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Abstract— A circuit model is here proposed to characterize
grounded arrays of printed patches. This equivalent circuit
reproduces the behavior of the structure in a wide frequency
range with the only restriction of dealing with single resonant
scatterers. Full-wave data is required to build some elements
of the equivalent circuit. However, only a reduced number of
simulations is needed, in contrast to other available techniques.

Index Terms— Circuit modeling, high impedance
surface,frequency-selective surfaces, transmission lines.

I. INTRODUCTION

Planar periodic arrays of scatterers printed on grounded

dielectric substrates are well known for allowing their

reflection phase and surface-wave properties to be tuned

[1]. Basically, they can be seen as metal-backed printed

frequency selective surfaces (FSS) [2]. In principle, with

these compound surfaces it is possible to synthesize any

desired boundary condition, from perfect electric conductor

(PEC) to artificial magnetic conductor (AMC), and due to this

reason they are also named as high impedance surfaces (HIS)

[1]. Particularly, HIS perform as AMC around their resonance

frequency, where they fully reflect incident waves with zero

or near-zero phase shift. These composite layers also exhibit

electromagnetic band gaps (EBG), which implies that no

surface wave propagation is allowed at certain frequencies

[3]. These interesting features have triggered the investigation

of HIS and their use to suppress surface waves and to enhance

the performance of antennas and microwave circuits. As

a classical example, the profile of reflector-based antennas

can be significantly reduced by employing an AMC ground

plane, since it does not reverse the phase of reflected waves

[1]. Aperiodic configurations of these surfaces can be found

in many other microwave devices such as reflectarrays [4],

printed/holographic/modulated leaky-wave antennas [5]–[7]

and recently they have been also considered as metasurfaces

[8]. In addition, considerable scientific attention has recently

been drawn towards periodic planar structures not only as

FSS layers [2], but also due to the advent of extraordinary

optical transmission [9].

The previous context has motivated extensive research on

the circuit modeling of arrays of scatterers printed on grounded

dielectrics during the last decades. Analytical expressions

have been derived using homogenization procedures (such

as in [10]), these approaches are accurate but only in the

long wavelength regime. More versatile methods can also

be found in the literature, as the one proposed in [11], but,

as they are essentially rational fitting procedures, they rely

on considerable amounts of full-wave simulations. Recently,

a very simple circuit model has been proposed that can

predict the response of generic FSS systems [12]. Still, this

procedure needs an a priori knowledge of the full-wave

system response and it is limited to scenarios where high-

order modal interaction is not relevant. In order to develop

accurate, wideband and versatile models, the physical insight

of the structure needs to be captured, which is the goal of

the present work. For this purpose, it is of key importance

to characterize properly the launch of surface waves in the

dielectric slab as well as the interaction between the scattered

reactive field and the ground plane.

In this contribution we propose a very simple and quasi-

analytical circuit to model arrays of patches printed on

grounded dielectric slabs. Some of the authors presented

recently a simple and wideband transverse equivalent circuit

(TEN) to characterize printed arrays of patches [14]. This

TEN is based on a physically meaningful approach [13], and

built from sections of transmission lines and transformers.

One of the main advantages of this model is that it can

be extended in order to account for new elements in the

structure without affecting its basic configuration. Therefore,

in this contribution, the TEN in [14] is extended in order

to account for a ground plane backing the printed FSS. As

explained in [14], the aid of full-wave tools is needed in

order to extract some of the TEN key parameters. However,

a very reduced number of simulations is required, in contrast

to previous approaches. In addition, the present model can

deal with any electrical size of the patches and polarization

of impinging plane waves, and it explicitly considers the

dependence with the angle of incidence and the characteristics

of the dielectric slab. As the employed approach assumes that

the current profile on the patch does not change significantly

with frequency, scatterers with more complex geometries can

also be considered as long as they are single resonant.

II. DERIVATION OF THE CIRCUIT MODEL

In this section, a simple model is presented to characterize

the diffraction at an array of patches printed on a grounded

dielectric slab. The geometry of the array unit cell is depicted
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Fig. 1. (a) Patch array unit cell. (b) 2-D sketch of patch array printed on
metal-backed dielectric slab. The obliquely incident field is TE-polarized, and
impinges in the xz plane.

(a) (b)

Fig. 2. (a) Tranverse equivalent circuit to model Fig. 1. (b) Equivalent
impedance of the discontinuity for Fig. 2(a) (Zeq).

in Fig. 1(a), whereas Fig. 1(b) shows a 2-D scheme of the

compound structure illuminated by an oblique TE-polarized

plane wave. In order to characterize this scenario we propose

the tranverse equivalent circuit (TEN) of Fig. 2(a). This TEN

is built following the approach presented by some of the

authors in [14]. Thus, the main concepts of the approach will

be next briefly summarized due to the lack of space. Basically,

the periodicity of the array allows us to express the original

scenario as the equivalent problem of a discontinuity in a

rectangular waveguide of dimensions Px × Py. The incident

plane wave is considered as the TE zero-th order Floquet

harmonic of the array (TE00), and fundamental mode of the

waveguide. Due to the polarization of the impinging wave, the

equivalent waveguide is formed by two perfect electric walls

parallel to the xz-plane, and two Floquet walls parallel to the

yz-plane. When the impinging wave reaches the discontinuity

at z = 0 (the metallic patch), it excites all the higher-order

harmonics supported by the array. This interaction is modeled

by the impedance Zeq detailed in Fig. 2(b). In particular, the

excitation of all the high-order TM harmonics is accounted

by the the lumped capacitance Cho, whereas Lho accounts

for the of all the high-order TE harmonics appart from the

one with lowest cutoff frequency (the TE
−10 [14]). This last

harmonic is modeled explicitly by ZL, which corresponds to

the input impedance seen by the TE
−10 mode at both sides

of the discontinuity. The transformer of ratio α accounts for
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Fig. 3. Reflection coefficient under various angles of incidence for the
structure of Fig. 1 with εr = 4.5, d = 1.5mm, Px = Py = 10mm,
wx = 8.75mm and wy = 0.5mm.

the degree of excitation of this last harmonic. The value of

the the two lumped elements Cho and Lho, together with the

ratio α, can be computed from three numerical values of the

reflection coefficient provided by a few full-wave simulator.

