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Abstract 

In this dissertation, a high-rate Alamouti scheme with Signal Space Diversity is developed to improve 

both the spectral efficiency and overall error performance in wireless communication links. This scheme 

uses high modulation techniques (M-ary quadrature amplitude modulation (M-QAM) and N-ary phase 

shift keying modulation (N-PSK)). Hence, this dissertation presents the mathematical models, design 

methodology and theoretical analysis of this high-rate Alamouti scheme with Signal Space Diversity. 

 

To improve spectral efficiency in multiple-input multiple-output (MIMO) wireless communications an 

 N-ary Alamouti M-ary quadrature amplitude modulation (M-QAM) scheme is proposed in this thesis. 

The proposed N-ary Alamouti M-QAM Scheme uses N-ary phase shift keying modulation (N-PSK) 

and M-QAM. The proposed scheme is investigated in Rayleigh fading channels with additive white 

Gaussian noise (AWGN). Based on union bound a theoretical average bit error probability (ABEP) of 

the system is formulated. The simulation results validate the theoretical ABEP. Both theoretical results 

and simulation results show that the proposed scheme improves spectral efficiency by 0.5 bit/sec/Hz in 

2 × 4 16-PSK Alamouti 16-QAM system compared to the conventional Alamouti scheme (16-QAM). 

 

To further improve the error performance of the proposed N-ary Alamouti M-QAM Scheme an 𝑁𝑇 ×

𝑁𝑅 N-ary Alamouti coded M-QAM scheme with signal space diversity (SSD) is also proposed in this 

thesis. In this thesis, based on the nearest neighbour (NN) approach a theoretical closed-form expression 

of the ABEP is further derived in Rayleigh fading channels. Simulation results also validate the 

theoretical ABEP for N-ary Alamouti M-QAM scheme with SSD. Both theoretical and simulation 

results further show that the 2 × 4 4-PSK Alamouti 256-QAM scheme with SSD can achieve 0.8 dB 

gain compared to the 2 × 4 4-PSK Alamouti 256-QAM scheme without SSD.  
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1. Introduction 

 

The demand for high data throughput has increased in recent wireless communication networks. Hence, 

future wireless communication networks are immensely supposed to be reliable with regards to high 

data throughput. However, physical limitations (factors that impede signal strength, speed and 

consistency of network connectivity) like the range and obstacles such as buildings provide a technical 

challenge for reliable wireless communication systems [1]. Hence this need for high-speed wireless 

communication has led to the demand for wireless networks to deliver higher capacities and link 

reliability than achieved by current systems. Various engineers have proven that the multiple-input 

multiple-output (MIMO) technology can improve data transfer rate, coverage and overall performance 

of wireless communication networks [1]. 

MIMO systems can be defined as the use of multiple antennas at both the transmitting and receiving 

ends of a wireless communication link [2]. They have been seen to introduce spatial diversity gain, 

spatial multiplexing gain, array gain and interference reduction in wireless communications. Spatial 

diversity improves the reliability of the system by combating the detrimental effects of multi-path and 

fading when trying to achieve high data throughput in limited-bandwidth channels. Array gain is 

defined as the increase in signal-to-noise (SNR) ratio in MIMO systems compared with that of single-

input single-output (SISO) systems. It is a result of coherent combining of multiple signals from 

multiple transmitters and/ or from multiple receivers. Interference reduction in MIMO systems refers 

to the minimisation and/ or combating factors that impede signal strength and speed of network 

connectivity. Spatial multiplexing, on the other hand, provides additional data capacity by using 

different paths to carry additional data. The benefits of utilising MIMO systems are seen in modern 

wireless standards, including in IEEE 802.11n, LTE and mobile WiMAX systems, where high data 

rates and good link reliability are very essential [1-8]. 

Multipath fading may be combated using diversity techniques. Diversity techniques have been known 

to reduce the effect of fading and they have been seen to increase link reliability in wireless 

communications [1-8]. One of the most commonly used diversity techniques in MIMO systems is 

Alamouti space-time block coding (STBC) [9]. Alamouti STBC exploits transmit antenna diversity to 

better the overall diversity of a system. Alamouti scheme has both multiplexing gain and diversity gain, 

thus significantly increasing the channel capacity as well as improving the reliability of the wireless 

link [9-12]. 

Signal Space Diversity (SSD) is another diversity technique which offers uncoded modulation but with 

improvement in error performance and overall diversity of a wireless communication system [10-16]. 

SSD offers a better error performance without increases in the costs of adding more antennas or 
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extension of the bandwidth. Thus, smaller devices can be attained since the scheme does not employ 

any additional antennas [10-16]. 

This dissertation mainly focuses on the applications of MIMO technology together with diversity 

techniques like SSD and Alamouti STBC. More details of these schemes will now be presented. 

 

1.1 MIMO systems 

 

A MIMO system can be defined as a wireless communication system in which the transmitting end, as 

well as the receiving end, is equipped with multiple antenna elements as shown in Figure 1.1 below [1-

2]. The scheme of using multiple antenna configurations instead of one is based on the idea that the 

signals on the transmit antennas at one end and the receive antennas at the other end, are combined in a 

way that the quality (error performance) or the data rate (capacity and speed) of the communication link 

is improved significantly [1-2]. 

 

Figure 1.1: MIMO communication system. 

 

There are two main MIMO groups namely, diversity and spatial multiplexing techniques. MIMO 

diversity techniques provide a higher signal-to-noise ratio (SNR) at the receiver, which improves the 

channel reliability, whereas MIMO spatial multiplexing linearly increases the capacity of wireless 

communication networks without any additional spectral resources [1-2]. In this dissertation, research 

was restricted to spatial multiplexing MIMO systems with diversity techniques like Signal space 

diversity and Alamouti-STBC to improve data rates and overall error performance of wireless 

communications [1-2]. 
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1.2 Alamouti Scheme 

 

The Alamouti scheme is a space-time block coding technique (STBC) which can achieve full diversity 

[2, 9-12]. The conventional Alamouti scheme with two transmit antennas and one receive antenna is 

illustrated in Figure 1.2 below. In Figure 1.2, (∙)∗ represents the conjugate. This is an example of a 

multiple-input single-output (MISO) system [14-16]. The code words of the Alamouti scheme are 

orthogonal and can achieve full transmit diversity specified by the number of transmitting and receiving 

antennas, subject to the constraint of having a simple linear decoding algorithm [2, 9-12]. Alamouti 

scheme in Figure 1.2, provides the same diversity order diversity as maximal ratio combing (MRC) 

with one transmit antenna, two receiver antennas, and a 3 dB loss in SNR with half transmission power 

used [2, 9-12]. In extension, the scheme may easily be generalised to a two transmit antenna and 

𝑁𝑅 receive antenna system (2 × 𝑁𝑅 ), to provide a diversity order of 2𝑁𝑅 [9-12]. 

 

Figure 1.2: Conventional Alamouti Scheme. 

 

The conventional Alamouti scheme takes two-time slots and it is also assumed that during each two-

time slots, the channel fading remains constant but takes a different value from that of the other two 

time slots [2, 9-12]. Using two M-ary quadrature amplitude modulation (M-QAM) or N-ary phase shift 

keying (N-PSK) symbols to be transmitted, 𝑥𝑖 , 𝑖 ∈ [1: 2] with 𝐸{|𝑥𝑖|2} = 1, where 𝐸{∙} denotes 

expectation, the block of two symbols (𝑥1, 𝑥2) at the transmitter side is taken from the source and is 
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transmitted in the first time slot while the other pair of symbols (−𝑥2
∗, 𝑥1

∗) is transmitted in the second 

time slot using transmit antenna 1 and antenna 2, respectively [2, 9-12]. The encoding matrix is given 

by 

𝑿 = (
𝑥1 𝑥2

−𝑥2
∗ 𝑥1

∗)                                 (1.2.1) 

 

1.3   Signal Space Diversity 

 

Signal Space Diversity (SSD) scheme is one of the techniques used to achieve diversity gain in fading 

channels. This method consists of two key operations: constellation rotation and component-wise 

interleaving [3, 13]. The diversity gained can only be realised after the signal points have been 

component interleaved [10-15]. Rotation is achieved by multiplying the constellation points with an 

optimum rotation angle, which increases the minimum number of distinct components between any two 

constellation points. Each rotated constellation’s point has different in-phase (real) and quadrature 

(imaginary) components [3, 10-22]. After the multidimensional constellation is formed, the in-phase 

and quadrature components of two symbols are interleaved. This ensures that each component of the 

two symbols experiences independent fading so that the detector still can recover the transmitted signal 

even if one of the components has experienced deep fading [3, 10-22].  

SSD provides signal spatial diversity, hence it improves the error performance of a communication 

system. Advantages of SSD include: zero additional bandwidth and zero additional transmit power 

required [10, 13, 20]. One of the drawbacks of SSD is that its introduction of diversity into a MIMO 

system brings about complexity in the maximum likelihood detection (MLD), because a more 

exhaustive search among all points in a rotated constellation would be required to find the transmitted 

symbol [14, 22-29]. An example of rotation in SSD is shown below in Figure 1.3, where a 4 QAM 

constellation is rotated. 
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Figure 1.3: 4-QAM Constellation rotation to increase diversity order. 

 

The process of constellation rotation in SSD is essential to the error performance of the system as it 

results in determining the position of the distinct components as illustrated in Figure 1.3. As the distance 

between the distinct components increases, the probability of error decreases and system error 

performance improves [13, 14, 28]. Thus determining a suitable angle of rotation which fully exploits 

the diversity gain is of paramount importance in SSD. 

 In previous literature, mainly two methods for determining the rotation angle have been discussed. One 

of the two methods used is the design criteria approach [10-15, 22, 28]. This method is based on rotating 

the constellation at an angle which ensures that every point has different in-phase and quadrature 

components. It is based on maximising the minimum Euclidean distance (MED) of the expanded 

constellation [10-15, 22, 28]. The other method used is the product distance criteria approach which is 

based on maximising the minimum product distance (MPD). This is the alternative approach to 

determining the angle of rotation by maximising the MPD, which is given in [10-15, 22, 28]. It was 

shown in [10-15, 22, 28] that the MPD approach results in a better overall error performance, hence in 

this dissertation, we apply an angle of rotation,  𝜃1 = 31.7° for squared M-QAM, derived in the 

literature using the MPD approach.  

