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ABSTRACT 

 

Long Term Evolution (LTE) of the Universal Mobile Telecommunications System 

(UMTS) is designed to revolutionize mobile broadband technology with key 

considerations of higher data rate, improved power efficiency, low latency and better 

quality of service. It promises high peak data rates of 100 Mbps downlink and 50 

Mbps uplink transmissions and can operate in different bandwidths ranging from 1.4 

MHz up to 20 MHz. 

 

Scheduler makes a decision on allocation of Resource Blocks (RB) to User 

Equipments (UE) through the frequency and time domains. Channel Quality Indicator 

(CQI) is used as a main parameter during the decision process. This master thesis 

focuses on performance of LTE downlink scheduling. Round Robin (RR), Best CQI 

and a proposed Empirical scheduling solution are investigated under different 

bandwidth and antenna configurations.  

 

Keywords: LTE, 3GPP, OFDMA, Downlink Scheduling, CQI. 
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CHAPTER 1 - INTRODUCTION 

1.1. Background and General Overview 
 

Mobile broadband has changed the way we live and work. The way we communicate is 

becoming enriched with higher speeds and exciting new services both at home and on 

the road. Long Term Evolution (LTE) plays a key role in making this happen. LTE 

system is a 3.9
th

 Generation (3.9G) radio access standard, but it is advertised as 4
th

 

Generation (4G) by mobile carriers. It is designed to revolutionize mobile broadband 

technology with key considerations of higher data rates, improved power efficiency, 

low latency and better quality of service. It is an access technology that allows 

communication between a User Equipment (UE) and the Base Station (BS). It is a fully 

switched packet network and hence it supports the transmission of data between 

compliant UE’s. 

 

Before the advent of LTE, broadband solutions including Global System for Mobile 

Communications (GSM) and Universal Mobile Telecommunications System (UMTS) 

delivered functionalities like voice, short message service, video calls and data file 

transfers with a maximum data rate of 20 Mbps. Although it was a great achievement 

when compared with older technologies, however the kind of applications and solutions 

developed today for users especially on mobile devices require more optimized 

functionalities and faster transmission rate. Any technology proposed must adopt 

solutions and methods that are mobile tolerant, and can operate properly in a rapidly 

changing channel conditions. The key performance metrics from user’s point of view 

for new mobile solutions are high data rates at high mobility with good quality of 

service and minimal transmission error. Therefore, LTE technology network is designed 

with radio access technique that is better optimized when compared to older radio 

access techniques [1]. 

 

The new Radio Access Network (RAN) developed for the new generation mobile 

solution is called Evolved Universal Terrestrial Radio Access Network (E-UTRAN) is 

composed of one node, the E-UTRAN Node B (eNodeB). This carries all the 
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functionalities of radio resource management. LTE is a 3
rd

 Generation Partnership 

Project (3GPP) trademarked with a high performing air interface for mobile technology. 

The specifications, releases and standard for LTE are documented by 3GPP group. LTE 

specification provides downlink peak rates of at least 100 Mbps, an uplink of at least 50 

Mbps and RAN round-trip times of less than 10 ms. LTE supports scalable carrier 

bandwidths, from 1.4 MHz to 20 MHz and supports both Frequency Division Duplex 

(FDD) and Time Division Duplex (TDD). 

 

LTE is a step toward the 4th generation of radio technologies designed to increase the 

capacity and speed of mobile telephone networks. Operators including Ericsson, 

TeliaSonera and Nokia have made LTE services available on their network. Much of 

3GPP Release 8 focuses on adopting 4G mobile communications technology, including 

an all-IP flat networking architecture. Figure 1.1[2] is a display of LTE flat architecture. 

The diagram describes a comprehensive architecture of LTE radio system and its core 

network elements, the mobility management entity and the system architecture 

evolution gateway. It incorporates the interconnection of existing technologies like 

GSM, Wideband Code Division Multiple Access (WCDMA) / High Speed Packet 

Access (HSPA), Code Division Multiple Access (CDMA) solutions to the LTE system. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Flat architecture of LTE  
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LTE is designed to support seamless passing to cell towers with older network 

technology such as GSM, CDMA and WCDMA. The main advantages with LTE 

systems are high throughput, low latency, plug and play features, FDD and TDD on the 

same platform, an improved end-user experience and a simple architecture resulting in 

low operating costs. The next step for LTE evolution is LTE Advanced which is 

currently being standardized in 3GPP Release 10. 

 

1.2. Evolution of LTE and Related Concepts 
 

The first work on LTE began with improvement on HSPA specifications in release 7 of 

the 3GPP UMTS specifications. HSPA is an evolution of WCDMA built with a strong 

requirement for backward compatibility to existing networks while LTE has fewer 

restrictions on backward compatibility, and is built to solve more complex spectrum 

situations. Release 8 is characterized by development of the specification of LTE and 

System Architecture Evolution (SAE).  On the radio access network, LTE was 

originally referred to as the Evolved UTRAN access network while on the core 

network, the evolution towards the Evolved Packet Core (EPC) is known as the System 

Architecture Evolution. Future works are done on the current release 10. A summary of 

the trend of various 3GPP releases is given in Figure 1.2 [3] and Figure 1.3 [3]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2  Evolution of Mobile Networks  
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Figure 1.3 Evolution of LTE  

1.3. Design Goals and Targets 
 

The goals and targets for LTE are set and documented in 3GPP TR 25.913. These 

requirements are divided into 7 areas [1]:  

 

 Capabilities 

 Increased data rates supported on varying frequency ranges across the 

spectrum allocation. When the system operates at 20 MHz the target peak 

data rate should be 100 Mbps and 50 Mbps for downlink and uplink 

transmissions respectively. 

 The latency requirements are subdivided into control plane and user plane 

requirements. Control plane manages UE transition states while User plane 

defines the time it takes to transmit packet from the terminal to RAN and 

vice-versa and which should not exceed 5 ms. Transition of UE from a 

camped state or idle mode state, should have a latency of 100 ms and 

transition time from a dormant state, a latency of 50 ms. 

 

 System performance: This covers throughput, spectrum efficiency, mobility and 

coverage. 

 Users throughput requirement is specified at fifth percentile of user 

distribution which mean 95 percent of users will have improved performance. 

 

 

2007       Release 8: LTE and SAE introduction: Common IMS 

2006     Release 7: HSPA + and IMS evolutions 

2005    

2004    Release 6: HSUPA, MBMS and WLAN inter-working  

2003    

2002   Release 5: HSDPA and IMS introduction 

2001  Release 4: BICN (Bearer Independent Core Network) 

2000 Release 3: Initial 3G UMTS release (‘dedicated channel’ – oriented)  
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 Spectrum efficiency target is defined as system throughput per cell in 

bit/s/MHz/cell as defined in Table 1.1. 

Table 1.1  LTE user throughput and spectrum efficiency requirements [1] 

Performance Measure Downlink Target Relative 

to Baseline 

Uplink Target Relative to 

Baseline 

Average user throughput 

(per MHz) 
3x-4x 2x-3x 

Cell-edge user throughput 

(per MHz, 5
th

 percentile) 
2x-3x 2x-3x 

Spectrum efficiency 

(bit/s/Hz/cell) 
3x-4x 2x-3x 

 

 Mobility requirements 

 Maximum performance low terminal speeds up to 15 km/h. 

