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Inkjet-Printing Technology provides the ability of fabricating electronic circuits on dif-
ferent substrates such as: cardboard, wood, kapton and etc. The advantages of this tech-
nology are reduction in production cost in comparison to conventional laminate sub-
strates and also being environmentally-friendly circuits which is one of the main goals
in any manufacturing field. Having environmentally-friendly and low cost productions
are possible by utilizing paper as the substrate and Inkjet-printing as the fabrication
technology.

In addition, reducing the power consumption in any circuit is an important factor  in
designing a circuit. In any wireless portable device, usage of battery causes a limitation
in application space and decreases the lifetime of devices .Since increasing the lifetime
of battery is still infeasible, power harvesting energy is one of the solutions in designing
battery-less circuits. Power harvesting is a process by which energy is delivered by
scavenging DC power from ambient sources. The ambient sources for power harvesting
can be light, temperature, motion and electromagnetic in RF (Radio Frequency) range.
Among all these sources, ambient RF energy, in both indoor and outdoor is generally
available in all hours at different frequency bands. Hence RF energy harvesting is one
the most popular type of power harvesting. The ambient RF sources are: Wi-Fi trans-
ceivers, AM/FM radio, television broadcasting, mobile networks and communication
devices.

In this Project, experimental investigations on the inkjet-printed RF power harvester
for 2.4GHz are presented. An one stage discrete rectifier based on a voltage doubler
structure and a planar monopole antenna are fabricated on cardboard using inkjet print-
ing. The performance of the whole system is examined by measuring the output voltage
of the RF power harvester. By the utilization of the proposed idea, the fabrication of low
cost Environmental-friendly battery-less wireless modules is conceivable.
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ABBREVIATIONS

A Ampere
AR Axial Ratio
EM Electromagnetic
E-Plane A two-dimensional representation of the radiation pattern

which contains only electric field and maximum radiation
direction.

H-Plane                            A two-dimensional representation of the radiation pattern
which contains only magnetic field and maximum radiation
direction.

cm Centimeter
dB decible
DC Direct Current
DOD Drop_On_Demand
DPI Dot Per Inch
EMC Electromagnetic Compatibility
fL femto Litre
GHz Giga Hertz
GND Ground Plane
HPBW Half Power Beam Width
Hz Hertz
MHz Mega Hertz
mm Millimetre
nL nano Litre
pL pico Litre
Q Quality factor
RF Radio Frequency
S Simens
SOLT Short-Open-Load-Thru
S-parameters Scattering parameters
SWR Standing Wave Ratio
TRL Through-Reflectin-Line
UV Ultra Violet
V Volt
VNA Vector Network Analyzer
Wb Weber
wt% Percent by weight
2D Two Dimensional
3D Three Dimensional
µm micrometre
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SYMBOLS

Ohm
c speed of light [m/s]
B Magnetic flux density [ wb/ ]
C Capacitor per until length [F/m]
D  Electric displacement [C/ ]
D Directivity of antenna [dBi]
E Electric field [V/m]
F Electric force [N]
G Conductance per unit length [S/m]
G Gain of antenna [dBi]
f frequency [Hz]
H Magnetic field [A/m]
I(z) Current wave in z direction [A]
J Current density [A/ ]
k Radiation efficiency of antenna
L Inductance per unit length [H/m]
LRL Return Loss [dB]
M Vector magnetization [A/m]
P vector polarization [C/ ]
Q Electric charge [C]
R Resistance per unit length [ /m]
RA Resistance of antenna [ ]
V(z) Voltage wave in z direction [V]
We Electric energy [J]
Wm Magnetic energy [J]
XA Reactance of antenna [ ]
Zo Characteristic Impedance [ ]
ZA Impedance of antenna [ ]

Attenuation Constant [NP/m]
Propagation Constant [NP/m]
Complex propagation Constant [NP/m]
Skin depth [m]
Permittivity
Relative permittivity
Permittivity of free space
Effective Relative Permittivity
Permeability
Relative Permeability
Permeability of free space
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Electric charge density [C/m3]
Conductivity [S/m]
Angular Frequency [rad/s]
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1. INTRODUCTION

In any wireless portable device, usage of battery causes a limitation in application space
[1] and decreases the lifetime of devices [2-3] .Since increasing the lifetime of battery is
still infeasible, power harvesting energy is one of the solutions in designing battery-less
circuits. Power harvesting is a process by which energy is delivered by scavenging DC
power from ambient sources. The ambient sources for power harvesting can be light,
temperature, motion and electromagnetic in RF (Radio Frequency) range [4]. Among all
these sources, ambient RF energy in both indoor and outdoor is generally available in
all hours at different frequency bands. Hence RF energy harvesting is one the most pop-
ular type of power harvesting. The ambient RF sources are: WiFi transceivers, AM/FM
radio, television broadcasting, mobile networks and communication devices [2] [4].

Inkjet printing enables additive manufacturing of conductive patterns on a wide vari-
ety of platforms based on contactless drop-on-demand deposition of metallic nanoparti-
cle inks. As the material choices in electronic devices have a huge impact on the envi-
ronment, lately, the use of renewable, environmental-friendly materials, and additive
manufacturing methods, such as inkjet-printing, has been a growing trend. Fabrications
of electronic circuits are feasible by the inkjet-printing technology on different substrate
such as paper [5]. The advantages of implementing circuits on paper are reduction in
production cost in comparison to conventional laminate substrates and also being envi-
ronmentally-friendly circuits. Since paper is suitable for recycling producer [5-6]. In
this study, Stora Enso packaging thin cardboard and NPS-JL silver nanoparticle ink are
used as substrate and conductor for fabrication of RF electronic circuits, respectively. A
Fujifilm Dimatix DMP-2831 material inkjet printer and 10 pL cartridges with 16 noz-
zles in a single-row arrangement are utilized to print the circuit.

