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ABSTRACT

In this treatise we investigate the design alter-
natives of different multiple-input multiple-out-
put schemes while considering the attainable
diversity gains, multiplexing gains, and beam-
forming gains. Following a brief classification of
different MIMO schemes, where the different
MIMO schemes are categorized as diversity
techniques, multiplexing schemes, multiple
access arrangements, and beamforming tech-
niques, we introduce the family of multifunction-
al MIMOs. These multifunctional MIMOs are
capable of combining the benefits of several
MIMO schemes and hence attaining improved
performance in terms of both their bit error rate
as well as throughput. The family of multifunc-
tional MIMOs combines the benefits of both
space-time coding and the Bell Labs layered
space-time scheme as well as those of beam-
forming. We also introduce the idea of layered
steered space-time spreading, which combines
the benefits of space-time spreading, V-BLAST,
and beamforming with those of the generalized
multicarrier direct sequence code-division multi-
ple access concept. Additionally, we compare the
attainable diversity, multiplexing, and beamform-
ing gains of the different MIMO schemes in
order to document the advantages of multifunc-
tional MIMOs over conventional MIMO
schemes.

CLASSIFICATION OF MuLTIPLE-INPUT
MuLTIPLE-QOUTPUT SYSTEMS

Recently, there has been an urgent demand for
flexible and bandwidth-efficient transceivers
capable of supporting the explosive expansion of
the Internet and the continued dramatic increase
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in demand for high-speed multimedia wireless
services. Advances in channel coding made it
feasible to approach Shannon’s capacity limit in
systems equipped with a single antenna [1], but
fortunately these capacity limits can be further
extended with the aid of multiple antennas.
Recently, multiple-input multiple-output
(MIMO) systems have attracted considerable
research attention and it is considered as one of
the most significant technical breakthroughs in
contemporary communications.

Explicitly, MIMO schemes can be categorized
as diversity techniques, multiplexing schemes,
multiple access methods, and beamforming as
well as multifunctional MIMO arrangements, as
shown in Fig. 1. Diversity is the technique where
the receiver receives several replicas of the same
transmitted signal, while assuming that at least
some of them are not severely attenuated. Spa-
tial diversity can be attained by employing multi-
ple antennas at the transmitter or the receiver.
Multiple antennas can be used to transmit and
receive appropriately encoded replicas of the
same information sequence in order to achieve
diversity and hence obtain an improved bit error
rate (BER) performance. On the other hand,
multiplexing techniques were designed in order
to improve the attainable spectral efficiency of
the system by transmitting the signals indepen-
dent of each of the transmit antennas. In the
context of diversity and multiplexing techniques,
the antennas are spaced as far apart as possible
so that the signals transmitted to or received by
the different antennas experience independent
fading, and hence we attain the highest possible
diversity or multiplexing gain. Additionally, mul-
tiple antennas can also be used in order to
improve the signal-to-noise ratio (SNR) at the
receiver or the signal-to-interference-plus-noise
ratio (SINR) in a multi-user scenario. This can
be achieved by employing beamforming tech-
niques, where the antenna gain is increased in
the direction of the desired user, whilst reducing
the gain towards the interfering users.

A simple spatial diversity technique, which
does not involve any loss of bandwidth, is consti-
tuted by the employmexnt of multiple antennas
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at the receiver, where several techniques can be
employed for combining the independently fad-
ing signal replicas. In case of narrowband fre-
quency-flat fading, the optimum combining
strategy in terms of maximizing the SNR at the
combiner output is maximum ratio combining
(MRC). Additionally, other combining tech-
niques have been proposed in the literature, as
shown in Fig. 1, including equal gain combining
(EGC) and selection combining (SC). All three
combining techniques are said to achieve full
diversity order, which is equal to the number of
receive antennas.

