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Abstract 

Circularly polarized (CP) antennas have received increasing interest during recent 

decades due to their unique features such as the mitigation of multi-path fading, reduction 

of the “Faraday rotation” effect when signals propagate through the ionosphere and 

immunity of the polarization mismatching between transmitting and receiving antennas. 

Due to the requirements of high date rate and large system capacity, CP antennas deployed 

in various wireless systems are always demanded to have wide bandwidth. Furthermore, 

other system requirements such as polarization diversity, wide-angle beam scanning and 

low power consumption impose additional requirements to CP antennas. Therefore, it is 

becoming a more stringent requirement to design wideband CP antennas with diverse 

features to fulfill the requirements of various wireless systems.     

In this thesis, six different types of wideband CP antenna elements and arrays are de-

signed, fabricated and characterized to meet the different demands of wireless systems. 

Chapters 3-5 investigate three different types of wideband CP antenna elements while 

Chapters 6-8 investigate three different kinds of wideband CP array antennas. In Chapter 

3, an ultra-wideband CP element with a bandwidth of 100% (3:1) is proposed. It over-

comes the problem of limited 3 dB axial ratio (AR) bandwidth for single-feed CP antennas 

and achieves high front-to-back ratio (FBR) by using a novel ground plane with simple 

configuration, which makes it a good candidate for high-performance Global Navigation 

Satellite System (GNSS) receivers. Chapter 4 presents a wideband loop antenna with 

electronically switchable circular polarizations. It solves the issue of narrow overlapped 

bandwidth under different polarization states for a polarization reconfigurable CP antenna. 

Because of the available orthogonal polarizations across a wide bandwidth, this antenna 

can be deployed in wireless communications which implement polarization diversity. The 

third antenna element investigated in Chapter 5 tackles the difficulty of designing wide-

band wide AR beamwidth CP antennas. It achieves wide AR beamwidth within a 42% 

bandwidth, which is suitable for wideband wide-angle CP beam-scanning applications. 

The second main part of this thesis focuses on the investigation of wideband CP ar-

rays. In Chapter 6, a dual-CP beam-scanning array is investigated, which can scan its beam 

independently in right-hand circular polarization (RHCP) and left-hand polarization 

(LHCP) from 27 GHz to 30 GHz. It tackles the problem of low isolation between the two 

orthogonally polarized ports across a wide bandwidth at Ka-band. A single-layer high-
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efficiency CP reflectarray is proposed in the following Chapter. The proposed design 

solves the issues of bandwidth limitation and low aperture efficiency for single-layer CP 

reflectarrays. It achieves the widest bandwidth compared with other CP reflectarrays 

reported in terms of 3 dB AR bandwidth, 3 dB gain bandwidth, larger than 50% aperture 

efficiency and undistorted radiation pattern bandwidth. In Chapter 8, we investigate the 

first application of tightly coupled array (TCA) concept into ultra-wideband arrays with 

CP radiation. Instead of trying to reduce the mutual coupling among the elements, it 

exploits the strong mutual coupling to improve the bandwidth of a CP array. By using the 

strong coupling in a constructive way, it overcomes the bandwidth limitation of CP arrays 

which are constituted by narrow-band elements.  
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Chapter 1. Introduction 

1.1 Motivation 

Circularly polarized (CP) antennas are a type of antenna with the tip of the radiated 

electric-field vector rotated along a circle [1]. They have several distinctive advantages 

compared with linearly polarized (LP) antennas, such as the mitigation of multi-path 

interferences or fading [2, 3], the ability to reduce ‘Faraday rotation’ effect caused by the 

longitudinal magnetic field originating from the plasma in the ionosphere [4, 5] and the 

immunity of polarization mismatching between transmitting and receiving antennas [6]. 

Because of these advantages, CP antennas are widely deployed in various wireless systems 

including satellite communications, Global Navigation Satellite System (GNSS), wireless 

power transmission, radio frequency identification (RFID), mobile communications, 

wireless local area networks (WLAN) and Direct Broadcasting Services (DBS). 

On the increasing demand of larger system capacity and higher data rate to wireless 

systems, antennas are usually required to have wide bandwidth. Different to the bandwidth 

requirements for LP antennas, the bandwidth requirements for CP antennas are more 

stringent since both the impedance bandwidth and the axial ratio (AR) bandwidth need to 

be considered. Normally, the AR bandwidth of a CP antenna is narrower than its imped-

ance bandwidth or they are not completely overlapped, which results in a decreased 

available bandwidth. In addition to the bandwidth requirements, it is preferable to design a 

CP antenna with other attractive features such as low profile, compact structure, low cost, 

simple feeding configuration, high front-to-back ratio (FBR), reconfigurable ability, and 

wide AR beamwidth, etc. It is very challenge to design a wideband CP antenna which has 

all aforementioned features. Therefore, different wideband CP antennas with diverse 

features are needed for various wireless systems.  

One main application of CP antennas is their wide deployment in GNSS systems 

which have found important applications globally in both the military arena as well as 

commercial and consumer markets [7]. To increase the positioning speed, reliability and 

availability, the antenna should be able to receive signals from various navigation systems 

such as global positioning system (GPS), GLONASS, Galileo, Compass and even Indian 

Regional Navigation Satellite System (IRNSS). Consequently, the operation bandwidth of 

a high-performance GNSS antenna should extend from 1.1 GHz to 1.62 GHz and even 2.5 

GHz (for IRNSS) with good circular polarization properties. Moreover, since non-LOS 

(line of sight) multi-path signals could be generated by reflection of satellite signals, the 

https://en.wikipedia.org/wiki/Plasma_(physics)
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system performance will be degraded once these multi-path signals are received by anten-

nas [8]. Utilization of a choke ring ground plane is an effective way to mitigate multi-path 

signals through suppression of plane wave propagating along ground planes [9]. However, 

the limited working bandwidth and bulky structure make the choke ring ground plane not 

suitable for wideband application and expensive to fabricate. Therefore, there is an urgent 

demand to design a wideband CP antenna covering the whole GNSS bands (from 1.1 GHz 

to 2.5 GHz) with good multi-path mitigation ability.  

Another fascinating application of CP antennas is their expandability to reconfigurable 

antennas. One aspect of their unique re-configurability is to design polarization reconfigu-

rable antennas which can radiate in right-hand circular polarization (RHCP) and left-hand 

circular polarization (LHCP). It is known that CP polarization reconfigurable antennas can 

be used to implement polarization diversity for wireless communications [10] and realize 

frequency reuse for system capacity improvement in satellite communication systems [11]. 

The channel capacity of a 2×2 MIMO orthogonal frequency division multiplexing 

(OFDM) system is improved by using CP reconfigurable antennas compared with the 

single polarization system under both LOS and non-LoS indoor environment [12]. In spite 

of these advantages, the introduction of polarization re-configurability makes it harder to 

design wideband CP antennas along with this distinct feature.  

 Besides improving the bandwidth of CP antennas, widening the AR beamwidth has 

received increasing interest due to their applications in GNSS systems [7] and wide-angle 

CP beam-scanning arrays [13]. Several researches on this topic were reported including a 

square-ring slotted patch antenna [14], an asymmetric microstrip antenna with integrated 

circular-patches [15] and an elliptical vertical patch antenna backed by an elliptical air 

cavity [16]. Although these CP antennas can achieve more than 120o AR beamwidth, their 

AR bandwidths are smaller than 5%. For high-data-rate wireless systems with the addi-

tional requirement on wide-angle CP beam-scanning, it is necessary and also very 

challenging to design wideband CP antennas with simultaneous wide AR beamwidth.  

On the other hand, array antennas are necessary when high gain performance is de-

sired for wireless systems. Recently, designing wideband CP arrays is becoming 

increasingly important to multifunctional systems, high-data-rate communication links, 

high-resolution radar and tracking systems, software radios and electronic warfare applica-

tions [17-19]. Traditional arrays usually comprise a great number of elements and rather 

complicated feeding networks. To simplify the feeding structure of array antennas, reflec-

tarrays (RAs) are promising alternatives. However, one major drawback of RAs is their 
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narrow bandwidth due to the inherent narrow bandwidth of microstrip elements and the 

differential spatial phase delay [20]. Considering that it is more difficult to design elements 

with wideband CP reflection performance and wideband CP feeds, the bandwidth en-

hancement of CP reflectarrays is thus more challenging than LP reflectarrays.  

It is widely considered that the mutual coupling in arrays deteriorates their perfor-

mance. Nevertheless, Munk used strongly coupled short dipoles to design a wideband 

array which achieved an impedance bandwidth of 4.5:1 [21]. This reveals a new kind of 

wideband array, the tightly coupled array. Although various designs based on this concept 

have achieved several octave bandwidths, they are all linearly polarized and only the 

impedance bandwidth improvement is considered. On this occasion, designing a CP tightly 

coupled array for the first time is thus indispensable and valuable.   

In summary, there are different requirements for CP antennas when they are deployed 

in various wireless systems. Among these requirements, large bandwidth is usually desired. 

In addition, CP antennas need to be designed elaborately for different systems to fulfill 

diverse objectives.  

 

1.2 Main Contributions 

The major novelty and contributions of this research are summarized as follows: 

I. The design of an ultra-wideband CP antenna with enhanced front-to-back ra-

tio (FBR) for GNSS application 

 The proposed CP antenna has an impedance bandwidth and AR bandwidth of 3:1 

(1.0 GHz to 3.0 GHz) which can fully cover the whole GNSS bands. 

 A simple but effective impedance matching method to achieve broadband imped-

ance matching  

 A novel cavity is proposed to achieve high FBR. 

 The antenna has average 30dB FBR across the GNSS bands for multi-path mitiga-

tion. 

 

II. The design of a wideband polarization reconfigurable CP loop antenna for 

application of polarization diversity in wireless communications 

 The presented antenna can switch its polarization to RHCP or LHCP electronically 

within a wide bandwidth. 
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 Detailed theoretical analysis of the impedance matching method which uses a sin-

gle-section transmission line with specific characteristic impedance and non-

quarter wavelength length to match an antenna with a complex input impedance 

 Size reduction of the CP loop antenna 

 

III. The design of a wideband inverted S-shaped CP antenna with wide AR 

beamwidth for wide-angle CP beam-scanning application 

 A novel inverted “S” antenna with a simple configuration and wide AR bandwidth  

 The antenna achieves maximum 140o 3 dB AR beamwidth with a rear ground plane. 

 The AR beamwidth of the inverted “S” antenna is larger than the half-power 

beamwidth (HPBW) in nearly all elevation planes within a wide bandwidth 

 

IV. The development of a multi-layer wideband dual-CP patch array for Ka-band 

satellite communications 

 The presented multi-layer patch array is able to implement dual-CP operation at 30 

GHz. 

 Unequal-length crossed slots are etched on the parasitic patch to improve the AR 

performance. 

 High isolation between the RHCP and LHCP ports 

 Independent beam-scanning ability in orthogonal polarizations 

 

V. The development of a single-layer wideband high-efficiency CP reflectarray 

for satellite communications 

 A novel reflectarray phasing element which achieves 2:1 CP bandwidth 

 The proposed reflectarray has the widest bandwidth in terms of 3 dB AR 

bandwidth, larger than 50% aperture efficiency (AE) bandwidth and 3 dB gain 

bandwidth compared with other reported single-layer CP reflectarrays. 

 The proposed reflectarray can maintain pencil-shaped beams, low sidelobe (-15dB) 

and low cross-pol (-15dB) across a 2:1 bandwidth. 
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VI. The development of an ultra-wideband tightly coupled array with circular po-

larization  

 It is the first CP tightly coupled array which aims to improve the AR bandwidth of 

a CP array by taking advantages of strong mutual coupling among the elements. 

 Detailed analysis of AR bandwidth improvement principles as well as the 

limitation of the AR bandwidth enhancement of the proposed array 

 A planar and relatively simpler power divider network compared with those used in 

LP tightly coupled array 
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1.4 Outline of Thesis 

This thesis is organized into nine chapters. 

Chapter 1 provides a brief description of the research background and motivation. 

Moreover, the main novelty and contribution of this thesis have been summarized. 

Chapter 2 describes the state-of-the-art on wideband CP antenna elements and arrays. 

Different methods to achieve CP radiation and relevant operating principles are intro-

duced. Then, various wideband CP elements and arrays are reviewed and the chapter is 

ended with some remarks on design objectives and considerations.  

Chapter 3 presents the detailed design, fabrication and characterization of an ultra-

wideband CP antenna with improved FBR. The antenna configuration is explained along 

with its working mechanisms. Then a novel cavity is proposed to improve the antenna 

performance. The operating principle of the proposed cavity is also provided. The perfor-

mance of this UWB CP antenna is verified by measurement results and the comparison 

with other wideband CP antennas of the same type to demonstrate its distinct advantages.  

Chapter 4 illustrates the design of wideband polarization reconfigurable CP loop an-

tennas.  Firstly, a dual-loop antenna which can radiate LHCP, RHCP and LP waves is 

presented. To reduce its size, a single-loop antenna with switchable LHCP and RHCP 

radiation is proposed. The impedance matching method for these two CP loop antennas is 

analyzed in detail and can also be used in other antennas. Both simulation and measure-

ment results indicate that the presented CP loop antennas have wideband polarization 

reconfigurable ability.  
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Chapter 5 presents the design of a novel inverted S-shaped CP antenna with wide AR 

bandwidth and wide AR beamwidth. The CP operating principles and the mechanism of 

wide AR beamwidth are both explained. To validate the design concept, an inverted S-

shaped element and a 4-element linear array are fabricated and measured. The measure-

ment results confirm that both the element and linear array have wide bandwidth and wide 

AR beamwidth characteristics. 

Chapter 6 presents the development of a wideband dual-CP array for Ka band satellite 

communications. The multi-layer CP patch element with modified parasitic patch is 

characterized at first. Based on this wideband patch element, a dual-CP array which can 

radiate in both RHCP and LCHP state is designed, fabricated and measured. 

Chapter 7 describes the development of a single-layer wideband high-efficiency CP 

reflectarray. Firstly, the design of the unit cell and its reflection performance is provided. 

Then, a wideband CP reflectarray based on this element is designed. Theoretical analysis is 

given to analyze the effect of the angularly rotated elements to the performance of the 

reflectarray as well as the influence of differential spatial phase delay. Finally, a 15×15 

element reflectarray is fabricated and characterized to verify the analysis and the design 

concept. 

Chapter 8 presents the development of a wideband CP tightly coupled array. To begin 

with, LP tightly coupled arrays are reviewed briefly. Then the tightly coupled unit cell is 

proposed and simulated. Following the improved bandwidth compared to the isolated 

element of the same size, the principles of AR bandwidth improvement is provided and 

verified by simulation results. Finally, a 4×4 CP tightly coupled array along with the 

complete feeding network is prototyped and measured.  

Chapter 9 concludes the entire thesis by highlighting the research outcomes and pro-

vides insight into possible future work. 
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Chapter 2. Literature Review  

2.1 Introduction 

Various CP antenna elements and arrays have been designed and proposed. To classi-

fy these CP antennas, terminologies such as “single-feed” and “dual-feed” are usually used 

to sort the CP antennas in terms of the feeding configuration. Instead of using these 

apparent terminologies which describe the geometrical characteristics of CP antennas, this 

chapter will start with the design theory and methodologies of CP antennas, which gives an 

in-depth understanding of the operating principles of different CP antennas. The CP 

antennas can also be classified by their different operating mechanisms. 

Due to the increasing demands for larger capacity and higher data rate in wireless sys-

tems, CP antennas are required to achieve wider bandwidth. During recent decades, a 

variety of wideband CP antennas have been proposed for applications in various wireless 

systems. To give an overview of these wideband CP antennas, the state-of-art on wideband 

CP antennas are reviewed in the manner of different operating principles. At the end of the 

third section, a table summarizing the performances of these antennas is presented. 

In the circumstances where signal transmitter and receiver are placed far apart, array 

antennas with higher gain are always desired to overcome the free-space losses. The 

design methodologies of CP array antennas are partly overlapped to LP array antennas 

while there are some particular design approaches for CP arrays such as the sequential 

rotation method. For a clearly understanding of the wideband CP array antennas, different 

types of wideband CP arrays are reviewed in detail in the fourth section of this chapter. A 

table which gives the comparison of these wideband CP arrays is also presented at the end 

of this section.  

  Based on the review of wideband CP antenna elements and arrays, a brief summary 

is given. Some major design objectives for the further development of wideband CP 

elements and arrays are also listed at the end of this chapter.      

2.2 Design Theory and Methodology  

As is well known, there are numerous antennas developed with CP radiation. Alt-

hough they are of different geometries, they can roughly be divided into three types 

according to their CP operating principles. The first type is associated with patch antennas, 

which uses the two orthogonal modes of 𝑇𝑀10  and 𝑇𝑀01  to obtain CP radiation. The 

second type is originated from the definition of a CP wave, which aims to produce two 
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orthogonal electric fields with quadrature phase difference. The last type relates to the 

widely deployed spiral antennas and helical antennas, which takes advantage of travelling-

wave current along curved structures. This section describes these three approaches with 

the aim of providing a theoretical foundation for the whole thesis.  

2.2.1 Using Orthogonal Modes of Patch Antennas 

For a rectangular microstrip patch antenna shown in Figure 2.1, it is well known that 

the dominant mode with the lowest resonant frequency is either 𝑇𝑀010
𝑥  (if 𝐿 > 𝑊 > ℎ ) or 

𝑇𝑀001
𝑥  (if 𝑊 > 𝐿 > ℎ ) [22]. According to the cavity model of the patch antenna, we could 

sketch the distributions of the tangential electric field along the side walls of the cavity for 

these two modes, which are shown in Figure 2.2. 

 

Figure 2.1 Geometry of a rectangular microstrip patch antenna [22]. 

 

Figure 2.2 Distributions of the tangential electric field for two orthogonal modes [22]. 
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To obtain CP radiation from a patch antenna, the two orthogonal modes need to be ex-

cited simultaneously with a 90o phase difference. This can be accomplished by adjusting 

the physical dimensions of the patch antenna and using either single, or two, or more feed 

[22]. For a square patch antenna, the easiest way to achieve CP radiation is to feed the 

element at two adjacent edges with quadrature phase difference, as shown in Figure 2.3. 

The feeding at one edge excites the 𝑇𝑀010
𝑥  mode while excites 𝑇𝑀001

𝑥  mode at the other 

edge. The 90o phase difference can be provided by a 90o power divider or a 90o hybrid. 

 

Figure 2.3 Square patch for CP radiation [22]. 

Although the above method achieves good CP radiation, the external 90o power divid-

er and the 90o hybrid increase the complexity of the antenna. Patch antennas can also 

obtain CP radiation with a single feed. One way to accomplish this is to feed the patch at 

specific feeding point to excite two orthogonal degenerate modes. By introducing an 

appropriate asymmetry to the patch, these two modes will have slightly different resonant 

frequencies. It is thus possible that the radiated electric field of one mode can lead by 45o 

while that of the other can lag by 45o and thus a quadrature phase difference can be ob-

tained between these two degenerated modes at some frequencies [23].  

To illustrate how the CP radiation is established through using orthogonal degenerated 

modes, a brief analysis is given as follows. Considering a nearly square patch (𝐿 ≈ 𝑊) 

shown in Figure 2.4, two orthogonal modes 𝑇𝑀010
𝑥  and 𝑇𝑀001

𝑥  can be excited once the 

feeding point is in the diagonal line of the patch. 

 

Figure 2.4 Geometry of a nearly square patch [22]. 
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In the broadside direction, the 𝑇𝑀010
𝑥  mode produces a far-field electric field 𝐸𝑦 which 

is linearly polarized along y direction while the 𝑇𝑀001
𝑥  mode produces a far-field electric 

field 𝐸𝑧 which is linearly polarized along z direction [22]. These fields can be expressed as  

𝐸𝑦 = 𝑐
sin(𝜋𝑦′ 𝐿⁄ )

𝑘2(1 − 𝑗 𝑄𝑡⁄ ) − (𝑘𝑦)
2 (2.1) 

𝐸𝑧 = 𝑐
sin(𝜋𝑧′ 𝑊⁄ )

𝑘2(1 − 𝑗 𝑄𝑡⁄ ) − (𝑘𝑧)2
 (2.2) 

𝑘𝑦 =
𝜋

𝐿
 (2.3) 

𝑘𝑧 =
𝜋

𝑊
 (2.4) 

where 𝑐 is a constant and 𝑄𝑡 represents the total quality factor of the antenna. Since the 

feed point (𝑦′, 𝑧′) is selected along the diagonal so that 

𝑦′

𝐿
=
𝑧′

𝑊
 (2.5) 

Substituting (2.5) to (2.1) and (2.2), then the ratio of 𝐸𝑦 and 𝐸𝑧 is  

𝐸𝑦

𝐸𝑧
=
𝑘2(1 − 𝑗 𝑄𝑡⁄ ) − (𝑘𝑧)

2

𝑘2(1 − 𝑗 𝑄𝑡⁄ ) − (𝑘𝑦)
2 (2.6) 

To obtain CP radiation in broadside direction, 𝐸𝑦 𝐸𝑧⁄  should be 𝑒±𝑗𝜋 2⁄  [24]. From the 

derivation in [22, 24], 𝐸𝑦 𝐸𝑧⁄ = 𝑒±𝑗𝜋 2⁄  yields 

𝐿

𝑊
= 1 +

1

𝑄𝑡
 (2.7) 

Thus, good CP radiation can be achieved at boresight if a nearly square patch with the 

length and width ratio given by (2.7) is excited with a feed along the diagonal. The CP 

operating frequency is between the two resonant frequencies of the 𝑇𝑀010
𝑥  and 𝑇𝑀001

𝑥  

modes. 

Besides feeding the nearly square patch antenna along the diagonal, other methods can 

also be applied to excite the two orthogonal degenerate modes. These methods include 

cutting thin slots on the patch [25] and using a corners-truncated patch [26]. 

2.2.2 Using Orthogonal Electric Fields in Phase Quadrature 

The radiated electric field of a CP antenna can be written in the following form 

�⃗� (𝜃, 𝜑) = 𝜃 𝐸𝜃(𝜃, 𝜑)𝑒
𝑗∅1 + �⃗� 𝐸𝜑(𝜃, 𝜑)𝑒

𝑗∅2 (2.8) 
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where 𝐸𝜃(𝜃, 𝜑) and 𝐸𝜑(𝜃, 𝜑) denote the magnitudes of the radiated electric fields, ∅1 and 

∅2 denote the phase of the radiated electric fields. 

CP radiation can be obtained once  

𝐸𝜃(𝜃, 𝜑) = 𝐸𝜑(𝜃, 𝜑) (2.9) 

∅1 − ∅2 = ±𝜋 2⁄  (2.10) 

From (2.8) to (2.10), it is evident that a CP antenna can be designed by exciting two 

orthogonal electric fields in phase quadrature. One straightforward way to realize this 

condition is to feed two dipoles which are placed perpendicularly to each other with 90o 

phase difference, as shown in Figure 2.5.  

X

Y

Z

rφ 

θ 
Eφ 

Eθ 

L

O

P

 

Figure 2.5 Geometrical arrangement of crossed dipoles with quadrature phase difference. 

According to the classical antenna theory [22], the electric field radiated by the dipole 

placed along x-axis in the xoz plane can be written as 

𝐸𝜃1(𝜃, 𝜑) = 𝑗𝜂
𝐼1𝑒

−𝑗𝑘𝑟

2𝜋𝑟
[
cos (𝑘𝐿 cos (

𝜋
2 − 𝜃)) − cos

(𝑘𝐿)

sin (
𝜋
2 − 𝜃)

] (2.11) 

𝐸𝜑1(𝜃, 𝜑) = 0 (2.12) 

where 𝜂 is the intrinsic impedance of the medium, which equals to 120𝜋 for free space; 𝐼1 

is the magnitude of electric current flowing along the dipole; 𝑘 is the free space wave 

number. 

If half-wavelength dipole is used, then (2.11) can be rewritten as  

𝐸𝜃1(𝜃, 𝜑) = 𝑗
60𝐼1𝑒

−𝑗𝑘𝑟

𝑟
[
cos (

𝜋
2 cos (

𝜋
2 − 𝜃))

sin (
𝜋
2 − 𝜃)

] (2.13) 

https://en.wikipedia.org/wiki/Wave_impedance
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Similarly, the electric field radiated by the dipole placed along y-axis in the yoz plane 

can be written as 

𝐸𝜃2(𝜃, 𝜑) = 𝑗
60𝐼2𝑒

−𝑗𝑘𝑟

𝑟
[
cos (

𝜋
2 cos (

𝜋
2 − 𝜃))

sin (
𝜋
2 − 𝜃)

] (2.14) 

Notice that the electric field direction of the dipole along x-axis is actually in x direc-

tion at boresight while the electric field direction of the second dipole along y-axis is 

actually in y direction at the boresight, the radiated electric fields of the two dipoles are 

thus orthogonal to each other at the observation point P in z-axis. From (2.13) and (2.14), 

the magnitudes of these two orthogonal electric fields will be identical if the two dipoles 

are fed equally (𝐼1 = 𝐼2). Introducing 90o phase difference between the feed of these two 

dipoles will bring quadrature phase difference between the two radiated orthogonal electric 

fields, which fulfills the requirement of (2.10). Therefore, good CP radiation can be 

achieved in broadside direction if the two perpendicularly placed dipoles are fed equally 

with quadrature phase differences.   

2.2.3 Generating Travelling-Wave Electric Current along Curved Structure 

The third way to obtain CP radiation is generating travelling-wave electric current 

along a curved structure, such as a spiral, helical or loop structure. As the nature of these 

types of antenna is similar, for a brief explanation of the CP radiation, only the case of 

travelling-wave current along a loop structure is considered here. 

 

Figure 2.6 One-wavelength loop with travelling-wave electric current [1]. 
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Considering a one-wavelength loop antenna (𝑘𝑎 = 1), as shown in Figure 2.6, is 

placed in free space and supports an electric current distribution 𝐼𝑒𝑗(𝜔𝑡−𝑘𝑎𝜓). Notice that 𝜓 

denotes the angle measured form the x-axis and 𝑘𝑎 = 1 , thus the current distribution 

𝐼𝑒𝑗(𝜔𝑡−𝑘𝑎𝜓) indicates the amplitude of the electric current along the loop is constant and 

the phase of the electric current undergoes progressive variation along the loop, which 

represents a travelling-wave current distribution. 

The far-field electric field 𝐸𝜃 and 𝐸𝜑 of this loop antenna can be represented by [1] 

𝐸𝜃(𝜃, 𝜑) = (4𝑗𝐼𝑎 cos 𝜃)𝑒−𝑗𝜑∫ sin2𝜓
𝜋 2⁄

0

cos(sin 𝜃 cos𝜓)𝑑𝜓 (2.15) 

𝐸𝜑(𝜃, 𝜑) = (4𝐼𝑎)𝑒
−𝑗𝜑∫ cos2𝜓

𝜋 2⁄

0

cos(sin 𝜃 cos𝜓)𝑑𝜓 (2.16) 

The normalized plots of |𝐸𝜃| and |𝐸𝜑| in the elevation plane are shown in Figure 2.6. 

As shown, the one-wavelength loop antenna with travelling-wave current distribution has a 

figure of eight pattern for 𝐸𝜃  and an almost omnidirectional pattern for 𝐸𝜑 . More im-

portantly, it is observed that |𝐸𝜃| = |𝐸𝜑| at 𝜃 = 0𝑜 and 𝜃 = 180𝑜 direction. 

 

Figure 2.7 Normalized E-field patterns of a travelling-wave loop antenna [1]. 

Substituting 𝜃 = 0𝑜 to (2.15) and (2.16), we could rewrite them as 

𝐸𝜃(𝜃, 𝜑) = 𝑗𝜋𝐼𝑎𝑒−𝑗𝜑 = 𝜋𝐼𝑎𝑒−𝑗𝜑𝑒𝑗𝜋 2⁄  (2.17) 

𝐸𝜑(𝜃, 𝜑) = 𝜋𝐼𝑎𝑒
−𝑗𝜑 (2.18) 

Dividing (2.17) by (2.18) yields 𝑒𝑗𝜋 2⁄ , which indicates that pure CP radiation can be 

obtained at 𝜃 = 0𝑜. Likewise, pure CP radiation can also be achieved at 𝜃 = 180𝑜. 
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2.3 Wideband CP Antennas  

Different approaches to the design of CP antennas were introduced in the preceding 

sections. The design examples given are of the simplest form and generally suffer a very 

limited bandwidth. A wide range of CP antennas based on these basic designs have been 

developed to improve the bandwidth. It is thus meaningful to give a comprehensive review 

of these wideband CP antennas. 

2.3.1 Wideband CP Microstrip Patch Antennas  

As indicated in Section 2.2.1, patch antennas can be used to obtain CP radiation if the 

two orthogonal modes 𝑇𝑀10 and 𝑇𝑀01 are excited with additional 90o phase difference. 

