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Abstract— This paper presents the design of a modulated 

metasurface (MTS) antenna capable to provide both right-hand 
(RH) and left-hand (LH) circularly polarized (CP) boresight 
radiation at Ku-band (13.5GHz). This antenna is based on the 
interaction of two cylindrical-wavefront surface wave (SW) 
modes of TE and TM types with a rotationally symmetric, 
anisotropic modulated MTS placed on top of a grounded slab. A 
properly designed centered circular waveguide-feed excites the 
two orthogonal (decoupled) SW modes and guarantees the 
balance of the power associated with each of them. By a proper 
selection of the anisotropy and modulation of the MTS pattern, 
the phase velocities of the two modes are synchronized and 
leakage is generated in broadside direction with two orthogonal 
linear polarizations. When the circular waveguide is excited with 
two mutually orthogonal TE11 modes in phase-quadrature, an 
LHCP or RHCP antenna is obtained. This paper explains the 
feeding system and the MTS requirements that guarantee 
balanced conditions of the TM/TE SWs and consequent 
generation of dual circularly polarized boresight radiation. 
 

Index Terms— Antennas, metasurfaces, surface waves, leaky 
waves, surface impedance , dual polarization, RHCP, LHCP.1 

I. INTRODUCTION 

n the last years, modulated metasurface (MTS) antennas 
have been proposed as innovative, thin, low mass 

alternative to conventional bulky configurations for satellite 
applications requiring medium-to-large gain antennas [1]-[8]. 
MTS antennas are constituted by metallic patches printed on a 
grounded slab, and therefore, they are realized through 
consolidated and low cost technologies.  
The first realization of the MTS antenna concept was 
presented five years ago, with the development of holographic 
antennas. In [1], for the first time, pencil beam-shaped 
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radiation was obtained by properly shaping the isotropic 
(scalar) or anisotropic (tensor) surface impedance of a MTS. A 
leaky wave antenna with sinusoidally-modulated surface 
reactance was manufactured in [2]. A circularly polarized 
broadside beam antenna based on the interaction between a 
cylindrical surface wave (SW) launched from a centered point 
feed and anisotropic surface impedance with a spiral-shaped 
modulation is presented in [3]. As shown in [4],[5], when the 
spiral-shaped modulation is accompanied by a proper 
anisotropy of the surface impedance, the cross-polarization 
level can be drastically reduced. The flexibility and the 
simplicity of this technology in designing different shapes of 
radiation diagrams is extraordinarily attractive, especially  for 
different satellite applications in which pencil beams or 
isoflux radiation patterns are needed [6]-[8]. In some systems, 
several MTSs are employed in order to improve the overall 
antenna performance. This is the case for instance in [9], 
where two different MTSs have been combined to obtain a 
high-gain low profile lens antenna and in [4], where two 
separate MTSs have been employed to obtain dual-pol 
broadside beam radiation. 

Nowadays, the capability to provide dual-circular 
polarization with a unique MTS aperture is still a challenge. 
This paper, for the first time, presents a MTS antenna capable 
to provide both right-hand circular polarization (RHCP) and 
left-hand circular polarization (LHCP) in boresight direction at 
13.5GHz. 

Two simultaneous SWs are launched by the same feed, 
characterized as transverse electric (TE) and transverse 
magnetic (TM) modes. These modes are matched in phase and 
balanced in amplitude. Phase matching is ensured by selecting 
an appropriate anisotropic MTS, which allows for almost 
independent control of the phase velocities of the two modes, 
due to their polarization decoupling. However, amplitude 
balance is provided by a proper design of the feeding 
structure.   

The paper is structured as follows. Section II presents the 
basic operation principle of the configuration, analyzing the 
balanced-impedance boundary conditions. In Section III, the 
required characteristics of the surface impedance modulation 
are studied. Section IV describes in detail the feeding system 
necessary to obtain dual polarization behavior. Section V 
shows the design and implementation of an ideal metasurface, 
which has been designed based on the previous theoretical 
analysis, including the details of the subwavelength pixel-
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elements required to synthesize the MTS configuration, and 
the relevant full-wave simulation. Conclusions are drawn in 
Section VI. 

