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เครือข่ายรับรู้ทางวิทยุ (Cognitive radio network: CRN) ถูกสร้างขึ้นเพื่อแก้ปัญหาความไม่
เพียงพอของแถบความถี่วิทยุ เน่ืองจากความต้องการสื่อสารแบบไร้สายที่เพิ่มขึ้นอย่างรวดเร็ว เพื่อ
แก้ปัญหานี้ เครือข่ายรับรู้ทางวิทยุได้รับอนุญาตให้เข้าถึงช่องสัญญาณใดๆของเครือข่ายปฐมภูมิ 
(Primary network: PN) ที่ไม่ใช้งานบนพื้นที่ร่วมกันภายใต้การควบคุมพลังงาน เพื่อจ ากัดสัญญาณ
แทรกสอดในเครือข่ายปฐมภูมิ การตรวจจับแถบความถี่  (Spectrum sensing) และการแบ่งแถบ
ความถี่ (Spectrum sharing)  ถูกใช้งานในเครือข่ายรับรู้ทางวิทยุ เพื่อตรวจสอบช่องสัญญาณที่ใช้
งานอยู่ และช่องสัญญาณที่ไม่ใช้งานเพื่อหาช่วงเวลาที่สามารถเข้าใช้งานได้ ยิ่งไปกว่านั้นเครือข่าย
รับรู้ทางวิทยุสามารถใช้เทคนิคไมโม  (Multiple-input multiple-output: MIMO) ที่แตกต่างกัน 
เพื่อให้ได้สมรรถนะที่ดีที่สุด เนื่องจากผู้ใช้งานแต่ละคนมีช่องสัญญาณที่แตกต่างกันเสมอ 
โดยทั่วไปมีเทคนิคไมโมสองแบบคือ เทคนิคการสลับเชิงต าแหน่งและเวลา (Space-time block 
coding: STBC) และเทคนิคการสลับเชิงต าแหน่ง (Spatial multiplexing: SM) ระบบไมโมหลายโมด 
ที่เรียกว่าแบบแผนเคร่ืองรับไฮบริดไมโม (Hybrid MIMO receiver scheme: HMRS)ถูกเสนอและ
ถูกใช้ส าหรับเครือข่ายรับรู้ทางวิทยุ เทคนิคการตัดสัญญาณแทรกสอดแบบต่อเน่ือง (Successive 
interference cancellation: SIC) และเทคนิคการตรวจจับไมโม ถูกใช้งานร่วมกันส าหรับแบบแผน
เคร่ืองรับไฮบริดไมโมเพื่อแยกและตรวจจับสัญญาณทุกชั้นที่เคร่ืองรับ จากผลการจ าลอง สมรรถนะ
อัตราผิดพลาดสัญลักษณ์ (Symbol error rate: SER) ของแบบแผนเคร่ืองรับไฮบริดไมโมมีค่าดีกว่า
ระบบไฮบริดไมโมแบบเดิมที่ใช้เทคนิคการแยกเมตริกย่อย ยิ่งไปกว่านั้นเคร่ืองส่งของระบบที่เสนอ
มีความซับซ้อนน้อยในงานวิจัยนี้สมรรถนะอัตราผิดพลาดสัญลักษณ์ของแบบแผนเคร่ืองรับไฮบริด
ไมโมและระบบไฮบริดไมโมเดิมถูกเปรียบเทียบเพื่อแสดงถึงประโยชน์ของเทคนิคที่เสนอ และ
วิเคราะห์อัตราผิดพลาดบิตของระบบที่เสนอเมื่อมีการประมาณช่องสัญญาณผิดพลาดนอกจากนี้ผล
การวัดจากชุดทดสอบที่สร้างขึ้นรับรองว่าระบบที่เสนอมีประสิทธิภาพดีกว่าระบบไมโมแบบเดิม
จากอัตราผิดพลาดบิต 
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Cognitive radio network (CRN) has been established to fix the problem of 

lacking radio spectrum in the future because the wireless communication demands are 

rapidly increased. In order to solve this problem, CRN is permitted to access any 

unused channel of the primary network (PN) in the common area under the power 

control criteria to restrict the interference on PN. The spectrum sensing and spectrum 

sharing technique are applied by CRN to aware the active and unused channel of PN 

and make opportunity to access any unused channel. Moreover, each user of CRN can 

applies different multiple-input multiple-output (MIMO) scheme to obtain the 

optimum performance because each user always faces the different channel. 

Generally, there are two such MIMO schemes, namely, the space-time block coding 

(STBC) and the spatial multiplexing (SM). The multi-mode MIMO systems, called 

hybrid MIMO receiver scheme (HMRS) is proposed and applied for CRN. The simple 

techniques, successive interference cancellation (SIC) and SM detection are jointly 

applied for HMRS to separate and detect all layers at the receiver. From the 

simulation results, symbol error rate (SER) performance of HMRS outperforms the 
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existing hybrid MIMO techniques that apply sub-matrix decomposition technique. In 

addition, the HMRS transmitter can detect all layers with low complexity. In this 

research, the SER performance of HMRS and the existing hybrid MIMO are 

compared to validate the advantage of the proposed technique. The analytical bit error 

rate (BER) is derived with channel estimation error (CEE).Besides the measured 

results from hardware implementation confirm that the HMRS outperforms the 

conventional MIMO systems in term of BER. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Rationale and Background 

At the present, telecommunication systems arethe important factor for 

worldwide communications. Several communication standards have been established 

by the Institute of Electrical and Electronics Engineer (IEEE). These standards are 

defined for producing any systems and equipment that can be commonly 

used.Telecommunication technologies and wireless applications have been 

continuously developed to support the unlimited demand of worldwide 

communication. Unfortunately, the radio spectrum is the limited resources. It will not 

be enough to consume in the nearly future.In contrast, from the operated frequency 

survey report of the Federal Communication Commission (FCC),they found that 

many radio channels in several standards are occupied by a few users or no user 

during any time. From the research of McHenry (2005) and Honglian (2011), the idea 

for reusing the unused radio channels was established to solve the lacking spectrum 

problem in the future. From this reason, the IEEE 802.22 standard was developed for 

the Cognitive Wireless Regional Area Network (WRAN) or the Cognitive Radio 

Network (CRN) that any users can access the vacant channel at any time without 

interference in the primary network (Mitora, 2000 and Haykin, 2005). From Figure 

1.1, some Secondary Users (SU) occupy the unused channel with the limited power 

that may interfere with  
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Figure 1.1 Cognitive radio networks. 

 

Primary Network (PN) or Primary User (PU). Therefore CRN should aware spectrum 

utilizationaround by using spectrum sensing as well as power control criteria. From 

this reason, hybrid MIMO systems is the favour option for CRN because this 

technique obtain an advantages from both spatial multiplexing (SM) and space-time 

block coding (STBC) scheme that can improve channel capacity (Foschini, 1996) and 

increase diversity order (Alamouti, 1998 and Tarokh, 1999), respectively. Moreover 

hybrid MIMO systems can take higher advantage than the conventional MIMO in 

limited power scenario. From literature review,several hybrid MIMO schemes were 

proposed (Tan, 2009; Song, 2010; Freitas, 2005;Cortez, 2008; Ming, 2007 andMohd, 

2004). The efficient techniques such as Interference Cancellation (IC) (Steffen, 2006) 

and Linear Detection (LD) (Yong, 2012) have been proposed as well as the sub-

matrix calculation method. However all conventional hybrid MIMO techniques do not 

cancel interference before detect the first stream that can cause remaining a high 

interference in the received signals. Therefore this research proposes the novel hybrid 
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MIMO technique that can mitigate interference before detect the first stream, namely, 

Hybrid MIMO Receiver Scheme (HMRS). This technique applies Successive 

Interference Cancellation (SIC), SM detection and STBC jointly to obtain the higher 

performance than the conventional works in literature review when considering the 

simulation results and analysis.In this thesis, Symbol Error Rate (SER), Bit Error Rate 

(BER) and Cost-index performance are utilized toreveal the advantage of the 

proposed technique. The Cost-index performance is the SER to channel capacity ratio 

that can be used to indicate the efficiency of communication networks. The 

relationship between communication efficiency and the Cost-index performance is 

thoroughly explained in Section 4.6. Additionally the hardware implementation of 

HMRS is also carried out to verify the benefit of this work.  

 

1.2 Research Objective 

The objective of this thesis is to propose the HMRS that improve the 

efficiency of CRN. The detail of research objective can be explained as follows.   

1.2.1 Studyprinciples and basic theory of SIC and multi-layer detection of 

hybrid MIMO systems. 

1.2.2 Develop HMRS systems for applying in CRN. 

1.2.3 Design and implement HMRS testbed for studying performance of the 

proposed technique. 

 

1.3 ThesisHypotheses 

1.3.1 To cancel interference in the received signals before detecting the first  
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layer can improve SER performance by considering from the computer simulation. 

Thereforethis criterion should take the benefit when applying in practice. 

1.3.2 The higher SER performance of SM users can be offered when the 

receiver detect SM layer after STBC layer because STBC technique can mitigate the 

effect of error propagation. 

 

1.4 Basic Agreement 

1.4.1 For simulation and hardware, two users equipped with two antennas 

per user transmit data streams to the receiver equipped with four antennas. 

1.4.2 Computer programing is used to simulate SER performance of the 

proposed technique and conventional hybrid MIMO. 

1.4.3 Time synchronization is assumed to be a perfect case at the receiver. 

1.4.4 The equally transmitted powers are allocated for all users. 

 

1.5 Scope and Limitation of the study 

1.5.1 The transmitted signals are propagated over slow fading channels. 

QPSK modulation is applied for data streams. Either SM or STBC technique is 

chosen for each user.  