The basic form of these CP patch antennas include the corners-truncated square patch [26], 

rectangular patch [27], elliptical patch [28] and slot loaded square patch [29]. However, 

these basic CP patch antennas have very narrow bandwidth, typically 1%-2%. To improve 

the bandwidth especially the AR bandwidth of CP patch antennas, various methods are 

adopted. 

Instead of introducing single rectangular slot or crossed slot on a patch antenna, a 

modified slot shape can be used to improve the CP bandwidth of patch antennas. In [30], 

dual square-shaped slots are connected and removed from a square patch to achieve wider 

bandwidth, which is shown in Figure 2.8. These two slots bring two hybrid operating 

modes, which operate very close in frequency and hence help achieve wider bandwidth 

compared with conventional CP patches (AR bandwidth around 8%).   

 

Figure 2.8 Geometry of a modified slot loaded square patch antenna [30]. 
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Another way of increasing the bandwidth of CP patch antennas is to introduce an air 

gap between the patch and the ground plane, or replace the dielectric substrate by an air 

substrate or foam. This method can be explained by the reduction of quality factor of patch 

antennas. It is indicated in [22] that the percent bandwidth of a diagonal-feed nearly square 

patch antenna is 

𝐵𝑊(𝑝𝑒𝑟𝑐𝑒𝑛𝑡) ≈ 12
𝐴𝑅

𝑄𝑡
 (2.19) 

where the AR is specified in dB. 

As shown in (2.19), the bandwidth of a CP patch antenna is inverse proportional to the 

total quality of the antenna. It is also well known that smaller dielectric constant of the 

substrate yields a lower 𝑄𝑡 of patch antennas. Therefore, the bandwidth improvement of a 

CP patch antenna can be achieved by using a substrate with smaller dielectric constant.     

Figure 2.9 shows an inverted-L patch antenna which has a thick air substrate. The in-

verted-L patch is formed by a horizontal portion of a square patch and a vertical portion of 

an isosceles triangular shape. By using the corners-truncated square patch, CP radiation is 

obtained and the AR bandwidth is enhanced to 7% due to the utilization of the air gap. 

 

Figure 2.9 Geometry of a broadband CP inverted-L patch antenna [31]. 
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It is worth mentioning that the bandwidth of CP patch antennas with an air gap (sub-

strate) can be improved further when combined with other techniques such as using a L-

shaped probe feed [32-34], a meandering strip feed [35] or a ground plane [36]. 

The stacked patch is another popular way to improve the bandwidth of CP microstrip 

antennas [37-39]. Figure 2.10 shows the configuration of a design, which demonstrates 

around 10% 3 dB AR bandwidth [40]. The improvement of the bandwidth is attributed to 

the two different resonances of the driven patch and parasitic patch which when appropri-

ately designed, can produce CP radiation with two close resonant frequencies. The 

bandwidth can then be improved if these two resonances are combined effectively.  

 

Figure 2.10 Geometry of a stacked CP patch antenna [40]. 

Numerous CP stacked patch antennas have been designed with the purpose of extend-

ing the AR bandwidth further. By choosing different substrates with high and low 

dielectric constants for the driven patch and parasitic patch, respectively, the 3 dB AR 

bandwidth of a patch antenna can reach to 18% [41]. A slot loaded, air gap supported, 

stacked CP patch antenna achieves 20% 3 dB AR bandwidth [42]. The AR bandwidth can 

even be increased to 30% when four parasitic patches are used and placed in a rotation 

arrangement [43]. 

All preceding CP patch antennas are fed by a single coaxial cable and are called sin-

gle-feed CP antennas. When 90o power dividers or hybrid couplers are used, two or more 

feeding points exist and lead to so-called dual-feed or multi-feed CP patch antennas. Since 

the 90o power dividers and hybrid couplers can maintain balanced output magnitudes and 

quadrature phase differences in relatively wider bandwidth, the dual-feed and multi-feed 

CP patch antennas have wider AR bandwidth than the single-feed CP patch antennas. 
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A wideband CP patch antenna with dual capacitively coupled feeds, which achieves 

35% 3 dB AR bandwidth is shown in Figure 2.11 [44]. A 90o Wilkinson power divider is 

used to provide the quadrature phase difference between the two feeding ports. Through 

using air gap and capacitive feeding, both the impedance bandwidth and the AR bandwidth 

are greatly improved.   

 

Figure 2.11 Configuration of a CP patch antenna with dual capacitively coupled feeds: (a) side view of 

the antenna, (b) 90o Wilkinson power divider [44]. 

Figure 2.12 shows an L-probe fed circular patch antenna with four feeds [45]. As 

shown, four L-shaped probes formed by its vertical and horizontal portions are orthogonal-

ly oriented and positioned at a distance of “S” away from the circumference of the patch. 

The L-probe feeds are soldered to the output lines of the feed network and excite the 

radiating patch by proximity coupling. The broadband feed network consists of a cascade 

of a 3 dB Wilkinson power divider for wideband impedance matching and balanced power 

splitting, and a novel broadband 90o Schiffman phase shifter for wideband 90o phase 

shifting. Due to these wideband feeding structures, this CP patch antenna achieves around 

80% 3 dB AR bandwidth. 
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Figure 2.12 Geometry of an L-probe fed circular patch antenna with four feeds [45]. 

2.3.2 Wideband CP Crossed Dipoles 

In additional to the CP patch antennas, crossed dipoles can also be used to produce 

wideband CP radiation [46-49].  Figure 2.13 shows the configuration of a CP crossed 

dipole [46]. As shown, two pairs of linear dipoles are printed orthogonally on both sides of 

a substrate. There is a ring shaped line which connects the two orthogonal dipoles, provid-

ing quadrature phase difference between the dipole pairs. A ground plane is placed below 

to form an air gap and produce unidirectional radiation patterns. The measured 3 dB AR 

bandwidth of this CP crossed dipole is around 15%. 

 

Figure 2.13 Geometry of a CP crossed dipole: (a) top view of layer 2, (b) bottom view of layer 2, (c) 

side view [46].  

To increase the bandwidth of CP crossed dipoles, parasitic loops are introduced [47]. 

The coupling from the crossed dipole to the four parasitic loops helps excite the loops and 
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yields another CP resonance. When the additional CP resonance is combined with the 

original one caused by the crossed dipole, a wider bandwidth can be attained.   

 

Figure 2.14 Geometry of a CP crossed dipole with parasitic loops [47]. 

The bandwidth of CP crossed dipoles can also be improved by changing the shape of 

the dipoles [48]. Figure 2.15 shows a modified CP crossed dipole with flat-patch shaped 

dipoles. Due to this modification, the quality factor of the printed dipole is reduced and 

thus a wider bandwidth can be obtained. The measurement results confirm that this CP 

crossed dipole achieves a 3 dB AR bandwidth of 27%. 

 

Figure 2.15 Geometry of a modified CP crossed dipole [48]. 
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2.3.3 Wideband CP Slot Antennas 

Printed slot antennas usually have broader bandwidth than the microstrip patch anten-

nas [29]. Therefore, it is expected that the CP slot antenna will have wider AR bandwidth 

when CP radiation is generated by slot antenna. Various CP slot antennas can be found in 

[50-55]. 

The simplest way to generate CP radiation for a printed slot antenna is by using 90o 

hybrid couplers or power dividers to excite two orthogonal magnetic currents with quadra-

ture phase difference. Figure 2.16 shows a CP square slot antenna fed by a three-stage 90o 

hybrid coupler [50]. The coupler can excite two orthogonal magnetic currents along the 

two adjacent sides and provide 90o phase difference between these two orthogonal magnet-

ic currents for CP radiation. This antenna realizes 22% 3 dB AR bandwidth. 

 

Figure 2.16 Geometry of a square ring slot antenna excited by a 90o hybrid coupler [50]. 

CP radiation can also be achieved for slot antennas without 90o hybrid couplers or 

power dividers. A good example is given by Figure 2.17 which shows a circular slot 

antenna fed by a conventional microstrip line. To achieve CP radiation, the microstrip line 

is bent to inverted-L shape. With this bending, the L-shaped line can provide two orthogo-

nal electric currents along x- and y- directions, which in turn excites two orthogonal 

magnetic currents across the circular aperture. The 90o phase difference can be obtained by 

tuning the parameter 𝑙𝑠. The measured 3 dB AR bandwidth of this antenna is around 44%.    

http://ieeexplore.ieee.org/document/7484275/


Chapter 2. Literature Review 

22 

 

 

Figure 2.17 Geometry of a circular slot antenna excited by a microstrip line [51]. 

The above two CP slot antennas both have a dual-layer structure. It is also possible to 

acquire a CP slot antenna with a single-layer structure where the feed line and the slot are 

in the same plane [52-54]. Figure 2.18 shows a square slot antenna fed by a coplanar 

waveguide (CPW). Similarly to the two above mentioned CP slot antennas, the working 

mechanism of this CP slot antenna can also be explained by the excitation of the dual-

orthogonal magnetic currents. The two orthogonally placed feeding strips excite the 

orthogonal magnetic currents while the required 90o phase difference between these two 

currents for CP radiation can be obtained by tuning  the lengths of these two strips.      

 

Figure 2.18 Geometry of a CPW-fed slot antenna [53] 
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It is also possible to combine the CP slot antenna with the patch antenna to improve 

the bandwidth of the CP slot antenna. Figure 2.19 demonstrates a microstrip line fed 

circular slot antenna with a parasitic patch antenna [55]. The CP radiation of the circular 

slot is achieved by the inverted-L shaped feeding line, similar to the CP slot antenna 

analyzed in Figure 2.17. As the parasitic patch is also excited, an additional CP resonance 

is generated and the 3 dB AR bandwidth can be enlarged to 45% once the CP resonances 

from the slot and the patch are combined constructively. 

 

Figure 2.19 Geometry of a microstrip-fed slot antenna with a parasitic patch [55]. 

2.3.4 Wideband CP Travelling-Wave Antennas 

Another important category of wideband CP antennas is the travelling-wave CP an-

tennas, including helical antennas [56-58], spiral antennas [59-61] and CP loop antennas 

[62-64].  

Figure 2.20 shows a helical antenna with the ground plane. The geometrical configu-

ration of a helix usually consists of 𝑁 turns, diameter 𝐷 and spacing 𝑆 between each turn. 

The total length of the antenna is 𝐿 = 𝑁𝑆 while the total length of the wire is 𝐿𝑛 = 𝑁𝐿0 =

𝑁√𝑆2 + 𝐶2 where 𝐿0 = √𝑆2 + 𝐶2 is the length of the wire between each turn and 𝐶 = 𝜋𝐷 

http://ieeexplore.ieee.org/document/7484275/
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is the circumference of the helix. Another important parameter is the pitch angle 𝛼 which 

is the angle formed by a line tangent to the helix wire and a plane perpendicular to the 

helix axis. The pitch angle is defined by  

𝛼 = tan−1
𝑆

𝜋𝐷
= tan−1

𝑆

𝐶
 (2.20) 

 

Figure 2.20 Helical antenna with ground plane [22]. 

When 𝛼 = 0𝑜, the winding is flattened and the helix reduces to a loop antenna of 𝑁 

turns. On the other hand, when 𝛼 = 90𝑜  then the helix reduces to a linear wire. When 

0𝑜 < 𝛼 < 90𝑜, then a true helix is formed with a circumference greater than zero but less 

than the circumference when the helix is reduced to a loop (𝛼 = 0𝑜). 

The helical antenna can operate in many modes; however, the two principals are the 

normal (broadside) and the axial (end-fire) modes. The three-dimensional amplitude 

patterns representative of a helix operating, respectively, in the normal (broadside) and 

axial (end-fire) modes are shown in Figure 2.21. The axial mode is widely used since it 

can achieve circular polarization over a broad bandwidth (usually 2:1). To excite this mode, 

the circumference of the helix must be in the 
3

4
𝜆0 < 𝐶 <

4

3
𝜆0 range, with the spacing about 

𝑆 ≈ 𝜆0 4⁄  and the pitch angle 12𝑜 < 𝛼 < 14𝑜. 
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Figure 2.21 Three-dimensional normalized radiation patterns for normal and axial modes helical 

antennas [22]. 

Although the helical antenna has a 2:1 CP bandwidth in its axial mode, one major 

drawback of this kind of CP antenna is its considerable height. When operating at low 

frequencies such as VHF band, the physical size can become rather large. To achieve low-

profile helical antennas, smaller pitch angle and smaller number of turns or stub loaded 

helical antennas have to be designed [65-67]. However, the 3 dB AR bandwidth in these 

designs reduces to around 10%. 

 Another type of widely known and widely deployed CP antenna is the spiral. As the 

geometry dimensions of spirals are determined by angles, they are frequency independent 

and can achieve rather broadband CP radiation. Figure 2.22 shows a two-arm Archimede-

an spiral antenna whose radius is defined by 𝑟 = 𝑎𝜑, where 𝑎 is a constant and 𝜑 is the 

rotating angle. 

 

Figure 2.22 Archimedean spiral antenna [6]. 
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Compared with helical antennas, the spirals have much lower height and can be print-

ed on a substrate as a planar antenna. The bandwidth of spirals can be designed to several 

octaves, which is wider than the bandwidth of helical antennas (usually 2:1). However, the 

spirals need a balanced feed to maintain symmetrical characteristics, which increases the 

complexity. One method that achieves geometrical balancing requires that the coax is 

embedded into one of the arms of the spiral. To maintain symmetry, a dummy cable is 

usually placed into the other arm [22]. If the feed line is electrically unbalanced, a balun 

must be used, such as tapered microstrip balun [68] and microstrip line to coplanar 

stripline (CPS) balun [69]. 

Due to the considerable height of helical antennas and the need of ultra-wideband bal-

uns for spirals, there is an increasing interest in designing travelling-wave CP antennas 

with lower height and simpler configuration. A curl-shaped antenna with travelling-wave 

current excited along the wire achieves a AR bandwidth of 6.7% [62]. Travelling-wave 

current can also be generated by an open-loop antenna, which is shown in Figure 2.23 [63]. 

As indicated in section 2.2.3, good CP radiation can be obtained if a travelling-wave 

current is excited along a circular loop configuration and the CP open-loop in [63] 

achieves a AR bandwidth of 12%. 

 

Figure 2.23 Geometry of a probe-feed printed circular open-loop antenna [63]. 
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To improve the AR bandwidth of the CP loop antennas, an additional parasitic open 

loop can be placed inside the original loop [64, 70]. Figure 2.24 shows an open-loop 

antenna with a parasitic loop which achieves 16% AR bandwidth. By incurring another CP 

resonance with higher resonant frequency than the original loop. A sleeve balun is used to 

feed the antenna, which has much simpler configuration than those baluns used for spirals. 

 

Figure 2.24 Geometry of a probe-feed printed dual open-loop antenna [70]. 

Using a dual-loop structure in series-fed or parallel-fed can improve the bandwidth of 

CP loop antennas further, as shown in  [64, 71]. As demonstrated in [64], the dual-loop 

structure in series-fed and parallel-fed can achieve 30% and 50% AR bandwidth, respec-

tively. Compared with helical antennas and spiral antennas, the CP loop antennas have 

relatively narrower bandwidth. Nevertheless, they feature smaller size, planar structure and 

simple configuration, which make them easy to fabricate and implement.  
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Figure 2.25 Geometry of series and parallel-fed dual rhombic-loop antennas [64]. 

2.3.5 A Comparison among Different Types of Wideband CP Antennas 

Table 2.1 gives the comparison among different kinds of wideband CP antennas. As 

shown, CP patch antennas are usually small size and can achieve bandwidths from several 

percentage to 25%. Stacked patches with multi-feed structures are effective techniques to 

improve the AR bandwidth of patch antennas at the expense of higher profile and more 

complex configuration. CP crossed dipoles have simple configuration and moderate CP 

bandwidth. CP slot antennas have the lowest height and can achieve up to a AR bandwidth 

of 45%. Helical antennas and spiral antennas are two types of travelling-wave antennas 

which can achieve superior bandwidth performance. However, helical antennas normally 

have the largest height while the bandwidth will degrade if the height reduces. Spirals have 

the widest bandwidth among all CP antennas and thus are widely deployed. Nevertheless, 

spirals are rather large and the balanced feeding always requires a UWB balun which is 
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difficult to design and implement. The CP loop antennas are another kind of traveling-

wave antenna, which has moderate size, height and complexity while achieving 10%  

50% AR bandwidth.    

Table 2.1 Comparison of Wideband CP Antennas 

Antenna 

Type 
Reference NO. 

3 dB AR 

Bandwidth 
Size Height 

Fabrication 

Complexity 

Patch   

Slot loaded patch 

[30] 
8% Small Low Low 

Patch with air 

substrate [31-34] 
7%  25% Small Medium Medium 

Stacked patch [40-

43] 
10%  30% Small Low Medium 

Multi-feed patch 

[44, 45]  
30%  70% Small Low Medium 

Crossed 

Dipole 
[46-49] 15%  27% Small Medium Low 

Slot Antenna 

Dual-layer slot 

[50, 51] 
22%  44% Small Low Low 

Coplanar slot [52-

54] 
10%  40% Small Low Low 

Slot with parasitic 

patch [55] 
45% Small Medium Low 

Helical 

Antenna 

Axial model helix 

[56-58] 
67% Small Large Low 

Spiral  [59-61] >100% Large Medium Large 

CP Loop  

Single open-loop 

[63] 
12% Small Low Low 

With parasitic 

loop [64, 70] 
16% Small Low Low 

Dual-loop struc-

ture [64, 71] 
30%  50% Medium Low Medium 
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2.4 Wideband CP Array Antennas 

The preceding section gives an overview of various wideband CP antennas. For appli-

cations where high gain is needed, CP array antennas are required. Therefore, it is also 

necessary to review wideband CP arrays. Different from LP arrays, there are some special 

ways to design CP arrays with wideband performance, such as the sequential rotation 

method. Wideband CP reflectarrays are also reviewed due to their greatly simplified 

feeding structure and promising applications for a wide range of wireless systems.      

2.4.1 CP Array with Traditional RF Power Divider 

Like LP array antennas, CP arrays can be built by feeding CP elements constructively. 

Several designs can be found in [62, 72-74]. Without considering the scanning perfor-

mance of the array, the bandwidth of conventional CP arrays is mainly determined by the 

bandwidth of elements and the mutual coupling normally degrades the bandwidth perfor-

mance. 

A linear array consisting of four CP stacked patches is shown in Figure 2.26 [72]. The 

array has a 3 dB AR bandwidth of 5%, which is smaller than the bandwidth of the CP 

element. To obtain wider array bandwidth, CP elements with wider bandwidth can be 

employed. Figure 2.27 shows a 1×10 linear array consisting of ten crossed bowtie dipoles 

[73]. The 3 dB AR bandwidth of the element is 52% while the bandwidth of the array is 

37%. As indicated by these two CP linear arrays, the 3 dB AR bandwidth is usually 

narrower than the bandwidth of the element due to the influence of the mutual coupling 

among the elements.  

 

Figure 2.26 Photograph of a linear CP patch array [72]. 
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Figure 2.27 Configuration of a linear CP crossed dipole array [73]. 

CP planar arrays can also be designed by using a corporate feeding network. A 2×2 

monofilar Archimedean spiral array antenna is shown in Figure 2.28. Each spiral element 

is fed by a microstrip line through the proximity feeding method [74]. A 1:4 T-type power 

divider network is placed behind the array aperture to afford corporate feeding. The 

measured 3 dB AR bandwidth of the array is around 10%, which is also smaller than the 

element’s bandwidth of 12%.    

 

Figure 2.28 Geometry of a 2×2 monofilar Archimedean spiral array [74]. 
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2.4.2 Wideband CP Sequentially Rotated Array 

An interesting design is the sequentially rotated array which can be implemented by 

using both LP elements [75] and CP elements [76]. To illustrate its operating principle, let 

us examine a basic sequentially rotated array consisting of four LP patches with unique 

angular and feeding phase arrangements, as shown in Figure 2.29. Four patches are 

oriented in a sequentially angular rotated arrangement with 0o, 90o, 180o and 270o feeding 

phase, respectively.  

2d
2d

Element 1

Element 2

Element 3

Element 4

Y

X
Z

 

Figure 2.29 Configuration of a CP sequentially rotated array using LP patch elements [75]. 

The element distance between each element is 𝑑, and the far-field radiated electric 

fields of the four patches are 𝐸1⃗⃗⃗⃗ , 𝐸2⃗⃗⃗⃗ , 𝐸3⃗⃗⃗⃗  and 𝐸4⃗⃗⃗⃗ . Referring to the geometry relationship 

between elements and the feeding phase distribution, the total far-field electric field 𝐸𝑡⃗⃗  ⃗ in 

the x-z is as follows: 

𝐸𝑡⃗⃗  ⃗ = 𝐸1⃗⃗⃗⃗ 𝑒
−𝑗𝑘0𝑑 sin𝜃𝑒𝑗0

𝑜
+ 𝐸2⃗⃗⃗⃗ 𝑒

−𝑗𝑘0𝑑 sin𝜃𝑒𝑗90
𝑜
 

             +𝐸3⃗⃗⃗⃗ 𝑒
𝑗𝑘0𝑑 sin𝜃𝑒𝑗180

𝑜
+ 𝐸4⃗⃗⃗⃗ 𝑒

𝑗𝑘0𝑑 sin𝜃𝑒𝑗270
𝑜
 

(2.21) 

where 𝜃 is the elevation angle. Notice that the four patches are of equal size and fed with 

the same microstrip line. Thus, it is evident that   

𝐸1⃗⃗⃗⃗ = −𝐸3⃗⃗⃗⃗  

 𝐸2⃗⃗⃗⃗ = −𝐸4⃗⃗⃗⃗  
(2.22) 

Substituting (2.22) to (2.21) and (2.21) reduces to  

𝐸𝑡⃗⃗  ⃗ = (𝐸1⃗⃗⃗⃗ 𝑒
𝑗0𝑜 + 𝐸2⃗⃗⃗⃗ 𝑒

𝑗90𝑜)(𝑒−𝑗𝑘0𝑑 sin𝜃 + 𝑒𝑗𝑘0𝑑 sin𝜃) 

=(𝐸1⃗⃗⃗⃗ 𝑒
𝑗0𝑜 + 𝐸2⃗⃗⃗⃗ 𝑒

𝑗90𝑜)(2 cos(𝑘0𝑑 sin 𝜃)) 
(2.23) 
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Notice that element 1 and 2 are of the same size and perpendicular to each other, thus 

|𝐸1⃗⃗⃗⃗ | = |𝐸2⃗⃗⃗⃗ | and the two electric fields are orthogonal. Therefore, it is indicated from (2.23) 

that pure CP radiation has been achieved in the x-z plane. The expression 2 cos(𝑘0𝑑 sin 𝜃) 

represents the two-element array factor. It is worth to mention that CP radiation can also 

be achieved in the y-z plane with the same principles.  

The above derivation gives detailed explanation why the CP radiation is achieved 

through sequentially rotated LP patches. The AR bandwidth of the array can be increased 

substantially through this method [75]. A simple explanation of this is shown in Figure 

2.30. The solid arrows represent the fundamental mode 𝑇𝑀10  while the dashed arrows 

denote the higher modes which contribute to the cross-pol. As shown, the co-pol (funda-

mental mode) component gets enhanced while the cross-pol electric fields are cancelled. 

Therefore, the AR bandwidth can be improved. Another distinct advantage of the sequen-

tially rotated array is that the mutual coupling of the array is significantly less than that of 

a convention CP array. This is due to the fact that all the adjacent elements of this array are 

orthogonally oriented and hence cause very little coupling between neighboring elements 

[75]. 

 

Figure 2.30 Mechanism of cross-pol cancellation of sequentially rotated elements [75]. 

Numerous wideband CP arrays based on the sequential rotation method have been de-

veloped. As it is a general method, it can be used to extend the AR bandwidth of various 

kinds of arrays, such as the CP patch array [77], CP crossed dipole array [47] and CP slot 

array [78].  
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A 64-element CP patch array with sequentially rotated elements is shown in Figure 

2.31. The geometry of a truncated corner CP patch element and a 4-element subarray using 

the sequential rotation method are shown in Figure 2.31 (a) and (b) respectively. The full 

64-element array which employs the sequential rotation method for the second time at the 

16-element subarray level is shown in Figure 2.31 (c). Due to the double use of the se-

quential rotation, the undesired radiation from the feed network is cancelled and the 3 dB 

AR bandwidth is 14% which is much wider than the bandwidth of a CP truncated corner 

element (smaller than 5%).      

 

(a)                                                       (b) 

 

(c) 

Figure 2.31 Configuration of a 64-element sequentially rotated array [77]. 
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Figure 2.32 shows the geometry of a sequentially rotated crossed-dipole array. The 3 

dB AR bandwidth of this 2×2 array is around 56% which is about twice the bandwidth of a 

single crossed dipole element (28%).  

 

Figure 2.32 Configuration of a sequentially rotated crossed dipole array [47]. 

The sequential rotation method can also be applied to CP slot arrays, with one exam-

ple shown in Figure 2.33 [78]. The 4×2 array achieves 29% 3 dB AR bandwidth while the 

3 dB AR bandwidth of the elliptical slot element is just 7%. 

 

Figure 2.33 Configuration of a sequentially rotated elliptical slot array [78]. 
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2.4.3 Wideband CP Printed Reflectarray 

Printed reflectarrays consist of a large number of radiating elements with pre-adjusted 

phases and an illuminating feed [79]. The printed reflectarrays combine the advantages of 

phased arrays and parabolic antennas and thus received increasing interest in recent 

decades. 

Although there are numerous advantages for printed reflectarrays, one major draw-

back of this type of array is their narrow bandwidth, which is mainly caused by the narrow 

bandwidth of the printed phasing elements and differential spatial phase delay from the 

feed to each element. 

 Various approaches have been utilized to improve the bandwidth of CP reflectarrays, 

such as using stacked patches [80], utilizing multi-resonance phasing elements [81] and 

using spatial time-delay units [82]. 

 A dual-layer T-shaped phasing element and a prime-focus 81-element CP reflectarray 

are shown in Figure 2.34. As shown, the phasing element is comprised of two stacked T-

shaped patches. With this dual-layer structure, the phasing element has a wider bandwidth 

and the CP reflectarray can achieve a 3 dB AR bandwidth of 28%. 

  

                          (a)                                                                        (b) 

Figure 2.34 Geometry of a dual-layer stacked patch and the photo of the fabricated CP reflectarray 

[80] . 

Figure 2.35 shows two multi-resonance phasing elements for CP reflectarrays. By us-

ing these multi-resonance phasing elements, the resultant reflectarrays can obtain 3 dB AR 

bandwidths of 41% and 43%, respectively.   
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Figure 2.35 Geometry of the multi-resonance phasing elements and the photo of the fabricated CP 

reflectarrays [81]. 

The spatial time-delay unit which is the unit cell of anisotropic ground-plane-backed 

miniaturized-element frequency selective surfaces (MEFSSs), is capable of providing 

constant time delays over wide bandwidths [82]. When designed appropriately, it can also 

create 90° phase shift between the two orthogonal electric field components of the reflect-

ed wave, as shown in Figure 2.36. Based on this TDU element, a CP reflectarray can be 

designed with 40% 3 dB AR bandwidth. 

 

Figure 2.36 Geometry of the spatial TDU and the TDU based CP reflectarray [82]. 
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2.4.4 Wideband CP Sub-wavelength Reflectarray 

Another practical way to improve the bandwidth of the CP array is using the sub-

wavelength elements whose size is much smaller than the resonant size [83]. Two designs 

are reviewed here to demonstrate the functionality of this kind of CP array.  

The first one is a  𝜆 3⁄  rectangular patch elements based CP reflectarray which is 

shown in Figure 2.37. By using this sub-wavelength patch element, the designed CP 

reflectarray has a 3 dB AR bandwidth of 11%, which is much wider than the bandwidth of 

half-wavelength patch based CP reflectarray [84]. 

  

Figure 2.37 Configuration of the  𝝀 𝟑⁄  rectangular patch elements based CP reflectarray [84]. 

Another sub-wavelength element based wideband CP reflectarray can be found in 

[85]. The sub-wavelength element is a multi-resonance element consisting of a Jerusalem 

cross and an open loop, which occupies around  𝜆 3⁄  space.  

 

Figure 2.38 Configuration of multi-resonance sub-wavelength element and the wideband reflectarry 

[85]. 
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The Configuration of the multi-resonance sub-wavelength element and the wideband 

reflectarray are shown in Figure 2.38. With the superposed effect of the multi-resonance 

element and sub-wavelength technique, the presented CP reflectarray achieves 50% 3 dB 

AR bandwidth. 

2.4.5 A Comparison among Different Types of Wideband CP Arrays 

Table 2.2 gives a comparison among the different types of wideband CP arrays. 

Table 2.2 Comparison of Wideband CP Arrays 

Array Type 
Element Type & 

Reference NO. 

