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Abstract—Planar superstrates constituted by Chiral 

Metamaterials structures can transform the radiation properties 
of an antenna. In this communication, an asymmetric chiral 
metamaterial based structure is proposed. Due to the lack of C4 

symmetry in the design, the transmission coefficients depend on 
the incident wave polarization and display high transmission for 
one circular polarization but low transmission for the other one.  

The proposed structure is then used to improve the radiation 
characteristics of a microstrip patch antenna. Taking advantage 

of the properties of the asymmetric chiral structure, the 
polarization of the radiated field is modified, transforming the 
linear polarization of the microstrip antenna into a circular one.  

Index Terms—Chiral metamaterial, patch antenna, superstrate, 

circular polarization. 

I. INTRODUCTION
1 

Metamaterials are artificial composite materials that exhibit 
properties neither available in the nature nor observed in their 
constituents, or enhance the composite features relative to the 
individual properties of its constituents. Among them, we 
highlight the Chiral Metamaterials (CMM), which present high 
polarization rotation angles and can exhibit negative refractive 
index [1]. 

In the antenna design, chiral metamaterials have been 
applied to create superstrates [2]-[6]. A correctly designed 
CMM superstrate can transform the radiation properties of an 
antenna, increasing its gain, reducing the half power beam 
width (HPBW) and/or modifying the polarization of the 
radiated field.  

Several papers [2]-[4], use a superstrate in order to increase 
the gain of circularly polarized patch antennas. However, only 
a few papers [5], [6] are oriented to modify the polarization of 
its radiated field. In a previous work [5], the authors presented 
a CMM superstrate placed over a linear polarized patch 
antenna which increased the antenna gain for one of the 
circularly polarized waves (left handed – LHCP or right 
handed – RHCP). The resulting radiated electric field was 
elliptically polarized. 

In this paper the authors present a new superstrate, 
constituted by a novel asymmetric chiral metamaterial 
structure, which can be used as a complement of a patch 
antenna in W-band (75-110 GHz). The proposed CMM 
superstrate is designed to transform the linear polarized field 
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radiated by the patch antenna into a circular polarized one: the 
superstrate filters out one of the circularly polarized waves and 
transmits the other with high gain. Therefore, the placement of 
the superstrate above a simple antenna provides an equivalent 
antenna with radiation characteristics found on more complex 
antennas.  

The combination of the aforementioned patch antenna and 
the asymmetric CMM superstrate, that we call ACMM based 
antenna, can be used for applications in the lower part of the 
Terahertz band where directive antennas with circular 
polarization are needed, e.g. imaging applications [7], [8]. 

II. ANTENNA WITH ACMM SUPERSTRATE 

In this section the radiation features of the ACMM antenna 
are numerically analyzed with the finite differences time 
domain and the finite elements method in the frequency 
domain engines of EMPro 3D electromagnetic simulator of 
Keysight Technologies. With this idea in mind, the geometry 
of the patch antenna is firstly introduced. Secondly, the 
ACMM superstrate is characterized. Finally, the radiation 
properties of the whole ACMM based antenna are presented. 

A. Patch Antenna 

The radiant element of the ACMM antenna is a patch 
antenna (Fig. 1) excited by slot which is constituted by two 
layers [5]. The bottom layer uses Rogers ULTRALAM 2000 
substrate with a dielectric thickness of 4 mils (0.102 mm), εr = 
2.5, tg δ = 0.0019 and a copper thickness of 18 µm. This layer 
also contains a 100 Ω microstrip feed line (3.7 × 0.09 mm) 
located at its rear face and the ground plane where the slot (0.7 
× 0.09 mm) is settled at the top face of the same layer. The top 
layer is the radiant substrate, air in this case, with a thickness 
of 5 mils. Over this layer it is placed the metallic rectangular 
patch (1 × 1.1 mm). The proposed antenna is designed to 
operate at a central frequency of 100 GHz with a bandwidth of 
5 GHz. 

