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Abstract: In contrast to the rest of wireless communication technologies, multiple-input multiple-output
(MIMO) technology enjoys different gain mechamsms that make it very attractive for relinble high data
rate wireless communications. This paper presents a study on these gain mechamsms with particular
emphasis on the cage of high sverage received signal to noise ratio (ANE) where the MIMO system
deployment 15 most promising. We write the MIMO channel capacity in terms of gains relative to & sin-
gle-input single-output (3130 wireless channel. Dong so, spetial multplexing gain and power gain of
MIMO wireless channels become more insightful. Based on this analysis & switching scheme between
spatial multplexing and transmit diversity is proposed. We support our discussion with num erical results
which show that under a lugh data rate spatial multiplexing scheme the contribution of each gain mech-
amism to the total cheannel capacity depends on the channel Ricean factor, the sverage received SNE, and
the MIMO system size. The proposed switching scheme gives sbout 2 dB gain i at error rate perform-
ance relative to the spatial multiplexing mods.

Keyweords: MIMO channel Gain mechamsms Cheannel capacity, Spatial multiplexing gain
Diversity gain, Switching scheme

1. Introduction

Multiple-input multiple- output (MIMO) wireless ~ cope with the increasing demands for hugh data rate
technology is one of the promising technologiesta  Wireless commumications in an efficient way (Foschim
and Gans, 1998). The attractiveness of this technolo-

*Comesponding author’s e-mail tarthuniglzgu edu om gy is due to the fact that there are two gan mecha
msm s contributing to the high performance aclieved
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by MIMO systems These mechamsms include spatial
multiplexing gain and power gain {Telater, 1999 and
Anderson, 2000). The number of spatial parallel
channels created within the same allocated radio spec-
trum  represents the spatial multiplezing gain
Mathematically, thus comesponds to the number of
norzero eigenvalues of the normalized channel corre-
lation matiix. On the other hand, the power increase in
the average received SHNR relative to zero dB repre-
sents the power gain obtamed due to MIMO technolo-
gy At maximum, this gain can be up to the Frobenius
nomm of the normalized channel matriz. [t 15 widely
known that the gain obtained from these two gain
mechamsms depends on the employed signealing
scheme and the 3NE (Zheng and Tse, 2003).
Mazimizing the gain due to one mechamsm consge-
guently reduces the gain due to the other one. A fun-
dam ental tradeoff curve bebween the spatial multiplez-
ing gain and diversity gan was developed in (Zheng
and Tse, 2003).

Due to the fact that the contribution of each gain
mechanism change with MIMO channel realizeton,
several switching schemes between defferent MIMO
operation modes were proposed (Heath and Paulraj,
200%; Forenze and McKay, 2007, McKay et al. 2007
and Chor and Alemoutt, 2008). In (Heath and Paulra;,
2005) a switching scheme between spatial multiplex-
g and fransmit diversity is proposed. Bwitclhing
between statistical beamforming double space-time
transmit diversity, and spatial multiplexing based on
chamnel statistics is proposed in (Forenza and KcKay,
2007y, Inm (McEeay et al. 2007) a switching scheme
between beamforming and multiplexing based on
closed form bit error rate (BEE) approximations is
proposed. In (Choi and Alamouts, 2008) a physical
abstraction and switching algornthm is proposed A
comprehensive review of recently proposed frame-
wotk for adapttve MIMO architecture 15 presented in
(Chae ef ol 2010) In (Ball et al. 2009} performance
comperison between open loop and closed loop
MIMO schemes for broadband radio access is present-
ed.

The meaning of MIMO channel gains can be made
more meaningful by relating the MIMO gan mecha-
misms to & single-input single-output (BI150) wireless
charmel. In this paper, we use the MIMO channel
capacity to relate the two MIMO gain mechanisms to
a SI130 wireless channel of the sam ¢ propagation envi-
ronment. In this way, the contribution of each gain
mechamsm to the MIMO channel capacity becomes
clear and the m eaming of the gain mechamisms 15 more
msightful, Fuwrthermore, based on tlus analysis we
propose a new switching schem e between spatial mul-
tiplexing and transmiat diversity. The proposed scheme
15 very simple to implement and it requires only one
bit inform ation for feedback from the receiver to the
transmitter.