In this Study the results of an experimental investigation on the inkjet-printed power
harvester at 2.4 GHz are presented. A passive one-stage discrete rectifier and a planar
antenna are fabricated on cardboard using inkjet-printing technology. For the rectifier a
voltage doubler structure and for the antenna a planar monopole antenna are utilized.
Then, the functionality of the whole module is proven by measuring the output voltage
in the real environment. The measurement results demonstrate appropriate absorbed
voltage level for feeding a low power circuit by the presented power harvester. By the
exploitation of the proposed idea, the fabrication of low-cost environmental- friendly
battery-less wireless modules is feasible.  Theory and design of Rectifier is explained in
Chapter 2. Background theory of electromagnetics and antenna are discussed in chapter
3 and 4, respectively. Chapter 5 deals with introducing the Inkjet-printing technology.
Major types of microstrip antennas are explained in Chapter 6 briefly.
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Finally, the design procedures, measurement and simulation results of designing an-
tenna and RF energy harvesting are proposed in Chapter 7 and 8. respectively.
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2. RF POWER HARVESTER THEORY

Energy harvesting or energy scavenging is a process of converting ambient energy to
electrical energy. Due to decreasing the conventional energy sources, finding an al-
ternative renewable energy sources is an important concern. Hence different sources
can be a core of Power harvesting such as: solar, thermal, electrostatics, electromag-
netics and radio frequency energy.  Among of all these kinds of energy, Radio fre-
quency energy harvesting is more attractive because: it is freely available in space,
easy to use instead of battery and maintenance the cost. In this case, energy is de-
rived from propagating RF radiation such as cell phones, communication tower, an-
tenna and electronics components [7].

The energy scavenging method can be used in wireless sensor applications, bat-
tery-less remote control, mobile phone chargers, RFID and etc [8].
     Besides, there are some issues which still need development. Efficiency, output
power, output voltage and sensitivity of a RF power harvester requires a considerable
study by academic and industry.

Designing the RF power harvesting consists of various steps as is shown in Fig.1.
RF power source prepares RF signal, simultaneously rectifier circuit extracts the
power and convert it to the DC voltage.

Figure 1. General block diagram of RF Power harvesting.

RF power source: is generally an antenna which RF signal produces a small si-
nusoidal voltage. The maximum theoretical power is available for RF power harvest-
ing is 0.7 µW and 1.0 µW for 2.4GHz and 900 MHz frequencies, respectively for
free space distance of 40 meter.This research is based on GSM-900, in the 930_960
MHz bandwidth and 2.4 GHz.

Impedance matching:   the  maximum  RF  power  is  transferred  from  source  to
load by using an input impedance matching circuit. Since the input impedance of the
rectifier is different from the RF source (50 ), so the impedance matching is needed
in case of transferrin maximum power.

Rectifier circuit: Rectifier is able to convert an input RF signal into a considera-
ble  DC voltage.  Due  to  low power  threshold,  the  efficiency  of  rectifier  is  not  high
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enough. Hence one of the challenging parts of designing rectifier is having reasona-
ble efficiency.

The output voltage of rectifier is not stable and consists of ripples. Hence, a filter
is needed at the output of circuit to have a constant and smooth DC voltage since
most of applications need stable voltage.

The load of rectifier could be a resistor, capacitor, inductor or a combination of
all these.  In this study, a resistive load is used in all simulation and design.

Different parameters are defined to propose a good RF/DC convertor:
High power conversion efficiency (PCE):  efficiency is calculated by:

= , =

In order to have the maximum efficiency, the load should be minimum,
while higher voltage needs higher resistor. Hence, a tradeoff between high
voltage and high efficiency is required.
Small circuit size: This means having lower number of stage. Designing a
circuit with minimum number of stage and capacitor, decreases the size of
printed circuit and cost of fabrication.
Rise time: is defined as the time when the output voltage reaches 90% of
the final voltage. Rise time is depending on resistive load and capacitors.
The larger rise time causes a delay in the processing of voltage, hence, it
is important to reduce the rise time, to reach a stable output voltage in a
shorter time.
Ripple or noise: the voltage which is produced from RF source contains a
ripple or noise, which is not desired. This ripple is depending on the cur-
rent of the load. Hence by using a large capacitor it is possible to smooth
the output voltage.
Voltage conversion efficiency (VCE): is the ratio of the output voltage
divided by input RMS voltage.

2.1 RF Power Harvester Variations

As we mentioned before, rectifier has the ability of converting RF power to DC volt-
age, which is also called as charge pump. It rectifies the input RF signal by using the
specific behaviour of diode in rectifying the different level of signal. The simplest
rectifier consists of a schottky diode and a parallel capacitor shown in Fig. 2 Voltage
doubler is designed in two parts by use of a schottky diode and a capacitor from
basic rectifier for performing rectification. The voltage which is stored in input ca-
pacitor during negative half of the input cycle is transferred to the output capacitor
during positive half of the input cycle. Hence, the voltage at output capacitor is two
times of the (peak voltage of RF source - turn on voltage of diode), and because of
that it is called voltage doubler. By using voltage doubler in cascade to form the
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voltage multiplier the output voltage will increase. In voltage multiplier each stage
should add on top of previous stage to receive the DC voltage plus double noise of
previous stage [9].

Figure 2. The schematic of basic rectifier, voltage doubler and voltage multiplier.

If, a voltage doubler is seen as a single battery with open circuit output voltage
and internal resistance  and Resistive load  , then the output voltage is calculated
as:

= +
(1)

When number of stage (n) is increased, the RC values change the time rise of the
circuit and also the output voltage alters as:

= + (2)

Disadvantages of diode based rectifier are limitation in current capacity and regu-
lation. [8]. A summary of comparison between different types of diode based rectifi-
ers is shown in Table. 1.

Table 1. Summry of camparision between diode based rectifier.

type of rectifier structure rectifier topology

basic rectifier

A diode connected in se-
ries with a load. A capaci-
tor acted as a filter to
smoothen the ripple in the
output. Commonly called

Half-wave rectifier,
full-wave rectifier



14

as single-stage rectifier.

voltage doubler
Uses two stages to ap-
proximately double up the
DC voltage.

