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ABSTRACT This paper proposes a novel ultrawideband antenna with high gain and circular polarization.
Its circular polarization can be easily changed to right-handed or left-handed. The antenna consists of
four sophisticated antipodal Vivaldi antennas and an ultrawideband feeding network. The feeding network
composes of four horizontal-to-vertical transitions, a two-to-four power divider, and a 3-dB directional
coupler. This network can provide two pairs of outputs with equal magnitude and ninety-degree phase
difference. In addition, it is horizontally fed with a single input port that can be directly connected to
the corresponding circuit board. The newly introduced transition can reduce the discontinuity between the
horizontally placed circuit and vertically standing antenna. A prototype antenna is designed, fabricated, and
tested. Its impedance-matching, circularly-polarized and stable-gain band is sufficiently wide to cover the
entire Ku, K, and Ka bands. The fractional bandwidth (FBW) is as large as 113.2%. In the entire band,
the antenna axial ratio is well below 3 dB, while the antenna gain is stable up to 18.35 dBic. Remarkable
performance has been achieved in the literature for the first time.

13 INDEX TERMS Circularly-polarized antenna, high-gain antenna, satellite communication, Vivaldi antenna.

I. INTRODUCTION14

Circularly polarized (CP) antennas have been widely applied15

in satellite communications. These antennas have the favor-16

able abilities to transmit electromagnetic waves through iono-17

sphere, reduce polarization mismatch, and conquer multipath18

interference. Many kinds of CP antennas have been reported19

such as spiral antennas [1], [2], loop antennas [3], [4], antenna20

arrays [5], [6], and so on. However, achieving the goals of21

high gain and wideband is still challenging for cost-effective22

design. Owing to the wideband nature of Vivaldi antennas,23

these antennas could be potential candidates for achieving24

these goals.25

The first Vivaldi antenna was proposed by Gibson in26

1979 [7]. This antenna was a taper slot antenna (TSA),27

whose slot was adjusted from a linearly tapered slot to an28

exponentially tapered slot. Numerous exponentially tapered29

slot antennas have been developed and applied owing to30

The associate editor coordinating the review of this manuscript and

approving it for publication was Muhammad Usman Afzal .

their wide bandwidths, simple structures, low profiles, and 31

high gains. Vivaldi antennas can be divided into two types: 32

coplanar [8] and antipodal [9] antennas. The coplanar type 33

may have a bandwidth limitation owing to its feeding struc- 34

ture. Because a fan-shaped patch is required in the feeding 35

structure to couple the signal energy, it may cause a serious 36

radiation loss and impedance mismatch at higher frequencies. 37

To overcome this deficiency, an antipodal Vivaldi antenna 38

was proposed. Compared with the coplanar type, the antipo- 39

dal type has better performance even in millimeter-wave 40

bands. 41

In recent years, several approaches have been proposed to 42

increase the gain, improve the radiation pattern, and reduce 43

the size. Adding slots to the radiation flares [10], [11] could 44

extend the low-frequency limit, reduce the sidelobe level, 45

and increase the antenna gain. Corrugations on the outer 46

edges of flares [12], [13] can increase the antenna gain 47

and widen the impedance-matching band. Adding parasitic 48

patches [14], [15], dielectric lenses [16], [17], and meta- 49

materials [18], [19] could be useful for increasing antenna 50
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gain and improving antenna patterns. Consequently, Vivaldi51

