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ABSTRACT 

 

 
 Energy harvesting technology has received a lot of attention as the demand of long life 

span of energy source increase. Towards that, Rectenna (Rectifier Antenna) or Energy 

Harvesting system is designed in the current work and it consists of antenna, matching 

circuit and a rectifier circuit. Microstrip patch antenna where designed to harvest GSM 

signals. Single-patch antenna and array antennas are designed at 900 MHz for this 

purpose. The designed antenna has good return loss performance and the array antennas 

are designed to achieve higher gain and hence more captured energy. The design and 

optimizing of the performance of the proposed antenna are performed by using Computer 

Simulation Technology software CST studio design.  

 

The rectifier circuit is a 7 stage voltage doubler circuit using Schottky diodes and it is 

designed to convert the RF energy into a DC output. A matching circuit has been designed 

from a single stub to match the complex input impedance of the rectifier circuit to the 

standard 50 Ω. The design of the rectifier circuits is performed by using NI Multisim 14 

software and the output voltage of rectifier was 2.283V. 

A single stage rectifier circuit along with matching circuit are fabricated on an FR-4 

substrate.  
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 ملخص الرسالة

تكنولوجيا حصاد الطاقة لاقت الكثير من الاهتمام، من حيث زيادة الطلب لإطالة العمر الافتراضي 

لذلك، في هذا المشروع تم تصميم نظام لحصاد الطاقة، وهذا النظام يتكون من ثلاثة  لمصادر الطاقة.

دائرة الأولى تم تصميم هوائي يعمل على تردد شبكات الاتصالات الخلوية الجوال التي دوائر، في ال

ميجا هيرتز حيث تنبعث من هذا الهوائي طاقة كهرومغناطيسية  900بتردد  GSM تعمل بنظام ال

ولزيادة هذه الطاقة المنبعثة تم تصميم اثنين من  مترددة صغيرة جدا يمكن استغلالها في حصاد الطاقة

التصميم باستخدام  للحصول على طاقة منبعثة عالية نوعا ما وتم Arrayه الهوائيات بنظام سلسلة هذ

 .CST microwave studioبرنامج المحاكاة الحاسوبي 

مضاعفة الجهد للطاقة المستقبلة من الهوائي في الدائرة مع الدائرة الثانية هي عبارة عن دائرة تعديل 

من سبع مستويات في كل مستوى تم استخدام اثنين من ثنائيات شوتكي الأولى وتتكون هذه الدائرة 

Schottky diode HSMS-2850  تيارحيث تم تحويل طاقة ترددات الراديو المستقبلة الى 

كهربائي مستمر ومضاعفته سبع مرات بعدد مستويات الدائرة والحصول على جهد يقدر ب 

2.283Volts بي باستخدام برنامج المحاكاة الحاسوNI Multisim 14.  

الدائرة الثالثة هي عبارة عن دائرة تتوسط الدائرتين السابقتين تسمى دائرة التوافق تعمل على التوفيق 

اوم ودائرة تعديل ومضاعفة الجهد التي  50ما بين الجهد المستقبل من الهوائي الذي يعمل بنظام ال 

ن خلال تمرير كل الطاقة المستقبلة من تعمل بنظام الجهد الكهربائي وحصد أكبر طاقة ممكنة م

 الهوائي لدائرة التعديل ومضاعفة الجهد.

 

في هذا المشروع، عمليا تم تصميم دائرة التوافق مع مستوى واحد من دائرة مضاعفة الجهد لعدم 

ولم نتمكن من اختبارها لعدم توفر أجهزة  لتصميم الدائرة كاملة توفر مكونات التصميم في السوق

 المراد استخدامها بفعل الحصار والتضييق.القياس 
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                   Introduction 
 

1.1 Energy Harvesting 

 

The ever increasing use of wireless devices, such as mobile phones, wireless computing 

and remote sensing has resulted in an increased demand and reliance on the use of 

batteries. With semiconductor and other technologies continually striving towards lower 

operating powers, batteries could be replaced by alternative sources, such as Direct 

Current (DC) power generators employing energy harvesting techniques. 

Radio Frequency (RF) energy harvesting, also referred to as RF energy scavenging has 

been proposed and researched in the 1950s using high power microwave sources, as more 

of a proof-of-concept rather than a practical energy source, due to the technologies 

available at the time. However, with modern advances in low power devices the situation 

has changed with the technique being a viable alternative to batteries in some 

applications. Particularly, for wireless devices located in sensitive or difficult access 

environments where battery operated equipment might not have been previously possible 

[1-2]. 

In the modern environment there are multiple wireless sources of different frequencies 

radiating power in all directions. Figure 1.1 shows some that potentially could be 

exploited for RF energy harvesting applications. These might be, but not limited to; TV 

and radio broadcasts, mobile phone base stations, mobile phones, wireless Local Area 

Network (LAN) and radar. 
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Figure 1.1: Potential RF Harvesting Sources. 

 

The basic energy harvesting system block diagram shown in Figure 1.2, where a 

transducer typically an antenna or antenna array harvests ambient electromagnetic 

energy. This harvested energy is rectified and filtered. The recovered direct current (DC) 

then, either powers a low powered device directly, or stored in a super capacitor for 

higher power low duty-cycle operation [3]. 

 

 

Figure 1.2: Basic RF Energy Harvesting Block Diagram. 

 

RF power source: is generally an antenna which RF signal produces a small sinusoidal 

voltage. The maximum theoretical power is available for RF power harvesting 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 935_960MHz bandwidth. 
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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 Ω), so the impedance matching is needed in case of 

transferring maximum power. 

 

Rectifier circuit: Rectifier is able to convert an input RF signal into a considerable DC 

voltage. Due to low power threshold, the efficiency of rectifier is not high enough. Hence 

one of the challenging parts of designing rectifier is having reasonable efficiency. 

The output voltage of rectifier is not stable and consists of ripples. Hence, a low pass 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 simulation. 

Frequency selection is an important consideration in RF Energy Harvesting (RFEH) 

systems and at the same time might be environment specific. As an example for an indoor 

application wavelength up into the low GHz would be a better choice, due to their ability 

to propagate well in these environments, rather than lower very high frequency over Ultra 

High Frequency transmissions VHF/UHF. These might be more useful to outdoor or 

remote location harvesting applications. 

Generally, in the modern built environment Global System for Mobile (GSM) mobile 

phone signals are prevalent, and propagate well both into and out of buildings, offering 

harvesting potential from both the GSM base stations as well as the user’s handsets. 

  

 

1.2 Global System for Mobile (GSM) 

 GSM is the most widely spread mobile communication system all around the world. 

GSM provides several telecommunications services such as voice calls, data sessions, 

Short Messaging Service (SMS), Multimedia Messaging Services (MMS), etc. In 1982, 

the Poste Télécommunications et Télédiffusion (PTT) sent a proposal to Conférence 

Européenne des Postes et Télécommunications (CEPT) to specify a common European 

telecommunication service in the 900 MHz band. GSM standardization group was then 

established to formulate the specifications for this European mobile cellular radio system. 
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From the year 1982 to 1985, discussions centered around whether to build an analog or a 

digital system, where GSM decided to develop a digital system. In 1986, companies 

participated in a field test in Paris to determine whether a narrowband or broadband 

solution would be deployed. By May 1987, the narrowband Time Division Multiple 

Access (TDMA) solution was chosen. Concurrently, operators in 13 countries (two 

operators in the United Kingdom) signed the Memorandum of Understanding (MoU) 

which committed them to fulfill GSM specifications and deliver a GSM system by July, 

1991 [4]. As compared with other technologies, GSM dominates about 80% from the total 

number of subscribers which is about 4.7 billion subscribers in the second quarter, 2015 

[5]. 

GSM is a system that consists of three subsystems that all make a complete and 

operational system as will be pointed out in the following sections.   

 

1.3 GSM Physical Bands 

GSM 900, GSM 1800 and GSM 1900 are the common three GSM bands. These bands 

come to fulfill the needs of the increasing number of demanding customers. The most 

common GSM band is the 900 MHz band which is used in Palestine Cellular 

Communications Company Jawwal for GSM network. Each band is divided into two sub-

bands which are called Up Link (UL) from the Mobile Station (MS) to the BTS and Down 

Link (DL) from the BTS to the MS. The idea behind this separation is to have two separate 

frequency bands to provide the user with full duplex communication service. The details 

of the three common GSM bands are shown in table1.1.   

 

Table 1.1: Various GSM Frequency Bands. 

