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Abstract. The claim for multistandard operating handsets band antennas with an easy impedance matching network
of small physical size as well as the ever increasing demanénd constant antenna parameters regarding frequency, e.g.
for higher data rates require new broadband operating aninput impedance or radiation pattern, to keep circuitry com-
tennas. Because of the widespread use of especially plangiexity down. An antenna which provides such properties
broadband antennas a lot of factors influencing the characteis for example the so called planar log.-per. trapezoidal an-
istic antenna parameters have to be regarded. Furthermorégnna (TA) as proposed iKlemp et al.(2009 which is a
aspects regarding the electromagnetic compatibility insiderepresentative for the group of frequency independent anten-
the handheld as well as the protection of biological systemsnas. These planar broadband antennas exhibit a bidirectional
e.g. the user of a mobilephone, have to be payed attentioradiation characteristic which can cause perturbation due to
to. An electromagnetic structure which allows for protection parasitic effects such as surface wave propagation or electro-
by means of shielding as well as enhances the antennas efragnetic wave interaction with different sections of a hand-
ficiency by providing unique electromagnetic properties areset. Because of that volumetric effects there is a need for so
the so called Sievenpiper High Impedance Surfaces (HIS) in€alled spatial filters to ease the perturbation occuring in the
vented bySievenpipen1999. This paper will present the communication terminal while conserving the radiation effi-
theory and the well known design equations for those strucciency of the antenna as well as shielding the environment
tures. An investigation by means of simulation tools andagainst unwanted radiation.

measurement setups will be done to approve the accuracy The Sievenpiper HIS offers attractive boundary conditions
of the theoretical results. Here measurement results of théo overcome the mentioned obligations. This type of spa-
impedance and radiation properties of a planar log.-per. fourtial filter is a metallo-dielectric material with 2D periodicity
arm antenna equiped in conjunction with a fabricated proto-where all physical sizes of a so called unit cell must be much
type Sievenpiper HIS will be presented. smaller than the corresponding wavelength in the operational
bandwidth. In general the structure consists of periodic cylin-
drical vias placed in a grounded dielectric slab with a metal
frequency selective surface layer (FSS) on top.

Because of combining the reflection properties of artifi-
The trend of digital convergence with its multiradio appli- 12l magnetic conductors (AMC) and the ability of suppress-
cations keeps on raising the bar for research and applicatiof'd Surface wave propagation like electromagnetic band-gap
engineers. On the one hand more spectral effiency and instructures (EBG) (see Sievenpiper, 2003) this structures seem
teroperability is demanded by the customers by simultane{0 be adequate for use in mobile communication handhelds.
ously needs for increasing battery life and decreasing phys] N€ resulting reflection phase ¢f=0° with an absolute re-
ical size of the handheld. On the other hand the complexityfléction coeficient of'| =1 at the surface allows using the
of the transceiver circuitry and with it the production costs H!S as near field reflector while incident and. reﬂected_ wave
raise due to operating in different communication standardaVill not cancel out each other. Due to the in-phase image

with multiple antennas. Therefor it is necessary to use broadeurrent the close proximity of the Sievenpiper HIS reflector
to radiating elements results in low profile antennas with an

Correspondence tdS. K. Hampel enhanced efficiency compared to fully metallic reflectors or
(hampel@hft.uni-hannover.de) absorber materials. Furthermore, the suppression of surface
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Fig. 2. Side-view of a zoomed region of the Sievenpiper HIS from
Fig. 1 containing two unit cells with each a size bt
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On the other hand the cylindrical vias embedded period-

Fig. 1. Sievenpiper HIS placed in they-plane displayed in top- jcally in the substrate build the so called Brown’s rodded
and side-view. medium or the “Fakir's bed of Nails” which solution can be
found in Rotman(1962 andKing et al. (1983. They are
acting like a plasma below its plasma frequency, suppress-

waves eliminates the transport of interfering power to cir-; h " £ surf ble to the d
cuitry elements in the transceiver which can cause malfunciNd the propagation of surtace waves comparable 1o the dou-

tions. Moreover a smooth and uneffected radiation patterrPIe hegative materials (DNG) or metamaterials (MM), first

can be expected because of avoiding parasitic radition fron{nentiqned byveselago(1968. Bec‘f"us.e of exhibiting fre-
finite groundplane edges. guencies where no wave propagation is possible a so called

The organization of the paper is as follows. In Sect. 2band-gap occurs. Due to that textures which offer this kind

the underlying theory of the Sievenpiper HIS and the equa-Of filter mechanism they are called electromagnetic band-gap

tions for designing the geometry parameters of the s:tructurt?tructures (EBG).

