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Abstract

This project attempts to study the behavior of bad urban and rural macro-cells
channel models for (4x2) and (2x2) MIMO multipath fading channel. The channel
behavior is investigated for (8x2) MIMO system under indoor propagation
environment as well. The fading envelops for the multipath components are observed
and analyzed manipulating different parameters; changing the symbol rate, doppler
shift, and antennas spacing in order to understand the behavior of the MIMO channel
so as to ease the deployment of the entire MIMO system. The simulation results
shows that the channel behavior is getting better and becomes more stable when
increasing the symbol rate and antennas spacing, and at the same time reducing the
Doppler shift. The operation frequency’s influence on the path-loss that the
propagating signals suffer is investigated.
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1.1. An overview.

In this chapter, a general idea about the project, its objectives, the simulation
process’s path-loss equations, and the work procedure is to be discussed and further
analyzed.

1.1.1. Review for wireless technologies.

Wireless communications have gained enormous popularity since it offers an
attractive option for many personal as well as organizational communication needs
because of flexibility, cost effectiveness, and mobility. Accordingly there is a growing
number of different wireless technologies and standards that are being used such as
3GPP cellular system (2G, 3G, and 4G), WiMAX, Wi-Fi, and Bluetooth. So it's clear
that wireless communication is naturally suitable for mobile applications. Thus, the
need of wireless communications can't be overestimated.

1.1.2. Limitations facing wireless systems.

The major problems that the wireless communications suffer are mainly the
limited spectrum available, propagation channel environment, fading, path-loss,
interference and noise.

Since the signal may reach the destination from multipath at the receiver side
producing many copies of the signal with different attenuations and with different
delays. The multipath environment causes the fading problem in the channel resulted
from scattering, reflections, refractions and diffractions.

Despite the fact that multipath arrival of a signal was harmful to the
conventional communication system that uses one transmitter and one receiver , multi
antenna systems has benefited from this multipath propagation phenomena to enhance
the system’s capacity, coverage, and quality. But for now the available bandwidth
will be the most limiting factor that faces wireless communication systems, thus, all
recent research related to wireless field focus on how to efficiently use the
bandwidth.™

1.1.3. 4G systems.

The approaching 4G mobile communication systems are projected to solve still-
remaining problems of third generation systems and to provide a wide variety of new
services, from high-quality voice to high-definition video to high-data-rate wireless
channels. One of the terms used to describe 4G is MAGIC—Mobile multimedia,
anytime anywhere, Global mobility support, integrated wireless solution, and



http://www.radio-electronics.com/info/wireless/wimax/wimax.php
http://www.radio-electronics.com/info/wireless/bluetooth/bluetooth_overview.php

customized personal service. Technically, 4G stands for one integrated, IP-based
environment for all telecommunications requirements including voice, video,
broadcasting media and Internet that utilizes both fixed and wireless networks. The
fourth generation promises to offer high data rates everywhere over a wireless
network.

1.1.4. Channel models in 4G systems.

A generic channel modeling approach can be thought as a channel model
framework that can be applied in different scenarios. Each scenario has scenario
specific distributions and parameters. By changing the scenario specific distributions
in angle and delay domains as well as the scenario specific parameters, we can have
different channel models for different scenarios under the same framework of the
channel model. It has been widely understood that radio propagation has a significant
impact on the performance of wireless communication systems. The impact on future
broadband systems is even more important due to increased data rate, bandwidth,
mobility, adaptivity, quality of service (QoS), etc. Because of the major influence on
the system performance and complexity, radio channel models and simulations have
to be more versatile and accurate than in earlier systems.!

1.2.General idea of this project.

Limitation of the bandwidth is one of the biggest problems that faces the wireless
communications, therefore, multiple-input and multiple-output, or MIMO systems
have been developed since it offers significant increases in data throughput and link
range without additional bandwidth or transmit power. The MIMO technology
depends on using many antennas at the transmitter and many antennas at the receiver
to transmit and receive different data streams simultaneously, thus higher data rates
are achieved by using MIMO system as shown in figure 1.1.

N e

N
multiple—input — T multiple—output
Transmission ' : Receiver
techniques techniques

I A ) g
channel

Figure 1.1: MIMO technology

This project attempts to model the channel for MIMO antennas that will be
applied in 4G systems. Accurate modeling of MIMO channels is an important




requisite for MIMO system design, simulation and deployment. In channel modeling
for MIMO systems there are many parameters that must be considered such as
number of transmitter and receiver antennas which plays an important role in
designing a good channel model, and the number of multipath fading channels which
is the most important factor in building a channel model in MIMO systems.

1.3.Project objectives.

In this project there are four main objectives:

1. Study and perform deep analysis for the channel models of 2X1 MIMO
systems through Matlab simulation.

2. Develop 2X2 and 4X2 MIMO channel models that analyze the behavior of
bad urban and rural MIMO multipath fading channel.

3. Simulate an indoor propagation environment for 8x2 MIMO configuration.

4. Observing the frequency of operation influence on the path loss.

1.4. Introduction to wireless channels.

Wireless channels operate through electromagnetic radiation from the transmitter
to the receiver. In principle, one could solve the electromagnetic field equations, in
conjunction with the transmitted signal, to find the electromagnetic field impinging on
the receiver antenna. This would have to be done taking into account the obstructions
caused by ground, buildings, vehicles, etc. These obstacles between transmitter and
receiver will influence the signals propagated through the wireless channel till they
reach the destination along different paths, causing random fluctuations on the
received channel's signal strengths.

The main impairment factors resulting on these fluctuations are: path loss,
fading and shadowing.™!

1.4.1. Path loss

Path loss or path attenuation is the reduction in power density (attenuation) of an
electromagnetic wave as it propagates through space. Path loss is a major component
in the analysis and design of the link budget of a telecommunication system.

This term is commonly used in wireless communications and signal propagation.
Path loss results due to many factors, such as free-space loss, refraction, diffraction,
reflection, aperture-medium coupling loss, and absorption. Path loss is also influenced
by terrain contours, urban or rural, propagation medium (dry or moist air), the
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distance between the transmitter and the receiver, and the height and location of
antennas.

Transmit Received
Power, P, Power, F,
V ."u
Transmitter Receiver
Path Loss
L

Figurel.2: path loss

Path loss is usually expressed in dB. In its simplest form, the path loss can be
calculated using the formula:

L=10n10810(d) 4 C.rrrrrreii e e (1.1)

Where L is the path loss, n is the path loss exponent, d is the distance between the
transmitter and the receiver, and C is a constant which accounts for system losses.!

The following are the path-loss models used to formulate the response of the
channel throughout the simulation process in this project. More illustration of the
path-loss related environments can be found in chapter two. These path-loss models
are taken from [6].

e Bad urban macro-cell:

Two path-loss models are defined for this scenario; one for the ling of sight
(LOS) case and another for the non-line of sight (NLOS).

PL(LOS) =
FIGHZ]
PL(NLOS) =
449 — 6.5510g,o(hgs[m])] logo(d[m]) + 34.46 + 5.83 log,o(hys[m]) +
GHZ
2010010 (L2 48 ..ottt (1.3)

Where hgg[m] and hys[m] are the heights of the base station and the mobile station
in meters respectively, d is the distance between the T, and Ry antennas. f is the
center frequency.
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e Rural macro-cell:

1.5logy, (@) e, (1.4)

PL(NLOS) = maX((55.4 + 25.1 loglo(d) — 0'1310810(}135 _ 25) (IOglo(d))) .
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0.9(hys — 1.5) + 21310810 (F52) PLpree) oovvoerimieeeccreece (1.5)

Where PLyyee = 46.4 + 201og;o(d) + 20logo (22 ..o (1.6)

Where hgs and hys are the heights of the base station and the mobile station
respectively, d is the distance between the Ty and Ry antennas. f is the center
frequency.

e Suburban macro-cell:

PL(LOS) = 23.8logyo(d) +41.2 + 20logyo (HE) +4 .. (1.7)

PL(NLOS) = (44.9 — 6.55l0g,o(hps) 10g16(d)) + 31.46 + 5.8310g,o (hys) +
2010810 (FE2) 48 oo (1.8)

Where hgs and hys are the heights of the base station and the mobile station
respectively, d is the distance between the Ty and Ry antennas. f is the center
frequency.

e Indoor small office:

PL(LOS) = 18.710g10(d) + 46.8 + 2010g10 (Fo2) +3 ..o (1.9)

PL(NLOS) = 36.810g10(d) + 43.8 + 20l0g10 (1ot + 4 ...oovvoocercee (1.10)

Where hgs and hys are the heights of the base station and the mobile station
respectively, d is the distance between the Ty and Ry antennas. f is the center
frequency.




e Fixed Stationary Feeder: Roof-top to Roof-top:

PL(LOS) = max(23.5log;o(d) + 42.5 + 20log,o(f[GHz]/5.0), PLsree) + 4 ...

PL(NLOS) == 235 loglo(d) + 575 + ZOlOglo (f[GHZ]/SO) + 8 ............... (112)

Where hgs and hygs are the heights of the base station and the mobile station
respectively, d is the distance between the Tx and Ry antennas. f is the center
frequency. PLs,.. is defined previously.

e Moving networks:

PL(LOS) = max(41.1l0g;¢(d) + 17.2 + 20log;o(f[GHz]/5.0), PLfree ) + 3...
Where PL¢,., is as defined previously.

e Indoor to outdoor:

The outdoor environment of this scenario is urban, its path-loss model is given by
PL = PLpy + PLpy 4 PLigy oo (1.14)
Where
PLj, = max(22.7 logy,(d) + 41.0 + 20logy(f[GHz]/5.0), PLfyee) + 3
PLy,, = 14 + 15(1 — cos(6))?

PLin = O.Sdl‘n

Where PL is the path loss equation, PLy, is the urban path-loss, din is the distance
from wall to the inside terminal, and 6 is the angle between the outdoor path and the
normal of the wall.

More details about all equations above can be found in [6].

1.4.2. Fading.

In wireless communications, fading is deviation of the attenuation that a carrier-
modulated signal experiences over certain propagation media. The fading may vary
with time, geographical position and/or radio frequency.
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The presence of reflectors in the environment surrounding a transmitter and
receiver create multiple paths that a transmitted signal can traverse. As a result, the
receiver sees the superposition of multiple copies of the transmitted signal, each
traversing a different path. Each signal copy will experience differences in
attenuation, delay and phase shift while travelling from the source to the receiver.
This can result in either constructive or destructive interference, amplifying or
attenuating the signal power seen at the receiver. Strong destructive interference is
frequently referred to as a deep fade and may result in temporary failure of
communication due to a severe drop in the channel signal-to-noise ratio.!”

A more detailed information about fading can be found in chapter two.

1.4.3. Shadowing.

Shadowing is the effect that the received signal power fluctuates due to objects
obstructing the propagation path between transmitter and receiver. Shadowing occurs
when objects block line of sight between the transmitter and the receiver causes
random variations of the received power at a given distance.!"

1.5. Procedures.

First of all, a literature review were prepared about what has been done in
channel modeling for MIMO systems; more than thirty IEEE papers and about ten
textbooks have been studied and summarized. Matlab program is the main tool by
which the channel models for MIMO system are developed. A comprehensive
analysis for channel model that applied two transmitters and one receiver (2x1)
MIMO system had been firstly done. The following steps summarize the procedure
that we followed throughout this project:

1. Making a literature review about what has been done in channel modeling for
MIMO systems.

2. Become familiar with all Matlab tools, demos, and functions that are related to
our project.

3. A comprehensive analysis for channel model that applied two transmitters and
one receiver 2x1 MIMO system.

4. Finally, channel models that deals (4x2), (2x2), and (8x2) MIMO
configurations under different propagation environments have been developed.

Figurel.3 illustrates the scenario of the project.
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Figure 1.3 : project scenario.