II. BASIC OPERATION PRINCIPLE 

This antenna operates on the excitation of two cylindrical 
SWs characterized as TEz and TMz modes, where z is the 
normal to the surface. These modes are decoupled in power 
and possess similar dispersion diagrams in a certain frequency 
band; namely, in that frequency range they propagate with 
approximately the same phase velocity. Furthermore, by 
employing an appropriate feed, their amplitudes can be also 
equalized. The SWs interact with a rotationally symmetric, 
anisotropic MTS printed on top of a grounded slab. 
Modulating the MTS impedance with a period that matches 
the SW wavelength and employing as the excitation a circular 
waveguide, field leakage at broadside is obtained with 
individual control of the two polarizations. Namely, properly 
adjusting the phase shift between the two orthogonal TE11 
modes of the circular waveguide, implies RHCP or LHCP 
with single MTS. 

 

 
Fig. 1 Pictorial representation of the modulated rotationally symmetric 
reactance with magnetic dipole excitation. The red and blue lines indicate the 
amplitude pattern of the SW modes launched on the average impedance 
surface by a magnetic dipole oriented along y, the latter represented by a 
double black arrow. 

 
Boundary conditions at the observation point ρ on the MTS 

are described by an anisotropic, lossless surface impedance 
tensor, which links the tangential electric (tE ) and the 

tangential magnetic ( tH ) fields at the upper MTS-air interface 

[10]-[14] 

0 0
ˆ t tj+ += ⋅ ×E X z H  (1) 

( ) ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ;  TM TEX X X Xρρ ϕϕ= + = +X ρ ρρ φφ X ρρ φφ  (2) 

whereẑ  is the normal to the interface,ˆ ˆ,ρ φ are the unit vectors 

of the cylindrical coordinate system, and⋅ represents the 

space average operator over the circular surface of radius r 
where the reactance tensor X  is defined. X  has principal 

axes along ̂ ˆ,ρ φ  and average eigenvalues defined by the values 

TMX , TEX . The entries of X are modulated by an 

azimuthally symmetric sinusoidal radial function (see Fig. 1), 
with modulation index and radial periodicity not yet specified. 

In the following, we establish the features of X  which 

provide the phase balancing of the two modes, while the 
details of the modulation will be discussed in Section III. 

A. Phase Matching between TE and TM modes 

The practical possibility of implementing a boundary 
condition described by a diagonal tensor like in (2) is ensured 
by the fact that any lossless MTS is represented by a 
Hermitian reactance tensor [10]. Due to this property, X

always possesses two orthogonal principal axes, that in our 
case are chosen to be aligned, at any position ρ , along the 

unit vectors of the cylindrical coordinate system. Additionally, 
X depends on both frequency and wavenumber.  

Applying the transverse resonance condition [10]-[14], the 
average eigenvalues ,TM TEX  are related to the magnitude of 

the radial propagation wavevector , ,
ˆ

TM TE TM TE ρβ=k k of the 

SWs launched by a point source located at the origin. These 
relations are 

21TM TMkβ η= + ;    /TM TMXη ζ=  (3) 

21 1TE TEk ( )β η= + ;   TE TEXη ζ=  (4) 

where k  and ζ  are the free-space wavenumber and 

impedance, respectively. ,TM TEη
 
are the normalized average 

reactances, positive (inductive) for the TMz mode and negative 
(capacitive) for the TEz mode.  

The key feature to design the antenna is that the two modes 
are phase-matched, namely, they propagate with the same 
phase velocity. From (3)-(4), this is ensured by the phase 
matching condition 

1TM TE TM TE   = = ⇒ = −β β β η η  (5a) 

2 2 1TM kη β= −
   ; 

2 2   1/ 1TE kη β= − −  (5b) 

In practice, this condition can be satisfied by using sub-
wavelength anisotropic patch elements which allows for 
independent control of the two reactances ,TM TEη , 

guarantying, besides, decoupling of the modes.  

 
Fig.2. Normalized modal reactances as a function of the normalized 

propagation constant under phase-matching condition, 1TM TEη η = −  
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We note that the condition in (5) is the same as the one 

found in [15] for reflection properties of a MTS. The latter is 
used to simulate the effect of a MTS on the internal walls of a 
horn. Particular cases of these balanced conditions are the so-
called soft and hard conditions introduced by Kildal in the 
1980s [16]. 

