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Abstract of thesis entitled: 

Signal Detection and Equalization in Cooperative Communication 

Systems Having Multiple Carrier Frequency Offsets 

Submitted by TIAN Feng 

for the degree of Doctor of Philosophy 

in Electronic Engineering 

at The Chinese University of Hong Kong in 

May 2009 

Different from multiple-input multiple-output (MIMO) systems, a major challenge 

for cooperative communications is the problem of synchronization because multi-

ple transmissions undertaken by cooperative systems may not be synchronized in 

time and/or frequency. With synchronization errors, conventional space-time (ST) 

codes may not be directly applicable any longer. To tackle the problem of timing 

synchronization, space-frequency (SF) coded orthogonal frequency division multi-

plexing (OFDM) cooperative systems have recently been proposed to achieve asyn-

chronous diversity due to their insensitivity to timing errors. However, these systems 

still need to face the problem of multiple carrier frequency offsets (CFOs). Since 

each node in a cooperative system is equipped with its own oscillator, the received 

signals from different relay nodes may have multiple CFOs which cannot be com-

pensated simultaneously at the destination node. For SF coded OFDM cooperative 

systems, this problem becomes more complicated because CFOs can lead to inter-

carrier interference (ICI). To address this challenge, in this thesis we consider the 

signal detection problem in cooperative systems having multiple CFOs. 

First, we investigate the effect of multiple CFOs on two classic ST codes. They 

are delay diversity and the Alamouti code. For delay diversity, we find that both its 

achieved diversity order and diversity product are not decreased by multiple CFOs 

arising from maximum-likelihood (ML) detection. For the Alamouti code, the diver-

sity product may be decreased by multiple CFOs. In the worst case situation, full 

diversity order 2 cannot be achieved. 

IV 



Since OFDM systems are robust to timing errors, we turn to an SF coded cooper-

ative communication system with multiple CFOs, where the SF codes are rotational 

based and can achieve both full cooperative and full multipath diversity orders. We 

begin with the traditional way of ICI mitigation. To preserve the performance of 

the SF code, we suggest increasing the SINR of each subcarrier but not equalizing 

the SF precoding matrix. By exploiting the structure of the SF codes, we propose 

three signal detection methods to deal with the multiple CFOs problem in SF coded 

OFDM systems. They are the minimum mean-squared filtering (MMSE-F) method, 

the two-stage simple frequency shift Q taps (FS-Q-T) method, and the multiple fast 

Fourier transform (M-FFT) method, all of which offer different tradeoffs between 

performance and computational complexity. Our simulation results indicate that the 

proposed detection methods perform well as long as the CFOs between nodes are 

small. 

For deeper insights into the SF coded communication system with multiple CFOs, 

we then carry out diversity analysis. By treating the CFOs as part of the SF codeword 

matrix, we show that if all the absolute values of normalized CFOs are less than 0.5, 

then the full diversity order for the SF codes are not affected by the multiple CFOs 

in the SF coded OFDM cooperative system. We further prove that this full diversity 

property can still be preserved if the zero forcing (ZF) method is used to equalize the 

multiple CFOs. This method, by some reasonable approximations, is actually equiv-

alent to the MMSE-F detection method. To improve the robustness of the SF codes 

to multiple CFOs, we propose a novel permutation method. With this method, the 

achieved diversity order of SF codes remains the same even when the absolute values 

of normalized CFOs are equal to or greater than 0.5. To reduce computational com-

plexity, we further propose two full diversity achievable detection methods, namely 

the ZF-ML-Zrt and ZF-ML-PIC detection methods, which are suitable for the case 

when the ICI matrix is singular. 

In summary, in this study, we demonstrate that with proper design, the SF coded 

OFDM approach can be made robust to both timing errors and CFOs in a cooperative 

communication system. 



摘要 

不同于多輸入多輸出系統（MIMO),協作通信（Cooperative communications)所 

面臨的一個主要問題是同步，包括時間同步和載波頻率同步。而當存在同步誤差 

時，傳統的空時碼（STC)在協作通信繫統中通常無法正常工作。利用正交頻分 

複用（OFDM)系統對時間同步誤差不敏感的特性，人們提出在協作通信系統中使 

用空頻（SF)編碼技術來對抗時間同步誤差。然而，SF編碼的協作通信系統依然 

需要克服多個載波偏移（carrier frequency offsets)的問題。由于協作通信系統中的 

每一個參加協作的終端都有獨立的工作振蕩器，所以在接收端有可能會存在多個 

載波頻率偏移使得接收機無法同時補償所有載波頻率偏移。在SF编码的OFDM系 

统中，此问题更加复杂，因为载波频率偏移将会导致子载波间干扰（ ICI)�從而 

嚴重降低系統性能。爲了解决這個問題，本文主要討論了當協作通信繋統中存在多 

個載波頻率偏移時，如何有效檢測信號的問題. 

首先，我們探討了多個載波偏移对两种典型ST編碼的影响。它们分别是延时分集 

(delay diversity)和 Alamouti 碼。在最大似然（Maximum-likelihood)檢測的情况 

下，我們發現多載波頻率偏移不影響延時分集的分集階數（diversity order)和碼子 

乘積距離（diversity produc t )�而多載波頻率偏移可能會造成Alamout i碼碼子乘 

積距離的减小，并且在最壞的情况下将使Alamouti碼將不能獲得滿分集增益. 

因为OFDM系统对時間同步誤差不敏感性，我們接着研究了一種SF編碼的協作通 

信系統在存在多載波頻率偏移的情况下的信號檢測問題。這裏所研究的SF碼不僅 

可以獲得滿協作分集增益，也可以獲得滿多徑分集增益。我們首先從傳統的ICI消除 

方法入手。利用綫性濾波的方法來增加系統的信擾噪比（SINR)而不是均衡掉預 

編碼矩陣。通過充分利用SF碼的碼字結構，我們提出了三種具有不同復雜度和性 

能的檢測方法。他们分别是MMSE-F，FS-Q-T和M-FFT檢測方。仿真結果表明， 

在載波偏移小的情况下，這三種方法可以取得良好的系統性能。 
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爲了进一步研究存在多載波頻率偏移的SF編碼的協作通信繁統，我們進行了分集 

增益分析。通過將ICI看成是SF碼字的一部分，我們發現當歸一化載波頻率偏移 

的絕對值小于0.5的時候，SF碼依然可以取得滿分集增益。我們進一步證明，即 

使先用迫零（Z F )均衡器消除 I C I , SF編碼的系統依然可以取得滿分集增益。此 

方法实际上近似等同于MMSE-F方法。爲了更進一步增强SF編碼的協作通信系統 

對多載波頻率偏移的抵禦能力，我們接著提出了一種交織方法。從而即使歸一化 

載波頻率偏移的絕對值大于或者等于0.5,系統依然可以取得滿分集增益。之后为 

降低计算复杂性，我又提出了兩種次最優的可以獲得滿分集增益的檢測方法。他们 

分别是ZF-ML-Zn和ZF-ML-PIC檢測方法。 

综上所述，我們的研究結果表明，通過采用適當的檢測方法，SF編碼的協作通信 

系統對時間和載波頻率同步錯誤都有較强的抵抗能力。 

VII 
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Chapter 1 

Introduction 

Summary 

Orthogonal frequency-division multiplexing (OFDM) and multiple-

input multiple-output (MIMO) have been well recognized as two key 

technologies to meet people's increasing demand for wireless commu-

nications. By applying space-time (ST) or space-frequency (SF) codes, 

MIMO/MIMO-OFDM systems can achieve spatial diversity gain to 

combat channel fading. However, the nodes in a network may not be 

able to support multi-antennas. To overcome this problem, coopera-

tive communications is proposed to allow single-antenna transmitters 

to achieve spatial diversity by cooperation. However, a major problem 

for cooperative communication systems is synchronization. In the sit-

uation that multiple transmission paths are not synchronized, both ST 

and SF codes may not work properly. Therefore in this thesis we fo-

cus on the problem of multiple carrier frequency offsets (CFOs) which 

is an inherent synchronization problem in cooperative communication 

systems. This chapter first provides an overview of OFDM, MIMO and 

cooperative communications which are the background knowledge of 

this study. Then, the problem of multiple CFOs is highlighted and the 

motivation for this investigation is deliberated. Finally, the organization 

of this thesis is outlined. 



Chapter 1. Introduction 

1.1 Introduction to OFDM and MIMO 

The demand for wireless communication service has been growing rapidly in the past 

decade and it is predicted that it will continue to grow in a more explosive manner in 

the future. High rate and reliable access to information through wireless communica-

tions is becoming an integral part of modem society. Currently, although the existing 

cellular communication systems have provided the convenience for people to talk to 

one another regardless of distances, it is still much behind people's needs compared to 

what wireline technologies can provide, e.g., high-rate internet/data/video [1,2]. Due 

to multipath propagation of electromagnetic waves, the main challenge for wireless 

communications is channel fading (including flat fading and frequency-selective fad-

ing) which is a fundamental limitation of the performance of wireless systems [3-7]. 

Orthogonal frequency division multiplexing (OFDM) and multiple-input multiple-

output (MIMO) are two key technologies to combat this difficulty [8,9]. 

OFDM 

In broadband wireless communication systems, the channels may possess a constant-

gain and linear phase response over a bandwidth smaller than the bandwidth of the 

transmitted signal, hence creating frequency-selective fading, i.e., the gain is differ-

ent for different frequency components of the received signal [3,5,7]. From the time 

domain perspective the channel response under these situations will have multipath 

delay spreads which thus lead to the transmitted signal arriving over multiple symbol 

times. In this case the channel induces inter-symbol interference (ISI) which sig-

nificantly increases equalization complexity at the receiver. The characteristics of 

a frequency-selective fading channel are illustrated in Fig. 1,1，where the channel is 

modeled as a linear system with transform function h{t) and s{t)lr{t) is the transmit-

ted/received signal in time domain. 

To combat frequency-selective fading, OFDM has been recognized as an effective 

modulation scheme in broadband wireless communications [10] and has been sue-
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Figure 1.1: Frequency-selective fading channel characteristics. 

cessfully applied in digital audio broadcasting (DAB) [11], digital video broadcasting 

(DVB) [12], the wireless local area networks (WLAN) IEEE 802.1 la / . l lg [13’ 14]， 

IEEE 802.16 family of standards and its associated industry consortium WiMax [15]. 

Recently, OFDM has also been considered as a potential air interface candidate for 

the next generation mobile wireless system. 

OFDM has been extensively studied in the last few decades since it was first 

proposed in 1970s [10，16-18]. Its basic principle is that the channel with ISI can 

be considered a linear system with non-ideal frequency response while the function 

of OFDM is to split the whole system into several frequency subchannels (slots) as 

narrow as having no ISI. In other words, OFDM converts a frequency-selective fading 

channel into a parallel collection of frequency flat fading subchannels. 

The OFDM's major advantages [9] include: 

• High spectral efficiency. For OFDM systems，the time domain waveforms 

of the subcarriers are orthogonal, yet the signal spectra corresponding to the 

different subcarriers overlap in frequency. Hence，OFDM has high bandwidth 

efficiency. 

• Simple implementation by fast Fourier transform (FFT). OFDM applies the 

discrete Fourier transform (DFT) to realize the modulation/demodulation op-

eration [16], which can be more efficiently realized by FFT. 

Low receiver complexity. Since OFDM converts a frequency-selective fading 
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channel into a parallel collection of frequency flat fading subchannels, which 

only require single-tap equalizers. 

The OFDM's disadvantages include: 

• Higher peak-to-average power ratio (PAPR). Due to inverse fast Fourier trans-

form (IFFT) at the transmitter, the OFDM modulated signal has large PAPR, 

which requires sophisticated (expensive) radio transmitters with high-power 

amplifiers operating in a very large linear range [19]. 

• Sensitivity to carrier frequency offset (CFO). OFDM is very sensitive to CFO 

which often leads to inter-carrier interference (ICI) resulting in severe degra-

dation on the performance of reception [20,21]. 

MIMO 

The demand for broadband wireless communications with large capacity, e.g. 

WLAN and cellular systems [1,2], has grown explosively during recent years. The 

challenge in designing these broadband wireless systems lies in the availability of 

a comparable quality of service (QoS) with similar cost as competing wireline tech-

nologies [8]. Both in theory and practice, people have commonly recognized that this 

increasing demand can be achieved by using multiple antennas at both the transmitter 

and the receiver, widely termed as a MIMO system which can provide both multiplex 

gain (increasing channel capacity) and diversity gain (increasing communication re-

liability) [9,22]. 

Channel capacity is the tightest upper bound on the amount of information that 

can be reliably transmitted over a communication channel. In 1948, Claude Shan-

non [23] first derived the channel capacity Csiso for single-input single-out (SISO) 

AWGN channels, given by 

Csiso = 51og2(l+SNR) bps, (1.1) 

where SNR is signal-to-noise ratio, B is the bandwidth (in Hz) of channel and bps 

means bits per second. From (1.1)，it is clear that bandwidth B is the most important 

parameter for increasing channel capacity. However, bandwidth is a very limited 
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natural resource compared to people's demand. Fortunately, MIMO opens a new 

dimension, space, in increasing channel capacity [24-27]. In [26] Foschini et. al. 

show that at high SNR，with MJMr transmit/receive antennas, and independent and 

identically distributed (i.i.d.) Rayleigh fading between each antenna pair, the capacity 

of a MIMO channel is given by 

Cmimo = min(M；, logj SNR bps. (1.2) 

It suggests that for a fixed SNR, channel capacity Cmimo can be enhanced linearly 

by increasing the number of transmit and receiver antennas in a MIMO system and 

frequency bandwidth B as well. 

The other gain provided by MIMO is diversity gain which can be used to im-

prove power efficiency. Diversity is an important technique in combating channel 

fading. Its basic idea is that if a receiver can get multiple replicas of transmitted 

signals which are over independent channel realizations through different time slots, 

frequency bands or antennas, the fading effect can be averaged by using some comb-

ing techniques. Generally, if the symbol/bit error rate of a wireless system at high 

SNR may be expressed as 

Perror(SNR)�C—�SNR乂 (1.3) 

for some positive constants c and d, we can say that the system achieves coding gain 

c and diversity gain (also known as diversity order) d [28]. Fig. 1.2 highlights the 

differences between coding gain and diversity gain. From this figure we can see that 

if the error rate is plotted versus the SNR on a log-log scale, the diversity order can 

be interpreted as the slope of the so-obtained curve and shows the speed at which the 

error rate decreases with increasing SNR，whereas the coding gain corresponds to the 

horizontal shift of the SER curve. 

Among all the diversity techniques, spatial diversity techniques are particularly 

attractive because they provide diversity gain without consuming additional trans-

mission time or bandwidth. An MJMr transmit/receive antennas MIMO system can 

provide potential spatial diversity gain MjMr [29], which can be achieved by applying 

space-time (ST) codes at the transmitter [30-33]. 
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Low SNR region 

Diversity gain 

SNR (dB) 

Figure 1.2: Schematic highlighting the difference between coding gain and diversity 

gain. 

As shown in Fig. 1.3, for ST coded MIMO systems, each N dimension informa-

tion symbol vector s is first mapped into an M, by T ST code matrix C with symbol 

rate at NjT information symbols per channel use. Then, (m - l)th (1 < m < M,) 

row of C is transmitted from the mth transmit antenna. If for any two distinct ST 

code matrices Ci and C2, the rank of the difference matrix Ci - C2 is at least equal 

to d，then diversity order Mrd can be achieved，when maximum-likelihood (ML) 

detection/decoding is used at the receiver. For carefully designed ST codes such 

as [31-33], full diversity M,Mr, i.e., the maximum diversity gain provided by MIMO 

channels, can be achieved. 

Information ^0,0' (0.1， "'» ^o.r-1 
Symbol Vector 

c = 1̂,0' 1̂,1 > …， î.r-i Maximum-
Likelihood 

Receiver 

Information 
Symbol Sequence 

ST Coding MIMO Channel H ST Decoding 

Figure 1.3: Space-time coded MIMO system. 

Due to their advantages, the combination of these two powerful techniques, 

MIMO and OFDM, and consequently referred to as MIMO-OFDM, has become 

a promising broadband wireless access scheme for next generation high-data-rate 

wireless systems [8]. In case of frequency-selective fading channels, there is an ad-
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ditional source of diversity, which is multipath diversity. Due to the existence of 

multiple propagation paths between each link, the total achievable diversity order is 

Mr Zj^i Li, where L, is the number of independent paths for the ith link [34,35]. Thus, 

it is of interest to consider coding schemes for MIMO-OFDM systems to achieve both 

spatial and multipath diversities. Toward this approach space-frequency (SF) codes 

are proposed in [34,36-39], where the coding is across space (transmit antennas) and 

frequency (OFDM subcarriers), and space-time-frequency (STF) codes are proposed 

in [40-43], where the coding is likewise across different OFDM symbols. 

1.2 Introduction to Cooperative Communication 

As introduced in Chapter 1.1，the advantages of MIMO systems have been widely 

acknowledged, to the extent that certain transmit diversity methods (e.g., Alamouti 

codes [33]) have been incorporated into wireless standards (e.g., 802.16 [15]). Al-

though transmit diversity is clearly advantageous on a cellular base station, it may not 

be practical for other scenarios. Specifically, due to size, cost, or hardware limita-

tions, a wireless agent may not be able to support multiple transmit antennas. Exam-

ples include most handsets (size, power) or the nodes in a mobile cellular network, 

wireless sensor networks, home networks (e.g., HomeRF)，device networks (e.g., 

Bluetooth), and Ad Hoc networks [44]. 

To tackle this problem, a new class of methods called cooperative communica-

tion has been proposed [45-^9]. Its basic idea is that by sharing the single antennas 

of single transmitters in a network, several single-antenna transmitters can form a 

virtual multi-antenna transmitter to achieve transmit diversity through cooperation. 

The concept of cooperative communications is based on two properties of wireless 

communications. First, it is in the nature of wireless communications to broadcast. 

This means that transmitted signals can be received by some other nodes apart from 

the destination node at the same time. Second, spatially distributed nodes have dif-

ferent propagation conditions indicating that the fading of each link between nodes 

is independent from one another. Thus, it is possible that the destination node can 

collect multiple independently faded replicas of the transmitted signal. Therefore, 



Chapter 1. Introduction 

cooperative communications generate spatial diversity in a new and interesting way. 

Fig. 1.4 illustrates a typical two phase cooperative protocol. In phase one, the 

source node broadcasts information to all potential relay nodes. In phase two, since 

all the R relay nodes have the same information transmitted from the source node, 

they can assist in communicating with the destination node to achieve spatial diver-

sity by forming a virtual multi-antenna transmitter. For example, each relay node 

just works as one transmit antenna of a multi-antenna transmitter and transmits one 

row of an ST/SF code matrix [47，49, 50]. Generally, according to the transmis-

sion schemes applied by relay nodes, cooperative protocols are classified into two 

types: the amplifying-and-forwarding (AF) cooperative protocol and the decoding-

and-forwarding (DF) cooperative protocol [48,51]. For the DF cooperative protocol, 

before retransmission all relay nodes need to decode or detect the received informa-

tion symbols. In a case for DF cooperative protocol as shown in [47], the relay node 

will join the cooperative transmission only if in phase two the received symbols are 

decoded correctly. On the other hand, in the AF cooperative protocol, there is no 

need to detect or decode the received information symbols at relay nodes. For ex-

ample, in the cooperative protocol proposed in [50], without decoding, each of the 

R relay nodes uses a noise version of the received information symbols to generate 

a row of linear dispersion ST code matrices. Although the noise is amplified during 

the transmission in phase two, the destination node will still achieve diversity gain. 

Relay-1 

s 
Source 

Relay-fl 
Destination Source 日归丨gy.— J ^ / Z Destination 

Figure 1.4: A two phase cooperative protocol. 

From the above description, it is clear that the most attractive advantage of co-

operative communications compared to traditional (non-cooperative) communica-

tions is that it enables single-antenna transmitters to achieve spatial diversity. By 
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using appropriate cooperative protocols, a full diversity achieving ST or SF code 

for MIMO or MIMO-OFDM systems may be directly applied to a cooperative sys-

tem [47,49,50,52]. However, from a practical point of view and due to its distributed 

property, a major disadvantage of cooperative communication is that it is difficult to 

realize accurate synchronization in either time or carrier frequency [53]. 

relay-1 

source destination 

Figure 1.5: A cooperative system with synchronization errors. 

Fig. 1.5 illustrates a cooperative system with synchronization errors, where gi 

{I < i < R) is the channel coefficient for the link from the source node to /th re-

lay node and hk, and Afk (1 < A: < /?) are the channel coefficient, time delay 

and carrier frequency offset (CFO) for the link from /rth relay node to the destina-

tion node, respectively. From this figure, we can observe the following two points. 

First, since relay nodes are located at different places, the time delay from each relay 

node to the destination node t^ may be very different compared to that of MIMO 

systems. Second, since each node in a cooperative system is equipped with its own 

oscillator, at the destination node, multiple CFOs may exist, which are difficult to be 

compensated simultaneously. 

Without the assumption of synchronization, the advantages of cooperative com-

munications would not hold much. In the presence of different time delays in the 

received signal, the destination node may not sample at the optimal sampling time 

of all the components which are transmitted from different relay nodes. Accord-

ing to the Nyquist ISI criterion, for the non-optimally sampled components, each 

symbol will contribute ISI to its neighbors leading to degraded performance of the 

system [3,5], In the case that all different time delays are multiples of an information 
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symbol duration, although at the destination node all the components of the received 

signal can be optimally sampled, the equivalent ST code matrix would be a row-

wise shifted version of C due to different time delays. As such, the row-wise shifted 

ST codes may not be able to preserve their original good properties such as fast de-

coding or full diversity achievement. For example, the orthogonal ST block codes 

(STBC) [32,33] would lose their fast decoding property. For some delay profile, the 

well-known Alamouti code [33] and delay diversity cannot achieve full diversity any 

longer. On the other hand, multiple CFOs can degrade the performance of cooper-

ative communication systems, as well. Generally, CFOs cause channels to change 

with time. If time-varying channels are not compensated, e.g., by equalization, in 

detection, the communication system will suffer from ISI [5,54,55]. However, we 

cannot be sure whether the equalization based detection methods can still achieve 

full diversity gain. Furthermore, if we incorporate the effect of CFOs as a part of an 

ST code matrix, each entry of the ST code matrix will be rotated by CFOs. Once the 

structure of the ST code matrix is changed, the ST codes may not hold their good 

properties. In chapter 3’ we will see that in the presence of multiple CFOs’ Alamouti 

code not only loses fast decoding property but also in the worst case scenario cannot 

achieve full diversity order 2. For SF coded cooperative communication systems, 

multiple CFOs become more stringent because OFDM's sensitivity to it can lead to 

ICI and result in severe degradation of system performance. 

1.3 Motivation of This Study 

As discussed in great detail in Chapter 1.2, a major problem of cooperative commu-

nication systems is synchronization. Currently, most of the distributed ST coding 

strategies only consider the synchronous scenario [47,49,50,52,56-59], i.e., all the 

nodes in the cooperative system are perfectly synchronized in both time and carrier 

frequency. However, without the assumption of synchronization, the good properties 

of these strategies may not hold any longer. 

To avoid synchronization, some works have already been performed (see for ex-

amples [60-66]). In [60]’ the time reversal ST block codes [67-69] are used, where 

10 
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although the requirement for time synchronization is relaxed, the rate of the con-

structed code is low. In [61], a delay diversity [30] based asynchronous cooperative 

communication strategy is proposed, where at the destination node, the minimum 

mean square error (MMSE) estimator is used to achieve some diversity gain. How-

ever, full diversity is not guaranteed for any delay profile. In [63], delay-tolerant 

distributed threaded algebraic ST block codes are proposed. However, their symbol 

rate is low. In [64,65], a family of ST trellis codes, which can achieve the full di-

versity property under any delay profile, is proposed. Due to the fact that OFDM are 

robust to timing errors, in [62] Alamouti ST coded OFDM is proposed to achieve 

full asynchronous diversity, where the paths from relay nodes to destination node are 

treated as multipaths. Based on this idea, the SF coded OFDM system is proposed 

in cooperative communication systems [66], where the applied SF codes can achieve 

both full cooperative and full multipath diversities when a channel from a relay node 

to the destination node is, by itself, frequency-selective. 

However, all the above works do not consider the multiple CFO problem, which 

may exist in cooperative communication systems. Since at the destination node mul-

tiple CFOs cannot be compensated simultaneously via mixing with a sinusoid [70], 

the problem is more different and complex than non-cooperative systems, where only 

one CFO exists. Because OFDM is very sensitive to CFO which often leads to ICI, 

combating multiple CFOs has been an urgent issue for OFDM based cooperative 

communication systems [62,66,71]. Without ICI mitigation, OFDM systems will 

quickly suffer from an error floor. On the other hand, even single-carrier systems 

are not as sensitive as OFDM systems to CFO, multiple CFOs may not be ignored 

for single-carrier cooperative communication systems as well. First, current or fu-

ture communication systems are almost certainly to be located well above the 2 GHz 

band used by the third generation (3G) cellular communication system. Since a good 

oscillator only guarantees a frequency reference with an error of the order of parts-

per-million (PPM), a CFO of dozens of KHz is possible. With multiple CFOs, the 

channels become time-varying, and can lead to ISI [54,55,72,72,73]. Second, for 

long block transmission schemes (see for example [61,64]), the phase rotation caused 

by CFO is accumulated with the increment of the symbol index in a transmission 

11 
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block. Therefore for the last few information symbols in a transmission block, the 

phase rotation may not be be ignored. 

Recently, the multiple CFO problem has been considered in [74,75]. In [74], a 

subcarrier-wise Alamouti coded OFDM system is considered and a simplified zero-

forcing (ZF) equalizer is applied to suppress ICI, where the equalization matrix in-

verses need to be retaken for every OFDM symbol even in a channel coherent time. 

In [75], delay diversity is considered and an MMSE decision feedback equalizer 

(DFE) is employed by the destination node, where multiple CFOs are compensated 

at each symbol index. However, the process by which multiple CFOs affect the delay 

diversity from the view of ST codes design is not analyzed. 

In this thesis, we study the multiple CFO problem in cooperative communication 

systems. The goal of this research is to design effective and efficient signal detection 

methods to combat ISI/ICI caused by multiple CFOs in cooperative communication 

systems. Additionally, we also try to answer the following questions: 

• How do multiple CFOs affect the diversity order or coding gain achieved by 

ST or SF codes? 

• How much diversity gain can our proposed detection methods achieve? 

In this study, we consider three kinds of typical ST or SF codes. The first is de-

lay diversity [30] which may be the simplest ST code and one which has been used 

in [61] to achieve asynchronous cooperative diversity. On the other hand, for de-

lay diversity, compensating multiple CFOs during the decoding procedure does not 

increase the computational complexity much, because for the ML sequence detec-

tion (MLSD), compensation of CFOs in the computing branch metric nearly add on 

additional computation burden. The second is the well-known Alamouti code [33] 

which not only can achieve full diversity order 2，but also has full rate one. More 

importantly, it possesses only linear decoding complexity. Due to these good prop-

erties, the Alamouti code has been adopted in many cooperative strategies such 

as [49’ 52’ 60’ 76]. The third is a family of rotation-based SF codes [36,37,39]. Com-

pared with codes used in [61] and [74], these SF codes are powerful in the sense that 

they can achieve both full cooperative and full multipath diversity orders, and their 

12 
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rate is always equal to one regardless of the number of transmit antennas. In [66,77], 

these SF codes have been realized in a distributed fashion in either AF or DF pro-

tocols to obtain both full cooperative diversity and full multipath diversity orders. 

Since OFDM systems are not sensitive to timing errors, these SF codes may be well 

applied in broadband cooperative communications. 

Throughout this study, full channel knowledge including CFOs at the destina-

tion node is assumed. In practical systems, the channel knowledge with acceptable 

quality can be obtained by using training based methods [78,79]. Furthermore, how 

estimation errors affect SF codes may be a research direction in the future. 

1.4 Contributions of This Thesis 

The major contributions of this thesis are highlighted as follows: 

• We analyze the effect of multiple CFOs on delay diversity and Alamouti code. 

For delay diversity, we find that multiple CFOs do not affect its achieved diver-

sity order and diversity product. For Alamouti code we find that its achieved 

diversity product may be decreased by multiple CFOs, and that in the worst 

case scenario it cannot achieve full diversity order 2. 

• We consider the signal detection problem in an SF coded cooperative com-

munication system with multiple CFOs, where the SF codes proposed in 

[36’ 37’ 39] are applied. By fully exploiting the structure of the SF codes, we 

propose three signal detection methods to deal with the multiple CFO prob-

lem. They are the minimum mean-squared error filtering (MMSE-F) method, 

the two-stage simple frequency shift Q taps (FS-Q-T) method，and the multiple 

fast Fourier transform (M-FFT) method, all of which offer different tradeoffs 

between performance and computational complexity. Our simulation results 

indicate that our proposed detection methods work well as long as CFOs are 

small. 

• We further conduct diversity analysis for the considered SF coded cooperative 

communication system. We show that the full diversity property still holds for 

13 
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this family of SF codes [36，37,39] when there are multiple CFOs from relay 

nodes under the condition that the absolute values of normalized CFOs are less 

than 0.5. We also prove that this full diversity property is still preserved if we 

seek to reduce the receiver complexity by using a ZF method to equalize the 

multiple CFOs, before applying ML decoding. In addition, to further improve 

the robustness of this family of SF codes to multiple CFOs, we also propose 

a novel permutation (interleaving) method，by using which the SF codes can 

still achieve full diversity, even when the absolute values of normalized CFOs 

are larger than or equal to 0.5. For the case that the inter-carrier interference 

(ICI) matrix is singular, to avoid jointly considering all the subcarriers, two 

suboptimal full diversity achievable detection methods are proposed as well. 

