antenna having a length F-L and width F-W (see Table 3.1) and for a step-

shaped-fed strip dipole antenna of the same length and width. The dimensions of the

feed structure of the latter antenna, i.e., b, g and t, are listed in Table 3.1.
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Figure 3.3. Reflection coefficient as a function of frequency for the centre-fed strip
dipole antenna and the step-shaped-fed strip dipole antenna, having identical total
length and identical width and both placed on the same substrate carrier.

It is indicated in the figure that the bandwidth of the step-shaped-fed strip dipole
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antenna is increased by more than 120% compared to the standard centre-fed strip

dipole antenna. This increase in bandwidth is realized by the two excited resonant

modes, one at 0.5λ controlled by the antenna length F-L, and a second one controlled

by choosing a proper value of t (see Fig. 3.2(b)). This additional resonant mode of the

antenna is controlled by the total effective length of the antenna comprising its two

asymmetric radiators arm 1 and arm 2 [55] (see Fig. 3.2(b)).

The main limitation of this antenna is its restricted gain. Since it is a λ/2 dipole

antenna, its gain is limited to 2.15 dBi. For a higher antenna gain, other types of

antennas are needed.

3.3 Printed Yagi-Uda Antenna and Parameter Optimiza-
tion

The printed Yagi-Uda antenna shown in Fig. 3.4 is a highly directive but narrow-band

antenna [58]. The parameters of a quasi Yagi-Uda antenna were optimized for a broad-

band operation in [59]. The resulting antenna achieves 48% bandwidth for a Voltage

Standing Wave Ratio (VSWR) < 2, but uses a truncated ground plane and a balun

structure.

F
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R-D

D-D

D-L

D-W

F-W

R-W
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Driven element

Reflector

Director

Feed

Figure 3.4. Conventional printed strip Yagi-Uda antenna configuration.

A design that serves as a wide-band Yagi-Uda antenna or as a multi-band printed dipole
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was realized by using parasitic elements in proximity to a dipole that is parallel to a

truncated ground plane [60, 61]. Recently, the effects of all the antenna parameters for

such antennas on the frequency response were investigated in [62].

Table 3.2 shows the optimized parameters for the ‘standard’ Yagi-Uda antenna shown

in Fig. 3.4 to resonate in the DTV frequency band between 475 MHz and 794 MHz [63].

Table 3.2. Optimized parameters of the conventional Yagi-Uda antenna to cover the
DTV frequency bandwidth. The dimensions are explained in Fig. 3.4.

Parameter mm

F-L 235
F-W 15
R-L 290
R-W 30

D-D, D-L see Sec. 3.3.1
R-D see Sec. 3.3.2

The Yagi-Uda antenna parameters including the length of the director (D-L), the dis-

tance between the feed and the director (D-D), and the distance between the feed and

the reflector (R-D) are optimized to obtain the widest bandwidth possible that can

cover the DTV broadcasting frequency bandwidth (475 MHz - 794 MHz). The feed

length F-D is set to 235 mm so that the Yagi-Uda antenna resonates in the required

frequency band (475 MHz - 794 MHz). The reflector length R-L is set to 290 mm as

indicated in Table 3.2.

3.3.1 Optimization of the Distance Between Feed and Director (D-
D) and the Director Length (D-L)

In this section the distance between feed and director (D-D) and the director length

(D-L) are optimized to broaden the frequency response of the conventional printed Yagi-

Uda antenna. The distance between the reflector and the feed is fixed to 110 mm and

will be optimized in the following section.

Figure 3.5(a) shows the simulated reflection coefficient as a function of frequency for

different distances between the feed and the director. It is clear from the figure that,

when the director is set close to the feed, a second resonance is generated at a higher

frequency which enhances the reflection coefficient bandwidth. This is due to the in-

creased mutual coupling between the feed and the director. Actually the director acts

as a resonator of length λ/4 when it is close to the driven element.
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Figure 3.5. (a) Reflection coefficient versus frequency for different D-D, D-L = 140
mm, R-D =110 mm. And (b) reflection coefficient versus frequency for different D-L,
R-D = 110 mm, D-D = 5 mm.

To confirm this observation, the distance between the director and the driven element is

set to D-D= 5 mm, and the director length is swept between 120 mm and 160 mm. As

expected, see Fig. 3.5(b), the reflection coefficient is characterised by two resonances.

The low-frequency resonance is due to the feeding length (F-L) designed for 530 MHz,

the high-frequency resonance is due to the length of director (D-L). The latter resonance

shifts toward the lower frequency resonance when the length of the director is increased.

This behaviour makes it possible to bring the two resonances together, which results in

an improved reflection coefficient over an extended frequency band.
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3.3.2 Optimization of the Distance Between Feed and Reflector (R-
D)

Based on the parameters in Table. 3.2, the optimization of the distance between the

feed and the reflector (R-D) is presented in this section.

Figure 3.6 shows the reflection coefficient as a function of frequency for different dis-

tances between the feed and the reflector.
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Figure 3.6. Simulated results of the reflection coefficient as a function of frequency
for different distances between the reflector and the feed. D-L = 140 mm, D-D = 5
mm.

It is clear from the simulation results that the operating antenna bandwidth is not

strongly affected by the distance between the feed and the reflector. However, an

increased reflection coefficient exceeding the threshold of -10 dB (dashed curve, R-

D = 60 mm), is observed when the reflector is placed nearby the feed. When the

distance between the feed and the director is enlarged, the absolute value of the reflection

coefficient decreases as illustrated by the solid curve for R-D = 110 mm.

After all the Yagi-Uda antenna parameters have been optimized, it is shown by the

solid curve in Fig. 3.6 that the maximum achievable bandwidth is 267 MHz (478 MHz

- 745MHz) which does not meet the full bandwidth requirements (475 - 794 MHz).

3.4 Modified Yagi-Uda antenna

To further broaden the frequency band and at the same time preserve the radiation

characteristics, a novel broadband modified Yagi-Uda antenna is introduced in this sec-
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tion.

As was shown in Sec. 3.2, the step-shaped-fed strip dipole is characterized by two reso-

nant modes, the first one being due to the strip length and the second one due to the

total effective length of the antenna comprising its two asymmetric radiator arms 1 and

2 [55] (see Fig. 3.3). We have also seen that by carefully placing the parasitic elements in

a 3-elements Yagi-Uda antenna, a dual resonance may be obtained. In this section the

driven element in Fig. 3.4 will be replaced by the step-shaped-fed strip dipole antenna

shown in Fig. 3.2(b). The resulting configuration is shown in Fig. 3.7.

R-D

D-D

D-L

D-W

R-W

R-L

g

t

b

Feed

F-L

F-W

arm 1

arm 2

Figure 3.7. Modified Yagi-Uda antenna with a step-shaped-fed driven element.

It is the expected that this modified configuration will be characterised by three resonant

modes, one due to the feed length (F-L), a second one due to the director length

(D-L) and a third one due to the total effective length of the feed compromising its

two asymmetric radiators arms 1 and 2 (0.5F-L + t). The main advantage of this

configuration will be that it offers three additional parameters b, t and g (see Fig. 3.2(b)

and Fig. 3.7) for resonance frequency tuning. By optimizing these additional parameters

the frequency bandwidth will be widened to cover the complete DTV band (475 MHz

- 794 MHz).

To validate that the modified Yagi-Uda antenna is characterized by three different

resonant modes, that can be tuned independently, CST Microwave Studio is used to

simulate the reflection coefficient versus frequency. The previously designed Yagi-Uda

antenna is used as a starting point. The dimensions are summarized in Table 3.3. Only
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the parameters, D-L, b and t will be sequentially optimized.

Table 3.3. Optimized parameters of the modified Yagi-Uda antenna to cover the
DTV frequency band.

Parameter mm

F-L 235
F-W 15
R-L 290
R-W 30
R-D 110
D-D 5

g 1
D-L see Sec. 3.4.1

b see Sec. 3.4.2
t see Sec. 3.4.3

3.4.1 Modified-Yagi: Three Resonant Modes

In this section the director length is optimized to demonstrate that the modified Yagi-

Uda is characterized by three resonant modes. Figure 3.8 shows the reflection coefficient

as a function of frequency for different director lengths (D-L). The parameters shown

in Table 3.3 are used for simulations.

0.2 0.4 0.6 0.8 1 1.2 1.4
−50

−40

−30

−20

−10

0

Frequency [GHz]

R
ef

le
ct

io
n 

co
ef

fic
ie

nt
 [d

B
]

 

 

D−L = 120 mm
D−L = 130 mm
D−L = 140 mm

R
1

R
2

R
3

Figure 3.8. Optimization of the novel broad band Yagi-Uda antenna parameter D-L.
Simulated results of the reflection coefficient as a function of frequency. b = 1 mm, t
= 35 mm, g = 1 mm, R-L = 235 mm.
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As expected, the figure indicates that the modified Yagi-Uda antenna is characterised

by three resonance frequencies, R1, R2 and R3. The first resonance frequency band

around R1 is due to the driven element length F-L. The second resonance R2 is due to

the length of the director D-L and shifts toward the first resonance when the length of

the director increases. The third resonance R3 is due to the effective length of the feed

that is controlled by the arm width b and the step length t.

Possessing three resonant modes that can be tuned independently, the modified Yagi-

Uda antenna is potentially a broad-band antenna if these three resonant frequencies are

close enough. If the three resonant frequencies are separated, the modified Yagi-Uda

antenna operates as a triple-band antenna. If two of the three resonant frequencies are

close enough the antenna operates as a dual-band antenna.

3.4.2 Optimization of the Arm Width b

In this section the effect of the parameter b is discussed. The arm width is swept between

3 mm and 7 mm since the strip width F-W (see Fig.3.7) is fixed to 15 mm. Figure 3.9

shows the reflection coefficient as a function of frequency for the different arm widths

b.
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Figure 3.9. Optimization of the novel broad band Yagi-Uda antenna parameter b.
Simulated results of the reflection coefficient as a function of frequency for different
values of b. g = 1 mm, t = 45 mm, D-L = 130 mm.

It is observed that b has a strong effect on the reflection coefficients. It is shown in the

figure that a smaller width b will lead to a lower reflection coefficient. When b increases,

the absolute value of the reflection coefficient increases to surpass the -10dB threshold

for b = 7 mm. Thus, we decide to fix b at 3 mm.
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3.4.3 Optimization of the Step Length t

In this section, the step length t is sequentially optimized so that the frequency band-

width of the modified Yagi-Uda antenna covers the required DTV frequency band. Fig-

ure 3.10 shows the simulated reflection coefficient as a function of frequency for different

step lengths t. As expected, the parameter t has a low impact on the lower resonance

position (R1). The higher resonance mode (R3) is clearly affected and is shifted towards

the lower frequency resonance R2, when the step length t increases.
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Figure 3.10. Simulated results of the reflection coefficient as a function of frequency
for different step length values t. g = 0.5 mm, b = 3 mm, D-L = 130 mm.

As a result, a wide bandwidth is achieved when t is set to 45 mm. When compared to a

standard centre fed Yagi-Uda antenna (dashed curve, t = 0 mm) which is characterized

by only two resonances, the reflection coefficient of the novel antenna does not exceed the

-15 dB level between 595 and 850 MHz, while the reflection coefficient of the standard

Yagi-Uda antenna reaches -8.7 dB at a frequency of 680 MHz.

The sequentially optimized parameters for covering the DTV bandwidth are as follows:

gap width g = 1mm, step length t = 45 mm, arm width b = 3mm and director length

D-L = 130 mm. For these parameters, the antenna impedance bandwidth reaches 398

MHz (475 MHz - 873 MHz) or about 61 % in 2.0:1.0 VSWR centered at 650 MHz,

compared to 50 % in 2.5:1.0 VSWR for the wide-band strip dipole antenna in [55].

The gain and the front-to-back ratio as a function of frequency of the optimized antenna

are shown in Fig. 3.11.

The novel antenna shows a gain above 4.3 dBi in the operating bandwidth. The front-

to-back ratio is less than 9.6 dB to reach the DTV broadcasting range. Above 810 MHz

the front-to-back ratio degrades, and reaches 5.2 dB at a frequency of 875 MHz.
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Figure 3.11. Simulated antenna gain and front-to-back ratio as a function of frequency
for the novel broad-band Yagi-Uda antenna antenna, b = 3 mm, t = 45 mm, D-L =
130 mm. Other parameters are listed in Table.3.3.

The antenna gain for the new configuration has almost doubled with respect to the

step-shaped-fed strip dipole antenna investigated in Sec. 3.2, which makes the newly

proposed antenna well suitable for RF energy harvesting from DTV broadcast signals.

In Table. 3.4 the comparison between the performances of a standard Yagi-Uda antenna

and the modified Yagi-Uda antenna are presented.

Table 3.4. Comparison between a standard Yagi-Uda antenna and the modified
broadband Yagi-Uda antenna.

Standard Yagi-Uda Modified Yagi-Uda
(See Fig. 3.5(a)-solid curve) [This work]

Gain 5.7 dBi 4.2 dBi
F/B ration 10 dBi 5.2 dB
Bandwidth 80 MHz 398 MHz

Antenna size 290 mm x 295 mm 290 mm x 190 mm

Compared to a standard printed Yagi-Uda antenna (See Sec. 3.3) where the bandwidth

around the resonance frequency is limited to 80 MHz (See Fig. 3.5(a)-solid curve), the

novel antenna operating bandwidth is increased by a factor of four. The antenna gain

over the wide band is only reduced by an average of 1.5 dBi. The front-to-back ratio
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for a standard Yagi-Uda antenna is 5 dB lower, which makes the standard Yagi-Uda

antenna more directive. However, the novel antenna (290 mm x 190 mm) is 35 % smaller

when compared to a standard Yagi-Uda antenna (290 mm x 295 mm). The antenna

gain of the novel broadband Yagi-Uda antenna can be improved at the expense of the

antenna bandwidth and size.

3.4.4 Fabricated Antenna

Based on the previous results, an antenna is fabricated as shown in Fig. 3.12.

Figure 3.12. Fabricated antenna on a 1.6 mm thick FR4 substrate.

The antenna is printed on a 1.6 mm thick FR4 substrate. The reflection coefficient of

the fabricated antenna is measured between 10 MHz and 1 GHz with the aid of the

PNA-X Network Analyser [45]. The measured reflection coefficient as a function of

frequency is shown in Fig. 3.13. It is clear form the figure the measured results of the

reflection coefficients are lower than -10 dB for the frequency band between 475 MHz

and 950 MHz which validates the broadband characteristics for the novel antenna.
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Figure 3.13. Simulated and measured reflection coefficient as a function of frequency.

Radiation diagrams in the E-plane of the fabricated prototype are measured at three

different frequencies, 470 MHz, 650 MHz and 800 MHz. The E-plane and H-plane are

indicated in Fig. 3.14.

E-plane

H-plane

Figure 3.14. E-plane and H-plane.

Figure 3.15 shows the simulated and the measured radiation diagrams in the E-plane

at the three different frequencies. The solid curve represents the simulated radiation

diagrams while the dashed curve represents the measured ones. It is clearly indicated

in the figure that the simulated radiation diagrams are validated by measurements with

less than 0.5 dB difference in the direction of the main beam between θ = 330◦ and θ =
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30◦ at 470 MHz and 650 MHz. At 800 MHz, the difference increases to 2.5 dB at 30◦,

but note that both in simulations and measurements the main beam has been tilted to

the left.
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Figure 3.15. Simulated and measured normalized radiation diagrams in the E-plane
of the broad-band Yagi-Uda antenna.

3.5 Triple-Band Modified Yagi-Uda Antenna

The exponential increase in the usage of wireless communication devices, especially

mobile phones, increases the presence of electromagnetic radiation in the environ-

ment. The dominant communication systems are as follows: GSM (890-910 MHz),

DCS/PCS/UMTS (1800-2100 MHz) and WiFi (2.446 - 2.454 GHz). RF energy harvest-

ing from these transmitting sources has gained a lot of attention recently. A multi-band

RF power harvesting system was introduced in [64]. In this section, the triple-band

antenna suggested in [64] to have the possibility to harvest RF power at three different

frequencies (900 MHz, 1800 MHz and 2.45 GHz), is presented.
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Using the same design procedures as in the previous section, the antenna parameters

can be optimized to produce a triple-band or a dual-band antenna. This section in-

troduces a triple-band modified Yagi-Uda antenna. The following section introduces a

dual-band modified Yagi-Uda antenna. The optimized parameters (see Fig. 3.7) for the

triple-band antenna prototype are shown in the first two columns of Table 3.5.

Table 3.5. Optimized parameters for the triple-band and for the dual-band proto-
types. The antenna is fabricated on a 1.6 mm thick FR4 substrate.

Parameter Triple-band (mm) Dual-band (mm)

D-L 42 38
F-L 130 119
F-W 10 10
R-L 170 160
R-W 5 5
R-D 20 20
D-D 6 5
D-W 8 5

g 1.2 0.5
b 1.35 2
t 13 11

The triple-band antenna (see column 1 and 2 in Table 3.5) is designed, simulated and

manufactured on a 1.6 mm thick FR4 substrate. The simulated (solid curve) and the

measured (dashed curve) reflection coefficients as a function of frequency are shown in

Fig. 3.16.
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Figure 3.16. Measured and simulated reflection coefficients versus frequency of the
triple-band Yagi-Uda antenna
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It is observed in the figure that the measured reflection coefficients agree well with the

simulated ones. The differences between the simulated and the measured results are less

than 1 dB at 900 MHz, the difference increase to less than 3 dB at 1800 MHz and 2.45

GHz. The measured reflection coefficient is -8.6 dB, -16 dB and -13.25 dB at 900 MHz,

1800 MHz and 2.45 GHz respectively. This validates the triple-band characteristics for

the antenna.

The normalized power radiation diagrams in the E-plane (see Fig. 3.14) have been sim-

ulated and measured at the three desired frequencies and are shown in Fig. 3.17.
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Figure 3.17. Simulated and measured normalized power radiation diagrams in the
E-plane of the triple-band modified Yagi-Uda antenna.

Figures 3.17(a), 3.17(b) and 3.17(c) show the simulated and the measured normalized

power radiation diagrams at 900 MHz, 1800 MHz and at 2.45 GHz respectively. It is

shown that the simulated and the measured results agree well with less than 0.5 dB

difference in the direction of the main beam between θ = 330◦ and θ = 30◦ at 900 MHz.

It should be mentioned that the direction of the maximum propagation is shifted 30
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degrees at 1800 MHz and at 2.45 GHz. This shift is due to the asymmetry in the driven

element for the modified Yagi-Uda antenna (see Fig. 3.7). In the direction of the shifted

main beam at 1800 MHz, between θ = 300◦ and θ = 0◦, the difference between the

simulated radiation diagram and the measured one is 1 dB at 1800 MHz.

At 2.45 GHz, in the direction of the main beam θ = 330◦, the difference increases to 3

dB. Here the radiation pattern is more complex, showing multiple lobes explaining the

higher differences.

3.6 Dual-Band Modified Yagi-Uda Antenna

To demonstrate the reconfigurability of the novel antenna geometry, a third prototype

is presented in this section. The antenna here is designed to be a dual-band antenna

resonating at 900 MHz and at 2.45 GHz. The optimized parameters for the novel dual-

band antenna are listed in Table 3.5 (column 1 and 3).

Figure 3.18 shows the simulated (solid curve) and the measured (dashed-dotted curve)

reflection coefficient versus frequency as well as the simulated antenna gain (dashed

curve) as a function of frequency.
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Figure 3.18. Simulated and measured results of the reflection coefficient and antenna
gain as a function of frequency for the dual band antenna.

It is shown in the figure that a frequency shift of 100 MHz is present between the

simulated and the measured reflection coefficients at the second resonance. This shift is

due to fabrication tolerances due to the narrow gap width g of 0.5 mm. The simulated

antenna gain reaches 3.2 dBi at 900 MHz and 6.45 dBi at 2.45 GHz.

The radiation diagrams in the E-plane have been simulated and measured for the dual-
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band modified Yagi-Uda antenna. Figures 3.19 and 3.20 show the simulated and the

measured normalized power radiation diagrams in the E-plane at the frequencies 900

MHz and 2.45 GHz respectively. The differences between simulations and measurements

are less than 1 dB in the direction of the main beam between θ = 330◦ and θ = 30◦ at

900 MHz and at 2.45 GHz.
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Figure 3.19. Simulated (dashed curve) and measured (solid curve) normalized power
radiation diagrams in the E-plane of the dual-band modified Yagi-Uda antenna at 900
MHz.
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Figure 3.20. Simulated (dashed curve) and measured (solid curve) normalized power
radiation diagrams in the E-plane of the dual-band modified Yagi-Uda antenna at 2.45
GHz.
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3.7 RF Power Transport at 868 MHz

In this section, the receiving part of the RF power transport system is discussed. Design

and measurement results will be described. The DC output voltage and the power

conversion efficiency are measured for different values of the load resistance and for

different input power levels.

3.7.1 Lumped-Element Matching Network

As is apparent from Fig. 3.1, a rectifier is needed to transform the RF input power

into DC power. For a maximum power transfer between the antenna and the rectifier,

an impedance matching network is designed, simulated, manufactured, and measured.

Commercially available, discrete Schottky diodes HSMS-2852 [43] are used for power

rectification.

