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3.1 INTRODUCTION

In a traditional macro-cell type wireless communication scheme, the base station would be on
some elevated tower and not be surrounded by many close local scatterers, while the receiver
would most probably be at ground level, either in a building, automobile or on the street, which
would be surrounded by many local scatterers. Investigations in [37,64, 82] focused on the
spatial correlation effects for the above scenario, where the scattering could vary from isotropic

to highly non-isotropic scattering.

With the opportunity for wireless local area networks achieving very high data rates for
multiple users, the space-time correlation of such channels needs to be investigated [82]
so that adequate and appropriate channel models can be adopted. The geometrically based
modelling approach used in [64, 83, 84] is considered, but applied specifically for an indoor
fixed wireless environment [85] with different scattering PDF configurations at the transmitter
and receiver, with the derivation of space-time correlation function. For the fixed wireless
scenario considered herein, isotropic scattering at the transmitter end is considered, while
the angular distribution of the scatterers at the receiver follows the von Mises probability
distribution function (PDF) [64]. The approach used here is to derive the joint space-time
correlation function and then separate the transmit antenna and receive antenna correlation.
Consequently one derives expressions for the transmit antenna correlation in terms of antenna
element spacing and the receive antenna correlation in terms of the scattering parameter k,
antenna element spacinfy,, d,,, and mean direction of angle of arrival (AOA};. The
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closedform solutions herein presented enables one to determine the effect on the capacity in
such a system based on the effects of scattering, antenna element spacing, angular orientation

of antenna array and number of antenna elements employed.

3.2 MODEL DESCRIPTION

The new geometric MIMO channel model was initially described after which the mathematical
analysis was developed. The new antenna cross correlation function is derived from the

mathematical analysis and is based on the below mentioned assumptions.

The new geometric model for a two element transmit antenna and a two element receive
antenna (referred here-in as a 2 x 2 MIMO channel, shown in Figure 3.1) is developed by
using the multi-element antenna system in [64] as a basis. The fixed receiver/user has a
multi-element antenna system with receiver eleméis,, RE,,...RE,; wherex = 2 here.

In this case the 2 x 2 MIMO channel antenna elements form a uniform linear array (ULA) of
monopoles that radiate omni-directionally. From the scattereiSSat from the transmitter

there is a very narrow dominant beamwidth and the receiver obtains the signal from a large
number of surrounding local scatterers, that need not necessarily be isotropic, but the scatterers
impinge at pointRS;, as shown in Figure 3.1. It is also assumed thatithscatterer is planar

and could be the sum of different coherent scatterers, which can be of distance R from the
centerOy, of the RX antenna array.

D is the distance between the transmitter and the receiver and the apglesd 3, are
the angles the antenna arrays form with the horizontal axis at the transmitter and receiver,
respectively. The planar wave formed by the scattering around the receiver can be represented
as the angle from the poigt; to the pointRS;. Similarly there aré omnidirectional scatterers
at the TX and they lie on a ring of radius L. THé scatterer at the TX is denoted B5;, and
Or is the angle from the horizontal axis of the antenna array and this scatterer. It is assumed
that in this indoor environment the local scattering at the TX is omni-directional and the radius
of scatters is very small, that s < D andL < R. Itis also assumed that the angle of the arc
that O would form on the circumference of circ@y is small (typically less than5°) [86],
for D > R, that is the angle formed betwe&ib, and RS; is small. In this model the line of

sight (LOS) component is not considered, but a Rayleigh PDF in a picocell type environment is
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FIGURE 3.1: Geometric Model for a 2x2 MIMO channel

assumed. This MIMO system can be written using the complex baseband notation as
y(t) = H(t) * x(t) + n(t) (3.1)

whereH(t) is the channel matrix of complex path gaihgs(t) betweenl'X; and RX;, n(t)

is the complete envelope of the AWGN with zero mean from each receive elexgenis the
transmit vector made up of the signal transmitted from eachnkX 1 antenna element and
y(t) is the receive vector made up of the signal from each p@it

It is assumed that any gain and phase shift introduced by a scatterer at the transmitter is
different to that received at poiftS;. Also, the scatterers at poiRtS; are of approximately the
same angle, implying that the gain and phase shift is the same at/p8jrgnd the scatterers
do not change with time (that is fixed) in this case. It is also assumed that
. 115 )
Jim 25> ) Blal =1 (32)

i=1 =1
whereg; is the amplitude of the wave that comprises of the joint gain of scattétgrand
RS; and L, N are the number of independent scattefEfs around the TX, and?S; around
the RX, respectively.

