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Abstract 

Compared to parabolic reflector antennas, printed array antennas have compact size, 

light weight and low cost. Many printed array antennas have been reported in the litera-

ture, but there are lots of challenges remaining. For example, how to achieve polarization-

reconfigurable circularly polarized (CP) array antennas? How to reduce the thickness of 

folded reflectarray CP antennas? How to increase the bandwidth of reflectarray antennas? 

How to achieve multi-beam radiation? To tackle these challenges, several novel designs of 

printed array antennas are proposed in this dissertation. 

First, a novel design of a polarization-reconfigurable CP antenna is proposed. It is the 

first time an electronically polarization-reconfigurable CP antenna with a single-substrate 

polarizer is reported. The antenna consists of a slot antenna and an electronically polariza-

tion-reconfigurable polarizer (EPRP), which could convert the linearly polarized (LP) 

waves from the slot antenna to CP waves. The polarization of the antenna could be 

electronically switched to left-hand circular polarization (LHCP) or right-hand circular 

polarization (RHCP) by changing the states of the positive-intrinsic-negative (PIN) diodes 

that are loaded on the polarizer. There are several features of applying an EPRP in this 

design. 1) The DC circuit of PIN diodes is completely isolated from the RF signals. 2) The 

PIN diodes are not mounted on the RF feed network. 3) In this antenna, 32 PIN diodes are 

mounted on the EPRP. The average current of each PIN diode is quite small. Therefore, 

the antenna can radiate more power without damaging the diodes. 4) The gain of antennas 

is improved as the aperture of the slot antenna is enlarged by the EPRP. 

Then, a novel folded CP reflectarray with a significantly-reduced antenna thickness is 

designed. The antenna consists of a CP feed antenna, a reflecting surface and a circular 

polarization selective surface (CPSS). The CPSS is transparent for RHCP waves and 

reflects LHCP waves. By applying the CPSS as the polarization grid for CP waves, the 

thickness of the CP reflectarray antenna is reduced significantly. It is the first time that the 

CPSS is applied as the polarization grid in a folded CP reflectarray antenna. 

To overcome the problem of narrow bandwidth of reflectarrays, one ultra-wide-band 

tightly coupled dipole reflectarray (TCDR) antenna is proposed. This is the first report of a 

reflectarray using the concept of tightly coupled elements, and the reflectarray antenna is 

shown to achieve much wider working bandwidth compared with all the reflectarray 

antennas that are reported in the previous literature. The reflectarray consist of a wide-
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band feed antenna and a wide-band reflecting surface. The proposed antenna combines the 

features of tightly coupled arrays and those of reflectarrays. As a result, the TCDR antenna 

has an ultra-wide bandwidth, and a much simpler feed network compared with tightly 

coupled arrays and other ultra-wide-band direct radiation array. A novel method to mini-

mize the phase errors of the wideband reflectarray is also proposed. In its operating 

frequency band, the TCDR antenna has stable main beams and reasonable side lobe levels 

(SLL). A new method of improving the polarization purity of the TCDR antenna is also 

proposed. Based on the method, two reflectarray antennas are designed and simulated. The 

simulated results show that the proposed method could reduce the cross-polarization of the 

TCDR antenna significantly. 

Finally, a novel method of designing a Nolen matrix is proposed, and the derivation of 

the method is given as well. The method is more concise compared with that reported in 

the previous literature. Based on this method, a multi-beam antenna fed by a 5×5 Nolen 

matrix network is proposed. The multi-beam antenna is simulated, fabricated and meas-

ured. The simulated and measured results prove the effectiveness of the proposed method 

of designing a Nolen matrix. 

In this thesis, in order to accurately evaluate the performance of the proposed anten-

nas, full-wave electromagnetic simulations are carried out by using commercial tools such 

as  High Frequency Structure Simulator and Computer Simulation Technology Microwave 

Studio. Prototypes of the antenna designs are fabricated and measured. The simulated and 

measured results agree well. 
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Chapter 1. Introduction 

In this thesis, several novel designs of printed array antennas are proposed to over-

come the challenges in wireless communications. The research background and the 

motivation of the PhD program are introduced first. Then, the array antennas are reviewed. 

Following that are the details of each antenna design proposed in the PhD project. The last 

part concludes the thesis and shows future work.  

1.1 Motivation 

Due to the rapid development of wireless communication, the number of the users is 

increasing fast, and services with higher bit rate data are required. It is widely foreseen that 

an enormous rise in traffic will appear in mobile and personal communications.   
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Figure 1-1 Maximum theoretical downlink speed by technology generation [1] 

 

Figure 1-1 shows the maximum theoretical downlink speed by technology generation 

[1]. It can be seen the theoretical downlink speed of 5G is ten times as that of 4G/Long 

Term Evolution (LTE) Advanced. It also should be noted 10 Gbps is the minimum theoret-

ical upper limit speed specified for 5G.  
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To support the rise in traffic, manufacturers and operators have to offer sufficient ca-

pacity in the networks. Therefore, the signal to noise ratio (SNR) and the bandwidth of the 

communication system are needed to be improved. 

In 5G, array antennas [2] are usable over greater distances, which is an important part 

of a system that works at 6GHz or higher frequency. Array antennas have relatively high 

gains, which could improve SNR and broaden the communication capacity. In this situa-

tion, max equivalent isotropic radiated power (EIRP) limits should be considered. When 

the user device is connected, the beam of the array should direct at the user, and track the 

user device during the connection. The MIMO antenna is another method to increase the 

capacity of the communication system which is often discussed. The MIMO antenna 

makes it possible to establish multiple radio connections between a user device and a 

station.  

Whatever antenna technologies are applied in communication systems, as the fore-

front of the wireless communication system, the performance of the antennas affects the 

entire system significantly. Therefore, the performance of antennas is required to be better 

and better. For some application scenarios, antennas are supposed to have a high gain with 

low profile, multiple beams, multiple polarizations or a wide working band. 

In order to obtain high gain antennas, parabolic reflector antennas are traditional solu-

tion. However, the shortcomings of a parabolic reflector antenna limit its application in the 

communication system. Firstly, parabolic antennas are not easy to manufacture. The 

reflecting surface of a parabolic antenna is a metal curved surface, not a planar surface. To 

manufacture the curved surface could cost much time and money. Secondly, the beam of a 

parabolic reflector antenna is hard to scan electronically, which limits its application in 5G 

communication. Therefore, printed array antennas [3] with low cost could play a better 

role in 5G communication. Many printed array antennas have been reported, but there are 

lots of challenges remaining, which include achieving polarization-reconfigurable CP 

array antennas, reducing the thickness of folded reflectarray CP antennas, increasing the 

bandwidth of reflectarray antennas, and realizing multi-beam radiation. In order to solve 

these problems, several novel designs of printed array antennas are proposed in this thesis, 

which are listed below.  
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1.2 Main Contributions 

In this PhD research project, several novel techniques of antenna designs are pro-

posed. A brief summary of major contributions from the PhD project work is given below. 

a) Polarization-Reconfigurable Circularly Polarized Planar Antenna Using 

Switchable Polarizer  

Circularly polarized antennas are a type of antenna with circular polarization [3]. 

In this design, the antenna consists of a slot antenna and an electronically polarization-

reconfigurable polarizer (EPRP), which could convert the LP waves from the slot an-

tenna to CP waves [4]. The polarization of the CP waves could be electronically 

switched to LHCP or RHCP by changing the states of the PIN diodes that are loaded 

on the polarizer.  

There are several advantages of applying an EPRP in the design. 1) The DC circuit 

of PIN diodes is completely isolated from the RF signals. Thus, DC blocking capaci-

tors are not needed in the feed network of the antenna, which simplifies the design of 

the feed network. 2) The PIN diodes are not mounted on the RF feed network. Thus, 

the loss of the PIN diodes has less effect on the total radiation efficiency of the anten-

na. 3) In this antenna, 32 PIN diodes are mounted on the EPRP. The average current of 

each PIN diode is quite small. Therefore, the antenna can radiate more power without 

damaging the diodes. 4) The gain of antennas is improved as the aperture of the slot 

antenna is enlarged by the EPRP. 

It is the first time an electronically polarization-reconfigurable CP antenna with a 

single-substrate polarizer is reported. 

b) Folded Circularly Polarized Reflectarray Antenna  

This CP reflectarray antenna contains a CP feed antenna, a reflecting surface and a 

circular polarization selective surface (CPSS). The function of the CPSS is similar with 

that of the polarization grid used in folded LP reflectarrays. The CPSS is transparent 

for right-hand circularly polarized (RHCP) waves and reflects left-hand circularly po-

larized (LHCP) waves. By applying the CPSS as a polarization grid for CP waves, the 

profile of the CP reflectarray is reduced by almost 87%. 



Chapter 1. Introduction 

4 

 

 It is the first time that a folded CP reflectarray with a CPSS as the polarization 

grid is proposed. 

c) Ultra-Wide-Band Tightly Coupled Dipole Reflectarray (TCDR) Antenna 

In this design, the reflectarray consist of a log-periodic dipole array (LPDA) as the 

feed antenna and a reflecting surface [5]. In the design of the unit cell on the reflecting 

surface, the concept of ”tightly coupled element” is proposed. Such elements have 

wide impedance bandwidth.  

The proposed TCDR antenna combines the advantages of tightly coupled arrays 

and those of reflectarrays. Therefore, the TCDR antenna has a wide bandwidth with a 

much simpler feed network compared with tightly coupled arrays, connected arrays 

and other wide-band direct radiation array. In its operating frequency band, the radia-

tion performance of the TCDR antenna is quite stable and the side lobe levels (SLL) is 

below -10 dB. A method to minimize the phase errors of the wideband reflectarray is 

also developed. 

d) Low Cross-Polarization Wide-band TCDR Antenna  

A method to suppress the cross-polarization of the TCDR antenna is proposed. In 

this method, two types of elements with symmetrical configurations are placed on the 

reflecting surface. Due to the symmetry, most of the cross-polarization could be can-

celled. Thus, the low cross-polarization level is achieved. 

In the design, the derivation of the method is given. Based on the method, two dif-

ferent TCDR antennas are proposed, of which the cross-polarization is much lower 

than that of the original TCDR antenna. 

e) A Novel Method of Designing an M×N Nolen Matrix 

In the design, a novel method to design an M×N Nolen matrix is proposed. The 

derivation of the method is shown. Compared with the method reported in the previous 

literature, this method is more concise and understandable. A 3×3 Nolen matrix is built 

step by step to show the design process in detail.  

 Then, a multi-beam antenna fed by a 5×5 Nolen matrix is fabricated and meas-

ured. The simulated and measured results prove that the proposed method is effective. 
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1.4 Outline of Thesis 

This thesis consists of six chapters and is organized as follows. 

Chapter 1 states a brief research background and the motivation of the PhD project. 

Moreover, the main novelties and contributions of the work are listed. 

Chapter 2 describes the research progress on several array antennas. Several antenna 

techniques including reflectarrays, multi-beam antennas and polarization-reconfigurable 

CP antennas are reviewed. 
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Chapter 3 presents the CP array antennas. In this chapter, a polarization-

reconfigurable CP antenna and a folded CP reflectarray antenna are introduced. For, the 

polarization-reconfigurable CP antenna, its polarization can be control by the status of the 

PIN diodes on the polarizer. And a CPSS is applied in the design of the folded CP reflec-

tarray to reduce the profile of the reflectarray antenna. 

Chapter 4 shows an ultra-wide-band tightly coupled dipole reflectarray antenna. By 

introducing the tightly coupled unit cell, the bandwidth of the reflectarray antenna is 

increased extremely. Then, a method to suppress the cross-polarization of the wide-band 

reflectarray antenna is illustrated in this chapter. By arranging the layout of the unit cells 

on the reflecting surface reasonably, the cross-polarization of the antenna can be reduced 

significantly. 

Chapter 5 introduces a novel method of designing an M×N Nolen matrix. A 3×3 No-

len matrix is designed step-by-step, to show the method in detail. Then, a 5×5 Nolen 

matrix is designed, and it is applied to feed a multi-beam antenna with 5 beams. The 

measured results prove that the method of the designing a Nolen matrix is effective.   

Chapter 6 sums up the entire thesis. The research outcomes are highlighted, and the 

future work is introduced as well.  
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Chapter 2. Array Antennas 

2.1 Introduction 

In order to satisfy the increasing demand for the mobile communication services in-

cluding data services and voice services, the communication system needs more and more 

capacity. Broadening the bandwidth of the system can increase the capacity of the system. 

However, the available spectrum for wireless communication is a finite resource. It is 

impossible to increase the communication capacity by broadening the bandwidth of the 

system without limitation. So raising the gain of the antennas within max EIRP limits is 

another important method to increase the communication capacity. Many researchers put 

forward their ways to realize high gain antennas. 

One method of enhancing the gain of an antenna is increasing the aperture of the an-

tenna. Reflector antennas are classic examples of this method. Another way to enlarge the 

aperture of an antenna is to apply array antennas [6]. 

The reflector antenna generally includes a feed antenna and a reflector. The reflector 

could be a plane [7], a corner or a curved surface (i.e. parabolic reflector antennas). Other 

antennas may contain a primary reflector and a secondary reflector, for example, Casse-

grain reflector antenna. 

The simplest reflector is a plane reflector. The antenna in [7] includes a metal surface 

as the reflector and a dipole as the feed antenna. As the dimension of the reflector is finite, 

the diffraction of waves may introduce perturbations, which can be considered by some 

special methods [8-10]. To prevent radiation in the back and side directions, a plane 

reflector could be changed to a corner reflector [11-14]. In [15], a circularly polarized 

antenna with a corner reflector is realized. Base on the corner reflector, the authors replace 

the metal reflector with an FSS [16, 17].  

To improve the antenna radiation, the reflector then is upgraded to a parabolic reflec-

tor. The parabolic reflector antennas are widely used in TV communications, satellite 

communications [2] and so on. Parabolic reflectors include parabolic cylinders [18-30] and 

paraboloids [31-40]. For antennas with parabolic cylinder reflectors, the feed antenna is 

usually a linear dipole, a linear array, or a slotted waveguide. For antennas with paraboloi-

dal reflectors, horn antennas or waveguides could act as the feed antennas. Paraboloidal 
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reflector antennas are widely used as high gain antennas [41]. In [42], the paraboloidal 

reflector antenna are used in radio telescope systems. In [43], when the antenna is working, 

the active reflector of the 500-m aperture spherical telescope (FAST) would change to a 

paraboloidal reflector.  

 Although paraboloidal reflector antennas are widely used, they have two drawbacks. 

The first is that the curved surface of the reflector is not easy to manufacture. Especially 

when the antenna works at high frequency, the fluctuation on the reflector surface would 

lead to quite large phase distribution errors. The other disadvantage of paraboloidal 

reflector antennas is that the beam cannot scan electronically. 

To realize electronic scanning, the researchers focus on phased arrays. The beam of a 

phased array is able to scan electronically. However, the feed networks of phased arrays 

are complex when the number of the elements is very large.  

Therefore, researchers proposed reflectarray antennas to achieve electronic beam-

scanning ability with a simple feed network. The reflectarray combines the features of 

reflector antennas and phased arrays.  

Apart from increasing the gain of the antenna to improve the SNR, the antennas with 

multiple beams and multiple polarizations could also broaden the capacity of a communi-

cation system. Therefore, the previous works about reflectarrays, multi-beam antennas and 

polarization-reconfigurable CP antennas are reviewed in this section.  

2.2 Reflectarray Antennas 

As stated above, the reflectarray antenna combines the advantages of reflector anten-

nas and those of phased array antennas. Reflectarrays feature low mass, low cost, 

electronic beam scanning and the simple feed network.  

Figure 2-1 shows the configuration of a typical reflectarray antenna. It generally con-

sists of two parts. One part is the feed antenna, and the other part is the reflecting surface 

which contains many reflecting element. Many antennas could be chosen as the feed 

antenna. A classical one is a horn antenna.  
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Figure 2-1 Configuration of a reflectarray antenna 

 

When the reflectarray antenna works, the feed antenna illuminates the reflecting sur-

face. The EM waves generated by the feed antenna excite the elements on the reflecting 

surface. After the elements receive the energy from the feed antenna, they are able to re-

radiate and form a beam in the far field. 

During the elements reflecting the EM waves generated from the feed antenna, an el-

ement can be seen as a one-port network, which is shown in Figure 2-2.  

 

Reflecting 
element

Incident 
waves

Reflected 
waves

Z t i ix , y

 t i ix , y

 i i ix , y

 i i ix , y

Incident 
waves

Reflected 
waves

 

Figure 2-2 An element is equivalent to one port network 

 

The phase of the reflection coefficient of the one-port network is set as           

where         is the coordinate of the element. The phase of the incident waves is set as 
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           , and            represents the phase of the reflected waves. According to 

networks theory, equation (2-1) is obtained. 

