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Circular High-Impedance Surfaces
Characterization

Julien SarrazinMember, |EEE, Anne-Claire Lepage and Xavier Begattkmber, IEEE

Abstract—In this letter, characterization of circular High-
Impedance Surfaces (HIS) is investigated. The reflection phase
characterization used for rectangular HIS is here extended to
circular lattices. Circular HIS discussed in this letter present a
2D periodicity and consequently the phase diagram is deter mined
for concentric and radial polarizations. The effect of mapping a
rectangular HIS into a circular one is investigated in order to
give some insights regarding the design of such metasurface. The
presented characterization constitutes a useful tool for the design
of low-profile antennasusing HI S asreflector.

Index Terms— High-Impedance Surface (HIS), Artificial
Magnetic Conductor (AMC), Electromagnetic Band-Gap (EBG)

circularly polarized circular patch antenna used in the study. A
1D-periodicity circular HIS is suggested in [6] to be used as an
AMC for a low profile spiral antenna, but no design is given.

So it appears that circular lattices are considered to be used
for HIS. However, the literature mainly focuses on the EBG
behavior of such configurations whereas their AMC behavior
has not been characterize@artesian lattice AMC’s response
is usually obtained with the phase diagram method [7]. A
single cell is simulated and by applying appropriate periodic
boundary conditions, it is possible to determine the reflected
phase of such a structure. The surface exhibits an AMC
behavior when the reflected phase is null on the surface plane.

By applying Floquet theorem, it is even possible to
characterize the reflected phase for various incident angles [8].
I. INTRODUCTION However, when only the response for a normal incidence is

Since their introduction, High-Impedance Surfaces (H|5§Iesired and when the pattern does not introduce any cross-
[1] found themselves in a lot of applications. Most of therfoupling  between incident waves having orthogonal
are based on two interesting properties that these metasurfat@grizations, the periodic boundary conditions of the unit cell
exhibit. The first one is an Electromagnetic Band Gap (EB&N be replaced by Perfect Electric Conductor/Perfect
which forbids the propagation of surface waves. The secolfggnetic Conductor (PEC/PMC) conditions in order to
one is the in-phase reflection of incident waves, that makes @fnerate a TEM wave [90]. This unit cell characterization is
metasurfacdo behave like an Artificial Magnetic Conductor Well known and works well for cartesian lattices. In this paper,
(AMC). These two properties have been extensivel}ie_pmpose to apply this characterization technique to circular
investigated in the field of microwave antennas leading t8tices.

some improvements of their performances [2]. Though the The circular HIS characterization is presented in section II.
most common structure used to perform a HIS is the array 8f section lll, the influence of geometrical parameters
square patches arranged in a two-dimensional lattice, matfydied and some problems specific to the circular
different patterns have been investigated [3]. Most of the timdfrangement are discussed. The design methodology of a
only the shape of the single element is considered, tgemplete circular HISs addressed in section IV and some
arrangement usually being a cartesian lattice. However, fai{§éful guidelines are given. Finally, a conclusivnirawn in
papers deal with a circular arrangement of single elements fgction V.

5, 6]. In [4], the circular HIS presents a 1D-periodicity and is

introduced as a Planar Circularly Symmetric EBG Structure Il. AMC CHARACTERIZATION

(PCS-EBG). The EBG behavior of such a structure is studiedA circular HIS is the conformal mapping (using an
and its benefit over a traditional rectangular lattice iexponential function) of the rectangular pattern shown in Fig.
highlighted for a printed antenna-based application. The aiba into the cylindrical pattern shown in Fig. 1b. The
being to suppress surface waves, using such geometry mal@stangular (or square) patch is the well-known Sievenpiper
them experience the same band gap effect in all radRattern having or not a metallic via-hole in its center [1]. Since
directions. Another antenna application is investigated Jin [gfor normal incidence, the via-hole does not have any impact
The 2D-periodicity circular HIS is used for the same purpos¥! the reflected phase, the structure in this paper will focus on
as in [4]: to suppress surface waves thanks to the ggestches which do not contain any vias. As it has been

behavior. In addition to the higher flexibility on the antenngentioned earlier, the AMC phase diagram for normal

design over traditional cartesian configurations, it appears tﬁgi:idence is obtained by applying PEC and PMC boundaries