In SSD the rotation of constellations is done using rotational matrices. In this dissertation, we use the 

rotational matrix shown below in equation (1.3.1) [10-15, 22, 28]. 

𝑹𝜃1 = [
cos 𝜃1 sin 𝜃1

− sin 𝜃1 cos 𝜃1
]    (1.3.1) 

where 𝑹𝜃1is the rotational matrix and 𝜃1 is the angle of rotation according to [10-15, 22, 28]. 
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The error performance of SSD has been evaluated using various methods in the previous literature. Two 

of the most used methods is the nearest neighbour (NN) approximation approach [10-15, 22, 28] and 

the union bound approach [22]. In this dissertation, SSD performance is evaluated using the NN 

approach because in [22], it was proven that the NN approximation manages better SNR performance 

than the union bound. 

 

2. Motivation and Research Objective 

 

With immense mass-market demand for mobile broadband services and the emergence of new high-

capacity mobile devices (e.g. smartphones, tablets and applications), this has seen most mobile 

networks struggling to render high-quality consumer experience. Thus it has led to a need of clean 

wireless networks with uninterrupted services, good error performance and high data rates. Recent 

networks have relied on MIMO Alamouti based systems and error correction techniques to improve 

their performance, but research has shown that every bit used for error correction is a bit lost to deliver 

data [5-7, 24-27]. All of the afore-mentioned has brought about a great challenge to combat emerging 

data rate explosions in mobile networks while at the same time addressing the growing cost pressure of 

additional spectral resources required in wireless communications. 

This section discusses the motivation of this dissertation and highlights the objectives of the research. 

Research has shown other MIMO Alamouti schemes that have been proposed in [24-27]. In [24], an 

Alamouti scheme with convolutional coding was investigated. This is where a combination of diversity 

transmission and forward error correction coding was used with the Alamouti scheme to improve the 

error performance of wireless communications. Although effective, this scheme was seen to be less 

effective in spectral efficiency as bits for error correction could have been maximised to deliver data. 

Another Alamouti scheme is seen in [25], whereby a conventional Alamouti scheme with transmit 

antenna selection was used with binary phase key shifting modulation to improve the error performance 

of wireless communications. However, this scheme was seen to be inadequate/ or less effective with 

bandwidth usage as it mainly improved the error performance at the expense of spectral efficiency. 

Hence all of this motivates an investigation of MIMO Alamouti schemes with effective diversity 

techniques combined with high order modulation schemes possessing a good trade-off between spectral 

efficiency and error performance. The schemes must also evade the challenge of the growing costs of 

spectrum resources. 

Alamouti scheme provides effective antenna diversity using space-time block coding which introduces 

redundancy through multiple antennas and channel coding. Hence, combining the Alamouti scheme 
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and SSD with high order modulation schemes leads to high spectral efficiency and improves error 

performance in wireless communications. SSD exploits the spatial diversity of multi-dimensional 

constellations and helps to combat deep channel fading, thereby improving error performance without 

additional spectral resources. In addition, spectral efficiency, 𝐵𝑓 , of MIMO wireless networks with 

𝑁𝑇  transmit antennas that send symbols from an M-ary constellation is given in [27, Section (1.2)] as 

  𝐵𝑓 =
𝑁𝑇

𝜏
log2(𝑀)  𝑏𝑖𝑡𝑠/ sec/ 𝐻𝑧                                                   (2.1) 

where 𝜏 is the number of time slots over which the same information is transmitted. 

Hence from (2.1), increasing (𝑀) using high order modulation schemes like N-PSK and M-QAM 

provides a good trade-off between high spectral efficiency and improved error performance [10-12, 24-

28]. 

In summary, the objectives of this research were to investigate and propose methods of improving 

spectral efficiency and error performance of MIMO Alamouti based wireless communications due to 

the explosion of high data rates required to support reliable communications. Hence this dissertation 

entails the research on two proposed Alamouti based schemes namely, the error performance analysis 

of N-ary Alamouti M-QAM scheme and the error performance analysis of N-ary Alamouti M-QAM 

scheme with SSD in Rayleigh fading channels. These are covered more in detail as the contributions to 

this dissertation in Part II. 

 

3. Contributions of Included Papers 

 

All contributions of this dissertation are presented in the form of two papers. The papers are presented 

in Part II of this dissertation while Part III presents concluding remarks. The details of the two papers 

are as follows. 

3.1 Paper A 

 

N. Sibanda and H. Xu, “Error Performance Analysis of N-ary Alamouti M-QAM Scheme in Rayleigh 

Fading Channels,” 2018.  

This paper presents N-PSK, M-QAM, and Alamouti scheme in Rayleigh fading channels. It is based on 

an 𝑁𝑇 × 𝑁𝑅 N-ary Alamouti M-ary quadrature amplitude modulation (M-QAM) scheme. The proposed 

N-ary Alamouti M-QAM Scheme is a Space-Time Block Coding technique (STBC) that aims to 
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improve spectral efficiency in multiple-input multiple-output (MIMO) wireless communications. It uses 

both N-ary phase shift keying modulation (N-PSK) and M-QAM. The proposed scheme’s error 

performance is investigated in frequency-flat Rayleigh fading channels with additive white Gaussian 

noise (AWGN). A theoretical average bit error probability (ABEP) of the system is formulated using 

the union bound approach and the ABEP is validated with simulation results. 

 

3.2 Paper B 

 

N. Sibanda and H. Xu, “ Error Performance Analysis of N-ary Alamouti Scheme with Signal Space 

Diversity,” 2018. 

In this paper, N-PSK, M-QAM, Alamouti with SSD in Rayleigh fading channels is investigated. It is 

based on an 𝑁𝑇 × 𝑁𝑅  N-ary Alamouti M-ary Quadrature Amplitude Modulation (M-QAM) scheme 

with Signal Space Diversity (SSD). The proposed N-ary Alamouti M-QAM Scheme is a space-time 

block coding technique (STBC) that aims to improve spectral efficiency and error performance in 

multiple-input multiple-output (MIMO) wireless communications. It uses both N-ary phase shift keying 

modulation (N-PSK) and M-QAM with SSD. SSD is another Diversity technique which provides 

Spatial Diversity with no increases in transmit power and bandwidth. SSD together with Alamouti 

scheme which provides full Diversity, improves the error performance at the expense of Maximum 

Likelihood Detection (MLD) complexity. In this study, the error performance of the proposed scheme 

is investigated in frequency-flat Rayleigh fading channels with additive white Gaussian noise (AWGN). 

A closed-form expression of the theoretical average bit error probability (ABEP) of the proposed system 

is formulated using the nearest neighbour (NN) approach. The theoretical ABEP together with all other 

deductions presented here, are validated using simulation results.  
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Abstract 

 

This paper is based on an 𝑁𝑇 × 𝑁𝑅 N-ary Alamouti M-ary quadrature amplitude modulation (M-QAM) 

scheme. The proposed N-ary Alamouti M-QAM scheme is a space-time block coding technique (STBC) 

that aims to improve spectral efficiency in multiple-input multiple-output (MIMO) wireless 

communications. The proposed scheme uses both N-ary phase shift keying modulation (N-PSK) and 

M-QAM. The error performance of the proposed scheme is investigated over frequency-flat Rayleigh 

fading channels with additive white Gaussian noise (AWGN). A theoretical average bit error probability 

(ABEP) of the system is formulated using the union bound approach. The ABEP is validated with 

simulation results. Both theoretical results and simulation results show that the proposed scheme 

improves spectral efficiency by 0.5 bit/sec/Hz in 2 × 4 16-PSK Alamouti 16-QAM compared to the 

conventional Alamouti scheme (16-QAM).  
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A.1. Introduction 

 

In the last decade, wireless communications have been the most popular communication industry with 

an exponential growth rate. As Martin Cooper had predicted in [1], the number of simultaneous voice 

or data connections has doubled every two and a half years (+32% per year), since the beginning of 

wireless communications [1-4]. This has led to a rapidly increasing demand for wireless communication 

systems with a high spectral efficiency and reliable link margin. Multiple-input multiple-output 

(MIMO) Alamouti based schemes have been seen to be an alternative solution of effectively 

maximising bandwidth usage and improving overall error performance of wireless communications [1-

16]. MIMO systems can be defined as the use of multiple antennas at both the transmitting and receiving 

ends of a wireless communication network [2-3]. They are based on the idea that signals on the transmit 

antennas at one end and the receive antennas at the other end are combined in a way that the quality 

(error performance) or the data rate (capacity and speed) of the communication network is enhanced 

significantly [2-3]. 

MIMO systems have been seen to introduce either a spatial diversity gain and/ or spatial multiplexing 

gain in wireless communications. MIMO spatial diversity improves the channel reliability, whereas 

MIMO spatial multiplexing linearly increases the capacity of wireless communication networks without 

any additional spectral resources [2, 3, 11-12]. One of the most commonly used techniques in MIMO 

systems is the Alamouti scheme [2, 5, 7-10]. Alamouti scheme is a space-time block coding technique. 

The Alamouti scheme can achieve full diversity (2𝑁𝑅), where 𝑁𝑅 is the number of receiving antennas. 

The Alamouti scheme also has a simple linear decoding algorithm because the code word matric of the 

Alamouti scheme is orthogonal [7-10]. 

Based on the conventional Alamouti scheme several improved MIMO-Alamouti based schemes have 

been presented by various researchers to improve the error performance of wireless communication 

networks [9-10]. In [9], Hamila and Omri proposed an improved MIMO-Alamouti STBC over highly 

selective fading channels for wireless communication networks. Their method was a modification of 

MIMO-Alamouti decoding at the receiver to adapt to channel variations and improve the link reliability 

of wireless communication networks. Also, another modified Alamouti scheme was proposed in [10]. 

