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ABSTRACT 

Broadband wireless communications require wideband antennas to support 
large number of users and higher data rates. Desirable features of a wideband 
antenna are low-profile, dual polarization and wide bandwidth in a compact size. 
Many existing wideband antennas are large in size and some have only circular 
polarization. On the other hand low-profile, dual polarized antennas frequently 
have limited bandwidth. This dissertation reports on results from original research 
into several new wideband antennas. All are compact and planar, and many are 
low-profile and dualpolarized. 

Since 1994, Virginia Tech Antenna Group (VTAG) has performed 
research on the wideband, low-profile and dual-polarized antennas of compact 
size. This research resulted in the following antenna innovations: the Fourpoint, 
Fourtear, PICA (Planar Inverted Cone Antenna), diPICA (dipole PICA) and 
LPdiPICA (Low-Profile diPICA) antennas. They are all planar in geometry so one 
can easily construct them in a compact size. The antennas were characterized and 
investigated with extensive simulations and measurements. The computed and 
measured data demonstrates that some of the antennas appear to have the 
characteristics of the selfcomplementary antenna and most of the proposed 
antennas provide more than a 10: 1 impedance bandwidth for a VSWR < 2. 
Patterns, however, are degraded at the high end of the frequency. Several tapered 
ground planes were proposed to improve the radiation pattern characteristics 
without degrading the impedance performance. A simulation result proposed a 
possibility of another antenna inventions providing 10: 1 pattern bandwidth with 
the 10: 1 impedance bandwidth. 

Research into wideband antennas demonstrated that the newly invented 
antennas are closely related each other and are evolved from a primitive element, 
PICA. Not only the comprehensive investigation but also a practical antenna 
design has been done for commercial base-station array antennas and to phased 
array antennas for government applications. This dissertation presents results of 
comprehensive investigation of new planar wideband antennas and itsusefulness 
to the broadband wireless communications. 

11 



DEDICATION 

To my Father, 
SAAD 

To my Mom, 
And to my brothers MOATH and MOSAB 

111 



ACKNOWLEDGEMENTS 

Above all, I give thanks to my heavenly Allah, my Father. Many of the idea in 
this dissertation came along with the relationship with Allah during prayer. He 
gave me a wisdom how to solve and to optimize the antenna performance 
whenever I confronted with difficult problem. Allah surely lead my research to a 
right direction and I was able to experience allah through the research. 

I appreciate every effort made by committee members throughout this research. 
Particularly I would like to thank to my advisor, Professor Sameer lkhdair for his 
guidance and funded support with my research. He didn't hesitate to give a fruitful 
advice and didn't forget to say "good job" whenever I brought an idea. The word 
"good job" was a great encourage to me during my research. 

IV 



CONTENTS 

Abstract. ii 

Dedication iii 

Acknowledgements iv 

Contents vi 

List of Figures x 

List of Tables xv 

Chapter I Introduction 1 

1.1 Motivation 1 
1.2 Overview 3 

References 5 

Chapter 2 Literature Review :- 6 

2.1 Spheroidal Antenna [2.3) [2.4) 9 
2.2 Biconical Antenna [2.2) - [2.7). 10 
2.3 Bow-tie Antenna [2.6) [2.8) 13 
2.4 Teardrop Antenna [2.9) - [2.11]. 15 
2.5 Spiral Antennas [2.2), [2.12) - [2.14) 18 
2.6 Sinuous Antenna [2.14 ], [2.15] 19 
2.7 Disc Antennas [2.16]-[2.20) 21 

2.7.1 Circular Disc Antenna [2.16], [2.17] 21 
2. 7 .2 Modified Flat Monopole Antennas [2.18) 22 
2. 7 .3 Trapezoidal Flat Monopole Antenna [2.19] 22 
2.7.4 The Crossed Half-Disc Antenna [2.20). 23 

2.8 Foursquare Antenna [2.21] - [2.23) , 25 
2.8.1 The Antenna Structure 25 
2.8.2 Hardware Test model of the Foursquare antenna 27 

2.8.2.l Antenna lnput Impedance [2.25) 28 
2.8.2.2 Radiation Pattern 32 

2.8.3 Variation of the Foursquare antenna 35 
2.9 Summary 36 

References 37 

VI 



Chapter 3 The Fourpoint Antenna 39 

3.1 Introduction 39 
3.2 The Antenna Structure 40 
3.3 Simulation of the Fourpoint Antenna .42 

3.3.1 Antenna Impedance and VSWR 42 
3.3.2 Radiation Patterns 45 

3 .4 The Fourpoint Antenna with a Tuning Plate 4 7 
3.4.1 Tuning Plate Geometries 47 

3 .5 Hardware test model of the F ourpoint antenna with a square-shaped tuning plate 51 
3.5.1 Antenna Impedance and VSWR 52 
3.5.2 Radiation Patterns 56 

3.6 Hardware test model of the Fourpoint antenna with a star-shaped tuning plate 59 
3.6.1 Antenna Impedance and VSWR 60 
3.6.2 Computed Radiation Patterns 63 

3.7 A Circularly-Polarized Fourpoint Antenna 65 
3.7.1 Reflection Coefficient and VSWR 68 
3.7.2 Radiation Patterns 70 

3.8 Parametric Analysis of the Fourpoint Antenna 72 
3.8.1 Parameter 'B' effect. 72 
3.8.2 Parameter 'W' effect- Gap width effect betweenradiating element 72 
3.8.3 Parameter 'ts' effect - Length of center conductor effect.. 72 
3.8.4 Parameter 'h' effect- Height of the radiating element effect above the ground plane 73 
3.8.5 Tuning plate effect. 73 

3.9 Summary 74 
References '. 75 

Chapter 4 Investigation of Tuning Plate Effects with Foursquare and Fourpoint Antennas 76 

4.1 Introduction 76 
4.2 The Foursquare Antenna with a Tuning Plate 77 
4.3 The Fourpoint Antenna with a Tuning Plate 82 
4.4 Summary 84 

References 86 

vii 



Chapter 5 Generalization of the Fourpoint Antenna: The Fourtear Antenna 87 

5.1 Introduction 87 
5.2 Investigation of Gap Shape Effects 90 

5 .2.1 Linearly Tapered Gap 90 
5.2.2 Non-linearly Tapered Gap 93 

5.3 Radiating Element Design of the Fourtear Antenna 98 
5.3.1 A solid Fourtear antenna 98 
5.3.2 The Planar Fourtear antenna 99 

5.4 A Hardware Test Model of the Fourtear Antenna 101 
5.4.1 The Fourtear antenna with the a-a' feed configuration 102 

5.4.1.1 Antenna Impedance and VSWR 102 
5.4.1.2 Radiation Patterns 104 
5.4.1.3 Summary 104 

5.4.2 The Fourtear antenna with b-b' feed configuration 107 
5.4.2.1 Antenna Impedance and VSWR 107 
5.4.2.2 Radiation Patterns 109 
5.4.2.3 Summary 109 

5.5 A Hardware Test Model of a Modified Fourtear Antenna 113 
5.5.1 Antenna Impedance and VSWR : 115 
5.5.2 Radiation Patterns : 118 
5.5.3 Summary 118 

5.6 Summary 121 
References ' ..•......................... 122 

Chapter 6 Planar Inverted Cone Antenna (PICA) 123 

6.1 Introduction 123 
6.2 The Antenna Structure 125 
6.3 A PICA Hardware Test Model I ofFigure 6.1 (b) 128 

6.3.1 VSWR Computations and Measurements 129 
6.3 .2 Radiation Patterns 130 
6.3.3 Summary 133 

6.4 The Teardrop PICA Antenna 134 
6.4.1 VSWR 136 
6.4.2 Radiation Patterns 137 
6.4.3 Summary 138 

6.5 The Two-circular-hole PICA Antenna 146 
6.5.1 Impedance properties of the two-circular-hole PICA antenna 148 
6.5.2 Radiation Pattems 149 

6.6 Su111111ary 154 
References., 156 

viii 



Chapter 7 Wideband Low-profile Dipole Planar Inverted Cone Antenna (LPdiPICA) 157 

7.1 Introduction 157 
7.2 A diPICA antenna without Ground Plane 160 

7 .2.1 Impedance Properties of the diPICA antenna 160 
7.2.2 Radiation Pattern of the diPICA antenna 164 

7.3 A Low-Profile diPICA Antenna Test Model I 167 
7.3.1 Antenna Structure of the LPdiPICA Model!... 167 
7.3.2 Dimensions of the LPdiPICA Hardware Test model!... 169 
7.3.3 Impedance Properties of the LPdiPICA model L. 171 
7.3.4 Radiation Pattern of the LPdiPICA model I 175 
7.3.5 Sununary 181 

7.4 A Low-Profile diPICA Antenna Test Model II 182 
7.5 A Low-Profile diPICA Antenna Test Model IIl 186 

7.5.1 Impedance Properties of the LPdiPICA model III 189 
7.5.2 Radiation Pattern of the LPdiPICA model III 192 

7.6 A Low-Profile diPICA Antenna Test Model IV 197 
7.7 Summary 206 

References 208 

Chapter 8 Conclusions and Future Work 209 

8.1 Summary and Conclusions 209 
8.1.1 Fourpoint Antennas 214 
8.1.2 Fourtear Antennas 215 
8.1.3 PICAAntennas 215 
8.1.4 Evolution of the Investigated Antennas 216 

8.2 Sununary of Original Contributions 219 
8.3 Future Work 220 

References 223 

Appendix A Pattern Measurement of a Balanced Antenna using a Balun 224 

Appendix B Gain vs. Frequency Plots 226 

Vita 230 

IX 



}; 

LIST OF FIGURES I d ii 

Figure 2.1 Transition from 3D sphere to the thin 3D spheroidal wire dipole 9 
Figure 2.2 Bi conical Antenna [2.2]. 12 
Figure 2.3 Discone antenna Typical dimensions are H-0.7?, B-0.6?, D-0.4? and d(<D 

[2.2]. ··············· 12 
Figure 2.4 The bow-tie antenna 13 
Figure 2.5 Geometry of a bow-tie antenna element with a ground plane [2.8]. 14 
Figure 2.6 Concept of the evolution of a wideband antenna from a tapered transmission line 16 
Figure 2.7 Various form of monopole wideband antenna in [2.9]. 16 
Figure 2.8 Various form of monopole wideband antenna in [2.1 O]. 17 
Figure 2.9 The optimum teardrop antenna by N. E. Lindenblad [2.11]. 17 
Figure 2.10 A geometry of an Archimedean spiral antenna [2.4, pp.256]. 19 
Figure 2.11 Geometry of a sinuous antenna [2.4, pp.258]. 20 
Figure 2.12 Circular disc antenna over a ground plane 21 
Figure 2.13 Trapezoidal planar monopole antenna above a ground plane 23 
Figure 2.14 Crossed half disc antenna , , 24 
Figure 2.15 Geometry of the Foursquare antenna [2.21] 26 
Figure 2.16 A two-port circuit model of a balanced-fed antenna 28 
Figure 2.17 Computed and measured impedance and VSWR (referenced to 50-Q) curves of the 

Foursquare antenna in Fig. 2.15 with the dimensions of Table 2.1 [2.21]. 31 
Figure 2.18 Measured radiation patterns of the Foursquare antenna in Fig. 2.15 with the 

dimensions of Table 2.1 [2.21) 33 
Figure 2.19 Geometry of the Cross-diamond antenna [2.21]. , 35 

Figure 3.1 Geometry of the Fourpoint antenna [3.2). 41 
Figure 3.2 Antenna impedance and VSWR (referenced to 50-Q) for the Foursquare antenna 

(measured) in Fig. 2.15 and the Fourpoint antenna (computed) in Fig. 3.1 with the 
dimensions of Table 3.1. Note that the two antennas have the same outer dimensions . 
........................................................................................................................... 45 

Figure 3.3 Radiation patterns of the Fourpoint antenna in Fig. 3.1 and the dimensions of Table 3.1 
computed using HFSS. Note the cross-pol pattern is negligibly small at all 
frequencies 46 

Figure 3.4 Geometries of the Fourpoint antenna with tuning plate. (The radiating element in Fig. 
3.4(a) can be the Foursquare element in Fig. 2.15(a).) 50 

Figure 3.5 Computed and measured antenna impedance and VSWR (referenced to 50-Q) for the 
Fourpoint antenna of Fig. 3.4 (a), (b), (e) with the dimensions of Table 3.3 54 

Figure 3.6 Measured radiation patterns for the Fourpoint antenna with a square-shaped tuning 
plate in Fig. 3.4 (a), (b), (e) with the dimensions of Table 3.3 58 

Figure 3. 7 Computed and measured antenna impedance and VSWR (referenced to 50-Q) curves 
for the Fourpoint antenna with star-shaped tuning plate of Fig. 3.4 (a), (c), (e) with the 
dimensions of Table 3.5 62 

Figure 3.8 Computed radiation patterns of the Fourpoint antenna in Fig. 3.4 (a), (c), and (e) with 
the dimensions of Table 3.5. The cross-pol pattern is not shown because it is 
negligible at all frequencies 64 

X 

• • 



Figure 3.9 The CP Fourpoint antenna geometry. The side view is same with the one in Fig. 3.1 
(b ). Note that tuning plate is not included in the CP Fourpoint antenna 65 

Figure 3.10 A feed network for the left-hand circular polarized (LHCP) Fourpoint antenna with 
wideband hybrids 66 

Figure 3 .11 Computed reflection coefficient and VS WR (referenced to 50-Q) of the left-hand 
circular polarized (LHCP) Fourpoint antenna ofFig. 3.9 with the dimensions listed in 
Table 3.7 69 

Figure 3.12 Computed patterns of the LHCP Fourpoint antenna of Fig. 3.9 at 2.4 GHz 71 

! 
;1' 

Figure 4.1 Geometry of the Foursquare antenna with a circular tuning plate 78 
Figure 4.2 Antenna impedance and VSWR (referenced to 50-Q) computed with Fidelity for the 

Foursquare antenna with and without a circular tuning plate as shown in Fig. 4.1 and 
with the dimensions of Table 4.l 81 

Figure 4.3 Antenna impedance and VSWR (referenced to 50-Q) computed with Fidelity for the 
Fourpoint antenna with and without a star-shaped tuning plate, a_s shown in Fig. 
3.4(a), (c), (e) with the dimensions of Table 3.5 83 

Figure 4.4 Computed VSWR (referenced to 50-Q) curves of 1) the Foursquare antenna without 
tuning plate, 2) the Foursquare antenna with circular tuning plate, 3) the Fourpoint 
antenna without tuning plate and 4) the Fourpoint antenna with a star-shaped tuning 
plate. They have the same outer dimensions of 17 .02_mm (0.67") as listed in Tables 
3.5 and 4.l 85 

Figure 5.1 Input impedance of the Fourpoint antenna with the dimensions listed in Table 5.1 for 
two different uniform gap width 89 

Figure 5.2 The Fourpoint antenna with tapered gaps and the dimensions listed in Table 5.1, 
except for the gap dimensions, Wl =0.254 mm (0.01 ") and W2=1.02 mm (0.04") ..... 91 

Figure 5.3 Antenna impedance and VSWR (referenced to 50-Q) for the Fourpoint antenna of 
Table 5.1 with uniform gap and the tapered gaps computed using the Fidelity code .. 92 

Figure 5.4 Antenna geometry for a Fourpoint antenna with non-linearly tapered gap and the 
dimensions of the Table 5.2 94 

Figure 5.5 Computed antenna impedance and VSWR (referenced to 100-Q) of the non-linearly 
tapered gap Fourpoint antenna of Fig. 5.4 for two feed configurations 96 

Figure 5 .6 Evolution of crossed dipole antenna from monopole antenna 98 
Figure 5.7 Evolution of the solid Fourtear antenna from the solid Teardrop antenna 99 
Figure 5.8 Geometry of the planar Fourtear antenna 100 
Figure 5.9 The hardware test model of the planar Fourtear antenna 101 
Figure 5.10 Computed and measured antenna impedance and VSWR (referenced to 100-Q) for 

the Fourtear antenna in Figs. 5.8 and 5.9 with a-a' feed configuration and the 
dimensions of Table 5.4 103 

Figure 5.11 Measured radiation patterns of the Fourtear antenna in Fig. 5.9 with a-a' feed 
configuration with the dimensions of Table 5.4 105 

Figure 5.12 Measured radiation patterns of the Fourtear antenna in Figs. 5.8 and 5.9 with a-a' 
feed configuration with the dimensions of Table 5.4. The patterns are measured at four 
azimuth angles (cj) =Cf, 45°, 90° and 135°) at a frequency of 1.6 GHz 106 

Figure 5 .13 Computed and measured antenna impedance and VS WR (referenced to 200-Q) for 
the Fourtear antenna in Figs. 5.8 and 5.9 with b-b' feed configuration with the 
dimensions of Table 5.4 108 

xi 



Figure 5.14 Measured radiation patterns of the Fourtear antenna in Fig. 5.9 with b-b' feed 
configuration with the dimensions of Table 5.4 110 

Figure 5.15 Measured radiation patterns of the Fourtear antenna in Fig. 5.8 from 2.2 to 2.8 GHz 
with b-b' feed configuration with the dimensions of Table 5.4. The radiating elements 
are rotated 90° from the Fig. 5.8 (a) to obtain the E-plane pattern in the direction of 
the feed direction 111 

Figure 5.16 Measured radiation patterns of the Fourtear antenna in Figs. 5.8 and 5.9 with b-b' 
feed configuration with the dimensions of Table 5.4. The patterns are measured at four 
azimuth angles (<j> = (f', 45°, 90° and 135°) at a frequency of 1.6 GHz 112 

Figure 5.17 The hardware test model of the modified Fourtear antenna 113 
Figure 5.18 Geometry ofthe modified Fourtear antenna 114 
Figure 5.19 Comparison of the measured modified Fourtear antenna performance (with ground 

plane) of a-a' and b-b' feed configuration with the dimensions of Table 5.5 117 
Figure 5.20 Measured radiation patterns of the modified Fourtear antenna in Figs. 5.17 and 5.18 

with b-b' feed configuration with the dimensions of Table 5.5 119 
Figure 5.21 Measured radiation patterns of the Fourtear antenna in Figs. 5.17 and 5.18 from 2.2 to 

2.8 GHz with b-b' feed configuration with the dimensions of Table 5.5. The radiating 
elements are rotated 90° from the Fig. 5.18 (a) to obtain the E-plane pattern in the 
direction of the feed direction 120 

Figure 6.1 Geometries of the Planar Inverted Cone Antenna (PICA) 127 
Figure 6.2 Computed (solid curve) and measured (dot curve) VSWR (referenced to 50-Q) for the 

PICA antenna of Fig. 6.1 (b) with the dimensions listed in Table 6.1. 129 
Figure 6.3 Antenna geometries used in simulation 130 
Figure 6.4 Computed radiation patterns of disc antennas such as the circular disc, half disc, and 

PICA antennas at several frequencies 132 
Figure 6.5 A teardrop PICA antenna 134 
Figure 6.6 Size and geometry of a teardrop PICA antenna. The coordinate values are in inches . 

......................................................................................................................... 135 
Figure 6.7 Computed and measured VSWR (referenced to 50-Q) ofa teardrop PICA antenna in 

Fig. 6.1 (c) with L = 76.2 mm (3.0") and h=0.64 mm (0.025") 136 
Figure 6.8 Computed radiation patterns for the teardrop PICA hardware test model in Fig. 6.1 (c). 

The azimuth angle 0° angle corresponds to the x-direction in Fig. 6.1 ( c ). The 0° 
elevation angle corresponds to the z-axis direction in Fig. 6.1 (c) 140 

Figure 6.9 Measured radiation patterns for the teardrop PlCA antenna in Fig. 6.1 (c). The azimuth 
angle 0° angle corresponds to the x-direction in Fig. 6.1 ( c ). The 0° elevation angle 
corresponds to the z-axis direction in Fig. 6.1 (c) 145 

Figure 6.10 A PICA Hardware Test Model III 146 
Figure 6.11 Size and geometry of a PICA antenna with two circular holes. The coordinate value 

represents inches · 14 7 
Figure 6.12 Computed and measured VSWR ofa two-circular-hole PICA antenna in Figs. 6.10 

and 6.11 with L = 76.2 mm (3.0") and h = 0.64 mm (0.025") 148 
Figure 6.13 Measured radiation patterns ofa two-circular-hole PICA antenna in Figs. 6.10 and 

6.11. The azimuth angle 0° angle corresponds to the x-direction in Fig. 6.1 ( c ). The 0° 
elevation angle corresponds to the z-axis direction in Fig. 6.1 (c) 154 

xn 



Figure 7.1 Antenna geometries of the PICA antenna family discussed in this chapter 159 
Figure 7.2 A diPICA antenna without ground plane (F' = 2.3 mm (0.09")) 161 
Figure 7.3 Computed antenna impedance and VSWR (referenced to 100-Q) of the diPICA 

. antenna without ground plane in Fig. 7.2 163 
Figure 7.4 Computed radiation patterns of the diPICA antenna without ground plane 166 
Figure 7.5 The structure of the low-profile diPICA antenna (LPdiPlCA) 168 
Figure 7.6 A LPdiPICA antenna hardware test model 1... 169 
Figure 7.7 A 1-port measurement method using a wideband 180° hybrid 172 
Figure 7.8 Computed and measured antenna impedance and VSWR (referenced to 100-Q) of the 

LPdiPICA antenna in Figs. 7.5 and 7.6 with the dimensions listed in Table 7.1. ..... 174 
Figure 7.9 Computed radiation patterns of a LPdiPICA antenna model I in Figs. 7.5 and 7.6 with 

h=I .5" 177 
Figure 7.10 Measured radiation patterns of a LPdiPICA antenna model] in Figs. 7.5 and 7.6 with 

h=I .5" 180 
Figure 7.11 Computed antenna impedance and VSWR (referenced to 100-Q) of the LPdiPICA 

antenna model II in Figs. 7.5 and 7.6 with h=0.75" (thick curve) and 1.50" (thin 
curve) 184 

Figure 7.12 Computed radiation patterns of the LPdiPICA antenna model II in Figs. 7.5 and 7.6 
with h=O. 75" , 185 

Figure 7.13 A two-circular-hole LPdiPICA antenna hardware-test model III... 186 
Figure 7.14 The structure of the two-circular-hole LPdiPJCA antenna 188 
Figure 7.15 Computed and measured antenna impedance and VSWR (referenced to 100-Q) of the 

two-circular-hole LPdiPlCA antenna in Figs. 7.13 and 7.14 with the dimensions 
displayed in Table 7.2 191 

Figure 7.16 Computed radiation patterns of the two-circular-hole LPdiPJCA antenna in Figs. 7.13 
and 7.14 with the dimensions listed in Table 7.2 193 

Figure 7.17 Measured radiation patterns of the two-circular-hole LPdiPICA antenna in Figs. 7.13 
and 7.14 with the dimensions listed in Table 7.2 196 

Figure 7.18 Several tapered ground planes for the low-profile diPJCA antenna 200 
Figure 7.19 A two-circular-hole LPdiPICA antenna with the dimensions listed in Table 7.2 and 

with an exponentially tapered ground plane with a slope of 1.5 e·2' •••••••••••••••••••••••• 201 
Figure 7.20 Computed antenna impedance and VSWR (referenced to 100-Q) of a LPdiPICA 

antenna with an exponentially tapered ground plane with a slope of 1.5 e·2' .•••.•.•... 203 
Figure 7.21 Computed radiation patterns ofa low-profile diPJCA antenna with an exponentially 

tapered ground plane with a slope of 1.5 e·2' •..•...•.....•........•...••.•.•...•...•......••...•...• 204 
Figure 7.22 A functional schematic diagram of a wideband and passive ground plane using 

several layers ofthe Frequency Selective Surfaces [7.4]. 205 

Figure 8.1 An evolution process of the wideband antennas 218 
Figure 8.2 Prototypes of the PICA Family etched on a dielectric material with self-similarity .. 221 

Xlll 



Figure A. l Balanced antenna with a balun 225 

Figure B.l Computed gain plot ofFourpoint antenna discussed in Section 3.6. (see the 
normalized patterns in Fig. 3.8) 226 

Figure B.2 Computed gain plot of modified Fourtear antenna (b-b' feed) discussed in Section 5.5. 
(see the normalized patterns in Figs. 5.20 and 5.21) 227 

Figure B.3 Computed gain plot of PICA discussed in Section 6.4 227 
Figure B.4 Computed gain plot of two-circular-hole PICA discussed in Section 6.5 228 
Figure B.5 Computed gain plot of LPdiPICA discussed in Section 7.3 228 
Figure B.6 Computed gain plot ofLPdiPICA discussed in Section 7.5 229 

XlV 



LIST OFT ABLES 

Table 2.1 Geometry of the Foursquare Antenna of Fig. 2.15 27 
Table 2.2 Measured and Computed Performance of the Foursquare Antenna 34 

Table 3.1 Geometry of the Fourpoint Antenna in Fig. 3.l 42 
Table 3.2 Performance Comparison of the Foursquare Antenna and Fourpoint antenna 43 
Table 3.3 Geometry of the Fourpoint Antenna ofFig. 3.4 (a), (b), and (e) 51 
Table 3.4 Measured and Computed Performance for the Fourpoint Antenna with a Square Tuning 

Plate 55 
Table 3.5 Geometry of the Fourpoint Antenna ofFig. 3.4 (a), (c), and (e) 60 
Table 3.6 Measured and Computed Performance of the Fout-point Antenna with a Star-shaped 

Tuning Plate 61 
Table 3.7 Geometry of the Fourpoint Antenna ofFigs. 3.9 and 3.1 (b) 67 

Table 4.1 Geometry of the Foursquare Antenna with a Circular Tuning Plate in Fig. 4.1 79 
Table 4.2 Electrical Performance and electrical size of the Foursquare Antenna with and without 

Circular Tuning Plate 80 
Table 4.3 Electrical Performance and electrical size of the Fourpoint Antenna with and without 

Star-shaped Tuning Plate 82 

Table 5.1 Dimensions of the Fourpoint Antenna Geometry in Fig. 3.1.. 88 
Table 5.2 Geometry of the Non-Linearly Tapered Gap Fourpoint Antenna of Fig. 5.4 95 
Table 5.3 Computed Performance of the Non-Linearly Tapered Gap Fourpoint Antenna 97 
Table 5.4 Geometry of the Fourtear Antenna of Figs. 5.8 and 5.9 102 
Table 5.5 Geometry of the modified Fourtear Antenna of Fig. 5.18 115 

Table 6.1 Dimensions ofa PICA Hardware Test Model I of Figure 6.1 (b) 128 
Table 6.2 Summary of PICA Antenna discussed in Chapter 6 155 

Table 7.1 Dimensions of the LPdiPICA antenna model I of Figs. 7.5 and 7.6 170 
Table 7.2 Dimensions of the two-circular-hole LPdiPlCA antenna model III of Figs. 7.13 and 

7.14 ·················································································································· 187 
Table 7.3 Summary of the antennas discussed in Chapter 7 207 

Table 8.1 Summary of the wideband antennas investigated in this dissertation 211 

, 
• l 



Chapter 1 

Introduction 

1.1 Motivation 

The demand for wireless wideband communications is rapidly increasing due to the need 

to support more users and to provide more information with higher data rates. Wideband 

antennas are essential for providing wireless wideband communications. Many wireless, 

wideband communication devices require features of low-profile, linear polarization and 

unidirectional patterns in a compact size. Another desirable feature is that of dual 

polarization to support polarization diversity, polarization frequency reuse, or 

polarization agile operation. Many existing wideband antennas, however, are electrically 

large and provide a single circular polarization. 