The rest of this paper is orgamzed as follows,
Secton Il describes the system model and the consd-
ered signaling scheme. Section IIT zelates the MIMO
chennel gain mechanisms to 3130 channel using the
MIMO channel capacity formula. A simple switching
scheme is proposed in Sechion IV. Numerical results
and insightful discussions are presented in Section V
The conclusions of this work are drewn in Section VI

2. System Model and Signaling Scheme

Consider & narrow band MIMO wireless commum-
cation system employing N, transmit antennes and N,
receive antennas With high data rate spatial mult-
plexing scheme, where different transmit antennas are
fed with different stream s of data that have zero mean
circulatly symmetric complex Gaussian (ZMCS3CG)
distnbution, the error free spectral efficiency of thus
MIMO system 15 given by, (Foschim and Gans, 1998),

o= ML Qi P82 @{Iﬂr +ﬁ“‘*ﬂﬂ] o
L

where ®¥r*Nt i3 the mamow bemd normalized
chermel matrix, ¢ = E[xFx] is the covarience matrix
of the tansoudttod sipgnal setisfyihg the pows
CONElran W) = ¥;, TH) denotes the trace of matrix,
o2 i3 the nolse power at each recdve antenna and

¢y represents Hermifinn transposition. In (1), it is
psmomed that ¥, >#,. When there is no chanmel
Inowledge in the trangmither gide the optimal power
allocation strategy is to distribute the todal available
power Detween the frangmii antannae  equally.
Mathematically thie @mplies that the transmitied
gignal covariance matriz is a diagonal metrix with
enn'iunf;f—-*whereur}inﬂmtoulnwﬂn‘blepuw
¥

at the tranamitter side. Thereftws, the channel
capacity in (1) can be rowritten as,

c-hgg_du[l ¥, +%n]

t 3
where R= HHY igthe channel comrelation matrix and
is the average received S3NE. This power allocation
strategy resultsin loss of the array gain since the trans-
mitter array gain is not realizable with this power allo-
cation strategy (Anderson, 2000). Writing the channel
capacity in terms of the sigenvalues of the channel
correlation matrix reveals valuable information about
the dafferent MIMO channel geain mechamsms
Decomposing the chennel correlation matnx to its
eigenvalues, the channel capacity can be rewritten as,
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c=x7 @ l+ﬁi¢fl}] (3)

where A (K) and r(R) are the i-th eigenvalue and the

rank of the channel correlation matrix, respectively

3. MIMO Gain Mechanisms Relative to
SISO Channel

The channe] capacity in (3) reveals the following
necfnl information shout the MIMO syetermn. There
are (k) spatial parsllel charmels, sach hag an average
SNR p/¥; end power gain of #4(R). These me
valnable information for MIMO system performance
prediction. However, the quality of theee parallel
channels is act clear. The quality of pacallsl channels
in line of sight (LOS) scenario i different than
parallsl channele in non-LOS (NLOS) scenario, The
above information can be made more usefnl by
mgking the discussion relative to a gingls antennn
fransmisgion gystern, Thip pimply can be done by
muliplying and dividing sach sipenvalue of the
channel comelntion matrix by the power pain of a
sitgle antenns systern 4, . The SISO channel power
gain 4, iz the power gain of one of the gnb channels
from the channel matrix. Withont Josz of genemality
we sclect Ay =k , Where & is the subchannel
between the firat transmit antenna to the fist receive
antenne. Doing zo the MIMO channel capecity with
MIMO gaina relative to the single antenna system
can be obiained as

c-):ﬂ-} 1+%1,%] (4)

It 15 well known that the promising advantages of
MIMO wireless commumcabons systems strongly
depend on the average received BNE. In a low average
received SNE scenario, the MIMO system 1s reduced
to spatial diversity system and only the power gain
mechanism is reslized. On the other hand et a high
average received SNE both the spatial multiplexing
gain and power gain mechamsms can be realized
Under high SHNE scenario and full rank channel corre-
lation matrix assumptions the chamnel capacity in (4)
can be decomposed as

-rhgz[%A,J+E{=llugz[%?]J

where r = min (N, Np) isthe rank of the channel cor-

©)

relation m atrix
Using thas formulation, the inform ation we get from

the channel capacity becomes more mnsightful The
first term in (5) represents the obtained spatial multi-
plexing gan (3MG) which m eans that utilizing MIMO
technology will offer v spatial parallel channels The
quality of these chamnels depends on the propagation
environm ent. Generally, the power gan of a 3130
channel in presence of LO3 component is lngher than
that when there 15 no LOS component. It means that
under LOS condition we expect to have better spatial
parallel channels compared to the NLOS case
According to (5), for full rank channel matrices, one
expects to have a ligher channel capacity due to the
spatial multiplexing gainin LOS scenanio compared to
the NLOS scenano.