 

                                   (2-1)  

 

If the distance between the element and the phase center of the feed antenna is set    , 

and the phase of incident waves at the phase center of the feed antenna is   , the phase of 

incident waves             is given according to equation (2-2), where    is the wave 

number in free space. In the following derivation, the phase center of the feed antenna is 

assumed to be stable, which means     is frequency independent. 

 

                       (2-2)  

  

Substituting the equation (2-2) into the equation (2-1) gives equation (2-3). 

 

                                 (2-3)  

 

At this time, the reflectarray antenna can be seen as a conventional array antenna with 

phase distribution          . If the beam direction of the reflectarray antenna is         , 

           meets equation (2-4), according to the array antenna theory, where     is a 

constant. 

 

                                               (2-4)  

 

If            in equation (2-4) is replaced with equation (2-3), the equation below is 

derived. 

 

                                                        (2-5)  

 

Equation (2-5) is re-written as 

 

                                                        (2-6)  
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As    can be an arbitrary constant,       is set zero to make the equation (2-6) con-

cise. So equation (2-7) is obtained. 

 

                                                  (2-7)  

 

It is revealed that if the element on the reflecting surface meets equation (2-7), the re-

flectarray antenna is able to form a beam in the far field.  

Reflectarray antennas are firstly proposed and constructed by the waveguide array in 

1963 [44]. With the development of printed circuit board (PCB) technology, many re-

searchers begin to use printed patches, dipoles and slots with different shapes in the design 

of reflectarray antennas. In [45-50], the authors use printed patches in Figure 2-3 as unit 

cells to design reflectarray antennas. The phase of the unit cell‟s reflection coefficient is 

controlled by adjusting the length of a microstrip line, which is connected to the patch 

directly. In [51, 52], patches with aperture coupled delay lines are used to build the reflec-

tarray, which is shown Figure 2-4. In [53-55], printed dipoles with variable lengths are 

used to design reflectarray antennas. The phase of the unit cell‟s reflection coefficient is 

controlled by adjusting the length of the dipole. In [56-58], patches with variable sizes are 

chosen as cell elements to construct reflectarray antennas. In [59], the unit cell is a patch 

loaded with a slot. In [60], slots with varying lengths on the ground plane are used to 

design reflectarray antennas. In [61], slot antennas with microstrip delay lines are applied 

in the reflectarray design. In [62, 63], rings with variable rotation angles are employed to 

construct reflectarray antennas. In [64, 65], rings with different radius are used to control 

the phase. In [54], the authors use crossed dipoles as the elements of the reflectarray. In 

[66], the reflecting surface is divided into several zones. In different zones, different 

elements are used. The authors claim that this method could obtain a wide phase range. In 

[67], crossed slots with varying arms are used as the elements of a CP reflectarray.  
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Figure 2-3 Patches connected with delay lines directly  
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Figure 2-4 Patch with aperture coupled delay lines 

 

To realize beam scanning, the elements can be loaded by PIN diodes [68, 69], phase 

shifters [70-72] and varactors [73-77]. MEM switches [78, 79], micro-machined motors 

[80] and photo-induced plasma [81] are also applied to control the phase distribution on 

the reflecting surface. 
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Figure 2-5 Configuration of a folded reflectarray 

 

In order to reduce the profile of a reflectarray antenna, the concept of folded reflectar-

ray is proposed [82-84]. Figure 2-5 shows a basic configuration of a folded reflectarray. 

Apart from a feed and a reflecting surface, it also contains a polarization grid. When the 

waves from the feed impinge the polarization grid, they are reflected with polarization 

unchanged. Then, the waves are reflected by the reflecting surface, in which, the polariza-

tion is twisted. After the polarization of the waves is twisted by the reflecting surface, the 

waves could go through the polarization grid without reflection and form beams in the far 

field.  
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Figure 2-6 Polarizations of (a) incident waves and (b) reflected waves in polarization twist 

 

Figure 2-6 shows the mechanism of the polarization twist on the reflecting surface for 

linearly polarized waves. The polarization of the incident waves is along φ=45
0
. If the 

phase differences between reflection coefficients along x and y axis are 180
0
, and the 

amplitudes of reflection coefficients along x and y axis are the same, then, the reflected 

waves‟ polarization will be along φ=-45
0
. Thus, the polarization of the incident waves is 

twisted by 90
0
. It can be seen that this method is only effective to linearly polarized waves. 

Although reflectarray antennas have many advantages compared with parabolic re-

flector antennas, reflectarray antennas have the problem of narrow bandwidth. This is 

mainly caused by two factors: the bandwidth of elements on the reflectarray surface and 

the differential spatial phase delay [85]. Therefore, many researchers have tried to broaden 

the bandwidth of reflectarray antennas from these two aspects. 
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Figure 2-7 Stacked patch element (a) and parallel dipoles element (b) 

 

In [86-89], the authors use stacked patches as the unit cells on the reflectarray surface 

to broaden the bandwidth of reflectarray antennas, which is shown in Figure 2-7(a). In [90-

93], parallel dipoles are employed to enlarge the gain bandwidth of the reflectarray anten-

nas, which is shown in Figure 2-7(b). In [94] the double square rings are used to improve 

the bandwidth of the reflectarray element. In [95, 96] multiple loops are used as the wide-

band elements. In [97, 98], patches with true-time-delay lines are chosen as the elements to 

broaden the bandwidth of reflectarray antennas. The concept based on “artificial imped-

ance surfaces” is used to achieve wide gain bandwidth in [99].  In [100-102], the 

subwavelength cells are used to design reflectarray antennas. The distance between 

adjacent unit cells of conventional reflectarray antennas is approximately half of the 

wavelength of the center frequency while that distance is less than 1/3 wavelength of the 

center frequency in subwavelength reflectarray antennas. In [103], Bessel filter method is 

used to design the reflecting surface of the reflectarray antenna. In [104], the authors 

combine some of the aforementioned wideband reflectarray design approaches. 

In [105-108] the elements including rings printed on different substrates are used to 

realize a dual-band reflectarray. In [58], the stacked patches are used to build the dual-

band reflectarray. In [109]  two types of elements are printed on one substrate to obtain a 

dual-band reflectarray. In [110] three types of elements are printed on the same substrate to 

obtain a tri-band reflectarray. The authors combine the features of antennas reported in 

[105, 106] and [110] to realize a six-band reflectarray. 
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2.3 Multi-beam Antennas 

The multi-beam antennas are antennas which can form more than one beam in differ-

ent directions with the same aperture. These antennas usually have two or more ports, and 

exciting one port can form one beam. This is quite different from the mechanism of phased 

array antennas [111]. If the ports are connected to a communication system by a multiple-

way switch, the multi-beam antennas become beam-switching or beam-steering antennas. 

The multi-beam techniques mainly encompass two types. One is the quasi-optic meth-

od, which involves a reflector or lens objective and a feed array. The feed array is usually 

placed near the focal point of the reflector or lens objective. The other method to obtain 

multiple beams is the circuit beam forming network. 

2.3.1 Multi-Beam Parabolic Reflector Antennas 

In [112-114], the parabolic reflector antennas are analyzed when the feed antennas are 

laterally displaced by a few wavelengths. In [115], the authors calculate the radiation 

patterns of a parabolic reflector antenna with large lateral-feed displacements. In [116], the 

authors place the multi-feed antennas around the focal point of a reflector to realized a 

multi-beam reflectarray antenna. In [117], the feed antenna is slid near the focal point to 

switch the beam of the antenna. In [118], a bifocal lens antenna is designed for multi-beam 

application by displacing the feed antenna. In [119], an approach of design and optimiza-

tion of the multi-beam bifocal reflector antennas is presented. In [120], the lens is intended 

to slide radially and the feed antenna is fixed. In [121], a feed array and a lens are applied 

to achieve a multi-beam antenna. In [122, 123], the multi-beam antenna is fed by a circular 

array. 

2.3.2 Rotman Lens  

Rotman lens is also a quasi-optic method to realize multi-beam networks [124]. Since 

the Rotman lens is proposed, it receives intensive research as it has advantages of low cost, 

design simplicity, and wide-angle scanning capabilities. In [125] the original Rotman lens 

is proposed. Then the microstrip Rotman lens is realized in [126-135]. In [136-142] 

Rotman lenses based on substrate integrated waveguide (SIW) are reported. Figure 2-8 

shows the configuration of a Rotman lens. The parallel plate region is delimited by the port 
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contour. The input ports are placed along a focal arc at one edge of the parallel plate 

region, while the output ports are located along the other edge. The different distances 

between a certain input port and all output ports lead to linear progressive phase shifts on 

the output ports. As the distances differences could achieve true time delay, the Rotman 

lens is able to work in a wide band. Since a Rotman lens is built without phase shifters, it 

offers a low-cost, low-profile multi-beam antenna network. 

Parallel 
plate 

region

Input 
ports

Output 
ports

 

Figure 2-8 Configuration of Rotman lens 

 

2.3.3 Beam Norming Networks   

Another method of realizing multiple beams is the circuit beam forming networks, 

which mainly include Blass matrix [143], Butler matrix [144] and Nolen matrix [145] 

beam forming networks (BFN). 

2.3.3.1 Blass matrix 

Blass matrix networks contain phase shifters, directional couplers and resistive termi-

nations, which is shown in Figure 2-9. Besides transferring energy, the feed lines in Figure 

2-9 also act as phase shifters. If directional couplers and feed lines are assumed to be ideal, 

their insertion losses are zero. As the terminations absorb the energy from the input ports, 

Blass matrix networks are lossy, which is an important characteristic of the Blass matrix.  



Chapter 2. Overview of Array Antenna 

19 

 

Directional 
couplers

Resistive 
terminters

Antennas

Feed lines

Input ports
 

Figure 2-9 Configuration of Blass Matrix [143] 

For a Blass matrix, the number of input ports is arbitrary. So is the number of output 

ports. When an input port is fed, the energy propagates along the feed lines. A part of the 

energy through directional couplers and feed lines with different lengths excites the 

antennas connected with output ports. The lengths of feed lines control the phases of 

antennas, and the antennas form beams in the far field. Except for the energy received by 

antennas, the rest energy is absorbed by the terminations. If too much energy is absorbed 

by terminations, the efficiency of Blass matrix beam forming networks could be low. 

In [146], a synthesis method for ladder networks and Blass matrices is presented. The 

authors state that the method leads to less loss than that reported in [147]. In [148], a novel 

design method for Blass matrix is proposed.  

In [149, 150], a multi-beam microstrip patch array fed by a Blass matrix is demon-

strated. An antenna with two beams fed by a modified Blass matrix is introduced in [151]. 

In [152], a Blass matrix based on SIW is reported. A waveguide slotted array fed by a 

Blass matrix is shown in [153]. 
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2.3.3.2 Butler Matrix 

Butler matrix and Nolen matrix networks consist of hybrid couplers and phase shift-

ers. As no terminations exit in these networks, they both are lossless networks, which is a 

major difference compared with the Blass matrix. However, there are also distinctions 

between the Butler matrix and the Nolen matrix.  
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Figure 2-10 A schematic diagram of a 4×4 Butler matrix [154] 

 

 Standard Butler matrix networks usually have N input ports and N output ports. And 

N must be 2 to the power of an integer. That is N=2
n
 (n>1 and n is an integer). This 

condition implies that the number of the input ports and output ports is not arbitrary. For 

an N×N Butler matrix,             3dB hybrid couplers and                 

phase shifters are required. Figure 2-10 shows a schematic diagram of a 4×4 Butler matrix. 

This Butler matrix needs 4 couplers and 2 phase shifters. Although some specific Butler 

matrix networks break the design rule above, these networks are not standard Butler matrix 

networks [155, 156]. And these networks usually are oversized and use complicated 

couplers instead of 3dB couplers. 

In [157], a wideband millimeter-wave Butler matrix network is realized. In [158-160], 

the authors build a wideband Butler matrix network based on SIW. A waveguide slot array 

fed by a Butler matrix with side lobe control is reported in [161]. In [162, 163], the authors 
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realize the multi-beam antenna with low side lobe by introducing attenuators. The authors 

use a similar method to suppress the side lobe without attenuators in [164-166]. In [156], a 

design approach for wideband Butler matrices is proposed. In [167, 168], a 4×4 Butler 

matrix network is used to feed the antenna. In [169], the Butler matrix is used to feed a 2-

D beam-switching array antenna. In [170], a CP beam-switching antenna is fed by a Butler 

matrix network. 

2.3.3.3 Nolen Matrix 

A Nolen matrix can be seen as a modified Blass matrix. It removes the terminations 

from a Blass matrix and needs fewer couplers. Figure 2-11 shows the structure of a Nolen 

matrix. In a Nolen matrix, every cross point is a node, which encompasses a phase shifter 

and a coupler. It should be noted that the lines outside nodes in Figure 2-11 are not feed 

lines. Those lines just describe the topology structure of Nolen matrix. This means every 

node is connected directly without extra feed lines. All the required feed lines are consid-

ered as parts of phase shifters and couplers when designing a Nolen matrix network.  

 

1a

2a

Ma

1f 2f Nf...

...

Phase 
shifter

coupler

 

Figure 2-11 A schematic diagram of a Nolen matrix  
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An M×N Nolen matrix network is characterized by the arbitrary number of input and 

output ports if M≤N, which makes Nolen matrix networks more flexible than Butler matrix 

networks because the number of input and output ports of Butler matrix networks must be 

equal and it needs to be 2 to the power of an integer [154]. Nolen matrix networks are 

lossless networks as well if phase shifters and couplers are assumed to be ideal.  

2.3.3.4 Comparison Between Blass, Butler and Nolen Matrix Networks 

Table 2-1 Comparison Between Blass, Butler and Nolen Matrix Networks 

Matrix type If lossless Limitation on the number of input and 

output ports 

M×N Blass matrix lossy None 

M×N Butler matrix lossless M=N=2
n
 (n is an integer and larger than 1) 

M×N Nolen matrix lossless M≤N 

 

Table 2-1 compares the three networks mentioned above in terms of inherent losses 

and the limitation on input and output ports. It can be seen the limitation on Butler Matrix 

networks is the strictest, and Blass matrix networks are lossy. Nolen matrix networks 

combine the advantages of the Butler matrix and Blass matrix networks. On one hand, 

Nolen matrix networks are lossless. On the other hand, the limitation on Nolen matrix 

networks is not as strict as that on Butler matrix networks. It only requires that the number 

of input ports is not larger than that of outputs ports. As a result, Nolen matrix networks 

are more flexible than Butler matrix networks. For example, the Nolen matrix could realize 

5×5 network easily while the standard Butler matrix could not. 

2.4 Polarization-Reconfigurable CP antenna 

Polarization-reconfigurable CP antennas have the advantages of both circular polari-

zation and polarization reconfigurability. Thus they attracted lots of research interests. 

Such antennas can enable more reliable wireless connections in dynamic communication 

environment conditions [171]. 

CP planar antennas can be realized by a microstrip patch [172] or a printed slot [173] 

using multiple feeds or one single feed. Alternatively, CP antennas can be implemented by 

using crossed-dipoles [174]. The helix antennas [175] and spiral antennas [176] are 
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classical examples of broadband CP antennas. Apart from the antennas mentioned above, 

CP antennas can also be achieved by using a polarizer to convert LP waves to CP waves 

[177-179]. One main advantage of utilizing a polarizer is that it can enhance the gain of a 

CP antenna without resorting to an array antenna, which requires a complicated feed 

network. In [177], using meander lines to design a polarizer consisting of four substrates is 

reported. In [178] and [179], metasurfaces are used to convert LP waves to CP waves. 

Compared to the conventional CP antenna array, using a polarizer to generate CP waves 

does not need a complex, lossy feed network. Thus, a CP antenna with a polarizer has the 

potential of achieving higher efficiency, in particular at higher frequencies when the loss in 

feed networks becomes significant. It is also possible to achieve high gain CP antennas 

using a partially reflective surface (PRS) [180]. However, the PRS CP antenna typically 

requires about 1/2 wavelength distance between the PRS and the ground plane while the 

distance between the polarizer and the source antenna can be reduced to approximately 

1/17 wavelength [178]. Thus, a CP antenna using a polarizer can have a very low profile.  

