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Abstract. Multiple-input multiple-output (MIMO) antenna In this article the analysis of the radiation behavior using
systems and antenna configurations for wideband multimodapherical eigenmodes will be applied to the characterization
diversity rank among the emerging key technologies in nextof the diversity performance of multielement antenna config-
generation wireless communication systems. The analysis afirations in terms of interelement correlation. Therefore we
such transmission systems usually neglects the influences gfresent a modified technique of spherical mode expansion as
real antenna radiation characteristics as well as the influencaa Chen et al (1992 for the analysis of arbitrary antennas

of mutual coupling in a multielement antenna arrangementand multielement antennas. Based upon a suitable statistical
Nevertheless, to achieve a detailed description of diversitynodel, e.g. provided iWaldschmidt and Wiesbed004

gain and channel capacity by using several transmit- and reto include the spatial properties of a multipath propagation
ceive antennas in a wireless link, it is essential to take allscenario, a closed form representation for antenna correla-
those effects into account. The expansion of the radiatiortion will be derived.

fields in terms of spherical eigenmodes allows an analyticalThe article is organized as follows, Se2treviews the fun-
description of the antenna radiation characteristics and acdamental properties of the spherical mode expansion tech-
counts for all the coupling effects in multielement antennanique with respect to the electric- and magnetic vector po-
configurations. Therefore the radiation pattern analysis bytential for a given elementary source distribution. Sec8on
spherical eigenmode expansion provides an efficient alternaderives a generalized representation of antenna radiation pat-
tive to establish an analytical approach in the calculation oftern due to the Fraunhofer approximation of the Green'’s ra-
envelope correlation or channel capacity. diation function. Subsequently the modal representation of
antenna radiation patterns is used in Sddo specify the
power correlation between interactive antenna elements in a
diversity configuration to establish a measure for their diver-
sity performance. The presented analysis is adopted to an

The spherical mode expansion (SME) is a well known tech-ar"ay of resonari/2 dipoles given in Sects.1ands.2and

nigue in terms of the characterization of a various number of* configuration of multi-port wideband logarithmically peri-

applications of classical electromagnetic scattering and radipcIIC antennas in Seck. The latter analysis will be com-

ation problems. Numerous authors suchSastton(1941) pleted by results derived from spherical near-field measure-
andWerner and Mittra(2000 have presented a generalized ment. Sectior? concludes this article.

theory employing spherical mode analysis and adopted this

method to study a multiplicity of wave propagation prob- . :

lems. Applications of the spherical mode expansion have2 Modal Solutions of Vector Potentials
been applied e.g. to the numerical analysis of Cassegrainia
fed paraboloids ifPotter(1967), the investigation of multi-
ple scattering of electromagnetic wavesBruning and Lo
(1971, the computation of antenna radiation patterns of ar-

bitrary wire antennas iGhen and Simpsof1991ba) and the electromagnetic field distribution in the field region, which is

modeling of base station antenna equipmendane et al. . . ;
(2002 I%urthermore the applicationqofpspherical mode ex- considered to be source-free.Undwig (1977 this transfor-
X mation technique was applied to derive a generalized map-

pansion to perform a transformation between near- and far-_. ) S .
field related field quantities as describedLiadwig (1971 ping rule between field quantities in different coordinate sys-

. . ; . tems. Therefore in SME analysis a separation of coordinate
is a fundamental basis for todays techniques of spherical an- . . .
: systems for the given source-region and the requested field-
tenna near field measurement. L . . . )
region is required. For a given volunvecontaining electric-
Correspondence taD. Klemp and magnetic current densitigsand J, as shown in Figl

(klemp@hft.uni-hannover.de) the magnetic- and electric vector potentidland F can be

1 Introduction

"he spherical mode expansion as given in this section will be
used to accomplish the transformation between a known dis-
tribution of electric and magnetic currents (e.g. on the met-

alization surfaces of an antenna structure) and the resulting
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kind for the dependence of the observation-point and Leg-

z v endre polynomials, (cos¢) of degreen, Eq. @) is the first
step to derive a separation of source- and field region.
; 'I?_'r“l
P ) 00
T he kR) =" (@21 +1) jn (k') 2 (kr) Pn(cost) . (3)
» n=0
vy Using the addition theorem for Legendre polynomials as in
/é Abramovitz and Stegu(l972,
X
P (n = m)! 4
Fig. 1. Distribution of electric and magnetic current densitfeand h (COSE) = Z m( + m)! )