Villard circuit,
Greinacher circuit,

bridge circuit, Dick-
son charge pump
voltage-doubler

voltage multiplier

Converts RF energy into
DC voltage using a net-
work of capacitors and
diodes.

Villard cascade
voltage multiplier,
Dickson multiplier,

Cockroft Walton
voltage multiplier

As Table.1 shows, diode based rectifiers are designed in different topology base
on various applications. Voltage multiplier, not only rectifies RF to DC but also step
up the voltage by increasing the number of diode-capacitor stages. Hence for RF
energy harvesting application, when higher voltage is needed, the voltage multiplier
is one of the best structures.
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3. ELECTROMAGNETICS THEORY

Before studying the theory of antenna, it is required to understand electromagnetics the-
ory. By using Maxwell equations properties of electromagnetics wave is defined. Study
of electromagnetics theory is started by explaining electric and magnetic fields and rep-
resenting the concept of plane wave.

3.1 Electric Field

In electrostatics situation when charge is static and there is no time variation field, elec-
tric field (V/m) is defined as a force (N) per unit electric charge (C). As equation. 3
shows the electric field depends on the charge and the distance from it.

= = 4
^ (3)

Where electric fore is calculated as:

= 4
^   (4)

Where  is electric charge  is electric permittivity of medium field and r is distance
from electric charge. The curl and divergence of electric field is defined as equation. 5
and 6.

. =  (5)

× = 0  (6)

= (7)

Where  is volume charge density (C/m ),  is permittivity in free space and  is
relative permittivity of medium.
     When external field is applied on dielectric body, each atom aligns in the direction of
electric field. This phenomenon is called as polarization of dielectric material, which
modifies the electric field in/out side of dielectric. Electric flux density or electric dis-
placement D ( / ) is defined by equation. 8:
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= + =                               (8)

Where P ( / ) is vector polarization.

3.2 Magnetic Field

In magnetostatic situation, if time invariant current is available, the magnetic flux densi-
ty B ( / ) is described by curl and divergence in equations. 10.

× =
. = 0

                             (10)

Where  is magnetic permeability and  is current density [12]. If an external mag-
netic field is supplied in the medium, then moving electric charges experience a force
which is calculated by:

= × (11)

Where q is electric charge, u is velocity electricity charge vector. Magnetic polariza-
tion in the medium is described in such a way that electric polarization is described.
Magnetic intensity H (A/m) is defined as:

= = (12)

Where M is magnetic vector, and  permeability of medium [12].

3.3 Maxwell Equations

Maxwell equations are determined by four equations, which defined the relation be-
tween electric field, magnetic field, electric charge and electric current in general case.
These equations are known as [13]: faraday’s law (14), Ampere’s critical Law and
Gauss’s law for electric and magnetic fields.

× = (13)

× = + (14)
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. = (15)

. = 0 (16)

In equation. 14, =  , where  is the conductivity of material.

3.4 Wave Equations

Maxwell’s equations are represented in phasor form, when electric and magnetic fields
time dependency is .  for linear, isotropic and homogenous region, maxwell’s equa-
tion are expressed as [13]:

× = (17)

× = + (18)

× × = × = (19)

× × = ( . ) (20)

+ 1 = ( ) (21)

+ 1 = 0 (22)

( ) = + (23)

( , ) = cos( ) (24)

= + = (25)

3.5 Plane Wave

When E field is in the same direction, same value and same phase in plane perpendicu-
lar to the direction of propagation, it  is  called plane wave (same for H).  E and H field
have component in transverse plane, which means they are also perpendicular to each
other. If plane wave propagate in lossless medium complex propagation is completely
imaginary. While if the medium is lossy dielectric then conductivity is zero and the am-
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plitude is decrease while wave propagate. For representing the loss of dielectric medium
loss tangent ( ) is used. Skin depth is utilized for illustrating conductor loss as equa-
tion. 26 shows.

=
1

=
2

    (26)

Where w is angular frequency of wave. Hence if the medium is perfect conductor,
the EM wave cannot propagate inside [13]. Polarization of EM wave is divided in three
types: linear, circular and elliptical. In linear polarization E field vectors vary in one
direction, but in circular and elliptical it varies in two dimensions [14]. Axial ratio
which defines the quality of polarization varies between 1 and . This for linear polari-
zation it is  and for circular is 1.  Fig. 3 shows these different polarizations.

Figure 3. Different polarization types: Linear, Elliptical and Circular polarization [14].

3.6 Energy and Power

In sinusoidal situation, electric and magnetic fields store energy in volume V which are
calculated by equations 27 and 28 [13]:

=
1
4 .   (27)

=
1
4 .    (28)

The complex power delivered by the source inside the volume V is:
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=
1
2 . + .     (29)

Where and  are source inside volume V [13].
The complex power flow out of boundary of volume V is calculated as:

=
1
2 ×       (30)

Where S is closed surface surrounds volume V. the power dissipated inside volum V is
expressed by:

=
2

| | +
2

( ( ) + ( ) )             (31)

Poyning’s theorem is defined by using above equations.

= + + 2 ( + )      (32)

That says the power delivered by the sources inside volume V is equal to the summa-
tion of power dissipated inside the volume V, power transmitted through the boundaries
and the 2w times of reactive energy stored in electric and magnetic fields inside the vol-
ume [13].

3.7 Transmission Line

In transmission line theory the elements of circuit are distributed in along the line. Fig. 4
shows,  the  equivalent  circuit  of  lumped element  for  a  very  short  length  of  circuit.  By
using circuit theory voltage and current of this circuit are defined.

Figure 4. The equivalent circuit for short segment transmission line [13].

