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ABSTRACT

With the advancements in the multimedia and mobile devices, requirement of high data rate
transmission is also increasing. High data rate demand is increasing especially for video
conferencing, online gaming and real time broadcasting. The research in the field of wireless
communication is focusing new modulation techniques which would provide reliable and
high data rate communication. OFDM has provided the high data rate with simple modulation
and detection techniques. While the research is progressing to make the communication more

reliable, hence increase in the data rate.

Combining the two dimensional spreading with OFDM developed the new modulation
scheme named OFCDM, which provides the reliable transmission. OFCDM has two
dimensional spreading, in time domain and in frequency domain. Spreading in the frequency
domain provides the frequency diversity while spreading in time domain provides the flexible
transmission rates. NTT DoCoMo has proposed OFCDM for future fourth (4™) generation
wireless communication system by testing its prototype model in Japan. So it is getting
popular and attractive modulation due to its advantages over OFDM.

In this thesis we will focus on the performance analysis of OFCDM in different fading
environments. In this research we will only consider the downlink transmission of OFCDM.
So performance analysis of OFCDM is carried out in six SUI channels which are designed
for fixed wireless applications. Initially some digital modulation techniques such as OFDM,
CDMA, MC-CDMA and multipath fading environments such as Rayleigh, Rician and SUI
channels are discussed. Then we will discuss the detection and equalization techniques at the
receiver. Performance comparison of OFCDM with OFDM is presented as simulation results.
Simulation in term of BER graph is shown to verify the performance in Rayleigh, Rician, and
six SUI channels. For detection and equalization at the receiver zero forcing equalization
technique is used. Due to presence of Doppler shift in the channel OFCDM also experiences
the multi-code interference (MCI). While in this thesis all the simulations are carried out
without MCI cancellation technique. Finally we will present the overall results and describes

the attractiveness of this modulation technique by comparing the results with OFDM.
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1. Chapter 1 Introduction

1.1 Introduction
The 4th generation wireless communication demands the high data rate transmission for

broadband especially in the downlink. High data rate requirement is increasing due to
advanced and high speed multimedia services. In cellular system downlink rate is always
greater than uplink transmission rate. The 4™ generation technology demands the data rate of
100 Mbps in full mobility with wide area coverage and 1 Gbps for low mobility with low

area coverage.

Inter-symbol Interference (IS1) due to Multipath effect is one of the factors that limits the
data rate of wireless communication. So OFDM has revolutionized the world by providing
high data rate communication by easy technique for ISI cancellation. OFDM is good for high
speed wireless communication but it does not provide frequency diversity. While CDMA
provide frequency diversity due to spreading code but do not eliminate the I1SI. So combining
the advantages of both OFDM and CDMA, introduced the new modulation technique named
Orthogonal Frequency & Code Division Multiplexing (OFCDM) [1]. CDMA has one
dimensional spreading while OFCDM has two dimensional (2-D) spreading, in time and
frequency domain. Time domain spreading provides flexible transmission rate while
frequency domain spreading provides frequency diversity. Time and frequency domain
spreading can be changed flexibly for system to provide variable spreading factor (VSF),
resulting flexible transmission rate and flexible frequency diversities. Using spreading factor
of N = Nt x Ng =4 x 2, system can have total 8 code channels by pairing time and frequency

domain codes. Thus different number of code channels can be assigned to different users.

Walsh Hadamard codes are used for assigning frequency and time domain spreading codes
[2]. Thus all the assigned codes are orthogonal to each other. Packet switching or time
multiplexing technique is used for OFCDM in the downlink. It means only one user can
access the network at one time instant. So there is no multiple access interference among the
users. Each user may be assigned with number of code channels, so interference among the
code channels may occur for one user. Multi code interference (MCI) can be occurred due to
Doppler shift in time domain and different fading among subcarriers in frequency domain. In

Walsh Hadamard numbers of possible codes are always equal to the spreading factor of each



code. So there is limited number of codes available to assign multiple users. In time domain

spreading codes all 1°s are used as a pilot channel.

At the receiver side hybrid detection [3] technique was proposed for equalization by
combining minimum mean square error (MMSE) equalization with MCI cancellation. Hybrid
detection performs better than pure MMSE [4], [5] because it eliminates the interference
among the coded channels. In the actual system equal gain combining (EGC) is used with

time domain dispreading and then 3-stage hybrid detection is implemented.

OFCDM was firstly introduced by Yee and Linnartz [6] and NTT DoCoMo in Japan tested
its performance in field experiments. NTT DoCoMo is one of the leading mobile
communication companies which have largest 3G (WCDMA) network in Japan. Using the
bandwidth of 100MHz NTT DoCoMo achieved the data rate of 100 Mbps with mobility of
20 km/h in the downlink without MIMO transmission. Further they have also achieved 5
Gbps of data rate for 12x12 MIMO systems in local area coverage with low mobility [7], [8].
So OFCDM seems to be part of future standards for high data rate wireless communication

systems.

