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ABSTRACT 

Smart grid is a novel initiative in the power electric distribution network that aims to provide 

an intelligent, self-healing and self-aware grid. The smart grid is divided into four major 

technological fields: telecommunications, power engineering, control and information 

technology. The role of communications in the smart grid is to provide adequate transmission 

capacity to exchange information between all the devices in the grid, supporting their 

operational and functional needs. Requirements of a communication network in electricity grids 

are not necessarily limited by the transmission capacity but also by the connectivity 

requirements to all the devices deployed in the network. Wireless communications, in particular 

the Worldwide Interoperability for Microwave Access (WiMAX), is seen as a well-recognized 

technology able to fulfil the requirements of smart grid’s applications. The WiMAX provides 

wide area connectivity and the quality of service (QoS) differentiated services; the two most 

important issues for the communication requirements in the smart grid.  

This research investigates the performance of a WiMAX-based network architecture used to 

support the communications needs of the smart grid applications. It proposes communications 

network architecture, presents the simulation model and performance results using OPNET 

simulation models. Simulation results are compared with analytical calculations of path loss, 

network capacity, and delay constrains for multiple smart grid applications, such as smart 

metering, consumer demand control and emergency sensor messaging.  

The simulation results demonstrate that the WiMAX network could be used as an efficient 

and reliable communication network for the smart grid applications fulfilling the coverage needs 

and application QoS constrains. A communication network architecture was finally proposed by 

providing appropriate network configurations and inclusion of necessary algorithms in the 

WiMAX standard to support the different needs of the smart grid.  



 

 iv



 

 v

TABLE OF CONTENTS  

Acknowledgments ..................................................................................................................... i 
Abstract ................................................................................................................................... iii 
Table Of Contents ..................................................................................................................... v 

List Of Figures ....................................................................................................................... vii 
List Of Tables .......................................................................................................................... xi 
List Of Acronyms ................................................................................................................. xiii 
 
CHAPTER 1. ........................................................................................................................... 1 

Introduction ............................................................................................................................... 1 

1.1. Communication networks in electric grids ................................................................ 1 

1.2. Research motivation and contributions ...................................................................... 2 

1.3. Outline of the thesis document ................................................................................... 3 

1.4. Publications ................................................................................................................ 4 

 
CHAPTER 2. ........................................................................................................................... 7 

Smart Grids ............................................................................................................................... 7 

2.1. Introduction to Smart Grid ......................................................................................... 8 

2.1.1. What is a Smart Grid? ........................................................................................ 8 

2.1.2. Why are the smart grid needed? ....................................................................... 12 

2.1.3. Needs and challenges for future electricity grids ............................................. 13 

2.1.4. Smart grid proposed architectures .................................................................... 16 

2.2. Smart Grid Communications ................................................................................... 20 

2.2.1. Need for a smart grid communication network ................................................ 21 

2.2.2. The IEEE P2030 communication model .......................................................... 21 

2.2.3. Services supported in a Smart Grid communication network .......................... 26 

2.3. Wireless networks for the Smart Grid ...................................................................... 27 

2.3.1. WiMAX in the Smart Grid ............................................................................... 28 

2.4. Smart Grids Applications, requirements and characteristics ................................... 29 

2.4.1. Definition of the Smart Grid applications ........................................................ 30 

2.4.2. Meter-reading applications .............................................................................. 33 

2.4.3. Demand side management applications ........................................................... 34 

2.4.4. Sensor data applications ................................................................................... 36 

2.5. Chapter summary ..................................................................................................... 38 

 
CHAPTER 3. ......................................................................................................................... 41 

WiMAX network architecture for smart grid communications .............................................. 41 

3.1. WiMAX Physical Layer services ............................................................................. 42 

3.1.1. Network entry procedures ................................................................................ 42 



TABLE OF CONTENTS 

_____________________________________________________________________ 

 vi

3.1.2. Power control mechanisms and quality of links .............................................. 43 

3.1.3. WiMAX OFDMA frame structure .................................................................. 46 

3.2. WiMAX MAC layer services .................................................................................. 50 

3.2.1. Traffic services classes .................................................................................... 51 

3.2.2. Service Flows .................................................................................................. 53 

