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ABSTRACT

The narrow bandwidth of artificial magnetic conductors
(AMC’s) limites their use in broadband applications. Be-
sides this, when trying to increase the bandwidth of an-
tennas based on high-impedance surfaces, the radiation
pattern tends to split at broadside when approaching the
resonance frequency of the AMC used as a ground plane.
A study on the surface currents on the patches evidences
that the currents induced on contiguous patches are not
in phase, which may lead to the cancelation of their E-
field contributions. In this paper, the dependence of this
phase shift versus frequency and patches dimensions is
analyzed with the help of an eigenmode analysis based
on the Method-of-Moment (MoM) technique. Reducing
the size of the AMC in the E-plane and breaking its peri-
odicity in the H-plane improves the broadside directivity.

1. INTRODUCTION

Artificial magnetic conductors (AMC’s) potentially allow
horizontal antennas to be placed very close to the ground-
plane surface without being short-circuited by their im-
age. The design of new AMC structures is being studied
in many different groups [1]-[3]. However, because of
their narrow bandwidth, their application is still a chal-
lenge for broadband antennas. Moreover, we have ob-
served that the patterns of an antenna placed above an
AMC tend to split at broadside at frequencies near and
beyond the AMC resonance [4]. So, the direction of the
maximum is no longer at broadside, reducing the real use-
ful band.

Werner optimizes both the antenna and AMC surface si-
multaneously to achieve improved antenna performances
compared with the antenna and the AMC surface opti-
mized separately. Reference [5] presents a broadband
prototype operating from 5.5 to 7.1 GHz (25,4% band-
width) with a gain larger than 7.5 dB over the useful
band and a 0.095λ profile, where λ is the wavelength
at the highest frequency. We tried to provide a further
knowledge about what is happening from a more physi-
cal point of view. To this end, a study on the currents on

the patches of the AMC structure has been carried out.
Phases shifts between successive cells are observed in the
y-component of the surface currents along x̂ and ŷ coor-
dinates [4]. It results in a destructive combination of their
broadside E-field contributions at certain frequencies. In
the hypothesis of leaky mode radiation (kLW = β − jα,
with β and α standing for the phase and the attenua-
tion constants), the induced currents are homogeneous in
phase. Broadside radiation from a leaky-wave antenna
(LWA) can be obtained for small but nonzero values of
β [6], that is, small phase shifts between contiguous ele-
ments of the AMC. Thus, in this paper, a further analy-
sis on the dependence of the surface currents phase shifts
versus frequency and AMC patches length is carried out
with the help of a home-made code based on the MoM
numerical technique.

A rectangular 6×2 non-periodic AMC has been proposed
as a solution to overcome the splitting patterns problem
observed at broadside when using a dual-dipole antenna
as radiating element [4]. The central patches just below
the antenna play the role of AMC, while the patches of
different sizes along the antenna act as a guiding sur-
face with an homogeneous phase between adjacent ele-
ments. By appropriately adjusting the dimensions of the
new prototype, a design providing more than 9.2 dB over
a 32.6% bandwidth has been achieved [4]. The antenna
profile in such a case is equal to 0.15λ, where λ corre-
sponds to the wavelength at the highest frequency. This
task has been performed with the help of the FEKO [7]
software, a full-wave simulation tool also based on the
Method of Moments (MoM).

This paper is organized as follows. Section 2 presents the
splitting patterns problem, together with the new AMC
design proposed as a solution. It also contains the study
on the surface currents on the patches of the AMC struc-
ture, in order to have better insight on what is happen-
ing at the frequencies where the broadside directivity is
bad. Section 3 briefly reviews the theory for the periodic
Green’s function developed with MoM technique, to set
the basis of the eigenmode analysis provided in Section 4.
Conclusions are drawn in Section 5.
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Figure 1. Design parameters (w, L and s) of the antenna
studied.

2. HIGH-GAIN WIDEBAND LOW-PROFILE AN-
TENNA

2.1. Patterns splitting at broadside

A double planar dipole antenna located above an AMC is
studied in [4]. Fig. 2 shows the double-dipole antenna
horizontally placed above the AMC surface. It is fed
at a central common point by means of a voltage gap.
The dipoles width w and length L, along with the dis-
tance s between them are the design parameters (Fig. 1).
The AMC consists of an array of metallic patches sepa-
rated by a 0.5 mm gap and placed 1 mm above a metal
sheet. Air (or foam) fills the space between the patches
and the ground plane. Initially, a periodic array of 6×6
square patches of 3 mm length plays the role of AMC.
It is observed that impedance bandwidths (S11 < -10
dB) around 30% can be achieved if the dipole antenna
is tuned to work close to the AMC resonance. In con-
trast, the broadside directivity decreases around the AMC
resonance, reaching deep negative values (in dB) at fre-
quencies beyond it (dashed line in Fig. 3).

