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Abstract 

SIMO-MBM (single-input multiple-output media-based modulation) overcomes the limitations of 

SIMO (single-input multiple-output) systems by reducing the number of antennas required to 

achieve a high data rate and improved error performance. In this thesis, the quadrature dimension 

of the spatial constellation is used to improve the overall error performance of the conventional 

SIMO-MBM and to achieve a higher data rate by decomposing the amplitude/phase modulation 

(APM) symbol into real and imaginary components, similar to quadrature spatial modulation 

(QSM). 

The average bit error probability of the proposed technique is expressed using a lower bound 

approach and validated using the results of Monte Carlo simulation (MCS). The proposed system 

also investigates the effect of antenna correlation in combination with channel amplitude to select 

a sub-optimal mirror activation pattern. The results of MCS show a 3.5dB improvement at 

10b/s/Hz with m 𝑚𝑟𝑓 = 2  and a 7dB improvement at 12b/s/Hz with 𝑚𝑟𝑓 = 2 over the traditional

SIMO-MBM scheme. The effect of imperfect channel estimation on the proposed scheme is 

investigated, with a trade-off of 2dB in coding gain due to channel estimation errors. 

Cooperative Networking (CN) improves wireless network reliability, link quality, and spectrum 

efficiency by collaborating among nodes. The decode and forward relaying technique is used in 

this thesis to investigate the performance of QSM aided SIMO-MBM in a Cooperative Network 

(CN). This technique uses two source nodes that simultaneously transmit a unique message block 

on the same time slot to the relay node, which then decodes the received message block from both 

transmitting nodes before re-encoding and re-transmitting the decoded message block in the next 

time slot to the destinations in order to significantly improve the QSM aided SIMO-MBM’s error 

performance. 

Using network coding (NC) techniques, each Node can decode the data of the other Node. To 

enhance network performance, complexity, robustness, and minimize delays, data is encoded and 

decoded in NC; algebraic techniques are applied to the detected message to collect the various 

transmissions. The proposed scheme's theoretical average error probability was defined using a 

lower bound technique, and the results of Monte Carlo simulation (MCS) validated the result. The 

MCS results achieved exhibit a significant improvement of 8 dB at 6 b/s/Hz and 12 dB at 8 b/s/Hz 

over the conventional QSM aided SIMO-MBM scheme. 



vii 

The media-based modulation (MBM) technique can achieve significant throughput, increase 

spectrum efficiency, and improve bit-error-rate performance (BER). In this thesis, the use of MBM 

in single-input multiple-output systems is examined using radio frequency (RF) mirrors and 

Golden code (GC-SIMO). The goal is to lower the system's hardware complexity by maximizing 

the linear relationship between RF mirrors and spectral efficiency in MBM in order to achieve a 

high data rate with less hardware complexity. The GC scheme's encoder uses orthogonal pairs of 

the super-symbol, each transmitted via a separate RF mirror at a different time slot to achieve full 

rate full diversity. 

In the results of MCS obtained, at a BER of 10−5, the GC-SIMO-MBM exhibits a significant

performance of approximately 7dB and 6.5 dB SNR gain for 4 b/s/Hz and 6 b/s/Hz, respectively, 

compared to GC-SIMO. The proposed scheme's derived theoretical average error probability is 

validated by the results of the Monte Carlo simulation. 
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1.1 Introduction  

1.1.1 Review of Basic Communication Systems 

The transmission and receiving of data through a medium or channel are the foundation of a 

communication system. A transmitter, a receiver, and a channel, which is often a radio link, 

copper, or fiber, make up the system, which can be wired or wireless, as shown in Figure 1.1 

Because low frequencies, such as human voice, cannot be transmitted directly via radio, the 

contents of the information must be overlaid over a carrier signal with a higher frequency at the 

source transmitter through a technique known as modulation [1-4]. 

Modulation allows many information signals to employ the same radio channel, each with a unique 

carrier frequency. To restore the original information, the receiver performs demodulation, which 

is the inverse of modulation. The message signal, also known as the baseband signal or modulating 

signal, is a type of information signal [1]. A transducer is used to convert the output of a source 

into an electrical signal that can be conveyed. At the receiving end, a comparable transducer is 

necessary to translate the electrical impulses received into a form that the user can understand, 

such as auditory signals, images, and so on [2]. In an ideal communication system, the exact 

information will be produced at the receiver except for the unavoidable delay in time and/or change 

in amplitude, phase and noise as it moves between transmitter and receiver; these changes are 

known as distortion, and any real system will have distortion; therefore, dealing with managing 

this distortion is one of the most important factors in the communication design process. Figure 

1.1 depicts the components of a communication system. 
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Figure 1.1.  Components of communication system. 
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1.1.1.1 The Transmitter 

The transmitter translates the electrical signal into a transmittable form through the physical 

channel or transmission medium. It makes use of modulation process to execute the information 

signal-to-channel matching. This procedure entails the usage of the baseband signal to vary either 

the amplitude, frequency, or phase of a sinusoidal signal. Several factors determine the choice of 

the nature of modulation, such as the types of distortions, amount of bandwidth and the available 

electronic devices for signal amplification preceding transmission [1-2]. Regardless, 

accommodating the transmission of several messages from various users over the same physical 

channel is made possible through modulation process [1-2]. Along with modulation, other 

functions implemented at the transmitter include amplification of the modulated signal, filtering 

of the information-bearing signal and in wireless transmission case, radiation of the signal with 

the help of a transmitting antenna [1-2]. 

1.1.1.2 The Channel.  

In a communication system, a channel refers to the physical medium that is used to transport 

signals from the transmitter to the receiver. [1-2]. In wireless transmission, the channel is often 

free space. Regardless of the physical media used for signal transmission, the signal gets distorted 

at random by a number of causes. Additive noise, also known as thermal noise, is a type of signal 

degradation that occurs when signal amplification is performed at the receiver's front end [2]. 

Multipath propagation is another type of signal degradation that occurs and is classified as a 

nonadditive signal disturbance manifesting as time variations in signal amplitude, commonly 

referred to as fading [1-3]. Both additive and nonadditive signal distortions are statistically 

described and are commonly referred to as random events [4]. The impact of these signal 

distortions must be considered during the communication system design process. 

1.1.1.3 The Receiver. 

The receiver’s purpose is to regain the information signal enclosed in the received signal.  The 

receiver executes carrier demodulation on the transmitted message signal in order to extract the 

information from the sinusoidal carrier [1]. The demodulated information signal is usually 

degraded by the existence of these distortions in the received signal since the demodulation of the 

signal is performed in the presence of additive noise and perhaps in the presence of other signal 

distortions [2]. The reliability of the received information is determined by the strength of the 
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additive noise, type of modulation, type of any non-additive interference and type and strength of 

any other additive interference [1-3]. Receiver also accomplishes a few peripheral functions, such 

as noise suppression and signal filtering. 

1.1.2 Wireless communication Transmission Schemes 

In a wireless antenna communication system, information can be wirelessly transported from one 

location to another without the usage of electrical cables. The transmitter and receiver are the 

components of this system, and data is sent from the transmitter's antenna to the receiver's antenna. 

Single Input Single Output systems (SISO), Single Input Multiple Output systems (SIMO), 

Multiple Input Single Output systems (MISO), and Multiple Input Multiple Output systems 

(MIMO) are the four types of wireless communication transmission schemes. [5,6]. 

1.1.2.1 Single Input Single Output systems (SISO) 

One antenna is used at both ends of the transmission in a SISO system, i.e. one at the transmitter 

and one at the receiver, therefore data transmission is through a single radio frequency (RF) signal 

chain. The channel capacity is the smallest when compared to other transmission schemes with 

simple design model as shown in figure 1.2. The SISO system capacity can be expressed as [7] 

𝐶𝑆𝐼𝑆𝑂 = 𝐵𝑙𝑜𝑔2(1 + 𝑆/𝑁)        (1.1) 

Where C and B are the channel capacity and Bandwidth of the signal respectively, 𝑆/𝑁 represent 

the signal to noise ratio. 

 

                              

Figure. 1.2 Single Input Single Output Model [7] 
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1.1.2.2 Single Input Multiple Output systems (SIMO) 

A SIMO system contains one transmitter antenna and numerous receiver antennas, each with its 

own RF chain. Consider a system with two receivers and two different fading channel coefficients, 

ℎ1 and ℎ2 (Figure 1.3). 𝑦1 and 𝑦2 are two possible values for the received signal. 

The receiver selects the best antenna for receiving a stronger signal from the transmitter in a 

selection diversity or switched diversity implementation, whereas the receiver combines signals 

from all of its antennas for SNR maximization in a maximal ratio combining (MRC) 

implementation. [3]. Although channel capacity will not grow, the use of numerous antennas and 

diversity will result in a strong signal. The capacity of the SIMO system channel is [7]: 

 𝐶𝑆𝐼𝑀𝑂 = 𝑁𝑟𝐵𝑙𝑜𝑔2(1 + 𝑆/𝑁)       (1.2) 

where 𝑁𝑟 represent the number of receiving antenna, C and  B are the channel capacity and 

Bandwidth of the signal respectively, 𝑆/𝑁 signify the signal to noise ratio 

 

                         
Figure 1.3: Single Input Multiple Output Model [7] 

 

1.1.2.3 Multiple Input Single Output System (MISO) 

MISO used a number of antennas at the transmitter or input end, each with its own RF chain, and 

one antenna at the receiver or output end. Figure 1.4 depicts a MISO model with two sending 

antennas and one receiving antenna, each with two fading channels, ℎ1 and ℎ2. 𝑌1 and 𝑌2 represent 

the send signal. The Alamouti Space Time Coding (STC) technology, which used two antennas at 

the transmitter and allowed the transmitter to send signals in both time and space—that is, data is 
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transmitted via the two antennas at two separate successive times is an example of MISO. The 

MISO channel capacity can be expressed as [7]: 

 𝐶𝑀𝐼𝑆𝑂 = 𝑁𝑡  𝐵𝑙𝑜𝑔2(1 + 𝑆/𝑁)             (3) 

𝑁𝑡  denotes the number of transmitting antennas, C and B denote the signal's channel capacity and 

bandwidth, respectively, and 𝑆/𝑁 denotes the signal-to-noise ratio. 

 

                       
Figure 1.4: Multiple Input Single Output System Model [7] 

 

 

1.1.2.4 Multiple Input Multiple Output System (MIMO) 

For transmission purposes in spatial diversity, MIMO employs at both transmitting and receiving 

ends, numerous antennas and RF chains, resulting in numerous copies of the same signal at the 

receiver [8]. Because of its capacity and high data rate, this approach is widely used in wireless 

technology such as WiMAX, WiFi, 802.11n, and LTE. In a point-to-point (PTP) link, a MIMO 

scheme with the same number of antennas at the transmitting and receiving ends can increase the 

system reliability with each additional antenna (Figure 1.5). A good example is a 2x2 MIMO, 

which doubles the throughput. 𝑟 = ℎ𝑥 + 𝑛 where  𝑟, ℎ, 𝑥  and 𝑛 represents the signal vector 

received, channel matrix, signal vector transmitted, and complex additive white Gaussian noise, 

respectively, in the MIMO signal model. 

More antenna at both ends of the transmitter and receiver are required to increase capacity, 

maintain bandwidth, and transmit power. To approximate a channel in the frequency domain (FD), 

a complex matrix with Rayleigh model of random channel that has identically independent 
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distributed elements with unit variance and zero mean is utilized [9]. MIMO System capacity is 

given by [7] 𝐶𝑀𝐼𝑀𝑂 = 𝑁𝑡𝑁𝑟 𝐵𝑙𝑜𝑔2(1 + 𝑆/𝑁)           (4) 

where 𝑁𝑡  and 𝑁𝑟 denote the number of transmitting and receiving antennas respectively, C and B 

denote the signal's channel capacity and bandwidth, and 𝑆/𝑁 denotes the signal-to-noise ratio. 

The spatial multiplexing technology is used to increase data capacity by transmitting signals over 

many spatial domains. 

 

                  

 
Figure 1.5: Multiple Input Multiple Output System model [7] 

 

1.2 Research objectives 

The objectives of the works are to: 

i. Enhance the overall error performance of the conventional SIMO-MBM and to achieve 

a higher data rate by employing the quadrature dimension of the spatial constellation. 

ii. Formulate the average bit error probability of the proposed QSM aided SIMO-MBM 

scheme using a lower bound approach, to be validated by the Monte Carlo simulations. 

iii. Examine the effect of the sub-optimal mirror activation pattern selection using channel 

amplitude coupled with antenna correlation for the proposed QSM aided SIMO-MBM 

system. 

iv. Investigate the impact of imperfect channel estimation on the proposed QSM aided 

SIMO-MBM. 

v. Investigate the performance of QSM aided SIMO-MBM in Cooperative Network (CN) 

by employing the two-way decode and forward relaying technique. 
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vi. Formulate the theoretical average error probability of QSM aided SIMO-MBM in 

Cooperative Network, to be validated by the Monte Carlo simulations. 

vii. Investigate the application of MBM, employing radio frequency (RF) mirrors and Golden 

code in the single-input multiple-output (GC-SIMO-MBM). 

viii. Derive theoretical average error probability of the proposed GC-SIMO-MBM, to be 

validated by Monte Carlo simulation. 

1.2.1 Enhanced wireless communication techniques.  

1.2.1.1 Spatial Modulation (SM) 

The requirement for a high data throughput and a good spectral efficiency are the essential 

fundamentals upon which the future wireless communication is based.[10]. The use of multiple 

antenna transmission technique i.e MIMO system enhances spectral efficiency because of its 

simultaneous transmission of data to the receiver [11-14]. Numerous challenges exist in the 

improvement of a transmission scheme using multiple antennas [15-18]. These challenges 

originated from different sources, which includes: 

• high inter-channel interference (ICI) due to simultaneous occurrence of transmission 

from numerous antennas on the same frequency  

• complex receiver algorithm is required to improve ICI which result in increment in the 

overall system complexity 

• Performance of the system is traded off with receiver complexity, etc.  

Spatial Modulation (SM) deals with these limitations [19-21] when at any given time only one 

transmit antenna is active. SM differs from other MIMO schemes as in the case space-time bit 

interleaved coded modulation [22] where the antenna pattern is identified as a spatial 

constellation but not utilized as a source of information. Therefore, Spatial Modulation (SM) is a 

transmission system that utilizes numerous antennas. The main concept is using a chosen symbol 

from a constellation diagram and a chosen transmit antenna number from a set of transmit 

antennas, and convert a block of information bits to two information carrying units. [23].  

A single transmit antenna will be active, while null power will be transmitted by the other ones, 

hence the need for transmit antenna synchronization and ICI at the receiver are avoided 

completely. Utilizing each antenna index to convey additional information bits and a base-two 

logarithm of spatial multiplexing gain of the quantity of transmit antennas enhance the system's 
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spectral efficiency. This has gained substantial attention in literature as reported in Generalized 

SM(GSM), Generalized space shift keying modulation SSK(GSSK) and Generalized space–time 

shift keying STSK(GSTSK) [24-26]. Maximum receive ratio combining (MRRC) algorithm is 

adopted to determine the number of transmit antenna, and thereafter, estimate the transmitted 

symbol. Spatial demodulators make use of the two estimates to recover the block of information 

bits.  

1.2.1.2 Quadrature Spatial Modulation (QSM) 

By employing an additional modulation spatial dimension, QSM improves the throughput of the 

SM scheme. The SM method just uses the real part of the SM constellation, whereas QSM 

employs in-phase and quadrature dimensions [27]. In comparison to other MIMO schemes, SM 

schemes improve error performance by deploying a moderate number of transmit antennas, 

robustness to channel imperfections, such as spatial channel correlation, and estimation errors, 

because the SM system's error probability is determined by the differences in channels associated 

with the various antennas for each channel [27-37]. QSM is a signal processing technique used 

before transmission. It improves the SM system's spectrum efficiency while keeping nearly all of 

the system's benefits. 