for a given frequency of operation are presented. Section 3 Due to the very complex mechanisms yielding to the sur-
deals with simulation models and simulation results for Ver-face wave Suppression and the Compﬁcations in f|nd|ng ade-
ifying the derived equations. Here the simulated reflectionquate equations describing the interaction of electromagnetic
phase properties for orthogonal incidence and the influencguaves and the periodic structure, here only the reflection
of the HIS on matching and radiation properties of a refer-properties are highlighted. Furthermore, the propagation of
ence dipole are presented. In the last section measuremesirface waves in single antenna stand-alone applications is
results of a planar broadband log.-per. four arm trapezoidaless critical than in antenna array arrangements and will be
antenna in conjunction with a fabricated prototype Sieven-neglegted in a first approximation. Further information about
piper HIS are highlighted. The properties under consideraand insight into the surface wave properties of these struc-
tion are the input impedance as well as the radiation patterniyres can be found iBlavijo (2003 andSievenpipef1999.

For determining the reflection properties of the exemplary

2 Theoretical description of reflection properties structure in Figl the transmission line theory can be used,

no matter what kind of patch geometry will be offered by
The underlying theory of Sievenpiper HIS is in general basedhe FSS (triangle, square, hexagon,...). The only restriction
on the effective medium theory (see Merill, 1999) and more-is the physical size of the geometry with regard to the cor-
over on the transmission line theory. These theories camesponding wavelength at the operational frequencies. All
be used when describing the (homogenized) electromagnetidescribing parameters of a so called unit cell shown inFig.
behaviour of small inclusions in a host material or the quasi-as substrate-heigth, via-radiusr, periodicity D or gap-
static properties of devices much smaller than the wavelengthvidth ¢ have to be much smaller than the wavelentgh, i.e.
respectively. On the one hand the structures can be seem, r, D, g<<X. For an orthogonal incident wave travelling
as composite materials consisting of a periodic FSS on an negativez-direction adjacent edges of the FSS build a
conductor backed substrate, acting as a boundary with suckhunt capacitance. The resulting admittance of two adjacent
a high surface impedance, leading to a vanishing magnetienetal stripes seen by the wave, can be obtained by means
field in theory, therefore called artifificial magnetic conduc- of calculus of variations and is well known in literature (see
tor (AMC). Marcuvitz, 1996). Calculating the edge capacitance from this
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for TM polarization and

2D
Cerp = GEffEO? In (E) cos 0i () Fig. 4. HFSS simulation model for determining the reflection prop-
erties of a HIS: TEM waveguide with periodic boundary conditions.
for TE polarization (see Simovski, 2005). Here
e.rf=+/(e1+€2)/2 indicates the effective permittivity of the
two half spaces under consideratiar:Q, z>0) and¢; is the Due to the metallic surface of the structure the absolute
angle of incidence. value of the reflection coefficient remains 1, whereas the oc-

The conductor backed host-medium itself offers an induc-curing reflection phase decides on whether more construc-
tive surface impedance, which is typical for substrate layerdive or more destructive interference takes place. Because
as can be found i€ollin (1997 for example. The via array of the frequency dependence of the reflection coefficient an
stabilizes the surface impedance of the substrate by mimicingperational bandwidth can be given which is located in be-
a TEM waveguide for TM polarized waves. The expressiontween the frequencies where the reflection phaisequals
for the surface impedance for both TE and TM polarization +7 /2. Under this constraints and with the definition of a rel-
is therefore equivalent and as a first approximation indepenative bandwidthB,..;=f,,/ f1, the ratio of the upper frequency
dant of the incidence angle (see Clavijo, 2003). This yields(®r=—/2) to the lower frequencydr=+m/2) of the op-

to: erational bandwidth, Eq5f can be written as follows:
Zpry = Zpyy = jouot2 3) By —1 2 2
— =2npu . (6)
v Brel ' )&res

Both surface impedances are in parallel for an incident wave
and can be combined by means of the well known equatiorHere A,..; stands for the wavelength at resonant frequency.
for parallel resistors in lumped networks expressed in&q. ( As can be seen, this transcendent expression and the band-
width respectively depend mainly on the substrate height.
Loty Lo@Zp@) @ PEENEY AP ’ ’
Zg(w) + Zp(w)

For orthogonal incidence as well as for small angles of inci-
dence the capacitive impedance for the FSS layer is given b)i'his section deals with simulation results for evaluating the