3.2.3. Bandwidth request techniques ......................................................................... 55 

3.2.4. Scheduling techniques ..................................................................................... 64 

3.2.5. Resource allocation and mapping procedures ................................................. 67 

3.3. Chapter summary ..................................................................................................... 69 

 
CHAPTER 4. ........................................................................................................................ 71 

Smart meter reading using a WiMAX network ...................................................................... 71 

4.1. System model .......................................................................................................... 72 

4.2. OPNET simulation model ....................................................................................... 74 

4.3. Radio link design and analysis ................................................................................ 79 

4.3.1. Free Space propagation model ........................................................................ 79 

4.3.2. Erceg propagation model ................................................................................. 82 

4.3.3. Propagation effect analysis .............................................................................. 83 

4.4. Performance analysis of smart meter service network ............................................ 94 

4.4.1. Delay and IPT relationship .............................................................................. 94 

4.4.2. Network capacity considerations ................................................................... 102 

4.5. Chapter summary ................................................................................................... 107 

 
CHAPTER 5. ...................................................................................................................... 110 

Demand management system architecture using the WiMAX standard network ................ 110 

5.1. Introduction ........................................................................................................... 110 

5.2. Applications description ........................................................................................ 111 

5.3. Simulation model ................................................................................................... 112 

5.3.1. Traffic node distribution model ..................................................................... 112 

5.3.2. WiMAX simulation network model .............................................................. 114 

5.4. Performance analysis ............................................................................................. 114 

5.4.1. Smart meters .................................................................................................. 114 

5.4.2. Emergency sensor traffic ............................................................................... 126 

5.5. Chapter summary ................................................................................................... 132 

 
CHAPTER 6. ...................................................................................................................... 135 

Conclusions and future work ................................................................................................ 135 

6.1. Thesis summary ..................................................................................................... 135 

6.2. Future work ........................................................................................................... 137 

 
Bibliography ......................................................................................................................... 139 

Annex A ............................................................................................................................... 144 

 



 

 vii

LIST OF FIGURES  

Figure 1.  Domains of the traditional energy network. ......................................................... 11 

Figure 2.  An electric network seen as a closed-loop in control theory. ............................... 12 

Figure 3.  Smart Grids Framework according to NIST [3]. .................................................. 17 

Figure 4.  The Smart Grid conceptual reference diagram based in NIST[20]. ..................... 19 

Figure 5.  Evolution of the smart grid interoperability according to IEEE P2030 
standard[4]. .......................................................................................................... 21 

Figure 6.  End-to-end smart grid communication model based on IEEE P2030 
standard[4]. .......................................................................................................... 22 

Figure 7.  IEEE P2030 Communication technology interoperability architecture[4]. ......... 23 

Figure 8.  Current stage of the communication network in the electricity grid (based in 
IEEE P2030) [23]. ................................................................................................ 25 

Figure 9.  Future vision of the Smart Grid using wireless communications (based on the 
IEEE P2030 Architecture) [23]. ........................................................................... 25 

Figure 10.  Example of an IEEE P2030 Distributed Automation Technology deployment 
and the relation with the interoperability infrastructure [23]. .............................. 26 

Figure 11.  Example of a value field. ..................................................................................... 33 

Figure 12.  Smart Meter message behaviour .......................................................................... 34 

Figure 13.  Demand application message behaviour. ............................................................. 36 

Figure 14.  Sensor message behaviour. .................................................................................. 38 

Figure 15.  Example of received signal power for different distances using a TX power 
of 62.5mW. .......................................................................................................... 45 

Figure 16.  SNR values for different pathloss models for different distances. ....................... 46 

Figure 17.  Example of the OFDMA multiple access technique. ........................................... 46 

Figure 18.  OFDMA WiMAX frame structure. Based in [2] ................................................. 48 

Figure 19.  The OFDMA channel Mapping information elements. ....................................... 50 