On the other hand, several transmit — rather
than receive — diversity techniques have also
been proposed in the literature [2-5], as shown
in Fig. 1. In [2] Alamouti proposed a witty trans-
mit diversity technique using two transmit anten-
nas, the key advantage of which was the
employment of low-complexity single-receive-
antenna-based detection, which avoids the more
complex joint detection of multiple symbols. The
decoding algorithm proposed in [2] can be gen-
eralized to an arbitrary number of receive anten-
nas using MRC, EGC, or SC. Alamouti’s
achievement inspired Tarokh et al. [3] to gener-

MIMO techniques

— Diversity techniques

—> Receive diversity

—» Transmit diversity

— Maximum ratio combining (MRC)
— Equal gain combining (EGC)
— Selection combining (SC)

STBC
STS
STTC
LDC

— Multiplexing techniques
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— Multiple access techniques
|—> SDMA

—— Beamforming techniques

— Beamformers designed for SNR gain
— Beamformers designed for interference suppression

——» Beamforming techniques

—» LSSTC
—» LSSTS

ERER

Quasi-orthogonal STBC

Figure 1. Classification of MIMO techniques.

alize the concept of transmit diversity schemes
to more than two transmit antennas, contriving
the generalized concept of orthogonal space-
time block codes (OSTBCs). The family of OST-
BCs is capable of attaining the same diversity
gain as space-time trellis codes (STTC) [4] at
lower decoding complexity when employing the
same number of transmit antennas. However, a
disadvantage of OSTBCs when compared to
STTC:s is that they employ unsophisticated repe-
tition coding and hence provide no coding gain.
Furthermore, inspired by the philosophy of
STBCs, Hochwald et al. [6] proposed the trans-
mit diversity concept known as space-time
spreading (STS) for the downlink of wideband
code-division multiple access (WCDMA) that is
capable of achieving the highest possible trans-
mit diversity gain.

Regretfully, the OSTBC and STS designs of
[3, 6] contrived for more than two transmit
antennas result in a reduction of the achievable
throughput per channel use when complex-val-
ued constellations are used. An alternative idea
invoked for constructing full-rate STBCs for
complex-valued modulation schemes and more
than two antennas was suggested in [7]. Here the
strict constraint of perfect orthogonality was
relaxed in favor of achieving a higher data rate.
The resultant STBCs were referred to as quasi-
orthogonal STBC:s [7].

The OSTBC and STS designs offer — at best
— the same data rate as an uncoded single-
antenna system, but they provide improved BER
performance compared to the family of single-
antenna-aided systems, since they attain a diver-
sity gain. In contrast to this, several high-rate
space-time transmission schemes having a nor-
malized rate higher than unity have been pro-
posed in the literature. For example, high-rate
space-time codes that are linear in both space
and time, the family of so-called linear disper-
sion codes (LDCs), was proposed in [5]. LDCs
strike a flexible trade-off between emulating
space-time coding and/or spatial multiplexing.
The attractive concept of LDCs invokes a matrix-
based linear modulation framework, where each
space-time transmission matrix is generated by a
linear combination of so-called dispersion matri-
ces, and the weights of the components are
determined by the transmitted symbol vector.

OSTBCs and STTCs are capable of providing
an attractive diversity gain for the sake of
improving the achievable system performance.
However, this BER performance improvement is
often achieved at the expense of a rate loss,
since OSTBCs and STTCs may result in a
throughput loss compared to single-antenna-
aided systems. As a design alternative, a specific
class of MIMO systems was designed for improv-
ing the attainable spectral efficiency of the sys-
tem by transmitting different parallel signal
streams independently over each of the transmit
antennas, hence resulting in a multiplexing gain.
This class of MIMOs subsumes Bell Labs’ lay-
ered dpace-yime (BLAST) scheme and its rela-
tives [8]. The BLAST scheme aims to increasie
the system throughput in terms of the number of
bits per symbol that can be transmitted in a
given bandwidth at a given integrity.

In contrast to the family of BLAST schemes,
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where multiple antennas are activated by a sin-
gle user for increasing the user’s throughput,
space-division multiple access (SDMA) [9]
employs multiple antennas for the sake of sup-
porting multiple users. SDMA exploits the
unique user-specific channel impulse responses
(CIRs) of different users to separate their
received signals.

