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Design of a Software Defined Radio Based

Broadband Wireless Access System

Student: Shuen-Wen Yeh Advisor: Dr. Ta-Sung Lee

Department of Communication Engineering

National Chiao Tung University

Abstract

Broadband wireless will revolutionize people's lives by enabling a high-speed
connection directly to the information they need, whenever and wherever they need it.
WIMAX (Worldwide Interoperability for Microwave Access) is poised to become a
key technical underpinning of fixed,-portable .and mobile data networks. It’s the
development of the emerging IEEE 802.16 standard that integrates Single Carrier (SC),
Orthogonal Frequency Division Multiplexing (OFDM) and Orthogonal Frequency
Division Multiple Access (OFDMA) for the optimization of different wireless data
services. In this thesis, we investigate the joint design of SC-OFDM-OFDMA
transceivers on a single platform via the concept of Software Defined Radio (SDR) to
support various air-interface standards specified by IEEE 802.16-2005. In this way, the
system possesses as many common components as possible for these three modes, and
the transmitter and receiver can be switched among the three modes via SDR operation.
Synchronization schemes for the SDR system are also investigated in this thesis. In
particular, we propose a joint design of timing and frequency synchronization algorithm
with lower computational complexity. In order to increase the range and reliability of

the system, the use of multiple-antenna techniques such as Space-Time Coding (STC)



and Adaptive Antenna Systems (AAS) in IEEE 802.16-2005 is also considered and
verified to exhibit improved performance. Finally, we evaluate the performance of the

joint design of SC-OFDM-OFDMA SDR system and confirm that it works reliably

under the three modes.



Acknowledgement

I would like to express my deepest gratitude to my advisor, Dr. Ta-Sung Lee, for
his enthusiastic guidance and great patience. | also wish to thank my friends for their
encouragement and help. Finally, I would like to show my sincere thanks to my parents

for their inspiration and love.



Contents

Chinese Abstract I
English Abstract I
Acknowledgement Vv
Contents V
List of Figures VIl
List of Tables Xl
Acronym Glossary X1
Notations XVI
Chapter 1 INtrodUCLION.........cocvieiiiieciie e 1
Chapter 2 Overview of WIMAX SYStem.......ccccovcvveiieeiiieeininenn, 5
2.1 Physical Layer DESCIIPLION .......cc.eiiiiitiiieiieieiee ettt 6
2.1, RANUOMUIZET .. ettt e e e e e e e et e e e e e e e e e ereeeeas 7
2.1.2 FOrwWard ErrOr COITECTION .....eeeeeee e e ee ettt et e e e e e et e e e e e e e e e e 9

2. L B INEOIIBAVET ...ttt e e e 11
2N 3 |V, T Yo [ - 1o TR 11
2.1.4. 1 Pilot MOQUIBTION ...t 12

2.1.4.2 Preamble StrUCTUIE ...ttt e et e e e e e e e e e, 12



2.2 Key Features of Scalable OFDMA ........coooiiiiiieee e, 14

2.2.1 Scalable Channel Bandwidth .............ccooiiiiiiiiiiiiceseeee e 14
2.2.2 Sub-channelization and Permutation .............ccccoovviieienenc i 16
2.2.3 Fractional FrequenCy REUSE..........ccviieiieie et 20
2.3 TranSMIt TECANTQUES ......eeuieeieieieeste sttt 21
2.3.1 Transmit Diversity: Space-Time Coding .........ccccovveveiiieiiere e 22
2.3.2 Transmit Beamforming: Adaptive Antenna SyStem ..........cccocevvvirieiieeinennn. 25
2.4 SUMIMETY <.ttt ettt ettt ettt st e et e e s e e sb b e e e s bt e e e bt e e e bt e e e bae e s nbb e e anteaeanes 28

Chapter 3 Channel Estimation and Synchronization for WiMAX

SYSTEIM L. 30
3.1 Channel Model...........ooo s i e 31
3.1.1 SUI Channel Model-for Fixed Wireless Application...........ccccoeevreriivnenne. 32
3.1.2 ITU Channel Model for Mobtle Wireless/Application ...........cccccevevencnienne. 36

3.2 Timing and Frequency SYRChIrONIZation .. ccveieeieieece e 38
3.3 Channel EStIMALION...........coiiiiiiiiieieeie e 42
3.4 Phase ESTIMALION.........ccciiiiiiieiieiieiee et 44
3.5 SUMIMAIY ... 45
Chapter 4 SC-OFDM-OFDMA SDR Architecture..................... 47
4.1 Concept of Software Defined RadiO..........cccovvieiieiiiie e 48
4.2 SC-OFDM-OFDMA SDR System: Transmitter Architecture ...........ccccocevvvenne. 50
4.3 SC-OFDM-OFDMA SDR System: Receiver Architecture ..........c.cccoeevveieennene. 56
4.3.1 Timing and Frequency Synchronization BIOCK ............c.ccocvvvienincicnennn 56
4.3.2 Channel EStimation BIOCK ...........ccccooeiiiiiiiiiicc s 60
4.3.3 Phase EStimation BIOCK ............ccooeiiiiiiiiiiiceeee e 60

Vi



4.4 COMPUEET STMUIALIONS .....cviiiitiiiiiieiee e 62

A5 SUMMIAIY .ottt e et e et e et e e e bt e et e e e nab e e e sab e e e bbe e e bbeeateeeenes 79
Chapter 5 ConcluSION ........coocviiiiiic e 80
BiblOgraphy .....c..ooiiiiei 83

Vil



List of Figures

Figure 1.1

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10

Figure 2.11

Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16

Figure 2.17

(a) Conventional multicarrier technique (b) Orthogonal multicarrier

modulation teChNIQUE..........ccvie e 2
PRBS generator for randomizZer ............ccoveieieienene e, 8
OFDM randomizer DL initialization VECtOr...........ccocovvvviervnienieiinnienn, 8
OFDMA randomizer DL initialization VECIOr .........ccccvvvvervnieieeieenn 9
ConVOIULIONAL BNCOTET 4 svxursseververeeririeriiniieisie et 10
PRBS generator for pilotmodulation ... 12
DL and network'entry preamble Structure.............ccceeevveevvecieseecnenne, 13
Frequency domain-sequences for all full-bandwidth preambles......... 13
Example of DL preambleforsegment 1 ..., 14
Cluster structure fOr PUSC.........cccooiiiiieiie e 16
Allocated subcarriers into subchannels for PUSC ...........ccccooviieiienn, 17

PUSK s 18
Description of a UL PUSC tile........cccoeiiiiiiiiceseeeee 18
Allocated subcarriers into subchannels for FUSC ...........ccccooieiiee, 19
AMC DIN SIIUCTUIE ... 19
Description of fractional freqUENCY reUSE ..........ccevveveiieie e 21
Block diagram of STC.......ccooiiiiiiiiice e 22
[llustration of Alamouti SCNEME .........ccoieiiiiiiiire e, 23

Vil



Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7

Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Cluster structure for STC PUSC using two antennas.............c.ccccuev.... 25
HUSEration OF AAS ... 26
Generalized AAS zone allocation...........ccoceoeieienenencnceeee, 26
AAS zone structure in OFDM mode..........ccoceoviiieniiiiinesesceees 27
AAS zone structure in OFDMA MOCE ........oooeieiiiiiirieeeeeeiees 28
Doppler spectrum of SUI channel models ..........c.cccoeveiiiiicccincee, 34
Doppler spectrum of ITU channel models ..........cccccevviienviiniiennnne 38

Matched filter output of the jointly designed algorithm for timing

synchronization under ITU Vehicular B channel model (at £,/No=0

MSE of the jointly designed algorithm for frequency synchronization

under SUI-3 channel Model ..o e, 41
Preamble-aided channel'estimation:scheme............cccccovveeeviiceeneennn, 42
Pilot-aided channel estimation SChEME ........coovveeeeeeeee e 43

MSE of the residual-frequency offset estimate under SUI-3 channel

MOGET . 45
Proposed SC-OFDM-OFDMA SDR transmitter architecture............. 50
Proposed SC-OFDM-OFDMA SDR receiver architecture ................. 56
Long preamble with CP STrUCTUIE..........c.coveiiiiiiiriccesce e 57

Operation of computing delay correlation outputs in the case with short
PrEAMDIE. ... 58

Operation of computing delay correlation outputs in the case without

Short preamble...... ... 58
SDR receiver architecture for OFDM mode ..........cccccovvineiiiienennn 62
SDR receiver architecture for OFDMA MOdEe..........ccoovvvriiinieniennen, 63
SDR receiver architecture for SC mode..........cccoovveviiiniiciniicnee 63

IX



Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

BER performance with 256-point FFT with BPSK in OFDM
transmission mode under Veh A channel ..., 67
BER performance with 256-point FFT with QSPK in OFDM
transmission mode under Veh A channel ..., 67
BER performance with 256-point FFT with 16QAM in OFDM
transmission mode under Veh A channel ..., 68
BER performance with 128-point FFT in OFDMA transmission mode
under Veh A Channel .........oooiiiiiie e 69
BER performance with 512-point FFT in OFDMA transmission mode
under Veh A Channel .........oooiiiiiie e 70
BER performance with 1024-point FFT in OFDMA transmission mode
under Veh Achannel ... e 70
BER performance with 2048-point-FFT in OFDMA transmission mode
under Veh A CRENNEH s . aree v 71
MSE of frequency offset estimates in OFDMA-128, 512, 1024 and
2048 MOUE. ..ottt e 71
BER performance with coded QPSK in SC transmission mode under
SUI-L ChaNNEL ... e 72
BER performance with coded 16QAM in SC transmission mode under
SUI-1 ChaNNEL ... e 73
BER performance with STC (2Tx1Rx) and QPSK in OFDMA-2048
mode under Veh A channel ..o 74
BER performance with STC (2Tx1Rx) and 16QAM in OFDMA-2048
mode under Veh Achannel ..o 74
BER performance with STC (2Tx1Rx) and 64QAM in OFDMA-2048

mode under Veh A Channel .........ooeeeeeeoeeeeeeeee e 75

X



Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

BER performance with AAS (4Tx1Rx) and QPSK in OFDMA-2048
mode under Veh A 3km/hr channel...........ccooooeiniiiinc e 76
BER performance with AAS (4Tx1Rx) and QPSK in OFDMA-2048
mode under Veh A 120km/hr channel.............ccccooiiiiiiiiii 77
BER performance with AAS (4Tx1Rx) and 16QAM in OFDMA-2048
mode under Veh A 3km/hr channel...........ccooooeiniiiinc e 77
BER performance with AAS (4Tx1Rx) and 16QAM in OFDMA-2048
mode under Veh A 120km/hr channel ..., 76
BER performance with AAS (4Tx1Rx) and 64QAM in OFDMA-2048
mode under Veh A 3km/hr channel...........ccooooeiiniiiincee 77
BER performance with AAS (4Tx1Rx) and 64QAM in OFDMA-2048

mode under Veh:A120km/hrehannel ...........oooveeeieeeeeeeeeeeeeeeeee. 77

Xl



List of Tables

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 3.1

Table 3.2

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Data rate for different modulations and code rates............cc.ccoeevrvriennnn 6
Puncturing patterns and serialization orders to realize different........... 10
Uncoded block size for different modulations and ..............ccccveenene. 10
OFDMA scalability parameters for different bandwidth ...................... 15
Parameters of SUI-3 channel models............cccoooviiiiiniiincce, 32
Parameters of ITU channel models............ccooooeiiiiniiiciic 37
Uncoded data block sizefor SCmode.............ccoooovviveiniiiinincen, 52
Uncoded data-block size for OFDM-256 mode............cccccoevriicniennn 53
Uncoded data block-size for-OFDMA-2048 mode...........c.ccoeevrereennn 54
Uncoded data block size for OFDMA-1024 mode...........cccceovevrereennn 54
Uncoded data block size for OFDMA-512 mode...........cccvovvvevenennen. 54
Uncoded data block size for OFDMA-128 mode..........cc.ccoevvvvrieriennn 55

Number of subchannels in Major Group 0 for different FFT sizes....... 55

Channel models used in the SIMUIAtIONS...........ccceveriiiiieniiiiseeee, 65
Simulation parameters for mobile WIMAX ..o, 65
OFDMA scalability parameters for different bandwidth ...................... 66

Xl



Acronym Glossary

AAS adaptive antenna system

AMC adaptive modulation and coding

BER bit error rate

BPSK binary phase shift keying

BS base station

BW bandwidth

BWA broadband wireless access

CcC convolutional code

CCIR co-channel interference rejection
CINR carrier-to-interference-and-noise ratio
CP cyclic prefix

DL downlink

DLFP downlink frame prefix

FDD frequency division duplex

FEC forward error correction

FFT fast fourier transform

FUSC full usage of subchannels

ICI inter carrier interference

IE information element

IEEE institute of electrical and electronics engineers

X1l



IFFT
ISI
ITU
LOS
MAC
MIMO
NLOS
OFDM
OFDMA
PHY
PRBS
PUSC
QAM
QoS
QPSK
RS
RXx
SC
SDR
SNR
SOFDMA
SP

SS
STC
TDD

TDMA

inverse fast fourier transform

inter symbol interference

international telecommunications union
line-of-sight

medium access control
multiple input multiple output
non-line-of-sight

orthogonal frequency division multiplexing
orthogonal frequency division multiple access
physical layer

pseudo-random binary sequence

partial usage of subchannels

quadrature amplitude modulation

quality of service

quadrature phase shift-keying

reed solomon

receiver

single carrier

software defined radio

signal-to-noise ratio

scalable orthogonal frequency division multiple access
short preamble

subscriber station

space time coding

time division duplex

time division multiple access

XV



Tx transmitter
UL uplink

WIMAX worldwide interoperability for microwave access

XV



Notations

N, number of transmit antennas

M number of data subcarriers

L maximum length of the channel

H channel frequency response

lip known long preamble

1% correlation window sizé

Af frequency offset betvween the transmitter-and receiver (unit in Hz)
Af, residual frequency-offset (Unit-in.Hz)

v delay correlation outputs

Y, timing acquisition metric

qs phase estimator

N FFT size

m modulation order

c convolutional code rate

Nsc number of subchannels allocated

Trrr symbol duration of the useful part of the received signal
Tsamp sampling time

Ep bit energy

E;s symbol energy

XVI



Chapter 1
Introduction

Wireless communication systems have been in use for quite a long time. Many
standards are available based on which these devices communicate, but the present
standards fail to provide sufficient data rate;-when the user is moving at high speed.
Broadband wireless access: is| an - appealing. way to provide flexible and
easily-deployable solution for-high speed communications. In view of this requirement
for future mobile wireless communication systems, the 802.16 standard has been
proposed by Institute of Electrical and Electronic Engineers (IEEE) [1], [2].

