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On Uplink CDMA Cell Capacity: Mutual Coupling
and Scattering Effects on Beamforming

Alexander M. Wyglinski Student Member, IEEEBNd Steven D. BlostejiSenior Member, IEEE

Abstract—t has been shown that code-division multiple-access forming under more realistic signal propagation assumptions. In
(CDMA) systems that employ digital beamforming and base-sta- particular, we develop a general method to analyze system per-
tion antenna arrays have the potential to significantly increase ¢, rmance taking into account mutual electromagnetic coupling
capacity. Therefore, accurate performance prediction of such . .
systems is important. We propose to take the electromagnetic C?f antenna array elem_ems' scattering due to multipath prop_aga—
behavior of the base-station antenna array into account, as tion, and the effect of ImperfeCtly pOWer'Controlled cell traffic.
well as its impact on wireless channel propagation. Specifically, Rather than treat each of these effects separately, we demon-

the wide-band channel introduces scattering, while the mobile strate their combined interaction and effects on multiaccess in-
environment causes Doppler fading, which in turn degrades terference (MAI) reduction

power controllability. We develop a more accurate performance Mutual i ffects f t h b
analysis of antenna arrays, where the performance degradation in utual coupling efiects from an antenna array have been

digital beamforming due to the combination of mutual coupling, classically evaluated using aM-port network representation
scatter, and imperfect power control and its impact on uplink [5]—[8], whereN-port circuit parameters form the elements of a

CDMA system capacity is quantified. In this analysis, a Rayleigh mutual impedance matrix. For dipole antennas containing par-
;dc;n%g;mﬁl:r?es\il\g/;l;ha:{?grl\r;?szn?fti-gf_k?égﬁosrﬂ%d 1; ;3‘:‘]‘;;“2% allel thin elements, analytically tractable expressions can be ob-
used. These weights are further correlated with mutual coupling tained. To take '”tP apcqunt finite m?tal th'Ckn.esseS and more
at the base-station array. Despite the degradation due to the accurate current distributions, numerical techniques can be em-
combination of mutual coupling, scattering, and imperfect power ployed. Three methods for determining mutual impedances are
control, significant capacity increases are possible. employed and compared in this paper.

Index Terms—Antenna arrays, code-division multiple access  Recently, mutual coupling analysis has been extended to
(CDMA), mutual coupling, power control, scatter, smartantennas. peam-pattern synthesis [9]. A simplified mutual coupling
analysis [10] has been applied to determining the sensitivity
of coherent binary phase-shift keying transmission using
beamforming in fading channels with scatter [11]-[13]. The
O NE OF the significant challenges in enhancing thgytual coupling analysis of [12] and [13], in particular their

performance of next-generation communication systerggpression for the mutual impedance they obtained from [10], is
involves making maximum use of limited spectrum whilgestricted to parallel side-by-side antennas of equal length and
allowing for flexible multiple access. While code-divisiongqq multiples of half the wavelength. The impact of antenna
multiple access (CDMA) possesses a number of advantag@gcing, angle spread, and spatial correlation on single-user bit
for multiple access, its spectral efficiency is modest. Capaciyror rate performance was assessed.
analysis has been a subject of research for some time [1]The effects of scattering on plane wave propagation in an-
Recently, it has been proposed that greater frequency reysgha arrays may be conveniently quantified using a spatial dis-
can be ac_:hieved using muItipIe_ antenna arrays and C_jigib‘érsion parameter known amgle spreacand applied to de-
beamforming at cellular base stations. In fact, this scenario h@?mining second-order multichannel statistics [14]-[17]. How-
been analyzed previously, and significant uplink gains hawger, most of the techniques currently used for assessing the im-
been shown for both stream traffic capacity [2], [3] and Erlangact of scatter on CDMA system performance neglect the ef-
capacity [4]. fects of mutual coupling in the base-station antenna array. Ef-

The objective of this paper is to investigate the performanggcts of scattering on signal amplitude and phase were consid-
of CDMA systems employing antenna arrays and digital beamgreq separately and in the absence of mutual coupling [14]. In

[2], it was shown that the interelement antenna cross-correlation
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in conjunction with mutual coupling effects. In this paper, warray elements. This method is restricted to straight and par-
generalize the power-control analysis of [1] to the case of aallel elements in formation and does not account for the radii of
tenna arrays with mutual coupling and scattering. the wires and the gaps at the feeds. The advantage of induced
Recently, the effects of mutual coupling on multiple-inpuEMF is that it leads to closed-form solutions, which provide for
multiple-output (MIMO) system capacity were assessed in [13imple analysis. Following the approach of King [6], the ele-
By decreasing the amount of correlation between parallel chanents of the mutual impedance matfi], can be shown as in
nels, mutual coupling was shown to increase capacity. In tt{is) at the bottom of the page, where< m, n < N4 and where
paper, we consider the special case of a single transmit antenna.
In this single-channel case, MIMO capacity maximization re-

duces to that of signal-to-(noise plus interference) ratio (SINR) {tmn =30 cos(2rl)(Ci(uo) + Ci(vo) = 2Ci(u1)

maximization. In the following, we assess the impact of digital = 2Ci(v1) + 2Ci(kd)) + 30 sin(2k)(—Si(uo)
beamforming on increasing system capacity through increasing + Si(vo) + 28i(uy) — 2Si(v1))
uplink SINR. +30(=2Ci(u1) — 2Ci(v1) + 4Ci(kd))

This paper is organized as follows. Section Il analyzes mutual
coupling effects on beamforming through three alternative mu-
tual impedance matrix calculations. Section Il derives second- Xmn =30 cos(2l)(=Si(ug) — Si(vo) + 2Si(u1)
order multichannel statistics that combine the effects of mutual + 2Si(vy) — 25i(kd)) + 30sin(2kl)(—Ci(uo)
mpedance_and scattenng.dL.Je to multipath propagauon. Sec- + Cli(vo) + 2Ci(u1) — 2Ci(v1))
tion IV applies the new statistical model to uplink cell capacity . ) .
estimation, while Section V extends capacity analysis to imper- +30(2S%(u1) + 2Si(v1) — 4Si(kd))
fect power control with combined scattering and mutual cou-

(Vd?+ 42 - 20) vo = K(V d? + 412 + 2])

up =k(Vd?+12-1) vy = k(Vd2+12+1)

pling effects. Numerical results are presented in Section VI. Uy =
IIl. MUTUAL COUPLING EFFECTS w W
) ) sin(z)

