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Abstract 

The rapid development of satellite and wireless communications pose extraordinary 

demands on broadband circularly polarised (CP) antenna elements and high-

performance antenna arrays. The use of high-dielectric-constant materials as the 

substrate for the driven layer and a low-dielectric-constant material as superstrate for the 

radiating patch overcomes the conflict between circuit integration and antenna radiation. 

The aim of the research presented in this thesis is to design and develop high 

performance singly-fed microstrip patch antennas and arrays for CP applications. 

Firstly, we introduce a singly-fed cross-aperture coupled patch antenna and a stacked 

patch antenna using high and low dielectric materials known as Type-F and Type-E 

elements, respectively. As the physical structure of the Type-E element is close to the 

conventional linearly-polarised electromagnetically coupled patch (LP-EMCP) 

antennas, we have also denoted it as CP-EMCP antenna. The development of CP-

EMCP antennas addresses the drawbacks of the cross-aperture patch antenna. A 

systematic optimisation method is developed for the design of CP-EMCP elements, at 

which the mean frequencies of the bandwidths can be adjusted in order to achieve a 

wide overlaid bandwidth. Secondly, we investigate the effects of perturbation on the 
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parasitic patch, layer displacements, material tolerances and superstrate thicknesses on 

the broadband performance as well as the mutual coupling of the CP-EMCP elements. 

Both our theoretical and experimental results show that the CP-EMCP elements are 

robust in performance and have a low mutual coupling. When compared to the 

conventional stacked EMCP antennas and to the reduced surface-wave antenna, the 

mutual coupling between CP-EMCP elements is lower which allows the use of small 

element spacings to avoid grating lobes, which therefore make these elements good 

candidates for high-performance CP arrays. 

Following a parametric study on the effect of displacements between stacked patches 

and the loss consideration of the coplanar feed network printed on high dielectric 

constant substrates, the modified Type-E elements whose parasitic patch have a zero 

perturbation are developed for the design of high performance CP arrays. The low 

mutual coupling allows short feed-lines to connect with the spatially offset elements so 

as to minimise the feed loss. Consequently, it became possible to develop the novel 

sequentially rotating feed networks which incorporate the modified elements with a 

small element spacing of 2/3/..,0 for the 4- and 16-element planar antenna arrays. The 

results indicate that these arrays have high gain, low axial ratio, high antenna efficiency 

low sidelobe levels, and wide overlaid bandwidth. 
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Chapter 1 

Introduction and Overview 
Rapid development of sate llite and wireless communications pose extraordinary 

demands on broadband circularly polarised antenna e lements and high-performance 

antenna arrays. One of the attractive features of microstrip antennas is the ease with 

which they can be directly integrated with microwave devices and formed into arrays. 

The use of high-dielectric-constant materials as the substrate for the driven layer and a 

low-dielectric-constant material as superstrate for the radiating patch overcomes the 

conflict between circuit integration and antenna radiation. This, in turn, motivates the 

use of stacked patches that are printed on the high and low dielectric layers for the 

microstrip antennas in this research. 

1.1 Circularly Polarised Antennas 

Circularly polarised antennas have been extensively used in satellite communication 

systems, radar systems and remote sensing. A major advantage of using circular 

polarisation in such systems is that it does not suffer from polarisation rotation when 

propagating through the earth's atmosphere. When comparing a linearly polarised (LP) 

and a circularly polarised (CP) antenna equipped on a mobile platform that 

communicated with a LP antenna at ground stations, CP antennas offer theoretically a 

polarisation loss of 3dB, viz., a 50% polarisation coupling efficiency. LP antennas 
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would be coupled as a minium of 0% when the transmitting and receiving antennas are 

oriented orthogonally to each other. Further, CP antenna systems do not require 

polarisation tracking. The front end of the outdoor-communication systems often desires 

a low-profile, lightweight antenna but with a reasonably high gain. These features 

cannot be achieved with a single antenna element. For these reasons, interest in 

circularly polarised microstrip arrays is rapidly increasing. Many microstrip antennas or 

printed planar designs exist for circular polarisation. Among them, various types of 

printed cross-fed dipoles, printed helical structures and spiral antennas, where the 

generation of circular polarisation is a direct result of their physical geometries. These 

designs are capable of providing a wide CP bandwidth (Axial-Ratio bandwidth) but at 

the expense of physically larger structure and high mutual coupling levels which leads 

to problems for arraying [I ]-[3]. Recently, CP antennas have also been of interest for 

indoor communications owing to its inherent capability to reject multi-path fading. 

Moreover, circular polarisation also has a unique feature of polarisation sense reversal 

on reflection from metallic objects and thus helps for multi-path reduction [4]-[5] , [10]. 

The first and simplest analytical model of a rectangular microstrip patch antenna is 

the transmission-line model [ l]. The patch printed on a grounded dielectric slab is 

modelled by two parallel radiating slots connected by a half-wavelength transmission 

line with a characteristics impedance Z0 and a propagation constant y = a + j~ [3]. The 

transmission line model of the rectangular patch antenna is simple and easy to use, but it 

suffers from numerous disadvantages: the modelling of the fringing field , its feeds, and 

its field variations along the radiating edge are absent. These disadvantages are 

eliminated in the analysis of cavity model where the patch is viewed as a thin TMz-

mode lossy cavity [ 11 ], [ 13] . In cavity model , the interior region of the patch is 

modelled as a cavity bounded by electric walls on the top and bottom, and a magnetic 

wall all along the periphery [17]-[18]. For a rectangular patch antenna with its lengths 

and widths lying on the x- and y-axis, respectively, the modes of the greatest interest for 

this patch cavity are TM1 0 and TM0,. For the TM1o mode, the sinusoidal magnetic 

currents with opposed phases flow along the lengths of the rectangular patch whereas 

the in-phase equal amplitude magnetic currents stream along the widths of the 

rectangular patch. The widths are hence the radiating edges of the patch in this case. In 

the same manner, when the magnetic currents are constant and in phase along the 

lengths and, however, vary sinusoidally but out of phase along the widths in TM01 

mode. The lengths therefore become the radiating edges of this mode. 
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A circularly polarised wave is generated when the orthogonal modes (TM01 and 

TM1 0) are excited by equal excitation amplitudes in time/phase quadrature. The sign of 

the relative phase determines the sense of polarisation (LHCP or RHCP) [ 11]-[13]. The 

circular polarisation of microstrip antennas can be accomplished using single-feed, 

dual-feed or multi-feed designs. The most direct approach in obtaining a circular 

polarisation is to use two separate and spatially orthogonal feeds (dual-feed) excited 

with a relative phase shift of ±90° as illustrated in Fig. 1.1. In Fig. 1.1 (a), the quadrature 

phasing is implemented by offsetting the microstrip feed by 45 °, viz, a difference of 45 ° 

in the line lengths to the feed points of a square patch, whereas a hybrid is used to 

provide the phase offset and isolation between the two feeds as shown in Fig. 1.1 (b ). 

The use of a dual-feed can, usually, produce a good boresight axial ratio and hence the 

cross-polarisation levels in a wide frequency range [12] , [14]. 

(a) 

45° 
offset 

goo 
hybrid 

(b) 

Figure 1.1 A direct approach to generate circular polarisation from a square patch antenna 
using the orthogonal (dual) feeds : (a) by a reactive splitter, (b) by an isolated splitter. 

However, if the complexity and efficiency of a planar array is of prime concern, the 

dual-feed patches may not be the first choice. First, the phase shifter and/or splitter 

occupy dielectric space that limits the elements' spacing inside the arrays. Second, the 

extra splitter requires larger real-estate for the feed network and also increases the 

insertion loss, especially at microwave and millimetre frequencies. On the other hand, 

the singly-fed circularly polarised patch has the disadvantage of a narrow CP bandwidth 

(3-dB axial ratio) often through a simple feed structure achieving an inherently high 

efficiency. This approach, for use in single patches, is usually not considered by some 
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researchers where broadband operation is desired [8], [37]. In singly-fed cases, the CP 

radiation is generated by exciting two degenerative orthogonal patch-modes with the 

inclusion of various types of perturbations on the patch at the centre frequency. This, in 

turn , results in the radiation of two orthogonally polarised waves in the boresight 

direction. In the next section, we review the operational principles and the types of 

singly-fed circularly polarised (SFCP) patch antennas, before investigating high-

efficiency CP arrays composed of broadband SFCP elements that will be designed and 

developed in the next few chapters. 

1.2 Review of Singly-Fed Circularly Polarised Patch Antennas 

Microstrip patch elements in square or circular shapes naturally give rise to some pairs 

of degenerate modes in the cavity. For example, TM1o and TM01 modes are 

degenerative in a square patch cavity. Hence, the combined field is circularly polarised, 

if the radiation fields due to these orthogonal modes are excited simultaneously, but 

subject to the conditions of equal amplitudes and phase quadrature as given by 

Ex-+. --- - ], 
E y {

+ : LHCP 
- : RHCP 

( 1.1 ) 

where Ex and Ey are the electric field vectors produced by the orthogonal modes, 

respectively. The positive sign indicates a left-hand or counter-clockwise CP whereas 

the negative sign represents a right-hand or clockwise circular polarisation. The rotation 

is viewed from the rear of the wave ® in the direction of propagation. 

However, the orthogonal modes in the patch cavity by its nature have the same 

eigenvalue [7] so that the quadrature phase between the orthogonal radiation fields 

cannot be obtained without some modification. The key to obtaining CP lies in the 

detuning of the two modes by slightly changing the patch shape or by including 

capacitive or inductive elements in the structure [2] " Fig. 1.2 shows typical examples of 

singly-fed single patches in common use [5], [7], [17], [64]-[66]. These are diagonally 

fed nearly-square or nearly-circular; square with diagonal stubs; square with centre 

notches and square with chopped corners, etc. The design theory of these SFCP patch 

elements is based on the so-cal led perturbation segment with its (positive or negative) 
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polarities. For example, a singly-fed near square patch, as shown in Fig. l .2(a), has a 

positive segment of size (a x a/Qr) that makes a side length b, equal to a(l + l !Qr), 

where Qr is the total unloaded Q-factor of the square patch cavity. Similarly, the singly-

fed patches shown in Fig. l.2(b), (d) and (h) have a positive perturbation segment 

whereas a negative segment is owned by the patches shown in Fig. l.2(c), (e) and (g). If 

a perturbation segment is properly applied to a square/circular patch, one mode of the 

patch will increase in frequency by a specified amount whilst the orthogonal mode will 

decrease by an equal amount. The equivalent circuit for such a configuration for a 

singly-fed square patch is two uncoupled parallel resonant circuits connected in series 

and excited by a common source, as suggested in Fig. 1.3 [2] , [5] , [17]-[18] , [64]-[65] . 

The two parallel resonant (R-L-C) circuits represent the two dominant fundamental 

modes, TM01 and TM 10, whereas the TM00 mode corresponds with a uniform electric 

field but no magnetic field and a zero cut-off frequency in the patch cavity. All other 

higher order modes and the feed inductance are modelled by a single inductor inside the 

circuit. 

(b) 

(d) 

0 [] 0 
(e) (g) (h) 

Figure 1.2 Various common types of singly-fed circularly polarised patch elements. 
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Fig. 1.4 shows the typical amplitude and phase diagrams with the typical SFCP 

elements [5]. The radiated fields excited by the two modes are ideally perpendicular to 

each other, and are orthogonally polarised in the boresight direction. When the amount 

of perturbation is optimum, these two modes are excited in equal amplitude and 90° out 

of phase at the centre frequency as shown by the diagrams. 

Roo 

Coo 

TMoo 

Higher Order 
Modes 

Figure 1.3 An equivalent circuit of singly-fed circularly polarised square patch elements. 
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Figure 1.4 Amplitude and phase diagrams for the single-layer SFCP microstrip patch 
elements [5 , Ch 4]. 



1.3 Overview on Stacked and Electromagnetically Coupled 
Patch Antennas 
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Stacked patch antennas and electromagnetically coupled antennas were introduced 

almost at the same time by Gary Sanford [21] and George Oltman [22], respectively in 

the late 1970s. Oltman used the term: "electromagnetically coupled (EMC)" to describe 

the coupling of the printed dipoles - one or two dipoles printed on a second dielectric 

layer, which is vertically stacked on a bottom dielectric slab (grounded substrate). These 

"parasitic" dipoles have different orientations and are coupled to a driven dipo le that is 

printed on the grounded substrate. Sanford presented, in [21 ], two patches printed on 

top of two stacked dielectric layers: one of the layers being grounded whilst the other is 

not. The top-patch is the resonant patch connected to the RF source via a microstrip line 

whereas the bottom patch is non-resonant and parasitic. Sanford ' s stacked patch antenna 

was designed for multiple frequency operation [21] whereas Oltman ' s EMC dipoles 

have the advantages of greater impedance bandwidth and efficiency [26]. Their antenna 

geometries are as shown in Figs. 1.5 and 1.6, respectively. Soon after, Stuart Long and 

Mark Walton published their stacked antennas for dual-frequency applications [23]-[24] 

which was similar to Sanford 's work but use circular patchJdiscs and a coaxial 

connector (probe-feed). In their designs, either the top- or bottom-disc can be the driven 

patch but without the use of superstrate - a third dielectric layer, whereas the other patch 

is parasitic as shown in Figs . 1.7 and 1.8, respectively. Both of them have two-layer 

stacked patches and use a low dielectric constant (er = 2.47) material for both the 

substrates. The input impedance of these antennas is measured as a function of the size 

of discs and emphasise the values of the resultant resonant frequencies. 

Figure 1.5 Sanfo rd ' s multip le resonance radi o freq uency microstrip antenna structure in [21]. 



W1l(])I 
(c) (d) 

®IWI 
Figure 1.6 The six different configurations of EMC microstrip dipole introduced by Oltman in 
[26]. 

-2a1~ OISC1 
·----.---t~~~\.:~s'" 1/ _______ _ 

Figure 1.7 The two-layer stacked disc patch antenna reported in [23]. The top-patch is used as 
the driven patch. 

·'''' ,,,,' 

--2a,-.J>'sc1 ,, ''""' ',,, ,,, 

Figure 1.8 The two-layer stacked disc patch antenna reported from [24] . The bottom patch is 
used as the driven patch. 

8 
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The piggyback antenna developed by Schaubert and Farrar [17] in 1979 is another 

example of a dual frequency antenna. The main difference of this antenna to the 

previous elements is the use of two direct feeds: two microstrip patch antennas are 

stacked to share a common aperture and fed separately to allow the radiation of two 

independent signals (1140 MHz and 990 MHz) as shown in Fig. 1.9. The elements may 

be )J4 or IJ2 microstrip patch radiators, but the lower element should be larger to act as 

a good ground plane for the upper element. 

H-PLANE 

TOP VIEW 

1140 FEED 
990 FEED 

SIDE VIEW 

Figure 1.9 A dual-frequency stacked patch antenna developed by Schaubert and Farrar [17]. 

Almost at the same time to that of Long and Walton ' s work, Hall et al proposed the 

multilayer antennas based on Oltman ' s EMC concept but used a high-permittivity 

alumina as the feed substrate [9] , [25]. The high-permittivity substrate allows a simple 

integration of microstrip antenna with circuit devices without degrading the antenna 

performance. They suggested the use of feed dipoles/lines terminated with a resonant 

patch and two-stacked parasitic patches as shown in Figs. 1.10( c) and 1.10( d), 

respectively. This significantly increased the 10-dB impedance bandwidth up to l 8% at 

X-band. Although the multilayer antennas produced by Hall et al [25] are linearly 
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polarised, we believe that theirs is the first reported work on the use of dielectric 

materials in high and low permittivity combinations - two decades before Waterhouse ' s 

circularly polarised antennas using hi-lo combinations presented in [78]. 

a 

c 

radiating 
element ; 

2 I I hr i. 
base h 

substrate T 

ml 
~ 

b 

Figure 1.10 Peter S. Hall et al proposed mu lti layer antennas using alumina substrates that 
allow for simple antenna and circuit integration in [25]. 

An excellent summary on a ll types of EMC antennas was presented by James and 

Hall [2, pp.262] in their, by now a, classic text on microstrip antennas. From this, one 

can say that when microstrip antennas have parasitic element(s) other than the driven 

elements, they are broadly regarded as E lectroMagnetic Coupled (EMC) microstrip 

antennas. However, structurally they have different forms as can be seen from Figs. 1.5 

to 1.10. In the early 1980s, owing to the growing popularity of microstrip antennas, 

researchers paid increased attention to the printed elements, from dipoles to microstrip 

patches. Researchers of multilayer microstrip patch antennas such as Albert Sabban [70] 

and C. H. Chen [7 l] had the same goal on the improvement of impedance bandwidth of 

the microstrip patch antenna. They designed the multilayer patch antenna using the two 

terms: "stacked patch" and "EMC patch" alternatively in their papers. Both were 

inspired by the works of Sanford and Oltaman, but also more or less influenced by 

James and Hall ' s classical text. However, if we define the " layer" as the dielectric layer 

with the material having a finite difference in dielectric constant to its adjacent layer, 

both Sabban and Chen ' s designs used three dielectric layers even though the middle 
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(second) layer has a free-space dielectric constant. They used the stacked patches or 

"piggyback" design [21] in their works with different ways to arrange the top-patch 

although they called their designs a "two-layer" microstrip antenna. Sabban's design 

has a patch printed on the top of the top dielectric layer which is the third and 

ungrounded substrate as shown in Fig. 1.11 whereas Chen's design has a parasitic patch 

printed on the bottom of the top-layer or the top of the second layer as shown in Fig. 

1.12. Both configurations consist of circular patches that are capable of attaining an 

impedance bandwidth of over I 0%. They also addressed the need of circular 

polarisation (CP) in their designs. 

AIR 

RADIATING ELEMENT .r· 
FE.£.l>E.R-
~ESONATOR 

Figure 1.11 Sabban suggested the use of different dielectric constant (2.5 to l 0.3) materials 
for the driven layer in [70]. 

llt---Dr --tll 

. 
I 
I 

:.- Df --..: 
I I 
I I CO• 

D 

Figure l.12 The broadband multilayer patch antenna introduced by C. H. Chen et al in [71 ]. 
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In fact, Dahele and Lee reported a tuneable dual-frequency stacked patch design in 

1982 [27], which was a modification of Long's works even predating the works of 

Sabban and Chen. We believe that this was the first time an airgap was introduced into 

the stacked substrates, resulting in a sandwich structure making a three-layer patch 

antenna as shown in Fig. 1.13. Dahele [72], Lee and Lee [73]-[74] as well as many 

others have continued Sabban and Chen's works [70]-[7 l] intensively from the mid 

1980s to 1990s. Their main focus has been on the impedance bandwidth, gain 

enhancements and the effect on the dielectric layers' parameters for linearly polarised 

(LP) patch antennas, and they used the term of EMCP antenna extensively in their 

publications [28]-[30] , [72]-[74], [82]-[83]. It must be pointed out that a few authors 

used stacked patches with or without using superstrate in their works [31 ]-[32], [ 169] 

during the period. The three-layer designs that included either the superstrate or second 

substrate were compared by Dahele et al in [72]. The interesting comparison shown in 

Fig. l.14 illustrates the normal and inverted parasitic patch configurations from Sabban 

[70] and Chen et al [71]. Their experimental studies showed that the performance of the 

inverted configuration to be superior for the following reasons: a larger bandwidth and 

adjustable input impedance closes to 50 ohm; and the superstrate serves as a protective 

dielectric cover for the conducting patch. To reduce the confusion resulting due to the 

over use of the term "electromagnetic coupling" or EMC in microstrip antennas, David 

Pozar classified that patch coupled to a driven microstrip line as the proximity coupled 

antennas as shown in Fig. 1.15 in [34], [80] . However, ltoh et al [35] , Sorbello et al [28] 

and Duffy [ 177] used the term of "Electromagnetically Coupled" for proximity coupling 

structures in their works before and after Pozar's clarifications. Their arguments are 

based on Oltman's EMC printed dipoles - a radiator that existed before the printed 

patches. 

0·'318cm 
J..~~....-.. ....... !!11--Po~ 
LI:~--~~--
y·...._..._~ ............... -.. 

0·318cm 

Figure 1.13 A free-space dielectric layer introduced into the stacked patch antenna in [27] . 



Radiating Patch 
J, 

Radiating Patch 

Coax Probe 
c.cmfiguration (b) Inverted Configuration 

Figu re 1.14 Dahele and Lee compared antenna performances arising from the different 
positions of the parasitic patch inside the stacked patch in [72). 

w 

Figure 1.15 A proximity coupled patch antenna deve loped by D. Pozar in [34). 

Figure 1.16 The hi gh-perfo rmance probe-fed stacked patch antenna. A two-layer stacked 
patch antenna presented in [88] . 
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Starting in late 1990s Rod Waterhouse used the term stacked patch for his broadband 

designs for both LP and CP applications as presented in [78]-[79], [88] for either direct 

feeding or indirect feeding in [ 178]. However, his designs were based on patches 

printed on stacked dielectric layers or piggyback designs as shown in Fig. 1.16, but 

some were designed and implemented with the inclusion of an electrically thin 

superstrate, effectively making the antenna a three-layer structure as shown in Fig. 1.17. 

The difference is in the use of two or three dielectric layers. At lower frequencies, the 

influence of this electrically thin layer with a low dielectric constant is expected to be 

trivial [79] but at the high-end of microwave and millimetre frequencies its effect 

becomes significant. We have lately reported a broadband CP element which based on 

EMCP concept and utilise the hi-lo-lo dielectric combination that will be presented in 

Chapter 3. Here, we would like to bring out the significant effects that are caused by the 

addition of the superstrate on an X-band CP-EMCP design as shown in Fig. 4.12. The 

effects are not limited to impedance matching as shown in Fig. l. l 8(a) but also the CP 

performance as shown in Fig. I . l 8(b ). Further, the effect of the superstrate on the 

mutual coupling between the CP stacked patch elements will be presented in Chapter 4. 

Figure 1.17 The stacked patch antenna with a three-layer (sandwich) structure reported in 
[16] , [78]. 
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Figure 1.18 The effect of superstrate on the performance of a CP-EMCP element: (a) Return 
Loss; and (b) Axial Ratio and Gain . 
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1.4 Motivation for the Research 

One of the advantages of microstrip patch technology is the relative ease with which 

dual and hence circular polarisation (CP) is achieved with these antennas. This feature 

has made microstrip patch antennas popular in many space-borne communication 

antennas on satellites. The use of a high-dielectric-constant material as the circuit 

substrate for the driven layer and a low-dielectric-constant material as superstrate for the 

radiating patch overcomes the conflict between circuit integration and antenna radiation. 

This, in fact, propels the use of multi-dielectric layer and stacked patches that are 

printed on the high and low dielectric constant materials for the microstrip antennas in 

this research. We propose two types of circularly-polarised stacked patch antennas in 

Chapters 2 and 3. These novel antennas employ high-low-low dielectric material 

combinations with different feeding methods. We denote the middle layer as "low" 

since the air dielectric or foam is used for these CP elements. The idea comes from the 

conventional linearly polarised electromagnetically coupled patch antennas (LP-EMCP) 

that make use of low-low-low dielectric material combinations [28]-[30], [72]-[74], 

[82]-[83]. The aperture coupled CP patch antenna presented in Chapter 2 also has the 

advantage of independent selection of antenna and feed substrate material. However, it 

suffers from backward radiation and a high sensitivity to layer misalignment and 

material tolerances on its CP performance. This led to the consideration of other types 

of multilayer geometries -the CP-EMCP antennas in Chapter 3. 

The use of stacked patch structure increases the number of resonances and hence the 

gain as well as impedance bandwidth. However, the use of high dielectric constant 

material in the microwave frequency bands would increase challenging. The existing 

research for CP patch antenna in this area is scant. Firstly, the commercially available 

high dielectric laminates, such as Rogers R030 I 0 ™ (er = 10.2, tanb = 0.0035) are 

relatively lossy compared with the low dielectric constant ones. At high microwave 

frequencies, the dielectric loss would dominate the conductor loss [85]-[87]. Secondly, 

the mutual coupling between patch antennas using high dielectric constant substrates 

was reported to be much higher than those from the low dielectric constant materials 

[106]-[108], [114]. This is a major hindrance to the designers to use such elements for 

CP array applications. Thirdly, although wide bandwidths can be achieved with stacked 

patches of hi-lo dielectric materials, the antenna efficiency for those elements and/or 

arrays with the coplanar feed network printed on high dielectric constant materials are 
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still questionable. Furthermore, the effect of superstrate thickness, dielectric material 

tolerances and the effect of layer/patch displacements on their performance were never 

investigated or unavailable in the open literature. All of these reasons become the 

motivation for the research topics presented in the Chapters 4-6 of this thesis. 

The design of singly-fed CP patch antennas is more challenging than the LP ones 

because of the need to satisfy the design goals/objectives in addition to that of the 

impedance bandwidth. Often though, wide impedance bandwidth and axial-ratio 

bandwidth of the CP patch antennas were reported in the literature, they only partially 

overlap - either a low gain level inside a wide axial-ratio bandwidth or a high axial ratio 

is obtained within a wide impedance bandwidth. This in turn leads to a discounted 

overlaid bandwidth, which is the actual useable bandwidth of CP antennas. A 

systematic yet practical design and tuning method is proposed in Chapter 3. We will 

demonstrate, via design examples for different frequency bands, the mean frequencies 

of impedance bandwidth and axial-ratio bandwidth of the CP patch antennas can be 

finely adjusted using different tuning variables, which will lead to a wide overlaid 

bandwidth CP patch antenna. More importantly, their trade-offs are highlighted with 

respect to the design objectives. After the investigation on the robustness of the 

performance of CP-EMCP elements to specifically address the abovementioned effects, 

we explore the mutual coupling characteristics of CP-EMCP elements in both the 

spatial and frequency domain in Chapter 4. Good results on the mutual coupling, e.g. -

25 dB at a spacing of 2/3'Ao is attained . Based on this and the loss consideration in high-

dielectric-constant substrate, a novel sequentially rotating feed network is proposed in 

Chapter 5. Consequently, a few high-performance antenna arrays using CP-EMCP 

elements are developed. 

1.5 The Common Design Objectives of Circularly Polarised 
Patch Antennas 

Traditional single layer, singly-fed circularly polarised (SFCP) microstrip patch 

antennas have inherent disadvantages: (i) limited impedance bandwidth and (ii) very 

narrow axial-ratio bandwidth. These are owing to the creation of a high unloaded Q-

factor and the frequency-dependant excitation of the orthogonal modes (TM01 and 

TM 10) when using a single-point feed. Probably one of the most widely pursued 
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research areas in the history of microstrip patch technology has been to improve the 

impedance bandwidth of this antenna such that it can be employed in many 

applications. Many bandwidth enhancement techniques have been proposed and 

implemented in recent years. To obtain a really broadband singly-fed circularly 

polarised antenna, in addition to the VSWR and impedance bandwidth (ZBW), the CP 

characteristics have to be optimised. Hence, at least two design goals/objectives are 

involved when compared to the corresponding linearly polarised antennas. These design 

goals are: (a) boresight axial ratio (AR) or on-axis cross-polarisation discrimination 

(XPD); and (b) axial-ratio bandwidth (ABW) or CP bandwidth. Further, any 

improvement in the gain of the CP elements is also highly desirable. 

Microstrip patch antenna is a common type of resonant antenna. Its intrinsic patch 

bandwidths (both the impedance and axial -ratio bandwidths) are neither affected by the 

feeding method nor by the feed position. However, they are strongly related to the total 

unloaded quality factor (Qr) for a given patch size (CP or LP element) as given by [17] 

and [179] 

l 
ZB W LP (VSWR ~ 2) =---;;:;-

--.J2Qr 

ZB W CP (VSWR ~ 2) =.Ji 
QT 

.Ji - 1 
ABW (AR ~ 3dB) = ~ 

t2Qr 

(1.2) 

(1.3) 

(1.4) 

These interesting relationships amongst the bandwidths are compared as a function 

of Qr as shown in Fig. 1.19. For the common criteria of bandwidths as indicated in 

eqns. (1.2)-(1.4), we can see that for a given substrate and patch size, CP antenna has an 

intrinsic impedance bandwidth which is twice as higher than that of its LP counterpart. 

Likewise, the CP antenna has an impedance bandwidth which is four times larger than 

its axial-ratio bandwidth (ABW). The interesting relationship between the axial ratio 

(AR) and the cross-polarisation discrimination (XPD) of a CP patch element is identical 

to that between the standing wave ratio (SWR) and the return loss (RL) is shown in Fig. 

1.20. 
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Figure 1.19 The intrinsic axial-ratio (ABW) and impedance (ZBW) bandwidths of patch 
antennas as a function of total unloaded Q-factor . 
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1.6 Measurement on Circularly Polarised Antennas 

Circularly polarised (CP) antennas have at least two more characteristics than the 

corresponding linearly polarised (LP) antennas. In the measurement of these quantities, 

CP antennas are more complicated than LP antennas. Although the axial-ratio 

bandwidth (ABW) for a specified level (e.g. 3-dB) can be simply obtained when the 

axial ratio (AR) versus frequency is measured, the gain measurement on the CP 

antennas is not that straightforward: a good quality CP source antenna and standard gain 

antennas at the frequency of interest are required. An alternative way is to use an LP 

antenna with linear spinning method [6], [1 O]. As a matter of fact, the measurement of 

the AR is part of the measurement of the circular-gain (CPG) often though the accuracy 

of the CPG depends on the measurement of the AR. This section provides a summary 

on the techniques and formulas used in the calculation of AR, CPG and the radiation 

patterns that will be presented in the later chapters along with the measurement results. 

1. 6. 1 Axial Ratio and CP Gain Measurements 

All measurements on the CP antennas presented in this Thesis were conducted inside an 

indoor compact far-field range with technical support from CSIRO ICT centre, 

Marsfield, in Sydney, Australia. Ideally, the gain of an antenna under test (AUT) is the 

ratio of the power radiated by the AUT in a specific direction to the power which would 

be radiated by an isotropic radiator with the same power fed to its terminals. In practice, 

a standard gain antenna (SGA) whose gain was calibrated or known beforehand over its 

operating frequency range is used in the gain measurement. Fig. 1.21 illustrates the gain 

comparison method or gain transfer method [6] , [IO] with inclusion of a rotating join 

for the LP source horn that is connected to a transmitter of constant power output. The 

location of the receiving antenna (SGA or AUT) is optimised to receive the peak signal 

from the source horn. The received power in dBm is recorded for both the SGA (Ps) and 

AUT (PT) in the optimised position. In both the cases the receiving antenna is pointing 

toward the source antenna for peak output. Hence, the gain of the A UT differs from that 

of the SGA by the difference in received powers from the test antenna and the standard 

antenna, as given by 

GT (dBi) - Gs (dB)= PT (dBm)- Ps (dBm) (1.5) 
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Pr and P5 : measured/received power is recorded for both the AUT and SGA. 

Figure 1.21 The axial ratio and gain measurement of a CP test antenna with the gain 
comoarison method. 
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This method allows for the measurement of the circular-gain (CPG) and the axial ratio 

of a CP antenna. Eqn. (1.5) indicates only the linear-gain (LPG) measurement by using 

the gain comparison method when the source antenna is stationary. The polarisation 

mismatches between the LP source antenna and the AUT gives rise to rapid variations 

in the receiving power of the CP antenna (the AUT) when the source antenna is rotated 

in the test. A typical receiving power plot from a CP antenna - a Type-E element 

(whose design method will be detailed in Chapter 3) is shown in Fig. 1.22. The ripples 

would be introduced on the gain curves if the sampling rate and the spinning rate were 

not sufficient. This is the disadvantage of linear spinning method for the CP gain 

measurement. It is obvious from Eqn. (1.5) that accurate gain measurement relies on 

accurate power measurement. The inaccuracies of power level and the effect of the 

receiver's non-linearity can be eliminated with a variable attenuator (pads), which is 

used to minimise the power level change between the SGA and A UT as indicated in 

Eqn. ( 1 .6). However, the SGA reference level (Ps) may vary between E- and H-planes 

due to the possible reflection or mu I ti-path existing inside a compact range. For accurate 

gain measurements, the average level between E- and H-plane is typically used. That is, 

(Ps_E + Ps_H)/2 is adopted for the reference level of SGA. On the other hand, the 

boresight axial ratio (AR) in dB of the test antenna at the frequency point is the 

difference of the average of two maxima and the included minimum as given by [10] 



LPG (dBi)= U(dBm)- Ps(dBm) - Pad( dB)+ Gs( dB) 

AR (dB)= U(dBm)- L(dBm) 

where U is the upper envelop (maxima) of the receiving power from the AUT; 

Lis the lower envelop (minima) of the receiving power from the AUT; 

Pad is the decibel value of the attenuator connected into the SGA; 
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(1.6) 

(1.7) 

However, the polarisation mismatches between the LP antenna (SGA) and the CP 

antenna (AUT) have not been taken into account. Hence, Eqn. (1.6) only provides a 

partial or the linear-gain (LPG) of the CP antenna. Two correction factors need to be 

included in order to convert the linear-gain to the circular-gain as given by [ 19]-[20] , 

CPG(dBic) =LPG (dBi)+ CFl(dB) + CF2(dB) (1.8) 

where CF I and CF2 are the correction factors. CF l is due to polarisation mismatch 

between the SGA and the A UT whereas CF2 is due to gain contribution of the 

cross-polarisation. Both of their values depend on the voltage axial ratio (A) of 

the AUT, as given by 

and 

CFI (
A+ I J 20 log 10 Ji A 

CF2 20 logJ ~2 (A ' + l) J l A+ I 

( l .8a) 

(1.8b) 

Note that the accuracy of the gam measurement also depends on the purity of 

polarisation of the source antenna. The unit of circular-gain is dBic in Eqn. (1.8) 

indicates the gain relative to a perfect isotropic circularly polarised (CP) antenna. This 

unit also makes the circular-gain (CPG) distinct from the linear-gain (LPG) of a CP 

antenna. 
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Figure 1.22 The receiving power of a 5.7 GHz Type-£ element (AUT) using a li near spinning 
source. The measured axial ratio (dB) is the difference between the upper and lower envelopes. 

1.6.2 Measurement of Polarisation Patterns 
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There are two common methods used to measure the radiation patterns of a CP antenna. 

One is similar to the abovementioned linear spinning method but instead of using 

frequency sweep, a frequency point of interest is chosen and its response is measured 

whilst the AUT is rotated azimuthally. The other method is to measure the orthogonal 

radiation patterns (E0, Erp ) of the AUT when the source antenna and AUT is positioned 

0° and 90° respectively, and then convert them into their CP patterns (EL, ER) as given 

by [10] , [19] 

(1.9) 
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and 

( 1.10) 

However, if we are also interested in the variation of the axial ratio with the elevation 

angles, the linear spinning method is a convenient method. Fig. 1.23 shows the 

composition of a polarisation ellipse and its LH and RH components. The quality of the 

circular polarisation is gauged by the axial ratio (AR) or the ellipticity, which is defined 

as 

(
max ] AR = 20log 10 -.-mm 

[dB] (1.11) 

When measurement is recorded in the power level of dBm, AR should be (max - min). 

where max and min is the lengths of the semi-maj or and semi-minor axes of the 

e llipse, respectively. A lso, max and min are the sum and difference of the left-hand and 

right-hand field components, respectively, in the polarisation ellipse. 

Therefore, 

max+ min E R=----
2 

and 

max- mm E 1, =----
2 

( 1.12) 

(1.13) 

Fig. 1.24 illustrates the equivalence between the two common types of presentation in 

the power patterns. 
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Figure 1.23 A polarisation ellipse consisting of the LH and RH components. 
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Figure 1.24 The two common types of polar radiation patterns: (a) peak and valley (max-min) 
power pattern, and (b) Power patterns with separated polarisation senses. 
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1. 7 Road map of This Thesis 

This thesis presents the investigations into the design of singly-fed circularly polarised 

(SFCP) elements and arrays. The road map of the thesis is as follows: 

• Chapter 1: Following a brief introduction to the significant uses of circular 

polarisation and singly-fed antennas, a historical overview of the stacked patch and 

the electromagnetically coupled patch (EMCP) antennas is presented. The common 

design goals of SFCP elements and the measurement techniques in relation to these 

goals which depart from the LP counterparts are summarised. 

• Chapter 2: Following a brief on the expected improvements and a transmission-line 

modelling example of a cross-aperture coupled patch antenna, a stacked patch 

version of cross-aperture coupled antenna known as Type-F element is given. A 

presentation of its performance and a comparison with a similar design in the 

literature are also provided. Finally, a parametric study will be given to discuss the 

future improvements on this type of antennas. 

• Chapter 3: In this chapter, we detail a generalised design and tuning method for the 

CP-EMCP elements known as the Type-E element. Three design examples and their 

performances are provided to verify the efficacies of such a systematic method at 

different frequency bands. Further, two examples of modification are given to suit 

the design of CP arrays. 

• Chapter 4: The robust characteristics of CP-EMCP elements are given m this 

chapter. The effect of perturbation on the parasitic patch; the effect of dielectric 

tolerances; and, the effect of superstrate thickness on the broadband performance of 

these SFCP elements are also examined. Furthermore, the mutual coupling between 

two types of CP-EMCP element are investigated and compared with other elements 

in this chapter. 

• Chapter 5: Following a brief review on the basic design principles of sequentially 

rotated arrays, the design of high-performance coplanar arrays using broadband CP-

EMCP elements, and their performance are investigated and presented in this 

chapter. 

