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ABSTRACT OF THE THESIS

Reconfigurable Reflectarray Antenna with Beam Steering Based on Metasurface

By

Feiyu Shan

Master of Science in Electrical Engineering

University of California, Irvine, 2022

Professor Filippo Capolino, Chair

A reconfigurable reflectarray antenna with beam steering is presented in the thesis. The

reflectarray system includes a reconfigurable reflecting surface and a feed antenna. The re-

flecting surface of the reflectarray antenna is composed of a periodic arrangement of unit cell

elements where each cell has an embedded varactor for reconfigurability. The capacitance

of varactors varies with the applied reverse bias voltage and it is used to control the phase

distribution on the reflecting surface for realizing a reconfigurable system. By tuning the

capacitance of the varactors, a reflected-phase tuning range of 300◦ is achieved by the pro-

posed reflectarray element. The feed antenna of the reflectarray system is designed using a

microstrip patch antenna with air gap included to increase the gain. The feed antenna has

maximum gain of 9.8 dB and the main beam is set to be directed at the reflecting surface

center. A mathematical method for feed radiation model is presented to analyze the aperture

efficiency and directivity of the reflectarray system. The far-field radiation pattern result

is obtained from a full-wave simulation using the commercial software CST Studio Suite.

We demonstrate that the reflectarray system generates beam radiation along three differ-

ent directions, as a proof of beam steering capability. The Full-wave result of the far-field

simulations show that the maximum directivity is 18.5 dB which agrees favorably with the

theoretical analysis.
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Chapter 1

Introduction

1.1 Background of Research Topic

Nowadays among the different kinds of rapidly evolving modern technology., the devel-

opment of wireless communication field is particularly prominent considering that various

communication terminals have been integrated into people’s daily life, such as mobile phones,

broadcast TV and various smart home devices. In a wireless communication system, the an-

tenna is essentially a transducer as a transmitter and receiver of electromagnetic waves,

which can convert the guided waves from the circuit into electromagnetic waves propagating

in free space. One can classify functions of antennas into three aspects: transferring en-

ergy, presetting polarization of wave for transmitting and receiving and realizing radiation

distribution in space which is antenna beam direction control. For versatile wireless commu-

nication applications, requirements for antennas are becoming more and more stringent, not

only the basic electrical properties are required to meet the design requirements, but also

the structure of antenna is required to adapt to diverse scenarios.

Although traditional phased array antenna can meet the requirements of high gain and
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multi-beam, the numbers of array units and corresponding RF channels are large, which

cause problems such as high cost, complex integration and maintenance complexity. For a

typical reflector antenna, it can focus an incident electromagnetic wave from the feed source

by reflecting it in a given direction. However, the precise design of a curved surface and man-

ufacturing difficulty limit its application. At the same time, traditional antennas with fixed

radiation properties such as beam direction can not give solution to the future development

of wireless communication. In recent years, with the development of the electromagnetic

metamaterials theory, using 2D electromagnetic metamaterials or metasurfaces to design re-

flector antennas can reach same radiation properties as traditional reflector antennas. Also,

the advantages of easy-manufacturing and small size make it more attractive. On the ba-

sis of the theory of metamaterials and metasurfaces, people have integrated periodic array

elements and tunable active devices to realize reconfigurable metasurface. Reconfigurable

materials such as liquid crystal materials [1, 2], varactor diodes [3, 4], RF-MEMS technology

[5, 6], and PIN diodes [7, 8] can be integrated to change the properties, for example the

phase, of the reflected or transmitted wave.

1.2 Overview of a Metasurface

Matematerials are composed of periodic subwavelength metallic/dielectric structures

that resonantly couple to the electric and magnetic fields of the incident electromagnetic

waves. The electric and magnetic resonance occur due to the interaction of electromagnetic

waves and subwavelength structure. This typical phenomenon within the context of the

electromagnetic domain results in unprecedented properties. The unconventional geometry

and size of design in metamaterials give them a capability to manipulate electromagnetic

waves which is beyond applications of conventional materials. While matematerials have

attractive properties with optical and electromagnetic waves, the difficulty in the fabrica-

2



tion of nanoscale 3D structure and high loss of complicated geometry limit its application.

One solution to the limitation of the conventional matematerials is using 2D metamaterials

or metasurfaces(MS) which exhibit all of the properties of matematerials but with much

simpler structure and fabrication process. MS can be fabricated using standard lithogra-

phy and nanoimprinting methods which can make it low-cost and easy to fabricate. MS is

used in many electromagnetic applications because of its performance for electromagnetic

wave control including reflecting, blocking, absorbing [9], enhancing, and bending waves [10].

With attractive properties and simple structure, MS is used in different kinds of fields like

wave-front shaping [11, 12], polarization conversion[13, 14] and radiation control or energy

concentration[15, 16]. In this thesis, the electromagnetic MS is discussed and used for re-

flecting surface in reflectarray antenna system. The beam steering is realized based on the

property of phase shifting on the reflecting surface.

In 1960s former Soviet Union researcher Veselago [17] creatively proposed that with both

the dielectric constant and permeability negative, the characteristic of negative refractive

index can be realized, which is a characteristic that does not exist in the natural material.

Early designs of MS were mainly composed of periodic units with the same structure such

as frequency selective surface (FSS) [18], electromagnetic band-gap (EBG) [19], polarization

gate [20], artificial magnetic conductors [21], etc.
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Figure 1.1: Split ring resonators (SRRs) and array structure [23].

When the electromagnetic wave travels in the periodic split resonator rings, as shown in

Fig 1.1 [22]. it resonates with the magnetic field component which results in the equivalent

permeability of the material becoming negative. With the development of MS research, MS

modulation technologies have been proposed in recent years. By modulating the physical

parameters of the metamaterial unit, one can control the electromagnetic beam pointing,

polarization states and transmission modes, this kind of modulated MS demonstrates its

potential in antenna design and wireless communication applications. Over the past two

decades, metasurfaces have been employed for the design and fabrication of optical elements

and systems. This is because its abilities have surpassed the performance of conventional

diffractive optical elements. In 2019, Stefano Maci [23] applied multi-feed technology to a MS

antenna realizing multi-beam, multi-polarization and beam scanning characteristics. David

R. Smith [24] applied a kind of dynamic MS antenna to massive MIMO communication

system for the solutions to the cost, power consumption and other problems faced by the

current Massive MIMO antenna. During the past years, electronically tuning MS caught

people’s attention. The electronically tuned MS is able to change the working state of the

unit cell element by loading active devices such as PIN diodes, MEMS switches or varactor

diodes in the MS (metamaterial). Based on that, one can use the FPGA circuit system to
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control the modulation state of the MS antenna in real time, thereby realize the control of

the MS. In 2014, Cui [25] proposed the electromagnetic encoding and programmable MS,

the states of the unit cells are represented by a combination of binary values [26, 27]. He

showed states control of unit cells by loading active devices such as PIN diodes. Further

using hardware systems such as FPGA to control the coding states of the digital MS in real

time in order to perform dynamic control of the antenna radiation pattern.