The general solutions of two wave equations are determined by voltage and current
of transmission line as:

( ) = + (33)
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( ) = + (34)

Where = + = ( + )( + )  is complex propagation constant,  is
attenuation constant, R is series resistance, L is series inductor per length, G is shunt
conductance per length and C is shunt capacitance per length. The characteristic imped-
ance of line is described by:

= =
( + )
( + )

(35)

By terminating the transmission line in load side, the wave reflection is happened in
load part. The voltage reflection coefficient is defined as equation 36 [13]:

= = (36)

The superposition of the incident wave and reflected one make a standing wave
along the transmission line which is terminated to a mismatch load ( ). The oth-
er parameter which can be used to describe the reflection is standing wave ratio (SWR)
explained by equation. 37:

= =
1 + | |
1 | | (37)

3.8 Scattering Parameters

Operation of a network is explained by network port parameters such as: Z-parameters,
Y- parameters and ABCD and S-parameters, which describe the relation between input
and output port of the network [13]. When frequency is increased, it is not possible to
use Z, Y or ABCD parameters. Since these parameters are related to voltage and cur-
rent, while measuring voltage and current is not feasible with voltmeter and ampere
meter. Hence scattering parameter is used in higher frequency. Scattering parameter is
calculated as:

= , = 0 (38)

Where i and j are the incidence for the pot of network.  Scattering parameter also can
be defined by power parameters as equation. 39 shows:
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= , = 0 (39)

Where  is reflected power from port i and  is reflected power from port j [13].

3.9 Microstrip Line

Microstrip line is a planar transmission line. Fig.5 shows the geometry of conventional
microstrip line, where thickness and relative permittivity of substrate are d and  re-
spectively. W is the width of microstrip line.

Figure 5. Microstrip’s geometry.

Equivalent permittivity of microstrip is  a combination of air  and substrate [13],  be-
cause part of fields propagates inside the substrate and the other part propagates in the
air. Equivalent permittivity of microstrip line is calculated as equation (40):

=
+ 1
2 +

1
2

1

1 + 12
(40)
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4. BASIC THEORY OF ANTENNA

Antenna is a passive component which starts to radiate when a signal is captured by its
port. Different parameters define antenna which are explained here first. The most im-
portant parameters are: radiation pattern, half power beam width (HPBW), directivity,
gain, input impedance, return loss, bandwidth, polarization and axial ratio.

Moreover antenna is divided in various models, such as: wire antenna, patch antenna,
reflector antenna and lens antenna which have different performance applications [15].

4.1 How an Antenna Radiates

Realizing how an antenna radiates is helpful in understanding parameters of antenna.
Speed of electric charge in a time-variant current distribution in the antenna structure,
produces time-variant E and H fields around the antenna which propagate in all direc-
tions [14]. The space around antenna is divided in 3 regions: reactive near field, radiat-
ing near field and far field [15]. In the far-field region the propagated radio wave can be
assumed as plane wave.

Figure 6. Antenna Feild Regions

Figure. 6 indicates, antenna regions. In far or Fraunhofer region, the field pattern is
independent of distance while, in near or Fresnel region the shape of field pattern relates
to distance.
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4.2 Antennas Parameters

Following explain different parameters of antenna which should be consider in design-
ing an antenna and comparison of different antennas.

4.2.1 Radiation Pattern

Radiation pattern of antenna defines the radiated power by antenna as a function of di-
rection from antenna, which has a 3D dimensional pattern.  E plane and H plane illus-
trate the radiation pattern, where E plane consist of E field vector and H plane consist of
H field vector [15].

4.2.2 Half Power Beam Width (HPBW)

Radiation pattern of antenna are three-dimensional quantities consist of the variation of
field or power as a function of spherical coordinates and .

Figure 7. General radiation pattern with its different sections [16].

Figure.7 shows each part of radiation pattern [16] of antenna which is divided in
main lobe, side lobe, back lobe, minor lobe and nulls. The angle between the two direc-
tions in which the radiation intensity is one-half value of the beam.is called HPBW.

4.2.3 Directivity and Gain

Directivity of antenna is the ratio of maximum power to the average power of antenna.

= (41)
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Gain of antenna depends on directivity and efficiency of antenna( ) as equations show:

= (42)

= = + (43)

Where  is the radiated power by the antenna and  is the power dissipation
by ohmic loss of the antenna. Usually the gain of antenna is described as a ratio of gain
of the antenna over gain of an isotropic antenna in logarithmic scale. As equations. 44
and 45 show [14]:

( ) = 10 log = 10log( )       (44)

( ) = 10 log = 10log(
1.64

) (45)

4.2.4 Input Impedance and Return Loss

The impedance seen from the antenna port is the impedance of antenna. The real part of
impedance demonstrates the loos and radiation of antenna and imaginary part illustrates
the energy stored in near-field of antenna [16].

= + = ( + ) + (46)

Return loss represent the reflection of the signal when transmission line is terminated
to the load or device.  Due to the mismatch and decreasing the delivered power to the
load, reflection is happened. Thus, its behavior can be modeled as a loss phenomenon.
The concept of return loss can be demonstrated using equation. 47 [13].

( ) = 20log( ) (47)

4.2.5 Bandwidth

The frequency range which antenna works properly is called bandwidth of antenna.
Generally 10 dB return loss is required to define the performance of antenna in frequen-
cy spectrum. Hence the return loss of antenna is higher than 10 dB in whole frequency
band [15].
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4.2.6 Polarization and Axial Ratio

Polarization of antenna is defined as polarization of EM wave. Which can be linear or
circular depends on the application of antenna. Axial ratio describes the quality of polar-
ization [14].
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5. INK-JET PRINTING TECHNOLOGY

Inkjet-printing is a technology for fabricating printed circuit. This technology provides
fast, simple and low-cost production on any substrate. In every implementation of a
circuit, fabrication process which affects the cost, reliability and performance is the
most important parameters. Various methods are used in fabrication process such as
photolithography and direct printing. But direct printing is desired, due to low-cost mass
production. The required temperature tolerance of the usage substrate in inkjet-printing
technology is lower than conventional printed circuit manufacture. Hence this property
makes Inkjet-printing technology suitable for environmentally friendly cardboard, wood
and flexible substrates.

 Direct writing is divided in four categories: droplet-based DW, energy beam-based
DW, flow-based DW and tip-based DW methods.

