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ABSTRACT

One of the complexities of LTE (Long Term Evolution) Wireless communication
is the changing channel conditions and dynamic multi-user environment. In order to
compensate for interference effects of multiple users in a cell, the system must maintain
very low BER. LTE improvises on the channel coding scheme by replacing
convolutional coding with a more accurate and real-time coding method. For constant
monitoring of the channel condition, the Base Station and User Equipment require a
reference signal through which the channel effect can be analysed, which led to the
concept of Pilot-based channel estimation. Increasing customer density and usage of
services demands optimised power allocation and faster scheduling of transmission.
The Base Station must monitor the channel conditions each time it connects and
suitably strengthen its signal, so as to effectively reach the user. This has been the

motivation to incorporate power allocation and adaptive beamforming for transmission.

The work primarily involved three stages, whose sequence of operations is as
follows: Recreating LTE PHY Modulation and Coding for an AWGN channel, which
adaptively changes the modulation scheme and performs Turbo coding, accompanied
with early termination for real-time communication, and rate matching for link
adaptation. Pilot-based OFDM Channel Estimation involves sending a downlink pilot
sequence, known to both base station and user equipment, through a realistic, multipath
fading channel. Signals are mapped to a Resource Grid and OFDM modulated, which
helps estimate the channel response. A distance based power allocation mapping is
made based on the Okumura-Hata Path Loss model, following which LMS algorithm

helps adaptively beam-steer the signal at the calculated power, to the user location.

The overall system block was modelled in MATLAB 2014a. The LTE-PHY
downlink module was tested for Bit Error Rate (BER) under changing conditions of
Signal to Noise Ratio (SNR). The communication blocks involved between the base
station and the user equipment have been successfully studied and analyzed.
Improvements were done on the code, with due consideration to stage-wise integration

and simulation time.
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CHAPTER 1
INTRODUCTION

The rapid surge in mobile services and data intensive applications like browsing,
social networking, and video streaming has become a major driving force for the
development of wireless standards. LTE (Long Term Evolution) and LTE-Advanced are
the latest mobile communications standards developed by the Third Generation Partnership
Project (3GPP), in order to meet the above requirements. LTE standardization was
announced to the world in 2008, which has now evolved into LTE-Advanced, bringing in
improvements in data rates and user experience. Fig. 1.1 shows the evolution in Wireless
Standards.

The goals and objectives of LTE and LTE-Advanced include enhanced radio access
rates, improvement in capacity, coverage, and spectral efficiency, flexible bandwidth
operations, low latency, reduced operation and maintenance costs, multi-antenna support,

and smooth integration with the Internet and existing mobile telecommunication systems.

Successful data transmission must happen under dynamic radio channel conditions
and taking user mobility into account. LTE thus brings in smart antenna, MIMO
technologies. Adaptive beamforming, and its necessary prerequisites are the factors

addressed in this project.

2 G 4G ...beyond

. 26 2.5G 3G 3.5G 3.9
IEEE
A P DD DD D

European @ @ -
standards @ @ / -

American

COMA-
standards @ - @

Advanced

1990 2000 2004 2010 time
Fig. 1.1 Wireless Standards Evolution [1]
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eNB = evolved Node B

Downlink
UE = User Equipment
7
] S
Uplink

UE

Fig. 1.2 LTE Nomenclature

In 3GPP nomenclature, shown in Fig. 1.2, the mobile unit is termed as UE (User
Equipment) whereas the base station is called as eNodeB (evolved Node B). Data
transmission from eNodeB to UE is referred to as a Downlink operation, and vice-versa.

The entire project involves LTE Downlink transmission scheme.

1.1 Key Technologies of LTE

The LTE enabling technologies, and what makes it so attractive as compared to the

remaining standards, include the following:

1. Downlink OFDM: The primary idea in OFDM is to divide the data transmitted on a

channel in the frequency domain and to arrange the symbols with multiple subcarriers.
The main reasons LTE selects OFDM as the basic transmission scheme is its robustness
to high spectral efficiency, multipath fading channel supports frequency-selective
scheduling, low-complexity implementation, MIMO transmission, and interference
coordination. OFDM estimates the channel frequency response in a simple and intuitive
method, based on pilot signals. With an accurate estimate of the receiver channel

response, the best replica of the transmitted signal can be recovered using an equalizer.

2. Uplink SC-FDM: The huge variations in the transmit power hugely affect the Uplink

operation, resulting in efficiency reduction of UE power consumption. The design of
complex power amplifiers is a tough task especially for uplink transmission. Thus,

uplink transmission uses SC-FDM.

Department of Electronics & Communication Engineering 3
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3. MIMO: Apart from increase in demand for more bandwidth, the cellularization,
sectorization and the improvement in air interface capabilities, the performance
enhancement of wireless systems’ can be done with the help of smart antennas, which
is the concept behind MIMO. MIMO for LTE can be categorized into the following
areas: transmit and receive diversity, adaptive beamforming, and importantly spatial
multiplexing. The data rates can be improvement is directly proportional to the number

of transmitter antennas.

4. Evolution of Channel Coding: Unlike Convolutional coding, which was used in all

previous standards, LTE has introduced Turbo Coding. They aim at increasing
efficiency, by using an early termination mechanism, which depends on code quality.
Instead of completing all iterations, the decoding can be terminated if there is no CRC

error.

5. Channel-dependent Scheduling and Link Adaptation: Link adaptation involves altering

and adapting the properties of a mobile communication system to respond to the
dynamic nature of the channel. Different modulation schemes and coding techniques
can be applied, number of transmit and receive antennas and bandwidth changed,
depending on the channel quality at that instant. Channel-dependent scheduling caters
to as many users in the range, while ensuring the best quality-of-service levels based

on the existing instantaneous channel condition.

1.2 Literature Survey

This survey has been organized in three parts, and is as follows:
1. Pilot Based Channel Estimation
2. Power Control

3. Adaptive Beamforming

1.2.1 Pilot Based Channel Estimation

OFDM is fast gaining popularity in modern communication systems due to its ability to

transmit high amount of data at comparatively slower symbol rates and its favourable

Department of Electronics & Communication Engineering 4
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performance in presence of fading. Usage of OFDM has been proposed for 4G mobile
communication and several IEEE communication standards. For the design of a channel
estimator in OFDM systems, insertion of pilot signals prove vital. Pilot signals are
reference signals that are inserted into the payload and are used by both transmitters and

receivers. There are two types of pilots - block type and comb type.

A robust beam-forming for the adaptive antenna array of base station is proposed in
reference [1, 2] with the help of orthogonal pilot signals. It demonstrates that the channel

response can be accurately estimated using a finite length spread sequence.

Alexander Seeger.et.al explains a novel method to achieve both beamforming gain and
diversity gain by means of a feedback of downlink characteristics from eNodeB to UE in
reference [3]. The paper aims at reducing effect of feedback errors by a scheme called

antenna weight verification which increases the accuracy of estimation and reduces errors.

Shirish Nagaraj and Yih-Fang Huang propose a channel estimation scheme that is based
on channel state information in [4, 5]. The proposed system was used to adaptively estimate
the downlink fading channel at the base station. The most optimal mode of transmission
can be determined from the channel co-efficients. The channel estimation requires
calculation at the mobile end by receiving the pilot signal. The simulations show

considerable improvement in beamforming gains with the addition of feedback scheme.

The effect of inaccurate channel state information is analysed in [6, 7] in terms of average
bit error probability, spectral efficiency and outage probability on transmit beamforming
over MIMO Rayleigh channels using pilot modulation. Inaccurate CSI accounts for

estimation, prediction errors leading to mismatch in beamforming weights.

Channel estimation proposed exploits the control area channel estimation for LTE
downlink in [8, 9]. The LTE standards adopt training data known as cell specific reference
signals to estimate channel response accurately. Due to very high accuracy of control area
channel estimation, the output of control area channel is used as a virtual pilot to estimate

the channel response.

A new pilot-aided algorithm for the estimation of fast time-varying channels in OFDM
transmission is proposed in reference [13, 14]. Unlike many existing OFDM channel

estimation algorithms in the literature, it proposes to perform channel estimation in the
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frequency domain, to exploit the structure of the channel response, optimize the pilot group
size and perform most of the computations offline resulting in high performance at

substantial complexity reductions.

The use of decision directed (DD) channel estimation in a multiple-input multiple-output
(MIMO) orthogonal frequency division multiplexing (OFDM) downlink receiver is studied
in reference [15]. The 3GPP LTE based pilot structure is used as a benchmark. The space-
alternating generalized expectation-maximization (SAGE) algorithm is used to improve
the performance from that of the pilot symbol based least-squares (LS) channel estimator.

An enhanced DFT-based channel estimation technique for the long term evolution (LTE)
based cellular uplink is proposed in [16]. A sinc-null based noise power estimation method
in conjunction with a dynamic noise removal technique is proposed to suppress the noise

in the time domain and achieve better performance while keeping the complexity in check.

The channel estimation algorithms for the downlink of 3GPP LTE systems is compared in

reference [17]. This helped us decide on the algorithm.

An enhanced channel estimation method for multi-user multiple-input multiple output
(MU-MIMO) based long term evolution (LTE)-Advanced system is presented in [18]. The
proposed method partially estimates and eliminates the multi-user interference using a
simple pilot matrix inversion based scheme. A channel estimation scheme with adaptive

noise and interference weighting method to increase the estimation accuracy is applied.

The LTE channel estimation algorithm based on the pilot location is studied in reference
[19]. According to the disadvantage of large computation and complexity about MMSE, a
simplified algorithm based on singular value decomposition SVD is used to reduce the

operation complexity.

The channel estimation and data detection for Long Term Evolution (LTE) air interface
over time varying frequency selective channels using a modified superimposed training
(SIT) sequence method are discussed in [20]. This method can be significantly improved
the accuracy by exploiting time and frequency correlations between the channel frequency
response coefficients (coherence time and coherence bandwidth).

Department of Electronics & Communication Engineering 6
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1.2.2 Power control

An enhanced closed loop power control technique for UTRA TDD, which adapts the step
size according to relative path loss (or power) measurements at the transmitter side is
proposed in [21]. It shows that the link-level performance of the proposed power control
can be significantly better than the existing closed loop power control. The largest gains

are obtained for slow and moderate fading channels.

The performance of 3GPP Long Term Evolution (LTE) closed loop power control
combined with fractional path loss compensation factor is evaluated by simulating the
effects of open loop error, Transmit Power Control (TPC) command delay and power
headroom reporting in reference [22]. It shows that the closed loop power control with
fractional path loss compensation factor is advantageous compared to closed loop power

control with full path loss compensation.

The system performance of a truncated closed-loop power-control (TCPC) scheme for
uplinks in direct-sequence/code-division multiple-access cellular systems over frequency-
selective fading channels has been analyzed in [23]. In this TCPC scheme, a mobile station
(MS) suspends its transmission when the short-term fading is less than a preset cutoff
threshold; otherwise, the MS transmits with power adapted to compensate for the short-
term fading so that the received signal power level remains constant.

A new variable step closed-loop power control algorithm (VSPC) and fixed-step
closed loop power control with information feedback (FSPC-IF), that are able to increase
speed of convergence and alleviate the effect of the loop delay have been presented in [24].

The difference in performance between pure open-loop and combined open and closed-
loop power control has been analyzed in [25] and the different behavior of fractional vs.
full path-loss compensation has been evaluated. It demonstrates the effect of distance path-
loss of a test user on several physical layer performance metrics including throughput,

resource allocation as well as modulation and coding scheme utilization.