Jm involumeV.
: Pr’]“ (cos®) Py (cos’) cos(m (¢ — ¢'))

represented usinghen et al(1992 as follows: Eqg. ®) gives a generalized solution to the magnetic vector
potential. PI" (cos¥) denotes the associated Legendre func-
1 J(r') _. ' tion of degree: and ordemm, ey specifies Neumann’s num-
_ = S\ —jklr—r’| ’ »€m
Alr) = A f//v,) |r _ r’| ¢ av 1) ber (1 form=0, 2 form=>0).

/// v """-"I v’ A@r) = 5)
~ an wn |r —r'/ 00

n
—jk> > " al NP (kr) P (cos®) cos(me)

In Eq. (1) k=27 ./ei f denotes the wave number of the elec- =0 m=0

tromagnetic field, where represents the permittivity of free )

space angk the respective permeability. Harmonic time de- —jk Z Z b th(z) (kr) P (cos®) sin(mg) .
pendence will be assumed, so thfas equivalent to the oper- n=0m=0

ational frequency of any elementary source considered in th
volumeV. The vector represents the distance between the
origin and the point of observation antgives the displace- . ! ; ) .
ment of the source point in relation to the origin. Therefore céepeGndent quantities using the normalizatféf} given in
A and F represent a solution to the vector Helmholtz equa- a. 6.

tion of the total electric fieldE and magnetic fieldd. Sub- \/

?n Eqg. 6) the response to the given electric current distribu-
tion is separated with respect to source point- and field point

2n+1) (n —m)!

sequently, the analysis will be restricted to the distribution y;m _
A (n 4+ m)!

n

(6)

of electric current densities, where the total radiation field is
exclusively given in terms of the magnetic vector potential.
Using the theorem of dual fields in electrodynamics an arbi-Orthogonality between the axes of the spherical coordinate
trary distribution of the magnetic current densify, can be ~ Systems approves a separation of functional quantities that
related to an electric current densify for this purposeX) are solely related to a single coordinate direction. Therefore
represents a complete solution of the radiation problem. Prothe sources of the radiation fields (given in primed coordi-
vided the field solution of the source distribution is consid- Nates) may be analyzed independently from the respective
ered in terms of the Spherica| coordinate systent, ((,0) the eIeCtromagnetiC fields at the ﬁeld'pOintS. Any source depen-
Green’s function may be represented a€imen and Simp- dence is given in terms of the vector expansion coefficients
son (19913 using the zero-order spherical Hankel function @ andb ' of the field expansion as given in Eq3) @nd

héz) of the second kind as given in EQ)(with R=|r—r': (8).
e kR ] // NT (') jn (kr @)
—— = —jk hP (kR) . - ) dn (kr')

o P (cosv’) cos(mg’) dV’
For the validity of Eq. 2), the case where>r’ has to be
considered, where the antennas will be analyzed in the trans-

mit case. Applying the principle of reciprocity in antenna , oy m N /
analysis, the receive case is implicitly given in ER).(To bn = v/ Nn'J (r )J” (kr) ®)
derive a modal representation of the electromagnetic field, P (cosﬁ/) Sin(m(p/)dV/

first of all Eq. @) can be re-formulated in terms of an infinite

Series as given in Eq3). Usingn.-order spherical Bessel Therefore, Egs.®) and @) denote a generalized description
functions jn (kr’) in terms of the source-point dependence, of 4| considered field sources in volumein terms of ele-
n.-order spherical Hankel functioris? (kr) of the second mentary spherical wave contributions.
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3 Antenna Radiation pattern analysis The vector expansion coefficients of the field approagh,
o o . andb ' in terms of the corresponding antenna radiation pat-
Considering the radiation behavior of antenna elements Usuern, are related to the expansion coefficients of the magnetic

ally the far-field approximation by Fraunhofer is applied. vector potentiak 21’ andb g’l’ employing Egs.9) and (L1) as
This approximation given in Eq9J neglects differences in  fgllows:

amplitude of all incoming elementary waves at a certain far

m/
field distance: so that the response to all field sources leads ] “no { — _ iz 1 %n» (14)
. . . . . . m J m ’

to a wave propagation with planar amplitude distribution. | % n, Angy
Thus effects of interference as a consequence of spatial seRid
aration between the field sources lead to a maximum phase )
deviation ofrz /8 for all field points that adhere to the far field [ by | _ikz by (15)