2.2. Rectangular non-periodic AMC

In order to overcome this problem, the AMC size has
been reduced in the H-plane of the antenna and made
non-periodic in the E-plane (see Fig. 2). The resulting
AMC structure is a rectangular surface of 6×2 patches
of different sizes. The patch length gradually decreases
from the center of the structure along the ŷ coordinate,
and it does not change along x̂. The size Lc of the cen-
tral square patches is chosen to tune the AMC resonance
frequency, while the length difference between contigu-
ous patches Ldec is taken constant. Using the new AMC
structure as a ground plane strongly improves the direc-
tivity achieved at broadside near and beyond the AMC
resonance (solid line in Fig. 3), and does not especially
affect the impedance bandwidth performances [4]. Ref-
erence [4] also shows that for bigger differences between
patches, slightly higher directivity values are obtained.

Once the patterns splitting problem is solved, a high-gain
wideband low-profile antenna can be achieved by tuning
the dipole antenna and AMC parameters. A design pro-
viding more than 9.2 dB over a 32.6 % bandwidth with
a λmin/6.5 profile is presented in [4]. The horizontal di-
mensions of the structure are 1.9λmin × 0.7λmin.

Figure 2. Dimensions of the non-periodic 6×2 PMC with
the dual-dipole antenna above.
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Figure 3. Broadside directivity for initial (dashed) and
final (solid) designs.
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Figure 4. S11 coef. w.r.t. 50 Ω for the final design.



Figure 5. Combination of the leaky mode and AMC phe-
nomena in the same structure.

2.3. Currents on patches

A study of the currents on the patches of the AMC pro-
vides us a better understanding of what is happening at
the frequencies where the patterns split. A frequency
equal to 35.5 GHz, for which deep negative directivity
values are observed (Fig. 3), has been chosen. The dual-
dipole antenna is linearly-polarised along the ŷ coordi-
nate. When looking at the phase of the ŷ component of
the surface currents (Jy) induced on the patches along
the x̂ coordinate, a phase shift close to 180 degrees is
observed when considering a 6x6 periodic AMC surface.
Such a shift yields a cancelation of the contribution of
each patch to the radiated E-field. When reducing the
number of patches perpendicularly to the antenna (a 6×2
prototype appears), we avoid such destructive effect and
the radiation at broadside is improved [4]. If we do the
same analysis for successive patches in the ŷ coordinate,
we observe that breaking the periodicity of the 6×2 AMC
in this direction reduces the Jy phase shift between con-
tiguous patches [4]. It is also seen that bigger differences
of the patch length (Ldec) result in smaller currents phase
shifts. Such phenomena supports the directivity improve-
ments evidenced in Fig. 3.

If a guiding effect is achieved, the surface will be illumi-
nated in a uniform way. If in addition we obtain an illumi-
nation with an homogeneous phase along successive ele-
ments, leaky waves will propagate and radiate. We want
to study the effect of such phenomenon combined with
AMC surfaces (see Fig. 5). With an eigenmode analysis
we want to have a better insight on the relation between
the phase of the induced currents on the patches of the
AMC and some of the surface parameters.

3. MOM FORMULATION

The geometry of the array of grounded square patches un-
der consideration is shown in Fig. 6. It is an infinite array
in x and y directions with interelement spacings denoted
by dx and dy , respectively. Lp stands for the patches
length.

3.1. Periodic Green’s function

The Green’s function for the scalar potential related to an
array infinite along x̂ and ŷ can be written as

A(~r) =
∞∑

n=−∞

∞∑
m=−∞

e−jkRmn

4πRmn
e−jmψxe−jnψy (1)

where k is the free space wave number, Rmn is the dis-
tance between the observation point ~r = (x, y, z) and the
mnth source point ~r ′ = (mdx, ndy, 0), and ψx, ψy stand
for the phase shift between adjacent elements in the x and
y directions, respectively.

ψx = kdx sin θ cosφ+ 2πm (2)
ψy = kdy sin θ sinφ+ 2πn (3)

The pair (θ, φ) represents the incidence angles.

As done in [8], the infinite periodic Green’s function can
be expressed via the zeroth-order Hankel function of sec-
ond kind H(2)

0 ,

A(~r) =
1

4jdy

∞∑
m=−∞

e−jmψx

∞∑
n=−∞

e−jknyH
(2)
0 (γnRm)

(4)
whereRm =

√
(x−mdx)2 + z2 corresponds to the dis-

tance to successive source points along x and

γ2
n = k2 − k2

n = k2 −
(ψy
dy

+ n
2π
dy

)2

(5)

For indexes n leading to real values of γn (γ2
n > 0),

we obtain propagating cylindrical waves described by the
Hankel functions H(2)

0 . It is interesting to observe that
the number of these waves corresponds to the number of
main and grating lobes that appear in the visible region.
For an imaginary value of γn (γ2

n < 0), the Hankel func-
tion becomes a rapidly decaying modified Bessel func-
tion of the first kind (Eq. 6), which represents evanescent
cylindrical waves.