Polarization-reconfigurable CP antennas have been studied by many researchers 

[181]. The polarization reconfiguration can be obtained by introducing PIN diodes or 

varactors to the feed networks of antennas [182-185], using multiport networks to switch 

antennas‟ polarizations [186, 187] and modifying the antennas‟ geometry to alter their 

polarizations [188-193]. For example, in [185], the corresponding feed probe of a corners-

truncated patch antenna is switched to realize different polarizations by adding PIN diodes 

to the feed network. In [187], the authors use a 90
0
 hybrid coupler to feed the antenna, and 

the polarizations are switched by feeding different input ports. In [189], two perpendicular 

slots are introduced on a patch antenna. Each slot is loaded by one PIN diode. By control-

ling the states of the PIN diodes, the polarization could be altered. However, disadvantages 

of using these techniques are that the antennas have a complicated DC controlling circuit-

ry, and it is rather difficult to extend them to a large-scale array antenna for high gain CP 

antenna applications. 

 

2.5 Summary  

Although the reflectarrays, multi-beam antennas and polarization-reconfigurable CP 

antennas have been developed for many years, there are still some problems need to be 

solved. Some of them are listed as follows: 
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 The polarization-reconfigurable CP antennas reported are hard to be extended to 

an array antenna.   

 The profile of CP reflectarrays is quite high. Although folded reflectarrays have 

been proposed to reduce the profile of the reflectarrays, the antennas reported in 

the literature are LP reflectarrays. 

 The bandwidth still is the most significant limitation on reflectarray antennas. Alt-

hough many researchers have tried to broaden the bandwidth of reflectarrays, the 

bandwidth of reflectarray is still not as wide as other wide-band antennas. 

 The method of designing a Nolen matrix has been proposed. However, the method 

is not concise enough. 

 

Then, the author of this thesis proposes some solutions, trying to solve the problems 

mentioned above. 

 A polarization-reconfigurable CP antenna is proposed, which is easy to be extend-

ed to an array antenna 

 A folded CP reflectarray is designed to reduce the profile of the reflectarray. 

 Tightly coupled reflectarray is presented to improve the bandwidth of the reflec-

tarray. 

 A novel method is proposed to design a Nolen matrix, which is more concise 

compared with the method reported in the previous literature. 
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Chapter 3. Circularly Polarized Array Antennas 

 Circularly polarized (CP) antennas are important for wireless systems (mobile satel-

lite communications, Global Navigation Satellite Systems, wireless local area networks, 

etc.), because no strict alignment between transmitting and receiving antennas is needed, 

and CP antennas can reduce the „Faraday rotation‟ effect of the ionosphere [3, 194]. 

In this section, two types of CP antennas are introduced. One is a polarization-

reconfigurable CP antenna. The other is a folded CP reflectarray antenna. 

3.1 Polarization-Reconfigurable CP Antenna 

In this subsection, a polarization-reconfigurable CP antenna consisting of a switchable 

polarizer loaded by PIN diodes and a slot antenna is presented. Instead of modifying the 

feed networks, switching the input ports of feed networks, or changing the geometry of 

antennas to realize reconfigurable polarization, an electronically polarization-

reconfigurable polarizer (EPRP) is used in the proposed antenna. There are four ad-

vantages of using an EPRP: 1) The DC circuit of PIN diodes is completely isolated from 

the RF signals. Thus, DC blocking capacitors are not needed in the feed network of the 

antenna, which simplifies the design of the feed network. 2) The PIN diodes are not 

mounted on the RF feed network. Thus, the loss of the PIN diodes has less effect on the 

total radiation efficiency of the antenna. 3) It increases the power handling of the antenna 

compared with the designs reported in [182-193]. In the presented design, 32 PIN diodes 

are mounted on the polarizer. The average current of each PIN diode is much smaller than 

that of PIN diodes used in [182-193]. Therefore, the antenna can radiate more power 

without damaging the diodes. 4) The gain of antennas is improved by the EPRP.  

Although one polarization-reconfigurable antenna with a polarizer is reported in [179], 

it is obtained by mechanically rotating the polarizer, which has the disadvantage of slow 

switching. Besides the advantages mentioned above, it is demonstrated that the proposed 

antenna can be easily extended to a larger size array if higher gain is needed, and only 

minor modifications to the DC bias circuit are needed. 
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3.1.1 Design of the Polarization-reconfigurable Antenna Using EPRP 

Figure 3-1 shows the configuration of the polarization-reconfigurable CP antenna. The 

antenna consists of a polarizer and a feed antenna, and the polarizer is placed above the 

feed antenna. The polarizer is the critical component to achieve the reconfigurable CP 

radiation. A slot antenna is employed as the feed antenna due to its simple structure. In 

principle other types of antennas such as a patch antenna can also be used as the feed 

antenna.  

polarizer

slot antennamicrostrip line

top ring

h

t1

t2

bottom ring

PIN diode

DC1

DC2

DC line

y

x

inductor

L

W

z

sl

 

Figure 3-1 Configuration of the polarization-reconfigurable antenna 

The polarizer contains 16 unit cells, which are placed as a 4×4 array. The unit cell has 

two rings with diagonals printed on the substrate (Rogers RO4003C). The top view of the 

unit cell is shown in Figure 3-2(b). It should be noted that the sizes of top rings and bottom 

rings are approximately the same. The differences between them in Figure 3-2(b) are 

enlarged to clarify the structure of the unit cell. This also applies to Figure 3-3. The 

perimeter of the ring is approximately equal to one effective wavelength in the substrate. 

Diagonals are introduced to the ring to generate circular polarization. The diagonal of the 

top ring is perpendicular to that of the bottom ring. PIN diodes (SMP1345-079LF) are 
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loaded in the middle of all diagonals. Both the top ring and the bottom ring are divided 

into two parts by slots so that PIN diodes are biased by DC power. The slots on the top 

ring are aligned vertically while the slots on the bottom ring are aligned horizontally. 

Simulated results show that adding these slots slightly shifts the center frequency of the 

axial ratio (AR) bandwidth to a higher frequency. The width of the slot is 0.2mm. The 

widths of diagonals Wd are identical for all rings. Except for the different sizes, the bottom 

ring can be seen as the top ring being rotated by 90
0
 counterclockwise.  

PIN diodes are controlled by two pairs of DC lines, which determine the bias voltage 

on the PIN diodes of top rings and bottom rings respectively. The structure of these two 

pairs of DC lines is identical, which is demonstrated in Figure 3-2(a). For the top rings in 

Figure 3-1, the four PIN diodes in the same row form a series circuit. As there are 4 rows, 

the PIN diodes form 4 series circuits, which are biased by DC power in parallel. The DC 

network of the bottom rings can be seen as that of the top rings being rotated by 90
0
 

counterclockwise. The radiation from the DC lines (caused by the induced current) on the 

polarizer can affect the axial ratio of the antenna. To reduce this effect, the layout of the 

DC network of the top rings is perpendicular to that of the bottom rings so that the DC 

network can have more rotational symmetry; thus, those unwanted radiations from the 

induced currents of DC lines can be canceled as much as possible. When the PIN diodes of 

top rings are OFF and those of bottom rings are ON, the antenna works as an RHCP 

antenna. When the PIN diodes of top ring are ON and those of bottom rings are OFF, the 

antenna operates as an LHCP antenna. 

Wb

Wt

Wd
Wd

Rt

Rb

slot

slot

PIN 

diode

top ring

bottom ring

diagonal

S

 

(a)                                                                          (b) 

Figure 3-2 (a) DC circuit diagram of PIN diodes and (b) unit cell of the polarizer 
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To verify the design concept, an antenna prototype working at 2.5 GHz is designed. 

The thickness of the polarizer t1 is 0.813 mm. The distance between the polarizer and the 

feed antenna h is initially set 1/17 wavelength according to [178]. Then, the value of h is 

chosen to be 8.2 mm (0.07λ0) after performing optimizations in EM simulator, to shift the 

center frequency of the AR bandwidth (ARBW) to 2.5 GHz. The dimension of the whole 

antenna is 120×120 mm
2
. To achieve the compact size, the distance between adjacent unit 

cells of the polarizer is 27 mm, which is only larger than the diameter of bottom rings by 

0.6 mm. Other parameters are given in TABLE Ι. In order to increase the overlapped AR 

bandwidth between LHCP and RHCP, the radius and width of the bottom ring are slightly 

larger than those of the top ring. 

Table 3-1 Parameters of the Unit Cell (unit: mm) 

Wd Rb Rt Wb Wt S 

0.8 13.2 13 1.7 1.05 1.1 

 

3.1.2 Simulations and Analysis  

The LP waves from the slot antenna can excite the rings of the polarizer to radiate. 

Then the LP waves are converted to LHCP waves or RHCP waves by the polarizer when 

the states of PIN diodes of top rings are different from those of bottoms rings. 

3.1.2.1 Physical Mechanism of Generating CP Waves 

The slot antenna is placed along the x-axis, and the polarization of LP waves 

generated by the slot antenna is along the y-axis. The E-field is decomposed into two 

orthogonal components, E2 and E1. E2 is along the diagonal of the top ring while E1 is 

along that of the bottom ring. E2 and E1 are in phase. Both of them are shown in Figure 

3-3. Along E2 and E1, the impedance of the unit cell on the polarizer is represented by Z2 

and Z1, respectively.  

When the state of the PIN diode of the top ring is different with that of the bottom ring, 

the phase of Z2 and that of Z1 are different as well. As a result, the phase of the induced 

current on the diagonal of the top ring is different compared to the bottom ring. As the 

phase difference exists, when the induced currents on the diagonals of the polarizer could 
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have 90
0
 degree at some frequency point, the polarizer could generate CP wave in the far 

field. 

E

E1 E2

y

x

 

Figure 3-3 E-field and its components E1 and E2 

 

Figure 3-4 shows the current distributions on diagonals of the polarizer when the pre-

sented antenna works as an LHCP or RHCP antenna. In the case of LHCP radiation, it can 

be seen that the amplitude of the current on the diagonal of the bottom ring reaches maxi-

mum while the current on diagonal of the top ring reaches minimum when t=0. When 

t=T/4, the maximum current amplitude is observed on diagonal of the top ring. It indicates 

that there is a 90
0
 phase difference between current on top ring diagonal and that on 

bottom ring diagonal.  

 

 

(a) t=0,
 
LHCP                                   (b) t=T/4

 
,
 
LHCP 
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(c) t=0,
 
RHCP                                  (d) t=T/4,

 
RHCP 

Figure 3-4 Current on diagonals of the polarizer for LHCP and RHCP 

 

3.1.2.2 Gain enhancement 

One of the advantages of using EPRP is that it can improve the gain of the antenna. 

The reason is that the current distribution is more average after introducing EPRP. Figure 

3-5 shows the current distributions of a slot antenna and the proposed antenna when it 

works as an RHCP antenna. For the slot antenna in Figure 3-5(b), it can be observed that 

the current mainly distributes around the slot. For the proposed antenna in Figure 3-5(a), 

the current covers the whole aperture of the antenna. So the EPRP enlarges the effective 

aperture of the antenna, thus enhancing the gain. 

 

 

(a)                                                         (b) 

Figure 3-5 Current distributions of (a) the proposed antenna and (b) a slot antenna 

 

3.1.2.3 Parametric Study 

In this subsection, some important parameters of the proposed antenna are discussed. 

The following parameters are studied when the antenna works as an RHCP antenna. Figure 

3-6(a) shows the effect of h on the AR of the antenna. When h increases from 6.7 mm 
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(0.056λ0) to 9.7 mm (0.081λ0), the center frequency of the ARBW (AR≤3dB) decreases 

from 2.55 GHz to 2.4 GHz, which makes it convenient to adjust the center frequency of 

ARBW. However, with h increasing, the AR deteriorates, and the ARBW becomes 

narrower.  

The effect of C0-off of the PIN diode is also studied. C0-off is the capacitance of the PIN 

diode when it is OFF. Figure 3-6(b) shows that the ARBW (AR≤3 dB) of the antenna 

becomes narrower (from about 150 MHz to 100 MHz) when the value of C0-off varies from 

0.16uF to 0.20uF. The AR also deteriorates when C0-off goes up. It indicates that it is better 

to choose PIN diodes with smaller C0-off to design the presented antenna. 

The AR with different values of the radius of the top ring Rt  is demonstrated in Fig-

ure 3-6(c), and that of the bottom ring Rb is given in Figure 3-6(d). It can be seen the effect 

of Rt and Rb is similar to that of h. When Rt increases from 13mm to 13.15mm, the center 

frequency of the ARBW decreases from 2.55 GHz to 2.45 GHz. When Rb increases from 

13mm to 13.15mm, the center frequency of the ARBW decreases from 2.55 GHz to 2.475 

GHz. Moreover, the increase of Rt and Rb does not lead to the AR deteriorating. Therefore, 

Rt and Rb are used to adjust the working frequency of the antenna in the designing.  

The effects of the parameters of the antenna operating as an LHCP antenna are similar 

to those of the antenna operating as an RHCP antenna. 

 

 

(a)                                                                               (b) 
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(c)                                                                            (d) 

Figure 3-6 Simulated AR with different (a)h, (b)C0-off, (c)Rt, (d)Rb 

 

3.1.3 Simulated and Measured Results 

The polarization-reconfigurable CP antenna is simulated Computer Simulation Tech-

nology Microwave Studio. It is optimized by sweeping parameters in the simulation. Then 

a prototype of the antenna is fabricated, and it is measured. The photos of the fabricated 

antenna are shown in Figure 3-7. 

 

 

(a)                                           (b) 
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(c)                                             (d) 

Figure 3-7 (a)Top side of the polarizer, (b)bottom side of the polarizer, (c)the slot antenna and (d)side 

view of the polarization-reconfigurable CP antenna 

 

3.1.3.1 Simulated and Measured Results of the polarization-reconfigurable CP 

Antenna 

The simulated and measured |S11| are shown in Figure 3-8 for both RHCP and LHCP. 

It can be observed that the simulated and measured results agree well. For LHCP, the 

resonant frequency is 2.5 GHz. The measured |S11| band (|S11|≤-10 dB) is from 2.3 GHz to 

2.63 GHz, which is slightly narrower than the simulated result, from 2.27 GHz to 2.69 

GHz. For RHCP, the resonant frequency is 2.475 GHz, 25 MHz lower than that of LHCP. 

The measured |S11| band (|S11|≤-10 dB) is from 2.27 GHz to 2.65 GHz, which is also 

narrower than the simulated result. The overlapped impedance bandwidth for both 

polarizations is from 2.3 GHz to 2.63 GHz. The difference between simulated and meas-

ured results is mainly caused by the tolerance of fabrication accuracy. 
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Figure 3-8 Simulated and measured |S11| for RHCP and LHCP  

 

Figure 3-9 shows the simulated and measured AR of the antenna at broadside. In the 

simulation, the ARBW (AR≤3dB) is from 2.42 GHz to 2.52 GHz for RHCP and from 2.45 

GHz to 2.56 GHz for LHCP. The measured ARBW (AR≤3dB) of the RHCP antenna is 

90MHz (3.6%), from 2.48 GHz to 2.57 GHz while that of the LHCP antenna is 110MHz 

(4.3%), from 2.53 GHz to 2.64 GHz. Therefore, the overlapped ARBW of the antenna is 

from 2.53 GHz to 2.57 GHz (1.6%). It can be seen that the measured ARBW shifts to a 

higher frequency for both the RHCP antenna and the LHCP antenna. As the ARBW of the 

proposed antenna is narrow, it can only be used in some narrow band applications, for 

example, fixed (point-to-point) communications. The narrow bandwidth is mainly limited 

by the EPRP. Using multi-layer substrates to design the EPRP may increase the band-

width, but it also increases the complexity of the antenna.   

 

Figure 3-9 Simulated and measured AR of the antenna 
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As discussed above, the center frequency of the ARBW can be tuned to lower fre-

quency by increasing h. The effect of h on AR is also investigated during the 

measurement. Figure 3-10 shows the measured AR with different values of h. For the 

LHCP antenna, when h increases from 6.5mm to 8.2mm, the center frequency of the 

ARBW decreases from 2.65 GHz to 2.59 GHz, and the AR does not deteriorate. However, 

if h increases from 8.2mm to 9.5mm, the AR deteriorates and the minimum value of the 

AR increases from below 1dB to above 2dB. The effect of h on the AR of the RHCP 

antenna is similar to that of the LHCP antenna. It reveals that h cannot be too large alt-

hough it can adjust the center frequency of the ARBW.  

 

 

(a) LHCP  

 

 (b) RHCP 

Figure 3-10 Measured AR with different values of h 
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Figure 3-11 shows the normalized radiation patterns of the RHCP antenna and the 

LHCP antenna in YOZ plane. As the center frequency shifts to a higher frequency in the 

measurement, the simulated patterns in Figure 3-11 are at 2.5 GHz, and the measured 

patterns are at 2.55 GHz. It can be seen that there is a good agreement between the simu-

lated and measured results.  