" nv L= !
condltlonzs. bny, b,
|r| > 8% . (9)  The normalized eigensolutions to the vector Helmholtz equa-

) tion are given in terms of the normalized spherical harmonics
In Eq. () a denotes the radius of a sphere that completelyye (s, ) andY?, (1, ¢) as given inStratton(1947) due to:
encloses the region of distributed source points. As a con-

sequence of the Fraunhofer approximation, Ey.can be {Yr?m (@, (0)} — NP (cos?) { COS(mw)} . (16)

simplified with respect to the spherical Hankel function: Yim (0, ¢) sin(mg)

. ? jr o With respect to the orthogonality property between spheri-
“maz hy” (kr) = o € 7 (10)  cal harmonics of different degree or orderm as shown
Ir|>8% in Werner and Mittra(2000, the field expansion as given
In spherical coordinate®( ¢), the vector potentiald or F in Eq. (12) represents a complete solution to the radiation

may be directly mapped to the respective field quantiies behavior of an arbitrary source configuration represented in
or H. Under the terms of an exclusive distribution of electric terms of vector expansion coefficiet§' anda [}'.

currents/ in the considered source region and a field pointFor practical considerations the infinite upper summation
adhering to the far field condition by Fraunhofer, Ej)(  bound of Eq. {2) has to be limited to a finite valu¥. Im-
represents the complete solution of the electric field in termspairments resulting from the limitation of the infinite sum-

of the spherical componentsy andE,,. mation can be isolated with respect to the requirement of
E A approximative field convergence e.g. given Kgrasimhan
E (D, ) = [Eﬂ] = —jkZ [Aﬂ} . (11) et al. (1985. Therefore modal indices great®¥pin=ka are
¢ ¢

o regarded to have little significance to the field composition,
In Eq. (11) Z denotes the value of characteristic free-spacewhereq denotes the minimum radius of a sphere that com-

impedance given b =120r Q. pletely encloses the source antenna. A numerical study of
e Jjkr 2 1 the convergence behavior of the field expansion is given e.g.
E @, ¢) = p Z Ny {a ' cos(me) in Chen and Simpsof19913 andChen et al(1992.
n=0m=0 The vector coefficients of the field expansion can be deter-
+ by'sin(me)} j"P" (cosy) . (12)  mined according taVitte et al. (2003 by methods of nu-

Therefore, Eq. 12) represents the far-field solution of the Merical point matching as given idafner(1990. As de-
electromagnetic field for a transmit antenna in terms of a seScribed inLudwig (1973 the matching procedure will be
ries representation of spherical harmonics. The respectiv@PPlied on the surface on which the fields are known. Sub-
source distribution is formulated in terms of an electric cur- S€auently the far field sphere is regarded to be the surface
rent distribution in accordance to Figand Eq. ). Due to where the field quantities are given in terms of the far field
the limitation of far field conditions, the spatial orientation c0mponents of antenna radiation pattern. In order to deter-
of transverse electromagnetic field components becomes offlin€ the requested modal weights, an equiangular grid is
thogonal in the far field plane, that again exhibits a normalPlaced upon the far field sphere providing constant angular
orientation to the radial direction of wave propagation at anySt€PS 0fA¢=27/P andA#=r/Q. P andQ correspond to
point of observation. Therefore the respective dependence ghe number of field points in the directions of azimuth and el-
electrical fieldE and magnetic vector potentidl is speci- evation, res_pectwely. Antenna r§d|at|on patterns are derived
fied by Eq. (1) for the special case of spherical coordinates, oM numerical analysis employing the FEM.

Applying Eq. (L2) a generalized description of antenna radi-

ation pattern is derived by means of an infinite series expang Computation of Multielement Antenna Correlation
sion implying spherical harmonics. For this reason B®) (

includes the spatial properties of antenna radiation in termsntenna diversity reception is an effective technique for sup-

of the vector antenna radiation patten?, ¢). pressing multipath fading in a mobile antenna system. Diver-
e—Jkr sity reception attains effective fading mitigation by the syn-
E ¥, ¢) = C @, 9). (13)  thesis, selection, and switching of several received signals

r
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by Cy.i (¢, ¢) and C, i (9, @) in terms of antenna element
i and a 2-D polarization invariant probability distribution
Ps,e (U, p) of the AOA with the appropriate normalization
given inWaldschmidt and Wiesbe¢R004), Eqg. (1L8) denotes
antenna covariance.

