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Abstract

wireless access technologies has followed different evolutionary
paths aimed at unified target which is to increase the performance
and efficiency of the wireless systems, and now as the evolution of
wireless access technologies is about to the reach its fourth generation the
newly rising systems should support many applications like real time
video, high definition TV, virtual reality programs, online video games
and many other greedy applications which consumes most of the
available bandwidth, this put an additional pressure on wireless systems
designers to keep the offered capacity and quality of the new systems.
Therefore 4G systems adopted the multiple input multiple output
(MIMO) technique to enhance the performance of the wireless systems
while maintaining the same bandwidth and with no additional
transmitting power.

This research studied the main concept of spatial multiplexing using
MIMO antennas as a viable solution to increase the efficiency of the
future systems.

Also the effect of many real life cases (cross-polarization discrimination,
keyhole phenomena, line of sight and spatial fading correlation) on the
capacity offered by the spatially multiplexed MIMO system has been
studied using the Matlab simulator considering the near realistic cases,
and with changing many parameters and for many antennas
configurations to investigate the effect of the number of the antennas on
the offered ergodic capacity. The results showed that the spatial fading
correlation severely degrade the ergodic capacity of MIMO. The keyhole
has severely degraded the ergodic capacity of the MIMO producing
capacities similar MISO case. the LOS degraded the capacity of MIMO
systems, The degradation in capacity can be reduced by using more
transmitters. Regarding the XPD the simulations shows that it enhances
the MIMO capacity at high SNR.
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3.7 The effect of the keyhole phenomena on the ergodic capacity .
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1.1 Overview

This chapter explains the motivation behind the project and its objectives, and an overview of the
fourth generation systems and finally the conclusion of the study.

1.2 General idea about the project

Today’s life seems to be impossible without wireless communication. However, wireless
systems suffer from many problems, but the main ones are the crowded spectrum problem, and
capacity. Since the demand on the spectral availability is endless; the main area of the previous
year’s researches is how to find a way to improve the spectrum efficiency, capacity, and link
reliability to increase the data rate for the users of the coming generation systems, which should
support greedy applications.

MIMO antennas were introduced in 4G systems to overcome the wireless communication
system’s problems. Therefore, this project will study the main concepts of the spatial
multiplexing using MIMO antennas in 4G systems as a solution to increase the offered capacity

and data rate. Our study depends on making a simulation tool to simulate spatial multiplexing in
MIMO by the MATLAB program, which is applied in 4G systems.

1.3 Objective

1. To better understand the main concepts of spatial multiplexing using MIMO antennas in
4G systems.

2. To investigate the effect of the degeneracy, line of sight component, cross-polarization
discrimination and spatial fading correlation on the ergodic capacity of the MIMO system
for different antenna configuration up to 16x16.

1.4 Need for high data rates

Because millions of users started actively to use smart phones, tablets, and laptops that support
thousands of mobile applications, the need of wireless communications with very high data rates
has increased. 4G systems should provide very high data rates to support the future applications,
while in fact no available technology meets the requirements of the 4G systems. New
technologies should rise to build the future generation. @




1.5 Introduction for 4G systems

Because of the high rate of technological innovations, we are seeing another major transition in
broadband wireless, from 3G to 4G Systems. Where 4G is promises a higher data rates and
throughput, also better QoS.

LTE-Advanced and mobile WIMAX represents some of the 4G technologies, with peak
theoretical speeds up to 1 Gbps, are expected to be completed by March 2011 making LTE-
Advanced one of the first technologies defined to meet ITU’s IMT-Advanced requirements.®

1.6 4G systems requirements according to ITU

4G systems also known as beyond 3G mobile communications, the term 4G will apply to
networks that comply with the requirements of IMT-Advanced, some of the key requirements or
statements include:

High data rate transmission: DL: 100Mbps/ UL: 20Mbps.

Larger system capacity: 6-12Mbps/1MHz.*

Lower cost/bit."®)

Downlink peak spectral efficiency is 15 bit/s/Hz (assumes 4X4 MIMO).©

Uplink peak spectral efficiency is 6.75 bit/s/Hz. (assumes 2X4 MIMO).©

Scalable bandwidth up to and including 40 MHz, the researches targets to get 100MHz.©
Less than 100 ms latency shall be achievable from idle state to an active state in such a
way that the user plane is established. ©
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1.7 The problems in wireless communication

Wireless communications are facing many problems that reduce its performance. The main
source of wireless channel problem is the propagation channel’s environment. 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. ®

Beside the fading problem the wireless channels face the path loss problem where the signal
power drops due to the propagation loss which depends on the range; many mathematical models
describe the power loss in the signal due to the pass it propagates across. Another major problem
which rises in the previous years is the crowded spectrum because it’s a scare resource the
dependence on it is very limited. ®

Wireless faces also the noise problem where the channel in the wireless communication is the
free space and its shared between thousands of users so the space is full of other waves that act
as a noise power on any signal propagates across the space. ®




The major limiting factor in performance of the wireless system is the interference, it’s happens
when there are more than one device uses the same frequency band in the same area, such as two
base stations work in the same frequency band, or maybe other devices operate in the frequency
band allocated for the cellular system .The interference may occur on voice channels to produce
crosstalk, or on control channel to produce call blocking since the interference increase the bit
error rate in the control signal. ®

1.8 Capacity limits of communication systems

The capacity for wireless channel defined as “the maximum quantity of information that can be
transmitted with the least error rate”. And the mathematical equation which determines the
“maximum capacity can be achieved in a certain channel was introduced by Claudy Shannon, and
we state this equation in section 9 of this chapter. The capacity of the channel will increase as
long as we use wider bandwidth and larger signal to noise ratio (SNR). ¥

1.9 Shannon’s theory for capacity

According to Shannon’s capacity equation, it’s clear that to increase the capacity for the channels
in wireless system we have to increase the bandwidth of the channel and/or signal power in order
to increase the SNR. The relation between these two parameters and the capacity is given by
Shannon's theorem for noisy channel (channel with AWGN) according to this equation:

C=W Log, (1+SNR) bit /s (1.1)

Where
C: the capacity of the channel.
W: the bandwidth of the channel.
SNR: signal to noise ratio.

