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ABSTRACT 

OFCDM SYSTEMS OVER FADING CHANNELS 

BY 

PENG LI 

Along with the fast growing demand of information exchange, telecommunication 

systems are required to provide fast and reliable service to high-data-rate applications 

such as video conference, real-time broadcasting, and on-line gaming. In downlink 

transmission, orthogonal frequency and code division multiplexing (OFCDM) has 

been an attractive technique for high-data-rate applications. With two-dimensional 

spreading, in both time domain and frequency domain, OFCDM achieves diversity 

gains in multiuser scenarios. Moreover, the adjustable spreading factors (SF) give 

OFCDM systems the flexibility in transmission rate and diversity gain. 

In this thesis, we focus on the downlink of OFCDM communication systems. The 

performance of OFCDM systems is investigated over Ricean fading channels with 

Rayleigh fading as special case. Code division multiple access (CDMA) technique 

is used to support multiuser communications, where users can transmit at the same 

time using the same frequency with the help of code sequences. We compare different 
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combining methods that are employed to achieve diversity gain. Moreover, channel 

correlation is examined to see its effect on the system performance. 

We also propose to combine multiple-input and multiple-output (MIMO) tech

niques, specifically space-time block coding (STBC), with OFCDM systems. By 

adding spatial diversity, a MIMO system can provide more reliable transmission com

pared to a single-input and single-output (SISO) system. The space-time scheme 

used in our study is Alamouti scheme [1], which employs N = 2 and M antennas 

at the transmitter side and receiver side respectively. In the thesis, we explain the 

system structure, transmission and detection methods, and system performance of 

such MIMO-OFCDM systems. 

In our study, the expressions of system bit error rate (BER) are considered under 

the condition that no multi-code interference (MCI) is present. The accuracy of the 

BER expressions is verified when compared with the simulated ones for both SISO 

and MIMO-OFCDM systems with different combining methods. These comparisons 

are carried over different channels and with different system parameters to explore 

the benefits of OFCDM based systems. Both analytical and simulation results show 

the large diversity gains achieved when incorporating STBC with OFCDM. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

In wireless communication systems, electromagnetic energy that is carrying data 

propagates from transmit antennas to receive antennas. Major problems raised in 

electromagnetic wave propagation are the multipath fading and multiple access inter

ference (MAI). When the transmitted signal arrives at the receiver through different 

propagation paths with different delays, intersymbol interference may occur. More

over, signals via different paths may be destructive due to phase difference, and this 

phenomenon is called signal fading. Reflection, diffraction, and scattering are three 

major mechanisms that cause multipath propagation [2]. Multiple-input and multiple-

output (MIMO) techniques such as space-time trellis coding (STTC) and Space-time 

block coding (STBC) are introduced and widely studied to overcome the problem of 

fading through diversity [3] [4]. MIMO techniques implement multiple transmit and 

receive antennas to transmit the same signal through independent channels to pro

vide reliable wireless transmission. STTC and STBC are two different MIMO coding 

techniques used to achieve spatial diversity for reliable transmission [2]. 

Compared to a single-input and single-output (SISO) system, a MIMO system can 

support high-data-rate applications and improve received signal quality [5]. At the 

transmitter side, spatial diversity can be achieved by simple yet efficient STBC. The 
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first STBC introduced by Alamouti reaches full transmit diversity with two transmit 

antennas [1]. 

In a transmission system where the transmitted signal experiences multipath fad

ing and noise degradation, a combining technique is needed to identify and combine 

the components from the same transmitted signal. These combining techniques can 

generally be grouped into selection combining (SC), gain combining, and hybrid se

lection/gain combining [5]. In selection combining, the received signal from the trans

mission path with the highest signal-to-noise ratio (SNR) is selected for detection. 

However in gain combining, signals from all transmission paths are combined to de

tect the transmitted data. Some typical gain combining techniques are maximal ratio 

combining (MRC), equal gain combining (EGC), and minimum mean-square error 

(MMSE) combining. 

System bandwidth, transmission rate, and error probability are three main char

acteristics in evaluating wireless communication systems. To optimize the use of 

available bandwidth is one of the major topics in the study of wireless communica

tion systems. Multiple-access systems provide a solution for optimizing frequency use 

and maximizing flexibility. For instance, frequency-division multiple access (FDMA), 

time-division multiple access (TDMA), spread spectrum multiple access (SSMA), and 

space-division multiple access (SDMA) are well investigated and implemented in dif

ferent communication systems [6]. Also, orthogonal frequency-division multiplexing 

(OFDM) is one useful multiplexing scheme that has attracted many researchers [7]. 

It divides data into a set of parallel streams to be transmitted using mutually or

thogonal frequency bands. Because of this orthogonality, the data streams can be 
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transmitted at the same time to increase the system transmission rate. On the other 

hand, CDMA is one form of "spread-spectrum" signaling [8] that is broadly used in 

telecommunication systems. In a CDMA system, users are assigned orthogonal codes 

so that different users can share the same frequency band at the same time with little 

or no interference. One integration of OFDM and CDMA techniques, called OFCDM, 

takes advantage of both OFDM and CDMA systems to gain frequency diversity and 

achieve high but flexible transmission rates [9]. 

With two-dimensional spreading, OFCDM is an attractive transmission technique 

for high-data-rate applications. In OFCDM, spreading in frequency domain provides 

frequency diversity gain. On the other hand, a large time domain spreading factor 

allows more users to access the system at the same time, whereas a small time do

main spreading factor is more suitable for high-data-rate applications [9]. Combined 

with MIMO technology, a MIMO-OFCDM system can provide high reliability with 

flexible transmission rates. We can therefore expect a great potential from MIMO-

OFCDM systems. Recently, many studies have been carried out for OFCDM systems 

on how to gain frequency domain diversity and on the effect of multi-code interference 

(MCI) on achieving this diversity [9]-[12]. In [9], the authors presented the system 

structure of SISO-OFCDM. They also explained the detection method using MMSE 

combining and iterative MCI cancellation scheme. In [13], the authors briefly mention 

the MIMO-OFCDM system structure. However, the system performance in terms of 

BER under different fading channels has not been addressed. Therefore, this thesis 

focuses on the system performance of OFCDM systems over slow fading channels. 

Semi-analytical results of BER are obtained for both SISO and MIMO-OFCDM sys-
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tems using different combining techniques. We also explain the system structures and 

detection methods for both SISO-OFCDM and MIMO-OFCDM systems in detail. 

1.2 Thesis Contribution 

The major contributions of this thesis are listed as follows: 

1. The study of OFCDM systems, including the system structure, transmission 

techniques involved, and detection methods. OFCDM systems over Rayleigh 

fading and Ricean fading channels with MRC, EGC, and MMSE combining are 

investigated. 

2. We illustrate how to extend SISO-OFCDM systems to MIMO-OFCDM systems 

by adding spatial diversity. In MIMO-OFCDM systems, we employ Alamouti 

scheme to achieve transmit diversity of JV = 2 and use MRC, EGC, and MMSE 

combining to obtain receive diversity M, where M is the number of receive 

antennas. 

3. We present semi-analytical results for the BER of both SISO-OFCDM and 

MIMO-OFCDM systems over fading channels. The results obtained are ap

plicable for OFCDM systems over any channel model. 

1.3 Thesis Outline 

The contents of this thesis are outlined as follows: 

In Chapter 2, we give a review of some background of major concepts involved 

in this thesis. We present OFDM, CDMA, and OFCDM communication techniques. 



Finally, we review some commonly used detection methods. 

Chapter 3 focuses on SISO-OFCDM systems with two dimensional spreading 

over slow fading channels. MRC, EGC, and MMSE combining techniques used at the 

receiver are studied. The performance of different multiuser scenarios is investigated 

where the BER is analyzed. We also derive closed-form semi-analytical expressions 

for the BER in systems with different combining techniques. 

In Chapter 4, we extend the results in Chapter 3 to MIMO-OFCDM systems 

when using STBC. For M receive antennas, gain combining techniques are used to 

extract receive diversity. The same as SISO-OFCDM systems, the performance of 

different combining schemes are studied for multiuser scenarios. BER semi-analytical 

results are then presented. 

In Chapter 5 we present our conclusions and possible future directions in this 

area. 
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CHAPTER 2 

BACKGROUNDS 

In this chapter, we explain some key concepts related to the work in this thesis. These 

concepts include multipath fading, transmission techniques including OFDM, CDMA, 

and STBC, detection and combining methods such as MRC, EGC, and MMSE. 

2.1 Multipath Fading 

In wireless communication systems, the physical path from transmit antennas to 

receive antennas is not always a straight line of sight but subject to multipath prop

agation [2]. Each copy of the original electromagnetic wave goes through a unique 

propagation path, and along these paths signals may arrive at the receiver side at dif

ferent times with different attenuation and different phase. Thus, the overall received 

signal may be constructive or destructive causing signal fading. 

Multipath fading channels can be grouped into frequency flat-fading channels and 

frequency-selective fading channels. In flat-fading channels, the coherence bandwidth 

of the channel is larger than the signal bandwidth, and the signal on all frequency 

bands will experience the same fading amplitude. However, in frequency-selective 

fading channels, the bandwidth of the channel is smaller than the signal bandwidth, 

and different frequency components of the same signal may experience different fading 

amplitudes [14]. 
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Because of the uniqueness of each multipath fading channel, some representative 

channel models are used for study and research. Two commonly used fading channel 

models are Rayleigh fading and Ricean fading channels. 

2.1.1 Rayleigh Fading 

Rayleigh fading model is used to characterize physical channels with large amount 

of randomly moving scattered signal components received by the receive antennas. 

When the scattering mechanism dominates the electromagnetic wave propagation, the 

channel fading coefficient follows a Rayleigh distribution. It is known that Rayleigh 

distribution is closely related to central chi-square distribution. Suppose we have two 

independent Gaussian distributed random variables (RV) X\ and X2, each with zero-

mean and variance a2. Then the RV Y = X2 + X2 follows chi-square distribution 

with two degrees of freedom. Let us define a RV R = y/Y = y/X2 + X2. Thus, the 

distribution of R is said to have a Rayleigh distribution [14]. 

The probability density function (PDF) can be derived from the PDF of chi-square 

distributed RV Y to give [14] 

PRayleighir) = ^ • e { - ^ \ V > 0. (2.1) 

From (2.1) we can see that the Rayleigh PDF is characterized by a2, the variance 

at each dimension. Let us define $7 = a2, the PDF of the Rayleigh RV is shown in 

Figure 2.1 for different values of Q. 
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Figure 2.1: PDF of Rayleigh distribution with different fi 

2.1.2 Ricean Fading 

In some cases, besides the scattering paths, there exists a straight path from the 

transmitter to the receiver, known as line-of-sight (LOS). When the presence of LOS 

cannot be ignored, Ricean fading is more suitable for modeling these channels. In 

this case, the Ricean fading channel model is a summation of LOS and Rayleigh 

distributed scattered components. Different from Rayleigh distribution, the Ricean 

distribution is closely related to noncentral chi-square distribution [14]. 

