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Introduction: The goal of this review is the analysis of evolution of the current and novel wireless networks, from second
generation (2D) to fifth generation (5G), as well as changes in technologies and their corresponding theoretical background
and protocols - from Bluetooth, WLAN, WiFi and WiMAX to LTE, OFDM/OFDMA, MIMO and LTE/MIMO advanced technologies
with new hierarchy of cellular maps design — femto/pico/micro/macro. Methods: We use new theoretical frameworks to
describe advanced technologies, such as multicarrier diversity technique, OFDM and OFDM novel approach, new aspects of
MIMO description based on multi-beam antennas, design of various cellular maps based on new algorithms of femto/pico/
micro/macrocell deployment, and the methodology of a new MIMO/LTE system integration based on multi-beam antennas.
Results: We have created a new methodology for multi-carrier diversity description of novel multiple-access networks, for
the usage of OFDM/OFDMA modulation in order to overcome inter-user and inter-symbol interference in multiple-access
networks, as well as multiplicative noises in multiple-access wireless networks caused by multi-ray phenomena. Finally, we
have suggested how to overcome the propagation effects occurring in the terrestrial communication channels by using a
combination of MIMO and LTE technologies based on multi-beam antennas. For these purposes, we present a new stochastic
approach which takes into account the terrain features, such as buildings' overlay profile, buildings' density around the base
station and each user's antennas, and so forth. These parameters allow us to estimate the effects of fading as a multiplicative
noise source. Practical relevance: The new methodology of estimating the effects created by multiplicative noise and inter-
user and inter-symbol interference in terrestrial wireless networks allows us to predict a-priory practical aspects of the current
and new multiple-access wireless communication systems, like the potential number of users or the spectral efficiency of
user channels for various configurations of cell deployment: femto, pico, micro, and macro, as well as the novel MIMO/LTE
system configurations for future networks of the 4th and 5th generations.
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1. Introduction to Overview of Current noise (AWGN) and lesser via prism of multiplica-

Wireless Networks

Scanning the existing literature related to the
description of the wireless multiple access tech-
nologies, we notice that there are a lot of excellent
works (see for example, references [1-20]), in which
the multichannel, multiuser and multicarrier ac-
cesses were described in details for cellular and
non-cellular networks beyond third (3G) and fourth
(4G) generations. However, all these works mostly
described the corresponding techniques and tech-
nologies via a prism of additive white Gaussian

tive noise depending on fading phenomena, fast and
slow. So, they ignore the multiplicative noise caused
by fading phenomena. In references [1-20], the au-
thors dealt mostly with classical AWGN channels or
channels with the inter-user interference. As was
shown there, the “response” of such channels is not
time-varied or frequency-varied, that is, such prop-
agation channels were not time or/and frequency
dispersive. In [21, 22] were described the main fea-
tures of the multiplicative noise caused by slow and
fast fading that occur in terrestrial, atmospher-
ic and ionospheric wireless communication links
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and networks. As was shown in [21, 22], the as-
pects of fading are very important for predicting
the multiplicative noise in various radio channels,
terrestrial, atmospheric and ionospheric, for the
purpose of increasing the efficiency of land-land,
land-aircraft, and land-satellite communication
networks. The proposed approaches were then ex-
tended for description of multimedia and optical
communications based on the stochastic and other
statistical models [23—-27] and on usage of special
non-standard matrices [28, 29].

As was shown in [21, 22], due to the “time-dis-
persion” and “frequency-dispersion” of each specif-
ic wireless communication channel, the signal data,
as a stream of sequences of symbols (e.g. bits), can
be corrupted by fading and, finally, a new phenome-
non called inter-symbol interference (ISI) is observed
at the receiver. Moreover, in multiple accesses ser-
vicing, if any subscribers use the same or close fre-
quency bands, they can be affected by another sub-
scribers located in their vicinity. In this situation,
a new “artificial noise” takes place, which causes
the so-called inter-user interference (IUI) or inter-
channel interference (ICI). An example of how mul-
tipath fading causes ISI.

To overcome such kinds of effects caused by mul-
tiplicative noise, some canonical techniques were
introduced in modulation schemes of current net-
works, defined and briefly described in [22], such
as the spread spectrum modulation techniques (DS-
SS, FH-SS, TH-SS, respectively). Additionally, to
explain how the IUI can be overcame, the classical
multiple access technologies, such as CDMA (code
division multiple access) on the basis of DS-SS mod-
ulation, FDMA (frequency division multiple access)
on the basis of FH-SS modulation technique, and
TDMA (time division multiple access), on the basis
of TH-SS modulation technique is briefly described
in [22]. There were briefly introduced these tech-
niques based on space, time, and frequency and
polarization diversities for multi-beam adaptive
antenna applications. In this section, we introduce
the orthogonal frequency division multiplexing
(OFDM) techniques and the corresponding orthogo-
nal frequency division multiple accesses (OFDMA),
occurring in the frequency domain, as well as the
orthogonal time division multiple access (OTDMA),
occurring in the time domain.

Belowin our special issue, in Section 1, we briefly
introduce the existing classical recently performed
networksvia theirhistorical perspective, such asthe
Global System for Mobile Communications (GSM),
the Wireless Personal Area Network (WPAN), al-
so called Bluetooth (BT), the Wireless Local Area
Network (WLAN), related to the Wireless Fidelity
(WiFi) System, the Wireless Metropolitan Area
Network (WirelessMAN or WiMAX), and the Long-
Term Evolution (LTE) standards. All these systems

and technologies cover the time period of the last four
decades in wireless generation’s developments —
from the past 204 generation to the new 4t® gener-
ation. It is important to notice that all modulation
techniques, the conventional CDMA/TDMA/FDMA
and advanced OFDM/OFDMA/OTDMA, related to
above networks, fully depend on the fading phe-
nomena that occur in such networks and described
by the corresponding channel parameters [21].

‘We do not focus in description of the respective
current and advanced protocols, such as 802.15,
802.11, 802.16, for LTE-releases, which are usual-
ly used in the above networks, as well as on the ar-
chitecture of these networks, because these aspects
are beyond the scope of this special issue and are
fully described in other references [1-9, 11-20].
At the same time, based on the fading parameters
introduced above, we will show the advantages and
disadvantages of the corresponding techniques and
will propose for practical applications more attrac-
tive and advanced technologies.

Let us briefly introduce the reader to the current
wireless networks and the corresponding technolo-
gies below fourths generation (4G).

We will start to describe the matter by present-
ing first the Bluetooth—WPAN Networks, was
originally created by Ericsson Company (Sweden)
in 1998 before other companies started to launch
this system and the corresponding technology
and protocols. The WPAN system was named
“Bluetooth” according to the name of Danish King
Harald Bluetooth living at the 10*h century. BT
technology is based on 802.15 protocol and is called
802.15.1 protocol [30]. This protocol was performed
for management and control of low-cost, low-power
radio devices operated within small local areas (up
to ten meters), which allows stable communication
at short distances between personal devices such
as notebooks, cellular phones, personal computers,
and so on.