On the other hand, in beamforming arrange- B
ments [9] typically A/2-spaced antenna elements 1,
are used for the sake of creating a spatially
selective transmitter/receiver beam, where A rep-
resents the carrier’s wavelength. Beamforming is
employed for providing angular receiver selectiv-
ity by mitigating the effects of various interfering
signals, provided that they arrive from sufficient-
ly different angular directions. Additionally, By
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beamforming is capable of suppressing the
effects of co-channel interference, hence allow-
ing the system to support multiple users by angu-
larly separating them. Again, this angular
separation becomes feasible only on condition
that the corresponding users are separable in
terms of the angle of arrival of their beams.
Finally, multifunctional MIMOs, as the term

STCx
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suggests, combine the benefits of several MIMO
schemes including diversity gains, multiplexing
gains, and beamforming gains. As mentioned
earlier, V-BLAST is capable of achieving the
maximum attainable multiplexing gain, while for attaining the maximum achievable multiplex-
STBC may attain the maximum achievable ing gain equal to the number of transmit anten-
antenna diversity gain facilitated by the number nas. Additionally, beamforming schemes have
of independently fading diversity channels. been designed in order to attain an SNR gain.
Hence, it was proposed in [10] to combine these Therefore, the appealing concept of multifunc-
two techniques in order to provide both antenna tional MIMO schemes designed for combining
diversity and spectral efficiency gains. On the the benefits of STBC, BLAST, and beamforming
other hand, in [11] the authors presented a schemes arises in order to provide diversity, mul-
transmission scheme referred to as double space- tiplexing, and SNR gains.

time transmit diversity (D-STTD), which consists Figure 2 shows the block diagram of a gener-
of two STBC layers at a transmitter equipped al multifunctional MIMO scheme that can com-
with four transmit antennas, while the receiver is bine the benefits of space-time coding (STC),

Figure 2. Multi-functional MIMO system block diagram.

equipped with two antennas. Furthermore, in BLAST, and beamforming. The system’s archi-
order to achieve additional performance gains, tecture seen in the figure has N, transmit anten-
beamforming has been combined with both spa- na arrays (AAs) spaced sufficiently far apart in
tial diversity as well as spatial multiplexing tech- order to experience independent fading, and

niques. STBC has been combined with hence achieve transmit diversity and/or multi-
beamforming in order to attain an improved plexing. The L 44 number of elements of each
SNR gain in addition to the diversity gain [12, AA is spaced at a distance of A/2 for the sake of

13]. achieving a beamforming gain. Furthermore, the

This contribution provides a lighthearted per- receiver is equipped with N, antennas. According
spective on further research advances in the field to Fig. 2, a block of B input information symbols
of multifunctional MIMO systems, and demon- is serial-to-parallel converted to K groups of
strates how diversity, multiplexing, and beam- symbol streams of length By, By, -+, Bk, where

forming gains are achieved by multifunctional By + B, + --- + Bg = B. Each group of By sym-
MIMOs. More explicitly, in the next section we bols, k € [1,K], is then encoded by a component
elaborate on the design of multifunctional space-time code STC; associated with my, trans-
MIMO schemes and describe the evolution of mit AAs, where my + my + -+ + mg = N,.

the idea of multifunctional MIMO systems. We The STC employed can be OSTBC, STTC, or
quantify the achievable performance of the dif- STS for the sake of attaining a diversity gain.
ferent MIMO schemes. A comparison of the dif- The data transmitted from each component STC
ferent MIMO schemes expressed in terms of is independent of the data transmitted from all
their diversity, multiplexing, and beamforming the other STCs, which results in a multiplexing

gains is then presented, followed by our conclu- gain, where the throughput of the multifunction-
sions in the final section. al MIMO scheme is K times that of a scheme
employing a single STC. The multiplexing gain is

MULTIFUNCTIONAL MIMO SYSTEMS attained by considering each STC as a layer in a

BLAST scheme. Furthermore, the data is trans-
Space-time codes have been designed for the mitted using antenna arrays that can be used for
sake of attaining the highest possible diversity attaining a beamforming gain.
gain, while the V-BLAST scheme was designed In [10] a dual-functional MIMO scheme was
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One configuration
can employ two four-
antenng-aided STC,
while another
configuration may
employ four twin-
antenna-aided STCs.
The favored
configuration will
depend on the
specific application
as well as on the
required performance
and throughput.

proposed that combines the benefits of V-
BLAST and OSTBC. The scheme presented in
[10] considered transmissions over OSTBCs
where several parallel OSTBC blocks were capa-
ble of transmitting independent data. Hence, the
scheme of [10] was capable of attaining the
diversity gain of the OSTBC as well as the multi-
plexing gain due to using several independent
OSTBC layers. However, a drawback of the
scheme in [10] was that the decoder implement-
ed group successive interference cancellation
(GSIC) that did not take into account the anten-
na-specific received signal power at the different
OSTBC layers for the sake of ordering the layers
before interference cancellation.

