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Nowadays, the wireless communication systems have been developed 

continuously. Since the requirement of users prefer a form of communication that can 

transfer data very fast and very accurate. One of the most recent technologies being 

developed right now is a network of 5G wireless communication, which in this 

approach has received much attention that can transmit and receive simultaneously. The 

work in literature has focused on solving the problem of self-interference full-duplex 

communication, by creating a device that can reduce the self-interference. However, 

the literature has not considered in terms of performance to support high-speed 

communication, which uses only a single antenna on a single channel. For this reason, 

researchers have an idea to improve the performance of wireless communication to 

attain better signals by introducing MIMO applications. Although, the literature has 

focused on the development of the MIMO relay system, but the literature does not 

consider problems associated mutual-interference. This is caused by the transmitted 

signal between antenna elements in the same node and the interference reduction in 

digital domain being not enough due to the strength of the self-interference and   

mutual-interference with the received signal strength at the receiver. These problems 

cause the system to crash at the receiver. Finally, this thesis proposes the development 
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of full-duplex communication on a single channel for MIMO systems by using a 

technique to reduce the interference of both analog and digital domains. Analog 

cancellation is designed to reduce the power levels of self-interference and mutual-

interference signals by adjusting phase and amplitude. Digital cancellation is 

implemented inside the Universal Software Radio Peripheral (USRP). To reduce the 

strength of the self-interference and mutual-interference simultaneously. The 

simulation and experimental results show that the proposed system can double 

throughput of the conventional system and the receiver can receive data more 

efficiently. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and problems 

At the moment, the wireless communication system is one of the key 

technologies of the human life such as the mobile communications and other 

entertainment. The users demand to send video and audio data of large sizes. But 

nowadays, the technologies have limited frequency that cannot respond the requirement 

of increasing users. The demand of transmitting and receiving information require 

faster data rates. From the words of Andrea Goldsmith (2005), “It is generally not 

possible for radios to receive and transmit on the same frequency band because of the 

interference that results”. In this sentence, the main idea is to improve the performance 

of communication systems that transmit and receive data at the same time on the same 

frequency band. 

A communication channel can be defined as a pathway for the transmission and 

reception. There are three modes of duplex communication systems such as the simplex 

communication system, the half-duplex communication system and the full-duplex 

communication system. In these duplex communications, the most applications of 

wireless communications are half-duplex and full-duplex. Half-duplex provides 

communication in both directions, but only one direction will be allowed through at a 

time. For example, a walkie-talkie uses only one single frequency for bidirectional 

communication, one party speaks while the other person listens, and vice versa. On the 
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other hand, full-duplex is bi-directional which is used for transmitting and receiving 

simultaneously. The full-duplex communication systems are one of the most effective 

technologies because they provide double throughputs and capacities over the 

conventional system. There are two basic forms of full-duplexing such as Frequency 

Division Duplex (FDD) and Time Division Duplex (TDD). For the reasons mentioned 

above, a full-duplex communication is the most interesting technologies for researchers 

(Zhang Z., et.al, (2016); Bharadia D., and Katti S., (2014)) to develop and design new 

types of wireless communications. The researchers want to increase the performance of 

a communication system which supports and facilitates users to transmit and receive at 

the same time on the same frequency. Moreover, the wireless communication systems 

have reliability and good quality. The communication systems should have to transmit 

and receive signals simultaneously, i.e., the full-duplex communication. 

The most effective concept is to transmit and receive at the same time on the 

same frequency. Moreover, the main challenge of the design of full-duplex 

communication system is the interference signal cancellation. Because the strong 

interference signals generated from transmitter at the same side of receiver. This 

interference signal is called as self-interference signal. It directly affects the quality of 

transmitting and receiving signals. In (Liempd B. V., et.al., (2014); Korpi D., et.al., 

(2014); Hong S., et.al., (2014)), authors have focused on the design of the full-duplex 

communication system which can transmit and receive simultaneously at the same 

frequency and the same channel, so called as Full Duplex Single Channel (FDSC). It is 

designed by using only one antenna for both the transmitting and receiving sessions. 

The designed FDSC uses a circulator for the separation of the signals. It can separate 

two paths of transmitting and receiving signals at the same time. Due to imperfection 
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of circulator, when the signal is transmitted to circulator, there will be a signal leakage. 

Hence, the self-interference cancellation is the challenge in the implementation of the 

FDSC communication system which causes the strength of the interference signal at 

the receiving antenna. Full-duplex communication has been a source of interest for the 

researchers. Most of the self-interference cancellation techniques were presented in the 

literatures in order to reduce the self-interference signal. However, most of the current 

research present two techniques for self-interference cancellation which are both analog 

cancellation (Choi J. II, et.al., (2010); Zhou Z., et.al., (2015); Kolodziej K. E., and 

McMichael J. G. et.al., (2016); Kolodziej K. E., and Doane J. P. et.al., (2016)) and 

digital cancellation (Korpi, et.al., (2014); Zhou Z., et.al., (2015)). In (Kolodziej K. E., 

and Doane J. P. et.al, (2016)), the isolation-improvement technique is presented to 

cancel interference by using the adjusting phase shifter. In (Choi J. II, et.al, (2010)), the 

antenna cancellation have been proposed by using two transmitting antennas and one 

receiving antenna. For a wavelength λ, the transmitting antenna is placed at distance d 

from receiving antenna and the other transmitting antenna is placed at 𝜆 +
𝜆

2
 from the 

receiving antenna. This technique has limitation on physical implementation. The other 

techniques using RF circuits are more practical but they need more complex design for 

cancellation circuits. In (Zhou Z., et.al, (2015)), the Qh × 220 chip is used for 

cancelling a reference signal, which is called RF canceller technique. The digital 

cancellation is done after transforming signal into the digital domain. That is why many 

fancy techniques can be proposed to digitally eliminate the interference signals (Liang, 

et.al, (2015); Masmoudi, et.al, (2016)). 

As above mentioned, the researchers study the new technologies in order to 

respond to the demand of users by using more and more antennas at the transmitter and 
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receiver. The improved quality of the received signal means better performance of the 

system to communicate well together. The researchers have studied the multiple-input 

multiple-output (MIMO) system in order to develop the wireless communication 

system. The mobile communication systems have deployed the MIMO technologies on 

the third generation (3G), the fourth generation (4G), as well as beyond the fifth 

generation (5G) (Albreem M. A. M., et.al, (2015); Gupta, et.al, (2015); Alves H, et.al, 

(2015)). In the literature, researchers have improved the wireless communication 

systems that can transmit and receive data coverage the area of use increases. The FDSC 

MIMO system is more number of antennas on the transmitter and receiver. The self-

interference and mutual-interference signals occurs due to transmitting and receiving 

simultaneously. However, if the interference signal is happened at the same antenna, so 

called the self-interference signal. In other words, if the interference signals are present 

at the neighboring antennas, so called the mutual-interference signal. This problem 

cannot be solved by all techniques in literatures because the interference signals are the 

combination of the self-interference and mutual-interference. The MIMO relay was 

presented by researchers. A relay station is used to assist communication between the 

base station and the mobile station. The problem of MIMO relay is self-interference 

signal because the relay transmits and receives simultaneously. In (Lioliou P., et.al, 

(2009); Zhang J., et.al, (2013); Liu H., et.al, (2013); Shang C. Y. A., et.al, (2014)), 

authors have presented only the self-interference cancellation. In (Lioliou P., et.al, 

(2010), the self-interference signal is cancelled by using weight filters technique at the 

relay’s transmit and receive sides. They aim at maximizing the signal- to- interference 

ratio (SIR) between the desired signal to the self-interference signal at the reception and 

transmission. In (Shang C. Y. A., et.al, (2014)), authors have presented loopback 



5 

 

interference cancellation by using weight vector based on zero-forcing (ZF) technique. 

From the above literature, the real interference power is ignored in the proposed 

cancellations and it is impossible to perform any digital cancellation. In fact, the self-

interference and mutual-interference signals are still stronger than desired signal. Thus, 

the main key of interference cancellation consists of both analog and digital 

cancellations.    

Finally, the real interference power is not considered for the full-duplex MIMO 

system in literatures. Therefore, this thesis presents the FDSC communication for 

MIMO systems by considering the real interference power. Moreover, the main 

problem of this concept is the strong self-interference and mutual-interference signals. 

The interference cancellation techniques are proposed in this thesis, which are analog 

and digital cancellations. For the analog cancellation, it is designed to reduce the power 

levels of self-interference and mutual-interference signals by using RF circuit. It can 

suppress interference power by adjusting phase and amplitude of signals. For digital 

cancellation, it uses the subtraction of known transmitted data which is operated inside 

Universal Software Radio Peripheral (USRP) board.  

 

1.2 Thesis objectives 

(i) To study the theories and to design the full-duplex single-channel 

communication for MIMO systems. 

(ii) To propose the technique to reduce the self-interference and mutual-

interference signals on both analog and digital domains. 
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(iii) To investigate the performance of the proposed interference cancellation 

technique on the full-duplex single-channel communication for MIMO 

systems. 

 

1.3 Scope of study 

(i) Due to limitations of test kits, this thesis uses two antennas for the 

transmitter and receiver. 

(ii) All simulation results are performed using MATLAB. 

(iii) A test kit is designed to transmit and receive signals simultaneously, named 

as two-way communication. 

(iv) For experimentation, this thesis is to reduce the strength of self-interference 

and mutual-interference in both analog and digital domains. 

(v) A test kits of the proposed full-duplex single-channel communication for 

MIMO systems consist of two nodes which can transmit and receive 

simultaneously. 

(vi) The measured power and Bit Error Rate (BER) are considered. 

 

1.4 Contributions 

(i) To obtain the concept of the full-duplex single-channel communication for 

MIMO systems. 

(ii) The proposed techniques can suppress self-interference and mutual-

interference signals. 
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(iii)Experimental results show the significance of the proposed technique 

regarding cancellation of self-interference and mutual-interference signals.   

 

1.5 Thesis organization 

The remainder of this thesis is organized as follows. Chapter II presents the 

background theory including the development of wireless communication system in the 

future, the utilization of duplex communication systems, MIMO systems, the effective 

of mutual-coupling and the main problem of interference signal. This chapter presents 

the interference cancellation techniques. 

Chapter III presents the development of full-duplex single-channel 

communication for MIMO systems. This chapter presents the interference cancellation 

techniques in the FDSC for SISO and the MIMO systems. 

Chapter IV presents the analog cancellation part. The proposed technique is 

designed to reduce the power levels of self-interference and mutual-interference signals 

by using modified hybrid coupler and phase shifter. The designed modified hybrid 

coupler and simulation results of the proposed technique are presented in this chapter. 

Chapter V presents the digital cancellation part, the subtraction of known 

transmitted data is implemented inside the Universal Software Radio Peripheral 

(USRP). The space time block coding (STBC) technique is used for the estimation of 

the received data. A full test kit is constructed. The test kit consists of two nodes of the 

simultaneous transmitting and receiving for FDSC 2 × 2 MIMO system which are 

developed under Software-Defined Radio (SDR) technology. The experimental results 

show that the proposed technique can eliminate the interference power in the real-time. 

In addition, it can provide double throughputs in the system. 
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Chapter VI provides the conclusion of the research work and suggestion for 

further study.  
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  CHAPTER II 

BACKGROUND THEORY 

 

2.1 Introduction 

This chapter refers to the theory of full-duplex communication and MIMO 

technology which assists in the development of wireless communication systems in the 

future. MIMO is a technology to use multiple antennas for transmission and reception. 

The full-duplex communication for MIMO system is to transmit and receive at the same 

time on the same frequency. The main problem of this system is the interference signals 

including self-interference signal and mutual-interference signal. Therefore, this 

chapter discusses the interference cancellation techniques which can solve the 

mentioned problem. Section 2.1 is an introduction of this chapter which presents the 

main problem of full-duplex MIMO systems. Section 2.2 discusses the development of 

wireless communication in the future. Section 2.3 discusses the types of communication 

technologies. Section 2.4 presents the theory of the MIMO technology which shows the 

effect of mutual coupling presented in Section 2.5. Section 2.6 presents the FDSC 

communication for MIMO systems. The problem of self-interference and mutual-

interference signals is explained in Section 2.7. Many techniques for cancelling 

interference were presented in previous literatures which are discussed in Section 2.8. 