Figure 3.21 shows a voltage doubler configuration. C1 and C2 are set to 100 pF. This

value of C1 and C2 is not critical for the voltage doubler functioning. The capacitors need

to function as ‘DC-blockers’. RL is set to 10 kΩ. The main reason behind choosing RL =

10 kΩ is that the measured power conversion efficiency peaks around 10 kΩ. Moreover,

this value is around the optimum input impedance of the power management circuit [65]

that will follow the rectifier part (see Fig. 3.1). Zrectifier is the input impedance of the

voltage doubler.

The diode is a nonlinear device and its impedance changes as a function of frequency

and as a function of input power level. A fixed input power level and a fixed operating

frequency are chosen. Based on the results from previous chapters, we choose Pin = −10

dBm and the operating frequency f = 868 MHz (see Sec. 2.7). A lumped-element

matching network is designed to match the input impedance of the rectifier to the input

impedance of the antenna (50 Ω).

P
in

VoutC1

C2
RL

ZrectifierZantenna

CM

LM

Matching network Votage doubler

Figure 3.21. Voltage doubler configuration used to rectify the RF power harvested.
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Agilent ADS [44] harmonic balance is used for impedance simulations. Figure 3.22

shows the Printed Circuit Board (PCB) footprint layout of the voltage doubler and the

lumped-elements matching network. The components used to realize the circuit are

summarized in Table 3.6. The circuit is printed on a 1.6 mm thick FR4 substrate.

5 mm

SMA

Connector/

50 Ohm

antenna 

Matching network

Voltage doubler

C1

C2

L1L2

C3
HSMS

2852

RL

Figure 3.22. Layout of the PCB footprint of the voltage doubler and the matching
network.

Table 3.6. Used lumped elements components.

Reference Value Manufacturer Ref.

C3 0.7 pF
AVX SQCFVA
0R7BAT1A\500

C2, C1 100 pF
AVX

08052U101J

L1, L2 16 nH
JOHANSON TECHNOLOGY

L- 15W16NJV4E

RL
Variable resistor

TENMA 72720
decade box

HSMS 2852 -
AVAGO TECHNOLOGIES

HSMS-2852-TR1G

The reflection coefficient as a function of frequency for the realized network is measured

for different input power levels, and the results together with the simulated ones are

plotted in Fig. 3.23.
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From the figures, it is observed that the simulated results agree reasonably well with the

measured ones with a difference less than 3 dB between the simulated and the measured

results. The designed matching networks match the impedance of the rectifier at 868

MHz for different power levels. At 868 MHz and using a 10 k Ω load the measured

reflection coefficients are equal to -9.2 dB, -11.9 dB, -13.9 dB and -28.9 dB at -20 dBm,

-15 dBm, -10 dBm and at -5 dBm, respectively. From the Figures, it is clear that the

rectifier is matched to the antenna for the input power range −15 dBm ≤ Pin ≤ −5

dBm with a measured reflection coefficients less than -10 dB.
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Figure 3.23. Reflection coefficients versus frequency for different input power levels.
RL = 10 kΩ. (a) Pin = −20 dBm . (b) Pin = −15 dBm. (c) Pin = −10 dBm . (d)
Pin = −5 dBm.

3.7.2 RF Power Transport Measurement Results

For RF power transport, a system as shown in Fig. 3.1 is being used. In this section,

we describe how the rectenna is used for wireless RF power transfer. The power
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transfer measurement setup is shown in Fig. 3.24. The setup is calibrated by using two

antennas with a known gain, Gr and Gt (see Fig. 3.24) at 868 MHz separated by 1

meter. With the choice of the antenna, we ensures that far-field conditions are satisfied

for both antennas. The power density (S) at the receiving side is dictated by the

effective isotropic radiated power, EIRP = PtGt, where Pt is the transmitted power

and Gt is the transmit antenna gain, and by the distance R between the transmitting

and the receiving antennas.

Gt

PtRF

Generator
S

S

Rectifier

Pr

Gr

Power meter

GDUT Pin

RL

Load
Voltmeter

R

Figure 3.24. Power transfer measurement setup.

The power density is calculated by

S =
EIRP

4πR2
=
PtGt

4πR2
. (3.1)

The antenna at the receiving side captures part of this power density with an effective

aperture Ar. The received power Pr (see Fig. 3.24) is given by:

Pr = ArS, (3.2)

where Ar is the effective aperture of the receiving antenna in the direction of the trans-

mitting antenna. According to [50], the effective aperture is related to the antenna gain

by

Ar = Gr
λ2

0

4π
, (3.3)

where λ0 is the wavelength of transmitted signal. Substituting Eq. (3.3) in Eq. (3.2)

in Eq. (3.1) leads to the Friis transmission equation where the received power at the
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terminals of the power meter is expressed as

Pr = PtGtGr

(
λ0

4πR

)2

= PtGtGr

(
c

4πf0R

)2

, (3.4)

where c is the free-space speed of light and f0 is the operating frequency of the trans-

mitted signal.

A power meter is used to measure the received RF power Pr. The measured power Pr is

then compared to the theoretically calculated value based on Eq. (3.4). The measured

power appeared to be within±0.5 dB agreement with the theoretically calculated power,

which ensures an accurate measurement setup. The rectenna is then placed for wireless

power transport. The antenna gain of the rectenna is denoted by GDUT as shown in

Fig. 3.24. GDUT is simulated with the aid of CST Microwave Studio. The input power

level Pin at the clamps of the rectifier (see Fig. 3.24) is then calculated from

Pin = PtGtGDUT

(
c

4πf0R

)2

, (3.5)

so that

Pin =
PrGDUT

Gr

. (3.6)

The receiving rectenna system is connected to a variable load resistor RL. The DC

output voltage is measured with the aid of a voltmeter for different load resistances and

for different input power levels.

The antenna of the receiving rectenna system shown in Fig. 3.24 consists of the modified

Yagi-Uda antenna introduced in the previous section. The antenna is optimized to

resonate at 868 MHz [37]. Then the antenna is connected to the rectifier through the

impedance matching network and to a variable load resistor RL. The DC output voltage

is measured for different load resistances at three different input power levels -20 dBm,

-10 dBm and -5 dBm calculated according to Eq. (3.6).

Figure 3.25 shows the measured output voltage versus load resistance at the three input

power levels at an operating frequency f0 of 868 MHz. The solid curve represents the

output voltage as a function of RL at an input power level of -20 dBm. The dashed

curve and the dotted-dashed curve represent the measured output DC voltage at -10

dBm and -5 dBm respectively. The system output voltage reaches 0.17 V, 0.7 V and

1.3 V over a 10 kΩ load resistance at an input power level of -20 dBm, -10 dBm and -5

dBm, respectively.
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Figure 3.25. Measured DC output voltage versus load resistance RL for different
input power levels. Operating frequency f0= 868 MHz.

The measured power conversion efficiency (PCE) is calculated using the following equa-

tion:

PCE (%) =
Pload
Pin

=
V 2
out

RL

1

Pin
. (3.7)

The PCE is calculated for different input power levels from Eq. (3.7) and the results are

plotted in Fig. 3.26.
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Figure 3.26. Measured power conversion efficiency (PCE) as a function of load resis-
tance RL for different input power levels. Operating frequency f0 = 868 MHz.
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The system PCE reaches 31.6% and 49.7 % over a 10 kΩ load resistance at an input

power level of -20 dBm and -10 dBm, respectively. The PCE decreases to 45.5 % at an

input power level of -5 dBm across the same load resistance. Table 3.7 compares the

presented results in this section to the state-of-the-art reported results [19, 66–68] that

use commercially available discrete rectifiers.

Table 3.7. Comparison of rectenna systems in literature that uses commertially
available discrete rectifers

Reference
Pin Frequency Resistive Load Discrete Power Conversion

[dBm] [MHz] kΩ rectifier Efficiency
[66] -10 866.5 3 HSMS285C 24∗%

[19]
-10

1800 2.4 HSMS2850
38∗%

-20 15∗%
[67] -10 830 104 HSMS286Y 44%

[68] -20
850

- SMS7630
14∗%

1850 13∗%

This work
-10

868 10 HSMS2852
49.7%

-20 31.6%
∗calculated from figure

The authors in [66] and [19] use the same Schottky rectifier as was used in this section.

The peak measured power conversion efficiency is 24 % across a 3 kΩ load in [66] and is

38% across a 2.4 kΩ load in [19] which is lower than the 49.7 % achieved by using the

suggested matching network.

In [67], the authors use the commercial rectifier HSMS-286Y in combination with an

impedance matching circuit and a resonant circuit. The maximum measured PCE at

830 MHz and at -10 dBm is 44 %. Compared to the results reported in Fig. 3.26, the

system suggested in this chapter is 5 % more efficient. It is clearly indicated in Table 3.7

that the rectenna presented in this chapter shows a higher efficiency performance at -20

dBm and at -10 dBm.

3.8 Conclusion

A novel modified Yagi-Uda antenna is presented in this chapter. The main advantage

of the presented antenna is that, by tuning its parameters, the antenna can be recon-

figured to behave as either a broad-band, triple-band or dual-band antenna. Three

prototypes are designed to validate the reconfigurability of the antenna. The antennas

are simulated, manufactured and measured. The simulated results are in line with the
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measured ones. Agilent ADS harmonic balance simulations are used to design a voltage

doubler and a matching network to match the impedance of the rectifier to 50Ω.

The DC output voltage and the power conversion efficiency as a function of load resis-

tance at three input power levels are measured for a frequency of 868 MHz. The system

output voltage reaches 0.17 V, 0.7 V and 1.3 V over a 10 kΩ load resistance at an input

power level of -20 dBm, -10 dBm and -5 dBm respectively. The system PCE reaches

31.6 % and 49.7 % over a 10 kΩ load resistance at an input power level of -20 dBm and

-10 dBm, respectively.

The 50Ω rectenna system presented in this chapter exhibits an increased PCE of at least

5 % at -10 dBm and at least 10 % at -20 dBm, compared to the reported state-of-the-art

results.



Chapter four

Compact and Conjugate-Matched
Antenna Design

In this chapter we investigate different antenna topologies. These are the strip dipole,

the folded strip dipole and a modified loop antenna. Novel, simple and accurate em-

pirical expressions are introduced to calculate the input impedance of a strip dipole

antenna. Next these expressions are employed to calculate the input impedance of a

strip folded dipole antenna. A modified rectangular loop antenna with additional ge-

ometrical structures is introduced. The additional geometrical structures will make it

possible to tune the antenna input impedance to the complex conjugate of that of a

rectifier.

4.1 Introduction

To design an antenna with a specific input impedance, the geometry of the antenna

should have enough parameters to be able to tune the input impedance. One such

antenna is the strip-folded dipole array antenna shown in Fig. 4.1(a) [69]. This

antenna is characterised by its broad bandwidth when the resonant frequencies of the

individual elements are close together. If used for RFID applications and RF power

harvesting, the strip folded-dipole array antenna has enough geometrical features to

tune its input impedance. Another antenna that has ample geometrical features is

the modified loop antenna shown in Fig. 4.1(b). Horizontal inner strips are added to

the loop to tune the antenna input impedance. The main advantage of this mod-

ified loop antenna is its compact size compared to the strip-folded-dipole-array antenna.

61
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Zantenna

(a)

Zantenna

(b)

Figure 4.1. (a) Strip folded-dipole array antenna configuration and (b) the suggested
modified loop antenna configuration.

The core of a strip folded-dipole array antenna is the folded dipole antenna. It is worth-

while therefore to put some effort into calculating the characteristics of the strip folded

dipole antenna with a high degree of accuracy, without resorting to full-wave methods.

The core of a folded dipole antenna is a dipole antenna. In this chapter, new empirical

equations are introduced to calculate the input impedance of a strip dipole antenna. The

proposed design equations are very accurate and can be easily implemented in standard

computing tools, e.g. Matlab. The simulation results are validated by measurements.

Next, updated analytical equations are presented to calculate the input impedance of

an asymmetric strip folded dipole antenna. In addition, a novel and compact modified

loop antenna configuration is introduced for which the antenna impedance can be tuned

independently from its radiation efficiency. The impedance tuning ability eliminates the

need for a matching network between the antenna and the rectifier which makes the

rectenna system more compact, power-efficient, and cheaper to produce. The modified

loop antenna will be used in Chapter 5 for RF power transport applications.

4.2 Strip Dipole Antenna

The basic element of the folded dipole antenna is the single dipole antenna [70]. A

folded dipole antenna is commonly analyzed by recognizing a transmission line mode

and a dipole antenna mode. The strip folded dipole antenna will be investigated in

Sec. 4.3. In this section we present a strip dipole antenna analysis, using accurate and

easy-to-use design equations to calculate the input impedance.

The input impedance of a dipole antenna can be calculated using full-wave analysis

techniques, e.g. the method of moments (MoM) [71], and the finite integration tech-

nique (FIT) [72]. These methods are potentially very accurate for solving the Maxwell

equations without a-priori approximations, but in general are time consuming. An alter-

native way is to use dedicated analytical-equation methods. Analytical equations may

be derived by employing, among other methods, the induced EMF method, Hallén’s
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integral equation (HIE) method, and the King-Middleton second-order method [70].

While the resulting equations are easy-to-use, they appear to be insufficiently accurate

to design antennas with a specific non-standard input impedance, especially when the

radius of the cylindrical dipole antenna increases as shown in Appendix A. In this sec-

tion, we present a simple but highly accurate analysis method that improves upon the

known analytical expressions.

From a realization perspective, strip dipole antennas are more convenient than cylin-

drical wire dipole antennas. Strip dipole antennas may be implemented on foil, e.g. for

RFID tags and even on-chip realizations are feasible.

A printed dipole antenna of width W can be analyzed by treating it as an equivalent

cylindrical dipole antenna with a radius r = W
4

[73].

4.2.1 Equivalent Radius of a Strip Dipole Antenna

Cylindrical and strip dipole configurations are shown in Fig. 4.2(a).
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Figure 4.2. (a) Cylindrical and strip dipole configuration and (b) relative difference
between the real and imaginary parts of the input impedance as a function of dipole
radius over wavelength. L = 237 mm, S = 2 mm. λ = 1 m.

To investigate the accuracy of the equivalence r = W
4

, the radius r of the cylindrical

dipole is set to a quarter of the strip dipole width W , and CST Microwave Studio

[57] is used to calculate the input impedance of the strip dipole and its equivalent

cylindrical dipole. The feeding gap S is set to 0.002λ for the cylindrical dipole and for

the strip dipole. This procedure is repeated for different dipole radii. Figure 4.2(b)

shows the relative difference errors δRin = (RCylindrical −RStrip) /RCylindrical (dashed

curve) and δXin = (XCylindrical −XStrip) /XCylindrical (solid curve) as a function of dipole
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radius. It is shown in the figure that, for larger dipole radii, the deviation increases,

which makes the quasi-static approach
(
r = W

4

)
not accurate especially for larger dipole

radii. Therefore, it should be used only for very thin cylindrical radii ( r
λ
≤ 0.004 for

εδRin,Xin ≤ 10 %). It should be mentioned that the frequency solver employed by CST

Microwave Studio has been used for simulations which proved to be the most accurate

compared to measurements.

4.2.2 Input Impedance of a Strip Dipole Antenna

Since the quasi-static approach
(
r = W

4

)
is not accurate enough to calculate the in-

put impedance of a practical strip dipole, a new analytical solution to calculate the

impedance of a strip dipole of length 2L and a width of W as shown in Fig. 4.2(a) is

derived. The input impedance of the strip dipole antenna is calculated for different

lengths and widths at a frequency of 300 MHz. Figure 4.3 shows the simulated results

of the real (a) and imaginary (b) parts of the input impedance for 1.0 ≤
(

2πL
λ

)
≤ 2.0

and 0.003 ≤
(
W
λ

)
≤ 0.04 at an operating frequency of 300 MHz.

Different data fitting methods, using polynomial models, exponential models, Fourier

series and power series have been investigated to best fit the results shown in Fig. 4.3. It

has been found that the polynomial models match the simulated results with the lowest

relative errors (less than 10 %). Matlab has been used to investigate the optimum fit-

ting method. Since the strip dipole antenna has two parameters: the width W and the

half-length length L, a two dimensional fitting expression is needed. Performing sur-

face fitting on the full-wave calculated real an imaginary parts of the input impedances

shown in Fig. 4.3, results in

Rin

(
L

λ
,
W

λ

)
=

5∑
m=0

5∑
n=0

Rmn

(
L

λ

)m(
W

λ

)n
, (4.1)

Xin

(
L

λ
,
W

λ

)
=

5∑
m=0

5∑
n=0

Xmn

(
W

λ

)m(
L

λ

)n
, (4.2)

where the coefficients Rmn and Xmn are listed in Table 4.1 and Table 4.2, respectively.

The width of the feeding gap S is set to 0.002λ. The effect of the feeding gap is

limited and will be discussed in detail in Sec. 4.2.3. The impedance equations are

valid for 1.0 ≤
(

2πL
λ

)
≤ 2.0 and 0.003 ≤

(
W
λ

)
≤ 0.04, where they show a relative

error less than 10 % for both real and imaginary parts. Compared to King-Middleton

second-order fitting equations as described in Appendix A [70], which are valid only for

1.3 ≤
(

2πL
λ

)
≤ 1.7 and 0.001 ≤

(
W
λ

)
≤ 0.01, the novel expressions are valid for longer
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and wider strip dipole antennas, as will be shown in Sec. 4.2.3. These equations can be

used for a feeding gap width S in the range of 0.001λ to 0.005λ.

1
1.25

1.5
1.75

2

0.003
0.012

0.021
0.03

0.04
0

100

200

300

400

2π L/λW/λ

R
in

 (
Ω

)

(a)

1
1.25

1.5
1.75

2

0.003
0.012

0.021
0.03

0.04

−200

0

200

400

2π L/λW/λ

X
in

 (
Ω

)

(b)

Figure 4.3. Real (a) and imaginary (b) parts of the input impedance of a strip dipole
antenna as a function of antenna half-length (L) and antenna width (W) calculated
by the Finite Integration Technique (FIT). λ = 1 m.
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Table 4.1. Rmn coefficients used in Eq. (4.1) to calculate the input resistance of a
strip dipole.

m\n 0 1 2 3 4 5
0 211.4 -3.456e4 7.96e5 -5.796e6 2.535e7 2.089e8
1 -1486 5.072e5 -9.993e6 4.49e7 -2.478e8 0
2 -1.544e4 -2.582e6 4.235e7 -5.274e7 0 0
3 2.047e5 4.834e6 -6.439e7 0 0 0
4 -7.511e5 -1.251e6 0 0 0 0
5 9.655e5 0 0 0 0 0

Table 4.2. Xmn coefficients used in Eq. (4.2) to calculate the input reactance of a
strip dipole.

m\n 0 1 2 3 4 5
0 1022 -4.528e4 4.563e5 -2.015e6 4.277e6 -3.472e6
1 4.256e4 4.843e5 -6.868e6 2.478e7 -3.084e7 0
2 -4.147e6 2.13e7 -2.259e7 5.027e6 0 0
3 9.215e7 -3.885e8 2.088e8 0 0 0
4 -8.8e8 2.709e9 0 0 0 0
5 1.873e9 0 0 0 0 0

Figure 4.4 shows the real (a) and imaginary (b) parts of the input impedance of a strip

dipole as a function of frequency calculated using the finite integration technique (FIT)

and the analytical equations for strip dipoles (AE). The electrical length of the dipole is

set to 2πL
λ

=1.5 (L = 11.93 cm), the width W is set to 0.003λ (W = 1.5 mm). It is clear

from Fig. 4.4(a) and Fig. 4.4(b) that the results obtained by the new empirical equations

overlap the results obtained by the electromagnetic simulation software, which shows

the accuracy of these fitting equations.

For this example, the relative difference error is calculated for both the real and imagi-

nary parts. For the real part, the highest relative difference error occurs at a frequency

of 800 MHz and it is equal to 8 %. For the imaginary part the highest relative difference

error occurs at a frequency of 400 MHz and it is equal to 6 %. These equations have

been verified for different strip widths and for different strip lengths as a function of

frequency within the validity range. They show a relative error less than 10 % for both

real and imaginary parts.
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Figure 4.4. Real (a) and imaginary (b) parts of the input impedance of a strip dipole
antenna as a function of frequency calculated by the Finite Integration Technique
(FIT) and by the novel Analytical equations (AE). L = 11.93 cm, W = 1.5 mm,
S = 1 mm.

4.2.3 Feeding Gap S Dependence

The presented equations are developed for a fixed feeding width S of 0.002λ but may

be valid over a range of S-values. The 0.002λ constraint may be too specific for general

use. To investigate the effect of the feeding width, the FIT is used to calculate the

reflection coefficients and the input impedance of two strip dipole antennas A1 and A2

with a length L1 = 225 mm and a width W1 = 20 mm for antenna A1. The length and

width for antenna A2 are L2 = 115 mm and W2 = 10 mm, respectively.

Figures 4.5(a) and 4.5(b) show the reflection coefficients relative to 50Ω as a function

of frequency for different feeding width values S for antennas A1 and A2, respectively.

It is shown in the figures that the antenna resonance is shifted when the feeding width

is changed. However, for practical values (0.001λ− 0.005λ) the change in the reflection

coefficient is negligible (see Figs. 4.5(a) and 4.5(b)). Consequently, for these practical

values, the change in the impedance may be neglected.

To calculate the deviations between the input impedance calculated by the Analytical

Equations (AE) and calculated by the Finite Integration Technique (FIT), the Figure of

Merit (FoM) introduced in Sec. 1.6 is used. Using the FoM, the validity of the presented

formulas for different feeding widths S are expressed in a single number having the

characteristics of a power wave reflection coefficient. The input impedance of a strip

dipole is calculated from the presented empirical expressions and by using the FIT for

different feeding width values S. The FoM accounts for the mismatch due to feed gap

errors in the analytical calculations.