Figure 20.  MAC signalling header Type I (BW-Req format) [2]. ......................................... 57 

Figure 21.  Example of Poll allocation in mapping process. .................................................. 59 

Figure 22.  UL Subframe allocations...................................................................................... 60 



LIST OF FIGURES 

______________________________________________________________________ 

 viii 

Figure 23.  Delay components for allocation using Unicast polling. ..................................... 62 

Figure 24.  Example of a Request IE. .................................................................................... 63 

Figure 25.  The WiMAX packet scheduler scheme. .............................................................. 65 

Figure 26.  Example of mapping outputs for a 6 slot allocation. ........................................... 69 

Figure 27.  Example of user Distributions a) Circular b) Random c) Square. ....................... 72 

Figure 28.  Simulation models of OPNET for 50 smart meters. A) Circular distribution, 
b) Random distribution, c) Square uniform distribution. ..................................... 75 

Figure 29.  Differences between the usage of FTP over TCP and simple UDP 
transmission. ........................................................................................................ 79 

Figure 30.  Calculated received SNR for Free Space, Erceg type A and C propagation 
models. ................................................................................................................. 85 

Figure 31.  Simulation of received SNR using Free Space, Erceg type A and C 
propagation models using the no-power control method. .................................... 86 

Figure 32.  Differences between the simulation and calculated SNR for diverse 
propagation models. ............................................................................................. 86 

Figure 33.  Simulation of received SNR for Free Space, Erceg type A and C propagation 
models using the open-loop power control method. ............................................ 87 

Figure 34.  Calculated received SNR for Free Space, Erceg type A and C propagation 
models using new power algorithm. .................................................................... 88 

Figure 35.  Erceg propagation models with shadowing fading. ............................................. 89 

Figure 36.  UL SNR by maximum transmission power ......................................................... 90 

Figure 37.  UL SNR by user distribution. .............................................................................. 91 

Figure 38.  Probability Density of UL SNR for 2Km Type B model for a 1W transmitter. .. 92 

Figure 39.  Average received subchannel power measured at BS. ........................................ 92 

Figure 40.  DL SNR by maximum transmission power ......................................................... 92 

Figure 41.  Gausssian distribution for the SNR - Shadowing Fading analysis ...................... 93 

Figure 42.  DL SNR by user distribution. .............................................................................. 94 

Figure 43.  Example of UL Delay for IPT equals to 3.2 sec and random distribution 2Km 
cell with Type B path loss and 1W of maximum power using FTP 
connections. ......................................................................................................... 95 

Figure 44.  Example of UL Delay for IPT equals to 3.2 sec and random distribution 2Km 
cell with Type B path loss and 1W of maximum power using UDP 
connections .......................................................................................................... 96 

Figure 45.  Example of UL Scheduling delay for IPT equals to 3.2 sec and random 
distribution 2Km cell with Type B path loss and 1W of maximum power. ........ 97 

Figure 46.  Delay performance for diverse Cell and path loss model for maximum 
transmission power in circular, random and square uniform distribution using 
FTP transmission. ................................................................................................ 98 

Figure 47.  Average delay by number of users with IPT of 3.2s, random distribution in a 
2Km cell, max transmission of 1W and path loss model Erceg Type B and 
FTP transmission. ................................................................................................ 98 



LIST OF FIGURES 

______________________________________________________________________ 

 ix

Figure 48.  Average delay by number of users with IPT of 3.2s, random distribution in a 
2Km cell, max transmission of 1W and path loss model Erceg Type B and 
UDP transmission ................................................................................................ 99 

Figure 49.  BS Delay for variable IPT (50s, 100s, 200s and 300s) using a random 
distribution Type B path loss and 1W of maximum power using UDP 
service. ............................................................................................................... 100 

Figure 50.  Example of maximum, minimum and average delay for IPT equals 200s in a 
Random distribution 5Km cell with path loss type B and 1W of maximum 
power transmission............................................................................................. 101 

Figure 51.  Example of PDF delay for UDP single message transmission. ......................... 101 

Figure 52.  Admitted users for 1W and diverse user distributions. ...................................... 102 