• Chapter 6: Conc lusions and future work. 
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Chapter 2 
Design of Cross-Aperture Coupled 
Patch Antenna: Type-F element 

2.1 Introduction 

In this chapter, a design of 2.4 GHz circularly polarised (CP) cross-aperture stacked 

patch antenna, named as Type-F element is presented. It is one of our initial successful 

antenna designs. We discuss the relative merits of the aperture-coupling patch antennas 

and the method to create a circularly polarised wave using a single feed. The antenna 

geometry, the improvement on its performance when compared with similar designs is 

presented. The techniques used to improve the antenna performance such as impedance 

bandwidth and circular polarisation gain will also be demonstrated. 

Aperture coupling has the practical advantage on the freedom of choosing the 

dielectric material for the microstrip feedline or other types of feed-lines, e.g. Coplanar 

Waveguide, while maintaining the radiation characteristics or increasing the impedance 

bandwidth with the choice of a thick dielectric material with a low dielectric constant 

for the radiating patch [33]. It consequently has simpler and easier circuit integration 

between the radiating element and the microwave active control devices. Another 

advantage is that the spurious feed radiation can be isolated from the radiating element. 
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However, aperture coupled patch antenna is a multilayer antenna that suffers from high 

sensitivity, which makes it vulnerable to fabrication tolerances and/or layer 

misalignment [36], affecting the axial-ratio characteristics for a CP patch antenna [37]. 

Another major disadvantage is the problem of backward radiation due to the proximity 

to the slot/aperture resonance: the slot radiates forward both sides of the ground plane. 

This backward radiation can be a serious drawback for applications in integrated active 

antennas and phased arrays, not just resulting in gain loss but also causes malfunctions 

of associated devices due to the unwanted EM coupling. One of the remedies is the use 

a metallic reflecting plate, a second ground-plane, to be added at a distance beneath the 

aperture to shield the back radiation leakage [38]-[39]. The distance at which the 

additional reflector needs to be kept away from the radiating elements was empirically 

suggested to be A,0/4 in [40]. The price paid for that is the higher manufacturing cost and 

resulting bulkier structure for the antenna. However, this remedy may cause higher 

propagation modes to be present which may be excited due to forming of a waveguide 

between the second ground-plane and the original ground-plane [ 41 ]. This in turn leads 

to a higher mutual coupling between elements and lowers radiation efficiency. As an 

alternative to alleviate the backward radiation, Pozar proposed the dogbone-shaped 

coupling aperture in [42]. Other aperture shapes such as bowtie shaped, hour-glass 

shaped [ 43] and H-shaped slots [ 44 ]-[ 45] were also reported. All of these aim to 

improve the forward coupling to the patch while reducing the backward radiation level 

and thus raise the gain. Another method called the cavity-backed aperture coupled patch 

antenna, proposed in [ 46], uti I ises a copper grid to act as spacers between the patch 

layer and the aperture. This method has the advantages of not just low cross-polar levels 

but also low mutual coupling between elements as well as the practical improvement on 

heat transfer from the patch and the active devices. Aperture coupled elements using 

this method are well-suited to large array applications. However, this results in 

increased (at least one) degrees of freedom or design variables for the antenna element, 

which in turn making the overall design more complicated and more trade-offs have to 

be considered. 
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2.2 Design Objectives for the Use of Cross-Aperture 

Circular polarisation (CP) can be generated from aperture coupled elements by using 

off-centre coupling aperture [ 4 7] or with cross-aperture which was first proposed by 

Tsao in [48] and later developed by Pozar et al using dual-feed [36]-[37]. Other 

researchers used single-feed [38], [40], [49]-[52]. For both dual- and cross-aperture, two 

orthogonal linearly polarised modes are independently excited with equal amplitudes 

and a 90° phase shift. These are the criteria for the generation of CP and hence a low 

axial-ratio for a wide frequency band of interest. By using additional power dividers and 

polariser associated with the dual or parallel feed, a single element is capable of a 2-dB 

axial-ratio bandwidth of 25% [36]. However, in array applications such a feeding 

technique for the CP elements results in low antenna efficiency and is uneconomic from 

the points of view of both manufacturing and running costs. Thus, the use of singly-fed 

elements would be attractive for CP applications. 

Using a single feed to simultaneously produce identical amplitudes with a 90° phase 

shift for two orthogonal TMo1 and TM10 modes for the generation of circular 

polarisation (CP) is inherently arduous. Hence, the design of singly-fed circularly 

polarised (SFCP) microstrip patch antenna has long been a challenging problem. Its 

narrow axial-ratio bandwidth (3-dB) and the low cross-polarisation discrimination 

(XPD) are the consequence of the imperfect excitation due to a single feed. A single 

microstrip patch on a single layer structure exhibits a limited impedance bandwidth with 

an input VSWR :S 2 due to the high total unloaded Q-factor (Qr) of the patch resonator. 

Typically, a single layer SFCP microstrip patch antenna offers a CP bandwidth (3-dB 

axial ratio) of less than 1 % and an impedance bandwidth (VSWR:S2) of less than 5% 

[66]. Any new cross-aperture patch that uses a single feed to produce a circularly 

polarised wave needs to satisfy the following criteria in general: 

1. The element should be suitable for an CP array application so it must be a singly-

fed element without using external polariser and/or coupler; 

2. For the microwave devices and/or beamforming circuits to be integrated directly 

with the antenna element, the element must be able to use a high dielectric 

constant material for the driven layer or feed network; 

3. The impedance bandwidth of the patch element must be high; 
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4. The boresight axial-ratio must be minimum (on-axis XPD must be maximum) of 

the element at the desired centre frequency; 

5. The gain level of the element should be as high as possible; 

6. The backward radiation must be minimised , or maximise the front-to-back 

radiation ratio of the element. 

We will show in this chapter that a cross-aperture SFCP element could be designed 

that satisfy the above criteria. 

A singly-fed cross-aperture coupled patch (XACP) antenna was first proposed by 

Haneishi et al. It used a coplanar waveguide (CPW) as the feed to a single circular patch 

in 1994 [ 49]. Later, Vlasits et al use a single microstrip line feeding to a nearly square 

patch via a symmetrical cross-slot in 1996 [50] , [55]. However, their designs have the 

low gain of only 5 to 6 dBic with limited impedance bandwidth (ZBW). In this chapter, 

we present the design of a 2.4 GHz singly-fed patch element with a cross-aperture that 

addresses the abovementioned criteria. We have designed, fabricated and tested such an 

element. The new design improves not only on gain, impedance bandwidth but also on 

the feature of the antenna for circuit integration. The following sections start with a 

transmission line modelling of an XCAP antenna and followed by its design principles, 

antenna geometry and performance. A parametric study and comparison to the existing 

design will also be presented and discussed. 

2.3 Transmission-Line Modelling of Cross-Aperture Coupled 
Patch Antenna 

The advantage of the transmission-line model is that it allows for good understanding 

for physical interpretation of the coupling mechanism inside the antenna. The 

transmission-line model has already been successfully used to predict the input 

impedance of linearly polarised aperture-coupled patch element [54] and also the axial-

ratio for a circularly polarised cross-aperture coupled patch element [56]. The work 

presented shows how the input impedance and axial ratio varies with the physical 

parameters of the patch and cross-aperture. Three transformers are used to model the 

coupling from the feedline through the cross-aperture to the radiating patches. The 

equivalent circuit of a left-hand circularly polarised element as shown in Fig. 2.1 
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consists of two sections of transmission-I ine in x- and y-directions, respectively. This is 

performed by considering the cross-aperture as consisting of two orthogonal slots, 

which excite the patch in the TM1o and the TM01 mode independently. The TM10 mode 

is modelled by considering the patch antenna as a transmission line where TEM waves 

propagate in the x-direction as shown in Fig. 2.1. The transmission line is terminated at 

both ends for two radiating edges by appropriate admittances, Y x=Gx+jBx. This 

admittance can be calculated using the formulas which are usually applied to a probe or 

microstrip line fed patch antenna [57]. The characteristic admittance Ycx and 

propagation constant Yx of the patch in the x-direction can be calculated, which in turn 

allows the determination of the patch admittance 2Ya as seen by the aperture 

perpendicular to x-axis. 

a/2 r ·> a/2 

Gx )\ 
JB; y 

~ y~ vb 

·-·-r- -_ .. Yo;, yy 

Yta 

Figure 2.1 The transmission-line equivalent circuit for a LHCP cross-aperture coupled patch 
antenna. Two transformers with turn ratio of n10 and n l b model the coupling between the cross-
aperture and the patch in the TM 10 and TM0 1 mode, respectively; another transformer with turn 
ratio of n2 models the coupling from the microstrip feedline to the cross-aperture. 

b/2 
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In the same manner, when the TM01 mode of the patch is considered, the radiation 

admittance Y y=Gy+jBy for both the edges is transformed to the aperture perpendicular to 

y-axis using the characteristic admittance Y cy and propagation constant yy of the patch in 

they-direction. Thus, the antenna admittance at the aperture input 2Y b corresponding to 

the TM01 mode is also obtained. 

Therefore, the voltages Va and Vb at the radiating edges for the TM10 and TM0 1 

modes, respectively obtained using transmission-line theory are given by [56]-[57] 

Va= y 
cosh( y a/2) +-a sinh( y a/2) 

x Y ex x 

and 

V1 b 
Vb=~~~~~~~~~~-

cosh( y b/2) + y b sinh( y b/2) 
y Y cy Y 

(2.1) 

(2.2) 

The first two transformers are used to model the coupling between the two 

orthogonal slots and the patch for the TM 10 and the TM01 mode with the turn ratios 

equal to the fraction of current flowing through the slot over the total intensity as given 

by [54] 

Lxs 
n1 a=-

a 
and Lxs 

n1 b= -
b 

(2.3) 

whereas the output voltages from the two transformers, V la and V lb are related to Vab as 

the loads from the potential divider as given by 

V _ VabZta 
l a - and V _ Vab Ztb 

lb - • (2.4) 
Zia+ Z1b Zia+ Z1b 

The third transformer is a centre-tap transformer with two opposite polarity 

windings, which models the coupling mechanism between the microstrip feedline and 

the orthogonal slots. For each slot, the relationship between the slot voltages, V 0a and 
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Y 0b, developed at the centre of slots and the discontinuity voltage ~ Y represented by the 

turn ratio n2 is given by [54] 

~y ,.., L s n2= ----;::::== 
Yao + Yob - .JW reff ht 

(2.5) 

where Y0 a, Yob and the discontinuity voltage~ Y can be calculated using the method as 

described in [55] and [56]. As indicated in eqn. (2 .5), n2 can also be approximately 

related to the cross-aperture length, Lxs, the effective width of the feedline , W feff and the 

thickness of the driven layer/substrate, h 1• One can see that all transformer turn-ratios 

are directly proportional to the aperture length, which in turn controls the coupling 

magnitude but also the backward radiation of the antenna that will be presented in 

section 2.6. 

Now if the values of the characteristics impedance, Zos and the wave-number, ks of 

the aperture/slot are known, the self admittance Y ap of the slots can be considered as the 

shorted circuit slot lines given by [55] 

·2 Y = _j_cot(k Lxs ) 
ar s 2 Z os 

(2.6) 

where the zero-order wave-number ks and the characteristics impedance Zos of the slot 

line were suggested by Cohn [58] as 

k s= 2;rr FAo)2 -} 
Ao ~\ J:: ) - i 

(2.6a) 

and 

591.7 (As/ Ao) 
Z os = (Sb J In -

!CW 

(2.6b) 

.hA1 £!; Wit -= --Ao C r + 1 
(2.6c) 
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where b is the distance of the magnetic wall to the centre of the slot and w is the width 

of the slot; and As and /...0 are the slot mode and free-space wavelengths, respectively. 

Therefore, the values of the total admittance at the two apertures are 

and (2.7) 

The two slots are placed orthogonally to each other to form the cross-aperture. It can 

be considered as a series connection with the third transformer having a turn ratio of n2 

as shown in Fig. 2.1. Therefore, the input impedance of the CP coupled patch antenna 

on the microstrip feed line under the centre of the cross-aperture is the summation of the 

total impedance (l/Yta+ l/Ytb) of the cross-aperture seen by the feedline and the 

impedance of the feedline , namely, 

(2 .8) 

where Zcr and k1 are the characteristic impedance and wave-number of the microstrip 

feedline respectively. 

The axial ratio of the singly-fed cross-aperture coupled patch (XACP) antenna can be 

calculated from the radiating edge voltage Ya and Vb for the two orthogonal modes from 

eqns. (2.1) and (2.2) respectively. The x and y directed field components in the far field 

are directly proportional to the voltages Ya and Vb respectively, hence the amplitude 

error Ae is given by 

(2 .9) 

The phase difference between the x and y components of the field in the boresight 

direction is the phase error, (/Je which is the same as the phase difference between Ya and 

(/Je = arg(Vb)- arg(Va). (2.10) 

Therefore, the axial-ratio of the singly-fed left-hand circularly polarised (LHCP) 

patch antenna is obtained from the amplitude and phase error given by [59] 
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_ ( 1 +A;+ ~l +A: + 2A~ cos(2<p) J 
AR - 1 Olog 10 ~ 

1 + A;-1+A: +2A;cos(2<p) 
[dB]. (2.11) 

Figure 2.2 shows the axial-ratio versus both the phase and amplitude error (in ratio) 

of Vb and Ya. The tolerance of axial-ratio (AR) is higher than the opposite case when 

IYbl>IYal while AR is varying almost linearly with the phase error when the amplitude 

error is small. For a given lowest AR of 1.5 dB, the phase error is ± 10° whereas the 

amplitude error is JVbJ>IYal by 19%, respectively, as shown in Fig. 2.2(a) and (b) . 
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Figure 2.2 (a) Axial ratio versus amplitude ratio (IYbl /I Yal) when phase error is ± 10°; (b) Axial 
ratio versus phase error when IYbl/I Yal = 1.19; (c) axial ratio in dB as a function of both the 
phase error and the amp I itude ratio of Vb and Ya. 
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2.4 Proposed Antenna Geometry and Its Design 

The proposed XACP antenna is singly-fed element denoted as Type-F element. It is a 

left-hand circularly polarised (LHCP) design operating in the 2.4 GHz ISM-band 

frequency. To minimise backward radiation and enhance the front-to-back ratio while 

increasing the gain and impedance bandwidth simultaneously, the concept of parasitic 

stacked patch [ 42] rather than a near-resonance aperture has been adopted for the Type-

F element [53]. These simultaneously comply with the design objective 3, 5 and 6. 

2.4. 1 Selection of Microwave Laminates for the Dielectric Layers 

For good antenna efficiency, radiation and bandwidth characteristics, the top layer is 

formed using a low dielectric constant (2.2) material of RT/Duriod 5880 microwave 

laminate with a thickness (h3) of 0. 78 mm. This is because patch antennas require 

loosely bound fields for radiation into space. To comply with the design criterion 2, the 

bottom layer is formed by a RT/Duriod 6006 dielectric material as the substrate with a 

high dielectric constant of 6.15 and having a thickness (h 1) of 1.27 mm. To choose this 

thickness the main consideration is the mechanical strength and the 50-Q microstrip 

feedline width. To realise the element as LHCP, a single edge-fed microstrip line is 

arranged at -45° with respect to x-axis underneath an equal-arm cross-aperture of size 

1.2 x 22 mm. The middle-layer or the layer separation is realised by an airgap (h2) of 

0.048A.0 • The use of air dielectric as the microstrip patch substrate between the ground-

plane and the lower patch guarantees a low un loaded quality factor (Qr) for the element, 

and provides a convenient way to fine-tune the input impedance and axial-ratio. The 

dielectric layers are supported by Teflon spacers and mounted together by Nylon bolts. 

The detai led antenna geometry is shown in Figs. 2.3(a) to (c) whereas the dielectric 

materials used for the singly-fed circularly polarised (SFCP) multilayer Type-F Element 

are summarized in Table 2.1. 

Table 2.1 Summary of dielectric materials used for the Type-F Element. 

Substrate tan o Thickness 
Layer Er [mm] 

Top RT5880 2.20 0.0009 h3 =0.78 ±0.02 

Middle AIR 1.0 0.0 h2 =6.0 

Bottom RT6006 6.15 
0.0019 h1 =1.27 ±0.15 
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Figure 2.3 The 2.4 GHz Cross-Aperture Coupled Patch (XACP) Antenna Structure (Type-F 
Element) with the use of stacked patches and a tuning stub. 
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2.4. 2 Estimation of Patch Sizes and Their Perturbations 

This multilayer Type-F element is an evolution of the single-layer, singly-fed Type-B 

element that available from literature [5], [64] the two orthogonal TM01 and TM 10 

modes are generated based on the positive perturbation amounts which have to be added 

onto the squared stacked patches in order to generate the circularly polarised wave. The 

perturbation amount or the area of small strip of a squared patch is determined by the 

total unloaded quality factor (Qr) of the patch resonator, and is given by [5, p.230] 

tiS (b-a)xa 1 q=-= =-s a xa QT 
(2.12) 

where Sis the square patch area (a2
) whereas LJS is the perturbation strip area (b-a)a as 

indicated in Fig. 2.3(a). 

There are four components in the total unloaded quality factor for a rectangular patch 

resonator. The different quality factors (Q) associated with various types of losses for 

the patch antenna. One can write 

( )

- 1 

1 1 1 1 
QT= - +- +--+--

Qc Qd Qsp Qsw 
(2.13) 

The first two are the well-known Q-factors associated with copper and dielectric 

losses, respectively, as given by 

Qc = h~Jr f P 0 (Je 

l 
Qd = tan8 

where fc is the centre frequency of the patch antenna in GHz; 

µ 0 is the free-space permeability, 4rr x 10-7 H/m; 

(2.14) 

(2.15) 
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CTe is the effective conductivity of copper foil for the patch and the ground-

plane, as 3.0x 107 S/m rather than 5.8 x 107 Sim due to the surface roughness; 

tanb is the loss tangent of the microwave laminate used for the patches, 

0.0009. 

The last two Q-factors in Eqn. (2.13) are due to the amount of power radiated into 

surface and space waves of the patch antenna. Their relationship is relatively 

complicated and many versions reported in the literature. However, the simple but 

rigorous closed-form expressions [60] are adapted for the design as follows: 

Qsw = (~JQsp ::::: (1 ~:·dh<d JQ.lp 
e,. e ,. 

(2.16) 

where e,. is the radiation efficiency of a patch antenna which is the ratio of Qsp to 

Qsw. It can be approximated by the radiation efficiency ( e~ed ) of a horizontal electric 

dipole (hed) on top of the losses substrate [60]. This approximation is based on both the 

efficiency that depends primarily on the substrate thickness and dielectric constant, and 

is not much affected by others physical parameters such as the patch shape and the 

feeding method. 

Pozar derived the CAD formula with higher-order terms for both the powers radiated 

into space ( P~Zd ) and surface ( p;,~.d ) waves, and hence the radiation efficiency of a 

horizontal electric dipole [59]. 

(2.17) 

and 

(2.18) 



where 

and 

with 

and 

1 0.4 
Ct= 1--+-

2 
Cr Cr 

k0 is free-space wave-number; 

a o = stan[(kJz)s] 

I (kJz )s 
a1 = --tan[(kJz)s]+ 2 [ . ] 

s tan (kJi)s 

Thus the radiation efficiency of a patch antenna can be approximated as 

er::: e~ed Phed 
sp 

P hed + phed ' 
sp SW 

and the Q-factor for the space-wave power (Q s") is given by [60] 

where c 1 is given by Eqn. (2.19) above; 

A.0 is the free-space wavelength at the centre frequency ; 
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(2.19) 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

Er and hare the substrate's dielectric constant and the thickness, respectively ; 

We and Le are the effective width and length of the patch, respectively ; 

and 



with 82 = -0.16605 

B 4 = 0.00761 

C2 = -0.0914153 
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(2.26) 

Therefore, by knowing the effective width and length of the patch, both the space-wave 

Q-factor (Q ,.P) and surface-wave Q-factor ( QS\.,) can be evaluated using (2.25) and 

(2.16) respectively. 

In order to account for the fringing field of the patch, the effective length and width 

may be written as 

Le= L+2M (2.27) 

and 

W c= W+2!1W (2.28) 

where Land Ware the length and the width of the patch respectively, and the fringing 

width (~W) and fringing length (~L) are given by the well-known Wheeler [61] and 

Hammerstad [62] formulas , respectively 

(2.29) 

0.4 l2h ( &,JJ(W) + 0.3 )(: + 0.264) 
M = ----------.,------,---

( & ,6(W) - 0.258)(: + 0.8 l 3) 
(2.30) 
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Based on the dielectric material properties listed in Table 2.1, for a good radiation 

efficiency a practical square patch of size a (referred to Fig. 2.3) of about 49 mm with a 

er of 2.20 can be obtained by [ 1, p.57] 

W = L = a = 300 J 2 
2jc l+&,. 

[mm] (2.31) 

The effective dielectric constant (ere) for the combination of all the dielectric layers 

from the Type-F element as shown in Figs. 2.3(a)-(c) may be estimated by [64] 

2 

'Lh 
&re = _d__=l.067 to 1.079 for h1 = 5.0 ~ 6.0 mm 

±~ 
(2.32) 

i = I £,.; 

After the evaluation of the total unloaded Q-factor (Qr) for the Type-F resonator 

using Eqn. (2.13) to (2.30) and (2.32), the perturbation amount of each patch can be 

finally determined by using Eqn. (2.12). By using these equations, the total unloaded Q-

factor (Qr) for the element is calculated for the range of 13.94~16.4 7 as shown in Fig. 

2.4 obtained by Eqn. (2.32) corresponding to the thickness (h 1) range of 5.0 to 6.0 mm. 

The aim here is to narrow the searching space for the optimum solution for the 

design variables. After obtaining the perturbation range of 6.1 % to 7 .1 % for the stacked 

patches, the cross-aperture coupled patch (XACP) antenna can be fine-tuned by using 

the full-wave EM simulator, Ansoft EnsembleTM [180]. The boresight axial-ratio (design 

criteria 4) has to be verified before fabrication. One may also further optimise the AR 

by using the full-wave simulation by observing the discrete axial-ratio values from the 

plots in frequency domain. Finally, the upper patch (P2) of optimal size of 49 mm x 49 

mm plus a positive perturbation of 3/49 (6.12%) on the top of dielectric layer and the 

lower square patch (P 1) of size 46 mm x 46 mm was obtained. A smaller patch segment 

of size 3x46 mm is also included on the bottom side to contribute a positive perturbation 

of 3/46 (6.52%) to the lower patch. In addition, by including an optimised layer 

separation of 6.0 mm as well as a small shunt-stub of O. lAt, it can be shown that an 

increase of the circular polarisation gain within the impedance bandwidth for the Type-F 
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element can be obtained; where A-t is the guided wavelength in the feed (bottom) layer 

for the 50-n microstrip line. 

Jype B 
16 

14 

12 

~ 0 10 
h1 =6.0, £ =1.067 . . re . ·. . . 

(j) 
(/) ~ype A 
~ 8 ' ' ' ' 

h1 =5.0, 6 =1 .079 . . . . . ·re . / . 
6 ' 

' 
4 

2 -- - ~· -

o~~~~~~~~~~~~~~~~~~~~~~~~~~ 

5 20 25 30 
Total Unload Q-factor (°r) 

Figure 2.4 The perturbation amount of stacked patches for the Type-F element determined to 
be in the range of 6.072% to 7.175% of the squared patches. The perturbation curve for the 
Type-A element is included for comparison. 

Table 2.2 summaries all the optimal/fine-tuned design variables other than the 

parameters for the dielectric layers, which is listed in Table 2.1. A chart of design logic-

tlow depicted in Fig. 2.5 summaries the design processes carried for the 2.4 GHz Type-

F element whereas Figs. 2.6(a) and (b) show the pictures for the top- and bottom-view 

of the element respectively after fabrication. 



Table 2.2 Summary of all design variables for the Type-F Element. 

Design Variable Dimension [mm] 

Upper Patch (P2}: a2 x b2 49 x (49+3) 

Lower Patch (P1} : a1 x b1 46 x (46+3) 

Symmetrical Cross-Aperture: Wxs x Lxs 1.2 x 22 

50-n Feedline Width 1.95 

Feedline Offset from Aperture Centre, Los 4.0 

Shunt-stub Length 6.2 

Ground plane size 140 x 160 

, 
Start with Design Select Eqn (2.31) Determine 

Objectives ~ Dielectric - SQ Patch ~ ~ 

/Specifications Materials Sizes 
"" , 

' ~ 

' 7 'l.J 
r ~ 

Fine-tune variables Determine Eqn (2.12) Estimate 
using - Perturbation - -

~ ~ QT ~ 

EnsembleTM Amounts Fi~. 2.4 
""- ~ 

Figure 2.5 A design logic flow-chart for the 2.4 GHz Type-F element. 

Eqn (2.13) -
(2.30) & (2.32) 
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(a) Top View 

(b) Bottom View 

Figure 2.6 (a) Top view and (b) bottom view of the 2.4 GHz singly-fed cross-aperture coupled 
patch antenna (Type-F element). 
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2.5 Antenna Performance and Comparison 

To achieve the des ign objectives 3 and 5, viz. , by increasing both the impedance 

bandwidth and the gain level, an under-coupling effect between the stacked patches and 

feed line was first produced as shown in Fig. 2.7. By adding a 50-Q shunt-stub of O. lA.1 

length to the feed line, an excellent impedance match and good coupling resulted. The 

end effect of this improved matching was an increase of gain bandwidth leaving the 

boresight axial -ratio virtually unaffected. The experimental results shown in Figs. 2.7 

and 2.8 confirm that the impedance bandwidth (VSWR:S2) and the 3-dB axial-ratio 

bandwidth (ABW) are 14.4% and 3%, respectively. The measured 8-dBic gain 

bandwidth is as high as 17.4% with a mean gain level of 9.3 dBic. As shown in Fig. 2.8, 

the peak gain is recorded as 10.2 dBic at 2.53 GHz, which is an enhancement of more 

than an octave in decibel as compared with a similar design by Vlasits et al [50] where a 

peak gain of only 5 dBic at 2.45 GHz was presented. This improvement is probab ly due 

to the smaller aperture size used in the design. Further, a large ground plane of 600 x 

600 mm was used to mount the Type-F element during the measurement. This would 

al so contribute to the gain as well as AR improvement. 

0 

- 1 

· · · · ·0 Measured Result with stub -- Simulated Result with stub 

• - · - · - Simulated Result without stub 

Figure 2.7 Simul ated and measured impedance locus with and without a 0.1 Ai tuning stub. 
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Fig. 2.9 shows the measured radiation patterns in two orthogonal planes: (a) x-z (cp = 0°) 

plane; (b) y -z ( cp = 90°) plane. The cross-polar levels verify the measured boresight 

axial-ratio. A stacked patch antenna has the usual problem of polarisation sense change 

at large angles. The Type-F element has no such problem over the entire upper 

hemisphere. Moreover, the ratios of front-to-back lobe are greater than 20 and 18 dB for 

the co- and cross-polarisation, respectively in both planes as shown in Fig. 2.9. The 

half-power beamwdiths of the co-polarisation are measured as 60° and 57° in x -z plane 

and y -z plane, respectively . 
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Figure 2.8 Simulated and measured CP gain and axial-ratio plots, with and without the 0.1 Ai 
shunt stub. 
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Figure 2.9 The measured co- and cross-polar radiation patterns at 2.36GHz in two orthogonal 
planes: (a) cp = 0° plane and (b) cp = 90° plane. 
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2.6 A Parametric Study 

This section presents a parametric study for the antenna performance on the changes of 

two design variables: ( 1) the size of the top-patch; (2) the size of the symmetrical cross-

aperture. For the change of first design variable, the impedance matching with 

bandwidth, CP gain and axial-ratio will be examined whereas backward radiation, gain 

and axial-ratio will be addressed when varying the cross-aperture size. Through this 

study one can ensure the optimum design parameters obtained in the last section while 

knowing the significant effect due to these two design variables. 

2. 6. 1 The Effect on the Sizes of Upper-Patch 

It is well-known that the impedance bandwidth can be broadened owmg to the 

appearance of a double resonance by adding up a parasitic patch either horizontally or 

vertically. As a consequence, the gain and the gain bandwidth are also enhanced as this 

can be inspected from Figs. 2.8 and 2.11. However, the perturbation on the parasitic 

patch, which in turn controls the aspect-ratio of the patch, is also constrained by the 

minimum achievable axial-ratio. Five parasitic patch (P2) sizes in addition to the 

optimal size (49x52 mm), all with aspect-ratio of about 0.94 are examined and listed in 

Table 2.3. The upper-patch size changes in steps in order to calculate the input 

impedance, axial-ratio and CP gain while holding other design variables constant. Fig. 

2.10 demonstrates the variation of impedance bandwidth due to the shift of VSWR 

curves in frequency. It shows that the larger the patch area, P2, the lower the mean 

frequency obtained. The shift in gain bandwidth follows the shift of impedance 

bandwidth while the average gain level is also changed as can be seen from Fig. 2.11. 

Table 2.3 Six parasitic/upper patch sizes 

P2 Size (a2 x b2) [mm] Change in Each Side 

(49+3) x (52+3) -6%j 

(49+1 .5) x (52+1.8) -3%j 

49 x 52 optimum 

(49-3) x (52-3) -6%1 

24.5 x 26 50%1 

OxO 100%1 
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Figure 2.10 VSWR versus frequency as a function of upper-patch size, P2 = (a2 x b2) . 
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On the other hand, the patch size P2 affects the minimum discrete axial -ratio and 

mean frequency of the axial-ratio bandwidth significantly, as shown in Fig. 2.12. All 

these results clearly indicate that it is possible to select a upper patch P2 (a2 x b2) which 

can obtain best performance in terms of input impedance, boresight axial-ratio, and CP 

gain, which in this design example has a size of 49 x52 mm as the optimum size. An 

interesting point regarding the minimum size of P2 from Figs 2.10 to 2.12: when P2 

becomes smaller than P 1 ( 46x49 mm), there is hardly any effect from the parasitic patch 

on any of the design goals/objectives. In other words, the upper-patch no longer effects 

on the antenna performance once its size is less than the lower patch . 
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2.6.2 The Effect on the Sizes of Cross-Aperture 

In this section, the effect of the change in width and length of cross-aperture is 

examined. The primary objective of this study is to understand how the backward 

radiation level is affected by the cross-slot size (W xs and Lxs). Other sensitive design 

goals such as minimum achievable axial-ratio, CP gain are also be monitored by 

considering an ideal infinite ground-plane. In practice, the finite ground-plane size 

affects the backward radiation and CP gain but not the boresight axial -ratio. In this 

study, five slot-widths of 3.0, 2.0, 1.5, 1.0 and 0.5 mm are considered as the length is 

fixed at 22 mm whereas the five slot-lengths of 16, 19, 22, 25 and 28 mm are 

investigated when the width is holding at 1.5 mm. Fig. 2.13 shows that a better front-to-

back ratio (FBR) results from a smaller aperture size. The figure also indicates the slot 

length (Lxs) has a higher effect on the FBR than the width (W xs) for a given width ( 1.5 

mm) and length (22 mm), respectively . The aperture width and length versus the CP 

gain at two frequency points, 2.4 GHz and 2.5 GHz is shown in Fig. 2.14 whereas the 

minimum boresight axial -ratio versus both the slot width and length is shown in Fig. 

2.15. 
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One may find the CP gain at about the centre frequency is very sensitive to the cross-

aperture length whereas the gain is almost constant against the aperture width changes. 

Fig. 2.14 shows the best aperture size for the maximum gain is 1.5 x 22 mm whilst Fig. 

2.15 shows the best aperture size to obtain minimum boresight axial-ratio is 0.5 x 22 

mm. From Figs 2.13 to 2.15, the aperture length has a stronger effect than the aperture 

width on all the design goals. By taking the effect of finite ground-plane and a desirable 

FBR to be greater than 20 dB, and considering the effects on the maximum achievable 

gain and the minimum obtainable axial-ratio, the optimal aperture size is to be not 

greater than 1.5 mm in width (W xs) and 22 mm in length (Lx5). 

2. 7 Discussion 

Following a transmission-line modelling to the cross-aperture coupled patch (XACP) 

antenna - the Type-F element, a design method of narrowing the search in perturbation 

amounts for the stacked patches that is determined by the total unloaded Q-factor was 

presented. By employing the impedance-matching technique and parasitic patch , the 

impedance bandwidth and the antenna gain improved over the similar designs reported 

in literature. A parametric study of two important design parameters determines the 

optimum design for the antenna element in the S-band of 2.4 GHz centre frequency. The 

effects of a parasitic patch and the cross-aperture size on the axial-ratio, impedance 

bandwidth, and gain were studied. Moreover, the control of backward radiation by 

minimise the aperture size were examined. A typical LHCP Type-F element has been 

realised and fabricated based on the above studies. The experimental results confirm 

with the simulated results that the impedance bandwidth (VSWR~2) is in excess of 

14.4%, whereas the measured gain (>8 dBic) bandwidth is obtained as high as 17.4% 

with an average gain level of 9.3 dBic. Although there is a large improvement on the 

gain and the impedance bandwidth, the 3-dB axial-ratio bandwidth is narrow, which is 

about 3%. The nature of aperture coupling method leads this element is very sensitive in 

its CP performance owing to the inevitable layer-misalignment. Further, the problem of 

backward radiation causes us to find the alternatives for the design of broadband CP 

arrays. In next chapter, another type of singly-fed, multilayer circularly polarised 

element will be presented to address these problems. 



Chapter 3 
Design of Broadband CP Stacked 
Electromagnetically Coupled 
Patch Antennas: Type-E element 
and its variants 

3.1 Introduction 
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As discussed in Chapter 2, singly-fed cross-aperture coupled patch (XACP) antenna, 

used to generate circularly polarised wave, have two major disadvantages: (I) the 

backward radiation appeared due to leakage of electromagnetic energy from the slot that 

etched on a finite ground-plane; and, (2) the high sensitivity of antenna performance due 

to the unescapable layer-misalignments. Furthermore, the design example presented in 

Chapter 2 has only improved on impedance bandwidth and gain but not the axial-ratio 

bandwidth. In this Chapter, another type of singly-fed circularly polarised (SFCP) 

antenna, known as the Circularly Polarised Electromagnetically Coupled patch (CP-

EMCP) antenna or simply the Type-E element is proposed. A systematic design method 

with tuning technique is demonstrated with verification by a series of detailed design 

examples. 
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Traditional single layer singly-fed circularly polarised (SL-SFCP) microstrip patch 

elements are classified as Type-A and Type-B in the literature [5], [64] according to the 

polarity of perturbation. The sense of CP is decided by the axis on which the feed is 

located. So far the literature on SFCP microstrip patch antennas show limited 

impedance bandwidth (ZBW) and a V-shaped AR curve, which implies a narrow axial-

ratio bandwidth (ABW) [65]-[69]. Electromagnetically Coupled Patch (EMCP) 

antennas that commonly use two dielectric laminates in three physical layers, have some 

extra degrees of freedom than other types of patch antennas and hence have been the 

focus of many studies for both linearly polarised (LP) and circularly polarised (CP) 

applications [70]- [76]. The design of a broadband circularly polarised patch antenna 

with a single feed has long been a challenging problem, compared with the design of LP 

and dual-fed CP patch antennas. Unlike the LP patch antennas, the design of CP patch 

antennas must include the maximisation of axial-ratio bandwidth (ABW) whilst 

simultaneously minimising the boresight axial-ratio (AR). The use of stacked patches 

with a single feed rather than dual-feed to generate CP affords additional degrees of 

freedom, such as perturbation on patches and laminate-layer separation (middle-layer 

th ickness) whi ch hel ps to obtain good CP performance. To design a broadband 

circularly polarised EMCP (CP-EMCP) antenna, the goal must be to optim ize 

simultaneously the ZBW, ABW, gain bandwidth (GBW) in addition to minimising the 

AR and maximising the CP gain at the frequency range of interest. Therefore, the 

optimisation of broadband characteristics for a singly-fed CP-EMCP antenna becomes a 

complicated multi-objective optimisation problem with many trade-offs and practical 

constraints. Multiple solutions can exist depending on the goals or objectives of the 

design problem, one solution is said to be optimal if and only if no other solutions can 

exceed the optimum with respect to all design objectives. In such cases, it is useful to 

employ a knowledge-based empirical optimisation method, as an alternative to the 

conventional optimisation for the sake of narrowing the solution space, and, at the same 

time increasing the speed of computation. 

The development of CP-EMCP antennas (Type-E elements) mainly addresses the 

drawbacks of the cross-aperture coupled patch antenna (Type-F element). A Type-E 

element consists of stacked patches printed on the substrate and superstrate with high 

and low dielectric constant, respectively, which in our case are the commercially 

available dielectric materials. Since the driven patch is printed on a grounded substrate 

with a re latively high dielectric constant with respect to the top-layer (superstrate) and 
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middle-layer, it has an ideal front-to-back radiation ratio of infinity and a very robust 

characteristic against layer-displacements, which will be elaborated in the next chapter 

(Chapter 4). Type-E element is an evolution of single-layer, corner truncated squared 

patch element, which is known as the Type-A element from literature [64]. As will be 

shown, CP-EMCP antenna has the advantages of not just high gain and wide impedance 

bandwidth (ZBW), but also a broad axial-ratio bandwidth (ABW) with very high cross-

polarisation discrimination (XPD). Although other researchers have reported achieving 

broad ZBW, high gain and even wide ABW employing EMCP and many different 

structures [67]-[69], [74], [77]-[78], to the best of the author' s knowledge, none thus far 

reported achieving a low boresight axial-ratio (less than 0.5 dB) with a wide (3-dB) 

ABW simultaneously and the corresponding trade-offs. Therefore, the work presented 

in this chapter assumes practical significance for the design of broadband CP-EMCP 

antennas. In Section 2, the selection of dielectric materials for the proposed microstrip-

line edge fed element is explained, and is followed by a stepwise systematic design 

procedure. The design and tuning method is based on the simulations obtained from a 

full-wave EM simulator - Ansoft Ensemble™ [I 80]. To demonstrate the adaptability of 

the design method, three detailed design examples for all senses of CP (LHCP and 

RHCP) in different frequency bands are illustrated with the experimental results in 

Section 3. In Section 4, the need of modifying the Type-E for employing in sequentially 

rotated arrays is explained with two demonstrated single-element examples that operate 

in X-band, which will be followed by discussion in Section 5. 