The WiIMAX (Worldwide Interoperability for Microwave Access) Forum is
committed to providing optimized solutions for fixed, nomadic, portable and mobile
broadband wireless access. Two versions of WiMAX address the demand for these
different types of access:

* |IEEE 802.16-2004 (802.16d): This is based on the 802.16-2004 version of the
IEEE 802.16 standard. It uses Orthogonal Frequency Division Multiplexing (OFDM)
and supports fixed and nomadic access in Line of Sight (LOS) and Non Line of Sight
(NLOS) environments. The initial WiMAX Forum profiles are in the 3.5 GHz and 5.8
GHz frequency bands. The first certified products are expected by the end of 2005.

* IEEE 802.16-2005 (802.16€): Optimized for dynamic mobile radio channels,



this version is based on the IEEE 802.16-2005 amendment and provides support for
handoffs and roaming. It uses Scalable Orthogonal Frequency Division Multiplexing
Access (SOFDMA), a multi-carrier modulation technique that uses sub-channelization.
Service providers that deploy IEEE 802.16-2005 can also use the network to provide
fixed service. The WiMAX Forum has not yet announced the frequency bands for the
IEEE 802.16-2005 profiles, but 2.3 GHz and 2.5 GHz are the most likely initial
candidates.

Broadband wireless communications have a wide bandwidth, which may exceed
the coherence bandwidth of the channel. In this case, the fading is likely to be
frequency selective, and an equalizer must be used to mitigate the inter symbol
interference (ISI). OFDM is a very effective method for combating the frequency
selective fading as shown in Figure 1.1. It divides the transmission bandwidth into
many narrow band subcarriers-and uses these subcarriers to transmit signals in parallel.
Since the bandwidth of each subcarrier-is-smaller-than the coherence bandwidth of a
multipath fading channel, from the viewpoint*of each subcarrier the channel can be
regarded as frequency-nonselective. Therefore, OFDM seems to be a good solution for

overcoming the ISI due to multipath propagation.

Ch.1 Ch.2 Ch.3 Ch.4 Ch5 Ch.6 Ch.7 Ch.8 Ch.9 Ch.10

AAAAARAAAA
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Figure 1.1: (a) Conventional multicarrier technique (b) Orthogonal multicarrier

modulation technique



Since early 1980, a lot of standards of communication systems have been
proposed due to an exponential growing of demands for communication. The industrial
competition among Asia, Europe, and North America presents a difficult path toward a
unique standard for future mobile systems. This therefore prompts the development of
the Software Defined Radio (SDR) concept as a potential practical solution, with a
flexible transmitter/receiver architecture, controlled or programmable by software.

Broadband, multi-carrier and SDR mobile wireless network infrastructure is
directly applicable to the emerging IEEE 802.16 technologies, particularly the IEEE
802.16-2005 mobile high-speed data requirements. OFDM waveforms, as used in the
IEEE 802.16 technology, can be very efficiently implemented using Fast Fourier
Transform (FFT) techniques to provide significant architecture advantages.

This motivates us to investigate the jointly:designed scheme for the Single carrier
(SC), OFDM and OFDMA transceivers under the-SDR system architecture, which is
the principle part of this thesis. \\We-aim-to combine the transmitter and receiver
architectures of the three transmission.technigues, SC, OFDM and OFDMA (based on
IEEE 802.16-2005 standard), as much as possible under the SDR system architecture.
In this way, the transceiver possesses as many common components as possible for SC,
OFDM and OFDMA modes, and the transmission mode of the combined transceiver
architecture can be switched among the three modes via the concept of SDR operation.

Synchronization, channel estimation schemes, and phase estimation scheme for
the jointly designed transceiver are also investigated in this thesis. In particular, we
propose a jointly designed timing offset and frequency offset estimation scheme with
low computational complexity. The jointly designed timing offset and frequency offset
estimation scheme is developed based on the common delay correlation outputs. The
computational complexity of the proposed synchronization scheme is lower than that of

the conventional scheme because the proposed scheme can reuse the same delay

3



correlation outputs.

The rest of this thesis is organized as follows. In Chapter 2, an overview of
WIMAX system is given. The transmit techniques such as Space-Time Coding (STC)
and Adaptive Antenna System (AAS) are also introduced. In Chapter 3, channel
estimation and joint design of timing offset and frequency offset estimation scheme are
introduced. The phase estimation and the residual frequency offset estimation are also
described, and then computer simulations show that the frequency offset can be
corrected more accurately after compensating the residual frequency offset. In Chapter
4, we propose a SC-OFDM-OFDMA SDR system to support the various air-interface
standards specified by IEEE 802.16-2005 on a single SDR platform. Some receiver
functional blocks will be modified to adapt to different modes. In Chapter 5, we

conclude this thesis.



Chapter 2

Overview of WIMAX System

WIMAX is a broadband wireless technology that supports fixed, nomadic,
portable and mobile access. To meet the requirements of different types of access, two
versions of WiIMAX have been defined. Thefirst is based on IEEE 802.16-2004 and is
optimized for fixed and nomadic |access. The second version is designed to support
portability and mobility, and will be based on the IEEE 802.16-2005 amendment to the
standard. In this chapter, an overview of WiMAX PHY will be given first. As with
IEEE 802.16-2004, IEEE 802.16-2005 will incorporate previous versions of the
standard and add support for fixed and mobile access. In this chapter, we will focus on
the physical layer of IEEE 802.16-2005 and provide a detail introduction of Scalable
OFDMA (SOFDMA) technology. Finally, the transmit techniques such as STC and

AAS adopted in the system will be introduced.



2.1 Physical Layer Description

Worldwide Interoperability of Microwave Access (WiMAX) is a technology based
on the IEEE 802.16 specifications to enable the delivery of last mile wireless
broadband access as an alternative to cable and DSL. WiMAX will provide fixed,
nomadic, and portable mobile wireless broadband connectivity without the requirement
for direct line-of-sight with a base station. WiMAX provides metropolitan area network
connectivity at speeds of up to 75 Mb/sec. WIMAX systems can be used to transmit
signal as far as 30 miles. However, on the average a WiMAX base-station installation
will likely cover between three to five miles [3].

WiIMAX covers both LOS and NLOS applications in the 2-66 GHz frequencies.
The PHY layer contains several forms.of modulation and multiplexing to support
different frequency range and application. Data rates determined by exact modulation
and encoding schemes are :shown in Table 2.1. The IEEE 802.16 standard was
originally written to support several physical medium interfaces and it is expected that
it will continue to develop and extend ta support other PHY specifications. Hence, the
modular nature of the standard is helpful in this aspect. For example, the first version
of the standard only supported single carrier modulation. Since that time, OFDM has

been added [4].

Table 2.1: Data rate for different modulations and code rates
under different bandwidths

Bandwidth Raw bit rate (Mb/s)
(MH2) QPSK, CC3/4 16QAM, CC3/4 64QAM, CC3/4
6 7.5 15 22.5
V4 8.7 17.5 26.1
20 24.4 48.8 73.2




In IEEE 802.16-2004, its applications are focused on fixed and nomadic
applications in the 2-11 GHz. Two multi-carrier modulation techniques are supported in
802.16-2004: OFDM with 256 carriers and OFDMA with 2048 carriers.

In December 2002, Task Group e was created to improve support for combined
fixed and mobile operation in frequencies below 6 GHz. Work on the IEEE 802.16-
2005 amendment is completion and has been approved by the IEEE. The new version
of the standard introduces support for SOFDMA which allows for a variable number of
carriers, in addition to the previously-defined OFDM and OFDMA modes. The carrier
allocation in OFDMA modes is designed to minimize the effect of the interference on
user devices with omni-directional antennas. Furthermore, IEEE 802.16-2005 offers
improved support for Multiple Input Multiple Output (MIMO) and AAS, as well as
hard and soft handoffs. It also:has improved:.power-saving capabilities for mobile
devices and more extensive- security 'features.. Both OFDM- and OFDMA-based
products can take advantage of the newly-added capabilities [5].

In the following sections, ‘we-will introduce the main block diagrams of the
transmitter architecture. We put emphasis on OFDM mode and OFDMA mode rather
than on SC mode. OFDM mode and OFDMA mode have many common blocks such as
randomizer, FEC, interleaver, and modulator, so we will introduce them together and

point the differences if necessary.

2.1.1 Randomizer

The randomization is performed on each burst of data on the DL and UL, which
means that for each allocation of a data block, the randomizer shall be used
independently. For RS and CC encoded data, padding will be added to the end of the

transmission block, up to the amount of data allocated minus one byte, which shall be



reserved for the introduction of a 0x00 tail byte by the FEC. The PRBS generator shall
be 1+X™+ X" as shown in Figure 2.1. Each data byte to be transmitted shall enter

sequentially into the randomizer. Preambles are not randomized.

LSB MSB
— 1 (2 (3[4 |5 |6 (7 |8 |0 1011|1213 14]I5
— ,.?-'"l
o
[
|
— W\
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\ o,
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: I ]
data in /]
,J"/l _!/

Figure 2,4 PRBS generator for randomizer

On the downlink, the randomizer.shall be re-initialized at the start of each frame.
In OFDM mode, the randomizer shall be" re-initialized with the sequence:
100101010000000. At the start of subsequent bursts, the randomizer shall be initialized
with the vector shown in Figure 2.2. The frame number used for initialization refers to
the frame in which the DL burst is transmitted. In OFDMA mode, the randomizer shall
be initialized with the vector shown in Figure 2.3. The subchannel offset used for

initialization refers to the allocated subchannels in which the DL burst is transmitted.

Diuc Frame number

n I
b3| by |By B0 1B

61 [B2 |83 |1 |1 [Bs|87]Bs|Bo |t [Bua|B1d 8114 vsB

OFDM randomizer DL infialization vector
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Figure 2.2: OFDM randomizer DL initialization vector



OFDMA Symbol Oftfset (10 LSB) Subchannel Offset (5 LSB)
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Figure 2.3: OFDMA randomizer DL initialization vector

2.1.2 Forward Error Correction

In OFDM mode, the encoding is performed by first passing the data in block
format through RS encoder and then passing it through a convolutional encoder. A
single 0x00 tail byte is appended to the end of each burst after randomization. The
Reed-Solomon encoding shall be derived from a systematic RS (N = 255, K = 239, T =
8) code using GF(2%), where N is'the number of overall bytes after encoding, X is the
number of overall bytes before encoding, and 7'.is the number of data bytes that can be
corrected.

Each RS block is encoded by the binary convolutional encoder, which shall have
native rate of 1/2, a constraint length equal to 7, and shall use the generator depicted in
Figure 2.4. Puncturing patterns and serialization order that shall be used to realize
different code rates are defined in Table 2.2. The RS-CC rate 1/2 shall always be used
to as the coding mode when requesting access to the network. Table 2.3 gives the block
sizes and the code rates used for the different modulations. In the case of BPSK

modulation, the RS encoder shall be bypassed.



Data in

X output

1 bt 1 bat

1 bat

delay | delay

7| delay

¥ output

Figure 2.4: Convolutional encoder

Table 2.2: Puncturing patterns and serialization orders to realize different

code rates
Code rates
Rate 1/2 2/3 3/4 3/6
dfee 10 6 5 4
X | 10 101 10101
¥ 1 11 110 11010
¥ In Innh | nhhig | Lh5RhGEYS

Table 2.3: Uncoded block size for different modulations and

code rates
Modulation L'ntu(l;';l.‘_l:elsojtk size leici_iztlo':k Overall coding rate RS code CC code rate
(bytes)
BPSK 12 24 1/2 (12,12,0) 12
QPSK 24 48 1/2 (32.24.4) 23
QPSK 36 48 34 (40.36.2) 5/6
16-QAM 48 06 112 (64.48.8) 23
16-QAM 72 06 34 (80.72.4) 5/6
64-QAM 96 144 23 (108.96,6) | 34
64-QAM 108 144 34 (120,108.6) | 5/6
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In OFDMA mode, the encoding is performed by passing the data block through a
convolutional encoder. Its convolutional encoder is the same as OFDM mode. The RS

encoder shall be dismissed in OFDMA mode.

2.1.3 Interleaver

All encoded data bits shall be interleaved by a block interleaver with a block size
corresponding to the number of coded bits over the allocated subchannels per OFDM
symbol. The interleaver is defined by two step permutation. The first permutation
ensures that adjacent coded bits are mapped onto nonadjacent subcarriers. The second
permutation ensures that adjacent coded bits are mapped alternately onto less or more

significant bits of the constellation, thus avoiding long runs of lowly reliable bits.