1.3 Overview of Reflectarray

Communication over long distances attracts lots of interests with the development of

wireless communication transmitter and receiver. One of the requirements in long distance

communication is using large antennas in order to establish the wireless link between the

transmitter and receiver. Reflector technology was first used to design telescopes [28] and

applied to the field of optics to increase the observation distance. Later, it was applied in

electromagnetism to control the direction of electromagnetic radiation. A typical kind of

reflector antenna is parabolic reflector antenna, it consists of a circular parabolic reflector

and a feed source located at the focal point of the reflector as shown in Fig 1.2. The

most important property of parabolic reflector antenna is large-diameter surface which can

form a highly directional beam through the reflection of the parabolic reflective surface,

and then effectively enhance the main beam radiation and reduce side lobes. However,

the manufacturing difficulty of the parabolic reflector antenna due to its curved surface

and precise structure limit its application to large aperture antenna applications. In recent

years, the requirements of low mass and cost features in antenna system design become more

interesting.
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Figure 1.2: A typical 6-18 GHz parabolic reflector antenna.

An alternative approach to realize a large antenna is by using a set of small antennas

to form an array which can play the same role as reflectors. The reflectarray is an antenna

with a flat reflecting surface composing of hundreds of unit cell elements and an illuminating

feed antenna. Planar reflectarray antenna combines the characteristics of parabolic antenna

and microstrip antenna. At the same time it replaces the reflecting curve surface of tradi-

tional parabolic antennas with a planar array, which is the reason called planar reflect array

antenna. Compared with traditional parabolic antennas and phased array antennas, the

planar reflectarray antenna has more advantages. For example, there are many advantages

such as simple feed, high gain, low profile, low mass, simple manufacture and low cost. Pla-

nar reflectarray antenna composed of many unit cell elements forms a periodic array which

can reflect electromagnetic wave under the illumination of the feed antenna. By tuning the

reflection phase of each unit cell element on the reflecting surface, a reflecting beam in a

specific direction with high gain can be obtained.

The reflectarray antennas was first introduced in the early 1960s [29] using short ended

waveguide elements with variable lengths. The lengths of short ended waveguide elements

are designed to form a collimated reflecting beam because the phase of the wave changes in

the waveguide. However, the bulky and heavy waveguide structure was a major drawback
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at that time. Until 1980s the reflectarray antenna did not receive much attention due to the

limitation of material fabrication. The introduction and breakthrough of printed microstrip

antenna technology [30] simplified reflectarray structure and made it attractive in versatile

applications. Over the past 10 years, an increasing interest in reflectarray antenna research

has been observed in both academic and industrial sectors of the antenna community. The

aperture of a reflectarray antenna comprises unit cell elements arrayed in a certain area.

These arranged unit cell elements are designed to collimate the main beam of the antenna

by controlling the phase of the reflected wave [31]. The attractive advantages of the reflec-

tarray antenna, particularly its low weight and low profile, which are ideally suited for space

applications, combined with ease of manufacturing, good efficiency, and high gain.

Beam steering [32] is a technique for changing the direction of the main lobe of a radia-

tion pattern as shown in Fig 1.3. Beam steering reflectarray antenna realizes controlling the

radiation pattern of reflectarray by tuning the phase distribution on the reflectarray aper-

ture. Various enabling technologies have been used in designing phase-tuned reflectarray

antennas. Tuning techniques based on mechanical actuation[33, 34] which changes the phys-

ical dimension of the unit cell elements. The primary drawback of this technique arises from

requisite physical displacement. In practical, the electronic devices like PIN diode, varactor

diode, FET switches and MEMS are preferred to realize phase tuning. These devices are

introduced in previous paragraphs of the metasurface section. In the thesis, varactor diodes

are used to control the phase distribution on the surface of reflectarray.
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Figure 1.3: Antenna beam steering.

1.4 Outlines of Thesis

The thesis presents a kind of manufacture-friendly reflectarray and realizes reconfig-

urable reflecting surface for beam steering. The basis of the reflecting surface beam steering

is the non-uniform phase distribution due to the phase delay when traveling in free space

before intercepted by the surface. The varactor biasing is responsible for the phase shift in-

troduced on the reflecting surface which gives the solution to the free controlling of reflecting

beam direction. Also, a kind of high gain patch antenna is used as a feed antenna which is

simple and low-mass compare to a conventional horn feed.

In chapter 2, the basics of a reflecting metasurface and unit cell elements design are pre-

sented. First, a conventional variable size unit cell element is analyzed to review properties

of reflecting surface. Then we introduce two kinds of unit cell elements to compose meta-

surface which is used as reflecting surface in reflectarray system. Varactors are inserted into

unit cell elements to provide the phase shift that can be controlled by reverse bias voltage.

8



The behavior of metasurface and unit cell are obtained from a full-wave simulation using the

CST Studio Suite software by applying unit cell boundary condition for a periodic structure.

In chapter 3, the reflectarray antenna system is introduced. The theoretical analysis

of reflecting beam direction is given and a center-fed symmetrical circular reflecting surface

is presented. For the feed antenna in the reflectarray system, we introduce a microstrip

antenna with air gap inserted to increase gain result. Besides, the effect of feed position is

considered.

In chapter 4, the aperture efficiency and directivity are analyzed. Three specific effi-

ciencies are calculated from the definition and mathematical model including the spillover,

taper and blockage efficiency.

In chapter 5 the full-wave simulation results are shown, three different reflecting beam

directions that (θ = 45◦, ϕ = 45◦), (θ = 20◦, ϕ = 20◦) and broadside are presented. The

function of beam steering is satisfied and the gain result agrees with that from theoretical

analysis.

9



Chapter 2

Design of a Metasurface and Unit Cell

Element

2.1 Introduction of the Unit Cell Element

Planar reflectarray antennas rely on unit cell elements to perform phase shift. Commonly

there are three types of methods used to adjust the reflection phase: elements with variable

size [35], elements with variable rotation angles and elements with phase/time delay lines

[36, 37]. The first method uses different electrical size of a patch to achieve phase shifting.

Elements with variable rotation angles are mainly used in the design of circularly polarized

antennas [38, 39]. By adjusting the rotation angle of each reflectarray unit element, it can

compensate for the phase shift of the reflected beam from the unit cell to the feed antenna.

The last method is to provide the phase shift of each unit cell by changing the length of the

transmission line loaded at the end of the unit cell. However, traditional metasurfaces are

difficult to be tuned after being fabricated, which considerably limits the degree of freedom

for full-wave control. As such, it is highly desirable to realize dynamic metasurfaces, whose
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functionalities can be actively tunable with controlled external methods. In contrast to

the previous techniques in which static beam focusing is realized using fixed metasurfaces,

reconfigurability enables dynamic beam control in scenarios where terminals are mobile.

In recent years, using tunable active devices like PIN diodes and varactor diodes has

became popular in reflectarray design. The PIN diode is a special diode which can be

configured as an RF switch. It enables a metasurface element to be switched between

radiating (ON) and non-radiating (OFF) states, depending on the bias applied to the diodes.

By this arrangement, the phase distribution of the radiated fields can be reconfigured, thereby

controlling the beam direction in the far-field. For a varactor diode, it has similar function

as that of PIN diode, furthermore, the linear characteristic of varactor tuning can provide

smoother phase shift which is preferred in metasurface design. In this section, the unit cell

element with variable size is introduced first to review the properties of the metasurface.

