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Computation of antenna pattern correlation and MIMO
performance by means of surface current distribution and
spherical wave theory
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Abstract. In order to satisfy the stringent demand for an sideration. Based upon a suitable statistical model to in-
accurate prediction of MIMO channel capacity and diver- clude for the spatial properties of a multipath propagation
sity performance in wireless communications, more effec-scenario as given idakes(1974, a closed form represen-
tive and suitable models that account for real antenna raditation for antenna correlation may be derived as shown in
ation behavior have to be taken into account. One of theleifer (2002 andKlemp and Eu(2005. This representation
main challenges is the accurate modeling of antenna correlasf antenna correlation may be directly related to the compu-
tion that is directly related to the amount of channel capacitytation of MIMO channel capacity as for the description of
or diversity gain which might be achieved in multi element MIMO communication systems employing a certain number
antenna configurations. Therefore spherical wave theory irof antenna elements at the transmitter and at the receiver.

electromagnetics is a well known technique to express an- The computational models will be evaluated considering
tenna far fields by means of a compact field expansion withsymmetrical planar, logarithmically-periodic four-arm an-

a reduced number of unknowns that was recently applied tqennas of different geometrical shapes that were designated
derive an analytical approach in the computation of antenngor proadband operations in the frequency range between
pattern correlation. In this paper we present a novel and ef1 g GHz and 680 GHz as inklemp et al.(2005. The antenna
ficient computational technique to determine antenna patterilements taken into consideration provide four symmetrical
correlation based on the evaluation of the surface current disshaped and metalized antenna arms. Each adjacent pair of
tribution by means of a spherical mode expansion. antenna arms represents one transmit- or receive branch of
a MIMO-antenna system providing dual-linear polarization

if fed with an opposite phase relation. Surface currents will
be determined from appropriate computer models applying
a conventional field simulator based on the finite-element-

In this article the analysis of the multiple-input multiple- mthod (FEM). Applying simplified stoqhastic models of thg
output (MIMO) transmission behavior of antenna modulesrad'o channel that account for the spatio-temporal properties

will be evaluated based upon an expansion of antenna surfacc?-:‘f _multlpath fading, we will exte_nd our studies to the compu-
current distribution represented by a series expansion involyation of MI_MO channel capacities furthermore. The results_
ing spherical eigenmodes as $tratton(1941) and Werner of the applied cur.rent—based approach as W?" as the s_pherl-
and Mittra(2000. The latter mathematical description yields cal que expansion of the surface current distribution is ac-
a representation of antenna radiation patterns with a reduce‘c‘il‘ompl'Shed according tArmbrech.t et 6."'(2006 and com-
order and therefore provides the advantage of an analyticaﬁ’ared to the standard methods giverTaga(1990 using a

approach in the description of multielement antenna transpun&encal |nteg|rat|0n in tge fa(; f|eldhdoma|r|1 of ';he consid-
mission parameters. Therefore we present a modified teche'ed antenna elements. Based on the results of convergence

nique of spherical mode expansion asthen et al(1992) studies we will show the agreement between the different

based upon a computation of vector expansion coefficients 0|pwethods; for the computation of antenna pattern correlation

the field approach that were directly derived by the surface-and MIMO channel capacity. The presented analysis estab-

current distribution on the antenna elements taken into conl'_Shes an explicit separation between antenna related proper-

ties and channel dependent quantities and could be therefore
Correspondence td. Klemp (klemp@hft.uni-hannover.de) favorably applied to an optimization of antenna correlation
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34 O. Klemp et al.: MIMO performance by means of surface current distribution

exploiting spatial diversity concepts, polarization diverse air
interfaces provide independent branches for signal reception
with a much smaller spatial extent.

In this paper, the planar, log.-per. four-arm trapezoid an-
tenna as irklemp et al.(2009 is used in order to demon-
strate its capabilities as a compact polarization-diverse an-
tenna element for MIMO communications based on an eigen-
mode characterization of its surface current distribution. Two
different geometrical types of the trapezoid antenna will be
investigated according to Fig- Referring toKlemp et al.
(2005 the trapezoid antennas taken into consideration are
given by M =1 and M =5 periods of the trapezoidal unit
cell that provides a trapezoidal slew rate of 50%.