The last section concludes this chapter. 
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2.2 The development of wireless communication in the future  

 Nowadays, the wireless communication systems have become an essential part 

of everyday life, the demand of more users, and the data or information can be 

transmitted faster and with a high speed. In (Osseiran A., et al., (2014); Albreem 

M.A.M., et al., (2015); Gupta and Jha R.K., (2015), authors study and develop the 

communication technologies in order to support transmitting and receiving with high 

speed. They show the evolution and development of various generations of mobile 

wireless technology in terms of data, mobility and spectral efficiency. The wireless 

technologies have evolved from 1G to 4G, and to beyond 5G networks. The first 

generation (1G) technology uses analog telecommunication standard which transmit 

voice signals only. The second generation (2G) technology differed from the previous 

generation in their use of digital transmission instead of analog transmission which can 

be transmitted both voice and data signals. The third generation (3G) support services 

that provide an information transfer rate of at least 2 Mbps. It can be applied to transmit 

and receive higher data such as mobile Internet access, video calls and mobile TV 

technologies. Speed of fourth generation (4G) are increased to keep up with data access 

demand used by various services. This generation has been continuously developing 

and improving mobile technologies like MIMO systems. To achieve the expected 

capacity, coverage, reliability, latency and improvements in energy consumption until 

fifth generation (5G). Simultaneously, research toward 5G is one of the most attractive 

topics of mobile communication as shown in Figure 2.1. Researchers in the world have 

been doing research on enabling technologies for both evolution and revolution routes 

(Gupta, and Jha R. K., (2015); Zhang X., et al, (2015); Al-Falahy N., and Y. Alani O., 

(2017); Hossain E. and Hasan M., (2015); Talwar S., et al, (2014) including massive 
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MIMO, Device to Device (D2D), Machine to Machine (M2M) communications and 

mmWave communication. Massive MIMO techniques are the use of a very large 

number of service antennas, very large MIMO (Al-Falahy N., and Y. Alani O., (2017)). 

The benefits of massive MIMO include the extensive use of inexpensive low-power 

components, reduced latency and a solution to both capacity and energy efficiency 

demands.  Device to Device (D2D) technique is the communication between devices 

(Talwar S., et al, (2014)), which allow two nearby devices to communicate with each 

other in licensed cellular bandwidth without a Base Station (BS). Simultaneously, 

authors present the designed full-duplex communication MIMO relay system using 

single antenna (Lioliou P., et al, (2010); Shang C. Y. A., et al, (2014); Xiong X., et al, 

(2016)). The simultaneous transmitting and receiving simultaneously are provided the 

high capacity of MIMO communication with the coverage extension capability of relay 

transmission. 

 

 

 

 

Figure 2.1 5G landscape and performance requirements (Hossain E. et al, (2014)). 
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2.3 Types of communication technologies 

The transmission on communication channel defines the direction of the flow 

of information between two communication devices. There are three types of 

communication systems such as simplex, half-duplex and full-duplex. 

 

 2.3.1 Simplex 

  The system operates in one direction, as shown in Figure 2.2. This 

method is not complicated. Communication is unidirectional when the transmitting 

device does not require a response from the receiving device such as a communication 

between a computer, radio and a keyboard, television and remote.                                                                      

                               

 

 

Figure 2.2 Simplex communication system. 

 

2.3.2 Half-duplex 

            Half-duplex data transmission means that data can be transmitted in both 

directions on the same frequency, but not at the same time. The transmitting and 

receiving information cannot happen simultaneously, as shown in Figure 2.3. For 
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example, a walkie-talkie operates in half-duplex mode which message is sent one at a 

time. It can only send or receive information which cannot do both at the same time. 

 

 

 

Figure 2.3 Half-duplex communication system. 

 

2.3.3 Full-duplex 

            In Figure 2.4, a full-duplex system can transmit and receive data 

simultaneously in both directions on transmission path. Full-duplex transmission, the 

channel capacity is shared by both communicating devices at all times. The connected 

devices can transmit and receive at the same time. Therefore, it represents truly bi-

directional system. For example, telephone networks operate in full-duplex mode when 

two persons talk on telephone line, both can listen and speak simultaneously. There are 

two basic forms of full-duplex such as Frequency Division Duplex (FDD) and Time 

Division Duplex (TDD). 

 

 



14 

 

 

 

Figure 2.4 Full-duplex communication system. 

 

Frequency Division Duplex (FDD) is a technique where separate the frequency 

bands are used at the transmitter and receiver. The FDD technique uses two separate 

frequency bands or channels for transmitting and receiving operations. A sufficient 

amount of guard band separates the two bands so transmitter and receiver do not 

interfere with another. 

 

 

 

Figure 2.5 Full-duplex communication system using FDD. 
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Time Division Duplex (TDD) uses the allocation of different time slots on a 

single frequency band for both transmitting and receiving. Then it shares that band by 

assigning alternating time slots to transmit and receive operations. TDD separates 

uplink and downlink signals by matching full-duplex communication over a half-

duplex communication. Users are allocated by time slots for uplink and downlink 

transmission. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Full-duplex communication system using TDD. 

 

  2.3.3.1 Full-duplex communication system by using single channel 

   Normally, the wireless communication cannot transmit and 

receive simultaneously at the same channel. Andrea Goldsmith (2005) mentioned the 

full-duplex communication, “It is generally not possible for radios to receive and 

transmit on the same frequency band because of the interference that results”. 

Therefore, the full-duplex system needs to separate uplink and downlink by 
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transmitting and receiving through one switchable channel. The channel need to share 

between transmitting and receiving which requires either time or frequency to be 

switched, named as Time Division Duplex (TDD) or Frequency Division Duplex 

(FDD), respectively. As shown in Figure 2.7, the information is sent between both node 

1 and node 2 at the same frequency. The main problem of full-duplex system is signal 

leakage on the same side which is the undesired signal, so called as self-interference. 

In order to eliminate self-interference signals, many techniques are proposed in (Choi 

J. II, et.al, (2010); Zhou Z., et.al, (2015); (Korpi, et.al, (2014); Zhou Z., et.al, (2015)). 

The advantage of FDSC communication is to efficiently utilize the channel which 

results in improvement of throughputs and data rate. When node1 and node 2 transmits 

and receives simultaneously at the same time and then the receiver will receive the bad 

information. Furthermore, it is the fact that the problem of interference signal is 

happened, stronger than the desired signal at the same node. This interference signal is 

named as self-interference signal. In (Choi J. II, et al, (2010); Liempd B. V., et al, 

(2014); Zhou Z., and Zhang X. (2015)), authors have presented the FDSC 

communication system using single antenna to transmit and receive simultaneously. 

However, the problem of MIMO system is more pronounced because it has more single 

antenna than SISO system.  
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Figure 2.7 The effect of self-interference signals. 

 

2.4 Multiple-Input Multiple-Output (MIMO) System 

Nowadays, the MIMO technology is developed in order to improve the wireless 

communications and spectrum efficiency. In radio, multiple-input multiple-output 

(MIMO) system is a technique for multiplying the channel capacity of a radio link using 

multiple antennas at both the transmitter and receiver to improve communication 

performance. MIMO technology is one of the most interesting technologies in wireless 

communications, because it offers significant increases in data throughput and link 

range without additional bandwidth or increased transmit power. Because of these 

properties, MIMO is an important part of modern wireless communication standards. 

MIMO technology has been developed and implemented in some standards, e.g. 

802.11n products. SISO/ SIMO/ MISO are special cases of MIMO 

o Single-input and single-output (SISO) is a radio system where neither 

the transmitter nor receiver has multiple antennas. 
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o Single-input and multiple-output (SIMO) is the transmitter has a single 

antenna. 

o Multiple-input and single-output (MISO) is the receiver has a single 

antenna. 

MIMO system consists of the received signal vector with N transmitting 

antennas and M receiving antennas which can be formulated as 

 

𝒚 = 𝑯𝒙 + 𝒏,                                                                                              (2.1) 

 

where 𝒚 is the received signal vector, 𝑯 is the channel matrix between transmitting and 

receiving antennas, 𝒙 is the transmitted signal vector, and 𝒏 is the adding noise vector. 

 

2.4.1 Types of MIMO system 

            MIMO can be separated two main categories such as Open-loop systems 

and Closed-loop systems. The difference of both systems are that the closed-loop 

systems are the feedback channel between the transmitter and receiver. Closed-loop 

systems are more complex than the open-loop systems but better quality. 

 

2.4.1.1 Open-loop systems 

             The receiver does not require knowledge of the channel at the 

transmitter. As a result, this operation occurs when the access network does not have 

information from the receiver. These systems are called open-loop system. 
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2.4.1.1.1 Spatial multiplexing 

                Spatial multiplexing is a well-known open-loop MIMO 

technique widely used in wireless systems. Different data streams are sent via each 

transmit antenna. The spatial multiplexing system is depicted in Figure 2.8.  

 

 

 

Figure 2.8 Spatial multiplexing system. 

 

2.4.1.1.2 Space-Time Block Code 

                In the space-time code, a single data stream is transmitted from 

multiple transmit antennas, but the signal is coded to exploit independent fading in 

multiple antennas to achieve space diversity as shown in Figure 2.9. The most popular 

space-time code is Alamouti, which is adopted by many wireless standards. Typical 

Alamouti code is expressed by (2.2) and rearranged by (2.3) 

 

[
𝑦11 𝑦21
𝑦12 𝑦22

] = [
ℎ11 ℎ12
ℎ21 ℎ22

] [
𝑥1 −𝑥2

∗

𝑥2 𝑥1
∗ ] + [

𝑛11 𝑛21
𝑛12 𝑛22

],                                    (2.2) 

and 
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[

𝑦11
𝑦12
𝑦21
∗

𝑦22
∗

] =

[
 
 
 
ℎ11 ℎ12
ℎ21 ℎ22
ℎ12
∗

ℎ22
∗

−ℎ11
∗

−ℎ21
∗ ]
 
 
 
[
𝑥1
𝑥2
] + [

𝑛11
𝑛12
𝑛21
∗

𝑛22
∗

],                                                                (2.3) 

 

where the signals 𝑥1 and 𝑥2 are transmitted independently. Then, in the second time, 

the signals −𝑥2
∗ and 𝑥1

∗ are transmitted simultaneously from the two antennas. 

Compared with spatial multiplexing, using Alamouti code provides higher diversity 

gain and does not require complicated receiver detection. The spatial multiplexing 

targets spatial multiplexing gain, space-time code targets diversity gains.  

 

 

 

Figure 2.9 Space-Time Block Code system. 

 

2.4.1.2. Closed-loop systems 

               As the mentioned above, the difference between closed-loop and 

open-loop of MIMO system is that the closed-loop systems require channel knowledge 

at the transmitter. Moreover, the main problem is how to obtain channel knowledge at 

the transmitter. Most current wireless standards allocate a feedback channel to transmit 
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channel knowledge to the base transceiver station. This feedback solution can work in 

Frequency Division Duplex (FDD) and Time Division Duplex (TDD) systems. Because 

the redundant channel information puts heavy overhead on the uplink, channel 

information is usually quantized to reduce the feedback message size. This quantized 

information feedback is called as a limited feedback. 