Chapter 2

Literature review
Chapter contents:

2.1. Introduction.

2.2. 3GPP broadband mobile evolution.

.2.1. Progress of release 99, release 5, release 6, and release 7.

2.

N
N

The growing demands for wireless data applications.

N
N
w

3G devices.

Femto-cells.

NN
NN
o1 |

Status and highlights of release 8.

N
N
()]

Status of release 9.
2.2.6.1. Non-contiguous dual-cell HSDPA.
2.2.6.2. MIMO plus DC-HSDPA.
2.2.6.3. Contiguous dual-cell HSUPA.
2.2.6.4. Transmit diversity extension for non-MIMO UEs.
2.2.7. Release 10 (LTE-Advanced).

2.3. Space-time channel propagation.

2.3.1. The wireless channel.

2.3.2. Fading models.

2.3.3. Scattering in macro-cells.
2.4. Propagation scenarios.

2.5. Radio channel measurement tools.

2.6. ST channel models.
2.6.1. SISO channel.
2.6.2. SIMO channel.
2.6.3. MISO channel.

2.6.4. MIMO channel.

10



2.7. Statistical properties of channel matrix H.
2.7.1. Singular value of H.
2.7.2. Squared Frobenius.
2.8. Channel estimation.
2.8.1. Estimating the ST channel at the receiver.
2.8.2. Estimating the ST channel at the transmitter.
2.8.2.1. Channel estimation at transmitter using feedback.
2.8.2.2. Channel estimation at transmitter using reciprocity.
2.9.  Channel dependency.
2.9.1. Environment dependence.
2.9.2. System dependence.
2.9.3. Path loss.

2.10. Summary of channel modeling related IEEE papers.

11



2.1. Introduction.

The rapid progress in wireless communication systems aims to provide ever
higher data rates and greater reliability to the increasing number of users all over the
world. Wireless system designing faces a number of challenges including the limited
availability of the radio frequency spectrum and a complex time-varying wireless
environment; fading and multipath. The use of multiple antennas at the receiver
and/or at the transmitter, popularly known as space-time (ST) wireless or multi
antenna communications or smart antennas is an emerging technology that promises
significant improvements in wireless communications.®

Channel modeling has a great influence on wireless systems performance. A
MIMO channel is mathematically denoted by a channel matrix which provides an
elegant, compact, and unified way to represent physical channels of completely
different nature.

This chapter introduces the basic concept of the space time channel for SISO,
SIMO, MISO, and MIMO systems. Moreover, this chapter will cover space time
propagation concept. Channel modeling approach for MIMO system will be discussed
in details. In addition this chapter gives an overview of release 9 and release 10 of
3GPP mobile broadband innovation which is the path to 4G.

2.2. 3GPP broadband mobile evolution.

Wireless data usage is increasing faster now than ever before. So the usage of
wireless applications leads to an increasing demand of higher data rate and the need
for continued innovations in wireless data technologies to provide more capacity and
higher quality of service. 3GPP technologies have evolved from GSM-EDGE to
UMTS-HSPA-HSPA+ to provide increased capacity and user experience, and the
evolution will continue in the coming years with further enhancements to HSPA+ and
the introduction of LTE.

Significant growth in HSDPA and HSUPA deployments occurred recently as
well as the introduction of HSPA+. The HSPA is the combination of HSUPA and
HSDPA which provided spectrally efficient wireless solution for operators. HSPA+,
also referred to as Evolved HSPA, consists of 3GPP Rel-7 enhancements to HSPA
that provide improved support and performance for real-time conversational and
interactive services such as Push-to-Talk over Cellular (PoC), picture and video
sharing and Voice and Video over IP through the introduction of features like MIMO
antennas and Higher Order Modulations. Since the Evolved HSPA enhancements are
fully backwards compatible with Rel-99/Rel-5/Rel-6, the evolution to Evolved HSPA
has been smooth and simple for operators. 3GPP completed the Rel-8 specifications
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in March of 2009, which provide further enhancements to the HSPA+ technology and
defines a new OFDMA-based technology through the Long Term Evolution (LTE)
work item. !

With the completion of Rel-8, focus in 3GPP has turned to Rel-9 and Rel-10.
Rel-9 is targeted to be complete by 2009 and will add feature functionality and
performance enhancements to both HSPA and LTE. For HSPA, additional multi-
carrier and MIMO options are introduced. For LTE, additional features and
enhancements to support emergency services, location services and broadcast services
are the focus. 3GPP has already submitted proposals for the IMT-Advanced
evaluation and certification process led by the International Telecommunication
Union (ITU). The ITU has defined requirements that will officially define and certify
technologies as IMT-Advanced or “4G”.1°!

2.2.1. Progress of release 99, release 5, release 6, and release 7.

3GPP Rel-99 UMTS specifications provide the evolutionary path for GSM,
General Packet Radio Service (GPRS) and Enhanced Data Rates for GSM Evolution
(EDGE) technologies, Rel-99 enabled more spectrally efficient and better performing
voice and data services.”

Rel-4 introduced call and bearer separation in the Core Network, and Rel-5
introduced some significant enhancements to UMTS, including HSDPA, IMS and IP
UTRAN.6 Rel-6 introduced further enhancements to UMTS including HSUPA (or E-
DCH), and Advanced Receivers. HSUPA increases data throughput and reduces
latency, resulting in an improved user experience for applications such as gaming,
VolP, etc.

Currently, the 3GPP standard supports the 850, 900, 1700, 1800, 1900, 2100,
1700/2100 and 2600 MHz frequency bands .Additionally, the standard will be
expanded for use in the 700 MHz bands. There will be further opportunities for
introducing 3GPP technologies in frequency bandwidths smaller than 5 MHz.”!

Rel-7 features were commercially introduced as HSPA+ and trials of HSPA+
began. Rel-7 HSPA+ networks are sometimes also deployed with MIMO antenna
systems providing yet another upgrade in performance benefits.™

2.2.2. The growing demands for wireless data applications.

The wireless ecosystem, from carriers to handset manufacturers, to network
providers, to operating system providers, to application developers is evolving before
our eyes and this is not the same market that it was even three years ago. In this
industry, innovation is everywhere. With the success factors of high-speed mobile
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broadband networks, Internet-friendly handheld devices (smartphones) and a wide
variety of applications. It's expected that video will represent 91 percent of all global
consumer traffic. Mobile data will increase by 66 times, doubling each year from
2008 to 2013. As the wireless industry prepares for the deluge of IP data traffic
brought on by coming 4G networks, mobile core vendor Cisco prophesized that the
flood will come long before Long Term Evolution (LTE) and WiMAX networks
become common.!

2.2.3. 3G devices.

Smartphones are evolving quickly and still compete on hardware features that
support key applications like photography or video viewing, but software and
applications that enable a user's preferred mobile uses have an increasing influence on
device selection. Currently, the most compelling applications for 3G mobile
broadband include mobile TV, a light version of video conferencing, simple games
and multimedia, MMS, SMS, email, and Internet browsing. The long-term future of
mobile networks promises to create a premium experience with applications such as
telemedicine, mobile virtual presence, mobile to mobile applications such as
telematics, enriched navigation experience, interactive gaming, remote sensing
applications, mobile education systems, mobile emergency management systems, and
far richer advertising opportunities for mobile advertising and entertainment.
According to Cisco, “4G” may be the rainmaker to make this happen.[g]

The data traffic for a single subscriber will grow 450 times from 2005 to 2015,
in other words it will increase from 30 MB to 14,275 MB by 2015. The number of
non-handset mobile devices is set to grow dramatically including products such as
data cards, laptops, game consoles, eBooks, ATMs and a host of other M2M
applications. Within each of these devices is a wireless data module providing a
connection to a wide-area network.!!

2.2.4. Femto-cells.

Femto-cells are small cellular base stations using broadband connections which
intended to extend coverage in home and small office environments. Mobile phone
user's desire for improved 3G network coverage in their homes will be the main
driving force behind femto-cell deployments in the next few years, with subscriptions
predicted to surpass the 15 million mark worldwide during 2012. By 2014, there will
be almost six femto-cells per macro base station and the number of users that connect
to a femto-cell on a regular basis is estimated to surpass 70 million."!
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2.2.5. Status and highlights of release 8: HSPA+ and LTE/EPC.

3GPP Rel-8 provided significant new capabilities, not only through
enhancements to the W-CDMA technology but also the addition of OFDM
technology through the introduction of LTE. By using WCDMA Rel-8 provided the
capability to perform 64QAM modulation with 2x2 MIMO on HSPA+, as well as the
capability to perform dual carrier operation for HSPA+. These enhancements enabled
the HSPA+ technology to reach peak rates of 42 Mbps. Rel-8 also introduced Evolved
Packet System consisting of a new flat-IP core network called the Evolved Packet
Core (EPC) coupled with a new air interface based on OFDM called Long Term
Evolution (LTE). In Rel-8, LTE defined new physical layer specifications consisting
of an OFDMA based downlink and SC-FDMA based uplink that is used to improving
battery life by reducing peak-to-average power. Moreover, Rel-8 also defined a suite
of MIMO capabilities supporting open and closed loop techniques, Spatial
Multiplexing (SM), Multi-User MIMO (MU-MIMO ) schemes and beam-forming.!

2.2.6. Status of release 9: HSPA+ enhancements.

3GPP Rel-9 focuses on enhancements to HSPA+ and LTE.

2.2.6.1. Non-contiguous dual-cell HSDPA (DC-HSDPA).

In deployments where multiple downlink carriers are available, multi-carrier
HSDPA operation offers an attractive way of increasing coverage for high bit rates.
Dual-carrier (or dual-cell) HSDPA operation enables a base station to schedule
HSDPA transmissions over two adjacent 5 MHz carriers simultaneously to the same
user, which gives a rate of 42 Mbps for 64QAM.!

In order to provide the benefits of dual-carrier HSDPA where two adjacent
carriers cannot be made available to the user, Rel-9 introduces dual-band HSDPA
operation, where in the downlink the primary serving cell resides on a carrier in one
frequency band and the secondary serving cell on a carrier in another frequency band .
In the uplink transmission takes place only on one carrier, which can be configured by
the network on any of the two frequency bands.

In Rel-9, dual-band HSDPA operation is introduced for three different band
combinations, one for each ITU region :

« Band I (2100MHz ) and Band VIl (900MHz ).

« Band Il (1900MHz) and Band 1V (2100/1700MHz ).

» Band | (2100MHz) and Band V (850MHz).

In Dual-band HSDPA operation the user can be scheduled in the primary serving
cell as well as in a secondary serving cell over two parallel HS-DSCH transport
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channels. All non-HSDPA-related channels are transmitted from the primary serving
cell only, and all physical layer procedures are essentially based on the primary
serving cell.”

2.2.6.2. MIMO plus DC-HSDPA.

Rel-8 introduced two ways to achieve a theoretical peak rate of 42 Mbps :dual-
carrier HSDPA and 2x2 MIMO in combination with 64QAM. Rel-9 combines dual-
carrier HSDPA operation with MIMO .The peak downlink rate is thus doubled to 84
Mbps and the spectral efficiency is boosted significantly compared to dual-carrier
HSDPA operation without MIMO. In order to provide maximum deployment
flexibility for the operator, the MIMO configuration is carrier-specific, meaning that,
if desired, one carrier can be operated in non-MIMO mode and the other carrier in
MIMO mode."!