ZGry=ZGry=2G=1/joCq. While neglecting losses the ;. design equations by means of the simulation tool
two impedances build an ideal parallel resonant circuit as

shown in Fig3. At resonant frequency the denominator van- H FSS of Ansoft Corporation. First of all the reflection prop-

ishes and the impedance goes for infinity. The equation forertles of a Sievenpiper HIS will be investigated. The used

. - 7 “'simulation model is shown in Figk and consists of an ideal
the reflection coefficient known from the transmission-line TEM wavequide. This is realized by the use of so called peri-
theory (see Zinke and Brunswig, 2000) by use of the derived 9 ’ y P

. . X . odic boundary conditions where adjacent walls offer perfect
expressions for the resulting surface impedance yields . : .
electric and perfect magnetic boundary conditions alternat-

oot _ 7 (1— (£>2 ing circular around the longitudinal axis. The TEM wave
J@tzir ko = 20 is excited by a wave port traveling down the longitudinal

3 Simulation results

o
r= 2 () axis of the waveguide. At the end a unit cell of the HIS
Jotzprpo + Zo <1— (ﬁ) ) under test is placed. The parameters of the designed HIS
are D=8.5mm,g=0.5 mm,r,=3 mm and-=1 mm. The host
with wo=1/+/LC representingthe resonant frequency of the substrate is a FR4 with a relative permittivity f=4.4 re-

circuit. sulting in a theoretical resonant frequencyfaf;=4.65 GHz
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Fig. 5. Reflection phase of the considered HIS over frequency.  £ig 7. Return loss for a flat dipole placed above a perfect conduct-

ing plate, above a HIS and in freespace.

geometry is placing an antenna above the structure and inves-
tigating the influence of the HIS on its characteristic proper-
ties and vice versa. For the purpose of being able to evaluate
the effect of the Sievenpiper HIS on the antenna correctly itis
important to use a simple and well known antenna geometry.
Therefore the use of a dipole as reference antenna geome-
try is convenient and often used in literature while evaluating
miscellaneous applications. Figusshows the configuration

of the dipole in conjunction with the filter structure.

Fig. 6. Flat dipole at FR4 substrate placed 1.5 mm above a Siven- Considered parameters for evaluating the efficiency of this
piper HIS. arrangement and especially the HIS are the return loss of the
antenna as well as its gain. The dipole length is designed
for resonating at 3.5 GHz and it is placed on a FR4 substrate
with bandedges afj=4 GHz andf,=5.2 GHz. The reflec- with a thickness of 1.5 mrtred, ¢ /30@35 GHz).

tion phase of this structure can be easily calculated when Applying the same parameter values to the HIS structure
using this simulation model by deembeding of the reflec-as in the case of investigating the reflection properties the
tion coefficient of the wave port onto the surface of the HIS. yesonant frequency of the surface impedance is shifted down
The curves over frequency derived by the simulation andio 3.65 GHz based on the derived equations abfl GHz re-
the presented equations from Sektmplemented in MAT-  sylting from the simulation. This shift is founded by placing
LAB are shown in Fig5. A good agreement of the two the antenna substrate on top of the HIS which affects the ca-
curves can be observed. Only the resonant frequency angacity due to replacing the effective medium consisting of air
the frequency wherér=—x/2 reveal small differences of and FR4 by a homogeneous medium consisting exclusively
100 MHz (2.2%) and 200 MHz (3.9%) respectively. But un- of FR4. This increases the shunt capacitance of adjacent
der consideration of the simplifications done by deriving theedges and hence reduces the resonant frequency. ngre
equations these results can be seen as a proof for the accuragiplays the curves for the return loss. To be able to evaluate
of the design formulas for determining the reflection proper-the composite structure of antenna and HIS the curves for the
ties of a Sievenpiper HIS. The only drawback of this sim- dipole placed in freespace as well as for the case of a conduc-
ulation model is the invariable orthogonal incidence of the tor backed antenna substrate with 1.5 mm thickness are also
propagating wave. Moreover due to the wide spectrum ofstated. While regarding the run of the curve for the dipole
different modes existing in the reactive near field of a radiat-in conjunction with the metallic groundplane it is obvious
ing antenna and their corresponding incidence angles, smathat this configuration does not accept or radiate any power
deviations from the desired functionality and operational fre- respective|y_ The d|po|e at freespace reveals the expected
quency must be taken into account. characteristic with a minimum of11=—18dB at 3.5 GHz,