Frequency band (MHz) UL frequency range (MHz) DL frequency range (MHz) 

GSM 900 890-915 935-960 

GSM 1800 1710-1785 1805-1880 

GSM 1900 1850-1910 1930-1990 
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Figure 1.3: GSM 900 Band with UL, DL, Channel Bandwidth and Duplex 

Distance[6]. 

 

1.4 Thesis Objective 

The main objective of this project is to design an energy harvesting system consisting of 

a rectangular microstrip antenna, a matching circuits and rectifier circuit that can capture 

energy of the available GSM signals and convert it into DC output. The harvesting system 

has potential application of charging mobile and other equipment. 

 

 

1.5 Thesis Outline  

This thesis is composed of five chapters.   

Chapter 1 presents an introduction to the topic and objectives of the project. In Chapter 

2, we introduce a background on the antenna basics, Maxwell’s equations and the 

radiation pattern of the antenna. Antenna parameters such as directivity, gain and 

polarization and microstrip antenna design equations are also discussed.  Chapter 3 

introduces the rectifier’s basics, the type of rectifier, the voltage doublers circuits and 

specially the schottky diode. In Chapter 4, literature review, the designs and simulations 

of rectangular patch antenna, matching circuits and rectifier circuits. Finally, the 

conclusion of the research and the suggestions for future work are presented in chapter 5. 
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Antenna Theory 

 

2.1 Introduction 

An antenna is a passive device to transform an RF signal, traveling on a conductor, into 

an electromagnetic (EM) guided wave in free space and vice versa [11]. An antenna acts 

as a transitional structure between the guiding device (e.g. waveguide, transmission line) 

and the free space. The official IEEE definition of an antenna as given by Stutzman and 

Thiele [1] follows the concept: “That part of a transmitting or receiving system that is 

designed to radiate or receive electromagnetic waves “as shown in figure 2.1. When 

operating as a transmitter, the antenna accepts a wave propagating as a mode along a 

waveguide or transmission line, and emits a radiating wave into free space. As a receiver, 

the antenna intercepts a wave in free space and introduces a propagating wave on a 

transmission line. 

 

 
Figure 2.1: Antenna as a transition device. 
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Antennas are frequency-dependent devices. Since each antenna is designed to operate in 

a certain frequency band and reject signals from the other operating band, antennas can 

be considered as a low pass filters.  

 

2.2 Antennas to Radio Waves 

James Clerk Maxwell (1831–1879) presented a set of equations named as Maxwell’s 

equations that describe the interrelationship between electric fields E, magnetic fields H, 

electric charge 𝛒, and current density J [6].  Here we toke one case as a single frequency 

source case (an arbitrary case can be considered the combination of many single-

frequency sources), thus Maxwell’s equations can be written as [6]: 

 

𝛁 𝐗 𝐄 =   −𝐣𝛚𝛍 𝐇                                                        (2.1) 

𝛁 𝐗 𝐇 = 𝐉 + 𝐣𝛚 𝛆𝐄                                                       (2.2)                                                                                                            

𝛁 ∙ 𝐄 = 
𝛒

𝛆
                                                          (2.3)                                                                                                

𝛁 ∙ 𝐇 = 𝟎                                                                (2.4)  

                                                                                                                          

𝛒 is the charge density, 𝜔 is the angular frequency, 𝜇 is a scalar quantity, 𝜀 electric 

permittivity. 

𝛁 = 𝐢
∂

∂x
+ j

∂

∂y
+ k

∂

∂z
           is a vector operator. 

 

From equations listed a new equation can be derived [6]: 

 

∇2𝐸 + 𝜔2𝜇𝜀𝐸=j𝟂μJ+∇(
𝜌

𝜀⁄ )                                        (2.5) 

 

This equation links the radiated electric field (no magnetic field) directly to the source 

[6]. To solve this equation, boundary conditions are required for an open boundary, so 

the field disappears when the distance from the source V to the field point becomes 

infinite, see figure 2.2. 
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Figure 2.2: Radio waves generated by a time varying source [6]. 

 

𝐄(𝐫) = −𝐣𝛚𝛍 ∫
𝐯
 𝐉 (�́�)

𝐞−𝐣𝛃.|𝐫−𝐫 ́ |

𝟒𝛑|𝐫−𝐫 ́ |
𝐝�́� +

𝟏

𝐣𝛚𝛆
𝛁(𝛁. ∫

𝐯
 𝐉(�́�)

𝐞−𝐣𝛃.|𝐫−𝐫 ́ |

𝟒𝛑|𝐫−𝐫 ́ |
d�́�)              (2.6) 

Equation (2.6) is the solution of Equation (2.5) in a uniformed medium 𝜇 and 𝜀, where r 

is the distance vector from the origin to the observation point and 𝑟 ́   is from the origin 

to the source point [6].  

This equation is the most institution of antenna theory, because it shows how the antenna 

is related to radio waves, and it gives the radiated electric field from a time varying current 

J (the time factor  𝑒𝑗𝜔𝑡 is omitted here). Only vibrating (time-varying) current charges as 

shown in Figure 2.2. It can generate a radio wave (not DC current or static charges) [6]. 

Antenna design is all about how to control the current distribution J and hence to obtain 

the desired radiated field E. Antenna theory could be summarized by this single 

complicated equation, which consists of vector partial differentiation and integration [6]. 

 

2.3 Near-Field and Far-Fields 

Antenna has three regions as seen in figure 2.3. First region is called the Reactive Near-

Field Region which is the portion of the nearfield region immediately surrounding the 

antenna wherein the reactive field (nonradiating field) predominates [6]. For most 

antennas, the outer boundary of this region exist at a distance (R< 0.62√𝑑3/λ)  from  the 
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antenna surface, where 𝜆 is the wavelength, and d is the largest dimension of the antenna 

[1]. 

The second region is called radiating Near-Field (Fresnel) which is the region of the field 

of an antenna between the reactive near-field region and the farfield region wherein 

radiation fields predominate and wherein the angular field distribution is dependent upon 

the distance from the antenna. If the antenna has a maximum dimension that is not large 

compared to the wavelength, this region may not exist [6]. The inner boundary is taken 

to be the distance (R ≥ 0.62√𝑑3/λ) and the outer boundary the distance (R < 2𝑑2/𝜆) [1]. 

The third region is called Far-Field (Fraunhofer) and can be defined as the region of the 

field of an antenna where the angular field distribution is essentially independent of the 

distance from the antenna [6]. The far-field regions exist at distances (𝑅 > 2𝑑2/𝜆) from 

the antenna [1]. And, 𝑟1= 0.62√𝑑3/λ  ,𝑟2= 2𝑑2/𝜆, see figure (2.3). 

 

 

Figure 2.3: Antenna field regions [6]. 
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2.4 Fundamental Parameters of Antenna 

Antenna parameters are used to characterize the performance of an antenna when 

designing and measuring antennas. The most fundamental antenna parameters such as 

radiation pattern, gain, input impedance, bandwidth and polarization are explained. 

 

2.4.1 Antenna Radiation Patterns 

The radiation pattern is defined as a graphical representation of the radiation properties 

of the antenna as a function of space coordinates, and can be drawn with three-dimensions 

(3D) [1]. As seen in figure 2.4, the 3D pattern is a good way for the radiated field 

distribution as a function of angle θ and φ in space. The radiation patterns in the two main 

planes are the E-plane, and the H-plane. The E-plane belongs to the electric field E plane, 

and the H-plane belongs to the magnetic field H plane. 

In ideal current element case, the electric field is Eθ and the magnetic field is Hφ, so the 

E-plane pattern is the field Eθ measured as a function of θ when the angle φ and the 

distance are fixed [6].  The H-plane pattern is the field, Eθ measured as a function of φ 

when the angle θ and the distance are fixed. It should be pointed out that the radiation 

patterns in figure 2.4 are plotted on a logarithmic scale (dB plot) that helps us to see 

details of the field or power over a large dynamic range, especially some minor side lobes 

[6]. 
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Figure 2.4: coordinate system of antenna analysis 

 

2.4.1.1 Radiation Pattern Lobes 

A radiation lobe is a portion of the radiation pattern bounded by regions of relatively weak 

radiation intensity [12], and [6]. As seen in figure 2.4, and 2.5, radiation pattern can be 

divided to main lobe, minor lobes, side lobes and back lobes. 

 

Figure 2.5: radiation pattern lobes 3D [1]. 
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Minor lobes usually represent radiation in undesired directions, and they should be 

minimized.  The Side lobes are the biggest of the minor lobes.  The level of minor lobes 

is defined as a ratio of the power density, often termed the side lobe level [6]. In several 

radar systems, low side lobe ratios are very important to minimize false target indications 

through the side lobes [1].  Figure 2.6 describes the radiation pattern lobes with two-

dimensions (2D) plot.  The most common resolution criterion states that the resolution 

capability of an antenna to distinguish between two sources is equal to half the first-null 

beam width (FNBW/2), which is usually used to approximate the HPBW [12], see figure 

(2.4). 