The outer radii of the antenna elements amount to

or MIMO capacity. Based on the field expansion in terms of 7o = 50 mm and the antenna radiation behavior will be eval-
spherical eigenmodes, an investigation of the modal contriHated in free-space.
butions to the overall antenna correlation can be performed In order to derive a compact representation of antenna ra-
additionally. In particular the analysis can be used to predictdiation behavior, the field quantities can be expanded by a
the MIMO performance of antenna elements in distinct chan-compact set of spherical eigenmodes whose weights are com-
nel scenarios by simply specifying their spectra of sphericalPuted from the appropriate current distribution on the an-
eigenmodes. tenna surface (e.@hen et al(1992). This field expansion
The article is organized as follows, Sezsummarizes the yields a distinct set of vector expansion coefficients that is
properties of self-complementary, four-arm, log.-per. planarsolely dependent on the excitation and the geometrical shape
antennas for applications with dual polarization. In S2ct. of the antennas taken into consideration. Therefore the spher-
we review the fundamental properties of the spherical moddcal mode expansion may yield a significant order reduction
expansion technique with respect to the electric- and magin the description of antenna radiation behavior that speeds
netic vector potential of a given elementary source distri-UP computations of field-related quantities as e.g. the compu-
bution and apply this approach to the surface current distation of antenna correlation and MIMO channel capacities.
tribution of the antenna elements taken into consideration!n Sect.2.1the results of the field expansion based on the
Section3 is used to introduce the basic principles of MIMO Surface current distribution are summarized.
transmission involving a channel structure based on the Kro-

necker model. Computing the modal representation of an2-1 Spherical mode spectra of log.-per. antenna elements

tennaradiation patterns as in S&.we derive an analytical Following th d f spherical d ion f
approach for antenna power correlation based on the surface?' OWING the procedure ot spherical mode expansion for

currents on the interactive antenna elements. The presenté)danar' log.-per. antenna elements based on its surface cur-

analysis is adopted to the computation of MIMO channel ca—[.e nt d|str|but|_on afhgwen b?(rmbfrecﬂt et aII(ZQOG, thﬁ se;;— th
pacity in Sect4 for dual-polarized log.-per. planar four-arm lon summarizes Ihe spectra of spherical elgenmodes for the

antennas on each side of the communication link. Se&ion log.-per. trape_:zmd a_ntennas willh =.1 an_dM =5 periods
concludes this article. of the trapezoidal unit cell as shown in Fi.

As an example, Fig2 shows the normalized SME coeffi-

cients at a simulation frequency of 3GHz. The normaliza-

2 Antennas for broadband polarization diverse tion is performed with respect to the absolute value of the
transmission expansion coefficient of degree=0 and order: =0, aqo,

which yields normalized weightéa,, || / ||aool| in terms of
Logarithmically-periodic antenna elements may theoreti-expansion coefficients related to even spherical harmonics
cally provide frequency independent transmission characterY;,, (¢, ¢) and ||Qnm || / ||¢_loo|| for expansion coefficients of
istics OuHamel and Isbell1957 Rumsey 1957 if they ad-  odd spherical harmonidg’,, (¥, ¢) (seeStratton 19417).
here to the principle of self-complement. Designed as a pla- As can be seen from the decaying behavior of modal con-
nar logarithmically-periodic four-arm antenna element it of- tributions with increasing degree and order of the harmon-
fers dual linear polarization as shown in eljemp et al.  ics, it becomes feasible to limit the number of modes in the
(2005. Dual linear operation results from the odd-phase ex-field expansion with respect to a finite valtye Therefore it
citation of each of the two pairs of adjacent antenna armsis advantageous to conduct a radiation pattern expansion by
Antenna elements of that kind can be applied in a broadbandpherical eigenmodes because the derived set of expansion
antenna system for MIMO operations using dual orthogo-coefficients yields an approximative low-order characteriza-
nal polarizations. In comparison to antenna configurationgion of the radiation profile of the related antenna structure.

a) trapezoid antenna, M=1 b) trapezoid antenna, M=5

Fig. 1. Trapezoidal four-arm antenna elements wih=1 and
M =5 periods of the trapezoidal unit cell.
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Fig. 3. Model of the MIMO radio channel incorporatimj X anten-
nas at the TX-side amf*X antennas at the RX-side.

