
JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 38, NO.1, 2023. 61 

  

Abstract—This paper presents a potential featured antenna for 

future wireless communication networks. The use of a 

hemispherical dielectric lens combined with an equiangular spiral 

printed antenna is proposed to achieve a radiator design with high-

gain, operating in a frequency range between 8.0 GHz to 15.6 GHz 

in circular polarization. Numerical analyses performed by the 

ANSYS HFSS software, and experimental measurements 

validated the functionality of the proposed structure, reaching 

gains greater than 14.2 dBi. 

 
Index Terms—Circular polarization, equiangular spiral 

antenna, high gain, lens antennas, ultrawideband. 

 

I. INTRODUCTION 

N the last decades, both the numbers of mobile 

communications users and data transmission traffic are 

exponentially increasing. Millimeter and submillimeter waves 

are being utilized by the modern fifth-generation (5G) mobile 

systems in order to offer the desired high data throughput and 

broadband operation [1]. A key component to develop the 

broadband system is the choice of a correct radiator element. In 

this scenario, printed equiangular spiral antenna (PESA) is 

opening a new interesting solution for broadband systems, due 

to their unique features, such as: low profile, easy manufacture, 

light weight, and low cost [2-4]. However, for compensating the 

path propagation losses, high data rates traffic requires high-

gain antennas, but due to the intrinsic absence of a ground 

plane, PESA presents a low-gain bidirectional radiation pattern 

[5-6]. To overcome such limitations, R.A. Santos, et al. [7] 

proposed a dielectric lens integrated with a broadband high-

directivity ultra-wideband beamsteering antenna array designed 

by a set of different printed antennas achieving 13 dBi gain with 

bandwidth of 40% [7]. G.H. Lee, et al. [8], proposed a dual-

bowtie antenna loaded with a double-sided dielectric lens, 

presenting a gain of 15.1 dBi and a bandwidth of 64.5% [8]. 

Two orthogonal Vivaldi antennas (forming a cross-shaped 

configuration to excite linear (horizontal/vertical) and circular 

polarization) loaded with a spherical-axicon dielectric lens were 

 
R. A. dos Santos is with the Faculty of Electrical Engineering, Federal 

University of Uberlândia - UFU, Brazil, e-mail: renans@ufu.br, 

https://orcid.org/0000-0002-7219-0953.  

D. H. Spadoti is with the Telecommunication’s Lab (LabTel), Federal 
University of Itajubá – UNIFEI, Brazil, e-mail: spadoti@unifei.edu.br, 

https://orcid.org/0000-0001-5698-6639.  

presented in [9] for ‘wideband and high-gain performance 

getting 15.8 dBi of gain and 160% of bandwidth. 

In this paper, an ultra-wideband, directive and circular 

polarized equiangular spiral antenna loaded with a 

hemispherical dielectric lens is presented (Fig. 1). The proposed 

design presents, at the same time, high gain in a large broadband 

operation (8.0 GHz to 15.6 GHz), for circular polarization 

features, being interesting for modern telecommunications 

systems, alleviating polarization mismatches and multipath 

losses [10]. 

This paper is organized into four sections. In Section II, ultra-

wideband printed spiral antenna theoretical design is presented. 

In Section III, the analysis of the proposed antennas is 

presented. Finally, conclusions are presented in Section VI. 

  
(a) (b) 

Fig. 1. Ultra-wideband, directive and circular polarization lens antenna. Side 

view, (b) Upper view. 

II. ULTRA-WIDEBAND PRINTED SPIRAL ANTENNA 

The ultra-wideband printed spiral antenna belongs to a 

radiator class that can operate in a wide bandwidth, which are 

defined as frequency independent antennas [11-12], since the 

antenna input impedance is practically constant within its entire 

bandwidth. Typically, this kind of radiator has an imaginary 

impedance (Xin) close to zero ohms, whereas the real part (Rin) 

is over one-hundred ohms. Thus, impedance matching systems 

need to be included, given the higher Rin, values. This is 

incompatible with 50 Ω radiofrequency telecommunication 

standards for measurement equipment. For this reason, an 

Ultra-Wideband Printed Spiral Antenna was designed in two 

steps: the antenna structure (section 2.1) and the wideband 
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impedance matching structure (section 2.2). 