To model the effects of mutual coupling, we employ a mu- Ci(u) " dx Si(u) = /0 de'
tual impedance matrix to characterize the interaction among '
antenna array components. We calculate elements of this rmias the horizontal distance between dipole antennaandn,
trix using the following three methods, in order of increasingis half the length of the dipole antenna, and= 27/ is the
accuracy and computational complexityduced electromotive wave number. Since the above expression only depends on in-
force (EMF),the method of momentsnd full-wave electro- terelement distances, arbitrary arrangements of array elements
magnetic numerical computation each method, aiv 4-el- can be considered. The matfi¥] can account for mutual cou-

ement antenna array is represented a&vaport network. For pling within beam-pattern synthesis by solving for the output
induced EMF,N = N4, while for the method of moments, o rrent via the matrix equatiqﬁ]*‘_/) — 7 ,whereV and T

N is an integer multiple ofV.4, i.e., each antenna array is subyye, respectively, the vectors of the voltages and currents along

divided into equal-length increments, each corresponding tQach antenna ar{@]~! is the matrix inverse ofZ]. Given an

port. Finally, in the case of full-wave electromagnetic numer- —

ical computation, the entire antenna, represented by a threel-%‘la-al voltage beam.pat.t erir, the output beampattern fav,

. . : . . - -antenna elements is given by

mensional (3-D) computer-aided design model, is subdivided

into N surface patches. In the following sections, we calculate

the associated circuit parameters, i.e., the driving-point imped-

ances, of each port. These impedances are organized into a mu- A(9) =

tual impedance matripZ] and then used in later sections for cell

capacity prediction. In summary, the three methods each has a

distinct approach to obtainind]. wherel,, is themth element of I andd is the desired angle of

arrival (AOA) for the beampattern.

A. Induced EMF To illustrate the effects of mutual coupling, let us refer to
Induced EMF is a classical method of computing the sdlfie two sample beampatterns from a four-element circular array

and mutual impedances of &f-port network representation of using A /2-dipole antennas shown in Fig. 1. The horizontal sep-

an antenna array [5], [6], [20]. Here, the Poynting vector, crasration distance between two adjacent antennas in the array is

ated from the electric and magnetic field, is integrated over tiegual toA/2 = 75 mm, while for two opposite antennas, it is

2

]VA .
D Infmeln €
m=1

Z {30 (0.5772 + In(2kl) — Ci(2kl)) + 730 (Si(2K1)) , m=n "
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Fig. 1. Beampattern of a four-element circular array with A©A5°. (a) No mutual coupling effects and (b) induced EMF method-generated mutual coupling
effects.

)\/\/5 = 106.1 mm. Furthermore, we are usint, = 1, for all b(n,m) :L e IkBm dl )
m, and ’ Aln Al, 4’ITRm
— p2+(z_zm,)2; m;én
wcos(&—m(ﬁ,—’;)) Rm—{ e = (6)
Oy = 3) ’
2sin (N—«) wherep is the horizontal distance between antennas containing

pointsn andm, a is the dipole antenna radius,is the wave
in (2). Finally, referring to Fig. 1, beampattern (b) includes thgumber,z,,, is the vertical distance between pointsand m,
effects of mutual coupling, generated using the induced EMFis the permeabilitye is the permittivity, AL, is the length of
method, while beampattern (a) does not. By observing thegg ,,t" incrementw is the frequency of operation (in radians

beampatterns, it can be stated that the mutual coupling eﬁeﬁgi second), and~ andn* denote the starting and terminating
can cause higher sidelobe levels and a broader main lobe. points of then!” increment, respectively.

To perform beampattern synthesis, numerical integration of
B. Method of Moments (5) is required. Again we obtail. = [Z]*li_/), where V

For greater accuracy, we may partition each antenna of th&, specifies a vector of the incremental voltages andpec-
array into equal-length segments and apply the method of Mfiss 4 vector of the incremental currents. If the antennas are
ments [7], [8]. We have found that using 15 segments per @knter-fed, only the increments corresponding to the centers of
ement gives a reasonable tradeoff between accuracy and cgm-

lexity. Using electromagnetic theory and assumin unidirec-e antennas will have a nonzero voltage. Upon obtain_lﬁg

P ' 9 g y Hming we perform beampattern synthesis by determining the far-zone
tional current flow, the current and charge densities are appr?x- P
. . . ield at a point; using [8]
imated by viewing the antenna array as filaments of current and

charge on the wire axis. Using the method in [7], an expression
for mutual impedance matrix elements< m, n < N is shown ke m
e * .
to be A, =H Iedkmicos€ii AL @)
=1

drr; 4
J

S o 1

Zmn :jquln : Almllj<n7m) + ~—['l/1<n+7m+> . . .
Jwe wherer; andr; are the radius vectors to the distant field and

—p(n~,mb) —p(nt,m7) +(n",m7)](4) source points, respectively, agg is the angle between them.
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Fig. 2. Beampattern of a four-element circular array with A©A5° and 3-D full-wave-generated mutual coupling effects.

The beampattern corresponding to the four-element circularA sample beampattern, generated using the IE3D software
array mentioned earlier reveals a pattern nearly identical to thp@ickage [21], is shown in Fig. 2. This beampattern is generated

obtained by the induced EMF method in Fig. 1. using the same four-element circular array setup used to create
the beampatterns in Fig. 1. Moreover, the antennas designed
C. Full-Wave Electromagnetic Numerical Computation with this software have a radius of 0.075 mm and a conductivity

f 4.9%x10° U/m. The operating environment is an air-filled
ion with no ground plane. Therefore, observing Fig. 2, the
ampattern has a broadened main beamwidth and increased
elobe levels when compared to beampattern (a) in Fig. 1, and
ﬂas similar to beampattern (b).

