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Abstract. In this paper we discuss the use of electromag-
netic band gap (EBG) structures in antenna engineering
from a practical point of view. Our aim is to point out the
most common mistakes and myths related to design, analy-
sis and application of EBGs in the field of antennas. The
paper could be helpful for beginners giving a short course
on designing EBGs but also will bring novel findings for
experts, investigating the effect of different number of unit
cells on radiation characteristics of a planar antenna.
An important part of the paper is the experiments showing
the surface wave distribution over an EBG board and over
the fabricated antennas with and without the periodic
structure.
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1. Introduction

The major problem associated with planar antennas
originates in the guiding of plane waves by a plane
interface between two different media: conductor-
dielectrics or dielectrics-dielectrics. The electromagnetic
energy trapped between the interfaces, and forming into
surface waves, is substantial: an elementary dipole, placed
on a uniform substrate with no losses and represented by
the relative dielectric constant ¢, radiates ** times more
power into the substrate than into the air; a second problem
is that the electromagnetic waves radiated into substrate
and reaching the dielectric-air interface at angles greater
than 0,=sin" ¢ are totally reflected [1], [2]. The power
transferred into the surface waves does not contribute to
the main radiation of the antenna, but it is scattered off the
edges of the finite ground plane and leads to deep nulls and
ripples in radiation patterns, increased back radiation, gain
deterioration, lower polarization purity, etc. In general, the
higher the permittivity of dielectrics and thicker the
substrate, the stronger the influence of the surface waves.

During last decades, many techniques were developed
to reduce surface waves excited by printed antennas.
To name only a few: drilling an air cavity below the patch
[3], placing an additional dielectric layer over the patch [4]
or optimizing the patch shape so that the surface waves are
not excited [5]. In the late 80's, a novel structure called
photonic band gap (PBG) has been introduced. The struc-
ture was able to permit electromagnetic wave propagation
in certain frequency bands called band gaps [6], [7]. After
successful implementation of PBGs in photonics, they
became widely used also in microwave and antenna engi-
neering as electromagnetic band gap (EBG) surfaces [8].
EBGs make possible to intensively suppress surface waves
in printed antenna boards. The most widely used type of
EBGs are metallo-dielectric structures, consisting of peri-
odic array of patches, connected (mushroom type) or not
(planar type) to the ground plane (Fig. 1). The mushroom
and planar EBG differs in many aspects and which to
choose always depends on application. For successful
implementation in practice, also particular care should be
paid to their correct design and computer modeling.
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Fig. 1. Mushroom (a) and planar (b) metallo-dielectric EBG.

The parameters are: period D, size of the square patch
P, via diameter d, dielectric slab thickness %z and
dielectric slab permittivity €.

The main goal of this paper is to clarify some com-
mon mistakes related to use of electromagnetic band gap
structures in antenna engineering and to give the reader
a brief and clear overview about their basic theory and nu-
merical simulations. On the other hand, we also demon-
strate the practical exploitation of EBGs on measurement
examples. The most original contribution of the paper is
the investigation of different number of EBG unit cells on
performance of a probe-fed planar antenna. The presented
experiments could be useful for designers to achieve the
desired radiation characteristics of a planar antenna and to
keep its size as small as possible.
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2. Theory

2.1 Mushroom or Planar EBG?

Let us investigate the prerequisites for transverse
magnetic (TM) and transverse electric (TE) surface wave
propagation on a general impedance surface whose proper-
ties can be described with a single parameter, the surface
impedance Z; [1], [8]. The surface is positioned in the y-z
plane as shown in Fig. 2. A surface wave propagates in the
+z direction with the fields decaying exponentially with
decay constant « in the +x direction.

Fig. 2. A surface wave on an impedance surface.

For TM surface waves, the x and z components of the
magnetic field intensity and the y component of the electric
field intensity are equal to zero, Hy = H, = E, = 0. The
surface wave impedance can be expressed as the ratio of
the electric field over the magnetic field at the surface [1],

(8]

2.(rv)= fl S (1)

In accordance with (1), where e is the effective
permittivity, TM surface waves can occur on surfaces with
a positive (i.e. inductive) reactance only, and thus, & must
be positive too. For TE waves, Ex = E, = H, = 0 and the
surface impedance can be derived [1], [8]
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Taking (2) into account, where pu.r is the effective perme-
ability, TE waves require the negative (i.e. capacitive)
surface impedance, and thus, u.¢ must be positive, too.