The next step while analyzing the fuctionality of the this the designed resonant frequency. The dipole placed above
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the Sievenpiper HIS offers almost the same characteristic as 6

the arrangement in freespace does. The main difference is

a shift of the whole curve up to higher frequencies with a 44—
better return loss of11=—21 dB at 3.8 GHz. The frequency

shift can be explained as follows. The dipole is excited by a 1 S
so called lump port which mimics an ideal source arranged
between the two arms of the dipole. The arms formapara- @ o4 .- |~ .\
sitic capacitance with the metallic surface of the HIS which ==
is in parallel to the antenna arms. So the dipole seems to be¢py™ -24\ -~~~
electrically shorter and resonates at a higher frequency. In-
vestigations with two coaxial cables as feeder for the dipole 4 - g
have shown the opposite effect of building a series reso-
nance, due to the fact that the outer conductor was connected -6 - a - : -
to the groundplane of the HIS. Moreover a variation of the 2,5 3,0 3,5 4,0 4,5
antenna substrat-height shows a decreasing frequency of the
point with minimal return loss, while increasing the substrate Freq uency [GHZ]
thickness. This can be regarded as reducing the parasitic par-
allel capacitance which is assumed to be proportional to thé=ig. 8. Absolut antenna gain in the main direction for a flat dipole
inverse of the substrate height (comparable to a parallel-platglaced above a perfect conducting plate, a HIS and in freespace.
capacitor).

Furthermore the phase shift of a wave travelling through
the antenna substrate and back has to be regarded. So the

Finally the radiation patterns of the two arrangements in
3Peespace and over the Sievenpiper HIS are evaluated. Fig-

timal constructive interference of the radiated and reflecte . . .
wave has to be expected for frequencies wigere0°, which ure9 .ShOWS both the ho_nzon?a'tl and the vertlc_al dlagramm of
i the dipole for the two dispositions. Here again the improve-

is above the resonance of the Sievenpiper HIS. The discrep- L . .
: . ment of the gain is obvious. Furthermore it can be seen that
ancies of the two curves above 4.25GHz is related to a

: The front to back ratio is increased due to the shielding ef-
occuring edge resonance of the HIS groundplane at abo ect of the HIS structure with respect to the lower half space
4.65GHz. The corresponding characteristic of the absolu b pace.

ain in the main direction, i.e. ip-direction, is presented in y the way the smooth patter is an indication for no or at
9 T ISP least negligible parasitic radiation from the HIS structure or

Fig. 8. . its groundplane which normally generates sidelobes in the
Due to the results for the return loss the curve of the dipolepattern.

placed 1.5mm over a metal plate will not be analyzed here  after having highlighted the correct function of the HIS
because as mentioned before this arrangement does not agaq the accuracy of the design equations, now an evaluation
cept any power and hence can not radiate effectively. by means of measurement results will be done.
The dipole in freespace reveals an almost constant gain
over frequency. At the point of minimum return loss the ab-
solut gain isG;=2.5 dB which is in good agreement withthe 4 Measurement results
theoretical result for an ideally thin wire dipole which offers
G;=2.15dB. The former section which dealed with simulation results re-

As can be seen in the frequency range of good matchingvealed the accuracy of the derived equations of Seébr
i.e. S11<—10dB, from 3.6 GHz to 4 GHz the absolute gain designing Sievenpiper HIS with respect to its reflection prop-
of the dipole in conjunction with Sievenpiper HIS is much erties. The next step treated in this section is to fabricate a
higher than for the dipole in freespace. This observed effecPrototype and measure its influence on important antenna pa-
can be seen as a proof for the predicted reflection properticiameters of a planar broadband antenna, while using the HIS
of the HIS since the in_phase reflection of an incident waveas near field reﬂector, as done before in the simulation.
leads to constructive interference. This superimposition of a The used braodband antenna is the so called planar log.-
directly radiated wave and the reflected wave ideally doubleger. four-arm trapezoidal antenna (TA) with=45° and
the electric field strength in the primary half space of radia- M =5 periods as presentedkidemp et al.(2005.
tion and hence leads to an increase in absolute gain of 3dB. The mentioned trapezoidal antenna is depicted in Fg.
This effect can be observed in Figat the frequency point Due to its four arms this antenna geometry offers the pos-
with best matching at 3.8 GHz. Here the value for the abso-sibility of dual linear or circular polarized radiation. For
lute gain isG, 4,,,=5.8 dB. The boost of the gain by a value dual linear polarization two opposite arms are excited in an-
higher than 3 dB, exactly 3.3 dB, is founded in numerical un-tiphase. Hence differential excitation of adjacent arm pairs
certainty. with no phase difference between the upper and right (or left)

www.adv-radio-sci.net/5/87/2007/ Adv. Radio Sci., 5, 822007
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Fig. 10. Standard planar broadband four arm log.-per. trapezoidal
antenna.

arm and the lower and left (or right) arm results in a radiat- ;

ing configuration which is similar to a cross dipole. Attention
has to be paid to the fact that horizontal excitation yields ver-
tical polarized radiation and vice versa due to the shape ofg

the arms.