Suppose we have two independent Gaussian distributed RVs Xi and X2 with non

zero means rni and m2 respectively, and variance a2. Then, the RV Y = X2 + X2 

follows noncentral chi-square distribution with two degrees of freedom. Similar to the 



Rayleigh distribution, let us define a RV R = y/Y = \JX\ + X$, then the distribution 

of R is defined as a Ricean distribution. The relationship between the noncentrality 

parameter s of the Ricean distribution and the mean of X\ and X2 is [14] 

s
2 = ml + m\. (2.2) 

The PDF of the Ricean RV can be derived from the PDF of noncentral chi-square 

distributed RV Y, to give [14] 

Pmcean(r) = - • e { ~ ^ • / o ( - ) , r > 0. (2.3) 
a1, a 

In (2.3), Jo is the 0-th order modified Bessel function of the first kind. 

The PDF of the Ricean distribution is characterized by the ratio of the dominant 

component and the total power of scattered waves. We can denote this ratio by K, 

and for the normalized envelope, the Ricean PDF is given by [15] 

PRicean{r) = ^ ( ^ 2 " ̂  ' J o ( 2 r • y/K(l + « ) ) . (2.4) 

The PDF of Ricean RV with different values of K is shown in Figure 2.2. From 

(2.3) we can see that when K = 0, the Ricean distribution reduces to the Rayleigh 

distribution. 

2.1.3 Channel Correlation 

In wireless communication systems, different channels may have certain degrees 

of similarity, known as channel correlation. Suppose we have two channels hi, h%, and 

we take L samples from each channel marked as s,1 and sf, where I = 1, 2, ...L. When 
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Figure 2.2: PDF of Ricean distribution with different K 

the variance of the channel distributions are a\ and a\2, and the mean values are 

rrTh[ and m/^" respectively, the correlation between these two channels is given by [7] 

VhiM 

J2(sj - mhl)(sf - mh2) 
1=1 

(L - l)ahlah2 
(2.5) 

Spatial channels can have correlation, and sub-carriers in the same OFDM system 

may also have correlation. In an OFCDM system, each transmitted data spreads in 

frequency domain to obtain frequency diversity gain. In order to achieve maximum 

frequency diversity, all the sub-carriers dedicated to the same transmitted data have 

to be mutually independent. If sub-carriers are correlated, the frequency diversity will 
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be reduced and the BER performance will be degraded. In most cases presented in this 

thesis, we assume to use ideal interleavers to maximize the frequency diversity, where 

all the sub-carriers are independent. However, we will also show the BER performance 

degradation due to correlation in Rayleigh fading channels. The unit power correlated 

Rayleigh fading channels, denoted as h\ and h2, with given correlation coefficient can 

be generated according to the scheme introduced in [16]. The steps are briefly given 

below [16]: 

1. For a given correlation, /j,hl h2, find the root A, 0 < A < 1, of the empirical 

equation 

0.2155A3 + 0.7352A2 + 0.0465A - 0.0026 - fxhlM = 0. (2.6) 

2. Generate two unit power uncorrelated Rayleigh fading signals, u)\ and ou2-

3. Calculate the coloring matrix L by 

L = 

^ ^ l ^ A 1 

(2.7) 

where i is the square root of —1. 

4. Calculate X by 

X = L-

UJ2 X2 

(2.8) 

5. Xi and x2 are the desired Rayleigh fading channel coefficients. 

Figure 2.3 shows Rayleigh fading envelopes with channel correlation coefficient 

equals to 0.95 and 0.05 respectively. In our work when correlation is considered, the 
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Figure 2.3: Correlated Rayleigh fading envelopes 

correlated Rayleigh fading channels are generated according to the scheme described 

above. 

2.2 OFDM 

As the name suggests, OFDM system employs a number of orthogonal frequencies 

to transmit signals. In OFDM systems, user data is split into streams and loaded onto 

mutually orthogonal sub-carriers that are then multiplexed to generate an OFDM 

symbol for transmission [6]. The key feature is the orthogonality in frequency domain 

among those sub-carriers. Suppose we have a base sub-carrier with frequency / and 

period T, where / = 1/T, then the frequency of each sub-carrier in the OFDM 
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Figure 2.4: Using OFDM to extend data symbol duration 

system is equal to / multiplied by a unique positive integer k. Let m and n be two 

different positive integers, then mf and nf can represent two different sub-carriers 

in the OFDM system. Because of the orthogonality, the sub-carriers carrying data 

in an OFDM system can be multiplexed together to transmit simultaneously. At the 

receiver side, matched filters corresponding to each sub-carrier are used to demultiplex 

and extract the data. 

One advantage of OFDM systems is that it can minimize intersymbol interference 

(ISI). As suggested in Figure 2.4, compared to single carrier systems, an OFDM 

system extends the data symbol duration by allowing a data stream to transmit in 

parallel; therefore, ISI is reduced. Another advantage is that OFDM can increase 

the transmission rate, which is more suitable for high-data-rate applications. From 

Figure 2.5 we can see that by allowing data streams to transmit in parallel, an OFDM 

system takes a small fraction of time to transmit the same amount of data compared 

to a single carrier system. The third advantage is that OFDM helps to handle severe 

13 
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Single Carrier OFDM 
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Figure 2.5: Using OFDM to increase transmission rate 

channel fading and reduce outage probability [17]. This can be explained as follows. 

In a communication system, some frequency bands may encounter severe interference 

or fading. If all data is transmitted through those deteriorated frequency bands, 

outage will occur. However, an OFDM system employs different frequency bands to 

transmit the data from the same user. Even if one or few sub-carriers encounter sever 

fading, the whole OFDM system can still maintain a reasonable performance. 

In OFDM systems, the serial data is split into parallel streams and mapped onto 

different, mutually orthogonal sub-carriers. Then by inverse fast Fourier transform 

(IFFT) operation, the frequency domain signal is converted into time domain for 

transmission. Orthogonality is the key characteristic of OFDM technique. However, 

the physical channel in time domain may have variations during one OFDM frame, 

which destroys the orthogonality and power leakage among sub-carriers. This effect is 

known as intercarrier interference (ICI) [18]. In [19], some techniques are presented to 
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reduce ICI. Another disadvantage of OFDM is that it has high peak-to-average power 

ratio (PAPR). Many profound studies have been carried out, and different solutions 

of peak-to-average power control are proposed for both SISO and MIMO-OFDM 

systems [20]-[24]. 

During time domain transmission of OFDM system, ISI may occur due to multi-

path delays. ISI can be mitigated by inserting guard intervals (a redundant symbol 

extension) between transmitted sequences [6]. However, inserting guard intervals 

causes deduction in transmission efficiency. In [25] and [26], the authors proposed 

coding techniques for OFDM systems to restore the transmission efficiency without 

sacrificing system performance. 

After experiencing channel fading and noise, the received time domain signal 

is converted back into frequency domain by fast Fourier transform (FFT) [6] [17]. 

Matched filters are then used to extract the data streams from each sub-carrier. 

Those received parallel data streams are converted back to serial data and then used 

for detection. 

Because of the advantages of OFDM, many high-speed wireless transmission 

schemes such as MC-CDMA and OFCDM are based on OFDM technique [9] [27] [28]. 

New studies mainly focus on MIMO-OFDM systems that are more suitable for high-

data-rate applications than traditional OFDM systems [29]-[32]. 

2.3 CDMA 

Similar to OFDM, which uses orthogonal frequencies to transmit data at the 

same time, CDMA uses orthogonal codes to transmit data using the same frequency 
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at the same time. Now, CDMA becomes a widely used channel multiple access 

method that allows multiple users to access the channel at the same time. In a basic 

CDMA system, the data from each user is assigned a unique code, which is also called 

signature waveform. For a length-L code, Ck, where Ck = ck ck , the 
-o u i ••• ° L - I 

component cf (I = 0 ,1 , . . . , L — 1) is called a chip [14]. The most important property 

of the codes is due to its orthogonality. Suppose we have two length-L codes C» and 

Cj (i ^ j) assigned to two different users. The orthogonality implies that 

L-l 

Ci(% = 524-4 = 0, (2.9) 
(=0 

where (•)T represents transpose operation. 

Because of the orthogonality, the implementation of CDMA is simple. At the 

transmitter side, each user's data is spread by multiplying a unique code from a code 

set [14]. Then, the spread signals from different users are multiplexed and transmitted 

at the same time. The received signal at the receiver side is given by 

K-l 

r 
fc=0 

= J2VE~s-h-dk-Ck + n0, (2.10) 

where K is the number of users, Es is the transmitted signal energy for each symbol, 

h is the channel coefficient, <4 is the transmitted data for the /c-th user, Ck is the 

unique code assigned to the &-th user, and no is the additive white Gaussian noise 

(AWGN). Here we assume all users' signals are synchronized during transmission, 

and we keep this assumption throughout the thesis. At the receiver side, the received 

signal is applied to a filter matched to the user's code followed by a decision to recover 

the transmitted data. 
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Figure 2.6: OVSF code generation 

One common spreading technique is direct-sequence code division multiple access 

(DS-CDMA). A DS-CDMA signal is generated by direct multiplication of user data 

by its code sequence [33]. Spread by orthogonal codes, data from different users can 

be multiplexed and transmitted at the same time. At the receiver side, the received 

data is applied to a bank of matched filters to recover each user data. 

By using orthogonal codes, CDMA system can support multi-user scenario and 

can provide flexible transmission rate by varying the length of the spreading codes 

[34] [35]. Nowadays, this multi-user transmission scheme is combined with MIMO 

technology to provide reliable service for both uplink and downlink transmission [36]-

[39]. 

17 

1 1 

1 1 1 1 

- 1 - 1 1 1 

• 1 1 - 1 1 

- 1 1 

1 - 1 - 1 1 



2.4 Orthogonal Variable Spreading Factor 

Orthogonal variable spreading factor (OVSF) is a simple technique used to gen

erate orthogonal codes for CDMA systems. Figure 2.6 shows how OVSF codes are 

generated by using a complete binary tree. Depending on the level in the tree where 

an OVSF code is located, the spreading factor of the OVSF code is determined. An 

OVSF code can be assigned to a user if and only if the code and all of its ancestor 

OVSF codes and descendant OVSF codes in the tree have not been assigned to other 

users. Once the level (length) of the OVSF code is chosen, the total data rate that 

can be assigned to users is fixed [40]. Hence, an OVSF code with small SF is ideal 

for high-data-rate applications. 