And as we can see, the capacity is limited by bandwidth of the channel and the power of the
transmitted signal. Therefore, other alternative methodologies are needed to increase the
capacity, and MIMO technologies are one of them. ©

1.10 Multiple antenna system basic concepts

MIMO technology (multiple input multiple output antenna) with appropriate space time coding,
modulation, demodulation and decoding were found to offer number of benefits to face the
wireless challenges. 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.”




1. Single Input Single Output (SISO):
Uses one antenna for transmitting and one antenna for the receiving.

2 Single Input Multiple Output (SIMO):
Use one antenna in the transmitter and multiple antennas in the receiver.

3, Multiple Input Signal Output (MISO):
Many antennas at the transmitter and one antenna at the receiver.

4. Multiple Inputs Multiple Outputs (MIMO):
Many antennas at the receiver and many antennas at the receiver.

One transmitter j/
X

| One recevier

RX

SISO

One transmitter :r \tMultiple Receiver
X L RX

SIMO
Multiple transmitter /\r il/ KOne recevier
MISO

Multiple transmitter

TX

j ’ / | 3 , Multiple Receiver
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Figure (1.1) show multiple antenna technique which can be

MIMO

categorize to four types.




Benefits of multiple antenna systems:

1. Array gain:

The receiver of the multiple antennas receives different copies of transmitted signal with
different amplitudes and phases. It will combine them coherently using one of the combining
techniques so that the resultant signal will have higher SNR. The average increase in SNR ratio
due to this coherent aggregation of the received copies at the multiple antenna system is called
array gain and this increase is proportional to the number of antenna.”

2. Diversity gain:

The transmitted signals arrive at the receiver through multipath channels having different
propagation characteristics. So that the received signal power will fluctuate and fade. According
to this issue the idea for transmitting several copies of the same signal was adopt by MIMO
systems and is called diversity.

3. Beamforming:

In beamforming technique which is considered smart antenna technique, the array of antenna is
used to create a directional beam toward the direction of arrival of the desired signal thus
increasing the SNR of the transmitted signal, on the other hand the antenna array can form the
nulls (destructively add the phases in the direction of the interfering signal ) toward the direction
of arrival of the interfering signal so as to decrease its effect, this technique is used mainly in the
military applications.
In today’s cellular systems only the base station has been equipped with multiple antennas in
such MISO case there is two types of beamforming techniques
e Switched Beamforming in which there is several fixed beams that are selected
accordingly, The system selects one or more of the prior programmed beams at a given
time.
e Adaptive Beamforming the beam could be steered at any direction to track the user with
an individual beam thus providing better performance than the switched beamforming.

1.11 Spatial Multiplexing

Spatial multiplexing offers a linear increase in the transmission rate for the same bandwidth and
with no additional power waste. It is only possible in MIMO Channels. 9

The bit stream is split into many low-rate bit streams, modulated and transmitted simultaneously
from the antennas. The receiver, having complete knowledge of the channel, could recover these
bit streams and combines them so as to recover the original bit stream. Since the receiver has
knowledge of the channel it provides receive diversity, but the system has no transmit diversity
since the bit streams are completely different from each other in that they carry totally different
data. Thus spatial multiplexing increases the transmission rates proportionally with the number
of transmit-receive antenna pairs.




This concept can be extended to MIMO-MU (MIMO multiuser) .In such a case; two users
transmit their respective information simultaneously to the base station equipped with two
antennas. The base station can separate the two signals and can likewise transmit two signals
with spatial filtering so that each user can decode his or her own signal correctly. This allows

capacity to increase proportionally to the number of antennas at the base station and the number
of users

1.12 Conclusion:

The simulations showed that the effect of degeneracy is a limiting factor on the ergodic
capacities of these MIMOs, since the channel is reduced to behave similar to a MISO channel.
The reductions in the in the ergodic capacities is shown dramatic regardless of deploying more
transmitters and receivers. Main conclusion is that care has to be taken when deploying MIMO
arrays in reality nearby windows or outside tunnels.

The study showed that the ergodic capacity of the system will be affected by the LOS and it will
degrade as the power from the line of sight component increases. At high SNR high capacity will
be obtained, as the number of transmit antennas increases.

The XPD has positive effect on the capacity and the effect will be better if the number of vertical
antennas is close to the number of horizontal antennas. At high SNR high XPD will provide
better performance than low XPD.

The simulation showed that the capacity of the system will be affected by the spatial fading
correlation and it will degrade as the correlation between the signals increases, the degradation in
the capacity will be higher if the number of transmit and receive antennas is higher
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2.1 Cellular communication

In a relatively short time of cellular evolution we are close to see the fourth generation of cellular
networks. Basic mobile voice were introduced in The first generation, which is an analog FDMA
based system communicates through 30KHz FM modulated channels, but lacked uniform
standardization, with total bandwidth 50 MHz ("

Standardization is the noticeable feature of the second generation; Global Systems for Mobile
communications (GSM) standard introduced digital communication with a combination of
TDMA and slow frequency hopping. '

In the United States, Interim Standard-136 considered TDMA and FDMA with phase shift keyed
modulation, where IS-95 considered CDMA with the same modulation scheme. Also packet-
based data services introduced in 2G like GPRS and EDGE, GPRS reached peak data rates up to
140 Kbps, and EDGE has increased data rates up to 384 Kbps.