Figure 53.  Admitted users for circular distribution and max transmission power. ............. 103 

Figure 54.  Admitted users for diverse IPT for 2Km and 5KM cells in random user 
distribution. ........................................................................................................ 103 

Figure 55.  UL Throughput for diverse maximum transmission power for circular 
distribution. ........................................................................................................ 104 

Figure 56. UL Throughput for diverse maximum transmission power for random 
distribution. ........................................................................................................ 105 

Figure 57.  UL Throughput for diverse maximum transmission power for random 
distribution ......................................................................................................... 105 

Figure 58.  Average throughput per user for type B path loss and diverse IPT. .................. 106 

Figure 59.  Average queue size for different IPT in a random distribution with path loss 
type B and maximum power of 1w. ................................................................... 106 

Figure 60.  Average queue size for different IPT in a 2Km Cell with random distribution 
with path loss type B and maximum power of 1w. ............................................ 107 

Figure 61.  Difference message behaviour in metering, demand and sensor applications. .. 111 

Figure 62.  Placement of nodes within a smart grid communication network using 
OPNET simulation model. ................................................................................. 113 

Figure 63.  Total number of connections admitted by the WiMAX BS in circular random 
distribution. ........................................................................................................ 117 

Figure 64.  Average number of admitted connections. ......................................................... 117 

Figure 65.  Average delay for all users for the UL measured in the BS. .............................. 119 

Figure 66.  Example of PDF global UL delay in diverse scenarios for metering and 
demand mode. .................................................................................................... 119 

Figure 67.  Average delay for all users for the DL measured in the SM. ............................. 120 

Figure 68.  Average UL delay for users using nrtPS connection (Metering application) .... 121 

Figure 69.  Average UL delay for users using rtPS connection (DMS application) ............ 121 

Figure 70.  Average DL delay for users using rtPS connection (demand mode) . ............... 122 

Figure 71.  Average total Load in UL connections for admitted users. ................................ 123 

Figure 72.  Relation between the total offered load and the total received throughput. ....... 123 



LIST OF FIGURES 

______________________________________________________________________ 

 x 

Figure 73.  Total UL Throughput measured at the BS. ........................................................ 124 

Figure 74.  Percentage of packet loss in the metering application. ...................................... 125 

Figure 75.  Percentage of packet loss in the DMS application. ........................................... 126 

Figure 76.  Initialization time to admit 500 smart meters and 200 sensors for 2Km cell 
scenario. ............................................................................................................. 128 

Figure 77.  Throughput v.s. Traffic Received PDF in bps measured in the BS for 500 
users and 200 sensors......................................................................................... 129 

Figure 78.  Load v.s. Traffic Sent PDF in bps measured in the BS for 500 users and 200 
sensors. .............................................................................................................. 130 

Figure 79.  Delay comparison for UL connections .............................................................. 131 

Figure 80.  Delay comparison for DL connections .............................................................. 132 
 

 



 

 xi

LIST OF TABLES  

Table 1. Key interfaces for the Smart grid communication according to [9]. .......................... 16 

Table 2.  Mapping of actors between the smart grid task force and NIST architect model 
[17] ............................................................................................................................. 20 

Table 3.  Data classification Table for the IEEE P2030 reference model [4]. ........................... 30 

Table 4.  Data characteristics mapped to the application used in this work. ............................. 32 

Table 5.  Type of service (ToS) values available. ..................................................................... 32 

Table 6.  Relation between data priority and type of service. ................................................... 33 

Table 7.  Relation between application data characteristics used in WiMAX. .......................... 33 

Table 8.  Meter-reading mode packet information. ................................................................... 34 

Table 9.  Demand application packet information Type I. ........................................................ 35 

Table 10. Server response mesagge for Demand application. .................................................... 35 

Table 11. Demand application packet information Type II. ....................................................... 36 

Table 12. Sensor application information packet fields. ............................................................ 37 

Table 13. Sensor application server response fields. .................................................................. 37 

Table 14. Service class definition for smart grid. ....................................................................... 52 