 High performance 120 km/h. 

 Maximum speeds limit 350 km/h. 

 Coverage requirements: This centre of cell range and radius. Slight 

degradation of throughput is permitted for cells with up to 30 km cell range. 

 Deploymentrequirements 

 Standalone system and coexistence with other 3GPP systems scenarios. 

 Interruption requirements: longest allowable interruption differs for both real-

time and non-real time services. Table 1.2 summarizes the requirements. 

Table 1.2 Interruption time requirement [1] 

 Non-real Time (ms) Real-time (ms) 

LTE to WCDMA 500 300 

LTE to GSM 500 300 

 

 Architecture and Migration 

 LTE RAN architecture should be packet based, while the system should also 

support real time traffic.  

 Radio Resource Management 
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 Verifies system support for end-to-end Quality of Service (QoS) 

requirements.  Services, applications and protocol requirements must match 

RAN characteristics and resources. 

 Complexity  

 The requirements ensures no redundant function across the network platform  

 General aspects 

 Cost and services requirement. Minimized cost and optimized performance is 

addressed 

 

Summary of 3GPP original LTE requirements: 

 Increased peak data rates: 100 Mbps downlink and 50 Mbps uplink 

 Reduction of RAN latency to 10 ms 

 Improved spectrum efficiency  

 Cost-effective migration from release 6 Universal Terrestrial Radio Access 

(UTRA) radio interface and architecture 

 Improved broadcasting 

 IP-optimized switched domain 

 Scalable bandwidth of 20 MHz, 15 MHz, 10 MHz, 5 MHz, 3 MHz, and 1.4 MHz 

 Support for both paired and unpaired spectrum (FDD and TDD) 

 

1.4. Key Characteristics and Technologies 
 

1.4.1 Orthogonal Frequency division Multiplexing (OFDM) 

LTE uses OFDM for downlink data transmission by subdividing available bandwidth 

into narrowband subcarriers while allowing parallel transmission of data on these 

subcarriers. OFDM ensures the subcarriers are orthogonal when transmitting several 

data symbols in parallel which results in better spectral efficiency. It eliminates inter-

symbol interference by preceding each OFDM symbol by a cyclic prefix and it is robust 

to time dispersion [1].  The only drawback of OFDM is related to power amplifier 

inefficiency [3]. 

 

 



  7 

1.4.2 Single Carrier Frequency Division Multiple Access (SC-FDMA) 

It is the single carrier access technique used by LTE for uplink of data transmission. It 

utilizes single carrier modulation and orthogonal frequency multiplexing using DFT-

spreading in the transmitter and frequency domain equalization in the receiver. A major 

advantage is the transmitting signal has a lower peak average power ratio (PAPR) which 

increases the efficiency of the power amplifier. 

 

1.4.3 Multiple Input Multiple Output (MIMO) Antenna 

LTE architecture engages the use of multiple antennas both at the transmitter and 

receivers. The transmitter can transmit data over more than one antenna at the same 

time. This allows for a significant increase in data throughput from sender to receiver. 

 

1.5. Motivation and Objectives of the Thesis 
 

The motivation of this study comes from the fact that LTE is expected to serve more 

than 80% of all mobile broadband users in the near future. Users desire for high data 

rates have increased exponentially hence it is expected that users will engage the 

network with more resource demanding applications. Therefore effective scheduling of 

radio resources on LTE system is a key performance indicator for providers. 

 

The Objective of the thesis is to study and analyze the impact of resource scheduling 

algorithms on the performance of the downlink LTE system under varying channel 

conditions. Two scheduling algorithms are considered: Round robin scheduling and the 

Best Channel Quality Indicator (CQI) scheduling. The evaluation will be based on 

performance metrics like block error rate (BLER), signal-to-noise ratio (SNR) and 

Throughput vs. SNR for Multi User Single Input Single Output (MUSISO) and Multi 

User Multiple Input Multiple Output (MU-MIMO) systems. We propose an alternative 

scheduling algorithm. The algorithm will include the constraints related to a real 

system. The expected outcome is an algorithm that is able to manage the scheduling of 

best effort and real time traffic with a good UE satisfaction. A compromise between 

fairness and throughput is achieved. 
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1.6. Thesis Scope and Outline 
 

In this thesis we discuss the core architecture of LTE network, radio resource 

algorithms fundamentals and dependencies, the effect and importance of resource 

allocation as a key contribution to maintaining an efficient LTE system. The thesis 

contribution is in the approach and method of evaluation of the LTE network elements. 

A thorough evaluation was carried out on each factor that contributes to better resource 

scheduling using MATLAB simulator. The results of the evaluation of three scheduling 

algorithm are plotted and interpreted in the Thesis. 

 

Chapter one presents an introduction and overview of the LTE system. Chapter two 

introduces the LTE architecture and related technologies and algorithms for resources 

management. Chapter three analyzes the scheduling algorithms. Chapter four focuses on 

simulation requirements. Chapter five presents the simulation results and evaluates the 

scheduling algorithms and performance of LTE downlink. Chapter six gives the 

conclusion of the thesis work. 
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CHAPTER 2 - SYSTEM DESCRIPTION 

2.1. LTE Architecture 
 

The 3GPP LTE architecture includes specifications for a core network, the EPC and for 

a RAN, the E-UTRAN. Figure 2.1 displays a simplified LTE architecture. 

 

Figure 2.1  LTE architecture 

The EPC has the components of the mobility management entity (MME), serving 

gateway (S-GW) and the packet data network gateway (P-GW). The EPC components 

can be grouped into two main planes: the user plane and the control plane. While MME 

forms the core of the control plane, S-GW forms the core of the user plane. MME is an 

entity that manages signalling and connections with RAN. S-GW is the system that 

forwards and receives packets from RAN. The P-GW is the termination point of the 

packet data interface and it interfaces with the packet data network [6][7]. The S1 

interface connects the eNodeB to the MME and S-GW. It supports the user and control 

plane traffic between the E-UTRAN and EPC. The 3GPP specification document for 

general packet radio service enhancements and architecture enhancements defines the 

EPC standards [9] [10]. 

 

The proposed E-UTRAN LTE system is composed of one component eNodeB. Several 

eNodeB are connected together using the X2 interface which is designed to minimize 

 

LTE Uu 

UE 

X2 
X2 

X2 

eNodeB 

eNodeB 
eNodeB 

S1 

S5 

External 

Network 

S1 

E-UTRAN EPC 

MME 
S-GW 

P-GW 
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packet loss caused by mobility of UE. The LTE-Uu interface is the standard that 

connects the UE to eNodeB, and it enables transmission/reception and radio resource 

management functions. To achieve the LTE target, eNodeB uses OFDM for the 

downlink (base station also known as eNodeB to handset) and single carrier frequency 

division multiple access (SC-FDMA) for the uplink and employs MIMO with up to four 

antennas per station.  

