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ABSTRACT

Multiple-Input, Multiple-Output (MIMO) describes systems that use more than one
antenna element at each end of the wireless link. Combining two or more received signals
on both the transmit and receive ends, has the most benefit of improving received signal
strength, but MIMO also enables better performance in high data rate transmission. Many
in the wireless communication world are hoping to utilize MIMO communications to boost
capacities, expand bandwidths, increase signal-to-interference ratios, and mitigate fading.
This paper investigates many factors that may affect the MIMO channel capacity when
perfect channel state information (CSI) is assumed at the receiver, but not always at the
transmitter. The results showed that the increase of Rician fading, K factor, antenna
correlation, cross-polorization discrimination(XPD) may affect the ergodic and outage
capacity of MIMO systems. MIMO was described, and the potential of ¢ x ¢ MIMO system
in capacity degradation reduction was presented and simulated using Monte Carlo
simulation. The simulation results obtained using MATLAB- ¥+ -9 a were presented and
discussed.

Keywords:- Ergodic and Outage Capacity, MIMO, LOS, NLOS, Rician fading, K
factor, antenna correlation, XPD.
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l. Introduction

Multiple Input Multiple Output (MIMO) systems promise a substantial improvement
in the wireless system capacity, without requiring more bandwidth. The MIMO channel
capacity is defined as the maximum data rate that can be transmitted over the channel with a
probability of error almost close to zero. The capacity increases linearly with the number of
antennas at both transmitter and receiverl'l. With the minimum number of transmit and
receive antennas for a given fixed signal-to-noise ratio (SNR), the capacity can be improved
even if the fades between antenna pairs are correlated("]. However, the correlation of a real-
world wireless channel may result in a substantial degradation of the MIMO architecture
performance and there is a possibility that the line-of-sight (LOS) component may exist
within the scattered components. Then, the fading will follow the Rician distribution,
degrading the performance of MIMO, compared to Rayleigh fading.
Considering a single user MIMO system with T antennas at the transmitter and R antennas at
the receiver, the system can be described as ["].

§/=1/%H §+rA1 ..()

where Es is the total energy available at the transmitter, y is the R x Y vector of signals
received on the R antennas, s is the T x Y vector of signals transmitted on the T transmit
antennas, n is the R x Y noise vector consisting of independent complex Gaussian distributed
elements with zero mean and variance &', and H is the R x T channel matrix.

To study the MIMO channel capacity, a channel with a MR * MT matrix is presented as ["].
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ha(zt)  ho@t) . hy (@) ]
hz,l(f,t) hz,z(T’t) hz,MT (z,1)

H= ' ' ' (2
_hMR,ll(Tyt) hM;,Z(T’t) "'hMR,M; (T,t)_

The matrix elements are complex numbers that represent the attenuation and the phase shift of
the signal arrives at the receiver with a delay of t sec. Hence, the MIMO system may be
described in matrix notation as y=H ®s(t), Where s(t) is a vector that represents the

signals transmitted from the MT transmit antennas and can be described as
s(t) =[s,(t)s,(t)...S. ()] which is a MT *) vector, and y(t) is vector which represents the
received signals from the MR receive antennas, and can be described as
y(©) =[y,(t) Y, (t)...yy_ (DI, which is an MR *\ vector.

The MIMO channel capacity is given by Shannon’s extended formula as [*].

C= max Iogz[det(l +HRSSH”)] ..(3)

tr(Rg)<p

where, the matrix H" is the transpose conjugate of the channel matrix H, Rss is the
covariance matrix of the transmitted signal vector s(t) and p is the maximum normalized
average transmit power.

In case of unknown channel at the transmitter, the signals to be transmitted are equi-powered
at transmit antennas, and the power (Px) allocated to each of the MT elements is equal to
( P/MT1). In that case the Rss matrix of equation (¥) equals the identity matrix (I), and the
capacity can be expressed as in the following equations(-°].

p H
C:Iog{det(HM—THH ﬂ -(4)
c—znllo 1402 ®)
_k=l gZ MT K

Equation (°) implies that the MIMO channel capacity can be expressed by the sum of the
capacities of n = rank(H) SISO channels, each having power gain &’ and transmit power of
(P/MT).