Figure 4.6 shows the FoM for the analytical equations as a function of feeding gap width

S referred to the outcome of the FIT analysis for antennas A1 (solid curve) and antenna
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A2 (dashed curve). It is clear from the figure that the presented expressions are valid for

a feeding width up to 0.02λ (Threshold≤ −10 dB ), which validates the accuracy of the

novel empirical expressions for the practical values of the feeding gap (0.001λ− 0.005λ)

with a FoM ≤-20 dB.
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Figure 4.5. Reflection coefficients relative to 50Ω as a function of frequency for
different feeding width S for antenna A1 (a) and antenna A2 (b). L1 = 225 mm,
W1 = 20 mm, λ1 = 1 m. L2 = 115 mm, W2 = 10 mm, λ2 = 0.5 m
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Figure 4.6. Figure of Merit (FoM) to calculate the deviations between the presented
equations and the FIT for different feeding width for antenna A1 and antenna A2.
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4.2.4 Fabricated Antenna

So far, we have used the results of CST Microwave Studio as a reference. To verify

the real accuracy of the novel empirical equations, a strip dipole antenna is designed,

simulated using AE and FIT, manufactured and tested. The antenna is designed

to cover the GSM900 frequency bands: 890-915 MHz (uplink) and 935-960 MHz

(downlink) [74]. The designed length and width of the strip dipole are 2L = 15 cm,

W = 1 cm. Figure 4.7 shows the simulated (AE & FIT) and the measured reflection

coefficients as a function of frequency. It is clear from the full-wave analysis results

and the measurement results that the novel empirical equations can predict the input

impedance behavior and the resonance of the strip dipoles with less than 2 dB difference

in the reflection coefficients in the specified GSM900 frequency bands.
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Figure 4.7. Simulated and measured reflection coefficients as a function of frequency.

4.3 Folded-Strip Dipole Antenna

The main limitation of the strip dipole antenna investigated in the previous section is its

restricted number of geometrical features. This will make it hard to directly conjugate

impedance match the antenna to a complex impedance. The impedance tuning ability

of the strip dipole antenna depends only on the strip width W , the strip length 2L and

- to a lesser extent - the feed gap width S (see Fig. 4.2(a)). Another antenna with more

geometrical features that can be used for RF power harvesting applications is the strip

folded dipole antenna [75] shown in Fig. 4.8(a). The strip folded dipole antenna may
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be regarded as an evolution of the strip dipole antenna.
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Figure 4.8. Strip folded dipole antenna configuration (a) and the decomposition of
the current distribution into an antenna mode and a transmission line mode(b).

The main advantage of the strip folded dipole antenna over the strip dipole antenna

is that it introduces two additional geometrical features, W2, the width of the parallel,

short-circuited dipole, and d, the inter-element distance between the CoPlanar Strips

(CPS), (see Fig. 4.8(a).

In this section we will discuss an updated design procedure to calculate the input

impedance of an asymmetric strip folded dipole antenna. Compared to the state of

the art [76, 77], the design procedure in this section does not use the equivalence be-

tween a strip and a circular cross section wire to calculate the input impedance of a

strip dipole. Instead it directly uses the empirical equations (Eq. (4.1) and Eq. (4.2))

for the strip dipole antenna introduced in the previous section.

The folded dipole antenna analysis by Thiele and Ekelman [75] will be followed.

The currents in the folded dipole are decomposed into two fundamental modes: the

transmission-line mode and the antenna mode as visualized in Fig. 4.8(b), where IA is

the antenna current flowing on the surface of the dipole and IT is the transmission line

current.



4.3 Folded-Strip Dipole Antenna 71

4.3.1 Input Impedance of a Strip Folded Dipole

Figure 4.8(a) shows the configuration of an asymmetric strip folded dipole antenna in

free space. By decomposing the current into two modes, the input impedance of the

strip folded dipole has become a function of three variables, the input impedance of

the strip dipole, the input impedance of the coplanar strip transmission line stubs that

may be recognized in the antenna configuration and the step-up impedance ratio [78,79]

accounting for the difference in strip widths. The input impedance of the folded dipole

antenna is then found to be [33]:

Zin =
2(1 + q)2ZDZT

(1 + q)2ZD + 2ZT
, (4.3)

where ZD is the input impedance of a strip dipole antenna with length 2L and width

W1. ZT is the input impedance of the asymmetric coplanar strip transmission line stub

of length L. The CPS line widths are W1 and W2, respectively, and (1 + q)2 is the step-

up impedance ratio [75]. q will be specified in the next subsection.

4.3.2 Transmission Line Analytical Equations

The input impedance of a short circuited length of coplanar strip transmission line ZT
is calculated from the general transmission line theory as [80]:

ZT = jZC tan

(
βL

2

)
, (4.4)

where ZC =
[

120π√
εr

K(k)

K′ (k)

]
is the characteristic impedance of the CPS transmission line

[76]. K(k) is the complete elliptic function of the first kind where K ′(k) = K(k′) and

k′2 = 1 − k2. The ratio of the complete elliptic functions K(k)

K
′
(k)

may be approximated

by [81],

K(k)

K(k′)
≈


1

2π
ln
[
2
√

1+k+
4√

4k√
1+k− 4√

4k

]
for 1 ≤ K

K′
≤ ∞, 1√

2
≤ k ≤ 1

2π

ln

[
2

(√
1+k′+ 4√

4k′√
1+k′− 4√

4k′

)] for 0 ≤ K
K′
≤ 1, 0 ≤ k ≤ 1√

2

(4.5)

The argument k is given by [78,79],

k =

(
d
2

) (
1 + e

(
d
2

+W1

))(
d
2

)
+W1 + e

(
d
2

)2 , (4.6)
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and

e =

[
W1W2 + d

2
(W1 +W2)−

√
W1W2 (d+W1) (d+W2)(

d
2

)2
(W1 −W2)

]
, (4.7)

where W1 is the width of the strip dipole, W2 is the width of the parallel, short circuited

dipole and d is the distance between the CPS strips as shown in Fig.4.8(a). The step-up

impedance ratio (1 + q)2, is calculated from [78],

q =

 ln

{
4C + 2

√
(2C)2 −

(
W1

2

)2
}
− ln {W1}

ln

{
4C + 2

√
(2C)2 −

(
W2

2

)2
}
− ln {W2}

 , (4.8)

where 2C is the distance from the middle of the strip dipole to the middle of the parallel

dipole as shown in Fig.4.8(a). (C = d
2

+ W1

4
+ W2

4
). Now, we will follow the existing

analysis for the strip folded dipole antenna and replace the dipole input impedance with

the newly derived expressions.

4.3.3 Validation of the New Analytical Procedures

To verify the accuracy of the updated analytical expressions, the real and imaginary

parts of the input impedance of a strip folded dipole are calculated using CST Microwave

Studio (FIT). These results are compared to the results of the proposed analytical

expressions (AE). Figure 4.9 shows the input impedance (real and imaginary parts) as

a function of frequency for a strip folded dipole calculated by both the FIT and the

AE. The strip widths are W1 = 8 mm, and W2 = 4 mm, the separation between strips

is d = 16 mm, the strip folded dipole length is 2L = 16 cm and the feeding width is

S = 2 mm.

It is clear from the figure that the results obtained by the AE deviate from the results

obtained by the FIT. Both curves (for the real and imaginary parts) show more or less

the same behavior, but a frequency shift is visible as well as a change in the impedance

level. To investigate possible sources of errors in the analytical expressions, the surface

current distribution is simulated with the aid of CST Microwave Studio. Figure 4.10

shows the surface current distribution on a strip folded dipole antenna for two different

separation distances, d = 16 mm and d = 32 mm, at an operating frequency of 1.2 GHz.
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Figure 4.9. Real (a) and imaginary (b) parts of the input impedance versus frequency
for an asymmetric strip folded dipole antenna calculated using the Finite Integration
Technique (FIT) and the Analytical Equations (AE).W1 = 8 mm, W2 = 4 mm, d =
16 mm, 2L = 16 cm.

(a) (b)

Figure 4.10. Surface current distribution on a strip folded dipole antenna for a
separation between strips of (a) d = 16 mm and of (b) d = 32 mm. W1 = 8 mm,
W2 = 4 mm, 2L = 16 cm. Frequency = 1.2 GHz

It is observed in Fig. 4.10 that a considerable amount of current flows along the short-

horizontal strips. Moreover it is shown that when the separation distance is increased

to d = 32 mm (Fig. 4.10(b)) the surface current density in these strips increases.

When the input impedance of the coplanar strip transmission line ZT is calculated, it

is assumed that the coplanar strip lines are connected with an infinitely thin horizontal

strip, but in reality they are interconnected with a strip that has the same width as

the transmission line W2. Consequently, the deviations shown in Fig. 4.9 are assumed
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to be due to the connecting strips of length d. In order to compensate for the distance

between the CPS and the current flowing in the connecting strips, a correction to the

transmission line length is required.

To derive the correction factor analytically, the input impedance of the antenna is calcu-

lated and compared to the results obtained by FIT. Then the length of the transmission

line in the transmission line mode is increased until the resonance frequency of the AE

coincides with that of the FIT. This procedure is repeated for different separation widths

d.

The correction to the transmission line length LT is calculated as:

LT = 2L+ Φ (d)λd, (4.9)

where the correction factor Φ (d) for the separation width is found to be

Φ (d) =
(
0.06243d(−1.038) + 3.071

)
. (4.10)

The results after using this correction factor are shown in Fig. 4.11. It is shown in the

figure that when the correction factor is used, the proposed analytical equations can

predict the impedance behavior of the strip folded dipole antenna within reasonable

accuracy as will be explained in the following.
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Figure 4.11. Real (a) and imaginary (b) parts of the input impedance versus fre-
quency for the same asymmetric strip folded dipole antenna as analyzed in Fig. 4.9.
The correction factor for the transmission line length is introduced in the analytical
expressions.

To quantify the improvement of using the correction factor in terms of a single Figure

of Merit, Eq.(1.2) is used to transform the deviations into power reflection coefficients.

Using the suggested Figure of Merit, the deviations between the input impedance cal-

culated by the FIT and by AE without a correction factor (Fig. 4.9) and when the
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correction factor is employed (Fig. 4.11) are casted into a single plot. The higher the

deviations between FIT and AE are, the higher the reflection coefficients (FoM) will be.

Figure 4.12 shows the Figure of Merit as a function of frequency for the two simulations.

The dashed curve represents the FoM for the uncorrected Analytical Expressions (AE),

while the solid curve represents the FoM for the corrected Analytical Expressions (AEc).

It is shown in the figure that, when the correction factor is used, the validity range of the

corrected analytical expressions (0.75 GHz - 1.05 GHz) is extended by approximately

50 % compared to a validity range of the uncorrected analytical expressions (0.75 GHz -

0.95 GHz). The validity range is determined by a FoM not exceeding -10 dB. Two more

validation examples, one for an antenna resonant at 300 MHz and one for an antenna

resonant at 1.5 GHz, are presented in [82], and are shown in Appendix A.
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Figure 4.12. FoM as a function of frequency for the AE and corrected AE

The analytical expressions for the folded strip dipole antenna are valid within the range

1.3 ≤
(

2πL
λ

)
≤ 1.7 ensuring a FoM ≤ -10 dB. The validity range of these expressions is

also limited for d, being less than 1/20th of a wavelength.

Although we now have an antenna type with more possibilities to tune its input

impedance than a strip dipole antenna, the tuning possibility may still be too lim-

ited for a practical use. Moreover, the size of the antenna (about half a wavelength

long) might be too large for some applications, especially for Smart Building Integra-

tion (SBI). The following section therefore introduces a compact modified rectangular

loop antenna.
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4.4 Modified Rectangular Loop Antenna

In this section, a novel and compact antenna configuration is introduced to be conju-

gately matched to the impedance of the rectifier. The antenna is a modified rectangular

loop antenna. The modification consists of adding additional arms to control its input

impedance. The suggested antenna configuration is shown in Fig. 4.13 and consists of

metal printed on a substrate. The radiation characteristics (radiation efficiency and

radiation pattern) of the antenna are dictated by the outer antenna length and width

L1 and L2, respectively, while adding additional arms to the antenna allows tuning its

input impedance without affecting the radiation characteristics much. The width of

each arm W1 to Wn and the distance between the arms E1 to En are fine tuned to

obtain the exact desired input impedance.

L1

L2

W1

W2

Wn

W

Substrate

 

Feed

E1

E2

2n arms

En

g1 g2

Symmetry

 plane

S1 S2

S3

Figure 4.13. Compact antenna topology and dimensional parameters.

In order to understand the physical behavior of the suggested antenna, CST Microwave

Studio is used to simulate the surface current density for four different antenna con-

figurations that possess the same outer dimensions L1 and L2 (see Fig. 4.13). The

parameters of the four simulated antennas denoted by A1, A2, A3 and A4 are listed in

Table. 4.3.

Table 4.3. Antenna parameters used to calculate the input impedance and the radi-
ation efficiency. All dimensions are in millimeters.

W1,W2,W3,E1, E2 E3 W,g1, g2 L2 L1 S1 S2 S3

3 4 5 32 54 10 7 8
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The first simulated antenna (A1) is a loop antenna without any additional arm see

Fig. 4.14(a). The outer dimensions of the loop antenna are L1 and L2. The width of the

strips are W , g1 and g2. The second simulated antenna (A2), with n = 1, has exactly

the same outer dimensions as antenna A1 but with two additional arms added as shown

in Fig. 4.14(b). The additional needed parameters to simulate antenna A2 are W1 and

E1. In the same way the third antenna (A3) and the fourth antenna (A4) are designed

and simulated. Antenna (A3) with n = 2, possesses the same outer characteristics as

antenna A1 but has four additional arms while antenna A4 (n = 3) has 6 additional

arms compared to antenna A1.

(a) Antenna A1 (b) Antenna A2

(c) Antenna A3 (d) Antenna A4

Figure 4.14. Surface current density on the suggested compact loop antenna for
different numbers of additional arms. Frequency = 868 MHz.

Figure 4.14(a) shows the surface current distribution for antenna A1. It is clear from

the figure that the surface current density is distributed along the loop. When two
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arms are added to antenna A1 to form antenna A2, the maximum current density is

concentrated in the inner loop as shown in Fig. 4.14(b). Similarly, when more internal

arms are added to the loop, the maximum current density is drawn by the inner loops as

shown in Fig. 4.14(c) and Fig. 4.14(d). Using the suggested configuration, the antenna

input impedance and its radiation efficiency can be tuned separately. Since the surface

current density is concentrated in the inner loop, consequently the inner loop dictates the

input impedance of the antenna, while the outer loop dimensions L1 and L2 determine

the antenna radiation efficiency. The arms between the inner loop and the outer loop

are used to fine tune the antenna input impedance.

4.4.1 Impedance Tuning Capability

To verify the tuning capability of the suggested antenna configuration, the antenna input

impedance and the radiation efficiency are simulated using CST Microwave Studio for

the antennas A1, A2, A3 and A4. Figure 4.15 shows the real (a) and imaginary (b)

parts of the input impedance as well as the radiation efficiency (c) as a function of

frequency for the four simulated antennas. We see, as we expected, that the inner loop

dominates the impedance and we see that the resonance shifts toward higher frequencies

with the addition of more internal arms. Since the outer arms do draw currents but

these currents are much smaller than those in the inner loop, we only observe a slight

variation in the radiation efficiency. This demonstrates the impedance-tuning ability of

the suggested compact-modified-loop antenna by tuning the variables Ei and Wi, where

i = 1, 2, · · · , n, without deteriorating the radiation efficiency of the antenna much. The

in-between arms are needed to fine tune the required input impedance.

Table 4.4 summarizes the input impedances and the radiation efficiencies of the four

simulated antennas at the design frequency of 868 MHz.

Table 4.4. Simulated input impedance and radiation efficiency at an operating fre-
quency of 868 MHz.

Antenna A1 A2 A3 A4

Rin(Ω) 187.2 3945 129.7 7.08
Xin (Ω) -112.4 -3294 922.3 239.9

Radiationeff (%) 71.51 73.14 74.1 70.7

The table shows a large change in the real and imaginary parts of the input impedance

when inner arms are added, while the radiation efficiency difference is less than 3.4% over

all configurations. In Subsecection 4.4.3 we will further discuss the radiation efficiency

simulation results.
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Figure 4.15. Real (a) and imaginary (b) parts of the input impedance and the
radiation efficiency (c) as a function of frequency of the four simulated antennas.
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The main benefits of the suggested novel antenna topology are its compact size (0.16λ×
0.093λ × 0.0046λ) and the ability to tune its input impedance while maintaining a

constant radiation efficiency.

4.4.2 Validation of the Simulation Results

To cross-verify the simulation results two different simulation software packages have

been employed: CST Microwave Studio [57] and Empire XCcel [83] that use two different

computational methods. CST uses the Finite Integration Technique (FIT) [72] and

Empire XCcel uses the Finite Difference Time Domain Method (FDTD) [84]. Antenna

A4 (Fig. 4.14(d)) is selected for simulation. The simulated real and imaginary parts of

the input impedance are plotted versus frequency in Fig. 4.16. It is shown in the figure

that the two different simulation methods converge to almost identical values in the

shown frequency range. At a frequency of 868 MHz, the input impedances are found to

be: Zin, FDTD, 868MHZ = 8.49+j237Ω and Zin, FIT, 868MHZ = 7.08+j239.9Ω. The power

wave reflection coefficient is calculated using the figure of merit (FoM) introduced in

Sec. 1.6. The FoM results in -13.8 dB power reflections at 868 MHz ensuring accurate

simulation results.
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Figure 4.16. Real (a) and imaginary (b) parts of the input impedance as a function of
frequency simulated using the Finite Difference Time Domain (FDTD) method and
the Finite Integration Technique (FIT).

To verify the simulated results by measurements, a monopole version of the antenna

has been fabricated by cutting the antenna through its symmetry plane (see Fig.4.13),

and soldering this monopole to a large ground plane as shown in Fig. 4.17. In this way,

the antenna can be measured using a single-ended (SMA) connection, which matches

with the use of a standard Vector Network Analyser (VNA). The input impedance of

the fabricated antenna is measured and compared to the simulated results. Figure 4.18

shows the simulated and measured real (Fig. 4.18(a)) and imaginary (Fig. 4.18(b)) parts
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Figure 4.17. Fabricated monopole prototype for impedance measurements.

of the input impedance as a function of frequency. The measured values are multiplied

by two to give results that apply for the actual antenna. It is shown in the Figure that

the measurement results verify the simulated ones.
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Figure 4.18. Simulated and measured real (a) and imaginary (b) parts of the input
impedance of the fabricated prototype antenna versus frequency.

4.4.3 Radiation Efficiency and Radiation Pattern

The antenna radiation efficiency η is defined as [50]:

η =
Rrad

Rrad +Rloss

, (4.11)

where Rrad is the radiation resistance and Rloss is the loss resistance.

The Wheeler cap method [85,86] enables separate measurements of the radiation resis-

tance (Rrad) and loss resistance (Rloss) by enclosing the antenna with a radiation shield.
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The radiation shield is a conducting sphere enclosing the near-field of the antenna at a

radius r = λ/2π [85] as shown in Fig. 4.19(b).

The input impedance of the antenna (Zin) is first measured as indicated in the previous

section and illustrated in Fig. 4.19(a).

Feed

Ground

plane

(a)

Feed

Ground

plane

Radiation shield

(b)

Figure 4.19. Input impedance measurement setup (a) and Wheeler cap measurement
setup (b).

The real part of the input impedance is expressed as:

Re{Zin} = Rrad +Rloss. (4.12)

By placing the radiation shield over the antenna, the radiation resistance (Rrad) can be

eliminated and consequently the Wheeler cap input impedance (Zwc) can be measured

where the real part is expressed as:

Re{Zwc} = Rloss. (4.13)

Substituting Eqs. (4.13) and (4.12) in Eq. (4.11), the antenna radiation efficiency is

expressed as:

η =
Rrad

Rrad +Rloss

=
Re{Zin} −Re{Zwc}

Re{Zin}
(4.14)

The shape of the cap is not critical and need not be spherical [87], [88] and [89]. In this

section, a cylindrical cap with a radius of 10.5 cm and a height of 7.5 cm will be used

to measure the radiation efficiency of the manufactured prototype. The cylindrical cap
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measurement setup is shown in Fig. 4.20. During the measurements, the lid in Fig. 4.20

is placed to enclose the near field of the antenna.

Figure 4.20. Radiation efficiency measurement setup using a cylindrical cap.

The simulated and the measured radiation efficiencies are plotted in Fig. 4.21. It is

shown in the figure that the measured results exhibit two major resonances around 1.1

GHz and 1.8 GHz. These resonances are due to the cutoff frequencies of the TM01 (1.12

GHz) and TE01 (1.78 GHz) propagating modes of the used cylindrical waveguide [80].
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Figure 4.21. Simulated and measured radiation efficiency as a function of frequency
using the Finite Integration Technique (simulation) and the Wheeler cap method
(measurement).