2.5 MC-CDMA 

One combination of OFDM with CDMA techniques is MC-CDMA. Basic concepts 

of MC-CDMA can be found in [41] and [42]. In brief, MC-CDMA system spread each 

symbol by a unique spreading code, then transmit spread symbols with an OFDM 

system. 

According to [41], MC-CDMA can be categorized into two groups. One group 

spreads data symbols in frequency domain, then the spread replicas of the same 

symbol are combined to recover the transmitted symbol. Normally, MC-CDMA refers 

to this group. Another group spreads data symbols in time domain to form data 

streams. Then different streams are transmitted in parallel in an OFDM system. This 

MC-CDMA scheme is also called multicarrier direct-sequence code division multiple 
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access (MC-DS-CDMA) [43]. Frame structures of MC-CDMA and MC-DS-CDMA 

are compared in Figure 2.7. 

MC-CDMA has the same drawbacks as OFDM since it employs OFDM system 

to transmit data symbols. However, by implementing CDMA scheme to multiplex 

different symbols, MC-CDMA system can lower the symbol rate in each sub-carrier. 

Thus, symbol duration is enlarged, which makes it easier to quasi-synchronize the 

transmissions [41]. 

With the advantages offered by MIMO technology, the combination of MIMO 

and MC-CDMA is widely studied to exploit the benefits of MC-CDMA in multi

user scenarios [44]-[46]. For instance, [44] presents an example of MIMO-MC-CDMA 

system using STBC, and [46] explains how to implement space-time coding and spatial 

multiplexing to benefit from both spatial diversity and at the same time improve 

spectral efficiency. 

2.6 OFCDM 

Another integration of OFDM and CDMA is called OFCDM. Typical implemen

tation of CDMA into OFDM-based system includes MC-DS-CDMA, MC-CDMA, 

and OFCDM. Figure 2.7 presents the difference among these three schemes. MC-

DS-CDMA systems spread symbols in time domain only, so they cannot achieve 

frequency domain diversity. On the other hand, MC-CDMA systems spread symbols 

in frequency domain only, so they cannot adapt to variable transmission rates. In an 

OFCDM system, symbols are spread in both frequency and time domain. Therefore, 

OFCDM systems can deliver frequency diversity gain and can be adapted to appli-
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Figure 2.7: Different spreading schemes in multicarrier systems 

cations with different transmission rates, which is preferred in the 4G transmission 

systems [28] [47]. 

In frequency-selective channels, signal transmitted on some sub-carriers may ex

perience deep fade or outage. Therefore, if the spreading factors are too small, the 

OFCDM system cannot fully benefit from the multipath diversity. On the other 

hand, based on the OVSF code assignment criteria, when assigning the OVSF code 

with a large spreading factor to a user may preclude a larger number of OVSF codes 

with small spreading factors [40]. Therefore, the length of spreading codes in fre

quency domain and time domain should be properly chosen to satisfy the system 

requirements. 

In the frequency domain, the sub-carriers of an OFDM system are expected to 

experience different fading and hence the orthogonality is no longer preserved. There

fore, at the receiver side, a combining technique is employed for de-spreading. In these 

OFCDM systems, gain combining methods such as MRC, EGC, and MMSE combin-
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Figure 2.8: MIMO system model 

ing are preferable to extract the original data from the received OFCDM symbols. 

2.7 MIMO Systems 

Nowadays, there is a rapid growth in the demand of high-speed and reliable 

wireless communication services. Increasing the diversity in the frequency domain 

might be a solution. However in reality, the frequency spectrum is limited and shared 

by different users, whose number is also increasing rapidly. On the other hand, high

speed applications put strong constrain on transmission time, which restricts the time 

domain diversity within certain degree. Moreover, spatial diversity has attracted 

research attention since it can help to adapt high-speed applications in multipath 

environments. Spatial diversity is achieved by implementing suitable transmitting 

and receiving schemes with multiple transmit and multiple receive antennas, known 

MIMO systems. Compared to SISO systems, MIMO systems support higher data 

rates with better reliability. Therefore, MIMO technology has already been included 

in the 4G standards [28] [48]. 

Figure 2.8 presents a brief structure of a MIMO system. At the transmitter 
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side, data is transmitted from iV transmit antennas according to some transmission 

technique. After transmission through different channels, M receive antennas pick up 

the signals which are then sent for detection. The channel matrix of a MIMO system 

is defined as N x M matrix H: 

H = 

^1,1 ^2,1 ••• h-M,l 

h\,2 ^2,2 ••• ^M,2 
(2.11) 

hi,N h2,N ••• hM,N 

The element hitj (i = 1,2,...,M, j = 1,2, ...,N) represents the fading coefficient 

corresponding to the link from the j - t h transmit antenna to the i-th receive antenna. 

When all channel coefficients are independent, maximum spatial diversity of N x M 

is obtained. To achieve this maximum spatial diversity, the antenna spacing should 

be adjusted to be much larger than the transmitted signal wavelength [14]. If the 

antennas at either transmitter side or receiver side are not well physically separated, 

correlation between channels will degrade the system performance [5]. 

In a MIMO system, user data, do, is first spread over the N transmit antennas 

according to a transmit scheme to achieve transmit diversity gain [2] [5]. Normally 

the transmitter side has no knowledge of the channel state information (CSI), hence 

the transmitted power is equally allocated to all transmit antennas. At the receiver 

side, the received signal picked up by the i-th receive antenna is given by 

N 

t = i 

(2.12) 

where Es is the total transmitted energy for do, doj is the user data spread on the 
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j-th. transmit antenna according to the selected space-time coding scheme, and n* is 

the AWGN at the i-th. receiver antenna. We can also represent the MIMO system in 

matrix form as: 

r = f • d0 • H + n, 

where 

r = 

dn = 

n = 

7*1 r2 ... rM 

do,i do 2 ••• d(,N 

nx n2 ... nM 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

In MIMO systems, maximum likelihood detection can be used at the receiver side to 

give data estimates [2]: 

M 

do = arg min V J 
do 

i = l 

N 

£ do j • h. 
• « j 

(2.17) 

2.7.1 STTC 

First introduced in [3], STTC transmits multiple copies of each data symbol 

during different time slots over different transmit antennas so that to achieve diversity. 

As suggested by its name, the transmit scheme of STTC is based on trellis coding. 

Figure 2.9 presents an example STTC encoding method for QPSK symbols using two 

transmit antennas. Normally the encoder is initialized to state So- At each step of 

the trellis, when current state is Sa (a = 0 ,1 , 2,3) and the input is b (b = 0,1,2,3), 

the encoder output is a b The two symbols of the encoder output are mapped 

to the two transmit antennas respectively for transmission. Then the encoder changes 

to state Sb according to the four-state code trellis and starts next step of encoding. 
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Figure 2.9: A four-state QPSK STTC 

In a general MIMO system with N transmit antennas and M receive antennas, 

the received signal at the m-th (m = 1, 2,..., M) receive antenna is given by 

N 

(t)+Vm(t), (2.18) 
n = l 

where t represents the time slot, hm<n is the channel fading coefficient from the n-th 

transmit antenna to the m-th receive antenna, xn[t) is the encoded symbol transmit

ted from the n-th transmit antenna during t, and rjm(t) represents the noise added to 

the m-th receive antenna during t. Then, the decoding of STTC is based on Viterbi 

algorithm [2] [3]. 

Since STTC is based on trellis code, it can provide coding gain on top of the 

diversity gain. By using more complex decoder, STTC may deliver better BER 

performance than STBC introduced in the next section. 
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Figure 2.10: the Alamouti scheme 

2.7.2 STBC 

In some cases, receive diversity is hard to achieve. For example, the receive 

antennas in a mobile phone may not be separated far enough to pick up signals 

through independent paths [5]. Therefore, transmit diversity becomes crucial in order 

to achieve spatial diversity. STBC can help to achieve transmit diversity in a simple 

way. With STBC, a MIMO system transmits multiple copies of the same data across 

different transmit antennas during different time slots. At the receiver side, the 

received signals from different receive antennas are combined through a linear process 

to extract the signal for detection [2]. The simplest STBC scheme was introduced by 

Alamouti [1], which exploits full transmit diversity with two transmit antennas [2]. 

A system using Alamouti scheme with one receive antenna is show in Figure 2.10. 

In Alamouti scheme, two symbols are transmitted at the same time from two 

different transmit antennas. It takes two time slots to transmit two symbols, so 

Alamouti scheme is full rate. Suppose user data x\ and xi will be transmitted ac

cording to Alamouti scheme. During the first time slot, Ti, x\ is transmitted from 
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the first transmit antenna and x2 is transmitted from the second transmit antenna. 

During the second time slot, T2, — x\ is transmitted from the first transmit antenna 

and x\ is transmitted from the second transmit antenna, where (•)* represent complex 

conjugate operation. 

At the receiver side, the received signal for the two consecutive time slots is given 

by 

VTi = V ~~f (hlA'Xl + h%1'X2^+ ni ^2'19^ 
VT2 = \jY (-hltl • x*2 + h2tl • xl) + n2, (2.20) 

where n\ and n2 are AWGN samples. One important assumption is that channel 

coefficients should be fixed during the two consecutive time slots. 

Assuming the receiver side has perfect knowledge of the channel state information, 

the maximum likelihood estimates are [2] 

xi = a r g m a x P O i \yTl,yT2,hiti,h2,i) (2.21) 

x2 = a rgmaxP(x 2 \VT^VT^ /ii.i, ^2,1) • (2-22) 
x2 

By simple conversion, and according to Bayes' rule, the optimal decoding can be 

written as 

Xi = a rgmaxP (h*lxyTl + hh2y^2 \xx, / i M , h2,i) (2.23) 
x i 

x2 = a rgmaxP (h*h2yTl - KIVT2 \X2, /ii,i> ^2,1) • (2-24) 

Therefore, with different combination of yrx and y^ , the detector can decouple x\ 

and x2 to give [2]: 

Xi = arg mm 
XI 

•" " • '2 , 11 | 2 \ 
^l.lSfri + ^2,1^2 - V Y (1̂ 1,11 + 1̂ 2,11 ) • Xl 
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x2 = arg min 
x2 

K,\VTx ~ K\V*T2 

E* (\U |2 . 11 i 2 \ 

-i\hi,i\ + \h2,i\ ) -x2 
(2.26) 

For a system with M receive antennas, the optimal decision rule is given by [2]: 

x\ = arg mm 
XI 

X2 = arg mm 
X2 

M 

E 
j=i L 

M 

E 
3=1 

KJVTAJ) + h2,iVT2U) 
E„ 

( l ^ l j | 2 + l^2,j|2) -Xi 

hhVTx(J) - KiVr^J) - \lyd^ijl2 + l^ j l 2 ) • x2 

(2.27) 

, (2.28) 

where y^ (i) and yx2 (i) represent the received signal at the i-th. receive antenna during 

the first and second time slots, respectively. 