A feasible UL power control mechanism is proposed in [26] to manage eNB-to-eNB
interference, where different UL power control parameters are set based on different

interference level.
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Arne Simonsson presents the 3GPP long term evolution (LTE) power control mechanism,
and compares its performance to two reference mechanisms in [27].
The LTE power control mechanism constitutes of a closed loop component operating
around an open loop point of operation. Specifically, the open loop component has a
parameterized fractional path loss compensation factor, enabling a trade-off between cell
edge bitrate and cell capacity. The closed-loop component can be limited to compensate
for long-term variations, enabling fast channel quality variations to be utilized by
scheduling and link adaptation.

Resource scheduling algorithm with power control technique is proposed in [28], which
considers channel characteristics and minimum power requirement at the base station for

successful reception of a signal.

1.2.3 Adaptive Beamforming

Beamforming uses antenna arrays to concentrate energy in a particular direction,
increasing directivity and also reducing interference. 3GPP LTE and LTE-Advanced have
introduced MIMO to improve spectral efficiency. E.M. Al-Ardi et al in [29] performs an
evaluation of the Least Mean Square algorithm in adaptive beamforming. The evaluation
takes into consideration the number of elements in the array, physical spacing between
them, number of signals incident and their angular separation. A new technique to mitigate
the inter cell interference for cell edge users inLTE-A system

with adaptive beamforming technique is introduced in reference [30].

Antenna arrays facilitate MIMO by efficiently using both the elevation and
azimuthal domain as explained in [31]. [32, 33] also explains the way in which antenna
arrays provide additional degrees of freedom. The adaptive antenna array system comprises
of transceiver unit, radio distribution network and antenna array unit [35]. The transceiver
can be considered as a set of logical antenna ports. The transceiver signal is delivered to
the antenna elements from the radio distribution network. Transceivers can be configured
adaptively to multiplex a number of users [5]. It also suggests the use of pilot signals to
determine the channel state information (CSI). [6] Investigates the channel characteristics

in presence of different configurations of antenna array systems.
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1.3 Motivation

The number of mobile phone users has grown rapidly worldwide in recent years.
Moreover, these users have increased their demand on bandwidth and quality of
services. For this reason the existing technologies must be continually improved to meet in
fast and adequate market demand. On the other hand in order to offer bigger capacity to
the users the operators require technologies more efficient in the use of resources to reduce
costs. The LTE network platform is able to deliver best mobile broadband services to the
customer that can support the fast growth rate of subscriber including with high data rates.
But it suffers from problems such as interference, constantly varying channel conditions,
fading (both large scale and small scale) and power allocation. These problems are to be
tackled efficiently while ensuring the adequate quality of service levels. The need of the
hour is also to take into consideration fading effects, power requirements and dynamicity

of the channel as well as of the user. These all worked as a motivation for this project.

MODULATION AND PILOT SYMBOL |__| CHANNEL | PILOT SYMBOL DEMODULATION

| |
! |

CODING BLOCKS _:" GENERATION ESTIMATION EXTRACTION | AND DECODING
! |

BLOCKS
r—-—— - - - — — ——— ———— — — —— — — 1
| |
Il ADAPTIVE BEAMFORMING | (] POWER « | PATHLOSS |
| FOR USER DATA ALLOCATION caLcutation | 17
| |
| |

Fig. 1.3 System Block Diagram

1.4 Problem Statement

Wireless communication in LTE involves multi-user, fading environment, with

dynamic channel conditions. This requires that the eNodeB antennas must:

> Adaptively steer the signal to the User Equipment
» With a suitable power

> Based on real-time channel conditions
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This project addresses the above requirements by simulating Pilot-based downlink
channel estimation, Okumura-Hata path loss model, distance-based power allocation and

LMS adaptive beamforming in MATLAB.

1.5 Objectives
For the successful completion of this project, the objectives that were met are as follows

1. Understanding of LTE-PHY and its enabling technologies such as OFDM, Transmit

Diversity, Adaptive modulation
2. Recreate LTE PHY modules that implement LTE-specific Modulation and Coding

3. Pilot-based downlink OFDM Channel Estimation techniques, incorporating multipath

fading and Doppler effects

4. Path Loss calculation and Distance Based Power allocation for mapping UE location
and Power required, LMS Adaptive beam-steering through eNodeB antenna array

1.6 Methodology

To maintain connection between the UE and eNodeB antennas during data
transmission, channel has to be monitored and suitable power needs to be allocated to each
user. The project can be divided into blocks as shown in Fig. 1.3, each of which is mapped
to the Chapter as mentioned under motivation. Each block comprises of multiple modules,

with the sequence of operations as follows:

BLOCK EARLY TERMINATION
SEGMENTATION TURBO ENCODING MECHANISM RATE MATCHING
MODULATION _ < CODEWORD
MAPPING D SCRAMBLER ) RECONSTRUCTION

Fig. 1.4 Modulation and Coding blocks — Chapter 3

One of the complexities of mobile communication is the dynamic conditions of the user
equipment and the channel. Since the number of users in a cell might vary, the system must

maintain very low BER. Modulation and Coding schemes specific to LTE were realised
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for an AWGN Channel, with each component’s contribution validated through BER vs
SNR plots. The block included adaptive modulation, scrambling, Turbo Coding,
accompanied with early termination for real-time communication and rate matching for
link adaptation (Chapter 3).

RESOURCE GRID PILOT SIGNAL RESOURCE ELEMENT OFDM SIGNAL CHANNEL
CONFIG.URATION GENERATION MAPPING GENERATION MODELING

Fig. 1.5 Pilot Symbol Generation — Chapter 4

CHANNEL

ESTIMATION INTERPOLATION

\ 4

EQUALISATION

\ 4

Fig. 1.6 Channel Estimation — Chapter 4

For constant monitoring of the channel condition, eNodeB and UE require a reference
signal through which the channel effect can be felt at both ends. This led to the concept of
Pilot-based channel estimation. Modulation and coding performed for an AWGN Channel
was extended to a realistic, fading OFDM channel. Resource Grid configuration, pilot

signal generation, element mapping are the stages involved. (Chapter 4).

PATH LOSS POWER ADAPTIVE BEAMFORMING
CALCULATION ALLOCATION FOR USER DATA

Fig. 1.7 Power Control and beamforming — Chapter 5

Increasing customer density and usage demands faster scheduling of transmission.
eNodeB must monitor the channel conditions each time it connects and suitably strengthen
its signal, so as to effectively reach the user. Okumura-Hata Path Loss calculation
determines the minimum amount of power to be transmitted to the UE for proper reception
of signal. Distance Based Power control provides a CQI through which UE distance from
the eNodeB can be mapped to evaluate Power allocation. The eNodeB signal is finally sent
to the UE location by performing LMS Adaptive beam-steering, nulling the signal in the
direction of interferers, i.e. other UEs. (Chapter 5).
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1.7 Specifications

3GPP has released the 36-series of specifications specifically for LTE, LTE-

Advanced radio technology. The series contains 237 specifications. Table 1.1 provides a

list of specifications that hold relevance to the project.

Table 1.2 gives a list of LTE PHY Downlink, block diagram specifications used in the

project. Some parameters like Frequency range, Subcarrier spacing, Modulation Schemes
etc. are standardized by 3GPP.

Table 1.1 LTE Specifications

Specification No. Description
TS 36.101 User Equipment (UE) radio transmission and reception
TS 36.104 Base Station (eNodeB) radio transmission and reception
TS 36.201 LTE physical layer: General description
TS 36.211 Physical channels and modulation
TS 36.212 Multiplexing and channel coding
TS 36.213 Physical layer procedures
TS 36.214 Physical layer measurements
TS 36.305 Functional specification of User Equipment (UE) positioning
TR 36.824 LTE coverage enhancements
TR 36.863 Study on Cell-specific Reference Signals (CRS)
TR 36.897 Study on Elevation Beamforming for LTE
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Table 1.2 Project Specifications

SI No Parameter Specifications
1 LTE Version Release 8
2 Layer involved LTE PHY — Layer 1
3 Mode and Duplexing Downlink, FDD
4 Frequency Bands 25 for FDD, 11 for TDD
5 Frequency range 1.9 GHz t0 3.8 GHz
6 Subcarrier spacing 15kHz
7 Channel Bandwidth (LTE specified) 1.4-20 MHz
8 Num?[e)regferijessglrj]r;evvlilocks 6-100
9 Subcarrier per Resource Block 12
10 OFDM symbols per Resource Block 7
11 Types of Channel Information 6
SI No Block Specifications
1 Modulator/Demodulator (Adaptive) QPSK, 16-QAM, 64-QAM
2 Scrambler/Descrambler Number of shift registers:31
3 Turbo Encoder/Decoder Rate: 1/3, Block Size: 40-6144
4 CRC Generator/Detector Length: 24 bits
5 FET (gé‘r’]‘é‘\‘lvsl:jzti ﬂi‘;g;‘ds on Size: 128-2048
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1.8 Organization of the report

In each chapter, blocks are modelled in MATLAB that iteratively and progressively
build up components of the LTE PHY.

Chapter 1 explains the need for LTE, Adaptive Beamforming, and Power Control.
Problem Statement, Motivation, Methodology, Block Diagram, Specifications, and

organisation of the project have been discussed.

Chapter 2 is an insight into the numerous tools and features of MATLAB:
Toolboxes and System Objects, which are used for the modelling and simulation of LTE
PHY blocks.

Chapter 3 implements LTE PHY downlink model as per the standard. It is modelled
in MATLAB to obtain stage-wise results of modulation and coding techniques, assuming

an AWGN Channel. BER versus SNR plots are used for performance analysis.

Chapter 4 considers a realistic, fading channel to realise pilot-based OFDM Channel
Estimation. Resource signal generation, Element Mapping, Grid configuration, OFDM
signal transmission, Channel Response Estimation, Equalization are the sections involved.

Chapter 5 describes operations performed on the estimated channel to evaluate the
power required by a user, at a particular distance from the eNodeB. Okumura-Hata Path
Loss modelling, distance-based power allocation, LMS adaptive beamforming are

simulated using results from previous chapters.

Chapter 6 gives a summary of the work and concludes the project. Future work,

possible developments and learning outcomes have been discussed.
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Chapter 2

Software Requirements
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CHAPTER 2
SOFTWARE REQUIREMENTS

MATLAB is a widely-used and popular platform for algorithm development, data
analysis, numerical computation, and visualization.

Section 2.1 introduces the primary enabling modules for LTE PHY simulation. Section
2.2 shows how system objects help write MATLAB scripts at every stage. Section 2.3
illustrates performance measures such as BER versus SNR that have been plotted to ensure
proper modelling of blocks. Programs for the entire block diagram, specified as per
standard, has been successfully written and verified, as explained in Section 2.4.

2.1 MATLAB with LTE-enabling Toolboxes

MATLAB’s additional plugin-like software Kits are called toolboxes. They offer
specific mathematical functionalities, particularly in the fields of signal processing and
communications. They supplement the basic MATLAB library and offer functions that are
application-specific and objects that help accelerate the procedure of developing and
making algorithms and systems. These algorithmic in-built utilities help us concentrate on

our area of application rather than the need to re-implement the basics.

Two system toolboxes — DSP System Toolbox [32], Communications System Toolbox
[33], are particularly helpful for LTE PHY simulation.