1.2 Thesis Contribution
Main aim of this thesis is the performance analysis of OFCDM for different fading

environments. List of the contribution in this thesis are described as follows:

1. Thorough study of OFCDM system including its architecture, modulation,
demodulation, coding, detection and equalization.

2. Performance analysis of OFCDM system in AWGN and Rayleigh fading channel
with single and multiple path delays in presence of zero forcing equalizer.

3. Performance analysis of OFCDM for fixed wireless application by using six SUI
(Stanford University Interim) Channels with zero forcing equalizer.



1.3 Thesis Outline
Chapter 2 describes the background of some standards and technologies such as OFDM,

CDMA, and MC-CDMA. Complete description of these modulation techniques and their
advantages are explained. These modulation techniques are basis for understanding OFCDM.
In Multipath fading channels we will discuss the two main channels, Rayleigh and Rician
fading. This chapter also describes some equalization techniques which are mostly used at the
receiver of communication systems. Two main equalization techniques zero forcing and
minimum mean square error (MMSE) equalizations are described in this chapter. Chapter 3
discusses thesis contribution in OFCDM. In this chapter OFCDM system model is described
with fading environments in which all the simulations are carried out. All the simulation
results in term of bit error rate (BER) graph are discussed. Finally chapter 4 describes the

conclusion and future work.



2. Chapter 2 Background

In this chapter we will discuss the background of wireless channel models for multipath
fading environment, physical layer transmission techniques and modulations including
OFDM, CDMA, MC-CDMA, and OFCDM. We will also discuss the detection and
equalization techniques. Thus all the basic and advanced concepts necessary to understand

the OFCDM system are discussed in this chapter.

2.1 Transmission Techniques
In this section we will discuss the concepts of physical layer transmission techniques such as

OFDM, CDMA, MC-CDMA and OFCDM.

2.1.1 OFDM
OFDM [9] is one of the modulation techniques which have performed very well for high data

rate transmission. Then most important concept in OFDM is the orthogonal frequencies
which carry the data. So the data is transmitted through parallel subcarriers which can be
separated at the receiver due to orthogonality. One of the most important advantages of
OFDM s that it minimizes the Inter Symbol Interference (I1SI). So low symbol rate is used
for transmitting the parallel data stream. OFDM is the physical layer of current wireless and
wired standards which support high data rate transmission such as ADSL, Power Line
Communication (PLC), Wi-Fi, WiMAX and LTE.

In OFDM frequencies of subcarriers are chosen such that they are all orthogonal to each
other. This eliminates the need of any special equalization filter for each subcarrier and the
need of inter-carrier guard band. Thus it simplifies the design of transmitter and receiver. For
symbol duration of T, seconds, subcarrier spacing will be Af = 1/T, Hertz. Figure 1 shows the
orthogonal subcarriers. Therefor if N subcarriers are used then the total pass-band bandwidth
will be B = Af.N Hertz. Modulation and Demodulation of data with orthogonal subcarriers in
OFDM can be simply realized by IFFT and FFT at transmitter and receiver side.
Mathematically OFDM symbol can be expressed as follows:

N-1 ]
j2mkt

v(t) = Xee T, 0<5t<T (2.1)
k=0
Where X are data symbols, N is number of subcarriers and T is the OFDM symbol duration.
So each data symbol is modulated with orthogonal subcarrier and making a complex OFDM

symbol.



When OFDM symbol is transmitted through multipath channel then it experiences inter
symbol interference (IS1). Thus guard interval is inserted between the OFDM symbols to
eliminate the ISI. Similarly OFDM also experiences the interference among the subcarriers,
which destroys the orthogonality, this effect is known as inter carrier interference (ICI) [10].

Af

Figure 2.1: Orthogonal subcarriers.

Figure 2.2 shows the OFDM system block diagram. In OFDM system data stream is mapped
to symbols with QPSK or M-QAM then it is fed into the IFFT block which converts the
frequency domain signal into time domain signal. This time domain signal experiences
different interferences such as ISI and ICI. After experiencing the channel fading and noise,
receiver converts the time domain signal back to the frequency domain by passing through
FFT block [11]. Symbols are then converted into bits after detection.



F—1—> — >
1
N-point
—Information bits)-| QPSK Modulator S/P IFFT P/S |—> Cyclic Prefix
)
—N—> —N
\ J A 4 - 4 AWGN
Known Pilot
Symbols
~—
A
o\
Multipath channel
T e D e D
1 1
<—— <———
. QPSK N-Point Removing Cyclic
“Recovered bits De-Modulator A FFT S Prefix
N N

t J _ ~ /
Removing Pilots

Figure 2.2 OFDM System Block Diagram

2.1.2 CDMA
Code Division Multiple Access is also one of the modulations which gained its popularity

due to multiple access technique. In this technique multiple users transmit the data at the
same time using same frequency and channel by spreading the symbols with orthogonal
spreading codes. CDMA allows the users to share same band of frequencies with different
spreading code. Each user can easily recover the data by correlating same spreading code
with the data. Correlation value outputs the maximum value if same code is used else it

outputs zero.