Let us denote p as the ratio of the transmitted signal power to the noise power, 

then p is given by 

(2.29) _ 3L 
9 2iV0' 

where Es is the transmitted signal energy for each symbol during T\ and T2, and NQ 

is the two-sided noise spectral density of n\ and n2. Using Alamouti scheme with M 

receive antennas, the BER is given by [2] 

Ph = 
' ! " 

p \ ^ 12M — 1 + k 

2 + pJ fc=0 
k K l + V ^ (2.30) 

At high SNR, (2.30) reduces to [2] 

AM - 1\ / 1 

2M 2p 

2 M 

(2.31) 

and hence a diversity order of 2M is achieved. 

Alamouti scheme is the basic space-time block code that uses two transmit an

tennas. With two transmit antennas and M receive antennas, it can achieve full-rate 

with full-diversity of 2M for both real and complex signals. First introduced in 1999 
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[4], the general space-time block codes based on the theory of orthogonal designs 

prove to achieve full spatial diversity of N x M. In [4], it was shown that the num

ber of full-rate full-diversity STBC is limited. For complex symbols, the Alamouti 

scheme is the only full-rate full-diversity STBC. For real symbols, we can find full-rate 

full-diversity STBC only for 2, 4, and 8 transmit antennas [2] [4]. 

The MIMO-OFCDM systems studied in this thesis are based on two transmit 

antennas, where Alamouti scheme is employed to achieve transmit diversity. 

2.8 Combining Methods 

When the transmitted data reaches the receiver side through multiple paths or 

multiple receive antennas, a suitable combining method is needed to extract data. 

One group of combining methods is called gain combining, where the received signals 

from all diversity branches are combined to form the sufficient statistics for data 

detection. Since the channel gain from all paths are used, this method is called gain 

combining. A second group of combining methods is selection combining, where the 

combiner picks the path with the highest SNR and then uses the received signal from 

this path for detection. Another group of combining methods is hybrid selection/gain 

combining, where the receiver selects a given number of paths with the highest SNR. 

Then gain combining methods are used to combine the received signals from these 

selected branches for detection [5]. 
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2.8.1 Gain Combining 

Gain combining methods take the received signals from all branches into account. 

Simple but efficient gain combining methods are introduced and widely used, which 

include MRC, EGC, and MMSE combining. In these gain combining methods, the sig

nal used for detection is a linear combination of the received signal from all branches. 

Hence, the complexity grows linearly with the number of paths. To implement these 

combining methods, a perfect knowledge of CSI is needed. In a communication sys

tem with L paths, let y\ be the received signal from the Z-th (Z = 1,2, ...,L) path 

and wi be the combining weight of the Z-th path, then the signal used for detection 

is given by [5] 

L 

where W = Wi W2 ... WL 
, Y = 

i=\ 

V\ 2/2 ••• VL 

T 

, and yi is given by 

Vi = J-jrhtdo + nh (2.33) 

with hi being the channel coefficient of the Z-th path and n/ being the AWGN of the 

Z-th branch with a two-sided power spectral density AT0. 

2.8.1.1 MRC 

In MRC, the output SNR is maximized by choosing the combining weight wi as 

hi [14]. MRC is optimal when the noise on different paths is uncorrelated Gaussian 

noise. In communication systems involving CDMA, MRC is optimal when no inter-

code interference is present [5]. After combining, the signal used for detection is given 
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by 

z = ^2^1- (J-j^hido + ni) 
1=1 

= ^2 \l -j- \h\2 d0 + wi • nh (2.34) 

Let p be the ratio of signal power (averaged over diversity branches) to the noise 

power, 

E„ (2.35) r L-N0 

The instantaneous SNR of the Z-th diversity branch, pt, is defined as the ratio the 

instantaneous signal power at the /-th branch to the noise power of that branch [49]. 

When MRC is used, pl is given by 

\h, ' \U |2 

-^ = P- \hl\ 
(2.36) 

We can define the output SNR as the ratio of the output signal power to the 

output noise power at the combiner [50]. Then the average output SNR for MRC can 

be obtained by 

^t = ^ | E ^ | = ^ | p - E l ^ | 2 | , (2-37) 

where E (•) represents expectation operation. When paths are mutually independent 

and are Rayleigh distributed, 

Pout = P-L, (2.38) 

and the symbol error rate is given by [14] 

Pe = 
i-vV(i + p) 

L - l 

E 
fc=0 

L-l + k l + y/p/(l + P) 
(2.39) 
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where p is defined in (2.35). At high SNR, the symbol error rate can be approximated 

as [14] 

P e « ( 4 p ) - L ( 2 L
L

_ 1 ) - (2-40) 

2.8.1.2 EGC 

In EGC, the combining weight is chosen to compensate for the phase of the 

channel coefficient [51]: 

Wi 
\hi\ 

(2.41) 

That is the received signals from different paths are co-phased and linearly combined 

to give 

= J^wi-iJ-jr-hido + ri!) 

= Yl y ~r \hl\ d ° + Wl'ni- (2.42) 
i=i 

In this case, the average output SNR is given by 

|2 \ 

Pout = El 
--1 

E ̂ f 1̂  

E \wi -ni\ 
= £ • * ! > 

;= i 

- rE< 
L L 

£ M 2 + E E N - I ^ (2.43) 
i=i i=i j=i 

From the property of complex Gaussian RV we know that for any complex 

Gaussian RV s with zero mean and variance a2, the expected value of |s| is given 

by [5] 

E{\s\} = o (2.44) 
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Therefore, when paths are mutually independent and are Rayleigh distributed, the 

average output SNR can be simplified to [5] 

L L L 

Pcmt ~ 
P E E N 2 + EEN-I /> 

= p . ( i + ( L - i ) E ) . (2.45) 

Although MRC outperforms EGC in systems without MCI, EGC can achieve full 

diversity with lower implementation complexity. 

2.8.1.3 MMSE Combining 

In a multipath fading channel, when the noise on different propagation paths 

are correlated or when the system has non-Gaussian interference, MMSE combining 

method becomes the optimal gain combining method [5]. MMSE combining minimizes 

the mean square error between the transmitted symbol, do, and the combiner output, 

z, [14]: 

w* = avgminE {\z - d0\
2} . (2.46) 

w 

Hence, the combining weight on the l-th. branch is given by [9] [10] 

«* = h J r - f — w > (2-47) 

where Kc is the number of effective interference code channels. It is noted that MMSE 

combining takes care of the channel phase, the channel gain, the noise power, and the 
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degree of interference. Therefore, when MCI is high, MMSE combining outperforms 

both MRC and EGC. 

2.8.2 Selection Combining 

In selection combining (SC), the combiner selects the signal transmitted on the 

best reliable channel. The selection criteria can be the highest SNR, the highest 

absolute power, the lowest error rate, or other criteria, or the combination of these. 

In a communication system with L independent paths, if the selection is always done 

based on highest SNR criteria, it can be shown that the diversity gain is equal to 

L [5]. However, selection combining methods incur some loss in SNR compared to 

gain combining methods (i.e. not all received signal power is taken into account for 

decision making in selection combining). Let si represent the absolute value of the 

channel coefficient ht: 

s, = |/i«|, l = l,2,...,L. (2.48) 

Suppose hmax is the channel coefficient with the largest channel gain within these L 

independent paths, then the possibility that all channel coefficients are less than S is 

given by 

P(\hmax\<S) = P(smax<S) 

= P(Sl,s2,...,sL<S). (2.49) 

Taking the derivative of (2.49), we can obtain pSmax(s), the PDF of s. Since the 

combiner in SC selects only the received signal from the best path, the instantaneous 

received signal power is ^ | hmax \ , where ^ is the average transmitted power allocated 
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to each diversity branch for each symbol. Therefore, the average signal power used 

for decision making at the SC combiner output can be calculated by 

Pselection = \ -jjr • S 2 • pSm!ix(s)ds. (2.50) 

We can see that for each symbol, PseiecUon is only a portion of Ps x L, the total 

transmitted signal power, and the ratio between them is 

p /"+oo 
selection 

r+00 

= s2-Psm^(s)ds. (2.51) 
Jo Ps 

Nevertheless, the advantage of selection combining is that it achieves the same diver

sity gain as a full system but with less hardware (i.e. RF chains). 

2.8.3 Hybrid Selection/Gain Combining 

In hybrid selection/gain combining, the combiner selects the best Ls paths out of 

L paths and then uses a gain combining method to combine the signals for detection 

[5] [49]. Same as SC, hybrid selection/gain combining can extract diversity gain of 

L and uses less hardware to implement. However, hybrid selection/gain combining 

allows to choose the number of paths. As the number of selected paths increases, 

the received SNR gain increases, but the complexity of detection grows as well. This 

flexibility makes hybrid selection/gain combining adaptable in different applications. 

2.9 Conclusion 

In this chapter, key concepts related to this thesis were reviewed. First, commonly 

used channel models were presented. Then different technologies such as OFDM, 

CDMA, which are used in wireless communications to support multi-user environment 
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were discussed. Finally we studied how to achieve transmit and receive diversity with 

STBC and different combining schemes. Having understood those concepts, we will 

be able to present the study in this thesis. 
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CHAPTER 3 

SISO-OFCDM SYSTEMS 

In this chapter, we will study the performance of SISO-OFCDM systems. First we will 

introduce the system model of SISO-OFCDM. Then we will look into the detection 

algorithm and present system performance evaluations for MRC, EGC, and MMSE 

combining methods. Finally we provide simulation results for different SISO-OFCDM 

systems. 

3.1 System Model 

The transmitter structure of an OFCDM system is shown in Figure 3.1. The 

user data is firstly processed by a modulator such as BPSK. When using QPSK or 

higher order modulation, Grey coding should be employed. The modulated symbols 

are then converted from a serial symbol stream into JV# parallel symbol streams, 

where NB is the number of user data that will be two-dimensionally spread with 

the same spreading code. The spreading is provided by a spreading code generator, 

and each group of NB symbols will be spread with a unique code. In the OFCDM 

system, let the spreading factor in frequency domain and time domain be Np and iVT 

respectively, then the length of spreading code, Ns, is given by 

Ns = NTx NF. (3.1) 
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Figure 3.1: Transmitter structure of SISO-OFCDM system 

Since the overall spreading factor is N$, a maximum N$ different codes are available 

for spreading. Let K be the number of actually transmitted groups, and each group 

of data symbol is assigned with a unique spreading code, then K < Ns- And if 

different data symbols are from different system users, a maximum K x NB users can 

access the system at the same time. The system load, denoted by (, is defined as the 

number of spreading codes assigned divided by the total number of spreading codes 

available, which is given by 

K 
c = Ns' 

(3.2) 

When the system is running at full load, Ns x NB symbols can be transmitted at the 

same time. 