2.1.4 Modulator

After bit interleaving, the data are entered Serially to the constellation mapper. For
OFDM mode, BPSK, Gray-mapped QPSK, and 16QAM are mandatory. The
constellations shall be normalized by multiplying the constellation point with the
indicated factor ¢ to achieve equal average power. The constellation-mapped data shall
be subsequently modulated onto all allocated data subcarriers in order of increasing
frequency offset index. For OFDMA mode, Gray-mapped QPSK, 16QAM, and
64QAM shall be supported. The constellation-mapped data shall be subsequently
modulated onto all allocated data subcarriers and each subcarrier multiplied by the

factor 2*(1/2-w,) according the subcarrier index, .
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2.1.4.1 Pilot Modulation

Pilot subcarriers shall be inserted into each data burst in order to constitute the
symbol and they shall be modulated according to their carrier location within the

symbol. The PRBS generator depicted in Figure 2.5 shall be used to produce a
sequence, w,. The polynomial for the PRBS generator shall be 1+ X°+X*. For
OFDM mode, each pilot is BPSK modulated and located at the fixed locations in each
symbol. For OFDMA mode, each pilot shall be transmitted with a boosting of 2.5 dB
over the average power of each data tone. The pilot subcarriers shall be modulated
according to Equation (2.1):

Re{ck}:%(%—wk) and Im{ck}:O (2.1)
The pilot in DL preamble shall be-modulated according to Equation (2.2):

Re{ premablePilotsModulated | = 4- V2. (% —w,) 2.2)

Im { premablePilotsModulated } =0

LsE MSB

1

W

C—
{ Al
\n.-__‘g\

Figure 2.5: PRBS generator for pilot modulation

2.1.4.2 Preamble Structure

For OFDM mode, all preambles are structured as either one or two OFDM
symbols. Each of those OFDM symbols contains a CP, which length is the same as the
CP for data OFDM symbols. The time domain structure is exemplified in Figure 2.6.

The frequency domain sequences for all full-bandwidth preambles are derived from the
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sequence as shown in Figure 2.7. The frequency domain sequence for the 4 times 64
sequence P, ,, is defined by Equation (2.3):

V22 conj(Py, (k) Hinogs =0

2.3
O km0d4 # O ( )

P4><64(k) =

The frequency domain sequence for the 2 times 128 sequence P, is defined by

even

Equation (2.4):

\/E'PALL(k) kmodZ =0

- 2.4)
even(k) ( '
0 kmodz # O
CP 64 : 64 1 64 : 64 CP 128 : 128
g T - Te - Td-_-'_H TJ;_ -
r-r——=—=-—=-=-=-==-= :l_ _____ T T T
_____ P caxa - == === =P even - =

Figure 2.6: DLiand network entry-preamble structure

Pary (-100-100) = {1, 15, -1 14}, 1§, 15, -1+, 14, 14, 15, T4, -15. 14, 14 -1, 14, 15, -1, 1. -
47, 1 10 -1 T 1, 1oy, -1 1eg 1, T T -1, Ty, T, -1, T -1, -1 1, -
T47. 1, 10 -1, T 1, 1y, -1 1og 1, 1 Ty -1, 190 T, -1, T -1, 1400 1, -
145, 145, 14, 15, <14, 1. 14, -1 14, 14, 14, -14. 144, -1+, <14}, 14, -1+, 1. 14
L T T T B T e i I T N e T e A R SR S A SR I E T R
14, 15 1. 0. <145, 14, -1H. <14, -1 14, 14 14, <14, 14, 1-f. 14, 1. <14, <14, -
14, <14, 14, <15, -1, <14, 14, 14, 145 -15. 15, 1. 1. -1+, 1. -15. -1, -1 14].
133, 14, 14 -1, 1y, <Ly, T4y -1, T 1, T -1, -1 -1, 19y, -1, -1, - 14 -
1465, 14, 145 14 14, <14, 195 196, 15, TH, 214 14, 145, 14 14 14§ 144,14, 14, 1-
Lol -1y -1y, -1y -1, 1, -1, -1 140 -1 -1, -1, 1 -1 -1, -1 14, -1,
149,149, 14, 14, -15. -15. -15. 1. 159, 15} ¢k

Figure 2.7: Frequency domain sequences for all full-bandwidth preambles

For OFDMA mode, the first symbol of the DL transmission is the preamble and
the preamble subcarriers are divided into three carrier-sets. Those subcarriers are
modulated using a boosted BPSK modulation with a specific PN code. There are three
possible groups consisting of a carrier-set each that may be used by any segment. Each
segment uses a preamble composed of a carrier-set out of the three available carrier-sets

in the following manner: (In the case of segment 0 under 2048-FFT, the DC carrier will
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not be modulated at all and the appropriate PN will be discarded; therefore, DC carrier
shall be always zero. For the preamble symbol, there will be 172 guard band
subcarriers on the left side and the right side of the spectrum). For example, Figure 2.8

depicts the preamble of segment 1 for 2048-FFT.

4 e 1

0 3 6 0 1605 1608 1701
Figure 2.8: Example of DL preamble for segment 1

2.2 Key Features of Scalable OFDMA

Although IEEE 802.16-2005 is generally perceived as the mobile version of the
standard, in reality it serves the dual purpose of adding extensions for mobility and
including new enhancements-to the OFDMA physical layer. This new enhanced IEEE
802.16-2005 physical layer is-now:being-referred to as Scalable OFDMA (SOFDMA)
and includes a number of important features for fixed, nomadic, and mobile networks.
Because of these advantages, most of the industry will build their IEEE 802.16-2005
products using SOFDMA technology. However, the IEEE 802.16-2005 standard is not
just for mobility. There are also many compelling reasons for using SOFDMA in fixed
broadband wireless access (BWA) networks. In this section, we will focus on some key

features of SOFDMA for fixed and mobile wireless applications [6], [7].

2.2.1 Scalable Channel Bandwidth

Scalability is one of the most important advantages of OFDMA. Spectrum
resources for wireless broadband worldwide are still quite different in its allocation.

With OFDMA subcarrier structure, it is designed to be able to scale to work in different
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channelization from 1.25 to 20 MHz to cope with varied worldwide requirements as
efforts proceed to achieve spectrum harmonization in the longer term. The scalability is
supported by adjusting FFT size according to the different channel bandwidth to fix the
subcarrier frequency spacing. By fixing the subcarrier spacing and symbol duration, the
basic unit of physical resource is fixed. Therefore, the impact to higher layers is
minimal when scaling the bandwidth.

The significant advantage from scalability is the flexibility of deployment. With
the little modification to different air interfaces, OFDMA system can be deployed in
various frequency bands to flexibly address the requirement for various spectrum
allocation and usage model requirements. The OFDMA scalability parameters used in
the thesis are listed in Table 2.4. The subcarrier spacing is fixed to 11.16 kHz and the
symbol time is fixed to 89.6 us..With the flexibility to support wider range bandwidth,
OFDMA also enjoys high sector.throughput, which allows more efficient multiplexing

of data traffic, lower latency and better QoS

Table 2.4: OFDMA scalability parameters for different bandwidth

Parameters Values
Bandwidth (MHZz) 1.25 2.5 5 10 20
Sampling 1.43 2.86 571 11.4 22.8
frequency (MHz)
FFT size 128 256 512 1024 2048
Subcarrier 11.16 KHz
spacing
Useful symbol 89.6 us
time (Th)
CP duration 22.4 us (Tb/4)
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2.2.2 Sub-channelization and Permutation

Active (data and pilot) subcarriers are grouped into subsets of subcarriers called
subchannels. The OFDMA PHY supports sub-channelization in both DL and UL. The
minimum frequency-time resource unit of sub-channelization is one slot, which is equal
to 48 data tones. There are two major types of subcarriers permutation for
subchannelization: diversity and contiguous. The diversity permutation takes
subcarriers pseudo-randomly to form a subchannel. The diversity permutations include
DL & UL PUSC (Partial Usage of Subchannels), DL FUSC (Full Usage of
Subchannels), and additional optional permutations. The contiguous permutation
groups a block of adjacent sub-carriers to form a subchannel. The contiguous
permutations include DL & UL AMC, (Adaptive Modulation and Coding). With DL
PUSC, for each pair of OFDM symbols; the-usable subcarriers are grouped into clusters
containing 14 adjacent subcarriers per symbol, with pilot and data allocations in each

cluster in the even and odd symbols-as shewn in Figure 2.9.

. ' Q . odd symbols
. . ‘ . even symbols

» subcarriers

data camer data carrier

. pilot carrier . pilot carrier

Figure 2.9: Cluster structure for PUSC

Divide these clusters into several Major Groups. The allocation algorithm varies
with FFT sizes. For each subchannel, subcarriers are distributed in some clusters that
belong to its major group as shown in Figure 2.10. A subchannel contains 2 clusters and
is comprised of 48 data subcarriers and 8 pilot subcarriers. Allocating subcarriers to
subchannel in each major group is performed separately for each OFDMA symbol by

first allocating the pilot carriers within each cluster, and then taking all remaining data
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carriers within the symbol and using the procedure described in Equation (2.5):
subcarrier(k,s) =

2.5
Nsubchamzels : nk + {ps [nk mOd N ( )

subchannels

1+ DL _ PermBase} mod N

subchannels

where
subcarrier(k,s) is the subcarrier index & in subchannel s

N,

subchannels

is the number of subchannels in current partitioned major group
n, =(k+13-s)ymod N,

subccarriers

N

subccarriers

is the number of data subcarriers allocated to a subchannel
p,[j] is the series obtained by rotating basic permutation sequence cyclically to
the left s times

The parameters vary with FFT sizes. Figure 2.11 shows an example of mapping

OFDMA slots into subchannels and symbols in the DL PUSC.

Group 0 Group.0 Group 0
/ 7 /

I]AH A Ng-L guard
subcarriers
v Aok

subcarriers

N, guard A
subcarriers I] ‘ H
deeedhiif

Sub-channel 0

Figure 2.10: Allocated subcarriers into subchannels for PUSC
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Figure 2.11: Example of mapping OFDMA slots to subchannels and symbols in DL

PUSC

Compared with the cluster structure for DL PUSC, a tile structure is defined for
the UL PUSC whose format is shown in-Figure 2.32. The slot is comprised of 48 data

subcarriers and 24 pilot subcarriers.in 3 OFDM symbols.

@M (D) symbero
i ]
Symbol 1
@D () symbol2
(::\ Pilot Sub-Carrier Data Sub-Carrier

Figure 2.12: Description of a UL PUSC tile

FUSC achieves full diversity by spreading tones over entire band. The symbol
structure is constructed using pilots, data, and zero subcarriers. The symbol is first
allocated with the appropriate pilots and with zero subcarriers, and then all the
remaining subcarriers are used as data subcarriers. To allocate the data subchannels, the

remaining subcarriers are partitioned into groups of contiguous subcarriers. Each
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subchannel consists of one subcarrier from each of these groups as shown in Figure
2.13. The number of groups is therefore equal to the number of subcarriers per
subchannel. The exact partitioning into subchannels is according to the same procedure
as Equation (2.5).

Group0 Groupl Group 2 Group 3 Group N

A )

[YVYY

Ng-1 guard
subcarriers
MMM...+ .

subcarriers

N, guard
subcarriers

Sub-channel 0

Figure 2.13: Allocated subcarriers into subchannels for FUSC

The contiguous permutation [groups: a block of adjacent subcarriers to form a
subchannel, such as DL AMC-and UL AMC. As shown in Figure 2.14, a bin consists of
9 adjacent subcarriers in a symbol, with 8 tones for data and one assigned for a pilot. A
slot in AMC is defined as a collection of bins of the type (N x M = 6), where N is the
number of adjacent bins and M is the number of adjacent symbols. Thus 4 different
ways of defining a slot are (6 bins, 1 symbol), (3 bins, 2 symbols), (2 bins, 3 symbols),
(1 bin, 6 symbols). AMC permutation enables multi-user diversity by choosing the

sub-channel with the best channel frequency response.

1 pilot .
tone ~

Figure 2.14: AMC bin structure
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In general, diversity subcarrier permutations perform well in mobile applications
while contiguous subcarrier permutations are well suited for fixed, portable, or low
mobility environments. These options enable the system designer to trade-off mobility

for throughput.

2.2.3 Fractional Frequency Reuse

In OFDMA mode, users operate on subchannels which only occupy a small
fraction of the channel bandwidth and the cell edge interference problem can be easily
solved by reconfiguration of the subchannel usage without resorting to traditional
frequency planning. In mobile applications, the flexible subchannel reuse is facilitated
by subchannel segmentation and permutation zone. A segment is a subdivision of the
available OFDMA subchannels. (onersegment may include all subchannels).
Permutation Zone is a number of contiguous OFDMA symbols in DL or UL that use
the same permutation. The DL-or. UL.subframe may contain more than one permutation
zone.

The subchannel reuse pattern can be configured so that users close to the base
station operate on the zone with all subchannels available. While for the edge users,
each cell and sector operates on the zone with a fraction of all subchannels available. In
Figure 2.15, F1, F2 and F3 are different sets of subchannels in the same frequency
channel. With this configuration, the full load frequency reuse of one is maintained for
center users to maximize spectral efficiency while fractional frequency reuse is
achieved for edge users to improve edge user connection quality and throughput. The
subchannel reuse planning can be dynamically optimized across sectors or cells based
on network load and interference conditions on a frame by frame basis. All the cells

and sectors therefore, can operate on the same frequency channel without the
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requirement for frequency planning.