Since OFDM system is robust to timing errors, we can conclude that this SF 

coded OFDM system is robust to both timing errors and CFOs. 

Part of the results in this thesis have appeared or will appear in major competitive 

conferences in the area of wireless communications [80-84]. Moreover, the work 

regarding signal detection in an SF coded cooperative communication system with 

multiple CFOs has recently accepted as a full paper in IEEE transactions on vehicular 

technology [85]. 

1.5 Organization of This Thesis 

The rest of this thesis is organized as follows: 

Chapter 2 provides a brief review of ST and SF codes. The ST and SF codes 

design criteria are described. Furthermore, the structures of some typical ST and 

SF codes, i.e., delay diversity, orthogonal ST block codes (OSTBC) and a family of 

rotation-based SF codes, are introduced. 

Chapter 3 gives an introduction to cooperative communication, e.g., motivation 

and some typical cooperative protocols. Then, the problems of time and carrier fre-

quency synchronization in ST and SF coded cooperative communication systems are 

discussed. Finally, the effect of multiple CFOs on delay diversity and the Alamouti 

code is analyzed in great detail. 

14 
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In Chapter 4, we consider the signal detection problem in an SF coded coop-

erative communication system, where the applied SF codes are rotation-based and 

can achieve both full spatial and multipath diversities in a multi-antenna system. By 

exploiting the structure of SF codes，we propose three effective and efficient signal 

detection methods for the SF coded cooperative system with multiple CFOs. 

In Chapter 5, following the work in Chapter 4, we conduct an extensive inves-

tigation on the effect of multiple CFOs in the SF coded cooperative communication 

system. We find that under the condition that the absolute values of normalized CFOs 

are less than 0.5，these SF codes can still achieve full diversities. After that, we fur-

ther introduce a novel permutation (interleaving) method to improve the robustness 

of SF codes to multiple CFOs. To reduce computational complexity, we also propose 

three full diversity achievable two-stage detection methods applicable to different 

cases of multiple CFOs. 

Chapter 6 summarizes this thesis and presents our perspectives for future work. 

• End of chapter. 
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Chapter 2 

Spatial Diversity Techniques 

(Multi-Antenna Coding) 

Summary 

For wireless communications, it has been well recognized that diversity 

is an effective way to combat channel fading. Among all the diversity 

techniques, spatial (antenna) diversity is popularly attractive, which can 

be achieved by applying multi-antenna coding, e.g., space-time (ST) 

coding and space-frequency (SF) coding at the transmitter without con-

suming additional time and frequency resources. In this chapter, we 

begin with an overview of channel fading and diversity techniques. Af-

ter that we focus on multi-antenna coding. We shall introduce ST codes 

design criteria for MIMO flat fading channels. As examples, two typi-

cal full diversity achievable ST codes are reviewed. After that, we shall 

discuss SF codes design techniques for MIMO frequency-selective fad-

ing channels, where there is an additional source of diversity, namely 

multipath diversity. A family of rotation-based SF codes will also be 

reviewed. These codes can achieve both full spatial and full multipath 

diversity orders. 
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2.1 Challenge of Wireless Communications 

Although wireless communications have been growing rapidly in the past decade, it 

is apparent that we are still at the early stage of a full development of the wireless 

world. Today, high demands for fast and reliable transmission over wireless channels 

motivate the unprecedented development of communication systems towards the high 

date-rate, low error probability and low complexity implementation. To satisfy all 

these demands, channel fading is the major challenge to be overcome. 

2.1.1 Fading 

Due to multipath propagation, channel fading places fundamental limitations on the 

performance of wireless communications [3-7]. For wireless channels’ the emitted 

electromagnetic waves often do not reach the receive antenna directly due to obsta-

cles blocking the line-of-sight path. In fact, the received waves are often a superposi-

tion of waves coming from all directions due to reflection, diffraction, and scattering 

caused by buildings, trees, and other obstacles. This effect is know as multipath 

propagation [3,5,6]. Fig.2.1 illustrates an example of multipath propagation in a 

terrestrial environment. 

Since the received signal consists of an infinite sum of attenuated, delayed, and 

phase-shifted replicas of the transmitted signal, depending on the phase of each par-

tial wave, the superposition can be either constructive or destructive. Therefore, the 

strength of the received signal may be increased or decreased, amplified or atten-

uated. This is the phenomenon of multipath fading [3，5，6]. Thus fading is the 

distortion that a carrier-modulated telecommunication signal experience over certain 

propagation media. Fundamentally, fading causes poor performance in traditional 

wireless communication systems because the quality of the communication link de-

pends on a single path or channel, and due to fading there is a significant probability 

that the channel will experience a deep fade, i.e., the received signal-to-noise ratio 

(SNR) is seriously degraded. In this case the receiver often suffers from burst er-

rors [3,6], i.e., errors with strong statistical correlations to each other. 

Further defining coherence bandwidth as the minimum separation of frequencies 
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Figure 2.1: Typical wireless radio scenario illustrating multipath propagation in a 

terrestrial environment. 

over which the channel can be considered flat (i.e., a channel which passes all spectral 

components with approximately equal gain and linear phase) [5], fading channels are 

generally classified into flat fading channel and frequency-selective fading channel 

[3]. An example of frequency-selective fading channel is shown in Fig.1.1. 

For the flat fading channel, the coherence bandwidth of the channel is larger than 

the bandwidth of the transmitted signal. Therefore, all frequency components of 

the signal will experience the same magnitude of fading. Generally, the flat fading 

channel is modeled as 

y = hs + w, (2.1) 

where y is the output of channel, s is the transmitted information symbol, w is the 

noise term which is modeled as white Gaussian random variable with zero mean 

and variance cr^. Such noise is called additive white Gaussian noise. Here, h is the 

channel gain and is modeled as a complex Gaussian random variable with zero mean. 

This model is made for the fading effect induced by local scattering in the absence of 

a line-of-sight component [3-5,7]. 

For the frequency-selective fading channel, the coherence bandwidth of the chan-
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nel is smaller than the bandwidth of the transmitted signal [3,7]. Different frequency 

components of the received signal therefore experience different magnitude of fading. 

In the time domain, frequency-selective fading often leads to inter-symbol interfer-

ence (ISI) which significantly increases equalization complexity at the receiver [3]. 

The frequency-selective fading channel is generally modeled as a finite impulse re-

sponse (FIR) filter with impulse response h as 

h{T) = ^ai6{T-Ti), (2.2) 

where L is the number of resolvable paths (multipath). The delay and channel gain 

for the Ith multipath are t, and a/, respectively, where or； is modeled as a zero mean 

complex Gaussian variable. 

2.1.2 Diversity 

For wireless systems, the reliable communication depends on the strength of the 

channel gain between the transmitter and the receiver. Generally, there is a fairly 

high probability that the channel will be in deep fading, e.g., for the signal model 

(2.1). When the channel is in deep fading, any communication scheme will likely 

suffer from errors. A natural solution to improve the performance is to ensure that 

the information symbols pass through multiple channels, each of which fades inde-

pendently, making sure that reliable communication is possible as long as one of the 

channels is strong enough. This technique is called diversity [7]. 

1 _ 

Different Frequency 

Different Time Slot Combining 

Figure 2.2: The illustration of diversity technique. 

Diversity is a powerful technique to improve the performance of wireless com-
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munication systems over fading channels. Fig.2.2 shows an example of diversity 

techniques. If a receiver can get multiple replicas of the signal that are transmit-

ted over essentially independent channels through different time slot, frequency band 

or antenna, then the fading effect can be averaged by using some combining tech-

niques [3,7]. Two measures to evaluate diversity techniques are diversity gain and 

coding gain which have been introduced in Chapter 1.1. 

For deeper insights into the diversity technique, here we give a simple example -

repetition coding [7], which can clearly show the essence of diversity techniques. 

Without repetition, the signal model is given by 

广 ^ / i j + w’ (2.3) 

where p is the transmitting power, s is transmitted information symbol with unit 

power, channel coefficient h is modeled as zero-mean complex Gaussian random 

variable with unit variance and w denotes the additive complex Gaussian noise with 

zero mean and unit variance. Therefore, p is the average received SNR and for a 

given channel h, the instantaneous received SNR is p\hf denoted by SNRi. 

For repetition coding, the same information symbol s is transmitted L times 

through independent fading channels, e.g., different time slot, frequency band or re-

ceive antenna. Then, we have the signal model 

y = ^ h s + yv, (2.4) 

where y = {yi.yi,---，：Vl^T’ h = ，"zJ^’ and w = [wi，w2，-.-，wẑ f. The 

elements of h and w are i.i.d zero mean unit variance complex Gaussian random 

variables. Note that due to the scalar xZTTZ, repetition coding does not increase 

transmitting power. For the maximal ratio combining (MRC) detection method [3], 

timing y by h"^/||h||2，we have the single-input single-output (SISO) model 

h啊 h啊 
J t M i s + ^ v ^ - (2.5) INb" � L ' ' llhib 

For the equivalent signal model (2.5)，the instantaneous received SNR is p||h||-/Z^， 

denoted by SNR^. Since the elements of h are i.i.d. complex Gaussian random vari-

ables, the term in SNR^ ||h||圣=Xf=i is Chi-square distributed with 2L degrees 

of freedom [86]. Furthermore, due to the law of large numbers, HhH /̂L converges 
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to E(2f=, \hif)IL = 1 with increasing L. Fig.2.3 plots the distribution of ||h||2/L for 

different values of L. It is clear that the larger the L is, the lighter the tail of the 

distribution near zero is. This means that without increasing the transmitting power, 

the probability of the overall channel gain being small is drastically decreased with 

increasing L, 

distribution of ||h||^L 

0.9 

0. 

0 

0 

0 

0 

0 

0. 

0.1 

Figure 2.3: The probability density function of ||h||�/Z> for different values of L. 

It has been derived in [5,7] that at high SNR, the symbol/bit error rate of the 

repetition coded system has the following form as 

rip) ~ ap (2.6) 

where the constant a depends on the value of L and modulation methods. From (2.6), 

diversity order L is clearly achieved by repetition coding. Fig.2.4 shows the SER per-

formance of a binary phase shift keying (BPSK) modulated repetition coding scheme 

for different values of L. We can see that increasing L drastically improve the SER 

performance since the SER decreases as the Lth power of SNR, which corresponds 

to a slop of -L in the SER curve (in dB scale). 
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15 
SNR(dB) 

Figure 2.4: The SER performance of a BPSK modulated repetition coding scheme 

for different values of L. 

2.1.3 Multi-Antenna Coding 

From the previous introduction, it is clear that diversity is a powerful technique for 

combating fading in wireless communication systems. Among all of the diversity 

techniques, spatial diversity, or antenna diversity techniques, are particularly attrac-

tive in that they provide diversity gain without consuming additional transmission 

time or bandwidth. Spatial diversity can be obtained by placing multiple antennas at 

the transmitter and/or the receiver. If the antennas are placed sufficiently far apart, 

the channel gains between different antenna pairs fade more or less independently, 

and independent signal paths are created [7]. 

There are two ways of exploiting spatial diversity, i.e., receive diversity and trans-

mit diversity [7,29]. For receive diversity, multiple antennas are only equipped at the 

receiver to form a single-input multiple-output (SIMO) system. Hence, at the receiver 

independently faded multiple replicas of the transmitted signal can be obtained. Thus 

by combining these signals from the multiple receive antennas, e.g., MRC, spatial di-

versity can be achieved. Actually, many established cellular communication systems 

today use receive diversity at the base station. For example, a base station in the 
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Global System for Mobile communications (GSM) [87] typically equips two receive 

antennas. However, deploying multiple antennas at the receiver is often not feasible 

due to cost or space limitations. Instead, for transmit diversity, spatial diversity can 

also be achieved by deploying multiple antennas at the transmitter in combination 

with multi-antenna coding techniques. [30-33,88-90]. 

In the rest of this chapter, first we briefly review the space-time (ST) coding 

techniques for MIMO flat fading channels. Then, we focus on the space-frequency 

(SF) coding techniques for MIMO frequency-selective fading channels. Especially, 

the typical ST and SF codes are also introduced. 

2.2 Space-Time Codes for Flat Fading 

In this section, we briefly review the techniques of ST codes including design criteria 

and typical ST codes [29’ 32，33]. 

2.2.1 Design Criteria of ST Codes 

As shown in Fig. 1.3’ we consider an ST coded MIMO system with M, transmit an-

tennas and Mr receive antennas. For ST coding, an iV x 1 information symbol vector 

s = [si, ， w h o s e elements are selected from a signal constellation such 

as phase shift keying (PSK) or quadrature amplitude modulation (QAM), is encoded 

into an M, X r ST code matrix C by some coding strategies as follows: 

Cl,l Ci’2 . . . Cij 

C2,l C2,2 … C 2 , T c = (2.7) 

Cm„1 CM„2 . . . CM,, 

where (1 < z < M,, I < k < T) denotes the (z, k)th element of C. Then the ith 

row of C is transmitted from the ith transmit antenna and for each channel use one 

column of C is transmitted from M, transmit antennas. Hence the rate of an ST codes 

is defined as the number of information symbols transmitted per channel use and is 

given by 
N 

(2.15) 
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Assuming the channel between each transmit/receive antenna pair is under quasi 

static flat fading, i.e., the channel does not change over T channel uses, we can ex 

press the MIMO channel matrix H as 

^2,1 ^2,2 ‘ • . ^2,Mr 
H = (2.9) 

where hi’m is the channel gain between the mth transmit antenna and ith receive an-

tenna for I <i < Mr and 1 < m < Mf All of the MrMi channel gains are modeled as 

i.i.d. complex Gaussian variables with zero mean and unit variance. 

At the receiver, the received M ^ x T signal matrix Y is given by 

= V I h c + W’ (2.10) 

where W is the M, x T additive complex Gaussian noise matrix whose elements 

are i.i.d. complex Gaussian variables with zero mean and unit variance. The factor 

yjplMt ensures that p is the average SNR at each receive antenna, independent of the 

number of transmit antennas. 

Assume that the channel is perfectly known to the receiver, the maximum-

likelihood (ML) detector is given by 

C = argmin c
 

H
 

I
 (2.11) 

and the minimization is where || A ||/r strands for Frobenius norm of the matrix 

performed over C, the set of all ST code matrices [29,32]. 

Let C and C be two distinct ST code matrices encoded from two distinct infor-

mation symbol vectors s and s. Then an upper bound of pair-wise error probability, 

i.e., the probability that the ML detection mistakes the transmitted code matrix C by 

C, can be shown to be [31,32]: 

-Mr I p 
PiC ->C)< (n二 1 不 

-yMr 

AM, 
(2.12) 

where y is the rank of the matrix C - C and ，/I2，…,/ly are the nonzero eigenvalues 

of the matrix ( C - C ) ^ ( C - C ) . Based on the above pair-wise probability upper bound, 

the design criteria of the ST codes can be stated as follows: 
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• Diversity (Rank) criterion: The minimum rank of the matrix C - C over all 

pairs of distinct code matrices C and C in the ST code matrix set should be as 

large as possible. 

• Product criterion: The minimum value of the product IlT^j/l/ over all pairs of 

distinct code matrices in the ST code matrix set should be as large as possible. 

The other two major considerations on ST design are the rate defined in (2.8) 

and the decoding complexity. In the remainder of this section, we will briefly review 

two kinds of ST codes with different tradeoff among the diversity, rate and decoding 

complexity. 

2.2.2 Delay Diversity 

Delay diversity is the simplest ST codes lo achieve transmit diversity and is proposed 

in [30,88]. For delay diversity (see Fig.2.5), the first transmit antenna directly trans-

mits the N dimension information symbol stream/vector s = [^i, ^2, • • • , Sn] while 

the mth (2 < m < M,) transmit antenna transmits the same stream s delayed by m - 1 

symbol intervals. Actually, if the symbol delay applied by each transmit antenna is 

different from one another, full diversity gain can be achieved. 

Figure 2.5: Delay diversity. 

Delay diversity is a kind of ST trellis codes [31]. In a certain case, it can be also 

regarded as ST block codes [32], since we can stack the stream transmitted by each 
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transmit antenna to a wide ST code matrix as 

C = 

Si S2 

0 Si 

0 0 

SM, Sn 

SN- SN 

0 

0 
0 

sn 

(2.13) 

In principle, same as the ST trellis codes, the detection of the delay diversity 

code requires an ML sequence detection (MLSD) algorithm, which is commonly 

implemented via the Viterbi algorithm. Thus the major drawback of delay diversity is 

its high decoding complexity which grows exponentially with the number of transmit 

antennas. Fortunately, because of the linearity of delay diversity code, delay diversity 

code can be decoded by zero-forcing (ZF)，minimum mean square error (MMSE) 

and minimum mean square error decision feedback equalizer (MMSE-DFE) linear 

receivers. It can be shown that delay diversity code can also achieve full diversity 

gain when using these linear receivers as indicated in some recent results in [91,92]. 

2.2.3 Orthogonal STBC 

Orthogonal space-time block codes (OSTBC) may be the most important subclass 

of linear space-time block codes (STBC), because OSTBC not only achieves full 

diversity order but also guarantees to decouple the vector s ML detection 

problem into simple scalar Si detection problems for 1 < i < A'̂ . OSTBC has the 

following unitary property: 

ZI〜.丨: 
(2.14) 

where Im, is the M, x M, identity matrix. This property is the major reason which 

leads to the low decoding complexity of OSTBC [32,33]. 

The first OSTBC is the Alamouti code proposed in [33], which is a rate-one 

OSTBC designed for two transmit antennas. It has the following code matrix 

S2 S 
(2.15) 
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and it is easy to verify that CsCf = (l^ip + h- Later a systemic design of 

OSTBC for any number of transmit antennas is proposed in [32]. For an arbitrary 

complex constellation such as PSK and QAM the proposed OSTBC cannot achieve a 

symbol rate greater than 1 /2 for any number of transmit antennas. Only for three and 

four transmit antennas, a rate 3/4 OSTBC exists. Since then OSTBC design for more 

than four transmit antennas has greatly attracted people's research interest [93-97]. A 

rate (�M,/21 + 1)/(2�M,/21) general OSTBC design is proposed in [96] for M, < 18. 

In [95], it is shown that the symbol rate of OSTBC with fast ML decoding cannot be 

greater than 3/4 for more than two transmit antennas. 

2.2.4 Illustration of Performance of ST Codes 

In order to investigate the SER performance of delay diversity and OSTBC, in this 

subsection, we simulate a system with two transmit antennas and one receive an-

tenna. The channels are under flat fading and quadrature phase shift keying (QPSK) 

modulation is employed. 

Fig.2.6 shows simulation results. From them we can see that both delay diversity 

with either the MLSD or MMSE-DFE receiver and the Alamouti code significantly 

outperform the non-coded SISO system, since these two codes can achieve diversity 

order 2. Alamouti code has the best performance. Delay diversity with the MLSD re-

ceiver has a better SER performance than that of the delay diversity with the MMSE-

DFE receiver, since MLSD is the optimal detection method. For the MMSE-DFE 

receiver, the length of feedforward and feedback filter is 8 and 1，respectively, and 

the detection delay is 7. 

2.3 Space-Frequency Codes for Frequency-Selective 

Fading 

In Section 2.1.3，the ST codes design criteria for MIMO flat fading channels are 

reviewed and two ST codes are briefly introduced. For broadband wireless commu-

nications, the MIMO channels may be under frequency-selective fading which often 
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Figure 2.6: SER performance of delay diversity and Alamouti code with QPSK mod-

ulation. 

leads to ISI. Thus those ST codes designed for flat fading channels may not work any 

longer. Since OFDM technique can convert the frequency-selective fading channel 

into a parallel collection of frequency flat fading subchannels, it is a natural idea to 

combine OFDM with MIMO, referred as MIMO-OFDM, to tackle the problem of 

ISI [8,9]. 

For MIMO-OFDM systems, ST codes can be directly applied at each subchan-

nel to achieve diversity order However，in case of frequency-selective fading 

channels, there is an additional source of diversity, multipath diversity, which cannot 

be achieved by subcarrier-wise ST coded MIMO-OFDM systems. Due to the exis-

tence of multiple propagation paths in each link, the total achievable diversity order 

is LMtMr, where L is the number of independent paths for each link [34,35]. Thus it 

is of interest to consider coding strategies for MIMO-OFDM systems to achieve both 
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spatial diversity and multipath diversity. Toward this approach different SF codes are 

proposed in [34，36-39], where the coding is across not only space (transmit anten-

nas) but also frequency (subcarriers). 

In this section, we first give the design criteria of SF codes derived for MIMO-

OFDM systems under frequency-selective fading and then review a family of full 

rate rotation based SF codes [36，37，39]. 

2.3.1 Design Criteria for SF Codes 

Channel Model 

We consider a MIMO-OFDM system with Mt transmit antennas and M^ receive an-

tennas [39,98]. The number of OFDM subcarriers is equal to N. The channel be-

tween each transmit/receive antenna pair is under frequency-selective fading with L 

independent paths. Moreover we also assume that MIMO channels are quasi-static 

over each code matrix, i.e., the channel gains keep constant for one OFDM symbol 

interval. The channel impulse response from the mth (1 < m < M,) transmit antenna 

and ith (1 < i < Mr) receive antenna is denoted as 

L-\ 

/ V = X X ; „ _ T - T / )， (2.16) 

1=0 

where t/ is the /th delay and or,,„(/) denotes the channel gain of /th multipath between 

mth transmit antenna and ith receive antenna. All Qr,' „,(/) for 1 < m < M,，\ < i < Mr 

and 0 < / < L - 1 are independent zero-mean complex Gaussian random variables. 

We assume that the link between each transmit/receive antenna pair has the same 

normalized power delay profile. Thus we have E(|Qr/’;„(/)p) = erf and Zfc/ = 1. 

Note that for cooperative communications, this assumption may not be appropriate, 

since the channel profiles from different relay nodes to the destination node may be 

much different compared to that of MIMO systems. In Chapter 5, we will consider 

the general case where the channel profiles are not the same for all channels. We 

further assume that all the delays are rounded to the sampling position, i.e., t , is an 

integer multiple of l/Fs, where Fj is the sampling frequency. Then the frequency 

response of the channel (2.16)，= >(0), //,>(!), • • • ’Hi’„XN - 1)]" ,̂ can be 
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given by 

= (2.17) 

where h,-^ : [(̂ ,»(0)，a,>>(l)’ … ， 乙 - 1 ) ] ^ and F = [「。’广，…， f^乙The 

column vector P = [l’r'，•. • ’ 严 , ] � ’ where ‘ = exp(—增）and Ts is the OFDM 

symbol duration. 

Signal Model 

Each SF code matrix C is an Â  x M, matrix and is encoded from an TV x 1 informa-

tion symbol vector s whose elements are from QAM or PSK constellation set with 

normalized unit power [39，98]. The symbol rate per channel use is defined as 

We write the SF code matrix C as 

C = 

穴 4 

Ci C2 •• 

CU Ci’2 

C2A C2,2 

(2.18) 

Cm, 

ClM, 

C2M, (2.19) 

CN,\ Cn’I ‘ . . CNMt 

where mth (1 < m < M,) column of C denoted by is transmitted from mth transmit 

antenna by standard OFDM technologies. 

Under the assumption of perfect timing and carrier frequency synchronization, at 

the receiver after removing cyclic prefix (CP) and FFT operation, the received iV x 1 

signal vector at the ith (1 < i < Mr) receive antenna can be given by 

I ~ M, 

= J i f T j diag(c + w “ (2.20) 
‘ ‘ m = l 

where w, is an iV x 1 noise vector with each entry an independent zero mean unit 

variance complex Gaussian random variable and p stands for the SNR at the receive 
antenna. 

Let Ji = diag(r')，we have 

JiCm = cliagCcjr' (2.21) 
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Substituting (2.17) into (2.20) and using (2.21), we get 

Let hi I = Ki(/)，Qr,’2(/) 

rewrite z； as 

J ] [JoCm JiC;„ ’. . Ji-iCm] + w,. (2.22) 
^ m=l 

, > for 0 < / < L - 1. Following (2.22) we can 

LetX = [JoC,JiC, 

we have 

Further defining z 

= J ^ J ] [J/Ci J/C2 . . • J/CM,] h 

、‘/=0 
= 截 職 
, J l - iC] and h, = [fi�o’fi�i’. 

w； 

(2.23) 

Then from (2.23)， 

z,- = Xh, + w,-

= [ z [ z T ， … • ^ 飞 T 
他」 

w = [w；，w T „ , r 
2 ‘ 

(2.24) 

h = 

[h[, h【，…，h�]"^，and X = 厂 <8) X, we have the signal model 

Xh + w. (2.25) 

Design Criteria of SF Codes 

Assume that the channel is perfectly known to the receiver, the ML detector is given 

by 

C = arg min 
CeC 

(2,26) 

where the minimization is performed over C, the SF code matrix set. Let C and C are 

two distinct Â  x M, SF code matrices encoded from two distinct information symbol 

vector s and s, an upper bound of the pairwise error probability is given by [99-101] 

P{C 
2 y - 1 

, r 
P 
M 

where y is the rank of the matrix (X - S)A(X - X)'̂ ,山，/I2， 

eigenvalues of (X - X)A(X - and A = E(hh^). 

Further from the definition of h, it is easy to get 

A 

(2.27) 

the nonzero 

(2.15) 
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where Q = diag(cr^, crj, • • •，(T^.,)®!^,. By using the property of Kronecker product 

[102], after some matrix operations, we can get 

(X - X)A(X - = Im^ ® ((X - X)Q(X — X f ) • (2.29) 

So we have 

rank ((X - X)A(X - X)^) = rank ® ((X - X)Q(X - X)^)) 

= M , r a n k ((X - X)Q(X - X)^)， (2.30) 

and 
Mr 

A. (2.31) 

where y is the rank of (X — X)Q(X - X)^, and Ai,毛，…,Xp are nonzero eigenvalues 

of (X - X)Q(X - X)气 Therefore, the design criteria of SF codes can be stated as 

follows: 

• Diversity (Rank) criterion: The minimum rank of the matrix (X-X)Q(X-X) '^ 

over all pairs of distinct code matrices C and C in the SF code matrix set should 

be as large as possible. 

• Product criterion: The minimum value of the produce nf=i X over all pairs of 

distinct code matrices C and C in the SF code matrix set should be as large as 

possible. 

2.3.2 Rate One Rotation Based SF Codes 

In this subsection, we briefly review a family of rotation based SF codes, which are 

proposed in [36，37，39，66]. These SF codes have the following two advantages: 

• They can achieve both full spatial diversity and full multipath diversity. 

• Their rate is always equal to one regardless of the number of transmit antennas. 

Here we adopt the code structure proposed in [39]. 

Each SF code C is an iV x M, matrix and is mapped from an TV x 1 information 

symbol vector s. Here N is equal to the number of subcarriers in one OFDM symbol, 

M, is equal to the number of transmit antennas, and N < N . 
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For the coding strategy proposed in [39], each SF codeword C is a concatenation 

of some M,r x M, matrices Gn 

C = GT G T 
X
 

G
 

r 
(2.32) 

where P = LA^/(rM,)J, N = PFM,, each matrix G^, for p = 1，2，…’ P，is of size 

YMt by Mt and F is a coding parameter. The zero padding matrix is an 

(iV - iV) X M, all zero matrix which is used if the number of subcarriers N is not an 

integer multiple of FM,. In the remainder of this thesis, unless otherwise specified, 

we always assume that N is an integer multiple of FM,. Each matrix Gp, i < p < P, 

has the same structure given by 

G p : 讽 
Or 

Or 

*2 

Or Or 

Or 

Or 
(2.33) 

where x二 = …心 i T m = - - and all k = 

1 , 2 , . . . ,rM“ a 

tor Sp = [•yf ’ s^. 

complex symbols and are mapped from an information subvec-

’ by a rotation operation 

fP - fvPT [XI ’ x � ， ‘M, J …P’ (2.34) 

where s: is {{p - l)rM, + 1- l)th entry of s for 1 < / < FM, and 0 is an M^V x M,r 

rotation matrix. The effect of the constellations rotation will be briefly explained in 

the following paragraphs. The energy constraint is E \xk\̂  = YMt. For a certain 

p, the symbols in G^ are designed jointly, but the design of G^j and Gp^, p[本 p2, is 

independent of each other. At the destination node, each SF submatrix Gp is decoded 

by ML or sphere decoding [103-105] independently. 

The idea of rotated constellation was first proposed in [106]. Rotations were 

proposed based on the fact that given a constellation Q with dimension n, i.e., each 

element of Q is an ^-dimensional vector, if any given vector s e Q has its components 

• • • , Sn different from all the other components of the vectors in Q, then affecting 

Oi，52, " • ’ Sn) by independent fadings {aiSi,a2S2,.. •，a„s„), allows the receiver 

to recover (•Ji，•̂ 2’ …，•̂ n) unless all the components fall in deep fading, i.e., � 1 ， 
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Vi [107]. The latter property is called full modulation diversity of the constellation 

Q, and it can be measured by the minimum product distance of Q [106], which is 

defined as 
n 

\Asi\. (2.35) «min = mm 
As=s -s , s / seQ 

1=1 

It is clear that if the elements of s are independently selected from a signal con-

stellation, e.g., QAM and pulse amplitude modulation (PAM), the constellation Q 

with dimension n has not full modulation diversity and its minimum product distance 

is equal to 0. To achieve full modulation diversity, it is proposed to rotate the ele-

ments of Q so that 0 s - 0 s has no zero entries for s and s are two distinct eJements 

of <3. Here 0 is the n x n rotation matrix and the optimal rotations are those that 

have full modulation diversity and maximize the minimum product distance. Some 

optimal rotation matrices 0 have been found when the elements of s are from a signal 

constellation of QAM or PAM [108]. For example, if « = (A: > 1)，the optimum 0 

is given by 
1 3i ... ff^ 

1 02 … q-
(2.36) 

... 
where = e餘""for 1 < / < M,r. The details regarding the construction of 0 can 

be found in [39] and the references therein. 

