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Abstract—In this paper, a Bull’s-Eye (BE) antenna with circular 

polarization (CP) based on ridge gap waveguide (RGW) technology is 

numerically and experimentally demonstrated. The structure is excited from 

the bottom with a standard WR-15 waveguide (V-band) coupled through a 

step transition to a ridge-line that ends in two orthogonal arms of different 

lengths to generate CP. Radiation is coupled to the top plate by a central 

diamond slot surrounded by the BE structure, which consists of four 

concentric periodic corrugations around the slot. Simulations and 

experimental results are in good agreement, with axial ratio below 1 dB at 

the operation frequency and peak gain of 18.4 dB. The antenna has right-

handed CP (RHCP) with polarization discrimination of more than 30 dB.  

Index Terms— Bull’s-eye (BE) antenna, circular polarization 

(CP), ridge gap waveguide (RGW) technology, millimeter waves. 

I. INTRODUCTION

Bull’s-Eye (BE) antennas [1] are a part of the larger family of 

periodic leaky wave antennas (LWA) [2] and in their most typical 

geometry consist of a metallic plate with a central slot surrounded by 

concentric corrugations. An interesting characteristic of BE antennas 

is that they usually radiate at broadside with a relatively high gain, 

overcoming one of the classical limitations of  LWA which is the open-

stop band effect that precludes radiation at broadside [3]. This is 

achieved by designing the periodic corrugations in such a way that 

each half of the BE antenna radiates at opposite directions but in angles 

very close to broadside, giving rise to a single lobe by merging the 

radiation of both halves. Another variant of LWAs are the radial line 

slot antennas and modulated metasurface antennas [4]–[7], which 

enable the transformation of surface waves into a leaky wave (LW), 

leading to an enhanced directivity. Since their first conception more 

than a decade ago [1], [8], BE antennas have been considered as a 

simple alternative to horns and are now recognized as a separate 

member of the LWA family, see a historical review in a recent book 

chapter [9].  

At microwave frequencies, BE antennas based on conventional 

printed circuit board technology perform satisfactorily and admit 

different implementations of the primary source, like a surface-wave 

launcher [8] or a simple monopole [10], reducing manufacturing cost 

and complexity. Nevertheless, as the operation frequency is increased 

towards millimeter-waves, fully metallic designs are preferred to avoid 

dielectric losses and BE antennas follow the classical implementation 

of a periodic ring structure around a central slot fed by a standard 

This work was supported by the Ministerio de Ciencia, Innovación y 

Universidades under Grants RTI2018-094475-B-I00 (MCIU/AEI/FEDER, 

UE), TEC2016-76997-C3-1-R. and PID2019-109984RB-C43  (Corresponding 

author: Miguel Beruete)  

D. Pérez-Quintana, is with the Antennas Group, Universidad Pública de 

Navarra, 31006 Pamplona, Spain, and also with the Institute of Smart Cities 

(ISC), Universidad Pública de Navarra, 31006 Pamplona, Spain (e-mail: 

dayan.perez@unavarra.es). 

waveguide attached to the back plate [1]. In [11] a high gain BE 

antenna was designed following this standard procedure, using an 

aluminum plate carved with a sinusoidal profile working at W-band 

(77 GHz). A large number of corrugations was used to achieve a high 

gain of about 28.9 dB. This required a large physical area, giving as a 

result a poor aperture efficiency. In general, it can be said that in BE 

antennas an increase of the gain implies a reduction of the aperture 

efficiency, being one of the main limitations of this type of antennas. 

This was amended in [12] by optimizing the resonant modes inside the 

grooves in such a way that a gain around 20 dB was obtained with only 

two corrugations around the central slot, increasing the aperture 

efficiency to 32% in a prototype operating at 60 GHz. 