In-phase and quadrature components are now included in the spatial constellation symbols (figure 

1.6). The real and imaginary halves of a signal constellation symbol are conveyed by the first and 

second dimensions, respectively, as shown in [38, Fig 1.6]. Because the two sent data are 

orthogonal and modulated on the carrier signal's real and imaginary components, ICI is abolished 

in QSM. The sine carrier transmits one component, and the cosine carrier transmits the other. As 

a result, in QSM, the number of transmit antenna bits can be increased by a base-two logarithm. 
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Figure. 1.6. This diagram shows the in-phase and quadrature components are added to the spatial 

constellation symbols. The in-phase portion of a signal constellation symbol is transmitted by one 

component, while the quadrature portion is transmitted by the other. As instances, the first transmit 

antenna's in-phase signal constellation symbols and the second transmit antenna's quadrature signal 

constellation points are displayed.[27] 

1.2.1.3 Media-based Modulation (MBM). MBM is a way of modulating the wave after

it leaves the transmit antenna(s) [39]. MBM can be achieved by altering the RF parameters of the 

transmitter's propagation environment, such as permittivity, permeability, and/or resistivity [40]. As a 

result, the end-to-end channel is affected, received signal's magnitude and phase will change. In a rich 

scattering environment, a tiny environmental perturbation near the transmitter will be enhanced by 

multiple random reflections across the propagation path, culminating in an end-to-end channel 

realization that is completely independent. MBM sends out a tone and then different channel fading 

realizations are provided by RF mirrors at the transmit antenna(s) depending on their ON/OFF 

condition. The modulation alphabet [40-42] is made up of these sophisticated fade realizations. While 

the intricate fade symbols of the alphabet need the use of numerous transmit antennas, MBM uses 

multiple RF mirrors with a single transmit antenna to create the complex fade symbols of the alphabet 

[43]. A number of RF mirrors are placed near the tone-transmitting transmit antenna to achieve this. 

In the propagation environment, the placement of RF mirrors near a transmit antenna is similar to the 

placement of scatterers near the transmitter.
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An ON/OFF control signal provided to each of these scatterers (i.e., RF mirrors) can modify its 

radiation characteristics; depending on whether it is OFF or ON, it reflects or passes the incoming 

wave emanating from the transmit antenna. The "mirror activation pattern (MAP)" refers to the 

ON/OFF condition of the mirrors [39]. From one MAP to the next, the positions of the ON and 

OFF mirrors change, resulting in a change in the propagation environment around the transmitter. 

Because multiple random reflections in a rich scattering environment will reinforce a modest 

change in the propagation environment, therefore, an independent channel will emerge [39]. 

By serving as regulated scatterers, the RF mirrors produce such disturbances, which result in 

independent fading realizations for different MAPs [43]. 𝑀𝑟𝑓 is the total number of RF mirrors in 

the antenna's vicinity. The "MBM transmit unit (MBMTU)" (Figure. 1.7) is a unit that includes a 

transmit antenna as well as a set of 𝑀𝑟𝑓 RF mirrors. Let 𝑚𝑟𝑓  be the number of RF mirrors 

employed out of 𝑀𝑟𝑓  total RF mirrors, with 1 ≤ 𝑚𝑟𝑓 ≤ 𝑀𝑟𝑓. Based on a single information bit 

on a given channel, each of these 𝑚𝑟𝑓 mirrors are turned ON or OFF. The ON/OFF status of all 

𝑚𝑟𝑓mirrors as determined by 𝑚𝑟𝑓 information bits is represented by a MAP. As a result, 2𝑚𝑟𝑓  

MAPs are feasible. Each of these patterns produces a unique channel fade and MBM alphabet with 

a size of |ℍ| = 2𝑚𝑟𝑓 . MBM can transmit 𝑚𝑟𝑓 data bits in a single channel, where 𝑚𝑟𝑓 is the 

number of RF mirrors employed in MBM which has a linear relationship with the spectral 

efficiency. The alphabet ℍ must also be recognized at the receiver, not at the transmitter, in MBM. 

MBM has been demonstrated to significantly improve the system performance when compared to 

traditional modulation systems [40-42]. MBM has also been demonstrated to save energy 

significantly even with a single transmit antenna and 𝑁𝑟 reception antennas when compared to a 

standard 𝑁𝑟 × 𝑁𝑡 MIMO system with 𝑁𝑟 = 𝑁𝑡 [41]. Its ability to save energy by picking only a 

channel configurations subset, resulting in greater overall performance for the same amount of 

energy and spectral efficiency. [40]. 

Over a static multipath channel with 1 transmit and 𝑁𝑟 receive antennas, MBM has also been 

proven to asymptotically attain the capacity of 𝑁𝑟  parallel AWGN channels [40]. [44] 

demonstrates how to construct an MBM-TU using 𝑀𝑟𝑓 = 14𝑅𝐹 mirrors in a dense cylinder 

structure at the centre of which is a dipole transmit antenna element 
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1.2.2 Cooperative Communications  

Wireless users not only send their own data to a common destination, but also repeat the data of 

other users in cooperative communications. Furthermore, the resulting diversity is referred to as 

transmit or receive diversity when several antennas are used just at the transmitting or receiving 

ends. To gain the benefits of broadcast diversity, multiple antennas on the transmitting side are 

required [45]. However, having many antennas at the user terminal in some wireless networks, 

such as mobile communications, is difficult due to the size of the devices utilized or the mobile in 

emerging wireless networks, such as Ad hoc networks. The concept of cooperative 

communications was first offered as a solution to this problem by [46]. Cooperative 

communication is a type of wireless communication in which each user not only sends and receives 

data but also acts as a relay for other users [46-47]. 

Cooperative communications can be thought of as a subset of the relay channel, which consists of 

three nodes: relay, receiver and transmitter. A relay receives a signal from a source and transfer it 

to a destination, such as a repeater. In cooperative communications, on the contrary, the node 

functioning as a relay, it not only forwards the information of other users, but it also has its own 

information to share. Similarly, a source has its own data and serves as a conduit for other users. 

[48] was the first to introduce the relay channel. [49] went on to describe that a relay can assist the 

source in a variety of ways. They also provide capacity results for specific relay channel situations, 
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such as degraded relay channels. Relaying protocols are the methods through which a relay can 

assist a source in sending information reliably to a destination. Following that, numerous separate 

researchers researched on different features of relay channels, such as capacity [50], diversity [51], 

and diversity multiplexing tradeoff [52]. After its initial introduction by [46], [53], cooperative 

communications drew a lot of interest from the research community, and several papers were 

published to demonstrate its possibilities and techniques to attain them [54], [51], [55], [56]. 

1.2.2.1 Network Coding

The concept of network coding allows a node to generate output data by mixing (that is, 

computing certain functions of) its incoming input. The transmission of a combination of data 

collected from many source nodes at the same time slot, on the other hand, enhances the network's 

flow rate [57]. The basic goal of network coding is to make the most efficient use of network 

resources.[58]. Because of the unique properties of the wireless medium, network coding is 

especially advantageous. In a wireless ad hoc network, network coding can be utilized to provide 

the lowest energy-per-bit for multicasting, however the network coding-based solution has only 

polynomial time complexity. The use of network coding as a link layer enhancement strategy is 

another example [59]. The network coding engine on the link layer can opportunistically bundle 

outbound packets to minimize air transfers.  

Routing, which entails having intermediate routers store and forward data, is used to transmit 

information in today's actual communication networks, such as the Internet and wireless networks. 

Nodes generate output data by encoding previously received input data in network coding, which 

is a recent extension of routing. As seen in Figure 1.8, each node in a network can do some 

computations in network coding, whereas in routing, the output messages can only be duplicates 

of the received messages. On the surface, network coding allows information to be "mixed" at a 

node . 

𝑥1 𝑓1(𝑥1, 𝑥2, 𝑥3,𝑥4)

𝑥2

𝑥3

𝑓2(𝑥1, 𝑥2, 𝑥3,𝑥4)

𝑥4

Figure 1.8: Network coding is a notion in which network nodes can compute functions from input 

messages. 
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Network coding has potential advantages over routing in terms of resource efficiency (e.g., 

bandwidth and power), processing efficiency, and network dynamics robustness. [57] showed that 

network coding can increase network throughput and, in the case of multicast, can achieve the 

theoretical maximum data rate. 

We may assume error-free transmissions in wired networks [60], but multi-path fading of signals 

in wireless networks can drastically decrease link quality and cause transmission mistakes. The 

ever-increasing data rate demands in wireless networks with limited resources such as frequency 

spectrum and system power are a problem that can be solved or at least mitigated by employing 

network coding in conjunction with cooperative communication [58].  

Another challenge in wireless channels is interference, which traditional setups attempt to address 

by choosing proper link scheduling, selecting optimal routes, and modifying signal modulation of 

a node and its neighbors (closest nodes), as in the OFDMA technique [61-68]. The effect of 

interference is turned into a benefit via network coding, which makes use of it in terms of 

bandwidth utilization.  

Node A delivers the message mA to the relay R (first time slot) in the traditional setup shown in 

Figure 1.9(a), which forwards it to node B. (second time slot). Similarly, node B sends mB to node 

A via the relay R in two time slots (TS). Both transmissions have a total duration of four TS. In 

the network coding scenario shown in Figure 1.9(b), node A sends mA to R in the first TS, node 

B sends mB to R in the second TS, and then the relay R performs a basic coding operation using 

the exclusive OR (XOR) denoted ⊕ on the received messages mA and mB, broadcasting the result 

𝑚𝑅 = 𝑚𝐴 ⊕ 𝑚𝐵  to both nodes in the third TS. As a result, the total transmission time is three TS 

[58]. 

 

 

                                                                                   A                          1                          R                             3                         B 

                 

  

 

    

                                                                                                            4                                                               2 

 

 

 

 

                                                                                   A                          1                          R                             2                         B 

 

  

 

    

                                                                                                            3                                                               3 

 

 

Figure. 1.9 The relay network (a) Without coding (b) With coding 
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Each node recovers the message transmitted to it by employing the XOR operator to combine the 

received encoded message mR with the message it delivered. As a result, node A recovers mB by 

carrying out the operation mB = mA ⊕ mR = mA ⊕ (mA ⊕ mB ). As a result, we can see that by 

combining a basic XOR coding procedure (network coding) with the advantageous broadcast 

attribute of the wireless medium (cooperation), we may save ¼ of transmission time, implying a 

throughput gain of 4/3, as well as ¼ watts of transmitting power [69-75]. 

1.2.3 Golden Code

Data transmission rate and communication dependability are top priorities in next-generation 

wireless communication technologies. The use of multiple-input multiple-output (MIMO) 

techniques is the key to such progress [76]. However, in MIMO systems, there is a trade-off 

between rate and reliability when it comes to the diversity-multiplexing advantage [77]. The 

Golden code, which is a linear dispersion space-time block code (LD-STBC) that requires two 

transmit antennas [78 - 81], achieves both full rate and full diversity and is employed in the widely 

used WiMAX standard on this point. SIMO (single-input multiple-output) systems have recently 

been examined using the Golden code [82].  

The traditional Golden encoder accepts four complex symbols, 𝑥𝑖, 𝑖 ∈ [1: 4], and creates two pairs

of super-symbols (𝑥2𝑖−1 + 𝑥2𝑖𝜃, 𝑥2𝑖−1 + 𝑥2𝑖�̅�), 𝑖 ∈ [1: 2], 𝜃 𝑎𝑛𝑑 �̅�  are real-valued constants. In

one pair, two super-symbols are rotated by angles 𝜑1 and 𝜑2, whereas in another pair, two super-

symbols are rotated by angles 𝜑1 and 𝜑2 + 90°. Both 𝜑1 and 𝜑2 are precise angles that may be

calculated using product distance requirements for signal space diversity (SSD) systems [83], [84]. 

Independent fading affects the in-phase and quadrature parts of a complex symbol in the SSD 

system, which is accomplished through signal rotation and component interleaving. Component 

interleaving directly between two Golden code super-symbol pairs to achieve SSD can be 

performed and hence improve error performance because the two pairs of super-symbols in the 

Golden code have already been rotated [76]. 

In wireless communications, there is an ever-increasing demand to boost data transfer rates and 

enhance communication dependability. Multiplexing is a data transmission rate enhancement 

technology, while diversity is a communication reliability improvement system [85]. Multiple 

copies of a transmitted signal arriving at the receiver over various channels is used in receive 
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diversity approaches for single-input multiple-output (SIMO) systems. Receiving diversity is 

easily achieved by having multiple independent receive antennas on the receiver [85].  

Another way for achieving diversity is signal space diversity (SSD). [86] Signal diversity is 

produced in SSD systems by broadcasting the rotating multidimensional signal in phase and 

quadrature on an independent fading channel. There is no need for increased bandwidth, broadcast 

power, or receive antennas with SSD systems. The Golden code is a linear dispersion space-time 

block code (LD-STBC) that uses two broadcast antennas and two or more reception antennas [87 

and 88]. The Golden encoder takes four symbols and generates two pairs of super symbols, or 

Golden codewords, which are then sent out in two time slots by two separate transmit antennas. 

Because two transmit antennas send four symbols in two time slots, the Golden code reaches full 

rate.  

Furthermore, the Golden Code encompasses all aspects of diversity. The Golden code might be 

considered one sort of space-time labeling diversity (STLD) based on the principle of diversity in 

space-time labeling. [89] This is due to the fact that each pair of super symbols conveys the same 

information. The IEEE 802.16e WiMAX standard includes a significant application of the Golden 

codes. [90] Trellis-coded modulation and space-time block–coded modulation has also been 

applied to the Golden code. [91-92]. For multiple-input multiple-output (MIMO) systems, the 

Golden code has been proposed in the literature. To the best of the authors' knowledge, the Golden 

code has never been applied to Media-Based Modulation for Single-Input Multiple-Output. The 

bandwidth efficiency of a SIMO system when a pair of super symbols is conveyed in two time 

slots is the same as in a conventional SIMO system. In a SIMO system, however, a pair of super 

symbols broadcast in two time slots provides an additional diversity gain [85].  

1.3 Research Motivation and Contributions 

QSM is a scheme that conveys information by extending its spatial dimension to the in-phase and 

quadrature dimensions [27]. In QSM, the APM symbols are decomposed into its real and 

imaginary components, which are respectively modulated into cosine and sine carriers. Hence, it 

made a single RF chain requirement possible, which is more energy-efficient than GSM and 

exhibits an improved error performance than SM and GSM. 

Also, Media-based modulation (MBM) has been proven as a more efficient technique to achieve 

a high data rate at the cost of low hardware complexity [39]. This is accomplished by utilizing RF 

mirrors to produce various channel fade realizations, classified as mirror activation patterns 
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(MAPs). In MBM, a subset of channel realizations may be chosen from the unique channel 

perturbations. Also, the received constellation size is independent of the transmit power. An 

additional advantage of the MBM scheme is that placement of RF mirrors side-by-side is 

achievable 

Likewise, in MBM-QSM, Single RF chain’s requirement is achieved by modulating the 

decomposed APM symbol into in-phase and quadrature components which are respectively 

transmitted via the sine and cosine carriers [93]. 

Considering the benefits of QSM stated above over SM and conventional MIMO schemes coupled 

with improved error performance, it reveals that QSM exhibits superior error performance and is 

more desirable. Thus, this motivates me to investigate the application of the quadrature dimension 

in the SIMO-MBM scheme similar to conventional QSM scheme termed QSM aided SIMO-MBM 

scheme. 

Furthermore, cooperative relay-based communication systems have shown tremendous promise 

in enhancing wireless link quality, reliability, and spectral efficiency.  This is achieved by 

employing multiple relay nodes (active or passive nodes) as a virtual antenna to re-transmit user 

information [46-47]. Its primary objective is to achieve optimum utilization of network resource 

efficiency, computational efficiency, and robustness to network dynamics 

Hence, two-way DF-QSM aided SIMO-MBM is expected to outperform SIMO-MBM coupled 

with QSM aided SIMO-MBM with reference to error performance. This motivates me to examine 

a novel two-way DF-QSM aided SIMO-MBM. 

Considering MBM achieves a high data rate at a reduced hardware complexity. Therefore, 

incorporating the MBM technique in the GC-SIMO scheme employs only the super-symbol 

orthogonal pairs, i.e., only two symbols as against 4 in [98] in the encoder will achieve a high data 

rate similar to [82], at a reduced hardware complexity. This motivates me to propose media-based 

Golden codeword modulation for SIMO system termed GC-SIMO-MBM.  