 

In order to achieve high peak rates in LTE downlink transmission, LTE adopts a method 

of using adaptive modulation schemes. Three modulation schemes are supported in 

3GPP specification, QPSK, 16QAM and 64QAM. The channel coding scheme for 

transport blocks is turbo coding and a contention-free quadratic permutation polynomial 

(QPP) turbo code internal interleaved [7]. 

 

LTE supports both FDD and TDD mode. While FDD makes use of paired spectra for 

uplink (UL) and downlink (DL) transmission separated by a duplex frequency gap, 

TDD alternates using the same spectral resources used for UL and DL, separated by 

guard time. Each mode has its own frame structure within LTE and these are aligned 

with each other meaning that similar hardware can be used in the base stations and 

terminals to allow for economy of scale. The TDD mode in LTE is aligned with time 

division synchronous code division multiple access (TD-SCDMA) as well allowing for 

coexistence [4][9]. 

 

The latency requirements are divided into control plane requirements and user plane 

requirements. The delay experienced by the UE in transiting into an active state from a 

previous non-active state is addressed by the control plane latency requirements. Two 

measures are expressed in this requirement: one measure determines the transition time 

from a camped state or idle mode state, this has a latency of 100 ms and the other 

measure is transition time from a dormant state with latency of 50 ms. 

 

The user plane latency requirement is stated at the time taken to transmit an IP packet 

from the UE to the RAN edge node or vice versa. 3GPP recommendation on one-way 

transmission should not exceed 5 ms in an unloaded network. 
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2.2. Physical Layer Interface 
 

A key aspect of the LTE systems is the radio physical layer (uplink and downlink) interface. It 

is the interface that connects the base station to the UE. LTE uses OFDM technology on the 

interface for the downlink network. The downlink represents the transmission from the base 

station to the user equipment.  

 

OFDM meets the LTE requirement for spectrum flexibility and enables cost-efficient solutions 

for very wide carriers with high peak rates. OFDM divides the available bandwidth into a large 

number of narrowband signals (subcarriers) and each of the signals is 15 kHz apart the sampling 

point where all other signals are zero. The subcarriers efficiently utilize available bandwidth 

because they are tightly spaced. Each of the OFDM symbol is preceded by a cyclic prefix (CP). 

The CP is used to maintain orthogonally between the subcarriers and to eliminate intersymbol 

interference (ISI). The OFDM spectrum is depicted in Figure 2.2.  

 

Figure 2.2 OFDM Spectrums [1] 

OFDM gives LTE downlink some flexibility in assigning resources to UE. Resources 

can be assigned both in time and frequency domain. The basic LTE downlink physical 

resource can be explained as a time-frequency grid, as illustrated in Figure 2.3 [2]. The 

smallest element or basic unit in LTE is an OFDM symbol also called a resource 

element (RE). In the time domain the radio frame is 10 ms long and consists of 10 sub-

frames of 1 ms each. Every sub-frame has 2 slots and each slot is 0.5 ms. The subcarrier 

spacing in the frequency domain is 15 kHz and 12 sub-carrier grouped together per slot 

is called a resource block (RB). Therefore one RB is 180 kHz. 6 RBs fit in a carrier of 

1.4 MHz and 100 RBs fit in a carrier of 20 MHz [11][14]. 
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Figure 2.3 LTE downlink physical resource based on OFDM. 
 

2.2.1. Basic Transmission Scheme 
 

LTE physical layer translate data into a reliable signal for transmission across a radio 

interface between eNodeB and UE. This involves modulation, multiplexing schemes 

and antenna technology. The basic transmission parameters are specified more detail in 

Table 2.1. The sub-frame duration corresponds to the minimum downlink transmission 

time interval (TTI). It is assumed that eNodeB would signal the TTI either explicitly 

which is set by higher layer signally or dynamically. In the case of dynamic TTI, the 

number of sub-frames concatenated can be dynamically varied for initial transmission 

and re-transmissions. 

Table 2.1 Parameters for downlink transmission scheme [14] 

Transmission BW 1.25 MHz 2.5 MHz 5 MHz 10 MHz 15 MHz  20 MHz 

Sub-frame duration  0.5 ms 

Sub-carrier spacing 15 kHz 

Sampling frequency  1.92 MHz 
(1/2  3.84 MHz) 

3.84 MHz 7.68 MHz 
(2  3.84 MHz) 

15.36 MHz 
(4  3.84 MHz) 

23.04 MHz 
(6  3.84 MHz) 

30.72 MHz 
(8  3.84 MHz) 

FFT size 128 256 512 1024 1536 2048 

Number of occupied  

sub-carriers 

76 151 301 601 901 1201 

Number of 

OFDM symbols  

per sub frame 

(Short/Long CP) 

7/6 

CP length 
(μs/samples) 

Short (4.69/9) 6, 

(5.21/10) 1* 

(4.69/18)  6, 

(5.21/20)  1 

(4.69/36)  6, 

(5.21/40)  1 

(4.69/72) 6, 

(5.21/80) 1 

(4.69/108) 6, 

(5.21/120)  1 

(4.69/144)  6, 

(5.21/160) 1 

Long (16.67/32) (16.67/64) (16.67/128) (16.67/256) (16.67/384) (16.67/512) 
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It should be noted that regardless of the transmission bandwidth, sub-carrier spacing is 

always constant. To achieve an expected data rate, the operations of LTE transmission 

in differently sized spectrum allocations, is enhanced by varying the number of OFDM 

sub-carriers, this eventually dynamically varies the transmission bandwidth. 

 

2.2.2. Transmitter Structure 
 

The block diagram in Figure 2.4 [27] and Figure 2.5 [28] describes the LTE Transmitter 

and Receiver respectively. 

Figure 2.4 LTE eNodeB Transmitter signal chain  

 

 

Figure 2.5 LTE UE Receiver signal chain  
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2.2.3. LTE Downlink Channels 
 

In the downlink there are three main physical channels used in LTE transmission [5].  

 Physical Downlink Shared Channel (PDSCH) is used for all the data 

transmitted. Supported modulation formats on the PDSCH are QPSK, 16QAM 

and 64QAM. 

 Physical Multicast Channel (PMCH) is used for broadcast transmission using a 

Single Frequency Network. 

 Physical Broadcast Channel (PBCH) is used to send most important system 

information within the cell. 

Control information and data transmission are time multiplexed within each downlink 

TTI are reserved for transmission of the related downlink control channels such as the 

physical downlink control channel (PDCCH) as well as the physical control format 

indicator channel (PCFICH). The PCFICH carries information on the time duration of 

the control channel (1-3 OFDM symbols), while the PDCCH carries the dynamic 

scheduling grants for both downlink and uplink.  

 

The remaining OFDM symbols within the TTI are used for transmission of user data 

and common/dedicated reference signals. The information carried on the PDCCH 

includes the indication of the user’s frequency domain allocation, the used modulation 

and coding scheme, and so on. The allocated resources combined with modulation and 

coding scheme are used to define the used transport block size. This information 

enables the user to demodulate and decode the transport blocks transmitted by the 

eNodeB.  