1.5.2 The receiver equipped with four antennas applies SIC and MIMO 

detection in simulation and hardware implementation. 

1.5.3 Testbed implementation is established on the basis of a device that can 

be found in practice. 
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1.6 Methods 

1.6.1 Methodology 

1) Literature review will be carried out to study and search the 

related works. 

2) Computer programing is used to simulate the performances of 

hybrid MIMO systems. 

3) Mathematical analysis is used to verify the accuracy of simulation. 

1.6.2 Research Location 

Communications laboratory, Telecommunication engineering, F4 

building, Suranaree University of Technology, 111 University Avenue, T. Suranaree, 

A. Maung, NakhornRachasima 30000, Thailand. 

1.6.3 InstrumentsforHardware Implementation 

1) Computer notebook 

2) Matlab program 

3) Power amplifier    

4) RF signal generator 

5) Oscilloscope 

6) Power supply 

 

1.7 Thesis Contents 

This thesis is divided into seven chapters. The first chapter includes problem 

and rationale, research objective, hypotheses, basic agreement, scope and limitation of 

the study and methods. Chapter II presents results of literature review and the related 

works. The principle and theory of MIMO and hybrid MIMO systems are discussed in 
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Chapter III. Chapter IV describes principle of the proposed technique and BER 

derivation. Chapter V presents the simulation results compared with analytical results. 

The implementation of HMRS testbed is illustrated in Chapter VI. Chapter VII 

provides discussions and conclusions. 

Covariance of the effective post-processing noise for ZF detection and STBC 

decoding in the presence of channel estimation error and error propagation, and the 

effective SNR per symbol after STBC decoding are derived in Appendix A. The 

publications of HMRS technique are presented in Appendix B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER II 

LITERATURE REVIEW 

 

2.1 Introduction 

In wireless communication, message or data from transmitter is delivered to 

the receiver by facing the different radio channel. The mobility of users, environment, 

carrier frequency and co-channel interference have been directly affected to the signal 

quality at the receiver. From these reasons, many research and experiment have been 

continuously implemented to solve these problems and supported the new 

communication standard. CRN was established to solve the inadequacy of radio 

channel in the future (Mitora, 2000). Any users in CRN are permitted to access any 

used channel in the common area with PN by applying power limitation criteria. Each 

user should equip a spectrum sensing circuit either analog or digital type (Honglian, 

2011)to protect users in PN. Moreover, by the restriction of radio channel and 

transmitted power, each user may apply the different MIMO scheme (Tan, 2009; 

Song, 2010; Freitas, 2005; Cortez, 2008; Ming, 2007 and Mohd, 2004) called hybrid 

MIMO systems. Hybrid MIMO system is the interesting option to be adopted in CRN 

because it can control power in different channel better than the conventional MIMO 

techniques (Foschini, 1996). Hybrid MIMO technique can improve both channel 

capacity gain and diversity gain without spreading code and the expanded channels.
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Table 2.1Detected sensitivity for CRN devices. 

Specification 
Applications 

Analog TV Digital TV Wireless Mics 

Sensitivity -94 dBm -116 dBm -107 dBm 

SNR 1 dB -21 dB -12 dB 

 

Each stream can be separated and detected by using interference cancellation (IC) 

technique (Steffen Reinhardt, 2006; Zijain, 2008;Y. Chun, 2008 and K.Kim, 2009) 

with MIMO detection. This research designs the novel efficient hybrid MIMO 

technique to improve efficiency of conventional hybrid MIMO systems.For achieving 

this goal, the literature review and related work should be surveyed and studied in 

order to deeply understand principle and criteria of the conventional hybrid MIMO. 

The database IEEE and textbook are used for reference in this thesis. 

The content in this chapter is to discuss the principle of CRN, literature review 

and related work. The principle, decoding and detection of the conventional MIMO 

and the existing hybrid MIMO are described.   

 

2.2 Cognitive Radio Network (CRN) 

In the near future, the radio channels will notbe enoughusedfor worldwide 

communication. FCC in United States surveysthe spectrum occupancy during 30-

2900 MHz in several states(McHenry, 2005). The results show that somechannels are 

slightly used or unused but any users of other standard cannot access those vacant 

channels according to the government law. From this reason, the IEEE 802.22 

standard has been established and used for CRN to mitigate this problem. From 

Figure 1.1, any CR userscan access the same channels with PN such as NTSC, DVB  
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Figure 2.1 The basic recognition loop in CRN (Honglian, 2011). 

 

and wireless microphone under the power control criteria to protect PN from 

interference. CRN should be equipped by spectrum sensing devices with probability 

of fault detection 0.1 and enough sensitivity as shown in Table 2.1. 

2.2.1 Basic Recognition Loop in CRN 

CRN devices should have the ability to sense spectrum, analyse and 

make decision for applying the optimum transmission method such as modulation 

channel coding MIMO scheme and transmitted power as shown in Figure 2.1; the 

CRN systems can be divided into three parts as follows. 

1) Spectrum sensing is used to sense the active PN channel and search 

any unused channel. The spectrum sensing method can be divided into two types that 

the first is cyclostationary detector for OFDM signals and the second is energy 

detection for analog signals. The example of digital signal is shown in Figure 2.2. 
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Figure 2.2 Example of the detected ATSC signals (Honglian, 2011). 

 

2) Spectrum analysis is used to receive data from spectrum sensing 

part as shown in Figure 2.1. The block diagram of digital signal detection isshown in 

Figure 2.3.The FFT processing can be applied to sense the active sub-channels of 

OFDM signal. Figure 2.4 presents the block diagram of energy detection. This 

technique can be used to sense the active channel of analog signals. The collected data 

is used to analyse the channel capacity and forward the results to the spectrum 

decision part. 
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Figure 2.3Digital signal detection block diagram (Honglian, 2011). 

 

 

Figure 2.4 Energy detection block diagram (Honglian, 2011). 
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Figure 2.5 Problem during occupy the vacant channel in CRN (Honglian, 2011). 

 

3) Spectrum decision is used to choose the optimum transmission 

scheme by considering the analysis results from the spectrum analysis part. 

The detected devices should have enough sensitivity for rapid change of 

carrier frequency as well as the probability of corrected detection should be higher 

than 0.9. After the Fusion Centre (FC) chooses the optimum transmission schemes 

forall users, FC will command all users to transmit according to the decision by 

feedback channels. 
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Figure 2.6 Each user adopts different MIMO scheme to control interference at PU. 

 

 

 

Figure 2.7Efficiency of hybrid MIMO when occupies vacant channel in CRN. 

 

2.3 The Need of Hybrid-MIMO to CRN  

Because of the limitation of spectrum band (as shown in Figure 2.5) and 

transmitted power in CRN, all users should have ability to change the transmission 

Conventional MIMO 

Hybrid 

MIMOMIMO 
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scheme as well as MIMO scheme to protect PN from the over limit of interference. 

The advantage of hybrid MIMO to CRN can be described as follow. 

2.3.1 Advantage of Hybrid-MIMO 

For the CRN scenario, each user can be independently travelled around  

network. Thus each user will face the different channel as well as the different 

distance from FC under the power control to protect PU. From Figure 2.6, CR-User1 

locates closely to PU. Therefore this user should adopt the low transmitted power 

scheme to protect PU by using STBC MIMO instead of SM MIMO that use higher 

transmitted power. On the other hand, CR-User2 locates far away from PU, thus this 

user can adopt SM MIMO to get the higher spectral efficiency although this scheme 

use the high transmitted power. From above reasons, if each user in CRN can adopt 

different MIMO scheme, the CRN can increase the spectral efficiency instead of 

using the conventional MIMO that may occupy channel for only one user. 

2.3.2 The Spectrum Efficiency of Hybrid-MIMO 

For a single vacant channel case, by considering the need in the sub 

section 2.3.1, two users of hybrid MIMO or more can occupy the vacant channel 

simultaneously. Therefore CRN will achieve double capacity gain instead of using the 

conventional MIMO that may take lower capacity gain as shown in Figure 2.7.  

 

2.4 Literature Review and Related Work 

2.4.1 MIMO Systems 

MIMO communication is the advanced technology for recent and 

future platform. Both transmitting and receiving side are equipped with multiple 

antennas to expand the opportunity for receiving the higher receive signal. Both 
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diversity gain and channel capacity can be increased corresponding to the number of 

antennas. The Spatial Multiplexing (SM) MIMO (Foschini, 1996) applies multiple 

antennas at transmitter and receiver to increase capacity gain as well as the Space-

Time Block Coding (STBC) MIMO (Alamouti, 1998 and Tarokh, 1999) applies two 

time slots and two antennas to transmit block coding message to the receiver. The 

combination signal and orthogonal symbols at the receiver can increase the signal 

reliability and diversity gain. 

2.4.2 Hybrid-MIMO Systems 

Hybrid-MIMO system has been developed for applying in flexible 

work. Both channel capacity and diversity gain can be improved when each user can 

adopt different MIMO scheme to increase spectrum efficiency. The first hybrid-

MIMO system (Mohd, 2004) can switch MIMO scheme automatically according to 

channel condition by using feedback signal from the receiver. However this scheme 

offers a quite low data rate. Then Successive Interference Cancellation (SIC) and 

Linear Detection (LD) are adopted into hybrid-MIMO system (Freitas, 2005). The 

multi-layer STBC system was proposed (Ming, 2007)by trade-off between the higher 

diversity gain and complexity. Thenthe special hybrid-MIMO code was proposed 

(Cortez, 2008) while matric decomposition and inverse matrix are applied at the 

receiver. Next, the two STBC layers scheme was proposed (Tan, 2009) by applying 

SIC and LD but the system offer quite low data rate that cause by two STBC layers. 