3 dB AR 

Bandwidth 

Element 

Number 
Height 

Fabrication 

Complexity 

Conventional 

CP Array   

Stacked patch 

[72] 
5% 1×4 Low Medium 

Crossed bowtie 

dipole [73] 
37% 1×10 Medium Medium 

Monofilar Archi-

medean spiral 

[74] 

10% 2×2 Low Low 

Sequentially 

Rotated CP 

Array 

Single-layer 

corner truncated 

patch [77] 

14% 8×8 Low Low 

Crossed dipole 

[47] 
56% 2×2 Medium Medium 

Slot antenna [78]  29% 4×2 Low Low 

CP Printed 

Reflectarray  

Stacked patch 

[80] 
28% 9×9 Large Medium 

Multi-resonance 

element [81] 
43% 13×13 Large Medium 

Spatial time-delay 

unit [82] 
40% 1000 Large Medium 

CP Sub-

wavelength 

Reflectarray 

Rectangular patch 

[84] 
11% 27×27 Large Medium 

Multi-resonance 

element [85] 
50% 20×20 Large Medium 
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It is indicated by Table 2.2 that the conventional CP array has the narrowest band-

width among all types of CP arrays when similar elements are used. Normally, the 

bandwidth of the conventional CP array is smaller than its element’s bandwidth due to the 

influence of mutual coupling. The sequential rotation method is an effective way to 

improve the bandwidth of CP arrays. More importantly, it is a general method and thus can 

be applied to various CP arrays. With this method, the bandwidth of a CP array consisting 

of narrow-band elements can be improved greatly. Printed CP reflectarrays are a kind of 

array which simplify the bulky and complicated feeding network of traditional phased 

arrays by using spatial feeding. Due to this greatly simplified feeding structure, the fabrica-

tion complexity and cost of large element number arrays are greatly reduced. Therefore, 

very large arrays can be designed in a relatively easier way. It is shown in the table that the 

3 dB AR bandwidth of CP reflectarray with a great number of elements can still reach 

40%. The sub-wavelength technique utilizes the mutual coupling among the elements to 

improve the bandwidth of CP reflectarrays. As the element space is rather small in this 

kind of array, more elements can be placed within the same array aperture. It can be seen 

from the table that the sub-wavelength CP reflectarray can achieve up to 50% 3 dB AR 

bandwidth.  

2.5 Main Challenges and Research Objectives 

This chapter introduced the design theory and methodology of CP antennas. Then, 

various types of wideband CP antenna elements and arrays were reviewed. Comparisons 

were given in terms of bandwidth, size, height and fabrication complexity. Through the 

comprehensive review and comparison of various wideband CP elements and arrays, a 

more clear understanding of the state-of-art development of wideband CP elements and 

arrays is enabled. It is also indicated by the literature review and the performance compari-

son that the main challenges in designing CP elements and arrays lie in the following 

aspects: 

1. From Table 2.1, it is shown that low-profile CP elements with single feed general-

ly demonstrate 3 dB AR bandwidth smaller than 50%. Using dual feed or multi 

feed will improve the bandwidth of CP elements but increases the size and the fab-

rication complexity. It is challenging to design wideband CP elements with 

compact size, low cost and low fabrication complexity.    

2. To fulfill different system requirements, CP antennas need to possess other fea-

tures, such as polarization reconfigurable ability for polarization diversity 
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application, and wide AR beamwidth for wide-angle beam scanning application. 

However, these additional requirements may degrade the bandwidth performance 

of CP antennas and also increases the design difficulty and fabrication cost. There-

fore, another challenge is how to design CP antennas with diverse features while 

maintaining wide bandwidth and low design difficulty and fabrication cost. 

3. It is observed from Table 2.2 that the 3 dB AR bandwidth of low-profile CP array 

antennas is typically smaller than 60%. To reduce the feeding network complexity 

of CP arrays, reflectarrays can be used. However, it is challenging to design wide-

band CP reflectarrays with single-layer structure and low profile. Vivaldi elements 

can be used to constitute an ultra-wideband CP array but the considerable antenna 

height and the bulky and complicated external 90o hybrid coupler limit its applica-

tion. It is also challenging to design wideband CP direct radiating arrays with low 

profile and relatively simple feeding networks. 

To tackle these challenges, different CP elements and arrays are proposed and investi-

gated in the following Chapters. The main research objectives of this thesis are 

summarized below.   

1. Design wideband CP antennas with more compact structure, lower profile and 

lower fabrication complexity. The spiral antenna can achieve a CP bandwidth 

larger than 100% (3:1). However, the need of a UWB balun to feed spiral antennas 

makes it difficult to design and fabricate. Thus, it is highly desirable to design a 

UWB CP antenna with simple configuration and low fabrication complexity.  

2. Design wideband CP antennas with other attractive features, such as reconfigura-

ble polarizations for polarization diversity and wide AR beamwidth for wide-angle 

beam-scanning array. It is also aimed to achieve these additional features in a cost-

efficient way, i.e. using low cost switches such as PIN diodes to achieve the re-

configurability and designing the wide AR beamwidth antenna with simple con-

figuration and compact size.     

3. Design a low-profile single-layer CP reflectarray with AR bandwidth larger than 

60%. Conventional designs use multi-layer or true-time-delay techniques to im-

prove the bandwidth performance of CP reflectarrays. However, these techniques 

increase the antenna height, fabrication complexity and the cost. Thus, another ob-

jective of this research is to design a wideband CP reflectarray with low profile, 

low fabrication complexity and cost. 
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4. Design an ultra-wideband CP direct radiating array with lower antenna height and 

simpler feeding network compared with the CP Vivaldi array. To reduce the an-

tenna height, low-profile elements are needed while single-feed elements are 

required to reduce the complexity of feeding network. One promising way to ful-

fill all these requirement is designing a low-profile CP tightly coupled array.  
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Chapter 3. Ultra-wideband Circularly Polarized Crossed Dipole with 

Enhanced Front-to-Back Ratio 

3.1 Introduction 

As indicated in Chapter 1, GNSS systems have found important applications globally 

in both the military arena and commercial and consumer markets [7]. However, there are 

several challenges in developing high-performance GNSS antennas. One of the challenges 

is that the operation bandwidth for a high-performance GNSS antenna should extend from 

1.1 GHz to 1.62 GHz and even to 2.5 GHz (for IRNSS) with good circular polarization 

properties.  

Designing such a wideband circularly polarized antenna is always challenging. Spiral 

antennas exhibit interior broadband circular polarization characteristics and thus are 

extensively studied [59, 61, 86]. However, the requirement of a UWB balun for the spiral 

antennas makes them difficult to implement. Moreover, their bi-directional radiation 

properties make these conventional spiral antennas unsuitable for GNSS applications since 

a directional radiation pattern is needed to decrease the effects of the reflections from the 

ground [87].  

Multi-path mitigation is another big challenge for high-performance GNSS antenna 

design. Since non-LOS (line of sight) multi-path signals could be generated by reflection 

of satellite signals, the system performance will be degraded once these multi-path signals 

are received by antennas [8]. Choke ring ground plane [88] is an effective way to mitigate 

multi-path signals through suppression of plane wave propagating along ground planes. 

Based on choke ring ground plane, a novel wideband non-cutoff ground plane has been 

presented in [87]. Choke rings are, however, rather bulky and expensive. In order to reduce 

the complexity as well as the cost of choke ring ground plane, a compact-size cross-plate 

reflector ground plane (CPRGP) has been proposed [89]. Nevertheless, the bandwidth of 

these ground planes is limited and none of them are able to cover the whole GNSS bands.  

To solve these two issues, in this Chapter, an ultra-wideband CP antenna with high 

front-to-back ratio is presented. It is able to cover all GNSS frequency bands and a part of 

S-band. At first, a crossed elliptical dipole CP antenna is proposed and a simple but 

effective impedance matching method is given. Then, a novel cavity with unequal-length 

crossed fins is designed to obtain low backward radiation and high FBR. The proposed 

ultra-wideband CP antenna can work from 1 GHz to 2.87 GHz while maintain very low 

back-lobe level across the whole GNSS band. 
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This Chapter is organized as follows: Section 3.2 introduces the antenna structure and 

explains the simple but effective impedance matching method for bandwidth enhancement; 

Section 3.3 presents the novel cavity and its operation mechanism; Section 3.4 presents the 

measurement results and comparisons with simulation results as well as the analysis of 

electric fields above the cavity aperture; the summary is given in Section 3.5. 

3.2 Antenna Configuration and Impedance Matching 

3.2.1 Antenna Geometry 

A single-feed crossed dipole with integrated phase delay lines, producing circular po-

larization, was initially presented in [46]. However, the input impedance of this antenna is 

about 122+j122 Ω and thus cannot be directly connected to a 50Ω feed line. To compen-

sate the impedance mismatching as well as enhance the axial ratio (AR) bandwidth, 

parasitic open loops have been used [47]. Through changing the shape of dipole, this kind 

of antenna can be designed for wideband [48, 90] or multi-band [91, 92] operation.  

To improve the bandwidth of CP crossed dipoles further, elliptical dipoles are em-

ployed in this Chapter. The evolution of the CP crossed dipole is shown in Figure 3.1, 

where the integrated phase delay line is not shown for simplicity. As the fan-shaped dipole 

and elliptical dipole have smaller quality factor (Q) and larger bandwidth than linear 

dipoles, the bandwidth of the CP crossed dipole consisting of elliptical dipoles is expected 

to be wider than the CP crossed dipole comprised of linear dipoles. 

 

Figure 3.1 Evolution of the CP crossed dipole. 

Figure 3.2 shows the geometry of the proposed single-feed ultra-wideband CP antenna. 

The antenna consists of two pairs of double-sided elliptical dipoles which are placed 

perpendicularly to each other. The dipole arm 1 & 2 and 3 & 4 are both connected by ring-

shaped phase delay lines, which introduce a 90o phase difference between the orthogonally 

placed dipole pairs to produce circularly polarized radiation. 
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The antenna is etched on a 0.817 mm thick Rogers RO4003 substrate with a relative 

permittivity of 3.55 and a loss tangent of 0.0027. The four elliptical dipole arms are all 

characterized by a major axis length R1 and minor axis length R2 while the phase delay line 

is a 3/4 ring with inner radius R3 and line width W2. A pair of partly overlapped rectangular 

patches with width W1 are printed on both sides of the substrate and are used for placing 

the coaxial feed line. Besides, the patches are employed to tune the impedance matching of 

the proposed antenna, which is discussed in detail in the following section. 

L1

W1

R1

R3

R2

Arm1

Arm2

Arm3

Arm4

             

W2

L2

Arm1Arm3

Arm2

Arm4

 

(a)                                                                          (b) 

Pin
Top Layer

Bottom Layer

Substrate

Coaxial Line

h

(c) 

Figure 3.2 Geometry of the proposed antenna: (a) top view, (b) bottom view, (c) side view. 

Similar to other crossed dipole CP antennas, the proposed antenna has bidirectional 

radiation. As shown in Figure 3.2, the inner conductor of the coaxial cable connects to the 

dipole arm 1 and 2 while the outer conductor is connected to the dipole arm 3 and 4. With 

this feeding structure, arm 1 & 3 and arm 2 & 4 form the horizontal and vertical dipoles 

respectively.  

3.2.2 Impedance Matching  

The impedance matching for a crossed dipole CP antenna is usually challenging. 

Methods such as using 75 Ω coaxial line [46], employing parasitic elements [47] and 

changing the shape of dipole [48] have been proposed to achieve good impedance match-

ing. However, these approaches are either complex or space-consuming.  
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A simple but effective impedance matching method has been utilized in the proposed 

antenna, which is easier to be implemented than the aforementioned ones. By using this 

method, a 3:1 impedance bandwidth can be achieved without increasing complexity and 

space of the presented antenna. 

A magnified picture of the partly overlapped rectangular patch is given by Figure 3.3. 

As shown in the picture, the pair of rectangular patches is printed on both sides of the 

substrate with an overlapped area of W1×L1. This overlapped structure of two patches 

results in a pair of parallel-plate capacitors, i.e. capacitor C1 and C2 shown in Figure 3.3. It 

is found that these two capacitors can effectively enhance the impedance characteristics of 

the proposed antenna and thus broaden the bandwidth. 

L1 L2

W1

C1

              

Slot

Pin

C2

 
(a)                                                                                            (b) 

Figure 3.3 Configuration of overlapped rectangular patch: (a) top view, (b) bottom view. 

To analyze the proposed impedance matching method, qualitatively, the equivalent 

circuit model of the antenna is provided in Figure 3.4. The symbol YA denotes the antenna 

admittance without the overlapped rectangular patches while C1 and C2 denote the parallel-

plate capacitors and Yin represents the total input admittance of the proposed antenna. 

YA C2C1

Yin

 

Figure 3.4 Equivalent circuit model of the proposed antenna. 
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Using the formula provided in [93], the capacitance of parallel-plate capacitors C1 and 

C2 can be calculated by the following equation when the electric charge density on the 

plates is uniform and the fringing fields at the edges can be neglected. 

𝐶1 = 𝐶2 ≈
ε𝑟ε0𝑊1𝐿1

h
 (3.1) 

The approximation derives from the small slot on bottom rectangular patch and thus 

the input admittance Yin of antenna can be denoted by: 

𝑌in ≈ 𝑌A + 2𝑗𝜔
ε𝑟ε0𝑊1𝐿1

h
 (3.2) 

It is shown in (3.2) that the antenna input admittance Yin is affected by the rectangular 

patch width W1 and length L1. Therefore, the impedance characteristic of the antenna can 

be tuned by these two parameters to achieve a good impedance matching. 

In order to demonstrate, intuitively, the effect of changing parameters W1 and L1, the 

simulated input impedances are studied while keeping the other antenna geometry parame-

ters fixed, as in Table 3.1. 

Table 3.1 Antenna Parameters 

L2 W2 R1 R2 R3 h 

6.2mm 1.5mm 23.4mm 18mm 5.2mm 0.817mm 

 

The simulated input impedance of the proposed antenna for various values of L1 is 

shown in Figure 3.5. The rectangular patch width W1 is kept constant as 7.5mm while the 

length L1 is varied. As can be seen from Figure 3.5, the input impedance without the 

overlapped patch (L1 = 0 mm) is large inductively and the majority of the impedance loci 

fall outside the VSWR = 2 circle, indicating that the bandwidth at this state is very narrow. 

By increasing L1, the impedance loci begin to move along the admittance circle due to the 

increasing capacitance of C1 and C2. This phenomenon can be well explained by (3.2) as 

well.  

Figure 3.6 depicts the input impedance loci under different patch widths, W1, when 

patch length L1 is 2.5 mm. Similar to the phenomenon observed in Figure 3.5, the imped-

ance loci will move along the admittance circle when W1 becomes larger. This impedance 

matching procedure is similar to the method using lumped LC elements to tune the imped-

ance bandwidth. However, the proposed method is more advantageous in terms of antenna 

efficiency and complexity due to the absence of a lossy 𝜋-type or M-type LC circuit. 

Moreover, there are no adequate spaces to place external impedance matching circuit while 

the proposed method needs nearly no additional spaces to implement and thus it is very 
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effective for the impedance matching of the proposed antenna.   

 
Figure 3.5 Simulated input impedance of the proposed antenna with different patch length L1. 

 
Figure 3.6 Simulated input impedance of the proposed antenna with different patch width W1. 
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3.3 Cavity Design for FBR Improvement 

Multipath interference, caused by the deleterious superposition of signals received at a 

user’s antenna via multiple paths from a satellite, is one key  source of error in relative 

positioning GNSS systems [3]. For GNSS receiving antennas, multi-path mitigation is 

critical for achieving high performance. Theoretically, a good multipath mitigating GNSS 

antenna should be able to have a cross-polarization rejection ratio (or polarization isola-

tion) ≥ 15 dB for signals incoming at any positive elevation angle and back radiation less 

than -10 dB to decrease the effects of the reflections from the ground [87]. In addition, the 

pattern roll-off from zenith to horizon should be between 8 and 14 dB, while phase center 

variation should be less than 2 mm [89].  

The aforementioned requirements are very difficult to achieve simultaneously and 

thus certain compromises need to be made in the antenna design procedure. Moreover, 

considering that the proposed antenna in Section 3.2 is ultra-wideband, further compro-

mise is expected to be made. Also, since the proposed crossed elliptical dipole antenna is 

bi-directional, making the antenna radiate in one direction, i.e. improving front-to-back 

ratio (FBR), is regarded as the main goal during the antenna optimization procedure.  

3.3.1 Working Mechanism of the Cavity 

The proposed cavity is shown in Figure 3.7. It can be seen from Figure 3.7 that the 

ground plane is composed of a cylindrical cavity with crossed unequal length fins. The 

cavity is designed in such a way to reduce the back-lobe of the antenna maximally. 

 

Figure 3.7 Geometry of the proposed cavity. 

It is well known that the plane wave propagating along the ground plane will re-

radiate at the ground plane edge and thus increase the side-lobes as well as the back-lobe 

of the antenna. Therefore, suppression of plane waves along the ground plane can reduce 
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the back-lobe of the antenna. To explain the working mechanism of the proposed cavity in 

terms of the suppression of plane waves along the ground plane, similar analysis methods 

to [87] are adopted. 

Considering the two TEM plane wavesⅠand Ⅱ shown in Figure 3.8, they can be de-

noted by the following equations respectively. 

𝐸𝑥(𝑦, 𝑡) = 𝐸𝑥0cos(𝑘𝑦 − 𝜔𝑡 + 𝜑1) (3.3) 

𝐸𝑧(𝑦, 𝑡) = 𝐸𝑧0cos(𝑘𝑦 − 𝜔𝑡 + 𝜑2) (3.4) 

The boundary condition of flat conductor ground plane imposes that no tangential 

electric field can exist, i.e. 

𝐸𝑡 = 0  (3.5) 

This equation indicates that plane wave Ⅰ cannot propagate along the circular ground 

plane while wave Ⅱ can exist. Considering the situation in Figure 3.8 (b), wave Ⅰ cannot 

propagate along the cavity bottom due to the boundary condition given by (3.5). In con-

trast to the flat circular ground plane, wave Ⅱ cannot propagate along the proposed cavity 

either since there is a mandatory boundary condition imposed by the vertical cylindrical 

wall as well as the crossed fins. Therefore, it can be expected that the proposed cavity can 

offer better ability in the suppression of plane waves along the ground plane compared to a 

regular circular flat ground plane. 

 

          (a)                                                                                          (b) 

Figure 3.8 Two plane waves on: (a) flat circular ground plane, (b) proposed cavity. 

As indicated in Section 3.2, the proposed antenna radiates in bi-direction, RHCP to-

wards the broadside and LHCP backwards. Conventionally, a large ground plane or a 

cavity is required to reduce the back-lobe of such kinds of antenna by reflecting the 

downward waves into the upward direction. The proposed cavity placed underneath the 

antenna can afford better back-lobe reduction ability by minimizing diffracted waves; the 

mechanism can be explained as follows. 
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Figure 3.9 depicts the propagation of downward LHCP wave excited by the antenna 

under different situations. When the proposed antenna is placed above a large flat ground 

plane, the majority of the LHCP wave will be reflected by the ground plane. However, 

considerable downward waves can still propagate across the ground plane due to the 

diffraction of these waves and result in a large back-lobe. This diffraction effect can be 

decreased by replacing the flat ground plane with a cylindrical cavity shown in Figure 3.9 

(b) as the peripheral vertical wall can stop part of the diffracted waves. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.9 Downward wave above: (a) flat circular ground plane, (b) cylindrical cavity, (c) the 

proposed cavity. 
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A LHCP wave depicted in Figure 3.9 can be expressed as: 

�⃗� (𝑧, 𝑡) = 𝐸𝑥⃗⃗⃗⃗ cos(−𝑘𝑧 − 𝜔𝑡 + 𝜋 2⁄ ) + 𝐸𝑦⃗⃗ ⃗⃗ cos(−𝑘𝑧 − 𝜔𝑡) (3.6) 

where |𝐸𝑥⃗⃗⃗⃗ | = |𝐸𝑦⃗⃗ ⃗⃗ |. As a circularly polarized wave, the electric field vector �⃗�  will rotate on 

the x-y plane. To analyze the downward wave around the peripheral wall of the proposed 

cavity, two transient plane waves Ⅲ and Ⅳ whose electric fields are along the +x and +y 

direction, respectively, have been plotted in Figure 3.9 (c). These two waves cannot 

propagate along the vertical fins due to the boundary condition given by (3.5). Actually all 

the 16 vertical fins can be used to block the diffracted waves when the direction of the 

transient �⃗�  vector is parallel to these fins. Therefore, the proposed cavity is more advanta-

geous for back-lobe reduction than the regular cylindrical cavity. 

3.3.2 Comparison with Other Ground Planes 

It has been shown in Section 3.3.1 that the proposed cavity can offer better back-lobe 

reduction ability than a flat ground plane and regular cylindrical cavity. This performance 

enhancement is mainly from the suppression of plane waves along the ground plane and 

the blocking of diffracted waves around the edge of the ground plane. To verify this 

analysis, a comparison between a flat plane ground, regular cylindrical cavity and the 

proposed cavity, in terms of the back-lobe reduction, is given in this sub-section. 

The geometry dimensions of proposed cavity are given in Table 3.2. 

Table 3.2 Cavity Dimensions (mm)  

W3 W4 R4 R5 R6 h1 h2 h3 t1 t2 

35 25 100 95 110 50 52 55 5 3 

 

For the flat ground plane and regular cylindrical cavity, the most critical dimensions 

for back-lobe reduction are the ground plane size as well as the height from antenna to 

ground plane. To make a reasonable comparison, the proposed antenna in Section 3.2 is 

placed at a height of h1 = 50 mm above the ground plane for all three cases. Meanwhile, 

the radius of the ground plane is kept at 110mm. 

The simulated back-lobe levels for the three ground plane reflectors are shown in Fig-

ure 3.10. As can be seen, the back-lobe is very high when a flat ground plane is placed 

underneath the ultra-wideband CP antenna. By using the regular cylindrical cavity, back-

lobes smaller than -12 dB can be achieved across the whole GNSS band (1.1 - 1.62 GHz). 

Further back-lobe reduction has been observed through utilizing the proposed cavity. It can 
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be noted that a minimum 8 dB and 2dB enhancement in back-lobe reduction can be 

achieved compared to flat ground plane and regular cylindrical cavity respectively when 

the proposed cavity is used as a reflector of ultra-wideband CP crossed elliptical dipole. It 

is also worth pointing out that using more fins such as 32 will help little in performance 

enhancement of the proposed antenna. Therefore, the presented cavity is integrated with 16 

fins for the reduction of manufacture complexity.     

 

Figure 3.10 Comparison of back-lobe level using different ground plane reflectors. 

Table 3.3 gives a comparison between the proposed cavity and other ground planes in 

terms of the FBR, multipath mitigation ability, size and cost. As shown, the proposed 

cavity has better performance and higher fabrication cost than the conventional flat ground 

plane and cylindrical cavity. It is cheaper and simpler than the choke ring ground plane but 

with degraded performance. 

Table 3.3 Comparison with Other Ground Planes 

Ground Plane Type Size (Radius (R), Height (H)) 
Average 

FBR 

Multipath 

Mitigation 

Ability 

Cost 

Flat Ground Plane R = 130 mm, H=5 mm 20 dB weak low 

Cylindrical Cavity R = 130 mm, H=55 mm 25 dB weak low 

Choked Ring Cavity R = 130 mm, H=55 mm 30 dB strong high 

Proposed Cavity R = 130 mm, H=55 mm 30 dB medium medium 
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3.3.3 Cavity Optimization  

Dimensions such as the length of fins and the radius of cavity play an important role 

in back-lobe reduction. Figure 3.11 depicts the back-lobe level and antenna gain under 

different pairs of W3 and W4. As indicated, the antenna gain under three states is similar. 

Under equal-length fins, the back-lobe degrades when the fin length increases. The back-

lobe level with unequal-length fins is similar to the equal 25mm fins situation across the 

GNSS band. However, the latter case features a sharp increase in back-lobe level at higher 

frequency and thus the unequal-length fins are chosen. 

 

Figure 3.11 Back-lobe level and antenna gain under different W3 and W4. 

 

Figure 3.12 Back-lobe level and antenna gain under different R6. 
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It is shown in Figure 3.12 that the antenna gain increases with larger cavity radius. 

However, the back-lobe increases after exceeding 1.5 GHz when R6 is 120mm. Since the 

aim is to keep low back-lobe radiation across the GNSS band, the cavity radius R6 is 

therefore to be kept at 110mm. With this cavity radius, the proposed antenna can achieve 

average 9 dBic gain and -17 dB backlobe.  

3.4 Results and Discussions 

In this section, the simulated and measured results including the VSWR, AR, radiation 

pattern and antenna gain of the proposed antenna are given to verify its performance. 

3.4.1 Prototype Development 

The prototype of the proposed ultra-wideband cavity backed CP antenna is shown in 

Figure 3.13. The rim of this cavity is made by gluing two semi-circle shaped conductors 

together.  

 

Figure 3.13 The prototype of ultra-wideband cavity backed CP antenna. 

3.4.2 VSWR  

The simulated and measured VSWRs of the proposed antenna are shown in Figure 

3.14. As can be seen, the measured VSWR is in good agreement with simulation. The 

simulated and measured results both indicate a 0.9 GHz to 2.95 GHz (3.28:1=106%) 

impedance bandwidth can be achieved by the proposed antenna for VSWR=2. 
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Figure 3.14 Simulated and measured VSWR of the proposed antenna with and without cavity. 

3.4.3 Axial Ratio Bandwidth 

The “phase-amplitude method” presented in [94] is used to measure the AR and 

LHCP and RHCP radiation patterns of the proposed antenna. As shown in [94], the 

following formulas can be used to calculate the RHCP and LHCP electric field compo-

nents of a CP antenna: 

𝐸𝐿𝐻𝐶𝑃 =
1

√2
{[𝐻𝐴 cos(𝐻𝑃) + 𝑉𝐴 sin( 𝑉𝑃)] + 𝑗[𝐻𝐴 sin(𝐻𝑃) − 𝑉𝐴 cos(𝑉𝑃)]} 

𝐸𝑅𝐻𝐶𝑃 =
1

√2
{[𝐻𝐴 cos(𝐻𝑃) − 𝑉𝐴 sin( 𝑉𝑃)] + 𝑗[𝐻𝐴 sin(𝐻𝑃) + 𝑉𝐴 cos(𝑉𝑃)]} 

(3.7) 

The horizontal and vertical amplitude (𝐻𝐴, 𝑉𝐴) and phase components (𝐻𝑃, 𝑉𝑃) are 

quantities that are measured at each measurement angle in the far field of the antenna, with 

the source horn orientated at angles 0o and 90o. After obtaining the amplitude (𝐻𝐴, 𝑉𝐴) and 

phase components (𝐻𝑃, 𝑉𝑃) at each measurement angle, the RHCP and LHCP radiation 

patterns can be plotted. 

To produce the AR versus frequency figure at broadside direction, the cross-polar 

power at broadside direction is calculated first at each frequency point.  

Then the AR can be calculated by 

AR = 20 log10 (
1 + 𝑒

1 − 𝑒
) (3.8) 

Where e = 10−𝑃𝑑𝐵 20⁄  and 𝑃𝑑𝐵 is the cross-polar power.  
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To evaluate the CP performance of the proposed antenna, the AR characteristics ver-

sus frequency relationship is given in Figure 3.15. As shown, the measured 3 dB AR 

bandwidth with cavity is from 1 GHz to 2.87 GHz (2.87:1=97%), which can cover the 

whole GNSS bands and a part of S band. It is also shown that the cavity improves the AR 

performance at low frequencies but degrades the AR performance at high frequencies 

when compared with the results without cavity used. 

 

Figure 3.15 Simulated and measured AR of the proposed antenna.  

3.4.4 Radiation Patterns and Gain 

Figure 3.16 shows the radiation patterns of the proposed ultra-wideband CP antenna in 

the two main planes (XoZ and YoZ planes) at 1.1 GHz, 1.4 GHz, 1.7 GHz and 2.4 GHz. 

As shown, good agreements between the simulated and measured results are observed. 

As shown in Figure 3.16, the proposed antenna can achieve larger than 30dB FBR 

across the whole GNSS frequency band. The 3 dB AR beamwidth is about 129o (x-z plane) 

and 120o (y-z plane) at 1.1 GHz, 156o (x-z plane) and 63o (y-z plane) at 1.4 GHz, 66o (x-z 

plane) and 84o (y-z plane) at 1.7 GHz. 
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          XOZ-plane                                (a)                                 YOZ-plane 

 

          XOZ-plane                                (b)                                 YOZ-plane 

 

          XOZ-plane                                (c)                                 YOZ-plane 

 

          XOZ-plane                                (d)                                 YOZ-plane 

Figure 3.16 Simulated and measured radiation patterns at: (a) 1.1 GHz, (b) 1.4 GHz, (c) 1.7 GHz, (d) 

2.4 GHz. 
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Figure 3.17 shows the simulated and measured gain with and without the integrated 

cavity. As shown, the antenna gain is around 9 dBic when the cavity is employed, which 

also indicates an average 6 dB gain enhancement is achieved compared with the results 

measured from the antenna only. The difference between the measured and simulated 

results may term from the measurement errors. 

 

Figure 3.17 Simulated and measured gain with and without cavity.  

