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Abstract— A simple-to-use replacement model for isotropic 

electromagnetic bandgap surfaces such as mushroom surfaces is 
investigated. Properties of electromagnetic bandgap surfaces 
strongly depend on the incidence angle of the incoming plane 
wave. The suggested model takes this behavior into account and 
actually represents the ideal electromagnetic bandgap surface. 
The model is based on uniaxial representation of a thin DB layer 
backed by a PMC plate. We investigate how this model behaves 
in comparison with a realistic mushroom surface, and when it 
can be applied. The results show that the proposed model can be 
used for both far field calculations and antenna coupling 
evaluation.  

 
Index Terms—Periodic surfaces, electromagnetic scattering,  

EBG surfaces, anisotropic surfaces, canonical boundary 
conditions 

I. INTRODUCTION 

deal boundary conditions are widely used in most 
electromagnetic solvers to approximate the behavior of 

actual surfaces or materials. For example, it is customary to 
replace metal conductors with Perfect Electric Conductors 
(PEC), thus greatly simplifying the computation. Perfect 
Magnetic Conductor (PMC) boundary condition is also often 
used in the first stage of electromagnetic simulations, even 
though magnetic conductors at microwave frequencies do not 
exist in nature. The reason is that some artificial surfaces 
exhibit magnetic conducting properties in certain frequency 
bands. Such surfaces normally have a very complex periodic 
structure, whose analysis requires very time-consuming full 
wave techniques, especially if the surfaces are a part of a 
larger electromagnetic structure. In such cases, PMC offers an 
easy way to simplify the analysis and still provides practically 
useful results [1]-[3].  

The PEC and PMC are defined by the condition that 
tangential electric field and tangential magnetic field are zero 
at the boundary, respectively. By combining PEC strips and 
PMC strips parallel to each other, we can obtain other quite 
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common ideal surfaces, i.e. the so-called soft and hard 
surfaces [3]-[5]. The former is observed when waves are 
propagating transverse to the PEC/PMC strips, and the latter 
when the waves propagate along them. Ideal simple surfaces 
of these kinds can be referred to as canonical surfaces [1]. 
Lately, several new boundary conditions with interesting 
properties such as DB, D’B’, SHDB have been presented [6] 
and this list will, for sure, expand in the following years. 
However, the main practical issue regarding these boundary 
conditions, namely their realization, still remains mostly 
unanswered. For this reason, we are considering different 
ways of exploiting these types of boundary conditions and in 
particular DB boundary properties.  

Many artificial surface types, apart from the ideal ones 
mentioned above, have appeared during the recent years, and 
they are commonly used in various applications. In particular, 
artificial surfaces that exhibit electromagnetic bandgap (EBG) 
properties, such as mushroom structures, have proven very 
useful [3], [7]. They are successfully used for both antenna 
coupling reduction and for achieving artificial magnetic 
ground planes for low profile antennas. EBG surfaces 
incorporate many fine details in their design and consequently 
the analysis of devices which contain them is often quite 
complex, and there is a need for simpler representation of the 
EBG surface. This can be beneficial in initial designs to 
achieve the desired goal, i.e. to determine which 
improvements in the antenna system are possible to obtain by 
using artificial surfaces.  

The characteristics of EBG surfaces change significantly on 
the angle of incoming wave. For grazing incidence they 
behave basically as isotropic soft surfaces stopping any kind 
of wave propagation along the surface. For normal incidence, 
they behave as Artificial Magnetic Conductors (AMC). This 
behavior cannot be captured by simple boundary conditions 
like PEC or PMC, but solutions exist if only certain aspects of 
the EBG surface need to be modeled. Boundary conditions 
that describe ideal isotropic soft surface are the DB boundary 
conditions introduced by Rumsey in 1959 [8] and recently 
investigated by Lindell and Sihvola in [6], [9], [10]. Here, DB 
refers to a surface for which the normal components of both D 
and B vectors are defined to be zero, thus forcing the decay of 
both TE and TM polarized waves along the surface when 
propagating away from a source located at the surface. Such 
defined DB boundary conditions can also be written as 

 

0, 0n nE H           (1) 
 

in all practical cases when the medium on one side of the 
boundary is isotropic (here index n denotes normal field 
components). Although very simple and easy to implement, 
these boundary conditions are very powerful and they are a 
good starting point in the quest to describe the ideal EBG 
surface, but they cannot be used directly since they lack 
definition for normal incidence [10] [11]. 