Finally, the computational method was proposed (Song, 2010) by applying matrix 

decomposition and inverse matrix to separate and detect all streams. However this 

method offers the high complexity and quite low diversity gain. From above reasons, 

this thesis proposes the method to apply SIC and LD to separate all layers and cancel 
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the interference from other users before detect the first stream. By this technique, the 

receiver can cancel more interference than the existing hybrid-MIMO.  

2.4.3 Interference Cancellation Technique 

This technique can be divided into two types (Reinhardt, 2006;Bai,  

2008; Chun, 2008 and Kim, 2009). The first is SIC. The interference of other users 

can be cancelled according to the special order without considering the noise level in 

each layer. The second type is the Ordered Successive Interference Cancellation 

(OSIC). The interferences in all layers are compared and sorted according to the noise 

level. The first layer for detection should have the lowest interference. This technique 

offers higher complexity than the first technique while both techniques offer the 

approximate diversity gain. 

2.4.4 MIMO Technique in CRN  

The MIMO technique can be efficiently applied in CRN to improve the  

channel capacity and diversity gain (Mao, 2012; Alian, 2012 and Driouch, 2012). 

Moreover the MIMO OFDM systems can be used to increase the spectrum efficiency 

of CRN, because several users can apply a single vacant channel simultaneously. 

 

2.5 Summary 

This chapter explains the meaning and principle of CRN, literature review, 

principle of encoding and decoding of both MIMO and hybrid MIMO systems while 

the benefits of each technique are also described. Moreover the interference 

cancellation and MIMO system used in CRN are briefly explained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER III 

PRINCIPLE OF MIMO ANDHYBRID-MIMO SYSTEMS 

 

3.1 Introduction 

This chapter discusses about the principle and theory of MIMO systems. The 

steps of IC that are jointly applied with MIMO detection are described. Moreover 

noise power in SM detection and SM-SIC systems is presented. The principle of 

hybrid MIMO and the channel capacity calculation are discussed. Finally SER 

analysis of hybrid MIMO systems is briefly discussed. 

 

3.2 MIMO Detection 

MIMO transmitter and receiver are equipped with multiple antennas. The 

transmit signal are sent through MIMO channel to the receiver at the same time. The 

received signal at the receiver can be written as 

 

y = Hx + z (3-1)  

11 11 1 1

1

t

r r r t t r

N

N N N N N N

h h z

h h z

 

      
      
      
           



     



y x

y x

                                (3-2) 
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wherey denotes the received signal vector, H denotes the channel matrix, x denotes 

the transmitted symbol vector and z denotes the white Gaussian noise vector with 

zeromean and variance 
2

z . Assign Nr and Ntrepresent the number of receive antenna 

and the number of transmit antenna, respectively.  

3.2.1 Linear Signal Detection 

When the transmitted signals arrive to the receiver, the received signal  

will be detected by applying weight matrix W by 

 

x    
1 2 3[ ... ]

t

T
 N x  x x x  Wy                            (3-3) 

 

where (3-3) represents the detected symbol. The linear signal detection can be 

generally divided into two methods. One is Zero-Forcing (ZF) technique and another 

is Minimum Mean Square Error (MMSE). 

1) Zero-Forcing (ZF) 

 The interference of other streams can be cancelled by weight 

matrix as follows. 

 

H -1 H

ZFW  = (H H) H              (3-4) 

 

where ( )H  represents conjugate transpose operation and the dimension of H is NrxNt . 

The detected symbols can be detected by 

 

 H -1 H
ZF ZF ax  = W y = x + (H H) H z = x +z                           (3-5) 

where az = [ Nra1 a2 a3 az  z  z ...z ]
T 

 denotes the noise vector due to ZF process. 
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2) Minimum Mean Square Error (MMSE) 

 The interference of other streams can be cancelled by weight 

matrix as follows. 

 

 
-1

2
W = H H+ I H

H H

MMSE z                                          (3-6) 

 

whereI denotes the identity matrix with dimension NrxNt. The detected symbols can 

be detected by 

 

 2 2 -1-1x  = W y = (H H+ I) H y = x+(H H+ I) H zH H H H
MMSE MMSE z z             (3-7) 

 

3.3.2 Maximum Likelihood Detection 

For detection, the minimum Euclidean distance is used to choose the 

optimum signal. This distance can be calculated from the difference betweenthe 

received signal and the multiply product of channel matrix and all possible symbols in 

constellation. The detected symbols can be obtained by 

 

 2
arg min Ntx C

x = y-HxML
F

                                     (3-8) 

 

whereC denotes all possible symbols in constellation and 
2

F
 represents Frobenius 

norm operation that the meaning is 2

1 1

A
a b

ijF
i j

A
 

  , where a and b denote the 

number of row and the number of column of matrix A, respectively. 
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Figure 3.1 Principle of multi-layer detection (Cho, 2012). 

 

3.3 Interference Cancellation in MIMO Systems 

Generally, the MIMO received signal consist of multilayer signal from each 

transmit antenna. The receiver should cancel all signals of other users and detect only 

signal of the desired user. After that, the second layer can be detected by cancelling 

symbols of the first layer and other users. Then other layers can be detected by 

repeating above instructions until detecting the last layer. This process can be 

explained in Figure 3.1 where the four layers from four transmit antennas are 

transmitted to the single receive antenna. This method applies SM detection jointly 

with SIC. The interference cancellation can be divided into two methods as follows. 
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3.3.1 SIC 

For this method, the interference of other users can be cancelled 

according to the special order without considering the noise level in each layer. As 

shown in Figure 3.1, parameter n of x’(n) is not selected by considering its noise 

power level. 

3.3.2 OSIC 

For this technique, the interference in all layers are compared and 

sorted according to the noise level. The first layer for detection should have the lowest 

interference. Considering Figure 3.1, parameter nof x’(n) is selected by considering 

noise power level in all layers. Thus the layer at x’(4) has the highest noise power 

level because this is the last layer for detection. 

 

3.4 Noise Power in Interference Cancellation Process 

For this part, the noise power of linear detection is calculated and compared to 

the noise power in the linear detection joining with SIC technique as follows. 

3.4.1 Noise Power in ZF Detection 

From (3-5), the detected symbol vector is  -1
x  = x + (H H) H z

H H
ZF . 

Thus noise signal after detection is -1
z  = (H H) H z

H H
ZF
 . The power of noise can be 

calculated by using SVD decomposition as follows, where HH UΣV . 

 

2 2
H -1 H

ZF
FF

z (H H) H z
 

    
2

-1
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2

-1
H H H

F

VΣU UΣV VΣU z  

  
2

-1
2 H H

F

VΣ V VΣU z  

 
2

2 H H

F
VΣ V VΣU z  

2 2
1 H

ZF
FF

z VΣ U z (3-9) 

By using the unitary matrix property in Frobenius norm operation that can be 

presented as 
2 2

VA   A
F F

 , (3-9) can be reformed to be 

 

2 2
1 H

ZF
FF
.z Σ U z                                           (3-10) 

 

Then the average noise power for ZF detection can be described as 

 

   
2 2

1 H
ZF

FF
E Ez Σ U z

  

  -1 H H -1E tr Σ U zz UΣ  

  2 Htr E Σ zz  

 2 2

z tr 1/ Σ 
 

min(Nr,Nt)
2 2

z i

i 1

/


   (3-11) 
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3.4.2 Noise Power in ZF Detection Joining with SIC 

 For this technique, the noise power in the first layer equals to part 3.4.1 

but noise signal in the next layer is cancelled. Then the first detected symbol x1 is 

used to regenerate the received signals (where the transmitted symbols is x = [x1 x2 

x3…xNt]
T
) for the first layer as 1 L1y = H 

ZF1x L1H  1 1x za , where HL1= [h11 h21 

h31…hNr1]
T
 denotes the sub-channel for x1. Next, the regenerated signals are removed 

from the received signal and then the received signal of the second layer can be taken 

by yL2 = y - y1. The weight matrix of ZF in the second layer can be written by 

 

2 2 2' -1W  = (H H ) HH H

ZF L L L
                                      (3-12) 

 

whereHL2 denotes channel matrix that cancel HL1 away from H, where 

L2

H

L2 L2 L2H U Σ V  with dimension NrxNt– 1. Then the detected symbol of the second 

layer can be obtained by 

 

   ' '
2 2 1 1 1x W y W y H

ZF ZF
ZF L L ax z   

 

 '

1 1 2 2 1 1 1 1W H H x z H H
ZF L L L L L ax x z      

 '

2 2 1 1W H x z H
ZF L L L az    

 '

2 1 1 x W z H
ZFL L az    

 '

2 ZF
x W z zL d                                      (3-13) 
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wherexL2=[x2 x3 x4…xNt]
T
 denotes all symbols in the second layer and 

1 1z Hd L az . From 

(3-12) and (3-13), the noise power in the second layer can be carried out by 

 

 
2 2

-1
2 2 2 2( ) -z H H H z zH H

ZF L L L L d FF
  

      
2

-1

2 2 2 2 2 2 2 2 2 -U Σ V U Σ V V Σ U z z
H

H H H

L L L L L L L L L d

F

  

   
2

-1

2 2 2 2 2 2 2 2 2 -V Σ U U Σ V V Σ U z z
H H H

L L L L L L L L L d
F

  

   
2

-1
2

2 2 2 2 2 2 -V Σ V V Σ U z z
H H

L L L L L L d
F

  

 
2

2

2 2 2 2 2 2 -V Σ V V Σ U z zH H

L L L L L L d F


 

 
2

-1

2 2 2 -V Σ U z zH

L L L d F
 (3-14) 

 

By the same reason to (3-9) and (3-10), VL2 can be cancelled without any effect to (3-

14). Thus the signal power in ZF detection joining with SIC for the second layer is 
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2 2 2 -z Σ U z z
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Figure 3.2 Multiuser detection of Alamouti signal (Tan, 2009). 