3.2 A Generalised Design and Tuning Method 

3.2.1 CP-EMCP Antenna Geometry 

Figure 3.1 illustrates the physical construction of a right-hand circularly polarised 

(RHCP) Type-E element, which evolves from the single layer Type-A element, but 

based on the EMCP concept [70]-[76] with the use of a microstrip-line feed. Stacked 

patches with different degrees of perturbation printed on the top of the bottom- and 

middle-layer, respectively. Conventional two dielectric-layer electromagnetically 

coupled patch (EMCP) antennas use dielectric materials with low dielectric constants of 

around 2 to 2.5 as the substrates for both the driven and parasitic patch [70]-[73]. The 
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proposed CP-EMCP element has somewhat difference: the driven (bottom) layer has a 

higher dielectric constant than the radiating (top) layer, which in turn makes the 

parasitic patch larger than the driven patch. The antenna element consists of three 

layers. The " layer" is defined here as the physical dielectric layer with non-zero 

thickness where the dielectric constant is different to its adjacent layer. The bottom 

dielectric layer acts as a grounded substrate for the driven patch and its feed circuit 

whereas the middle layer can be either foam layer or air-dielectric both having a 

dielectric constant close to the free-space . The top dielectric layer is the superstrate 

chosen to have a low dielectric constant laminate. The thickness of superstrate can have 

a significant effect on the patch radiation characteristics which will be studied in 

Chapter 4. However, this effect is often disregarded by the researchers [78] , (88]. The 

middle layer can be considered as the lam inate-layer separation. When the middle layer 

uses air dielectric instead of foam for a single element, fine-tuning of axial-ratio and 

input impedance can be easily obtained, as an air dielectric allows step-less adjustment 

for the length of the airgap. In our case we chose air dielectric as the middle layer. 

Inverted Parasitic Patch 

Dri ven Patch with Feedline Ground Plane 

(a) 3-D View (b) Side View 

Figure 3.1 Geometry of the right-hand circularly polarised EMCP antenna. (a) 3-D View, and 
(b) Side View. 
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3.2.2 Selection of Dielectric Materials 

There are two major parameters of the dielectric materials which have to be considered 

when selecting the substrate and superstrate: (1) dielectric constant (permittivity), and 

(2) thickness. Many studies in the past have focussed on the problem of finding 

optimum values for permittivity and/or substrate thickness for different patch 

configurations [70]-[79]. For example in [78], improved performance on impedance 

bandwidth (ZBW) and axial-ratio bandwidth (ABW) is obtained using a combination of 

high and low permittivity materials for a staked patch antenna. It has been established 

that to achieve a broad ZBW, the bottom dielectric layer has to have a greater 

permittivity than the upper layer, thus making the parasitic patch loosely coupled [79] . 

If an electrically thin substrate with high permittivity is used as the driven layer, the 

control circuitry associated with the feed network of the antenna (especially, for an 

array) has a tightly bound field to prevent unwanted radiation and coupling [80]. In 

addition , the commercial availability of the chosen dielectric material dictates the 

parameter space which decides the probability of obtaining an optimum design that is 

practical and can be fabricated with a minimum tolerance and layer misalignment. 

It is also important to include the mechanical strength or robustness of the laminate 

material and fabrication complexity . Some of these parameters place constraints on the 

choice of materials which in turn constrain the searching space with the broadband 

characteristics for the proposed antenna element. Thus setting up of a multi-dimensional 

objective function for conventional nonlinear optimisation to include all the parameters 

can present a daunting if not impossible task. An electrically thick substrate is 

theoretically favoured for obtaining broadband characteristics for a single layer patch 

antenna, but such a choice may produce wide microstrip feed-line and hence increase 

the unwanted radiation. Thick substrates can also contribute to lower efficiency owing 

to power loss in surface-waves. Further, thick microwave laminates are very expensive. 

It has also been reported that no matter whatever be the type of direct feeding , viz. , 

coaxial probe or microstrip-line feed , the use of a thick substrate with high permittivity 

will cause an inductive shift of the impedance loci and consequently excite higher order 

modes, thereby deteriorating the radiation characteristics [81]. For the stacked patch 

configurations, the thickness of the middle-layer (d2) is closely related to the thickness 

of the substrate (di). Larger values of di reduce the range of variation of d1 which in 

turn affects the obtainable range of input impedance [79]. Therefore, there is a trade-off 
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between ZBW and VSWR which relies on the choice of d 1• On the other hand, an 

electrically thin laminate with low permittivity is preferred for the superstrate in order to 

avoid any undesirable effects on resonant frequency and impedance matching [82]-[83]. 

However, a thinner superstrate may not be robust mechanically when the middle-layer 

is an air-dielectric (airgap). More importantly, a thin superstrate with a low Young's 

Modulus is difficult to maintain a uniform airgap. 

In line with the above observations, the microwave laminates Duroid/RT5880TM with 

a permittivity of 2.2, the lowest value commercially available from Rogers®, was 

chosen for the superstrate material. Since RT5880TM is a PTFE composite with a 

relatively low Young's Modulus (938 MPa), laminates with thicknesses of less than 0.5 

mm have not been considered in order to maintain a uniform airgap, otherwise foam 

material has to be used for the middle-layer. For the substrate, ceramic filled PTFE 

composites either R03010 TM or RT601 OLM TM both having a permittivity of 10.2 is 

considered for the antennas that operate below 10 GHz. The RT6010LMTM has a lower 

dissipation factor (tan8) of 0.0023 as compared to 0.0035 from R03010 TM and a tighter 

control (lower tolerances) for both the permittivity and thickness. The R03006TM with a 

permittivity of 6.15 and a dissipation factor of 0.0020 is used for the CP element and 

array designs that operate at X-band. We chose R03006TM not only because of the low 

cost when compared to RT6010TM and R03010™ but also has stable permittivity 

against environmental changes and as frequencies beyond l 0-GHz. 

The thickness of the substrate is selected initially based on the criterion of a 

minimum patch-to-line width ratio (P 1 :wf) of 5 in the design examples, which will be 

detailed in Section 3.3. By choosing the ratio to be 5, the 50 n microstrip-line width can 

be made approximately equal to the substrate's thickness as can be observed from the 

design examples. By assuming the width of square patch (P 1) to be approximately one-

half of patch wavelength in the substrate R0301 oTM at a particular frequency, which 

may be a centre frequency of a broadband design, the ratio of P 1 :wr is plotted along with 

that of 50 n line widths as a function of four thicknesses commercially available from 

Rogers®. The line-width calculation is based on the copper foil of 1/i-oz and the data 

available from Rogers ' data sheets of R03000® Series [85]. The results plotted in Fig. 

3.2 can aid in the selection of a maximum patch-to-line width ratio for a son feed line 

when using the R030 I 0 TM substrate. 
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Figure 3.2 Patch-to-line width ratio and 50Q line width as a function of both frequency and 
substrate thickness. Only four available thicknesses from R03010 TM at three frequencies are 
considered. 

3.2.3 Systematic Design and Tuning Strategy 
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Once the materials for the substrate and superstrate have been decided, five design 

variables viz. , £ 1, d 1, s3, d3 and Wf were fixed. The remaining variables (or degrees of 

freedom) are: the lengths P 1, P2 of the square patches; thickness of middle-layer (airgap) 

d2; and perturbation amounts q 1 and q2 on the respective patches as illustrated in Fig. 

3.3. Basically, the patch lengths P1 and P2 affect the desired centre frequency and the 

airgap d2 between dielectric layers controls the coupling between stacked patches and 

hence the impedance and axial-ratio bandwidths ZBW and ABW. The axial-ratio (AR) 

is determined by the amount of perturbation on the patches. Here, we are essentially 

considering optimisation of impedance bandwidth (ZB W), axial-ratio bandwidth 

(ABW) and gain bandwidth (GBW). Each of the bandwidth has a mean frequency. All 

the above characteristics are related to VSWR, AR, gain as well as the corresponding 

bandwidths (BW). These, in turn , affect the mean frequencies indicated by a vector, fm 
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= [ f~ , f2 , f~ ]T within BW, where BW is defined as [3dB-ABW, 6dBic-GBW, ZBW 

(VSWR:s;2)]T that includes all the possible bandwidths to be considered for the CP-

EMCP antenna element. It is preferable that all entries of fm vector have to be equal to 

the desired centre frequency , i.e. f ~ =f2 =f~ = fc. However, in practice, there is some 

deviation from fc, which can be quantified by the percentage variations in the mean 

frequency vector (fm). 

T 

Figure 3.3 The stacked patches and its design variables for a RHCP-EMCP antenna (Type-£ 
element). 

When a singly-fed patch is used to generate CP, it is possible to obtain identical 

excitation amplitudes w ith a 90° phase shift for the two degenerate TM01 and TM10 

modes at a single frequency point, but is rather difficult for a wide range of frequencies . 

This is because both the amplitude and the phase of the orthogonal modes are a function 

of frequency. For a single layer singly-fed patch element, the generation of CP wave 

and hence the boresight AR and the level of cross polarisation discrimination (XPD) 

relies on the amount of perturbation for a given patch size. The amount of perturbation 

(q) is determined by the total unloaded quality factor (Qr) of the patch resonator which 

can be obtained using, for example, the variational method [64]-[65]. For a single layer 

Type-A element printed on a low permittivity substrate, a simple closed-form formula 

relates q = -l/(2Qr) [5], [64]. However, this simple relationship is unlikely to be valid 

for the multilayer patch antenna having stacked patches, and , to evaluate the total 

unloaded quality factor becomes complicated owing to the presence of additional 
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dielectric layer and parasitic patch. It is possible to obtain Qr and perturbation (q) using 

the full-wave Method of Moment (MoM). For the proposed CP-EMCP configuration 

instead of calculating Qr and q, we have chosen to propose a design method with tuning 

strategy using the MoM based CAD package Ensemble [ 180]. The microstrip feed line is 

connected to the patch that is printed together on a high permittivity substrate, which 

also affects the value of Qr. Furthermore, coupling between the stacked patches exist 

inside the airgap so that the amount of perturbation on each patch together with the 

length of airgap must be considered simultaneously. To account all of these, a 

systematic design and tuning technique is proposed in order to obtain the broadband 

characteristics for the CP-EMCP antennas. Fig. 3.4 depicts the flowchart used to 

establish a stepwise design and tuning strategy. We have used Ensemble to calculate the 

response at each step. 

STEPWISE DESIGN AND TUNING STRATGY: 

The following explanation refers to the flowchart depicted in Fig. 3.4. The stepwise 

design for broad-banding follows the selection of dielectric materials for the substrate 

and superstrate as explained in the previous section. 

Step (1): Set the initial lengths of the square patches pf and p~ on the substrate and 

superstrate respectively. When ignore the fringing fields these quantities are simply 

given by 

(3.1) 

and 

(3.2) 

where A,~ and "-; are the wavelengths for the patch in the substrate and the superstrate, 

respectively at the desired centre frequency (fc). For example, the ratio of p~ I pf is 

approximately 2.1 : 1 if high and low permittivity materials are employed for substrate 

and superstrate, £ 1 = 10.2 and c:3 = 2.2, respectively. 

Step (2): Choose the initial layer separation d ~ . Layer separation is important as it 

controls the EM coupling between the driven patch on the substrate and the parasitic 
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patch printed on superstrate. As the patches get closer, the coupling becomes stronger. 

The initial airgap d~ can be chosen from the calculated VSWR performance of the 

square patches as a function of d2 using an EM simulator. The design examples detailed 

in Section 3.3 illustrate the choice of d ~. Experience suggests that d ~ can be set around 

0.06A.o. 

Step (3): Set the initial perturbations q~, q~ on the driven and parasitic patches 

respectively. For the driven patch, choose q~ close to maximum possible value (MPV) 

whilst on the parasitic patch choose q ~ = 0 as the initial value, which are given by 

q~ = ~ ( p~ - wr) - b (3.3) 

and 

q~ = 0 (3.4) 

where W f is the 5QQ microstrip-line width for a given substrate thickness (d1) at centre 

frequency , and 

b is a clearance factor, usually Yiwf, when P 1 :wf >>5: 1, to avoid sharp 

discontinuity at the junction between the feed-line and the patch. 

Step ( 4): Start the first simulation (N= 1) and obtain the calculated bandwidth vector 

BW and the corresponding mean frequency vector fm using the initial values chosen 

from the Steps (I) to (3). The aim here is to examine how close the mean frequencies 

represented by vector fm = [ f~, f~ , f~ ]T to the desired centre frequency (fc). In singly-

fed patches, axial-ratio bandwidth is less than the gain bandwidth and impedance 

bandwidth. Thus the mean frequency criteria can be set as [fm - fc]:::; [±I%, ±5%, ±5%]T 

for CP elements. The first variables that effect fm are patch sizes P 1 and P2• However, 

the driven patch P 1 has a stronger effect than P2 although fm is also affected by the 

changes in other design variables during the fine-tuning. Once fm is close enough to fc , 

one can proceed to the next step. 



N=N+ 1 

(4) Change Pit and/or P2! 

(5a) Fine tune qd and/or q2j 

(5b) Fine tune d2! 

( 6) Add tuning stub or 
move feed point*. 

(0) Select substrate and superstrate 
Ei, d1 and €3, d3 

(1) Set 0 1 H PO_ 1 "\ L P1 = 2 A, , 2 - 2 fl.g 

and compute Wt 

(2) Set d~ ::::: 0.06-0.07A.o 
Or find from the VSWR plots 

(3) Set q~::::MPV, 
N= 1 

Figure 3.4 A flowchart describing the design logic and tuning strategy. 
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Step (5): Fine tune q1, q2 and d2. At the beginning, the direction of change of q1 and q2 

is clear: q 1 must be decreased and q2 must be increased whilst d2 can be adjusted in 

either direction, if needed. It is important that the quantities, q1, q1 and d1 are adjusted 

up or down one at a time whilst all the other variables remain unchanged. To decide 

which variable need to be increased or decreased, one needs to compute the axial-ratio 

response. In any case, the quantities need to be varied in small steps. 

When all design variables interact, change in one variable may need a change in 

others in order to achieve the design goal. The dashed arrows in the flowchart as shown 

in Fig. 3.4 indicate the possible interaction between various variables. Based on 

computed results the following observations can be made: 

• Decreasing q 1 reduces the mean frequency f~ of ABW, but increases the 

corresponding obtainable discrete AR value at f~. It results in a wider ABW . 

• Increasing q2 reduces the parasitic patch area, hence increases f~ and lowers the 

obtainable AR value. However, the resultant ABW would be narrower. 

• Increasing d2 will reduce the coupling between patches but increases the gain, at 

a cost of lowering of f ~ and the corresponding discrete AR value, and vice 

versa. Unlike the linearly polarised patch antenna reported in [73], there is a 

limit on the maximum obtainable gain by increasing d2 because of the 

constraints on AR and AB W. 

Step (6): Examine the impedance behaviour to see if a matching circuit is needed. If the 

ZBW cannot meet the requirement, a tuning circuit must be included. A single, short ( < 

At/5) shunt-stub can be a good choice in terms of loss and occupied substrate space. 

After adding the matching circuit, recheck if the design goals are met or not. *When a 

probe feeding is used, this can be achieved by moving the feed point and/or other 

impedance matching circuit. 
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3.3 The Three Design Examples 

In order to validate the generality and applicability of the proposed systematic design 

technique to obtain optimum broadband CP, impedance and gain characteristics with 

respect to the design objectives, three single element design examples each operating in 

different frequency band with different sense of circular polarisation are demonstrated 

in this section. The chosen examples have significant trade-offs amongst axial-ratio 

(AR), impedance bandwidth (ZBW) and axial-ratio bandwidth (ABW) for CP-EMCP 

antennas. The design objectives in these examples are motivated by the general design 

goals used in CP antenna applications. In general, a common design criterion of ABW 

for CP applications is 3-dB but for satellite communication applications, on-axis cross-

polarisation discrimination (XPD) of at least 25 dB is usually expected, which is 

equivalent to an AR value of I -dB boresight. The first example at C-band given below 

demonstrate the possibility of getting the lowest discrete AR value whereas the second 

example at Ku-band shows ways to obtain widest ABW while keeping a maximum AR 

of 3-dB boresight. The third example is also a RHCP design but at a lower frequency of 

S-band with a desired centre frequency of 2.4 GHz. The variations of input impedance 

and bandwidth as a function of airgap length are presented. We shall show that a higher 

average gain is possible to obtain in a lower frequency band for the Type-E elements 

chosen. Ln addition, front-to-back ratio and the half-power (3-dB) beamwidth in two 

principle planes are also examined. 

3.3. 1 A Design Example at C-band 

The design goal of this example is to design a right-hand circularly polarised (RHCP) 

patch antenna using the proposed CP-EMCP element as shown in Fig. 3.1 with a 

maximum obtainable on-axis XPD (mi nimum AR) at a centre frequency of 5.7 GHz as 

well as the w idest possible impedance bandwidth (ZBW) . An average gain of not less 

than 7 dBic for a single-element within a 25% ZBW is required. Boresight axial-ratio of 

less than 1 dB is set as the initial goal. As mentioned earlier, the physical and practical 

constraints dictate the choice of materials for the substrate and superstrate. Hence, 

dielectric materials from Rogers® with the lowest and the highest permittivity values 

(RT5880® and R0301 o®) having thickness of 1.575 mm and 1.270 mm are chosen for 
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the superstrate and substrate, respectively. The proposed CP-EMCP configuration has 

been analysed by using a method of moments based EM simulator, Ensemble™. 

Step 1: The wavelengths for free-space as well as for the patch in the superstrate and 

substrate respectively at 5.7 GHz are calculated as 

Ao= 52.63 mm, A~ = 35.48 mm and Ar = 16.48 mm 

Set pr = 8.4 mm, p~ = 18 mm. The 50Q line width is calculated as l .30mm (0.079 Ar) 

that makes a P1 to wr ratio as large as 6.46 and feed-line length employed in this case is 

about 33 mm ( 1. 7 At), where At is the guided wavelength of microstrip line in the 

substrate at the centre frequency. 

Step 2: Calculate the VSWR using Ensemble. The calculated VSWR vs. frequency for 

four airgap thicknesses (d2) of 2.5, 3.0, 3.5 & 4.0mm ranging from 0.0475 to 0.076A.0 

are plotted together in Fig. 3.5. It can be seen that a trade-off exists between ZBW and 

VSWR: a lower d2 results in a wider ZBW but w ith a higher VSWR and vice versa. 

From the plots, for a VSWR of ~ 2, an initial value of d2 denoted as d~ can be readily 

chosen to be 3.0 mm. The mean frequencies obtained from these curves are less than 5.7 

GHz at this stage. It is expected they should shift up after truncating the corners for the 

driven and parasitic patches, q 1 and q2 respectively. 

Step 3: We perform another simulation using Ensemble to investigate Axial Ratio. Set 

the initial perturbations on the patches as q~ =MPV - b = 2.90 mm and q~ = 0 with d~ 

as chosen from Step 2. In this simulation (N= 1 ), discrete frequency steps were used in 

Ensemble in order to get the AR response. It must be noted that MPV = _!__ (P 1-wr), and b 
2 

= _!__ wr. The results of simulation are plotted in Fig. 3.6. 
2 

Step 4: Investigate the effect of q 1 and q2 on Axial Ratio: 

Step 4-1: After the l st simulation (N= 1 ), it is found that q2 need to be increased in order 

to reduce the AR value within the frequency range of interest. Hence an increase of 

2mm in q2 was made, which is about 0.056 A.~ . 
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Step 4-2: Carry out 2nd simulation using Ensemble (N=2) by using the value of q2 found 

in Step 4-1 . The AR response from the 2nd simulation indicated that the design is on the 

right track. There is a decrease in the value of AR but still it is far above the initial 

specification - the XPD requirement is 25 dB which is equivalent to a discrete axial-

ratio value ofless than 1 dB at 5.7 GHz. 

Step 4-3: Further simulations (N=3 and 4) are need to be carried out using increased 

values of q1 at 4 mm and 5 mm in order to achieve lower AR values. Fig. 3.6 shows the 

effects of perturbation ( q2) on the parasitic patch when other variables are kept 

unchanged. As can be seen, the AR response meets the AR requirement but the 

calculated mean frequency , f~ is higher than 5.7GHz, which may be due to the 

reduction of effective patch area. This warrants an increase in the patch length by 0.2 

mm, i.e. P1 = 8.6 mm. 
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Step 5: Investigate the combined effect of P1, q2 and d2 on Axial Ratio: 

Step 5-1: P1 is increased to 8.6 mm. There are two aims in this step: one is to increase 

the AR bandwidth and the other is to adjust the mean frequency. Fine tune the 

perturbation by reducing q2 in a step of 0.2 mm (N=5 to 7) while keeping all the other 

variables unchanged. The boresight AR responses to the above changes in parameters 

are depicted in Fig. 3.7. From this figure , when the length of the driven patch (P 1) is 8.6 

mm, a trade-off exists between AR and ABW as q2 is decreased from 5.0 to 4.6 mm. 

The AR is no longer below 1 dB when q2 is 4.6 mm and hence it is necessary to adjust d2 

to obtain a better solution. 

Step 5-2: The aim here is to improve AR and its bandwidth (ABW) by varying the 

airgap length (d2) in a step of 0.2 mm (0.0038A.0 ). The variation of gain due to the 

changes of d2 will be examined at the same time. Fig. 3.8 shows the AR responses for 

various values of d2 ranging from 2.80 to 3.60 mm 
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Figure 3.9 The CP Gain responses to airgap length (d2) from 2.8 to 3.6 mm, when P1 = 8.6 
mm, P2 = 18 mm, q 1 = 2.9 and q2 = 4.6 mm. 
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Fig. 3.9 illustrates the variation of gain for different d2. AR values at 5.7 GHz decrease 

to a minimum of 0.29 dB when d2 is 3.20 mm and increases up again with d2. On the 

other hand, gain has less influence for small changes in d2 whilst the 6 dBic GBW is 

greater than 2 GHz with a mean level of about 7 dBic as can be seen from Fig. 3.9. Both 

the 3-dB ABW and the minimum AR are extracted from Fig. 3.8 and re-plotted as a 

function of d2/A.0 , where A.0 is specified at 5.7 GHz, in Fig. 3.10 for the sake of clarity. It 

can be seen that the 3-dB ABW decreases with increasing d2 whilst a turning point 

exists in the curve of minimum boresight axial-ratio. An optimum solution can then be 

readily located that meets the requirement of both the 3-dB AB W and XPD at the centre 

frequency. Thus, the design variables of patch parameters for optimal performance are 

Pi= 8.6 mm, P2 = 18 mm, q1 = 2.9 mm, q2 = 4.6 mm when airgap length (d2) is 3.2 mm. 

These optimum design variables in terms of wavelengths together with that obtained 

from other design examples are summarised in Table 3.2 on page 83 for comparison. 
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Step 6: Thus far, the major focus has been on axial-ratio (AR), gain and axial-ratio 

bandwidth (ABW). An impedance bandwidth (ZBW) of only 14% is obtained as shown 

in Fig. 3.11. To improve the ZBW, a small shunt-stub of 2.20 mm (0.133 A.~) is added 

into the microstrip feed-line at a distance of 10.55 mm from the driven patch. Such a 

tuning stub for microstrip feed-line not only provides a good way of impedance 

matching but also presents no problems from the point of view of microwave 

fabrication. As long as the stub length is kept small, the effect of stub insertion on AR 

performance is insignificant. As the frequency points shown in Fig. 3.11, the measured 

ZBW is in excess of 43% with a mean frequency (f~) of 5.705 GHz is acquired, which 

is more than threefold improvement on ZBW. Further, the results shown in Figs. 3.9 

and 3.12 indicate a fractional improvement in the CP gain. 



Figure 3.11 Simulated VSWR with and without shunt-stub included into the feedline and the 
measured VSWR with shunt-stub . 
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Figure 3.12 Simulated and measured CP Gain and Axial-Ratio with adding of a small shunt-
stub of 2.20mm. 

74 



75 

The completed CP-EMCP antenna with the above-tuned variables was fabricated 

with a ground plane size of 80 mm x 80 mm as shown in Figs. 3.14 (a) and (b). The 

measurements on VSWR, axial-ratio, gain and radiation patterns were conducted inside 

an anechoic chamber with the use of a large ground plane size of 600 mm2
• Fig. 3.12 

shows both the simulation and measured results for the Gain and AR response of the 

proposed antenna whereas the measured radiation patterns of both RHCP and LHCP in 

two principal planes are depicted in Fig. 3.13. It can be seen that the measured 3-dB 

ABW is 8% with a mean frequency ( f~) of 5.668 GHz and the corresponding I-dB 

ABW is also in excess of 3.5% whilst the lowest boresight AR value of less than 0.3 dB 

occurred at 5.666 GHz. On the other hand, the measured 6-dB ic GBW obtained is 37% 

with a mean frequency ( f~) of 5.875 GHz whereas the peak gain of 8.5 dBic recorded 

at 5. 772 GHz with a mean gain level of 7 dBic. From Fig. 3 .13, the on-axis XPD levels 

are greater than 30 dB and 38 dB in x-z ( <p = 0 °) and y-z ( cp = 90 °) planes, respectively. It 

has been noted that the measured gain as shown in Fig. 3.12 is generally close to the 

simulated one. However, ripples were introduced on the gain curve owing to the linear 

spinning method used in the gain and axial ratio measurement. The use of a higher 

sampling rate could minimise the ripples. 

90° 
OdB -30dB -40dB 

LH 5.70 GHz, <j> = 0° 

RH 

- 60° 

Figure 3.13 Measured radiation patterns of both CP senses in two orthogonal planes at the 
centre frequency . 



(a) Elevation View 

(b) Stacked Patches 

Figure 3.14 The photographs of the 5.8-GHz Singly-Fed Type-£ elements (CP-EMCP): (a) 
Elevation View, and (b) stacked patches. The elements have the optimal design parameters: 
P1 = 8.6 mm, P2 = 18 mm, q 1 = 2.9 mm, q2 = 4.6 mm when airgap length (d2) is 3.2 mm. 
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3.3.2 A Theoretical Design at Ku-band 

The aim of this example is to demonstrate our design procedure for a broadband design 

of a left-hand circularly polarised (LHCP) patch antenna which operates in Ku-band 

with a centre frequency of 13.8 GHz. The goal is different from that of the previous 

example in which the C-band element was optimised to have the lowest boresight axial-

ratio. Here the aim is to get a broadest 3-dB ABW at Ku-band. At the same time, a 

highest impedance bandwidth (ZBW) with a high gain and gain bandwidth (GBW) need 

to be obtained. The results shown for this example are based on Ensemble simulations 

only since the objective here is to show the capability of the proposed design and tuning 

techniques at a higher frequency band and for a different polarisation. 

Following the same procedure as mentioned in first example, here also, Roger's 

microwave laminates RT5880™ and R030IO™ are chosen as the superstrate and 

substrate material. The wavelengths at 13.8 GHz are calculated as: 

A.0 = 21.74 mm, A.~ = 14.66 mm and A.~ = 6.81 mm 

A thinner grounded substrate of thickness 0.635 mm (0.0291'.0 ) is used in this case in 

order to obtain a broad range of variation of input impedance and to maintain the patch 

to feedline-width ratio (P 1 :wr) of greater than 5 (refer to Fig. 3.2). The thickness of the 

superstrate is chosen to be the same as the first example (i.e. 1.575 mm) in order to keep 

the element rigid and robust. 

Step 1: Set p~ = 3 .5 mm and p~ = 7 .3 mm as the initial values of patch sizes whereas 

wr is calculated as 0.68 mm at 13.8 GHz, which is about 0.1 A.~. The patch to line-width 

ratio is 5.15: I while the patch-to-patch ratio is 2.09: 1. The length of feed-line used in 

this case is 8 mm. 

Step 2: The procedure for setting of d ~ is same as that followed in the first example. An 

initial airgap length of 1.30 mm which is about 0.06/...0 is employed. 

Step 3: Set q~ = 1.30 mm, as the maximum possible va lue (MPV) for the perturbation is 

1.41 mm, with a small clearance factor (b) of 0 . 11 mm. A lso, set q~ = 0. The above 
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parameters are chosen as initial values in Ensemble. Since the required sense of CP is 

left-hand, the driven patch is designed either by connecting the feedline to one of the 

adjacent sides (along x-axis) of the patch, or simply by truncating another pair of 

corners on both the patches. 

Step 4: Increase the perturbation amount on the parasitic patch from 0 to 1.0, 1.4 and 

2.0 mm while keeping other variables unchanged. The corresponding calculated axial-

ratio (AR) responses for four values of q2 are plotted in Fig. 3.15 for comparison. As 

can be seen from these curves, AR decreases with increasing q2• These AR responses 

are similar to the first example given in Section 3.31. However, the lowest AR is found 

to be still high (above 3 dB) in spite of the increase in q2 to 2.0 mm (~0.1 3 7A.~ ) whilst 

the mean frequency is lower than the desired centre frequency of 13.8 GHz. This 

implies a need in the reduction of patch size, P 1 or P2, to correct the mean frequency 

behaviour. Jt was decided to reduce P2 rather than P 1 because the patch-to-line ratio in 

the lower dielectric layer (substrate) has to be maintained. 
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Figure 3.15 The variation of axial-ratio due to the coarse change of perturbation (q2) from 0 to 
2.0 mm on the paras it ic patch, with P1 = 3.5 mm, P2 = 7.3 mm, q 1 = 1.3 mm and d2 = 1.30 mm. 
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Step 5-1: Reduce P2 from 7 .3 to 6.5 mm in five uniform steps with a step size of 0.2 mm 

while P1 , q1 , q2, and d2 are kept at 3.5, 1.30, 1.0 and 1.30 mm, respectively. From Fig. 

3.16, AR decreases with increase in mean frequency when P2 decreases. The simulated 

3-dB ABW is obtained as 15 .7% with a mean frequency of 13 .685 GHz and 15.1% with 

a mean frequency of 13.945 GHz, when P2 is 6.7 and 6.5 mm, respectively. 

Step 5-2: In this fine-tuning step, vary q2 in small steps fixing the value of P2 at 6.6 mm 

in order to maximise the 3-dB ABW and to bring its mean frequency ( f~) closer to 13 .8 

GHz. At the same time, the impedance bandwidth and gain behaviour are monitored. It 

has been found that the optimum solution occurs at q2 = 0.0045 A.~ (or l % of P2 area), 

the 3-dB ABW is 2.37 GHz with a mean frequency of 13.72 GHz, which is 17.3%. 

Nonetheless a maximum axial-ratio of 2.747 dB occurs at 13.7 GHz as shown in Fig. 

3.17. The corresponding gain and VSWR plots are shown in Fig. 3.18 whereas the far-

field radiation patterns of both senses of CP are shown in Fig. 3.19. It is noted that the 
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design goal of 3-dB AR corresponds to a broadside XPD of 15 dB which is confirmed 

from Fig. 3.19. In Fig. 3.18, the impedance bandwidth (ZBW) is 40% with a mean 

frequency ( f~) of 14.455 GHz, the 6-dBic gain bandwidth (GBW) is 30.8% with a 

mean frequency ( f~) of 13.95 GHz. Since the ZBW is very wide, the mean frequency 

( f~ ) shift of 0.655 GHz fulfils the allowable criteria of 5% shift from the centre 

frequency as prescribed initially. The perturbation amounts in percentage and other 

design variables in wavelengths are summarised in Table 3.2. It is important to note, all 

the bandwidths are overlaid with each other. 
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Figure 3.17 The variation of axial-ratio due to the small change of perturbation (q2) on the 
parasitic patch when P 1 = 3.5 mm, P2= 6.6 mm, q 1= 1.30 mm and d2= 1.30 mm. 
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Figure 3.19 The radiation patterns of both senses in two orthogonal planes at the centre 
frequency . The boresight XPD is greater than 15 dB. 
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3.3.3 Another CP-EMCP Element Design at S-band 

In this section another CP-EMCP element design in S-band will be presented. Unlike 

the previous design examples in C and Ku frequency bands, only the element structure, 

the simulated and experimental results are presented. The aim here is to examine 

whether the design and tuning method can be generalised to lower frequency S-band. 

The details of stepwise procedures are omitted here. Instead, a parametric study on a 

design variable, "airgap length ( d2)" is experimentally performed during the 

measurement. The effect on the input impedance and bandwidth due to the change of 

airgap will be presented. We chose a RHCP for the design of the 2.4-GHz Type-E 

element. Similar to the previous two examples, this design makes use of stacked patches 

with the hi-lo-lo dielectric layers combination. An inverted parasitic patch of 46 mm x 

46 mm via air dielectric coupled to a driven patch of size 20.6 mm x 20.6 mm. The 

single feed is accomplished by means of an end-launch SMA connector, which is 

located on the y-axis (referred to Figs. 3.1 and 3.3) to realise a RHCP element. Table 3.1 

lists all thicknesses of the dielectric layers adopted whereas Table 3.2 summarise the 

design variables in wavelengths and percentage perturbation amount in comparison to 

the previous examples. 

Table 3.1 Dielectric materials used for the 2.4-GHz Type-£ element 

Material tan o Thickness 
Layer Er [mm] 

Top RT5880 2.20 0.0009 d1 =1 .575 ±0.02 

Middle AIR 1.0 0.0 d2 =8.50 

Bottom R03010 10.2 0.0035 d3 =1.270 ±0.30 

The 2.4-GHz CP-EMCP antenna element was designed and fine-tuned using the 

proposed design procedure with Ensemble™. The impedance bandwidth (ZBW) is 

measured inside an anechoic chamber whi le adjusting the airgap by changing Teflon 

spacers so as to obtain three cases: d2 = 7.5 , 8.5 and I 0.1 mm. Fig. 3.20 shows the 

corresponding return loss plots for these airgap lengths whereas Fig. 3.21 is indicating 

the input impedance loci on a smith chart. For an input YSWR of 2: 1, the optimum 
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ZBW of 22% with a mean frequency ( f~) of 2.36 GHz is achieved when the airgap 

length is 8.5 mm (0.068A.0 ). The axial-ratio (AR) and CP gain results obtained by 

simulation and measurement are shown together in Fig. 3.22 for comparison. The 

experimental results confirm that the AR of less than 3 dB is in excess of 4.6% 

bandwidth with a mean frequency ( f~) of 2.385 GHz whereas the CP gain is measured 

over 8 dBic across a frequency band of 2.1 to 2.67 GHz, which leads to a gain 

bandwidth (GBW) of24% with a mean frequency (f~) of2.385 GHz. 

Table 3.2 Summary of design variables for all Type-E elements 

P1 (l .. n P2 ( Ai ) q1 ( An 2 q2 (A~ ) 
2 

Design q1 (%) q2 (%) 

S-band 
2.4 GHz 0.526 0.546 0.125 -5.6 0.095 -3.02 

C-band 
5.7 GHz 0.522 0.507 0.176 -11 .37 0.13 -6.53 

Ku-band 
0.513 0.45 0.191 -13.8 0.097 -1.0 13.8 GHz 
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Figure 3.20 The measured return loss (-S 11 ) plots of the 2.4 GHz CP-EMCP element when the 
airgap length is 7.5 , 8.5 and I 0.1 mm, respectively. 
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Figure 3.21 The measured input impedance loci of the 2.4-GHz CP-EMCP element for three 
airgap lengths : d2 = 7.5 , 8.5 and 10. l mm. 
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Figure 3.22 The simulated and measured axial-ratio and circular polarisation gains versus 
frequency with airgap length (d2) of 8.5 mm. 
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It can be seen from Fig. 3.22 that at the boresight, the axial-ratio is equal to 1.8 dB at 

2.4 GHz whilst the maximum gain recorded is as high as I 0.5 dBic at 2.55 GHz. The 

measured far-field radiation patterns for both senses of CP at 2.4 GHz in two orthogonal 

(x-z and y -z) planes are shown in Figs. 3.23 (a) and (b), respectively . Unlike the cross-

aperture coupled patch (XACP) antenna (Type-F element) presented in Chapter 2, the 

measured front-to-back ratio for the current Type-£ element at 2.4-GHz was higher than 

20dB. However, the on-axis cross-polarisation discrimination (XPD) is about 20 dB in 

both the planes as shown in Fig. 3.23 . 

x-z plane y-z plane 

OdB 

60 -60 60 -60 

90 -90 90 

120 LH -120 120 - 120 

150 ------ - 150 150 - 150 

180 180 

(a) 2.4 GHz, x-z plane (cp = O°). (b) 2.4 GHz,y-z plane (cp = 90°). 