Then the unit cell element with varactor diode is designed for reconfigurable reflectarray.

2.2 Analysis of Variable Size Unit Cell Element

Before introducing the reconfigurable reflectarray system, it is useful to analyze first the

structure and performance of a traditional reflectarray because both types of reflectarray

surfaces composed of array of unit cells which can provide phase shift. The properties of

a traditional reflectarray can be extended to a reconfigurable reflectarray system. In this

section the unit cell element with variable size is analyzed.

In this approach, the physical size of the element is changed to provide phase tuning.

When incident electromagnetic wave impinges on the surface composed of sub-wavelength

structure, the patch resonates at some specific frequency. Theoretically, the changing of the

resonant patch size results in shifting of the resonant frequency. Therefore, the operating

11



principle of the variable size technique is based on the fact that reflected phase from reso-

nant elements with different sizes would be different. The variable size technique was first

introduced in [40] and [35] with crossed dipoles and rectangular patches. Square and circular

patch geometry are the most common structures for conventional variable size techniques,

many other kinds of geometries can be adopted as the unit cell for providing phase shift. In

this thesis, we focus on the square patch geometry because of its simplicity.

Figure 2.1: Typical square patch unit cell element.

Due to the high quality factor of the highly resonant square patch unit cell, the phase

shift change in the reflected wave is highly related to structure size. Theoretically, the

magnetic resonance occurred on the unit cell can provide a complete phase shift from −180◦

to 180◦, however, the total achievable phase range which is useful to reflectarray system

is around a phase cycle of 300◦ because of some effects such as substrate thickness and

separation between patches. For most reflectarray system design, a phase shift cycle around

300◦ is sufficient. A typical square patch unit cell is shown in Fig 2.1. The patch is a square

type and can be changed in size.

Because the resonant frequency is changing with the variation of the unit cell structure.

The different phase shift in a frequency range is obtained as shown in Fig 2.2, the unit cell
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provides a typical S shaped curve as the phase shift. In this case the patch size (Apatch) is

ranged from 7mm to 14mm which provide a discrete phase distribution in a specific frequency.

Because of the quality factor resonant nature of printed patches, the phase variation obtained

using this approach is highly non-linear. As shown in Fig 2.2, a rapid phase variation occurred

near the resonant frequency while slow variation on the two sides. In the result of this case,

a 1 GHz frequency band around 6 GHz is available for reflectarray phase distribution. For

example, a range of phase distribution from −150◦ to 150◦ can be obtained at 6 GHz.

This kind of variable size technique can easily provide phase shift on the reflectarray

because of the simplicity of printed patch. However, the phase distribution is fixed and non-

reconfigurable which limits the application in the mobile wireless communication system. To

satisfy the diversity requirement of 5G communication system, introducing varactors in the

unit cell to control the phase shift gives the solution to realize a reconfigurable reflectarray

system. In the next section, a unit cell element based on a dogbone-shaped structure with

varactor inserted is introduced.

Figure 2.2: Reflection coefficient of variable size patches.
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2.3 Introduction of Fat Dipole and Dogbone-shaped

Unit Cell Elements

2.3.1 Fat Dipole Elements

The rectangular patch on the substrate is divided into two pieces as shown in Fig 2.3.

This kind of unit cell is similar to a simple dipole antenna with two arms at two sides of the

gap. For a dipole antenna, increasing its radius can obtain the result with more broadband.

Therefore, this kind of unit cell element with two separated patches can be viewed as a fat

dipole element.

Figure 2.3: Fat dipole unit cell elements.

2.3.2 Dog-bone shaped Unit Cell Elements

The dog-bone shaped structure is introduced in [41] and has the property acting as an

effective NRI (Negative Reflection Index) medium. The resonance of the dog-bone shaped

unit cell is defined as magnetic resonance and electric resonance. Electric and magnetic
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resonances are excited in dielectric metasurface, which can be classified as Mie resonances.

This kind of resonance provides a novel mechanism for the creation of magnetic or electric

resonance based on displacement current, which can replace the plasmonic resonances in

metallic counterparts, and thus cause the dielectric metasurface to produce electromagnetic

response, including amplitude modulation, abrupt phase jump production and so on. In

dog-bone shaped unit cell, the electric resonance is associated with a dipole-like symmetric

mode which creates an electric dipole moment. The magnetic resonance which is related to

asymmetric mode are confined to the close proximity of the dog-bone pair and are loosely

coupled to the adjacent cells. The equivalent transmission line model is given for represent

pairs of planner conductors in [42]. Based on theoretical analysis of the structure, some

geometry composed of periodic array of dog-bone shaped conductors are introduced like

reconfigurable metasurface [43] and high impedance surface [44].

In the reflectarray system design, the magnetic resonance is responsible for introducing

the phase shift. Therefore the dog-bone pair structure introduced in [45] is designed on the

substrate with ground backed. As show in Fig 2.4, the half of the dog-bone pair is used as

the unit cell in the reflecting surface.

Figure 2.4: Top and back view of dogbone shaped unit cell element.
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2.4 Equivalent Circuit Model of Varactor

Figure 2.5: Equivalent series RLC circuits of varactors .

Varactors are used as voltage-controlled capacitors. A DC voltage is applied as reverse

bias across the varactors to alter its capacitance. In this thesis, with different structure

and dielectric materials of two kinds of unit cell elements, different capacitance ranges are

required. SKYWORKS SMV1231-079LF varactors are used for the fat dipole unit cell el-

ements and MACOM MAVR-011020-1411 varactors are used for the dog-bone shaped unit

cells. The relationship of total capacitance of the varactor and bias voltage is given by the

datasheet from manufacturers.

Figure 2.6: Spice model of varactors.

To use varactor diodes in full-wave simulation, the equivalent series RLC circuit model,

as shown in Fig 2.5, is obtained by performing a circuit simulation in ADS software using

the spice model, as shown in Fig. 2.6, and the varactor parameters for getting S-parameters
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and Z-parameters in the two port network and then convert the result of two port network

into RLC parameters as shown in Fig 2.7.

Figure 2.7: Two port network.

In the spice model, series resistance Rs, series inductance Ls and parallel capacitance

Cp are from datasheets. For equivalent series circuit model, R can be obtained from the real

part of Z-parameters, and L is same as Ls which is 0.7 nH. C is calculated by

C =
1

ω2L− ωIm(Z)
(2.1)

where Im(Z) represents the reactance of the two port network.

The parameters of equivalent circuit of SKYWORKS SMV1231-079LF varactors are

shown in Table 2.1.

Table 2.1: Values for the RLC circuit model of the SMV1231-079LF varactor

VDC(V) R(Ω) L(nH) C(pF)
-10 0.037 0.7 0.501
-11 0.024 0.7 0.488
-12 0.016 0.7 0.478
-13 0.011 0.7 0.471
-14 0.007 0.7 0.465
-15 0.005 0.7 0.460
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The parameters of equivalent circuit of MACOM MAVR-011020-1411 varactors are

shown in Table 2.2.