When the conditions of the environment permit the use of a Rayleigh model and the antennas
of the transmitter and the receiver are sufficiently separated, the elements of the channel
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matrix H can be modeled as zero mean circularly symmetric complex Gaussian (ZMCSCG)
random variables, with unit variance. The resulting matrix is symbolized Hw and is referred as
spatially white matrix. The capacity formula under the assumptions of Rayleigh channel and
equal power allocation is.

P !
C=Iogz[det(l +M—HWHWH ..(6)

T

The ergodic capacity, and the outage capacity of a MIMO channel are used to study the
stochastic channels which is a random variable. The ergodic capacity of a MIMO channel is
the ensemble average of the information rate over the distribution of the elements of the
channel matrix H ["*l. The outage capacity quantifies the level of capacity performance
guaranteed with a certain level of reliability. For example, q% outage capacity, Cout;q,
indicates that the system can achieve minimum capacity level Cout;q with probability
(Ver-q) %0,

II. Channel Capacity At The Transmitter

In case of unknown channel (no CSI) at the transmitter, the ergodic capacity is given byl™*°1,

_ P HHH
C= E{Iogz(det(l + M- HH D} .(7)

where Ex{.} denote the expectation over H and the operator H" indicates the Hermitian of the
matrix H. Using singular value decomposition (SVD), eq.(Y) can be decomposed as.

i=1

C= El{zkzlogz(l+$ﬂij} (8

where E;{.} denote the expectation over A, k, (k <m) is the rank of H,and % (i =V, ¥, ... , k)
denotes the positive eigen values of HH".
When the channel state information CSI are known at the transmitter ["*V],

C= EH{ZIogz(Mr} ~(9)

Where p is chosen to satisfy.
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P

kK
N, =

0

(u-%")" ..(10)

and “+” denotes taking only the positive terms.
lll. Correlated Rician Fading Channel Model

For Rician fading the elements of H are non-zero mean complex Gaussians. Hence we can
express H in matrix notation as ["*"1,

H=aH®+bH* (12

where the specular and scattered components of H are denoted by superscripts sp and sc
respectively, a> +, b > + and a® +b® =1. H*is a matrix of unit entries denoted as HLOS. If

there is no correlation at the transmitter or at the receiver side then the entries of H*are
independent and identically distributed (i.i.d.) zero mean circularly symmetric complex
Gaussian (ZMCSCG) random variables with unit variance, usually denoted by H,, . If there is

correlated fading then the H** matrix can be modeled as ["**"],
HSpZR:IZHWRIUZ (12)

where R; and R; are the correlation matrix at the transmitter and at the receiver side,
respectively. The correlation matrix R is defined as ["*"1.

r. = ,|r|§1 (13)

rii, 1> ]

where “*” denotes the complex conjugate. The Rician factor, K is defined as a'/b". Thus, the
above H matrix can be written as [TV« 1 Y],

[ K [ 1
H _ H + Rl/2 H 1/2 14
K+1 LOS K+1 r w Rt ( )

where K is the Rician K-factor of the channel and is the ratio of the total power in the fixed
component of the channel to the power in the fading component*! when assumed the channel
is assumed to be perfectly known to the receiver. Furthermore, we assume an ergodic block
fading channel model where the channel remains constant over a block of consecutive
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symbols, and changes in an independent fashion across blockst™"1. Therefore, in the Rician
channel case, the channel matrix can be represented as a sum of the line-of-sight (LOS) and
non-line-of-sight (NLOS) components!* "1,

H=HLOS + HNLOS ...(15)
Replacing K=+ in equation () £), the non-line-of-sight (NLOS) components will be.
Hyios = erlethl/Z -(16)

where Ry is the M xM correlation matrix of the receive antennas, R is the N x N correlation
matrix of the transmit antennas, and Hw is a complex N xM matrix whose elements are zero-
mean i.i.d. complex Gaussian random variables.