 

2.5 Mutual coupling phenomena on MIMO systems 

The electromagnetic interaction between the antenna elements in an antenna 

array is called mutual coupling. Antenna to antenna mutual coupling describes energy 

absorbed by one antenna’s receiver when another nearby antenna is operating. The 

mutual coupling is typically undesirable because it reduces the performance of the 

system. Hence, mutual coupling reduces the antenna efficiency and performance of 

antennas in both transmit and receive modes. The interactions between the entries set 

of antennas and scatters are initially described by the impedance matrix 𝒛. In general, 

𝒛 can be determined using numerical techniques. For dipoles, the mutual impedance 

can easily be calculated using classical induced Electromagnetic Force (EMF) method 

(Uthansakul P., (2009); Lykhograi V. G., et al, (2013)). The value of the mutual 

impedance between the 𝑚𝑡ℎ and 𝑛𝑡ℎ dipoles can be written as 

 

𝑧𝑚𝑛 =

{
 
 

 
 30[0.5772 + ln(𝑘𝑙) − 𝑐𝑖(𝑘𝑙)] +                                                 

𝑗[30𝑠𝑖(𝑘𝑙)]                                                                           𝑚 = 𝑛

30[2𝑐𝑖(𝑢0) − 𝑐𝑖(𝑢1) − 𝑐𝑖(𝑢2)] −                                              

𝑗[30(2𝑠𝑖(𝑢0) − 𝑠𝑖(𝑢1) − 𝑠𝑖(𝑢2))]                                    𝑚 ≠ 𝑛,
  

                    (2.4) 
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where 𝑘 =
2𝜋

𝜆
 is the wave number, 𝑙 =

𝜆

2
 is the dipole length and the constants 𝑢0, 𝑢1, 𝑢2 

are given by 

𝑢0 = 𝑘𝑑ℎ,                                                                                                            (2.5) 

𝑢1 = 𝑘 (√𝑑ℎ
2 + 𝑙2 + 𝑙),                                                                                   (2.6) 

𝑢2 = 𝑘 (√𝑑ℎ
2 + 𝑙2 − 𝑙),                                                                                   (2.7) 

 

where 𝑑ℎ is the distance between the two dipole antennas and 𝑐𝑖(𝑢) and 𝑠𝑖(𝑢) are the 

Cosine and Sine integrals respectively, defined as 

 

𝑐𝑖(𝑢) = ∫
cos (𝑥)

𝑥
𝑑𝑥,

𝑢

∞
                                                                                       (2.8) 

𝑠𝑖(𝑢) = ∫
sin (𝑥)

𝑥
𝑑𝑥.

𝑢

0
                                                                                         (2.9) 

 

In general, mutual can be characterized by numerical modeling techniques. 

However, for dipoles, we can use analytical expression to introduce mutual coupling 

into the designed MIMO system. The coupling matrix of transmitting antenna array 𝑪𝑇 

can be written using fundamental electromagnetic and circuit theory. 𝑪𝑇 is the transfer 

function matrix for the transmitting array and can be written as 

 

𝑪𝑇 = (𝑍𝐴 + 𝑍𝑇)(𝒁 + 𝑍𝑇𝑰𝑁𝑇)
−1
,                                                                   (2.10) 

 

where 𝑍𝐴 is the element’s impedance in isolation for half wavelength dipole,              

𝑍𝐴 = 73 + 𝑗42.5 ohm. 𝑍𝑇 = 𝑍𝐴
∗ is determined for the purpose of achieving the 
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maximum power. 𝒁 is defined by using the EMF method as described in (2.4). Also, 

the coupling matrix of receiving antenna array 𝑪𝑅 can be determined in a similar 

manner. 𝑪𝑅 has the meaning of transfer function matrix for the receiving array and can 

be written as 

 

𝑪𝑅 = (𝑍𝐴 + 𝑍𝑇)(𝒁 + 𝑍𝑇𝑰𝑁𝑅)
−1
.                                                                   (2.11) 

 

The channel matrix 𝑯 obtained from the case that this effect is absent has to be 

pre and post multiplied by coupling matrices 𝑪𝑅 and 𝑪𝑇. As a result, the new channel 

matrix is given by 𝑯𝑚𝑐 = 𝑪𝑅𝑯𝑪𝑇. This inclusion leads to the modified signal model 

(2.1), can be written as 

 

𝒚 = 𝑯𝑚𝑐𝒙 + 𝒏.                                                                                              (2.12) 

 

2.6 Full-duplex communication for MIMO systems 

Due to the trend of users, there is more demand the data transmission. In (Talwar 

S., et al, (2014)), this work has presented the development of MIMO system in order to 

increase the transmitting and receiving data efficiency, the demand of the increased 

high-data rate and capacity. Many methods were presented such as the transmitting and 

receiving data through relay in (Lioliou P., et al, (2010); Shang C.Y. A., et al, (2014); 

Xiong X., et al, (2016)). As shown in Figure 2.10, a relay station is used to assist 

communication between the base station and the mobile station. The relay receives data 

from the base station and transmits data into the mobile station. Due to the relay, there 
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is that the simultaneous transmitting and receiving at the same time. The problem of 

relay is the effect of self-interference signal. The self-interference elimination 

techniques are presented in literatures which the real interference power is ignored. But 

in the fact, the power levels of self-interference signal is still stronger than the desired 

signal. The work in literatures present the MIMO technology and the problem of self-

interference signal but the mutual coupling phenomena is ignored. The mutual coupling 

phenomena is called mutual-interference signal. In fact, the mutual coupling 

phenomena in FDSC communication for MIMO system is stronger than desirable 

received signal so it cannot be ignored. For this reasons, the channel capacity efficiency 

is reduced due to not having the desired signal. 

 

 

 

Figure 2.10 Full-duplex MIMO relay model. 

 

2.7 The problem of interference signals for MIMO system 

 In the literature review, the main problem of self-interference and mutual-

interference signals are happened when the full-duplex communication for MIMO 
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system transmits and receives simultaneously at the same time on the same frequency. 

As shown in Figure 2.11, the difference of self-interference and mutual-interference is 

on which antenna that interference signal occurs. If the interference signal is happened 

at the same antenna, then it is called as self-interference. In other hand, if the 

interference signal occurs at the neighboring antennas is called as mutual-interference. 

Hence, the interference signal results can be written as  

 

 𝑯𝐼𝒔 = 𝑯𝑆𝐼𝒔 + 𝑯𝑀𝐼𝒔,                                                                                           (2.13) 

 

where 𝑯𝑆𝐼 is self-interference signal vector, 𝑯𝑀𝐼 is mutual-interference signal vector, 

𝑯𝐼 is the combination of self-interference and mutual-interference signals, then it is 

called as interference signals. The power levels of both interference signals are still 

stronger than desirable received signal which can be shown by (2.14) 

 

 𝒚 = 𝑯𝒙 + 𝑯𝐼𝒔 + 𝒏.                                                                                      (2.14) 

 

The main problem of full-duplex MIMO system is self-interference and mutual-

interference signals which affect with the desired signal and distortion signals. In 

(Lioliou P., et al, (2010); Shang C. Y. A., et al, (2014)), authors have presented the 

interference cancellation techniques in digital cancellation part. But in fact, it is not 

enough for the power levels of interference signals with the real interference powers. 

Hence, this thesis proposed two types of interference cancellation for FDSC MIMO 

systems, which is analog cancellation and digital cancellation in the next chapter. 
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Figure 2.11 MIMO system model with the problem of interference signals. 

 

2.8 Interference cancellation techniques 

For FDSC communication, the main problem of FDSC is the strong interference 

signal which is generated from transmitter on the same side of receiver. Many 

techniques are presented in the literatures such as zero forcing algorithm, minimum 

mean square error algorithm, analog cancellation technique and digital cancellation. All 

the presented techniques have been concluded in Table 2.1. 
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Table 2.1 Comparison between different proposed techniques for full-duplex  

     communication. 

 

Literatures 

Self-

interfere

nce 

Mutual-

interfer

ence 

Analog 

cancellat

ion 

Digital 

cancellat

ion 

Measure

ment 

results 

MIMO 

systems 

(Choi J.II, et 

al., (2010); 

Jain M., et 

al., (2011); 

Knox M. E., 

(2012); 

Phungamnger

n N., (2013)) 

          

(Lioliou P., et 

al., (2010); 

Liu H. et al., 

(2013); 

Shang C. Y. 

A. et al., 

(2014)) 

         

(Li S., and 

Murch R. D., 

(2011); Sahai 

A., et al., 

(2011)) 

        

Proposed             

 

2.9 Chapter summary 

This chapter describes wireless communication, full-duplex communication 

systems, advantages and benefits of MIMO systems. The development of 

communication systems can transmit and receive simultaneously at the same time on 

the same frequency. The main concept of FDSC communication is one of many 

possible approaches to occupy the highest spectrum efficiency. However, the main 

problem of this concept is the effect of self-interference signals. For full-duplex MIMO 

relay technology, this technology is considered the effect of self-interference signals. 
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Furthermore, the MIMO system uses to transmit and receive multiple antennas which 

occurs the mutual coupling phenomena. Hence, this concept supports the wireless 

communication systems and more usage. The development of a FDSC communication 

for MIMO system is the method to transmit and receive signals simultaneously at the 

same time and on the same frequency. Consequently, a critical issue involved in such 

an operation is the resulting self-interference and mutual-interference signals. The next 

chapter describes the method to eliminate self-interference and mutual-interference. 
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CHAPTER III 

DEVELOPMENT OF FULL-DUPLEX SINGLE-

CHANNEL COMMUNICATION FOR MIMO SYSTEMS 

 

3.1 Introduction 

This chapter describes the development of FDSC communication for MIMO 

systems which show the processes and principles used in designing equations. The main 

problem of FDSC MIMO system is self-interference and mutual-interference signals. 

Self-interference and mutual-interference affect the signals in different ways. If the 

interference signal is happened at the same antenna, then it is called as self-interference. 

Otherwise, the interference signals are happened at the neighboring antennas, it is called 

as mutual-interference. In order to eliminate self-interference signal, many techniques 

have been proposed in literatures. Many techniques have suggested to reduce self-

interferences in case of MIMO relay system which are discussed in the Section 3.2. The 

strong interference signals are generated from transmitter on the same side of receiver 

which are presented in the Section 3.3. Section 3.4 presents the comparison of self-

interference and mutual-interference cancellation techniques. Interference signals are 

reduced by using the proposed analog and digital techniques for FDSC communication 

in MIMO system, as discussed in Section 3.5. The first part is the analog cancellation 

which discusses the method to eliminate interference signals on RF domain. The second 

part is mentioned in the next chapter which includes the digital cancellation part. 

Finally, the last section concludes the chapter. 
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3.2 Interference cancellation on the MIMO relay system 

Many methods in the literature are discussed regarding full-duplex 

communication for MIMO relay system. Relay node receives signal from the signal 

source and transmits the signal to the destination. However, the problem of full-duplex 

communication is the effect of a self-interference signal which occurs at the transmitter 

and receiver of relay node. The main problem of MIMO relay system is only self-

interference signal which is presented in the literatures. In (Lioliou P., et al., (2010)), 

authors propose lot of techniques in order to eliminate self-interference signal, for 

example, Zero-Forcing (ZF) technique and Minimum Mean Square Error (MMSE) 

technique. The designed full-duplex communication for MIMO relay system is shown 

in Figure 3.1. The singular value decomposition (SVD) of the self-interference channel 

𝑯0 can be written as 

 

 𝑯0 = 𝑼0𝑫0𝑽0
𝐻,                                                                                               (3.1) 

 

where 𝑫0 is a diagonal matrix, 𝑼0 and 𝑽0 are unitary matrices that contain the left and 

right singular vectors, respectively. For zero forcing, the self-interference cancellation 

matrices, 𝑾𝑟 and 𝑾𝑡 are selected in such way that the row space of 𝑾𝑟 lies in the left 

null space of 𝑯0, and the column space of 𝑾𝑡 lies in the right null space of 𝑯0. 

Therefore, the self-interference cancellation matrices can be expressed as 

 

 𝑾𝑟 = 𝑼0
𝐻,                                                                                                        (3.2) 

 𝑾𝑡 = 𝑽0.                                                                                                        (3.3) 
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The designed signal at the destination can be written as 

 

 𝒚𝑑 = {𝑯2𝑾𝑡𝑮𝑾𝑟𝑯1𝒙𝑠 +𝑯2𝑾𝑡𝑮𝑾𝑟𝑯0𝒙𝑟 +𝑯2𝑾𝑡𝑮𝑾𝑟𝒏𝑟}𝒙𝑠 + 𝒏𝐷 .    (3.4) 

 

The work in literature aimed to design full-duplex communication for MIMO 

relay system (Lioliou P., et al, (2010)). The challenge of this concept is self-interference 

signal by proposing zero forcing technique. Many techniques for self-interference 

cancellation are proposed in the literature by neglecting the real interference power. In 

fact, the interference signal is still much stronger than the desired signal and cannot be 

ignored. The results will be revealed in the next section.   

 

 

 

Figure 3.1. The full-duplex communication for MIMO relay system. 

 

3.3 Strength of interference signals 

The works in literatures discuss full-duplex communication for MIMO relay 

system to cancel the self-interferences but they have neglected the real interference 

 

 
Source Relay Destination
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power. In fact, the power of interference signal is still much stronger than the power of 

desired signal which cannot be ignored. However, this thesis considers the interference 

signals and the desired signals which the real power is measured. The power levels of 

interference signals are still stronger than the desired signals. This problem focuses on 

the interference cancellation method in only digital domain, which is not enough. 

