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channels and have shown that capacity increasearljnwith increase in the

number of antennas at transmitter and receiver. $ideease in the channel
Keyword: capacity is observed because of the uncorrelateding paths Correlation
Channel State among the signals is dependent on the antennatigteuand properties and
. number of the scatterers in the environment. Ardestnucture includes the
Information(CSI) number of elements, the inter-element distance leAo§ Arrival (AOA) and

Correlated Channels Direction of Arrival (DOA). Additionally, Correlatio increases with the
Ergodic Capacity number of scatterers, their distribution, locatiand degree of movement.
MIMO Channels Signals with same spatial signature received ansidered correlated which
Rayleigh Fading reduces the channel capacity. In sum, correlatimorg the sub-channels

causes the degradation in the spectral efficiefidglMO channels
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1. INTRODUCTION

MIMO (Multiple-Input Multiple-Output) is techniquewhich uses multiple antennas at the
transmitter and receiver and exploits the multjp¢hs created by set of antenna array at the tittasand
receiver as shown in Figure 1. Time diversity amdjfiency diversity techniques were well-investidadad
studied until new diversity techniques known adigpdiversity was proposed by Alamouti [6]. Thencept
of Multi-Element Antenna (MEA) arrays was first givin a seminal work by G. J Foschina and Gandrl].
MIMO, mapping of data stream is performed over ipldtparallel data streams into a single data strand
at the receiver side these data streams are deethapul decoded in a single stream. MIMO incredses t
signal quality i-e it's resistive to fading, covgeaand capacity of the systems. Moreover, reducatep
consumption and reduced cost of wireless netwoakslh®e considered as other advantages of the MIMO.
Because of this MIMO is used in all the forthcomingoor and outdoor wireless communication stanslard
for example WIMAX, WiFi, DVB-T2, HSPA+ and LTE-admaed. Alongside the inherent advantages,
MIMO has to face certain challenges few to mentiwe non-linearity of power amplifier, costly Didita
Signal Processing (DSP) algorithms and networkrptenand optimization.

One of the prime reasons for the attainment ofplextral efficiency of the MIMO is that it exploits
the different spatial signature created by rich tipath scattering environment. The signal from the
individual transmitter antennas appear highly urelated at receiving antennas because of the difter
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spatial signature of the signals. The rest of #yeep is organized as follows: Section 2 includesliterature
review or background study of the MIMO which inchgdbandwidth limitation issuesr capacity of Single
Input Single Output (SISO) channels and the lingdtatof the correlation on MIMO channel capacity.
section 3, we have discussed the discrete versioineo fundamental MIMO system model. Sectiol
contains the capacity expressicfor the Single Input Multiple Output (SIMO) and Miple Input Single
Input (MISO) systems. We have discussed the awalytesults of capacity of the deterministic anah-

deterministic MIMO channels in section 5. Followitigs, simulations results aifuture works are discusst
as part of section 6 and section 7 respecti

Figure 1. MIMO System Architecture

2. BACKGROUND STUDY

MIMO (Multiple-Input Multiple Output) communication chitecture is very useful iiwireless
communication in rich multipatfading environment. It offers spectral efficiency far bagowhat is offeret
by the conventional systems. The channel capatit§iblO architecture increases in a linearhion in case
of independent Rayleigh fadjrchannel.

2.1 Bandwith Limitations

The concept of channel capacity and limitationdbandwidth was introduced by Claude Shannc
1947 [2]. Capacity expression for the Single InSirigle Output (SISO) system as given by Shanncar'e
be written as following:

C =Wlog,(1+ SNR) Pt/ /Hz 1)

Later on, many researchers worked on the capatitpaded channels uniG.J. Foschini and M.J.
Gans [1] investigated the niits of the bandwidth efficiency for wireless commuation in fadinc
environment. They exploitethe Multi-Element Arrays (MEA)to increase the capacity of the wirel
channel by usig the spatial dimension. ME promises great advantage in case of wireless LANbariiding
to building wireless communication links. The ovkemower was kept fixed ar exploited the capacity
offered by the MEA, the scale ihe capacity was observed mcreasing the SNR for the system hav
large number of antennas at the transmitter andeitwiver

The characteristic of the chann-e Channel State Information (C$)not known at the transmitt
but the receiver knows that the channel is subjetieRayleigh fading. Having no knowlec of the CSI at
the transmitter is considered to be practical whieduld otherwise need a fast feedt channel which
causes adtonal network overheads and bandw. Actual goal was to find the capacity a
Complementary Commulative Distributive Function (@) which is compares the pro ability of error ¢
SNR [1]. In [2] it isclear from thecapacity formula that in case of gla transmitter and receiver for the hi
SNR, 3 db increase in the SNR is considered torbénereae of 1 bit/cycle/Hzof capacity for single
transmitting and receiving anten. Now, one canmagine that how large capacity would be in casthe
MIMO where there are multiple antennas at the trangnaitté the receive

2.2 Correlation Limitationson MIM O Channel Capacity

In many cases signal correlation among antennawmegles exists because of poor scatte
environment. Therefore, it's necessdo study MIMO channel capacity in fading environmefntenna
located very close to each other limit the MIMO wchel capacity because of the field coupling prodi
correlation. Therefore, a certain minimum distabetween antennas must be ensured irer to avoid
decrease in capacity. In case of ideal scattenv@ment channel correlation limits the minimuntenna
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spacing to halfwavelenght. In [11] S.Lokyasuggests optimal numbfethe antennas can be calculated
using following mathematical seilt.