7z antenna 1

2npm
R =K /O /O [XPRCyi (9.9) C5; (9. ¢) (18)

+ Cpi (0.9) Cp (0. 0)| /470 o (9, @) SNV dg

The ratio of the mean incident power in terms of a vertical
polarized receive signal to the mean incident power of a hor-
izontal polarized receive signal is denoted by the factor of
cross-polarization rati® PR. In Eq. (18), “*” means conju-

that are correlated to the smallest possible extent. In the cas#ate operationk is a proportionality constant.

of antenna diversity, reduction of the correlation coefficient 2npm

between the receiving antenna branches leads to an enhancefl = K/ / [XPR |Co.i (9, </))|2

diversity effect. Correlation analysis may be performed us- 0J0

ing a representation of transmission line parameters like in-  + iC(/,,i 0, <p)|2i Po.e (0, p)sinddvdy . (19)

put impedances and scattering parameters at the individual

diversity branches as demonstrateditdal and Rosengren As the spatial properties of the considered transmit channel
(2003 andDerneryd and Kristenssof2004). The derived strongly influence to the properties of antenna correlation,
correlation coefficients do not account for the spatial proper-they have to be inevitably taken into account. An analyti-
ties of the transmit channel, where the receive antenna arra§@l formulation of antenna radiation patterns therefore sim-
is applied, but inherently assume a uniform distribution of plifies the computation of correlation coefficients for diver-
the angle of arrival (AOA). Essentially, interelement correla- Sity analysis. InLeifer (2009 a simplified multipole com-
tion coefficients in a multielement antenna configuration arePutational model was published in terms of parallel oriented
strongly affected by the properties of the considered multi-dipole antennas. It is therefore straightforward to express the
path propagation environment as will be shown in the fol- Vector antenna radiation pattei€is; (%, ¢) of antennas and
lowing. In Jakes(1974) the spatial properties of a multiele- J in terms of a spherical mode expansion as given in Sect.
ment diversity antenna Configuration may be acquired by apPrOVided the series eXpanSion for the radiation fields as in
plying two-dimensional probability distributions(s?, ¢) in Eq. (12), the expressions for antenna covariance and vari-
terms of the AOA distribution of the incoming electromag- ance become a function of modal expansion coefficiefits
netic field in elevation- and azimuth direction. Examples for andby'. Equation R0) accounts for the series representation
correlation analysis in multielement antennas may be foundf antenna radiation patterns of antenhasdj by means of

in Tsunekawa and Kagoshini®990), Svantesso(2009 and  SPherical eigenmodes and represents a generalized descrip-
Waldschmidt and WiesbedR004). tion of antenna covariance in terms of a spherical mode ex-

pansion.

Fig. 2. Two-element antenna configuration in free space with
antennasg and;.

2
RI,] nj

o, = ol = =k )  rRyj=kY 3 Y T (20)
0°0;

ni=0m;=0n;=0m;=0

ficient op and complex correlation coefficiept; as given . . 00
in Eq. (17) between antenna elemeritaind j will be con- +(XPRbmy 2 by + b”imi"”b”jmjsw) Iniminym,

sidered. The power correlation therefore depends on the co- # * eo

variancer; ; between the two antenna elements and the vari- + (XPRa”imi’ﬁb”jmiﬁ + a”imi"/’bnjmjv‘ﬂ) Ioim, njm

ancess” andoy’ that are detected at the respective diversity (XPRbnimi,ﬂa:jmj,ﬂ + bnimi,‘ﬂa;kljmj,(p) 1% )

branches. Figur@ depicts the corresponding configuration

of a two-element antenna in receive mode. The distance vecAs can be seen in2(), covariance computation requires a
tor rjj accounts for the spatial separation of antennasd  fourfold summation of 2-D coupling integravﬁ}%i‘?]j"mj that