Then, let us look at the achieved diversity order by this family SF codes. For 

two distinct SF code matrices C and C, there is at least one index p^ (1 < p^ < P) 

such that Sp�本 §p�. Assume information symbols are selected from QAM or PAM 

constellations. Then, due to rotations, the vector Ax卯=x卯-x^® has no zero entries 

for distinct rotated symbol vectors x卯 and x^". By using this property, we will see 

that the SF code can achieve full diversity. On the other hand, it is shown in [39] that 

increasing the minimum product distance of rotated symbol vector x can increase the 

diversity product of the SF code. 

We may further assume that Sp = Sp for any p ^ Po since the rank of X - X 

does not decrease if s" * s^ for some p * po- To simplify notation, in the remainder 

of this subsection we just omit the scalar ^^Wt in Gp (2.33), since it does not affect 

34 



Chapter 2. Spatial Diversity Techniques 

the diversity analysis. Consequently, from the structure of Gp and the definition 

of X (2.24), the (po — l)th M,r x M山 submatrix of X - X is given by AX^o = 

[AX^，AXĵ o’ …，AX�V]. The M,r x M, matrix AXj,^ ( 0 < / < L - l ) h a s the form as 

diag(Ax7)f；, Or 

Or diag(Axf)f;;,2 

Or Or 

(2.37) 

where = - iC for 1 < m < M, and is the ((po - 1)M： + m- l)th r x 1 

subvector of f for 1 < m < M, and 0 < / < L - 1. By collecting all the L nonzero 

r X 1 vectors from ((m - l)r))th row to (mP - l)th row of AX^o, we construct the 

r x L matrix B 二 for 1 < / < M, with the form 

K � = [diag(A:C)f^,„^’ diag(AxSOf；:,……，diag(Ax^o)f；-]. (2.38) 

Since AX^^ (0 < / < L - 1) is a block diagonal matrix, it is not hard to see that the 

rank of AX卯 is equal to rankCBS?). 

Considering the definition of f , we can further rewrite B � b y 

K � = diag(A<。)BAS\ (2.39) 

where AŜ  = diag(exp(力.2;r((卯_”似广…）’...’exp(-y2;r((卯似,「广一�丁“)) 

and the r X L matrix B is given by 

1 1 

exp(- ;2;r^) exp(-J2K^) 

A B = exp(-y2;r^： exp( - ;2 ; r^ ) 

[expi-JlTT^-^) expi-JlTT^-^) 

As AjC�(1 < w < M,) has no zero entries, both diag(Ax二）and A^ 

diagonal matrices. So, we can obtain that 

rank(B。）= rank(B). 

Observing (2.40)，we can see that B is a F x L Vandermonde matrix. Due to the fact 

that To < Ti <••< tl < Tsy it is clear that exp(-J27rjr) (0 < / < L - 1) are distinct 

exp(-)27r 警 ） 

exp(—j2n (r-i)r乙-

(2.40) 

nonsingular 

(2.41) 
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from one another. Therefore, matrix B has full rank min(r, L). Consequently, we 

have 
Mt M, 

rank(X - X) = rank(AXp。）= ^ rank(BJ«) = ^ rank(B) = M, min(r, L). (2.42) 

m=\ m=l 

From the fact that Q (2.28) is a diagonal matrix with positive diagonal entries, we 

obtain 

rank((X - X)Q(X — X)^) = rank((X - X ) Q b = rank(AX J = M, min(r，L). (2.43) 

So, according to the rank criterion of SF codes design, from (2.43) we can con-

clude that this family of SF codes can achieve diversity order M, min(r, L). If F is 

chosen not to be smaller than L, both full spatial and full multipath diversity orders 

MtL can be achieved. 

2.3.3 Illustration of Performance of SF Codes 

In order to investigate the performance of SF codes introduced in Section 2.3.2, we 

have conducted many experiments. Here, we show some of the simulation results. 

The simulated MIMO-OFDM system has two transmit antennas, one receive anten-

nas and 64 subcarriers, i.e., M, = 2, M^ = 1 and N = 64. The bandwidth is 20 MHz 

and the cyclic prefix of the OFDM is fixed to N/4 = 16. The channels from transmit 

antennas to the receive antennas are all frequency-selective with two equal power 

rays [ to， t i] = [0,0.5]yLi5 for 1 < w < M,. The SF code proposed in [39] is applied. 

To achieve both full cooperative diversity and multipath diversity, the parameter F is 

set to 2. 

To evaluate the SER performance of SF codes, we also simulate the Alamouti 

code which is applied at each subcairier of the MIMO-OFDM system. As we have 

discussed, it can only achieve diversity order 2. From Fig.2.7, we can see that at the 

low and medium SNR, Alamouti code has a better SER performance than that of the 

SF codes. However, when SNR is larger than 14dB, SF codes quickly outperform 

the Alamouti code, since SF codes can achieve diversity order 4. 

• End of chapter. 
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Figure 2.7: SER performance of SF codes with QPSK modulation. 
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Chapter 3 

Cooperative Communications 

Summary 

Although transmit diversity has been widely acknowledged, due to 

hardware constraints, equipment with multiple transmit antennas in the 

terminal nodes in wireless networks may not be practical. To tackle this 

problem, a state of the art technology has been proposed and this is gen-

eral referred as cooperative communication. Its principle is to build a 

virtual multi-antenna transmitter to achieve transmit diversity, as widely 

called cooperative diversity, by using a collection of distributed anten-

nas in different terminals. However, a major challenge for practice of 

cooperative communications is synchronization. As terminals, located 

at different places, are operated with their own oscillators, the desti-

nation node may suffer from both multiple delays and multiple carrier 

frequency offsets (CFOs). This chapter begins with an introduction of 

cooperative communications, in which typical cooperative protocols are 

reviewed. Then it focuses on the synchronization problems in cooper-

ative communication systems. Finally, the effect of multiple CFOs on 

delay diversity and Alamouti code is analyzed detailedly. 
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Motivation of Cooperative Communications 

As introduced in Chapter 2，if multiple antennas are placed at the transmitter, trans-

mit diversity can be achieved by applying space-time (ST) or space-frequency (SF) 

coding techniques. The advantages of transmit diversity have been well recognized, 

to the extent that the Alamouti code [33] has been incorporated into wireless 802.16 

standards [15]. Although transmit diversity is clearly advantageous on a cellular base 

station, its application may not be practical for other scenarios. Specifically, due to 

size, cost, or hardware limitations, a wireless agent may not be able to support multi-

ple transmit antennas. Examples include most handsets (size, power) or the nodes in 

a mobile cellular network, wireless sensor network, home networks (e.g., HomeRF), 

device networks (e.g., Bluetooth) and Ad Hoc networks [44]. 

User one 

Independent ‘ / 
lading channels .Z 

Figure 3.1: Cooperative communication. 

To solve this problem, researchers have proposed a new class of method called 

cooperative communication [4549]，which is built on the classical relay channel 

model [109]. Their basic idea is to generate a virtual multi-antenna transmitter to 

achieve transmit diversity by cooperation of single-antenna transmitters in a net-
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work. The fundamentals behind cooperative communications are based on two in-

herent properties of wireless communications. The first one is the nature of wireless 

communications to broadcast, in which transmitted signals can be received and pro-

cessed simultaneously by the nodes other than the destination node. The second one 

is different propagation conditions among spatially distributed nodes, which make 

the fading of each link among nodes independent from one another. 

For example, as shown in Fig.3.1, user 1 intends to communicate with the desti-

nation node. Since each user has only one transmit antenna, user 1 cannot generate 

transmit diversity by itself. However, user 2 may possibly receive user 1，and for-

ward some version of the data transmitted by user 1 to the destination node. Then, 

statistical independence of the fading channels for these two users can create transmit 

diversity. Therefore, cooperative communications can produce transmit diversity in 

a novel and interesting way. 

3.2 Cooperative Protocols 

By applying some cooperative protocols, multiple users (nodes) equipped with 

single-antenna in a network can cooperate to form a virtual antenna array realiz-

ing transmit diversity in a distributed fashion. This section will briefly review some 

cooperative protocols which are frequently employed by different cooperative strate-

gies. 

Half-duplex transmission: 

Half-duplex transmission, in which the wireless agent cannot simultaneously re-

ceive and transmit, is generally assumed in cooperative communications because it 

can be implemented with lower complexity by using either time or frequency divi-

sion [47-49]. However, full-duplex, in which wireless agents receive and transmit 

simultaneously, is generally a microwave design challenge, due to the large differ-

ence in the transmitting and receiving signal power levels [110]. This thesis will 

adopt the assumption of half-duplex transmission as well. 
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Classification of cooperative protocols: 

Broadly speaking, all the cooperative protocols can be classified into two types, 

namely, amplijy-and-forward (AF) protocol and decode-and-forward (DF) proto-

col [48’ 51]. In AF protocols, relay nodes simply amplify and retransmit the re-

ceived signals from the source node without demodulation or decoding. Although 

the noise is amplified along with the signal in this technique, spatial diversity can 

still be achieved by signal transmission over spatially independent channels. In DF 

protocols, relay nodes need to demodulate or decode the received signals from the 

source node before retransmission. In practice, the AF protocols require significantly 

lower implementation complexity at relay nodes than that of DF protocols. 

Multihop (Multinode) cooperative protocol: 

Multihop (Multinode) cooperative protocol [4749，111,112] is a kind of cooperative 

protocols based on repetition transmission. Its major characteristic is that all the 

transmitters incorporated into cooperation (including the source node and all the relay 

nodes) have orthogonal channels which may be achieved through some combination 

of time, frequency, and code-division multiple access (CDMA) as part of an overall 

channel and resource allocation scheme. 

Fig.3.2 shows an example of multihop cooperative protocol which includes one 

source node, one destination node and R relay nodes. The cooperative protocol con-

sists of R+\ phases. In phase one, the source node broadcasts the information signal 

to all relay nodes and the destination node. In phase / : + ! ( ! < k < R), the kth relay 

node combines (e.g, using maximal-ratio-combiner (MRC) [5]) the signals received 

from the previous m (0 < m < R - I) relay nodes along with that from the source 

node. Here the relay nodes can work on either AF transmission or DF transmission. 

For AF transmission, the kth relay node directly amplifies and forwards the combined 

signal to other nodes. For DF transmission, after combination and decoding, the 奴h 

relay node judges whether the received symbols are decoded correctly or not (e.g., by 

checking cyclic redundancy check (CRC) code [5] or comparing the received SNR to 

a threshold) and only forwards the signal if decoded correctly. Otherwise, it remains 
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idle. Finally, in phase R + 1, the destination node combines all of the received R + I 

signals and then decodes. As totally i? + 1 spatially independent channels exist from 

the source and relay nodes to the destination node, this multihop cooperative protocol 

can achieve diversity order/?+ 1. 

暴 
Destination 

Figure 3.2: Multihop cooperative protocol. 

A simple case of this protocol for m = 0 and /? = 1 is elaborated in [48] and 

[49], where the kxh relay node only amplify-and-forward or decode-and-forward its 

received signal from the source node to the destination node in phase k + l . The case 

is extended to m = 0 and R > I in [47]. Then in [111], the case for R > 1 and 

m = R - lis considered，where each relay node combines the signals received from 

all of the previous transmissions. Furthermore, a general case fori? > 1 and 1 < m < 

及 - 1 is analyzed in [112], where DF transmission is applied. A major advantage 

of this protocol is the low computational complexity of relay nodes, as each relay 

node only need retransmit its received signal to the destination node. However, a 

price of this advantage is the decrease of bandwidth efficiency with the number of 

cooperating relays, in that all the relay nodes and the source node should have their 

own orthogonal channels. 
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Space-time coded cooperative protocol: 

To increase the bandwidth efficiency of cooperative communications, ST coded co-

operative protocols have been proposed based on either AF or DF transmission 

[47,49’ 50，52, 56-58,64，66’ 76’ 113,114], since ST coding has higher bandwidth 

efficiency than that of repetition based transmission schemes. 

# 

source destination 

Relay-R 

Figure 3.3: ST coded cooperative protocol based on AF transmission. 

Fig.3.3 shows a typical two phase ST coded cooperative protocol based on 

AF transmission which has been adopted in many cooperative strategies, e.g., in 

[48-50,52,56,114]. The whole system includes one source node, one destination 

node and R relay nodes. In phase one, the source node broadcasts the information 

signal to all the R relay nodes. In phase two, the /Ih (1 < k < R) relay node transmits 

the {k - l)th row of the ST or distributive space-time (DST) code matrix which is 

generated from the received signal by certain coding strategies. Thus the ST or DST 

codes are realized in a distributed fashion and at high SNR diversity order R can be 

achieved. If the link between the source node and the destination node exist, diversity 

order R + \ can be achieved by combining the received signal from the direct link 

at the destination node. It is noted that the relay nodes here do not need to detect or 

decode the received signal. This cooperative protocol is initially mentioned in [48]. 
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The case fox R = 2 is described in [49] and [52], where the Alamouti code is applied. 

Then a general discussion on distributed orthogonal and quasi-orthogonal codes de-

sign is given in [56]. A distributed linear dispersion coding [115] scheme is proposed 

in [50]. Furthermore, this protocol is extended to broadband cooperative communi-

cations. In [114], a distributed space-frequency (SF) coding scheme is proposed for 

this protocol. The proposed strategy can achieve diversity gain of 尺L2)， 

where L\ and Li are the number of taps of the frequency selective fading channels 

from the source node to the relay nodes and from the relay nodes to the destination 

nodes, respectively. 

R relays 

source destination 

Active 
relay M 

Figure 3.4: ST coded cooperative protocol based on DF transmission. 

Fig.3.4 shows a typical two phase ST coded cooperative protocol based on DF 

transmission, which includes one source node, R relay nodes and one destination 

node. In phase one, the source node broadcasts the information signal to the destina-

tion node and all R relay nodes. In phase two, each relay node decodes or detects the 

received signal and judge whether the received symbols are decoded correctly or not 

(e.g., by checking CRC code or comparing the received SNR to a threshold). Only 

if the received symbols are decoded correctly, the relay node wil l assist the source 
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node to transmit. Otherwise, it remains idle. Assume that M (M < R) relay nodes 

are active in the second phase. Then, the mth {\ < m < M) relay node transmits 

the (m - l)th row of a ST or SF code matrix, which is generated from decoded in-

formation symbols by some coding strategies. Therefore, R relay nodes just work 

as a transmitter with R transmit antennas. Although not all the relay nodes transmit 

signals in each cooperative transmission, this protocol has been shown to achieve di-

versity order R + 1 when the destination node also use the received signal from the 

source node to decode [48] . From the above description, we can see that actually 

any ST codes can be directly applied to this protocol. This protocol is proposed and 

analyzed in great detail in [48]. The case for R = 1 is also discussed in [48,49]. 

In [64], based on this particular protocol, a family of ST trellis codes are suggested 

to achieve the full spatial diversity even in the absence of time synchronization of all 

the relay nodes. The broadband cooperative communications is considered in [77], 

where the SF code proposed in [36,37,39] is applied. 

3.3 Problems of Cooperative Communications 

It is apparent that cooperative communication enables single-antenna transmitters to 

achieve transmit diversity through cooperation. However, from a practical point of 

view, a major challenge for cooperative communication is the synchronization prob-

lem because multiple transmissions in cooperative systems may not be synchronized 

in either time or frequency domains [62,74,75]. Fig.3.5 shows a cooperative system 

with synchronization errors, where T^ and A/^ for 1 < / : < / ? are the time delay and 

carrier frequency offset (CFO), respectively, for the link from the ^th relay node to 

the destination node. 

3.3.1 Time Synchronization 

Since the relay nodes of a cooperative system are located at different places, the time 

delay from each relay node to the destination node tv may be much more different 

than that of MIMO systems as shown in Fig.3.5. Therefore, it is difficult for the 

destination node to synchronize all the relay nodes at the same time. Even if syn-
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source 

relay-1 

A / . " 

destination 

Figure 3.5: An cooperative system with synchronization errors. 

chronization can be achieved, it will introduce significant overhead to cooperative 

systems. 

When there is a timing error among the relay nodes, the destination node receives 

a superposition of multiple transmitted signals from all the relay nodes, and these 

received signals are not aligned (synchronized) with one another. The case that de-

lays between the relay nodes are not multiples of an information symbol duration is 

studied in [116,117]. In this case the destination node cannot sample all the compo-

nents in the received signal at the optimal sampling time. According to the Nyquist 

inter-symbol interference (ISI) criterion for the non-optimally sampled components, 

ISI from neighboring symbols will be brought to the system leading to degraded 

performance [5]. Fig.3.6 illustrates an example of this case, where the transmitted 

information symbols are pulse-shaped by a raised cosine function [5]. It is clear that 

the received signals from two relay nodes cannot be optimally sampled simultane-

ously. Thus, at the sampling time, the received signal from the relay node two suffers 

from ISI. The simulation results in [116，117] show that when the synchronization 

errors are much smaller than a symbol interval, the performance of the cooperative 

system deteriorates gracefully. 

When the timing errors are multiples of an information symbol duration, all the 

components of the received signal from the relay nodes can be optimally sampled. 

Therefore, ISI no longer exists. However, in this case the equivalent ST code matrix 

C will be a row-wise shifted version of the original ST code matrix C as shown in 
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Figure 3.6: Two baseband signals transmitted from two relay nodes with a timing 

error. 

0，0, 

0, 0, 
d 

oTo, 
i. 

oTô  

wireless 
channel 

multiple delays 

0, 0’ •••,0, 

0,0，（),•••，0， 

0，0，0’ 0,- .’0 

，0, 0, 0，…，0 

0, 0, 0, 0’0,- -,0 
equivalent ST code matrix: C ' 

Figure 3.7: ST code matrix under timing errors, which are multiples of an informa-

tion symbol duration. 

Fig.3.7, where T^ (1 < k < R) is the delay of the link from the 射h relay node to 

the destination node. To avoid inter-frame interference, a zero guard interval, with 
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a length equal to or greater than the maximum delay, is inserted between two 

consecutive frames. So in the asynchronous case, the equivalent ST code matrix C' 

may not be able to achieve full diversity any longer. For example, in the Alamouti 

code [33], without delays, the difference code matrix AC between two distinct code 
yv 

matrix C and C has the following structure: 

AC = (3.1) 

AC' = (3.2) 

Asi - A 4 

As2 A J j 

where A<y众=Sfc - s^ for k = 1,2. It is easy to see that as long as either Asi or Asj 

is not zero, the rank of AC is always equal to two. I f the second row of AC is right 

shifted by one element due to delay, the sifted difference code matrix A C will be 

A j i -AJ* 0 

0 AJ2 AJ； 

From the expression of AC, we can see that when A j i = 0 and Aj2 * 0, the rank of 

AC is only equal to one. As a consequence, in this case the Alamouti code cannot 

achieve full diversity order 2. 

To avoid synchronization, many studies have been conducted by researchers, see 

for examples [60-66]. In [60], the time reversal ST block codes [67-69] are used. 

Although the requirement for the time synchronization is relaxed, the rate of the 

constructed code is low. In [61], a delay diversity codes [30] based asynchronous 

cooperative communication strategy is proposed, where the minimum mean square 

error (MMSE) estimator at the destination node is used to achieve some diversity 

gain. In [63], delay-tolerant distributed threaded algebraic ST block codes are pro-

posed, but with low symbol rate. In [64’ 65]，a family of ST trellis codes is proposed 

with achievement of full diversity under any delay profile. 

OFDM's low sensitivity to time synchronization errors has been especially uti-

lized to combat timing errors in cooperative communication systems. Its underlying 

fundamental is obvious if recalling the channel impulse response (2.2). For the chan-

nel from one relay node to the destination node, timing errors may only increase all 

the multipath delays 'ti (0 < I < L - [) of this channel in a constant manner. As 

long as the increased maximum multipath delay TL-I is shorter than the guard inter-

val which is inserted between OFDM symbols to avoid ISI, the OFDM systems can 
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still work well. By reason of this property, in [62] Alamouti ST coded OFDM is 

proposed to achieve full asynchronous diversity, where the paths from relay nodes to 

the destination node are treated as multipaths. Then, an SF coded OFDM system is 

proposed in cooperative systems [66], where the applied SF codes can achieve both 

full cooperative and full multipath diversities when a channel from a relay node to 

the destination node is, by itself frequency-selective. 

3.3.2 Carrier Frequency Synchronization 

Apart from the time synchronization, carrier frequency synchronization is another 

challenge for cooperative communications [74,75]. As shown in Fig.3.5, each relay 

node in a cooperative communication system is equipped with its own oscillator. 

Therefore multiple carrier frequency offsets (CFOs) A/^ (1 <k < R) may exist at the 

destination node. Since the received signal is a superposition of transmitted signals 

from the relay nodes with different CFOs, the destination node cannot compensate 

these multiple CFOs at the same time via mixing with a sinusoid. The problem 

is more different and complex than non-cooperative systems, where only one CFO 

exists. 

For OFDM based cooperative communication systems [62,66,71], the problem 

of multiple CFOs becomes very critical because OFDM's sensitivity to CFO often 

leads to inter-carrier interference (ICI). If ICI is not mitigated, OFDM systems will 

quickly suffer from an error floor. In Chapter 4，more details of this issue will be 

discussed 

On the other hand, although single-carrier systems are not as sensitive as OFDM 

systems to CFO，multiple CFOs in them may not be ignored either. Firstly, current 

or future communication systems are almost certainly to be located well above the 

2 GHz band used by the third generation (3G) cellular communication system. As 

a good oscillator only guarantees a frequency reference with an error of the order of 

parts-per-million (PPM), a CFO of dozens of KHz is possible. With multiple CFOs, 

the channels becomes time-varying leading to ISI [54，55，72，73]. We can also regard 

channels as time-invariant and incorporate the effect of CFOs into ST code matrices. 

By this approach, the entries of ST code matrices will be rotated by CFOs. Therefore, 

49 



Chapter 3. Cooperative Communications 

the ST codes may no longer work well. In Section 3.4, the effect of multiple CFOs on 

delay diversity and the Alamouti code will be investigated in great detail. Secondly, 

for long block transmission schemes, see for example [61, 64], the phase rotation 

caused by CFO is accumulated with the increment of the symbol index in a data 

block. Therefore, the phase rotation may not be ignored for the last few information 

symbols in a data block. 

The multiple CFO problem has been noted in [74,75]. In [74], a subcarrier-

wise Alamouti coded OFDM system is considered and a simplified zero-forcing (ZF) 

equalizer is applied to suppress ICI, where the equalization matrix inverses need 

to be retaken for every OFDM symbol even in a channel coherent time. In [75], 

delay diversity codes is considered and an MMSE decision feedback equalizer (DFE) 

is employed by the destination node, in which multiple CFOs are compensated at 

each symbol index. But, how multiple CFOs affect the diversity order achieved by 

delay diversity codes is not analyzed. In [80-85] a family of rotation-based SF codes 

proposed in [36,37,39] is considered. Compared with codes used in [74,75], these SF 

codes are more powerful in the sense that they can achieve both the full cooperative 

diversity and the full multipath diversity, with a constant rate equal to one regardless 

of the number of transmit antennas. The details will be shown in Chapter 4 and 

Chapters. 

3.4 Effect of Multiple CFOs on ST Codes 

In this section we focus on the effect of multiple CFOs on delay diversity [30,88] and 

Alamouti code [33], both of which have been widely applied in different cooperative 

communication systems, see examples in [49，52，61,75，76，118]. Here，to simplify 

analysis all relay nodes incorporated in cooperation are assumed to be synchronized 

in time but not in CFO, i.e., multiple CFOs exist at the destination node. The ST 

coded DF cooperative protocol mentioned in 3.2 is adopted. Thus the receive signal 

model is equivalent to that of a multiple-input and single-output (MISO) system with 

Ml transmit antennas, where Mt is the number of the relay nodes which can correctly 

decode/detect the received signal transmitted from the source node. 
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3.4.1 Effect of Multiple CFOs on the Delay Diversity 

In this subsection, we look at the effect of multiple CFOs on delay diversity. 

Receive Signal Model 

According to the coding strategy of delay diversity, the 1st relay node directly trans-

mits the N dimension information symbol vector s 二 l>i’ >^2，...，ŝ ] while the mth 

(2 < m < Mt) relay node transmit the same information symbol vector s delayed by 

m - 1 symbol intervals. So at the destination node the Mh，b ~ 1,2, •••，7V + M, -1， 

received symbol yb is given by 

V— M, 

— Y j 如 ⑷ + ^b, (3.3) 
where = 0 if 众 < I or k> N,hn, is the channel coefficient of the link from the mth 

relay node to the destination node and wt, is the noise sample. Both the channel coef-

ficients and noise samples are modeled as independent zero-mean complex Gaussian 

random variables with unit variance. Information symbol s^ (1 < k < N) obeys the 

energy constraint E(j^) = 1. Thus the average transmitting power p also stands for 

the signal-to-noise ratio (SNR) at the destination node. Let A/爪 be the CFO between 

the mth relay node and the destination node. Then e^ = ^fmT is its normalized value 

by symbol duration T. In (3.3), = - 1) + 0o,m’ where 27r£m(b — 1) is the 

phase rotation of the Mh received symbol transmitted from mth relay node induced 

by CFO A f during the time oib - \ information symbols, and 9o,m is the phase rota-

tion between the phase of the destination node local oscillator and the carrier phase 

of the mth relay node at the start of the received signal. 

Diversity Analysis in the Presence of Multiple CFOs 

Let us now look at the achieved diversity order of delay diversity in the presence of 

multiple CFOs. Toward our approach, we regard delay diversity as a kind of space-

time block codes (STBC) with a wide ST code matrix [29]. As a consequence, we 

rewrite (3.3) as 

r - 4 
^ hC + w, (3.4) 
M, 

51 



Chapter 3. Cooperative Communications 

where y = \yuy2, •. • ’;yN+Af,-i]’ h = [huh2,... ’/imJ’ w = [wi’ 拟2，.. • ’ and 

the Mt X (N + Ml ~ 1) ST code matrix C is given by 

• ‘ e^^i Sn … 0 

C = 

e对1 己碑S2 

0 

0 0 

e�沪…N-
(3.5) 

According to the rank criterion introduced in Chapter 2.2.1, the achieved diversity 

order of delay diversity with multiple CFOs is equal to the minimum rank of the 

difference matrix AC = C - C , where C and C are two distinct ST code matrices and 

are encoded from two distinct information symbol vectors s = [si, sj,-"，^s^v]"^ and 

s = [^1,h,--- ’SN]'^, respectively. 

By observing the structure of the ST code matrix in the presence of multiple 

CFOs (3.5), we propose the following theorem. 

Theorem 1 In the presence of multiple CFOs, delay diversity can still achieve full 

diversity order M" where M! is the number of equivalent transmit antennas. 

Proof 1 Since AC is the difference matrix of two distinct ST code matrices, we can 

always find an integer k' so that As^'本 0 and As^ = Q for k = 1,2, •• • - 1 if 

k' > 1, where Ask = s^ - h- Then the Mt x M, submatrix of AC (denoted by ACj, 

whose kth (0 < /: < M, - 1) column is the (k' + k)th column of AC, is given by 

Ask' Ask-+i • 

AC = 
0 

A 
Since AC is an upper triangular matrix and ASk 

M, 

—〜2 

本 0, we have 

(3.6) 

det(AC) = Y \ e 此 本 0. 
rn=l 

Thus we immediately get that rank(AC) = A/,. Further, because AC is a submatrix of 

AC, we have 

rank(AC) < rank(AC) < min(M„ N + M,-l). 
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Finally, considering rank(AC) = M , and min(M„ N + Mt-l) = M,, we can conclude 

that rank(AC) = M" This means that in the presence of multiple CFOs, the achieved 

diversity order of delay diversity is still equal to M,. 

Diversity Product Analysis in the Presence of Multiple CFOs 

Apart from achieving full diversity order A/,, according to the product criterion of ST 

codes design introduced in Chapter 2.2.1, the minimum value of the product n二！ ^m 

over all pairs of distinct code matrices C and C should also be as large as possible, 

where Ak (1 < k < M() is the kth nonzero eigenvalue of the matrix AC^AC. In this 

subsection, we will see that multiple CFOs do not affect the value of mine乂 Ol^^i 

Since s and s are two distinct information symbol vectors, we can always find an 

integer k' (1 < k' < N) so that A^s女’=j女’-^ 0 and As^ = 0 (1 < k < k') if 

k' > 1. Thus an Mt x M, submatrix of AC (denoted by AC) has the form shown by 

(3.6), where the Jtth (0 < A: < M, - 1) column is the {k + k')th column of AC. Then 

from the fact that AC has full row rank, we have 

Mt 
An, = det(ACAC 

> det(ACAC 

•w、 

M, 
，JC" 

=丨么办广‘’ 

Ast 

(3.7) 

(3.8) 

where the second inequality follows from the fact that the mth (1 < m < Mi) ordered 

singular value of AC is always larger than or equal to that of AC for AC can be 

obtained by deleting some columns of AC [102]. Furthermore, it is easy to see that 

the equality of (3.7) can hold if A^^'本 0 and Aj；； : Q for k 丰 k'. So, we have 

M, 
mm 
ctc m=l 

= mindeKACAC"^] 
c^c 

= m m 
Ase 

M, 
？ J A Sic' 

= m i n lAs^f^' 

= d 风 , (3.9) 
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where d is the minimum Euclidean distance of the signal constellation. Clearly, the 

minimum value of ^m does not depend on multiple CFOs. This leads to the 

derivation of Theorem 2 

Theorem 2 For delay diversity, multiple CFOs do not affect the minimum value of 

the product ^m over all pairs of distinct code matrices C and C, where Am is 

the mth nonzero eigenvalue of the matrix AC^AC and AC = C - C. 