antennas have been widely applied for wireless communi-52

cations [20], array creations [21], and microwave imaging53

applications [22].54

Few Vivaldi antennas have been developed to possess CP55

properties [23], [24], [25], [26], [27]. In [23], a bulky CP56

antenna was constructed using four antipodal Vivaldi anten-57

nas and a feeding circuit that could output four different58

phases. Four Vivaldi antennas were arranged to form a com-59

pact cylindrical antenna in [24], but its feeding method might60

cause undesired radiation, limiting the operation bandwidth.61

In [25], a CP antenna was constructed using two crossed62

Vivaldi antennas. A feeding network was implemented on the63

antenna substrate. Although this antenna is easy to design,64

it may be difficult to extend it to higher frequencies. In [26],65

a CP antenna was constructed using two crossed TSA’s. Its66

fractional bandwidth (FBW) was approximately 60% and67

its peak gain was only 7.5 dBic. In [27], eight TSA’s were68

mounted vertically on their feeding network, which applied69

a sequential rotation feeding method leading to CP radiation.70

The antenna gain was approximately 18 dBic, but it required71

eight antennas to form an array that could be laborious for72

manufacturing. Although the published CP antennas are del-73

icate, they can hardly be ultra-wideband.74

In this paper, a novel ultrawideband CP antenna is pro-75

posed. It consists of four new antipodal Vivaldi antennas that76

are corrugated and added with dielectric lenses. An ultra-77

wideband feeding network with a 3-dB directional coupler,78

a two-to-four power divider, and four horizontal-to-vertical79

transitions is newly developed. The feeding network requires80

only one input port and can offer two pairs of equal-power and81

quadrature-phase-difference outputs. The feeding network is82

placed horizontally to easily connect it to the main board. The83

four antipodal Vivaldi antennas are installed vertically and84

connected to the feeding network through the horizontal-to-85

vertical transitions. The antenna bandwidth is ultrawide and86

can cover the entire Ku, K, andKa bands. Here, the bandwidth87

is stringently determined by the 10-dB return loss, the 3-dB88

axial ratio, and the 3-dB gain variation.89

Accordingly, the overlapped FBW of the proposed antenna90

could be up to 113.2% which is far larger than that of all91

published works. In addition, the newly proposed CP antenna92

can be easily interchanged between right-handed and left-93

handed using the same feeding network.94

The remainder of this paper is organized as follows.95

Section II presents the antenna performance. Section III96

presents the concepts and details of the antenna design.97

Section IV presents a detailed design of the feeding network.98

The fabricated antenna and its measurement are presented in99

Section V. Finally, Section VI concludes the paper.100

II. ANTENNA CONFIGURATION AND101

BENCHMARK PERFORMANCE102

The configuration of the proposed antenna is illustrated in103

Fig. 1(a). This antenna consists of four antipodal Vivaldi104

antenna elements as depicted in Fig. 1(b) and a feeding105

FIGURE 1. (a) Overview of the proposed CP antenna. (b) Its antipodal
Vivaldi antenna element. (c) Its feeding network.

TABLE 1. Polarizations corresponding to different output phases.

FIGURE 2. Two circular polarizations correspond to two antenna
arrangements using the same feeding network which outputs the same
phases as indicated in Table 1 for the LHCP case.

network as illustrated Fig. 1(c). These two parts are then 106

connected through four horizontal-to-vertical transitions. The 107

feeding network should have two pairs of outputs with 108
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TABLE 2. Comparison of the published Vivaldi CP antennas.

FIGURE 3. Benchmark performance of the proposed CP antenna:
(a) return loss, (b) axial ratio and gain, (c) radiation efficiency.

