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Abstract

A dual-band Artificial Magnetic Conductor (AMC) is
presented in this paper. The proposed metasurfabased
on a spiral geometry in which an additional res@eahas
been introduced thanks to a physical understandinte
structure’s behavior. The design is compact and tibe
frequency bands can be adjusted
Furthermore, an analytical model is developed whiah
predict both the frequencies at which the metasarfa
reflects incident waves in-phase.

1.

Metasurfaces such as High Impedance Surfaces (%)

a great potential regarding antenna applicatiohsThese
surfaces can exhibit two interesting propertiese @nan
Electromagnetic Band Gap (EBG) which forbids the
propagation of surface waves. This property camp hiel
reducing the mutual coupling between different anss of
an array for example. The second one is the inghas
reflection of incident waves that makes the mefaser
behaving like an Artificial Magnetic Conductor (ANMC
This second property allows locating such a mefaser
close to an antenna in order to enhance its diigctby
acting as a reflector.

I ntroduction

be located over a limited size surface in ordgurtzduce an
in-phase reflection.

In this paper, a new dual-band AMC based on a Ispira
pattern is introduced. The proposed design is langy and
does not contain any vias in order to obtain axpeasive
and easy-to-fabricate structure. Each band canubedt
independently and to facilitate the design, an ditall

independently.model is given which can predict the resonanceueaqy

of both the bands. Section 2 presents the spisda
single-band AMC along with analytic formulae. Incgen
3, an additional resonance is introduced to achiegelual-
band behavior and the related analytical modeivierg In
section 4, a dual-band GPS application is consitered
related designing issues are discussed. Finattpnalusion
is drawn in section 5.

2. Single-band AMC
2.1. Design

The proposed structure is based on a spiral ulit-ce
introduced in [14] which presents the advantageb&o
compact while exhibiting a bandwidth similar to eth
bigger patterns [15]. However, unlike in [14], thairal used
here does not contain any metallic vias and thecttre is
consequently similar to the one found in [16]. Aager of

AMC metasurfaces are resonant surfaces composed ofhe unit-cell is presented in figure 1. To obtdie tomplete

printed unit-cells over a grounded dielectric sl&b.the in-
phase reflection of incident waves is achieved atiput

their resonance frequency. However,

frequently operating at different frequencies
simultaneously. Consequently, multi-band AMC are
required.

Dual-band behavior can be obtained using two oremor
layers of metallic printed patterns [2, 3], or silumped

unit-cell, the spiral has to be mirror duplicatddng x- and
y-axis. The metallic pattern is constructed with the

antennas aregeometrical parameterg,, and g. g is the gap between

spiral’s arms andl; is related to the gagand the width of
spiral’'s armsngpw With:

@)

So the length of this quarter unit-cell 8. The spiral is

Ispir =Wepw +0

components [4, 5]. However, both these approacheSprinted on a grounded dielectric slab. In figure the

increase the cost of the AMC. Thus, several unigla
designs have been proposed in order to achieveraitial-
band [6-11] or multi-band characteristics [12]. Huwer,

grounded dielectric slab is actually composed o tw
dielectric layers of thickneds, h, and relative permittivity
&, &, respectively. Only the lower layehy( ¢1) has a

these surfaces are not easy to design because thejground plane. Two layers are taken into accountriter to

frequency bands cannot be adjusted independentljl.3]],
a simple dual-band design based on a square pattlaa
slot is proposed for which two frequency bands ban
adjusted independently. However, the unit-celleiatively
large and comparable to the size of a wideband pmeo
antenna [13]. This may be a problem especiallyhé t
surface available for the AMC is not large. A comwtpanit-
cell design insures that a sufficient number ot-grlls can

consider the following scenario. The upper layer ais
dielectric substrate, necessary for the spiral éophinted,

whereas the lower layer is only vacuum (which iagice

can be foam or honeycomb structure). This vacuwmerles

useful in order to increase the thickness of thectire, and
so the AMC bandwidth, without increasing signifidgn
neither the weight nor the losses.



whered, etd, are the electrical lengths showed in figure 2
and equal to:

a
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with w the angular frequencg,the light velocity|, = 6.9
and 1,=9.84;-9/2. R, is the ratio between the
characteristic impedancs, of the dipole’s part whose line
length isd, and widthWeew.= lspi-g and the characteristic
impedanceZ; of the part of lengthd; and line width
Wepwi = Aspirg. SO the impedance ratio is equal to:
_4 5
R.= 27, ©
Consequently, by determiningR, and the effective
permittivity of each part of the dipole, the resooa
frequency can be found by solving equation (2).
Characteristics of a multilayered substrate coratuct
2.2. Analytical M odeling backed CPW can be determined with conformal mapping
[18, 19] by assuming a propagating quasi-static TiaMle.