2L

Where L is aperture size of the linear antennayarﬁlandJ1 is the wavelength. Furthermore, minimi
antenna spacing, as stated above, should b-wave length.

A
i = =
iR 2 (3)
Moreover, correlation can be minimized either pigcantenna with sufficient distance apart or usinas:-
polarized antennas.

3. MIMO SYSTEM MODEL
Fundamental mathematematical model for MIMO systeamsbe written as follow

yv=Hz+z (4)
Where X =[xy, %3, %3, 0. x,1€CT is the transmitted vector of ordeNr X1
Vv=0ri,v2. V3. . Yl €CY® i the received MIMO vector of order Nz %1 and
z=1[2;,25.23, ... 2, E (™R the noise vector of ordeNz X 1 . The noise at the receiver

assumed to be Gaussian of eqlower o* and its components are independent. The channeixr f is

MIMO channel matrixof ordeiNz X Nt which contains the impulse responses of the indalicbath
between Ntransmit and N receive antennas and it can be represented a&$o

hiy hyz ™ h’-.i"
H=|Ra B 7 h=}'_ & CNaxr
I_ JI-“_ h’f: e hi_;l' J (5)

Where ®:; determines the gain of the radio channel fritk receiving antenna tjtk transmistting
1

antenna. Channel matrix H has Singular Valuecomposition (SVD) i H=UAZVE \here

1
NN N M . . = Hg¥Ng . . . .

U e CVa=¥e gng V € %M gre unitary matrices andZ € R™E**T is 4 diagonal matrix of singul:

values of H. Number of positive singular value-e rank of the channel matrix can be given

rank{H) < min{Ngz, Nz}

4. CAPACITY OF SSIMO AND M1SO CHANNELS
From Informationtheoretic perspective capacity can be defined esritual informatior /(Xz ¥
between two random variables X and Y which can enattically be expressed as follo

bit
C = max I{X; Y]L
wlx) channel use (6)

Where P{X)is the probability mass function (pmf) of the tramiged signa

Mutual information is measure of information thadr@e random variable X contains about another nar
variable Y which can also be given

I(X;¥) = HY) + H(YIX) @)
Where H(Y)is entropy of the random variableY or measure afeutainity of random variableor avers

H{Y) = - Zpﬁ’hag{p(}’)]
¥

information of the random variable and

HON) = 3 pUHWIK =x) = = » ¥ pO. Vloglp(x, ¥)]
X X ¥

is conditional entropy of rando
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variable X and Y and?{X. Y] is joint probability mass nction of random variable X and TX:Y)=10
if X and Y independent anfitX. ¥Y) = H(X) = H(¥) it x=v.

5.MIMO CHANNEL CAPACITY

MIMO channel capacity can be evaluated for theofelhg MIMO channel matrix case
1. Channel Matrix H is determinis
2. Channel Matrix H is a random mai

5.1Capacity of Deter ministic MIMO Channels
For a MIMO system of 1 transmit and Nreceive antennas received vegtaran be written as

E;
v= N Hx + =z
T )

Where Ex is the energy of the transmitted signats ld istime-4nvariant channel matrix of g by

— T . . . . .
Ny and == [z3.27z.--...2z]" is a noise vector. Moreover, the autocorrelationtrahsmitted vector i
defined as

Rxx = Elxx"] 9)

The autocorrelation of received matrix is define
E ) E
Fﬁnﬂﬁﬂ+zz“ = ElistH + 2] = el - ] (10)
T ST HT

E E, E
R =Ew!| =E|E| | ZHx+zf| [P0 48] | =
W NT NT N

Where E® is the complex conjugate transpose (Hermitian)hef matrix H.Now, the capacity of SIS
channel can be easily be extended to MIMO capatibps/Hzwhen Channel State Information (CSI) is
known at the transmittavhich can be expressed as follc:

T =log,

Ex . .
(INE T RN HHH)
E;

Where Ng Y isaverage Sign-to-Noise ratioof the the receiving antenna alwx is identity
matrix. For no CSl at the transmitter the covariance im&xx is identity matrix-e R xx =1 .
Now, the MIMO chanel capacity when Channel State Information (CSlkmown at the transmitter
which case channel matrix H is a full rank mat@xde written as followir

Y
Iy +—HR. HH
( RNy )

(11)

C= max lo
Tr( R/ =Nt 52

12)
5.2. Capacity of Non-Deter ministic or Random MIM O Channels
The practical MIMO channels are essentially -deterministic and time varying. Therefore,

channel matrix H is considered random and we assam#om channel is ergodic process. MIMO chal
capacity can be found by time average of the detéstic ctannel capacityn bps/Hzwhich can be given as
follows:

= ¥

C=E = NI'%* ) logo [I —HR, . H"

[(Tr(Rm.::l T ] Bz |lng t Ny X (13)

This is considered as ergodic channel capacithefMIMO channels In general, MIMO channels are
independent and identically distributed (iid). Ttleannel correlation is csely related to the capacity
MIMO channels. Here we consider the capacity of MIMhannel when the channel gain betw
transmitter and receiver are correlated. For higiRSthe deterministic channel can be approximat®
follows:

Y
C= 1 R 1 —H .H*'.l
{Tr?RE:;}:M DEz| xx|+ 0gz NT w iy (14)

Now, consider the following correlated channel m

H = R H,R; (15)

Where Rt is the correlation matrix and reflects twrelation between transmit antennas. Rr is
correlation matrix reflecting the correlation beemereceive antennasd H,, denoted the iid Rayleigh fadir
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channel gain matrix. The diagonal entries of Rr BRhdre constrained to be unity. Then, we can w10
channel as

H
_ Y w2
C =log; |In, + N—TJ R.H, R.HGR' (16)
If Nt=Ngr=N, Rt and Rr are full rank, and SNR is high we approximateabove relation ¢
¥ H
C = log, || —H,,HE || + log; “det(R,.) + log; (R,)
Nt (17)

Above equation shows that MIMO channel capacityehbgen reduced due to correlation between trar

and receive antennas by an amount equlog2 i det(R,) + logz (R)
We can calculate the ergodic MIMO channel capaaiin there exists correlation between transmit
receive antennas, with the following exponentialraiel correlation matrice

R,.=1I, (18)

and

Bt= [o(m{L 82075 - /00T (0. £3e/( 7035 @15 (- 0.537) )l o D075 j0. T L 0T T (- st ) (43T D35 (19)

MIMO channel capacity increases linearly in casdénoependent fading channels. Increase in coroali

usually causes a decrease in SNR. For example,anmitbrrelation cc-efficicent of 0.7 there may be 3¢
decrease in SNR.

6. SSIMULATION RESULTSAND DISCUSSIONS
In this section, we shall discuss our simulatiosules thatare obtained following the analytic
results as discussed in section 5. The simula#eunlts are very much consistent with analyticalltes

COF

i gag : i i
2 4 51 3 10 12 14 16 18
bpsiHz

Figure 2. CDF for 2x2, 3x3 and 4x4 MIMO chann

Figure 2 shows the Cummulative Distribution Funeti@DF) graph of the MIMO channels.From ab
graph we can see that capacity of 4x4 MIMO charsggkater than capcity of 2x2 and 3x3 MIMO chan
We oliain gain of approximatel2bps/Hz with 4x4 MIMO channel over 2x2 MIMO chanm@l10dB SNR
Similarly, if we increase SNR we can achieve magacity gair Channel capacity for the 2x2, 3x3 and ¢
MIMO channel at SNR of 10dB is summarize(Table 1.
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Table 1. Channel Capacity of 2x2, 3x3 and 4x4 MIkHannels at 10dB SNR.

MIMO Channel Capacity(bits/sec/Hz)at10dB
2x2 4
3x3 6.5
4x4 9

Table 2. Capacity loss in 3x3 and 4x4 MIMO Correth€Channels at 10dB SNR
MIMO Channel iid MIMO Capacity Correlated MIMO Capacity Loss

(bits/sec/Hz) Capacity (bits/sec/Hz)
(bits/sec/Hz)
3x3 7 6 1
ax4 11 9 2

25 T T T T T

T T
el WO 44 Tid
—p— MIMO: 4x4 corr

MIMO: 3x3 iid W
s MIMO: 3x3 corr

L

-
th
T

Capacity [bps/Hz]

=i
a
i

] 2 4 6 8 10 12 14 16 18 20
SNR[dB]

Figure 3. Comparison of 3x3 and 4x4 MIMO correlatbdnnel capacity

Figure 3 shows the performance of ergodic MIMO elated channel. The simulation results are comgiste
with the analytical expression. We can observe ttexte is capacity loss due to correlation andctiygacity
curves are shifted downward. A capacity loss ofsIHp is recored at SNR of 10dB.Therefore, a capacit
gain of 1bit/sec/Hz can be achieved on a penaltdB SNR. Moreover, it can be seen that capacity
increases linearly whenNecomes equal todN

7. CONCLUSION AND FUTURE WORK

MIMO channels promise high spectral efficiency. Eaver, the capacity depends upon the order of
the receiver and transmitter antennas under celiaits. In practice, when there is correlation vee¢n
channels, degradation in capacity can be obsefiedlly, capacity of MIMO channel can be investigt
for time-selective and frequency-selective chanméien CSI at transmitter is not available or is émfpct
which is in case when feedback channel from receteetransmitter for training sequences imposes
bandwidth constraints and is not feasible.
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