Proof 2 The proof directly follows from the above discussion. 

Simulation Results 

In this subsection，some simulation results are presented to verify the above analysis. 

Systems with two and three active relay nodes with Quadrature amplitude modulation 

(QPSK) modulation are simulated, respectively. The channel between the relay node 

and the destination node is quasi-static Rayleigh flat fading and perfect time synchro-

nization is assumed. For each channel realization, each e^ for (1 < m < MJ is uni-

formly selected from [SMOX , ^Max]- Here we set SMax as 0.5. The length of the sym-

bol sequence N is equal to 20. Additionally, two special cases of M； = 2, ei = 0.4, 

82 - 一0.4 and M, = 3, = -0.3, S2 = 0.2, s^ - -0.5 are also simulated. Here 

full channel knowledge including CFOs at the destination node is assumed. At the 

destination node the maximum-likelihood sequence detection (MLSD) is employed 

to maximum-likelihood (ML) detect the received signals. Note when SMOX > 0, mul-

tiple CFOs are compensated in computing the branch metric between trellis states, 

which adds hardly any additional computation burden. 

Fig.3.8 shows our simulation results. From them we can see that for all the sim-

ulated values of M； and CFOs, the symbol-error rate (SER) curves of the cases with 

CFOs nearly overlap the curves of the cases without CFOs. This result is consistent 

with previous analysis, i.e., multiple CFOs do not affect the achieved diversity order 

and the minimum value of ni lf i i ^m of delay diversity. 
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Figure 3.8: SER performance of delay diversity in the presence of multiple CFOs. 

3.4.2 Effect of Multiple CFOs on the Alamouti Code 

In this subsection, we focus on the effect of multiple CFOs on the Alamouti code, 

which has been adopted by some cooperative systems, e.g., in [49,52,76]. We will see 

that in the presence of multiple CFOs, the minimum value of the product 山 A〗 may 

degrade. In the worst case situation, full diversity order 2 cannot even be achieved. 

Receive Signal Model 

According to the coding strategy of the Alamouti code, during the 办th (b = 

1,3,5,- • •) symbol period, information symbols and 幻 are transmitted from the 

relay node one and the relay node two, respectively. Then, during the (b + l)th sym-

bol period and s\ are transmitted from the relay node one and the relay node two, 
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respectively. The destination node with one receive antenna，and a flat fading channel 

model are assumed. So that the receiver observations y办 and ；yt+i corresponding to 

the two information symbol periods are given by 

Ige略hisi + ^̂ 2/12̂2 + Wb, 

=-々々/lis; '2S1 + WVhI, (3.10) 

where hi and /12 are channel coefficients of the links from the relay node one and the 

relay node two to the destination node, respectively and Wf, and w^+i are the noise 

samples. Both the channel coefficients and noise samples are modeled as indepen-

dent zero-mean complex Gaussian random variables with unit variance. Information 

symbols obey the energy constraint = 1. Thus, p stands for the average SNR 

at the destination node. Let A/爪 be the CFO between the mth (1 < m < 2) relay 

node and the destination node. Then e^ = A / „ r is its normalized value by symbol 

duration T. In (3.10), = 2ns„t{b - 1) + 0o’m, where 2n£jj? - 1) is the phase rota-

tion of the bth received symbol transmitted from mth relay node induced by CFO A / 

during the time of Z? - 1 information symbol periods, and 0o，m is the phase rotation 

between the phase of the destination node local oscillator and the carrier phase of the 

mth relay node at the start of the received signal. Since the realizations of 0o’i and 0o,2 

are independent of each other and e仰"/i^j has the same distribution as the value 

of 00,m does not affect the following analysis. Thus to simplify notation, we just set 

Oo,m as zero for m = 1,2. 

The Conventional Detection Method 

In a standard approach [29,33], we can construct the received signal vector [yt, 

as _ 

e ) 吃 e 耽 如 

e-艰 i/r; -e-<h 

\T 

yb 
V 2 

"Ji + 
Si K+i. 

(3.11) 

with obvious notation 

Yb Hi,s + Wfc. (3.12) 
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Following the way of the conventional detection (CD) method, we multiply ŷ , by 

H^and get y； = H^y^ as 

y ; = + (3.13) 

where HJ, = H^H^, and wj, = H^w^,. Defining Ae = <£2 - 81, we get the expression 

o fH las 

h ; = 
|/ll |2 + \h2?- h\h2(ej 碰 b —它 冲 +1)) 

hih;(e-j施b - |/„|2 + 
(3.14) 

In the signal model (3.13) by observing the expression of the equivalent channel 

matrix HĴ ，we can see that when no CFOs exist or Si = £2, HJ, turns to a diagonal 

matrix. Then the detection of and S2 are decoupled and diversity order 2 can be 

achieved. However, when 本 E^, the non-diagonal elements in HJ, exist and lead 

to inter-symbol interference (ISI). So in this case if we still apply the conventional 

detection (CD) method and just ignore the ISI terms, the system will suffer from 

an error floor as SNR increases. To remove the error floor of the CD method for 

the signal model (3.13), a popular detection method to suppress ISI is the minimum 

mean square error (MMSE) detection method. However, it is not confirmed whether 

the MMSE detection method can still achieve full diversity, since the Alamouti code 

is not designed based on the MMSE criterion. 

The M L Detection Method 

Due to orthogonal design, it is well-known that for the Alamouti code when no CFOs 

exist or Ae = 0, the CD method is equivalent to the maximum-likelihood (ML) de-

tection method. Unfortunately, when Ae * 0，Alamouti code does not hold this good 

property any longer. Thus in the presence of multiple CFOs, for the ML detection 

method, we need to consider two information symbols jointly. This can be efficiently 

realized by the sphere decoding algorithm [103—105]. In the remainder of this sub-

section, we will see how the multiple CFOs affect the diversity product and diversity 

order of the Alamouti code under the condition of ML detection. 
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To our purpose, we reconstruct the received signal vector % = [v^, V^+i]'̂  as 

e細 bsi ej 如b 
+ 

Wb 

Wb+l 

where 

hfo = ’ — a n d w^ = [Wb, vy^+iT. Since the channel coefficient vector 

h = [hi, hiV is a circular symmetric complex random vector, h^ has the same statistic 

property as that of h. So we can see that (3.15) is a standard ST coded MISO receive 

signal model and C is the equivalent Alamouti code matrix in the presence of multiple 

CFOs. 

According to the rank criterion of ST codes design introduced in Chapter 2.2.1, 

the achieved diversity order of the Alamouti code in the presence of multiple CFOs 

is equal to the minimum rank of the difference matrix AC = C - C over all pairs 

of distinct code matrices C and C, which are mapped from [^1,52]^ and [Ji, S2V^ 

respectively. Then the determinant of the difference matrix AC can be calculated as 

det(AC) = \Asi IV2 抓 2 + |A幻 IV2 双芯 1， （3.16) 

where = Sk - Sk for k - 1,2. Clearly, if \Asi\ * IA52I, det(AC) cannot be 

equal to zero and full diversity order 2 can be achieved. However, for general signal 

constellations such as quadrature amplitude modulation (QAM)，pulse amplitude 

modulation (PAM)’ it is possible that A^i = A52 = A j ^ 0. In this case, we have 

det(AC) = \As\\l + , (3.17) 

where Ae = €2 - ei. By observing (3.17)，we can see that if (Ae)i = 0.5 the value of 

det(AC) is equal to zero, where (Ae)^ stands for Ae modulo a. This implies that in 

the presence of multiple CFOs, for the worst case of (Ae)i = 0.5, the Alamouti code 

cannot achieve full diversity order 2. 
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Chapter 3. Cooperative Communications 

Besides full diversity, according to the product criterion of ST codes design in-

troduced in Chapter 2.2.1, the minimum value of the product AxA.2 over all pairs of 

distinct code matrices C and C should also be as large as possible, where A^ {k = 1,2) 

is the nonzero eigenvalue of the matrix AC^AC. In the case of (A£r)i 本 0.5, which 

means that detCAe) 0 , the minimum value of the product can be calculated as 

min(Ai/l2) = min det(AC^AC) 
c^c 

=min|det(AC)p 
c^c 

mm 
|As]|+|AJ2I*0 

< min 丨2 +陶2)2 

= m i n lA^if 
Ajî O 

= A (3.18) 

where d is the minimum Euclidean distance of the signal constellation. Note that in 

(3.18), the upper bound of min(/li/l2) is achieved when Ae = 0. So that d^ is just 

the value of min(/li/l2) when no CFOs exist. Therefore, in the presence of multiple 

CFOs, min(/li/l2) of the Alamouti code is always equal to or less than that of the case 

without CFOs. 

Consequently, when A^i • A52 本 0, we have 

min (/ii/l2) 
Aji •AJ2̂0 

|A。pe)2;rAe + |A52r = min 

AJI •AJ2*0 

= m i n lA^il^ + lÂ saf" + 2|Aa|2|A 幻 |2 cos(27rAe) 
Aji 么 

= m i n - lA^zft^ + 2\Asi\^\As2\Hl + cos(27rAg)) 

=2d\l + cosilnAe)) (3.19) 

Combining(3.18) and (3.19), we can express min(/li/l2) for the case of iA^i|+|A52l 本 0 

as 

min (/I1A2) = min min iMM)^ min (/11^2)1 
|A5i|+|Aj2l̂ tO \AJI-AJ2=0, |Aji|+|AJ2|*0 AJI-AJ2?'0 J 

= m i n ( A 2 A I + cos(2;rA£))). (3.20) 

59 



Chapter 3. Cooperative Communications 

From (3.20), we see that the value of min(/li/t2) also depends on Ae. On the other 

hand, since cosine is a periodic function with period In, we only need to consider all 

the possible values of (Ae)i. Following this idea, we further simplify (3.20) as 

, H � [ 2d\\ + cos(2M£)) < # i f (Aeh < | ,。…、 
min ( A M = { 3 3 , (3.21) 

丨 Ajil+|A』2l 约 1 elsewise 

where without loss of generality we release Ak (k = 1,2) from the nonzero eigenvalue 

to the eigenvalue of the matrix AC*^AC. Since without CFOs min(/li/l2) = d'̂ , from 

(3.21), we can clearly see that when | < (A£r)i < 臺，the minimum value of the product 

A1A2 will be decreased by multiple CFOs. 

The effect of multiple CFOs on the Alamouti code can be concluded as 

• When (A£)i = 0.5’ full diversity order 2 cannot be achieved. 

• When 全 < (Ae)i < the minimum value of the product A1A2 is smaller than 

that of the case without CFOs. 

Simulation Results 

In order to investigate the performance of Alamouti code with CD, MMSE and ML 

detection methods in the presence of multiple CFOs, we have conducted many ex-

periments and studied the simulation results thoroughly. Here the constellation we 

used is QPSK. The channels between two relay nodes and the destination node are 

all quasi-static Rayleigh flat fading. Perfect time synchronization is assumed. Full 

channel knowledge including CFOs at the destination node is assumed. For each 

channel realization, each for 1 < m < 2 is uniformly selected from [-e^ax^ ^Maxl-

Moreover, for a comparison, a single-input single-output (SISO) system with QPSK 

modulation is also simulated. 

Fig.3.9 shows the SER performance of the CD method in the presence of multiple 

CFOs, where the ISI terms (the non-diagonal elements of H^ in signal model (3.14)) 

are simply ignored. Due to the existence of ISI, it is not surprising that the higher 

the value of e似似，the more SER performance degradation for the CD method is. 

When SMax = 0.1, the performance loss is about 1.7dB in the simulated SNR range. 

As SMax increases, the SER performance is quickly decreased. For example, when 
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20 
SNR(dB) 

Figure 3.9: SER performance of the CD method in the presence of multiple CFOs. 

EMGX = 0.15, an error floor is observed in the simulated SNR range and its SER 

performance is even worse than that of the SISO system when SNR > 26dB. 

Fig.3.10 shows the SER performance of the MMSE detection method in the pres-

ence of multiple CFOs. Comparing Fig.3.10 with Fig.3.9, we can see that the MMSE 

detection method significantly outperforms the CD method with a little additional 

computations. When SMGX = 0.15, the performance loss of the MMSE detection 

method is smaller than 0.5dB compared with that of the case without CFOs. When 

SMax is increased to 0.5，nearly no diversity gain is observed. However, its perfor-

mance is still better than that of the SISO system with about 2dB gain. 

Fig.3.11 shows the SER performance of the ML detection method. We can see 

that when SMax = 0.15, the ML detection method nearly achieves the same perfor-

mance as that of the case without CFOs, because not only full diversity order 2 can 

still be achieved, but also the minimum value of A1A2 is preserved. However, when 
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^
山
S
 

20 
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Figure 3.10: SER performance of the MMSE detection method in the presence of 

multiple CFOs. 

SMax = 0.25 and 0.5，the slop is no longer parallel with the curve without CFOs at the 

high SNR range, since when SMOX ^ 0.25 full diversity can not always be achieved 

for each realization of CFOs. Finally, we simulated a special case, i.e., = -0.25 

and €2 = 0.25. Combined with the previous analysis, we see that full diversity order 

2 can not be achieved for this special case. The simulation result conforms with our 

analysis. In Fig.3.11, the slop of its SER curve is nearly the same as that of the SISO 

system, whose diversity order is only equal to one. 

• End of chapter. 
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10 15 
SNR(dB) 

Figure 3.11: SER performance of the ML detection method in the presence of multi-

ple CFOs. 
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Chapter 4 

Signal Detection in an SF Coded 

Cooperative Communication System 

with Multiple CFOs 

Summary 

In SF coded communications, multiple carrier frequency offsets (CFOs) 

may drastically degrade the system performance. In this chapter, we 

consider the signal detection problem in an SF coded cooperative com-

munication system with multiple CFOs. The SF codes here are rota-

tional based and can achieve both full spatial and full multipath diver-

sity orders in a multi-antenna system. By fully exploiting the structure 

of the SF codes, we propose three signal detection methods to deal with 

the multiple CFO problem. They are the minimum mean-squared er-

ror filtering (MMSE-F) method, the two-stage simple frequency shift Q 

taps (FS-Q-T) method，and the multiple fast Fourier transform (M-FFT) 

method, all of which offer different tradeoffs between performance and 

computational complexity. Our simulation results indicate that our pro-

posed detection methods perform well as long as the carrier frequency 

offsets are small. 
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4.1 Introduction 

It has been introduced in previous chapters that different from MIMO systems, one 

difficulty for most cooperative systems is the synchronization problem including both 

timing errors of multiple carrier frequency offsets (CFOs). Recently, this problem 

has been discussed in various literature [60-62,64，65，71，113，119], One of the ap-

proaches being investigated is based on OFDM due to the fact that OFDM is not 

sensitive to timing errors [62,71,113]. In [62] space-time coded OFDM is used to 

reduce the timing error effects. Subsequently, in [113], a distributive high-rate full-

diversity space-frequency (SF) coding is proposed. Under the situation that a channel 

from a relay node to the destination node is frequency selective, this distributive cod-

ing strategy can achieve both full cooperative diversity and full multipath diversity 

for asynchronous communications. 

It is well-known that OFDM is sensitive to carrier frequency offset (CFO) which 

often leads to inter-carrier interference (ICI). For the conventional OFDM or MIMO-

OFDM systems, only one CFO between transmitter and receiver exists. Thus if the 

CFO is accurately estimated, it can be easily compensated. However, in a coopera-

tive communication system, since SF codes are transmitted from various distributed 

nodes, there may exist multiple CFOs at the destination node. It is difficult for the 

destination node to synchronize the signals from multiple relay nodes at the same 

time. Therefore, ICI exists and ICI mitigation is needed to improve performance. 

The problem of multiple CFOs in cooperative communication systems has re-

cently been studied in [74] and [75]. In [74], a subcarrier-wise Alamouti coded 

OFDM system is considered and a simplified zero-forcing (ZF) equalizer is applied 

to suppress the ICI. In [75]，delay diversity is considered and a minimum mean square 

error (MMSE) decision feedback equalizer (DFE) is employed by the destination 

node, where the DFE filter coefficient calculation requires a matrix inversion per in-

formation symbol. 

In this chapter, we consider the signal detection problem in an SF coded cooper-

ative communication system in the presence of multiple CFOs, where rotation-based 
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SF codes [36,37,39,113] are considered. Compared with codes used in [74] and [75], 

these SF codes are powerful in the sense that they can achieve both full cooperative 

diversity as well as full multipath diversity, and their rate is always equal to one 

regardless of the number of transmit antennas. 

Judging from the fact that the SF codes are designed based on maximum-

likelihood (ML) criterion, we consider appropriately increasing signal-to-

interference plus noise ratio (SINR) or mitigating ICI before ML decoding of the 

SF codes. By fully exploiting the structure of SF codes, we find that for the con-

sidered multiple-input single-output (MISO) signal model, a single-input single-out 

(SISO) MMSE equalizer can be used to maximize the SINR and thus the compu-

tational complexity can be significantly reduced. Similar to [75], we also consider 

channel changing caused by CFO and find that due to the structure of the SF codes, 

the updating of the filter coefficients is easier than that of [75] in the sense that the 

MMSE filter matrix inverse is independent of the OFDM symbol (or block) index for 

a channel realization. 

It is well-known that the Q taps (Q-T) method is a common method to reduce 

computational complexity, e.g., [120] and [121]. In this chapter we will use the 

Q taps method as a benchmark and compare it with our proposed simplified meth-

ods. Our simulation results will show that for the same symbol error rate (SER) 

performance, our proposed methods require less operations than the Q-T method. 

Following the idea in [120], we also derive a two-stage Q taps method to enhance the 

performance of the Q-T method. Because the channel changing is caused by CFO, 

we can pre-process a received signal by the simple frequency shift (FS) operation. 

We then introduce a novel multiple FFT (M-FFT) method which can be realized 

by simply re-arranging the SF code with little loss in system performance. As a 

matter of fact, not only is its performance comparable with the Q-T method, but M-

FFT can also be used as preprocessing of the Q-T method. Our analysis shows that 

if the coherence time of the channel is not very long, the M-FFT based methods have 

a lower computational complexity than that of the Q-T method. 

This chapter is organized as follows. In Section 4.2，the system and the signal 

models are introduced and in Section 4.3，the structure of the SF codes described 
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in [39] is reviewed. The fundamentals as well as the implementation topologies 

of the three new detection methods for tackling the multiple CFO problem are ex-

plained in great detail in Section 4.4. In Section 4.5 the computational complexity 

of our proposed detection methods are analyzed and simulation results are shown in 

Section 4.6. Throughout this chapter, full channel knowledge including CFOs at the 

destination node is assumed. 

4.2 System Model 

4.2.1 Cooperative Protocol 

Fig.4.1 shows the structure of cooperative communication system in this study, which 

includes one source node, one destination node, and a number of relay nodes. In the 

first phase, the source node S broadcasts the information while the relay nodes re-

ceive the same information. In the second phase, the M, relay nodes, which have 

detected the received information symbols correctly, will help the source to transmit. 

The detected symbols are parsed into blocks of size N and the bth block, 6 = 0，1，. •.， 

is encoded to an SF codeword matrix C^ in a distributed fashion [66]. Here we as-

sume that before the transmission in the second phase，by exchanging some informa-

tion with the source node, the mth (1 < m < Mi) relay node is assigned the number 

m. Thus, each relay node knows which column of the SF code matrix it should trans-

mit. So, the mth relay node transmits the (m - l)th column of the codeword matrix, 

denoted as c^, by the standard OFDM technology. Another way is to pre-assign the 

column indices to all the potential relay nodes in case there are not too many po-

tential relay nodes. In this case no information exchange may be needed among the 

relay nodes. Then, at the destination node, the received OFDM symbols are used to 

decode the SF code. Here, the decode-and-forward protocol is adopted. We also as-

sume that each node has only one transmit/receive antenna, and that there is no direct 

link between the source node and the destination node. Although in a cooperative 

communication system, each column of an SF code corresponds to one relay node, 

to be consistent with the notation used in the SF coding literature, we will use the 

term antenna instead of relay node in this chapter. 
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Figure 4.1: System structure. 

4.2.2 Receive Signal Model 

At the destination node, after matched filtering，and removing the cyclic prefix of 

length Lcp and applying FFT for each channel realization, the 办th received OFDM 

symbol z" in the frequency domain is given by 

I ~ M, 
z ' = A / F 2 — ' 《 " U 〜 H m c i + w 、 (4.1) 

‘ ‘ m = \ 

where H;„ is an N x iV diagonal matrix whose diagonal elements are the channel 

frequency response from mth relay node to the destination node, w^ is an A/ x 1 

vector with each entry being a zero mean unit variance complex Gaussian random 

variable and p stands for the signal-to-noise ratio (SNR) at the destination node. 

Let Afm be the CFO between the mth relay node and the destination node. Then 

Sm - ^fmT is its normalized value by OFDM symbol duration T. In (4.1), = 

2neJJbN + bLcp + Lcp)IN + 0o’m’ where InSmibN + bLcp + Lcp)/N is the phase rotation 

of the bth OFDM symbol transmitted from the mth relay node induced by CFO A/^ 

during the time of b OFDM symbols and b + I CPs, and 没o,m is the phase rotation 

between the phase of the destination node local oscillator and the carrier phase of the 

mth relay node at the start of the received signal. U〜is the ICI matrix induced by e^ 

and is given by 

= F ; v n』， (4.2) 

where = d i a g ( l ， e 7 2 ; r £ „ / A /， … F r o m the definition of U〜，clearly 

Uĝ  is a unitary matrix and the element at its fth row and kth column is 

sinMik - Ih + 树 

l U / ， 幻 = = ^ N s i n i m - l h ^ s J / N ] ^ ， （4-3) 
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where 0 < l,k<N-l. 

From (4.2) and (4.3) we can that if £m * 0, m = 1,2, • • • the matrix 

is no longer diagonal and (4.3) shows the effect of CFO. The amplitude of the 

concerned subcairier is attenuated and its phase is rotated due to At the same 

time, the desired subcarrier is also interfered in by the ICI power coining from other 

subcarriers. Furthermore, if more than one CFO exists, which is possible in a coop-

erative communication system, it is difficult for the destination node to compensate 

all the CFOs at the same time. 

4.3 Structure of Space-Frequency Codes 

The SF code for the cooperative communication system under investigation is based 

on the code in [39]，[66], [37]. In this section, we will briefly review the structure of 

this SF code and some of the properties to be utilized in consequent sections. Here 

we adopt the code structure proposed in [39]. 

Each SF code C is an N x M, matrix and is mapped from an A '̂ x 1 information 

symbol vector s. Here N is equal to the number of subcarriers in one OFDM symbol, 

M, is equal to the number of transmit antennas, and N' < N. 

For the coding strategy proposed in [39], each SF codeword C is a concatenation 

of some matrices G" 
iT 

C = Gf G^ "(AMV')xAf, (4.4) 

where P - LN/(rM,)J, N' = PFM, and each matrix Gp is of size FM, by M, for 

p = 1,2,••• ,P. The zero padding matrix is an {N - N') x M, all zero 

matrix which is used i f the number of subcarriers N is not an integer multiple of FM,. 

In the remainder of this chapter, unless otherwise specified, we always assume that 

N is an integer multiple of FM,. Each matrix Gp，I < p < P, has the same structure 

given by 

Or … O r 

Or x 《 . . . O r 

Or Or 

(4.5) 

69 



Chapter 4. Detection of SF Codes with Multiple CFOs 

where x^ = L^^f爪-”「十！^^爪一i)r+2…<r]『，爪=1，2，.-. ’A/,，and all k = 

1,2，…,YMt, are complex symbols and are mapped from an information subvec-

tor Sp = S 2 , ' - ' ， b y a rotation operation 

[X广，xf，...，x[厂：T 二 0Sp， (4.6) 

where j f is {(p - l ) rM , + / - l)th entry of s for 1 < / < FM, and 0 is an x 

rotation matrix. I f the signal constellations are QAM and PAM, it can be shown 

that the optimum rotation matrix 0 is a unitary matrix [39]. More introduction to 

0 has been given in Chapter 2.3.2. The details regarding the construction of 0 can 

be found in [39] and the references therein. The energy constraint is E YJk=\ l̂ -tl̂  = 

FM,. For a certain p, the symbols in Gp are designed jointly, but the design of Ĝ ； 

and Gp2，p\ 本 p i , is independent of each other. At the destination node, each SF 

submatrix Gp is decoded by ML or sphere decoding independently. We can see that 

through rotation and allocation to different subcarriers and antennas, the information 

of each entry in s disperses in F subcarriers of each antenna. Thus the maximum 

diversity order achieved by this kind of SF codes is equal to TMtMr where Mr is the 

number of receive antennas. Here, by realizing the SF code in a distributed fashion, 

for each cooperative transmission, the achieved diversity order is equal to 乙m 

， i f mso îLm) < r for m = 1,2, • • •，M,，where M, is the number of relay nodes 

incorporated in this cooperative transmission, and L^ is the number of multipaths for 

the link from mth relay node to the destination node [66]. 

4.4 Signal Detection with Multiple CFOs 

By modeling ICI as additional Gaussian noise, it is shown in [122] that the design 

criterion for SF codes without CFO is still valid in the presence of CFO. This means 

that CFO may not decrease diversity order and the performance degradation can be 

regarded as that due to the loss of equivalent SNR, i.e., signal-to-interference-plus-

noise ratio (SINR). Thus, if SINR is increased, the performance loss can be dimin-

ished. Based on this observation, we propose to deal with ICI mitigation due to mul-

tiple CFOs by first increasing the SINR using linear filtering or other methods, and 

then decoding the SF code by the commonly used ML or sphere decoding method. 
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4.4.1 MMSE Filtering Method (MMSE-F) 

In this subsection, we consider using a linear filtering N xN matrix V^ to maximize 

the SINR of each subcarrier based on the MMSE criterion, where b is the index of 

OFDM symbols. Each row of V^, denoted by v^/is SL I x N filter coefficient vector 

corresponding to the kih subcarrier, 0 < k < N - I, with the constraint v^v^ = 1. 

Let z^ = and = Then subsequent to the filtering process, we obtain 

r — M, 

• ‘ m — 1 

(4.7) 

The filtered signal of the kth subcarrier can be written as 

V- — M, 

A 2 e<»vJ[D„^，o，D爪’ 1’ … ， D … ] c 二 + v V ， 
m=l 

where D爪,,.’ 0 < / < Â  - 1，is the ith column of D„j. 
From (4.8)，we can express the SINR at the 虹h subcarrier as follows: 

(4.8) 

E 
SIN昨）二 

丨力⑷P 

E IrW-y'M' 
(4.9) 

where the expectation is taken over Gaussian noise and elements of SF code C办. 

In ( 4 . 9 ) ， i s the desired signal of the Ath subcarrier after filtering. It can be 

expressed as 

M, r— 
r'Ak) = Z 措 ( 4 . 1 0 ) 

m=l ‘ ‘ 
Similarly, y^ik) is the total received signal of the Ath subcarrier and is given by 

M, N-L I 

7r(k) = + (4.11) 
m = l 1=0� ‘ 

Thus - y%k) is the total signal of the filtered Gaussian noise and ICI terms 

coming from other subcarriers. 

The calculation of vector v^ that maximizes SINR、/:) is a standard generalized 

eigenvalue problem [123]. For each subcarrier, its calculation requires one Cholesky 

factorization and the computation of the dominant eigenvector, each of which re-

quires 0{N^) operations when a general MISO equalizer is applied [80]. However, if 
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the structure of the SF code is carefully exploited, the computational complexity of 

v j can be reduced to 0{N'^). 

One property of the SF code is that each subcarrier is only used by one transmit 

antenna. From (4.5), we can write c二 as 

< = V ^ P . (Ip V ^ P Z (4.12) 

where x” = (Ip ® 0) ŝ  and is a diagonal matrix corresponding to the (m - l)th 

column of For the SF code in [39], has the following form 

1， i f / = /' = ( / - i ) r M , + ( m - i ) r 

0，otherwise 

where 0 < / < T - 1 and \ <t < P. Based on (4.13) we have 

P爪， i f m = 

Otherwise 

(4.13) 

(4.14) 

where Oatxat XN all zeros matrix. 

Furthermore, because the rotation matrix 0 is a unitary matrix, it is not difficult 

to verify that 

E[c爪(/rcw(r)]= 
M „ i f / = /', m = m' and c„(l) * 0 

， (4.15) 
0， otherwise 

for 0 < /, r < Â  - 1 and 1 < m, m' < M „ which leads to 

1， i f / = r 
E [x(/)*x(r) ]= . (4.16) 

0，otherwise 

Assuming that the /th subcarrier is used by the m/th antenna, equations (4.10) and 

(4.11) can be written as 

彻 = ( 4 . 1 7 ) 

and N I 

r f (^ ) = £ 沖;n,’/<,(/) + > > 、 (4.18) 

respectively. By considering (4.15)，we have 

E (4.19) 
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and 

E I r f ⑷ - M ] = 1 + Z P机'K，1( (4.20) 

Substituting (4.19) and (4.20) into (4.9) and using the constraint y\y\ = 1, we 

get 

SINR^(it) = — ^ ^ . (4.21) 
vn"丄 I " + Z ; y D 〜 < 「 D . … 二 ) v f 

By comparing (4.21) with [124, Equation (20)], we can see that the above SINR for 

our signal model in (4.1) is the same as that for the following SISO-OFDM signal 

model: 

z 办 = + w^, (4.22) 

where = 
and the elements of x办 are uncorrelated from each other. 