 Droplet-based method consists of two groups: inkjet and aerosol. Inkjet technology
is one of the most popular methods which are used as drop on demand (DOD) [17]. The
droplet method is based on piezoelectric, thermal, electrostatic or acoustic elements
[18]. The general piezoelectric print head is shown in Fig. 8. By applying a voltage
pulses to the piezoelectric crystal, the inkjet-printed head is controlled. This pulses
cause physical deformation and allow droplet to be spouted. The diameter of each drop-
let is defined by several parameters, such as: ink, temperature, ink viscosity, jetting
voltage and frequency, surface property and surface temperature.

Figure 8. the block diagram of piezoelectric DOD Inkjet-printing technology.
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Figure 9. Dimatix DMP 2831 material inkjet printer and The cartridge and head used for printing.

The Diamatix printer (DMP2831), the cartridge and head which are used in this project
are shown in Fig. 9.

Sintering is required after printing to form the dielectric solid or conductive trace. In
this study thermal sintering method is used. In this method the substrate with printed
pattern are placed in conventional oven. Inert atmosphere, formed nitrogen and hydro-
gen are applied to avoid oxidization. The temperature of oven is set based on the type of
ink which is used in printing. For instance for the NPS-JL silver Nanopaste
120ºC/150ºC is sufficient as in [19] is recommended. In general longer time and higher
temperature for sintering provides better conductivity. But higher temperature also af-
fects the substrate, since some substrate cannot tolerate higher temperature than 200ºC.

5.1 Characterization of the Substrate and Conductor Ink

Silver ink (NPS-JL silver ink with 55.5wt% metal content) is used in this study as a
conductor because of its special properties in comparison with other conductors such as:
copper and gold. Silver ink has higher conductivity in compare with copper and reason-
able price in compare with gold. Besides, cardboard is used as a substrate. Properties of
the cardboard and electrical features of printed conductive ink on cardboard were char-
acterizes in previous study [20], which are used in this thesis.

As the first step for characterization of printed silver ink on cardboard, the appropri-
ate resolution for the printed pattern should be investigated. The most suitable spacing
between the droplets is equal to the radius of droplets on the substrate. Which avoid of
spreading ink on substrate, also helps to have a good connection between droplets. The
radius of droplets depends on properties of ink and substrate such as viscosity, contact
angle, temperature, hydrophilicity and roughness. One way for measuring radius of
droplets is droplet test.

As mentioned in [20] the best way to print is printing and sintering 2 layers in one
turn and printing 8 layers, to have suitable conductivity in proper time. In addition it is
better to use an ink-proof dielectric material.to increase the roughness of the surface.
Due to by having high roughness, the frequency losses is increased. A conventional
primer composed of tetrahydrofurfuryl acrylate, ethoxylated trimethylolpropanetriacry-
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late,  2-hydroxy-2-methyl-1-phenyl-propan-1-one, and bis-phenylphosphineoxide is
used in the rough and fibrous side of cardboard since the other side has better situation.

Table 2. Properties of Cardboard and printed conductor.

Measured Parameters Value

Relative Permittivity of card-
board

1.78

Loss tangent of cardboard 0.02

Thickness of cardboard 560µm

Conductivity of silver ink 2 × 10 /

Thickness of silver ink 3 µm

5 layers of primer are printed separately with 1061 dpi resolution. After each printing
the sample is cured with ultra-violet (UV) light for 10 minutes. Then maintained at 150
ºC for 1 hour in oven. UV light is utilized to improve the printed primer while oven is
used to volatilize the water content inside primer ink and avoid the later reaction be-
tween primer and silver ink. Table. 2 shows the final results of characterization of card
board and printed silver ink.
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6. MICROSTRIP ANTENNAS

In this chapter we will study basic and important parameters and performance of mi-
crostrip antennas.

Microstrips antennas have gained lots of attention in recent years, due to simplicity
of design and fabrications. A microstrip antenna is a small metallic patch, which can be
copper, silver or gold on top of a dielectric substrate [21]. The ground of antenna can be
on top or under part of antenna depend on requirement of design. Patch antenna, circular
antenna, monopole antenna, dipole antenna and array antenna, are types of microstrips
antenna which are used in main applications [22].

The advantages of using microstrip antenna are: light weigh, easily integrated with
different type of microwave circuits, low cost and low volume [23]. Low cost fabrica-
tion is one of main reason, why they are gaining more attention in compare to other type
of antennas. Microstrip antenna also has this ability to give linear and circular polariza-
tion easily. Moreover feed line can be print at the same time, when fabricating matching
or other part of circuit is done.

Besides of all advantages of microstrip antenna, there are some limitations in usage
of this type of antenna, such as: narrow bandwidth, low power gain, low efficiency and
it is hard to get a fine polarized antenna. But there are several techniques which help to
improve these disadvantages. The substrate of antenna has an important affect in per-
formance of antenna, if the substrate is thicker, then the radiated power and impedance
bandwidth will be increase and conduction losses is decreased. If the substrate thickness
exceeds 0.11  then the antenna will stop resonating because of inductive reactance
feeding line. Another parameter which also has an effect on antenna performance is
dielectric constant . decreasing the dielectric has the same effect as when thickness is
increased.

6.1 Major Types of Microstrip Antennas

Depending on geometry, microstrp antennas are divided in many shapes [23]. Properties
and similarities of some major categories of microstrip antenna are presented in this
chapter.

6.1.1 Microstrip Patch Antennas

The most famous type of microstrip antennas is patch antennas [23]. For the applica-
tions which need simple design, patch antennas are one of the best choices. The typical
microstrip patch antenna is shown in Fig. 10. These types of patch antenna are useful in
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designing dual frequency, linear and circular polarization, Omni directionality, broad
bandwidth, beam scanning and etc.

The metallic part of patch antenna is on top of the substrate and the ground part is
under substrate. Radiated power of antenna is increased by increasing the thickness of
substrate and decreasing the dielectric constant of substrate. Impedance matching can be
done by feeding line to the patch which holds a large number of charges. The repulsive
force between negative and positive charge, force to the charges to move towards edges,
which are a source or radiations.