Wideband antennas are useful for the wideband scanning array antennas in 

military applications. Such applications require several features such as wide scan, 

security, high speed communication and high reliability in a compact size. Note that the 

element size is a critical parameter in determining the scan angle in an array antenna [1.1, 

pp. 130-133]. Small size is desirable for the array antenna, Specifically, a low-profile 



geometry is much more desirable for a space- limited mobile vehicle. Many military 

vehicles, however, contain many protruding antennas for multiple communication links. 

There are many applications in both industry and government for a wideband, low 

profile, polarization diverse antenna 

Since 1994, Virginia Tech Antenna Group (VTAG) has performed research on 

wideband, low-profile and dual-polarized antennas of compact size. Two antennas-the 

Foursquare antenna [1.2] and the Trinuned Foursquare antenna [1.3]-have been patented 

as a result of the research. The Foursquare antenna provides excellent features of a low 

profile geometry, dual-linear (polarization, unidirectional pattern and wideband (about 50 

% bandwidth); all being desirable for wideband conununications in industry and military 

applications. 

This dissertation presents investigation results for several new wideband antenna 

inventions. They are: Fourpoint antenna (Chapter 3), Fourpoint antenna with tuning plate 

(Chapter 4), Fourtear antenna (Chapter 5), PICA antenna (Chapter 6) and low-profile 

dipole PICA antenna (Chapter 7). Provisional patents are filed for three, of these aitennas 

- the PICA antenna [1.4], the Fourpoint antenna [1.5] and the Fourtear antenna [1.6]. 

The newly invented antennas can be used in wideband phased array antennas to 

provide wide-scan, low-profile and dual-polarization features. In addition to phased array 

antenna applications, the newly invented antennas are promising candidate antennas for 

dual-band, dual-polarization base-station array antennas covering AMPS, GSM, DCS and 

PCS bands. 
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1.2 Overview 

In Chapter 2, several wideband antennas are reviewed. Most of them have planar 

geometry except for the spheroidal antenna [1.7, pp. 480-482], teardrop antenna [1.8, pp. 

9] and biconical antenna [1.1, pp. 242-243]. The concept of the teardrop antenna was 

largely used in antenna inventions. Monopole disc antennas are also extensively reviewed 

in Chapter 2 because they are fundamental to the development of the Planar Inverted 

Cone Antenna (PICA). The Foursquare antenna is also reviewed in detail due to the 

direct relationship to the Fourpoint antenna. 

TI1e Fourpoint antenna, discussed in Chapter 3, improved the performance of the 

Foursquare antenna dramatically without increasing mechanical size. A tuning plate was 

added to the Fourpoint antenna to enhance the impedance bandwidth by extending the 

high :frequency performance. The idea of the performance enhancement is discussed 

extensively with computed data and measured data from two hardware test models. A 

circularly polarized Fourpoint antenna was simulated and the results demonstrate that the 

Fourpoint antenna is able to provide not only dual- linear polarization but also circular 

polarization. 

In Chapter 4, the effect of the tuning plate is presented for both Foursquare and 

Fourpoint antennas. TI1e computed impedance characteristics are compared for cases with 

and without the tuning plate. The simulation results demonstrate that the tuning plate 

enhances the impedance bandwidth of the both Foursquare and Fourpoint antennas 

toward the high end of the frequency band. 

In Chapter 5, the gap in the Fourpoint antenna was investigated to enhance the 

impedance bandwidth further. TI1e Fourtear antenna was invented as a result of this 

investigation. The Fourtear antenna, however, has an asymmetrical geometry, giving 

impedance characteristics that are different for each feed configuration. A modified 

Fourtear antenna with hexagonal geometry was developed and measured in an attempt to 

minimize the impedance difference for each feed configuration. The measured results 

demonstrate that the modified Fourtear antenna provides similar impedance 

characteristics for each feed configuration. 
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A newly invented PICA antenna is discussed in Chapter 6. The PICA antenna 

evolved from the monopole disc antennas discussed in Chapter 2. The PICA antenna was 

examined using several hardware test models. The results demonstrate that the PICA 

antenna enhances the radiation pattern bandwidth significantly compared to the monopole 

disc antennas reviewed in Section 2.5. Moreover, the PICA has smaller size than 

conventional monopole disc antennas. 

In Chapter 7, a modified PICA antenna is presented. The dipole PICA (diPICA) 

was simulated and the results demonstrate that the di.PICA antenna has extremely wide 

impedance and pattern bandwidth. The cliPJCA antenna w~ modified further forming a 

low-profile diPJCA (LPdiPICA) with a unidirectional pattem. The LPdiPICA was 

measured at the Virginia Tech Antenna Group providing wide impedan~e. The LPdiPICA 

antenna was found to suffer a degrading radiation pattern as the frequency increases. To 

enhance the radiation pattern at high frequencies, an exponentially tapered ground plane 

was simulated. The simulation results demonstrate that the tapered ground plane 

enhances the radiation performance at high frequencies. 

In Chapter 8, the investigation results of this dissertation are summarized and 

possible future work is proposed. 
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Chapter 2 

Literature Review· 

The IEEE (Institute of Electrical and Electronics Engineers) standard [2.1, pp. 5] defines 

the bandwidth of an antenna as "the range of frequencies within which the performance 

of the antenna, with respect to some characteristics, conforms to a specific standard." In 

this dissertation, the bandwidth is defined for impedance and radiation pattern separately. 

The impedance bandwidth is defined for a VSWR less than 2. The radiation pattern 

bandwidth, however, is hard to define with a specific criterion, so it is simply taken to be 

the frequency range within which the patterns are acceptable for a specific application. 
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The bandwidth can be denoted as a percent of the center frequency Bp as follows: 

B, = fu - JL x 100% . 
1 fc 

where fc = f L + fu and f u and /L are the upper and lower frequencies of operation for 
2 

(2-1) 

which satisfactory performance is obtained [-2.2, pp.225). 

Bandwidth may also be defined as a ratio B,. by [2.2, pp.225] 

(2-2) 

Basic wideband antenna structures have been investigated since the early 1940's. 

Stratton and Chu [2.3], [2.4] proposed the spheroidal antenna in 1941. Their study of 

spheroidal antennas was obtained by a straightforward solution of Maxwell's equation. 

However, spheroidal antenna analysis cannot be applied to general antennas of arbitrary 

shape. 

In 1943, Schelkunoff proposed a biconical antenna which can be easily explained 

with Maxwell's equations [2.4] [2.5). He also extended his analysis results for the 

biconical antenna to antennas of general shape. He presented analytical formulas for 

antenna impedance characteristics for several antenna shapes. The biconical antenna is 

still widely used for wideband antenna applications and its variations, including the 

discone antenna and the bow- tie antenna, are popular antennas for wideband applications. 

In 1947, a wideband antenna concept was proposed by the staff of the U.S. Radio 

Research Laboratory at Harvard University [2.9). The concept of a wideband antenna 

evolves from a transmission line that gradually diverges while keeping the inner and 

outer conductors ratio constant. Several variations of the concept were developed, such as 

the teardrop antenna, sleeve antenna and inverted trapezoidal antenna, etc. 

In 1950's, the spiral antenna was introduced in the class of frequency independent 

antennas. TI1e equiangular spiral and Archimedean spiral antennas are the most well 
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known spiral antennas. Spiral antennas have about a 10: 1 bandwidth, providing circular 

polarization in a low-profile geometry [2.12]. 

In 1982, R. H. Duhamel invented the sinuous antenna, which provides dual- linear 

polarization plus wide bandwidth in a compact, low-profile geometry [2.15]. The sinuous 

antenna is more complicated than the spiral antenna However, it provides dual 

orthogonal linear polarizations so that it can- be used for polarization diversity or for 

transmit/receive operation. Also, the two two-arm pair outputs can be combined to 

produce simultaneous LHCP and RHCP [2.2]. 

Several monopole disc antennas have been invented since 1992 [2.16]-[2.20]. 

TI1ey produce very wide bandwidth with a simple structure such as circular, elliptical or 

trapezoidal shapes. The radiating elements are mounted orthogonal to a ground plane and 

are fed by a coaxial cable. The monopole disc antennas are promisil~g antennas for Ultra 

Wideband (UWB) applications. 

In 1999, the Foursquare antenna was invented and patented by Virginia Tech 

Antenna Group (VTAG). Even though the Foursquare antenna does not offer as much 

bandwidth as other elements discussed in this chapter, it has its unique characteristics 

such as unidirectional pattern, dual-polarization, low-profile and compact geometry 

[2.21], [2.22]. The compact geometry of the Foursquare antenna is one of a desirable 

feature for wide-scan, phased array antenna TI1e scanning performance of the array is 

generally determined by the element spacing, which is limited by the element size. For 

wideband antennas the operating band is very broad, making the electrical distance 

between the elements larger as the frequency increases. Ideally, less than 'A/2 spacing is 

desired over the frequency band. When the element size is large, the spacing will easily 

exceed the 'A/2 spacing at high frequency so the scanning performance of the array is 

degraded. Therefore small size antenna such as offered by the Foursquare antenna ts 

desirable for a wideband array antenna, The remainder of this chapter discusses many of 

the wideband antennas. 
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2.1 Spheroidal Antenna [2.3] [2.4] 

In 1941, Stratton and Chu presented solutions not only for spherical antennas but also for 

prolate spheroidal antennas as shown in Fig. 2.1. Figure 2.1 shows the evolution from a 

sphere to a thin spheroidal wire dipole. Axial symmetry is assumed, and the excitation 

voltage is applied across a very small gap at the center. 

(a) Spherical wire (b) Spheroidal wire ( c) Thin wire. 

Figure 2.1 Transition from 3D sphere to the thin 3D spheroidal wire dipole. 

Stratton and Chu noted that spheroidal antenna characteristics are quite similar in 

nature but different in magnitude from the results for the sphere. TI1ey found that large 

eccentricity (large ratios of length to diameter) generate sharp resonances in contrast to 

the broad resonance of the sphere. They mentioned that zero reactance occurs when the 

antenna length is slightly less than a half wavelength for long thin wires (about 0.49 A or 

98 % of the antenna length). However, for fatter wires zero reactance may occur when 

the antenna length is greater than a half wavelength. For a spherical conductor there is no 

place at which input reactance is zero; there is always a capacitive component. 

It was evident that the fatter antenna makes the impedance curve broader, and 

thus provides wider bandwidth. 
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2.2 Biconical Antenna [2.2] - [2.7] 

In 1943, Schelkunoff proposed a biconical antenna as shown in Fig. 2.2 [2.4] [2.5]. The 

biconical antenna concept is based on the fact that thicker wire provides wider impedance 

bandwidth than that for a thin wire dipole ante~ma [2.2]. This concept can be extended to 

further increase bandwidth if the conductors are flared to form the biconical structure in 

Fig. 2.2. The biconical antenna can be analyzed as transmission line if the biconical 

antenna is flared out to infinity. The infinite biconical antenna, as shown in Fig. 2.2 (a), 

acts as a guide for a spherical wave. It was proved that there is only a TEM mode in the 

in.finite biconical antenna [2.2]. 

The input impedance of the in.finite biconical antenna can be computed from the 

ratio of terminal voltage and current, The terminal voltage and current can be computed 

by integrating Ee and Hrp respectively [2.2]: 

(2-3) 

2p 

I(r)= fH1rsin ?df=2prH1sin? = H0 e-1~1• . . 2 
0 

(2-4) 

The characteristic impedance at any point r, from (2-1) and (2-2), is 

v(r) ? ( ? ) 
Z0 = I(r) =~In cot ·; . (2-5) 
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Since this is not a function of distance r, the antenna input impedance must also be equal 

the characteristic impedance. Thus, (2- 5) gives the input impedance: 

(2-6) 

where % ~ 120 was used. 
For eh less than 20°, 

(2-7) 

where eh is in radians. 
The input impedance of the infinite bi.conical antenna is real valued because there 

is only a pure traveling wave. In other words, the infinite structure has no discontinuities 

and does not cause reflections that, in turn, set up standing waves, which generate a 

reactive component in the impedance [2.2]. 

TI1e practical form in the biconical antenna family is the finite biconical antenna 

shown in Fig. 2.2(b) and formed by finite sections of the two infinite cones. TI1e 

discontinuity at the ends of the cones causes higher order modes, which introduce a 

reactive component and increase the standing wave ratio. However, experimental results 

by G. H. Brown revealed that for large angle eh (see the Fig. 2.2 (b)) the reactive 
component is reduced and the bandwidth is wider [2.6]. 
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(a) Infinite biconical antenna (b) Finite biconical antenna 

Figure 2.2 Biconical Antenna [2.2]. 

A variation of the finite biconical antenna, called the discone antenna, was developed by 

Kandoian in 1945 [2.7]; see Fig. 2.3. A disc-shaped ground plane is used instead of a 

cone on top of the finite biconical antenna shown in Fig. 2.3. There are many useful 

applications for the discone antenna. 

l 
pt.,.._ 
i 

Figure 2.3 Di scone antenna. Typical dimensions are H-0. 7 ?, B-0.6 ?, D-0.4? and d (( D 
[2.2]. 
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2.3 Bow-tie Antenna [2.6] [2.8] 

The bow- tie antenna is a planar version of the finite biconical antenna discussed in 

Section 2.2 and is a much simpler geometry as shown in Fig. 2.4. It offers less weight and 

less cost to build, but has a somewhat more frequency sensitive input impedance than the 

finite biconical. The bow-tie antenna provides a dipole-like omni-directional pattern with 

broad main beams perpendicular to the plane of the antenna. Since the currents are 

abruptly terminated at the ends of the fins, the antenna bandwidth is limited to about 2: 1 

[2.6]. 

Figure 2.4 TI1e bow- tie antenna, 

TI1e bow- tie antenna has been used in a planar array for aircraft flight test and 

evaluation of an UHF radiometer system [2.8]. Basically, the same bow-tie antenna 

element studied in [2.6] was applied to the radiometer system. But it was operated over a 

conducting ground plane to provide a unidirectional radiation pattern. The bow- tie 

antenna element shown in Fig. 2.5 has the flare angle of 60° and it employs a balun to 

feed the elements with a coaxial cable. The best wideband impedance characteristic was 

obtained for a dipole length of about 0.3A (L) and height of about 3/8A (H) at the center 

frequency. The simple bow-tie antenna achieved a bandwidth (VSWR < 2) of 37 % at the 

50-Q coaxial cable input; see Fig. 2. in [2.8]. The measured radiation patterns in [2.8] 

demonstrate the effect of the separation of the dipole and ground plane; see Figs. 3 and 4. 

in [2.8]. A slight depression was observed at the bore-sight direction of radiation patterns 

at upper frequency. The depression deepens as the frequency increases. However, the 
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distortion disappears when the separation between the element and ground plane is 

decreased; but the reduced height causes high VSWR so the impedance bandwidth may 

be reduced. This is the trade-off relationship between VSWR aid radiation pattern in the 

bow-tie antenna with a ground plane. 

.159cm 

T 
H 

.3.'.Bcm. ·..;t I~ *.3S8tt:n 1 

tt;____ S(r ohm coax 

Figure 2.5 Geometry of a bow-tie antenna element with a ground plane [2.8]. 
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2.4 Teardrop Antenna [2.9] - [2.11] 
An antenna may be defined as a structure associated with the region of the transition 

between a guided wave and a free space, or vice versa. The transmission line acts as a 

guide for a plane wave and it has constant impedance over a broadband of frequencies. 

Figure 2.6(a) shows a coaxial transmission line flared out while maintaining the 

ratio of the conductor diameter D/d constant [2.1 OJ. Thus, the characteristic impedance of 

the line is constant along the transmission line. If the . taper is gradual and D is large 

where the line ends, this device radiates with little reflection over very wide bandwidth as 

shown in Fig. 2.6 (b) [2.9]. Several variations from the wideband antenna concept are 

presented in Figs. 2. 7 [2.9] and 2.8 [2.1 OJ. Note that many antennas among the variations 

designed in 1940's are used in industry today. 

The teardrop antenna shown in Fig. 2.8(b) was designed by shaping the top of the 

conductor shown in Fig. 2.8(a). The impedance bandwidth of the teardrop antenna is 

nearly as wide -as that of the device in Fig. 2.8(a) and it radiates a guided wave into free 

space. The teardrop antenna was extensively studied by L. E. Lindenblad in 1941 to 

employ the antenna concept in a television antenna at the Empire state building television 

station [2.11]. Experimental results presented in [2.11] demonstrate that the shape of the 

teardrop antenna is a major factor in determining the bandwidth; see Fig. 11 in [2.11]. 

The optimum ratio of the teardrop antenna dimensions obtained experimentally are 

shown for the antenna in Fig. 2.9. Based on the teardrop antenna element, the television 

antenna was built on Empire State Building. The information on how the antenna works 

is not clearly described in the article. However, the concept of the teardrop antenna was 

employed in the television antenna of the Empire state building to obtain a wide 

bandwidth. 
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(a) A flared out transmission line [2.1 O]. (b) A wideband antenna [2.9). 

Figure 2.6 Concept of the evolution of a wideband antenna from a tapered transmission 
line. 

------ 
•• 

r ~ ~--:-/ 

(c) (a) 
1 ll 

(e) (f) 
(d) 

(g) 

Figure 2.7 Various form of monopole wideband antenna in [2.9). 
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(a) 

++ 111 
(e) (c) (d) 

(b) 

(f) (g) ()1) 

Figure 2.8 Various form of monopole wideband antenna in [2.10]. 

b:a=S:2 
c:d '"' 7:5 
e:;p,:£:2 

Iopu!. 
lrHflOO!UJ(iC 
HO!.:J 

Figure 2.9 The optimum teardrop antenna by N. E. Lindenblad [2.11]. 
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2.5 Spiral Antennas [2.2), [2.12] - [2.14] 

Spiral antennas belong to the class of planar :frequency independent antennas and are 

formed from a spiraled two-wire transmission , line that gradually transforms itself into a 

radiating structure. An equiangular spiral antenna. published by J. D. Dyson in 1959 is the 

earlist spiral antenna [2.12]. The spiral antenna design and its operation have been 

explained in many references that will not be cited here; see [2.2]. Several variations of 

the equiangular spiral antenna have been developed such as Archimedean spiral antenna. 

The Archimedean spiral antenna shown in Fig. 2. 10 has the form of a self 

complementary antenna, in which arm metallization is as; thick as the space between 

arms. In theory, the self-complementary antenna has about 188.5-0 input impedance 

[2.13]. However, the experimental data revealed that the impedance ranges from 120 to 

200-0 [2.14]. It is generally well known that the Archimedean spiral antenna produces a 

broad main beams perpendicular to the plane of spiral [2.2]. The broad main beam can be 

converted to the unidirectional beam by backing the spiral with a ground plane, which is 

desirable in most applications. The cavity-backed Archimedean spiral antenna employing 

a metallic cavity behind the spiral is popular for producing a unidirectional beam. In most 

commercial products, absorbing materials are loaded in the cavity to reduce the 

resonance effects; however, this introduces loss and consequent gain reduction. Typical 

performance parameters for the cavity-backed Archimedean spiral are Half Power Beam 

Width= 75°, [Axial Ratiol= 1 dB, Gain= 5 dB over a 10:1 bandwidth or more. The input 

impedance is about 120-0 and is nearly real. The performance of the equiangular spiral is 

similar to that of the Archimedean [2.2]. 
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Figure 2.10 A geometry ofan Archimedean spiral antenna [2.4, pp.256]. 

2.6 Sinuous Antenna [2.14], [2.15] 
The sinuous antenna shown in Fig. 2.11, invented by R. H. Duhamel in 1982, is the most 

recent frequency independent antenna It offers several advantages such as wide 

bandwidth and dual- linear or dual-circular polarization with low-profile geometry as 

[2.15]. The sinuous antenna has a four mm self-complementary structure that is fed in a 

balanced manner; and its diameter is about 0.4? L at lowest operating frequency. Based 

on the self-complementary antenna theory, the sinuous antenna should have an input 

resistance of 188.5-Q and an input reactance of 0-Q over its bandwidth of operation in 

free space. However, measured data reveals that it has lower impedance than the 

theoretical value [2.14]. The measured input resistance was between 160-Q and 190-Q 

for substrate [e, = 2.33) thicknesses of 30 mils and 5 mils, respectively, keeping the 

input reactance near O-n [2.15]. The substrate material also affects the characteristics of 

the sinuous antenna 
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Most antenna applications require a ground plane to be used with low-profile 

antennas, such as the sinuous antenna, in order to produce a unidirectional beam. But the 

ground plane usually changes the antenna impedance characteristics over the operating 

band. Thus, the performance of frequency independent antennas, such as the sinuous, is 

greatly altered when used with a ground plane. 

Figure 2.11 Geometry of a sinuous antenna [2.4, pp.258]. 
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2. 7 Disc Antennas [2. 16]-[2.20] 

Several disc type antennas have been invented since 1992. Disc antennas are named for 

their thin disc radiating structure which can be circular, elliptical, trapezoidal, or crossed 

half disc antenna, This section reviews several disc antennas. 

2. 7.1 Circular Disc Antenna [2.16], [2.17] 

A flat circular disc antenna was proposed as a TV antenna operating at 90- 770 MHz in 

1992 [2.16]. The circular disc antenna is composed of a flat circular disc mounted above 

a ground plane as shown in Fig.2-12. 

disc monopole 

' t connector h 

z 

x~ y 

ground plane 

Figure 2.12 Circular disc antenna over a ground plane. 

(AL is wavelength at the lowest operating frequency.) 
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The circular disc antenna has a very large impedance bandwidth, about 10: 1. A 

circular disc antenna of diameter A=25 nun, made of 0.5 nun thick brass plate mounted at 

height h=O. 7 nun over a square ground plane (30 cm x 30 cm) yielded acceptable 
c: 

impedance (VSWR<2) over the operating band from 2.25 to 17.25 GHz for a bandwidth 

of 7.7:1. [2.17] However, the radiation patterns of the circular disc antenna degrade at the 

high end of the band. The direction of the conical beam maxima in the E-plane pattern 

vary from 30° to 60° in elevation as frequency increases from 2.5 to 9.0 GHz, whereas in 

the H-plane the pattern remains somewhat omni-directional with maximum variation in 

azimuth increasing from 4 to 7 dB over the band. [2.1 7] 

2. 7.2 Modified Flat Monopole Antennas [2.18] 

Several modified flat monopole antennas were proposed in [2.18] to obtain better 

impedance bandwidth. 111ey are elliptical, square, rectangular, and hexagonal shaped flat 

monopoles. An elliptical disc monopole antenna having an ellipticity ratio of 1.1 yields 

the best performance. [2.18] However, the modified flat monopole antennas still suffer 

from radiation pattern degradation in E-plane. 

2. 7.3 Trapezoidal Flat Monopole Antenna [2.19] 

The trapezoidal shape flat monopole antenna shown in Fig. 2.13 has been proposed as a 

variation of square flat monopole antenna, [2.19] The impedance bandwidth of the 

antenna was optimized by tapering the lower base near the ground plane. However, the 

trapezoidal flat monopole antenna does not solve the problem of variations in tilt angle of 

the E-plane pattern peak. [2.19] 
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trapezoidal element 

l 
t 

ground plane connector h 

Figure 2.13 Trapezoidal planar monopole antenna above a ground plane . 

. 0-L is wavelength at the lowest operating frequency.) 

2. 7.4 The Crossed Half-Disc Antenna [2.20] 

The crossed half-disc antenna shown in Fig. 2.14 was proposed as a variation of the 

crossed bow-tie antenna. [2.20] The crossed flat (i.e. planar) elements improve the 

antenna pattern over the impedance bandwidth compared to a single half disc element. 

The dotted circle inside of the half disc in Fig. 2.14 represents the size of a circular disc 

having similar impedance bandwidth. TI1e crossed half-disc antenna has about twice the 

maximum dimension of the circular disc antenna, 

Typical specifications for omni-directional antennas from 0.5 to 18 GHz require 

±2.0 dB pattern variation from omni-directional, 0 dBi gain, and 3:1 Voltage Standing 

Wave Ratio (VSWR). The crossed half-disc antenna maintains the pattern and gain 

specifications over wide bandwidth, with a 2: 1 VSWR from 0.5 to 18 GHz [2.20]. 

However, cross polarization can be high. 
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(b) Side view 

Figure 2.14 Crossed half disc antenna, 

(AL is wavelength at the lowest operating frequency.) 
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2.8 Foursquare Antenna [2.21] - [2.23] 

The Foursquare antenna was patented by VTAG in 1999 [2.21]. Since it is the motivation 

for the Fourpoint antenna, which is one of main contributions in this dissertation, we 

describe the Foursquare antenna in detail here. 

2.8.1 The Antenna Structure 

The Foursquare antenna provides wideband performance and several practical advantages 

for commercial and military applications. Its features are a low-profile geometry, dual 

polarization, compact radiating element size, making it ideal for use as an an·ay element. 

The Foursquare antenna consists of four square-shaped flat radiating "squares" etched on 

a dielectric substrate and positioned above a ground plane as shown in Fig. 2.15. 

Opposing squares are fed with equal amplitude and opposite phase. The Foursquare 

provides dual, orthogonal linear polarizations naturally, but these polarization outputs can 

be processed to produce any polarization state(s). In this section, we present the dual 

linear polarization configuration. 

The diagonal length of the antenna ..J2 A is about ? L /2 and the height 'h' of the 

element above the ground plane is about ? u / 4 , where ? L and ? u represent wavelength 

at the lower and upper operating frequencies f L and f u [2.21 ], [2.22]. 
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H-plane E-plane 

Dielectric substrate 

z 

(a) Top view of the Foursquare antenna. 

