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Eigen Value distribution under High Spatial fading Correlation.
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Abstract—In this paper we present the multiple-input 1
multiple-output (MIMO) capacity results of an orthogonal fre-
guency division multiplexing (OFDM) based system in correlated
Ricean fading. Assuming that only receiver has the channel state
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k is the Rice factor.

information (CSl), the dependence of capacity on the propagatio o4r id ]
and system parameters are investigated. Our simulation and 02 :
analytical results show that in general there would be a loss in 0

ergodic capacity because of the Line-of-Sight (LOS) component, oo e e o8
while high cluster angle spread increases the ergodic capacity. Eigen Value distribution under Low Spatial fading Correlation
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An OFDM-based MIMO system has the potential to drasti- ,,| ... . __.---7777"7777--- - [
cally increase the capacity of wireless links with no addiél I ek N SN SR SR S SR I bt
power or bandwidth consumption. This is because an OFDM
system has the ability to turn a frequency-selective MIM@-fa
ing channel into a set of parallel frequency-flat MIMO fadingig. 1. Asymptotic Eigenvalue distribution with high and l@patial fading
channels. This makes multichannel equalization remaykalsprrelation
simple. Also, by using a cyclic prefix (CP) (of duration geat
than the multi-path delay spread of the channel) the inter-the rest of the paper is organized as follows. Section I
symbol interference (ISI) can be completely eliminatedngs nresents system model and assumptions. Section 11l psesent
a broad-band fading channel model reported in [1], ergodige capacity of the given system under Ricean fading. Setio

capacity of an OFDM based spatial multiplexing systefy and v present the simulation results and conclusions.
under Rayleigh fading was derived assuming that the CSI is

available only at the receiver in [2]. These expressionsewer Il. SYSTEM MODEL DESCRIPTION
then used to study the influence of propagation parameter . . . .

y propag P ?n general, using the discrete-time MIMO fading channel
(delay spread, cluster angle spread and total angle spaedd) .

model we can write [2],

system parameters (number of antennas and antenna spacing
on capacity. In this paper we consider the capacity of a
similar OFDM-based system under a more general Ricean
fading model. We obtain closed form expressions for the

asymptotic capacity when only one LOS component is preseWthere n denotes the discrete-time index,n] denotes the

! . . disacrete-timeNT x 1 transmitted signal vecto [rn] denotes
The dependence of asymptotic capacity on eigenvalue spread” _ ) _

. L . . the discrete-timeNi x 1 received signal vector and,
of the total correlation matrix (i.e. sum of correlation nizgs s theth t t the ch i |
of all the paths) was investigated in [2]. Here, we inveségarepresen s ap ot Ihe channet Implse response.
how the eigenvalue spread, and hence the asymptotic cgpacit . _
would be affected by the Rice factar Our analytical work A Propagation Scenario
followed by the simulation results reveal that in genera th We assume that the receiver is at a height and is surrounded
presence of a fading specular component reduces the ergdmlica scatter-free environment resulting in spatially datesl
capacity. This loss in ergodic capacity can be attributethéo fading at the receiver. On the other hand, it is assumed that
reduction in the effective signal-to-noise ratio (SNR) doe the transmitter is surrounded by a number of scatterers and

the presence of LOS component. hence fading at the transmitter is spatially uncorrelated.
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It is also assumed that the elements of the individdal whereH,,; consists of complex normal entries of zero mean
are correlated but different scatterer clusters are uataded, and unit variance. Also, for our further analysis we define th

ie., Rice factorx ask = 2“0 and introduce the normalization
E [vec {H,} vec! {Hy}] = Oy, for L #7 @) pé +202 = 1. Thus, with ‘this normalization we can write the
mean and variance of the LOS component in terms: @&fs
where vec {H;} = {hzj:o h/y - by, |, with by, = pf = 25 and20f = =5
[hﬁk hiy oo bR T, denoting thek-th column of the

IIl. MUTUAL INFORMATION OF MIMO-OFDM BASED
SYSTEM

matrix H; and Oy, N, denoting the all zero matrix of size

NrN7r x NrNr. Also, let us assume that each cluster has a
mean angle of arriva;, a cluster angle spreafl and a path  In this section we derive the mutual information of the
gain of207. The path gains are obtained from the power delajiIMO-OFDM based system using the channel model de-

profile of the channel. scribed in the previous section. Throughout our analysis we
assume that the length of the cyclic prefix is greater than
B. Fading Statistics the mutli-path time delay spread. Also the loss in spectral