This thesis contributions are as follows: 

a) Investigation of RF mirror-based MBM in a SIMO-based QSM system, decomposing the 

APM symbol prior to transmission and employing unique (different) RF mirrors to transmit 

the decomposed APM symbol in a SIMO scheme as compared to SIMO-MBM. 
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b) The theoretical ABEP is formulated for QSM aided SIMO-MBM to be validated by the

simulation results.

c) To further improve QSM aided SIMO-MBM error performance, the impact of MAP selection

based on processing the channel amplitude and antenna correlation to remove the imperfect

channel(s) at each transmission instance is studied on the QSM aided SIMO-MBM scheme.

d) Investigation of the effect of imperfect channel Estimation on the QSM aided SIMO-MBM

scheme.

e) Investigation of the two-way DF-QSM aided SIMO-MBM relaying technique with two source

nodes.

f) Formulation of the theoretical analysis for DF-QSM aided SIMO-MBM and validation of the

results with the Monte Carlo simulation results obtained.

g) Investigation of RF mirror-based MBM in a GC-SIMO system.

h) The theoretical average bit error probability (ABEP) formulation for GC-SIMO-MBM to be

validated by the simulation results obtained.

The research conducted in the course of preparation of this thesis has contributed to three Journal 

Papers. The authors, title, publication status and a brief summary of each article is provided. 

1.3.1 Journal Article 1 

A. J Bamisaye  and T. Quazi  ‘‘Quadrature Spatial Modulation Aided Single-Input Multiple-

Output-Media Based Modulation’’ International Journal of Communication Systems. Vol.34, Iss 

11, 2021; e4883. https://doi.org/10.1002/dac.4883 (Published).

Single-input multiple-output media-based modulation (SIMO-MBM) improves the limitation of 

single-input multiple-output (SIMO) systems by minimizing the required number of antennas to 

achieve a high data rate and enhanced error performance. In this paper, we employ the quadrature 

dimension of the spatial constellation by decomposing the amplitude/phase modulation (APM) 

symbol into real and imaginary components similar to quadrature spatial modulation (QSM) to 

enhance the overall error performance of the conventional SIMO-MBM and to achieve a higher 

data rate. The average bit error probability of the proposed scheme is formulated using a lower 

bound approach and validated by the Monte Carlo simulation (MCS) results obtained. 

Furthermore, the effect of the sub-optimal mirror activation pattern selection using channel 

amplitude coupled with antenna correlation is examined for the proposed system. Also examined, 

is the effect of imperfect Channel Estimation on the proposed scheme. The Monte Carlo simulation 

https://doi.org/10.1002/dac.4883
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results achieved demonstrate a substantial improvement of 3.5dB at 10b/s/Hz with 𝑚𝑟𝑓 = 2 and 

7dB at 12b/s/Hz with 𝑚𝑟𝑓 = 4  over the conventional SIMO-MBM scheme. 

1.3.2 Journal Article 2 

A. J Bamisaye and T. Quazi  ‘‘Two-way Decode and Forward Quadrature Media-based Modulation 

for Single-Input Multiple-Output Scheme’’ International Journal of Communication Systems. 

Vol.35, Iss 11, 2022, e5186. Doi:101002/dac.5186 (published) 

In the proposed system in Journal Article 1, Quadrature spatial modulation aided single-input 

multiple-output media-based modulation (QSM aided SIMO-MBM) improves the spectral 

efficiency, achieves a high data rate, and overall system error performance when compared with 

conventional SIMO media-based modulation (SIMO-MBM) and single-input multiple-output 

(SIMO) schemes. Cooperative Network (CN) involves collaboration among nodes to improve 

wireless network reliability, link quality, and spectral efficiency. This Paper investigates the 

performance of QSM aided SIMO-MBM in Cooperative Network (CN) by employing the decode 

and forward relaying technique, which utilizes two source nodes that simultaneously transmit a 

unique message block on the same time slot to the relay node, the relay node decodes the received 

message block from both transmitting nodes, before re-encoding and re-transmitting the decoded 

message block in the next time slot to the destinations in order to enhance the error performance 

of the QSM aided SIMO-MBM further. Each Node can decode the data of the other Node using 

network coding (NC) techniques.  In NC, data is encoded and decoded to improve network 

throughput, complexity, robustness and lower delays; algebraic algorithms are applied to the 

detected message to accumulate the various transmissions. The theoretical average error 

probability of the proposed scheme was formulated using a lower bound technique, and the Monte 

Carlo simulation (MCS) results obtained validated the result. The MCS results achieved exhibit a 

significant improvement of 8 dB at 6 b/s/Hz for a BER of 10−5 , and 12 dB at 8 b/s/Hz for a BER 

of 10−5over the conventional QSM aided SIMO-MBM scheme. 

1.3.3 Journal Article 3 

A. J Bamisaye  and T. Quazi  ‘‘Application of Golden Code Orthogonal Super-Symbol in Media-

Based Modulation for Single-Input Multiple-Output Schemes’’ Journal of Telecommunications 

and Information Technology.  2/2022, pp 43-48. https://doi.org/10.26636/jtit.2022.158921 

(published). 

https://doi.org/10.26636/jtit.2022.158921
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The media-based modulation (MBM) scheme can achieve significant throughput, increase 

spectrum efficiency, and enhance the performance of bit-error-rate (BER). In this paper, the 

application of MBM, employing radio frequency (RF) mirrors and Golden code, is investigated in 

the single-input multiple-output (GC-SIMO). The purpose is to lessen the system’s hardware 

complexity, maximizing the linear relationship between RF mirrors and the spectral efficiency in 

MBM to obtain a high data rate at a lower hardware complexity. The orthogonal pairs of the super-

symbol in the GC scheme's encoder are employed, transmitted via different RF mirror at a different 

time slot to achieve full rate full diversity. In the results of MCS obtained, at a BER of 10−5, the 

GC-SIMO-MBM exhibits a significant performance of approximately 7dB and 6.5 dB SNR gain 

for 4 b/s/Hz and 6 b/s/Hz, respectively, compared to GC-SIMO. The derived theoretical average 

error probability of the proposed scheme is validated by the results of the Monte Carlo simulation 

1.4  Structure of the Thesis 

The research presented in this thesis has been published in journal article 1, journal article 2 and 

journal article 3 which are presented in chapter 2, chapter 3, and chapter 4 respectively. The 

conclusion and recommendations for future study work are presented in Chapter 5. 
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2.1    Abstract 

Single-input multiple-output media-based modulation (SIMO-MBM) improves the limitation of 

single-input multiple-output (SIMO) systems by minimizing the required number of antennas to 

achieve a high data rate and enhanced error performance. In this paper, we employ the quadrature 

dimension of the spatial constellation by decomposing the amplitude/phase modulation (APM) 

symbol into real and imaginary components similar to quadrature spatial modulation (QSM) to 

improve the overall error performance of the conventional SIMO-MBM and to achieve a higher 

data rate. The average bit error probability of the proposed scheme is formulated using a lower 

bound approach and validated by the Monte Carlo (MC) simulation results obtained. Furthermore, 

the effect of the sub-optimal mirror activation pattern selection using channel amplitude coupled 

with antenna correlation is examined for the proposed system. The Monte Carlo simulation results 

achieved demonstrate a substantial improvement of 3.5dB at 10b/s/Hz with 𝑚𝑟𝑓 = 2 and 7dB at

12b/s/Hz with 𝑚𝑟𝑓 = 4  over the conventional SIMO-MBM scheme. The effect of imperfect

channel estimation on the proposed scheme is investigated, with a trade-off of 2dB in coding gain 

due to channel estimation errors. 
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2.2     Introduction 

Multiple-input multiple-output (MIMO) systems [1] have shown tremendous promise over the 

years as the future of wireless communication regarding improved system performance and high 

transmission capacity [2-4]. However, some significant drawbacks to the practical realization of 

MIMO systems, such as inter-antenna synchronization (IAS) and inter-channel interference (ICI) 

due to multi-active transmit antennas [5,6], are experienced in MIMO systems. 

These drawbacks experienced in MIMO systems are eliminated in spatial modulation (SM) [7-

10]. SM is an innovative MIMO scheme, which requires a single radio frequency (RF) chain. The 

SM system's basic idea is to use both the amplitude/phase modulation (APM) and transmit antenna 

index to convey information. Improvements achieved in SM have spawned a wealth of research 

in MIMO systems [11,12]. 

Achieving a high data rate in SM systems requires a large number of transmit antennas. 

Considering the logarithmic relationship between the total number of transmit antennas and the 

spectral efficiency, this limits its practical implementation due to the hardware cost, leading to the 

investigation of quadrature spatial modulation (QSM) [13]. 

QSM [13] is an SM-based scheme, which extends its spatial constellation to the quadrature 

dimension. The APM constellation symbol is decomposed into real and imaginary components. 

Two transmit antennas are selected based on the input bits; one transmits the decomposed APM 

symbol's real component while the other transmits the imaginary component to the receiver. In 

QSM, ICI and IAS are avoided completely. The decomposed APM symbol is modulated into the 

cosine and sine carriers, respectively [13], enabling the use of a single RF chain similar to SM. 

Thus, it eliminates the setback of SM by employing additional log2 𝑁𝑇 transmit antenna bits to 

relay the second component of the decomposed symbol. In addition, the error performance of QSM 

and optical improved quadrature spatial modulation (OIQSM) are superior to SM and conventional 

MIMO schemes [13-16] due to the full utilization of the transmit diversity in QSM. Recently, 

media-based modulation (MBM) [17] has been introduced in the research community as an 

efficient technique for achieving high data rate with a lower cost in terms of hardware complexity. 

MBM employs the linear relationship between the number of RF mirrors and the achieved spectral 

efficiency to reduce the imposed hardware complexity compared to SM and QSM.  This is 

achieved by employing RF mirrors to create different channel fade realizations, known as mirror 

activation patterns (MAPs) [17]. 
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Also, in MBM [18], a subset of channel realizations may be selected from the distinct channel 

perturbations that result in superior error performance. The received constellation size is 

independent of the transmit power. Hence, a substantial increase in spectral efficiency is easily 

realizable. Likewise, transmit antennas in SM systems must have a minimum distance between 

them to achieve an independent fading, while RF mirrors can be positioned alongside each other.  

In [17,18], MBM was proposed for generalized SM (MBM-GSM) and quadrature SM (MBM-

QSM), respectively. The MBM-GSM scheme [17] employs the conventional GSM scheme, 

utilizing the transmit antenna combination to activate two transmit units at every transmission 

instant with the spatial dimension to convey information similar to [7]. In the MBM-SM scheme, 

the APM symbol is not decomposed and an additional 𝑚𝑟𝑓 bits is employed to activate a single 

RF mirror in one transmit units, which is employed for transmission. However, in the MBM-GSM 

scheme, the additional 2𝑚𝑟𝑓 bits employed activates two RF mirrors, each in a unique transmit 

unit, i.e. two transmit units coupled with two RF mirrors are employed in total for transmission. 

Similarly, in MBM-QSM [18], the decomposed APM symbol is modulated into in-phase and 

quadrature components transmitted via the sine and cosine carriers, respectively. Therefore, 

achieving the requirement of a single RF chain. However, MBM-GSM requires multiple RF 

chains. In the MBM-QSM scheme, an additional 2𝑚𝑟𝑓 bits are employed to activate two RF 

mirrors, each in a unique transmit unit provided the transmit antenna indices are different. 

However, if the transmit antenna indices are the same, a single transmit unit is employed with a 

larger number of RF mirrors available within the transmit unit, employing only a single RF mirror. 

In [19], a single-input multiple-output-MBM (SIMO-MBM) system was investigated to achieve a 

high data rate at lower hardware cost than SM and the conventional SIMO schemes. SIMO-MBM 

employs the linear relationship between the number of RF mirrors (𝑚𝑟𝑓) to achieve high data rate 

with few numbers of transmit antennas. Considering an example of an SM system with four 

transmits antennas coupled with 4-QAM, which will yield 4 b/s/Hz. However, SIMO-MBM with 

one transmit antenna, 4 RF mirrors and 4-QAM, will generate 6 b/s/Hz. Therefore, SIMO-MBM 

is more desirable than SM in terms of data rate. In the SIMO-MBM scheme, the APM symbol is 

not decomposed and an additional 𝑚𝑟𝑓 bits is employed to activate a single RF mirror in the only 

available transmit units (as only one is available in SIMO schemes), which is employed for 

transmission. Considering the benefits of QSM stated earlier over SM and conventional MIMO 

schemes coupled with improved error performance, it reveals that QSM exhibits superior error 

performance and is more desirable. Thus, this motivates us to investigate the application of the 



36 

 

quadrature dimension in the SIMO-MBM scheme similar to conventional QSM scheme termed 

QSM aided SIMO-MBM scheme. 

Furthermore, transmit antenna selection is an efficient technique to improve the error performance 

of index modulation schemes [20, 21]. The most efficient transmit antenna selection mostly used 

in index modulation schemes are the Euclidean distance antenna selection technique, norm-based 

transmit antenna selection technique, and norm-correlation-based transmit antenna selection 

technique. In [22], the transmit antenna selection method was utilized to enhance the system's 

reliability, based on maximizing the minimum Euclidean distance between transmission vectors. 

Also, in [23, 24], a sub-optimal transmit antenna selection algorithm is employed to maximize the 

channel amplitude and minimize the antenna correlation, reducing computational complexity 

(CC). However, applying a Euclidean distance-based antenna selection (EDAS) to the proposed 

scheme, it imposes a very high CC and demands an excessive amount of memory. Hence, limiting 

practical implementation. Considering an example of a system configuration with 𝑚𝑟𝑓 = 5, i.e. 

𝑁𝑚 = 25 = 32. Therefore, for each transmission interval, the EDAS technique requires 

2 × 25 floating points of operations and additional (
32
4

) enumerations to find the optimal 4 MAPs 

required at every transmission interval. These enumerations require storage for comparison 

purposes. Hence, the EDAS MAP selection technique for the proposed scheme is both 

computationally expensive and memory intensive.  

This paper's contributions are as follows: a) we investigate RF mirror-based MBM in a SIMO-

based QSM system, decomposing the APM symbol prior to transmission and employing unique 

(different) RF mirrors to transmit the decomposed APM symbol in a SIMO scheme as compared 

to SIMO-MBM [19]. b) The theoretical average bit error probability (ABEP) is formulated for the 

proposed scheme (QSM aided SIMO-MBM) to be validated by the simulation results. c) To further 

improve the proposed scheme's error performance, the impact of MAP selection based on 

processing the channel amplitude and antenna correlation to remove the imperfect channel(s) at 

each transmission instance is studied on the proposed scheme. The optimal transmit antenna 

selection (Euclidean distance-based transmit antenna selection EDAS) is not considered in this 

paper. The application of EDAS requires high memory and imposes high computational 

complexity (CC), limiting practical implementation. 

The structure of the remainder of the paper is as follows. In Section 2, the proposed QSM aided 

SIMO-MBM system model is described. Analysis of the proposed scheme is presented in Section 

3. In Section 4, the effect of transmit antenna selection is examined.  Performance analysis in terms 
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of error rate achieved for the proposed scheme and conclusions are presented in sections 5 and 6, 

respectively. 

Notation: Bold italic lowercase/uppercase symbols indicate vectors/matrices, while the scalar 

quantities are represented by regular letters. ‖⋅‖𝐹 represents Frobenius norm, 𝑄(∙) signifies the 

Gaussian Q-function,  𝐸{∙} is the expectation operator, argmin
𝑤

(∙)/argmax
𝑤

(∙) depicts the minimum 

or maximum value of an argument with respect to 𝑤, while 𝑅{∙} and  𝑖  portrays the real and 

complex number, respectively. 

2.3     The System Model of QSM Aided SIMO-MBM 

In this section, we first introduce the system model of QSM; after that, the proposed scheme's 

system model is presented. 

2.3.1 The System Model of QSM 

QSM achieves a spectral efficiency   𝑚 of log2𝑀𝑁𝑇
2 b/s/Hz. [13], where 𝑀 represent the 

modulation order and 𝑁𝑇  the number of transmit antennas. In QSM, the APM symbol  𝑥𝑞 is 

decomposed into real and imaginary components and mapped into the log2𝑀 bits. The transmit 

antenna required to transmit the real part of the modulated symbol is activated by log2 𝑁𝑇, while 

an additional log2𝑁𝑇  bits activate the second transmit antenna required to transmit the imaginary 

component.  

An example of a QSM scheme with 2 transmit antennas and 4-QAM APM symbol yields 4 b/s/Hz. 

The first two bits modulate the 4-QAM symbol 𝑥𝑞, the third bit activates the transmit antenna 

index ℓ𝑅 and the fourth bit activates the second transmit antenna index ℓ𝐼, which are used to 

transmit the real and imaginary components of the decomposed APM symbol and modulated in 

sine and cosine carriers, respectively. 