An attempt to modify DB conditions to approach the ideal 
EBG surface conditions were the PMC amended DB boundary 
conditions [11], defined as 

 

I 

Simple Boundary Condition for  
Canonical EBG surface:  

PMC-backed Uniaxial Medium



AP
 

 

wh
(w
lon
alo
ano
ver
pro
dir
kn
EM
bas
[9]
des
Th
can
pot
geo
con
 
TAB

DB
 

 

P
E
 

D
 

P
D

 

Fig
PM
 

sha
cha

P1507-1089.R1

     

here index n d
with respect to
ngitudinal com
ong the bounda
omaly present
ry well descr
oblem of the am
rection of the 
own, which is

M solvers. Con
sed on uniaxia
], and we have
scribe correctly

his approach i
nonical EBG b
tential for app
ometries and s
nsidered surfac

BLE 1 COMPARISO

B SURFACE, AND PM

Practical 
EBG surface 

DB surface  

PMC-backed 
DB surface 

II. PM

g.1. Geometry of t
MC plane 

The implemen
all consider is
aracterized by 
 

0 0

0

x
 


 


1 

 n lH jH 

denotes the n
o the boundar
mponent in the 
ary surface. Th

in the definit
ribe practical 
mended DB co
wave impingi

s not suitable 
nsequently, w

al representatio
e extended this
y the EBG sur
is a more pr
boundary, and
plication in ge
sources. Comp
ces is given in 

ON OF BASIC PROP

MC-BACKED DB S

 
Normal 
incidence 

approx. 
PMC 
 

not defined 

 

PMC 

MC-BACKED DB

he uniaxial mediu

ntation of DB
 a uniaxial an
tensors  

0 0

0 ,

0
x

z

 







0, 0nE  ,  

normal compon
ry surface), an

direction of w
hey correct the 
tion of DB co
EBG surface

onditions lies in
ing on the sur
for implemen

we have taken 
on of the origin
s in a physical
rface also for n
actical way o

d thanks to its 
eneral EM co
arison of basic
Table 1. 

PERTIES OF PRACT

SURFACE. 

Grazing i

TE 
polarization  
 

PEC 

 

PEC 

 

PEC 

B UNIAXIAL M
 
 

 

um representing D

B boundary co
nisotropic slab 

0

0

0

0 0

x

x


  


 


    

nent of the fi
nd l denotes
wave propagat
normal inciden

onditions and c
s. However, 
n the fact that 
rface needs to 
ntation in gene

a new approa
nal DB bound
l way in order
normal inciden
of establishing

simplicity it h
odes for arbitr
c properties of 

TICAL EBG SURFA

 

incidence 
 

TM 
polarization
 

PMC 

 

PMC 

 

PMC 

MEDIUM 

 
DB slab backed wi

onditions that 
shown in Fig

0

0

z






.           

(2) 

ield 
its 

ion 
nce 
can 
the 
the 
be 

eral 
ach 
ary 
r to 
nce. 
g a 
has 
ary 

f all 

ACE, 

ith a 

we 
g. 1 

(3) 

It is wo
the DB 
because

Using
followin
of the e

 

 

where k

standard
relation
 

while fo
 

where 

Next,
thin uni
structur
show th
practica

The r
Fig. 1),

 

 

 

These c
z com
possibil
uniaxial
the prac
 

II

 

A. Fa

As a
mushro
with dim
period i
permitti
permitti
wave s

orth noting tha
 boundary con

e 0z z zD E 
g similar proc
ng differential 

electromagnetic

2 2

2 2

2 2

2

z

z

E E

x y

H H

x y

 


 

 


 

00
22

0 k . B

d form jkxe

n is obtained fo

 TM
zk

or the Hz field 

 TE
zk

2 2 2
x yk k   . 