The second term in the channel capacity formula (5)
wnform s us about the power gan (PG) 1n each spatial
parallel channel relative to the single antenna system
This mekes the power gain term more informative
The power gain in each channel includes both the
array gain, in our case only receiver array gain, and the
diversity gan Howewver, it is very dafficult to decom-
pose the two power gaing into individual guantfities
Under LOS conditions, little power gain is aclueved
because the power of the 3130 channel in general will
be high compared to the NLO3 cage. Therefore, one
expects to have low contnbubion in the chamnel capae-
ity due to the power gain under LOS conditions, while
higher contribution is expected due to the power gain
mechanism wnder NLOS condition.

4. Switching Scheme

From the above discussion it can be noticed that
when the contribution of the SMG mechamsm to the
chennel capacity 15 more thean thet of the PG mecha-
nism, then it can be deduced that the channel supports
the spatial multiplexing mode more than the transmit
diversity mode. On the other hand when the channel
characteristics change and the channel capacity dus to
PG becomes higher than the channel capacity due to
spatial multiplexing, it means that the channel sup-
ports transmit diversity mode more than spatial mulh-
plexing mode.

Figure 1 shows a block diagram of the proposed
method At the transmitter there are two possible
modes of operstion, spatial multiplexing mode or
transmit diversity mode. In spatial multplexing mode
the input dats stream 15 divided into independent
streams to be sent smultansously on different antenna
The space-time receiver decodes the
received signal to provide an estimate of the transmit-
ted data streams. In diversity mode, the same input
data stream 15 sent over multiple antennas at the same
time The space-time receiver in this case simplifies to
a maximum ratio combining that decodes the received

elements.
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Spatial
Multiplexing

Transmit
Diversity

Figure 1. Block diagram for the propesed switching scheme

signal 1o provide an estimate of the transmitted data
gtream. In any case, the receiver also delivers informa-
tion about the channel state information and the SNE.
The channel matrix and the 3NE are used according to
(5) to evaluate the capacity due to the PG and 3MG
terms. The receiver decides the best mode of operation
in order to mazimize the channel capacity and sends
back & one it command to the transmitter i order
either to switch or not from the cwrrent mode of oper-
ation. The two important measures that cen be used to
gquantify the performance of the system are the BER
and the data rate. Operating 10 3M mode increases the
data rate, while opersting in diversity mode the BER
petformance 15 enhanced Thes will be investigated
more in the mum erical simulations section.

It should be noticed that the proposed scheme works
on instantaneous basis, meaning that the instantaneous
channel wvarigtions will affect the switchung behavior
The proposed algonithm requires full channel state
information It means that a fast channel estimeation
method is requured 1n order to work on mstantaneous
channe]l state measwrements especially for large
MIMO systems with large munber of terminal anten-
nas. A variation of the proposed techmique 15 to send
mode switching commands based on average measure-
ments taken over a certain period of time related to the
coherence time of the chemnel This will reduce the
number of times the switching is performed and
reduces the likelihood of erroneous switching due to
imperfect channel estimates.

5. Numerical Results
In this sectton we demonstrate the usefulness of

relating MIMO channel gain mechanisms to single
antenma systems mumerical results Two types of

LY i/
\/ \
{ o}
— | B —
- . Spac?-ﬁme A
Tx ' Receiver — h
Array /
/
H,p
Switching
Parameter
MIMO  channels are  considered.  uncorrelated

Fayleigh channel snd spatially correlated Ricean
chennel with different Ricean factor. In the following
presented results the channel matrices are generated

according to

|| K 1

where Eisthe Ricean factor, endHy,, andHpp, are

LOS and NLOJ components, respectively, The Ficean
factor K represents the percentage of the power of the
LOS component relative to the power of the NLOSJ
components. Itis anindication for the channel corzela-
tion state. The cage K= 0 represents low spatially cor-
related scenario and the case K= o represents mghly
correlated scenario. The value of the Ricean factor has
significant impact on the MIMO channel properties.
One mndication of MIMO channel properties 15 the dif-
ference between the mimmum eand the maximum
eigenvalue of the channel correlation matnz n dB
scale which 15 known as the channel condition mumber.
Large condition number means bad MIMO channel.

