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Abstract. In this work we present a stacked high-imped-
ance surface (HIS) for low-profile, high-gain, 5 GHz 
WLAN antennas. The structure consists of two layers: 
a lower mushroom layer and an upper planar layer. We 
demonstrate that the stacked geometry has much better 
properties than conventional single-layer structures for 
achieving simultaneously surface-wave suppression and 
zero reflection phase at a given frequency. We show by 
measurements that the designed stacked HIS exhibits both 
a large band gap and in-phase wave reflection over the 
entire range from 4.6 GHz to 6.4 GHz. The structure is 
realized on FR4 substrate using standard etching technol-
ogy to make fabrication easy and cheap. 
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1. Introduction 

High-impedance surfaces (HIS) are widely used in 
microwave and antenna engineering such as filters, sub-
strates with suppressed surface-wave propagation or artifi-
cial magnetic conductors, i.e. surfaces that reflect the 
impinging electromagnetic waves in-phase. An electromag-
netic structure having high surface impedance was intro-
duced in 1999 by Sievenpiper and became known as the 
“mushroom” [1]. The geometry of the mushroom structure 
is analogous to a corrugated metal surface in which the 
corrugations have been folded up into lumped-circuit ele-
ments and distributed in a two-dimensional lattice. The 
height of such a structure is lower than a one-quarter 
wavelength and the distance between neighboring cells 
(periodicity) is much less than one wavelength [1]. 

In this paper we focus on the design of a high-imped-
ance surface with both suppressed surface-wave propaga-
tion and in-phase wave reflection at 5.5 GHz. The main 
challenge is to cover the wireless local area network 
(WLAN) bands at this frequency using the commercially 
available and cheap dielectric FR4. The outcome of our 
research should be a cost-friendly, easy-to-fabricate high-

impedance surface for low-profile, high-gain WLAN 
antennas. 

The major problem to overcome in the design of con-
ventional mushroom structures realized on FR4 (relative 
permittivity ε = 4.15 and height h = 1.52 mm) is to achieve 
zero reflection phase at 5.5 GHz and a surface-wave band-
gap. The reason is that both the surface-wave band gap and 
the frequency of in-phase wave reflection crucially depend 
on parameters of the dielectric substrate and drift with 
variation of them [2], [3], [4]. We will show in practice 
that placing second, planar layer over the mushroom, the 
two different desirable properties can be tuned separately, 
almost independently of each other. This is due to the fact 
that the surface-wave suppression band is influenced with 
the parameters of both the lower mushroom and the upper 
planar layer, whereas the in-phase properties depend pri-
marily on the parameters of the upper planar layer, espe-
cially on the size of the metallic patch, as discussed in [5]. 
In addition, the stacked geometry leads to a reduced size of 
the unit cell. 

The idea of stacked high-impedance surface has been 
introduced by Sievenpiper [1]. He described the possibility 
of size reduction of unit cell by three-layer structures. 
Abhari and Eleftheriades presented a stacked structure for 
noise suppression in parallel-plate waveguides [6]. Feresi-
dis et al. investigated the band-stop properties of double-
layer dipole and tripole arrays [7]. However, to the best of 
our knowledge no researcher studied yet the effect of the 
second layer on the position of the surface-wave band gap 
in combination with the frequency of zero reflection phase. 

This paper is organized by the following way. First, 
we design, for surface-wave band gap and zero reflection 
phase at 5.5 GHz, two HIS structures: a conventional sin-
gle-layer mushroom one and one according to our dual-
layer stacked principle. The simulated results for the two 
structures are compared, showing promise for our ap-
proach. Then, the optimized stacked structure is fabricated 
and measured. Also, we review the influence of the upper 
planar layer on features of the structure. Finally, we study 
the performance of a horizontal wire antenna placed on the 
high-impedance surface, demonstrating the fulfillment of 
the desired properties. 