, we apply a m
iaxial slab is b
re thin and lett
hat we obtain 
al EBGs. 
reflection coef
that we will ca

TE

TM

coefficients dep
mponents of u
lity to adjust t
l slab in order
ctical EBG stru

II. PRACTICAL

ar-field results

an example of
om structure in
mensions: wid
in both x and 
ivity of the 
ivity r = 2.2,
solutions for 

at by forcing 
nditions at the
 and 0zB  
cedure as in 
equations for 

c field:  

2

2 2

2

2 2

z z z

x

z z z

x

E E

z

H H

y z








 








By assuming p

zjkyjkx zyx ee 
 

or the Ez field (T

2 2
0

M
x xk  

(TE case) it is 

2 2
0

E
x xk  

 

modification of
backed with a P
ting z and z 
boundary con

fficients for the
all PMC-backe

ta

ta

TE
z z

TE
z z

k jk

k jk






c

c

TM
z z

M TM
z z

k jk

k jk






pend on the sl
uniaxial mediu
the phase beh
r to match the
ucture.   

L CASE: DIPOLE

s 

f EBG structu
ntroduced in [7
dth of the squa
y directions P
dielectric slab

, and vias diam
the mushroo

z and z to zer
e air-medium i

z zH .  

[12], [13] we
the Ez and Hz

2
0

2
0

0x z z

x z z

k E

k H

 

 

 

 

lane wave prop

the following
TM case) 

2x

z





  ,  

2x

z





 ,   

f the structure 
PMC plate. By
approach to z

nditions that co

e latter geomet
ed uniaxial slab

an( )

an( )

TE
z
TE
z

k h

k h
 ,  

cot( )

cot( )

TM
z
TM
z

k h

k h
 . 

ab thickness a
um. This will 
havior of the P
e desired chara

E OVER PLANAR

ure we shall c
7] and shown i
are patches w

P = 2.4 mm, th
b t = 1.6 m
meter d = 0.3
om surface in

2

ro we obtain 
interface [9], 

e obtain the 
components 

0

,   (4) 

pagation in a 

g dispersion 

   (5) 

   (6) 

in which the 
y making the 
zero, we will 
orrespond to 

try (shown in 
b, are: 

   (7) 

   (8) 

and on z and 
result in a 

PMC backed 
acteristics of 

R EBG 

consider the 
in Figure 2.a, 
= 2.25 mm, 

hickness and 
mm, relative 
6 mm. Full-
ncluding all 



AP
 

geo
Mi
Mo
num
can
2.b
wil
rea

 

 

 

Fig
(b) 
a sh
 

bef
ran
con
vis
me
ref
ph
on
coe
of 
EB
GH
(i.e
sig

L
sho
un
cha
coe
To
ele
cas

P1507-1089.R1

ometrical det
icrowave Stud
odeller eXten
merical codes
nonical PMC-b
b). Figs. 2.a an
ll be used to c
alistic mushroo

g. 2. (a) Mushroom
equivalent PMC b

hort horizontal dip

Characteristics
fore, are high
nge, however
ncentrate on t
sible approxim
easured bandg
fer here to the 
ase characteris
es. For this rea
efficient of the
the impinging 

BG acts as a PM
Hz, while if we
e. 12 GHz a
gnificantly. 
Looking at Fi
ould be set to 1
iaxial slab hav
aracteristic of 
efficient for T

o obtain this, th
ectrically smal
se the value of 

1 

ails have be
dio [14] and 

nded for Larg
s. CST MS w
backed uniaxia
nd 2.b also sh
ompare near a

om structure an

(a

(b
m structure geome
backed uniaxial me
pole. 