Figure 3.2 shows channel capacity of MIMO system at different input powers. For zero-

forcing technique, the normalized power shown by blue line in the Figure 3.2 is 

compared with the real power of the interference signal shown by dashed blue line. 

After the measurement results, the ZF technique is not enough to cancel the real 

interference power of the signal. For this reason, the interference cancellation 

techniques are proposed into two types, which are analog cancellation and digital 

cancellation. We have used the modified hybrid coupler and phase shifters to cancel the 

analog cancellation and STBC technique for digital cancellation which basically the 

idea is to subtract the interference from the original signal. These techniques are 

discussed in details in the next chapters. 
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Figure 3.2 Channel capacity of MIMO system at different power levels by using ZF  

      technique. 

 

3.4 The comparison of self-interference and mutual-interference 

cancellation techniques 

 As shown in Figure 3.3, the design of FDSC for 𝑀 ×𝑁 MIMO system uses the 

channel compensator (W). Purpose of the compensator (W) is to get to know the 

response of self-interference and mutual-interference in order to cancel them. The 

channel compensation of interference signals (W) can be written as equation (3.5) 

 

𝑾 = −𝑯𝐼 .                                                                                                        (3.5) 
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Figure 3.3 FDSC communication for 𝑀 ×𝑁 MIMO system model using the channel  

      compensation. 

 

The designed signal at the destination can be written as 

 

 𝒚 = 𝑯𝒙 + 𝑯𝐼𝒔 +𝑾𝒔 + 𝒏.                                                                             (3.6) 

 

The interference cancellation techniques are proposed in literatures. So, the 

main idea of this system is that the elimination of self-interference and mutual-

interference signals are pre-known. The interference cancellation technique is written 

as equation 3.6. For simulation results, the channel compensation and ZF techniques 

are compared to eliminate interference signals by using the MATLAB programming.   
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Figure 3.4 and Figure 3.5 show the channel capacity of 2 × 2 and 4 × 4 MIMO 

system respectively. For 2 × 2 and 4 × 4 FDSC MIMO systems, this thesis have 

proposed the channel compensation technique in order to eliminate the interference 

cancellation. The channel compensation technique is the evaluation of interference 

channel by defining the evaluation of channel compensation equal the interference 

channel. For measurement of real interference power, the proposed channel 

compensation technique is better than the ZF technique. The ZF technique eliminates 

the interference signal in digital domain only, which is not enough. However, the 

proposed technique is poorer than that of the system without interference. 

Figure 3.6 and Figure 3.7 show the system BER versus 𝐸𝑏 𝑁0⁄  for different 

interference cancellation techniques. In the interference signals, the ZF performance is 

poorer than that of the channel compensation technique, and their declining tendency 

becomes gradually slow with the increase of 𝐸𝑏 𝑁0⁄  because we have considered the 

interference signals in the ZF technique as compared to the channel compensation 

technique by using the same condition. In addition, with the increase of 𝐸𝑏 𝑁0⁄ , the 

BER difference between the two techniques would gradually increase. In Figure 3.6 

and Figure 3.7, the interference signals are cancelled by using the channel 

compensation technique. As seen in these figures, the 2 × 2 MIMO system is worse 

than the 4 × 4 MIMO system because BER of 2 × 2 MIMO system is more than the 

4 × 4 MIMO system.    
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Figure 3.4 Channel capacity of 2 × 2 MIMO system.  

 

 

 

Figure 3.5 Channel capacity of 4 × 4 MIMO system.  
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Figure 3.6 BER of 2 × 2 MIMO system.  

 

 

 

Figure 3.7 BER of 4 × 4 MIMO system.  
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3.5 Proposed test kit for 𝟐× 𝟐 FDSC MIMO system 

The author designs FDSC communication for MIMO system. The advantages 

of this system are double throughputs, reduced delays and the simultaneous transmitting 

and receiving signal at the same time on the same frequency. As shown in Figure 3.8, 

the 𝑁𝑡ℎ antennas at node 1 and 𝑀𝑡ℎ antennas at node 2 are designed to employ a single 

antenna for both transmitting and receiving which implemented with the help of 

Circulator (CR). The circulator can separate two paths of transmitting and receiving 

signals. As shown in Figure 3.9, the designed FDSC communication for 2 × 2 MIMO 

system can be transmitted and received simultaneously at the same time and on the 

same frequency. The main problem of FDSC is the strong self-interference and mutual-

interference signals which generated from transmitter on the same side of receiver. 

For self-interference signal, it is the imperfection of circulator that leaks the 

transmitting signal to the receiving path. In this case, a single antenna is connected to a 

circulator at the 2𝑛𝑑 port, which is a 3-port device that provides limited isolation 

between the 1𝑠𝑡 port and the 3𝑟𝑑 port. The transmitted signals are fed from the 1𝑠𝑡 port 

to the 2𝑛𝑑 port which are connected with antenna. The received signal from the antenna 

is passed from the 2𝑛𝑑 port to the 3𝑟𝑑 port. Circulator cannot imperfectly isolate the 1𝑠𝑡 

port and the 3𝑟𝑑 port. Inevitably, the transmitted signal leaks (self-interference) from 

the 1𝑠𝑡 port to the 3𝑟𝑑 port and it interferes with the received signal. 
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Figure 3.8 Full-duplex single-channel communication for 𝑀 ×𝑁 MIMO system.  

 

 

 

     Figure 3.9 The illustration of self-interference and mutual-interference in FDSC  

2 × 2 MIMO system. 
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Moreover, for mutual-interference, there is mutual coupling phenomena 

happened by many antennas locating nearby. The mutual coupling is the disinterested 

signal because the transmitted signals would be radiated away to a nearby antenna. 

Hence, the mutual coupling reduces the antenna efficiency and performance of antenna 

in both transmitting and receiving modes. Therefore, the challenge of this designed 

system is the power levels reduction of self-interference and mutual-interference 

signals. The interference cancellation has two important techniques by proposing both 

analog and digital cancellations, which is described in the next section. 

 

3.5.1 Design of analog cancellation 

           In the first part, the design of analog cancellation is very important. 

Hence, the analog cancellation technique is proposed to eliminate interference signals, 

which based on pre-defined RF circuit network. The advantages of this communication 

system are self-interference and mutual-interference signals, which use knowledge of 

the transmission signal to cancel interference signals from the receiving analog signal. 

The circuit is designed to adjust the phase and amplitude of the primary and secondary 

routes. For analog cancellation, in order to completely cancel the self-interference and 

mutual-interference signals, the phase of these two output routes must differ from the 

phase of interference signals by 𝜋. In addition, the amplitudes of primary and secondary 

routes must have comparable power levels. This research presents to design FDSC 

communication for 2 × 2  MIMO system. Figure 3.10 shows the block diagram of 

analog interference cancellation for FDSC 2 × 2 MIMO system by using the modified 

hybrid coupler and phase shifters. 
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Figure 3.10 The block diagram of analog interference cancellation for FDSC 2 × 2  

        MIMO system. 

 

           The design and implementation of analog cancellation is verified by 

measurements. The block diagram of FDSC 2 × 2 MIMO system is shown in Figure 

3.10. The adjacent antennas should be 𝜆 2⁄  apart in MIMO system for best performance. 

If they be placed closer, there will be stronger correlation between their signals (mutual 

coupling), therefore the utility of MIMO is reduced. The interference cancellation 

circuit consists the modified hybrid coupler, attenuators, phase shifters and combiners. 

The parameters are used to design this model, as shown in Table 3.1. 
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Table 3.1 The parameters are used to model of FDSC communication for MIMO  

     system. 

Parameters Values 

Number of antenna at node1 2 

Number of antenna at node2 2 

Antenna distance 𝜆 2⁄  

Frequency (GHz) 2.45 

 

As shown in Figure 3.10, the green lines denote the signals at the first antenna. 

The signals of the 1𝑠𝑡 port can be written as 

 

 𝑥1 = 𝐴1𝑒
−𝑗(𝜔𝑡+∅1),                                                                                                                    (3.7) 

 

where 𝐴1 is amplitude of the 1𝑠𝑡 port and ∅1 is phase of the 1𝑠𝑡 port. When the 𝑥1 signal 

is transmitted to coupler and be divided into two ways. The major power of 𝑥1 signal 

transmits through the antenna and the remainder in the 3𝑟𝑑 port becomes the input of 

modified hybrid coupler. As seen in (3.8) and (3.9), the 𝑥1 signal transmits through a 

coupler into the 7𝑡ℎ port and the 3𝑟𝑑 port, respectively as follows: 

 

𝑥𝑐𝑝12 = (1 − 𝛼𝑐𝑝11)𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝12),                                                      (3.8) 

 

𝑥𝑐𝑝11 = 𝛼𝑐𝑝11𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝11).                                                                 (3.9) 
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 From the viewpoint of the first antenna, the signal in the 3𝑟𝑑 port is the 

reference signal for self-interference signal and the signal in the 4𝑡ℎ port is the reference 

signal for mutual-interference signal. Then, the summation of reference signals of self-

interference and mutual-interference at the first antenna is written as 

 

𝑥𝑐𝑚1 =
1

√2
(𝛼𝑐𝑝11𝛼𝑐𝑚1

𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝11+∅𝑐𝑚1) +

                            𝛼𝑐𝑝21𝛼𝑐𝑚2
𝐴2𝑒

−𝑗(𝜔𝑡+∅2+∅𝑐𝑝21+∅𝑐𝑚2)),                                                          (3.10) 

 

where 𝛼𝑐𝑝11 and 𝛼𝑐𝑝21 are the attenuation coefficients of the 3𝑟𝑑 and the 4𝑡ℎ ports 

respectively. ∅𝑐𝑝11 and ∅𝑐𝑝21 are the phases of the 3𝑟𝑑 and the 4𝑡ℎ ports respectively. 

𝛼𝑐𝑚1
 and 𝛼𝑐𝑚2

 are the attenuation coefficients of the received signals at the first and 

second antennas respectively. ∅𝑐𝑚1
 𝑎𝑛𝑑 ∅𝑐𝑚2

 are the phases of the received signals at 

the first and second antennas respectively. At the 7𝑡ℎ port, when the signal is transmitted 

to circulator, there is a signal leakage due to imperfection of circulator circuits and the 

reflection of signals due to the effect of an antenna. This leakage is called self-

interference signal, which can be written as 

 

𝑥𝐿1 = (1 − 𝛼𝑐𝑝11)𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝12)[𝛼𝐿𝑒

−𝑗∅𝐿 + 𝛼𝑅𝑒
−𝑗∅𝑅] + 

            (1 − 𝛼𝑐𝑝21)𝛼𝑡𝛼𝑚𝑐𝛼𝑡𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝22+∅𝑡+∅𝑚𝑐+∅𝑡),                              (3.11) 

 

where 𝛼𝐿 is the attenuation coefficient of the signal leakage from circulator, ∅𝐿 is the 

phase of the signal leakage from circulator, 𝛼𝑅 is the attenuation coefficient of the 

reflection of signal from an antenna, ∅𝐿 is the phase of the reflection of signal from an 
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antenna, 𝛼𝑡 is the attenuation coefficient of the coaxial cable, ∅𝑡 is the phase of the 

coaxial cable, 𝛼𝑚𝑐 is the attenuation coefficient of the mutual-interference signals and 

∅𝑚𝑐 is the phase of the mutual-interference signals. The key success of analog 

interference cancellation is the appropriate design of modified hybrid coupler and phase 

shifters. The task is to make the phase of the 5𝑡ℎ port differ from the phase of the 9𝑡ℎ 

port by 𝜋. Note that the amplitude of both signals must be controlled to have 

approximately the same level. 

The received signal 𝑅11 is given by 

  

𝑅11 = 𝑦3 + 𝑥𝑐𝑚1 + 𝑥𝐿1.                                                                                            (3.12) 

 

The received signal 𝑅11 must be equal to incoming signal 𝑦3 under the condition 

that the interference signals are perfectly suppressed that is 𝑥𝑐𝑚1 must be equal to 𝑥𝐿1. 