The modified Alamouti algorithm is an extension of the conventional Alamouti scheme to a 2 × 𝑁𝑅 

antenna system. It uses a zero forcing receiver in Rayleigh fading channels to enhance the error 

performance for different modulation schemes in wireless communication networks. 

On the other side, various researchers have also presented theories of improving the spectral efficiency 

of MIMO-Alamouti STBCs [3-7]. In [7], Baloch proposed a system that improves the spectral 
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efficiency of MIMO-Alamouti STBCs by focusing on improving the spectral efficiency of the code 

unlike current methods in STBCs that focus on gaining full rate and/ or maximum diversity to improve 

the spectral efficiency of wireless MIMO-Alamouti STBCs. However, Tarokh [6], proved that 

orthogonal STBCs with more than two transmit antennas have a weakness in rate and have a high 

complexity decoding algorithm as the number of transmit antennas increases. Thus, [7], might not 

achieve full-rate orthogonal coding or maximum diversity as it has more than two multiple transmit 

antennas. Also, in [8], Ling and Li published work on improving the Alamouti code efficiency by 

expanding the modulation signal set. Unfortunately, a setback on expanding the modulation signal set 

is the poor bit error rate performance due to reduced minimum Euclidean distance between modulation 

signals. 

Motivated by the published work in [8], a high-rate MIMO Alamouti STBC is proposed in this paper. 

The purpose of the proposed scheme is to improve the spectral efficiency of MIMO-Alamouti STBC 

based systems without/ or with minimum decoding complexity and retaining overall error performance.  

The remainder of this paper is structured as follows: Section A.2 presents the proposed N-ary Alamouti 

M-QAM scheme, together with the theoretical analysis of the BER performance of the system over 

identical and independently distributed (i.i.d) Rayleigh frequency-flat fading channels with AWGN. 

Section A.3 presents the numerical results and discussion. Finally, the paper is concluded in section 

A.4. 

Notation: For consistent notation, this paper denotes bold lowercase and uppercase letters for vectors 

and matrices, respectively. Regular letters represent scalar quantities. ℂ𝑄×𝑅 is a set of 𝑄 × 𝑅 complex-

valued matrices. [∙]𝑇 , (∙)𝐻 , (∙)∗, |∙|and ‖∙‖𝐹 Represent the transpose, Hermitian, conjugate, Euclidean 

and Frobenius norm operators, respectively. 

where 𝑄(∙) is the Gaussian Q-function. 𝐸{∙} is the expectation operator and argmin(∙) and argmax(∙) 

represent the argument of the minimum or maximum. Finally, d2(𝑥, 𝑦) represents the squared Euclidean 

distance between signals x and y. 

 

A.2. System model 

 

Let 𝛀1 be the signal set of M-ary quadrature amplitude modulation (M-QAM) with a cardinality of M, 

and 𝛀2 be the signal set of N-ary phase shift keying (N-PSK) with a cardinality of N. 
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Consider an 𝑁𝑇 × 𝑁𝑅  N-ary Alamouti scheme with 𝑁𝑇 = 2 transmit antennas and 𝑁𝑅 receive antennas 

shown in Figure A.2.1. Information bits are grouped into five bit streams 𝒃𝑖 = [𝑏𝑖1𝑏𝑖2 ⋯ 𝑏𝑖𝑟], 𝑖 ∈

[1: 4], 𝑟 = log2 𝑀 and 𝒃5 = [𝑏51𝑏52 ⋯ 𝑏5𝑠], 𝑠 = log2 𝑁.  Bit-stream 𝒃𝑖,  𝑖 ∈ [1: 4], is fed into a Gray-

coded mapper which maps 𝑟 bits into an M-QAM constellation point and yields a symbol 𝑥𝑖 with 

𝐸{|𝑥𝑖|2} = 1 while bit stream 𝒃5 is fed into another Gray-coded mapper which maps 𝑠 bits into an N-

PSK constellation point, and yields a symbol 𝑥5 = 𝑒j𝜃𝑞 , 𝑞 ∈ [1: 𝑁] and 𝐸{|𝑥5|2} = 1. 

 

Figure A.2.1: N-ary Alamouti scheme system model. 

 

The modified Alamouti scheme is given by  

𝑿𝑖 = [
𝑥2𝑖−1 𝑥2𝑖𝑒j𝜃𝑞

−𝑥2𝑖
∗ 𝑥2𝑖−1

∗ 𝑒j𝜃𝑞
] , 𝑖 ∈ [1: 2]                                         (A.2.1.) 

For 𝑿1 the two pairs of symbols (𝑥1, 𝑥2𝑒j𝜃𝑞) and (−𝑥2
∗, 𝑥1

∗𝑒j𝜃𝑞) are transmitted through transmit 

antenna one and two in the first two time slots while for 𝑿2, the other two pairs of symbols 

(𝑥3, 𝑥4𝑒j𝜃𝑞) and (−𝑥4
∗, 𝑥3

∗𝑒j𝜃𝑞) are transmitted in the second two time slots. We refer to the above 

transmission scheme as N-ary Alamouti M-QAM scheme. 

The received signals are given by 

  𝒚2𝑣−1 = 𝒉2𝑣−1𝑥2𝑣−1 + 𝒉2𝑣𝑥2𝑣𝑒j𝜃𝑞 + 𝒏2𝑣−1, 𝑣 ∈ [1: 2]                   (A.2.2) 

  𝒚2𝑣 = 𝒉2𝑣−1(−𝑥2𝑣
∗ ) + 𝒉2𝑣𝑥2𝑣−1

∗ 𝑒j𝜃𝑞 + 𝒏2𝑣, 𝑣 ∈ [1: 2]                 (A.2.3) 
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where 𝒚𝑙 ∈ ℂ𝑁𝑅×1 is the 𝑙𝑡ℎ received signal vector, 𝒉𝑙 ∈ ℂ𝑁𝑅×1 is the 𝑙𝑡ℎ channel fading vector, 

and 𝒏𝑙 ∈ ℂ𝑁𝑅×1 is the 𝑙𝑡ℎ received additive white Gaussian (AWGN) noise vector. It is assumed that 

𝒉𝑙 is a quasi-static frequency flat-Rayleigh fading channel. 𝒉𝑙 remains the same value in two-time slots 

and takes an independent value in another two-time slots. The entries of 𝒏𝑙  and 𝒉𝑙 are independent and 

identically distributed (i.i.d) Gaussian random variables (RVs) with distribution 𝐶𝑁(0,2/𝜌), 𝐶𝑁(0,1) 

respectively. 
𝜌

2
  is the average signal-to-noise ratio (SNR) at each receive antenna [22-26]. 

 

A.2.2. Detection 

 

Based on [7-9, 19], it is assumed that full channel state information (CSI) is known at the receiver and 

the detection process is done using the following steps. 

Step 1: Given 𝑥5 = 𝑒j𝜃𝑞, 𝑞 ∈ [1: 𝑁], the received signals in (A.2.2) and (A.2.3) are sent to the combiner 

and the output of the combiner is given by; 

𝑍̃2𝑤−1( 𝑥5) = (𝒉2𝑤−1
𝐻 )(𝒚2𝑤−1) + (𝒚2𝑤

𝐻 )(𝑯2𝑤), 𝑤 ∈ [1: 2]            (A.2.4)  

𝑍̃2𝑤( 𝑥5) = (𝑯2𝑤
𝐻 )(𝒚2𝑤−1) − (𝒚2𝑤

𝐻 )(𝒉2𝑤−1), 𝑤 ∈ [1: 2]                          (A.2.5) 

where 𝑤 ∈ [1: 2], 𝑯2𝑤 = 𝒉2𝑤𝑒j𝜃𝑞  and 𝑍̃𝑙 ∈ ℂ1×1, 𝑙 ∈ [1: 4] are the outputs of the combiner. 

(A.2.4) and (A.2.5) can be further rewritten as 

 

𝑍̃2𝑤−1( 𝑥5) = (‖𝒉2𝑤−1‖𝐹
2 + ‖𝒉2𝑤‖𝐹

2 )𝑥2𝑤−1 + 𝑛̃2𝑤−1, 𝑤 ∈ [1: 2]                                 (A.2.6) 

 

𝑍̃2𝑤( 𝑥5) = (‖𝒉2𝑤−1‖𝐹
2 + ‖𝒉2𝑤‖𝐹

2 )𝑥2𝑤 + 𝑛̃2𝑤, 𝑤 ∈ [1: 2]                                             (A.2.7) 

Step 2: The outputs of the combiner from (A.2.6) and (A.2.7) are then sent to the estimator where the 

N-PSK and M-QAM symbols decoupling and estimation process happens [19-21, 23]. Thus, for each 

given N-PSK symbol 𝑥5 = 𝑒j𝜃𝑞, the four transmitted M-QAM symbols are detected first and the 

estimated four candidate symbols (𝑥𝑖( 𝑥5)), 𝑖 ∈ [1: 4] are given as; 

 𝑥2𝑤−1( 𝑥5) = 𝐷(𝑈2𝑤−1( 𝑥5)), 𝑤 ∈ [1: 2],                                            (A.2.8) 

𝑥2𝑤( 𝑥5) = 𝐷(𝑈2𝑤( 𝑥5)), 𝑤 ∈ [1: 2]                                                     (A.2.9) 

where 𝑈2𝑤−1( 𝑥5) =
𝑍̃2𝑤−1( 𝑥5)

𝑔2𝑤−1( 𝑥5)
, 𝑈2𝑤( 𝑥5) =

𝑍̃2𝑤( 𝑥5)

𝑔2𝑤( 𝑥5)
, 𝑔2𝑤−1( 𝑥5) = (‖𝒉2𝑤−1‖𝐹

2 + ‖𝒉2𝑤‖𝐹
2 ) and 

𝑔2𝑤( 𝑥5) = (‖𝒉2𝑤−1‖𝐹
2 + ‖𝒉2𝑤‖𝐹

2),  𝑤 ∈ [1: 2]. 𝐷(∙) denotes an M-QAM demodulation function. 
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Step 3: The four estimated M-QAM symbols are assumed to be correctly detected and the following 

metric distance (P( 𝑥5)), is calculated using 𝑥𝑖( 𝑥5), 𝑖 ∈ [1: 4] and the given  𝑥5 = 𝑒j𝜃𝑞 value to obtain;  

P( 𝑥5) = ∑ 𝑑𝑖
4
𝑖=1 ( 𝑥5), 𝑖 ∈ [1: 4]    (A.2.10) 

where 𝑑2𝑖−1( 𝑥5) = ‖𝒚2𝑖−1 − (𝒉2𝑖−1)(𝑥̂2𝑖−1( 𝑥5)) − (𝒉2𝑖)(𝑥2𝑖( 𝑥5))( 𝑥5)‖
𝐹

2
, 𝑖 ∈ [1: 2] 

and 𝑑2𝑖( 𝑥5) = ‖𝒚2𝑖 − (𝒉2𝑖−1)(−𝑥̂2𝑖
∗ ( 𝑥5)) − (𝒉2𝑖)(𝑥2𝑖−1

∗ ( 𝑥5))( 𝑥5)‖
𝐹

2
, 𝑖 ∈ [1: 2] 

Step 4: Steps 1 up to 3 are run repeatedly N times and hence, N values of the distances P𝑖( 𝑥5), are 

obtained and stored in a 1 × 𝑁 matrix (F( 𝑥5)). 