 

Figure 2.6: 2D radiation pattern lobes [3]. 

 

2.4.2 Beam width 

The beam width of an antenna is a very important figure and often is used as a trade-off 

between it and the side lobe level.  As seen in figure 2.7 it is also used to describe the 

resolution capabilities of the antenna to distinguish between two adjacent radiating 

sources or radar targets [1], and [6]. There are two types of beam width, the first type is 

called Half-Power Beam Width (HPBW), and it can be defined as the angle between the 

two directions in which the radiation intensity is one-half value of the beam, or the angular 

width of the main beam at the half-power points [1].  The second type is called First Null 

Beam width (FNBW) and it can be defined as an Angular separation between the first 

nulls of the pattern [1], and [3], see figure 2.7. 
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Figure 2.7: 3D and 2D power patterns [1]. 

 

2.4.3 Radiation Power Density  

First, the radiation density can defined as the power density of an antenna in its far field 

region. The instantaneous Poynting Vector �⃑⃑⃑�  is defined as the quantity used to describe 

the power associated with an electromagnetic wave [1]: 

 

�⃑⃑⃑� = �⃑�  𝐗  𝐇⃑⃑⃑⃑                                                  (2.7) 

 

𝐖 ⃑⃑⃑⃑  ⃑: instantaneous Poynting vector (W/m2) 

�⃑�  ∶ instantaneous electric field intensity (V/m) 

�⃑⃑� : instantaneous magnetic field intensity (A/m) 

Since the Poynting vector is a power density, then the total power crossing a closed 

surface can be obtained by integrating the normal component of the Poynting vector over 

the entire surface, and be written as [1], and [6]:  
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𝚸 =   ∯ 𝐖 . n⃑  𝐝𝐚.                                                   (2.8) 

where 

P = instantaneous total power crossing a closed surface (W). 

�⃑⃑�   = unit vector normal to the surface. 

W = instantaneous Poynting vector (W/𝑚2)  

da = infinitesimal area of the closed surface (𝑚2) 

The average power density (time average Poynting vector) can written as [1], [6]: 

 

Wav(x¸ y¸z) = �̃�(𝑥¸𝑦¸𝑧; 𝑡)𝑎𝑣=[E⃑⃑  X H⃑⃑ ∗]/2  (W/𝑚2)                  (2.9) 

 

The real average power density is represented by the real part of [�⃑�  𝐗 �⃑⃑� ∗]/𝟐 and the 

reactive power density is represented by the imaginary part of  [�⃑�  𝐗 �⃑⃑� ∗]/𝟐 .From (2.9) 

the average power radiated can be written as [1]: 

 

Prad = 𝑃𝑎𝑣 =   ∯
𝑠
�⃑⃑⃑� 

𝑟𝑎𝑑. 𝐝𝑠  =   ∯
𝑠
𝐖 . �⃑�    𝐝𝐚 = 

1

2
 ∯

𝑠
𝐑𝐞 ∯

𝑠
[E⃑⃑  X H⃑⃑ ∗]. 𝐝𝑠       (2.10) 

 

 

2.4.4 Radiation Intensity 

Radiation Intensity is defined as radiated power from any antenna per solid angle 

(radiated power normalized to a unit sphere) [2], and [1]. The radiation intensity is a far 

field parameter, so it can be obtained by multiplying the radiation density by the square 

of the distance. 

𝑈 = 𝑟2𝑊𝑟𝑎𝑑                                               (2.11) 

 

where  

U=radiation intensity (W/solid angle) 

𝑊𝑟𝑎𝑑 = radiation density (W/𝑚2) 

From (2.11) the power pattern is also a measure of the radiation intensity, so the total 

power is obtained by integrating the radiation intensity over the entire solid angle of 4𝜋. 
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Prad = ∬ U(θ¸ϕ)
2ππ

00
sinθdθdϕ = ∬ U(θ¸ϕ)

2ππ

00
dΩ                         (2.12) 

 

and 𝑑Ω = sin 𝜃𝑑𝜃𝑑𝜙is defined as the differential solid angle. The radiation intensity of 

isotropic source is found by dividing the radiation intensity by the area of the unit sphere 

(4π) which gives [1]: 

 

𝑈0 =
∬ U(θ¸ϕ)

2ππ
00

dΩ

4π
=

Prad

4π
                                                (2.13) 

 

2.4.5 Directivity 

It can be defined as the ratio of the radiation intensity in a given direction from the antenna 

to the radiation intensity averaged over all directions [1], and [6]. 

 

D = D(θ¸ϕ)=
U(θ¸ϕ)

U0
=4π

U(θ¸ϕ)

Prad
                                        (2.14) 

 

 

2.4.5.1 Beam Solid Angle  

The beam solid angle (steradian) 𝛀𝐀is define as the solid angle with its vertex at the center 

of sphere radius r that subtended by a spherical surface area 𝑟2, or can be defined as the 

solid angle through which all the power of the antenna would flow if its radiation intensity 

were constant and equal to the maximum value of U for all angles within 𝛀𝐀 [1], and [6]. 

A steradian is a solid angle measurement unit, see figure 2.8. Thus, the directivity can be 

written as: 

 

𝐷 =
4π

ΩA
    and solid angle     ΩA= 𝑟2𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙                             (2.15) 
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Figure 2.8: Geometrical arrangements for defining a steradian [1]. 

 

2.4.6 Antenna Efficiency  

The total antenna efficiency  𝑒0is used to take into account losses at the input terminals 

and within the structure of the antenna, and  𝑒0  is due to the combination of number of 

efficiencies [1], see figure2.9. 

 

 

Figure 2.9: Reference terminals and losses of an antenna [1]. 

 

The overall efficiency can be expressed as: 

 

e0=   ereced                                                                (2.16) 

where 

e0= total efficiency. 

er= reflection (mismatched with input), er = (1 − |Γ|2). 

ec= conduction efficiency. 

ed= dielectric efficiency. 



18 
 

Γ = 
𝑍𝑖𝑛−𝑍0

𝑍𝑖𝑛+𝑍0
 = 

𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
                                                   (2.17) 

𝑉𝑆𝑊𝑅 =
1+ |Γ|

1− |Γ|
                                                          (2.18) 

 

Γ = voltage reflection coefficient at the input terminals of the antenna.  

𝑍𝑖𝑛 = antenna input impedance. 

𝑍0= characteristic impedance of the transmission line.   

VSWR =voltage standing wave ratio. 

usually ec and ed are very difficult to compute, but they can be determined experimentally 

[1]. 

 

2.4.7 Antenna Gain 

Antenna Gain is the ratio of the radiation intensity in a given direction to the radiation 

intensity that would be obtained if the power accepted by the antenna were radiated 

isotropically [1], and [6]. In addition, the gain of the antenna is related to the directivity. 

 

Gain = 4𝜋
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟
= 4π

𝑈(𝜃¸𝜙)

𝑃𝑖𝑛
 (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠)                   (2.18) 

 

The antenna gain can be expressed as the ohmic losses (𝑒𝑐𝑑)in the antenna multiplied by 

the antenna directivity 𝐷 (𝜃, 𝜙). 

 

𝐺 (𝜃, 𝜙) =   𝑒𝑐𝑑 𝐷 (𝜃, 𝜙)                                          (2.19) 

 

2.4.8 The Return Loss 

The return loss (RL) can be defined by the ratio of the incident power of the antenna 𝑃𝑖𝑛𝑐  

to the power reflected back from the antenna of the source 𝑃𝑟𝑒𝑓 [6]. Return loss tells us 

how much of the input signal is reflected. The Return Loss (RL) may also be explained 

as the difference between the power of a transmitted signal and the power of the signal 

reflections caused by variations in link and channel impedance [13], and [14]. 

Return loss is the negative of the reflection coefficient expressed in decibels. In terms of 

the voltage standing wave ratio (VSWR).  High return loss values mean a close 
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impedance match, which results in greater differentiation between the powers of 

transmitted and reflected signals, can be expressed as [6], [13], and [14]: 

 

𝑅𝐿 = 10 log10
Pinc

Pref
= 20log10 |

VSWR+1

VSWR−1
| = −20log10|Γ|  (dB)                    (2.20) 

 

2.4.9 Polarization 

Polarization is defined as the orientation of the electric field of an electromagnetic wave. 