 

From (3-11) and (3-15), these equations show that the average noise power in 

the second layer for SIC technique is reduced when compared to detection in the first 

layer due to 
2

z2 less than
2

z . Because some interference is removed as presented in 

(3-13) while the summation of 
 2

i approximate to the summation of
2

i . Moreover 
2

z2

and 
2

z offer very small noise power and they arethe dividend in equation. Besides,if 

they are compared with the summation of 
2

i and 
 2

i  that have the higher power and 

they are the denominator in equation, this mean that the performance of ZF detection 

joining with SIC technique outperforms the general ZF detection. 
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3.5 Principle of Hybrid-MIMO Systems 

This section explains basic principle of the conventional hybrid-MIMO 

according to literature review. They can be divided into four techniques as follows. 

3.5.1 MU Detection of Alamouti Signal (A-BLAST) 

Two users at transmitting side transmit their data streams 

simultaneously during two time slots over MIMO channel. From Figure 3.2, the 

receiver applies SM detection (ZF, MMSE, or ML) joining with SIC. Anyway this 

scheme offer quite low data rate because Alamouti code is adopted for both users. Its 

encoding process and decoding can be described as follows. 

 

**

3 41 2

**

4 32 1

--
,x     x   a b
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                                         (3-19) 

 

wherexa denotes the transmitted power of the first user, xb denotes the transmitted 

power of the second user, H denotes MIMO channel with dimension NrxNt and 
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ydenotes the received signal during two time slots. Then ML is used to detect the 

desired symbols from the first user as 

 




 2

arg min -
x

x  y  H x
Nt

k

k
F

C

 (3-20) 
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 (3-21) 

 

Then the received signal of the first user can be regenerated by (3-22) and cancel this 

signal from the received signal in (3-19) to achieve the received signal for the second 

user as shown in (3-23). 
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(3-22) 

 

where 1x  and 2x denote the detected symbols of the first user that can be obtained by 

(3-20). 
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  † -1( )H  H H H
H H

b b bb                                        (3-27) 

 

Then the detected symbols for the second user can be decoded by 

 

 † ˆx   H yb b b

                                               (3-28) 

 

3.5.2 Transmit Diversity and Combining Scheme for SM (TDCSM) 

At the receiver, the received signal matrix and MIMO channel matrix 

are decomposed into sub-matrix that has the specific form. Then these matrixes are 

used to cancel the interference and used to detect data streams for all users as shown 

in Figure 3.3. The TDCSM process can be started by dividing the channel matrix H 

into several sub-matrixes as follows.   
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The received signals are decomposed into two sub-matrixes as 
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(3-34) 

1y  Ax  Bx  za a b                                            (3-35) 

2y  Cx  Dx  zb a b                                           (3-36) 

 

These sub-matrixes are used to decoded the STBC symbols by 
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Figure 3.3 TDCSM block diagram (Song, 2010). 

 

The signal from (3-37) is used to regenerate received signal for the SBTC user and 

cancels with the received signals by 
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The received signals of the SM user from (3-38) are used for ML detection as 
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Figure 3.4 HMTS block diagram (Freitas, 2005) 

 

3.5.3 Hybrid MIMO Transceiver Scheme (HMTS) 

The transmitted signals are decoded by SM code and STBC code and 

transmit pass through MIMO channel. The receiver applies MMSE detection jointly 

with SIC to separate and detect the transmitted symbols for each user. The process of 

encoding and decoding for HMTS are described as follows. 
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The received signals from (3-41) are detected by ML detection by 

 

 2
arg min -x  y  Hx

Nt
k

k F
x C


                                   (3-42) 

 

The detected symbols from (3-42) do not employed because they combine with a rich 

interference. Anyway, these symbols are used for STBC decoding process as shown  
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The receiver applies the decoding symbols of STBC user from (3-44) to regenerate 

the new received signal for STBC user that have lower interference. This process can 

be described as 
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Then the signals in (3-45) and (3-48) are jointly applied to decode the transmitted 

symbols of STBC user. 

 

 † ˆx   H ySTBC ASTBC STBC


                                      (3-49) 

 

The decoded STBC symbols from (3-49) are used to calculate the received signals for 

SM user as 

 

ˆ -y   y  H xSTBCSM STBC
                                       (3-50) 

 

Apply the signals from (3-50) into ML detection process to get the transmitted 

symbols for SM user as shown 
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3.5.4 ABBA-VBLAST Hybrid Space-Time Code 

The transmitted symbols are encoded by SM code and the special code 

ABBA and transmit these symbols over MIMO channel. The receiver applies QR 

decomposition and inverse matrix operation to detect all transmitted symbols from 

transmitting side. All ABBA process can be explained as 
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Figure 3.5 ABBA-VBLAST block diagram (Cortez, 2008). 
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The received signal from (3-55) can be rearranged for the next step as 
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(3-56) 

 

QR decomposition can be used to decompose the channel matrix by 
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From (3-61), this equation shows the relationship between the received signals and 

the transmitted symbols. Apply this relation to decide all decoding symbols by 
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whereNi denotes the number of transmitted symbols,𝑥 𝑖denotes element in symbol 

vector𝒙 that should detect from element i to Ni and D[] represents the symbol 

selection operation for 𝑥 𝑗 that can be chosen when the multiply product between 𝑥 𝑖and 

the element of matrix R is approximation to𝑦 𝑗 ,where 
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From discussion about all hybrid-MIMO techniques show that they apply the 

complex algorithm to detect and separate message data. Thus this research will 

modify the conventional hybrid-MIMO schemes to improve diversity gain.Namely, 

the interference in the received signals are cancelled before detect the first stream. By 

this criterion, the performance of hybrid-MIMO can be simply improved. The 

proposed technique will be presented in the next chapter. 

 

3.6 Channel Capacity of Hybrid-MIMO Systems 

Channel capacity in communication systems can be indicated that how fastest 

for data rate can be transmitted over the limit bandwidth without error from radio 

channels. From this parameter, the limit of wireless transmission can be demonstrated. 

This section describes the channel capacity of the conventional MIMO and hybrid- 

MIMO as follows. 

3.6.1 Channel Capacity of MIMO Systems 

The channel capacities of MIMO signals depend on the information 

power to noise power ratio, number of transmit and receive antennas, and channel 

gain. Thus the channel capacity can be increased by increasing transmitted power or 

number of antenna. This relation can be expressed as  
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where E{} represents expectation operation and 𝛾  denotes signal to noise ratio. 
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3.6.2 Channel Capacity of Hybrid-MIMO Systems 

The encoded matrix at the transmitting side applies both SM MIMO 

and STBC code by 
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wherek and k+1 denote the first and the second time slot, respectively. All symbols in 

the first column represent all transmitted symbol in the first time slot as well as the 

transmitted symbol in the second column represent all transmitted symbol in the 

second time slot. This equation shows that x1 and x2 are encoded by STBC code and 

they are transmitted during two time slot. Therefore the channel capacity should be 

multiplied by data symbol rate during two time slot (Thompson, 2004) as 
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whereHHb denotes the MIMO channel during two time slots and =3/4. 
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H
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h h

h h                                            (3-69) 

where the first column and the second column in (3-67) represent MIMO channel for 

STBC user and SM user, respectively. 

 

3.7 Bit Error Rate of Hybrid-MIMO Systems 

For any wireless communication services, the signal quality has been used to 

indicate the efficiency of wireless networks. The bit error rate (BER) is also the 

important parameter to demonstrate the quality of service. Several factors can affect 

to the BER such as environment, mobility, transmitted power and temperature. From 

this reason, BER of the hybrid-MIMO systems should be derived to demonstrate the 

performance of the proposed systems. Initially, the effective SNR 𝛾𝑛  can be obtained 

by combining signal in all layers. Where 𝜸=[ 𝛾1 𝛾2 𝛾3… 𝛾𝐿],  𝛾𝑎=  𝛾 cn and define the 

constant vector c = [c1 c2 c3 … cL], where L denotes the number of layersin the 

received signals. Then 𝛾𝑛  is used to calculate BER of hybrid-MIMO over complex 

white Gaussian noise channel (Proakis, 2001 and Wang, 2007) by 
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wherea and G denote the modulation constant for each modulation scheme and 
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  . Anyway this thesis considers signal over MIMO fading 

channels. Therefore BER of the hybrid-MIMO system should be derived on fading 

channels (Ahn, 2008) as follows. 
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ne,Hb e,Hb n γ n n

0
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                              (3-71) 

 

where nγ np (γ )denotes the probability density function (pdf) of the effective SNR that 

can be described as 
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2
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H  , Z = Nr(Nt/2) and 1
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    . Thus from (3-70) and (3-71), the 

average BER of hybrid-MIMO systems over fading channel can be expressed as 
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However (3-73) is represented in term of Gaussian function integration, it is difficult 

to calculate the answer. Thus this equation should be reformed to be a low complexity 

equation before derivingBER. The details of derivation will be explained in Chapter 

IV. 
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3.8 Summary 

In this chapter, the principle of multi layers MIMO detections are explained 

including ZF, MMSE and MLD. The criterion of MIMO detection joining with SIC is 

also discussed. Moreover the principles of several hybrid MIMO systems are 

demonstrated while the channel capacity and the BER derivation over fading channel 

are also briefly described. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER IV 

HYBRID-MIMO RECEIVER SCHEME ANALYSIS 

 

4.1 Introduction 

This thesis improves performance of the conventional hybrid-MIMO 

described in Chapter III by cancelling the interference of other layers before detecting 

the first layer. The improved hybrid-MIMO systems, namely, the hybrid-MIMO 

receiver scheme (HMRS) is proposed to adopt in CRN because this technique offers 

the simple structure andmore flexibility for power limitation in CRN. Moreover the 

multi-mode HMRS is also proposed that is compatible to CRN environment.  