3.4.5 Analysis of the CP Characteristics 

To investigate the ultra-wideband CP characteristic of the proposed antenna, the elec-

tric field distributions above the aperture at 1 GHz, 1.8 GHz and 2.6 GHz are given in 

Figure 3.18. 

As can be seen, the distribution of electric field is varied at different frequencies. 

From Figure 3.18 (a), it can be noticed that the maximum electric field at phase angle 0o 

and 90o appears at the end of the elliptical dipole arms. This indicates that the proposed 

antenna works in a half-wavelength dipole mode at 1 GHz. When the frequency increases 

to 1.8 GHz, the strongest electric field occurs at the side edge of the elliptical dipole arm. 

Therefore, it can be concluded that the resonance length of the proposed antenna is de-

creased, which makes the antenna work at a higher frequency band. At 2.6 GHz, the strong 

electric field no longer appears just around the antenna (see phase angle 90o in Figure 3.18 

(c)) and there are evident strong fields between the antenna and the cavity. Comparing this 

field distribution with those at lower frequencies, it is found that a higher mode is excited, 

which results in the deterioration of radiation pattern shown in Figure 3.16 (d).  
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(a) 

 

(b)

(c) 

Figure 3.18 Electric field distribution in the cavity aperture at different frequencies: (a) 1 GHz, (b) 1.8 

GHz, (c) 2.6 GHz. 

From the different electric field distributions at phase angle 0o, 45o and 90o in Figure 

3.18, it can be seen that a right-hand rotated electric field has been produced at all given 

frequencies. This indicates that the antenna is circularly polarized in an ultra-wideband 

frequency range.  

In addition, the electric fields are almost all bounded by the cavity and little field can 

propagate over the cavity as shown in Figure 3.18 (a) and (b). This phenomenon verifies 

the back-lobe reduction ability of the proposed antenna, which was analyzed in Section 

3.2. 
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3.4.6 A Comparison among Wideband CP Crossed Dipoles 

Table 3.4 gives a comparison between the proposed antenna and other CP crossed di-

poles in terms of impedance bandwidth, 3 dB AR bandwidth and average FBR. It can be 

seen that the proposed antenna has much wider CP bandwidth and larger FBR compared 

with other reported CP crossed dipole antennas. 

Table 3.4 Comparison of CP Crossed Dipole Antennas 

Ref. No. 
Antenna Size 

(at center freq.) 

Impedance 

Bandwidth 

3 dB AR 

Bandwidth 
Average FBR 

[46] 0.92×0.92 31% 15% 15dB 

[47] 1.0×1.0 38% 28% 15dB 

[48] 0.52×0.52 50% 27% <10dB 

[90] 0.17×0.17 12% 3% - 

This work 

0.7×0.7  

(without cavity) 

1.5×1.5 

 (with cavity) 

106% 97% 30dB 

 

3.5 Summary 

A single-feed ultra-wideband circularly polarized antenna has been proposed and in-

vestigated in this Chapter. A simple but effective impedance matching method is employed 

to enlarge the impedance bandwidth and a cavity is presented to reduce the back-lobe of 

the antenna. Good agreement between simulation results and measurement proves that this 

design can work in a nearly 100% bandwidth region as a CP antenna. Analysis of the 

electric field above the cavity, as given in this Chapter, has explained the ultra-wideband 

CP operation of the proposed antenna. With a lower than -15dB back-lobe level and a 

larger than 30dB FBR, this antenna is very promising for high-performance GNSS applica-

tions. 
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Chapter 4. Wideband Polarization Reconfigurable Loop Antenna 

4.1 Introduction 

An ultra-wideband CP crossed dipole which achieves around 100% 3 dB bandwidth is 

presented in Chapter 3. Although it has superior bandwidth performance, it works in one 

polarization status only. For some applications, the polarization diversity is demanded. In 

these circumstances, wideband antennas with reconfigurable polarizations are required. 

Polarization reconfigurable antennas have received considerable interest since polari-

zation diversity can be used to mitigate the detrimental fading caused by multipath effects 

in wireless local area networks (WLAN) [10], provide effective modulation scheme in 

active read/write microwave tagging systems [95] and realize frequency reuse for doubling 

the system capability in satellite communication systems [96]. 

It is stated in [97] that the channel capacity of a 2 × 2 MIMO orthogonal frequency 

division multiplexing (OFDM) system is improved by using circular-polarization recon-

figurable antennas compared with the single polarization system under both line-of-sight 

(LOS) and non-LoS (NLOS) indoor environments. A more comprehensive experiment 

held in [98] has shown that polarization reconfigurable antennas used in conjunction with 

adaptive space–time modulation techniques provide additional degrees of freedom to the 

current adaptive MIMO systems, increasing quality, capacity and reliability. These studies 

have verified experimentally the benefits of deploying polarization reconfigurable anten-

nas at the system level. 

Polarization reconfigurable antennas with switchable circular polarization have been 

widely investigated. For example, a PIN diode controlled U-slot patch antenna was pro-

posed in [99]. Its polarization states can be switched between the two circular polarization 

senses. A piezoelectric transducer (PET) based antenna with similar functionality was 

designed in [100]. There are also some studies focusing on polarization reconfigurable 

antennas with full polarization configurability (two orthogonal linear polarizations and two 

circular polarizations) [101, 102]. However, the 3 dB axial ratio (AR) bandwidths of the 

aforementioned antennas are relatively narrow. The 3 dB AR bandwidths of [99-102] are 

2.8%, 1%, 4.5% and 3.8% respectively. In specific application such as satellite communi-

cation where the spectrum requirements are relatively rich, these narrow band antennas 

will be of limited application due to their bandwidth restriction. In this case, developing a 

wideband polarization reconfigurable antenna with more than 10% 3 dB AR bandwidth is 

important for dual-CP satellite communications [103].  
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This Chapter includes two parts. First, a novel polarization reconfigurable dual-loop 

antenna which could alter its polarization states electronically to RHCP, LHCP or LP is 

proposed. To reduce the size of the dual-loop structure, a wideband single-loop antenna 

with switchable circular polarization is presented in the second part. The proposed antenna 

can achieve more than 12% overlapped operating bandwidth under both LHCP and RHCP 

states. Moreover, the theoretical analysis of the impedance matching method is conducted 

with analytical formulas derived and the derived formulas can be used for impedance 

matching of various kinds of antennas.  

This Chapter is organized as follows: the polarization reconfigurable dual-loop antenna 

and its performance are given. Then, the wideband single-loop antenna with switchable 

circular polarization is presented in Section 4.3. The impedance matching method and 

relevant theoretical analysis of this method are also provided. A conclusion is given at the 

end.    

4.2 Polarization Reconfigurable Dual-Loop Antenna 

4.2.1 Antenna Configuration and Operation Mechanism  

As indicated in Section 2.3.4, travelling-wave current can be excited for a loop anten-

na if a small gap is inserted to form an open-loop structure. Once the travelling-wave 

current is excited along the loop, CP radiation can be achieved as explained in Section 

2.2.3. It is noted that the open-loop antenna can radiate RHCP or LHCP wave according to 

different gap position, as shown in Figure 4.1. Therefore, a polarization reconfigurable 

antenna can be obtained if the two gaps can be inserted into the same loop and one of them 

is functioned as a gap while the other one is shorted. RF switches such as PIN diodes can 

realize this functionality when they are biased separately. Based on this conception, a 

polarization reconfigurable antenna consisting of PIN diodes loaded loops is proposed, as 

shown in Figure 4.2, where it is concluded that RHCP radiation is achieved when diodes 1 

and 3 are turned on while diodes 2 and 4 are turned off because anti-clockwise travelling-

wave electric current is excited in this case. Similarly, clockwise travelling-wave electric 

current can be excited once diodes 2 and 4 are turned on and thus LHCP radiation is 

realized under this state. When the four diodes are all turned on, standing-wave current 

distributions are excited along both loops and thus LP radiation is achieved.    

As shown in Figure 4.2, each loop has a radius R and width w1. It is printed on a FR4 

substrate with a relative permittivity of 4.4, loss tangent of 0.02 and height of 1.6 mm. A 
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coplanar stripline (CPS) is used at the feed input for impedance matching and relevant 

analysis of this impedance matching method will be given in the Section 4.3.3. 

 

Figure 4.1 LHCP and RHCP open loop antenna based on different gap position. 

 

Figure 4.2 Geometry of the polarization reconfigurable dual-loop antenna. 

Detailed antenna design parameters are given in Table I. 

Table 4.1 Dual-Loop Antenna Parameters 

R α w1 w2 w3 L1 L2 h 

15mm 45o 5mm 3mm 1mm 5mm 9.5mm 10mm 

 

To obtain accurate simulation results, the DC bias circuit is taken into account in the 

simulation model. When the selected Infineon BAR50-02V diode is forward biased, a 

resistor with 10 ohms resistance is used while a 0.15pF lumped capacitor is used when the 

PIN diode is reversely biased. Furthermore, eight 100nH inductors are embedded in the 

DC bias line, which are used for RF choking. Additionally, a 10pF capacitor is placed in 

the CPS for the purpose of DC blocking. 
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4.2.2 Simulation Results and Discussion 

The numerical analysis is conducted with the aid of Ansoft HFSS. By changing the 

status of the four PIN diodes, the proposed antenna can radiate RHCP, LHCP and LP 

waves, respectively. 

4.2.2.1 Reflection Coefficients 

The reflection coefficient (S11) of the proposed antenna under three different polariza-

tion states is shown in Figure 4.3. It is indicated that a 12% and 7% impedance bandwidth 

(S11 < -10dB) have been achieved for CP and LP, respectively. 

 

Figure 4.3 Simulated reflection coefficients under three states. 

4.2.2.2 Axial Ratio Bandwidth 

Figure 4.4 depicts the AR of proposed polarization reconfigurable antenna versus fre-

quency in the broadside direction under RHCP and LHCP situation. A 5% 3 dB AR 

bandwidth is achieved under both RHCP and LHCP states. 

 

Figure 4.4 Simulated AR under two states. 
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4.2.2.3 Radiation Patterns 

The simulated radiation pattern at 2.4 GHz for different polarization states are plotted 

in two planes (𝜑 = 0𝑜 , 90𝑜), as shown in Figure 4.5. Over 9.8 dBi peak gain is achieved 

for all polarization due to the presence of the ground plane. It is also noticed that low side 

lobe level of -26 dB for circular polarization and -23 dB for linear polarization have been 

obtained, which verifies the proposed antenna as a good unidirectional antenna.  

  

                                            (a)                                                                                 (b) 

 

(c) 

Figure 4.5 Simulated radiation pattern at 2.4 GHz under different polarization states. (a) RHCP, (b) 

LHCP, (c) LP. 

4.2.2.4 Discussion 

As shown in Figure 4.3, the impedance bandwidth of the CP state and LP state are not 

overlapped well. It is thus meaningful to increase the overlapped impedance bandwidth 

under CP and LP modes, which facilitates the overall bandwidth of the dual-loop antenna. 

A preliminary method is to change the loop dimensions or the inserted PIN diode’s rota-

tion angle. However, this strategy will degrade the AR characteristic. Since the impedance 

bandwidth is much wider than the AR bandwidth for CP, it is possible to shift the imped-
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ance bandwidth to higher frequency by using a CPS with different impedance and length. 

This impedance tuning process using a specific transmission line will be discussed in detail 

in the following Section 4.3.3. 

4.2.3 Experimental Results  

The prototype of the proposed dual-loop antenna is shown in Figure 4.6. The antenna 

is fed by a semi-rigid coaxial line which is passed through the ground plane via a hole. The 

DC lines isolated with inductors and are connected to a DC voltage source when the 

antenna is under test. 

 

Figure 4.6 Prototype of the polarization reconfigurable dual-loop antenna. 

 

The measured S11 of three different polarization states are shown in Figure 4.7. There 

is a frequency shift compared to simulated results for all polarization states. The measured 

impedance bandwidths for circular polarization and linear polarization are about 14% and 

6% respectively. There is also a slight discrepancy in measured S11 between RHCP and 

LHCP. These differences may be caused by the permittivity variation of FR4 substrate and 

fabrication accuracy. 
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Figure 4.7 Measured reflection coefficients under three states. 

4.3 Wideband Polarization Reconfigurable Single-Loop Antenna 

In the Section 4.2, a dual-loop antenna which can change its polarization status to 

three different states is presented. However, the 3 dB AR bandwidth of this dual-loop 

antenna is only 5%. To reduce the size, a single-loop antenna with switchable circular 

polarization is proposed in this section. Furthermore, a parasitic open-loop concentric ring 

is introduced which effectively improves the 3 dB AR bandwidth under both RHCP and 

LHCP states.  

4.3.1 Antenna Configuration and Operating Principles 

The configuration of the polarization reconfigurable single-loop antenna is shown in 

Figure 4.8. Two loops are printed on both sides of a 0.8 mm thick Rogers RO4003 sub-

strate. The outer loop is loaded by two PIN diodes and is printed on the top layer of the 

substrate. The inner loop with two small gaps is etched on the bottom layer of the sub-

strate. In order to feed this antenna, a coplanar stripline (CPS) is introduced. This CPS 

feeds the antenna from the inside of the loop and is also used as an impedance transformer. 

Beneath the antenna board, there is a ground plane reflecting the downward waves which 

also helps generate CP radiation [104]. 
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(a) 

 

(b) 

 

(c) 

Figure 4.8 Geometry of the polarization reconfigurable single-loop antenna: (a) top view, (b) bottom 

view, (c) side view. 

There are two magnified pictures in Figure 4.8 (a) showing the PIN diodes bias circuit 

and DC blocking. Regarding the control of the PIN diodes, two DC bias lines are intro-

duced with small square pads for soldering. Inductors are inserted into the DC bias lines 

for RF choking and the values of these inductors are also important to the CP performance 

of the proposed antenna. The DC blocking is implemented by two capacitors to stop the 

DC current flowing to the antenna feeding. 
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The antenna dimensions are shown in Table 4.2. 

Table 4.2 Single-Loop Antenna Parameters 

R1 R2 W1 W2 L1 φ1 φ2 α β h 

17mm 11.5mm 4mm 3mm 9mm 3o 7o 40o 50o 27.2mm 

 

As explained in Section 4.2.1, travelling-wave electric currents with different flow di-

rections result in switchable radiation polarizations for the dual-loop structure. Likewise, 

for the single-loop antenna, RHCP radiation is achieved when diode 2 is turned on while 

diode 1 is off due to the anti-clockwise electric current flow. LHCP radiation is realized 

when diode 1 is turned on and diode 2 is off. 

4.3.2 Investigation of AR Bandwidth Enhancement 

As indicated in the introduction of this Chapter, the AR bandwidths of state-of-the-art 

polarization reconfigurable CP antennas are relatively narrow. It is therefore essential to 

enhance the AR bandwidth of this kind of antenna for some applications such as wideband 

satellite communication. 

It has been found that the AR bandwidth of a CP loop antenna can be enhanced by 

adding a smaller parasitic open loop inside the original one [64, 71, 105]. The idea is to 

create another minimum AR point beyond the single minimum AR point produced by a CP 

loop without any parasitic structures. By appropriately combing these two minimum AR 

points, the CP bandwidth can be enhanced significantly.  

Unlike traditional CP loop antennas with only single-sense circular polarization, the 

AR bandwidth enhancement for dual-sense CP loop antenna is more complicated. It is no 

longer feasible to improve the AR bandwidth of a dual-sense CP loop antenna by simply 

adding a single-gap loaded parasitic loop. If a parasitic loop with a gap near PIN diode 1 is 

placed inside the original loop shown in Figure 4.8, the AR bandwidth under the RHCP 

state can be enhanced. However, the 3 dB AR bandwidth of LHCP cannot be improved 

since the distance between the gap and the PIN diode 2 is too far to compensate the 

magnitude variation of the current on the primary loop. To improve the bandwidth of both 

RHCP and LHCP, an idea is to utilize a double-gap loaded parasitic loop, where the two 

gaps are symmetrically placed and are of equal distances to PIN diodes 1 and 2, respec-

tively.   

Ansys HFSS is used to analyze the effect of the dual-gap loaded parasitic loop on the 

axial ratio of the proposed antenna. Figure 4.9 shows the comparison between the polariza-
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tion reconfigurable antennas with and without a double-gap loaded parasitic element in the 

LHCP state. It is found that the axial ratio is larger than 3 dB when the double-gap loaded 

parasitic loop is not present.  Compared with the result observed in [64], where the AR is 

still less than 3 dB even when the parasitic loop is removed, it is concluded that the dual-

gap loaded parasitic loop is different from single-gap loaded parasitic loop in helping 

compensate the magnitude variation of the current on the primary element. 

 

Figure 4.9 Axial ratio comparison with and without the parasitic loop under LHCP state. 

Figure 4.10 and Figure 4.11 show the AR variation with different R2 and β, respective-

ly. It is found from these two figures that the radius of parasitic loop R2 and the angle β 

play an important role in AR bandwidth enhancement for the proposed antenna. By 

changing these parameters, the coupling between the parasitic loop and primary loop can 

be tuned to achieve a maximum 3 dB AR bandwidth. 

 

Figure 4.10 Axial ratio variation with different R2 under LHCP state. 



Chapter 4. Wideband Polarizations Reconfigurable Loop Antenna 

72 

 

 

Figure 4.11 Axial ratio variation with different β under LHCP state. 

4.3.3 Analysis of Impedance Matching 

CPS lines were introduced to feed both the dual-loop and single-loop antennas and al-

so act as an impedance transformer. The length of this single-section line is not one quarter 

wavelength and thus this impedance transformer is not equal to the quarter-wave trans-

former analyzed in [106].  

Using a single-section transmission line with specific characteristic impedance and 

non-quarter wavelength length to match an antenna with complex input impedance has 

been widely used. To obtain an in-depth understanding of the impedance matching tech-

nique and also make this method easier to implement, a detailed analysis is given in this 

sub-section. Figure 4.12 shows the circuit employing a single-section transmission line 

with specific characteristic impedance and length. By determining the transmission line 

characteristic impedance Zo and length L, it is feasible to transform the terminal impedance 

ZL to desirable impedance Zin, typically 50 in the scenario of antenna impedance match-

ing. 

Zin ZLZo

L  

Figure 4.12 Circuit model of single-section transformer. 
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4.3.3.1 Theoretical Analysis 

Refering to Figure 4.12, the input impedance can be expressed as 

𝑍𝑖𝑛 = 𝑍𝑜
𝑍𝐿 + 𝑗𝑍𝑜 𝑡𝑎𝑛 𝛽𝐿

𝑍𝑜 + 𝑗𝑍𝐿 𝑡𝑎𝑛 𝛽𝐿
 (4.1) 

Where 𝛽 = 2𝜋/𝜆 is the phase constant of the line. 

Instead of normalizing all impedance by dividing transmission line characteristic im-

pedance 𝑍𝑜, here 𝑍𝑜 and 𝑍𝐿 are normalized by 𝑍𝑖𝑛, that is: 

𝑍𝑜
𝑍𝑖𝑛

= 𝑟,
𝑍𝐿
𝑍𝑖𝑛

= 𝑥 + 𝑗𝑦 (4.2) 

It is desired to make 𝑍𝑖𝑛 equal to 50 , which is usual for antenna impedance match-

ing. Therefore, 𝑍𝑜/𝑍𝑖𝑛 can be represented by a real number r. After this normalization, the 

proposed impedance matching method can be performed by solving (4.1). 

After normalization, (4.1) can be rewritten by the following equation and the desirable 

𝑍𝑖𝑛 can be obtained, through the proposed method, 

1 =  𝑟
(𝑥 + 𝑗𝑦) + 𝑗𝑟 tan𝛽𝐿

𝑟 + 𝑗(𝑥 + 𝑗𝑦) tan𝛽𝐿
 (4.3) 

When 𝐿 =
𝜆

4
+ 𝑛

𝜆

2
, tan 𝛽𝐿 = ∞, and (4.3) becomes 

𝑟2

𝑥 + 𝑗𝑦
= 1 (4.4) 

This means that the proposed method is equivalent to the traditional ‘𝜆/4 impedance 

transformer’ for real terminal impedance (y=0). 

When 𝐿 ≠
𝜆

4
+ 𝑛

𝜆

2
, we can rearrange (4.3) and equate the real and imaginary parts to 

yield: 

{
ytan𝛽𝐿 = 𝑟(1 − 𝑥)

(𝑥 − 𝑟2)tan𝛽𝐿 = 𝑟𝑦
 (4.5) 

Apart from 𝑟2 = 𝑥 and 𝑦 = 0, which is already included in the situation 𝐿 =
𝜆

4
+ 𝑛

𝜆

2
, 

(4.5) can be rewritten more clearly by 

{
tan𝛽𝐿 = 𝑟(1 − 𝑥)/𝑦

tan𝛽𝐿 = 𝑟𝑦/(𝑥 − 𝑟2)
 (4.6) 

Through this identical equation set, r can be represented by 

𝑟2 = 𝑥 +
y2

𝑥 − 1
 (4.7) 
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Considering arbitrary terminal impedance 𝑍𝐿, the normalized terminal impedance is 

arbitrary as well, i.e. x and y are arbitrary. Therefore, the solving process for r can be 

divided into four cases. 

A: 𝑥 > 1 

When 𝑥 > 1, then r can be expressed by 

𝑟 = √𝑥 +
y2

𝑥 − 1
 (4.8) 

B: 0 < 𝑥 < 1 

In this case, r can be expressed by equation (4.8) only if 

(x −
1

2
)
2

+ y2 <
1

4
 (4.9) 

C: 𝑥 = 1 

Through (4.5), when y = 0, then 𝑟 = 1 is the only solution. This means when 𝑍𝐿 = 𝑍𝑖𝑛, 

𝑍𝑜 should equal to 𝑍𝐿 in order to get a good impedance match. 

D: 𝑥 = 0 

(4.7) is insoluble under this case. Actually this situation is non-existent in the applica-

tion of antenna impedance matching, since all antennas have a real part of its input 

impedance; otherwise it cannot be treated as a radiation device. 

When r is solvable under cases A and B, the length of transmission line L can be ex-

pressed as 

𝐿 =
𝜆

2𝜋
𝑡𝑎𝑛−1(

1 − 𝑥

𝑦
√𝑥 +

𝑦2

𝑥 − 1
) (4.10) 

It is noticed that the length of transmission line L should be a positive number and 

thus θ = tan−1 (
1−𝑥

𝑦
√𝑥 +

y2

𝑥−1
) can be solved only in the interval [0, 𝜋]. 

Overall, the impedance of the proposed transmission line 𝑍𝑜 and its length L can be 

determined by the following equations, 

{
  
 

  
 

𝑍𝑂 = 𝑍𝑖𝑛√𝑥 +
𝑦2

𝑥 − 1

𝐿 =
𝜆

2𝜋
𝑡𝑎𝑛−1 (

1 − 𝑥

𝑦
√𝑥 +

𝑦2

𝑥 − 1
)

 (4.11) 
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where 
𝑍𝐿

𝑍𝑖𝑛
= 𝑥 + 𝑗𝑦 and x, y should be subject to 

𝑥 > 1  𝑜𝑟  {

0 < 𝑥 < 1

(𝑥 −
1

2
)
2

+ 𝑦2 <
1

4

 (4.12) 

4.3.3.2 Verification of Theoretical Analysis 

Considering two different antenna input impedances, 𝑍𝐿1 = (200 − 400𝑗) 𝛺 and 

𝑍𝐿2 = (10 + 15𝑗) 𝛺, which are both subject to 4.12, it is feasible to use a single-section 

transmission line with length L (or electrical length θ) and impedance 𝑍𝑜 matching 𝑍𝐿1 and 

𝑍𝐿2 to a 50 Ω system. 

For 𝑍𝐿1 = (200 − 400𝑗) 𝛺, it can be calculated by (4.11) that the characteristic im-

pedance of the single-section transmission line 𝑍𝑜1  should be 251 Ω and the electrical 

length 𝜃1 should be 62o to complete an ideal impedance matching. 

Similarly, for 𝑍𝐿2 = (10 + 15𝑗) 𝛺, we can get 𝑍𝑜2 =14 Ω and 𝜃2=38o. 

To verify these two sets of result obtained from (4.11), the commercial software ADS 

is utilized to simulate the circuit shown in Figure 4.12. The antenna input impedance and 

the input impedance after matching are shown in Figure 4.13.  

 

Figure 4.13 Verification of the proposed impedance matching method using ADS. 

As can be seen from Figure 4.13, the antenna input impedance 𝑍𝐿1 and 𝑍𝐿2 can be 

matched to 50 Ω after using a single-section transmission line with the above calculated 

values. 
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To explain how this method is used to tune the impedance matching of the single-loop 

antenna, the impedance loci of the proposed single-loop antenna before and after matching 

are given in Figure 4.14.  

 

Figure 4.14 Impedance loci of the proposed antenna before and after matching. 

As shown, the input impedance of the proposed antenna at 2.4 GHz is 50 × (1.3-j) Ω. 

As it is aimed to tune the antenna at this frequency point, the characteristic impedance and 

the electrical length of the CPS line are calculated to be 106 Ω and 35o, respectively. It is 

also shown that the antenna input impedance at 2.4 GHz has changed to 50 × (1-0.1j) Ω 

after using the CPS line with the calculated values. The impedance locus of the proposed 

antenna has also shifted to the matching point, which proves that the impedance matching 

method using single-section transmission line with specific characteristic impedance and 

electrical length works effectively. 

4.3.4 Measurement and Simulation Results 

4.3.4.1 Reflection Coefficient 

The prototype of the proposed single-loop antenna is shown in Figure 4.15. As can be 

seen, four DC bias lines are soldered perpendicularly to the antenna board and then con-

nected to a single-pole double-throw (SPDT) switch for controlling the two PIN diodes. 

Through shielding the DC lines and the switch by the ground plane, the influence of the 

lines and switches can be minimized. 
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Figure 4.15 Prototype of the proposed antenna. 

Two Skyworks SMP1345-079LF PIN diodes with small capacitance (smaller than 0.2 

pf) and series resistance 2 Ω are used in the prototype. To drive the PIN diodes, two 1.5 V 

AA batteries with 1.5 V voltages are mounted in a battery bracket and then are connected 

to a SPDT switch. The polarization status of the antenna can be changed to LHCP or 

RHCP electronically by controlling the state of the switch. 

As shown in Figure 4.16, the simulated and experimental reflection coefficients are in 

good agreement. From the measured results, a 32% impedance bandwidth is achieved for 

LHCP while a 39% bandwidth is obtained for RHCP. The difference between LHCP and 

RHCP results may be caused by the two diodes’ different characteristics as well as the 

unbalanced coaxial cable feeding. 

  

(a)                                                                                       (b) 

Figure 4.16 Simulated and measured reflection coefficients under different polarization status: (a) 

LHCP, (b) RHCP. 

4.3.4.2 Axial Ratio 

Figure 4.17 (a) and (b) show the experimental and simulated AR under the LHCP and 

RHCP states, respectively. As observed, the measured AR bandwidth is slightly smaller 
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than the simulated results and this is believed to be caused by the fabrication errors and the 

differences between simulation models and practical values of the lumped elements 

utilized in the proposed antenna.  

 

(a)                                                                                       (b) 

Figure 4.17 Simulated and measured axial ratio under different polarization status: (a) LHCP, (b) 

RHCP. 

For a polarization reconfigurable antenna with CP polarizations, the overlapped 

bandwidth between impedance bandwidth and AR bandwidth is usually used to evaluate 

the antenna bandwidth characteristic. Comparing Figures 4.16 and 4.17, it is found that the 

overlapped bandwidth is mainly determined by the AR bandwidth. The measured over-

lapped bandwidth under the RHCP and LHCP states is 12% and 14%, respectively. 

4.3.4.3 Radiation Pattern 

The radiation pattern of the proposed antenna is measured using a linearly polarized 

horn antenna and the method presented in [94] is employed to get the RHCP and LHCP 

radiation patterns. Figure 4.18 shows the radiation patterns under the LHCP and RHCP 

states at 2.4 GHz in the two main planes. 

As shown, the measured radiation patterns are in good agreement with the simulation 

results. A unidirectional radiation pattern with low cross polarization can also be observed. 

It is noted that the measured back lobe level is much lower than the simulation results and 

this is caused by the antenna mounting as shown in Figure 4.19 which shows the meas-

urement setup of the proposed antenna in the chamber. To avoid the reflection from the 

positioner, an absorber is mounted behind the ground plane of the proposed antenna. The 

back radiation is suppressed by this absorber and thus the measured back lobe is much 

lower than the simulation results. Considering that there is a ground plane under the 

proposed antenna and the main beam characteristic is of major concern in evaluating the 
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antenna performance, it is believed that the measurement method is reasonable and rela-

tively accurate for this antenna. 

 

(a) 

 

(b) 

Figure 4.18 Simulated and measured radiation patterns at 2.4 GHz: (a) LHCP state, XoZ plane and 

YoZ plane, (b) RHCP state, XoZ plane and YoZ plane. 