Full-wave electromagnetic humerical computation modef
both the electric current on a metallic structure and a magn
current representing the field distribution on a metallic aperturgtj
In this approach, we solve an integral equation derived usi
Green'’s functions and the method of moments. An element
the mutual impedance matri%], Z,.., is given as [21]

[ll. SCATTERING EFFECTS

z /{Z B Bl }ds+ / ds /{B G- Bayds' Scatter is_ a phenomenon associa_ted with multipgth propaga-
tion, occurring when signals from a single source arrive at a base
(8) station from several directions within an angular region after
where Z; is the surface impedance of the antenna incremeéing reflected by objects in the surrounding environment. This
with surfaceS, B,, () is a basis function, and (") is Green’s angular region, known as tlengle spreadyaries according to
function. In our analysis, we chose a typical value of 40 incrgne operating environment, from a few degrees in flat rural areas
ments per wavelength. To perform beampattern synthesis, {§&60 in indoor picocell environments [20], [22].
voltage vector is determined from an incident electric figld  |n this section, the derivation of the cross-correlation statis-
by evaluating tics for a multipath fading channel is generalized to include mu-
tual coupling effects. With these statistics, system cell capacity
= /{Ei(F) .gn}ds (9) incorporating scatter as well as mutual coupling can be deter-
mined.

Note that throughout the remainder of this paper, the mutual
and using (8), we again solve faf . It should be noted that the coupling effects used in the analysis will be modeled using the
differences among full-wave electromagnetic numerical coranalytically tractable induced EMF method rather than the other
putation formulations are based on the choice of basis functiams methods, without any appreciable loss in accuracy. This
B, () for the current distribution representation and Greenthoice is due to the similar beampatterns of Figs. 1 and 2 as
functionsé(ﬂﬂ). well as their similar capacity results [20].
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Fig. 3. Model used in our cross-correlation derivation.

A. Cross-Correlation Statistics By the principle of superposition, the total voltage produced

Derivations of spatiotemporal cross-correlation statistics §\}/lezli;ott)?/l ofn. plane waves at antennaandk is given, respec-

the multipath fading channel may be found in [12]-[15], [17];
and [22]. In particular, [12] and [13] extend these derivations " wd

to include the effects of mutual coupling as well as employed v = Z Or COS (“Jt 9+ D (9’%))
Nakagamim distributions to model the fading statistics of r=1

the channel. Nevertheless, the derivation in [12] and [13] is EAjLCOS (wh+03) (12)
restricted to a specific azimuthal angle-of-arrival distribution. _ " _ md 9 )
Moreover, the expressions for the mutual impedance used in vk ; fIr €08 (M T cos (B, )

[12] and [13] are only applicable to a specific array configu- = Ay cos (wt + ) (13)

ration and antenna length. In the following, such restrictions
are removed in our derivation of the cross-correlation statistigdch that the amplitudes and phases,. of each of the: wave-
where the effects of mutual coupling have been included. ~ fronts are distinct.

Assume that we have two identical antennas denotedad !N (12) and (13), it can be easily shown that the mean signal
k that are spaced a distanée@part receiving signals from the voltages at antennasandk are zero. Their mean-square signal
same source. Let the direction of th# wave form an angle Voltages are

6:x, with respect to a line passing through the two antennas. o
Suppose the" wave produces the voltages v =102 = 5 > a: (14)
r=1
wd where@ denotes expectation. Assuming thit A, ¥;, and
Vir =0y COS <wt + ¢+ o8 (Hikr)> (10) ¥, are mutually independent, the mean-square signal amplitude

d at antennas andk is
UVl =0y COS <wt + 1, — Y cos (@k,)) (12) A—LQ _ A_% _ 2@ (15)

on antennasandk, respectively, for a coplanar wave of angular Fora f:ontinuous proba}bility distributiop Of. waves, Fhe above
frequencyw and wavelengti. The phase delay of the rayis summation becomes an integral over a distributiof), i.e.,
represented by,., while the amplitude of the ray is defined - 5 2w

asa, (see Fig. 3). v} =0 = f(0)do. (16)
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To include the effects of mutual coupling, define a mutual Applying (16) to (20) and (21), we finally obtain
admittance matrixY'] = [Z]~!. Without loss of generality, we
will consider[Z] to be N 4-dimensional, corresponding to the
induced EMF method. A pair of antennasand k& then have
voltagesv; pme andvy, e, where

2
PR Ry, =2|Yii||Yiil f(0)cos (LYi; — LYy;)do
0

+ (|Yu|2 + |Kk|2)

2T

[vi,mc } _ { Vi e/2Y5 [Yig| €347 } |:'Ui ] [ f(®)cos <2ﬂl cos (a)) df (22)
Vk,me |ka| ejéYki |Ykk| e]'ZYM Vg 0 A
_ [ Bi. coswt + B;ssinwt ] (17) PRI, =— (|Yii|2 _ |Yik|2>
| Biecoswt + By sin wt 27 ord
f(f)sin (— oS (9)) df. (23)
where, for examplgY;,| and/Y;;. represent the magnitude and 0 A

phase of the mutual admittance between antenna elein@mts  To determine (22) and (23), we need to spedffy), the
k, respectively. probability density function (pdf) of the azimuth. This pdf
Since the phase anglés are assumed to be random and thdepends on the spatial channel model and is typically either
number of scattered wavesis assumed to be large, the centraaussian or Laplacian distributed [23], [24]. In the next section,
limit theorem may be invoked anli;., Bis, B., andBxs are  we employ a Gaussian angle of the arrival channel model that
distributed normally with zero mean. corresponds to a single cluster of scatterers as encountered in
To determine the joint probability distribution af; andA,, a narrow-band channel. This model has been verified by mea-
the second moment8?, B, By, Bi,, Bi.B;.. BisBj,, surements [25]-[27]. The narrow-band channel is consistent
B; B}, Bp.Bj,, Bi.Bf,, and By B} must be obtained. with the unresolvable multipath fading model considered in
Fortunately, we can simplify the resulting expressions usingis paper. We note that for the case of wider band CDMA with
the fact that the mutual admittance matrix is symmetric witkignificant multipath delay spread, a Laplacian model tends to
equal elements along its diagonal. After some tedious algelprare closely fit experimental data [28].
(see the Appendix ), we obtain

S B. Example: Gaussian Angle-of-Arrival Spatial Distribution
B =B} = B}.= B}, For a Gaussian angle-of-arrival (GAA) spatial channel model
[24], we have a Gaussian distributg(t) with mean angle-of-

. 2 NI
= (Wail” + Vil )i_}zr

i 2rd
+ Vil |Yik|1;a,n2 cos (T cos (ﬁikr)>
~cos (LY — LY)
=p, (18)
BicBis :Bk(‘Bks =0 (19)