 

4.2 Structure and Process of Hybrid-MIMO Receiver Scheme 

4.2.1 Structure of Hybrid-MIMO receiver scheme 

The HMRS technique can be efficiently applied for multiuser systems 

as well as CRN. Each user can be independently applied the different MIMO scheme 

while each user equipped with two transmit antennas as shown in Figure 4.1. Then all 

data streams are transmitted over MIMO fading channels to the receiver.Each part of 

HMRS receiver can be explained as follows. 

1) ML detection is used to detect SM MIMO signals. Anyway this 

part may be equipped by other SM detection such as ZF and MMSE detection.
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Figure 4.1 HMRS block diagram. 

2) SIC or signal subtraction is used to cancel the interference of other 

users. The cancellations are repeatedly done with SM detection for each layer until 

completing all layers.  

3) Channel estimation is used to measure and estimate MIMO channel 

for detecting all transmitted symbols. 

4) Regenerate received signal (R-SM GEN and R-STBC GEN) is 

used to regenerate the received signals for SM and STBC user. These signals are 

generated by estimating channels and detecting symbols. 

5) STBC decoder is used to decode STBC signals. 

4.2.2 Hybrid-MIMO receiver scheme process 

The transmitted signal for SM and STBC users are arranged into two 

time slot for each transmission block that can be written as 
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                                           (4-2) 

 

The symbols in the first and second columns in (4-1) and (4-2) represent the 

transmitted symbols during the first time slot and the second time slot, respectively. 

The transmitted symbols of two users can also be represented in the first and the 

second time slots as shown in (4-3) and (4-4). 
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All transmitted symbols are transmitted over the flat fading channels that have static 

channel coefficient during two time slots. The MIMO channel can be described by 
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wherehijdenotes the sub-channel between the transmit antenna j and the receive 

antenna i. The received signals during two time slots are presented by 
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wherezTn denotes a noise at time slot Tn. Then ML detection are applied to detect all 

transmitted symbols at time slot Tn by 
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The detected signals from (4-7) are used to regenerate the received signal for SM user 

that given by 
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whereySM1 denotes the received signal for SM user (order 1), 𝐻 𝑆𝑀
 denotes MIMO 

channels for transmitting SM symbols that is located in the first two column of MIMO 

channel H and 
 Tn

SMx  denotes the detected symbol for SM user at time slot Tn. Then 

SIC is used to cancel signal ySM1 from the received signal y that given by 
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whereySTBC1 denote the received signal of STBC user (order 1), then reform this 

signals by 

 

* * * *
T

STBC q r s t u v w xy y y y y y y y    y
                   (4-10) 

 

The signals in (4-10) are used to decode the transmitted symbol for STBC user as 

given by 
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Then the detected symbols in (4-11) are used to regenerate the received signal for 

STBC user (order 2). These signals are employed in SIC process and can be written as 
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where 
Tn

STBCx  denotes the detected symbol of STBC user at time slot Tn. Then the 

signal in (4-15) are cancelled from the received signals by 
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                               (4-16) 

 

The signals in from (4-16) are used to detect the transmitted symbols of SM user by 

ML detection as given by 
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4.3 Bit Error Rate of Hybrid-MIMO Receiver Scheme 

In wireless networks, BER has been used to demonstrate the efficiency of the 

systems. The BER for multi-layer detection as well as HMRS should be derived many 

times for each layer and the average BER for each user should be averaged by the 

BER of each layer with the effect of error propagation. In this part, the practical 

problems in multiuser MIMO detection are discussed that these problems are error 

propagation (EP) and channel estimation error (CEE). These problemsshould be also 

taken into account for the average BERderivation of each user. 

4.3.1 Hybrid-MIMO receiver scheme signals 

This research considers the HMRS system with N synchronous co-

channel users (e.g. uplink cellular), where each user equipped with 𝑁𝑡-element 

antenna array (𝑁𝑡=2 for this work); we assume that J users are in SM mode and the 

remaining N-J users are in STBC mode. All 2N MIMO streams are simultaneously 
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transmitted over the same frequency band without additional spreading to a common 

receiver equipped with M-element antenna array. All users are synchronous in the 

sense that each user transmits its symbol vector in the synchronization with others. 

The transmitted signals are assumed to propagate through the 𝑀 × 2𝑁random channel 

matrix H in the uplink communication channel. The MIMO channel is assumed to be 

a rich-scattering and flat-fading, all sub-channels between all users and receiver are 

assumed to be independence. This thesis assumes that the mode of operation of each 

user is known at the receiver, which can be indicated in the packet header. The 

received signal is then given by 

 

𝒀 =  𝑯𝑖𝒔𝑖

𝑁

𝑖=1

+ 𝒘 , 

 

where the received signal 𝒀 is an 𝑀 × 1 vector, the signals of user i are sent through 

the 𝑀 × 𝑁𝑡random channel matrix Hi, 𝒔𝑖represents 𝑁𝑡 × 1 transmit data symbol 

vector of user i consisting of 𝑁𝑡  symbols each with a constellation size C and 𝒘 

denotes 𝑀 × 1 vector i.i.d. complex circular Gaussian random variable; each element 

distributed as 𝐶𝑁 0, 𝑁0 . The average energy of the transmitted symbol is assumed to 

be 𝐸𝑠 = 𝐸  𝑠𝑖 
2 , where si denotes the element of 𝒔𝑖 . The overall channel matrix is 

denoted by 𝑯 =  𝑯𝑧𝑯𝑠  that assumed to have unit variance such that 𝐸  𝑯 𝐹
2  =

𝑁𝑡𝑁𝑀, where the overall channel for all SM users and all STBC users are denoted by 

𝑯𝑧 =  𝑯1𝑯2 …𝑯𝐽  and 𝑯𝑠 =  𝑯𝑗+1𝑯𝐽+2 …𝑯𝑁 , respectively,  𝑨 𝐹  denotes the 

Frobenius norm of 𝑎 × 𝑏 matrix A, it can be defined as  𝑨 𝐹 ≜     𝐴𝑖𝑗  
2𝑏

𝑗=1
𝑎
𝑖=1  

and 𝐸 ∙  is the expectation operator. 

(4-18) 
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4.3.2 Error Propagation in SIC process 

In MIMO uplink channel, we normally use SIC to cancel the early 

streams of the other users in order to detect the symbols for the desired user. The 

previous detected symbols 𝑠 𝑚  of other users in (4-19) are used to subtract with real 

symbols 𝑠𝑚  in the received signal Y, where m = 1, 2, 3,…, 𝑁; then the received signal 

for user k (desired user) can be described as  

 

𝒀𝑘 = 𝒀 −  𝑯 𝑚𝒔 𝑚  

𝑁

𝑚=1

, 

 

where 𝑘 ≠ 𝑚. However the previous detected symbols always have the probability of 

symbol error during detection (𝑠𝑚 ≠ 𝑠 𝑚 ); thus the cancellation of SIC cannot be 

completed without error. The error due to SIC process is known as error propagation 

(EP). The EP has been described in form of distance between two symbols (Prasad 

and Varanasi, 2001); the average distance can be represented by different value 

depending on the type of modulation. The symbol distance dEP for C-PSK case can be 

calculated (Zanella et al., 2005)by 4𝑠𝑖𝑛2 𝜋/𝐶 , where 𝑑EP =  𝑠𝑚 − 𝑠 𝑚  2. For C-

QAM case, the symbol energy should be normalized by the average energy (Foschini, 

1996)𝐸𝑣 = 2 𝐶 − 1 /3. Thus the symbol distance dEP for C-QAM case can be 

obtained by averaging the distance of all symbol pairs in constellation that,as 𝑑EP =

 1/ 𝐶 𝐶 − 1      𝑠𝑖 − 𝑠𝑗  
2𝐶

𝑗
𝐶
𝑖 , where 𝑠𝑖  and 𝑠𝑗  denote the symbol inconstellation 

of C-QAM signal that are normalized by  𝐸𝑣 , and 𝑖 ≠ 𝑗. The pattern for appearance 

of EP has 2𝑁𝑎  possible patterns. However the pattern for appearanceof EP can be 

reduced to be 𝑁𝑎 + 1possible patterns by using thecoefficient vector 

(4-19) 
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Table 4.1 The detection process of HMRS 

Step Process 

1 
Begin:The 2N transmitted streams are sent to the receiver at the same time. 

𝒀𝑡𝑛 represents the received signal vector 𝒀 at time slottn, where n =1, 2. 