It should be mentioned that for frequencies below 1 GHz, the height of the cylindrical
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cap (7.5 cm) does not satisfy the radian sphere criterion (r = λ/2π) and consequently

an extension of the cap height is needed. The cap height is extended by 5 cm using a

5 mm-thick copper plate. The measured radiation efficiency as a function of frequency

below 1 GHz using the extended cap is shown in Fig. 4.21. It is clearly indicated

in the figure that the deviations between the simulated and the measured radiation

efficiencies increase at low frequencies. The deviations are less than 2 % at 1.6 GHz,

while they are almost 30% at 0.6 GHz. This behaviour is mainly due to the small value

of the input resistance at low frequencies as shown in Fig. 4.16. At low frequencies

(≤ 1GHz) accurate small input resistance measurement is quite a challenge due to the

imperfections of the calibration standards used which leads to higher deviations in the

measured radiation efficiency [90]. Another source of errors at lower frequencies is the

non-perfect galvanic contact of the extension of the cylindrical cap.

Excluding the resonant modes of the cylindrical cap, the radiation efficiency has been

measured between 1.3 GHz and 1.6 GHz for antennas A1, A2, and A4 (see Fig. 4.14).

The simulated and the measured radiation efficiency as a function of frequency are shown

in Fig. 4.22. It is indicated in the figure that the deviations between the simulated and

the measured radiation efficiency do not exceed 5 % in the measured frequency band.

The simulated radiation efficiency has been verified also by employing full-wave Wheeler

cap simulations [91].
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Figure 4.22. Simulated and measured radiation efficiency as a function of frequency
for antennas A1, A2 and A4.

The antenna radiation efficiency reaches 70.7 % at the design frequency (868 MHz), see

Fig. 4.21. This radiation efficiency can be increased by using a thinner and a lower-loss

substrate. The substrate optimization will be presented in the following chapter.
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The rectifier is connected on the top side of the antenna, directly to the antenna feeding

points, see Fig. 4.23 for the rectifier layout. Figure 4.23 shows the 3D directivity pattern,

where the rectifier is placed in the direction of the maximum directivity (θ = −90◦, φ =

0◦). It is clear from the figure that the layout position of the rectifier does not visibly

affect the 3D radiation pattern of the antenna. The directivity Dr and the radiation

efficiency ηradiation determine the antenna gain Gr. Gr = ηradiationDr, with Dr = 1.74

dBi and ηradiation = 0.707, the simulated antenna gain is Gr = 0.23 dBi.

Rectifier

layout

x

y

z
Theta

Phi

Figure 4.23. 3D directivity pattern at an operating frequency of 868 MHz, simulated
using CST Microwave Studio.

As the input impedance of the modified compact loop antenna can be tuned to satisfy the

conjugate complex design criterion (i.e. be the complex conjugate of the rectifier input

impedance), and the presence of the rectifier does not affect the radiation characteristics

of the antenna, this antenna topology will be used in the following chapter to harvest

RF power and convert it to usable DC power.

4.5 Conclusion

In this chapter, new design expressions and updated analytical procedures are intro-

duced to calculate the input impedance of strip dipoles and strip folded dipole antennas.

The development is driven by the necessity to match the input impedance of the rec-

tifier in a rectenna for maximum power transfer. Simulation and measurement results

have shown that the proposed equations satisfy the Figure of Merit criterion and are

easily implementable in standard computing tools. Compared to the state-of-the-art

analytical solutions, the validity range for the dipole length is extended by 150 % which

allows for the modeling of longer strip dipole antennas.

In addition, a novel and compact modified loop antenna configuration has been intro-
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duced. The modification consists of adding additional horizontal arms to the loop

antenna, which results in a higher degree of freedom to tune the antenna’s input

impedance. The main advantage of the introduced antenna topology is that the an-

tenna impedance can be tuned without affecting its radiation efficiency much. The

simulation results of the input impedance are validated by measurements.



Chapter five

RF Power Transport Using
Conjugate-Matched Rectenna System

In this chapter, the modified compact loop antenna introduced in the previous chapter is

tuned to eliminate the commonly used matching network between the antenna and the

rectifier, since this antenna will be conjugately matched to the rectifier. Two rectenna

prototypes are presented in this chapter. The first prototype consists of a rectenna

using commercially available, discrete rectifiers. At an incident RF power level of -20

dBm, the Power Conversion Efficiency (PCE) reaches 33.8 % for a resistive load of 10

kΩ. The PCE increases to 54.7 % for a power level of -10 dBm. Compared to the

state-of-the-art, the PCE is at least 10 % higher for the same input power levels.

For the second prototype, an integrated 5 stage cross-connected bridge rectifier with a

capacitor bank, implemented in standard 90-nm CMOS technology has been used. The

PCE reaches 30 % at an input power level of -20 dBm and it increases to 36.6 % at

an input power level of -17 dBm over a 0.33 MΩ resistive load. Measurements show a

-27 dBm sensitivity for 1 V DC output. At an input power level of -20 dBm, the peak

output voltage is measured at an operating frequency of 855 MHz reaching 1.73 V. The

suggested prototype is smaller in size than those reported in the literature.

87
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5.1 Introduction

Figure 5.1 shows the configuration of the wireless power transmission system being used

in this chapter.
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Figure 5.1. Wireless power transmission system.

The system consists of a transmitter that transmits RF power and a receiver that collects

part of the transmitted power.

When the transmitter is not dedicated for wireless power transmission, e.g. a TV

broadcasting or a GSM base station, the power collection and conversion is defined

as wireless power harvesting [22], [92]. When the power is intentionally transmitted

using a dedicated source, this is defined as wireless power transport [93], [94]. For

both, the receiving side consists of a rectenna (rectifying antenna) which is an antenna

connected to a rectifier and a load. The load can be an ultra-low power sensor. A power

management circuit between the rectifier and the load is needed to transfer and store

the DC power. In order to achieve a compact rectenna system, the commonly employed

impedance matching network between the antenna and the rectifier is removed as shown

in Fig. 5.1 and the antenna is conjugately matched to the rectifier (Zantenna = Z∗rectifier).

The compact antenna configuration introduced in the previous chapter is used to capture

part of the transmitted RF power.

5.2 Design Methodology

In this section1, a design methodology is presented to optimize the power transfer be-

tween the antenna and the rectifier [95]. The optimal impedance matching network with

1This section is based on the work by Hubregt J. Visser that is published in [95]. For the complete-
ness of the work, this section is included in the thesis.
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respect to power efficiency, rectifier input voltage maximization and rectifier sensitivity

improvement is investigated. It should be mentioned that the impedance matching may

be accomplished by a (discrete) lumped-element matching network and by a distributed

network integrated into the antenna. Figure 5.2 shows the equivalent circuit model of

a generalized rectenna system.

RA

VA

+

-

Vin

Antenna Rectifier/ Multiplier

Vout

Zrec

+

-

+

-

ZA Zin

Matching

jXM

jBM + jBrecGrec

Figure 5.2. Equivalent circuit model of a rectenna system.

The antenna in the figure is represented by its Thévenin equivalent circuit of a voltage

source VA, with an internal resistance RA. The Thévenin equivalent voltage VA is:

VA =
√

8RAPin, (5.1)

where Pin is the maximum power available at the clamps of the antenna.

For the generalized rectenna system shown in Fig. 5.2, an ‘L-network’ impedance match-

ing is introduced between the antenna and the rectifier/multiplier.

The input power Pin at the input of the matching network is described as

Pin =
1

2
|Vin|2<{Yin} , (5.2)

where Yin = 1
Zin

is the input admittance as indicated in Fig. 5.2. The function <{x}
denotes the real part of x. Vin is the voltage across the input impedance Zin see Fig. 5.2.

Vin is calculated as

Vin =

(
Zin

Zin +RA

)
VA =

(
1

1 + YinRA

)
VA. (5.3)
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Substituting Eq. (5.3) in Eq. (5.2) results in

Pin =
1

2

∣∣∣∣ 1

1 + YinRA

∣∣∣∣2 V 2
A<{Yin} . (5.4)

The output power Pout across the rectifier terminals is given by

Pout =
1

2
|Vout|2<{Yrec} , (5.5)

where Yrec is the input admittance of the rectifier Yrec = Grec + jBrec = 1
Zrec

and Vout is

the output voltage across the rectifier terminals. Vout and Zrec are indicated in Fig. 5.2.

5.2.1 Antenna Matched to the Rectifier

The ‘L-network’ shown in Fig. 5.2 is used to conjugately match the antenna impedance

to that of the rectifier. If a lossless network is assumed, the output power Pout is equal

to input power Pin and, consequently, the voltage gain Gv is given by

Gv =
|Vout|
|VA|

=
1

2

√
<{Yin}
< {Yrec}

. (5.6)

The input impedance Zin is calculated using the network model shown in Fig. 5.2 as

Zin = jXM +
1

Grec + j (BM +Brec)

=
Grec

G2
rec + (BM +Brec)

2 + j

(
XM −

BM +Brec

G2
rec + (BM +Brec)

2

)
. (5.7)

In order to conjugately match the antenna to the rectifier, the following conditions apply

RA =
Grec

G2
rec + (BM +Brec)

2 , (5.8)

XM =
BM +Brec

G2
rec + (BM +Brec)

2 . (5.9)
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From Eqs. (5.7) and (5.9), the real part of the input admittance is calculated as

<{Yin} =
G2
rec + (BM +Brec)

2

Grec

, (5.10)

and, since Yrec = Grec + jBrec, the real part of the rectifier’s admittance is

<{Yrec} = Grec. (5.11)

Substituting Eq. (5.10) and Eq. (5.11) in Eq. (5.6) leads to the voltage gain

Gv =
|Vout|
|VA|

=
1

2

√
<{Yin}
< {Yrec}

=
1

2

√
1 +

(
BM +Brec

Grec

)2

=
1

2

√
1 + (Q)2, (5.12)

where Q = BM+Brec
Grec

is the quality factor at the output of the matching circuit.

Grec and Brec are defined by the rectifier’s impedance. Eq. (5.12) leaves the impression

that, by a proper choice of the matching network susceptance BM , one can choose the

output voltage Vout and then design the antenna having an impedance RA and take XM

as dictated by Eq. (5.8) and Eq. (5.9), respectively.

The error made in this reasoning is that it is implicitly assumed that VA and RA can be

chosen independently, while in fact they are related through the available power from

the antenna as specified in Eq. (5.1).

5.2.2 Maximizing the Output Voltage

Assuming a lossless network, one can express the available power from the antenna by

using Eq. (5.1)

Pin =
V 2
A

8RA

. (5.13)

By the substitution of Eq. (5.8) in Eq. (5.13), VA is expressed as

VA =
√

8RAPin = 2

√
2Pin

Grec

G2
rec + (BM +Brec)

2 . (5.14)
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The output voltage is calculated by substituting Eq. (5.14) in Eq. (5.12), which results

in

Vout = GvVA =

√
2Pin
Grec

. (5.15)

As described in Eq. (5.15), the output voltage is thus dictated by the available power

from the antenna and the real part of the input admittance of the rectifer/multiplier.

Grec is the real part of the rectifier admittance as shown in Fig. 5.2.

Grec = <{Yrec}

=
Rrec

R2

rec +X2

rec

. (5.16)

After substituting Eq. (5.16) in Eq. (5.15), the output voltage is described in terms of

the input impedance of the rectifier as follows:

Vout =

√
2Pin

R2

rec +X2

rec

Rrec

. (5.17)

To maximize the output voltage Vout (i.e. the sensitivity) and the power transfer between

the antenna and the rectifier, Eq. (5.17) should be satisfied. The real part of the input

impedance should be as high as possible while the imaginary part should be as low as

possible or the other way around. Since most Schottky diodes show an input impedance

having a low resistance in series with a high capacitance we choose for the latter method.

Figure 5.3 shows the DC output voltage for different input power levels for different

rectifier impedances following Eq. (5.17). Figure 5.3(a) shows the output voltage for

different values of the real part of the rectifier impedance while the rectifier reactance is

set to 300 Ω. Figure 5.3(b) shows the output voltage for different values of the imaginary

part of the rectifier impedance while the rectifier resistance is set to 10 Ω.

It is clear from the figure that when Xrec � Rrec, the voltage decreases with increasing

real part of the rectifier’s input impedance. A voltage of 0.5 V is generated at an

available power level of -9 dBm (dotted-dashed curve) when Rrec is set to 100 Ω. The

same output voltage is generated at an available power level of -18.5 dBm (solid curve)

when Rrec is decreased to 10 Ω, which results in a 8.5 dB sensitivity improvement. Figure

5.3(b) clearly indicates that the output voltage increases with increasing reactive part

of the input impedance when the real part is set to 10 Ω.
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Figure 5.3. Output voltage for different input power levels Pin for different rectifier
impedances. (a) Xrec = 300Ω, (b) Rrec = 10Ω.

A voltage of 0.7 V is generated at an available power level of -6 dBm (solid curve) when

Xrec is set to 100 Ω. The same output voltage is generated at an available power level

of -20 dBm (dotted-dashed curve) when Xrec is increased to 500 Ω, which results in a 14

dB sensitivity improvement. This knowledge will be used in Sec. 5.4 where a 5 stages

rectifier implemented in TSMC 90-nm CMOS technology with an input impedance of
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Zin = 7.6 + j418 has been designed, realized and measured.

Through the presented analysis and our results for a compact loop antenna, it has been

shown that the steps to maximize the output voltage and thus improve the rectifier’s

sensitivity for a given low power level are:

• conjugate match the antenna to the rectifier;

• design the rectifier circuit for a minimum real part and maximum absolute value

of the imaginary part |Xrec| � Rrec;

• use antenna miniaturization up to a level that the radiation resistance still domi-

nates the loss resistance;

• use a small loop antenna as a basis.

5.3 Power Transport Using Commercially Available
Diodes

In this section, the modified loop antenna introduced in the previous chapter is combined

with commercially available diodes. A voltage doubler rectifier is used. The output

voltage is measured for different input power levels at an operating frequency of 868

MHz.

5.3.1 Rectenna Design

The design frequency and the design input power level have been investigated in

Sec. 2.7.1 and Sec. 2.7.2, respectively. The output voltage and the input impedance of a

single rectifier (Schottky diode) have been investigated in [41] and have been presented

in Chapter 2. In this section we will investigate the input impedance of the voltage dou-

bler (see Fig. 3.21) as a function of frequency for different RF input power levels. The

main reason to choose a voltage doubler is that it provides a higher DC output voltage

than the single rectifier and it eliminates the need for a return-current coil. In addition,

it provides a compact size due to the commercially available double-packaged-diodes.

ADS harmonic balance and Momentum [44] have been used for simulations.

For a voltage doubler circuit made with an Avago HSMS-2852 [43] Schottky-diode

pair, the input impedance is calculated as a function of frequency and as a function

of input power level. Figures 5.4(a) and 5.4(b) show the real and imaginary parts

of the input impedance as a function of frequency and as a function of input power

level, respectively. For Fig. 5.4(a), the input power level is set to -10 dBm while for

Fig. 5.4(b) the operating frequency is 868 MHz. It is observed in the figure that the
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impedance of the voltage doubler changes as a function of frequency and as a function

of input power level. At the design frequency (868 MHz) and input power level (-10

dBm) the input impedance of the voltage doubler is Zdoubler = 8.9− j234 Ω.
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Figure 5.4. Simulated real and imaginary parts of the input impedance of the voltage
doubler based on the AVAGO HSMS-2852 as a function of frequency for an input
power level of -10 dBm (a) and as a function of input power level at an operating
frequency of 868 MHz (b).

The modified compact loop antenna introduced in the previous chapter is tuned, so

that its input impedance is equal to the conjugate complex of that of the voltage
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doubler, at an input power level of -10 dBm, and an operating frequency of 868 MHz.

Figure 5.5 shows the real (a) and imaginary parts of the input impedance as a function

of frequency for the voltage doubler and for antenna A4 introduced in Sec. 4.4. It is

shown in the figure that the real parts of the input impedance for the antenna and the

rectifier intersect around 868 MHz. The imaginary parts of the input impedance for

the antenna and the voltage doubler are plotted in Fig. 5.5(b). It is indicated in the

figure that imag(Zrectifer) = −imag(Zantenna) around 868 MHz.
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Figure 5.5. Simulated real (a) and imaginary (b) parts of the input impedance of the
voltage doubler as well as the antenna as a function of frequency, for Pin= -10 dBm.

To investigate the complex conjugate matching, the power wave reflection coefficient

concept [34] [51] introduced in Sec. 1.6 is used to calculate the power reflection coefficient

between the input impedance of the rectifier and the input impedance of the antenna.

FoM = 20log

∣∣∣∣Zrectifier − Z∗antenna

Zrectifier + Zantenna

∣∣∣∣ , (5.18)

where ∗ denotes the complex conjugate of the input impedance. Figure 5.6 shows the

power wave reflection coefficient (FoM) as a function of frequency calculated using

Eq. 5.18. The figure shows that the antenna is matched to the rectifier with S11 = −16

dB at the design frequency 868 MHz.

At the design frequency (868 MHz) and at the design input power level (-10 dBm), the

input impedance of the voltage doubler is conjugately matched to that of the antenna,

which results in a power wave reflection coefficients of -16 dB as indicated in Fig. 5.6.

A first rectenna prototype is realized on a 1.6 mm thick FR4 substrate. A photograph

of the fabricated rectenna is shown in Fig. 5.7.
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Figure 5.6. Power wave reflection coefficient as a function of frequency calculated
using the input impedance of the voltage doubler and the input input impedance of
the antenna.

Figure 5.7. Photograph of the fabricated rectenna.

5.3.2 RF Power Transport Measurement Results

For RF power transport, a system as shown in Fig. 3.1 is being used. In this section, we

describe how the rectenna is used for wireless RF power transfer. The power transfer

measurement setup is shown in Fig. 5.8. The setup is calibrated using two antennas

with a known gain, Gr and Gt (see Fig. 5.8), at 868 MHz separated by a distance R.
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R is chosen to ensure that far-field conditions are satisfied for both antennas. The

power density (S) at the receiving side is dictated by the effective isotropic radiated

power, EIRP = PtGt, where Pt is the transmitted power and Gt is the transmit an-

tenna gain, and by the distance R between the transmitting and the receiving antennas.

Gt

PtRF

Generator
S

S

Rectifier

Pr

Gr

Power meter

GDUT Pin

RL

Load
Voltmeter

R

Figure 5.8. Power transfer measurement system.

Using the same procedures as introduced in Sec. 3.7.2 in Chapter 3, the received power

at the terminals of the power meter is expressed as

Pr = PtGtGr

(
λ0

4πR

)2

= PtGtGr

(
c

4πf0R

)2

, (5.19)

where c is the free-space speed of light and f0 is the operating frequency of the transmit-

ted signal. A power meter is used to measure the received RF power Pr. The measured

power Pr is compared to the theoretically calculated value based on Eq. (5.19). The

measured power appeared to be within ±0.5 dB agreement with the theoretically cal-

culated power, which ensures an accurate measurement setup. The rectenna is then

placed at the position of the test receiving antenna for wireless power transport. The

antenna gain of the rectenna is denoted by GDUT as shown in Fig. 5.8. The input power

level Pin at the clamps of the rectifier (see Fig. 5.8) is then calculated as

Pin =
PrGDUT

Gr

. (5.20)

The receiving rectenna system is connected to a variable load resistor RL. The DC out-

put voltage is measured using a voltmeter for different load resistances and for different

input power levels using a voltmeter.

The antenna of the receiving rectenna system shown in Fig. 5.8 consists of the modified

loop antenna shown in Fig. 5.7. This antenna is connected to the rectifier having a vari-

able load resistor RL. The DC output voltage is measured for different load resistances
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at three different input power levels -20 dBm, -10 dBm and -5 dBm calculated according

to Eq. (5.20).

The output voltage is first measured as a function of frequency at an input power level

Pin (see Fig.5.8) of -10 dBm where a 1 MΩ load resistance is used to terminate the

rectenna. Figure 5.9 shows the measured output voltage versus frequency. It is clear

from the measurement results that the system output voltage peaks at 868 MHz and

reaches 1.36 V. Centered at 868 MHz, the -3dB voltage bandwidth is approximately 30

MHz as indicated in the same figure.

The Power Conversion Efficiency (PCE) is calculated as:

PCE (%) =
Pload
Pin

=
V 2
out

RL

1

Pin
. (5.21)
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Figure 5.9. Measured output voltage (Vout) over a 1 MΩ load resistance as a function
of frequency at an input power level Pin of -10 dBm.

To measure the power conversion efficiency (PCE), the output voltage is measured over

different load resistances and for different input power levels; the results are shown in

Fig. 5.10. Over a 10 kΩ resistive load, the DC output voltage reaches 0.19 V at an

input power level of -20 dBm. Vout increases to 0.76 V and 1.41 V at an input power

level of -10 dBm and -5 dBm, respectively.
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Figure 5.10. Measured output voltage (Vout) for different input power levels (Pin)
versus RL.

Figure 5.11 shows the measured PCE as a function of RL for different input power levels

(Pin) at the design frequency, 868 MHz.
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Figure 5.11. Measured power conversion efficiency (PCE) for different input power
levels (Pin) versus RL.

At an input power level of -20 dBm, the PCE reaches 33.8 % for a resistive load for

10 kΩ. For the same load resistance, the PCE increases to 54.7 % and 60 % at an input

power level of -10 dBm, and -5 dBm, respectively.
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Table 5.1 gives a short overview of the state of the art reported for rectennas in the

literature that use commercially available rectifiers for RF to DC power conversion.

Table 5.1. Overview of rectenna performances from literature.