 

Figure 4.19 Measurement setup of the proposed antenna in the chamber. 
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4.4 Summary 

This Chapter presents two polarization reconfigurable loop antennas for polarization 

diversity applications. A novel polarization reconfigurable dual-loop antenna which could 

alter its polarization states electronically to RHCP, LHCP or LP was designed at first. To 

reduce the size of the dual-loop structure, a wideband single-loop antenna with switchable 

circular polarization was presented. The proposed single-loop antenna can achieve more 

than 12% overlapped operating bandwidth under both the LHCP and RHCP states. Both 

the dual-loop and single-loop antenna have utilized a single-stage impedance transformer 

to realize good impedance matching. Detailed theoretical analysis of this impedance 

matching technique is provided and the derived analytical formulas can be applied to other 

various types of antennas for impedance matching. 
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Chapter 5. Inverted-S Antenna with Wideband Circular Polarization 

and Wide Axial Ratio Beamwidth 

5.1 Introduction 

Chapters 3 and 4 investigate two different types of CP antennas which have wide 3 dB 

AR bandwdith. Besides improving the AR bandwidth, widening the AR beamwidth of CP 

antennas has received increasing interest recently since wide CP beams are beneficial for 

receivers in global navigation satellite systems (GNSS) [7] and are necessary for wide-

angle CP beam-scanning array [13]. Therefore, it is meaningful to design wideband CP 

antennas with wide AR beamwidth  

Despite the importance of wideband CP antennas with wide AR beamwidth, only sev-

eral researches were reported. Two pairs of parallel dipoles were orthogonally placed in a 

square contour and were excited in phase quadrature to acquire wide AR beamwidth when 

the space between the parallel dipoles was appropriately chosen [107]. The AR bandwidth 

of this antenna is from 1.52 GHz to 1.65 GHz (8%) and 126o AR beamwidth is achieved at 

1.6 GHz. However, the AR beamwidth decreases when frequency shifts away from 1.6 

GHz. A stacked patch antenna with 10% CP bandwidth and 140o AR beamwidth was 

presented in [108]. Likewise, the AR beamwidth is measured at only 2.4 GHz and the AR 

beamwidths at other frequency points within the working band are not provided. In [109], 

a wideband magneto-electric dipole which has 33% AR bandwidth and 85o AR beamwidth 

within the AR passband in the two main planes was reported. Stable wide angular CP 

radiation could also be observed in [110], where a crossed dipole was loaded with a 

magneto-electric dipole to realize good CP performance. In [110], 27% AR bandwidth was 

achieved and over 165o AR beamwidth could be realized from 1.45 GHz to 1.7 GHz (15%) 

in the two main planes. Although the antenna presented in [109, 110] can achieve wide-

band CP radiation with wide angular CP coverage in the two main planes, it is not clear 

whether wide AR beamwidths can be maintained in other elevation planes. Moreover, 

these antennas have complicated structures, which make them difficult to be implemented 

in wideband CP arrays. 

In this Chapter, a novel inverted S-shaped CP antenna with a simple configuration is 

presented, which achieves wide CP bandwidth and wide AR beamwidth simultaneously. 

Stable wide angular CP radiation characteristics are maintained in a wide frequency range 

in the XOZ plane. In other elevation planes, the AR beamwidths are wider than the half 

power beamwidths (HPBWs). Compared with other reported antennas, the proposed 
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antenna achieves a wider CP bandwidth and a more stable AR beamwidth within the 

operational bandwidth. Moreover, it can be easily extended to a wideband CP array with 

wide AR beamwidth, which is also discussed in this Chapter.  

This Chapter is organized as follows: Section 5.2 introduces the antenna configuration 

and operational principles of wide angular CP radiation; Section 5.3 presents the simula-

tion results and measurement results of the proposed antenna as well as the comparison 

with other reported wideband wide AR beamwidth antennas; Section 5.4 presents a linear 

array consisting of the proposed antenna element and the results of this array; the summary 

of this Chapter is given in Section 5.5.  

5.2 Antenna Configuration and Operating Principles 

5.2.1 Antenna Configuration 

Linearly polarized (LP) dipole antennas are widely deployed due to their simple con-

figuration and expandability to various arrays. One attractive feature of LP dipoles is that 

they have omnidirectional radiation pattern in the H-plane. This characteristic inspires the 

proposed design, which is explained below. 

Figure 5.1 shows the configuration of a LP dipole and the proposed CP S-shaped an-

tenna. As shown, both the LP dipole and the CP “S” antenna have two arms and are fed by 

an AC source which provides 180o phase differences to the two arms. By bending the LP 

dipole into a curved shape with variable wire width, it is found that travelling current is 

excited once the “S” shaped conductor is designed to have enough curve length (1.4g-

1.8g). As indicated in Section 2.2.3, CP radiation can be achieved if travelling-wave 

current is excited along curved structure. Therefore, the proposed S-dipole can realize CP 

radiation. 

 

Figure 5.1 Linearly polarized dipole and circularly polarized S-shaped antenna [111, 112]. 



Chapter 5. Inverted-S Antenna with Wideband Circular Polarization and Wide AR Beamwidth 

83 

 

Moreover, similar to the omnidirectional radiation of LP dipoles in their H-plane, the 

presented CP S-dipole antenna can radiate CP waves at nearly all angles in the xoy plane 

except for the ±X direction, which results in a wide 3 dB AR beamwidth in the xoy plane. 

The AR degradation along ±X direction is caused by the alteration of wave propagating 

direction. Considering that clockwise traveling-wave current is excited along the “S” 

structure, the radiated CP E-field in the xoy plane rotates in the clockwise direction, the 

change of the propagating direction results in LHCP radiation in the +Y region and RHCP 

in the –Y region. At the interface of these two orthogonal CP waves, LP radiation occurs. 

Anti-clockwise travelling-wave current can be excited to realize RHCP radiation if the 

“S” shaped dipole is converted into an inverted “S” shaped dipole, as shown in Figure 5.2. 

The antenna is printed on the bottom layer of a 0.508mm thick Rogers RO4003C substrate 

with a size of W1×L1. To feed the antenna, an integrated balun which transforms the 

unbalanced microstrip feed to balanced slot line feed is utilized. The balun is printed on a 

0.813mm thick Rogers RO4003C substrate which has a size of W1×H7. An L2×L2 sized 

ground plane is placed below the antenna with a distance of H1 for directional radiation.  

 

Figure 5.2 Geometry of the inverted-S antenna. 



Chapter 5. Inverted-S Antenna with Wideband Circular Polarization and Wide AR Beamwidth 

84 

 

The curved arm can be obtained through cutting a bigger ellipse by a smaller rotated 

ellipse, as shown in Figure 5.3. This method is inspired by [113], where two concentric 

semi-circles are used to form a vortex slot. As can be seen from Figure 5.3, the bigger 

ellipse has a major axis radius R1 and minor axis radius R2 while the smaller ellipse major 

and minor axis radius are R3 and R4, respectively. The smaller ellipse is counterclockwise 

rotated along point O with an angle of α and then it is subtracted from the bigger ellipse. 

 

Figure 5.3 Detailed geometry of the curved arm. 

 

Table 5.1 gives the antenna parameters and the rotation angle α is 10o. The lengths of 

the outer curve and inner curve are around 65 mm and 52 mm equaling to about 1.8λg and 

1.4λg at the center frequency 5 GHz, which provides enough paths for a travelling-wave 

current flowing along the curved arm. The distance between the antenna and the ground 

plane (H1) is chosen to be 18 mm to achieve maximum AR bandwidth. Meanwhile, the 

antenna gain can also be maintained at a reasonable value at this height. The ground plane 

size (L2×L2) is determined by taking into consideration the performance of AR and radia-

tion patterns. Generally, the AR bandwidth degrades but the back lobe is decreased with 

larger L2. The size of the ground plane is chosen to be 90 mm×90 mm to achieve wide AR 

bandwidth and good radiation patterns. 
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Table 5.1 Inverted-S Antenna Parameters 

L1 L2 W1 W2 W3 W4 W5 H1 H2 

80 90 45 8 1.77 2.46 0.8 18 14 

H3 H4 H5 H6 H7 R1 R2 R3 R4 

21.5 11.5 6.23 2 30 15 12.5 12 10 

5.2.2 Operating Principle of CP Radiation 

To explain the operating principle of the CP radiation, the surface current distribution 

on the curved arms at different times is shown in Figure 5.4. The null of the surface current 

is propagating along the curved arms, which is similar to the phenomenon observed in 

[114]. According to Section 2.2.3, once a travelling-wave electric current is generated 

along a curved structure, CP radiation can be obtained. It is reported in [114] that a 

travelling-wave current is realized along the equiangular strip and aperture edge. Different 

from [114], in this design the travelling-wave current is excited along the curved arms 

even without any ground plane or cavity, which simplifies the fabrication and makes the 

presented antenna a better candidate for the array application. Furthermore, the proposed 

antenna exhibits wide AR beamwidth characteristics which do not exist in [114]. 

 

Figure 5.4 The surface current on curved arms at different phases. 

5.2.3 Mechanism of Wide AR Beamwidth 

Considering that the antenna consists of two curved arms fed out of phase, the far-

field radiation of the proposed antenna can be synthesized using a 2-element array. To 

validate this assumption, a 2-element array with the same size as the proposed S-antenna 

was simulated and each curved arm is fed by a lumped port like a horizontal monopole as 

shown in Figure 5.6 (a), and with 180o phase difference between the two ports. 
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For a fair comparison of the radiated electric field, the distance between the ground 

plane and the 2-element array is kept at 18 mm, the same as the height of the proposed 

antenna. The antenna is fed by a lumped port to eliminate the need for a balun. Figure 5.5 

shows the comparison of radiation patterns in RHCP and LHCP components between the 

proposed antenna and the 2-element array at 4.7 GHz in the XOZ plane. As shown, the far-

field radiation between the proposed antenna and the 2-element array is nearly the same. 

The agreement of the radiation patterns can also be observed at other frequencies and 

different elevation planes. Therefore, it is reasonable to deem the proposed antenna as a 2-

element array as shown in Figure 5.6. 

 

Figure 5.5 The radiation patterns of the proposed antenna and the 2-element array in XOZ plane 

  

(a)                                                                                 (b) 

Figure 5.6 Geometrical arrangement of 2-element array: (a) feeding structure, (b) geometry parame-

ters. 
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The radiated fields of the proposed antenna can then be obtained by vector summing 

of the fields radiated by each element (curved arm). As shown in Figure 5.6, P1 and P2 

denote the phase center of each element respectively. Because element 2 is acquired 

through rotating element 1 by 180o at the origin point O, the points P1, P2 and O are in a 

line. Denoting the distance between P1 and P2 by 𝑑 and the angle between the line P1OP2 

and axis X by 𝜑𝑐, the spatial phase delay of the two elements in XOZ plane can then be 

represented by:  

𝛿 = 𝑘0𝑑 cos𝜑𝑐 sin 𝜃 (5.1) 

where 𝑘0  is the wavenumber in free space. For an elliptically polarized antenna, the 

radiated electric field of element 1 can be written by [115]:  

𝐸1⃗⃗⃗⃗ (𝜃, 𝜑) = 𝑎(𝜃, 𝜑)𝑒𝜃⃗⃗⃗⃗ + 𝑏(𝜃, 𝜑)𝑒𝜑⃗⃗⃗⃗ 𝑒
𝑗
𝜋
2  (5.2) 

Here, 𝑎(𝜃, 𝜑) and 𝑏(𝜃, 𝜑) are the amplitude of the two orthogonal unit vectors 𝑒𝜃⃗⃗⃗⃗  and 

𝑒𝜑⃗⃗⃗⃗ , which are functions of 𝜃 and 𝜑. For a qualitative analysis, the total field in the XOZ 

plane is deduced while the fields in other planes can also be derived by using different 

spatial phase delay between the two elements. 

As element 2 is axisymmetric to element 1, the radiated field of element 2 in XOZ 

plane can be written as follows: 

𝐸2⃗⃗⃗⃗ (𝜃, 0) = −𝐸1⃗⃗⃗⃗ (𝜃, 𝜋) = −𝐸1⃗⃗⃗⃗ (−𝜃, 0) (5.3) 

Here, the negative sign stems from the physical rotation angle π which results in a re-

verse direction of the electric field. The total electric field in XOZ plane is given by: 

𝐸𝑡⃗⃗  ⃗(𝜃, 0) = 𝐸1⃗⃗⃗⃗ (𝜃, 0) + 𝐸2⃗⃗⃗⃗ (𝜃, 0)𝑒
𝑗𝜋𝑒𝑗𝛿 (5.4) 

The 𝑒𝑗𝜋 component in (5.4) comes from the feeding phase difference π. Substituting 

(5.2) and (5.3) into (5.4) and (5.4) can be rewritten as 

𝐸𝑡⃗⃗  ⃗(𝜃, 0) = [𝑎(𝜃, 0) + 𝑎(−𝜃, 0)𝑒
𝑗𝛿]𝑒𝜃⃗⃗⃗⃗ + [𝑏(𝜃, 0) + 𝑏(−𝜃, 0)𝑒

𝑗𝛿]𝑒𝜑⃗⃗⃗⃗ 𝑒
𝑗
𝜋
2  (5.5) 

(5.5) indicates that the total field 𝐸𝑡⃗⃗  ⃗ in the XOZ plane equals to the summation of field 

 𝐸1⃗⃗⃗⃗  ⃗(𝜃, 0) and  𝐸1⃗⃗⃗⃗  ⃗(−𝜃, 0)𝑒
𝑗𝛿. The physical insight of (5.5) is that the total field 𝐸𝑡⃗⃗  ⃗ origi-

nates from two elliptically polarized fields while the phase difference between them is 𝛿. 

Due to the asymmetric radiation pattern to Z axis of each element, 𝐸1⃗⃗⃗⃗ (−𝜃, 0) does not 

equal to 𝐸1⃗⃗⃗⃗ (𝜃, 0) for a given elevation angle 𝜃 (except for 𝜃 = 0). Denoting the axial ratio 
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of 𝐸1⃗⃗⃗⃗ (𝜃, 0) by 𝐴𝑅1(𝜃) and the axial ratio of 𝐸1⃗⃗⃗⃗ (−𝜃, 0) by 𝐴𝑅2(𝜃), then      

𝐴𝑅2(𝜃) = 𝐴𝑅1(−𝜃) = 𝑎(−𝜃, 0)/𝑏(−𝜃, 0)  (5.6) 

Also, 𝐴𝑅2(𝜃) ≠ 𝐴𝑅1(𝜃) except for 𝜃 = 0. According to (5.5), for a given 𝜃, the AR 

of the total field 𝐸𝑡⃗⃗  ⃗ is determined by 𝐴𝑅1,  𝐴𝑅2 and 𝛿. Since 𝐴𝑅2(𝜃) ≠ 𝐴𝑅1(𝜃), it gives 

the possibility to realize a total field with a better 𝐴𝑅𝑡 ( 𝐴𝑅𝑡 < 𝐴𝑅1 𝑜𝑟 𝐴𝑅2). 

For a more visual explanation, the phase differences of the RHCP and LHCP electric 

field component between the two elements in the XOZ plane is given by Figure 5.7. For an 

easier comparison, element 2 is fed with an 180o phase difference to element 1. The far-

field RHCP component phase difference is calculated by 𝑃ℎ𝑎𝑠𝑒𝑅𝐻𝐶𝑃,𝑒𝑙𝑚𝑒𝑛𝑡 1 −

𝑃ℎ𝑎𝑠𝑒𝑅𝐻𝐶𝑃,𝑒𝑙𝑚𝑒𝑛𝑡 2  while the phase difference of LHCP component is calculated by 

𝑃ℎ𝑎𝑠𝑒𝐿𝐻𝐶𝑃,𝑒𝑙𝑚𝑒𝑛𝑡 1 − 𝑃ℎ𝑎𝑠𝑒𝐿𝐻𝐶𝑃,𝑒𝑙𝑚𝑒𝑛𝑡 2. 

 

Figure 5.7 Phase differences of RHCP and LHCP component between the two elements at 4.7 GHz in 

the XOZ plane. 

As shown in Figure 5.7 , the phase difference of the RHCP component (co-pol com-

ponent) is around 0o from -70o to 70o angular range. This means that the RHCP 

components of the two elements are nearly in phase and can be superposed in a wide 

angular range. Meanwhile, the phase difference of the LHCP component (cross-pol 

component) is around -180o from 15o to 70o angular range and around 180o from -15o to     

-70o angular range. The LHCP components of the two elements are therefore canceled by 

each other in the angular range of 15o to 70o and -15o to -70o. As the RHCP component of 

the 2-element array gets enhanced and the LHCP component gets decreased in a wide 
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angular range, the AR improves in a wide angular range and wide angular CP radiation can 

be achieved.  

From (5.5), the fields of two elements will be superposed in phase in the broadside di-

rection (𝜃 = 0). However, the phase difference of the LHCP component is slightly larger 

than 0o. This phase error may be caused by the mutual coupling between the two elements. 

It is worth pointing out that these equations can also be applied to the “S” shaped antenna 

which radiates LHCP wave. 

Figure 5.8 shows the simulated AR and HPBW of the proposed antenna (without bal-

un) in the upper hemisphere area at 4.7 GHz, which are obtained by using Ansys HFSS 15. 

The dark area denotes the region where the AR is smaller than 3 dB and the HPBW is 

bounded by the two red curves. Figure 5.8 clearly demonstrates that the AR beamwidths in 

each elevation planes are larger than the HPBWs. The decrease of the AR beamwidth is 

along with the decrease of HPBW, leading to a wide AR beamwidth covering HPBW in 

the whole upper hemisphere. 

 

Figure 5.8 The Axial Ratio and HPBW of the proposed antenna at 4.7 GHz. 
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5.3 Results and Discussion 

5.3.1 Antenna Prototype and VSWR 

The prototype of the proposed antenna is shown in Figure 5.9. As shown, a coaxial 

connector is connected to the end of the balun to feed the antenna. Four plastic pillars are 

used to support an 18mm air gap between the antenna and the ground plane. 

   

Figure 5.9 The prototype of the inverted-S antenna. 

The simulated and measured VSWR of the proposed antenna is given by Figure 5.10. 

As can be seen, the measured impedance bandwidth (VSWR<2) is from 3.4 GHz to 6.5 

GHz (63%). Compared with the simulated VSWR, the measured result is slightly shifted to 

lower frequency, which is caused by fabrication and measurement errors. 

 

Figure 5.10 The simulated and measured VSWR of the proposed antenna. 
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5.3.2 Axial Ratio Bandwidth 

The AR bandwidth of the proposed antenna is shown in Figure 5.11, which indicates 

the AR values in the broadside direction. The measured AR bandwidth (AR<3 dB) is from 

4 GHz to 6.15 GHz, results in a fractional bandwidth of 42%. Different to the simulated 

AR, the frequency of measured minimum AR point is shifted to a higher frequency which 

is around 5 GHz. 

 

Figure 5.11 The simulated and measured AR bandwidth of the proposed antenna. 

5.3.3 Axial Ratio Beamwidth 

As aforementioned, the proposed antenna exhibits stable wide AR beamwidth apart 

from its wide AR bandwidth. The stable wide AR beamwidth of the proposed antenna not 

only rests on its wide AR beamwidth in the symmetric plane (XOZ plane) but also lies in 

its AR beamwidths in other cutting planes, which are wider than HPBWs. 

Figure 5.12 shows the simulated and measured AR beamwidth in the XOZ plane at 

different frequency points. As shown, the measured AR beamwidths in the XOZ plane are 

117o, 138o and 123o at 4.2 GHz, 4.8 GHz and 5.4 GHz, respectively. In line with the 

measured AR bandwidth shown in Figure 5.11, the measured AR in other elevation angles 

is smaller than the simulated AR at higher frequencies, which also verifies the shifting of 

minimum AR point to a higher frequency. The difference between the measurement and 

simulation results may come from the fabrication and measurement errors. It is also 

observed that the AR beamwidth is asymmetric to 𝜃 = 0o, which is different to the sym-
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metric AR beamwidth observed in Figure 5.8. This asymmetry is caused by the integrated 

balun which has an asymmetric microstrip line to 𝜃 = 0 o direction. Although the radiation 

of this microstrip line is small, it still introduces different influences to the CP radiation in 

different elevation angle 𝜃 [116]. 

 

Figure 5.12 The simulated and measured AR beamwidth in the XOZ plane at different frequencies. 

To give an understanding of the AR beamwidths in other cutting planes and the com-

parison between the AR beamwidths and HPBWs, the values of measured AR beamwidths 

and measured HPBWs in planes 𝜑 = 0𝑜 , 30𝑜 , 60𝑜 , 90𝑜 are given by Figure 5.13. As can be 

seen, in elevation planes 𝜑 = 0𝑜 , 30𝑜 , 60𝑜, the AR beamwidths are larger than the HPBWs 

from 4 GHz to 6 GHz. However, in the 𝜑 = 90𝑜plane, the AR beamwidth is slightly 

smaller than the HPBW at some frequency points. As the value of AR is determined by the 

RHCP and LHCP component, slightly increase of cross-pol (LHCP) component makes the 

AR larger than 3 dB and results in a narrower AR beamwidth. In spite of this, the meas-

ured results still indicate that the proposed antenna can achieve a wide angular CP 

radiation in the upper-hemisphere. It is also noticed that the HPBW increases as the 

frequency goes up in the φ = 0o  plane but decreases as the frequency rises in φ =

30o, 60o, 90o planes. According to [22], the antenna directivity is in reverse proportional 

to the product of HPBWs in two perpendicular planes. Although the HPBW’s variation of 

the proposed antenna is different in each plane, the product of the HPBWs in each two 

perpendicular planes always increases as the frequency goes up, indicating a decrease of 

antenna directivity as the frequency rises, which is verified by Figure 5.14. 
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Figure 5.13 The measured AR beamwidths and HPBWs in different cutting planes. 

5.3.4 Radiation Patterns and Antenna Gain 

The simulated and measured antenna gain is shown in Figure 5.14.  

 

Figure 5.14 Antenna gain and simulated efficiency. 

As shown, the measured antenna gain is around 9-10 dBic from 4 to 5.4 GHz. Figure 

5.14 also shows the simulated efficiency which is larger than 90% across the whole 

operation bandwidth. It is indicated by the simulation that the insertion loss of the balun 

increases as the frequency increases, around 0.2 dB at 4 GHz and 0.8 dB at 6 GHz. It is 

worth pointing out that the insertion loss includes dielectric loss, conductor loss and 

radiation loss. From the simulation, it is found that the radiation loss of the balun accounts 

for the major proportion of the insertion loss, which makes the simulated efficiency a little 

higher than the actual antenna radiation efficiency. 
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(a) 

 

(b) 

 

(c) 

Figure 5.15 The measured and simulated radiation patterns of the proposed antenna in two main 

planes at: (a) 4.2 GHz, (b) 4.8 GHz, (c) 5.4 GHz. 
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The radiation patterns of the proposed antenna at different frequency points are shown 

in Figure 5.15. As can be seen from the figure, good agreements are observed between the 

simulation and measurement results of all co-pol components (RHCP) in the upper 

hemisphere region. The differences in the back lobe are caused by the scattering of the 

cable and antenna holder. To measure the back lobe of the proposed antenna, an antenna 

holder is fabricated and placed above the positioner, which brings an extension of test 

cable and antenna holder behind the proposed antenna. 

5.3.5 Comparison with Other Antennas Reported 

To demonstrate the advantages of the proposed antenna, Table 5.2 compares the pro-

posed antenna with other reported wideband wide AR beamwidth antennas.  

Table 5.2 Comparison with Other Wideband Wide AR Beamwidth Antennas 

 

Impedance 

Bandwidth 

( GHz) 

AR 

Bandwidth 

( GHz) 

Maximum 

AR beam-

width and 

correspond-

ing HPBW 

(o) 

AR beam-

width vs 

Frequency in 

Main Planes 

AR 

beam-

width in 

other 

Planes 

Antenna Size 

(at center freq.) 

[107] 
1.35-1.85, 

31% 

1.52-1.65, 

8% 

AR beam-

width:126o 

HPBW: – 

— — 
0.5λ×0.53λ (no 

ground plane) 

[108] 
1.85-3.38, 

58% 

2.23-2.47, 

10% 

AR beam-

width:175o 

HPBW:150o 

— — 0.4λ×0.4λ×0.1λ 

[109] 
1.6-2.42, 

40% 

1.63-2.27, 

32% 

AR beam-

width:85o 

HPBW:- 

AR beam-

width=85o 

from 1.8 to 2.1 

GHz (15%) 

— 1λ×1λ×0.25λ 

[110] 
1.27-2.36, 

59% 

1.39-1.82, 

26% 

AR beam-

width:175o 

HPBW: - 

AR beam-

width>165o 

from 1.45 to 

1.7 GHz 

(15%) 

— 
0.7λ×0.7λ×0.18

λ 

Simulated 

Spiral (no 

ground plane) 

— 
5.38-6.9, 

25% 

AR beam-

width:100o 

HPBW:71o 

AR beam-

width>90o 

from 5.4 to 6 

GHz (10%) 

AR 

beam-

width< 

HPBW 

1.2λ×0.9λ 

This Design 

(no ground 

plane) 

— 
5.32-6.48, 

20% 

AR beam-

width:138o 

HPBW:69o 

AR beam-

width>94o 

from 5.5 to 6.3 

GHz (13%) 

AR 

beam-

width> 

HPBW 

1.2λ×0.5λ 

Simulated 

Spiral 
— 

5.15-6.24, 

19% 

AR beam-

width:64o 

HPBW:117o 

— 

AR 

beam-

width< 

HPBW 

1.7λ×1.7λ×0.3λ 

This Design 
3.4-6.5, 

62% 

4-6.15, 

42% 

AR beam-

width:142o 

HPBW:82o 

AR beam-

width>100o 

from 4.2 to 6 

GHz (35%) 

AR 

beam-

width> 

HPBW 

1.4λ×1.4λ×0.3λ 
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A 3/4 turn Archimedean spiral is also simulated and compared with the proposed an-

tenna. In order to provide a fair comparison, the spiral antenna was designed by using the 

same substrate that is used for the proposed antenna and the size of the spiral is adjusted to 

be similar physical size as the presented antenna. Table 5.2 gives the comparison between 

the proposed antenna and other antennas in terms of impedance bandwidth, AR bandwidth, 

and AR beamwidth. From Table 5.2, it is shown that the proposed antenna has wider CP 

bandwidth and more stable AR beamwidth within the operational bandwidth when a 

ground plane is used. Moreover, the AR beamwidths of the proposed antenna are larger 

than the HPBWs in other elevation planes, which were not investigated by other research-

ers. Besides, the proposed antenna has narrower AR bandwidth but wider AR beamwidth 

than the 3/4 turn Archimedean spiral without ground plane backed. The antenna can be 

easily extended to an antenna array which is shown in the following section. 

5.4 Linear Array using Inverted-S Antenna 

5.4.1 Array Configuration 

Compared with other reported wideband wide AR beamwidth CP antennas, another 

advantage of the proposed antenna is that it can be easily extended to an antenna array.  

To prove this concept, a four-element linear array is designed and prototyped. Figure 

5.16 shows the presented antenna array, which consists of 4 inverted S-shaped elements.  

 

(a) 

  

  (b)                                                                                   (c) 

Figure 5.16 The prototype of the proposed array: (a) top view, (b) left side view, (c) right side view. 
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The element space is 26.5 mm which is about 0.35λ0, 0.44 λ0 and 0.53λ0 for 4 GHz, 5 

GHz and 6 GHz, respectively. The small element space chosen in this design helps en-

hance the bandwidth of the antenna array, which is also observed in sub-wavelength array 

[117] and can be explained by the cancelling of the imaginary part of mutual impedances 

[21]. The presented array is printed on a 0.508 mm thick Rogers RO4003C substrate with a 

size of 65 mm×120 mm while a 1:4 power divider is printed on a 0.813 mm thick Rogers 

RO4003C substrate with a size of 60 mm×120 mm. Below the antenna board, there is a 

ground plane with the size of 90 mm×165 mm. The distance between the antenna and the 

ground plane is kept 18mm, which is the same as the antenna element.  

It is worth pointing out that the ground plane of each balun is also kept the same size 

as in the antenna element. By doing this, the influence of the balun to the performance of 

the array can be minimized. This is because reducing the size of the ground plane of the 

balun effectively decrease the surface current flowing area, which makes the radiation of 

the balun relatively far away from the radiation region of the antenna [116]. 

5.4.2 VSWR and Axial Ratio Bandwidth 

The comparison between the simulated and measured VSWR of the proposed array is 

shown in Figure 5.17. As shown in the figure, the measurement result is in good agreement 

with the simulation result. The measured impedance bandwidth is from 3.6 GHz to 6.3 

GHz (55%). The simulated and measured AR of the presented array is given by Figure 

5.18. The measured CP bandwidth of the presented array is from 3.5 GHz to 6.5 GHz. 

 

Figure 5.17 The simulated and measured VSWR of the proposed array. 
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Figure 5.18 The simulated and measured AR of the proposed array. 