Based on the statistical properties of the described channel, the central limit theorem implies
that h,,, is a low pass, zero mean, complex Gaussian random process. This means that the
envelopgh,,,(t)| is a Rayleigh (fading) process. Hence, for the above no line of sight (NLOS),
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frequeng non-selective, MIMO fading channel propagation scenario, the channeliggit),

for the link T E,, — RE,, as shown in Figure 3.1, can be written as

N .
) 21
git X exp {ﬂ/m - ]T lew + €u + 5mz]} (3.3)

where;l is the joint phase shift introduced by the scatterer af’'S; and thei*” scatterer
at RSy, {¢u};,—, is thedid random process with uniform distribution over the intervat, 7|,
e, € ande,,; are the distances as shown in Figure 3.1 which are functions of the angle of
departure (AOD) and angle of arrival (AOAY),,, is the power transferred through the link
from transmit antenng, through to receive antenna m aids the wavelength of the carrier
RF signal.

The transpose of the channel gdin,(¢), for the linkT'E, — RE,, shown in Figure 3.1 is

L N :
* . 1 ‘ Jj2m
hag(t) = /g L}\lgloo JIN ) gu xexp {—J%l + le1g +a + Em]} (3.4)

=1 =1
where(2,,, is the power transferred through the link from TX antenna q, through to RX
antennan.

3.3 MODEL ANALYSIS

Using the geometric model described in the previous section as a basis, a joint space-time cross
correlation function is derived.

The space-time correlation between the two liriks;, — RE,, andTE, — RE,,, as shown
in Figure 3.1, can be defined as

Prpina(T) = Bl () hig (8 +7) [/ Qg (3.5)

where is an arbitrary time delayy indicates the complex conjugate afg,, ,, is the

power transfer throug £ — RE in a specificl' £, , — RE,, , antenna link element.

The cross correlation function for the scenario in Figure 3.1 can be represented
independently of D accordingly as

L N .
11 —jor
pmp,nq(T) - I ]]-\IIIEOO EN § E E[g?l} X exp { /\ [5lp - Slq + Emi — 5m]} (36)

=1 i=1
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For large number of scatterers L and N and considering the fact the channel is in a

guasi-static state, with the receiver at a fixed position, one can write

pmpanq(Ta t) = pmp,nq(T) = Pmp,ng (3.7)

and hence re-write (3.6) as an integral form of

™ T — 9
Pmping = / / exp{ ;‘7 et — €1g + Emi — €m]} xp(0r)p(dr)dOrddr (3.8)

wherep(f7) is the probability distribution function of the uniform scatterers at the TX and

p(0r) is the probability distribution function of the scatterers at the RX respectively.

Equation (3.8) can now be written in terms of the scatterer angles shown in Figure 3.1 as

" —27j
Pmpng = / / €xp { \ J [5917 — Eyq + Eme — €n¢>]} Xp(eT)p(¢R)d9Td¢R (39)

wheresy, , is the distance fron’E, , to the ring of scatterer$'S; at an anglé; from the
scattering center)r, ande,, ,, is the distance fronE,, ,, to the ring of scatterergS; at an

angle¢r from the scattering centéry.

Using Figure 3.1 one can write the distances in (3.9) for the TX and RX side using the

Cosine Law as

d2

ep = L%+ % — dpyL cos(ap, — Or) (3.10)
d2

Egp =L*+ % — dp,L cos(apg — Or1) (3.11)
d2

e, = L% + % + dpy L cos(ayy — Or) (3.12)
d2

g5, = L° + % + dpg L cos(ay,g — Or) (3.13)
d2

e2 =R+ 3 = dmn R c0s(¢ = Bn) (3.14)
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d?

57277,¢ = R2 + % - dmnRCOS<¢ - an) (315)
d2

e, =R*+ - An R cos(¢ — Brun) (3.16)
d2

e2, =R+ % + dpn R cos(é + Bomn) (3.17)

AssumingthatR > L, L > d,,, dn, @NdR > dg, d,pp, SUCH thatdzﬂ is negligible with respect
to the other terms, one can re-write equations (3.11), (3.13), (3.15), (3.17) as

2
€op _ ,  dpgcos(apg — Or)
72 = 7 (3.18)
2
€og _ dpq cos(apy — O7)
= drp c08(¢ — Byn)
mao mn mn
—=1- 3.20
Fuo _ 1 o ©0S(0 + o) (3.21)