F1+F2+F3

Figure 2.15: Description of fractional frequency reuse

2.3 Transmit Techniques-

In order to increase the'vréngeiahd reliability“of WIMAX systems, the WIMAX
standard supports optional mulfiple-antenna teéhniques such as Alamouti Space-Time
Coding (STC), Adaptive Antenna Systems (AAS) and Multiple-Input Multiple-Output
(MIMO) systems.

There are several advantages to using multiple-antenna technology over
single-antenna technology:

» Array Gain: This is the gain achieved by using multiple antennas so that the
signal adds coherently.

* Diversity Gain: This is the gain achieved by utilizing multiple paths so that the
probability that any one path is bad does not limit performance. Effectively, diversity
gain refers to techniques at the transmitter or receiver to achieve multiple “looks” at the

fading channel. These schemes improve performance by increasing the stability of the
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received signal strength in the presence of wireless signal fading. Diversity may be
exploited in the spatial (antenna), temporal (time), or spectral (frequency) dimensions.
» Co-channel Interference Rejection (CCIR): This is the rejection of signals by

making use of the different channel response of the interferers.

2.3.1 Transmit Diversity: Space-Time Coding

In order to increase the rate and range of the modem, there are several
considerations. Generally, BS can bear more cost and complexity than SS, so
multiple-antenna techniques are a good option at BS, also called transmit diversity.
Among various transmit diversity schemes, STC is the most popular scheme with the
feature of open loop (i.e., no feedback signaling is required) as channel information is
not required at the transmitter.. Therefore we.will.focus on the scheme of STC with 2

transmit antennas in this section as shown-in Figure=2.16.

< » IFFT > Filter * DpAC | RF J
Sub-channel | IFFT Input | * | Space-Timef ="
Modulation "| Packing i Encoder > !

e 1 IFFT »| Filter »] DAC »] RF

BS
| °; -: Space-Time M2
RF » ADC » Filter » FFT . Equalizer . P —»| channel p—>
Decoder
o . Demod.
SS

Figure 2.16: Block diagram of STC

The space-time block coding scheme was first discovered by Alamouti for two
transmit antennas. Symbols transmitted from those antennas are encoded in both space
and time in a simple manner to ensure that transmissions from both the antennas are

orthogonal to each other. This would allow the receiver to decode the transmitted

22



information with a slight increment in the computational complexity.

Alamouti scheme

ST Encoder ST Decoder
S s, -5 | alv — TR —
N | R s, _}"Hs—l—n|=>H y=H"Hs+H"'n N
S50 s, s g P 2
2 1 (HHH = (‘hl‘ _|_‘h2‘ )12 = plL,)

Figure 2.17: lllustration of Alamouti scheme

Figure 2.17 shows the operation of Alamouti scheme. The input symbols to the

space-time block encoder are divided into groups of two symbols. At a given symbol
period, the encoder takes a block'of two modulated symbols s, and s, in each encoding

operation and maps them to the transmit antennas according to a code matrix given by

s = (2.6)

The encoder outputs are transmitted in two consecutive transmission periods from two

transmit antennas. Let h, and h, be the channel gains from the first and second transmit

antennas to the only one receiver antenna. Assume that h, and h, are scalar and
constant over two consecutive symbol periods. The received signals in two consecutive

symbol periods, denoted as r, and r,, can be expressed as

n= hlsl _i_h282 _i_n1 2.7)
= _h1sz + h281 + n,

where n, and n, are AWGN noise modeled as identical independent distributed (i.i.d.)
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complex Gaussian random variables with zero mean and power spectral density N,/2

for each dimension. The above equation can be rewritten in a matrix form as

(i hl h2 5 ™ i 28
I Y0 Ol -

Since the channel matrix H is unitary, i.e. H? H = pI,, where p = ‘hlr +‘h2‘2,

the ML decoder can perform an MRC operation on the modified signal vector ¥ given

= (2.9)

Therefore, we can obtain the space-time decoded vector s.

In OFDM-256 mode, the preamble for Alamouti transmission is transmitted from
both antennas with the even subcarriers used-for antenna 1 and the odd subcarriers used
for antenna 2. This means that each set of 'data requires to be appropriately smoothed.
The pilots have certain degenerate situations: for the first Alamouti transmitted symbol,
the pilots destructively add and for the second Alamouti transmitted symbol, the pilots
constructively add. Hence, the pilots cannot always be useful. Properly processing the
pilot symbols is required.

For OFDMA mode, STC coding is done on all data subcarriers that belong to an
STC coded burst in the two consecutive OFDMA symbols. Pilot subcarriers are not
encoded and are transmitted from either antenna O or antenna 1. In PUSC, the pilot
allocation to cluster is changed as shown in Figure 2.18. The pilot locations change in
period of 4 symbols to accommodate two antennas transmission with the same

estimation capability.
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Figure 2.18: Cluster structure for STC PUSC using two antennas

2.3.2 Transmit Beamforming: Adaptive Antenna

System

Future wireless communications systems are aimed to provide higher data rates
with better link quality subject:to being-interference limited. Smart antenna technology
is one of the most promising technologies for increasing both system coverage and
capacity as shown in Figure 2.19: AAS, although an optional feature, through the use of
more than one antenna elements at BS, ‘can significantly improve range and capacity by
adapting the antenna pattern and concentrating its radiation to each individual user.
There are several advantages of using beamforming:

* Increase spectral efficiency proportional to the number of antenna elements

* Realize an inter-cell frequency reuse of one and an in-cell reuse factor

proportional to the number of antenna elements

* Reduce interference by steering nulls in directions of co-channel interferers

* Increase SNR of certain subscribers and steer nulls to others that can enable

bursts to be concurrently transmitted to spatially separated users.
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Figure 2.19: Illlustration of AAS

First, the generalized AAS zone allocation is introduced as shown in Figure 2.20.
The frame is divided into two parts: the fiét part is allocated to the non-AAS users and
the second part (called AAS zbne) is allocated tofhe AAS users. This allows a mixture
of non-AAS and AAS users tQ be supportgd by the same BS. The BS can dynamically
allocate capacity to non-AAS and AAS traffic. ‘The SS without AAS capability will
ignore the traffic in the AAS zone. In the following paragraphs, we will introduce the

AAS operations for OFDM mode and OFDMA mode individually.

Regular DL Bursts Regular UL Bursts

nhle

= | Burst Burs = AAS DL Zone AAS LIL Zone
| T | TDD

Pre

Regular DL Bursts

AAS DL Zone

Burst Burst
#1 #2

DL

AAS
Preamble

Regular UL Bursts FDD

AAS UL Zone

UL

Figure 2.20: Generalized AAS zone allocation
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OFDM

Figure 2.21 shows the AAS zone structure in OFDM mode. AAS preamble
consists of two OFDM symbols, which can be transmitted from up to four beams. For a
SS to distinguish one beam from another, the 200 subcarriers are divided into four
groups, with each group transmitted on one beam. Supposing that the 200 subcarriers
are represented by their frequency offset index, %, relative to the central carrier, ie,
k=-100,-99,...,-2,-1,1,2,...,99,100, the AAS preamble transmitted on beam m,
m=0,1,2,3, is defined as those subcarriers with k mod 4. The AAS preamble is used by
AAS SS to perform channel estimation on each beam. Each DL burst starts with one or
several repetitions of a preamble plus FCH pair. The FCH contains the information
about location and transmission parameters for the data burst. This pair may be
transmitted on a directed beam, .or optionally transmitted on several beams to improve
the reliability of the FCH reception. Operation.of-AAS requires feedback of channel
state information. For OFDM imode,-AAS-FBCK-REQ is used for assisting
beamforming and SS performs the measurement from AAS preamble that belongs to its
burst. AAS-BEAM-REQ is used for beam adjustment and SS performs the

measurement on specified beams requested by BS.

— Optional diversity zone — Directed Beam
A / V&
e le=2l o= o | =
s |28 |& = | = | DLBust1
E L] L} nnn L] LN I
=S 15|l 5| S | o urs AAS UL Zone
— — <t — < — <
Ay (a ] <t (a W] < (a <

Figure 2.21: AAS zone structure in OFDM mode
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OFDMA

Figure 2.22 shows the AAS zone structure in OFDMA mode. AAS DLFP in an
AAS zone is preceded by an AAS DL preamble of one symbol duration. All other data
bursts within an AAS zone have a preamble whose duration is specified in AAS DL _IE.
AAS_DLFP provides a robust transmission of required BS parameters to enable SS
access allocation. Each AAS_DLFP requires not carry the same information. Different
beams may be used within the AAS diversity map zone. For OFDMA mode, REP-RSP
MAC message shall be sent by SS in response to a REP-REQ message from the BS to

report estimation of the mean DL CINR (carrier-to-interference-and-noise ratio).

AAS portion
Non AAS portion
SS #3 SS #5
Frequency : o ‘
l AAS:DLFP ‘ see 2 OFDMA subchannels
Time AAS Diversity Map Zone

AAS DL preamble
Figure 2.22: AAS zone structure in OFDMA mode

2.4 Summery

Specification of IEEE 802.16 system has been introduced in this chapter. Unlike
the CDMA-based 3G systems, which have evolved from voice-centric systems,
WIMAX is designed to meet the requirements necessary for the delivery of broadband
data services as well as voice. The Mobile WiMAX physical layer is based on Scalable
OFDMA technology. The new technologies employed for Mobile WiMAX result in
lower equipment complexity and simpler mobility management due to the all-IP core
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network and provide Mobile WiMAX systems with many advantages over CDMA
based 3G systems. We also introduce some key transmit techniques and their
operations. By using these transmit techniques, the capacity and range of the system

can be improved significantly.
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Chapter 3

Channel Estimation and
Synchronization for WIMAX System

In this chapter, channel estimation and synchronization schemes are introduced. In
real situations, synchronization.and channel estimation should be done before data
detection. First, two channel models corresponding-to static or mobile environments are
introduced in Section 3.1.- Secend,—a—jointly- designed timing and frequency
synchronization scheme is proposed-in.Section3.2 and then computer simulations will
be showed to confirm the performance of the proposed scheme. In Section 3.3, two
channel estimation schemes are introduced to deal with different environments. Finally,
Section 3.4 will describe the phase estimation and the residual frequency offset
estimation scheme, and then computer simulations show that more accurate frequency

synchronization can be obtained after compensating the residual frequency offset.
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3.1 Channel Model

Wireless propagation channels have been studied for more than 50 years, and a
large number of channel models are already available. The signal that has propagated
through a wireless channel consists of multiple echoes of the originally transmitted
signals; this phenomenon is known as multipath propagation. The different multipath
components are characterized by different attenuations and delays. The correct
modeling of the parameters describing the multipath components is the key point of
channel modeling.

In first generation systems, a super-cell architecture is used where the base station
and subscriber station are in LOS condition and the system uses a single cell with no
co-channel interference. For second ,generation systems, a scalable multi-cell
architecture with NLOS conditions, ‘becomes necessary. In WiMAX system, the
wireless channel is characterized by:

»  Path loss (including shadowing)

»  Multipath delay spread

»  Fading characteristics

» Doppler spread

The main channel models were considered here: Stanford University Interim (SUI)
channel models [11] and International Telecommunication Union (ITU) channel models
[12]. Each channel model was parameterized in order to best fit the particular channel
characteristics. SUI channel models can be used for simulations, design, and testing of
technologies suitable for fixed broadband wireless applications. However, ITU channel
models are applied for the measurement based channel model. Even though multipath
parameters are fixed in a measurement based channel model, it is useful to reflect the

real operating channel conditions.
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3.1.1 SUI Channel Model for Fixed Wireless

Application

SUI channel models were proposed in [11] to model a statistic environment in

IEEE 802.16d. There are many possible combinations of parameters to obtain different

channel descriptions. A set of 6 typical channels were selected for the three terrain

types that are typical of the continental US. The channel parameters are related to

terrain type, delay spread, and antenna directionality and each channel model has three

taps with distinct K-factor and average power. Table 1 shows an example of time

domain attribute of the SUI-3 channel, which is chosen to evaluate the proposed

algorithm.

Table 3.1:.Parameters.of SUI-3 channel models

SUI - 3 Channel

Tap 1 Tap 2 Tap 3 Units
Delay 0 0.4 0.9 us
Power (omni ant.) 0 -5 -10 dB
90% K-fact. (omni) 1 0 0
75% K-fact. (omni) 7 0 0
Doppler 0.4 0.3 0.5 Hz
Antenna Correlation: peny = 0.4
Gain Reduction Factor: GRF=3dB
Normalization Factor: Fomni =-1.5113 dB, F3- =-0.3573 dB

Multipath Delay Profile

Due to the scattering environment, the channel has a multipath delay profile. It is

characterized by 7, (RMS delay spread of the entire delay profile) which is defined

as

2 2 2
2, =% Pt~ (2,)
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where
Twe = 20, P71
7, is the delay of the jth delay component of the profile and P, is given by

P, = (power in the jth delay component) / (total power in all components)

RMS delay spread

A delay spread model was based on a large body of published reports. It was
found that the RMS delay spread follows lognormal distribution and that the median of
this distribution grows as some power of distance. The model was developed for rural,

suburban, urban, and mountainous environments. The model is of the following form

Ty =1d"y (3.2)
where 7, isthe RMS delay spread,; d is the distance in km, 7; is the median value

of . at d =1 km, ¢ is an_exponent.that lies between 0.5-1.0, and y is a

rms

lognormal variant. Depending on the.terrain, distance, antenna directivity and other
factors, the RMS delay spread values can span from very small values (tens of
nanoseconds) to large values (microseconds).
Fading distribution, K-factor

The narrow band received signal fading can be characterized by a Ricean fading.
The key parameter of this distribution is the K-factor, defined as the ratio of the “fixed”
component power and the “scatter” component power. The narrow band K-factor
distribution was found to be lognormal, with the median as a simple function of season,
antenna height, antenna beamwidth and distance. The model for the K-factor (in linear

scale) is as follows:

K=FF,FK,du (3.3)
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where

F, is aseason factor; F, =1.0 in summer; 2.5 in winter

F, is the received antenna height factor

F, is the beamwidth factor

K, and y are regression coefficients

u is a lognormal variable which has 0 dB mean and a standard deviation of 8 dB.
Using this model, one can observe that the K-factor decreases as the distance increases
and as antenna beamwidth increases.
Doppler spectrum

The random components of the coefficients generated in the previous paragraph

have a white spectrum since they are independent of each other. The SUI channel
model defines a specific power spectral density (PSD) function for these scatter

component channel coefficients called “rounded” PSD which is given as

1-1.72 17 +0.785%} . |fol =k
0 FARS!
where £, :i. In fixed wireless channels the shape of the spectrum is therefore

m

different than the classical Jake’s spectrum for mobile channels. Figure 3.1 shows that

its shape of Doppler spectrum is convex.