Table 2.2: Values for the RLC circuit model of the MAVR-011020-1411 varactor

VDC(V) R(Ω) L(nH) C(pF)
-2 2.36 0.7 0.12
-3 1.96 0.7 0.09
-4 1.77 0.7 0.075
-5 1.63 0.7 0.065
-6 1.41 0.7 0.06
-7 1.18 0.7 0.054
-8 0.88 0.7 0.045

2.5 Phase Shift Technique Using Varactor

In the reflectarray antenna design, to obtain a certain direction beam of the reflectar-

ray, the reflecting surface has to compensate the phase delay of the wave from feed an-

tenna and provide a progressive phase distribution which is discussed in Chapter 3. Tradi-

tional reflectarray antennas use three methods to realize phase distribution: elements with

phase/time delay lines, elements with variable sizes and elements with variable rotation an-

gles. Among the three groups of phase tuning approaches, unit cells with variable sizes is

the most convenient and popular method. However, this type of phase tuning technique

is non-reconfigurable which means the reflectarray is design for a fixed radiation direction,

limiting the application of the reflectarray antenna. One possible way to realize a reconfig-

urable radiation beam is adding varactors in the unit cell to control the phase shift on the

aperture.

In the thesis, varactors are inserted into the two kinds of unit cell elements to realize
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the phase shift control on the reflecting surface. For fat dipole unit cell elements, varactors

are located at the center of two rectangular patches as shown in Fig 2.8. This design uses

RO4350B as the dielectric substrate. The structure parameters, in mm, are: A = B = 21,

A1 = 1.85, A2 = 1, B1 = 2, B2 = 1, H = 1, and G = 0.4. SKYWORKS SMV1231-079LF

varactor is used in this structure.

Figure 2.8: Fat dipole unit cell element with varactor.

For each unit cell, the magnetic resonance of incident wave on its surface provide phase

shift of 2π. The results of phase and magnitude of reflection coefficient are shown in the

Fig 2.9. With the bias voltage of varactors varying, the capacitance of varactors control

the phase shift on the reflecting surface. In a specific, a phase range from π to −π can be

obtained which is useful in the reflectarray surface distribution to control the reflection beam

direction.
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Figure 2.9: Full-wave result of magnitude and phase.

For the dog-bone unit cell element, as show in Fig 2.10, each unit cell includes two

parts of dog-bone cell in reversed direction and a varactor inside the gap of two parts. This

kind of geometry makes each unit cell contains one varactor, also it can be represented and

analyzed by the equivalent circuit model in [42]. The performance of the dog-bone unit cells

with varactors is determined by the parameters of the structure and the capacitance of the

varactor. These effects including: 1. substrate inductance which is determined analytically

from the dielectric substrate height and relative dielectric constant. 2. The resistance, capac-

itance and inductance associated with the dog-bone unit cell. 3. The varactor capacitance

in parallel which is calculated for various varactor voltages from the datasheet provided by

the manufacturer.

The final design of the grounded dog-bone structure considered in the thesis is shown

in Fig 2.10. This design uses RT5880LZ as dielectric spacer, with relative permittivity ϵr =

2 and tan delta = 0.0037, and its physical dimensions, in mm, are: A = B = 15, A1 = 3, A2

= 14, B1 = 6, , B2 = 2, H = 1, and G = 1. The device used here to allow a reconfigurable

behavior is a varactor diode arranged in the middle of the structure and joining the two

parts of the dog-bone that are separated by the gap. MACOM MAVR-011020-1411 varactor
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is used in this structure.

Figure 2.10: Metamaterial dog-bone unit cell with geometrical parameters.

The behaviour of the dog-bone unit cell element is same to that of fat dipole as shown in

Fig 2.11. Both of these two kinds of unit cells realize the phase shifting and varactor control.

In the thesis, the dog-bone unit cell with varactors is used to constructure the reflectarray

system to realize the reconfigurable property and beam scanning.

Figure 2.11: Full-wave result of S11 and phase.
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2.6 Design of Metasurface

Metasurface formed by a periodic arrangement of grounded dog-bone shaped conductors

on a dielectric substrate. In the full wave simulation, the unit cell boundary condition is

introduced to realize the performance of the metasurface composed of the array of unit cells.

The unit cell boundary condition simulate infinite elements to calculate the performance of

the metasurface. As shown in Fig 2.12, the unit Cell boundary condition in CST virtually

repeats the modeled structure periodically in two directions up to infinity.

In practical the reflecting surface of the system has limited numbers of unit cell elements.

The result of boundary condition with infinite unit cell elements can be extended to practical

surface since we focus on different unit cell elements to provide different phase distribution.

Figure 2.12: Perspective view of the metalayer formed by a periodic arrangement of grounded
dogbone-shaped conductors layed on a dielectric substrate.
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The relationship between phase of the reflection coefficient and the bias voltage is given

in Fig 2.13. At 4.4 GHz, the phase of reflection coefficient varies from −150◦ to 150◦ when

the bias voltage decrease from -2 V to -8 V. The relationship between these two factors is

non-linear, so that the phase decreases rapidly in the range of -4 V to -3 V. However, since

the varactor is linear tuning, a continue phase distribution can be obtained by choosing

proper bias voltage.

This relationship can be used in reflecting surface design since each unit cell element

has specific phase, the related bias voltage is given to make up the total reflecting surface

with a progressive phase distribution.

Figure 2.13: Reflection coefficient phase of the structure for biasing voltages of the varactor
from -8 V to -2 V.

In the next chapter, the reflectarray system design is introduced including feed antenna

characteristics and the phase distribution analysis of the system. The phase shift technique

introduced in this chapter is extended to the whole system of the reflectarray antenna.
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Chapter 3

Reflectarray System Design

The reflectarray system consists of an illuminating feed antenna and a flat reflecting

surface with numerous elements on its aperture. The feed antenna design is introduced

in this section and the planar reflecting surface is realized using metasurface and unit cell

elements introduced in the previous section.

3.1 Feed Antenna Characteristic

The feed antenna radiation characteristic is one of the most important parts in a reflec-

tarray system design. Typically a horn antenna with characteristic of moderate directivity,

low standing wave ratio and broad bandwidth is used. The horn antenna is often used as feed

antennas for large antenna structures such as parabolic antennas. While the horn antenna

used as feed antenna is suitable to a reflectarray antenna system, the relative high cost of

prototyping and complicated manufacturing process limit the performance of reflectarray

system. Considering the points mentioned above, a microstrip antenna can be a suitable

replacement for the horn antenna. The first microstrip antenna was proposed by Deschamps

24



[46] in 1953. In the next twenty years with the development of photolithographic techniques

and copper clad laminate, the first microstrip antenna was manufactured and attracted re-

searchers and industries’ attentions. Microstrip antennas have been widely researched and

developed over decades and numerous designs have been introduced in applications such as

wireless communication, doppler radar and telemetry remote sensing, etc. The most com-

mon type of a microstrip antenna is the patch antenna which is usually employed at high

frequency since the size of the patch antenna is directly relate to the wavelength at the

resonant frequency. With the simple 2-dimensional structure, patch antennas are relatively

inexpensive to manufacture and design compared to horn antennas. At the same time, a

single microstrip patch antenna can provide a maximum gain of 10 dBi and further structural

improvement can also increase the gain.