Step 5: Finally, the estimation of the N-PSK symbol 𝑥̃5 is done by minimising the following ML 

metric. 

𝑥̃5 = argmin
𝑒j𝜃𝑞 ,𝑥̃𝑖=𝑥̂𝑖( 𝑥5)∈𝛀3

(𝐅( 𝑥5)), 𝑖 ∈ [1: 4]                                                    (A.2.11) 

where 𝑥̃5 = 𝑒j𝜃̂𝑞  is the estimation of the N-PSK symbol and 𝛀3 is the set containing the estimated M-

QAM symbols 𝑥𝑖 , 𝑖 ∈ [1: 4] and the given ( 𝑥5 = 𝑒j𝜃𝑞) value. 

 

A.2.3. Error Performance Analysis 

 

The detection discussed in the previous section actually is a joint detection. There are two types of 

errors in the above detection. One is the error of estimating the N-PSK symbol while the other one is 

the error in estimating M-QAM symbols.  It is difficult to derive the whole error probability of the joint 

detection. In this section, we only consider the low error performance bound of the joint detection. That 

is, we only consider the error probability of estimating M-QAM symbols given that the N-PSK symbol 

is perfectly detected. Let 𝑃𝑑  denote the average bit error probability (ABEP) of estimating M-QAM 

symbols given that the M-PSK symbol is perfectly detected. The low error probability bound of the 

proposed system is given by  

    𝑃𝑒 ≥ 𝑃𝑑                                            (A.2.12) 

Given that the N-PSK symbol (𝑒j𝜃𝑞) is perfectly detected at the receiver then the equivalent received 

signal may be written as 
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   𝒚2𝑣−1 = 𝒉2𝑣−1𝑥2𝑣−1 + 𝑯2𝑣𝑥2𝑣 + 𝒏2𝑣−1, 𝑣 ∈ [1: 2]  (A.2.13) 

  𝒚2𝑣 = 𝒉2𝑣−1(−𝑥2𝑣
∗ ) + 𝑯2𝑣𝑥2𝑣−1

∗ + 𝒏2𝑣, 𝑣 ∈ [1: 2]  (A.2.14) 

where 𝑯2𝑣 , 𝑣 ∈ [1: 2] are known at the receiver. 

N-ary Alamouti M-QAM may be viewed as a 2 × 𝑁𝑅 MIMO configuration, as it resembles a MIMO 

system with two transmit antennas and 𝑁𝑅 receivers. In [14, 29], it was shown that an Alamouti scheme 

with 𝑁𝑅 receive antennas is equivalent to an MRC system with 2𝑁𝑅 receive antennas and half 

transmission power used. Hence the ABEP of M-QAM symbols for N-ary Alamouti M-QAM in terms 

of MRC reception over Rayleigh fading channels is given by [21-22] as; 

𝑃𝑑(𝜌) =  
𝑎

𝑛 𝑟
{

1

2
(

2

2+𝑏𝜌
)

2𝑁𝑅
−

𝑎

2
(

1

1+𝑏𝜌
)

2𝑁𝑅
+ (1 − 𝑎) ∑ (

𝑆𝑖

𝑆𝑖+𝑏𝜌
)

2𝑁𝑅
+ ∑ (

𝑆𝑖

𝑆𝑖+𝑏𝜌
)

2𝑁𝑅2𝑛−1
𝑖=𝑛

𝑛−1
𝑖=1 }      

(A.2.15) 

where 𝑎 =  (1 −
1

√𝑀
) , 𝑏 =  

3

𝑀−1
, 𝑆𝑖 = 2(sin 𝛽𝑖)2, 𝛽𝑖 =

𝑖𝜋

4𝑛
 and  𝑛 is the number of summations for 

convergence.  

 

A.3. Results and Discussion 

 

The aim of this section was to validate the analytical performance developed in eq (A.2.15) and then 

provide an error performance comparison between the various N-ary Alamouti M-QAM schemes. 

Monte Carlo simulations were performed over i.i.d Rayleigh flat fading channels with AWGN, where 

the ABEP was plotted against the average SNR at each receive antenna. The parameters regarding the 

AWGN and channels were consistent with those defined in section A.2.1-2. The following were 

assumed during the simulation: Gray coded M-QAM and Gray coded N-PSK constellations; full CSI 

at the receivers; transmit and receive channels were separated wide enough to avoid correlation and 

total transmit power was the same for all transmissions. 

Figures A.3.1 - A.3.2 show the analytical and simulated ABEP of the 2 × 2 and 2 × 4 N-ary Alamouti 

16-QAM systems together with the 2 × 2 and 2 × 4  Alamouti 16-QAM without N-PSK systems. In 

the 2 × 4 results, the theoretical results closely predict the BER performance in the high SNR region. 

(4-PSK and 8-PSK) Alamouti 16-QAM simulated results increasingly match the theoretical results in 

the high SNR region. It can also be shown that 2 × 4  (4-PSK and 8-PSK) Alamouti 16-QAM systems 

have closely the same BER performance as the standard 2 × 4 Alamouti 16-QAM without N-PSK 

systems. However, the proposed scheme has higher spectral efficiency as compared to the standard 2 ×
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4 Alamouti 16-QAM without PSK systems. The proposed scheme has more data throughput with five 

symbols sent (more bits sent) whereas the standard 2 × 4 Alamouti 16-QAM without N-PSK systems 

have only four symbols sent (fewer bits sent). An example of improved spectral efficiency is seen in 

16-PSK Alamouti 16-QAM, which has a high spectral efficiency of 1.5 bits/sec/Hz as compared to 1 

bit/sec/Hz 16-QAM Alamouti scheme. These values were calculated with the aid of eq (2.1) and Table 

A.3.2, where 𝑁𝑇 = 2, 𝜏 = 4 and the number of bits depends on the system concerned (4 bits for 16-

QAM Alamouti scheme and 8 bits for 16-PSK Alamouti 16-QAM). However, it can also be seen from 

the results that BER performance improves with the increasing number of receivers. This is seen from 

the 2 × 2 results of the 4-PSK Alamouti 16-QAM where the theoretical does not closely match the 

simulated results as compared to the 2 × 4 results and there is evidence at 16 dB SNR of an 

improvement in BER of 1.2188 × 10−5 in the 2 × 4 system as compared to a BER of 1.4443 × 10−3 

at the same SNR in the 2 × 2 system. 

The next set of results (Figures A.3.3 - A.3.6), show the analytical and simulated ABEP of the 2 × 2 

and 2 × 4 N-ary Alamouti 64 and 256-QAM systems together with the 2 × 2 and 2 × 4 Alamouti 64 

and 256-QAM without N-PSK systems. Included in Figures A.3.5 – A.3.8, are the 16 PSK Alamouti 

64 and 256-QAM results. These results exhibit the same characteristics as those of Figures A.3.1– A.3.2. 

16-PSK Alamouti 64 and 256-QAM simulated results closely match their corresponding theoretical 

results with increasing SNR. Also, the results show more data throughput in 16-PSK Alamouti 64 and 

256-QAM as compared to the Alamouti 64 and 256-QAM without N-PSK systems. An example of 

improved spectral efficiency is seen in 16-PSK Alamouti 64-QAM scheme where an increase in spectral 

efficiency of 1.7 bits/sec/Hz as compared to 1.3 bits/sec/Hz of 64-QAM Alamouti without N-PSK is 

seen. These values were calculated with the aid of eq (2.1) and table A.3.3, where 𝑁𝑇 = 2, 𝜏 = 4 and 

the number of bits depends on the system concerned (6 bits for 64-QAM Alamouti scheme and 10 bits 

for 16-PSK Alamouti 64-QAM). Thus, improved bandwidth efficiency in the proposed N-ary Alamouti 

M-QAM scheme.  

However, it can also be seen from the results that the BER performance improves with the increasing 

number of receivers and modulation order. Multiple receivers and higher modulation orders mean more 

receive diversity as they increase the signal-to-noise-ratio at the destination. This, in turn, leads to an 

improved error performance [32]. This is seen from the 2 × 2 results where the theoretical does not 

closely match the simulated results and has a poor error performance as compared to the 2 × 4 results. 

The evidence is seen in the 2 × 2 16-QAM results where there is a BER of 1 × 10−4 at 20 dB compared 

to a BER of  4.7 × 10−8 at 20 dB of the 2 × 4 16-QAM results. 
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Table A.3.4: N-ary Alamouti spectral efficiency values. 