.,_\

/ \

fo-fm e i+t

Figure 3.1: Doppler spectrum of SUI channel models
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Antenna correlation

The SUI channel models define an antenna correlation, which has to be considered
if multiple transmit or receive elements, i.e. multiple channels, are being simulated.
Antenna correlation is commonly defined as the envelope correlation coefficient
between signals transmitted at two antenna elements. The received baseband signals are
modeled as two complex random processes X(#) and Y(z) with an envelope correlation

coefficient of

| ey}
‘\/E{\X—E{X}f}E{\Y—E{Y}f}‘

Note that this is not equal to the correlation of the envelopes of two signals, a measure

(3.5)

that is also used frequently in cases:where -no'ecomplex data is available.
Antenna gain reduction factor

The use of directional antennas requires to be' considered carefully. The gain due
to the directivity can be reduced because of the scattering. The effective gain is less
than the actual gain. This factor should be considered in the link budget of a specific

receiver antenna configuration.

Denote AG,, as the Gain Reduction Factor. This parameter is a random quantity

which dB value is Gaussian distributed with a mean 4, and a standard deviation

o,s givenby

g,y =—(0.53+0.11) In(3/360) + (0.5 +0.041)( In(B/360))> (3.6)
0,; =—(0.93+0.021) In(5/360) (3.7
where

£ is the beamwidth in degrees

| =1 for winter and |=-1 for summer
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In the link budget computation, if G is the gain of the antenna (dB), the effective
gain of the antenna equals G —AG,,, . For example, if a 20-degree antenna is used, the

mean value of AG,, would be closed to 7 dB.

3.1.2 ITU Channel Model for Mobile Wireless

Application

As we know, for fixed wireless application such as IEEE 802.16-2004, the SUI
channel models are recommended for simulation. However, for mobile wireless
application like IEEE 802.16-2005, the recommendatory channel model is not proposed
at present. Here we choose International Telecommunication Union (ITU) channel
model [12] for mobile and fixed use:

ITU channel model is ;a measurement:based channel model proposed for the
3GPP WCDMA system. Delay and average power of each multipath for the ITU
channel models are summarized. in Table 3.2." Four or six multipath signals are
generated in the wireless channel depending on the channel type as shown in Table 3.2

respectively. The ITU channel model can be modeled as
N
w(t) = > \p,g,(0)z(-7,) (3.8)
n=1

where z(z) and w(z) denote the complex low pass representations of the channel input

and output respectively, p, is the strength of the nth weight and g, (¢) is the complex

Gaussian process weighting the nth replica.
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Table 3.2: Parameters of ITU channel models

Channel Profile \ Multipath | M1 | M2 | M3 M4 M5 Mo6

Pedestrian A | Delay (ns) 0| 110] 190 410 | NA NA
M=4) Power (dB) 0] -97]-192| -228

Pedestrian B | Delay (ns) O 200| 800 | 1200| 2300| 3700
(M=06) Power (dB) 0| -09| -49 -8.0 -7.8 | -23.9

Vehicular A | Delay (ns) O 310| 710| 1090 | 1730| 2510
(M=06) Power (dB) 0 -1.0| -9.0| -10.0| -15.0| -20.0

Vehicular B | Delay (ns) 0| 300| 8900 | 12900 | 17100 | 20000
(M=06) Power (dB) | -2.5 0]-12.8| -10.0| -252| -16.0

As shown in Table 3.2, ITU channel model includes two environments. For the
pedestrian test environment, this eavironmeént.is characterized by small cells and low
transmit power. Base stations with low; antenna height are located outdoors, and
pedestrian users are located on streets, inside buildings or residences. Its path loss is
defined by

L = 40log,,R + 30log,,/+ 49 (dB) (3.9
where R denotes the separation (km) between the base station and the mobile station
and f'is carrier frequency.

For vehicular environment, it is characterized by large cells and higher transmit

power. The model is applicable for in urban and suburban areas outside the high rise

core where the buildings are of nearly uniform height. Its path loss is written as

L = 40(1L— 4 x10° Ah,)log,,R — 18log,, Ak, + 21l0g,,f+ 80  (dB) (3.10)

where
R is the separation (km) between base station and mobile station
fis carrier frequency
Ah, is base station antenna height (m), measured from the average rooftop level
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The path loss model is valid for a range of A#, from 0 to 50 m.
The ITU channel model uses Doppler spectrum of classical Jake’s spectrum. As

shown in Figure 3.2, the Doppler spectrum is concave.

N

1 1 1 1
fe-fm e fe+m

Figure 3.2: Doppler spectrum of ITU channel models

3.2 Timing and Frequency Synchronization

A joint design of timing and frequency synchronization scheme is proposed in this
section [13], [14]. Synchronization should be done before the rest work like channel
estimation and data detection. Here, we consider three steps to complete the timing and
frequency synchronization:

(i) adjust the window size according to the known preamble structure and compute

the delay correlation outputs;

(ii) use the delay correlation outputs to perform the timing synchronization;

(iii) use the corresponding delay correlation outputs to perform the frequency

synchronization.

Before performing the timing and frequency synchronization algorithms, the
received signal is passed through a matched filter. The delay correlation outputs can be

obtained by correlating the received signal and the known preamble over a window of v
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samples. The window size depends on the preamble structure. Here, CP length is
configured to be 1/4 of FFT length for simplicity. The delay correlation outputs y,

and y, of the ith received samples can be written as

v-1

V0w =2 (50 Tt i)

k=0
v—1

Vol = 2 (S T e (3.11)
where s, and s, denote the {1,v} and {v+1,2xv} samples of the known short
preamble respectively, v is equal to half of short preamble length, f/ equals short
preamble length, and » equals 1, 2, 3, and 4. There are 8 delay correlation outputs will
be stored in each received samples.

In the following paragraphs, timing and frequency synchronization schemes which
make use of the delay correlation outputs to achieve synchronization will be
introduced.
® Timing synchronization: Timing: synchronization involves finding the most

significant path and the best possible time-instant of the start of received data.

After collecting groups of 8 delay correlation outputs obtained in Equation (3.11),

the best timing instant can be detected by choosing the peak value of ¥ (i) which

is computed by
zI2 z/2
YO =2l O + 2y, O (312)
where W(i) represents the timing acquisition metric, and z is the number of
delay correlation outputs for the ith received samples and equals 8. Once the best
starting position of the received signal is detected, frequency synchronization can
then be performed.
® Frequency synchronization: Frequency synchronization deals with finding a wider
range of the frequency offset between the transmitter and receiver local oscillators.

The frequency offset estimation is developed by choosing the delay correlation
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outputs that make a peak value of W(i) . Hence a frequency offset estimate can be

found based on the phase of the delay correlation outputs as follows:

1
N =52, ) (3.13)
1 z/2-1 . z/2-1 .
= 2_ 4{ Z WL,n (i)WL,rHl (l) + Z l//R,n (i)l//R,nJrl (l)}
ﬂ-T n=1 n=1

where 7 is the duration of the short preamble, d,, is the optimum timing

acquisition instant, and z is the number of delay correlation outputs for the ith

received samples. Although the residual frequency offset still exists, it can be
estimated by using the pilot subcarriers embedded in the data symbols that will be

introduced in Section 3.4.

Computer simulations for the joint design of timing and frequency
synchronization scheme are shown.in Figures 3.3 and 3.4. First, Figure 3.3 shows the
matched filter output of the proposed "timing synchronization algorithm in a
SISO-OFDM system. The simulation-is carried’ out in the environment of ITU
Vehicular B channel and simulated at £,/Ny=-0-dB. As seen in Figure 3.3, the jointly
designed algorithm with timing synchronization gives satisfactory result in the mobile
and Rayleigh fading channel. The start of the received signal can be estimated directly

by detecting the peak of the timing acquisition metric W(i) .
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Figure 3.3: Matched filter output of the jointly designed algorithm for timing
synchronization under ITU Vehicular B channel model (at £,/No=0
dB)

Figure 3.4 shows the MSE of; the frequency offset estimate as a function of E,/Ny
in a SISO-OFDM system. SUI-3 channel model Is used in this simulation. With the
frequency offset estimation method, the average MSE is about 3x107. For the
scenario in which the oscillator offset is 20'kHz (about 10 ppm of the carrier frequency),
the error of the frequency offset estimation method is just 60 Hz, which is much smaller

than the subcarrier spacing.
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Figure 3.4: MSE of the jointly designed algorithm for frequency synchronization
under SUI-3 channel model
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3.3 Channel Estimation

This section describes two channel estimation schemes to deal with different

environments. After finding the packet starting point, channel estimation is performed

to recover the channel frequency response. Preamble-aided channel estimation is

suitable for static environment. However, pilot-aided channel estimation provides better

performance than preamble-aided channel estimation in mobile environment. In the

following we introduce the operations of two schemes [15], [16].

Preamble-aided channel estimation: Preamble-aided channel estimation is carried
out by using the long preamble. Owing to the same symbol structure as data
symbols, long preamble becomes the best candidate for performing this job. After
removing CP, a receiver can perform_channel estimation by taking FFT of the

received long preamble to.obtain the LS channel estimate

Ry (3.14)

“FFT{,,)

LP

where R,, is the received long preamble after taking FFT and /,, is the known
long preamble. As shown in Figure 3.5, after taking FFT of received long
preamble, we also require to transform the original long preamble into frequency
domain. Thus, the channel frequency response can be obtained simply by dividing
the FFT output of received long preamble and the FFT output of the original long

preamble.

Time Domain

Known Unknown o

[ Long preamble (T) @ Impulse response J |:> [ Received LP (T) ]
L }
l FFT l FFT l FFT

Long preamble (F) >< Frequency response |:> Received LP (F)

Known
Known Known

Frequency Domain

Figure 3.5: Preamble-aided channel estimation scheme
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Pilot-aided channel estimation: Pilot-aided channel estimation is based on LS
criteria together with channel interpolation based on piecewise-linear interpolation
method. The pilot arrangement of WiIMAX systems is comb-type pilot
arrangement. The estimate of pilot signals in the sth OFDM symbol based on LS

criterion is given by

Rs Rs RSvN;
HPilot,s = [HPilot,s (l)HPilot,s (2) 'HPilot,s (Np )] = [Rj R:ZZ e R N] ] (315)

Np

where P, denotes the known N, pilot signals in the sth OFDM symbol and
R, represents the pilot subcarriers in the sth received symbol after taking FFT,

[=1,2, ..., N,.After the estimation of the channel frequency response of pilot

subcarriers, the channel response of data subcarriers can be interpolated according
to adjacent pilot subcarriers..Piecewise-linear-polynomial interpolation method is
used here. Two successive pilot-subcarriers-are used to determine the channel
response in between the pilot.subcarriers. For data subcarrier &,

(j—DM < k < jM , the estimated channel response is given by
Hinterp,s (k) = HPilut,S (J) +H(HPilut,s (.] +1) - HPilot,s (]))’ O sm< M (316)
where M is the number of data subcarriers in between the adjacent pilot

subcarriers and j = 1, 2, ..., N, . The process of pilot-aided channel estimation is

illustrated in Figure 3.6.

RS HPilot S Hinterp,s
—

Received , Pilot Pilot Channel , Esrtlmateld
signals ——  subcarrier subcarrier interpolation |—» fc anne
after FFT —|  extraction channel - Irequency
estimation —— response

—

Known pilot data Ps
Figure 3.6: Pilot-aided channel estimation scheme
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3.4 Phase Estimation

Phase estimation can be regarded as a remedy after over-compensating the
received signals by estimated frequency offset mentioned in Section 3.2 [24], [27]. The
pilot subcarriers embedded in the data symbol can be used to estimate the rotating

phase due to the residual frequency offset. The phase estimator can be expressed as

*

q, = 2 (H -Pk(s)j R (s)=Y,e/>™" (3.17)

k=pilot _subcarrier _index
where P, (s) represents the known pilot data at the kth subcarrier in the sth OFDM
symbol, ﬁis the channel estimate of preamble in the frequency domain, R, (s)

represents the received data at the ith subcarriers in the sth OFDM symbol, and 7,
and Af. denote one symbol time, and ‘the residual frequency offset respectively. If

there is any residual frequency offset, itis, reflected in the phase estimator and we can

obtain the rotating phase as- ¢, = arg{q } = 2zAf.sT,. Therefore, we may have the

information for phase tracking ona symbol-by-symbol basis. Furthermore, the residual

frequency can be estimated easily via the phase estimator. According to ¢,, q..;,

Goinr - 4,1, theresidual frequency Af, can be determined as follows:
1 &
Af; = 24T A{; qs+(l—l)Qs+l} (318)
b =]

where L denotes the number of symbols in a frame. After the residual frequency is
compensated, we can perform channel estimation again to obtain the more accurate
channel estimates.

