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The evolution of mobile Broadband over the years has been phenomenal and
worthy of attention by academics, researchers, the corporate world and users
alike. From the days of the First Generation (1G) through the Third
Generation (3G) communication systems, the evolution has continued and

has been largely influenced by an ever increasing demand for improved

services and greater capacity evident in higher data rates, wider and

Keyword: improved coverage, improved spectral efficiency and lower latency. In

response to these demands and to address some of the loopholes of the 3G
LTE networks, the 3 Generation Partnership defined the Long Term Evolution
MIMO (LTE). LTE though an evolving technology is widely accepted due to its

unprecedented promised performance. As the evolution continues, the design
of the ‘LTE-Advanced’ is already in progress and has been tagged different
names such as the ‘4G’ and ‘Beyond 3G’ (B3G). The main backbones behind
these evolutions are technological developments in the underlying mobile
radio technology such as multicarrier technology (majorly OFDMA),
multiple-antenna technology (MIMO) and the application of packet-
switching to the radio-interface through improvements in techniques like
adaptive scheduling in both the frequency and spatial dimensions, link
adaptation of modulation and code-rate and several modes of fast channel
state reporting. This paper is set to present the multiple antenna technology
and how it contributes to the delivery of the expectations of the wireless
communication systems beyond 3G
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1. INTRODUCTION

The reliability of the air interface has always been a major issue in the design of wireless systems.
Due to the presence of many impediments along the route a signal travels from the transmitter to the receiver,
interference and fading are two great factors affecting the efficiency of mobile communication systems. For
decades, ‘Shannon capacity formula’ for a single radio link was considered the upper-bound on data rates
which could be transmitted in a given channel [1]. The Shannon bound which is the maximum rate at which
reliable communication can take place in the channel provided the motivation for coding. Advances in coding
techniques made technologies such as Wideband Code Division Multiple Access (WCDMA) come close to
achieving the upper-bound of data rates proposed by Shannon. However, in the past two decades, much effort
has been put forth by researchers in extending this theory to communication by involving a multiplicity of
transmit and receive antennas to further push the bounds of feasible data rates still further. The inherent value
of multiple antenna systems as a means to improve communications was first proposed in the early days of
the wireless communication. However, considerable scientific progress in research and in implementation of
this technology only gained prominence in the last twenty years as a result of discoveries in digital signal
processing and information theory. The key milestone achieved was the invention of the MIMO systems in
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the mid-1990s and serious attention has been paid to the utilization of multiple-antenna techniques in mass-
market commercial wireless networks since the turn of the new millennium. Today, the key role which
MIMO technology plays in the latest wireless communication is evident in its adoption for the first time in a
cellular mobile network standard in the Release 7 version of HSDPA and LTE which is the first global
mobile cellular system to be designed with MIMO as a key component from the start. MIMO provides a way
of utilizing the multiple signal paths that exist between a transmitter and receiver in terrestrial
communications to significantly improve the data throughput available on a given channel with its defined
bandwidth. By using multiple antennas at the transmitter and receiver along with some complex digital signal
processing, MIMO technology enables the system to set up multiple data streams on the same channel,
thereby increasing the data capacity of a channel rather than causing interference.

2. CAPACITY CHALLENGES IN NETWORKS FROM 1G TO 3G

The basic challenge of mobile wireless networks is that of capacity as bandwidth or spectrum is
finite and hence limited in availability for the different operators. As a result of the convergence of voice,
video and data on the same network, newer applications keep developing which in turn is creating an
insatiable desire for high data rate and high link qualities. Various methods have been utilized by different
telecommunication technologies to tackle the problem of bandwidth limitation by optimizing what is at their
disposal. The problem of capacity limitation began with the first generation networks like Advanced Mobile
Phone System (AMPS) and Total Access Communication Systems (TACS) which were analogue technology
and utilized circuit switching for voice communication only. However, as the second generation networks
like GSM was introduced with ability to roam, send texts and also operate as a packet switching technology,
the capacity and spectral efficiency became a major issue of concern [2].