Jj. As shown inLeifer (2002 the spatial separation between are weighed by the respective expansion coefficients. There-
the antenna elements results in a receive gain due to spatifbre an evaluation of Eq20) might become quite time con-
diversity. The direction of plane waves impinging at a direc- suming with the advantage to derive an analytical formu-
tion Bnc andyinc are represented in terms kof lation of the correlation properties in multielement antenna
Provided an antenna far field representation that may be dezonfigurations. The coupling integrals are given in terms of
composed into &- andy dependent fraction which are given a product of two normalized spherical harmonigs, (9, ¢)

. . * * ee
Subsequently, the relation between power correlation coef- <XPRanimi,z9anjm,~,0 +animi,<panjm,-,¢) Inminym,
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Fig. 3. Configuration of two parallel orientetl/2 dipoles with a
relative displacement ef along thex-axis.
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with the angular distribution of incoming wavess , (9, ¢)
as shown in Eq.21).

norm. distance d/A

27 pm Fig. 4. Power correlation of isolated- and coupled dipole antennas
Ir?i’,%i%jomj = /0 /0 Yr%,%i ¥, 9) er;’,%j ¥, 9) (21) for an angular spread of,=10°.

eI*rii py (9, @) sinvddde .
Section5.2 provides the results for the coupling-case of the

Using the orthogonality relation as Merner and Mittra :
dipole array.

(2000 for spherical harmonics, Eq2Q) may be simplified
with respect to a certain symmetry of the AOA distribution
Po,e (9, ¢) and the antenna array topology.

Applying the spherical wave expansion to the general for-
mulation of variances as in EqLY) for antenna element,
v=1,2 yields:

5.1 Analysis of isolated Dipoles

In terms of a configuration of identical isolated antenna ele-
ments, the representation for the total radiation pattern can
be simplified with respect to the appropriate array factor

2npm 00 My G (9, @) of the antenna configuration. Therefore the compu-
o f = K/ / {XPR Z Z an,m,, s Yr?umu (22) tation of antenna correlation simplifying requires the spher-
0.0 n,=0m,=0 ical mode expansion of the radiation fields of the isolated
5 0o my antenna element that is identical for all elements within the
+bnvmv,r?Yr?vmv| + Z Z anvm\,,tpyﬁ‘,mu arrangement. The consideration of an array of identical iso-
ny=0m,=0 lated antenna elements therefore leads to an effective reduc-
+bnumu,<pYr?Um |2} Po.p (0, @) sinddddy . tion of the c.omputational resources .for cqrrelation analysis.
Y For convenience, the AOA distribution will be restricted to

thexy-plane and hence be given in terms of a Laplacian dis-
5 Analysis of Two-Element Dipole Array tribution as inSvantessoif2002 that is properly described

by a mean valuen, and the respective spreag. All sim-
The correlation analysis of an arrangement of two parallelulations are performed using a mean valuemg=90° us-
oriented, resonant/2 dipoles in free space depicted in F&y.  ing the coordinate system depicted in F3g.Three different
will be accomplished in this section. In order to compare values of angular spreas, are considered. Figuré de-
the results from the customary computation of antenna corpicts antenna power correlation coefficient with respect to
relation by an evaluation of the twofold Riemann sum in the normalized interelement distandg\. and a narrow an-
Egs. (18 and (9) with the method based upon a spheri- gular spread,=10°. In order to address to the influences of
cal mode expansion of antenna radiation patterns as giveelectromagnetic coupling on antenna correlation, the dashed
in Sect.4 the patterns are evaluated in terms of a sphericalines in Fig.4 represent the correlation coefficient in terms
mode expansion delimited hy. In terms of the correlation  of coupled dipole antennas derived from the customary eval-
analysis of the two-element dipole configuration two differ- uation of Eqgs. 18) and (L9). The results derived from a
ent cases have to be considered. The first case assumes batpherical wave expansion of the radiation pattern of the iso-
dipole antennas isolated from each other, so that the effect dated dipole antennas are given as circles. The series repre-
electromagnetic interaction is neglected by definition. Thesentation in (Eql2) is restricted with respect t&v=2 lead-
assumption justifies a modification of the field expansion ap-ing to a maximum of 12 complex vector coefficients in the
plying the array factor of the antenna configuration into thefield expansion. Comparing the processes of antenna cor-
correlation analysis. The results of this study are summarelation for the uncoupled arrangement and the case of an
rized in Sect5.1 In the second approach electromagnetic electromagnetically coupled antenna configuration, interele-
coupling between the dipole antennas is taken into accountment coupling leads to a decrease of antenna correlation for
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Fig. 5. Power correlation of isolated- and coupled dipole antennasFig. 6. Power correlation of coupled dipole antennas for an angular
in terms of equally distributed AOAs in the horizontal plane. spread ob,=10" and different degrees of SME.