Polarization is in general described by an ellipse [1]. Two special cases of elliptical 

polarization are linear polarization and circular polarization as shown in figure 2.10. The 

initial polarization of a radio wave is determined by the antenna. With linear polarization 

the electric field vector stays in the same plane all the time. Vertically polarized radiation 

is somewhat less affected by reflections over the transmission path. Omnidirectional 

antennas always have vertical polarization. With horizontal polarization, such reflections 

cause variations in received signal strength. Horizontal antennas are less likely to pick up 

man-made interference, which ordinarily is vertically polarized. In circular polarization 

the electric field vector appears to be rotating with circular motion about the direction of 

propagation, making one full turn for each RF cycle. This rotation may be right hand or 

left hand. Choice of polarization is one of the design choices available to the RF system 

designer. 

 

 

Figure 2.10: Electromagnetic wave Polarization classification [2]. 

 



20 
 

2.5 Types of Antennas 

There are several types of antennas which were developed since the past times due 

nowadays. In this section, a brief discussion of the different antennas according to their 

physical structures will be presented. The following types of antennas are: Wire antennas; 

aperture antennas, microstrip antennas, array Antennas, reflector antennas, and lens 

antennas [1]. 

 

2.5.1 Wire Antennas 

Wire antennas are very simple and cheap, with linear or curved forms. such as dipoles, 

monopoles, loops, helices, Yagi–Uda and log-periodic antennas [1] as shown in figure 

2.11. 

• Dipoles are the simple one and most widely used types of antenna. A dipole can take 

several structures like open-end, two-wire transmission line. A typical structure of a 

dipole consists of two metal wires which are normally of equal length. 

• The monopole antenna is half of the dipole antenna. 

• Loop antennas can be a circular, square, triangle, rectangular or elliptical form.  

• Helical antennas: with a shape defined by helices, similarly to a spring shape. Those 

antennas are used for space telemetry. 

 

 

Figure 2.11: wire antenna types (a) Dipole (b) Loop (c) Helix (d) Monopole. 

 

• Yagi–Uda Antenna: is popular type of end-fire antenna widely used in the VHF and 

UHF bands (30 MHz to 3 GHz) because of its simplicity, low cost and relatively high 

gain. The most noticeable application is for home TV reception and these can be found 

on the rooftops of houses. As shown in Figure 2.12. 



21 
 

 

Figure 2.12: Yagi–Uda antenna. 

 

• Log-Periodic Antennas: Similar to Yagi–Uda antenna as shown in figure 2.13. It 

produces a similar end-fire radiation pattern and directivity (typically between 7 and 15 

dB more than isotropic radiator) to the Yagi–Uda and, is widely used in the VHF and 

UHF bands. However, Yagi–Uda antennas have wider bandwidth and each element is 

connected to the source and can be seen as a feeder [1]. 

 

Figure 2.13: Log-Periodic antenna. 

 

2.5.2 Aperture Antennas 

There are many different geometrical configurations of an aperture antenna. They may 

take the form of a waveguide or a horn whose aperture may be square, rectangular, 

circular, elliptical, or any other configuration see figure 2.14. Aperture 

antennas are very practical for space applications, because they can be flush mounted on 

the surface of the spacecraft or aircraft. Horn antennas are the simplest and one of the 

most widely used forms of microwave antenna. 

http://www.google.ps/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCLmR6v_ro8cCFauh2wod3iACMw&url=http://goodpixgallery.com/yagi-uda-antenna-photos/&ei=FmTLVbmuJ6vD7gbewYiYAw&bvm=bv.99804247,d.ZGU&psig=AFQjCNEseU_C6xVe2fE9samtQriZYBXcjQ&ust=1439479107824957
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Figure 2.14: Aperture antenna shapes [3]. 

 

2.5.3 Array Antennas 

A lot of applications require radiation characteristics that may not be achievable by a 

single element, so an antenna array could be a good solution. The arrangement of the 

array may be such that the radiation from the elements adds up to give a radiation 

maximum in a particular direction, minimum in others, or otherwise as desired. Different 

array configurations are shown in figure 2.15. The major advantages of an array are: the 

flexibility to form a desired radiation pattern, the high directivity and gain [1]. 

 

 

 

Figure 2.15: wire, aperture, and microstrip array configurations [1]. 
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2.5.4 Reflector Antennas 

Reflector antennas, also known as satellite dish antennas, are a specific type of antennas 

for long distance communications. They are probably the most widely used antennas for 

high-frequency and high-gain applications in radio astronomy, radar, microwave and 

millimeter wave communications and satellite tracking and communications see figure 

2.16 [1]. 

 

 

Figure 2.16: Lens antenna types [3]. 

 

 

2.5.5 Lens Antennas 

Lens antennas can transform various forms of divergent energy into plane waves. They 

are suitable for high-frequency more than 4 GHz applications. There are many types as 

shown in figure 2.17, but the most important two types are delay lenses, in which the 

electrical path length is increased by the lens medium (using low-loss dielectrics with a 

relative permittivity greater than one, such as Lucite or polystyrene), and fast lenses, in 

which the electrical path length is decreased by the lens medium (using metallic or 

artificial dielectrics with a relative permittivity smaller than one) [1]. 



24 
 

 

Figure 2.17: Lens antenna shapes [3]. 

 

 

2.6 Microstrip Patch Antenna and Design Procedure 

The idea of microstrip antenna was first proposed by Deschamps in 1953 [4] and a patent 

in 1955. However, the first antenna was developed and fabricated during the 1970’s when 

good substrates became available [4, 5]. Microstrip antenna is also referred as a patch 

antenna. Microstrip patch antenna consists of a radiating patch on one side of a dielectric 

substrate and a ground plane on the other side as shown in Figure 2.18. The patch is 

generally made of a conducting material such as copper or gold and can take any possible 

shape. 



25 
 

 

Figure 2.18: Basic microstrip patch antenna [5] 

 

There are several shapes that can be used as the radiating patch. The radiating patch may 

be square, rectangular, thin strip (dipole), circular, elliptical, triangular, combination of 

these shapes or any other configuration [5]. Every shape has its own characteristics but 

square, rectangular, and circular are the most common configurations because of their 

easier analysis and fabrication. 

 

2.6.1 Advantages and Disadvantages of Microstrip Antennas 

The microstrip patch antenna has several advantages that proved to be an excellent 

radiator for many applications. But it also has some disadvantages. Even though the 

microstrip patch antenna suffers several disadvantages its many advantages have made it 

suitable to be used in wireless applications. 

2.6.1.1 Advantages  

i) They are lightweight, low volume and thin profile configuration. These make 

them to be easily incorporated into any package 

ii) Low profile planar configuration that can be easily made conformal to host 

surface; which fits the shape design and needs of modern communication 

equipment.  

iii) They can be made compact for use in personal mobile communication. 

iv) The microstrip antenna shape flexibility enables mounting them on a rigid 

surface which makes them mechanically robust.  
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v) Using printed-circuit technology leads to a low fabrication cost hence can be 

manufactured in large quantities 

vi) Supports both linear polarization and circular polarization. 

vii) They accept for dual and triple frequency operations.  

viii) They Can be easily integrated with microwave integrated circuits (MICs) 

on the same substrate. 

2.6.1.2 Disadvantages: 

i) Narrow bandwidth; 

ii) They can only be used in low power applications and low power handling 

capability.  

iii) Relatively poor radiation efficiency - radiate only in half-space.  

iv) High losses resulting from surface wave excitation, conductor and dielectric 

losses. 

2.6.2 Feeding Techniques 

The following feeding techniques are used for patch antennas, 

• Microstrip transmission-line feed  

• Aperture coupling feed  

• Coaxial probe feed  

• Proximity coupling feed  

These methods can be contacting or non-contacting. Contacting methods involve direct 

contact between the transmission line and the radiating surface. The non-contacting 

methods use electromagnetic field coupling to transfer the power to the patch [1]. 

 

2.6.2.1 Microstrip Transmission-Line Feed 

A microstrip feed line is a strip that is much narrower than the patch. This feed is very 

easy to fabricate and easily matched by controlling the inset position [8]. The feed is 

connected to one side of the patch as shown in Figure 2.19. The transmission-line and the 

patch are made from the same material. 
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Figure 2.19: Patch with feed line [9] 

 

2.6.2.2 Aperture Coupling Feed  

Aperture coupling is more difficult to fabricate and leads to narrow band-width. The 

geometry consists of two substrates separated by a ground plane. The bottom side of the 

substrate is fed by a transmission-line and the energy is coupled to the patch through a 

slot as depicted in Figure 2.20 [8]. 