Fig. 2. Normalized coefficients of the spherical mode expansion
for trapezoid antenna® =1 andM =5 at 3 GHz. Sedrmbrecht
et al. (2009 for the appropriate enumeration of the abscissa.

H is the narrowband transmission matrix of the MIMO chan-
nel andn describes zero-mean additive white Gaussian noise
with a variance ofs2. The complex correlation coeffi-
cient between independent operational madasd j at the
transmitter- or at the receiver side is given in accordance with

3 Multiple-input multiple-output antenna systems ik
Taga(1990 for incident phase centers as:

Multiple-input multiple-output antenna systems may effi-

ciently exploit the spatial domain by parallel subchanneling piT,X,RX — Ij ) 2
employing decoupled transmit- and receive paths as shown ) /(;_TX,RX"’G,TX,RX2

in Foschini (1996, Yu and Otterster(2009. Due to the ! J

ability of transmitting simultaneous data streams incorporat-From Eq. @) antenna correlatiop' ***X depends on antenna
ing antenna arrays at both sides of the radio link, a great ] TX_RX ] .
increase of channel capacities in wireless communication§0Variancer; =" and the variances;’
may be achieved. The establishment of parallel subchannel&i.j ¢an be computed from the radiation patteth&), ¢) of

is a result of uncorrelated fading processes between individoPerational mode and operational modg, as follows:

ual transmission paths of the communication link and can 2npm

be a result of spatial-, pattern- or polarization diverse prop- R;,j = K/ / [Cﬁ,i (@, 9) C3j (. 9) ()
erties of the applied antenna elements. Depending on the 0J0

properties of the regarded multipath channel, the application + XPDC, ; (, ¢) C;,j (v, go)] Po.o (0, @) sindddde.

of dual-polarized antenna modules at the receiver and at the

transmitter is possible. Compared to MIMO techniques ex-In EQ. @), ps, (%, ¢) denotes a two-dimensional probabil-
ploiting spatial diversity concepts, using polarization-diverseity density function that accounts for the spatial property of

air interfaces leads to the design of compact transmission teloutgoing waves at the transmitter and impinging waves at the
minals with enhanced transmission capacity. receiver. The ratio of the mean incident power in vertical di-
Figure 3 shows the model of the considered wireless rection to the mean incident power in horizontal direction at
MIMO system incorporating log.-per. antenna elements onthe locations of receiver and transmitter is given by the cross-
both sides of the radio link. The four-arm antenna structureg®olarization discrimination XPD.** means conjugate oper-
provide orthogonal-polarized operational modes by feedingtion andk is a proportionality constant. Replacing j in
one of the two adjacent antenna arm pairs with an odd phasg9- @) yields the variances of the operational modasd,
relation. Using one antenna element with dual linear polar-aiTX’RX Lo R respectively.
ization at the transmit (TX) side and one antenna element The correlation values between any possible combination
with dual linear polarization at the receive (RX) side yields a of adjacent port-related antenna patterns at the TX- and at
(2 x 2-MIMO communication system. the RX-side will be combined to correlation matride$*
Given frequency flat signal vectors of the TX- and the RX andRRX (Kermoal et al.2002. Performing the Kronecker-
antenna arrayx andy, the channel matrix equation of the product between the correlation matricB3S ® RRX yields

RTX,RX

2 2
TXRXZ o5 TXRXE

corresponding frequency flat channel followig and Ot-
tersten(2002) is given as follows:

y:Hx+n. (1)

www.adv-radio-sci.net/4/33/2006/

the correlation properties of the channel maktinf the com-
munication link. In order to determine the theoretical chan-
nel capacity of the proposed MIMO radio link, Monte-Carlo
simulations are performed, involvingy = 5000 realizations
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of H. Initially, the elements oH are assumed to be uncorre- tenna radiation patterhincorporating a field expansion ma-
lated zero-mean complex Gaussian variables with a unit varitrix including vector expansion coefficiends, ,,,., b}, as
ance. The appropriate correlation values between the channdkerived from the surface current distribution of operational
coefficients are computed from matrix multiplication with modei and an additional matrix that accounts for coordinate
the correlation matriR™* @ RRX as shown ifkermoal etal.  transformation. The coordinate transform of the cartesian
(2002. components of the surface curredts(x’, y') andJ, (x', y')
Provided a uniform power allocation between the in- into spherical components is mandatory in order to apply the
dependent operational modes at the transmit antenna, theraunhofer approximation of the electromagnetic field (
ergodic MIMO channel capacity s given as a sum overand Leg 1988. For convenience, in Eq5), the upper in-