 
Fig. 1. Slot coupled microstrip patch antenna. 



B. ACMM Superstrate 

The asymmetric CMM structure, presented by the authors 
in [9], is designed to transform a linear polarized wave into a 
circular polarized one. The geometrical dimensions of the unit 
cell (Fig. 2) are given by l1 = 0.430 mm, l2 = 0.7 mm, w = 40 
µm, g1 = 0.6 mm and g2 = 0.86 mm. The substrate has a 
thickness of 100 µm with a dielectric relative constant of εr = 
2.4 and tg δ = 0.0001. The metallization thickness is 1 µm. 

         

Fig. 2. Asymmetric conjugated gammadion CMM unit cell 

Due to the lack of C4 symmetry of the CMM structure, its 
linear transmission coefficients depend on the incident wave 
polarization orientation (See Fig. 3). As a consequence, the 
design produces a huge difference between the co-polar 
transmission coefficients txx and tyy. 

 

 

Fig. 3. Linear transmission coeff. (a) module and (b) phase 

The linear to circular transmission matrix, Tcl [10], relates 

the circularly polarized transmitted fields, +
tE  and −

tE , with the 

linear polarized field that impinges on the chiral metamaterial 

slab, i

xE  and i

yE . 
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being t+x (t-y) the transmission coefficient of a RHCP (LHCP) 
wave generated by an incident field linearly polarized parallel 
to the x-axis (y-axis). 

From the numerical simulations of this ACMM structure 
(Fig. 3), we obtain that at 100.1 GHz tyx = txx� ����/� = 

t� ����/�, and |t|=0.56. With these values, the transmission 
coefficients t+x and t–x can be expressed as (2). This means 
that when the incident field is Ex, the ACMM only transmits 
one of the circularly polarized components with a 

transmission coefficient of √2
. This result is confirmed with 
the simulation results presented in Fig. 4. 
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As a result, the structure acts as a circular polarizer, 
transforming a linear polarized incident wave parallel to the 
shorter side of the ACMM structure, Ex in the case of Fig. 2, 

into a circularly polarized transmitted one  

 
Fig. 4. Linear to circular transmission coeff. for a x-polarized incident field  

C. ACMM based Antenna 

Finally, the patch antenna and the asymmetric CMM 
described in previous sections are combined to form the 
ACMM based antenna (Fig. 5). The antenna and the 
superstrate are parallel and aligned in such a way that the 
linearly polarized radiated field (following the y-axis in the 
example of Fig. 5) is parallel to the short side of the ACMM 
structure unit cell. 

The role of the superstrate is to exploit the filtering 
properties provided by the ACMM structure over one of the 
circular components. Thus the linear polarization radiated by 
the patch antenna becomes circularly polarized. 
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Fig. 5. Microstrip patch antenna with the ACMM based superstrate 

The effect of the superstrate is studied as a function of the 
separation d between the patch and the superstrate. This 
parameter affects not only the gain of the antenna, but also the 
polarization. 

The first studied effect has been the influence of the 
superstrate on the antenna gain. Fig. 6 presents the total gain 
G of the ACMM based antenna and the gain of its circular 
right handed (G+) and left handed (G–) components as a 
function of its separation with respect to the patch. The 
maximum value of G is 14.2 dBi and it is obtained at d = 1.6 
mm. This represents an increase of 6 dB with respect to the 
gain of the single patch antenna. Comparing the electric field 
distribution in the H-plane of both the single patch antenna 
and the ACMM based antenna (Fig. 7) we can check that the 
superstrate concentrates the field in the direction 
perpendicular to the superstrate. 

Moreover, focusing our attention on the CP components 
gain, the inclusion of the superstrate improves the 
transmission of the RH component while minimizes the LH 
one. For low separations, d < 1.5 mm, the gains of both 
components are similar; this means that there is no 
polarization conversion. For separations greater than 1.5 mm 
both components present a very different behavior. 