On the other hand, dual-functional MIMO
schemes that combine STBC with beamforming
were proposed in [12, 13]. These schemes bene-
fit from the diversity gain of the STBCs and the
SNR gain of the beamformer. In [12] the authors
combined conventional transmit beamforming
with OSTBC, assuming that the transmitter has
partial knowledge of the channel, and derived a
performance criterion for improving the system
performance. Furthermore, the scheme present-
ed in [13] combined the twin-antenna-aided
Alamouti STBC with ideal beamforming, where
it was assumed that the transmitter has full
knowledge of the channel as well as the signal’s
direction of arrival at the receiver in order to
show that the system can attain better perfor-
mance while attaining the maximum achievable
diversity order at a unity rate.

Inspired by the performance improvements
reported in [10, 12, 13], El-Hajjar et al. proposed
in [14] a trifunctional MIMO scheme that com-
bines diversity gain with multiplexing gain and
beamforming gain. The MIMO scheme of [14]
was referred to as a layered steered space-time
code (LSSTC), where the parallel data streams
were encoded by OSTBC layers, and each layer
might have a different OSTBC structure. Addi-
tionally, the decoder of the LSSTC scheme
employed an ordering strategy for decoding the
different layers in order to improve the achiev-
able performance.

The decoder of the LSSTC scheme may apply
GSIC based on the classic Zero Forcing (ZF)
algorithm [10] for decoding the received signal.
The most beneficial decoding order of the STC
layers is determined on the basis of detecting the
highest-power layer first for the sake of high cor-
rect detection probability. For simplicity, let us
consider the case of K = 2 OSTBC layers, where
layer 1 is detected first, which allows us to elimi-
nate the interference caused by the signal of
layer 2. However, the proposed concept is appli-
cable to arbitrary STCs and to an arbitrary num-
ber of layers K. For this reason, the decoder of
layer 1 has to suppress the interference of layer
2 originally imposed on layer 1 and generate a
signal that can be decoded using the STBC
detector of [2]. This may be achieved by using
the GSIC algorithm proposed in [10]. Then the
decoder subtracts the remodulated contribution
of the decoded symbols of layer 1 from the com-
posite twin-layer received signal. Finally, the
decoder applies direct STBC decoding to the
second layer, since the interference imposed by
the first layer has been eliminated. This group

interference cancellation procedure can be gen-
eralized to arbitrary N, and K values.

The proposed scheme is applicable to arbi-
trary STCs and an arbitrary number of layers K.
For example, for N, = 3 transmit antennas, a
twin-antenna-assisted STC can be employed in
parallel with a single-antenna-aided transmission
scheme. On the other hand, for a scheme
employing N, = 8 transmit antennas, several
configurations can be considered. One configu-
ration can employ two four-antenna-aided STCs,
while another configuration may employ four
twin-antenna-aided STCs. The favored configu-
ration will depend on the specific application as
well as on the required performance and
throughput.

The LSSTC scheme is characterized by a
diversity gain, a multiplexing gain, and a beam-
forming gain. However, a drawback of the
LSSTC design is the fact that the number of
receive antennas N, should be at least equal to
the number of transmit antennas N, for the
interference canceller to work. This condition is
not very practical for employing shirt-pocket-
sized mobile stations (MS) that are limited in
size and complexity. The LSSTC scheme can be
applied in a scenario where two base stations
(BS) cooperate or a BS is communicating with a
MIMO-aided laptop. Therefore, in order to
allow communication between a BS and an MS
accommodating fewer antennas than the trans-
mitting BS while employing simple linear
receivers, [11] presented a four-transmit two-
receive antenna aided scheme that combined the
benefits of Alamouti’s STBC [2] and V-BLAST
[8]. The scheme of [11] was referred to as
DSTTD and employed a simple linear decoder
that used fewer antennas than the transmitter.
The DSTTD receiver employed a two-stage
decoding algorithm, where the first stage was
interference cancellation, in order to cancel any
interference imposed by each STBC layer on the
other layer. The second decoding stage involved
the maximum likelihood decoding of the STBC
[2].