For a particular channel model, we consider the case of M = N = Y and model H as[*"1.

H:CLOS|:1 1i|+CNLOS|:1 égR:| Hw{l QZT:| -.(17)
11 e 1 e 1

where the constants c/,;and c; o Characterize the powers of the LOS and NLOS

components of H and jointly determine the SNR and the power ratio a of these components.
Here, the parameters (r and (r characterize the receive and transmit correlations,
respectivelyl' "1,

The capacity of a channel with correlation can be written as[**],

C =log, det(lNR + S’\I\IlR

R;,LIZHHRtHl/ZJ ...(18)

T

When Nt = Nr, and SNR is high, this expression can approximated as.

C= Iogzdet(lNR + SNNR

HUHUHJ+ log, det(R ) +log, det(R) ...(19)

T

The last two terms are always negative since det(R) <0.
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IV. Effect Of Cross Polarization Discrimination ( XPD ) On MIMO
Capacity

The Cross Polarization Discrimination XPD tells us one antenna discriminates its
polarization from the other antennal‘l. The channel models assume that the antennas at the
base station and terminal transmit and receive with identical polarizations. The use of
antennas with differing polarizations at the transmitter and receivers leads to a gain (or power)
and correlation imbalance between the elements of HI'°l. The polarization matrix H describes
the degree of suppression of individual co-and cross-polarized components, cross correlation,
and cross coupling of energy from one polarization state to the other state. Two polarization
schemes are typically and practically used: horizontal/vertical (+°/9+°) or slanted (+£2°/-£0°),

The elements of the matrix H which are denoted as ﬁ”(i, J=0,1) are zero-mean circularly
symmetric complex Gaussian random variables whose variances depend on the propagation

conditions and the antenna characteristics.
For Y*Y antenna system and when the transmitter and receiver use antennas with

+ 45° polarization, the diagonal elements of H correspond to transmission and reception on
the same polarization, while the off diagonal elements correspond to transmission and
reception on orthogonal polarizations. The power in the individual channel elements is
assumed to be ['**'"1,

e [Ruo[ b= e { R} = 1 -(20)
ef [l =2 {[A }= @ -(21)

where 0 < a <1 is directly related to the XPD (or separation of orthogonal polarizations) for
the channel components. Good discrimination of orthogonal polarizations amounts to small
values of «and vice versa. The relation between the channel XPD and « s, thus, given
byl "1,

XPD =% 0<a<1 (22)
(04

The capacity in the absence of XPD C,_ and in the presence of perfect XPD C,_,can be
given by ['"],

C,,=2 Iog2(1+ ?j ..(23)
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C,. ~log,(1+2SNR) ..(24)

V. Simulation Results and Discussion

In this section, the effect of many factors on the MIMO channel capacity will be
presented and discussed considering correlation at both communication ends in all cases.
Figures Y, Y, and Y shows the Ergodic and )+ 7 outage capacity of ¥*¥ MIMO system and ¢*°
MIMO system when the Rician fading component are equal to ( +, *,° and V) respectively
and when Rician K factor vary from « to Y+ in step of © for a given fixed value of SNR from
+ dB to Y+ dB when the receiver has perfect CSI but the transmitter does not(equal power
allocation ). From these figures, it is can be noticed that, as the SNR increased or number of
antennas M increased, the Ergodic and outage capacity increase linearly with the number of
antennas and logarithmically with the SNR., in addition, as the value of Rician K factor
increased, the ergodic and the outage capacity will decrease. However, the loss is more at ©*°
MIMO system due to the increase in Rician K factor that emphasizes the deterministic part of
the channel. The deterministic channel is of rank Y and so the capacity decreases. From
eq() ¢) when K = +, only the channel matrix can be represented as non-line-of-sight (NLOS)