2.1.1 DSP System Toolbox

The DSP System Toolbox gives inbuilt functionality for algorithms and tools that
perform basic signal processing. It includes a host of specialized filter design capabilities,
FFTs (Fast Fourier Transforms), and algorithms built in as System objects that make the
job of processing information and creating real-time archetypes easier. It contains tools for
that perform specific functions like connecting to audio files and devices, performing
spectral analysis, and using interactive visualization techniques that allow the user to
analyze system behavior and performance. All these modules support C/C++ code
production automatically; most also support fixed-point data, and a few allow generation
of HDL code.
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2.1.2 Communications System Toolbox

The Communications System Toolbox offers tools and algorithms for the design,
simulation, and evaluation of communications systems. This has specific designs for the
modeling of the PHY of communications systems. It has documentation and functionality
for modules like those for source coding, channel, channel coding, interleaving,
modulation, equalization, synchronization, MIMO, and channel modelling, that are
provided as MATLAB functions, system objects, and Simulink blocks, so that they can be
used as part of system models. It also supports C/C++ code creation in the form of
‘MATLAB Coder’.

2.2 System Objects

System objects are a very useful, easy and convenient way of expressing
communications systems and they make the developed MATLAB programs more
comprehensible and sharable. They are MATLAB objects that denote time-based and
executable algorithms and are organized as objects to make them simpler to use and

virtually self-documenting.

2.2.1 Example of Communications System Toolbox

The comm or communication package of the Communications System Toolbox
contains System objects and their names begin with the general prefix “comm.” The
following command needs to be typed at the MATLAB command prompt to to access all
of the System objects of the Communications System Toolbox:
>> comm.<Tab>
The command results in an alphabetically ordered list of all the System objects existing in
the toolbox. In the latest release of MATLAB (version 2015b), the Communications

System Toolbox comprises a total of 123 algorithms offered as System objects.

Every System object has two parameters: properties and methods. Default properties
appear when they are created. By looking at the property list of a given System object, the
parameters it can take and the values normally allocated to them can be found out.
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The step command is the main method of execution of a System object. Once an object
is created and configured, inputs can be passed and its step method can be called to generate

outputs.

The starting point for using MATLAB in this project was through the system object
comm.QPSKModulator, whose instance was created. The following procedure was used to

understand QPSK Modulator, and can be generalized to any system object:

1. Look for the system object in the command window

>> helpwin comm.QPSKModulator

2. Syntax for creating the system object

H = comm.QPSKModulator creates a modulator System object, H. This object

modulates the input signal using the quadrature phase shift keying (QPSK) method.

H = comm.QPSKModulator(Name,Value) creates a QPSK modulator object, H, with
the specified property ‘Name’ set to the specified ‘Value’.

3. Step method syntax:
Y = step(H,X) modulates input data, X, with the QPSK modulator System object, H. It

returns the baseband modulated output, Y.

4. QPSKModulator properties:
> PhaseOffset - Phase of zeroth point of constellation
> Bitlnput - Assume bit inputs
» SymbolMapping - Constellation encoding
» OutputDataType - Data type of output

The MATLAB code for using the above system object is as shown below:

data = randi ([0 171,96,1);

hModulator = comm.QPSKModulator ('BitInput', true);
hModulator.PhaseOffset = pi/16;

modData = step (hModulator, data);

scatterplot (modData)
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222 Functions using System Objects

A MATLAB function is written that represents a QPSK transceiver block. This
function takes three inputs. The code processes each En/No value by running it in a while
loop until either the specified maximum number of errors is observed or the maximum

number of bits is processed. It computes two outputs, whose plot is shown in Fig. 2.1

Table 2.1 QPSK Transceiver

SL FUNCTION INPUT FUNCTION SYSTEM OBJECTS
NO PARAMETERS OUTPUT USED
1 En/No value Bit Error Rate comm.QPSKModulator
5 Limit on maximum Number of bits comm.QPSKDemodulator
number of errors processed
3 Limit on maximum comm.AWGNChannel
number of bits processed

2.3 Stage-wise BER Measurements

Every section in the LTE PHY block will undergo performance analysis in terms
of BER vs SNR measurements. Listed in Table 2.1, the function is a part of the ‘main’

program, which will be iterated to obtain plots for varying SNR values.

The system object that helped in modelling the realistic, multipath fading channel,
comm.LTEMIMOChannel, has the following properties:

SampleRate - Input signal sample rate (Hz)

Profile - Channel propagation profile

AntennaConfiguration - Antenna configuration

CorrelationLevel - Spatial correlation strength

AntennaSelection - Optional transmit and/or receive antenna selection
RandomStream - Source of random number stream
NormalizePathGains - Normalize path gains

NormalizeChannelOutputs - Normalize channel outputs

© o N o g B~ w D PE

PathGainsOutputPort - Enable path gain output
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Fig. 2.1 BER vs SNR of QPSK Modulator as a system object
2.4 Summary

In this Chapter, simulation of a simple communication channel setup has been
successfully verified. For each component progressively added, the BER reduced, for a
given value of SNR. All the blocks were tested through a random input generated by
MATLAB and passing it throughout the chain of both transmitter, receiver blocks. If the
input was same as the output, then it was confirmed that the blocks are functioning as

prescribed.

Inclusion of System Objects has greatly helped in easy verification of each
progressively added block, owing to its property of repeatability. MATLAB version 2014a
has been used, so as to utilise the latest toolboxes related to LTE. The next chapter primarily
deals with an LTE-based modulation and coding scheme which helps pass data through an
AWGN channel.
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Chapter 3
LTE-PHY Modulation and Coding
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CHAPTER 3
LTE-PHY MODULATION AND CODING

Modulation and coding at the transmitter, along with their reverse operations, namely
demodulation and decoding at the receiver are the primary blocks of any wireless
communication system. In this chapter, Signal Processing of LTE Physical Layer (LTE
PHY) will be dealt with, as explained in Section 3.1 and 3.2.

Section 3.3 is organised as follows. Three modulation schemes are adaptively used in
the case of LTE, which changes depending on the user distance from eNodeB. The coding
block involves scrambling, turbo coding, early termination mechanism, rate matching and
codeword reconstruction. All the blocks were simulated in MATLAB, BER vs SNR plots
verified. All this was done with the assumption of transmission through AWGN Channel.

Realistic LTE wireless channel will be dealt with in the next chapter.

[T Layer 3 Radio Resource Control
| |

Logical channels

mover: [
|

. Layer 1 Physical Layer

Physical channels

Transport channels

Fig. 3.1 LTE network architecture [1]
3.1 LTE Physical Layer (PHY)

The LTE network architecture is illustrated in Fig. 3.1, out of which only the LTE
Physical Layer was necessary for the project. LTE PHY includes the processing performed
on bits of data that are handed down to the PHY, from the higher layers. It explains the
mapping of physical channels to transport channels, their signal processing operations, and

how data are ultimately transmitted through the antenna.
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3.1.1 Block Diagram of LTE-PHY

Fig. 3.2 illustrates the LTE downlink PHY model, the dotted lines representing the
modules used in this chapter. This can be broadly divided into two sections:

First, the data is multiplexed and encoded in a step known as Downlink Shared
Channel processing (DLSCH). It involves attaching a CRC code for error detection,
segmenting the data into smaller chunks known as sub-blocks, undertaking channel-coding
operations based on turbo coding for the user data, carrying out a rate-matching operation
that selects the number of output bits to reflect a desired coding rate, and finally
reconstructing the codeblocks into codewords.

The next phase is termed Physical Downlink Shared Channel Processing (PDSCH).
Here, the codewords first become subject to a scrambling operation and then undergo a
modulation mapping that results in a modulated symbol stream. Precoding and layer
mapping are the two MIMO operations. Precoding scales and organizes symbols allocated
to each sub-stream and layer mapping selects and routes data into each substream to
implement one of the nine MIMO modes specified for downlink. The final step is the
multicarrier transmission, which is based on the OFDM scheme in downlink.

DLSCH
CRC attachment processing
Subblock
segmentation

Channel coding
(turbo encoder)

Rate matching

—_—— e | — — — e — — — —— — — — —

Codeword

reconstruction MIMO OFDM
PDSCH OFDM
processing Symbols
. 4 4 for multiple
v v - SFOM transmit
- Modulation . Layer esource . antennas
mapping || pet || conemten ||

|

Fig. 3.2 Physical layer specifications in Downlink LTE [1]
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3.1.2 PHY Properties

1. Frequency Bands - ITU IMT Advanced (International Telecommunications Union
International Mobile Telecommunication) has stated, the paired bands used in FDD
duplex mode are numbered from 1 to 25 and the unpaired bands used in TDD mode
are numbered from 33 to 43. FDD is the scheme used in the project.

2. Allocation of Bandwidth - The IMT-Advanced guidelines require spectrum flexibility
in the LTE standard, which is manifested by a list of spectrum allocations ranging from
1.4 to 20MHz. The frequency spectra in LTE are formed as concatenations of resource
blocks consisting of 12 subcarriers. Since subcarriers are separated by 15kHz, the total
bandwidth of a resource block is 180kHz. This enables transmission bandwidth

configurations of from 6 to 110 resource blocks over a single frequency carrier.

3. Time Framing - In the time domain, LTE organizes the transmission as a sequence of
radio frames of length 10ms. Each frame is then subdivided into 10 subframes of
length 1ms. Each subframe is composed of two slots of length 0.5ms each. Finally,
each slot consists of a number of OFDM symbols, either seven or six depending on
whether a normal or an extended cyclic prefix is used. Fig. 3.3 shows the LTE time-

domain structure.

4. Time-Frequency Representation - The most attractive feature of OFDM is that it maps
explicitly to a time—frequency representation for the transmitted signal. After coding
and modulation, a transformed version of the complex-valued modulated signal, the
physical resource element, is mapped on to a time-frequency coordinate system, the
resource grid. LTE Resource Grid, and subframe structure are shown in Fig. 4.1, 4.2
respectively. The resource grid has time on the x-axis, indicating the OFDM symbol
to which it belongs and frequency on the y-axis, which signifies the OFDM subcarrier

to which it belongs.

Before modulation and coding can happen, inputs from the upper layer to each block must

be clearly mapped. This logical mapping is termed as PHY Processing.
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Fig. 3.3 LTE time-domain structure [1]
3.2 PHY Processing

Fig. 3.4 shows the mapping of the three LTE downlink channels. The operations

performed by each channel is as follows:

DTCH CCCH DCCH BCCH PCCH

- - |Logical Channels

PCH
/v> Transport Channels
DCI
(*_—1%

— CS é} CB .- é - |Physical Channels

PDCCH PHICH PCFICH PMCH

Fig. 3.4 Mapping LTE downlink logical, transport, and physical channels
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1. Logical channels represent the data transfers and connections between the radio link
control (RLC) layer and the Medium Access Control (MAC) layer.

2. Transport channels connect the MAC layer to the PHY and the physical channels are
processed by the transceiver at the PHY. Data transmission in downlink and uplink
uses the DL-SCH (Downlink Shared Channel) and UL-SCH (Uplink Shared Channel)

transport channel types respectively.

3. Physical channel contain the time-frequency resources used for sending a transport
channel. Each transport channel is mapped to a physical channel. Each physical channel
is specified by a set of resource elements carrying information from higher layers of
the protocol stack for eventual transmission on the air interface.

3.3 Modulation and Coding

This chapter will first, describe channel coding, scrambling, and modulation resulting
in modulated symbols. Each block will be performance measured according to elapsed time
and BER vs SNR plots. A standard input-output scheme has been used for all the BER

generation function, and is shown below in Table 3.1.

Table 3.1 BER calculation functions

S(L) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Modulation mode (QPSK, 16-QAM, 64-QAM)
BER
2 | SNR Eun/No — Given as a range in the main program
3 Maximum acceptable errors in a transmission
Number of bits processed
4 Maximum number of bits sent in a transmission

Typical values of acceptable errors is 200 and number of transmitted bits is 10 million, the

range of SNR varying from one block to another, typically 1 to 3 dB.
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3.3.1 Modulation Schemes

The modulation schemes used in the LTE standard include QPSK (Quadrature
Phase Shift Keying), 16QAM (Quadrature Amplitude Modulation), and 64QAM. Fig. 3.5
shows the constellation diagrams of these three modulation schemes.

