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Abstract—Omnidirectional radiation pattern with minimum 

backward radiation is highly desirable for base station antennas 

to minimize the multipath effects. Semitransparent ground planes 

have been used to reduce the backward radiation, but mostly with 

complicated non-uniform impedance distribution.  In this work, 

we propose, for the first time, a round semitransparent ground 

plane of radius 0.8λ with uniform impedance distribution that can 

improve the front-to-back ratio of a wideband patch antenna by 

11.6 dB as compared to a similar sized metallic ground plane. The 

value of uniform impedance is obtained through analytical 

optimization by using asymptotic expressions in the Kirchhoff 

approximation of the radiation pattern of a toroidal wave 

scattered by a round semitransparent ground plane. The 

semitransparent ground plane has been realized using a low-cost 

carbon paste on a Kapton film. Experimental results match closely 

with those of simulations and validate the overall concept. 

 
Index Terms—ground plane, impedance, optimization, 

wideband patch antenna.  

 

I. INTRODUCTION 

EW millimeter-wave and 5G telecommunication 

technologies are required to handle large mobile data 

traffic through a large number of antennas [1-3]. Due to the 

large number of antennas that will be operating simultaneously 

in a real environment, the quality of radio signals is expected to 

suffer considerably due to multipath effects [4]. The multipath 

effect, where a radio signal reaches the antenna by two or more 

paths due to its reflection from different objects or the earth’s 

surface near the antenna, can reduce the signal to noise ratio and 

increase the bit error rate for digital signals. Thus, for base 

station antennas, important considerations are wide bandwidth 

to maintain high data rates and controlled specific shaped 

radiation patterns to reject or reduce the multipath effects. 

Ideally, these antennas must demonstrate an omnidirectional 

radiation pattern in the upper half-sphere and almost zero 

radiation in the backward direction, which means they must 

attain the best possible front-to-back ratio (FBR). Therefore, a 

patch antenna could be a very suitable candidate for base station 

antennas. 

Typically, large metallic ground planes are used to improve 
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the FBR of a patch antenna. It was shown in [5] that the FBR of 

a patch antenna with a round metallic ground plane does not 

improve beyond a certain size of ground plane. Some 

researchers have tried to use other types of ground planes [6], 

such as choke rings and impedance ground planes, but these 

structures are quite narrow-band. The concept of round, 

semitransparent ground planes was introduced in [7-11] to 

provide wide-band suppression of the backward radiation of 

patch antennas. In [7], a Global Positioning System (GPS) base 

station patch antenna design is shown, which benefits from a 

semitransparent ground plane realized through complicated R-

card technology. It utilizes a ground plane with a radius of 6.5 

inches with a non-uniform isotropic resistive impedance 

distribution. In references [8, 11], a semitransparent ground 

plane with a radius of 13 inches with a non-uniform isotropic 

resistive impedance distribution has been realized. The design 

targets the GPS band and utilizes an artificial magnetic 

conductor approach. In [9], a GPS patch antenna is shown, 

which utilizes a semitransparent ground plane with a radius of 

150 mm and a non-uniform anisotropic inductive impedance. 

This surface has been realized by using a periodic structure of 

metal strips, with chip elements in the gap between the strips. 

In [10], a GPS patch antenna with a semitransparent ground 

plane with a radius of 80 mm and non-uniform isotropic 

resistive impedance distribution has been demonstrated. The 

resistive layer has been realized using LLumar film.  

In all the above examples [7-11], the proposed ground planes 

with non-uniform impedance distributions have been realized 

for GPS frequency band 1-1.7 GHz. Fabrication of such types 

of non-uniform semitransparent surfaces, with a wide range of 

values of impedances along the radius of a ground plane, is 

quite difficult in the millimeter-wave band. On the other hand, 

the uniform impedance distribution is relatively easy to realize, 

however it has never been reported in the literature. 

In the present paper, we investigate, for the first time, a wide-

band patch antenna that has a round, semitransparent ground 

plane of radius 0.8λ (λ is wavelength) with a uniform isotropic 

resistive impedance distribution. We theoretically optimize the 

value of the impedance to maximize the FBR of the design. For 

this purpose, we have used asymptotic formulae for the 

radiation pattern of a toroidal wave scattered by a round, 
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semitransparent ground plane. Also, we present experimental 

radiation patterns and S11 of the patch antenna with 

semitransparent and metallic ground planes. The comparison of 

the proposed design with a similar patch antenna (but metallic 

ground plane) confirms the better suppression of back radiation 

by the former. 