Dielectric substrate 
Metallization 

(b) Side view of the Foursquare antenna 

Figure 2.15 Geometry of the Foursquare antenna [2.21]. 
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2.8.2 Hardware Test model of the Foursquare antenna 

A hardware test model of the Foursquare antenna was constructed and tested with the 

dimensions listed in Table 2.1 [2.21]. 

Table 2.1 

Geometry of the Foursquare Antenna of Fig. 2.15 [2.21]. 

Description Symbol Size 

Element side length A 21.3 mm (0.84") 

Substrate side length C 21.8 mm (0.86") 

Gap width w 0.25 mm (0.01 ") 

Substrate thickness ts 0.7 mm (0.028") 

Foam thickness 1:ct 6.4 mm (0.25") 

Element height above ground plane h 7.06 mm (0.278") 

Feed positions distance F' 4.3 mm (0.17") 

A dielectric constant 2.33 of the dielectric substrate was used in both simulation 

and measurement. Both the input impedance and the radiation patterns were measured at 

Virginia Tech Antenna Group. The Foursquare antenna was also simulated using both the 

Fidelity code (FDTD) from Zeland software [2.23] and the Agilent HFSS (High 

Frequency Structure Simulator) code (FEM) from Agilent Technologies [2.24]. 
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2.8.2.1 Antenna Input Impedance [2.25} 
Input impedance of an antenna is the ratio of the voltage to current at the antenna 

terminals. The input impedance is composed of real and imaginary parts. Maximum 

power is radiated from the antenna at frequencies where the input impedance is closed to 

real value. Usually antenna is fed by transmission line such as coaxial cable, microstrip 

line, etc. TI1e goal is to match the antenna impedance to the characteristic impedance of 

the connecting transmission line. However, a standing wave is caused by the impedance 

mismatch between the antenna and the transmission line. VSWR(Voltage Standing Wave 

Ratio) is measured with the ratio of the maximum voltage to the minimum voltage of the 

standing wave; VSWR=l implies that the antenna and the transmission line are perfectly 

matched. 

Foursquare antenna employs a balanced coaxial feed system having double 

coaxial cable of which outer conductors are soldered to each other (see Fig. 2.15(b)): they 

are fed with 180° phase difference. TI1e balanced coaxial feed system is modeled as a 

two-port circuit in Fig. 2.16. 

0 rlz~,110 
I I o 0 

port 1 port 2 

Figure 2.16 A two-port circuit model of a balanced-fed antenna. 
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The S-parameter of the two-port network will be obtained from measurement or 

simulation. Solving for Zant using the S- parameter gives 

1 +S11 -S21 Z -2Z s 
an,- Ol-S11+ 21 (2-6) 

TI1e input impedance of a hardware test model in Table 2.1 was measured using a HP 

851 OB network analyzer and was also computed using commercial codes, Fidelity and 

Agilent HFSS. Figure 2.17 shows the computed and measured impedance and VSWR 

(referenced to 50-Q) curves of the Foursquare antenna in Fig. 2.15 and Table 2.1. TI1ey 

give similar results as shown in Fig. 2.17. The agreement between the measured and 

calculated results indicates that accurate studies can be performed by simulation. Note 

that the resistance of the antenna is about 50-Q over the operating band and the reactance 

of the antenna is mostly inductive. 
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(a) Antenna Impedance (R: Resistance, X: Reactance). 
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(b) VSWR referenced to 50-Q. 

Figure 2.17 Computed and measured impedance and VSWR (referenced to 50-Q) curves 
of the Foursquare antenna in Fig. 2.15 with the dimensions of Table 2.1 
[2.21). 
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2.8.2.2 Radiation Pattern 
The radiation patterns of the Foursquare antenna was also measured on the outdoor range 

at Virginia Tech Antenna Group. In order to feed double coaxial cable, a 180° hybrid was 

used. The output ports of the hybrid are connected to each coaxial cable of the 

Foursquare antenna. Both E- and H- plane patterns are measured at several different 

frequencies: 4.5 GHz, 6.0 GHz and 7.25 GHz. The Eplane pattern is the radiation pattern 

measured in a plane containing feed; see Fig. 2.15 (a). The H-plane pattern is the 

radiation pattern in a plane orthogonal to the E-plane. They have similar radiation 

patterns over the frequencies, which is ideal for wideband antenna characteristic. 

Computed patterns from Agilent HFSS are compared with the measured patterns as 

shown in Fig. 2.18. They show very good agreement each other. 
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E-plane Pattern at 6.0 GHz 
0 

'"'"'" Measured 
......... HFSS 

180 

(a) Measured and computed E-Plane pattern at 6 GHz (10 dB/division). 

H-plane Pattern at 6.0 GHz 
0 

i """" Measured 
! HFSS 

180 

(b) Measured and computed H- Plane pattern at 6 GHz ( 10 dB/division). 

Figure 2.18 Measured radiation patterns of the Foursquare antenna in Fig. 2.15 with the 
dimensions of Table 2.1 [2.21]. 
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The measured and computed data of the Foursquare antenna are tabulated in Table 2.2. 

The Foursquare antenna has about 20 % bandwidth at VS~ ::;; 2. 

Table 2.2 

Measured and Computed Performance of the Foursquare Antenna 

(Geometry: Figure 2.15; Performance curve: Figure 2.17; Pattern: Figure 2.18) 

Performance 
Description Symbol 

Measured [2.21] Simulated 

Lowest frequency at VSWR =2 fL (VSWR=2) 5.5 GHz 5.4 GHz 

Upper frequency at VSWR =2 fu (VSWR=2) 6.7 GHz 6.65 GHz 

Percent bandwidth Bp 19.7 % 20.7 % 

Element size in AL A 0.39 AL 0.38 AL 

Substrate size in AL C 0.4 AL 0.39 AL 

Height h in AL h 0.13 AL 0.127 AL 

Beam width of E- plane at t HPE at fL ~ 60° ~ 60° 

Beam width ofH-plane at t HPH at fL ~ 70° ~ 70° 

Beam width ofE-plane at fu HPE at fu ~ 60 
0 

~ 60° 

Beam width ofH-plane at fu HPH at fu ~ 70° ~ 70° 
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2.8.3 Variation of the Foursquare antenna 

A Cross-diamond antenna was also proposed in [2.21] as a second embodiment of the 

Foursquare antenna, The basic construction of the Cross-diamond antenna is the same as 

the Foursquare antenna, The Crossed-diamond radiating element as shown in Fig. 2.19 is 

composed with crossed four diamond shaped metal plates with included angles a 1 and a 2 • 

That may be the same or different, depending on the applications. A test model with the 

same outer dimensions with the Foursquare antenna listed in Table 2.1 and with angles 

a1 =60°and a2 =59.76° was constructed and measured. TI1e measured data 

demonstrated that the Cross-diamond antenna may be used in the same applications as 

the Foursquare antenna and has a bandwidth intermediate between conventional dipole 

antenna and the Foursquare antenna [2.21]. 

Figure 2.19 Geometry of the Cross-diamond antenna [2.21]. 

(Only top view is presented. Side view is same with the Fig. 2.15 (b ).) 
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2.9 Summary 

Several wideband antennas were reviewed in the historical discussion in this chapter. 

Since the spheroidal antenna has been developed in 1941, several wideband antennas 

have been developed in various forms. Three-dimensional geometric forms of wideband 

antenna were used in the early year, evolving into compact and low-profile geometries in 

l 980's, as needed for today commercial and government markets. Moreover, dual-linear 

polarization forms were achieved based on the single polarization forms with a low 

profile geometry. Wideband, low-profile and dual-linear polarization antennas have in 

industry and govemment applications. 

Recently, in addition to the wideband, low-profile and dual-linear polarization 

characteristics, many researches are :investigating increases gain structure with a 

unidirectional radiation pattern. Generally, the unidirectional radiation pattern is achieved 

by employing a ground plane below the radiating element; however, this introduces the 

risk of degrading characteristics of the antenna, The unidirectional antenna with wide 

bandwidth and dual- polarization antenna in a low- profile geometry is useful for high 

performance base-station antennas for wireless communications and point-to-point 

communication applications, etc. Moreover dual-band or multi- band operation with those 

characteristics is the challenging technique in designing an antenna for wireless 

communications. Currently, commercial base-station antennas require high gain, dual 

polarization and dual-band or multi-band operation covering AMPS/GSM and DCS/PCS 

characteristics in a low-profile geometry. 
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Chapter 3 

The Fourpoint Antenna 

3.1 Introduction 
Foursquare antenna offers several advantages, including wide bandwidth, low-profile 

geometry, unidirectional pattern with high gain and dual-linear polarization [3.1). During 

the investigation of the Foursquare antenna, it was found that the reactive component of 

the input impedance is mostly inductive over the operating band; see Fig. 2.17 (a). It was 

recognized that if the pure inductive reactance is replaced with a reactive component that 

is centered about zero reactance over the band, the impedance bandwidth could be 

increased in the upper part of band. Based upon this motivation, an antenna was newly 

invented that offers several advantages over the previous Foursquare antenna, The new 

antenna called the Fourpoint antenna is described in detail in this chapter [3.2). 

39 



3.2 The Antenna Structure 

The geometry of the proposed Fourpoint antenna is shown in Fig. 3.1. It is based on the 

Foursquare antenna of Fig. 2.15, but provides significantly improved impedance 

bandwidth. It is an evaluation of the Foursquare formed by eliminating the comers of the 
' ' 

Foursquare antenna introducing radiating structures that Jia~e four points rather than four 

squares. The indentation between the four points introduces capacitive reactance at upper 

part of the frequency band, balancing the inductive reactance component of the 

Foursquare antenna, Thus, the reactive components are equally distributed over the entire 

band in the Fourpoint antenna The remainder of the geometry is same with the 

Foursquare antenna. 
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(a) Top view of the Fourpoint antenna. 

Dielectric substrate 
Metallization 

(b) Side view of the Fourpoint antenna 

Figure 3.1 Geometry of the Fourpoint antenna [3.2]. 

41 

z 

L, 
y 



3.3 Simulation of the Fourpoint Antenna 

The simulation model for the Fourpoint antenna in Fig. 3.1 was evaluated using both the 

Fidelity and HFSS codes [3.3], [3.4] to determine performance. The dimensions of the 

Fourpoint antenna are listed in Table 3.1. Simulating the antenna with two different 

commercial code increases the reliability of the computed results. For ease of 

comparison, the same outer dimensions of the Foursquare antenna in Fig. 2.15; that is, A 

is the same, were used for both simulation case. 

Table 3.1 
Geometry of the Fourpoint Antenna in Fig. 3.1. 

Description Symbol Size 

Element side length A 21.3 mm (0.84") 

Length B B 15.7 mm (0.62") 

Substrate side length C 21.8 mm (0.86") 

Gap width w 0.25 mm (0.01 ") 

Substrate thickness ts 0. 7 mm (0.028") 

Foam thickness ~ 6.4 mm (0.25") 

Element height above ground plane h 7.06 111111 (0.278") 

Feed positions distance F' 4.3 mm (0.17") 

3.3.1 Antenna Impedance and VSWR 
The same technique as described in Section 2.8.2.1 was used to find antenna impedance. 

In Fig. 3.2, shows the computed antenna impedance and VSWR curves for the Fourpoint 

antenna. The VSWR curves are referenced to 50-Q input impedance. The data computed 

using two commercial codes Fidelity and HFSS agree very well with each other, adding 

confidence to the accuracy of the simulation approaches. Also shown in Fig. 3.2 are 
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measured results for the Foursquare antenna, permitting comparison of Fourpoint and 

Foursquare antenna performances. 

The geometry characteristics and performance values of the Foursquare and the 

Fourpoint are tabulated in Table 3.2 for easy comparison. 

Table 3.2 

Performance Comparison of the Foursquare Antenna and Fourpoint antenna, 

(Geometry: Figs. 2.15 & 3.1, VSWRcurve: Figs. 2.17 & 3.2, Pattern: Figs. 2.18 & 3.3) 

Performance 
Description Symbol 

Foursquare Fourpoint 
(Measured [2 20]) (Computed using HFSS) 

Lowest frequency at VSWR =2 fL (VSWR=2) 5.5 GHz 5.3 GHz 

Upper frequency at VSWR =2 fu (VSWR=2) 6.7 GHz 8.0 GHz 

Bandwidth Bp 19.7 % 40.6% 

Element size in A.L A 0.39 A.L 0.38 A.L 

Substrate size in A.L C 0.4 A.L 0.39 A.L 

Height h in 11,L h 0.13 11,L 0.12511,L 

Beam width ofE-plane at t HPE at t ""60° ""60° 

Beam width of H-plane at fL HPH at fL ""80° ""80° 

Beam width ofE-plane at 1u HPE at 1u ""60° ""60° 

Beam width ofH-plane at fu HPH at fu ""80° ""80° 

Based on these results, the Fourpoint antenna has enhanced performance over that for the 

Foursquare antenna, The impedance bandwidth of the Fourpoint antenna for VSWR :S 2 

is 44 %, which is more than twice that of the Foursquare antenna bandwidth of 20 %. 

This is accomplished by just eliminating the comers of the Foursquare antenna squares. 

TI1e impedance curves in Fig. 3.2(a) show that the Fourpoint antenna has much better 

impedance characteristics than the Foursquare antenna; that is, the reactive component of 
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the Fourpoint antenna impedance remains within a range of ± 25 - 0 and the resistive 

component is well matched to 50-Q. The Foursquare antenna, however, is mostly 

inductive over the operating band. Therefore the Fourpoint antenna provides wider 

impedance bandwidth with the same outer dimensions. 

T~_:(' 
-25f-~ 

r I 
-50~ 

4 4.5 5 

r * ---r- ---: . 

J, I ! ,;.,, R(Foursquare (Measured))! II 

1 ". I I "' X(Foursquare (Measured)) I , 
I~ , ,. I I 1111111111 R(Fourpoint (Fidelity)) ! I 

~-i • X (Fourpoint (Fidelity)) ii 
I i ""'"'" R(Fourpoint (HFSS)) I I 
! I ·~ • X(Fourpo1nt (HFSS)) i 
! i i I ! 

6.5 7 7.5 8 8.5 6 9 5.5 
Frequency, GHz 

(a) Measured impedance curves of the Foursquare (circles and crosses) and computed 

impedance curves of the Fourpoint antenna (thick: Fidelity; thin: HFSS). 
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I 
1~·~~-'-~~-'-~~-'-~~-'-~~-'-~~'--~---'~~---'-~~-'-~~-..J 
4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 

Frequency, GHz 

(b) Measured VSWR of the Foursquare (circles) and computed VSWR of the 

Fourpoint antenna. 

Figure 3.2 Antenna impedance and VSWR (referenced to 50-Q) for the Foursquare 
antenna (measured) in Fig. 2.15 and the Fourpoint antenna ( computed) in 
Fig. 3.1 with the dimensions of Table 3.1. Note that the two antennas have 
the same outer dimensions. 

3.3.2 Radiation Patterns 
Radiation patterns of the Fourpoint antenna were computed at several frequencies using 

the commercial code Agilent HFSS. Figure 3.3 shows the computed E-plane and H 

plane radiation patterns. The Fourpoint antenna has a beamwidth similar to that of the 

Foursquare antenna over the operating band. The level of cross polarization is not 

presented because they are negligibly small at all the frequencies for the Fourpoint 

antenna. 
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E-plane Patterns of Fourpoint Antenna 
0 

......... 6.0 GHz I 
""'"" 7.0 GHz I 

I 111111111 8.0 GHz . 

-60 

180 

(a) Computed radiation patterns at E-plane at 6-8 GHz. 

H-plane Patterns of Fourpoint Antenna 
0 

........ 6 Cl GHz-j 
7.0 GHz l 

111111111 8.0 GHz i 

180 

(b) Computed radiation patterns at H- plane at 6-8 GHz. 

Figure 3.3 Radiation patterns of the Fourpoint antenna in Fig. 3.1 and the dimensions of 
Table 3.1 computed using HFSS. Note the cross-pol pattern is negligibly 
small at all frequencies. 
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3.4 The Fourpoint Antenna with a Tuning Plate 

An extensive investigation was conducted with the goal of finding a geometry of the 

Fourpoint type of antenna with enhanced bandwidth. It was found that the bandwidth of 

the Fourpoint antenna is increased by adding a tuning plate on the bottom of the substrate 

as shown in Fig. 3.4 (b). The tuning plate can be constructed by etching it on the opposite 

side of the Fourpoint radiating element and the outer conductors of the coaxial cables are 

connected to the tuning plate. The tuning plate provides a second resonance at the high 

end of the operating band so that the bandwidth is significantly increased toward the high 

frequency. TI1e tuning plate can be also used in the Foursquare antenna in the similar 

way. TI1e tuning plate effect on the Foursquare antenna will be discussed in Chapter 4. S. 

A. Bokhari et al. [3.5] proposed a rotatable tuning plate with a microstrip patch antenna. 

The tuning plate was fabricated at a superstrate layer above the microstrip patch antenna 

so that mechanical tuning is easily achieved. They presented measured return loss, 

demonstrating that the tuning process is achieved by adjusting the tuning plate rotating 

angle. 

In this section, some the tuning plate geometries are proposed and their effect is 

investigated. Two hardware test models were constructed and measured to verify the 

tuning plate effect. 

3.4.1 Tuning Plate Geometries 

Three tuning plate geometries are shown in Fig. 3.4 (b), (c) and (d) called square, star and 

circle. Each geometry has different impedance properties that can be used for optimizing 

the Fourpoint antenna a given application. Even though only three tuning plates are 

presented in this section, other geometries of the tuning plate also lead to acceptable 

performance. Generally, the size of the tuning plate is smaller than that of the radiating 

element so that it tunes the impedance at the high end of the operating band. 

ln addition to the shape of the tuning plate, the orientation of the tuning plate is a 

critical factor in determining the antenna impedance. TI1e best performance was achieved 

with tuning plate rotated 45° from the radiating element vertices, as illustrated in Fig. 34 

(a), (b), and (c); that is, the angle between vertices of the tuning plate and radiating 
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element is 45°. Additional tuning plates can be added between the radiating element and 

the ground plane as shown in Fig. 3.4 (f). Multiple tuning plates can tune the antenna 

impedance at several frequencies so that the impedance bandwidth is further enhanced. 

H-plane E-plane 

Metallization 

C Dielectric substrate 

l y 

Lx 
z 

(a) Top view of the Fourpoint antenna 

Solder 

Center conductor 
of coaxial cable 

Outer conductor 
of coaxial cable 

Metallization 

z 

y 

Dielectric substrate 

(b) A square-shaped tuning plate (Bottom view of the Fourpoint antenna). 
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Outer conductor 
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Metallization 

z 

Dielectric substrate 

(c) A star-shaped tuning plate. 

( d) A circular tuning plate. 
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Dielectric substrate 
Metallization 

z 
Tuning plate 

Coaxial feed 

( e) Side view of the Fourpoint antenna with single tuning plate. 

Dielectric substrate 

Tuning plate 

Metallization 

z 
Additional 
tuning plate 

(f) Side view of the Fourpoint antenna with multiple tuning plates. 

Figure 3.4 Geometries of the Fourpoint antenna with tuning plate. (The radiating element 
in Fig. 3.4(a) can be the Foursquare element in Fig. 2.15(a).) 
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3.5 Hardware test model of the Fourpoint antenna with a square-shaped 

tuning plate 

The Fourpoint antenna with the geometry shown in Fig. 3.4 (a), (b), and (e) was 

investigated using both software, simulation and hardware test models. A square-shaped 

tuning plate was employed for this investigation and the geometry dimensions of the 

antenna are listed in Table 3.3. TI1e Fourpoint antenna with the square-shaped tuning 

plate was designed for covering AMPS, GSM, .DCS and PCS bands simultaneously for 

use as a base-station antenna element. The commercial codes Fidelity arid HFSS are used 

in simulation the Fourpoint antenna The dielectric constant of 2.33 was used for the 

substrate in both simulations and measurements. In the simulations, an infinite ground 

plane was used because of the computational simplicity. In the measurements, however, a 

finite ground plane was used with the size of 43 l.8 mm x 43 l.8 11m1 (17" x 17"), which is 

much larger than the radiating element. 

Table 3.3 
Geometry of the Fourpoint Antenna of Fig. 3.4 (a), (b), and (e). 

Description Symbol Size 

Element side length A 114.3 mm (4.5") 

Length B B 95.25 mm (3.75") 

Substrate side length C 117 mm (4.6") 

Tuning plate outer dimension a a 40.64 mm (l .6") 

Tuning plate inner dimension b b 20.32 mm (0.8") 

Gap width w 2.03 mm (0.08") 

Substrate thickness ts 1.57mm (62 mils) 

Foam thickness 1:cJ 62.48 mm (2.46") 

Element height above ground plane h 64.06 mm (2.522") 

Feed positions distance F' 5.03 mm (0.197") 
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3.5.1 Antenna Impedance and VSWR 

Antenna impedance was computed using Fidelity and measured using an HP8720C 

vector network analyzer. The antenna impedance and VSWR referenced to 50-Q are 

presented in Fig. 3.5 for both simulations and measurements. The performance data are 

also summarized in Table 3.4. Note the excellent agreement in measured and computed 
) 

results. 

In Fig. 3.5 (a), dual-resonances are observed at the low and high end of the 

operating band, leading to an impedance level that is close to 50-Q for the resistance and 

0-Q for the reactance. This Fourpoint antenna with a square tuning plate has 2.7:1 (92 %) 

bandwidth for VSWR ::;; 2 . This is a dramatic improvement over the Fourpoint antenna 

without tuning plate of Section 3.3, which has a bandwidth of 40.6 %. The wide 

bandwidth and compact size of the Fourpoint antenna makes it ideal as a multiple-band 

base-station antenna. For example, it is capable of covering all the AMPS, GSM, DCS, 

and PCS services as illustrated in Fig. 3.5(c). T11e Fourpoint antenna can also provide 

dual-linear polarization to achieve polarization diversity. To the author's knowledge, 

there is no antenna used in commercial or military applications that has 2.7: 1 bandwidth 

and dual- linear polarization in a low-profile package. 
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Frequency, MHz 

(a) Computed (solid and dashed curves) and measured (circles and crosses) antenna 

impedance. 
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(b) Computed (solid curve) and measured (circles) VSWR (referenced to 50-Q). 
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( c) VSWR plots together with AMPS, GSM, DCS, and PCS bands. 

Figure 3.5 Computed and measured antenna impedance and VSWR (referenced to 50-Q) 
for the Fourpoint antenna of Fig. 3.4 (a), (b), (e) with the dimensions of Table 
3.3. 
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Table 3.4 

Measured and Computed Performance for the Fourpoint Antenna with a Square Tuning 

Plate. (Geometry: Figure 3.4 (a), (b), (e); Performance curve: Figure 3.5; Pattern: Figure 

3.6) 

Performance 
Description Symbol 

Measured Simulated 

Lowest frequency at VSWR =2 fL (VSWR=2) 805 MHz 805 MHz 

Upper frequency at VSWR =2 fu (VSWR=2) 2190 GHz 2200 Jvlliz 

Percent bandwidth Bp 92.5 % 92.9 % 

Ratio bandwidth Br 2.72:1 2.73:1 

Element size in AL A 0.306 AL 0.306 AL 

Substrate size in AL C 0.314 AL 0.314 AL 

Height h in AL h 0.172AL 0.172 AL 

Beam width ofE-plane at fL HPE at fL ~ 50° ~ 50 0 

Beam width ofH-plane at fL HPH at fL ~ 65° ~ 65° 

Beam width ofE-plane at fu HPE at fu ~ 80° ~ 80° 

Beam width ofH-plane at fu HPH at fu ~ 150° ~ 150 0 
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3.5.2 Radiation Patterns 

Radiation patterns were measured at several frequencies in the anechoic chamber of 

Virginia Tech Antenna Group (VTAG) using a near field scanner operating in the 

spherical scan mode. TI1e measured patterns are presented in Fig. 3.6 selected frequencies 

of 900 MHz, 950 MHz, 1800 MHz and 1900 MHz. Excellent unidirectional patterns are 

achieved at lower bands (900 MHz and 950 MHz) but a dip is present on bore-sight at 

upper bands (1800 MHz and 1900 MHz). The dip is due to the increased electrical height 

of the radiating element above the fixed ground plane [3.6]. Generally the electrical 

height of the radiating element should be about Al4 above the ground plane to obtain 

good unidirectional patterns [3.6]. TI1e patterns in Fig. 3.6 were obtained with the 

electrical heights of 0.191c, 0.2A, 0.39A and 0.4 U at the frequencies of 900 MHz, 950 

MHz, 1800 MHz and 1900 MHz, respectively. Note that the unidirectional patterns of 

Fig. 3.6 (a) and (b) were obtained with the electrical height close to Al4. For larger 

electrical heights, a dip at the bore-sight is observed due to a wave cancellation. 

An important feature that is highly desirable for many applications is the nearly 

balanced pattern of the Fourpoint antenna as demonstrated by the fact that the E- and H 

plane patterns are not significantly different for all frequencies. TI1e beam widths of the 

Fourpoint antenna are summarized in Table 3.4 and they are similar to those of the 

Foursquare antenna. Also, the E- and H-plane patterns are relatively broad, which is a 

useful property for commercial base-station array antennas and wide-scan phased array 

applications. 

TI1e gain of the Fourpoint antenna at bore-sight remains to be measured, but since 

the Foursquare antenna has about 8-9 dBi peak gain over the band, we expect the 

Fourpoint antenna to have similar peak gain values. 
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(a) Measured radiation patterns at 900 MHz. 
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(b) Measured radiation patterns at 950 MHz. 
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( c) Measured radiation patterns at 1800 MHz. 
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( d) Measured radiation patterns at 1900 MHz. 

Figure 3.6 Measured radiation patterns for the Fourpoint antenna with a square-shaped 
tuning plate in Fig. 3.4 (a), (b), (e) with the dimensions of Table 3.3. 
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3.6 Hardware test model of the Fourpoint antenna with a star-shaped 
tuning plate 

A second hardware test model was investigated that uses a star- shaped tuning plate. This 

Fourpoint antenna was designed at VTAG and was constructed and measured at Harris 

Co. The geometries of the radiating element with a star-shaped tuning plate are presented 

in Fig. 3.4(a), (c), and (e) and the dimensions are listed in Table 3.5. The antenna size is 

smaller because the Fourpoint antenna with the star-shaped tuning plate was designed for 

operation from 5.3 to 13.5 GHz. The element height above the ground plane, 'h', is about 

0.2711.c in the model, where \c represents wavelength at the center frequency of 9.25 

GHz. A dielectric constant value of 2.33 was 'used for the substrate. Simulation and 

experimental evaluation were performed to investigate the Fourpoint antenna with the 

star-shaped tuning plate. A circular ground plane with a diameter of 127 mm (5.0") was 

used in the measurements of impedance, which are presented next. The radiation patterns 

were not measured, but were computed with the commercial code, HFSS. The 

performance of the Fourpoint antenna is summarized in Table 3.6. Again this antenna 

provides dual-polarization in a single antenna element. 
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Table 3.5 

Geometry of the Fourpoint Antenna of Fig. 3.4 (a), (c), and (e). 