s of practical 
hly erratic if w
, for the pu
the behavior 

mately in the 
ap is between
part of the ba

stics of practic
ason Fig. 3 sh
e EBG structur
plane wave. A

MC for normal 
e move toward

and 16 GHz) 

ig. 3 it is clea
14 GHz, and th
ve to be chose
the actual EBG
M case is 0 (
he thickness o
ll (typically λ0

f the z-compone

een obtained 
3DAMxLAD

ge Array De
was also used 
al medium itse
how a horizont
and far-field eff
nd the proposed

a) 

 

b) 
try excited by a sh
edium EBG mode

EBG structure
we consider a
urpose of mo
that is most 

center of th
n 11.5 and 16.
andgap or freq
cal EBG are cl
hows the phase
re versus the an

Almost ideal be
incidence) is p

ds the two end
phase charac

ar that the mo
he parameters h
en in a way to 
G. The ideal ph
(PMC) for all 
of the uniaxial 
0/100 or even 
ent of permittiv

by using C
D (3D Antenn
sign) [15], [

to simulate 
elf (shown in F
tal dipole, wh

ffects between 
d model.  

 

 

hort horizontal dip
l geometry excited

es, as mention
a wide frequen
odeling we c
dominant and
he bandgap (
.6 GHz [7]). W
quency where 
losest to the id
e of the reflect
ngle of inciden
ehavior (i.e. wh
present around
ds of the bandg
cteristics chan

odeling frequen
h, z and z of 
match the ph

hase of reflect
incidence angl
slab h should 
λ0/1000). In t

vity is not criti

CST 
nas 
16] 
the 

Fig. 
hich 

the 

pole 
d by 

ned 
ncy 
can 

d is 
(the 
We 
the 

deal 
ion 
nce 
hen 

d 14 
gap 
nge 

ncy 
the 
ase 
ion 
les. 
be 

this 
ical 

since th
field at 
the slab
medium
we will
1.0 sinc
along th

 

Fig. 3. R
practical 
structure.

 
The 

governs
argumen
when s
realistic
infinite 
slope w
be equa
Fig. 3. 
angle o
choose 
 = 45
the best

 

Additio
differen
[3]), an
accurac
values o
when ca
canonic
and the 
4 for 
conside
incidenc

he boundary co
PMC surface 

b, is practica
m/air interface (
l use z = 1.0 in
ce this choice a
he surface. 

Reflection coefficie
mushroom struct
 

ratio z/h, ho
s the slope of t
nt. In the idea

scanning the i
c TE case at 14

double period
we force the ph
al to the reflect
Since the mat

of incidence, in
an angle in t
). With this ch
t matching for 

onal to this sp
nt EBG design
nd the ratio (9)
cy of the appr
of the reflectio
alculated by us
cal EBG mode

realistic mush
the working 

ered mushroom
ce.  

ondition for th
(i.e., Ez = 0),

ally directly t
(z = h). Theref
n all considere
avoids unneces

ent phase for TE 
ture by considerin

owever, is a c
the TE polariz

al case the TE 
incident angle
4 GHz shown 
dic EBG struc
hase of the refl
tion coefficien
tching can be 
n order to red
the center of t
hoice, the valu
the EBG unde

z

h
 8.9


. 

pecific EBG, 
ns found in sc
) fits these des
roximation we

on coefficients 
sing CST Micr

el (i.e. of PMC
hroom surface. 

frequency of
m surface act

he normal comp
, due to small 
translated to 
fore, for sake o
ed cases, and a
ssary propagati

and TM cases, co
ng it as infinite d

critical parame
zation reflectio
phase goes fro

e  . This is 
in Fig. 3 com

cture. To matc
lection coeffici
nt phase value 
obtained only 

duce the avera
the scan area 
ue of the ratio 
r analysis is: 

     

we have con
cientific litera
igns as well. T
e first compar
for both TE an
rowave Studio

C-backed uniax
The result is s

f 14 GHz at
ts as a PMC 

3

ponent of E-
thickness of 
the uniaxial 

of simplicity, 
also x = x = 
ion of waves 

 
omputed for the 
double periodic 

eter since it 
n coefficient 

om 0 to 180 
seen in the 

mputed for an 
ch this exact 
ient in (7) to 
computed in 
for a single 

ge error, we 
(specifically 
that ensures 

   (9) 