 

2 

At the first detection, all detected symbol 𝐬 𝑡𝑛 = [s 1
𝑡𝑛 , s 2

𝑡𝑛 , … , s 2𝑁
𝑡𝑛 ]  are obtained by 

2𝑁 × 𝑀 ZF detection. All detected symbols 𝐬 𝑡𝑛 are regenerated to be the estimated 

receive signal 𝒀𝑆𝑀
𝑡𝑛 for all SM users and𝒀𝑆𝑇𝐶

𝑡𝑛 for all STBC users at time slot tn, where 

𝒀𝑆𝑇𝐶
𝑡𝑛 =  𝒀𝑆𝑇𝐶 ,1

𝑡𝑛 𝒀𝑆𝑇𝐶 ,2
𝑡𝑛 …𝒀𝑆𝑇𝐶 ,𝑁−𝐽

𝑡𝑛   

 

3 

At STBC decoding, define 𝒀𝑆𝑇
𝑡𝑛 = 𝒀𝑡𝑛 − 𝒀𝑆𝑀

𝑡𝑛 . The detected symbols 𝒔 𝑆𝑇𝐶 ,𝑖  for all 

STBC users can be obtained by: 

for i = 1 to N - J 

𝒀𝑆,𝑖
𝑡1 = 𝒀𝑆𝑇

𝑡1 −  𝒀𝑆𝑇𝐶 ,𝑗
𝑡1𝑁−𝐽

𝑗=1 , where 𝑗 ≠ 𝑖 

𝒀𝑆,𝑖
𝑡2 = 𝒀𝑆𝑇

𝑡2 −  𝒀𝑆𝑇𝐶 ,𝑗
𝑡2

𝑁−𝐽

𝑗=1
 

𝒔 𝑆𝑇𝐶 ,𝑖 = dec 𝒀𝑆,𝑖
𝑡1 , 𝒀𝑆,𝑖

𝑡2   

𝒀𝑆𝑇𝐶 ,𝑖
𝑡1 = 𝒀𝑆,𝑖

𝑡1 and 𝒀𝑆𝑇𝐶 ,𝑖
𝑡2 = 𝒀𝑆,𝑖

𝑡2  

end 

where𝒔 𝑆𝑇𝐶 ,𝑖  is 2x1 detected symbol vector for the i
th
 STBC user and dec( ) denotes 

𝑁𝑡 × 𝑀 STBC decoding operation. Define𝒔 𝑐 =

 𝒔 𝑆𝑇𝐶 ,1
𝑇 𝒔 𝑆𝑇𝐶 ,2

𝑇 𝒔 𝑆𝑇𝐶 ,3
𝑇  . . . 𝒔 𝑆𝑇𝐶 ,𝑁−𝐽

𝑇  ,where 
T
 denotes the matrix transpose operation. 

 

4 

At SM detection, the new received signals𝒀𝑧
𝑡𝑛 of SM users can be obtained by SIC 

that, as𝒀𝑧
𝑡𝑛 = 𝒀𝑡𝑛 − 𝒀 𝑆𝑇𝐶

𝑡𝑛 , where 𝒀 𝑆𝑇𝐶
𝑡𝑛 denotes the regenerated receive signal for all 

STBC users that is generated by the elements of 𝒔 𝑐according to the STBC structure. 

Then  𝒀𝑧
𝑡𝑛 is used to detect the transmitted symbols for all SM users by applying 

𝐽𝑁𝑡 × 𝑀 ZF detection.  

End process. 
 

 

𝜷𝑁𝑎
that is addressed in the next section, because some patterns of  2𝑁𝑎  possible 

patterns have the same value with others. The detection process of HMRS that applies 

ZF detection can be explained in Table 4.1. 

4.3.3 Channel Estimation Error Model 

The receiver needs to estimate the channels for decoding the symbols 

from the transmitter, but the perfect channel estimation cannot be done in practice. 

Thus the model of CEE is described in this part. The good model to explain the 
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characteristic of estimated channel 𝑯   at the receiver is (Zanella et al., 2005; Marzetta, 

1999 and Hassibi and Hochwald, 2003) 

 

𝑯 = 𝑯 + 𝜏𝝋                                                (4-20) 

 

where all elements in 𝝋are i.i.d zero-mean complex Gaussian having zero-mean and 

unit variance, and 𝜏 is used to measure an accuracy of channel estimation. The value 

𝜏 = 0 is presented in case of no estimation error. The normalized mean square error 

(NMSE) between ℎ𝑖𝑗  and ℎ 𝑖𝑗  can be written as 

 

NMSE =
𝐸   ℎ𝑖𝑗 − ℎ 𝑖𝑗  

2
 

𝐸   ℎ𝑖𝑗  
2
 

= 𝜏2 , 

 

where ℎ𝑖𝑗 , ℎ 𝑖𝑗  represent the  𝑖, 𝑗 𝑡ℎ  element of 𝑯and 𝑯 , respectively. The correlation 

coefficient between the true channel coefficients and their estimates can be defined as 

 

 

𝜌 =
𝐸 ℎ𝑖𝑗ℎ 𝑖𝑗

∗  

 𝐸   ℎ𝑖𝑗  
2
 ∙ 𝐸   ℎ 𝑖𝑗  

2
 

=
1

 1 + 𝜏2
 , 

 

where ∗denotes the complex conjugate operation. The relation between NMSE and 

𝜌 in (4-21) and (4-22), can be shown as 

 

𝜌 = 1/ 1 + NMSE                                         (4-23) 

 

(4-21) 

(4-22) 
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4.3.4 The Closed-Form BER for ZF Receiver 

In this section, we derive the effective SNR and the closed-form BER 

with CEE and EP for ZF detection. At the 4
th

 step in Table 4.1, the transmitted symbol 

with CEE (Wang et al., 2007) and EP can be written as  

 

𝒔 𝑧 = 𝑯 𝑧
†𝒀𝑧 =  𝑯𝑧 + 𝜏𝝋 † 𝑯𝑧𝒔𝑧 + 𝒘 + 𝑁𝑎∆𝑯𝑝               (4-24) 

 

where 𝑯𝑧represents 𝑀 × 𝐽𝑁𝑡  channel matrix for all SM users, 𝐬𝑧denotes the 𝐽𝑁𝑡 × 1 

symbol vector for the all SM users, †  denotes the pseudo-inverse operation, 𝑁𝑎∆𝑯𝑝  

term denotes the total EP due to SIC process, ∆=  𝑑EP 𝐸𝑠, 𝑯𝑝  represents 𝑀 × 1 

channel vector for one other user, and the 𝑀 × 1 received signal vector 𝒀𝑧represents 

𝒀𝑧
𝑡𝑛 in Table I, regardless of time slot. However, 𝜏 ≪ 1 in practice, then the pseudo-

inverse of the estimated channel matrix can be approximated by the linear part of the 

Taylor expansion as   

 

𝑯 𝑧
†
≅ 𝑯𝑧

† 𝐼𝑀 − 𝜏𝝋𝑯𝑧
†                                      (4-25) 

 

thus (4-19) can be reformed as    

 

𝒀 𝑧 = 𝑯𝑧
† 𝐼𝑀 − 𝜏𝝋𝑯𝑧

†  𝑯𝑧𝒔𝑧 + 𝒘 + 𝑁𝑎∆𝑯𝑝  

= 𝒔𝑧 + 𝑯𝑧
†𝒘 − 𝜏𝑯𝑧

†𝝋𝒔𝑧 − 𝜏𝑯𝑧
†𝝋𝑯𝑧

†𝒘 + 𝑁𝑎∆𝑯𝑧
†𝑯𝑝 − 𝜏𝑁𝑎∆𝑯𝑧

†𝝋𝑯𝑧
†𝑯𝑝 . 

                              (4-26) 

 

From (4-26), the effective post-processing noise can be written as    
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𝒘 = 𝑯𝒛
†𝒘 − 𝜏𝑯𝑧

†𝝋𝒔𝑧 − 𝜏𝑯𝑧
†𝝋𝑯𝑧

†𝒘 + 𝑁𝑎∆𝑯𝑧
†𝑯𝑝 − 𝜏𝑁𝑎∆𝑯𝑧

†𝝋𝑯𝑧
†𝑯𝑝 . 

                                                                                                 (4-27) 

 

In Appendix A-I, we derive the covariance matrix of  𝒘 that can be shown as 

 

𝐸 𝒘 𝒘 𝐻 = 

 

 𝑁0 + 𝜏2𝑁𝑡𝐸𝑠 + 𝜏2𝑁0𝑡𝑟  𝑯𝑧
𝐻𝑯𝑧 

−1 +𝜏2𝑁𝑎∆𝒔𝑧𝑡𝑟  𝑯𝑧
𝐻𝑯𝑧 

−1 𝑯𝑝
𝐻 𝑯𝒛

† 
−1   

+𝑁𝑎
2∆2𝑀 + 𝜏2𝑁𝑎∆𝒔𝑧

𝐻𝑡𝑟  𝑯𝑧
𝐻𝑯𝑧 

−1 𝑯𝑝   𝑯𝑧
† 

𝐻
 
−1

 

 +𝜏2𝑁𝑎
2∆2𝑀𝑡𝑟  𝑯𝑧

𝐻𝑯𝑧 
−1   𝑯𝑧

𝐻𝑯𝑧 
−1 

 

where𝑡𝑟 ∙  is the matrix trace operation. The mean of 𝑡𝑟  𝑯𝑧
𝐻𝑯𝑧 

−1  is quite small 

for practical numbers (Wang et al., 2007) of transmit and receive antennas (M>JNt). 