The decomposed symbol  𝑥𝑞 is transmitted via a channel 𝑯 with additive white gaussian noise 

(AWGN) 𝒏 and 𝐶𝑁(0,1) distribution. Thus, the received vector 𝒚 becomes:  

𝒚 = 𝒉ℓ𝑅
𝑥𝑅𝑒

𝑞
+ 𝑖𝒉ℓ𝐼

𝑥𝐼𝑚
𝑞

+ 𝒏 (2.1) 

where 𝑥𝑞 = 𝑥𝑅𝑒
𝑞

+ 𝑖𝑥𝐼𝑚
𝑞

, ℓ𝑅 and ℓ𝐼 is the corresponding transmit antenna employed to transmit the 

decomposed symbol.  
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2.3.2 System Model for the Proposed Scheme 

The system model of the proposed QSM aided SIMO-MBM scheme is illustrated in Figure 2.1. A 

single transmit antenna with 𝑚𝑟𝑓 RF mirrors located around the transmit antenna and 𝑁𝑅 receive 

antennas are assumed.   

 

Figure 2.1 System model of the proposed QSM aided SIMO-MBM scheme. 

The spectral efficiency of the proposed QSM aided SIMO-MBM is presented as 𝑚 = log2(𝑀) +

2𝑚𝑟𝑓 b/s/Hz, where  𝑀, 𝑁𝑇 , and 𝑚𝑟𝑓 denotes the APM constellation size, total number of transmit 

antennas, and RF mirrors, respectively. 

Considering the example of a system with the following settings: 𝑀 = 4, 𝑁𝑇 = 1, and 𝑚𝑟𝑓 = 2, 

i.e. 𝑁𝑚 = 2𝑚𝑟𝑓 = 4. It produces a spectral efficiency of 6 b/s/Hz. Consequently, each transmitting 

unit's unique MAP indices are used in activating the RF mirrors, which will send the decomposed 

modulated symbol. 

The modulated symbol is transmitted via the channel 𝑯𝑗 = [𝒉1 𝒉2 ⋯𝒉𝑁𝑚
], 𝑗 ∈ [1: 𝑁𝑚],  which  is 

independent and identically distributed (i.i.d) as 𝐶𝑁(0, 1) with 𝑁𝑅  ×  𝑁𝑚 dimension with additive 

white Gaussian noise (AWGN) 𝒏 of dimension 𝑁𝑅  ×  1.  Therefore, the 𝑁𝑅  ×  1 received signal 

vector 𝒚 can be written as: 

𝒚 = √𝜌( 𝑯𝑗𝒆ℓ𝑅
𝑥𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼

𝑥𝐼𝑚
𝑞

) + 𝒏 (2.2) 

where 𝜌 represent the signal-to-noise ratio (SNR), 𝑥𝑞 = 𝑥𝑅𝑒
𝑞

+ 𝑖𝑥𝐼𝑚
𝑞

, 𝑞 ∈ [1:𝑀] signifies the APM 

symbol,  ℓ𝑅 and ℓ𝐼 is the corresponding active RF mirror employed to transmit the decomposed 

symbol, 𝒆ℓ𝑅
 and 𝒆ℓ𝐼

 is an 𝑁𝑚 ×  1 vector with ℓ𝑡ℎ the non-zero position equivalent to the selected 

MAP, set to unity.  

Table 2.1 shows an example of the mapping process, the input bits [1 0 1 0 0 0 ] are partitioned 

into three segments; one segment modulates the APM symbol [1 0] based on log2 𝑀, the next 

segment [1 0] selects the RF mirror to transmit the real component of the APM symbol, while the 

third segment [0 0] chooses the second RF mirror to be utilized in transmitting the imaginary part 

of the decomposed APM symbol, each based on 𝑚𝑟𝑓. 

Transmitter

Channel 

Information

Input 

bits

1

Feedback Link

H

Adaptive Unit

Receiver
Output 

bits

.

.

.

Transmission 

Candidate 

Selection

NR

rfm  RF mirrors
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2.4    Maximum Likelihood (ML) Detector 

Maximum Likelihood (ML) detector detects optimally the received signal 𝒚, which explores 𝑀 

constellation points' entire signal space, all possible transmit antenna index combinations, and 

MAP indices. The ML detector can be described as [17]: 

[ℓ̂, 𝑗̂, 𝑥
�̂�𝑒
𝑞

, 𝑥
𝐼𝑚
𝑞

 ] = argmin
𝑞∈[1:𝑀]

ℓ∈[1:𝑁𝑚]

(‖𝒚 − √𝜌( 𝑯𝑗𝒆ℓ𝑅
𝑥𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼

𝑥𝐼𝑚
𝑞

)‖
𝐹

2
) 

(2.3) 

Table 2.1 illustrates the mapping procedure for the QSM aided SIMO-MBM scheme.  

Table 2.1: Mapping process for the QSM aided SIMO-MBM system using 4-QAM 

Configuration 
Input bits 

𝐦 = 𝐥𝐨𝐠𝟐(𝑴) + 𝟐𝒎𝒓𝒇 

Symbol 

bits 

𝐥𝐨𝐠𝟐 𝑴 

bits 

MAP index 

𝒎𝒓𝒇 bits 

MAP index 

𝒎𝒓𝒇 bits 

  
log2 𝑀 

bits 

𝑚𝑟𝑓 bits 

𝑚𝑟𝑓 = 2 

𝑚𝑟𝑓 bits 

𝑚𝑟𝑓 = 2 

 

𝑴 = 𝟒 

𝑵𝑻 = 𝟏 

𝑵𝑹 = 𝟒 

 

1 0 1 0 0 0  

 

[1 0] 

𝑥𝑞

= 1 + 1𝑖 

 

    [1 0] 

𝑒ℓ𝑅

= [0 1 0 0]𝑇 

     [0 0] 

𝑒ℓ𝐼

= [1 0 0 0]𝑇 

 

𝑴 = 𝟒 

𝑵𝑻 = 𝟏 

𝑵𝑹 = 𝟒 

 

1 1 0 1 1 1 

 

[1 1] 

𝑥𝑞

= 1 − 1𝑖 

 

    [0 1] 

𝑒ℓ𝑅

= [0 0 1 0]𝑇 

     [1 1] 

𝑒ℓ𝐼

= [0 0 0 1]𝑇 
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2.5     Average BER Analysis for the Proposed Scheme  

The average BER analysis for the proposed QSM aided SIMO-MBM scheme is based on the 

average BER analysis for SIMO-MBM in [19], with minor adjustments to formulate the theoretical 

bound for the proposed system. The average BER is given as: 

𝑃𝑒 ≥ 1 − ((1 − 𝑃𝑎)(1 − 𝑃𝑏)) 

= 𝑃𝑎 + 𝑃𝑏 − 𝑃𝑎𝑃𝑏 
(2.4) 

where 𝑃𝑒  is sectioned into two; 𝑃𝑎 being the bit error probability of the antenna index estimation 

provided the APM symbol is correctly detected, while 𝑃𝑏 the bit error probability of the estimated 

symbol provided the antenna index is correctly detected.  

For the proposed scheme, the system is considered as if a single antenna was utilized, like SM. 

Yet, the antenna error requires adjustment since multiple transmit antennas convey the APM 

symbol. Based on active antennas, the error is modified as 𝑃𝑎 = 𝑚𝑟𝑓𝑃𝑎 using an average SNR 
𝜌

4
.  

Thus, utilizing a union bound on PEP, 𝑃𝑎 can be computed as [19]:  

   𝑃𝑎 ≤ ∑ ∑∑
𝑁(𝑗, 𝑗̂)𝜇𝑁𝑅 ∑ (

𝑁𝑅 − 1 + 𝑘
𝑘

) [1 − 𝜇]𝑘𝑁𝑅−1
𝑘=0

𝑁𝑚𝑀

𝑁𝑚

𝑗=1

𝑁𝑚

�̂�=1

𝑀

𝑞=1

 (2.5) 

where 𝜇 =
1

2
(1 − √

𝛾

𝛾+1
 ), 𝑁(𝑗, 𝑗̂) is the number of bit errors between the transmit antenna 𝑗 and 

the estimated transmit antenna 𝑗̂. 𝛾 =
𝜌

2
|𝑥𝑞|2. 

Employing square 𝑀-QAM, 𝑃𝑏 is computed similar to [8] and [22] as: 

𝑃𝑏 =
1

log2𝑀
(
𝑎

𝑐
[
1

2
(

2

𝑏𝜌 + 2
)
𝑁𝑅

−
𝑎

2
(

1

𝑏𝜌 + 1
)
𝑁𝑅

+ (1

− 𝑎) ∑ (
2sin2𝜃

𝑏𝜌 + 2sin2𝜃
)

𝑁𝑅

+ ∑ (
2sin2𝜃

𝑏𝜌 + 2sin2𝜃
)

𝑁𝑅2𝑐−1

𝑖=𝑐

𝑐−1

𝑖=1

]) 

(2.6) 

 

where 𝑎 = 1 −
1

√𝑀
, 𝑏 =

3

𝑀−1
, 𝜃 =

𝑖𝜋

4𝑐
 and 𝑐 is the number of summations 𝑐 > 10, for convergence 

of the trapezoidal approximation of the Q-function [22].  
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2.6     MAP Selection for QSM Aided SIMO-MBM System 

Like Fig. 1, a system model with 𝑎 transmit antennas surrounded with 𝑀𝑟𝑓 RF mirrors, 𝑀𝑟𝑓 >

𝑚𝑟𝑓, which creates 𝑁𝑚𝑇𝑜𝑡𝑎𝑙
= 2𝑀𝑟𝑓  distinct MAPs. However, the required MAPs is only 

2𝑚𝑟𝑓  MAPs out of the total 2𝑀𝑟𝑓  at every transmission interval. Employing the channel knowledge 

at the receiver, a MAP selection algorithm is used in selecting 2𝑚𝑟𝑓  MAPs out of 2𝑀𝑟𝑓  MAPs. The 

index of the selected MAPs is sent to the transmitter via a perfect feedback link for the next 

transmission.  

For the proposed scheme, we study the impact of sub-optimal MAP selection algorithms by 

employing the following techniques 

a) MAP selection based on channel amplitude (norm-based). 

b) MAP selection based on channel amplitude and antenna correlation. 

Since the CC and memory requirements of 𝑚𝑟𝑓 > 4 are incredibly high when applied to the 

proposed scheme, which makes the approach impracticable. 𝑚𝑟𝑓 = 4 are examined for all MAP 

selection algorithm studied in this paper. 

 

2.6.1     Norm-based MAP selection 

This section investigates the impact of maximizing the channel amplitude based on the channel 

that shows the highest energy. The channel vectors are arranged in ascending order such that the 

channel corresponding to each transmit antenna set with the highest power is utilized for the next 

transmission interval, such that: 

‖𝒉1‖𝐹
2 ≥ ‖𝒉2‖𝐹

2 ≥ ⋯ ≥ ‖𝒉𝑁𝑚
‖

𝐹

2
≥ ⋯ ≥ ‖𝒉𝑁𝑚𝑇

‖
𝐹

2
 (2.7) 

The selected 𝑁𝑚 MAPs are then utilized in the subsequent transmission interval. 

2.6.2    Channel amplitude and antenna correlation MAP selection 

[23] investigated a low-complexity antenna sub-optimal technique for the SM system, 

demonstrating a low CC compared to the EDAS approach of [25]. 
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The combination of channel amplitude and antenna correlation is utilized, discarding transmit 

antennas based on low amplitude and high correlation similar to [23], [26]. An algorithm based on 

the channel amplitude and antenna correlation as applied to QSM aided SIMO-MBM is as follows: 

Algorithm 1 

Step 1: Construct an 𝑁𝑅 × 𝑁𝑚𝑇𝑜𝑡𝑎𝑙 channel matrix, where 𝑁𝑚𝑇𝑜𝑡𝑎𝑙
> 𝑁𝑚: 

𝑯 = [𝒉1 𝒉2
⋯ 𝒉𝑁𝑚𝑇𝑜𝑡𝑎𝑙

] (2.8) 

Step 2: Sort the vectors in (8) by computing the vector norm and arrange them in ascending order.  

Step 3: Select the first 𝑁𝑚 + 1 vectors from the sorted vector, to form the matrix 𝑯: 

𝑯 = [𝒉1 𝒉2 … 𝒉𝑁𝑚+1] (2.9) 

Step 4: Compute the angle of correlation [15, 16] for all possible pairs of the MAP combinations 

(𝒉𝑘1
, 𝒉𝑘2

): 

𝜃 = arccos (
|𝒉𝑘1

𝐻𝒉𝑘2
|

‖𝒉𝑘1
‖

𝐹
‖𝒉𝑘2

‖
𝐹

) (2.10) 

where  (𝑁𝑚+1
2

)  represent the number of combinations 

Step 5: Select the channel gain vector corresponding to the largest correlation (smallest angle) and 

remove the channel gain vector with the smallest vector norm.  

The selected channel vector is then conveyed to the transmitter through the perfect feedback link 

and utilized in the next transmission interval. 

2.7 Effect of Imperfect Channel Estimation (IChE) on the Proposed 

Scheme 

Most previous performance analyses of coherent diversity systems assume that the receiver has 

perfect knowledge of the fading channels. However, effect of Imperfect Channel Estimation is 

applied to the proposed scheme by taking into consideration the statistics of channel estimation 

errors [27]. 

The error probability performance with the repetition code can serve as a lower bound for systems 

employing spectral-efficient precoding schemes [28]. After precoding, equally-spaced pilots are 

inserted among the data symbols. 
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There is always a non-negligible loss in performance in terms of the error probability due to 

channel estimation errors. This performance loss can be quantified in term of the loss in coding 

gain. For the high mobility system with imperfect CSI, the coding gain can be defined as [29] 

                                 

  𝐶 = lim
𝛾0→∞
𝑁→∞

(𝐸)
−1
𝐷0

𝛾0
                                                                                    (2.11) 

  

where 𝐷0 = 𝑁𝑇𝑝𝐷 is the diversity order of the high mobility system. Equivalently, the coding 

gain can be represented in the log domain as [29]: 

log 𝐶 = lim
𝛾0→∞
𝑁→∞

[
1

𝑁𝑇𝑝𝐷
log 𝑃(𝐸) + log 𝛾0]                                          (2.12) 

where 𝑇𝑝 = 1
𝑅𝑝

⁄  is the space between two consecutive pilot symbols. Thus𝑅 𝑝, the number of 

pilots per unit time. The coding gain in (2.12) is lower bounded by log 𝐶 ≥ log 𝐶𝐿, where 

log 𝐶𝐿 = 1 − log(2𝜋𝑓𝐷𝑇𝑝) + 2 log (sin
𝜋

𝑀
) − log [

(𝐾 + 𝑏)(𝑏 + 1)

𝐾𝑏
]              (2.13)  

The loss in coding gain due to channel estimation can be quantified as [29] 

𝛾𝐿𝑜𝑠𝑠(𝑑𝐵) = 10 log10 𝐶𝐿
𝑖 − 10 log10 𝐶𝐿 

= 10 log10 [
(𝐾 + 𝑏)(𝑏 + 1)

𝐾𝑏
]                                                    (2.14) 

The coding gain loss represents the extra SNR required by a system with imperfect Channel State 

Information (CSI) to achieve the same performance as its perfect CSI counterpart, when both 

systems have the same diversity gain. In addition, the coding gain loss is strictly greater than 0 dB. 

The coding gain loss can be further decomposed into two components as 

𝛾𝐿𝑜𝑠𝑠(𝑑𝐵) = 10 log10 (1 +
𝑏

𝐾
) + 10 log10 (1 +

1

𝑏
)                           (2.15) 

The first term, 10 log10 (1 +
𝑏

𝐾
), is the loss caused by the extra energy allocated for pilot symbols 

in systems with imperfect CSI. Therefore it increases in 𝑏, which is the ratio between the energy 

allocated for pilot and coded symbols, respectively. The second term, 10 log10 (1 +
1

𝑏
)     is due 
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to channel estimation error, and it decreases in 𝑏 because a larger 𝑏 means more energy for pilots 

thus more accurate channel estimations. 