In order to obtain a dual-band AMC, it is necessargdd & Thys, the effective permittivity can be calculatesing the
second resonance to the metasurface. To do soirstly f following set of equations:

analyze the resonance phenomenon involved in thral.sp

Figure 1: Single-band spiral AMC quarter unit-cell.

The figure 2 presents the full spiral unit-cell. Ahe £ =14 Gy + (e, —£,) (6)
frequency for which the surface behaves like an AME reft %n qzv e
when the reflected phase is null), a resonancereccu - 1%‘&{ K(ko) (7
stationary wave is established in the split stripspnted in b2 Kk ) K(k)
blue color in figure 2 (the incident electric fielik whereK is the complete elliptic integral of the first Kimnd:
considered polarized alongraxis). This strip supports a k=2 (8)
coplanar waveguide (CPW)-like quasi-TEM mode of ° p
propagation with grey lines being its ground plaviellow oy
lines are parts of the neighbor resonating strijiste that ta“{wj (9)
when the electric field is polarized alogepxis, resonating k = z
strips become the ground plane and vice versa.h®o t tan}{ L j
structure is equivalent to a CPW stepped-impeddipale. 2(h, +h,)
Consequently, its resonance frequency can be &allyt [ m
determined. ) S'm{th] (10)
2 ] 7b ]
sinn ——
2h,
k =+1-k? (11)
a = Nepw (12)
2
b=m+g (13)
2

To obtain the value dR, from equation (5), impedanc&s
andZ, are determined with:

J __ 1 (14)
v C greh‘ CO
e [ Klko) , K(k) (15)
“ ‘2€°[K(k;) K(k;)]

Figure 2: CPWstepped-impedance dipole identification.
2.3. Numerical validation

To validate the proposed model, an example of kspg&ig
no substrate but vacuum is firstly considered (so
&1 =¢p=1). Dimensions are h{+h,)=4.73 mm and
tan(g, )tan(6,) = R, (2) g = 0.4 mm.lg, value ranges from 1.1 mm up to 4.7 mm.

By considering the first mode of a stepped-impedanc
resonator, resonance conditions are satisfied \\ign



The AMC behavior occurs when the CPW stepped-

impedance dipole resonates. This resonance fregusnc
determined analytically by solving equation (5) aedults
are compared with those obtained from a full-wanahgsis
with the frequency domain solver of CST Microwave
Studio. From full-wave-analysis, the frequency &ich the
reflected phase is null in the AMC'’s plane is detiered
following the procedure described in [20]. Resalts shown

in figure 3. As expected, it is observed that whHensize of
the spiral increases (i.e. whég, increases), the null phase
frequency decreases. Also, analytical and full-weagults
are in good agreement, except whgpis small and so the
null phase frequency is high. This can be explaibgdhe
fact that the analytical model supposes a quastSt&EM
mode of propagation. This assumption is valid ag las the
substrate thickness is small compared to the wagéie
When the operating frequency increases, the thi&kne

dispersion which is not taken into account in thalgtical
model.
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h,+h, becomes larger with respect to the wavelength.Figure 4: Influence of the relative permittivity on the null

Nevertheless, for the given example, the model gyiyaite
accurate results for frequencies below 2 GHz, ehengh
the finite ground plane size, bends, open-end disuaities
and the coupling between the neighbor dipoles atéaken
into account.
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Figure 3: Influence of the spiral size (through graeter
lspr) oOn the null phase frequency ea(=e. =1,
(hy + hy) =4.73 mmg = 0.4 mm).

As a second example, the presence of a dieleetyr |
is now considered. Dimensions are the same asqudlyi
except thatgy, is kept constant at 2.1 mim= 3.15 mm and
h, = 1.58 mm. The effect of the relative permittivity is
investigated and its value ranges from 1 up toréalical
and full-wave results are shown in figure 4. One patice
that the null phase frequency decreases from 1Kz G
down to 0.75GHz (from full-wave results) as the
permittivity increases from 1 up to 9. Whet, =1,
analytical and full-wave results are in good agreem
However, the error increases as the permittivitgreases,
reaching about 11% whesn, = 9. It appears that, in the
given example, the analytical model is more aceufat
lower permittivity values. This may be explainedthg fact
that the higher the permittivity, the more the diels
concentrated in the dielectric, thereby inducing reno

phase frequency ef =1, h;=3.15 mm, h, = 1.58 mm,
g = 0.4 mm|g = 2.1 mm).