Fig 1. Photographs and schematics showing the fabricated BE antenna. (a) 

Bottom view of WR-15 waveguide connection. (b) Feeding system. (c) 

Simulated reflection and transmission coefficients of the feeding system using 

a back-to-back evaluation. (d) Top view of concentric periodic corrugations 

around the diamond-shaped slot. (Insets) Detailed views of each case. 

As an alternative to the stringent high accuracy and precision 

manufacturing constraints required by the previous antennas, a cheaper 

variant was proposed in [13] by using a low-cost 3-D printing 

stereolithography technique for a BE antenna operating at 96 GHz and 

with tilted radiation with respect to broadside. As noted there, the 

manufacturing tolerance was at its resolution limits and, consequently, 
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the performance was worse, compared to antennas manufactured using 

high-accuracy milling techniques. Even with those limitations, a 

significant gain around 17 dB was experimentally demonstrated. 

Gap waveguide (GW) technology is nowadays under intense 

research as an alternative to standard waveguides in high-frequency 

applications [14]–[17]. Amongst the most important characteristics of 

GW technology is that it does not need electric contact between the 

bottom and top plates and tolerances are coarser, keeping at the same 

time a fully metallic structure to avoid dielectric loss. Furthermore, 

GW technology is naturally adapted to low-profile planar structures, 

fitting perfectly with the design guidelines of BE antennas. In this 

sense, GW can be seen as a trade-off solution between additive 

manufacturing and high-accuracy milling techniques, encompassing at 

the same time cost-effective fabrication and good electromagnetic 

performance. 

Hence, the first objective of this manuscript is to implement and 

demonstrate a BE antenna using GW technology to reduce 

manufacturing complexity compared to standard waveguides and 

improve the performance compared to prototypes made by additive 

manufacturing. In this way, the technological reach of GW can be 

extended towards high-gain, fully planar and fully metallic antennas. 

Beyond that, it is evident that the BE geometry is compatible with 

circular polarization (CP), as the grooves usually have revolution 

symmetry. However, most BE antennas reported to date have linear 

polarization, due to the limitation imposed by the primary source, 

which is usually a rectangular central slot. The first steps towards CP 

BE antennas have already been taken in [18] by using a central cross-

shaped slot with orthogonal arms of the same length. Although this 

design can effectively couple a CP wave, it cannot generate CP by 

itself. Rather, a pair of orthogonal modes in quadrature must be 

previously generated (for instance, with an orthomode transducer) and 

coupled afterwards to the cross-shaped slot to radiate a CP wave.  

In a recent paper, we demonstrated a diamond slot antenna able to 

intrinsically produce CP using GW technology [19]. The mechanism 

to generate CP was simple and effective, based on two orthogonal 

feeder arms of different lengths placed below the diamond-shaped slot. 

It was also demonstrated in that paper that the gain could be increased 

by incorporating a horn taper and a circular groove around the central 

slot, reaching a value of 11.12 dB at 67.3 GHz. However, even in the 

optimal case, a significant fraction of the top plate area contributed 

little to the overall antenna gain, as most of the effective radiation was 

limited to the surroundings of the slot.  

Hence, the second objective of this manuscript is to demonstrate a 

high-gain antenna with CP by combining the ideas of the diamond slot 

antenna of [19] with a BE geometry covering maximally the top 

metallic plane. In this way, we merge together three important 

concepts: generating CP in a simple way, using GW technology and 

demonstrating a high-gain in a single antenna without the need of using 

antenna arrays, which require a complex feeding network [20], [21].  