The shape of microstrip patch antennas can be: rectangular, circular, triangular and
elliptical.  Resonance frequency relates to length of patch antenna, but width of it, does
not have much effect on resonance frequency than the radiated power, bandwidth and
radiation efficiency.

Figure 10. Typical Microstrip patch antenna [24].

6.1.2 Microstrip Dipole Antennas

Microstrip dipole antenna becomes popular recently, since they can design in smaller
size, with good linear polarization and suitable for wireless equipment [25]. This type of
antenna, have been in many different design for various applications such as: dual band,
omni-directionality. Feeding port of dipole has a great effect on performance of dipole
depends on the position of it. In addition ground plane can be under the dipole structure
or under the radiating part. The general dipole antenna is presented in Fig. 11.

Figure 11. Typical Dipole antenna.
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6.1.3 Microstrip Slot Antennas

Microstrip slot antennas have a slot in the ground plane [26]. It can be fed through a
microstrip line or through a coplanar waveguide, like patch antenna. This type of anten-
na can have bi/uni directional radiation pattern, with wider bandwidth [27].

6.1.4 Microstrip Travelling-wave Antennas

Microstrip travelling wave antenna (Fig. 12) can be in various shapes such as: long thin
microstrip line or continues repeating chain shaped structure with the matched load at-
tached to the other end of it. This matched load, avoids the standing waves on the an-
tenna. Radiation beam of this antenna can be set to any direction, with the help of some
design techniques.

Figure 12. Model of Travelling wave antenna [28].

6.1.5 Planar Monopole Antenna

A monopole antenna generally is a vertical wire which is mounted on a ground plane
(Fig.13). Bandwidth of monopole antenna is changed by variable diameter of antenna.
A planar monopole antenna is a cylindrical monopole antenna with large effective di-
ameter [29]. It also can be as a Metamaterials Surface Antenna (MSA) on a thin sub-
strate which can has a large BW.

Figure 13. General Planar Monopole Antenna.

Planar monopole antenna can be in various shapes depends on application as Fig.14
shows: square, rectangular, triangular, hexagonal, circular and elliptical.
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Figure 14. Various model of planar monopole antenna [29].

A planar rectangular monopole antenna is chosen in this study as basic geometry to
design the final antenna. The explanation brings the main properties and design produc-
er of the planar rectangular monopole antenna.

For a planar monopole antenna a lower frequency and physical dimension for
VSWR=2 are approximately calculated from below equations [29]. Assume that the
rectangular planar is equivalent to cylindrical monopole antenna with same height L and
radius r.

2 = (48)

= /2 (49)

=
7.2

+ +
(50)

Where p is probe length and all parameters are in centimeter.
The input impedance of a /4 monopole antenna is half of /2 dipole antenna. The

BW of this antenna is mainly depends on length of probe (p), diameter of feeding probe
(d) and width of plate (W). When SMA connector is used for feeding the antenna pa-
rameter d is remain constant at 0.12 cm [29]. If L is increase then the lower edge fre-
quency decrease.

As inkjet printing is possible for implementing planar monopole antenna, microstrip
antenna is one of the best choices for printing on cardboard as substrate.  In addition the
antenna which is chosen in this case should be unbalanced since the RF power harvester
circuit is unbalanced. The input impedance of antenna is 50 , due to the whole system
is in 50  impedance. Since we need an antenna for WiFi band, so having a wideband
antenna is not required.
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7. DESIGN PROCEDURE

In this chapter, design procedure of printing rectifier and antenna by using ink-jet print-
ing technology is explained.

7.1 Design Procedure of Rectifier at 950 MHz

Fig. 15 shows the steps of designing RF power harvester, which consists of designing:
antenna, matching circuit and voltage doubler. First of all we start from designing the
voltage doubler and then go to other steps.

Figure 15. General block diagram of RF energy harvesting system.

In this study, a voltage doubler is designed by using 2 zero bias schottky surface
amount HSMS-2850 [10], which is designed to use in the presence of a small signal
(Pin < -20 dBm) and at frequencies below 1.5 GHz. In addition, it provides a low for-
ward voltage, low substrate leakage, high switching speed and uses symmetric proper-
ties of a diode that allows unidirectional flow of current under ideal condition [10].
Hence, if the input voltage is higher than the diode forward voltage then the circuit can
be practicable.

The specific parameters of diode are given by Agilent in data sheet. These parame-
ters, listed in Table. 3 are used in Advance Design System (ADS) software to model the
diode by its equivalent circuit.

Table 3. The electrical parameters of schottky diode [10].

Parameters Units HSMS-2850

BV V 3.8
Cj0 pF 0.18

EG eV 0.69
IBV A 3 E-4
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If the effect of diode substrate is neglected, then the diode is model as Fig. 16 Where
is junction capacitance,  is junction resistance.

RS Rj

Cj

Figure 16. The equivalent circuit of the schottky diode used in ADS.

Simulation and practical implementation is done at 950 MHz ± 50 MHz, which is
closed to the center frequency of GSM-900 transmitter. The simulation is also per-
formed using the same schematic depicted in Fig. 4, with C1 and C2 equal to 1nF and
1µF, respectively. 10K ohm is chosen as optimum load, due to by increasing the load
resistance the output voltage also increased but the output power will decrease, Hence a
trade-off is needed in this case. The circuit used in this study can be seen in Fig.17. The
circuit is simulated in ADS using large signal S-parameter method. After simulation the
circuit is then printed on a cardboard with silver ink by Fujifilm Dimatix DMP-2831
material inkjet printer. The printing is done in 4 steps and in each step, two layers is
printed in order to achieve a better conductivity.

Figure 17. The fabricated rectifier using inkjet printing technology on cardboard.

The output voltage of RF-conversion without matching circuit is shown in (table. 4 and
Fig. 18)

IS A 3 E-6
N 1.06

RS 25

PB( VJ) V 0.35
PT(XTI) 2

M 0.5
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Table 4. Comparision of experimental and simulation results.