3. Dual-Band AMC
3.1. Design and concept

The proposed dual-band geometry is presented infi§.
Because of its symmetry, only a quarter of thecstme is
shown. Knowing that the current circulating alonGRW is
mainly concentrated along line edges, a slot cagttdged in
the middle of the CPW without disturbing too mudte t
propagation along it. By doing so, the slot creates
additional propagation structure: a Coplanar Stripe
(CPS) of gap valuewcps This structure, being short-
circuited at one end and open-circuited at the rotrd,
introduces an additional resonance when its eqgiinal
length (cp9 is equal to a quarter of guided wavelength. So
by adjusting the length of the slot, it is possitdeadjust the
resonance frequency of the CPS while keeping urgdtn
the resonance frequency of the CPW.

To validate the concept, full-wave simulations are
performed with CST Microwave Studio using the faling
properties: ¢q =, =1, (+hy) =4.73 mm, g= 0.4 mm,
Weps= 0.2 mm|gir = 2.1 mm andcps varies from 26.75 mm
up to 33.4 mm, which is the longest possible CPgtle At
this value, the physical CPS length is equal topthgsical
CPW length Icps=1; +1,). Reflection phase results are
shown in Figure 6. One can observe that the rédflect
becomes null twice over the frequency band of egerAt
the lower frequency, the resonance is due to th&/ CP
stepped-impedance dipole. At the upper frequenbg, t
resonance is due to the CPS and so the frequeraygeh
significantly for different values dfps Thus, two different
null reflected phase frequencies can be adjusted
independently which is highly suitable for dual-tdan
designing.



Analytical results obtained from equation (16) esenpared
with a full-wave analysis in figure 7. The modeldathe
full-wave analysis results are in good agreemetftoagh
the lower ground plane is not taken into accoutie §ap
Wcps being narrow, the electromagnetic field is largely
concentrated in its proximity and so the lower grplane
has little influence on the propagating mode.
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Figure 5: Dual-band spiral AMC quarter unit-cell. N Ny o o e |
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0 Figure 7: Influence of the CPS length (through paeter
E: lcp9 on the CPS null phase frequency, €&, =1,
-100 (hy+hy) = 4.73 mm, g=0.4 mm, Weps= 0.2 mm,
-200|1¢ps=29-29mm lspir = 2.1 mm).
-300 ~leps™33-4mm The second example considers the presence of ecttiel
1 15 2 2.5 3 layer. Dimensions are the same than previously pxitet

Frequency (GHz)
Figure 6: Reflection phase full-wave simulation ules
influence of leps (e1=e2=1, (ithy) =4.73 mm,
g= 0.4 mmwcps= 0.2 mm|/gy = 2.1 mm).

lcps is now equal to 26.75 mmh;=3.15mm and
h, = 1.58 mm. The effect of the relative permittivity is
investigated and its value ranges from 1 up to réalyical
model is compared to full-wave analysis in figureThe
; ; null phase frequency decreases from 2.84 GHz dawn t
32 Analytical Modeling 1.3 GHz as the permittivity increases from 1 up Qo
Considering the quarter-wavelength resonance of0R8,  Results are in very good agreement. Since the C8&s
the resonance frequency is thereby given by: Wepsis small with respect to the wavelength, the gséatic
fops _ c (16) TEM mode assumption is largely satisfied.

4| CPS\[ greff

By again performing a conformal mapping based goasi-

static TEM mode assumption and by neglecting tiesqmce 3 ; ; ; +ull-wave
of the lower ground plane, the effective permitsivof the | ! ! sanalytical
CPS can be determined by [18]: 2.5 N - ;
RO - Nl
2 Klk) Kik,) )
using same parameters than previously except that: ol
a= Weps (18)
2
b= Werw _ s =9 (19)
2 2

3.3. Numerical validation

The accuracy of the proposed CPS model is studied b Figure 8: Influence of the relative permittivity, on the
taking an example similar to the previous one with ~CPS null phase frequencyea(=1, hy=3.15mm,
vacuum substrate (g1 =&, =1) and the following hy=1.58 mm,g=0.4 mm, weps=0.2mm Is;=2.1 mm,
dimensions  are: hg+hy) =4.73 mm, lg=2.1 mm, lcps = 26.75 mm).

g = 0.4 mm andvcps= 0.2 mm.lcps varies from 25.75 mm

up to 33.4 mm, which is the longest possible CRfgjtle



4. Design Considerations

In some dual-band applications, the two operating
frequencies are relatively close to each other.ifstiance,