To calculate V^ that maximizes SINR based on the SISO model in (4.22), we utilize 

(4.14) to rewrite (4.22) as follows: 

M, \ 

Vm=l / 

= 讽 P V + w 办’ (4.23) 

where D = and P" = Z^Li e先Pm. It is easy to verify that P^P^ = 

and that P^ is a unitary matrix. 

For the signal model (4.23) or (4.22), the linear MMSE filter maximizes the out-

put SINR for any value of SNR [7]. Thus, the optimal filtering matrix V" can be 

calculated as follows: 

1. i f ^ = 0 then 

• Compute the MMSE equalization matrix V for (4.23) 

V = ((DPO 广 ( D P O ) + 1 ( D p o f = 〜 ， （ 4 . 2 4 ) 

where Y = ( d ^ D + i l ^ ) " ' D^. 

• Normalize each row of T and denote it by T. 

• We have V。= P^^ t . 
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2. lib >\ then V^ = P ^ ^ t or V办= p啊V ^ where P = YJ^L^ 松j2;r〜(i+ẑ AOpm 

since P* = P^ ^P. 

Based on the calculation of the MMSE-F detection method can be summarized 

as follows 

1. Compute the filter matrix V^. 

2. Use V'' to filter the received signal vector ẑ  (4.23). Then, we obtain 

Ẑ  = 调 bjypbxb + V V 

= ^ p l x 办 + + (4.25) 

where D^ = P^^TDP^ is the filtered channel matrix, H = Î v (D and 

w^ = V^w'' is the filtered noise vector. It is easy to verify that H(/，/) = T/D/, 
A A 

0 < / < Â  - 1, where T/ is the Ith row of T and D； is the /th column of 

D. -yjp (d^ - h ) x^ + w^ expresses the effect of both ICI and filtered Gaussian 

noise. 

3. Ignore both the off-diagonal terms in the covariance matrix of w^, i.e., V̂V办对， 

and ICI terms. Then decode SF codes vector x^ by ML or sphere decoding. 

For this MMSE-F method, we have the following observations: 

• Comparing with the case of delay diversity coding in [75], the filter matrix is 

easier to update. Here, for each channel realization, the operation of matrix 

inversion is required only once in (4.24) for different OFDM symbols. 

• Different from the blind detection schemes in [125,126], and the conventional 

non Space-Time (ST) or non SF coded cases in [120,127], where after equal-

ization the estimation of the information symbols are directly obtained (we 

call this method the complete equalization (CE) method), here after the equal-

ization, instead of the direct information symbols, the estimation of is 

obtained. Since the SF code is designed based on the ML criterion rather than 

the MMSE criterion, if we apply CE, we cannot achieve the full diversity gain. 
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although the CE method requires less computations than the MMSE-F method. 

To preserve the performance of the SF code, the precoding matrix 0 should not 

be equalized. This also implies that after the filtering process, it is still neces-

sary to decode the SF code by ML decoding such as sphere decoding method 

to achieve the full diversity. 

• To avoid the necessity of jointly considering all N subcaniers，two approx-

imations have been adopted when decoding the SF codes through (4.25) in 

Step 3 above and in our simulations to be described later on. First, the filtered 

Gaussian noise vector w^ is considered to be white. Second, the ICI terms 

(d^ - H) x^ are ignored or simply regarded as additional Gaussian noise. 

The major drawback of the MMSE-F method is its computational complexity 

which is of the order of 0、N、. Although this cost can be averaged by the number 

of OFDM symbols in one channel realization, it could still be a burden when N is 

large. To mitigate this deficiency, in the remainder of this section we propose several 

simple detection methods at the cost of some performance loss. 

4.4.2 Frequency Shift Q Taps (FS-Q-T) Method 

As already studied in the literature, e.g., in [120,121], for a particular subcarrier, 

most of the ICI power comes from a few adjacent subcarriers and most of the leaking 

power appears in its neighboring subcarriers. Although in this study, the change of 

the channel is caused by CFO and not by the Doppler frequency shift, a similar result 

can be easily obtained by observing the ICI matrix Ue^. Based on this property, the 

Q taps method is a common way to reduce computational complexity for OFDM 

system, e.g., [120] and [121], where for the concerned subcarrier only its L circular 

left and right subcarriers are considered. That means we use 0 (Q = 2L+1) taps filter 

instead of the full A -̂taps filter. Roughly speaking, if NQ^ < N^, the computational 

complexity can be reduced in the expense of a certain performance loss. 

To mitigate this performance loss, in [120], a two-stage equalizer is proposed. Its 

main idea is that at the receiver before FFT, a time domain windowing is used to de-

crease the neglected ICI. However, the calculation of the windowing vector requires 
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the solution of a generalized eigenvalue problem whose computational complexity 

can exceed the one for computing the N taps MMSE filter for our considered prob-

lem. 

In this subsection we propose a simple two-stage FS-Q-T method suitable for 

system with two relay nodes. Its main idea is that before FFT we can shift all CFOs 

by a certain frequency s. Although this operation cannot completely compensate 

multiple CFOs, we still hope that frequency shift (FS) can increase the average SINR 

of each subcarrier (denoted by SINR(幻，0 ：̂ ：̂ iV - 1) or in other words decrease 

the level of the error floor. If this is possible, the performance of the Q-T method 

can be improved. Here, average SINR means SINR is averaged over the channel 

realizations. Therefore SINR(/c) does not depend on any particular channel. 

To express SINR(/:), we rewrite as 

Ak) = k)x\k) + + W'ik), (4.26) 

where mi is the /th subcarrier used by the m/th antenna. The first term of (4.26) is the 

desired signal and 
N-\ 

I '(^) = Z 一叫(l’Dxb(D (4.27) 
l:Q’Uk 

is the ICI term for the kth subcarrier. 

As discussed in [122], the ICI term V'ik) can be modeled as an additional Gaus-

sian noise. Assuming that information symbols have zero-mean such as PAM，PSK, 

and QAM signal constellations, we have E = 0. Then, by using (4.16) and the 

fact that 

E 

we can calculate the variance (T^、of ICI term I^(fc) as 

N-

| i W ] = P X I"〜"-幻 
l=0,ltk 

Hence, we have 

(4.28) 

(4.29) 

where the index b is dropped since both the desired signal and ICI powers do not 

depend on b. 
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From the expression of SINR(A;), we can see that for each realization of e„ 

SINR(众）depends on k. On the other hand, according to the SF code structure, it 

is not difficult to show that the /:th and the {k + /7M,r)^th subcaniers have the same 

value of SINR for 1 < < P - 1. To remove the dependence of the subcarrier index 

k, we can consider the total SINR of a group of M, subcarriers which are used by 

different antennas in one SF submatrix Gp. This is reasonable since at the receiver 

all subcarriers in one submatrix are jointly decoded. We denote this group SINR by 

SINRg. Assume the kth subcarrier is used by the 1st antenna, according to (4.5)，the 

(k + /r)th subcarrier is used by the (i + l)th antenna for 0 < / < M, - 1. Then，the 

total average SINR of these M, subcarriers can be expressed as 

S I N R . = 

PZ;S)-1|“。|2 

(4.30) 
P (似,-2；!'丨 K’o|2) + M, 

It is clear that SINR玄 does not depend on the subcarrier index. Then, define function 

/(e) as 

m 二 , " ， 幼 | 2 、 _ . (4.31) 

which is the value of SINR客 after the frequency shift by amount s. Thus, we need to 

calculate e that increases /(e). When M, = 2，we can show that e* = - ^m) / M 

is the optimal value to maximize SINR^ by considering the fact that V/(e.) = 0 where 

V f means the gradient of function / . However, when M, > 2, we cannot get a closed 

solution to maximize /(e). 

Finally, it should be noted that any two-stage strategy cannot outperform the 

MMSE-F method regardless of the value of Q because the MMSE-F method is an 

optimal linear processing approach in maximizing the SINR of each subcarrier. 

4.4.3 Multiple FFT (M-FFT) Method 

For the FS-Q-T method, when M, > 2，we cannot get a closed solution to maximize 

f{s). To partially tackle this problem, we try another approach the multiple FFT (M-
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FFT) method, i.e., multiple FS and FFT operations instead of only one FS operation. 

Since ICI power cannot be easily canceled by only one FS operation due to the effect 

of multiple CFO, we want to cancel more ICI power through multiple FS and FFT 

operations and we call this approach the multiple FFT (M-FFT) method. 

Intuitively, if we shift the frequency of the received signal by -Sm for 1 < m < 

the ICI power coming from the mth relay node can be completely canceled. However, 

the ICI power from other relay nodes may be increased at the same time. To alleviate 

this problem, we need to utilize the properties of both the SF code and ICI coefficients 
“。• 

At the transmitter, we re-arrange the SF code C in (4.4)-(4.5) by some row per-

mutations and denote this row-wisely permuted SF code by C'，which is written by 

C'=讽 

xl Or 

xf Or 

Or x» 

Or x j 

Or Or 

Or Or 

Or 

Or 

Or 

Or 
(4.32) 

where x^ is defined in (4.5), From the above expression of C' we can see that after 

row permutations, the nonzero entries of the (m- l ) th column of C are grouped. Note 

that the subcarriers from PT{m - 1) to PYm - 1 are used by the mth transmit antenna. 

We call these subcarriers the mth group. 

Assume that the ((m - l ) r + /)th row, 0 < i < F - 1, of G^ is located at the 

”fm-i)r+fth r o w， 0 < 饥_i)厂+,• < A^- 1 , of C , i.e., of Gp will be transmitted 

at the subcarrier by the mth transmit antenna. Then, for (4.32) we have 

n ；-i)r+/ = (所 _1)厂户+ 厂+ 
In [39], it has been shown that the diversity order and coding advantage of this 

kind of SF codes only depends on the relative positions of the permuted rows cor-
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responding to the entries of xj, with respect to the position «f„j_i)「. Since we do not 

change the relative positions for the entries of x£，i.e., 1)「+, - = i, for 

each pair of m and p, C' should have the same diversity order and coding advantage 

as that of C. When we use C , we can get the following frequency domain SISO-

OFDM model from (4.22) as 

I'b = 讽 ' V + w 〜 (4.33) 

where x'* = Tx'' and T is a permutation matrix whose element in row 

and {{p - l)M ,r + (m - l )r + /)th row is equal to 1. Similar to the definition of D^ 

in (4.22), D'b = Z二Li ̂ '^-D^P； and P'̂  is defined as 

Kxi’n = 
1， i f 1 = 1' and (m - 1 )Pr < / < mPY - 1 

. (4.34) 
0’ else 

At the destination node in the time domain we apply FS and FFT operations M, 

times. Each time CFO £ / , ! < / < M„ is completely compensated by the FS. Then, 

after the FFT operation we can get signal vector z'f in the frequency domain as 

.fb = + wf, (4.35) 

where D ' f = 2 二 e7((-々D„>，/P;„，D^ , = and 〜 , : e 爪 - 已 卜 

Since e, is compensated, we have D 'fP'/ = H/PJ. This means that the subcarriers 

of the /th group do not leak their power to all other subcarriers whether they are in 

the same group or not. 

Unfortunately, due to the effect of multiple CFOs, the ICI power arriving from 

other groups may be increased by this FS operation. However, it is also highly prob-

able that the SINR of the subcarriers in the /th group can be significantly increased. 

From (4.2)-(4.3) for the ICI coefficients, one can see that for the desired kth sub-

carrier in the /th group, most of the ICI power comes from a few of its neighbors and 

most of which are in the same group. Considering another subcarrier, say the ith sub-

carrier, as the distance \k - /[ increases, the ICI power coming from the ith subcarrier 

drastically decreases. Therefore, although the ICI power arriving from other groups 

may be increased by this FS, its effect is insignificant compared with the canceled 

ICI power of the same group. In other words, the subcarriers in the Ith group can 
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regard each other as separation or guard subcarriers against the ICI power from other 

groups. Furthermore, the subcarriers in the middle of the /th group should suffer 

from smaller ICI power than those subcarriers do which are at the boundaries of /th 

group. Because both sides of the middle subcarrier are separated from other groups 

and as the position of subcarrier shifts from the middle to left or right boundary, the 

ICI power coming from ((/ - 2)m, + l)th or {{1)^, + l)th group will rapidly increase. 

Therefore, after the /th FS and FFT operation, we may only want to preserve 

the signals of the /th group denoted by rj* which is a PF x 1 vector. Finally, we 

collect all of t^. for 1 < I < M, and construct an equivalent received signal vector 

‘1 山 ‘ 
. I t is easy to show that shifting the frequency of the 

received signal in the time domain by -e, is equivalent to multiply z'办 by (e^^^iVei). 

Let U^ = 二'1 —吃U。P;). Then, z'^ can be expressed as 

= 讽 

b'K 
• M, WW, 

Vm=l 
【'办+ w'办 

w jb (4.36) = y f ^ b 啊 Ifiyx'b 

where D' = (l^j^'j P;H；),妒=U^'^w'', and the second equality follows from the fact 

that P^ has the same property as that of P^ described in (4.13). 

Because D' is a diagonal matrix, we can see that z'办 is actually the matched filter 

output of , Furthermore, U办 can also be rewritten as 

U办 = 

Mt \ / A/, 

2 > 又 i i � 
\ m = l 

=UP'办’ (4.37) 

where U = U s义 ’ and P '办=Z^' i —吃 P; and it can be verified that P^ is a 

unitary matrix. Substituting (4.37) into (4.36), we get the SISO-OFDM model as 

\ 

= 

W >b 

W tb (4.38) 

where H^ = (p^^U^UDT '^ As we have discussed that the SINR of a subcarrier 

can be increased by the M-FFT, we can ignore the ICI terms (non-diagonal elements) 

of flh and directly decode by ML or sphere decoding method. 

Furthermore, for the M-FFT method, we have the following options 
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• The MMSE filter matrix of fi〜denoted by V^, can be computed from 

V^ = P ' … D ' ^ U ^ U U ^ U D ' + h j ] 1 D'啊U啊UP'、 (4.39) 
P I 

where the matrix inverse is independent of b. Note that we still assume w^ 

to be white. Therefore, if M-FFT is used as the preprocessing of the Q-T to 

improve the performance, the filter coefficients of the Q-T can still be updated 

easily. Since after M-FFT, the ICI power comes from the same group is can-

celed, for the concerned subcarrier, we need only to consider its nearest Q - 1 

subcarriers which are in its circular left or right neighboring group. We denote 

this combined scheme as M-FFT-Q-T. 

• Since after each FFT operation, only N/Mt outputs are used, the computational 

complexity of FFT may be further reduced compared with the full length FFT 

using the algorithm as proposed in [128,129]. However, considering the fact 

that the computational saving is obvious only when M, is large, so in the next 

section we continue to apply the full length FFT to evaluate the computational 

complexity of the M-FFT method. 

• If we combine M-FFT with successive interference cancellation (SIC), the de-

coding order of Gp, \ < p <Py should depend on the subcarriers where Gp are 

located. For example, considering the structure of C'’ Glp/2j or G「p/2i should 

first be decoded. Although this is not the optimal decoding order’ no additional 

operations are needed to decide the decoding order. 

• Since the boundary subcarriers of each group have the worst quality/SINR, we 

may not use them to improve the SER performance at the cost of even small 

efficiency loss. On the other hand, i f zero padding exists, we can use them to 

separate groups. We denote this method as M-FFT-Zn, where n is the number 

of unused subcarriers. 

In [39]，the authors also devised an interleaving method to maximize the cod-

ing advantage when the power-delay profile is known at transmitter. If the 

separation factor ji [39] is a factor of P’ by row permutations the subcarriers 

used by the same antenna can still be grouped together and at the same time 
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adjacent subcarriers in each is separated by jj, subcarriers. I f // > P, to sat-

isfy this separation factor fi, we cannot permutate the subcarriers used by the 

same antenna to one group. However, we can still group the subcarriers used 

by one antenna into multiple groups each of which contains the same number 

of subcarriers. 

4.5 Computational Complexity Comparison 

We now compare the computational complexity of each detection method. Here 

multiplications, divisions, and additions all refer to complex operations. We also 

assume that multiplication and division have the same complexity and the channel 

keeps constant during the time period of K OFDM symbols. In counting the number 

of operations, some results in [130] are used. For the inverse square root operation, 

we assume the algorithm introduced in [131] is applied. 

Complexity of MMSE-F Method 

The computational complexity of the MMSE-F method can be evaluated as follows. 

1. When ^ = 0 

• As mentioned in [130], inverting matrix (DP” (DP” + > via singu-

lar value decomposition (SVD) requires + N! multiplications and 

- N^ additions. 

Multiplying ((Dpb广(DP” + “ by (DPb厂 needs hP multiplica-

tions and N^ - N^ additions. 

Normalizing each row of T requires the calculation of the square of the 

Frobenious norm which requires N multiplications and N - \ additions 

for each row. The algorithm to compute the inverse square root is gener-

ally based on Newton's root finding method. A fast inverse square root 

algorithm can be found in [131]. With only one Newton iteration, it can 

provide the solution with acceptable precision. It roughly requires 4 mul-

�<H 
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tiplications and 2 additions. So a total of N{2N + 4) multiplications and 

N{N + 1) additions are required. 

• Calculating the filtered channel frequency response H requires N^ multi-

plications and N^ - N additions. 

• Filtering the received signal vector Z^ by P^^T requires N^ + N multipli-

cations and N^ ~ N additions. 

In total, we need at least + + 5N multiplications and + N^ - N 

additions when 6 = 0 

2. When 0<b<K 

• Calculating P办=p办—ip and filtering the received signal vector Z^ by 

P^^T requires a total of N^ + 2N multiplications and N^ -N additions by 

considering P as a diagonal matrix. 

Complexity of Q-T Based Method 

Following the similar analysis steps as the MMSE-F method, the complexity of the 

Q-T method can be summarized as 

1. When 办=0，we roughly need + + 4Q + 5) multiplications and 

N(13Q^ + 2 (2 -1 ) additions. 

2. When 0 < i? < we need NiQ + 2) multiplications and N(Q - 1) additions. 

3. For FS-Q-T method, additional N multiplications are required for each OFDM 

symbol. 

Complexity of M-FFT Method 

For each OFDM symbol, we need M, FS operations and M, - 1 additional FFT 

operation. Each FFT needs ^ logj N multiplications and N log: N additions. Here 

the Cooley-Tukey radix-2 FFT algorithm is considered [132]. So in total, we need 

MtN+(Mt-l)^ log2 N multiplications and logj N additions for each OFDM 

symbol. 
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Method Number of multiplications 

when b = 0 

Number of multiplications 

when 0 < b < K 

MMSE-F 

Q-T 

M-FFT 

+ + 5N 

N(l3Q^ + 2Q^ + 4Q + 5) 

N^ + 2N 

N(Q + 2) 

M,N + (M, - l ) f log2iV 

Table 4.1: Number of multiplications of each method. 

Method Number of additions Number of additions 

when b = 0 when0 < b< K 

MMSE-F 歸 3 N^-N 

Q-T N(l3Q^ + 2Q-l) N(Q-l) 

M-FFl iM,-\)N\og2N {M,-l)Nlog2N 

Table 4.2: Number of additions of each method. 

The number of multiplications and additions of each method is summarized in 

Table 4.1 and Table 4.2, respectively. Compared with the Q-T method, for the FS-Q-

T method, additional N multiplications are required for each OFDM symbol. From 

these two tables, we can see that when Q is much smaller than N, the Q-T method 

has a lower computational complexity than the MMSE-F method. For MMSE-F 

and Q-T methods, the calculations of initial filter coefficients (b = 0) account for 

most of the computation. However, since the filter coefficients are easy to update for 

each channel realization, the computation of each OFDM symbol can be averaged as 

channel coherence time increases. For the M-FFT method, the computational load 

of each OFDM symbol is always of the order 0(N log! N) no matter what the value 

of K is. Thus if channel coherence time is not very long, the M-FFT method has the 

least computational complexity. 
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4.6 Simulation Results 

In this section, we present numerical examples to demonstrate the effectiveness and 

performance of our proposed detection methods for the SF coded cooperative system 

having multiple CFOs. 

First, we consider a system with two relay nodes. The simulated OFDM system 

has 64 subcarriers, i.e., N = 64. The bandwidth is 20 MHz and the cyclic prefix of the 

OFDM is fixed to N/4 = 16. The channels from relay nodes to the destination node 

are all frequency-selective with two equal power rays [r^(0),Tp,(l)] = [0,0.5]/i5 for 

1 < m <2. The data symbols are quadrature phase shift keying (QPSK) modulated. 

We also assume that the destination node only has one receive antenna. For each 

channel realization, each e^ is uniformly selected from [-SMax^^Max\- The SF code 

proposed in [39] is applied. The separation factor f i is equal to 1. To achieve both 

full cooperative diversity and multipath diversity, the parameter r is set to be 2. 

Fig.4.2 shows the performance of the MMSE-F method. From the simulation 

results we can see that as SNR increases, the OFDM system will quickly suffer from 

an error floor if we directly decode (referred to as DD) the SF code without increasing 

SINR. In comparison, the MMSE-F method works well. In the simulated SNR range, 

the performance loss is small when EMUX = 0.1 and 0.2. To make a comparison, we 

also plot the curve of the CE method when SMGX - 0.1. Its performance is worse than 

directly decoding since the SF code is not designed for the MMSE criterion. In this 

figure we also plot the SER curve of a subcarrier-wise delay diversity coded scheme 

whose parameters are the same as those used in [75]. We can see that even the SF 

code with e似似=0.1 outperforms the delay diversity coded scheme without CFO 

because the delay diversity coded scheme has at most diversity order 2 while the 

SF coded scheme has diversity order 4. A subcarrier-wise Alamouti coded OFDM 

system without CFOs, considered in [74], is also simulated. We can see that its 

performance is even worse than the SF code with CFOs when the MMSE-F method 

is applied since the subcarrier-wise Alamouti coded OFDM system can only achieve 

diversity order 2. We also simulate the method proposed in [74] when SMax = 0.15. 

Although the length of ZF filter Q has been set to its maximum value 2N, the SNR 

loss is still larger than 3dB when SER = 
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Figure 4.2: Performance of the MMSE-F method with multiple CFOs. 

Fig.4.3 shows the performance of the Q-T method with different values of Q. 

We can observe that as the value of Q increases, the performance loss of the Q-T 

method decreases compared to that of the MMSE-F method. We also plot the SER 

curve of the FS method, where before directly decoding the SF code the optimal 

frequency shift is used to increase average SINR. Same as before, the FS method 

has a lower error floor than that of directly decoding. Although the FS method gives 

poor performance on its own, FS can be used as the preprocessing of the Q-T method 

as FS-Q-T. In Fig.4.3, we can see that the performance of the FS-Q-T method with 

Q = 3 and Q = Sis comparable with that of the Q-T method with Q = 5 and Q = 7, 

respectively. 

Fig.4.4 compares the output SINR of the directly decoding, FS and M-FFT meth-

86 



Chapter 4. Detection of SF Codes with Multiple CFOs 

14 16 18 
SNR(dB) 

Figure 4.3: Performance of the Q-T method when SMax = 0.2. 

ods. For the directly decoding and FS method, we only draw their average SINR over 

all subcarriers since each subcarrier has the same value of the average SINR. For the 

M-FFT method，the subcarriers in the same group have different quality/SINR. The 

SINR of the 0th, 1st，and 15th subcarriers in the 1st group are also depicted as exam-

ples. From the simulation results we can see that the average SINR of the FS method 

is higher than that of directly decoding. This is consistent with our previous analysis. 

We can also see that for the M-FFT method, the SINR of the 15th subcarrier which 

is located in the middle of the 1st group is much higher than that of the 0th and 1st 

subcarriers. Even the SINR of the 0th subcarrier is still a little higher than that of the 

directly decoding. As the index shifts from 0 to 1，SINR drastically increases and is 

higher than that of the FS method. 

Fig.4.5 shows the performance of the M-FFT method when e^ax = 0.2. To 

demonstrate that the grouping operation of subcarriers plays an important role in 
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Figure 4.4: Output SINR of different methods when EMOX = 0.2. 

the M-FFT method, we also simulate a scheme that we directly apply multiple FS 

and FFT operations without the grouping operation and it is denoted by M-FFT-WG 

in the figure. From the simulation results we can see that the performance of the M-

FFT-WG method is worse than that of the directly decoding. This is because without 

the grouping step, in the FS operation, the increased ICI power from other antennas 

can even exceed the canceled ICI power. Comparing Fig.4.5 with Fig.4.3, the M-FFT 

method outperforms the Q-T method with 0 = 5. 

Fig.4.6 shows some extensions of the M-FFT method. For M-FFT-Z4, the 0th to 

29th subcarriers are used by the first transmit antenna, the 32nd to 61st subcarriers 

are used by the second transmit antenna and all the other subcarriers are not used. 

From the simulation results we can see that the performance of the M-FFT method 

is greatly increased and outperforms that of the Q-T method with Q - 13 or the FS-

Q-T method with (2 = 9. The cost is that the frequency efficiency is decreased by 
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Figure 4.5: SER performance of the M-FFT method. 

6.25%. The effect of zero padding can be explained as follows. Since no signals are 

transmitted at these four subcarriers, no power leaks from them. More importantly, 

for each group, a large part of the ICI power from the other groups falls on these 4 

unused subcarriers. Note that for the Q-T method, zero padding can also increase 

SER performance. But the improvement is small, because only the subcarriers near 

these zero pads can significantly benefit from them. For the M-FFT-Q-T method, 

when (2 = 4, its performance outperforms that of the M-FFT-Z4 method. Finally, we 

combine the M-FFT-Z4 method with SIC. For our simulated system, the decoding 

order is Gs, G9, G7, Gio,…，Gis, Gi according to the average SINR of subcarriers. 

To contrast their results, we also plot the curves of other two comparable schemes. 

They are the M-FFT-Q-T method with 0 = 7 and the FS-QT method with Q = 15. 

For a fair comparison, 4 zero paddings are used at the same subcarriers as that of 

the M-FFT-Z4 method. Therefore, they are denoted by M-FFT-Q-T-Z4 and FS-Q-T-
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19 20 21 
SNR(dB) 

Figure 4.6: Extensions of the M-FFT method when EMGX = 0.2. 

Z4, respectively. We can see that among the four methods, i.e., FS-Q-T-Z4 method 

with Q = 15, M-FFT-Z4 method with SIC, M-FFT-Q-T-Z4 method with Q = l, and 

the MMSE-F method, the FS-Q-T-Z4 method with Q = \5 achieves the worst SER 

performance and other three methods have a comparable performance. Note that for 

the FS-Q-T method, 15 is the maximum value of Q when N = 64 since ifQ> 15, the 

FS-Q-T and Q-T methods would lose their computational efficiency compared with 

the MMSE-F method. 

Fig.4.7 illustrates the computational complexity of the different detection 

schemes. These schemes are divided into two groups each of which can achieve 

similar SER performance as shown in Fig.4.6. Since one complex multiplication 

takes 6 floating-point operations and 1 complex addition only needs 2 flops, we only 

count the average complex multiplications per OFDM symbol. In this figure, sym-

bol K stands for the number of OFDM symbols in one channel realization. It can 
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Figure 4.7: Comparison of computational complexities of different detection 

schemes for various data frame lengths K. 

be clearly seen that in each group the M-FFT based methods require less multipli-

cations. In the left sub-figure, the M-FFT-Z4 method always has the least number 

of multiplications. The M-FFT-Q-T method with Q = 4 is still more efficient than 

the FS-Q-T method with 0 = 9 and the Q-T method with 0 = 13 especially when 

K is not very large. In the right sub-figure, when K < 90, the M-FFT-Z4 method 

with SIC has the least number of multiplication since it does not need calculate filter 

coefficient. When K>9Q the M-FFT-Q-T-Z4 method with Q = 1 becomes the most 

efficient scheme as the cost of computing filter coefficients is averaged over K. 

To further investigate the SER performance of different schemes, we also con-

sider a system having 4 relay nodes M, = 4. The bandwidth of OFDM system 

is 20 MHz and N = 128. The channels from relay nodes to the destination node 

are all frequency-selective fading with two equal power rays and [T^(0),Tm(l)]= 
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Figure 4.8: Performance of different methods when M,=4 and SMGX = 0.2. 

[0,0.45]/i5 for 1 < m < M" The data symbol is binary phase shift keying (BPSK) 

modulated, / i is set as 1. To achieve full diversity order 8 we set T as 2. From Fig.4.8, 

we can see similar simulation results as that of the case of the two relay nodes. Di-

rectly decoding wil l quickly suffer from an error floor. The MMSE-F method has the 

best SER performance. The M-FFT method is comparable with the Q-T method with 

(2 = 9. The M-FFT-Z8 method, M-FFT-Q-T method with Q = 3 and Q-T method 

with 12 二 19 can achieve similar performance. By analyzing their computational 

complexity, we still find that the M-FFT based methods require the least operations. 
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4.7 Conclusions 

In this chapter, we propose several signal detection methods for the multiple CFO 

problems in an SF coded cooperative communication system. To preserve the per-

formance of an SF code, we suggest increasing the SINR of each subcarrier but not 

equalizing the SF precoding matrix. Due to the structure of the SF code, where both 

spatial and multipath diversities can be achieved, increasing each subcarrier's SINR 

of an MISO-OFDM system is equivalent to that of an SISO-OFDM system. Thus, a 

classical MMSE filter can be used to maximize the SINR of each subcarrier. Further-

more, we find that due to the structure of the SF codes, the MMSE filter coefficients 

are easy to update for each realization of channel, where the matrix inverse is inde-

pendent of the OFDM symbol index. The Q-T method is a popular approximating 

method for computing the MMSE filter coefficient in OFDM system which can be 

directly applied to solve the problem. To improve performance, we consider a sim-

ple two-stage FS-Q-T method where a frequency shift operation is done before the 

Q-T method. By exploiting the structure of the SF codes again, we propose an M-

FFT method. For this method, at the transmitter we only need to re-arrange the SF 

codes in a simple way but without performance loss. Then, at the destination node, 

the SINR can be effectively increased by multiple FS and FFT operations. Based 

on its properties, the M-FFT method can be easily combined with other methods to 

improve its performance further, e.g., M-FFT-Q-T, M-FFT-Zw and M-FFT with SIC 

methods. Simulation results have been presented to illustrate the effectiveness of the 

methods and show that, for the same SER level, the M-FFT based methods require 

the least operations. 