Such type of small-range areas were defined in
[31, 64] as “piconets”. Currently, the protocol for BT
technology allows sending a data stream through
each channel with the maximal rate of 1 Mbps, that
is, it allocates for each channel of WPAN system the
nominal bandwidth of 1 MHz. The WPAN system
operates at the carrier frequency of 2.4 GHz using
frequency-hopping spread spectrum (FH-SS) modu-
lation technique described in details in [30]. Thus,
the whole bandwidth, consisting of 79 hopping chan-
nels is ranged from 2.402 to 2.480 GHz with mini-
mum hopping range of 6 channels. Piconet is pre-
sented as a cluster of up to 8 radio devices that are
differentiated as “master” and “slaves”. The rate of
frequency changing equals 1600 times per second.
WPAN-BT system is based on TDD (time-division
duplexing) technique, according to which the chan-
nel is divided into slots with the time-slot of 625 us.
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Let us now briefly state the advantages and dis-
advantages of the WPAN-BT system. The advan-
tages are:

— effective and inexpensive wireless solution
both for data and for voice at short distances from
the receiver;

— applicable for stationary and mobile environ-
ments;

— no setup needed for work;

— inexpensive;

— voice/data compatible;

— low power consumption.

The disadvantages are:

— short range of antenna (up to 10-20 m);

— low data rate;

— existence of interference from other networks
operating at the same frequency bands;

— absence of data security.

The second more popular and effective com-
bined with WLAN network was the WiFi—-WLAN
Network. In 1990, the Institute of Electrical and
Electronics Engineers (IEEE) established the
802.11 working group to create a wireless local ar-
ea network (WLAN) providing a set of standards
for WLANS. The wing “.11” refers to a subset of
the 802 group which is the wireless LAN working
group [32, 33]. Then, WLANSs were associated with
WiFi networks. The IEEE 802.11 working group
and the WiFi Alliance [34] came out as the key
groups in creating different standard 802.11 proto-
col standards. Thus, we will also associate WLAN
technologies and the corresponding protocols with
WiFi networks and the corresponding protocols.

Thus, the WLAN systems, which were perfor-
med for pico/micro cell servicing (up to 1-2 km)
are based on the standard protocol 802.11, the
physical layer of which is signal processing operat-
ing on the basis of the standard Frequency Hopping
Spread Spectrum (FH-SS) modulation technique
(see [22]). Modern WLANSs are now widely accepted
and performed in private and local commercial ar-
eas to support subscribers, stationary and mobile,
with special terminals, called access points (APs).
Then, for WLAN networks a medium access con-
trol (MAC) technique was performed for providing
quality of service (QoS) in packet-switched services
of multiple subscribers located in picocell and mi-
crocell local areas (the corresponding protocol is
called IEEE 802.11 MAC Standards) [35—37]. The
main goal of IEEE 802.11 Mac was to support voice-
over-IP (VoIP) services that are to support QoS for
real-time services, such as telephony, multimedia
(video and audio) communications.

As for VoIP, it is a popular service where the cor-
responding network converts voice data in digital
form, and conversely. However, since today’s VoIP
calls are possible in a WLAN environment, there
are a number of factors that negatively affect the

use and acceptance of VoIP. Current WLANS have
limited ability to support multimedia communica-
tions. Therefore, as will be mentioned briefly below,
QoS provisions must be incorporated with the cur-
rent WLAN systems to support the requirements of
real-time services such as VoIP. For further reading
on advanced techniques to support real-time voice
service in WLAN systems the reader is referred to
references [38—45].

We should mention that different modifications
of IEEE 802.11 technology and its protocol were in-
troduced during the last two decades, such as pro-
tocols 802.11a/b/g and 802.11n/e on the basis of
OFDM/OFDMA modulation techniques.

Why such a broad set of 802.11 standards were
created? To answer this question, let us briefly de-
scribe some of the popular standards of 802.11
technologies, to help the reader understand how
the standard technologies, networks and the corre-
sponding protocols allow designers of WLAN/WiFi
systems to increase efficiency of grade of service
(GOS) and quality of service (QOS) of WLANSs, how
to eliminate the ISI and the ICI in each channel (e.g.
for each carrier) of the desired system. A WLAN and
the corresponding 802.11b technology and protocol
were adopted in 1999 by moving from fixed wire net-
works (such as Bluetooth) to wireless networks.

The protocol 802.11b is based on Direct Sequence
Spread Spectrum (DS-SS), described in [21]. This
technology was focused on the physical layer and
data link layer, simultaneously [38]. Ranging up
to distances of 100 m, and supporting send data
streams with the maximal rate of 11 Mbps with fall-
back rates of 1, 2, 5.5 Mbps, all depend on effects
of noise, clutter conditions, distance between APs,
and so forth. The 802.11b technology and its proto-
cols allow the connection of hundreds of computers
and users using DS-SS modulation technique with
a 2.4 GHz carrier frequency.

The logical structure of 802.11 technologies al-
lows usage at the physical layer, not only with DS-
SS modulation, but also using FH-SS modulation,
combining with logical link control (LLC) layer and
MAC layer. The first one provides addressing and
data link control, independently from any topology
and medium, and connecting to MAC access, which
provides access to wireless medium.

Using 14 non-overlapping channels, each of
22 MHz wideband, placed 5 MHz apart each oth-
er (e.g., channel 1 is placed at central frequency,
2.412 GHz, channel 2 is at 2.417 GHz, and so on,
up to channel 14 placed at 2.477 GHz). Such logical
structure of 802.11 protocols give a lot of benefits
such as:

— wide coverage range in an indoor/outdoor pi-
cocell/microcell environment;

— free and stable work both with stationary and
mobile subscribers;
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— possibility to work with other picocell net-
works, such as WPAN, using the same 2.4 GHz fre-
quency band;

— scalability and security for each subscriber
located in area of service.

Recently, the enhancement of the existing proto-
cols, called IEEE 802.11e standard, was performed
for VoIP [41-47]. The VoIP technology has ad-
vanced rapidly during recent years. This enhanced
technology is better than the previous ones, since
it allows transmitting low-power signal data with
lower time delay and supports better duplex trans-
mission, like VoIP, by sending each voice signal sep-
arately via network channels [35, 37, 45, 48]. Using
beam-forming antennas, as additional attributes
of this technology, the 802.11n network allows to
eliminate multipath fading effects and, therefore,
eliminate ISI and ICI usually occur in wireless com-
munication in environments with fading (see de-
tails in [49-110]).

To be objective, we should also mention on
WiMAX Networks and 802.16 protocol, despite the
fact that they till nowadays did not find their “ap-
plicable layer” among other technologies below 4G.
They relate to broadband wireless systems operat-
ing on the basis of adaptive multibeam or phased
array antennas, which were performed from 2002
for macro-cell servicing (up to tens of kilometer),
their physical layer is operated on the basis of the
standard protocol 802.16 [111-118]. This wireless
network is called WiMAX. A WiMAX antenna can
cover metropolitan areas of several tens of kilome-
ters for fixed stations and up to ten kilometers for
mobile stations. Therefore, initially (on April 2002)
the IEEE Standard 802.16-2001 was defined as wi-
reless metropolitan area network (WirelessMAN)
[112].

Wirelesss-MAN offers alternative networks
based on wire communications (via cables or fiber
optics) with their modems and digital subscrib-
er line (DSL) links. Despite this fact, wireless
WiMAX networks have a huge capacity to address
broad geographic areas without additional infra-
structure required in cable links installation in
each individual site or for each individual subscrib-
er, In such a scenario, WiMAX technology brings
the network to subscribers located inside which are
connected with conventional indoor networks such
as Ethernet (IEEE Standard 802.3) or wireless lo-
cal area networks (LANSs) [Standards 802.11a-e de-
scribed above]. With MAC technology expanding
in this direction, it is important to emphasize that
802.16 MAC standard technology could accommo-
date all connections with full QOS and increase
of GOS.