Figure 3.7 shows the MSE of the residual frequency offset estimate as a function
of E/Ny in a SISO-OFDM system. The channel model used in this simulation is SUI-3
channel. Compared with the frequency offset estimation method mentioned in Section

3.2, the residual frequency offset estimation method provides better accuracy of
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estimation. However, the frequency offset estimation method mentioned in Section 3.2
trades accuracy for a wider range of estimation. So the residual frequency offset
estimation method can co-work with the frequency offset estimation method to obtain a

wider range and better accuracy of estimates.
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Figure 3.7: MSE of the residual frequency offset estimate under SUI-3 channel model

3.5 Summary

In this chapter, we first introduce two channel models: the first is SUI channel
model which is used to form a set of channel models suitable for IEEE 802.16 fixed
wireless applications and the second is ITU channel model which is used for mobile
wireless applications. After that, we introduce the requirement tasks at the receiver.
Synchronization is first introduced and we propose a joint design of timing and
frequency synchronization algorithm to lower the computational complexity. Then,
channel estimation, phase estimation and residual frequency offset estimation are
introduced in the rest part of the receiver. Furthermore, we compare the MSE of the

frequency offset estimates after performing residual frequency offset estimation.
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Computer simulations of the overall system will be showed in Chapter 4 and the
proposed algorithms can work as expected.

The receiver functional blocks that are introduced in this chapter are basic blocks.
In order to adapt to different modes, some receiver functional blocks require to be
modified. All the modification and more detailed experimental results will be given in

Chapter 4.
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Chapter 4

SC-OFDM-OFDMA SDR
Architecture

Wireless communication standards are evolving rapidly. WiIMAX now is an
emerging suite of air interface standards- for. combined fixed, portable and mobile
broadband wireless access. To meet the requirements of different standards, SDR
technologies enable dynamic_reconfiguration on the same platform and minimize the
hardware variants. In this chapter,. we propose a SC-OFDM-OFDMA SDR system to
support the various air-interface standards specified by IEEE 802.16-2005 in a single
SDR system. In this way, the system possesses as many common components as
possible for these three modes, and the transmitter and receiver can be switched among
the three modes via SDR operation. The rest of this chapter is organized as follows.
Concept of SDR will be described in Section 4.1. The transmitter architecture of the
proposed SC-OFDM-OFDMA SDR system will be introduced in Section 4.2. The
receiver architecture of the proposed SC-OFDM-OFDMA SDR system will be
introduced in Section 4.3. Finally, computer simulations for different modes and

different transmit techniques are shown in Section 4.4.
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4.1 Concept of Software Defined Radio

A lot of standards of communication systems have been proposed due to an
exponential growing of demands for communications since early 1980. Commercial
wireless communication industry is currently facing problems due to constant evolution
of link-layer protocol standards (2.5G, 3G, WiMAX, and 4G), existence of incompatible
wireless network technologies in different countries inhibiting deployment of global
roaming facilities and problems in rolling-out new services/features due to wide-spread
presence of legacy subscriber handsets. Therefore this prompts the development of the
SDR concept as a potential practical solution. There are several differing definitions of
SDR technology. Most commonly it defines a software implementation of the user
terminal that is able to dynamically adapt to the radio environment in which it is
located time by time.

Over the last few years,-analog radio systems:-are being replaced by digital radio
systems for various radio applications in‘commercial and military spaces. In addition to
those, programmable hardware is increasingly being used in many digital radio systems
at different level. SDR technology can take these advantages to build an
open-architecture software and hardware platform [17], [18], [19].

SDR technology facilitates implementation of some of the functional modules by
software in the MAC and PHY layers. This helps in building reconfigurable software
radio systems where dynamic selection of parameters for some software-defined
functional modules is possible. Also, the software-defined functional modules can be
easily updated or upgraded as enhancements to deal with various multi-standard and
multi-band architectures.

Although the exact and strict definitions of SDR technology do not yet exist, the

following are the key features of SDR technology found in some literature [20], [21]:
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Reconfigurability: SDR allows co-existence of multiple software-defined
functional modules implementing different standards on the same platform
allowing dynamic configuration by just selecting the appropriate parameters for
software- defined modules to accommodate new functions and algorithms. The
wireless network infrastructure can reconfigure itself to subscriber's handset type
or the subscriber's handset can reconfigure itself to network type. SDR technology
facilitates implementation of future-proof, multi-service, multi-mode, multi-band,
multi-standard terminals and infrastructure equipment.

Ubiquitous Connectivity: SDR enables implementation of air interface standards
as software modules and multiple instances of such modules that implement
different standards can co-exist in infrastructure equipment and handsets. If the
terminal is incompatible with the network.technology in a particular region, an
appropriate software-defined. functional module requires to be installed onto the
handset (possibly over-the-air).resulting-in seamless network access across various
geographies.

Software-defined radio is a future-proof solution to making wireless

communication systems highly flexible. The flexibility offered by SDR systems helps

in cutting the R&D cost and shortening the time-to-market. Fewer variants mean much

lower maintenance and module improvement efforts.

Development of a complete SDR system requires many skill-sets in areas such as

RF design, firmware, DSP software, Operating systems, data communication protocols

and more. The compatibility of an SDR system is guaranteed by its reconfigurability by

DSP engine re-programmability, which implements radio interface and upper layer

protocols in real time. It is important to note that DSP is really intended the concept of

digital signal processing, and not only DSP chipsets in strict sense, but also field

programmable gate arrays (FPGA).
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At present, the SDR technology is being actively researched due to its potential to
help realize reconfigurable radio systems while retaining common hardware platforms.
In this thesis, we will adopt the concept of SDR technology to develop a reconfigurable
transceiver architecture for SC-OFDM-OFDMA system based on IEEE 802.16-2005

standard.

4.2 SC-OFDM-OFDMA SDR System:

Transmitter Architecture

The block diagram shown in Figure 4.1 represents the transmitter architecture of
the proposed SC-OFDM-OFDMA SDR system. In the following section, we will
introduce some functional blocks of the transmitter architecture that are modified to be
reconfigurable. Here, we willnot introduce some functional blocks in detail that have

been described in Chapter 2.

Modulation
. FEC « BPSK
Sourcedata | o
- ;Z%?:;E?gggn —| * RS Encoder |—>] Bit Interleaver —» « QPSK
» CC Encoder « 16Q0AM
* 64QAM
i | Transmit Techniques For OFDMA . — 1 A I oac —J
L« siso .| Piot | . |Scalable :
> Subchannels| : Generator| : | IFET :
i | *STC (2Tx & 1RX) Allocation : e IR !
* AAS (4Tx & 1RX) —> : DAC
Preamble
Generator

Figure 4.1: Proposed SC-OFDM-OFDMA SDR transmitter architecture

As shown in Figure 4.1, the uncoded data is generated from a random source,

consists of a series of zeros and ones. First, the uncoded data shall be passed to a
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randomizer. Randomization is performed on each allocation, which means that for each
allocation of a data block. After performing randomization, the randomized data shall
be passed through the FEC block. The FEC block is performed by first passing the data
in block format through the RS encoder and then passing it through the
zero-terminating convolutional encoder. It is worthy of mention that the randomized
data needs not first pass to the RS encoder in OFDMA transmission mode. After
encoding, all encode data shall be interleaved by a block interleaver. After bit
interleaving, the data bits are entered serially to the modulator and then mapped to form
symbols. Modulation schemes used here are BPSK, QPSK, 16QAM, and 64QAM with
gray coding in the constellation map. After constellation mapping, the modulated data
will be processed by different transmit techniques such as SISO, STC, and AAS. But
the different transmit techniques.do not affect the data block size. The data block size is
determined by the FEC block; modulator, and the aumber of subchannels allocated. In
the following paragraphs, we-will:introduce-the procedures to determine the uncoded
data block size for different modes.
Single Carrier

In SC transmission mode, the receiver will perform frequency domain equalizer
by utilizing the N-point FFT and IFFT. In order to adapt to the input size of FFT, the
transmitter requires performing uncoded data block segmentation. In addition to the
FFT size, we still require considering the FEC block and modulator. Under the whole
consideration, the uncoded data block size per symbol can be written as

Uncoded data block size = (N xmxc— p)—2xt (4.1

where N denotes the FFT size, m is modulation order (QPSK: m=2, 16QAM: m=4), c is
the code rate of CC encoder, p is the number of zero tail bits before CC encoder, and ¢
Is the number of data bits which can be corrected after RS encoder. As shown in Table

4.1, the FFT size is specified by 256 and each frame contains 10 symbols. The uncoded
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data block size can be easily obtained by equation (4.1) in SC transmission mode.

Table 4.1: Uncoded data block size for SC mode

QPSK 16QAM
Uncoded block 208x10 432x10
size (bits) (bits)
RS encoded 240x10 496x10
data
CC encoded 512x10 1024x10
data
Modulated data 256x10 256x10

OFDM
In OFDM transmission. mode, the.-mandatory FEC block consists of the
concatenation of a Reed-Solomon.outer-code and a rate-compatible Convolutional
inner code. The RS-CC coding rate 1/2 shall always be used as the coding mode when
requesting access to the network and in the FCH burst. The FFT size is fixed to be 256
in OFDM transmission mode, consisting of 192 data subcarriers and 8 pilot subcarriers
per symbol. In order to achieve the desired overall code rate, the RS encoder and CC
code rate require adjustments. The uncoded data block size per symbol can be
computed as
Uncoded data block size= (192xmxc— p)—2xt 4.2)
where m is modulation order (BPSK: m=1, QPSK: m=2, 16QAM: m=4), c is the code
rate of CC encoder, p is the number of zero tail bits before CC encoder, and ¢ is the
number of data bits which can be corrected after RS encoder. ‘192’ represents the total
number of data subcarriers. Table 4.2 gives the uncoded block sizes used for different

modulations to achieve overall coding rate 1/2. In the case of BPSK modulation, the RS
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encoder should be bypassed. When subchannelization is applied in the uplink, the FEC
will bypass the RS encoder and the uncoded data block size can be computed by the

number of allocated subchannels divided by 16 (total number of subchannels).

Table 4.2: Uncoded data block size for OFDM-256 mode

BPSK QPSK 16QAM
Uncoded block size 80x10 (bits) 176x10 (bits) 352x10 (hits)
RS code (80,80,0) (240,176,32) (480,352,64)
RS encoded data 80x10 240x10 480x10
CC code rate 172 213 2/3
CC encoded data 192x10 384x10 768x10
Modulated data 192x10 192x10 192x10
Overall coding rate 172 1/2 1/2

OFDMA

In OFDMA transmission made,-the-mandatory coding scheme is convolution
encoder. The encoding block size-will. depend on the modulation order and the number
of subchannels allocated for the current transmission. As mentioned in Chapter 2, each
subchannel is composed of 24 data subcarriers and 4 pilot subcarriers for PUSC
permutation. According to the number of subchannels allocated and code rate, the

uncoded data block size per symbol can be derived as

Uncoded data block size= N x24x2xmxc—p 4.3)
where N, denotes the number of subchannels allocated, m is modulation order
(QPSK: m=2, 16QAM: m=4, 64QAM: m=6), c is the code rate of CC encoder, p is the
number of zero tail bits before CC encoder, and 2’ represents the number of spanned
symbols for a slot in downlink PUSC. Although the FFT size can be scaled to adapt to
different channel bandwidths in OFDMA mode, different FFT sizes still use the same

equation (4.3) to determine the uncoded data block size. The uncoded data block sizes
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for different FFT sizes are shown in Tables 4.3, 4.4, 45 and 4.6. The four tables
provide the overall coding rate 1/2 in the case with the whole subchannels allocated in

Major Group 0. The total number of subchannels in Major Group 0 is specified in Table

4.7 for different FFT sizes.

Table 4.3: Uncoded data block size for OFDMA-2048 mode

QPSK 16QAM 64QAM
Uncoded block size 560x5 (bits) | 1136x5 (bits) | 1712x5 (bits)
CC code rate 1/2 1/2 1/2
CC encoded data 1152x5 2304x5 3456x5
Modulated data 576x5 576x5 576x5
Overall coding rate 1/2 1/2 1/2

Table 4.4: Uncoded data block size-for OFDMA-1024 mode

QPSK 16QAM 64QAM
Uncoded block size | “2i#2X5 (bits) 560x5 (bits) 848x5 (bits)
CC code rate 112 1/2 1/2
CC encoded data 576x5 1152x5 1728x5
Modulated data 288x5 288x5 288x5
Overall coding rate 1/2 1/2 1/2

Table 4.5: Uncoded data block size for OFDMA-512 mode

QPSK 16QAM 64QAM
Uncoded block size | 224x5 (bits) 464x5 (bits) 704x5 (bits)
CC code rate 1/2 1/2 1/2
CC encoded data 480x5 960x5 1440x5
Modulated data 240x5 240x5 240x5
Overall coding rate 1/2 1/2 1/2
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Table 4.6: Uncoded data block size for OFDMA-128 mode

QPSK 16QAM 64QAM
Uncoded block size 32x5 (bits) 80x5 (bits) 128x5 (bits)
CC code rate 1/2 1/2 1/2
CC encoded data 96x5 192x5 288x5
Modulated data 48x5 48x5 48x5
Overall coding rate 1/2 1/2 1/2

Table 4.7: Number of subchannels in Major Group 0 for different FFT sizes

PUSC Downlink

F_FT Total useful Subchannels Data_
Size subcarriers Total pilots in Major Schaér:'erS

(DC,pilot,data) Group O subcphannel
128 85 12 1 24
512 421 60 5 24
1024 841 120 6 24
2048 1681 240 12 24

Once the uncoded data block size is decided and the uncoded data is encoded and
modulated, the pilot subcarriers shall be inserted into each data block in order to
constitute a symbol and they shall be modulated according to their locations within a
symbol. The first symbol of the downlink transmission is the preamble. In OFDM and
OFDMA transmission mode, each symbol will be fed into IFFT and transmitted in
different formats by using various transmit techniques such as STC and AAS. SC
transmission mode will bypass the IFFT block. Here, we omit the detail descriptions of

other blocks that have been introduced in Chapter 2.
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4.3 SC-OFDM-OFDMA SDR System: Receiver

Architecture

System scalability is a key design consideration in the development of the SDR
system. The proposed SC-OFDM-OFDMA system requires modification of algorithms
in order to accommodate various air interfaces. The proposed SDR receiver involves
many blocks shown in Figure 4.2. Here, we focus on three blocks, such as timing and
frequency synchronization block, channel estimation block, and phase estimation block.
These three common algorithms will be designed to match the functionality of the

prescribed air interfaces by setting suitable parameters.