In the case of QPSK modulation, each modulation symbol can have one of four
different values, which are mapped to four different positions in the constellation diagram.
QPSK needs 2 bits to encode each of its four different modulation symbols. Similarly,
16QAM modulation involves using 16 different signalling choices and thus utilizes 4 bits
of information to encode each modulation symbol, and 64QAM modulation involves 64
different possible signalling values and thus requires 6 bits to represent a single modulation
symbol.

1. QPSK - It is the most often used scheme since it does not suffer from BER degradation
while the bandwidth efficiency is increased. In a QPSK system, data bits are divided
into groups of two bits, called dibits. There are four possible dibits, 00, 01, 10, and 11.
Each of the four QPSK signals is used to represent one of them. The signal constellation
in Fig. 3.5 uses the Gray coding. In QPSK, the phase of the carrier takes on one of the

four values, such as n/4, 3n/4, 5n/4 and 7n/4. The transmitted signal can be defined as:

S.(t) = {w/ZE/Tcos[Zﬂfc(t)+ @i-Dn/4  g<i<T (3.1)

Where i =1, 2, 3, 4. E is the transmitted energy per symbol, T is the symbol duration and

the carrier frequency fc. Each possible value of the phase corresponds to a dibit.

The two orthogonal basis functions are given by:
o, () = \E cos(2mf.t) (3.2)

b, (1) = \E sin(2mf,t) (3.3)

There are four message points and associated signal vectors are defined by equation (3.1).
A QPSK signal has a two-dimensional constellation and four message points as illustrated

in Fig 3.5 A. The transmitted signal energy per symbol is twice the signal energy per bit.
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EZZEb

The average probability of symbol error in terms of the ratio E, /N,

P, = erfc(y/Ep/Ny)

The bit error of QPSK is given by:

BER = &f¢WEb/No) VZEb/No) (3.4)

2. QAM - Modulation involves transmitting a sequence of waveforms si(t) of equal
duration T, where each waveform is chosen independently from a set of M. This allows
us to transmit up to b = log2M bits per symbol. A common sets of such symbols are
those where the real and imaginary parts of the complex baseband signal are each

modulated in amplitude. This known as Quadrature Amplitude Modulation (QAM).

Some of the common forms of QAM include 16 QAM, 32 QAM, 64 QAM, 128 QAM,
and 256 QAM. The number of points on the constellation, as shown in Fig. 3.5 the number

of distinct states that can exist.

The various flavours of QAM may be used when data-rates beyond those offered by 8-
PSK are required by a radio communications system. This is because QAM achieves a
greater distance between adjacent points in the 1-Q plane by distributing the points more
evenly. And in this way the points on the constellation are more distinct and data errors are
reduced. While it is possible to transmit more bits per symbol, if the energy of the
constellation is to remain the same, the points on the constellation must be closer together
and the transmission becomes more susceptible to noise. This results in a higher bit error
rate than for the lower order QAM variants. In this way there is a balance between obtaining
the higher data rates and maintaining an acceptable bit error rate for any radio

communications system.

M-ary QAM is a two dimensional generalization of M-ary PAM. Thus, its formulation

involves two orthogonal passband basis functions:

o, (t) = \E cos(2mf.t) (3.5)
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b, () = \/% sin(2mf.t) (3.6)

The signal constellation for 16 QAM and 64 QAM is shown in figures 3.5 B and 3.5 C.
The signal constellation diagram consists of both in-phase and quadrature components. If
Eb is the energy of the signal with lowest amplitude, the generalized equation for

probability of error of a M-ary QAM system is given by:

1
P, =2(1- \/—M)erfc(,/Eb/No) (3.7)
M=16,
P, = 1.5 erfc(y/Ep/Ny)
M=64,
P, = 1.75erfc(y/Eyp/N,)
Table 3.2 Modulator function
SL FUNCTION INPUT FUNCTION
NO PARAMETERS OUTPUT SYSTEM OBJECTS USED
1 Input bit stream QPSK — comm.PSKModulator
Modulated
» | Modulation mode (QPSK, symbols 16, 64 QAM — comm.
16-QAM, 64-QAM) RectangularQAMModulator
QPSK constellation 16QAM constellation
’ T [ \’ \’
15 3- @ ° ° ®
1 2
05 . . 1 o o o ®
05 -1 o o ® @
o o
-1 2
rrrrrTe
2 -4
-2 -15 -1 -05 0 05 1 15 2 -4 -3 -2 -1 0 1 2 3 4
real real
A B
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64QAM constellation

imag
o

Fig. 3.5 Constellation diagram of A — QPSK, B — 16-QAM, C - 64-QAM

From the above discussion, it is clear that the distance between the message points
of the M-ary PSK goes on decreasing as M increases leading to errors. Also, QAM out-
performs QPSK in noise performance.

The availability of multiple modulation schemes is instrumental in implementing
adaptive modulation based on channel conditions, and is one of the biggest improvements
LTE provides.

When the radio link is relatively clean — that is, the Signal-to-Noise Ratio (SNR) is
relatively high — modulation schemes of denser constellations such as 64QAM can be used.
In such a case, sending a single symbol results in the transmission of 6 bits and therefore
can increase our throughput. However, as the channel becomes noisier, using modulation
schemes with more intersymbol separation such as QPSK was found as the right choice.
This in turn will reduce the number of bits per sample and reduce the throughput.

3.3.2 Demodulation

All the receiver specifications presented in this chapter can be considered ‘inverse’
of operations specified in the transmitter. Demodulation is primarily based on either hard-
decision, where the input symbols are mapped to estimated bits, or soft-decision decoding,
input symbols being a vector of log-likelihood ratios (LLRs). Soft-decision decoding will

be incorporated in all further discussions.
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Table 3.3 describes the Demodulator function parameters. From Fig. 3.6, it can be

inferred that BER performance of QPSK is better than the other two modulation schemes

when there is a high signal-to-noise ratio. Whereas,the performance of 16-QAM and 64-

QAM deteriorates with increase in SNR. QAM schemes perform better even at low SNR

values.
Table 3.3 Demodulator function

SL FUNCTION INPUT FUNCTION
NO PARAMETERS OUTPUT SYSTEM OBJECTS USED

1 Received bit stream QPSK — comm.PSKDemodulator

- Demodulated
, | Demodulation mode (QPSK, symbols 16, 64 QAM — comm.
16-QAM, 64-QAM) RectangularQAMDemodulator

BER vs SNR: Modulation-Demodulation. Elapsed time is 4.8 seconds

0
10" ¢ T T T

[ [

[ [

[ [ [ [

QPSK

—— 16-0AM |
64-QAM H

[ [ [ [

10° [ [ [
00 1 2 3

4 5
SNR(Eb/No)

6 7 8 9 10

Fig. 3.6 BER vs SNR plot — Modulation-Demodulation

3.3.3 Scrambling

A bit-level scrambling sequence is used on the codeword bits formed in channel

coding. Different scrambling sequences are used in neighbouring cells to ensure that the

minimised interference. Based on the PHY cell identity, the sequence generators in the cell

are initialized.

Scrambling is composed of two stages: pseudo-random sequence generation and

bit-level multiplication. In the first stage, the sequence is generated by a Gold sequence of

length 31. The output is an exclusive-or operation applied to polynomials specifying this

pair of sequences. The polynomials specifying this pair of sequences are as follows:
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p1(X) =x3+x3+1

P2(X) = X3+ X3+ X2+ x+ 1

Since a scrambling operation helps in inter-cell interference mitigation, the plot

obtained earlier in Figure 3.6 are smoothened.

Table 3.4 Scrambler function

SL FUNCTION INPUT FUNCTION SYSTEM OBJECTS
NO PARAMETERS OUTPUT USED
1 Input bit stream Scrambled comm.GoldSequence
2 | Subframe index of the current frame sequence comm.IntegerToBit

o BER vs SNR: Scrambling-Descrambling. Elapsed time is 14.95 seconds.
10 g T T T T T T T T

—QPsk
——16-QAM|
64-QAM|

-6
10 [ [ [ [ [ [ [ [ [

5
SNR(Eb/No)

Fig. 3.7 BER vs SNR plot — Scrambling-Descrambling

Descrambling is the reverse of this operation, involving exclusive-or operation and PN-
sequence extraction respectively. Owing to the similarity of receiver blocks, the receiver

table of Turbo decoder, Rate de-matcher will not be dealt with.

Table 3.5 Descrambler function

SL FUNCTION INPUT FUNCTION
NO PARAMETERS outpur | SYSTEMOBJECTSUSED
1 Received bit stream Descrambled comm.GoldSequence
2 Subframe index of the sequence comm. Integer ToBit
current frame
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3.3.4 Turbo Coding

Turbo coders belong to parallel concatenated convolutional category of coding [2].
Turbo codes are formed by concatenating two conventional encoders in parallel, each of
which is separated by an interleaver.

LTE uses turbo coding with a base rate of 1/3 for its channel-coding scheme. It has
a parallel concatenation of two 8-state encoders separated by an interleaver. The output is
made of three streams. The first stream is referred to as Systematic bits, whereas the second
and third streams: outputs of the two encoders — are referred to as Parity 1 and Parity 2,
respectively. Each encoder is independently terminated by tail bits. So for an input block
size of K bits, the output is made of three streams of length K+ 4 bits. The relationship
between the output p(i) and the input index i is related by the quadratic polynomial
expression:

p(i) = (f1- i + 2+ i2)mod(K)

where K - size of the input block

fiand f> - constants depending on K.
For LTE, the input block size K can have 188 different values, the smallest block size being
40, up to 6143.

» Sk
»(+) »(+) > P1,
Input =?
Turbo code ~
interleaver
* P2,

Fig. 3.8 Block diagram of a turbo encoder
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Table 3.6 Turbo-Encoder function

SL FUNCTION INPUT FUNCTION
NO PARAMETERS OUTPUT SYSTEM OBJECTS USED
1 Input bit stream comm.TurboEncoder

Turbo-Encoded
bits Ploy2trellis

Interleaving indices
(generated by a function)

At the UE, turbo decoder inverts the operations performed at the encoder. Two A-
posteriori Probability (APP) decoders and two interleavers are used in a feedback loop.
APP decoder uses the same trellis structure as in encoder, as is the same interleaver. The
decoder’s complexity directly relates to the number of iterations. The turbo decoder input
needs to be expressed in LLRs, so soft-decision demodulation is used. The Decoder

function table is the same as that of encoder.

For three iterations, an approximate of 197 seconds was required, with 1.44 million
bits processed, out of which 203 bits had errors.

0 BER vs SNR: Turbo encoder-decoder. Elapsed time is 114.2 seconds
10" ¢ T T T I I

——QPSK i
——16-QAM ]
— 64-QAM |

S I I I I I
1
0 0 0.5 1 15 2 25 3

SNR(Eb/No)

Fig. 3.9 BER vs SNR plot —Turbo Encoder-Decoder

3.3.5 Early termination mechanism

The turbo decoder’s accuracy and performance depends on number of iterations,
but takes a lot of time for execution, which real-time LTE systems cannot afford.
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LTE provides a solution to this tradeoff by proposing early termination mechanism,
which is integrated with the turbo encoder. This is achieved by appending a CRC checking
syndrome as encoder’s input, which helps detect the presence of bit errors at the end of
every iteration. There is now an option of stopping the decoding early at an iteration, if the
CRC check does not indicate any error. Table 3.7 describes the Early termination function,
whose output is shown in Fig. 3.10. There is a huge reduction in the elapsed time as

compared to standard Turbo coding.