2.2.6.3. Contiguous dual-cell HSUPA (DC-HSUPA).

The data rate improvements in the downlink call for improved data rates also in
the uplink. Therefore, support for dual-carrier HSUPA operation on adjacent uplink
carriers is introduced in Rel-9. This doubles the uplink peak rate to 23 Mbps for the
highest modulation scheme (64QAM). Dual-carrier HSUPA operation can only be
configured together with dual-carrier HSDPA operation and the secondary uplink
carrier can only be active when the secondary downlink carrier is also active.®

2.2.6.4. Transmit diversity extension for non-MIMO UEs.

The 2x2 MIMO operation for HSDPA specified in Rel-7 allows transmission of
up to two parallel data streams to a MIMO UE over a single carrier. If and when the
HSDPA scheduler in the base station decides to only transmit a single stream to the
UE for any reason the two transmit antennas in the base station will be used to
improve the downlink coverage by single-stream transmission using BF. As MIMO is
being deployed in more and more networks, single-stream transmission using BF also
towards non-MIMO UEs that reside in MIMO cells becomes an increasingly
attractive possibility."!

2.2.7. Release 10 (LTE-Advanced).

3GPP LTE Rel-10 and beyond, LTE-Advanced, is intended to meet the diverse
requirements of advanced applications. LTE-Advanced will be an evolution of LTE,
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which will provide for backward compatibility with LTE and will meet or exceed all
IMT-Advanced requirements.®

These are some of the current agreements on the requirements for LTE-

Advanced: 1%

Peak data rate of 1 Gbps for downlink (DL) and 500 Mbps for uplink (UL).

The system should support downlink peak spectral efficiency up to 30 bps/Hz
and uplink peak spectral efficiency of 15bps/Hz with an antenna configuration
of 8x8 or less in DL and 4x4 or less in UL.

Average user spectral efficiency in DL must be 2.4 bps/Hz/cell with MIMO
2x2, 2.6 bps/Hz/cell with MIMO 4x2 and 3.7 bps/Hz/cell with MIMO 4x4,
whereas in UL the target average spectral efficiency is 1.2 bps/Hz/cell and 2.0
bps/Hz/cell with SIMO 1x2 and MIMO 2x4, respectively.

The mobility and coverage requirements are identical to LTE Release 8. There
are only differences with indoor deployments that need additional care in
LTE-Advanced.

In terms of spectrum flexibility, the LTE-Advanced system will support
scalable bandwidth and spectrum aggregation with transmission bandwidths
up to100MHz in DL and UL.

There are also some of the LTE-Advanced technical proposals:

Supporting of wider bandwidth: a significant underlying feature of LTE-
Advanced will be the flexible spectrum usage. The framework for the LTE-
Advanced air-interface technology is mostly determined by the use of wider
bandwidths, potentially even up to 100 MHz, noncontiguous spectrum
deployments, also referred to as spectrum aggregation, and a need for flexible
spectrum usage. In general OFDM provides a simple means to increase
bandwidth by adding additional subcarriers.®! %

Enhanced multiple-input multiple-output transmission: another significant
element of the LTE-Advanced technology framework is MIMO, as in theory it
offers a simple way to increase the spectral efficiency. The combination of
higher order MIMO transmission, beam-forming or Multi-User. 1%
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2.3.Space-time channel propagation.

This section gives an overview of the wireless channel behavior, the focus being
on outdoor macro-cellular environments. It also describes the wireless channel, and
scattering and fading models for such channels.

2.3.1. The wireless channel.

A signal propagating through the wireless channel arrives at the destination
along multi different paths which arise from scattering (deviation of waves from a
straight trajectory as passing through the channel), reflection (wave propagating in
one medium impinges upon another medium having different electrical properties, so
the wave is partially reflected and partially transmitted) and diffraction (occurs when
the radio path between the transmitter and receiver is obstructed by a surface that has
sharp irregularities) of radiated energy by objects in the environment. The power of
the signal drops off due to three effects; path loss (is a measure of attenuation based
only on the distance to the transmitter), macroscopic fading and microscopic fading.
The first which is the mean propagation loss is a range dependent, in microcellular
environments comes from inverse square law power loss, and the effect of ground
reflection. In free space propagation, the inverse square law power loss and received
signal power is given by €]

2
B =P, (;—d) GyGr e .1
Where P; and P, are the transmitted and received powers respectively, A, is the wave-
length, G, G | are the power gains of transmit and receive antennas respectively, and
d is the range separation. In cellular environments the received power can be

approximated by

heh\ 2
Br= P (P55) GeGr oo 2.2)

Where h;, h, are the effective heights of transmit and receive antennas
respectively, with assumption that d*> >> h, h,., so the effective path loss follows an
inverse fourth power low. In real environments the path loss exponent varies from 2.5
to 6. Also there are several path loss models such as Okumura and Hate models. !

e Okumura model: it is one of the most widely used models for signal
prediction in urban areas, which based totally on measurements and it's given

by

Leo(dB) = Lp + Apn(f, d) = G(Rro) — G(Ree) = GaRgA -vvveeeveeeereenens (2.3)

18



Where Ls, is the median path loss (50%), Lg is the free space path loss,
A (f,d) is the median attenuation relative to free space, G(h..) and G(h.)
are antenna height gain factors, Garga IS the gain due to the type of
environment.!!

e Hata model: it is a developed version of the Okumura Model, which
incorporates the graphical information from Okumura model and develops it
further to realize the effects of diffraction, reflection and scattering caused by
city structures and it is given by

Lso(dB) = 69.55 + 26.16log f, — 13.82log h;, — a(h,,) +
(449 — 6.55108 hi )I0gd. ..o (2.4)

Where f. is the frequency (in MHz), h;, and h,, is the effective transmitter
and receiver antenna height respectively, d is the separation between the
transmitter and receiver (in KmP, and a(h,,) is the correlation factor for
effective receiver antenna height.

The second effect that cause signal power drops is macroscopic fading (long
term fading or shadowing), this results from blocking effect by buildings and natural
features where the received signal power level fluctuate slowly. This fading is
determined by the local mean of a fast fading signal the probability density function
(PDF): 11!

—(x—p)2

Where p and ¢ are respectively the mean and standard deviation of the signal power .

The third effect is Microscopic fading (fast fading), this results from the
constructive and destructive combination of multipath, and the envelope of the
received signal has a Rayleigh density function:

FO) = ZETTUR) oo 2.6)

Where Q is the average received power. If there is direct Line-of-sight (LOS) path
present, the signal envelope is Rician. There are also three additional types of fading
such that:

1. Doppler spread or time selective fading which is time varying fading due to
scattered or transmitter/receiver motion. The selective fading can be
characterized by the coherence time (T;) which is the time over which the
channel remains not varying.

2. Delay spread or frequency selective fading present the span of path delays,
and is caused by delay spread, it's characterized by the coherence bandwidth
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(it is a statistical measure of the range of frequencies over which the channel
can be considered flat).

3. Angle spread or space selective fading which refers to the spread in AOA's of
multipath components at receiver antenna array. The space selective fading
caused by angle spread where the signal amplitude depends on the spatial
location of the antenna, it characterized by the coherence distance d; (Antenna
spacing must be such that the fading at each antenna is independent). !

2.3.2. Fading models.

In wireless communications, fading is deviation of the attenuation that a carrier-
modulated telecommunication signal experiences over certain propagation media. The
fading may vary with time, geographical position and/or radio frequency.

The presence of reflectors in the environment surrounding a transmitter and
receiver create multiple paths that a transmitted signal can travel. As a result, the
receiver sees the superposition of multiple copies of the transmitted signal, each
traveling a different path. Each signal copy will experience differences in attenuation,
delay and phase shift while travelling from the source to the receiver. This can result
in either constructive or destructive interference, amplifying or attenuating the signal
power seen at the receiver. Strong destructive interference is frequently referred to as
a deep fade and may result in temporary failure of communication due to a severe
drop in the channel signal-to-noise ratio.!*! [*4

Fading channel models are often used to model the effects of electromagnetic
transmission of information over the air in cellular networks and broadcast
communication. Mathematically, fading is usually modeled as a time-varying random
change in the amplitude and phase of the transmitted signal.l*!

There are two main types of fading, small scale fading and large scale fading:

a) Small scale fading (rapid fluctuations in the signal’s envelope) is a
characteristic of radio propagation resulting from the presence of the reflectors
and scatters that cause multiple versions of the transmitted signal to arrive at
the receiver, each distorted in amplitude, phase and angle of arrival.[!

Small scale fading has the following forms:

1. Slow fading occurs when the coherence time (is a measure of the
minimum time required for the magnitude change of the channel to
become uncorrelated from its previous value) of the channel is large
relative to the delay constraint of the channel. In this case, the
amplitude and phase change imposed by the channel can be considered
roughly constant over the period of use. Slow fading can be caused by
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a large obstruction such as a hill or large building obscures the main
signal path between the transmitter and the receiver./X !

2. Fast fading occurs if the channel impulse response changes rapidly
within the symbol duration. In other words, fast fading occurs when
the coherence time of the channel is smaller than the symbol period of
the transmitted signal. This causes frequency dispersion or time
selective fading due to Doppler spreading. Fast fading is due to
reflections of local objects and the motion of the objects relative to
those objects.™

3. Flat fading occurs when the coherence bandwidth (is the range of
frequencies over which two frequency components have a strong
potential for amplitude correlation) of the channel is larger than the
bandwidth of the signal. Therefore, all frequency components of the
signal will experience the same magnitude of fading.™

4. Frequency-selective fading occurs when the coherence bandwidth of
the channel is smaller than the bandwidth of the signal. Different
frequency components of the signal therefore experience uncorrelated
fading.!!

Small scale fading Small scale fading

(based on BW) (based on coherence time)

a N\ a N
Flat fading Fast fading
sighal BW < channel BW coherence tlr(r.:_i:_r:)ympol period
. W . J
a N a N
Frequency selective slow fading
fading coherence time > sympol period
signal BW > channel BW (Te>Ts)
. J . J

Figure 2.1: small scale fading.

b) Large scale fading (slow fluctuations in the signal’s envelope) is explained
by the gradual loss of received signal power (since it propagates in all
directions) with transmitter-receiver separation distance.!"!
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Several fading models have been developed, here are the most used:

1. Rayleigh fading is a statistical model for the effect of a propagation
environment on a radio signal, such as that used by wireless devices. Rayleigh
fading models assume that the magnitude of a signal that has passed through a
communications channel will vary randomly, or fade, according to a Rayleigh
distribution . Rayleigh fading is most applicable when there is no dominant
propagation along a line of sight between the transmitter and receiver. The
Rayleigh distribution has a probability density function given by: ™

r r?
p(r) = {ﬁ e"po(_ i) 0sr< ;" ...................................... @.7)
r<

Where ¢ is the rms of the received voltage signal before envelope detection,
and o2 is the time-average power of the received signal before envelope
detection.

2. Rician fading whenever there is a dominant stationary signal component
present, such as a line-of-site propagation path, the small-scale fading
envelope is Rician. In such a situation, random multipath components arriving
at different paths are superimposed on a stationary dominant signal. The
Rician distribution degenerates to a Rayleigh distribution when the dominant
component fades away. The Rician distribution is given by:

r _(r2+a%) Ar
p(r) =]z > bz A20r=20__ . (2.8)
0 r<o

Where the parameter (A) denotes the peak amplitude of the dominant signal.
The Rician distribution is often described of a parameter k which is defined as
the ratio between the deterministic signal power and the variance of the
multipath.™

2.3.3. Scattering in macro-cells.

Scatters between the terminal and base station can be categorized as local to
terminal scatters, remote scatters, or local to base scatters. Local to terminal scatters is
caused by building or other scatters. remote scatters results from remote dominant
scatters and it causes delay and angle spread, and local to base scatters where there is
no contribution from outside scatters and this effect is modeled with a scatters
exclusion zones around the bas-station.®
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2.4.Propagation scenarios.

A set of multidimensional channel models are developed in wireless
communication systems that cover wide scope of propagation scenarios and
environments, and based on generic channel modeling approach, this approach
enables the use of the same channel data in different link level and system level
simulations without changing the basic propagation model. A wide variety of radio
propagation models for different wireless services that specifically address varying
propagation environments and operating frequency bands are generally known, a
large number of propagation prediction models have been developed for various
terrain irregularities, urban streets and buildings, earth curvature, etc. In many projects
such as the generic WINNER Il interim channel model follows a geometric-based
stochastic channel modeling approach which allows creating of virtually unlimited
double directional radio channel model. The following will present some of the
propagation scenarios.™

e Indoor small office.