5.4.3 Axial Ratio Beamwidth of the Array 

To evaluate the AR beamwidth characteristics of the array, Figure 5.19 shows the 

measured AR beamwidths and HPBWs in planes φ = 0o, 30o, 60o, 90o . As shown, the 

AR beamwidths are larger than the HPBWs from 4 GHz to 6 GHz in elevation planes φ =

0o, 30o, 60o. However, the AR beamwidth is smaller than the HPBW in plane φ = 90o, 

which may due to the narrow AR beamwidth of the antenna element in this plane and the 

effect of mutual coupling between each element. 

 

Figure 5.19 The measured AR beamwidth of the proposed array. 

5.4.4 Radiation Pattern and Gain 

To evaluate the radiation performance of the presented array, radiation patterns of the 

proposed array at 4 GHz and 6 GHz are given by Figure 5.20. As shown, the measurement 
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results agree well with the simulation results. Better agreements are obtained due to the 

fact that the array has a larger ground plane which provides better shielding to the cables 

and antenna holder which are placed behind the antenna during the measurement. 

Figure 5.21 shows the measured and simulated gain of the presented antenna array. As 

shown, the measured gain is around 12-14 dBic from 4 GHz to 6 GHz. The simulated 

insertion loss of the array feeding network is around 0.5-1.2 dB from 4 GHz to 6 GHz. The 

difference of the gain between the array and the antenna element increases as frequency 

goes higher, which mainly attributes to the decreased mutual coupling at higher frequen-

cies. Besides, the increase of the ground plane size has some effect on the antenna gain as 

well. The simulated efficiency of the antenna array, as shown in Figure 5.21, is larger than 

85% from 4 GHz to 6 GHz. 

 

(a) 

 

(b) 

Figure 5.20 The measured and simulated radiation patterns of the proposed array in two main planes 

at: (a) 4 GHz, (b) 6 GHz. 
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Figure 5.21 Gain and simulated efficiency of the antenna array. 

5.5 Summary 

A wideband CP antenna with wide AR beamwidth within its operational bandwidth is 

presented in this Chapter. The proposed inverted-S antenna achieves a CP bandwidth of 

42% and over 140o 3 dB AR beamwidth, leading to a wider CP bandwidth compared with 

other reported wide AR beamwidth CP antennas. Besides, the AR beamwidths of the 

presented antenna are larger than the HPBWs in other elevation planes. Due to its simple 

configuration, the presented antenna could be easily extended to an array antenna with 

60% CP bandwidth. Owing to these advantages, the proposed antenna is promising for the 

applications in GNSS systems and wide-angle CP beam-scanning arrays. 
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Chapter 6. Wideband Dual Circularly Polarized Array 

6.1 Introduction 

Chapter 3 to Chapter 5 investigates three different wideband CP antenna elements. 

Although they exhibit excellent performances, for some applications such as the satellite 

communications where high antenna gain is needed, it is preferable to deploy array anten-

nas. In this Chapter, a wideband CP patch array operating at Ka-band is developed for the 

EU FP7 GanSAT project. To fulfill the system requirements, the array needs to have dual-

CP operating ability, i.e., capable of radiating RHCP and LHCP waves, from 27.5 GHz to 

30 GHz. Moreover, the isolation between the two orthogonal polarized ports should be 

larger than 15dB across the whole working bandwidth.    

To design such a wideband dual-CP array, it is necessary to design appropriate wide-

band dual-CP element at first. Currently, there are several ways to design a dual CP 

antenna. A quasi-ring shaped microstrip line fed patch antenna with dual CP radiation was 

presented in [118]. By feeding at different ports, the flowing direction of the current on the 

microstrip line can be changed. By this means, the antenna could radiate RHCP and LHCP 

waves. In [119], a branch line coupler fed patch antenna with H-shaped slots on the ground 

plane was proposed. Through using hybrid coupler and feeding at the two input ports, dual 

CP radiation was achieved. A coplanar waveguide transmission line which exploited the 

even and odd modes was used to feed a patch antenna and achieved dual CP radiation 

[120]. The presented antenna in [120] realized high isolation without any hybrid coupler, 

but the limited bandwidth made it not suitable for the project requirements. Generally, the 

antenna element presented in [119] achieves high port isolation and relatively wide band-

width. But the achieved bandwidth is still smaller than the required bandwidth. Moreover, 

the aperture feeding technique imposes very high fabrication accuracy which is hard to 

realize at Ka-band.     

On the other hand, wideband dual CP beam-scanning arrays with high isolation be-

tween the orthogonally polarized ports can be utilized to improve the spectrum efficiency 

and thus is vital to the project target. To enhance the isolation between the two 

orthogonally polarized ports, different approaches were adopted [121-123]. In [121], 

disparate elements were employed to suppress the coupling and higher than 20 dB isola-

tion was achieved. By using linearly polarized equilateral triangular patches with 

orthogonally placed feeds, a sequentially rotated dual CP patch array was realized with 

more than 20 dB isolation [122]. However, the axial ratio (AR) bandwidth of this array is 
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relatively narrow. Dual CP array with larger bandwidth was achieved by using a three-

stage hybrid coupler [123]. This array achieved wide bandwidth within which the isolation 

of the dual CP ports was higher than 20 dB. Nevertheless, the scanning performance was 

not investigated.    

In this Chapter, a wideband multi-layer CP patch element for Ka-band satellite com-

munications is presented at first. Then a wideband dual CP beam-scanning array with high 

isolation between the two orthogonally polarized ports is developed. Through the 

integration of two separated beam-forming networks (BFNs) to the LHCP and RHCP port, 

the proposed array can scan the LHCP beam and the RHCP beam independently. Moreo-

ver, the presented array maintains the wide bandwidth, good circular polarization and high 

ports isolation with beams of different scanning angles.   

This Chapter is organized as follows: Section 6.2 introduces the Ka-band multi-layer 

CP element; Section 6.3 presents two passive dual CP array with different scanning angles. 

The simulation results and measurement results of the proposed dual CP array are also 

given in this section and the summary of this Chapter is given in Section 6.4.  

6.2 Ka-band Multi-layer Element 

6.2.1 Element Configuration 

As the element size is bounded by 15 mm×8 mm for the purpose of beam scanning of 

the array, a single-CP multi-layer element is fabricated due to the insufficient spaces for 

mounting two connectors. The isolation between the two orthogonal polarized ports can be 

examined by simulation. Figure 6.1 shows the configuration and geometry dimensions of 

the proposed antenna element. As shown, the driven square patch is printed on the middle 

substrate (Rogers RO3006, ɛr = 6.15, tan δ = 0.0025) with a thickness of 0.254 mm while 

the parasitic patch is etched on the bottom layer of the top substrate (Rogers RO5880, ɛr = 

2.2, tanδ = 0.0009) with a thickness of 0.254 mm. Between the top and middle substrate, a 

1 mm thick Rohacell foam is used to form an air gap. To achieve CP radiation, a single-

stage 90o hybrid coupler is employed. Two signal vias are placed at the end of the hybrid 

coupler, which constitutes a microstrip-via-microstrip signal transmission structure. A 

surface mount SMPM connector is soldered on the 0.254 mm thick bottom substrate 

(Rogers RO5880) to connect one output port of the coupler and a 50 ohms RF resistor is 

connected to the other output port. It is worth mentioning that this element can be easily 

transformed to a dual CP element by connecting the two output ports of the coupler both 
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with SMPM connectors. Two rows of shielding vias are drilled along the long edges of the 

substrate to suppress the propagation of surface waves when used in array circumstances. 

 

(a) 

 

(b) 

Figure 6.1 Antenna configuration and geometry dimensions: (a) Exploded view, (b)Top view: left 

without the parasitic patch, right with the parasitic patch.  
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6.2.2 Simulation and Measurement Results  

To verify the performance of the proposed element, a prototype is fabricated, as 

shown in Figure 6.2. As can be seen from the figure, the width of the prototype is around 

the 9.5 mm and the actual antenna size (bounded by the shielding vias) is 8 mm×15 mm. 

 

Figure 6.2 Prototype of the proposed element.  

By etching a crossed slot on the parasitic patch, it is found that the AR performance 

can be enhanced. Figure 6.3 gives the simulated AR with and without the crossed slot. As 

shown, the AR is improved by 0.5-1 dB at 27-28.5 GHz and 30.5-31.5 GHz when the 

crossed slot exists. Figure 6.3 also indicates that the AR does not vary drastically when the 

width of the slot (wslot) changes. This characteristic ensures the antenna can maintain good 

AR performance even with 0.1 mm fabrication errors.    

 

Figure 6.3 Simulated axial ratio with and without the crossed slot. 
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The simulated and measured reflection coefficients are shown in Figure 6.4. As 

shown, the measured impedance bandwidth of the proposed antenna is from 26.8 GHz to 

32.5 GHz. To evaluate the CP performance of the proposed antenna, the axial ratio is 

measured and shown in Figure 6.5. As can be seen, the measured AR bandwidth is from 26 

GHz to 30.3 GHz. Compared with the simulated AR, the measured result is shifted to 

lower frequency by around 3% at Ka-band, which may be caused by the misalignment 

between the driven patch and the parasitic patch during the assembling procedure. Both the 

measured impedance bandwidth and AR bandwidth indicate that the proposed antenna has 

wide bandwidth. 

 

Figure 6.4 Simulated and measured reflection coefficient of the proposed element. 

 

Figure 6.5 Simulated and measured AR of the proposed element. 
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Figure 6.6 shows the measured radiation patterns at 30 GHz. As shown, good CP radi-

ation is achieved in the broadside direction. 

 

Figure 6.6 Measured radiation patterns at 30  GHz. 

The simulated and measured gain is shown in Figure 6.7. As can be seen, good 

agreement between the simulated and measured results are observed and the antenna gain 

is around 7 dBic from 27 GHz to 31 GHz. The simulated radiation efficiency is also given 

by Figure 6.7, which indicates that the radiation efficiency is around 90% at the desired 

operational band.   

 

Figure 6.7 Gain and radiation efficiency of the proposed element.  
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6.3 Ka-band Dual CP Array 

6.3.1 Dual CP Array Scanning to ±23o 

Based on the element presented in Section 6.2, a linear dual CP array with independ-

ent beam-scanning ability is developed. The configuration of the proposed array scanning 

to +23o in LHCP and -23o in RHCP is shown in Figure 6.8. 

 

(a) 

 

(b)                                                                                  (c) 

Figure 6.8 Configuration of the proposed array scanning to ±23o: (a) exploded view, (b) layer 2 (driven 

patches and LHCP BFN), (c) layer 4 (RHCP BFN). 

As shown in Figure 6.8 (a), the proposed array is printed on three substrates, each with 

0.254 mm thickness. Circular parasitic patches with diameter of 3.6 mm are printed on the 

bottom layer of the top substrate (Rogers RO5880). The square driven patches and the 

LHCP BFN are printed on the top layer of the middle substrate (Rogers RO3006) while the 

ground plane is printed on the other side of this substrate. Rohacell HF51 foam with 1 mm 
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thickness is used to form an air gap between the top substrate and the middle one, which 

helps improve the bandwidth. To realize RHCP radiation, four signal vias are placed at 

RHCP output ports of the hybrid coupler, which transmits the RHCP signals to the RHCP 

BFN printed on the bottom substrate. The overall array configuration features a planar and 

compact structure. 

The detailed geometry dimensions of the dual CP element are shown in Figure 6.8 (b). 

Through stacking circular parasitic patches above the driven patches and employing 

substrates with different dielectric constants, the bandwidth of the dual CP element is 

significantly enhanced. Besides, five columns of ground vias are placed between each 

element to improve the isolation between the elements.  

As the array is designed to scan to +23o with LHCP radiation and -23o with RHCP ra-

diation, different phase shifts should be given to each element when the array radiates in 

different polarization. The relationship between the phase increment Δφ and scanning 

angle θs can be written as follows. 

∆𝜑 =
360𝑜 ⋅ 𝑑 ⋅ 𝑠𝑖𝑛 𝜃𝑠

𝜆
 (6.1) 

where d represents the element space and λ represents the free-space wavelength. Using 

the above equation, the phase increment between each element at 30 GHz is 90o and -90o 

for LHCP and RHCP beam, respectively. 

Figure 6.9 shows the prototype of the proposed array.  

          

(a)                                                                                   (b) 

Figure 6.9 Prototype of the proposed array scanning to ±23o: (a) top view, (b) bottom view. 
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As shown, two end-launch Southwest connectors are used to feed the array. Since the 

parasitic patches are printed on the bottom layer of the top substrate, the parasitic patches, 

the driven patches and the LHCP BFN are not visible in Figure 6.9 (a). 

The measured S-parameters of the proposed array are shown in Figure 6.10. As 

shown, the measured reflection coefficients are lower than -10 dB from 26 GHz to 33 GHz 

in both RHCP and LHCP status. The isolation between the RCHP and LHCP ports is 

higher than 10 dB from 26 GHz to 33 GHz and higher than 20 dB from 27 GHz to 31.2 

GHz. 

 

Figure 6.10 Measured S-parameters of the dual CP array scanning to ±23o. 

 

           (a)                                                                                    (b) 

Figure 6.11 Radiation patterns of the dual CP array in YOZ plane at 29 GHz: (a) LHCP excited, 

scanning to 23o, (b) RHCP excited, scanning to -23o. 

Figure 6.11 shows the simulated and measured radiation patterns of the dual CP array 

scanning to ±23o at 29 GHz. As shown, the array can scan its beam to +23o and -23o 

independently with orthogonal polarization. When the LHCP port is excited, the beam is 

scanned to 23o with good LHCP radiation. Likewise, the beam is scanned to -23o with 

good RHCP radiation when the RHCP port is excited. 
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Figure 6.12 shows the simulated and measured AR of the proposed array. The AR 

bandwidth of the array is calculated at θ=23o for LHCP beam and θ=-23o for RHCP beam. 

As shown, the measured AR bandwidth of the proposed array is 26.4-30.4 GHz and 26.2-

29.7 GHz for LHCP beam and RHCP beam, respectively. The differences between the 

simulated and measured results are caused by fabrication and measurement errors. 

 

Figure 6.12.Simulated and measured AR of the dual CP array scanning to ±23o.   

6.3.2 Dual CP Array Scanning to Broadside Direction 

Another linear dual CP array with LHCP and RHCP beam both scanned to 0o is de-

signed in this sub-section to evaluate the performance of the array scanning to broadside 

direction. The configuration and the fabricated prototype of the dual CP array scanning to 

broadside direction is shown in Figure 6.13. Different to the array shown in Figure 6.8, 

each element is fed in phase for both RHCP and LHCP radiation, which makes the array 

scan to broadside direction.  

   

Figure 6.13. Configuration and prototype of the dual CP array scanning to broadside direction 
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Figure 6.14 shows the measured S-parameters of the dual CP array scanning to broad-

side direction. As shown, the measured impedance bandwidth is from 26.2 GHz to 33 GHz 

and from 27.2 GHz to 33 GHz under LHCP and RHCP status, respectively. The isolation 

between the RCHP and LHCP ports is higher than 10 dB from 26 GHz to 32.5 GHz and 

higher than 15 dB from 26.5 GHz to 31.3 GHz. 

 

Figure 6.14 Measured S-parameters of the dual CP array scanning to broadside. 

The simulated and measured radiation patterns of the dual CP array scanning to 0o are 

shown in Figure 6.15. As shown, good agreements between the simulated and measured 

results are obtained. The main beam of the array can scan to 0o with good CP radiation 

under both LHCP and RHCP excitation. 

 

          (a)                                                                                   (b) 

Figure 6.15 Radiation patterns of the dual CP array in YOZ plane at 29 GHz: (a) LHCP excited, 

scanning to 0o, (b) RHCP excited, scanning to 0o. 
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Figure 6.16 shows the simulated and measured AR bandwidth when the array scan to 

broadside direction under both LHCP and RHCP radiation. As shown, when the array is 

fed by LHCP port, the measured AR bandwidth is from 26 GHz to 31.2 GHz while the 

measured AR bandwidth is from 26.5 GHz to 31 GHz when the RHCP port is excited. 

 

Figure 6.16.Simulated and measured AR of the dual CP array scanning to 0o.   

 

6.4 Summary 

A wideband multi-layer CP patch element operating at Ka-band is presented in this 

Chapter. Based on this wideband CP element, a wideband dual CP beam-scanning array 

with two independent orthogonally polarized beams is developed. The proposed array can 

scan the two independent beams to ±23o while maintaining high isolation between the two 

orthogonally polarized beams. The measured results verify that the array achieves simulta-

neously good impedance matching, good CP radiation and higher than 20 dB isolation 

from 27 GHz to 30 GHz. The presented design concept can be easily applied to the design 

of larger size linear array. It can also be extended to the design of planar arrays for the 

Gansat project by using the striplines to design the BFNs. Because of these advantages, the 

array is suitable for Ka-band satellite communications.   
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Chapter 7. Single-Layer Wideband High-Efficiency Circularly 

Polarized Reflectarray 

7.1 Introduction 

In chapter 6, a wideband dual-CP array is proposed for Ka-band satellite communica-

tions. As indicated by the dual-CP array structure, complicated feeding BFNs are needed 

to form planar phase front. For large-size arrays, such as a 30×30 elements array, the 

feeding network will be too complex to design and the insertion loss of such a complex 

feeding network shall be very high which decreases the total gain and aperture efficiency. 

To alleviate this issue, reflectarrays can be employed, which use the spatial feeding 

technique to feed an array aperture. Generally, reflectarrays consist of radiating elements 

with preadjusted phases and an illuminating feed antenna to form a planar phase front in 

the farfield [20]. Although they have many advantages, such as the significantly simplified 

feeding network, versatile beams, flat structure and low manufacturing cost, one major 

drawback of reflectarrays is their narrow bandwidth. 

The narrow bandwidth of reflectarrays is mainly caused by two factors: the inherent 

narrow bandwidth of microstrip elements and the differential spatial phase delay caused by 

different path lengths from the feed to each element [124]. To improve the bandwidth of 

reflectarrays, several approaches were adopted, such as using stacked patches [125] 

subwavelength element [126], dual-frequency phase synthesis [127] and true time delay 

technique [128].  

Designing circularly polarized (CP) reflectarray is necessary for some applications 

since the CP arrays possess the advantages of mitigation of multi-path fading, immunity of 

“Faraday rotation” and the reduction of polarization mismatching [6]. Two different ways 

have been introduced to design a CP reflectarray. The first one is using a linearly polarized 

(LP) feed to illuminate an aperture which is able to transform the incident LP wave to CP 

reflected wave and form a cophasal beam in the far-field [122, 129]. Another method to 

design a CP reflectarray is utilizing a CP feed as a primary source and the reflecting 

surface can reflect the incident CP wave directly and yields a planar phase front in the far-

field. Various designs based on this approach were proposed, including using angular 

rotation elements [130, 131], variable sized elements [132] and elements with variable-

length phase delay lines [133]. 

Considering that it is more difficult to design elements with wideband CP reflection 

performance and wideband CP feeds, the bandwidth enhancement of CP reflectarrays is 
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more challenging than LP reflectarrays. Different approaches were utilized to improve the 

bandwidth of CP reflectarrays [80-82, 84, 122]. By using rectangular-patch phasing 

element with subwavelength grid spacing, a 17% 1 dB gain bandwidth and 11% 3 dB axial 

ratio (AR) bandwidth was obtained [84]. The bandwidth of CP reflectarray was further 

improved by using a dual-layer T-shaped phasing element, with a 1 dB gain bandwidth of 

20% and 3 dB AR bandwidth of 28% [80]. Since the elements used in [80, 84] are resonant 

type, the CP reflectarray using these resonant phasing elements demonstrates a typically 

smaller than 30% bandwidth. Multi-resonance phasing elements such as the Jerusalem 

cross and open loop combined subwavelength element [122] and the dual-ring element 

[81] based CP reflectarrays achieved more than 30% 3 dB AR bandwidth. Another way of 

realizing wide bandwidth of CP reflectarrays is using spatial time-delay units (TDUs) [82]. 

Although the CP reflectarray using TDUs achieved 40% 3 dB gain bandwidthand 3 dB AR 

bandwidth, the aperture efficiency was 40% only and the multi-layer structure increased 

the fabrication complexity.  

In this Chapter, a novel S-shaped phasing element which achieves smaller than -15dB 

cross polarization (cross-pol) reflection in a 2:1 bandwidth is proposed. Based on this 

novel broadband element, a single-layer CP reflectarray using angular rotating elements is 

designed, fabricated and measured. The measured results indicate that the proposed single-

layer reflectarray achieves a 68% 3 dB AR bandwidth and a 48% 3 dB gain bandwidth. 

The proposed reflectarray maintains undistorted pencil-shaped beams, at least -15dB side 

lobe and -15dB cross-pol component from 7 GHz to 14 GHz. Moreover, the aperture 

efficiency (AE) is larger than 50% in a 33% bandwidth and larger than 30% in a 64% 

bandwidth. To the best knowledge of the authors, it is the widest-bandwidth single-layer 

CP reflectarray developed up to now in terms of 3 dB AR, radiation pattern and larger than 

the 50% AE bandwidth. 

This Chapter is organized as follows: Section 7.2 introduces the design of the novel S-

shaped element; Section 7.3 presents the design and analysis of the proposed CP reflectar-

ray; Section 7.4 presents the simulation and measurement results and comparisons with 

other reported wideband CP reflectarrays. The conclusion is given in Section 7.5 

7.2 S-Shaped Reflectarray Element 

Various antenna elements have been designed and deployed in CP reflectarrays, such 

as the patches, stacked patches, crossed dipoles and their derivatives, split rings and the 

combination of several types of these elements. All these reported elements demonstrate 
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bandwidths less than 50%. In this section, a novel S-shaped element is presented and 

analyzed, which can achieve a bandwidth over 66%. 

7.2.1 Unit Cell Geometry 

The geometry of the proposed S-shaped element is shown in Figure 7.1. 
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Figure 7.1 Geometry of the proposed element: (a) top view, (b) side view, (c) single arm [111, 112]. 

As shown in Figure 7.1 (a) and (b), the proposed element is printed on the bottom lay-

er of a Rogers RO4003C substrate with relative dielectric constant of 3.55, loss tangent of 

0.0027 and a thickness of t. A ground plane is placed below the substrate with a height of 

h. The size of the ground plane and the unit cell are L1×L1. The S-shaped element is 

composed of two single arms with the same size shown in Figure 7.1 (c). It can be seen 

from Figure 7.1 (c) that each arm is obtained by subtracting a smaller sized ellipse with a 

rotating angle α from a larger sized ellipse. To form a square-sized S-shaped element, the 

major radius of the bigger ellipse R1 is two times as large as the minor radius. 

The proposed element is a follow-on work of the antenna presented in Chapter 5, 

where an inverted S-shaped antenna with wideband CP radiation was presented. However, 

there are significant differences between the proposed element and the antenna in Chapter 

5. The element proposed in this Chapter is used for reflectarray application and its reflec-

tion performance under periodical boundary environment is of major interest. The 

proposed phasing element has a more compact size (0.32λ×0.32λ) than the antenna 

presented in Chapter 5 (0.99λ×0.42λ). The size reduction is realized by choosing larger 

rotating angle α and larger R1/R2 ratio, which gives longer travelling-wave current path and 

the utilization of sub-wavelength technique. Although the size of the presented element is 

greatly reduced, the CP bandwidth is improved by 59% (from 42% in Chapter 5 to 67%). 

Furthermore, the proposed element can be placed in a square lattice while the antenna in 

Chapter 5 is only able to be placed in a rectangular lattice. The square-sized element is 

more advantageous to planar arrays because the rectangular-sized antenna has different 

electrical length along x-axis and y-axis direction, which results in uneven characteristics 

such as different beamwidth and AR beamwidth in the two orthogonal directions. On the 

contrary, the proposed element can provide relatively symmetry performance along x-axis 

and y-axis direction, which brings more equal mutual coupling between each elements in 

the two directions and thus facilitates the design and improves the performance of the 

reflectarray. 

The detailed geometry dimensions of the proposed element are shown in Table 7.1. 

Table 7.1 S-shaped Element Parameters 

L1 R1 R2 α h t 

12mm 4.6mm 3.45mm 30o 4mm 0.508mm 
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7.2.2 Reflection Performance 

As the electrical length of the proposed element is mainly determined by geometry 

parameters R1, R2 and rotating angle α, the impact of these parameters to the element’s 

performance needs to be investigated. For a brief investigation, the ratio R2/R1=0.75 and 

the rotating angle α is kept unchanged while only R1 is varied. 

The evaluation of the element performance is conducted by using a periodic boundary 

and a Floquet port excitation in HFSS. The incident field is set to be right-hand circularly 

polarized (RHCP). Figure 7.2 shows the magnitudes of reflected RHCP field (co-pol 

component) and left-hand circularly polarized (LHCP) field (cross-pol component) with 

different R1. As shown, the available bandwidth (|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ≤ -15 dB) of the element 

increases with larger R1. As the ratio R2/R1 is kept unchanged, this phenomenon can be 

explained that increasing R1 brings longer electrical length and pushes the lowest-

frequency resonance to lower frequency while has little influence on higher-frequency 

resonance. 

 

Figure 7.2 The magnitude of the reflected field with different R1. 

As shown in Figure 7.2, the element can provide a 2:1 bandwidth (7 GHz to 14 GHz) 

within which the reflected LHCP component is smaller than -15 dB (|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ≤ -15 dB) 

when R1 is 4.7mm. Notice that |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙|
2
+ |Γ𝑐𝑜−𝑝𝑜𝑙|

2
≅ 1  (the approximation rises 

from dielectric and conductor losses), thus |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ≤ -15 dB makes |Γ𝑐𝑜−𝑝𝑜𝑙| ≥ -0.2 dB 

which indicates that the element has low-level cross-pol field reflection while keep the co-

pol component nearly non-degraded. To acquire lower cross-pol component reflection and 
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adequate bandwidth simultaneously, R1 is chosen to be 4.6 mm. In this case, the available 

bandwidth is from 7.3 GHz to 14.1 GHz and |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ≤ -20 dB, |Γ𝑐𝑜−𝑝𝑜𝑙| ≥ -0.1 dB 

from 7.5 GHz to 13.7 GHz. 

The element rotating method is used to provide the desired phases for each element. It 

is indicated that the angular rotation angle ψ of a CP element results in a 2ψ phase varia-

tion of the reflected co-pol field [130, 134]. Figure 7.3 shows the phase difference of the 

reflected co-pol field under different element rotation angle. As shown, the element 

achieves a rather linear phase response to the element rotation angle ψ in a 2:1 frequency 

range. The phase error (actual phase difference compared with 2ψ) is smaller than 10o 

within the bandwidth. 

 

Figure 7.3 The phase difference of the reflected co-pol field with different element rotation angle. 

 

Figure 7.4 The magnitude of the reflected field with different element rotation angle. 
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The reflection magnitudes of the co-pol and cross-pol components with different rota-

tion angle ψ are shown in Figure 7.4. As shown, the proposed element maintains low 

cross-pol and good co-pol reflection in a nearly 2:1 frequency range under all rotation 

angles. It is worthy pointing out that the proposed element exhibits the same reflection 

magnitude performance with the reflected LHCP field as co-pol component when the 

incident field changes to LHCP. In this case, the reflected phase variation of the co-pol 

field introduced by the element rotation angle ψ is -2ψ, which is different to the case that 

the incident wave is RHCP. 

To give an understanding of the element reflection performance under oblique inci-

dence, Figure 7.5 gives the reflection phase of the co-pol field under different oblique 

incidence angle theta. As shown, the phase discrepancy of about 7o and 28o are observed 

for theta=15o and theta=30o incidence at the design frequency 9GHz, respectively. It is 

also noticed that a ripple occurs at the frequency around 8GHz, which is assumed to be the 

main reason of the variation of simulated AR and gain at 8GHz shown in Figure 7.8 and 

Figure 7.9, respectively. Besides, it is observed from simulation that the phase error is 

smaller than 10o at 9GHz under 30o oblique incidence when the element is rotated, which 

yields not so much differences compared with the case under normal incidence. Consider-

ing that only the edge elements are illuminated at large incidence angle, thus the proposed 

reflectarray is designed based on the reflection phase under normal incident plane waves. 

 

Figure 7.5 Reflection phase of the co-pol field with different oblique incidence angles. 
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7.3 Reflectarray Design and Analysis  

In this section, the array configuration and the element phase distribution over the ap-

erture are given at first. Then, the performance of the proposed reflectarray is analyzed 

theoretically and the conclusions are verified by using different feed horns. Finally, the 

effect of the differential spatial phase delay on the bandwidth of the proposed reflectarray 

is analyzed. 

7.3.1 Array Geometry and Phase Distribution 

The configuration of the proposed reflectarray is shown in Figure 7.6.  

1
8
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                                        (a)                                                                                 (b) 

Figure 7.6 Geometry of the proposed reflectarray: (a) side view, (b) top view of reflecting aperture. 