H
(2)
0 (γnRm) = H

(2)
0 (−jαRm) =

2j
π
K0(αRm) (6)

with attenuation coefficient α =
√
−γ2

n real and positive.
The evaluation of the Hankel functions involved in the
Green’s function A is relatively time consuming. Thus,
the Green’s function is tabulated in a 2-D (y, Rm) table,
which reduces the computation time.

3.2. System of equations

The currents induced on the patches of the infinite array
are decomposed into a set of N basis functions ~Ji

~J =
N∑
i=1

xi ~Ji (7)



Figure 6. Geometry of the infinite array of grounded
patches under study.

where xi are the unknown coefficients to be determined.
When the surface is excited, the MoM system of equa-
tions reads:

Zx = v (8)

where Z is the MoM impedance matrix, and the tth ele-
ment of the excitation vector v is obtained as the convo-
lution of the impressed electric field ~Ei with the testing
function ~Jt

vt = −
∫∫
S

~Ei ~Jt dS (9)

If we look for the resonances of the structure, all ele-
ments of v are zero (no excitation) and the resolution of
the equations system Eq. 8 becomes an eigenvalues prob-
lem. The matrix impedance Z depends, in our case, on
ψx and ψy , it is Z(ψx, ψy). The values of ψx and ψy that
make the determinant of Z equal to zero correspond to
the eigenmodes of the structure.

4. EIGENMODES ANALYSIS

We want to analyse the dependence of these phase shifts
on the patch dimensions of an infinite periodic AMC and
versus frequency. To this end, an eigenmode analysis of
the MoM impedance matrix Z(ψx, ψy) has been carried
out. The determinant of Z(ψx, ψy) is evaluated for dif-
ferent values of ψx and ψy . We are specially interested in
the behavior of ψy , so ψx is fixed to zero. The ψy testing
range has been limited from zero (because of symmetry
reasons) to the visible range kdy (to avoid grating lobes).
Thus, the highest the frequency or the biggest the cell
dimensions, the largest ψy testing range. Such analysis
has been firstly done at different frequencies for an in-
finite AMC with patches of length equal to 3 mm. The
determinant of Z(0, ψy) normalized w.r.t. its maximum
value is plotted in Fig. 7 for three different frequencies.
It is interesting to notice that the phase shift ψy between
adjacent patches corresponding to an eigenvalue solution
(|Z(0, ψy)| = 0) is bigger at the frequencies where the
patterns split: 27.4 GHz (AMC resonance) and 35.5 GHz.
At the frequency of 20 GHz (no broadside splitting ap-
pears), the lowest determinant of Z(0, ψy) occurs for ψy
equal to zero.
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Figure 7. Determinant of the Z(0, ψy) matrix obtained at
different frequencies for an infinite AMC with patches of
side equal to 3 mm.
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Figure 8. Determinant of the Z(0, ψy) matrix obtained
at f=35.5 GHz for infinite AMC surfaces with patches of
different size.

The same analysis has been carried out at a fixed fre-
quency (35.5 GHz) for an AMC with patches of different
lengths. Fig. 8 shows that reducing the size of the patches
decreases the phase shift obtained at the resonances of the
AMC structure. Small phase shifts between adjacent ele-
ments is a necessary condition for high gain. It is also
worth noticing that the determinant curve is flatter for
smaller patches.

5. CONCLUSION

Artificial magnetic conductors (AMC) allow to reduce
the profile of antennas grounded by such surfaces. How-
ever, the radiation patterns split near and beyond the reso-
nance frequency of the AMC, limiting their useful band-
width. The currents induced on successive patches of
the AMC below a dipole-type antenna are not in phase,
producing a the cancelation of their E-field contributions



and a dip in the pattern at broadside. An eigenmode
analysis based on an infinite-array approach shows that
smaller patch sizes reduces the phase shift between adja-
cent patches; small phase shifts form a necessary condi-
tion to achieve a high gain. A 6×2 AMC with decreasing
patch length along the antenna is designed and proposed
to overcome the splitting patterns problem. The central
patches allow us to take advantage of the AMC prop-
erties to create a low-profile design, and the patches of
different sizes help to make more uniform the phase of
the currents induced on them, acting as guiding structure.
Further work will focus on a more systematic analysis of
leaky mode phenomena and on their combined operation
with AMC surfaces. A design providing a gain larger
than 9.2 dB over a 32.65 % bandwidth is presented. The
final dimensions are 1.9λmin × 0.7λmin with a λmin/6.5
profile.
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