Let’s assume the data signal is having pulse duration of T, and orthogonal spreading code
also known as chip has pulse duration of T.. In CDMA system chip rate is always greater
than the original signal rate. So data is XOR’ed with chip and modulated to high data rate.
This technique is also known as spread spectrum because modulated data rate is higher than
the original signal rate. At the transmitter side each user data is spread with orthogonal
spreading code then they are multiplexed and transmitted at the same time. Orthogonal codes

or chip of length L can be represented as C, whereC, = [C¥X ck ... CF_,], where ¢} (I =



0,1,2...L —1) is called a chip. All the chips must satisfy the most important property of
orthogonality which is the base of CDMA system.

SF=1 SF=2 SF=4 SF=8
Ce=(1,1.1,1.1,1,1, 1)

Ciq=(1,1,1,1)

Ce=(1,1,1,1,-1,-1,-1,-1)

Co1=(1. 1)

Csa=(1,1,-1,-1,1,1,-1-1)

Cao=(1,1,-1,-1)

Cea=(1,1,-1,-1,-1,-1,1, 1)

Cq.4=(1)

Cea s=(1,-1,1,-1,1,-1,1, -1)

Caa=(1,-1,1,-1)

Coo=(1,-1,1,-1,-1,1,-1, 1)

Cz=(1,-1)

Cer=(1,-1,-1,1.1,-1,-1,1)

Ca=(1.-1,-1,1)

Cee=(1.-1,-1.1,-1, 1.1 -1)

Figure 2.3: Orthogonal variable spreading (OVSF) factor code tree.

Codes used in the CDMA system are also known as Walsh Hadamard code and they can be
generated from OVSF code tree as shown in Figure 2.2. One of the property of these code are
that they always make square matrix, which means length of code is always equals to the
number of orthogonal codes. One of the common spreading techniques is direct sequence
code division multiple access (DS-CDMA) [12] in which data is directly multiplied with
spreading code and then transmitted. At the receiver side matched filters are used to recover
the symbol. CDMA is not suitable in environment which has number of multi paths. Thus in

large multi-path interference, detection of CDMA becomes very complex.

2.1.3 MC-CDMA
Multi carrier code division multiple access (MC-CDMA) [13]-[14] is the hybrid model of

OFDM and CDMA systems. In MC-CDMA data is spread either in time domain or frequency
domain and then presented on IFFT block to make an MC-CDMA symbol. So MC-CDMA is
divided into two categories. In one category each data symbol is spread in frequency domain
and then modulated with OFDM subcarriers, this technique is simply known as MC-CDMA.
In second category data symbols are spread in time domain to make data streams and these
streams are transmitted parallel through OFDM subcarriers. This technique is known as multi
carrier direct sequence code division multiple access (MC-DS-CDMA). So MC-CDMA
combines the advantages of both CDMA and OFDM modulations, while it has same

drawbacks as OFDM. The one major advantage of MC-CDMA is that symbol rate can be



lowered in each subcarrier, hence the longer symbol duration which makes it easier for quasi-
synchronize the transmission [13]. The combination of MIMO technology with MC-CDMA

is also studied for multi user environment [15].

2.1.4 OFCDM
Orthogonal frequency and code division multiplexing (OFCDM) [17] is also combination of

OFDM and CDMA like MC-CDMA, but it contains spreading in both time and frequency
domain. Spreading in frequency domain provides the frequency diversity while spreading in
time domain provides flexible transmission rates. It fulfills the flexible transmission rate
demand of future 4™ generation system [16]. Two dimensional spreading techniques provide
the multi-code channels, which can be assigned to different users. Let’s assume that time
domain spreading factor N = 4 and frequency domain spreading factorNz = 2, so there
would be total N = Ny x N = 8 possible code channels. These code channels can be
obtained by pairing the time and frequency domain codes. Figure 2.3 shows the time and
frequency domain spreading and possible coded channels. In OFCDM system spreading
codes can be generated using Walsh Hadamard codes or OVSF code tree in Figure 2.2. In
OFCDM system time domain codes with all 1°s are used as pilot channels. Spreading codes

with high code distance are assigned with high priority.

Frequency Frequency

Frequency ?’1 -1
One lﬂOCk carl inlg / / /
one data symbo / il Eml {> C >
One sub- % Time - -
band Time Time
Time domain Duplicated to N = 2 Multiplying
| | | . spreading with copies on interleaved frequency
> Time code: {+1-1,+,1-1} subcarriers domain spreading
code: {+1,-1}
One OFDM symbol
b
(a) ®)
Frequency
Pl

Frequency domain
spreading (Nr = 2)

/Fime

Code f

/

Upto8 - /j_:'::

e e .//|—][
N

“/ “/ (- :' ' » Time

Figure 2.4: OFCDM spreading technique and code channels [17].
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In OFCDM downlink system users are served by packet switch or time multiplexing. Thus at
any instant only one user can access the network, and multiple code channels can be assigned
to one user. So there is no multiuser interference but multi-code interference [18] among one
user may occur. In broadband channel orthogonality at the receiver is no longer maintained in
time domain due to Doppler shift [19] and in frequency domain due to different fading
among subcarriers. Proposed equalization for OFCDM signal at the receiver is realized by
hybrid detection [20], which contains multi code interference (MCI) cancellation and
minimum mean square error (MMSE) detection. Hybrid detection has performed well
compared to pure MMSE and other detection techniques. Further maximum ratio combining

(MRC) and equal gain combining (EGC) techniques are also used for detection.