 Figure 3-12 shows the simulated and measured gains from 2.45 GHz to 2.6 GHz. The 

gain of the slot antenna without EPRP is also shown in Figure 3-12. It can be seen the gain 

of the slot antenna is enhanced significantly by the EPRP. The fluctuation of the measured 

gain with frequency comes from the measurement tolerance and the fabrication inaccura-

cy. For both RHCP and LHCP, the measured gain is higher than 8.6 dBic from 2.45 GHz 

to 2.6 GHz. The maximum gain achieves 9.6 dBic from 2.53 GHz to 2.57 GHz where the 

antenna can work either as an RHCP antenna or an LHCP antenna. Some comparisons 

between the presented antenna and other reported polarization-reconfigurable CP antennas 

are given in Table 3-2. The overlapped bandwidth in Table 3-2 means that in this band, the 

antenna could work both in LHCP and RHCP. Compared with the antennas reported in 

[179, 182-193], which are not easily  extended to an array antenna, the presented antenna 

achieves the highest aperture efficiency. When the antenna works at 2.53 GHz, the gain is 

higher than 9.5 dBic, and the aperture efficiency is 70%. 
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(a) RHCP                                                           (b) LHCP 

Figure 3-11 Simulated and measured radiation patterns of the antenna in YOZ plane 



Chapter 3. Circularly Polarized Array Antennas 

37 

 

 

Figure 3-12 Gain of the slot antenna with and without EPRP. 

 

Table 3-2 Comparison with Other Antennas 

Ref. 

No. 

Method to realize 

polarization reconfigu-

ration 

Center 

fre-

quency

( GHz) 

Over-

lapped 

band-

width 

Dimen-

sion(m

m) 

Max 

gain 

(dBic) 

Aper-

ture 

effi-

ciency 

Elec-

tronical

ly 

con-

trolled 

Extend 

to an 

array 

[180] Adding PIN diodes to 

feed slot 

5 4% 13.5×1

8×3.8 

5.5 - Yes hard 

[181] Controlling the 

structure of feed 

networks based on 

CPW 

5.8 0.7% Not 

given 

6.02 - Yes hard 

[182] Using PIN diodes to 

change the structure of 

feed networks 

2.45 Not 

given 

42.5×4

2.5×2.6 

5 - Yes hard 

[183] Adding PIN diodes to 

feed networks of  

corners truncated patch 

antenna 

2 8.6% 150×15

0×16.6 

7 - Yes hard 

[184] Exciting antenna with 

different input port 

2.68 1.3% 80×60×

3.6 

8 - No hard 

[187] Changing input port 4.02 Not 

given 

140×14

0×3 

8.68 - No hard 

[188] Adding PIN diodes to 

slot on patch antenna 

4.55 

&4.20  

0% 60×60×

3.18 

Not 

given 

- Yes hard 

[189] Same with [187] 4.64 2.7% 40×40×

3.18 

Not 

given 

- Yes hard 

[190] Using PIN diodes to 

change geometry of 

ring slot antenna 

2.38 3.4% Not 

given 

4 - Yes hard 

[191] Using PIN diodes to 

change geometry of 

corners truncated patch 

antenna 

1.6 1.5% 225×22

5×1.6 

5.3 - Yes hard 

[192] Changing distance 5.82 0.7% Not 5.4 - Yes hard 
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between antenna and 

dielectric perturbers 

given 

[193] Using PIN diodes to 

change the slot 

distribution on ground 

2.49 1.2% Not 

given 

2.97 - Yes hard 

[179] rotating the metasur-

face above the source 

antenna 

3.5 11.4% π×39×3

9× not 

given 

7 61% No hard 

Pro-

posed 

anten-

na 

Using polarizer loaded 

by PIN diodes 

2.55 1.6% 120×12

0×10.5 

9.6 70% Yes easy 

 

3.1.3.2 Array Antenna Study 

As mentioned in Section I, this polarization-reconfigurable CP antenna can be easily 

extended to a large-scale array antenna. Considering the size of the proposed antenna and 

avoiding grating lobes, the proposed antenna can only be extended to broadside radiating 

arrays and arrays with small scanning angle. To prove this, a 2×2 array antenna is designed 

and simulated in this section. Figure 3-13 shows the structure of the EPRP of the array 

antenna. It can be seen that the positions of DC feed points do not change when the 

antenna is extended to a 2x2 array antenna. Thus, a 2
n
×2

n
 array antenna can be obtained by 

scaling from the 2x2 array antenna in the same way. Here, the 2×2 array antenna is shown 

to demonstrate the scalability of the presented design. When the presented antenna is used 

as the unit cell to design an array antenna, only minor modifications to the DC bias circuit 

are required, which is one of the main advantages of the presented design.  

DC1

DC2

inductor
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Figure 3-13 Structure of EPRP of array antenna. 

 

 All the DC circuits have been considered during the EM simulation. The polarization 

is still controlled by two pairs of DC lines. When the PIN diodes of the top rings are ON, 

the array antenna works as an LHCP antenna; when the PIN diodes of the bottom rings are 

ON, the array antenna works as an RHCP antenna.  

Figure 3-14 shows the simulated AR of the 2×2 array antenna at broadside. It is shown 

in Figure 3-15 that the gain of the array antenna is about 6 dB higher than that of the 

proposed antenna, which agrees well with the theoretical results. Figure 3-16 shows the 

simulated and calculated radiation patterns of the array antenna at 2.5 GHz. The calculated 

patterns are from pattern multiplication for an array antenna. The simulated and calculated 

patterns agree well, indicating that the minor modifications to bias circuit have little effect 

on the radiation patterns of the array antenna.  

 

Figure 3-14 Simulated AR of the array antenna 
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Figure 3-15 Simulated gain of the proposed antenna and array antenna 

 

 

(a) LHCP                                                         (b) RHCP 

Figure 3-16 Radiation patterns of the array antenna in XOZ plane 

 

3.1.4 Summary 

A novel polarization-reconfigurable CP antenna consisting of a polarizer and a slot an-

tenna is presented. The polarization of the antenna can be electronically switched to LHCP 

or RHCP by changing the states of PIN diodes on the polarizer. Moreover, it is 

demonstrated that the design is scalable to large-scale array antennas with minor modifica-

tions to the DC bias circuit. To prove the design concept, a prototype at 2.5 GHz is 

fabricated and measured. The measured results and simulated results agree well. The 
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measurement results show that the ARBW of the LHCP antenna is from 2.48 GHz to 2.57 

GHz (3.6%) while that of the RHCP antenna is from 2.53 GHz to 2.64 GHz (4.3%). The 

overlapped ARBW is from 2.53 GHz to 2.57 GHz (1.6%). The gain of the antenna is 

above 8.5 dBic for both polarizations in the working band, and the highest aperture effi-

ciency of 70% is obtained. As the ARBW of the proposed antenna is narrow, it can be used 

in some narrow band applications, for example, point-to-point communications. If the 

ARBW of the proposed antenna becomes wider, it can be applied in more applications, for 

instance, satellite applications. So broadening the ARBW without making the antenna 

more complex can be a research target in the future. 

3.2 Folded Circularly Polarized Reflectarray Antenna  

Circularly polarized reflectarray antennas are widely used in wireless communication 

systems. Many CP reflectarray have been reported in [195-200]. 

 For linearly polarized reflectarray antennas, folded reflectarray antennas are proposed 

to reduce the profile of reflectarray antennas. However, no such techniques are applied in 

circularly polarized reflectarray antennas to decrease the profile. Although the authors in 

[198] try to reduce the profile of a CP reflectarray, the results are not perfect. The author 

placed a polarizer above a folded LP reflectarray to obtain a CP reflectarray. But the 

thickness of the polarizer is larger than 0.8  , which leads to that the profile reduction of 

the entire antenna is limited.   

In this section, a folded CP reflectarray antenna using a circular polarization selective 

surface (CPSS) is proposed. By introducing the CPSS, the profile of the CP reflectarray 

could be reduced by about 87%.  

3.2.1 Antenna Working Mechanism 

The folded CP reflectarray antenna consists of a feed antenna, a CPSS and a reflecting 

surface. The CPSS would reflect left-hand circularly polarized (LHCP) EM waves com-

pletely and allow right-hand circularly polarized (RHCP) EM waves to pass without loss. 

When the LHCP waves are reflected by the CPSS, the polarization does not change, which 

is different from LHCP waves impinging a metal surface.  
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Figure 3-17 Configuration of the folded CP reflectarray antenna 

 

Figure 3-17 shows the configuration of the folded CP reflectarray antenna. The LHCP 

waves generated by the feed antenna impinge the CPSS. Then, the waves are reflected by 

the CPSS and keep the polarization unchanged, which results from the feature of the 

CPSS. This means the reflected waves are still LHCP waves. After being reflected by the 

CPSS, the waves are reflected by the reflecting surface again. As the reflecting surface is 

composed of stacked square patches, the reflection from the reflecting surface converts the 

LHCP waves to RHCP waves. Finally, the RHCP waves can go through the CPSS directly 

and form beams in free space. The simulated results below will show the characters of the 

CPSS and the reflecting surface. 

3.2.2 Design of the Element of CPSS 

The element of the CPSS is the Pierrot structure, which is shown in Figure 3-18. The 

element contains two substrates (Rogers RO4003C) and an air gap. One rectangular metal 

arm is printed on the top surface of the substrate A while the other metal arm is printed on 

the bottom surface of the substrate B. The two arms are placed perpendicularly. The two 

metal arms are connected by a metal cylinder of which the radius is 0.4 mm. Other param-
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eters are swept in simulation, which are shown in Table 3-3. Table 3-3 is obtained by 

sweeping parameters in simulation. 
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substrate A
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Figure 3-18 Side, top and right views of the elements of the CPSS 

 

 Table 3-3 Parameters of the Element of the CPSS (unit: mm) 

ap lp wp ts tair 

16 10.25 1.5 0.813 4.3 

 

 

port2

port1  

Figure 3-19 Model of elements of CPSS in simulation under periodic boundary condition 

 

Figure 3-19 shows the model of element in the simulation. 
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Figure 3-20 Simulated S parameters of the element of CPSS 

 

Simulated scattering parameters of the element of the CPSS are shown in Figure 3-20, 

which are calculated according to the results in HFSS. |S(Port1_L,Port1_L)|, which is 

above -0.5 dB at 10 GHz, shows that the LHCP waves from port 1 are reflected by the 

element of the CPSSS at 10 GHz. |S(Port1_R,Port1_R)| is below -17 dB, and 

|S(Port2_R,Port1_R)| is above -0.1 dB, which means that the element of the CPSS is 

nearly transparent to RHCP waves. |S(Port1_L,Port1_R)| and |S(Port1_R,Port1_L)| are 

both below -20 dB at 10 GHz, which reveals that LHCP and RHCP waves are isolated 

well. Figure 3-21 shows |S(Port1_L,Port1_L)| when the incident angle of LHCP waves 

changes. 
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Figure 3-21 |S(Port1_L,Port1_L)| with different incident angles 

 

3.2.3 Design of Reflectarray Element 

The stacked square patch is used as the element of the reflectarray antenna. The con-

figuration of the element is shown in Figure 3-22. 

 

ac

lpa

t

substrate A
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lpb patch A

patch B

t

 

Figure 3-22 Side, top and right views of the elements of the reflectarray 

 

The element consists of two square patches. The smaller patch is printed on the top 

surface of the substrate A, and the patch with the larger size is printed on the top surface of 

substrate B. Substrate A and Substrate B are both Rogers RO4003C. The parameters of the 

element of the reflectarray element are swept in simulations and shown in Table 3-4.   



Chapter 3. Circularly Polarized Array Antennas 

46 

 

Table 3-4 Parameters of the Element of the Reflectarray (unit: mm) 

ac lpb ts 

10.5 lpa×0.8 0.813 

 

The phase of the reflection coefficient of the element is controlled by the length of the 

sides of the patch B. The simulated phase shift of the element is shown in Figure 3-23. The 

phase shift range is from 150 to -217 degree. As the stacked patch is applied in the design 

of the element, the phase shift range of the element is over 360 degree, which can satisfy 

the requirement of the reflectarray.   
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Figure 3-23 Phase of the reflection coefficient of the reflectarray element 

 

3.2.4 Design of Feed Antenna 

The feed antenna of the reflectarray is a horn antenna with left-hand circular polariza-

tion. The horn antenna is fed by a coaxial cable. The inner conductor of the coaxial cable 

inserts the horn by 6.55 mm. Other parameters of the horn antenna are shown in Table 3-5. 

The parameters of the horn are swept in simulations to get better AR. 
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Figure 3-24 Configuration of the feed antenna 

 

Table 3-5 Parameters of the Feed Antenna (unit: mm) 

w1 w2 w3 w4 w5 

41 20.5 3.6 3.8 3.7 

w6 hh1 hh2 h3 h4 

7.8 30 75 26.4 3.9 

h5 h6 h7   

6.2 9.3 12.3   

 

The simulated |S11| of the horn antenna is shown in Figure 3-25. It can be seen the 

|S11| is below -14 dB from 9.7 to 10.3 GHz. A metal ridge is added in the horn antenna to 

generated CP waves. As the ridge is zigzag, it may lead to that the horn has multiple 

resonant frequencies, which include 10.1 GHz. That‟s why there is a sharp fall in Figure 

3-25. Figure 3-26 shows the axial ratio (AR) of the feed antenna at φ=0 and θ=0. The AR 

(φ=0, θ=0) is below 1.1 dB from 9.7 to 10.3 GHz. Figure 3-27 demonstrates the AR of 

feed antenna in the working band. It can be seen the AR 3 dB beam width is from 50 to 60 

degree. 
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Figure 3-25 Simulated |S11|of the feed antenna 

 

9.7 9.8 9.9 10.0 10.1 10.2 10.3 10.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
x

ia
l 
R

a
ti

o
 (

d
B

)

Frequency (GHz)  

Figure 3-26 Axial ratio (φ=0, θ=0) of the feed antenna 
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Figure 3-27 Axial ratio of the feed antenna from 9.7 to 10.3 GHz 

 

3.2.5 Design of Reflectarray Antenna with CPSS 

Based on the elements of the CPSS and the reflectarray, a folded CP reflectarray an-

tenna working at 10 GHz is proposed. The CPSS of the reflectarray consists of 10×10 

elements. The reflecting surface contains 16×16 cells. The feed antenna is an LHCP horn 

antenna. The distance between CPSS and reflecting surface h is 89.1 mm.  

The required phase shift for every element on the reflecting surface is demonstrated in 

Figure 3-28. It should be noted that the results in Figure 3-28 are calculated according to 

the field results from the simulation of the feed antenna, not from the geometrical optics 

method of (2-7). According to Figure 3-28, the required lpa for every stacked patch on the 

reflecting surface is calculated via Figure 3-23. Figure 3-29 exhibits the calculated lpa. 

The white square in Figure 3-28 and Figure 3-29 represents the aperture of the feed 

antenna. 
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Figure 3-28 Required phase shift for every element on the reflecting surface 
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Figure 3-29 Required lpa for every element on the reflecting surface 

3.2.6 Simulated and Measured Results  

The folded CP reflectarray antenna using CPSS is simulated in High Frequency Struc-

ture Simulator (HFSS). Then, the prototype is fabricated. Then, the prototype is measured 

by vector network analyzer. After that, the prototype is placed in an anechoic chamber, and 

the radiation patterns and gains are measured. Figure 3-30 shows the photograph of the 

folded CP reflectarray antenna. The simulated and measured results are demonstrated in 

this subsection as well. 
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Figure 3-30 Photo of folded CP reflectarray antenna with CPSS 

 

Figure 3-31 shows the simulated and measured reflection coefficient of the folded CP 

reflectarray. Compared with the |S11| of the horn antenna, the |S11| of the folded CP 

reflectarray changes a lot due to the existence of CPSS. It can be seen the reflection 

coefficient is still below -10 dB at 10 GHz. 