QAM 

constellation 

PSK 

constellation 

Standard 

Alamouti bits 

sent 

N-ary 

Alamouti bits 

sent 

Standard 

Alamouti 

spectral 

efficiency 

(bits/sec/Hz) 

N-ary 

Alamouti 

spectral 

efficiency 

(bits/sec/Hz) 

16 4 4 6 1 1.3 

16 8 4 7 1 1.4 

16 16 4 8 1 1.5 

      

32 4 5 7 1.2 1.4 

32 8 5 8 1.2 1.5 

32 16 5 9 1.2 1.6 

      

64 4 6 8 1.3 1.5 

64 8 6 9 1.3 1.6 

64 16 6 10 1.3 1.7 

      

256 4 8 10 1.5 1.7 

256 8 8 11 1.5 1.7 

256 16 8 12 1.5 1.8 
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Figure A.3.1: 2×2 N-ary Alamouti 16-QAM Results. 

 

Figure A.3.2: 2 × 4 N-ary Alamouti 16-QAM Results. 
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         Figure A.3.3: 2×2 N-ary Alamouti 64-QAM Results. 

 

Figure A.3.4: 2×4 N-ary Alamouti 64-QAM Results. 
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Figure A.3.5: 2×2 N-ary Alamouti 256-QAM Results. 

 

 

Figure A.3.6: 2×4 N-ary Alamouti 256-QAM Results. 
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A.4. Conclusion 

 

In this paper, the impact of impaired performance (poor BER performance) and spectral inefficiency of 

Alamouti systems was investigated. The study was restricted to 2 × 2 and 2 × 4 systems of (4, 8 and 

16-PSK) Alamouti (16, 64 and 256 QAM) schemes. An analytical ABEP expression was derived and 

validated against simulated results. The analytical results were seen to converge to simulation results in 

the high SNR region. The results presented, indicated increased spectral efficiency in the proposed 

scheme but with closely the same BER performance as standard 2 × 4 Alamouti M-QAM systems. 

Thus the proposed N-ary Alamouti M-QAM scheme has more bandwidth efficiency as compared to 

standard M-QAM Alamouti scheme. Also, it was found that the BER performance improved with the 

increase in the number of receivers. 
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Abstract 

 

An 𝑁𝑇 × 𝑁𝑅 N-ary Alamouti M-ary quadrature amplitude modulation (M-QAM) scheme with signal 

space diversity is proposed in this paper. The proposed N-ary Alamouti M-QAM with signal space 

diversity (SSD) scheme is a space-time block coding technique (STBC) that aims to improve both 

spectral efficiency and error performance of multiple-input multiple-output (MIMO) wireless 

communications. It uses both N-ary phase shift keying modulation (N-PSK) and M-QAM with SSD. 

SSD together with Alamouti scheme which provides full diversity, improves the error performance at 

the expense of Maximum Likelihood Detection (MLD) complexity. In this study, the error performance 

of the proposed scheme is investigated over frequency-flat Rayleigh fading channels with additive white 

Gaussian noise (AWGN). A closed-form expression of the theoretical average bit error probability 

(ABEP) of the proposed system is formulated using the nearest neighbour (NN) approach based on the 

minimum Euclidean distance (ED). The theoretical ABEP together with all other deductions presented 

here, is validated using simulation results. Both the theoretical and simulation results prove that the 

proposed scheme improves spectral efficiency and error performance (0.8 dB improvement at a BER 

of 1.06× 10−6 in the 2 × 2 4-PSK Alamouti 256-QAM with SSD system). 
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 B.1. Introduction 

 

Over the past years, there has been an explosive increase in the demand for communications with high 

data rates and reliable link margin. Research has shown that multiple-input multiple-output (MIMO) 

systems can be used to enhance spectral efficiency and increase link quality of wireless communications 

against multipath fading [1-2]. MIMO systems may be defined as the use of multiple antennas at both 

the transmitting and receiving ends of a wireless communication link. The concept of MIMO systems 

is based on improving the overall error performance of wireless communications through spatial 

diversity and improving the spectral efficiency through spatial multiplexing.  

Diversity is a technique used to combat fading by transmitting several replicas of the same information 

on multiple independent fading channels [3]. One of MIMO systems is the Alamouti scheme. The 

conventional Alamouti scheme is a space-time block code technique that can achieve full diversity in 

MIMO wireless communications, with a simple linear maximum-likelihood detection algorithm [4-6]. 

Signal space diversity (SSD) is another diversity technique which has the potential to achieve the 

diversity in MIMO wireless communication systems [7-13]. The SSD technique achieves diversity by 

a two-part notion. First, original symbols are rotated by a certain angle prior to transmission. The 

objective behind rotation is to transform the signal constellation such that no two components on the 

same coordinate axis are identical [7-13]. This ensures that any component of any signal point in the 

signal constellation has sufficient information for symbol identification.  The second notion of the SSD 

technique is to make sure that the components of the rotated signal (in-phase and quadrature phase 

components) are independently affected by channel fading. This can be achieved by using component 

interleaving and deinterleaving at the transmitter and the receiver, respectively [7-13]. Hence, the 

diversity gain in SSD is only achieved after the two conditions have been satisfied (rotation and 

component interleaving) [7-13]. 

Based on conventional Alamouti, improved MIMO-Alamouti schemes have been presented by various 

researchers to try and improve the error performance of wireless communication networks [14, 15]. In 

[14], Xia and Zhang proposed an Alamouti based Toeplitz STBC to improve the error performance of 

non-coherent systems in which the channel state information is unavailable at both the transmitter and 

receiver. Xia and Zhang improved the conventional Alamouti scheme by combining it with the Toeplitz 

matrix structure in order to enhance the error performance of non-coherent wireless communication 

systems. Also, in [7, 8], there is published work based on MIMO Alamouti coded M-QAM scheme with 

SSD. In [8], there is published work by Essop based on MIMO Alamouti coded M-QAM scheme with 

SSD and generalised selection combining. This scheme uses SSD with Alamouti scheme to another 
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level of diversity by rotating a constellation twice, thereby decreasing the chances of deep fading and 

improving the error performance of wireless communication systems. 

On the other side, various engineers have presented theories of improving the spectral efficiency of 

MIMO-Alamouti STBCs [5-6]. In [6], Ling and Li published work on improving the Alamouti code 

efficiency by expanding the modulation signal set. Unfortunately, a setback on expanding the 

modulation signal set is the poor bit error rate performance due to reduced minimum Euclidean distance 

between modulation signals. Hence motivated by the work in Paper A, published work in [6 and 8], a 

high-rate MIMO Alamouti STBC which incorporates SSD is proposed in this paper. The purpose of the 

proposed scheme is to further improve the error performance of work in Paper A, whilst retaining the 

spectral efficiency that was achieved in Paper A with minimum decoding complexity. 

The remainder of this paper is structured as follows: Section B.2 presents the proposed N-ary Alamouti 

M-QAM scheme with SSD, section B.4 presents the theoretical analysis of the BER performance of the 

system over identical and independently distributed Rayleigh frequency-flat fading channels with 

AWGN. Section B.5 presents the numerical results and discussion. Finally, the paper is concluded in 

section B.6. 

Notation: For consistent notation, this paper denotes bold lowercase and uppercase letters for vectors 

and matrices, respectively. Regular letters represent scalar quantities. ℂ𝑄×𝑅 is a set of 𝑄 × 𝑅 complex-

valued matrices. [∙]𝑇 , (∙)𝐻 , (∙)∗, |∙|and ‖∙‖𝐹 Represent the transpose, Hermitian, conjugate, Euclidean 

and Frobenius norm operators, respectively. 𝑄(∙) is the Gaussian Q-function. 𝐸{∙} is the expectation 

operator and argmin(∙) and argmax(∙) represent the argument of the minimum or maximum. Finally, 

d2(𝑥, 𝑦) represents the squared Euclidean distance between signals x and y. 

 

B.2. System model 

 

Consider a  2 × 𝑁𝑅 N-ary Alamouti scheme with SSD shown in Figure B.2.1. In order for this system 

to work, information bits are grouped into five bit-streams,  𝒃𝑖 = [𝑏𝑖1𝑏𝑖2 ⋯ 𝑏𝑖𝑟], 𝑖 ∈ [1: 4], 𝑟 =

log2 𝑀 and 𝒃5 = [𝑏51𝑏52 ⋯ 𝑏5𝑠], 𝑠 = log2 𝑁. Bit-stream 𝒃𝑖,  𝑖 ∈ [1: 4], is fed into a Gray-coded 

mapper which maps 𝑟 bits into an M-QAM constellation point, and yields a symbol 𝑢𝑖, 𝑖 ∈ [1: 4] with 

𝐸{|𝑢𝑖|2} = 1 while bit stream 𝒃5  is fed into another Gray-coded mapper which maps 𝑠 bits into an N-

PSK constellation point, and yields a symbol 𝑢5 = 𝑒j𝜃𝑞 , 𝑞 ∈ [1: 𝑁] with 𝐸{|𝑢5|2} = 1. 
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Let 𝛀1, 𝜴̃1and 𝛀2 represent an M-QAM signal set, M-QAM rotated signal set and N-PSK signal set, 

respectively. 𝛀1 = {𝑢𝑘
𝐼 + j𝑢𝑘

𝑄
: 𝑘 = 0,1, … , 𝑀 − 1}, where 𝑢𝑘

𝐼  and 𝑢𝑘
𝑄

 are the in-phase and quadrature 

parts of the signal respectively. 

 

Figure B.2.1: 2 × 𝑁𝑅  N-ary Alamouti scheme with SSD system model. 

 

The generated M-QAM symbols 𝑢𝑖 , 𝑖 ∈ [1: 4] are first mapped into a matrix with the in-phase and 

quadrature components of the signal separated. After that, the M-QAM symbols then undergo rotation 

by multiplication with a rotation matrix (𝑹𝜃1) as shown in (B.2.1-2) to give new rotated symbols (𝑠𝑖, 𝑖 ∈

[1: 4]). 