2.2 Multipath Fading Channels
In wireless communication system communication between transmit and receive antenna is

not always at line of sight. Signal may experience multi path effect in which copies of
transmitted signal experiences different reflections. So each copy of signal may face different
attenuation and phase change. Receiving antenna may receive copies of same signal for some
time instant.

There are two type of fading channels, one is flat fading and another is frequency selective
fading. In flat fading channel, coherence bandwidth of the channel is greater than the signal
bandwidth. So signal will experience same fading on complete frequency band. In frequency
selective fading coherence bandwidth of channel is smaller than signal bandwidth and signal
will experience different fading experience on different frequency components. Two well-

known channel models Rayleigh and Rician will be discussed as follows.

2.2.1 Rayleigh Fading Channel

Rayleigh fading is used as a channel model when there are random scattered signal
components with no line of sight. Rayleigh fading model is used when there are many objects
in the single path which scatter the signal. When there are much scatter of the signal with no
line of sight then channel coefficient are modeled as Rayleigh distribution. Probability

density functions of Rayleigh fading [21] with random variable ‘R’ can be given as follows:

r2

r _r
pr(r) = =€ 207, r=>0 (2.2)

If there is no dominating component in the scatter then the process will have zero mean. PDF

of Rayleigh distribution is shown in Figure 2.4.
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Figure 2.5: PDF of Rayleigh distribution [22].

2.2.2 Rician Fading Channel
Rician fading channel model is used as a multipath channel when there is at-least one line of

sight signal and it is stronger than other scattered copies of signal. So channel coefficients in
such conditions are modeled as Rician distribution. Major component in Rician channel is

line of sight. Adding line of sight content in Rayleigh channel makes Rician channel.

F T T T
3 . 6=1.00

/ —v=00 E
05F / —v=05 =

E / —v=1.0 3

3 —v=20 E
04 / —v=40
0.3 —/ =
0.2F 3
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0.0 : el 1 . 3

0 2 4 6 8

Figure 2.6: PDF of Rice distribution [23].
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2.3 SUI Channels
Stanford university interim (SUI) [24] channels were developed for fixed wireless

applications. Set of six SUI channel models were developed by Stanford University and each
model contains 3-tap delays. These models were proposed on the basis of 3 different terrains
types (A, B, C). Terrain type A is associated with hilly area and moderate to high tree
density. Type B is designed for flat terrain with moderate tree density and type C is designed
for flat terrain with light tree density. Four main parameters of SUI channel are Delay spread
(usec), Attenuation (dB), Doppler shift (Hz), Power factor K (dB). Table 2.1 shows the SUI

channel model based on terrains.

Terrain SUI Models
C: SUI-1, SUI-2
Flat / Light tree density

B: SUI-3, SUI-4
Flat / Moderate Tree density

A: SUI-5, SUI-6
Hilly / Moderate to Heavy free density

Table 2.1 SUI Channel models w.r.t terrains.

Table 2.2 and 2.3 shows the parametric model of SUI channels separated by power factor K.
Table 2.2 and 2.3 differentiate SUI channels on basis of Delay spread and Doppler shift when
K is low and K is moderate or high. For K=0 multipath channel is modeled by Rayleigh
fading and for K > 0 channel is modeled as Rician fading.

K=LOW Delay Spread | Low Moderate High
Doppler

Low SUI-3 SUI-6
High SUI-4 SUI-5

Table 2.2 SUI Channel for K = LOW.

K=Moderate/High | Delay Spread | Low Moderate High
Doppler SUI-1, SUI-2

Low

High

Table 2.3 SUI Channels for K = Moderate / High.
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2.4 Equalization techniques
When the signal reaches at the receiver through multipath channel, there should be a suitable

detection technique which should detect and extract the symbol. This detection and extraction
of symbol is called equalization. In this section we will discuss the equalization techniques
used in digital communication systems. The two main linear equalization techniques are zero

forcing and minimum mean square error (MMSE).

2.4.1 Minimum mean square error equalizer
Minimum mean square equalizer (MMSE) [25]-[28] equalizer is a type of linear equalization

which aims to minimize the difference of transmitted data and equalizer output. In case of
frequency selective channel MMSE provides best suitable equalization. One of the
advantages of MMSE is that it suppresses the noise and does not let the noise to become
infinite as in zero forcing equalization. When noise in the signal is zero then MMSE becomes
identical to zero forcing which eliminates the ISI completely. When noise is greater than zero

then residual IS1 will be observed with some noise at the output of equalizer.