The substrate on top has a low dielectric constant while the bottom substrate is a higher 

material with a non-contacting feed. By controlling the length of the slot or the width of 

the transmission-line, matching is performed. 

 

 

 

Figure 2.20: Aperture-coupled feed [9] 
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2.6.2.3 Coaxial Probe Feed 

The coaxial probe feed has a narrow bandwidth. It consists of two conductors. The outer 

conductor is connected with the ground plane while the inner conductor is connected to 

the radiating patch as shown in Figure 2.21 [9]. Coaxial probe feed is easy to fabricate 

and match. It is very difficult to model for thick substrates; the coaxial feed introduces an 

inductance into the feed that may need to be taken into account. the probe will also radiate, 

which can lead to radiation in undesirable directions. 

 

Figure 2.21: Top and side view of coaxial feeding  

 

2.6.2.4 Proximity Coupling Feed 

In proximity coupling, the microstrip line is placed between two substrates as shown in 

Figure 2.22 [9]. The upper substrate has a radiating patch on top. It is easy to model but 

difficult to fabricate. The bandwidth of the proximity coupling feed is very large. This 

coupling is capacitive and has low spurious radiation. 

 

Figure 2.22: Proximity-coupled Feed  
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2.7 Transmission Line Model Analysis 

The patch and ground-plane are separated by a dielectric. The patch conductor is normally 

copper. The patches are usually photo etched on the dielectric substrate. The substrate is 

usually non-magnetic. The relative permittivity of the substrate is normally in the region 

between 1 and 4, which enhances the fringing fields [3]. The rectangular patch is 

characterized by its length L, width w and thickness h, as shown in Figure 2.23 below. 

 

 

 

 

 

 

 

 

 

Figure 2.23: a rectangular microstrip patch antenna with fringing fields  

 

An effective dielectric constant (𝜀𝑟𝑒𝑓𝑓 ) must be obtained in order to account for the 

fringing and the wave propagation in the line. The value of, 𝜀𝑟𝑒𝑓𝑓 is slightly less than 

𝜀𝑟because the fringing fields around the periphery of the patch are not confined in the 

dielectric substrate but are also spread in the air. It can be expressed by [1]: 

 

εreff =
εr+1

2
+

εr−1

2
(1 + 12

h

w
)

1

2
 ,                                        (2.21) 

where  

𝜀𝑟𝑒𝑓𝑓= Effective dielectric constant  

𝜀𝑟= Dielectric constant of substrate  

h = Height of dielectric substrate  

W = Width of patch 

For a given resonance frequency𝑓𝑜, the effective length is given by [1]: 

Leff =
c

2fo√εreff
                                                    (2.22) 
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The fringing fields along the width can be modeled as radiating slots and electrically the 

patch of the microstrip antenna looks greater than its physical dimensions. The 

dimensions of the patch along its length have now been extended on each end by a 

distance, ΔL. 

The ΔL can be expressed as [1]:  

ΔL= 0.412h(
(εreff+0.3)

(εreff−0.258)
[
w

h
+0.264

w

h
 + 0.8

])                                       (2.23) 

 

The effective length of the patch 𝐿𝑟𝑒𝑓𝑓 now becomes: 

 

Leff = L +  2 ΔL ,                                                    (2.24) 

where  

ΔL = Length due to fringing effects  

L = Length of patch  

Leff= Effective length of the patch  

h = Height of dielectric substrate  

W = Width of patch  

 

For efficient radiation the width, W is given by [1]: 

 

W= 
𝑐

2𝑓𝑜√
𝜀𝑟+1

2

                                                        (2.25) 
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Rectifier Circuits 
 

3.1 Introduction 

 

The rectifier circuit is a circuit which rectifies AC voltage into DC voltage. In other 

words, rectifier is an electrical device composed of one or more diodes that converts 

alternating current (AC) to direct current (DC) as shown in figure 3.1. A diode is like a 

one-way valve that allows an electrical current to flow in only one direction. This process 

is called rectification [1]. 

Rectification produces a type of DC that encompasses active voltages and currents, which 

are then adjusted into a type of constant voltage DC, although this varies depending on 

the current's end-use. The current is allowed to flow uninterrupted in one direction, and 

no current is allowed to flow in the opposite direction [2]. 

A rectifier can take the shape of several different physical forms such as solid-state 

diodes, vacuum tube diodes, mercury arc valves, silicon-controlled rectifiers and various 

other silicon-based semiconductor switches. 

 

 

Figure 3.1: rectifier [3] 
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3.2 Rectifier 

 

The simplest design that can be used is a peak detector or half wave peak rectifier.  This 

circuit requires only a capacitor and a diode to function.  The schematic is shown in Figure 

3.2. The AC wave has two halves, one positive and one negative.  On the positive half, 

the diode turns on and current flows, charging the capacitor.  On the negative half of the 

wave, the diode is off such that no current is flowing in either direction.  Now, the 

capacitor has voltage built up which is equal to the peak of the AC signal, hence the name.  

Without the load on the circuit, the voltage would hold indefinitely on the capacitor and 

look like a DC signal, assuming ideal components.  With the load, however, the output 

voltage decreases during the negative cycle of the AC input, shown in Figure 3.3.  

 

 

Figure 3.2: Peak Detector 

 

Figure 3.3: Half-wave Peak Rectifier Output Waveform 

 



34 
 

The voltage decreases in relation to the inverse of the resistance of the load, R, multiplied 

by the capacitance C.  This circuit produces a lot of ripple, or noise, on the output DC of 

the signal. With more circuitry, that ripple can be reduced.  

The full-wave rectifier circuit is shown in Figure 3.4. where in the positive half cycle, D1 

is on, D2 is off and charge is stored on the capacitor and during the negative half, the 

diodes are reversed, D2 is on and D1 is off.  The capacitor doesn’t discharge, so the output 

has much less noise, as shown in Figure 3.5.  It produces a cleaner DC signal than the 

half-wave rectifier, but the circuit itself is much more complicated with the introduction 

of a transformer.  

 

 

 

Figure 3.4: Full-wave Rectifier [3] 

 

Figure 3.5: Full-wave Rectifier Output Waveform [3] 
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3.3 Schottky Diode Fundamentals 

 

Schottky diodes are constructed of a metal-to-N junction rather than a P-N semiconductor 

junction. Also known as hot-carrier diodes, Schottky diodes are characterized by fast 

switching times (low reverse-recovery time), low forward voltage drop (typically 0.25 to 

0.4 volts for a metal-silicon junction), and low junction capacitance [4]. 

The Schottky diode is the principal element of a wireless energy harvesting device, 

therefore it is important to provide a correct model. Zero-bias diodes are necessary 

because they have relatively low barrier (high saturation current), which compared to 

externally biased detector diodes, results in a higher output voltage for low power input 

levels. The equivalent electrical circuit of a Schottky diode is shown Figure 3.6. 

 

Figure 3.6: Equivalent circuit of a Schottky diode [12]. 

 

with 𝐶𝑗 the junction capacitance (diode voltage dependent) (in Farad), 𝑅𝑠the bulk series 

resistance (in Ω) and 𝑅𝑗 the junction resistance of the diode (in Ω). 

In order to obtain the maximum output, all the incoming RF voltage should ideally appear 

across 𝑅𝑗  with no losses over 𝑅𝑠, so for low-power applications we are interested to 

choose a diode with the smallest series resistance value. The intrinsic diode is modeled 

as a varistor element that obeys the i-v law, as described in [8]: 

   

i=Is[exp (
1

n
Ʌv) − 1]                                                  (3.1) 

where Is is the diode’s saturation current and Ʌ= 
q

kT 
 is the reciprocal of the thermal 

voltage, q is the electronic charge, k is Boltzmann’s constant, T is the physical 

temperature in Kelvins, and n is the diode ideality factor (emission coefficient).  
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Therefore, the saturation current  𝐼𝑠   is given by: 

Is(T) = Is (T0)(
T

T0
)2/nexp[-

qψms

k
(
1

T
−

1

T0
)]                                            (3.2) 

 

where 𝑇0  is a reference temperature. The quantity 𝜓𝑚𝑠 is the metal-semiconductor 

Schottky barrier height (energy gap) at 𝑇0 (e.g., 0.85 eV for A1 on GaAs). 

 

The Schottky diodes has two main classes. The first class is the n-type silicon with a high-

barrier and low values of series resistance The second class is the p-type silicon 

characterized by low barrier and high 𝑅𝑠 For wireless energy harvesting applications, we 

are interested to use the second class (p-type diode). Although we have a high series 

resistance, the higher saturation current of the p-type diode results in a higher output 

voltage at low power levels compared to a n-type (100 times) [9].   