Description Symbol Size 

Element side length A 17.02 mm (0.67") 

LengthB B 13.97 mm (0.55") 

Substrate side length C 17.3 mm (0.68") 

Tuning plate outer dimension a a 1 1. 18 mm (0.44") 

Tuning plate outer dimension b b 4.57 mm (0. 18") 

Gap width w 0.508 111111 (0.02") 

Substrate thickness ts 0.787mm (31 mils), 

Foam thickness tct 7.92 mm (0.312") 

Element height above ground plane h 8.71 111111 (0.343") 

Feed positions distance F' 2.87 mm (0.113") 

3.6.1 Antenna Impedance and VSWR 

The antenna impedance and VSWR were computed at VTAG using the commercial code 

Fidelity. The measured data were provided by Harris co. Simulation and measurement 

results, compared in Fig. 3.7, show excellent agreement with each other. This Fourpoint 

antenna with the star-shaped tuning plate provides about 2.6: 1 (87%) impedance 

bandwidth for VSWR::::; 2 for VSWR referenced to 50-0. 
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Table 3.6 
Measured and Computed Performance of the Fourpoint Antenna with a Star-shaped 

Tuning Plate. (Geometry: Figure 3.4 (a), (c), (e); Performance curve: Figures 3.7 and 3.8) 

Performance 
Description Symbol 

Measured Computed 

Lowest frequency at VSWR =2 fL (VSWR=2) 5.3 GHz 5.8 GHz 

Upper frequency at VSWR =2 fu (VSWR=2) 13.5 GHz 13.3 GHz 

Percent bandwidth Bp 87% 78.5 % 

Element size in 11,L A 0.3 /1,L 0.329 11,L 

Substrate size in 11,L C 0.31 11,L 0.334 11,L 

Height h in 11,L h 0.15411,L 0.1711,L 

Beam width ofE-plane at 6 GHz HPE at fL NIA ""'60° 

Beam width of B-plane at 6 GHz HPH at fL NIA ""'80° 

Beam width of E-plane at 12 GHz HPE at fu NIA ""'60° 

Beam width ofH-plai1e at 12 GHz HPH at fu NIA ""' 120° 
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(b) Computed (solid) and measured (dotted) VSWR 

Figure 3.7 Computed and measured antenna impedance and VSWR (referenced to 50-Q) 
curves for the Fourpoint antenna with star-shaped tuning plate of Fig. 3.4 (a), 
(c), (e) with the dimensions of Table 3.5. 
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3. 6.2 Computed Radiation Patterns 

The radiation patterns of the Fourpoint antenna computed using Agilent HFSS code are 

presented in Fig. 3.8. Measured radiation patterns are not available but they will be very 

similar to the computed patterns based on the excellent agreement observed between 

computed and measured pattern for the Foursquare antenna discussed in Section 2.8.2.2. 

The computed patterns demonstrate that the Fourpoint antenna provides unidirectional 

patterns over the wideband. 

Computed maximum gain vs. frequency plot is presented in Fig. Bl in Appendix 

B. Gain patterns can be directly obtained by adding the maximum gain number to the 

normalized radiation patterns. 

E-plane Patterns of Fourpoint Antenna 
0 

! - 6.0GHz I I 9 O GHz l . I 
12.0 GHz j 

180 

(a) Computed E-Plane normalized pattern at 6-12 GHz (10 dB/division). 
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(b) Computed H-Plane normalized pattern at 6-12 GHz (10 dB/division). 

Figure 3.8 Computed radiation patterns of the Fourpoint antenna in Fig. 3.4 (a), (c), and 
(e) with the dimensions of Table 3.5. The cross-pol pattern is not shown 
because it is negligible at all frequencies. 
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3.7 A Circularly-Polarized Fourpoint Antenna 

In this section, the possibility and potential of the circularly-polarized Fourpoint antenna 

are demonstrated using a commercial code, Fidelity (FDTD). The CP Fourpoint antenna 

discussed in this section does not employ a tuning plate. 

TI1e geometry of the Fourpoint antenna is presented in Fig. 3.9 and its dimensions 

are listed in Table 3.7. A dual-linear polarized Fourpoint antenna can be modified for 

circular polarization (CP) using a hybrid combiner. A software test model of the CP 

Fourpoint antenna was designed for a frequency of 2.4 GHz. A feed concept with left 

hand circular polarization (LHCP) is presented in Fig. 3.10 with four coaxial feeds 

having a 90° phase difference. 

In this section, the CP Fourpoint antenna was simulated with Fidelity. The 

simulation results are presented in Figs. 3.11 and 3.12. 

H-plane E-plane 

Metallization 

Dielectric substrate 

Figure 3.9 The CP Fourpoint antenna geometry. TI1e side view is same with the one in 
Fig. 3 .1 (b ). Note that tuning plate is not included in the CP Fourpoint 
antenna, 
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Figure 3.10 A feed network for the left-hand circular polarized (LHCP) Fourpoint 
antenna with wideband hybrids. 
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Table 3.7 

Geometry of the Fourpoint Antenna of Figs. 3.9 and 3.1 (b). 

• 
' 

Description Symbol Size 

Element side length A 50.8 mm (2.0") 

Length B B 38.1 mm (1.5") 

Substrate side length C 63.5 mm (2.5") 

Gap width w 0. 76 mm (0.03") 

Substrate thickness ts 0.76 mm (0.03") 

Foam thickness tct 26.7 mm (1.05") 

Element height above ground plane h 27.4 mm (l.08") 

Feed positions distance F' 2.87 nun (0.113") 
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3. 7.1 Reflection Coefficient and VSWR 

The CP Fourpoint antenna was simulated with the commercial code Fidelity. In Fidelity 

four coaxial ports are modeled by feeding to the radiating element with 90° phase 

difference for each port. Reflection coefficients of the CP Fourpoint antenna were 

calculated using the S-parameter value obtained from Fidelity. In order to find the 

reflection coefficient, the S- parameters in the network can be reduced to a set of three 

values based on symmetric properties as follows: 

(1) 

And the simplified s-parameter can be described as 

r C d d 

b, l"' [s]=lc r d d b2 = [s] «. 1 · and (2) d d r C b3 a3 
d d C r b, a4 

The reflected wave at port 1 is 

(3) 

For CP excitation, a1 = 1, a2 = -1, a3 = j, a4 = - j. So the final equation can be 

simplified to 

b, =(r-c+J·d-J·d)·a1 =(r-c)·a1• (4) 

Hence the reflection coefficient at port 1 of the antenna can be obtained with computed & 

parameter as follows: 

(5) 

TI1e reflection coefficient and VSWR value from the simulation are presented in 

Fig. 3.11. The CP Fourpoint antenna has impedance bandwidth of 53 % for VSWR<2 

based on fL =2.1 GHz, :fc= 2.85 GHz, fu=3.6 GHz. 
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(a) Reflection coefficient at port 1 of the antenna. 
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(b) VSWR referenced to 50-n. 

Figure 3.11 Computed reflection coefficient and VSWR (referenced to 50-Q) of the left 
hand circular polarized (LHCP) Fourpoint antenna of Fig. 3.9 with the 
dimensions listed in Table 3.7. 
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3. 7.2 Radiation Patterns 

The radiation patterns of the LHCP Fourpoint antenna were computed at 2.4 GHz with 

the commercial code Fidelity. Figure 3.12 presents the elevation axial ratio patterns and 

the elevation patterns over the 180° in 5° increments. The cross-pol level is about 20 dB 

down at the bore-sight. The radiation patterns demonstrate that the CP Fourpoint antenna 

provides excellent CP patterns. 

0 

180 

(a) Elevation axial ratio patterns in dB of the LHCP Fourpoint antenna at 2.4 GHz for all 

1 80° azimuth angle by 5° increment. 
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0 

180 

(b) Radiation patterns of the LHCP Fourpoint antenna at 2.4 GHz for all 180° azimuth 

angle by 5° increment. 

Figure 3.12 Computed patterns of the LHCP Fourpoint antenna of Fig. 3.9 at 2.4 GHz 
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3.8 Parametric Analysis of the Fourpoint Antenna 

The Fourpoint antenna geometry parameters listed in Table 3.1 all influence its 

performance. An investigation was conducted to understand the parameter influences. 

The simulation code Fidelity was used. The investigations were made using the Fourpoint 

antenna in Fig. 3.1 and Table 3.1. Note that the tuning plate effect will be discussed in 

Chapter 4. The study was performed by computing the antenna impedance a; a function 

of frequency. It is assumed that the radiation pattern is not greatly affected by parameter 

changes. 

3.8.1 Parameter 'B' effect 

The length parameter 'B' determines the second resonance frequency. The second 

resonate frequency was found to be inversely proportional to the length 'B' of the 

Fourpoint antenna That is, increasing the length 'B' beyond the normal value of 15.77 
mm reduces the second resonate frequency. 

3.8.2 Parameter 'W' effect- Gap width effect between radiating element 

The gap width between the radiating elements, 'W' influences the antenna impedance. 

Increasing the gap width causes the level of resistance to rise and increases the reactance 

variations. 

3. 8.3 Parameter 'ts' effect - Length of center conductor effect 

111e substrate serves only as a material to support the radiating element. Simulations 

demonstrated that the substrate has minimal effect on the antenna performance, This was 

determined through computations on a Fourpoint antenna with and without a substrate of 

dielectric constant of 2.33. The substrate thickness 'ts' determines the length of the 

interconnecting wire between coaxial feed and radiating element. The interconnecting 

wire lengtht,' increases the inductive reactance in the Fourpoint antenna. 
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3.8.4 Parameter 'It' effect- Height of the radiating element effect above the ground 

plane 

Variation in the height above the ground plane, 'h' affects the variations of the antenna 

impedance at lower band of the operating band. Small height 's', cause high variation of 

impedance of the Fourpoint antenna. In addition to the effect on the impedance, 'h' also 

influences the shape of radiation pattern. By image theory radiating element should be 

located above the ground plane about quarter-wave length at a desired frequency for best 

pattern performance. When the height 'h' is smaller or larger than a quarter-wave length, 

there will be a destructive interference in the bore-sight direction (i.e. + zdirection). As a 
result it generates a dip at the bore-sight of the antenna Therefore, an optimum height 

should be determined to avoid problems in a wideband ground plane antennas like the 

Fourpoint antenna, 

3.8.5 Tuning plate effect 

The addition of a tuning plate enhances the antenna performance dramatically without 

increasing antenna size. The tuning plate acts to distribute the impedance variations 

equally over the operating band. The plate shape is selected based on the application. The 

details of the tuning plate are discussed in Chapter 4. 
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3.9 Summary 

A new antenna called the Fourpoint antenna was proposed for wideband applications. It 

is a low-profile and dual-polarized. The Fourpoint antenna evolved from the Foursquare 

antenna by enhancing the bandwidth through a modified geometry. 

Several Fourpoint test models were designed and constructed along with 

computer simulations. The computed and measured data demonstrate that the Fourpoint 

antenna provides much better performance than a Foursquare antenna of the same size. 

Furthermore, a significant enhancement to the Fourpoint antenna was presented; see 

Section 3.4. A tuning plate increases the impedance bandwidth toward the high end of the 

operating band. The tuning plate can be etched on the bottom of the radiating element so 

no additional space is necessary. The antenna can be easily tuned by varying the tuning 

plates geometry and orientation. Several test models demonstrated that the tuning plate 

improves the antenna impedance. The tuning plates can be applied to the Foursquare 

antenna as well. 

The Fourpoint antenna without tuning plate provides excellent unidirectional 

patterns over impedance bandwidth with broad beam width; see Sections 3.3 and 3.5. 

Although, the tuning plate in the Fourpoint antenna increases the impedance bandwidth, 

the radiation patterns at high end of the operating band are flattened near the bore-sight. 

This phenomenon is caused by the increased electrical height above the ground plane 

necessary for wide impedance bandwidth. TI1e radiation patterns, however, are acceptable 

in most applications. 

TI1e dual- linearly polarized Fourpoint antenna was modified to a circularly 

polarized Fourpoint antenna using a software test model. TI1e simulation results 

demonstrate that the Fourpoint antenna also has excellent CP characteristics. Thus, the 

Fourpoint antenna provides either linear or circular polarization and wide bandwidth in a 

low-profile physical package. 

The geometry parameters are critical factor in determining the antenna 

performance. TI1e effect of each parameter was investigated and summarized in Section 

3.8. The effect of the tuning plate, however, is investigated in detail in Chapter 4. 
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Chapter 4 

Investigation of Tuning Plate Effects with 
Foursquare and Fourpoint Antennas 

4.1 Introduction 
It was shown in Chapter 3 that the impedance bandwidth of the Fourpoint antenna is 

increased dramatically by using a tuning plate. TI1e tuning plate increases the impedance 

bandwidth of the Fourpoint antenna near the high frequency end of the operating band 

without increasing the antenna size. Various shapes of tuning plates can be used to tune 

the antenna impedance for a desired band [4.1]. Some test models of the Fourpoint 

antenna with a tuning plate that were presented in Chapter 3 demonstrated that significant 

bandwidth improvement is possible. TI1e use of a tuning plate offers several advantages 

over the original Fourpoint antenna In addition, the tuning plate can also be used in the 

Foursquare antenna. 

In this chapter, the results of simulation studies into the effect of the tuning plates 

with both Foursquare and Fourpoint antennas are presented for two cases: with and 

without a tuning plate. Comparison using the Fidelity code with and without tuning plate 
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demonstrates that the tuning plate significantly enhances the impedance performance of 

both antennas without increasing the antenna size. 

4.2 The Foursquare Antenna with a Tuning Plate 
Since the tuning plate performed so well with the Fourpoint antenna (see Sections 3.4 - 

3.6), the Foursquare antenna was examined to see if its performance could be similarly 

improved. In Figure 4.1 the Foursquare with the circular tuning plate is presented with 

the dimensions in Table 4.1. In order to investigate the effect of the tuning plate, the 

Foursquare antenna was simulated for two cases, with and without a tuning plate. The 

antennas have the same outer dimensions as listed in Table 4.1. The electrical height of 

the element above the ground plane was optimized to obtain unidirectional pattern over 

entire band, which produced antenna height of 0.31? u and 0.24? u with and without a 

circular tuning plate, respectively. TI1e commercial code, Fidelity was used in simulating 

the antennas. 

H-plane E-plane 

Dielectric substrate 

(c) Top view of the Foursquare antenna. 
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Outer conductor 
of coaxial cable 

Solder 

( d) Bottom view with a circular tuning plate. 

Dielectric substrate 
Metallization 

Tuning plate 

Coaxial feed 

Center conductor 
of coaxial cable 

Metallization 

z 

( e) Side view of the Fourpoint antenna with single tuning plate. 

Figure 4.1 Geometry of the Foursquare antenna with a circular tuning plate. 
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Table 4.1 

Geometry of the Foursquare Antenna with a Circular Tuning Plate in Fig. 4.1. 

Description Symbol Size 

Element side length A 17.02 mm (0.67") 

Substrate side length C 17.3 mm (0.68") 

Circular plate diameter a 8.13 mm (0.32") 

Gap width w 0.508 mm (0.02") 

Substrate thickness ts 0.787mm (31 mils), 

Foam thickness 1ct 7.92 mm (0.312") 

Element height above ground plane h 8.71111111 (0.343") 

Feed positions distance F' 4.31 mm (0.1 7'') 

79 



The computed antenna impedance and VSWR (referenced to 50-Q) are presented in Fig. 

4.2 and the electrical performance and electrical size of the simulated Foursquare antenna 

are surmnarized in Table 4.2. The simulation results demonstrate that the tuning plate 

works well in the Foursquare antenna just with the Fourpoint antenna 

The circular tuning plate in the Foursquare antenna increased the bandwidth of the 

Foursquare antenna from 35 % to 60 % for VSWR:;; 2. The antenna impedance as 

shown in Fig. 4.2(a) demonstrates that the Foursquare antenna with the circular tuning 

plate is much more equally distributed over the band than the Foursquare antenna without 

the tuning plate. 

The radiation patterns of the Foursquare antenna are not presented here, but it is 

expected that they will be similar to the patterns in Fig. 2.1 8. 

Table 4.2 

Electrical Performance and electrical size of the Foursquare Antenna with and without 

Circular Tuning Plate. (Geometry: Fig. 4.1; Performance curve: Figure 4.2) 

Performance (Computed) 

Description Symbol With circular Without circular 

tuning plate tuning plate 

Lowest freq. at VSWR =2 fL (VSWR=2) 5.65 GHz 5.83 GHz 

Upper freq. at VSWR =2 fu (VSWR=2) 10.53 GHz 8.27 GHz 

Impedance bandwidth Bp(VSWR:;; 2) 60.3 % 34.6 % 

Element size in AL A 0.32 AL 0.331 AL 

Substrate size in AL C 0.325 AL 0.336 AL 

Electrical height h in AL h 0.164 AL 0.169 AL 

Electrical height h in Au h 0.31 Au 0.24 Au 
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(a) Computed antenna impedance. 
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(b) Computed VSWR referenced to 50-Q. 

Figure 4.2 Antenna impedance and VSWR (referenced to 50-Q) computed with Fidelity 
for the Foursquare antenna with and without a circular tuning plate as shown 
in Fig. 4.1 and with the dimensions of Table 4.1. 
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4.3 The Fourpoint Antenna with a Tuning Plate 

The effect of the tuning plate was investigated with the Fourpoint antenna as well as the 

Foursquare antenna. The Fourpoint antenna of Fig. 3.4 (a), (c) (e) with the dimensions of 

Table 3.5 was compared with the Fourpoint antenna without the tuning plate. The 

Fourpoint antenna of Fig. 3.5 (a) without the tuning plate was computed with the 

commercial code Fidelity and the results are compared in Figure 4.3 for the two cases of 

with and without a tuning plate. 

The computed results in Fig. 4.3 demonstrate that the tuning plate also plays an 

important role in enhancing the impedance of the Fourpoint antenna The electrical 

performance and electrical size of the Fourpoint antenna are summarized in Table 4.3. 

Note that the impedance bandwidth increased from 54% to 79% for VSWR s 2 through 
the use of the tuning plate, without increasing the antenna size. Based on the impedance 

curve in Fig. 4.3(a), the tuning plate distributes the impedance curve equally at high 

frequency. 

Table 4.3 

Electrical Performance and electrical size of the Fourpoint Antenna with and without 

Star-shaped Tuning Plate. (Geometry: Fig. 3.4(a), (c), and (e); Performance curve: Figure 

4.3) 

Performance (Simulated) 
Description Symbol With star-shaped Without star-shaped 

tuning plate tuning plate 
Lowest freq. at VSWR =2 fL (VSWR=2) 5.8 GHz 5.8 GHz 

Upper freq. At VSWR =2 fu (VSWR=2) 13.3 GHz 10.1 GHz 

Percent bandwidth Bp 78.5 % (Br=2.3:1) 54.1 % (B,=L 7: 1) 

Element size in AL A 0.329 AL 0.329 AL 

Substrate size in AL C 0.334 AL 0.334 AL 

Electrical height h in AL h 0.]711-L 0.17)1,L 

Electrical height h in Au h 0.39 Au 0.3 Au 
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(a) Computed antenna impedance curves. 
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(b) Computed VSWR referenced to 50-Q. 

Figure 4.3 Antenna impedance and VSWR (referenced to 50-Q) computed with Fidelity 
for the Fourpoint antenna with and without a star-shaped tuning plate, as 
shown in Fig. 3.4(a), (c), (e) with the dimensions of Table 3.5. 
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4.4 Summary 

The effects of tuning plate were examined for both Foursquare and Fourpoint antennas. 

The same antennas were computed for the two cases of with and without tuning plate. 

T11e simulation results demonstrate that the tuning plate enhances the antenna impedance 

dramatically by increasing the impedance bandwidth toward the high frequency without 

increasing the antenna size. 

T11e simulation results are sununarized in Fig. 4.4 for the following antennas: 1) 

Foursquare antenna without tuning plate, 2) Foursquare antenna with a circular tuning 

plate, 3) Fourpoint antenna without tuning plate, 4) Fourpoint antenna with a star-shaped 

tuning plate. T11e modeled antennas have the same outer dimensions and are referenced to 

the same impedance of 50-Q, so a direct perfonnance comparison can be made. T11e 

tuning plate enhanced the impedance bandwidth of the Foursquare and Fourpoint antenna 

respectively. And significant impedance bandwidth enhancement with the Fourpoint 

antenna with the tuning plate was achieved, as shown in Fig. 4.4. Based on the simulation 

results, the impedance bandwidth was improved more than twice (from 35 % to 78.5 %) 

from the Foursquare antenna to Fourpoint antenna with tuning plate. Note that there is no 

size increment in the antenna evolution. 

Tuning plates shapes in Fig. 3.4(b), (c), (d) such as square, circular and star, as 

well as other shapes, can be used for different the applications. Moreover, the tuning 

plate can be applied to any antenna with a geometry similar to the Foursquare or the 

Fourpoint antenna Also, multiple tuning plates as in Fig. 3.4(f) can also be used to widen 

the antenna impedance bandwidth further, 

Basic guidelines for the tuning plate design are as follows: 

• T11e tuning plate should be smaller than the radiating element size. The size of 

about a= A/2 is a good starting dimension; see Fig. 3.4. 

• T11e tuning plate geometry is determined by the radiating element geometry. If the 

radiating element geometry is sharp four points, star-shaped-tuning plate is 

reconunended. But the element geometry is four squares, circular or square 

shaped tuning plate is recommend. 
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• The height ts between the element and tuning plate can be modified to obtain the 

optimum impedance characteristics. However, generally the height is determined 

by the thickness of the substrate. 
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Figure 4.4 Computed VSWR (referenced to 50-Q) curves of 1) the Foursquare antenna 
without tuning plate, 2) the Foursquare antenna with circular tuning plate, 3) 
the Fourpoint antenna without tuning plate and 4) the Fourpoint antenna with 
a star-shaped tuning plate. They have the same outer dimensions of 17.02 
mm (0.67") as listed in Tables 3.5 and 4.1. 
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Chapter 5 

Generalization of the Fourpoint Antenna: 
The Fourtear Antenna 

5.1 Introduction 

The effect of a tuning plate addition to the Fourpoint antenna was investigated 

extensively in previous chapters. The tuning plate improved impedance performance 

dramatically without increasing antenna size. In addition to the tuning plate, the gap 

width between the radiating elements, W, also influences the Fourpoint antenna 

performance. As an additional attempt to increase the impedance bandwidth of the 

Fourpoint antenna, the effect of the gap width between the radiating elements was 

investigated. Based on the results of the parametric study discussed in Section 3.8.2, it is 

expected that the Fourpoint antenna gap width, W, controls the antenna impedance, 

especially the resistance. 

First we examine the uniform gap width effects on the Fourpoint antenna in Fig. 

3.1 with the dimensions listed in Table 5.1. Two uniform gap widths of W=0.254 mm 

(0.01") and 0.508 mm (0.02") were examined to demonstrate the effect of the gap width 

on the Fourpoint antenna, 
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Table 5.1 

Dimensions of the Fourpoint Antenna Geometry in Fig. 3.1. 

Size 
Description Symbol 

Wide Gap Narrow Gap 

Element side length A 17.02 mm (0.67") Same 

LengthB B 13.97 mm (0.55") Same 

Substrate side length C 17.3 mm (0.68") Same 

Gap width w 0.508 mm (0.02") 0.254 (0.01") 

Substrate thickness ts 0.787mm (31 mils), Same 

Foam thickness 1ct 7.92 mm (0.312") Same 

Element height above ground h 8. 71 mm (0.343") Same plane 

Feed positions distance F' 2.87 mm (0.113") Same 

TI1e simulation result of a Fourpoint antenna is presented in Fig. 5.1 

demonstrating that the wider gap (thick line) yields higher resistance than the narrow gap. 

The dimensions of the Fourpoint antenna are listed in Table 5.1. Note that the Fourpoint 

antenna does not employ the tuning plate. 

All of the previously discussed Foursquare and Fourpoint antennas employ 

uniform gap width. In this chapter, we investigate how the geometry of the gap affects 

the antenna characteristics. 
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Figure 5.1 Input impedance of the Fourpoint antenna with the dimensions listed in Table 
5. 1 for two different uniform gap width 
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5.2 Investigation of Gap Shape Effects 

This section reports a numerical investigation with the effects of the Fourpoint antenna 

gap shape with the goal of increasing bandwidth. Both linearly and non- linearly tapered 

gaps were investigated. 

5.2.1 Linearly Tapered Gap 

TI1e Fourpoint antenna in Fig. 3.1 with the dimensions of Table 3.1 was modified to the 

geometry in Fig. 5.2. TI1e gap between the parasitic element and the metal containing the 

feed is changed to be slanted rather than straight. The gap width ratio, W2/Wl =4 

quantifies the rate of flare of the tapered edge gap. The simulation results shown in Fig. 

5.3 reveal that the slanted edge provides improved antenna performance. The resistance 

level at low and mid-band frequencies is increased, while the resistance at the upper end 

of frequency band is decreased. Also, the reactive component was more equally 

distributed over a wide bandwidth with lower reactance level. 