All computer simulations presented in the paper were 
done in CST Microwave Studio. 
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2. Design of HIS 
The two high-impedance surfaces under investigation 

are shown in Fig. 1. The first is a conventional single-layer 
mushroom one and the second one is a dual-layer structure 
with mushroom unit cells at the bottom and planar square 
patches on the top. In comparison with other stacked high-
impedance surfaces (e.g. presented in [8]) the one investi-
gated in this work has the features of very simple con-
struction and much larger bandwidth (over 30 %). 

To design the structures, we used a particle swarm 
optimization (PSO) algorithm. We defined the objective 
function to consider both position of the band gap and its 
bandwidth and also frequency of the zero reflection phase. 
A detailed description of the algorithm we give in [5]. State 
variables for the structures are noted in Fig. 1: period D 
and size of square metallic patches P, P2 were optimized 
with an accuracy of 0.1 mm; possible values of via diame-
ter d were defined as 0.6 mm, 0.8 mm or 1.0 mm. 

 
a) 

a  
b) 

Fig. 1. High-impedance surfaces: mushroom (a), stacked (b). 

Results of the design process are summarized in 
Tab. 1 (in this table, fCBG is the central band gap frequency, 
BW is the relative bandwidth of the band gap and fZRP is the 
frequency of the zero reflection phase). It should be noted 
that in the case of the conventional mushroom HIS fre-
quency of the zero reflection phase (fZRP = 6.0 GHz) is 
significantly shifted to the upper limit of the surface-wave 
band gap, whereas in the case of the stacked HIS, it lies 
exactly in the centre (fZRP = 5.5 GHz) of forbidden fre-
quency band. This fact confirms that using the dual-layer 
geometry we are able to fulfill the prerequisites which are 
impossible to achieve for the single-layer mushroom 
structure. 
 

 Mushroom Stacked 
D [mm] 8.3 7.3 
P [mm] 7.9 6.1 
P2 [mm] − 6.0 
d [mm] 1.0 0.8 

fCBG [GHz] 5.41 5.47 
BW [%] 36.4 32.5 

fZRP [GHz] 5.96 5.51 

Tab. 1. Optimization results for HIS. 

3. Fabrication and Measurement 
As mentioned above, the designed high-impedance 

surface with stacked geometry was realized on FR4 sub-

strate (pictures of the fabricated prototype are shown in 
Fig. 2). The dielectric slabs with mushroom and planar unit 
cells (18 x 18 cells each) were assembled and fixed with 
polyamide screws. It is important to notice that between the 
slabs a gap occurs which was not taken into account in the 
design. However, based on computer simulations, presence 
of a small gap does not critically influence neither the po-
sition of the band gap nor the frequency of the zero reflec-
tion phase. 

 
a) 

 
b) 

Fig. 2. The fabricated stacked high-impedance surface: the 
lower mushroom layer (a), the upper planar layer (b). 
Insets show details of the layers. 

First, we measured the surface-wave properties of the 
fabricated prototype using two vertical coaxial probes 
placed on opposite sides of the board (corresponding to Γ-
X direction in the dispersion diagram, where the band gap 
reaches its narrowest limits). The vertical probes make it 
possible to record the transmission for transverse magnetic 
(TM) waves. We realized two identical measurements: in 
the first step we investigated the TM surface-wave trans-
mission on the fabricated HIS; in the second step we did 
the same using a conventional metal plate. The transmis-
sion characteristics of the HIS relative to the transmission 
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of the metal plate together with the calculated dispersion 
diagram are shown in Fig. 3(a) and Fig. 3(b). Measure-
ments acknowledge computer simulations and reveal 
a strong transmission drop of over –10 dB in the frequency 
interval from 4.6 GHz up to 6.4 GHz. Next we explored 
reflection phase characteristics of the HIS for normal wave 
incidence, see Fig. 4. Frequency of the zero reflection 
phase fZRP = 5.4 GHz was measured. The frequency band 
within which the impinging electromagnetic wave is 
reflected in-phase rather than out-of-phase (i.e. absolute 
value of reflection phase is smaller than or equal to 90 deg) 
corresponds to the surface-wave band gap. 

 
a) 

 
b) 

Fig. 3.  Surface waves suppression over the stacked high-
impedance surface: computer calculated dispersion 
diagram (a), measurement (b). 

