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Abstract: The effect of using a non-uniform reactive impedance surface (RIS) on the circular polarisation (CP) performance of 
a planar antenna is investigated. It is shown that a very wide axial ratio (AR) bandwidth can be obtained, especially when the 
RIS is combined with parasitic strips.  This result is only possible thanks to the fact that the RIS is non-uniform. The technique 
is demonstrated by designing, building, and measuring a prototype. The simulated impedance bandwidth (|𝐒𝟏𝟏| ≤ −𝟏𝟎 dB) 
is 43.6% (4.3-6.7 GHz), and the simulated 3-dB AR bandwidth is 37.2% (4.6-6.7 GHz). The gain variation over the 3-dB AR 
bandwidth is 3-5.9 dBi. The experimental results are in good agreement with the simulations, validating the new concept. 
 

1. Introduction 

Circularly polarised (CP) antennas have been extensively 

used in satellite systems and wireless communications due to 

their robustness against polarisation rotations. CP microstrip 

antennas have attracted much attention because of their 

compact size, light weight, and low cost. In order to excite 

two orthogonal modes with 90  phase difference for 

obtaining CP radiation, different feeding techniques have 

been developed [1]. Among these techniques, the single-feed 

technique is the simplest one. Single-feed CP compact 

antennas are typically achieved by truncating corners of a 

square patch radiator [2], making slots or slits [3], or feeding 

a patch diagonally [4]. All these techniques suffer from a 
narrow impedance and axial ratio (AR) bandwidth. To solve 

this drawback, numerous techniques have been proposed, for 

example the use of parasitic elements [5-8]. 

Recently, metasurfaces (MSs) have been shown to offer 

the ability to further miniaturize antenna size and improve 

radiation performance [9-13]. Such MSs are reactive 

impedance surfaces (RIS) [14-19], high-impedance surfaces 

(HIS) [20] [21] and artificial magnetic conductor (AMC) [22] 

[23], both based on periodic metallic patches on top of a 

grounded dielectric substrate. However, these publications 

are mainly focusing on linearly polarised (LP) antennas. 
In order to obtain CP radiation with RIS, two techniques 

can be used. The first technique is to integrate a RIS layer 

under a CP driven patch radiator. The RIS unit cell is square 

and is chosen to obtain a reflection phase of 0  at the 

operating frequency. In [24], a triple-band circularly 

polarised GPS antenna is proposed using stacked patches 
over a RIS for enhancing antenna radiation efficiency. 

Several single-feed CP microstrip antennas with 

asymmetric/symmetric slots/slits on an RIS have been studied 

in detail [25][26]. However, all these designs suffer from a 

narrow bandwidth. In [27], a novel circular-ring slotted 

rectangular patch with 7 7 unit cells is proposed to provide 

a 28.3% 3-dB AR bandwidth. In [28], an H-shaped patch 

antenna with 4 4  square unit cells is presented to achieve a 

27.5% 3-dB AR bandwidth. It can be concluded that for the 

first technique the main challenge is to obtain a wide band 

with the designed patch radiator. 

The second technique is to employ a diagonally fed CP 

patch antenna over an RIS. At the operating frequency, the 

reflection phases of the RIS structure with rectangular unit 

cell are chosen as 90+   or 90−  for x- and y- polarisation, 

respectively. In [29], a 45  diagonally fed corner-truncated 

square patch antenna on an artificial ground shows a wide 3-

dB AR bandwidth of 20.4%. The main challenge for this 
technique is to combine the transmitted wave from the 

antenna and the reflected wave from the structure in such a 

way that circular polarisation is obtained. 

Characteristic mode (CM) theory is an excellent tool to 

physically explain the working mechanisms of antennas [30-

33]. It provides insight into electromagnetic resonances of 

current distributions. Recently, CM analysis has been widely 

used in the design and optimization of metamaterial-based 

slot antennas [34-37].  

In this paper, the effect of using a non-uniform RIS on the 

CP performance of a planar antenna is investigated. It is 
proven that a very wide AR bandwidth can be obtained by 

combining the RIS with parasitic strips. The non-uniformity 

of the RIS is crucial. The new concept is illustrated by making 

a design starting from a typical corner-truncated square patch 

antenna. As far as the authors can see, it is the first time that 

the non-uniform RIS topology is used to improve the CP 

performance of a planar antenna. Up to now non-uniform 

MSs have been investigated only to improve LP antenna 

bandwidth [38], [39] and aperture efficiency [40].  