Figure 3-32 shows the AR of the folded CP reflectarray at broadside in simulation and 

measurement. It can be seen the measured AR shifts to a lower frequency and deteriorates 

compared to simulated results. The simulated AR bandwidth (AR≤3 dB) is from 10 to 10.8 

GHz, while the measured AR is below 3 dB from 9.8 to 10.6 GHz. The tolerance of 

fabrication and measurement error may lead to the differences between measured and 

simulated results.  
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Figure 3-31 Simulated and measured |S11|of the folded CP reflectarray 
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Figure 3-32 Simulated and measured axial ratio at broadside 

 

In Figure 3-32, it is known that the AR of the proposed CP reflectarray is below 3 dB 

at 10 GHz. Figure 3-33 shows the simulated and measured radiation patterns of the CP 

reflectarray antenna at 10 GHz. As the measured AR is smaller than the simulated one 

when the antenna works at 10 GHz, the level of measured LHCP waves is lower than that 
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of simulated LHCP waves. For RHCP waves, the measured side lobe level (SLL) is below 

-10.8 dB and simulated SLL is below -13.5 dB at 10 GHz. Figure 3-34 and Figure 3-35 

show the radiation patterns at 9.9 GHz and 10.1 GHz in φ=0
0
 plane. 
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(a) φ=0
0
 plane 
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0
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Figure 3-33 Simulated and measured radiation patterns at 10 GHz 
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Figure 3-34 Simulated and measured radiation patterns at 9.9 GHz (φ=0
0
) 
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Figure 3-35 Simulated and measured radiation patterns at 10.1 GHz (φ=0
0
) 

 

Figure 3-36, Figure 3-37 and Figure 3-38 show the radiation patterns at 9.8, 10.6 and 

10.8 GHz. For RHCP waves, it can be seen the main beam is stable and the SLL is below -

10 dB at these frequency points.  
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(a) φ=0
0
 plane 
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(b) φ=90
0
 plane 

Figure 3-36 Simulated and measured radiation patterns at 9.8 GHz 
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(a) φ=0
0
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(b) φ=90
0
 plane 

Figure 3-37 Simulated and measured radiation patterns at 10.6 GHz 
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(a) φ=0
0
 plane 
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(b) φ=90
0
 plane 

Figure 3-38 Simulated and measured radiation patterns at 10.8 GHz 

 

Figure 3-39 shows the simulated and measured gains of the folded CP reflectarray an-

tenna. From 10 to 10.8 GHz, the simulated gain varies from 23.2 to 20.9 dBic, and peaks at 

10 GHz with 23.2 dBic. The measured gain varies from 22.8 to 20.7 dBic from 9.8 to 10.6 

GHz. The highest gain appears at 10.1 GHz. Figure 3-40 shows the simulated and meas-

ured aperture efficiency (AE) of the proposed antenna. The simulated AE is over 26% 

from 10 to 10.8 GHz, and the max AE is 53.5% at 10 GHz. The measured AE is over 27% 

from 9.8 to 10.6 GHz, and peaks at 10.1 GHz, with the highest AE of 46.9%.   
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Figure 3-39 Simulated and measured gains 
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Figure 3-40 Simulated and measured aperture efficiency 

3.2.7 Summary 

A novel folded CP reflectarray antenna with a CPSS is presented. By introducing the 

CPSS, the profile of the antenna is decreased by 87% compared with traditional CP 

reflectarrays. To prove the concept, a prototype working at 10 GHz is designed. Then it is 

fabricated and measured. The measured results agree with the simulated results. The 

antenna is designed to operate at 10 GHz. The simulated AR is 2.1 dB, while the measured 

AR is 1.4 dB at 10 GHz. In simulation and measurement, the SLL is below -10 dB at 10 

GHz for RHCP waves. It should be noted that the bandwidth of the antenna is narrow in 

terms of AR and reflection coefficient. Therefore, broadening the AR and impedance 

bandwidth can be a research target in the future work.
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Chapter 4. Wide-Band Linearly Polarized Reflectarray 

Antenna  

4.1 Introduction 

Antenna bandwidth is critical to a wireless communication system. According to 

Shannon's Theorem, the max capacity of a system is determined by the equation (4-1). 

 

             
 

 
   (4-1)  

 

In this equation, C represents the maximum possible carrying capacity through a given 

communication system. B is the bandwidth, and 
 

 
 is the signal to noise ratio (SNR). It can 

be seen that the bandwidth and SNR are two main factors that limit the max capacity of a 

communication system. Therefore, broadening the bandwidth of a system could expand the 

capacity of the system with SNR unchanged. And a wide-band antenna is an essential part 

for a wide-band communication system. In this chapter, an ultra-wide-band tightly coupled 

dipole reflectarray (TCDR) antenna with linear polarization is proposed. And the method 

to suppress the cross-polarization of the TCDR antenna is shown in this chapter as well. 

4.2 Design of the TCDR Antenna with Linear Polarization 

Reflectarray antennas are a hot research topic nowadays [2]. Compared to parabolic 

reflector antennas, reflectarray antennas are easier to manufacture and have a compact size 

and a low mass. Moreover, the feed networks of reflectarray antennas are much simpler 

than those of conventional phased array antennas.  

In this chapter, a novel wideband tightly coupled dipole reflectarray (TCDR) antenna 

is proposed. The concept of “tightly coupled unit cell” is introduced into the design of the 

proposed TCDR antenna. This is inspired by tightly coupled array antennas and connected 

array antennas [201-203]. In tightly coupled arrays and connected arrays, the adjacent cells 

are placed quite close to enhance the mutual coupling between cells. In connected arrays, 

even inductors and capacitors are added between adjacent cells to enhance the coupling 
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between cells. As reported in [202, 203], these array antennas have a wide impedance 

bandwidth. Similarly, the distance between adjacent cells of the TCDR antenna is quite 

small, which means the coupling between cell elements on the reflectarray surface is 

strong. So this type of unit cells has a wide impedance bandwidth, which overcomes the 

first factor limiting the bandwidth of reflectarray antennas.  

As tightly coupled cell elements are used to construct the TCDR antenna, this design 

combines advantages of tightly coupled arrays and those of conventional reflectarray 

antennas. As a result, the TCDR antenna has a wide bandwidth with a much simpler feed 

network compared with tightly coupled arrays, connected arrays and other UWB direct 

radiation arrays [204]. In its operating frequency band, the radiation performance of the 

TCDR antenna is quite stable with reasonable side lobe levels.  

4.2.1 Design of Reflectarray Element  

In this part, the concept of equivalent distance delay is introduced to design the re-

quired cell elements of the TCDR antenna. 

4.2.1.1  Equivalent Distance Delay 

For a reflectarray antenna shown in Figure 2-1,            varies when the antenna 

works at different frequencies, even if the beam direction, the positions of the reflectarray 

elements and the position of the feed antenna unchanged. In order to eliminate the effects 

of frequency, equation (2-7) is divided by   , then 

  

          

  
                                  

   (4-2)  

 

Let  

         
          

  
 

   (4-3)  

Then 

 

                                            (4-4)  
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Here          is called the required equivalent distance delay of a reflectarray ele-

ment. From the right part of the equation (4-4),          is only determined by        , 

        and   . That is to say the required equivalent distance delay only depends on the 

beam direction, the positions of the reflectarray elements and the position of the feed 

antenna. It is independent of the frequency.  

If one reflectarray element is able to keep its equivalent distance delay unchanged in a 

frequency band, it means, the reflectarray element can compensate differential spatial 

phase delay at different frequency point in the same band, and the reflectarray antenna can 

form a beam with a fix direction          in the same band. In the next subsection, one of 

these types of reflectarray elements is introduced. 

4.2.1.2 Design of the Element of the TCDR Antenna 

As the bandwidth of elements and differential spatial phase delay result in the band-

width limitation of reflectarray antennas, two aspects are considered to design the 

proposed elements of the TCDR antenna. Firstly, tightly coupled dipoles are used to 

broaden the bandwidth of elements. Secondly, distance delay lines are used to compensate 

the spatial phase delay. 

The reflectarray element consists of a dipole, a delay line, and two metal surfaces. The 

side and front views of an element are shown in Figure 4-1.The delay line is comprised of 

a pair of parallel microstrips which are connected to the dipole directly. The first metal 

surface is placed above the second metal surface. The second metal surface is at the 

bottom of the reflectarray element. The distance between the top of the element and the 

first metal surface is   , which is critical to the performance of the reflectarray element. It 

determines the impedance bandwidth. Once the bandwidth of the reflectarray is optimized, 

the value of    is fixed. However, in some cases, to compensate the spatial phase delay, 

the required delay line may become very long and the space above the first metal is not 

enough. In order to accommodate the phase delay lines, a hole is added on the first metal 

surface. Thus, the delay line can go through the first metal surface via this hole. As the 

distance between the first metal surface and the second metal surface    is arbitrary, there 

is no limitation on the length of the delay lines. In this design,    is 20 mm. The diameter 

of the hole is  . The length of the delay line is   . 
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Figure 4-1 Side and front views of the proposed element 

 

The dipole and the delay line are printed on both sides of a substrate (Rogers 

RO4003C), of which the thickness is   . The first metal surface is printed on a substrate 

(Rogers RO4003C) with the thickness of   . By adjusting   , the equivalent distance delay 

of the reflectarray element can be controlled. The parameters of the reflectarray element 

are shown in Table 4-1. The element is simulated under the periodic boundary.  

 

Table 4-1 Parameters of the Reflectarray Element (unit: mm) 

                   

0.813 0.813 14.8 20 4 8 

                      

20 7.6 1 1.1 1 3.45 

 

From the results in Table 4-1, it can be seen the minimum distance between adjacent 

elements is 8 mm. This distance is less than 1/10 wavelength in free space at 3.4 GHz, 

which is the lowest working frequency in the design. As the distance between two ele-

ments is quite small, the coupling between elements is strong as well. So the element has a 

very wide impedance bandwidth [201]. It means the element can transfer the energy it 

receives from the feed antenna to the delay line in a wide band when the reflecting surface 

is illuminated by the feed antenna, which is shown in Figure 4-2. And the delay line used 
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in the design is a true-time-delay line, so it also has wide-band performance. Thus, the two 

factors limiting the bandwidth of a reflectarray are overcome. 

 

open 
termination

1st metal surface

2nd metal surface

Incident field

delay line

 

Figure 4-2 Energy flowing in the element 
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Figure 4-3 Side and front views of the stacked patch 

 

To better demonstrate the performance of the proposed reflectarray element, the 

equivalent distance delay that a conventional stacked square patch can offer is also given. 

The configuration of the stacked patch is shown in Figure 4-3. The stacked patch is printed 

on two substrates (Rogers RO4003C) both with the thickness of    . The length of sides of 

the bottom patch is     , and that of the top patch is         . Between the substrates is 
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the air gap, whose thickness is     . The distance between adjacent cells for stacked patch  

    is set to       .    is the free space wavelength at the center frequency, which is 7 

GHz here. The parameters of the stacked patch are given in Table 4-2. 

 

Table 4-2 Parameters of the Stacked Patch (unit: mm) 

                  

0.813 21          3.1 

 

The equivalent distance delay that the reflectarray element can offer is shown in Fig-

ure 4-4. That of the stacked patch is shown in Figure 4-5. The proposed element and the 

stacked patch are simulated in periodic boundary in HFSS. The equivalent distance delays 

in Figure 4-4 and Figure 4-5 are calculated from the simulated phases of reflection coeffi-

cients in HFSS and equation (4-3). 
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Figure 4-4 Equivalent distance delay of the proposed element 



Chapter 4. Wide-Band Linearly Polarized Reflectarray Antenna 

65 

 

5 10 15 20

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

 d
4GHz

(lsp1
1
)

 d
5GHz

(lsp1
1
)

 d
6GHz

(lsp1
1
)

 d
7GHz

(lsp1
1
)

 d
8GHz

(lsp1
1
)

 d
9GHz

(lsp1
1
)

 d
10GHz

(lsp1
1
)

E
q

u
iv

a
le

n
t 

D
is

ta
n

c
e
 D

e
la

y
(m

m
)

lsp
1
(mm)

 

Figure 4-5 Equivalent distance delay of the stacked patch 

 

Let        denote the curve of the proposed element‟s equivalent distance delay ver-

sus    at frequency f, and let          denote the curve of the stacked patch‟s equivalent 

distance delay versus      at frequency f. It can be seen that        of the proposed ele-

ment is more converged than          of the stacked patch, which means        changed 

much less than          with frequency changing from 4 to 10 GHz. When    is fixed, 

although the equivalent distance delays of the proposed element for different frequencies 

are not the same precisely, they have very small deviations. This means the proposed 

element can approximately satisfy equation (4-4) within a wide frequency band. 

Although        is quite stable when frequency f changes, in a certain band, for ex-

ample from     to   , it is desirable to find a function        to design the reflectarray, 

which satisfies the equation (4-5). 

  

∑              
 

  

    

     

            (4-5)  



Chapter 4. Wide-Band Linearly Polarized Reflectarray Antenna 

66 

 

Equation (4-5) means the sum of squared differences between       and         from 

    to    is minimum. Using       to design the reflectarray results in a more reasonable 

phase error distribution on the reflecting surface for different frequencies.  

As the left part of equation (4-5) is minimum, the derivative of it with respect to       

should be zero. Then, 

 ∑              

  

    

   

   (4-6)  

Equation (4-6) can be re-written as: 

      ∑
      

 

  

    

 

   (4-7)  

where N is the number of frequency points from     to   . In this thesis,           , 

          , and N = 7. In Figure 4-4, the curve of       versus    is drawn by asterisk. 

In the design of TCDR antenna,    is used to calculate the length of delay line for each 

reflectarray element. 

4.2.2 Design of the Feed antenna  

As the reflectarray operates from 3.4 to 10.6 GHz, a wideband feed antenna is needed. 

The log-periodic dipole array (LPDA) which consists of dipoles and a pair of parallel 

microstrips is chosen as the feed antenna [205]. Because LPDA is a low cost antenna, and 

the radiation patterns of LPDA are easy to control compared with wide-band monopole 

antennas. The dipoles and microstrips are printed on both sides of a substrate (Rogers 

RO4003C) with the thickness of 0.813 mm. The LPDA is fed by a coaxial cable, of which 

the outer conductor is connected to one microstrip, and the inner pin is soldered to the 

other microstrip. The configuration of LPDA is shown in Figure 4-6. The width of the 

microstrip is 2.5 mm.             .            .            . 

 

   
   

 
   

   
     

   (4-8)  
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Figure 4-6 Configuration of LPDA 

 

The position of the phase center of the LPDA changes at different frequency points. 

Let         denote the position of the phase center at frequency f. The coordinates of the 

phase center at some frequency points are given in Table 4-3. In this design, the position of 

the phase center       , is calculated by using equation (4-9), where N is the number of 

frequency points from     to   . 

 

        ∑
       

 

  

    

 

   (4-9)  

 

Table 4-3 Coordinates of Phase Center (unit: mm) 

Frequency (GHz) 4 5 6 7 

        (-32,0) (-20,0) (-11.6,0) (-7,0) 

Frequency (GHz) 8 9 10  

        (-10.3,0) (-10.4,0) (-9.6,0)  
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4.2.3 Design of TCDR Antenna 

This reflectarray antenna consists of an LPDA as the feed antenna and a reflecting sur-

face. The reflecting surface is composed of 26×11 elements. The dimension of reflecting 

surface is 210×210×34.8 mm
3
. The distance between the top of reflecting surface and feed 

antenna     is 97.6 mm. The distance between the phase center of the LPDA and reflect-

ing surface     is 119 mm. The required equivalent distance delay for each reflectarray 

element is calculated according to equation (4-4) and is shown in Figure 4-7(a). According 

to the results in Figure 4-7(a), the required length of delay line for each element is calcu-

lated via        in Figure 4-4 and shown in Figure 4-7(b). The configuration of the whole 

antenna is shown in Figure 4-8. In this design it should be noted that    is the distance 

between the center of the dipole and the phase center of the LPDA. 

 

(a) 
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(b) 

Figure 4-7 Required (a) equivalent distance delay and (b) length of the delay line for each element on 

the reflecting surface 

 

Figure 4-8 Configuration of the TCDR antenna 
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4.2.3.1 Phase Error Distribution and Its Effects on the SLL of the Reflectarray 

Theoretically, to form a focused beam in broadside, the phase on the reflecting surface 

should be equal after the elements of the reflectarray compensate the spatial phase delay. 

However, phase errors can exist on the reflecting surface of a reflectarray at some frequen-

cy points. As the central frequency of the reflectarray is about 7 GHz, the phase error 

distribution based on       is shown in Figure 4-9, while that based on           is shown 

in Figure 4-10. 

 

 

 (a)                                                                (b) 

 

(c)                                                                (d) 

Figure 4-9 Phase error distribution at (a) 4 GHz, (b) 7 GHz, (c) 9 GHz and (d) 10 GHz when       is 

used to design the reflectarray. 
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(a)                                                                (b) 

 

(c)                                                                (d) 

Figure 4-10 Phase error distribution at (a) 4 GHz, (b) 7 GHz, (c) 9 GHz and (d) 10 GHz when 

          is used to design the reflectarray 

 

In Figure 4-9, it can be seen that the worst phase error distribution appears at 9 GHz 

when       is used to design the reflectarray. At 9 GHz, the largest phase error on the 

reflecting surface is 76 degree. However, if           is used to design the reflectarray, 

although no phase error exists on the reflecting surface at 7 GHz, phase error distribution 

at other frequency points is enlarged. For example, the largest phase error on the reflecting 

surface at 9 GHz is 150 degree, which is much larger than that based on       design. 