2.2.4. LTE Uplink Modulation Scheme and Channels 
 

In the uplink LTE uses a pre-coded version of OFDM called Single Carrier Frequency 

Division Multiple Access (SC-FDMA). This is to compensate for a drawback with 

normal OFDM, which has a very high PAPR. High PAPR requires expensive and 

inefficient power terminal and drains the battery faster. SC-FDMA solves this problem 

by grouping together the resource blocks in a way that reduces the need for linearity, 

and so power consumption, in the power amplifier. A low PAPR also improves 
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coverage and the cell-edge performance. The uplink has three main physical channels. 

While the Physical Random Access Channel (PRACH) is only used for initial access 

and when the UE is not uplink synchronized all the data is sent on the Physical Uplink 

Shared Channel (PUSCH) [4].  

 

2.2.5. Multiple Input Multiple Output (MIMO) Antennas 
 

LTE air interface uses more than one antenna at both the transmitter and the receiver. 

The use of multiple antennas by communicating entities in LTE system offers 

significant possibilities of high data throughput, without a need for a corresponding 

increase in bandwidth or transmits power. When the system uses more antennas an extra 

spatial dimension is open to signal pre-coding and detection. There are various 

classification of MIMO operations based on the availability of these antennas, these 

include: 

Single Input Multiple Output (SIMO) 

The transmitter uses one antenna while the receiver has two or more antennas. This 

forms a technique called receive diversity. 

 Receive Diversity : receiver can combine several copies of the received signal to 

get a better reception. 

Multiple Input Single Output (MISO) 

The transmitter utilizes more than one antenna to transmit data to a receiver.  

 Beam forming : This involves pointing the antenna beam towards a specific user 

by using different phase shifts on the additional antennas. 

 Transmit Diversity: It is a process of transmitting more copies of the same data 

using different delays to get artificial time dispersion.  

Single User MIMO (SU-MIMO) 

One UE has multiple antennas both for transmit and receive from eNodeB. 

Multi User MIMO (MU-MIMO) 

Several UE’S can communicate with an eNodeB. For instance, in downlink MU-MIMO 

transmission mode, two users can be spatially multiplexed per TTI and per physical 

resource block. 
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 Spatial Multiplexing: This technique multiplexes different data streams and 

transmits the data streams simultaneously in parallel over two or more antennas.   

 Spatial Diversity: It is used to increase the robustness of communication in 

fading channels by transmitting multiple replicas of the transmitted signal using 

different antennas. 

 

2.3. FDD and TDD Frequency Bands 
 

In LTE 3GPP specification, 15 different FDD frequency bands and 8 different TDD 

frequency bands have been defined for use as shown in Table 2.2. With FDD, downlink 

and uplink traffic is transmitted simultaneously in separate frequency bands. With TDD, 

transmission is discontinuous within the same frequency bands. This flexibility in 

spectrum allocation on LTE network will aid its deployment on multiple bands. 

 

Table 2.2 (A) FDD and (B) TDD frequency band 

 

 

 



  17 

Two radio frame structure (FS) are defined for LTE. These include the structure type 1, 

FS1 for FDD and the frame structure type 2, FS2 for TDD. A radio frame has duration 

of 10 ms. Figure 2.6 and Figure 2.7 show the two categories frame structures for one 

sub-frame. 

 

Figure 2.6 Frame structure type 1 FDD [1] 
 

 

Figure 2.7 Frame structure type 2 TDD [1] 
 

2.4. Channel Bandwidth and Resource Allocation 

A key characteristic of LTE that is worth noting is spectrum flexibility. This makes LTE 

to operate in different sized spectrum allocation from 1.4 MHz to 20 MHz, 3GPP base 

station radio transmission and reception specification document 36104 [9] defines the 

number of resources associated with each channel bandwidth. The knowledge of the 

number of available resources on the different bands of frequency is strategic to LTE 

performance since it determines the number of resources that can be allocated to users. 

Table 2.3 [14] highlights this relationship and shows the exact number of resource 

blocks. 
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Table 2.3  Transmission bandwidth configuration in EUTRAN  

Channel bandwidth [MHz] 1.4 3 5 10 15 20 

Number of resource blocks (NRB) 6 15 25 50 75 100 

Number of occupied subcarriers 72 180 300 600 900 1200 

IDFT (Tx) / DFT (Rx) size 128 256 512 1024 1536 2048 

Sample rate [MHz] 1.92 3.84 7.68 15.36 23.04 30.72 

Samples per slot 960 1920 3840 7680 11520 15360 

 

The relationship between Channel bandwidth and the transmission bandwidth 

configuration relationship is expressed in Figure 2.8 [14]. The figure identifies channel 

edges of E-UTRAN system. Channel edges are defined as the lowest and highest 

frequencies of the carrier separated by the channel bandwidth. 

 

 

Figure 2.8  Channel bandwidth definition and transmission bandwidth configuration for 

one E-UTRA carrier. 
 



  19 

2.5. Radio Resource Management (RRM) 

RRM involves allocating available radio resources efficiently to users. This forms a key 

part of network systems and operates in view of the fact that one of the main challenges 

of any broadband solution like LTE is to efficiently utilize available resources and to 

deliver high throughput, which is only achievable through optimal performance of RRM 

algorithms. Radio resource management involves exploring and fine-tuning RRM 

algorithms under different load and traffic conditions to improve the quality of service 

of packet switching in LTE optimized network. 

 

LTE radio resource algorithm includes bearer admission control, multi-user time and 

frequency domain packet scheduling, fast link adaptation with dynamic switching on 

different transmission modes and hybrid automatic repeat request (HARQ) 

management. One of the added objectives of RRM algorithms is to maximize system 

capacity while serving all users according to their minimum QoS constraints. Therefore 

the role of RRM is essential to ensure that radio resources are efficiently utilized, taking 

advantage of the available adaptation techniques, and to serve users according to their 

QoS attributes. 

 

An analysis of the performance of these protocols is strategic to understanding the 

intricacies of packet behavior using various RRA options, detecting errors and 

developing solutions in line with the cooperate goals of establishing LTE as a full 

packet switched optimized system. In this thesis we will investigate these radio resource 

management algorithms with emphasis on packet scheduling. It should be noted that 

having the RRM algorithms in the base station with easy access to air interface 

measurements and monitoring provides an attractive framework for cross-layer 

optimization.  

 

2.6. Protocol Architecture 

The basic protocol stack of the E-UTRAN air interface is represented in Figure 2.9 [15]. 

The radio link control (RLC) and medium access control (MAC) layers are responsible 

for segmentation of packets, retransmission and multiplexing of data flows. The 
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physical layer has three major responsibilities: coding, modulation and antenna 

resources mapping. Data to be transmitted is turbo coded and modulated using any of 

these modulation schemes (QPSK, 16-QAM, or 64-QAM) followed by OFDM 

modulation. The subcarrier spacing ∆f is 15 kHz and a normal cyclic prefix value of 4.7 

µs is used for most deployments. Two cyclic prefix lengths are supported for both 

uplink and downlink. 

 

Figure 2.9 LTE protocol structures. 