One of the methods developed to combat the capacity problem is the Frequency Reuse System. The
major advantage of cellular radio lies in the frequency reuse concept. Channels used at one cell site may be
used again at other cell sites, thereby increasing the capacity of the system. However, these channels can only
be used if the separation between co-channel cells is sufficient enough to avoid the appearance of
interference. The minimum distance that allows the use of the same frequency is called frequency reuse
distance and is dependent on the system’s design and the terrain contour of the geographical area to be
covered. Frequency reuse increases the system’s spectrum efficiency provided the phenomenon of Co-
Channel Interference (CCI) can be mitigated. Frequency Hopping can also be used to enhance capacity in
GSM networks and operates by addition of transceivers to existing cells. With frequency hopping, frequency
diversity occurs, which balances the quality between slow and fast moving users [3].

Another method utilized in cellular systems to enhance capacity is the sectorization of cells. Cell-
sectoring makes effect on Interference Power, Spectrum Efficiency and Signal-to-Interference Ratio (SIR). It
operates on a principle of keeping the cell radius unchanged but reducing the number of cells in a cluster thus
increasing the frequency reuse. One way to achieve this is by replacing a single omni-directional antenna at
the base station by several directional antennas. With this method, a cell is divided into a number of sectors,
each of which is served by a different set of channels and supervised by a directional antenna. Directional
antennas allow the co-cells to be more closely spaced, and eliminate the co-channel interference effects. The
factor by which the co-channel interference is reduced depends upon the amount of sectoring used with a
typical cell normally partitioned into three or six sectors. When sectoring is employed, the channels used in a
particular cell are broken down into sectored groups, and are used only within a particular sector. However,
the impact of the resulting capacity improvement is an increased number of antennas at the base station, as
well as the number of handovers [4].

Cell Splitting is another method of handling capacity problems and refers to the process where a cell
is divided into smaller ones, each of which has its own base station. In general, cell splitting increases the
number of channels per unit area by decreasing the cell radius and keeping the co-channel reuse factor
unchanged.

Another method to enhance capacity and hence accommodate more users is the concept of Multiple
Access. Previous methods that have been exploited in mobile communications in the first to third generation
systems include frequency division multiple access, time division multiple access and code division multiple
access as illustrated in Figure 1.
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Figure 1. Types of Multiple Access

The present and dominant forms of multiple access utilized in Next Generation Networks include the
Orthogonal Frequency Division Multiple Access (OFDM) and the Space Division Multiple Access (SDMA).

3. MULTIPLE-ANTENNA SYSTEMS

All radio communications systems, regardless of whether mobile radio networks like 3GPP UMTS
or wireless radio networks like WLAN, must continually provide higher data rates. In addition to
conventional methods, such as introducing higher modulation types or providing larger bandwidths also
being achieved by using multiple antenna systems. There are four classes of multiple antennas namely Single
Input -Single Output (SISO), Single Input - Multiple Output (SIMO), Multiple Input -Single Output (MISO)
and Multiple Input - Multiple Output (MIMO). This classification is based on the number of antennas at the
transmitting and receiving ends.

3.1 Single Input -Single Output (SISO)

In conventional wireless communications, a single antenna is used at the source and another single
antenna is used at the destination. This type is referred to as a single input -single output (SISO) system. In
this system, the signal or wave-front is transmitted in all directions and the receiver antenna listens to signals
coming from all directions. Sending signals by transmitting energy in all directions is not energy efficient.
Another drawback with SISO systems is that they are vulnerable to multipath effects because when the
electromagnetic wave-front travels towards the receiver, its propagation path can be obstructed by objects
such as hills, buildings and trees. The wave fronts will then be reflected and scattered by these objects, thus
creating multiple paths to the receiver. The wave-front, arriving in scattered portions at different time
instances, can cause problems resulting in intermittent reception. In digital communications this can cause an
increase in the number of errors resulting in a reduction in data rate.

Existing Technology Smart Antenna Systems MIMO Systems

i

Y\ Y v

; SIMO 3 7
: Y 5; single Input/Multiple Output  : : :

SISO : Y
Single Input/Single Ouiput :: Y Y MIMO :

Multiple Input/Multiple Output  :
MISO

Multiple Input/Single Output

«Smart antenna
=Spatial Multiplexing

Figure 2. Classes of Multiple Antenna Technologies

3.2 Single Input-Multiple Output (SIMO)

In a SIMO system, one antenna is used at the transmitter, and two or more antennas are used at the
receiver. This however is not common in mobile communication due to concerns about the possibility of
integrating one antenna in a single user equipment and the associated challenges.
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3.3 Multiple Input - Single Output (MISO)