In the thesis, a C-band 4.4 GHz microstrip antenna is designed as the feed antenna

of the reflectarray antenna system. The antenna performance improvement technology is

introduced. For high gain and wide frequency band, we introduce a method that insert a air

gap between substrates.

3.1.1 Design of Microstrip Patch Antenna

The simplest rectangular microstrip patch antenna consists of a rectangular patch, sub-

strate material with relative dielectric constant ϵr and a large ground plane backed. The

design of microstrip patch antenna is based on the formulas which define the structure’s

parameters of rectangular microstrip patch antenna. The width of the patch is given by [47,

p. 469]

W =
λ

2
[
ϵr + 1

2
]−0.5 (3.1)

where λ is wavelength that calculated at resonant frequency. ϵr is dielectric constant of
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the substrate.

The design formulas for the patch length is given by [47, p. 469]

L = 0.5
λ

√
ϵr

− 2△L (3.2)

where △L is fringing length given by [47, p. 469]

△L = 0.412
(ϵre + 0.3)(W

t
+ 0.264)

(ϵre − 0.258)(W
t
+ 0.8)

t (3.3)

where t is thickness of the substrate and ϵre is the effective dielectric constant given by [47,

p. 469]

ϵre =
ϵr + 1

2
+

ϵr − 1

2
(1 +

10t

W
)−0.5 (3.4)

It is the fringing fields that is responsible for the radiation. The fringing E-fields on the

edge of the microstrip antenna add up in phase and produce the radiation of the microstrip

antenna.

For the patch introduced in the thesis, the substrate consists of FR-4 material with

dielectric constant 4.3 and thickness of 0.28 mm. The patch and ground plane layers are

made of copper with thickness of 0.035 mm. The length and width of substrate and ground

plane are set that the distance from their edges to patch is lambda/4 at 4.4 GHz.

Some optimization techniques of rectangular microstrip antenna are introduced in the

following.

A. Coaxial Cable or Probe Feed

In this thesis the coaxial cable or probe feed method is used. The microstrip antenna

is fed from underneath via a probe. The outer conductor is connected to ground plane and

the inner is extended up to the patch antenna. A kind of insulator is added between the
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inner and outer conductors. The advantages of this method is that the position of the feed

can be altered to control the input impedance. The gain can be also improved compared

to microstrip line feed method. However, the probe will also radiate, which can lead to

radiation in undesirable directions.

B. Air Gap between Patch and Ground

An air gap between radiating element and ground plane is inserted to obtain a high gain

and high efficiency. The air gap reduces both the electric field concentration on the lossy

material and the dielectric constant of the radiating plane.

Figure 3.1: Top and side view of microstrip patch antenna.

The calculated and optimized parameters of the patch structure are shown in Fig 3.1.

The copper layer under the FR4 substrate acts as the ground plane which is of 80*80 mm

in dimensions, while the radiating rectangular patch of 27*25 mm is designed at the upper

layer. Feeding point on The feeding point on the patch is offset from the edges W by 7

mm and L by 12.5 mm, which acts as the feeding network using microstrip probe feeding

technique. The air gap is selected as 3.5mm. The simulation is based on CST software.
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Figure 3.2: 4.4 GHz microstrip patch antenna.

By changing the position of the coaxial feed, the input impedance can be tuned easily

to get a result of S11 parameters which is less than -10 dB as shown in Fig 3.3. This means

that at the resonant frequency the coaxial feed matches to the patch and obtain a maximum

far-field radiation.

Figure 3.3: S11 parameter of patch antenna.

The result of the far-field gain of the microstrip antenna is shown in Fig 3.4. The

directivity of the microstrip antenna is 9.8 dB and total losses is very low which means that

there is a good input impedance match.

28



Figure 3.4: 3d far-field radiation pattern of patch antenna.

The final gain of the microstrip antenna is 9.7dB in the broadside direction along z

axis vertical to the patch surface. This patch antenna is used as the feed antenna in the

reflectarray system. In the next chapter, a cosine model of ideal feed antenna based on its

directivity is introduced to calculate the efficiency of the reflectarray system.

Figure 3.5: polar plot of radiation pattern.
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3.2 Reflectarray System Design

The reflecting surface is made of the unit cell array which provides impedance to reflect

incident electromagnetic wave. The reflecting beam direction depends on the phase distri-

bution, in this section we analyse the relationship between the phase distribution on the

reflecting surface and reflecting beam direction.

3.2.1 Phase Distribution of Reflecting Surface

For a planar antenna reflecting surface, a uniform phase distribution on the surface will

yield a collimated beam in the broadside, that is, normal to the plane of the array. To

control the beam reflected in a specific direction of reflectarray, the main point is to realize

a progressive phase distribution on the reflecting surface which is made of unit cells with

different phase. Typically, the unit cells are located in the position assumed to be far-field

of the feed antenna. Therefore, the incident EM wave radiated by a feed antenna can be

approximated by a plane wave that excites the unit cells with a certain incident angle. The

electromagnetic wave from the feed antenna arrives on the aperture with different phase

proportional to the distance from feed to each unit cell, which is referred as spatial phase

delay. To obtain a certain direction of reflecting beam from reflectarray the phasing unit

cells of reflectarray have to compensate for this phase. The typical geometry of a planar

reflectarray is shown in the Fig 3.6.

Due to the structure of the reflectarray system and the distance from feed antenna to

each unit cell. The spatial phase delay (spd) of each unit cell should compensate for can be

calculated as [31, p. 65]

ϕspd = −k0Ri (3.5)

where k0 is the wavenumber calculated in the resonant frequency. Ri is the distance from
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Figure 3.6: Reflectarray Geometry.

feed antenna to each unit cell. Such a phase shift provides a reflecting beam in the broadside.

To realize the beam scanning in any direction in the reflectarray system, a progressive phase

on the aperture is necessary. The progressive phase (pp) for each unit cell is given by [31,

p. 66]

ϕpp = −k0r⃗i · r̂ (3.6)

where r⃗i is the position vector of the unit cell and r̂ represents the direction of the reflecting

beam. For each unit cell, its position can be represented as (xi, yi). Assume that reflecting

beam directed in maximum direction (θr, ϕr) in the far-field. Using the definition to replace

r⃗i and r̂, then equation (3.6) becomes [31, p. 66]

ϕpp = −k0(xisinθrcosϕr + yisinθrsinϕr). (3.7)

The total phase shift on the each unit cell is sum of compensation for the spatial delay ϕspd

and additional progressive phase ϕpp [31, p. 66]

ϕRA = k0(Ri − (xisinθrcosϕr + yisinθrsinϕr)) + Φ0, (3.8)

where Φ0 is a phase constant. With the mathematical result of phase shift on the each
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unit cell, the phase distribution of the reflecting surface can be calculated for different feed

antenna positions and reflecting beam directions. As an example, the phase distribution of

a C-band reflectarray antenna with a circular structure is shown in Fig 3.7.

Figure 3.7: Phase distribution calculated by theoretical analysis.