The overall spreading code C is a combination of frequency domain spreading code 

CF and time domain spreading code CT. Here, both CF and CT are OVSF codes. 

Let C (k) represent the fc-th (k = 0,1, ...,K — 1) spreading code, CF (i) represent 

the i-th (i = 0 ,1 , . . . , Np — 1) frequency domain OVSF spreading code of length NF, 

37 



CT (j) represent the j - t h (j = 0 ,1 , . . . , NT — 1) time domain OVSF spreading code of 

length NT, denoted respectively as 

C(k) , fc = 0 , l , . . . , A ' - l (3.3) 

Co (A;) ci(k) ... C]vF_i(fc) 

CNF(k) cNF+1(k) ... c2NF-i(k) 

CNTNF(k) CNTNp+i(k) ... CNs-l(k) 

CF(i)= cF(i) cf(z) ... ^ ( i ) , i = 0,l,..,NF-l (3.4) 

CfrU)=[<$(j) cj(j) ... <%,.-&)]> J = 0 , l , . . . , i V r - l . (3.5) 

Our study focuses on downlink transmission in OFCDM systems, where we as

sume perfect synchronization. Also, we assume each sub-carrier experiences flat fad

ing in our study, so the orthogonality of the OVSF code in time domain is preserved. 

However, the orthogonality in frequency domain is distorted because of different fad

ing among different sub-carriers. With an example, it is easier to understand why the 

orthogonality is lost. Assuming a simple OFCDM system with Np = 2 and NT = 1, 

then Cb (0) = 1 1 FC\\ — CF(1) , and CT(0) = [1]. When two data sym-1 - 1 

bols, denoted as a\ and a2 , are spread with CF(0) and CF(1) respectively and then 

transmitted, the received signal is given by 

ft = y/F, • hx • [a l C
F(0) + a2cf (0)] • # ( 0 ) + nx 

= \fWs • hi • [ai + a2] + nx (3.6) 

ft = y/W, • h2 • [ a l C
F ( l ) + a2cf (1)] • # ( 0 ) + n2 

= y/Ws-h2- [ Q l - a 2 ] + n2> (3.7) 
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where hi and h2 are the two corresponding fading coefficients, and nx and n2 are 

additive noise terms at the receiver side. If we use decoding technique for CDMA to 

detect a\ and a2, the decision variables will be 

Si = ;j[/3ic£(0) + /J2c£(l)] 

hi + h2 
• « i + 

hi -h2\ , nx + n2 . . 
• « 2 + — - — (3.8) 

Q2 = 

= VE, 

[/3lCf(0)+/32cf(l)] 

hi + h2 
a2 + 

hi - h2 
«i + 

nx + n2 (3.9) 

The terms y/E~s • ( ^ f ^ ) • a2 in (3.8) and y/E~s • (^1~2) • «i in (3.9) represent MCI, 

which is introduced as long as the channels hi and h2 are not identical. 

From the example above we can see that MCI is generated when different users' 

data is spread with different frequency domain spreading codes and the same time 

domain spreading code. To overcome this, the spreading code should be designed 

in such way to take advantage of the orthogonality in time domain. Specifically, the 

spreading code generator minimizes the number of frequency domain OVSF spreading 

codes used. Therefore, the level of MCI is minimized. Here we use an example to 

illustrate how to generate the spreading codes. When Np = 2 and NT = 4, C(0) is 

generated by CF(0) = 1 1 and CT(0) = 1 1 1 1 

C(0) = [CF(0)] • CT(0) 

1 1 1 1 

1 1 1 1 
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C(l) is generated by CF(0) and CT(1) ' Tm - 1 1 - 1 - 1 

C(l) = [C^O)] 1 -^ ) 

1 1 - 1 - 1 

1 1 - 1 - 1 

C(2) is generated by CF(0) and CT{2) = 1 - 1 1 - 1 

1 T nT, C{2) = [CF(0)] x • CT(2) 

1 - 1 1 - 1 

1 - 1 1 - 1 

and so forth. Until the time domain OVSF spreading code is used up, the code 

generator will change the frequency domain OVSF spreading code and restarts the 

cycle. Therefore, C(NT) is generated by CF(1) and CT(0), C(NT + 1) is generated 

by CF{1) and CT(1), C{NT + 2) is generated by CF(1) and CT(2), and so forth. In 

the example when Np = 2 and NT = 4, C(NT) = C(4) is given by 

C(4) = [CF(1)] • C r (0) 

1 - 1 1 1 1 1 

1 1 1 1 

- 1 - 1 - 1 - 1 

C(NT + 1) = C(5) is given by 

C(5) = [ C ( l ) ] x • ^ ( 1 ) 

1 1 - 1 - 1 

- 1 - 1 1 1 
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By assigning spreading codes according to this method, one can see that MCI will 

be present if K > NT- When K < NT, data symbols transmitted by the same Np 

carriers are spread with the same frequency domain spreading code but different time 

domain spreading codes. In this case, no MCI is present in the system. However, 

when K > NT, at least two data symbols are spread with different frequency domain 

spreading codes but the same time domain spreading code, and MCI occurs. For any 

given spreading code C(k) (k = 0 ,1 , . . . , K — 1), let Kc be the number of interfering 

codes. When the spreading codes are generated according to the method explained 

above, Kc is given by the number of codes that have the same time domain spreading 

code as C(k) but different frequency domain spreading codes. 

Take the system with NF — 2 and NT = 4 for example. When K < 4, the 

spreading codes C(0), C( l ) , ..., C(K — 1) are generated from CF(0) with different 

time domain spreading codes, so no MCI is present and Kc = 0. On the other 

hand, consider the case when K = 6. C(0) and C(4) are generated from the same 

time domain spreading code CT(0) with different frequency domain spreading codes 

CF(0) and CF(\) respectively. Thus, C(0) and C(4) interfere with each other. Also, 

since C(l ) and C(5) are generated from CT{1) with CF(0) and CF{1) respectively, 

they interfere with each other. Therefore, Kc = 1 for C(0), C( l ) , C(4) and C(5), but 

Kc = 0 for C(2) and C(3). One can generalize the relationship between Kc and K as 

K- 1 

NT 
1<KC< 

K - \ 

NT 

, when K > NT. (3.10) 

where the operator [zj represents the integer portion of x with [x\ < x. 

From this spreading codes generating method, one can see that when the code 
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C(k) (k = 0 ,1 , . . . , K — 1) is generated by CF(i) and CT(j), the relationship between 

k, i, and j is 

(3.11) i — 
k 

N7 

j = k mod NT 

k 
= k-N-r (3.12) 

_N7 

The spreading factor in frequency domain is NF, where Nf sub-carriers are dedi

cated to transmit the same data symbol. In order to minimize the correlation among 

those N? sub-carriers, one should ensure that sub-carriers are separated enough us

ing interleaving. The interleaving should be carried out as follows. In a group of NB 

symbols that is spread with the same spreading code, the first symbol is spread into 

the zeroth, iVB-th, (2NB)-th, ..., and [(NF — 1) • A^s]-th sub-carriers, the second sym

bol is spread into the first, (NB + l)-th, (2NB + l)-th, ..., and [(NF - 1) • NB + l]-th 

sub-carriers, and so forth. Finally, the iVs-th symbol is spread into the (NB — l)-th, 

(2NB — l)-th, ..., and (L — l)-th sub-carriers, where L — NF • NB is the total number 

of sub-carriers employed in the OFCDM system. 

Let us take for example the j - t h (j = 1,2, ...,NB) symbol in the k-th (k — 

0,1 , . . . , K — 1) group. The two-dimensional spreading and frequency interleaving 

is presented in Figure 3.2. The spreading code assigned to this symbol is C(k) 

and the time domain spreading factor is NT- Then the first NT chips of C(k), 

{co(k), ci(k), Oi(k),..., CJVT_I(A;)}, are transmitted on the (j — l)-th sub-carrier; the sec

ond NT chips of C(k), {cNr(k), cNr+i(k), cNr+2(k), •••, c2NT-i(k)}, on the (j - 1 + NB)-

th sub-carrier; {c2NT(k),c2NT+i(k),C2NT+2(k), ...,c3Nr-i(k)} on the (j - 1 + 2iVB)-th 
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Figure 3.2: Two-dimensional spreading and frequency interleaving 

sub-carrier; and so forth. Finally, the last NT chips of C(k) are transmitted on the 

(j - 1 + (NF - l)iVB)-th sub-carrier. 

As shown in Figure 3.2, a signal transmitted during one time slot on one sub-

carrier in OFCDM system is called an OFCDM symbol. After two-dimensional 

spreading and frequency interleaving for a group of Ng modulated symbols, an 

OFCDM frame consisting of L x NT OFCDM symbols is constructed. Assigned 

with different spreading codes, in total K OFCDM frames are multiplexed to build a 

super-frame, and this step is done by a frame multiplexer, shown in Figure 3.3. 

Let the indices 10,II,...,INF_I represent the NF sub-carriers carrying the k-th user 

data after frequency interleaving. In an OFCDM super-frame, the OFCDM symbol 

on the Zi-th (i = 0,1 , . . . , Np — 1) sub-carrier during the j - t h (j = 0 ,1 , . . . , NT — 1) time 
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Figure 3.3: Multiplexing K frames into a superframe 

slot can be expressed as 

1? 
•K-l 

^ti = ywsT,d*ci^\NTJk)> 
fc=0 

where dk is the A;-th user data on the /;-th sub-carrier, c\ _̂ _ i (fc) is the ( 
NB 

(3.13) 

NT 

j)-th chip of the A;-th user's spreading code, jf- is the chip index of the frequency 

domain spreading code, j is the chip index of the time domain spreading code, and 

Es is the total transmitted signal energy for each symbol. Since each data symbol is 

spread on iVs OFCDM symbols, the total transmitted power has to be averaged over 

these Ns OFCDM symbols. After frame multiplexing, the OFCDM super-frame is 

transmitted through a SISO-OFDM transmission system. The transmitted OFCDM 

symbols on different sub-carriers experience different fades. In this work, within 

one OFCDM super-frame, the OFCDM symbols transmitted on the same sub-carrier 

experience the same fading (i.e. fading is fixed for one OFCDM frame duration). 
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Figure 3.4: Receiver structure of SISO-OFCDM system 

The receiver structure is shown in Figure 3.4. Let r (^ , j ) denote the received 

OFCDM symbol on the Z»-th sub-carrier during the j - t h time slot: 

fc=0 

N. 

Ns'
hli'dk'C[^\^{k) +Vik,i) 

K-\ 

s fc=o L N f i J 

(3.14) 

where r](li,j) is the AWGN on the /j-th sub-carrier during the j - t h time slot. 