This scenario is defined for both LOS and NLOS cases, Base stations (Access
Points) in this scenario are assumed to be in corridor, thus LOS case is corridor-to-
corridor and NLOS case is corridor-to-room. In the NLOS case the basic path-loss is
calculated into the rooms adjacent to the corridor where the AP is situated. For rooms
farther away from the corridor wall-losses must be applied for the walls parallel to the
corridors. The Floor Loss is constant for the same distance between floors, but
increases with the floor separation and has to be added to the path-loss calculated for
the same floor. The indoor environment is local area here.[

In [12], the indoor measurements performed using network analyzer at 2 and 5
and 17 GHz, the RF bandwidth was 500 MHz. The environment of the measurement
locations was composed of a corridor of length 21.7 m, width 2 m and height 3 m and
a room with dimensions 7x8x2.8 m. Both antennas were mounted on stands at a
height of 1.8 m.

It was found that in LOS cases, the path-loss exponents are 1.5, 1.7, and 1.6
respectively at the three frequency bands. There is almost no difference and one
cannot find how the path-loss exponents change with frequencies. However, for
NLOS cases, the path-loss exponents were increased with the center frequencies.

e Indoor to outdoor.

For the propagation in this scenario there exist some different sub-scenarios. The
indoor to outdoor environment is somewhat more complex than the single scenarios.
Normally it has been sufficient to model LOS and NLOS conditions. This scenario
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defines the paths BS-wall (indoors), penetration through the exterior wall and path
from the wall to the MS. The BS-wall path can be LOS or NLOS depending on the
BS location. The penetration through the wall depends on the wall. Eventually the
wall-MS path can be either LOS or NLOS. In addition, the floor affects also the
propagation.®!

The four sub-scenarios Indoor to outdoor propagation are:

1. BS near the exterior wall, MS in WLOS (Wall in LOS towards MS).

2. BS near exterior wall, MS in WNLOS (Wall in NLOS towards the MS) behind
One corner.

3. BS near the exterior wall, MS in WNLOS on the opposite side of the building
(wing).

4. BS far from the exterior wall, MS in WLOS.

e Urban micro-cell.

For microcells the base station is placed well below the average rooftop where
the height of the antenna at the BS and MS is assumed to be below the tops of
surrounding buildings. Both antennas are assumed to be outdoors in an area. The
streets in the coverage area are classified to the Main Street, perpendicular streets, and
parallel streets. This scenario is defined for LOS and NLOS cases. The Cell shapes
are defined by the surrounding building in local and metropolitan area.l®!

e Bad Urban micro-cell.

This scenario is the same in layout to Urban Micro-cell scenarios but here with
long delays. The propagation characteristics are such that multipath energy from
distant objects can be received at some locations. This energy has significant power,
and exhibits long excess delays. Such situations typically occur when there are clear
radio paths across open areas, such as large squares and parks.™

e Indoor hotspot.

This scenario represents the propagation conditions pertinent to operation in a
typical indoor hotspot, with wide but non-ubiquitous coverage and low mobility.
Traffic of high density would be expected in such scenarios, as in factories, train
stations and airports, where the ranges between a BS and a MS or between two MS
can be significant. In this scenario, LOS and NLOS propagation conditions could
exist.[®!

e Outdoor to indoor.

In outdoor-to-indoor scenario the MS antenna height is assumed to be at 1 —2 m
(plus the floor height), and the BS antenna height below roof-top, at 5 - 15 m
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depending on the height of surrounding buildings. Outdoor environment is
metropolitan area, typical urban microcell where the user density and the
requirements for system throughput and spectral efficiency are high.

In[6], a propagation loss model for LOS outdoor to indoor scenario is proposed.
Measurements to test the validity of this model were carried out at 2.385 and 5.184
GHz in three different U.K. cities and the proposed model is said to be in agreement
with the measurements.

In[13], this paper proposes an outdoor-to-indoor path loss model that considers
the paths through wall openings. The measurements were conducted at a department
store at 8.45 GHz and the transmitting antenna was at a height of 14 meters. The path
loss model assumes that the loss is a sum of outdoor propagation loss, wall opening
penetration loss, and indoor propagation loss. The measurements show that the
penetration loss of wall openings ranges from 5 to 28 dB with a mean value of 17.2
dB. The indoor attenuation coefficient was measured to be 0.348 dB/m.

e Suburban macro-cell.

In this scenario base stations are located above the rooftops to allow wide area
coverage, and mobile stations are outdoors at street level. Buildings are typically low
residential detached houses with one or two floors, or blocks of flats with a few
floors. Occasional open areas such as parks, both LOS and NLOS conditions exist.!®!

e Urban macro-cell.

In macro-cells, the base station is often placed above an average rooftop where
the mobile station is located outdoors at street level and fixed base station clearly
above surrounding building height. As for propagation conditions, obstructed or non-
line of sight is a common case, since street level is often reached by a single
diffraction over the rooftop. Buildings height and density in typical urban macro-cell
are mostly homogenous.®!

e Bad urban macro-cell.

Bad urban macro-cell has frequency range from (2-6) GHz and defined for both
LOS and NLOS cases. It describes the cities with buildings with inhomogeneous
building heights or densities. The inhomogeneous is caused due to large water areas
that separate the building or due to the high-rise skyscrapers or by mountainous
surrounding the city. This urban causes dispersive propagation in delay and angular
domain and it is differs from urban macro-cell by an additional far scatter cluster. ©!
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e Rural macro-cell.

It represents radio propagation in large areas with low building density. LOS
conditions can be expected to be in most of the coverage area because of the height of
the AP antenna is much higher than the average building height. The channel has
frequency range (2-6) GHz and used different antenna heights for BS and MS with
fixed location for the AP antenna. An extra loss is achieved when the UE is inside a
building and the UE antenna has a velocity range from 0 to 200 km/h.[®

e Moving networks.

Rural Moving Network represents radio propagation in a rural area where both
the AP and the UE are moving with very high speed, it occurs in high-speed trains
where wireless coverage is provided by so-called moving relay stations. The link
between the fixed network and the moving network is typically a LOS wireless link
which propagation characteristics are represented by rural macro-cell propagation
scenario.!®

2.5.Radio channel measurement tools.

Different radio channel measurement system can be used in the propagation
measurements, here are some of them.

e Propsound.

It is a multi-dimensional radio channel sounder based on the spread spectrum
sounding method in the delay domain, Which is suitable for determining the radio
channel measurements for both the time-domain and spatial-domain. It uses a time-
domain switching with optional super-resolution techniques to cover the polarizations,
FDD frequencies or spatial dimensions across antenna arrays and give accurate
measurements for SISO, SIMO, and MIMO.!®!

e TUI sounder.

The channel sounder RUSK TUI-FAU, is a real-time radio channel measurement
system that supports MIMO. The channel sounder measures the channel response
matrix between all transmitting and receiving antenna by switching between different
antennas, which means that the sounder uses only one transmitter and receiver
channel to cause a reduction in the sensitivity to channel. The channel sounder
(RUSK) uses multi-carrier spread spectrum signal (MCSSS) with rectangular shape in
frequency domain in order to concentrate the signal energy into the band of interest.!®!
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e CRC sounder.

It is a fourth generation of a PN sounder design with 20 MHz bandwidth and
operates over the range 69 dBm to 89 dBm, where the transmitter and receiver for a
CRC have two RF sections with bandwidths centered on 2.25 GHz and 5.8 GHz. The
transmitter transmits in both bands. CRC sounder depends on bread-board style in its
construction which includes semi-rigid cables connecting various modules (such as
power splitters, mixers, and amplifiers) this construction keep maintained to allow
reconfiguration for different measurement.’®

2.6. ST channel models.

A typical ST wireless system uses one or more antennas at the transmitter and/or
the receiver with a certain narrow band-width. This section discusses the SISO,
SIMO, MISO and MIMO channel models, and the developed techniques that are used
for constructing channels from channel description and from capturing macro cellular
effect on ST channel.

2.6.1. SISO channel.

SISO is a radio channel standard where the transmitter uses one antenna as does
the receiver. There is no diversity and no additional processing required. The
advantage of a SISO system is its simplicity. However, the SISO channel is limited in
its performance. Interference and fading will impact the system more than a MIMO
system using some form of diversity, and the channel bandwidth is limited by
Shannon's law; that is the throughput being dependent upon the channel bandwidth
and the signal to noise ratio.®! (4

TX RX

Figure 2.2: SISO system.

Consider h(t,t) as the time varying channel impulse response that comes from
the input of filter at the transmitter which is called pulse shaping filter g(t), in another
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meaning it is the channel from transmitter to the receiver antenna and it is the
complex envelope of the band pass impulse response function.

If a signal s(t) is transmitted the received signal y(t) is given by

y(t) = fOT“’“” h(t,t)s(t —1)dT = h(T,£) * S(E) ooiviiiiiiiee e (2.14)

Where * denotes the convolution operator and assuming a causal channel impulse
response of duration T,,¢4;-

2.6.2. SIMO channel.

The SIMO or Single Input Multiple Output version of MIMO occurs where the
transmitter has a single antenna and the receiver has multiple antennas. This is also
known as receiving diversity. It is often used to enable a receiver system that receives
signals from a number of independent sources to combat the effects of fading. SIMO
has the advantage that it is relatively easy to implement although it does have some
disadvantages in that the processing is required in the receiver. The use of SIMO may
be quite acceptable in many applications, but where the receiver is located in a mobile
device such as a cellphone handset, the levels of processing may be limited by size,
cost and battery drain. There are two forms of SIMO that can be used; Switched
diversity SIMO that looks for the strongest signal and switches to that antenna, and
Maximum ratio combining SIMO that takes both signals and sums them to give a
combination. In this way, the signals from both antennas contribute to the overall
signal.[®1 124]

— V1 (t) j\

~— ; .
TX ”’\;L Rx | Y0

———> Vi (t) _J

Figure 2.3: SIMO system.
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Consider a SIMO channel with Mg receive antennas. The SIMO channel can be
considered as an Mg SISO channels in which the impulse response between the
transmit antenna and the ith (i = 1,2,..., Mg) receive antenna, is h;(t,t). Then the
channel h(z, t) is given by:

h(7,£) = [Ay (T, D2 (T, ) oo Bag (T )] oo (2.15)

If the signal s (t) is transmitted, then the received signal at the ith receive antenna
y;(t) is given by:

v;(t) = hi(t,t) * s(t), L= 1,2, e, My oo (2.16)

And y(0) = [y2(0)Y2(0) Vg (O] v 2.17)

Finally y (t) is expressed as

V) = (T, E) % S(E) oo (2.18)

2.6.3. MISO channel.

Multiple-input single-output (MISO) has multiple transmitting antennas and one
receive antenna. If the channel is known to the multiple antenna transmitters, the
transmitter will weight the transmission with weights, depending on the channel
coefficients, so that there is coherent combining at the single antenna receiver.® 123

Y hy(t)—p>
, v
hlt)
™ | .Y— RX

Figure 2.4: MISO system.

The MISO channel comprises My SISO links, denoting the impulse response
between the jth (j =1,2,...,M7) transmit antenna and the receive antenna by h;(z, t),
the MISO channel may be represented by a 1 x M+ vector h(z, t) given by

h(r,t) = [hl(r, t)hy(t,t) ... hy, (7, t)] .................................................. (2.19)
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If a signal s;j(t) is transmitted from the jth transmit antenna, then the received
signal is y(t), where y(t) can be expressed as

V() =TT R (T 0) # S5(E) oo (2.20)

2.6.4. MIMO channel.

Multiple-input multiple-output (MIMOQO) radio communications based on
transmit/receive diversity are attracting increasing interest, due to the enhanced
capacity or radio link robustness they promise in comparison with conventional SISO
or SIMO techniques.[*®!