As shown, the reflectarray consists of 225 (15×15) S-shaped elements, each with dif-

ferent rotation angle to provide required phase delay. The reflectarray is designed to be fed 

by a wideband dual-CP horn with an offset of 20o to the Z-axis. The offset configuration is 

mainly to minimize the blockage of the feed. It is indicated in [135] that an offset feed 

causes main beam scan with frequency due to a change in phase taper across the reflectar-

ray with a change in frequency. This beam squint phenomenon can be minimized if the 

angle of the main beam is chosen to be close to the natural specular reflection angle. To 

eliminate the beam squint, the main beam direction is designed to 𝜃 = −20𝑜. 

The required phase distribution of each S-shaped element can be calculated by the fol-

lowing equation 
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 Φ(𝑥𝑖, 𝑦𝑖) = −𝑘0 sin 𝜃𝑏( 𝑥𝑖 cos𝜑𝑏 + 𝑦𝑖sin𝜑𝑏) + 𝑅𝑖𝑘0 (7.1) 

where Φ(𝑥𝑖, 𝑦𝑖) is the required phase delay for the element (𝑥𝑖, 𝑦𝑖), (𝜃𝑏 , 𝜑𝑏)is the beam 

direction of the reflectarray and 𝑅𝑖 is the distance from the phase center of the feed to the 

element. By using this formula, we can calculate the phase distribution over the reflecting 

surface for each element, which is shown in Figure 7.7. As the element rotation angle ψ 

results in a 2ψ phase variation of the reflected co-pol field, the phase distribution in Figure 

7.7 can directly map into Figure 7.6 (b). 
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Figure 7.7 Required phase distribution for each element. 

7.3.2 Analysis of Rotated Elements 

It is implicit that the cross-pol of a reflectarray using element rotating method is 

degraded in the main beam region and thus the AR performance can be enhanced [130]. 

However, this phenomenon is not discussed in detail. Besides, the reflectarray proposed in 

[130] is a narrow-band array, it is important to investigate whether this phenomenon still 

exists in a wideband reflectarray. 

When a two-dimensional planar array with 15×15 elements is non-uniformly 

illuminated by a horn at 𝑟𝑓, as shown in Figure 7.6 (a), the reradiated field from the array 

in an arbitrary direction �⃗�  can be represented by 

𝐸(�⃗� ) = ∑∑𝐹(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  )

15

𝑛=1

15

𝑚=1

𝐴(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑢0⃗⃗⃗⃗ )𝐴(�⃗� ∙ 𝑢0⃗⃗⃗⃗ )𝑒
−𝑗𝑘0(|𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  −𝑟𝑓⃗⃗ ⃗⃗ |+𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ∙�⃗⃗� )𝑒𝑗𝜙𝑚𝑛  (7.2) 
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where 𝐹 is the pattern function of the feed horn, 𝐴 is the pattern function of the S-shaped 

element, 𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗   is the position vector of the 𝑚𝑛 th element, 𝑢0⃗⃗⃗⃗  is the desired main beam 

direction and 𝜙𝑚𝑛 is the required phase delay of the 𝑚𝑛th element [130, 136] 

Considering an incident wave radiated by the feed horn propagating in the −𝑍 direc-

tion, as shown in Figure 7.6 (a) 

�⃗� 𝑖𝑛𝑐 = 𝐹𝑅𝐻(𝐸𝑥⃗⃗⃗⃗ − 𝑗𝐸𝑦⃗⃗ ⃗⃗ )𝑒
𝑗𝑘0𝑧𝑒𝑗ωt + 𝐹𝐿𝐻(𝐸𝑥⃗⃗⃗⃗ + 𝑗𝐸𝑦⃗⃗ ⃗⃗ )𝑒

𝑗𝑘0𝑧𝑒𝑗ωt (7.3) 

The former part represents the RHCP component of the radiated field from the horn 

with a magnitude of 𝐹𝑅𝐻, the second part is the LHCP component with a magnitude of 

𝐹𝐿𝐻. 

Denoting the physical counter-clockwise rotation angle of the 𝑚𝑛th element by 𝜓𝑚𝑛, 

the reflected RHCP field by the 𝑚𝑛th S-shaped element can be written in the form 

�⃗� 𝑅𝐻𝐶𝑃
𝑟𝑒𝑓𝑙

= |Γ𝑐𝑜−𝑝𝑜𝑙| ∙ 𝐹𝑅𝐻(𝐸𝑥⃗⃗⃗⃗ + 𝑗𝐸𝑦⃗⃗ ⃗⃗ )𝑒
−𝑗𝑘0𝑧𝑒𝑗ωt ∙ 𝑒−2𝑗𝜓𝑚𝑛  

+|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ∙ 𝐹𝐿𝐻(𝐸𝑥⃗⃗⃗⃗ + 𝑗𝐸𝑦⃗⃗ ⃗⃗  )𝑒
−𝑗𝑘0𝑧𝑒𝑗ωt 

(7.4) 

The first part represents the reflected RHCP field from the incident RHCP component 

of the feed horn, and thus a counter-clockwise rotation angle 𝜓𝑚𝑛 of the element brings a 

−2𝜓𝑚𝑛 phase variation to the reflected co-pol field. The second part denotes the reflected 

RHCP field from the incident LHCP component of the feed horn, and no additional phase 

variation is introduced upon reflection [130]. 

Similarly, the reflected LHCP field by the 𝑚𝑛th S-shaped element with rotation angle 

of 𝜓𝑚𝑛 can be represented by 

�⃗� 𝐿𝐻𝐶𝑃
𝑟𝑒𝑓𝑙

= |Γ𝑐𝑜−𝑝𝑜𝑙| ∙ 𝐹𝐿𝐻(𝐸𝑥⃗⃗⃗⃗ − 𝑗𝐸𝑦⃗⃗ ⃗⃗ )𝑒
−𝑗𝑘0𝑧𝑒𝑗ωt ∙ 𝑒2𝑗𝜓𝑚𝑛  

+|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ∙ 𝐹𝑅𝐻(𝐸𝑥⃗⃗⃗⃗ − 𝑗𝐸𝑦⃗⃗ ⃗⃗  )𝑒
−𝑗𝑘0𝑧𝑒𝑗ωt 

(7.5) 

It is worth pointing out that |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| used in (7.4) and (7.5) is of the same value 

due to reciprocity and thus is denoted by the same expression. Considering that for a 

RHCP incident wave, the reflected co-pol component is the RHCP field while for a LHCP 

incident wave, the reflected co-pol component is LHCP field, the magnitudes of the 

reflection coefficient |Γ𝑐𝑜−𝑝𝑜𝑙| are the same in these two cases for the proposed element. 

However, the phases of the reflection coefficient ∠Γ𝑐𝑜−𝑝𝑜𝑙 in these two cases differ in sign, 

i.e. ∠Γ𝑐𝑜−𝑝𝑜𝑙 = −2𝜓𝑚𝑛  for a RHCP incident wave while ∠Γ𝑐𝑜−𝑝𝑜𝑙 = 2𝜓𝑚𝑛  for a LHCP 

incident wave when the element is counter-clockwise rotated by an angle of 𝜓𝑚𝑛. 
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From equation (7.2), the condition for the aperture distribution to be cophasal in the 

desired direction 𝑢0⃗⃗⃗⃗  is 

𝜙𝑚𝑛 − 𝑘0(|𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  − 𝑟𝑓⃗⃗⃗  | + 𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑢0⃗⃗⃗⃗ ) = 2𝑘𝜋, 𝑘 = 0,1,2⋯ (7.6) 

Here, the reflectarray is designed to radiate RHCP wave as its co-pol component. 

Thus, the co-pol component phase delay of the 𝑚𝑛th element with a counter-clockwise 

rotation angle 𝜓𝑚𝑛 under RHCP incident wave satisfies 

−2𝜓𝑚𝑛 − 𝑘0(|𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  − 𝑟𝑓⃗⃗⃗  | + 𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑢0⃗⃗⃗⃗ ) = 2𝑘𝜋, 𝑘 = 0,1,2⋯ (7.7) 

Subsisting (7.4) and (7.7) into (7.2), the reradiated RHCP field in the desired direction 

𝑢0⃗⃗⃗⃗  can be represented by 

𝐸𝑅𝐻𝐶𝑃(𝑢0⃗⃗⃗⃗ ) = ∑ ∑𝐴(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑢0⃗⃗⃗⃗ ){|Γ𝑐𝑜−𝑝𝑜𝑙|

15

𝑛=1

15

𝑚=1

∙ 𝐹𝑅𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  ) 

∙ 𝑒𝑗2kπ + |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| ∙ 𝐹𝐿𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  ) ∙ 𝑒
𝑗2kπ𝑒𝑗2𝜓𝑚𝑛 } 

(7.8) 

where 𝐹𝑅𝐻𝐶𝑃 and 𝐹𝐿𝐻𝐶𝑃 denote the pattern function of the feed horn in RHCP and LHCP, 

respectively. As aforementioned, the co-pol component phase delay of the 𝑚𝑛th element 

under LHCP incident wave is 2𝜓𝑚𝑛. Therefore, the re-radiated LHCP field in the desired 

direction 𝑢0⃗⃗⃗⃗  can be written as 

𝐸𝑅𝐻𝐶𝑃(𝑢0⃗⃗⃗⃗ ) = ∑ ∑𝐴(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑢0⃗⃗⃗⃗ ){|Γ𝑐𝑜−𝑝𝑜𝑙|

15

𝑛=1

15

𝑚=1

∙ 𝐹𝐿𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  ) 

∙ 𝑒𝑗2kπ𝑒𝑗4𝜓𝑚𝑛 + |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙|𝐹𝑅𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  )𝑒
𝑗2kπ𝑒𝑗2𝜓𝑚𝑛 } 

(7.9) 

For most of the elements, 𝜓𝑚𝑛 ≠ 𝑛𝜋, and it is evident that 

|∑ ∑𝑒𝑗2𝜓𝑚𝑛 𝑒𝑗2kπ 
15

𝑛=1

15

𝑚=1

| < |∑ ∑𝑒𝑗2kπ 
15

𝑛=1

15

𝑚=1

| 

|∑ ∑𝑒𝑗4𝜓𝑚𝑛 𝑒𝑗2kπ 
15

𝑛=1

15

𝑚=1

| < |∑ ∑𝑒𝑗2kπ 
15

𝑛=1

15

𝑚=1

| 

(7.10) 

Since |𝐹𝑅𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  )| > |𝐹𝐿𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  )|in the main beam region when the feed 

horn is RHCP and |Γ𝑐𝑜−𝑝𝑜𝑙| > |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙|  across the element’s bandwidth, it can be 

concluded from (7.8) - (7.10) that 
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1) To design an element rotated RHCP reflectarray with good performance in terms of 

antenna gain, the CP purity of the feed should be high. Otherwise, the incident LHCP field 

from the feed horn vanishes according to (7.8) and (7.9), which wastes the incident LHCP 

power and results in a low gain and poor AE. Moreover, the reflected cross-pol component 

of the element should be low enough to keep the reflection of the incident RHCP field 

superposed in-phase. If |Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙|  is large, one part of the reflected field 

|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙|𝐹𝑅𝐻𝐶𝑃(𝑟𝑚𝑛⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑟𝑓⃗⃗⃗  )𝑒
𝑗2kπ𝑒𝑗2𝜓𝑚𝑛  which does not superpose in-phase in the far-

field, consumes the incident RHCP power substantially and also results in a decreased 

gain. It is necessary to keep a low cross-pol reflection for a phasing element across a wide 

bandwidth if a wideband reflectarray with good gain performance is desired. 

2) It is possible to get an enhanced AR from the reflectarray even with a feed which 

has a large AR. Particularly considering a linearly polarized (LP) feed, the incident RHCP 

and LHCP power upon the aperture is the same. From (7.8), the reflected RHCP field can 

be greatly improved if |Γ𝑐𝑜−𝑝𝑜𝑙| is close to 1. Under the same condition, the reflected 

LHCP field is not superposed in-phase and thus is much smaller than the reflected RHCP 

field according to (7.9). Subsequently, the AR of the reflectarray is improved compared 

with the feed. However, the gain and AE of the reflectarray is reduced in this case since 

the incident LHCP power contributes little to the total gain as analyzed in conclusion (1). 

To verify the above analysis, the proposed reflectarray is illuminated by two different 

feed horns, one is a wideband dual-CP horn with RHCP port excited and the other one is 

an ideal RHCP horn which has infinite CP bandwidth (AR<3 dB). Besides, the aperture 

sizes of these two horns are all kept 50 mm × 50 mm to give a similar gain and beamwidth 

at each frequency. When conducting the comparison, the two different feeds are placed at 

the same position to make the f/D unchanged. With these conditions, the spillover under 

these two cases is considered to be close to each other. 

Figure 7.8 shows the simulated AR of the proposed reflectarray with different feed 

horns. As shown, the AR bandwidth (AR<3 dB) of the dual-CP horn is from 6.7 GHz to 

11.5 GHz and the AR bandwidth of the reflectarray using the dual-CP horn is from 7.2 

GHz to 14.7 GHz. From 6.7 GHz to 7.2 GHz, the AR is degraded from the horn to the 

array since the element reflection performance is rather bad in this frequency range 

(|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙| approaches to -5 dB at 6.7 GHz as shown in Figure 7.2). However, from 11.5 

GHz to 14.7 GHz, the AR of the array gets improved although the dual-CP horn demon-

strates poor CP purity in this frequency range. This mainly attributes to the function of the 
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array as indicated in the above conclusion (2) and the relative good element reflection 

performance (|Γ𝑐𝑟𝑜𝑠𝑠−𝑝𝑜𝑙|=-10.6 dB, |Γ𝑐𝑜−𝑝𝑜𝑙|=-0.5 dB at 14.7 GHz). It is also shown in 

Figure 7.8 that better AR performance can be realized with feed of better CP purity 

(referring to the AR of the reflectarray with ideal horn and dual-CP horn, respectively, 

from 11.5 GHz to 15 GHz) 

 

Figure 7.8 Simulated AR of the proposed reflectarray with different feed horns. 

Figure 7.9 shows the simulated gain of the proposed reflectarray with different feed 

horns.  

 

Figure 7.9 Simulated gain of the proposed reflectarray with different feed horns. 
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As shown, the gain of the reflectarray with dual-CP horn is smaller than the array with 

ideal horn from 11.5 GHz to 15 GHz. In this frequency range, the gain of the two horns is 

generally the same, especially from 13.5 GHz to 14.5 GHz. As analyzed in the 

aforementioned conclusion (1), the poor CP purity of the dual-CP horn in this frequency 

range results in the non-negligible LHCP incident field which contributes little to the gain 

of the array and yields a lower gain compared with the array using an ideal horn which has 

a much better CP purity in the same frequency range. 

7.3.3 Effect of Differential Path Delay 

As indicated in the last section, the proposed reflectarray achieves a 2:1 3 dB AR 

bandwidth. Due to this broad bandwidth, it is necessary to investigate the influence of the 

differential spatial phase delay to the gain bandwidth of the array, which increases as the 

working bandwidth increases. The bandwidth limitation of printed reflectarrays caused by 

the differential spatial phase delay is quantified for a broadside main beam and a prime 

focus feed in [137]. Here, equations are derived for more general cases, i.e. arbitrary feed 

position and arbitrary main beam direction to quantify the bandwidth limitation of reflec-

tarrays due to the differential spatial phase delay. 

main beam direction

feed

r

qi  

O

qr  
h

D/2

qr  qr  

A B

D/2-r

F

 

Figure 7.10 Geometry of the reflectarray with arbitrary feed position and arbitrary main beam 

direction. 

Figure 7.10 shows the geometry of a reflectarray with arbitrary feed position and arbi-

trary main beam direction. As shown, the diameter of the reflectarray is denoted by D 

while the focal length 𝑓 = √𝑟2 + ℎ2. The feed horn is placed at an arbitrary position with 

an incident angle 𝜃𝑖 to the aperture center O and the main beam direction is denoted by 𝜃𝑟 . 

Denoting the spatial phase delay from the feed to the aperture center O by 𝑃𝐷𝐹𝑂 and 

the spatial phase delay from the feed to the edge of the aperture by 𝑃𝐷𝐹𝐴 and 𝑃𝐷𝐹𝐵. As the 
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main beam direction is 𝜃𝑟 , the additional spatial phase delay introduced by the offset beam 

between the aperture center and the edge of the aperture is 
𝐷

2
∙ sin 𝜃𝑟. Therefore, the phase 

delay required by the aperture edge element A and B with respect to the aperture center O 

can be represented by 𝑃𝐷𝐴𝑂 and 𝑃𝐷𝐵𝑂, which satisfy 

𝑃𝐷𝐴𝑂 = 𝑃𝐷𝐹𝐴 − 𝑃𝐷𝐹𝑂 − 𝐷 ∙ sin 𝜃𝑟 2⁄  

𝑃𝐷𝐵𝑂 = 𝑃𝐷𝐹𝐵 − 𝑃𝐷𝐹𝑂 + 𝐷 ∙ sin 𝜃𝑟 2⁄  
(7.11) 

Let 𝑘0 and 𝑘1 be the wavenumbers at the design frequency 𝑓0 and operating frequency 

𝑓1, respectively. When the frequency shifts from the design frequency 𝑓0 to the operating 

frequency 𝑓1, phase errors will be introduced to each element. Denote the phase error at the 

edge element A and B, relative to the phase at the center element, by 𝑃𝐸𝐴𝑂  and 𝑃𝐸𝐵𝑂, 

which are 

𝑃𝐸𝐴𝑂 = (𝑘1 − 𝑘0)𝑅𝐴 

𝑃𝐸𝐵𝑂 = (𝑘1 − 𝑘0)𝑅𝐵 
(7.12) 

where 𝑅𝐴 = (√(𝐷 2 + 𝑟⁄ )2 + ℎ2 − √𝑟2 + ℎ2 − 𝐷 ∙ sin 𝜃𝑟 2⁄ )  and 𝑅𝐵 = (√(𝐷 2 − 𝑟⁄ )2 + ℎ2 −

√𝑟2 + ℎ2 + 𝐷 ∙ sin 𝜃𝑟 2⁄ ), calculating from the geometry relationship shown in Figure 7.10. 

According to [137], a reasonable criterion for evaluating the effect of this phase error is to 

evaluate the frequency shift for which this error equals 180o at the edge of the aperture. 

The intervening elements will incur less phase error, but out-of-phase radiation from edge 

elements A and B will begin to detract from the overall gain of the aperture. Let 𝑃𝐸𝐴𝑂 and 

𝑃𝐸𝐵𝑂 equal to 180o and solve the frequency shift, ∆𝑓 = 𝑓1 − 𝑓0, we can get: 

∆𝑓

𝑓0
=
𝜆0
2𝑅𝐴

, 𝑓𝑜𝑟 𝑃𝐸𝐴𝑂 = 𝜋 

∆𝑓

𝑓0
=

𝜆0
2𝑅𝐵

, 𝑓𝑜𝑟 𝑃𝐸𝐵𝑂 = 𝜋 

(7.13) 

Substituting geometry dimensions D, r, h and 𝜃𝑟 given in Figure 7.6 (a) to (7.13), the 

frequency bandwidth 2∆𝑓 𝑓0⁄  is calculated to be 200% and 145.5% respectively for 

𝑃𝐸𝐴𝑂 = 𝜋 and 𝑃𝐸𝐵𝑂 = 𝜋 (the design frequency 𝑓0 is 9 GHz). This result indicates that the 

gain of the proposed reflectarray suffers very limited degradation due to the differential 

spatial phase delay within a 145.5% bandwidth. As this calculated bandwidth is much 

wider than the element bandwidth, the bandwidth of the proposed reflectarray is mainly 

determined by the element bandwidth.  
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Alternatively, if the bandwidth 2∆𝑓 𝑓0⁄  is set to be 66%, then it can be calculated 

from 7.13 that the aperture diameter D equals to 344mm and 266mm respectively for 

𝑃𝐸𝐴𝑂 = 𝜋 and 𝑃𝐸𝐵𝑂 = 𝜋. This indicates that the aperture diameter of the array can be 

enlarged to around 266mm within which the array gain will suffer limited degradation. If 

the array size exceeds this limit, the gain bandwidth of the proposed reflectarray will begin 

to decrease. 

7.4 Results and Discussion 

7.4.1 Prototype and Reflection Coefficient 

The fabricated prototype of the proposed antenna and the measurement setup in the 

anechoic chamber are shown in Figure 7.11 . As shown, the reflectarray is fed by a wide-

band dual-CP horn which uses a stepped-septum polarizer to simultaneously achieve TE10 

and TE01 modes as well as a 90-degree phase shift between the two orthogonal electric 

field components [138].  

The simulated and measured reflection coefficients of the proposed reflectarray are 

shown in Figure 7.12. As shown, the array achieves a smaller than -10dB reflection 

coefficient over a 2:1 frequency range. It is worthy pointing out that the S11 will degrade 

when a prime focus feed is utilized due to the blockage of the feed horn. To eliminate this 

phenomenon, an offset feed is chosen. 

 

Figure 7.11 The fabricated prototype and measurement setup of the proposed reflectarray. 
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Figure 7.12 Simulated and measured reflection coefficients of the proposed reflectarray. 

7.4.2 Axial Ratio Bandwidth 

The simulated and measured AR of the proposed antenna is shown in Figure 7.13. As 

shown, the measured 3 dB AR bandwidth is from 7 GHz to 14.3 GHz, equaling to a 

fractional bandwidth of 68%. 

 

Figure 7.13 Simulated and measured AR of the proposed antenna. 

7.4.3 Gain and Aperture Efficiency 

Figure 7.14 gives the simulated realized gain and measured gain of the proposed re-

flectarray. It is shown that the realized gain decreases rapidly when the frequency is lower 
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than 7 GHz. This is mainly caused by the drastic deterioration of the horn’s reflection 

coefficient when the frequency exceeds the working frequency range of the horn, as shown 

in Figure 7.12. As shown in Figure 7.14, the measured 3 dB gain variation bandwidth is 

from 8.6 GHz to 14 GHz (47%). The measured gain peaks at 11.4 GHz with a value of 

25.25 dBic 

The aperture efficiency is also given by Figure 7.14. The simulated AE is calculated 

based on the simulated realized gain while the measured AE is calculated by the measured 

gain. The difference between the results may stem from the fabrication errors of the horn 

and the array as well as the measurement errors. From the measured result, the reflectarray 

can achieve larger than 50% AE from 8.6 GHz to 12 GHz (33%) and larger than 30% AE 

from 7 GHz to 13.6 GHz (64%). 

 

Figure 7.14 Simulated and measured gain and efficiency of the proposed antenna. 

7.4.4 Radiation Patterns 

As aforementioned, the proposed reflectarray achieves a nearly 2:1 bandwidth in 

terms of impedance bandwidth, 3 dB AR bandwidth and 30% AE bandwidth. Moreover, 

the proposed reflectarray can also maintain good radiation pattern performance such as 

undistorted radiation pattern shape, low sidelobe and low cross-pol component in a 2:1 

bandwidth. To verify this, the radiation patterns at five different frequencies are shown in 

Figure 7.15  The main plane 1 in Figure 7.15 refers to the xoz plane as shown in Figure 7.6 

while the main plane 2 the plane perpendicular to main plane 1 along the main beam 

direction. 
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(a) 

 

(b) 

 

(c) 
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    Main plane 1            (e) Main plane 2 

Figure 7.15 Simulated and measured radiation patterns of the proposed antenna: (a) 7 GHz, (b) 9 

GHz, (c) 10.6 GHz, (d) 12 GHz, (e) 14 GHz. 

As shown in Figure 7.15, the measured radiation pattern agrees well with the simulat-

ed radiation pattern at each frequency. It is also observed from the results that the array 

maintains undistorted pencil-shaped beams, at least -15dB side lobe and -15dB cross-pol 

component from 7 GHz to 14 GHz. 

7.4.5 Comparison with Other Wideband CP Reflectarrays 

Due to the wideband characteristic of the novel S-shaped phasing element, the pre-

sented reflectarray achieves wide bandwidth in all aspects. To demonstrate its advantages 

more clearly, a comparison between the proposed design and other reported wideband CP 

reflectarrays is given by Table 7.2.  

Table 7.2 Comparison with Other Wideband CP Reflectarrays 

Ref. 

No. 
Layers 

3 dB AR 

BW 
Gain BW AE BW 

Radiation 

Pattern BW 

[79] Dual 28% 
1-dB gain 

20% 
- - 

[80] Single 43% 

1 dB gain 

31% 

3 dB gain 

~40% 

- - 

[81] Multiple 40% 
3 dB gain 

40% 
- 40% 

[83] Single 11% 
1 dB gain 

17% 
- - 

[84] Single 50% 
1 dB gain 

12% 
- - 

This 

work 
Single 68% 

3 dB gain 

48% 

>50%:  33% 

>30%:  64% 
67% 
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As shown in the table, the presented design provides wider bandwidth (BW) in terms 

of 3 dB AR BW, 3 dB gain BW and radiation pattern BW. More importantly, the proposed 

reflectarray can maintain higher than 50% aperture efficiency in a 33% bandwidth, which 

is not available in the current literature. 

7.5 Summary 

A single layer wideband circularly polarized reflectarray using a novel S-shaped phas-

ing element is presented in this Chapter. The proposed S-shaped element achieves low 

cross-polar reflection and very linear phase shift to the element rotation angle in a 2:1 

bandwidth. Theoretical analysis indicates that the AR bandwidth of the CP reflectarray can 

be improved using element rotation method even with incident fields poor in CP purity. 

Moreover, the influence of differential spatial phase delay on the bandwidth of the pro-

posed array is proved to be very limited. The measurement results demonstrate that the 

proposed reflectarray has a 3 dB AR bandwidth of 68% and a 3 dB gain bandwidth of 48%. 

More importantly, the aperture efficiency of the proposed array is larger than 50% in a 33% 

bandwidth and larger than 30% in a 64% bandwidth. These excellent performances make 

the proposed reflectarray a good candidate for high-data-rate satellite communications.   
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Chapter 8. Ultra-Wideband Circularly Polarized Tightly Coupled Array 

8.1 Introduction 

Although a wideband CP reflectarray with 2:1 bandwidth is investigated in Chapter 7, 

it seems that the bandwidth of this array is hard to be improved further. One reason is that 

the bandwidth of CP feeding horn is limited due to the occurrence of higher modes in 

waveguides. Another factor is that the bandwidth of the reflectarray element is also limited 

and is difficult to exceed 2:1 frequency range at this stage. Therefore, to design ultra-

wideband CP arrays, the direct radiating array is still the only option. Normally, to design 

wideband direct radiating arrays, wideband antenna elements, such as the Vivaldi antenna 

[139] and “bunny-ear” antenna [140] are used. However, the considerable height limits 

their applications to some extent. 

Instead of using elements with inherent broad bandwidth to build a wideband array, 

Munk used capacitively coupled short dipoles to design a wideband array which achieved 

4.5:1 impedance bandwidth [21]. The idea was to alleviate inductive loading introduced by 

the ground plane using capacitive coupling among neighboring elements. Due to the 

closely spaced dipole configuration, these elements are tightly coupled and the electric 

current along each dipole is almost constant, which is different from the electric current on 

a single dipole where a sinusoidal magnitude distribution with nulls at the termination 

exists [141]. This kind of dipole array emulated Wheeler’s electric current sheet which can 

support radiation at much lower frequencies than the element’s self-resonant frequency 

[142]. 

Two different types of arrays were proposed to realize Wheeler’s current sheet and 

both obtained wide bandwidth. The first one was the “connected arrays” which intercon-

nected array elements to achieve relatively constant electric current across the array 

aperture and large array bandwidth [143-147]. Another type was the “tightly coupled array” 

which utilized closely spaced dipoles, where the strong mutual coupling among the dipole 

elements facilitated the improvement of array bandwidth [148-151]. 

Although the aforementioned arrays achieved several octave bandwidths, they were 

all linearly polarized or dual linearly polarized and only the impedance bandwidth was 

considered. For applications such as the high-data-rate satellite communications, wideband 

circularly polarized (CP) antennas and arrays are preferred [6]. To improve the bandwidth 

especially the axial ratio (AR) bandwidth of CP arrays, various methods were adopted, 

such as sequential rotation [152] and using metamaterial-line based feeding network [153]. 
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However, there are few reported CP array designs based on the concept of connected array 

or tightly-coupled array, which utilize narrow-bandwidth element to obtain wide array AR 

bandwidth. A dual-CP spiral array in which neighboring spirals of orthogonal polarizations 

were connected achieved 1.8 times AR bandwidth than the single spiral [154]. The AR 

bandwidth enhancement in this design was mainly due to the doubling of the electric 

travelling-wave current path. By connecting more spirals in a ring-array structure, the AR 

bandwidth was further improved [155]. However, the elements used in [154, 155] are 

spirals which have inherent ultra-wideband AR bandwidth and the relative large element 

space makes them different to those tightly coupled arrays. 