Input power
(dBm)

Output voltage /
Measurement
(mV)

Output voltage /
Simulation (mV)

10 3020 2560
5 1621 1322
0 825 634
-5 392 268
-10 172 88
-15 68.09 20
-20 24.1 12
-25 8 0.356

From the Fig. 18, it can be seen that measurement and simulation are approximately
agree with each other. The measurement results are shown to be better than simulation.
The reason may be related to the resistance value of diode which may be lower than the
simulation model [9]. In this case the DC voltage at 10dBm in simulation and measure-
ment are 2.568 V and 3.02 V respectively.

Figure 18. The simulation and measurement results for the output voltage of the rectifier versus the input power.

In the next step, the input impedance of the printed circuit is measured by Vector
Network Analyzer (VNA) and then the matching part is added to the circuit in order to
transfer the maximum available power from antenna to rectifier. The complete schemat-
ic of RF power harvester is shown in Fig. 19.
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C1

C2

MonoPole Antenna
L1match

L2match
Rl

Zant

Zin/match

Vrec

Figure 19. The matching circuit block diagram.

The fabricated rectifier with impedance matching circuit is shown in Fig. 20. Differ-
ent power levels (dBm) by the aim of “ hp ESG-D3000A Signal Generator” are applied
as input power of rectifier to investigate the input reflection coefficient of rectifier.

Figure 20. The fabricated rectifier with impedance matching circuiusing inkjet printing technology on cardboard.

Fig. 21 shows the return loss (S11) at 950 MHz frequency, which performs similar to
the simulation result. The circuit is perfectly matched in desired frequency for different
input power levels.

Figure 21. Input reflection coefficient result of rectifier after adding matching circuit.
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The output voltage is measured by using digital signal generator @950MHz for vari-
ous input power. The output voltage is increased after adding the matching part in com-
pare to previous result.  For instance the output voltage for 0dBm input power before
matching was 1.6V, while it reaches to 2.1 V after adding the matching circuit.
    From the Fig. 22, it can be seen that measurement and simulation are approximately
agree with each other. The measurement results are shown to be better than simulation.
The reason may be related to the resistance value of diode which may be lower than the
simulation model [9].

Table 5. Comparision of experimental and simulation results after adding matching circuit.

Input power
(dBm)

Output voltage /
Measurement

(mV)

Output voltage /
Simulation (mV)

10 5150 3011
5 3530 1600
0 2100 1040
-5 1160 865

-10 601 365
-15 296.46 197
-20 129.77 78
-25 52.46 61

Figure 22. The simulation and measurement results for the output voltage of the rectifier versus the input power.

-30 -25 -20 -15 -10 -5 0 5 100

1000

2000

3000

4000

Input power (dBm)

O
ut

pu
tp

ow
er

(m
V)

Measurement
Simulation



38

Figure 23. comparision of output voltage before/after adding matching circuit.

From fig.23, it can be seen that the output voltage is increased after adding the matching
circuit as expected.

7.2 Design Procedure of Rectifier at 2.4 GHz

Same steps are done as previous part to design the rectifier @ 2.4GHz. In this case, it
was assumed that the input power is more than -20 dBm. Hence, HSMS 28020 zero
surface shcottky diode [11] is chosen for fabricating the circuit. Which is suitable for >-
20 dBm input power up to 4GHz. Table. 6 shows the Pspice, model of diode.

Table 6. Electrical parameters of schottky diode [11].

First  of  all,  a  single  HSMS  2820  Diode  is  placed  on  cardboard  with  the  silver  ink
trace to investigate the input impedance of diode. From the Fig. 24, it can be seen that
the input power changes slightly for specific input power range.

-25 -20 -15 -10 -5 0 5 10
0

1000

2000

3000

4000

5000

6000

Input Power (dBm)

O
ut

pu
tV

ol
ta

ge
(m

V
) Circuit without matching

Circuit with matching

Parameters Units HSMS-2850
BV V 1.5
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EG eV 0.69
IBV A 1 E-4
IS A 2.2 E-6
N - 1.068
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PB( VJ) V 0.65
PT(XTI) - 2

M - 0.5
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Figure 24. Prototype for measuring input impedance of HSMS 2820

Figure 25. Measyrment result of input impedance of HSMS-2820 Zero surface schcottky diode.

Then, the rectifier was fabricated @ 2.4GHz to measure the input impedance of by
VNA and then the matching circuit was added to matched the input impedance of recti-
fier in all input power range (-10 to 5 dBm). Fig. 26 shows the fabricated rectifier
with/without matching circuit.

Figure 26. Fabricated Voltage doubler on Cardboard with/without matching circuit.

A series capacitor and a shunt inductor were used in matching network as shown in Fig.
27.
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Figure 27. schematic of added matching network to rectifier.

Fig. 28 shows the input return loss (dB) of rectifier for various input power. The cir-
cuit is perfectly matched from (-5 to 5 dBm) and it goes to -7dB for -10 dBm input
power.

Figure 28. The input return loss versus different input power level.

The output voltage was measured for both circuits by Signal Generator @ 2.4GHz.
Fig.29 presents that the output voltage for instance @ 0dBm is almost 1.2V after adding
the matching circuit.

Figure 29. The measurment output voltage versuse various input power levels.
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7.3 Design Procedure of Planar Monopole Antenna

A planar monopole antenna can be considered as a patch antenna if the ground plane is
infinity [30].  Due to the majority of space compare to thin substrate is air, hence air can
be assumed as substrate. The geometry of rectangular monopole antenna is depicted in
Fig. 30.

Figure 30. Geometry of general planar monopole antenna.

For decreasing the size of antenna, several parameters (Wa=Width of antenna, La=
length of antenna, Wg= width of ground and Lg= length of ground) are tuned. Also
bending the antenna helps to reduce the height of final antenna. Fig. 31 proposed the
final geometry of planar monopole antenna.