equal magnitude and quadrature-phase difference. The spe-109

cific phases for generating left-handed circular polarization110

(LHCP) and right-handed circular polarization (RHCP) are111

given in Table 1. However, it is possible to generate these 112

two circular polarizations using the same feeding network. 113

By reversing Antenna 1 and Antenna 2 as shown in Fig. 2, 114

the LHCP or RHCP of the proposed antenna can be directly 115

interchanged, whereas the feeding network remains the same. 116

This merit is attractive and makes the proposed antenna more 117

versatile. 118

The benchmark performance of the proposed antenna is 119

shown in Fig. 3. As shown in Fig. 3(a), the impedance match- 120

ing band determined by the 10-dB return loss is wide enough 121

to cover the Ku, K, and Ka bands. In the whole bands the 122

axial ratio is well below 3 dB while the gain is stable and up 123

to 18.35 dBic as demonstrated in Fig. 3(b). Fig. 3(c) shows the 124

radiation efficiencies which are around 80% in the frequency 125

band. The remarkable performance is also summarized in 126

Table 2. In this table, the impedance-matching, circularly- 127

polarized, and stable-gain bands are determined by the 10-dB 128

return loss, 3-dB axial ratio, and 3-dB gain variation, respec- 129

tively. Accordingly, the overlapped FBW of the proposed 130

antenna can be as large as 113.2%. The proposed antenna 131

indeed has the largest FBW in comparison with the published 132

works. In addition, the peak gain and higher–frequency limit 133

are also the highest, as compared in Table 2. The peak gain 134

indicates the maximum gain value in the operating band. 135

III. ANTIPODAL VIVALDI ANTENNA DESIGN 136

The design and evolution of the antenna element are 137

illustrated in Fig. 4. The first step is to design a tradi- 138

tional antipodal Vivaldi antenna (AVA) with an ultra-wide 139

impedance-matching band as depicted in Fig. 4(a). Then, the 140

antenna gain is increased in the lower frequency band by 141

adding regularly slotted edges to the AVA (namely RSEAVA), 142

as illustrated in Fig. 4(b). Finally, a carefully designed dielec- 143

tric lens is added to the RSEAVA (RSEAVA-DL) to increase 144

its gain in the higher frequency band, as shown in Fig. 4(c). 145

Their simulated performance is compared in Fig. 5. Fig. 5(a) 146

demonstrates their impedance-matching performance while 147

Fig. 5(b) presents the gain enhancement. It can be seen that 148

the impedance-matching performance of all these antennas 149

are very good. In addition, the antenna gain of the AVA 150

is stable at approximately 12 dB. This gain can be further 151

increased in the lower frequency band by changing to the 152

RSEAVA. The higher-frequency gain of the RSEAVA can be 153
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highly enlarged by evolving to the RSEAVA-DL. The final154