 

In Figure 3.7, the simulated output voltage for two commercial Schottky diodes is 

presented: HSMS-285X (p-type) and HSMS-8205 (n-type). The diodes are loaded by a 

1kΩ load resistor. 

 

Figure 3.7: output voltage as a function of available input power for three 

commercially available Schottky diodes: Avago HSMS-285X (p-type) and  

HSMS-8205 (n-type). Diode loaded by a 1kΩ load [8]. 
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In Figure 3.7, different voltage profiles can be observed between high and low power 

levels. we can also notice that for low incident power applications, e.g., wireless energy 

harvesting, the p-type Schottky diode is recommended since it provides a higher output 

voltage when compared to the n-type (102x).  

From (3.1), the value of  𝑅𝑗   of the diode decreases due to the value of circulating 

current 𝐼𝑏, i.e., the diode impedance being dependent of the RF input power. The junction 

capacitance has a large impact ahead the output voltage at high frequencies and when the 

series resistance has high values. The impact of the series resistance on the output DC 

voltage has been described in [9]. A simple multiplier parameter for the output voltage 

has been defined (3.3) related to the 3 components of the equivalent electrical circuit of a 

Schottky diode (Figure 3.6). If the series resistance increases the output voltage is strongly 

reduced by the multiplier M.  

 

M=
1

1+𝜔2𝐶𝑗
2𝑅𝑠𝑅𝑗

                                                            (3.3)    

where ω is the angular frequency (in rd/s) 

 

The output voltage will be the primary goal of the harvester design. Nevertheless, the RF-

DC conversion efficiency describes how powerful the rectifier is. A compromise should 

be obtained between a high-efficiency value and a specific output voltage required for a 

RF energy harvester.   

 

In Figure 3.8, two typical harvester configurations are presented, a single diode and a 

voltage doubler. Obviously the voltage doubler provides a higher output than the single 

diode; however the RF-DC conversion efficiency is lower, as widely demonstrated in the 

literature [10]-[11]. The doubler puts the Schottky diodes in parallel with respect to the 

input RF signal, thus lowering the input impedance and reducing the complexity of the 

impedance matching network. 
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(a) 

 

(b) 

Figure 3.8: Harvester configurations: (a) single diode, (b) voltage doubler/double 

diode. 

 

Figure 3.9: effect of number of stages on the efficiency of energy harvesting Circuit 

(with HSMS-2852 diodes) [11]. 
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As shown in Figure 3.9, a single diode converter reaches only 45% of efficiency but it is 

for the smallest RF power (around -15dBm). This low input power is the main constraint 

for a wireless energy harvesting converter.  

As described before, the diode junction type can be determinant on a wireless energy 

harvesting device, the HSMS-285X (2850 and 2855) is p-type silicon and the HSMS-

8205 is a n-type silicon. For low incident power an important difference on the output 

voltage can be noticed between both silicon types; the p-type diode presents a higher 

output voltage for low incident power, when compared to the n-type diode. Moreover, 

with a single diode, a high efficiency can be reached for low RF input power. 

 

3.4 Design of the rectifier using Schottky diode  

Villard voltage doubler circuit is designed and simulated by Advanced Design System 

(ADS) software. This circuit is optimized and achieved by using Schottky diode pair 

HSMS-285X for Rs= 25 Ω, Cj= 0.18 pF, Bv= 3.8 V which is chosen for applications 

below than 1.5 GHz. Table-3.1 shows the parameters value in the design [12] and for 

more detail on the used schottky diode family see (Appendix. A).  

 

Table (3.1): HSMS285x Schottky Diodes spice parameter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters Units HSMS-285X 

Bv V 3.8 

𝐶𝐽𝑜 pF 0.18 

𝐸𝐺  eV 0.69 

𝐼𝐵𝑣 A 3 E -4 

𝐼𝑠 A 3 E -6 

N  1.06 

𝑅𝑠 Ω 25 

𝑃𝐵(𝑉𝐽) V 0.35 

𝑃𝑇(𝑋𝑇𝐼)  2 

M  0.5 
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The attractive features of this diode include: low forward voltage, low substrate leakage, 

fast switching and uses the non-symmetric properties of a diode to allow unidirectional 

flow of current under ideal situation. The equivalent linear model can be used for the 

diode is shown in Figure 3.6. Rs is series resistance of the diode, Cj is the junction 

capacitance and Rj is the junction [13].  

The parameter extractions are given in Equation. (3.4)- (3.9). 

 

𝑌𝑍 = 𝑌𝐶𝑗+𝑌𝑅𝑗                                                              (3.4) 

Equation (3.4) related to the frequency of operation is given by: 

 

𝑌𝑍 = 𝑗𝑤𝑐𝑗 +
1

𝑅𝑗
=

𝑗𝑤𝑐𝑗𝑅𝑗+1

𝑅𝑗
                                                 (3.5) 

The total impedance 𝑍𝑇 is given by: 

𝑍𝑇=𝑅𝑠+
𝑅𝑗

𝑗𝑤𝑐𝑗𝑅𝑗+1
 ,                                                          (3.6) 

 

where 𝑅𝑠 and 𝐶𝑗  are constants and the frequency of operation (w) is the only variable 

parameter. As the frequency increases, the value of Z is almost negligible compared to 

the series resistance 𝑅𝑆 of the diode. From this, it can be concluded that the function of 

the diode is independent of the frequency of operation. 

𝑅𝑠 is the series resistance of the circuit and junction resistance 𝑅𝑗  is given by Equation. 

(3.7) [12]. 

 

Rj =
8.33∗10−5∗N∗T

Ib+Is
                                                      (3.7) 

where 

𝐼𝑏= externally applied bias current in amps 

𝐼𝑆= saturation current 

T = temperature, °K 

N = ideality factor 
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3.5 Single Stage Voltage Multiplier 

A single stage voltage multiplier circuit as shown in figure 3.10 also called as a voltage 

doubler because in theory, the voltage that is arrived on the output is approximately twice 

that at the input. The circuit consists of two sections; each comprises a diode and a 

capacitor for rectification. The RF input signal is rectified in the positive half of the input 

cycle, followed by the negative half of the input cycle. But, the voltage stored on the input 

capacitor during one half cycle is transferred to the output capacitor during the next half 

cycle of the input signal. Thus, the voltage on output capacitor is roughly two times the 

peak voltage of the RF source minus the turn-on voltage of the diode. 

 

 

Figure 3.10: Single stage voltage multiplier circuit [14]. 

 

The most interesting feature of this circuit is that when these stages are connected in 

series. This method behaves akin to the principle of stacking batteries in series to get more 

voltage at the output. The output of the first stage is not exactly pure DC voltage and it is 

basically an AC signal with a DC offset voltage. This is equivalent to a DC signal 

superimposed by ripple content. Due to this distinctive feature, succeeding stages in the 

circuit can get more voltage than the preceding stages. If a second stage is added on top 

of the first multiplier circuit, the only waveform that the second stage receives is the noise 

of the first stage. This noise is then doubled and added to the DC voltage of the first  stage. 

Therefore, the more stages that are added, theoretically, more voltage will come from the 

system regardless of the input. Each independent stage with its dedicated voltage doubler 

circuit can be seen as a single battery with open circuit output voltage 𝑉𝑜𝑢𝑡, internal 

resistance 𝑅𝑂 with load resistance𝑅𝐿, the output voltage, 𝑉𝑜𝑢𝑡 is expressed as in Equation 

(3.9)[14].   
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𝑉𝑜𝑢𝑡 =
𝑉0

𝑅𝐿+𝑅0
𝑅𝐿                                                      (3.8) 

 

when n number of these circuits are put in series and connected to a load of 𝑅𝐿 in Equation 

(3.8) the output voltage 𝑉𝑜𝑢𝑡 obtained is given by this change in RC value will make the 

time constant longer which in turn retains the multiplication effect of two in this design 

of seven stage voltage doubler. 

𝑉𝑜𝑢𝑡 =
𝑛𝑉0

𝑛𝑅𝐿+𝑅0
𝑅𝐿 = 𝑉0

1
𝑅0
𝑅𝐿

+
1

𝑛

                                             (3.9) 

The number of stages in the system has the greatest effect on the DC output voltage, as 

shown from Equations (3.8) and (3.9). 

 

3.6 Seven Stage Voltage Multiplier   

The seven stage voltage multiplier circuit design implemented in this thesis is shown in 

Figure 3.11. From the left side, there is a RF signal source for the circuit followed by the 

first stage of the voltage multiplier circuit. Each stage is stacked onto the previous stage 

as shown in the Figure 3.11. Stacking was done from left to right for simplicity instead 

of conventional stacking from bottom to top. 