2.2 3GPP Family:

The Third-Generation Partnership Project (3GPP) is the standards developing body that specifies
the 3G UTRA and GSM systems. 3GPP is a partnership project formed by the standards bodies
ETSI, ARIB, TTC, TTA, CCSA and ATIS. ¢

The needs of data at higher speeds leads to 3G technologies, the 3GPP has introduced the 3G
technologies, UMTS and WCDMA technologies introduced in Rel-99 were the next step after
GPRS and EDGE, and with a 5SMHz bandwidth they offer improved data and voice services. !V

Rel-4 introduced call and bearer separation in the Core Network, and Rel-5 introduced some
enhancements to UMTS, including High Speed Downlink Packet Access (HSDPA), IP
Multimedia Subsystem IMS which is an architecture to assist internet protocol (IP) to provide
multimedia services, and IP UMTS Terrestrial Radio Access Network (UTRAN) To offer
flexibility to operator to provide such hosted services for greater user experience. V1213

Rel-6 introduced further enhuncements to UMTS including High Speed Uplink packet Access
(HSUPA), Multimedia Broadcast and Multicast Services (MBMS) which is

a broadcasting service aims to provide mainly the mobile TV service, The combination of
HSDPA and HSUPA is called HSPA. (1D (2 (13)

Rel-7 enhancements were introduced as HSPA+, the advantage of HSPA+ is that it's cost-
efficient for rapidly growing data traffic volumes, the ability to work with all HSPA devices, and
improved end-user experience by reducing latency, Rel-7 HSPA+ networks sometimes also
deployed with MIMO antenna systems providing high performance benefits. 1V (2 (13

Rel-7 developed EDGE as GERAN Evolution or EDGE Evolution with the following features:
Downlink Dual Carrier (DLDC), EGPRS2, Latency Reductions and MS Receive Diversity. The

next update, called EGPRS 2B, will double peak theoretical downlink speeds up to 1.2 Mbps and
9




uplink speeds of up to 473 kbps. These evolutionary enhancements are essential to provide
service continuity with HSPA and LTE, since 68 percent of HSPA networks are deployed with
EDGE and 83 percent of HSPA devices also support EDGE, ) (12(13)

2.2.1. Status and highlights of release 8

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,
Rel-8 also provided the capability to perform 64QAM modulation with 2x2 MIMO on HSP A+
as well as the capability to perform dual carrier operation for HSPA+. (12)

Rel-8 also introduced Evolved Packet System (EPS) 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) or Evolved UTRAN (E-UTRAN). The EPS consists of only two
nodes in the user plane: a base station and a core network GW. The node that performs control-

plane functionality (MME) is separated from the node that performs bearer-plane functionality
(12)

In Rel-8, LTE defined new physical layer specifications consisting of an OFDMA based
downlink and SC-FDMA. Rel-8 defined options for both FDD and TDD LTE carriers, FDD
provides two channels one for uplink and the other for the downlink, so simultaneously transmit
and receive data. TDD provides one channel for both uplink and downlink and its divided by
time between the transmitter and the receiver. ®

Rel-8 also defined MIMO capabilities supporting open and closed loop techniques, Spatial
Multiplexing, Multi-User MIMO schemes and Beamforming. Because OFDMA/SC-FDMA are
narrowband based technologies, LTE supports various forms of interference avoidance or
coordination techniques called Inter-Cell Interference Coordination (ICIC). 12

Rel-8 provided other enhancements to IMS, Multi-Media Priority Service, IMS centralized
services (ICS).

2.2.2. Status of release 9:
2.2.2.1. HSPA enhancements:

Rel-9 enhanced dual-band HSDPA operation; where in the downlink of the primary serving cell
takes a carrier in one frequency band and the secondary serving cell on a carrier in another
frequency band. The uplink takes only on one carrier, which can be configured by the network
on any of the two frequency bands. !?

Dual-band HSDPA operation re-uses the L1/L2 solutions that were specified for Rel-8 dual-
carrier HSDPA operation on adjacent carriers.

10




This technique allow the user to be scheduled in the primary serving cell as well as in a

secondary serving cell over two parallel HS-DSCH transport channels, this feature facilitates
efficient load balancing between carriers in one base station sector, 12

2.2.2.2. MIMO + DC-HSDPA

Rel-9 combines dual-carrier HSDPA with MIMO technique. The peak downlink rate is thus
doubled to 84 Mbps and the spectral efficiency is clearly increased compared to dual-carrier
HSDPA operation without MIMO. In order to provide maximum flexible operation, the MIMO

configuration is carrier-specific, meaning that, one carrier can be operated in non-MIMO mode
and the other carrier in MIMO mode. (?

2.2.2.3. Contiguous dual-cell HSUPA (DC-HSUPA):

The user has two serving cells corresponding to two carriers in the same sector of the base
station which has the ability to activate and deactivate the secondary carrier dynamically using
so-called HS-SCCH orders. When two uplink carriers are active, they are to a large extent

operating independently from each other in a way that is very similar to the single-carrier
HSUPA operation specified in earlier releases. !?

2.2.24. IMT-ADVANCED

The progress now is beyond the LTE with the next generation of technologies in Rel-10 after
ITU-R M.2134 stated many Requirements Related to Technical Performance for IMT-Advanced.
IMT advanced is a mobile systems that include the new capabilities of IMT which provides
access to many telecommunication services including advanced mobile services, supported by
mobile and fixed networks, IMT-ADVANCED considered a major enhancement for the 4G.

Some of the key features of IMT-Advanced will be:

e  Worldwide functionality & roaming.
e Compatibility of services.
e Interworking with other radio access systems.

e Enhanced peak data rates to sulpg)ort advanced services and applications (100 Mbps for high
and 1 Gbps for low mobility) !?