. : . . : : n rectangular waveguide walls. For example, according to
circular configuration also improves the axial ratio of th%ig 1a ifg PEC conc?ition is applied to the t\?/o walls Iyinggin

Manuscript received Septembi, 2011, theyz plane and a PMC conc_iltlon applied to thg two walls in
The authors are with Institut Telecom; Telecom ParisTech; CNRS: LTcin€ Xz plane, a TEM wave will be generated with an electric

Paris, France (e-mail: julien.sarrazin@telecom-paristech.fr). field oriented along-axis (referred akre in Fig. 1a). If PEC
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and PMC walls are inverted, the TEM wave will be polarizednchanged, the inner radius of the coaxial waveguide must be
along they-axis Emv). With this method, the phase diagram okqual to:

the HIS can be determined for both the polarizations shown in - . @

Fig. 1a. Similarly, the reflected phase of a circular HIS can be

obtained. While mapping the cartesian geometry into thwith N the number of patches. Four different circular
cylindrical one, thex-oriented polarizationHrg) becomes-  structures are studied, the varying parameter being the number
oriented Eragia)) and they-oriented polarizationHry) becomes of patches:N=6, 8, 12 and 16. The simulation has been
¢—oriented Econcenric) @S shown in Fig. 1b. To generate TEMperformed with Ansoft HFSS using the methodology
waves with such polarizations in a cylindrical structure, thgreviously described to obtain the phase diagram. Results are
coaxial geometry is used as it can be siefig. 1b. The shown in Fig. 2 for both the polarizations, excéptthe
coaxial waveguide ends on a circular HIS. Boundargartesian case for which only one polarization is given because
conditions are applied to the inner and outer surfaces of tiie geometry is completely symmetric.

waveguide. To obtain a radial polarizatiof, ), PEC S ‘ _

conditions are applied to both the surfaces whereas to obtail fé:ﬁ;‘f‘;fgdf(aﬁfg;a”)
concentric polarizationHyneentric) PMC conditions are applied ; = Radial mode (N=8)

to both the surfaces. Then the phase diagram is obtained w B i A

the same method than for cartesian HIS. Both the obtain

polarizations may emulate the field radiated by a source (su
as a linearly or a circularly, polarized antenna) located in tt
center of the circular HIS.

Radial mode (N=16)
| + Concentric mode (N=6)
o Concentric mode (N=8)
> Concentric mode (N=12)
« Concentric mode (N=16)

Reflected phase (°)
3 o
4t

.
(%] o
g 8

200, 22

2.8 3

szgquency (Glz-i(zs)
Fig. 2 - Phase diagram of cartesian and circular HIS

The cartesian pattern shows a null reflected phase at
2.47GHz. For circular lattices, radial and concentric modes do
not exhibit the same null phase frequency. The radial mode
exhibits a null phase frequency greater than the cartesian one
whereas the concentric mode exhibits a lower one. Both these
frequencies appear to be almost equally shifted from the
cartesiarpattern’s frequency. Differences regarding responses
between cartesian and circular lattices can be explained by the
curvature’s effect inherent to the circular structure. Moreover,
(0) when the number of patcheN increases, the response

Fig. 1 - HIS (a) unit cell of a cartesian lattice (b) unit ring of a circular lattice, - . .
g @ (b) g becomes similar to the cartesian one. This is due to the fact