Under the assumption (5), and neglecting modal coupling 
effects, the driving tangential field supported by the MTS is 
given by 

ˆ ˆTM TM TME jX Hρρ= = −E ρ ρ  (6) 

ˆ ˆTE TE TEE jX Hϕϕ= =E φ φ (7) 

where the two components propagate with the same phase 
progression. Thereby, the total tangential field in the structure 
under balanced conditions is given by  

ˆ ˆtot TM TE TM TEjX H jX Hρρ ϕϕ= + = − +E E E ρ φ  (8) 

 

B. Polarization Balancing 

Let us consider an anisotropic modulated MTS characterized 
by an average reactance tensor satisfying (5). Let us also 
assume that the MTS is fed at the center by two infinitesimal 
horizontal magnetic dipoles with equal momentum, situated 

over the metallic ground and oriented alongx̂ andŷ , 

respectively (Fig.3). 

 
a) b) 

Fig. 3 Excitation of the MTS with an infinitesimal horizontal magnetic dipole 

over the ground plane oriented along a)x̂  and b)ŷ . 

 

Denoting by ( )x
totE  and ( )y

totE  the total tangential fields 

relevant to the dipoles oriented along x and y, respectively, 
one has: 

( ) ( ) ( ) ( )( ) ˆ ˆcos siny y y yy
tot TM TE TM TEE Eϕ ϕ= + = − +E E E ρ φ  (9) 

( ) ( ) ( ) ( ) ( )ˆ ˆsin cosx x x x x
tot TM TE TM TEE Eϕ ϕ= + = +E E E ρ φ  (10) 

Taking into account that the MTS is perfectly symmetric in 

azimuth,  TM
y

TM
x

TM EEE == )()(
 and ET

y
ET

x
ET EEE == )()( . 

Therefore, polarization balancing is expressed as 

0.TM TEE E E= ≡  (11) 

As a matter of fact, using this latter relationship, (9) and (10) 
simplify to:  

( )( )
0 0ˆ ˆ ˆcos siny

tot E Eϕ ϕ= − + = −E ρ φ x  (12) 

( )( )
0 0ˆ ˆ ˆsin cosx

tot E Eϕ ϕ= + =E ρ φ y  (13) 

Introduction of a 90± °  phase shift between the two 
excitations, leads to the circularly polarized field: 

( )( ) ( )
0 ˆ ˆ .y x

tot tot totj E j= ± = ±E E E x y  (14) 

It is important to observe that while phase-matching is 
ensured by the condition in (5), which only depends on the 
MTS properties, the polarization condition in (11) also 
involves the characteristics of the feed. A discussion on this 
topic is provided in Sect IV. 

III.  DESIGN OF THE SINUSOIDAL MODULATION 

Once the characteristics of the average MTS are specified 
by the phase-matching condition (5), the modulation is set by 
an azimuthally symmetric sinusoidal radial function, in such a 
way to get a broadside radiation by a leaky-wave effect [17], 
and it is given by [3]-[7] 

[ ]1 cos(2 / )TM TM TMX m d= +ρρ ζη πρ  (15) 

[ ] 1 cos(2 / )TE TE TEX m d= +ϕϕ ζη πρ  (16) 

The main parameters to be controlled are the average 
normalized reactances ,TM TEη , the modulation indexes 

,TM TEm (here assumed to be constant), and the periodicities

,TM TEd  of the sinusoidal radial modulations.  

Sinusoidal modulation of the surface reactance generates a 

complex perturbation , ,TM TE TM TEjβ α∆ −  to the wavenumber 

,TM TEβ  associated with the average reactance, i.e., 

(0)
, , , ,,TM TE TM TE TM TE TM TETM TEk jβ β β α→ = + ∆ −  (17) 

The real part of the perturbation, ,TM TEβ∆ , describes the 

phase shift suffered by the wavenumber of the SW associated 

with the average reactance, while the imaginary part, ,TM TEα , 

is the leaky attenuation constant introduced by the -1 mode 
radiation. These perturbations depend mainly on ,TM TEm

 
and 

,TM TEη , and can be estimated by analyzing the rectilinear 

problem that locally approximates the radial modulation. The 
Oliner-Hessel method [17] has been generalized by means of 
the Green’s function of the grounded dielectric slab (extended 
in the Appendix). 

Fig. 4 shows the normalized-to-k values of ,TM TEβ∆  and 

,TM TEα  for different modulation indexes ,TM TEm  and 
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normalized average reactance values ,TM TEη . As it is shown, 

,TM TEβ∆  and ,TM TEα  increase with ,TE TMm , but the impact of 

the modulation indexes is different for the TE and TM case.  
 

 
a) 

 
             b) 

Fig. 4. Variation of β∆ andα (normalized to k) as a function of the 

modulation indexm for three values of the normalized average reactance η , 

for TMz(red lines) and TEz(blue lines). 
 