11




2.3 The wireless channel

The signal propagating across the wireless channel reaches its destination along different paths
due to scattering, reflection and diffraction. Diffraction occurs when the signal obstructed by a
surface with sharp irregular edges and hit the edge of an obstacle which is large relative to the
wavelength. Reflection occurs when the signal goes through two different mediums, thus part of
it is transmitted and the other is reflected. Reflection may cause a phase shift on the original
signal. Scattering occurs when the signal hits a body of small size relative to its wavelength. %

These propagation mechanisms influence path loss and fading models differently. We refer to all
previous mechanisms as “scattering”. 14

The power of the transmitted signal drops off due to path loss and the two fading types,
macroscopic fading and microscopic fading. ¢4

2.3.1. Path loss:

Pathless is a measure of attenuation and its range dependant, it comes from inverse square law in
power loss in ideal free space.

The free space model (also known as Friss model):

Gt Gr),z

Pr =3 Pt 4rtd

@2.1)

Where:
P. : The received power.
P; : The transmitted power.
G¢ : The gain of the transmitter.
Gy : The gain of the receiver.
A : The wavelength of the propagating signal.
d : The distance between transmitter and receiver.

In real environment the main path is accompanied with a surface reflected path which destructive

the main path and causes more reduction in power, thus the received power can be described as
follows: 19
G,G>

PT:Pt_

= (hehy)? 2.2)

Where hy, h, are the effective heights of the transmit and receive antennas respectively. Here we
notice that the path loss follows inverse fourth power law. 14
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2.3.2. Fading:
In addition to the power drop on the signal through propagation, the signal also faces fluctuations
in its level due to fading. Fluctuation in signal level is composed of two components
macroscopic and microscopic fading. ¥

2.3.2.1. Macroscopic fading:
It represents the long term variation of the received signal power level, so it’s called long term
fading or slow fading. It’s caused by the effect of building or natural features. Slow fading is
determined by the local mean of the fast fading signal, the probability density function of long
term signal power fluctuation’ 4

1 —(x_#)z
fO) = =e" 2 2.3)

Where:
o: The standard deviation

u: The mean

2.3.2.2. Microscopic fading:

It represents the rapid fluctuations of the received signal in space, time and frequency. It occurs
due to the objects between transmitter and receiver which cause multipath propagation. The main
effects of the small-scale fading are rapid changes in signal strength over a small distance,
random frequency modulation due to varying Doppler shifts on different multipath signals and
time dispersion caused by multipath propagation delays. ¥

The envelope of the received signal follow the Rayleigh density function if there is no direct line
of sight between the transmitter and receiver.

The Rayleigh function is given by:

—x2

f@) =Zeau) 24)

Where:
Q : The average received signal power.
u(x) : The unit step function.

If there is a line of sight component between the transmitter and receiver the envelope of the
signal will follow the Ricean, the Ricean distribution is defined by the factor K, the Ricean
(PDF) is given by: (14)

13




O (Ka)?
f(x) =@e( i )10(2x LDy u() @.5)

Where:
Iy : The zero order modified Bessel function.

We notice that when there is no (LOS) i.e. K=0 the Ricean PDF reduces to Rayleigh ¥
There are three types of microscopic fading
23.22.1 Doppler spread - Time selective fading:

Doppler spread is a measure of the spectral broadening caused by the mobility of the transmitter.
When a signal is transmitted with a frequency f. the received signal spectrum (also called
Doppler spectrum) will have components in the range f, — f; to f. + fa where f; is the Doppler
shift which is a function of the velocity of the mobile. ¥

~ Time selective fading is characterized by the coherence time T, which is a measure of how fast
the channel changes in time and it defines the time duration over which the channel impulse
response is invariant. 14

__ 0423

i . - (2.6)

fm is the maximum Doppler shift, f;,, = % . 2.7

Where:

A: is the wave length of the transmitted signal
v: is the velocity of the mobile transmitter.

2.3.2.2.2 Delay spread - frequency selective fading:

Due to multipath environment, several copies of the signal will reach the transmitter with
different delays. The delay spread tgys increases with distance from the transmitter and it causes
frequency selective fading. Frequency selective fading is characterized by the channel coherent
bandwidth which is a measure of the frequencies over which the channel considered to be flat
(passes all frequencies with equal gain). If the frequency of the transmitted signal is larger than
the coherent bandwidth then the channel creates frequency selective fading on the received
signal. Thus the channel induces inter symbol interference (ISI), ISI occurs when T Y
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2.3.22.3 Angle spread — space selective fading:

The multipath components will reach the receiver antenna array with different angles, this causes
space selective fading which means that the signal amplitude depends on the spatial location of
the antenna. Space selective fading is characterized by the coherence distance D, (defines the
needed spatial separation between the transmitters) which is inversely proportional to the angle

1
spread D, 5
RMS

Where @y is the angle of arrival of the transmitted signal. ¥

2.4 Space time channel

We will define SISO, SIMO, MISO and MIMO channels and their input output model, additive
noise assumed to be negligible. ¥

2.4.1. SISO channel

In SISO there is a single transmitter and single receiver, so there is one channel h(t,t) between
them where h(z,t) is the time-varying channel impulse response from the input of the pulse
shaping g(7).!?

If the transmitter sends the signal s(t) then the received signal will be:
()= fort"‘“lh(r, t)s(t — 1) dt = h(z,t) * s(t) (2.8

Where: Tyqta), duration of the impulse response.