The signal processing technique implemented in
a WiMAX system is based on OFDM/OFDMA mod-
ulation techniques that will be described in Sec-

tion 2 and operates at frequencies from 2 to 10 GHz.
A WiMAX antenna can transfer information data
with a maximum rate of up to 70 Mbps. The main
goal of such technology is to handle any effects of
NLOS in urban and sub-urban environments that
usually occur in the built-up scene (see [21, 22]). The
main features of WiMAX networks are [111-116]:

a) it uses advanced OFDMA technique;

b) its bandwidth varies from 1.25 to 28 MHz;

c¢) it additionally uses TDD and FDD (frequency
division duplex) techniques (see definitions in [22]);

d) it uses MIMO antenna systems based on a
beam forming technology of each element of BS
(base station), AP and MU antenna performance;

e)it uses advanced signal modulation tech-
niques;

f) it uses advanced coding techniques such as
space-time coding and turbo coding.

Recently, to obey several vivid drawbacks, the
WiMAX technology was deployed to operate si-
multaneously with macro-cell BS antennas and
Femto-Access Point antennas and this was the main
goal performing the 4th generation of wireless net-
works (on such a configuration we will talk below
in Section 4). Moreover, a tendency of integration
of narrow-range WiFi networks with a wide-range
WiMAX networks, operating at different rates and
having different mobility, are sensitive to blocking
of users’ calls, dynamic spectrum assignment for
each user, stationary or mobile, and to energy-effi-
cient handover schemes with the geographic mobil-
ity awareness. The problems of integration of dif-
ferent systems having limited possibilities either in
mobility or in speed, such as WiFi and WiMAX sys-
tems were discussed in references [119-124], where
the main goal of the researchers was to decrease a
blocking probability and increase the efficiency of
handover schemes and frequency spectrum sharing
among user’s channels. Following References [119—
124], we briefly introduce the reader to some of the
problems and tools used algorithms overcome them.

A WiFi/WiMAX integrated network was pro-
posed to achieve high-quality communication by
using WiFi and WiMAX as complementary access
resources. The integrated network, according to
researchers’ main aim, will enable support a load
balancing between WiFi and WiMAX by using
each system selectively in response to the demands
of subscribers, stationary and/or mobile, and the
usage status of each system. According to such an
idea, in the integrated WiFi/WiMAX network each
wireless system will use the spectrum band pre-
scribed by law, so that even if the WiMAX system
has unused spectrum temporarily, it cannot be used
by WiFi wireless systems.

The first problem, investigated in reference
[122], was to find an effective spectrum sharing
method for WiFi/WiMAX integrated mesh net-
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work. Resolving the problem of spectrum sharing
in WiFinetworks, allows connecting the WiFi mesh
network to a WiMAZX base station, obtaining an in-
crease of throughput. The problem is that in a WiFi
mesh network, several WiFi APs are interconnect-
ed by wireless links and the communication with
the backbone network transits through the gateway
AP connected by wire cables. It was expected to re-
duce the cost of infrastructure and to adapt it not
only to urban, but also to rural areas. In addition,
in a multi-channel, multi-interface mesh network,
where each AP can use two or more channels si-
multaneously, it was found possible to increase the
network capacity by dynamic channel assignment
for each wireless link. However, when many mobile
users communicate with the backbone network, the
network throughput decreases due to congestion
around gateway APs [122].

To overcome this problem, a WiFi/WiMAX inte-
grated mesh network was proposed in [122], where
WiMAX is used as backhaul for the WiFi mesh net-
work. In such a combined network, there are two
kinds of gateway APs:

a) one is a traditional gateway AP directly con-
nected to the backbone by a wired cable; and

b) the other is an AP which is wirelessly connect-
ed with the WiMAX BS and works as a gateway.

Also, dynamic spectrum assignment based
on call blocking probability prediction in WiFi/
WiMAX integrated network was investigated in
[123]. The main idea of this research was to allow
WiFi systems to use a spectral band of WiMAX
systems, temporally, in an integrated network of
operation stages. Thus, because the WiFi system
uses the spectrum in units of 20 MHz, the WiMAX
system divides its spectrum into channels of
20 MHz and assigns one of them to the WiFi APs,
which leads to more effective use of spectrum in the
integrated network. To achieve this, a channel in
the WiMAX system should be assigned to as many
WiFi systems as possible, as long as they are not
adjacent. Specifically, a WiMAX system provides
74.8 Mbps per channel and a WiFi system provides
54 Mbps per channel at maximum. Therefore, if two
or more WiFi APs use one channel of the WiMAX
system, the spectrum utilization efficiency can be
enhanced for the whole integrated network. The
proposed method is based on the predicted numbers
of blocked calls, an analytical analysis of which is
fully presented in reference [123]. The proposed
method in reference [123] introduces an effective
dynamic spectrum assignment, where the same
spectrum can be repeatedly used by assigning a
channel of the WiMAX system to two or more WiFi
systems without causing interference between adja-
cent WiFi APs.

Special discussion should be done on so-called
LTE technology and the corresponding networks.

The LTE technology, networks and the correspond-
ing protocols were developed recently to increase
the capacity and speed of wireless data passing
wireless communication links and networks, using
modern hardware (compared to WiMAX networks)
and advanced digital signal processing techniques
[125-187]. LTE was defined in 2009 by the 3rd
Generation Partnership Project (3GPP) as a highly
flexible broadband radio system with high user da-
ta rate (up to 30 Mbps), with a data stream and radio
sensors/networks delay not exceeding 5 ms, with
simple network architecture, efficient spectra allo-
cations, and so on. As was mentioned in [131]: “LTE
is designed to meet carrier needs for high-speed data
and media transport as well as high-capacity voice
support well into the next decade”.

Moreover, the main goal of the first nine releas-
es of LTE was to support both FDD and TDD com-
bined with a wideband system in order to achieve
a large number of various spectra allocations [130,
131]. All these nine standard releases (Table 1) were
implemented recently to overcome the well-known
WiMAX technologies, such as enhanced IEEE
802.16e, performed in 2005. Thus, for example,
the LTE-E-UTRAN technology has much better pa-
rameters regarding data speed and data protection
within communication channels with respect to
WiMAX with enhanced IEEE.802.16e protocol.

Recently, LTE was introduced to support the
systems that can be considered as a continuous
evolution from earlier 3GPP networks, such as
TD-SCDMA (time-division synchronous code-divi-
sion multiple access) and wide-band code-division
multiple access (WCDMA) combined with high-speed
packet access (HSPA). The current Releases 8 and 9
of LTE technology, denoted sometimes as 3GPP-
LTE (or E-UTRAN), include many of features of
4G systems. Therefore, they were considered as the
best candidates for 4G generation of networks and
as a major step toward the advanced international
mobile telephony (ITM-Advanced) [127-145].

Namely, LTE Release 8 was performed for single
user (SU) network to service of each user equipment
(UE). Its arrangement is presented schematically in
Fig. 1.

B Table 1. Evolution of LTE releases (Rel) during recent
years (extracted from Internet)
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B Fig.1.Scheme of SIMO-LTE, supports 2 or 4 antennas
at the BS with spatial multiplexing, using the LTE
Release 8 technology (rearranged from [131, 144])

It has the following characteristics [144]:

— it combines TDD and FDD modes and OFDM
technique in downlink (DL) and SC (single carrier) —
FDMA technique in uplink (UL), using adaptive mod-
ulation and coding such as QPSK/16QAM/64QAM
in both DL and UL channels;

— data rate for 20 MHz-bandwidth: 100 Mbps in
downlink and 50 Mbps in UL channel;

— spectral efficiency for 20 MHz-bandwidth:
5 (bits/sec/Hz) in DL and 2.5 (bits/sec/Hz) in UL;

— latency (e. g. delay of data for each desired us-
er) is less than 5 ms for small IP packets.