 

An extended cyclic prefix value of 16.7 µs can be used in an environment with heavy 

time dispersion. Table 2.4 displays a list of supported subcarrier spacing, cyclic prefix 

length and the equivalent symbols per slot. 
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Table 2.4 Cyclic Prefix Value 

Configuration (∆f) CP length (µs) Symbol per slot 

Normal 15 KHz 4.7 (1st CP is 5,2 µs ) 7 

Extended 15KHz 16.7 6 

7.5KHz 33.3  3 

 

Transmitted signal is organized into sub-frame of 1 ms duration on the time domain, 

consisting of 12 OFDM symbols on the frequency domain. The scheduler determines 

for each 1 ms sub-frame which user(s) are permitted to transmit and on what frequency 

resources the transmission will take place. Packet scheduling is one of the major RRM 

functions and it is responsible for intelligent selections of users and transmissions of 

their packets such that radio resources are efficiently utilized and user’s quality of 

service requirements can be satisfied. The radio resources available for user in both 

frequency and time domain is called resource block.  

 1 Resource Element (RE) = 1 subcarrier during 1 OFDM Symbol 

 12  OFDM symbol x 15 kHz = 180 kHz 

 180 kHz x 0.5 ms = 1 RB (resource block) 

 180 kHz x 1 ms = 2 RB (resource block) 

Scheduling in LTE system is performed at 1 ms interval which is equivalent to one TTI 

and two consecutive RBs (in time domain) are assigned to a user for a TTI. It is worth 

noting that the downlink and uplink transmissions are controlled by the scheduler 

located in the base station. The scheduler is invariably a key element and can influence 

the performance of an LTE system. The instantaneous CQI feedback to the base station 

aid the downlink scheduler in the decision process to know which users to schedule. 

Other elements includes hybrid-automatic repeat request (HARQ) which handles 

occasional retransmission errors. It has a low overhead feedback and supports for soft 

combining with incremental redundancy to complement the automatic repeat request 

protocol. 
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2.7. Channel Capacity 

The system capacity C of an Additive White Gaussian Noise (AWGN) channel is 

calculated with Shannon–Hartley theorem as is (2.1). 

 

                      (2.1) 

 

Where C is channel capacity in bits per second (b/s), B is bandwidth of channel in hertz 

(Hz) and SNR refers to Signal to Noise Ratio (dB).   

 

The transmission of an OFDM signal requires the transmission of a cyclic prefix (CP) to 

avoid inter-symbol interference and the reference symbols for channel estimation [21]. 

Therefore, some arrangements are made on the Shannon in (2.1) by the factor F in 

equation (2.2). This factor F accounts the inherent system losses and is calculated as in 

(2.3). 

 

                       (2.2) 

 

 

    
           

             
       

   
            

                
                     

  (2.3) 

 

In Equation (2.3) Tframe is the fixed frame duration of 10 ms, TCP is the total CP time of 

all OFDM symbols within one frame. Where Nsc is the number of subcarriers in one RB 

and Ns is the number of OFDM symbols in one subframe [21]. Ns depend on the cyclic 

prefix length. With normal cyclic prefix length, TCP 5.2 µs for the first symbol and 

4.7µs for the remaining 6 symbols. This refers to Ns as 7 symbols. For extended cyclic 

prefix with in 15 kHz sub-carrier spacing, TCP-E is 16.7µs and contains Ns is 6 OFDM 

symbols. For 7.5 kHz sub-carrier spacing, the generic frame structure with extended 

cyclic prefix of TCP-E is 33.3µs.  It contains 3 symbols. 

 

The Channel capacity for different bandwidths with respect to SNR changes are figured 

in Figure 2.10. 

http://en.wikipedia.org/wiki/Additive_white_Gaussian_noise
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Figure 2.10 Channel capacity for different bandwidths in SISO. 

 

 

2.8. RRM Algorithms on Protocol stack 

As introduced above an LTE radio access network is composed of three layers namely 

layer 1, layer 2 and layer 3 for both the user and control planes. Figure 2.11 [13] depicts 

the block diagram of related RRM functions. 
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Figure 2.11 Mapping of the primary RRM functionalities to the different layers [13]. 

 

The physical layer (layer 1) transmits the binary information from the transmitter to 

receiver through a radio channel. This layer engages different layer 1 algorithms to 

ensure robustness of the system against signal distortions which can be caused by 

interference conditions of the channel.  The system can achieve varying transmission 

qualities and spectral efficiencies depending on the algorithm that is used, which also 

has a dependency of the channel conditions (i.e. based on channel conditions the 

physical layer uses certain algorithms to achieve a pre-determined transmission quality) 

[6].  CQI manager is a key algorithm and controller of the physical layer. The layer 1 

provides data transport services to the higher layers using transport channels. Other 

functions of physical layer include Error detection on the transport channels and 

encoding/decoding of the transport channels. 

 

Layer 2 is called the data link layer and its main function is to allocate radio resources 

to users and also control their QoS. It comprises of MAC and RLC protocols. The MAC 

layer performs mapping between the transport and logical channels while the RLC 

provides sequenced delivery of data units to higher layers. The radio resources available 

to users include frequency subcarriers, time slots, spectrum spreading code and multi-

antennas diversity scheme. Data link layer is designed to control the use of these radio 

resources based on the QoS requirements of network users. The following are 

considered key quality of service requirement of any network user: latency, error rates 

and throughput.  
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2.9. Channel Quality Indicator– CQI 

Channel Quality Indicator is 5 bit information which an active UE sends as feedback to 

the eNodeB at regular interval. The CQI is reported every 5 TTI with a delay of 2 time 

to live (TTL). UE reports CQI value to eNodeB via two methods. Periodically by using 

physical uplink control channel (PUCCH) or physical uplink shared channel (PUSCH) 

and a-periodically by using PUSCH channels. 

CQI is calculated at the UE based on the SNR of the received common pilot which 

indicates the highest modulation and the code rate at which the block error rate (BLER) 

of the channel analyzed does not exceed a threshold. CQI includes information not only 

about instantaneous channel quality but information necessary to determine the 

appropriate antenna processing in case of spatial multiplexing [1]. In the 3GPP 

Technical specification 36.213 reference [7], CQIs index are specified. The index 

ranges up to 15. Each numbered index relates to a modulation scheme and an equivalent 

channel coding rate. These values are listed in Table 2.5. 