3.2 Detection Algorithm 

At the receiver side, the received signal is first frequency deinterleaved to form 

NB groups. Each group has Np received signals from the Np sub-carriers carrying 

the same user data. In each group, there are K users' data multiplexed by different 

spreading codes. Then, time domain despreading is carried out. After despreading 

the Np signals in time domain, to sort out each of the K users' data, the output of 
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the fc-th user despreader is 

NT-1 

NT 
rk(k) = ~ J2 *(^J)-cJ(k) 

J=0 

= \ / ^ ' ^ - 4 c f J l _ | ( f c ) + 77(Zi), (3.15) 

where cj(k) is the j - t h chip of the fc-th time domain OVSF code, and rj(li) is the 

equivalent noise added to the Z;-th sub-carrier. 

Let o2
n represent the noise energy added to each OFCDM symbol: 

E{\r,(li,j)\
2} = o3

n, (3.16) 

then the variance of rj(k) at each dimension is given by 

NT-1 

NT 
E{m)\2} = £ | ^ X > ( ^ ) i a } 

1-E{\r,(li,j)\
2} 

(3.17) 

NT 

= °k 
NT' 

From the design of the spreading code described above, one can see that the 

system will introduce MCI if the number of multiplexed frames K is greater than 

the number of available time domain spreading codes NT- In the case when MCI is 

present, an interference canceller is used to cancel the MCI in an iterative way after 

time domain despreading [9]. In this thesis, we focus on OFCDM systems with no 

MCI. In what follows, we analyze the performance of this system in terms of its BER. 

After time domain despreading, a suitable combining method is employed to 

combine the Np signals, rk(k) (i = 0,1,...,NF — 1), for the k-th user. In what 
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follows, we study MRC, EGC, and MMSE combining methods. In these methods, 

the combining weight w(k) (i = 0,1, ...,Np — 1) of each sub-carrier calculated and 

used in frequency domain despreading is given by 

for MRC [14], 

w(k) = h*k, (3.18) 

for EGC [51], 

K w(li) = -±- (3.19) 
1̂ 1 

for MMSE combining [9] [10], 

w (k) = h* 

^+Kc)\hk\
2+(j^y1 

h* 
- l ' (3.20) 

(l + X c ) |^ | 2 +(^)" 

where Es is the total transmitted energy for each data symbol over all the 

Np sub-carriers, iVo is the power spectral density of the AWGN added to each 

OFCDM symbol, /? is defined as the ratio of total transmitted power of each 

data symbol to the background noise power, and Kc is the number of interfering 

codes. For any transmitted data symbol, Kc is given by the number of data 

symbols that are spread with the same time domain spreading code but different 

frequency domain spreading codes. In an OFCDM system with no MCI, the 

combining weight of the MMSE combining becomes 

™(k) = h) . . ! • (3.21) 
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In general, the output of the frequency domain despreader is given by 

NF-1 

= y.r^-cf^m-wih). (3.22) 
i=0 L"BJ 

This output is then normalized to form the decision variable, Zk, which will be used 

in MCI cancellation for systems with MCI: 

*fc = 7 T ^ ^ ' (3"23) 

V N* T, K -w(li) 
t = 0 

Finally a hard decision based on minimum distance criteria is made to recover the 

corresponding user data: 

dk = argmin \zk - s\ , (3-24) 
{*} 

where {s} is the set of all possible transmitted data symbols. 

3.3 Performance Evaluation 

In this section, we present semi-analytical results for the BER of OFCDM systems 

over fiat fading channels with MRC, EGC, and MMSE combining. We assume binary 

phase-shift keying (BPSK) is used to modulate user data. 

In what follows, we use the notation ~~e to represent the error vector between the 
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decision variable zk and the transmitted BPSK symbol dk, where e is given by 

e = zfc - dk 

NF-1 

E rk(li)cF ,(k)w(li) 
_ i=0 jNB} 

•NF-1 

E 
i=0 

- <4 

ft E MfcMJi) 
.M>-1 

E 
i=0 

§LhlidkCF | (fc) + 7J&) J C? , (fc) Nghiidk w(k 

NF-1 

f E ^w(ii) 
i=0 

NF-1_ 

53 77(/i) • tw(Zi) 
i = 0 

NF-1 

' f • E K • w(k) 
i=0 

(3.25) 

with 77(/;) being the equivalent complex Gaussian noise on the ^-th sub-carrier, with 

2 

zero mean and variance a= = jf-. Let p be the ratio of total transmitted signal power 

for each symbol to the background noise power. Since the additive noise term rj(l, i) is 

complex AWGN with variance 0.5 per dimension, then p = Es, and the error vector, 

e , becomes 

e = 

NF-1_ 

^ Tj(li) • W(li) 
i=0 

NF-1 

E 
i=0 

(3.26) 

'jfe- E ^ " ^ ) 

with crl = -rf-. 
r\ Jvr 

J V > - 1 _ 

Conditioned on the channel, ^ ??(^) ' w(Zj) *s Gaussian with zero 
i=0 

mean and variance 

JV F -1 

(3.27) 
i = 0 

In the case when MCI is present, if Kc is greater than 50 [12], the MCI can be 

considered as an additive Gaussian noise added to each OFCDM symbol with zero 
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mean and variance o\ given by [11] [12] 

~ (3.28) 2 2KCES 
Or = 

NF-1 (Np-1 

] T \K • w(k)}2 - £ [hk • w{k)] 
i=0 I i=0 

1 NFNS 

Since o2 and oj are independent, the total system noise can be approximated as 

(u^ + o2-) when evaluating the probability of bit error. 

In what follows, we evaluate the performance of MRC, EGC, and MMSE com

bining respectively when no MCI is present. MRC maximizes the output SNR [5], 

so it performs better than EGC and MMSE combining in OFCDM systems without 

MCI. EGC is simple to implement since only the phases of the channels are compen

sated. MMSE combining corrects the phase shift and the attenuation of the channel 

fading at the same time, which makes it the only adaptive method among these three 

methods. Therefore, in the presence of MCI, MMSE combining becomes optimal and 

outperforms both MRC and EGC [5]. 

3.3.1 MRC 

With MRC, the combining weight of each sub-carrier is given by [14]: 

w(l) = hi, (3.29) 

and the error vector, ~e, becomes 

NF-1_ 

(3.30) 

with 

J V F - 1 _ 

]T rj(li) • w{li) 
-> i=0 
C AT F _I 

Ji^ • E K • w(k) 
i=0 

NF-1 

1 i=0 

1 

~N~7 

J V > - 1 

E v(U)K 
i=0 

/ NF-1 

'£ • E l^l2 

i=0 

NF-1 

i=0 

(3.31) 
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When BPSK modulation is used, the probability of bit error conditioned on the 

channel is given by 

P e | , = F ( R e ( ^ ) > l ) 
/ / NF-1_ \ \ 

' ' E Wi)K 
= p Re 

V 

i = 0 

V 
NF-1 

,JL-- E \K\2 
> 1 

i = 0 J 
fNp-l \ / ~ NF-\ 

= Q 

f i— NF-I \ 
&• E \K\2 

i=0 

J V F - 1 

V h E \K\ 2NT 
i-0 

= Q 

where Q(-) is denned as [14] 

\ 

0 ~ NF-i 

WF \ 1̂ 1 
r i=0 

(3.32) 

Q(x) = 
r I 

e 2 dv. (3.33) 

3.3.2 EGC 

As mentioned before, with EGC, the combining weight of each sub-carrier is 

chosen to compensate for the phase shift of the fading coefficient [51]: 

(3.34) 

The error vector becomes 

e = 

"<'> - w 
omes 

NF-1_ 

E v(h) • w(h) 
i=0 

, NF-1 

V i • E K • w(k) 
v i=0 

i = 0 

, JV F -1 

Vi- E Kl 
v i=0 

(3.35) 
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and 
NF-1 NP-1 

44Ewrf4E K NF 

iVr' 
(3.36) 

i=0 i=0 

Similar to the approach in MRC, the probability of bit error conditioned on the 

channel with EGC is given by 

Pe\h = P ( R e ( ^ ) > l ) 

= P 

/ / NF-1_ h, \ \ 

E ^ 0 ^ * 
i=0 

ife- E 1̂ 1 

= Q 

= Q 

Re /x N£rl 

/ JV>-1 \ 
i /_g_ ^ . . . i 

JVs 

> 1 

,JL- E Kl 
i=0 

V 
JVF 

2iVT 

••NF-1 

NF 
E Î I 
i=0 

(3.37) 

3.3.3 MMSE Combining 

For MMSE combining with no MCI, the combining weight is given by[9] [10], 

w(l) = M 
\htf + 

Then the error vector e becomes 

NF-1_ 

J2 rj{U) • w(k) 
i=0 

and 

W 

NF~1_ 

E m 
e = 

»=0 K | +\NJ) 

NF-1 

'-*-• E ^ - ^ ) 
i=0 

IJL. 
NF-\ \hu 

2-* I, |2 / s N " 
'=0 K | + (JVJ 

i V F - l 7 V F - 1 

4 = ^-£M<oia = ^ £ i ^ 
Nr ^ ^ r i = 0 i = 0 i^r + v^J 

- i 2 ' 

(3.38) 

(3.39) 

(3.40) 
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The probability of bit error conditioned on the channel is given by 

P e | , = P ( R e ( ^ ) > l ) 
/ / NF-1 h, \ \ 

= P Re 

Q 

NF-1 
1-9- . V 

/ V F - 1 

K 
> 1 

M 2 x 

\hu\ s =o K l +U?) 
A T F - 1 

2AT-7. 2 ^ 
hi, 

i = 0 11 M°+(*)' 
TZ 

= Q 
=To i + ( ^ ) " 1 - | ^ l | ^ 

NF-1 

E 

(3.41) 

\V *=° ^-IKI2+2+(^)" -Kl-2/ 

3.4 Simulation Results 

Both simulation and semi-analytical results are presented in this section. Each 

data symbol is transmitted over 8 or 16 sub-carriers (NF = 8 or 16), and the time 

domain spreading factor is NT = 8. Since we are interested in the case without MCI, 

the number of multiplexed frames K — 8 in order to maximize the transmission rate 

under the condition of no MCI. We assume CSI is perfectly known at the receiver 

side, and the channel is fixed for the duration of NT OFCDM symbols. We simulate 

the system under Rayleigh fading and Ricean fading channels. All the curves of 

semi-analytical results are generated from Monte Carlo approach, where the BER 

expression are averaged over 100000 channel realizations. 