A typical dispersion relation of TM and TE surface
waves on a metal-backed dielectric slab is depicted in
Fig. 3. Obviously, the surface guides TM wave from zero
frequency (the surface impedance is inductive). At the
frequency for which the dielectric slab thickness equals
approximately one-quarter wavelength, the surface imped-
ance becomes capacitive and the first TE wave occurs.
However, the TM is still propagating: the wave simply
adjusts its position toward the ground plane and the appar-
ent surface impedance remains inductive [1], [8]. This fact
is illustrated in Fig. 4, where the normalized magnetic field
intensity of surface waves inside and above a metal-backed
slab (thickness /£ =1.575 mm and relative permittivity
e=6.15) for different frequencies is shown. In conse-
quence, exceeding cutoff frequency of the first TE mode,
a surface-wave free dielectric slab can be achieved only by
simultaneous suppression of both TM and TE polarized
waves.
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Fig. 3. Surface wave dispersion diagram of a metal-backed
dielectric slab.
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Fig. 4. Normalized magnetic field intensity of TM surface
wave inside and above of a metal-backed dielectric
slab (2 =1.575 mm, ¢ = 6.15).

Now, how to create a media with negative permittiv-
ity and/or permeability? Let us investigate the equivalent
circuit representation (L-C network) of a metallo-dielectric
EBG unit cell (Fig. 5). If the size of the unit cell (i.e. period
of the structure D) is considerably smaller than the wave-
length A, the effective permittivity . and effective perme-
ability u.g of the periodic media can be expressed using the
series impedance Z and shunt admittance Y as [9]

Y
& &y = s (3)
eff " €0 jD
and
Z
U = . 4)
HMesr * Ho j-wD

In (3) and (4) &y and g are the permittivity and permeabil-
ity of free space, respectively. According to selection of L
and C elements as the series and shunt components of the
unit cell, four types of materials with different properties
(positive/negative permittivity/permeability) can be created
as listed in Tab. 1.

Fig. 5. Equivalent network model of a metallo-dielectric EBG.
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gt | Merr | Series | Series
L C L C
Yes No No Yes
Yes No Yes Yes
Yes Yes No Yes
Yes Yes Yes Yes

|+ [ |+
H W[+ +

Tab. 1. Four categories of metallo-dielectric EBGs.

Considering that the essential difference between
mushroom and planar EBGs (Fig. 1) is the presence or
absence of shorting vias which represent a shunt induc-
tance in the equivalent network model, the following con-
clusion can be made: the mushroom EBG can suppress
surface waves of both polarization (both permittivity and
permeability can be negative), whereas the planar one can
suppress TE waves only (permeability can be negative).
However, even the mushroom EBG cannot suppress TM and
TE surface waves at the same time — a medium with negative
permittivity and permeability supports so-called backward-
wave propagation [8], [10].

Based on the above stated, surface waves can be
successfully suppressed by EBGs, if the following rules are
kept:

e the antenna (exciting surface waves of both
polarization) works under the first substrate TE
surface wave cutoff frequency (i.e. the slab guides
TM, mode only),

e a mushroom-type EBG is used.

If these conditions are not satisfied, the suppression
of surface waves is impossible and there is only a minor (if
any) improvement in radiation properties of an antenna
surrounded by EBG cells. For example, the well-known
uniplanar compact electromagnetic band-gap (UC-EBG)
structure will never work in combination with an antenna
that excites both TM and TE surface waves, because of the
absence of vias. This fact can be clearly recognized e.g. in

[11], [12].

For the sake of clarity, it is necessary to emphasize,
that the above described equivalent network representation
of metallo-dielectric EBGs and its resonant behavior,
which leads to negative permittivity/permeability of the
periodic medium, is valid only if the period of the structure
is significantly smaller than the wavelength. When the
period becomes comparable to the wavelength, typically
D=n(4/2), n = 1, 2, 3..., periodic structures generate
a series of stop bands. However, this phenomenon is then
not related to the described unit cell resonance effect, but
to Bragg's diffraction condition.