gain can be as high as 16 dB and is stable throughout the155

band.156

The design of AVA is essential for achieving the best157

performance of the proposed antenna. The design details are158

given below. For this design, the dielectric layer employs the159

RO4003C substrate. It has a thickness of 0.203 mm, a dielec-160

tric constant of 3.55, and a loss tangent of 0.0027. On both161

sides of the layer, there are two metal patches printed to162

form an exponentially taper slot. The slot is fed by a 50-ohm163

microstrip line. For the initial design, the aperture width WA164

and length L as denoted in Fig. 4(a) are key parameters to165

determine the performance. According to [28], the aperture166

width WA could be approximately a half wavelength of the167

lower-frequency limit. This wavelength is denoted as λc.168

To determine length L, a linearly tapered slot antenna may169

be first considered. As suggested in [28], length L could be170

approximately 2λc to 4λc to achieve higher gain. According171

to the simulated results shown in Fig 6(a), a length L of172

85 mm is selected to have a relatively stable and high gain173

performance. This length is in the range of 2λc to 4λc.174

The antenna performance of AVA can be further enhanced175

by adjusting the linearly taper slot to an exponentially taper176

slot. The equations for the exponentially tapered curve E1 are177

given by [29]:178

y = C1eαx + C2 (1)179

C1 =
y2 − y1

eαx2 − eαx1
(2)180

C2 =
eαx2y1 − eαx1y2
eαx2 − eαx1

(3)181

where C1 and C2 are constants to be determined. The two182

points P1(x1 = 0 mm, y1 = 7 mm) and P2(x2 = 7.5 mm,183

y2 = 85 mm) are the coordinates of the start and end points of184

the curve as marked in Fig. 4 (a). The curvature parameter α185

will affect the antenna gain. As shown in Fig 6(b), the gain186

increases when α is enlarged. Here, the optimal curvature187

parameter α is selected to be 1.5.188

After the optimal AVA is obtained, the regularly slotted189

edge (RSE) technique [12], [13] could be applied to increase190

the gain in its lower frequency band. As shown in Fig. 7,191

the original current densities on the outer edges of the AVA192

are weak. After applying the RSE technique, more current is193

concentrated at the outer edges. Accordingly, the gain of the194

RSEAVA is higher than that of the AVA in the low-frequency195

band.196

The method of adding a dielectric lens [16], [17] may be197

used to enhance the antenna gain and improve the antenna198

pattern in the higher frequency band. It is useful to extend199

the substrate at the front end of the RSEAVA using a trape-200

zoid. Fig. 8 shows the gain plot by changing the width DW201

and length DL of the dielectric lens. As observed in this202

figure, the main effect of the lens is on the higher frequency203

band, where the lens can make the wave front more close to204

a plane.205

FIGURE 4. Evolution of the antenna element: (a) AVA, (b) RSEAVA, and
(c) RSEAVA-DL. Dimensions are: WA = 15 mm, WE = 7.5 mm,
WM = 0.42 mm, WG = 19.8 mm, L = 85 mm, L1 = 70 mm, LM = 7 mm,
R1 = 8 mm, R2 = 14.5 mm, DW = 30 mm, DL = 40 mm, SD = 0.4 mm,
SW = 0.7 mm, SL = 2 mm.

Fig. 9 shows the electric-field distributions of the RSEAVA 206

and RSEAVA-DL at 40 GHz. It can be seen that the radiated 207

wave is highly concentrated along the boresight after adding 208

the dielectric lens. 209

A CP field can be formed by two LP fields that are 210

orthogonal to each other and have the same magnitude and 211

90-degree phase difference. Because every antenna element 212

is LP, the proposed antenna structure can be regarded as 213

two sets of orthogonal LP antennas. The preliminary CP 214

characteristic can be observed by integrating the four well- 215

designed RSEAVA-DL as depicted in Fig. 1(a) (without the 216

feeding network) and feeding these antennas with the ideal 217

signals as indicated in Table 1. Fig. 10 shows the simulated 218

results excluding the effect of the feeding network. Indeed, 219

the CP characteristic is nearly perfect across the entire band. 220

This is because the mutual coupling between the antenna 221

elements is very low and almost negligible. In addition, the 222

CP gain is high and stable. Although the performance of the 223

preliminary antenna is excellent, an ultrawideband feeding 224

network with two pairs of equal-power and quadrature-phase- 225

difference outputs is challenging and critical for the ultimate 226

performance of the proposed antenna. 227
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FIGURE 5. Simulated results of the three types of antenna elements:
(a) return loss, and (b) gain.

FIGURE 6. Gain variations owing to different values of: (a) L, and (b) α.

IV. FEEDING NETWORK DESIGN228

The feeding network proposed in this paper includes three229

parts: an ultrawideband coupler, an ultrawideband power230

divider, and four ultrawideband horizontal-to-vertical transi-231

tions. The feeding network requires only one input port and232

FIGURE 7. Current distributions on the AVA and RSEAVA: (a) at 12 GHz,
and (b) at 15 GHz.

FIGURE 8. Gain variations owing of different sizes of lens: (a) variation in
DW (when DL = 20 mm), and (b) variation in DL (when DW = 30 mm).

FIGURE 9. Electric-field distributions of: (a) the RSEAVA and
(b) the RSEAVA-DL at 40 GHz.

has four output ports. The input port can be directly connected 233

to or built on an associated circuit board. The output ports 234

can provide two pairs of equal-power and quadrature-phase- 235

difference output signals and then connect to the four vertical 236
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FIGURE 10. Gain and axial ratio of the proposed CP antenna without the
feeding network.

FIGURE 11. Layer stack-up of the feeding network.