Reference
Pin Frequency Load RL Size

λ2
Power Conversion

[dBm] [MHz] [Ω] Efficiency (PCE)

[19]
-10

1800 2.4×103 -
38∗%

-20 15∗%
[67] -10 830 1×107 0.027 44 %
[96] -20 550 2×103 0.035 18∗ %
[20] 0∗ 1960 460 0.192 54 %

This work
-10

868 10×103 0.028
54.7%

-20 33.8%
∗calculated from figure

Compared to [67], where a 4 stage rectifier has been used, the presented rectenna in

this paper is more efficient at the same input power level and has approximately the

same size. At an input power level of -20 dBm, the measured PCE in [96] is 18 %.

At the same input power level, the measured PCE of the rectenna presented in this

paper reaches 34%. When compared to the measured PCE in [20], our rectenna shows

approximately the same performance at an input power level that is 10 times lower. In

addition, the rectenna in this chapter is more than five times as compact and operates

at a lower frequency. Thus, through a co-design of the antenna and the rectifier, we are

able to significantly improve the performance compared to the state of the art.

5.4 Five Stage CMOS Rectifier with a Control Loop

In the previous section a voltage doubler using commercially available diodes has been

used to convert the RF incident power into DC power. To further increase the output

voltage, a 5 stage rectifier2 implemented in TSMC 90-nm CMOS technology is designed

and realized and the rectifier output voltage and sensitivity are measured.

5.4.1 Design and Implementation

The CMOS rectifier to be presented has been first introduced in [98] and is optimized to

harvest power at low input power levels, around -20 dBm. Fig. 5.12 shows the principle

2This section is the result of the cooperation between Holst Centre/imec and Delft University of
Technical (TUD). The 5 stage CMOS rectifier with the control loop was designed, developed and
realized by Mark Stoopman from TUD. The antenna design as well as the connector layout are realized
by Shady Keyrouz from TU/e. The reported results in this section are published in [97].
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of the multi-stage RF harvester as introduced in [98].
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Figure 5.12. Muli-stage RF harvester implemented using CMOS technology.

The harvester consists of a 5 stage cross-connected bridge rectifier. For maximizing the

output voltage, the rectifier is connected to a purely capacitive load CStore. A control

loop is added to maximize the output voltage on the capacitive load by tuning the

reactive part of the rectifier’s input impedance such that it is conjugately matched to

the antenna. The antenna is connected to a capacitor bank that is controlled by an

up-down counter. The 7-bit capacitor bank consists of 128 capacitor switches where

Cmax = 256 fF and Cmin = 116 fF. By using the control loop, the input impedance

of the rectifier as seen from the antenna can be tuned between Cmin and Cmax to be

conjugately matched to that of the antenna, provided that the real parts of the antenna

and rectifier are identical.

The control loop implementation in combination with the multi-stage rectifier is also

shown in Fig. 5.12. The harvester initially charges the storage capacitor to the turn-on

voltage of the control loop. Then the energy transfer to the off-chip capacitor (CStore)

is optimized by maximizing the slope of the load voltage. The slope information is ob-

tained by using a differentiating network. Then the slope information is compared with

the previous sample using the sample and comparator stage that determines whether

the slope has increased or decreased. Consequently, the finite-state machine determines

if the up-down counter should keep counting or change the count direction.

In this realized first prototype, the control loop is implemented off chip by using a micro-
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controller. Once the loop is calibrated, it can be turned off so that it is not loading the

rectifier for very low input power levels. The input impedance seen from the antenna

is found to be Zin,0 = 7.6 − j418 Ω for Cmin and Zin,1 = 4.3 − j310 Ω for Cmax. This

self-calibrating RF rectifier has been implemented in [39] where the rectifier was printed

on a FR4 substrate connected to the modified square loop antenna introduced in the

previous chapter. In this section, the substrate material and the substrate thickness are

optimized for maximum antenna radiation efficiency. A prototype realized on a low-loss

and thin substrate will be presented.

5.4.2 Antenna Optimization and Chip Integration

The same antenna topology as introduced in Sec. 4.4 is used for realizing a rectenna

based on the just discussed rectifier. In this design the antenna reactance part XAntenna,

should be between 310 Ω and 418 Ω. Then, the control loop will optimize the rectifier

impedance to be conjugately matched to the antenna. The real part should be a fixed

value between 4.3 Ω and 7.6 Ω. So an exact, critical value of the reactive part of the

antenna impedance is not required. This gives another degree of freedom in maximizing

the antenna radiation efficiency.

The antenna radiation efficiency is improved by choosing a thin and a low-loss substrate

instead of the so far used lossy FR4 PCB material. Figure 5.13 shows the simulated

antenna radiation efficiency versus frequency for different substrate materials for the

structure shown in Fig. 5.15.
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Figure 5.13. Antenna radiation efficiency versus frequency for different substrate
materials. Substrate thickness is 1 mm.
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In this Figure the substrate height is set to 1mm and the radiation efficiency is simulated

for three different substrate materials, FR4 dashed curve (εr = 4.3, tan δ = 0.025), GML

1000 dashed-dotted curve (εr = 3.05, tan δ = 0.003) and Rogers RT-5880 solid curve

(εr = 2.2, tan δ = 0.0009). It should be mentioned that the antenna size is kept constant

for the three simulations. It is shown in the figure that the radiation efficiency increases

when the substrate loss (tan δ) decreases.

Figure 5.14 shows the antenna radiation efficiency as a function of frequency for varying

substrate thickness. In this figure the substrate material is chosen to be GML 1000.

The figure shows that a thinner substrate has a limited effect on the radiation efficiency

and will result in a slightly higher radiation efficiency. The antenna radiation efficiency

is improved by less than 4% when choosing a 0.5 mm thick substrate instead of a 1.5

mm thick substrate.
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Figure 5.14. Antenna radiation efficiency as a function of frequency for different
substrate thickness.

For the prototype realized in this section using the 5 stage CMOS rectifier, a 0.5 mm

thick GML 1000 substrate is chosen. At the design frequency, the simulated radiation

efficiency is presented in the solid curve of Fig. 5.14. At an operating frequency of 868

MHz, the antenna radiation efficiency is 84.7 %.

The real part of the antenna should be a fixed value between 4.3 Ω and 7.6 Ω. Based on

the rectenna design criterion presented in Sec. 5.2.2, the real part of the input impedance

of the rectifier is chosen to be 4.4 Ω. After optimizing all the antenna parameters (see

Fig. 4.13), an antenna with one short-circuited arm (n = 1) having an input impedance
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of ZAntenna = 4.4+j328Ω is chosen. The geometrical parameters of the designed antenna

(see Fig. 4.13) are listed in Table 5.2.

Table 5.2. Optimized antenna parameters for the suggested antenna prototype. All
dimensions are in mm.

n W,W1 g1, g2 E1 L1 L2 S1 S2 S3

1 5 3 2 34 35.25 13.75 2 4.5

The front and the back sides of the designed antenna are shown in Fig. 5.15.
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Connector 

layout
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 wires
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Figure 5.15. Front and back sides of the designed compact antenna structure, includ-
ing the five stage CMOS chip and the connector layout.

For a proof of principle, the control loop is connected to the chip and antenna using

the connector layout shown in Fig. 5.15. The chip is integrated on the backside of the

antenna. It should be mentioned that the antenna parameters are optimized in the

presence of the connector layout, vias and bond wires. The rectifier inputs are bond-

wired to the vias (2 mm in diameter) that connect to the antenna feeding points. The

bond wires are modeled using CST Microwave Studio and are having a length of 2.1 mm

and a radius of 25 µm.

Due to the self calibrating capability of the circuit and the low real part of the input

impedance (Rin), the antenna size of the prototype presented in this section is reduced

to 21.9 cm2 compared to 34.3 cm2 for the first prototype presented in Sec. 5.3.1. Once

the external control loop is completely integrated on chip, the connector is no longer

required and the antenna board size can be scaled down further without introducing a

significant performance loss.
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Figure 5.16 shows the simulated 3D directivity pattern of the prototype antenna. The

directivity Dr and the radiation efficiency ηradiation determine the antenna gain Gr.

Gr = ηradiationDr, with Dr = 1.3 dBi and ηradiation = 0.85, the simulated antenna gain

is Gr = 0.6 dBi.

Connector

layout

x

y

z

Theta

Phi

Figure 5.16. 3D directivity pattern of the prototype antenna at an operating fre-
quency of 868 MHz, simulated using CST Microwave Studio.

Figure 5.17 shows a photograph of the manufactured prototype.

Figure 5.17. Photograph of the manufactured prototype antenna with the integrated
circuit. The inset shows the bonded chip in more detail.
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5.4.3 Measurement Results

The output voltage and the power conversion efficiency have been measured for different

load resistances and for different RF input power levels (Pin) at the design frequency

(868 MHz).

Figure 5.18 shows the measured DC output voltage (Vout) as a function of frequency for

a load resistance of 1 MΩ at an input power level of -20 dBm.
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Figure 5.18. Measured output voltage versus frequency for RL = 1MΩ and Pin =
-20 dBm

The peak output voltage is measured at an operating frequency of 855 MHz and reaches

1.73 V. The -3 dB voltage bandwidth is approximately 60 MHz. Compared to the

output voltage (measured at Pin = -10 dBm) of the first fabricated prototype, where

commercial diodes have been used (see Fig. 5.9), it is clear that this prototype rectenna

generates a higher output voltage even at an input power level that is ten times lower

(- 20 dBm). In addition, the -3dB voltage bandwidth of this prototype rectenna has

almost doubled. This increase in the output voltage was expected and is due to the

lower real part and higher imaginary part of the input impedance of the designed CMOS

rectifier (ZCMOS−Rectifier = 4.4 + j328Ω) as compared to the input impedance of the

discrete diode voltage doubler used for the prototype introduced in the previous section

(ZDoubler = 8.5 + j237Ω).

Next, the output voltage has been measured as a function of input power level for

different load resistances at 868 MHz; the result is shown in Fig. 5.19. The open cir-

cuit output voltage is represented by the dashed-dotted curve in the figure, where the

rectenna is able to generate 1 V at an input power level on -27.5 dBm.
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Figure 5.19. Measured output voltage as a function of input power level for different
resistive load values.

Based on these voltage levels, and on the simulated antenna gain of 0.6 dBi ( Dr =

1.3 dBi, ηradiation = 0.85), the Power Conversion Efficiency (PCE) is calculated from

Eq. (5.21) and plotted in Fig. 5.20 as a function of Pin for different load resistance values.

−25 −20 −15 −10
5

10

15

20

25

30

35

40

P
in

 [dBm]

P
C

E
 [%

]

 

 

R
Load

= 0.5 MΩ

R
Load

= 0.33 MΩ

R
Load

= 0.2 MΩ

Figure 5.20. Measured power conversion efficiency versus input power level for dif-
ferent resistive load values. Operating frequency = 868 MHz
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The power conversion efficiency reaches 30 % at an input power level of -20 dBm and

increases to 36.6 % at an input power level of -17 dBm over a 0.33 MΩ resistive load.

Compared to the recently reported results in [99, 100], the presented rectenna in this

paper has a lower sensitivity and is more compact. Compared to [101] and [102], the

proposed rectenna is 70% and 37% more compact respectively. Table 5.3 compares the

performances achieved in this work to the state of the art as published in the open

literature.

Table 5.3. Overview of rectennas performance with CMOS rectifier in literature.

Ref. This work [101] [102] [103]

Technology 90 nm 0.18 µm 250 nm 90 nm
Frequency 868 MHz 970 MHz 906 MHz 915 MHz
Sensitivity -27 dBm -17.7 dBm -22.6 dBm -24 dBm

@ 1 V @ 0.8 V @ 2 V @ 1 V
Peak PCE 36.6 @ 37∗@ 30∗@ 11 @

(%) -17 dBm -18.7 dBm -8 dBm -18.83 dBm
Size
λ2

0.018 0.039 0.027 n.a
Measured 27 meters n.a. 15meters n.a.
distance @ 1.78 w @ 4 w

∗calculated from the graph

The suggested co-designed antenna-CMOS rectifier is smaller in size than those reported

in other publications. Once the control loop is integrated on chip, the size can be even

further reduced. Thus, through the co-design of the 5 stage CMOS rectifier and the

antenna and following the design criterion from Sec. 5.2.2 we were able to significantly

increase the performance of the rectenna with respect to the DC output voltage, power

conversion efficiency, sensitivity and size compared to the state of the art.

5.5 Conclusion

A compact rectenna has been presented in this chapter. The design strategy is based

on designing an antenna with a input impedance equal to the complex conjugate of

that of the rectifier. This allows removing the matching network, which results in

a more compact and efficient rectenna system. Two prototypes have been designed,

manufactured, and measured. The first prototype consists of a rectenna that uses

commercially available diodes, while in the second prototype a CMOS rectifier is used

to convert the RF power into DC power.

In the first prototype, a voltage doubler is used that is conjugately matched to the
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antenna. At an available power level of -20 dBm, the PCE reaches 33.8 % for a resistive

load of 10 kΩ. The PCE increases to 54.7 % when the RF input power level is increased

to -10 dBm. The measured results showed an improved performance compared to

recently reported results in literature.

For the second prototype, a 5 stage cross-connected bridge rectifier with a capacitor

bank implemented in standard 90-nm CMOS technology has been used. A control loop

is used to optimize the matching between the antenna and the rectifier. Compared

to the output voltage of the voltage doubler of the first fabricated prototype, where

commercially available diodes have been used, the 5 stages bridge rectifier generates a

higher output voltage even at an input power level that is ten times lower. In addition,

the -3 dB voltage bandwidth of the second prototype is almost doubled. Measurements

show a sensitivity of -27 dBm for a 1 V DC output.

At an input power level of -20 dBm, the peak output voltage is measured at an operating

frequency of 855 MHz and reaches 1.73 V. The radiation efficiency reaches 30 % at an

input power level of -20 dBm and it increases to 36.6 % at an input power level of -17

dBm over a 0.33 MΩ resistive load. Compared to the state of the art published results,

a better performance of the rectenna has been achieved with respect to the DC output

voltage, power conversion efficiency and sensitivity. Moreover the suggested rectenna is

smaller in size than those reported in previous publications.



Chapter six

RF Power Transfer - Complete
Rectenna System

In this chapter a complete rectenna system, i.e. the receiving part of the RF power

transfer system, is described. The system consists of a signal generator connected to a

matching network and a rectifier. The signal generator replaces the receiving antenna

to ensure an accurate and repeatable signal injection. A commercially available power

management circuit is then used to boost the DC voltage and to store the captured

energy in a capacitor. The power management circuit is connected to a dynamic load

to emulate different radio systems behaviour. The system’s DC average output power

and the system’s power conversion efficiency are measured and compared to those of a

commercially available rectenna system.

111
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6.1 System Concept and Measurement Setup

In this section, the matching network and the voltage doubler introduced in Sec. 3.7.1

are combined with the power management circuit TI BQ25570 [104] and a dynamic load

that emulates the behaviour of a radio system. The measurement system1 is shown in

Fig. 6.1.

RF signal

generator

Matching 

network and 

rectifier DC

Power 

TI BQ25570

VREC

Dynamic

load

CSTOR

VOUT

management

circuitRF

VSTOR

Figure 6.1. Measurement setup using a power management circuit and a dynamic
load.

The RF signal generator in this setup replaces the (50Ω) antenna, so that a stable and

repeatable measurement setup is created. Since the DC output voltage of the recti-

fier stage VREC (see Fig. 6.1) is limited and changes with input power level, a power

management circuit is needed to store and regulate the system output energy. For our

system, the power management circuit TI BQ25570 is used. The connections to the TI

BQ25570 are shown in Fig. 6.2. A complete schematic and explanation of the evaluation

board used are presented in [105].

The integrated boost controller in the chip amplifies the DC input voltage

(VIN DC=VREC) and controls its output voltage (VSTOR). The boost controller stops

when VSTOR reaches a threshold level that is set with the external resistor network

shown in Fig. 6.2. The energy is stored in a (super)-capacitor or a rechargeable battery.

The integrated buck converter (see Fig. 6.2) is powered from VSTOR and regulates the

output voltage to drive different applications. To emulate different radio systems be-

haviour a dynamic load is connected to the VOUT pin of the evaluation board. This

dynamic load will be discussed in more detail in the remainder of this chapter.

The amount of energy stored in a capacitor C, when the voltage increases from V1 to

1The measurement setup as well as the measurement results presented in this chapter were performed
at the Holst Centre/imec by Hans Pflug.



6.1 System Concept and Measurement Setup 113

V2 is:

W =
1

2
C
(
V2

2 − V2
1

)
. (6.1)

The minimum capacitance value, Cmin, depends on the power drawn by the dynamic

load PL during a discharge time Tp when the capacitor voltage drops from V2 to V1

and is given by:

Cmin ≥
PLTp

0.5 (V2
2 − V2

1)
. (6.2)

For example, suppose 60 mW of power is drawn for 40 ms, resulting in a voltage drop

from 4.2 V to 1.8 V. This system will have a Cmin ≥ 333 µF. To ensure sufficient storage

capacitance, a 1000 µF (CSTOR) capacitor is connected to the VSTOR-pin of the TI

chip.
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Figure 6.2. Schematic connection to the TI BQ25570 evaluation board.
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The integrated boost controller provides 4.2 V at the VSTOR-pin. The buck controller

regulates the output voltage VOUT (see Fig. 6.2) at 1.8 V for the chosen values of the

resistor network shown in Fig. 6.2. A dynamic load is connected at the VOUT-pin of

the TI chip.

The schematic of the dynamic load is shown in Fig. 6.3. It consists of an array of load

resistors connected to BJTs that are operated as switches. The switches are controlled

by an Arduino Mega board [106] with the ATmega2560 Atmel micro-controller. So, the

load resistance and the on-time (TP ) and off-time (Ti ) are at the users disposal.
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Figure 6.3. Schematic of the used dynamic load connected to the VOUT-pin of the
TI BQ25570 chip.

6.2 Measurement Results

The system’s average DC output voltage and the system’s efficiency are measured, and

the results are presented in this section. For the presented measurements, TP is the

pulse duration corresponding to a transmission of a frame and is set to 10 ms. Ti

is the time between two consecutive bursts required to recharge the storage capacitor

(CSTOR).

The efficiency, ηsystem, of the complete harvesting system is expressed as:

ηsystem =
Pout

PRF

, (6.3)

where PRF is the RF power provided by the signal generator, and Pout is the average
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DC output power. Pout is calculated as:

Pout =
Tp

Tp + Ti

PL. (6.4)

The system output voltage is VOUT=1.8 V and 55 mW (PL = 55mW) of power is

drawn by the dynamic load. A commercially available rectenna system [107] has been

measured under the same conditions.

Figure 6.4 shows the average DC output power as a function of RF input power level for

the commercially available rectenna system and for the presented system. The figure

shows that the DC output power of the presented system outperforms that of the com-

mercially available rectenna system, especially at lower input power levels (≤ −6dBm).

The presented system is able to generate 10 µW on average at an RF input power level

of -12 dBm, while the commercially available rectenna system generates the same output

power at an input power level of -6 dBm, which results in 6 dB sensitivity improvement

for this average DC output power level.
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Figure 6.4. Average DC output power as a function of RF input power level using the
harvesting system developed in this thesis and the commercially available rectenna
system. PL=55mW, Tp = 10ms, Ti varies.

The system’s RF to DC conversion efficiency is calculated using Eqs.(6.3) and (6.4) and

the results for both systems are plotted in Fig. 6.5. The figure shows that the power

conversion efficiency of the presented system is higher than that of the commercially

available system in the shown RF power level band. The efficiency of the presented

system reaches 23 % at an input power level of -10 dBm, while at the same input power

level the commercially available system fails to operate.

At an input power level of 0 dBm, the power conversion efficiency of the commercially
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available system is 19 %, while the power conversion efficiency of the presented system

reaches 40 % resulting in more than 20 % improvement in power conversion efficiency.
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Figure 6.5. System’s RF to DC conversion efficiency as a function of RF input
power level using the harvesting system developed in this thesis and the commercially
available rectenna system. PL=55mW, Tp = 10ms, Ti varies.

Using the measured system efficiency (solid curve in Fig. 6.5), the average DC output

power is calculated as a function of rectenna’s distance from a 2 W Effective Radiated

Power (ERP) source at 868 MHz. Figure 6.6 shows the calculated average DC output

power as a function of propagation distance when using a 1 dBi and a 6 dBi receiving

antenna.
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Figure 6.6. Average DC output power as a function of RF power transport distance
(R) using a 1 dBi and a 6 dBi receiving antenna.
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Figure 6.6 indicates that for an average DC output power of 20 µW, the RF power

transport distance increases from 6 meters to 10.5 meters when using a 6.1 dBi gain

antenna instead of 1 dBi gain antenna. An average DC output power of 20 µW, having

a PL of 55 mW and a burst time Tp = 10ms results in an off-time of Ti = 27 seconds.

As a practical application, the commercially available humidity and temperature sensor,

Cresta WX688 [108] is used. The Cresta sensor is shown in Fig. 6.7. The sensor uses a

433 MHz transmitter to send data to the main station. The (two AA 1.5 V) batteries

of the sensor are removed and the power lines are extended as shown in Fig. 6.7, and

connected to the VOUT pin of the TI BQ25570 chip (see Fig. 6.2).

Figure 6.7. Cresta humidity and temperature sensor.