Under a fixed K, the optimum 𝑏 that can minimize the coding gain loss is [29] 

𝛾𝐿𝑜𝑠𝑠(𝑑𝐵) = 20 log10 (1 +
1

√𝐾
)𝑑𝐵                                       (2.16) 

2.8    Numerical Analysis and Discussion 

This section presents the MC simulation results achieved for the proposed scheme. A Flat-fading 

Rayleigh channel is assumed. Likewise, the average BER versus SNR in dB is considered, and the 

ML detection technique is employed. A system configuration setting of 4 receive antennas with 4-

QAM, 16-QAM, and 64-QAM is utilized, coupled with 2 and 4 RF mirrors. 

 

2.8.1    Average BER performance of the QSM aided SIMO-MBM 

scheme 

The system performance of the proposed scheme is presented in this section. The theoretical 

ABER results formulated above is also shown in this section. Figure 2.2 shows the MC simulation 

results obtained for the proposed scheme coupled with the theoretical ABER. In each setting, 

unique MAP indices are utilized to activate the required RF mirrors. The MC simulation results 

achieved show a tight fit in the higher SNR region with the average theoretical result (2.6) obtained 

validating the theoretical expression. 
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Figure 2.2 BER performance of QSM aided SIMO-MBM. 

In Figure 2.3 and 2.4, the system configurations with 𝑚𝑟𝑓 = 2 and 𝑚𝑟𝑓 = 4 are 

considered, respectively. i.e., taking QSM aided SIMO-MBM with two and four RF mirrors as 

the reference point to compute the SNR gain obtained is presented in Table 2.2 and Table 2.3, 

respectively. 

From the MC simulation results achieved, it is apparent that utilizing the quadrature dimension of 

the spatial constellation improves the scheme's system performance. At a BER of 10−5, an SNR 

gain of approximately 3.5 dB is achieved when compared to the SIMO-MBM [19]  with 6 b/s/Hz 

coupled with 2.5 dB SNR gain when compared to the SIMO-MBM [19]   with 8 b/s/Hz and 3.5 

dB SNR gain when compared to the SIMO-MBM [19]  with 10 b/s/Hz, with two RF mirrors, i.e. 

𝑚𝑟𝑓 = 2, respectively. Thus, this is achieved by maximizing the system's transmit diversity via 

employing the quadrature dimension of the APM symbol. 
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Likewise, in Figure 2.5, an SNR gain of approximately 6.5 dB is achieved when compared to the 

SIMO-MBM of [19] with 10 b/s/Hz and 7dB SNR gain when compared to the SIMO-MBM [19] 

with 12 b/s/Hz, with four RF mirrors, i.e. 𝑚𝑟𝑓 = 4, respectively.  

 

 

 

Figure 2.3 BER performance comparison of QSM aided SIMO-MBM (𝑚𝑟𝑓 = 2) for 6, 8 and 10 b/s/Hz, 

respectively 
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Figure 2.4 BER performance comparison of QSM aided SIMO-MBM (𝑚𝑟𝑓 = 4) for 10 b/s/Hz and 12 

b/s/Hz, respectively. 

 

Table 2.2: SNR gain (dB) obtained for the QSM aided SIMO-MBM with 𝑚𝑟𝑓 = 2 

Systems (b/s/Hz)      6  8  10  

QSM aided SIMO-MBM         3.5 dB   2.5 dB 3.5 dB 

 

Table 2.3: SNR gain (dB) achieved for the QSM aided SIMO-MBM with 𝑚𝑟𝑓 = 4 

Systems (b/s/Hz) 10  12  

QSM aided SIMO-MBM  6.5 dB 

 

7dB 

 

In Figure 2.5, the performance comparison between the proposed scheme (QSM aided SIMO-

MBM) with different configuration settings (𝑚𝑟𝑓 = 2 and 𝑚𝑟𝑓 = 4) are considered, respectively. 
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The MC simulation results revealed that the configuration settings with 𝑚𝑟𝑓 = 2 exhibits an 

improved system performance compared with its counterparts. The proposed system equipped 

with 𝑚𝑟𝑓 = 2  outperforms its counterpart equipped with 𝑚𝑟𝑓 = 4 by an SNR gain of 

approximately 3dB for 4-QAM, 2dB for 16-QAM and 1dB for 64-QAM, respectively.  

 

 

Figure 2.5 BER performance comparison of QSM aided SIMO-MBM for 𝑚𝑟𝑓 = 2 and 𝑚𝑟𝑓 = 4, 

respectively. 

2.8.2    Average BER performance of QSM aided SIMO-MBM scheme 

with MAP selection 

Figure 2.6 shows the MC simulation results for the QSM aided SIMO-MBM scheme equipped 

with the MAP selection algorithm. In this algorithm, we considered 𝑚𝑟𝑓 = 2 and 𝑀𝑟𝑓 = 4 with 

spectral efficiency of 6 and 8 b/s/Hz, respectively. The norm-correlation antenna selection 

technique is considered due to its less impose complexity and less memory requirement with a 
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considerable error performance where the norm-based antenna selection technique is used as a 

benchmark. 

Considering a similar example mentioned above with 𝑚𝑟𝑓 = 5, i.e. 𝑁𝑚 = 25 = 32 at each

transmission interval the sub-optimal technique requires 25 floating points of operations as against

2 × 25 in the case of EDAS and requires additional (
32
2

) enumerations as against (
32
4

) In EDAS, 

finding the optimal MAPs required at every transmission interval and the enumerations do not 

need storage as it just a selector. Hence, this imposes a less CC as compared to EDAS. 

The performance comparison between the conventional SIMO-MBM and QSM aided SIMO-

MBM with the MAP selection algorithm is shown in Figure 2.6. The MC simulation results 

obtained for the QSM aided SIMO-MBM scheme with the MAP selection algorithm exhibit better 

performance than the conventional SIMO-MBM system. However, QSM aided SIMO-MBM with 

the MAP selection algorithm based on antenna norm-correlation outperforms every other scheme 

considered with approximately 4dB and 5.5dB with respect to conventional QSM aided SIMO-

MBM and SIMO-MBM, respectively. This is due to the maximization of the MAPs amplitude and 

the minimization of the correlations between the MAPs. 

The performance improvement between the two sub-optimal techniques considered (norm 

correlation MAP selection and norm MAP selection) is approximately 0.5dB SNR gain, which is 

small. This is due to the antenna correlation between the available MAPs that has already been 

maximized during the mapping process to fully maximize the transmit diversity before introducing 

the MAP selection technique. 

Similarly, QSM aided SIMO-MBM with norm MAP selection algorithm outperforms the 

conventional SIMO-MBM scheme.  
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Figure 2.6 BER performance comparison of SIMO-MBM, (a) QSM aided SIMO-MBM with MAP 

algorithm for 6 b/s/Hz and (b) QSM aided SIMO-MBM with MAP algorithm for 8 b/s/Hz. 

 

  2.8.3 Average BER performance of QSM aided SIMO-MBM scheme 

with imperfect channel Estimation (IChE). 

The analytical results are obtained by analyzing and quantifying the impacts of channel estimation 

errors on the system performance. 

Figure 2.7 illustrates the loss in coding gain due to channel estimation errors. The parameters are 

𝑁𝑅= 4, M=4, 16, 64 and fixed K = 15. The BER curves with perfect and imperfect CSI have the 

same slope, which indicates that they have the same diversity order. The space between the BER 

curves with perfect and imperfect CSI corresponds to the loss in coding gain. Based on (2.16), the 

coding gain loss is 20 log10 (1 +
1

√𝐾
) 𝑑𝐵 = 1.99. This result is verified in Figure 2.7. For 

example, at BER = 10−5 the required SNRs for system with imperfect and perfect CSI are 18dB 

and 20dB, 23.5dB and 25.5dB, and 28.5dB and 30.5dB for QSM-SIMO-MBM 4-QAM, QSM-

SIMO-MBM 16-QAM and QSM-SIMO-MBM 64-QAM, respectively, which corresponds to a 

loss of 2.0dB.  
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                Figure 2.7 : Effect of Perfect/Imperfect Channel Estimate on QSM-SIMO-MBM scheme 

2.9    Conclusion 

In this paper, the application of quadrature dimension of the spatial constellation was investigated 

in a media-based modulation SIMO scheme. This is to improve the spectral efficiency of the 

scheme's coupled with improving the overall error performance of the system. The MC simulation 

results obtained revealed the improvement of 3.5dB, 2.5dB and 3.5dB at 6b/s/Hz, 8b/s/Hz and 

10b/s/Hz, respectively with 𝑚𝑟𝑓 = 2. Likewise, an improvement of 6.5dB and 7dB at 10b/s/Hz 

and 12b/s/Hz, respectively was revealed with 𝑚𝑟𝑓 = 4  over the conventional SIMO-MBM of 

[11]. In addition, the effect of sub-optimal MAP selection algorithm was investigated in the 

proposed scheme employing the channel amplitude coupled with antenna correlation to select the 

best channel for transmission at every transmission instant. The MC simulation results show that 

the MAP selection algorithm further improves the proposed scheme's error performance, with the 

norm-correlation scheme being superior.  The effect of imperfect channels was examined on the 

proposed scheme with the trade-off of 2dB in coding gain due to channel estimation errors which 
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further validate the novelty of the scheme. The error performance of QSM-MBM-SIMO 

methods based on large intelligent surfaces (LIS) can be investigated. Additionally, there 

are still unresolved research questions regarding the performance evolution of LIS-

assisted Index Modulation with erroneous phase estimate at various fading channels. 
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3.1    Abstract 

 The recently proposed Quadrature spatial modulation aided single-input multiple-output media-

based modulation (QSM aided SIMO-MBM) improves the spectral efficiency, achieves a high 

data rate, and overall system error performance when compared with conventional single-input 

multiple-output media-based modulation (SIMO-MBM) and single-input multiple-output (SIMO) 

schemes. Cooperative Network (CN) involves collaboration among nodes to improve wireless 

network reliability, link quality, and spectral efficiency. This Paper investigates the performance 

of QSM aided SIMO-MBM in Cooperative Network (CN) by employing the decode and forward 

relaying technique, which utilizes two source nodes that simultaneously transmit a unique message 

block on the same time slot to the relay node, the relay node decodes the received message block 

from both transmitting nodes, before re-encoding and re-transmitting the decoded message block 

in the next time slot to the destinations in order to enhance the error performance of the QSM aided 

SIMO-MBM further. Each Node can decode the data of the other Node using network coding 

(NC) techniques.  In NC, data is encoded and decoded to improve network throughput, complexity, 

robustness and lower delays; algebraic algorithms are applied to the detected message to 

accumulate the various transmissions. The theoretical average error probability of the proposed 

scheme was formulated using a lower bound technique, and the Monte Carlo simulation (MCS) 

results obtained validated the result. The MCS results achieved exhibit a significant improvement 

of 8 dB at 6 b/s/Hz for a BER of 10−5 , and 12 dB at 8 b/s/Hz for a BER of 10−5over the 

conventional QSM aided SIMO-MBM scheme. Consequently, the obtained results show that the 

system configuration with m 𝑚𝑟𝑓 = 2 outperforms the system configuration with m 𝑚𝑟𝑓 = 4 for 

the proposed scheme. 
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3.2     Introduction 

The demand for high-capacity transmission and effective link reliability in wireless 

communication has grown tremendously, and MIMO (multiple input multiple output) 

technologies have shown a lot of promise in terms of meeting this requirement.[1]. This has 

encouraged tremendous research in MIMO schemes [2-7].  

An innovative form of MIMO scheme to consider is spatial modulation (SM) [2], which increases 

the energy efficiency [6-10] and improves the drawback of conventional MIMO schemes with the 

requirement of a single RF chain per transmission interval. However, SM still requires many 

transmit antennas to accomplish a high data rate limiting its practical implementation with 

reference to complexity. This brings about the introduction of generalized spatial modulation 

(GSM) [3]. 

GSM is an SM-based scheme that map bits of information to the index of a transmit antenna 

combination, allowing two transmit antennas to be employed at every transmission instant. This 

reduces the number of required antennas for transmission. Nevertheless, the GSM system 

performance is reduced when compared to SM due to average power effect [3]. This led to the 

introduction of quadrature spatial modulation (QSM) [5]. 

QSM is another form of innovative MIMO scheme, which conveys additional information by 

extending its spatial dimension to the in-phase and quadrature dimensions. In QSM, the APM 

symbols are decomposed into its real and imaginary components, which are respectively 

modulated into cosine and sine carriers. Hence, it made a single RF chain requirement possible, 

which is more energy-efficient than GSM and exhibits an improved error performance than SM 

and GSM [3,4], [11-17]. 

Media-based modulation (MBM) [18] has been proven as a more efficient technique to achieve a 

high data rate at the cost of low hardware complexity. This is accomplished by utilizing RF mirrors 

to produce various channel fade realizations, classified as mirror activation patterns (MAPs) [18].  

Similarly, in MBM [10], a subset of channel realizations may be chosen from the unique channel 

perturbations. Also, the received constellation size is independent of the transmit power. An 

additional advantage of the MBM scheme is that placement of RF mirrors side-by-side is 

achievable. However, in conventional MIMO schemes, the transmit antennas must have a 

minimum distance between each other so as to achieve an independent fading. 
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The studies conducted by [18,19] respectively proposed MBM designed for the generalized SM 

(MBM-GSM) and quadrature SM (MBM-QSM). The proposed  system in [18] utilizes the 

conventional GSM technique, which made used of  the combination of transmit antenna to activate 

two transmit antennas at every instant of transmission with the spatial dimension to send 

information related to [4].  

Likewise, in MBM-QSM [19], Single RF chain’s requirement is achieved by modulating the 

decomposed APM symbol into in-phase and quadrature components which are respectively 

transmitted via the sine and cosine carriers. However, multiple RF chains is required in MBM-

GSM 

In [20], a SIMO-MBM scheme was proposed to obtain a high data rate at low hardware 

complexity. To attain the same spectral efficiency as SIMO-MBM, an SM system would need 

2𝑚𝑟𝑓  transmit antennas, making SIMO-MBM more desirable with reference to the data rate.  

In [21], a QSM aided SIMO-MBM scheme was proposed, achieving a higher data rate than SIMO-

MBM coupled with maintaining the earlier stated benefits of QSM over SM, GSM, and traditional 

MIMO systems. This was achieved by employing RF mirrors to create various mirror activation 

pattern. Hence, achieving high data rate and improving the system performance. 

In the literature, cooperative relay-based communication systems have shown tremendous promise 

in enhancing wireless link quality, reliability, and spectral efficiency.  This is achieved by 

employing multiple relay nodes (active or passive nodes) as a virtual antenna to re-transmit user 

information [22-24]. 

Data transmission from various source nodes during the same time slot increases the throughput 

rate over the network by efficiently utilizing packet transmissions, i.e., by conveying more 

messages with fewer transmissions. Algebraic algorithms are employed to combine messages and 

forward the accumulated result to the destination. The received message is decoded at the 

destination using the same algorithm, and the destination nodes are synchronized with the 

transmitting node; this system is described as network coding (NC) [25]. Its primary objective is 

to achieve optimum utilization of network resource efficiency, computational efficiency, and 

robustness to network dynamics. Error-free transmission is assumed in wired networks [26], while 

multi-path fading of the signal can considerably affect the link quality, thereby resulting in 

transmission errors in wireless networks. Also faced in wireless channels is the interference; all 

these can be eliminated using network coding combined with cooperative relay-based 

communication. [25]   
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Typically, a relay system can either be an amplify-and-forward (AF) relay or a decode-and-

forward (DF) relay. In AF, the signal received at the relay from the source is amplified and 

forwarded to the destination, while in DF, the signal received at the relay is decoded before 

transmission to the destination [22-23],[27], both schemes reduce spectral efficiency due to the 

communication between the source and the destination on two orthogonal time slots. 

In [26-33], two-way relaying has been proven as a spectral efficient relaying scheme. This 

technique employs two or more source nodes, simultaneously transmitting a message block on the 

same time slot to the relay node.  Each source node transmits its modulated message block towards 

the relay node, such that the relay node is the receiver. The relay node receives and computes the 

message from the source nodes and transmit them to the appropriate destination nodes.  

Furthermore, whenever a message is sent from Node A and Node B to Node R, Node R receives 

it and decodes the message using ML; if the message arrives simultaneously through a different 

channel, ML will be applied to them independently to process the message.  After that, the relay 

node estimates the received signal and applies the network coding principle (i.e. application of 

algebraic algorithms to schedule the data and accumulate the various transmissions) on the 

received messages. The message block of other Node can be obtained by each source node  via 

reversing the operation performed at the relay.[20].  This is graphically illustrated in Figure 3.1. 