Bichc :Bis Bks

=|Yz’i||Yki|Zafcos (LY3 — LY4;)

r=1

- (|Yn|2 + |Yik|2)

T, 2md
. E;CLTCOS (T cos (Hkr)>

=PR;R: (20)
BicBys = — BycBis
=— (Ival* = 1¥al*)
I 5. (2nd
. §;CLTSIH (T cos (91%)>
=PRI, (21)

arrival 6, and variancer4 , namely

1
f(9) = NoTT=A

Substitution into (22) and (23), after some manipulation, yields
the following approximations:

e~ (0=0) /205, (24)

PR, R, ~2|Yii||Yiilcos (LY — LY3i)
. (erf (27r — 9k> + erf (6—k>>
OA OA
+ (|Yn'|2 + |Y£k|2)
2d
(= (%)
- 2rd 2
+2m221 Jom <%> cos (2méby,) e~2m "A)
(25)

pro ~= (Val® = Yol
. (2 Z J2m+1 (?)
m=1

-sin ((2m + 1) 0) e—<2m+1>2”2/2> (26)

wherepgr, r, andpg, 1, are the cross-correlation coefficients of ) ) _

the real component of the Rayleigh fading value at antenna efé€re Jam(-) denotes the Bessel function of the first kind of
menti with the real and imaginary components of the Rayleighfder 2n and error function

fading value at antenna eleméntrespectively, ang, is the exf(z) = 2 v o=t /2

mean-squared value &f;., B;s, Br. and By. VTl ’
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In determining (25) and (26), the integrals are taken over [hensions corresponding to the induced EMF method. The dis-
2r) radians. The approximations arise from the Gaussian AQAIssion also pertains to the other methods of mutual impedance
distribution’s being truncated to lie within the [OrRrange. calculation after suitable zero padding and/or repetition of the
As the angle spreaef increases, this truncation effect is morevoltage and current vector elements.

pronounced. To account for the effects of mutual coupling, if a voltage
beamforming vectoii(6,) is applied to the received signals,
IV. CDMA CELL CAPACITY ESTIMATION the resulting current vector is [32]
In this section, we extend the CDMA results in [29] to the case Brie (82) = [2]723 (62) = [V13 (6a) (31)

of a perfectly power-controlled single-cell with a base-station

array consisting_oNA antennas,_taking into acco_unt the effec_t&,here[y] = [Z]~"is the N by N, mutual admittance matrix

of mutual coupling and scattering [30]. In Section V, we wilbnqy is the AOA for the desired user. Throughout this paper,

extend these_ results to imperfect power control. _ ~ we have chosem(fp) to be an ideal maximum SNR beam-
Suppose first thal, = 1 and we denote the received signajoming weight vector. Although the true array response vector

power fromN,; mobiles byPr. Assume without loss of gener-y,y1q not be known in practice, this type of beamforming is

ality that the voice activity factos is unity with data transmis- ,seful for providing an upper bound on achievable system ca-
sion at rateR g bits/s. The signal-to-noise ratio (SNR) is giver\oacity for a single-user receiver.

as [29] Denote theN 4 x N4 received signal strength matrig]; at
Pr mobile k as
SNR= (27)
(Nvu = 1)Pr+n By 0 - 0
wheren is the background noise power due to spurious inter- 0 B
Und NoiS ; 3, = Pra 32
ference and thermal noise within the bandwidtlof the spread (Bl = (32)
signal. Using (27), the bit energy-to-noise density ratio is [29] : ' 0
0 - 0 [Ny
E & ,
b _ R (28) We define the array response vector as
No (N]u—l)%-l'lj%
Br1
wheres? = 7/ B is the variance of the zero-mean in-band back- . _ Braed™ 4]
ground noise. dg (0k) = : (33)
In the multiple antenna element cagé4 > 1) with beam- B eja('NA_l)(,,k)

forming, we generalize (28) to
whereq; is the phase at th#h element. For the case of a circular

E, E{Pp} = array and AOAY,;, a;(64) is given by (3).

N, E{pI}PR N —1) 4 N o2 (29) Using (31) and (33), define the normalized interference power
B " due to an interferek at angle-of-arrivab, as
where E{ Pp} and E{P;} denote the expected fraction of the 2
desired mobile’s power and interference, respectively, at the b (8. 01) = Shre (0a) s (0x) (34)

output of the beamformer. In (29), we assume that independent
and identically distributed background noise is received at each
antenna, which accounts for thé, o2 term in the denominator wheret! ., (,) denotes the complex conjugate transpose of
of (29) [3], [14], [31], [23]. In [31], it is shown that the secondd,,¢ (6,4) and|| - || is the Euclidean norm over the complex
term in the denominator of (29) can be neglected without apjyane.

significant loss in accuracy, and thus we may approximate theThe numerator in (34), after substituting the three previous

(S8 (Ba)|| ds (B0l

system capacity via equations, becomes
~ “H N 2
1 FE{Pp}B e (0a)ds (Ok)
Ny = = % +1 (30) | . H | . 2
B{Pi} R (&) =13 (6a)™ (1814 (61))|
_|~H H - 2
where|-] is the floor function. = &% (0) T 61k (61|
. . =& (0a) [YT7[B)d@ (1) @ (0x) [BIE Y] (8a)
A. Determiningt{Pr} and E{Pp} Na Na Na N
We now determine the key parameters that capture the ef- — Z Z Z ZﬁkiﬂZTYI?YTPQ”W (39)

fects of beamforming—the expected interfereri¢gP; } and =l i=1p=1r=l

the expected mobile powé?{f’D}—while taking into account \yhere
the effects of mutual coupling and scattering. Without loss of '
generality, the following discussion is consistent with matrix di- Ojtpr = el @iBr)FapBa)=ar(Bi)—a(6a) (36)
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Fig. 4. System capacity predictions for a Gaussian angle-of-arrival distribution with no mutual coupling.

anda; (0x), i (84). o, (81), ande,. (8,) are the phases of thesubstitution of3,; = n,Ry; into the expected values of (35)
array elements ant; andY;.,, are elements dft’]. and (37) conditioned o#y, 6, ando? are, respectively
The denominator terms of (34) can be expressed, respectively,

as Na Ny Ny Ny
P35S S i o

i=1 1=1 p=1r=1

s (Bl = (1816 (B))™ (1B1ua 61))) S
= (187180) " = E{}Y 03 E{RuRilod} YiY,Ou,

i=1 I=1 p=1r=1

9k7 9d70./23}
1/2

Na
=2 37 (39)
1/2 R2.| 01, 04, 0
[&he (Ba)]| = ((&Ec (ed))H (S (9d))) / P M tii | Yk, Vs TA
Ny
= (13 (60) 3 (00 1) = B}y B{RY|AA) (40)
A =1