The LTE Release 9 standard was performed as an
enhanced version of LTE Release 8 standard [132,
133], where for demodulation purposes a virtual
antenna with pre-coded UE specific reference sig-
nals was added. Here also both paired and unpaired
bands of the radio spectra was proposed depending
on the types of environment, rural, sub-urban, ur-
ban, on the built-up terrain features, and on the
configuration of the bandwidth allocated for users’
servicing. The paired frequency bands correspond
to configurations where UL and DL transmissions
are assigned separate frequency bands, whereas
the unpaired frequency bands corresponds to con-
figurations where UL and DL must share the same
frequency band. As illustrated from Fig. 1 (ex-
tracted from [131]), LTE technology allows for an
overall system bandwidth ranging from as small as
1.4 MHz up to 20 MHz, where the latter is required
to provide the highest data rate within LTE system
communication channels.

All user terminals support the widest bandwidth.
Unlike previous cellular systems of 8'd generation
mentioned above, the LTE system provides the pos-
sibility for different UL and DL bandwidths, ena-
bling asymmetric spectrum utilization. Usage of
effective and flexible spectra sharing not only in
different frequency bands, but also different band-
widths, combining with efficient migration of oth-
er radio-access technologies to LTE technology, are
the main keys of the LTE radio access that provide a
good foundation for further 4th generation evolution.

Below, in Section 5, we will present combination of
LTE advanced technology with MIMO system that is
planned to be useful for 4** and 5** generations.

Now, in Section 2, we will introduce some ad-
vanced diversity techniques adapted for the mul-
ti-carrier accessing networks. Then, in Section 3,
we will describe the advanced MIMO spatial-time di-
versity and spatial multiplexing techniques, focus-
ing the special attention on how fading phenomena
affect the capacity and spectral efficiency of MIMO
channels. Fading propagation effects are described
in terms of the unified stochastic approach intro-
duced in [21, 22] for land communication networks.
In Section 4 we introduce the femtocell-microcell
and femtocell-macrocell (indoor/outdoor) config-
urations for different types of femtocell advanced
deployment strategies, and, finally, in Section 5, we
show advances of the combined femtocell-microcell
layout with MIMO/LTE modern concept for future
4%h and 5*h generation performance.

2. Novel Multicarrier Diversity Techniques

Diversity is a powerful communication receiver
technique, which can be used to handle fading phe-
nomena occurring in different wireless communica-
tion links, terrestrial, atmospheric and ionospheric
(described in [21, 22]). Using diversity techniques,
one can improve the multiple access system perfor-
mance operating in indoor/outdoor multipath envi-
ronments. These techniques are based on the very
simple principle of sending M copies of the desired
signal data sequence (related to the desired user)
via M different channels, instead of usage only one
channel to transmit and receive this desired infor-
mation data.

There are different kinds of diversity techniques
which are currently used in canonical (e.g. current)
and modern networks. We briefly described these
techniques in Section 5 regarding the adaptive mul-
ti-beam antenna applications. Here, we introduce
some advanced techniques based on the proposed
concept.

The analysis of fading, time-varying and fre-
quency-varying, leads to the use of time varying
(adaptive) equalizers for stable communication
achievement [3—5]. However, the design and use of
time varying and adaptive equalizers are difficult
in practice, especially for broadband channels oper-
ating on the basis of adaptive/smart antennas. Only
one solution currently exists, which is to use mul-
ticarrier (e.g., multichannel) techniques, based on
frequency and time diversity algorithms, or on the
space diversity principle currently adapted for the
MIMO systems. This means that instead of one car-
rier, M carriers will be used to eliminate all kinds
of noises, naturally or artificially generated.
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2.1. Advantages
of Multicarrier Diversity Techniques

Before starting to analyze the methods of fre-
quency, time and space diversity, let us, first of all,
determine quantitatively and show analytically the
advantages that can be achieved using multicarrier
diversity methods. For this purpose, let us consid-
er M independent Rayleigh fading channels, i.e.,
operated in worst-case scenarios with the absence
of LOS components, that is, for a fading parame-
ter K =0 (see definitions in [3-10, 21, 22]). We call
each channel a diversity branch. The corresponding
scheme of how to combine and separate all carriers
at the transmitter and then select the desired carri-
er at the receiver, is shown in Fig. 2.

We also assume that each branch has the same
average signal-to-multiplicative noise ratio (SNR)
defined as T = (E,/Ny)<a2>, where E, is the energy of
the bit of information data passing the channel with
strong fast fading, <a?> is the normalized deviation
of signal data energy due to fading, and N is the
energy of the AWGN. Each branch has an instanta-
neous SNR =y;. Then the PDF (plural distribution
functions) of such a multiplicative noise, caused by
fast and/or slow fading, can be written for y;> 0 as

p(vi)%exp(—%} )

where now TI' is the average SNR for each branch.
The probability that a single branch has a SNR less
than some threshold of multiplicative noise, y, is the
cumulative distribution function (CDF) defined for
Rayleigh channel with fading as

v
CDF(y;)=Ply; <71= [ p(y;)dy; =

_ 1 Yi _ Y
—erxp(—Fjdyi —l—exp[—FJ. 2)

NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI

7

Now, the probability that all M independent di-
versity branches receive signals which are simulta-
neously less than some specific SNR threshold y can
be presented as

M
P[h,---,vMSv]:{l—exp(—%ﬂ =Py(v). 3)

This probability describe situation when all
branches cannot achieve this threshold. If any
branch with number i achieves this threshold, i.e.,
SNR > v, then

M
P[vi>v]=51—PM(y):1{1—exp[—%ﬂ . @

Formula (4) describes the situation of exceeding
of the threshold when selection diversity is used.
For low T, that is, for strong fading effects, (4) re-

duces to
M
Pu [lj . 5)
I

For selection diversity the PDF is found as the
derivative of CDF of all braches to achieve thresh-
old, that is,

M-1
_dBy M (Y _Y
Mm(Y)= ay F{l exp( FH exp( FJ' (6)

Then, the mean SNR, v, can be defined as
< * M-1

7= [ pudy=T[Mx[1-¢7* |7 "¢ ™dx, ()
0 0

where x = y/T. Formula (7) is evaluated to obtain the
average SNR improves offered by the selection di-
versity

M
=y - ®)
k=1

= |==l
|-

Transmitter

/

Selection ‘
of desired
carrier

Receiver

Propagation '
i ]

el

Sources of
Multiplicative
Noise

B Fig. 2. Multicarrier diversity principle for desired user selection
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As was shown by numerous computations, for the
independent Rayleigh fading branches, as channels
with the average multiplicative noise, the probability
that the SNR drops below some specific threshold for
one branch is of 2—3 times greater in magnitude than
if several independent (separated) branches are used
in the multicarrier diversity technique.

2.2. Frequency Multicarrier Advanced
Diversity Technique

This technique allows for modulating the in-
formation data signal (e.g., the baseband signal)
through different M carriers. Frequency diversi-
ty transmits information on more than one carrier
frequency. Here frequencies are separated by less
(or equal) to the coherent bandwidth of the channel
and, therefore will not experience the frequency se-
lective or time-selective fades (see definitions above).
Here, we need to choose the symbol duration T in
such a manner that the coherence bandwidth of each
sub-channel, denoted as b,=b,=B,./N, where N is
the number of carriers, will be much smaller than
the bandwidth of the channel B,,. In this case, slow
and flat fading will take place and effects of frequen-
cy-selective fast fading will be minimized. The above
assumption leads to the following constraint:

B, >—=b,. 9)

By using N carriers, we finally have

Bw Bw

b, 1/T,

B,T,. (10)

All definitions of the parameters presented
above in Section 1.