Figure 2 shows the chennel condition oumber as a
function of the chennel Ficean factor for MIMO sys-
tem s with sizes ranging from 2=2 to 10=10. The effect
of the channel Ricean factor can be clearly seen on the
channel condition number. In cage of 2x2 MIMO sys-
tem the channel condition mumber change from -7 .5
dB at K =0 to about-20 dB at K= 5 With increasing
the MIMO system size the impact of the Ricean factor
on the chamnel condition mumber becomes significant
Forinstance with 6 =6 MIMO system the change in the
Ricean factor from K= 0 to K= 5 resultsinabout 15
dB difference in the channel condition number.

Figwre 3 shows the ergodic charmmel capacity of dif-
ferent MIMO systems with different Ricean factor at
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Figure 2. Channel matrix condition numbver and
Rician facter for different MIMO sys-
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Figure 3. Ergedic capacity of different MIMO
systems and channel Recian facter at
20 4B SNR

20 dB SHE. The impact of the channel Ricean factor
on the ergodic capacity can be clearly seen. As the
channel Ficean factor increases the achievable channel
capacity decreases. The reduction in the channel
capacity 15 more sgnificant m large MIMO systems
than in small MIMO systems For exampls, changing
the channel Ficean factor from 0 to 5 results in about
3 bfs/Hz loss in the channel capacity of 2=2 MIMO
system. On the other hand, with 6=6 MIMO system
the same change in the Fician factor results in about
15 b/s'Hz reduction in channel capacity. This is
becausge large MIMO systems are more sensmtive to
changes in Ficean factor than small MIMO systems.
The average relative contribution of the spatial mul-
tiplexing gain (3MG) on the total channel capacity for
different MIMO systems et 20 dB SHE and under dif-
ferent channel Ricean conditions is showninFig 4. Tt
can be observed that the contribution of the spatial
multiplexing mechanism on the total channel capacity
depends largely on the chennel Ficean factor With
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Figure 4. Average relative contribution of SMG
an the total channel capacity of differe-
nt MIM O systems at 20 4B SNR

Y ;
il 3y
o4 T
—.—H
—r—H
o D S
% [
5 L i¥)
£
£5
Mﬂ 1 2 3 4 5

Rivesn fiwtor K

Figure 5. Average relative contribition of PG en
the tetal channel capacity of different
MIM O systems at 20 dB SNR

small channel Ficean factor the channel capacity
obtaned through 3MG is relatively small compared to
the case with large channel Ficean factor. For instance
with 6= MIMO system sbout 60% of the channel
capacity 15 obtained due to spatial multiplexing mech-
amsm at K = 0 . This percentage of capacity due to
SMG raizes to about 130% with =35, The explana-
tion of this result 15 that as the Ricean factor increases
the guality of the spatial parallel chennels becomes
better which make them more capable of carming
higher data rates. We can also nofe that the contribu-
tion of spatial multiplezing mechanism on the total
channel capacity also depends on the MIMO system
size. Figure 5 shows the average relative contribution
of the power gain (PG) mechanism on the total chan-
nel capacity for different MIMO systems at 20 dB
SME and under different channel Ricean conditions. It
cann be seen that the contribubion of the power gamn
mechamsm on the total channel capacity 15 a decreas
ing function of the channel Ricean factor regardless to
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the MIMO system size. This 15 due to the fact that as
the Ricean factor imcreases the power of the 3I30
channel becomes higher and the chennel condition
munber becomes smaller which reduces the contribu-
tion of the power gain mechanism to the total channel
capacity.