In the case of the RH component, G+ presents its higher 
values, greater than 12 dBi, for separations in the range of 1.5 
and 1.9 mm with a maximum of 13.9 dBi for d = 1.6 mm (Fig. 
6).  

 

Fig. 6. Total gain G, G+  and G- of the ACMM antenna 

 

The radiation pattern also depends on the parameter d. Fig. 
8 shows the radiation pattern of G+ and G– in the H-plane for 
four different values of d. It can be seen that for d = 1.4 mm, 
the radiation pattern resembles a simple patch antenna pattern, 
but with a narrower half power beamwidth (HPBW) of 48º. 
For d = 1.7 mm and 2 mm the 3 dB beamwidth of the main 
lobe is reduced to a minimum, 26º, nearly a third of the single 
patch antenna HPBW (76º). In these cases secondary lobes 
appear at ±90º from the boresight direction due to the gap 
between the cover and the antenna ground plane. For d ≥ 2 
mm it also appears side lobes at ±40º from the boresight 
direction that reduce the gain. The greater the distance d, the 
smaller is the sidelobe level, being nearly zero for d = 2.5 
mm. 

 

 

Fig. 7. E-field distribution in H-plane of a) patch antenna b) ACMM antenna 
with d = 1.7 mm 

  

   
Fig. 8. Radiation pattern in H-plane of  the ACMM based antenna with  

a) d = 1.4 mm, b) d = 1.7 mm, c) d = 2.0 mm and  d) d = 2.5 mm   
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Meanwhile the LH component, in contrast with the RH 
component, presents low gain values in the boresight direction 
of the antenna. As it can be seen in Fig. 6, the gain decreases 
sharply in the range from 1.5 and 1.9 mm. From this value to 
2.3 mm, the LH component is filtered out due to the low 
values of G–. Fig. 8 shows that for the separations 1.7, 2 and 
2.5 mm, the radiation pattern presents, in general, gain values 
lower than 0 dBi. In these cases, the main lobe is in the 
backward direction.  

These great differences between the two circular 
components are reflected on the polarization of the radiated 
wave. The resulting polarization type will be characterized 
through the axial ratio (AR) [11], i.e., the ratio of the major 
axis to the minor axis of the polarization ellipse. Values of AR 
less than 3 dB represent circular polarization whereas for 
higher values polarization is elliptical. 

Fig. 9 represents the axial ratio of the ACMM based 
antenna as a function of d in the boresight direction. For small 
separations, lower that 1.7 mm, the AR is greater than 3 dB 
therefore the polarization is elliptical. In the range of 1.7 and 
2.4 mm, the ACMM antenna radiates a circularly polarized 
wave with AR<3dB. Within these values of d the superstrate 
is far enough from the patch to behave as it was predicted. 
The best separation, in terms of AR, is d = 1.9 mm where a 
minimum value of AR, 0.8 dB, is obtained. In this case, the 
AR beamwidth is 36º, 10 degrees greater than the 3 dB 
beamwidth. 

 

Fig. 9. Axial ratio of the ACMM based antenna as a function of the 
parameter d. 

III. CONCLUSIONS 

In this work an antenna designed with the aim of obtaining 
high gain and circular polarization from a simple antenna using 
a chiral metamaterial cover is presented. This antenna is 
formed by the combination of a linearly polarized single 

microstrip patch with a superstrate constituted by a novel 
asymmetric chiral metamaterial structure. This chiral 
metamaterial transforms the linearly polarized incident wave 
into a circularly polarized transmitted one. 

The results show a strong dependence on the antenna 
performance with the separation of the superstrate to the patch 
(d).  For small gaps, d < 1.7 mm, the antenna can provide high 
gain but with an elliptically polarized field. For separations 
greater than 2mm, the antenna exhibits low gain. The optimum 
separations occur between 1.7 and 2 mm, wherein high gain 
(up to 13.6 dBi), reduced HPBW and circular polarization is 
obtained. 
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