R? R
Now using the relation/1 + 2 ~ 1 + £ for [z|<1, the above equations (3.18) (3.21)
can be simplified to

Egp = L — % cos(ap, — 0) (3.22)
€gq = L+ % cos(ayy — 0) (3.23)
Eme ~ R — dgm cos(¢ — Bmn) (3.24)
Enp ~ R+ dgm cos(¢ — Bn) (3.25)

Onecan write the joint correlation in (3.7) as an approximate product of transmit antenna and

receiver antenna correlation [1, 64, 71].
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Pmpmg = Pyg. Pron (3.26)
Hence
phY = ]eXp { _&% [€0p — €04 }P(GT)CZ@T (3.27)
and -
Prim = ] exp { _jfﬂ [Ems — €n¢]}p(¢3)d¢3 (3.28)

—T

It is assumed that this TX could be for example in a wide-open hallway, where there is
uniform (isotropic) scattering around the close proximity of L for this uniform linear array.
This will herein be represented by a PDF [3j7]¢7) = 5-. Substituting(3.22) and (3.23) and

for p(6r) into (3.27), one can re-write (3.27) as

r —927 1
phY = / exp{ JA [—dpy cOS(0rpg — eT)]} 5o d6r (3.29)

By applying the trigonometric functions in [87], one can reduce (3.29) to

™

1
prY = oy / €XP JCpq [SIN g sin O + cos ayyq cos Op|dOr (3.30)

—T

2mdpq

wherec,, = =

Assumingthat the scattering distribution at the RX side follows the von Mises PDF [64]

given as:
_exp [k cos(¢ — )] (3.31)

wherely(-) is the zero-order modified Bessel function, € [—m,7), u € [—m, ) is the

mean direction of the AOA seen by the user, @nd the isotropic scattering parameter.
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Substituting(3.31) into (3.28), one can re-write (3.28) as

s

phiX — 277]1(k;) /exp {jQW;\imn cos(pr — ﬁmn} exp {k cos(pr — p)dor} (3.32)

—Tr

Settingb, ., = %d% (3.32) can be written as

™

/exp {Jjbmn cos(pr — Bmn) + k cos(pr — 1)} dor (3.33)

—Tr

RX __
pmn -

21, (k)

Using the trigonometric functions in [87], (3.33) can be reduced to

™

pix — 27, (F) / exp {sin @r [jbmn SN By + sin ]} xexp {cos @ g [jbmn cOS Bn + k cos p]} dog
- (3.34)
Using the integration rule in [87], equatiGmB38 — 4, page336 is given as
/7T exp(ysinz + z cosz).dx = 2mly(7) (3.35)
wherey = \/y2 + 22.
Henceone can express (3.30) as
Ppa = To(jcpq) (3.36)
Similarly (3.35) can be applied to (3.34) to give
phEx — 27r[i(k) /exp {(jbmn cos (0r — Bmn)) + kcos (pr — 1) }dog (3.37)
which is reduced toi
phix — T Io((Jbyn 80 By + ke sin 1) 4 (jbyn €08 By + k cos 1))/ (3.38)
Applying the basic trigonometric identities to (3.38) and simplifying it gives
prx 1 (K> = b2, + j2kbyn cos(pt — ﬂmn)l/Q (3.39)

e Iy(k)

whereb,,, = 2%z,

The closed form expressions for the antenna correlations are represented in equations
(3.36) and (3.39) for the TX and RX respectively. This allows one to solve these expressions
analytically in order to determine some of the model characteristics and its impact on the
capacity of the MIMO system.
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3.4 RESULTS

The spatially and temporally correlated variates are generated by generating<an, matrix

U, of random, independent and zero mean complex Gaussian variates with unit variance. Using
X = UVRy, theny x ny with the desired transmit antenna correlation is calculdiedis the

nr X np matrix of the transmit antenna correlation, with matrix elem@ﬁfé calculated from

(3.39). MatrixH is then calculated using as the input vector with the desired correlation

matrix elements calculated from (3.39).

The normalized MIMO channel capacity, C, in b/s/Hz for a particular realiza&iaran be

expressed [9, 15] as

C' = log, det (InR v ﬂHHH> (3.40)
nr

whereH* is the conjugate transposé;t is the determinant of the matriX, . is ang x nr

identity matrix, andp is the average SISO SNR at each of theelements.

Many different random channel realizations were considered and the capacity for each of
these realizations were computed and then statistically distributed. From this, the cumulative
distribution function (cdf) for the capacity was calculated by taking into account the effects of

the various parameters derived in the model.