The phase distribution on the reflecting surface realizes beam steering in any direction.

Therefore one of the most important parts in reflectarray design is reflection phase shift

of each unit cell from 0 to 2π. The different phase tuning techniques are discussed in the

previous section. In this thesis, the varactor-controlled phase shift method for reconfigurable

beam steering is presented.
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3.2.2 Feed Antenna Position

Figure 3.8: Side view of reflectarray system and feed position.

In the reflectarray system, the position of feed antenna is important to the performance

of antenna. In general, the feed antenna is located on the top of the center of the reflecting

surface which is also called center-fed symmetric reflectarray as shown in Fig 3.8. This

kind of antenna position is easy to set and calculate, however, the feed blockage is a physical

characteristic that exists in reflectarray, where the feed antenna blocks some of the radiation.

This effect, called aperture blockage, causes a reduction in antenna gain and an increase in

side lobe level. Aperture blockage is a function of the ratio of the blockage ratio to the

reflectarray diameter as shown in Fig 3.9, which is known as blockage ratio. Ab is the

blockage area projected onto the physical aperture of area Ap. In the next section, the

aperture blockage is considered into aperture efficiency.

Figure 3.9: Feed blockage.
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Chapter 4

Directivity and Efficiency of the

Reflectarray

The reflectarray antenna design begins with a specific gain requirement. The gain of

a reflectarray antenna is based on the antenna directivity and radiation efficiency. In the

thesis, the directivity of the reflecting surface is analyzed based on the calculation of aperture

efficiency. The directivity of a reflectarray antenna is proportional to the electrical size of

the reflecting surface similar to apertures of traditional reflector antennas. The effective

directivity is calculated as the product of the aperture efficiency and maximum aperture

directivity. Through the aperture efficiency analysis, the required sizes of the reflectarray

antenna and reflecting surface can be estimated to achieve the desired directivity and gain.

The basic consideration of the aperture efficiency in a reflectarray are spillover efficiency and

taper efficiency. In the thesis, these two aperture efficiency and achievement efficiency are

analyzed to obtain a feed position for the highest reflectarray directivity. Other aperture

efficiency including the efficiency factors associated with the feed loss, reflectarray element

loss, polarization loss, and mismatch loss also have effects on the directivity of reflectarray.
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4.1 Directivity and Gain of Aperture Antenna

One definition of the antenna directivity is given by [47, p. 52]

D =
4πUm

P
(4.1)

where Um is the maximum of the radiation intensity and P is the total radiated power

evaluated by integrating over all radiation space. For an aperture antenna, in the case of

main beam peak which is broadside, the maximum of the radiation intensity Um and radiated

power can be determined by [47, p. 361]

Um =
β2

8π2η

∣∣∣∣∫∫
Sa

E⃗ads
′
∣∣∣∣2 (4.2)

P =
1

2η

∫∫
Sa

∣∣∣E⃗a

∣∣∣2 ds′ (4.3)

where β is propagation constant, η is wave impedance and E⃗a is aperture field. By sub-

stituting (4.2) and (4.3) in (4.1), one gives a simplified equation of directivity for aperture

antenna [47, p. 362]

D =
4π

λ2

∣∣∣∫∫Sa
E⃗ads

′
∣∣∣2∫∫

Sa

∣∣∣E⃗a

∣∣∣2 ds′ (4.4)

This formula assumes that the pattern peak is directed to broadside of the aperture. If the

aperture distribution is of uniform amplitude and phase distribution, then (4.4) reduces to

[47, p. 362]

Du =
4π

λ2
Ap (4.5)

where Ap is the physical aperture area. Note that this is a general result based on a uniform

amplitude and phase aperture.
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Gain of antenna equals directivity reduced by the amount of power lost on the antenna

structure. From the definition of radiation efficiency and gain, the relationship between gain

and directivity is given by [47, p. 363]

P = erPin (4.6)

G =
4πUm

Pin

(4.7)

G =
4π

λ2
Ae =

4π

λ2
ηapAp = ηapDu = erD (4.8)

where Pin is input power, Ae is the effective aperture area, er is radiation efficiency and

aperture efficiency ηap is to measure how efficiently the antenna physical area is utilized.

4.2 Aperture Efficiency Analysis

The total aperture efficiency can be separated into several parts for general use [47,

p. 364].

ηap = erηsηtηa (4.9)

where ηs is spillover efficiency, ηt is taper efficiency and ηa is achievement efficiency. These

different efficiencies are discussed in the following.

In most aperture antennas, radiation losses are very low that er ≈ 1 and G ≈ D. To

analyze the directivity and gain of the reflectarray, the calculation of aperture efficiency is

discussed.
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4.2.1 Feed Antenna Model

In the thesis, the cosq pattern [48] is used to represent radiation of a feed antenna. The

reflectarray system is shown as Fig 4.1. Center point C is the feed beam point that the

radiation wave of feed antenna directed at this point. θ0 is the angle between wave incident

on feed beam point and wave to the rim of the surface which is subtended angle.

Figure 4.1: Side view of center-fed reflectarray system.

The radiation pattern of feed antenna is defined as [47, p. 412]

Ff (θf ) =


cosqθf (0 ≤ θf ≤ π/2).

0 elsewhere

(4.10)

θf is a variable of subtended angle which is normalized to a peak of unity at θf = θ0.

This radiation model of feed antenna represents the directivity and shape of the pattern

by a single parameter q. Although this kind of model is idealistic, these patterns have
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advantages that a closed form solutions can be obtained. Also they are used to represent

the main lobe of many practical antennas.

Here, the expression for the gain of the feed antenna is given by [47, p. 412]

Gf =
4π∫ 2π

0

∫ π

0
|Ff (θf , ϕ

′)|2 sinθfdθfdϕ′
(4.11)

Ff (θf , ϕ
′
) is feed antenna pattern. Then using the radiation pattern model in (4.10), it

becomes [47, p. 412]

Gf = 2(2q + 1) (4.12)

From the equation we can obtain a relationship between gain of the feed antenna and

factor q. This model is used for an ideal feed antenna to calculate efficiency of the reflectarray

system. Practical feed antenna can be different considering other factors like balance of E

and H pattern.

4.2.2 Illumination and Achievement Efficiency

A. Spillover efficiency

Spillover efficiency is related to the feed antenna location and area of the reflecting

surface. Spillover efficiency ηs is defined as the percentage of the radiated power from the

feed antenna which is intercepted by the reflecting surface. Due to the finite size of the

reflecting surface, some of the radiation from the feed antenna will travel away from the

main axis at an angle greater than θ0, thus not being reflected. This efficiency can be

improved by moving the feed closer to the reflecting surface, or by increasing the size of

the reflecting surface. From the definition of spillover efficiency, it can be evaluated by the
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following equation [47, p. 411]

ηs =

∫ 2π

0

∫ θ0
0

∣∣Ff (θf , ϕ
′
)
∣∣2 sinθfdθfdϕ′∫ 2π

0

∫ π

0
|Ff (θf , ϕ

′)|2 sinθfdθfdϕ′
(4.13)

where the denominator is the total power radiated by the feed antenna and the numerator

is the incident power that intercepted by the reflecting surface. Using the feed pattern of

cosq(θ) form, one can derive the following expression for the spillover efficiency [47, p. 412]

ηs = 1− cos2q+1 (θ0) (4.14)

B. Taper efficiency

The aperture taper efficiency is due to the non-uniform amplitude distribution on the

aperture plane. The taper efficiency depends on many factors in reflectarray system such as

radiation pattern of the feed antenna, position of the feed antenna, shape of the reflecting

surface and radiation pattern of each unit cell. In the thesis, the analytic method of the

aperture taper calculation is introduced.