Moreover after 𝑡𝑟  𝑯𝑧
𝐻𝑯𝑧 

−1  is scaled by τ2whereτ ≪ 1, the term  𝜏2𝑡𝑟  𝑯𝑧
𝐻𝑯𝑧 

−1  

in (4-28) can be ignored. Therefore (4-28) can be besides presented as 

 

𝐸 𝒘 𝒘 𝐻 =  𝑁0 + 𝜏2𝑁𝑡𝐸𝑠 + 𝑁𝑎
2∆2𝑀  𝑯𝑧

𝐻𝑯𝑧 
−1.          (4-29) 

 

From (4-26) and (4-28), the effective SNR per symbol of the k
th

 stream can be 

described as 

𝛾𝑘 =
𝐸𝑠/𝑁0

 1 + τ2𝑁𝑡𝐸𝑠/𝑁0 + 𝑁𝑎
2∆2𝑀/𝑁0   𝑯𝑧

𝐻𝑯𝑧 −1 𝑘𝑘
, 

𝑘 = 1, 2, … , 𝑁𝑡 .     (4-30) 

(4-28) 
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Where   𝑯𝑧
𝐻𝑯𝑧 

−1 𝑘𝑘  denotes the  𝑘, 𝑘 𝑡ℎ  elements of  𝑯𝑧
𝐻𝑯𝑧 

−1 while the value of 

1/  𝑯𝑧
𝐻𝑯𝑧 

−1 𝑘𝑘  is a chi-square distributed random variable with 2 𝑀 − 𝐽𝑁𝑡 + 1  

degrees of freedom (Winters, 1992 and 1994). Because the SNR distribution of each 

stream is the same, the subscript k in (4-30) can be dropped. Thus we denote the 

average SNR per symbol of each stream as 𝛾𝑧 = 𝛾 𝑠𝑔, where  

 

𝛾 𝑠 =
𝐸𝑠/𝑁0

 1 + τ2𝑁𝑡𝐸𝑠/𝑁0 + 𝑀𝑑EP 𝑁𝑎
2𝐸𝑠/𝑁0 

, 

 

and𝑔 denotes a chi-square distributed random variable with 2 𝑀 − 𝐽𝑁𝑡 + 1  degrees 

of freedom. However 𝑁𝑎  in (4-31) can be defined by 0 for the first detection, because 

the EP is not presented before SIC process. The approximate BER expression for ZF 

detection with CEE and EP (Wang et al., 2007) can be written as follows: 

 

𝑃𝑏 ,𝐶−𝑄𝐴𝑀
𝑍𝐹 ≅

2

 𝐶𝑙𝑜𝑔2 𝐶
    −1 

 
𝑖∙2𝑘−1

 𝐶
 
 2𝑘−1 −  

𝑖 ∙ 2𝑘−1

 𝐶
+

1

2
   

 1−2−𝑘  𝐶−1

𝑖=0

𝑙𝑜𝑔2 𝐶

𝑘=1

 

 

 ×  
1

2
 1 − 𝜇𝑖  

𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇𝑖  

𝑗𝐺

𝑗=0

  

 

where 𝜇𝑖 =   3 2𝑖 + 1 2𝛾 𝑠  2 𝐶 − 1 + 3 2𝑖 + 1 2𝛾 𝑠   , 𝐺 = 𝑀 − 𝐽𝑁𝑡  and  𝑏  

represents the largest integer that is no larger than b. 

 

(4-31) 

(4-32) 
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𝑃𝑏 ,𝐶−PSK
𝑍𝐹 ≅

2

𝑚𝑎𝑥 𝑙𝑜𝑔2𝐶, 2 
   

1

2
 1 − 𝜇𝑖  

𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇𝑖  

𝑗𝐺

𝑗=0

 

𝑚𝑖𝑛  2, 
𝐶

4
  

𝑖=1

, 

(4-33) 

where 𝜇𝑖 =  𝛾 𝑠𝑠𝑖𝑛2  2𝑖 − 1 𝜋/𝐶  1 + 𝛾 𝑠𝑠𝑖𝑛2  2𝑖 − 1 𝜋/𝐶    ,  𝑏  represents the 

smallest integer that is no smaller than b. If consider only the dominant terms (i = 0, 

1) in (4-32), the equation can be reformed as (Cho and Yoon, 2002) 

 

𝑃𝑏 ,𝐶−QAM
𝑍𝐹 ≅

2  𝐶 − 1 

 𝐶𝑙𝑜𝑔2 𝐶
 
1

2
 1 − 𝜇0  

𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇0  

𝑗𝐺

𝑗=0

 

+
2  𝐶 − 1 

 𝐶𝑙𝑜𝑔2 𝐶
 
1

2
 1 − 𝜇1  

𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇1  

𝑗𝐺

𝑗=0

 

(4-34) 

 

4.3.5 The Closed-Form BER for STBC systems 

At the 3
rd

 step in Table 4.1, each STBC user applies 2 × 𝑀 STBC 

scheme. The code rate of STBC is 1, there are L symbols transmitted over T time 

slots, where L and T are defined to be 2 for this work. The received signal for the i
th

 

STBC user can be obtained by using SIC to cancel data streams of all SM users and 

other STBC users from the received signal, it can be described as  

 

𝒀𝑠,𝑖 = 𝑯𝑠,𝑖𝒙𝑖 + 𝒘′ + 𝒘𝑒𝑝                                     (4-35) 

 

where 𝒀𝑠,𝑖  represents the 𝑀 × 2 receive signal matrix  𝒀𝑠,𝑖
𝑡1 𝒀𝑠,𝑖

𝑡2   during two successive 

time slot for the i
th

 STBC user addressed in Table I, 𝑯𝑠,𝑖 represents 𝑀 × 2 channel 
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matrix, 𝒙𝑖  is an 2 × 2 transmission matrix of STBC, 𝒘′  denotes the 𝑀 × 2 noise 

matrix with i.i.d. complex circular Gaussian random variables, each element 

distributed as 𝐶𝑁 0, 𝑁0  and 𝒘𝑒𝑝 denotes the 𝑀 × 2 error propagation matrix, each 

element of 𝒘𝑒𝑝 can be represented by 𝑤𝑒𝑝 = 𝑁𝑎ℎ𝑘𝑙∆. Where ℎ𝑘𝑙  denotes the channel 

gain describing the channel of the EP of 2(N-1) other users from the l
th

 transmit 

antenna to the k
th

 receive antenna, where ℎ𝑖𝑗  denotes the sub-channel of 𝑯𝑠,𝑖 

describing the channel from the j
th

 transmit antenna to the i
th

 receive antenna. The 

channel matrix 𝑯𝑠,𝑖 is normalized such that 𝐸   𝑯𝑠,𝑖 𝐹

2
 = 2𝑀. 

The average energy of the transmitted symbols per each antenna are assumed 

to be 𝐸𝑟/2, thus the average power of the received signal for each receive antenna is 

𝐸𝑟  and the average SNR per receive antenna is 𝐸𝑟/𝑁0. The total average energy of a 

symbol duration can be written as 𝐸𝑇 = 𝑇𝐸𝑟 = 2𝐿𝐸𝑠. Thus the average energy of the 

constellation can be calculated as 𝐸𝑠 = 𝑇𝐸𝑟/2𝐿 = 𝐸𝑟/2. At the receiver, the received 

signals in the presence of EP are combined for decoding by Maximum Likelihood 

(ML) decoder. The combined signal at the receiver can be expressed as   

 

𝑟 𝑐 =  𝑯𝑠,𝑖 𝐹

2
𝑥 + 𝑤 𝑝                                         (4-36) 

 

where𝑥 denotes the element of matrix 𝒙𝑖 ,𝑤 𝑝  is the noise plus EP term after combining 

that can be expressed as  

 

𝑤 𝑝 = 𝑤 ′   ℎ𝑖𝑗
𝑀
𝑖=1

2
𝑗 =1       (4-37) 
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where 𝑤 ′ =  ℎ𝑘𝑙  𝑥 − 𝑥  
𝑁𝑎
𝑙 + 𝑤 =  ℎ𝑘𝑙∆

𝑁𝑎
𝑙 + 𝑤, 𝑥  denotes the detected symbol 

from the previous detection and 𝑤 is the element of vector 𝒘′ . In Appendix A-II, we 

derive the covariance of  𝑤 𝑝 that can be described as  

 

𝐸 𝑤 𝑝𝑤 𝑝
∗ ≅  𝑯𝑠,𝑖 𝐹

2
 𝑁0 + 𝑁𝑎∆

2 .                      (4-38) 

 

The transmitted symbol can be determined by 𝑥 𝑐 = argmin𝑥 ∈𝐶  𝑟 𝑐 −

 𝑯𝑠,𝑖 𝐹

2
𝑥  

2

. Thus from (4-36) and (4-37), the effective SNR per symbol after STBC 

decoding (Ahn et al., 2008) is derived in Appendix A-III that can be expressed as 

 

𝛾𝑎 =
 𝑯𝑠,𝑖 𝐹

2

2 1/𝛾 + 𝑁𝑎𝑑𝐸𝑃/2 
, 

 

where 𝛾 = 𝐸𝑟/𝑁0 = 2𝐸𝑠/𝑁0. The probability density function (pdf) of the effective 

SNR  𝛾𝑎  under imperfect channel estimation and EP can be described as a function 

of the correlation coefficient. The similar pdf of the 𝛾𝑎  with CEE have been proposed 

(Ahn et al., 2008; Gans, 1971 and Roy and Fortier, 2004), the pdf of the received 

instantaneous SNR is described as 

 

𝑝𝛾𝑎
 𝛾𝑎 =

𝑒−𝑞𝛾𝑎

 1 − 𝜌2 1−𝐷
∙ 𝑞  

1

𝑘!
 