 

nsidered also 
ature (e.g. in 
To verify the 
re the phase 
nd TM cases 

o for both the 
xial medium) 
hown in Fig. 
t which the 

for normal 



AP
 

con
0.5
con
fie

rad
con
ref

for
 

 
for

 

Fig
mo
inci

 

P1507-1089.R1

The PMC-bac
nsidering a sh
5 mm from th
nfiguration all

eld and the poss
In the case o

diation pattern 
ntributions dir
flected from th

 

H planeE  

 
r the TE case (H

E planeE  

r the TM case (

g. 4. Reflection co
del (h = /1000) a
idence angle of the

1 

cked uniaxial 
hort dipole (10
he EBG struct
ows us to che
sibility to mod
f the PMC-ba
can be obtaine
rectly radiated
e EBG surface

1
jkRe

C
R



   

H plane), and  

cos
jkRe

C
R






(E plane), with

oefficient phase, c
and for the actual m
e impinging plane 

model is fur
 mm long) pla

ture, as shown
ck the accurac
el near-field ef

acked uniaxial
ed very simply
d from the d
e, as follows: 

02( ) j k h
TE e  

 

1 ( )TM e  

h 4C j k  

(a) 

(b) 
omputed for the P
mushroom surface
wave; (a) TE case

rther verified 
aced horizonta
n in Fig. 2. T
cy of the radia
ffects.  
 model the fi

y by summing
dipole and tho

cosdh      (

02 cosdj k h    (

.     

PMC backed unia
e at 14 GHz versus
e, (b) TM case.  

by 
ally   

This 
ated 

ield 
the 
ose 

10) 

11) 

 

 

axial 
s the 

The p
5. It sho
matches
(CST M
dipole a
5 stru
model c
the H-p
can be e
working
up the p
that con

 

Fig. 5. Ra
realistic m
 

B. Ne
 

 Since
between
question
for pre
calculat
dipole p

patterns in both
ows how well t
s with the res
Microwave Stu
above the mush

uctures were si
completely fai
plane. Therefor
easily used as 
g in the middle
process of mak
ntains EBG lay

adiation pattern o
mushroom surface

Near-field resul

e the radiation
n the canonical
n that arises is
ediction of n
ted the S11 par
placed above t

th E-plane and 
the PMC-back

sults obtained 
udio) for the 
hroom surface
imulated). On
iled in predict
re, we can say
an ideal replac
e of the freque

king the first de
yers. 

(a)  

(b) 
f a horizontal sho
; (a) E plane, (b) H

lts  

n pattern resul
l model and th

s if the canonic
near-field para
rameter versus 
the EBG struct

H-plane are sh
ked uniaxial me
by the genera
realistic case

e of finite dime
n the other sid
ion of radiatio
y that the prop
cement for an E
ency bandgap. 
esign of some E

ort dipole placed 0
H plane.  

lts have a goo
he real structure
cal model can 
ameters. Thus
frequency for

ture (the dimen

4

hown in Fig. 
edium model 
al EM solver 
e of a short 
ensions (5 x 
de, the PMC 
on pattern in 
posed model 
EBG surface 
 This speeds 
EM structure 

 

 

0.5 mm above a 

od matching 
e, the natural 
also be used 
s, we have 
a horizontal 

nsions of the 



AP
 

stru
stru
[15
un
cod
wo
bet
bet
pre
sam
the
bet

Fig
mu

 
 M
mo
cal
con
par
pla

mi

Wh
is n
the
can
un
dec
com
the
sur
 

 
sur
Th
sur
han
wit
des
PM

P1507-1089.R1

ucture are the 
ucture was ana
5], [16], while
iaxial structure
de was develop
orth noting tha
tween our mod
tween the PM
esent. Therefo
me order of ac
e input reflect
tter agreement)

g. 6. S11 comparis
shroom structure, 

Much better a
odel and the p
lculating coup
nsidered EBG 
rameter calcul
ane (to nullif

ismatch, the S

hile in the E-p
not large (in th
e H-plane (Fig.
nonical model
iaxial model 
caying tendenc
mpletely failed
e fact that for T
rface for grazin