Figure 3.5 shows the performance of a SISO-OFCDM system over Rayleigh fading 

channel with MRC. The frequency domain spreading factor is Np — 8, and the sub-
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Figure 3.5: BER for SISO-OFCDM system using MRC over Rayleigh fading channel: 

NF = 8, NT = 8, K = 8 

carriers of interest are separated enough to minimize the effect of correlation. Also 

simulation results are provided when the sub-carriers carrying the same information 

have correlation coefficients of 0, 0.25, and 0.5. From this figure we can see that the 

analytical results agree with the simulated ones. It is to be noted that our results are 

valid for a general OFCDM system with any system parameters. From these results, 

one can also see the effect of correlation on the overall diversity order. 

In Figure 3.6, we present the performance of a SISO-OFCDM system over Ricean 

fading channel. EGC is used to achieve frequency diversity. The frequency domain 

spreading factor is Np = 16. Different values of K (i.e. the ratio of dominant compo

nent to the total power of scattered waves) are used in modeling the Ricean channel. 

As a reference, we include the performance over Gaussian channel. From these results 
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Figure 3.6: BER for SISO-OFCDM system using EGC over Ricean fading channel: 

NF = 16, NT = 8, K = 8 

we can see the agreement between the analytical results and simulated ones. 

Figure 3.7 presents the performance of a SISO-OFCDM system over Rayleigh 

fading channels using MMSE combining with Np = 16. Different degree of correlation 

between adjacent sub-carriers transmitting the same information are simulated to 

show the effect of correlation along with the accuracy of our analytical results. 

In Figures 3.8, 3.9 we compare the performance of MRC, EGC, and MMSE com

bining methods. Figure 3.8 shows the performance of SISO-OFCDM systems with

out MCI (i.e. the number of multiplexed frames does not exceed the time domain 

spreading factor). We can see that when there is no MCI, MRC achieves the best 

performance since it maximizes the output SNR. MMSE and EGC perform slightly 

worse than MRC, but they all achieve the same diversity gain. Figure 3.9 presents 
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Figure 3.7: BER for SISO-OFCDM system using MMSE combining over Rayleigh 

fading channel: NF = 16, NT = 8, K = 8 

the performance of a SISO-OFCDM system with MCI. In these results, the sys

tem is running at twenty-five percent of full load. Since the overall spreading factor 

Ns = Np x NT = 128, from (3.2) one can see that twenty-five percent of full load 

implies that K = 32. In this system, every 4 symbols share the same time domain 

spreading code but with different frequency domain spreading codes. Hence, each 

transmitted symbol is interfered by other 3 symbols (Kc = 3). We can see that 

MMSE combining outperforms both MRC and EGC. This is due to the fact that 

among these three combining methods, MMSE combining is the only method that is 

adaptive, where MCI is accounted for during combining. It is clear that, only MMSE 

combining can achieve large diversity gains compared to MRC and EGC when MCI 

is present in the system. 
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Figure 3.8: BER for SISO-OFCDM system without MCI over Rayleigh fading chan

nel: NF = 16, NT = 8, K = 8 

10 12 14 16 18 

Figure 3.9: BER for SISO-OFCDM system with MCI over Rayleigh fading channel: 

NF = 16, NT = 8, K = 32 
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By comparing Figures 3.8 and 3.9, we can see the effect of MCI on system perfor

mance. The degradation of BER for MRC and EGC is clearly shown in Figure 3.9. 

When MMSE combining is employed, BER is less than 10~5 when SNR equals 12 dB 

in system with no MCI. In contrast, BER is greater than 10 - 4 at the same SNR when 

MCI is present. Therefore, a MCI cancellation scheme can be implemented to reduce 

this SNR loss. 

3.5 Conclusion 

In this chapter we have provided closed-form semi-analytical results for the BER 

of SISO-OFCDM systems without MCI. Our analytical results are proved to be accu

rate when compared with simulations. The performance of MRC, EGC, and MMSE 

combining techniques were compared in Ricean fading channels and Rayleigh fading 

as a special case. Also, we examined the effect of sub-carrier correlation and MCI on 

the system performance. Both simulation and analytical results proved that MMSE 

combining is optimal compared to both MRC and EGC when MCI is present. 
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CHAPTER 4 

MIMO-OFCDM SYSTEMS 

In the previous chapter, we studied SISO-OFCDM systems in terms of system struc

ture, detection method, and their BER performance. In this chapter, we extend the 

results in chapter 3 to MIMO-OFCDM systems that employ STBC. Specifically, we 

study MIMO-OFCDM systems with two transmit and M receive antennas. Alam-

outi scheme is used to achieve transmit diversity, and gain combining techniques are 

used to extract receive diversity. The same as SISO-OFCDM systems, the perfor

mance of different combining schemes are studied for multiuser scenario, and BER 

semi-analytical results are then presented. 

4.1 System Model 

The transmitter structure of MIMO-OFCDM system is shown in Figure 4.1. In 

the MIMO-OFCDM system studied, the transmit diversity is achieved by hiring 

Alamouti scheme introduced in [1]. In order to implement Alamouti scheme, CSI 

is fixed over two frame duration, which is 2NT times one OFCDM symbol duration. 

There are N = 2 transmit antennas and M receive antennas used in the MIMO-

OFCDM system. At the beginning of each two frame duration, 2KNB user data are 

modulated into BPSK symbols for transmission. Among these BPSK symbols, KNB 

symbols are transmitted from the first transmit antenna, and the other KNB sym-
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Figure 4.1: Transmitter structure of MIMO-OFCDM system 

bols from the second transmit antenna. At each transmit antenna, the corresponding 

KNB symbols are two-dimensionally spread and interleaved to form K frames, and 

these K frames are multiplexed into a super-frame. 

Let the indices IQ,II,...,INF-I represent the NF sub-carriers carrying the A;-th 

user data after frequency interleaving. Within the OFCDM super-frame transmit

ted from the n-th (n = 1,2) transmit antenna, the transmitted signal on the Zj-th 

(i = 0 ,1 , . . . , NF - 1) sub-carrier during the j - t h (j = 0,1 , . . . , NT - 1) OFCDM symbol 

duration is a summation of K OFCDM symbols and can be expressed as 

(4.1) 
fc=0 

where dn^ is the k-th user data that uses the Z;-th sub-carrier from the n-th trans

mit antenna in the first half of the two-frame duration, and c\ 1, 1... .(k) is the 

( jf- NT + j ) - th chip of the A;-th user's spreading code. We use S\ and S2 to repre

sent the two super-frames at the two transmit antennas respectively. Then as shown 

in Figure 4.2, the OFCDM super-frames Si, S2, —S^ and S^ a r e transmitted accord-
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Figure 4.2: Alamouti scheme in MIMO OFCDM system 

ing to Alamouti scheme through OFDM transmission system. During Ti, the first 

half of the two frame duration, S\ is sent to the first transmit antenna and S2 is sent 

to the second transmit antenna for transmission. During T2, the second half of the 

two frame duration, S^ is sent to the first transmit antenna and — 5J is sent to the 

second transmit antenna for transmission. 

After experiencing channel fading and noise distortion, the signal is picked up by 

M receive antennas. Let us use i?m,i, Rm,2 to represent the received OFCDM super-

frames for the two consecutive frame duration T[ and T'2 at the receiver side shown in 

Figure 4.2. Rm,i(h,j) a n d Rm,2(h,j) represent the received OFCDM signal at m-th 

(m = 1,2, . . . ,M) receive antenna on the Zj-th sub-carrier during the j - t h OFCDM 

symbol duration within the first and second frame duration respectively. We assume 

perfect synchronization. Therefore, Rm,i(k,j) a n d Rm,2(h,j) are given by 

nrK~l 

RmAhJ) = y ^ E W'1*.* + hTd^) c|>>T+i(
fc) + Vi('«.i) (4-2) 

A;=0 

Rm,2{k,j) = y ^ Y, W X * - K:2dh) °[$-\NT+jW + Vm,2(hJ), (4-3) 
where h™'n (m = 1,2,..., M, n = 1, 2) is the fading coefficient on the Zi-th sub-carrier 
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Figure 4.3: Receiver structure of MIMO-OFCDM system 

from the n-th (tr — 1,2) transmit antenna to the m-th receive antenna, f]ml(li,j) 

and r}m2{liij) are the noise terms added to the signal on the £,-th sub-carrier during 

the j - t h OFCDM symbol duration at the m-th receive antenna. 

4.2 Detection Algorithm 

In this section, we propose the detection algorithm to recover the transmitted 

data symbols. This algorithm extracts receive diversity based on the optimal decision 

for Alamouti scheme with multiple receive antennas, which is given in (2.27) and 

(2.28). Figure 4.3 presents the receiver structure of MIMO-OFCDM system. 

At the receiver side, each transmitted OFCDM symbol pair are decoupled over 

all receive antennas. These decoupled signals are then combined over all sub-carriers 

of interest to form the decision variables. 

The transformed received signals, denoted as Yi(U,j) and Y^Gi, j ) , at the /i-th 
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sub-carrier within the j - t h OFCDM symbol duration are given by 

M 

rw~ K M 

= v2itsE(icir+ic2rK^|ii^w+^(^j) (4.4) 
V S k=0m=l L s J 

M 

m = l 

r - p — K M 

= Va^EDI^f2 + K'2\2)^kcmNTjk)+^(ii,j),(^) 
V S fe=0 m = l L B j 

where the equivalent noise after combining becomes 

M 

vT(h,j) = E [ W ' T • VmAkJ) + K'2 • [vm,2(h,j)}' 
m = l 

M 

m = l 

Ve2q(h,j) = £ (hh'2Y • Vm,i(h,j) - h™'1 • [r)ma (UJ)]* 

(4.6) 

(4.7) 

The equivalent channel parameters to on the li-th sub-carrier is given by 

M 

^ E O ^ f + K'T)- (4.8) 
771 = 1 

Vi9(h,j) and rJ2Q(li,j) are both Gaussian with zero mean and the variance 

E{\vV(U,j)\2} = E{\V
e
2"(h,j)\2} 

M 

= E(I'CT + I'^l>{k,<w>r} 
7 7 4 = 1 

M 

7 7 1 = 1 

M 

= EOCMcf). (4.9) 
7 7 1 = 1 

The received signal transmitted from the n-th transmitting antenna during T\ on 

the /;-th sub-carrier using the Kr-th. time domain spreading code, after time domain 
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despreading is given by 

NT-1 

rn(k) = ^- J2Yn(lhj)xcj(k) 

= s j ^ K d n ^ ^ + rf^U). (4.10) 

Then a suitable combining method is employed to extract frequency domain di

versity over Np sub-carriers of interest. The combining weight for the Zj-th sub-carrier 

is given below 

for MRC, 

«/* &) = K T = >C, (4-H) 

• for EGC, 

\heq ^ ( ^ = -T^T- = 1' <4"12) 

for MMSE combining without MCI, 

eq KY _ K ^ ( « = , ^ 2
v r , , , = „ „ , a . * , ,- (4-13) 

The output of the frequency domain despreader is given by 

NF-1 

Vn,k = V rn{k) • cfj^ i (fc) • w^ik). (4.14) 
i=o L"BJ 

Then this output is normalized to form the decision variable, which will be used in 

MCI cancellation if needed. The decision variable is given by 

zn,k = —r= • Tf—; l • (4.15) 
HsT NF-I 

i=0 
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Finally a hard decision based on minimum distance criteria is made to recover the 

corresponding user data: 

dn>k = argmin |z„ifc - s\2 , (4.16) 

W 

where {s} is the set of all possible transmitted data symbols. 