2.2 Numerical Modeling of EBGs

Let us consider a plane wave impinging on a periodic
surface. For surface waves, the angle of incidence is equal
to 90° (parallel with the surface). For this value, the wave
propagation on a periodic structure cannot be investigated

using the plane wave response [13]. The exact position of
pass bands and band gaps in the frequency spectrum can be
obtained only by the dispersion relation of surface waves
(i.e. calculating the resonant frequencies of eigenmodes)
along the contour of the irreducible Brillouin zone.

For correct EBG design, it is essential to distinguish
between reflection- and dispersion response of a structure.
As described in many papers, the frequency of zero reflec-
tion phase (usually calculated for normal wave incidence)
does not necessarily lie inside the surface wave band gap.
These two properties of EBGs crucially depend on pa-
rameters of the dielectric substrate (thickness and permit-
tivity) and drift with variation of them [14], [15], [16].

Analysis of electromagnetic band gap structures is
based on the Bloch-Floquet theorem which describes the
wave propagation in infinite media consisting of periodic
repetition of a unit cell. The theorem states, the properties
of wave propagation in a periodic media can be fully de-
scribed considering only one unit cell and applying peri-
odic boundary conditions at its edges [17].

Electric
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Fig. 6. Numerical model of a mushroom-type EBG unit cell in
CST MWS for dispersion diagram calculation.

Nowadays, many commercial softwares are able to
calculate the dispersion relation of a periodic structure
using the eigenmode solver of the tool. However, the
proper unit cell setup, thus, the correct surface wave
diagram calculation, is another crucial point in the design
of EBGs. The eigenmode solver of some tools (e.g. CST
Microwave Studio, CST MWS) does not support open
boundaries. In this case, the boundary condition of side
walls of the unit cell can be considered periodic, but the
boundaries at the top and the bottom of the model should
be defined as electric conductor, see Fig. 6. The key
parameter in the computer model is then the height of the
air column #, placed above the dielectric substrate to
emulate the free space over the structure. Considering that
surface waves are mainly concentrated inside the substrate
and at the substrate/air interface, a relatively small height
of the air column could be sufficient. Based on numerous
computer simulations and by comparing the obtained
results with analytical and experimental considerations, the
correct choice of approximately ten times the substrate
thickness was established, /, =10-4.
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3. Experiments

3.1 Design of an EBG

To design electromagnetic band gap structures, nu-
merous approximate and analytical methods were worked
out [8], [18]. Nevertheless, only full-wave techniques offer
an exact approach. Moreover, due to complex behavior of
EBGs, stochastic methods can be successfully exploited.
A combination of a full-wave numerical tool (CST MWS)
with a global optimization algorithm (particle swarm opti-
mization, PSO) was introduced in [19]. The developed
technique is based on full-wave characterization of EBGs
and optimization of parameters of the unit cell to fulfill the
requirements. The approach is versatile and robust, appli-
cable not only for final tuning, but also for rough initial
design.

Using the CST MWS — PSO combination, a mushroom
EBG was designed with surface-wave band gap at
f=10 GHz. The structure is realized on Arlon AD600 with
thickness 2 =1.575 mm and relative permittivity ¢ = 6.15.
At the working frequency the substrate guides only the
basic TM, surface mode (the TE; mode begins to propa-
gate at /=21 GHz). Optimized parameters of the unit cell
are: D =2.22 mm, P=2.04 mm and d = 0.40 mm.

A board consisting 100 x 100 unit cells was fabri-
cated and measured. The experimental setup is depicted in
Fig. 7 and it was inspired by the one presented in [20].

A
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Fig. 7. Experimental setup for TM surface wave propagation
measurement.