Furthermore, in order to allow multiple users
to communicate employing a multifunctional
MIMO, the layered steered space-time spread-
ing (LSSTS) scheme described below can be
employed. The LSSTS scheme combines the
benefits of V-BLAST, STS, and beamforming
with generalized multicarrier direct sequence
CDMA (MC DS-CDMA) [15] for the sake of
achieving a multiplexing gain, a spatial and fre-
quency diversity gain, and a beamforming gain.
The LSSTS design employs N, = 4 transmit
antennas as well as N, = 2 receive antennas and
a linear receiver to decode the received signal.

The system architecture of the LSSTS scheme
can be seen in Fig. 2 with STS used as the com-
ponent STC layers. The LSSTS scheme employs
two twin-antenna-aided STS layers and N, = 2
receive antennas. The L 44 numbers of elements
of each AA are spaced at a distance of A/2 for
the sake of achieving beamforming. The system
can support L users transmitting at the same
time over the same carrier frequencies, because
they can be differentiated by the user-specific
spreading code ¢;, where / € [1,L]. Additionally,
in the generalized MC DS-CDMA system con-
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sidered, the subcarrier frequencies are arranged
to guarantee that the same STS signal is spread
to and hence transmitted by the specific subcar-
riers having the maximum possible frequency
separation so that they experience independent
fading and achieve the maximum attainable fre-
quency diversity.

The LSSTS system employs the generalized
MC DS-CDMA scheme of [15], where the input
data is serial-to-parallel converted to two paral-
lel streams that are transmitted using twin-
antenna-aided STS [6]. The transmitted signal is
spread to the two transmit antennas with the aid
of the orthogonal spreading codes of {¢;; ¢}, /
= 1,2, ..., L. The spreading codes ¢;; and ¢;,
are generated from the same user-specific
spreading code ¢ as in [6].

The output of the two STS blocks modulate a
group of subcarriers, where the subcarrier sig-
nals are superimposed on each other in order to
form the complex-valued modulated signal for
transmission. Finally, according to the /th user’s
channel information, the signal of the /th user is
weighted by the transmit beamformer weight
vector determined for each subcarrier of the /th
user, which is generated for the nth AA. Assum-
ing that the system employs a modulation
scheme transmitting D b/symbol, the bandwidth
efficiency of the LSSTS aided generalized MC
DS-CDMA system is given by 2D b/channel use.

Assuming that the K users’ data are transmit-
ted synchronously over a dispersive Rayleigh
fading channel, decoding is carried out in two
steps. First, interference cancellation is per-
formed according to [11], followed by the STS
decoding procedure of [6]. Finally, after combin-
ing the [ = 1st user’s identical replicas of the
same signal transmitted by spreading over the
number of subcarriers, the decision variables
corresponding to the symbols PV transmitted in
each subblock can be expressed as¥ = 3h_; X s
where V is the number of subcarriers employed
by the generalized MC DS-CDMA. Therefore,
the decoded signal has a diversity order of 2.
More explicitly, second order spatial diversity is
attained from the STS operation, and a diversity
order of V' is achieved as a benefit of spreading
by the generalized MC DS-CDMA scheme,
where the subcarrier frequencies are arranged in
such a way as to guarantee that the same STS
signal is spread to and hence transmitted by the
specific I number of subcarriers having the max-
imum possible frequency separation, so they
experience as independent fading as possible.

RESULTS AND DISCUSSION

In this section we compare the BER perfor-
mance of the different MIMO schemes to that
of the classic single-input single-output (SISO)
system. We compare binary phase shift keying
(BPSK) modulated systems, while considering
transmissions over correlated Rayleigh fading
channels associated with a normalized Doppler
frequency of 0.01.