A. Design of the periodicity 

The choice of the periodicity is strictly related to the 1− -
indexed modes of the Floquet expansion of the TE/TM field. 
The wavenumbers of these modes are defined as  

 

( 1) 2 /TX TX TXTXk j dβ β α π− = + ∆ − −      ,TX TE TM=  (18) 

 
where TM TE= =β β β . The -1 indexed field should be the only 

contribution to the far field radiation. Therefore, (18) should 
be complemented by the requirement that none of the modes 
with index different from 1−  radiate, namely that their 
wavenumbers are larger than the free space wavenumber k 
 

{ }( )Re 2 / 1.n
TX TXTXk n d k nβ β π= + ∆ + > ≠ −  (19) 

 
Broadside radiation of -1 indexed mode implies vanishing of 
the real part of wavenumber in (18), which leads to 
 

( )2 /            , .TX TXd TX TE TMπ β β= + ∆ =  (20) 

identified as broadside radiation condition. This means 
matching the period of the modulation to the wavelength of 
the TE and TM SWs excited on the average surface, 
accounting for the polarization-dependent small correction

, .TM TEβ∆
 
This correction is important for large antennas, since 

small phase shift can cumulate over the surface.  

B. Design of the modulation indexes ,TM TEm  

In order to equalize the amplitude of the two orthogonal 
components of aperture field all over the aperture, one should 
impose 

( , ) ( , )TM TM TM TE TE TEm m=α η α η  (21) 

 
where ,TE TMη  are defined through (5b). This condition is 

referred to as amplitude-matching condition and it is 
necessary for ensuring the CP. We note that since the phase 
matching condition implies different values of average 
impedance for TE or TM modes and taking into account that 
the impact of the modulation indexes is different for each of 
them, different modulation indexes for TE and TM are 
required to ensure TM TE=α α , i.e., polarization balancing all 

over the surface. However, this condition is not sufficient, 
since it should be complemented by the feed-balancing 
condition discussed in Section IV. 

IV.  FEED BALANCING  

It has been shown in section II.B that circular polarization is 
obtained by the TM/TE mode amplitude equalization in (11). 
Practical conditions on the feed can be found by matching the 
amplitude of the TM/TE Green’s function for a magnetic 
dipole on the ground plane of a grounded slab with an average 
sheet reactance on the upper interface. Let us indicate this 
reactance as ( )   ( , )S

TXjX TX TE TM= . By using the transmission 

line network formalism (Fig. 5), it can be assumed that the 
TM/TE longitudinal (along z) components of the 
wavenumbers in the dielectric and in air are equalized by the 
balancing condition; namely, we have  

 
2 2

0zk j k= − −β  , 
2 2

1 1zk k β= −  (22) 

for both polarizations. Solving the circuit for the voltage 2v at 

the interface (which represents the electric field) it is found 

( )
1

2 ( )
1

1 1( )

2exp( )

( )
1 exp( 2 ) 1 exp( 2 )

TX z
TX S

TX TX TX
z zS

TX TX

v jk h
v

Z Z Z
j k h j k h

Z Z

−
=

 ++ − + − − 
 

(23) 

where 0 / ,TM zZ k kζ= 0/TE zZ k kζ= ,
1 1 1 1/ ,TM zZ k k= ζ

1 1 1 1/TE zZ k k= ζ , 1 rk kε= . The conditions for amplitude 

matching in (11) becomes2 2/ /TM TM TE TEv v v v= , from 

which it can be obtained: 
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( )
1

1 1 ( )

( )
1

1 1 ( )

( )
cosec(2 )cot(2 )

( )
( )

cosec(2 )cot(2 )

S
TE TE TE

z z S
TE TETE

S
TM TM TM TM

z z S
TM TM

Z Z Z
j k h k h

Z Zv
g

v Z Z Z
j k h k h

Z Z

 +− 
 = =

 +− 
 

β  (24) 

 
Fig. 5 TM/TE transmission line model of the structure. 