In a semi-urban environment it is realistic in assuming th&fficiency due to employing the cyclic prefix is neglected.
there is one LOS component along with — 1 scattered ~ AS in [2], we arrange the transmitted data symbols into
signal components [1]. Thus, in our case we assume tHisquency vectorsc, = c,i )cg) ~-c,1fT‘1 where c,(f)

h , is distributed asV, ( £2 (1 +7), 200) whereN. means a denotes the data symbol transmltted from the i-th antenna on
circularly symmetric complex Gaussian distribution. Thiees the k-th tone £ = 0,1, -- — 1). For our further analysis
paths (i.e. fol = 1,2--- L — 1) are assumed to be distributedve define the following matri)H (e7270) = So1 7 Hyem72ml0
asN, (O, 2012). Based on the above assumptiohs,, is said (0 < 8 < 1). Using these definitions the received code vector
to have a Ricean distribution while the other paths are ah thek-th tone can be written as

assumed to be Rayleigh distributed. As in [2], we assume that _ 2 (k/N) _
the fading correlations are the same for all transmit argsnn ¢ = H (e ) ¢k tnyp, fork=0,1,--- ,.N-1 (7)

ThusR; = E_{hl,khﬁk}' The entries of correlation matriX ywhere n; is the additive white Gaussian noise which is
R, can be written as spatially and temporally white satisfying

Ril,, = 20ip((n—m)A,0,68) . ®) E {nmnf} = o2Iy, , (®)

. n _ r r+s * . . . . . .
Whgre we def'ﬂ@l (sA4,01,0)) =E {h_l,k (hl,k ) } to be the wherely,, is the identity matrix of sizeVg. With these def-
fading correlation between two receiver antenna elemeits [initions it can be shown as in [2] that the mutual information

Note that,p; is a function of the antenna spacidy, mean f an OFDM-based system with CSI available at the receiver
angle of arrivald; and the angular spreag. In general, it can is

be said that the spatial correlation increases with deitrgas

angular spread. Assuming a Gaussian distribution for aoigle I = 1 I
arrival, it has been shown in [1] that for a small angular adre N 5—0
the correlation can be approximated as 1 N1 )
_ . o o - -3 [det(I —|—H<632” N)
o1 (SA, 017 5[) ~ efj27rsA cos(@l)ef[).o(Qﬂ'SA sm(@l)ag,l)z ) (4) N kZ:O Nr P
The tapH, of the channel, which is Ricean distributed can HA (ejz’r(’“/N)))} 9)

be written as
wherep = P/ (NpNo?) and P is the total transmitter power.

_ 1/2 o g
Ho = Ry Hyo+Ho () Note that we can write,
whereR, is the covariance matrix dfiy, H, o is an uncor- H (ejg,r(k/N)> R1/2Hw o+ H,
related Np x Np matrix with i.i.d complex normal entries of 0 ’
zero mean and unit variance alt}, is an Ny x Ny matrix Ll 1/2 ;
—j2n(kl/N)

defined as form = 1,2, -- -, NR andn=1,2,---, Ny, + ZR Ho e - (10)

[_O]m n= \/— (1+7) - By denoting the first column of H (e/2(*/N)) as

i2mw(k/N H H H H
The Rayleigh distributeéith tap forl = 1,2, --- L — 1 can be B (e72r*/)) it is straightforward to show as in [2]
written as that

H, = RY?H, for [=1,2---L—1 ) E{h(ejQ”(’“/N))hH (eﬂ”(k/N))} = R, (11
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whereR = R + p3¥ + Zf:_ll R; and W is an Ny x Nr write the limiting (Ng — oo) distribution of the eigenvalues
matrix of all ones. Thus, we note that the correlation matriof R as

R is independent ok. Thus, we have shown that M) = Jlrlﬂ3 (ﬂ(y B Acos(ao)),e*(l/”@“Si“(90)09=0>2>
. ~ _ K
H (eﬂ”(k/m) - RY?H, + H,, (12) L1
. 2
+3 0 (ﬂ (v — Acos(6))) , e~ (/D @rasin(@)o0.) )
where H,, is Nr x Nr is uncorrelated complex Gaussian =
matrix with zero mean and unit variance aRd= R — p2W.

where the third-order theta function is defineddagx,y) =

Hence, it follows that S _y™e%nT [5]. Although the expression for(v)
I ~ log [det (INR +p (ﬁl/gHw +ﬁ0) yields thg .e|genvalue d|str|bu'F|on .|n the limiting c_ase, in
' case of finite Nr, good approximations can be obtained by
(ﬁﬂsz +ﬁ0)Hﬂ . (13) samplingA(v) uniformly on the unit circle [3]. We are now
ready to study the impact of propagation parametersraad

the eigenvalue distribution and hence the ergodic capacity
A. Influence of LOS component on Capacity

The ergodic capacity’ is defined as B. Impact of cluster angle spread and Rice factor
N_1 As stated before, in general the spatial fading correlation
C = E 1 Z Iy b . (14) depends on the cluster angle spre&d 4énd antenna spacing.
N o . .
k=0 In fact for oy, = 0 the correlation matrix collapses to a

Since the distribution of, is independent of k, from (14} rank-1 matrix. For the sake of simplicity, first let us coresid
can be further simplified a§' — E {7} whereT, is defined only one path. Fig.(1) shows the eigenvalue distributiodeun
in (13) both high and low spatial fading correlation. As it is eviten

Next, we resort to simple asymptotic analysis assuming ti‘["?m this figure in the absence of cluster angle spread (i.e.