Let’s assume that h,is the discrete time channel coefficients and ayis information symbols,

then discrete time channel can be modeled as:

L
Vi = z hnag_n + ny (2.3)
n=0

Where n;is the Gaussian noise with zero mean and variance of N, /2. Equalizer filter having

coefficients of c;with 2K+1 taps can be modeled as:

K

k= z CjVk—j (2.4)

j=K

(Y

As MMSE tries to minimize the error which is difference between transmitted data and

equalized output. MMSE cost function Jcan be represented as follows:

J = E{lay — @xl?} = E{l&]} (2.5)

where E{.} represents the expected value and &is the error. According to orthogonality

principle this problem can be solved by taking the filter coefficient ¢;jsuch that it the error

should be orthogonal to the received signaly,_;.

12



E{exyr-13=0, |lI<K (2.6)

Substituting value of &, gives

K
F{(@— a0y} = Bl = ) gy )yed=0  @7)
j=—K
which is equal to
K
Z ¢ E{yk—jyi—1} = E{axyr—t}, I <K (2.8)
j=-K
Finally we can write this expression as
K
Z ¢ Ry=R, l=-K, ..K (2.9)
j=—K

This linear equation can be written in matrix form as
CRij = R (2.10)

C=R;'R (2.11)

Where C is the column vector of 2K + 1 taps coefficients and R;;is(2K + 1) = (2K + 1)

covariance matrix andR; is 2K + 1 column vector. Equation 2.10 shows the formula to find

the filter coefficients. Figure 2.7 shows the minimum mean square equalization filter.

a[n]

K
G(z) = ciz™/
D

Figure 2.7: MMSE equalization filter.

afn]
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2.4.2 Zero forcing equalization
Zero forcing equalizer [27], [29]-[30] is type of linear equalization which aims to remove the

inter-symbol interference (ISI) completely form receive signal. It is the simplest equalization
technique which is heavily studied for IEEE 802.11n standard. Zero forcing is very suitable
to remove the ISI completely when there is less noise or noise free environment. If some
frequencies of the received signal are weak in the presence of noise then it may boost up the

noise after equalization to compensate the magnitude.

Zero forcing equalizer is simply the inverse of channel, which can be found by using known
pilot symbols. Let’s assume that S (f) is the frequency response of known transmitted signal
and Si(f) is the received signal at the receiving antenna. To find the frequency response of

the channel we will divide these two frequency responses.

Sr(f)
Sr(f)

Hg(f) = (2.12)

We can take the inverse Fourier transform of Hg(f) to get h, which provides the filter
coefficients to equalize the signal. Actual zero forcing filter has infinite length but it is
usually implemented by truncating to make finite length approximation. It can be

implemented by using linear transversal filter.

AWGN n(0)

[npuﬂ Channel filter Equalizer

H,(f) AW, IR

Figure 2.8: Channel and equalization filters.

Figure 2.8 shows the simple model of channel and equalization filter in frequency domain.

The equalization filter H; (f) is actually the inverse of channel filter H.(f).

Hp(f) = (2.13)

1
He(f)
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3. Chapter 3 Performance Analysis of OFCDM

In this chapter we will discuss thesis contribution in which performance analysis of SISO-
OFCDM system is analyzed. First we will introduce the OFCDM modulation and
demodulation and its detection at the receiver side. Then performance analysis of OFCDM in
AWGN and Rayleigh fading channel will be discussed. Finally performance analysis of
OFCDM will be discussed in six SUI channels. All the performance results will be analyzed

by Bit Error rate graph.

3.1 SISO OFCDM
SISO OFCDM system diagram is shown in Figure 3.1. Information bits are first modulated

by QPSK modulator. These modulated symbols are converted from serial to parallel steam
Ny and then fed into two dimensional spreading blocks. Parallel symbols are spread with
time domain spreading code N, and frequency domain spreading code Nr. These codes are
generated from OVSF code tree as shown in Figure 2.2. All 1’s in time domain spreading
codes are not assigned to data symbols because they are used as pilots. Overall spreading

factor can be calculated as:
NS == NT * NF (31)

This overall spreading factor Ng shows that there are total Ng code channels available for
spreading. One or more than one code channel can be assigned to single user. These code
channels are developed by pairing time and frequency domain spreading codes. Let Kbe the
total number of transmitted groups and each group has separate identical spreading code,
thenK < Ns. System load factor denoted by C can be defined as total number of transmitted

groups divided by total spreading factor:

¢ =— (3.2)

Let’s assume that time domain spreading code matrix is represented asCT(i) (i =
0,1,2 ... N;), where CT (i) represents the i" spreading code and frequency domain spreading
code matrix as CF(j) (j = 0,1,2...N;) where CF(j) represents j* spreading code. These

spreading codes are represented as
CFR = [5G £ . cﬁF_l(j)] where j = 0,1,2,...Np_,; (3.3)

CTW =[cd@ @ .. cf, O] wherej= 01.2,..Np_, (3.4)
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Figure 3.1 OFCDM system block diagram.