Figure 3.23 The measured radiation patterns of both senses (LHC P and RHCP) at 2.40 GHz 
in (a) x-z plane, and (b) y-z plane. 
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Figure 3.24 The reduced scale plot of the right-hand CP patterns in two orthogonal planes. 
The HPBW is about 60° in both the planes. 
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The half-power beam-width of the far-field patterns are about 60° in both the x-z and 

y-z plane. The reduced scale plots of the right-hand circularly polarised patterns are 

depicted in Fig. 3.24. The photographs for both the top- and bottom-view of the 2.4 

GHz Type-E element are shown in Fig. 3.25. It can be seen that the dielectric layers are 

held together by the nylon bolts and the airgap is realised by the Teflon spacers. In the 

Type-E element designs, the backward radiation is merely affected by the ground-plane 

size due to the diffraction of the surface-wave occurring at the edges. 

(a) Parasitic Patch 

(b) Driven Patch 

Figure 3.25 The photographs of the 2.4-GHz CP-EMCP element: (a) Parasitic (Top) Patch, 
and (b) Driven (Bottom) Patch. 
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3.4 Modification of Type-E elements for Sequential Rotation 

3.4. 1 The reasons why it needs modification 

There are two reasons why the material used for the substrate as well as the top-patch of 

the Type-E element have to be changed in certain applications. First, the perturbation on 

the top (parasitic) patch has a high sensitivity on dielectric layers misalignment. The 

spatial arrangement of Type-E elements in a sequentially rotated array for the gain and 

axial-ratio bandwidth improvement would be very difficult. One may have to employ 

long feed-l ines with numerous bends to connect the rotated elements [84] , which in turn 

leads to high unwanted coupling. Second, the high dielectric constant (Er = I 0.2) with 

high dissipation factor laminates employed for the grounded substrate may not be 

appropriate for high frequency (over X-band) designs. To build a sequential rotated 

array with smaller inter-element spacing becomes difficult. Long feedline with 

discontinuity causes high cross-polar levels to the main beam. Further, a long feedline 

printed on the substrate with high dielectric constant and high dissipation factor at high 

frequency lowers efficiency. 

The high dielectric constant (10 .2) materials, R030IO™ or RT6010LM™ from 

Rogers®, have good stability with dielectric constant over a w ide range of temperature 

[85]. However, the dielectric constant of these materials changes linearly with 

frequency beyond 7 .5 GHz. In other words, they are the frequency-dependent materials, 

both in dissipation factor and dielectric constant [85]. Due to the higher tolerance on 

dielectric constant, the actual values at a certain frequency are unknown and so must be 

measured. Further the fabrication tolerance/error at high frequency (e.g. Ku-band) must 

be lower than that at the lower frequency , since the patch wavelength in the high 

dielectric constant substrate is smaller enough when compared to the feedline width or 

probe diameter. 

Therefore both the layer misalignments and the material parameters will affect the 

antenna performance. The detailed studies on CP-EMCP performances owing to the 

materials tolerances and layer displacements will be discussed in Chapter 4. According 

to the recommendation from Rogers® [87] , the use of high dielectric constant laminates 

at higher frequencies is not recommended. Both the conductor and dielectric losses 

become the principle contributors to the total losses. For example, each of these losses 

at 20 GHz is at least ten times greater than that at a lower frequency of 2 GHz. The chart 
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shown in Fig. 3.26, which is extracted from the Rogers document [87] for clarity of 

explanation, shows that the recommended maximum frequency of operation for the 

microwave dielectric laminates. As can be seen, the materials with dielectric constants 

over 6.0 are not recommended for the applications operated at above X-band. In a 

similar study on optimisation of probe-fed stacked circular patch for linear polarisation 

[88] , interestingly, it was suggested that the dielectric constant of grounded substrate 

not to exceed the value of 5. 
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Figure 3.26 A typical maxi mum frequency of operation for Rogers Microwave Materials. 

3.4.2 The modification 1: parasitic patch with zero perturbation 

In line with the reasons explained in the last section, two modifications of Type-E 

element were proposed whilst the basic hi-lo-lo dielectric sandwich structure is 

remained. The first thing is to choose a laminate having a medium dielectric constant of 

around 6, instead of l 0.2, for the grounded substrate. The perturbation amount on the 

parasitic patch of the Type-E element is kept at zero, which makes the top-patch square 

in shape, while maintaining the low boresight axial-ratio at the centre frequency . A new 

right-hand circularly polarised (RHCP) design with a desired centre frequency of 10 

GHz is proposed. The material empioyed for the substrate is Rogers® R03006 (cr=6.15, 

tan8=0"002) with a thickness of 0.64 mm (0.02 lA.0 ) whereas the superstrate remained as 

the low dielectric constant laminate of RT/duriod 5880 (cr=2.2, tan8=0.0009) but with a 

thickness of 0. 78 mm (0.026A.0 ). The same design procedure was used to set up a 

linearly polarised stacked patch antenna first by using equations (3.1) and (3.2). The 
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geometry of the stacked patches with the all dimensions in wavelengths are shown in 

Fig. 3.27(a) with zero perturbation on the patches whose sizes are given by 

P1 :::::: Yz A.~ = 6.0 mm 

and P2 :::::: Yz A.~ = 1 0. 0 mm 

T 

4 
_v 

zk-.x 1 
P1 = 0.496/... H' P2 = 0.494/... L' 

d2 = 2.0 mm (0.067A0 ) 

wr = 0.082A H (50 ohm li ne) 

(a) LP stacked patches 

Apply Perturbations 
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Figure 3.27 The generation of CP stacked patch starts from (a) LP-EMCP and then transform 
to (b) CP-EMCP design at the centre frequency of 10 GHz. 

It is noteworthy, the stacked patch ratio (P 1 :P2) of the LP element is the ratio of the 

square-root of the dielectric constants,-[;, :/;;, for the dielectric layers. The measured 

VSWR and gain versus frequency for LP-EMCP element are plotted with the simulated 

results, and shows excellent agreements (Fig. 3.28). A measured impedance of 20% is 

recorded when the LP element has an airgap length (d2) of 2.0 mm. Like the previous 

examples, tuning steps of 4 and 5 in the design procedure presented in Section 3.3.2 are 

employed to convert the CP antenna from its LP counterpart. The optimum geometry of 

the CP stacked patches with dimensions is shown in Fig. 3.27(b ). It can be seen that the 

length of driven patch has increased by 3% while the parasitic patch is reduced by 6% to 

acquire the broadband and high gain (optimum) characteristics. The final driven patch 

has a side of 6.2 mm with a perturbation amount of -6.66% whilst the airgap length has 

gone up to 3.30 mm (0.11 A.0 ) in order to obtain the low boresight axial-ratio. Owing to 
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the zero perturbation on the parasitic patch for this new version, both theoretical and 

experimental results show that the CP element can withstand any angular movements of 

the parasitic patch about z-axis without affecting the impedance bandwidth and axial-

ratio significantly. The robustness of the patch against angular displacement/rotation at 

any angle will be fully examined in the next chapter. 

Both experimental and simulation results obtained are plotted together in Figs. 3.29 

and 3.40 for comparison. As can be seen, the proposed CP-EMCP element has a 

measured impedance bandwidth (VS WR::S2) of 20%, a measured 3-dB axial-ratio 

bandwidth of 8% whilst the simulated one was 7.4% with a mean frequency of 10 GHz. 

The measured 7-dBic gain bandwidth of 19% whilst the peak gain is 8 dBic and the 

minimum boresight axial-ratio is 0.3 dB in the measured result. It can also be seen from 

Figs. 3.29 and 3.30 that all the characteristics are almost unchanged when the top patch 

of the element has a maximum rotation of 45°. Such rotation can make arraying into 

sequential rotation more effective and results in high efficiency, which will be presented 

in Chapter 5. The effect of angular and linear displacements of parasitic patch on the 

CP-EMCP elements will be discussed in Section 4.2.3, of Chapter 4. 
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Fig. 3.27(a). 
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Figure 3.29 Simulated and measured return loss of a single X-band RHCP-EMCP element, a 
modified Type-£ element with square parasitic patch . 
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3.4.3 The modification 2: circular patch stacked onto a quasi-ellipse 

As early as in 1980s, elliptical patch antennas (EPA) have been extensively employed in 

the generation of circular polarisation [89]-[93]. The properties of the elliptical patch 

antenna were discovered through extensive experimentation [90]-[9 l] and theoretical 

treatments [92]-[93]. Single layer singly-fed elliptical patch is printed on a low 

dielectric constant substrate, the eccentricity of the elliptical patch is usually small as 

the ellipse is nearly circular. The sense of the circular polarisation depends on the feed 

location. As the radial line on which the feed is located is rotated 45° clockwise relative 

to a semi-major axis (a) of the ellipse as shown in Fig. 3.31, the polarisation of the 

radiation communicable by the antenna element is right-hand circularly polarised. If the 

angle is kept at 45° but anti-clockwise relative to a semi-major axis, the opposite sense 

of CP will result. For an electrically thin substrate having a low dielectric constant, the 

ratio of the semi-minor axis (b) to semi-major axis (a) is found to be in the range of 

0.960 to 0.988 to yield an optimum impedance matching and a low axial ratio [91]-[92] . 

In this way, both impedance bandwidth and axial-ratio bandwidth, however, were 

I imited in an order of less than 5% [89]-[94]. In this section, another type of 

modifications in Type-E element is presented, which will make use of the elliptical 

patch theory to approximate the characteristics of a rotated hexagonal patch. This 

modification has the same physical dielectric layers as with the one presented in last 

section, only change is the geometry of the stacked patches. Before presenting the 

modification there is a need to review geometry and the terms employed for an EPA. 
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Figure 3.31 Ell ipt ical patch printed on a s ingle-layer grounded substrate w ith defined parameters. 
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A singly-fed single layer elliptical patch antenna (EPA) is shown in Fig. 3.31 where 

the parameters a, b, c, and dare also defined. For an ellipse of semi-major axis (a) and 

semi-minor axis (b) , the foci are x = ±c that bring in a focal length of 2c, 

where (3.5) 

The area of the ellipse alone is 

A =abn, (3.6) 

and the eccentricity of the ellipse is 

(3.7) 

To achieve an operating frequency f, the semi-major axis a of the ellipse is given by 

[89] 

p 
a=----= PAg 
!~ 

(3 .8) 

where p is an empirical constant ranging from 0.27 to 0.29; and Ag is guided 

wavelength for microstrip patch antenna. 

According to the theoretical and experimental results reported in [89], for a low 

dielectric constant of 2.45, the constant p is found to be optimal at 0.275. It was also 

found the desired circularly polarised radiation communicability may best be achieved 

by limiting the eccentricity (ec) of the ellipse at 20.5% when the semi-minor to semi-

major axis ratio (b/a) is about 0.98. However, for the single-layer EPA printed on a high 

dielectric constant material and/or with stacked patches, the above design formulas may 

not be valid. Since the exact formations are not available we will attempt here to analyse 

as our solution of square/hexagonal patches into circular/elliptical and use the design 

procedure explained already for the Type-E structure. Fig. 3.32 shows the process in the 

evolution: the parasitic patch changes from square to circular whilst the dimension of 
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the driven patch remains unchanged but has a rotation of 45° anti-clockwise. The 

advantage of using circular patch rather than a rectangular shape is that a circular patch 

gives a circular symmetry with no azimuthal variation when radiating CP wave, and 

thus is widely used in various types of circularly polarised array. The rotated hexagon 

can be considered to be of quasi-elliptical shape having semi-minor axis and semi-major 

axis of (P1-q1)/ J2 and P1/ J2 , respectively. This in turn leads to an eccentricity by (3.7) 

for the quasi-ellipse as 

e c,quasi = ~2Jq - q ' (3 .9) 

and the focal length becomes 

= e c ,qua.1·1 x p, (3.10) 

where q is the per unit perturbation amount on the square patch is given by [ ~~ r, 
which is the area ratio of two squares. 

For the same axes of a and b and the dimensions indicated in Fig. 3.33, the area of 

the quasi-elliptical patch is 35.88 mm2 as given by (1-q) xP12
, which is smaller than the 

area of a true ellipse of 44.8 mm2
, using eqn. (3.6). The complete geometry with all 

dimensions of the modified RHCP Type-E element at X-band is shown in Fig. 3.33, 

where AH' AL and Ao are the microstrip patch wavelength in substrate, superstrate and 

free-space wavelength, respectively at the centre frequency of 10 GHz. By using eqn. 

(3.9) , the eccentricity for the quasi-ellipse has increased to 67% compared to 20.5% for 

a low dielectric constant case whereas the focal length becomes 4.157 by eqn. (3.10). 

Finally, the constant pin the design eqn. (3.8) for this design has also increased to 0.362 

for a high dielectric constant (6.15) substrate and under the influence by a parasitic 

circular patch of diameter 11.0 mm. Although the radiating elements with a multi-layer 

structure incorporate various geometries have been reported or developed elsewhere 

[70]-[76], [95] the use of printed circular disc and quasi-elliptical patch combination for 

producing circular polarisation with good axial-ratio is being reported first time. 
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Figs. 3.34 and 3.35 show the theoretical predictions of VSWR, axial ratio, gain and 

antenna efficiency obtained with Ensemble. It shows that the impedance bandwidth 

(VSWR::S2) is capable of 19.1% with a mean frequency of 10.2 GHz whereas the 3-dB 

axial-ratio bandwidth is in excess of 7.5% with a mean frequency of 9.83 GHz. The 

axial ratio is as low as 0.3 dB at boresight whilst the CP gain over 7 dBic has a 

bandwidth of 1. 75 GHz. The overall antenna efficiency was calculated by using the 

gain-directivity method. The directivity is first calculated by numerically integrating the 

radiation patterns for two principle and two diagonal cuts in azimuth plane and dividing 

into 4n:. The overall efficiency is then obtained by subtracting the directivity from the 

output CP gain that is shown in Fig. 3.35. The antenna efficiency of the X-band element 

is calculated to be as high as 83% around the centre frequency. Such a high efficiency at 

X-band owes mainly to the enhancement of the surface-wave efficiency with hi-lo 

dielectric layer combination [78], [88]. Another reason can be attributed to the infinite 

ground-plane used in simulation, which ideally allows no backward radiation and no 

diffraction at dielectric edges. Nonetheless, this calculated efficiency can only be 

regarded as the upper bound on the obtainable antenna efficiency from the proposed 

structure in hi-lo-lo combinations. Fig. 3.34 shows that the frequency range for the 

antenna efficiency which is greater than 70% has a similar bandwidth to that of 

impedance bandwidth. 

3.5 Discussion 

In this Chapter, another type of singly-fed circularly polarised (SFCP) known as the 

Circularly Polarised Electromagnetically Coupled patch (CP-EMCP) antenna or simply 

the Type-E element is proposed . The design method and tuning techniques are 

demonstrated and verified by a series of detailed design examples. This knowledge-

based procedure is outlined step-by-step and can be viewed as an empirical method that 

is an alternative to conventional optimisation. The detailed design have been 

demonstrated on three conventional Type-E and two modified Type-E elements to show 

that the generalised design method is applicable at different operating frequencies and 

regardless of sense polarisation. The effects of each tuning parameter are highlighted 

with respect to the design goals. In addition to the trade-off between minimum VSWR 
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and impedance bandwidth owing to the change in airgap length, as in the linearly 

polarised patch antennas, a trade-off exists between the lowest axial ratio and maximum 

axial-ratio bandwidth. More importantly, ways to compromise between tradeoffs to 

satisfy the design objectives was provided . The studies also suggested that an implicit 

trade-off exists between the minimum possible axial-ratio value and the maximum 

attainable impedance bandwidth. In the first design example in C-band, a wide V-

shaped curve for axial ratio was obtained which enables the high isolation between the 

two senses of CP. However, in the second design example at Ku-band, a W-shaped 

curve for axial ratio was obtained which guarantees the maximisation of the 3-dB axial-

ratio bandwidth. In the third example of S-band design, the non-ideal characteristic of 

front-to-back ratio and the half-power beamwidth are examined. Unlike the Type-F 

element presented in Chapter 2, the front-to-back ratio of Type-E element is solely 

affected by finite ground-plane and not surface wave effects, which is one of the key 

advantages of using Type-E elements over the Type-F elements. In the next Chapter, 

additional advantages of radiation characteristics of Type-E elements will be explored . 

Before ending this Chapter, we summarise the results from the three designs of Typ e-E 

element w ith desi red centre frequency in Table 3.3 below. 

Table 3.3 Summary of bandwidths and mean frequencies obtained in 3 design examples 

Design Example Bandwidth Vector Mean Frequency Vector 

(I) C-band, 5.7 GHz BW = (8%, 37%, 43%]T fm = (5.67, 5.88, 5.70 GHz]T 

(2)Ku-band, 13.8GHz BW = [17.3%, 30.8%, 40%]T fm=[13.72, 13.95, 14.46GHz]T 

(3) S-band, 2.4 GHz BW = [4.6%, 24%, 22%f fm = [2.39, 2.39, 2.36 GHzf 
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Effects of Layer Displacements, 
Mutual Coupling and Material 
Tolerances on Broadband 
Characteristics 

4.1 Introduction 
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The previous chapters detailed the systematic design and tuning procedures for the 

circularly polarised, electromagnetically coupled patch (CP-EMCP) antenna elements 

providing design examples at different frequency bands. In addition to the Type-E 

element designs, we have elaborated two modified versions. The generalised design 

method outlined in Chapter 3 is validated which proves that it is well-suited to any 

operating frequency and is independent of sense of polarisation. In this Chapter, we will 

provide examples of Type-E as well as the modified Type-E elements so as to bring out 

the robustness of their performance with respect to patch displacement, mutual coupling 

and dielectric material tolerances. Several characteristics on their robustness to perform 

will be investigated. These are (i) the performance against patch offset or layer 

displacements; (ii) the performance against material tolerances; (iii) the effect of 
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superstrate on mutual coupling between CP stacked patch elements; and, (iv) mutual 

coupling against element orientations. In addition, the mutual coupling between 

broadband CP-EMCP elements both in spatial and frequency domains will be studied 

and compared with those available in the literature. This Chapter is organised as 

follows. In Section 4.2, experimental investigations on the radiation characteristics of a 

LP- and a CP-EMCP element will be presented whereas the robust characteristics 

against dielectric material tolerances of two Type-E elements are examined in Section 

4.3. Section 4.4 deals with the mutual coupling between the broadband CP elements in 

spatial and frequency domains. The effect of superstrate thickness and the relative 

orientations of the elements on the mutual coupling of a modified Type-E element are 

also explored, which is followed by a discussion in Section 4.5. 

4.2 The Broadband Characteristics against Layer 
Displacements 

The patch offset and layer-misalignment of the multilayer patch antenna have both 

positive and negative effects on antenna performance. The former is a technique that 

deliberately displaces the parasitic (top) patch off-centred in stacked patch antennas in 

order to broaden the impedance bandwidth [96]-[97]. Such a technique, however, is 

found to be only appropriate to linearly polarised electromagnetically-coupled patch 

(LP-EMCP) antennas. Usually, the stacked LP-EMCP antennas are printed on dielectric 

materials having a low dielectric constant in the range of 2 to 3, with or without airgap 

used between the dielectric layers [96]. When the method and/or materials employed for 

the offset patches is inappropriate, broadband becomes the narrow dual-band owing to 

the separation of the two resonant frequencies [98]-[99]. The layer-misalignment, on the 

other hand, is an inevitable after-effect in the multilayer structure due to material and 

fabrication tolerances. As discussed in Chapter 2, the aperture coupled patch antenna, 

which is a multilayer antenna, is not robust since its CP performance gets degraded due 

to layer-misalignments [36]-[37]. In this section, investigations on the effects of the 

offset patch and/or layer displacement are presented. The modified Type-E element at l 0 

GHz that comprise of unequal-sized stacked patches, which are printed on high (6.15) 

and low (2 .2) dielectric constants materials. The broadband characteristics of an LP-

EMCP antenna are first examined due to the patch offset, followed by an examination 

of a CP-EMCP antenna. It will be shown that such an EMCP structure has very robust 
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characteristics not just for the impedance bandwidth but also the CP bandwidth against 

the layer-misalignments. 

4.2. 1 An Experimental Investigation on a LP-EMCP Element 

The linearly polarised EMCP element used in experiments is the one that is presented in 

Chapter 3, Section 3.4.2. The advantage of using a high-dielectric-constant (6.15) 

substrate as the driven layer for the EMCP antenna is that the associated control 

circuitry of microstrip lines is made compact in size and can be integrated easily with 

the antenna element in a coplanar surface. When the low-dielectric-constant (2.2) 

material is used for the superstrate, the stacked squared-patches have the side lengths of 

6.0 mm and I 0.0 mm, respectively, and the airgap between patches (middle-layer 

thickness) is 2.0 mm as shown in Fig. 3.27(a) which is repeated here for the sake of 

convenience. The top and bottom patches form an X-band parallel-plate air capacitor. 

The centres of the stacked patches were arranged to coincide precisely with the centres 

of the layers, so that the top-patch's displacement can be realised by the movement of 

the top-layer (superstrate) of the element. The LP-EMCP element under normal 

alignment, (i.e. when stacked patches centred), has a measured impedance bandwidth of 

about 20% for VSWR ~ 2 whilst the measured gain over 8 dBi has a bandwidth of 25% 

as shown in Fig. 3.28. 
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Fig. 3.27 (a) Stacked LP-EMCP antenna. 
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To set up both the angular and linear displacements of the top layer, a displacement 

and rotation map is made, and denoted as X-0 map to indicate the displacements and 

rotations of the top-patch at 16 locations as shown in Fig. 4.1. The X denotes the centre 

of the top-patch displaced in five directions: 90°, 135°, 180°, 225°and 270° each with a 

linear displacement from 2 to 6 mm in a step of 2 mm, whereas the 0 represents the self 

rotations of the top-patch at two specific locations as indicated in Fig. 4.1. In polar co-

ordinates: if 04 0° denotes the ideal centre alignment, then (45°, 44 270°) represents 

the centre of the top patch has 4 mm shift down to the feed line along the E-plane, and 

the top patch has a angular displacement (rotation) of 45° as depicted in Fig. 4.2(b ). At 

each of these locations, the effect on the return loss (-S 11 in dB) and the corresponding 

impedance bandwidth is noted by rotating the top patch in the angular step. The LP-

EMCP element is symmetrical about the y-axis, and hence the use of only left half plane 

(LHP) would be enough to represent the corresponding movements in the right half 

plane also. Fig. 4.2 shows the relative positions of the top- and bottom-patches when 

arranged in (a) linear and (b) linear and angular displacements at 4 4 135° and 4 4 270°, 

respectively. 



(a) (b) 

Figure 4.2 Pictures show two specific displacements (a) linear displacement at 4 4 135°; and 
(b) the combination of linear and angular displacement of 45° at 4 4 270°. 
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All measurements of return loss were conducted inside an indoor anechoic chamber. 

Figs. 4.3(a) to (e) disclose the variations of the measured S11 versus frequency owing to 

the linear displacements of the top-layer in five directions with three steps from 2 to 6 

mm (0.067~0.2 A.0 ). It shows that the effect on S 11 is not significant when the 

displacement is 2 mm in all directions. When the displacement is increased to 4 mm, the 

element shows a better match obtaining S 11 below -15 dB at the central frequency band. 

Beyond 4 mm the two resonant frequencies merge whilst the impedance match worsens 

at 225° and 270° locations. This could be due to the top-patch approaching the feed-line 

thus affecting the fringing field more than other patch positions. For all the 

displacements considered as shown in Figs. 4.3(a) to (e), when the linear displacement 

increases, the 10 dB impedance bandwidth is reduced with a corresponding slight 

decrease in the mean frequency of the band. Thus, the results contradict the results 

reported in [98]-[99], which used low and low dielectric material for both substrates, the 

resonant frequencies of the antenna are further separated when displacement increases, 

and a mismatch becomes serious in the central frequency band. 
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135° movement 
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180° movement 
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Figure 4.3 Measured S 11 in dB for linear displacement in five directions: (a) 90°, (b) 135°, (c) 
180°, (d) 225° and (e) 270° movement. Each plot shows the comparison of S 11 for 2, 4, 6 mm 
with the normal alignment 0, 0°. 
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Figs. 4.4 (a) and (b) show the effect on S11 caused by angular displacements of 5°, 

10° and 45° at the origin (0 4 0°), and the combination of linear and angular 

displacements at the location of 4 4 270°. For both cases, a 45° rotation demonstrates a 

better impedance match than the other rotations. Furthermore, the rotation of 5° and I 0° 

results in a narrower impedance bandwidth for 4 4 270°. In general, the frequencies tend 

to shift downwards except for 5° and 10° rotation about the origin, at which, both the 

mean frequencies appear to improve slightly. 
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Table 4.1 summarises the 10-dB impedance bandwidth (ZBW) and the 

corresponding mean frequency ifm) for all cases of displacement. Based on these results, 

one can conclude that the proposed element is very robust against layer misalignments 

and/or patch offset. When a I 0-dB impedance bandwidth criterion of 10% was used, all 

angular rotations satisfied the criterion and no limit was found for the angular 

displacement of the top-patch. However, a limit for the linear displacement was found 

from the results in Table 4.1. The limits tabulated in Table 4.2 bring out that even if the 

top-patch moved away from the centre, in the upper x-y plane, by a distance that equals 

the length of the driven patch (P 1) , which is equal to Y2 A.~, the impedance bandwidth 

still remains at least 10%. 

Table 4.1 Summary of 10-dB Impedance Bandwidths with 
Mean Frequencies for All Displacements. 

Displacement fm [GHz] 10-dB ZBW 
0°, 24 90° 9.87 19.5% 

0°,4490° 9.78 16.9% 

0°, 64 90° 9.64 10.0% 

0°, 2 4135° 9.90 18.7% 

0°, 4 4135° 9.80 16.5% 

0°, 6 4135° 9.66 10.2% 

0°, 2 4180° 9.92 19.3% 

0°, 44180° 9.85 15.5% 

0°, 6 4180° 9.73 8.2% 

0°, 24 225° 9.89 17.9% 

0°, 44 225° 9.85 12.6% 

0°, 64 225° 9.70 3.0% 

0°, 2 4 270° 9.89 16.6% 

0°, 44 270° 9.83 11.1% 

0°, 6 4 270° 9.67 0.1% 

5°, 0 4 0° 9.97 19.6% 

10°, 0 4 0° 10.0 20.0% 

45°, o L 0° 9.92 17.7% 

5°, 4 4 270° 9.75 8.4% 

10°, 4 4 270° 9.74 8.7% 

45°, 4 4 270° 9.81 11.1% 



Table 4.2 Linear Displacement Limits for the LP-EMCP element based 
on I 0-dB ZBW Criterion of l 0% 

Upper x-y plane (0° < <p < 180°) 6 mm (0.2A.0 , 0.5 A.~) 

Lower x-y plane (180° :s; <p :s; 360°) 

108 

Thus far, the effect of layer misalignments or patch offsets on broadband 

characteristics of a 10 GHz linearly polarised LP-EMCP element is investigated. The 

element uses the hi-lo-lo combination of dielectric materials for the substrate (er= 6.15) 

and superstrate (er = 2.2) with an air dielectric (er = 1.0) as the second layer. The 

element has shown very robust impedance characteristics against both angular and 

linear displacements. Contrary to the results reported for conventional stacked patch 

structures, the results show that when the linear displacement increases (i.e. further 

apart from the origin) the two resonant frequencies merge resulting in bandwidth 

reduction whilst the mean frequency decreases slightly. The existence of the microstrip 

feed-line in the patch geometry limits the range of displacements in the lower part of the 

structure. In the next section, the experimental investigation will be repeated to study 

the effects of circular polarisation characteristics for a CP-EMCP element that has a 

similar geometrical structure. 

4.2.2 An Experimental Investigation on a CP-EMCP Element 

The geometry of the X-band CP-EMCP antenna element under investigation is same as 

the one given in Fig. 3.27(b) of Chapter 3 whereas its photograph showing disassembly 

of the CP element is shown in Fig. 4.6. As discussed before, this CP element is designed 

by transforming its LP counterpart by adding the perturbations onto the driven patch 

whilst the airgap length has been tuned up to 3.3 mm. The dielectric materials employed 

for the CP element are the same as the ones used for the linearly polarised element. 

However, only linear displacements of the top-layer are considered in this section for 

the measured radiation characteristics in this experiment. The displacement X-~ map 

shown in Fig. 4.5 illustrates the linear displacement from 2, 4 to 6 mm in three principle 

directions of 90°, 180° and 270° and 4 to 6 mm in diagonal directions of 135° and 225° 

are made for the return loss (-S 11 in dB) measurement. The ~ shown on the map 
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represents the locations where the axial ratio (AR) measurements are investigated. It can 

be seen that only eight locations other than the perfectly aligned position are considered 

for the AR measurements due to the time constraints. The small holes are precisely 

drilled into the top-layer to realise the linear displacement of the specified locations as 

shown in the map (Fig. 4.5). The top (parasitic) patch and bottom (driven) patch are 

shown in the left-hand-side and right-hand-side of the photograph respectively in Fig. 

4 .6. 

y 

6 

,+ 4 
£ 2 

-x 0 

& 
+, 

Figure 4.5 The loci of displacement for the top-patch in the LHP. X denotes the locations 
where centres of top-patch were moved; and A denotes where the axial-ratio measurement 
were taken. 

Figs. 4.7 to 4.9 show the measured return-loss versus frequency for the linear 

displacement from 2, 4 to 6 mm, respectively. It shows that the singly-fed CP-EMCP 

antenna has an even more robust impedance characteristic than its LP counterpart. 

According to the measured I 0-dB impedance bandwidth (ZBW) values listed in Table 

4.3, when using the same (I 0%) criteria in ZBW the CP-EMCP element has a larger 

limit than the LP-EMCP element. A conservative limit can be found as 6 mm in the 

entire x-y plane. The CP element has an important bandwidth of boresight axial-ratio 

which demarcates the quality of the element. It has to be taken into account when 

evaluating the allowable displacement limits. Figs. 4.10 and 4.11 show the axial ratio 

versus frequency when the displacement is 2 and 4 mm in different directions whereas 

Table 4.4 summarises the corresponding 3-dB axial-ratio bandwidth (ABW). 



Figure 4.6 Photographs of both the top (left hand side) and bottom (right hand side) layer of 
the X-band CP-EMCP antenna element before assembly of the stacked patches. 
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l 80° and 270°), and compared to the si mulated and measured results under normal alignment. 
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Figure 4.8 The measured return-loss plots for the 4-mm displacements in 5 directions (90°, 
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Figure 4.9 The measured return-loss plots for the 6-mm displacements in 5 directions (90°, 
135°, 180°, 225° and 270°), compared to the normal alignment. 
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Table 4.3 Summary of 10-dB Impedance Bandwidths for 
Linear Displacements applied to CP-EMCP Element 

Displacement fm z [GHz] 10-dB ZBW 

OL 0° sim 10.0 17.g% 

OL0° 10.1 23.8% 

2L go 0 10.1 24.8% 

2 L 180° 10.1 24.2% 

2L 270° 10.1 24.0% 

4L 90° 10.1 24.0% 

4 L 135° 10.0 23.5% 

4L 180° 10.1 23.2% 

4 L 225° 10.1 21 .7% 

4 L 270° g_8 17.8% 

6L goo g_6 13.1% 

6 L 135° 9.6 15.2% 

6L 180° g_7 13.5% 

6 L 225° g_8 14.2% 

6L 270° g_7 12.2% 

Table 4.4 Summary of 3-dB Axial-Ratio Bandwidths for 
Linear Displacements applied to CP-EMCP Element 

Displacement f~ [GHz] 3-dBABW 

OL 0° sim 10.0 7.4% 

OL0° g_5 8.0% 

2z:.go 0 g_5 g_o% 

2L180° g_6 8.6% 

2 L 270° g_5 8.7% 

4z:.go 0 g_5 5.3% 

4 L 135° g_5 6.0% 

4L 180° g_5 6.4% 

4 L 225° g_5 3.8% 

4L 270° g_5 2.7% 
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Table 4.4 shows that all the obtained 10-dB impedance bandwidths (ZBW) are above 

10%, even when the displacement is as high as 6 mm in all directions. When the linear 

displacement is 64 270°, the LP-EMCP has a ZBW of nearly 0% but the CP-EMCP is 

still at 12.2% which is only few percent lower than the other directions. This difference 

is attributed to the perturbation on the driven patch, which alters the fringing field line 

distribution along the patch. In other words, it is due to the two orthogonal modes on the 

patch rather than the single mode in the LP case. Although the limit for impedance 

bandwidth is higher than the LP element, it becomes smaller if axial-ratio bandwidth 

has to be taken into account. Based on the axial-ratio plots in Figs. 4.10 and 4. 11 , by 

using a 5% of the 3-dB axial ratio bandwidths (AB W) as the criterion, the displacement 

limit can be determined from the results listed in Table 4.4, and is concluded in Table 

4.5. Further, the variations of gain for 4-mm displacements in all directions as shown in 

Fig. 4.11 a, which are less than I dBic within the axial ratio bandwidth, verify the limit. 
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The gain variation is basically owing to the ripples was induced by the gain spinning 

method used in the measurement. 

Table 4.5 Linear Displacement Limits for the CP-EMCP Element 
based on 3-dB ABW Criterion of 5% 

Upper x-y plane (0° :5 cp :5 180°) 

Lower x-y plane (180° < cp < 360°) 

4 mm (0.133A.0 ) 

3 mm (0.1Ao) 

4.2.3 The Angular Displacement on Two CP-EMCP Elements 

In this section, the effect on the angular displacement of the top-patch for two CP-

EMCP antenna elements is investigated. The two elements compared are the two 

solutions of the multi-objective optimisation design problem of Type-E element that 

were enumerated in Chapter 3. The e lements were designed to operate in X-band with a 

desired centre frequency of l 0 GHz. Basically, they have the same EMCP structure as 

that of the modification 1 to the Type-E element which was indicated in Section 3.4.2: 

the grounded substrate is Rogers® R03006 ( f:r = 6.15 , tan8 = 0.002) with a thickness 

(d 1) of 0.64 mm, whereas the superstrate is RT/duriod 5880 (Er= 2.20, tano = 0.0009) 

with a thickness (d3) of 0.78 mm. The stacked patches are coupled electromagnetically 

via an air dielectric with a length of d2, which could be considered as a separation 

between the two physical layers whilst neglecting the thickness of the stacked patches. 

However, the optimal design parameters of these CP elements are slightly different 

although they are the modified Type-E elements: one has zero perturbation on the 

parasitic patch which is denoted as Design 1 whereas the other one has finite 

perturbation, denoted as Design 2. Their optimal design parameters are given in Table 

4.6 that refers to the geometry of the CP-EMCP (Type-E element) with defined 

parameters as shown in Fig. 4.12. The effects due to the angular displacement with 

different perturbation lengths (q2) on the parasitic patches of these designs are explored. 

The angular displacement in six non-uniform steps and a maximum displacement of 45° 

in both the CW and CCW directions (Table 4.7) about z-axis are applied. The airgap 
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length ( d2) remains unchanged whilst the displacement is made. The impedance 

matching characteristics, gain, impedance bandwidth and boresight axial-ratio have 

been theoretically simulated using Ensemble TM for all rotation-angles as shown in Table 

4.7. 

Table 4.6 Summary of the Two X-band CP-EMCP Elements 
whose geometry is shown in Fig. 4.12. 

Parameter Design 1 Design 2 

P1 6.2mm 6.1 mm 

P2 9.4 mm 10.0 mm 

q1 1.6 mm 1.68 mm 

q2 O.Omm 2.0 mm 

d2 3.3mm 2.5 mm 

Wt 1.0 mm 1.0 mm 

Lt 14 mm. 14 mm 

There are small differences in P 1, P2, q 1, and d2 between the two designs as shown in 

Table 4.6. The only major difference is the amount of perturbation (q2) on the parasitic 

patch , which not only breaks the symmetry in the x-y plane but also depresses the 

coupling between stacked patches when one of them is rotated . As shown in Table 4. 7, 

a great difference can be seen in Design 2 at a maximum angle of 45° in CW and CCW 

directions. However, no difference is observed in Design 1 at 45° since no perturbation 

is made on the top-patch. Interestingly, the relative positions between the stacked 

patches of Design 1 at various displacements are different but its characteristics are 

virtually the same, as will be explained. 



i 
+ 

y 1 zkLx-
z 

Ground Plane 

Figure 4.12 The geometry of the stacked patch with CP-EMCP structure, where P1, P2, q 1, and 
q2 are the square patch length and the corresponding perturbation length of the stacked patches, 
respectively. 

Table 4.7 Angular Displacements (0° to ±45°) on Two CP-EMCP Designs 

ccw ~ ~ cw 

q> 45° 22° 10° oo -10° -22° -450 

Design 1 <Q>~~ ~ ij ey <Q> 
Design 2 ~~~ ~ ~ cy ~ 
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The difference in perturbation on the parasitic patch between the two designs 

produces a marked difference on the impedance matching characteristics as the top-
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patch is rotated by an angle about z-axis as shown in Figs. 4.13 and 4.14(a)~(b) , 

respectively . The I 0-dB impedance bandwidths for the Design 1 are almost constant 

whilst a marked change is recorded in Design 2 for both the CCW and CW directions. 