 

II. THE OPTIMIZATION OF TRANSPARENCY OF THE GROUND 

PLANE WITH THE PATCH ANTENNA  

Let us consider a patch antenna with radius a, which is 

excited by a coaxial cable and located above a metallic ground 

plane with radius R at distance h (Fig. 1). We assume that the 

radiation pattern of the patch antenna without the ground plane 

coincides with the radiation pattern of an annular magnetic 

current with a single azimuthal variation of amplitude [9, 12] in 

cylindrical coordinates (ρ, φ, z): 

 

      .cos)(,, 0φj  hzaIz mm                      (1) 

 

Here, δ(z) is the Dirac delta-function of argument z; φ0 is the 

unit vector in the φ-direction; and Im is the amplitude of the 

magnetic current. Far field of the annular current (1) in free 

space has the components of the magnetic field intensity vector 

in spherical coordinates (r, θ, φ) [5]: 

 

 

    

 

     ,sinsin

cos
4

,,

,sinsin

sincos
4

,,

20

0

20

0

r

e
kaJkaJ

Wi

kaI
rH

r

e
kaJkaJ

Wi

kaI
rH

ikr

m

ikr

m

























                                          (2) 

 

where k=2π/λ, ,1i  W0=120π, and Jn(x) is the Bessel 

function of order n and argument x. The backward radiation of 

the annular magnetic current with a round metallic ground plane 

for angles θ near the z-axis in asymptotic Kirchhoff 

approximation is created by edge current of the ground plane 

[5, 6]: 

 

     ,)(),(),(,, 00 zRRjRjze    φρj        (3) 

 

where ρ0 is the unit vector in the ρ-direction, jρ(R,φ) and jφ(R,φ) 

are functions representing the radial and azimuthal electric 

currents on the edge of the ground plane. These functions have 

the form: 
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The radiation pattern of the annular electric current (3) has the 

components [5]: 
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The components of the radiation pattern of the annular magnetic 

current above the metallic ground plane of radius R for angle 

θ=π are derived by using (4) and (5):  
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We can simplify (6) when R→∞: 
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We can see from (7) that amplitude of the backward radiation 

of the annular magnetic current above the metallic ground plane 

depends on the radius of the magnetic current and does not 

 
Fig. 1.  The patch antenna with the round ground plane. Side view. 
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depend on the radius of the ground plane. Physically, it can be 

explained by the fact that amplitude of the radial electric current 

jρ(R,φ) on the edge of the metallic ground plane, which is 

created by the field (2) of the magnetic current (1), decreases 

proportionally R after a certain size. At the same time, the 

amplitude of the components of the radiation pattern (5) of the 

electric edge current (3) increases proportionally R. As a result, 

the amplitude of the backward radiation is constant when R→∞.     

To reduce the backward radiation, we will use a round, 

semitransparent ground plane. A semitransparent surface is 

generally characterized by the fact that an incident plane 

electromagnetic wave partially reflects and partially passes 

through the surface. For a two-dimensional round ground plane 

located in polar coordinates (ρ, φ), this surface is characterized 

by two reflection coefficients, ηρ,φ, and two transmission 

coefficients, τρ,φ=1–ηρ,φ (for waves with radial (ρ) and azimuthal 

(φ) components of the magnetic field intensity vector on the 

ground plane’s surface). In the axisymmetric case, these 

coefficients depend only on radial coordinate ρ on the ground 

plane’s surface and the angle of incidence of an incident wave 

onto the ground plane at this point. Impedance of the 

semitransparent surface, Zρ,φ, relates to the reflection coefficient 

as ηρ,φ=60π/(Zρ,φ+60π). The task of scattering a toroidal wave 

by a round, semitransparent ground plane was investigated in 

[6]. In that paper, it was shown that if the reflection and 

transmission coefficients are slowly varying functions along the 

radial coordinate ρ, the backward radiation near the z-axis of a 

ground plane is created by the edge current of the ground plane.  

Let us consider a model of the annular magnetic current (1) 

located above a semitransparent ground plane of radius R at 

distance h. We assume that the ground plane has a central 

metallic area with a radius of R1, which is more than the radius 

of the annular magnetic current, Zρ,φ(ρ)=0 for 0≤ρ<R1, a<R1, 

and a periphery area with uniform isotropic resistive 

impedance, Zρ(ρ)=Zφ(ρ)=A for R1≤ρ≤R. For this model, 

components of the radiation pattern, for angles θ near the z-axis 

in asymptotic Kirchhoff approximation, are created by two 

annular electric currents of form (3) and radii of R1 and R: 
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where amplitudes of radial and azimuthal annular electric 

currents have the form Iρ,φ(ρ,φ)=ηφ,ρ(ρ)jρ,φ(ρ,φ). Fig. 2 shows, by 

using a propagation of electromagnetic waves in the form of 

rays, how backward radiation is created at angle θ=π for the 

model of the annular magnetic current above the metallic and 

semitransparent ground plane.    