 

Table 2.5 CQI Table (4-bit) [14] 
CQI Index Modulation Code rate x 1024 Efficiency 

0 Out of range 

1 QPSK 78 0.1523 

2 QPSK 120 0.2344 

3 QPSK 193 0.3770 

4 QPSK 308 0.6016 

5 QPSK 449 0.8770 

6 QPSK 602 1.158 

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 772 4.5234 

14 64QAM 873 5.1152 

15 64QAM 948 5.5547 
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Table 2.5 displays an implementation of three modulation schemes including QPSK, 

16QAM and 64QAM. The use of higher order modulation such like 16QAM and 

64QAM provides the possibility for higher bandwidth utilization and subsequently 

higher data rate, within a particular bandwidth. Higher order modulation schemes 

achieve higher data rates by using alternative signaling modulation alphabet been 

extended and thus allowing for more bits of information to be communicated per 

modulation symbol. However this does not go without an effect on the received signal 

having a reduced robustness to noise and interference. A reduced robustness of received 

signal to noise and interference will cause an increase in the probability of error rate and 

a necessity for a corresponding increase in the Eb/No [26] [1]. Analysis has been done to 

reduce this effect and the corresponding increase of Eb/No of the received signal, by the 

introduction of a channel coding factor. The combination of channel coding and the 

higher-order modulation will give a more efficient solution for a received signal.  
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CHAPTER 3 
 

SCHEDULING ALGORITHMS 
 

Scheduling is simply allocating or reserving resources to users in a communication 

system to maximize throughput and system efficiency. Scheduling in LTE downlink 

takes advantage of various factors including channel variations by allocating frequency 

and time resources to a user with transiently better channel conditions. The quality of 

service requirement in a multi-user communication system varies therefore the choice of 

a scheduling algorithm critically impacts the system performance.  

 

Packet scheduling is one of the RRM functions and it is responsible for intelligent 

selections of users and transmissions of their packet. PS is located directly in the 

eNodeB and is performed on minimum allocation unit of 1 ms TTI basis in order for the 

system to adapt to fast channel variation and therefore benefit from multi-user diversity 

gain. The scheduler controls, for each time instant, to which users the shared resources 

should be assigned. It also determines the data rate to be used for each link, a function 

executes with Link adaptation. The scheduler is also responsible for selecting the 

transport-block size, the modulation scheme, and the antenna mapping. The overall 

system performance in the downlink is based on how efficient the scheduler is. 

 

In LTE downlink the flexibility of allocating available resource block on the physical 

layer is an inherent function of a user diversity system that depends on the various 

techniques adopted by the scheduling algorithm. These techniques are evaluated on the 

basis of quality of service requirement of a user, and in terms of the maximum benefit 

the system can derive from it using metrics of fairness, system throughput and most 

especially service level agreement. 

 

Although the scheduling strategy is implementation specific and not specified by 3GPP, 

the overall goal of most scheduler is satisfy the system and users requirement. A good 

scheduling algorithm therefore has two main objectives: First to maximize the 
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throughput and second to achieve fairness between users. To achieve this goal, there are 

many algorithms developed for wireless system, such as maximum rate scheduling, 

round robin (RR), best CQI and proportional fair (PF). An evaluation of the 

performance of these algorithms in an LTE system using known radio conditions are 

important to making an informed observation about the factors that contribute to 

realizing the LTE objectives. In this study we investigated round robin and best CQI 

using the pedestrian B (PedB) ITU channel model conditions and we propose an 

empirical algorithm scheduling method, which achieves a good throughput and 

satisfying fairness of each user.  

3.1. Dynamic Scheduling 
 

IEEE 802.16 and 3GPP HSDPA implements a semi-persistent scheduling for a 

deterministic data flow services. The principle is to assign certain transmission 

resources for a particular user. The time pattern for scheduling a UE in semi-persistent 

method is pre-configured via resource control (RRC) protocol [22]. Although the UE can 

be semi-persistently scheduled for real time services in LTE downlink, however 

eNodeB can override the decision using a dynamic scenario. One good advantage of 

semi-persistent is that there is good reduction of the downlink control signalling 

overhead. 

 

The Packet scheduler at layer 2 in the LTE protocol stack performs scheduling decision 

every TTI dynamically by allocating physical resource block to UE. The scheduling 

decision is done on a per UE basis. During one TTI, the packet scheduler must decide 

between sending a new transmission or a pending hybrid ARQ retransmission. Given a 

certain scheduled transport block size for a UE, the MAC protocol decides what size of 

data is sent. The types of data flow for any UE is either a control plane data flow for 

RRC protocol or multiple user plane data flow. Packet scheduler in E-UTRAN LTE can 

be decomposed into a time-domain and frequency-domain scheduling approach. 
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3.2. Generalized Scheduling Model 
 

The generalized model for packet scheduling algorithm is given in Figure 3.1 [23]. The 

model implements a traditional queuing system approach for LTE system, and a first in 

first out (FIFO) scheduling mechanism is used. The method works by accepting packets 

from all UE’s, en-queue the inputs on a first come first serve basis into a stack memory 

(or buffer) and then allocate resources in the order of arrival at the input. The figure 

describes a process of user’s packet arriving into an eNodeB and assigned a buffer, 

these packets are time stamped and queued for transmission based on FIFO. 

 

 

UE  1 UE  2 UE..K 

ENodeB BUFFER 

UE (1) UE (2) UE (K)

Packet Scheduling 

Algorithm 

eNodeB

 

Figure 3. 1 Generalized scheduling model  

In a multi user mobile communication environment the generalized model is seldom 

implemented except it fulfils specific quality of service requirements for our modelled 

network. When evaluating packet scheduling performance in a typical LTE downlink 

key performance indicators are system throughput and fairness.  

 

3.3. Round Robin 
 

Round Robin is one of the fundamental and widely used scheduling algorithms. Its 

running process is very simple and easy to implement. Round robin algorithm uses a 

principle of sharing resources on an equal time slots basis and does not consider the 
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channel quality information from participating user equipments [12]. Each active UE in 

a cell have equal access to resources and services at equal amount of time slots hence 

round robin algorithm is not a channel-dependent scheduling algorithm. A simple flow 

chart of round robin scheduling process is displayed in Figure 3.2.  

 

Figure 3. 2 Flowchart of RR schedule algorithm 

RR scheduler behavior for two users with different average channel quality is illustrated 

in Figure 3.3[1]. The figure illustrates the process of assigning resource cyclically to 

users. This may seems fair in the sense that same amount of radio resources is given 

each communication link but it is not fair in the sense of providing the same service 

quality to all communication links. Since RR does not take the instantaneous channel 

conditions into account during the scheduling process, it will result in lower overall 

system performance. 
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Figure 3 

Figure 3.3 RR scheduler behavior for two users 

 

3.4. Best CQI 
 

The CQI feedback values sent from UE to eNodeB as shown in Figure 3.4[3] are used 

to adapt the modulation and coding for appropriate UEs. The CQI value can be 

expressed as a recommended transport-block size instead of expressing it as a received 

signal quality.  It can be used for the scheduling. Best CQI scheduling algorithm uses 

these values as a reference for making decision of scheduling. Flow chart of the 

scheduling algorithm is shown in Figure 3.5.  

 

 

 

Figure 3.4 Basic FDPS concept and terminology 
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Figure 3.5 Flowchart of Best CQI scheduler algorithms 

 

The idea is transfer the data to the UE which has the highest CQI value which is 

illustrated in Figure 3.6 [1]. When the transmitter power is kept constant, data rate will 

vary and its variation is depending on channel quality as shown in Figure 3.7 [3]. 