In a MISO system shown in Figure 3, two or more antennas are used at the transmitter, and one antenna
is used at the receiver. Through the application of this technique, it is possible to transmit in a specific
direction or listen in a specific direction. The smart antenna system detects multi-paths and creates
“listening” beams for those directions while other signals are suppressed. In this way, the signals coming
from the directions of the listening beams can be combined at the receiver, thus increasing the signal-to-noise
ratio (SNR) and lowering the bit error rate (BER). The concept of using smart antennas to transmit and
receive data more intelligently has existed for many years. Simple smart antenna techniques, like the
switched beam technology, where the antenna systems form multiple fixed beams with heightened sensitivity
in particular directions have been used in commercial applications for some time. These antenna systems
detect signal strength, choose from one of several predetermined, fixed beams, and switch from one beam to
another as the mobile device moves throughout the beam pattern.

3
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transmitter receiver
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MISO
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Figure 3. A Multiple Input Single Output (MISO) system

3.4 Multiple Input Multiple Output (MIMO)

MIMO systems are characterized by having multiple antennas at both the transmitter and the receiver.
The number of antenna elements does not have to be the same at the transmitter and the receiver. A MIMO
system is mainly used for three different purposes; beam forming, diversity, and spatial multiplexing. MIMO
technology offers a number of benefits over conventional single-input single-output (SISO) systems that help
to meet the challenges posed by both the impairments in the wireless channel as well as the strict resource
(power and bandwidth) constraints. MIMO systems gain their popularity in the exploitation of the spatial
domain inherent in the use of multiple spatially distributed antennas. Other technologies capitalized only on
the time and frequency dimensions which are the natural dimensions of digital communication data.

4. BENEFITS OF MIMO TECHNOLOGY

In general, the benefits of MIMO in wireless systems include the possibility of larger data rate,
larger spectral efficiency, large number of user, improved range/coverage distance, better interference
suppression, better Quality of Service (QoS), lower bit-error rate and lower transmission power. From
another perspective, MIMO channels provide a number of advantages over conventional SISO channels such
as the array gain, the diversity gain and the multiplexing gain [5]. Research has proven that while the array
gains and diversity gains are not exclusive to MIMO communication channel or systems only as they also
exist in Single-Input Multiple-Output (SIMO) and Multiple-Input Single-Output (MISO) channels, the
multiplexing gain is a unique characteristic of MIMO channels.

B’ Nl

(a)

Figure 4. Benefits of multiple antennas: (a) diversity gain; (b) array gain; (c) spatial multiplexing gain

The Array gain as shown in Figure 4(b) primarily refers to the improvement in receive signal-to-
noise ratio (SNR) that results from a coherent combining effect of the information signals. The coherent
combining may be realized through spatial processing at the receive antenna array and/or spatial pre-
processing at the transmit antenna array. In other words, array gain simply refers to the concentration of
energy in one or more given directions via pre-coding or beam-forming. This also allows multiple users
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located in different directions to be served simultaneously. Transmit/receive array gain requires channel
knowledge in the transmitter and receiver, respectively, and depends on the number of transmit and receive
antennas. Channel knowledge in the receiver is typically available whereas channel state information in the
transmitter is in general more difficult to maintain.

The second gain of implementing MIMO technology is for the purpose of diversity gain. As earlier
discussed, fading and interference are the most significant challenges associated with wireless
communication systems (terrestrial communication systems). Diversity is a powerful technique to mitigate
the random fluctuation or fading of signal power in wireless channels/links.

——gt

2

mn

Figure 5. Illustrating the diversity gain

Diversity techniques function by transmitting the signal over multiple independently fading paths in
time, frequency and space as shown in Figure 4(a). Spatial (or antenna) diversity is preferable to time
diversity and frequency diversity in that it does not incur expenditure in transmission time or bandwidth. If
the links comprising the MIMO channel fade independently and the transmitted signal is suitably
constructed, the receiver can combine the arriving signals such that the resultant signal exhibits considerably
reduced amplitude variability in comparison to a SISO link as shown in Figure 4(c). Extracting spatial
diversity gain in the absence of channel knowledge at the transmitter is possible using suitably designed
transmit signals. The corresponding technique is known as space-time coding. In summary, the diversity gain
involves the use of the space-diversity provided by the multiple antennas to improve the robustness of the
transmission against multipath fading.