 
When the excitations are given by simple magnetic dipoles 

(in practice electrically small slots in the ground plane) the 
ratio in (24) directly provides the relation needed between the 
magnetic dipole moments. In general, when the structure is 
excited by an aperture on a ground plane, (24) is applied to the 
TE and TM components of the Fourier spectrum of the 

aperture field, evaluated at 2 2
x yk k k= + =ρ β . If the feeding 

is realized by an open ended circular waveguide of radius a 

excited by a TE11 mode, its electric field spectrum ( ),t t aE k

(where tk denotes the couple of spectral variable,x yk k ) 

possesses a closed form ( ),t aF k [18]. In such a case, (24) 

becomes  

( ) ( )
( )

ˆˆ,
( )

ˆ,

t

t

a
g

a

⋅ ×
=

⋅

F k z k

F k k

ρ

ρ

β  (25) 

It can be seen that the left hand side only depends on
2 2

t t x yk k k= ⋅ = + =k kρ β . Equation (25) establishes, at 

each frequency, the optimal radius of the circular waveguide a 
which guarantees perfect amplitude balancing of the two 
excited TM and TE modes (continuous line in Fig. 6). 

Fig. 6 Optimum radius which guarantees perfect amplitude balance of the 
excited SWs vs normalized SW wavenumber. Continuous line: direct 
radiating open ended waveguide fed by a TE11 mode( )ka . Dashed line: 

corrugated hat ( ')ka  placed on top of the open ended waveguide.  

 
 

Fig. 7 Details of the employed feeding system. 

 
However, as will be discussed later, TE11 mode aperture has 

proven to be inefficient from the SW excitation point of view, 
since the space-wave radiation affects considerably the 
radiation pattern (see Fig. 8c). Due to this fact, it is necessary 
to introduce a corrugated hat on top of the waveguide, which 
prevents flowing of the currents on the top of the metal and 
consequently drastically reduces space-wave contribution. 
Thus, incorporation of the hat enhances the coupling 
efficiency from the TE11 mode of the circular waveguide to the 
SWs in the MTS. 

 The dimension of the outer radius of the corrugated hat is a 
bit larger than the dimension of the open ended waveguide and 
it can be controlled in order to balance the TE/TM coupling. 
The global feeding system can be described invoking a model 
used for patch antennas: based on the fringe field an 
equivalent magnetic current ring can be defined, with radius 
equal to the one of the corrugated disk and effective width 
equal to the thickness of the substrate. In order to find the new 
balance conditions, an appropriate modification of the 
equation (25) should be employed, which involves the 
derivative of the electric field at the rim of the waveguide: 

 

( ) ( )
( )

, ' ˆˆ
' ( )

, ' ˆ
'

t

t

a

a g
a

a

ρ

ρ

β

∂
⋅ ×

∂ =
∂

⋅
∂

F k
z k

F k
k

 (26) 

The hat radius a’ which satisfies (26) is represented in Fig. 6 
by dashed line.  
 An orthomode transducer (OMT) can be employed to excite 
two mutually orthogonal TE11 modes in the circular 
waveguide in phase-quadrature, thus, obtaining the circular 
polarization as in (14). 
 

V. OVERALL ANTENNA DESIGN  

A. Continuous MTS 

Based on the previous theoretical considerations, a dual-
pol MTS antenna has been designed working at 13.5GHz  
( 0 22 2. mmλ = ). As a preliminary analysis, the MTS has been 

modeled by means of a penetrable [5]-[7] anisotropic ideal 
continuous impedance sheet placed on top of a grounded 
dielectric slab with 10 2r .ε =  and thickness 1 27h . mm= ( 

ARLON1000). The antenna has been analyzed using the 
ANSYS HFSS commercial simulator. The modulation 
parameters of the impenetrable TM/TE impedance are 
described in Table I. 

 

Zin2 TX

Z
sheet

vTX

ZTX 1 ZTXZin1 TX

v1
+

v1
-

v2
+

h

( )s
TXjX
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TABLE I 

 η m 0λd  

TMz 1.31 0.18 0.61 
TEz -0.76 0.34 0.58 

 
The modulation is produced by pixelating the continuous 

boundary condition with square unit cells of size 0 7u λ= . 

The radius of the complete structure is 08r λ= . 

a) 

b) 

c) 
Fig. 8  Simulated co-pol(a) and cross-pol(b) radiation patterns in the45ºϕ =
cut obtained with the ideal MTS at 13.3GHz(red), 13.5GHz(green) and 
13.6GHz(blue). (c) co-pol(continuous) and cross-pol(dashed) radiation pattern 
on the same antenna obtained by radiation of the open ended circular 
waveguide without corrugation hat at 13.5GHz. 