Table 3.7 Early termination function

SL | FUNCTION INPUT FUNCTION
NO PARAMETERS OUTPUT SYSTEM OBJECTS USED
1 Input bit stream Turbo-Encoded comm.CRCGenerator
— urbo-
5 Interleaving indices and Decoded bits comm.CRCDetector
(generated by a function) '

>» EbNo=1; maxNumErrs=le7; maxNumBits=1e7;

tic; [a,b]=Turbo (EbNo,maxNumErrs, maxNumBits); toc;

tic; [a,bl=Early Termination (EbNo,maxNumErrs, maxNumBits); toc;
Elapsed time is 197.80029%2 seconds.

Elapsed time is 116.1%85952 seconds.

Fig. 3.10 Comparison of Turbo Coding, without and with Early Termination

3.3.6 Algorithm for Rate Matching

A turbo coding operation with a coding rate of 1/3 has been considered so far.
Implementation of adaptive coding involves rate matching. It helps augment the throughput
based in the channel conditions. In the case of low-distortion channels, the data with coding
rates near unity can be coded, which reduces the number of bits transmitted for forward
error coding. In degraded channels, the number of error-correction bits can be increased by

using smaller coding rates.

In channel coding with rate matching, a constant 1/3-rate turbo coder is used along
with rate matching to arrive at any desired rate. If a rate lower than 1/3 is requested, the
turbo coder output bits are repeated. For rates higher than 1/3, some of the turbo coder
output bits are punctured or removed. The puncturing of the code is based on an
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interleaving method. Rate matching is composed of: interleaving of subblock, Parity-bit

interlacing, bit selection and transmission based on rate.

Table 3.8 Rate Matching function

ISI(L) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Output from 1/3 Turbo Encoder Rate-matched output o
2 Block size Turbo-decoder

After early termination and rate matching, an approximate of 66 seconds was taken
to process 5 million bits in three iterations, with 24 errors. This is a drastic improvement
as compared to the previous result. Fig. 3.11 compares BER vs SNR for 1/2 and 1/3 rate
coding. Thus, each block iteratively improves the performance of LTE coding scheme.

1(}0 E T T T I =
= —— Rate third turbo coding;
i Rate half turbo coding []
101E 3
102 3
i = 3
Ll L |
m L hi
10°F 3
10 g E
1075 | I | | | I
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Eb/No

Fig. 3.11 BER vs SNR plot for 1/3 and 1/2 rate

3.3.7 Channel Processing

Fig. 1.4 illustrates channel processing, which represents the overall LTE PHY
Downlink block. An AWGN channel is included between the channel Encoder and

Decoder sections.
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Channel Encoding - Five functional components characterize transport block

processing:

Transport-block CRC attachment

Codeblock segmentation and codeblock CRC attachment
Turbo coding based on a 1/3 rate

Rate matching to handle any requested coding rates

YV V. V V V

Codeblock concatenation

Channel Decoding - The sequence of operations performed in channel decoding

can be regarded as the inverse of those performed in channel coding, as follows:

> lteration over each codeblock
> Rate dematching (from target rate to 1/3 rate) composed of:
— Bit selection and insertion
— Parity-bit deinterlacing
— Subblock deinterleaving
— Recovery of Systematic and Parity bits for turbo decoding
» Codeblock 1/3-rate turbo decoding with early termination based on CRC.

3.4 Summary

An AWGN channel based transceiver, as shown in Fig. 1.4, has been successfully
simulated for the LTE PHY modeling in MATLAB. By running the overall function with
a series of Ex/No values and changing the ModulationMode parameter, the relationship

between modulation order and robustness to channel noise was observed.

All the blocks were tested through a random input generated by MATLAB and
passing it throughout the chain of both transmitter, receiver blocks. If the input was same
as the output, then it was confirmed that the blocks are functioning as prescribed. The entire
set of blocks used in this chapter will be represented by a single function in further chapters.
This will simplify debugging operations and help in re-usage of blocks. In the next Chapter,

a realistic LTE-specific channel will be dealt with.
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Chapter 4
Pilot-based OFDM Channel Estimation
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CHAPTER 4
PILOT-BASED OFDM CHANNEL ESTIMATION

In the previous chapter, a simplistic channel model, the Additive White Gaussian
Noise (AWGN) was used to evaluate the performance of the modulation and coding
schemes of the LTE standard. However, in order to understand OFDM, which is the
fundamental air interface in the standard, modelling of more sophisticated channel models
than AWGN have to be considered. These channel models must take into account dynamic
channel responses and fading conditions. Section 4.1 illustrates realistic channel models

that take these conditions into account are considered.

Represented by dotted lines in Fig. 4.1, Section 4.2 explains the frame structure of
OFDM and its configuration as per LTE standard. Section 4.3 talks about Pilot signal
generation. Time—frequency mapping of the OFDM signal and various resource element
granularities which are used to adaptively exploit the channel bandwidth is looked at in
Section 4.4. Section 4.5 details the OFDM signal generation. Section 4.6 estimates the
channel impulse response, whereas Section 4.7 Frequency-domain equalization of the
OFDM signal at the receiver utilising Zero Forcing (ZF) and Minimum Mean Squared

Error (MMSE) equalizers. A summary of the entire procedure is provided in Section 4.8.

EaTl
processing

Subblock
segmentation

Channel coding
(turbo encoder)

Rate matching
Codeword | | e e 1
reconstruction | MIMO OFDM |
f : :
PDSCH | ) oFom |
processing | ;o Symbols |
I . \ . “ for multiple |
v v 5 oFD transmit |
. Modulation . Layer il i antennas |
Scrambling mapper Precoding | mapping elemgnt S|gna_l > |
| mapping generation |
|

Fig. 4.1 Physical layer specifications in Downlink LTE [1]
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4.1 Realistic Channels

The paths of propagation between transmitters and receivers can comprise of either
a direct path between the transmitter and the receiver or paths that are formed as a result of
various propagation scenarios such as reflection, diffraction and scattering among others.
The availability of these different propagation paths characterizes wireless channels. The
signals, on being transmitted through these different paths, will have different signal power
profiles, time delay and phase, while being received simultaneously at the receiver. As
these received signals are correlated in time, an AWGN channel alone is insufficient for

the modelling of most wireless communication systems.

Channel propagation results in reduced power of received signals compared to

transmitted signals and these power reductions are of two types:

1. Large-scale fading or signal attenuation - This includes Path loss and shadowing effects
which are taken into account in design and cellular topography [34].
2. Fading or Small-scale fading - This includes multipath fading and time dispersion due

to mobility. These are of short duration and must be taken into account in the design.

Therefore, proper modelling of the wireless channel must include techniques that deal

with these types of channel impairments [34], the description of which is as follows:

4.1.1 Multipath Fading

In wireless communication systems involving multipath propagation, the signals are
received at the mobile terminal either via a direct path between the transmitter and the
receiver or being reflected off buildings or other reflectors. As a result, the received signal
is a convolution of the input signals and the impulse response of the channel. Therefore,
the power profile comprises of two vectors, a vector of average delays and a vector of

average power parameters.

Multipath fading can either be flat or frequency selective fading. In the frequency
domain, as different response patterns are present at different frequencies, frequency

selective fading is the chosen one.
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4.1.2 Doppler Effects

In LTE, the predominant channel degradation occurs due to short-term fading. Fast
and slow fading channels mobile terminal movement in terms of Doppler frequency shifts.

This leads to variations in the impulse response profiles [35].

4.1.3 MATLAB Tools for realistic channels

The Communications System Toolbox is used to study the effect of channel

responses under various channel models:

1. Rician and Rayleigh channel System objects to model a single propagation path
2. comm.MIMOChannel System object represent the effects of multi-propagation paths

and multiple antennas

To model the dynamics of the fading channels, these components use Doppler shift and
delay profiles as parameters and obtain four different combinations.

The system model is obtained by adding flat or frequency selective fading for coding,
modulation and scrambling. By considering reference signal generation, resource grid
specification and OFDM transmission, a test-bench for the first mode of downlink

transmission is implemented.

Slot 0 Slot 1 Slot 2 Slot 3 Slot 10 Slot 11 Slot 16 Slot 17 Slot 18 | Slot 19
|
i
1
Subframe 0 Subframe 1 Subframe 5 Subframe 6 Subframe 9

— PSS PDCCH

PDSCH . SSS BCH

Fig. 4.2 LTE resource grid content [1]
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4.2 Configuring the LTE Resource Grid

The LTE resource grid comprises of time-frequency representation of data. The
placement of the data in the resource grid reveals the design parameters of the LTE physical
model. For instance, the accuracy of the channel response is determined by the placement
and resolution of pilot signals (CSR). The resource grid is organised as a 2 dimensional
resource grid comprising of subcarriers along the frequency dimensions (y-axis) and
OFDM symbols along the time dimension (x-axis).

Fig. 4.1 illustrates the placement of different modulated data based on the signal
types, within the resource grid. All subframes within a frame contain three types of
information: user data (PDSCH), pilot CSRs, and downlink control data (PDCCH). The
PSS and SSS are only available in subframes 0 and 5, SSS at fifth symbol and PSS at sixth
symbol and specific subcarrier indices (72 subcarriers around the center of the resource
grid). The PBCH is located only within subframe 0 at specific OFDM symbol indices. Fig.
4.2 illustrates the structure of the LTE Resource Grid, whereas Fig. 4.4 shows the
configuration parameters, whose output is displayed in Fig. 4.5, 4.6 with Modulation mode,

Bandwidth variations.

4.2.1 CSR Symbols - Pilot Signals

In each subframe, CSRs are placed in a specific time and frequency separation per
resource block. In the single-antenna configuration, LTE specifies two CSR symbols per
resource block in each of the four OFDM symbols {0, 5, 7, 12} in any subframe, as per
Fig. 4.3. In OFDM symbols 0 and 7, the starting indices are the first subcarrier, whereas in
symbols 5 and 12 the starting index is the fourth subcarrier. There are a total of Ncsr = 8N
CSR symbols available in the resource grid. In all the functions used, N, is taken as 6,
equivalent to a Bandwidth of 1.4MHz.

Table 4.1 Resource Grid Configuration

SI(‘) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Channel Bandwidth
2 OFDM symbols per subframe Configured Grid Structure
3 Modulation Mode
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swearirs 1SS 1 oo
1 1
1
2
5 ] ||
3 User data
5
6 . . .Cell specific
reference
72 signal
8
9 - . Control data
10
11
12
1120314 1501678119 |[H0L|12|13 |14
OFDM symbols
Fig. 4.3 Signal content of LTE downlink subframe [1]
switch chanBW
case 1 % 1.4 MH=
BW = 1l.4eb; N = 128; cplenl = 10; cpLenk = 9;
Wrk = &; chanSRate = 1.32e6;
case 2 ¥ 3 HMH=z
BW = 3e6; N = 256; cplenl0 = 20; cplLenkE = 18;
Hrbk = 15; chanSRate = 3.84e6;
case 3 % 5 HMH=z
BEW = See; N = 512; cplen( = 40; cpLenRk = 3&;
Hrbk = 25; chanSRate = 7.&68eb;
case 4 ¥ 10 MH=
EW = 10e&; H = 1024; cpLen0 = 80; cpLenk = T2;

Hrkh = 50; chanSRate = 15.36e6;
case § % 15 MH=

HNrb = 75:; chanSRate = 23.04ek;
case & % 20 MH=z

HNrb = 100; chanSRate = 30.72e6;
end

BW = 15e6; H = 1536; cplend = 120; cplLenkR = 108;

BW = Z20e6; N = 2048: cplLen0 = 160:; cpLenk = 144:;

Fig. 4.4 LTE resource grid configuration: Parameter variation for different Bandwidths
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4.3 Pilot Signal Generation

LTE uses Gold sequences in order to ensure that the same reference sequence is generated

by both the transmitter and the receiver. These Gold sequences are generated by using

parameters that are available to both the transmitter and the receiver. These parameters

include cell identity number, subframe, and slot and OFDM symbol index containing the

CSR in the slot. Based on the Gold sequence available at all the antenna ports, the function

in Table 4.2 takes 2 input arguments and generates a matrix of CSR signals for every

transmit antenna, shown in Fig. 4.7.