In a system with multiple transmit and receive antennas, each pair of transmit-receive antenna
provides a signal path from the transmitter to the receiver. Therefore, by sending the same information
through different paths, multiple independently-faded replicas of the data symbol will be obtained at the
receiver end. This process therefore guarantees that a more reliable reception is achieved and that the
probability of error is reduced. It has been shown that the higher the diversity gain, the lower the Probability
of error (Pe).
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Figure 6. MIMO Antenna Configuration
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hij is a Complex Gaussian random variable that models fading gain between the iy, transmit antenna and the ju,
receive antenna

To further prove the advantage of MIMO systems over SISO systems, a diversity gain d implies
that in the high SNR region, the P, of a MIMO system decays at a rate of 1/(SNR)? as opposed to 1/SNR for
a SISO system. From Figure 5, the maximal diversity gain d.. is the total number of independent signal
paths that exist between the transmitter and receiver. For an (Mg,M+) system, the total number of signal paths
is MgrM+ as depicted in Figure 6.

Another reason for the widespread acceptance of MIMO technology comes from the perspective of
spatial multiplexing. Spatial multiplexing gain is evident in a linear increase in capacity for no additional
power or bandwidth expenditure and is attained by the transmission of multiple independent data signal
streams to a single user on multiple spatial layers created by combinations of the available antennas. Under
conducive channel conditions, such as rich scattering the receiver can separate the different streams, yielding
a linear increase in capacity.

The final benefit of deploying MIMO systems is in its ability to reduce interference. Co-channel
interference arises due to frequency reuse in wireless channels. When multiple antennas are used, the
differentiation between the spatial signatures of the desired signal and co-channel signals can be exploited to
reduce interference. Interference reduction requires knowledge of the desired signal's channel. Exact
knowledge of the interferer's channel may not be necessary. Interference reduction (or avoidance) can also be
implemented at the transmitter, where the goal is to minimize the interference energy sent towards the co-
channel users while delivering the signal to the desired user. Interference reduction allows aggressive
frequency reuse and thereby increases multi-cell capacity.

4.1 Transmit Diversity Versus Spatial Multiplexing (A fundamental Trade-off)

It is not possible to exploit all the leverages of MIMO technology simultaneously due to conflicting demands
on the spatial degrees of freedom (or number of antennas). The degree to which these conflicts are resolved
depends upon the signaling scheme and transceiver design [6]. With the advent of MIMO, a choice needs to
be made between transmit diversity techniques, which increase reliability (decrease probability of error) and
spatial multiplexing techniques, which increase rate but not necessarily reliability. Applications requiring
extremely high reliability seem well suited for transmit diversity techniques whereas applications that can
smoothly handle loss appear better suited for spatial multiplexing. It may further appear that the SNR (signal -
to noise ratio) and the degree of channel selectivity should also affect this decision. Essentially, different
design criteria of MIMO communication schemes are based on exploiting the previous gains, especially the
spatial diversity and multiplexing gains. Actually, both perspectives come from different ways of
understanding the ever-present fading in wireless communications.

Traditionally, fading is considered as a source of randomness that makes wireless links unreliable.
In response, a natural attempt is to use multiple antennas for compensating the random signal fluctuations
and achieving a steady channel gain. The spatial dimension is exploited in this case to maximize diversity.
Each pair of transmit and receive antennas provides a different (possibly independent) signal path from
transmitter to receiver. By sending signals that carry the same information over a number of different paths,
multiple independent faded replicas of the data can be obtained at the receiver end, increasing,the reliability
of the reception process. Some examples of MIMO schemes which fall within this category are space-time
codes and orthogonal designs. A different line of thought suggests that in a MIMO channel, fading can in fact
be beneficial through increasing the degrees of freedom available for communication. Essentially, if the path
gains between individual transmit and receive antenna pairs fade independently, the channel matrix is well-
conditioned with high probability, in which case multiple spatial channels are created. Hence, the data rate
can be increased by transmitting independent information in parallel through the available spatial channels.