The TM surface wave propagation above the fabri-
cated EBG and a conventional metal-backed slab made
from the same dielectrics as the EBG was investigated.
A small probe recording the electric field strength over the
test board was used and surface-wave maps in horizontal
and vertical cuts were created (the resolution is 0.25 mm in
all directions). Fig. 8 shows surface wave propagation in
a vertical cut over the two surfaces under investigation.
The frequency was chosen f= 10 GHz, where the designed
EBG has its band gap and strongly attenuates the propaga-
tion of TM waves. This fact is also confirmed in Fig. 9
where the TM wave attenuation in dependence on number
of unit cells is shown (the field strength was recorded
I mm above the surface). Apparently, the field intensity
decreases rapidly for the first five unit cells; the impact of
the rest of cells is almost negligible. Based on this fact, the
effect of different number of EBG unit cells on planar
antenna performance is examined in the next chapter. The
main goal is to establish the basic design rules for suffi-

cient surface waves suppression and to keep the dimen-
sions of the antennas as small as possible.
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Fig. 8. Measured TM surface wave propagation at /= 10 GHz,

x-z cut: (a) conventional metal-backed dielectric
substrate, (b) EBG board. Normalized electric field
intensity is shown.
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Fig. 9. Measured TM surface wave attenuation at /=10 GHz
along the x-axis, 1 mm over the surface.

3.2 EBG Planar Antennas

Using the mushroom structure introduced in the pre-
vious section, six coaxial probe fed planar antennas were
designed, fabricated and measured at f=10 GHz. The
antennas were realized in three dimensions and two vari-
ants: without EBG and with EBG. For schematic view see
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Fig. 10. Parameters of the antenna patch are: 4 =4.80 mm,
B=430mm, C=0.80 mm (antennas without EBG) and
A=530mm, B=4.50 mm, C=1.10 mm (antennas with
EBG). The space S between the patch and the surrounding
EBG is crucial in terms of impedance matching and radia-
tion properties (shape of radiation pattern and gain) of
an antenna: if § is too small, the coupling between the
radiating patch and the EBG cells is too large — the antenna
cannot be tuned; on the other hand, by increasing S, the
effect of the EBG on antenna radiation properties decreases
rapidly. This phenomenon is partially described in the
literature, e.g. [21], but there is no particular recommenda-
tion for the correct choice of S. Considering a plane wave
impinging on the designed mushroom surface at angle near
to 90° (almost surface wave), the reflection phase response
of the structure approximately 0° is obtained. The interfer-
ence between the direct waves radiated by the patch and
the waves reflected from the EBG is then constructive if
the gap between the patch and the EBG is approximately
half of the wavelength, S~ /2, where A can be estimated
using the simple equation

1=—° . ®)]

e+l

e
In (5), c is the light velocity in free space, f'is the frequency
and ¢ is the relative permittivity of the dielectrics. In our
case A~16 mm, thus S~8 mm. Computer simulations
have shown, the EBG antennas can be matched if S> 3D,
i.e. §>6.66 mm. Then, the overall size of the antennas can

be determined as

L=2-S+(2-n-1)-D=(5+2-n)-D (6)

where n is the number of EBG columns surrounding the
antenna patch. For n=3,6 and 9: L=24.42 mm (an-
tenna #1), L =37.74 mm (antenna #2) and L =51.06 mm
(antenna #3), respectively.

‘ L L }
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Fig. 10. Schematic of coaxial probe fed planar antenna without
EBG (a), with EBG (b). Top (x-y) view.

The measured reflection coefficient is shown in
Fig. 11. Obviously, coupling between the antenna patch
and the EBG is significant and produces parasitic
resonances at the lower limit of the band gap (around
/=9 GHz). However, at the working frequency /= 10 GHz
all the antennas are matched and the reflection coefficient

is lower than —10 dB. Ripples on S;; curves are caused by
imperfect calibration due to the use of 2.4 mm calibration
set and measurement on 3.5 mm connector.
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Fig. 11. Measured reflection coefficient of the antennas:
without EBG (a), with EBG (b).

Next, the electric field distribution 1 mm above the
antennas was measured using the scanning device. As seen
in Fig. 12 — Fig. 14, where the dashed line denotes the
boundaries of the slab, the field strength rapidly decreases
from the centre of the structure and just a small amount of
energy, distributed by surface waves, reaches the boundary
of the dielectric substrate if the EBG is used. This effect is
apparent even for 3 columns of EBG unit cells surrounding
the antenna patch.