In the study presented in [24], in order to improve the error performance of the traditional SM 

system with numerous source nodes, a two-way relaying system was investigated in SM. 

Similarly, in [28], the two-way DF relaying technique is investigated in QSM, employing two 

source nodes and a relay node, which decode the transmitted message block from both source 

nodes and re-transmit the decoded message block to the final destination node. This exhibits a 

significant improvement of 9dB at 10−5 over the conventional QSM and one-way DF-QSM 

relaying system in terms of error performance. As mentioned earlier, QSM aided SIMO-MBM 

exhibits several advantages over SM, GSM, QSM, and SIMO-MBM, such as the requirement of 

fewer transmit antennas to achieve a high data rate. Moreso all the previous works didn’t consider 

QSM, MBM and Network coding in a SIMO system, which we are considering in this scheme. 

Hence, two-way DF-QSM aided SIMO-MBM is expected to outperform SIMO-MBM coupled 

with QSM aided SIMO-MBM with reference to error performance. This motivates us to examine 

a novel two-way DF-QSM aided SIMO-MBM. 

Contributions: The Paper has the following contributions:  

a) We investigate the two-way DF-QSM aided SIMO-MBM relaying technique with two source 

nodes.  
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b) We formulate the proposed scheme's theoretical analysis and validate the results with the MCS 

results achieved. 

The following is the rest of the paper's structure: The system model for the proposed scheme is 

presented in section 2. In sections 3 and 4, the proposed scheme's performance analysis and 

numerical analysis are shown, respectively, while section 5 presented the resulting conclusions. 

Notation: Vectors/matrices are denoted by bold italic lowercase/uppercase symbols, while regular 

letters represent scalar quantities. ‖⋅‖𝐹 signifies Frobenius norm, Q(⋅) depicts the Gaussian Q-

function, argmin
𝑤

(⋅)\argmax
𝑤

(⋅) illustrates  the minimum/maximum value of an argument in 

relation to w, (
∙
∙
) denotes the binomial coefficient, |∙| signifies the Euclidean norm, ⊕ represents 

the XOR operator, 𝐸{⋅} is the expectation operator and [⋅]𝑇 represents transpose. 

3.3     System Model 

Two-time slots were employed to complete a data transmission in the proposed two-way DF QSM 

aided SIMO-MBM. The first phase or time slot is the transmission phase while the second phase 

is the relaying phase. In the transmission phase, both source nodes (Node A and Node B) transmit 

its message blocks 𝒙𝐴 and  𝒙𝐵 to the relay node (Node R), simultaneously. 

At the relay node (Node R), the network coding principle i.e, Node R XORed the received bits 

from Node A and Node B, was applied to the detected message to pre-code the estimated bits, 

which generates a new message block  𝒙𝑅. This is transmitted to both source nodes (Node A and 

Node B), simultaneously in the relaying phase, such that Node R is the source node, while Node 

A and Node B represent the destination nodes.  

Node R is the receiver when Nodes A and B transmit; Node R is the transmitter when Nodes A 

and B receive, which means all the nodes can send and receive messages. The received signal at 

the relay node is decoded, employing a maximum-likelihood (ML) detection algorithm and a 

network coding principle to formulate a new message block. 

The system model of the proposed scheme is presented in Figure 3.1, which consists of two source 

nodes (Nodes A and Node B), relaying information via Node R. Node A, Node B, and Node R are 

equipped with 𝑁𝑇𝐴
, 𝑁𝑇𝐵

 and 𝑁𝑇𝑅
 transmit antennas, respectively, coupled with the same number 

of RF chains. Likewise, the number of receive antennas is denoted as 𝑁𝑅𝐴
, 𝑁𝑅𝐵

, 𝑁𝑅𝑅
 for Node A, 

Node B and Node R, respectively, coupled with the same number of RF chains. The QSM aided 

SIMO-MBM model is employed to transmit the message block. Such that the spectral efficiency 
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is 𝑚 = (log2 𝑀 + 2𝑚𝑟𝑓) b/s/Hz, where 𝑚𝑟𝑓 and 𝑀  represent the number of RF mirrors and the 

𝑀-QAM modulation order respectively. 

 

 

Figure 3.1 The System model of the proposed two-way DF-QSM-SIMO-MBM relaying system 

3.3.1     Phase 1: Transmission Phase 

Taking into consideration an illustration of a system with the following settings at Node A and 

Node B: 𝑀 = 4, 𝑁𝑇 = 1, and 𝑚𝑟𝑓 = 4, i.e. 𝑁𝑚 = 2𝑚𝑟𝑓 = 8. It generates 10 b/s/Hz spectral 

efficiency. Thus, in order to transmit the decomposed modulated symbol, the RF mirrors are 

activated using the unique MAP indices of each transmitting unit. 

The modulated symbol is conveyed through the 𝑯𝑗 = [𝒉1 𝒉2 ⋯𝒉𝑁𝑚
], 𝑗 ∈ [1: 𝑁𝑚] channel, which 

is independent and identically distributed (i.i.d) as 𝐶𝑁(0, 1) with 𝑁𝑅  ×  𝑁𝑚 dimension and 

additive white Gaussian noise (AWGN) 𝒏 of dimension 𝑁𝑅  ×  1.  Hence, 𝒚𝑅 which represent the 

received signal vector can be composed as: 

 

𝒚𝑅 = √𝜌𝐴  ( 𝑯𝑗𝒆ℓ𝑅𝐴
𝒙𝐴𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼𝐴

𝒙𝐴𝑰𝒎

𝑞
)  +  √𝜌𝐵  ( 𝑯𝑗𝒆ℓ𝑅𝐵

𝒙𝐵𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼𝐵

𝒙𝐵𝑰𝒎

𝑞
)  

+  𝒏 

(3.1) 

where 𝜌𝐴 and 𝜌𝐵 signifies the average SNR corresponding to the transmission from Node A and 

Node B, respectively. Also 𝑥𝑞 = 𝒙𝐴𝑅𝑒

𝑞
+ 𝑖𝒙𝐴𝑰𝒎

𝑞
, 𝑞 ∈ [1:𝑀] and 𝑥𝑞 = 𝒙𝐵𝑅𝑒

𝑞
+ 𝑖𝒙𝑩𝑰𝒎

𝑞
, 𝑞 ∈ [1:𝑀] 

respectively indicates the APM symbol in Nodes A and Nodes B ,  ℓ𝑅𝐴
, ℓ𝑅𝐵

, ℓ𝐼𝐴  and ℓ𝐼𝐵  are the 
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corresponding active RF mirror used to transmit the decomposed symbol, 𝒆ℓ𝑅𝐴
, 𝒆ℓ𝑅𝐵

 , 𝒆ℓ𝐼𝐴
    and 

𝒆ℓ𝐼𝐵
  are  the  𝑁𝑚 ×  1 vector with ℓ𝑡ℎ in Node A and Node B, the non-zero position equivalent to 

the selected MAP, set to unity. 

The message block is optimally detected, using the maximum likelihood (ML) detector at the 

relay. The ML detector is defined as: 

[�̂�𝐴
𝑞
, �̂�𝐵

𝑞
 ] = argmin

𝒙𝐴𝜖 𝑿𝐴
𝒙𝐵 𝜖 𝑿𝐵

‖𝒚𝑅

− (√𝜌𝐴  ( 𝑯𝑗𝒆ℓ𝑅𝐴
𝒙𝐴𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼𝐴

𝒙𝐴𝑰𝒎

𝑞
) 

+ √𝜌𝐵  ( 𝑯𝑗𝒆ℓ𝑅𝐵
𝒙𝐵𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼𝐵

𝒙𝐵𝑰𝒎

𝑞
))‖

𝐹

2

 

(3.2) 

where 𝑿𝐴 and 𝑿𝐵 are the set of all possible transmission vectors corresponding to Node A and 

Node B, respectively. 

3.3.2     Phase 2: Relaying Phase 

The estimated bits are pre-coded employing an XOR operation to generate the bits 𝑫 =

[𝐷1, ⋯ , 𝐷𝑚] using [28]:  

𝐷 = �̂� ⊕ �̂� (3.3) 

where �̂� and �̂� are the estimated bits for Node A and Node B, respectively at Node R. The vector 

𝑫 bits modulate the block 𝒙𝑅, which is forwarded to both nodes (Node A and Node B) at the 

second time slot. This is sent via a Rayleigh frequency-flat fading channel represented as complex 

channel matrices to Node A and Node B of dimension 𝑁𝑅𝐴
× 𝑁𝑇𝑅

 and 𝑁𝑅𝐵
× 𝑁𝑇𝑅

, respectively, 

with i.i.d entries as CN (0,1). The message block is received in the presence of AWGN 𝒏𝐴 and 𝒏𝐵 

for Node A and Node B, respectively, with i.i.d entries as CN (0,1) of dimension 𝑁𝑅𝐴
×  1 and 

𝑁𝑅𝐵
×  1, respectively. The 𝑁𝑅𝐴

 ×  1 and 𝑁𝑅𝐵
×  1 received signal vectors 𝒚𝐴 and 𝒚𝐵 at Node A 

and Node B, respectively, can be written as: 

 

𝒚𝐴 = √𝜌( 𝑯𝑗𝒆ℓ𝑅
𝒙𝐴𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼

𝒙𝐴𝑰𝒎

𝑞
) + 𝒏 (3.4) 
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𝒚𝐵 = √𝜌( 𝑯𝑗𝒆ℓ𝑅
𝒙𝐵𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼

𝒙𝐵𝑰𝒎

𝑞
) + 𝒏 (3.5) 

Where 𝜌 represent the SNR. ML detector is implemented on the received signals at Node A and 

Node B for detected vectors estimation as: 

[ℓ̂, 𝑗̂, 𝒙𝐴𝑅𝑒

𝑞
, 𝒙𝐴𝑰𝒎

𝑞
 ] = argmin

𝑞∈[1:𝑀]

ℓ∈[1:𝑁𝑚]

(‖𝒚𝐴 − √𝜌( 𝑯𝑗𝒆ℓ𝑅
𝒙𝐴𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼

𝒙𝐴𝑰𝒎

𝑞
)‖

𝐹

2
) 

(3.6) 

[ℓ̂, 𝑗̂, 𝒙𝐵𝑅𝑒

𝑞
, 𝒙𝐵𝑰𝒎

𝑞
 ] = argmin

𝑞∈[1:𝑀]

ℓ∈[1:𝑁𝑚]

(‖𝒚𝐵 − √𝜌( 𝑯𝑗𝒆ℓ𝑅
𝒙𝐵𝑅𝑒

𝑞
+ 𝑯𝑗𝒆ℓ𝐼

𝒙𝐵𝑰𝒎

𝑞
)‖

𝐹

2
) 

(3.7) 

The detected vector (Eqns. 3.6, 3.7) is mapped to the corresponding bit block  for each Node. Let 

𝑫𝑎 represent the obtained bits block at Node A and 𝑫𝑏  is the obtained bits block at Node B. An

estimated form of the transmitted bits can be extracted from the other Node by performing an 

XOR operation with its transmitted   bits, such that [28]:  

𝒓𝐴 = 𝑫𝑎 ⊕ 𝒂 (3.8) 

𝒓𝐵 = 𝑫𝑏 ⊕ 𝒃 (3.9) 

where 𝒓𝐴 is the estimated form of b obtained at Node A and 𝒓𝐵 is the estimated form of a

obtained at Node B, thus, estimating the 2m bits. Figure 3.2 shows the scheme flowchart for 

transmission and relay phase.  

3.4     Performance Analysis 

The average BER analysis for the proposed system is formulated based on the average BER 

analysis for QSM aided SIMO-MBM in [21], with few adjustments to derive the theoretical bound. 

The average BER for the proposed system is given as: 

𝑃𝑒 ≥ 1 − ((1 − 𝑃𝑎)(1 − 𝑃𝑏))

= 𝑃𝑎 + 𝑃𝑏 − 𝑃𝑎𝑃𝑏

(3.10) 

where 𝑃𝑒  is segmented into two; the first part i.e 𝑃𝑎 is the antenna index's bit error probability

estimation provided the APM symbol is correctly detected, while the second part has 𝑃𝑏 as the

estimated symbol’s bit error probability provided the antenna index is correctly detected.  
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Figure 3.2. Flow chart for the two-way DF-QSM aided SIMO-MBM Implementation. 
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For the proposed system, the Node A side is regarded as both Node A and Node B are identical. 

However, the antenna error needs adjustment because multiple RF mirrors convey the APM 

symbol. The error is modified based on the active antennas as 𝑃𝑎 = 2𝑃𝑎 utilizing an average SNR 

𝜌

𝑁𝑚
. Hence, 𝑃𝑒 ≥ 2𝑃𝑎 + 𝑃𝑏 − 2𝑃𝑎𝑃𝑏 

Hence, 𝑃𝑎 can be computed by employing a union bound on PEP as: 

   𝑃𝑎 ≤ ∑ ∑∑
𝑁(𝑗, 𝑗̂)𝜇𝑁𝑅 ∑ (

𝑁𝑅 − 1 + 𝑘
𝑘

) [1 − 𝜇]𝑘𝑁𝑅−1
𝑘=0

𝑁𝑚
2 𝑀

𝑁𝑚

𝑗=1

𝑁𝑚

�̂�=1

𝑀

𝑞=1

 (3.11) 

where 𝜇 =
1

2
(1 − √

𝛾

𝛾+1
 ), 𝑁(𝑗, 𝑗̂) correspond to the number of bit errors between the transmit 

antenna 𝑗 and the transmit antenna estimation 𝑗̂, while 𝛾 =
𝜌

𝑁𝑚
|𝑥𝑞|2. 

Utilizing square 𝑀-QAM, 𝑃𝑏 is calculated analogous to [30]: as: 

𝑃𝑏 =
1

log2𝑀
(
𝑎

𝑐
[
1

2
(

2

𝑏𝜌 + 2
)
𝑁𝑅

−
𝑎

2
(

1

𝑏𝜌 + 1
)
𝑁𝑅

+ (1

− 𝑎) ∑ (
2sin2𝜃

𝑏𝜌 + 2sin2𝜃
)

𝑁𝑅

+ ∑ (
2sin2𝜃

𝑏𝜌 + 2sin2𝜃
)

𝑁𝑅2𝑐−1

𝑖=𝑐

𝑐−1

𝑖=1

]) 

(3.12) 

where 𝑎 = 1 −
1

√𝑀
, 𝑏 =

3

𝑀−1
, 𝜃 =

𝑖𝜋

4𝑐
 , 𝜌 =

𝜌

4
 and 𝑐 is the number of summations 𝑐 > 10, for the 

trapezoidal approximation of the Q-function to achieve convergence [30]:  

3.5     Numerical Analysis and Discussion 

The system performance and MCS results obtained for the two-way DF-QSM aided SIMO-MBM 

system is described in this section. The average BER against the SNR in dB is considered. I 

assumed a flat-fading Rayleigh channel and full knowledge of channel at the receiver.  

The notation (𝑁𝑇 , 𝑁𝑅 , 𝑀,𝑚𝑟𝑓) is employed for the two-way DF-QSM aided SIMO-MBM system, 

and QSM aided SIMO-MBM. In all cases, ML detection is employed, and two source nodes are 

employed for two-way DF-QSM aided SIMO-MBM. The theoretical ABER results expressed in 

(Eqn. 3.10) and MCS results obtained for the proposed system (two-way DF-QSM aided SIMO-

MBM) are also shown in Figure 3.3. The average theoretical result obtained shows a close match 

with the MCS result, verifying the theoretical expression. The setting of the system configuration 

using 4 receive antennas with 4-QAM and 16-QAM is employed, alongside 2 and 4 RF mirrors 

with spectral efficiency of 6 b/s/Hz, 8 b/s/Hz and 10 b/s/Hz.  
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Figure 3.3 BER performance of 2W-DF-QSM-SIMO-MBM. 

 

Figure 3.4 BER performance comparison of 2W-DF-QSM-MBM-SIMO for 𝑚𝑟𝑓 = 2 and 𝑚𝑟𝑓 = 4, 
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Furthermore, it is evident from the MCS results shown in Figure 3.4 that two-way DF-QSM aided 

SIMO-MBM with 𝑚𝑟𝑓 = 2 achieves an improved system performance of approximately 3dB at 

10−5 when compared with 𝑚𝑟𝑓 = 4.  