Table 4.2 Pilot Signal Generation

SIC‘) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Subframe Index Matrix with CSR signals in
rows for every transmit antenna
2 Number of Transmit Antennas in column

>» prmsPDSCH(L1,7,1)
ans =

BW: 1400000

N: 128

cpLen0: 10

cpLenR:
Nrb:
chanSRate: 920000
contReg:
numTx:
numBx :
numlayers:
numCodeWords:
deltaF: 15000

Hrb_sc: 12

Hdl symb: 7
numResources: 1008

[ S S R )

numCSEResources: 48
numContRE: 492
numBCHRE: 276
numSS5RE: 72
numPS5RE: 72
numDataRE: [3x1 doubkle]
numDataResources: 3260
Cm: 2
numLayPerCW: 1
numDataBits: 1520
numPDSCHBit=s: [3x1l double]
maxG: 336

>» prmsPDSCH(L,7,2)

ans =

BW:

H:

cpLen(:
cplenk:

Nrb:
chan3Rate:
contReg:
numTx:

IumEX
numlLayers:
numCodeWords:
deltaF:
Nrb_sc:

Ndl symi:
numResources:
numCSEResources:
numContRE:
numBCHRE :
numSS5EE :
numPSSEE:
numDataRE:
numDataResources:
Cm:
numLayPerCW:
numDataBits:
numPDSCHBitCs:
maxG:

1400000
128

10

]

6
1520000

= I R R
kYN
o
o
o

=
m o
o
n

e
e}
[X]

278

72

72

[3x1 double]

960

3840
[3x1 double]

1872

Fig. 4.5 LTE resource grid configuration: fixed BW, Varying Modulation Scheme (QPSK, 16-QAM)
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>» prmsPDSCH(1,7,1)

ans =

EBW:

H:

cpLen0:
cpLenk:

Hrb:
chanSRate:
contBeg:
numTX:

numBx:
numlayers:
numCodeWords:
deltaF:

Hrb sc:

HNdl =ymb:
numResources:
numCSERe=sources:
numContRE :
numBCHRE :
numS55RE :
numP55EE :
numDataRE:
numDataResources:
Com:
numLayPerCW:
numDataBits:
numPDSCHBitS:
maxi:

1400000
128

10

3

@
1820000

[3x1 double]

1820
[3x1 double]
936

»» prmsPDSCH(Z,7,1)
ans =
BW: 3000000
H: 2E&
cpLen(: 20
cpLenkR: 18
HNrb: 15
chan5Rate: 38540000
contReg: 7
numTx: 1
numBx: 1
numLayers: 1
numCodeWords: 1
deltaF: 15000
Nrb =2c: 12
Hdl =svmb: 7
numiesources: 2520
numC5EResources: 120
numContRE: 1230
numBCHRE: 276
numS55RE: T2
numPS55RE: 72
numDataRE: [3xl double]
numDataResources: 2400
Cm: 2
numLayPerCW: 1
numDataBits: 4300
numPDSCHBits: [3x1 double]
maxz: 2340

Fig. 4.6 LTE resource grid configuration: Varying BW (1.4, 3, 5, 10 MHz) Fixed Modulation Scheme

Appendix A provides details on Resource Element Mapping scheme, as defined and

specified by LTE Release 8 specifications.

Table 4.3 Resource Element Mapping

SIC‘) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 User Data
2 CSR signal Resource Grid Matrix with rows
equal to subcarriers and columns
3 Subframe Index equal to symbols per subframe
4 PDSCH Parameters
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Command Window Command Window
@) New to MATLAB? Watch this Video, see Examples, or rg @ New to MATLAB? Watch this Video, see Examples, or reg
com 01 -0.7071 - 0.7071i 0.7071 + 0.70711
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Fig. 4.7 Pilot Signal Generation
4.4 Resource Element Mapping

The Resource grid matrix is created and various information types are placed within
the grid, which is termed mapping. The input to the mapping function, shown in Table 4.3,
is the user data, subframe index, CSR signal, parameters of the PDSCH and additional
inputs depending on the availability of BCH, SSS, PSS, and DCI. The output is the 2D
resource grid matrix, with number of rows equal to the number of subcarriers and number

of columns, totalling 14 (two slots, each containing seven OFDM symbols).
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4.5 OFDM Signal Generation

OFDM signal generation processes the OFDM symbols one by one and performs
IFFT operation. Following this, CP generates the OFDM modulated signal.

From Table 4.4, the OFDM Generation function takes the resource grid and the
structure containing the parameters of the PDSCH as input and shows the way columns of
data are packed into the FFT buffer. The CP prefixes N last samples of the IFFT output to
the buffer. This difference of values of N and CP for the first and remaining OFDM
symbols is considered in the for loop for computing the output signal by serializing and
affixing the length of OFDM modulated signal to the output vector per subframe [36]. The

output is a 2D matrix of output per subframe and the number of antenna ports.

Table 4.4 OFDM Signal Generation

Iﬁé FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Resource Grid Content Matrix of output per subframe
2 PDSCH Structure and number of antenna ports

45.1 Channel Modeling

As Table 4.5 illustrates, the inputs to this function takes are generated OFDM signal,
the structures which have parameters of the PDSCH and parameters of the channel model.
A frequency-flat or frequency-selective channel is applied as input based on the input
parameters. The signal at the receiver is the output of the channel model. The second
output, depending on the fading, is a matrix of channel-path gains. An ideal channel

response can now be estimated.

Table 4.5 Channel Modelling

g(l‘) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Resource Grid Content
2 PDSCH Structure Signal arrived at receiver
3 Channel Model Structure
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Fig. 4.8 Received Resource Grid
4.6 Inverse Operations at Receiver end

Inverse operations are performed at the OFDM receiver. The CP is removed and the
received data and the reference signals are recovered by performing FFT operation. FFT
lengths can be different, according to BW. The received modulated symbols are arranged
into the resource grid in the same order as in the transmitter. The MATLAB function shows
the series of operations performed at the OFDM receiver. The receiver input signal and the
structure of the parameters of the PDSCH are the inputs in Table 4.6. OFDM receiver is

verified to have successfully recovered the output resource grid, as plotted in Fig. 4.8.

Table 4.6 OFDM Signal Reception

3'6 FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
! Resource Grid Content Recovered Resource Grid Matrix
2 PDSCH Structure with rows equal to subcarriers
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4.7 Channel Estimation

By inspecting CSR symbols, also known as pilots, placed at regular intervals within the
OFDM time—frequency grid, LTE Channel Estimation is performed. Using these reference
symbols, the receiver can gauge the channel response at the subcarriers where the reference
symbols were transmitted. The reference symbols should be sufficiently placed in the grid

S0 as to estimate the channel response efficiently.

The PDSCH parameter, the receiver Resource Grid, the CSR, and bandwidth expansion
mode are the inputs to the estimation function in Table 4.7. The received version of the
resource grid is reshaped and aligned with the corresponding pilot elements in the CSR.
An estimate of the channel-response can be computed, dividing the received pilots by the

transmitted pilots.

A full bandwidth expansion is performed after channel-response matrix estimation over
the resource elements aligned with CSR signals. Interpolation is performed over the entire
resource grid to estimate the channel response based on reference signals in the resource

grid at each subcarrier and symbol in a subframe.

Table 4.7 Channel Estimation Function

S(L) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Received Resource Grid
2 CSR signal Channel Impulse Response
3 Demodulation Mode Estimate
4 PDSCH Parameters

4.7.1 Interpolation

Interpolation algorithms typically involve interpolation between subcarriers in the
frequency domain in OFDM symbols that contain reference signals. After having
computed the channel response over all subcarriers, we can interpolate in time to determine

the channel response throughout the whole resource grid.

First, the pilot signals from the first two OFDM symbols (subframes 0 and 5) are
combined. Instead of a separation of six subcarriers between CSR signals, this produces a
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separation of three subcarriers. Then the values along the frequency axis are interpolated.
Finally, the same channel response is applied to all of the OFDM symbols of the slot or
subframe to find the channel response of the whole grid. Table 4.8 lists the required inputs

and output obtained.

Table 4.8 Interpolation Function

S(L) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 OFDM Received Symbols
- Channel Response of entire
2 Number of subcarriers .
: Resource Grid
3 Symbol Indexing

4.7.2 Equalizer Gain Computation

A frequency-domain equalizer computes a gain for application to all received
resource elements at each subcarrier. A variety of algorithms are used for frequency-
domain equalization. The simplest is the Zero-Forcing algorithm, in which the gain is
expressed as a ratio of the transmitted resource element and the channel response estimate
at each subcarrier. A more advanced algorithm is the MMSE estimation, which requires a
detailed knowledge of the channel characteristics and calculates the gain as a modified
ratio that takes the effect of the uncorrelated noise of the channel into account. Following
the calculation of the equalizer gain, the received element is the product of the received
resource element and the equalizer gain is the best estimate. Both the algorithms ZF and
MMSE equalizer are implemented in the MATLAB function, (Table 4.9) the equalization
mode for which a choice can be made. The Equalised Resource Grid is shown in Fig. 4.9,

and thus successfully verified.

Table 4.9 Equalizer Gain Computation

gl(‘) FUNCTION INPUT PARAMETERS FUNCTION OUTPUT
1 Estimated Channel Response
2 PDSCH Structure Equalized Resource Grid
3 Equalization Mode
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4.8 Summary

With this Chapter, Pilot-based OFDM Channel estimation, the upper portion of the Block
Diagram represented by dashes in Fig. 4.10 has been successfully completed. The input
signal was successfully estimated at the receiver. In the next Chapter, the remaining three
blocks will be dealt with, which covers Path Loss Modeling, Power Allocation and

Adaptive Beamforming.
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Fig. 4.10 Completed Blocks
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Chapter 5

Power Allocation and Beamforming
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CHAPTER S
POWER ALLOCATION AND ADAPTIVE BEAMFORMING

This chapter contains the Core blocks, whose working is organized as follows.
Section 5.1 introduces Path Loss Modeling, which helps in calculating the distance from
eNodeB to UE, depending on channel conditions taken from the previous chapter. Distance
based power Control is done in Section 5.2 to allocate power to UEs based on the distance
evaluated by the preceding section. On power allocation, user data can now be transmitted
to the UEs through LMS Adaptive Beamforming, which is dealt with in Section 5.3.

5.1 Path Loss Modeling

Path loss (PL) is the power reduction of a signal as it traverses through a medium,
typically space. It is a major challenge in wireless communication and is the main factor
for depicting the quality of the radio channel and hence it can be used as a controlling factor
for evaluating the performance of wireless communication system to achieve the perfect
network planning. There are many reasons for the attenuation of a signal as it passes
through a channel between the radio transmitter and a receiver. The factors can be classified

as follows:

1. Loss in the free-space, reflection, refraction, absorption and diffraction.

2. Terrain outline, type of environment (rural, semi-urban, urban, vegetation and foliage)
3. Distance between the transmitter and the receiver, height and location of antennas
4

. Condition of the propagation medium (dry or moist air)
Path loss is given by,
PL (dB) =10 log(P; /P,) (5.1)
where P and Py are the transmitted and received power, respectively.