 

 

Figure 3.6 Channel dependent scheduling  
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Figure 3. 7 Data Rate Control 

 

3.5. Empirical Scheduling Algorithm 
 

The aim of designing the algorithm is to test a low complex solution for the scheduling 

function of the eNodeB and to ensure a balance between fairness and throughput for UE 

resource allocation in an LTE downlink system. As a validation of the algorithm, we 

considered a multi-user environment with a minimum of three user equipments and we 

assumed the users have varying CQI value due to different instantaneous SNR value of 

the received signal from the transmitter. The strategy employed is to use an adaptive 

scheduling approach by tuning the system to allocate resource to a UE with the highest 

CQI value and make a fair allocation of remaining resources to the two other UE’s in a 

proportion that depends on a preset priority coefficient, D. The systems consideration 

for fairness may vary on resource allocation due to this priority coefficient, D and this is 

considered vendor specific, as there is no strict rule or standard that guide scheduling 

solution in 3GPP specification. Vendors will be guided by their offered quality of 

service level agreement and priority considerations for the resource scheduling. 

Previous research work has been experimented in solutions like the proportional fair 

algorithm although with a more complex approach. The systems consideration for 

fairness can be based on maintaining a balance between key priority factors for the user 

equipments, these include: 

 Quality of Service parameters and measurements 

 Payloads buffered in the eNodeB ready for scheduling 

 Pending retransmissions, 
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 CQI reports from the UE 

 UE capabilities 

 UE sleep cycles and measurement gaps/periods 

 Latency of users applications 

Due to time constraints and issues with reducing complexities in our simulation 

scenarios of LTE downlink we have used the UE’s CQI values as our metrics for 

evaluating fairness. A simple relationship can be drawn for the algorithm:  

 

     
                                 
                                     
                                  

  

 

The system assigns half of the RBs to UE which has highest CQI value. The other half 

the RBs are assigned between the remaining two UEs based on a scaling factor 0.3 and 

0.2. A simple illustration of the algorithm is expressed in the flow chart Figure 3.8 
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Figure 3. 8 Flowchart of empirical scheduler algorithm 
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CHAPTER 4 
 

SIMULATION  
 

In this section we investigate the performance of LTE downlink scheduler algorithms 

with respect to different channel bandwidth.  Test environment consist of one eNodeB 

(Base station) and three user equipment’s (UE’s). Each UE has its own individual CQI 

value and it is changed randomly by time. Pedestrian B (PedB) channel model is used as 

a channel type condition in the simulation.  

4.1. Radio Propagation Environment and Channel conditions 

A key characteristic of UTRAN LTE radio communication link is the rapid variation in 

channel conditions which is causes by fast multipath fading. A realistic channel model 

is essential for accurate evaluation of LTE system. The International 

Telecommunications Union (ITU) channel models were implemented in 3G radio 

access systems and various scenarios of channel propagation conditions were 

considered. These channel propagation scenario defined by ITU include indoor office, 

indoor-to-outdoor, pedestrian and vehicular radio environments [24]. Some of the 

unique factors that characterized each channel type are Path-loss, Fading characteristics 

and Propagating radio frequency [25].  

 

Path Loss  

In wireless communication transmission, signal disperses and attenuates with distance. 

This is referred to as path loss. Path loss may be due to many effects such as free-space 

loss, refraction, diffraction and reflection [25]. In line with ITU recommendation 

guidelines for evaluation of radio transmission technologies, a path loss rule of R
-4

 is 

appropriate for PedB channel environment and the following path loss model is used 

[24]: 

 L = 40 log10 R + 30 log10 F + 49 

Where:  

R: Distance between base station and the user equipment (km) 

F: Carrier frequency  
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Fading  

Fading refers to the time variation of received signal power caused by changes in the 

transmission medium. In broadband wireless communication users experience different 

types of fading in transmission because the degradation on received signal power 

caused by the propagation environment.   

 

Shadow Fading: Shadow fading is caused by movement of the transmitter or receiver. 

It is not deterministic but uses statistical parameters. Shadow fading and distance 

dependent path loss affects the received signal strength. 

 

Multipath Fading: Multipath fading is experienced in a non-line of sight microwave 

radio channel. It is also referred to as a dispersive transmission medium or environment 

where propagation between transmitter and receiver takes place along several paths of 

different electrical lengths. Receivers thus sees weighted sum of delayed replicas of the 

transmitted signal from these multi-paths, interfering with each other constructively or 

destructively. The amplitude of the received signal varies with time. When the replicas 

arrive at the receiver in-phase, they reinforce each other but when they arrive in an anti-

phase they cancel each other. 

 

Frequency Selective Fading: Rapid and random variations in the channel 

attenuation. Due to the relatively long symbol time, OFDM provides a high degree to 

robustness against channel frequency selectivity. But corruption of signal due to 

frequency selective fading can in principle be handled by equalization at the receiver 

side. 

 

4.2. ITU Channel Model 

The ITU channel model The ITU channel model used to investigate the performance of 

packet scheduling algorithm in this thesis is the Pedestrian B (PedB) channel type. Each 

UE establishes a signaling connection with the eNodeB with the high overall path gain. 

The PedB channel  in ITU models is displayed in Table 4.1. 
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Table 4. 1 ITU Pedestrian B [25] 
ITU Pedestrian B 

Tap Number  1 2 3 4 5 6 

Delay Relative 

delay(ns) 
0 200 800 1200 2300 3700 

Mean Power 
(dB) 

0 -0.9 -4.9 -8.0 -7.8 -23.9 

 

  

4.3. Simulation Assumptions 

It is assumed that all user equipments on the average will experience similar variations 

in the instantaneous channel conditions, this is due to fast multipath fading a standard 

characteristic of broadband wireless communication systems. Although UE are 

expected to experience differences in received signal strength and data throughput due 

to distance between UE and eNodeB.  

 

It is also assumed that UE report an error free and delay free instantaneous downlink 

SNR values on each RB and at each TTI to the serving eNodeB. The reported SNR 

values are calculated based on sub-carrier located at the center frequency of each RB. It 

is expected that all sub-carriers are used for data transmission and the eNodeB use 

dynamic rate control link adaptation technique, while the transmitting power is kept 

constant data rate is dynamically adjusted to compensate for the varying channel 

conditions. 

 

Pathloss, shadow fading and multi-path fading are used to determine the channel gain 

and hence the instantaneous downlink SNR value of each user on each RB. It is 

assumed in the simulation that pathloss and shadow fading values are fixed for each RB 

while the multipath values vary on each RB. 

 

4.4. Scenario 1 – Multi-User SISO 

In this scenario we evaluate scheduling algorithms on a cell transmission network of 

SISO. There are three different types of scheduling algorithms and HARQ was not used. 

The transmission rates were tested for SNR range of 0 to 50 dB. In addition 

measurements were done for multiple bandwidth conditions.  
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Table 4.2 Simulation Parameters of Multiple-Users SISO Scenario 

Simulation Type Multi-User SISO 

Number of User Equipments 3 

Number of Base Stations 1 

Channel Type Pedestrian B 

Number of transmit antennas 1 

Number of receive antennas 1 

Number of Iterations 500 sub-frames 

SNR Range 0 to 50 dB 

Scheduling Algorithms Round Robin, Best CQI and Empirical scheduling 

Bandwidths 
1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz, 20 

MHz 
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4.5. Scenario 2 - Multi-User MIMO 

In this scenario we evaluated scheduling algorithms on MIMO base cell transmission 

network. The rest of the all other settings are same as in MU-SISO scenario.  