The linearly tapered gap improved impedance bandwidth of the Fourpoint antenna 

(with uniform gap) from 40% to 66% toward high end of band without increasing 

antenna size. The impedance bandwidth are calculated for VSWR < 2. Note that the 

Fourpoint antenna with linearly tapered gap does not employ the tuning plate. 
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Figure 5.2 The Fourpoint antenna with tapered gaps and the dimensions listed in Table 
5.1, except for the gap dimensions, Wl=0.254 mm (0.01") and W2=1.02 mm 
(0.04"). 
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Figure 5.3 Antenna impedance and VSWR (referenced to 50-Q) for the Fourpoint 
antenna of Table 5.1 with uniform gap and the tapered gaps computed using 
the Fidelity code. 
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5.2.2 Non-linearly Tapered Gap 

A non- linearly tapered gap effect was also investigated using the antenna geometry in 

Fig. 5.4. The gaps between the elements are non-linearly tapered, unlike the Fourpoint 

antenna or the antenna in Fig. 5.2. The geometry of the four radiating elements is 

identical, but the radiating element edges are piecewise linear, approximating a curved 

shape as shown in Fig. 5.4(a). The antenna was simulated for the dimensions listed in 

Table 5.2 using the FDTD code, Fidelity. The outer dimension is same for the Fourpoint 

antenna in Table 3.4. Note that no tuning plate was used in the antenna 

TI1e simulation results are compared in Fig. 5.5 for two different feed 

configurations, a-a' and b-b'. The computed results demonstrate that the non-linearly 

tapered gap improves the performance of the Fourpoint antenna dramatically. But note 

that the antenna has different impedance characteristics for each of the two feed terminal 

pairs, a-a' and b-b'. The impedances for the two feeds are similar, but not identical, 

whereas the Foursquare and Fourpoint antennas have identical impedances for the two 

feed cases. The non- linearly tapered gap Fourpoint antenna has a resistance level of about 

100-Q over frequency band of 6 - 17 GHz as shown in Fig. 5.5 so that the VSWR is 

referenced to 100- Q. Different impedance behavior for the two feed cases arises due to 

the asymmetrical geometry, which causes different current distributions for each feed 

cases. The antenna performance is compared in Table 5.3 for the Fourpoint antenna 

without a tuning plate as presented in Section 4.3 and the non- linearly tapered gap 

Fourpoint antenna discussed in this section. 
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Figure 5.4 Antenna geometry for a Fourpoint antenna with non- linearly tapered gap and 
the dimensions of the Table 5.2. 
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Table 5.2 

Geometry of the Non-Linearly Tapered Gap Fourpoint Antenna of Fig. 5.4. 

Description Symbol Size 

Element side length A 16.76 mm (0.66") 

Substrate side length C 17.3 mm (0.68") 

Gap width w Non- linearly tapered 

Substrate thickness ts . 0.787mm (31 mils), 

Foam thickness 1ct 7.92mm (0.312") 

Element height above ground plane h 8.71 mm (0.343") 

Feed positions distance F' 2.87 mm (0.11 ") 

95 



3001 . I I I ' 
I I ~-----L---:-1-----' 250 II '1 I --· R (Feed conf1gurat1.on a-a') LI ----l----: 

I --· X (Feed c0nf1guration a-a') I I I ••• R (Feed configuration b-b') I 
200 ;.1---4----:1 - X (Feed configuration b-b')1~1----l!----il ' . i-----r----1----- 

1 I 1 , 1 
! l l ! 

- ' i I 
__ __J_I_ I \ ~ /; \f· I 

11 13 15 17 19 
Frequency, GHz 

(a) Antenna impedance. 

10"1 i ,.- 
91 I i - Feed configuration a-a' l+'----+-----l 'i Ii 11111111 Feed configuration b-b' : 

11 ! I · · E ! i 81.\ 
I I 

5 7 9 11 13 15 17 19 
Frequency, GHz 

(b) VSWR referenced to 100-Q. 

Figure 5.5 Computed antenna impedance and VSWR ¢eferenced to 100-Q) of the non 
linearly tapered gap Fourpoint antenna of Fig. 5.4 for two feed 
configurations. 
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Table 5.3 

Computed Performance of the Non-Linearly Tapered Gap Fourpoint Antenna 

(Geometry: Fig. 5.4; Performance curve: Figure 5.5) 
' 

Performance (Simulated) 
Description Symbol - 

a-a' feed b-b' feed 

Lowest freq. at VSWR =2 fL (VSWR=2) 6.1 GHz 6.0 GHz 

Upper freq. at VSWR =2 fu (VSWR=2) 16.5 GHz 17.1 GHz 

Impedance (VSWR .:S:2) bandwidth Br 92.04 % 96.1 % 

Ratio bandwidth Br 2.7:1 2.85:1 

Element size in /\,L A 0.341 /\,L 0.34 /\,L 

Substrate size in /\,L C 0.35 /\,L 0.35 /\,L 

Height h in /\,L hL 0.177 /\,L 0.174/\,L 

Height h in /\,u hu 0.48 /\,u 0.5 /\,U 
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5.3 Radiating Element Design of the Fourtear Antenna 

In this section, he non-linearly tapered gap Fourpoint antenna discussed in Section 5.2 JS 

generalized into a new antenna called the Fourtear antenna The Fourtear antenna is a 

logical evolution from the tapered gap Fourpoint antenna. The computed and measured 

data of the Fourtear antenna was presented in this section. 

5.3.1 A solid Fourtear antenna 

The Fourtear antenna discussion is started by reviewing some well-known 

classical antennas that are helpful in the development of the new antenna. Figure 5.6 

shows the simple wire antennas evolved from monopole to crossed dipole antenna. These 

wire antennas are resonant antennas with narrow bandwidth. The monopole can be made 

in wide bandwidth from with the solid teardrop monopole antenna of Fig. 5.7 (a) [5.1]; 

see Section 2.4. The solid Teardrop antenna can be modified to form the solid Fourtear 

antenna shown in Fig. 5.7 [5.2]. This new antenna form is analogous to the crossed dipole 

antenna and can provide dual and diagonal linear polarizations over wide bandwidth 

(a) Monopole. (b) Dipole. (c) Crossed dipole. 

Figure 5.6 Evolution of crossed dipole antenna from monopole antenna. 
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(a) So lid Teardrop antenna [ 5 .1]. (b) Solid Fourtear antenna [5.2]. 

Figure 5.7 Evolution of the solid Fourtear antenna from the solid Teardrop antenna. 

5.3.2 The Planar Fourtear antenna 

The solid Fourtear antenna in Fig 5.7 (b) can be modified into the planar, low-profile 

geometry shown in Fig. 5.8. The planar Fourtear antema has many geometric similarities 

to the Foursquare and Fourpoint antennas, so wide bandwidth is to be expected. The 

radiating element geometry is based on a circle of radius r together with a tip, as shown 

in Fig. 5.8 (a). Half of the circle is replaced with a smooth taper into the tip. The size and 

shape of the radiating element can be modified to control the operating band for the 

application. Generally, the dimension A is about 0.5? L at the low end of the frequency 

band. Two feed configurations are possible in the Fourtear antenna and are denoted as a 

a' and b-b'. 
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Figure 5.8 Geometry of the planar Fourtear antenna. 
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5.4 A Hardware Test Model of the Fourtear Antenna 
The planar Fourtear antenna shown in Fig. 5.9 was constructed at Virginia Tech with the 

dimensions of Table 5.4. The radiating element was etched on a dielectric material, 

Duroid 5870 ( E, = 2.33) provided by Rogers Co. A semi-rigid cable of RG 405 IU was 

used as a coaxial feed with a characteristic impedance of 50-0. The outer diameter of the 

cable is about 2.2 mm (0.087"). The antenna was investigated using both simulation aid 

measurement performed at the Virginia Tech Antenna Group. In computing the hardware 

test model, a commercial FDID code, Fidelity was used. A HP8720C network analyzer 

and an Antcom near field scanner system were used for measuring the impedance and 

radiation patterns, respectively. An infinite ground plane was employed in simulations for 

computational simplicity and a 431.8 mm x 431.8 mm (17" x 17") aluminum ground 

plane was used in measurements. TI1e electrical ground plane size is about 1.42 'A x 1.42 

A at the lowest antenna operating frequency of 1. 0 GHz. 

X 

y~ z 

Figure 5.9 The hardware test model of the planar Fourtear antenna. 

101 



Table 5.4 

Geometry of the Fourtear Antenna of Figs. 5.8 and 5.9. 

Description Symbol Size 

Element side length A 154.9 mm (6.1") 

Radius of circle r 28 mm (1.1") 

Substrate side length C 165.1 mm (6.5") 

Substrate thickness ts 0.79 mm (31 mils) 

Foam thickness 1:cJ 37.34 mm (1.47") 

Element height above ground plane h 38.1 mm (1.5'') 

Feed positions distance F' 3.56 111111 (0.14") 

5.4.1 The Fourtear antenna with the a-a' feed configuration 

Unlike the Fourpoint antenna, the Fourtear antenna in Fig. 5.9 has different impedance 

characteristics for each feed configuration because of the asymmetric geometry in the 

radiating element. The Fourtear antenna with a-a' feed configuration performance was 

computed and measured and the results are presented in this section. 

5. 4.1.1 Antenna Impedance and VSWR 

Antenna impedance and VSWR curves of the Fourtear antenna with a-a' feed 

configuration are shown in Fig. 5.l 0. The VSWR curves are referenced to a 100-Q. The 

computed and measured data agree well. The resistive and reactive components are well 

matched with a value close to 100-Q and 0-Q over the whole band, respectively. The 

bandwidth based on VSWR < 2 is BW = :G/fL = 10. Based these simulations we see that 

more than 10:1 impedance bandwidth for VSWR < 2 is possible, except for the 2-3 GHz 

band. The impedance curves in Fig. 5 .10 ( a) demonstrate hat the Fourtear antenna has 

extremely wide impedance bandwidth. 
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(b) VSWR curves referenced to 100-Q ofFourtear antenna with a-a' feed configuration. 

Figure 5.10 Computed and measured antenna impedance and VSWR (referenced to l 00- 
Q) for the Fourtear antenna in Figs. 5.8 and 5.9 with a-a' feed configuration 
and the dimensions of Table 5.4. 

103 

-~----- ----- 



,, 

5.4.1.2 Radiation Patterns 
The radiation patterns of the Fourtear antenna were measured with the near field scanner 

in the VTAG anechoic chamber. Patterns were measured at frequencies from 1.0 to 8.0 

GHz. Some of the measured patterns are presented in Fig. 5.11 for several frequencies. 

TI1e element height h above the ground plane, converted to the electrical height at the 

measurement frequency, is noted in parentheses. TI1e radiation patterns change with 

frequency because the electrical height increases as frequency increases. Specifically, a 

dip occurs at 2.0 GHz n the bore-sight direction. And some lobes appear above 3.0 GHz. 

Generally, pattern degradation occurs when the electric height is more than ?,.,/4 due to 

phase cancellation, as can be explained using image theory [5.3]. Tile effect is presented 

in [5.4] for an infinitesimal dipole antenna above a perfect ground plane. Tile patterns in 

Fig. 5.11, however, are quite different from the patterns of the infinitesimal dipole above 

a perfect ground plane because the Fourtear antenna has the parasitic element near the 

radiating element. Some lobes appear above 4.0 GHz where the electrical height is ?,.,/2 

and at 8.0 GHz the patterns become broken up. TI1e radiation patterns were also measured 

at intermediate angle 45° and 135° and one of the patterns at 1.6 GHz are presented in 

Fig. 5.12. The co-pol patterns are consistent in all four plane cuts but the cross-pol levels 

are higher in the diagonal planes compared to the principal planes, especially near 8=45°. 

Note that the cross-pol at bore-sight is still very low, which is compatible with the cross 

pol level of principal plane at bore-sight 

5. 4.1. 3 Summary 

The Fourtear antenna with a-a' feed configuration has extremely wide impedance 

bandwidth, but the radiation patterns degrade as frequency increases. TI1e radiation 

patterns are acceptable up to the 2: 1 bandwidth. The patterns, however, can be improved 

using a ground plane modification. Investigation of the ground plane will be discussed in 

Chapter 7. 
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Figure 5.11 Measured radiation patterns of the Fourtear antenna in Fig. 5.9 with a-a' feed 
configuration with the dimensions of Table 5.4. 
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Figure 5.12 Measured radiation patterns of the Fourtear antenna in Figs. 5.8 and 5.9 with 
a-a' feed configuration with the dimensions of Table 5.4, TI1e patterns are 
measured at four azimuth angles o == 00, 45°, 90° and 135°) at a frequency 
of 1.6 GHz. 
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5.4.2 The Fourtear antenna with b-b' feed configuration 

The Foursquare and Fourpoint antennas provide the same impedance characteristics when 

fed using either of their two feed configurations due to the symmetrical antenna 

geometry. However, the radiating element of Fourtear antenna in Fig. 5.8(a) is 

asymmetric, so the antenna characteristics are different for the two feed configurations. 

5.4.2.1 Antenna Impedance and VSWR 
Figure 5.13 shows the computed and measured impedance and VSWR referenced to 200- 

Q for the Fourtear antenna fed using b-b' terminals. The resistance value for b-b' feed 

configuration is much higher (about double) that for the a-a' feed configuration m 

Fig.5.10 (a). And the reactance value of the b-b' feed configuration is also near the 0-Q. 

The overall level of the impedance for b-b' feed configuration remains constant 

over the band just as with the a-a' feed configuration, which is necessary for wideband 

operation. But the impedance level of the Fourtear antenna with the b b' configuration is 

about double of the case of the a-a' feed configuration. The VSWRs in Fig. 5.13 (b) 

demonstrate that the Fourtear antenna with b-b' feed configuration also provide 

extremely wide impedance bandwidth more than 10:1 for VSWR < 2. At 2-3 GHz the 

VSWR, however, the slightly higher than VSWR=2. 

The measured data demonstrate that the impedance of the Fourtear antenna has 

different impedance characteristics for two feed configurations. The Fourtear antenna 

with the a-a' feed configuration has half of the resistance level of the antenna with the 1J. 

b' feed configuration. Generally, in microstrip or stripline, the impedance is inversely 

proportional to the width of the microstrip or stripline [5.5]. Note that the width cf the tip 

for a-a' feed configuration is much wider than the one for bb' feed configuration, so the 
experimental results follow the transmission line trend. 
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(a) Impedance curves of the Fourtear antenna with b-b' feed configuration. 
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(b) VSWR curves referenced to 200-Q for the Fourtear antenna with b-b' feed 

configuration. 

Figure 5.13 Computed and measured antenna impedance and VSWR (referenced to 200- 
Q) for the Fourtear antenna in Figs. 5.8 and 5.9 with b-b' feed configuration 
with the dimensions of Table 5.4. 
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5.4.2.2 Radiation Patterns 
The radiation patterns of the Fourtear antenna were also measured for the case of b-b' 

feed configuration. The antenna elements shown in Fig. 5.8(a) were rotated 90° for the 

measurement so that the E-plane pattern is obtained at xz-plane (~=0°) with b-b' feed 

configuration. The measured data are presented in Fig. 5.14 at several frequencies. 

Similar patterns are obtained like the case of the a-a' feed configuration. TI1e patterns of 

the b-b' feed configuration, however, have a little better pattern shape than the ones of a 

a' feed configuration. For b-b' feed configuration, the dip is not presented in the pattern 

at 2.0 GHz, unlike the patterns for a-a' feed configuration. In order to check at what 

frequency the dip begins to appear, the patterns are measured in Fig. 5.15 from 2.2 to 2.8 

GHz. A very small dip appears at a frequency of 2.4 GHz. A noticeable dip is shown at a 

frequency of2.6 GHz and additional lobes are also observed. 

TI1e measured radiation patterns in the diagonal planes (~ = 45° and 135°) are also 

presented in Fig. 5.16 for a frequency of 1.6 GHz. TI1e diagonal plane patterns are 

consistent with the principal plane patterns, as it was observed for the a-a' feed 

configuration. TI1e cross-pol level in the diagonal plane is a little higher than the cross 

pol level in the principal planes, which was also observed for the case of the a-a' feed 

configuration. 

5.4.2.3 Summary 
The measured impedance and radiation patterns differ for two different feed 

configurations. 111is is due to the fact that they have different current distributions. Based 

on the investigation, the b-b' feed configuration has better performance than that for the 

a-a' feed configuration. The Fourtear antenna cannot be used for dual-linear polariz.ation 

or circular polarization applications due to the different antenna characteristics for each 

feed. The Fourtear antenna, however, provides single linear polarization with wide 

bandwidth in a low-profile geometry. 
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Figure 5.14 Measured radiation patterns of the Fourtear antenna in Fig. 5.9 with b-b' 
feed configuration with the dimensions of Table 5.4. 
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Figure 5.15 Measured radiation patterns of the Fourtear antenna in Fig. 5.8 from 2.2 to 
2.8 GHz with b b' feed configuration with the dimensions of Table 5.4. The 
radiating elements are rotated 90° from the Fig. 5.8 (a) to obtain the Eplane 
pattern in the direction of the feed direction. 
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Figure 5.16 Measured radiation patterns of the Fourtear antenna in Figs. 5.8 and 5.9 with 
b-b' feed configuration with the dimensions of Table 5.4. The patterns are 
measured at four azimuth angles j] = 0°, 45°, 90° and 135°) at a frequency 
of 1.6 GHz. 
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5.5 A Hardware Test Model of a Modified Fourtear Antenna 

Even though the Fourtear antenna provides extremely wide impedance bandwidth, the 

asymmetric geometry of the Fourtear antenna causes different antenna characteristics for 

each feed configuration. With the goal of finding symmetric performance for the two feed 

cases, a modified Fourtear antenna was designed and constructed at VTAG as shown in 

Fig. 5.17. TI1e geometry details of the modified Fourtear antenna are shown in Fig. 5.18 

(a), which has a hexagonal shape that approximately a teardrop. The hexagonal radiating 

elements are not exactly identical in shape, but opposing pairs are identical mirror 

images. The hexagon helps to minimize the asymmetrical shape of teardrop by gradually 

changing the curve of teardrop into a straight line. The modified Fourtear antenna with 

the dimensions listed in Table 5.5 was simulated and measured. Same measurement 

techniques and set- up were employed as the Fourtear antenna was measured. 

X 

y~ z 

Figure 5.17 The hardware test model of the modified Fourtear antenna. 
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(a) Radiating element of the modified Fourtear antenna. 
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(b) Side view of the modified Fourtear antenna 

Figure 5.18 Geometry of the modified Fourtear antenna, 
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Table 5.5 

Geometry of the modified Fourtear Antenna of Fig. 5.18. 

Description Symbol Size 

Element side length A 157.5 mm (6.2") 

Length B B 41.3 mm (1.63") 

Substrate side length C 165.1 mm (6.5") 

Length D D 57.15 mm (2.25") 

Substrate thickness ts 0.76 mm (30 mils) 

Foam thickness ~ 37.34 mm (1.47") 

Element height above ground plane h 38.1 111111 (1.5") 

Feed positions distance F' 3.56 mm (0.14") 

5.5.1 Antenna Impedance and VSWR 

The measured antenna impedance and VSWR (referenced to 150-Q) of the test model 

were compared for each feed configuration as shown in Fig. 5.19. Due to the very similar 

shape of the radiating elements, the impedance characteristics of the two feed 

configurations are also nearly identical. TI1e VSWR of the modified Fourtear antenna is 

not as good as the Fourtear antenna discussed in Section 5.4, but it is acceptable. The 

antenna impedances, however, are very similar for each feed configuration over the 

whole band, which is necessary for employing polarization diversity. The modified 

Fourtear antenna has a resistance level of about 150-Q for both feed configuration. And 

the reactance is varying near the O.Q, which is very ideal for wideband antenna, Note that 

the value, 150-Q is the average value of the resistance levels measured in the Fourtear 

antenna for each feed configurations discussed in Section 5.4; that is 100-Q for a-a' feed 

configuration and 200-Q for b-b' feed configuration. Note that the width of feeding tip in 

the radiating element of the modified Fourtear antenna is also between the widths of the 

tips for a-a' feed configuration and b-b' feed configuration in the Fourtear antenna 

discussed in Section 5.4. The experimental results are very correlated with the 
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phenomenon observed in the microstrip, stripline or transmission line [5.5]. The 

investigation results demonstrate that the overall level of the antenna impedance is 

determined by the width of the tip for feed the antenna The resistance level is inversely 

proportional to the width of the tip for antenna feed; that is, a wide tip provides lower 

resistance than the narrow tip. 

TI1e impedance bandwidth of the modified Fourtear antenna is compatible with 

the self-complementary antenna in [5.6] [5.7]. In theory, the self-complementary antenna 

operating in free space (i.e. no ground plane present) has input impedance of 188.5 + JO 
Q. In practice, the measured impedance is lower (between 100-Q and 188.5-Q) than the 

value in theory, due to the finite thickness of metalliz.ation and the presence of the maxial 

feed line [5.6]. TI1e impedance characteristics (close to 150-Q) of the modified Fourtear 

antenna are analogous to the practically measured self-complementary antenna More 

investigation is required to find the relationship to the self-complementary antenna, 

2 3 4 5 6 7 8 9 10 
Frequency, GHz 

(a) Impedance curves of modified Fourtear antenna with a-a' (solid and dash) and b 

b' ( circle and cross) feed configurations. 
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(b) VSWR referenced to 150-Q of modified Fourtear antenna with a-a' (solid) and b 

b' (circle) feed configurations. 

Figure 5.19 Comparison of the measured modified Fourtear antenna performance (with 
ground plane) of a-a' and b-b' feed configuration with the dimensions of 
Table 5.5. 
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5.5.2 Radiation Patterns 

The radiation patterns of the modified Fourtear antenna were also measured for both feed 

configurations. They have almost identical radiation patterns over the whole band. 

Therefore, only measured patterns for b-b' feed configuration are presented in Fig. 5.20 

at selected frequencies from 1.0 to 8.0 GHz. And additional patterns from 2.2 - 2.8 GHz 

are presented in Fig. 5.21 to check at what frequency the dip is appeared. The dip begins 

to appear at a frequency of 2.4 GHz but the patterns are acceptable up to 2.6 GHz. 

Computed maximum gain vs. frequency plot is presented in Fig. B2 in Appendix 

B. Gain patterns can be directly obtained by adding the maximum gain number to the 

normalized radiation patterns. 

5. 5.3 S ummary 

A modified Fourtear antenna was investigated on behalf of improving the performance of 

the Fourtear antenna. TI1e measured impedance and radiation patterns demonstrate that 

the modified Fourtear antenna has almost identical antenna characteristics for both feed 

configurations with wide bandwidth. The modified Fourtear antenna described in this 

section has a hexagon shape as an example model, but other shapes such as octagon, 

pentagon, etc are possible to achieve the identical antenna performance for both feed 

configurations. 
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Figure 5.20 Measured radiation patterns of the modified Fourtear antenna in Figs. 5.17 
and 5.18 with b-b' feed configuration with the dimensions of Table 5.5. 
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Figure 5.21 Measured radiation patterns of the Fourtear antenna in Figs. 5.17 and 5.18 
from 2.2 to 2.8 GHz with b-b' feed configuration with the dimensions of 
Table 5.5. The radiating elements are rotated 90° from the Fig. 5.18 (a) to 
obtain the E- plane pattern in the direction of the feed direction. 
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5.6 Summary 

In this chapter a new antenna, the Fourtear antenna, was introduced. The Fourtear 

antenna is a generalized version of the Foursquare and Fourpoint antennas. It has very 

wide impedance bandwidth, providing dual-linear polarization in a_ low-profile geometry. 

Its impedance bandwidth is similar to that of a frequency independent antenna However, 

the drawback of the Fourtear antenna is that it has different antenna impedances for the 

different feed configurations due to the asymmetrical shape of the radiating element. This 

problem was resolved using the modified Fourtear antenna discussed in Section 5.5. TI1e 

modified Fourtear antenna provides more than 10: 1 impedance bandwidth and about 

2.6: 1 pattern bandwidth'. The radiation pattern can be improved by modifying the 

geometry of the ground plane to achieve constant electrical height over wide impedance 

bandwidth. Note that the Fourtear and the modified Fourtear antenna do not use a tuning 

plate as was used in Fourpoint antenna. Therefore, it is. easy to construct the Fourtear 

antenna 
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Chapter 6 

Planar Inverted Cone Antenna (PICA) 

6.1 Introduction 

TI1e need for wideband antennas with omni-directional coverage is increasing in both 

military and commercial applications. Thin antennas are preferred in most situations. TI1e 

classic solution is to obtain an omni-directional pattern using a thin wire dipole or its 

counterpart monopole version with a ground plane (if a half-space is to be illuminated). 

However, the wire dipole and monopole suffer from narrow impedance bandwidth. TI1e 

bandwidth can be widened using flat metal rather than a thin wire structure [ 6.1]. Many 

flat radiator geometries have been explored over several decades, as discussed in the 

Section 2.7. However, these antennas suffer from pattern degradation at the high end of 

their impedance bandwidth [6.2]. 

Crossed half circle flat radiators as discussed in the Section 2.7.4 appear to 

provide better pattern bandwidth within their impedance bandwidth [6.3], but a 

simulation result at VTAG revealed that they have high cross polarization over the entire 

band due to the interaction between flat elements. 
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TI1is chapter presents a new wideband, omni-directional, flat antenna called a 

Planar Inverted Cone Antenna (PICA). The PICA antenna is evolved from the teardrop 

antenna and monopole disc antenna discussed in Sections 2.4 and 2. 7. The PICA is 

composed of single flat element vertically mounted above a ground plane. The antenna 

geometry is very simple yet provides outstanding impedance and radiation pattern 

performance. TI1e impedance bandwidth of more than 20: 1 has been confirmed through 

extensive simulations and experiments. Radiation pattern improvement achieved by 

adding two circular holes inside of the element. The radiation pattern of the PICA is 

acceptable over a bandwidth up to 6: 1 and has very low cross polarization of 20 dB or 

less [6.4). The simulation and experiment results of the PICA antenna are presented in 

terms of VSWR plots and radiation patterns. 
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6.2 The Antenna Structure 

The basic geometry of the PICA antenna is shown in Fig. 6.1. It is based on the 

conventional circular disc antenna of Fig. 2.12 in the Section 2.7.1 [6.5]. The top part of 

the circular disc was trimmed to the shape of a planar inverted cone. The PICA (Planar 
- Inverted Cone Antenna) name is based on the shape of the element. The PICA antenna 

provides wider radiation pattern bandwidth than the circular disc antenna with similar 

impedance bandwidth in a smaller antenna: see Section 6.3. 

Figure 6.1 (a) is the general geometry of the PICA antenna. Dimension F1 could 

have an arbitrary shape and size to customize performance to the specific application. 

However, edge P2 should be tapered to circular, elliptical or exponential shapes to obtain 

broad impedance bandwidth and an omni-directional antenna pattern. The height of the 

PICA antenna is about quarter wavelength of the low-end operating frequency. The cone 

angle a and dimensions Ll, L2 and L3 in Fig. 6.1 (b) can be varied to obtain optimum 

performance. The basic geometry was modified to teardrop shape by tapering the straight 

line between vertex and curve as shown in Fig. 6.1 ( c ). Note that the teardrop PICA 

antenna in Fig. 6.1 (c) is an inverted version of the teardrop antenna shown in Fig. 5.7 (a). 