Figure 3 depicts an example of how we can split
the channel bandwidth B,, in N sub-channels with

Absolute value
of channel transfer function

-0.2 ‘ ‘ ‘
0 05 1 15 2 25 3

Frequency

B Fig. 3. The principle of splitting of the whole channel
bandwidth on N sub-channels where effects of signal
deviations are minimal

a bandwidth b, that is enough narrow to exclude ef-
fects of deep fading and narrowband ICI. Then, each
independent symbol signal will have, in frequency
domain, a rectangular shape of power spectral den-
sity (PSD), which in the time domain has a sharp
d-function presentation. Conversely, the rectangular
shaping function g(¢) in the time domain (i.e., a pulse
with data), has in the frequency domain a shape of
the sink-function that in the literature is called the
Nyquist-shaped filter or the ideal filter [1-7].

2.3. OFDM and OFDMA Novel Technologies

As it follows from the description of FDD and
FDMA techniques, described in [22], the spectral
efficiency of the above techniques are too weak be-
cause of the existence of guard intervals (i.e., the
loss of useful bandwidth spectra) [46]. To eliminate
this problem, it is more effective to use the inde-
pendent (e.g., orthogonal) subcarriers, as shown
in Fig. 4.

In such a technique, one can split the total fre-
quency-band spectra of the system on separate
overlapping subcarriers (sub-bands or sub-chan-
nels) with independent properties. This tech-
nique is called the Orthogonal Frequency Division
Multiplexing for resolving the problem of spectral
overlapping, because each individual subcarrier,
being orthogonal with respect to other subcarriers,
can be easily recovered despite the overlapping in
the total spectra. Thus, there is no need of guard
intervals as in FDD or FDMA techniques [22, 64].

Orthogonal Frequency Division Multiplexing.
Let us now consider the OFDM procedure as a pure
mathematical problem. We assume that the trans-
mitted signal passing the fading channel consist-
ing of N subcarrier (corresponding to N paths) can
be generally presented through the fading factor in-
troduced above. If so, a total data signal (e.g., base-
band signal) can be presented as a function of the
amplitude of the signal received in nth sub-channel,
denoted by a,,, and its own phase, Apn = nAwt, as

N-1
s@)= Y o, cos[(coo +nAo))t+<pn], 0<t<T,, (11)
n=0

N carriers

Bw

B Fig. 4. The spectral overlapping for each subcarrier
in OFDM technique, when each peak of any subcarrier
corresponds to zeros positions of other subcarriers due to
their orthogonality
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where
W = 2TCL; Ao)=2—7T (12)
S TS

and L is the length of the channels.
The subcarriers of OFDM are orthogonal on the
interval [0, T], from which it follows that
T,

f s(t)- cos[(mo + nA(n)t]dt =a,T, cosQ,;
0
T,

S

J s(t) ~sin[(030 + nAm)t]dt =a,T,sing,. (13)
0

The corresponding splitting allows us to obtain a
signal for the each carrier in the following manner:

N-1
D=4, Y. o cos| (0g +nde)t+ ¢ |

n=0
(DT, <t<qTs, (14)
where
a? =a'P exp{-jol0}, (15)

a,(,q) € A, and A is a set of constellation’s points con-
taining L points

a? = (a(()q), a{Q), e a%)_l ), (16)

or for orthogonal (independent) sub-channels
aPeA, n=0,1,.,N-1.

From the beginning, the OFDM-technique im-
plementation was based on the discrete Fourier
transform (DFT), mathematically described by (11)
or (14) [64]. Simply speaking, the DFT converts the
time domain representation of the desired signal
with data to the frequency domain representation.
Conversely, the inverse DFT (IDFT) converts the sig-
nal spectrum, that is, the frequency domain signal
data representation to the time domain representa-
tion. Later, instead of the DFT/IDFT technique, the
direct and inverse fast Fourier transform (denoted
DFFT and IFFT, respectively) were used to signifi-
cantly decrease the implementation complexity and
time of the proposed technique. Mathematically
both methods are similar, but FFT is much more
efficient for the implementation. Below we will
briefly present the mathematical aspects of the FFT
technique for the OFDM implementation.

First of all, we should state that the corresponding
block-diagrams of the IFFT for the transmitter and of
the DFFT for the receiver are circuit-wise and have
similar blocks (only the block of discrete-to-analogue
(D/A) should be changed to A/D, correspondingly).

[ fs

aAn_
N1 b k=0,1,2,..., | w0
an=0 DFFT 2N -1} D/A

. (IFFT)

B Fig. 5. Block-scheme of the fast Fourier transform
technique, inverse (IFFT) at the transmitter and direct
(DFFT) at the receiver; D/A is the digital/analogue
transformer

Therefore, we present in Fig. 5 the block-diagram of
the receiver, where the samples of the multicarrier sig-
nal can be obtained by the DFFT of the data symbols.
According to the key goal of the OFDM modula-
tion technique, the corresponding discrete-form pres-
entation of the IFFT algorithm at the transmitter is
the following: a sequence of the discrete signals with
the noises, {b,}, for each independent subcarrier (or
sub-channel), is presented in the following manner:

1 2N
by o Zb a, exp{j2nnk/2N} =
N-1
> a,exp{j2nnk/2N}+
1 n=1

. JoN| 2N

+ AoN exp{j2nnk/2N}
n=N+1
N-1
> a,exp{j2nnk/2N |+
-, . an
+ > apexp{j2n(2N -m)k/2N|
m=N-1

where for the second sum we placed at the bottom
and top limits m = 2N — n, and therefore, the upper
limit will equal m = 2N — (N — 1) = 1. In (17), the am-
plitude of each subcarrier can be presented in the
baseband form:

ap =0, exp{j(pn}. (18)

Finally, using direct FFT (DFFT), we finally get

, 1 N1 exp{j(Znnk/2N+(pn)}+
k= aN nzlan +exp{—j(2nnk/2N+(pn)} )
2 N-1
=—— > a, cos[Znnk/ZN—i—(pn :| (19

V2N

n=1
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In (19) the following parameters were intro-
duced:
1 T, 1 1

T M o Tanar BT ar

Now we put a question: what does it mean that
in (17) was extended the OFDM symbol sequence
by introducing the second term? If a-priory, due to
the multiplicative noise occurring in the multipath
channel with fading (defined by the maximum de-
lay spread), the previous part of each OFDM symbol
will be corrupted by the delay sample of the neigh-
boring OFDM symbol, the orthogonality between
symbols will be lost leading to the so-called ISI or
ICI [64].

Since OFDM technique excludes usage of the
guard intervals compared to the FDMA system (see
[22]), it is possible to extend the OFDM symbol se-
quence with additional replica consisting of N sym-
bols of “zeros” corresponding to the so-called “vir-
tual guard” with a period of T,.

If so, we can convert the symbol sequence in the
time domain at the transmitter using IFFT in such
a manner that its time period T, will be extended
on T, that is, T =T, + T, (Fig. 6). This procedure is
called the prefix cycling [64].