5.1.1 Free space equations

In free space, the receiver (UE) antenna power, separated by distance d from the

transmitter (eNodeB), is given by the Friis transmission equation:
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P:G¢GA?

4m?2d2L (62)

P, =

Where: Gt, G, - transmitter, receiver antenna gains, respectively
L - System loss factor
A - Wavelength (m)

5.1.2 Wireless medium equations

Equation (2) does not hold for d = 0. Hence, many propagation models use different
representation for a close-in distance (do), known as the received-power reference point.
This is typically chosen to be 1 m. Free space is not the appropriate medium in realistic
mobile radio channels. A general PL model uses a parameter y to denote the power-law
relationship between the separation distance and the received power. So, path loss (in

decibels) for distance d can be expressed as
PL (d) = PL(d,) + 10vylog(d/d,) + X, (5.3)

where y = 2 is for free space medium, and is higher for wireless environment. X, denotes
a Gaussian random variable, where o is the standard deviation which depicts the received

power variation.

In order to find the path loss in different conditions of communication channel,
propagation models can be used. Propagation model are very helpful in predicting the
signal attenuation or path loss in the communication channel between the transmitter and

receiver. There are 3 kinds of path loss models:

1. Empirical or statistical model - based on measured data, it is simple and uses basic
statistics.

2. Semi-deterministic model — A combination of empirical as well as deterministic.

3. Deterministic/Physical model - this model is site-specific, and needs detailed

information about the site geometry. The results are very high and accurate

Okumura Hata model has been used in our project, as it is the right model for simulation

purposes.
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5.1.3 Okumura Hata model

Hata model is an empirical model and it was built for three modes - urban, suburban

and open areas. The model for urban areas was built first and used as the base for others.

Table 5.1 Valid parameters range of the Okumura Hata model

Frequency (f) 150 MHz - 1500 Mhz
TX height (ho) 30 m - 200 m
RX height (hm) Im-10m

TX - RX distance (R) 1km - 10 km

3 types of prediction area:

» Open area: Free space, no presence of tall buildings and trees in the path.

» Suburban area: highways scattered with houses and trees, village areas, and few
obstacles near the mobile equipment but not very congested.

» Urban area: Big town with tall buildings and houses, well-built city, village with

close houses and tall obstacles.
Empirical formulas of Okumura Hata

» Urban areas: PL (dB) = A + B log;o R- E
» Suburban areas: PL (dB) = B log;o R- C
» Openareas: PL (dB) = A + B log;o R-D

Where: A = 69.55 + 26.16log,, f. - 13.82log;( hy,
B = 449 - 6.55log;, hy
C = 2 (logy, (f./28))% + 5.4
D = 4.78 (logq, f.)? + 18.33 logy, f, + 40.94
E = 3.2 (log((11.754 hy,))? — 4.97 for large cities, fc > 300MHz

E = (1.1logy, f. - 0.7) hy, - (1.56 log;, f. - 0.8) for medium to small cities
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Where:

hm: Height of the user equipment antenna above local region height [m]
ho: Height of the base station antenna above local region height [m]

R: Distance between user equipment and the base station [km]

fe: Frequency of the carrier signal [MHz]

A: Wavelength in free-space [m]

Hata model with Frequency, Antenna height as parameter
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Fig. 5.1 Okumura Hata Model
5.1.4 Path Loss Model for LTE
Okumura-Hata model has been extended to cover 1.5 GHz to 2 GHz (Cost 231-

Hata model)
PL(dB) = F + BloglOR-E + G (5.4)

Where: F = 46.3 + 33.9log,, f. - 13.82log;( hy
G= 0 dB for medium sized cities and suburban areas, and 3 dB for metropolitan areas.

The project discussion will be on an urban environment, with operating frequency,
and transmission antenna height as parameters. Fig. 5.1, Fig. 5.2 illustrate the Path Loss in
dB versus distance between eNodeB and UE using Okumura-Hata model, and its

application to LTE respectively.
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Modified Hata model with Frequency, Antenna height as parameter
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Fig. 5.2 Okumura Hata Model for LTE
5.2 Power Control

Radio resource management is the system level approach to control the co-channel
interference and other radio characteristics of wireless communication systems. The
objective of power control is to utilize the limited radio resources to the maximum and
network infrastructure as judiciously as possible. The performance and system capacity are
adversely degraded by interference. Hence, power control plays a critical role in mitigating

the adjacent and co-channel interference in the system and thus increasing the efficiency.

Power control is about controlling the power both in downlink and uplink.
Transmitting the signal with least possible power level is the purpose of the power control.
To provide the agreed Quality of Service (QoS), power of each TX is adjusted to the
required level. Because of dynamic variation of the radio channel, finding the power of
transmitter is a tough task. The received power should be of adequate level irrespective of

the radio channel.

5.2.1 Distance Based Power allocation algorithm

The distance between eNodeB and UE to allocate transmitted power to each of its
served mobile station is used by the algorithm. Since there is no feedback provided, it is an

open—loop power control mechanism.
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If power control is not employed, i.e., the transmitted power is uniform throughout
its range for all users, the user at the cell edge will have the least value of the signal-to-
interference ratio (SIR). Thus, the transmitted power to be allocated should be more to the

mobile stations that are far from base stations.

The Distance Based Power Allocation algorithm calculates the transmitted power

for each mobile m using the following equation:

Pm = kx§ _m (5.5)
Xaom = da, m/R  ifdy m > dmin
Xaum = Amin/R ifdy m < dmin
k = Positive constant
n = Real positive value
R = Maximum base to mobile distance
d,, m = Distance between mobile m and its assigned base station

The pseudo-code for the simulation is as follows.
Pseudo-code

1. Initialize number of iterations
2. Initialize number of mobiles
3. Initialize dmin, R, k, n
4. for i = 1 to iterations
» Generate uniformly distributed vector of mobile-to-base station distance
Initialize power
for j = 1 to mobiles
if dam < dmin
Pm(j) = K (dmin/ R)"
else
Pm(J) =k(dam(j)/R)"
end

calculate SIRobserved(j) and compute outage

YV V.V V V V V V V

end
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5. Calculate the outage percentage using the outage counter and the number of mobiles.
6. Plot outage percentage versus mobiles

Outage Probability vs Number of Mobiles - Distance Based Power Control Algorithm
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Fig. 5.3 Outage Percentage of Mobiles in Outage versus No .of Mobiles in Cell

5.2.2 Power Control in LTE

The eNodeB calculates the transmit Energy for the downlink Per Resource Element
(EPRE). The UE assumes that cell-specific reference-signal EPRE (RS-EPRE) is constant
throughout all the downlink system bandwidth and all sub-frames until cell-specific RS
power information is received. The downlink reference-signal transmit power is used to
derive the cell specific reference signal which is given by the parameter reference-signal
power. The reference signal downlink transmit power can be defined as the average of all
the power contributions, of all resource elements in resource grid carrying the reference
signals within the bandwidth. Fig. 5.3 plots the outage percentage against the number of
mobiles.

The UE may assume that for 16 QAM, 64 QAM, spatial multiplexing with more
than one layer, if UE-specific RSs are present in the physical resource blocks (PRBs) upon
which the corresponding PDSCH is mapped, the ratio of PDSCH EPRE to UE-specific RS-
EPRE within each OFDM symbol containing UE-specific RSs shall be a constant, and that
constant shall be maintained over all the OFDM symbols containing the UE-specific RSs

in the corresponding PRBs.
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5.2.3 Downlink Power Allocation

A single cellular system consisting of a single eNodeB and M UEs. Each UE has a
Channel Quality Indicator, CQI based on its location in the cell, where the UE near to the
eNodeB has a higher CQI. Shown in Table I, higher CQI corresponds to higher modulation.
Our goal is to generate different utility functions with respect to CQI values to represent

the QoS of users and optimally allocate powers to UEs. The total power at eNodeB is P:.

5.2.4 Mapping CQI, SNR with distance

CQIl is the feedback that the UE sends to indicate the data rate which can be
supported by the downlink channel. The eNodeB selects an appropriate modulation scheme
and code rate for downlink transmission based on CQI values. In addition to indicating the
downlink channel quality, CQI also accounts for the capabilities of the UE’s receiver. Table
shows the corresponding modulation scheme, code rate and efficiency for different CQI

values.

A linear function has been proposed to map SNR to CQI. Then after flooring, the
CQIs, obtained by the linear function (1), over all resource blocks (RB) are reported back
to the eNodeB.

CQI = 0.5223 SNR + 4.6176 (5.6)

The simulated cell network has 1 eNodeB and M UEs where M = 15. The total
power Py at the eNodeB is 40W which is a typical value for macro cell base station at the
antenna connector. 15 UEs are placed at different locations in the cell and one UE in each

CQI zone, as seen in Fig. 5.4.

The UEs are placed at the further edge of each CQI zone, which is the worst channel
quality in each CQI zone. The mapping among CQI, SNR and distance is plotted in Fig.
5.5. As the UE moves further away the CQI decreases and so as SNR. The UEs, standing
in the range between 1m and 69.14m away from the eNodeB, have the best channel quality
(CQI = 15) with 64-QAM. Whereas the CQI zone for the worst channel quality (CQI = 1)
is 355.5m to 403.2m away from the eNodeB. Table 5.1 shows the variation of Modulation
mode, efficiency with CQI.

Department of Electronics & Communication Engineering 60



R V College of Engineering, Bangalore - 560059

Table 5.2 CQI Index

CQI Index | Modulation Code Rate X 1024 Efficiency
0 No transmission

1 QPSK 78 0.1523
2 QPSK 120 0.2344
3 QPSK 193 0.3880
4 QPSK 308 0.6016
5 QPSK 449 0.8770
6 QPSK 602 1.1758
7 16QAM 378 1.4766
8 16QAM 490 1.9141
9 16QAM 616 2.4063
10 64QAM 466 2.7305
11 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 722 4.5234
14 64QAM 873 5.1152
15 64QAM 948 5.5547

For UE with CQI 15, the power that required to achieve the minimum QoS is about
5.22W whereas the UE with CQI 1 needs 23.24Wto have the minimum QoS. A similar

approach is incorporated for the modulation scheme, with a lower CQI index having QPSK

at the modulator stage, and a higher index having QAM modulator.
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Fig. 5.4 Simulation for eNodeB =1 and UE =5

20[cal=15
cal=14
ical=13
cal=12
cal=11
10[€Ql =10
cal=9
cal=s
Sical=7
cQl =6
olcQl=5
cal =4
cal=3
-5cQl =2
cal=1

15

SNR (dB)

=151

0 50 100 150 200 250 300 350 400 450
Distance (m)

Fig. 5.5 Mapping CQI, SNR with distance to eNodeB
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5.3 LMS Adaptive Beamforming

Variable filter
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Fig. 5.6 LMS Algorithm

Adaptive arrays allow the antenna to steer the beam to any direction of interest, while
simultaneously mitigating the interfering signals. The adaptive array antenna systems make
use of sophisticated array signal processing algorithms to distinguish between desired,
interfering and multipath signals. These array signal processing algorithms update the array
weights by determining the Direction of Arrival (DOA) of a signal and for achieving
beamforming in real time. There are primarily two types of adaptive beamforming: blind

and non-blind.