Figure 31. Geometry of proposed antenna.

Figures (32-34) shows the ultimate results of simulation in desired frequency
(2.4GHz).The summery of physical dimensions of proposed planar monopole antenna is
presents in Table. 7.
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Figure 32. VSWR or Impedance BW simulation plot of antenna.

Figure 33. The simulation of the input matching of proposed antenna rectangular planar monopole antenna.

Figure 34. The current distribution of in the proposed antenna structure at 2.4GHz.
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Table 7. The summery of the physical dimensions of proposed planar monopole antenna.

Physical parameter Length (mm)

La 35

W50 2.5

Lg 12

Wg 70

7.4 Simulation and Measurement Results

According to the final results of simulation, the proposed antenna is printed on card-
board with the aim of surface treatment. Fig. 35 presents the fabricated inkjet-printed
planar monopole antenna.

Figure 35. The inkjet-printed planar monopole antenna on cardboard. Top and Bottom sides.

The simulation and measurement results of input reflection coefficient of proposed
antenna ( ) is depicted in Fig. 36. The results are in a good agreement with simulation
however, the measurement is not perfectly accurate due to the effect of other instru-
ments in measurement environment. Besides, during the printing monopole antenna the
width of it is increased a bit due to displacement of layers during printing procedure. As
simulation shows, it is expected by increasing the width, center frequency is shifted to
lower.
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Figure 36. The simulation and measurment result of Input return loss of proposed antenna.

Fig. 36 shows the simulation and experimental results of efficiency of antenna in de-
sired frequency range.

Figure 37. The simulation and measurment result of radiation efficiency of proposed antenna.

Experimental result of maximum gain is illustrated in Fig. 38 which is also measured
in Satmio Star Lab for desired frequency range. the maximum gain of proposed antenna
is 2.7 dB which is enough good result for printed antenna on cardboard.

Figure 38. The measurment result of maximum realized gain of proposed antenna.

Other parameters which need to be investigated are radiation patterns of antenna. The
simulation and measurement result of E-plane and H-plane at 2.4GHz are demonstrated
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in Fig. 39 and Fig. 40. The H-plane is Omni-directional in desired frequency range. E-
plane is like an ordinary radiation pattern of monopole antenna

Figure 39. The measured and simulation radiation pattern of proposed antenna in H-Plane.

Figure 40. The simlation and radiation pattern of proposed antenna in E-Plane

Measurement and simulation results of 3D radiation pattern of proposed antenna are
presented in Fig.41. As it can be seen, results are in a good agreement.

Figure 41. 3D Measurement and Simulation of Radiation Pattern of Proposed Antenna
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8. RESULTS OF ENERGY HARVESTING SYSTEM

RF harvesting system which is consist of a rectifier and a planar monoploe antenna is
illustretaed in Fig. 42.

Figure 42. The fabricated RF energy Harvester fat 2.4GHz.

For investigating the performance of the system, a patch antenna [30] as is shown in
Fig.43, which was designed for 2.4 GHz is used as transmitter to power the antenna of
rectifier. Fig. 44 indicates the gain and efficiency of patch antenna.

Figure 43. The fabricated Patch antenna as power source.
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Figure 44. The measurment and simulation results of patch antenna for efficiency and gain.

The measurement setup for investigation the performance of system is represented in
Fig. 45. A signal generator is used to power the patch antenna, and then the rectenna is
placed near the reference antenna

Figure 45. The measurment setup for investigating the performance of RF energy harvester.

The maximum received power by monopole antenna while the input power of signal
generator is 20dBm, is measured by spectrum analyzer @ 2.4GHz. The maximum re-
ceived power is around (-13_-12 dBm) if monopole antenna is located near patch anten-
na. The below table shows the measurement results of output voltage when monopole
antenna is connected to rectifier and when rectifier is measured directly by signal gener-
ator.

Table 8. The output measurment result of RF energy harvester.

Input Power (dBm) Output voltage rectifier
without antenna(mV)

Output voltage of Rectifi-
er with antenna(mV)

-13 4.1 4.3

-12 6.6 -

-11 11.4 -

Although there is a limitation in measurement, since more power cannot be trans-
ferred to the patch antenna, but the final results shows that the RF power harvester
works. It shows 4.3mV at the output for -13dBm input power.
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9. CONCLUSION

In this master thesis, the design and fabrication of RF energy harvester using Inkjet-
printing technology on environmentally bulk cardboard substrate is investigated. For
these purpose, different steps has been done. As first attempt, a single stage rectifier
based on diode-based voltage doubler is simulated and implemented on cardboard. By
using the input-output characteristics of diode, input RF signal is converted to DC volt-
age. The amount of output DC voltage depends on several parameters: number of stag-
es, load and capacitors. In addition, after fabrication of rectifier, the input impedance
matching circuit was added, in order to transfer the maximum available power to the
rectifier. The matching circuit is a critical part of design, since the input impedance of
rectifier is change the variation of the input power level. Hence, the circuit should be
matched in all input power range.

A series capacitors and shunt inductors were used in matching circuit. As measure-
ment result shows, the circuit is perfectly matched the desire power range. The output
DC voltage was measured before and after adding matching circuit. For 5dBm input
power at 2.4GHz, 1.12V is presented at the output of voltage doubler.

In the next Step, a monopole planar antenna was simulated and fabricated on card-
board by inkjet-printing technique. A planar monopole antenna was chosen for power
harvesting as power source since its radiation pattern is omnidirectional in the H plane
and the radiation pattern does not change with frequency. The antenna was measured by
Satimo_Star lab. The measurement shows a good agreement with simulation.

Finally, in the last step, rectifier was connected to the antenna and placed near a
patch antenna as power sources. The maximum measured power by Agilent E4407B
Spectrum Analyzer, which is captured by monopole antenna near power source, is al-
most –13 dBm. Connecting the monopole antenna to the rectifier, directly, and placing
it near the power source, provides a DC voltage in the millivolt range across a 10 k
load. This correlates with the results of rectifier.
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