Using this IFFT technique, described mathe-
matically by (17), we obtain that the first term in
(17) will present a desired signal of symbol data,
from which at the receiver the transmitted symbol
sequence {b,{ can be easily recorded. The second
term in (17) corresponds to the part of the symbols
that can be corrupted by fading during passing via
the communication sub-channel. In other words,
the second sequence of samples will be transmitted
in the guard period (see Fig. 6) as a cycle process.
Therefore, this sequence in the literature is called

Guard
period @ Ty T Multi-path
:—»: Mcomponents
! [ ¥/
L I 4 |
Max : |
delay :T o
spread i< max
‘
Sampling! 7 T
delay | s .
Sampling start

B Fig. 6. The procedure of obeying the part of the data
of OFDM signal corrupted by fading (defined by the
sampling delay time) by extension of the symbol time T
with the “virtual” guard period (cyclic prefix)

cycle prefix [64]. This extracted sequence finally
will be eliminated at the receiver, if the elements
of the second sum in (17) will be substituted as a
“zeros” with the time-scale of the “virtual” guard
interval T,.

After such a procedure, we can obtain expression
(19) as a real symbol replica recorded at the receiver
after implementation of the DFFT procedure. Using
the above notations, we finally present for each in-
dependent sub-channel the signal shaped function
at the receiver in the following form, using just
a DFFT on a sampled symbol signals s(¢):

N-1
s(kAt)= Y o, cos[2nnAfkAL + ¢, | =
n=1
N-1
1 V2N
- nZ::l o, cos[ZrmAfk SNAT + (pn:| == b,. (20)

Indeed, at the receiver, the N independent copies
are combined in such a manner to give an optimal
replica of the signals with date sequences of samples
that are not corrupted by fading. Unfortunately,
what is easily to perform using mathematical al-
gorithms cannot be ideally obtained in practice of
wireless communication, where the sub-channel
time-scale (or length) is not constant, and therefore
the preface cycle parameters are also not constant.

Another problem that should be avoided by us-
ing the OFDM technique is the frequency shift of
the received signal spectrum called the frequency
offset [64]. Due to this effect the IFFT procedure at
the transmitter and DFFT procedure at the receiver
are not “symmetrical”, i.e., they do not correspond
strictly to each other. The effect of the frequency
offset is clearly seen in Fig. 7.

According to frequency shifting, the adjacent
subcarriers can be affected by ICI caused by the en-
ergy leakage of the neighbor symbol signals to each
other. As was shown in [46], the overall energy of

FFT window

AW
>
T

With frequency offset

B Fig. 7. Effects of frequency offset on OFDM FFT
modulation technique
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ICI grows with the frequency offset. To avoid this
effect, a frequency domain equalization by using
N separate equalizers for each subcarrier is needed
that significantly increase the complexity of the re-
ceiver implementation. For further reading on this
approach, we refer the reader to the references [13,
18-20, 64].

To complete our explanation of the OFDM tech-
nique we should mention that before starting for
the specific channel splitting into N sub-channels,
the coherent bandwidth b,, of the sub-channel (we
assume that they have the same bandwidth Af,, = o,
n €[1, N — 1]) should be estimated a-priory. Thus,
as was shown experimentally and was described
in [102] during a special campaign carried out in
the city of Tokyo for two scenarios of heavy (the
first scenario) and lower layout (the second sce-
nario) of buildings, in the first scenario was ob-
tained b,.,~ 70+90 kHz, with an average value
of b.,~80 kHz, whereas for the second scenario
b.p = 390+420 kHz. If now, after the OFDM divi-
sion procedure on N sub-channels, the bandwidth f,,
of each sub-carrier was decided to be f, =100 kHz,
as it follows from the second scenario, f is small-
er than the corresponding bandwidth b,.,, and the
OFDM procedure fully obeys fading phenomena in
each sub-channel for the second scenario. However,
such a division procedure is not effective in obeying
any fading phenomena for the first scenario, where
fo=b.,. Finally, a strong frequency selective fad-
ing occurring in the dense urban scene can affect
each sub-channels by corrupting the signal data
for each subscriber located in the area of service.
This example emphasizes the fact that before us-
ing the OFDM procedure, each designer of wireless
network should estimate the fading parameters for
each urban scenario, such as the time delay spread
and coherence bandwidth (for stationary channels)
and the Doppler shift bandwidth and time of coher-
ency (for dynamic channel).

Orthogonal Frequency Division Multiple Access.
From equation (20) it is clearly seen that the OFDM
is a one-dimensional (1-D) technique because the
branches are splitting in the frequency domain on-
ly. A new multiple access technique was introduced
during the 15t decade (see references[13, 18—20, 64)),
which is two-dimensional (2-D) splitting the signal
in bins both in time and frequency domain. This
multicarrier access procedure is called Orthogonal
Frequency Division Multiple Access. Here, we will
briefly explain its algorithm and difference with re-
spect to standard OFDM modulation technique. For
this purpose, we arrange the corresponding scheme
of each carrier signal data presentation in the joint
2D time-frequency domain, as shown in Fig. 8. One
can that in an OFDMA system for each carrier we
get the narrow bandwidth f,=B,/N with the in-
ter-carrier separation that equals 1/T << f,.

Data symbol
Time — frequency grid

N

Carrier

fo

— =t ppum symbol
after IFFT

Time

B Fig. 8. 2D time-frequency signal presentation accor-
ding to OFDMA technique

Weshould alsomention that during this procedure
of splitting the total bandwidth B,, into N sub-chan-
nels, the each carrier bandwidth f; must be shorter
than the bandwidth of coherency of each sub-chan-
nel, that is, fo < b,,, as was proved experimentally in
[102]. Taking into account the above constrain, we
can, by using OFDMA technique, fully exclude the
ICI, that is, the overlapping between each separate
bin and, finally, we do not spend bits for guarding ef-
fects, as was used in narrowband technologies, such
as the FDMA and TDMA, definitions of which were
introduced in [22]. Therefore, the OFDMA technique
can be considered as a hybrid FDMA/TDMA scheme
described above, because it allows users to flexibly
share both the frequency sub-band (e.g., the carrier)
and the time slot. Mentioned above allows us to state
the following features of OFDMA:

— OFDMA is based on OFDM, the multiple nar-
row-band subcarriers modulated in parallel;

— OFDMA combines OFDM modulation and
a multiple access scheme, let say TDMA, as it is
shown in Fig. 9, a;

— OFDMA combines time division and frequen-
cy division multiple access techniques, that is,
OFDMA = TDMA+FDMA (Fig. 9, b).

Moreover, the above analysis allows us to notice
that using a large number of parallel narrowband
sub-carriers instead of a single wideband carrier to
transport information, we can:

— very easy and efficiently deal with time-dis-
persive multipath fading;

— protect against narrow-band interference due
to the orthogonality of the sub-carrier channels;

— offer the flexibility to adapt the transmission
rate per narrowband sub-channel (e.g. sub-carri-
er) to the most suitable transmission electronic
schemes at the transmitter;

— reduce some of the electronic elements at the
receiver, because using such a technique, we do not
need to implement the N oscillators, filters, and so
forth, for each carrier.
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B Fig.9.OFDMA as a combination of OFDM modulation and TDMA technology (a) and OFDMA as a combination OFDM
modulation simultaneously with FDMA and TDMA technologies (b)

At the same time we notice that the OFDM/
OFDMA techniques have some disadvantages of
this technique, such as:

— this technique is sensitive to frequency and
phase offsets;

— it has a peak-to-average problem that reduc-
es the power efficiency of the RF amplifier at the
transmitter (for any multicarrier technique).