Compared with          , using       to design the reflectarray minimizes the phase error 

distribution in a wide frequency range. 

As the phase error distribution affects the radiation pattern of the reflectarray, array 

factors on H-plane at different frequency points are calculated [206] and are shown in 

Figure 4-11. 
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Figure 4-11 Array factors at (a) 4 GHz, (b) 7 GHz, (c) 9 GHz and (d) 10 GHz when       and  

          are used to design the reflectarray respectively. Solid lines are array factors when       is 

used. Dash lines are array factors when           is used. 

 

As shown in Figure 4-11, different phase error distributions on the reflecting surface 

result in different first side lobe level (SLL1). Compared with           , using       to 

design the reflectarray decreases the SLL1 within a wide frequency range except slightly 

increasing the SLL1 at 7 GHz. Especially at 9 GHz, using       decreases the SLL1 by 5 

dB. 

For the TCDR antenna, its SLL1 is low enough at the central frequency. Compared 

with SLL1 at the central frequency, TCDR antenna's SLL1 is higher at the lowest and 

highest operating frequencies. So slightly increasing the SLL1 at the central frequency 

would not deteriorate the radiation pattern of the TCDR antenna significantly. Decreasing 

the SLL1 at lowest and highest operating frequencies will expand the working bandwidth, 

in which the TCDR antenna has relatively low SLL. As a result, using       to design the 
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reflectarray can obtain better operating bandwidth than using           to design the 

reflectarray. Figure 4-12 shows the simulated radiation patterns of the reflectarray in HFSS 

when       and            are used to design the reflectarray respectively. Compared to 

         ,       can lead to better SLL of the TCDR antenna. 
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Figure 4-12 Simulated radiation patterns at (a) 4 GHz, (b) 7 GHz, (c) 9 GHz and (d) 10 GHz when 

      and            are used to design the reflectarray respectively. Solid lines are array factors when 

      is used. Dash lines are array factors when           is used. 

 

4.2.4 Simulated and Measured Results  

The TCDR antenna is simulated in HFSS. Then, it is fabricated and measured in an 

anechoic chamber. The photograph of the antenna is shown in Figure 4-13. Simulated and 

measured results are given in this subsection. 
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Figure 4-13 Photograph of the TCDR antenna. 

 

4.2.4.1 Radiation Patterns and Reflection Coefficient 

As discussed above, the proposed reflectarray element can offer the required equiva-

lent distance delay on the reflecting surface in a wide band. Therefore, one feature of the 

TCDR antenna is that it can keep its radiation pattern stable in a large frequency range. 

The simulated and measured radiation patterns are shown in Figure 4-14. Good agreement 

between the simulated and measured results is observed. From Figure 4-14, it can be seen 

that the radiation pattern performance keeps stable. The shape of the main beam is not 

distorted with frequency varying from 3.4 to 10.6 GHz. The highest SLL is about -11.7  

dB.  
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(a) 3.4 GHz 
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(b) 4 GHz 
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(c) 5 GHz 
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(d) 6 GHz 



Chapter 4. Wide-Band Linearly Polarized Reflectarray Antenna 

76 

 

-90 -60 -30 0 30 60 90
-40

-35

-30

-25

-20

-15

-10

-5

0

N
o

rm
a

li
z
e

d
 G

a
in

(d
B

)

(deg)

 Co-sim E plane

 X-sim E plane

 Co-mea E plane

 X-mea E plane

-90 -60 -30 0 30 60 90
-40

-35

-30

-25

-20

-15

-10

-5

0

N
o

rm
a
li
z
e
d

 G
a
in

(d
B

)

(deg)

 Co-sim H plane

 X-sim H plane

 Co-mea H plane

 X-mea H plane

 

(e) 7 GHz 
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(f) 8 GHz 
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(g) 9 GHz 
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(h) 10 GHz 
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(i) 10.6 GHz 

Figure 4-14 Radiation patterns of the TCDR antenna 

 

Some recent wideband reflectarray antennas reported in the literature and the TCDR 

antenna in this thesis are summarized in Table 4-4. It should be mentioned that the defini-

tion of bandwidth used in those works are not exactly the same. In this table, the achieved 

bandwidths are abstracted by checking whether the antennas have reasonable SLLs (SLL<-

10 dB). 

Table 4-4 Comparison with Antennas in References 

Ref. No. Bandwidth 
Max aperture 

efficiency 
Method to achieve wide bandwidth 

[103] 2:1 not given Using Bessel Filters to design element 

[104] 1.45:1 78% 
Subwavelength spacing & multi-resonance 

element 

[100] ≤1.5:1 56.5% Subwavelength element 

[90] ≤1.8:1 64.1% Using parallel dipoles as element 
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[86] 1.5:1 not given True-time-delay element 

TCDR antenna 3.12:1 38% Tightly coupled element & true-time-delay 

 

4.2.4.2 Gain and Aperture Efficiency 

Figure 4-15 shows the simulated and measured gains of the antenna. The simulated 

gain varies from 12.7 to 21.9 dBi from 3.4 to 10.6 GHz and peaks at 10 GHz. The meas-

ured gain varies from 13.8 to 22.6 dBi and the highest gain appears at 10.6 GHz. The 

simulated and measured aperture efficiency (AE) of the antenna is also shown in Figure 

4-15. The simulated AE of the TCDR is over 20% from 3.4 to 10 GHz, and it is larger than 

17.8% from 10 to 10.6 GHz. The measured AE of the TCDR is over 20% from 3.4 to 10.6 

GHz.  
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Figure 4-15 Simulated and measured gains and aperture efficiency 

 

4.2.5 Summary 

A novel tightly coupled reflectarray element is proposed. Using this element, a wide-

band tightly coupled dipole reflectarray antenna is designed and fabricated. The antenna 

has stable radiation patterns from 3.4 to 10.6 GHz. Over 3:1 frequency range, the main 

beam of the antenna is not distorted or split with frequency changing. Moreover, the 

highest side lobe level of the radiation pattern is below -11.7 dB across the band. The 
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antenna is promising for the applications where antennas with wide bandwidth and stable 

radiation patterns are needed. 

4.3 Method of Improving the Polarization Purity of TCDR Antenna 

In this subsection, the method to reduce the cross-polarization of TCDR antenna is 

proposed. By introducing this method, the level of cross-polarization at main beam direc-

tion can be decreased by 5 to 10 dB in the working band.   

4.3.1 Mechanism of Reducing Cross-polarization 

For a unit cell on the reflecting surface, equation (4-10) exists [206].  

 

   
   

       
          

       (4-10) 

  
   

       
          

    

 

For a reflectarray antenna with the beam direction along z axis, if the co-polarization 

is set along y axis and cross-polarization is set along x axis, then equation (4-11) is ob-

tained.     is the cross-polarization electronic filed (E field), and     represents the co-

polarization E field. 

 

    
   

           
              

     (4-11) 
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(b) Front view 

Figure 4-16 Unit cell A and unit cell B. 

 

Assume there are two unite cells, type A and type B. Figure 4-16 shows the unit cell A 

and unit cell B. Let      and      denote the S parameters of unit A and B respectively. 

From Figure 4-16 (b), it can be seen, the structure of unit cell A is mirror-symmetrical with 

the structure of unit cell B. This symmetry leads to the           has the opposite phase to 

the          . This can be seen intuitively in Figure 4-17. In Figure 4-17 the two unit cells 
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are illuminated by the same incident waves with –y polarization and the incident angle is 

0
0
. The E filed with x polarization on the pink reference plane is drawn. It is obvious that 

the E field of element A has an opposite direction with that of element B, which indicates 

their phases are opposite. 

x
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Figure 4-17 Cross-polarization E fields under the same incident waves 

 

Figure 4-18 shows the co-polarization E field of unit A and B. It can be seen they have 

the same direction, which indicates they have the same phase. From Figure 4-18 and 

Figure 4-17 ,           and           have the opposite phase, and           and 

          have the same phase intuitively. 
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Figure 4-18 Co-polarization E fields under the same incident waves 
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Figure 4-19 Amplitudes of       ,        and        for the two unit cells 
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Figure 4-19 shows the amplitudes of          ,          ,           , 

         ,           and          . It can be seen the amplitudes of           and 

          are equal generally. So are           and          .             and 

            are almost the same as well. 
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Figure 4-20 Phases of       ,        and        for the two unit cells 

 

The phases of          ,          ,            ,          ,           and  

          are demonstrated in Figure 4-20. To show their relationships clearly, the 

differences between the phases of           and           are drawn in Figure 4-22. 

Those of           and           are shown in Figure 4-21. Figure 4-23 shows the phase 

differences between           and          . 
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Figure 4-21 Phase differences between           and           
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Figure 4-23 Phase differences between           and           

 

The differences between the phases of           and           are from 179.5 to 

180.5 degree, which can be seen as 180
0
 approximately. Those of            and 

          is less than 1.1 degree, which is quite near 0
0
. So are           and          . 

Therefore, from the results of Figure 4-19, Figure 4-21, Figure 4-22 and Figure 4-23, 

equation (4-12) can be obtained approximately.  

 

                        

                        

                        

     (         )        (         ) 

     (         )         (         ) 

      (         )        (         )  (4-12) 

 

Equation (4-12) can be rewritten as equation (4-13). 

 

                    

                     

                      (4-13) 
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As unit cell A and B contain no anisotropic materials, they are reciprocal, and equa-

tion (4-14) is obtained. 

 

                       (4-14) 

 

Combining equation (4-13) and (4-14) gives equation (4-15). 

 

                    

                     

                     

                      (4-15) 

 

Then, rewrite equation (4-11) for unit cell A and B. 

 

    
                    

                 
     (4-16) 

    
   

                 
                 

     (4-17) 

    
                    

                 
     (4-18) 

    
   

                 
                 

     (4-19) 

 

Equation (4-16) plus (4-18) gives equation (4-20). 

 

   
          

       [                   ]   
                             

    

   (4-20) 

Substituting (4-15) into (4-20) gives equation (4-21). 

 

    
          

                     
     (4-21) 

 

Similarly, equation (4-22) is obtained. 

 

    
          

                     
                  

     (4-22) 

 

Equation (4-16) and (4-17) times two gives equation (4-23) and (4-24). 
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     (4-23) 

    
          

   
                  

                  
     (4-24) 

 

Comparing (4-21) and (4-23), it is known that    
          

        is less than 

   
          

       by               
   , which is the most important part that contrib-

utes to the cross-polarization level.  Comparing (4-22) and (4-24), it is obvious that 

   
          

       is equal to    
          

   
   . Therefore, if unit cell A and B are 

applied in the same reflectarray, the cross-polarization level will be suppressed without 

reducing the co-polarization level. 

4.3.2 Design of the TCDR with Low Cross-polarization 
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Figure 4-24 Layout of the original TCDR antenna 

 

Figure 4-24 shows the layout of the elements in the TCDR antenna in section 4.2. It 

can be seen, the TCDR antenna only contains element A.  

Based on the results in 4.3.1, other distributions of elements are introduced in this 

subsection. Figure 4-25 and Figure 4-26 demonstrate the element distributions of array 1 

and array 2. The odd rows of array 1 only contain element B while the even rows only 

contain element A. In array 2, the 5
th

, 6
th

 and 7
th

 rows consist of element B, and other rows 

are composed of element A.  

Compared with the original TCDR antenna, the array 1 and 2 contain element B. The 

mixture of element A and B could reduce the cross-polarization of the array 1 and 2. 
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Figure 4-25 Layout of Array 1 
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Figure 4-26 Layout of Array 2 

4.3.3 Simulated Results 

In this subsection, the simulated results of array 1 and 2 are given. Moreover, some 

results of array 1and 2 are compared with the results of the original TCDR antenna. 

Figure 4-27 shows the cross-polarization levels of arrays 1, 2 and the original TCDR 

antenna at main beam direction. It can be seen the cross-polarization levels of array 1 and 
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2 are both lower than that of the original TCDR antenna. For array 1, the cross-polarization 

is decreased by 17 dB at 4GHz, compared with the original TCDR antenna.  For array 2, 

the max cross-polarization reduction is about 11 dB, appearing at 4 and 7 GHz. The 

comparison proves that the method of reducing the cross-polarization proposed in this 

chapter is effective. And it has been known that the cross-polarization is reduced by 

              
   .               

    is obtained under the assumption of normal incident 

waves. But the elements in Array 1 and 2 are not all illuminated normally. This brings 

some errors. As the layouts of Array 1 and 2 are different, the errors brought are different 

for Array 1 and 2 as well. Thus, the cross-polarization reduction of Array 1 is different 

with that of Array 2. 
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Figure 4-27 Cross-polarization comparison between arrays 1, 2 and TCDR  
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Figure 4-28 Gains of arrays 1, 2 and TCDR  

 

Figure 4-28 shows the gains of arrays 1, 2 and the original TCDR. The gain of array 2 

is equal to that of the original TCDR antenna. The gain of array 1 is lower by about 1.1 dB 

at 8 GHz. This may be resulted from that the Array 1 breaks the original periodic boundary 

of the TCDR antenna more than Array 2. 

4.4 Summary 

In this chapter, a novel tightly coupled reflectarray element is introduced firstly. Based 

on this element, a wide-band TCDR antenna is designed. The TCDR antenna consists of a 

wide-band feed antenna and a wide-band reflecting surface, which consists of 26×11 unit 

cells. The feeding antenna is a log-periodic dipole array antenna which has a wide band-

width. Every unit cell on the reflecting surface is composed of a tightly coupled dipole and 

a true-time-delay line. The minimum distance between adjacent unit cells is 8 mm, which 

is about 1/10 wavelength at the lowest working frequency. By combining the advantages 

of reflectarray antennas and those of tightly coupled array antennas, the TCDR antenna 

achieves ultra-wide bandwidth with reduced complexity and fabrication cost. A method to 

minimize the phase errors of the wideband reflectarray is also developed. To verify the 

design concept, a prototype operating from 3.4 to 10.6 GHz is simulated and fabricated. 

Good agreement between simulated and measured results is observed. Within the designed 

frequency band, the radiation pattern of the TCDR antenna is stable and the main beam of 
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the antenna is not distorted or split. The side lobe levels of the radiation patterns are below 

-11.7 dB in the entire operating band. 

Then, a method of reducing the cross-polarization of the TCDR antenna is shown after 

the introduction of the ultra-wide-band TCDR antenna. In this part, the mechanism of the 

cross-polarization suppression is explained in detail. Based on this method, two reflectar-

rays are proposed. These two reflectarrays have the same phase distribution with that of 

the original TCDR antenna except the unit cell layout. The simulated results show that the 

new reflectarrays have lower cross-polarization level compared with the original TCDR 

antenna, proving the method to reduce the cross-polarization is effective. 
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Chapter 5. Multi-Beam Antennas  

5.1 Introduction 

Apart from increasing the gain and the bandwidth of antennas, multi-beam antennas 

could also increase the capacity of a communication system. The multi-beam antennas are 

antennas forming multiple beams in different directions with the same aperture. These 

antennas usually have two or more ports, and exciting one port can form one beam. One 

method to achieve multi-beam antennas is to feed antennas by circuit beam forming 

networks. These networks mainly include Blass, Butler and Nolen matrix networks. In this 

section, a novel method of designing the Nolen matrix is introduced. Based on this meth-

od, a multi-beam antenna is designed.  

5.2 Multi-beam Antenna Fed by Nolen Matrix 

In this section, a method to design a Nolen matrix is proposed. Then a 3×3 Nolen ma-

trix is designed step-by-step to show the entire designing process. At last, a multi-beam fed 

by a 5×5 Nolen matrix is designed. 

5.2.1 Method of Design an M×N Nolen Matrix 

In [145], the Nolen matrix is introduced for the first time. In [207], a method of design 

a Nolen matrix was reported. In [208], the authors built a Nolen matrix based on the 

method reported in [207]. In [209], microstrip ring couplers were used to build a Nolen 

matrix network. The authors realized a Nolen matrix based on SIW in [210]. The authors 

of [209, 210] both used an asymptotic method based on [148] to design a Nolen matrix, as 

the method in [148] are proposed to design a Blass matrix originally. 