Also radiation properties of the antennas were inves-
tigated and measured co-polar and cross-polar directivity
patterns are shown in Fig. 15 — Fig. 17. For easier compari-
son between the antennas, the most relevant parameters are
summarized in Tab. 2. In this table, the front-to-back ratio
(FBR) is defined as the difference between the maximum
energy emitted in the forward direction between +30° ver-
sus the maximum energy emitted in the backward direction
between +150°. The cross-polarization level (XPL) is cal-
culated for the forward direction between +30°. The gain
improvement (AG) is assumed as the difference between
the maximum power radiated at 0° by the antenna without
EBG versus the antenna with EBG. Efficiency # of the
antennas was computed using CST MWS.
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12. Normalized electric field distribution over the antenna #1: without EBG (a), with EBG (b).
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13. Normalized electric field distribution over the antenna #2: without EBG (a), with EBG (b).
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14. Normalized electric field distribution over the antenna #3: without EBG (a), with EBG (b).
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Fig. 15. Radiation pattern of the antenna #1: without EBG, E-field (a), without EBG, H-field (b), with EBG, E-field (c), with EBG, H-field (d).

Red color: co-polarization, blue color: cross-polarization.



420

P. KOVACS, T. URBANEC, EBG STRUCTURES: PRACTICAL TIPS AND ADVICE FOR ANTENNA ENGINEERS

Fig. 16. Radiation pattern of the antenna #2: without EBG, E-field (a), without EBG, H-field (b), with EBG, E-field (c), with EBG, H-field (d).
Red color: co-polarization, blue color: cross-polarization.
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Fig. 17. Radiation pattern of the antenna #3: without EBG, E-field (a), without EBG, H-field (b), with EBG, E-field (c), with EBG, H-field (d).
Red color: co-polarization, blue color: cross-polarization.

Antenna #1 Antenna #2 Antenna #3
W/O EBG With EBG W/0 EBG With EBG W/0O EBG With EBG
Plane E H E H E H E H E H E H
FBR [dB] 16.1 16.6 23.5 21.6 11.6 7.7 20.9 21.1 10.2 9.3 23.3 24.7
XPL [dB] -20.8 -16.3 -23.2 -18.9 -25.2 -13.7 -18.0 -20.1 -28.5 -15.6 -30.3 -26.3
AG [dB] — 2.1 - 53 - 54
n [%] 95.9 99.2 96.6 99.5 96.9 99.6

Tab. 2. Radiation properties of the fabricated antennas without and with EBG.

The general conclusions are the following: The
antennas with EBG in comparison with their counterparts
without EBG have smooth and almost symmetric radiation
patterns, significantly better front-to-back ratio and lower
cross-polarization level. Performance of EBG antennas
with different number of unit cells, vary in a relatively
small way: the major difference is apparent in the antenna
gain, which is also the consequence of smaller or larger
aperture size. The benefit of EBG antennas in comparison
with conventional ones is unambiguous. The number of
unit cells to be chosen always depends on requirements and
maximum allowed dimensions.

4. Conclusions

More than two decades after they have been intro-
duced, electromagnetic band gap structures still play
important role in microwave and antenna engineering. Fol-
lowing contemporary trends, microwave devices and an-
tennas are moving to millimeter-wave and submillimeter-
wave frequency bands. Besides numerous advantages of

the new radio spectra, engineers are forced to challenge
new difficulties. For example, antenna designers are facing
to significant losses appearing in planar antennas, espe-
cially in antenna arrays, resulting in decreased antenna gain
and thus, larger structure. Moreover, most of the energy
emitted by an antenna is formed into surface waves and
leads to distorted radiation pattern and very poor front-to
back ratio. EBGs represent a promising way to overcome
some of these problems and to make possible to design e.g.
high-gain, compact antenna arrays with the desired radia-
tion properties in a relatively simple way. The key to the
success is the correct implementation of EBGs. Unfortu-
nately, there are some common mistakes and misunder-
standings related to theory, design and practical application
of electromagnetic band gap surfaces in antennas technol-
ogy. Our aim was to give a clear and simple explanation
about the basics of metallo-dielectric EBGs and to demon-
strate their practical exploitation on practical examples.
The most original part of the work is the investigation of
different number of EBG unit cells on planar antenna
radiation properties. The presented results could be helpful
for designers to achieve the desired antenna performance
for minimum structure dimensions.
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