The paper is organized as follows. Section 2 gives the CM 

theory analysis of a typical CP patch antenna and two RIS-

based CP antennas. Section 3 presents a wideband CP patch 
antenna with parasitic strips over a non-uniform RIS. Section 

4 gives the measured impedance matching and radiation 

properties. Section 5 concludes the paper. 

2. Circularly polarised microstrip patch antenna 
using non-uniform RIS 

In this section, first the excited modes of a typical CP 

patch antenna, a uniform RIS and a non-uniform RIS are 

revealed by using CM analysis. Then the uniform RIS and the 

non-uniform RIS are integrated within the CP patch antenna 

for wide impedance matching and CP characteristics. A 
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comparison is made between the uniform and the non-

uniform RISs. 

2.1. CM analysis for a typical CP antenna 
Fig. 1 shows a typical classical design of a single-feed CP 

patch antenna [1]. The antenna consists of a corner-truncated 

square patch printed on top of a single-layer FR-4 substrate 
( 4.3r =  and tan 0.02 = ), which is a low-cost and 

commonly used material [7, 19, 21, 22]. The antenna is fed 

by a coaxial probe at the location (0, )fl−  with respect to the 

center of the antenna.  

 

        (a)                                   (b) 

Fig. 1.  Schemetic view of a single-feed CP microstrip 

antenna, 4fl = mm, 9.5pl = mm, 3.7d = mm, 3.5h = mm, 

34L = mm. 

(a) top view, (b) side view. 

 
In CM theory, the modal significance MS [30] 

( 1/ 1n nMS j= + )  and mode angle [31] ( 1180 tan ( )n n −= − ) 

of the eigenvalue 
n  of a characteristic current mode n can be 

calculated. These two parameters are independent of the 

excitation or source. By using a proper feeding technique, an 
antenna can be forced to operate in a specific mode. Note that 

this method is general and can thus also be used for 

metamaterial-based antennas [34-37].  

A CM analysis is carried out for the corner-truncated 

patch in the frequency range of 4-8 GHz. Fig. 2 gives the 

simulated MS and characteristic angle obtained with CST 

Microwave Studio Suite 2017. The substrate is set as loss-free 

for simulation, which at this moment is a fundamental 

requirement to be able to work with characteristic modes in 

commercial solvers. It is found that modes 1 and 2 present an 

equal MS and a phase difference of 120  at 7.18 GHz. The 

corresponding modal currents J1 and J2 at 7.18 GHz are 

displayed in Fig. 3. The black arrow represents the main 

direction of a model current. Since J1 and J2 have equal 

amplitudes and are orthogonal to each other, they have the 

potential to be combined to get CP radiation near 7.18 GHz. 

 

    (a)                                               (b) 
Fig 2. MS and characteristic angle of the corner-truncated 

patch antenna 

(a) MS, (b) characteristic angle. 

 

Fig 3 Modal currents at 7.18 GHz 
 

2.2. CM analysis of uniform and non-uniform RIS 
structure 

 In order to extend the bandwidth of the CP patch antenna, 

a uniform RIS is used. The RIS is implemented in between 
two FR-4 substrates ( 4.3r =  and tan 0.02 = ) with 

thicknesses 
1h  and 

2h , respectively. The unit cell of the RIS 

was designed in HFSS with appropriate PEC and PMC 

boundaries to mimic the periodicity, see Fig. 4(a). The unit 

cell has size p and contains a single square patch with size a. 

A TEM incident wave excites the structure. The phase of the 

reflected wave in terms of the patch size a is depicted in Fig. 
4(b). It can be seen that the size a has a great influence on the 

reflection characteristics. With the increasing of a, the 

reflection phase curve shifts to lower frequencies. At a patch 

size of 6 mm, a 0 reflection phase occurs at 5.4 GHz and the 

band of reflection phases in the range 90   is from 4.5 GHz 

to 6.2 GHz, providing a wide inductive region. 