Uniform linear arrays (ULAS) were considered in this case with the following general

parameters applied to this model.

SNR =p=20dB
TX carrier frequency = 2.4 GHz

Qpg = Brn = 7T/2
k=0.25
D = 20 metres

R =0.2 metres

Figure 3.2 shows the complimentary cumulative distribution function (ccdf) versus capacity

for varying number of TXnp, and receiverng, antenna elements. Here= m, A = 0.125,
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FIGURE 3.2: ccdf versus capacity for varying antenna elementss ng

dyn, = dpg = 0.5), p = 20 dB andk = 25. One observes [37] that the capacity increases as

the number of antenna elements in the MIMO system increases from two to eight elements
for some fixed outage probability. Increasing the number of antenna elements, both at the
transmitter and receiver ends, makes the greatestimpact on the channel capacity when compared
to the other parameters. Based on the indoor MIMO measurement campaign undertaken and
described herein and in [88], it was observed that/fgr= ny = 8, with SNR = 20 dB,

the capacity was 9% accurate for an outage probability greater thaf%36r location 2 [89],

having characteristics almost identical to the described model.

Figure 3.3 indicates the ccdf for the case where the antenna element spagiisgvaried
from 0.25)\ up to 4\, referred to as d in Figure 3.3. The SNR=20 dB= 25, u = m,

d,q = 0.5) andny = nyp = 2 were used in the computation.

For the above chosen parameters, one observes that for an outage probability of greater than
95%, the capacity can vary by approximately 2b/s/HzO@5)\ < d < 4.0\. The RX antenna

array element spacing @f,, > 4.0\ and ford,,, < 0.25) resulted in a negligible effect on
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FIGURE 3.4: ccdf versus capacity for varying scattering paraméter,
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the capacity for a specific outage probability. As expected, increasing the element sggcing

resulted in a trend similar to that in Figure 3.3, except that it occurred at a higher capacity.

Figure 3.4 shows the effect of the scattering parametar the capacity of the 2 2 MIMO
system where the SNR=20 dB adgl,, = d,, = 0.5\. From the isotropic scattering: = 0)
case to the highly non-isotropic scattering at the RX, the capacity could decrease by less than
2.5 b/s/Hz for an outage probability beyofas. One observes that fdr > 50 the capacity
does not vary significantly for some fixed high outage probability. This implies thatin an indoor
environment where there are significantly large number of local scatterers, ukiuglae of
greater than 50 should not have any significant impact upon the degradation in channel capacity.

Fork = 25, ng = np = 2, d, = dpy = X andp = 20 dB the plot of capacity outage
probability for the variation in RX antenna array orientatigh),, was determined as shown
in Figure 3.5. For the antenna orientation variation fréfmto O radians, the capacity could
decrease by less than 3.0 b/s/Hz for an outage probability of greatepifianAs expected
from a uniform linear antenna array, rotating the RX antenna array betwaed™/, radians

has a similar effect to that as shown in Figure 3.5.

Figure 3.6 validates the developed model behavioral characteristics and confirms the effect
of SNR on the channel capacity as proposed in [9]. This was simulated for the parametric
settings ofd,,,, = d,, = 0.5\, ngp = ny = 2 andk = 25. One also observes, as expected, that
for an increase of SNR by 3dB the capacity maximally increased by approximately 1 b/s/Hz for

an outage probability beyortd%.
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FIGURE 3.5: ccdf versus capacity for varying RX antenna orientatibn,

----- p=19dB
— — —p=13dB

o
\‘

o
o

Prob. [Capacity > Abscissa]
o o o
w IN o

o
[N

o
[EY

o

Capacity — C (b/s/Hz)
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3.5 CONCLUSION

M

Performance gains of MIMO systems have been explored by theoretical studies involving
stochastic channel models, ray tracing techniques and direct channel measurements. Arguably
geometric modelling could be the most cost effective and time efficient technique. A
geometrically based model as a way to characterize a MIMO channel in a fixed wireless
indoor environment has successfully been derived. The geometric model that was presented
led to the derivation of the joint correlation function as well as the receiver and transmitter
antenna correlation functions in a neat, compact and closed form. The model incorporates key
characteristics such as the type of antennas, configuration of the antenna array, the number
of antenna elements, antenna element spacing, degree of scattering at the receive antenna and
antenna orientation so as to exploit the MIMO channel performance gains. In comparison to
all the described parameters, the increase in the number of antenna elements made the greatest
impact and contribution to the increase in channel capacity while antenna spacing affecting the

spatial correlation was another significant contributor.
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