In fact, given a MIMO channel, both the spatial diversity and the multiplexing gains can be
simultaneously obtained, but there is a tradeoff between how much of each type of gain in any MIMO
scheme can extract: higher spatial multiplexing comes at the price of sacrificing diversity. The complete
picture of this tradeoff was given in [7], and it focuses on the high-SNR regime and provides the fundamental
tradeoff curve achievable by any scheme, where the spatial multiplexing gain is understood as the fraction of
capacity attained at high SNR and the diversity gain indicates the high-SNR reliability of the system. The two
previously commented design strategies correspond to the two extreme points of the curve: maximum
diversity and no multiplexing gain and maximum multiplexing gain and no diversity gain. The fundamental
tradeoff curve bridges the gap between these two extremes and offers insights to understand the overall
resources provided by MIMO channels [8].
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5. SMART ANTENNAS

One of the most promising techniques for increasing the capacity in cellular systems is the use of
smart or adaptive antennas[2]. The technology of smart or adaptive antennas for mobile communications has
received enormous interest worldwide in recent years. In actual fact, development in the Smart Antenna
concept led to the present concept of Multiple Input Multiple Output (MIMO) antenna system.
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Figure 7. Block diagram of a Smart Antenna System

Prior to the present moment, base station antennas have been Omni-directional or sectored. Smart
antennas are base station antennas with a pattern that is not fixed, but adapts to the current radio conditions.
Smart antenna technology or adaptive antenna array technology enables the performance of the antenna to be
altered to provide the performance that may be required to undertake performance under specific or changing
conditions. This can be visualized as the antenna directing a beam towards the communication partner only.
Smart antennas will therefore lead to a much more efficient use of the power and spectrum, increasing the
useful received power as well as reducing interference.The smart antennas include signal processing
capability that can perform tasks such as analysis of the direction of arrival of a signal and then the smart
antenna can adapt the antenna itself using beam-forming techniques to achieve better reception, or
transmission. In addition to this, the overall antenna will use some form of adaptive antenna array scheme to
enable the antenna to perform is beam formation and signal direction detection. In the context of smart
antennas, the term “antenna” goes beyond a radiating element to a complex system consisting of a number of
radiating elements, a combining/dividing network and a control unit as shown in Figure 7. The control unit
has the sole function of acting as the smart antenna’s intelligence and is normally realized using a digital
signal processor (DSP). The processor controls feeder parameters of the antenna, based on several inputs, in
order to optimize the communications link. With considerable levels of functionality being required within
smart antennas, two main approaches or types of smart antenna technology have been developed which
includes the switched beam smart antennas and the adaptive array smart antennas. The switched beam or
adaptive array smart antennas are designed so that they have several fixed beam patterns. The control
elements within the antenna can then select the most appropriate one for the conditions that have been
detected. Although this approach does not provide complete flexibility it simplifies the design and provides
sufficient level of adaptivity for many applications. Adaptive antenna arrays however allow the beam to be
continually steered to any direction to allow for the maximum signal to be received and / or the nulling of any
interference.

5.1 Smart Antenna Algorithms

Smart antennas linearly combine antenna signals into a weight vector that is used to control the
beam pattern. The weights can be determined in a number of ways using different algorithms. These
algorithms can be divided into three classesnamely spatial reference, temporal reference, and blind
algorithms. The spatial and temporal reference algorithm classes both form beam patterns and are based on
linear weighting and addition of received signals at the antenna elements [9].
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In Spatial reference algorithms (SR) the antenna weights are chosen based on knowledge of the
array structure. These algorithms estimate the direction of arrival (DOA) of both the desired and interfering
signals. The DOAs can be determined by applying different methods to the sampled data from the antenna
array. The simplest way of extracting the DOAs is to use spatial Fourier transform on the signal vector. This
method is limited by its resolution (size of antenna array) and has therefore limited usages. In cases where
good resolution is necessary, so called high resolution methods could be used. High-resolution methods are
limited only by the modeling errors and noise and not by the size of the antenna array. Common high-
resolution algorithms include Minimum Variance Method (Capon’s beamforming algorithm), MUSIC
algorithm (determines the signal and noise subspaces and then searches the spectrum to find DOASs), ESPRIT
algorithm (determines the signal subspace, from which the DOAs are determined in closed form) and SAGE
algorithm (based on maximum likelihood estimation of the parameters of the impinging waves on the
antenna array)[9]. When the DOAs are determined an appropriate beam pattern is created that maximizes the
beam pattern in the direction of the wanted signals and places nulls in the direction of unwanted interfering
signals.