 
 

Based on the feed balancing condition detailed in Section 
IV, the feed is designed like the one in Fig. 7, with the radius 
of the circular waveguide equal to 9 6a . mm=  and the outer 
radius of the corrugated hat on top equal to 12 8a' . mm= .  
Due to the circular symmetry of type “body of revolution 1” 
[19] (BoR1, namely excited with an azimuthal sine or cosine 
function), the circular co-pol and cross-pol patterns are 
obtained by the linear co-pol and cross-pol cut at 45ºϕ = . 

Fig. 8 shows co-polar (a) and cross-polar (b) components at 
13.3GHz, 13.5GHz and 13.6GHz. At 13.5GHz (green line), a 
maximum directivity of 31.28dB is obtained, with cross-polar 
component 18dB below the co-polar. The corresponding 
aperture efficiency is about 50% at the central frequency. For 
completeness, the radiation pattern at 13.5 GHZ in absence of 
corrugated top cover is given in the Fig. 8c, where the large 
cupol-type pedestal added to the main beam is due to the 
waveguide direct radiation. This effect reduces significantly 
the antenna gain since the space radiation subtracts power to 
the main lobe. This is the reason why it is necessary to 
introduce to corrugated hat. 

  

B. Geometry of the printed elements 

The ideal MTS described in the previous section has been 
implemented by using subwavelength printed elements 
(“pixels”) able to control the polarization performance. When 
the surface impedance properties of the required non-uniform 
metasurface vary smoothly, the wavenumber and the local 
average impedance can be retrieved from the periodic 
structure that best fits the required local modulated surface 
impedance value [1],[9]-[14]. TM and TE modes 
wavenumbers have been obtained using the HFSS eigensolver 
with periodic boundary conditions in the four vertical walls of 
the unitary cell, and the corresponding surface impedance has 
been calculated by (3)-(4). 

Several patch geometries have been studied, taking into 
account the following features: 

• The employed pixels have to be anisotropic: the 
geometry must allow for independent control of the TM and 
TE contributions. 
• The dispersion curves for TM and TE modes should be 
close to each other around the working frequency to enable 
the phase-matching condition defined in (5). 
• The pixel-elements have to be small enough in terms of 
wavelength and their axes must be aligned with the wave 
vector to avoid coupling between modes and consequent 
introduction of cross-diagonal terms in the reactance tensor.  

Elliptical subwavelength elements with an asymmetric 
cross-shaped aperture inside comply with the previous 
requirements. In particular, the unitary cell selected for 
implementing the MTS is presented in Fig. 9. 
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a) b) 

Fig. 9 Unitary cell geometry. a) Top view: Details of the elliptical metallic 
element used for the MTS synthesization, ψ denotes its rotation angle inside 

the unit cell. b) 3D view, double arrow indicates SW incidence alongφ . 

The geometry has different parameters to play with. The 
geometrical parameters used in the design are: ellipse size 
normalized to the unitary cell dimension ( )ueb , ratio between 

the ellipse axes ( ),a be e  and normalized dimensions of the 

asymmetric cross aperture ( )aa ec , ( )bb ec , ( )uwa , ( )uwb . 

Several parametric dispersion analyses have been performed 
to characterize their effect on TMz and TEz SW propagation. 
The element rotation inside the unit cell ( )ψ has been set 

according to the SW propagation angleφ. 

 As an example, Fig. 10 presents the dispersion curves in 
the case of the most representative pixels with unit cell 
dimension 0 7u λ=  at the operating frequency (13.5GHz). 

Employed grounded dielectric slab is ARLON1000 with 
10 2r .ε =  and thickness h=1.27 mm.  

              (a) 
 

 
           (b) 

Fig. 10 TM(continuous lines) and TE(dashed lines) dispersion curves as a 

function of frequency when 0ºφ ψ= = (a) and  isofrequency dispersion 

curves  at 13.5GHz when φ ψ=  (b),  for 4 different pixels with the following 

parameters:( ) 9.0=ueb , ( ) 85.0=ba ee , ( ) 15.0=uwa , ( ) 3.0=uwb ; 

( )a a b bc e ,c e  are ( )0 6 0 6. , . red lines; ( )0 6 0 9. , . , green lines; ( )0 85 0 6. , . , blue 

lines; ( )0 85 0 9. , . , orange lines.  

As shown in Fig. 10a, for the 0ºφ ψ= = case, the curves 
associated with TM and TE SWs dispersion cross at the 
working frequency ( TM TEβ β=  at 13.5GHz), ensuring the 

desired phase matching condition in (5). The geometrical 
variations of ( )ueb  and ( )bb ec  mostly affect the TMz mode. 