Aperture taper efficiency is obtained by working with that portion of the power that

reaches the aperture. That is, if we ignore achievement and spillover losses, (4.4) for a

circular aperture of radius a leads to [47, p. 410]

ηt =
1

πa2

∣∣∣∫ 2π

0

∫ a

0
Ea(ρ

′
, ϕ

′
)ρ

′
dρ

′
dϕ

′
∣∣∣2∫ 2π

0

∫ a

0
|Ea(ρ

′ , ϕ′)|2 ρ′dρ′dϕ′
(4.15)

where Ea(ρ
′
, ϕ

′
) is the aperture magnitude distribution.

Aperture taper efficiency measures the uniformity of the magnitude distribution of the

feed pattern over the surface of the reflectarray. The phase component of aperture field is

39



included in phase error efficiency which is a part of achievement efficiency. The expression

can be written directly in terms of the known feed antenna pattern by transforming to feed

angles [47, p. 411]

ηt =
4F 2

πa2

∣∣∣∫ 2π

0

∫ θ0
0

Ff (θf , ϕ
′
)tan

θf
2
dθfdϕ

′
∣∣∣2∫ 2π

0

∫ θ0
0

|Ff (θf , ϕ
′)|2 sinθfdθfdϕ′

(4.16)

The evaluation of taper efficiency is complicated. The effect including spillover and taper

efficiency can be called as illumination efficiency. Some equations of illumination efficiency

with different q factor are given by [47, p. 412]

ηi = cot2
θ0
2


24[sin2 θ0

2
+ ln(cos θ0

2
)]2 q = 1

40[sin4 θ0
2
+ ln(cos θ0

2
)]2 q = 2

14[1
2
sin2θ0 +

1
3
(1− cosθ0)

3 + 2ln(cos θ0
2
)]2 q = 3

(4.17)

The total efficiency analysis mainly focuses on the spillover efficiency and aperture taper

efficiency. To further analyze the effect of reflectarray system to the efficiency, the factors

including subtended angle and feed antenna pattern are estimated. We assume that the phase

distribution is uniform, when q equal to 6, the relationship of subtended angle and efficiency

based on (4.14) and (4.16) is shown in Fig 4.2. With the subtended angle increasing, the

spillover efficiency increasing while the taper efficiency decreasing.
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Figure 4.2: Efficiency versus subtended angle (q = 6).

The feed antenna radiation pattern is another important effect on efficiency. The radi-

ation cosq(θ) model uses factor q to represent radiation pattern. The relationship of factor

q and illumination efficiency including the spillover efficiency and tape efficiency is given in

Fig 4.3.

Figure 4.3: Illumination efficiency versus factor q.
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C. Achievement efficiency

Besides spillover efficiency and aperture taper efficiency, several factors that reduce

gain for practical implementation reasons are lumped together can be called as achievement

efficiency. The achievement efficiency is expressed using subefficiencies as [47, p. 413]

ηa = ηrsηcrηbηϕ (4.18)

where ηrs is random surface error efficiency which is associated with the gain loss from random

surface errors, ηcr is cross-polarization efficiency because feed antennas have a component

that is orthogonal to the desired polarization, ηb is the blockage efficiency that measures how

much radiation is blocked by the feed antenna, and ηϕ is phase error efficiency that represents

nonuniform phase across the aperture and phase error due to feed antenna leading to gain

loss and pattern deterioration. These efficiencies also cause gain losses, but are usually small

compared to spillover and taper loss.

Blockage efficiency is analyzed in this thesis. In the case of the center-fed symmetric

reflectarray antenna, the feed antenna is located at the top of surface center which may block

some radiation of surface and hence degrades the performance by reducing the gain and also

increasing cross-polarization. A simple approximate formula is available for the aperture

blockage efficiency [47, p. 414]

ηb = [1− 1

ηt

Ab

Ap

]2 (4.19)

where Ab is the blockage area projected onto the physical aperture of area Ap.

Feed blockage is inevitable in the case of the centre-fed reflectarray system. The larger

the feed assembly is, the lower is the blockage efficiency. However, a center-fed reflectarray

can be designed to avoid the blockage completely by setting the direction of the outgoing
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beam appropriately.

From the analysis of effects on the reflectarray efficiency, the reflectarray system’s setting

can be optimized to obtain a higher directivity.
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Chapter 5

Full Wave Simulation Result

The reflectarray system introduced in this thesis consists of a feed antenna and a re-

flecting surface. The microstrip patch antenna introduced in the previous chapter is using

as the feed antenna. The reflecting surface composes of array of dog-bone shaped unit cells

with varactors inserted. In this section, the configuration of the reflectarray system is given

and far-field result of the reflecting radiation is plotted with the beam direction changing

under the control of varactors, that is the reconfigurable reflectarray antenna.

The center-fed symmetrical reflectarray is given in full-wave simulation software (CST)

to analyze the antenna performance. The reflecting surface is selected to be circular for

comparison to the result of mathematical calculation.

5.1 Reflectarray System Setting

The dog-bone shaped structure is used as the unit cell of the reflecting surface as shown

in Fig 5.1. The unit cell is simulated in full-wave simulation software with the specific

unit cell boundary condition. Series RLC lumped elements are used in full-wave simulation
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software to represent the effect of the varactors. Based on the analysis of the phase shift on

the surface of unit cell, the capacitance of the varactors is given specifically for each unit cell

related to Table 2.2.

Figure 5.1: Dog-bone unit cell element with varactor.

The unit cell structure was introduced specifically in the previous chapter. All the

parameters are list in Table 5.1.

Table 5.1: Dog-bone structure parameters

Para. Value(mm) Para. Value(mm)

A 15 A2 14

B 15 B2 2

A1 3 G 1

B1 6 H 1

The microstrip patch antenna introduced in the previous chapter is used as the feed
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antenna.

Figure 5.2: Top and side view of feed antenna.

All the parameters of feed antenna are list in Table 5.2.

Table 5.2: Feed antenna structure parameters

Para. Value(mm) Para. Value(mm) Para. Value(mm)

A 80 W 25 offset(x) 12.5

B 80 L 27 offset(y) 7

Hsub1 0.28 Hsub2 0.28 H AirGap 3.5

The diameter of circular reflecting surface is 500 mm. The feed antenna is located

above the surface center. The top view of the reflectarray system is shown in Fig 5.3. The

subtended angle is one of the factors that affect the gain performance of the reflectarray

system. In this case, the subtended angle is set as 45◦ so that the height of the feed antenna

can be calculated and is given by 250 mm.
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Figure 5.3: Top view of circular reflecting surface.