= Z Z Z ej(ah(94)—045(011))}/.:;”)/”1}1.

petestmel (38) Whereo? is the variance of the spatial AOA distributigfe).
Using (18)—(21), we express the cross-correlation matgix

between antenna elemeritand; as
The amplitude term can be factored@s = ni Ri;, Where

7 IS a path loss plus shadowing factor at moliileand Ry;

is the Rayleigh fading random variable for mobfiet theith %" l? PRiR; PRI
array element. Bothy, andR;,; are mutually independent, and Rij = ° szJ‘ pI()Ij . (41D
each is a function of two Gaussian distributed random variables. PR:R; —PLR; 6’ "

PRI, PIL I, o

The shadowing factof;. is assumed to be identically distributed
across the antenna array.

Since bothd, andd,; are assumed to be random variables In [33], it is shown that the cross-correlation between the
uniformly distributed over [0, 2), it can be shown that after Rayleigh distributed random variables at antenhasd; due
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Fig. 5. System capacity predictions for a Gaussian angle-of-arrival distribution with mutual coupling.

to mobilek can be expressed in terms of the confluent hypergehere®, and®,; denote sets aVy AOAs that range uniformly
ometric function, 'y (—1/2,—1/2;1;.) yielding over [0, 2r) rad.
Similarly, the fraction of the desired signal being output by

E{RyiRy;} = gbo <2F1 <_%7 _%; 1; i)) (42) the beamformer for AOA, is given by
where N o
2 o2 Pp(6a) = -3 [(0)0k (8, 64) (47)
2 _ PR:R; T PRI, (43) P9eco

Observing (22), (23), and (41), a decrease in correlation Wiere f() is the spatial azimuth distribution of the incoming
occur aso A © increases, affecting the off-main diagonal matriXjgnal,© is a set ofVy AOAs that range uniformly over [0,2),

elements ofR,;;. _ ~ and¢(6,6,) is given by (45).

By substituting the above expressions, the normalized inter-rina|ly, the expected power of the desired signal being output
ference power (34) can be rewritten as by the beamformer is
b (a, O

-1

A Na A D _ D _ 2w
_ (zNANZ i NZ an (21— <611>>Y:;W,Ymh) g AP0} =EB{Po(0)} = 5 ST N F0)6n (9, 64).

b 6,0, 60c0O 48)

h=1s=1m=1
Na Nap Ny Ny

2D IP I (—% —%; 1; cﬁ) VYo Oitr.

i=1 I=1 p=1r=1 B. Example: Gaussian Angle-of-Arrival Spatial Distribution
(49)

Suppose, for example, we use a Gausgigh with meand,

To computefZ{ Py} in (29), (45) is averaged over a discretizegind variance equivalent to that of a uniform distribution over
set of angle9, andd,, i.e., [04 — A, 04 + A]. This yields

B = E{60a b)) = 1 3 3 e (B060)

0 6,€0,6,€0, 3 —3(0—04)%/2A2
(46) $O) =\ e (#9)
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In (49),0% = A?/3. Substituting (49) into (48) yields The following tighter bound is used to reflect the fact that the
bit energy-to-noise ratio for the desired user is also affected by
. Jor 1 36—ty /20 beamforming:
B{Po} = o [x] 9% %zg)e b (6, 6a)
d€Oq (50) ku (%) (1 — TNA)
where® and©, are sets 0fVy AOAs that range uniformly over Z i < E{P/} B,
[0, 2n). i=2 E{Pp} Io
=K, (55)

V. IMPERFECTPOWER-CONTROL EFFECTS . .
where bothv; andk, are independent random variables. Note

Perfect power control refers to the situation where the bashat when (55) is not met, the system is said to batitage We
station receiver controls the transmission power of each mohilso note that we are employing a stricter outage condition than
to a desired level precisely and instantaneously. A more re#l{1] and [18] by not including the; term in (55).
istic assumptionimperfect power controkalso known aslow To simplify the notation, we defing!, = &k, — 1 to repre-
or averagepower control, refers to the situation where the basgent the number of interfering mobiles within the cell. Thus, the
station is only able to control the longer term average transm'&]tage probability’,; is the probability thaZ = E;":ul V] ex-
sion power levels, while ignoring fast Doppler fading amplitudgeedsk’ . Since we are assuming that the users remain in the
fluctuations. In the following, we generalize the derivation ogystem through outage, known alst call holdmodel, %/, has
outage probability in [1] and [18] to the case of a base-statigNpoisson distribution with rate) /., where) is the total av-
array with mutual coupling and scattering. erage call arrival rate andis the average call duration.

The moment-generating function gfcan be computed via
A. Probability of Outage: Perfect Power Control

Assuming that we have a single cell occupiedihyperfectly 2 k.
power-controlled users and a¥,-element base-station array E{e”} =By, [ B, ()
with perfect power control, the total average power received by =1
the cell assuming stationary arrivals is K
—p T [Prton =yt
~ ko N =1
Total Power= E{P E{Pr}EyR NusN,B _
{Fpjos + Z;v {Pr}EvRp + Na +Pr{v; =0} 68{1}1_0}}
(51)
using terms defined in the previous section as well as user ac- K,
tivity factor « = Pr{v; = 1} andwv;, a binary random variable =FEy H [ae® + (1 — )]
indicating user’s activity. The desired mobile is denoted as 1=1
1 = 1 without loss of generality. K
From (51), we identify the average noise-plus-interference oo ((%) [a(e® —1)+ 1]) Y
power as =Y i e M
k!, =0 “w
™ (7 e | () -1 56)
I,LB=> v,E{P}E,Rp + NaN,B (52) B A A :

=2

Since (56) is the moment generating function of a Poisson

where/, is the noise-plus-interference power spectral densityjisyribution, the outage probability is just the sum of Poisson
Due to dynamic range limitations, we limit the power ratiqajls namely