Temporal reference algorithms (TR) are based on prior knowledge of the time structure of the
received signals. Usually a training sequence is used as a temporal reference. The receiver aims to adjust or
choose antenna weights such that the deviation of the combined signal at the output and in the known training
sequence is minimized. The calculated weights are then used to form a beam pattern.

The third class of algorithms termed blind algorithms is based on prior knowledge of the signal properties of
the transmitted signal. Different algorithms can be used to determine the signal matrix for the received
sample data depending on the statistical properties of transmitted signal in consideration.

5.2 Antenna Array Processing, Direction Finding and Beam Forming

Classical direction finding methods usually use several antennas or antenna arrays to measure phase
differences while modern direction finding methods make use of all the information received on different
elements of the antenna array. Before its widespread use in mobile communications, array signal processing
had already found applications in radar, sonar and seismic exploration. However, next generations of wireless
systems using multiple antenna arrays (or smart antennas) have brought about new technologies in the digital
signal processing techniques due to their goal to intelligently enhance the desired signal and null or reduce
interference.

Different algorithms for antenna array processing and direction finding has evolved as advances in
Digital Signal Processing have enabled the use of new approaches for direction finding. The previous
requirement for a simple and frequency-independent relationship between the signals obtained on antenna
elements and the bearing no longer applies as complex mathematical relationships can be efficiently
computed. High-resolution methods allow the separation of several waves arriving from different direction
based on Direction of Arrival (DOA) estimation. DOA can be converted to direction relative to the true north
after which the outputs of the individual antenna elements are taken to a network which contains test signal
inputs and multiplexers and finally, the signals are then converted to an intermediate frequency and digitized.
Conventional methods of DOA are based on the concept of beam forming which involves steering antenna
array beams in all possible directions and looking for peaks in the output power. Furthermore, the antenna
array signals u; are multiplied by complex weighting factors w; and added, a sum signal is obtained which
depends on the direction of wave incidence. With conventional beam forming algorithms the phases of the
weighting factors are chosen so that the weighted element signals are added in phase and thus yield a
maximum sum signal for a given wave direction. This output signal is given by a weighted sum of the
element input. The block diagram for the process of beam forming is shown in Figure 8.

(09 = Y wy, =w'u(l)
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Figure 8. The process of beam forming

6. CHALLENGES OF UTILIZING MIMO IN COMMUNICATION SYSTEMS

The deployment of MIMO technology in systems beyond 3G (B3G) has its associated challenges or
areas of concern. This can however be expected to be improved upon as the technology is continually
utilized. The first challenge is that of hardware complexity which is borne out of the fact that each antenna
needs a radio-frequency (RF) unit and also because a powerful digital signal processing (DSP) unit is
required. Furthermore, the Software complexity is also another challenge for the designers as most signal
processing algorithms are computationally intensive.

Other issues worthy of concern include an increased Power consumption evident in the reduced
battery lifetime of mobile devices and the thermal energy radiated; antenna spacing challenge in order to
keep the size of the mobile devices reasonable (electromagnetic mutual coupling-e.g. mobile handsets), RF
interference and antenna correlation.

7. CONCLUSION AND FUTURE RESEARCH

The application of Multiple Antennas in telecommunication systems has helped a lot to achieve the
goals of the Next Generation Networks (B3G). Despite the challenges involved, its use and success in the
HSPA+ and LTE has proven that it is a technology to be reckoned with. With accompanying developments
in digital modulation (especially 128-QAM) and other technologies, it can only be imagined what the future
holds for users through the transformation that will follow.

However, there is still a lot of ground to be broken in this technology. Some of the areas where
research is envisaged or ongoing include large MIMO (hundreds of low-power antennas (ImW) placed on a
base station with potential for significant performance gains); MIMO relaying networks (combination of
cooperative and MIMO technologies for increased capacity, reliability and coverage); Cognitive radio which
detect “’holes’” in the expensive spectrum; Heterogeneous networks which are a combination of Macrocell
with Picocell and Femtocell; Multi-cell MIMO which refers to multiple Base Station Systems each equipped
with multiple antennas and development of schemes for estimation of practical impairments like timing
offset, frequency offset and phase shift that need to be estimated and compensated.
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