In Figure 5. 7 (a), the ground plane of the teardrop antenna is gradually tapered to obtain 

wide impedance bandwidth, but in the PICA of Fig. 6.1 ( c) the radiating element has a 

round shape at the bottom of the element to compromise the gradually tapered ground 

plane. The antenna geometry of Fig. 6.1 ( d) with two circular holes was developed as a 

result of extensive investigation of the PICA antenna to find geometries improved with 

radiation patterns. Even though the circular holes are tried only, another shape may be 

used for any specific application. 

Hardware test models with the Figs. 6.5 and 6.10 were constructed and measured. 

111e results revealed that they have an extremely wide impedance bandwidth of more than 

l 0: 1 and wide radiation pattern bandwidth of about 6: 1. 111e difference between the PICA 

element and the other disc elements discussed in Section 2. 7 is that the geometry of the 

PICA antenna leads to an improved radiation pattern, while maintaining similar 

impedance characteristics with smaller antenna size. The next. section describes the 

investigation results of the PICA antenna with several hardware test models. 
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(a) Geometry of general shape of PICA antenna 
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(b) Geometry of a shape of PICA antenna. 
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( c) Geometry of a PICA antenna having a shape of teardrop. 
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(d) Geometry of a PICA antenna having a shape of teardrop with two circular holes. 

Figure 6.1 Geometries of the Planar Inverted Cone Antenna (PICA). 

(/\,L is wavelength at the lowest operating frequency.) 
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6.3 A PICA Hardware Test Model I of Figure 6.1 (b) 

A test model of the PICA antenna in Figure 6.1 (b) was investigated using both 

simulations and measurements. The PICA antenna described in this section is the first 

prototype of the PICA antenna. A PICA antenna that is 50.8 mm (2.0") high is simulated 

for operating at a low-end frequency of 1.50 GHz. The dimensions for this antenna are 

listed in Table 6.1. A circular ground plane having a diameter of 406.4 mm O 6. O') was 
used in measurement of VSWR and an infinite ground plane was employed in the 

simulation for computational simplicity. Radiation patterns were not measured for the 

PICA hardware model described in this section, but extensive pattern measurements were 

performed and presented using the other PICA hardware models in Sections 6.4 and 6.5. 

The computed radiation patterns, however, are compared in Section 6.3.2 with the 

patterns of circular and half disc antenna discussed in Section 2. 7. 

Table 6.1 

Dimensions of a PICA Hardware Test Model I of Figure 6.1 (b ). 

Description Symbol Size 

Length L1 L1 25.4 mm (1.0") 

LengthL2 L2 25.4 mm (1.0') 

Height of the element L 50.8 mm (2.0") 

Width of the element L3 50.8 mm (2.0') 

Cone angle a 90° 

Feed length h 0.64 mm (0.025") 
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6.3.1 VSWR Computations and Measurements 

The VSWR of the PICA antenna was computed and measured using Fidelity and HP 

8720C network analyzer, respectively, and are compared in Fig. 6.2. Simulations and 

measurements agree. The agreement between measured and calculated results indicates 

that accurate design studies can be performed by simulation. The VSWR curves are 

referenced to a 50-Q input impedance in both simulation and measurement. In addition, 

the VSWRs are well below 2:1 from 1.5 to 20 GHz for an impedance bandwidth of 13:1 

(fu/fL). The wide impedance bandwidth was achieved by tapering the bottom of the 

element in a circular fashion [6.5]. The electrical size of the PICA antenna at 1.5 GHz is 

about A/4, i.e. L=Ad4 .. 

101 ' ~ 

rt-+ .1 I , Simulation 11 
9 , I ,;; Measurement i 

I I I I i 

8: ~ ! i I I ! I I I 
' I I I I I I 

11 I I I I I ! I ~~ 7! 
I i I I I I I I I ! I i I ! I I 

0:: 6!',----- I 'I . i I I I s i i I i I 
Cl) I ' I I i . I I > 5 i ; 1 

, I I 

Frequency, GHz 

Figure 6.2 Computed (solid curve) and measured (dot crrve) VSWR (referenced to 50- 
Q) for the PICA antenna of Fig. 6.1 (b) with the dimensions listed in Table 
6.1. 
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6.3.2 Radiation Patterns 

Far field radiation patterns were computed for the PICA antenna in Fig. 6.1 (b ), as well as 

the circular disc and half disc antennas. TI1e geometry of each antenna element is 

presented in Fig. 6.3. TI1e antenna size, I, and feed height, h, above the ground plane are 

set to 50.8 mm (2.0'') and 0.64 mm (0.025"), respectively, for all cases. Therefore, the 

circular disc has a radius of L3 = 25.4 mm O .O") and the half disc has a radius of L3 = 
50.8 mm (2.0") without top of circular disc. The PICA antenna has the dimensions listed 

in Table 6.1. Very thin metal plate was employed in simulation TI1e radiation patterns of 

the three antennas are compared in Fig. 6.4 at selected frequencies. 

(a) Circular-disc antenna (b) Half-disc antenna (c) PICA antenna 

Figure 6.3 Antenna geometries used in simulation 

The computed radiation patterns are compared in Fig. 6.4 for several frequencies. 

TI1e elevation patterns for the antennas were computed in the xz-plane (~ = O"). Cross 

polarized patterns of the antennas are also displayed. The level of the cross-polarization is 

about 20 dB below the co-polarized pattern Azimuth patterns at 8=60° were also 

presented for the three antennas (circular-disc, half-disc, and PICA antenna). 

These patterns show that the half disc antenna suffers from pattern degradation as 

frequency increases beyond 3: 1 impedance bandwidth, while there is no significant 

pattern variation with the circular-disc antenna and PICA up to a 6: 1 bandwidth. In 

addition, the PICA antenna, provides better radiation pattern shape than the circular-disc 

antenna in a smaller dimension [6.4]. 
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180 

(a) Elevation pattern at 2.0 GHz (b) Azimuth pattern at 8 = 60° at 2.0 GHz 

180 180 

(c) Elevation pattern at 5.0 GHz (d) Azimuth pattern at 8 = 60° at 5.0 GHz 
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(e) Elevation pattern at 7.0 GHz (f) Azimuth pattern at 8 = 60° at 7.0 GHz 

00 

180 180 

(g) Elevation pattern at 9.0 GHz (h) Azimuth pattern at 8 = 60° at 9.0 GHz 

Figure 6.4 Computed radiation patterns of disc antennas such as the circular disc, half 
disc, and PICA antennas at several frequencies. 
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6.3.3 Summary 

TI1e PICA antenna shown in Fig. 6.1 (b) was computed and measured. The measured 

VSWR of the PICA antenna demonstrates extremely wide impedance bandwidth. The 

tapered curve of the bottom of the element is the most important parameter in 

determining the wide impedance bandwidth [6.5]. The feed length, h is also another 

important parameter in tuning the antenna impedance [6.2]. The PICA antenna has 

similar impedance characteristics with the circular disc antenna and half-disc antenna, 

Computed radiation patterns, however, demonstrate that the PICA antenna provides 

better radiation pattern in a smaller dimension than the circular disc antenna and half-disc 

antenna, More investigation results will be discussed in Sections 6.4 and 6.5 using 

another hardware test models. 
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6.4 The Teardrop PICA Antenna 

Models for the teardrop PICA antenna in Fig. 6.1 ( c) were computed and measured. A 

photo of the PICA antenna is presented in Fig. 6.5 and the dimensions of the antenna 
element is displayed in Fig. 6.6. Note that the width of the PICA is almost same as the 

height of the antenna The size of the PICA element is 76.2 mm (L = 3.0") and it was 

mounted with a feed length of 0.64 mm (h=0.025'') above an aluminum ground plane of 

609.6 nun x 609.6 mm (24" x 24''). The PICA element was designed with a size of L1 = 

47 mm (1.85"), L2 = 29.2 mm (1.15") and L3 = 76.2 mm (3.0"). Note that the ratio of the 

Ll/L2 is 1.609, which is close the golden ratio (or Sacred section) of 1.618 [6.6]. T11e 

ground plane used in this section is larger than the ground plane used in Section 6.3. The 

radiating element was etched on a substrate with a dielectric constant of 2.33 with a 

thickness of 0.79 mm (31 mils). 

Figure 6.5 A teardrop PICA antenna. 
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Figure 6.6 Size and geometry of a teardrop PICA antenna. The coordinate values are in 
inches. 
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6.4.1 VSWR 

The VSWR of the teardrop PICA antenna was computed using a commercial code 

Fidelity and measured using a network analyzer, HP 8720C in the anechoic chamber in 

Virginia Tech Antenna Group (VTAG). TI1e results computed and measured VSWR 

referenced to 50-Q are shown in Fig. 6.7. At the high frequencies a difference in 

simulation and measurement data deviate. This difference could be caused by 

construction errors such as inaccurate feed length and the substrate effects. In spite of the 

difference, the PICA antenna demonstrated wide impedance bandwidth. Note that the 

teardrop PICA antenna impedance is very sensitive to the feed length 'h' at high 

frequency [ 6.2]. TI1e impedance at high frequency can be tuned by changing the height 

'h'. 

10,; I I I I I I r: Si~ulatio~ ·~1 I O I I I I '" Measurement I i~r I l 1 1 .. ~ 9.: ' . 

I I I I I 
7 ! ! I I I I I I I 

, ' I 

Frequency, GHz 

Figure 6.7 Computed and measured VSWR (referenced to 50-Q) of a teardrop PICA 
antenna in Fig. 6.1 (c) with L = 76.2 mm (3.0") and h=0.64 nun (0.025''). 
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6.4.2 Radiation Patterns 

Radiation patterns were computed and measured at several frequencies over the 

bandwidth from 1 to 8 GHz. The patterns were computed using the FDTD conunercial 

code Fidelity. An infinite ground plane was used in computing the PICA antenna to save 

computation time. In the experiment, a 609.6 mm x 609.6 nun (24" x 24") aluminum 

finite ground plane was used to measure the teardrop PICA antenna, Ground plane size 

difference may cause some differences in the simulation and measurement data The 

patterns are measured using a near field scanner built by Antcom system at VTAG. 

Computed radiation patterns at 1.0, 3.4 and 6.0 GHz are presented in Fig. 6.8. 

Measured radiation patterns are presented in Fig. 6.9 for the some frequencies plus 

several additional one. The elevation patterns are presented for the two principal planes 

of ~ = 0° (xz-plane) and ~ = 90° (yz-plane). The azimuth patterns are presented at an 

angle of 8 = 60° and the CP azimuth angle corresponds b the x-axis direction. When we 

consider the difference in the size of the ground plane between the simulation and 

measurement, the agreement can be reasonably matched well. 

The PICA antenna tends to radiate energy omni-directionally for first 4: 1 portion 

of the bandwidth. But beyond the initial 4:1 bandwidth, the antenna tends to radiate more 

in the direction of ~ = 90° (yz-plane). A slot between the element and ground plane 

contributes to radiate at the high frequency. The measured radiation patterns demonstrate 

that at the low end of the operating band, the currents are well distributed over the PICA 

antenna plate so the patterns are omni-directional. But at high end of the operating band, 

the currents are concentrated near the slot, so the fields radiate in the direction of yz 

plane mainly through the slot [ 6. 7]. 

Regardless of the gain differences in the principal planes, the elevation patterns at 

the xz-plane (~ = 0°) are useful up to 6.0 GHz if an acceptable gain is achieved. Gain 

measurement have not been performed, but acceptable gain is to be expected. Note that 

the elevation patterns in the yz-plane (~ = 90°) are acceptable over a very wide band 

extending up to 8:1 bandwidth. The good elevation patterns in the yz-plane (~ = 90°) are 

mainly obtained due to the slot between the radiating element and the ground plane, 
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which is also be observed in the Tapered Slot Antennas (TSA) such as the Vivaldi 

antenna [6.8]-[6.9]. 

The measured azimuth patterns at e = 60° demonstrate that the PICA antenna 

provides good omni-directional coverage from 1.0 GHz to 4.0 GHz. However, the 

azimuth pattern becomes much less omni-directional as the frequency :increases beyond 

4.0GHz. 

Computed maximum gain vs. frequency plot is presented in Fig. B3 in Appendix 

B. Gain patterns can be directly obtained by adding the maximum gain number to the 

normalized radiation patterns. 

6.4.3 Summary 

The PICA antenna was etched on the dielectric material having a shape of teardrop. 

Measurement results for the teardrop PICA demonstrated very wide impedance 

bandwidth and a good radiating performance in a thin metal plate. TI1e teardrop PICA 

antenna, however, experiences pattern degradation in the direction of xz-plane (~ = 0°) as 

the frequency increases. Beyond, however, the pattern in the direction of yz- plane ( ~ = 

90°) is not degraded as the frequency increases even up to 8: 1 bandwidth. TI1e good 

elevation patterns at the yz-plane (~ = 90°) are obtained due to the slot between the 

radiating element and the ground plane. TI1e good radiation patterns and the wide 

impedance bandwidth of the PICA antenna demonstrate its great potential for the use of 

wideband antenna. An other enhancement of the PICA antenna using circular holes in the 

PICA element is discussed in the next section .. 
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180 180 

(a) Elevation pattern at 1.0 GHz (b) Azimuth pattern at 8 = 60° at 1.0 GHz 

180 180 

( c) Elevation pattern at 3 .4 GHz (d) Azimuth pattern at 8 = 60° at 3.4 GHz 
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180 180 

(e) Elevation pattern at 6.0 GHz (f) Azimuth pattern ate= 60° at 6.0 GHz 

Figure 6.8 Computed radiation patterns for the teardrop PICA hardware test model in 
Fig. 6.1 (c). The azimuth angle (J' angle corresponds to the x direction in Fig. 
6.1 ( c ). The Cf elevation angle corresponds to the z axis direction in Fig. 6.1 
(c). 
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( e) Elevation pattern at 2.2 GHz 
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(b) Azimuth pattern ate= 60° at 1.0 GHz 
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(d) Azimuth pattern ate= 60° at 1.6 GHz 
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(f) Azimuth pattern ate= 60° at 2.2 GHz 
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(i) Elevation pattern at 3.4 GHz 
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(k) Elevation pattern at 4.0 GHz 
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(h) Azimuth pattern at 8 = 60° at 2.8 GHz 
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G) Azimuth pattern at 8 = 60° at 3.4 GHz 

180 

(I) Azimuth pattern at 8 = 60° at 4.0 GHz 
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(w) Elevation pattern at 8.0 GHz (x) Azimuth pattern at 8 = 60° at 8.0 GHz 

Figure 6.9 Measured radiation patterns for the teardrop PICA antenna in Fig. 6.1 (c). The 
azimuth angle 0° angle corresponds to the xdirection in Fig. 6.1 ( c ). TI1e O' 
elevation angle corresponds to the z-axis direction in Fig. 6.1 ( c ). 
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6.5 The Two-circular-hole PICA Antenna 

The PICA antenna with two circular holes in Fig. 6.1 (d) was converted to experimentally 

to see if holes in the element enhance the radiation pattern without degrading the 
impedance performance. There are two symmetric circular holes inside of the metal as 

shown in Fig. 6.10 and the radiating element was etched on a substrate with a dielectric 

constant of 2.33 and a thickness of 0. 79 mm (31 mils). The size and the location of the 

circular holes are also shown in Fig. 6.11. TI1e same element size of L=76.2 mm (3.0") 

was used as the teardrop PICA antenna in Section 6.4 and it was also mounted with 

h=0.64 mm (0.025") above a ground plane of 609.6 mm x 609.6 mm (24" x 24") 

aluminum plate. The PICA element was designed with the same size with the PICA 

antenna in Section 6.4 of Ll = 47 mm (1.85"), L2 = 29.2 mm (1.15") and L3 = 76.2 mm 

(3.0"). Note that the ratio of the Ll/L2 is 1.609, which is close the golden ratio (or Sacred 

section) of 1.618 [6.6]. Only results for two circular holes are presented in this section, 
but several another shapes of holes are possible. 

Figure 6.10 A PICA Hardware Test Model Ill. 
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Figure 6.11 Size and geometry of a PICA antenna with two circular holes. The 
coordinate value represents inches. 

147 



6.5.1 Impedance properties of the two-circular-hole PICA antenna 

The VSWR of the PICA antenna with two circular holes was both computed and 

measured at VTAG. The results presented in Fig. 6.12 in terms of VSWR are referenced 

to 50-Q indicate that there is a good match over a wide band. The computed and 

measured results demonstrate that two circular holes in the test model do not adversely 

affect the antenna impedance at all but the current distribution must be changed due to 

the circular holes. The PICA antenna with two circular holes has more than 10: 1 

impedance bandwidth as well . 
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6.12 Computed and measured VSWR of a two-circular-hole PICA antenna m 
Figs. 6.10 and 6.11 with L = 76.2 mm (3.0") and h = 0.64 mm (0.025") . 
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6.5.2 Radiation Patterns 

Having demonstrated in the previous subsection that the PICA _antenna impedance is not 

degraded by the two circular holes, we now examines the radiation patterns of the two 

circular-holes PICA antenna of Figs. 6.10 and 6.11. Extensive radiation pattern 

measurements were made from 1 to 8 GHz. TI1e measurement set up is exactly the same 

as the setup in the Section 6.4.2, except that the plain PICA radiating element was 

replaced by the PICA antenna in Fig. 6.10. Pattern were also computed using the Fidelity 

code and good agreement to the measured pattern was obtained. Only the measured 

results are presented here. 

The measured radiation patterns of the two-circular-hole PICA antenna are very 

similar to the patterns of the PICA antenna without holes (see Fig. 6.9) up to 4.0 GHz. At 

the high frequencies, however, the two-circular-hole PICA antenna radiates in a different 

way with the PICA antenna wthout holes. 111e pattern plots in Fig. 6.13 demonstrate that 

two holes in the PICA antenna help to enhance the radiation patterns in the direction of 

xz-plane (~ = 0°); compare the pattern plots in Figs. 6.9 and 6.13. The radiation patterns 

in the direction of yz-plane (~ = 90°), however, are not affected significantly by the holes. 

The holes affect only the xz-plane patterns, which is the direction of the plane of the 

metal. Thus, the two-circular-hole PICA antenna has good omni-directional pattern 

behavior over an 8: 1 bandwidth. It is important to reemphasizing that the holes do not 

impair the impedance performance of the PICA antenna, as shown in Fig. 6.12. 

Investigation results of the PICA antenna with two circular holes demonstrate that 

the holes control the flow of the current in the metal plate so that the frequency response 

of the element is improved without deteriorating the impedance performance. Even 

though only two holes are tested in this section, several another shapes of holes can be 

applied to appropriate position on behalf of enhancing the radiation performance. 

Computed maximum gain vs. frequency plot is presented in Fig. B4 in Appendix 

B. Gain patterns can be directly obtained by adding the maximum gain number to the 

normalized radiation patterns. 
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(t) Azimuth pattern ate = 60° at 6.0 GHz 
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(v) Azimuth pattern ate= 60° at 7.0 GHz 
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L-- X-pol at_±=90 deg j 

180 

(w) Elevation pattern at 8.0 GHz (x) Azimuth pattern at 8 = 60° at 8.0 GHz 

Figure 6.13 Measured radiation patterns of a two-circular-hole PfCA antenna in Figs. 
6.10 and 6.1 l. The azimuth angle (J' angle corresponds to the xdirection in 
Fig. 6.1 (c). The 0° elevation angle corresponds to the z-axis direction in 
Fig. 6.1 (c). 

6.6 Summary 

A newly invented PICA antenna was investigated through extensive simulations and 

experiments in this chapter. The PICA antenna has very wide impedance bandwidth, up 

to more than J 0: l, and can provide acceptable radiation pattern bandwidth of about 8: 1. 

Three PICA geometries were investigated, the plain, teardrop, and two-circular hole 

PlCAs; see Fig. 6.1. The teardrop PICA antenna was designed with a golden ratio, 1.618 

in determining the ratio of Ll/L2 [6.6]. More investigation is necessary for the ratio 

effect of Ll/L2 on the antenna performance. The two-circular-hole in the teardrop PICA 

antenna does not impair the antenna impedance. But they enhance the radiation pattern by 

changing the current distribution in the antenna element. The PICA antennas provide 

omni-directional pattern over very wideband; 4:1 for the teardrop PICA antenna and 8:1 

for the two-circular-hole PTCA antenna. 
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Based on the features of the PICA antenna, the PICA antenna is an excellent 

candidate antenna element for the Ultra Wideband (UWB) Antenna application, which 

requires to efficiently propagate the monocycle pulses with minimal distortion; in other 

words, ultra wide band should be covered in a single antenna element. ln many UWB 

applications, the modified Vivaldi antenna is used such as a shape of rabbit ears or 

Mickey Mouse ears [6.1 O]. When the PICA antenna is modified into dipole version and 

the direction of the yz-plane is used for antenna propagation, the geometry is very similar 

to the UWB antenna, Mickey Mouse antenna. More detail investigation should be 

performed for the UWB application as a future work. 

The investigated PICA antennas are summarized in Table 6.2. 

Table 6.2 

Summary of PICA Antenna discussed in Chapter 6. 

Characteristics 
Antenna Impedance Bandwidth Pattern 

forVSWR<2 Bandwidth 

PlCA (Section 6.3) > 20: 1 (measured) 6:1 (computed) 

Teardrop PICA (Section, 6.4) > 10: 1 (measured) 4:1 (measured) 

Two-circular-hole PICA (Section 6.5) > 10: l (measured) 8:1 (measured) 
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Chapter 7 

Wideband Low-profile Dipole Planar Inverted 

Cone Antenna (LPdiPICA) 

7.1 Introduction 
TI1e well- known monopole antenna is easily related to the dipole antenna tlu·ough image 

theory [7.1]. ln a similar fashion, the monopole PICA antenna in Chapter 6 has a dipole 

version of the PJCA antenna called the diPICA. Applications for the dipole PICA are 

those that requires full spheroidal volume (omni-directional) coverage, rather than 

hemispherical omni-directional radiation obtained with the (monopole) PICA. A software 

test model demonstrated that the diPICA antenna behaves like several segment half-wave 

dipoles in a single element, giving ultra wide impedance and pattern bandwidth. 

However, for many situations a unidirectional beam is required. With a 

conventional dipole, this is accomplished by introducing a ground plane parallel to and a 

11,/4 behind the dipole. We refer to this as a Low-Profile Dipole Planar Inverted Cone 

Antenna (LPdiPICA). TI1e LPdiPICA is a wideband compact antenna with a 

unidirectional pattern and is easy to apply to implement in an array element. 
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We saw in Chapters 3 and 5 that the Fourpoint and Fourtear antennas can provide 

dual- linear or circular polarization by proper feed implementations. The low-profile 

diPICA antenna, however, has only a single polarization because it has only two 

opposing arms whereas the Fourpoint or Fourtear antenna has two parts of opposing 

radiating arms. In this chapter, the unique features of the low-profile diPlCA antenna are 

discussed by examining antenna impedance and radiation patterns. 

The low- profile diPlCA antenna was extensively investigated using 

multiple software simulation codes and hardware test models. It was observed that the 

low-profile diPICA antenna has very similar pattern characteristics to the infinitesimal 

dipole antenna above a perfect ground plane with varying height [7.2]. The study was 

started by investigating the characteristics of the diPICA antenna, i.e. LPdiPICA without 

a ground plane. 

Based on the investigation of the LPdiPICA antenna, the LPdiPICA antenna 

patterns are degraded as the frequency increases toward high end of the band. As an 

attempt to enhance the radiation patterns at the high end of the band, several ground plane 

geometries are proposed and one of them (exponentially-tapered ground plane) was 

simulated using the Fidelity code. The simulation results demonstrate that the 

exponentially-tapered ground, plane enhanced the radiation patterns at the high end of 

frequency. The basic concept of these efforts is to keep the electrical height above the 

ground plane as about A/4 at all frequencies [7.2]. The detail investigation should be done 

as a future work. 

Figure 7.1 presents the antenna geometries investigated in this chapter. 
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(a) PICA (b) diPICA 

?77//,, 

(c) LPdiPICA 

Figure 7.1 Antenna geometries of the Pl CA antenna family discussed in this chapter. 
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7.2 A diPICA antenna without Ground Plane 

111e monopole PICA antenna discussed in Chapter 6 can be easily constructed to a dipole 

PICA antenna (called diPICA) using the concept of the image theory [7.l] and the 

diPICA antenna is presented in Fig. 7.2. The dimensions are described in the figure. The 

geometry of the two-circular-hole PICA antenna was used as a test model for the diPlCA 

antenna. The coordinate system is adjusted to compare the radiation pattern with the 

typical dipole antenna vertically positioned. 

7.2.1 Impedance Properties of the diPICA antenna 

The Fidelity code was used in simulating the diPICA antenna without ground plane. The 

computed antenna impedance and the radiation patterns are presented in Figs. 7.3 and 

7.4. The antenna impedance characteristics are close to one of a frequency independent 

antenna, which have more than 10: 1 impedance bandwidth [7.1]. The resistive 

component maintains near 100-Q and the reactive component is within ± 50-Q, which 

characteristics are resulted in excellent VSWR performance over the entire band as 

shown in Fig. 7.3 (b ). The VSWR is referenced to I 00-Q. 
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(a) Geometry at xz-plane. 

(b) Geometry at yz-plane. 

.05" 

Figure 7.2 A diPICA antenna without ground plane (F' = 2.3 mm (0.09")). 
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(a) Computed antenna impedance of the diPICA antennas without ground plane. 
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(b) Computed VSWR (referenced to 100-0) of the diPICA antenna without ground 

plane. 

Figure 7.3 Computed antenna impedance and VSWR (referenced to 100-0) of the 
diPlCA antenna without ground plane in Fig. 7.2. 
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7.2.2 Radiation Pattern of the diPICA antenna 

Computed radiation patterns of the diPICA antenna are presented at some selected 

frequencies in Fig. 7.4. The elevation patterns are computed at the E-plane (xz-plane, ~ = 

0°) and Hplane (yz-plane, ~ = 90°) as described in Fig. 7.2. The azimuth patterns of the 

di.PICA antenna are also presented for an angle computed at e = 60°. The diPlCA antenna 
provides good omni-directional patterns from the frequency of 1.0 GHz up to 4.0 GHz, 

but the patterns are degraded as the frequency increases beyond 4.0 GHz. Several lobes 

are generated at the high end of the frequency as shown in Fig. 7.4 (i) and (k). The 

several lobes and broad beam will decrease the directivity of the di.PICA antenna at the 

high end of the frequency. However, the patterns at the high frequency are still useful for 

the wireless communication. The cross-pol level is less than 20 dB for the entire band. 