• End of chapter. 
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Chapter 5 

On the Full Diversity Property of An 

SF Code Family with Multiple CFOs 

Summary 

In this chapter, we first show that the full diversity property of the fam-

ily of space-frequency (SF) codes (considered in the last chapter) can 

still hold when there are multiple carrier frequency offsets (CFOs) from 

relay nodes under the condition that the absolute values of normalized 

CFOs are less than 0.5. We then prove that this full diversity property is 

still preserved if we seek to reduce the receiver complexity by using a 

zero forcing (ZF) method to equalize the multiple CFOs, before apply-

ing maximum likelihood (ML) decoding. In addition, to further improve 

the robustness of this family of SF codes to multiple CFOs, we propose 

a novel permutation (interleaving) method, which enables the SF codes 

to achieve full diversity, even when the absolute values of normalized 

CFOs are larger than or equal to 0.5. In the case that the inter-carrier 

interference (ICI) matrix is singular, to avoid jointly considering all the 

subcarriers, two suboptimal full diversity achievable detection methods 

are proposed. Al l these imply that the SF coded OFDM system is robust 

to both timing errors and CFOs. 
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In chapter 4，we consider the signal detection problem in a space-frequency 

(SF) coded cooperative communication system in the presence of multiple car-

rier frequency offsets(CFOs), which applies the family of rotation based SF codes 

[36,37,39,113]. By modeling inter-carrier interference (ICI) as additional Gaussian 

noise [122], we propose to deal with ICI mitigation due to multiple CFOs by firstly 

increasing the signal-to-interference-plus-noise ratio (SINR) using linear filtering or 

other methods, and then decoding the SF code by the commonly used maximum-

likelihood (ML) method. Simulation results indicate that the proposed detection 

methods perform well as long as CFOs are small. Especially, for the MMSE-F detec-

tion method, only very small performance loss is observed. However, from the code 

design viewpoint, it is not known whether the proposed detection methods can guar-

antee the achievement of full diversity, i.e., both full cooperative and full multipath 

diversities. 

In this chapter, we shall describe our insight into the full diversity property of this 

SF code family with multiple CFOs. The key idea for the analysis is to treat the CFO 

originated ICI terms as a part of an SF code matrix. It turns out that as long as the 

original SF code achieves the full diversity (both spatial and multipath diversities) 

and the absolute values of normalized CFOs are less than 0.5’ the new (virtual) code 

after absorbing the CFOs/ICI into the original SF code maintains the full diversity 

property. The above full diversity property is based on the ML decoding across all the 

subcarriers of the OFDM system, which may have a high complexity. To overcome 

this difficulty, we further study an SF coded OFDM system where the ICI, caused by 

the multiple CFOs, is firstly equalized by a zero forcing (ZF) method, followed by 

ML decoding for the SF codes (we call this method the ZF-ML method). The com-

plexity of this ZF-ML detection method is much reduced compared to the complete 

ML method described above, and we prove that the ZF-ML detection method still 

achieves the same diversity order as that of the case without CFOs. We also show 

that by some reasonable approximations, the MMSE-F method proposed in chapter 4 

is just equivalent to the ZF-ML detection method. This is the primary reason behind 

the effectiveness of the proposed detection methods in chapter 5. 

95 



Chapter 5. Diversity Property of SF Codes with Multiple CFOs 

More importantly, to further improve the robustness of this family of SF codes to 

multiple CFOs，we propose a novel permutation (interleaving) method, by which the 

permuted SF codes can still achieve full diversity, even when the absolute values of 

normalized CFOs are equal to or larger than 0.5. This full diversity property is still 

based on joint consideration of all the subcarriers of the OFDM system. However, 

when the ICI matrix is singular, the ZF-ML detection method cannot be directly used 

to reduce decoding complexity. To tackle this problem, we propose two suboptimal 

full diversity achievable detection methods with different tradeoff between efficiency 

and complexity by utilizing the properties of the ICI matrix. They are the ZF-ML-Z« 

detection method and the ZF-ML-PIC detection method. 

The remaining of this chapter is organized as follows. In Section 5.1, the system 

model is described. In Section 5.2, the structure of the SF codes in [39] is reviewed. 

In Section 5,3，the effect of multiple CFOs on the SF codes is analyzed. In Section 

5.4，we propose a permutation method to enhance the full diversity property of the 

SF codes. In Section 5.5，some simulations are presented to verify the theoretical 

results. 

5.1 System Model 

5.1.1 Cooperative Protocol 

The same cooperative protocol used in Section 4.2.1 is applied in this chapter. It 

includes one source node, one destination node, and a number of relay nodes in the 

middle. In phase one, the source node S broadcasts the information while the relay 

nodes receive the same information. In phase two, the M, relay nodes, which have 

detected the received information symbols correctly, will help the source to transmit. 

The detected symbols are parsed into blocks of size N which is also the number of 

subcarriers in one OFDM symbol. Then, the Mh block, = 0，1，…，is encoded to an 

SF code matrix C in a distributed fashion [66]. Finally, the mth (1 < m < M,) relay 

transmits the (m - l)th column of the code matrix, denoted as c^, by the standard 

OFDM technology. Hence, this is a decode-and-forward protocol. We assume that 

each node has only one transmit/receive antenna. 
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5.1.2 Channel Model 

The channel impulse response from the mth relay node to the destination node is 

denoted as hmir) ~ cumiWr 一 t爪(/))，where L^ is the number of multipaths 

of the link from the mth relay to the destination node. The complex amplitude and 

delay for the Ith multipath of the mth relay are a^il) and Tm(l), respectively. Here 

a mil) is a zero mean complex Gaussian variable with power E[|a 讲(/)丨2] = cr^(/). The 

powers of each link is normalized so that 2fro"' = 1 for m = 1，2’ • • •，M,. We 

further assume that the delays for the relays are rounded to the sampling position, 

i.e., Tm(/) is an integer multiple of l/F^, where Fs is the sampling frequency. The 

channel taps o-̂ C/) are assumed to be independent from each other for different m and 

/. The frequency response of the link between the mth relay node and the destination 

node, = [H„(0), HM),…，fUN - 1)]^ can be given by 

H^ = f 入， （5.1) 

where = [a饥(0)，.. • ’ a爪(L爪-1)广 and 二 [r-(o)’... ’ (乙m-D] The column 

vector f = [1’（’ … ’ w h e r e ( 二 exp(-y^) and T is the duration of an OFDM 

symbol. Then, we have「">(/) = [l’f™")’，，- ’ 

5.2 Structure of Space-Frequency Codes 

In this section we briefly review the structure and properties of SF codes family 

[36, 37’ 39，113] which are utilized in the following sections. We adopt the code 

structure proposed in [39]. 

Each SF code C is an iV x M； matrix and is mapped from m N' x I information 

symbol vector s, where M, is the number of transmit antennas and N' < N. For the 

coding strategy proposed in [39]，each SF code matrix C is a concatenation of some 

matrices G„ 

C = Gf G 【 … G j 昨似, 
T 

(5.2) 

where P = LN /(rM,)J, N' = PPM,, each matrix Gp{\<p<P) is of size FM, by 

and r is a coding parameter related to the achievable diversity order for the code. The 

zero padding matrix is used if the number of subcarriers N is not an integer 
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multiple of FM,. In the remainder of this chapter, without loss of generality, N is 

assumed as an integer multiple of TM,, i.e., N = f T M " Each matrix Gp{\ < p < P) 

has the same structure given by 

G p : 讽 

< Or 

Or X; 

Or 

Or 

xf 

(5.3) 

[Or Or . 、 -
where x二 = [ ^ ^ - ” 厂 + ！ “ ^ 爪 - ” 厂 + ： … f o r 1 $ 附 s and all x^ (1 < k < 

Af,r) are complex symbols which are mapped from an information subvector ŝ  = 

[ j p s《,…’ 似 b y a linear transform • • -，x^ r ] , = where ŝ  is 

((p - l ) rMt + I - l)th entry of s for 1 < / < FM, and 0 is the Â  x N linear transfor-

mation matrix. The energy constraint is E X™' ktl^ = FM；. By appropriately de-

signing of the linear transformation matrix 0，the maximum diversity order achieved 

by these SF codes is Zjfli min(r, L爪）[39’ 113]. Therefore, i f f > L^ for 1 < m < 

the achieved diversity order is Lm, which is the maximum diversity order pro-

vided by multipath channel. 

One property of the above SF codes is that each subcarrier is only used by one 

transmit antenna. From (5.3), the (m-l ) th column of C, denoted as c爪，can be written 

as 

= V ^ P 爪(lp®0)s= V ^ P ^ x , (5.4) 

where x = (Ip ® ©) s and P爪 is an TV x Â  diagonal matrix corresponding to the mth 

column of C with the following form 

, ( / ’ o = 
1, i f / = /' = (r-l)rM, + (m- l ) r 
0， else 

(5.5) 

where 0 < / < F - 1 and I <t < P. Based on (5.5) we also have 

Pffj, i f m = 

ONXN, otherwise 
(5.6) 

From (5.4) and (5.6), we can further get 

=PmC/i (5.7) 
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5.3 Effect of Multiple CFOs on the SF Codes 

We next analyze the effect of the multiple CFOs to the SF codes described above. 

5.3.1 Receive Signal Model 

Let 办’办=0’ 1’ 2’ …，denote the OFDM symbol index. Then at the destination node, 

after some standard steps, the 办th received OFDM symbol z办 in the frequency domain 

is given by 
r— M, 

= V告 Z 一 + w, (5.8) 
‘ ‘m=l 

where w is an Â  x 1 noise vector with each entry being a zero mean unit variance 

complex Gaussian random variable and p stands for the signal-to-noise ratio (SNR) 

at the destination node. Let l^fm be the CFO between the mth relay node and the des-

tination node. Then e^ = A / ^ r is its normalized value by OFDM symbol duration 

T. In (5.8), = 2nem(bN + bLcp + Lcp)/N + 0o’m where Lcp is the length of cyclic 

prefix, InSmibN + bLcp + Lcp)IN is the phase rotation of the 办th OFDM symbol trans-

mitted from the mth relay node induced by CFO ^fm and is the phase rotation 

between the phase of the destination node local oscillator and the carrier phase of the 

mth relay at the start of the received signal. is the N x N ICI matrix induced by 

Sm and is given by 

U 〜=F"n〜Fy， (5.9) 

where n〜=d iag ( l , e如。 \ … ’ 忍 办 p r o m the definition of U〜is a 

unitary matrix claerly. 

Substituting (5.7) into (5.8), we have 

r— M, 

= V M ^ + w 
‘ ^ m=l 
r— M, 

= y ^ X + w, (5.10) 

where the second equality follows from the equation that diag(H饥)P爪=P爪diag(Hm) 

in that both of diag(Hm) and P^ are diagonal matrices. Based on (5.6), Pmdiag(H )̂Cm 
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can be expressed by 
M, 

P;„diag(HJc爪=Pm J ] P„»'diag(HU')<v. 
m'=l 

Then, by substituting (5.11) into (5.10), we get 
I M, M, 

、叫 m=l m'=l 
M, \ / A/, 

t Vm=l / Vm' = l 

V— M, 
^ m=l 

(5.11) 

+ w 

+ w 

where 

u 、 2 — 《 U , 

(5.12) 

(5.13) 

From (5.12) and (5.13)，we can see that due to the property of the SF codes, i.e., 

each subcarrier is only used by one transmit antenna, the effect of M； ICI matrix I J “ 

(1 < m < Mt) is incorporated into the matrix U^ whose ((p - l ) M f r + (m- l )r + /)th 

column is the {{p - l )M , r + (m - l )r + 0th column of U^^ weighted by 它)《爪 for 

0 < / < r - l , l < m < M ; a n d l < / 7 < P . 

Substituting (5.1) into (5.12), we further obtain 
M, V —— 冲 

t m=l 

V— M, 

+ w. 

Assuming that L = rndiXmiLm), we define N x Mt matrix J/ as 

J,去 [ r i ( ' ) ’ r2 ⑴’ .，.，r的(')] 

forO < / < L - 1, and MfL x 1 vector h as 

h ^ [Qri(O),... ’ ••• .Qr i (L - l ) , . - . , a^^L 一 1)]厂 

(5.14) 

(5.15) 

(5.16) 

where, aM = 0 and TJJ) = 0, if / > for 1 < m < M^ Further define N x MtL 

matrix X as 

X = [JoOC,J iOC,. . - J L - I O C ] . (5.17) 
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Then the received signal, ẑ  can be written as: 

h
 

X
 

I

I
 + w 

= 交 ' h + w’ （5.18) 

where X^ = U办X. 

5,3.2 Diversity Analysis of SF Codes in the Presence of Multiple 

CFOs 

It is not hard to see that (5.18) is a standard SF coded MIMO-OFDM receive signal 

model. According to the Diversity (Rank) criterion of SF codes design introduced in 

Section、2.3.1，clearly in the presence of multiple CFOs, the achieved diversity order 

of the SF codes is equal to the minimum rank of the matrix U^(X -

for any distinct SF code matrices C and C, where A = E[lih、. On the other hand, 

we have the inequality 

rank (U、X - X)A(X - 文 f V 啊 ) < rank ((X — X)A(X - X )^ ) . (5.19) 

Considering (5.19)，we can conclude that in the presence of multiple CFOs, the 

achieved diversity order by the SF codes can only be less than or equal to their 

achieved diversity order in the case without CFOs. Furthermore, we have the fol-

lowing observation: 

• If U^ is nonsingular, i.e., rank(lJ勺=N, the equality in (5.19) holds. In this 

case, the achieved diversity order is not decreased by the multiple CFOs. 

Since multiple CFOs affect the SF codes through the matrix U^, let us investigate 

it in detail. Substituting (5.9) into (5.13)，we have 

M, 

Mi f Mt 

m=l W=1 
二 (5.20) 
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where V = ；̂̂：̂  P办=—吃P/，a n d the second equality follows 

from (5.6). Here it is easy to verify that P^ is a diagonal and unitary matrix. Con-

sidering the fact that both FN and P* are unitary matrices, we have the fact that 

rank(U^) = rank(AHF;vVP 勺=rank(V). 

For the SF code matrix C, assuming that the 权h subcarrier is used by m^th trans-

mit antenna for 0 < A: < Â  - 1 and 1 < mĵ  < M„ and considering the expression of 

llg^, we have the form of the kth column of V, denoted by v t̂’ as 

Vfc = [ 1 ， e 讽 、 ’ elMsmk+miN,. • • ’ e帅mk+_-V)iN、T. (5.2” 

From (5.21), it is clear that V is a Vandermonde matrix. Thus the determinant of V 

is calculated by 

det(V) = n _ 
0<i<l<N-l 

= _ +i)/N )/N _ i) • (5 22) 
0<i<l<N-l 

From (5.22), it is easy to see that det(V) = 0 if and only if we can find a pair of 

integers i and I so that 右御 ( / - '+〜-〜- 1 = 0 for 0 < / < / < Â  - 1. Since 

2n{l - i + Emi - em)IN - 2t7r o 一 右m, = tN + i — I foi^ t is an integer, finally we 

have 

det(V) = 0 4=> -e叫= tN + i - I , (5.23) 

where 0 < i < / < - 1 and all of t, i and I are integers. 

We now have the following theorem. 

Theorem 3 If the absolute values of normalized CFOs e^, \ <m < M,, are all less 

than 0.5, then the diversity order of the SF codes is not decreased by the multiple 

CFOs, where the SF code is that described in Section 5.2. 

Proof 3 lf\em\ < 0.5 for all m, we can get - 1 < 一 m̂,- < 1. On the other hand, 

from Q<i<l<N-\, we have \ - N < i - I < Thus, for (5.23) it is easy to 

obtain that €m, - em‘ can be only integers except the points which are integer multiple 

of N. So if Sm < 0.5 for all m, condition (5.23) cannot be satisfied and then the 

det(V)本 0, which implies that equality in (5.19) holds. This further means that the 

achieved diversity is not affected by CFOs. 
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On the other hand, i f SMax ^ 0.5, the maximum achieved diversity order of the 

SF codes may be less than M,r，although L讲 > r for 1 < m < M；. Here BMUX is 

the maximum value of for 1 < m < M“ which means that -SMax < < ^Max-

The following is a counterexample corresponding to the case Em, -Snu = - 1 which is 

possible i f SMax > 0.5. 

Before showing this counterexample, we define some additional notations. We 

denote the X^ (1 < / < P) as an M,r x submatrix of X which contains all the 

rows of X related to G^. Actually, according to the structure of X (5.17), Xp is just 

the (p - l)th M^r X MfL submatrix of X. According to the rows of X contained by 

Xp, we further define Vp (1 < / < P) as the (p - l)± N x M,r submatrix of V and 

Pf (1 < / < P) as the {p - l)th main diagonal M,r x M,r matrix of P^，respectively. 

Therefore, according to block matrix multiplication, we have 
p 

= 炸 广 (5.24) 

Suppose that C and C are distinct SF code matrices which are constructed from 
八 A 

Gi, G2,…，Gp and Gi, G2,…，Gp, respectively. Without loss of generality, we 

can consider the case that G^ = Gp for p > 1. Then the related difference matrices 

AXp = Xp - Xp are all zero matrices for 2 < p < P. So substituting this fact into 

(5.24)，we have VP^X - X ) = V,PfAXi. 

From (5.5)，it is easy to get that m众= [ k / T j + 1 i f 0 < it < M,r - 1. Thus 

we have m(m'r-i) = m’ and m^T = m' + 1 for 1 < m' < M, - 1. I f SMax ^ 0.5, it is 

possible that Sm„<'「-Sm(„,r-i) = ^m'+i -fim' = —1- Therefore condition (5.23) is satisfied 

corresponding to the case that / = / + 1 and ？ = 0. As a consequence, V is no longer 

a nonsingular matrix. Actually, according to (5.21)，it is easy to get that in this case 

v(„j'「-i) is equal to v饥'r. Since v(饥'「—i) and v^'r are also two consecutive columns of 

Vi , V j is not of full column rank M,Y. Therefore for the considered pair of distinct 

SF code matrices, we have 
rank U^(X - X)A(X - < r a n k ( u ^ X - X ) ) 

=rank(Ar-5F^ViPfAX,) 

< rank(Vi) 

< M , r . ( 5 . 2 5 ) 
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This implies that diversity order M,r cannot be achieved. 

5.3.3 Diversity Analysis with the ZF-ML Detection Method 

In the above analysis, by treating the ICI terms due to CFOs as a part of an SF code 

matrix, we find that the achieved diversity order of the SF codes is not decreased by 

CFOs under the condition that the absolute values of normalized CFOs are less than 

0.5. This property is based on the ML decoding which decodes the new (virtual) code 

after absorbing the CFOs/ICI into the original SF code and jointly considers all the 

N subcarriers. Its computational complexity will be high when N is not small even 

for efficient ML detection methods such as the sphere decoding method. We next 

consider the SF coded system after we equalize the ICI caused by the CFOs using 

the ZF method, i.e., the two-stage ZF aided ML detection method (ZF-ML). After the 

ZF equalization, the ML decoding of the SF coded system is similar to the original 

SF coded system without the CFOs. The ZF-ML detection method is described as 

follows. 

Let us recall the signal model (5,18)，which is given by 

w. (5.26) =揚， 
As we have analyzed previously that i f e^ax < 0.5, the ICI matrix U" is nonsingular. 

Under this condition we can equalize the ICI matrix U^ by the ZF method. Thus, 

after multiplying z^ by we get the ICI free signal model 

t = = 、 / ^ X h + w， (5.27) 
yl Mt 

where w = From (5.20), U广i can be calculated as 

UT ' = (AHF;VVP”-I = Tvip^'^v-'Fj^. (5.28) 

Then define the (p - l)th (1 < p < P) M,r x 1 subvector of z^ as z^ and each z^ is 

given by 

+ (5.29) 

where X^ is the (p - l)th M,r x submatrix of X’ i.e, the ith (0 < i < M,r - 1) 

row of Xp is the ((p - l)M,r + 0th row of X’ and w^ = U^w is the (p - l)th M,r x 1 

subvector of w and U^ is the {p 一 l)th MjF x N submatrix of 
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Since X^ is constructed only from Gp and Gp is mapped only from s^, based on 

the signal model (5.29) we decode each SF submatrix Gp (I < p < P) by the ML 

criterion, i.e., 

s* 尸=argmin 
o
-

X
 

-^
 

丨
p
 

-
f
e
,
 

T
 

广
 

I
 (5.30) 

where the minimization is performed over all admissible M,r x 1 information symbol 

vector s^. is the M,r x M,r covariance matrix of the colored noise vector Wp and 

is given by 

= = . (5.31) 

Now, we are in a position to state the following theorem. 

Theorem 4 For the SF code described in Section 5.2, if the absolute values of nor-

malized CFOs Sm, ^ < m < Mt, are all less than 0.5, then the ZF-ML detection 

method can still achieve the same diversity order as that of the case without CFOs. 

Proof 4 Proof of Theorem 4 can be found in Appendix 5.7. 

Actually, by using some reasonable approximations, the MMSE-F detection 

method, which is proposed in Chapter 4 based on the approach of maximizing SINR, 

is just equivalent to the ZF-ML detection method. This point is the fundamental rea-

son behind the effectiveness of the proposed detection methods in last chapter. The 

detailed relationship between these two methods can be found in Appendix 5.8. 

5.4 Preserving Full Diversity by Permutations 

In the previous section, we have seen that if the absolute values of normalized CFOs 

e t n , \ < t n < Mt, are all less than 0.5, the diversity order of the SF codes, which is 

described in Section 5.2, is the same as the case without CFOs. On the other hand, 

i f EMax ^ 0.5, the achieved diversity order of the SF codes may be decreased by 

multiple CFOs, when the ICI matrix U^ is singular. By observing (5.19), we can 

see that the condition that U^ is singular is not sufficient to lead to the inequality 

in (5.19). As a consequence, to show a counterexample for Theorem 3，we need 

to utilize the structures of C and V. This implies that we may enhance the full 
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diversity property of the SF code by designing their structure so that full diversity 

can be still achieved even when U^ is singular. We explore this possibility in this 

section and propose a permutation (interleaving) method to enhance the robustness 

of the SF codes to multiple CFOs. The developed permutation method is described 

as follows. Throughout this section, the superscript (.)' of a matrix/vector means that 

the matrix/vector is defined for the permutated SF code C' similar to them defined 

for e . 

5.4.1 Proposed Permutation Method 

At the transmitter, we re-arrange the SF code C in (5.2)-(5.3) by some row permuta-

tions and denote this row-wisely permuted SF code by C'，which is given by 

c' = V^ 

Or 

【f Or 

Or 

Or Or 

Or Or 

Or 

Or 

Or 

Or 

xi 

(5.32) 

where x j is defined in (5.3). From the above expression of C' we can see that after 

row permutations, the nonzero entries of the mth column of C are grouped. Note that 

the subcarriers from PT{m - 1) to PTm - 1 are used by the mth transmit antenna. We 

call these subcarriers the mth group. 

Assume that the ((m _ l ) r + i)th row (0 < i < T - 1) of Gp is located at the 

row, 0 < < Â  - 1, of C , i.e.,义(爪—i)r+,+i of Gp will be transmitted 

at the subcarrier by the mth transmit antenna. Then，for (5.32) we have 

n^m-iw+i =(爪-l)rP + (p - l ) r + i and C' = KC, where K is a permutation matrix 

whose entry in ("f爪_4)r+/)th row and ((p - l )M ,r + (m - l ) r + i)th row is equal to 1. 
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In [39], it has been shown that the diversity order and coding advantage of this 

family of SF codes only depend on the relative positions of the permuted rows cor-

responding to the entries of x j with respect to the position Since we do not 

change the relative positions for the entries of xj,, i.e., — ~ ,，for each 

pair of m and p, C should have the same diversity order and coding advantage as 

that of C. 

5.4.2 Receive Signal Model with Permutation 

When applying C' to the cooperative protocol described in Section 5.1.1，similar to 

the derivation of (5.18)，we can get the following SF coded receive signal model: 

.fb = ^ U ' ^ X ' h + w, (5.33) 

where X' = [Jo G C J , 0 C'，.. ‘ ,JL-I • C ] , 办 = z ! t i 它•仏.P二 and the iV x TV 

matrix P I is defined as 

1， i f / = rand(m— 
， (5.34) 

0’ else 

for 0 < / , / ' < Â  - 1. Then U'办 can be further rewritten as 

U ' 办 = 办 ， (5.35) 

where V' = N^ Z^Li H^^Fj^P； and the diagonal unitary matrix P' is given by P'办= 

X^ i j e-'^P^. Considering the expressions of and P: ’ we can derive that the kth 

{0 < k < N - \) column of V' (denoted by v^ is the Ath column of ；V圣n〜众Fĵ  and 

has the same expression as that of Vjt by 

V; = [1, g只对〜幻/"’ . . .，ej27r(e„î +k)(N_”/N】T• (5.36) 

Here mjt still denotes that /:th subcarrier is used by m t̂th transmit antenna for 1 < 

/TZjfe < M,. For C , rrik is given by 

rA:+ l l 
mk= forO< Jt < A^- 1, (5.37) 
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which is different from that for C. Following the way from (5.21) to (5.22), we can 

see that V' is also a Vandermonde matrix. Then the sufficient and necessary condition 

for V' to be singular is given by 

det(V') = 0<^3i,i’k that - e爪,=tN + i - I ^ v', = v'/, (5.38) 

forO < i < I < N -I and t, I and i are all integers. Here v^ denotes the nth column of 

v. 

5.4.3 Diversity Analysis of SF Codes with Permutation in the 

Presence of Multiple CFOs 

Motivation 

Observing the expression of V/V' (5.20)/(5.35), we can see that V/V' is a concatena-

tion of M, r columns of iV^n^^F^ for 1 < m < M„ since right multiplying N^Sl^^F^ 

by PmfPm only preserving its N/Mt columns corresponding to the nonzero diago-

nal entries of P^/P^. Therefore, due to the difference between F^ and P^, the Ath 

(0<k<N - I ) columns of V and V' may be preserved from kth column of different 

matrices A^^H^^F^. 

V 

Related to Related to s^ i Related to 石似, Related to £、 Related to Related to C/^ 

• … • • … • —j • … • • … • • • • • … • ... • … • 
1st厂 2ndr … M.ihV ( M , + i ) t h r (PAf,)ihr 

columns columns 
丨 columns 

columns columns columns 

Figure 5.1: Structure of V. 

1st Â /iW, columns 

•
 

f
l
 

•
-

•.
 

2nd/V/A/, columns 

•…• • 
Af.th A//Af. columns 

• • • 
edto £M 

Figure 5.2: Structure of V' 

108 



Chapter 5. Diversity Property of SF Codes with Multiple CFOs 

Fig.5.1 shows the structure of V，where each square stands for one column of V. 

Due to the structure of P/„ (5.5), the columns of V are divided into PMt groups, where 

each group contains Y consecutive columns and all the columns in nth (1 <n< PMt) 

group are equal to those columns of F二, Therefore, the columns of the 

same group are related to the same CFO. Fig.5.2 shows the structure of V . Due 

to the proposed permutation, the columns of V' preserved from each N^il^^F^ are 

grouped. Therefore, the columns of V' are divided into M, groups and all the N/M, 

(N/Mt = PT) columns of mth (1 <m< M,) group are related to e^. 

Similar to the definition of Xp, \ p and P^ (5.24), for the permutated SF code C'， 

we also define X；, V； and P'^ for 1 < < P. is an M J x M,L submatrix of X' 

and contains all the columns of X' related to Gp. V^ contains M,r columns of V' 

whose column indexes are equal to the row indexes of the rows of X' contained by 

Xp, Pp is a M,r X M,r diagonal matrix which contains M,r diagonal entries of P '̂ 

corresponding to the rows of X' contained by XJ,. Therefor, we have 

p 
VT^'X' = (5.39) 

P=i 

Let us recall the counterexample for Theorem 3，where we consider the case of 

Gp = Gp for 2 < / < P. As analyzed in that counterexample, the achieved diversity 

order of SF codes is upper bounded by the rank of Vi , which is the first N x M, r 

submatrix of V. Then if there exists e^'+i - e^' = - 1 (1 < m ' < M t - 1), according 

to (5.21) the last column of m' group of V would be equal to the first column of its 

(m' + l)th group, which leads to rank(Vi) = M,r — 1. Fig.5.3 shows the structure 

of Vi in this case, where two equal columns are connected by a line. Therefore, we 

can conclude that for the considered case the achieved diversity order of C is smaller 

than M ,r. 

Similarly, for the same case of Gp = Gp for 2 < / < P, we can obtain that the 

achieved diversity of permutated SF code C' is upper bounded by the rank of . 