Let us optimize the parameters A and R1 of the ground plane 

with a radius of 0.8λ to decrease the backward radiation of the 

annular magnetic current with the parameters a=0.14λ, h=0.05λ. 

For this case, we consider a goal function that is the mean 

square power radiated in the sector of angles 160º≤θ≤180º: 
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After a substitution of formulas (8) into (9) and the 

minimization of the goal function using the nonlinear conjugate 

gradient method, we obtain the next optimum values of the 

amplitude of the impedance and the radius of metallization: 

A=72 Ohm, R1=0.38λ. Note that minimization of the backward 

radiation of an annular magnetic current above a 

semitransparent ground plane of radius 0.8λ was provided in 

[13], and the optimized distribution of a non-uniform 

anisotropic resistive impedance was presented there. 

 

III. DESIGN AND RESULTS 

A. The Design and Fabrication of the Patch Antenna with the 

Ground Planes 

In Section II, a circular patch antenna with a semitransparent 

ground plane has been used for optimization of the 

semitransparent ground plane surface impedance. But circular 

patch antenna is a narrow-band antenna [12], and for typical 

mm-wave applications, such as 5G or Wireless Personal Area 

Network (WPAN), larger bandwidths are required. For 

example, 5G base station antenna is required to have a 

bandwidth of approximately 10% [14]. For bandwidth 

enhancement, we will use a design of a wide-band stacked patch 

antenna (Fig. 3), which is described in [15]. It is worth 

mentioning here that the theory developed in Section II works 

 
Fig. 2.  The propagation of rays from the annular magnetic current above the 

metallic (a) and semitransparent (b) ground plane. 
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equally well with this modified shaped patch antenna (as will 

be shown later in comparison between simulations and 

measurements). A stacked wide-band patch antenna with round, 

semitransparent, and metal ground planes (Fig. 4) with a radius 

of 8 mm was fabricated and measured to verify the results of 

the optimization. The patch has two dielectric layers of the 

Rogers RO3003 laminate with a thickness of 0.5 mm and a 

radius of 3.8 mm for each layer. Each layer has a square metal 

plate with angled circular cutouts. The centers of the cutouts are 

located at the tops of the squares. The lengths of the bottom and 

the top squares are 2.85 and 2.65 mm respectively. The radius 

of all cutouts is 0.95 mm. The patch is excited by a 50-Ω coaxial 

cable, which is located 0.78 mm from the axis of the patch. The 

central core of the coaxial cable has electric contact with only 

the bottom plate. 

The semitransparent ground plane was fabricated using R-

card technology by spreading a thin layer of carbon paste with 

uniform thickness on a thin Kapton film. The value of the 

impedance and the inner radius of the R-card is 70 Ohm and 3.8 

mm respectively. This value was measured using the waveguide 

technique [16]. 

 

B. Measurements Results 

Figs. 5-9 plot S11 and the measured and simulated radiation 

patterns of the antenna with the semitransparent (ST) and 

metallic (Met) ground planes at frequencies of 27 and 30 GHz. 

 Simulations were performed using Ansoft HFSS software 

for the dimensions mentioned above. The ground planes radii 

are 0.8λ and 0.72λ for frequencies of 30 and 27 GHz 

respectively. Although the optimization procedure in Section II 

has utilized a ground plane of radius 0.8λ, it has been confirmed 

that the ground plane of radius 0.72λ also works well and the 

FBR for the two ground plane sizes is not much different (the 

values are given in the next paragraph).   

Fig. 5 shows that S11 is less than -10 dB for the band 27-35.4 

GHz (the bandwidth is 27%) and is similar for both types of 

ground planes. Generally, there is good agreement between 

simulated and measured results. However, there is some 

 
Fig. 6. Radiation patterns of the patch antenna with the ground planes in the 

E-plane at 30 GHz. 

 
Fig. 5. S11 of the patch antenna with the ground planes. 

 
Fig. 7. Radiation patterns of the patch antenna with the ground planes in the 

H-plane at 30 GHz. 

 

Fig. 4. Photo of the patch antenna with the semitransparent (a) and metallic (b) 

ground plane. 