On the other hand, ( )aa ec  and ( )uwb  affect mainly the TE 

wavenumber. It has to be also mentioned that the frequency 
dispersion is more significant for the TE mode, which works 
closer to its resonance. Fig. 10b shows the spatial dispersion 
characteristics of both TE and TM SWs for different 

impinging angles ( )φ
 at 13.5GHz, for the same pixel geometry 

dimensions as in Fig 10a and setting the rotation of the pixel 

aligned with each SW incidence angle( )ψ φ= . It is clear that 
the TE curve is much more spatially dispersive than the TM 
curve.  

A data base of several geometrical parameterizations and φ 

values has been obtained. Information corresponding to each 
analyzed φ direction will be later employed to implement the 

required surface impedance values corresponding to each 
( , )i iρ ϕ  position of the complete discretized MTS structure.  

Fig. 11 and Fig. 12 show TMX  and TEX  values calculated 

based on (3)-(4) [1] at 13.5GHz for different pixel shapes 
when 0φ ψ= = ° . Higher values of ( )bb ec  are associated 

with higher TM reactance levels. A similar trend is found 
when the pixel-element is larger inside the same cell (i.e., for 
increasing be u). On the other hand, higher values of ( )ba ee , 

( )aa ec  and ( )uwb  increase considerably the TE reactance. 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TAP.2016.2562662

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



 8

 
a) 

 
b) 

Fig. 11 Impedance maps for TMz mode obtained at 13.5GHz for different 

pixel shapes when 0φ ψ= = ° . a) ( ) 0 15bw u .= . b) ( ) 3.0=uwb .  

 
a) 

 
b) 

Fig. 12 Impedance maps for TEz mode obtained at 13.5GHz for different pixel 

shapes when 0φ ψ= = °  . a) ( ) 0 15bw u .= . b) ( ) 3.0=uwb . 

C. Full wave analysis of the antenna. 

The design of the MTS has been carried out by means of the 
pixels described in the previous section. The modulation of the 
surface impedance has been designed following the ideal MTS 
reactance detailed in Section V.A. The radius of the circular 

antenna is
0

8r λ=  ( 0 22 2. mmλ = ) and the feeding system is 

the one described in Section IV. Details of the implemented 
model can be seen in Fig. 13.  

 
Fig. 13 Top view of the complete MTS antenna implemented with elliptical 
pixels with a cross-shaped aperture inside and zoom of the center. 

 
A proper selection of the pixel geometries at each ( , )i iρ ϕ  

position of the antenna provides the sinusoidally modulated 
surface impedance characteristics required for each TM and 
TE propagating mode.  

As in the previous section with the ideal MTS, one quarter 
of the structure with pixels has been simulated employing 
symmetries. Fig.14 shows the 45ºϕ = cut of co-polar and 

cross-polar components (corresponding to the RHCP and 
LHCP components) of the radiated field at 13.3GHz, 13.4GHz 
and 13.5GHz. At 13.4GHz, a maximum directivity of 27.3dB 
is obtained with cross-polar component 21dB below the co-
polar level. It can be concluded that the employed feeding 
system and implemented MTS balance correctly the 
amplitudes of the propagating modes and guarantee their 
contribution to the boresight with circular polarization. 
Nevertheless, there is a loss of gain of 4dBi with respect to the 
ideal continuous impedance model, and consequently the 
aperture efficiency is about 20%. The main reason for the 
decrease in the aperture efficiency is due to the Cartesian-
lattice discretization carried out for adapting the periodic unit 
cell to the theoretical, circularly symmetric, homogeneous 
surface impedance. While this discretization is not a problem 
for the TM case (and therefore not a problem for single CP 
antennas), it is critical for TE mode. There are two reasons 
that lead to this assumption: on the one hand, the isofrequency 
dispersion curves associated with the TE case are quite 
irregular and more sensitive to the rotation of the geometry 
into the square lattice (see Fig.  10b); on the other hand, the 
modulation index required for the TE mode is higher. 
Therefore, a local compensation is required along both the 
azimuthal direction (due to TE isofrequency dispersion) and 
the radial direction (due to high modulation for TE), which has 
been obtained by adjusting the rotation and the dimension of 
each pixel inside the lattice. Although these considerations 
reduce the average discretization error in the TE impedance 
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synthesis, the adjustments also affect and slightly deteriorate 
the TM impedance synthesis error, resulting in a reduction of 
the overall efficiency. 

  a) 

      b) 
Fig.14 Simulated co-pol(a) and cross-pol(b) radiation patterns in the45ºϕ =
cut obtained with the MTS synthesized with pixels, at 13.3GHz(red), 
13.4GHz(green) and 13.5GHz(blue). 
 