antennas. The layer stack of the feeding network is shown in237

Fig. 11. There are three metal layers for the top and bottom238

signal lines and a middle ground plane. In addition, there239

are two dielectric layers. Each dielectric layer employs an240

RO4003C substrate with a dielectric constant of 3.55, a loss241

tangent of 0.0027, and a thickness of 0.203 mm. The designs242

for the three portions are as follows.243

A. ULTRAWIDEBAND COUPLER244

The ultrawideband coupler is a 3-dB directional coupler245

initially reported in [30]. However, its bandwidth has been246

extended extensively to cover the entire Ku-, K-, and247

Ka-bands. The structure of the coupler is shown in Fig. 12.248

As stated above, there are threemetal layers and two dielectric249

layers. The characteristic impedance of microstrip lines on250

the top and bottom layers is 50 �. Port 1, 2, 3, and 10 are251

the input, direct, coupled, and isolated ports, respectively. The252

outputs of the direct and coupled ports should have an equal253

magnitude and ninety-degree phase difference. To satisfy the254

ultrawideband requirements, a special coupling scheme is255

located in the center.256

The coupling scheme has an elliptical aperture opened257

on the middle ground plane and two circular rings connected258

to the top and bottom single lines as shown in Fig. 12. The259

minor and major axial lengths, D1 and D2, are key parameters260

for determining the coupling efficiency. Fig. 13 and 14 show261

the effects of changing D1 and D2 on the S-parameter magni-262

tude and phase difference. As shown in Fig. 13, the variation263

in D1 has a considerable influence. When D1 is close to264

FIGURE 12. Structure of the 3-dB directional coupler. Dimensions are:
LC = 20 mm, LC1 = 4.8 mm, WC = 35 mm, WC1 = 0.42 mm RC = 4.8 mm,
D1 = 1.75 mm, D2 = 3 mm, ROUT = 0.8 mm, RIN = 0.1 mm, h2 = h3 =

0.203 mm.

1.75 mm, the magnitude of S11 is well below−10 dB. Mean- 265

while, the magnitudes of S21 and S31 become approximately 266

equal and their phase difference is about ninety degrees 267

stably across the whole band. The length D2 can improve 268

the magnitude equality and ninety-degree phase difference. 269

As shown in Fig. 14, optimal balance performance can be 270

obtained when D2 is 3 mm. 271

B. ULTRAWIDEBAND POWER DIVIDER 272

The configuration of the two-to-four power divider is shown 273

in Fig. 15. The power divider is composed of two one-to- 274

two 3-dB power dividers as denoted by the blue and orange 275

lines. The two 3-dB power dividers should be arranged in a 276

balanced manner. Consequently, the four outputs can have 277

the same magnitude. The two input ports, Port 5 and Port 4, 278

are connected to the direct and coupled ports of the 3-dB 279

directional coupler, respectively. Output ports 6, 7, 8, and 9, 280

are for the feeding of antennas. The performance of the 281

power divider is shown in Fig. 16. Indeed, this power divider 282

is impedance matching at its input ports and could pro- 283

vide four outputs with the same magnitude across the entire 284

band. 285

Thus, a well-designed power divider and coupler can 286

be integrated. The performance of the integrated circuit is 287

shown in Fig. 17. In the considered band, the impedance- 288

matching performance at Port 1 is good. In addition, equal- 289

magnitude and ninety-degree-phase-difference performance 290

are obtained at the two pairs of output ports: Port 6 and 8, 291

and Port 7 and 9. Although the performance of the integrated 292

circuit is excellent, the circuit is placed horizontally and 293

requires transitions to connect with the vertically-standing 294

antennas. 295
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FIGURE 13. Parameter study of D1 (when D2 = 2.8 mm): (a) return loss, (b) magnitudes of direct and coupled outputs, (c) phase difference between
direct and coupled outputs.

FIGURE 14. Parameter study of D2. (when D1 = 1.75 mm): (a) return loss, (b) magnitudes of direct and coupled outputs, (c) phase difference between
direct and coupled outputs.

FIGURE 15. Structure of the two-to-four power divider. Dimensions are:
LF1 = 13.3 mm, LF2 = 0.5 mm, LF3 = 1.4 mm, LF4 = 4.1 mm, LF5 =

16.5 mm, LF6 = 3.76 mm, LF7 = 5.37 mm, LP = WP = 35 mm, WF1 =

1 mm, WF2 = 0.7 mm, WF3 = 0.42 mm, RF1 = 2.5 mm, RF2 = 2.3 mm,
RF3 = 4 mm, via diameter = 0.4 mm, via pad diameter = 0.6 mm, via
anti-pad diameter = 1 mm.