components or pure Rayleigh fading i.i.d channel H =RY?H, R"? , and when K= Y. the

channel matrix can be represented as a sum of the (LOS) and NLOS components

H= ‘/%HLOS +1/2i1R§’2HW 2. i.e., the ergodic and outage capacity of the system will be

affected by the LOS and it will degrade as the power from the line of sight component
increases. Also, from the figures, It can seen that for the Y*Y MIMO and ¢*° MIMO channel,
the ergodic capacity is higher than outage capacity for all values of SNR and when the value
of Rician fading increases, the ergodic and the outage capacity decrease. However, the loss is
more at °*° MIMO channel. This is because the increase in correlated fading parameter
emphasizes that the fades are less independent and thus reduces the rank of the random
channel, so the capacity decreases.

Table()) shows the values of Ergodic capacity and )+’ Outage capacity in b/s/Hz for
o*o MIMO system when the Rician fading component is equals to +, *,° and ) when
Rician K factor vary from + to Y+ in step of e at SNR = Y+ dB.
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Ergodic determining the capacity in the presence of a Rician component = 0
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Outage determining the capacity in the presence of a Rician component = 0
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Figure (Y ). Ergodic and ' :7 Outage capacity of ¥*¥ MIMO system
and ¢*¢ MIMO system with zero Rician fading component
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Figure ( Y). Ergodic and \ +7 Outage capacity of ¥*¥ MIMO system
and ¢*¢ MIMO system with +,® Rician fading component
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Outage determining the capacity in the presence of a Rician component = 1
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Figure (¥). Ergodic and \ +7 Outage capacity of ¥*¥ MIMO system
and ¢*¢ MIMO system with Y.+ Rician fading component
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Table (V). Ergodic — Y+ outage capacity with different

values of Rician Factor
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Rician fading Rician fading Rician fading
component = » component = +,° component = )
Yol Ergodic Vol Ergodic Vol
K factor Ergodic | Outage | capacity | Outage | capacity | Outage
capacity | capacity capacity capacity
. YV,E0.Y [ YE,9008 | YV,FA6Y [ YE,A00Y [ YV,1904 | Y&, TEAY
° YATUFY [ YR Vo [ Y, VAVY [ YAAAMAT | Yo, U0 oA [ YA, EYY
B YAIFYA [ Yo, o) [ Ya,Y17E [ YV,0VEA [ YA, YooV | Y1,A601
Yo YY,04YV [ 14,70YY [ YA, VYoV [ YV, AY0 [ 11,4VY¢ | V0,09A0
Y. YV,00Ya [ YA, EFYY [ YAEYAY [ YTLAVAA [ V1,0 0FE E,VVIA

Figures ¢ and ©, show the Ergodic and Y +7 Outage capacity of ¥*Y MIMO system and °*°
MIMO system in the absence of XPC (i.e., the antennas discriminate no interference between
each other’s polarizations) with and without fading correlation and when there is a correlation
between the antenna elements only at the receiver with correlation values are (.Y, +,¢, +,7,
+»A) at a given fixed value of SNRdB from + to Y+ dB when the receiver has perfect CSI but
the transmitter does not(equal power allocation ). From the figures, it is clear that, the
capacity of e*e MIMO system is higher than the capacity of Y*Y MIMO system for all values
of SNR in all figures and the capacity of uncorrelated MIMO system is higher than the
capacity of correlated MIMO channel. For the correlated MIMO channel, when the
correlation among the antenna elements decreases the capacity increases. This result is
expected, since smaller angular spread leads to higher correlation and consequently lower
capacity (i.e., we observe a very large ergodic capacity loss for the case of high correlation)
and the effect is more significant at higher SNR.
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Ergodic capacity without cross-polarization discrimination XPD = 0 and uncorrelated
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Figure ( ¢ ). Ergodic and ‘+Z Outage capacity of ¥** MIMO system
in the absence cross polarization discrimination with
uncorrelated and correlated MIMO system
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Ergodic capacity without cross-polarization discrimination XPD = 0 and uncorrelated
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Figure ( © ). Ergodic and ' +7 Outage capacity of e*¢ MIMO system
in the absence cross polarization discrimination with
uncorrelated and correlated MIMO system