Specifically, in this paper, we design and analyze experimentally a 

BE antenna with CP in ridge GW (RGW) technology. The structure is 

fed from the bottom using a WR-15 waveguide to RGW transition 

(note that this is required by the current experimental setups based on 

standard waveguides and could be removed in future systems 

operating entirely in GW technology). CP is generated by two 

orthogonal arms with different lengths that excite a top diamond-

shaped slot, although there are some subtle differences with our 

previous work [19], as explained in Section II below. The top plate 

contains four concentric periodic corrugations around the diamond-

shaped slot covering maximally the metallic plane. An experimental 

gain of 18.4 dB at 58.5 GHz is achieved with an aperture efficiency of 

9%. An excellent polarization purity with an axial ratio (AR) below 

1 dB at the central frequency is achieved. The antenna has right-

handed CP (RHCP) with polarization discrimination of more than 

30 dB. All experimental results have good agreement with the 

simulations 

The paper is organized as follows. In Section II the design and 

simulation results of the CP BE antenna are presented and discussed. 

Section III is focused on the experimental characterization of the 

manufactured antenna. Finally, the main conclusions are summarized 

in Section IV.  

II. ANTENNA DESIGN

The Transient Solver of the commercial simulator CST Microwave 

Studio® was used to design and optimize the BE antenna shown in 

Fig. 1, where all pieces are made of aluminum modeled as a lossy metal 

with a conductivity of 3.72×107 S/m. The antenna was optimized to 

operate at the V-band. Fig. 1(a) shows the WR-15 waveguide 

connection from the bottom plate with a slot of dimension a × b, 

necessary for compatibility with our standard experimental setup. The 

WR-15 to RGW transition consists of a simple step of height s and 

length p, as shown in the top view of the feeding network in Fig. 1(b), 

with the dimensions outlined in the inset of Fig. 1(b) and the values 

specified in Table I. Although this feeder has a narrower AR BW than 

the one used in [19], we opted for this solution because it is simpler, 

easier to fabricate and fits well with the requirements of BE antennas, 

which are usually narrowband. As demonstrated in the back-to-back 

(i.e. two identical transitions connected back-to-back) simulation 

results of Fig. 1(c), its performance is satisfactory. Within the 

considered bandwidth (BW) the transition has an excellent matching 

with a reflection coefficient below −10 dB and extremely small 

insertion loss. Finally, Fig. 1(d) shows the top plate of the antenna with 

four concentric periodic corrugations of period pg, depth hg and width 

wg filling maximally the metallic plane around the central diamond-

shaped slot of side c and a slot cavity height h; see details in the inset 

of Fig. 1(d). The pins dimensions are 0.5 × 0.5 × 1.5 mm and the 

periodicity is 1 mm, the same as in [19].  

As explained in detail in [19] the CP is generated by the length 

difference between the two orthogonal arms at the end of the ridge, r 

and l. In [19], the difference between the left and right arms was nearly 

λ0/4, giving rise to a phase difference of 90º and therefore to a CP at 

the output. However, in the present case the length difference between 

both arms is 0.5 mm which is only λ0/10 (l = 1.28 mm and 

r = 0.78 mm). To ascertain the reason behind this disagreement, we 

first note that in the present antenna the height of the upper plate and 

hence the height of the diamond slot must be increased to carve the 

periodic grooves, with a non-negligible impact on the final result. To 

TABLE I 

DESIGN PARAMETERS 

Parameter Description Values (mm/λ0
*) 

la  Length of antenna 40.0 / 7.80 

p Step length 1.05 / 0.20 
s Step height 0.38 / 0.07 

w Step width 1.00 / 0.20 

c Slot length 2.65 / 0.52 
hg Corrugation height 1.28 / 0.25 

pg Corrugation period 4.36 / 0.85 

wg Corrugation width 3.13 / 0.61 
b WR-15 height 1.90 / 0.37 

a WR-15 width 3.18 / 0.62 

r Right arm length 0.78 / 0.15 
l Left arm length 1.28 / 0.25 

h Top plate height 1.62 / 0.32 
*λ0 = 5.1 mm at 58.5 GHz 

0018-926X © 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/
republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component 

of this work in other work.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.3019565, IEEE
Transactions on Antennas and Propagation