Canonical be
rfaces is mode

he idea is to use
rfaces in gene
nd results with
th its many fin
sired frequenc

MC backed D

1 

same as in the
alyzed using th
e for analyzing
e and above a 
ped based on t

at Fig. 6 shows
del and the real

MC model and
ore, the propos
ccuracy as the
tion coefficien
). 

son for small dip
ideal PMC and PM

agreement betw
practical EBG 
pling between 

surface. As an
lated for two 
fy the influen

2

21S values are

lane (Fig. 7.b)
hat case EBG s
. 7.a) there is a
ls. It can be 
predicts very 

cy of the S21 pa
d in prediction 
TE polarization
ng incidence.  

IV. CON

ehavior of ele
eled using PM
e this canonica
eral electromag
hout the need 
ne details. The 
cy) are reason
DB model. T

e previous exam
he full-wave 3D
g dipoles abov

PMC plane a
the approach g
s a shift in ma
listic structure.

d the realistic 
sed canonical 
 PMC model 

nt (in average 

pole above differe
MC-backed uniaxi

ween the PMC
surface can b
two dipoles p

n example Fig
dipoles both i
nce of the i

e normalized w

) the difference
surface acts as 
a drastic differe

noted that t
well the ma

arameter, while
of S21 paramet

n the EBG surf

NCLUSION 

ectromagnetic 
MC backed uni
al model to repl
gnetic solvers 
for accurate m
ideal propertie
nably well rep
This is verifi

mples). The EB
DAMxLAD co

ve a PMC-back
moment meth

given in [17]. I
atching frequen
. However, a sh
structure is a
model is of 
when calculat
it even show

ent structures; ac
ial model.  

C-backed uniax
be obtained wh
placed above 

g. 7 shows the 
in the H- and 
input impedan

with  2

111 S

e between mod
a PMC plane)

ence between t
the PMC-back
agnitude and 
e the PMC mo
ter. This is due

face acts as a P

bandgap (EB
iaxial DB mod
lace generic EB

and obtain f
modeling of EB
es of EBGs (at 
produced by 
ied through 

BG 
ode 
ked 
hod 
t is 
ncy 
hift 
also 
the 
ing 
s a 

 
ctual 

xial 
hen 
the 
S21 
E-

nce 

2 ). 

dels 
, in 
two 
ked 
the 

odel 
e to 
EC 

BG) 
del. 
BG 
first 
BG 
the 
the 
the 

compar
simulati
show th
results h
an offse
realistic
predicte
model c
test if a
antenna

Fig. 7. C
mushroom
distance a
 

The a
Univers
Concord

 

[1] P.-S
mag

rison of the pro
ion results for
hat the far-field
have to be tak
et in the matc
c EBG, while 
ed very well. T
can be a very f
an EBG will ha
a structure.  

Coupling between
m structure, ideal P
along the surface; 

A

authors would
sity of Siena, 
dia University,

S. Kildal, A. A. 
gnetic conductors,

oposed model 
r the realistic 
d is well repro

ken with precau
ching frequenc

on the other 
Taking these pr
fast way to per
ave the desired

(a) 

(b) 
n two dipoles ab
PMC and PMC-ba
(a) H-plane, (b) E

ACKNOWLEDG

d like to thank
Italy and Pro

, Canada for m

REFERENCE

Kishk, and S. M
, soft/hard surface

results with th
EBG surface.

oduced while th
utions. Namely
cy when comp
hand the cou

recautions into
rform initial ca
d effect inside 

bove different str
acked uniaxial mod
-plane. 