A. Equiangular Spiral Antenna Design 

The equiangular spiral antenna comprises two arms rotated at 

180º relative to each other (see Fig. 2). Each spiral arm is 

defined by a set of three angular functions of α, where α is the 

angle of rotation measured from the x axis as in Fig. 2(a), 

resulting in three segment curves. The external curve is given 

in [13]: 
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where a is the radial expansion rate, and δ is a factor connected 

to the initial radius r0, and the value given in [13]: 
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Thus, the external curve segment is given in (1), which is 

defined as being between 0 < α < αmáx. The maximum α gives 

the total length of each spiral S(αmáx), thus [13]: 
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For equiangular spiral antenna designs, the total spiral length 

must be equal to the wavelength, so that S(αmáx) = λg (as the 

equiangular spiral antenna does not have a ground plane, λg is 

defined as the guided wavelength, resulting from the mean 

value between the vacuum and dielectric laminate) defining 

αmáx as follows: 
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Each internal edge of each spiral arm is set by curvilinear 

sections, with the first spiral given by the same expansion rate 

as the external curve, but with a different initial radius. This 

factor is δ’, giving the curve in:  
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defining δ’ in, 
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n r b

a
  = −  (6) 

where b is the initial distance between both the external and 

internal curves. For our structure: 

( ) ( )1 2 00 0 0.25b r r r= −   (7) 

The first internal curve is the result of (5) for the range 

0 < α < (αmáx – π) [13]. Hence, this curve connects both 

previously defined equations, requiring a different expansion 

rate a’, and the initial radius factor, δ”. Thus: 
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where δ” is given in [13]: 
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and a’ is described by: 
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(a) 

 
(b) 

Fig. 2. Equiangular Spiral Antenna.  (a) Arm formation, (b) Final structure. 

The material chosen for the equiangular spiral antenna design 

was dielectric laminate Arlon DiClad 880, with relative electric 

permittivity εrd = 2.2, and 1.52 mm thickness. The design 

frequency is 4 GHz, yielding a guided wavelength of 59.25 mm. 

The value of the initial radius was set equal to the dielectric 

plate thickness, r0 = 1.52 mm, thus the width of each a spiral 

arm conductor strip is b equal 0.38 mm. The initial radius was 

set equal to the dielectric plate thickness to facilitate the 

insertion of the impedance matching and balance systems, so 

that each of the conducting lines from the transformer would fit 

into the lines on the spiral. 

To make equiangular spiral feeding easier, a contact base at 

the beginning of each arm was created (see Fig. 2(b)). This base 

geometry does not greatly influence antenna operation. 

However, an initial distance between the arms equal to the 

dielectric laminate thickness was defined, making it easier to 

insert impedance balance and matching. 

It should be noted that all variables are influenced by the 
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radial expansion rate. We have numerically evaluated a 

efficiency for antenna operation, by applying the finite element 

method in the HFSS software. The analysis used a range from 

3.5 GHz to 18.5 GHz. 

The equiangular spiral antenna performance was evaluated 

for expansion rates between 0.15 and 0.35 (see Fig. 3). We 

investigated the real part of the input impedance (Rin) (see Fig. 

3(a)), the imaginary part of the input impedance (Xin) (see Fig. 

3(b)), and the axial ratio (AR) (see Fig. 3(c)). 

The real part of the input impedance, Rin, reached values 

above 100 Ω from the projected frequency (see Fig. 3(a)). Each 

radial expansion rate value leads to impedance convergence at 

a value of Rin with a frequency increase.  We observed Rin at 

150 Ω when 0.2 < a < 0.3.  

 
(a)  

 
(b)  

 
(c) 

Fig. 3. Frequency response of the equiangular spiral antenna. (a) Real part of 

the input impedance, (b) Imaginary part of the input impedance, (c) Axial ratio. 

The imaginary part of the input impedance performed 

similarly to the real part (see Fig.3 (b)). However, the 

impedance values were kept close to zero ohms. Increasing ‘a’, 

Xin values decreased, and for a < 0.2 inductive reactance was 

observed, while for a > 0.2 capacitive reactance was observed. 

The axial ratio shows the antenna polarization performance. 

For circular polarization, the bandwidth can be expressed for 

frequency ranges where AR values are less than 3dB. Thus, the 

equiangular spiral antenna showed AR < 3dB for large 

bandwidths (see Fig. 3(c)). It is important to emphasize that AR 

< 3dB tends to start at frequencies greater than twice the design 

frequency [13]. For the equiangular spiral antenna, the total arm 

length is small if compared with the wavelength, and the 

radiated field is linearly polarized. As the frequency increases, 

the wave becomes elliptically polarized, until it reaches the 

circular polarization. However, when increasing the radial 

expansion rate, AR < 3dB values started at lower frequencies. 

Thus, the radial expansion rate was defined as a = 0.25, starting 

at 8 GHz with Rin and Xin being almost constant, at 150 Ω and 

0 Ω, respectively. Thereby, the final equiangular spiral antenna 

dimensions are δ = −25.96 radians, αmáx = 9.39 radians, δ’ = 

−27.1 radians, δ” = −21.51 radians, and                   a’ = 0.34. 