8 First Author et al.: Title 

analyze it, we did a parametric study varying h while keeping a 

constant difference between arms of λ0/4, checking the influence on 

the AR (note that, without loss of generality, in this study the grooves 

were removed for simplicity). It is evident in Fig. 2(a) that for small 

values of h (< 0.9 mm) the structure behaves satisfactorily with low 

AR (AR < 3 dB) in good agreement with the results of [19], but when 

h increases beyond 0.9 mm the AR degrades rapidly. A similar study 

was done fixing the arms length difference to λ0/10; see Fig. 2(b). Now 

the best AR is achieved with h = 1.5 mm (0.3 λ0). These results suggest 

that the slot height has some non-trivial effect on the phase difference 

achieved between orthogonal linear components. Nevertheless, an in-

depth study of this phenomenon is beyond the scope of this manuscript. 

Fig. 2. Numerical study of the AR magnitude as the height of the top metallic 

plate h is varied between 0.5 and 3 mm (corrugations have been removed for 

simplicity). (a) Arms length difference equal to λ0/4. (b) Arms length difference 

equal to λ0/10. 

Once the wave is coupled through the slot (of side c  λ0/2 to 

guarantee good radiation at the operation frequency), it reaches the top 

plate and excites the BE structure, as shown in the surface current 

representation of Fig. 3. The physical mechanism of BE antennas is 

based on LW excitation and has been extensively described in the past 

[9]. In the present case, wide grooves were implemented, as they lead 

to higher gain values as explained in detail in [12], [22]. The grooves 

support a resonance at the operation frequency (Fig. 3), contributing to 

the enhancement of gain at broadside. It is also clear that the currents 

follow a circular shape describing a right-handed CP (RHCP) pattern.  

III. PROTOTYPE FABRICATION AND RESULT ANALYSIS

The previously discussed BE antenna was manufactured and 

measured. As RGW technology does not demand high precision 

manufacturing, standard computer numerical control (CNC) milling 

machining was selected to manufacture all the pieces. As mentioned 

above, the material employed was aluminum due to its good 

conductivity and mechanical properties. 

The experimental characterization was done in an anechoic 

chamber. A PNA network analyzer E8361C (Agilent Technologies) 

was used to measure the antenna in the frequency range from 55 to 

65 GHz, with the frequency span discretized in steps of 50 MHz. A 

single port calibration was performed to measure the reflection 

coefficient of the BE antenna. Fig. 4 shows the main simulation and 

measurement results. As shown in the solid red curve of Fig. 4(a), good 

matching is obtained in all the considered BW with S11 < −10 dB 

Fig. 3 Upper view of the surface current magnitude on the BE antenna at 

58.5 GHz and four different snapshots. 

from 54.3 to 63.7 GHz, which represents a fractional BW of 16.2%, in 

good agreement with the simulation results (dashed red curve).  

The gain, AR and radiation patterns of the antenna were measured 

by following the next procedure. A test horn antenna (Mi-Wave 261) 

with linear polarization was placed at a distance of 2000 mm from the 

BE antenna (the farfield distance at the operation frequency is 

1260 mm). In this position, the BE antenna was swept in elevation 

from −90° to 90° with a step of 0.5°, within the frequency span 

mentioned above. Two different measurements were taken at each 

point by rotating the horn antenna (Mi-Wave 261) in two orthogonal 

positions. This is required because the test antenna has linear 

polarization and we need both orthogonal components to retrieve the 

CP response in the post-processing, which is based on the method 

described in [23]. 

The experimental AR is plotted in the solid blue curve of Fig. 4(a). 

Taking as a criterion that the wave has CP when the AR is below 3 dB, 

we find that the CP BW goes from 57.7 to 61.4 GHz, which represents 

a fractional BW of 6.3%. The minimum value (0.59 dB) is around 60 

GHz. In the simulation, the CP BW goes from 56.7 to 58.8 GHz, a 

fractional BW of 3.6%, see dashed blue curve in Fig. 4(a), and a 

minimum AR of 1 dB is obtained at 58 GHz.  