 

(a)                                               (b) 

Fig 4. Simulation results of RIS, 7.5p = mm, 
1 3h = mm, 

2 0.5h = mm 

(a) unit cell of RIS, (b) reflection phase of RIS,  

 

The RIS-structure provides additional resonances and 

coupling effects with the patch are involved. Here, first the 

number of uniform unit cells was optimized. It was verified 

that 4 4 uniform RIS units offer the best CP radiation 

performance under the corner-truncated patch. On the basis 

of the RIS with uniform unit cells, a non-uniform structure is 

proposed to enlarge the AR bandwidth. In contrast with 

previous studies [21], [25], [29] where the RIS unit cell was 

designed based on an infinite periodic lattice, CM theory is 
employed here to analyse and optimise the structure, 

explicitly taking into account the finite substrate and the finite 

number of RIS unit cells. This is done by studying the modal 

currents as a function of both the frequency and the 

dimensions of the patches. 

Fig. 5(a) illustrates a classical uniform RIS structure 

consisting of 4 4 square patches. The unit cell has a patch 



3 

 

size 
0a  with a period p . More flexibility is obtained by also 

considering non-uniform RIS structures, see Fig. 5(b). The 

non-uniform structure consists of 4 4 square patches with 

two patch sizes of 
1a and 

1a  and with a fixed period p . Then, 

a CM analysis is carried out on the uniform and non-uniform 

RIS structures. 
 

 

(a)                                               (b) 

Fig 5. Two types of RIS structures, 7.5p =  mm, 
0 6a =  mm, 

1 5.5a =  mm, 
2 6.5a =  mm 

(a) uniform RIS, (b) non-uniform RIS  

 

The MS of the first 4 characteristic modes of the uniform 

RIS and the optimized non-uniform RIS are displayed in Fig. 

6(a) and (b), respectively. According to Fig. 6(a), it can be 

concluded that Mode 1 (J1) and Mode 2 (J2) are modes with 
nearly the same MS and with the same resonant frequency of 

6.74 GHz. The other two modes (J3 and J4) show a similar 

tendency of variation and also have the same resonant 

frequency. According to Fig. 6(b), similar results are obtained 

for the non-uniform RIS. The first 2 modes (Mode 1 and 

Mode 2) resonate at 6.44 GHz and share nearly the same MS. 

The other two modes, Mode 3 and Mode 4, have a similar 

variation tendency and have the same resonant frequency.   

 

(a)                                              (b) 
Fig 6. MSs of  the RISs 

(a) uniform RIS, (b) non-uniform RIS 

 

Fig. 7 gives the characteristic modal currents in the two 

structures. For the uniform RIS in Fig. 7(a), it can be seen that 

at 6.74 GHz the two dominant modes J1 and J2 are a pair of 

orthogonal modes in the x- and y-direction, respectively. The 

currents of these two dominant modes are mainly generated 

on the center four patches. By adjusting both the x and y sizes 

of these center patches, the amplitudes and phases of these 
(modal) currents can be tuned, in such a way that the two 

dominant modes at 6.44 GHz become a pair of orthogonal 

modes in the two diagonal directions, respectively, as shown 

in Fig. 7(b). This means that now the dominant modes of the 

non-uniform RIS are similar to those of the driven patch 

radiator. 
 

 

(a) 

 

(b) 

Fig 7. Modal currents in the RISs 

(a) uniform RIS at 6.74 GHz, (b) the non-uniform RIS at 

6.44 GHz 

 

2.3. CP Antennas over uniform and non-uniform 
RIS structures 

 In this section the CP antenna is combined both with the 

uniform and the non-uniform RIS, see Fig. 8. The RIS 

structures are the same as in Fig. 5. The antenna is kept the 

same as in Fig. 1. 

 

(a)                                                 (b) 

Fig 8. Schemetic view of  two antennas over the RISs  

(a) uniform RIS, (b) non-uniform RIS 

 

Fig. 9(a) gives the impedance bandwidths of the corner-
truncated patch antenna (Ant. 1), the patch antenna over the 
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uniform RIS (Ant. 2) and the patch antenna over the non-

uniform RIS (Ant. 3). It can be seen that the impedance 

bandwidth is significantly enhanced by the introduction of the 

RIS structures. Fig. 9(b) depicts the AR bandwidth of the 

three antennas. It is viewed that Ant. 1 has one minimum AR 

point (above 3 dB) at 6.9 GHz. Ant. 2 has two minimum AR 

points, one below and one above 3 dB. Ant. 3 has a 3-dB AR 

bandwidth of 4.95-6.35 GHz and two minimum AR points 
occurring at 5.1 GHz and 6.1 GHz, respectively. The second 

minimum AR point of the uniform RIS-based Ant. 2 shifts to 

lower frequencies when using non-uniform RIS, which 

results in a drastic axial ratio improvement. Thanks to the 

non-uniformity of the RIS, the CP characteristics are thus 

considerably improved. The operational frequency of the 

traditional corner-truncated square patch is shifted to the 

lower frequency region, which means a miniaturization is 

obtained [17], [18].  