2.4.2. SIMO channel

In SIMO channel there are My receiver antennas and one transmitter antenna, SIMO channel can
be decomposed into My SISO channels, the impulse response between the transmitter and
L th receiver antenna ish;(t, t), where i = (1,2,3,..., Mg),s0 the M x 1 channel vector can be
represented as. 19

h(z,t) = [h (5, Dby (5, 0) oo by, (n,0)]” (2.9)

The received signal at the i th receive antenna is given by:
yi(t) = hi(z, t) * s(t) (2.10)

Denoting the received signals by the My x 1 vector the previous relation can be expressed as
y(t) = h(z, t) * s(t) (2.11)

Where:
s(t): is the transmitted signal.
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y(® = [y; ®y, () ... yMR(t)]T Is My X lvector
2.4.3. MISO channel

In MISO channel there are My, transmit antennas and one receiver antenna, MISO channel can be
decomposed into My SISO channels, the impulse response between the receiver and jth
transmit antenna ish;(t,t), where j = (1,2,3,..., M), so the My x 1 channel vector can be
represented as: ¥

h(z,t) = [hy(z, Ohy(1,t) ... by, (3, 1)] (2.12)
The received signal at the j th receive antenna is given by
M
y(@) =X;1 hi(g,t) * 5;(0) (2.13)
Denoting the received signals by the 1x My vector the previous relation can be expressed as
y(t) = h(z,t) * s(t) (2.19)

Where: s(t) = [s1 (@550 ... SMy (t)]T Is My X 1vector

2.4.4. MIMO channel

In MIMO channel there are My transmit antennas and My receive antennas, the impulse response
between the jth transmit antenna, and the ith receiver is given byh; ;(z, t), the MIMO channel

can be describes by the My X My matrix H(z, t) with: ¥

h1,1 (T' t) h1,2 (Tl t) h'llMT (T, t)
Bl e s Dl ) (2.15)
h’MRll(T' t) h'MR,Z (T, t) s hMR:MT(T’ t)

The received signal at the i th receive antenna is given by
¥i(0) = T3 by (T, ) * 55(t) 2.16)
Denoting the received signals by the vector My X 1, the previous relation can be expressed as
y(t) = H(z,t) * s(t) (2.17)
Where:
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s(®) = [5,(D)s, (1) ... SMy (t)]TIs Mr X 1vector

y(® = [y1(®©)y, (0 ... VMg (t)]TIs Mg X 1vector
2.5 Spatial Multiplexing:

As we have seen in the first chapter, the transmitter in Spatial Multiplexing transmits
simultaneously independent data sub-streams from different antenna; in order to have a linear
increase in the transmission rate for the same bandwidth and with no additional power. Figure

2.1 illustrate spatial division multiplexing technique for M transmitters and N receivers' antenna.
15)
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Figure 2.1 Spatial division multiplexing scheme

Tx

From the last figure, spatial multiplexing increases the transmission rates proportionally with the
number of transmit-receive antenna pairs.

According to [15], there are three types of spatial multiplexing, they differs from each other
according to the availability the channel state information CSI (channel knowledge for the
interest link and other interfering links) at the transmitter, as explain below.

1. Open loop SMUX (Channel unknown to the transmitter): the transmitter doesn't have
CS], so all transmitter antennas have equal power and data rat, we'll study the capacity
channel of this case in section 2.6.1. >

2. Close loop SMUX (Channel known to the transmitter): the transmitter has CSI which
can be achieved by different ways as shown in section 2.7.2, so the transmitted power
will distributed unequally amongst the sub-channel, also the transmitter can apply
different coding and modulation method on each data sub stream to improve the capacity,
we'll study the capacity channel in this case In section 2.7.2. 1
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3. Partial CSI SMUX: the transmitter has only limited CSI which allow simple
improvement in capacity over open loop SMUX case.

2.6 Capacity of deterministic MIMO channel:

Although the channel H is random or stochastic, firstly the deterministic one will be studied, then
introduce the capacity of random H. for a frequency flat channel, which is a narrowband channel
where every input in this band faces the same effect by this channel, the input-output relationship
for MIMO channel can be introduced in the following equation: !9 (14

y = /%H5+n. 2.18)

Where:

H: Mg X M representing the fading coefficients from the transmitter to the
receiver.

y: MRX1 received signal vector.

S: MTx1 transmitted signal vector.

n: is the Zero Mean Circularly Symmetric Complex Gaussian (ZMCSCQG) noise.
Es: total average energy available at the transmitter over a symbol period.

The capacity of MIMO channels defined as
C = maxs ) I(s;y) (2.19)

Where:
f(s) is the probability distribution of vector s.
I(s; y) Is the mutual information between s and y.

It follows that the capacity of the MIMO channel is given by

Eg
MTNg

Cc = maXT,.(Rss)=MT logz det (IMR + HRSSHH) (220)

Where T; (Rs) is the trace of the covariance matrix of s, and its must equal to Mt  in order to
constrain the total average energy transmitted over a symbol period, and H" is the conjugate
transpose of H. 19 14

We can note that the capacity of the MIMO channel depends on the channel matrix, SNR,
number of transmitter; this capacity is also referred to the data rate per unit bandwidth.

2.6.1. Channel unknown to the transmitter:

In this case the transmitter does not know the nature of the channel, so it will transmit equal
power at each antenna, this implies that R =I),,.. Then the equation 2.20 becomes
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¢ = log, det(I,, + Mf;’o HH"Y) 2.21)
The MIMO channel capacity simplifies to
C = ¥7loga(1+ —2-1) (2.22)
TNo

This equation implies that the MIMO channel capacity is the sum of the capacities of » SISO
channels, where r is the rank of the HH", with a power gain equals to the eigenvalues 4; of those
channels, and each antenna transmits power equals E. o/ Mp 4919

For a full rank orthogonal MIMO channel with Mt = Mg = M and HH'=H"H =({/M) I,,, with
a fixed total power transfer ||[H||Z = ¢ = %}, 1; and the length of each element of H is equal to

one so [|H||Z = M?, the capacity of such channel will be the maximum channel capacity
achieved with no channel knowledge at the transmitter, which is equal to!'? (19

C = Mlogy(1 + (2.23)
0

2.6.2. Channel known to the transmitter:

We bave discussed the capacity of the MIMO channels when the channel is unknown to the
transmitter, in that case we allocated equal power signals to the transmitter antennas, now
consider that the channel is known to the transmitter, and see the advantage of this knowledge at
the transmitter. 19 (4

The channel knowledge at the transmitter can be achieved by two different techniques, via
feedback or reciprocity principle in duplex system.