Fig.15 shows frequency dependence of the directivity and 
gain. Gain over 25 dBi is obtained in a 1.5% bandwidth. The 
corresponding radiation efficiency is about 70%. The main 
reason for this narrowband response is the frequency 
dispersion shown by the pixel for the TE mode. Shifting of 
frequency implies significant cumulative aperture phase error, 
and consequent reduction of gain, especially for large 
structures.  

Fig.15 Frequency dependence of directivity and gain. 
 

VI.  CONCLUSION 

A MTS Ku-band antenna capable to provide a broadside 
beam with dual circular polarization has been designed. The 
capability to obtain dual polarization with the same structure is 
important in many applications, and it is a challenge for MTS 
antennas. The presented solution operates on the interaction 
between the MTS and two cylindrical-wavefront SWs with 
TM and TE polarization, which propagate in the structure with 
phase and amplitude matching. Broadside radiation is obtained 
by a periodic modulation that matches the wavelength of the 
two SWs simultaneously. Amplitude matching of the excited 
SWs is guaranteed by the correct design of the feed, which is 
not purely TM as in other single circular polarization 
configurations [4]. Appropriate modulation of the MTS 
impedance corresponding to each mode controls the field 

radiation. Unbalancing of the leakage parameters ,TM TEα α  can 

deteriorate both the azimuthal symmetry of the beam and the 
cross-polar performance.  

Practical implementation of the MTS has been carried out 
employing a dense texture of anisotropic sub-wavelength 
elements, consisting of metal elliptical patches with an 
asymmetric cross-shaped aperture inside, printed on a 
grounded dielectric slab. Simulation results show -21dB level 
of cross-pol within a bandwidth of few percent around the 
working frequency (13.4GHz). Antenna efficiency is about 
15.5%. The main reason of the narrowband behavior and 
efficiency drop is found in the space and frequency dispersive 
behavior of the TE mode when it propagates in the structure. 
In fact, the design is much more challenging in comparison to 
the single polarized MTS structures, due to the fact that two 
propagating modes with different nature and perfectly 
synchronized are required to obtain the desired performance. 

APPENDIX 

The complex TM-TE LW wavenumber which leads to the 
plots in (4) has been obtained by solving the dispersion 
equation of the rectilinear problem that locally approximates 
the radial modulation. The rectilinear problem is characterized 
by a sinusoidal homogenised penetrable impedance 

( )S x (1 cos(2 / ))Z jX M x dπ= + which describes the cladding 

of the canonical problem. To this end, we set the boundary 
conditions   

( ) ( ) ( )S Sx,0 x x,0Z=E J                       (27)  

 
where E is the field at the interface and Js is the average 
electric current flowing in the impedance. For both the TE and 
the TM case, the problem is formulated by expanding the field 
and the current in terms of Floquet modes (FM) with 

wavenumbers 2 / ,   0, 1, 2xn xk k n d nπ= + = ± ± . The electric 
field  E  is obtained by weighting each FM component of the 
current by the pertinent spectral TM/TE Green’s function of 
the grounded slab sampled at xnk . This leads to  

 

( )/ , 0 xnjk xTM TE
xn n

n

G k I e− =∑  (28) 
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(1 cos(2 / )) xnjk x
n

n

X M d I eπ −= + ∑  

where /TM TEG  denote the Green’s function of the grounded 

slab  for the TE or TM modes, defined as follows: 
 

( ) ( )( )tan / tanTM TM TM TM TM
0 1 z 0 1 zG Z jZ k h Z jZ k h= − +

1 1
    (29) 

( ) ( )( )tan / tanTE TE TE TE TE
0 1 z 0 1 zG Z jZ k h Z jZ k h= − +

1 1
       (30) 

 
The numerical solution of (28) in terms of the complex 
wavenumber xk  (and therefore the propagation and 

attenuation constants of the leaky-wave) is obtained by 
reducing (28) in a continuous-fraction determinantal equation 
following the procedure suggested by Oliner and Hessel in 
[17]. 
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