all interelement coupling distances. This observation is incorrelation analysis with respect to the SME of the radiation

accordance t@sunekawa and Kagoshinfz990 as well as  fields for N=2 again reveals a good agreement to the custom-
Leifer (2009. The degradation of antenna correlation is due ary computation technique.

to the effect of pattern diversity that can only be contributed

of an arrangement of electromagnetically coupled antenna el5.2  Analysis of coupled Dipoles

ements. Antenna correlation of the electromagnetically de-

coupled dipole antennas is restricted to the occurrence oFrom Sect5.1it can be concluded, that mutual coupling be-
spatial diversity due to antenna separatign The results  tween adjacent elements within a multielement antenna ar-
for the correlation analysis based upon the spherical modeangement may result in an improvement of diversity perfor-
expansion of the radiation field matches very well with the mance. This increase of diversity gain is a result of a degra-
results derived from customary correlation analysis, unlesslation of antenna radiation patterns losing their axial symme-
only 12 vector coefficients are involved in the field expan- try. Therefore the convergence of antenna radiation pattern
sion. This may be explained in terms of the convergence cri-analysis is influenced by the appearance of mutual coupling
terion given byNarasimhan et al1985 that claims modal causing higher order modes in the field expansion. As a re-
indicesNmin=ka, with a=/2 with respect to the configura- sult, a larger number of vector expansion coefficients has to
tion of A/2-resonant, uncoupled dipole antennas. Thereforebe taken into account to guarantee an accurate approximation
the convergence criterion requires integer indiced gf,=2. of antenna radiation behavior.

It has to be clarified, that the processes of antenna correlatiomhis effect can be derived from Fi@. that shows the re-
derived from the customary numerical analysis of Eif) ( sults of antenna correlation for an angular spreas},ef10°.
using Egs. 18) and (L9) may only be considered to be ap- The computation of interelement antenna correlation is based
proximative solutions. As a result of numerical simulation upon field expansions dealing with summation limits\ef2
applying the FEM, antenna far field representation may notand N=5 in accordance with Eq1p). The differences in

be given in terms of an analytical formulation. The results simulation results between the customary computation tech-
were obtained by applying an equiangular grid on the far fieldnique by sampling the far field sphere and the series expan-
sphere, where the radiation fields were calculated. Throughsion in terms of spherical harmonics are minimized with re-
out this paper equal grid distances in the directions of az-spect to an increase &f. This is due to the violation of the
imuth and elevationj¢p=3° and A% =3° were applied. convergence criteriomin=ka for low degrees of the field
Figure 5 considers the case of an equal angle of arrivalexpansion. With an increase of the normalized interelement
distribution in thexy-plane. Neglecting the effects of in- distanced /A of the coupled dipole configuration, the effec-
terelement coupling between the dipole antennas, the obtive antenna aperture increases. Therefore an enhanced num-
served antenna correlation corresponds to the well knowrber of spherical modes has to be taken into account, to ensure
result for the power correlation dbkeq1974 between an-  sufficient field accuracy. E.g. for a given interelement spac-
tennasi and j using the Bessel function of. @rder, with  ing of d/A=1.5, modal indices of degr&¥émnin=4 should be
,omzjg(k d). As observed from Figd mutual coupling be-  considered in the field approach.

tween adjacent antenna elements also leads to a decreaseFfure 7 represents the results of antenna correlation for an
power correlation (e.g. Fidgh) due to pattern diversity gain, equally distributed AOA in the horizontal plane. As ex-
especially for small antenna displacements. The results opected the results show the same bias. Due to the increase
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_ _ _ _ antenna array, the azimuthal dependence of AOA is modeled
Fig. 7. Power correlation of coupled dipole antennas in terms of using a Laplacian distribution. In terms of the elevational
equally distributed AOAs in the horizontal plane and different de- dependence, a Gauss distribution is assumed in accordance
grees of SME. with Waldschmidt and Wiesbe¢R004. Mean value and an-

gular spread in the elevation are givermags=45", oy=15".

f effecti ; " dthe d dati £ ant The Laplace distribution is determined by a mean value of
of effective antenna aperture and the degradation of an enn"%wzloo and a spread af,—20°.

radiation behavior from the axial symmetry of the isolated
dipole antenna, a larger series limitis required to account
for a sufficient approximation of antenna radiation fields.
With an increase of the number of vector expansion coeffi-
cients in Eq. 12) the curves of antenna correlation tend to
converge.