The main novelty of this contribution with respect to

[14] resides in the incorporation of the metallic sheet that

is backing the printed array at z = −D. This extension

has been done straightforward just by short-circuiting the

end of the transmission-line sections that account for the

dielectric slab. The interaction between the excited harmonics

in the array and the ground plane is accuratelly modeled

in this simple way thanks to the topology of the circuit model.

Although the proposed approach is very efficient from a

numerical point of view, its major strength lies in its capability

to provide a convenient frame to study the problem. The

simplicity of the equivalent circuits makes it possible to

accurately predict the qualitative behavior of the structures,

and also to estimate the potential effects of changes in the

geometry and characteristics of the repeated element of the

periodic surface.

III. RESULTS

The accuracy of the previous simple model is here validated

by means of some illustrative examples. The equivalent circuit

results are compared with full-wave simulations based on

Method of Moments (MoM). Fig. 3 shows the magnitude and

phase of the reflection coefficient of a HIS under various
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Fig. 4. Onset of the first higher order harmonic (TE
−10) as a function of

the angle of incidence at a periodic grating with Px = Py = 10mm (which
sets the beginning of the grating lobes regime in Fig. 3).
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Fig. 5. Reflection coefficient phase under 30o incidence for the structure of
Fig. 1 (εr = 4.5, d = 1.5mm and Px = Py = 10mm). Solid lines: MoM
simulations; dashed lines: circuit model.

angles of incidence. Here, the circuit model accurately predicts

the response of the structure below the appearance of grating

lobes (GL). The onset of the GL regime can easily be identified

in Fig. 3(a) and it corresponds to the frequency where |S11|
is no longer equal to one. At that point, the TE

−10 harmonic

starts propagating, carrying away energy from the impinging

wave. The cutoff frequency of this harmonic has been obtained

for this example and plotted in Fig. 4. It can be checked out

that the theoretical values predicted in Fig. 4 exactly coincide

with the launch of the GL regime in Fig. 3(a).

The validity of the method does not depend on the geometry

of the patch, and it is proven by the results of Fig. 5. Lossy

substrates can be also characterized just by considering their

complex dielectric constant in the model. This case is specially

interesting for practical purposes, as it allows to analyze the

reflection losses of the structure. In addition, the physical

insight of the model allows to identify the main causes of this

losses. The results plotted in Fig.6 prove that the circuit model

accurately predicts the reflection amplitude reduction below

the GL regime due to the losses, even when the substrate is

very thin. The thickness of the substrate becomes an important

constraint for some models based on effective permittivity

approximations [12].

Finally, it should be highlighted that this simple model

can be easily extended in order to increase its bandwidth.

The previous results were obtained accounting explicitly for
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Fig. 6. Reflection coefficient magnitude under normal incidence for the
structure of Fig.1 (εr = 4.5− j0.088, Px = Py = 10mm and wx = wy =

8.75mm). Solid lines: MoM simulations; dashed lines: circuit model.
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Fig. 7. Reflection coefficient phase under 30o incidence for the structure of
Fig. 1 (εr = 4.5, Px = Py = 10mm, wx = 8.75mm and wy = 0.5mm).

the frequency behavior of just one higher order harmonic,

the TE
−10 one. However, accounting for more higher order

harmonics, the HIS response can be reproduced at higher

frequencies. Note that the individual characterization of each

harmonic adds a new unknown to the circuit model (its

associated excitation coefficient), and therfore, one more full-

wave simulation is needed. As an example, the θ = 30
o results

in Fig.3(b) are improved in Fig.7 by considering the frequency

behavior of the first three higher order TE and TM harmonics

(NTE = NTM = 3, following the nomenclature in [14]).

CONCLUSIONS

A very simple circuit model is here proposed to characterize

the incidence of a TE plane-wave at a patch array printed on

a grounded dielectric slab. The guidelines given in [14] are

followed in order to build the model. Complex electromagnetic

interactions taking place in the structure are accounted for, thus

allowing to predict the response of the structure in a wide

frequency range. The model can account for lossy dielectrics

and patches of different size. TM incidence could be also

modeled applying the same following rationale.

So far, the circuit models proposed by the authors have been

employed to make plane-wave diffraction analysis of periodic

structures, the so-called study of reflection [11]. However,

these models could also be used to perform study of disper-

sion, obtaining the modal solutions of the structure, which

is currently under investigation. Aperiodic structures such as



reflectarrays or inhomogeneous metasurfaces could also be

synthesized with this technique by making local periodicity

assumptions. In addition, due to its capability to seize the

underlying physics of the structure, the proposed circuits could

also be applied to model devices at higher frequencies. For

example, these artificial surfaces could be designed at teraherzs

assuming that metals are good conductors in this frequency

range.
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