C. ULTRAWIDEBAND HORIZONTAL-TO-VERTICAL296

TRANSITION297

A horizontal-to-vertical transition should be created for298

solving the discontinuity problem at the junction between299

FIGURE 16. Simulated results of the two-to-four power divider.

the horizontally-placed circuit and the vertically-standing 300

antenna. The developed horizontal circuit has fourmicrostrip- 301

line output ports. These ports should be connected to the 302

four mircrostrip-line input ports of the vertical antennas. 303

Therefore, discontinuity between the two sets of microstip 304

lines could result in poor transmission. In this paper, a new 305

horizontal-to-vertical transition is proposed. As shown in 306

Fig. 18(a), a grounded coplanar waveguide (GCPW) with 307

vias is created to connect the horizontally and vertically 308
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FIGURE 17. Simulated results of the coupler integrated with the power
divider: (a) S parameters, (b) phase difference.

placed microstrip lines. The GCPW transmission is designed309

to have a characteristic impedance of 50 �. The vias are310

used for shorting the side and bottom grounds. As also shown311

in Fig. 18(b), the transmission problem can be solved by312

adding the horizontal-to-vertical transition. Consequently, the313

final performance of the proposed antenna integrated with the314

feeding network is remarkable, as already shown in Fig.3.315

V. ANTENNA IMPLEMENTATION AND MEASUREMENT316

A prototype of the proposed antenna was fabricated and317

tested. The photograph is shown in Fig. 19(a). The antenna318

prototype was measured inside an anechoic chamber,319

as shown in Fig. 9(b). The measuring system is based on320

the near-field to far-field method, and applies cylindrical321

probing. The axial-ratio measurement is based on the phase-322

amplitude method [31]. The measured results are shown in323

Fig. 20, 21, and 22. Fig. 20 shows the impedance-matching324

performance. The axial ratio and antenna gain are shown in325

Fig. 21. Fig. 22 presents the antenna patterns in the x-z and326

y-z planes at lower, middle and higher frequencies. However,327

the measurements were not the same as those in the simula-328

tion. Owing to the very wide operating band, the dispersive329

dielectric constant and loss tangent of materials cannot be330

FIGURE 18. (a) Configuration of the horizontal-to-vertical transition.
(b) Transmission performance with and without the transition.

FIGURE 19. Photographs of the proposed antenna: (a) the prototype, and
(b) the measurement setup in an anechoic chamber.

FIGURE 20. Simulated and measured impedance matching performance
of the proposed antenna.

accurately modeled. In addition, the antenna structure has 331

many narrow traces and slots, which also leads to man- 332

ufacturing uncertainties. The measurement setup required 333
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FIGURE 21. Simulated and measured gain and axial ratio performance of
the proposed antenna.

FIGURE 22. Simulated and measured antenna patterns in the
x-z plane (left) and y-z plane (right) at (a) 12 GHz, (b) 26 GHz, and
(c) 40 GHz.

SMA connectors. The amount of tin used for soldering is334

difficult to control and model. The cabling also causes335

unavoidable differences between the measurements and the336

simulations.337

VI. CONCLUSION338

A novel ultrawideband CP antenna was proposed. The339

antenna has a stable gain of up to 18.35 dBic across a 113.2%340

FBW, which can cover the entire Ku, K, and Ka bands.341

This antenna consists of four vertically-standing Vivaldi pla- 342

nar antennas that are fed with a horizontally-placed ultraw- 343

ideband feeding network through four horizontal-to-vertical 344

transitions. The design concepts of the antenna and its feeding 345

network are introduced. With the feeding network placed 346

horizontally, the proposed antenna could be easily linked 347

to the associated main board. In addition, the two circular 348

polarizations of the proposed antenna are interchangeable 349

using the same feeding network. Owing to its compactness 350

and easy fabrication, the proposed antenna with a single-port 351

feed is attractive and promising for array applications and 352

satellite communications. 353
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