1,B/N,B such that

k
IR 1 oo aX
Fg < ; (53) Poui = efa)\/u Z ( ’]‘c') ) (57)
k=|K] '
wherer typically ranges between 0.25 and 0.1, i.e., 6-10 dB
[1]- Alternatively, P,,; may also be evaluated via its Chernoff

To obtain the probability of outage, we substitute (53) int
(52), yielding the relationship

Bound

P <oy {B{5))

(54) — min {e(ak/u)(e"—l)e—sKt’)}
s>0

. I,B(1—7Ny)
(% < —.
: E{P;}E,Rp

1=2
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where the minimum value of is found ass = In (K u/a)). Redefining the arbitrary constahy, in the above, we absorb
Therefore,P,,; becomes the meann.., and (63) becomes
, / E{q} = eV €02, (64)
P,y <exp (a—)\eln(KO"/o‘)‘) _ oA In <@> K{,) :
H H ai Since the moment-generating function of (64) is not finite,

Zo ) g4 LI (58) probability [1]. This is accomplished by using a truncated mo-
Ky ment-generating function approach, where the outage proba-
bility expression is broken up into two components. The first
We can further approximate (58), for larg€ , as a Gaussian part is conditioned om;e; < T', for all /, for some sufficiently
variable with a mean and variance@k /., yielding largeT’, while the second part is conditioned on the complemen-
tary event. Therefore the probability of outage, upper bounding
the second part of the expression by unity, becomes

aX
I

, a we resort to a modified Chernoff bound to obtain the outage

K} — A
~ o
Pout = Q o (59) Pout,imp < min {ec\z()\/;L)E’{s“T—1}—5K(’7
M s>0,T7>0
A
whereQ(z) = 1/2 (1 — erf(z/V2)). to Pr{e>T}: (65)
B. Probability of Outage: Imperfect Power Control where, by setting = In(¢)/8 = = — m,., knowing that{

Suppose now we loosen our restriction on perfect powercdﬁ-G"’,‘USSian with zero mean and standard deviatignand
trol. A user that is controlled to a desirdg, /I, level may defining¢ = In (T)//3, we have

now vary due to multipath propagation conditions according 1 6 se  a s
to a log-normal distribution with a standard deviation of about E{e7} = = / e e 2 e
1.5-2.5 dB [1], [18]. V2mog J oo
To account for the effects of imperfect power control, beam- © s, o V2 /2 0
forming, scattering, and mutual coupling, we modify the deriva- =Y e (B2 (nﬂffc - U—) (66)
tion in the previous section as follows: instead of a constant n=0 " ¢

let us define the bit energy to eF;, which is log-normally and
distributed. The outage probability under imperfect power con-

1 e 2 2
trol becomes Pr{e>T} = / e~¢ /270 dg
V2T0e Jin(T)/8
K, 0
Poutimp =Pr3 2" =3 ey > K, ¢ . (60) =Q (;) : (67)

=1
As was described previously for the case of perfect power
We define the following transformed random variable: control, we can alternatively rewrite (60) in the form of a
Gaussian approximation. Furthermore, it is no longer necessary
B to truncate the moments, since the untruncated first and second
z; = 10logy, <E{P]}E[I—> (61) moments exist. Therefore, approximating the distributio& of
° in (60) yields

which is normally distributed with meamn,. and standard devi-

ationo.. Exponentiating (61) yields 0
Pout,imp ~ Q

A 2(5”6)2
B, ~ als)e
PQE{Pr) = 107/10 = ¢ (62) V 9

—¢
I,

(68)

where we have used, = 2.5 dB.

where¢ = In (10) /10.
To solve for the moment-generating function of the random
variableZ’ in (60), we first evaluate We now compare the impact of the nonideal effects discussed
in the previous sections on the uplink capacity of a single cell.
By .\ [ o (@=m)?/(202) Throughout, a Gaussian angle-of-arrival distribution of in-
E{e} = <—E{PI}> / ene —2de coming plane waves is assumed.
I - V2o The impact of mutual coupling on the system capacity from
(efmc)" 2oy 2 beamforming in a scattering environment as derived in (30) is
= ™ — e (63) depicted in Figs. 4 and 5. Clearly, these two effects deterio-
() (202)

IZ’ rate uplink CDMA system performance significantly. In partic-

VI. CAPACITY RESULTS
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Fig. 6. Number of array elements versus outage probability with no mutual coupling, no scatter, and perfect power control.

ular, the performance degradation is dependent on the amounf/e have also repeated the above comparisons on three-el-
of angle spread present in the system. When the angle spreatknt circular arrays and obtained similar results, but have
A is less than approximately 40then mutual coupling de- omitted these figures due to space considerations. At an angle
grades performance. For larger angle spreads, mutual coupkpgead of 15, with mutual coupling effects, and operating
seems to improve performance slightly. As the angle spread apder imperfect power control (Gaussian approximation)
proaches 18Q the beamforming gain diminishes to that of @onditions, increasing the array from three to five elements
single antenna, as expected, since the scatter is completelyresulted in a system utilization increase from 18 to 22 erlangs
veloping the array, nullifying any capacity advantage of digitalt a probability of outage of I¢, while at a 60 angle spread,
beamforming. there was no significant difference in utilization. We therefore
Using (57), (59), (65), and (68), the joint impact of mutuatonclude that capacity gains due to beamforming are still
coupling, scattering, and power control on system performangessible despite these nonideal effects.
are examined in the remaining figures, which depict the log-
probability of outage versus normalized average user occupancy
in erlangs. Occupancy consists of the rate ter(d /), where
A is the total mean call arrival ratg, is the mean service time, The induced EMF method [6], the method of moments [7],
anda is the activity factor. and full-wave electromagnetic numerical computation [21]
Fig. 6 exhibits performance as a function of the number @fere used to model the effects of mutual coupling on beampat-
array elements with perfect power control, no mutual couplintern synthesis and were then applied to uplink CDMA system
and no scattering. Equations (57) and (59) are plotted for a oneapacity prediction. Mutual coupling creates beampatterns with
three-, and five-element base-station antenna array, showing higher sidelobe levels, shallower nulls, and wider beamwidths.
provement in outage probability as the number of antennas iWe observed that for the case of circular arrays, the beampat-
creases. Fig. 7, generated using (65) and (68), shows the perferas for all three methods compare closely to one another.
mance loss due to imperfect power control. We have quantified uplink CDMA system performance in the
Fig. 8 exhibits the effects of mutual coupling and scatteringresence of mutual coupling. We observe a capacity reduction
under perfect power control for a five-element antenna arraf. 6-11% for the case of a five-element circular array due to
Figs. 9 and 10 show imperfect power-control effects. Two valuesutual coupling.
of angle spread are used: = 15°, corresponding to hilly ter-  We then considered the combined effects of mutual coupling
rain in a macrocell (Fig. 9), and = 60°, corresponding to a and scattering (angle spread) due to multipath by determining
microcell [22] (in a mall) (Fig. 10). With mutual coupling andthe cross-correlation statistics between antennas of the array. At
A = 60°, we achieve the lowest performance of the four casdarge angle spread, scattering is a dominant degradation factor.
followed by mutual coupling andh = 15° and, finally, mutual An angle spread ofA = 10° yields a capacity decrease of
coupling and no scatter. 10-14.5% due to mutual coupling. At the other extreme, if the