GPS operating bands, land [, are centered on 1.57 GHz AMC is designed and simulated in CST Microwave #tud

and 1.22 GHz, respectively. Designing a widebandCAM o9 ;
able to cover the upper and the lower bands simedtasly f(‘)fltjird_oit'nl'zft'osn’ :tg65 fogo‘;"'g% 5pr§§mﬁte:r 1ng|3u§918r§
is challenging [4] and may lead to very thick metéeces. Lo T e w2 29 T o » =1 ,

Thus, dual-band AMCs appear t0 be a possible soluti The obtained reflected phase is shown in figure NGl

However, regarding this application, a ratigh =1.28 phase frequencies occur at 1.26 GHz and 1.61 Gldzsan

between upper and lower frequencies is requireh3u o it o ratiof /f, = 1.28. The bandwidth defined with the
low ratio is not easy to obtain with conventionaiband  _, g50 (riteria on the reflected phase [1] are:

AMC. Ev_en with our proposed design yvhere two didtin . lower-band, = 4.3 MHz (3.4%)
propagating structures can resonate, it can bengdise _
- : - - . e upper-bandA; = 1.13 MHz (0.7%)
from previous sections, that this ratio may beiclift to The lower band can cover the, bandwidth (1.7 %):
obtain. For instance, by comparing the CPW resamanc however the upper band cannot cover thebandwidth

frequency obtained forlgy=2.1 mm in figure 3 (i.e. :
1.57 GHz) and the CPS one obtained in figure 7 tfar (1.5 %)._Conseque_ntly further efforts should be ean
order to increase this bandwidth.

maximum slot length (i.e. 2.31 GHz), the rdtjy reaches a
value of 1.47. That is why an additional degredreédom
available within the structure is now investigattas gapg.

Finally, taking into account previous commentsjrelf

lspir = 2.3 mmJcps= 35.3 mmg = 1.45 mmwcps= 0.2 mm.

Its influence on the effective permittivity of ealihe can be 200 N

simply and efficiently investigated with analyticalodels e Wl

previously developed. 100; i
According to figure 1, a vacuum layer with a thieks e

h; = 3.15 mm and a substrate of permittivity= 2.5 with a < o

thicknessh, = 1.58 mm is considered. Design parameters —

have following valueds,r = 2.3 mm|cps= 35.3 mm (this is -100

the maximum possible value for whidbes=1; +1,) and \ k

Weps= 2.3 mm. Results regarding the resonance fregegnc

of CPW and CPS lines are shown in figure 9. Theghps '2001 1.2 14 16 18

no significant influence on the CPS’s resonanceweier, Frequency (GHz)

wheng increases, the CPW'’s resonance frequency increases
too and so the ratid/fi decreases. Consequently, the _ i
parameterg can be used to adjust the CPW resonancer igure .10: Dual-band AMC: reflection phase full-veav
frequency, within the limit of the structure (th®@ width ~ Simulation results & =1, &,=25, h=3.15mm,
Wepw and gapg are related through equation (1): whgn 2= 1.58 MM, 4 = 2.3 mm, ¢ps=35.3 mm, g = 1.45 mm,
increases, Wepy decreases). Fog=1mm, the upper Weps=0.2mmn.
frequency (CPS) is 1.625 GHz and the lower one (TBW 5 Conclusions
1.265 GHz. So a ratify/f, = 1.28 is achieved. )
In this paper, a new dual-band Artificial Magnetic
Conductor (AMC) has been introduced. It has beawsh

1.8 ‘ ; that the two operating frequencies at which this @M
; reflects incident waves in-phase can be set indigely,
16 - O——o———o——0—— O———0———909 which largely facilitates the designing process.

Based on a compact modified spiral pattern, the

¥ i proposed AMC takes benefit of two different resareen
901'4 7777777777777777777777 T i involved within the structure. We have identifiduat one
- T ot resonance takes place in a coplanar waveguide (€iR&V)
1.2 - qmerb=r= oo +CPW analytical| structure whereas the other one occurs in a copsdripline
; ©CPS analytical (CPS).—Ilke structure. Thanks to this |dent_|f|cat|oan

10 ‘ ] s analytical model based on conformal mapping has bee

developed. The model is able to predict with accyirthe

null phase frequency of both bands under quadcstat
assumption. Results obtained by the model have been
Figure 9: Influence of the gagon the CPW and CPS null validated with a commercial full-wave analysis w@fte.
phase frequency e&f=¢.=1, (ythy) =4.73 mm, Finally, it has been proved that the proposed desiy

lspir = 2.3 MM/ cps= 35.3 mm). capable of working on two bands close to each pthigh a

ratio f/f, = 1.28 between upper and lower frequencies. These

g (mm)



results along with the analytical expressions madke
proposed AMC an easy-to-design and versatile mgias
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