By equating (3.10) to (3.11), the attenuation coefficients and phase shifts can be written 

as 

 

(1 − 𝛼𝑐𝑝11)𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝12)[𝛼𝐿𝑒

−𝑗∅𝐿 + 𝛼𝑅𝑒
−𝑗∅𝑅] =

              −
1

√2
𝛼𝑐𝑝11𝛼𝑐𝑚1

𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝11+∅𝑐𝑚1),                                                                   (3.13) 

 

and 

 

(1 − 𝛼𝑐𝑝21)𝛼𝑡𝛼𝑚𝑐𝛼𝑡𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝22+∅𝑡+∅𝑚𝑐+∅𝑡) =

              −
1

√2
𝛼𝑐𝑝21𝛼𝑐𝑚2

𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝21+∅𝑐𝑚2).                                                                   (3.14) 
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Therefore, based on (3.13) and (3.14), it is possible to design the modified 

hybrid coupler for cancelling both self-interference and mutual-interference.  

As shown in Figure 3.10, the red dash lines denote the signals at the second 

antenna. The signals of the 2𝑛𝑑 port can be written as 

 

𝑥2 = 𝐴2𝑒
−𝑗(𝜔𝑡+∅2),                                                                                                                 (3.15) 

 

where 𝑥2 is amplitude of the 2𝑛𝑑 port and ∅2 is phase of the 2𝑛𝑑 port. When the 𝑥2 

signal is transmitted to coupler and be divided into two ways. The major power of 𝑥2 

signal transmits through the antenna and the remainder in the 4𝑡ℎ port becomes the input 

of modified hybrid coupler. As seen in (3.16) and (3.17), the 𝑥2 signal transmits through 

a coupler into the 8𝑡ℎ port and the 4𝑡ℎ port attaining the following signals, respectively, 

 

𝑥𝑐𝑝22 = (1 − 𝛼𝑐𝑝21)𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝22),                                                      (3.16) 

 

𝑥𝑐𝑝21 = 𝛼𝑐𝑝21𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝21).                                                                (3.17) 

 

From the viewpoint of the second antenna, the signal in the 4𝑡ℎ port is the 

reference signal for self-interference signals and the signal in the 3𝑟𝑑 port is the 

reference signal for mutual-interference signals. Then, the summation of reference 

signals of self-interference and mutual-interference at the second antenna is written as 
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𝑥𝑐𝑚2 =
1

√2
(𝛼𝑐𝑝11𝛼𝑐𝑚1

𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝11+∅𝑐𝑚1) +

                             𝛼𝑐𝑝21𝛼𝑐𝑚2
𝐴2𝑒

−𝑗(𝜔𝑡+∅2+∅𝑐𝑝21+∅𝑐𝑚2)).                                                         (3.18) 

 

Next, the signal leakage due to circulator and the reflection of signal due to the 

effect of an antenna at the 8𝑡ℎ port can be written as 

 

 𝑥𝐿2 = (1 − 𝛼𝑐𝑝21)𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝22)[𝛼𝐿𝑒

−𝑗∅𝐿 + 𝛼𝑅𝑒
−𝑗∅𝑅] + 

             (1 − 𝛼𝑐𝑝11)𝛼𝑡𝛼𝑚𝑐𝛼𝑡𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝12+∅𝑡+∅𝑚𝑐+∅𝑡).                             (3.19) 

 

The key success of analog interference cancellation is the appropriate design of 

modified hybrid coupler and phase shifters. The design reference signal is to make the 

phase of the 6𝑡ℎ port differ from the phase of the 10𝑡ℎ port by 𝜋. Note that the amplitude 

of both signals must be controlled to have approximately the same level. 

The received signal 𝑅12 is given by 

  

𝑅12 = 𝑦4 + 𝑥𝑐𝑚2 + 𝑥𝐿2.                                                                                            (3.20) 

 

The received signal 𝑅12 must be equal to incoming signal 𝑦4 under the condition 

that the interference signals are perfectly suppressed that is 𝑥𝑐𝑚2 must be equal to 𝑥𝐿2. 

Therefore, the attenuation coefficients and phase shifters of signals are matched in 

(3.21) and (3.22) 
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(1 − 𝛼𝑐𝑝21)𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝22)[𝛼𝐿𝑒

−𝑗∅𝐿 + 𝛼𝑅𝑒
−𝑗∅𝑅] =

              −
1

√2
𝛼𝑐𝑝21𝛼𝑐𝑚2

𝐴2𝑒
−𝑗(𝜔𝑡+∅2+∅𝑐𝑝21+∅𝑐𝑚2),                                                                  (3.21) 

and 

(1 − 𝛼𝑐𝑝11)𝛼𝑡𝛼𝑚𝑐𝛼𝑡𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝12+∅𝑡+∅𝑚𝑐+∅𝑡) =

              −
1

√2
𝛼𝑐𝑝11𝛼𝑐𝑚1

𝐴1𝑒
−𝑗(𝜔𝑡+∅1+∅𝑐𝑝11+∅𝑐𝑚1).                                                                   (3.22) 

 

For a modified hybrid coupler, the 3𝑟𝑑 and the 4𝑡ℎ ports represent the input ports 

and the 5𝑡ℎ and the 6𝑡ℎ ports represent the output ports as shown in Figure 3.10. The 

green line of first antenna represents the direction of the  3𝑟𝑑 and the 5𝑡ℎ ports that they 

are self-interference signals of the first antenna. The red dash line represents the 

direction of the  4𝑡ℎ  and the 5𝑡ℎ ports which are mutual-interference signals of the first 

antenna. The red dash line of second antenna represents the direction of the  4𝑡ℎ and the 

6𝑡ℎ ports that they are self-interference signals of the second antenna. The green line 

represents the direction of the  3𝑟𝑑 and the 6𝑡ℎ ports which are mutual-interference 

signals of the second antenna. Then, the amplitude and phase of modified hybrid 

coupler to cancel self-interference signals can be determined according to equation 

(3.23) and (3.24) 

 

𝛼𝑐𝑚,𝑆𝐼𝑗 =
(1−𝛼𝑐𝑝)(𝛼𝐿+𝛼𝑅)√2

𝛼𝑐𝑝
,                                                                                    (3.23) 

 

where 𝛼𝑐𝑚,𝑆𝐼𝑗 denotes the attenuation coefficient of the received self-interference signal 

at the 𝑗𝑡ℎ antenna. Thus, at the first antenna, equation (3.23) is calculated from (3.13) 
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that is 𝛼𝑐𝑚,𝑆𝐼𝑗 must be equal to 𝛼𝑐𝑚1
. At the second antenna, equation (3.23) is 

calculated from (3.21) that is 𝛼𝑐𝑚,𝑆𝐼𝑗 must be equal to 𝛼𝑐𝑚2
. The parameter 𝛼𝑐𝑝 is the 

attenuation coefficient of signal in the secondary route. 

 

∅𝑐𝑚,𝑆𝐼𝑗 = ∅𝑐𝑝 + ∅𝐿 + ∅𝑅 − ∅𝑐𝑝 + 𝜋,                                                                           (3.24) 

    

where ∅𝑐𝑚,𝑆𝐼𝑗 is the phase of self-interference signals at the 𝑗𝑡ℎ antenna. Thus, at the 

first antenna, equation (3.24) is calculated from (3.13) that is ∅𝑐𝑚,𝑆𝐼𝑗 must be equal to 

∅𝑐𝑚1
. At the second antenna, equation (3.24) is calculated from (3.21) that is ∅𝑐𝑚,𝑆𝐼𝑗 

must be equal to ∅𝑐𝑚2
. The parameter ∅𝑐𝑝 is the phase of signals in secondary route. 

The amplitude and phase of modified hybrid coupler to cancel the mutual-

interference signals can be written as 

 

𝛼𝑐𝑚,𝑀𝐼𝑗 =
(1−𝛼𝑐𝑝)𝛼𝑡𝛼𝑚𝑐𝛼𝑡√2

𝛼𝑐𝑝
,                                                                                              (3.25) 

 

∅𝑐𝑚,𝑀𝐼𝑗 = ∅𝑐𝑝 + ∅𝑡 + ∅𝑚𝑐 + ∅𝑡 − ∅𝑐𝑝 + 𝜋,                                              (3.26) 

 

where 𝛼𝑐𝑚,𝑀𝐼𝑗 is the attenuation coefficient of the received mutual-interference signal 

at 𝑗𝑡ℎ antenna. Thus, at second antenna, equation (3.25) and (3.26) are calculated from 

(3.14) that is 𝛼𝑐𝑚,𝑀𝐼𝑗 must be equal to 𝛼𝑐𝑚2
 and the ∅𝑐𝑚,𝑆𝐼𝑗 must be equal to ∅𝑐𝑚2

, 

respectively. At the first antenna, equation (3.25) and (3.26) are calculated from (3.22) 

that is 𝛼𝑐𝑚,𝑀𝐼𝑗 must be equal to 𝛼𝑐𝑚1
. Thus, Table 3.2 can be concluded the values of 
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the attenuation coefficient and phase order to reduce self-interference and mutual-

interference signals. 
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3.6 Chapter summary 

The FDSC 2 × 2 MIMO system model is designed and simulated by using the 

MATLAB programming. The advantage of this concept is knowledge of self-

interference and mutual-interference signals. The channel compensation technique is 

proposed for the basic to eliminate interference signals by comparing with other many 

techniques. In order to eliminate self-interference signal, many techniques have been 

proposed any digital cancellation in literatures by neglecting the real interference 

power. However, in fact, the self-interference and mutual-interference are still much 

stronger than desirably received signal and they cannot be ignored. 

Finally, the above equations are the guideline to design the modified hybrid 

coupler and phase shifter due to the effect of self-interference signals at the first and 

second antennas by matching 𝛼𝐿𝛼𝑅∠(∅𝐿 + ∅𝑅 + 𝜋) and the effect of mutual-

interference signals at the first and second antennas by matching 𝛼𝑡𝛼𝑚𝑐𝛼𝑡∠(∅𝑡 +

∅𝑚𝑐 + ∅𝑡 + 𝜋). Please note that the advantage of this proposed method is that the 

amplitude and phase of self-interference and mutual-interference signals can be pre-

defined by calculating from just only one measurement. After implementing all 

components with specific positions, the values of amplitude and phase of interference 

signals will not change. Hence, the proposed circuit can work very well to eliminate 

interferences by pre-defining at the manufacturing process. This technique is proposed 

to eliminate both self-interference and mutual-interference signal by designing two 

types of interference cancellation for FDSC 2 × 2 MIMO system, which are an analog 

cancellation and digital cancellation. The experimental results of an analog cancellation 

and digital cancellation will be mentioned the next chapter. 
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    CHAPTER IV 

ANALOG CANCELLATION FOR FDSC                                   

𝟐 × 𝟐 MIMO SYSTEM 

 

4.1 Introduction 

The interference cancellation technique for FDSC 2 × 2 MIMO system is 

discussed in this chapter. For FDSC  2 × 2 MIMO system, the problem of interference 

signals is larger amplified because of the more number of antennas on the both 

transmitter and receiver. The interference signals are named as self-interference and 

mutual-interference signals. Therefore, an analog cancellation is proposed to reduce the 

power levels of the interference signals by using RF circuit networks technique which 

is described in Section 4.2. Section 4.3 describes the design of the modified hybrid 

coupler circuit by calculating the amplitude and phase of an appropriate hybrid coupler 

from theory. The experiment of interference cancellation techniques separate two types 

which are analog cancellation and digital cancellation. In Section 4.4, the measurement 

results of FDSC 2 × 2 MIMO system presents the interference cancellation technique 

by analog cancellation. Finally, Section 4.5 concludes the chapter. 

 

4.2 Design of interference cancellation technique 

This section discusses to design FDSC communication for 2 × 2 MIMO system. 

It transmits and receives simultaneously at the same time and on the same frequency. 
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The main problem of FDSC 2 × 2 MIMO system is the strong self-interference and 

mutual-interference signals. From the problem above, this research proposes the 

interference cancellation technique. The proposed system consists both analog and 

digital cancellations. For analog cancellation, it is designed to reduce the power levels 

of self-interference and mutual-interference signals by using the combination of a 

modified hybrid coupler and phase shifters. The modified hybrid coupler is proposed 

to differentiate phase between self-interference and mutual-interference signal. The 

design modified hybrid coupler is shown as Figure 4.1. The green lines denote the 

signals at the first antenna and the red dash lines denote the signals at the second 

antenna. The major signal is transmitted to coupler which separated into two ways 

through the antenna and the modified hybrid coupler. For the modified hybrid coupler, 

the 3𝑟𝑑 and 4𝑡ℎ ports are the input ports. The 5𝑡ℎ and 6𝑡ℎ ports are the output ports. 