B. Impedance Matching and Balance System for Ultra-

Wideband Radiators 

Beyond Rin being higher than 100 Ω, another intrinsic 

characteristic of the equiangular spiral antenna is that excitation 

currents should be 180° out-of-phase, i.e., balanced excitation. 

Thus, beyond the impedance transform, system balance feeding 

needs to be implemented. In this study we propose an 

impedance transformer design that transforms a 50 Ω 

microstrip line into a parallel symmetric line with impedance 

greater than 100 Ω (see Fig. 4).  

The design of the impedance matching and balance system 

comprised two parts: width reduction for the microstrip line, 

increasing the impedance value, and ground plane 

transformation into a symmetric parallel line. 

For operation in large bandwidths, the impedance transform 

must also be wideband. One way to obtain this is by applying 

successive transmission line stages (each one with its respective 

characteristic impedance) set in cascade. We used the 

Tschebyscheff polynomial method [14] to specify the width for 

each segment of the transmission line, so the reflection 

coefficient (Γ) was not affected. Each transforming length n 

must be ℓTn, long, equal to one-quarter the guide wave. 

The transmission line stages are detailed in Fig. 4(a) and 

Table 1. Four impedance transformer stages were designed with 

Arlon DiClad 880 dielectric laminate material (with relative 

dielectric permittivity εrd = 2.2 and thickness at         1.52 mm). 

The transform started after the microstrip line at       50 Ω, with 

width w1 = 3.87 mm, and length ℓ1 = 5.5 2mm. The initial 

ground plane width was defined as                                 wg = 

13.54 5mm. The final impedance of the transformer was 

defined at 120 Ω. Thus, the reflection coefficient is −19 dB, 

considering antenna impedance at 150 Ω. Additionally, the 

final transmission line width for the prototypes after the 

transformers is w2 = 1 mm. 

In the bottom part of the transformer and balance impedance 

(see Fig. 4(b)), a smooth transition width was included, 

minimizing the undesirable effects for the reflection coefficient, 
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thereby avoiding changes to the impedance characteristics at 

the input and output connectors, since the reflected wave 

percentage was reduced. This performance was obtained using 

two Gaussian functions, as follows: 

( ) ( ) ( )1 2 2

1

2
g Ti g Ti Tiw w g w g = +   (11) 

The bottom width of the conductor was defined along its length 

ℓTi by compounding two Gaussian functions (g1(ℓTi) and g2(ℓTi)) 

with different variances. 

TABLE I. SIZING THE IMPEDANCE TRANSFORMER. 

Transformer 
section 

wTn [mm] ZTn [Ω] ℓTn [mm] Γn [dB] 

1 3.21 65 5.44 -17.54 

2 2.21 80 5.50 -19.67 

3 1.57 95 5.56 -21.31 

4 1.00 120 5.63 -18.65 

 

 
(a) 

 
(b) 

Fig. 4. Impedance transformer. (a) Upper view, (b) Bottom view. 

The first Gaussian function, g1(ℓTi), must give averages equal 

to zero, taking the maximum value of the function as the input 

line, expressed in: 

( )

( )
2

2
12

1

Ti

Tig e


 
 −
 
 =  

(12) 

where variance σ1
2 is the respective variance. 

The second Gaussian function, g2(ℓTi), must present averages 

equal to the total length (L) of the line so the maximum value 

of the function occurs at the extremity of the line. The g2(ℓTi) is 

given in: 
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where variance σ2
2 is the respective variance. 

The Gaussian functions have a maximum value equal to 1, 

therefore, g1(ℓTi) and g2(ℓTi) must be multiplied by wg and w2 

respectively. Variances σ1
2 and σ2

2 were determined from 

numerical analyses performed in the ANSYS HFSS software, 

and the best results were σ1 = L/3 and σ2 = L/12. 

The efficiency of the impedance matching and balance system 

were validated numerically in the ANSYS HFSS software. We 

analyzed the transformer impedance (RT) (see Fig 5(a)) and the 

S-parameters (see Fig 5(b)). Fig. 5(a) shows that the real part of 

transformer input and output impedances vary around 50 Ω and 

150 Ω, respectively, all along the frequency range. Fig. 5(b) 

shows the performance of the reflection and transmission 

coefficients. The input and output impedance were 50 Ω and 

150 Ω, respectively, and S11 was kept below −15.6 dB and S21 

greater than −1.6dB, thus, the structure performed with low 

losses and low reflectivity. 

 
(a) 

 
(b) 

Fig. 5. Frequency response of the impedance transformer. (a) Real impedance 

part (b) S-parameters. 