 In this section, a novel method of designing a Nolen matrix is proposed, and relative 

equations are also given. The method is inspired by the method of designing a Blass matrix 

reported in [148]. Compared with the designing method introduced in [207], the method 

proposed in this section is more concise and suitable for programming. 
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Figure 5-1 Structure of an M×N Nolen matrix 

 

Figure 5-1 shows a structure of an M×N Nolen matrix. The matrix contains several 

phase shifters and couplers. The value of a phase shifter is    . The coupling value of a 

coupler is        . The scattering matrix of a coupler is [S], which is shown in (5-1). The 

phase difference between port 1 and 2 is 90
0
. The phase difference between port 1 and 3 is 

0
0
. Port 1 and 4 is isolated. From the [S], it is known that every input port is isolated from 

other input ports. In the design of a Nolen matrix, the purpose is to calculate the parame-

ters of phase shifters and couplers.  

 

     [

        

        
       

       

       
       

        

        

]  (5-1)  
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The input and output ports are represented by   ,   ,…,    and   ,   ,…,   .    and  

    represent the electric field value at each point connecting couplers and phase shifters  

in the network.     represents the electric field value at the point connecting two couplers 

or that on an input port .     represents the electric field value at the point connecting a 

phase shifter and a coupler or that on an output port. And     is defined from equation 

(5-2). The elements of     are the electric field values at the points above the    
 row of 

the phase shifters shown in Figure 5-1.  

  

                        (5-2) 

  

 ⃗⃗  (of length M) is defined as the input vector, whose elements are the electric field 

values on input ports.  ⃗  (of length N) is the output vector, of which the elements are the 

electric field values on output ports. 

  

  ⃗⃗                 
   (5-3)  

  ⃗                    (5-4) 

  

  ⃗⃗ ⃗⃗  ⃗ (of length N) is defined as the excitation vector whose elements are the electric 

field values on output ports, when one input port    is excited with unit power. That is 

     . 

 

   ⃗⃗ ⃗⃗  ⃗                     (5-5)  

 

When all the input ports are excited with the input vector   ⃗⃗  , the output vector  ⃗  satis-

fies equation (5-6) due to the isolation between input ports. 

 

  ⃗    ⃗⃗⃗⃗         ⃗⃗⃗⃗          ⃗⃗ ⃗⃗  ⃗       (5-6)  

 

Equation (5-6) is re-written as Equation (5-7). 

 

  ⃗     ⃗⃗⃗⃗    ⃗⃗⃗⃗      ⃗⃗ ⃗⃗  ⃗   ⃗⃗   (5-7)  
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For multi-beam networks design,    ⃗⃗⃗⃗    ⃗⃗⃗⃗      ⃗⃗ ⃗⃗  ⃗  is known. The main working is to 

obtain the values of     and     where  ≤  ≤   and  ≤  ≤  . The steps of the 

design are as follows. 

(1) Let    . 

(2) Let  ⃗    ⃗⃗  ⃗. This means only the     input port is excited with unit power (     ), and 

the output vector is   ⃗⃗  ⃗. According to the definitions of   ⃗  and     , it can be obtained  

 

 ⃗      

Therefore, 

      ⃗⃗  ⃗ 

 

               
            (5-8) 

  

According to equation (5-8),           can be obtained in equation (5-9).         is 

a subset of    , and         does not contain the last element of    . The derivation of 

equation (5-8) and the definition    
   are shown in Appendix. 

 

 

          
         

          
         

 

 

               
               (5-9)  

 

(3) As           has been calculated, the values of its elements                      are 

also known. From the [S] of the coupler, port 1 and port 3 are in-phase, and port 2 and port 

4 are in-phase. The phase difference between port 1 and 2 is 90 degree. So  

 

                              (         ).  (5-10)  

 

And from the structure of the networks, it is known that  

When        , 

 

                (5-11) 
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Then 

                             (5-12)  

 

When        , 

 

                        
 

 
      (5-13)  

 

It is usually assumed that  

 

                ≤  ≤         (5-14)  

 

Then substituting equation (5-14) into (5-13) and (5-12) , (5-15) is obtained. 

 

     {
           

 

 
          

                  
  (5-15)  

 

Thus,                    is calculated. 

(4) According to the method in [147], the coupling values of couplers in the     row can be 

calculated.   

              
      

  ∑    
  

   

   

               

   (5-16)  

Considering       in step (2), equation (5-16) is re-written as equation (5-17). 

 

              
     ∑    

  

   

   

               

   (5-17)  

(5) Let       and repeat step (2)-(4) until all the values of the couples and phase 

shifters are calculated. 

 

When all the five steps are completed, the values of all the phase shifters and couplers 

are calculated.  
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5.2.1.1 Excitation Vectors 

The excitation vectors mentioned above should be orthonormal, which is proved in 

Appendix.  Therefore, the excitation vector   ⃗⃗ ⃗⃗  ⃗ is not arbitrary. For an M×N Nolen matrix 

network, a series of excitation vector is given in equation (5-18). In equation (5-18),    is 

used to adjust the phase difference between elements of    ⃗⃗ ⃗⃗  ⃗. It should be noted that   ⃗⃗ ⃗⃗  ⃗ is 

not unique, and equation (5-18) just gives an instance. 

 

  ⃗⃗ ⃗⃗  ⃗  
 

√ 
    

       
 

        
       

 
           

       
 

               ≤  ≤  ≤   

   (5-18) 

 

  ⃗⃗⃗⃗    ⃗⃗⃗⃗  
 

 
[  

  
 

     
   

  
 

            
  
 

       ] 

   (5-19) 

It is noticed that the sum of a geometric sequence is in the square brackets of equation 

(5-19). The common ratio is   
  

 
     

.  

When    , 

  ⃗⃗⃗⃗    ⃗⃗⃗⃗  
 

 
            

 

When    , as  ≤    ≤  , 

 

      ≤    ≤      

And  

       

So 

  
  
 

     
    

Therefore, 

  ⃗⃗⃗⃗    ⃗⃗⃗⃗  
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In the sum of above, 

   ⃗⃗⃗⃗    ⃗⃗⃗⃗  {
      
       

    (5-20)  

 

Equation (5-20) proves that the excitation vectors given by equation (5-18) are or-

thonormal. 

With   ⃗⃗ ⃗⃗  ⃗, if the distance of the element antenna of the multi-beam antenna is d, the 

beam direction is θ. θ is given below, where    is the wavelength. 

         

       
    

    
     

5.2.2 Examples of M×M Nolen matrices 

Using the method introduced in 5.2.1, some examples of M×M Nolen matrices are 

given in this section. A 3×3 Nolen matrix is taken as the example to show how to apply the 

method. 
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Figure 5-2 Structure of a 3×3 Nolen matrix 
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First, according to equation (5-18),   ⃗⃗⃗⃗ ,   ⃗⃗⃗⃗  and   ⃗⃗⃗⃗  are set, which are shown in equation 

(5-21), and they are orthonormal. 

 

   ⃗⃗⃗⃗  
 

√ 
[
   

   

   

],   ⃗⃗⃗⃗  
 

√ 
[
  

  

 

  
  

 

    

],   ⃗⃗⃗⃗  
 

√ 
[
  

  

 

  
  

 

    

]  (5-21)  

 

Second, let  ⃗    ⃗⃗⃗⃗ . This means only the input port    is excited and       when 

other input ports are not excited. Therefore, according to the definition of   ⃗ ,    ,      

and     are obtained. 

 

            
 

√ 
 

 

From (5-15),     and     are obtained. 

 

               
 

 
  

 

 
        

               
 

 
  

 

 
        

                 

 

 

From (5-17),            and            are given below. 

 

           
   

 

 
 

 

 
 

           
   

 

     
  

 

 
 

 

Thus,    ,    ,            and            are calculated. 

 

Third, let  ⃗    ⃗⃗⃗⃗ . This means only the input port    is excited and       when oth-

er input ports are not excited. From the definition of  ⃗  and     ,     and     are obtained. 
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     ⃗    ⃗⃗⃗⃗  
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√ 
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] 

 

Then,   and   
   are obtained. 

   [
         
       
       

 
         
         

] 

  
   *

        
              

+ 

 

From (5-9),     is obtained. 

      
      *

                 
                 

+ 

 

As             
 ,      and     are obtained. 

 

                      

                      

Then  

 

               
 

 
               

                              

           
   

 

 
 

 

 
 

 

Thus,     and            are calculated. 

Fourth, let  ⃗    ⃗⃗⃗⃗ . This means only the input port    is excited and       when 

other input ports are not excited. From the definition of   ⃗  and     ,     and     are 

obtained. 
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  and   
   have been obtained in the third step. 
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   *
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Then 
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+  

 

                       

Then,   and   
   are obtained. 

   *
                 
                

+ 

  
                       

Then  

      
                           

 

As          
 ,   

                       

And 

                              

 

So far, the values of shifters and couplers composing of a 3×3 Nolen matrix network 

has been obtained.     and            are shown in Table 5-1 and Table 5-2. 

Table 5-1     in a 3×3 Nolen Matrix Network (unit: degree) 

     n 

m           
1 2 3 

1 -90 -90 0 
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Table 5-2           in a 3×3 Nolen Matrix Network 

 

 

 

 

 

 

Using the similar method, we can also design Nolen matrices with other sizes. For a 

5×5 Nolen matrix network, the excitation vectors are given below, according to equation 

(5-18). 
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    and            in the 5×5 Nolen matrix network are shown in Table 5-3 and Ta-

ble 5-4. 

Table 5-3     in a 5×5 Nolen Matrix Network (unit: degree) 

2 120 -60  

3 -150   

     n 

m           
1 2 

1 
 

 
 

 

 
 

2 
 

 
  

     n 

m           
1 2 3 4 5 

1 -90 -90 -90 -90 0 

2 -288 -228 -176 -36  

3 -288 -235 -94   

4 -288 -148    

5 -198     
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Table 5-4           in a 5×5 Nolen Matrix Network 

 

 

 

 

 

 

 

 

5.2.3 Multi-beam Antenna Fed by a 5×5 Nolen Matrix Network  

In this section, a multi-beam antenna based on a 5×5 Nolen matrix network is simulat-

ed and fabricated. The antenna works at 5 GHz. 

5.2.3.1 5×5 Nolen Matrix Network 

As mentioned above,             of couplers in a 5×5 Nolen matrix network could be 

0.2, 0.25, 0.3333, 0.5, 0.4327 and 0.6752. Those correspond to -6.98 dB, -6.02 dB, -4.77 

dB, -3 dB, -3.64 dB and -1.71 dB couplers. Circular branch line couplers are applied in this 

design because they can offer flexible coupling with a fixed size[209]. And it is easy to 

embed this type of couplers in a Nolen matrix network. 

The couplers are printed on the substrate (Arlon AD255A), of which the relative per-

mittivity is 2.55. 

     n 

m           
1 2 3 4 

1 0.2 0.25 0.3333 0.5 

2 0.25 0.4327 0.6752  

3 0.3333 0.6752   

4 0.5    
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Figure 5-3 Structure of microstrip ring coupler 

Figure 5-3 shows the basic structure of the microstrip ring couplers composing of the 

Nolen matrix network. The ring couplers can be seen as the transformation of a classical 

branch-line coupler, which is shown in Figure 5-4. Compared with traditional branch-line 

couplers, some straight microstrip lines are replaced by curved microstrip lines in ring 

couplers. 

① ②  

③④

 

Figure 5-4 Branch-line coupler 
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In Figure 5-3, the thickness of the substrate is 0.762 mm. To make the characteristic 

impedance of the microstrip line as 50 Ω,    is set 2.13 mm. In order to build the network 

conveniently, the dimensions of all required couplers are 31.76×31.76 mm
2
. For all 

couplers, only   ,    , and    are different.     is the radius of the ring in the couplers. 

   and    are the widths of the curved microstrip lines.  

 The simulated S parameters of all couplers are shown below. 
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Figure 5-5 S parameters of -1.71 dB coupler (a) amplitudes and (b) phases 
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Figure 5-6 S parameters of -3 dB coupler (a) amplitudes and (b) phases 
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Figure 5-7 S parameters of -3.64 dB coupler (a) amplitudes and (b) phases 
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Figure 5-8 S parameters of -4.77 dB coupler (a) amplitudes and (b) phases 
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Figure 5-9 S parameters of -6.02 dB coupler (a) amplitudes and (b) phases 
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(a)  Amplitudes  
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Figure 5-10 S parameters of -6.98 dB coupler (a) amplitudes and (b) phases 

 

From the simulated results above, it can be seen that the reflection coefficients of all 

ports are below -20 dB at 5 GHz. The transmission coefficients between port 1 and 4 are 

below -17 dB for all couplers. The phase of S(2,1) and S(3,1) are also given above. Theo-

retically, the phase of S(2,1) is 90
0
 , and that of S(3,1) is 0

0 
at 5 GHz.  

 

Table 5-5 Simulated phases of S(2,1) and S(3,1) at 5 GHz  (unit: degree) 

 phase(S(2,1)) phase(S(3,1)) phase(S(2,1))- phase(S(3,1)) 

-1.71 dB coupler 88.1 -2.2 90.3 

-3 dB coupler 90.6 0.3 90.3 

-3.64 dB coupler 91.0 0.8 90.2 

-4.77 dB coupler 92.1 2.0 90.1 

-6.02 dB coupler 92.7 1.1 91.6 

-6.98 dB coupler 93.1 2.2 91.0 

  

Table 5-5 shows the simulated phases of S(2,1) and S(3,1) at 5 GHz. The max error of 

the phase of S(2,1) is 3.1
0
, which appears in -6.98 dB coupler. For the phase of S(3,1), the 

largest error is 2.2
0
, which exist in -1.71 dB and -6.98 couplers. The differences between 

the phases of S(2,1) and S(3,1) are also shown in Table 5-5.  
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Table 5-6 Theoretical and Simulated Coupling Values at 5 GHz   

 theoretical coupling value simulated coupling value error 

-1.71 dB coupler 0.6752 0.67659 2% 

-3 dB coupler 0.5 0.48997 2% 

-3.64 dB coupler 0.4327 0.43911 1% 

-4.77 dB coupler 0.3333 0.33797 1% 

-6.02 dB coupler 0.25 0.25288 1% 

-6.98 dB coupler 0.2 0.19475 3% 

 

The theoretical and simulated coupling values of couplers at 5 GHz are shown in Ta-

ble 5-6. The errors between theoretical and simulated values are less than 3%. 

Thus, all the needed couplers are obtained. The next goal is to design the phase shift-

ers. In this design, microstrip lines act as phase shifters. First of all, the values of phase 

shifters in Table 5-3 need to be modified.     represents the original value of a phase 

shifter and    
  represents the modified value of a phase shifter. The relationship between 

    and    
  is shown in equation (5-22). 

 

    
  {

           

                        

               
  (5-22)  

 

The modification process just changes the absolute values of phase shifters, and in the 

same row, the phase difference between any two phase shifters is unchanged. Table 5-7 

shows the original values of phase shifters while modified values are demonstrated in 

Table 5-8. 

 The purpose of the modification is to reduce the complexity of the network. When 

   , four phase shifters are needed originally. After being modified, only 1 phase 

shifter of 90
0
 is needed. When        ,        

      , which means the phase 

shifters connecting couplers          and             are the same. Thus, the lengths of 

microstrip lines connecting couplers          and             are the same. When   

 ,        
     Before being modified,  the network needs 14 phase shifters in total. 

After modification, only 10 phase shifters are needed. The network is simplified signifi-

cantly by modifying the values of phase shifters. 
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Table 5-7 Original     in the 5×5 Nolen Matrix Network   

 

 

 

 

 

 

 

 

Table 5-8 Modified  
  
  in the 5×5 Nolen Matrix Network   

 

 

 

 

 

 

 

 

 

It should be noted that the modification of phase shifters changes the excitation vector  

  ⃗⃗ ⃗⃗  ⃗. The new excitation vector is   ⃗⃗ ⃗⃗  ⃗
 
. 
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Thus,  
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     n 

m           
1 2 3 4 5 

1 -90 -90 -90 -90 0 

2 -288 -228 -176 -36  

3 -288 -235 -94   

4 -288 -148    

5 -198     

     n 

m           
1 2 3 4 5 

1 0 0 0 0 90 

2 -243.7 -183.7 -131.7 8.3  

3 - 185.7 -132.7 8.3   

4 - 131.7 8.3    

5 0     
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Figure 5-11 Model of the 5×5 Nolen matrix network 

Figure 5-11 shows the model of the 5×5 Nolen matrix network in HFSS. Ports 1, 2, 3, 

4 and 5 are input ports. Port 6, 7, 8, 9 and 10 are output ports, which are connected to 

antennas later. Some simulated scattering parameters (S parameters) of the network are 

shown below. Figure 5-12 shows the reflection coefficients of the five input ports. It can 

be seen the reflection coefficients are below -15 dB at GHz. 
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Figure 5-12 Reflection coefficients of input ports 

 

Figure 5-13 shows the amplitudes of scattering parameters from input ports to output 

ports. 
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(a) Port 1 to output ports 
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(b) Port 2 to output ports 
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(c) Port 3 to output ports 
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(d) Port 4 to output ports 
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(e) Port 5 to output ports 

Figure 5-13 Amplitudes of S parameters from (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4 and (e) Port 5 

to output ports  

 

The amplitudes of the simulated scattering parameters from input ports to output ports 

at 5 GHz is shown in Table 5-9. Theoretically, the amplitudes of these parameters should 

be -6.99 dB under the assumption of the lossless network. In practice, the metal and 

dielectric loss is inevitable in the network. Moreover, the network is based on microstrip 

lines, and the network itself can radiate energy to free space. Therefore, the network is not 

strictly lossless, and the amplitudes of simulated scattering parameters in Table 5-9 are not 

equal to -6.99 dB exactly. 