VII. CONCLUSIONS
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Fig. 7. Number of array elements versus outage probability with no mutual coupling, no scatter, and imperfect power control.
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Fig. 8. Effect of mutual coupling and scatter on outage probability with five antennas and perfect power control.

angle spread approachas= 180°, system capacity decreasesmperfectpowercontrol,includinganupperboundandaGaussian
approximation. As expected, imperfect power control causes

The combination of imperfect power control was then addeddditional degradation. Despite these nonideal effects, increasing

to that of a single antenna.
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The probability of outage was derived based on extending [1] atiek number of antennaswas shownto improve uplink capacity.

[18] to multiple antennas, mutual coupling, and scattering. Ex- Although more detailed than previous work, simplifications
pressionswere developedforoutage probability under perfectamete employed nevertheless: first, the capacity results only
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Fig. 9. Effect of imperfect power control on outage probability, five antennas, mutual couplingy and 5°.
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40 45

consider a single cell and are therefore optimistic. Secorik used for channels with high angle spread to realize much
resolvable multipath delay spread as encountered in wide-bdadjer capacity gains than reported here.

CDMA has not been considered. While the diversity of a
resolvable multipath may, in principle, be exploited, this would
be offset by an overall increase in multiple-access interferencejn the following, we derive the second momeR. B, The
Finally, it should be noted that multiple transmit antennas mayher second moments follow in a similar manner. Starting with

APPENDIX
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(12), (13), and (17) [7]
BicBy, ]
BiCB:(C

=F { (|Yii|AiCOS(\IJ1)eMw + |Y;k|AkCOS(\I/2)ejZYik) o]

: (|mi|Aicos(\pl)eﬂY~ ¥ |Yik|Akcos(\Ilg)ejAK") }
=F { (|Y,L-i|Aicos(\I/1)ejZY“ + |}/ik|AkCOS(\I/2)6jZY”“)

: (|Yii|Aicos(\I/1)e_jZn + |Kk|Akcos(\I/2)e_jZY“')}
=F {|Y“|2 A2 cos? (W1) + |Yir|” A2 cos? () [13]
(Y| [Yik] As Ay cos (1) cos (T) e (£¥i=£Vik)

+|Yii| |Yir| A; Ay cos (U1) cos (Us) ej(énk'_ém)}
1 1
=E|Yi|” A2 [ = + = cos (204)
\2 2 [16]

1 1
+ |Y,L-k|2 Az <§ + = cos (2@2)) [17]

[15]

2
+2|Yy| |Yir| As Ag cos (W) cos (Vo) cos (LY — LYk)}

1 1

+ |Yi|” A2 (% + %cos (2‘1/2)>
+ Vil [Yik| Ai Ap(cos (W1 + Wa) [20]
+cos (Vg — Uy))cos (LY — LYik)}

g IVl & + 5 V"
+ |Yii| [Yir| As Ay cos (U1 — Uo) cos (LY — LY5r)

1 m

2 2

= (il + 1Y) 3 a2 i Yar
r=1

(18]

(19]

[21]
[22]

(23]

[24]

+ Zarzcos <27;—d cos (0;%)> cos (LY — LYir) (69)
[25]

r=1
which agrees with (18). 1261

(27]
ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers fof28l
their careful reading of this paper as well as their suggestions

and comments.
[29]

REFERENCES

[1] A. J. Viterbi, CDMA: Principles of Spread Spectrum Communica- (30]
tion. Reading, MA: Addison-Wesley, 1995.

[2] A. F. Naguib and A. Paulraj, “Performance of wireless CDMA with
M-ary orthogonal modulation and cell site antenna arrajsEE J. Se-  [31]
lect. Areas Communvol. 14, no. 9, pp. 1770-1783, 1996.

[3] A. M. Earnshaw and S. D. Blostein, “Efficient evaluation of adap-
tive digital beamforming for multi-service provision in a cellular [32]
CDMA system,”Proc. IEEE VTS 48th Veh. Technol. Conbl. 3, pp.
1665-1669, 1998. [33]

[4] P.J. McLane and S. Subramanian, “Erlang capacity of CDMA systems
with adaptive arrays,” ifProc.VTC2000-Fall2000. [34]

[5] P. S. Carter, “Circuit relations in radiating systems and applications to
antenna problems,” iRroc. IRE vol. 20, June 1932, pp. 1004-1041. [35]

[6] H.E.King, “Mutual impedance of unequal length antennas in echelon,”
IRE Trans. Antennas Propagatol. 5, pp. 306—-313, July 1957.

303

R. F. Harrington Field Computation by Moment MethodNew York:
MacMillan, 1968.

B. T. Straitand A. T. Adams, “Analysis and design of wire antennas with
applications to emc,JEEE Trans. Electromagn. Compatol. 12, no.
EC-2, pp. 45-54, May 1970.

R. S. Adve and T. K. Sarkar, “Compensation for the effects of mutual
coupling on direct data domain adaptive algorithmiEEE Trans. An-
tennas Propagatvol. 48, pp. 86-94, Jan. 2000.

J. D. KraussAntennas2nd ed. New York: McGraw-Hill, 1988.

J. F. Diouris, S. McLaughlin, and J. Zeidler, “Sensitivity analysis of the
performance of a diversity receiver,” Rroc. IEEE ICG 1999, pp. 1-5.