Feed-back: In the first technique the receiver estimate the forward channel, and send the
feedback to the transmitter via the reverse link, in order to reduce the overhead caused by this
feedback we can send a slow changing statistic of the channel such as the correlation matrices, or
a partial channel information. ¥

Reciprocity: Let hf(t7, fr, i) and h,(t,, f., i,) be the forward and reverse channels respectively
where t, £, i are the time, frequency, and antenna index respectively, the reciprocity principle says
that if all those parameters are equated then the reverse and forward channels are identical, and
this will give the transmitter a sufficient information’s to estimate the channel. ¢4

In order to realize the duplexing schemes we need to hold a separation in time, or frequency or
spatial parameters, so we can prevent interference.

In time division duplexing (TDD) we use the same frequency and antenna index with different
time slots in the forward and reverse channels, for the channels to be equated, the time delay
must be much less than the coherence time of the channel, ¥
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In frequency division duplexing (FDD) we use the same time and antenna index with different
frequencies, for the channels to be equated, the frequency difference must be much less than the
coherence bandwidth of the channel, but a physical limits of the of duplexing filters force the
frequency difference to be large, so FDD is not a choice for the reciprocity principle. ¥

In antenna division duplexing (ADD) we use the same frequency and time with different
antennas, for the channels to be equated, the separation between the antennas must be much less
than the coherence distance, cause the coherence distance between the antennas is relatively
small, such separation can’t be realized.'”

So in real life communication systems use a combination of time, antenna, and frequency
separations in the duplexing links, making the reciprocity principle not feasible. ¥

Now when the channel is known to the transmitter we can maximize the capacity by allocating
different power levels to the antennas, depending on the basis that the better channel, gets better
power and vice versa. 19

Transmitter Channel | Recevier
| |

=) v = H D ==

y ol

S” S

Figure 2.2: Schematic of modal decomposition of H when the channel is
known to the transmitter and receiver

Consider a ZMCSCG signal vector 3 (r X 1) where r is the rank of H to be transmitted, from
figure 2.2 we see this vector is multiplied by V prior transmission, and the received signal y at
the receiver is multiplied by U, based on the fact that H = USUH according to singular value
decomposition. 1?19

J= |=Y5+7 (2.24)
Mt

After a long derivation and using lagrangian methods, and based on the water pouring algorithm
the capacity of a MIMO random channel can be introduced as

Esyi
C = maxyr ., Yi=1log(1+ Mol A) (2.25)

Where y; is the energy in the ith sub-channel.
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2.6.3 Capacities of SIMO and MISO channels:

We can consider the capacities of SIMO and MISO channels as special cases from the MIMO
channels capacity.

In the SIMO case Mr=1, r=1, andA = ||h|| %, using equation 2.22 for the capacity of the unknown
channel we get

Csimo = loga(1 + = [IRIIZ) (2.26)
And if we assume that [h;|? = 1 then||h||2 = Mg, Csp10 = log, (1 + li_sMR)
0

And it’s introduced a logarithmic increase in C with Mg, but the knowledge of the channel at the
transmitter in this case (SIMO) does not change the capacity.

In the MISO case Mg=1, r=1, andA = ||k||2, using equation 2.22 for the capacity of the unknown
channel we get

Curso = logz(1+ 5=~ IIRl[?) (2.27)

We assume that |h;|? = 1 then Cp;50 = log,(1 +§S—) which is identical to the SISO channel
0

capacity, there is no improvement introduced by the MISO channel when it’s unknown to the
transmitter, and according to 2.26 and 2.27 Cysp < Cgypofor the samel|R[|2. ¥

Now if the channel known to the transmitter then according to equation 2.8 the capacity of MISO
channel given by

Cumiso = log, (1 + 5_2 lRII%) (2.28)

From equation 2.26 and 2.28 we note that Cyy;50 = Csppo for the same lR||Z, they just offer a
logarithmic increase in the capacity.

2.7 Capacity of random MIMO channels

Now we’ll discuss the capacity when H is chosen randomly based on Raleigh distribution, which
is the real life situation unlike the deterministic ones, so the data rate for such channels is also
random.

2.7.1 Ergodic capacity

Ergodic capacity is the average of information rate over the distribution of the elements of the
channel matrix H, ergodic capacity is a result of long measurements, since H is independent and
have no relation to the previous one. Based on equation 2.22 that introduced the capacity of a

deterministic known MIMO channel, the ergodic capacity is 9 (4
21




C = e{X]_;log,(1 + M%/h)} (2:29)

Where p is the average SNR, € is the expectation of the random channel, now for the case when

the channel is unknown to the transmitter, based on equation 2.25 we conclude that the ergodic
capacity of a random channel is

Esyi
€ =e{X;log, (1+ 1)) (2.30)
It’s clear from the last two equations that the capacity of a random MIMO channel is higher
when the channel is known to the transmitter, but in a high SNR case they become close to each
other, since the channels start to perform equally at high SNR, (9 (4

In [16] the authors provide a summary of ergodic and capacity versus outage results for single-
user MIMO channels. These results indicate that the gain in the capacity obtained from multiple
antennas totally depends on the available channel information at the receiver or transmitter, the
channel signal to noise ratio, and the correlation between the channel gains on each antenna
element.