 

 

Figure 3.11: Schematic of 7 stage voltage multiplier. 

 

The circuit uses eight zero bias Schottky surface-mount Agilent HSMS-285X series, 

HSMS-2850 diodes. The special features of these diode is that, it provides a low forward 

voltage, low substrate leakage and uses the non-symmetric properties of a diode that 

allows unidirectional flow of current under ideal conditions. The diodes are fixed and are 

not subject of optimization or tuning. This type of multiplier produces a DC voltage which 
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depends on the incident RF voltage. Input to the circuit is a predefined RF source. The 

voltage conversion can be effective only if the input voltage is higher than the Schottky 

forward voltage.   

 

The other components associated with the circuit are the stage capacitors. The chosen 

capacitors for this circuit are of through-hole type, which make it easier to modify for 

optimization, where in [15] the optimization was accomplished at the input impedance of 

the CMOS chip for a three stage voltage multiplier. The circuit design in this thesis uses 

a capacitor across the load to store and provide DC output voltage and its value only 

affects the speed of the transient response. Without a capacitor across the load, the output 

is not a good DC signal, but more of an offset AC signal.   

        

In addition, an equivalent load resistor is connected at the final node. The output voltage 

across the load decreases during the negative half cycle of the AC input signal. The 

voltage decreases are inversely proportional to the product of resistance and capacitance 

across the load. Without the load resistor on the circuit, the voltage would be hold 

indefinitely on the capacitor and look like a DC signal, assuming ideal components. In 

the design, the individual components of the stages need not to be rated to withstand the 

entire output voltage. Each component only needs to be concerned with the relative 

voltage differences directly across its own terminals and of the components immediately 

adjacent to it. In this type of circuitry, the circuit does not change the output voltage but 

increases the possible output current by a factor of two. The number of stages in the 

system is directly proportional to the amount of voltage obtained and has the greatest 

effect on the output voltage as explained in the Equation (3.9). 
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 Design of Rectenna 

 

4.1 Introduction 
Rectifying antennas have become very popular over the past few years due to the 

increasing need for new ways to recycle energy. New advancements in antenna design, 

circuit design, and efficiency optimization have fueled the study of RF energy harvesting. 

We will introduce some studies on rectenna design and the advancements that have 

already taken place.   

 

4.2 Literature review  

In [1], a dual polarized patch rectenna array was developed; the rectenna consists of a 

coplanar strip-line (CPS) truncated patch antenna and CPS band-pass filter. The design 

compared single shunt diode rectifier with dual diodes rectifier. It was shown that the 

single shunt diode works as a half-wave rectifier and the output DC voltage of single 

shunt diode rectenna only half of that of dual diodes rectenna. The dual-diode rectenna 

achieved an RF to DC conversion efficiency of 76% at 5.8 GHz. In addition a rectenna 

array formed by the rectenna element was demonstrated and the investigation for various 

interconnection methods for a rectenna array was reported. 

In [2], an RF energy harvesting circuit has been designed based on single-stage voltage 

multiplier rectifier which is capable to convert RF energy from any antenna operating at 

2.45 GHz to dc power.  

A 5 KΩ resistive load used to ensure the recycling of optimum dc power and the output 

dc power with respect to the input RF power varies from 9.2 µW to 359.5 µW respectively 

for the received RF power varying from -15 dBm to 0 dBm. 

In [3], microstrip antenna array linearly polarized with high gain, operating at 915MHz 

for energy harvesting was designed. The optimization theory for wireless power 
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transmission efficiency has been used to design the feeding network of the antenna array 

to achieve the maximum power transmission efficiency with a given antenna 

configuration. A three-stage Dickson charge pump circuit rectifier with a light emitting 

diode (LED) as the resistive load connected to the antenna array terminal. For a given 

input power of 10dBm fed into a circularly polarized transmitting antenna with 6dBi gain, 

the maximum distance for lighting the LED is 51cm. and the best rectifier efficiency is 

41% when the input power fed into the rectifier is 10dBm. 

 In [4], a high efficiency dual-frequency dipole rectenna operated at 2.45 and 5.8 GHz 

wireless power transmission was investigated. The rectenna consists of a receiving dual-

frequency dipole antenna, a CPS input low-pass filter, two CPS band-pass filters, a 

rectifying diode and a microwave block capacitor. The measured conversion efficiencies 

achieved at free space are 84.4% and 82.7% at 2.45 GHz and 5.84 GHz, respectively.  

In [5], a 900 MHz rectenna for wireless energy harvesting application was designed. It 

consists of a dipole antenna designed in a square shape connected to a highly efficient 

rectifier in a doubler voltage structure using HSMS 2862 Schottky diode and a matching 

network. Measuring an efficiency of 60% for 5 mW input power. The use of square shape 

increases the aperture efficiency and the gain of the antenna resulting in more power for 

the rectifier circuit and obtaining more dc power at the output of the circuit. The measured 

gain of the antenna was 1.8 dBi at 900 MHz. The rectifier circuit and the antenna were 

measured individually, and they were in good agreement with the simulation results. Then 

they were integrated together and fabricated on a single 5880 Rogers substrate and 

measured as a rectenna. The rectenna was able to harvest power from a 900 MHz wireless 

source, which produced about 80 mW/m2 located 1.2 m from the rectenna. 

In [6], a novel rectenna design is presented for Wireless Power Transmission. The design 

would receive and convert microwave of 2.45GHz to DC. The proposed Rectenna 

consists of Microstrip patch antenna, zero biased Schottky diode HSMS 286b for 

rectification with Load resistance is varied from 100 Ω to 5 MΩ to find the optimum 

value for maximum voltage conversion and Low Pass filter is added between antenna and 

rectifier. Variation of 0.2 volt to 0.7 volt is observed between simulated and fabricated 

results. 

The authors in [7] present a high efficiency 2.45-GHz rectenna that can harvest low input 

RF power effectively. a simple antenna structure with a high gain of 8.6dBi is proposed 
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to directly match the rectifying circuit at 2.45GHz and mismatch it at the second and third 

harmonics so that the use of band pass filter between the antenna and rectifying circuit 

can be eliminated. The rectenna shows a maximum conversion efficiency of 83% with a 

load resistance of 1400 Ohm. It is demonstrated that the overall efficiency of the proposed 

rectenna can achieve 80.3% and 50% with power density of 1.95 and 0.22µW/cm, 

respectively. 

In [8], a circuit consists of microstrip patch antenna and Villard voltage doubler circuit 

which operates at 900 MHz band with a three stages of Schottky diode HSMS-285B 

voltage doubler circuit is designed, simulated and matched to the antenna design. The 

simulated result shows that the impedance bandwidth covers 0.82-0.93 GHz and the 

directivity of the main lobe is found to be 6.5 dBi at frequency of 0.9 GHz. The output 

voltage of the rectifier is 5.014 V which indicates the suitability for charging mobile 

applications.  

In [9], RF energy harvesting system from the ambient surroundings radio frequency range 

of ISM band of 2.4GHz proposed. The main module of system is Microstrip antenna 

designed in the RF range of 2.2 - 3GHz with a partial Ground plane and 2 slots in the 

patch obtained the return loss of -22db and rectification occurs by rectifying the input RF 

signal by Voltage Multiplication Circuit. The output voltage obtained using 2 element 

Yagi Uda antenna is 750mV.  While using the presented design here 2.4 GHz Microstrip 

antenna we could obtain the output voltage of 80mV. 

IN [10], Deep Brain Stimulation (DBS) which is a treatment for neurogical and 

psychiatric disorder that works effectively is presented.  Energy harvesting can be used 

to meet the needs of battery-less device for DBS application. The proposed antenna comes 

with the combination of the rectifying circuit. A coaxial line is used to feed the radiating 

patch with 50Ω.  The designed antenna is chosen to be used for laboratory rat studies. 

Since the real head is much complex therefore experimental validation for a rat study is 

required before implementation. The antenna shows the good performance where the 

bandwidth is between 909-927 MHz which including the ISM band of 915 MHz with 

maximum antenna gain of 18.28 dB at free space. 

The author in [11] proposed a multiband microstrip antenna with to collect the RF energy 

at the desired frequency including the ISM band. Multi resonator antenna is proposed to 

collect RF energy at multiple bands. High dielectric substrate, RogercRT/d6006 limits 
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the overall antenna dimensions. The antenna model exhibits the narrow width multiband. 