 

Table 5-9 Amplitudes of Simulated Scattering Parameters at 5 GHz (unit: dB) 

|S(6,1)| |S(7,1)| |S(8,1)| |S(9,1)| |S(10,1)| 

-6.9 -7.4 -7.8 -7.7 -7.7 

|S(6,2)| |S(7,2)| |S(8,2)| |S(9,2)| |S(10,2)| 

-7.5 -7.8 -8.3 -8.2 -7.5 

|S(6,3)| |S(7,3)| |S(8,3)| |S(9,3)| |S(10,3)| 

-7.5 -7.8 -8.3 -8.2 -7.5 

|S(6,4)| |S(7,4)| |S(8,4)| |S(9,4)| |S(10,4)| 

-8.4 -8.1 -8.0 -7.0 -7.5 
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|S(6,5)| |S(7,5)| |S(8,5)| |S(9,5)| |S(10,5)| 

-8.89 -7.1 -7.5 -7.6 -8.8 
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(a) Port 1 to output ports 
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(b) Port 2 to output ports 
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(c) Port 3 to output ports 
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(d) Port 4 to output ports 
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(d) Port 5 to output ports 

Figure 5-14 Phases of S Parameters from (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4 and (e) Port 5 to 

output ports 

 

Figure 5-14 shows the phases of the simulated S parameters. The theoretical and simu-

lated phases at 5 GHz are compared in Table 5-10. Two factors lead to the differences 

between the simulated and theoretical values. One is that the network is not strictly lossless, 

of which the reasons have been explained above. The other factor is that the simulated 

values of couplers and phase shifters are not precisely equal to the theoretical ones. For 

example, Table 5-6 shows the differences between the simulated and theoretical values of 

couplers. 

Table 5-10 Phases of Theoretical and Simulated S Parameters at 5 GHz (unit: degree) 

 

 

Figure 5-15 demonstrates the phase differences between adjacent output ports with 

one input port excited. The simulated results are close to the theoretical ones. When port 1 

is excited, the theoretical phase differences between adjacent output ports are 0
0
 while the 

simulated ones are within 0.7
0
. When port 2 is fed, the phase differences between adjacent 

output ports are 72
0
 theoretically, and the simulated results are from 67.1

0
 to 75.4

0
. When 

S parameter S(6,1) S(7,1) S(8,1) S(9,1) S(10,1) 

Theoretical phase 90 90 90 90 90 

Simulated phase 96.3 96.3 97 97.1 97 

S parameter S(6,2) S(7,2) S(8,2) S(9,2) S(10,2) 

Theoretical phase -153.7 -81.7 -9.7 62.3 134.3 

Simulated phase -150.1 -77.1 -4.1 71.3 138.4 

S parameter S(6,3) S(7,3) S(8,3) S(9,3) S(10,3) 

Theoretical phase 20.6 164.6 -51.4 92.6 -123.4 

Simulated phase 27.2 173.4 -40 97.3 -120 

S parameter S(6,4) S(7,4) S(8,4) S(9,4) S(10,4) 

Theoretical phase -111.1 104.9 -39.1 -183.1 32.9 

Simulated phase -101 117.8 -34.8 -178 38.4 

S parameter S(6,5) S(7,5) S(8,5) S(9,5) S(10,5) 

Theoretical phase 158.9 86.9 14.9 -57.1 -129.1 

Simulated phase 168.9 94.5 22.4 -50.6 -127.6 
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port 3 is excited, the phase differences between adjacent output ports should be 144
0
 while 

the simulated ones are from 137.3
0
 to 146.6

0
. The simulated phase differences between 

adjacent output ports are from -141.2
0
 to -152.6

0
 while the theoretical results are -144

0
 

with port 4 excited. When port 5 is fed, the theoretical phase differences between adjacent 

output ports are -72
0
, and the simulated phase differences are from -72.1

0
 to -77

0
. 
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(e) 

Figure 5-15 Phase differences between adjacent output ports when (a) Port 1, (b) Port 2, (c) Port 3, (d) 

Port 4 and (e) Port 5 are excited respectively 

 

5.2.3.2 Multi-beam Antenna with Five beams 

In this subsection, a multi-beam antenna fed by a 5×5 Nolen matrix network is de-

signed and simulated in HFSS. Then, a prototype antenna is fabricated. The prototype is 

measured by a vector network analyzer and in an anechoic chamber. The simulated and 

measured results agree well. 

The element antenna applied here is a square patch antenna which is fed by a recessed 

microstrip line. For easy simulation and fabrication, the patch antenna and the Nolen 

matrix network are printed on the same substrate (Arlon AD255A). The configuration of 

the patch antenna is shown in Figure 5-16, and Table 3-1 shows its parameters. 
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Figure 5-16 Configuration of the patch antenna 

 

Table 5-11 Parameters of  the Patch Antenna (unit: mm) 

               

18.64 6.3 6.82 5 2.13 

 



Chapter 5. Multi-Beam Antennas 

123 

 

The simulated |S11| is shown below. It can be seen the patch antenna resonates at 5 

GHz.  
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Figure 5-17 Simulated |S11| of the patch antenna 

 

The multi-beam antenna with its feed network is shown in Figure 5-18.  
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Figure 5-18 Configuration of the multi-beam antenna 
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The simulated and measured reflection coefficients of all input ports are given in Fig-

ure 5-19. The measured reflection coefficients shift to a lower frequency compared with 

simulated ones. The differences between measured and simulated results may come from 

the measurement error and the fabrication tolerance. 
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(a) Port 1 
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(b) Port 2 

 



Chapter 5. Multi-Beam Antennas 

125 

 

4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.5
-35

-30

-25

-20

-15

-10

-5

0

S
 p

a
ra

m
e

te
r 

(d
B

)

Freqency(GHz)

 |S33|-sim

 |S33|-mea

 

(c) Port 3 
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(d) Port 4 

4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.5
-35

-30

-25

-20

-15

-10

-5

0

S
 p

a
ra

m
e

te
r 

(d
B

)

Freqency(GHz)

 |S55|-sim

 |S55|-mea

 



Chapter 5. Multi-Beam Antennas 

126 

 

(e) Port 5 

Figure 5-19 Reflection coefficients of (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4 and (e) Port 5 

 

Figure 5-20 shows the simulated and measured radiation patterns when all five input 

ports are excited respectively. The simulated and measured results agree well. The multi-

beam antenna has five beams in total. Each input port corresponds to one beam. The beam 

directions in simulations and measurements are listed in Table 5-12. For Ports 1, 2 and 5, 

the measured and simulated beam directions are the same. For Ports 3 and 4, the differ-

ences between simulated and measured results are 1 degree. 

 

Table 5-12 Simulated and Measured Beam Directions (unit: degree) 

 Port1 Port2 Port3 Port4 Port5 

Simulated beam direction 0 -18 -39 39 18 

Measured beam direction 0 -18 -38 38 18 
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(a) Port 1 is excited 
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(b) Port 2 is excited 
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(c) Port 3 is excited 
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(d) Port 4 is excited 
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(e) Port 5 is excited 

Figure 5-20 Radiation patterns when (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4 and (e) Port 5 are 

excited respectively 

 

5.2.4 Summary 

In this section, a method of designing a Nolen matrix is introduced. In order to 

demonstrate the method, a 3×3 Nolen matrix is designed step-by-step. Then, a 5×5 Nolen 

matrix network is designed by the same method. Based on this network, a multi-beam 
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antenna with 5 beams is proposed and fabricated. The simulated and measured results 

agree well, which proves that the method introduced is effective. 
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Chapter 6. Conclusions and Future Work 

In this chapter, the thesis is concluded. The main contributions of the thesis are 

summed up. The possible future work based on the novel designs proposed in this thesis is 

also shown.  

6.1 Conclusions 

Array antennas and multi-beam antennas have been developed in the past years. The 

array antennas usually have relatively high gain, which could increase the capacity of the 

system by improving the SNR. Multi-beam antennas could be used in MIMO systems, 

which could also increase the capacity of the communication system. In 5G wireless 

networks, array antennas and multi-beam antennas are both important parts [1]. The 

reflectarray has simple feed network compared with a phased array antenna, especially 

when the number of the unit cell is enormous. Therefore, reflectarray could offer a low-

cost solution for some array applications in 5G networks.   

In this thesis, previous literature on reflectarray antennas, multi-beam antennas and 

polarization-reconfigurable CP antennas are reviewed. The novel contributions of the 

thesis are as below. 

 A novel polarization-reconfigurable CP antenna is proposed. This antenna 

consists of a slot antenna and a polarizer loaded by PIN diodes. The polarizer 

is able to convert the LP waves from the slot antenna to CP waves. The 

polarization of the antenna can be electronically switched to LHCP or RHCP 

by changing the states of PIN diodes on the polarizer. Moreover, it is 

demonstrated that the antenna is scalable to large-scale array antennas with 

minor modifications to the DC bias circuit.  

 A novel folded CP reflectarray is realized. The antenna consists of a CPSS, a 

feed antenna and a reflecting surface. The function of the CPSS is similar with 

that of the polarization grid in folded LP reflectarray antenna. The CPSS is 

able to reflect LHCP waves, and is transparent for RHCP waves. By introduc-

ing the CPSS, the profile of the antenna is reduced from 178 to 95 mm. 
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 The ultra-wide-band TCDR antenna is proposed. As the concept of “tightly 

coupled element” is introduced in the design of the unit cell, the bandwidth of 

the element on the reflecting surface is broadened significantly. The TTD lines 

are also applied in this design to improve the bandwidth. In this section, phase 

error distributions of bandwidth reflectarrays are discussed, and a method to 

suppress phase errors on the reflecting surface in the working band is proposed.  

 After introducing the TCDR antenna, the method to reduce the cross-

polarization of the TCDR antenna is proposed as well. By applying two types 

of elements, which have symmetric structures, the cross-polarization of the 

TCDR antenna is reduced significantly. Two array antennas are proposed ac-

cording to the method, and the simulated results show the cross-polarization 

levels are lower than those of the original TCDR antenna, proving that the 

method is effective. 

 A novel method to design an M×N Nolen matrix is proposed and derived. Fol-

lowing that, a multi-beam antenna fed by a 5×5 Nolen matrix is manufactured 

and measured. The results prove the effectiveness of the method proposed. 

Based on the designs in this thesis, several challenges in the antenna designs are over-

come. 

 The feed networks of polarization-reconfigurable CP antennas are simplified. 

 The profile of CP reflectarrays is reduced significantly. 

 The bandwidth of reflectarrays is broadened a lot. 

 Nolen matrix networks could be designed more easily. 

As the challenges mentioned above are overcome, polarization-reconfigurable CP an-

tennas, reflectarrays and multi-beam antennas fed by Nolen matrix networks could be 

applied in more systems.  

6.2 Future Work 

In this thesis, the author proposes some novel designs to solve the problems on array 

antennas. Some research work could be done in the future. 

The polarization-reconfigurable CP antenna is a promising antenna applied in satellite 

communications and other wireless communication systems. If the ARBW of the polariza-

tion-reconfigurable CP antenna is increased, it could be used in more scenarios. 
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The folded CP reflectarray is a novel design, which reduces profile significantly com-

paring with the traditional CP reflectarrays. With low profile, the proposed folded CP 

reflectarray could be used in communication systems on cars, ships and other mobile 

platforms.  

The wide-band TCDR antenna proposed broadens the working bandwidth a lot. With 

this features, it could be used in scenarios which need wide-band applications, for example 

ultra-wide-band communication systems. The TCDR antenna is a promising candidate 

which could attract more researchers to investigate wide-band reflectarray antennas. 

The novel method to design a Nolen matrix network gives a concise way to build a 

Nolen matrix. With this method, it is easy for researchers to design a required Nolen 

matrix network, which could be used in multi-beam antennas. It is believed that more and 

more multi-beam antenna designs fed by Nolen matrix networks will be proposed by other 

researchers.  

.   
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Appendix 

 

In this section, some equations in Section 5.2.1 are derived and proved.  

A. Proof of equation (5-8) 

In this subsection, the equation (5-8) is derived. To give a clearer demonstration, the 

structure of a Nolen matrix is shown in Figure 1. A typical node which contains a phase 

shifter and a coupler is also given in Figure 1. 

 

 

Figure 1 Structure of an M×N Nolen matrix and a typical node 

 

 

The scattering matrix of the coupler in the typical node is [S]. 
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From the structure of the Nolen matrix and (1),     can be obtained. When     

   ,     is expressed as the equation (2). 
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When        ,     is expressed as the equation (3) 
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Equation (2) and equation (3) are combined as the equation (4). 
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To clarify the derivation, some matrices and vectors are defined.        is an unit ma-

trix of size (q-1).  
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Equation (4) is rewritten for              and equation (5) is acquired. 
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By introducing the matrices defined above and the definition of     in equation (5-2), 

equation (5) is rewritten as equation (6). 
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It is also known that equation (7), (8) and (9) exist. 
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Substituting equation (7), (8) and (9) into equation (6), equation (10) is obtained. 
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From the structure of the Nolen matrix and (1),         can be obtained as well. 
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Equation (11) is rewritten as equation (12). 
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Equation (12) is rewritten for            and equation (13) is derived. 
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Equation (13) is rewritten as equation (14), in which    is defined in equation (15). 
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From equation (14), equation (16) is gained. 
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When the     
input port is excited only,       if    . As    ≤  ,     . 

Therefore,      , and equation (16) is simplified as equation (17). 
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For         , equation (18) exists. 
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From equation (18), it is known that    is a strictly diagonally dominant matrix, which 

means    is invertible. That is   
   exists. From equation (17), the expression of 

          is obtained in equation (19).  
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Substituting equation (19) and       into equation (10), equation (20) is acquired.  
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   is defined in equation (21). If equation (21) is substituted into equation (20), equa-

tion (22) is obtained. It is should be noticed that    is a                matrix 

and    cannot be inverted directly. 
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 Then,   
   and    are defined below.    is a square matrix. 
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Equation (22) times       
 , and equation (25) is obtained. 
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Due to equation (26), equation (25) is rewritten as equation (27). 
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Thus, equation (28) is obtained.  
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Equation (28) is the required equation (5-8), and the proof is completed. 

B. Limitation on Excitation Vectors 

An M×N Nolen matrix has M input ports and N output ports.  As defined in 5.2.1, the 

input and output ports are represented by   ,   ,…,    and   ,   ,…,   . The electric field 

values on input and output ports are  ⃗⃗  and  ⃗ . 

From (5-7), equation (29) is obtained.  
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Therefore, the relationship between input ports and output ports is shown from (30). 
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The scattering matrix of an M×N Nolen matrix      is shown in equation (31). 
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   (31) 

From the equation (30), it is known that       
      ≤  ≤    ≤  ≤   . As 

each input port is matched and isolated from other input ports,       
     ≤    ≤   . 

Therefore, equation (31) is rewritten as equation (32). 
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   (32) 

Under the assumption that the phase shifters and couplers are lossless, the Nolen ma-

trix is a lossless network as well. As a result,      is a unitary matrix, which satisfies 

equation (33).  

 

                  (33) 

 

Equation (33) is written in summation form as equation (34) . 
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   (34) 

 

Equation (34) states that any column of      doing the dot product with the conjugate 

of the same column gives one, and gives zero if it does the dot product with the conjugate 

of a different column. This means the columns of       are orthonormal.  

Considering the definition in (5-5), the first M columns of       can be written as 

equation (35). 
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]  (35) 

 

As these M columns of       are orthonormal,   ⃗⃗⃗⃗    ⃗⃗⃗⃗      ⃗⃗ ⃗⃗ ⃗⃗  ⃗  are orthonormal. This is 

the limitation on not only Nolen matrix networks, but also other lossless networks. 

 