To provide 3.0 V at the VOUT-pin of the TI BQ25570, the resistor network is modified

where ROUT2 and ROUT1 (see Fig. 6.2) are set to 7.5 MΩ and 5.1 MΩ respectively. The

sensor transmits a burst containing the temperature and the humidity information to

the main station every 45 seconds (Ti = 45 seconds). The burst duration is 823 ms,

(Tp = 823 ms). The voltage variation on the storage capacitor (CSTOR) is 844 mV

(3.844 V to 3.0 V). The energy stored in the capacitor is calculated using Eq. (6.1) and

is 2.89 mJ. This results in a 3.5 mW power drawn by the sensor and an average DC

output power, using Eq. (6.4), of 62.9µW.

The sensor operated at different RF input power levels. The minimum RF input power

level that operates the sensor was -5 dBm2. It should be mentioned that the sensor

2The system efficiency is 35 % at -5dBm for drawing 55 mW during 10 ms (see Fig. 6.5). The
system efficiency is expected to decrease if 3.5 mW are drawn during 823 ms. Since the minimum RF
input power level that operated the sensor was -5 dBm (316µW), and the average DC power drawn by
the sensor is 62.9µW, this results in a system efficiency of 20 % for powering the Cresta humidity and
temperature sensor, which is consistent with our expectations.



118 6 RF Power Transfer - Complete Rectenna System

is not developed for RF power transport applications, but the sensor was used in this

experiment as a proof of concept.

6.3 Conclusion

In this chapter, a complete rectenna system was presented. The system encompasses a

matching network, a voltage doubling rectifier, a commercially available power manage-

ment circuit, a 1000 µF storage capacitor and a dynamic load. The average DC output

power and the system’s RF to DC conversion efficiency are measured, and compared to

those measured for a commercially available rectenna system operated under the same

conditions. It has been shown that the commercially available rectenna system fails to

operate at low power levels (≤ −6dBm) while the presented system can operate at an

RF input power level as low as -13 dBm. This means that for example, 55 mW of DC

power can be drawn for 10 ms every 27.5 seconds on a distance of about 10 m from a 2

W ERP source at 868 MHz using a 6.1 dBi receiving antenna.

At an input power level of 0 dBm, the power conversion efficiency of the commercially

available system does not exceed 19 %, while the power conversion efficiency of the

presented system reaches 40 %, resulting in more than 20 % improved power conversion

efficiency.



Chapter seven

A Frequency Selective Surface for RF
Energy Harvesting

In this chapter, a novel implementation and application of Frequency Selective Surfaces

(FSS) is presented. The novel FSS design can harvest power from arbitrarily polarized

incident electromagnetic waves. The design does not involve a matching network, which

results in a simple (polarization-independent) power harvester. An equivalent circuit

model to predict the transmission and reflection characteristics of a gridded square loop

FSS loaded with diodes is employed. The design method is validated for different inci-

dent angles, through full-wave analysis and measurements. To that end, the addition

of lumped elements (R,L,C) in a metallic conductive grid of a non-harvesting FSS is in-

vestigated. Waveguide simulator measurements and full-wave simulations are employed

to validate the derived analytical equations. A 3 × 3 and a 5 × 5 RF harvesting FSS

have been designed, fabricated and measured. An RF to DC conversion efficiency of 25

% for the 3 × 3 RF harvester and 16% for the 5 × 5 RF harvester are measured at an

incident power density of 3.2 µW/cm2.
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7.1 Introduction

In the previous chapters the developed rectennas are designed to harvest linearly po-

larized waves. In this chapter a practical and efficient way to harvest RF waves that

may be polarized in any direction is proposed. The technique can be used to produce

RF power harvesting glass, or RF power harvesting wall paper. Figure 7.1 shows a

photograph of two RF power harvesting glass prototypes using two different Frequency

Selective Surfaces (FSS): the gridded square FSS and the gridded cross FSS. In the

final design, transparent conductive film [109, 110] could be implemented on glass for

the realization of optically transparent harvesting grids.

Figure 7.1. RF power harvesting glass using frequency selective surfaces.

The main advantages of the suggested RF harvester in comparison to conventional

rectenna array configurations, (i.e. wherein each element is connected to a rectifier and

wherein the DC-signals are combined) are as follows.

• In a conventional rectenna array configuration, RF combining networks or/and

DC combining circuits are needed e.g. [111]. In the FSS-based rectenna, the

combining circuits are absent. The DC output voltage is collected using only two

DC connections to the structure, which simplifies the design of the RF harvester.

• The matching networks used in conventional rectennas and rectenna arrays are

in general narrow-band and therefore enable power harvesting in most cases in

a single frequency band only e.g. [112]. In the FSS harvesters presented in this

chapter, impedance matching networks are not present. They form an integral

part of the FSS structure, which eliminates the losses that would be introduced
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by a separate matching network. In addition, the suggested design allows power

harvesting from a dual frequency band, more specifically: the FSS transmission

and reflection frequency bands.

• To maximize the harvested power, polarization matching between the transmitter

and the receiver is crucial. Consequently, dual linearly, or circularly polarized

rectennas are designed e.g. [113]. In this chapter, a polarization independent

FSS is presented, which allows to harvest power from arbitrary polarized waves

by decomposing the polarization of the incident wave into two orthogonal linear

polarizations and rectifying them independently.

• Array rectennas (i.e. array antennas connected to a diode) exhibit a relatively

high directivity and thus need to be positioned in the direction of the source for

an optimal power transfer. The suggested FSS harvester that is a rectenna array

(i.e. combination of radiators, each one connected to a rectifier) is less sensitive

to angles of incidence and can harvest RF power efficiently at angles away from

broadside.

The FSS rectenna discussed in this chapter consists of a metallic grid with inner square

loops of conductors disposed in a periodic fashion as shown in Fig. 7.2(a).

The grid is loaded with Schottky diodes for current rectification. After rectification, the

DC power is collected at the top-left and bottom-right corners as shown in Fig. 7.2(a).

The physical principles of operation were first discussed in [114] and are shown in

Figs. 7.2(b) and 7.2(c). For our FSS configuration, the labels U (up), D (down), R

(Right) and L (Left) indicate the direction of the induced current in the grid. To start

with, a vertically polarized incident wave
−→
EV is considered, see Fig.7.2(b). The induced

current will flow from the diodes dV 1 toward diodes dV 2 in the U-direction. Diodes dH1

and dH2 are unbiased, and consequently they will prevent the current from flowing in

the R-direction. Similarly, when a horizontally polarized incident wave
−→
EH hits the FSS

surface, see Fig.7.2(c), this time diodes dH1 and dH2 draw the current in the L-direction

from dH1 toward dH2. Diodes dV 1 and dV 2 are unbiased, and consequently they will

prevent the current from flowing in the D-direction. When an elliptically polarized

wave hits the FSS surface, the vertical and the horizontal components of the electric

field will drive the induced current to flow in the U and L-directions. Consequently the

induced current can be collected at the top left corner by using the DC collection lines

as shown in Fig.7.2(a). With this configuration the grid acts as a half-wave rectifier,

making the FSS capable of rectifying the signal from arbitrarily polarized waves.
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Figure 7.2. Suggested RF FSS harvester (a) and its physical principal of operation
for an incident vertical electric Field (EV), (b) and an incident horizontal electric
Field (EH), (c).
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7.2 Square Loop FSS

The square loop FSS has been reported in the literature by several authors [115, 116]

and is shown in Fig. 7.3(a).

p

d
g

Unit cell

(a)

L

C

ZSLZ0 Z0

(b)

Figure 7.3. Square Loop (SL) frequency selective surface (FSS) configuration (a) and
its unit-cell equivalent electric circuit model (b).

It consists of a periodic array of identical conducting strip square loops. g is the gap

between neighboring elements, w is the width of the loop strip, d is the length of the

square side and p = (d + g) is the periodicity of the unit cell. The unit cell is the

structure that is periodically repeated in the two orthogonal planar directions. Several

choices can be made, the results are identical. The equivalent circuit model of the unit

cell is shown in Fig. 7.3(b) and is a series LC circuit, shunt-positioned in a segment of

transmission line carrying a plane incident wave, where L represents the inductance

due to the vertical (horizontal) metal conductor and C is the capacitance between the

horizontal (vertical) conductors.

The impedance of the unit cell (dashed box in Fig. 7.3(a)), is given by:

Zfss = j

(
XL −

1

BC

)
, (7.1)

where XL and BC are derived as presented in [117]:

XL = Z0

(
d

p

)
F (p, 2w, λ) , (7.2)

BC =
4

Z0

(
d

p

)
F (p, g, λ) . (7.3)
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Z0 is the characteristic impedance of free space, Z0 =
√

µ0
ε0

and λ is the free-space

wavelength. The function F (p, g, λ) is given in [118] and [119]:

FTE (p, w, λ) = Υ

[
ln csc

(
πw

2p

)
+G (p, w, λ, θ)

]
, (7.4)

FTM (p, w, λ) = Φ

[
ln csc

(
πw

2p

)
+G (p, w, λ, ϕ)

]
, (7.5)

FTE (p, g, λ) = Ψ

[
ln csc

(
πg

2p

)
+G (p, g, λ, θ)

]
, (7.6)

FTM (p, g, λ) = Ω

[
ln csc

(
πg

2p

)
+G (p, g, λ, ϕ)

]
, (7.7)

where Υ = (p cos θ) /λ, Φ = (p secϕ) /λ, Ψ = (p sec θ) /λ and Ω = (p cosϕ) /λ. Herein,

θ and ϕ are the angles of incidence of a TE and TM polarized wave, respectively. The

FSS is supposed to be positioned in the xy-plane of a rectangular xyz coordinate system.

G is the first-order correction term for both TE-wave and TM-wave incidence, and has

been given in [118] and [120]. The correction factor G is presented in Appendix B.

To account for the influence of the supporting dielectric layer, the results derived in

[121] and [122] are used and presented in Sec. 7.2.2. The absolute value in dB of the

transmission and reflection coefficients is derived from the normalized impedance of the

unit cell [120]:

|T |dB = 20 log10

[
2Zfss

1 + 2Zfss

]
, (7.8)

|R|dB = 20 log10

[
−1

1 + 2Zfss

]
. (7.9)

7.2.1 Model Verification

To demonstrate the accuracy of these Analytical Expressions (AE), the reflection and

the transmission coefficients are calculated and compared to the results obtained by
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the Finite Integration Technique (FIT) [72] as implemented in CST Microwave Stu-

dio. Table 7.1 summarizes the dimensions for different array configurations that are

investigated here. t is the substrate thickness and εr is the substrate permittivity.

Table 7.1. Analyzed Square Loop Array Configurations. Dimensions are explained
in Fig. 7.3(a).

Square Loop p d g w t εr
Array # (mm) (mm) (mm) (mm) (mm)

1 10.0 8.75 1.25 0.625 0.0 1.0
2 36 31.0 5 3.0 0.25 2.2
3 22.0 21.0 1.0 3.0 see Sec. 7.2.2 2.2
4 32.25 31.0 1.25 3.0 0.25 see Sec. 7.2.2

Figure 7.4 shows the magnitude (a) and the phase (b) of the transmission and the

reflection coefficients for FSS #1 in Table 7.1 as a function of frequency calculated by

the Analytical Expressions (AE) and by the Finite Integration Technique (FIT) using

CST Microwave Studio, demonstrating the validity of the AE.
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Figure 7.4. Magnitude (a) and phase (b) of reflection (R) and transmission (T)
coefficients as a function frequency for the square loop Array #1 of Table 7.1 at
normal incidence, θ = ϕ = 0◦.

The frequency response of the FSS is affected by the polarization of the incident plane

wave (TE, TM) and by its angle of incidence (θ, ϕ). The main advantage of the pre-

sented equivalent circuit model is that it offers the capability of deriving expressions

for predicting the behavior of the reflection/transmission coefficients for different po-

larizations and for an oblique angle of incidence, up to an angle of incidence of 45

degrees [119]. To demonstrate that the equivalent circuit model can accurately predict
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the reflection and the transmission coefficients for different angles of incidence and for

different polarizations, the square loop array # 2 presented in Table 7.1 is investigated.

The frequency response is calculated with the aid of the presented analytical expressions

and is compared to the results obtained by CST Mcirowave studio. Figure 7.5 shows

the magnitude (a) and phase (b) of the reflection (R) and transmission (T) coefficients

as a function frequency for the square loop Array #2 of Table 7.1, for a TE incidence

with θ = 15◦, ϕ = 0◦. The results for the same FSS are also calculated for a TM wave

incidence with θ = 0◦, ϕ = 15◦ and are plotted in Fig. 7.6, again demonstrating the

validity of the AE.
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Figure 7.5. Magnitude (a) and phase (b) of reflection (R) and transmission (T)
coefficients as a function frequency for the square loop Array #2 of Table 7.1, θ = 15◦,
ϕ = 0◦.
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Figure 7.6. Magnitude (a) and phase (b) of reflection (R) and transmission (T)
coefficients as a function frequency for the square loop Array #2 of Table 7.1, θ = 0◦,
ϕ = 15◦.

We conclude with a final example, wherein we look at the FSS #2 in Table 7.1 for an
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angle of incidence, θ = 45◦, and ϕ = 0◦. The reflection and the transmission coefficients

are calculated using the equivalent circuit model and are compared with the results

obtained by the FIT with the aid of CST Microwave Studio. Figure 7.7 shows the

magnitude (a) and phase (b) of reflection (R) and transmission (T) coefficients as a

function frequency for the square loop Array #2 of Table 7.1 at θ = 45◦, and ϕ = 0◦.
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Figure 7.7. Magnitude (a) and phase (b) of reflection (R) and transmission (T)
coefficients as a function frequency for the square loop Array #2 of Table 7.1 at
θ = 45◦, and ϕ = 0◦.

It is observed from Figs. 7.4-7.7 that the equivalent circuit model can predict the reflec-

tion and the transmission coefficients for a square loop FSS for different polarization

and for different angles of incidence, with a frequency shift in the transmission and

reflection coefficients less than 5%.

7.2.2 Effect of the Supporting Dielectric Substrate

The effect of the dielectric substrate that is carrying the array elements was discussed in

[121–123]. For thin dielectric layers the value of the unit-cell capacitance, see Fig. 7.3(b),

varies as a function of dielectric thickness t. A value of the effective permittivity εeff ,

which will be used instead of the substrate permittivity εr, is calculated via an iterative

procedure for thin dielectric substrates in [121]. The expression depends on both εr
and t and the resulting effective permittivity can be included in the equivalent circuit

model by multiplying the susceptance BC (Eq. (7.3)) by this effective permittivity. The

expression of the effective permittivity (εeff ) is obtained as:

εeff = εr + (εr − 1) ·
[
−1

ex·N

]
, (7.10)

where

x = 10 · t/p. (7.11)
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t is the thickness of the substrate, p is the periodicity and N is an exponential factor that

depends on the geometry of the unit cell. For square loop arrays, N is approximately

1.8 [121]. For the square loop FSS the value of the susceptance is, therefore, modified

as:

BC = 4 · εeff ·
1

Z0

(
d

p

)
F (p, g, λ) . (7.12)

To investigate the effect of the dielectric substrate, the resonant frequency (f0), which

is the transmission resonance frequency, is calculated by the equivalent circuit model

and by FIT. The results are plotted as a function of thickness variation in Fig. 7.8(a)

and as a function of substrate permittivity in Fig. 7.8(b).
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Figure 7.8. (a) Transmission resonance frequency as a function of substrate thickness
t for the square loop Array #3 of Table 7.1. (b) Transmission resonant frequency as a
function of substrate permittivity εr for the square loop Array #4 of Table 7.1. Both
curves are calculated using the analytical equations (AE) and the Finite Integration
Technique (FIT) at normal incidence. θ = ϕ = 0◦.

It is shown in the figures that the deviations between the presented analytical expres-

sions and the Finite Integration Technique increases with increasing the substrate thick-

ness (see Fig. 7.8(a)) and with increasing the substrate permittivity (see Fig. 7.8(b)).

The relative difference error in the resonant frequency (f0) between FIT and AE is

calculated for a substrate thickness of 0.25 mm and εr = 2.2 (see Fig. 7.8(a)) and for a

substrate permittivity of εr = 6 and a substrate thickness of 0.25 mm (see Fig. 7.8(b))

as are 2.12 % and 4.7 %, respectively.

Since the relative difference in the the resonant frequency (f0) between FIT and AE

less than 5%, then the results of the analytical expressions are considered to be accu-

rate for a substrate thickness less than 0.25 mm and substrate permittivity εr between

1 ≤ εr ≤ 6.

Since the equivalent circuit model is most accurate for a thin and low permittivity sub-



7.3 Gridded Square Loop FSS 129

strate, for the fabricated RF power harvester a substrate thickness of 0.125 mm with a

relative permittivity equal to 3.0 is chosen.

Having established the validity of the analytical expressions, we now proceed with the

investigation of a gridded square-loop FSS. The addition of the grid to the loops is

crucial for RF power harvesting since the diodes will be integrated in the grid.

7.3 Gridded Square Loop FSS

The frequency selective surface that will be used to harvest RF power is the gridded

square-loop FSS (see Fig. 7.2(a)). A grid is added to the square-loop FSS introduced

in the previous section. The main advantage of this structure is that, when it is loaded

with rectifiers, the grid will direct the DC current to the collection point. Moreover,

it provides additional physical parameters (width of the grid and grid-loop separation)

that can be tuned to control the response of the FSS.

7.3.1 Equivalent Circuit Model

The equivalent circuit model introduced in the previous section is extended for the grid

to predict the transmission and the reflection band behaviour for a Gridded Square-Loop

(GSL) FSS. The FSS unit cell of the GSL-FSS is shown in Fig. 7.9(a).

W

W

dg

p

1

2

Unit cell

(a)

Zgrid

Zsquare

Z0

L1

C1

L2
Z0

(b)

Figure 7.9. Unloaded (i.e. without diodes) gridded square loop configuration (a) and
its unit cell equivalent circuit model (b).

In Fig. 7.9(a), p is the periodicity, g is the gap width between the grid and the square

loop, W1 is the strip width of the grid and W2 and d are the strip width and the
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length of the square loop, respectively. The equivalent electric circuit model introduced

in [119,124] is shown in Fig. 7.9(b). Zfss is the equivalent FSS unit cell impedance and

is derived by considering two impedances in parallel:

Zfss =
Zgrid Zsquare
Zgrid + Zsquare

. (7.13)

Zsquare is the square-loop impedance and is given by:

Zsquare = j

(
X1 −

1

B1

)
, (7.14)

Zgrid is the grid impedance given by:

Zgrid = jX2, (7.15)

where [119]

X1 = 2Z0

(
X2X3

X2 +X3

)
, (7.16)

X2 = Z0FTE,TM (p,W1, λ) , (7.17)

X3 = Z0
d

p
FTE,TM (p, 2W2, λ) , (7.18)

B1 =
2

Z0

.εeff .

(
d

p

)
FTE,TM (p, g, λ) . (7.19)

FTE,TM (p, g, λ) is a function of the incident angles θ and ϕ and depends on whether a

TE incidence or TM incidence or if a combination of the two occurs. FTE,TM (p, g, λ) is

calculated by using Eq. (7.4) to Eq. (7.7). Again, The FSS is supposed to be positioned

in the xy-plane of a rectangular xyz coordinate system.

7.3.2 Model Verification and Waveguide Simulator Measurements

In this section, the equivalent circuit model presented in the previous section is tested

by full-wave simulations and by measurements. The reflection and the transmission

coefficients of a Gridded Square-Loop (GSL) FSS possessing the following dimensions:

p = 5.05 mm, d = 3.7 mm, g = 0.6 mm, W1 = 0.15 mm, W2 = 0.15 mm, are calculated

by using the equivalent circuit model and the Finite Integration Technique. The GSL-

FSS is positioned on a 0.027 mm thick substrate (t = 0.027 mm) having a relative
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permittivity of εr = 3.0. Fig. 7.10 shows the magnitude (a) and the phase (b) of the

reflection (R) and transmission (T) coefficients as a function frequency for the gridded

square-loop array calculated by the FIT and by the Analytical Expressions (AE) for a

TE incidence with θ = 0◦, and ϕ = 0◦.
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Figure 7.10. Magnitude (a) and phase (b) of reflection (R) and transmission (T)
coefficients as a function frequency for a gridded square loop array with p = 5.05 mm,
d = 3.7 mm, g = 0.6 mm, W1 = 0.15 mm, W2 = 0.15 mm, t = 0.027 mm, εr = 3.0.
TE incidence with θ = 0◦, and ϕ = 0◦.

To validate the accuracy of the analytical expressions with measurements, the

waveguide-simulator technique is used [125]. The reflection and transmission coeffi-

cients versus frequency for a GSL-FSS unit cell with d = 31 mm, g = 2 mm, W1 = 1 mm,

W2 = 4 mm are calculated and compared to waveguide simulator measurements. The

chosen dimensions of the FSS unit cell are dictated by the waveguide aperture used for

measurements, see Fig. 7.11.

b

Figure 7.11. Waveguide used for measurements and the fabricated two unit cells
matching the waveguide aperture.
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The rectangular waveguide (SIVERS-LAB PM 7325 S-04) has side lengths a = 71.5

mm and b = 34 mm. The waveguide aperture contains two GSL-FSS unit cells. The

lower and the higher cut-off frequencies of the waveguide are 2.5 GHz and 3.9 GHz,

respectively. The FSS unit cell was designed to create a reflection band around 3.2

GHz.