On the other hand, the changes in the gain and axial ratio are also insignificant for the 

Design I against all angular displacements as evidenced in Figs. 4 .15(a) to (c). The 3-

dB axial-ratio bandwidth (ABW) of Design I is virtually constant (7.5%) versus the 

angular rotations attributed to the zero perturbation on the top-patch. The change in 

axial ratio for Design 2, however, is very significant although the gain changes are 

acceptable with displacements in both directions as shown in Figs. 4.16(a) to (c). From 

these figures , the ABW of Design 2 increases from 12.3% at the normal alignment ( cp = 

0°) to 14.7% at angular displacement of 22° CCW (<p = +22°). However, it decreases to 

0% when the displacement is 22° CW ( <p = -22°). At the maximum displacement of 45 °, 

the two designs exhibit a great difference in axial ratio bandwidth: 7.5% in Design 1 

against 0% from Design 2. Therefore, it can be concluded that the Design 1 has very 

robust characteristics against the angular displacements. 
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4.3 The Effect of Dielectric Material Tolerances 

The robustness of the CP-EMCP performance against both the angular and linear 

displacements was examined in the last section. In this section, we consider the 

performance of the stacked patch antenna against the tolerances on the dielectric 

materials, which are employed as the grounded substrate in the CP-EMCP elements. It 

is necessary to take the effect of material tolerances into account at the design stage 

although the post-fabrication fine-tuning is possible if an air-dielectric is used. By fine 

adjusting of the airgap length (d2), both of the impedance bandwidth and its mean 

frequency can be fine-tuned (section 3.3.3). Nonetheless, such an adjustment may alter 

the axial ratio and also the axial-ratio bandwidth of the singly-fed CP-EMCP elements. 

Material tolerances on the design of microstrip patch antennas are of practical 

importance but studies in literature are limited [ 1, pp.66], [37] , [ 100]. According to the 

manufacturers data sheet [85] , coupled with our experience and other results reported in 

the literature, for example in [37] , RT/duroid®5880, the laminate used as the superstrate 

layer in the CP-EMCP elements, has a good tolerance of less than I% in dielectric 

constant. The investigation on the proposed antenna geometries indicated the thickness 

tolerance of the superstrate has a much smaller effect than the substrate on the 

performance of a single element. This is because the wavelength in the substrate (A. ~) is 

less than one-half of that in the superstrate (A.~). Hence, in this section only the effect of 

the tolerances on the dielectric materials used for the driven layer - the grounded 

substrate is considered. However, the effect of superstrate thickness on mutual coupling 

between CP-EMCP elements will be investigated in Section 4.5.1. In this section, the 

effect of tolerances in the high dielectric constant (I 0.2) material R030 l 0 ™ is 

examined in first sub-section whereas the second one explores the effect on a lower 

value (6.15) in dielectric constant of R03006™. The antennas that will be used to 

investigate such effects are the Type-£ and modified Type-£ elements respectively, as 

summarised in Table 4.8. Throughout the study, only the values of dielectric constant 

and thickness of the substrate will be changed whilst all other design parameters are 

fixed . 



123 

Table 4.8 Summary of the substrate materials used in the Design Examples 

Substrate Material £1 tan 81 d1 [mm] Usage 

R03010™ 10.2±0.3 0.0023 1.27±0.05 
C-band Type-E element 

(Section 3.3.1) 

R03006TM 6.15±0.15 0.002 0.64±0.03 
X-band Modified Type-E 
element (Section 3.4 .2) 

4.3.1 Tolerance Effects on the Type-E Element 

TM 
We have used a high-dielectric-constant material R03010 for the C-band Type-£ 

element in the design example 1 which was detailed in Section 3.3.1. This material has 

a nominal dielectric constant of 10.2 and the thickness of 1.27 mm was selected in the 

design . The tolerances were obtained from the Rogers® data sheet as ±0.3 (±2.9%) and 

±0.05 mm (±4%) respectively . There are four possible extreme-case scenarios (Table 

4.8) that are made up by these essential tolerances in the design case based on the 

nominal tolerances on the substrate material R03010™. The effects of temperature on 

the material parameters, the effect of moisture absorption and the tolerance on the 

dissipation factor (tan8) are neglected. This implies both the temperature and the 

humidity are assumed to be constant in this study at their nominal values as indicated in 

the data sheet. The analytical sensitivity calculation on the impedance bandwidth, gain 

and axial ratio due the tolerances is impossible since the closed-form formulae for these 

parameters are neither available nor differentiable due to its complexity. Instead, the 

full-wave analysis tool - Ansoft Ensemble™ was employed to calculate the variation of 

(i) VSWR, (ii) gain and (iii) axial ratio for the four extreme-case scenarios. From the 

calculated results we locate the maximum change on the impedance bandwidth (ZBW), 

gain, and axial-ratio bandwidth (ABW). Further, the highest sensitivity or the worst 

case on their variations due to the substrate tolerances can be determined. 

Figs. 4.17 to 4.19 show the results obtained from Ensemble TM for the C-band design 

which was discussed in Section 3.3.1. Each of these figures is also compared with the 

optimal performance that was obtained using nominal values without any consideration 
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of substrate tolerances. Figs. 4.17 and 4.18 show that the variations in VS WR and CP 

gains are virtually insignificant and the changes in ZBW (VSWR:::;2) are limited (less 

than ±0.8%). However, the change in axial ratio (AR) is rather obvious from the curves 

in Fig. 4.19. Since the mean frequency varies as the reciprocal of the square root of the 

dielectric constant, the higher dielectric constant shifts down the whole impedance 

bandwidth in frequency as the last two cases in Fig. 4.17. As a matter of fact, the higher 

dielectric constant results in lower mean frequencies of ZBW as indicated in Table 4.9. 

On the other hand, the lowest obtainable axial ratio (AR) is affected in two extreme 

cases: one is (9.9, 1.32 mm) whist the other is (10.5 , 1.22 mm), whose lowest AR is 

both higher than 1 dB. However, the first case effects a 1.7% increase in 3-dB axial-

ratio bandwidth (ABW) whereas the latter one shows a reduction of 1.5% in ABW. 

Further, the 4% decrease in substrate thickness results in the reduction of ABW. 
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From the simulation results shown in Figs. 4.17 to 4.19 and the summary tabulated in 

Table 4.9, it is clear that the worst case occurs when the dielectric constant of the 

substrate has a highest positive tolerance whilst the thickness has a negative tolerance, 

viz £ 1=10.5 and d 1 = 1.22 mm. In such a case, both the impedance and axial-ratio 

bandwidths are reduced while the lowest obtainable axial ratio has gone up above l dB . 

Mathematically, when a +2.9% change in the dielectric constant and a -4% change in 

the material thickness result in a -0.8% and a -1.5% change in ZBW and ABW, 

respectively. Nonetheless, the gain is virtually unchanged with variation in tolerances. 

Table 4.9 Summary of changes in impedance bandwidth and axial-ratio bandwidth in four 
extreme cases of tolerances on the substrate material R0301 o™ 

£1 d1 (mm] f ~ ZBW LiZBW f ~ ABW LiABW 

9.90 1.22 6.01 40.9% -0.1% 5.68 7.7% -0.2% 

9.90 1.32 5.99 41.4% 0.4% 5.64 9.7% 1.7% 

10.50 1.32 5.85 41.0% 0.0% 5.64 8.7% 0.8% 

10.50 1.22 5.87 40.2% -0.8% 5.68 6.4% -1.5% 

10.20 1.27 5.92 41.0% n/a 5.67 7.9% n/a 

4.3.2 Tolerance Effects on the Modified Type-E Element 

In this section, the antenna performance of the X-band modified Type-E element that 

was presented in Section 3.4.2 is analysed. The dielectric material employed for the 
@ TM 

grounded substrate is Rogers R03006 , which has a relatively low dielectric constant 

of 6.15 , with a thickness of 0.64 mm . In addition to the difference of substrate, the 

perturbation amounts on the parasitic patch ( q2) as well as the airgap length ( d2) are also 

different to the C-band Type-E element. Similar to the last section, there are four 

possible extreme cases for both the tolerances in dielectric constant (±0. I 5, or ±2.4%) 

and thickness (±0.03 mm, or ±4.7%) are considered for this design. The effect due to 

the tolerances on the antenna gain , axial ratio and impedance bandwidth for these four 

cases are examined. 
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The results obtained for this element are similar to that given in the last section. As 

far as the impedance match is concerned, a lower value of dielectric constant results in a 

higher mean frequency, which causes the whole impedance bandwidth (VSWR:S2) 

shifts up as shown in Fig. 4.20. The highest change in mean frequency is about + 1.4% 

but the impedance bandwidth (ZBW) is reduced by 1.6%, which is caused by the 

extreme case of £ 1 = 6.00 and d 1 = 0.6lmm. The variation of gain magnitude is virtually 

fixed in all cases, which has the small shift in the gain bandwidth as shown in Fig. 4.21. 

However, the variation of axial ratio due to the substrate tolerances is more obvious as 

shown in Fig. 4.22. Among the four cases, the worst case occurs when £ 1 = 6.00 and d 1 

· = 0.61 mm which produces a lowest axial ratio of 1 dB at 10.2 GHz and both the 3-dB 

axial-ratio bandwidth (ABW) and ZBW have a reduction of 1.7% and 1.6% with respect 

to their nominal value, respectively. For the sake of comparison, all values including the 

lowest axial ratio (LAR) and its frequency have been summarised in Table 4.10. Fig. 

4.22 also shows when the dielectric constant has a positive tolerance of 2.4% and 

whatever the thickness tolerance is, the axial-ratio curves always shift down. This 

change in dielectric constant results in a boost of 1 % in ABW as the thickness tolerance 

is positive but the lowest obtainable AR has risen to 0.83 dB. Likewise, when the 

tolerance on dielectric constant is -2.4%, the lowest axial-ratio (LAR) frequency shifts 

up by 2%. 

Table 4.10 Summary of changes in lowset axial ratio, impedance bandwidth and axial-ratio 
bandwidth for the four extreme cases of tolerances on the substrate material R03006™ 

£1 
d1 f AR LAR f ~ ZBW ~ZBW 

f ~ ABW ~ABW 
[mm] [GHz] [dB] [GHz] [GHz] 

6.00 0.61 10.20 1.0 10.22 17.3% -1.6% 10.15 5.7% -1.7% 

6.00 0.67 10.20 0.4 10.1 8 18.2% -0.7% 10.11 6.5% -0.9% 

6.30 0.67 9.80 0.83 9.96 19.1% 0.2% 9.77 8.4% 1.0% 

6.30 0.61 9.80 0.20 10.01 19.1% 0.2% 9.81 7.5% 0.1% 

6.15 0.64 10.0 0.10 10.08 18.9% n/a 9.95 7.4% n/a 
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In summary, when the operating frequency varies from C-band to X-band, and with 

the dielectric materials used for the substrate are different, the worst case performances 

obtained for the Type-E element and modified Type-E element are different. The worst 

case performance of the Type-E element occurs when £1 = l 0.2+0.3 = 10.5 and d 1 = 

l.27-0 .5 = 1.22 mm whereas the worst case for the modified Type-E element occurs 

when £ 1 = 6.15-0.15 = 6.00 and d 1 = 0.64-0.03 = 0.61 mm. Both of these cases result in 

the deterioration of the obtainable axial ratio, reduction of the impedance and axial-ratio 

bandwidths. The common point that emerges from the above cases that deterioration 

occurs whenever the thickness of the dielectric material is less than the nominal values 

as indicated in the specification sheets. However, the effect of substrate tolerances in 

these extreme cases on both the CP-EMCP elements is below 2%, which is another 

example of the robustness of the proposed antenna. 
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4.4 Mutual Coupling between CP-EMCP Antennas 

Mutual coupling is an important topic for antenna elements that are intended for array 

applications. Mutual coupling can change the far-fie ld radiation patterns as well as the 

overall gain with scan angle in arrays. It can introduce substantial depolarisation not just 

in a fixed beam but also the scan-beam array, that making the array polarisation 

properties better or worse than that of a single isolated element [ 101]. Mutual coupling 

between microstrip patch elements play an important role in space diversity and MIMO 

applications, and thus have been considerably studied theoretically and experimentally 

[ 102]-[ 108]. The magnitude of mutual coupling or transmission coefficient in dB at a 

particular frequency can be calculated so long as the input impedance (Z 11 ) and mutual 

impedance (Z21) of a two-element separate-feed array are known, as given by [l 03] 

(4.1) 

where Z0 is the characteristic impedance of the input ports. 

Consider the two-element microstrip array as the two-port network. The relation 

between the port voltages and currents is 

(4.2) 

where the port impedance matrix [ZP] is the one of interest for determining input 

impedance and mutual impedance using moment method [103], [ 107] as given by 

1 T - E .] I dv 
Zf1= I I 12v 

f vI 

(4.3) 

N 

= -,L Jn• V~11 ) (4.4) 
11=1 
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and 

-1J/.J2 dv p 2 v 
Z21=-----

l1 vii· If v21 
(4.5) 

N 

= - Lf n•V~2 ) (4.6) 
n= I 

where Er is the total electric field ; 

lvi is the terminal current of source i (1 A in the usual cases); 

J vi is the current density at port i; 

V~) is the voltage due to source i; 

In are the expansion mode currents and all In on element 2 are set to zero since 

element 2 is open circuit. 

A number of techniques are used to calculate the mutual coupling between microstrip 

patch antennas. One of the simple and efficient ways to calculate the mutual coupling 

coefficient (S21 ) is by using the finite difference time domain (FDTD) method [114]. 

The input port of element 1 (port l) is activated by a voltage source of Gaussian pulse 

type whilst the other input port (port 2) is terminated by the Mur's first order absorbing 

boundary condition (ABC). After the voltages and currents are recorded at a short 

distance away from the ABC, the reflection coefficient (S 11 ) and the transmission 

coefficient (S21 ) can be obtained by using the following formulas: 

(4.7) 

and 

(4.8) 
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No matter which method is used to calculate the transmission coefficient (S21 ) , for 

Type-E or modified Type-E elements one has to take into account the induced currents 

on the parasitic patches. Also, one has to include the effect of the microstrip feed lines 

on the mutual coupling. Here we employ the rigorous full-wave moment method based 

analysis tool, Ansoft Ensemble TM [ 180] to calculate the mutual coupling between the 

Type-E elements as well as modified Type-E elements. Before we proceed to investigate 

the mutual coupling characteristics of the proposed broadband CP-EMCP elements in 

both spatial and frequency domain in the next two subsections, we will justify and 

examine the suitability, capability and the accuracy of Ensemble for the calculation of 

mutual coupling for the microstrip patch antennas. 

Two studies were made with the use of EnsembleTM in the calculation of mutual 

coupling. The first one by Mohammadian et al [105] was a single layer probe-fed 

rectangular patch antenna at 5 GHz resonant frequency whereas the second one was 

made on a 2.56 GHz stacked square-patch antenna with diagonal feed by Terret et al 

[ l 07]. In both cases, all the antenna design parameters were extracted from the 

corresponding papers and Ensemble was used to compute the mutual coupling between 

those elements. The generic geometry (top-view) of the two microstrip patch elements 

for both cases is shown in Fig. 4.23 . The calculated results obtained from Ensemble 

were compared to both the theoretical predications and measured results that available 

from the literature. 

y 

I Z~Jd. y, +b+sl 

2b+s 

b+s 

b !------. 

a a+d 2a+d 

Figure 4.23 The generic geometry in top-view of two rectangular patch elements in both the 
examinations. 
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The generic geometry of a two-element array as shown in Fig. 4.23, elements 

arranged to align in the E- and H-plane if d = -a and s = -b, respectively, for the 

microstrip patch excited in the TM01 mode. The computed results for the single layer 

antennas obtained from Ensemble TM are plotted with the calculated and measured results 

from Mohammedian et al [ l 05] , for comparison as shown in Fig. 4.24. The detailed 

antenna parameters are listed in the figure caption. The calculated results from [ 105] 

was predicated on using the cavity model with a developed dyadic Green ' s function and 

the rectangular vector wave functions (RVWF) for the magnetic current source over the 

grounded substrate. The figure shows the excellent agreement between results obtained 

by Ensemble TM and both the measured and calculated results in E- and H-plane mutual 

coupling from [ l 05] . It can be seen that the maximum nonconformity between the 

Ensemble and the measurement is less than ± I dB whilst the maximum difference 

between the two calculations is about 2 dB at very short distances. 
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Figure 4.24 The computed E- and H-plane mutual coupling using Ensemble™ compared to 
the calculated and measured results by Mohammadian et al [I 05]. Single-layer patch antenna 
parameters : a = 16 mm, b = 16.93 mm, x0 = 5.5 mm, y 0 = 8 mm, t = 1.57 mm, er = 2.55 ,/ 0 = 5 
GHz. Note that dis the edge-to-edge distance between the elements. 
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Figure 4.25 The computed "E- and H-plane" mutual coupling versus edge spacing (d) using 
Ensemble™ compared to the calculated and measured results by Terret et al [107]. Stacked 
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diameter: 1 .27 mm. 
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For the stacked patches printed on lo-lo-lo (Er = 2.19, 1.0, 2.19) materials 

combination, the presence of additional patches and the superstrate reinforces both the 

space- and surface-wave coupling when compared to the unstacked case. The theoretical 

results by Terret et al [ 107] of the "E- and H-plane" mutual coupling are calculated by 

using the reciprocity theorem and the spectral domain approach (SDA). Both the 

calculated and measured results in [ 107] show that the mutual coupling for the stacked 

patch are higher than the unstacked case. The exact geometry of the stacked patch 

antenna was modelled using Ensemble™, the calculated results are plotted with the 

calculated and measured results presented in [107] as shown in Fig. 4.25 . In general, 

good agreement is obtained amongst all mutual coupling results in the "E- and H-

plane", except at the short edge-separations, at which Ensemble™ values are about 4 dB 

higher than the calculated results from [I 07]. Nonetheless, when compared to the 
TM 

measured results, Ensemble values are much closer to the measured " E-plane" data 
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than the calculated results obtained by using spectral domain approach (SDA) technique 

as given in [l 07]. Theoretically, the input impedance as well as the far field radiation 

results of a series of two components owing to the TM01 and TM10 modes 

simultaneously excited with one excitation feed [ 18], [65]. These ones produce a linear 

polarisation along the patch diagonal [75]. Normally, the E-plane and H-plane mutual 

coupling of a linearly polarised patch antenna should not be the same, the E-plane 

coupling exhibits to be stronger than the H-plane. In this case since the driven square 

patch is fed at the diagonal, the stacked patch elements in their "E-plane" and "H-plane" 

arrangements ( d = -a and s = -b) presented in [ 107] and also here are not really in the E-

plane and H-plane. The argument is that the stacked patch excited both in the TM01 and 

TM10 modes and both the E- and H-plane are shifted respectively by 45° in the x-y 

plane. However, the Ensemble results as shown in Fig. 4.25 for the arranged planes 

when d = -a ("E-plane") and s = -b ("H-plane") coincide each other, which is the same 

result as the calculations by using the spectral domain approach (SDA) presented in 

[ 107], apart from the small differences in S2 1 within the edge spacing of one free-space 

wavelength. 

In next subsection , the mutual coupling between the Type-E as well as the modified 

Type-E elements will be investigated, using Ensemble TM [180] . 

4.4. 1 Comparisons in Spatial Domain at Centre Frequency 

The examination of results on mutual coupling obtained by Ensmeble™ has enhanced 

our confidence to use it for the circularly polarised electromagnetically coupled patch 

(CP-EMCP) antennas. This section we present a study of mutual coupling in spatial 

domain between CP-EMCP elements. Two types of CP-EMCP antenna, viz, the Type-E 

(presented in section 3.3.1) and the modified Type-E (presented in section 3.4.2) 

elements having different (high) dielectric constants in the driven layer are addressed. 

The mutual coupling between CP-EMCP elements versus their centre-spacing (D) at the 

centre frequency, in three orientations as defined in Fig. 4.26, are modelled and 

computed using Ensemble™. The common geometry of CP-EMCP element is as shown 

in Fig. 4.12 in Section 4.2.3 whereas the design parameters are listed in Table 4.11 for 

the sake of clarity and comparison. 



Table 4.11 Design parameters of broadband CP-EMCP elements 

Patch and 
Perturbation 
Lengths 

Layer 
Thicknesses 

Feed Line 

(b) 

CP-EMCP l 

P1 = 8.6 mm, q1 = 2.9 mm 

P2 = 18 mm, q2 = 4.6 mm 

d1 = 1.27 mm, d2 = 3.2 mm, 
d3 = 1.57 mm 

Wr= 1.3 mm, Lr= 9.6 mm 

(a) 

y 

zk-.x 

CP-EMCP 2 

P 1 = 6.2 mm, q 1 = 1.6 mm 

P 2 = 9.4 mm, q2 = 0.0 mm 

d1 = 0.64 mm, d2 = 3.3 mm, 
d3 = 0.78 mm 

Wr= 1.0 mm, Lr= 3.5 mm 

Figure 4.26 The definition of physical planes arrangement for a pair of CP-EMCP I in three 
orientations : (a) H-plane ( cp = 0°), (b) E-plane ( cp = 90°) and ( c) D-plane ( cp = 45 °). 
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To validate the results computed usmg EnsembleTM' we have compared with 

available results in literature on mutual coupling between stacked patch antennas. In 

addition to comparisons of mutual coupling between the two types of CP-EMCP 

antennas, comparisons are also made with four antennas in seven configurations whose 

structures are close but dissimilar to the CP-EMCP elements. These reference antennas 

are the conventional LP-EMCP elements by Lee et al [ 106], the stacked patch antennas 

by Terret et al [ 107], and by Marumoto et al [ 109] and the recently reported "reduced 

surface-wave" antennas by Khayat et al [111]-[112]. For the sake of clarity, they are 

denoted as Antenna A to D respectively. The Antenna A, B and C are the linearly 

polarised stacked patch antennas whereas Antenna D is the Shorted Annular-Ring 

(SAR) patch printed on an electrically th in dielectric slab. For the comparison of the 

mutual coupling in the single layer, two layers and three layers of these three types, the 

antennas are also subdivided as A 1, A2, B 1, and B2 and so on. The detailed parameters 

of dielectric materials used in all configurations and the two types of CP-EMCP 

elements are summarised in Tab le 4.12(a) whereas the feeding methods, the stacked 

patches configurations and the excitation modes are listed in Table 4. l 2(b ). Antennas A 

and C have the normal stacked patches arrangement, where the parasitic patch is printed 

on the top of the third layer (the upper substrate) whereas the Antenna B by Terret et al 

[l 07] and the CP-EMCP elements [C3 .3] , [C5.3] have the inverted parasitic patch 

arrangement [72], where the parasitic patch is printed on the bottom side of the 

superstrate (or the top side of the second layer). 

As introduced in Chapter 3, the singly-fed CP-EMCP antennas can be classified as 

reduced surface-wave element, which makes them different to the conventional two 

(physical dielectric) layer EMCP structures. First, the CP-EMCP antennas have the 

stacked patches but the perturbation segments (Table 4.11) have to be included in order 

to excite the two degenerative modes TM01 and TM 10 simultaneously, at the frequencies 

of interest. Second, the thickness of the second layer which is the airgap between 

stacked patches is constrained by the desired axial-ratio. Further, the dielectric constant 

of the substrate used for the driven (bottom) patch is higher than that of the superstrate 

so that the parasitic (top) patch is larger than the bottom patch. This hi-lo-lo dielectric 

materials combination not only reduces the surface-wave excitation but also results in 

broad impedance and axial-ratio bandwidths [78], [C3.3] and [C5.3]. 
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The lateral-wave, which is the space-wave propagates along the air-dielectric 

interface, has been recently verified as a predominant source for the mutual coupling of 

microstrip antennas when having an electrically thin substrate. A curious E-plane 

mutual coupling curve with a high roll-off rate from a short annular ring-reduced 

surface-wave (SAR-RSW) antenna was reported in [112]. Hence, it would be of great 

interest to compare the mutual coupling results between CP-EMCP and SAR-RSW 

antennas. 

Table 4.12(a) Summary of dielectric layers parameters of antennas having different architectures 

Authors Antenna Dielectric Layers Parameters J..0 [mmJ at fc 

Lee et al [96] Al (2.17, 0.008A.0 ), ( 1.0 , 0) , (2.17, 0.008A.0 ) 31 

A2 (2. l 7, 0 .008A.0 ), (1 .0, 0.33/.,,0 ) , (2. l 7, 0.008A.0 ) 

Terret et al [97] Bl (2.19, 0.014A.0 ), s ingle layer 117.2 

82 (2.19, 0.014A.o), (1.0 , 0.075Ao), (2.19, O.Ol4Ao) 

Marumoto et al 
Cl (6.0, 0.02A.0 ), (1.0, 0), ( 4 .1, 0.05A0 ) NIA 

[99] 
C2 (6.0, 0.02A0 ) , ( 1.0, 0.05/.,,0 ), ( 4. l, 0.05A.0 ) 

Khayat et al [102] D (2.94, 0.01 A.0 ), single layer 150 
(SAR-RSW) 

Our results [C3.3] CP-EMCP 1 (10.2, 0.024A.0 ), (1.0, 0.06 IA0 ), (2.2, 0.03A.0 ) 52.6 

Our results [C5.3] CP-EMCP 2 (6.15, 0.02lA.0 ), ( 1.0, 0.11/.,,0 ) , (2 .2, 0.026A.0 ) 30 
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Table 4.12(b) Stacked patches configurations and feeding methods of antenna elements 
in comparison 

Antenna Stacked Patches Patch Type and Feed 
Arrangement Excitation mode(s) 

A Normal LP, Rectangular, TM01 Median coaxial 

B Inverted LP, Square, Corner coaxial 
TM01 and TM 10 

c Normal LP, Rectangular, TM01 Median coaxial 

D NIA LP, Shorted Annular Ring, Coaxial 
(SAR-RSW) TM011 

CP-EMCP l Inverted CP, Square with perturbations, Median 
TM01 and TM1 0 microstrip-line 

CP-EMCP 2 Inverted CP, Square with perturbations, Median 
TM01 and TM10 microstrip-line 

The operational principle of the singly-fed CP stacked patch antennas is based on 

their single-layer counterpart, the Type-A element in [64]. It is based on the fact that the 

main part of the internal combined E-field is the resultant vector of the two orthogonal 

modes, TM01 and TM1o, with equal amplitudes by the effect of the perturbations made 

on the patches [5], [18]. Fig 4.26 shows the definition of the physical arrangements of a 

pair of CP-EMCP 1 elements associated with the resultant E-field vector in (a) H-plane 

(cp = 0°), (b) E-plane (cp = 90°), and (c) D-plane (cp = 45°) respectively, at a centre-to-

centre spacing of D. The Antennas A and C have the normal stacked patch 

configurations, the calculated mutual coupling of two CP-EMCP antennas in the E- and 

H-plane are compared with the results reported by Lee et al [106] and by Marumoto et 

al [109] as shown in Figs. 4.27(a) and (b) , respectively. The comparisons of the CP-

EMCP elements with the Antennas B by Terret et al [ 107] as well as Antenna D by 

Khayat et al [ 112] in the E- ( <p = 0°) and H- ( cp = 90°) plane are shown in Figs. 4.28(a) 

and (b ), respectively whi 1st the D-plane ( <p = 45°) comparison is shown in Fig. 4.28( c ). 

From these figures , the CP-EMCP antennas demonstrate the improvements in mutual 
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coupling within the usual element spacings in array applications. For both the principle 

planes ( <p = 0° and <p = 90°), the CP-EMCP 1 has a higher dielectric constant (10.2) 

material for the grounded substrate and exhibits better results than the CP-EMCP 2. It 

was noted that the CP-EMCP 2 has a smaller patch-ratio but a thicker airgap layer than 

the CP-EMCP 1, 0.11 Ao against 0.061 A0 , in addition to the zero perturbation on its 

parasitic patch. 

For the E-plane (<p = 0°) comparison of mutual coupling shown in Figs. 4.27(a) and 

4.28(a), except the mutual coupling from Antenna B 1 which is configured as an 

unstacked-patch, the CP-EMCP 1 has the lowest mutual coupling amongst other 

configurations within the centre-spacing of 1.2 A0 • The mutual coupling of CP-EMCP 2 

is higher than the CP-EMCP 1 by ~2 to 5 dB progressively at the spacing from 0.5 to 

2A0 • Both the mutual coupling of CP-EMCP elements at the spacings of less than one 

free-space wavelength are much better than the SAR-RSW antennas despite of the high 

roll-off rate (l/0)3 on its E-plane coupling curve. The mutual coupling of the SAR-

RSW antenna decreases rapidly with the spacings but, nonetheless, it has the highest 

value of -11 dB at the spacing of 0.6 Ao amongst all antenna configurations. This is not a 

surprise since SAR-RSW antennas have larger diameter than the conventional circular 

microstrip patch, as reported in [ 112] . These elements may touch each other at 0.6 

wavelengths of center-spacing. On the other hand, the mutual coupling of the stacked 

patches are found to be severe than the single layer patches in [ 107] and [ 109] , by Terret 

et al and Marumoto et al respectively . This is valid only in the cases where the 

dielectric layers are (i) electrically thick and (ii) have a lo-lo or lo-lo-lo combination. 

This situation was postulated as the additional patch and dielectric layers (the second 

and/or third layer), reinforce both the space-wave and surface-wave coupling [l 07]. 

However, the results presented by Lee et al [106] demonstrate a different scenario, in 

which the "two-layer" (the second layer has zero thickness) rectangular stacked patch 

antenna (Antenna A 1) has a weaker mutual coupling than that from a single layer patch 

in E-plane as shown in [106]. It has been noted that Antenna A has the very 

(electrically) thin substrates of 0.008 A0 • The CP-EMCP 1 also exhibits mutual coupling 

even lower than the Antenna 81 (single patch) at the spacings beyond one wavelength 

as shown in Fig. 4.28(a). Marumoto et al reported in [109] that by insertion of an air 

layer (the second layer) between the upper and the lower substrates, the mutual coupling 

of the stacked patches can be improved: the mutual coupling of the Antenna C2 

compared to CI as shown in Fig. 4.27(a). However this is not always the case as shown 
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in the same figure, the mutual coupling of Antenna A2, which has an air layer of 0.33 

A0 , is more than 10 dB stronger than the Antenna A 1. Antenna A 1 has a zero thickness 

of the second layer. As mention before, the mutual coupling of CP-EMCP 2 is stronger 

than the CP-EMCP 1 over the whole spacing span in the E-plane. 

For the H-plane (<p = 90°)comparison of mutual coupling as shown in Figs. 4.27(b) 

and 4.28(b), the CP-EMCP 1 also has the better performance than the CP-EMCP 2 in 

general. Amongst all antennas the Antenna A2 has the lowest mutual coupling at the 

spacing from 0.4 to 0.8 A0 , beyond that the CP-EMCP elements dominate. Over the 

whole spacing span of 0.5 to 2.2 A0 , the Antenna C2 is the worst configuration followed 

by the Antenna C 1. At one wavelength spacing of the H-plane coupling, the Antenna 

C2 has about 30 dB and 15 dB higher than the CP-EMCP 1 and CP-EMCP 2, 

respectively. Interestingly, Antenna C2 is an air-layer added up version of the Antenna 

Cl whose mutual coupling is, however, 5 dB lower than the Antenna C2 at the spacing 

of l A.a. This is, once again, the fact that against the hypothesis stated by Marumoto et al 

[ 109]: the mutual coupling can be improved by inserting an air-layer between the upper 

and the lower substrates. This statement is valid for a particular configuration of 

Antenna C in the E-plane (<p = 0°) mutual coupling. On the other hand, the performance 

of the SAR-RSW antennas is lined in the middle from all of the mutual coupling curves 

in the H-plane. The major disadvantage of the larger patch diameter in SAR-RSW 

antenna makes its mutual coupling stronger than that of the Antenna A 1, A2, B 1 and the 

CP-EMCP elements, especially at the small spacings. At a centre-spacing of 0.8 A0 , the 

mutual coupling of the SAR-RSW antennas is 14 dB and 4 dB stronger than the CP-

EMCP 1 and CP-EMCP 2 respectively. For array applications by using the SAR-RSW 

antenna elements, it is unlikely that the element spacing can be made less than 0.7 A0 • 

Although the dominant mode magnetic current of the SAR-RSW antenna does not 

excite TM surface waves by its design theory [ 11 OJ, the mutual coupling of the SAR-

RSW antennas at small element spacings is still dominated by the lateral wave - the 

radiation field. The CP-EMCP antennas do have fewer such problems, since the high-

dielectric-constant substrate produces a tight radiation field plus an interaction between 

the top and bottom dielectric layers - a coupling between the substrate and the 

superstrate vertically in addition to the stacked patches that weaken the lateral coupling 

between elements. 

For the D-plane ( <p = 45°) mutual coupling, the only available data of the Antenna D 

(SAR-RSW) by Khayat et al (112] is compared to the CP-EMCP elements as shown in 
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Fig. 4.28(c). It can be seen that the mutual coupling of CP-EMCP elements is 

comparable to Antenna D, but the CP-EMCP 1 dominates the others within the spacing 

of 1.2 A0 • The CP-EMCP 1 exhibits 6 dB weaker than the CP-EMCP 2 at the spacing of 

0.8 A0 whereas the Antenna D shows the weakest coupling when the spacing is beyond 

1.3 A0 • Intuitively, one generally expects the mutual coupling magnitude (S2 l in dB) to 

decay monotonically with element separation increases. It has been found that the 

mutual coupling curve of the Antenna C2 in the E-plane, and the Antenna A2 and CP-

EMCP 1 in the H-plane do not decay monotonically with spacing as shown in Figs. 

4.27(a) and (b), respectively. This unexpected mutual coupling is all exhibited by the 

antenna elements that have the multilayer (EMCP) structure. The similar anomalous 

coupling behaviour of the single patch antennas was explained analytically by Pozar et 

al [113] after the experimental results reported by Lee et al [106] . In the next section, 

we will investigate this non-monotonic mutual coupling decay in the frequency domain. 

We shall see the difference in the mutual coupling between the conventional EMCP (lo-

lo-lo) and the CP-EMCP (hi-lo-lo) antennas at different frequencies. 

A promising result on the mutual coupling between the CP-EMCP elements at the 

centre frequency has been presented in this section. Unlike the mutual coupling of a 

single patch printed on the high dielectric constant substrate, multilayer CP-EMCP 

elements with a higher dielectric constant substrate (er = 10.2 or 6.12) exhibit a weaker 

mutual coupling than the other types of microstrip antenna, especially at the smaller 

spacings, in all the principle planes. These interesting results are compared to the 

conventional stacked EMCP antennas and the reduced surface-wave antenna. In general, 

when the element spacing is within one wavelength, which is the maximum allowable 

spacing without the generation of grating lobes in array applications, the mutual 

coupling of CP-EMCP elements is superior to the other antenna configurations. In 

conclusion, the stacked patch antenna may not always have a higher mutual coupling 

than the single patches. The presence of the additional dielectric layers and parasitic 

patches can be constructively or destructively interfered with the space-wave (lateral-

wave) coupling. The surface-wave coupling contributes to the mutual coupling of a 

stacked patch antenna is attributed to the substrates' thickness rather than the airgap 

length in between the dielectric layers. 
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Theoretically, the mutual coupling between a pair of identical microstrip patch antennas 

is attributed to the space-wave and surface-wave excited on the patches. Electrically 

thick substrate was found as the primary source for the excitation of surface-wave 

power in addition to higher-order modes that generated due to the discontinuity 

associated with the patch as well as the coaxial probe-feed [ 116]. The mutual coupling 

magnitude between antenna elements is generally expected to decay monotonically with 

element separation. Thus far, research on mutual coupling focus on antenna geometries 

[105]-[112] and the use of new (artificial) materials [114]-[115] , but all are expressed 

against spatial separations [I 0l]-[115] . Scant attention has been paid to the coupling 

behaviour in frequency domain [ 114]. Owing to the resonant nature results in narrow 

band for the patch or dipole in the printed antennas, researchers intuitively pay attention 

to only one frequency point - the resonant frequency. That is, mutual coupling versus 
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element spacing is expressed at the resonant frequency of a single patch or the centre 

frequency in the stacked patch cases. 

Generally the mutual coupling between microstrip elements not only vanes with 

element spacing but also with frequency. Fig. 4.29 shows a typical return loss (-S 11 in 

dB) and E-plane mutual coupling plots for three centre-spacing (0.7, 1.1 and 1.7 A.0 ) 

between two identical single-patch elements in frequency domain. The frequency at 

which the minimum S 11 occurs is the same point the maximum mutual coupling (S1 2) 

comes about for all spacings. In other words, the single-patch mutual coupling is a 

convex function of frequency with the turning points (maxima) aligned at or very close 

to the resonant frequency, whereas the maximum mutual coupling is a function of 

merely the spacing between the elements. With the broadband patch antennas, such as 

the stacked patch and/or the EMC patch antennas, multi-resonance phenomenon create a 

situation where the unique resonant frequency no longer existed (see the difference 

between the return-loss plots shown in Figs. 4.29 and 4.30). In such case, researchers 

are concerned with the centre or mean frequency of the wideband operation rather than 

the resonant frequency as in the single-patch case. 
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The mutual coupling curves of the stacked patch antenna with the lo-lo-lo dielectric-

layers combination (Antenna 82) by Terret et al [ 107] are also exhibited as a convex 

function of frequency as shown in Fig. 4.30. The mutual coupling between elements at 

the mean frequency of the impedance (S 11 ) bandwidth for all spacings, (which is not but 

close to the maximum mutual coupling), decreases with increasing separation and does 

not vary with frequency . However, the mutual coupling of the stacked patch antennas 

having the hi-lo-lo dielectric-layer configurations, both the CP-EMCP I and CP-EMCP 

2, demonstrate a great difference: the E-plane ( <p = 90°) and H-plane ( <p = 0°) mutual 

coupling curves are the merged concave curves rather than the simple convex curves 

with frequency . The maximum and minimum mutual coupling vary with frequency as 

well as element spacing. The mutual coupling between CP-EMCP elements at the mean 

or centre frequency is neither the maximum nor the minimum, making the mutual 

coupling decay non-monotonically with element spacing. Fig. 4.31 (a) and (b) illustrate 

this phenomena for the mutual coupling between two identical CP-EMCP 1 elements in 

the E- (<p = 90°) and H-plane (<p = 0°), respectively. They show that both the maximum 

and minimum mutual coupling change with element spacing in the frequency domain. 
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Fig. 4.32(a) and (b) show the measurement results of mutual coupling between two 

CP-EMCP 2 elements arranged in 90°-90° and 270°-90° orientations, respectively. In 

fact, the use of E-plane and/or H-plane for the circularly polarised (CP) elements may 

not be appropriate although researchers were adopted them [5, Ch.13] as the usual 

terms. Both theoretical and experimental mutual coupling between LP microstrip patch 

elements have been extensively studied, very few investigations were made on the 

mutual coupling between CP elements [ 117]-[ 118]. There is a need to clarify the 

arrangement of CP elements orientations. When two CP elements oriented at an angle 

with their heads pointed in the same direction with one followed by another, these 

antenna elements are aligned in the Collinear-plane' (C-plane). This arrangement is 

equivalent to the E-plane at a specific moment for the LP element case. Similarly, when 

two circularly polarised elements are arranged with their heads and tails apart for the 

same distance, these elements are aligned in the Parallel-plan/ (P-plane), which is 

equivalent to the H-plane for the LP element case. With these definitions, the CP-

EMCP 2 elements arranged in 90°-90° orientations is the C-plane arrangement whereas 

the 270°-90° orientations is the counter/anti C-plane arrangement. Fig. 4.32(b) shows 

that the mutual coupling at 10.5 GHz decays non-monotonically with element-spacing 

increases. Once again, the tuning points on the mutual coupling curves as shown in Fig. 