 

(a)                                          (b) 

Fig 9. Simulated results of Ant.1, Ant.2, and Ant.3. 

 (a) S11, (b) AR  

 

Fig. 10(a) shows the side view of the uniform RIS. Fig. 

10(b) shows the equivalent 𝜋-network circuit model between 

two adjacent unit cells, according to the transmission line 

model of [22]. The capacitances in this model can be used to 

make a first estimate of the patch length. The conductances 

model the losses and the radiation. For a single patch located 

at a height ℎ1 above a grounded substrate, the capacititance is 

𝐶𝑠 =
𝜀0

2
(−0.636ln(𝑘0ℎ1))                      (1) 

with 𝑘0 the wavenumber and 𝜀0 the vacuum permittivity [41]. 

The equivalent capacitance of a microstrip-gap-discontinuity 

with a gap distance s is given by 

𝐶𝑒𝑞
0 =

𝜀

2𝜋
[ln2 + ln(

𝐴

𝐴−1
+ √

𝐴+1

𝐴−1
)]           (2) 

with 𝐴 = cosh(𝑠𝜋 2ℎ1⁄ ) [42]. 

The initial patch size is assumed as half the value of 

effective wavelength (𝜆𝑒𝑓𝑓/2). The actual physical length of 

the patch is shorter by a factor 𝐶𝑒𝑞
0 /𝐶𝑠  due to the higher 

capacitance caused by the gap, which can be approximate 

given by  

𝐿patch =
(𝜆𝑒𝑓𝑓/2)

𝐶𝑒𝑞
0 /𝐶𝑠

                             (3) 

with 𝜆𝑒𝑓𝑓 the effective wavelength. 

For a single patch antenna, its resonant frequency is 

reached when the patch is approximately half the effective 

wavelength (𝜆𝑒𝑓𝑓/2). In the uniform RIS, 𝐶𝑒𝑞
0  will affect this 

relation. These approximate expressions (1) and (2) allow to 

assess the reseonant frequency in relation to the physical 

configuration, namely substrate permittivity, thickness, patch 

length, and gap distance. For example, increasing the 

substrate permittivity decreases the resonant frequency; 

increasing the patch length decreases the resonant frequency, 

etc. Compared with the uniform RIS, the non-uniform RIS 

provides more freedom to adjust the equivalent capacitances. 

This is key in broadening the bandwidth of the non-uniform 

RIS-based CP antenna, for example by simply adjusting the 

patch sizes. 

 

 
Fig. 10 Transmission line model of uniform RIS 

(a) side view 

(b) equivalent circuit model 

 

3. CP microstrip antenna with parasitic strips 
over non-uniform RIS 

In this section, the widening of the AR bandwidth is taken 

even further by combining the non-uniform RIS with 

parasitic strips. 

3.1. Bandwidth enhancement with parasitic 
elements 

In this section a pair of parasitic strips is loaded on the top 

layer to enlarge the 3-dB AR bandwidth.  Fig. 11 shows the 

configuration (Ant. 4). The distance between the corner-

truncated square patch and each parasitic strip is sd . Each 

strip has two arms with width sw  and with lengths 
1sl  and 

2sl , respectively. An optimization was carried out to obtain a 

maximum impedance bandwidth from 4.3 GHz to 6.7 GHz 

and a maximum 3-dB AR bandwidth from 4.6 GHz to 6.7 

GHz for this structure. The resulting parameters are: 4fl =  

mm, 9.5pl =  mm, 4.2d =  mm,
1 3h = mm, 

2 0.5h = mm, 

34L = mm, 7.5p = mm, 
1 5.5a = mm, 

2 6.5a = mm, 
1 11sl =  

mm, 
2 4sl = mm, 0.3sd = mm, 1sw = mm. The simulated S11 

and AR are given in Fig. 12. Comparing with Ant. 3, Ant. 4 

has a wider 3-dB AR bandwidth. 