In cartesian structures, simulating a single cell is equivalefgt when the number of patches increases, the radius of the
to assume an infinite HIS along as well as alongy- HIS increases as well, according to eq. 1, thereby making the
directions. Howeverfor circular HIS, though the structure iscurvature’s effect less strong. For N=16 patches, the radius of
considered to be infinite along the radial dimension (ajeng the circular HIS being quite large, the patches are not much
axis), it is finite along the angulalimension (along -axis). bended so concentric and radial modes exhibit a null phase
So while performing the mapping, a finite number of cellf€quency very close to each other (2.45GHz and 2.48GHz
along @-axis has to be chosen. Consequently, insteaduoit-a respectively) and very close to the cartesian one too.
cell simulation, a unit-ring simulation is performed These results show that the curvature has an impact on the
Furthermore, for a given inner radigse, the number of cells HIS response. So t_he characte_rlz_atlon appears to be necessary
will have an influence on the dimensions andg,, (w, bein by simulating the circular HIS, it is possible to set the desired
the patch width taken in the middle g2 and g, is tphe gap reflected phase response for both the polarizations. To design
along the patch length). Intuitively, if the patch length, and and to simulate the HIS in a cartesian lattice and then to map it
the patch widthw, remain unchanged between the cartesigfto a circular one without any additional simulations can lead
and the circular structure (as well gs andg), one could t© Some unexpe_cted frequency shifts, especially when the
expect that null reflected phase frequencies are conserved ffius of the HIS is small.
both the polarizations. However, the curvature may have an
impact on those frequencies.,See firstly propose to study 1. INFLUENCEOF THE DESIGNDIMENSIONS

this influence. The reflected phase response of a cartesian HIS depends on
On a FR4 epoxy substrate=4.4,tan 6=0.02,h=1.58mm), the size of patches and gaps [7]. While the patch ldpgthd

a square patch is firstly simulated with the followinghe gapg have an impact only on the TE polarization response

dimensions: wy=I,=26mm, g,=g=1.5mm. Then, using the (according to Fig. 1a), the patch widt, and the gap, have

same dimensions, a circular structure is designed aafd impact only on the TM polarization response. However,

simulated. To keep the patch width, and the gapgy since with a circular HIS an additional parameter exisigJ,
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sizes dependencies differ slightly from the cartesian one¥.g largely influences the radial mode phase response. Like
Indeed, if patch and gap sizes change, the curvature of thigh cartesian HIS, the smaller the gap, the lower the null
structure changes too. It has been shown previously that fitease frequency. However, this gap being tangential to the
curvature of the circular lattices has an effect on the respormcentric electric field, it does not have any effect on the
of both the polarizations. So by changing one dimension of thencentric mode response.
patch (or one gap), one can expect that both the radial a1

concentric null phase frequencies will be affected, thereb 150

making the circular HIS design trickier than the cartesian HI<

one That is why the influence of the dimensions involved in

the design is now investigated.

Fig. 3 shows the influence of the patch widih on the
reflected phase for radial and concentric polarizations. Th
HIS has exactly the same properties than the one previous
simulated with a number of patchb&6 (, is constant and
equal to 26mm). The patch width has a direct impact on th
concentric mode resonance as it has on the TM mod
resonance for cartesian lattices (see Fig. 1a). So chawnging
achieves a significant frequency shift on the concentric mode ) ) .
phase response as it can be observed in Fig. 3. Like withThe influence of the gag, along the angular dimension
cartesian HIS, the smaller the patch width, the greater the né@n be seen in Fig. 6 (with,=I,=26mm andg=1.5mm). The
phase frequency. Nevertheless, a modification of the patBHll reflected phase frequency of the concentric mode can be
width changes the radius of the HIS and so the curvatdi¢hed by adjusting the value @,. Like previously, the
experienced by the radial mode. This explains why the rad&naller the gap, the lower the null phase frequency. Since the

shifts as well. have any effect on the radial mode response and yet slight

frequency shifts can be observed, especially whe2.5mm.
This can be explained by the fact that the radius of the circular
HIS depends on the gap, and so desthe patch curvature.
Since the radial electric field is sensitive to the patch
curvature, slight differences in the reflected phase response
may be observed.

Since the size of gagp andg,, have a significant effect on
the reflected phase of only one mode, the radial and the
concentric mode, respectively, null phase frequency may be
adjused independently for both the polarizations. Gaps
gr-gquency (G'ZHg 3 variation appears to be convenient for designing purpose.
Fig. 3— Influence of patch widtlw, on the reflected phase
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Fig. 5 - Influence of the gag on the reflected phase

- Radial mode: wp=24mm
—Radial mode: wp=26mm

100}

h E: ¥
50 S %

-g-Radial mode: wp=28mm

« Concentric mode: wp=24mm
+ Concentric mode: wp=26mm
Concentric mode: wp=28mm‘

-50!