𝑠𝑖 = [𝑢𝑖
𝐼 𝑢𝑖

𝑄]𝑹𝜃1  , 𝑖 ∈ [1: 4]                                                       (B.2.1) 

𝑹𝜃1 = [
cos 𝜃1 sin 𝜃1

− sin 𝜃1 cos 𝜃1
]                     (B.2.2) 

where 𝑢𝑖 ∈ 𝛀1,  𝑢𝑖 = 𝑢𝑖
𝐼 + 𝑗𝑢𝑖

𝑄; 𝑠𝑖 ∈ 𝜴̃1, 𝑠𝑖 = [𝑠𝑖
𝐼 𝑠𝑖

𝑄] and (∙)𝐼 , (∙)𝑄are the in-phase and quadrature 

parts of a signal, respectively. Since it is assumed that 𝐸{|𝑢𝑖|2} = 1, we also have 𝐸{|𝑠𝑖|2} = 1.   𝑹𝜃1 

is the rotational matrix and 𝜃1 is the angle of rotation. According to [8, 11, 13], there are two commonly 

used techniques to derive this angle, namely the minimum product distance (MPD) approach and the 
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design criteria approach. In [8, 13, 15] it has been shown that the MPD approach results in a better 

overall performance, hence this scheme applies 𝜃1 = 31.7°derived using the MPD approach [8, 15].  

The unique components of the rotated symbols in (B.2.1) are interleaved to ensure that they are affected 

by independent and different fading to obtain diversity. Interleaving ensures that a single deep fade will 

not affect all components of the signal simultaneously. This is achieved using a component interleaver 

or de-interleaver present at the transmitter and receiver respectively [8, 11, 15]. Component interleaving 

prior to transmission gives four interleaved symbols (𝑥𝑖 , 𝑖 ∈ [1: 4]) as shown in (B.2.3-4): 

    𝑥𝑖 = 𝑠𝑖
𝐼 + j𝑠𝑖+2

𝑄
 , 𝑖 ∈ [1: 2]                (B.2.3) 

𝑥𝑖 = 𝑠𝑖
𝐼 + j𝑠𝑖−2

𝑄 , 𝑖 ∈ [3: 4]                (B.2.4) 

Based on 𝐸{|𝑠𝑖|2} = 1 we further have 𝐸{|𝑥𝑖|2} = 1. Then the modified Alamouti scheme with SSD 

scheme is then given by:  

𝑿𝑖 = [
𝑥2𝑖−1 𝑥2𝑖𝑒j𝜃𝑞

−𝑥2𝑖
∗ 𝑥2𝑖−1

∗ 𝑒j𝜃𝑞
] , 𝑖 ∈ [1: 2]                                        (B.2.5) 

In 𝑿1 the two pairs of  rotated and interleaved symbols together with the N-PSK symbol, 

(𝑥1, 𝑥2𝑒j𝜃𝑞) and (−𝑥2
∗, 𝑥1

∗𝑒j𝜃𝑞) are transmitted through transmit antenna one and two in the first two 

time slots while for 𝑿2, the other two pairs of symbols (𝑥3, 𝑥4𝑒j𝜃𝑞) and (−𝑥4
∗, 𝑥3

∗𝑒j𝜃𝑞) are transmitted 

in the second two time slots. We refer to the above transmission scheme as the N-ary Alamouti M-

QAM scheme with SSD. 

 The received signals are given as, 

  𝒚2𝑖−1 = 𝒉2𝑖−1𝑥2𝑖−1 + 𝒉2𝑖𝑥2𝑖𝑒j𝜃𝑞 + 𝒏2𝑖−1, 𝑖 ∈ [1: 2]  (B.2.6) 

  𝒚2𝑖 = 𝒉2𝑖−1(−𝑥2𝑖
∗ ) + 𝒉2𝑖𝑥2𝑖−1

∗ 𝑒j𝜃𝑞 + 𝒏2𝑖, 𝑖 ∈ [1: 2]  (B.2.7) 

where 𝑙 ∈ [1: 4], 𝒚𝑙 ∈ ℂ𝑁𝑅×1 is the 𝑙𝑡ℎ received signal vector, 𝒉𝑙 ∈ ℂ𝑁𝑅×1 is the 𝑙𝑡ℎ channel fading 

vector, and 𝒏𝑙 ∈ ℂ𝑁𝑅×1 is the 𝑙𝑡ℎ received additive white Gaussian (AWGN) noise vector. It is assumed 

that 𝒉𝑙 is a quasi-static frequency flat-Rayleigh fading channel. 𝒉𝑙  remains the same value in two-time 

slots and takes an independent value in other two-time slots. The entries of 𝒏𝒍 and 𝒉𝑙 are independent 

and identically distributed (i.i.d) Gaussian random variables (RVs), which follow the 

distributions 𝐶𝑁(0,2/𝜌) and 𝐶𝑁(0,1), respectively. 
𝜌

2
 is the average signal-to-noise ratio (SNR) at each 

receive antenna. 
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B.2.2. Detection 

 

Based on [9, 12, 17, 20], it is assumed that full channel state information (CSI) is known at the receiver 

and the detection process is done using the following steps. 

Step 1: Given 𝑢5 = 𝑒j𝜃𝑞, 𝑞 ∈ [1: 𝑁] first, calculate the following; 

 𝑯2𝑤(𝑢5) = 𝒉2𝑤𝑒j𝜃𝑞 , 𝑤 ∈ [1: 2]               (B.2.8) 

𝑔1(𝑢5) = (‖𝒉1‖𝐹
2 + ‖𝒉2‖𝐹

2 )             (B.2.9) 

𝑔2(𝑢5) = (‖𝒉3‖𝐹
2 + ‖𝒉4‖𝐹

2 )           (B.2.10) 

where  𝑯2𝑤(𝑢5) ∈ ℂ4×1 and 𝑤 ∈ [1: 2]. 

Step 2: The received signals in (B.2.6) and (B.2.7) are sent to the combiner and are multiplied by step 

1 results to give the outputs of the combiner as; 

𝑍̃2𝑤−1(𝑢5) = (𝒉2𝑤−1
𝐻 )(𝒚2𝑤−1) + (𝒚2𝑤

𝐻 )(𝑯2𝑤), 𝑤 ∈ [1: 2]            (B.2.11)  

𝑍̃2𝑤(𝑢5) = (𝑯2𝑤
𝐻 )(𝒚2𝑤−1) − (𝒚2𝑤

𝐻 )(𝒉2𝑤−1), 𝑤 ∈ [1: 2]                          (B.2.12) 

where 𝑍̃𝑤(𝑢5) ∈ ℂ1×1, 𝑤 ∈ [1: 4] are the outputs of the combiner. 

(B.2.11) and (B.2.12) can be further rewritten as; 

 

𝑍̃2𝑤−1(𝑢5) = 𝑍̃2𝑤−1
𝐼 (𝑢5) + j𝑍̃2𝑤−1

𝑄 (𝑢5), 𝑤 ∈ [1: 2]                                 (B.2.13) 

 

𝑍̃2𝑤(𝑢5) = 𝑍̃2𝑤
𝐼 (𝑢5) + j𝑍̃2𝑤

𝑄 (𝑢5), 𝑤 ∈ [1: 2]                           (B.2.14) 

where 𝑍̃𝑙
𝐼(𝑢5) and 𝑍̃𝑙

𝑄(𝑢5), 𝑙 ∈ [1: 4] are the in-phase and quadrature parts respectively. 

Step 3: The outputs of the combiner from (B.2.13) and (B.2.14) are then sent to the MLD where the N-

PSK and M-QAM symbols decoupling, de-interleaving and estimation processes happen [19-26]. For 

each given N-PSK symbol 𝑢5 = 𝑒j𝜃𝑞, the four transmitted M-QAM symbols are detected using MLD 

and the estimated four candidate symbols (𝑢̂𝑖(𝑢5), 𝑖 ∈ [1: 4]) are given as; 

𝑢̂1(𝑢5) = argmin
𝑥𝑘∈𝜴̃1

{(𝐵)(𝐶) + (𝐴)(𝐷)}                (B.2.15) 

𝑢̂2(𝑢5) = argmin
𝑥𝑘∈𝜴̃1

{(𝐵)(𝐸) + (𝐴)(𝐹)}                            (B.2.16) 
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𝑢̂3(𝑢5) = argmin
𝑥𝑘∈𝜴̃1

{(𝐴)(𝐺) + (𝐵)(𝐿)}               (B.2.17)      

𝑢̂4(𝑢5) = argmin
𝑥𝑘∈𝜴̃1

{(𝐴)(𝑇) + (𝐵)(𝑅)}                            (B.2.18) 

where;  𝐴 = (‖𝒉1‖𝐹
2 + ‖𝒉2‖𝐹

2), 𝐵 = (‖𝒉3‖𝐹
2 + ‖𝒉4‖𝐹

2 ), 𝐶 = |𝐴𝑥𝑘
𝐼 − 𝑍̃1

𝐼|
2

, 𝐷 = |𝐵𝑥𝑘
𝑄

− 𝑍̃3
𝑄

|
2

,  

𝐸 = |𝐴𝑥𝑘
𝐼 − 𝑍̃2

𝐼 |
2

, 𝐹 = |𝐵𝑥𝑘
𝑄

− 𝑍̃4
𝑄

|
2

, 𝐺 = |𝐵𝑥𝑘
𝐼 − 𝑍̃3

𝐼 |
2

, 𝐿 = |𝐴𝑥𝑘
𝑄

− 𝑍̃1
𝑄

|
2

, 𝑇 = |𝐵𝑥𝑘
𝐼 − 𝑍̃4

𝐼 |
2
 

and 𝑅 = |𝐴𝑥𝑘
𝑄

− 𝑍̃2
𝑄

|
2
. 