The simulation results demonstrate that the di.PICA antenna provides excellent 

antenna performance in antenna impedance and radiation patterns. The di.PICA antenna is 

just like the several segment of typical dipole antenna tuned at several frequencies in a 

single element. 
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(e) Elevation pattern at 3.0 GHz (f) Azimuth pattern at 3.0 GHz 
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Figure 7.4 Computed radiation patterns of the diPICA antenna without ground plane. 
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7.3 A Low-Profile diPICA Antenna Test Model I 

Many dipole antennas also can be constructed to a low-profile dipole antenna to obtain a 

unidirectional pattern. In a similar fashion, the diPICA antenna can be modified to the 

low-profile diPICA antenna (called LPdiPICA) by backing a ground plane parallel to the 

diPICA antenna like the Fourpoint and Fourtear antennas discussed in Chapters 3 and 5. 

7.3.1 Antenna Structure of the LPdiPICA Model I 

The basic antenna structure of the low-profile diPICA (LPdiPICA) antenna is shown in 

Fig. 7.5. The top view of the LPdiPICA antenna is the dipole version of the PICA 

antenna discussed in Section 7.1 (see Fig. 7. l(b)) and the side view of the antenna 

structure is the same geometry with one of the Fourpoint and Fourtear antennas in Fig. 

3.1. The radiating element in Fig. 7.5 can be replaced other valid geometry of the PICA 

element as discussed in Section 6.2. Note that the radiating elements in Fig. 7.5 do not 

have parasitic elements, unlike the Fourpoint or Fourtear antennas and has only single 

linear polarization. The shape of the tapered slot and the distance between two radiating 

elements are the critical parameters in determining the antenna impedance. The height, 

'h' between the radiating element and the ground plane is to be adjusted to achieve 

maxunum pattern bandwidth just as with the wideband half-wave dipole antenna reported 

by Bailey [7.3]. Generally the height is set to A/4 at the high end of the frequency band, 

but at the same time the height should be properly determined to meet the VSWR 

requirement. 

The coordinate system used in Fig. 7.5 (a) of the LPdiPICA leads to an xz-plane 

as E-plane for description of radiation patterns. The I-I-plane is the orthogonal plane of 
the E-plane as shown in Fig. 7.5(a). 
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(a) Top view. 
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(b) Side view. 
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Figure 7.5 The structure of the low-profile diPICA antenna (LPdiP1CA). 
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7.3.2 Dimensions of the LPdiPICA Hardware Test model I 

A hardware test model of the wideband LPdiPICA antenna shown in Fig. 7.6 was 

constructed and tested. The dimensions are listed in Table 7. I. The outer dimension of 

the antenna is 153.67 mm x 76.7 mm (6.05" x 3.02"). The radiating element was etched 

on a dielectric material (s,=2.33) of Duroid 5870 from Rogers Co. The antenna was 

investigated using both simulations and measurements performed by the Virginia Tech 

Antenna Group. The hardware test model was simulated using the commercial FDTD 

code Fidelity. Measurement was made using a network analyzer HP 8720C and an 

Antcom near field scanner system for the impedance and radiation patterns, respectively. 

Note that an infinite ground plane was employed in simulations for reasons of the 

computational simplicity, but a 431.8 mm x 431.8 mm (17" x 17") aluminum ground 

plane was used in the measurements. The electrical size of the ground plane is about 1.42 

A x 1.42 A at the lowest operating frequency of 1.0 GHz. A semi-rigid cable of RG 405 

/U was used as a coaxial feed with a characteristic impedance of 50-0. The outer 

diameter of the cable is about 2.2 mm (0.087"). 
' 

X 

v~ z 
Figure 7.6 A LPdiPTCA antenna hardware test model I. 
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Table 7.1 

Dimensions of the LPdiPICA antenna model I of Figs. 7.5 and 7.6. 

Description Symbol Size 

Element vertical length A 153.67 111111 (6.05") 

Element horizontal length D 76.7 mm (3.02") 

Substrate thickness ts 0. 79mm (0.031 ") 

Foam thickness td 37.3 mm(] .47'') 

Element height above ground plane h 38. l mm (1.50") 

Feed positions distance F' 2.3 mm (0.09") 

Feed (Semi-Rigid Coaxial Cable) RG 405 /U Outer diameter: 2.2 mm (0.087") 
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7.3.3 Impedance Properties of the LPdiPICA model I 

The VSWR of the LPdiPICA model I was measured using two different methods, a 2,. 

port method and a l-port method. The 2-port method is a method of measuring S 

parameters for 2-port and computes antenna impedance using the S-parameter data with 

the equation (2-6) in Section 2.8.2.1. (The 2-poit method uses a 100-Q reference input 

impedance.) 

The l-port method employs a wideband 180° hybrid that operates over 1-18 GHz 

as shown in Fig. 7.7. In order to obtain 180° phase difference at the two input ports, the 

difference (~) port of the hybrid was used as an input port and the sum (I) port was 

terminated with a 50-Q load. Each port of the hybrid has an input impedance of 50-!.1, so 

in order to match the impedance of the port connecting the hybrid and antenna input, each 

port of the antenna should have an impedance of 50-!.1 as shown in Fig. 7. 7. Hence when 

we use the wideband hybrid with input impedance of 50-r.!, the antenna VSWR should be 

referenced to 100-!.1. Note that the low-profile diPICA antenna was also referenced to 

100-!.1 when the VSWR was measured using the 2,.port method. Therefore, the measured 

data from both methods can be compared directly. 

The impedance properties are presented in Fig. 7.8(a) with computed and 

measured data. They are agreed very well each other. The resistive component is near the 

100-!.1 and the reactive component is within ±50-Q so that the LPdiPICA antenna 

provides extremely wide impedance bandwidth. 

Figure 7.8(b) shows the comparison of the measured VSWR data using the two 

different methods. Also shown is the results computed using the Fidelity simulation code. 

Note that the antenna impedance data is not provided for the I-port measurement method. 

All three results agreed very well each other. The results presented in Fig. 7.8 confurned 

that the low-profile diPICA antenna has more than 10:1 impedance bandwidth for 

VSWR<2. 
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(a) Schematics of the l-port measurement method. 

(b) A hardware test model using the I-port measurement method. 

Figure 7.7 A l-port measurement method using a wideband 180° hybrid. 
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Frequency, GHz 

(a) Computed and measured (2-port method) antenna impedance of the LPdiPICA 

antenna in Figs. 7.5 and 7.6 with the dimensions listed in Table 7.1. 
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(b) Computed and measured (2--poti and I-port methods) VSWR (referenced to 100--Q) of 

the LPdiPICA antenna in Figs. 7.5 and 7.6 with the dimensions listed in Table 7.1. 

Figure 7.8 Computed and measured antenna impedance and VSWR (referenced to 100- 
Q) of the LPdiPICA antenna in Figs. 7.5 and 7.6 with the dimensions listed in 
Table 7.1. 
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7.3.4 Radiation Pattern of the LPdiPICA model I 

The same computational and experimental techniques were used for the low-profile 

diPICA antenna as were used for the Fourtear antenna; see Chapter 5. Many radiation 

patterns of the LPdiPICA antenna were computed and measured over the wide bandwidth 

from 1 to 8 GHz. An infinite ground plane was used for simulating the low-profile 

diPICA antenna with Fidelity to save the computational time. 

In the experiments, a 431.8 mm x 43 l.8 mm (17" x 17") finite ground plane was 

used, which is equivalent to 1.4 'A x 1.4 'A at the low frequency of 1.0 GHz. The size of 

the ground plane is large enough to obtain an acceptable unidirectional pattern from the 

low- profile diPlCA antenna. 

Selected computed radiation patterns at the frequencies of 1.0, 2.0, 3.0, 4.0, 6.0 

and 8.0 GHz are presented in Fig. 7.9. The measured radiation patterns for the low-profile 

diPICA are presented in Fig. 7.10 at the same frequencies plus several more. When we 

consider the difference in the size of the ground plane between simulation and 

measurement, they can be considered to agree reasonably well. The radiation patterns are 

presented at two principal planes of ~ = 0° (xz-plane) and ~ = 90° (yz-plane), i.e. the E 

and H-planes; see Fig. 7.5. 

The results show that the radiation patterns are changing as the frequency 

increases. ln other words as the electrical height of the radiating element above the 

ground plane increases, the radiation patterns are changing due to a diverse field 

interaction between direct and reflected wave components near the radiating element. lt 

can be analyzed using an image theory [7. l ]. The effect of electrical height on the 

elevation pattern was investigated in [7.2] using an infinitesimal dipole antenna above an 

infinite perfect ground plane. Note that the elevation patterns of the diPICA antenna at 

frequencies of 1.0, 2.0, 3.0, 4.0 and 8.0 GHz are similar to the patterns of an infinitesimal 

electric dipole at electrical height of 'A/8, 'A/4, 3'A/8, 'A/2 and A above an infinite perfect 

ground plane. And the actual electrical height, 'h' of the low-profile diPICA antenna at 

the each frequency (1.0, 2.0, 3.0, 4.0 and 8.0 GHz) is very close to the electrical height 

above (A/8, 'A/4, 3A/8, A/2 and A) respectively. 
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The low-profile diPICA antenna provides excellent unidirectional pattern from 

1.0 to 2.2 GHz, which is corresponding to the electrical height of h = 11,/8 - 11,/4. Beyond 

the frequency, a null was generated at bore-sight and it was deepen as the frequency 

increases up to 3.6 GHz. Specifically, at 3.6 GHz which is 0.4611, in electrical length 

(close to 11,/2), the perfect field cancellation was occurred at the bore-sight so very deep 

null was generated in the direction of the bore-sight. The experimental results 

demonstrate that the image theory is exactly applied to the LPdiPICA antenna. 

At the higher frequency, from 4.0 to 8.0 GHz, additional lobes were generated 

and the number of lobes is increasing as the frequency increases. 111e number of lobes at 

the :frequencies is similar to the estimated number of lobes described in [7 .2]. 

Computed maximum gain vs. frequency plot is presented in Fig. BS in Appendix 

B. Gain patterns can be directly obtained by adding the maximwn gain number to the 

normalized radiation patterns. 

176 



·120 
1..:-.-Co:pol at ••0 deg I 
J - • X-pol at• •O deg I 

1501-· Co-pol at ••90 deg I 
L-- X-polat,t•90deg .J 

·120 

r- • Co-pol at o•O deg 1 
J - X-pol at$ •O deg I 

1501 - • Co-pol aq•90 deg I 
L--:.-_>s:J:>~!!i~'!...d!!L.J 180 180 

(a) 1.0 GHz (h = tel8) (b) 2.0 GHz (h = A/4) 

·120 r- • Co-pol at $ •O deg 1 
J - , X-pol at$•0 deg I 

1sol-- Co-polat,•90deg I 
L-..::-: .. 2'.:P£!.e!i"'!°-2!L.J 

120 
l----c~'.po1 at •·O deg I 
1- , X-pol at,•Odeg I 

150 I - - Co-pol at <I> •90 deg I 
L-- X-pol at,t•90 deg .l 

180 180 

(c) 3.0 GHz (h = JA/8) ( d) 4.0 GHz (h = A/2) 

·120 
1---Co-pol at 4>•0 deg 1 
J - ' X-pol at <I> •O deg I 

1501 -- Co-pol al $•90 deg I 
L-:..--~_e!i:QO_!l~_.J 

·120 
r- - Co-pol at $ •O deg 1 
J - ' X-pol at$•0 deg I 

150 I - - Co-pol at <I> •90 deg I 
L----~!!i•J.D_j~_.J 180 180 

(e) 6.0 GHz (h = JA/4) (f) 8.0 GHz (h = A) 

Figure 7.9 Computed radiation patterns of a LPdiPICA antenna model I in Figs. 7.5 and 
7.6 with h=l.5". 
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Figure 7.10 Measured radiation patterns of a LPdiPlCA antenna model I in Figs. 7.5 and 
7.6 with h=l.5". 
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7.3.5 Summary 

The LPdiPICA antenna discussed in this section provides extremely wide impedance 

bandwidth of more than l 0: 1, but the radiation patterns are degraded as the frequency 

increases. 111e pattern degradation at high end of the band is caused by increase of 

electrical height as the frequency increases. Based on the investigation of the radiation 

pattern, the radiation patterns of the LPdiPlCA antenna is similar to the one of an 

infinitesimal dipole antenna for various heights above the ground plane. Similar pattern 

changing phenomenon was observed in both antennas. The computed and measured 

results of the LPdiPlCA antenna demonstrate that the LPdiPICA antenna operates like the 

several segment of the dipole antenna in a single element. So the LPdiPlCA antenna has a 

great potential to be used as a wideband antenna providing omni-directional pattern. 

In Section 7.4, the height effect in the LPdiPICA was examined by reducing the 

element height to half (h = 0.75") of the height, 1.5" used in this section. 
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7.4 A Low-Profile diPICA Antenna Test Model II 

In order to examine the effect of the height 'h', a reduced height, h = 0.75" was examined 

to the LPdiPICA antenna whereas the height h = 1.50" was used in the Section 7.3 (see 

Table 7.1). Other than the height, the rest of the dimensions are same with the ones of 

LPdiPICA discussed in Section7.3. 

The LPdiPICA with h = 0.75" was computed with the Fidelity code. The 

computed antenna impedance and the radiation patterns are presented in Figs. 7.11 and 

7.12, respectively. The computed antenna impedance are compared with the LPdiPICA 

with h = 1.50" in Fig. 7. ll(a). The impedance characteristics are very similar each other 

except at the frequency band of from 1.0 to 4.0 GI-Iz. For the LPdiPICA with h = 0.75", 

the variation of the impedance level is more severe than the LPdiPICA with h = 1.50" so 

that the VSWR of the LPdiPICA with h = 0.75" was degraded than the LPdiPICA with h 

= 1.50". However, the radiation patterns of the LPdiPICA with h = 0.75"are improved at 

high frequency such as at 3.0 - 6.0 GHz as shown in Fig. 7.12. Note that the electrical 

height in the parenthesis is half of the electrical height parenthesized in Fig. 7.9. There is 

a trade-off relationship between VSWR and radiation patterns as the height has been 

reduced. 

The simulation results demonstrate that the performance of the LPdiPICA antenna 

rs dependent on the height of the element above the ground plane. When the electrical 

height is kept as 11,/4 over entire band, the LPdiPICA antenna should be able to enhance 

the radiation pattern toward high end of the band without degrading the impedance 

performance. A possible method for accomplishing the constant electrical height is to 

employ a tapered ground plane from top to bottom. TI1e detail investigation will be 

discussed in Section 7.6. 

182 



400 , 

I I I ' 
I I I I """"" R (h=1.50") 

I 
·, I · · · X (h=1.50") 

- I 1111111111 R (h=O. 75") 
300 I ~ I • • X h=0.75" 

I ~ I I I I I I I - I - I I ~ ~ I - g § I I I ! 
200 i f ! : ~~ I / I I I I I I 

I' Es I g I ' I I I ' . 
'= = i == I ! I I ; J 2 I H ,· I j 1 

1 !I i I 1 ~ 1 1 I I 
1 

·1 

I ! ' 

Q) 
<) 
C 
Cll 
-0 
Q) 
C. 
_§ 

It ,, ,,,./' ,, . ..i•·"'•,.,,,, j 1 \ \ll ··1··----------7. 
,,,,•"'i•••,.,,,,,,tlfJin,tn\lllJllJ1f1lm\\l~rllltHIJr1ru111\l\t'\ II\ tli\'Mfu>,f\('hUIII# I 

•"' "'I I , I • 1{;!', • i";;;;::,",,,,; " I I I · +· . 
:~ I I I. I I I , - • .•. ! I .,.. ' 

0~ I. 111 .• I .~,-'!-" ... : .•... .-Jl4.! .••..•••. ,--1!' --.J 
I : I tt .,. I•, II ••• I ,· ' ' I I 
j I I ,1, " 't' I I I ! . ' ,' ' ,, ' I I I 'I ~ • i I I i I I I 
I i ' I I I ' I I I -1oof-•'1 •,! 1 ! I I 1 ' tf! I I ' I I I I I ,· ,, j I I I i I I 
! I II I I I I i I I 
! I I I I I i I ! I l I i ! 

-2001 1 I j I I I i I 
1 2 3 4 I I 5 6 7 8 9 10 

Frequency, GHz 

(a) Antenna impedance. 
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Frequency, GHz 

(b) VSWR referenced to I 00-Q. 

Figure 7.11 Computed antenna impedance and VSWR (referenced to I 00-Q) of the 
LPdiPICA antenna model II in Figs. 7.5 and 7.6 with h=0.75" (thick curve) 
and 1.50" (thin curve). 
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(e) 6.0 GHz (h = 6\/16) (f) 8.0 GHz (h = ?o/2) 

Figure 7.12 Computed radiation patterns of the LPdiPTCA antenna model 11 in Figs. 7.5 
and 7.6 with h=O. 75". 
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7.5 A Low-Profile diPICA Antenna Test Model Ill 

Another hard ware test model of the wideband low-profile diPICA antenna is presented 

in Fig. 7.13 with the dimensions listed in Table 7.1. The antenna strncture is described in 

Fig. 7.14. The two-circular-hole diPICA antenna was used for the radiating element with 

the dimensions displayed in Fig. 7.2. The two-circular-hole diPICA antenna was backing 

with a finite ground plane with the size of 431.8 mm x 431.8 mm (17'' x 17"). The 

radiating element is mounted above the ground plane with the height of 1.5". The two 

circular-hole LPdiPICA antenna was constrncted and measured using the same technique 

described in Section 7.3. 

TI1e two-circular-hole LPdiPICA antenna was simulated using the Fidelity code. 

Measurement were made using HP 8720C network analyzer and an Antcom near field 

system for the impedance and radiation patterns, respectively. Sarne computational and 

experimental set ups were used as presented in Section 7.3.2. 

X 

y+t 
z 

Figure 7.13 A two-circular-hole LPdiPICA antenna hardware test model ill. 
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Table 7.2 

Dimensions of the two-circular-hole LPdiRICA antenna model III of Figs. 7.13 and 7.14 . 

Deseription Symbol Size 

Element vertical length A 153.67 mm (6.05") 

Element horizontal length> D 76.7 111111 (3.02") 

Diameter of the circular hole d 20.32 111111 (0.8") 

Vertical distance of the circular holes Sl 40.64 mm (1.6") 

Horizontal distance of the circular holes S2 30.48 111111 (1.2") 

Substrate thickness ts 0.79 mm (0.031") 

Foam thickness ~ 37.3 mm (1.47") 

Element height above ground plane h 38.1 mm (1.50") 

Feed positions distance F' 2.3 nun (0.09") 

Feed (Semi-Rigid Coaxial Cable) RG405 /U Outer diameter: 2.2 nun 
(0.087") 
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E-plane 

H-plane +- 

(a) Top view. 

Dielectric substrate 
Metallization 

(b) Side view. 

Figure 7.14 The structure of the two-circular-hole LPdiPlCA antenna. 
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7.5.1 Impedance Properties of the LPdiPICA model III 

The impedance properties are presented in Fig. 7.1 S(a) with computed and measured 

data. They are agreed very well each other. The antenna characteristics are very similar to 

the LPdiPICA antenna discussed in Section 7.3.3 (see Fig. 7.8). The resistive component 

is near the 100-Q and the reactive component is within ±50-n so that the two-circular 

hole LPdiPICA antenna provides extremely wide impedance bandwidth. 

The VSWR of the two-circular-hole LPdiPICA antenna was also measured with 

both 2-pmt method and 1-port method (using the wideband 180° hybrid) as discussed in 

Section 7.3 .3 so that the measured data can be confirmed each other. The computed 

VSWR is compared with the two measured data in Fig. 7.15 (b). All three data are agreed 
) 

very well each other giving more than 10: 1 impedance bandwidth. VSWR were 

referenced to 100-n. 

The experimental results are similar to the ones of the LPdiPICA antenna without 

holes presented in Fig. 7.8. It means that the properly positioned circular holes in the 

LPdiPICA antenna minimally affect on the antenna impedance. 
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(a) Computed and measured (2-port method) antenna impedance. 
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(b) Computed and measured (2-port and 1-port methods) VSWR referenced to 100-Q. 

Figure 7.15 Computed and measured antenna impedance and VSWR (referenced to 100- 
Q) of the two-circular-hole LPdiPICA antenna in Figs. 7.13 and 7.14 with 
the dimensions displayed in Table 7.2. 
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7.5.2 Radiation Pattern of the LPdiPICA model III 

Radiation patterns of the two-circular-hole LPdiPICA antenna were computed and 

measured at the several frequencies. The same experimental set up and computational 

techniques are used as the LPdiPICA antenna in Section 7.3. Selected computed radiation 

patterns of 1.0, 2.0, 3.0, 4.0, 6.0 and 8.0 GHz are presented in Fig. 7.16. Measured 

elevation patterns are presented in Fig. 7.17 at the same frequencies plus several more. 

The electrical height between the ground plane and the radiating element is also noted in 

the Figure using a parenthesis. Note that the mechanical height, h is 1.50". Even though 

an infinite ground plane was employed in simulation, a finite ground plane with a 

dimension of 431.8 mm x 431.8 mm (17" x 17") was used in measurement. When we 

consider the difference in the size of the ground plane, the radiation patterns in Figs. 7.16 

and 7.17 are relatively agreed well each other. 

TI1e two-circular-hole LPdiPICA antenna provides excellent unidirectional pattern 

from 1.0 to 2.2 GHz, which is corresponding to the electrical height of A-18 - A-14. The 

elevation patterns of the two-circular-hole LPdiPICA are changing as the frequency 

increases just as the LPdiPICA antenna without the holes discussed in Section 7.3. At the 

similar frequency, the null and lobes are generated in the similar direction. 

A difference, however, is observed in the pattern of the two-circular-hole 

LPdiPICA antenna; that is beyond the frequency of 4.0 GHz, the lobe in the direction of 

the bore-sight is noticeably stronger than the LPdiPICA antenna without circular holes; 

compare Fig. 7.10 (l)-(q) and Fig. 7.17 (1)-(q). The experimental results demonstrate that 

the circular holes in the LPdiPICA antenna affected on the radiation pattern positively 111 

the direction of bore-sight. Even though only the simple circular holes are examined 111 

this section, more extensive investigations are necessary for enhancing the radiation 

patterns using various geometries of the holes at several positions as a future work. 

Computed maximum gain vs. frequency plot is presented in Fig. B6 in Appendix 

B. Gain patterns can be directly obtained by adding the maximum gain number to the 

normalized radiation patterns. 
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Figure 7.17 Measured radiation patterns of the two-circular-hole LPdiPICA antenna 111 

Figs. 7.13 and 7.14 with the dimensions listed in Table 7.2. 
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7.6 A Low-Profile diPICA Antenna Test Model IV 

Several LPdiPICA antenna models were investigated in the previous sections. The 

LPdiPICA antennas provide more than 10:1 impedance bandwidth for VSWR<2, but the 

radiation patterns are degraded as the frequency increases due to the increased electrical 

height above the flat ground plane at the high frequency. Generally, the good 

unidirectional patterns are obtained at the electrical height of x/4. With the fixed and flat 

ground plane, the electrical height easily exceed the height of x/4 at the mid and high 

frequencies. 

As an attempt to obtain acceptable unidirectional pattern over the wide impedance 

bandwidth of 10: 1, several tapered ground planes were proposed in this section rather 

than the fixed and flat ground pane and one of them is simulated using the Fidelity code. 

Basic concept of the tapered ground plane is for providing constant electrical height of 

x/4 over entire impedance bandwidth. 

The tapered ground planes are presented in Fig. 7.18. T11ey are tapered in a 

various fashions such as linear, lognormal, exponential or multiple ground plane, etc. In 

order to examine the tapered ground plane effect, exponentially tapered ground plane was 

simulated with the two-circular-hole LPdiPICA antenna as shown in Fig. 7.19. The 

dimensions of the radiating element are listed in Table 7.2 and a slope of 1.5 e-2x was 

used for the exponentially tapered ground plane. The Fidelity code was used to simulate 

the two-circular-hole LPdiPICA antenna with the exponentially tapered ground plane. 

The simulation results are presented in Figs. 7.20 and 7.21 for the impedance and 

radiation patterns, respectively. Two cases (flat and exponentially tapered ground plane) 

are compared in the impedance and VSWR plot as shown in Fig. 7.20. T11e same 

radiating element is used in the simulation of two-circular-hole LPdiPICA as discussed in 

Section 7.5. The comparison data demonstrate that the exponentially tapered ground 

plane does not degrade the impedance performance at all. The VSWR are referenced to 

100-:::> for both cases. 
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Meanwhile,· the radiation patterns are improved at the high end of the band; 

compare the patterns at 6.0 and 8.0 GHz in Fig. 7.16 (e), (f) and 7.21 (e), (f) for flat and 

exponentially tapered ground planes, respectively. The patterns at the frequency of 6.0 

and 8.0 GHz are much more acceptable to use for unidirectional pattern. 

TI1e simulation results in this section demonstrate that the exponentially tapered 

ground plane improved the radiation pattern without degrading the impedance 

performance, More investigation is necessary for enhancing the radiation pattern at the 

mid band by modifying the geometry of the exponentially tapered ground plane. Another 

geometry of the tapered ground plane proposed in Fig. 7 .18 should be done as a future 

work. 

Another possible method for enhancing the radiation pattern is the several layers 

of Frequency Selective Surfaces (FSS) in the LPdiPICA antenna. The Frequency 

Selective Surface operates as a ground plane at a desired frequency only. Otherwise the 

FSS is nothing but a free space. In order to utilize the FSS in the LPdiPICA antenna, the 

FSS should be placed in the order of FSS tuned at upper band to FSS tuned at lower band 

as presented in Fig. 7.22 [7.4]. The idea of using the FSS is to be investigated as a future 

work. 
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(a) Linearly tapered ground plane. 

Dielectric substrate Metallization 

Lognormal tapering 

Ground plane 

(b) Lognormally tapered ground plane. 
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Dielectric substrate Metallization 
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Ground plane 

( c) Exponentially tapered ground plane. 

Dielectric substrate 
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~~&~'l'>ffil",... •• , ••..•. ~ ••.••••.•• 

Ground plane 

(d) Multiple ground planes. 

Figure 7.18 Several tapered ground planes for the low-profile diPICA antenna 
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E-plane 

H-plane ,+- 
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(a) Top view with the dimensions listed in Table 7.2. 

LPdiPICA antenna with circular holes 

Exponentially tapered 
ground plane with 
a slope of 1.5e·2x 

L=6.0"=x/2 at 1.0 GHz 

(b) Side view. 