2-D spread data is now converted into OFDM symbol by modulating with orthogonal
subcarriers. This modulation can be done by using IFFT block. Subcarrier modulated
symbols are converted back to serial stream and cyclic prefix (CP) is added. After adding
cyclic prefix OFCDM symbol is transmitted through antenna. At the receiving antenna,
received symbols are converted from serial to parallel and passed to FFT block to remove the
subcarriers. Channel is estimated using pilots and received signal is equalized. Symbols are
de-spread with time and frequency domain de-spreader, in which symbols are multiplied with
same spreading code and then added to get the original symbols. Finally symbols are
converted to serial stream again and QPSK demodulator is used with hard decision method to

recover data bits.

In this thesis we focus on the performance analysis of OFCDM compared to OFDM with
several assumptions. First we assume that received signal is perfectly synchronized, so we do
not need to find the start of the symbol. Second we assume that channel sampling rate is
slower than signal rate. OFCDM signal may experience multi-code interference due to
Doppler shift. In our system design we did not use any MCI cancellation technique. To
represent mathematical model of OFCDM symbol, zeroth data symbol at nt*subcarrier of jt*

OFCDM symbol is represented as:

16
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K-1
Dn,j(t) = \/F z ak,n,j.ejz”fm(t_ﬁ) (35)
k=0

In equation 3.5 P is the signal power and ay,; is the modulated symbol which can be

represented as:

aknj = dk CNT]CNFTH (36)

kg

In equation 3.6 dis the data symbol presented on K" code channel and cN  CNpm

are
spreading codes of time and frequency domains. So d,symbol is first spread with time
domain spreading code and then frequency domain spreading code and then allocated to nt"
subcarrier. For channel estimation pilot channels are also employed in OFCDM symbols. As
all 1’s in time domain spreading code is used as pilot channel so pilot symbols at nt*

subcarrier of j!* OFCDM symbols is represented as:
Dpy () = VP ap, ;. e/2mE=iT) (3.7)
Where ap ,, jis represented as:

Apn,j = dp CI(\)IT,j (3.8)

In above equation dpis a pilot symbol and CI(\)/T:j is all 1’s, so complex transmitted time

domain N; OFCDM symbol which is combination of data symbols and pilot symbols can be

represented as:

M-1NT-1

DW= ) ) Duy®) + D0 (3:9)

n=0 j=

o

In equation 3.9,Mis the total number of subcarriers.

In this thesis performance of the OFCDM system is analyzed in SUI channels with zero
forcing equalizer. The reason for adopting zero forcing is that it eliminates the inter-symbol
interference (ISI) completely. Its implementation is very simple in which channel inverse is
used to equalize the received symbols. Suppose Pr(f)is the frequency response of the
transmitted pilot symbols and Pr(f) is the frequency response of the received pilot symbols

then channel response can be found as:

17



Pr(f)
Pr(f)

H(f) = (3.10)

The frequency response of the channel H(f) is used to divide the frequency response of
receive OFCDM symbol for equalization. Zero forcing eliminates the 1SI completely but it
may increase the noise of the equalized signal because it is has linear response. Simulation
results are obtained in the worst case scenario, in the presence of noise and multi-code

interference.

3.2 Simulation results
In this section we will provide the simulation results by comparing OFCDM bit error rate

(BER) with OFDM. The simulation parameters can be viewed from block diagram shown in
figure 3.1. Initially data bits are mapped with QPSK modulator then converted into 8 parallel
streams. QPSK modulated symbols are then spread in time domain with spreading factor
Ny =4 and then each parallel time domain steam is spread in frequency domain with
spreading factorNz = 2. Then each spread symbol is modulated wit subcarrier by taking the
16-point IFFT. Finally we add cyclic prefix of 25% and then OFCDM symbol is transmitted
through channel. After receiving the OFCDM cyclic prefix is removed, converted from serial
to parallel and 16-point FFT is taken to remove subcarriers. Finally frequency and time
domain de-spreading is carried out. In this system we have used Zero forcing equalizer.

Equalization is done after time domain de-spreading.

3.2.1 AWGN and Rayleigh fading channel
Initially OFCDM is compared with OFDM in AWGN channel. Spreading factor of N = 4

and Nr = 2 is used for all simulation results and utilizing all eight possible code channels.
Bit error rate (BER) graph in AWGN channel is shown in Figure 3.2. The graph shows that
there is a huge difference in the performance of OFCDM and OFDM. This is due to
spreading technique which replicates each symbol and creates redundancy. Due to this
redundancy the symbol detection becomes easy at the receiver side. Redundancy in the
OFCDM reduces the data rate and also the bit error rate. To increase the data rate for
OFCDM all possible code channels are employed and symbol mapping can be changed from
QPSK to 16-QAM, 64-QAM and above.