Table 15. Classifier definition for smart grid. ............................................................................ 53 

Table 16. Service class definition for meters and sensors in smart grids. .................................. 54 

Table 17. Selected Unsolicited grant intervals and unsolicited polling intervals used in the 
project based in Table 189 of the IEEE 802.16-2009 Standard [2] ............................ 57 

Table 18. Polling options for scheduling types........................................................................... 64 

Table 19. Slot definition for permutation modes in WiMAX[2, 27]. ......................................... 68 

Table 20. System model characteristics ...................................................................................... 73 

Table 21. Distance of user in the diverse distribution models for 50 users. ............................... 76 

Table 22. Application parameters used in the simulation. .......................................................... 77 

Table 23. QoS service class configuration parameters used in the simulation. .......................... 78 

Table 24. Erceg model parameters definition and units. Based in [21, 36, 59, 60] .................... 84 

Table 25. DL SNR values for Circular distribution by transmission power. .............................. 93 



LIST OF TABLES 

______________________________________________________________________ 

 xii

Table 26. Unused polls relation with the inter arrival time for FTP and UDP transmission. .. 100 

Table 27. Qos service class configuration parameters. ............................................................ 112 

Table 28. Applications' distribution parameters ....................................................................... 114 

Table 29. Example of an admission result for a smart meter with DMS and Metering 
application ................................................................................................................ 116 

Table 30. UL Delay components for Metering and DMS applications .................................... 118 

Table 31. Example of admitted connections for smart meters and sensor devices. ................. 127 

Table 32. Comparison of Throughput for UL connections in BS. ........................................... 128 

Table 33. Load components for DL connections in BS. .......................................................... 129 

Table 34. Traffic results for Sensor application in the BS. ...................................................... 130 

Table 35. UL delay components for diverse applications. ....................................................... 131 

Table 36. DL delay components for diverse applications ........................................................ 132 
 



 