C. Equiangular Spiral Antenna with an Impedance Matching 

and Balance System 

After designing the equiangular spiral antenna and the 

impedance matching and balance system independently, we 

then analyzed the structures together. The antenna reflection 

coefficient with the transformer is shown in Fig 6. Note that S11 

undergoes a significant change, so that the bandwidth        S11 < 

−10 dB goes from 3.7 GHz to 17.9 GHz. 
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Fig. 6. Performance of the reflection coefficient of the equiangular spiral 
antenna. 

III. ULTRA-WIDEBAND, DIRECTIVE AND CIRCULAR 

POLARIZATION LENS ANTENNA DESIGN 

To achieve high gain and directivity, a hemispherical 

dielectric lens was coupled to the ultra-wideband circular 

polarization printed spiral antenna (see Fig. 7). The setup 

included a wooden base (brown), with dielectric constant and a 

dissipation factor at εrw = 1.22 and tan(δ)w = 0.1, respectively 

[15]. The lens fasteners for positioning the PLA material 

illuminators (gray) were εrs = 3.5 and tan(δ)s = 0.07 [16]. 

Two dimensions are extremely important for hemispherical 

dielectric lens designs, the radius R, and the inserted illuminator 

distance F (see Fig. 7(b)). So, the lens functions correctly as an 

electromagnetic wave collimator, the F distance is [17]: 

1
re

r re

F R
 

 − 
  −  

 (14) 

where εre and εrℓ are the dielectric relativity in external media 

and the lens material, respectively. Polytetraflourethylene 

(PTFE) (at εrℓ = 2.2) was used for the lens material. We set R 

equal to 3λ0 at 10 GHz, where λ0 is the free space wavelength, 

given the constructive limitations, resulting in an F distance 

equal to 71.37 mm. To fix the lens on the PLA support, we 

designed a PTFE hollow cylindrical extension (see Fig. 7(c) and 

(d)), with ds = 20 mm, and ts = 10 mm, and then built a 

prototype to conduct measurements (see Fig. 8). 

  
(a) (b) 

 

 

(c) (d) 
Fig. 7. Ultra-wideband, directive and circular polarization lens antenna 

numerical model. (a) Side view, (b) Front view, (c) Upper view, (d) Back view. 

  
(a) (b) 

Fig. 8. Ultra-wideband, directive and circular polarization lens antenna 

prototype. (a) Lens antenna, (b) Equiangular spiral antenna. 

Resonance can occur in the dielectric lens with dimensions 

in the order of λ0 [17]. This is an undesirable effect and limits 

the functionality of the system. Therefore, 8 GHz was defined 

as the initial frequency for operating the proposed antenna. 

A. Reflection coefficient 

The numerical and measured reflection coefficients, S11, were 

investigated and are compared in Fig. 9. For frequencies above 

15 GHz the S11 showed considerable variation, mainly due to 

imperfections in the manufacturing process of the illuminator 

prototype, with more influence for higher frequencies. 

However, the antenna showed bandwidths up to 15.6 GHz. 

 
Fig. 9. Ultra-wideband, directive and circular polarization lens antenna 

reflection coefficients. 

B. Radiation Performance 

Given the practical limitations, the gain and radiation pattern 

measured were performed up to 10GHz. Fig. 10 presents the 

gain vs frequency curves in the direction of maximum radiation, 

highlighting that the simulations show that the gain can reach 

18dBi in the operating range. The simulated and measured 

radiation patterns are shown in Fig. 10 for frequencies between 

8.0 GHz and 10 GHz, showing very precise responses. The 

results were compared in co-polarization (Co-pol) and cross-

polarization (X-pol) to verify functionality in circular 

polarization. Table 2 shows the gain values in the direction of 

maximum radiation, proving the functionality of the proposed 

structure. 

 
Fig. 10. Ultra-wideband, directive and circular polarization lens antenna gain 

vs frequency. 
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(a) 

 
(b) 

Fig. 11. Ultra-wideband, directive and circular polarization lens antenna 

radiation patterns. (a) f = 8 GHz, (b) f = 10 GHz. 

TABLE 2. GAIN IN THE DIRECTION OF MAXIMUM RADIATION 

f [GHz] G0 (Simulation) [dBi] G0 (Measurement) [dBi] 

Co-pol X-pol Co-pol X-pol 

8.0 11.89 11.69 12.18 11.18 
10 15.28 13.3 14.82 13.42 

IV. CONCLUSION 

This paper presented a high gain, ultra-wideband, circular 

polarization printed spiral antenna. The experimental results 

proved the efficiency of the structure, that could operate 

between 8.0 GHz to 15.6 GHz with gain up to 14.82 dBi. The 

proposed antenna is an interesting solution for future wireless 

communications that require high bandwidths, fast speeds, 

massive communication loads, over long distances. 
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