 

Table 4.3 Simulation Parameters of Multiple-Users MIMO Scenario 

Simulation Type Multi-User MIMO 

Number of User Equipments 3 

Number of Base Stations 1 

Channel Type Pedestrian B 

Number of transmit antennas 2 

Number of receive antennas 2 

Number of Iterations 500 sub-frames 

SNR Range 0 to 50 dB 

Scheduling Algorithms Round Robin, Best CQI and Empirical scheduling 

Bandwidths 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz, 20 MHz 
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CHAPTER 5 
 

RESULTS and ANALYSIS 
 

 
 

Figure 5.1 Throughput Graphs for (A) 1.4 MHz and (B) 3 MHz 
 

 

 
 

 

Figure 5.2 Throughput Graphs for (A) 5 MHz and (B) 10 MH 

(A)  Throughput (MUSISO, 3 UEs, 1.4 MHz) (B)  Throughput (MUSISO, 3 UEs, 3 MHz) 
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Figure 5.3 Throughput Graphs for (A) 15 MHz and (B) 20 MHz 
 

It is observed that results from the MUSISO graph at various bandwidth in Figure 5.1-

5.3 shows that RR and Empirical have higher throughput at low SNR than the best 

algorithm. It is expected that at a high SNR value Best has a higher throughput since it 

allocates resources based on higher SNR value. However Empirical has a steady and 

average throughput from low SNR to higher SNR values which suggest an inherent 

stability of low rate delivery.  

 

Best one rises sharply at about 5 dB SNR with the throughput achieving an almost 

exponential rise from 0 to 3 Mbps when at SNR varying from 5-25 dB. The peak 

throughput is achieved at about 3.3 Mbps compared to the peak throughput of about 2.2 

Mbps for Empirical and 1.2 Mbps for RR. The initial throughputs however are better at 

low SNR for both RR and Empirical. 

 

RR algorithm suggests an under utilization of the system capability of delivering a high 

throughput. The result form the MUSISO graph indicate that the highest throughput RR 

could deliver was about 23Mbps at a bandwidth frequency of 20 Mhz. Although RR 

uses a very fair approach of allocating equal amount of resources to users but the result 

of the throughput value even at high SNR suggest RR may not be a good scheduling 

approach at certain circumstances.   

(A)  Throughput (MUSISO, 3 UEs, 15 MHz) (B)  Throughput (MUSISO, 3 UEs, 20 MHz) 
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The empirical result seems to be a good choice because it suggests an approach that is 

fair to the users and to the system resources since the same SNR value is guarantees a 

constant throughput. The summary of results is similar at 3 MHz, 5 MHz, 10 MHz, 15 

MHz and 20 MHz respectively.  The bandwidth size may not have had any impact on 

the throughput/SNR performances for these algorithms 

 
 

 

 

Figure 5.4 BLER Graphs for (A) 1.4 MHz and (B) 3 MHz 
 

 

 

  (B)  BLER (MUSISO, 3 UEs, 3 MHz) (A)  BLER (MUSISO, 3 UEs, 1.4 MHz) 
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Figure 5.5 BLER Graphs for (A) 5 MHz and (B) 10 MHz 

 
 

 

 

Figure 5.6 BLER Graphs for (A) 15 MHz and (B) 20 MHz 
 

 

The BLER result for the best algorithm is very commendable at 1.4 Mhz (3UEs, MUSISO) 

because its about E-3 at 50dB SNR compared to same value (E-3) at 22dB SNR and about 30dB 

for both RR and Empirical respectively. However, in Fig 5.4b, we can now observe the impact 

(A)  BLER (MUSISO, 3 UEs, 5 MHz) 
(B)  BLER (MUSISO, 3 UEs, 10 MHz) 

(A)  BLER (MUSISO, 3 UEs, 15 MHz) (B)  BLER (MUSISO, 3 UEs, 20 MHz) 
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of increased bandwidth as Best seems to suffer reduced SNR at the same value of E-3 because 

SNR is now at about 25dB. 

 

The RR produces similar BLER for same SNR value at increased bandwidth but Best's SNR 

actually toggles down at increased bandwidth. This suggests that Best produces excellent results 

of BLER/SNR ratio at lower bandwidth sizes.  

 

The empirical solution has a better performance than RR and BestCQI with a lower BLER at 

average SNR ratio for both SUMIMO and MUMIMO even at high bandwidth. 

 

The results of MUMIMO indicates similar trends. 

 

 
 

 

 

Figure 5.7 Throughput Graphs for (A) 1.4 MHz and (B) 3 MHz 

(A)  Throughput (MUMIMO, 3 UEs, 1.4 MHz) 
(B)  Throughput (MUMIMO, 3 UEs, 3 MHz) 
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Figure 5.8 Throughput Graphs for (A) 15 MHz and (B) 20 MHz 
 

 
 

 

 

Figure 5.9 Throughput Graphs for (A) 15 MHz and (B) 20 MHz 

(A)  Throughput (MUMIMO, 3 UEs, 5 MHz) (B)  Throughput (MUMIMO, 3 UEs, 10 MHz) 

(A)  Throughput (MUMIMO, 3 UEs, 15 MHz) (B)  Throughput (MUMIMO, 3 UEs, 20 MHz) 
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Figure 5.10 BLER Graphs for (A) 1.4 MHz and (B) 3 MHz 
 

 

 
 

 

Figure 5.11 BLER Graphs for (A) 5 MHz and (B) 10 MHz 
 

(A)  BLER (MUMIMO, 3 UEs, 1.4 MHz) (B)  BLER (MUMIMO, 3 UEs, 3 MHz) 

(A)  BLER (MUMIMO, 3 UEs, 5 MHz) (B)  BLER (MUMIMO, 3 UEs, 10 MHz) 
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Figure 5.12 Throughput Graphs for (A) 15 MHz and (B) 20 MHz 

(A)  BLER (MUMIMO, 3 UEs, 15 MHz) (B)  BLER (MUMIMO, 3 UEs, 20 MHz) 
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SUMMARY OF SIMULATION RESULTS 
 

The analysis of the simulation graphs generally show that Best CQI scheduler had 

highest throughput values at higher SNR values. But at low SNRs values Round Robin 

scheduler performed better efficiency than other scheduler algorithms, except the 

bandwidth of 15MHz and 20 MHz MIMO systems. At these two bandwidth systems 

empirical algorithm had agreeable throughput at low SNRs (up to 15dB). At some of the 

bandwidth Best CQI and empirical schedulers start with slow phase (up to 10dB). If we 

want just high throughput; the best CQI schedulers will be a good choice for the system. 

But if fairness and an average throughput is a major consideration in the service 

requirement of the system then the empirical idea will be a better choice. It is also worth 

noting that the difference in the throughput results of the BestCQI and Empirical is not 

low and cannot be used to justify the argument for BestCQI as a better algorithm.  
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