Despite the fact that the OFDM/OFDMA
techniques have the above disadvantages, they
were taken strong candidates for most of the 3G
and 4G wireless networks and were adapted in
various modern standard technologies, such as
WPAN or Bluetooth, WLAN, which is equiva-
lent to WiFi, WiMAX, LTE, and so on. Currently,
the OFDMA technology is intensively used in
IEEE 802.16/WiMAX standard networks and in
their combination with MIMO systems (see brief de-
scriptions of the corresponding networks below in
Section 4).

2.4. Time Advanced Multicarrier
Diversity Techniques

As was defined in [21, 22], in situations when
the signal bandwidth is larger than the coherence
bandwidth of the channel, that is, B, >>B., the
channel is frequency selective and fast. If the same
channel is subdivided into a number of orthogo-
nal frequency-division multiplexing sub-channels
having a mutual separation in center frequencies
of at least Af = B,, the effects of fading on the sig-
nal data transmitted via each sub-channel can be
eliminated.

However, in the case of wideband modulation,
such as in the CDMA technique, the multiple se-
quences of the data signal from each subscriber ar-
riving at the receiver can destroy the independence
between the codes (i.e., their orthogonal proper-
ties) if their delays will exceed a single chip dura-
tion. This usually occurs, if the chip rate exceeds
the coherent bandwidth of the sub-channel, that is,
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R.>b.,. In such scenarios an alternative method
is usually used on the basis of a so-called Rake de-
tector [6—7]. Here a time diversity technique is
used, assuming T, > T, =1/b,,, that is, the infor-
mation signals duration exceeds the coherence time
of the sub-channel. In this case multiple repetitions
of the signal will be received with independent fad-
ing conditions. In other words, we can obtain time
diversity by transmitting the same signal multi-
ple times, separated signals apart in time in such
a manner that the channel multipath fading will be
decorrelated between replicas.

As was shown in references [5—7], the one mod-
ern implementation of time diversity involves the
use of a RAKE receiver, working as n-delay line
through which the received signal is passed. Its ac-
tion is somewhat analogous to an ordinary garden
rake, and consequently, the name “RAKE receiver”
has been used for this device by Price and Green in
1958 [5-T].

As we mentioned in Section 1 (see also [22]), in
DS-SS system (or CDMA), the chip rate is much
greater than the fading bandwidth of the chan-
nel. CDMA spreading PN-codes are designed to
provide very low correlation between successive
chips. Thus, propagation delay spread in the wire-
less channel merely provides multiple versions of
the transmitted signal at the receiver. If these mul-
tipath components are delayed in time by more than
the chip duration, they appear like uncorrelated
noise at the CDMA receiver, and an equalizer is not
required. However, since there is useful informa-
tion in the multipath components, CDMA receiv-
ers can combine the time-delayed versions of the
original signal transmission in order to improve
the SNR at the receiver. The RAKE receiver is usu-
ally used for such purposes. This receiver, using
the tapped delay line structure with discrete time
intervals equal to the chip period T,, multiplies sev-
eral copies of the received signal by versions of a
spreading code, shifted by multiples of T.. Finally,
a Rake detector collects the time-shifted versions
of the original signal by provide a separate corre-
lation receiver for each of the multipath signals.
The RAKE receiver, shown in Fig. 10, is essentially
a diversity receiver designed specially for CDMA,

Zy

Corre- ,ﬁ 5 _
oo lator 1 oy
=R
2850 2 72 m @)
9a= D4 L[ Corre: —@_.sz» [(-at »E—»
S, = lator 2 o 0
SEE 2 3
bR /
EOE Corre- _M,@'_

lator M oy

B Fig. 10. Block-scheme of the RAKE receiver

where the diversity is provided by the fact that the
multipath components are practically uncorrelated
from one another, when their relative propagation
delays exceed a chip period T.,.

As it is seen from Fig. 10, a RAKE receiver uti-
lizes multiple correlators to separately detect the
M multipath components with deep fading (i.e.,
strongest multipath components). Such a procedure
allows the components of the desired signal with da-
ta (e.g., with a original bits’ sequence) to be recov-
ered and recombined with the corresponding time
shifts due to the channel removing.

Let us briefly analyze the RAKE receiver work-
ing process in more details following block-scheme
presented in Fig. 10. The outputs of each correla-
tor are weighted to provide a better estimate of the
transmitted signal. Demodulation and bit decisions
are then based on the weighted outputs of the M cor-
relators. Assume M correlators are used in a CDMA
receiver to capture the M strongest multipath com-
ponents. A weighting network is used to provide a
linear combination of the correlator output for bit
detection.

The first correlator is synchronized to the
strongest multipath component of the signal r(¢)
with data and multiplicative noise due to fading.
The multipath component my arrives t; later than
component m;. The second correlator is synchro-
nized to the component my. It is correlated strongly
with my, but has low correlation with m,. Note, if
one correlator is used, as it usually done for sin-
gle-carrier systems, such as FDMA and TDMA, the
strong fading corrupted the channel cannot be elim-
inated by single receiver. Then bit decisions based
on only a single correlation may produce a large bit
rate of the information data passing through such
single-carrier channel. In a RAKE receiver, if the
output from one correlator is corrupted by fading,
the others may not be, and the corrupted signal
may be discounted through the weighting process.
Decisions based on the combination of the M sep-
arate decision statistics offered by the RAKE pro-
vide a form of diversity which can overcome fading
and thereby improve CDMA reception. The M deci-
sion statistics are weighted to form an overall deci-
sion statistics, as shown in Fig. 10.

The outputs of the M correlators are denoted as
Z1y Zg, .., Zys- They are weighted by oy, og, ..., 0y,
respectively. The weighting coefficients are based
on the power or the SNR from each correlator out-
put. If the power or SNR is small out of the particu-
lar correlator, it will be assigned a small weighting
factor. As in the combining diversity scheme, the
overall signal Z' is given

M
Z'=Y amZy. (21)
m=1
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The weighting coefficients, a,,, are normalized
to the output signal power of the correlator in such
a way that the coefficients sum is equal to one,
shown by the following formula:

Zp,

oy, = 22)

M
> Zn
m=1

As in the case of adaptive equalizers and diver-
sity combining, there are many ways to generate
weighting coefficients. Choosing weighting coeffi-
cients based on the actual outputs of the correlators
yields better RAKE receiver performance. This
performance gives a conditional error probability
in the form of

P(1)=Q(J150-p1)), 23)

where p,= 0 for the orthogonal signals and p,=-1
for antipodal signals; the Q-function was defined in
the literature via the error function [1-22]. Here vy,
is the current SNR, which equals:

E, Mo,M
Yb:N_Zak:ZYk- (29
0 k=1 k=1

For Rayleigh fading channel, we can finally ob-
tain the probability for instantiations SNR, y;;:

1
p(m)a—exp{—i—k}, 25)
Yk Yk

where, as above, 7y, =E, ia% > /Ny is an average
SNR for the kth path (kR subcarrier or sub-channel).
To be continued.
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aCaukTr-IleTepOyprcKuii rocyfapcTBeHHBIN YHUBEPCUTET a9POKOCMUUECKOro npudopocrpoenus, CankT-Ilerepoypr, PP
6Heresckuii yauuBepcurer uM. Ben-T'ypuona, I1.0.B. 653, Ber-T'ypuona yu., 1, r. Besp-IIlesa, 74105, M3pauib
BllepycaJIUMCKUIT TeXHOJOIMUYECKUI KOJLIeI K, XaBag Xaueimu, 21, I1.0.B. 16031, Uepycaaum, 91160, Uspaniab