Y —n.t—p

51 t) ——] , [t il
T Y —a L Rx | -
7 (t) —— - e —— Valt)

Figure 2.5: MIMO system.

The basic concept of MIMO is that the transmitted signals from all transmit
antennas are combined at each receive antenna element in such a way as to improve
the Bit Error Rate (BER) performance or the data rate of the transmission. Both the
network’s Quality of Service and the operator’s revenues can be increased
significantly. Space-Time Processing (STP) is the core concept of MIMO systems.
Time is the natural dimension of digital communication data. Space refers to the
spatial dimension inherent in the use of multiple spatially distributed antennas.®! ]

MIMO systems with MT transmit antennas and MR receive antennas. Denoting
the impulse response between the jth (j =1,2,..., MT) transmit antenna and the ith (i
=1,2,...,MR) receive antenna by h;;(t, t) the MIMO channel is given by:

[ hi(T,t)  hio(7,0) hypp (T, 1)
Hgt) =| MA@ 2@l hZ'MTE(T' 2 D 2.21)
thR 1(7, t) A2 (T, 1) - hyp e, (T, t)J
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The vector [hy (T, O)h, (T, 0) ... hy, (T, t)]Tis the channel introduced by the jth
transmit antenna across the receive antenna array. Further, given that signal s;j(t) is
launched from the jth transmit antenna, the received signal at the ith received antenna,

yi(t) is given by
yi(t) = Ti hj(n6) x5;(8), i =120, Mg oo (2.22)

The input-output relation for the MIMO channel may be expressed in matrix
notation as

V) = H(T, E) % S(E) crenieer i (2.23)

Where s(t) = [sl(t)sz(t) ...sMT(t)]Tis an M; x1 vector, and y(t) is a vector of
dimension Mg x 1, in which y(¢) = [y, (t)y(t) ...yMR(t)]T 8l

2.7. Statistical properties of channel matrix H.

In particular the statistical properties of the channel matrix are the singular values
and the squared Frobenius norm. MIMO channel can be decomposed to several
parallel SISO channels called Eigen-channels or Eigen-modes via singular value
decomposition (SVD). 18]

2.7.1. Singular values of H.

Channel matrix Eigen values is essential to the effectiveness of MIMO and the
communication, distribution of singular values is a measure of the relative usefulness
of various spatial paths through the channel.[1*!

The Mg x Mt channel matrix H, with rank r, has singular value decomposition

Where U and V are Mg x r and Mt X r unitary matrices respectively, and satisfy
u"u=v"v=I, and Y=diag{c1, o2,..., o } with 6; > 0 and o;> oi+1, where o; is the ith
singular value of the channel. The columns of V and U are also known as the input
and output singular vectors respectively. HH™ is an Mg x Mg positive semi-defined
Hermitian matrix. Letting the Eigen-decomposition of HH" be QAQ", where Q is an
Mg X Mg matrix satisfying Q"Q = QQ" = Iyg and A= diag{ A1 A2 .... A wr}with ;>
0. Assuming the Eigen values A; are ordered so that A; > A;+1. Then,
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2 . .
(o ifi=12,....,r
/11_{0’ e YA (2.25)
2.7.2. Squared frobenius norm of H.
The squared Frobenius norm of H, ||H||2, is defined as
2
IH|IZ = Tr(HH™) = B 30T Ry ] o (2.26)
||H||2 May be interpreted as the total power gain of the channel and satisfies
IHINIZ = B2 Ay oo, (2.27)

Where i (i=1,2......,Mg) are the eigenvalues of HH"

2.8.Channel estimation.

The need to estimate the parameters of a communication channel in order to
improve decoder performance and communication reliability is present in many
communication applications. Some of present techniques use a training phase, in
which the transmitter sends a known signal to the receiver, allowing the latter to
estimate the channel based on the received signal.l*”!

2.8.1. Estimating the ST channel at the receiver.

In a real MIMO communication system an exact MIMO channel estimate is
required. In comparison to a single antenna system with only one channel to be
estimated, in a MIMO system with four transmit and four receive antennas, 16
channels from every transmitter to every receiver antenna have to be estimated
simultaneously and not consecutively. The increased number of required training
symbols may reduce the higher data rate of a MIMO system. 8 21

The channel is estimated by the receiver using training signals sent by the
transmitter. A number of training techniques are specified to each modulation scheme.
Depending on the SNR at the receiver and the desired signal estimation accuracy, the
energy of the training signal has to be selected. The desired channel estimation
accuracy depends on the modulation order used. If the channel has delay spread, more
channel parameters have to be estimated and additional training signal energy has to
be expanded to estimate the channel.
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In Channel estimation for blind techniques no explicit training signals are used,
instead the receiver estimates the channel from the signals received during normal
data transmission. But this will take too much time.

2.8.2. Estimating the ST channel at the transmitter.

The channel estimation at the transmitter is used for adapting the modulation rate
or for power control, which only needs the gain of the forward channel. In MISO and
MIMO channels, knowledge of the channel H can be achieved in additional ways,
such as beam-forming, to provide significant value. In MIMO-MU channel
knowledge is necessary to steer signals selectively at users.®!

In channel estimation at the transmitter, two general techniques are used. In the
first technique the forward channel is estimated at the receiver after the signal has
traveled through the channel and then sent back (feedback) to the base station on the
reverse link. In the second technique, the base station first estimates the reverse link
channel, and uses this estimate for the forward link channel.’!

2.8.2.1.Channel estimation at the transmitter using feedback.

Feedback in a communications system can enable the transmitter to exploit
channel conditions and avoid interference. In the case of a multiple-input multiple-
output channel, feedback can be used to specify a pre-coding matrix at the transmitter,
which activates the strongest channel modes. In situations where the feedback is
severely limited, important issues are how to quantize the information needed at the
transmitter and how much improvement in associated performance can be obtained as
a function of the amount of feedback available.??

In this technique the forward link ST channel is estimated at the terminal and is
sent to the base station on the reverse link. Some delay (81ag) Will result from
feedback, since wireless channels are time varying.

The delay must be much smaller than coherence time (81, << T¢). Therefore,
(G1ag / T¢) determines channel accuracy at the transmitter. A fast changing channel
needs more frequent estimation and feedback.

An overhead can be occurred on the reverse channel, at this point two
approaches can be used to reduce the feedback overhead, one of them is to send a
slow changing statistic of the channel such as the correlation matrices R; or R, second
is to feedback only partial channel information such as channel condition number.®
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2.8.2.2.Channel estimation at transmitter using reciprocity.

The use of channel reciprocity is usually suggested for Time-Division Duplex
(TDD) systems. The reciprocity principle is based on the property that
electromagnetic waves traveling in both directions will undergo the same physical
perturbations (i.e. reflection, refraction, diffraction, etc. . .). Therefore, if the link
operates on the same frequency band in both directions, the impulse response of the
channel observed between any two antennas should be the same regardless of the
direction. Application of the reciprocity principle lifts the requirement for a
continuous feedback of the channel estimates. ! [#°]

Let h¢(t;,frir) be the forward channel from the transmitter to receiver and
h(t.,f.,i;) be the reverse channel, t;, f; and i; refers to time, frequency and antenna
index on the forward channel. t;, f, and i, refers to time, frequency and antenna index
on the reverse channel. The antenna index specifies the antenna used at the
transmitter.

he(ts, r,if)

Base Y z Terminal
i, i,

hy(t,f. i)

Figure 2.6: duplexing in ST channels.

The principle of reciprocity is that if the time, frequency and antenna for channel
are the same (ts = t,, fr = f, if = i;), then the forward and reverse channel are identical.
In order to isolate simultaneous two way links (duplexing scheme), we need to force
some difference in time, or frequency and/or spatial parameters. !

In time division duplexing (TDD), the forward and reverse channels use the
same frequency and antenna, but use different time slots to communicate. Let &= t; -
t, be the duplexing time delay. It follows that the forward and reverse channels can be
equated only if

Where T, is the coherence time of the channel. The more stringent the requirements of
accuracy in channel estimates, the smaller &;/ T, will be needed.
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In frequency division duplexing (FDD), the forward and reverse channels use the
same time and antennas to communicate, but uses different frequencies on the links.
Let &t = fr - f; be the duplexing frequency difference. It follows that the forward and
reverse channels can be equated only if

Where B. is the coherence bandwidth of the channel. In practice, due to physical
limits on duplexing filters that isolate the forward and reverse links, &¢is about 5% of
the operating frequency v. this usually means that &; >> B.. therefore the reciprocity
principle in general cannot be exploited in FDD for transmit estimation.

In antenna division duplexing (ADD), the forward and reverse channels use the
same frequency and time, but use different antennas (or beams) on each link to
communicate. Let 84 be the separation between the antennas indexed by is and i,. It
follows that the forward and reverse channels can be equated if

Were D is the coherence distance of the channel. This may be impossible to meet
physically when D, is itself as small as A,/ 2. ADD does not provide sufficient

isolation between the two links and is almost never used directly as a duplexing
scheme.®!

Many communication systems use a combination of time / frequency / antenna
separation in the duplex links, making reciprocity infeasible.®

2.9.Channel dependency.

There are two ways for modeling a channel, either empirically which based on
measurements or by simulation.

2.9.1. Environment dependence.

Different radio-propagation environments would cause different radio-channel
characteristics. Channel models can be generated by using propagation parameters
measured in different environments. A generic channel model after analyzing those
parameters can be used to model all scenarios or environments. The existence of the
LOS component, even for the same scenario, can influence the control parameters so
it's important to differentiate LOS and NLOS conditions. Therefore, transition
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between LOS and NLOS cases in an appropriate scenario modeling have to be
described.®!

2.9.2. System dependence.

Path-loss models, usually, depend on the carrier frequency. On the other hand
model parameters; delay spread, azimuth spread, and Ricean K-factor don't show
significant frequency dependence. For modeling of systems with time-division-duplex
(TDD) all models are using same parameters for both uplink and downlink. If system
is using different carriers for duplexing (FDD), then random phases of scatter
contributions between uplink and downlink are independent.

2.9.3. Path loss.

Path loss is a measure of attenuation based only on the distance to the
transmitter. Path loss depends on distance between transmitter and receiver, LOS
clearance between the receiving and transmitting antennas, and Antenna height.
These models can be obtained from complex analytical or empirical measurements.
Sometimes simple models are convenient, since complex models are anyway
approximations. Details about the path-loss models used in this project can be found
in chapter one.

The fixed parameters path-loss models have usually the form of

PL = Alog1o(AlM]) 4 B.oereiiie e (2.31)

Where d is the distance between transmitter and receiver, the fitting parameter A
Includes the path-loss exponent.

Free space attenuation can be modeled as

PLfyee = 46.4 + 201logo(d[m]) + 201ogo(f[GHZ]/5) ....covvviii . (2.32)

2.10. Summary of channel modeling related IEEE papers.

In [24], this paper considered frequency-flat fading MIMO channels with m
transmit and n receive antennas where each single realization of the channel can be
described by the nxm channel matrix H. The number of envisaged antennas plays an
important role in designing a good channel model. The appropriate model has to be
chosen according to the considered application. Therefore, Accurate modeling of
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MIMO channels is an important prerequisite for MIMO system design, simulation,
and deployment.

In [25], this paper proposes a general scattering geometry-based channel model
for the analysis and design of MIMO systems in mobile fading channels. Every
channel models requires two steps, first, setting up a generic channel model and
identifying the parameters that have to be determined, then performing the
measurement campaigns and extracting the parameters. The channel model within this
paper includes the layout of the channel, location of the scatters and parameters
setting. This model takes into account the scattering near BS and MS as well as
scattering by far clusters.