The whole reflectarray system setting in full-wave simulation software is shown in Fig

5.4. For varactors in the each unit cell, specific values of the resistance, inductance and

capacitance are given to obtain a reasonable phase distribution at 4.4 GHz.

Figure 5.4: Reflectarray Geometry.
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5.2 Beam Steering Result

To realize reconfigurable reflecting surface and beam steering for reflectarray system,

the varactors provide linear control of phase shift across the surface. In the thesis, three

different radiation beam directions are shown. (θr, ϕr) is the maximum direction of the

radiation pattern in the far-field.

Case A. Radiation beam direction: (θr = 45◦, ϕr = 45◦)

To get a specific phase distribution on the reflecting surface, the bias voltage for each

varactor in the unit cell is controlled accordingly. The phase distribution is calculated in

Matlab and related bias voltage distribution based on Fig 2.12 is shown in Fig 5.5.

Figure 5.5: Bias voltage distribution at (θr = 45◦, ϕr = 45◦).
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The 3D far-field radiation pattern in the full-wave simulation result is shown in Fig 5.6.

Note the pencil-shaped beam, synthesized by the reflectarray, is steered at (θr = 45◦, ϕr =

45◦).

Figure 5.6: 3D far-field radiation pattern at (θr = 45◦, ϕr = 45◦).

To identify the reflecting beam direction, the polar plots of the far-field radiation are

given in the case of θr = 45◦ and ϕr = 45◦. As shown in Fig 5.7 and Fig 5.8, the reflected

beam is steered to (θr = 45◦, ϕr = 45◦) in spherical coordinates which agrees with the

requirement in the reflectarray system setting.
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Figure 5.7: Radiation pattern in polar plot when (θr = 45◦).

Figure 5.8: Radiation pattern in polar plot when (ϕr = 45◦).
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Case B. Radiation beam direction: (θr = 20◦, ϕr = 20◦)

Similar to the settings in case A, we set a different bias voltage value for each unit cell

element to obtain a specific phase distribution on the reflecting surface. The bias voltage

distribution of the circular reflecting surface is shown in Fig 5.9.

Figure 5.9: Bias voltage distribution at (θr = 20◦, ϕr = 20◦).
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The 3D far-field radiation pattern in the full-wave simulation result is shown in in Fig

5.10. The main beam is steered at (θr = 20◦, ϕr = 20◦).

Figure 5.10: 3D far-field radiation pattern at (θr = 20◦, ϕr = 20◦).

To identify the reflecting beam direction, the polar plots of the far-field radiation are

given in the case of θr = 20◦ and ϕr = 20◦. As shown in Fig 5.11 and Fig 5.12, the reflecting

beam is directed to (θr = 20◦, ϕr = 20◦) in spherical coordinates which agrees with the

requirement in the reflectarray system setting.
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Figure 5.11: Radiation pattern in polar plot when (θr = 20◦).

Figure 5.12: Radiation pattern in polar plot when (ϕr = 20◦).
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Case C. Radiation beam direction: (θr = 0◦, ϕr = 0◦) (broadside)

Here, we have the final case that beam direction is the broadside. The bias voltage

distribution of the circular reflecting surface is shown in Fig 5.13.

Figure 5.13: Bias voltage distribution at (θr = 0◦, ϕr = 0◦).
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The 3D far-field radiation pattern in the full-wave simulation result is shown in Fig 5.14.

The main beam is steered at broadside (θr = 0◦, ϕr = 0◦).

Figure 5.14: 3D far-field radiation pattern at (θr = 0◦, ϕr = 0◦).

To identity the reflecting beam direction, the polar plots of the far-field radiation are

given in the case of θr = 0◦ and ϕr = 0◦. As shown in Fig 5.15 and Fig 5.16, the reflecting

beam is directed to (θr = 0◦, ϕr = 0◦) which is broadside in spherical coordinates which

agrees with the requirement in the reflectarray system setting.

55



Figure 5.15: Radiation pattern in polar plot when (θr = 0◦).

Figure 5.16: Radiation pattern in polar plot when (ϕr = 0◦).
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The far-field radiation result shows that three different radiation beam directions are

realized which means that the radiation beam direction can be adjusted by varactors control.

The far-field results of three cases show that a pencil-shaped beam is produced by reflecting

surface while the side lobe level is increasing because of feed antenna blockage. This kind of

reconfigurable reflectarray antenna can perform beam steering in upper-hemisphere of the

coordination.

The directivity of the reflecting surface is obtained in the full-wave simulation and

compared to the result from mathematical method in Matlab.

The directivity is calculated based on (4.8) and (4.9) that

D =
4π

λ2
ηsηtηbAp (5.1)

which includes the spillover, taper and blockage efficiency. In the case of broadside direction.

The result that directivity varies with subtended angle calculated in Matlab is shown in Fig

5.17.

Figure 5.17: Calculated directivity versus subtended angle
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The directivity of the reflecting surface from mathematical analysis varies with the sub-

tended angle increasing. For the special case that subtended angle θ0 = 45◦, the directivity

result is 20.82 dB.

The full-wave simulation directivity result is shown in Fig 5.18. In the case of the

reflecting beam direct to broadside, the directivity result is 19.2 dB.

Figure 5.18: One dimensional result of radiation pattern for broadside case.

The result ofthe full-wave simulation has 1.5 dB deviation from that from mathematical

calculation. Other losses except the spillover and taper are considered. Therefore, these two

kinds of gain results agree with each other.
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Chapter 6

Conclusion

A reconfigurable reflectarray antenna system has been proposed where three different

reflecting beam directions are realized.

First the different unit cell elements are introduced to make up the metasurface which

is used as the reflecting surface of the reflectarray system. To control the phase distribution

on the unit cell element surface, varactors diodes are inserted into the unit cell elements and

then phase of reflection coefficient shift as the capacitance of varactors varying. Varactors

parameters from manufacture’s datasheet are transformed into series RLC circuits which can

be used in full-wave simulation software (CST).

The reflectarray system consists of a feed antenna and a reflecting surface. The feed

antenna uses a microstrip antenna with air gap inside the substrates to obtain higher gain.

As a result, a patch antenna with gain of 9.64 dB is designed at 4.4 GHz and and is placed

a certain distance above the center of the reflecting surface (center-fed configuration). To

realize the specific radiation beam direction, the phase distribution on the reflecting surface

has to be realized and programmed accordingly in each unit cell.
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Directivity and gain analysis of reflectarray are based on the aperture efficiency cal-

culations. The spillover efficiency and taper efficiency have major effect on the antenna

directivity. The relationship between the aperture efficiency and the feed antenna pattern is

analyzed. Also, how the total efficiency of the reflectarray system varies with the increasing

subtended angle is shown.

The design of the reflectarray antenna system is based initially on the theoretical tech-

niques which are later verified through full-wave simulations. This kind of reconfigurable

reflectarray antenna can be used in 5G wireless communication for satisfying the require-

ment of beam steering in mobile communication system. In practice, a biasing mechanism

has to be integrated in each unit cell in order to vary the capacitance and hence the phase.

In the future, elements could be scaled or redesigned to obtain higher resonant frequencies

and low loss varactors can be introduced to reduce the total losses in the reflecting surface.
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