Another main feature of this antenna is its quasi—frequency,;ig

. 11. Fabricated prototype of Sievenpiper HIS with theoretical

independent input inpedance as well as the almost constagsonance frequency #it.s=3.65 GHz and a relative bandwidth of
radiation properties like gain and effective antenna area resp,,—1.26 ranging fromf;=3.25 GHz to f, =4.1 GHz.

spectively due to its selfcomplemetarity and selfsimilarity.

The theoretical values are known from literature and former

investigations and publications (see Klemp et al., 2005) andy, =365 GHz in homogeneous FR4 substrate with an per-
must be constant over frequency in the range of approximittivity of approximatelye,=4.4. A picture of the proto-

mately 2 GHz up to 6 GHz for the regarded standard TA.

type is shown in Figl1 with drill holes in the center for the

The antenna was fabricated on 1.5mm FR4 which re-four semi ridgid feed lines of the antenna.
sults in an approximately purely real input impedance of The characteristic of the real part as well as the imaginary

Re {Z;,} =77Q and a vanishing imaginary part.

part of the input impedance of opposite arms excited in a

The prototype of the Sievenpiper HIS used as near field redifferential way is plotted in Figl2. As in the simulation of
flector in conjunction with the introduced planar broadbandthe reference dipole, here the curves for the TA on a grounded
antenna offers the same parameters as stated in the simuldielectric FR4 slab, on a microwave absorber as well as on
tion model which yields a theoretical resonant frequency ofthe fabricated HIS are shown over frequency.
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Fig. 13. Horizontal and vertical diagramm of the relative radiation
Fig. 12. Real and imaginary part of the input impedance over fre- pattern for the TA in conjunction with a microwave absorber and a
quency of one arm pair for the TA in conjunction with a metal plate, Sjevenpiper HIS at.8 GHz.
a microwave absorber as well as the fabricated HIS.

Therefore it is straightforward to evaluate the radiation pat-

The curve for the TA on the conductor backed substrate retern at this frequency. The resulting pattern for the TA posi-
veals strong resonance behaviour with no remarkable matchioned at a microwave absorber as well as over the HIS pro-
ing point in both real and imaginary part. When consideringtotype are presented in Fi§j3.
the CharaCteriStiCS of the impedance, Wh|le USing the f||ter The measured Characteristics revea' the beneﬁt When us-
structure, a strong effect of the HIS becomes obvious being the HIS structure. It is obvious that the Sievenpiper HIS
tween 3GHz and 4 GHz. This effect is expressed in varia-increases the front-to-back ratio because of the shielding ef-
tions from the resonant behaviour occuring outside this frefect, while simultaneously narrows the beamwidth due to the
quency band. Further investigations between 3.5 GHz andonstructive interference. Moreover the unwanted cross po-
4 GHz show similarities between the reference curve Wher]arized Component is kept Very IOW as in the case When using
using a microwave absorber and the one with the near fieldhe microwave absorber. Only at wider angles a deviation
reflector. The imaginary part vanishes, whereas the real pafetween the two curves with a 5dB better performance for
alternates with an amplitude of only 20around a theoret-  the microwave absorber has to be mentioned concerning the
ical (virtual) mean value of AZ offered by the curve while  syppression of the cross polarized component. But due to
using the microwave absorber. An optimal match is observed cross polarization discrimination of better than 15dB for
at3.6 GHz Wh|Ch COinCideS W|th the theoretical predicted be'the Combination Of antenna and HIS in the Wh0|e primary
haviour of the HIS structure. half space, this effect is of less importance. Furthermore,

Now the influence of the reflector on the radiation charac-the pattern measured with the absorber reveals ripple for the
teristic at a specific frequency point will be highlighted. As cross polarized component in the upper horizontal diagramm
mentioned before a quasi optimal match occurs at 3.6 GHzwhich is founded in induced currents radiating from the fi-
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