18



BER vs SNR for OFCDM

;| —w—oFcDM |3
‘| —e—oFDM

BER

SNR (dB)

Figure 3.2: OFCDM vs. OFDM in AWGN channel.
Figure 3.3 shows the BER results when spreading factor for OFCDM is increased in AWGN
channel. The result shows that by increasing the spreading factor to N, = 8 and N = 4 and

employing all 32 possible code channels the bit error rate reduces dramatically. We can see

the difference of about 6dB signal to noise ration (SNR) if we consider BER of 107,

BER vs SNR for OFCDM

25— OFCDM 4x2 |
—& — OFCOM 84 |

BER

SNR (dB)

Figure 3.3: OFCDM 4x2 vs. OFCDM 8x4.
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Similarly simulation result in single path flat fading Rayleigh channel is shown in figure 3.4.
In flat fading all the frequency components faces the same fading. Focusing the bit error rate
of 10~* there is a difference of about 6dB SNR.

o BERws SNR for OFCDM & OFDM in single path rayleigh fading channel

T T T e SR ¥S ST RSO SOSTIRS: R SE RN,
' ] —— OFCDM 4x2
| —&— OFDM

BER

Figure 3.4: OFCDM vs. OFDM in single path Rayleigh fading channel.

Figure 3.5 shows the BER result for six paths Rayleigh fading channel with Doppler shift of
0.02Hz. Path delays of six paths and their gain is shown in table 3.1.

0

BER vs SNR for OFCDM & OFDM in B path rayleigh fading channel
10 T

T 3
‘i| =% OFCDM 4x2 f
(1] —#—OFDM

107 b

BER

SNR (dB)

Figure 3.5: OFCDM vs. OFDM in 6 path Rayleigh fading channel.
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Thus all the results show that OFCDM has performed well in AWGN, single path Rayleigh
and multipath Rayleigh fading channels. Next section will show the simulation results in SUI

channel models.

Doppler shift 0.02Hz
Path vector delays [0 0.1e7% 0.2e7° 0.3¢7® 4e7° 5e7°] sec
Avg. path gain vectors [0 —4 —8—-12 — 16 —20] dB

Table 3.1 Path vectors and gains of six paths Rayleigh fading channel.

3.2.2 SUI-1 channel model
SUI-1 channel model belongs to terrain C which is associated with flat area and light tree
density. Table 3.2 shows the tap delays of SUI-1 channel.

K=10 Tapl Tap2 Tap3
Doppler = 0.4 Hz

Delay (usec) 0 0.4 0.8
Power (dB) 0 -15 -20

Table 3.2 Parameters of SUI-1 Channel model.

SUI-1 is modeled as Rician fading channels because value is K (power factor) is greater than
zero. Figure 3.6 shows the bit error rate result of OFCDM and OFDM in SUI-1 channel
model. This figure shows that there is nearly 7dB of difference if we consider BER of10~*.

BER vs SNR for OFCDM & OFDM in SUI-1 Channel

{ —w— OFCDM 4x2 [
{ —e—OFDM

..................................

SNR (dB)
Figure 3.6 OFCDM vs. OFDM in SUI-1 Channel model.
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3.2.3 SUI-2 channel model
SUI-2 channel also belongs to terrain C with flat area and light tree density model. Values of

power factor K and Doppler shift become half and path taps have been changed. Table 3.3

shows the parameters of this channel.

K=5 Tapl Tap2 Tap3
Doppler =0.2 Hz

Delay (psec) 0 0.4 1.1
Power (dB) 0 -12 -15

Table 3.3 Parameters of SUI-2 channel model.

Due to small difference in the parameters of SUI-1 and SUI-2 channel models there is not

much difference in the bit error rate graph results. These both channels also belong to same

terrain. Overall OFCDM has performed well compared to OFDM in both graphs. Bit error

rate graph for SUI-2 channel is shown in Figure 3.7.

BER vs SNR for OFCDM & OFDM in SUI-2 channel

BER

0

SNR (dB)

10 15

Figure 3.7 OFCDM vs. OFDM in SUI-2 channel model.
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3.2.4 SUI-3 channel model
SUI-3 channel model has least K (power factor) value and it belongs to terrain B which is

associated to flat area and moderate tree density. Table 3.4 shows the tap delays and other

parameters.
K=1 Tapl Tap2 Tap3
Doppler = 0.4 Hz
Delay (psec) 0 0.4 0.9
Power (dB) 0 -5 -10

Table 3.4 Parameters of SUI-3 Channel model.

Figure 3.8 shows the bit error rate graph for SUI-3 channel. We can see that the performance
of OFCDM compared to OFDM is very good but compared to SUI-1 and SUI-2 OFCDM bit
error rate is bit degraded. This is due to fact that valued of K is reduced to 1 and Doppler shift
is also increased.

BER vs SNR for OFCDM & OFDM in SUI-3 channel
I — .

......................
| === OFCDM 4x2 |]
—&— OF DM

10° ] i i
5 0 5 10 15
SNR (dE)

Figure 3.8: OFCDM vs. OFDM in SUI-3 channel.
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3.2.5 SUI-4 channel model

SUI-4 is modeled as Rayleigh fading channel because value of power factor K is zero. It also
belongs to terrain B which has flat area and moderate tree density. Doppler shift value is
dropped to 0.2Hz and tap delay values are increased. Table 3.5 shows the parameters of SUI-

4 channel model.