 
Fig. 4. Reflection phase diagram of the stacked high-imped-

ance surface. 

In order to find out the influence of the upper planar 
layer on properties of the stacked HIS, we repeated both 
surface-wave transmission and reflection phase measure-
ments for the case with a removed upper layer. As shown 
in Fig. 5 and Fig. 6, the single mushroom structure exhibits 
a significantly narrower band gap with a central frequency 
of approximately 6.0 GHz and the frequency of the zero 
reflection phase is shifted to 8.8 GHz. 

 
Fig. 5. Measured surface wave suppression over a stacked 

high-impedance surface with and without upper layer. 

 
Fig. 6. Measured reflection phase diagram of the stacked 

high-impedance surface with and without upper layer. 

4. Antenna Experiments 
In this section we present measurement results of a 

horizontal wire antenna placed above the stacked high-
impedance surface. The main goal is to demonstrate how 
the HIS influences radiation patterns of the antenna and to 
reduce the distance between the antenna and the reflector. 
We compare two cases: the antenna over the high-imped-
ance surface and the antenna over a conventional metal 
ground plane. Impedance matching and radiation patterns 
were measured and antenna efficiency was calculated. 

Fig. 7 shows a sketch of a wire antenna over stacked 
HIS. In this figure, la is the length of the antenna and ha is 
the distance of the wire from the reflector. Due to strong 
interaction between the radiator and the surrounding me-
dium, good impedance matching at the band gap central 
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frequency can only be achieved by separating the vertical 
part of the antenna from the HIS. This is possible by ex-
tending a feeding coaxial probe up to the upper layer of the 
structure. 

 
Fig. 7. Sketch of a horizontal wire antenna over stacked HIS. 

In Fig. 8 the measured impedance matching of the wire 
antenna is depicted for three cases: a low-profile (LP) 
antenna over the HIS (la = 41.0 mm, ha = 2.5 mm); a high-
profile (HP) antenna over a simple metal ground plane 
(la = 33.0 mm, ha = 9.5 mm); and a low profile antenna 
over a simple metal ground plane (la = 41.0 mm, 
ha = 2.5 mm). The size of the reflector is the same for all 
three cases (160 mm x 160 mm). Apparently the antenna 
over the HIS indicates low reflection coefficient, even if 
the distance between the wire and the reflector is only 
ha = 2.5 mm (0.05 λ0 at 5.5 GHz). Similar result for the 
antenna over the metal ground plane was obtained for 
ha = 9.5 mm (0.17 λ0 at 5.5 GHz). Calculated antenna effi-
ciency at 5.5 GHz is: 97 % (HIS – LP), 98 % (Metal – HP) 
and 10 % (Metal – LP); whereas the gain 4.8 dBi for HIS – 
LP and Metal – HP was obtained. 

 
Fig. 8. Measured impedance matching of a horizontal wire 

antenna over stacked HIS and a conventional metal 
ground plane. 

Measured radiation patterns of the horizontal wire 
antenna over the stacked HIS and metal ground plane are 
shown in Fig. 9. Suppression of surface-waves leads to 
significantly better front-to-back ratio and the radiated 
energy is focused into the upper hemisphere. 

5. Conclusion 
In this work we introduced a high-impedance surface 

for low-profile, high-gain, WLAN antennas. The main 
contribution of the paper is the use of a simple stacked 
geometry for the HIS in order to achieve simultaneous 

surface-wave band gap and in-phase wave reflection at the 
required frequency 5.5 GHz using the FR4 substrate. We 
have shown that with the aid of an additive upper layer 
both band gap and reflection phase properties of a conven-
tional mushroom structure can be significantly changed 
and tuned almost separately. Using similar structures, in 
cases when the single-layer mushroom one cannot meet the 
requirements, is straightforward. 

 
 a) 

 
b) 

Fig. 9. Measured radiation patterns of the horizontal mono-
pole antenna over the high-impedance surface and the 
conventional metal ground plane: xz- or E-plane (a), 
yz- or H-plane (b). 
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