The measured gain (Fig. 4(b) red solid curve) was obtained applying 

the gain transfer (or gain comparison) method particularized to 

antennas with arbitrary polarization [23], [24]. In fair agreement with 

the simulation results (red dashed curve) the measured gain (solid red 

curve) reaches a maximum value of 18.4 dB at 58.5 GHz (which is the 

frequency of minimum AR) and decays away from the operation 

frequency, as typically happens in BE antennas. The aperture 

efficiency is approximately 9%, above the typical value of BE 

antennas.  

Finally, Fig. 4(c) and (d) show the co-polarized and cross-polarized 

radiation patterns at 58.1 GHz, analyzed in two different planes: 

Fig. 4(c) φ = 0° (x-z plane); and Fig. 4(d) φ = 90° (y-z plane). The 

experimental results show an excellent polarization isolation of more 

than 30 dB at broadside, a main lobe of beamwidth equal to 11º and a 

small side lobe level of −9.7 dB in both cutting planes, in good 

agreement with the simulation results. These results improve our 

previous diamond-horn-groove (DHG) antenna discussed in [19] 

thanks to the addition of the BE structure, which optimizes the 

radiation on the top plane.  
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Fig. 4. Simulated (dashed curves) and experimental (solid curves) results of the 

BE antenna. (a) Reflection coefficient magnitude (red curve) and axial ratio 

(blue curve). (b) Realized gain at broadside (φ = 0° and θ = 0°). Co-polarized 

and cross-polarized radiation pattern at 58.1 GHz, (c) φ = 0°, (x-z plane) (d) 

φ = 90°, (y-z plane). The reference coordinate axes are the same in all figures 

and are shown in the Fig. 1(b). 

TABLE II 

COMPARISON BETWEEN DIFFERENT MILLIMETER-WAVE ANTENNAS 

Table II presents a comparison between our BE design and other CP 

antennas recently reported in the literature that operate near 60 GHz 

[25]–[29]. In all cases, the results are analyzed quantitatively. As can 

be seen there, our BE antenna has in general good radiation 

characteristics. It has a moderate gain value (18.4 dB). Note that this 

gain is similar to that achieved by antenna arrays, which are 

comparatively more complex that our BE antenna based on a single 

radiating element and a simple feeding network. As it is usual in BE 

antennas, the operation bandwidth (6%; we take here the AR BW as it 

is the interesting one for applications) is narrow, impacting directly in 

the gain-bandwidth product (GBW), although there are other examples 

in the Table in which it is even narrower. Thus, from this comparison, 

it can be said that the designed BE antenna can be a good choice for 

moderate gain and narrowband applications at millimeter-waves. 

IV. CONCLUSIONS

In this work a BE antenna with CP operating in the V-band has been 

numerically and experimentally demonstrated. A feeding system based 

on RGW technology has been implemented to couple the wave to the 

radiating diamond-slot. The CP generation mechanism is based on the 

length difference between two orthogonal arms at the end of the ridge. 

However, due to the larger height of the diamond slot, the length 

difference has to be reduced from λ0/4 to nearly λ0/10. A BE structure 

at the output, consisting of four concentric periodic corrugations 

around the slot contribute to enhance the gain by covering maximally 

the top metallic plane. The simulated and experimental results are in 

good agreement, demonstrating good radiation characteristics with a 

compact and low profile structure. A high gain of around 18.4 dB at 

58.5 GHz, with an aperture efficiency of 9% is obtained. A good CP 

purity with an AR of 0.59 dB at 60 GHz is demonstrated. More than 

30 dB of cross-polarization isolation is observed in the measured 

radiation patters, with a main lobe beamwidth equal to 11º and small 

side lobe level of −9.7 dB. This is the first BE antenna based on RGW 

technology and able to generate CP by itself, with excellent 

performance and relatively cheap manufacturing requirements.  
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