 

Fig.11 Configuration of Ant. 4 

(a) top view of corner-truncated patch with parasitic strips, 

(b) top view of non-uniform RIS, (c) side view. 
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(a)                                      (b) 
Fig 12. Simulated results of Ant. 3 and Ant. 4 

 (a) S11, (b) AR 

3.2. Effect of the sizes of the parasitic strips 
In this section, a parametric study is carried out to 

understand the effect of the key parameters
1sl , 

2sl , sd  and 

sw  of the strips on the CP radiation performance. The effects 

of dimensions 
1sl  and 

2sl  of the parasitic strips on the 

impedance matching and AR are shown in Fig. 13. As can be 
seen in Figs. 13(a) and (c), the impedance bandwidth changes 

only marginally, and the AR bandwidth shifts to lower 

frequencies. In can be seen in Figs. 13(b) and (d) that with the 

increase of 
1sl  and 

2sl , the AR values become lower in the 

upper part of the band but deteriorate in the lower part of the 

band.  

The effects of dimensions sd  and sw  on the impedance 

matching and AR are shown in Fig. 14. With the increase of 

sd and sw , the impedance bandwidth and resonant 

frequencies keep nearly the same, and the AR values become 

lower in the lower part of the band but deteriorate in the upper 

part of the band. 
 

 
(a)                                        (b) 

 
(c)                                          (d) 

Fig 13. S11 and AR for different parameters  

(a) S11 with different 
1sl , (b) AR with different 

1sl , (c) S11 

with different 
2sl , (d) AR with different 

2sl  

 
(a)                                             (b) 

 
(c)                                           (d) 

Fig 14. S11 and AR for different parameters  

(a) S11 with different sd , (b) AR with different sd , (c) S11 

with different sw , (d) AR with different sw  

 

In summary, the CP performance in the higher frequency 

region can be enhanced by increasing the lengths 
1sl  and 

2sl  

and decreasing the distance sd and width sw . Inversely, the 

CP performance in the lower frequency region can be 

enhanced by decreasing the lengths 
1sl  and 

2sl  and 

increasing the distance sd and width sw . A wideband CP 

radiation can be obtained by optimizing these parameters. 

To sum up, four antennas were designed/optimized in 

order to obtain an increasingly wideband CP operation 

around 5.5 GHz: a classical antenna (Ant. 1), the same 

topology extended with a RIS structure (Ant. 2), yielding two 

minimum AR points near 5.5 GHz with a higher AR 

bandwidth, a modified structure with a non-uniform RIS (Ant. 

3), and the non-uniform RIS structure extended with two 
parasitic strips (Ant. 4). The comparison of the four antennas 

clearly proves the AR bandwidth widening capabilities of the 

non-uniform RIS, certainly when combined with parasitic 

strips. 

4. Measurement and discussion 

A prototype of the proposed antenna was fabricated and 

measured, as shown in Fig. 15. The overall dimensions are 

34 34 3.5  mm3 (
0 0 00.62 0.62 0.064     at 5.5 GHz). Fig. 

16(a) gives the measured and simulated S-parameters. The 

measured bandwidth is 4.48-6.75 GHz, and the simulated one 

is 4.3-6.7 GHz. There is only a slight frequency shift. Fig. 

16(b) gives the measured 3-dB AR and total realized gain 

(broadside) including all field components in the boresight 

direction. The measured 3-dB AR bandwidth is 4.75-6.6 GHz, 

and the simulated one is 4.6-6.7 GHz. The measured gain 
varies from 4.0 to 7.0 dBic over the 3-dB AR bandwidth with 

a maximum gain of 7.0 dBic obtained at 4.9 GHz. The 

simulated peak gain of 5.9 dBic occurs at 4.8 GHz. A drop at 

5.2 GHz occurs due to the drop of radiation efficiency. The 

measured and simulated results are in good agreement in the 

high frequency region. The discrepancies in the low 

frequency region are among others due to fabrication errors 

and the imperfect measurement environment. There is a big 

difference in the low band and a very small difference in the 

high band region. The possible reason is the fact that the 

dielectric constant of the substrates is not totally uniform. The 
gain at low frequencies is higher than the one at high 

frequencies, which is due to the loading of the parasitic 

element. The simulated radiation efficiency varies from 65% 

to 85% within the working band. 
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 Fig. 15 Fabricated prototype and measurement setup in the 

anechoic chamber 

 

(a)      

 
 (b) 

Fig. 16 Simulated and measured results 

 (a) S11, (b) AR and realized gain. 