. o . . igh spatial fading correlation) the eigenvalue distridutis
Nr is large. In the limit of large transmit antennas it can be . . . .
peaky and thus could result in a loss in ergodic capacity.

shown that
Also, the presence of LOS component does not alter the
C = log [det (INR 4 5}})] (15) eigenvalue distribution, but merely scales down the eigier/
distribution by a factor ofx + 1. This down scaling results
wherep = P/(No2). in a reduction in the effective SNR by a factor ef+ 1.

To study the effect of on the ergodic capacity let usBut, in the presence of non-zero cluster angle spread ¢uve. |
consider the case of only one path. In this caRe~ Ry spatial fading correlation) the eigenvalue distributietatively
where R, corresponds to the covariance matrix of theh flattens out and thus an improvement in ergodic capacity can
path. In the low SNR regime, the asymptotic capacity in (1®e obtained. Thus, from this we conclude that in general the
can be approximated as presence of a LOS component may reduce the capacity of an

_ OFDM-based MIMO system in correlated fading.
C = log(1+pTr(Rp)) =log (1 + L) (16)
k+1
IV. SIMULATION RESULTS
Thus, from (16) when the channel energy is flx_ed the _presenc_:ein every simulation example 1000 independent Monte Carlo
of LOS compor_went can decr_ease _the capacity. This faCtr%s were performed. We considered an OFDM based system
further supstantlated by our S|mul_at|on results. in which the number of tonesN) is equal to 512, the
In the high-SNR case, we obtain CP length was 64. We also assume that the tap spacing in
NR-1 _ the simulation to be uniform and thus we model the power
C = Z log (1 + pAi (R>) . (17) delay profile of the channel to be exponential. Also, for all
i=0 the simulations we assume that only one tap is Ricean and
The eigenvalue spread & critically determines the ergodic ("€ rémaining taps are Rayleigh. The power of the LOS
capacity. In [2] it has been proved that the capacity is ma)gpmponept wa.f, assumed to be 10 dB for all the cases. Finally,
mized when); (ﬁ) = 1/(Ng) and any deviation from this the SNR is defined a8 = P/(No7).
constant value would result in a loss in ergodic capacity.

We next show as how the propagation parameters alofig Simulation Example 1
with « influence the eigenvalues & and hence the ergodic The number of antennad’r = Np = 4. To make the
capacity. It is straightforward to see tHatis a Toeplitz matrix, comparison fair we keep the total energy in the channel
thus we can invoke Szé theorem [3] [4]. Using (4) we can constant. In this example, we assume that the cluster angle
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spreadog; =0 (I =0,1,---,L —1). In the flat-fading case

we set the mean angle of arriv@} = 7 /2. In the multi-path

case we assume a total angle spread of 90 degrees. As Fig. 2
indicates that in general the presence of a LOS component
would reduce the capacity. Fat = 6 the capacity with
pure Rayleigh fading channels and 1 Ricean + 5 Rayleigh Ergocic Capaciy without cluster angle spread
tap channel is almost the same. This is because whésn N ‘
large, the fraction of channel energy in the first path is very
small. This makes the loss in effective SNR due to the LOS |
path component in this tap negligible. In general, the ciypac Rice factor (=10 4B
of the system reduces with the increasing strength of LOS
component as it would bring down the effective SNR.

T T
1 (Only Rayleigh (solid line))
1 (Only Ricean (dashed line)) \
3 (All rayleigh (solid line))

3 (1 Ricean, 2 Rayleigh (dashed line))
6 (All Rayleigh (solid line))

6 (1 Ricean, 5 i line))
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B. Simulation Example 2

Here, we investigated the effect of LOS component along
with that of cluster angle spread (see Fig. 3). The parameter
are same as in example 1 except that we assume a cluster
angle spread ofy; = 0.25 ({ =0,1,---,L —1). As Fig. 3 D D SL b
shows, in general the cluster angle spread could result in an  ° ° 1 SNR ind 2° ® *
improvement in ergodic capacity. An interesting point tdeno
is that the effect of cluster angle spread on the capacity':l'g' 2
small in L = 1 Ricean channel compared to that of Rayleigh
channel. Beyond. = 3, both Rayleigh and Ricean channels
have almost the same capacity.

Ergodic Capacity with small cluster angle spread

V. CONCLUSIONS

We considered the capacity of an OFDM-based MIMO
system under correlated Ricean fading. Assuming that tHe CS
is available only at the receiver we derived expressionshier
asymptotic capacity of such a system under the assumption
that there is only one LOS component. We then derived the
asymptotic eigenvalue distribution using which we anadyze

the impact of LOS component along with other propagation . | Erguc Capacty wih chser angle sreas
parameters on the ergodic capacity. 3 L5 oy Rcear e o
Our analytical results suggest that in general the preseince ~ Egg;{jzgﬂg:ﬁdhd ey
LOS component could be detrimental to the ergodic capacity — 2o[i=- L=t aRicean 5 Raykig
of the system. This fact was also illustrated using simaiati Rice factor (k) =10 dB
results.
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