However, due to permutations, V； does not contains M,r consecutive columns of 

v . Instead, as shown by Fig.5.4, \\ contains the first r columns of each group of 

V' ’ where each group contains PF (PF = N/Mt) consecutive columns of V' and are 

related to the same CFO. 
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V i = 

Related to Q Related to^-^ i Related to e^. i Related to s^、、 Related to 石㈣， 

• … • • … • . . .1 • … 口 •…[1： ] i • … • … • … • 

istr 
columns 

2ndr 
columns 

... m'thr 
j columns 

(m'+l)thr 
1 columns 

M.thr 
columns 

Figure 5.3: Structure of Vi. 

v； 

V' 

r columns 

• - • … • 

I s t / T columns 
Related to s、 

r columns r columns r columns 

•…•…• • • 
m' th P r columns 
Related to 

• … • 

( m ' + l ) t h / T columns 
Related t o 。 ’ + i 

• … • ._ 

( m ' + 2 ) t h / T 
columns 

Related to 〜,•> 

Figure 5.4: Structure of Vj . 

Then under the same condition, i.e., e^'+i = - 1 ( I < m ' < M^- l ) , according 

to (5.38), in V' the last column of m'th group would be equal to the first column of 

(m' + l)th group. As shown by Fig.5.4, these two equal columns are connected by 

a line. However, different from Vi，due to the proposed permutation method, V', 

does not contain the last column of m'th group. Thus V； still has full column rank 
A 

MtY, although V' is singular. This means that by considering the case of Gp = Gp 

for 2 < / < P, we cannot get the same conclusion on C' as on C, i.e., the achieved 

diversity order may be decreased by multiple CFOs. 

But apart from the case of G^ = G^ for 2 < p < P, to show that the proposed 

permutation method can preserve the full diversity property of SF codes in the pres-

ence of multiple CFOs, we need to take all the cases of C' * C' into consideration. 

Fortunately, by utilizing the properties of V , we can get a sufficient condition un-

der which the permutated SF codes can achieve the same diversity order as the case 

without multiple CFOs, even when U'办 is singular. This sufficient condition is given 

by the following theorem: 

Theorem 5 Let E^ is the normalized CFO. lf\em\for 1 < m < Mt are all less than 



Chapter 5. Diversity Property of SF Codes with Multiple CFOs 

(P-or+i 肌d p is larger than 1 , the permuted SF codes described in (5.32) can al-

ways achieve a full diversity order o/^^fli L„i given Y > m^x^iLmX where Mj is the 

number of relay nodes incorporated in cooperation. 

Before proving Theorem 5, let us first see some properties of V' in the condition 

that \ej\ < (尸-1/+1 and P>2, which will be utilized in the remainder of this section. 

Properties of V' when < (尸—(广！ and P > 2 

Before deeper insight, we define some additional notation. Define the (m - l)th 

{\ < m < M,) N X PY submatrix of V' as i.e.，V' = [V；, V^, • • • , V；̂ ]̂. The 

l ) t h ( l < p < submatrix of V； is further denoted by V : i.e., = 

rv ' i v'2 . . . V'尸 1 
L • m，• m， , • mi-

To derive the properties of V'，we need utilize the following proposition. 

Proposition 1 For the matrix V' defined in (5.35), provided le^l < (厂！广(1 ^ ^ ^ 

Mt) and P > 1, V' is singular if and only if there exist at least a pair of integers i and 

I for 0 < / < / < Â  - 1 and m,本 m/ that satisfy either one of the following two cases: 

Case 1: Em, - = i - I for e^, — € {-{P - 1)厂-(P - l ) r + 1, and 

mi - m, = 1. 

Case 2: e 叫—e^. = N + i-1 for € {1,2,-- - ,{P-l)r}, nti = 1 and m, = M,. 

In both of these two cases, vj = vj. Here, Em is the normalized CFO, ruk denotes kth 

(0 <k < N - i) subcarrier is used by nikth (I <mk < M,) transmit antenna and v么 is 

the kth column of\'. 

Proof 5 Proof of Proposition 1 can be found in Appendix 5.9. 

From Proposition 1，we can see that i f V' is singular, there should exist m' (1 < 

m' < Mt) so that some columns of V二，are equal to some columns of 十广 As an 

example, a singular matrix V * for the case of e^'+i — e爪 ' = - 1 (1 < m' < M,) and 
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Em, ~ e\ = 2 takes the form 

^pr-

'(m'-l)/T’ … ’ *m'Pr-l *m'Pr+l' . . . ’ *(m' + l)pr-

V;A/「1)/T’."，v;)’v'i]. (5.40) 
V' 
VWf 

Since e^^+i - € „ ' = - { satisfies the case 1 of Proposition 1, the last column of VJ ,̂, 

i.e., is equal to the first column of i.e., Similarly, from the case 

2 of Proposition 1, we know that the last two columns of V^^, i.e.,、、-1 and vĵ —” are 

equal to the first two columns of V;’ i.e., vj, and vj, respectively. 

For each V ; (1 < m < M,), we define a set S爪 as 

Sm 二 [tm,utm,2, . . •，？ ĵJ fOF ‘ 1 < t^二 < …< tm,T„ and T^ = (5.41) 

which contains all the indices of the columns belonging to V|„, that are equal to the 

related columns in V(讲)射 +(’ since multiple CFOs may satisfy Proposition 1. 

We then define a function /„(?) for t e ！B^, which is used to calculate the index of 

the column belonging to Vf饥)財十丄 so that v; = ⑴.According to Proposition 1, fm{t) 

has the following form 

fm(t)= 
- + En： for 1 < m < M, - 1 

. (5.42) 
- N + SM, - £i for m - Ml 

Similar to the definition of S„，for V^ we also define a set ！containing all of 

the indices of the columns belonging to V^, which are equal to the related columns 

^rn is givCH by 

它 m = {tm,l, ？m.2, . . .，ln’fj for < ln,2 < …< tmj„ and f ^ = \!BJ. (5.43) 

From the definitions of ！B^ and ！B^, we can see that ！Bm is actually the image of 

忍(m-2)M,+i under the injective function /o„-2、+i，when S(爪—2)̂ +1 is not null. 

With the aid of ！Bm and from Proposition 1，we can obtain the following 

properties of V' ’ when or Sm is not null. The proofs of these properties can be 

found in Appendix 5.9. 

112 



Chapter 5. Diversity Property ofSF Codes with Multiple CFOs 

Property 1: mPY -{P- l ) r < t„,i 

Property 2: fm{tm,\) = which means that ^ is equal to the first column 

o f V ' . 

Property 3: Sm has the form = ，tm,\ + 1，…，mPT - 1). 

Property 4: t^f^ < mPY - T - 1. 

Property 5: ！B^ has the form 

= { ( m - l ) P r , ( m - l ) P r + l , - . . ,im-l)PY + Tm-l] 

=[fm'{tm',l),fm'(tm',2l ' ' ' Jm'itm'jJ}, (5.44) 

where m' = (m- 2)射,+ 1. 

Property 6: I f both ！Bm and Sm are not null sets, we must have tm,\ - > r + 1. 

From Property 6 of V , we know that the intersection of 3m and Sm is always a 

null set, which implies that in V , we cannot find more than two equal columns. 

Otherwise, there must exist m so that ！Bmf^Sm * 中’ which is contradictory to Property 

6 of v . 

Property 7: There must exist m' (1 < m' < M,) so that ！Bm' = 0. 

Property 8: There must exist m' so that = <p 

By using ！Bm or ！Bm, we further define two N dimension vector sets ̂  and 'V with 

the forms 

卞 = { v ； } for n e and = (Si U U • • • Sm,] 

"V = K ) foTneJiandJi=[0,l, --,N-l}\:H. (5,45) 

According to the properties of V , we can get the following facts of 'V and "V. Firstly, 

from J^U = {0,1, - •• ,N - 1}, we know that ' V U ' V consists of all the columns of 

v . Secondly, the columns in 'V are independent from one another, in that we cannot 

find two elements in 巩 to satisfy Proposition 1. Finally, each column in 'V is equal 

to a certain column in which means that 'V c 'V. From the above facts, we can 

conclude that actually "V consists of all the distinct columns of V' and forms a basis 

of the column space of V . 

Proof of Theorem 5 

Based on the properties of V' ’ we give the proof of Theorem 5 in Appendix 5.10. 
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Actually, by slightly modifying the proof of Theorem 5，it can be shown that 

under the conditions provided by Theorem 5，for arbitrary values of L^ (1 <m< M,) 

and r，the permuted SF codes C' can achieve diversity order min(L爪，r) in 

the presence of multiple CFOs. The related explanation can be found at the end of 

Appendix 5.10. 

On the other hand, i f there is an m so that IsJ > (卩了+丨 ’ the maximum achieved 

diversity order of SF codes may be less than M,r，although > T for 1 < m < M,. 

Once more, let us observe the case of Gp = Gpfor2< p < P. I f > (“广丄’ it is 

possible that there exists m' (1 < m' < M, - 1) so that e^'+i — £m' 二 - (尸 - l ) r 一 1. 

Therefore, condition (5.38) is satisfied corresponding to the case that I = i+(P-l)r+l 

t = 0, m, = m' and mi = m' + 1. As a consequence, the first column of V^,^,, is equal 

to the (r - l)th column of V二Fig.5.5 shows the structure of in this case, where 

two equal columns in are connected by a line. Thus，VJ has no full column rank 

MiT. As the achieved diversity order is upper bounded by the rank of V',, we can see 

that in this case the permutated SF codes cannot achieve full diversity order M,r. 

V' 
r columns 

• … • … • 

IstPr columns 
Related to 

r columns 

• … g … • • … • 

m ’ t h / T columns 

r columns r columns 

p • . . . • . . • • i • … • 

( m ' + D t h / T columns I、co iu i i ns 

m̂'+l Related to 

Figure 5.5: Structure of V'. when €m'+i — = -{P — l )r - 1. 

5.4.4 Signal Detection When U' is Singular 

In the above analysis, we show that by applying the proposed permutation method, 

the SF codes can still achieve full diversity, even when the ICI matrix U' is singular. 

Since this property is still based on the ML decoding and needs to jointly consider 

all the N subcarriers, its computational complexity will be high i f N is not small even 

for efficient ML detection methods, such as the sphere decoding method. When U' is 
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singular, this problem becomes more serious, because the ZF-ML detection method 

cannot be directly applied to reduce the computational complexity of decoding. In 

this subsection, to tackle this problem, we propose two suboptimal detection methods 

suitable to the case that U' is singular. They are the ZF-ML-Zn and the ZF-ML-PIC 

detection methods. 

ZF-ML-Zn Method 

From the Property 3 and Property 5 of V , we know that i f V' is singular, there must 

exist m* so that v'- = , for m' = (m* - 2)M, + 1 and 1 < /c < fm* - As v'- and 

Vtm、are the left and right boundary columns of and V二,，respectively, to make 

the ZF-ML detection method still applicable, we may not use the last n subcarriers 

of each group at the cost of some efficiency loss. We denote this detection method as 

the ZF-ML-Zn method, where n is the number of unused subcarriers of each group. 

So, total Mfii subcarriers are not used. Fig.5.6 shows the structure of V' for the ZF-

ML-Z/i method when = n, where the equal columns are connected by lines. In 

the figure, the last n marked squares in each group stands for columns which are 

related to unused subcarriers. Therefore, if f „ r < ” ’ all the iV - MjW active columns 

of V'，i.e., the columns related to used subcarriers, are still linearly independent. As 

a consequence, the ZF-ML detection method can be directly used. 

V'= 

1st/T columns 

•…•…因…因 

Related to 

m'thPr columns 

• … 口 … ^ ^ 丞 

Related to i 

Related to £ „ • 

m * th /Tcolumns 

M…因 

unused 

subcarriers 

Figure 5.6: Structure of V' for the ZF-ML-Zw method when = 

Define an Mt(PT - n ) x N matrix R whose effect is to extract nonzero rows of X' 

Since the last n subcarriers of each group are not used, R takes the form 

I U U ' ) = 
1， i f / = / ' - L ^ J n 

0， else 
(5.46) 
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for 0 < / < M,( /T - n) - 1 and 0 < /' < Â  - 1. Then for the ZF-ML-Zn detection 

method, the received signal model (5.33) can be rewritten as 

ib W = 、 區 V ' b B T R X ' h 
V 

= 、 / + w 
\ Mt 

= 办 R*^)RX'h + w， (5.47) 

where we have used the fact that U' = iV—i VT'办 and P'办 is a diagonal unitary matrix. 

We now have the following theorem for the ZF-ML-Zn detection method. 

Theorem 6 Let e^ is the normalized CFO. If\sm\, 1 <m< Mt, are all less than 

for the permuted SF codes described in (5.32), the ZF-ML-Zn detection method can 

still achieve the same diversity order as that of the case without CFOs. 

Proof 6 Similar to the derivation of Property 1 o / V , by simply replacing {P - l )r 

by n, provided j e j < 宇，we can get that mPY - n < tm’i for 1 < m < M,. Since 

tm,T„ = mPr — 1 (Property 3 of we immediately get that T^ < n. From the 

definition of the set ^ (5.45), we know that 'V consists of all the first PT- T^ columns 

of for I < m < Mf On the other hand, the N x M,( /T - n) matrix V 'R^ consists 

of all the first PY - n columns Since T^ < n, the columns o/VR*^ construct 

a subset of 'V with Mt(Pr - n) elements. Therefore, V'R^ has full column rank 

MtiPT - n). Combined with the fact that F^ and RP'办R^ are unitary matrices, we 

can see that the equivalent ICI matrix has full column rank. 

As a consequence, the ZF-ML detection method can be applied to the signal model 

(5.47) to achieve the same diversity order as that of the case without CFOs. 
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ZF-ML-PIC Method 

To describe the ZF-ML-PIC method, by substituting (5.35) and (5.39) into (5.33)，we 

rewrite received signal z'办 as 

= 、 / ^ A H F A ^ V P ^ ' X ' h + w 
V Mt 

= 揚 N 、 j ] % K K “ 讲 . (5.48) 

Then we construct an Â  x I'Vl matrix whose {k - l)th column is the /rth element 

of for 1 < k < m. From the definition of T (5.45)，we know that V' 

consists 

of all of the distinct columns of V' which are linearly independent from one another. 

As VJ, (1 < /? < P) is a submatrix of V', V' contains all the columns of VJ,, as well. 

Here, we assume that the ith (0 < / < M,r - 1) column of V^ is equal to the n^/th 

column of V'. We also construct a set P which contains all the indices p(\ < p <F) 

so that the columns of VJ, are unique in V . V is given by 
(5.49) 

for 1 < px < p2 < • •< pp and P = \P\. When P is not null, the ZF-ML-PIC 

detection method is described as follows: 

1. Decode total P SF submatrices Gp for p eP by the ZF-ML detection method. 

2. Jointly decode the rest P-PSF submatrices by first canceling all of the power 

in z'，which comes from decoded Gp for p eP. 

Let U = 〜'.Since U has full column rank as well as its pseudo-inverse 

matrix U^ can be calculated by 

t j t = ( u ^ t j ^ ' u ^ 

= 滴 " F j ；， (5.50) 
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where V'^ = V ' ^ is the pseudo-inverse matrix of V'. Multiplying z " 

(5.48) by C卞’ we obtain 

z'^ = t j tz '" 

= + (5.51) 

where (5.50) has been used and w = U^w. Because the columns of V^ for p e IP are 

unique in V'’ it is not hard to show that we can get an ICI free signal model for G卢， 

(1 <t < P), which is given by 

+ (5.52) 

where i f 、 = (〜,，。),2'、"内,i)，…’乏‘、〜-,’似,r-iXT ’ < = 

• • • , ^(np„M,T-i)]'^ and np’i denotes that the ith column of 

Vp is equal to the fipjth column of V' for 0 < i < M^r — 1 • As P'^ is a diagonal 

unitary matrix, with the similar approach to prove Theorem 4, it can been shown that 

based on the signal model (5.52) decoding G户，（1 < / < P) by ML achieves the same 

diversity order as the case without CFOs. Here we denote the decoded SF submatrix 

by G^,. 

After decoding Gp, for I < t < P, the rest P - P SF submatrices are jointly 

decoded by first canceling all of the power coming from G卢 In signal model (5.48)， 

for decoding G^ (1 < < P and p ^ P), we regard all of the power coming from Gp, 

for 1 < / < P as interference. So we reconstruct all the interference by using G^, and 

then cancel it from z'办.Finally, we jointly decode the rest P - P SF submatrices Gp 

for p 來 9. 

For example, Fig.5.7 shows the structure of V' when M, = 2, where each square 

symbol stands for one column of V' and two equal columns are connected by a line. 

From this figure, we can see that the columns of VJ and Vp are not unique in the 

columns o f V . Therefore, for the ZF-ML-PIC detection method, Qp{l<p<P-\) 

are first decoded. Then after canceling all the power from the decoded Gp in z, Gi 

and Gp are jointly decoded. 

For the ZF-ML-PIC detection method, we have the following theorem. 

Theorem 7 When P is not null, for the permuted SF code C' described by (S.S2), 
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V' 

cv； CVi CVJ CVI r c々 二 

Figure 5.7: Structure of V' when V = {2,3, 

•…口 • … 口 … 口 … … 口 •…口…口…口 
Related to £•, 丨 Related to 

1st 2 columns '‘ 2 n d / / / 2 columns 

1} and Ml = 2. 

the ZF-ML-PIC detection method can still achieve the same diversity order as that of 

the case without CFOs. 

Proof 7 Assume that without CFOs the permuted SF codes C can achieve diversity 

order d. Then we can express its SER/BER as P“ = ^SNR"�where Ci is the coding 

gain of C. Then we define a Bernoulli random variable /“ with a probability mass 

function given by 

Ia = 

0, if bits/symbols in Gp, (I < t < P) 

is not all correctly decoded 

1， otherwise 

(5.53) 

Similarly, we define a Bernoulli random variable h given by 

0， if bits/symbols in Gp (p 來 9) 

h = are not all correctly decoded 

1, otherwise 

(5.54) 

We denote P^ as the BER/SERfor decoding Gp (p ^ ！P). Then Pb can be calculated 

as 

\ = nh = 014 = mia = 1} + P{4 = 0\la = 0}P{/„ = 0}. (5.55) 

In (5.55), P{/t = 0\la = 1} is the BER/SERfor jointly decoding Gp (p ^ P) in the 

condition that G卢,are all correctly decoded for I <t < P. From Theorem 5, we know 

that for the case ofGp = Gp {p e P), the achieved diversity order is not decreased 

by multiple CFOs. Thus we can express P{4 = 0|/“ = 1}似 

Wb = 014 = 1 } =丄 SNR-". 
C2 

(5.56) 
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From the definition of la, we can see that 

P{/a = 0} = = 丄 SNR-". (5.57) 

Substituting (5.56) and (5.57) into (5.55), we obtain 

P{4 = 0|4 = 1}(1-P{/ , =0}) + F{h : = 0|/, 丨 二 0]P[Ia 

—SNR-
Q 

\ \ - -SNR-勺 + P{4 = 014 
1 
丄 SNR-" 
CL 

—SNR-
CL 

d 1 
CLC2 

+ P{4 = 0|4 

0}丄 SNR-" 
CL 

=0}-
1 
-SNR-^ 

—SNR— 
CL 

‘ + M = 0\la : 

+ P{4 = 0|4 

0}丄 SNR-" 
CL 

(丄 +丄 
C\ CI 

< ( - + 一)SNR-“ (5.58) 
c\ Ci 

where the last inequality follows from the fact P{Ib = = 0) < 1. From (5.58), we 

immediately see that the ZF-ML-PIC detection method can achieve the same diversity 

order as that of the case without CFOs for each Gp{\ < p < P), 

Examining the ZF-ML-PIC detection method, we can see that when U'^ is singu-

lar, only (P - I户I) SF submatrices need to be jointly decoded. So when \P\ is larger, 

the ZF-ML-PIC detection method has much lower computational complexity than 

that of jointly considering all the N subcamers. Actually, from the properties of V'， 

it is not hard to obtain that 

maxi 训渐 ( r^ j ) 
= P - 2 (5.59) 

Moreover, when Sm is not null, from the Property 3 and Property 5 of V , we know 

that r爪= m P r - tm/i and fm{tm,i) = (w)M,Pr，respectively. Further considering the 

definition of /爪(/) (5.42)，we can derive that T^ = \em —〜/n)Â ,+il. Therefore, \P\ is 

lower bounded b y P - 2 f _ 

Taken together, for the permuted SF code C (5.32), both the ZF-ML-Zn and the 

ZF-ML-PIC detection methods are suitable to the case that U'^ is singular. More 

importantly，they can achieve the same diversity order as the case without CFOs. 

Especially, when maxi<„<^,(r;„) is small, they have much lower computational com-

plexity than that of jointly considering all the N subcaniers. Compared to the ZF-

ML-PIC detection method, the ZF-ML-Zn detection method has a lower computa-

tional complexity at the cost of some bandwidth efficiency loss. 
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Furthermore, similar to the MMSE-F method proposed in Chapter 4，it is not hard 

to show that the matrix inverse for the ZF-ML, ZF-ML-Z« and ZF-ML-PIC methods 

is independent of the OFDM symbol index for a channel realization, if we consider 

channel changing caused by CFOs. Therefore, the cost of calculating ZF matrix can 

be averaged by the number of OFDM symbols in one channel realization. In the 

case that the coherence time of the channel is short or the number of subcarriers is 

large, since for the ZF-ML-Zw and ZF-ML-PIC methods the subcarriers used by the 

same transmit antenna are grouped, the M-FFT aided methods proposed in Chapter 

4 can be used to further reduce computational complexity in the expense of a certain 

performance loss. 

5.5 Simulation Results 

In this section, we present some simulations to verify our previous analysis on the 

diversity order achieved by the SF codes C and the permuted SF codes C' in the 

presence of multiple CFOs. 

Firstly, an M, = 2 system with 8 OFDM tones, i.e., iV = 8，is simulated. The 

bandwidth is 20 MHz and BPSK modulation is employed. The channels from re-

lay nodes to the destination node are frequency-selective with two equal power rays 

[Tm(0)，Tm(l)] = [0, 0.05])U5 fot 1 < 171 < M,. Wc also assuiTie that the destination 

node has only one receive antenna. For each channel realization, each is uniformly 

selected from [-SMax, ^Max] - The SF code proposed in [39] is applied. Coding param-

eter r is set as 2. Thus P is equal to 2. Without multiple CFOs, full diversity order 

4 can be achieved. At the destination node the sphere decoding method is applied to 

jointly consider all of the subcarriers i f CFOs exist. 

Fig.5.8 shows the SER performance of the non-permuted SF codes C in the pres-

ence of multiple CFOs. We can see that when emox = 0.4, since diversity order 4 

can still be achieved, the performance loss is very small and the slope of SER curve 

is similar to that of the case without CFOs. However, when emox = 0.8, since when 

Em > 0.5 full diversity cannot always be achieved for each realization of CFOs, the 

slope is no longer parallel with the curve without CFOs at the high SNR range. Fi-
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Figure 5.8: Performance of the SF codes C in the presence of multiple CFOs. 

nally, we simulated a special case, i.e., e\ = 0.6 and 右2 = -0.4. From the analysis of 

the counterexample after Theorem 3，we see that for this special case full diversity 

cannot be achieved. The simulation result confirms our analysis. In Fig.5.8, the slope 

of its SER curve is obviously less than that of the SER curve without CFOs. 

Fig.5.9 shows the SER performance of the permuted SF codes C in the presence 

of multiple CFOs. Compared with Fig.5.8, we note that without CFOs the proposed 

permutation operation does not affect the SER performance of the SF codes. Accord-

ing to Theorem 5，we know that for P = 2 and r = 2，the achieved diversity order 

of the permuted SF codes C is not decreased when smox < 1-5. This is confirmed 

by the simulation results as the SER curves in the case of smux = 1.4 has the same 

slope of the SER curve as that of the case without CFOs. Even in the special case of 

El = 0.6 and £2 = -0.4, although the ICI matrix U' is singular, the permuted SF code 

C' still achieves the same slope of SER curve as that in the case of no CFOs. How-
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Figure 5.9: Performance of the permuted SF codes C in the presence of multiple 

CFOs. 

ever, when SMOX =1.9 and SMOX = 2.1, the slope is no longer parallel with the curve 

without CFOs at the high SNR range, since when e^ > 1.5 full diversity cannot al-

ways be achieved for each realization of CFOs. Finally, we simulated a special case, 

i.e., ei = 1.6 and £2 = -1.4. From the analysis the counterexample after Theorem 

5, we see that C' cannot achieve full diversity for this special case. The simulation 

result confirms our analysis. In Fig.5.9, the slope of its SER curve is obviously less 

than that of the SER curve without CFOs. 

To investigate the SER performance of the two-stage suboptimal detection meth-

ods, i.e., the ZF-ML’ MMSE-F, ZF-ML-Zn and ZF-ML-PIC detection methods, we 

also consider an M； = 2 system with 64 OFDM tones (N = 64). The channels from 

relays to the destination node are all frequency-selective fading with two equal power 

rays and [r„(0), T^(1)] = [0，0.5]jus for 1 < m < 2. The data symbol is QPSK modu-
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Figure 5.10: Performance of the two-stage suboptimal detection methods. 

lated. To achieve full diversity order 4 we set r as 2. For the ZF-ML and MMSE-F 

detection methods, the un-permutated SF code C is applied. For the ZF-ML-Zw and 

ZF-ML-PIC detection methods, we use the permuted SF code C'. 

Fig.5.10 shows the simulation results. We can see that in the presence of CFOs, 

the OFDM system will quickly suffer from an error floor with increasing SNR if 

we directly decode (referred to as DD) the SF code by only ignoring all of the ICI 

terms due to CFOs. When SMUX = 0.2, for the ZF-ML method, the performance loss 

is very small and the same slope of SER curve as that of the case without CFOs 

is observed. As EMUX is increased from 0.2 to 0.4, the performance of the ZF-ML 

detection method is degraded. Since BMOX is still less than 0.5，from the previous 

analysis, we see that when SMOX = 0.4 the ZF-ML method can still achieve full 

diversity. This is confirmed by simulation results. In Fig.5.10, its slope is still parallel 

with the curve without CFOs at the high SNR range. Note that ML decoding all the 
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subcarriers should be the optimal method to achieve full diversity. However, when 

N is 64 and QPSK modulation is applied, a great burden is added to the system even 

for efficient ML detection methods such as the sphere decoding method. To make 

a contrast, we also plot two SER curves for the MMSE-F detection method when 

SMax = 0.2 and SMax = 0.4, respectively. We can see that when SMax = 0.2, the 

MMSE-F detection method nearly has the same SER performance as that of the ZF-

ML detection method. On the other hand, when SMUX = 0.4, the ZF-ML detection 

method outperforms the MMSE-F detection method from 16dB, because the filtered 

noise vector may not be well approximated by a white noise vector, when CFO is 

large. 

Finally, we consider the permuted SF code C in the case of ei = 0.6 and £2 = 

-0.4，which is possible when e^ax > 0.5. Note that as we have analyzed, in this case 

the un-permuted SF code C cannot achieve full diversity any longer. Since the ICI 

matrix U' is singular in this case, the ZF-ML detection method cannot be directly 

applied. To still achieve full diversity, we apply the ZF-ML-Z2 and ZF-ML-PIC 

detection methods. For the ZF-ML-Z2 detection method, the 30th, 31st, 62nd and 

63rd subcarriers are not used. According to Theorem 6’ full diversity can be achieved 

as long as both ei and €2 are smaller than 1.5. For the ZF-ML-PIC detection method, 

Gi and Gie need to be jointly decoded. The simulation results are consistent with our 

previous analysis. In Fig.5.10, it is apparent that both of these two detection methods 

achieve nearly the same SER performance as that in the case without CFOs. 

5.6 Conclusions 

In this chapter, we investigated the effect of multiple CFOs in a cooperative OFDM 

based system on a family of SF codes proposed in [39]. By treating the CFOs as a 

part of the SF code matrix, we showed that if all of the absolute values of normalized 

CFOs are less than 0.5, the full diversity order for the SF codes are not affected by 

the multiple CFOs in the SF coded OFDM cooperative system. We further prove that 

this full diversity property is still preserved if the zero forcing (ZF) method is used to 

equalize the multiple CFOs. In addition, to improve the robustness of the SF codes to 
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multiple CFOs, we proposed a permutation method to enable the SF codes to achieve 

full diversity even when emax > 0.5. We further proposed two full diversity achievable 

detection methods, i.e., the ZF-ML-Z/i and ZF-ML-PIC detection methods, which 

are suitable to the case that ICI matrix is singular. Al l these imply that the SF codes 

proposed in [39] for MIMO-OFDM systems are robust to both timing errors and 

frequency offsets in a cooperative system. 
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5.7 Appendix: Proof of Theorem 4 

Recall that P" is a diagonal unitary matrix. Then based on (5.28), U j (1 < < /‘) 

can be written as 

C 》 = ( 5 . 6 0 ) 

where Pj is a diagonal matrix given by 

/) = dp - D M r + l A p - m x +1) (5.61) 

for 0 < / < MtT - 1, and Vp is the {p - l)th M,r x N submatrix of V"^. Substituting 

(5.60) into (5.31), we get 

Tb’p = N P f % 々 f X . (5.62) 

When Smax < 0.5, V is nonsingular. Thus we have rank (V^) = M,r. Conse-

quently, the covariance matrix T办’厂 is a nonsingular matrix. Let us now consider the 

eigendecomposition of the matrix and then get 

‘b’p 

P，P 

= p 广 A A A J ^ P ; = A , > 4 ， （5.63) 

where Ap is an M,r x diagonal matrix with M, positive eigenvalues of 

on its diagonal, Ap is an M,r x M,r unitary matrix and A^ p = P》Ap which is a 

unitary matrix as well. Substituting (5.63) into (5.30), we have 

i*^ = arg min 

= a r g mm SP 

= a r g min 

(5.64) 

Observing (5.64), it is easy to see that the ML detection for the signal model (5.29) 

is equivalent to that for the following signal model: 

=K 'K p K = 揚产 - M p X p h + ⑶ , p , (5.65) 

where it can be verified that the covariance matrix of the equivalent noise vector 

is an M,r x M,r identity matrix. Based on signal model (5.65), clearly in 

the presence of multiple CFOs, the achieved diversity order of the ZF-ML method is 
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equal to the minimum rank of the matrix A^A^f^CX^ - Xp)A(Xp - X,广 (A ; * A二严 

for any distinct s^ and s^. Since A^^A^^ is an M^r x M,Y nonsingular matrix，we 

have 

r a n k ( a ^ A ^ / X ^ _ X,)A(X^ - = rank ((X, - X,)A(X^ - X , )^ ) ’ 

(5.66) 

which means that for the ZF-ML detection method, the achieved diversity order is 

not decreased by multiple CFOs as long as EMUX < 0.5. 
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5.8 Appendix: Relationship between the ZF-ML 

Detection Method and the MMSE-F Detection 

Method 

In this appendix, we will show the relationship between the MMMSE-F detection 

method and the ZF-ML detection method. 