4.32(a) and (b) are a function of both the element spacing and frequency. Fig. 4.33(a) 

and (b) show the mutual coupling between two identical CP-EMCP 1 elements as a 

function of both the element-spacing and the frequency, in the C- and P-plane 

respectively. 
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4.4.3 Effect of Superstrate Thickness on Mutual Coupling 

A radome or dielectric superstrate is desirable to protect the copper patch of the 

microstrip antenna in many applications, especially in the outdoor environment. The 

dielectric cover offers such a protection while keeping the antenna in low profile. 

However, the effect of the dielectric superstrate on the antennas ' radiation 

characteristics such as its resonant frequency , input impedance, bandwidth and 

efficiency must be considered. Many theoretical and experimental attempts were made 

to solve such problems for the linearly polarised (LP) microstrip patch antennas [ 119]-

[123] . Alexopoulos and Jackson [119] solved the problem of an electric dipole radiating 

in a grounded substrate - superstrate structure by formulating the Green ' s function. One 

significant finding of their work was that a superstrate with a proper thickness having a 

dielectric constant higher than that of the substrate, viz, a lo-hi dielectric layer 

combination, may reduce the surface-wave excitation to a minimum and hence increase 

the radiation efficiency. One disadvantage of this lo-hi combination requires an 

electrically thin substrate unless a magnetic superstrate is used. Further, this solution 

tends to be narrow band [ 11 O] , [ 119]. On the other hand, both the theoretical and 

experimental investigations on single- or stacked-patch antennas covered with a 

superstrate show that the resonant or mean frequency of patch antenna decreases 

monotonically with superstrate thickness [ 120] -[ 122] whereas the impedance bandwidth 

and radiation efficiency also degrade with increases in superstrate thickness [123] . All 

these studies were for the LP patch elements. Scant attention was given to the effect of 

superstrate on the mutual coupling [ 124]. None was found on the mutual coupling 

between circularly polarised (CP) patch elements. 

As discussed in Chapter 3, the electrically thin dielectric material with a low 

dielectric constant is preferred for the superstrate layer in the design of CP-EMCP 

elements because the low-dielectric-constant material is good for the radiation from the 

parasitic patch. We have also discovered that the higher the ratio of dielectric constants 

in the substrate and superstrate (hi-lo combination), the larger the impedance bandwidth 

that results. The choice of the thickness was a balance between the undesired effects on 

the impedance matching and the mechanical strength that maintains the uniform air 

(second) layer. Waterhouse [78]-[79] reported the electrically thin superstrate (third 

layer) has the minimal effect on the overall antenna performance if the second layer is 

made by foam. We noted , in previously sections, that the high-dielectric-constant 
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substrate of the CP-EMCP elements produces the tight radiation field and the coupling 

between the substrate and the superstrate minimising the lateral (near-field) coupling 

between elements, especially the parallel-plane coupling. However, the effects of the 

superstrate thickness on the mutual coupling of the CP-EMCP elements have never 

been evaluated. This was the motivation for the inquiry on how the superstrate thickness 

affects the mutual coupling between the CP-EMCP elements? Can we use a thicker 

superstrate for both the mechanical and mutual coupling reasons without affecting the 

axial ratio and the CP bandwidth? The following paragraphs with the supporting figures 

hold some answers. 

Firstly, the mutual coupling between a pair of CP-EMCP 2 elements (Fig. 4.12 and 

Table 4.11) in spatial domain is considered. Here the mutual coupling at the centre 

frequency of 10 GHz for this broadband element is of prime concern. The mutual 

coupling in Collinear- and Parallel-planes for the four commercially available 

thicknesses: 0.0, 0.38 , 0.78 and 1.57 mm (0.00, 0.0127, 0.026 and 0.052A.o) are shown in 

Figs. 4.34(a) and (b), respectively. For spacing from 0.5 to 2.0 Ao at 10 GHz, the C-

plane coupling between elements has minimal effect on changes in superstrate 

thickness. The maximum digression is about 3.5 dB at D = 1.5"-o whereas the difference 

of 2.5 dB is recorded at 0.667A0 • However, the P-plane coupling at 10 GHz the effect of 

the superstrate thickness is significant as shown in Fig. 4.34(b). The maximum 

digression of 18 dB also occurs at l.5A0 owing to the change from 0.0 to 0.78 mm in 

superstrate thickness. Interestingly, when the thickness increases to 1.57 mm (0.052 Ao) 

the difference in mutual coupling at 1.5 Ao and no superstrate (0 mm) is almost zero! 

The minimum mutual coupling is developed by using the 0.78 mm thickness when the 

element spacing beyond 0.8A0 • Within that spacing, the minimum coupling goes to the 

0.38 mm thickness whilst the maximum coupling occurs for a 1.57 mm thickness. At a 

specific spacing of 0.667 A0 , the P-plane mutual coupling can be as low as -32 dB. 

There is a 7dB difference in mutual coupling between the C- and P-plane orientations 

when the superstrate thickness is 0.38 mm. From these results we conclude that the 

significance of antennas orientations in contributing to the mutual coupling, and that is 

not only due to the superstrate thickness. The effect of element orientations on mutual 

coupling will be left in next section. In what follows, we shall look at the effect of 

superstrate thickness for a specific element spacing of 0.667 Ao in the frequency domain. 
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Due to the broadband operation of the CP-EMCP elements within the arrays, the 

mutual coupling at a specific frequency or at its centre frequency can not provide 

enough information on the entire mutual coupling within the bandwidth of interest, as 

explained in the last section. In the frequency domain, the concave shape of mutual 

coupling curve of the CP-EMCP elements explains the unexpected behaviour of the 

non-monotonic decay in the spatial domain. Further, the bandwidth of the mutual 

coupling at a specific level can be examined before designing an array. Fig. 4.35(a) and 

(b) show the mutual coupling between a pair of CP-EMCP 2 elements at a centre-

spacing of 0.667A.o for the five superstrate thicknesses in the C- and P-planes, 

respectively. The nulls on the mutual coupling curve shifts with the superstrate 

thickness in both the planes. The nulls in the C-plane are deeper than that from the P-

plane whereas the -25dB mutual coupling bandwidth obtained are much wider in the P-

plane than the C-plane, when the thickness of 0.38 mm is used. However, the worst-

case mutual coupling occurs in both the planes when the superstrate thickness goes up 

to 1.57 mm. Thus, there appears to be a trade-off for the use of a thick superstrate 

between mutual coupling and the mechanical strength of the antenna. From the mutual 
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Figure 4.36(a) The variation of return-loss for the CP-EMCP 2 element due to the change in 
superstrate thickness. 
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coupling perspective in both the spatial and frequency domains, it can be concluded that 

the superstrate thicknesses of 0.38 mm to 0.78 mm (0.0127 ~ 0.026A.0 ) can be the good 

choices for the CP-EMCP 2 elements, despite of the 0.38 mm thickness seems to the 

best. Next, we would like to see if the radiation characteristics of an isolated element 

will be affected when the superstrate thickness changes to 0.38 mm. 
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Figure 4.36(b) The effect of superstrate thickness on the CP characteristics of the CP-EMCP 
2 element. 

After including a cost/objective function of the mutual coupling in the design of CP-

EMCP 2 element, we now re-examine the optimal radiation characteristic due to the 

change in superstrate thickness. The exact optimal antenna parameters including the 

feedline length of one guided wavelength (Ar) as presented in section 3.4 is used here for 

examinations. For the return loss plot as shown in Fig. 4.36(a), one can see that the 

change in impedance bandwidth due to the change in thickness from 0 to 1.57 mm is 

acceptable, under the optimum tuning parameters. The thicker the superstrate the 

narrower the impedance bandwidth obtained, and the changes all occur at the upper 

band-edges, viz, the thinner the superstrate results in the higher the mean frequency. As 
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predicted, the chosen superstrate thickness of 0.78 mm as reported in Chapter 3 is right 

in the middle. 

However, for the CP characteristics shown in Fig. 4 .36(b ), the change in axial ratio 

due to the change in the superstrate thickness is significant. The extreme cases of the 

zero and 1.57 mm thicknesses of superstrate cause an unacceptable axial-ratio 

bandwidth. As discussed before, the axial ratio is a very sensitive parameter in singly-

fed CP elements: it is affected by every small percentage change in any design 

parameter. Nonetheless, the change from 0.78 down to 0.38 mm is more than an octave 

reduction in thickness. The minimum obtainable axial-ratio remains unchanged in that 

change, but the 3-dB axial ratio bandwidth together with its mean frequency is slightly 

reduced. In conclusion, an electrically thin superstrate has minimal effect on the overall 

antenna performance but its effect on mutual coupling between CP-EMCP elements 

cannot be under-estimated. The effect of superstrate thickness on the P-plane mutual 

coupling is much significant than the C-plane. When design an array using CP-EMCP 

elements, an additional bandwidth of mutual coupling of a specific level should be 

considered. 

4.4.4 Mutual Coupling with Elements Orientations 

In the spatial domain, mutual coupling is a function of element spacmg, element 

orientations as well as the relative orientations between elements in antenna arrays. The 

orientation of each element inside an array may or may not be the same, the sequentially 

rotated elements inside a wideband circularly polarised array is an example [ 127]-[ 130]. 

Mutual coupling between CP-EMCP elements versus element spacing were investigated 

and compared in the last section, however, only the mutual coupling in two orientation 

planes: Collinear- and Parallel-plane were discussed. The importance of the CP-EMCP 

elements orientations on mutual coupling was briefly revealed. In literature, studies 

related to mutual coupling between circularly polarised patch elements are scant [ 117]-

[ 1 I 8] , and rarely to include the relative orientations between CP elements [ 125]-[ 126]. 

However, such information is important to the design of arrays aside from the linear or 

rectangular/planar arrays, such as the triangular and circular arrays. In this section, 

mutual coupling owing to the CP-EMCP elements orientations as well as the relative 

orientation between elements will be thoroughly investigated. The modification to the 
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Type-E element that was dealt in section 3.4.3 , viz, the one has the parasitic top-patch in 

circular shape stacked onto a quasi-ellipse, will be employed and their mutual coupling 

will be considered here. The singly-fed CP-EMCP element is right-hand circularly 

polarised (RHCP) and has a multilayer geometry as shown in Fig. 3.33. 

Antenna 2 Antenna 1 

I 

-~ - - - -~~~ -·-·-·• 

'~ D 

Fig. 4.37(a) The defini tion of orientation angles fo r a pair of CP stacked elements with an 
element spacing D. 

135° goo 45° 

180° 225° 270° 315° 

Fig. 4.37(b) The eight orientations of a single element with the associated E-field vectors in 
one competed cycle. 
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Fig. 4.37(a) illustrates the definition of the orientation angles (B and a) of each 

element inside a two-element array having an element spacing of D. If R is the 

resolution of the antenna elements that are being placed within a complete cycle, the 

number of orientations in the cycle is 0 = 21{ • The possible B-a orientation 
R 

combinations of the two-element array is C = 0 2
; and the unique orientation pairs (U), 

which is defined as the pairs which have no equivalent combination pair, would be the 

same number of the orientations for a single element, i.e. U = 0. However, some 

combination pairs are equivalent each other, e.g. 0°-0° is equivalent to ( ~) 180°-180°, 

and 90°-90° ~ 270°-270°, so that the 180°-180° and 270°-270° are the redundant pairs. 

Therefore, the number of the valid B-a combinations when excluding the redundant 

pairs is given by 

2Jr 
R V=I k 

k= I 
(4.9) 

whereas the number of the redundant pairs (T) is one-half of the equivalent pairs as 

given by 

2Jr - 1 
I R 

T=- I n 
2 n=I 

J[ 
For R = 90° or- , V = 1+ ... +4 = 10 and T = Yz(1+2+3) = 3. 

2 

J[ 
For R = 45° or- , V = 1+ ... +8 = 36, and T = Yz(l+ ... +7) = 14. 

4 

( 4.10) 

Now we consider the orientations with a resolution of 45° in a complete cycle, the 

effect of elements orientations on the mutual coupling between the singly-fed CP-

EMCP elements are examined. The mutual coupling for the possible 64 orientation-

combinations of a pair of CP-EMCP elements at a single spacing was computed using 

Ensemble™. Fig. 4.37(b) shows the eight orientations of a single RHCP-EMCP element 

associated with the E-field vectors in one orientation cycle. Very interesting results were 

obtained from the calculated mutual coupling at the centre frequency of 10 GHz when 
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the element spacing is 0.667f.vo as shown in Fig. 4.38. The mutual coupling values are 

well below -22 dB at this spacing. The two worst and best orientations are identified 

from the plots as follows: the worst orientations for the antenna 2 as shown in Fig. 

4.37(a) are ~ = 270° and 315° whereas the best orientations for the antenna 1 are a= 0° 

as well as 45°. Unlike the mutual coupling in the LP element case, the best orientation 

combination (~-a) of the two CP-EMCP elements is 180°-45° or 225°-0° in addition to 

the orthogonal arrangement of 90°-0° or 180°-270°. The mutual coupling results shown 

in Fig. 4.38 can further confirm that more than a half of the 64 combinations are the 

valid orientation pairs, the unique pairs plus the equivalent pairs, which is 8+2 x 14 = 36. 

For example: 90°-90° ~ 270°-270°, 45°-0° ~ 180°-225° as well as 180°-45° ~ 225°-

00. They are equivalent pairs within the possible ~-a combinations. The first two pairs 

are equivalent because the elements are oriented collinearly, similar to the E-plane for 

the LP elements, and both the mutual coupling values close to -25 dB. The results of the 

second pairs are both -29 dB whereas the third pairs have values close to -30 dB. 
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Figure 4.38 The mutual coupling at 10 GHz for the 64 ~-a combinations of a pair CP-EMCP 
elements (antenna 1 and 2) when the element spacing is 2/3A-0 • 
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An alternative way (to Equations 4.9 and 4.10) to work out the number of valid 

combination pairs and the number of the equivalent pairs for a two-element CP array is 

to use 

V = Y2(C+U), ( 4.11) 

and 

E = Yz(C-U) ( 4.12) 

These equations must be satisfied for all possible combinations for a given resolution, 

that is, 

0 2 -2E-U = 0 ( 4.13) 

Ten ~-a orientation pairs as shown in Figs. 4.39(a) and 4.40(a) are selected from the 

64 combinations for further observation. Fig. 4.39(b) shows the corresponding mutual 

coupling of the six orientation pairs (A) to (F) versus element spacing at the centre 

frequency whereas the measured mutual coupling compared to the calculated results for 

the four principle orientations as shown in Fig. 4.40(b). These ten pairs include the 

traditional LP elements oriented in the collinear, 90°-90°, (£-plane) and the parallel, 0°-

00, (H-plane) orientations. Three orthogonal planes: 90°-0°, 315°-45° and 45°-315°, and 

the two anti-parallel orientations: 0°-180° and 180°-0°; and a special arrangement in 

270°-90° denoted as anti-collinear orientation as shown in Fig. 4.40(a). The anti-

collinear orientation results the strongest mutual coupling amongst the 32 valid 

combinations whereas the 90°-0° orthogonal and the 225°-0° combination pairs have 

the weakest mutual coupling. 



(A) 315°-45° (B) 45°-315° (C) 0°-180° 

(F) 225°-0° (E) 45°-45° (D) 180°-0° 

Figure 4.39(a) The 2-element RHCP-EMCP array oriented in the six P-a combinations: (A) 
315°-45°, (8) 45°-315°, (C) 0°-180°, (D) 180°-0°, (E) 45°-45° and (F) 225°-0°. 
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Figure 4.39(b) The mutual coupling versus spacing at the centre frequency of I 0 GHz for the six 
selected P-a combinations of a pair RHCP-EMCP elements. 
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' 270°-90° 90°-90° 00-00 90°-0° 

Figure 4.40(a) The four main orientation pairs of a two-element array : 270°-90° , 90°-90° (C-plane), 
0°-0° (P-plane) and 90°-0° (0-plane). 
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Figure 4.40(b) The calculated compared to the measured mutual coupling versus spacing at the 
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4.4.5 Mutual Coupling versus Relative Orientations 

It has been shown that the mutual coupling for a p-a combination of 45°-45° of a two-

element array lies in the middle, between the upper (270°-90°) and lower (90°-0°) 

bound in last section. However, these are the effects on mutual coupling due to the 

individual/self orientations of antenna elements apart at a given spacing, antenna 

element I and 2 shown in Fig. 4.37(a). The change in mutual coupling due to their 

relative spatial orientation is required when the resolution (R) of the self orientation is 

large. Particularly when elements are to be arranged in a circular array or a planar array 

having a triangular grid, the relative positions between the elements helps to refine the 

orientation combinations. Mutual coupling between a pair of CP-EMCP elements 

having a predefined self-orientations combination versus with the relative orientation is 

investigated in this section. Two orientation pairs: 45°-45° and 90°-0°, having the 

resolution of 45° and 90° respectively, and now it varies with the orientation angle <I> 

will be considered. 

Fig. 4.41 illustrates the physical arrangement of a pair of RHCP-EMCP elements 

with 45 °-45° oriented in a semi-circle, where Antenna 2 remains stationary whilst 

Antenna 1 is mov ing from position to position at a constant spacing D with an angle <l>. 

ln thi s arrangement however~ mutual coupling in three angles of <I> repeats the P-a 
combination that was di scussed in last section. They are the 45°-45°, 0°-0° (P-plane) 

and 90°-90° (C-plane) arrangements when <D equals 0°, 45° and -45 °, respectively. 

Other special cases occur when <I> equals -90° and 90°, where the mutual coupling is the 

same as the P-a combination of 315°-315°, which presented one of the worse scenarios 

in last section. In general , the new orientation combination of the two elements 

becomes, P1-a1 = (p-<l>)-(a-<l>). For example: when <I>= -22°, the two-element array has 

an orientation combination of 67°-67° whose coupling result is unable to know if using 

the method presented in last section. 

The mutual coupling between a pair of 45° oriented CP stacked patch elements 

versus the orientation angle <I> with the element spacing from 0.5 to 2.0A.0 at three 

frequencies: 9.5, 10.0 and 10.5 GHz is shown in Fig. 4.42. One can see that the 

variation on mutual coupling versus <l> at 0.6TA0 of l 0 GHz is small, whereas the 

variation at l 0.5 GHz is rather significant. The 45°-45° combination has a range of 

orientation angles from + l 0° to + 30° where the mutual coupling is weakest at the 

frequencies from l 0 to 10.5 GHz. Interestingly, there is a rapid change on mutual 
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coupling with frequencies from 9.5 to I 0.5 GHz at angle <I> = ±90°: for a spacing of 

0.67'A0 the mutual coupling of -36 dB at 9.5 GHz jumps to -25 dB at 10.0 GHz, and 

further increases to -19 dB at 10.5 GHz. Further, the mutual coupling of this 45° 

oriented pair lies in the Collinear plane, when <I>= -45°, is not the strongest coupling. 

I 

' 
' 

I 

I 

I 

45° - 45° 

....... ·-·--·-• 

45° 

-90° 

Figure 4.41 A pair of 45°-oriented CP stacked patch antennas arranged at a constant spacing 
D with 9 orientations, <I> = [-90° -67° -45° -22° 0° 22° 45° 90°]. 
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Figure 4.42 The mutual coupling between a pair of 45°-oriented CP stacked patch elements 
versus spcing D and orientation angle <I> at three frequencies : (a) 9.5 GHz, (b) 10.0 GHz and 
(c) 10.5 GHz. 
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4.5 Discussion 

In this chapter, we presented experimental studies on the robust characteristics of both 

the linearly-polarised (LP) and circularly-polarised (CP) electromagnetically coupled 

patch (EMCP) antenna elements having a hi-lo-lo (6.15, 1.0, 2.2) dielectric layer 

combination. From the impedance matching perspective, limits of 0.2A.0 and O. l 33A.0 

(Table 4.2, p. l 08) are located as the linear movement limits against the layer 

misalignments in the upper and lower x-y plane, respectively, for a I 0 GHz LP-EMCP 

element whose 10-dB impedance bandwidth is at least I 0%. The measurement results 

show that when the linear displacement increases the two resonant frequencies converge 

resulting in a bandwidth reduction with its mean frequency. This is contrary to the 

results reported for conventional stacked patch antennas using lo-lo or lo-lo-lo dielectric 

layer combination. Owing to the perturbation made to the driven patch, the two 

orthogonal modes TM01 and TM 10 are generated instead of the single mode, the singly-

fed CP-EMCP element has more robust impedance characteristics than its LP 

counterpart. However, when 3-dB CP (axial-ratio) bandwidth (5%) is taken into the 

consideration, the measured results of the CP-EMCP antennas set the smaller, combined 

linear displacement limits of 0.133f...o and 0.1 A.a in the upper and lower x-y plane, 

respectively (Table 4.5, p .115). We have also demonstrated the importance of 

perturbation on the parasitic (top) patch using two CP-EMCP designs when angular 

displacement occurs. The one has a 4% perturbation on its top patch, whose 3-dB axial-

ratio bandwidth reduces to 0% when the maximum angular displacement of 45° occurs. 

The one with zero perturbation on its top patch has the superior impedance and CP 

characteristics against angular displacements, which leads to its adoption in the array 

designs that will be presented in next chapter. 

Material tolerances on microstrip antenna designs are of practical importance but few 

studies are available in literature and none for the CP patch antennas. The calculated 

results show that the CP-EMCP elements have also got robust performance against 

material tolerances. In addition to the operating frequencies, the worst cases on the 

tolerance of the Type-E and modified Type-E elements are d ifferent, and the effects on 

their performances are within 2%. For the C-band Type-E element, the worst case is 

when a +2.9% change in dielectric constant plus a -4% change in thickness of the high-

dielectric-constant substrate, that results in a -0.8% and a -1.5% change in the 

impedance and axial-ratio bandwidth, respectively . For the modified Type-E element at 
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X-band, when a -2.4% change in dielectric constant and a -4. 7% change in thickness of 

the grounded substrate produces a reduction in axial-ratio bandwidth of 1. 7% and 1.6% 

for the impedance bandwidth. We have observed that the tolerance on the dielectric 

thickness has a common effect on the bandwidths reduction for both the CP elements. 

Nonetheless, the total tolerance effects on the CP gain are not significant in all cases. 

One of the significant findings of this chapter is the superior performance of mutual 

coupling from the CP-EMCP elements. Mutual coupling is an important criterion for 

those CP elements employed in broadband CP array designs that will be presented in 

Chapter 5. Firstly, we validate the accuracy of Ensemble™ simulations on mutual 

coupling calculations before the examination of mutual coupling between the CP-

EMCP elements. For the spatial domain comparisons at the centre frequency , the 

elements exhibit weaker mutual coupling than other (seven) types of patch elements in 

the E-, H- and D-plane. Unlike the mutual coupling of a single patch printed on a high-

dielectric-constant substrate, the multilayer CP-EMCP element has the higher dielectric 

constant material (10.2) for its driven layer (CP-EMCP 1 ), has the lowest coupling in all 

principle planes. These interesting results were compared with the conventional stacked 

EMCP antennas and the reduced surface-wave antenna. In general, when the element 

spacing is within one wavelength, which is the maximum allowable spacing to avoid 

grating lobes in array applications, the mutual coupling of CP-EMCP elements is far 

superior to other reported patch antenna configurations. We discovered that the stacked 

patch antenna may not always have a higher mutual coupling than the single patches. 

The presence of the additional dielectric layers and parasitic patches may interfere with 

the space-wave (lateral-wave) coupling constructively or destructively. The surface-

wave coupling contributes to the mutual coupling of a stacked patch antenna, which is, 

in turn, attributed to the substrate ' s thickness rather than the middle-layer's thickness 

(airgap length). Another significant finding is that the mutual coupling curve from CP-

EMCP elements in the frequency domain is not a simple convex function of frequency. 

Both simulation and measurement results show that: (1) the mutual coupling at the 

centre frequency is neither maximum nor minimum; and, (2) the maximum and minium 

mutual coupling of CP-EMCP elements vary with frequency as well as element spacing, 

making the mutual coupling decay non-monotonically with the element spacing. When 

designing an array using CP-EMCP elements, an additional bandwidth of mutual 

coupling at a specific level may need to be considered. In other words, the mutual 

coupling between elements at a single frequency may not be sufficient to assess the 
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overall mutual coupling behaviour, unless its maxima arises at that frequency point, 

such as the general cases of single-layer patch antennas. 

Both experimental and theoretical studies on single- and stacked-patch antennas 

covered with a superstrate show that the mean frequency decreases monotonically with 

superstrate thickness. The study presented in section 4.4.3 reveals the CP-EMCP 

element has the opposite effect: the mean frequencies of the impedance and axial-ratio 

bandwidths are both shifted up with superstrate thickness. Further, the effect of 

superstate thickness on mutual coupling is found to be significant in the Parallel-plane. 

From the mutual coupling perspective, a thickness of 0.38 mm superstrate is found to be 

the best for both the principle planes when the element spacing is 0.667A0 • Both of these 

interesting research outcomes have not been reported elsewhere, and the effect of 

superstrate on CP patch antennas performances are often under-estimated by 

researchers. Recently there has been increasing attention on the mutual coupling effect 

on CP elements orientations due to the increasing popularity and demand of wideband 

CP patch antennas. A thorough study on the effect of elements orientations on mutual 

coupling between the CP-EMCP elements is presented in the last two sections of this 

chapter. The combination of element self-orientations and the relative orientation 

between the specific oriented pairs of CP-EMCP elements are investigated both 

theoretically and experimentally. The best and worst orientations of elements in a two-

element array have been identified. For a given centre-spacing of 0.667f.vo, the mutual 

coupling between the CP-EMCP elements are all below -22 dB at the centre frequency 

regardless of element orientations. Amongst the 36 valid orientation combinations of 

45°-resolution, the elements in orientations of 270°-90° exhibit the strongest mutual 

coupling whereas the 90°-0° orthogonal orientation features the weakest pair in spatial 

domain. These results are verified by the measurement results at the centre frequency . 

In addition to the 90°-0° orientations, CP-EMCP elements oriented in other orthogonal 

combinations such as 0°-90°, 0°-270°, 270°-0°, 315°-45° and 45°-315° pairs were also 

investigated. Mutual coupling results based on these studies will be employed as the 

spacing criteria in the design of broadband sequential-rotation arrays, which will be 

detailed in next chapter. 



Chapter 5 
Design of High-Performance 
Circularly Polarised Antenna 
Arrays 

5.1 Introduction 

17 I 

The continuous improvement of microwave electronics at microwave frequencies such 

as MIC and MMIC accelerates microstrip antenna array to be an alternative to the 

conventional parabolic dish for circular polarisations. High-performance linearly 

polarised (LP) microstrip arrays require high in (i) antenna efficiency and (ii) 

bandwidth, but low in (iii) mutual coupling and (iv) side-lobe levels [I 27]-[ 129], [ 159]. 

However, the requirement for a high-performance circularly polarised (CP) patch array 

will be more rigorous, in addition to the high efficiency and the low side-lobe levels, the 

demand of wide axial-ratio bandwidth (ABW) and the high boresight cross-polarisation-

discrimination (XPD) are extremely important for many outdoor CP applications, e.g. 

satellite communication systems. Here, the broadband requirement of the high-

performance CP array is not simply the impedance bandwidth but also the axial-ratio 

bandwidth [ 156], [ 158]. This is subject to the specification of the CP antenna array for a 

specific application but generally, the requirement on gain bandwidth is also important. 



172 

Hence, the high-performance CP array requires high antenna efficiency and wide 

overlaid bandwidth [C5.3]. The overlaid bandwidth is the overlapped frequency range 

amongst the abovementioned three bandwidths in CP antennas, viz, the 10 dB 

impedance bandwidth, 3-dB axial-ratio bandwidth and the gain bandwidth at a specific 

gain level in the unit of dBic. 

It is well known that linearly polarised (LP) elements can be used for the design of 

CP arrays by the sequential rotation method that was proposed by Huang [ 130]. A good 

axial ratio (AR) or XPD can be obtained in the boresight direction but it relies heavily 

on accurate design of the array's feed network. The sense of circular polarisation is 

decided not by the array elements but critically on the arrangement of amplitudes and 

phases on the feeders , especially for the coplanar array with corporate feed, whose feed 

network is realised by us ing microstrip lines. The feeding amplitude and phase 

differences are achieved by using different line widths and lengths, respectively, in the 

corporate feed . However, the concept of using LP element is difficult to extend to 

phased arrays or beam steerable antenna systems that require low AR at a wider angle 

(> 40°) off from boresight. Further, the advantages of LP elements are offset by a 

significant gain reduction due to high cross-polarised lobes in diagonal planes. Hall and 

Huang [ 13 1] found that these lobes were critically dependent on element spacing and 

that the consequent array gain loss could be offset by using closer element-spacing at 

the expense of increased mutual coupling. 

In Chapter 4, the singly-fed CP-EMCP elements have been demonstrated to have the 

excellent mutual coupling characteristics over the conventional stacked patch elements, 

and even better than the single-layer patch elements in spatial domain . We also 

demonstrated the importance of perturbation on the parasitic (top) patch using two 

different designs when angular displacement occurs. The first design had a 4% 

perturbation on its top patch, whose 3-dB axial-ratio bandwidth reduces to 0% when a 

45°-displacement occurs; the second, had zero perturbation on its top patch, exhibits the 

superior impedance and CP characteristics against angular displacements. In this 

chapter, we will discuss the design of high-performance CP coplanar arrays using the 

singly-fed elements with the sequential rotation technique at X-band. We employ the 

two modifications of the Type-E elements, which were introduced in Chapter 3, as the 

planar array elements. These CP elements, whose top patches are square and circular in 

shape, respectively, and with no perturbation was included such that any relative 

rotation between the parasitic and the driven patch will not affect the elements 
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performance. We adopt the square grid size for the element centre-spacing as 2/3 Ao, 
where the mutual coupling between elements at the centre frequency of I 0 GHz are 

below -25 dB in both the principle planes. 

The organisation of this chapter as follows: in Section 2, we firstly review the basic 

design principle of the sequential rotation technique in building of wideband CP array 

(SRA) and the polarisation stability factor introduced by Kraft [132], [143], then we 

propose an additional rule affixed to the basic principle for SRA. In Section 3, we 

discuss the design of a 2x2 subarray by using two types of CP-EMCP element. Since 

these broadband elements own the hi-lo-lo dielectric layer combination, we shall 

address the efficiency issue which not just the surface-wave efficiency but also the 

radiation efficiency at X-band. Before we go further to present the design of 4x4 

coplanar arrays, the design of feed networks in the use of high-dielectric-constant 

materials from the losses perspective will be detailed. Finally we summarise and discuss 

our findings in Section 4. 

5.2 Sequentially Rotated Array using CP elements 

The design complexity and hence the cost of a planar antenna array depends on its 

feeder structure. The feeder of the microstrip patch arrays is usually separated from the 

patch elements. In spite of its excellent characteristics of isolation between elements and 

circuit can be obtained, low cost cannot be realised because of its complexity. On the 

other hand, the use of coplanar corporate feeds for microstrip patch arrays allows 

constructional simplicity, but incurs both gain loss and degradations in side-lobe and 

cross polarisation due to spurious radiation and losses in microstrip feed lines [ 133]-

[ 134]. An effective way to reduce unwanted radiation and thus increase efficiency is to 

use the sequentially rotated feeding principle along with the use of circularly polarised 

radiating elements [ 135] . The presentation on the use of CP-EMCP elements for the 

sequentially rotated arrays (SRA) and their performance is the main objective of this 

chapter. The basic principle of the SRA is the generation of wideband circular 

polarisation by providing sequential rotation and phase shifts to the elements. 
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5.2. 1 The Basic Design Principles by Teshirogi and Hall 

The concept of sequentially rotating technique for microstrip patch arrays has a long 

history; our literature search indicates it originated in Japan. Most researchers cite the 

work on the technique by Teshirogi et al in 1985 [ 136] as the original work. Almost by 

the same time Huang [ 130] employed this concept for the use of linearly polarised (LP) 

elements. Later in 1989, Hall et al published a couple of papers [141]-[142] that 

elaborated on the design principles and applications of the sequential rotating technique 

on the CP patch arrays. Haneishi et al [ 137] proposed the concept of paired orthogonal-

elements in CP arrays as an effective way to suppress high-order modes and to improve 

the axial ratio. It was three years earlier before the paper by Teshirogi et al [ 136] 

appeared. However, Haneishi et al did not use the term of sequential rotation, which 

can be considered as a generalised term of paired orthogonal-elements [ 141 ]. 

Nonetheless, the sequentially rotated array (SRA) is a logical extension of the dual- or 

multiply-fed circularly polarised patch antennas that improve the boresight polarisation 

purity by suppressing of higher-order modes [ 138]-[l 39]. In a singly-fed circularly 

polarised (SFCP) microstrip patch element, the narrow overlaid bandwidth arises 

mainly due to the difficulty of maintaining the proper excitation conditions and hence 

the polarisation purity. The technique of sequentially rotating each patch element 

together with an appropriate offset in the feed excitation phase leads to significant 

improvement to both its overlaid bandwidth (OBW) and cross polarisation 

discrimination (XPD). Recall from Chapter I that the excitation conditions for the 

generation of a near perfect CP at specific frequencies of interest are given by 

E x +· 
-~-] 

Ey 
(5.1) 

where Ex and Ey are the electric field vectors of the microstrip patch element in the x 

and y -direction , respectively. 

Here we present a rev iew on the design principle of SRA which is based on the 

works by Hall et al [ 141]-[142] . Fig. 5. 1 shows a typical coplanar microstrip patch array 

composed of N singly-fed c ircularly po larised (SFCP) elements that are excited by a 

corporate feed network with an N-way power splitter. All patch elements inside the 
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array are identical , each of which is designed to radiate a CP field on its fundamental 

orthogonal modes TM0 1 and TM 10 at the centre frequency fa. Mutual coupling between 

elements are assumed negligible. 

n = l 
y 

z k_.x 

' ·, 
~J_C\. n = 3 

N-way Power 
Divider 

I 
</JN i ___ O 

n = N 

(n - I)p7r 
Ln=L1 + N 

Ag 

Figure 5.1 Configuration of a sequential rotation array composed of sing ly-fed circularl y 
polarised elements . 

As shown in Fig. 5.1 , the SRA technique requires that the nth element have both a 

spatial rotation <Dsn and an excitation phase shift <Den as given by 

) 
pn 

<D.rn = <D en= (n - 1 -
N 

1 sns N 

where N is the total number of radiating elements, and 

(5.2) 

p is a positive integer, 1 :S p :S N-1 , which is the condition for circular 

polarisation [ 141 ]. For optimum improvement over the effect of phase 

deviations due to the coplanar feeders, large N and small pis highly desired. 

For a 2-element subarray, N = 2 and p = 1, the spatial rotation and the phase shift 

requirement for the first and second radiating elements are 0° and 90°, respectively. For 

a 4-element subarray with p = I, the requirement will be 0°, 45°, 90° and 135° for the 

first to the fourth element, respectively. The phase difference on the elements' 
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excitation is achieved by using different microstrip line lengths Ln in the corporate feed 

as indicated in Fig. 5.1. Due to the use of single feed , the elements themselves are 

perturbed to generate circular polarisation. Although their individual cross-polarisation 

discrimination (XPD) decreases rapidly away from the centre frequency or resonant 

frequency (in the case of single layer patch), the array has a much wider axial-ratio 

bandwidth and hence the overlaid bandwidth (OBW) as will be demonstrated in Section 

5.3. 

As discussed in Chapter 1, the operation of all singly-fed circularly polarised 

microstrip antennas can be virtually viewed as the superposition of two orthogonal 

linearly polarised (LP) modes with proper phasing and equal amplitude in their 

excitation to generate a rotating field. We use U 1 and V 1 as the unit vector to represent 

the orthogonal modes (TM01 and TM 10), the elliptical polarisation in the boresight 

direction of electric field radiated by the n = 1 element can be expressed as 

(5.3) 

where a and B are complex numbers, the normal ised amp litudes of the TM01 and 

TM10, respectively. 