2.7.2 Outage capacity

It’s the guaranteed capacity with a certain level of reliability, if we have a q% outage capacity;
there is a probability of (100-q) % to get a capacity less than this outage capacity, the outage
capacity increases with SNR and the antennas configuration for a certain q%, and its approach
the median capacity for large SNR and high antenna configuration. ! 4

2.8 Influence of the fading correlation, LOS, XPD and degeneracy on MIMO
capacity

As mentioned earlier H,, assumes a high scattering environment and good antenna separation.,
such as insufficient scattering and the presence of LOS which causes a Ricean fading, have a
high effect on the performance of the wireless systems. we’ll study the influence of fading
correlation, LOS, XPD in non-fading channel, and the degeneracy on the channel capacity. ! ©

2.8.1 Influence of the spatial fading correlation

Because of the small separation between the antennas at the base station, the signals arriving
there usually correlated. To overcome this problem, wireless systems use dipole antennas or

antenna arrays separated by distance D, which is more than the coherent distance for that
channel. 9 (4

The effect of fading correlation for Rayleigh flat fading channel can be modeled as follows

1 1
H = R*H,,R? (2.31)
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Where R; and R; are the transmitter and receiver covariance matrices, both R and R; are positive
semi-definite Hermitian matrices,

Based on the capacity of the channel in the absence of channel knowledge at the transmitter
equation 2.21 and equation 2. 31

1
C =log,det(ly, +MLTRiHWRtHﬁRf/2) (2.32)

For high SNR and My = M; = M, and a full rank receiver and transmitter correlation matrices,
C can be approximated to

C ~ log, det (ﬁHWH%) + log, det (R,) + log, det (R,) (2.33)

We can note that the receiver and transmitter correlation matrices have the same effect at the
capacity, because of the power constrain Y72, A;(R,) = M this means that log, det (R,) <0,
and the same for the transmitter correlation matrix, so we can consider both terms as the loss in
the capacity due to fading correlation, only when R, = Iy the loss will be zero. 19 (4

In [17] the authors studied the effect of spatial correlation on the capacity of MIMO fading
channel. They also consider the situations when the channel is unknown and known at the
transmitter. The effects of antenna spacing, angle spread, and number of antennas on the capacity
are also examined. The results showed that the spatial correlation severely degrade the capacity
of MIMO systems. The degradation in the capacity can be reduced by increasing the separation
distance between the antenna elements.

2.8.2 Influence of the LOS component

The presence of LOS in the channel will add a term to the equation 2.31 which is the Ricean
LOS component Hg;.

1 1

H = Hyg; + R* H,,R? (2.34)

Equation 2.34 can be rewritten as a two terms, one for the Los component and the other for the
fading component, as follows

K = ik
H= /mH+ ——H, (2.35)

Where K is the Ricean K-factor, which is the ratio between the power in the LOS component and
the power in the fading component, K = o corresponds to a nonfading channel, and K=0
corresponds to pure Rayleigh channel, ¢ (4

In [18] the authors studied the capacity of spatially correlated Rician MIMO channels. They
consider the general case with double-sided correlation and arbitrary rank channel means. Then
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they derive upper and lower bounds on the capacity. In some particular cases when the numbers

of transmit and receive antennas are equal, or the correlation is single sided, they derive more
specific bounds which are computationally efficient.

2.8.3 Influence of XPD:

All the models discussed before assumed an identical antenna polarization at both transmitter
and receiver, normally we use orthogonal polarized antennas, since they are orthogonal the;
vertical antenna just see the signals from the vertical polarized antenna at the other side, the same

case for the horizontal one, ideally, no correlation between the signals from orthogonal polarized
antennas, but in reality there is some interference between them. 1 (4

The term XPD cross-polarization discrimination tells us how the antenna discriminate its signal
from others, and introduce a constant a (0 < a < 1), for @ = 0 we have a good discrimination
and for sure zero interference, but a = 1 it implies a poor discrimination and a strong

mterference, now H for a channel with M71=Mg=2 and assuming a deterministic channel then we
have (19 (49

H= [ 1 ‘/17"_] (2.36)

Va

Now the capacity in the absence of XPD C(a = 1) and in the presence of perfect XPD
C(a = 0) can be given by

Cla =1) =log,(1 + 2p) (2.37)
Cla=0)=2log,(1 +§) (2.38)

We note that we can enhance the capacity at perfect XPD (a = 0) with the presence of high
SNR, but with low SNR we enhance the capacity with the presence of low XPD (a=1D).

2.8.4 Influence of degeneracy:

The degeneracy affect the capacity when we have the keyhole phenomena, which happens when
we have a narrow path between the transmitter and the receiver, the whole signals must pass
from this narrow path, like a small window or a narrow street, we can consider H = h,hl where
h, is the channel vector between the receiver and the hole, 4, is the channel vector between the
transmitter and the hole, the corresponding channel capacity given by 9 (4

c = log, det (1 + —;—T 1H|I2) (2.39)

Although the channel is MIMO, only a logarithmic increase in the capacity happens for
increasing SNR, this is similar to the SIMO or MISO cases, since there is only one spatial sub-
channel through that hole. % ¥
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2.9 Spatial multiplexing processing techniques:

Which are techniques that deal with each one of the previous cases to improve the performance
of the systems, and need to provide more details about these techniques, especially when talking

about optimization of a single link. The following section will explain four techniques According
to [15]. Figure 2.2 shows these techniques: ¥

i (8T Sparial Spatial multiplexing ,
Multiplexing; Per Antenna . A spatial Domain Link
- Rate Control and per = P roce.?'smg = Adaptation Technique
Stream Rate Control. techniques
Linear Pr?o;ders for HybridS?:?tial Division
STBC by Exploiting Multiplexing/Space -
Long term Knowledge Time Coding Schemes.

Figure 2.3 Spatial multiplexing processing techniques

2.9.1 A spatial Domain Link Adaptation Technique:

It is a multi-antenna technique that allows hard switching between multi-antenna methods
(algon'thms?, based on monitoring the short term characteristic of the radio channel at the
receiver. !

In other words in short term characteristic radio channel we can achieved more reliability and
further performance improvements, if there are more than one algorithm (method) that the
system can switch between them, after deciding which method is better for the actual channel
gg)ndition, L.e. for strong line of site or receive correlation diversity is suitable more than SMUX.