J. Luo, J. Zeidler, and S. McLaughlin, “Sensitivity analysis of compact
antenna arrays in correlated Nakagami fading channBigt. IEEE
VTC Fall, pp. 3.8.1.18.1-3.8.1.18.6, 2000.

——, “Performance analysis of compact antenna arrays with MRC in
correlated Nakagami fadingJEEE Trans. Veh. Technolvol. 50, pp.
267-277, Jan. 2001.

G. W. K. Colman, “An investigation into the capacity of cellular COMA
communications systems with beamforming in environments with
scatter,” M.S. thesis, Queen’s Univ., Canada, 1998.

E. N. Bramley, “Diversity effects in spaced-aerial reception of iono-
spheric waves,Proc. Inst. Elect. Engvol. 98, no. 3, pp. 19-25, 1951.
W. C. JakesMobile Microwave Communications New York: Wiley,
1974.

J. Salz and J. H. Winters, “Effect of fading correlation on adaptive ar-
rays in digital mobile radio,1EEE Trans. Veh. Technolvol. 43, pp.
1049-1057, Nov. 1994.

A. M. Viterbi and A. J. Viterbi, “Erlang capacity of a power controlled
CDMA system,”|EEE J. Select. Areas Communol. 11, no. 6, pp.
892-900, 1993.

T. Svantesson and A. Ranheim, “Mutual coupling effects on the capacity
of multielement antenna systems,”Rnoc. IEEE ICASSPvol. 4, 2001,

pp. 2485-2488.

A. M. Wyglinski and S. D. Blostein, “Antenna array mutual coupling
effects on cellular CDMA communication systems,’Rroc. 20th Bien-
nial Symp. Commun2000, pp. 181-185.

Zeland,|E3D Electromagnetic Simulator: User Manyékh ed: Zeland
Software, 1999.

A. F. Naguib, “Adaptive antennas for CDMA wireless networks,” Ph.D.
dissertation, Stanford Univ., 1995.

J. C. Liberti Jr and T. S. Rappapoigmart Antennas for Wireless
Communications: 1S95 and Third Generation CDMA Applica-
tions Englewood Cliffs, NJ: Prentice-Hall, 1999.

R. B. Ertel, P. Cardieri, K. W. Sowerby, T. S. Rappaport, and J. H. Reed,
“Overview of spatial channel models for antenna array communication
systems,IEEE Personal Commuywol. 5, pp. 10-22, Feb. 1998.

A. Moustakas, |. Corden, and A. Kogiantis, “Parameter mapping for spa-
tial channel modeling,”, 3GPP2-C50-20 010 709, 2001.

A. Moustakas, M. Buehrer, and I. Corden, “Spatial channel model for
the evaluation of MIMO architectures,”, 3GPP2-C50-20010 611, 2001.
R. M. Buehrer, S. Arunachalam, K. Wu, and A. Tonello, “Spatial channel
model and measurements for IMT-2000 systenf&dc. IEEE VTG
May 2001.

K. I. Pedersen, P. E. Mogensen, and B. H. Fleury, “A stochastic model
of the temporal and azimuthal dispersion seen at the base station in out-
door propagation environment$EEE Trans. Veh. Technolkol. 49, pp.
437-447, Mar. 2000.

K. S. Gilhousen, I. M. Jacobs, R. Padovani, A. J. Viterbi, L. A. Weaver,
and C. E. Wheatley Ill, “On the capacity of a cellular CDMA system,”
IEEE Trans. Veh. Technolol. 40, pp. 303-312, May 1991.

A. M. Wyglinski and S. D. Blostein, “Mutual coupling and scattering
effects on cellular CDMA systems using smart antennas?rat. IEEE
VTC Fall, 2000, pp. 3.8.1.12.1-3.8.1.12.6.

A. M. Wyglinski, “Performance of CDMA systems using digital
beamforming with mutual coupling and scattering effects,” M.S. thesis,
Queen’s Univ., Canada, 2000.

J. E. HudsonAdaptive Array Principles Stevenage, U.K.: Peregrinus,
1981.

W. B. Davenport Jr and W. L. Roan Intro to the Theory of Random
Signals and Noise New York: McGraw-Hill, 1994.

A. Papoulis,Probability, Random Variables, and Stochastic Processes
3rd ed. New York: McGraw-Hill, 1991.

W. C.-Y. Lee, “Effects on correlation between two mobile radio base-
station antennas|EEE Trans. Commupvol. COM-21, pp. 1214-1224,
Nov. 1973.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 52, NO. 2, MARCH 2003

Alexander M. Wyglinski (S'99) was born in Mon-
tréal, PQ, Canada, in 1975. He received the B.Enc
degree (with distinction) from McGill University,
Montréal, in 1999 and the M.Sc.(Eng.) degree fromr
Queen’s University, Kingston, ON, Canada, in
2000, both in electrical engineering. He is currently
pursuing the Ph.D. degree in electrical engineerin
at McGill University.

He was with the Department of National Defence, |

Ottawa, ON, Canada, as a Defence Research Ass
tant during the summers of 1997 and 1998. His cur-

Steven D. Blostein(S'83-M'88—-SM’96) received
the B.S. degree in electrical engineering from Cor-
nell University, Ithaca, NY, in 1983 and the M.S. and
Ph.D. degrees in electrical and computer engineering
from the University of lllinois, Urbana-Champaign,
in 1985 and 1988, respectively.

He has been on the Faculty of Queen’s University,
Kingston, ON, Canada, since 1988 and currently is a
Professor in the Department of Electrical and Com-
puter Engineering. He has been a Consultant to both
industry and government in the areas of document

rent research interests lie in multirate signal processing, array signal processimgge compression, motion estimation, and target tracking. He was a Visiting
wireless communications, and data transmission. Associate Professor in the Department of Electrical Engineering, McGill Uni-
Mr. Wyglinski received the Le Fonds FCAR scholarship from the Governrersity, Canada, in 1995. His current interests lie in statistical signal processing,
ment of Québec and two consecutive Queen’s Graduate Awards. He holdsaémeless communications, and video image communications. He currently leads
NSERC Postgraduate Scholarship. the Multirate Wireless Data Access Major Project sponsored by the Canadian
Institute for Telecommunications Research.
Prof. Blostein was Chair of the IEEE Kingston Section in 1993-1994,
and Associate Editor of the IEEERRNSACTIONS ON IMAGE PROCESSINGIN
1996-2000. He is a registered Professional Engineer in Ontario.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