4.3 Performance Evaluation 

In this section, we derive the BER expression for MIMO-OFCDM systems us

ing Alamouti scheme with multiple receive antennas for MRC, EGC, and MMSE 

combining. 

Let en represent the error vector corresponding to the data symbols sent to the 

n-th transmit antenna during T\, then e^ is given by 

NF-1 

E rn(k)-cF(k)-w^(h) 
_ »=0 [NB\ _ , 

NF-1 

E %\k) • w*(h) 
i=0 (4.17) 

where h^Q is given by (4.8), /5 is the ratio of total transmitted power of each data 

symbol during Tx and T2 to the background noise power, and rfn{h) is the equiv

alent noise of the Z*-th sub-carrier at the receiver side during T'n (n = 1,2). Since 

the additive noise terms r)ml(li,j) and r}m2(li,j) are complex AWGN with 0.5 per 

dimension, it is easy to show that the equivalent noise, rj^ih), is complex Gaussian 

M / , 2 2 \ heq 

noise with zero mean and variance ^ r E (\h?' I + 1̂1™' I ) = 2N~ P e r dimension. 
T m = l ^ * ' T 
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NF-1_ 

Conditioned on the channel, Yl %!(.k)' weq(h) is also Gaussian with zero mean and 

variance 
NF-1 

1 i=0 

(4.18) 

4.3.1 MRC 

With MRC, since the equivalent channel coefficient /if9 is a real number, 

w(k) = (h%y = if*. (4.19) 

The error vector en becomes 

NF-1 

t-n — 

E C W • ™eqik) 
i=0 

NF-1 

E C(̂ ) • K 
i=0 •NF-1 

2NS E hZ-wiU) Jgrs E W) 
t=0 v i=0 

and 
J V F - 1 A T F - 1 

J i=0 i=0 

(4.20) 

(4.21) 

When BPSK modulation is used, the probability of bit error conditioned on the 

channel is given by 

BER\h = P ( R e ( e ^ ) > l ) 

/ 

- P Re 

/ NF-1 \ \ 
1 E C W - m 

i=0 • W F - 1 > 1 

= Q 

V 
/ i-=r-NF-l 

JVF 

z=0 / 

-*- E W)' i = 0 

/ i V F - l 

' E KT 
i=0 

(4.22) 
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4.3.2 EGC 

With EGC, the combining weight of each sub-carrier is: 

w(li) WT = 1. 
Kq 

The error vector en becomes 

&n 

NF-1 

i=0 

-z-NF-l 

^0 

NF-1 

E fnq(h) 
i=0 

•NF-1 j i v jr — A i——— i\ F — J. 

i = 0 

and 
A T F - l J V F - 1 

(4.23) 

(4.24) 

(4.25) 
J i=0 -1 t=0 

Therefore, the probability of bit error conditioned on the channel is given by 

BER\h = P ( R e ( ^ ) > l ) 

= P 

= Q 

/ / NF-1 \ \ 

' ' E fnQ(h) ^ ^ 
i=0 Re 
- r - ^ F - l 

l^fe £ *?J 
> 1 

,N 
NF-1 

=0 

(4.26) 

4.3.3 MMSE Combining 

The combining weight of MMSE combining for the systems without MCI is 

wr w(k) = 
w)2+(*b)~ w)a+Gfc)~ 

The error vector e^ is given by 

NF-1 NF — 1 _ f^q 

1=0 _ »=° \ \ ) +\2NF) 
&n. 

NF-1 

E K-w^ik) 2NS 
i=0 

•^-NF-1 

E K') 2^ ô K'y+^r 

(4.27) 

(4.28) 
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and 

J V F - 1 

1 i=0 

NF-1 

i=0 

m 
NT 

(^)2+(A)" 
(4.29) 

Then, we can find the probability of bit error conditioned on the channel as 

BER\h = P 

\ 

K eq 

E Vnih) • /.e,Aa / J J V 
Re J^° W) + Uv) 

\ 

^2Ns hw<ST) 

\ 

> i 

= Q 

_NF-1 

^ £ ^r^y 
\ 

NF-1 

E 
K ,BI 

(4.30) 

W h ^WM^TW'J 
4.4 Simulation Results 

The simulation and semi-analytical results for MIMO-OFCDM systems are pre

sented in this section. CSI is assumed to be perfectly known at the receiver side, and 

it is fixed for the duration of two consecutive OFCDM frames. Different system pa

rameters are used when investigating the performance with MRC, EGC and MMSE 

combining. 

Figure 4.4 presents the performance of MIMO-OFCDM systems with different 

number of receive antennas over Rayleigh fading channels using MRC. The analytical 

result for SISO-OFCDM system with Np — 8 is shown as a reference. From this 

figure we can see the slop of the curves increases as the spatial diversity of the system 

increases. The MIMO-OFCDM systems with 1, 2, and 3 receive antennas have overall 

diversity orders of 16, 32, and 48 respectively, whereas the SISO-OFCDM system has 
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Figure 4.4: BER for MIMO-OFCDM system using MRC over Rayleigh fading channel: 

NF = 8, NT = 8, K = 8 

a diversity order of 8. At the same time, we can see the accuracy of our semi-analytical 

results when compared with simulations. 

In Figure 4.5 we investigate the performance degradation caused by correlation 

among sub-carriers of interest. The MIMO-OFCDM system employs two transmit 

antennas and two receive antennas with EGC. From this figure we can see that for 

SISO and MIMO-OFCDM systems, the impact on the overall diversity order is the 

same when sub-carriers of interest have correlation. This is because the correlation 

is only present among sub-carriers from the same transmit antenna to the same re

ceive antenna. If spatial correlation exists in the MIMO system in addition to the 

correlation in frequency domain, the system performance will be degraded further. 

Figure 4.6 shows the performance of MIMO-OFCDM systems over Rayleigh fad

ing channels when MCI is introduced. The BER performance using different com-
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Figure 4.5: BER for OFCDM system using EGC over Rayleigh fading channel: Np 

8, NT = 8, K = 8 

10 12 
SNR (dB) 

Figure 4.6: BER for MIMO-OFCDM system with MCI over Rayleigh fading channel: 

NF = 16, Nr = 8, iV = 2, M = 3, K = 32 
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Figure 4.7: BER for MIMO-OFCDM system using EGC over Ricean fading channel: 

M = 3, NF = 8, NT = 8, K = 8 

bining methods are compared. The results are presented for systems running at 

twenty-five percent of full load; that is every four spreading codes are interfering 

with each other. From this figure we can see that MMSE combining offers the best 

performance where it can deliver large diversity gain when MCI is present. 

We present the performance of two MIMO-OFCDM systems over Ricean fading 

channels in Figs. 4.7 and 4.8, where three receive antennas with EGC and one re

ceive antenna with MMSE combining are used in the two systems respectively. As a 

reference, we also present system performance over Gaussian channels with the same 

number of receive antennas. Systems with different values of K are compared in both 

figures, where K represents the ratio of the dominant component to the total power 

of scattered waves in Ricean fading channels. From these two figures we verified 
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SNRb(dB) 

Figure 4.8: BER for MIMO-OFCDM system using MMSE combining over Ricean 

fading channel: M = 1, NF = 8, NT = 8, K = 8 

that as K increases from zero to infinity, the system performance converges to the 

performance on the Gaussian channel. 

4.5 Conclusion 

In this chapter we explained the transmission and detection methods for MIMO-

OFCDM systems using Alamouti scheme with M receive antennas. It was shown 

that by employing STBC, MIMO-OFCDM systems provide significantly better per

formance than SISO-OFCDM systems without affecting the system transmission rate. 

We also derived BER semi-analytical results for MIMO-OFCDM with MRC, EGC, 

and MMSE combining methods. The analytical results obtained in this chapter are 

shown to be accurate when compared with the simulated ones. In addition, More-
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over, we compared different combining methods when MCI is present, from which 

we showed that MMSE combining outperforms both MRC and EGC. Same as in 

the SISO-OFCDM cases, the analytical results we have obtained in this chapter are 

also applicable for general MIMO-OFCDM systems with different parameters over 

different fading channels. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORKS 

5.1 Conclusions 

In this section, we present a summary of the study accomplished in this thesis. 

In Chapter 3, we studied the system structure, transmission and detection method, 

and the performance of SISO-OFCDM systems in downlink transmission. The SISO-

OFCDM systems studied in this thesis involve two dimensional spreading in both 

time and frequency domains. At the receiver side, MRC, EGC, and MMSE combin

ing techniques are employed to extract diversity in frequency domain. Semi-analytical 

expressions conditioned on the channel are derived for MRC, EGC, and MMSE com

bining in systems with no MCI. The accuracy of the semi-analytical results are proved 

by comparison with the simulated ones. Also, we examined the effects of sub-carrier 

correlation and MCI on the system BER. 

In Chapter 4, we extended the results in Chapter 3 to MIMO-OFCDM systems 

when using STBC. By hiring Alamouti scheme with M receive antennas, we ex

plained the signal structure, transmission and detection methods in MIMO-OFCDM 

systems. By implementing STBC, MIMO-OFCDM systems achieve spatial diversity 

on top of the frequency diversity, which shows significant improvement on the BER 

performance compared to SISO-OFCDM systems. Moreover, we derived the semi-

analytical expressions of BER for different combining schemes in systems without 
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MCI. In addition, we checked the effect of sub-carrier correlation and MCI. The sub-

carrier correlation has similar effect for both SISO and MIMO-OFCDM systems, and 

we confirmed MMSE combining is optimal when MCI is present in both SISO and 

MIMO-OFCDM systems. 

5.2 Future Works 

There are some future works that can be extended from this thesis. 

1. We have derived the semi-analytical expressions for both SISO and MIMO-

OFCDM systems. However, these expressions are conditioned on the channels. 

When the distribution of the channel coefficient is known, closed-form analytical 

results may be obtained. 

2. In our study, we focused on systems without MCI. As mentioned in Chapter 3, 

we can approximate MCI as a Gaussian noise only when Kc > 50. However, 

how to include MCI in the semi-analytical expressions when Np < 50 can be 

another extension of our study. 

3. All the systems studied in this thesis assume downlink transmission, where the 

user data are perfectly synchronized. Therefore, the performance of up-link 

OFCDM transmission is also another interesting topic. 
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