Similarly, in Figure 3.5, the comparison of the performance between the proposed two-way DF-

QSM aided SIMO-MBM system and the conventional QSM aided SIMO-MBM [21] is presented. 

Based on the MCS results obtained, it is evident that exploiting the quadrature dimension of the 

spatial constellation coupled with two-way relay transmission improves the scheme's system 

performance. 

A SNR gain of 8 dB and 12 dB is achieved for the 6 b/s/Hz and 8 b/s/Hz two-way DF-QSM aided 

SIMO-MBM, respectively at a BER of 10−5 over the conventional QSM aided SIMO-MBM [21]. 

In the two-way DF-QSM-MBM-SIMO, two source nodes are considered; hence, the system's 

spectral efficiency is doubled i.e., 2m bits (Eqns. 3.8 and 3.9). Therefore, doubling the spectral 

efficiency required for the conventional QSM aided SIMO-MBM (Figure. 3.5). Consequently, this 

is accomplished by maximizing the systems' transmit and cooperative diversity and utilizing the 

QSM aided MBM as the adopted modulation at all nodes in the two-way relay system. The effect 

of imperfect channels and abridging algorithm technique proposed by [36], which is able to 

vertically reduce the size of network traffic dataset without affecting its statistical characteristics 

can be considered with the proposed scheme for future work. 

 

Figure 3.5 BER performance comparison of 2W-DF-QSM-MBM-SIMO and QSM aided SIMO-MBM. 
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3.6    Conclusion 

The two-way DF scheme was investigated with QSM aided SIMO-MBM to improve the reliability 

of the conventional system. The decode and forward relaying technique was utilized; this was 

achieved by employing a relaying node, which received the message signal from two source nodes, 

decoded the received signal using network coding techniques, and then re-transmitted the message 

to its destination. The MCS results obtained revealed the improvement of 8 dB and 12 dB at 

6b/s/Hz and 8b/s/Hz, respectively at a BER of 10−5, over the conventional QSM aided SIMO-

MBM. Likewise, the result obtained exhibits that the system configuration with 𝑚𝑟𝑓 = 2 

outperform the configuration with 𝑚𝑟𝑓 = 4 for the proposed scheme. This Paper assumed full 

channel knowledge.  
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4.1    Abstract 

The media-based modulation (MBM) scheme can achieve significant throughput, increase 

spectrum efficiency, and enhance the performance of bit-error-rate (BER). In this paper, the 

application of MBM, employing radio frequency (RF) mirrors and Golden code, is investigated in 

the single-input multiple-output (GC-SIMO). The purpose is to improve hardware complexity of 

the system, maximizing the linear relationship between RF mirrors and the spectral efficiency in 

MBM to obtain a high data rate at a reduced hardware complexity. The orthogonal pairs of the 

super-symbol in the GC scheme's encoder are employed, transmitted via different RF mirror at a 

different time slot to achieve full rate full diversity. In the results of MCS obtained, at a BER of 

10−5, the GC-SIMO-MBM exhibits a significant performance of approximately 7dB and 6.5 dB 

SNR gain for 4 b/s/Hz and 6 b/s/Hz, respectively, compared to GC-SIMO. The derived theoretical 

average error probability of the proposed scheme is validated by the results of the Monte Carlo 

simulation 
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4.2     Introduction 

Recently, there has been a massive increase in the requirement for high bit rate in wireless 

communication. This led to multiple-input multiple-output (MIMO) systems, which have shown 

great promise regarding high transmission capacity and improved link reliability as the prospect 

of wireless communication [1-6]  

MIMO systems split signals into bit streams for high data rate realization via the simultaneous 

transmission of information to multiple receivers. An iconic example of MIMO to consider is 

spatial modulation (SM) [7], a unique MIMO scheme, which employs innovatively transmit 

antennas for high data rate accomplishment.  

The basic idea of Spatial Modulation (SM) is to convey information using both the 

amplitude/phase modulation (APM) and transmit antenna index. For example, a conventional 

MIMO system with 4 transmit antennas and 4 quadrature amplitude modulation (4-QAM) 

modulation order yields a data rate of 2 b/s/Hz while the same configuration in an SM system 

yields a data rate of 4 b/s/Hz. Similarly, the involvement of a single radio frequency (RF) chain in 

SM improves on the major setbacks experienced in the conventional MIMO system, for example, 

inter-antenna synchronization (IAS) and inter-channel interference (ICI) [7-11]. The 

improvements recorded in SM scheme have produced a great deal of research in MIMO systems 

[12-13]. 

Spatial diversity is a technique to improve link reliability through the channel's variation in 

frequency, time, and space with numerous copies of data received at the receiver. An example to 

consider is space-time block code (STBC) [14-16], a transmit diversity scheme, which employs 

precoding technique to send multiple copies of data from the obtainable transmit antennas to 

optimize the SNR and transmitting power with the suitable phase and amplitude.  Two time-slots 

are required to transmit two symbols; hence, the data rate remains unchanged [14-15]. There is an 

improvement in the reliability of the link because of the transmitted redundant copies of data over 

an independent channel to the receiver. Furthermore, signal space diversity (SSD) [17-18] is 

another example, which achieves diversity via transmitting the in-phase and quadrature of the 

rotated multi-dimension signal to the receiver in an independent fading channel. Hence, achieving 

improved link reliability at no additional cost of hardware complexity, bandwidth, and transmit 

power.  
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For the next generation of wireless communication systems; energy efficiency, spectrum 

efficiency and complexity of the system are essential in supporting the demand for multimedia 

services and applications. [19-21] proposed Media-based modulation (MBM) to enhance high data 

rate transmission. Due to hardware and performance advantages of MBM, it has attracted recent 

research attention [22-25]. In the index modulation (IM) family [26], MBM has emerged as a 

promising technique, exhibiting greater benefits over the existing IM systems like frequency-

domain (FD) IM (FD-IM) [26-27], space domain IM (SD-IM), also referred to as spatial 

modulation (SM) [8, 28] and time-domain IM (TD-IM) [29-30]. 

MBM exhibits a better performance when compared with conventional modulation schemes 

[14],[21],[23],[31]. Likewise, investigations of MBM in MIMO and multiuser settings also 

established improved performance of MBM [12],[24]. In addition, MBM [24], [32-34] can further 

improve link reliability at a lower hardware complexity. 

MBM employing radio frequency (RF) mirrors reduce the imposed hardware complexity when 

compared to other spatial multiplexing techniques. This is due to the linear correlation between 

the spectral efficiency and the number of RF mirrors, which is achieved by creating different 

channel fade realizations via the RF mirrors, known as mirror activation patterns (MAPs) [24]. 

This is evident in [33], a SIMO aided MBM (SIMO-MBM) scheme, where the linear correlation 

between the spectral efficiency and the number of RF mirrors (𝑚𝑟𝑓) reduces the imposed system

complexity. Considering an example of an equivalent SM system, which would require 2𝑚𝑟𝑓

transmit antennas to achieve the same spectral efficiency as SIMO-MBM. Consequently, in terms 

of data rate and hardware complexity, SIMO-MBM is more expedient than SM.  

In MBM, the RF mirrors can be positioned side-by-side and the received constellation size is 

independent of the transmit power; while in conventional MIMO schemes, transmit antennas are 

adequately separated so as to achieve an independent fading. Thus, a large increase in spectral 

efficiency is easily realizable in MBM schemes [35-36]. 

In the literature [37-41], Golden code (GC) has been introduced as a scheme, which achieves a 

full rate full diversity employing precoding technique, considering different transmit antennas are 

employed at various time slots based on the idea of space time label diversity. In [38], GC 

modulation was investigated in single input multiple output (SIMO) systems, maintaining the same 

bandwidth efficiency, if a pair of super-symbols is transmitted coupled with an extra diversity gain 

been achieved. The computation complexity (CC) imposed in the GC-SIMO scheme of [37] is 

reduced by transmitting only the orthogonal pairs in the encoder, such that two symbols are 
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transmitted in total. This still achieves the extra diversity gain when compared to the conventional 

SIMO system.  

Similarly, in [42], the MBM technique was investigated in GC modulation. The scheme employs 

four complex symbols to output the super-symbols termed the Golden codewords via the encoder. 

The super-symbols are transmitted via four independents transmit antennas in different time slots, 

such that four symbols are transmitted in total, achieving full rate and full diversity, considering 

each pair of these super-symbols are transmitted via multi-active transmit antennas and in a 

different time slot.  However, the system complexity imposed in [42] is high, limiting practical 

implementation. 

Considering MBM achieves a high data rate at a reduced hardware complexity. Therefore, 

incorporating the MBM technique in the GC-SIMO scheme employs only the super-symbol 

orthogonal pairs, i.e., only two symbols as against 4 in [42] in the encoder will achieve a high data 

rate similar to [37], at a reduced hardware complexity. This is my motivation in proposing media-

based Golden codeword modulation for SIMO system termed GC-SIMO-MBM.  

This paper presents the following contributions: a) we examine RF mirror-based MBM in a GC-

SIMO scheme. b) Formulation of the theoretical ABEP for the proposed system (GC-SIMO-

MBM) to be validated by the results of the monte carlo simulation.  

The rest of the paper is structured in this order: The system model of the proposed GC-SIMO-

MBM scheme is presented in section 2, the analysis of the average bit error rate (BER) and 

numerical analysis of the proposed scheme are shown in section 3 and section 4 respectively, while 

the conclusion drawn is presented in section 5.  

Notation: Scalar quantities are represented by regular letters while vectors/matrices are indicated 

by Bold italic lowercase/uppercase symbols. ‖⋅‖𝐹 symbolises Frobenius norm, 𝑄(∙) denotes the 

Gaussian Q-function, argmin
𝑤

(∙)/argmax
𝑤

(∙) signifies the minimum/maximum rate of an argument 

with reference to 𝑤, the binomial coefficient is represented by (
∙
∙
)  , 𝑖 is a complex number, the 

real component of the complex number is given by 𝑅{∙}, |∙| signifies the Euclidean norm, [∙]𝑇 

represent transpose and ⌊∙⌋ indicates the closest integer to a lesser extent than the input argument.  
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4.3     System Model 

In this segment, the concept of the Golden code is presented, thereafter, the system model of the 

proposed system is discussed. 

4.3.1    A. The Golden Code 

The Golden code exhibits full rate full diversity, employing precoding technique. The Golden code 

encoder employs 4 unique complex symbols to output 4 super-symbols, which are transmitted via 

unique independent transmit antennas in two-time slots. The Golden codeword matrix is given as 

[37, 42]:  

 

𝑿 =  

[
 
 
 𝛼(𝑥1 + 𝑥2𝜃)

1

√5
𝛾�̅�(𝑥3 + 𝑥4�̅�)

1

√5

𝛼(𝑥3 + 𝑥4𝜃)
1

√5
�̅�(𝑥1 + 𝑥2�̅�)

1

√5 ]
 
 
 

 

where 𝜃 =
1+

1

√5

2
, �̅� = 1 − 𝜃, 𝛼 = 1 + 𝑗�̅�, �̅� = 1 + 𝑗(1 − �̅�) and 𝛾 = 𝑗. Four super-symbols 

(𝛼(𝑥1 + 𝑥2𝜃)
1

√5
, 𝛾�̅�(𝑥3 + 𝑥4�̅�)

1

√5
, 𝛼(𝑥3 + 𝑥4𝜃)

1

√5
 𝑎𝑛𝑑 �̅�(𝑥1 + 𝑥2�̅�)

1

√5
) are generated referred 

to as Golden codeword, which form two pairs of super-symbols {𝛼(𝑥1 + 𝑥2𝜃)
1

√5
, �̅�(𝑥1 +

𝑥2�̅�)
1

√5
} 

and {𝛼(𝑥3 + 𝑥4𝜃)
1

√5
, 𝛾�̅�(𝑥3 + 𝑥4�̅�)

1

√5
}. The pair {𝛼(𝑥1 + 𝑥2𝜃)

1

√5
, �̅�(𝑥1 + 𝑥2�̅�)

1

√5
}  is 

employed for transmission in the proposed system. 

4.3.2    B . Proposed GC-SIMO-MBM 

System Model of the Proposed GC-SIMO-MBM scheme is shown in figure 4.1. The spectral 

efficiency associated with the proposed GC-SIMO-MBM scheme is: 𝑚 = log2(𝑀) + 𝑚𝑟𝑓 b/s/Hz, 

where 𝑀 and 𝑚𝑟𝑓 represents the amplitude/phase modulation (APM) constellation size and the 

number of RF mirrors at the transmitting unit, respectively.  
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In the proposed GC-SIMO-MBM, the input bit log2(𝑀) is fed into the mapper Ω1 and Ω2 to map 

the log2(𝑀) bits onto the constellation points from the signal set of α(x1 + x2θ)
1

√5
 and  α̅(x1 +

x2θ̅)
1

√5
 in the Argand plane, which yields two super-symbols 𝑥𝑞

1 and 𝑥𝑞
2. In addition, the 𝑚𝑟𝑓 bit 

chooses the RF mirror to be used for transmission. The number of available RF mirrors 𝑚𝑟𝑓, yields 

the mirror activation pattern (MAP), such that 𝑁𝑚 = 2𝑚𝑟𝑓 , for example, if 𝑚𝑟𝑓 = 2, hence, 𝑁𝑚 =

4. 

The modulated symbol is conveyed across a channel 𝑯𝑖  of magnitude 𝑁𝑅  ×  𝑁𝑚 in the presence 

of additive white Gaussian noise (AWGN) 𝒏𝑖 of magnitude 𝑁𝑅  ×  1, 𝒆ℓ𝑖
 is an 𝑁𝑚 ×  1 vector. A 

Rayleigh frequency-flat fading channel is assumed. Therefore, the received signal vector 𝒚𝑖 can 

be written as:  

𝒚𝑖 = 𝑯𝑖𝑥𝑞
𝑖 𝒆ℓ𝑖

+ 𝒏𝑖                                                                           (4.1) 

where 𝑖 ∈ [1: 2], the corresponding transmit antenna employed to transmit the modulated symbol 

is represented by ℓ𝑖, while 𝑯𝑖 is the 𝑖𝑡ℎ column of the channel matrix, which is independent and 

identically distributed (i.i.d) complex Gaussian random variables distributed as 𝐶𝑁(0,1). 

 

 

 

                                                                                                             1    1 

                                                                                                               

                                                                                       H         2        2                                                 𝑚𝑟𝑓 

         𝑖 ∈ [1: 2]                  𝑁𝑅                   

                                                                                                                              

       Figure 4.1 System Model of the Proposed GC-SIMO-MBM 
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4.4     Maximum Likelihood (ML) Detector 

Utilizing the ML detector at the receiver, the received signal vector 𝒚𝒊 is detected optimally which

examines the total signal space of 𝑀2 constellation points combined with all possible transmit

antenna index. The ML detector can be defined as: 

[ℓ̂1, ⋯ , ℓ̂𝑖 , 𝑥�̂�
𝑖 ] = argmin

ℓ∈[1:𝑖]
(‖𝒚𝑖 − 𝑯𝑖𝑥𝑞

𝑖 𝒆ℓ𝑖
‖

𝐹

2
)  (4.2) 

4.5     Performance Analysis of GC-SIMO-MBM 

The average BER for the proposed GC-SIMO-MBM is formulated in this section. Similar to [27], 

the ABEP is defined as: 

𝑃𝑒 ≤
1

2𝑁𝑚𝑀2𝑚
∑ ∑ 𝑁(𝑖, 𝑖̂)

𝑁𝑚𝑀2

�̂�≠𝑞

𝑁𝑚𝑀2

𝑞=1

𝑃(𝑿𝑞 → 𝑿�̂�) (4.3) 

where 𝑃(𝑿𝑞 → 𝑿�̂�) symbolizes the pairwise error probability (PEP) of 𝑿�̂� is detected at the

receiver given that 𝑿𝑞 is transmitted, 𝑿𝑞 = (𝑥𝑞
1,  𝑥𝑞

2) and 𝑿�̂� = (𝑥�̂�
1,  𝑥�̂�

2), 𝑁(𝑖, 𝑖̂) stand for the bit

error connected with the PEP event. Similar to [31], the conditional PEP may be defined as: 

𝑃(𝑿𝑞 → 𝑿�̂�|𝑯𝑖) = 𝑃 (‖𝒚𝑖 − 𝑯�̂�𝑥𝑞
𝑖 𝒆ℓ𝑖

‖
𝐹

< ‖𝒚𝑖 − 𝑯𝑖𝑥𝑞
𝑖 𝒆ℓ𝑖

‖
𝐹
|𝑯𝑖)

= 𝑃 (∑‖𝑯�̂�𝑥𝑞
𝑖 𝒆ℓ�̂�

− 𝑯𝑖𝑥𝑞
𝑖 𝒆ℓ𝑖

‖
𝐹

2
2

𝑖=1

< ∑‖𝒏‖𝐹
2

2

𝑖=1

) 

= 𝑄 (∑𝛼𝑖

2

𝑖=1

)  (4.4) 

where 𝛼𝑖 is central chi-squared distribution with 2𝑁𝑅 degrees of freedom defined as:

𝜌

2
‖𝑯𝑖‖𝐹

2 |𝑑𝑥
𝑖 |

2
= ∑ 𝛼𝑖

22𝑁𝑅
𝑘=1  with 𝑁(0, 𝜎2), 𝜎2 =

𝜌

4
|𝑑𝑥

𝑖 |
2
.