From Figure 4.1, at the first antenna, the signal in the 3𝑟𝑑 port is the reference signal 

for self-interference signals and the signal in the 4𝑡ℎ port is the reference signal for 

mutual-interference. At the second antenna, the signal in the 4𝑡ℎ port is the reference 

signal for self-interference signals and the signal in the 3𝑟𝑑 port is the reference signal 

for mutual-interference. Then, the 5𝑡ℎ and 6𝑡ℎ port of reference signals are the 

summation of self-interference and mutual-interference at the first and second antennas, 

respectively. 

Moreover, the demonstration of FDSC2 × 2 MIMO system has been presented. 

From this design system, the full-duplex communication can be designed more 

antennas such as the design FDSC 4 × 4 MIMO system, the design FDSC 8 × 8 MIMO 

systems etc. The design FDSC MIMO system as mentioned above, the RF circuit 

network is proposed to reduce the power levels of interference signals by using the 
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butler matrix technique. The advantage of this proposed method is that the amplitude 

and phase of self-interference and mutual-interference signals can be pre-defined by 

calculating from the only measurement. For the FDSC 2 × 2 MIMO system, hybrid 

coupler technique is proposed to reduce the interference signals. 

 

 

 

Figure 4.1 The design modified hybrid coupler for FDSC 2 × 2 MIMO system. 

 

4.3 Design of hybrid coupler 

Hybrid couplers are the special case of a four-port directional coupler that is 

designed to split power. The design basic of 90° hybrid coupler is shown as Figure 4.2. 

The signal at outputs are attenuated by three decibels (-3dB) and have a 90-degree phase 

difference with respect to each other. For the design of hybrid couplers using FR-4, 

thickness of the substrate is taken as 1.6 mm and dielectric constant (𝜀𝑟) 4.6. Operating 

frequency has chosen as 2.45 GHz with impedance (𝑍0) is 50Ω. The design of hybrid 

coupler shown in Figure 4.2. 
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Figure 4.2. Hybrid coupler. 

 

In order to solve for the width (𝑊) and height (ℎ) of the transmission line, the 

factor 𝐴 must be determined first by 𝑍0=50Ω. 

 

 𝐴 =
𝑍0

60
√
𝜀𝑟+1

2
+
𝜀𝑟−1

𝜀𝑟+1
(0.23 +

0.11

𝜀𝑟
).                                                                   (4.1) 

   𝐴 =
50

60
√
4.6+1

2
+
4.6−1

4.6+1
(0.23 +

0.11

4.6
) = 1.56 

 

𝑊

ℎ
= {

8𝑒𝐴

𝑒2𝐴−2
                                                                                                   ;

𝑊

ℎ
< 2

2

𝜋
[𝐵 − 1 − 𝑙𝑛(2𝐵 − 1) +

𝜀𝑟−1

2𝜀𝑟
{ln(𝐵 − 1) + 0.39 −

0.61

𝜀𝑟
}]    ∶

𝑊

ℎ
> 2.

             (4.2) 

 

Consider 𝐴 = 1.56, ℎ = 1.6 mm 

 

 
𝑊

ℎ
=

8𝑒𝐴

𝑒2𝐴−2
        for 

𝑊

ℎ
< 2 

 
𝑊

ℎ
=

8𝑒1.56

𝑒2(1.56)−2
= 1.84 

 

 

Port 1 Port 3

Port 2 Port 4
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Thus, width of the hybrid, 𝑊 is 2.94 mm 

The effective dielectric constant of microstrip line (𝜀𝑒) is written as 

 

𝜀𝑒 =
𝜀𝑟+1

2
+
𝜀𝑟−1

2 √
1

1+
12ℎ

𝑊

.                                                                                                     (4.3) 

 𝜀𝑒 =
4.6+1

2
+
4.6−1

2 √
1

1+
12(1.6)

2.94

= 3.46 

 

The wavelength (λ) on the substrate is defined as 

 

𝜆 =
𝑐

𝑓√𝜀𝑒
,                                                                                                       (4.4) 

𝜆 =
3×108

2.45×109√3.46
= 65.83 mm  

 

where c is the speed of light in free space about 3 × 108 m/s, 𝑓 is the operating 

frequency of 2.45 GHz. Thus, for frequency 2.45 GHz, the wavelength (
𝜆

4
) is calculated 

as 
𝜆

4
= 16.46 mm. 

In order to solve for the width (𝑊) and height (ℎ) of the transmission line, the 

factor 𝐵 must be determined first by 
𝑍0

√2
 =  

50

√2
 = 35.36Ω 

 

𝐵 =
377𝜋

2𝑍0(√𝜀𝑟)
.                                                                                                   (4.5)                         

 𝐵 =
377𝜋

2×35.36(√4.6)
 = 7.81 

 

Consider 𝐵 = 7.81, ℎ = 1.6 mm 
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𝑊

ℎ
=

2

𝜋
[𝐵 − 1 − 𝑙𝑛(2𝐵 − 1) +

𝜀𝑟−1

2𝜀𝑟
{ln(𝐵 − 1) + 0.39 −

0.61

𝜀𝑟
}]     for 

𝑊

ℎ
> 2 

 
𝑊

ℎ
=

2

𝜋
[7.81 − 1 − 𝑙𝑛(2(7.81) − 1) +

4.6−1

2(4.6)
{ln(7.81 − 1) + 0.39 −

0.61

4.6
}] = 3.24 

 

Thus, width of the hybrid, 𝑊 is 5.18 mm 

The effective dielectric constant of microstrip line (𝜀𝑒) is written as (4.3) 

 

 𝜀𝑒 =
4.6+1

2
+
4.6−1

2 √
1

1+
12(1.6)

5.18

= 3.63. 

 

The wavelength (λ) on the substrate is calculated similar to (4.4) as follows 

 

𝜆 =
3×108

2.45×109√3.63
= 64.27 mm 

 

Thus, for phase difference of 90°, the wavelength (
𝜆

4
) is equal to 16.07 mm. 

The basic of 90° hybrid coupler is designed by using CST Microwave Studio 

programming after that the author adjusted the size of microstrip lines (width and 

length) in order to modify for 256° hybrid coupler (the empirical method). Each line is 

adjusted in order to get the appropriate phase for the desired hybrid coupler. In the 

FDSC 2 × 2 MIMO system, the analog cancellation is firstly implemented. From the 

mathematics analysis, it can be calculated to find the amplitude and phase of 

appropriate hybrid coupler. In this technique, the solution is modified 256° hybrid 

coupler which is suitable to cancel the phase difference between self-interference and 
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mutual-interference signals. All dimensions of modified 256° hybrid coupler is 

illustrated in Figure 4.3. Note that the appropriate amplitude and phase of modified 

hybrid coupler are varied by the specific design of many factors such as the length of 

feeding line, the specification of circulator, and the loss of transmission line. However, 

this solution can be pre-defined and always work because there is nothing changed after 

operating. It means that the proposed system can be manufactured as a mass production 

because amplitude and phase of modified hybrid couple are fixed. Thus, the modified 

hybrid coupler operating at 2.45 GHz was designed and simulated using CST 

Microwave Studio programming as shown in Figure 4.4. 

 

 

 

Figure 4.3 Modified hybrid coupler. 
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Figure 4.4 Phase angle of modified hybrid coupler. 

 

4.4 Analog cancellation 

From analog cancellation mentioned above, the test kit is designed to measure 

the results self-interference and mutual-interference signals. The design of analog 

cancellation is based on pre-defined RF circuit network by using the combination of a 

modified hybrid coupler and phase shifters, which as shown in Figure 4.5. In the 

designed FDSC 2 × 2 MIMO system, the analog cancellation technique consists 

modified hybrid coupler and phase shifters. The details of each component are shown 

as follows. The first component is modified hybrid coupler which as mentioned above. 

The photograph of phase shifter is shown in Figure 4.6 which is model number JSPHS 

2484 from Mini Circuits®. Each phase shifter operate the range of frequency from 2.15 

to 2.484 GHz and control voltage from 0-15 volts. 
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Figure 4.5 Implementation of analog cancellation for FDSC 2 × 2 MIMO system. 

 

 

 

Figure 4.6. Photograph of phase shifter. 

 

Figure 4.7 shows the power of self-interference and mutual-interference signals 

before and after cancellation. For self-interference measurement, the authors feed the 
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transmitted power into the 1𝑠𝑡 port and measure the power output of the 9𝑡ℎ port while 

terminating the 2𝑛𝑑 port with 50 ohms. The output power is the power of self-

interference which is approximately -42.16 dB as shown in Figure 4.7. When operating 

the self-interference cancellation, the reference signal passes to the modified hybrid 

coupler and phase shifter combined with interference signal. For the reference and self-

interference signals, the phase shifter is adjusted to make phases of two signals differ 

by π. The power of self-interference after cancellation at the 11𝑡ℎ port is -61.28 dB. It 

means that the self-interference signal is significantly reduced. The blue dashed line 

represents to reduce self-interference signal for analog cancellation technique which 

the best range of self-interference cancellation have bandwidth about 2.42 to 2.48 GHz. 

For mutual-interference measurement, the authors feed the transmitted power into the 

2𝑛𝑑 port and measure the power output of the 9𝑡ℎ port while terminating the 1𝑠𝑡 port 

with 50 ohms. The measured power of mutual-interference signal is -21.75 dB as shown 

in Figure 4.7. When operating for the mutual-interference cancellation, the reference 

signals through the modified hybrid coupler and phase shifter combined with 

interference signal. For the reference and mutual-interference signals, the phase shifter 

is adjusted to make phases of the two signals differ by π. The power of mutual-

interference after cancellation at the 11𝑡ℎ port is -45.12 dB. The results confirm the 

success of proposed analog cancellation as follows.   

            In Figure 4.8, the full operation of analog cancellation is investigated. The 

power of self-interference signal due to circulator leakage is about -42.16 dB. The 

power of mutual-interference signal due to coupling effect between antennas is about   

-21.49 dB. After using the proposed analog cancellation, it is clearly seen that the 
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magnitude of interference signals are significantly decreased. The interference power 

reduced to -61.42 dB for the first antenna and -62.06 dB for the second antenna. 

 

 

 

Figure 4.7 The power of self-interference and mutual-interference signals, before and  

      after cancellation. 
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Figure 4.8 The power of received signals using analog cancellation for FDSC 2 × 2  

      MIMO system. 

 

               In Figure 4.9, the interference channels are pre-known from the signal leakage 

and the effect between antennas (mutual coupling). This is the average of capacity in 

bits per second per Hertz (bps/Hz). Hence, the uniform transmitting power is assumed 

for each antenna, (𝐸{𝒙𝒙𝑯} =
𝑃𝑜

𝑀𝑠
𝑰𝑥). The capacity of FDSC 2 × 2 MIMO system can 

be written by (4.6) 

 

                 𝐶 = log2 𝑑𝑒𝑡[𝑰 +
𝑃𝑜

𝑀𝑠
𝑯𝑰𝑯𝑰

𝑯 × (𝝈𝑰
𝟐𝑯𝑰

′𝑯𝑰
′𝑯 + 𝝈𝒅

𝟐𝑰)
−𝟏
],                                  (4.6) 

 

where 𝑃𝑜 denotes the maximum available power at the transmitter, 𝑀𝑠 denotes the 

number of transmit antennas. Figure 4.9 shows the performance of capacity by 

considering three cases. In first case, there is no the self-interference and mutual-
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interference signals in the system, so called as without interference. The second case is 

that the analog cancellation is proposed on the FDSC 2 × 2 MIMO system (by using 

modified hybrid coupler and phase shifters technique) for self-interference and mutual-

interference signals. In last case, we have not used any cancellation technique to 

eliminate the self-interference and mutual-interference signals. So there will be 

interference. 

The simulation of MATLAB programming can be described as follows. The 

source and destination are assigned with two transmitting and two receiving antennas; 

𝑥 = 𝑠 = 2. The interference channels 𝐻𝐼 consist self-interference and mutual-

interference channels 𝐻𝑆𝐼 and 𝐻𝑀𝐼. Figure 4.9 shows the channel capacity versus SNR 

for the 2 × 2 MIMO system. As seen in Figure 4.9, the proposed technique lies between 

with and without the interference cancellation. The capacity of the proposed technique 

is about 3.907 bps/Hz (at SNR = 20 dB) higher than the system with interference 

signals. Thus, Figure 4.10 shows Capacity versus SNR for the FDSC 2 × 2 MIMO 

system. In the two-way for MIMO system, the proposed technique demonstrates that 

the double capacities can be achieved in practice when employing the proposed 

concept. The capacity of the proposed technique is about 22.63 bps/Hz (at SNR = 20 

dB) higher than the capacity of the interference signals about 15.237 bps/Hz (at SNR = 

20 dB). 
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Figure 4.9 Capacity versus SNR for the 2 × 2 MIMO system. 