For the nth element En, the radiating fie ld in the boresight direction would be 

When a or B is one whilst the other equals to zero, the patch excited as an LP patch 

antenna in one mode. On the other hand, when a = B = l with an orthogonal phase-shift 

(±90°), the microstrip patch is ideally excited as a prefect CP element. The sense of CP 

depends on the relative phase between a and B. This complies with the excitation 

conditions from Eqn. (5.1) . 

Using the following relationships: 

(5.5) 
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and 

N N 
L cos2<Dn = L sin 2<Dn = 0 (5.6) 
n=I n=I 

The total boresight-field Er radiated by the sequential rotation array becomes 

(5.7) 

It can be deduced from Eqn. (5.7) that the sequentially rotating array (SRA) has the 

ability to radiate a perfect circular polarised wave in the boresight direction regardless 

of the elements' polarisation so long as the elements are the same. In other words, when 

comparing the Eqn. (5.7) to (5.3), the total boresight-field has been enhanced and its 

amplitude is proportional to the number of elements Nin the array. The CP purity is not 

affected by the polarisation purity of the single elements, viz, it is independent of the 

complex values of o. and B. Eqn. (5.7) further explains why an array consisting of 

linearly polarised (LP) elements can indeed generate circularly polarised radiation 

[ 130]. However, CP array using LP elements has the drawbacks of gain loss at the off 

centre frequencies, high cross-polarised lobes in the diagonal plane and the polarisation 

critically depends on the design of feed network. In addition, a CP array composed of 

LP elements has a polarisation stability factor of zero dB. We shall discuss this in the 

next section. 

5.2.2 The Polarisation Stability Factor by Kraft 

The analysis of sequentially rotated array (SRA) in last section assumes the radiating 

elements are excited by a prefect, non-radiated feed network. The feed terminals for 

each element have ideally equal amplitudes with precise phases. Moreover, the elements 

have been assumed to be perfectly rotated about the z-axis. The mutual coupling 

between elements was small enough to be ignored. In practice, especially for the 

coplanar array in which the feed network is realised by microstrip lines on the same 
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substrate layer, the excitation system produces feeding errors both in magnitudes and 

phases. Radiating elements may be placed at such spatial locations that deviated from 

the specific angles. Further, the mutual coupling affects the excitation currents in the 

feeders of coplanar arrays. All of these will eventually degrade the CP performance of 

the sequentially rotated array. When the amplitude and phase errors are known or 

estimated, the possible values for axial ratio (AR) can be obtained using Eqns. (2.9)-

(2.11 ). Therefore, the possible range of AR and XPD can be directly read out from the 

diagrams as shown in Figs. 2.2(c) and 1.20. For example, a feed network has an 

amplitude error of+ 10% with a phase error of ±3° at a given frequency, yields an AR of 

I dB (Fig. 2.2(c)) that correlates with a reduction on XPD (Fig. 1.20) down to 25 dB, 

which is, the minimum boresight (on-axis) requirement for satellite communication 

systems. 

The dependence of the cross polarisation discrimination (XPD) not just from the 

structure of antenna elements but also the radiating feed network was proposed by Kraft 

[132] , [143]. The influence from the antenna element is described by a new 

characteristic quantity: the polarisation stability factor. This quantity was considered 

for a four-arm coplanar sequential rotation array that composed of CP elements. With 

these structures high polarisation stability could be obtained y ielding a high degree of 

polarisation purity with less reliant on a highly op1imised feeding network. 

#4 

#3 WJ --------~ 
: : V4 

y I 

zk-.x 
I 

~---- n = I, 2, 3, 4 

#1 

#2 

Figure 5.2 Geometry of a 2x2 planar array composed of sequentially rotated singly-fed CP 
elements (#/ ~ #4) in a multiple of 90° clockwise (p = 2). The elements are arranged in a 
square grid and fed by the excitation voltages v 1 to V-1 according to the V1 mode (RHCP). The 
coplanar feed network is not included. 
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Consider a coplanar 2x2 SRA consists of four identical CP elements which are 

sequentially rotated by a multiple of 90° clockwise about the z-axis as shown in Fig. 

5.2. The elements are excited by four complex voltages (v1, v2, v3, v4) that are generated 

by the associated feed network (excluded in the Figure). Assuming the feed network 

radiates negligible field components that contribute to the main beam. The circular left-

and right-hand components for the boresight radiation field radiated by the SRA are 

expressed respectively by 

E l ( e = 0°, qJ , v) = a 3EL ( e = 0°, qJ , v 3) (5.8) 

and 

(5 .9) 

with 

- 3 
V = [vi, v2, v3, v4] = L amV m (5.1 0) 

m=O 

where V m are the four orthogonal basic excitation vectors and can be written using 

the phase-modes [ 144] as 

V- _ - (1 jm<l> j2 m<l> j3 m<t>) m-V 0 , e , e ,e (5.11) 

with <D = 90°, 

and am denotes the complex expansion coefficients of the basic excitations v m to 

the actual excitation V. 

Hence, when only the desired excitations for the balanced feed voltages of the SRA are 

concerned, the CP components Vi and VJ as m = 1 and 3, respectively, the basic 
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excitations and the corresponding expansion coefficients (a1 and a3) for the four CP 

elements can be expressed as 

V1 =v0 (+I, + J, -1, - J), 

(5.12) 

and 

(5 .13) 

where v 0 and vb are the voltage differences between the diagonal arms, respectively, 

viz, v 0 = v 1 - v3 and vb = v 2 - V4. They are equivalent to the two orthogonal mode 

voltages of a singly-fed circularly polarised (SFCP) patch antenna. 

If the co-polarisation of the SRA is right-hand circularly polarised (RHCP), the on-

axis cross-polarisation discrimination (XPD) of an arbitrarily excited array is expressed 

by the ratio of expressions (5.9) to (5.8), which can be further written as the sum of two 

terms 

a1ER( () = 0°,<JJ,V1) 
XPD = 20 x log10 ( 

0 
) = XPD f + XPDst 

a3EL B=O,<p,V3 
[dB] (5.14) 

The first term XP D1, which is attributed to the non-radiated feeding network, is given 

by 

a1 1- jt5 XPD 1 =20 x log 10 - = 20 x log 10 --.-
a3 1 + ;<5 

[dB] , (5.15) 
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where J is a complex quality factory for the feeding network. It is a measurement or 

an indication for the influence of actual feeding voltages due to the feed network on the 

XPD. If the complex feed voltages for the four elements are known, J can be found by 

using Eqns. (5.12) and (5.13) as 

<5 = Vb = v2 -v4 (5.16) 
Va v1-v3 

When this quantity deviates from unity with a negative phase angle, which implies 

two problems have been arisen: one is design problem of the feed network and the other 

is the axial ratio of the SRA will be attributed critically to the geometry of radiating 

elements. This in turn depends on the quality of single elements design, viz, the second 

term from Eqn. (5.14), XPD51 , which describes the influence of the particular antenna 

geometry as well as all mutual coupling effects amongst elements. When the chosen 

elements are linearly polarised , XPD51 close to 0 dB due to its large axial ratio. For any 

geometry of CP elements, XPDsi is greater than 10 dB in magnitude with its sign 

indicates the sense of CP of the elements. Hence, XP Dst has been denoted by Kraft 

[132] as the polarisation stability factory. When a perfect RHCP is generated by the 

basic excitation voltage of Vi from the feed network, XP D1 approaches a positive 

infinitive(~ +oo) that requires the quality factor, J closes to +j or +90°. Likewise, when 

J equals - j or -90°, and XPD1 approaches the negative infinitive, it will generate a near 

perfect on axis LHCP in the main beam. The cross polarisation discrimination due to the 

feed network, XPD1 is a function of the complex quality factor J as shown in Fig. 5.3. 

The inset shows that the phase affects the achievable XPD or that the axial ratio of the 

array is more critical than the amplitude error from a coplanar feed network. 

The equations (5.14) and (5. I 5) appear to be valid for the assumption of zero 

radiation from the feed structure. However, in practice worst-case scenario may occur 

because the polarisation of radiation from the coplanar feed circuitry is difficult to 

estimate due to its zigzag. The effect of the coplanar feed network of 2x2 arrays will be 

discussed in section 5.3.2. 
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Figure 5.3 The cross-polarisation discrimination XPD1 versus the quality factor c5 of the feed 
network. The positive XPD1 [dB] indicates a positive phase angle is required by c5 for the 
generation of RHCP. 

5.2.3 A Supplementary Rule 

In Section 5.2.1, the basic design principle encompassed in Eqn. (5.2), proposed by 

Teshirogi and Hall, explains only the magnitudes of the angles that are the necessary 

conditions for the building of a sequential-rotation array (SRA). Both the spatial 

rotation angle <Dsn and excitation phase angle <Den are positive numbers in unit of degree 

or radian. The direction of rotation of SRA is not specified by the basic design 
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principles in literature. For the design of sequential-rotation array employed LP 

elements, the polarisation of the array is critically dependant on the directions of not 

only <Dsn but also <Den since the LP elements have a polarisation stability of 0-dB. 

Section 5.2.2 discusses the achievable axial ratio (AR) or cross-polarisation 

discrimination (XPD) that is reliant on the feed/excitation system, especially those of 

the coplanar feed network - part of radiating structures in addition to the elements of the 

entire array. When sequential-rotation array consists of CP elements, left-hand or right-

hand elements, the polarisation stability of the array is higher than that obtained from 

LP elements. Consequently, the achievable XPD in the boresight direction of the entire 

array would be even higher (refer to Eqn. (5.4)) if an optimised coplanar feed network 

having the same sense of the CP elements was implemented. However, the off-axis AR 

away from the main beam could be increased rapidly. This is also dependant on the 

directions of <Dsn and <Den in the design of the feed network. In addition, if the rotation of 

the elements opposes the excitation phase angles, <Ds2 = -<De2 and <Ds4 = -<De4 in a 4-

element array, a reverse hand of polarisation of the sequential-rotation array opposite to 

the polarisation of the CP elements would result. In this Section, a sufficient condition is 

developed for the design of sequential-rotation array composed of CP elements, which 

will be supported by a series of numerical simulations in different array configurations. 

We use the same 4-element array whose RHCP elements are sequentially rotated in a 

multiple of 90° in accordance with the basic design principles as shown in Fig. 5.2. The 

sufficient condition to be developed here will act as a supplementary rule to the basic 

design principles of sequential rotation array in the literature [141]-[142]. 

Fig. 5.4 shows the eight possible configurations for the four CP elements in different 

orientations and their corresponding radiation patterns at 10 GHz in x-z plane. All 

elements of the sequential-rotation array are positioned orthogonally and excited 

sequentially by an ideal, invisible, non-radiating coplanar feed network. However, the 

rotations or the sequences of the angles <Dsn and <Den are either clockwise (CW) or 

counter-clockwise (CCW) around the array in the scenarios (a) to (h). 
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Figure 5.4 The eight radiation patterns at 1 OGHz from different configurations of the SRA as 
shown in Fig. 5 .2. The RHCP elements are identical and fed by an ideal feed network with 
different rotations of spatial angle <D, 11 and excitation angle <Den· 
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The left-hand CP radiation patterns which oppose the elements polarisation, cross-

pol, result wherever the directions of angles <l>sn and <Den are opposite as the cases shown 

in the scenarios (b ), ( d) and ( e ). The generation of the cross-pol is not subject to either 

direction of the angles as indicated from the patterns. The XPD in the other scenarios 

are in excess 30 dB in the whole range of 8 = ±90° because of the ideal , non-radiating 

feed network. The highest (60 dB) on-axis XPD is yielded in scenario (a) whereas the 

configuration of scenario ( c) gives the best XPD within ±45° , good sidelobe levels (-

20dB) and cross-polarised grating lobe levels (-30 dB) amongst all configurations. This 

configuration is commonly used if RHCP elements are employed in an array that can be 

found in literature [155] and [165]. Comparing the results from scenarios (h) and (f), 

where both the angles <l>sn and <Den are in the same direction (CCW), the configuration of 

SRA in scenario (h) shows that the boresight cross-pol can be suppressed, and its on-

axis XPD is enhanced greater than 45 dB by offsetting elements in 45° ahead. Likewise, 

comparing the configurations in scenarios (g) and (a) , the cross-pol levels at ±30° are 

translated into to ±60° by using such an offsetting technique. 

The technique of sequential rotation of elements inside an array essentially reinforces 

the wanted hand of rotat ion of the elements. This re inforcement was postu lated in [ 145] 

that it is on ly effective in one direction. However, the radiation patterns has certi fi ed 

that the configurations in scenarios (a) to (h) as shown in Fig. 5.4 have the 

reinforcement in both directions so long as the rotation angle <I>.m and phase angle <Den 

are in the same direction of rotations. That is, the reinforcement can be had at a 

direction which is opposite to the rotation of the CP elements. Based on this and those 

of the results shown in Fig. 5.4, we can deduce a sufficient condition as the 

supplementary rule to the design principles of SRA that composed of identical SFCP 

elements of any senses as given by 

Sense of Rotation of <{>511 = Sense of Rotation of <I>en (5.17) 

This sufficient condition guarantees the generated sense of polarisation of the SRA to 

be the same as the CP elements. Eventually, a wide axial-ratio bandwidth can be 

obtained from the SRA. Furthermore, owing to change in the mutual coupling effects 

which was presented in Chapter 4, the elements' orientations play an important role in 

the enhancement of XPD. 
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5.3 Design of High-Performance Circularly Polarised Arrays 

In practice, a perfect circular polarisation by SFCP patch antennas is very difficult to 

achieve, and elliptical polarisation is usually obtained instead. If the excitation condition 

as denoted in Eqn. (5.1) is fulfilled, the axial ratio (AR) is 0 dB as the ratio of the 

orthogonal E-filed is unity. Thus, "circular polarisation" is closed to a theoretical term 

rather than a practical one. Usually AR in the order of 0.3~0.5 dB could be obtained at a 

centre/resonant frequency but it is difficult to maintain such low values over a wide 

range of frequencies. To obtain a wide axial-ratio bandwidth and a large impedance 

bandwidth we have to use a sequential rotation array (SRA) composed of CP elements. 

As discussed in Section 5.2, in order to minimise the complexity of a large size array, 

the use of subarrays in connection with coplanar feed network on a same dielectric layer 

is one of practical solutions. However, both the cross-pol and gain loss would be the 

result due to the unwanted radiation and losses from the microstrip feed lines. The Type-

E and modified Type-E elements are built on the high-dielectric-constant materials as 

the grounded substrate, hence efficiencies of this antenna type are of primary concern. 

Before we present the 2x2 subarrays design using the modified Type-E elements at X-

band, we should consider the losses caused by microstrip lines in the high-dielectric 

constants substrates. 

5.3. 1 Loss Consideration in High-Dielectric-Constant Substrates 

Coplanar microstrip arrays have not only the problem of dissipative losses, which 

comprise of conductor and dielectric losses, but also of spurious radiation losses from 

power dividers, impedance transformers, bends and junctions between microstrip lines. 

The directional gain and gain bandwidth can be increased with the size of the array. 

However, when array size increases, the feed-line length become longer and the losses 

will finally increase faster than the directional gain. Hence there is a limitation on the 

element's size that it makes feed effects as a key issue in the design of coplanar arrays. 

Moreover, dielectric loss usually becomes significant with respect to the conductor loss 

with increasing frequency [164]. Due to the discontinuities of microstrip line widths in 

the coplanar microstrip arrays, the spurious radiation loss due to a thick low-dielectric-

constant substrate becomes significant when compared to a thin high-dielectric-constant 

substrate. Singly-fed circularly polarised e lements such as the modified Type-E elements 
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require no power divider and phaser shifter and hence minimise the losses. The 

thicknesses of their substrate and superstrate have been selected/fixed during the design 

of CP-EMCP elements as detailed in Chapter 3, thus the following estimations of the 

abovementioned losses are emphasised on the high-electric-constant substrates at X-

band (8~ 12 GHz). 

A. Conductor loss: 

The conductor loss in a 50-Q line is expressed as a part of the attenuation constant of 

microstrip transmission line as given by [2], [146]-[147] 

a c = 0.4(log , oe)Rs[1 - (We J 2l[1+~+-h-(1n 4:rw +!_ ) ] [dB/mm] 
nh 4h J We Jrwe t W 

where e is 2. 71828 ... , 

tis the metal foil thickness, Yz oz copper has the thickness of 0.0173 mm, 

w is the 50-Q microstrip-Jine width, 

W e is its effective line width due to the fringing field and is given by 

t ( 4nw) 
W e= w+ Jr I+ ln-t- , 

and Rs is the surface resistivity for the conductor given by 

Rs= ~nf µ) a 

where µ0 is the free-space permeability and 

o is the surface conductivity of the microstrip material. 

( 5 .18) 

(5 .19) 

(5.20) 
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B. Dielectric loss: 

The dielectric loss in microstrip line is tight! related to the dissipation factor (loss 

tangent) of the dielectric material. Dielectric loss is also expressed in part of the 

attenuation constant as given by [ 146], [ 151] 

_ 2.73tan6 [ 5 Ee- lJ ad- --x--
Ao £ &-1 

[dB/mm] (5.21) 

where /...0 is the free-space wavelength in mm, 

c: is the dielectric constant of the substrate, and 

C:e is the corresponding effective dielectric constant for microstrip lines. A well-

known formula that relates to the ratio of line width (w) to the substrate 

thickness (h) as given by Schneider [ 148]: 

& + 1 & -- 1 ( 1 Oh )-Yi 
Ee=-2-+-2- l+-;- (5.22) 

Eqns. (5.18) to (5.20) illustrate the conductor loss (ac) of a 50-Q line printed on a 

grounded substrate as increasing with square-root of frequency, whilst the dielectric loss 

(ad) is directly proportional to the product of frequency and dissipation factor as 

indicated in Eqn. (5.21 ). It can be seen that the total line losses (ac+ad) increase with 

dielectric constant but decrease with increasing substrate thickness. A 50-Q line printed 

on different dielectric substrates, R03010 and R03006, with the same thickness of 

0.635 mm has the significant differences on the line losses as shown in Fig. 5.5. As the 

dielectric constant reduces from I 0.2 to 6.15, the line losses at I 0 GHz of the 50-Q line 

have a reduction of 0.165 dB/cm down to 0.103 dB/cm. 
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Figure 5.5 The conductor and dielectric losses of 50-Q lines versus frequency in X-band. The 
microstrip lines are printed on the grounded material R03010 and R03006, respectively . 
R03010: c: = 10.2, tan8 = 0.0035, h = 0.635 mm, w = 0.62 mm, t = 0.0173 mm. 
R03006: c: = 6. 15, tan8 = 0.0025 , h = 0.635 mm, w = 1.00 mm, t = 0.0 l 73 mm. 

C. Radiation loss due to impedance transformers [149]-[150]: 

The radiation loss m dB for all types of discontinuity on 50-Q microstrip lines is 

generalised as 

L rad = l 0 x 1ogI0 [ 1 - l .2 ( kh) 
2 F x ( £ e ) J 

where k is free-space wave number, 

h is the substrate thickness, 

[dB] (5.23) 

Fx(Ee) is the radiation form factor [149]. Its value depends on the type of circuit 

discontinuities. For a change in characteristic impedance of Z Q on a 50-Q line 

that leads to a step change in the line widths, the form factor is expressed as 
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(5.24) 

D. Radiation loss due to T-junctions /150]: 

For 50-Q microstrip line with an uncompensated T-junction, Equation (5.23) can be 

used with a radiation form factor, Fu(ce) as given by 

. ( ) = ( 3& e + 1) 
2 

1 ( £ + l l- Be 1 ( Be + ~ 2& e - 1 J- Be + 1 F lj E e 1.5 n I n ..J s( Be ) '1 B e - I / 2s e - 1 B e - 25 e - 1 4 B e 
(5.25) 

For high permittivity materials, the above form factor for the T-junction can be 

further reduced as 

2 
F tj _he (Ee) = 3 (E e - 0. 4) (5.25a) 

E. Radiation loss due to right-angle bends [149]: 

The radiation form factor Frab(ce) for an uncompensated right-angle corner/bend on the 

50-Q line is given by 

(5.26) 

Three types of microstrip discontinuities : Impedance Change (IC), Right-Angie Bend 

(RAB) and T-junction (TJ) that commonly appear in the coplanar feed network were 

considered. These discontinuities cause the radiation loss that degrades array 

performance but electrically-thin high dielectric constant substrates can be employed to 

minimise such losses. For a given substrate thickness of 0.635 mm, Impedance Change 
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has the highest loss whilst the uncompensated T-junction is the lowest one as can be 

seen from Fig. 5.6(a). Based on Eqns. (5.23) to (5.26), the radiation losses at 10 GHz 

due to these 3 types of discontinuity against substrate thickness (as Ee = 4.55) and the 

effective dielectric constant (ash= 0.0423/.v0 ) are compared as shown in Fig. 5.6(b). 
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Figure 5.6 Radiation losses from three types of discontinuity on high-dielectric-constant materials 
R03010 and R03006 : (a) Radiation loss on substrates of 0.635 mm versus frequency ; (b) 
Radiation loss as a function of both substrate thickness and effective dielectric constant; (c) The 
total radiation losses from a feed network consists of3 (IC+ TJ)s and I 0 RABs. 
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Consider a coplanar feed network supplying current to a two dimensional N-element 

array. The total feed loss due to the line losses, surface-wave and radiation losses, which 

leads to the gain reduction in the coplanar array. It was demonstrated by Waterhouse in 

[78] that surface-wave efficiency is greater than 85% for the stacked patch with hi-lo 

materials combination. The total feed losses L1 can be estimated using the equation 

provided in [133] 

where D is the element centre-spacing in cm, 

ac+ad is the line loss, which is the conductor loss plus dielectric loss, 

n;c+tJ is the number of impedance change plus the T-junctions, 

nrab is the number of right-angle bends, 

(5.27) 

Lx is the corresponding radiation losses from the discontinuities as mentioned 

above. 

We use the mutual coupling of -25 dB as the criteria for the element spacing 

established in Chapter 4, as 2 cm (0.667A0 ) for the X-band CP-EMCP elements using a 

dielectric material of R03006 as the substrate. The 2x2 subarrays, which will be 

presented in next section, are fed by a 50-Q coplanar feed network. The network as 

shown in Fig. 5.8(c) consists of three A.g/4 impedance transformers in connection with 

T-junctions and ten right-angle bends. The corresponding variation of radiation loss for 

the 50-Q feed network with frequency is shown in Fig. 5.6(c). At the centre frequency 

of I 0 GHz, the total radiation loss for R03006 is 0.46 dB, which is unlike the line loss, 

higher than that (0.3 dB) from R030 I 0. However, the estimation of total feed losses 

using Eqn. (5.27) for these materials are almost the same, of about 0.6 dB at I 0 GHz. 

This is due to the dielectric loss from R030 I 0 which have been offset by its radiation 

losses at a shorter element spacing of 2 cm. At 11 GHz, the total feed loss is estimated 

to be around 0.7 dB for both the high-dielectric-constant materials. 
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5.3.2 Design of Coplanar Feed network for 2x2 subarrays 

Thus far, we have dealt with the possible losses that arise from a 50-n coplanar feed 

network printed on the electrically thin, high dielectric constant materials. As long as 

the element spacing is kept in short, 2 cm at a centre frequency of 10 GHz for the 

mutual coupling criteria of -25 dB, the total feed loss is maintained at approximately 0.6 

dB. However, this value is only an estimation or guideline that could be further reduced 

when CP-EMCP elements are used for the sequential rotation array (SRA). First, the 

feed network will be covered by a low-dielectric-constant superstrate. Second, four of 

the eight right-angle (90°) bends in the estimation are going to be 135° bends when the 

CP elements are being arranged at a 45°-offset in the direction of element rotation for 

the SRA. Hence, the loss due to the additional length and the bends of 180° phase-

shifter will be offset by the over-estimated radiation loss. Moreover, all the T-junctions 

and bends can be mitred to compensate the extra fringing field at the outer corner of the 

discontinuities. The following subsections deal with the optimum design of the coplanar 

feed network for 2x2 subarrays used in conjunction with the SRA technique. 

A. Optimum design of right-angle bends in the use of 180° phase-shifter 

The small element spacing of 2 cm is a constraint for the accommodation of 180° phase-

shifter which has to be bended when printed coplanar with the four driven elements. 

The right-angle bends are inevitable in the 50-Q microstrip line when the chosen 

substrate has a guided wavelength (A-m) of 1.4 cm. At the bends there are field and 

current discontinuities, and there is an extra fringing electric field at the outer corner 

which produces a characteristic impedance lower than 50-Q as compared with 

longitudinally homogeneous conductors. In order to maintain a constant characteristic 

impedance of the microstrip line, all the right-angle bends have to be chamfered or 

compensated as shown in Fig. 5. 7(a). When symmetrical ( 45°) mitres are used, the right 

amount of the relative compensation (chamfer) as defined in Eqn. (5.28) will be of 

pnme concern. 

(5.28) 
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The insertion loss of various chamfered corners for the 50-n line that is covered by 

the superstrate above an air dielectric of 3.3 mm is shown in Fig. 5.7(b). One can see 

that minimal loss occurs at the centre frequency of 10 GHz when M is 60%. As M 

increases to 70% the losses at the high frequency end are improved as a trade-off at the 

lower frequencies. Hence, M equals 65% in turn leads to x = 1.3 mm as the optimum 

chamfer amount. 
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definition of the design parameters. (b) The variation of insertion loss at X-band for the 0 to 
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Two empirical closed-form formulas which relate to the line width to substrate 

thickness ratio and substrate dielectric constant, respectively, were given by [ 152] as 

M
1
=52+65e(- l3Sw!h) [%] w/h ~ 0.25 and cr :S 25 (5.29) 

and 

Zo ~ son and Cr:::; 16 (5.30) 

These empirical expressions were obtained from the single substrate cases. In our 

multi-layer design case, the 50-Q line, having a width of 1.0 mm, is printed on a 

R03006 substrate of 0.635 mm thickness. These two equations gives the chamfer 

amount of 59.8% and 61.4%, respectively, which are very close to the optimal value 

chosen from the simulation results presented above. 

B. Design of two-way power divider with a 90° phase delay 

The two small feed Jines from the CP-EMCP elements now have been treated as parts of 

the feed network as shown in Fig. 5.8(a) . These feed lines are connected to the two-way 

power divider, a T-junction with a quarter-wave impedance transformer, at the angles of 

135° with respect to the horizontal arms. The microstrip line length (Lph) that 

implements the 45° phase offset together with other parameters are listed in Table 5.1. 

-----.: 2x ;.----- : 111 
lph .. : 

w 

" ' p 40° p 4-90° 

t 
2P 

Figure 5.8(a) Design of two-way power divider with a 45 ° phase offset (0°-90° phase) . 



197 

Attention has also been paid to the compensation for the outer corners of the 135° 

bends which are indicated by small shaded areas in Fig. 5.8(a). The amount of chamfer 

is small enough, around 20% for w/h = 1.5 [ 152]-[ 153]. This has insignificant effect on 

performance in relation to the whole circuit. 

C. Combine the power divider with the 180° phase-shifter 

The same procedure was used for the design of a two-way power divider as presented 

above. Two symmetrical chamfers of 65% were adopted to compensate for the extra 

fringing field at the centre of T-junction, despite of its width (Wt) being smaller than the 

double of 50-Q line width (w). A 180° phase shifter having a rounded line length of 

approximately 2Lph is connected to one end of the output as shown in Fig. 5.8(b), to 

realise the desired phase requirement from the SRA. Except the impedance transformer, 

all microstrip lines are designed to have a characteristic impedance of 50 n. 

2P Lo0 

t 

w 

i 
... 4P 

l 
2P 4 -- 180° 

Figure 5.8(b) Design of the central stem composed of a 180° phase-shifter in the feed 
network. 
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Table 5.1 Summary of design parameters for 2x2 feed network 

Parameters Value 

L ph 3.3 mm 

w 1.0 mm 

M 65% 

x 1.3 mm 

Wt 1.8 mm 

Lt 3.8 mm 

D. The complete coplanar feed network for the 2x2 array 

One of the advantages for the driven patches having a 45 ° offset is the efficient linkage 

of elements in an SRA configuration. The complete microstrip circuit as shown in Fig. 

5.8(c) has been implemented for the subarrays whose rotation angles <I>sn and <Den are in 

a counter-clockwise (CCW) direction , as the one shown in Fig. 5.4(h). Such an offset 

makes the input ports of elements I and 4 to have the equal y-coordinates. Likewise, the 

input ports of elements J and 2 have the same x-coordinates. The equal coordination 

leads to minimisation of line lengths and required bends in the connection between 

elements. Fig. 5.9 shows the corresponding amplitudes and phases of the 4 output ports. 

p 490° 
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P3 ' - P t 
4P 

P 40° 
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Figure 5.8(c) A compete coplanar feed network for the 2x.2 sequential rotation subarray . 
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5.3.3 The High Performance 2x2 Sequential Rotation Arrays 

Two 4-element subarrays are designed, fabricated and tested using two types of CP-

EMCP elements and a common feed network, which is presented in the last Section. 

The single CP elements considered here are modifications 1 and 2 to the Type-E 

element at X-band, whose performances were presented in Section 3.4.2 and 3.4.3, 

respectively. Although the design concepts presented there are distinct, the only 

difference between elements on their parasitic patches is that: one is square-shaped, the 

other is circular. The circular patch is widely used in various types of circularly 

polarised (CP), and phased arrays, because it has a circular symmetry with no azimuthal 

variation for the radiating of CP wave. The complete array geometry of these subarrays 

is shown in Figs. 5.IO(a) and (b) respectively. 
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I 
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i.-- 2 cm ---+! 

Figure 5.10 The silhouette of 90° sequentially rotated 2x2 subarrays composed of the offset 
elements. (a) Array l has the square top-patches; (b) Array 2 has the c ircular top-patches. 
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As mentioned before, both the spatial (<Dsn) and excitation (<Den) angles of these 

arrays are in the same rotation direction of CCW. The on-axis XPD can be achieved in 

excess of 30 dB. The top-patches of the arrays have zero perturbation, which minimises 

effects on their CP and impedance characteristics when the relative displacement occurs 

between the stacked patches/layers. Moreover, their return loss, axial ratio and CP gain 

versus frequency are similar to each other. All measurements of these 2x2 arrays were 

made inside an anechoic chamber. Circular polarisation gains and axial ratios were 

measured using a spinning horn and the gain comparison method. In spite of crude 

manufacturing tolerances, the measurements on the arrays, in general, are in good 

agreement with the simulated results as shown in Figs. 5.11 to 5.16. The minimum 

boresight axial-ratio of 0.3 dB and a peak gain in excess of 12 dBic were recorded 

around 10 GHz for both the arrays as shown in Figs. 5.11 and 5.14, respectively. The 3-

dB axial-ratio bandwidth (ABW) of Array 1 is achieved at 23.5% whereas the simulated 

2-dB ABW of 19.5% is obtained. For the gain bandwidth (GBW) of~ 10 dBic, Array 1 

is 23.5% whilst Array 2 has 22% with a mean frequency of around 10 GHz. 
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Figs. 5.12 and 5.13 show the comparisons between the simulated and measured 

return losses for Arrays I and 2, respectively. It can be seen that apart from the 

similarity in the measurement results between two arrays, the measured 10-dB 

impedance bandwidths (ZBW) are close as well, 2.52 GHz of Array 1 compared to 2.8 

GHz of Array 2. The common problem of circularly polarised (CP) patch antennas is 

their narrow frequency bandwidth in the overlapped area of the axial-ratio, impedance 

and gain bandwidths [154]-[156]. For example, Lo et al reported in [156] that a 4-

element SRA has a ZBW of 78% but its 3-dB ABW only achieved at 8.7%. Hence, the 

operational bandwidth of the array is restricted by its axial-ratio bandwidth. However, 

the most significant result obtained from our designs is the large overlaid bandwidth 

(OBW) which leads to a real broadband operation for the CP arrays. The measured 

bandwidths of these arrays are summarised in Table 5.2. The OBW for both the arrays 

is about 20%. 

Table 5.2 Summary of measured bandwidths for the 4-element subarrays 

Array 1 (square top-patch) Array 2 (circular top-patch) 

10-dB ZBW 8.60- 11.1 2 GHz 25 .6%, 9.9 GHz 8.72- 11.52 GHz 27.7%, 10.1 GHz 

3-dB ABW 8.80- 11.14 GHz 23.5%, 10 GHz 9. l- 11.2 GHz 20.7%, 10.2 GHz 

10-dBic GBW 9.03- 11.44 GHz 23.5%, 10.2 GHz 9.18- 11.41 GHz 21.7%, 10.3 GHz 

Overlaid BW 9.03- 11 .12 GHz 20.7%, 10.1 GHz 9. I 8- 1 1.2 GHz 19.8%, I 0.2 GHz 

It has been noted that the single element (modification 1) of the Array I has a mean 

frequency of 9.62 GHz as presented in Chapter 3. This is a shift of about -3.3% in the 

measured ABW of the single element. However, this frequency shift just compensates 

for the shift in the mean frequencies of the 4-element array due to the mutual coupling 

effect [ 157]. One can see that the frequency shift of Array 2 is higher than that of Array 

I, which agrees with the results presented in Section 4.4 where the mutual coupling 

between the single elements (modification 2) of Array 2 is stronger than that of 

modification I for the same element orientations. 



204 

It is well known that patch antenna printed on a single-layer high dielectric constant 

material such as Alumina, exhibits a narrow bandwidth and low efficiency due to the 

excitation of surface-wave powers. The results reported from hi-lo structures in [78] and 

[88] however, showed a high surface-wave efficiency of greater than 85%. For the 

current designs, which have a sandwich structure in hi-lo-lo dielectric combination, we 

used the gain-directivity method to calculate the overall radiation efficiency using 

Ensemble TM [ 180]. The normalised radiation patterns in two principle and two diagonal 

cuts (<p = 0°, 45°, 90° and 135°) are computed for the selected frequency points and the 

directivity is then calculated by numerically integrating the field pattern data and 

dividing into 4n [13]. The simplified formula for the antenna directivity is given by 

2MN 
Da = M N [dBi] (5.31) 

n L I F(B, ,cp ) sine, 
; = I t= l 

where Mand N are the tota l number of sampling points of the patterns in cp- and {}-

coordinate, respectively . 

F(Bi, cpj is the normalised fie ld pattern in digital fo rm. 

The calculated directivity and gain of Array 2 are as shown in Fig. 5. 14 whereas the 

corresponding radiation efficiency in dB , which is obtained by subtracting the gain from 

the directivity, is plotted in Fig. 5.15 for comparison. As can be seen, the maximum 

efficiency of 89% (-0.52dB) occurred at 10.0 GHz and 87% (-0.61 dB) at I 0.5 GHz for 

Array 1 and 2, respectively. An interesting observation from the comparison: the single 

element (square top-patch) of Array I has a higher efficiency than that of Array I but 

the single element (circular top-patch) of Array 2 is lower than the Array 2. At the 

centre frequency of 10 GHz, the circular top-patch has an efficiency of -0. 78dB whereas 

the square top-patch has -0.49dB . Fig. 5.14 also shows that both the 2x2 arrays have a 

radiation efficiency of greater than -1.5 dB (71 % ) over a bandwidth of 21 %. This can be 

considered as a high-performance, where the CP antenna achieves not only a wideband 

but also at high efficiency over the wideband [158]. It must be pointed out that our 

wideband does not mean just the wide impedance bandwidth alone, but the performance 

over the overlaid bandwidth, as indicated in Table 5.2. 
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For the calculations of the antenna directivity, however, we realised that the radiation 

patterns obtained from the Ensemble TM cannot take into account the finite sizes in 

dielectric materials and ground plane, the tolerances in measurement and materials as 

well. Hence, the antenna efficiencies presented above can be regarded as the upper-

bound on the obtainable efficiencies from the proposed antenna arrays. 

The radiation patterns for the (sequential rotation) Array 1 and 2 were measured 

inside the indoor range at CSIRO ICT centre as shown in Figs. 5.16 and 5.17, 

respectively. The measured polar patterns at 0°-cut of 9, 10 and 11 GHz are compared 

with the simulations as shown in Figs. 5.16(a) to (c), respectively. The infinite ground 

plane used in the simulation from Ensemble TM which ideally allows no backward 

radiation from the arrays as can be seen from the simulated patterns. The measured 

radiation patterns as shown in Fig. 5.16(a) to (c) illustrate the on-axis XPD of greater 

than 15 dB were achieved at least from 9 to 11 GHz. This, in turn , is a simple 

inspection/verification on the achievement of the 3-dB axial-ratio bandwidth of Array 1 

as shown in Fig. 5.11. Fig. 5.17 shows the comparison between the measured and 

simulated patterns in rectangular plot of Array 2 at 10 GHz in two orthogonal planes: 

(a) <p = 0° and (b) <p = 90°. From this comparison, it can be seen that, the boresight XPD 

in both the planes are greater than 40 dB, which in turn, verifies the minimum measured 

axial ratio in the same figure and the simulated one in Fig. 5.14. Since, inevitable errors 

arise from both the polarisation of the singly-fed elements and the excitation (amplitude 

and phase) from the planar feed network when the array is operated off-centre 

frequency, grating lobes (cross-polar lobes) will be set up due to these errors. However, 

the measured maximum sidelobe levels, in spite of higher than the simulated ones, are 

obtained around -20dB in both planes. These low levels are attributed to (i) the 

elements' low boresight axial ratio, and (ii) the smaller element spacing has been 

adopted in the planar design of Array 2. These low sidelobe levels at the centre 

frequency is the consequence of the suppression of grating lobes that have been 

balanced by the mutual coupling of the single elements. Indeed, the broadband 

operation of these arrays is limited by the side lobe levels at the band-edge frequencies, 

owing to the inevitable excitation errors from the coplanar feed network. 
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Figu re 5.18 Antenna measurement conducted by the author inside the anechoic chamber at 
CSIRO JCT centre. Photo courtesy of Ms. Li Li, ICT centre at CSIRO, NSW, Australia. 