Recently, a crossed dipole structure which incorporated 90o phase shift line between 

the orthogonally placed dipoles were presented [47, 48]. Attributed to the incorporated 90o 

phase shift line, the crossed dipole antenna was able to be fed by a coaxial connector 

directly without any baluns and still achieved good CP performance. Based on the CP 

crossed dipole, a CP tightly coupled array is investigated in this Chapter. By decreasing 

the element space and choosing appropriate overlapped structure between adjacent ele-

ments, it is shown that not only the impedance bandwidth but also the AR bandwidth of 

the array is greatly improved compared with the single isolated element.  To verify the 

concept, a 4×4 array is prototyped and measured and the measurement results confirm that 

the proposed CP tightly coupled array achieves a 3.14:1 VSWR<3 bandwidth and a 2.38:1 

3 dB AR bandwidth, which shows much wider bandwidth than the conventional crossed 

dipole array using the same element. To the best knowledge of the author, it is the first CP 

tightly coupled crossed dipole array which aims to improve the AR bandwidth of an 

antenna array by taking advantages of strong mutual coupling among the elements. 

This Chapter is organized as follows: Section 8.2 gives a brief introduction of LP 

tightly coupled array and its operating principles; Section 8.3 introduces the tightly cou-

pled crossed dipole unit cell and the AR bandwidth enhancement of the unit cell compared 

with an isolated crossed dipole antenna; Section 8.4 presents the configuration of the 4×4 

CP-TCCDA and the 1:16 Wilkinson power divider network as well as the analysis of the 

bandwidth enhancement mechanism; Section 8.5 presents the fabricated 4×4 CP-TCCDA 

and measurement results. The conclusion is given in Section 8.6. 

8.2 LP Tightly Coupled Array 

Figure 8.1 shows the configuration of a LP tightly coupled array which is constituted 

by capactively coupled dipoles. As shown, each dipole is fed individually with a very 
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small element space and thus the adjacent dipoles are strongly coupled. Since each element 

interacts significantly with its neighboring elements, its effective electrical length will be 

increased. In this case, the individual elements no longer operate as isolated antennas, and 

the bandwidth is not limited by the dimension of the unit cell. Arrays with strong mutual 

coupling can support currents at wavelengths that are much larger than the dimensions of a 

single element. In this way, the low end performance of the tightly coupled array can be 

significantly improved while high-frequency performance is determined by the onset of 

grating lobes and keeps nearly unchanged. Therefore, the tightly coupled arrays can 

achieve much wider impedance bandwidth than those convention dipole arrays. 

 

Figure 8.1 A linearly polarized tightly coupled array consisting of capacitively coupled dipole elements.  

Normally, dipole arrays are required to be placed above a ground plane for directional 

radiation. As tightly coupled array can operate at much lower frequencies than an isolated 

dipole, the ground plane will short-circuit the array and prevent efficient radiation at low 

frequencies considering that the electric length of the distance from the ground plane to the 

array will be very small at low frequencies. For tightly coupled array, the ground plane can 

be modeled as a short circuited transmission line in parallel with the radiation resistance 

[21], as shown in Figure 8.2. To compensate the reactance from the ground plane, capaci-

tance between neighboring elements are introduced. This capacitance along with the self-

inductance of the dipoles constitute a series L-C circuit which serves an impedance match-

ing network for the shunt reactance of the transmission line stub. In this manner, the 

impedance bandwidth of the tightly coupled array can be further tuned. 
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Figure 8.2 Equivalent circuit for a tightly coupled array [21].  

8.3 CP Tightly Coupled Crossed Dipole Unit Cell 

8.3.1 Unit Cell Configuration 

To predict the performance of an infinite array, the unit cell under periodical boundary 

gives a good approximation. For building a UWB CP tightly coupled array, a CP tightly 

coupled dipole unit cell is investigated at first, whose configuration is shown in Figure 8.3. 
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Figure 8.3 Configuration of the unit cell: (a) 3D view, (b) top view, (c) bottom view. 
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The proposed element is printed on both sides of a 0.813mm thick Rogers RO4003C 

substrate. As shown, two neighboring cut-off elliptical arms are connected by a ¾ ring 

shaped phase shift line with outer radius r and line width W1. To imitate an infinite tightly 

coupled array, the proposed element is placed in periodical boundaries with unit cell size 

of d × d and four overlapped strips are utilized to provide strong capacitive coupling 

between adjacent elements along both x- and y- directions. Besides, the element is fed by a 

coaxial cable directly and no ground plane is used. The detailed geometry dimensions of 

the unit cell are given in Table 8.1. 

Table 8.1 Unit Cell Dimensions 

d L1 L2 L3 W1 W2 W3 R1 R2 r 

40 5.2 1.5 16.1 1.2 3.5 0.6 11.7 9 3.7 

8.3.2 Comparison with Isolated Crossed Dipole 

Figure 8.4 shows the configuration of an isolated crossed dipole. As shown, the over-

lapped strips shown in Figure 8.3 are attached to the end of each elliptical arm. In this 

manner, the size of the isolated element is exactly the same as the element existed in an 

infinite tightly coupled crossed dipole array. 

R1

R2

L1

W3

 

Figure 8.4 Configuration of the isolated crossed dipole. 

The comparison between the isolated element and the tightly coupled unit cell under 

periodical boundary in terms of VSWR and AR is shown in Figure 8.5 and Figure 8.6, 

respectively.  
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Figure 8.5 Comparison of the VSWR between the isolated element and the tightly coupled unit cell. 

As shown in Figure 8.5, the simulated VSWR<3 bandwidth of the isolated element is 

2-6 GHz (3:1) while the corresponding bandwidth of the tightly coupled unit cell is 0.9-6.4 

GHz (7.1:1). Greatly improved impedance bandwidth at lower frequency is observed, 

similar to those linearly polarized tightly coupled unit cell [148-151]. Furthermore, it is 

shown in Figure 8.6 that the AR bandwidth improves from 4-5.3 GHz (1.3:1) to 2.4-5.3 

GHz (2.2:1) by the tightly coupled unit cell. 

 

Figure 8.6 Comparison of the AR between the isolated element and the tightly coupled unit cell. 
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8.4 Analysis and Design of the 4×4 CP-TCCDA 

As indicated in the previous section, not only the impedance bandwidth but also the 

AR bandwidth of the CP crossed dipole element is greatly improved when placed in a 

tightly coupled infinite array environment. In this section, the principle of bandwidth 

enhancement especially the AR bandwidth improvement is analyzed and the analysis is 

verified by the radiated E-fields of the array. The configuration of the 4×4 CP-TCCDA as 

well as the 1:16 Wilkinson power divider network and their performances are also present-

ed. 

8.4.1 Analysis of the Bandwidth Enhancement 

As demonstrated in Section 8.3, the bandwidth of a CP crossed dipole can be im-

proved by using a tightly coupled array. The impedance bandwidth enhancement can be 

explained by the lengthening of the electric current or equivalent increase of the antenna 

electrical length, which lowers down the array lower limit working frequency range while 

the upper limit of the working frequency range is mainly controlled by the element and 

thus varies slightly. 

The phase difference between the two orthogonally placed dipoles is mainly intro-

duced by the ¾ ring shaped phase shift line and its length is calculated by 

𝑙𝑝ℎ𝑎𝑠𝑒 𝑠ℎ𝑖𝑓𝑡 = 2𝜋 × (𝑟 −𝑊1 2⁄ ) × 3 4⁄  (8.1) 

where r, W1 and W2 are parameters shown in Table 8.1. The calculated physical length of 

the ¾ ring shaped phase shift line is around 14.6mm which equals to a quarter of the 

guided wavelength at 3.08 GHz. 

Considering an elliptically polarized wave propagating along +Z direction with the 

following form 

�⃗� (𝑧, 𝑡) = 𝑥 𝐸𝑥 cos(𝜔𝑡 − 𝑘𝑧) + 𝑦 𝐸𝑦 cos(𝜔𝑡 − 𝑘𝑧 + 𝛿) (8.2) 

where 𝑥  and 𝑦  represent the unit vector along x and y direction and 𝑘 is the free space 

wavenumber. The AR of this elliptically polarized wave is calculated by [22] 

𝐴𝑅 =
𝐸𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠

𝐸𝑚𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠
=
𝑂𝐴

𝑂𝐵
 , 1 ≤ 𝐴𝑅 ≤ ∞ (8.3) 

where 

𝑂𝐴 = {
1

2
[𝐸𝑥

2 + 𝐸𝑦
2 + (𝐸𝑥

4 + 𝐸𝑦
4 + 2𝐸𝑥

2𝐸𝑦
2 cos 2𝛿)

1
2]}

1
2

 (8.4) 



Chapter 8. Ultra-Wideband CP Tightly Coupled Array 

141 

 

𝑂𝑂𝐵 = {
1

2
[𝐸𝑥

2 + 𝐸𝑦
2 − (𝐸𝑥

4 + 𝐸𝑦
4 + 2𝐸𝑥

2𝐸𝑦
2 cos 2𝛿)

1
2]}

1
2

 (8.5) 

Since the infinite CP-TCCDA can radiate at 2.4 GHz effectively, it is reasonable to 

deem the magnitude of the radiated E-fields along x- and y- direction is close to each other 

at 2.4 GHz, i.e., 

𝐸𝑥 ≈ 𝐸𝑦 (8.6) 

As the phase difference introduced by the ¾ ring shaped phase shift line is around 90o 

at 3.08 GHz, the phase difference between 𝐸𝑥 and 𝐸𝑦 at 2.4 GHz is 

𝛿 =
𝜋

2
×
2.4

3.08
= 0.39 𝜋 (8.7) 

Substituting (8.6) and (8.7) into (8.3) – (8.5) and calculate the AR at 2.4 GHz yields a 

result of 1.425 (3.07 dB), which is very close to the simulation result shown in Figure 8.6. 

From the above analysis and calculation result, we could obtain the following conclusions 

1) The AR bandwidth enhancement of the CP-TCCDA is mainly attributed to the 

strong mutual coupling which enables the array to radiate effectively at much lower 

frequencies. Although the VSWR of the single isolated element at 2.4 GHz is around 2, the 

smaller electrical length makes it radiate less efficient than the CP-TCCDA and results in 

deterioration of the magnitude balance and possible phase difference variations between x- 

and y- direction. This can be verified by Figure 8.6 which demonstrates that the CP-

TCCDA always shows better AR than the single isolated element below 4 GHz. 

2) Although the impedance bandwidth of CP-TCCDA can reach a lower limit of 0.9 

GHz, the AR bandwidth cannot approach this limit. Considering that the phase difference 

between 𝐸𝑥⃗⃗⃗⃗  and 𝐸𝑦⃗⃗ ⃗⃗  is determined by the electrical length of the ¾ ring shaped phase shift 

line, the phase difference between the two orthogonal E-fields at 0.9 GHz is around 26.3o. 

Once again, assuming 𝐸𝑥 = 𝐸𝑦  and we could calculate the AR at 0.9 GHz is 12.6 dB. 

Notice that at the lowest working frequency 0.9 GHz, actually the magnitudes of the E-

fields along x- and y- direction may have certain differences and thus the AR should be 

worse than 12.6 dB. 
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8.4.2 4×4 CP-TCCDA and 4×4 Conventional Crossed Dipole Array 

To verify the above analysis and the presented concept, a 4×4 CP-TCCDA is designed. 

The configuration of the 4×4 CP-TCCDA is shown in Figure 8.7 while the magnified 

picture demonstrates the overlapped area in detail.  

1.2 mm

Top Layer

Bottom Layer

 

Figure 8.7 Configuration of the 4×4 CP-TCCDA. 

As shown, the width of the overlapped part is 1.2 mm which is twice the width of the 

overlapped strip in the unit cell. The element space is 40 mm which is the same as the unit 

cell size given in Figure 8.3. Furthermore, to make a direct comparison with a convention-

al array, a 4×4 conventional coupled array (conventional array) using the isolated crossed 

dipole element shown in Figure 8.4 is also designed, which is shown in Figure 8.8. The 

element space of the 4×4 conventional coupled array is chosen to be half free-space 

wavelength at 2.4 GHz (62.5 mm). With this element space, the array is deemed to have 

much smaller coupling than the CP-TCCDA. 
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62.5 mm

 

Figure 8.8 Configuration of the 4×4 conventional coupled array. 

Figure 8.9 shows simulated E-fields of the two arrays at 2.4 GHz in a plane parallel to 

the array aperture at the height of 55 mm. The magnitudes of the two fields are normalized 

to the same color bar for more clear comparison. As the E-fields along broadside direction 

relate to the array AR bandwidth, the E-fields at the center area of each graph are of major 

interest. As shown, both the 4×4 CP-TCCDA and the 4×4 conventional coupled array have 

a rotated E-fields distribution with different time slot. However, the magnitudes of the E-

fields of the 4×4 conventional coupled array at 𝜔𝑡 = 0𝑜and 𝜔𝑡 = 90𝑜 are quite different, 

which indicates large differences between the magnitudes of radiated E-fields along x- and 

y- direction (𝐸𝑥 and 𝐸𝑦). On the contrary, the radiated E-fields of the 4×4 CP-TCCDA 

along x- and y- direction are nearly the same in the center area, which verifies the assump-

tion of (8.5). As the phase difference between 𝐸𝑥⃗⃗⃗⃗  and 𝐸𝑦⃗⃗ ⃗⃗  of the two arrays are both 

determined by the ¾ ring shaped phase shift line, the phase differences between 𝐸𝑥⃗⃗⃗⃗  and 𝐸𝑦⃗⃗ ⃗⃗  

of the two arrays are the same at 2.4 GHz. However, the unequal (unbalanced) magnitudes 

of 𝐸𝑥⃗⃗⃗⃗  and 𝐸𝑦⃗⃗ ⃗⃗  of the 4×4 conventional coupled array result in a larger AR compared with 

the 4×4 CP-TCCDA, according to (8.3) – (8.5). 
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Figure 8.9 Comparison of the E-fields at 2.4 GHz: (a) 4×4 CP-TCCDA, (b) 4×4 Conventional array. 

The comparison of the AR between the 4×4 CP-TCCDA and 4×4 conventional 

crossed dipole array is shown in Figure 8.10.  

 

Figure 8.10 Comparison of the AR between the 4×4 CP-TCCDA and 4×4 conventional crossed dipole 

array. 

As shown, the 3 dB AR bandwidth of the 4×4 CP-TCCDA is much wider than the 

conventional crossed dipole array. Moreover, the simulated AR performance of the 4×4 

CP-TCCDA is very close to the simulated AR of the infinite array due to the fact that the 

4×4 CP-TCCDA is able to maintain balanced magnitudes of 𝐸𝑥⃗⃗⃗⃗  and 𝐸𝑦⃗⃗ ⃗⃗   from 2.4 GHz. 

Further increase of the array size will improve the impedance bandwidth but has limited 
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effect to the AR bandwidth. From Figure 8.10, it is also observed that the AR bandwidth of 

the 4×4 conventional array is narrower than the AR bandwidth of a single isolated crossed 

dipole. 

8.4.3 Power Divider Network Design 

To feed the 4×4 CP-TCCDA, a 1:16 Wilkinson power divider network is designed and 

shown in Figure 8.11. Since the CP-TCCDA achieves a 3 dB AR bandwidth from 2.4 to 

5.3 GHz (2.2:1), the bandwidth of the power divider network is designed to cover this 

frequency range. Moreover, to reduce the fabrication complexity and cost, a two-stage 

Wilkinson power divider is used at the input port and a single-stage Wilkinson power 

divider with fan-shaped stub is used at the output port. With this arrangement, the present-

ed power divider network can meet the bandwidth requirement while keeping a relatively 

simple configuration. 

fan-shaped stub

100 ohms resistor

250 ohms 

resistor

100 ohms 

resistor

Output port

Input port

(port 1)

(port 2) (port 3) (port 4) (port 5)

(port 6)

(port 10)

(port 14) (port 17)

 

Figure 8.11 1:16 Wilkinson power divider network. 

The simulated reflection coefficients of all ports are shown in Figure 8.12. As shown, 

the input port (port 1) achieves -10 dB reflection coefficient from 2.1 to 6.3 GHz while all 

other ports’ reflection coefficients are smaller than -10dB from 1 to 6.3 GHz. 
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Figure 8.12 Simulated reflection coefficients of the power divider network. 

The insertion losses from the input port to all 16 output ports are shown in Figure 8.13. 

From the simulated results, it is shown that the input power is divided equally to the 16 

output ports and the insertion loss is around 1-2 dB from 2 to 6.3 GHz, which meets the 

bandwidth coverage requirement. 

 

Figure 8.13 Simulated insertion loss of the power divider network. 

The isolation between all 16 output ports is shown in Figure 8.14. As shown, all output 

port isolations are larger than 10 dB from 1.5 GHz to 7 GHz. 
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Figure 8.14 Simulated port isolation of the power divider network. 

8.5 Results and Disussion 

To verify the aforementioned design concept and analysis, a 4×4 CP-TCCDA with 

feeding network was prototyped and measured. 

8.5.1 Prototype and VSWR 

The fabricated 4×4 CP-TCCDA is shown in Figure 8.15.  

 

Figure 8.15 4×4 CP-TCCDA prototype: (a) front view, (b) side view, (c) feeding structure. 
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As shown, the array is placed above an absorber which helps achieve directional ra-

diation and maintain good bandwidth performance. There are 16 coaxial cables with outer 

conductor soldered to the bottom-layer arms and inner pin soldered to the top-layer arms 

of the proposed array. These cables are then connected to the 1:16 power divider network 

which is shown in Figure 8.16. 

 

Figure 8.16 1:16 Wilkinson power divider network prototype: (a) top view, (b) bottom view (ground 

plane with 16 coaxial connectors). 

The simulated and measured VSWR of the proposed 4×4 CP-TCCDA is shown in 

Figure 8.17.  

 

Figure 8.17 Simulated and measured VSWR. 
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As shown, the measured VSWR<3 bandwidth is from 2.06 GHz to 6.46 GHz (3.1:1). 

The measured VSWR is smaller than 2.5 within most of the bandwidth. Compared with 

the simulated VSWR, ripples are constantly occurring, which is attributed to the oscillation 

of the power divider network S11, as shown in Figure 8.12. Besides, it is evident that the 

simulated VSWR of the 4×4 CP-TCCDA is worse than the simulated VSWR of tightly 

coupled unit cell shown in Figure 8.5. The main reason for this phenomenon is the cut-off 

of the infinite array to a finite array. Generally, larger-size CP-TCCDA will bring better 

performance at the expense of more complicated structure and higher fabrication cost. 

8.5.2 Axial Ratio Bandwidth 

Figure 8.18 shows the simulated and measured AR bandwidth. The measured result 

indicates that the proposed 4×4 CP-TCCDA achieves 3 dB AR bandwidth from 2.35 GHz 

to 5.6 GHz (2.4:1), which is close to the unit cell result shown in Figure 8.6. Although the 

size of the array is small, the 4×4 CP-TCCDA still radiates efficiently within a 3.1:1 

bandwidth according to Figure 8.17. Within this 3.1:1 bandwidth, the amplitudes of the 

two E-fields (𝐸𝑥⃗⃗⃗⃗  and 𝐸𝑦⃗⃗ ⃗⃗ ) keep balanced and the AR is mainly determined by the phase 

shift line based on the analysis in section 8.4. Therefore, it is reasonable that the AR 

bandwidth of the 4×4 CP-TCCDA is close to the unit cell’s AR bandwidth. 

 

Figure 8.18 Simulated and measured AR. 
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8.5.3 Radiation Patterns 

The simulated and measured radiation patterns are shown in Figure 8.19. The left col-

umn shows the radiation patterns in xoz plane while the right column shows the patterns in 

the yoz plane. Good agreement between the simulation and measurement results is ob-

served. It is also shown that the proposed array achieves undistorted beams and -15dB 

cross-pol over a 2.1:1 frequency range. 

 

(a) 

 

(b) 

 

(c) 

Figure 8.19 Simulated and measured radiation patterns at: (a) 2.6 GHz, (b) 4 GHz, (c) 5.4 GHz 
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8.5.4 Gain 

The simulated and measured gain is shown in Figure 8.20. It is worth pointing out that 

the insertion loss of the feeding network is compensated when calculating the measured 

gain. As shown, the antenna gain increases as frequency increases within the working 

bandwidth, which is similar to reported linearly polarized tightly coupled arrays. 

 

Figure 8.20 Simulated and measured gain. 

A similar CP tightly coupled array using conventional dipoles is also investigated. 

From simulation results, it is found that the AR performance is degraded compared with 

the proposed array.  

8.6 Summary 

An ultra-wideband circularly polarized tightly coupled crossed dipole array which us-

es strong coupling between adjacent elements to improve the AR bandwidth of the array is 

proposed in this Chapter. Theoretical analysis is given to interpret the AR bandwidth 

improvement mechanism and it is found that the balanced electric fields along x- and y- 

directions over a wide frequency range facilitate the enhancement of AR performance. A 

4×4 CP-TCCDA with feeding network is fabricated and measured and the measured 

results provide good support of the design concept. Owing to the concurrent wide imped-

ance bandwidth and wide AR bandwidth, the proposed CP-TCCDA is promising for 

applications in various wireless systems which need large bandwidth. 
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Chapter 9. Conclusion and Future Work 

9.1 Conclusion 

Circularly polarized antenna elements and arrays are extensively deployed in various 

wireless systems due to their distinctive advantages over linearly polarized antennas. Like 

LP antennas, CP antennas are also demanded to achieve wider and wider bandwidth to 

meet the growing requirements of high data rate, good quality of service (QoS) and larger 

system capacity. Furthermore, these wideband CP antennas need to be tailored for specific 

applications, for example, the wideband CP antennas are always required to have high 

FBR as a GNSS receiving antenna, they need to have polarization re-configurability to 

implement polarization diversity and are necessary to have wide AR beamwidth for wide-

angle beam-scanning systems. As it is impossible to design such a CP antenna with all 

these attractive features, different wideband CP antenna elements and arrays are developed 

in this thesis. 

Three different ways to design a CP antenna were introduced and analyzed theoreti-

cally. These approaches included using orthogonal modes (𝑇𝑀01  and 𝑇𝑀10 ) of patch 

antennas, utilizing orthogonal E-fields of crossed-dipoles and generating travelling-wave 

current along curved structures. According to the classification of CP antennas by their 

different operating principles, various types of wideband CP antenna elements were 

reviewed and a detailed comparison of these wideband CP antenna elements gave a clear 

overview of the state-of-the-art. In the same Chapter, wideband CP arrays are also re-

viewed with a particular focus on the sequentially rotated array and CP reflectarray.    

Chapter 3 to Chapter 5 discussed the design and characterization of one wideband CP 

antenna elements while three different wideband CP arrays were developed and discussed 

from Chapter 6 to Chapter 8. All these proposed CP antenna elements and arrays demon-

strate superior bandwidth performance compared with other CP elements and arrays of the 

same type. 

Chapter 3 presented an ultra-wideband CP antenna with 100% 3 dB AR bandwidth. 

To achieve impedance matching over this UWB frequency range, a simple but effective 

impedance matching method without using external matching circuit was implemented and 

yields good impedance matching over a 3:1 bandwidth. Besides, a novel cavity was 

designed to improve the FBR of the proposed antenna, which helped achieve an average 

30dB FRB over the GNSS bands. With these good features, the CP antenna is very promis-

ing for high-performance GNSS applications. 



Chapter 9. Conclusion and Future Work 

153 

 

In Chapter 4, two polarization reconfigurable loop antennas were presented for realiz-

ing polarization diversity in wireless systems. One of them is with a dual-loop structure 

while the other one has a single-loop structure, but both of them have the ability to change 

their polarization to RHCP or LHCP. The latter one has smaller size than the prior one but 

with wider bandwidth. The bandwidth improvement of the single-loop antenna is realized 

by introducing another dual-gap loaded parasitic loop. The impedance matching for these 

two antennas are both implemented by a non-quarter-wavelength single-section transmis-

sion line, which is analyzed theoretically and the derived formulas can also be used to 

achieve good impedance matching for other antennas.  

An inverted S-shaped antenna which radiates RHCP wave in a 42% bandwidth was 

presented and analyzed in Chapter 5. Different to the CP antenna elements discussed in 

chapters 3 and 4, this inverted S-shaped antenna has wide AR beamwdith in nearly all 

elevation planes compared with corresponding HPBWs. This unique advanatge makes it 

very suitable for wide-angle CP beam-scanning applications. In addition, it can be easily 

extended to arrays and a 4-element linear array with 60% 3 dB AR bandwidth was also 

designed and investigated in this Chapter.  

A wideband multi-layer CP patch element and a dual-CP beam-scanning array with 

independent beam-scanning ability of its orthogonal polarizations were designed, proto-

typed and characterized in Chapter 6. As indicated by the measurement results, the 

presented dual-CP array can scan its beam from broadside to ±23o with good impedance 

matching, high port isolation and good CP radiation from 27 GHz to 30 GHz. It can also 

be extended to larger-size arrays by using the striplines to design the BFNs. Due to these 

advantages, the array is suitable for Ka-band satellite communications.   

In Chapter 7, a single-layer CP reflectarray which has the widest bandwidth compared 

with other reported CP reflectarrays was presented. The broad bandwidth feature of the 

proposed reflectarray mainly attributes to the phasing element which can achieve good CP 

reflection performance over a 2:1 frequency range. Other factors, such as the angular 

rotated element method to form a planar phase front in far field were theoretically proved 

to be beneficial to the bandwidth improvement. Besides, the influence of the differetial 

spatial phase delay was also discussed quantitatively. With a 68% 3 dB AR bandwidth, a 

48% 3 dB gain bandwidth, a 33% larger than 50% aperture efficiency bandwidth and a 2:1 

radiation pattern bandwidth, the proposed CP reflectarray shows a breakthrough of band-

width limitations to CP reflectarrays and shrinks the gap between reflectarrays and other 

conventional arrays in terms of bandwidth performances. 
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In the final Chapter, a wideband CP tightly coupled array was presented for the first 

time. Through the comparison of the bandwidth of a 4×4 CP-TCCDA and a 4×4 conven-

tional CP array using the same element, it is found that both the impedance bandwidth and 

AR bandwidth can be greatly improved if tightly coupled elements are deployed. Theoreti-

cal analysis indicates that the AR bandwidth of the array is bounded by the integrated 

phase shift line within each element and thus cannot reach the lowest limit of impedance 

bandwidth. To verify the design concept, a 4×4 CP-TCCDA with complete feeding 

network were fabricated and measured. The measured results confirm that the proposed 

array achieves VSWR<3 bandwidth from 2.06 GHz to 6.46  GHz (3.1:1) and 3 dB AR 

bandwidth from 2.35 GHz to 5.6 GHz (2.4:1), which are much wider than the bandwidth 

of an isolated element and a conventional array using the same element. As current tightly 

coupled arrays are all linearly polarized or dual linearly polarized, the presented work 

offers pioneering method to design wideband CP arrays through the exploiting of strong 

mutual coupling among array elements.  

9.2 Future Work 

Although various wideband CP antenna elements and arrays are investigated and de-

signed in this thesis, there are some other works need to be carried out in the future to 

advance the previous researches. These works include: 

 Investigation of wideband millimeter-wave (mm-wave) CP antennas. Millimeter-

wave technology is one of the key technologies for next-generation wireless sys-

tems, such as the 5G mobile communications and 60 GHz inter-satellite 

communications. Due to the drastically decreased wavelength and increased die-

lectric losses at mm-wave bands, it becomes more difficult to design and fabricate 

wideband CP antennas.  

 Investigation of mm-wave wide-angle CP beam-scanning array for satellite com-

munications on the move. For advanced satellite communications, it is preferable 

that the CP beams can be steered to wide angles for large coverage. Normally, the 

propagation of surface waves at mm-wave bands shall be greater than the cases at 

lower frequencies. This makes the wide-angle beam scanning more hard to be im-

plemented at mm-wave bands. Substrate integrated waveguide (SIW) based CP 

arrays can mitigate the propagation of surface waves effectively and thus are good 

candidates for wide-angle CP beam-scanning array at mm-wave bands.      
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 Integration of mm-wave circuits with mm-wave CP antennas. Because of the in-

creased losses at mm-wave bands, there is an increasing trend to integrate mm-

wave circuits with antennas, which can reduce the insertion losses of the mm-wave 

circuits. However, integrating mm-wave circuits with CP antennas will degrade 

the performance of CP antennas due to the interferences of the circuits. Therefore, 

it is meaningful to investigate how to mitigate these influences and achieve wide 

bandwidth for the integrated antennas.    

 Large-scale CP arrays with massive CP elements for massive MIMO applications. 

Massive MIMO technology is promising to achieve very large system capacities 

and is one of the key technologies for next-generation wireless systems. It is really 

challenging to deploy numerous CP elements in a CP array while maintaining that 

the performance of each element is not degraded. Moreover, the mutual coupling 

among the elements become more severe compared with that in small-size arrays. 

It is thus meritorious to investigate the large-scale CP arrays.  

 Investigation of Terahertz (THz) CP antennas. Recently, there is increased interest 

in THz antennas due to their growing applications in medical imaging, security 

screening, and communication. It is valuable to investigate wideband high-gain 

THz CP antennas, especially for THz imaging systems to increase the detection ef-

ficiency. However, the high loss at THz bands is one of the main obstacles for 

designing THz CP antennas. To reduce the overall size and the loss, integrated on-

chip antennas are one promising solution.  
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