The contribution of sach gain mechanism on the
total channel capacity depends also on the operatng
SNE. Figure 6 shows the average relative contribu-
tion of the spatial multiplexing gean on the total chan-
nel capacity of 66 MIMO system at different channel
Ficean factors As it can be seen that at low SHR the
contribution of SMG 15 small and 1t increases with the
increase of the chennel Hicean factor For instance at
10 dB SHE the contribution of the 3G m echamsm 15
about0 % at £ =0 andabout 50 % at K =0, Athagh
SNR most of the channel capacity is due to SMG
mechenism. This 15 expected because of the 3NR
parameter is contributing to the the capacity due to the
SMG mechanism (5).

Figure 7 shows the average relative contribution of
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Figure 6. Average relative centribution of SMG
on the total chanmel capacity of 6 x6
MIMO system and at different SNE
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Figure 7. Average relative centribution of PG on
the tetal channel capacity for 6x6
MIMO system at different SNE

the power gain mechamsm on the totel channel capac-

1 2 a 4 a

a4 7 & § ®
SNR [4E]

Figure 8. BER performance of different MIMO
eperation modesat K= 5

ity of 6x6 MIMO system st different chennel Ricean
factors and SNE values. It can be seen that asthe SHNR
increases the contrnbution of the power gain on the
channel capacity decreases. With low channel Ricean
factor and low SNR the contribution of power gain on
the channel capacity is significant When both the
SNE and the channel Ricean factor increases the con-
tribution of the power gain starts to decrease. At chan
nel Rician factor above E=1 the contribution of the
power gain mechanism becomes negative

The performance of the proposed switching scheme
was investigated via simulaton A 2x3 MIMO system
which supports two opersting modes, spatial mult-
plexmgmode and transmit diversity m ode, 15 assum ed
The transmit diversity mode 15 Alamoutt scheme (reid
Harrizon ef al. 2007). The system has accurate chan-
nel state information and it uses this information to
decide whicli operation modes to use. The bat error rate
performance of the consdered system is shown in Fig
3 at channel K= 0. As it is shown the best error rate
performance 15 achieved when the system operates in
transmit diversity mode and the worst error rate is
when the system operates in spatial multiplexing
mode. Thisis due to the fact that transmit diversity can
realize both transmat diversity gan and receive diver-
sity gain whale spatial multiplexing can realize receive
diversity only. With switching scheme the BER rate
performance of the system improves sigmficantly
compared to the spatial multiplexing mode. At 5 dB
SHER the gain due to switching scheme is about 2 dB
The gain obtained when using the switching algorithm
depends on the channel Ricean factor. Figure @ shows
the BER performance for the same MIMO system at I
= 5 Ag it can be seen the gan due to the switching
scheme is reduced specially at lupgh SNE values Since
& channel with hugh Ficean factor and lngh 3NER, the
total channel capacity 13 dominated by the capacity
due to spatial multiplexing gain and therefore, the pro-
posed switching scheme does not provide sigmficant
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Figure 9. BER performance of different MIMO
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Figure 10. Percentage of time the MIMO system
operates in spatial multiplexing mode

BER mmprovement in such situation:

Figure 10 shows the percentage of time the Ix2
MIMO system operates in spatial multiplexing mode
for different channel Ricean factor and SNE. At low
SNER and E factor, about 30% of the time the MIMO
system operatesin spatial multiplexing m ode and 70%
of the time in transmit diversity mode. As either the
ANE increases or the Ricean factor increases the sys
tem will tend to operate in spatial multiplexing mode
At hipgh Ficean factor channel condition the system
operates most of the fim e in spatial multiplexing mode
regardless to the SNE. Similarly, in high 3HR scenanio
the system tends to operate in spatial multiplexing
mode. This result is in line with the observation from
the MIMO geain mecheanisms above.

Conclosions

In this paper we have presented discusmons of MIMO
channel gein mechamsms and proposed & smple
gwitching scheme between two MIMO system operat-
ing modes, namely, spatial multiplexing and transmit

divermty Ouwr discussion of MIMO channel geins is
based on relating the MIMO channel capacity to a sin-
gle antenna system. We have shown that the meamngs
of MIMO gainmechamsms can be made more msght-
ful by relating the spatial multiplezing gain and the
power gain to a single antenna system . With numerical
results we have shown that the contribution of each
MIMO gain mechanism depends on the MIMO system
size and the channel Ricean factor. The proposed
switching scheme shows significant improvement in
the bit error rate performance of MIMO system with
negligible feedback informaton
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