The waveguide simulator reproduces the behaviour of an infinite array by exploiting

the symmetry of a unit cell. The walls of the waveguide act like periodic boundary

conditions around the elements [125]. The decomposition of the TE10 mode into two

plane waves in a rectangular waveguide having the widest dimension a as introduced

in [126] is shown in Fig. 7.12.

a

FSS Plane

inc

Figure 7.12. Decomposition of the TE10 mode into two plane waves in a rectangular
waveguide having the widest dimension a as introduced in [126].

The incident angle θinc on the FSS plane, of the fundamental TE10 mode, traveling

inside the waveguide, depends on: the operating frequency f , the widest dimension of

the rectangular waveguide a, and the free-space speed of light c. The angle of incidence

is calculated from the following expression [127]:

θinc [degrees] =
180

π
cos−1


√(

2πf
c

)2 −
(
π
a

)2

2πf
c

 . (7.20)

From Eq. (7.20), at a frequency of 3.2 GHz, using a = 71.5mm, the incident angle on

the FSS surface is θinc = 41◦. It should be mentioned that, in order to fit the two

fabricated unit cells in the waveguide aperture, a slight asymmetry in the fabricated

unit cell is introduced. Fig. 7.13 shows the waveguide simulator setup and specifies this

asymmetry.
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dx

dy/2

a

b

Figure 7.13. Waveguide simulator setup of two unit cells of a GSL-FSS array. dx = 31
mm, dy = 30 mm.

Referring to Fig. 7.13, the dimensions chosen for the fabricated GSL-FSS are dy =

30 mm and dx = 31 mm. With the introduction of the small asymmetry in the unit cell,

the elements are now matching the waveguide aperture.

Figure 7.14 shows the simulated and measured magnitudes of the transmission (a) and

reflection (b) coefficients as a function of frequency at an angle of incidence of θinc = 41◦.
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Figure 7.14. Magnitude of the transmission (a) and reflection (b) coefficients versus
frequency for a GSL-FSS unit-cell with d = 31 mm, g = 2 mm, W1 = 1 mm, W2 = 4
mm. TE with θinc = 41◦, as simulated with AE and measured using a waveguide
simulator.

As depicted in the figure, a frequency offset exists between the measurement results

and the simulated results. This frequency offset is believed to be due to the asymmetry

introduced by the fabricated two unit cells in order to match the waveguide aperture.

It should be mentioned that the two waveguide adapters (see Fig. 7.11) are tightly

fastened to create a good galvanic contact between the unit cell edges and the waveguide

walls. Referring to Fig. 7.14(a), the resonance frequency for the measured transmission
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coefficient is FTmeasured = 3.197 GHz, while the resonance frequency for the transmission

coefficients calculated by the equivalent circuit model is FTAE = 3.16 GHz, which results

in an offset of 37 MHz. The relative difference frequency offset δ (%) is calculated as

follows:

δ (%) = 100

(
FTmeasured − FTAE

FTmeasured

)
, (7.21)

which is equal to 1.15 %. Since the relative difference frequency offset δ (%) is less than

5 %, the equivalent circuit model is considered to be accurate and will be extended in

the following section for the insertion of lumped elements.

7.4 Loaded Gridded Square-Loop FSS

The basic principle of creating a RF frequency selective surface harvester is to insert

diodes in the grid. By resonating the FSS and rectifying the resonating RF currents,

DC power is obtained. The harvested DC current is collected at the DC collection lines

as shown in Fig. 7.2(a). In this section, the equivalent circuit model introduced in the

previous section will be extended to account for the rectifiers (Schottky diodes) that

are inserted to the grid.

7.4.1 Equivalent Circuit Model

Figure 7.15(a) shows a loaded unit-cell configuration. The reason for having two rec-

tifiers for each polarization in the unit cell as indicated in the figure will be explained

further on.

Unit cell
Zrectifier

(a)

L2

L1

C1

Z´grid

Zsquare

nZrectifier

Zgrid

(b)

Figure 7.15. Loaded gridded square loop configuration (a) and its unit cell equivalent
electric circuit model (b).
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Since the rectifiers will be integrated to the grid, the equivalent impedance of the

rectifier Zrectifier is placed in series with the grid impedance Zgrid in the equivalent

unit-cell circuit, see Fig. 7.15(b). Combined, the grid impedance Zgrid and the recti-

fier’s impedance nZrectifier are denoted by Z
′

grid. n is the number of lumped elements

(Schottky diodes) in the unit cell for each polarization. For the unit cell shown in

Fig. 7.15(a), two lumped elements for each polarization are shown, consequently n is

set to 2. It should be mentioned that in the final design one rectifier per unit cell will

be used for each polarization. The reason for having two rectifiers (Schottky diodes)

has to do with the practical implementation of measuring a unit cell in a waveguide

simulator. The unit-cell as implemented in the waveguide simulator is indicated in

Fig. 7.15(a) and is chosen in this way to prevent the creation of a lumped element

between the edges of the grid and the waveguide walls. Using a single rectifier would

result in needing half a rectifier in the waveguide simulator at the edges of the grid of

a unit cell as indicated in Fig. 7.16.

Unit cells

Edges of 

the grid

 of a unit cell

Figure 7.16. Two unit cells fitting the aperture of the waveguide simulator.

It has been demonstrated in Sec. 2.2 that the equivalent impedance of a diode, at an

operating frequency below 3 GHz (see Figs. 2.2, 2.3 and 2.8) and at an input power level

between -20 dBm and -5 dBm (see Fig. 2.9), may be modeled (linearized) as a series

R-C circuit.

For a FSS loaded with an R-C series circuit, the FSS equivalent unit-cell impedance

Zfss is calculated from Eq.(7.13), where the grid impedance is extended to

Z
′

grid = jX2 + nZrectifier (7.22)

= n

[
Rrectifier + j

(
X2

n
− 1

Brectifier

)]
, (7.23)

where Brectifier = ωCrectifier, ω being the angular frequency. With expression 7.23 an

FSS having a grid loaded with any combination of R, L and C can be analysed.
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7.4.2 FSS Loaded with Capacitors

We start with a unit cell that is loaded with two capacitors in series with the grid

inductance L2 (see Fig. 7.15(b)). Figures 7.17 and 7.18 show the transmission and

reflection coefficients versus frequency respectively, for the thus loaded FSS for different

capacitance values.
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Figure 7.17. Magnitude of the transmission coefficients versus frequency for a
gridded-square-loop unit-cell with d = 31 mm, g = 2 mm, W1 = 1mm, W2 = 4.5
mm. TE with θinc = 0◦.

In Fig. 7.17, the ‘Unloaded Grid’ label represents the gridded square loop investigated

in Sec. 7.3. It is shown in the figure that for the unloaded grid (solid curve), only one

reflection band is observed. The centre of the reflection band is indicated with R1. This

single reflection band is due to the capacitor C1 placed in series with the inductor L1 (see

Fig. 7.15(b)), which creates a resonance at R1. However, when the grid is loaded with

a capacitor, for instance 1.5 pF (dashed curve) a second reflection band is generated

around R2 = 1.25 GHz. Consequently the loaded FSS is characterized by two reflection

bands centered around R1 and R2. When the capacitance value is increased to 2.5 pF

(dotted curve) and to 4.5 pF (dashed-dotted curve) two new reflection bands centered

around R3 and R4 are created. Increasing the capacitance value thus results in a shifting

of the additional reflection band to the lower frequencies. The created second resonance

R2 is due to the capacitor C2 placed in series with the inductor L2 (see Fig. 7.15(b)).

From the reflection coefficients shown in Fig. 7.18, it is observed that the unloaded grid

(solid curve) resonates around 1.65 GHz (T1). When a 1.5 pF capacitor is inserted
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in the grid, the transmission band is shifted to the right to form a shifted-reflection

band T2. If the capacitance value is further increased to 2.5 pF and to 4.5 pF, the

transmission band shifts back to the left toward T3 (dotted curve) and T4 (dashed-

dotted curve). It is clear from the transmission and reflection bands that, when the

capacitance value is further increased to a relatively high value, the loaded FSS will

behave like the unloaded one, since high-valued capacitances will behave like a short

circuit at the considered frequencies.
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Figure 7.18. Magnitude of the reflection coefficients versus frequency for a gridded-
square-loop unit-cell with d = 31 mm, g = 2 mm, W1 = 1mm, W2 = 4.5 mm. TE
with θinc = 0◦.

A capacitively loaded GSL-FSS prototype is designed, simulated, manufactured as two

slightly asymmetric unit-cells and measured. The gridded square loops are printed on

a 0.125 mm thick substrate having a relative permittivity εr = 3.0 and are loaded with

four 0.47 pF capacitors in total positioned in the vertical direction. Fig. 7.19 shows the

calculated and the measured transmission (Fig.7.19(a)) and reflection (Fig. 7.19(b))

coefficients as a function of frequency.

It is shown in Fig. 7.19(a) that the first resonance in the transmission coefficients

around the centre of the reflection band R1 is predicted by the analytical expressions.

A slight deviation is observed between the results of the analytical expressions and

the measured results, which is believed to be due to the asymmetry introduced in

the manufactured unit cells to fit the waveguide aperture. However, for the second

resonance centered around R2, which is due to the capacitive load introduced in the

grid, a large difference is observed in the centre frequency between the simulated and
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the measured results for a capacitive load of 0.47 pF. A similar shift is observed in the

transmission resonance shown in Fig. 7.19(b). This difference in the centre frequency of

the measured responses is within the tolerance of the capacitor used for measurements

(± 0.25pF) [128]. Within the tolerance value of the measured capacitor, it is shown

in the same figures that for a capacitive load of 0.57 pF, the results of the analytical

expressions match the measured results more closely.
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Figure 7.19. Magnitude of the transmission (a) and reflection (b) coefficients versus
frequency for a capacitively loaded GSL-FSS simulated using the presented analytical
expressions and measured using the waveguide simulator. d = 31 mm, g = 2 mm,
W1 = 1 mm, W2 = 4 mm. TE with θinc = 41◦, CL = 0.47 pF.

With the design strategy and the analytical expressions considered to be sufficiently

validated, we now proceed to the design of a RF power harvesting FSS.

7.5 FSS Power Harvesting - Final Design

For the validation of the new concept, only harvesting power from a vertically polarized

wave is considered since this simplifies the measurement setup. Consequently, the Schot-

tky diodes are only placed in the vertical direction. At an operating frequency of 1GHz,

the impedance of the diode is calculated for different Pin from the analytical expressions

presented in Sec. 2.2. This impedance corresponds to an equivalent series circuit of a

resistor and a capacitor. For an input power level Pin between −14 dBm≤ Pin ≤-5 dBm

the real part R of the input impedance and the capacitive part C are shown in Table

7.2.
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Table 7.2. Real and capacitive parts of the HSMS-2820 Schottky diode as a function
of input power level. The operating frequency is 1 GHz.

Pin [dBm] R [Ω] C [pF ]

-14 5.66 1.17
-11 6.322 1.18
-8 10.85 1.19
-5 39.73 1.21

The rectifier’s equivalent impedance is used in the equivalent circuit model introduced

in the previous section to predict the reflection and the transmission behavior as a

function of frequency. The reflection and the transmission bands will be used as the

RF power harvesting bands. The parameters of the GSL-FSS are optimized for the

new reflection band introduced by the loading (R2 see Fig. 7.20(a)) to resonate around

1 GHz. Figure 7.20 shows the magnitude of the transmission (a) and reflection (b)

coefficients as a function of frequency for the final GSL-FSS design for different RF

input power levels. For every input power level the corresponding rectifier’s impedance

as stated in Table 7.2 is used. The equivalent circuit model is used for simulations.
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Figure 7.20. Magnitude of the transmission (a) and reflection (b) coefficients versus
frequency for different Pin, TE incident wave θinc = 0◦. The optimized parameters
(see Fig. 7.9(a)) are d = 31 mm, g = 2.5 mm, W1 = 2 mm, and W2 = 5 mm.

The Figures (Figs. 7.20(a) and 7.20(b)) show that for an input power level increasing

from −14 dBm to −5 dBm the amplitudes of the transmission and reflection coefficient

at resonances decrease a bit. Up to -8 dBm the values stay more or less constant. This

is due to the large increase of the real part of the rectifier’s impedance at higher power

levels, see Table 7.2. The centre of frequency bands R1 and R2, do not shift for both

transmission and reflection bands, which makes the system more robust for different

power levels. The main reason for choosing the commercially available Schottky diode
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HSMS 2820 is its low resistive part of the input impedance at low input power levels. To

investigate the effect of the direction of arrival (DoA) of the incident wave, the equivalent

circuit model for the loaded GSL-FSS unit cell is used to calculate the reflection and

the transmission coefficients for different angles of incidence for a TE polarized wave.

The input impedance of the rectifier (see Table 7.2) at an input power level of −5 dBm

(R = 39.73Ω, C = 1.21pF) is used in the simulations. Figures 7.21(a) and 7.21(b) show

the reflection and the transmission coefficients as a function of frequency for different

angles of arrival.
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Figure 7.21. Magnitude of the transmission (a) and reflection (b) coefficients versus
frequency for different incident angles for Pin = −5 dBm. The optimized parameters
(see Fig. 7.9(a)) are d = 31 mm, g = 2.5 mm, W1 = 2 mm, and W2 = 5 mm.

Figure 7.21(a) shows that the centre of first reflection band (R1) shifts to the left

(lower frequencies) when the incident angle increases, while the centre of the second

reflection band (R2) shifts to the right. Fig. 7.21(b) shows that the magnitude of the

transmission coefficients increases when the angle of incidence increases. Considering

-10 dB as a threshold for the reflection and the transmission coefficients amplitude, one

can conclude from the figures that for an incident angle less than 45◦, the reflection and

the transmission resonance frequencies stay within the required threshold. Thus for the

Schottky diode (HSMS-2820), and for an input power level increasing from -15 dBm to

-5 dBm, the reflection and the transmission frequency bands are robust (i.e. will not be

affected) for different angles of incidence.

7.5.1 FSS Current Density

To visualize the resonance phenomena, Figs.7.22(a) and 7.22(b) show the magnitude of

the surface current distribution at the centre of the reflection frequency band (1 GHz)

(a) and at the centre of transmission frequency band (2.2 GHz) (b), simulated with CST
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Microwave Studio. It is clear that for a normal incident, TE polarized wave (θinc = 0◦),

the current density is concentrated in the grid and not in the loops, which is desired

for power harvesting since the diodes are integrated in this grid. We will validate the

possibility to harvest power at the centre of the reflection band (R2 = 1 GHz).

(a) (b)

Figure 7.22. Magnitude of the surface current distribution at the centre of the reflec-
tion band R2 = 1 GHz (a) and at the centre of the transmission band T1 = 2.2 GHz
(b). The GSL FSS dimensions are: d = 31 mm, g = 2.5 mm, W1 = 2 mm and W2 = 5
mm. TE with θinc = 0◦

Since, for the designed GSL-FSS, the maximum surface current density is concentrated

in the grid, and the simulations indicate that the GSL-FSS is robust for different input

power levels and for different angles of incidence (see Figs. 7.20 and 7.21), two gridded

square loop frequency selective surfaces have been manufactured and tested. The first

prototype is a 3× 3 gridded square-loop FSS. The second prototype is a 5× 5 gridded

square-loop FSS. Both prototypes are shown in Fig.7.23.

Figure 7.23. Manufactured 3 × 3 and 5 × 5 prototypes with d = 31 mm, g = 2.5
mm, W1 = 2 mm and W2 = 5 mm. Inset showing the soldered diodes in more detail.
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As is shown in the figure, both designs are surrounded by a ring of unloaded unit cells

to preserve the FSS properties i.e. the coupling between the elements. Both prototypes

are printed on a 0.125 mm thick substrate having a relative permittivity equal to 3.0.

7.5.2 RF-Power Transport Measurement Results

The manufactured prototypes are loaded with Schottky diodes, 12 Avago HSMS-2820

[43] diodes for the 3 × 3 FSS and 30 diodes for the 5 × 5 FSS. The diodes are placed

in the vertical direction to harvest power from TE polarized incident waves. The DC

output voltage is measured across an open circuit (RL =∞) and across a 1 kΩ resistor

(RL = 1 kΩ) connected to the top-left and bottom-right corners with the aid of the DC

collection lines as shown in Fig. 7.2(a).

The power density SRF available at a distance R from a transmitter with a transmitted

power Pt and antenna transmit gain Gt is:

SRF =
PtGt

4πR2
(7.24)

The RF power captured by the FSS surface PRF is assessed using the following equation,

PRF = SRFAPhysiscal, (7.25)

where APhysical is the physical area of the manufactured prototypes. Actually PRF =

SRFAe, where Ae is the effective area of the FSS. The physical area will in general

be larger than the effective one. By approximating Ae by APhysical, we will ensure a

conservative assessment of the RF-to-DC power conversion efficiency. The physical area

is calculated as follows: APhysical = ((M + 1)p+ g +W1)2 (see Fig. 7.9(a)), where M is

the number of active cells in the grid. M = 3 for the 3× 3 FSS and M = 5 for the 5× 5

FSS.

The RF-to-DC Power Conversion Efficiency (PCE) is then defined as:

ηRF/DC =
V 2
out

RL

.
1

PRF
, (7.26)

where Vout is the measured output voltage across the load resistance RL. Figure 7.24

shows the open-circuit output voltage (a) and the output voltage across a 1 kΩ load

(b) as a function of power density available at the FSS surface. It is observed from

Fig. 7.24 that both prototypes (3 × 3 and 5 × 5) are able to produce an open-circuit

output voltage higher than 1V at an available power density larger than 1µW/cm2.
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Figure 7.24. Measured open circuit output voltage (a), and output voltage across
1 kΩ load (b) as a function of the power density SRF .

Figure 7.25 finally shows the calculated RF-to-DC power conversion efficiency as a

function of the input power density. It is shown in the figure that the 3×3 fabricated FSS

prototype is more efficient than the 5×5 fabricated FSS prototype. The maximum RF-

to-DC conversion efficiency for both prototypes is found at an available power density

of 3.2 µW/cm2, and is equal to 25 % for the 3× 3 prototype and to 16 % for the 5× 5

prototype. This is believed to be due to the larger losses and due to the diode cascading

saturation effect as previously noticed is Chapter 2 (see Fig. 2.15).
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Figure 7.25. RF-to-DC Power Conversion Efficiency (PCE) versus the available
power density (SRF ).
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7.6 Conclusions

The concept, modeling, design, realization and measurement of frequency selective sur-

faces to harvest RF power is demonstrated in this chapter. The resulting harvester

can potentially capture arbitrarily polarized waves, at two different frequency bands,

namely the transmission and the reflection bands. A simple and easy-to-implement

equivalent circuit model, extended for the insertion of linear lumped components, is

investigated, validated and employed for the design. A maximum RF-to-DC power

conversion efficiency of 25% at 3.2µW/cm2 available power density is measured for a

3× 3 elements harvester. When the size of the FSS is increased to 5× 5 elements, the

maximum RF-to-DC power conversion efficiency at the same power density decreases to

16 %, the reason for the decrease in the power conversion efficiency is currently under

investigation. This effect is assumed to be due to the the diode cascading saturation

effect. The main potential of the novel RF harvester is that it can be implemented for

large area RF power harvesting applications. The novel application is suitable for an

energy-harvesting glass that can be used in buildings. It could also be implemented in

wall papers.



Chapter eight

Conclusions and Recommendations

This thesis addresses the analysis and design of far-field RF power harvesting devices.

The potential application of this technology is envisaged in powering wireless sensors

that are used in smart buildings. The ‘smartness’ is found in measuring parameters like

e.g. light, temperature and presence of people and acting upon the gathered information

(switching off light, turning down heating) thus saving energy consumption. Powering

these sensors wirelessly is a challenge due to the restricted transmit power levels allowed.

Therefore a highly efficient rectenna design is crucial. It is then important to develop

accurate and easy to implement design models for rectenna subsystems, including the

rectifier and the antenna. In addition, it is essential to develop a design strategy that

copes with the low power density constraint.

A new design strategy has been developed. It is found that we need to optimize a

rectenna for a low input power level (-10 dBm), conjugate match the antenna to the

rectifier and design the rectifier circuit for a minimum real part and maximum imaginary

part |Xrec| � |Rrec|. In implementing this design strategy, it has been found that the

antenna can be miniaturized up to a level that the radiation resistance still dominates

the loss resistance. Consequently, a compact and highly efficient rectenna system that

is matched for a broad input power band can be designed.

An analytical model to determine the input impedance and the output voltage of a high-

frequency, rectifying Schottky diode is discussed. Based on this model, the influence of

the contact resistance and the saturation current on the DC output voltage is analyzed.

It has been shown that a higher saturation current and/or a lower contact resistance

will result in a higher output voltage. Based on these observations, the commercially

available Schottky diode HSMS-2852 has been selected for the rectenna design.
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8.1 Conclusions

The first rectenna system presented in this thesis is a 50 Ω rectenna system, where a

modified 50 Ω Yagi-Uda antenna is introduced to realize a reasonable gain (4 dBi) over

a frequency bandwidth covering the Digital Television broadcasting frequency bands

(475 MHz - 794 MHz). The modified Yagi-Uda antenna is implemented in the rectenna

design, using a lumped-element matching network to match the antenna impedance

to the complex input impedance of a voltage doubling rectifier. The suggested 50 Ω

rectenna system shows an increased power conversion efficiency compared to state-of-

the-art results reported in the open literature, see Table 8.1.

Table 8.1. Comparison of the 50 Ω rectenna system with results published in the
open literature that are based on commercially available discrete diodes.