 

Fig. 3. Stacked patch antenna (a) and two separated layers of the antenna (b). 



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

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.2017.2717967, IEEE
Transactions on Antennas and Propagation

discrepancy between the simulated and measured results, 

particularly at the resonance points (29.5 and 34 GHz) and this 

could be due to the tolerance in the material properties of the 

material (RO3003 laminate) at higher frequencies. The material 

properties used in the simulator are given for 10 GHz and it is 

likely that these values are somewhat different at higher 

frequencies, thus causing this small discrepancy. Part of this 

variation may be due to the fabrication tolerances. Nonetheless, 

the antenna is well matched for the entire bandwidth and this 

variation is not detrimental to antenna performance. Figs. 6-9 

show that FBR is 25.1 and 13.5 dB for the patch antennas with 

the semitransparent and metallic ground planes of radii 0.8λ 

respectively, and FBR is 21.3 and 12.4 dB for the patch antenna 

with the semitransparent and metallic ground plane of radius 

0.72λ respectively. The backward radiation of the patch antenna 

with the semitransparent ground plane is less than with the 

metallic one for nearly all angles θ in the E-plane. In the H-

plane, the backward radiation of the patch antenna with the 

semitransparent ground plane is less than with the metallic one 

for the angles 145º≤θ≤180º. The value of the radiation pattern 

of the patch antenna in the E-plane at the angle θ=90º is 1.5 dB 

more with the metallic ground plane than with the 

semitransparent one. In the H-plane, there is the opposite 

conclusion.   

We can see also that the increase of gain is 0.44 and 0.35 dB 

for the patch antenna with the semitransparent ground plane of 

radius 0.8λ and 0.72λ respectively, in comparison with the 

metallic ground plane of the same radius. Thus, reducing the 

backward radiation of the patch antenna with the 

semitransparent ground plane, in comparison with the metallic 

one, results in the gain increasing; but not only the energy losses 

in the resistive layer of the ground plane. 
 

C. Dual-polarized Patch Antenna with the Ground Planes 

Typically, for the base station antennas, it is desirable to have 

dual-polarization [17]. In order to validate that our concept of 

back radiation suppression works equally well with the dual-

polarization antennas, we have performed additional 

simulations with exactly the same antenna design but with dual 

polarization. For operation with two orthogonal linear 

polarizations, the single-polarized patch antenna element (Fig. 

3) was modified and a second coaxial feed was added at an 

angle of 90º to the first coaxial feed (Fig. 10). This dual-

polarized patch antenna was simulated with the same 

semitransparent and metallic ground planes as was done for the 

single polarized case. The dimensions of the design were also 

the same.  

Fig. 11 plots the S11 and the isolation (S12) between the 

coaxial feeds for the dual-polarized patch antenna. Fig. 11 

shows that the bandwidth of the dual-polarized patch antenna is 

the same as the bandwidth of the single-polarized patch. Also, 

S12 is less than -17.6 dB inside the band 27-35.4 GHz and does 

not get affected by changing the ground plane from metallic to 

semitransparent. 

Figs. 12 and 13 plot the simulated radiation patterns of the 

dual-polarized patch antenna with the ground planes at 

frequencies of 30 and 27 GHz. Note, that radiation patterns in 

the E- and H-planes are the same for each of the linear 

polarizations. The simulation results show that the radiation 

patterns of the dual-polarized design at frequencies of 27 and 

30 GHz have the same shapes as in Fig. 5-9. Consequently, all 

conclusions regarding FBR and back radiation suppression for 

 
Fig. 8. Radiation patterns of the patch antenna with the ground planes in the 

E-plane at 27 GHz. 

 
Fig. 9. Radiation patterns of the patch antenna with the ground planes in the 

H-plane at 27 GHz. 

 

Fig. 10. Dual-polarized stacked patch antenna. 
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the dual-polarized design are the same as that for the single-

polarized design. 

 

IV. CONCLUSIONS 

Using the model of the scattering of a toroidal wave by a 

round, semitransparent ground plane for the optimization of 

transparency of the ground plane has allowed us to determine 

the value of uniform isotropic resistive impedance that provides 

low level backward radiation of the patch antenna with the 

ground plane. The increase of the FBR is 11.6 and 8.9 dB for 

the patch antenna with the semitransparent ground plane of 

radius 0.8λ and 0.72λ respectively, in comparison with the 

metallic ground plane of the same radius. The proposed patch 

antenna with the semitransparent ground plane can operate with 

two orthogonal linear polarizations and can be used as a base 

station antenna.  
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