Furthermore, the analysis of the current flow across the surface of the antenna is 

performed. RF propagations, cellular base station and ISM communications was collected 

by the receiving multiband antenna.  

In [12], the performance of the square slot antenna for wireless energy harvesting is 

presented. The slots cut on the top while the ground plane to improve the gain and return 

loss. Also the slots give bandwidth which limits the use of application but low profile 

high gain antenna can be easily configured. The antenna achieved to improve the return 

loss, keep the height of the substrate low and maintaining the directivity of the structure. 

The antenna use microstrip feed line and a substrate of Roger RT5880. The simulation 

result compares the gain and return loss without slots, with square slots on the patch and 

square slots on both the patch and the ground. It is shown that by introducing of the square 

slots, the return loss and gain has improved, and the resonant frequency shifted to 2.44 

GHz. An improvement of the antenna performance always received a great intention. 

 

4.3 Design of the Patch Antenna   

The patch antenna has been simulated by CST microwave studio and the design is based 

on theoretical calculations from Chapter 2. 

 

4.3.1 Microstrip Patch Antenna with Inset Feed 

 The designed microstrip patch antenna with inset feed has a full ground plane dimensions 

(WS x LS) 115x140𝑚𝑚2. The width of the patch (WP) is 91.7 mm and the length of the 

patch (LP) is 75 mm. The antenna is designed on a 1.6 mm thick FR-4 substrate (𝜀𝑟 =

4.3). The 50-Ω line is about 3.1 mm wide as calculated by CST software. As seen from 

Figure 4.1 there is an Lf =32.3 mm long transmission line that is connected to the patch 

with feeding width Wf=3.1 mm. The inset of feed has a dimension of 3.12x24.3𝑚𝑚2. 

Figure 4.2 shows the 𝑆11 simulation of the patch antenna. 



50 
 

 

Figure 4.1: Geometry of the basic patch antenna. 

Figure 4.2: 𝐒𝟏𝟏 simulation of the theoretical patch antenna 
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By looking at the 𝑆11of this antenna it is observed that it is about -23 dB at 952 MHz and 

the antenna achieves a realized gain of 5.23dB as shown in figure 4.3 and a narrow 

bandwidth. 

 

Figure 4.3: antenna gain and far field plot 

  

4.3.1.1 Array for Microstrip Patch Antenna with Inset Feed  

 

We used the same values of height of the dielectric substrate (h) and the same dielectric 

material at the design frequency and also the same dimension of single patch antenna. 

Figure 4.4 presents the structure of the array. The widths of the microstrip lines with 𝑍1 

= 50 Ω and 𝑍2= 100 Ω are Wf1=1.33 mm and Wf= 3.21 mm, respectively and the lengths 

are Lf=10mm and Lf1=34mm.  
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Figure 4.4: geometry inset-fed antenna array. 

 

This array design achieves return loss 𝑆11 (-25.114 dB) at 951 MHz as shown in figure 

4.5 with a realized gain of 7.88 dB in the far field region shown in figure 4.6 and it seems 

suitable to collect electromagnetic wave for energy harvesting. 

 

 

Figure 4.5: 𝑆11for the inset-fed antenna array.  
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Figure 4.6: far field gain of the inset-fed antenna array. 

 

 

4.4 Design of the Rectifier  

Figure 4.7 shows the design of the rectifier circuit constructed from a seven-stage voltage 

double circuit. This circuit contains: matching circuit, rectifier circuit and a resistor load.  

Figure 4.7: seven- stage voltage doublers using schottky diode HSMS 285X. 
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Matching circuit is placed between the source and the rectifier circuit to match the input 

impedance of and the rectifier to 50Ω. 

Rectifier circuit contains two capacitors and two diodes in every stage. It is used to 

generate DC voltage of twice the peak amplitude of the input AC signal. Increasing the 

stages of rectifier will increase the output voltage of the circuit. Capacitors used here are 

3.3 nF each capacitor.   

The multiplier circuit utilizes a Schottky diode HSMS 285X as shown in Figure 3.6. The 

output voltage across the load decreases during the negative half cycle of the AC input 

signal. The voltage is inversely proportional to the product of resistance and capacitance 

across the load. Without the load resistor in the circuit, the voltage would be held 

indefinitely in the capacitor behaving like a DC signal, assuming ideal components. The 

capacitors are charged to the peak value of the input RF signal and discharged to the series 

resistance (Rs) of the diode. Thus the output voltage across the capacitor of the first stage 

is approximately twice that of the input signal. As the signal swings from one stage to 

another, there is an additive resistance in the discharge path of the diode and increase of 

capacitance due to the stage capacitors [13].  

The matching circuit used here is the single stub matching. The simulated response of the 

circuit in Figure 4.7 is depicted in Figure 4.8 that clearly shows matching is achieved at 

frequency 951 MHz. The layout of the matching circuits shown in figure 4.9. 

 

 

Figure 4.8: response of matching circuits 
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Figure 4.9: matching circuit layout for seven stage rectifier 

 

For rectifier simulations, we used the Multisim 13.0 software to determine the output 

voltage.  In the simulation, the input power is varied from -20dBm to 20 dBm and the 

output load voltage is noted. As for the measurement a result, the rectifier circuit is 

injected with similar varies input power and the output load voltage is recorded using 

voltmeter.  Figure 4.10 show the rectifier circuits design by Multisim 13.0 software and 

the simulated output DC power is 2.283 volt.  
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Figure 4.10: Rectifier design with multisim and output voltage. 

 

4.5 Rectifier Fabrication 

Because of unavailable component in the market due to siege, most of components are 

banned to enter the market here like the HSMS 2850 schottky diode and the double layer 

metal FR-4 substrate, we hardly get a component for single stage rectifier to fabricate. 

Hence we designed and simulated a single stage rectifier as shown figure 4.11 at the 

frequency 954 MHz and its response is shown in figure 4.12. Also the matching circuit 

layout which is an open stub for the single stage rectifier is shown in figure 4.13 with 

small changes in the parameters values compared to matching circuit of the seven stage 

rectifier. The values of c1 and c2 are 3.3nf and 100nf respectively, the load resistor is 

100kΩ, the schottky diode parameters value shown in table 3.1. 
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figure 4.11: single stage rectifier 

 

Figure 4.12: response of matching circuits for single stage  
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figure 4.13: matching circuit layout for single stage 

 

The fabricated single stage rectifier with impedance matching circuit is shown in Figure 

4.14.  

 

figure 4.14: Fabricated single rectifier with impedance matching circuit 
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Due to unavailability of measurement equipment at the time for this work, particularly a 

network analyzer to test S11, we were not able to test the circuit. Moreover, the designed 

antenna array has not been fabricated due to lack of FR-4 substrates. The circuit will be 

tested in the near future. 
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Conclusion and Future Work       

  

5.1 Conclusion 

 

In this master thesis, the design of RF energy harvester using FR-4 substrate is 

investigated. For this purpose, different steps have been done. As a first step, A microstrip 

patch antenna with inset feed was simulated on FR-4 substrate with full ground plane 

using microwave studio CST software. It was chosen for power harvesting because it has 

a high directivity gain Furthermore an array antenna has been designed, it further 

increases the gain. 

In the next Step, A seven stage rectifier based on voltage doubler is simulated by using 

the schottky diode specially HSMS-2850. The input RF signal to the rectifier is converted 

to DC voltage. The amount of output DC voltage depends on several parameters: number 

of stages, load and capacitors. In addition, the input impedance matching circuit was 

added, in order to transfer the maximum available power to the rectifier. The output DC 

voltage was measured by multisim software without matching circuit. For 0.2 Vrms input 

power at 954MHz, 2.283V is presented at the output of voltage doubler. 

Finally, in the last step, one stage rectifier was connected to the matching circuits 

simulated and fabricated, Due to unavailability of measurement equipment at the time for 

this work, particularly a network analyzer to test S11, we were not able to test the circuit. 

By studying this project, the band of antenna for energy harvesting application was 

successfully designed. The characteristics of the antennas have been studied. The rectifier 

circuit helps in converting the RF signal to output DC voltage. So by applying the energy 

harvesting system in the future it can enhance the lifetime of the low power devices and 

reduce the usage of the batteries. 
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5.2 Future Work 

 

The future work related to this project will be fabrication of the simulated energy 

harvesting system and measurement of output DC voltage.  

Moreover, more bands will be considered in future design to capture more energy.  

Rectenna's for dual will be designed and fabricated on flexible substrates for the antenna 

like paper and textile. These materials give us the chance to make our antenna low profile, 

and conformal. 

Finally, we still have to make some indoor measurements to test the work range of our 

system. 
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Appendix A 
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