In [26], this paper presents a stochastic 2x2 MIMO wideband channel modeling
method that uses tapped delay lines (TDL) and a single channel spatial correlation
matrix that represents a novel simplification with respect to other wideband MIMO
models. The resulting model is accurate and also easy to implement, it leads to a
correct fitting of the channel in the time and the frequency domain, and it requires a
low number of parameters. The response of the channels generated with the model fits
closely the behavior of the real measured channels. Although the model is based in a
limited number of measurements, it provides insight with respect to the characteristics
of the broadband 2x2 MIMO channels in the outdoor-indoor environment.

In [27], this paper deals with the theoretical derivation of a channel model for
the communication link between the platform and mobile users or stations, a
propagation model suited to the stratospheric platform case is presented in this paper,
keeping in account the fading effects due to the presence of scatters on the ground.
The small scale fading effects are analyzed. The simulation results show the
dispersive effects of the channel and demonstrate that generic models of the channel
that do not considering multipath effects of scatters on the ground can vyield to too
optimistic results. Besides, the novel model presented in this paper can be essential
for the design of future communication systems.

In [28], this paper focuses on MIMO channel characterization and optimization.
The Characterization of the MIMO channel in different scenarios and operating-
frequency bands is a crucial factor in the design of new systems and standards. In
contrast to the conventional communication systems with one transmit and one
receive antenna, MIMO system are equipped with multiple antennas at both link ends.
So MIMO channel has to be described for all transmit and receive antenna pairs. By
knowing several methods such as the MIMO channel modeling, MIMO channel
estimation, channel diversity and channel capacity, the channel will be easy for
characterization.

In [29], in this work, the authors derive precise PDFs as well as good Gaussian
approximations for various MIMO wireless channels. This statistical characterization
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helps to understand and predict the capacity gain expected from the MIMO technique,
in terms of system parameters and channel dimension. It also helps to design space-
time modulation schemes that can take full advantage of the MIMO link for various
wireless channels.

In [30], MIMO systems are aversion for future wireless communications systems.
Where MIMO channel is radio propagation channel that determines the characteristics
of the entire MIMO system. this paper examine the accuracy of MIMO channel
models by using some different measures of quality, the authors used three different
metrics In an indoor environment to analyze MIMO models which are double
directional angular power spectrum, average mutual information, and the Diversity
measure. As a conclusion the Weichsel Berger's model performance is the best with
respect to the analyzed metrics, and the Kronecker model used only for limited
antenna numbers, such as 2x2 and the virtual channel representation used only for
modeling the joint APS for very large antenna numbers.
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Chapter 3

Analyzing the SUI-1 channel model

Chapter contents:

3.1. Preface.

3.2.SUI-1 channel model parameters.
3.3.Code flow chart.

3.4.Main code stages explanation.

3.5.Results of changing the SUI-1 channel model parameters.
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3.1. Preface.

This channel model is proposed to simulate MIMO multipath fading channels for
fixed wireless applications, two transmit antennas and one receive antenna are used.

This channel model has three paths. Each path is characterized by a relative
delay with respect to the first path delay, a relative power, a Rician K-factor, and a
maximum Doppler shift. This channel model specifies statistical parameters effects
(tapped delay line, fading, antenna directivity). To complete the channel model, these
statistics have to be combined with macroscopic channel effects such as path loss and
shadowing. SUI-1 channel model considers a flat terrain with light tree density.

The three paths are classified as; the first path is Rician while the remaining two
are Rayleigh. Each path has a rounded Doppler spectrum for its diffuse component;
the parameters are as specified in the default Doppler Rounded object.

Figure 3.1 shows the previous points:

First path , Rician
Secong Dath
Thlrdpa \\
\\A
Transmitter Rician 7 Receiver
W\ /
00(\ (,\&5 Qapa\‘(\ b /

cO“

oo
T T‘n\(d pa

Figure 3.1: SUI-1 channel model illustration.
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The generic structure for the SUI channel model is given in figure 3.2:

Tapped Delay

Input Line Output
TX ixing ) Mixi Rx
— M|X||jg I (TDL) I M|xmg ﬁ
Matrix Matrix Matrix

Figure 3.2: generic structure for the SUI channel model.

This structure is general for MIMO channel and includes the other
configurations; MISO, SIMO, and SISO. The input mixing matrix models the
correlation between transmitted signals when multiple antennas are used. Multipath
fading is modeled as a taped delay line with three taps and non-uniform delays. The
gain associated with each tap is characterized by a fading distribution (Rician with K
> 0 or Rayleigh with K = 0) and Doppler frequency. The output mixing matrix
specifies the correlation between signals at the output.

3.2.  SUI-1 channel model parameters.

The table below summarizes the SUI-1 channel model parameters.

Correlation(rho)=0.7 Path 1 Path 2 Path 3 Unit
Delay (tau) 0 0.4 0.9 S
Power (pdb) 0 -15 -20 dB

K-factor 4 0 0

Doppler (fd) 0.4 0.3 0.5 Hz

Table 3.1: SUI-1 channel model parameters.
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3.3. Code flow chart.

The following flow chart shows the main stages of the code:

PSK Modulator

Average path

Initialization of
simulation
(setting specific
Parameters)

over sampling

construcﬂng a MIMO

i §¢

Identifying the total
number of channel
samples and frames with

For each frame a set of
operations is done as
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Modulate the input

Plotting the fading envelope

Stors galns for the

Figure 3.3: code flow chart.
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3.4.

Main code stages explanation.

Initialization of simulation: the simulation sampling rate is specified, and kept
the same for the remainder of the code. The input to the channel simulator is
oversampled by a factor of four. A psk modulation object is defined with
modulation order equals 2.

Constructing a MIMO channel object: a MIMO channel object according to
the modified SUI-1 channel model is constructed, mimochan (nt, nr, ts, fd, tau,
pdb) constructs a MIMO fading channel object with a frequency selective
multipath link that models each discrete path as an independent Rayleigh
fading process with the same average gain, tau represents a row vector of path
delays each specified in seconds and pdb is a row vector of average path gains
each in dB. The Doppler Rounded function creates a rounded Doppler
spectrum object with default polynomial coefficients (ap = 1, a; = -1.75, a3 =
0.785). h.kfactor defines the k-factor (the power ration between the direct path
component and the power of the multipath component) of the first path
because it's Rician

Simulation of SUI-1 channel model: after each frame is processed, the channel
IS not reset; this is necessary to preserve continuity across frames.
h.ResetBeforFiltering is set to zero in order to make the filter uses the existing
state information in the channel when starting the filtering operation.
h.StorePathGains is set to one so as to store the complex path gain vector
while the channel filter function processes the signal, h.pathgains holds a 4-D
array of complex path gains of size Ng x L x Ny x N , where N is the number
of samples , Ny is the number of transmitters, Ny is the number of receivers,
and L is the number of paths. modulate(h, x) Function is used for signal
modulation, it modulates the input signal x using modulator object h. The
Matlab function y = filter(chan, x) passes a signal x through the multipath
MIMO channel, where x is the input signal of size NgxNr.

Estimating the Doppler spectrum for the second path of the first link: the
Doppler spectrum is estimated from the complex path gains. Welch power is
used for estimating a power of a signal versus frequency and implicitly
reducing the noise in the data sequence. The power spectral density function
psd(Hg, x) returns an object containing the power spectral density estimate of
the discrete signal x using the spectrum object Hs , power spectral density is
the distribution of power per unit frequency. A rounded Doppler spectrum is
proposed as an approximation to the measured Doppler spectrum for the
scatter component of fixed wireless channels, the normalized rounded Doppler
spectrum is given analytically by a polynomial of order four in the frequency
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path gain

domain that is S(f) = C,[ag + a,(f/fa)? + as(f/f)*If| < fa . and C, is
given by(1/2fd [ao + % + %D

5. Plotting the fading envelope waveforms of the three paths for both transmit
links: a correlation between the fading envelops can be observed.

6. Computing the correlation matrices for each path: the Matlab corrcoef can be
improved by increasing the number of samples.

3.5. Results of changing the SUI-1 channel model parameters.

Through this part, we will change the code parameters, obtain new results and
compare them to the original states. The following three figures are related to the
original code which parameters are specified in table 3.1.

Fading envelopes for two transmit links of Path 1

0.2 ! 71

First transmit link
Second transmit link

Mumber of samples

Figure 3.4: Fading envelopes for path 1.

The above figure shows the fading envelop of the first Rician path through the
two transmit links, it's clear that there is good fitness between the two paths. This case

could be considered as a real case. The following two figures are for the Rayleigh
paths:
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Path gain

Path gain

Fading envelopes for two transmit links of Path 2

First transmit link
Second transmit link

10
107
10'3 i 1
o 5 10 15
Mumber of samples w 10°
Figure 3.5: Fading envelopes for path 2.
& Fading envelopes for two transmit links of Path 3
10
First transmit link
Second transmit link
107"
107*
10'3 i 1
o 5 10 15
Mumber of samples % 10°

Figure 3.6: Fading envelopes for path 3.

By comparing the Rician path with the Rayleigh paths, one can say that the
Rayleigh paths have faster fading than the Rician does, this sounds logical since there
is a LOS component in the Rician case where there is no any line of sight components
in Rayleigh cases. However, there still a good match between the envelpoes of the
Rayleigh paths from the two links.
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Casel: changing the correlation coefficient.

Correlation coefficient (rho) = 0.4:

Fading envelopes for two transmit links of Path 1

0.z

LFa T

First transmit link B

Second transmit link

path gain

15
Mumber of samples

Figure 3.7: Fading envelopes for path 1 when (rho = 0.4).

This figure illustrates the effect of reducing the correlation coefficient on the
Rician path, it's obvious that the less correlation coefficent, the more miss correlation
between links we get. It should be noted that the correlation coefficient indicates the
similarity between the fading envelopes of the propagating signals in the channel.

Fading envelopes for two transmit links of Path 2

First transmit link
Second transmit link

Path gain

15
Mumber of samples

Figure 3.8: Fading envelopes for path 2 when (rho = 0.4).
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Fading envelopes for two transmit links of Path 3

First transmit link
Second transmit link

Path gain

TTTTIT

Mumber of samples

Figure 3.9: Fading envelopes for path 3 when (rho = 0.4).

The above two figures show the effect of reducing the correlation coefficient
from 0.7 to 0.4 on Rayliegh. It can be noticed that there is a large miss correlation
between the paths in Rayliegh case compared to Rician.

e Correlation coefficient (rho) = 0.9:

Fading envelopes for two transmit links of Path 1
0.2

10 e e e P~ P P PP P S =
: First transmit link

Second transmit link

10

-

DI
o
&

Path gain
A

—
D|

0.6

10 ............................. ...........................

1022 - R oo namvegis aemvecies nasocd

Mumber of samples

Figure 3.10: Fading envelopes for path 1 when (rho = 0.9).
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The previous figure shows the effect of increasing the correlation coefficient
from 0.7 to 0.9 on the Rician path, it can be noticed that there is a high match between
the two links.

Fading envelopes for two transmit links of Path 2

First transmit link
Second transmit link
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107
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Figure 3.11: Fading envelopes for path 2 when (rho = 0.9).
& Fading envelopes for two transmit links of Path 3
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Figure 3.12: Fading envelopes for path 3 when (rho = 0.9).
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The last two figures show the effect of changing the correlation coefficient from
0.7 to 0.9, it's obvious that the correlation between the Rayleigh paths has highly
increased and they are almost completely matched.

As a result of changing the correlation coefficient, increasing the correlation
coefficient to be more than 0.7 results in a high and approximately full match between
the different paths in both Rician and Rayleigh case, that is the paths examine the
same channel conditions. On other hand, reducing the correlation coefficient to 0.4
will result in a miss correlation between the paths.