According to Fig. 3, the V-BLAST system
employing (N,,N,) = (4,4) antennas has slightly
better BER performance than the SISO system,
despite its quadrupled throughput. Also observe
in Fig. 3 that the slope of the BER curves of
both the V-BLAST and SISO systems are simi-
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Figure 3. BER performance comparison of the SISO, STBC, V-BLAST,
LSSTC, and LSSTS schemes, while communicating over a correlated
Rayleigh fading channel associated with a normalized Doppler frequency of

£y = 0.01.

lar, which suggests that V-BLAST does not attain
a high diversity gain, but is capable of attaining a
high multiplexing gain. Additionally, Fig. 3 shows
that the STBC system employing (N,,N,) = (2,1)
attains better BER performance than the SISO
and V-BLAST schemes due to the diversity gain
attained by the STBC. Further diversity gain can
be attained by the four-antenna-aided STBC
employing four receive antennas, which results in
a diversity order of 16. As shown in Fig. 3, the
four-antenna-aided STBC scheme employing
four receive antennas is capable of attaining
around 15 dB gain at a BER of 10-5 over the
twin-transmit-antenna-aided STBC system using
N, = 1. However, a drawback of the four-anten-
na-aided system, while employing complex-valued
constellations, is that it results in a throughput
loss where four symbols are transmitted in eight
time slots, resulting in a rate of 1/2.

Observe in Fig. 3 that the LSSTS scheme
employing (N.,N,) = (4,2) and VV = 1 attains
identical BER performance to that of the twin-
transmit-antenna-aided STBC system. This
means that the LSSTS scheme employing V' = 1
has a diversity order of 2 similar to the twin-
antenna-aided STBC. On the other hand, the
LSSTS scheme attains twice the throughput of
the twin-transmit-antenna- aided STBC scheme.
Additionally, when V' is increased from 1 to 4,
the achievable BER performance improves due
to the additional frequency diversity gain
attained.

A further performance improvement is
attained by the LSSTC scheme in conjunction
with (N,,N,) = (4,4) compared to the LSSTS
scheme. The LSSTC scheme employs more
antennas than the LSSTS scheme and hence
attains both a higher diversity order as well as
better BER performance. Furthermore, Fig. 3
shows the performance improvements attained
by beamforming, where the LSSTC scheme
employing L 44 = 4 attains around 6 dB perfor-
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The design of the
multifunctional
MIMO scheme will
depend on the
application
considered and on
the number of
antennas that can be
afforded on the
fransmitter and
receiver.

Number Diversity Multiplexing Beamforming

N Ny Laa £ of layers order order gain

2 Ny 1 1 1 2 x N, 1 1
OSTBC 4 N, 1 1 1 4 x N, 1/2 1

8 N 1 11 8 x N, 1/2 1

2 2 1 1 2 1 2 1
V-BLAST

4 4 1 1 4 1 4 1
ZF-SIC

8 8 1 1 8 1 8 1

4 4 Lan 1 2 4 2 Laa
LSSTC 8 8 Lag 1 2 16 1 Laa

8 8 Laa 1 4 4 4 Laa
LSSTS 4 2 Laa V2 2xV 2 Laa

Table 1. Comparison of the gains achieved by various MIMO schemes.

mance improvement at a BER of 10-5 over its
counterpart employing L 44 = 1, provided that
the direction of arrival (DOA) is perfectly
known. Finally, a comparison between the STBC
and LSSTC schemes using (N,,N,) = (4,4) reveals
that the STBC arrangement attains better per-
formance than the LSSTC scheme employing
L4 = 1. This is due to the fact that the STBC
scheme has a higher diversity gain, while the
LSSTC scheme attains a throughput four times
that of its STBC counterpart.

Therefore, the design of the multifunctional
MIMO scheme will depend on the application
considered and the number of antennas that can
be afforded on the transmitter and receiver. For
example, as mentioned previously, for a hand-
held device the LSSTC scheme is not a practical
choice due to the limited size and complexity of
the small device. On the other hand, the LSSTS
scheme can be considered a good choice for a
system with a small-sized receiver that requires
high robustness and throughput.

DIVERSITY AND MULTIPLEXING OF
MIMO SYSTEMS

According to our previous discussions, different
MIMO schemes have different structures and
hence different BER as well as throughput per-
formance. Explicitly, the OSTBC scheme is
capable of attaining the highest possible spatial
diversity gain while having no multiplexing gain;
in fact, some STBC structures result in through-
put loss. On the other hand, the V-BLAST
scheme is capable of achieving the maximum
possible multiplexing gain while attaining low
diversity gain, depending on the choice of V-
BLAST decoder employed. Furthermore, several
multifunctional MIMO schemes that can attain a
combination of diversity, multiplexing, and
beamforming gains have been introduced.