Reflected phase (°)
o

[=3
o

o
o

2 22 8
’.e.Radial mode: gw=0.5mm
—+Radial mode: gw=1.5mm
-5-Radial mode: gw=2.5mm

The influence of the patch lengthis shown in Fig. 4w,
being constant and equal to 26mm). The patch length has
direct influence on the radial polarization resonance. So
variation of |, changes significantly the radial mode phase
response as it can be observed in Fig. 4. The patch leng
having an impact on the HIS curvature, concentric mode phas
response is also influenced but to a lesser extent.

# Concentric mode: gw=0.5mm
+ Concentric mode: gw=1.5mm
o Concentric mode: gw=2 Smm

Reflected phase (°)
o

28

2 22

-
o

24 26
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Fig. 6 - Influence of the gagy, on the reflected phase

~ 100

ﬁ » IV. DESIGNCONSIDERATIONSFORA COMPLETEHIS

3 0+:aj.a: :O:e :p§;:: R The aim of this section is to give some insights regarding
S " o Radia mode | =28mm the design of a complete circular HIS for a potential
o P

-100| & Concentric mode: Ip=24mm

+ Concentric mode: | =26mm

150 concentric mode: 1.=28mm

2 22

28

24 26
Frequency (GHz)
Fig. 4— Influence of patch lenptl, on the reflected phase

integration with an antenna. For cartesian HIS, once the
characterization of a unit-cell has been performed, the pattern
can be simply duplicated in order to obtain a 2D metasurface
exhibiting the same response than the unit-cell. Circular HIS
design is different because the unit-ring cannot be duplicated
within the same way as the cartesian lattices. The inner radius

Fig. 5 shows the influence of the ggpalong the radial

direction (withw,=l,=26mm andg,=1.5mm). A modification of each ring is different and si3 the curvature’s effect

previously observed. Also, the number of patches constituting
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each ring may be different in order to keep the same nu
phase frequency.cSas an example, two circular HIS rings are 150, “Radial mode: 1% ring

considered as shown in Fig. 7. The first ring, the inner one,

i +Radial mode: 2" ring

o
=1

composed ofN=6 patches and is designed alone, beinc f “Radial mode: 2 rings
characteried like in previous sections. Dimensiong, |,, Gy g » “ Concentric mode: 1% ring
and g, are adjusted in such a way that the reflected phase « g ° * Concentric mode: 2™ ring
concentric and radial modes is null at 2.45GHz. According tc E 50 © Concentric mode: 2 rings |
Fig. 7, dimensions are the followinig=28.3mm,w,=24.2mm, -

Ow=2.6mm, g=1.3mm, with the same substrate than earlier.

Using eq. 1, the inner radius is found to be 10.79mm and < o —

the outer one is 40.39mm. Results regarding the reflecte e =8 Frequenicy (il - =
phase can be observed in Fig. 8. Both the modes exhibit a null Fig. 8— Reflected phase diagram of the two-rings HIS
phase at approximately 2.45GHz. However, it can be observed

that the +/-90° phase bandwidth of the radial mode (5.09%) is V. CONCLUSION

wider than the concentric one (3.69%).
51 glz

\\& \///‘

//\/‘ gl/

// jQ’ 2 \
/v\ .
“57 A\

W\

Fig. 7 - Two rings HISI{=28.3mmw,=24.2mm,g,=2.6mm,g=1.3mm,
12=26.5mm,gu,=2.3mm,g;=1.5mm)

Then, the outer ring, composed ®=12 patches, is

In this letter, the waveguide-based reflection phase method
is used to characterize circular High-Impedance Surfaces
(HIS). Using a coaxial waveguide structure, the reflected
phase can be determined for incident waves with concentric or
radial polarization. The HIS is composed of a patch array
arranged along a circular lattice over a grounded dielectric
substrate without via. Effects of the geometrical dimensions of
the circular HIS have been investigated and differences with a
cartesian lattice have been highlighted. It has been shown that
designng a circular HIS is more complicated than desigrang
cartesian HIS because of the curvature’s effect. Thus, the
proposed characterization is suitable to obtain the desired
reflected phase response of a circular HIS for a possible
integration with a circularly polarized antenna. The last
section of the letter deteill the design methodology of a
complete circular HIS.
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