K=1 Tapl Tap2 Tap3
Doppler = 0.4 Hz

Delay (usec) 0 0.4 0.9
Power (dB) 0 -5 -10

Table 3.5 Parameters of SUI-4 channel model.

Figure 3.9 shows the BER graph for SUI-4 channel.

BER

BER vs SNR for OFCDM & OFDM in SUI-4 channel

| —— OFCDM 4x2 |3

| —e—oFDM

SNR (dB)

Figure 3.9: OFCDM vs. OFDM in SUI-4 channel.




3.2.6  SUI-5 channel model
SUI-5 channel model belongs to terrain A, which is the worst scenario channel having hilly

area and moderate to heavy tree density. This channel is also modeled as Rayleigh fading
channel and has maximum value of Doppler shift compared to other SUI channels. Table 3.6

shows the SUI-5 parameters.

K=0 Tapl Tap2 Tap3
Doppler = 2.0 Hz

Delay (psec) 0 4 10
Power (dB) 0 -5 -10

Table 3.6 Parameters of SUI-5 channel model.

Experimental results in Figure 3.10 show that OFCDM has worst bit error rate graph in SUI-5
channel model. There is not much difference in BER of OFCDM and OFDM in this channel
mode. This is because of large value of Doppler shift which results in the multi-code
interference (MCI) especially in the time domain. MCI destroys the orthogonality of the
codes. Thus to get the better results MCI cancellation technique will be required with
equalizer.

BER vs SNR for OFCDM & OFDM in SUI-5 channel
10 T T T

.....................................................

---------------------- e i @ 5 &0 W S 7
................................................................ OFDM i

BER

5
SNR (dB)
Figure 3.10: OFCDM vs. OFDM in SUI-5 channel.
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3.2.7 SUI-6 channel model

SUI-6 also belongs to terrain A which is associated with hilly area and moderate to heavy tree

density. In this channel model values of tap delays have been increased but compared to SUI-

5 Doppler shift is very small. Table 3.7 shows its parameters.

K=0 Tapl Tap2 Tap3
Doppler =0.4 Hz

Delay (psec) 0 14 20
Power (dB) 0 -10 -14

BER result in this channel model is shown in Figure 3.11. It shows that OFCDM has better
response then OFDM. Compared to other channel results for OFCDM, it is only better than

SUI-5.

Table 3.7 Parameters of SUI-6 channel model.

BER vs SNR for OFCDM & OFDM in SUIE channel
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Figure 3.11: OFCDM vs. OFDM in SUI-6 channel.
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4. Chapter 4 Conclusion and Future work

This chapter will discuss the overall conclusion of the simulation results described in chapter
3. A combined simulation graph will be shown to compare the performance of OFCDM in
SUI channels. Further we will discuss the possible future research which can be carried out.

4.1 Conclusion
Figure 4.1 shows the combined graph of BER’s of OFCDM from all SUI channels. It shows

the performance of OFCDM. From this figure we can analyze that OFCDM has best
performance in SUI-1 and SUI-2 channels and worst performance in SUI-5 channel.
Simulation results show that for broadband fixed wireless applications performance of
OFCDM degrades when Doppler shift is increased. This happens due to multi-code

interference in time domain spreading code.

BER vs SNR for OFCDM in SUI channels

2L —w— OFCOM SUH1 |,
| —E— OFCDM SUI2 |
‘| —&— OFCDM SUI-3 |

BER

| =—8— OFCDM SUI-4 |
| ——OFCDM SUIS |

SNR (dB)
Figure 4.1: OFCDM in six SUI channels.

In the presence of zero forcing equalization the performance of OFCDM is quiet promising
compared to OFDM. As the graph shows that for SUI-5 channel OFCDM has performed
worse, which shows that it need special equalization and detection at the receiver which
should cancel the interference among the spreading code. Main aim of this thesis was to
analyze the performance of OFCDM in SUI channels which were designed for fixed wireless
applications. Thus OFCDM has proven itself better than OFDM with little complexity at the

receiver.
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4.2 Future work
Orthogonal frequency and code division multiplexing is recommended for future wireless

applications especially in the broadband. In the broadband channels its performance is quiet

promising in term of BER. For future research and prototype testing it could replace the
OFDM which is the physical layer of current wireless standards such as WLAN, WiMAX

and LTE. Some future work or possible contributions are discussed as follows:

1.

In this thesis simulation model and results were obtained for downlink transmission
only. So for further contributions performance analysis of OFCDM can be carried out
for uplink transmission only.

Performance comparison in six SUI channels can be carried out in future for MIMO
transmission of OFCDM.

At the receiver side zero forcing equalizer is used for simplicity. In future hybrid
detection technique can be used to carry out the simulation results.

Large values of Doppler shift with MCI cancellation at the receiver can be used to
analyze the performance in worst case scenario.

WLAN and WiMAX prototype can be developed based on OFCDM as a physical
layer. So real time performance and complexity will be tested based on this prototype

system.
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