Case2: changing the doppler shift.

e Doppler shift (fd) = 0.1:

The follwing three figures show the effect of reducing the doppler shift from 0.5
to 0.1 in both Rician and Rayleigh cases:

Fading envelopes for two transmit links of Path 1

2 L B e

First transmit link

Second transmit link

Path gain

(2l SO s n s SRR RS I——. . W

Mumber of samples % 10°

Figure 3.13: Fading envelopes for path 1 when (fd = 0.1).
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Fading envelopes for two transmit links of Path 2
10

First transmit link
Second transmit link

10°

Path gain

10 ! 4
Mumber of samples w 10°
Figure 3.14: Fading envelopes for path 2 when (fd = 0.1).
& Fading envelopes for two transmit links of Path 3
10

First transmit link .
Second transmit link |]

Path gain

o 5 10 15
Mumber of samples x 10°

Figure 3.15: Fading envelopes for path 3 when (fd = 0.1).

Reducing the Doppler shift from 0.5 to 0.1 results in slow variations in the
fading envelopes, so more smooth envelopes are found to occur. In reality, this
indicates the slowly movements of the transmitter and the receiver, they may be
considered almost fixed. Moreover, the probability of line of sight between the
transmitter and the receiver implicitly increases. It should be noted that the Doppler
shift value (fd=0.5) in the SUI channel model is extracted based on carried
measurements that take on consideration the propagation environment, the velocity of
the wind, and the scatters caused by obstacles between Tx and Rx.
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e Doppler shift (fd) = 0.8:

The follwing three figures show the effect of increasing the doppler shift from
0.5 to 0.8 in both Rician and Rayleigh cases:

Fading envelopes for two transmit links of Path 1

T T Fa
: First transmit link
Second transmit link | |

Path gain

Mumber of samples x 10°

Figure 3.16: Fading envelopes for path 1 when (fd = 0.8).

Fading envelopes for two transmit links of Path 2

First transmit link
Second transmit link

Path gain

Mumber of samples x 10°

Figure 3.17: Fading envelopes for path 2 when (fd = 0.8).
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5 Fading envelopes for two transmit links of Path 3

First transmit link
Second transmit link |]

TT 11T

Path gain

Mumber of samples 5

Figure 3.18: Fading envelopes for path 3 when (fd = 0.8).

Increasing the Doppler shift from 0.5 to 0.8 results in so rapid fluctuations in the

fading envelopes, this could be caused by the high speed movement of the receiver
and/or the transmitter.

Case3: changing the average path gains.

e Average path gains (pdb) = [0 -30 -60]:

The follwing three figures show the effect of changing the average path gains
from [0 -15 -20] to [0 -30 -60] in both Rician and Rayleigh cases:

Fading envelopes for two transmit links of Path 1

T
First transmit link
R i L (SN B e s Second transmit link

Path gain

Mumber of samples

Figure 3.19: Fading envelopes for path 1 when (pdb = [0 -30 -60]).
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Figure 3.19 shows that there is no change on the fading envelopes since they
examine again the same value of the path gain (0 dB), there is a considrable
correlation between them.

Fading envelopes for two transmit links of Path 2

oo e e s s e s T e Qo First transmit link
B RN Second transmit link
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Figure 3.20: Fading envelopes for path 2 when (pdb = [0 -30 -60]).
¥ Fading envelopes for two transmit links of Path 3
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Figure 3.21: Fading envelopes for path 3 when (pdb = [0 -30 -60]).
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Figures 3.20 and 3.21 show the envelpoes of the Rayleigh paths, it is clear that
the level of the envelopes reaches a less gain levels than the orginal levels. In other
words, the signal to noise ratio has been decreased.

e Average path gains (pdb) = [0 -5 -10]:

The follwing three figures show the effect of changing the average path gains
from [0 -15 -20] to [0 -5 -10] in both Rician and Rayleigh cases:

Fading envelopes for two transmit links of Path 1

First transmit link
Second transmit link

Path gain

i i
5 10 15
Mumber of samples « 10°

Figure 3.22: Fading envelopes for path 1 when (pdb = [0 -5 -10]).

Figure 3.22 shows that there is no change on the fading envelopes since they
examine again the same value of the path gain (0 dB), there is a considrable
correlation between them.

Fading envelopes for two transmit links of Path 2

First transmit link
Second transmit link |

Path gain

Mumber of samples % 10°

Figure 3.23: Fading envelopes for path 2 when (pdb = [0 -5 -10]).

55



Fading envelopes for two transmit links of Path 3

First transmit link
Second transmit link

Path gain

Mumber of samples « 10°

Figure 3.24: Fading envelopes for path 3 when (pdb = [0 -5 -10]).

Figures 3.23 and 3.24 show the envelpoes of the Rayleigh paths, it is clear that
the level of the envelopes reaches a higher gain levels than the orginal levels. In other
words, the signal to noise ratio has been increased. Furthermore, there are less
fluctuations in the envelopes.

Case4: changing the path delays.

e path delays (tau) = [0 0.4 0.9] x 10~*:

The following three figures show the effect of increasing the path delays from
[0 0.4 0.9] x 107%to [0 0.4 0.9] X 10~*in both Rician and Rayleigh cases:

3 Fading envelopes for two transmit links of Path 1
10 T

First transmit link .
Second transmit link |[]

Path gain

Mumber of samples 5

Figure 3.25: Fading envelopes for path 1 when (tau = [0 0.4 0.9] x 107%).
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Figure 3.25 shows the effect of nicreasing the path delays on the Rician paths
from the two transmit links, it could be noticed that the fading is reduced. Increasing
the delay will reduce the inter symbol interference at the receiver and as a result the
fading will be reduced. Additionally, there is a high correlation between the
envelopes.

Fading envelopes for two transmit links of Path 2
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Figure 3.26: Fading envelopes for path 2 when (tau = [0 0.4 0.9] x 107%).
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Figure 3.27: Fading envelopes for path 3 when (tau = [0 0.4 0.9] x 107%).
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Figures 3.26 and 3.27 show the envelopes of the Rayleigh paths after increasing
the path delays, it can be observed that the fading is reduced due to the decreasing in
the inter symbol interference but with a ratio less than Rician paths. Also, there is a
good match between the paths.

e path delays (tau) = [0 0.4 0.9] x 10~8:

The following three figures show the effect of decresing the path delays from
[0 0.4 0.9] X 10"®to [0 0.4 0.9] x 10~8in both Rician and Rayleigh cases:

Fading envelopes for two transmit links of Path 1
L 2

First transmit link

Second transmit link }1

Path gain

0 5 15
x 10°
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Figure 3.28: Fading envelopes for path 1 when (tau = [0 0.4 0.9] x 1078).

The above figure shows the effect of reducing the path delays on the Rician
paths from the two transmit links, it could be noticed that the fading is approximately
increased. Reducing the delay will increase the inter symbol interference at the
receiver and as a result the fading will be increased.

5 Fading envelopes for two transmit links of Path 2
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Figure 3.29: Fading envelopes for path 2 when (tau = [0 0.4 0.9] x 1078).
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Fading envelopes for two transmit links of Path 3
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Figure 3.30: Fading envelopes for path 3 when (tau = [0 0.4 0.9] x 1078).

Figures 3.29 and 3.30 show the envelopes of the Rayleigh paths after reducing
the path delays, it can be observed that the fading is incresed due to the increasing in
the inter symbol interference but with a ratio more than Rician paths.

Case 5: changing all parameters together.

In this case the correlation coefficient, Doppler shift, average path gains, and the
path delays are considered to be at there perfect values that is ( rho = 0.9, fd = 0.1,
pdb = [0 -30 -60], tau = [0 0.4 0.9] x 107%).:

Fading envelopes for two transmit links of Path 1
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Figure 3.31: Fading envelopes for path 1 with changing all parameters.
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Figure 3.32: Fading envelopes for path 2 with changing all parameters.
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Figure 3.33: Fading envelopes for path 3 with changing all parameters.

The above three figures show an ideal channel conditions. slow variation of the
signal and a low fading levels are found to occur.
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Case 6: when all paths are Rayleigh:

The following three figures show the fading envelopes when all paths are
considered to be Rayleigh; there is no line of sight between the transmitter and the
receiver.

A Fading envelopes for two transmit links of Path 1
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Figure 3.34: Fading envelopes for path 1 when all paths are Rayleigh.
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Figure 3.35: Fading envelopes for path 2 when all paths are Rayleigh.
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Fading envelopes for two transmit links of Path 3
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Figure 3.36: Fading envelopes for path 3 when all paths are Rayleigh.

Figure 3.34 shows the envelopes of the first two paths from the two transmit
links, a high miss match between the paths has occurred.

Case 7: when all paths are Rician:

The following three figures show the fading envelopes when all paths are
considered to be Rician; there is line of sight between the transmitter and the receiver.
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Figure 3.37: Fading envelopes for path 1 when all paths are Rician.
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Fading envelopes for two transmit links of Path 2
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Figure 3.38: Fading envelopes for path 2 when all paths are Rician.
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Figure 3.39: Fading envelopes for path 3 when all paths are Rician.

Figures 3.38 and 3.39 show Rician fading envelopes of path2 and path3
respectively, a more correlation between the paths can be noticed compared to the
original case where they were Rayliegh, the fading also has been decreased.

63




Case 8: changing the symbol rate.

The following figures show the fading envelopes of all paths when increasing
the symbol rate from 1 x 103 to 1 x 10%.
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Figure 3.40: Fading envelopes for path 1 when symbol rate = 1 x 10* .
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Figure 3.41: Fading envelopes for path 2 when symbol rate = 1 x 10* .
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Figure 3.42: Fading envelopes for path 3 when symbol rate = 1 x 10* .

The above three figures show the effect of increasing the symbol rate on the
fading envelopes, increasing the symbol rate leads to reducing the symbol period and
as a result the probability of the symbol's transmission within the coherence time will
increase, that's the symbol will travel through the channel while it is not varying
,which means the variations of the channel that the symbol will examine will be less.
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The following table sumurizes the main results:

parameter

0.4
Correlation
Coefficient
(rho)
0.9
0.1
Doppler Shift
(fd)
0.8
[0 -30 -60]
Path gains
(pdb) indB
[0 -5 -10]

[0 0.4 0.9]x10"
Path delays

(tau) in

seconds
[0 0.4 0.9]x107

Symbol rate
in 1x10°
symbol/second

Miss correlation between the links.

A high and approximately full match between the
links, which means they examine the same channel
conditions.

Slow variations in the fading envelopes due to the
slow movement of Tx and Rx

Rapid fluctuations in the fading envelopes
(high speed mobility)

The level of the envelopes reaches a less gain levels
(SNR has been decreased)

The level of the envelopes reaches a higher gain
levels (SNR has been increased)

The fading is reduced as a result of ISI reduction

The fading is increased as a result of ISI increment

A low fluctuation in the fading envelopes and a high
correlation between them, since the probability of
the symbol's transmission within the coherence time
has been increased.

Table 3.2: Results of changing main channel parameters.
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Chapter 4

Simulation results

Chapter contents:

o~

.1. An overview.

o~

.2. Main simulation stages.

4.3. Simulation results for 2x2 MIMO channel model under bad urban and rural
macro-cell environments.
4.4. Simulation results for 4x2 MIMO channel model under bad urban.
4.4.1. Observing the effect of changing the symbol rate, Doppler shift, and
antennas spacing.
4.5. Simulation results for 4x2 MIMO channel model under rural macro-cell.
4.6. Simulation results for 8x2 MIMO channel model under Indoor small office

scenario.

4.7. Frequency of operation influence on the path loss.
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4.1. An overview.

This chapter introduces the simulation results for simulating the MIMO 4x2 and
2x2 bad urban and rural macro-cells, the 8x2 simulation results for indoor scenario as
well, and finally the impact of the frequency of operation on the path-loss model.