 

The normalized radiation patterns at 4.7 GHz, 5.6 GHz 

and 6.6 GHz are plotted in Fig 17. It can be viewed that the 

measured and simulated co-polarised field components 

(RHCP) are in good agreement. The differences between the 

measured and simulated LHCP are mainly caused by 

imperfect measurement environment (VNA and 

environmental noise). The measured half-power beamwidths 

at 5.6 GHz are 77  and 88  in the xoz- and yoz-plane, 

respectively. Both the half-power beamwidths at the lower 

frequency 4.7 GHz and at the upper frequency 6.6 GHz are 

over 75  in the xoz- and yoz-planes. The slight beam offset 

was due to the off-axis feeding of the driven corner-truncated 

patch.  

 

(a) 

 

(b) 

 

(c) 

Fig. 17 Radiation patterns 

(a) 4.7 GHz, (b) 5.6 GHz, (c) 6.6 GHz 

 

A comparison between the proposed design and other 

antennas in literature is given in Table I. In order to have a 

fair comparison, only sufficiently thin (planar) antennas are 

considered. Compared with similar (uniform) RIS-based 

patch antennas [20-24], our antenna with the non-uniform 
RIS and parasitic strips yields the widest 3-dB AR bandwidth, 

illustrating the new concept of using the non-uniform RIS 

explicitly to improve CP characteristics. Compared with MS-

based antennas [9] [30], the proposed antenna yields a wider 

3-dB AR bandwidth. 

 

 

Table I Comparison of other similar antennas in literature 

Refs Center frequency 

(GHz) 

Impedance 

BW (GHz, %) 

3-dB AR BW 

(GHz, %) 

Peak Gain (dBic) Size(
3

0 )/
r  Antenna structures 

[7] 3.0 0.18/6.0% 0.1/3.3% 2.7 0.5 0.27 0.016   

/ 4.4r =  

Notched circular patch 

antenna, 

parasitic patches 
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[9] 5.5 2.78/45.6% 1.3/23.4% 7.6 0.58 0.58 0.056   

/ 3.38r =  

Corner-truncated patch 

antenna, 

MS-based superstrate 

[25] 2.3 0.32/14 0.35/15.3 5.7 0.77 0.77 0.06   

/
1 10.2r = ,

2 3.5r =  

Slotted patch, 45 -oriented 

RIS 

[26] 2.7 0.178/6.68 0.07/2.69 4.31 0.315 0.315 0.033   

/ 4.2r =  

Corner-truncated patch 

antenna, 

RIS 

[27] 4.0 1.44/36.0 1.13/28.3 7.4 0.822 1.18 0.06   

/ 4.3r =  

Circular-ring slotted patch 

antenna, 

RIS 

[28] 5.5 2.66/44.5 1.45/27.5 7.2 0.58 0.58 0.1   

/ 3.8r =  

H-shaped patch antenna,  

RIS 

[29] 6.0 2.78/48.6 1.3/20.4 6.60 0.78 0.80 0.096   

/ 2.2r =  

Corner-truncated patch 

antenna, 

RIS 

[35] 5.5 2.13/38.8% 0.8/14.3% 9.4 1.37 1.37 0.071   

/ 3.38r =  

Slot antenna, 

MS-based superstrate 

This work 

(Ant. 4 sim.) 

(Ant.4 mea.) 

5.5 2.4/43.6 

(2.27/40.43) 

2.1/37.2 

(1.85/32.6) 

5.9 

(7.0) 
0.62 0.62 0.064   

/ 4.3r =  

Corner-truncated patch 

antenna, parasitic strips, 

non-uniform RIS  

 

 

 

5. Conclusion 

In this paper, a simple method was developed to enhance 

the CP performance of a planar antenna: the use of a non-

uniform RIS. Uniform and non-uniform RIS structures were 
compared, after optimizing with CM theory, to show the 

capabilities of the new technique. The largest AR bandwidth 

available in literature for thin planar antennas was obtained: 

32.6 % for an antenna of only 0.064 wavelengths thick. 
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