K subchannels: finite summation index of the spherical eigenfield decompo-
K p sition has to be replaced by a finite vali¥eleading to im-
C= Z log, (1 + Ak—;) . 4) pairments in the synthesized far-field representation. Those
k=1 9 impairments can be reduced by adhering to the convergence

In Eq. @), P« denotes the amount of power assigned to theCriteria for spherical wave expansions adiarasimhan et al.

kth subchannel anel? is the total noise power at the receiver. (1989. Therefore a sufficient degree of field approximation
Ak gives the eigenvalue of theth subchannel. is derived forN > ka, a denoting the radius of a sphere that

is completely enclosing the considered antennakaisdithe
3.1 SME-based computation of antenna pattern correlatiorscalar wave number.
Splitting the integral for covariance computati®y ; as
In order to simplify the computation of antenna pattern corre-given in Eq. 8) into two partsR”] and R*” that account for
lation and MIMO channel capacity which are directly related the contributions of antenna covariance in the direction of

to the radiation patterns of the involved antenna elements agndy and replacing (9, ¢) by the eigenfield decomposition
shown in Sect3, a spherical mode expansion of the surface as given in Eq.5), it follows:

current distribution will be accomplished. Due to the fact,
that the radiation patterns of each antenna element may b )

=K i
described by a distinct set of modal expansion coefﬂuents i.j Z Z Z Z S K

i=0m;=0n,;=0m =
this analysis is predestined to provide a deeper insight into R ==

, DA . DA
the radiation mechanisms that cause high values of pattern ;?’;144}1 . ;?l;th'm‘
correlation and low channel capacities. Furthermore it will I | coml®’
. . e ) T M; +T €o,
become possible to optimize delimiting antenna geometries nimi.njm; nimj, ny,m,
. . . . . v, P
with respect to certain cost functions of related transmission ceMs “"m _ ;fUmMi “"m
parameters that take into account the real antenna radiation B ' 7’ /
behavior oe.M; 00. My
. nim;,nim; nim;,nim;
As shown inArmbrecht et al.(2006, antenna radiation L oe 10’& I’WQQI j L oo 10’0’ 1’%,’«; j ©
patternsC (¢, ¢) of an arbitrary antenna geometry can be ex- i i '
pressed by an expansion of the current distribution on the re- oe, M3’ 00, M3’

. nimi,njm_/- n,-m,-,njm_/-
spective antenna geometry by means of an orthogonal set of

spherical basis functions as shown in E5). The subsequent In Eq. @), Ieyoe’O’Mg With v=i, j, u=i, j and
analysis is based on planar antenna geometries, whose mel-_; 7 73 d;ﬁg{énlé:ngapling integrafs between o spher-
alization surfaces are located in parallel to theplane of

: dinat ‘ Surt ¢ distributi ical harmomch ; (9, 9) in a distinct channel scenario
a cartesian coordinate system. Surface current distribu |ons (p(ﬁ o), we|ghed by a field-point dependent factor

J (X y) = [ (x'.y'). Iy (x', )] (wherex” andy’ indi- 7 (9, 0 as follows:
cate the cartesian coordinates of the source region) are de- M;
rived using a conventional full-wave simulator based on the e,0e,0,M} 5
finite-element-method (FEM). Assuming far-field conditions Tnym,. MMy / o/ { M%) @, ¢) } (7)
of the electromagnetic field, the spherical mode expansion of | ;* E’;v”nilmﬂ s=0 | Mz (0. ¢)

the surface current distribution yields: YO (9,9) YO (9, 9) po.y (9, 9)sing dd dg.

nim; njm;