Evaluating the probability density function (PDF) of 𝛼𝑖
2, employing 𝑓𝛼𝑖

(𝛼𝑖) =
𝛼𝑖

𝑁𝑅−1𝑒
−𝛼𝑖

2𝜎2⁄

(2𝜎2)𝑁𝑅(𝑁𝑅−1)!

similar to the PEP derivation of the GC-SIMO of [37], coupled with the trapezoidal approximation 
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of the Q-function given in [17], it may be validated that the PEP for GC-SIMO-MBM can be 

defined as: 

1

4𝑛
[
1

2
∏(

𝜌

4
|𝑑𝑥

𝑖 |
2
)
−𝑁𝑅

+ ∑ ∏(
𝜌

4

|𝑑𝑥
𝑖 |

2

𝑢𝑘
)

−𝑁𝑅2

𝑖=1

𝑛−1

𝑘=1

2

𝑖=1

]                                          (4.5) 

where 𝜌 represent the signal-to-noise ratio (SNR), 𝑛 > 10 for trapezoidal approximation 

convergence of the Q-function [11],  𝑖 ∈ [1: 2], 𝑘 ∈ [1: 2𝑁𝑅], 𝑢𝑘 = sin2 (
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4.6    Numerical Analysis and Discussion 

The results of the MCS obtained for the proposed GC-SIMO-MBM scheme is presented in this 

section. Average BER vs average SNR in dB is considered. Likewise, the result of the evaluated 

theoretical ABEP is presented. In all cases, ML detector is utilized. The notation 

(𝑁𝑇 , 𝑁𝑅, 𝑀, 𝑚𝑟𝑓) is employed for GC-SIMO-MBM and SIMO-MBM scheme. 

  

Figure. 4.2 Performance analysis validation for GC-SIMO-MBM for 4 b/s/Hz, 6 b/s/Hz and 8 b/s/Hz, 

respectively. 
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In Figure. 4.2, the GC-SIMO-MBM scheme is equipped with a configuration setting of 1 × 4 4-

QAM, 1 × 4 16-QAM and 1×4 64-QAM, both with 2 RF mirrors around each transmit antenna, 

i.e. 𝑚𝑟𝑓 = 2. This yields a spectral efficiency of 4 b/s/Hz, 6 b/s/Hz and 8 b/s/Hz, respectively. The 

results of MC simulation obtained showed a close match with the average theoretical analysis at 

the high SNR region, validating the proposed scheme.  

Figures 4.3(a) and 4.3(b) presents the performance comparison between the GC modulation of 

[37], SIMO-MBM and the proposed GC-SIMO-MBM system with the same spectral efficiency of 

4 b/s/Hz and 6 b/s/Hz, respectively. The Monte Carlo simulation results revealed that GC-SIMO-

MBM outperforms its counterpart in 4 b/s/Hz and 6 b/s/Hz, respectively. 

It is obvious from the results of MC simulation obtained that utilizing the MBM technique based 

on RF mirrors improves the system's error performance at a reduced hardware complexity. At a 

BER of 10−5, the GC-SIMO-MBM exhibits a significant performance of approximately 7dB and 

6.5 dB SNR gain for 4 b/s/Hz and 6 b/s/Hz, respectively, compared to GC-SIMO of [27]. Likewise, 

GC-SIMO-MBM outperform SIMO-MBM by 5 dB and 3.5 dB in 4 b/s/Hz and 6 b/s/Hz, 

respectively. The notation (𝑁𝑇 , 𝑁𝑅, 𝑀) is employed for GC modulation of [37].  
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Figure 4.3 Performance comparison of GC-SIMO-MBM, GC-SIMO and SIMO-MBM for 4 b/s/Hz and 6 

b/s/Hz, respectively. 

4.7    Conclusion 

In this paper, media-based modulation was examined in the GC-SIMO scheme, based on the RF 

mirror to improve its error performance, and enhance spectral efficiency. The topology based on 

the GC-SIMO-MBM technique demonstrates an enhanced error performance compared to the 

SIMO-MBM and GC-SIMO of the same spectral efficiency. Results of Monte Carlo Simulation 

indicate that the GC-SIMO-MBM shows a significant performance of approximately 7dB and 6.5 

dB SNR gain for 4 b/s/Hz and 6 b/s/Hz, respectively, compared to GC-SIMO at a BER of 10−5.  

The proposed GC-SIMO-MBM system validated by theoretical and numerical results has shown 

that the scheme is capable of significantly improving the system’s hardware complexity, 
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maximizing the linear relationship between RF mirrors and the spectral efficiency in MBM to 

accomplish a high data rate at a reduced hardware complexity by employing the orthogonal pairs 

of the super-symbol in the GC scheme's encoder and transmitted via different RF mirror at a 

different time slot to achieve full rate full diversity. 
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5.1 Conclusion  

QSM is a form of innovative MIMO scheme, which conveys additional information by extending 

its spatial dimension to the in-phase and quadrature dimensions. In QSM, the APM symbols are 

decomposed into its real and imaginary components, which are respectively modulated into 

cosine and sine carriers. Hence, it made a single RF chain requirement possible, which is more 

energy-efficient than GSM and exhibits an improved error performance than SM and GSM. 

Media-based modulation (MBM) has been proven as a more efficient technique to achieve a high 

data rate at the cost of low hardware complexity. This is accomplished by utilizing RF mirrors to 

produce various channel fade realizations, classified as mirror activation patterns (MAPs). In 

MBM, a subset of channel realizations may be chosen from the unique channel perturbations. 

Also, the received constellation size is independent of the transmit power. An additional 

advantage of the MBM scheme is that placement of RF mirrors side-by-side is achievable.  

Single-input multiple-output media-based modulation (SIMO-MBM) improves the limitation of 

single-input multiple-output (SIMO) systems by minimizing the required number of antennas to 

achieve a high data rate and enhanced error performance.  

In this thesis, the application of quadrature dimension of the spatial constellation was investigated 

in a media-based modulation SIMO scheme by decomposing the amplitude/phase modulation 

(APM) symbol into real and imaginary components similar to quadrature spatial modulation 

(QSM). This is to improve the spectral efficiency of the scheme's coupled with improving the 

overall error performance of the system and to achieve a higher data rate. The MCS results 

obtained revealed the improvement of 3.5dB, 2.5dB and 3.5dB at 6b/s/Hz, 8b/s/Hz and 10b/s/Hz, 

respectively at BER of 10−5 with 𝑚𝑟𝑓 = 2. Likewise, an improvement of 6.5dB and 7dB at 

10b/s/Hz and 12b/s/Hz, respectively at BER of 10−5  was revealed with 𝑚𝑟𝑓 = 4  over the 

conventional SIMO-MBM system. In addition, the effect of sub-optimal MAP selection 

algorithm was investigated in the proposed scheme employing the channel amplitude coupled 

with antenna correlation to select the best channel for transmission at every transmission instant. 

The MCS results show that the MAP selection algorithm further improves the proposed scheme's 

error performance, with the norm-correlation scheme being superior. 

Furthermore, cooperative relay-based communication systems have shown tremendous promise 

in enhancing wireless link quality, reliability, and spectral efficiency.  This is achieved by 

employing multiple relay nodes (active or passive nodes) as a virtual antenna to re-transmit user 
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information. Two-way relaying has been proven as a spectral efficient relaying scheme. This 

technique employs two or more source nodes, simultaneously transmitting a message block on 

the same time slot to the relay node.  Each source node transmits its modulated message block 

towards the relay node, such that the relay node is the receiver. The relay node receives and 

computes the message from the source nodes and transmit them to the appropriate destination 

nodes. The two-way DF scheme was investigated with QSM aided SIMO-MBM to improve the 

reliability of the QSM aided SIMO-MBM system. The decode and forward relaying technique 

was utilized; this was achieved by employing a relaying node, which received the message signal 

from two source nodes, decoded the received signal using network coding techniques, and then 

re-transmitted the message to its destination. 

The MCS results obtained revealed the improvement of 8 dB and 12 dB at 6b/s/Hz and 8b/s/Hz, 

respectively at a BER of 10−5, over the conventional QSM aided SIMO-MBM. Likewise, the 

result obtained exhibits that the system configuration with 𝑚𝑟𝑓 = 2 outperform the configuration 

with 𝑚𝑟𝑓 = 4 for the proposed scheme. This thesis assumed full channel knowledge.  

Golden code (GC) has been introduced as a scheme, which achieves a full rate full diversity 

employing precoding technique, considering different transmit antennas are employed at different 

time slots based on the concept of space time label diversity. Media-based modulation was 

examined in the GC-SIMO scheme, based on the RF mirror to improve its error performance, 

and enhance spectral efficiency. The topology based on the GC-SIMO-MBM technique 

demonstrates an enhanced error performance compared to the SIMO-MBM and GC-SIMO of the 

same spectral efficiency. 

Results of MCS indicate that the GC-SIMO-MBM shows a significant performance of 

approximately 7dB and 6.5 dB SNR gain for 4 b/s/Hz and 6 b/s/Hz, respectively, compared to 

GC-SIMO at a BER of 10−5.  The proposed GC-SIMO-MBM system validated by theoretical 

and numerical results has shown that the scheme is capable of significantly improving the 

system’s hardware complexity, maximizing the linear relationship between RF mirrors and the 

spectral efficiency in MBM to accomplish a high data rate at a reduced hardware complexity by 

employing the orthogonal pairs of the super-symbol in the GC scheme's encoder and transmitted 

via different RF mirror at a different time slot to achieve full rate full diversity. 

The effect of imperfect channel estimation on the proposed QSM aided SIMO-MBM scheme was 

investigated, with a trade-off of 2dB in coding gain due to channel estimation errors. A similar 
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conclusion is expected in the systems studied in journals 2 and 3 since the methodology of the 

schemes is the same, however the verification of this is left as future work. 

5.2 Summary of Contributions and Results 

The following are a summary of the major research contributions and findings provided in this 

thesis: 

a. Chapter 2 Investigated RF mirror-based MBM in a SIMO-based QSM system, by decomposing

the APM symbol prior to transmission and employing unique (different) RF mirrors to transmit

the decomposed APM symbol in a SIMO scheme.

From the MC simulation results achieved, it is apparent that utilizing the quadrature dimension

of the spatial constellation improves the scheme's system performance. At a BER of 10−5, an

SNR gain of approximately 3.5dB, 2.5dB and 3.5dB at 6b/s/Hz, 8b/s/Hz and 10b/s/Hz,

respectively with 𝑚𝑟𝑓 = 2 at BER of 10−5. Likewise, an improvement of 6.5dB and 7dB at

10b/s/Hz and 12b/s/Hz, respectively was revealed with 𝑚𝑟𝑓 = 4  over the conventional SIMO-

MBM system. Thus, this is achieved by maximizing the system's transmit diversity via

employing the quadrature dimension of the APM symbol.

The performance comparison between QSM aided SIMO-MBM with different configuration

settings (𝑚𝑟𝑓 = 2 and 𝑚𝑟𝑓 = 4) are considered, respectively. The MCS results revealed that

the configuration settings with 𝑚𝑟𝑓 = 2 exhibits an improved system performance compared

with its counterparts. The proposed system equipped with 𝑚𝑟𝑓 = 2  outperforms its counterpart

equipped with 𝑚𝑟𝑓 = 4 by an SNR gain of approximately 3dB for 4-QAM, 2dB for 16-QAM

and 1dB for 64-QAM, respectively

b. The theoretical ABEP is formulated for QSM aided SIMO-MBM to be validated by the

simulation results.

The MC simulation results achieved show a tight fit in the higher SNR region with the average

theoretical result achieved confirming the theoretical expression.

c. To further improve QSM aided SIMO-MBM error performance, the impact of MAP selection

based on processing the channel amplitude and antenna correlation to remove the imperfect

channel(s) at each transmission instance is studied on the QSM aided SIMO-MBM scheme.
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The MCS results achieved for the QSM aided SIMO-MBM scheme with the MAP selection 

algorithm exhibit superior performance than the traditional SIMO-MBM scheme. However, 

QSM aided SIMO-MBM beats all other schemes when using the MAP selection algorithm, 

which is based on antenna norm-correlation with approximately 4dB and 5.5dB with respect to 

conventional QSM aided SIMO-MBM and SIMO-MBM, respectively. 

This is because the amplitude of the MAPs is maximized while the correlations between the 

MAPs are minimized. 

d. Investigation of the impact of imperfect channel estimation on the proposed QSM aided SIMO-

MBM.

e. Chapter 3 proposed a two-way DF-QSM aided SIMO-MBM relaying technique with two

source nodes.

It is evident from the MCS results that two-way DF-QSM aided SIMO-MBM with 𝑚𝑟𝑓 = 2

achieves an improved system performance of approximately 3dB at 10−5 when compared with

𝑚𝑟𝑓 = 4. Similarly, based on the MCS results obtained, it is evident that exploiting the

quadrature dimension of the spatial constellation coupled with two-way relay transmission

improves the scheme's system performance. A SNR gain of 8 dB and 12 dB is achieved for the

6 b/s/Hz and 8 b/s/Hz two-way DF-QSM aided SIMO-MBM, respectively at a BER of 10−5

over QSM aided SIMO-MBM. In the two-way DF-QSM-MBM-SIMO, two source nodes are

considered; hence, the system's spectral efficiency is doubled i.e., 2m bits. Therefore, doubling

the spectral efficiency required for the conventional QSM aided SIMO-MBM. Consequently,

this is accomplished by maximizing the systems' transmit and cooperative diversity and

utilizing the QSM aided MBM as the adopted modulation at all nodes in the two-way relay

system.

f. Theoretical analysis formulation for DF-QSM aided SIMO-MBM and validation of the results

with the MCS results obtained.

The average theoretical result obtained shows a close match with the MCS result, verifying the

theoretical expression.

g. Chapter 4 investigated RF mirror-based MBM in a GC-SIMO system. The MCS showed that

GC-SIMO-MBM outperforms its counterpart in 4 b/s/Hz and 6 b/s/Hz, respectively. It is

obvious from the results of MC simulation obtained that utilizing the MBM system based on

RF mirrors improves the system's error performance at a reduced hardware complexity. At a

BER of 10−5, the GC-SIMO-MBM exhibits a significant performance of approximately 7dB
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and 6.5 dB SNR gain for 4 b/s/Hz and 6 b/s/Hz, respectively, compared to GC-SIMO. Likewise, 

GC-SIMO-MBM outperform SIMO-MBM by 5 dB and 3.5 dB in 4 b/s/Hz and 6 b/s/Hz, 

respectively. 

h. The theoretical average bit error probability (ABEP) formulation for GC-SIMO-MBM to be

validated by the simulation results obtained.

The results of MC simulation obtained showed a close match with the average theoretical

analysis at the high SNR region, validating the proposed scheme.

5.3 Suggestion for further research 

The investigation of the effect of IChE on systems 2 and 3 can be done. 

The error performance of QSM-MBM methods based on large intelligent surfaces (LIS) can 

be investigated. Additionally, there are still unresolved research questions regarding the 

performance evolution of LIS-assisted Index Modulation with erroneous phase estimate at 

various fading channels. 

The impact of near-optimal or sub-optimal detector can also be considered on QSM aided 

SIMO-MBM and DF-QSM-SIMO-MBM. 

The influence of different channel imperfections couple with near-optimal or sub-optimal 

detector can be studied on QSM aided SIMO-MBM and DF-QSM-SIMO-MBM with two-

way relaying for future work.