5.3.4 Design of 4x4 Rotated Array with a Low-Loss Feed Network 

209 

In order to increase the directional gain and axial-ratio bandwidth while minimising 

feed losses, we increased the array size but incorporate a low-loss feed network. We 

applied the sequential rotation technique to the four 2x2 subarrays which were treated as 

the single RHCP elements. The Array 1 presented in the last section was used for the 

16-element array in the expectation of high efficiency - the prime concern. Fig. 5.19 

shows a possible solution where the subarrays are 90° sequentially-rotated and 

connected by a coplanar feed network. However, this feed network requires longer 

microstrip lines, a phase shifter and three impedance transformers. Based on the feed 

loss estimation given in Section 5.3.1, such a feed network may have a total feed loss of 

greater than 3 dB. Moreover, due to the restriction in the element spacing, part of the 

feed I in es are placed closely together, it may affect the requirement on the equal 
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amplitude currents. For simplicity, the plots for the impedance matching (VSWR), 

axial-ratio and gain versus frequency are shown in Appendix. Fig. 5.20 shows an 

alternative feed network design for a 4x4 sequential rotation array (SRA), employing a 

symmetrical five-port annular-ring power divider [ 160]. The annular ring has five arms 

at 72° located apart from each other, where any one port has power input equal 

amplitude power will be output from the other four ports [161]. The ring itself has 

wideband characteristics with low-loss, the top two (ports) have a 120° phase difference 

with respect to the bottom two when the middle lower one is excited. 

Figure 5.19 A possible design of coplanar feed network for a 4x4 sequential rotation array. 
The rotation of excitation angle is counter-clockwise . 

The novel feed network was designed for the clockwise rotated excitation as denoted 

in scenario (a) of Fig. 5.4. To comply with the SRA design rules (Eqns. 5.2 & 5.17), the 

phase of each output port was implemented by different microstrip line lengths as 

indicated in Fig. 5.20. That is, when Port 1 acts as the reference port, Port 2 has a line 

length of less 90 electrical degrees with respect to Port 1. Likewise, Port 4 has a shorter 

length of 30 electrical degrees whereas Port 3 has to be increased by a length of 60 

degrees in order to yield a 180° phase shift with respect to Port I. This 50-0 feed 

network has the feature of having no impedance transformers and T-junctions connected 
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inside, whilst unavoidable bends are implemented with compensations. The optimised 

feed network also has the shorter lines adhered with as compared to the one shown in 

Fig. 5.19. The amplitudes and phases of the output ports for the feed network are plotted 

as shown in Fig. 5.21. It can be seen from the S 11 plot that the feed network has a 10-dB 

impedance bandwidth in excess 3.5 GHz whilst the phases are virtually linear with 

frequency. At the centre frequency of 10 GHz, the feed network has a maximum 

amplitude error of 1.5 dB amongst the ports whereas the phase error is less than 6° from 

the ideal case. The amplitude with phase and differences/errors between outputs at the 

frequency of 9, 10 and 11 GHz are summarised in Table 5.3. The completed 16-element 

SRA design having a clockwise directed spatial and excitation angle is shown in Fig. 

5.22. It is noteworthy that this direction is opposite to the way the feed network 

designed for the 2x2 subarrays as shown in Fig. 5.8(c). 

P3 -1 ..... _____ l'lllli.. 
-j t P4 

-30" 

t 
P2 Feed Ref 

~---- --. Pl 

Figure 5.20 The low loss coplanar feed network for a 4x4 sequential rotation array. The 
rotation of excitation angle is clockwise. 
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Table 5.3 The amplitude, phase and errors of the output ports at 9, 10 and 11 GHz 

9GHz lOGHz 11 GHz 

Pl -8.4 dB 18.7° -5.9 dB -110.7° -6.5 dB 126.3° 

P2 -5.9 dB 100.5° -6.5 dB -16° -5.2 dB -144° 

P3 -7.1 dB -144.1 ° -7.2 dB 68.1° -9.6 dB -66.6° 

P4 -5.8 dB -65 .5° -7.4 dB 162.6° -7.2 dB 21.5° 

~21 2.5 dB 81 .8° -0.6 dB 94. 7° 1.3 dB 89.7° 

~31 1.3 dB 197.2° -1.3 dB 178.8° -3. l dB 167. 1° 

~32 -1.2 dB 115.4° -0. 7 dB 84.1° -4.4 dB 77.40 

Ml 2.6dB 275.8° -1.5 dB 273.JO -0. 7 dB 255.2° 

M2 0.1 dB 194° -0.9 dB 178.6° -2 dB 165.5° 

M3 1.3 dB 78.6° -0.2 dB 94.5° 2.4 dB 88.1 ° 

Figure 5.22 The complete 4x4 sequential rotation array w ith a spacing of 20 mm in both the x-
and y -directions. Both the spatial and excitation angles are CW directed. 

213 



214 

The philosophy adopted for the 4x4 SRA is to remove the periodic structure of 

elements within the error distribution by rotating the 2x2 subarrays [ 145]. The rotation 

of subarray will increase the number of grating lobes but effectively reduce their levels. 

Before we deal with the reduced grating lobes which are cross-polarised in the D-plane 

[ 162], Fig. 5.23 shows the simulation results obtained from Ensmeble ™ for the gain, 

axial ratio and VSWR versus frequency across the X-band. As can be seen, the 4x4 

array has a peak gain of about 18 dBic around the centre frequency. In addition to a 

wide impedance bandwidth (VSWR:::;2) of 31.2%, an excellent overlaid bandwidth 

(OBW) of 24% at a mean frequency of 10.2 GHz was yielded, that based on a 1-dB 

axial-ratio bandwidth (ABW) and a 12-dBic gain bandwidth (GBW). If a more rigorous 

GBW above 15-dBic was specified, the OBW goes to 21 % with a mean frequency of 

10.25 GHz. The array also has symmetrical radiation patterns at 10 GHz in <p = 0°, 45° 

and 90° cuts as shown in Fig. 5.24. In the principle planes ( <p = 0° and 90°), the co-polar 

(RHCP) patterns are almost unchanged and have a sidelobe level of around -13 dB 

located at e = ±35°. This sideiobe level is reasonable but also inevitable owing to the 

uniform excitation of the planar sequential-rotation arrays. However, the XPD obtained 

is >25 dB over the elevation angles whereas the maximum (~34 dB) occurs at boresight 

in both principle planes. This means that no significant cross-polarised grating lobes, 

which are greater than -25dB, appear in the principle planes. In D-plane ( <p = 45°), the 

cross-polar lobes has reduced to -17 dB, although it is higher than the co-polarised 

sidelobes, appearing at the angles of e = ±60°. These given angles fulfil the prediction 

formula from [163]: 

(5.32) 

where D is the element spacing in free-space wavelength, A0 • In our cases, D = 2/3 A0 • 

Fig. 5.25 shows the radiation patterns for both the co- and cross-polar CP across the 

overlaid bandwidth (OBW) obtained in the principle planes, viz, from (a) 8.9 GHz to (t) 

11.8 GHz. Through these patterns one can inspect the on-axis XPD to verify the axial-

ratio bandwidth as presented previously. Furthermore, the main beam squint and the 

variation of sidelobe levels within the OB W were dee med insignificant. 
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Next, we wish to estimate the radiation efficiency of the 4x4 SRA that comprises the 

low-loss feed network. We first calculated the antenna directivity at some selected 

frequency points for the 16-element SRA using the same procedure as discussed in the 

last section. The radiation efficiency in percentage of the array is the difference by 

subtracting the gain from the directivity after converted from decibel. The maximum 

efficiency of this array did not occur at the centre frequency of 10 GHz as shown in Fig. 

5.26. However, the efficiency of around 80% (-1 dB) can be obtained over a range of 

9.25 to l 0. 75 GHz. More importantly, the efficiency of this 16-element SRA is over 

71 % (-1.5dB) at the achieved overlaid bandwidth. 
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Figure 5.26 The antenna efficiency versus frequency for the 4x4 sequential rotation array 
comprises a low-loss feed network. 
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5.4 Discussion 

The primary benefit of the sequential rotation of elements in an array is to improve the 

main-beam axial ratio, viz, the improvement of the boresight cross-polarisation 

discrimination (XPD). Further benefits include improvements on input VSWR and axial 

ratios at off resonances. Therefore, the impedance bandwidth and axial-ratio bandwidth 

are accordingly broadened. In this chapter, we present the designs of high-performance 

2x2 subarrays and 4x4 planar array employing CP-EMCP elements. The high-

performance CP array requires not only high antenna efficiency but also broad overlaid 

bandwidth. The overlaid bandwidth is the overlapped frequency ranges amongst the I 0-

dB impedance bandwidth, the 3-dB axial-ratio bandwidth and the CP gain bandwidth at 

a specified gain level. To yield a wide overlaid bandwidth, not only must the individual 

bandwidths be broad, but importantly the mean frequencies of the bandwidths must be 

as close as possible to the desired centre frequency. As reported in Chapter 3, CP-

EMCP elements have the unique feature in being able to tightly control the mean 

frequencies of these bandwidths. The mutual coupling of these broadband elements has 

a definite effect in the shift of their mean frequencies, it, however, is counteracted by 

the effects due to the material and manufacturing tolerances. Therefore, the CP-EMCP 

arrays also have such the advantages: wide bandwidths with packed/closed mean 

frequencies . 

The use of the sequential rotation technique incorporating CP elements was also 

studied in this chapter. In addition to the basic design principles, the polarisation 

stability factor which is dependent on the chosen elements in the arrays was also 

examined. The main beam polarisation of the sequential rotation array is critically 

dependent on the directions of both the excitation and spatial-rotation angles. We have 

shown, through a study of eight possible configurations for a 4-element array that, 

whenever these angles are in the opposite directions, the resultant polarisation of a 2x2 

array that opposes the elements' polarisation will be generated. This, in turn, further 

suggests a supplementary design rule to the design principles of the sequential rotation 

array: both the spatial-rotation and excitation/phase angles must be in the same 

direction, clockwise or counter-clockwise, independent of the elements polarisation. 

This can be treated as a sufficient condition to guarantee the generation of same 

polarisation to the CP elements. The study al so shows that a 45°-advancement in the 

direction of spatial angle of all CP elements helps to spread out the cross-polarised 
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lobes with reduced levels. This spatial offset helps in the minimisation of feed-radiation 

loss owing to the discontinuities on the feed lines. We also carried out an investigation 

on the losses of microstrip lines printed on high dielectric constant substrates. It has 

been shown that the total line losses, conductor plus dielectric losses, increase with 

dielectric constant but decrease with increasing substrate thickness. For a thickness of 

0.635 mm at X-band, the total line losses of a 50Q line printed on a R03010 (cr=l0.2, 

tanc5=0. 0035) substrate is almost a double to that of R03006 (cr=6.15, tam5=0. 0025). 

However, the radiation loss due to the discontinuities of the line-width changes, T-

junctions and right-angle bends on the same microstrip lines (50Q) printed on these high 

dielectric constant substrates are lower than the line losses. We have shown the total 

feed loss for a coplanar feed network of a 2x2 subarray with an element spacing of 2 cm 

printed on these high-dielectric-constant materials are almost the same, of 

approximately 0.6 dB at 10 GHz. 

Both the excitation and phase errors from the microstrip feed network are inevitable. 

The excitation error is caused owing to reflections from element input mismatches 

unless isolating power feeders are used . The phase error is also generated due to the 

realisations of phase using different microstrip line lengths with bends. In Sections 5.3.2 

and 5.3.4, a detailed design and optimised procedure has been demonstrated for the 

designs of coplanar teed network for 2x2 and 4x4 arrays with a short element spacing of 

2 cm, respectively. These designs are novel and have high efficiencies. The closer the 

spacing the shorter the line lengths can be used, therefore the smaller the feed loss is 

resulted. The 4-element feed network is designed for the subarrays whose excitation and 

spatial rotation angles are counter-clockwise directed, whereas the 16-element one is 

clockwise directed. Nonetheless, coplanar microstrip feed network has the inherent 

disadvantage in amplitude and phase errors at frequencies off the band centre. The 

grating lobes are caused by the feed errors, which lead to sidelobe problems that, in 

turn, limit the system bandwidth. Patterns degradation including possible beam squints 

are the result. However, our simulations and experimental results show both the 2x2 and 

4x4 SRA designs have less such problems. Both these feed networks have a high 

efficiency of 71 % (- l .5dB) within the overlaid bandwidths from all sequential rotation 

arrays . 



Chapter 6 
Conclusions and Future Work 

6.1 Major Contributions of this Thesis 

6.1. 1 Introduction 
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This thesis has investigated the design of broadband singly-fed circularly polarised 

(SFCP) patch antennas and high-performance CP arrays. Two novel CP elements - their 

characteristics and performances were described based on their design and tun ing 

methods. In addition, the mutual coupling of a broadband element was al so investigated 

in both the spatial and frequency domains. For the design of planar CP arrays, a 

supplementa1y rule to the basic design principle of the sequential rotation technique was 

proposed and tested in a series of simulations. Further, the feed loss of a coplanar feed 

network for a 2x2 sequential rotation array, which was implemented on high-dielectric-

constant substrates, was analysed. The results obtained from the mutual coup I ing 

investigations allowed the design of high-performance 2x2 and 4x4 CP arrays using the 

sequential rotation technique. The purpose of this chapter is to first highlight the 

contributions to knowledge made in this thesis. We also high light the interesting 

performances and findings that were discussed in each chapter. Finally, a scope for 

possible future improvements and development wi ll be presented at the end. 
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6.1.2 The Major Contributions 

• The Design Method to the XACP Element (Type-F Element) 

A new method to design a singly-fed Cross-Aperture Coupled Patch element was 

proposed in Chapter 2. The method first estimates the total unloaded quality factors for 

the stacked square patches to which the required perturbation segments are calculated 

and then added to the stacked patches according to the well-known relationship: Eqn. 

2.12 for singly-fed Type B elements. A design example verified the methodology. 

Experimental results agreed well with the simulations obtained from Ensemble™: good 

boresight axial ratio and good impedance bandwidth. Although a narrow axial-ratio 

bandwidth (3-dB) was obtained, the measured antenna gain has increased from 5 to 10 

dBic after the inclusion of a parasitic patch and the modification of aperture sizes. 

• The Systematic Design Method for the broadband CP-EMCP Elements (Type-E 

Element) 

A step-by-step method incorporating a tuning technique for the design of CP-EMCP 

elements was demonstrated in Chapter 3. This systematic design method can be viewed 

as an empirical alternative to conventional optimisation methods to obtain broadband 

performance. Verification was provided by a series of design examples where 

experimental results indicated that such an empirical method to be well suited for the 

design of SFCP elements with any polarisation senses at different frequency bands. 

Many technical papers available in the literature, often report novel patch antenna 

geometries and the performance but leave out important issues that relate to obtaining 

optimum performance. The significant contribution here is not only the presentation of 

the broadband elements and their optimised performances, further, each design variable 

is highlighted with respect to the design objectives. The practical issues and tradeoffs 

amongst objectives within these designs were also provided. To the best of author's 

knowledge, neither the optimised broadband SFCP elements nor the design method are 

reported earlier in the literature. 

• The Overlaid Bandwidth of CP Patch Antennas 

The design of CP patch antennas, especially singly-fed types, is more difficult than the 

LP ones because they need to satisfy more design objectives than the impedance 

bandwidth. Often though, wide impedance bandwidth and/or axial-ratio bandwidth of 
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the CP patch antennas were reported in the literature only partially overlap - either a 

low gain within a wide axial-ratio bandwidth or, a high axial ratio is obtained within a 

broad impedance bandwidth. This in turn leads to a discounted overlaid bandwidth , 

which is the actual , useable bandwidth of CP antennas. This problem was addressed in 

the design of the CP-EMCP elements and arrays by fine control of the tuning variables. 

Therefore, the mean frequencies of individual bandwidths coincided to form a broad 

overlaid bandwidth for the CP elements and arrays. 

• Development of Robust CP-EMCP Elements 

Experimental and theoretical results given in Chapter 4 indicate that CP-EMCP 

elements are robust in terms of the inevitable layer-misalignments and the inherent 

tolerances on dielectric materials. Further, our investigation also revealed that the 

stacked patches printed on high-low-low dielectric material combinations have the 

interesting impedance characteristics: the two resonant frequencies merge resulting in 

bandwidth reduction when offset/displacement of stacked patches increases. This is 

opposite to the traditional stacked patch antennas, which are usually printed on low-low 

or low-low-low dielectric materials. 

• The Mutual Coupling between CP-EMCP Elements 

A promising result with interesting findings on the mutual coupling of CP-EMCP 

elements were presented in Section 4.4. In spatial domain, at the centre frequency , the 

mutual coupling between a pair of identical CP-EMCP elements is superior to the 

conventional stacked patch antennas, -25 dB at 0.6 A.0 , in all principle planes. The 

mutual coupling of CP-EMCP elements is even smaller when compared to a published 

reduced surface-wave element [I 02] , especially at the smaller spacings within one free-

space wavelength. We have found that the stacked patch antenna may not always have a 

stronger mutual coupling than the single layer patches - a finding which deviates from 

the general cases [ 107]-[ 109]. In frequency domain with different spacings, mutual 

coupling curves of CP-EMCP elements are the merged concave curves (Figs. 4.31 to 

4.33) rather than the simple convex curves with frequency (Figs. 4.29 and 4.30). Both 

our simulation and experimental results show that: ( 1) the mutual coupling between a 

pair of identical CP-EMCP elements at the centre/mean frequency is neither maximum 

nor minimum; (2) both the maximum and minimum mutual coupling of CP-EMCP 
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elements vary with frequency as well as element spacing, making the mutual coupling 

decay non-monotonic with element spacing. 

• The Benefit of Zero Perturbation on the Parasitic Patch 

The use of no perturbation on the parasitic patch of singly-fed CP stacked patch 

antennas is proposed here, for the first time. 

One successful modification of the CP-EMCP elements is to the Type-E elements, 

where the element is tuned to exhibit the lowest axial ratio and widest bandwidths, 

without perturbing the parasitic patch. This zero perturbation effectively makes the top-

patch to become either square or circular, so that its symmetry with respect to both the 

x- and y -axis is retained . This zero perturbation also allows any relative rotation 

between the top- and bottom-layer, or the stacked patches, without degrading the 

antenna performance. This rotation benefits the element arraying and array efficiency by 

minimising the discontinuities on the coplanar feed network. 

• The Supplementary Rule for the Design of Sequential Rotation Array 

The use of sequential rotation technique in the design of CP array is well known. As 

long as the elements are same, the sequential rotation technique has the ability to 

generate a good circularly polarised wave in the broadside direction regardless of their 

polarisation and polarisation purity. The magnitudes of the spatial (rotation) and phase 

angles of each element are not necessarily the same. The use of linearly polarised 

elements is possible, but the sense of the resultant polarisation of the array depends on 

the senses (directions) of spatial and phase angles. However, when using CP elements 

the senses of these angles are not clearly mentioned in the original design principle 

[ 141]. It has been postulated that these senses must be the same as the elements' sense 

of polarisation [ 145], [ 159]. The design examples available in literature commonly 

show only one sense of rotation for left-hand CP and another for right-hand polarisation 

[ 155]. Our investigation on a 2x2 array shows that the polarisation reinforcement can be 

effective in either clockwise or counter-clockwise sense so long as the spatial and 

phase/excitation angles have the same sense of rotation. This important criterion 

becomes the sufficient condition. This is denoted as a supplementary rule to the design 

principles of the sequential rotation array in Chapter 5. Our study also reveals the 

elements' orientation effect the CP quality of the array. 
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• The High-Performance CP Antenna Arrays 

A few circularly polarised arrays using SFCP-EMCP elements are designed, which have 

broadband characteristics and high efficiency. We have developed a novel sequential 

rotation technique (CCW-CCW) with a short element spacing of 2 cm (2/3A.0 ) to the CP-

EMCP elements which have no perturbation on their parasitic patches. The high-

performance 2x2 and 4x4 CP array were obtained and presented in Chapter 5. The 2x2 

array is capable of a 21 % overlaid bandwidth and a radiation efficiency of greater than 

71 % (-1.SdB) within the bandwidth. The 4x4 sequentially rotated array employs a novel 

annular-ring power divider that minimise the feed loss and enhances the efficiency. The 

4x4 array has an overlaid bandwidth of 24% based on a 1-dB axial ratio, a 12-dBic gain 

and a - l .5dB radiation efficiency. Moreover, the 4x4 array has a reduced grating lobe 

level of -17 dB at the angles of ±60°. 

6.2 Conclusions on the Core Chapters 

6.2.1 Cross-Aperture Coupled Patch Antenna 

In Chapter 2, an aperture coupling technique was employed for a singly-fed circular 

polarised (SFCP) patch antenna design. This method allows the dielectric materials used 

for the radiating patch and feed line to be optimised independently without performance 

tradeoffs. We have modelled the cross-aperture coupled patch (XACP) antenna - the 

Type-F element using transmission-line method. A design method of narrowing the 

searching space on perturbation amounts required for the stacked patches was proposed. 

This method first determined the total unloaded Q-factor of the patch, and then the 

perturbations of the square patches were estimated using the well-known relationship 

from the Type-B element. By including an additional matching stub and a parasitic 

patch, the impedance bandwidth and the antenna gain was improved over the designs 

reported in literature. A parametric study of two design variables demonstrated the 

optimum element in the S-band at 2.4 GHz centre frequency. In addition to the effect of 

a parasitic patch and the cross-aperture on the boresight axial-ratio, impedance 

bandwidth, and gain, the effect on the backward radiation due to the aperture sizes were 

examined. A typical LHCP Type-F element was realised and fabricated based on the 

above studies. The experimental results confirm the accuracy of simulated results in that 
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the impedance bandwidth (VSWR::S2) is 14.4%, whereas the 3-dB axial-ratio bandwidth 

is about 3%. The measured gain (>8 dBic) bandwidth obtained was as high as 17.4% 

with an average gain level of 9.3 dBic. Although there was a sig nificant improvement 

on both the gain and the impedance bandwidth, the axial-ratio bamdwidth was relatively 

narrow and may not be sufficient in practical applications [77]. lrhe essential drawback 

of the aperture coupling element is its sensitivity to the C? performance due to 

inevitable layer-misalignments. Furthermore, the backward rrudiation owing to the 

aperture etching on the ground-plane lowers the antenna radia ion efficiency. All of 

these factors require alternative solutions for the design of broadband CP arrays. 

6.2.2 Circularly Polarised Stacked EMCP Antennas 

In Chapter 3, another type of SFCP patch element known as t e Circularly Polarised 

Electromagnetically Coupled patch (CP-EMCP) antenna or simply the Type-E element 

was presented. A design method and tuning technique was demonstrated and verified in 

a series of design examples. This knowledge-based procedure wa.s outlined step-by-step 

and can be viewed as an empirical alternative to conventional nonlinear programming. 

In general, to obtain optimum performance from the multilayer SFCP element, one has 

to solve a multi-objective optimisation problem, in which all poss ible bandwidths such 

as axial-ratio, gain and impedance bandwidths need to be optimis.ed in order to design a 

real broadband CP patch antenna with reasonable efficiency. Such a systematic design 

and tuning procedure for the multi-objective antenna design was the first time published 

in the literature. Three detailed examples plus two modifications show that the 

generalised method ts applicable at different microwave frequencies with any 

polarisation senses. In addition to the tradeoffs between VS WR and impedance 

bandwidth due to the change in airgap length, a trade-off exists etween the achievable 

axial ratio and maximum axial-ratio bandwidth. More importantly, the compromises 

between these variables satisfy the design objectives for the element considered. The 

studies also suggest that an implicit trade-off exists between the minimum possible 

axial-ratio value and the maximum attainable impedance bandwidth. All these design 

examples illustrate the essence of the multi-objective design problem, where a gain in 

one objective calls for sacrifice in the other objecti e(s). In the first design example in 

C-band, a wide V-shaped curve for the axial ratio was obtained which enables the high 

isolation between senses of CP. However, in the econd design example in Ku-band, a 
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W-shaped curve of axial ratio was obtained which guaranteed the maximisation of the 

3-dB axial-ratio bandwidth. In the third example of an S-band design, the non-ideal 

characteristic of front-to-back ratio and the half-power beamwidth were also examined. 

Unlike the Type-F element presented in Chapter 2, the front-to-back ratio of Type-E 

element was solely affected by the finite ground-plane size, which is one of the 

advantages of the Type-E over the Type-F element. Sound improvements on the antenna 

performance over the Type-F element were thus obtained. 

6.2.3 Robust Characteristics and Mutual Coupling of CP-EMCP Antennas 

As the performance of Type-E element was far superior to that of the Type-F element, 

we investigated in detail its characteristics and mutual coupling in Chapter 4. We first 

presented the experimental results on the robust characteristics of the linearly-polarised 

(LP) and circularly-polarised (CP) electromagnetically coupled patch (EMCP) antenna 

elements. These elements are commonly used on the hi-lo-lo (6.15, 1.0, 2.2) dielectric 

layer combinations. From the impedance matching perspective, 0.2A-0 and 0.133/.,0 were 

located as the linear movement limits against the layer misalignments in the upper and 

lower x-y plane, respectively , for a 10 GHz LP-EMCP element whose l 0-dB impedance 

bandwidth persists at least l 0%. The measurement results show that when the linear 

displacement increases the two resonant frequencies converge causing a bandwidth 

reduction with a decreasing mean frequency. This is counter to the results where the 

resonant frequencies diverge that broadens bandwidth as reported for conventional 

stacked patch antennas using lo-lo or lo-lo-lo dielectric layer combinations. Owing to 

the perturbation made to the driven patch, the two orthogonal modes TM01 and TM10 are 

generated instead of the single mode, the singly-fed CP-EMCP element has more robust 

impedance characteristics than its LP counterpart. However, when a 3-dB CP (axial-

ratio) bandwidth of 5% is taken into the consideration, the measured results of the CP-

EMCP antennas reveal smaller combined linear limits of 0. I 33/.,0 and 0.1 Ao in the upper 

and lower x-y plane, respectively. We also demonstrated the importance of perturbation 

on the parasitic (top) patch using two CP-EMCP designs when angular displacement 

occurs. The design has a 4% perturbation on its top patch, whose 3-dB axial-ratio 

bandwidth reduces to 0% when the maximum displacement of 45° occurs. The design 

with the zero perturbation on its top patch has superior impedance and CP 
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characteristics against angular displacements, - the reason for its adoption in the array 

designs presented in Chapter 5. 

Material tolerances on microstrip antenna designs are of great practical importance 

but very few studies taking them into consideration for the CP patch antennas exist in 

the literature. The calculated results also reveal that the CP-EMCP elements have robust 

performance against material tolerances. In addition to the operating frequencies, the 

worst case of the tolerance on the Type-E and modified Type-E elements are different; 

however, the effects on their performances are within 2%. For the C-band Type-E 

element, the worst case is when a +2.9% change in dielectric constant plus a -4% 

change in thickness of the high-dielectric-constant substrate, that results in a -0.8% and 

a -1.5% change in the impedance and axial-ratio bandwidth, respectively. For the 

modified Type-E element at X-band, when a -2.4% change in dielectric constant and a -

4. 7% change in thickness of the grounded substrate produces a reduction in axial-ratio 

bandwidth of 1. 7% and l .6% for the impedance bandwidth. We have observed that the 

tolerance on the thickness is worse than the dielectric constant on AR performances for 

both elements. Nonetheless, the effects on the CP gain are insignificant in all cases. 

Mutual coupling is an important criterion for the CP-EMCP elements employed in 

broadband CP array designs. One of the significant findings of this chapter is the 

superior mutual coupling performance from these elements. Firstly, we verified the 

suitability of Ensemble TM to handle the coupling calculations for single layer patch and 

stacked patch antennas before the examination of mutual coupling between the Type-E 

elements as well as the modified Type-E elements. For the spatial domain comparisons 

at the centre frequency, CP-EMCP elements exhibit weaker mutual coupling than other 

types of patch elements (seven of them compared in the chapter) in the E-, H- and 0-

plane. Unlike the mutual coupling of a single patch printed on a high-dielectric-constant 

substrate, the multilayer CP-EMCP element has a higher dielectric constant material 

(10.2) as its driven layer (CP-EMCP I), has the lowest coupling in all principle planes. 

These interesting results were compared with the conventional stacked EMCP antennas 

and the reduced surface-wave antenna. In general, when the element spacing is within 

one wavelength, which is the maximum allowable spacing in array applications without 

the penalty from grating lobes, the mutual coup I ing of CP-EMCP elements is far 

superior to other antenna configurations. We also discovered that the stacked patch 

antenna may not always have a higher mutual coupling than the single patches. The 

presence of additional dielectric layers and par si ic patches may interfere with the 
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space-wave (lateral-wave) coupling either constructively or destructively. The surface-

wave coupling contributes to the mutual coupling of a stacked patch antenna, which is, 

in turn, attributed to the substrate's thickness rather than the airgap length (middle 

layer). Another significant finding is that the mutual coupling curve from CP-EMCP 

elements in the frequency domain is not a simple convex function of frequency. Both 

simulation and measurement results show that: (1) the mutual coupling at the centre 

frequency is neither maximum nor minimum; and, (2) the maximum and minimum 

mutual coupling of CP-EMCP elements vary with frequency as well as element spacing, 

making the mutual coupling decay non-monotonically with the element spacing. When 

designing an broadband array using CP-EMCP elements, the mutual coupling between 

elements at a single frequency may not be sufficient to assess the overall mutual 

coupling behaviour, unless its maxima arises at that frequency point, such as the general 

cases of single-layer patch antennas. 

Both experimental and theoretical studies on single- and stacked-patch antennas 

covered with a superstrate show that the mean frequency decreases monotonically with 

superstrate thickness. The study presented in Section 4.4.3 reveals that the CP-EMCP 

element has the opposite effect: the mean frequencies of the impedance and axial-ratio 

bandwidths are both shifted up with superstrate thickness. Further, the effect of 

superstate thickness on mutual coupling is significant in Parallel-plane. From the 

mutual coupling perspective, a superstrate thickness of 0.38 mm was found to be the 

best for both principle planes when the element spacing is 2/3/...0 • Both of these 

interesting research outcomes have not been reported elsewhere, and the effect of 

superstrate on CP patch antennas performances are often under-estimated by 

researchers. Recently there has been increasing attention paid to the mutual coupling 

effect on CP elements orientations due to the increasing popularity and demand of 

wideband CP patch antennas. A thorough study on the effect of the elements' 

orientations on mutual coupling between the CP-EMCP elements was presented in the 

last two sections of Chapter 4. The combination of element self-orientations and the 

relative orientation between the specific oriented pairs of CP-EMCP elements were 

investigated theoretically and experimentally. The best and worst orientations of the 

elements in a two-element array were identified. For a given centre-spacing of 0.6671...0 , 

the mutual coupling between the CP-EMCP elements are all below -22 dB at the centre 

frequency regardless of element orientations. A mongst the 36 valid orientation 

combinations of 45°-resolution, the elements in orientations of 270°-90° exhibit the 
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strongest mutual coupling whereas the 90°-0° orthogonal orientation features the 

weakest pair in spatial domain. These results are verified by the measurement results at 

the centre frequency. In addition to the 90°-0° orientations, CP-EMCP elements 

oriented in other orthogonal combinations such as 0°-90°, 0°-270°, 270°-0°, 315°-45° 

and 45°-315° pairs were also investigated. Mutual coupling results based on these 

studies will be employed as the spacing criteria in the design of high-performance 

sequential-rotation arrays, which was detailed in the Chapter 5. 

6.2.4 High-Performance Circularly Polarised Arrays 

Broadband can be achieved by sacrificing the antenna efficiency. The high-performance 

CP array requires not only a broad overlaid bandwidth but also high efficiency. The use 

of the sequential rotation technique incorporating a small element-spacing was 

presented in Chapter 5. The basic design principle of this technique and the polarisation 

stability factor dependent on the chosen elements of the arrays were examined. A study 

of eight possible configurations for a 4-element array revealed that an opposite sense 

arises on the array's polarisation to the elements' polarisation whenever the spatial and 

excitation angles are in the opposite directions. This, in turn, suggests a supplementary 

design rule to the design principles of the sequential rotation array (SRA): both the 

spatial-rotation and excitation/phase angles must be in the same direction, clockwise or 

counter-clockwise, regardless of their magnitudes and the elements ' polarisation. This 

can be treated as a sufficient condition to guarantee the generation of the same 

polarisation to the CP elements. 

After a study on the losses of microstrip lines printed on high dielectric constant 

substrates, the total feed loss that consists of conductor, dielectric and radiation losses of 

a 2x2 coplanar feed network were estimated. For a element spacing of 2 cm, the feed 

network implemented on the high-dielectric-constant materials of R03010 (er = 10.2) 

and R03006 (er = 6.15) having the same thickness of 0.635 mm, the feed losses are 

almost the same, of approximately 0.6 dB at I 0 GHz. In Sections 5.3.2 and 5.3.4, a 

detailed optimised procedure was presented for the designs of coplanar feed network for 

2x2 and 4x4 arrays, respectively . These designs are novel and have high efficiencies. 

The 4-element feed network was designed for the subarrays whose excitation and spatial 

rotation angles are both counter-clockwise directed , whereas the 16-element version is 

clockwise directed. Nonetheless, the coplanar icrostrip feed network has an inherent 
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disadvantage in that both the amplitude and phase errors incurred at frequencies off the 

band centre. Hence, grating lobes are caused and leads to high sidelobe levels that, in 

turn, limits the system bandwidth. Pattern degradations including possible beam squints 

also results. However, both our simulated and measured results show that the 2x2 and 

4x4 SRA designs have less such problems. Both these feed networks have a high 

efficiency of 71 % (-l .5dB) within the overlaid bandwidths of at least 21 % from all 

sequential rotation arrays. 

6.3 Suggested Improvements and Future Work 

This section discusses the possible improvements and further investigations m the 

development of broadband circularly polarised (CP) antenna elements and arrays. Thus 

far, two types of CP elements and some sequential-rotation arrays were introduced and 

their high performances described. Type-F element - the cross-aperture coupled patch 

(XACP) antenna and the Type-E element - the CP stacked patch or CP-EMCP antennas. 

Both elements evolved from the single-layer singly-fed elements: Type-B and -A, 

respectively. As shown in the previous chapters, Type-E is superior to the Type-F 

element against layer-misalignment, backward radiation and axial-ratio bandwidth. The 

XACP element could be improved in the following ways: 

• The addition of a second ground-plane or a cavity located at one quarter-wavelength 

away from the first ground-plane. Thus, the backward radiation, impedance 

bandwidth and radiation efficiency could be improved. 

• Continuing the parametric study on the tuning parameters, e.g. the perturbation 

amounts of the stacked patches, the layers' thicknesses and perturbation on the cross-

aperture ... etc, in order to improve the axial-ratio bandwidth. 

• The mutual coupling between the XACP elements and the CP arrays composed of 

XACP elements are the development areas. 

Also, CP-EMCP elements that consist of stacked patches have shown excellent 

broadband CP performance as well as superior mutual coupling characteristics. 

Moreover, the configuration of CP-EMCP wou ld allow for the simp le integration of the 

antenna directly with microwave and photonic devices and circuits, thus minimising the 
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number of layers or material transitions and interconnects required for the transceiver 

units. Therefore, these stacked patch configurations have the potential to satisfy the 

requirements for many indoor and outdoor wireless communications, in addition to the 

phased array application for radar and satellite communications [166]-[167]. 

Nonetheless, their active impedance or reflection coefficient [168] , their performance in 

large arrays and their scanning abilities need investigation [169]-[l 70]. The following 

areas are the possible future investigations and developments related to CP-EMCP 

elements: 

• An analytical investigation into the unexpected mutual coupling behaviour from the 

CP-EMCP elements would be a great contribution. 

• The spurious radiation of the coplanar feed network, where the CP array is printed on 

high dielectric constant substrates but also covered by a low dielectric constant 

superstrate, needs to be finely estimated. The covering effect due to the superstate 

may help on the minimisation of feed loss due to the covered microstrip lines [ 171]. 

• The active impedance and its corresponding bandwidth over a specific scanning 

range. The references of such related works for other broadband elements are 

available in [172]-[174]. 

• The development of larger sized broadband CP arrays composed of CP-EMCP 

elements. High gain and fixed pencil beam arrays of size 16x l6 and 64x64 would be 

the interesting topics. 

• The development of phased arrays that employ high-performance CP-EMCP 

elements and subarrays. The recent related literature is [ 175] and [176]. 
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Figure A.l The VSWR plot for the 4x4 sequentially rotated array as shown in Fig. 5.19. 
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Figure A.2 The CP gain and axial ratio versus frequency fro the 4x4 sequential rotated array 
as shown in Fig. 5.19. The 3-dB ABW is 24%, 10.1 GHz whereas the 15-dBic GBW is 16.9%, 
10.2 GHz. 
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