Table 1 compares the diversity, multiplexing,
and beamforming gains of the different MIMO
schemes for different configurations. In Table 1
N; and N, stand for the number of transmit and
receive antennas, respectively, while L4, repre-
sents the number of elements per transmit AA
and V' denotes the number of subcarriers
employed by the generalized MC DS-CDMA sys-
tem. Additionally, the number of layers repre-
sents the number of antenna layers used for
transmitting different data symbols at the same
time for the sake of attaining a multiplexing gain.

As shown in Table 1, the OSTBC schemes
are capable of attaining a full diversity order of
(N; x N,), while achieving no multiplexing or
beamforming gain. In contrast, in the case of
four- and eight-antenna-aided OSTBC schemes
employing complex-valued constellations, the
multiplexing gain is 1/2, resulting in half the
throughput of the SISO scheme. For example, in
the four-antenna-aided OSTBC scheme, four
symbols are transmitted in eight time slots; simi-
larly for the eight-antenna aided STBC scheme,
eight complex-valued symbols are transmitted in
16 time slots. On the other hand, as shown in
Table 1, the V-BLAST scheme can attain a mul-
tiplexing gain of N,, since the different antennas
transmit different symbols in the same time slot.
For example, for the V-BLAST scheme employ-
ing (N;,N,) = (4,4), the transmitter transmits
four different symbols from the four different
antennas in the same time slot, which results in a
quadrupled multiplexing gain in comparison to
that of the SISO scheme. Observe in Table 1
that the diversity order of V-BLAST employing
ZF-SIC is 1 for different (N,,N,) configurations.
The diversity order of the V-BLAST scheme
employing ZF-SIC is (N, - N, + 1).

The LSSTC scheme combines the benefits of
STBC, V-BLAST, and beamforming, as dis-
cussed earlier. This becomes clear in Table 1,
where it is shown that the LSSTC scheme attains
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a diversity gain, a multiplexing gain, and a beam-
forming gain. In the case of the (N.N,) = (4,4)
configuration, two twin-antenna STBC layers are
implemented, which results in a diversity order
of 4 and a multiplexing order of 2. This is due to
the fact that four symbols are transmitted from
the four transmit antennas in two time slots.
Additionally, when L 44 elements are used per
AA, a beamforming gain can be attained. In the
(N.,N,) = (8,8) configuration, two different
schemes can be implemented. The first scheme
is a two-layer one with each layer consisting of a
four-antenna STBC scheme. The other configu-
ration employs four layers of the twin-antenna
STBC scheme. The two configurations result in
the different diversity and multiplexing gains
shown in Table 1.

Finally, in the LSSTS scheme four transmit
and two receive antennas are employed, where
the transmit antennas are separated into two
STS layers. The diversity order achieved by the
LSSTS scheme is (2 x V) as discussed earlier.
The multiplexing order of the LSSTS scheme is
2, since four symbols are transmitted in two time
slots. Moreover, the LSSTS scheme is capable of
attaining a beamforming gain when L 44 > 1 ele-
ments per AA are used.

CONCLUSION

In this article a brief classification of the family
of MIMO schemes is presented based on their
attainable diversity, multiplexing, and beamform-
ing gains. We also investigate the design of the
novel class of multifunctional MIMO schemes
that are capable of combining the benefits of
several MIMO schemes and hence attaining
diversity, multiplexing, and beamforming gains.
More explicitly, we introduce the dual-functional
MIMO scheme of [10] followed by the LSSTC
scheme that combines the benefits of STBC, V-
BLAST, and beamforming. Then we discuss the
design of the DSTTD followed by the LSSTS
arrangement that combines the advantages of
STS, V-BLAST, and beamforming with those of
generalized MC DS-CDMA while supporting
multiple users. Finally, a comparison between
the BER performance as well as the diversity,
multiplexing, and beamforming gains of the dif-
ferent MIMO schemes reveals that multifunc-
tional MIMOs are capable of attaining improved
performance over the now classic standalone
STBC and V-BLAST schemes.
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