 

 

 

Figure 4.10 Capacity versus SNR for the full-duplex 2 × 2 MIMO system. 
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4.5 Chapter summary 

This chapter proposed the method of self-interference and mutual-interference 

cancellations for FDSC MIMO system. The performance of the proposed technique can 

suppress the self-interference and mutual-interference signals by using the pre-known 

interferences which are affected by signal leakage and mutual coupling between 

antennas. The pre-known interferences employs to design modified hybrid coupler 

combined with phase shifters. Simulation results illustrate that the proposed system 

outperforms the system with interference. This implies the success of using the 

proposed concept for FDSC MIMO system. In addition, the measurement results 

indicate that the self-interference and mutual-interference reductions are good enough 

to successfully transmit and receive on the same frequency at the same time in practice. 

As a result, the proposed approach can achieve twice the throughput of the conventional 

system. 
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CHAPTER V 

IMPLEMENTATION OF FDSC 𝟐 × 𝟐 MIMO SYSTEM 

 

5.1 Introduction 

In a real situation, the proposed FDSC  2 × 2 MIMO system has the problem of 

interference signals which is larger amplified because of the more number of antennas 

on the both transmitter and receiver. The interference signals are named as self-

interference and mutual-interference signals. Therefore, this thesis presents two 

techniques of interference cancellation for FDSC  2 × 2 MIMO system, which is an 

analog cancellation and digital cancellation. The analog cancellation is already 

discussed in the Chapter 3 and 4. A test kit of two nodes was developed under Software-

Defined Radio (SDR) technology. The test kit utilizes a Universal Software Radio 

Peripheral (USRP) as it provides high speed ADCs, DACs, FPGA and USB interface. 

Section 5.1 is an introduction of the chapter. Section 5.2 discusses the Software-Defined 

Radio (SDR) which utilized as a test kit. Section 5.3 proposes the digital cancellation 

part which utilized by the Space Time Block Code (STBC). Experimental results of 

analog and digital cancellations are proposed in Section 5.4. Finally, the chapter is 

concluded in Section 5.5. 

    

5.2 Software-defined radio      

 Software-Defined Radio (SDR) is a radio communication system where 

components that have been typically implemented in hardware (e.g. mixers, filters, 
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amplifiers, modulators/demodulators, detectors, etc.) are instead implemented by 

means of software on a personal computer. SDR is a wireless device that typically 

consists of a configurable RF front end with a Field Programmable Gate Arrays 

(FPGAs). The ideal receiver scheme attaches an analog-to-digital converter to an 

antenna. The digital signal processor would be read the converter and then its software 

transforms the steam of data from the converter to any other form the application 

requires. An ideal transmitter would be similar the receiver. A digital signal processor 

generates a stream of data. These data would be sent to a digital-to-analog converter 

connected to a radio antenna in order to convert digital data into an analog signal which 

is amplified by RF hardware. 

 

5.2.1 GNU radio companion  

 In this experiment, the proposed FDSC 2 × 2 MIMO system is 

developed by utilizing the Universal Software Radio Peripheral USRP family of boards 

with GNU Radio companion (GRC). GNU Radio is an open-source software that can 

be implemented on various hardware platforms such as USRP. GNU Radio provides an 

ideal SDR platform for developing wireless protocols. The signal processing blocks of 

GRC are primarily written using Python programming language, while 

performance/critical signal processing blocks are implemented in C++. GRC is the 

software development toolkit for building any kind of real-time signal processing 

applications. 

 

5.2.2 Equipment list       

  For this thesis, the USRP B210 (board only) includes a Spartan 
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XC6SLX150 FPGA, Analog Devices AD9361 RFIC and USB 3.0 connectivity which 

equipped in the test kit. The USRP is manufactured by Ettus Research. 

 The USRP B210 provides a fully integrated, single-board, which can 

work with radio frequencies between 70 MHz - 6 GHz. Designed for low-cost 

experimentation, it combines the AD9361 RFIC, Spartan6 FPGA and USB3.0 

connectivity (Ettus, (2015)). Figure 5.1 shows a USRP B210 module. The USRP B210 

has the features as follows 

 MIMO (2TX and 2RX), Half-duplex or Full-duplex 

 Xilinx Spartan 6 XC6SLX150 FPGA 

 Up to 56 MHz of instantaneous bandwidth in 1 × 1 

 Up to 30.72 MHz of instantaneous bandwidth in 2 × 2 

 Sample rate 61.44 MS/s, 12 bits ADC/DAC 

 SuperSpeed USB 3.0 connectivity 

 ±2.0 ppm frequency accuracy reference. 

In this work, a VERT2450 antenna is shown in Figure 5.2. The 

VERT2450 antenna has the features as follows 

 Omni-directional vertical antenna 

 Support dual band: 2.4 to 2.48 GHz and 4.9 to 5.9 GHz 

 Provides 3 dBi Gain 
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Figure 5.1 USRP B210 board. 

 

 

 

Figure 5.2 VERT2450 antenna. 

 

5.3 Design of digital cancellation 

 This thesis presents the concept of FDSC communication for MIMO system 

which allows both sides of communications to transmit and receive at the same time on 

the same frequency. The main problem of this concept is the self-interference and 

mutual-interference signals. As shown in Figure 5.3, this thesis proposes both analog 
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and digital cancellations in order to eliminate interference signals. The analog 

cancellation is already discussed in the Chapters 3 and 4. In these chapters, Space Time 

Block Code (STBC) technique for FDSC MIMO system is proposed to design digital 

cancellation part by estimation of channel. The simulation of transmitting and receiving 

for FDSC MIMO system uses the Simulink blocks in GRC. For the programming, the 

USRP B210 hardware is developed by Ettus Research which implemented over a GNU 

Radio companion (GRC) version 3.7.4 by building GNU Radio flow graphs. 

 

 

 

Figure 5.3 Diagram of analog and digital cancellations. 

 

5.3.1 MIMO Space Time Block Code 

  Alamouti system is one of the first space times coding schemes 

developed for the MIMO systems. In this thesis, MIMO system employs two transmit 

antennas and two receive antennas. From Table 5.1 and the equations that follow, it can 

be seen that the encoding as well as channel estimation is identical to the STBC scheme  
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Table 5.1 2 × 2 Alamouti STBC  

Time Transmitter 1 Transmitter 2 

t 𝑥3 𝑥4 

t+T −𝑥4
∗ 𝑥3

∗ 

 

discussed in (Perisoara L., (2012); Santumon S.D., and Sujatha B.R., (2012); Pathak P. 

et al., (2014)). 

Table 5.1 shows the principle of 2 × 2 Alamouti STBC. At time t,  

𝑥3 and 𝑥4 are transmitted by transmitter 1 and 2 of the node 2, 𝑥1 and 𝑥2 are transmitted 

by transmitter 1 and 2 of the node 1, and after that at time (t+T) their conjugates are 

transmitted. Thus, the received signals 𝑦13, 𝑦14, 𝑦23, 𝑦24 from two receive antennas can 

be written as follow: 

The first-time slot received data 

 

 𝑦13 = ℎ33𝑥3 + ℎ34𝑥4 + ℎ𝑆𝐼11𝑥1 + ℎ𝑀𝐼12𝑥2 + 𝑛33,                                          (5.1) 

 

 𝑦14 = ℎ43𝑥3 + ℎ44𝑥4 + ℎ𝑆𝐼22𝑥2 + ℎ𝑀𝐼21𝑥1 + 𝑛34,                                            (5.2) 

 

The second-time slot received data 

 

 𝑦23 = −ℎ33𝑥4
∗ + ℎ34𝑥3

∗ − ℎ𝑆𝐼11𝑥2
∗ + ℎ𝑀𝐼12𝑥1

∗ + 𝑛43,                                       (5.3) 

 

 𝑦24 = −ℎ43𝑥4
∗ + ℎ44𝑥3

∗ + ℎ𝑆𝐼22𝑥1
∗ − ℎ𝑀𝐼21𝑥2

∗ + 𝑛44,                                       (5.4) 
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where 𝑦𝑖𝑗 is the received signals at the 𝑖𝑡ℎ time slot and the 𝑗𝑡ℎ antenna. The interference 

signals of transmitter 1 and 2 are the combination of signal leakage from circulator, the 

reflection of signal from an antenna and the effect of the neighboring antennas. The 

interference signals from the first-time and second-time slots are considered by the 

received data (𝑦13 + 𝑦23) and (𝑦14 + 𝑦24) respectively. 𝑦1 and 𝑦2 can be written as 

 

𝑦1 = ℎ𝑆𝐼11𝑥1 + ℎ𝑀𝐼12𝑥2 − ℎ𝑆𝐼11𝑥2
∗ + ℎ𝑀𝐼12𝑥1

∗,                                                              (5.5) 

 

𝑦2 = ℎ𝑆𝐼22𝑥2 + ℎ𝑀𝐼21𝑥1 + ℎ𝑆𝐼22𝑥1
∗ − ℎ𝑀𝐼21𝑥2

∗,                                                              (5.6) 

  

where ℎ𝑆𝐼 is the self-interference channels that combine the signal leakage channel ℎ𝐿 

and the reflected antenna channel ℎ𝑅.    

Therefore, two combined signals are sent to receiver which the combined 

symbols 𝑥3̃ and 𝑥4̃ can be written as 

 

𝑥3̃ = ℎ33
∗ 𝑦13 + ℎ34𝑦23

∗ + ℎ43
∗ 𝑦14 + ℎ44𝑦24

∗ + ℎ𝑆𝐼11
∗ 𝑦13 + ℎ𝑀𝐼12

∗ 𝑦13 − ℎ𝑆𝐼11𝑦23
∗ +

           ℎ𝑀𝐼12𝑦23
∗ ,                                                                                                                             (5.7) 

  

𝑥4̃ = ℎ34
∗ 𝑦13 − ℎ33𝑦23

∗ + ℎ44
∗ 𝑦14 − ℎ43𝑦24

∗ + ℎ𝑆𝐼22
∗ 𝑦14 + ℎ𝑀𝐼21

∗ 𝑦14 + ℎ𝑆𝐼22𝑦24
∗ −

          ℎ𝑀𝐼21𝑦24
∗ ,                                                                                                                              (5.8) 

 

where 𝑥3̃ and 𝑥4̃ are the estimated symbols that combines the received symbols and the 

interference symbols. The proposed digital cancellation can estimate interference after 
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performing demodulation. It utilizes the correlation of original transmitting symbols 

(𝑥1, 𝑥2) to reduce the interference symbols out of the estimated symbols (𝑥3̃, 𝑥4̃). 

 This section designs flow graph for FDSC 2 × 2 MIMO system by using GNU 

Radio Companion (GRC) programming. Figure 5.4 shows the BER measurement of a 

test kit at 1𝑠𝑡 and 2𝑛𝑑 nodes. The two USRP B210s are employed to transmitting and 

receiving at the 1𝑠𝑡 and 2𝑛𝑑 nodes. All USRPs are connected to a laptop for signal 

processing and recording. The 1𝑠𝑡 and 2𝑛𝑑 nodes transmits and receives simultaneously 

in the same time and on the same frequency which have a carrier frequency 2.45 GHz. 

Figure 5.5 presents a block diagram of the transmitting and receiving at 1𝑠𝑡 and 2𝑛𝑑 

nodes which transmit the bit symbols to each receiving nodes. The signal sources 

generate the digital data (𝑥1 𝑥2)𝑇 which has the setup parameters as follows: data 

vector is to define digital data by utilizing STBC technique for MIMO system. Then, 

the signal is transmitted to an encoder which encoded by “Packet encoder”. In this 

block, the signal is wrapped into a packet which provides a payload length with header, 

access code, and preamble. The setup parameters of this block are sample/symbol of 2 

and bits/symbol of 1. Afterwards, the signals are modulated by the “Differential Binary 

Phase Shift Keying (DBPSK)” modulation. The setup parameters of this block are an 

excess bandwidth is 0.35 and Gray code is enabled. Then, the signals are transmitted to 

a “UHD USRP Sink” where USRP Hardware Driver (UHD) is a block available within 

the GNU Radio. This block acts as an interface to the USRP hardware. The transmitted 

gain in GRC is 40 dB. The received signal is conveyed to be a “UHD USRP Source”. 