Figure 7.19 A two-circular-hole LPdiPICA antenna with the dimensions listed in Table 
7.2 and with an exponentially tapered ground plane with a slope of 1.5 e·2x. 
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(a) Antenna impedance. 
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Figure 7.20 Computed antenna impedance and VSWR (referenced to 100-:::i) of a 
LPdiPICA antenna with an exponentially tapered ground plane with a slope 
of 1.5 e-2x_ 
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Figure 7.21 Computed radiation patterns of a low-profile diPICA antenna with an 
exponentially tapered ground plane with a slope of 1.5 e-2x_ 
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Figure 7.22 A functional schematic diagram of a wideband and passive ground plane 
using several layers of the Frequency Selective Surfaces [7.4]. 
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7.7 Summary 

In this section, diPICA, LPdiPICA with flat ground plane and LPdiPICA antenna with 

exponentially tapered ground plane were investigated using simulations and several 

hardware test models. 

TI1e dipole PICA antenna (called diPICA) was naturally constructed from the 

(monopole) PICA antenna discussed in Chapter 6. A software test model demonstrated 

that the diPICA. antenna behaves like several segment half-wave dipoles in a single 

element, giving ultra wide impedance and pattern bandwidth; see Section 7.2. 

With the di.PICA antenna, a low-profile diPICA (called LPdiPICA) antenna was 

accomplished by introducing a ground plane parallel to and behind the diPICA. TI1e 

LPdiPICA provides more than 10:1 impedance bandwidth and a unidirectional pattern 

with a ratio bandwidth of 2.2:1 in a compact size. The radiation patterns of the LPdiPICA 

antenna are degraded as the frequency increases due to the increased electrical height at 

high frequency. Two hardware test models were examined for the investigation. 

As an attempt to enhance the radiation pattern at high frequency, exponentially 

tapered ground plane was simulated in Section 7.6 rather than flat ground plane. The 

exponentially tapered ground plane improved the radiation patterns at the high end of the 

band without degrading the impedance performance at all. Some other tapered ground 

plane was proposed in Fig. 7.18. Frequency Selective Surface (PSS) was also proposed 

for improving the radiation pattem More investigation is necessary with the proposed 

ground planes for enhancing the performance of the LPdiPICA antenna 

The LPdiPICA antenna has only a single polarization because it has only two 

opposing arrns whereas the Fourpoint or Fourtear antenna has two parts of opposing 

radiating arms providing dual-polarization. The LPdiPICA antenna, however, provides 

very wide bandwidth in a low-profile and compact size, which features are suitable for 

wideband array system and wideband commercial or military applications. 

Table 7.3 summarized the performance of the LPdiPICA antenna discussed in this 

chapter. 
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Table 7.3 

Summary of the antennas discussed in Chapter 7. 

Antenna Impedance Bandwidth Pattern Bandwidth (for VSWR <2) 

'-- 

Two-circular-hole diPICA Good omni-directional 

(Section 7.2) > 10:1 patterns up to 4:1. 
Acceptable pattern up to 8: 1 

Low- profile diPICA 
(LPdiPICA) with h=I .50" > 10:1 2.2:1 

(Section 7.3) 

Low- profile diPICA 
for 1- 4 GHz, 
VSWR<3.3. 

(LPdiPICA) with h=0.75" for 4.0 - 10.0 GHz, 4:1 
(Section 7.4) VSWR<2.0. 

(See Fig. 7.11) 

Two-circular-hole 2.2:1 

LPdiPICA with h=l.50" > 10:1 (Strong lobe in the bore-sight 

(Section 7.5) direction at high end of the 
band) 

Good unidirectional patterns 
Two-circular-hole at low end and high end of the 
LPdiPICA with band such as at lfi0v.,..2fiow and 

exponentially tapered > 10:1 6fiov.r-8fiow• 
ground plane Impaired pattern at the mid- 
(Section 7.6) band. Improved pattern is 

expected with modified 
tapered ground plane 
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Chapter 8 

Conclusions and Future Work 

• 

8.1 Summary and Conclusions 
This dissertation reported on results from an investigation of several new wideband 

antennas. Three types of new antennas were invented. These antennas are shown in Table 

8.1 along with their electrical characteristics and geometry type. The three types with 

their subtypes are: 

Fourpoint type (Type I) 

Fourpoint antenna (1.1) 

Fourpoint antenna with tuning plate (I.2) 

Fourtear type (Type II) 

Fourtear antenna (Ill, II.2) 

Modified Fourtear antenna (Il.3, II.4) 

• 
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Planar Inverted Cone Antenna (PICA) type (Type III) 

PICA (III.I) 

Two-circular-hole PICA (III.2) 

Dipole PICA (diPICA) (III.3) 

Low-profile diPICA (LPdiPICA) (III.4) 

Two-circular hole, low-profile diPICA (LPdiPICA) (III.5) 

Two-circular hole, low-profile diPICA with experimentally tapered 

ground plane (III. 6) 

The antenna geometries are all based on a planar radiating structure. They can be printed 

on a substrate for ease of construction. Or, they can be stamped to avoid the cost of 

dielectric materials. 

There are three pattern shapes represented by the antennas: 

Unidirectional (1.1, 1.2, II.I, Tl.2, II.3, II.4, III.4, III.5, III.6) 

A single wide main beam perpendicular to the planar structures directed 

away from the ground plane with nearly equal principal plane 

beam widths. 

Monopole type (III.I, III.2) 

Omni-directional in the plane of the ground plane and a null perpendicular 

to the ground plane. 

Dipole type (III.3) 

Omni-directional in the plane perpendicular to the structure. 

With the exception of the original Fourpoint antenna, all of the antennas have 

very wide impedance bandwidth, 10: I or more. The Fourtear and PICA structures all 

have I 0: I or more impedance bandwidth. Many of the PICA structures have more than a 

I 0: I impedance bandwidth and more than a 8: 1 pattern bandwidth. In general, the 

bandwidth is limited by pattern performance rather than impedance performance as is 

usually the case with wideband antennas. 
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Table 8.1 

Summary of the Wideband Antennas Investigated 

Typ€ I Antenna Impedance Pattern 
Pattern I Polarization I Geometry bandwidth bandwidth 

Fourpoint antenna backed 
with ground plane 

I.] I 40.6% 
I 

40.6% I Uni- J Dual-linear L fil . . . ow- ro 1 e (l.51:1) (1.51:1) directional and Circular I P 

Fourpoint antenna with 
tuning plate backed with 

ground plane 

I.2 2.75:1 Uni 
directional Low-profile 

Dual-linear 
and Circular 

-2:1 

Fourtear antenna backed 
with ground plane 

(a-a' feed configuration) 

II.I > 10:1 Uni 
directional Dual-linear I Low-profile -2.2:1 

Fourtear antenna backed 
with ground plane 

(b-b' feed configuration) 

II.2 > 10:1 Uni 
directional Dual-linear I Low-profile -2.2:1 
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Table 8.1 (Continued) 

Antenna 
Impedance Pattern 

Pattern I Polarization I Geometry bandwidth bandwidth 

Modified Fourtear 
antenna backed with 

ground plane 
(a-a' feed configuration) 

II.3 I > 10:1 I - 2.6:l I Uni- I Dual-linear L fil . . . ow- ro 1 e directional and Circular I P 

Modified Fourtear 
antenna backed with 

ground plane 
(b-b' feed configuration) 

II.4 > 10:l Uni- I Dual-linear 
directional and Circular Low-profile -2.6:1 

Planar Inverted Cone 
Antenna (PICA) mounted 

on the ground plane 
perpendicularly 

Ill] > 10:1 

Monopole 
type 
omni 

directional 

Monopole -6:1 Linear 

Two-circular-hole Planar 
Inverted Cone Antenna 
(PICA) mounted on the 

ground plane 
perpendicularly 

IIl.2 

- 8:1 Monopole 
(Better type 

Linear I Monopole > 10:1 pattern omni- 
than III. I) directional 
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I "I'~ Impedance I Pattern Pattern I Polarization I Geometry . Antenna 

bandwidth bandwidth I ~-., 

"' .-- . Dipole PICA (diPICA) .t1 
without ground plane 

rl: 
---.... ,_. Dipole 

--~· Ill.3 > 10:1 -8:1 type 
Linear I Dipole ;,, omni- 

directional • • I 

" Low-profile diPlCA 
(LPdiPICA) backed with ., 

ground plane 
--... - .1 I rn.4 I I 

I Uni- Linear I Low-profile > 10:1 -2.2:1 
directional I "" - ~ 

i 
i Two-circular-hole low- 
ii profile diPICA 

;j· (LPdiPICA) backed with 
ground plane • r 11 ~.;;;··· I I 
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•• profile diPICA 
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•• exponentially tapered -2.2:1 
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All of the antennas were thoroughly investigated using both simulations and 

measurements. Prototypes were constructed and measured, and simulations were 

performed using a FDTD commercial code, Fidelity. The measured data agreed very well 

with the simulated data for all the antennas, demonstrating that antenna designs are 

possible with the computational tool alone. 

8.1.1 Fourpoint Antennas 

The Fourpoint antenna described in Chapter 3 is a first generation evolution from the 

Foursquare antenna [8.1 ], [8.2]. The Fourpoint antenna has enhanced impedance 

bandwidth that is more than twice that of the Foursquare antenna of the same physical 

size. TI1e Fourpoint antenna has smaller reactance variations over bandwidth compared to 

the Foursquare antenna, which is accomplished by eliminating the comer of the 

Foursquare antenna element. TI1e Fourpoint antenna provides acceptable unidirectional 

radiation patterns over the impedance bandwidth of about 40 %. 

The bandwidth of the Fourpoint and Foursquare antennas was extended even 

further by adding a tuning plate to the feed structure, but without increasing the antenna 

size. The tuning plate was devised through extensive antenna simulations as described in 

Chapter 4. The tuning plate adds a second impedance resonance to the Fourpoint antenna 

at the high frequency end of the operating band. TI1e tuning plate provides flexibility for 

tuning the antenna to a desired frequency characteristic; dual- band operation or 

continuous wideband antenna, etc [8.3]. TI1e tuning plate increases the impedance 

bandwidth of the Fourpoint antenna to 3:1. The radiation patterns, however, degrade with 

increasing frequency. 

Simulation results demonstrate that the tuning plate is also effective when used 

with the Foursquare antenna by improving its impedance bandwidth. A numerical model 

operating in the 5.65 - 10.5 GHz band was simulated; see Section 4.2. A practical 

Fourpoint antenna was constructed with a tuning plate with the design goal of application 

as a commercial base-station antenna, The Fourpoint antenna with the tuning plate covers 

AMPS, GSM, DCS and PCS bands (805 - 2190 MHz) in a single element, providing 

dual-linear polarization in a low-profile geometry. The Fourpoint antenna element is a 

very promising element candidate for use in base- station array antennas. 
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8.1.2 Fourtear Antennas 

The next step in the evolution from Fourpoint to Fourtear geometries is the 

Fourtear antenna (Type II in Table 8.1 ). Investigation of the gap effect in the Fourpoint 

antenna leads to Fourtear antenna design. Three gap shapes were examined in Chapter 5: 

uniform, linearly tapered and non- linearly tapered gaps. The tapered gaps in the 

Fourpoint antenna enhanced the impedance bandwidth dramatically and were thus 

employed in the Fourtear antenna also. The Fourtear antenna (II.I and II.2 in Table 8.1) 

provides more than I 0: 1 impedance bandwidth and 2.2: 1 pattern bandwidth. Different 

antenna characteristics for each feed terminal are observed due to the asymmetric 

geometry in the radiating element. The modified Fourtear antenna (Il.3 and II.4) with 

hexagonal radiating elements has lower impedance variation with frequency for the two 

feed configurations. The modified Fourtear antenna (II.3 and II.4) provides more than 

10:1 impedance bandwidth and a pattern bandwidth of 2.6:1, which is slightly more that 

of the Fourtear antenna (II.I and Il.2). Based on the investigation, the antennas appear to 

radiate in the metal part of the radiating element up to the bandwidth of 2.0 - 2.5: 1. 

However, at the upper band beyond 3.0:1 bandwidth, most radiation occurs through gaps 

between the metals, so most of the patterns beyond 3.0:1 bandwidth degraded very fast as 

the frequency increases. The bandwidth of 2.5 - 3.0:1 seems a transition band, changing 

radiation pith from metal to gap. Abrupt change in the impedance level is easily observed 

in every impedance curves between 2.5 - 3.0:1 bandwidth (see Figs.5.10, 5.13 and 5.19). 

Such phenomenon is one of evidence explaining the transition band. 

8.1.3 PICA Antennas 

The Planar Inverted Cone Antenna (PICA), Type III antenna is an evolution from 

the well-known solid teardrop antenna [8.4]. The PICA antenna has more than 10:1 

impedance bandwidth and 8: 1 pattern bandwidth, as discussed in Chapter 6. Better 

radiation patterns are observed in the direction of the yz- plane than the pattern in the xz 

plane (see Fig. 6.1). The two-circular-hole PICA antenna (III.2) has even better radiation 

patterns in the direction of the xz-plane without degrading the impedance performance. 
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The dipole PICA (diPICA) antenna is a modification of monopole PICA antenna 

The low-profile diPICA (LPdiPICA) is a further modification of the diPICA antenna to 

obtain a unidirectional radiation pattem. Investigation results using two hardware test 

models of the diPICA antennas were discussed in Chapter 7. They provide more than 

10: 1 impedance bandwidth and 2.2: 1 pattern bandwidth. An exponentially tapered ground 

plane with the two-circular-hole LPdiPICA antenna (III.6) enhanced the radiation 

patterns at high end of the band without degrading impedance performance. Simulation 

results demonstrate that the LPdiPICA antenna patterns can be enhanced further at the 

mid and upper bands by modifying the ground geometry. 

r, 
f 
r 
Ji 

8.1.4 Evolution of the Investigated Antennas 

The three antenna types developed during the course of this research program can be 

related to each other with an evolutional chain. It is speculated that the wideband 

antennas in this dissertation evolved from the PICA antenna TI1is evolutional process 

follows these (see Fig. 8.1 ): 

(a) PICA (III.1) 

The start point is the PICA which is a monopole type antenna that evolved 

from a planar form of the teardrop antenna (see Section 2.4 and Fig. 2.8 

(b)) ' 

(b) diPICA (Ill.3) 

Modification from monopole PICA to dipole PICA (diPICA) is a natural 

antenna transition using the image concept. f 
(c) LPdiPICA (III.4) 

LPdiPICA antenna is low-profile version of the diPICA obtained by 

backing the ground plane below the diPICA antenna to obtain a 

unidirectional pattern. 

( d) Fourtear antenna (II .1 and II.2) 

The Fourtear antenna evolved by adding parasitic elements perpendicular 

to the diPICA antenna with identical radiating element but 180n rotated. 

( e) Modified F ourtear antenna (ll.3 and II.4) 

,., 
J , 
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The Fourtear antenna has different antenna characteristics for each feed 

configuration. Minimizing these differences in the Fourtear antenna 

characteristics leads to the modified Fourtear antenna 

' 
ii , 

(f) Fourpoint antenna (I.1) 

Fourpoint antenna is one example of the modified Fourtear antenna 

providing identical antenna characteristics for different feed 

configurations with lower impedance bandwidth than that of the modified 

Fourtear antenna. 
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(g) Fourpoint antenna with tuning plate (1.2) 

The impedance bandwidth of the Fourpoint antenna (1.1) was enhanced 

nearly up to 3:1 with the help of tuning plate. The Fourpoint antenna with 

tuning plate provides wide bandwidth and identical antenna characteristics 

for two feed configurations. 

Note that the modified Fourtear antenna has electrical characteristics that are 

strikingly similar to those of self-complementary antenna [8.5]. In theory, self 

complementary antenna operating in free space (i.e. no ground plane present) has input 

impedance of 188.5 + JO :::>. In practice, the measured impedance is lower (between 100- 

:::> and 188.5-:::>) than the value in theory, due to the finite thickness of metallization and 

the presence of the coaxial feed line [8.5]. The impedance characteristics ( close to 150- 

:::>) of the modified Fourtear antenna are analogous to the practically measured self 

complementary antenna A more detail investigation is necessary to explain the 

relationship between the Fourtear antenna and the self-complementary antenna. 

(a) (b) 

(g) 

Figure 8.1 An evolution process of the wideband antennas. 

(e) 

(c) 

(f) 
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8.2 Summary of Original Contributions 

The original contributions in this dissertation are following: 

t The Fourpoint antenna (I.1) was introduced as a modification of the Foursquare 

antenna that was invented previously in VTAG. The Fourpoint antenna increases 

the bandwidth of the Foursquare from 19. 7 % to 40.6 % in the same size structure. 

t A tuning plate was added to the Foursquare and Fourpoint antennas without 

increasing the physical antenna size and increased the impedance bandwidth of 

both. The Fourpoint antenna with tuning plate (1.2) was investigated in detail. 

t The Fourtear antenna was developed as a generalization of the concept of the 

Foursquare and Fourpoint antennas. 

t The modified Fourtear antenna (I.I.3, Il.4) was developed and has the similar 

impedance characteristics for its two feed configurations. 

t The PICA antenna (Ill.l, ill.2) was developed and has enhanced radiation pattern 

performance compared to circular or half-circular monopole disc antennas. 

t The low-profile diPICA (LPdiPICA) antenna (ill.4, III.5) was developed. It has 

unidirectional pattern with wide impedance bandwidth, 10:1. 

t An exponentially tapered ground plane was added to the LPdiPICA to enhance 

radiation pattern at upper frequency (III.6). Simulation results of the exponentially 

tapered ground plane demonstrate the possibility of the radiation pattern 

enhancement in the wideband antennas with shaped ground planes. 

l An evolution process was proposed to explain the relationship between the 

wideband antennas; see Sec. 8.1.4. 

t Three provisional patents have been filed based on this research: the PICA 

antenna [8.1 O], the Fourpoint antenna [8.11 ], and the Fourtear antenna [8. 12]. 
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8.3 Future Work 
There are several research opportunities that build on this research wideband antenna: 

t Extensive current distribution studies could be performed to understand how the 

antennas work . 

t As discussed in Section 8.1, the wideband antennas seem to have close 

• relationship to each other. A logical and mathematical explanation could be • . , 
• • • • •• •• • • • • •• •• • •• •• •• •• ,fl 

developed . 

t The modified Fourtear antenna provides an input impedance of 150-:::i close to 

theoretical value (188.5-:::i) of the self-complementary antenna A more detail 

investigation is necessary to explain the relationship between the Fourtear antenna 

and the self-complementary antenna . 

t Self-similarity study was attempted in the PICA antenna. Figure 8.2 shows the 

prototype of a PICA family antenna and its preliminary measured data 

demonstrates that the prototype seems to have a self-similarity characteristic . 

Extensive investigation of the self-similarity in the PICA antenna will be a 

valuable research for understanding the PICA antenna and further application to 

wireless communications . 

•• • •• ,. ,. 
4 ,. 
• ,If:, 

t In designing the PICA antenna, the ratio (Ll/L2 = 1.609) of length in the triangle 

section (Ll) and curved section (L2) is close to the golden ratio, 1.618 [8.6]; see 

Sections 6.4 and 6.5. The golden ratio is found in many natural things such as the 

human body, animals, plants, DNA, solar system, etc [8.7]. Pyramids are also 

designed with the golden ratio. There are many other applications using the 

golden ratio in architecture, sound, and electromagnetics (Windharp) [8.8]. A 

golden ratio antenna is presented in [8.9], but has very little information. More 

investigation of the golden ratio lead to a new antenna design concept. 
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similarity. 
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t The radiating elements of the LPdiPICA antenna can be repositioned to enhance 

the radiation pattern bandwidth. In other words, when the planar region (xz-plane; 

see Fig. 7 .1) faces upward, the radiation patterns are degraded as the frequency 

increases in the bore-sight direction and only single polarization is available . 

However, when the radiating elements are rotated 90n so that the slot region (yz 

plane) facing upward, very wide pattern bandwidth is expected. Moreover, dual 

linear polarization is also possible by adding another element perpendicular to the 

radiating element. In addition, the crossed diPICA antenna is easily fed by 

microstrip lines etched on the same plane as the radiating element. The crossed 

diPICA antenna with a ground plane can be applied to the multi- band, dual 

polarization base-station antenna covering AMPS, GSM, DCS and PCS bands. 

The crossed diPICA antenna can also be used in wideband phased array antennas . • ~ • - • 
221 
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t Simulations of the tapered ground plane demonstrates that the tapered ground 

plane improves the radiation patterns at the high end of the band. More 

investigations could be performed in attempt to enhance the radiation patterns not 

only at the high end but also over all the impedance bandwidth. 

t Wideband multiple layer Frequency Selective Surface (FSS) ground plane [8.13] 

could be used as an alternative of the tapered ground plane for the LPdiPI CA 

antenna, The FSS ground plane can also be applied to the low-profile wideband 

antenna such as the Fourpoint and Fourtear antenna, Investigation is necessary to 

see if the multiple FSS ground plane can provide wide pattern bandwidth without 

degrading the impedance performance, 

t All of the wideband antennas discussed in this dissertation are excellent candidate 

elements for wideband phased array antennas because of their features, such as 

the low- profile geometry and wide antenna bandwidth. The study of wideband 

array antenna using the proposed elements could be fruitful. 

• • 
' •• • • • 
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Appendix A 
Pattern Measurement of a Balanced Antenna 

Using a Balun 

In pattern measurement, many balanced antennas employ balun (Owl 80rc hybrid or 180rc 

power divider) to create a balanced feed as shown in Fig. Al. If the Otll 80rc hybrid is 

used, the sum port in the hybrid should be terminated with the characteristic impedance, 

Z0. The balun transmits 180rc out-of-phase signals to the each port of the antenna with the 

same amplitude. Losses exist during the signal transmission due to impedance mismatch 

between the balun and the antenna, And the insertion loss of the balun exists too. The 

shape of the ante1ma pattern, however, can be obtained by normalizing the measured 

pattern with maximum gain. Therefore, the normalized radiation pattern can be directly 

measured regardless of the presence of the impedance mismatch and insertion losses. In 

other words, no matter what the antenna impedance, the normalized radiation pattern can 

be measured with the balun (Om1180rc hybrid or 180rc power divider). 

Gain measurement, however, needs complicate procedures such as compensation 

of mismatch and insertion losses. Generally, the hybrid (or the power divider) has a 

characteristic impedance of Zo=50-:::), so the impedance at the balanced end (antenna 

element feed point) is 2Zo=l00-=i, which is the sum of Zo at two balanced ports (see Fig. 

A 1 ). Except for a condition that the antenna has an input impedance of 2Zo= 100-:::) over 

whole band, there are always loss in the balun and the antenna due to the impedance 

mismatch between the balun and the antenna. Not only the impedance mismatch, but the 

insertion loss exists always due to the loss caused when the balun is inserted between the 
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• • 
• antenna and power source. Realized antenna gain can be obtained only if the losses are 

compensated from the directly measured gain. 

Loss from impedance mismatch can be calculated using VSWR value from the 

measured element impedance with referenced to the balun impedance of 100- ::i . Insertion 

loss can be found in the technical brochure of the balun . 

• • • • • • • 27.o y ZA, impedance mismatch 
between the balun and antenna 

27.o 

• • • • • •• • •• • • • •• •• 

011 18011 

Balun 
(Ort/I 80n Hybrid or 180n power divider) 

Figure A.1 Balanced antenna with a balun. 
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Appendix B 
Gain vs. Frequency Plots 

This appendix presents gain versus frequency plots for some typical antennas discussed 

in this dissertation. Figures B.l to B.6 show plots for the following antennas: Fourpoint, 

modified Fourtear, PICA, two-circular-hole PICA, LPdiPICA and two-circular-hole 

LPdiPICA antennas. The maximum gain is presented at frequencies in the impedance 

bandwidth. Gain patterns can be directly obtained by adding the maximum gain number 

to the normalized radiation pattern of each antenna, 

Gain Vs. Frequency 
~ Maximum Gain 

rs C . :~ is 
1 0 · • • \ · · , · · · ·; · · · • '· · · ; - · ',' · "; · <" ,.,, · · 10 5K ' ' ; ~--,t,.,, 1- 

, ,. ' , , , ','" • , ' ' • '' ' ' ' ', "' , ' '. >' , ,, , ' '' '" , '',' '"-, ''. '1 ~ 
' ' ' ' ' " "" 0 ' ' ' a 0 I ,...... . . . I 
~ / 0 , • 

5 j ' a ~ ,:- • ! ''''"'''0''"''''H , ,,, , ''l •~ Q- 

i -10 ,,, .. ; .... '" -10 i 
•••••• \ I ~ 

-1 s 11_ ... .. . • . . · .. - ... :. - •. · : ,,. - - ),, - .. I -1 s 
' . -< ' , 
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5 6 7 B 9 '10 11 12 13 14 
Frequency (GHz) 

Figure B.1 Computed gain plot of Fourpoint antenna discussed in Section 3.6. (see the 
normalized patterns in Fig. 3.8) 
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Gain Vs. Frequency 
----9- Maximum Gain 

Figure B.2 Computed gain plot of modified Fourtear antenna (b-b' feed) discussed in 
Section 5.5. (see the normalized patterns in Figs. 5.20 and 5.21) 

Gain Vs .. Frequency 

~ pica2_ 14 _18 _ 1, Maximtu11 Gain 

-1 5 ~ > ' - - ' . ' <. ' ": -1 · 1 5 
I. ; I ' < ' -20 f"'" -·- ·•· ···- -- •... '"" -, ·20 < ; ' ; 

2 - ' ' ' ' ' ,. ~ - :, 1 ·· . ,. . .. ' - ' ' - . ' ' ' ' ' . ' - .. ' . - /h .. a·" -30 · , '. - · · ; · · · - · · - · ; .. - · - -- -30 
.15 , ..... :.-. '' .:. '··--' · ,_ ... ·. · ;__ .' · · -"5 

•••••• _ ' '· < 1 < ' ,.,J" 

-40 ' ' , -40 
1 2 3 4 5 6 7 8 9 10 

Frequency (GHz) 

Figure B.3 Computed gain plot of PICA discussed in Section 6.4. 

(see the normalized patterns in Fig. 6.9) 
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Gain Vs. Frequency 

--<:>-- pica2_ 14_:18, Maximum Gain 

Figure B.4 Computed gain plot of two-circular-hole PICA discussed in Section 6.5. 

(see the normalized patterns in Fig. 6.13) 

Gain Vs. Frequency 
--<:>-- Maximum Gain 

Figure B.5 Computed gain plot ofLPdiPICA discussed in Section 7.3. 

(see the normalized patterns in Fig. 7.10) 
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Gain Vs. Frequency 
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Figure B.6 Computed gain plot ofLPdiPICA discussed in Section 7.5. 
( see the normalized patterns in Fig. 7 .1 7) 
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