! e

ADC Join't d_esign of
timing &
frequency pilot | * Phase
synchronization — estimation
l * Residual
¥ .| frequency : . :
Residual estimation . Norm_al — Den_]odulatlon —| Decoder
frequency : detection « De-interleaver
Scalable FFT compensation | l
l FDE & IFFT De-randomizer| !
Channel estimation : '
Preamble-aided SC mode I Source data l
Pilot-aided OFDM & OFDMA
mode

Figure 4.2: Proposed SC-OFDM-OFDMA SDR receiver architecture

4.3.1 Timing and Frequency Synchronization Block

As mentioned in Section 3.2, we have introduced the proposed joint design
algorithm of timing and frequency synchronization by utilizing the short preamble [26],
[27]. Unfortunately, the short preamble is not always transmitted in any mode. Based
on the IEEE 802.16-2005 standards, we can find that only OFDM and SC mode

transmit the short preamble preceding the long preamble. In other modes such as
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OFDMA mode or modes in which AAS or STC is employed, the preamble structure
only consists of a long preamble. In order to adapt to different modes in the SDR
system, the jointly designed algorithm of timing and frequency synchronization should
be modified in order to obtain the reliable timing and frequency offset estimates.

The operation of timing and frequency synchronization by using the short
preamble is the same as Section 3.2. The preamble structures can be classified into two
cases:

case I :the case with short preambles; case II : the case without short preambles

Here, we modify the metrics slightly to perform timing and frequency
synchronization correctly in case II. The preamble structure of a long preamble with
CP is shown in Figure 4.3. Unlike the four repetitions of short preamble, we can find
that CP is the only repetition part'of the preamble structure as seen in Figure 4.3. So we

can use CP to perform timing-and.frequency-synchronization.

T., T,
Figure 4.3: Long preamble with CP structure

In the following paragraphs, we will explain how to adjust the parameters to
accommodate the two schemes step by step.
® Step 1: Adjust the window size and shift width and compute the delay
correlation outputs
The delay correlation outputs can be obtained by correlating the received
signal and the known preamble over a window of v samples. The delay correlation

outputs v, and y, of the ith received samples can be written as

v—1
Vin (i) = Z(SL Vi (n-1)-f+k )
k=0

57



v—1

‘//R,n (l) = z (S; : ’/;'+(n—1)-f+k+v) (44)

k=0

where s, and s, denote the {1,v} and {v+1,2xv} samples. In case I, s, and
s, belong to short preamble. In case I, s, and s, belong to CP. Here, the CP
length is configured to be 1/4 of the FFT length for simplicity. v represents the
window size for summing up the correlation outputs. It is set to be 32 in case I,
and set to be half of the CP length in case II. f represents the shift width for the
next delay correlation output starting point. It is set to be 64 in case I . In case II,
the spacing of CP and its replica equal FFT length. » is the index of delay
correlation outputs for the ith received samples. n equals 1,2,3, and 4 in case I,
and equals 1 and 2 in case II. There are 2-max(n) delay correlation outputs that

will be stored for each received, samples. The operations of computing delay

correlation outputs in casé‘ I andjcase II.are shown in Figures 4.4 and 4.5

respectively.

received

signal

Figure 4.4: Operation of computing delay correlation outputs in the case with
short preamble

v

< Tcp >« Tb

RL4:31 Wi2WVR2

Figure 4.5: Operation of computing delay correlation outputs in the case without
short preamble
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® Step 2: Use the delay correlation outputs to perform timing synchronization
After collecting groups of 2n delay correlation outputs obtained in Equation

(4.4), the best timing instant can be detected by choosing the peak value of W (i)
which is computed by
z[2 2 z[2 2

LI'(»:;\V/R,,,@)\ +;\mn(i)\ . (4.5)
where YW(i) represents the timing acquisition metric, and z is the number of
delay correlation outputs for the ith received samples and equals 8 in case I and
equals 4 in case II. Once the best starting position of the received signal is
detected, frequency synchronization can then be performed.
® Step 3: Use the corresponding delay correlation outputs to perform

frequency synchronization

The frequency offset’is estimated by choosing the delay correlation outputs

that produce a peak value'in W(i): Hence a frequency offset estimate can be

found based on the phase“of the delay correlation outputs as follows:

Af = L 4 {¢dw }

2xT
1 z/2-1 . z/2-1 .
= Z z l//L,n (i)l//L,)z+l(i) + z l//R,n (i)l//R,rH—l (l) (46)
27Z-T n=1 n=1

where T is the duration of the short preamble in case I and the symbol time in

case II. d, Is the optimum timing acquisition instant, and z is the number of

delay correlation outputs for the ith received samples.

According to the aforementioned parameter adjustments, the SDR receiver
architecture can be easily synchronized with received signal over different air interfaces

without making changes to the hardware platform.
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4.3.2 Channel Estimation Block

In section 3.3, we have described two channel estimation schemes to deal with
different environments. Preamble-aided channel estimation is suited for low-speed
applications. For vehicular speed applications, retraining the channel estimate by
periodically inserting a midamble seems to resist the time varying channel. However,
this scheme will require significant overhead to achieve the pilot-aided scheme
performance. All in all, pilot-aided channel estimation scheme performs considerably
better than preamble-aided channel estimation for vehicular speed applications and
with no additional overhead.

In the case with the pilot-aided channel estimation scheme, the pilot tones are not
always in the same location at each symbaol for different modes. For OFDM mode, the
pilot tones are in the same location at.each.symbol. For OFDMA mode, the pilot tones
are allocated in different location at odd and even symbols. The pilot arrangements
have been introduced in Chapter 2. So-when -performing the pilot-aided channel
estimation scheme, the SDR receiver architecture needs to be adapted to different pilot

arrangements.

4.3.3 Phase Estimation Block

As mentioned in Section 3.4, there is always some residual frequency error
because the frequency estimation is not accurate. The residual frequency offset results
in constellation rotation. This is the reason why the receiver has to track the carrier
phase after performing frequency synchronization [28].

The pilot subcarriers embedded in the data symbol can be used to estimate the
rotating phase due to the residual frequency offset. The phase estimator can be

expressed as
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= X (fl-Pk(s)j Ry (s) =¥, e/ (47

k=pilot _subcarrier _index

where B, (s) represents the known pilot data at the kth subcarrier in the sth OFDM

symbol, ﬁis the channel estimate of preamble in the frequency domain, R,(s)

represents the received data at the kth subcarriers in the sth OFDM symbol, and 7,
and Af. denote one symbol time and the residual frequency offset respectively. If

there is any residual frequency offset, it is reflected in the phase estimator and we can

N

obtain the rotating phase as ¢ =arg{qs}=27zAf,sT,,. Therefore, we may have the

N

information for phase tracking on a symbol-by-symbol basis. Furthermore, the residual
frequency offset can be estimated easily via the phase estimator. As mentioned in the
above, the pilot arrangements are different for:the different modes. In OFDM mode, the
pilot tones are always in the:same location at each symbol. According to ¢,, q..,,

G.inr - 4,1, the residual frequency offset can be determined as follows:

1 (&
Af; = 271_]; A{z qs+(l—l)qs+l} (48)

=1

where L denotes the number of symbols in a frame. In OFDMA mode, the pilot tones
are allocated in different location at odd and even symbols. So we divide the phase

estimators into two groups and the residual frequency offset can be written as

1 . .
Af, = 4{ z 92950 T Z qur(IZ)qSH} (4.9)

272'27;, I=even I=odd

where ‘even’ and ‘odd’ represent the even numbered and odd numbered symbols
respectively. After the residual frequency offset is compensated, we can perform

channel estimation again to obtain the more accurate channel estimate.
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4.4 Computer Simulations

In this section, computer simulations are conducted to evaluate the performance of
the proposed SC-OFDM-OFDMA SDR system. Also, the computer simulations of the
proposed SDR system with transmit techniques such as STC and AAS are shown in this
section. Throughout the simulations, we only deal with discrete time signal processing
in the baseband, hence pulse shaping filter is removed from consideration for
simplicity.

Figures 4.6, 4.7 and 4.8 show the proposed SDR receiver architectures for OFDM,
OFDMA, and SC transmission mode. As seen in these three figures, it is clearly
observed that most functional blocks of the three modes are used commonly. So the
proposed SDR receiver can be switched among the three modes via the concept of SDR

operation. Figures 4.6, 4.7 and 4.8 alsorgive the parameter adjustments among the three

modes.
Adjustable parameter
Y Timing & Window size: v=32
. ; iming o
ADC Jomt dg&gn of Frequency Shift Wldﬂ.]. /=64
timing & Sync Storage size: z=8
fr(;que.nqt/. silot Phase ' T= short preamble duration
syncnronization est|mf§mon & | FFTsize 256
Residual - - -
: frequency PI|01§ tones Fixed location
Residual | esfimation Residual freq. I=1...(number of symbols-1)
256-point FFT | freauency estimation
compensation T | b oo
y Demodulation
e | Normal RS + CC
Channel Estimation . .
- detection | _ and N decoder
BB De-interleaver l
Pilot-aided De-randomizer

Source data

Figure 4.6: SDR receiver architecture for OFDM mode
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Adjustable parameter
Timing & Window size: v=CP length/2
iming Shift width: =FFT length
Frequency )
Y Storage size: z=4
Sync. )
ADC Joint design of T= symbol duration
timing & FFT size Scalable (128,512,1024,2048)
freque_ncy . Phase Subchannels &
synchronization Pilot | estimation& | | Pilot tones extract r;‘eeitlj;dt;t::;:hannels
fReS|duaI extraction P
i reduency i [ = even numbered symbols
Residual | estimation Residual freq. y
frequency estimation 1= odd numbered symbols
compensation
; Demodulation
Channel Estimation > d’i?égiln o i de(c:(iier
Preamble-aided | De-interleaver 1
Pilot-aided De-randomizer]
I Subchannels| ; |
extraction

Source data

Figure 4.7: SDR «eceiverarchitecture for OFDMA mode

Y Adjustable parameter
Tolntesn o Timing & Window size; v=CP length/2
ADCH—b P iming R
timing & Frequency Shift Wldﬂ.]. f=FFT length
frequency Phase sync. Storage size: z=4
synchronization Pilot | estimation & T=symbol duration
| Residual [] FFTsize 256
v ¥ . frequency Pilot tones Optional
Residual | estimation
. frequency
oIt ERT Icompensation
3 FDE & IFFT Demodulation
T i | Normal RS +CC
Channel Estimation ;
-' detection = , 2l | decoder
Preamble-aided De-interleaver T
Pilpt-aided De-randomizer]
Source data

Figure 4.8: SDR receiver architecture for SC mode
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In the simulation results, BER performance as a function of E,/Ny is evaluated.

There is a relation between SNR and E,/N; as follows:

SNR = S|g_nal power
noise power
1 1
E-— E -— (4.10)
_ Ty _ Ty :ﬂ_Nt'M'N_data
NeB L Ny N,
Tvamp

where E; is the symbol energy, N

c

is FFT size, T,., is the symbol duration of the

useful part of the received data, 7. is sampling time, &, is the number of transmit

samp
antennas, M equals Iogz(constellation size of modulation), B is the bandwidth of the

is the number of data subcarriers, and E;, is the bit energy. If N,

c_data

system, N

¢_data

equals N_, we can obtain Equation (4.11). Total transmit power is normalized to 1.

Hence, we can obtain the relation.between noise.power and £,/No:

noise power = _ 13 (4.11)

With the consideration of practical implementation, we evaluate the performance
impact due to the proposed jointly designed synchronization algorithm and channel
estimation algorithm under SUI-1 channel and Vehicular A channel. The parameters of
multipath fading channel models for SUI-1 channel and Vehicular A channel are shown
in Table 4.8. SUI-1 channel model is mainly used in SC mode. Under Vehicular A
channel model, the individual multi-path is subject to the independent Rayleigh fading,
whose time domain correlation is implemented by the Jakes model. We also consider
the vehicular speeds at 3 km/h and 120 km/h in Vehicular A channel model. All BER

are evaluated by averaging over 30000 frames, and each frame has 10 symbols.
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Table 4.8: Channel models used in the simulations

SUI-1 channel Vehicular A environment
K=20,10,0 3km/h,60km/h,120km/h
Tap Relative delay |Average power| Relative delay | Average power
(ns) (dB) (ns) (dB)
1 0 0 0 0
2 400 -15 310 -1
3 900 —20 710 -9
4 — — 1090 —-10
> — — 1730 —-15
6 — - 2510 —20

Table 4.9 lists all parameters used in our simulations. The symbol time and the
subcarrier spacing are fixed. The oscillator offset is set to be 5 KHz for carrier
frequency at 2.5 GHz. The CP length'is chosen-as 7, /4 to ensure the maximum delay
spread smaller than the CP length, and-the modulation schemes used here are BPSK,
QPSK, 16QAM and 64QAM. The' size of FFT is scaled according to the different
bandwidths to keep the subcarrier spacing constant. Table 4.10 gives all the scalability

parameters used for the different FFT sizes and bandwidths.