ITocTaHOBKA MPOOJIEMBI: IIeJIBI0 TAHHOTO 0030pa ABJISAETCA aHAIN3 SBOJIIOINU CUCTEM OeCIIPOBOJHOM CBA3U OT BTOPOI reHeparun (2D)
o msAToi renepanuu (5G), a TaKKe U3MEHEeHUS TeXHOJIOIMUI U X CYI[eCTBYOIUX TeOPEeTUUYeCKUX OCHOB U IIPOTOK0JI0B — oT Bluetooth,
WLAN, WiFi u WiMAX no LTE, OFDM/OFDMA, MIMO u LTE/MIMO — npoABUHYTBIX TEXHOJIOI'UI C HOBOM MePapXUUECKOI CTPYKTY-
poii nusaitHa coToBbIX KapT femto/pico/micro/macro. MeToabI: NCIIOJIH30BAHBI HOBBIE TEOPETUYECKYE IIOXOIBI [JI51 ONMCAHUSA IPOABUHY -
TBHIX TEXHOJIOTUI, TAKUX KaK MHOTOII0JIb30BaTeJIbCKasA TeXHUKA pas/esieHus moab3osareseit, OFDM u OFDM-HoBe#AIIni TOAX0/, HOBbIe
acnexTs! onucanusa MIMO-cucrem Ha 6a3e MCIIOJIb30BAHNS MHOTOJIYUYEBbIX aHTEHH, JU3AaH PA3JIUYHBIX COTOBBIX KapPT HA OCHOBE HOBBIX
aJTOPUTMOB IIOCTPOEHUSA (PEMTO/ITUKO/MUKPO/MAaKpPO COT, a TaK)Ke HOBOI MeToxoioruu nHrerpupoBanus HoBoit MIMO/LTE-cucrems! ¢
TIOMOIIII0 MHOT'OJIYUEBbIX AaHTEeHH. Pe3yIbTaThl: CO3LaHa HOBasl METOJOJIOTHUS OIMCAHUA MHOTOIIOJIb30BAaTEIbCKOI0 Pa3/ieIeHUA, UCI0JIb-
soBanus KomouHupoBanHoit OFDM/OFDMA-monyianun s 00X0KIeHUA NHTeP(EepeHIIuN MeXK /1y II0JIb30BaTeJIAMA U MeXKIy CUMBO-
JlaMU B HOBBIX MHOTOIIPOIIECCOPHBIX CHCTEMaX, MYJIbTUILINKATUBHBIX IIIYMOB, MMEIOINX MECTO B OECIIPOBOJHBIX MHOTOIIPOIIECCOPHBIX
cHuCTeMaX CBS3U, BHI3BAHHBIX SIBJEHUSMM MHOTOJYUYEBOCTU. B mTOre mpeasiosKeHo, Kak 000iTu a(pdeKThl paciupocTpaHeHus, UMEeIe
MeCTO B Ha3eMHBIX KaHaJlaX CBA3U, UCHoab3yda KoMmouunamuio MIMO- u LTE-TexHo0rnif, OCHOBAaHHBIX Ha IPHUMEHEHUU MHOTOJIYUYEBBIX
aHTeHH. [y 9TUX 1eseil pa3paboTaH HOBBIIM CTOXACTUYECKUI ITOAX0/ K Ipo6JieMe, YUNTHIBAIOIINI 0COOEHHOCTH 3aCTPOMKY 3€MHOM 110~
BEPXHOCTHU, TaKHeE KaK IPO(PUIb 3aCTPONKY JJOMOB, IIJIOTHOCTb 3aCTPONKY JJOMOB BOKDPYT aHTeHH 6a30BO CTAHIIVY U I10JIb30BATEJIEN U T. 1.
ITH XapaKTepPUCTUKY IIO3BOJIAIOT B UTOTE OLeHUTDH d(DGEeKTHI (heJUHra KAK HCTOYHUKA MYJIbTUILINKATUBHOrO mryma. IlpakTuyeckas 3Ha-
YHUMOCTb: HOBasl METOOJIOTUA OIleHKHU 3 (PEKTOB, CO3TAHHBIX MYJIbTUILINKATUBHBIM IIIYMOM, UHTEP(EPEHIINEH MEK Y IT0Ib30BaATEIAMMI
¥ MKy CUMBOJIAMU, UMEIOIIUMI MECTO B HA3eMHBIX CHCTeMaX 0eCIIPOBOAHON CBSI3H, II03BOJISET IIPOIHO3UPOBATH IPAKTUYECKUE acIleK-
TBHI CYII[ECTBYIOINX U HOBBIX MHOTI'OIIPOIIECCOPHBIX OECIIPOBOAHBIX CHUCTEM CBS3HU, TaKWe KaK eMKOCTHh (KOJUYECTBO) IIOJIb30BaTeNeld 1
crneKkTpasbHad 3(PPOEKTUBHOCTH KAHAJIOB IT0JIb30BaTe el VI PA3JINYHBIX KOH(MUTypaIuil MocTpoeHus cotT — (eMTO/ITNKO0/MUKPO/MaKpo,
a TaksKe HoBeHIuxX Koupurypamuii cucrem MIMO/LTE ajst mocTpoeHus OyAYIUX cUCTEM 4-T'0 U 5-T0 IOKOJIEeHUH.

KiroueBsle cioBa — agguTUBHBIHN 6esblil rayccoB mym, AWGN, mpoiiecc MHOTOKPATHOTO paszaeneHus mo kogam, CDMA, npsimoe 6b1-
crpoe npeobpaszoBanue @ypre, DFFT, npsamoe yinpeHue ciekTpa mocjiefoBaTebHocT, DS-SS, riobanbHasa cucreMa IOABUKHOMN CBA3H,
GSM, mnporecc MHOTOKPATHOTO pasjesienus mo yacroram, FDMA, o6parHoe 6bicTpoe npeobpasoBanue @ypove, IFFT, BHyTpUKaHAIbHAS
untepdepennusd, ICI, BEyTpucumBosbHaa nHTep(depennusd, ISI, BHyTpunonabsoBarenasckasa narepdepennud, IUI, roarocpoyssle 5BOJIIO-
nuoHHbIe peanusanuu, LTE, npoecc kouTpossa cpenbl, MAC, MyIbTUIIIIEKCUPOBAHNE 32 CUET Pa3/eJIEHUA 10 OPTOTOHAJIBHBIM YaCTOTaM,
OFDM, mnporecc MyJbTUILJIEKCUPOBAHNS 34 CUET Pa3lesIeHUs 110 OPTOroHaabHbIM yacTroram, OFDMA, mpoiiecc MyJIbTHUILIEKCUPOBAHUS
3a cueT pasfeseHUus 10 OPTOTOHAJIBHBIM BpeMeHHbIM uacToraM, OTDMA, MHOrOKpPaTHBIN BXOA — MHOTOKpaTHBIH Bbixox, MIMO, exus-
CTBEHHBIN BXOJ — MHOTOKPATHBIN BbIX0H, SIMO, oTHOIIeHMe curHaia K mrymy, SNR, mpoiiecc MHOTOKPaTHOTO pa3esieHus 10 BpeMeHaM,
TDMA, o6opypoBaHnue mnosan3osareisi, UE, 6GecipoBogHas moib3oBaTesbcKkas ceTb, WiFi, okanbpuas 6ecupoBoaHas cetb, WLAN, Gecripo-
BogHas ceThb Merponouu, WiMAX, 6ecupoBogHas I0JIb30BaTeIbCKasa ceTb, WPAN.
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