These UHD USRP block has the setup of parameters as follows: clock rate of 30.72 

MHz for 2 × 2 MIMO system and center frequency of 2.45 GHz.  
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Figure 5.4 Two nodes of transmitting and receiving by using USRP B210. 

 

 

 

Figure 5.5 Programming block diagram of transmitting and receiving at the 1𝑠𝑡 and the 

                     2𝑛𝑑 nodes. 
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In finding channel, the first step defines the transmitted signal of the 1𝑠𝑡 and the 

2𝑛𝑑 antennas. The transmitted signal of the 1𝑠𝑡 antenna is defined digital data of [1,1] 

and the transmitted signal of the 2𝑛𝑑 antenna is defined digital data of [0,0]. The first 

step is saved files of channel which is illustrated in Figure 5.6. The first step can be 

written as 

 𝑦1 = ℎ11𝑥1 + ℎ12(0) + 𝑛,                                                                                 (5.9) 

 

 𝑦2 = ℎ21𝑥1 + ℎ22(0) + 𝑛.                                                                                 (5.10) 

 

 The second step defines the transmitted signal of the 1𝑠𝑡 and the 2𝑛𝑑 antennas. 

The transmitted signal of the 1𝑠𝑡 antenna is defined digital data of [0,0] and the 

transmitted signal of the 2𝑛𝑑 antenna is defined digital data of [1,1]. The second step is 

to save the values of the channel which is illustrated in Figure 5.7. The second step can 

be written as 

 𝑦1 = ℎ11(0) + ℎ12𝑥2 + 𝑛,                                                                             (5.11) 

 

 𝑦2 = ℎ21(0) + ℎ22𝑥2 + 𝑛.                                                                               (5.12) 

 

 

 

Figure 5.6 Illustration of finding channel at first antenna for MIMO system. 
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Figure 5.7 illustration of finding channel at second antenna for MIMO system. 

 

In the steps of finding channel, the channel is saved at “File Sink” which is 

shown as Figure 5.8. The saved channel files are used for the proposed STBC technique. 

The STBC technique is described in equations (5.1), (5.2), (5.3) and (5.4). Figure 5.9 

shows block diagram of the calculating for the estimated signal. The saved files are 

loaded by “File Source”. The received signal and channel can be designed diagram as 

follows with the equation of STBC. Then, the estimated signal is saved at “File Sink”. 

 

 

 

Figure 5.8 Programming block diagram of finding channel for MIMO system. 
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Figure 5.9 Programming block diagram of the STBC technique. 

 

Figure 5.10 shows block diagram of the estimated signal. The saved files are 
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used to calculate the combination of interference channels and the desired signals. 
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occurs, the origin signal will be subtracted from the received signal. Then the desired 

signal is saved by “File Sink”. Then, a demodulated signal is decoded by “Packet 

Decoder”. Finally, the decoded signal is used to collect a BER as shown in Figure 5.12.   

 

 

 

Figure 5.10 Programming block diagram of the estimated signal. 

 

 

 

Figure 5.11 Programming block of digital cancellation part. 

 

File Source

File: …/Final/receive03
Repeat: No

File Source

File: …/Final/receive04
Repeat: No

File Source

File: …/Final/estimation x3
Repeat: No

File Source

File: …/Final/estimation x4
Repeat: No

File Source

File: …sheet/Final/ch01
Repeat: No

File Source

File: …sheet/Final/ch03
Repeat: No

File Source

File: …sheet/Final/ch02
Repeat: No

File Source

File: …sheet/Final/ch04
Repeat: No

Complex Conjugate

Complex Conjugate

Complex Conjugate

Complex Conjugate

Deinterleave

Deinterleave

Multiply

Multiply

Multiply

Multiply

Multiply

Multiply

Multiply

Multiply

Complex Conjugate

Complex Conjugate

Add

Add

Add

Add

Add

Add

Subtract

Subtract

Throttle
Sample Rate: 124.82k

Throttle
Sample Rate: 124.82k

File Sink

File: …/Final/sum symbol x3
Append file: Overwrite

File Sink

File: …/Final/sum symbol x4
Append file: Overwrite

Save the estimated symbols

 

File Source

File: …/Final/source 01
Repeat: No

File Source

File: …/Final/source 02
Repeat: No

File Source

File: …/Final/sum symbol x3
Repeat: No

File Source

File: …/Final/sum symbol x4
Repeat: No

Throttle
Sample Rate: 124.82k

Throttle
Sample Rate: 124.82k

Char To Float
Scale: 1

Char To Float
Scale: 1

Add

DPSK Demod

Type: DBPSK

Samples/Symbol: 2

Excess BW: 350m

FLL Bandwidth: 62.8m

Phase Loop Bandwidth: 62.8m

Timing Bandwidth: 62.8m

Gray Code: Yes
Sync Out: Off

DPSK Demod

Type: DBPSK

Samples/Symbol: 2

Excess BW: 350m

FLL Bandwidth: 62.8m

Phase Loop Bandwidth: 62.8m

Timing Bandwidth: 62.8m

Gray Code: Yes
Sync Out: Off

Subtract

Char To Float
Scale: 1

Char To Float
Scale: 1

Subtract

File Sink

File: …/Final/digi cancel x4
Append file: Overwrite

File Sink

File: …/Final/digi cancel x3
Append file: Overwrite

Summation of source, and 
antennas

Save the desired signals



80 

 

 

 

Figure 5.12 Programming block diagram of transmitting and receiving for 

      experimental BER. 
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rate is computed by this block in GRC as shown in Figure 5.12. The measurement 

results are presented in a histogram of BER. The measured BER utilizes USRPs which 

is relatively sensitive with noise. Thus, the major portion of measured BER is the 

excellent case as 0.0 or the worst case as 0.5. Then BER=0.0 means that there is no bit 

error at all. BER=0.5 means that bit error turns out be a half of transmitted bits, e.g. bit 

error is 500,000 when transmitting 1,000,000 bits. Table 5.2 shows BER vs. distance 

for FDSC 2 × 2 MIMO system. As seen in all three cases, the first case is a 

conventional 2 × 2 MIMO system on the one way. The second case is the proposed 

FDSC 2 × 2 MIMO system that both analog and digital cancellation are applied. The 

last case is FDSC 2 × 2 MIMO system without any cancellations. The proposed 

technique can improve the BER performance better than the system without any 

cancellations for farther distances. The FDSC 2 × 2 MIMO system without any 

cancellations provides the maximum error rate. It means the proposed technique can 

eliminate both self-interference and mutual-interference signals. 

 Figure 5.14 shows the measured throughput vs. distance of various 2 × 2 

MIMO schemes. Then, the system throughput can be calculated as follow 

𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 (𝑏𝑝𝑠) = 1 − 𝐵𝐸𝑅. There are three schemes to be considered here. The 

first scheme is a conventional 2 × 2 MIMO system. This is one way communication 

which cannot transmit and receive data at the same time. The second scheme is the 

proposed FDSC 2 × 2 MIMO system in which both analog and digital cancellations 

are applied to this scheme. The last scheme is FDSC 2 × 2 MIMO system without any 

cancellations. This scheme is used for benchmarking which is the worst-case scenario 

for FDSC system. As seen in Figure 5.14, the system throughput decreases for farther 
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distances. When comparing between three schemes, the proposed FDSC 2 × 2 MIMO 

system offers the highest throughput over the others and the FDSC system without any 

cancellations provides the lowest throughput. It means that the proposed cancellations 

can successfully eliminate both self-interference and mutual-interference. Moreover, 

the obtained results have indicated that FDSC 2 × 2 MIMO systems provide nearly 

double throughput compared to a conventional system. 

 

 

 

Figure 5.13 Implementation of both analog and digital cancellations for FDSC 2 × 2  

        MIMO system. 
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Table 5.2 The measured BER vs. distance of FDSC 2 × 2 MIMO system. 

 

Distance (cm.) 

Bit Error Rate 

2 × 2 MIMO, one 

way. 

FDSC 2 × 2 

MIMO, analog 

and digital 

cancellations. 

FDSC 2 × 2 

MIMO, without 

any cancellations. 

35 0.2267 0.2494 0.6688 

50 0.2316 0.2493 0.7409 

90 0.2449 0.2513 0.7489 

 

 

 

Figure 5.14 The measured throughput vs. distance of various FDSC 2 × 2 MIMO  

        system. 

 

5.5 Chapter summary 

In this chapter, the proposed analog and digital cancellations have been 

analyzed under real indoor environment. The SDR is employed as a test kit. The 
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measured results have presented that the proposed FDSC 2 × 2 MIMO system offers 

the optimum throughput over the others. In addition, it can enhance the system 

performance by reducing BER in comparison to the case without cancellation and by 

providing double throughput over the conventional system. 
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CHAPTER VI 

THESIS CONCLUSION 

 

6.1  Conclusion 

 A wireless research activity is already considering many technologies for a 

future wireless systems. High-speed data and low-latency demands will be the theme 

for the future fifth generation (5G) environment. The concept of full-duplex (FD) 

communications are the potential and promising technology for 5G of wireless 

communication systems as well as the multiple-input multiple-output (MIMO) 

systems. Full duplex data transmission means that data can be transmitted in both 

directions on the same frequency at the same time. Thus, the FD wireless 

communication approaches to increase the data rates, high spectral efficiency, double 

throughput, and larger network capacity. The challenge of FD system is the strong 

interference signals. Many techniques are proposed to eliminate self-interference signal 

((Bharadia, (2014); Zhang Z., et al., (2015); Choi J. I., et al., (2010); Liempd V., et al., 

(2014)). The Full-Duplex Single-Channel (FDSC) MIMO system is one of the most 

interesting technologies for 5G wireless communications. This system can be transmit 

and receive simultaneously within a single antenna. Moreover, the main problem of 

FDSC MIMO system is the strong interference signals which consist of self-

interference and mutual-interference signals. In (Lioliou P., et al., (2010); Darsena D., 

et al., (2015)), authors have proposed the methods for cancelling only self-interference 

which ignore the real power.   
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 The first objective of this thesis was to design the FDSC 2 × 2 MIMO system 

which is the transmitting and receiving simultaneously at the same time and on the 

same frequency. The main challenge is presented in the implementation of FDSC       

2 × 2 MIMO system which is the high power of self-interference and mutual-

interference signals. The difference between self-interference and mutual-interference 

signals are that the transmitted signal leakage to the received signal is named self-

interference signal. In other hand, the interference signal happening between antenna 

elements is named mutual-interference signal. This thesis mainly focuses on the analog 

cancellation and digital cancellation techniques. The design of analog cancellation 

utilizes the combination of modified hybrid coupler and phase shifters, so called 

reference signal. The modified hybrid couple is proposed to differentiate phase between 

self-interference and mutual-interference signals. The advantage of the proposed 

method is the amplitude and phase of self-interference and mutual-interference signals 

which can be known by calculating from only one measurement. In this cancellation 

part, the value of reference signal need to equal the combination of self-interference 

and mutual-interference signals. In the design of digital cancellation part, this thesis 

presents Space-Time Block Coding (STBC) technique by channel estimation for the 

MIMO systems. The proposed digital cancellation utilizes the correlation of original 

transmitted signals to eliminate the interference signals by subtracting the known 

interference signals. The design FDSC 2 × 2 MIMO system is operated under SDR 

technology by programming the Universal Software Radio Peripheral (USRP). 

 For the experiment, this thesis has shown the design and construction of 

proposed FDSC 2 × 2 MIMO system. The method can suppress the self-interference 

and mutual-interference signals by using both analog and digital cancellation 
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techniques. The measured results reveal the success of interference cancellation by 

using the proposed technique. The proposed technique is not only to suppress the 

interference but also to improve the system performance capacity. The proposed system 

can provide double throughputs of the conventional system. 

  

6.2  Future work 

 For the future studies, the full-duplex MIMO system should be designed to fit 

the requirement of future 5G communications. Also, it is interesting to find solutions 

for more antennas which the developed techniques for cancelling self-interference and 

mutual-interference have to be more efficient and less complex. 
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