[gwi } —Jjkn Z Z [CO_SZ;OS(/) CO(S;?) Sm(p] The antenna-dependent scaling facifg T¢?, T?¢ andT?°
! n=0m= ¢ % in Eq. 6) are given entirely with respect to the field expan-
X0 X e sion coefficients:
[“”’”‘ ;’;:’“} i o] ©) o
aiims bivim | L Vi 09 @iy
In Eq. ), spherical harmonic¥y,, (¥, ¢) and Yy, (9, ¢) T = Qﬁ,m,%yz,m, +_z17, ,an_}{nj , ®)
are mapped to the spherical componetfits;, C,,; of an- c_lﬁiﬁn c_l,{ ,’ﬂj
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B ax,i x, j*
imi = jm . 0.30 T T T T
) N X, . H H
T = Qﬁimi%.imj +l_71¥,5m,-5_ln.',"l/ozj ) r | —O— conventional FEM ‘ ‘
i " 025F1 == SME,N=3 | Qureiiunicecce
L Qnim;Dnjm _ SME. N = 4
- i xt - N I — : z 3
’ 2 [N . H . .
by Gjmy 020
oe __ y ¥, X, -2 giro
T =1 by @njm; + bnim; @nm, (10) E /N
Pl gV B 0.5 o N n
L Dnim;Gn jm - S s \ \ 1 WY
and 8 I S e, AN
X,i bx-,j* T é 010 : 7 \
—*nimi—njm]_' . 0.05 : ‘ 72 N _
00 __ X y Vi X, 05 | SRR e 2 T
T - Qn,-m,-énjmj +1—)’_’imil—)njmj (11)
V.l v, I : : : :
L énimiénjmj . 0.00 L 1 L 1 L 1
1 2 3 4 5 6

The field-point dependent factomg (¢, ) related to the -
component of the antenna radiation pattern can be computed

frequency in GHz

from: Fig. 4. Power correlation between orthogonal operational modes
for trapezoid antennaf = 1.
MY (9, @) cog ¥ cog )
MY (9, ¢) + = { cof ¥ cosy sing (12) o _
2 k]
Mg ®, ¢) o2 9 Sirt ¢ polarization. Figuret shows the results for antenna power

The scaling factorsMg’ (¢, ¢) that are related to the-
component of” (%, ¢) yield:

correlationpp evaluated by the standard approach involving
electric far-fields derived by methods of FEM (see B)) (
and a spherical mode expansion of the surface-current dis-
tribution. Results are shown in the predestined frequency

Mf 0, @) Sirt ¢ range of the antenna elements between 1 GHz and 6 GHz.
Mz‘” (W, ¢) t =4 —COSpSINg (13) Increasing the order of the field approach ameliorates the fit
Mé” W, @) cos ¢ between the two computational approaches (FEM and SME)

as can be seen from Fig. Therefore including a maximum
As can be seen from EcG), a complete separation between orgery = 4 seems adequate for the trapezoid antevinal
antenna- and channel dependent quantities is achieved. It ig 4 is depicted in Figla. Due to the imperfect polarization
also an important advantage that the values of the coupIingjecwp"ng between the two operational modes of this an-
integrals in Eq. ) remain fixed within a distinct channel sce- tgnna elemenipp yields a peak at the frequency of 4.3 GHz
nario py., (9, ¢). Due to the fact that antenna radiation be- anq a local maximum at the upper frequency of 6 GHz of the
havior is characterized in terms of an SME by its vector field ;onsidered frequency range. According to the trapezoid an-

expansion coefficients’ ~andb’  , the effect of chang-

—nim; njm;?

tenna includingy =5 periods of the trapezoidal unit cell as

ing the antenna topology or geometry of single antenna e|edepicted in Fig.1b, the results of power correlatigrp are
ments within the considered channel scenario can be easilynown in Fig.5. Due to excellent polarization decoupling

obtained from Eq.§).

3.2 Correlation properties of log.-per.
four-arm antennas

In this section the correlation properties of log.-per. an-

tenna elements at the transmitter or at the receiver are in-

between the two pairs of adjacent antenna arms for this an-
tenna element, power correlation remains belodd8 in the
entire frequency range. Despite those low numerical values
for pp the results derived by spherical eigenfield decomposi-
tion of the surface current distribution including a maximum
expansion degre¥ = 3 are in an excellent agreement.

vestigated. The analysis is accomplished using the novel ap-
proach for the computation of power correlation as derived ing ~ Analysis of MIMO antenna performance

Sect.3.1based on the SME expansion of the surface curren

t by means of SME

distributions of the related antenna elements. Results were

computed in terms of a two-dimensional probability density
Po,e (9, @) applying a Laplacian dependence in azimyth
and a Gaussian dependence in elevation accordance to
Taga(1990 featuring mean values, = 90°, my = 90° and
angular spreads, = 10°, oy = 10°.