Figure 9 shows the result of power correlation coefficient
ppr,, in terms of polarization diversity performance with
equal mean branch power in each polarization component
(x-polarization ory-pol.) in the specified frequency range
from 1 GHz to 6 GHz. Due to the high degree of cross po-
larization discrimination of each pair of opposite antenna
arms, a low degree of power correlation can be observed
. in the entire frequency range of operatiopp always re-
6 Analysis of Frequency-Independent Planar Antennas  mains below Q2. The results of an ordinary computation

) o of power correlation are compared to the results of a spher-
Compact multimode antennas as the biconical antenn_a thatal mode expansion\(=5) for the trapezoid antenna lead-
has been reported §vantessol2002) or the planar multi- g 10 3 good agreement. The low degree of correlation can
terminal spiral- and sinuous antennas reportedld- e jystified by using the results derived from spherical an-
schmidt and Wiesbec004 seem to be promising for the  {enna near field measurement at the distinct frequency posi-
mtegratlon in MI_MO transmission systems Wlth a combln_a- tions f1=1.8 GHz, f,=2.45 GHz andf3;=5.85 GHz. Based
tion of polarization-, pattern- and modal diversity. In this ,50n the measurement results with an angular resolution of
section the four-arm log.-per. trapezoid antenna, that was rege in - and o-direction the power correlation coefficient
ported byKlemp et al.(20043 and a miniaturized derivative |y computed using the twofold Riemann approximation of
of this antenna type, the radial modulated four-arm Iog.-per.EqS_ (L7) to (19). As for the miniaturized derivative of the
trapezoid antenna reported Byemp et al.(20040 will be  ¢5yr.arm trapezoid antenna depicted in Figb, 10 repre-
analyzed with respect to their property of polarization diver- sens the results of power correlation against operating fre-
sity. The antennas adhere to the principle of self-complemenauency_ Results derived from an approach of Ef) py
and therefore provide large operational bandwidths. BOthtaking the equivalent Riemann sums of Eqt8)(and (L9)
antenna types are depicted in F&. The ability of a good 55 \ell as the evaluation of power correlation by spherical
polarization diversity behavior is based on the degenerationy,qqe expansion of the individual radiation patterns yield a
of twq spatially orthogon_al eigenfield distributions, t_hat are good agreement. Numerical data of power correlation can be
supplied by the symmetrical four-arm antennas in Bign  yerified very well by results from spherical near field mea-
the ideal case the four arms of the log.-per. antenna strucsyrement of the miniaturized trapezoid antennas at the re-

tures can be decomposed into two orthogonal arm pairs thaépective frequency position to f3 as shown in Figl0.
represent two decoupled transmit channels with orthogonal

linear polarization leading to uncorrelated output voltages at

the feeding bridge of the antenna structure. 7 Conclusions

For the evaluation of polarization diversity performance a

2-D probability distribution of the angle of arrival is pre- In this paper, a generalized approach for the computation of
sumed. In analogy to the receive diversity case of the dipolepower correlation in multielement antenna arrangements was
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Fig. 9. Power correlation for log.-per. trapezoid antenna. Simula- Fig. 10. Power correlation for miniaturized log.-per. trapezoid an-
tion and measurement results. tenna. Simulation and measurement results.

o ) The self-complementary log.-per. four-arm trapezoid anten-
presented, which is based upon the expansion of antenngas may be considered for an implementation in a transmis-
radiation fields in terms of spherical harmonics. Thereforegjgn system with wideband polarization diversity reception
antenna radiation behavior was considered in receive-modeyng seem promising for the integration in MIMO transmis-
The spatial properties of a multipath propagation scenarigjgp, systems with multimode operation due to the multi-port

were modeled using 2-D probability density distributions. In antenna concept and low correlations between the different
terms of a finite series representation of antenna radiatio'bperational modes.

fields, an analytical investigation of antenna correlation prop-

erties can be accomplished. An analytical formulation of an-
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