Ref.
Pin Frequency Resistive Load Discrete PCE

[dBm] [MHz] kΩ rectifier (%)
[66] -10 866.5 3 HSMS285C 24%

[19]
-10

1800 2.4 HSMS2850
38%

-20 15%
[67] -10 830 104 HSMS286Y 44%

[68] -20
850

- SMS7630
14%

1850 13%
This work -10

868 10 HSMS2852
49.7%

(50Ω rectenna) -20 31.6%

The second rectenna system presented in this thesis deals with antenna structures in-

tended for a direct conjugate matching to the rectifier, thus omitting an impedance

matching network, that will lead to a higher power conversion efficiency (less loss) and

a more compact design (fewer lumped elements). For this reason, different antenna

structures are investigated that are capable of being tuned to the required complex

impedance by changing some geometrical features. The validity range (length and

width) of the expression for the impedance of a strip dipole antenna has been extended

by deriving new fitting equations. Next, the accuracy of an existing strip-folded dipole

antenna has been improved by using the improved strip-dipole antenna model. Evolving

from this latter antenna, a new, electrically small antenna type has been invented that

allows for tuning the complex input impedance and the radiation efficiency indepen-

dently.

The new modified loop antenna is used for a rectenna design, and is co-designed with

a commercially available Schottky diode based rectifier and with an integrated custom-

made rectifier. Both realized rectennas demonstrate characteristics better than the state
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of the art as reported in the open literature, see Tables 8.2 and 8.3.

Table 8.2 gives a short overview of the state-of-the-art results for rectennas as reported

in the literature that use commercially available diodes for RF-to-DC power conversion.

Table 8.2. Overview of rectenna performances with commercially available diodes in
the literature.

Ref.
Pin Frequency Load RL Size

λ2
PCE

[dBm] [MHz] [Ω] (%)

[19]
-10

1800 2.4×103 -
38%

-20 15%
[67] -10 830 1×107 0.027 44 %
[96] -20 550 2×103 0.035 18 %
[20] 0 1960 460 0.192 54 %

This work (Conjugate- -10
868 10×103 0.028

54.7%
complex rectenna) -20 33.8%

Table 8.3 gives an overview of the state-of-the art results for rectennas as reported in

the literature that use custom-made integrated rectifiers.

Table 8.3. Overview of rectenna performance with custom-made integrated rectifiers
as reported in the literature.

Ref. This work (Conjugate- [101] [102] [103]
complex rectenna)

Technology 90 nm 0.18 µm 250 nm 90 nm
Frequency 868 MHz 970 MHz 906 MHz 915 MHz
Sensitivity -27 dBm -17.7 dBm -22.6 dBm -24 dBm

@ 1 V @ 0.8 V @ 2 V @ 1 V
Peak PCE 36.6 @ 37 @ 30 @ 11 @

(%) -17 dBm -18.7 dBm -8 dBm -18.83 dBm
Size
λ2

0.018 0.039 0.027 -
Measured 27 meters - 15meters -
distance @ 1.78 w @ 4 w

As a proof of principle, a complete rectenna system is presented where a commercially

available power management circuit is used to power a temperature and humidity sen-

sor. The average DC output power and the system’s RF to DC conversion efficiency

are measured, and compared to those measured for a commercially available rectenna
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system operated under the same conditions. It is shown that the commercially available

rectenna system fails to operate at low power levels (≤ −6dBm) while the presented

system can operate at an RF input power level as low as -13 dBm. At an input power

level of 0 dBm, the power conversion efficiency of the commercially available system

does not exceed 19 %, while the power conversion efficiency of the presented system

reaches 40 %, resulting in more than 20 % improved power conversion efficiency.

Finally, for large-area RF power harvesting applications, the concept, modeling, design,

realization and measurement of frequency selective surfaces equipped with Schottky

diodes to harvest RF power is demonstrated. A simple and easy-to-implement equivalent

circuit model, extended for the insertion of linear lumped components, is investigated,

validated and employed for the design. A 3 × 3 and a 5 × 5 RF harvesting FSS have

been designed, fabricated and measured. An RF to DC conversion efficiency of 25 % for

the 3× 3 RF harvester and 16% for the 5× 5 RF harvester are measured at an incident

power density of 3.2µW/cm2. The novel application is suitable for an energy-harvesting

glass that can be used in buildings. It could also be implemented in wall papers.

8.2 Recommendations

In this thesis different rectenna topologies and different methods to match the impedance

of the rectifier to that of the antenna have been reported. In addition, harvesting

RF power for large areas using frequency selective surfaces was introduced. Possible

directions for future research include:

• Power and data transfer: The introduced rectenna topologies collect the RF

power and convert it into DC power. From a system perspective, a second an-

tenna is needed for communication purposes, i.e. transfer of data. A dual port

antenna [129] can be used for data and power transfer, one port can be used for

communication purposes and the second port can be used for RF power harvest-

ing. Also the rectifier can be used as a matching element for the communication

port [130].

• Environment independent rectennas: The developed antennas in this thesis

are characterized for a free-space environment. However, when the antenna is

brought close to a metallic ground plane, its input impedance will deteriorate due

to the coupling with the antenna image. Consequently, the matching between

the antenna and the rectifier will deteriorate and the power conversion efficiency

will decrease. To overcome this negative effect, Metamaterial (MTM) structures

can be employed to design environment independent rectennas. Adding an MTM

layer between the existing antenna and the metal object may maintain the an-

tenna matching, and enhance the radiation characteristics. The properties of the
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electromagnetic band gap (EBG) will make it possible to keep the dimensions of

this layer small [131].

• RF power harvesting using Frequency Selective surfaces: We have ex-

perimentally verified in Chapter 7 that the use of Frequency Selective Surfaces

to harvest RF power is feasible. We do need to investigate the relation between

size and power conversion efficiency. Further, for the RF power harvesting glass

application, optical transparency is needed. An optically transparent conductive

film manufactured with a silver grid layer (AgGL) is used in [109] where an an-

tenna with a radiation efficiency better than 85% is designed and measured. The

reported optical transparency is 81.3%. The same technology could be used to

develop the transparent RF power harvesting glass. Ideally, printed diodes should

be available to fully exploit these advantages.
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Appendix A

King-Middleton Second Order Method
Investigation

A.1 King-Middleton Second-Order Method

The King-Middleton method is an approximate solution procedure for the second order

Hallen’s integral equation [70]. This method introduces two empirically found fitting

expressions to calculate the input impedance of a cylindrical dipole antenna. The in-

put resistance and the input reactance are calculated using Eq. (A.1) and Eq. (A.2),

respectively.

R(kL,
a

λ
) =

4∑
m=0

4∑
n=0

amn (kL)m
(a
λ

)−n
, (A.1)

X(kL,
a

λ
) =

4∑
m=0

4∑
n=0

bmn (kL)m
(a
λ

)−n
, (A.2)

where amn and bmn are the coefficients shown respectively in Tables A.1 and A.2 cor-

rected as indicated in [132]. These equations are valid for:

• 1.3 ≤ kL ≤ 1.7, where k is the wave number and L is the half-length of the dipole.

• 0.0016 ≤ a
λ
≤ 0.01, where a is the dipole radius and λ is the wavelength.
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Table A.1. amn coefficients to be used in Eq. (A.1) to calculate the input resistance
of a cylindrical dipole antenna.

m\n 0 1 2 3 4

0 0.484315e4 -0.475502e2 +0.237406 -0.517831e-03 0.387125e-6
1 -0.137680e5 0.134736e3 -0.671429 0.146303e-2 -0.109502e-5
2 0.147939e5 -0.144272e3 0.717576 -0.156154e-2 0.116801e-5
3 -0.716807e4 0.699523e2 -0.346901 0.753029e-3 -0.562448e-6
4 0.134303e4 -0.130631e2 0.644693e-1 -0.139347e-3 0.103804e-6

Table A.2. bmn coefficients to be used in Eq. (A.2) to calculate the input reactance
of a cylindrical dipole antenna.

m\n 0 1 2 3 4

0 -0.644754e4 0.767385e2 -0.360563 0.709234e-3 -0.488904e-6
1 0.189983e5 -0.237542e3 0.110722e1 -0.218661e-2 0.151517e-5
2 -0.209803e5 0.267034e3 -0.124666 0.247753e-2 -0.172674e-5
3 0.102804e5 -0.131818e3 0.619050 -0.123956e-2 0.869298e-6
4 -0.188863e4 0.245077e2 -0.115922 0.233996e-3 -0.161550e-6

A.1.1 Verification of the King-Middleton Equations by the Finite
Integrating Technique

To verify the accuracy of the King-Middleton equations, CST Microwave Studio is

used to calculate the impedance of a cylindrical dipole of half-length = L = 0.2λ and

for different cylindrical radii. The results are compared with the results of the King-

Middleton expressions. Fig. A.1 shows the input impedance of the cylindrical dipole

antenna for a radius of 2 mm
(
a
λ

= 0.002, λ = 1m
)
.
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Figure A.1. Real (a) and imaginary (b) parts of the input impedance of a cylin-
drical dipole antenna calculated by the King-Middleton (KM) second order equa-
tions and by the Finite Integration Technique (FIT). Cylindrical radius = 0.002 m,(
a
λ = 0.002, λ = 1m

)
.

It is clearly indicated in the figure that the King-Middleton equations can accurately

predict the impedance of a thin cylindrical dipole with less than 10 % difference between

the results calculated using the presented expressions and the results calculated using

the FIT.

The radius of the cylindrical dipole in increased to 6 mm
(
a
λ

= 0.006
)

and 10 mm(
a
λ

= 0.01
)

and the input impedance is calculated using the King-Middleton equations

and the Finite Integration technique. The results are plotted in Fig. A.2 for the radius

of 6 mm and in Fig. A.3 for the radius of 10 mm. It is clear from the figures that

when the radius of the cylindrical dipole increases, the deviations between the results

of the FIT and the results of the KM expressions increase, which validates that the

King-Middleton equations are most accurate for thin cylindrical dipoles
(
a
λ
< 0.005

)
.
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Figure A.2. Real (a) and imaginary (b) parts of the input impedance of a cylindrical
dipole antenna calculated by the King-Middleton (KM) second order equations and
by the Finite Integration Technique (FIT). Cylindrical radius = 0.006, λ = 1m.
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Figure A.3. Real (a) and imaginary (b) parts of the input impedance of a cylindrical
dipole antenna calculated by the King-Middleton (KM) second order equations and
by the Finite Integration Technique (FIT). Cylindrical radius = 0.01, λ = 1m.

A.2 Modified King-Middleton Equations

To accurately calculate the impedance of a cylindrical dipole correction factors are

introduced into the King-Middleton equations. One for both the real part and one for

the imaginary part of the input impedance. The corrections are based on fitting FIT

results for an antenna of different radius and length at a frequency of 300 MHz.

A.2.1 Modified King-Middleton Equations - Real Part

The correction factor of the real part of the input impedance of a cylindrical dipole is

expressed by:

RC(kL,
a

λ
) =


αeβ(

a
λ) (∑4

m=0

∑4
n=0 amn(kL)m( a

λ
)−n
)

for a < 0.008λ

1
γeδ(kl)

(∑4
m=0

∑4
n=0 amn(kL)m( a

λ
)−n
)

for a ≥ 0.008λ

(A.3)

where


α = 0.9204e(0.08023(kL)) + 2.565.10−7e(7.498(kL)),

β = 35.16 sin (3.393 (kL) + 8.036) ,

γ = 3.657 sin
(
168.7

(
a
λ

)
+ 0.02044

)
,

δ = 1.004 sin
(
189.8

(
a
λ

)
+ 3.063

)
.

The coefficients amn are shown in Table A.1. These modified equations have the same

validity ranges as the King-Middleton equations. Fig. A.4 shows the real part of the

input impedance as a function of the electrical half-length kL, for a cylindrical dipole
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of half-length 0.237 m (L = 0.237λ) for different dipole radii. The resistive part of the

input impedance is calculated using the King-Middleton (KM) equations (solid curve),

the corrected King-Middleton (KMc) equations (dashed-dotted curve) and the Finite

Integration Technique (FIT) (dashed curve). It is clearly indicated in the figures that

the results of the KM equations deviate from the result of the FIT especially when the

electrical length of the cylindrical dipole increases. Moreover, it is shown that when

the correction factor is introduced to the the KM equations, the results of the corrected

KM (KMc) equations match the results of the FIT.
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Figure A.4. Real part of the input impedance of a cylindrical dipole of length 0.237
m for different dipole radii calculated using the King-Middleton (KM) Method, the
Finite Integration Method (FIT) and the corrected King-Middleton (KMc).

A.2.2 Modified King-Middleton Equations - Imaginary Part

The modified imaginary part of the King-Middleton equation is represented in Eq. (A.4).

XC(kL,
a

λ
) =

(
4∑

m=0

4∑
n=0

bmn(kL)m(
a

λ
)−n

)
+ p0 + p1

(a
λ

)
+ p2

(a
λ

)2

(A.4)

where


p0 = −0.01716e(4.445(kL)) + 9.986e(0.2436(kL)),

p1 = 9.107.10+9e(−12.47(kL)) + 0.6792e(5.894(kL))

p2 = −27.13e(6.616(kL)).

.

The coefficients bmn are shown in Table A.2. The imaginary parts of the input impedance

of the same cylindrical dipole investigated in the previous section, for different dipole

radii as a function of electrical length, are shown in Fig. A.5.

It is shown in the figure that the results of the corrected KMc expressions overlap the

results of the Finite Integration Technique, while the results of the KM expressions
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clearly deviate from the results of the FIT especially for large radius cylindrical dipole.

To quantify the deviations between the FIT and the KM equation in terms of power

wave reflection coefficients, the Figure of Merit introduced in Sec. 1.6 will be used in

the following section.
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Figure A.5. Imaginary part of the input impedance of the dipole antenna for different
dipole radii using the King-Middleton (KM) Method, Finite Integration Method (FIT)
and the corrected King-Middleton (KMc) .

A.2.3 Comparison Between KM and Corrected KM

From Eq. (1.2), the power wave reflection coefficients due to the deviation between KM

equations and FIT is calculated. Using the same equation, the deviations between the

corrected KMc and the FIT are also calculated for the results shown in Fig. A.4 and

Fig. A.5. The Figure of Merit (FoM) results are shown in Fig. A.6.
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Figure A.6. Figure of Merit (FoM) to calculate the deviations between KM and FIT
and between (KMc) and FIT as a function of the electrical length for different dipole
radii.

It is shown in the figures that the results of the KMc expressions when compared to

the results of the FIT are at least 10 dB more accurate than the KM expressions

when compared to the same results (FIT) for larger dipole radii (a = 0.006 m and a =

0.01 m). To validate the modified King-Middleton (KMc) expressions for different half-

lengths, three different cylindrical dipoles are investigated where the input impedance

is calculated using the KM expressions, the (KMc), and the FIT. Fig. A.7 shows the

real and imaginary parts of the input impedance of a cylindrical dipole of half-length of

0.119 m and a radius of 2.5 mm. It is shown in the figure that the results of the (KMc)

match the results of the FIT. The same behaviour is shown in Fig. A.8 and in Fig. A.9.

In Fig. A.8, the half-length is set to 8 cm, and the cylindrical radius is set to 2.5 mm.

The half-length and the radius of the cylindrical dipole are decreased to 5.5 cm and

1 mm and the results of the input impedance are plotted in Fig. A.9. It is shown in the

figures that the modified KM (KMc) expressions can accurately predict the impedance

of a cylindrical dipole.
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Figure A.7. Real and Imaginary parts of the input impedance, using King-Middleton
(KM), corrected King-Middleton (KMc) and the Finite Integration Technique (FIT).
Cylindrical length = 11.9 cm, cylindrical radius = 2.5 mm.
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Figure A.8. Real and imaginary parts of the input impedance, using King-Middleton
(KM), corrected King-Middleton (KMc) and the Finite Integration Technique (FIT).
Cylindrical length = 8 cm, cylindrical radius = 2.5 mm.
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Figure A.9. Real and imaginary parts of the input impedance, using King-Middleton
(KM), corrected King-Middleton (KMc) and the Finite Integration Technique (FIT.
Cylindrical length = 5.5 cm, cylindrical radius = 2.5 mm.

A.3 Strip Folded-Dipole Antenna

In this section, the accuracy of the analytical expressions for the strip folded dipole

antenna is discussed. Two simulation examples implementing the analytical expressions

introduced in Sec. 4.3 at 300 MHz and at 1.5 GHz are presented. Fig. A.10 shows the

input impedance (real and imaginary parts) of a strip folded-dipole antenna possessing

the following dimensions, W1 = 0.04 m, W2 = 0.03 m, d = 0.0125 m, L = 0.25 m,

calculated with and without the correction factor (see Eq. (4.9)) for the inter-element

spacing d.

In the same figure FIT-results are shown.
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Figure A.10. Real (a) and imaginary (b) parts of the input impedance vs. frequency.
And the corrected real (c) and imaginary (d) parts of the input impedance versus
frequency. W1 = 0.04 m, W2 = 0.03 m, d = 0.0125 m, L = 0.25 m.

To quantify the improvement of the correction factor in terms of a single Figure of

Merit, Eq.(1.2) is used to transform the deviations into power reflection coefficients.

Fig. A.11 shows the resulting FoM as a function of frequency with (dashed curve) and

without (solid curve) implementing the correction factor in the analytical expressions.

Both results are compared to the results of the Finite Integration Technique (FIT).

It is clear from the figure that when the correction factor is implemented, the validity

range (0.2 GHz - 0.4 GHz) is extended 1.5 times compared to the validity range without

implementing the correction factor (0.22 GHz - 0.3 GHz).
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Figure A.11. FoM as a function of frequency due to the mismatch between AE and
FIT.

Fig. A.12 shows the input impedance (real and imaginary parts) of a strip folded-

dipole antenna possessing the following dimensions, W1 = 0.004 m, W2 = 0.002 m,

d = 0.004 m, L = 0.0475 m, calculated with and without the correction factor (see

Eq. (4.9)) for the inter-element spacing d. Figs. A.12(a) and A.12(b) show the real and

imaginary parts, consecutively, of the input impedance calculated using the analytical

expressions presented in Sec. 4.3 without implementing the correction factor for the

inter-element distance d. In addition, the Figures show the real and imaginary parts of

the input impedance calculated by the FIT using CST Microwave Studio.

The results after using the correction factor are plotted in Figs. A.12(c) and A.12(d).

It is indicated in the figures that when the correction factor is implemented, the de-

viations between the results of the FIT and the results of the analytical expressions

decreases. To quantify the improvement when the correction factor is implemented, the

FoM is used to transform the deviations into reflection coefficients. Fig. A.13 shows the

resulting FoM as a function of frequency with (solid curve) and without (dashed curve)

implementing the correction factor in the analytical expressions. It is clear from the fig-

ure that when the correction factor is implemented, the validity range (1.22 GHz - 1.88

GHz) is extended more than 50 % compared to the validity range without implementing

the correction factor (1.22 GHz - 1.64 GHz).
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Figure A.12. Real (a) and imaginary (b) parts of the input impedance versus fre-
quency. And the corrected real (c) and imaginary (d) parts of the input impedance
versus frequency. W1 = 0.004m, W2 = 0.002m, d = 0.004m, L = 0.0475 m.
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Figure A.13. FoM as a function of frequency due to the mismatch between AE and
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Appendix B

Frequency Selective Surfaces
Equivalent Circuit Model

B.1 Correction Factor G

In [119] the first order correction term G, at oblique angle of incidence is obtained as:

G(p, d, λ, θ, ϕ) =
A

B
, (B.1.1)

where:

A =
1

2
(1− β2)2

[(
1− β2

4

)
(C+1 + C−1) + 4β2C+1C−1

]
, (B.1.2)

B =

(
1− β2

4

)
+ β2

(
1 +

β2

2
− β2

8

)
(C+1 + C−1) + 2β6C+1C−1. (B.1.3)

In the above:

β = sin

(
πw

2p

)
. (B.1.4)

The coefficients C±1 are obtained from:

Cn =
1

tSn
− 1

|n|
, n = ±1,±2, ... (B.1.5)
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For a TE polarized incident plane wave:

t = j
p cos (θ)

λ
, (B.1.6)

Sn =
γn
γ0

. (B.1.7)

The propagation constant γn is given by:

γn = −j

√(
sin (θ) +

nλ

p

)2

− 1, (B.1.8)

from which follows that γ0 = cos(θ). From B.1.12 and B.1.7:

Snt = −j

√(
p sin (θ)

λ
± n

)2

− p2

λ2
, (B.1.9)

and from B.1.5:

Cn
TE =

1√(
p sin (θ)

λ
+ n
)2

− p2

λ2

− 1

|n|
. (B.1.10)

Therefore:

C±1
TE =

1√(
p sin (θ)

λ
± 1
)2

− p2

λ2

− 1. (B.1.11)

For the dual case of a TM polarized incident plane wave:

t = j
p sec (ϕ)

λ
, (B.1.12)

Snt = γnγ0, (B.1.13)

where:

γn = −j

√(
sin (ϕ) +

nλ

p

)2

− 1, (B.1.14)

from which γ0 = cos(ϕ) is obtained. Therefore:

Snt =

√(
p sin (ϕ)

λ

)2

+ n2 − p2

λ2
, (B.1.15)
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and from B.1.5:

Cn
TM =

1√(
p sin (ϕ)

λ

)2

+ n2 − p2

λ2

− 1

|n|
, (B.1.16)

from which follows that

C±1
TM =

1√
1−

(
p cos(ϕ)

λ

)2
− 1. (B.1.17)
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