The LMS algorithm is a non-blind technique that can be considered to be the most common
adaptive algorithm for continuous adaptation. It uses the steepest-descent method to
recursively compute and update the weight vector. Owing to the steepest-descent, the
updated vector will propagate to the vector which causes the least mean square error (MSE)
between the beamformer output and the reference signal. The LMS algorithm can be
obtained as follows.

he MSE is defined by:
2 () = [d"(t) — whx(D)]? (5.7)

d*(t) is the complex conjugate of the desired signal. The signal x(t) is the received signal
from the antenna elements, and wHx(t) is the output of the beamform antenna and ()" is

the Hermetian operator. The expected value of both sides leads to:

E{e?2(1)} = E{d*()}—2w" r + wHRw (5.8)
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In this relation the r and R are defined by:
r = E{d"(Dx(D}
R = E{x(D)x" ()}

R is referred to as the covariance matrix. If the gradient of the weight vector w is zero, the

MSE is at its minimum. This leads to:
Vw(E{e?2(t)}) = —2r + 2Rw = 0
The solution is called the Wiener-Hopf equation for the optimum Wiener solution:
Wopt = R7'r (5.9)

The LMS algorithm converges to this optimum Wiener solution. The basic iteration is

based on the following simple recursive relation:
w(n +1) = w(n) + 3 u(-V(EED) (5.10)
Combining equations 8, 9 and 10 gives:
w(n + 1) = w(n) + p(r — Rw(n))

The measurement of the gradient vector is not possible, and therefore the instantaneous
estimate is used:

R(n) = x(n)x" (n)

f(n) = d"(n)x(n)

By rewriting (10) using the instantaneous estimates, the LMS algorithm can be written in
its final form (11)

Wn+1) =W(n) + px(n)(d*(n) — x" ()#(n))
= W(n) + px(n)e*(n) (5.11)

Antenna Array Pattern — For n arrays, separated by a uniform distance d, oriented at angle

0, having weights wn, Array Factor (AF) is given as:

AF(0) = NZlyw, elkndsin(®) (5.12)
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A MATLAB script was written for implementing LMS Algorithm, whose
parameters were: u=0.05, angle of arrivals of desired signal is 45 degrees (Maximise
Power), and interferer signals at 30, 60 degrees (Steer Nulls). Fig. 5.7, Fig. 5.8 illustrate
the amplitude and polar patterns of the output, the directivity of which improves with

increase in number of antennas in the array.

Amplitude response antennae pattern

10 T T T T T T T T T

_30 [ L [ [ [ L [
-80 -60 -40 -20 0 20 40
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A
90 1
180

270
B
Fig. 5.7 A - Amplitude pattern, B — Polar Pattern for 5 antenna system
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Amplitude response antennae pattern
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Fig. 5.8 Same Parameter values with number of antennas increased from 5 to 10
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5.4 Summary

In this chapter, path loss has been modelled using Okamura-Hata model to
determine the distance between the user location and base station. The Matlab plots are

obtained for different frequencies and base station antenna heights.

Distance based power allocation algorithm is simulated and power is allocated to
the user equipments adaptively based on their radial distance from base station. The

relationship between between CQI, SNR and distance is used to allocate power.

Finally, LMS beamforming algorithm is simulated for uniform linear antenna
arrays . The algorithm forms a beam pattern with major lobe directed towards the desired
user and nulls directed towards interferers. The directivity of the beam increases with

increase in the number of antenna array elements.
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CHAPTER 6
CONCLUSION

6.1 Work Done

The project involved design and implementation of an LTE-PHY Downlink
channel at a specific stage of mobile communication that involves allocating power and

adaptively beamforming the signal based on user location.

The overall schematic design used in the project was primarily composed of three
parts. The LTE PHY blocks performed AWGN Modulation and Coding, which included
adaptive Modulator and Demodulator, Scrambler and Descrambler to minimize
interference effects, Turbo encoder and decoder for improved accuracy, Rate Matcher and
Dematcher for link adaptation, CRC Generator and Detector for early termination,
Codeword Re-constructor, Channel Coding and Decoding. BER vs SNR plots were
simulated at each stage for performance evaluation. The second part introduced a realistic
multipath fading channel to perform Pilot-based Channel Estimation. Resource Block
Configuration, Pilot Generation, Resource Element Mapping and Demapping, OFDM
Modulation and Demodulation, Interpolation and Equalisation were the modules involved.
The two parts together contributed in forming an ‘LTE-PHY Pilot-based Channel
Estimation” module, as per LTE Standards. The final part contained Okumura-Hata based
Path Loss Modeling for evaluating user distance, Distance based Power Allocation in a
multi-user environment, and employing LMS Adaptive Beamforming to steer the signal
towards the user location. Each block was separately implemented in MATLAB, and the

performance successfully verified.

6.2 Future Scope

Out of the five enabling technologies of LTE, the ones that require further attention
in terms of algorithm writing and implementation are MIMO and Link Adaptation. With
these, the integrated algorithm will possess capacity to adapt to channel quality, different
modulation and coding techniques, number of transmit or receive antennas, and
transmission bandwidth. After channel-dependent scheduling, a Simulink model can be

constructed for the complete block.
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The algorithms need to be converted to optimized C codes and must be
implemented on the TI DSP Platform. Hardware implementation and verification will

enhance the proximity of the project to real mobile communication scenario.

6.3 Learnings from the Project

The team has had the following value additions during the tenure of this project:

1. We have gained a thorough understanding of the fundamentals of LTE-PHY and its
downlink algorithms, coding and simulation of each block in modern tool MATLAB
2014a.

2. The major outcome of the project has been to understand the applications of Smart
Antennas, Adaptive Beamforming, Path Loss Modeling, and Power Control in LTE.

3. The literature survey carried out during the project led to the understanding of the
historical development of wireless technologies, beam forming algorithms and adaptive
modulation.

4. During the course of project there has been a huge exposure to a number of quality
research work, referred from IEEE transaction papers, published by researchers from
esteemed universities around the globe. This exposure led to the understanding of
current research trend and paved way to venture into the mathematical intricacies of
the various signal processing algorithms.

5. Another outcome from the project has been in learning the simulation on MATLAB,
using system objects and toolboxes. We were introduced to various opportunities and
research activities in the field of LTE systems, thus strengthening the Engineering
background of Signal Processing.

6. Onabroader scope, the project helped in building team relationship, time management
and working coherently in a group with proper communication. It also helped in

gaining confidence for presentation and report writing skills.
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APPENDIX — RESOURCE GRID CONFIGURATION

A.1 Resource Grid Composition

The size and composition of the resource grid and how it is updated every subframe
will be discussed. An assumption is made that he LTE transceiver processes one subframe
at a time. Since the length of each subframe is 1ms, processing one second of data involves
processing 1000 iterations of the transceiver. The LTE Resource Grid content is as shown

earlier in Fig. 4.2.

In each subframe, the size of the resource grid (Niota = the total number of symbols that fill

up the grid) is a function of the following four parameters:
Nrb - Number of resource blocks in resource grid

Nsc - Number of sub-carriers in resource blocks

Nsym - Number of symbols per slot

Nsiot - Number of slots per subframe

The total resource grid size is the product of the number of rows, i.e. total number of
subcarriers and number of columns, i.e. total number of OFDM symbols per subframe. The
total number of subcarriers is the product of the number of resource blocks (Nm) and
number of subcarriers per resource block (Nsc). The total number of OFDM symbols per
subframe is the product of the number of symbols per slot (Nsym) and number of slots per

subframe (Nsiot).
Niotal = Nirb X Nsc X Nsym X Nslot (A1)

The number of slots per subframe (Nsiot) is a constant value of 2. The number of symbols
per slot (Nsym) depends on whether a normal or an extended CP is used. As throughout this
book we will be using a normal CP, the number of symbols per slot will have a constant
value of 7. The number of subcarriers per resource block (Nsc¢) also depends on CP type,
which has a constant value of 12 for a normal CP. Therefore, the resource grid size
completely depends on the number of resource blocks, which is a direct function of the
bandwidth.
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A.2 Resource Element Mapping

The Resource elements come from six types of data source: user data, CSR, DCI, PSS,
SSS, and BCH. Some of these sources are available in all subframes of a frame (user data,
CSR, DCI), some are only available in subframes 0 and 5 (PSS and SSS), and some are
only available in subframe 0 (BCH). Since the total number of symbols in a resource grid

IS constant, in each frame we must compute the amount of user data in three different ways:

1. For subframe 0: Where all the sources of data are present.
2. For subframe 5: Where besides user data, CSR, DCI, PSS, and SSS are present.
3. All other subframes {1, 2, 3, 4, 6, 7, 8, 9}: Where besides user data, only CSR and DCI

symbols are present.

Fig. A.1 illustrates the relative locations of six different types of data within the resource

grid, with A — subframe 0, B — subframe 5, C — Remaining subframes

0] 1| 2| 3] 4] 5| 6| 7| 8 9| 10{11| 12| 13 0f 1l 2 3| 4 5/ 6 7| 8 9 10/11] 12 13

A B

0l 1 2 3 4 5 6 7 8 9/ 10/11] 120 13

C

Fig. A.1 Mapping the six data sources on the Resource Grid
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If the bandwidth is constant the resource grid size is constant and is the sum of all these

constituents:
Niotal = Nuser data + Ncsr + Nbci + Npss + Nsss + NecH (A.2)
A.2.1 CSR Symbols

CSRs are placed throughout each resource block in each subframe with a specific pattern
of time and frequency separations. In the single-antenna configuration, LTE specifies two
CSR symbols per resource block in each of the four OFDM symbols {0, 5, 7, 12} in any
subframe. In OFDM symbols 0 and 7, the starting indices are the first subcarrier, whereas
in symbols 5 and 12 the starting index is the fourth subcarrier. The separation between two
CSR symbols in the frequency domain is six subcarriers. There are a total of Ncsr = 8N

CSR symbols available in the resource grid.
A.2.2 DCI Symbols

The DCI is placed within the first N OFDM symbols in each subframe, where N is either
1, 2, or 3. The DCI occupies all the resource elements of the first and possibly the second
and third OFDM symbols in each subframe, with the exception of the CSR data. The size
of the DCI per subframe is Npci= N (10 + 12(N — 1)).

A.2.3 BCH Symbols

The BCH is located within subframe 0 and occupies six central resource blocks from the
seventh to the tenth OFDM symbol. Since the seventh OFDM symbol includes CSR
symbols, its BCH has a size of only 60 (72— 2x 6), whereas in the next three symbols the
size is 72. The total BCH size for the whole frame is NscH = 60+ 3x 72 = 276.

A.2.4 Synchronization Symbols

The PSS occupies the sixth OFDM symbol and the SSS occupies the fifth symbol in
subframes 0 and 5. The total number for each of the synchronization signals is Npss = Nsss
= 72 per subframe, and since two subframes per frame contain synchronization signals, the
total is 144 for the frame.
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A.2.5 User-Data Symbols

The total amount of data in the resource grid depends on the number of resource blocks or

essentially on the bandwidth.

The presence or absence of BCH or synchronization signals in a subframe depends on the
subframe index. As a result, the size of the user data in a subframe also depends on the

subframe index in the following way:
1. Subframe 0: Where all sources of data are present

Nuser data = Ntotal — (Ncsr + Npci + Npss + Nsss + NecH) (A.3)
2. Subframe 5: Where besides user data, CSR, DCI, PSS, and SSS are present

Nuser data = Ntotal — (Ncsr + Npci + Npss + Nsss) (A.49)

3. All other subframes {1, 2, 3, 4, 6, 7, 8, 9}: Where besides user data, only CSR and DCI
symbols are present
Nuser data = Ntotal = (Ncsr + Nbci) (A.5)
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