Antenna power correlation is computed between the vec
tor antenna radiation patter@$ ; (%, ¢) related to the opera-
tional modes and; of the antenna element with dual linear

www.adv-radio-sci.net/4/33/2006/

Following the stochastic model given in Segfor a (2 x 2)-
MIMO antenna configuration using identical trapezoid an-
tenna elements with dual-linear polarization at the transmit-
ter and at the receiver, the ergodic channel capacities were
computed from Eq.4). In order to evaluate the applicability

-of the spherical wave approach as given in Sédtin terms

of MIMO transmission performance, the results for transmis-
sion capacity were plotted for the spherical wave approach

Adv. Radio Sci., 4, 332006
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Fig. 5. Power correlation between orthogonal operational modes

for trapezoid antennaf 5. Fig. 6. CDF of MIMO channel capacity fa¥/ = 1 antenna at 3 GHz

derived from FEM computations and SME,= 3.

in comparison to the conventional, FEM-based results. The ¢
results in this section are limited to a maximum degree of
N = 3 for the spherical wave expansion.

Figures6 and 7 show the results for MIMO channel ca-
pacity in terms of cumulative distribution functions (CDFs)
of the outage capacity in big/Hz for the trapezoid an-
tennaM =1. At 3GHz, the results of conventional FEM-
based computation and spherical mode expansion are in
very good agreement, as can be seen from Big.Re-
garding the sum capacity for th x 2)-MIMO transmis-
sion link, both computational techniques consistently yield =
a 10%-outage capacity of 10.45 bit/s/Hz. At a simulation
frequency of 6 GHz, where slight deviations between the T 5 20
two computational techniques were reported in terms of an- capacity in bit/s/Hz
tenna power correlationp (see Fig4), the results for con-
ventional computed channel capacity and channel capacityig. 7. CDF of MIMO channel capacity fab/ = 1 antenna at 6 GHz
as derived by means of SMB&V(=3) are not in an excel- derived from FEM computations and SME,= 3.
lent agreement. Following the values for the 10%-outages
of the channel capacity, spherical mode expansion exhibits
a slight overestimation of the channel capacity resulting inand in Fig.9 for a simulation frequency of 6 GHz, respec-
C1om6GHz= 10.4 bit/s/Hz. Conventional, FEM-based com- tively. As already shown for the trapezoid antenva=1,
putations yield a value of 10.2 bit/s/Hz. Especially the CDF frequency variation of the ergodic channel capacity is found
for the weaker channel of the transmission link can not beto be very low. The approximations of the CDFs for the chan-
approximated very well by means of SME. This result is duenel capacities based on the SME of the surface current distri-
to the small contributions of this spatial subchannel to thebutions are in a very close agreement to the results as derived
overall capacity of the MIMO link, where impairments in the from the conventional FEM-based computations. As shown
field-representations due to an inadequate degree of modah Fig. 8, at 3 GHz, the 10%-outage capacity based on FEM-
field expansion become visible first. results indicates a value of 10.5 bit/s/Hz that is in exact agree-

This result is in a close agreement to the values for an-ment with the results based on the spherical mode expansion
tenna power correlation at 6 GHz as shown in Bigln this (N =3). At a simulation frequency of 6 GHz FEM-based
case, SME vyields a power correlation a®® whereas con- computations yield a value of 10.5 bit/s/Hz for the 10%-
ventional, FEM-based computations leadst=0.28. As  outage capacity that is in a good agreement to the result for
can be seen from these results, frequency variation of the eiSME-based computations that yields a value of 10.4 bit/s/Hz.

og,( P(c#Pacity<abscissa) )

conventional FEM
- = -SME,N=3

godic channel capacity is extremely low. Due to the approximation of Rayleigh distributed signal fad-
The results for using trapezoid antennas with=5 pe-  ing by a finite occurrence of 5000 channel realizations as
riods of the trapezoidal unit cell (see Fith) in a (2 x 2)- shown in Sect3 this result remains within computational ex-

MIMO communication link are depicted in Fi@.at 3GHz  actness of the applied model of the radio channel.
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