Table 4.9: Simulation parameters for mobile WIMAX

Mobile WiMAX
Parameters
SISO STC AAS
Number of
Transmit/Receive 1/1 2/1 4/1
Antennas
Operating Frequency 2.5 GHz
Duplex TDD
Channel BW 1.25/2.5/5/10/20 MHz
Subcarrier Spacing 11.16 kHz
Useful Symbol 89.6 us/22.4 ps (T, /4
Duration/CP Duration -6 us/22.4 us (T,/4)
Data Symbols Per 10 8 10
Frame
SUI-1 (for SC)/
Channel Model ITU VehA 3, 60, 120 ITU VehA 3,60,120 ITU VehA 3,60,120
km/hr (for other km/hr km/hr
modes)
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Table 4.10: OFDMA scalability parameters for different bandwidth

Parameters Values
Bandwidth (MHz) 1.25 2.5 5 10 20
Sampling 1.43 2.86 5.71 114 22.8
frequency (MHz)
FFT size 128 256 512 1024 2048
Subcarrier 11.16 kHz
spacing
Useful symbol 89.6 ps
time (Th)
CP duration 22.4 ps (Th/4)

BER performances of the proposed -SC-OFDM-OFDMA SDR architecture in
OFDM transmission mode are shown .in :Figures 4.9, 4.10, and 4.11. In these
simulations, the size of FFT. equals 256 and the;system is equipped with a single
antenna. In OFDM transmission: mode, the short preambles can be used to perform
timing and frequency synchronization.” It is obviously observed that the BER
performance with preamble-aided channel estimation is better than that with pilot-aided
channel estimation at 3 km/h under Vehicular A channel model because its number of
pilots is not enough to track the channel variation between the two adjacent pilot
subcarriers. However, under Vehicular A 120 km/h channel, the performance with
pilot-aided channel estimation is superior to that with preamble-aided channel
estimation. With pilot-aided channel estimation, the BER curve will be flat at high SNR

due to the channel estimation error.
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Figure 4.9: BER performance with 256-point FFT with BPSK in OFDM
transmission_ mode under VVeh A channel

256-FFT OFDM with coded QPSK
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Figure 4.10: BER performance with 256-point FFT with QSPK in OFDM
transmission mode under Veh A channel
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256-FFT OFDM with coded 16QAM
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Figure 4.11: BER performance with 256-point FFT with 16QAM in OFDM
transmission mode under \Veh A channel

BER performances of the"proposed SC-OFDM-OFDMA SDR architecture in
OFDMA transmission mode are shown in-Figures-4.12-4.15. The FFT size in OFDMA
transmission mode can be scaled tor be 128, 512, 1024, and 2048. In OFDMA
transmission mode, the CP can be used to perform timing and frequency offset
synchronization. It is worthy of mention that the proposed SDR system keeps the
symbol time and subcarrier spacing constant. With these mentioned practical
considerations, the overall BER performance of the OFDMA-2048 mode with QPSK
will have about 0.3 dB implementation loss compared with the ideal case under
Vehicular A 120 km/h channel model. Therefore, with the proposed joint design of
synchronization algorithm and the channel estimation algorithm, the proposed SDR
system performance has very little degradation compared with the ideal case system.
First, the performances of the different FFT sizes are compared. It is observed that from

the OFDMA-2048 mode to the OFDMA-128 mode, the performance loss compared
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with the ideal case becomes larger and larger (from 0.3 dB to 5 dB as BER=0.001). It’s
found that the OFDMA-128 mode performs poorest than other FFT sizes because its
CP length is too short to estimate the frequency offset accurately. Figure 4.16 figures
out the MSE of the frequency offset estimate with 128-point, 512-point, 1024-point and
2048-point FFT under the same channel condition. Second, as seen in Figure 4.12, it is
obviously observed that the BER curve will be flat due to the timing and frequency
offset estimation error. Third, the sample time varies with the different bandwidths.
When the FFT size becomes larger, the sample time will become smaller and then make
the delay spread larger. In the case with 128-point, 512-point, 1024-point and
2048-point FFT, it can be found that the delay spread which is smaller than the CP
length will not degrade the performance although the delay spread becomes larger.
Finally, in OFDMA transmission‘mode, its number of pilot tones is enough so that the
two adjacent pilots enable to-track the channel variation accurately between the two

adjacent pilot subcarriers.

128-FFT OFDMA, VehA 120 km/h
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Figure 4.12: BER performance with 128-point FFT in OFDMA transmission mode
under Veh A channel
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512-FFT OFDMA, VehA 120 km/h
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Figure 4.13: BER performance with 512-point FFT in OFDMA transmission mode
under Veh A channel

1024-FFT OFDMA, VehA 120 km/h
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Figure 4.14: BER performance with 1024-point FFT in OFDMA transmission
mode under Veh A channel
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2048-FFT OFDMA, VehA 120 km/h

10°
1070 NN s
10” ===== ====2==
10—3 == ======
o SN GCc--oss
LIJ ,,,,,,
[a1] 10-4
10°L=czzszzEzzzzzzzess B CEEE EEEEEE S
- | —F— All ideal-QPSK |- e s
10—6; —¥— QPSK R N
£| —B— 16QAM SIIZCIENG S
[ —©—64QAM [ CC oI ITIIIIIIINGSL ]
10‘7 1 1
0 5 10 15 20 25 30
E /N
b o

Figure 4.15: BER performance with 2048-point FFT in OFDMA transmission
mode under Veh:Aichannel

, MSE of frequency offset estimation with CP method
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Figure 4.16: MSE of frequency offset estimates in OFDMA-128, 512, 1024 and
2048 mode
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BER performances of the proposed SC-OFDM-OFDMA SDR architecture in SC
transmission mode are shown in Figures 4.17 and 4.18. SUI-1 channel is used in these
simulations and its parameter is shown in Table 4.8. The outer code is RS(240,208,16)
for QPSK and RS(496,432,32) for 16QAM and the inner code is CC code rate 1/2.
Timing and frequency synchronization schemes are performed by utilizing its CP like
the case in OFDMA transmission mode. It is obviously observed that LOS channels
with Rice factor k=20 and K=10 are suitable for SC transmission mode. The
performance of the case with Rice factor K=0 is poorer because the SC transmission

mode is not robust against NLOS environments.
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Figure 4.17: BER performance with coded QPSK in SC transmission mode
under SUI-1 channel
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SC,16QAM,FDE-256
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Figure 4.18: BER performance with coded 16QAM in SC transmission mode
under SUI-1 channel

Finally, the performances with transmit techniques such as STC and AAS will be
verified to exhibit the improved performances. Simulation results with STC are shown
in Figures 4.19, 4.20 and 4.21. Under-Vehicular A 3 km/h channel environments, STC
with two transmit antennas and one receive antenna provides over 5 dB gain than in
SISO mode at a bit error rate of 0.0001. With higher vehicular speed, the BER curve
will be flat because the time-varying fading rate is too fast. Under Vehicular A 60 km/h
channel environments, it is clearly observed that the lower order modulation is more

robust against time-varying channel environments.
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OFDMA-2048,QPSK,STC(2Tx1RXx)
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Figure 4.19: BER performance with STC (2Tx1Rx) and QPSK in
OFDMA-2048,mode under Veh A channel
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Figure 4.20: BER performance with STC (2Tx1Rx) and 16QAM in
OFDMA-2048 mode under Veh A channel
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Figure 4.21: BER performance with STC (2Tx1Rx) and 64QAM in
OFDMA-2048:mode under Veh A channel

Next, the performances of using AAS technigues are shown in Figures 4.22-4.27.
Channel estimation is performed. by using‘the pilot aided scheme. AAS techniques can
generally be classified as either switched beamforming or adaptive beamforming.
Because adaptive beamforming is generally more digital-processing intensive than
switched beamforming, they tend to be more costly and complex. So switched
beamforming is considered and simulated in this system. The transmitter is equipped
with four antenna arrays and the receiver is equipped with one antenna. As seen in
Figures 4.22, 4.24 and 4.26, AAS with 16 beams and 8 beams provide about 6 dB and 4
dB in performance gains under Vehicular A 3 km/hr channel environments. As the
number of beams decreases, the radiation angle of each beam increases and the
intended user may not be in the center of the main beam. As shown in Figures 4.23,
4.25 and 4.27, under Vehicular A 120 km/hr channel environments, it is obviously

observed that the performance is poorer because the time-varying fading rate is so fast
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that the weights computed over the preamble period are not suitable for the remaining

symbols.
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Figure 4.22: BER performance with/AAS (4Tx1Rx) and QPSK in
OFDMA-2048 mode-under VehA 3 km/hr channel
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Figure 4.23: BER performance with AAS (4Tx1Rx) and QPSK in
OFDMA-2048 mode under VehA 120 km/hr channel
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Figure 4.24: BER performance with AAS (4Tx1Rx) and 16QAM in
OFDMA-2048:mode under VehA 3km/hr channel
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Figure 4.25: BER performance with AAS (4Tx1Rx) and 16QAM in
OFDMA-2048 mode under VehA 120km/hr channel
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Figure 4.26: BER performance with AAS (4Tx1Rx) and 64QAM in OFDMA-2048
mode under VehA 3km/hr ehannel
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Figure 4.27: BER performance with AAS (4Tx1Rx) and 64QAM in OFDMA-2048
mode under Ve A 120km/hr channe
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4.5 Summary

In this chapter, the proposed SC-OFDM-OFDMA SDR transmitter architecture is
introduced first. We also introduce the procedures of determining the segmentation
block size to fit the input data size of the encoder. At the receiver, the proposed
SC-OFDM-OFDMA SDR receiver architecture via the concept of SDR is introduced.
All the functional blocks have to be modified to adapt to the different air interfaces.
Synchronization is first presented, which consists of the jointly designed timing and
frequency synchronization algorithm. The jointly designed timing and frequency
synchronization scheme proposed in Chapter 3 also needs to be modified to adapt to the
different preamble structures. Then, channel estimation, phase estimation and residual
frequency offset estimation are described. in the rest of this chapter. After that, we
highlight the multiple-antenna transmititechniques.such as STC and AAS, implemented
on the SDR system to gain the improved performances. Finally, we evaluate the
performances of the joint design.of SC-OFDM-OFDMA SDR system and confirm that

it works reliably among the three modes.
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Chapter 5

Conclusion

In this thesis, a jointly designed transceiver is developed for Single Carrier,
OFDM and OFDMA under the SDR architecture. The jointly designed
SC-OFDM-OFDMA SDR architecture is developed to support the various air-interface
standards specified by IEEE 802.16-2005 an. a single SDR platform. In this way, the
system possesses as many commaon components as-possible for these three modes, and
the transmitter and receiver can be-switched-among the three modes via the operation
of SDR concept.

In Chapter 2, the transmitter architecture and specification of IEEE 802.16-2005
WiIMAX system have been introduced. In the rest of this chapter, we also introduce the
multiple-antenna transmit techniques such as STC and AAS adopted in this system. In
Chapter 3, we introduce two channel models: the first is the SUI channel model to form
the fixed wireless channel environment and the second is the ITU channel model to
form the mobile channel environment. After that, synchronization, channel estimation
and phase estimation algorithms for this SDR system are established. In particular, we
propose a jointly designed timing and frequency synchronization algorithm for the SDR
architecture. The jointly designed timing and frequency synchronization scheme

proposed can lower the computational complexity and obtain the reliable timing and
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frequency offset estimates. We also use the phase estimators to perform residual
frequency offset estimation. By this way, the residual frequency offset estimation
scheme can co-work with the proposed jointly designed scheme to obtain a wider range
and better accuracy of estimates.

In Chapter 4, we first review the concept of SDR. SDR technology facilitates the
implementation of some of the functional modules by software in the MAC and PHY
layers. This helps in building the reconfigurable software radio systems where dynamic
selection of parameters for some software-defined functional modules is possible. Next,
the transmitter and receiver architecture of the SC-OFDM-OFDMA SDR system are
proposed. At the transmitter side, the data block size is determined by the FEC block,
modulator, and the number of subchannels allocated. We describe three mathematical
equations for the three modes to:facilitate determining the uncoded data block size. At
the receiver side, we focus- on.' the three blocks such as timing and frequency
synchronization block, channel estimation-block, and phase estimation block. Although
these algorithms have been mentioned.in Chapter 3, they need to be modified to match
the functions of the prescribed air interfaces by setting suitable parameters. In particular,
the jointly designed timing and frequency synchronization scheme proposed is
modified in accordance with different preamble structures: with short preamble and
without short preamble. The simulations indicate the proposed timing and frequency
synchronization scheme with the CP can work reliably and the performances are close
to the ideal case as long as the CP length is long enough. After that, we generalize some
results from the three modes and give the adjustable parameters for the three modes on
the same SDR platform.

Finally, we study the multiple-antenna transmit techniques such as STC and AAS
specified by IEEE 802.16-2005. Compared with the SISO transmission mode, STC

transmit technique can improve the performance of the system significantly when the
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SS is at low mobility. AAS can also obtain the improved performance through the use
of more than one antenna elements at the BS. Both of the two transmit techniques have
the same advantage of remaining only one antenna at the SS side. This key advantage
can be utilized by increasing more cost and complexity only at the BS side without

raising the complexity of user’s devices.
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