Step 4: The four estimated M-QAM symbols (𝑢̂𝑖(𝑢5), 𝑖 ∈ [1: 4]) in step 3, are assumed to be correctly 

detected and the next step is to calculate the following metric distance (𝐷(𝑢5)) as follows; 

𝐷(𝑢5) = ∑ 𝑑𝑖
4
𝑖=1 (𝑢5), 𝑖 ∈ [1: 4]    (B.2.19) 

where 𝑑2𝑖−1(𝑢5) = ‖𝒚2𝑖−1 − (𝒉2𝑖−1)(𝑢̂2𝑖−1(𝑢5)) − (𝒉2𝑖)(𝑢̂2𝑖(𝑢5))(𝑢5)‖
𝐹

2
, 𝑖 ∈ [1: 2] 

and 𝑑2𝑖(𝑢5) = ‖𝒚2𝑖 − (𝒉2𝑖−1)(−𝑢̂2𝑖
∗ (𝑢5)) − (𝒉2𝑖)(𝑢̂2𝑖−1

∗ (𝑢5))(𝑢5)‖
𝐹

2
, 𝑖 ∈ [1: 2]. 

Step 5: Steps 1 up to 4 are repeated N times, thereby giving N values of the metric distance 𝐷𝑙(𝑢5), 𝑙 ∈

[1: 𝑁] which are stored in a 1 × 𝑁 matrix (𝐅(𝑢5)). 

Step 6: Finally, the estimation of the M-PSK symbol is done by minimising the following ML metric. 

𝑢̃5 = argmin
𝑒j𝜃𝑞 ,𝑥̃𝑖=𝑥̂𝑖( 𝑥5)∈𝛀3

(𝐅(𝑢5))                                                      (B.2.20) 

where 𝑢̃5 = 𝑒j𝜃̂𝑞  is the estimation of the M-PSK symbol and 𝛀3 is the set containing the estimated M-

QAM symbols 𝑢̂𝑖, 𝑖 ∈ [1: 4] and the given (𝑢5 = 𝑒j𝜃𝑞) value. 

 

B.3. Error Performance Analysis 

 

The previously discussed detection above, in section (B.2.2), is a joint detection. There are two types 

of errors in the above detection. One is the error of estimating the N-PSK symbol while the other one 

is the error in estimating M-QAM symbols. However, it is not easy to derive the whole error probability 

of the joint detection. In this section, we only consider the low error performance bound of the joint 

detection. That is, we only consider the error probability of estimating M-QAM symbols using the 
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nearest neighbourhood (NN) approach based on Euclidean distance (ED), given that the N-PSK symbol 

is perfectly detected. Let 𝑃𝑑  denote the average bit error probability (ABEP) of estimating M-QAM 

symbols given that the N-PSK symbol is perfectly detected. The low error probability bound of the 

proposed system is given by  

    𝑃𝑒 ≥ 𝑃𝑑                                                   (B.3.1) 

Given that the N-PSK symbol (𝑒j𝜃𝑞) is perfectly detected at the receiver then the equivalent received 

signal may be written as 

   𝒚2𝑣−1 = 𝒉2𝑣−1𝑥2𝑣−1 + 𝑯2𝑣𝑥2𝑣 + 𝒏2𝑣−1, 𝑣 ∈ [1: 2]  (B.3.2) 

  𝒚2𝑣 = 𝒉2𝑣−1(−𝑥2𝑣
∗ ) + 𝑯2𝑣𝑥2𝑣−1

∗ + 𝒏2𝑣, 𝑣 ∈ [1: 2]  (B.3.3) 

where 𝑯2𝑣 , 𝑣 ∈ [1: 2] are known at the receiver. 

N-ary Alamouti M-QAM with SSD may be viewed as a 2 × 𝑁𝑅  MIMO configuration and in [25, 27, 

21-29], it was shown that an Alamouti scheme with 𝑁𝑅 receive antennas is equivalent to an MRC system 

with 2𝑁𝑅 receive antennas and half transmission power used. Fortunately, the BEP (𝑃𝑑) of M-QAM 

symbols using the NN approximation has already been done before in the literature [8, 12, 13]. Hence, 

the low bound bit error probability (BER) of the proposed system using NN approximation with 𝑁𝑅-

branch receive MRC over Rayleigh fading channels is given in [8, 15] as; 

𝑃𝑑(𝜌) =  𝑃𝑆𝐸𝑅 𝑀−𝑄𝐴𝑀
𝑁𝑁 (𝑒) = 𝐴𝑀𝑃[𝑋𝐴 → 𝑋𝐵]𝐴𝐿 + 𝐵𝑀𝑃[𝑋𝐴 → 𝑋𝐶]𝐴𝐿             (B.3.4) 

𝑃𝑑(𝜌) =  𝑃𝐵𝐸𝑅 𝑀−𝑄𝐴𝑀
𝑁𝑁 (𝑒) =

1

𝑟
[𝐴𝑀𝑃𝑝𝑒𝑟𝑝(𝑥 → 𝑥) + 𝐵𝑀𝑃𝑑𝑖𝑎𝑔(𝑥 → 𝑥)]       (B.3.5) 

where 𝐴𝑀 and 𝐵𝑀 are the coefficients of the pairwise error probabilities (PEPs) and are found in table 

B.3.1 below as discussed in [8, 15]. These represent the number of immediate perpendicular and 

diagonal neighbours of the described points with different Euclidean distances. 𝑃𝑝𝑒𝑟𝑝(𝑥 →

𝑥) and 𝑃𝑑𝑖𝑎𝑔(𝑥 → 𝑥) are equivalent to 𝑃[𝑋𝐴 → 𝑋𝐵]𝐴𝐿and 𝑃[𝑋𝐴 → 𝑋𝐶]𝐴𝐿, respectively. These are the 

perpendicular and diagonal PEPs between any described point and its perpendicular and diagonal 

neighbours respectively. The derivation of the PEPs is discussed in [29] and is given as 

𝑃(𝑥 → 𝑥) = ∫ ∫ 𝑄 (√
1

2𝐸𝑠
(ɣ1

2Ð1
2 + ɣ2

2Ð2
2))

∞

0

∞

0
𝑓ɣ𝑀𝑅𝐶(ɣ1)𝑓ɣ𝑀𝑅𝐶(ɣ2) 𝑑ɣ1 𝑑ɣ2          (B.3.6) 

where Ð𝑖
2, 𝑖 ∈ [1: 2] are the distances for perpendicular and diagonal neighbours given in table 

B.3.2, 𝐸𝑠 is the average expected energy per symbol and is calculated based on the M-QAM 

constellation size. ɣ𝑖 , 𝑖 ∈ [1: 2] is the SNR, ɣ̅ = 𝜌 is the average SNR and 𝑓ɣ𝑀𝑅𝐶(ɣ𝑖), 𝑖 ∈ [1: 2] is the 

MRC PDF for multiple receivers (𝑁𝑅) and it is given in [15] as 
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𝑓ɣ𝑀𝑅𝐶(ɣ𝑖) =
1

(𝑁𝑅−1)!

1

ɣ̅𝑁𝑅
ɣ𝑖

𝑁𝑅−1𝑒
(−

ɣ𝑖
ɣ̅

)
                                                     (B.3.7) 

16-QAM examples of the derived PEPs are given in [8, 15] as 

𝑃𝑝𝑒𝑟𝑝(𝑥 → 𝑥) =
1

4𝑛
𝑀1𝑀2 +

1

2𝑛
∑ 𝑀3𝑀4

𝑛−1
𝑘=1                        (B.3.8) 

𝑃𝑑𝑖𝑎𝑔(𝑥 → 𝑥) =
1

4𝑛
𝑀5𝑀6 +

1

2𝑛
∑ 𝑀7𝑀8

𝑛−1
𝑘=1                         (B.3.9) 

Where 𝑀1 = (1 + 0.145ɣ̅𝐼)−𝑁𝑅 , 𝑀2 = (1 + 0.055ɣ̅𝑄)
−𝑁𝑅

, 𝑀3 = (
 𝑆𝑖+0.145ɣ̅𝐼

 𝑆𝑖
)

−𝑁𝑅
, 

𝑀4 = (
 𝑆𝑖 + 0.055ɣ̅𝐼

 𝑆𝑖
)

−𝑁𝑅

, 𝑀5 = (1 + 0.021ɣ̅𝐼)−𝑁𝑅 , 𝑀6 = (1 + 0.379ɣ̅𝐼)−𝑁𝑅 , 

𝑀7 = (
 𝑆𝑖+0.021ɣ̅𝐼

 𝑆𝑖
)

−𝑁𝑅
, 𝑀8 = (

 𝑆𝑖+0.379ɣ̅𝐼

 𝑆𝑖
)

−𝑁𝑅
, 𝑆𝑖 = 2(sin 𝛽𝑖)2, 𝛽𝑖 =

𝑖𝜋

4𝑛
 and 𝑛 is the number of 

iterations used in the approximation. 

 

 

Table B.3.1: Values for 𝐴𝑀 , 𝐵𝑀 and 𝐸𝑆  

Constellations 𝐴𝑀 𝐵𝑀 𝐸𝑆 

    

4 2 1 2 

16 3 2.25 10 

64 3.5 3.51 42 

256 3.75 3.5156 170 

 

 

Table B.3.2: Perpendicular and diagonal distances for the pairwise error probabilities. 

Perpendicular distances Diagonal distances 

  

Ð1
2

𝑝𝑒𝑟𝑝
= 4 cos2 𝜃1 Ð1

2
𝑑𝑖𝑎𝑔

= 4(1 + sin(2𝜃1)) 

Ð2
2

𝑝𝑒𝑟𝑝
= 4 sin2 𝜃1 Ð2

2
𝑑𝑖𝑎𝑔

= 4(1 − sin(2𝜃1)) 
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B.5. Simulation and numerical results 

 

The aim of this section was to validate the analytical performance developed in (B.3.5) and then provide 

an error performance comparison between the various N-ary Alamouti M-QAM with SSD schemes. 

Monte Carlo simulations were performed over i.i.d Rayleigh flat fading channels with AWGN, where 

the ABEP was plotted against the average SNR at each receive antenna. The parameters regarding the 

AWGN and channels were consistent with those defined in section B.2.2. The following were assumed 

during the simulation: Gray coded M-QAM and Gray coded N-PSK constellations; full CSI knowledge 

at the receivers; signal paths were statistically independent of each other, meaning the channels were 

uncorrelated [18 and 27] and total transmit power was the same for all transmissions. 