MENT 

k Prof. Stefano
of. Ahmed A. 
many fruitful di

ES 
Maci, “Special iss

es, and other com

5

he full-wave 
 The results 
he near-field 
y, the S11 has 
pared to the 
upling S21 is 
 account this 

alculations to 
the designed 

 

 

ructures (actual 
del) versus their 

o Maci from 
Kishk from 

iscussions.  

ue on artificial 
mplex surfaces” 



AP1507-1089.R1 
 

6

(Guest Editorial), IEEE Transactions on Antennas and Propagation, vol. 
53, pp. 2-7, Jan. 2005. 

[2] P.-S. Kildal and A. Kishk, “EM Modeling of surfaces with STOP or GO 
characteristics - artificial magnetic conductors and soft and hard 
surfaces,” Applied Computational Electromagnetics Society Journal, 
Vol. 18, pp. 32-40, Mar. 2003. 

[3] Fan Yang and Yahya Rahmat-Samii, Electromagnetic Band Gap 
Structures in Antenna Engineering, Cambridge University Press, 2009. 

[4] P-S. Kildal, “Artificially soft and hard surfaces in electromagnetics,” 
IEEE Trans. Antennas Propagat., Vol. 38, pp. 1537-1544, Oct. 1990. 

[5] Ahmed Kishk and Per-Simon Kildal, ”Modeling of soft and hard 
surfaces using ideal PEC/PMC strip grids,” IET Microwaves, Antennas 
& Propagation, Vol. 3, pp. 296–302, Mar. 2009. 

[6] V. Lindell, and A.H. Sihvola, ”Electromagnetic Boundary Conditions 
Defined in Terms of Normal Field Components,” IEEE Trans. Antennas 
Propagat., Vol. 58, pp. 1128-1135, Apr. 2010. 

[7] D. Sievenpiper, L.J. Zhang, R.F.J Broas, N.G.Alexopolous, E. 
Yablonovitch, “High-impedance electromagnetic surfaces with a 
forbidden frequency band,” IEEE Transactions on Microwave Theory 
and Techniques, Vol. 47, No.11, pp. 2059-2074, November 1999.  

[8] H. Rumsey, ”Some new forms of Huygens’ principle,” IRE Trans. 
Antennas Propagat., Vol. 7, pp. 103-116,  Dec. 1959. 

[9] V. Lindell, A. H. Sihvola, “Electromagnetic boundary and its realization 
with anisotropic metamaterial,” PHYSICAL REVIEW E 79, 026604, 
2009. 

[10] V. Lindell, and A.H. Sihvola, “Uniaxial IB-medium interface and novel 
boundary conditions,” IEEE Transactions on Antennas and 
Propagation, vol. 57, pp. 694-700, Mar. 2009. 

[11] P.-S. Kildal, A. Kishk, M. Bosiljevac, Z. Sipus, “The PMC-amended DB 
Boundary – A Canonical EBG Surface,” Applied Computational 
Electromagnetics Society Journal, Vol. 26, pp. 96-108, Feb. 2011. 

[12] D. M. Pozar, “Radiation and Scattering from a Microstrip Patch on a 
Uniaxial Substrate,” IEEE Trans. Antennas Propagat., Vol. 35, pp. 613-
621, Jun. 1987.  

[13] C. M. Krowne, “Green’s Function in the Spectral Domain for Biaxial 
and Uniaxial Anisotropic Planar Dielectric Structures,” IEEE 
Transactions on Antennas and Propagation, vol. 32, pp. 1273-1281, 
Dec. 1984. 

[14] CST Microwave Studio 2014, www.cst.com. 
[15] ADF-EMS, http://adf.ids-spa.it 
[16] P. De Vita, F. De Vita, A. Di Maria, A. Freni, “An Efficient Technique 

for the Analysis of Large Multilayered Printed Arrays,” IEEE Antennas 
and Wireless Propagation Letters, Vol. 8, pp. 104 - 107, 2009. 

[17] D. M. Pozar, “Analysis of finite phased arrays of printed dipoles,” IEEE 
Transactions on Antennas and Propagation, vol. 33, pp. 1045 - 1053, 
Oct. 1985. 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