As we know there is trade-off between diversity and SMUX gain, where SMUX achieve high
spectral efficiency by transmit independent data stream, and diversity increase link reliability by
introducing redundancy (sent more than one copy from the same signal to combat fading); this
trade-off gives the channels degree of freedom to multiplexing and Diversity transmission
modes. %
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There are two methods to measure the trade-off between diversity and SMUX:

The first one using Demmel condition number (Kp) where:

Am n H
Kp = ) (2.40)
Where
Ainin - The smallest eigenvalues of (HHH)
IH|? : Forbenius norm of the channel

According to this equation the "pure SMUX" depend on the rank of the channel and determined
byA iy and the "pure diversity" depends on the measures of the total power over all channel

paths m?flss),ured by ||H||?. Therefore we can use K p to switch between diversity transmission and
SMUX.

The second - by using relative condition number of the channel matrix which is given by:

; A (wHH)
Relative condition number = ———— (2.41)
max (HHH)

This equation gives us ratio between nth smallest eigenvalues and the largest eigenvalues in
normalized channel power.

As we see from the last two methods the transmitter need a single parameter CSI to estimate
instantaneously the channel quality and this CSI can be return as feedback from the receiver
which has full CSL.

Finally the advantage of this technique (using more than one transmission modes), that it
provides further performance improvements, but it need fast feed-back form the receiver to
transmitter which considered as disadvantage. *

2.9.2 Hybrid Spatial Division Multiplexing/Space —Time Coding Schemes.

This technique is used in open loop multi-antenna to take the advantages of space-time block
coding (STBC) and SMUX in order to get further performance improvement. >

To understand this technique it must clarify simply STBC, which means spread the symbols in
time and space block by block. Here the concern with "the so-called orthogonal STBC which is
designed based on an orthogonal structure. >

Almouti was the first one who designed the first orthogonal STBC for two transmit antenna.
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Figure 2.4 a block diagram of the Alamouti space-time encoder

The last figure show a block diagram of Alamouti scheme where the information bits are
modulated using M-array modulation, after that the encoder put two modulated symbols i.e. S;

and S, and put them in one block and spread these data in time and space according to the
following matrix: (15) (10)

[51 —$ 2"]
S, S1*

In this matrix the rows represent transmit antennas and columns represent symbol intervals. So
the first and second antennas transmit S;, S2 respectively in the first time slot and the second

time slot they will send —S2*, S1* respectively, this implies that we sent the data in space by
using two antenna and in time (transmit the data over different time), (1910

Now, this technique gives different trade off between data rate and robustness by transmitting
N-1 parallel streams on N antennas, one of this stream coded by Almouti code, figure 2.3 show

illustration examples.
e e
93|
+| +
l l HE

S S
A -So* Sy
Spatial Stream #1

Spatial Stream #1
Si* S,

B

Spatial Stream #2 4
Spatial Stream #2 4L,

T0E 10F L.

Spatial Stream #3 | S4* S5

IFigure 2.5
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(A): Transm%ss.ion of 2 spatial streams on 3 antennas (SMUX/STBC).
(B): Transmission of 3 spatial streams on 4 antennas (SMUX/STBC).

In hybrid STBC and SMUX high data rate can be achieved when the number of transmit
antennas large than the number of the receiver antennas. We can control the performance of this

technique by select man(}ll ?arameters such as: number of transmitter, number of spatial streams,
and type of modulation. !°

2.9.3 Linear Preorders for STBC by Exploiting Long term Knowledge

This technique concentrates on only slowly varying antenna correlations. On the contrary of the
fast fading technique which need instantaneous feed back to the transmitter from the receiver,
this one need partial CSI that means low rate feed-back link, or get partial CSI by exploiting
channel reciprocity which will be explain in section 2.6.2. 9

According to the partial CSI correlation matrix, the transmitters can transmit on the nonzero
eigenmodes to reduce the performance deterioration cased by transmit antenna correlations. So
this is equivalent abeam-former. 1>

2.9.4 Limited CSI Spatial Multiplexing; Per Antenna Rate Control and per
Stream Rate Control

Limited CSI SMUX is applicable to mobile devices, which is small and portable; since the
difficulty that faces this mobile in sending full CSI to the base station and the restrictions on the
available signaling bandwidth, so only simple indication of channel quality (CQI) are signaled to
the transmitter. )

The transmitter uses this limited CSI to optimize the throughput by selecting the suitable type of
modulation, coding, and by determining the transmit power level etc. Per Antenna Rate Control
(PARC) has another name according to 3GPP which is Selective-PARC (S-PARC), where the
transmitting power savings accurse through turning off some antennas. !°

In this technique, the transmitter sends the data stream into several sub streams, where each sub
stream is encoded with a separate channel code.

In the other side, the receiver estimates the signal to interference and noise ratio (SINR) for each
of the receiving elements. This can be done by using suitable type of receiver like minimum
mean square error (MMSE) receiver, or zero force (ZF) receiver which is a linear receiver
behaves like linear filter and separate data stream and decode each stream independently. Or
successive interference cancellation (SIC), which gives the receiver the ability to receive two or
more signals concurrently by decoding the stronger signal, subtract it from the combined signal,
and extract the weaker one from the reset. !> 19

After that this SINR feed-back to the transmitter as CQI, the transmitter uses it to determine the
suitable modulation, and power level for each sub stream. %
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Chapter 3

Simulation results

3.1 Overview.

3.2 The flow chart of the Matlab code.

3.3 Ideal cases simulation results.

3.4 Results tables for the ideal cases.

3.5 Effect of the spatial fading correlation.

3.6 Effect of the line of sigh component.

3.7 Effect of the keyhole phenomena (degeneracy).
3.8 Effect of the cross-polarization discrimination.
3.9 Summary.
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3.1 Overview

This chapter explains the Matlab code through flow chart, then it shows the results that we
conclude after making simulation for SISO, and different schemes of SIMO, MISO and MIMO

for different antennas configurations to clarify the relationship between SNR and capacity for
each case.

Also, it shows the results of changing some important parameters such as: noise, transmitted

power, SNR, number of iteration.

Then it shows the simulation results for the effect of the four real life cases which are XPD,

LOS, spatial fading correlation and the keyho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>