 xiii 

LIST OF ACRONYMS 

AC  Alternating current 

ACK  Acknowledge 

AMC  Adaptive Modulation and Coding 

AMI  Automatic Metering Infrastructure 

AMR  Automatic Meter Reading 

API  Application Programming Interface 

ARQ  Automatic Repeat Request 

BAN  Business Area Network 

BE  Best Effort 

BER  Bit Error Rate 

BPSK  Binary Phase Shift Keying 

BS  Base Station 

BWReq  Bandwidth request 

CBS  Capacitor Bank Controller 

CDMA  Code Division Multiple Access 

CDRR  Customized Deficit Round Robin 

CID  Connection Identifier 

CINR  Carrier to Interference Noise Ratio 

CIS  Customer Information System 

CRC  Cyclic Redundancy Check 

DA  Distributed Automation 

DAC  Distributed Application Controller 

DCC  Data Control Centre 

DCD  Downlink Channel Descriptor 

DERs  Distributed Electric Resources 

DG  Distributed Generators 

DHCP  Dynamic Host Configuration Protocol 

DL   Down Link 

DLC  Direct Load Control 

DMS  Demand Management System 

DRA  Dynamic Resource Allocation 

DRR  Deficit Round Robin 



LIST OF ACRONYMS 

____________________________________________________________________ 

 xiv

DRRF  Deficit Round Robin Fragmentation 

DSA  Dynamic Service Addition 

DSC   Dynamic Service Change 

DSCADA  Distributed SCADA 

DSD   Dynamic Service Deletion 

DSEM  Demand Side Energy Management 

DSM  Demand Side Management 

EAN  Extended Area Network 

EDF  Early Deadline First 

EIRxP  Equivalent Isotropic Received Power 

EMS   Energy Management System 

EPRT  Expected Packet Rate Time 

EPS  Electric Power System 

ertPS  Extended Real-Time Polling Service 

ESI  Energy Services Interface 

EUMD  End User Measurement Device 

EVSE  Electric Vehicle Service Element 

FAN  Field Area Networks 

FCH  Frame Control Header 

FFT  Fast Furrier Transform 

FiFo  First-In First-Out 

FTP  File Transfer Protocol 

FUSC  Full Usage Sub-Channel 

GIS  Geographic Information System 

GLL  Geographic Latitude and Longitude 

GMSH  Grant Manager Sub-Header 

GPS  Global Position System 

GSM  Global System for Mobile Communications 

HAN  Home Area Network 

HARQ  Hybrid Automatic Repeat Request 

HCS  Header Check Sequence 

HVAC  Heating, Ventilating, and Air Conditioning 

HVDC  High Voltage Direct Current 

IAN  Industrial Area Network 

ICT  Information and Communication Technologies 

IE  Information Element 

IEC  International Electrotechnical Commission 

IEEE  Institute of Electrical and electronics Engineers 

IHD  In Home Device 

IP   Internet Protocol 

IPT  Inter-Polling Time 

ISO  Independent System Operator 

ISO   International Standard Organization 

IT  Information Technology 



LIST OF ACRONYMS 

____________________________________________________________________ 

 xv

LAN  Local Area Networks 

LDC  Load Control Device 

LMS  Load Management System 

LoS  Line-of-Sight 

LTE  Long Term Evolution 

LWDF  Light Weight Deadline First 

M2M  Machine to Machine 

MAC  Media Access Controller 

MAN  Metropolitan Area Network 

MCS  Modulation and Coding Scheme 

MDM  Master Data Management 

MDRR  Modified Deficit Round Robin 

ML  Maximum Latency 

MPLS  Multiprotocol Label Switching 

MRTR  Minimum Reserved Traffic Rate 

MSTR  Maximum Sustainable Traffic Rate 

MTU  Maximum Traffic Unit 

NAN  Neighbourhood Area Network 

NIST  National Institute of Standards and Technology 

NLOS  Non-Line of Sight 

nrtPS  Non-Real-Time Polling Service 

ODW  Open Desktop Workstation 

OFDM  Orthogonal Frequency Division Multiplexing 

OFDMA  Orthogonal Frequency Division Multiplexing Access 

PDF  Probability Density Function 

PLC  Power Line Communication 

PM  Poll-Me 

PMP  Point To Multipoint 

PQ  Priority Queuing  

PS  Polling Services 

PUSC  Partial Usage Sub-Channel 

QoS  Quality of Service 

QPSK  Quadrature Phase Shift Keying 

RFC  Request For Comments 

RNG-Req  Ranging Request 

RNG-Rsp  Ranging Response 

RR  Round Robin 

RSSI  Received Signal Strength Indicator 

RTG  Receive-to-transmit Time Gap 

RTO  Regional Transmission Operator 

rtPS  Real-Time Polling Service 

RTU  Remote Terminal Unit 

SC   Single Carrier 

SCADA  Supervisory Control And Data Acquisition 



LIST OF ACRONYMS 

____________________________________________________________________ 

 xvi

SDU  Service Data Unit 

SF  Service Flow 

SFID  Service Flow Identifier 

SG  Smart Grid 

SINR  Signal to Interference Noise Ratio 

SM  Smart Metter 

SNR  Signal to Noise Ratio 

SS  Subscriber Station 

TCP  Transport Control Protocol 

TDD  Time Division Duplexing 

ToS  Type of Service 

TTG  Transmit-to-receive Time Gap  

UDC  Uplink Channel Descriptor 

UDP  User Datagram Protocol 

UF-DRR  Uniformly Fair Deficit Round Robin 

UGI  Unsolicited Grant Interval 

UGS  Unsolicited Grant Service 

UL  Up Link 

UMTS  Universal Mobile Telecommunications System 

UPI  Unsolicited Polling Interval 

UTC  Universal Time Coordinated 

VCR  Voltage Regulator Controller 

VPN  Virtual Private Networks 

WAN  Wide Area Networks 

WBN  Wireless Broadband Networks 

WFQ  Weight Fair Queuing 

Wi-Fi  Wireless Fidelity 

WiMAX  Worldwide Interoperability for Microwave Access  

WN  Wireless Network 

WRR  Weight Round Robin 
 

 