Figures B.5.1 - B.5.2 below, show the analytical and simulated ABEP results of the 2 × 2 and 2 × 4  

(4-PSK, 8-PSK and 16-PSK) Alamouti SSD 16-QAM systems together with the 2 × 2 and 2 ×

4 Alamouti SSD 16-QAM without PSK system results. In the 2 × 4 results, it is evident that the 

theoretical predictions closely predicted the BER performance in the high SNR region. It is also shown 

that 2 × 4  (4-PSK, 8-PSK and 16-PSK) Alamouti SSD 16-QAM systems have closely the same BER 

performance as the 2 × 4 Alamouti SSD 16-QAM without PSK systems. However, the proposed 

scheme is more spectral efficient compared to the standard 2 × 4 Alamouti SSD 16-QAM without PSK 

systems. The proposed scheme has more data throughput with five symbols sent (more bits sent) 

whereas the 2 × 4 Alamouti SSD 16-QAM without PSK systems have only four symbols sent (fewer 

bits sent). An example of improved spectral efficiency is seen in 16-PSK Alamouti 16-QAM with SSD, 

which has a high spectral efficiency of 1.5 bits/sec/Hz as compared to 1 bit/sec/Hz 16-QAM Alamouti 

scheme. These values were calculated with the aid of eq (2.1) and table B.5.5, where 𝑁𝑇 = 2, 𝜏 = 4 and 

the number of bits depends on the system concerned (4 bits for 16-QAM Alamouti scheme and 8 bits 

for 16-PSK Alamouti 16-QAM with SSD). Hence the proposed 2 × 4  N-ary Alamouti SSD scheme 

exhibits an improved higher bandwidth efficiency. 

The next set of results (Figures B.5.3 - B.5.6) below, show the analytical and simulated ABEP results 

of various 2 × 2 and 2 × 4 N-ary Alamouti SSD 64 and 256-QAM systems. Like Figures B.5.1-4, the 

results show clearly that the theoretical closely predicts the BER performance in the high SNR region. 

Also, it is seen that 2 × 4  N-ary Alamouti SSD 64 and 256-QAM schemes have the same BER 

performance as 2 × 4 Alamouti 64 and 256-QAM without PSK schemes. This is an improvement in 

data throughput as they have more symbols (more bits) sent than the 2 × 4  standard Alamouti SSD M-

QAM schemes without PSK (fewer bits sent). From the results, there is more spectral efficiency in the 

proposed N-ary Alamouti M-QAM scheme as compared to the standard Alamouti SSD schemes without 

PSK. An example of improved spectral efficiency is seen in 16-PSK Alamouti 64-QAM with SSD, 
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which has a high spectral efficiency of 1.7 bits/sec/Hz as compared to 1.3 bits/sec/Hz 64-QAM 

Alamouti scheme. These values were calculated with the aid of eq (2.1) and table B.5.6, where 𝑁𝑇 =

2, 𝜏 = 4 and the number of bits depends on the system concerned (6 bits for 64-QAM Alamouti scheme 

and 10 bits for 16-PSK Alamouti 16-QAM with SSD). 

However, it can also be seen from the results that error performance together with the accurate 

prediction of theoretical analysis, improves with the increasing number of receivers. This is seen from 

the 2 × 2 results of 16 QAM which have a poor error performance and their theoretical analysis do not 

closely match the simulated results as compared to the 2 × 4 results. Hence with an increase in 

modulation order (M and N), the better the simulation results closely follow the theoretical analysis. 

This is seen with 2 × 2 systems of 64 QAM and 256 QAM. Also, an increase in the number of receivers 

leads to an improvement in the BER performance. Evidence of improvement in BER performance is 

seen in 256QAM systems at 20 dB SNR where an improvement in BER of 1 × 10−2 in the 2 × 4 system 

is seen as compared to a higher BER of 4.31 × 10−2 at the same SNR seen in the 2 × 2 system. This 

is because of the increase in receivers. Multiple receivers and higher modulation orders mean more 

receive diversity and increase in the signal-to-noise-ratio at the destination. This, in turn, leads to an 

improved error performance [30]. 

The last set of results (Figure B.5.7) show 2 × 4  N-ary Alamouti vs N-ary Alamouti with SSD schemes. 

In the results, there is an improvement in the BER performance of N-ary Alamouti with SSD as 

compared to that of 2 × 4 N-ary Alamouti without SSD schemes. 4-PSK Alamouti SSD 256-QAM 

showed 0.8 dB improvement at a BER of 1.06× 10−6 as compared to 4-PSK Alamouti 256-QAM 

without SSD. Similar results were seen in 8-PSK Alamouti SSD 16 QAM with an improvement of 1 

dB compared to that of 8-PSK Alamouti without SSD 16QAM at a BER of 1.06× 10−6. These results 

show that SSD is an extremely spectral and power efficient method of increasing the error performance 

of a system, as it efficiently reduced the N-ary Alamouti schemes error performance by 0.8 dB overall. 

However, the only expense incurred is the slight increase in the complexity of the MLD detection. 
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Table B.5.7: N-ary Alamouti with SSD spectral efficiency values. 

QAM 

constellation 

PSK 

constellation 

Standard 

Alamouti bits 

sent 

N-ary 

Alamouti bits 

sent 

Standard 

Alamouti 

spectral 

efficiency 

(bits/sec/Hz) 

N-ary 

Alamouti 

spectral 

efficiency 

(bits/sec/Hz) 

16 4 4 6 1 1.3 

16 8 4 7 1 1.4 

16 16 4 8 1 1.5 

      

32 4 5 7 1.2 1.4 

32 8 5 8 1.2 1.5 

32 16 5 9 1.2 1.6 

      

64 4 6 8 1.3 1.5 

64 8 6 9 1.3 1.6 

64 16 6 10 1.3 1.7 

      

256 4 8 10 1.5 1.7 

256 8 8 11 1.5 1.7 

256 16 8 12 1.5 1.8 
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Figure B.5.1: 2 × 2 N-ary Alamouti SSD 16-QAM results. 

 

Figure B.5.2: 2 × 4 N-ary Alamouti SSD 16-QAM results. 
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Figure B.5.3: 2 × 2 N-ary Alamouti SSD 64-QAM results. 

 

Figure B.5.4: 2 × 4 N-ary Alamouti SSD 64-QAM results. 
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Figure B.5.5: 2×2 N-ary Alamouti SSD 256-QAM results. 

 

Figure B.5.6: 2×4 N-ary Alamouti SSD 256-QAM results. 
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Figure B.5.7: M-ary Alamouti vs M-ary Alamouti with SSD comparison of results. 

 

B.6. Conclusion 

 

In this paper, the error performance and spectral efficiency of N-ary Alamouti with SSD system were 

investigated. The study is restricted to 2 × 2 and 2 × 4 systems of (4-PSK, 8-PSK and 16-PSK) 

Alamouti SSD (16, 64 and 256 QAM) schemes. An analytical ABEP expression was derived and 

validated against simulated results. It was shown to converge to simulation results in the high SNR 

region. Results presented indicate increased spectral efficiency in the proposed scheme but with a tight 

matching BER performance as the standard 2 × 4 Alamouti M-QAM with SSD systems. Also, the 

results show that the proposed scheme is more spectrally efficient and has a better BER performance 

(0.8 dB improvement) compared to the standard 2 × 4 Alamouti M-QAM without SSD systems 

discussed in paper A. It was also found that the BER performance of the proposed scheme, improved 

with an increase in the number receivers. 
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Part III 
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Conclusion and future work 

 

MIMO-Alamouti scheme-based systems offer transmit antenna diversity to better the overall diversity 

of a wireless communication link. These MIMO-Alamouti scheme-based systems manage to offer 

diversity to a wireless communication link, at the expense of spectral efficiency. This study attempted 

to improve both the spectral efficiency and the error performance of MIMO-Alamouti scheme-based 

systems using high modulation techniques (QAM and PSK) with Signal Space Diversity. The results 

are presented in two papers contained in this dissertation. 

In paper A, an 𝑁𝑇 × 𝑁𝑅 N-ary Alamouti (M-QAM) scheme was introduced. It is an STBC that aims to 

improve bandwidth efficiency in MIMO wireless communications. A theoretical BER expression was 

derived and the derived analytical expression was validated with Monte-Carlo simulations. Bandwidth 

efficiency increases were seen in the results where the 2 × 4 N-ary Alamouti M-QAM systems had the 

same BER performance but with higher data throughput as compared to 2 × 4 Alamouti M-QAM 

systems without PSK. There was an improvement in the spectral efficiency of the 16-PSK Alamouti 

16-QAM, which had a high spectral efficiency of 1.5 bits/sec/Hz as compared to 1 bit/sec/Hz of 16-

QAM Alamouti scheme without PSK. 

In paper B, an 𝑁𝑇 × 𝑁𝑅 N-ary Alamouti M-QAM scheme with Signal Space Diversity was introduced. 

It is an expansion of the work in paper A. This scheme incorporated N-PSK, M-QAM, Alamouti and 

SSD. NN approximation using low error probability bound approach was used to derive the BER 

expression of the proposed scheme. Simulation results validated the theoretical BER expression for 

various N-PSK and M-QAM schemes. The results exhibited the same bandwidth efficiency 

improvement as that of paper A. However, in addition, paper B proposed scheme showed an 

improvement in the error performance of the schemes compared to those of paper A. There was an 

improvement in the BER performance of N-ary Alamouti with SSD as compared to that of 2 × 4 N-ary 

Alamouti without SSD schemes. 4-PSK Alamouti SSD 256-QAM showed 0.8 dB improvement at a 

BER of 1.06× 10−6 as compared to 4-PSK Alamouti 256-QAM without SSD. 

In conclusion, the proposed schemes in this dissertation highlighted an insight to the improvement of 

spectral efficiency and BER performance in wireless communications. For future work, the proposed 

schemes could be investigated over different fading channels and they could also be used together with 

spatial modulation (SM) schemes, energy-managing schemes and with hierarchical coding to provide 

error protection. 

 