4.2. Main simulation stages.

The following are the main steps through which the simulation process is
accomplished:

e An initializing phase:

During which parameters of the set-up are read and initialized. Parameters such
as; angles of arrival and angles of departure (AoA/AoD), path gains (pbd), the spacing
between the transmitters and receivers, transmitters and receivers numbers ....etc, are

firstly defined.

e A processing phase:

During which the actual simulation runs. In the simulation it is assumed that the
multipath components are divided into three clusters each with five paths that is
similar in the AoA, AoD, AS. Line of sight (LOS) and non-line of sight (NLOS).
Then, the impulse response of the channel is extracted for each of the defined
propagation scenario after defining a set of the path-loss equations for the considered
environments. Thereafter, transmit and receive correlation matrices for the different
MIMO configurations are constructed.

e A post-processing Phase:

To exploit simulation results; the channel behavior being observed for each path
while manipulating the scenarios-dependent parameters. Two ways for plotting the
impulse response are used; either plotting all of the impulse responses for each
defined link between the transmitter and the receiver, or plotting the impulse response
for one path through all the links among the transmitters and receivers.

For details on the path-loss equation that this simulation make use of, you can
kindly refer to chapter one of this project or to [6] for more details.

The communication system illustration is shown in figure 4.1.
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Figure 4.1: The communication system illustration.

It should be noticed that the values of the parameters in table 4.1 are one of the
simulation’s assumptions. Moreover the paths delays were assumed to be random, and
the path gains were derived from the path loss equations of chapter 1.

r?ullrjr;skt)irr Parameters | Path 1 Path 2 Path 3 Path 4 Path 5
AoD 120 120 120 120 120
Cluster 1 AoA 170 170 170 170 170
AS 14.4 14.4 14.4 14.4 14.4
AoD 150 150 150 150 150
Cluster 2 AoA 250 250 250 250 250
AS 25.4 25.4 25.4 25.4 25.4
AoD 200 200 200 200 200
Cluster 3 AoA 130 130 130 130 130
AS 29.5 29.5 29.5 29.5 29.5

Table 4.1: clusters parameters.
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The following flow chart shows the simulation process of extracting the channel

response:
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l
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Figure 4.2: simulation process flowchart
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4.3. Simulation results for 2x2 MIMO channel model under bad
urban macro-cell and rural macro-cell environments.

In this section, the simulation results for both bad urban and rural environments

are introduced.

e Bad urban macro-cell:

Fading envelopes for the first path through all links

10"

10°

Path gain

10"

1 1.5 2 2.5 3 3.5 4
Number of samples x 10

Figure 4.3: Fading envelopes for pathl through all links (2x2Bad urban).

Fading envelopes for the second path through all links

Path gain

1 1.5 2 2.5 3 3.5 4
Number of samples x 10

Figure 4.4: Fading envelopes for path2 through all links (2x2Bad urban).
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Path gain

Path gain

Path gain

Fading enwvelopes for the third path through all links

2 2.5 3 3.5
Number of samples x 10

Figure 4.5: Fading envelopes for path3 through all links (2x2Bad urban).

Fading enwvelopes for the fourth path through all links

2 2.5 3 3.5
Number of samples x 10

Figure 4.6: Fading envelopes for path4 through all links (2x2Bad urban).

Fading enwvelopes for the fifth path through all links

3 3.5 4 4.5 5

0.5 1 1.5 2 2.5
Number of samples x 105

Figure 4.7: Fading envelopes for path5 through all links (2x2Bad urban).
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e Rural macro-cell:

Fading envelopes for the first path through all links
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Figure 4.8: Fading envelopes for pathl through all links (2x2Rural).
1 Fading enwvelopes for the second path through all links
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Figure 4.9: Fading envelopes for path2 through all links (2x2Rural).
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Path gain

Path gain

o 0.5 1 1.5 2
Number of samples % 10

Fading enwvelopes for the third path through all links

0.5 1 1.5 2 2.5
Number of samples x 10

Figure 4.10: Fading envelopes for path3 through all links (2x2Rural).

Fading enwvelopes for the fourth path through all links

2.5 3 3.5 4 4.5 5
Number of samples x 105

Figure 4.11: Fading envelopes for path4 through all links (2x2Rural).

Fading enwvelopes for the fifth path through all links

2.5 3

Figure 4.12: Fading envelopes for path5 through all links (2x2Rural).
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The graphs above (4.3 - 4.12) show the response of the MIMO channel under bad
urban and rural macro-cell environments while maintaining: symbol rate=10°,
Doppler shift of 2 for bad urban and 0.4 for rural, and Ty and Ry spacing of 1 A and 0.5
A respectively.

Figures (4.3 and 4.8) were considered to be LOS components and given a Rician
K-factor of 2. This is why they suffer a less fading than the other NLOS components.

From the simulation results above, it can easily be noticed that the channel
behavior is more stable in the rural propagation environment than the bad urban
scenario. Stability here means low fluctuations and smoother fading envelopes.

4.4. Simulation results for 4x2 MIMO channel model under bad
urban environment.

This section shows the simulation results for 4x2 MIMO system configurations
under bad urban environments. The influence of the Doppler shift and the symbol
rate is also observed and analyzed.

Fading enwelopes for the first path through all links

10"

10"

Path gain

10°

-3
10
[0} 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Number of samples X 105

Figure 4.13: Fading envelopes for pathl through all links (4x2Bad Urban).
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Path gain

Fading enwvelopes for the second path through all links

- o 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Number of samples
Figure 4.14: Fading envelopes for path2 through all links (4x2Bad Urban)
1 Fading enwvelopes for the third path through all links

2 2.5 3
Number of samples

Figure 4.15: Fading envelopes for path3 through all links (4x2Bad Urban)

[¢] 0.5 1 1.5

Fading enwvelopes for the fourth path through all links

Path gain

3.5 4 4.5

o 0.5 1 1.5 2 2.5 3
Number of samples

Figure 4.16: Fading envelopes for path4 through all links (4x2Bad Urban).

5

x 10°
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Fading enwelopes for the fifth path through all links

Path gain

[0} 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Number of samples x 10

Figure 4.17: Fading envelopes for path5 through all links (4x2Urban).

As a matter of illustration between LOS and NLOS propagating signals, the five paths
are observed through Tx4-Rx-2 link as a simulation sample.

1 Fading enwelopes for paths through link Tx4-Rx2
10

10°
10"

107 B2

Path gain

10°

10*

10°
(o] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Number of samples % 10°

Figure 4.18: Fading envelopes for the five paths through link Tx4-Rx2 (4x2Urban).

In the above figure, the line of sight component is drawn with a red color while
the other four components are non-line of sight ones. The level of the fading that the
signals examine can be clearly noted in the above figures. It is clear that the LOS
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Path gain

component suffers a much less fading than the NLOS components do. In addition,
considering the case of NLOS a more fluctuation in the signal envelopes can be seen.

4.4.1. Observing the effect of changing the Doppler shift, symbol rate, and the
antennas spacing.

e Symbol rate effect:

For comparison purpose take figure (4.17) as a reference point. Figures (4.19.A)
and (4.19.B) show the fading envelopes of the fifth path through all links when
increasing the symbol rate to 10* symbol/second and when decreasing its value to 10°
respectively, considering the bad urban macro cell scenario. Increasing the symbol
rate leads to reduced symbol period and as a result the probability of the symbol's
transmission within the coherence time will increase, that is the symbol will travel
through the channel while it is not varying ,which means the variations of the channel
that the symbol will examine will be less, and vice versa when reducing the symbol
rate.l*]

Fading envelopes for the fifth path through all links 0 Fading envelopes for the fifth path through all links
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Figure 4.19: Bad urban macro cell behavior at (A) 10* symbols/sec and (B) at
10? symbols/sec.
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Path gain

o Doppler shift effect:

For comparison purpose take figure (4.17) as a reference point. Figure (4.20.A)
and (4.20.B) show the fading envelopes of the fifth path through all links when
reducing the Doppler shift from 2 to 1 and when increasing its value to 3 respectively,
considering the bad urban macro cell scenario. Reducing the Doppler shift value from
2 to 1 result in slow variations in the fading envelopes, so more smooth envelopes are
found to occur. In reality, this indicates the slowly movements of the transmitter and
the receiver, they may be considered almost fixed. Moreover, the probability of line of
sight between the transmitter and the receiver is implicitly increases, and vice versa
when increasing its value. 4

Fading envelopes for the fitth path through all links

Fading envelopes for the fitth path through all links

Path gain

-4
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4
Number of samples x10° Number of samples

(A) (B)

Figure 4.20: Bad urban macro cell behavior at Doppler shift (A) at 1 and
(B) at 3.
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4.5. Simulation results for 4x2 MIMO channel model under rural
macro-cell.

This section shows the simulation results for 4x2 MIMO system configurations
under rural macro-cell environment.

In real environments, correlation among the propagating signals can exist; as a
result the system performance will be affected. So, Multiple transmit antennas have to
be placed far apart in order to avoid undesired effects such as correlation and
changing the beam patterns. Therefore, the effect of receive and transmit antennas

spacing on the channel behavior has been investigated.*

Fading enwvelopes for the first path through all links

Path gain

o 0.5 a1 1.5 2 2.5 3 .
Number of samples x 10°

Figure 4.21: Fading envelopes for pathl through all links (4x2 Rural).

Fading enwvelopes for the second path through all links

Path gain

o 0.5 1 1.5 2 2.5 3 . .
Number of samples x 105

Figure 4.22: Fading envelopes for path2 through all links (4x2 Rural).
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Path gain
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Fading enwvelopes for the third path through all links
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Figure 4.23: Fading envelopes for path3 through all links (4x2 Rural).

Fading enwvelopes for the fourth path through all links
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Figure 4.24: Fading envelopes for path4 through all links (4x2 Rural).
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Figure 4.25: Fading envelopes for path5 through all links (4x2 Rural).
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e Antennas spacing effect:

For comparison purpose take figure (4.25) as a reference point. Considering the
rural macro cell scenario, figure (4.26.A) shows the fading envelopes of the fifth path
when increasing the Ty and Ry spacing from 1A to 3\ and from 0.5 to 3A respectively.
While figure (4.26.B) shows the effect of decreasing Tyx and Ry spacing from 1A to
0.15A and from 0.5\ to 0.15A. The results indicate that by increasing the spacing
distance between the Ty and Ry antennas, the performance of the system is almost like
an ideal system with independent transmitting and receiving antennas. On the other
hand, decreasing the antennas spacing will lead to high correlation between the
signals and accordingly results on poor system performance. Thus the more spacing
between the antennas, the better MIMO system’s performance will be.*!

Fading envelopes for the fifth path through all links Fading envelopes for the fifth path through all links

Path gain

0 05 1 15 2 25 3 35 4 45 5 o o5 1 15 2 25 3 35 4
Number of samples
Number of samples ‘ 105
(A) (B)

Figure 4.26: Rural macro cell behavior when:

(a) Increasing the Tx and Rx spacing from 1A to 3k and from 0.51 to 3L

respectively.
(b) Decreasing Tx and Rx spacing from 1A to 0.15A and from 0.5A to 0.15A

respectively.
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4.6. Simulation results for 8x2 MIMO channel model under Indoor
small office scenario.

Throughout this section the behavior of the propagating signals of 8x2 MIMO
system in an indoor propagation environment is observed. The response of the
channel for all links between the transmit and receive antennas are plotted below.

Fading envelopes for all paths through link Tx1-Rx1

Path gain

2 2.5
Number of samples x 10

Figure 4.27: Fading envelopes for the five paths through link Tx1-Rx1.

Fading envelopes for all paths through link Tx1-Rx2
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Figure 4.28: Fading envelopes for the five paths through link Tx1-Rx2.
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Figure 4.29: Fading envelopes for the five paths through link Tx2-Rx1.
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Figure 4.30: Fading envelopes for the five paths through link Tx2-Rx2
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Figure 4.31: Fading envelopes for the five paths through link Tx3-Rx1.
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