Table ( ¥ ). shows the values of Ergodic capacity and Y + 7 Outage capacity in b/s/Hz for
o*o MIMO system in the absence of XPD with uncorrelated and correlated MIMO

system at SNR = Y -dB.

Table ( ¥ ). Ergodic — Y+ outage capacity for correlated and
uncorrelated MIMO

Ergodic capacity Outage capacity
Correlated | Uncorrelated correlated | Uncorrelated | correlated
values o*c MIMO | °*° MIMO | °*c MIMO o*o

system system system MIMO

system

oY YV,:YY4 Y),.04¥ Y¢,9.0F Y.,M04¥
¢ YV,:YY4 Y., YAV Yi,94007 14,1Y4V
o, YV,6)YA YA, YAAY Yi,A8Y YV, AAAY
N YV,¢.V0 Y0,14V) Y¢,AdY0 Y£,VaV)

Figures 1, v, and A show the Ergodic and ) 7 Outage capacity of ¥*¥ MIMO and ¢*° MIMO

system when cross polarization discrimination is investigated with a values are (.Y,

¢

+,7, +,A) with uncorrelated and correlated antenna elements when the correlated values are
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(+»Y, +»¢&, +,7) at a given fixed value of SNRdB from + to Y+ dB and when the receiver has
perfect CSI but the transmitter does not(equal power allocation ). From all figures, it is clear
that, when the cross polarization discrimination is investigated, the capacity of e*° MIMO
system is higher than the capacity of Y*Y MIMO system for all values of SNRdB in all
figures. The capacity is decreased as a increased for uncorrelated fading channel but when the
channel fading is correlated the a values cannot effect on the capacity (i.e., all curves of the
capacity are close to each other for all values of a in the same figure) and when the correlation
among the antenna elements increases the capacity are decreases. Figure 4, shows the )7
Outage capacity of °*° MIMO system with cross polarization discrimination for uncorrelated
and correlated MIMO system.

Table(Y) shows the values of Ergodic capacity and ) +7% Outage capacity in b/s/Hz for o*°
MIMO system when XPD present with uncorrelated and correlated antenna at SNR = Y - dB.

Ergodic capacity with XPD investegated and uncorrelated Ergodic capacity with XPD investegated and corr value = 0.2
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Table (¥). Ergodic — \+7 outage capacity in b/s/Hz for
o*e MIMO system

Ergodic capacity Outage capacity
a values Uncorrelated | correlated | Uncorrelated | correlated
antenna Value = antenna Value =

o, o,
oY Y),.04¥ YA, YAAY 14,104 YU, AAAY
3 Y., YAV YA, YAAY YA,TYAY YU, AAAY
o YA, YAAY YA, YAAY YT, AAAY YL AAAY
“A Yo,Y4V) YA, YAAY Y¥,VAV)Y YU, AAAY

VI. CONCLUSION

In this paper, we investigated a real life cases which are the Rician fading , Rician K
factor, antenna correlation, Line of sight problems and cross-polarization discrimination on
the capacity of MIMO system. The simulation results show that the ergodic capacity and
outage capacity can be increased as the number of transmitter and receiver increased or SNR
increased. The uncorrelated MIMO system performs better than the correlated MIMO system
in LOS scenario (i.e., the capacity of uncorrelated MIMO system is higher than the capacity
of correlated MIMO system). While the capacity will be degraded as the Rician fading, K
factor, antenna correlation , Line of sight problems and cross-polarization discrimination
increases.
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