As introduced in Chapter 4’ according to the signal model (4.22) for the MMSE-F 

method the N x N filtering matrix S^ is calculated by 

\ P , 
D^^, (5.67) 

where D^ = X二 i e^'^-U^^diagCH^)?^. n* is an iV x iV real diagonal matrix, whose 

role is to enable each row of to have unit Euclidean norm. By following the similar 

derivation as that of (5.12), we get 
M, 

A/, M, 
= 《 " U 工 ^P^^diagCH^ 

m=\ Vm'=l 

= U ^ H , (5.68) 

where H = ^ t i P.diag (HJ. According to the properties of P爪(5.5) and (5.6), 

clearly H is a diagonal matrix and H(rrM, + (m - l ) r + i, tTMj + (m - l ) r + = 

WmitTMt + (m - l ) r + 0 for 0 < / < P - 1, 1 < m < M, and 0 < / < r - 1. 

Substituting (5.68) into (5.67), we can have 

S" 二 n^ (H^U^^U^H + U j , ] 1 (5.69) 
P 

Then at high SNR range we just simply ignore the term ̂ I/v in (5.69) and approximate 

S办by 

= n 會 W 1. 

Then the normalization matrix 11̂  should has the form as 

n\i,i)= - , 1 — 
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for 0 < / < Â  - 1, where uf is the ith row Therefore from (5.18), we get the 

filtered signal model as 

n办H 

w
'
 

3
 

+
 

h
 X

 

1
 

I
 -

H
 

n
 

- (5.72) 

where owing to the effect of the normalization matrix n办’ the covariance matrix of 

the filtered noise vector S^w has unit diagonal entries. 

For the MMSE-F detection method, to simplify decoding we just ignore the off-

diagonal terms in the covariance matrix of the filtered noise vector S^w，i.e., S^S^^. 

Then similar to the ZF-ML detection method, decoding the SF submatrix Gp (1 < 

p <P)hy the ML criterion, we have 

= arg min (5.73) 

where the minimization is performed over all admissible M,rx 1 information symbol 

vector s^. 11̂  and Hp are the ( p - l)th M^rxN submatrix of n办 and H '，respectively. 

i.p and X^ have the same definitions as those defined in (5.29). Furthermore, we can 

rewrite (5.73) as 

- a r g mm SP 

= a r g nun h
 p

 

X
 

(5.74) 

where = XI^^H^H^IlJ. By using (5.71), we can see that has the form 

‘ 1 1 1 
= diag (5.75) 

Ifi办 |2，Ifi办 |2 ’ ‘ I 

Now let us look back to the ZF-ML detection method. For the ICI free signal 

model (5.27), if we also ignore the off-diagonal terms in the covariance matrix of 

the filtered noise vector i.e., as we have done for the MMSE-F 

detection method, the inverse of defined in (5.31) will be equal to Then by 

comparing (5.30) with (5.74)，we can clearly see that by above two approximations 

the ZF-ML detection given by (5.30) has just the same form as that of the MMSE-F 

detection given by (5.74). 
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5.9 Appendix: Proofs of Proposition 1 and Properties 

o f V 

Proof of Proposition 1 

From (5.38)，we can see that V' is singular, i f and only if there exist at least three 

integers t, i and I which satisfy 

£爪丨-= tN+i-I, (5.76) 

forO < / < / < A^-1, which leads to v; = vj. Since 0 <i < l< N-l, we immediately 

get —N + 1 <i-l< -1. As a consequence, we have 

tN ~N +\<tN + i-l<tN (5,77) 

When (5.76) holds, substituting (5.76) into (5.77), we obtain 

tN-N+ \ (5.78) 

On the other hand, provided j s j < (〜之阳 and P > 1，we have 

-N < -{P 一 l)r - 1 < emi - < (P — l)r + 1 < M (5.79) 

Now let us examine (5.76) in great detail. 

Firstly, i f e 叫 - = 0，from (5.76) we have tN + i - I = 0 and then t =穿.On 

the other hand, since -N + 1 < i - l < -1, we can get ^ < ^ < 1 - Therefore, 

we obtain ^ < / < 1 - which is contradictory to the fact that ns an integer. Thus 

Sm, - Smi cannot be equal to zero. 

Secondly, i f s 叫 - < 0, given (5.79), Sm, - e爪should be in the set { - (F -

l)r, -(P — l)r + 1，…，-1}’ since when (5.76) holds, Smi 一 s^. should be an integer 

as well. To let both (5.78) and (5.79) hold, it is required that Â̂  - Â  + 1 < 0 and 

tN - I > -N, which lead to ^ < 1 - ^ and t > -I + respectively. Considering the 

fact that t is an integer, we can easily derive that t can only be equal to 0. Thus we 

have Smj - = i - l . From (5.37), we know that all the columns belonging to V^ are 

related to So from i < I and * we can see that m, must be smaller than 

tUj. Then from 1 < m, < m/ < M„ we obtain that 1 < m, < M, - 1 and 2 < m； < M,. 
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Furthermore, since 8叫一它mi is in the set {-(尸—l)r’ -(P - l)r + 1’ •.. , -1 ) and 

- = i - I , we can get 

i < / - / < ( P - i ) r (5.80) 

Then from (5.37), we have 

'1+1' [/+1] 
mi 一 m , = PT PF 

< 

< 

+ ( P - i ) r + 11 
pr pr 

+ 1 丄（户一 i ) r " r/ + i 
PT 丁 p r p r 
,+ 1] 丄1 

1 1 

PT 十1 一 pr 
= 1 ’ (5.81) 

where the second inequality follows from the fact that 0 < ^ ^ ^ < 1 . On the 

other hand, from 1 < m,- < mi < M, we have m/ - m, > 1. Therefore, m； - m, 

should be equal to 1. Based on the fact that vj is one column of V^., we can get that 

(m, - l)Pr < i < niiPT 一 1. As m, — m, = 1, we then have 

(mi — 2)Pr < i < (mi - DPT - 1. (5.82) 

Substituting (5.82) into (5.80)，we obtain 

(m/ - 2)Pr +1 </< miPY — 1 — r. (5.83) 

As vj is one column of V二we immediately have (mi - 1)尸厂 S I. Thus from (5.83) 

we finally obtain 

(mi — l)Pr < I < miPT - 1 - r. (5.84) 
By a similar approach, from (5.80), (5.82) and (5.84), we can get 

rmPT -(P- l)r < i < rriiPY — 1. (5.85) 

Thirdly, i f - > 0, by the similar analysis, it is not hard to obtain that when 

(5.76) holds, e (1,2,. •• l)r}，1 < m, < - 1, 2 < m/ < M, and t can 

only be equal to 1. From t = 1, we havee叫-Smt = N -\-i-L Since e^ — £叫 is in the 

set (1,2, -•• , ( P - l ) r ) , w e get 

1 < iv + i - / < (P - i)r. (5.86) 
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From \ <mi < M f - \ and (5.37), we also have 

(i<i<{M,-\)PT-\. (5.87) 

From (5.86)，(5.87) and / S iV - 1，it is not hard to get the inequality 

A ^ - ( P - l ) r < / < A r - l . (5.88) 

Considering (5.37), we have m/ = M；. Then adding both sides of (5.88) to that of 

(5.86), we can obtain 

0 < i < (P - \)T - (5.89) 

and rrii = 1. 

By summarizing results of the above analysis, we can get Proposition 1. 

Proofs of Properties of V' 

Proof of Property 1 

The proof directly comes from the lower bound of i in (5.85) and that of I in (5.88). 

Proof of Property 2 

Assume fm{tm,i) > Then it is not hard to show that ？;-1 and fmitm,\)-'^ are 

also a pair of integers that satisfies Proposition 1. So we can have = 

and then (tm,i - 1) € S爪，which is contradictory to the assumption that tm’i is the 

minimum element of ！Bm- Therefore, we have /m(?m’i) < 户厂 Since fm{tm,i) 

cannot be smaller than {m)M,PT, we obtain our conclusion. 

Proof of Property 3 

From the fact that and fm{tm,i) are a pair of integers that satisfies Proposition 1，it 

is not hard to get that if tm,i < m/T -1 ’ +k and fm(tm,i)+k fori <k< mPV-1 爪’ i 

are also a pair of integers that satisfies Proposition 1. Therefore, ！Bm has the form 

Sm = {tmA,tm,l + h--' ,mPT - I]. 

Proof of Property 4 

Directly comes from the upper bound of I in (5.83) and that of i in (5.89). 
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Proof of Property 5 

Directly follows from the Property 2 and Property 3 of V' and the relationship be-

tween Sm and ！Bm. 

Proof of Property 6 

In this proof, we consider three different cases of m, i.e., m = 1, 2 < m < M, - 1 

and m - M,. Here only the derivation for the case of 2 < m < M, - 1 is given. For 

the other two cases, the same conclusion can be obtained by following the similar 

strategy. 

Since ！Bm is not null, from Property 5 of V , we know that t^j^ = (m - l ) r + f讲一 

1 = /m-i( ‘- i ’7Vi). From Property 3 of V , we have tm-i,T„_, = (m - 1)/T - 1. Thus, 

we get f爪’fm = fm-i{{fn - l )F r - 1). Then by using (5.42), t^ f^ can be expressed by 

tm,T„ = {m- DPT + (5.90) 

On the other hand, based on Property 2 of V , we have fm(im,i) = mPF. From 

(5.42)，we get 

m/T = tm’i - £m+i + em. (5.91) 

Adding each side of (5.91) to that of (5.90), we can get 

£：爪+1 - e^-i = tm,l 一 tmj„ — / T — 1. (5.92) 

Given \ej < (？-‘广̂  ’ we can obtain that e„+i - e^-i > -(P - l )r - 1. Substituting 

this inequality into (5.92), we can get 

(5.93) 

Since f ^ j - tmj„ is an integer, we finally obtain ？爪’ i - > r + 1. 

Proof of Property 7 

Assume that Sm <f> for 1 < m < M^ From the case 1 of Proposition 1，we have 

-(P - l ) r <em- Sm-i < - 1 for 2 < m < M,. Then we can obtain that Z'^Li _(户— 

l ) r < Z t i ‘ - ‘ - 1 ^ -1，which leads to 

一 (M, - 1)(P - l ) r < sm, - e , < - ( M - 1). (5.94) 
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On the other hand, since Bm,本(f>, from the case 2 of Proposition 1，we get that 

1 < - £i <{?- l)r，which is contradictory to (5.94). Therefore, there must exist 

m' so that - (p. 

Proof of Property 8 

From Property 7，we know that there must exist n (1 < n < M,) so that Sn = <p. 

From the relationship between Sn and 资⑷似(Property 5 of V')，we can deduce that 

！Bn = în)M,+i = 0. Therefore, Property 8 holds. 
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5.10 Appendix: Proof of Theorem 5 

Since multiple CFOs cannot increase achieved diversity order, from the receive signal 

model(5.33), we can see that to prove Theorem 5 it is sufficient to show that 

rank(U'^AX'A5) = ^ L , , (5.95) 
m=\ 

over all pairs of distinct SF code matrices C and C' given SMax < where 

AX ' = X ' - X ' and e 似 “ 义 = m a x i < ； ; , A c t u a l l y , as A is an M , r x MtY diagonal 

matrix with L爪 nonzero diagonal entries, rank(U'^AX'A2) cannot be larger than 

Lm-

Without loss of generality, here for J/ (0 < / < L - 1) defined in (5.15)，if I > L^, 

we assign a value to Tmil) for Lm < I < L - \ so that r^iLm - 1) < Tm(Lm) < 

TmiLm + 1) < . , . < TmiL - 1) < Lcp. So X' would has the similar form as that in 

the case of L^ = L for 1 < m < M" Note that due to aM = 0 for / > L^, X'A^ is 

not changed by this operation. Therefore, following this operation, we only need to 

prove that U'^'AX has full column rank MtL. 

Obviously, i f U'^ is nonsingular, we immediately get the equality that 

rank(U'^AX'A5) = rank(AX'A5) (5.96) 

Thus in the case that U'办 is nonsingular, Theorem 5 is true, since without CFOs the 

permuted SF codes C can achieve full diversity. Therefore, we only need to consider 

the case that is singular. 

Property of SF Codes 

Besides the properties of V , in order to realize our goal, we need to utilize some 

properties of the SF cods as reviewed in the below. 

From (5.15)，we know that the (m - l)th (1 < m < M,) column of J/ O C 

(0 < / < L - 1) is f"•① O c'^, where c'饥 is the (m - l)th column of C . Define 

fmi = O xh’ where (0 < ^ < MfP - 1) denotes AthPx 1 subvector of 
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r"•①.Then we can express J/ o C' as 

广 … y ^ r , OR 

J / o C ' = 

y 
or 

" r y 2,1 

or or 
o r 

or 
o r 

M,’l ‘M„l 

T 

(5.97) 

Of … 0 「 0 「 … 0厂 

Observing (5.97), we can see that in the (m - l)th (1 < m < M,) PT x M, submatrix 

of J/ O C , only the (m - l)th column has nonzero entries. For each m, by collecting 

all of these nonzero PT x 1 columns from J/ O C (0 < / < L - 1), we further define 

the PTxL matrix Y；；, (1 < m < M,) by 

y mS) y m.l • • • y m,L-\ 

… y m,L-l (5.98) 

TP 
m,L-l 

and denote the (/>-l)th (1 < p < P) FxL submatrix o fY^ by Y^, which are all related 

to xj,. Let AY^ is the difference matrix between Y^ and Y^ which are constructed 

from C' and C'’ respectively. Then one property of this SF code [36，37,39，113] can 

be stated in the following proposition. 

Proposition 2 l/Gp^ 本 6"。(I < po < P), the difference matrix A Y^^ always has full 

rank, i.e., rank(Y仏）=min(r, L). 

Proof 8 Assume that Gp = Gpfor any case of p p^ {\ < p^ < P) and Lx = 

Lz =…=LM, = L. Then, by carefully observing AX', we can see that rank(AX')= 

rank(AY^°). On the other hand, without CFOs we know that the SF codes can 

achieve diversity order M, min(r，L) when Li = Lz =…=LM, = L. This implies 

that for any cases of C * C', we have rank(AX') = M, min(r, L). Therefore, we 

obtain Z二 1 rank(AYS») = M, imn(r, L). From the fact that rank(AYS") < min(r, L), 

we directly arrive at Proposition 2. 

Proof of rank(U'AX') = MtL when U' is Singular 

Because rank(U'AX') = rank(VT'''AXO, to achieve our goal, it is equivalent to prove 

that rank(V'P'。AX') = M,L for any two distinct C and C'. Note since P'^ is a diago 
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nal matrix with full rank N, if we regard P'^X' as X'，we can still get the Proposition 

2, which we will utilize in the following proof. So to simplify the notation, we just 

set P'b as an identity matrix. Let a be an M,L x 1 coefficient vector. Then to prove 

rank(V'AX') = we only need to show that V'AX'a = Oâ , only i f a - Om.l-

Define a L x 1 coefficient vector a^ (1 < m < M,) by a^ = [a(m 一 1)，a(m - 1 + 

Mt), a(m - 1 + IMt), ••• , a ( m - l + ( L - where a(it) {0<k<N-\) denotes 

the kth entry of a. Then by carefully observing the structure of X'，we can rewrite 

V'AX'a as 
M, M, P 

V'AX'a = Z V;„AY A = (5.99) 
m=l m=l p=l 

where V'^ is the (m - l)th (1 < m < M,) JV x PF submatrix of V'，i.e., V ' = 

• • • and is the (p - l)th (I < p < P) N x V submatrix of V二， 

i e V' = rv ' i v'2 . . . v ' ^ i 
L • m，• m， ，• mJ. 

Proof of ai = Oz, 

From the Property 8 of V , we know there exists m' (1 < m' < M,) so that ！Bm'=伞. 

Without loss of generality, we assume that m' = 1. Let p\ (1 < p\ < P) is the 

maximum number so that no indices of the columns belonging to V' f are in the set 

S\fox \ < p < p\. From Property 1 of V'，we know that fi，i > r. Therefore, p\ is at 

least equal to 1. Then we rewrite (5.99) as 

p\ p p 

VAX ' a = ^ V { ' A Y { ' a i + ^ V'J'AYfai + J ] V'^AY^az 
P=l + 1 p=\ 

Mt P 
+ (5.100) 

m=3 p=l 

and regard V'AX'a as a linear combination of the columns of V' with the iV x 1 

coefficient vector AX'a. 

Firstly, let us look at the first term in the right-hand side of (5.100). Since Si = 

there are no columns in V；̂ ,̂ which are equal to that in V^. On the other hand, since 

k{Q < k < p\Y - 1) is not in the set no columns in for \ < p < p\ are 

equal to the columns belonging to V^. Therefore, the columns in [V' j , V f , • - •，V'^'] 

only appear in this term, i.e., V'^AYj'ai. Further considering the fact that all the 
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distinct columns of V' form a basis of the column space of V , to let V'AX'a = 0"， 

we must have 

AY^ai = Or for 1 S p S p;’ (5.101) 

since AY^ai is the coefficient vector to VJ, in V'AX'a. Assume that there exists po 

for 1 < Po < Pj so that Gp。* 6"。Then from (5.101), we have 

AY fa i =0r . (5.102) 

By Proposition 2, we know that given T > L, AY^。has full column rank L. This im-

plies that the homogeneous system described in (5.102) only has the trivial solution, 

i.e., ai = 0乙.So in the case that there exists po {I < po < p\) so that Gp^ 本 Gp ,̂ 

V A X ' = Qn, only i f a i = 0^. 
A 

Secondly, let us turn to the case of Gp = Gp for 1 < p < p\. In this case, 

substituting AYJi = OrxL for I < p < p\ and 1 < m < M, into (5.100), we have 

p p 
V'AX'a = V f+ 'AY广、1+ V'^AY^ai + V^AY^az 

p=pi+2 p=pi+i 
M, P 

+ £ X (5.103) 
m=3 p=pj+l 

Since ri,i < {p\ + l ) r - 1 , from the Property 3 and property 5 of V , the last (p； + l ) r -

t i l columns of V ' f+ i are equal to the first (pj + l ) r — /i’i columns of However, 

due to AY2 = OrxL，the term V'lAY^az does not exist any longer in the right-hand 

side of (5.103). Note that from Property 6 of V , we know in V' there are no more 

than 2 equal columns. Therefore, in (5.103) only the term V '广 'AY广 (a i is related 

to the columns of V'^'"^'. Since all the distinct columns of V' form a basis of the 

column space of V , to let V'AX'a = Oa?, we must have = Ô ,. Furthermore, 
A p*+\ 

if Gp'+i t Gpj+i, from Proposition 2 we know that AYj ' has full column rank L. 

Therefore, in the case of Gpj+i 本 AY^' ai = 0乙，only if a! = Ol- Combined 

with previous analysis results, we can see that in the case that there exists PQ for 

1 < Po < P； + 1 so that Gpo 本 Gp„ V A X ' = (h^，only if ai = Oz,. 

Then in order to show that given X'本 X', V'AX'a = only if ai = 

we need to consider the case of Gp = Gp for I < p < p* + 2. In this case by 

substituting AY仏=OrxL for I < p < p； + 1 and 1 < m < Af, into (5.100), we 
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get a similar condition to we do in the previous case of G^ = Gp (1 < p < p\). 

Owing to the fact that AY^ = Opxi for I < p < p\ + I, only the term 

is related to the columns of V'P广 in the linear combination of the columns of V . 

As a consequence, we can get that once there exists po for 1 < po < + 2 so 

that Gpo 本 Gpo, V A X ' = 0；̂，only if ai = By repeating this analysis step for 

additional P - p\-2 times, we can finally get as expected, i.e., in the case that there 

exists Po (1 < Po < t*) so that Gp, * 6"。，VAX' = 0"，only i fa i = 

Proof of = Oz, for 2 < m < M, 

Similarly, let p\ (1 < p\ < P) is the maximum number so that no indices of the 

columns belonging to V'《are in the set Siiov \ < p < p*. Substituting a! = into 

(5.99)，we can obtain 

p'l p p 

V'AX'a = £ v ^ A Y ^ a 2 + [ + J ] V'^AY^aj 
p=l p=\ 

Mr P 

+ (5.104) 
m=4 p=l 

Comparing (5.104) with (5.100)，obviously, we get the similar situation to we do in 

the proof of a! = Ox,. Therefore, with the same analyzing strategy, we can get that 

given C C , V'AX'a = 0"，only if a! = Actually, for each m ( 2 < m < M , ) by 

substituting = for 1 < < m - 1 into (5.99)，we can get a similar situation. 

Thus by repeating this analysis strategy for additional M, — 2 times, we can get that 

given C 本 C', V'AX'a = 0/v, only if - for 3 < m < M, in turn. As a 

consequence, we can see that provided C'本 C'，(VAX^a = ON, only if a^ = 

for 1 < m < Mf It implies that under the conditions provided in Theorem 5，the SF 

codes can still achieve full diversity in the presence of multiple CFOs, even if the ICI 

matrix U' is singular. 

Discussion for Arbitrary Values of Lm and F 

In the above analysis, we have proved that provided V > L^ for 1 < m < M" 

the permuted SF codes C' can achieve full diversity order \ Lm, even when the 

ICI matrix U' is singular. Actually, similar to the case without CFOs, by slightly 
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modifying the above analysis, we can show that under the conditions provided in 

Theorem 5，the permuted SF codes C' can achieve diversity order min(Lm,r) 

for arbitrary values of L^ and r. The key idea of this proof is to construct an N x 

X ^ l j min(L讲，r) submatrix of V 'X 'aJ by extracting the first min(r, L^) (1 < m < 

Mt) columns of Y^. 

Let 文爪（1 < m < Mt) be a P r x min(r, L^) submatrix of Y^, which consists of 

the first min(r，Lm) columns of Y历.Note that due to the structure of X ' and A, the Ith 

{ Q < 1 < min(r, L J - l ) column of is just the (/M, + l)th column of V 'X ' 

and corresponds a nonzero diagonal entry of A^. Furthermore, from the property of 

SF codes, it is not hard to see that provided Gp * G^, the (/? - l) th (1 < p < P) 

r X min(r，L爪）submatrix of AY„ has full column rank min(r’L爪).Based on this 

fact, following the similar way as proving Theorem 5, we can finally obtain that 

the N X min(Lm, F) submatrix of VAX'，which consists of all the columns of 

1 < m < Mt, has full column rank. Therefore, we obtain the expected 

result. 

'm= 
for 

End of chapter. 



Chapter 6 

Conclusions and Future Works 

6.1 Conclusions 

Cooperative communications is a novel way of enabling a single-antenna transmit-

ter to achieve spatial diversity. By using appropriate cooperative protocols, most 

diversity achieving space-time (ST) and space-frequency (SF) codes can be directly 

applied to cooperative communication systems to achieve spatial diversity when all 

the intermediate nodes are synchronized. Unfortunately, a major challenge for co-

operative communications is the synchronization in that the multiple transmissions 

in cooperative systems may not be well synchronized in either time or frequency. 

With synchronization errors, most ST codes may not work well. Since OFDM is not 

sensitive to timing errors, SF coded OFDM cooperative systems have been proposed 

to achieve both full cooperative and full multipath diversities without the time syn-

chronization requirement. However, these systems still need to face the problem of 

multiple carrier frequency offsets (CFOs). Since the columns of an ST or SF code 

matrix are transmitted from different relay nodes with their own oscillators, they 

may have multiple CFOs that cannot be compensated simultaneously. For SF coded 

OFDM cooperative systems, this problem becomes greatly stringent because CFO 

can lead to inter-carrier interference (ICI) in OFDM systems. 

This thesis focuses on the multiple CFO problem in ST and SF coded cooperative 

communication systems. We have investigated the effect of multiple CFOs on delay 

diversity, the Alamouti code, and a family of SF codes from the view of diversity 
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analysis. Especially by utilizing the SF codes structure, we have proposed effective 

and efficient signal detection methods for combatting multiple CFOs for the SF coded 

cooperative system. Both our theoretical analysis and simulation results imply that 

the SF coded OFDM system is robust to both timing errors and CFOs in a cooperative 

communication system. 

Above all, we have investigated the effect of multiple CFOs on delay diversity and 

the Alamouti code. For delay diversity, we found that both of its achieved diversity 

order and diversity product are not affected by multiple CFOs. For the Alamouti 

code, when | < (Ae)i < |,the diversity product is decreased by multiple CFOs. Here 

Ae = 62- Si and €m (1 < m < 2) is the normalized CFO for the link from the mth 

relay node to the destination node. For the worst case of (Ae)i = 0.5, full diversity 

order 2 cannot be achieved. Finally, extensive simulations have been presented to 

demonstrate our main conclusions. 

The major contribution of the thesis lies in the systematic study of the signal 

detection problem in an SF coded cooperative communication system with multiple 

CFOs, where the applied SF codes not only can achieve both full spatial and full 

multipath diversity orders, but also always have full data rate 1 regardless of the 

number of transmit antennas. 

We began with the traditional way of ICI mitigation. To preserve the perfor-

mance of the SF code, we suggest increasing the SINR of each subcarrier but not 

to equalizing the SF precoding matrix. Due to the structure of the SF code, increas-

ing each subcarrier's SINR of an MISO-OFDM system is equivalent to that of an 

SISO-OFDM system. Thus, a classical MMSE filter can be used to maximize the 

SINR of each subcarrier. Furthermore, we found that due to the structure of the SF 

codes, the MMSE filter coefficients were easy to update for each realization of chan-

nel, where the matrix inverse is independent of the OFDM symbol index. The Q-T 

method is a popular approximate method for computing the MMSE filter coefficient 

in the OFDM system, and can be directly applied to solve the problem. To improve 

performance, we considered a simple two-stage FS-Q-T method where a frequency 

shift (FS) operation was done before the Q-T method. By exploiting the structure 

of the SF codes again, we proposed an M-FFT method. For this method, we only 
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needed to re-arrange the SF codes at the transmitter in a simple way without perfor-

mance loss. Then, at the destination node, the SINR was effectively increased by 

multiple FS and FFT operations. Based on its properties, the M-FFT method can 

be easily combined with the other methods to further improve its performance, e.g., 

M-FFT-Q-T, M-FFT-Zrt and M-FFT with SIC methods. Our simulation results have 

been presented to illustrate the effectiveness of the methods and show that, for the 

same SER level, the M-FFT based methods require the least operations. 

To gain further insight into this problem, we then studied this problem by con-

ducting diversity analysis. By treating the CFOs as part of the SF codeword matrix, 

we were able to show that if all the absolute values of normalized CFOs are less than 

0.5，the full diversity order for the SF codes are not affected by the multiple CFOs 

in the SF coded OFDM cooperative system. Moreover, we have proven that this 

full diversity property can still be preserved if the zero forcing (ZF) method is used 

to equalize the multiple CFOs. Actually, by some reasonable approximations, this 

method was equivalent to the MMSE-F detection method. In addition, to improve 

the robustness of the SF codes to multiple CFOs, we also proposed a permutation 

(interleaving) method. The permutated SF codes can still achieve full diversity, even 

if the absolute values of normalized CFOs are equal to or greater than 0.5. To re-

duce computational complexity, we finally proposed two full diversity achievable 

detection methods, i.e., the ZF-ML-Zn and ZF-ML-PIC detection methods, which 

are suitable to the case when the ICI matrix is singular. 

6.2 Perspectives of Future Work 

Although our study has shown the robustness of the SF coded OFDM system to 

synchronization errors in cooperative communication systems, what this paper has 

achieved is just a beginning in the direction of building practical cooperative com-

munication systems. The following are some potential research directions in the 

future. 

When the channels from relay nodes to the destination node are frequency flat 

fading, it may not be necessary to apply OFDM modulation such that the complexity 
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of the transmitter and the receiver can be reduced. Recently, in [119] a new family 

of distributed linear convolutive space-time codes (DLC-STCs) were proposed. Not 

only are DLC-STCs tolerant to time delay, it has been found that these codes can 

also be decoded by linear receivers, such as ZF, MMSE and MMSE-DFE receivers, 

with full diversity. Moreover, for DLC-STCs compensating multiple CFOs during 

decoding procedure does not increase the computational complexity much. Thus, 

DLC-STCs are very attractive for asynchronous cooperative communications. How-

ever, how multiple CFOs affect DLC-STC has not yet been answered. Therefore, the 

design of DLC-STCs tolerant to multiple CFOs is worthwhile for further exploration. 

In recent years, it has been demonstrated that for wireless networks, better sys-

tem performance (e.g., power efficiency, system throughput and fulfilling quality 

of service (QOS) requirements) can be obtained by cross-layer design, where in-

formation is exchanged across different layers. Therefore, it is of interest to thor-

oughly investigate how ST/SF coding can be combined with some high layer cooper-

ative/synchronization protocols to achieve full diversity with synchronization errors. 

• End of chapter. 
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