𝐷−1

𝑘=0
 
𝐷 − 1

𝑘
  

𝜌2𝛾𝑎
1 − 𝜌2

∙ 𝑞 

𝑘

 

(4-40) 

where𝐷 = 2𝑀, 𝑞 =  𝑯𝑠,𝑖 𝐹

2
/𝛾𝑎 = 2 1/𝛾 + 𝑁𝑎𝑑𝐸𝑃/2 , and  

𝑛
𝑘
  denotes the binomial 

coefficient given by  
𝑛
𝑘
 = 𝑛!/ 𝑛 − 𝑘 ! 𝑘! . The Bernstein polynomials can be applied 

(4-39) 
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to regroup term (Maaref and Aissa, 2005 and Tomiuk et al., 1999) in (4-40) as 

follows:    

 

𝑝𝛾𝑎
 𝛾𝑎 =  

𝐵𝑘−1
𝐷−1 𝜌2 

 𝑘 

𝐷

𝑘=1
𝑞𝑘𝛾𝑎

𝑘−1𝑒−𝑞𝛾𝑎  

 

where ∙  denotes the Gamma function and the Bernstein polynomials is defined as 

𝐵𝑖
𝑛 𝑡 ≜  

𝑛
𝑖
 𝑡𝑖 1 − 𝑡 𝑛−𝑖 . The exact closed-form SER for STBC systems have been 

proposed in (Ahn et al., 2008). The SER of C-PSK and rectangular C-QAM for the 

effective SNR 𝛾𝑎  over an AWGN channel are 𝑃𝑒 ,𝑃𝑆𝐾 𝛾𝑎 = 𝑎𝑝𝑄  𝐺𝑃𝑆𝐾𝛾𝑎 and 

𝑃𝑒 ,𝑄𝐴𝑀 𝛾𝑎 =  1 − 𝑎𝑞𝑄  𝐺𝑄𝐴𝑀𝛾𝑎  
2
, respectively, where 𝑎𝑝 = 2, 𝐺𝑃𝑆𝐾 =

2𝑠𝑖𝑛2 𝜋/𝐶 , 𝑎𝑞 = 2 1 − 1/ 𝐶  and 𝐺𝑄𝐴𝑀 = 3/ 𝐶 − 1 (Prasad and Varanasi, 2001 

and Goldsmith, 2005). The SER over fading channel can be often described by  

 

𝒱 𝑏, 𝑞, 𝑚 =
𝑞𝑚

Γ 𝑚 
 𝑄  𝑏𝑛 𝑒−𝑞𝑛𝑛𝑚−1𝑑𝑛

∞

0

 

 

 

=
1

2
 1 − 𝜀   

2𝑘
𝑘

  
1 − 𝜀2

4
 

𝑘𝑚−1

𝑘=0

  

 

where𝜀 =  𝑏/ 𝑏 + 2𝑞  , 𝑏 = 𝐺𝑃𝑆𝐾  or 𝐺𝑄𝐴𝑀  depending on modulation scheme. By 

applying (4-39), (4-41), (4-42) and the instantaneous SER over AWGN channel, the 

BERs for C-PSK and C-QAM signalling with CEE and EP can be expressed as     

(4-41) 

(4-42) 
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𝑃𝑏 ,𝐶𝑃𝑆𝐾
𝑆𝑇𝐵𝐶 =

𝑎𝑝

𝑙𝑜𝑔2𝐶
 𝐵𝑖−1

𝐷−1 𝜌2 

𝐷

𝑖=1

 𝒱 𝐺𝑃𝑆𝐾 , 𝑞, 𝑖  

 

𝑃𝑏 ,𝐶𝑄𝐴𝑀
𝑆𝑇𝐵𝐶 =

1

𝑙𝑜𝑔2𝐶
 1 −  1 − 𝑎𝑞  𝐵𝑖−1

𝐷−1 𝜌2 𝐷
𝑖=1  𝒱 𝐺𝑄𝐴𝑀 , 𝑞, 𝑖  

2

  

(4-44) 

4.3.6 Average BER for STBC Users 

From 4.3.1, HMRS MIMO system is operated by STBC and SM users. 

The receiver detects the transmitted symbols successively by ZF detection and STBC 

decoding for each user. The BER performances of each user are difference depending 

on the modulation scheme, number of antennas, and number of users. In this part, we 

explain the procedure to evaluate the average BER for STBC user in ZF-STBC 

MIMO systems. By considering the presence of EP in multi-layers detection, the 

presence of EP can be appeared by Na+1 different patterns that represented by vector 

𝝍𝑁𝑎
 in Table 4.2, each pattern has different frequency for appearance that can be 

described by the elements of vector 𝜷𝑁𝑎
. The different pattern also gives the different 

bit error probability according to the element in vector 𝑷𝑏 ,𝑁𝑎
 from Table 4.3. Finally, 

vector 𝜷𝑁𝑎
, 𝝍𝑁𝑎

 and 𝑷𝑏 ,𝑁𝑎
are jointly employed to calculate the average BER for the 

desired user (Shen et al., 2004 and Zanella et al., 2005). From the first step in Table 

4.1, all transmitted symbols are detected by applying 2𝑁 × 𝑀 ZF-detection; the bit 

error probability at this step named 𝑃𝑧  can be evaluated by replacing (4-31) into (4-33) 

or (4-34) depending on modulation scheme, where Na in (4-31) is defined by 0 

because of no EP in the first detection. Then define 𝑃𝑧 = 𝑃𝑏0 for vector  

𝝍𝑁𝑎
inTable4.2, select the coefficient vector β_(N_a ) by determining N_a=2(N-

(4-43) 
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1)andcomputeBER vector 𝑷𝑏 ,𝑁𝑎
in Table 4.3, where each element in vector 𝑷𝑏 ,𝑁𝑎

can 

be calculated as follows. 

 

𝛾 𝑐 𝜒 =
 𝑯𝑠,𝑖 𝐹

2

2 1/𝛾 + 𝜒𝑑𝐸𝑃/2 
 

 

𝑃 𝑏 𝛾 𝑐 𝜒  =
𝑎𝑝

𝑙𝑜𝑔2𝐶
 𝐵𝑖−1

𝐷−1 𝜌2 𝐷
𝑖=1  𝒱  𝐺𝑃𝑆𝐾 ,

 𝑯𝑠,𝑖 𝐹

2

𝛾 𝑐 𝜒 
, 𝑖  

 

Table 4.2 The pattern vector for presence of EP 

Na 
Coefficient vector 𝜷𝑁𝑎

  

𝜷𝑁𝑎
=   

𝑁𝑎

0
 ,  

𝑁𝑎

1
 , … ,  

𝑁𝑎

𝑁𝑎
   

The pattern vector forappearance of EP 𝝍𝑁𝑎
  

1 [1, 1]  𝑃𝑏0,  1 − 𝑃𝑏0   

2 [1, 2, 1]  𝑃𝑏0
2 , 𝑃𝑏0 1 − 𝑃𝑏0 ,  1 − 𝑃𝑏0 

2  

3 [1, 3, 3, 1]  𝑃𝑏0
3 , 𝑃𝑏0

2  1 − 𝑃𝑏0 ,𝑃𝑏0 1 − 𝑃𝑏0 
2,  1 − 𝑃𝑏0 

3  

4 [1, 4, 6, 4, 1]  𝑃𝑏0
4 , 𝑃𝑏0

3  1 − 𝑃𝑏0 ,𝑃𝑏0
2  1 − 𝑃𝑏0 

2, 𝑃𝑏0 1 − 𝑃𝑏0 
3 ,  1 − 𝑃𝑏0 

4  

5 [1, 5, 10, 10, 5, 1]  𝑃𝑏0
5 , 𝑃𝑏0

4  1 − 𝑃𝑏0 ,𝑃𝑏0
3  1 − 𝑃𝑏0 

2, 𝑃𝑏0
2  1 − 𝑃𝑏0 

3 ,𝑃𝑏0 1 − 𝑃𝑏0 
4,  1 − 𝑃𝑏0 

5  

6 [1, 6, 15, 20, 15, 6, 1]  𝑃𝑏0
6 , 𝑃𝑏0

5  1 − 𝑃𝑏0 ,𝑃𝑏0
4  1 − 𝑃𝑏0 

2, 𝑃𝑏0
3  1 − 𝑃𝑏0 

3, 𝑃𝑏0
2  1 − 𝑃𝑏0 

4,𝑃𝑏0 1 − 𝑃𝑏0 
5,  1 − 𝑃𝑏0 

6  

⋮ ⋮ ⋮ 

𝑛   
𝑛
0
 ,  

𝑛
1
 , … ,  

𝑛
𝑛 − 1

 ,  
𝑛
𝑛
   

 𝑃𝑏0
𝑛 , 𝑃𝑏0

𝑛−1 1 − 𝑃𝑏0 , 𝑃𝑏0
𝑛−2 1 − 𝑃𝑏0 

2 ,𝑃𝑏0
𝑛−3 1 − 𝑃𝑏0 

3, … , 𝑃𝑏0 1 − 𝑃𝑏0 
𝑛−1 ,  1

− 𝑃𝑏0 
𝑛   

 

Table 4.3 The BER vector 

Na BER vector  𝑷𝒃,𝑵𝒂
  

1 𝑷𝑏 ,1 =  𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

2 𝑷𝑏 ,2 =  𝑃 𝑏 𝛾  2  , 𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

3 𝑷𝑏 ,3 =  𝑃 𝑏 𝛾  3  , 𝑃 𝑏 𝛾  2  , 𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

4 𝑷𝑏 ,4 =  𝑃 𝑏 𝛾  4  , 𝑃 𝑏 𝛾  3  , 𝑃 𝑏 𝛾  2  , 𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

5 𝑷𝑏 ,5 =  𝑃 𝑏 𝛾  5  , 𝑃 𝑏 𝛾  4  , 𝑃 𝑏 𝛾  3  , 𝑃 𝑏 𝛾  2  , 𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

6 𝑷𝑏 ,6 =  𝑃 𝑏 𝛾  6  , 𝑃 𝑏 𝛾  5  , 𝑃 𝑏 𝛾  4  , 𝑃 𝑏 𝛾  3  , 𝑃 𝑏 𝛾  2  , 𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

⋮ ⋮ 

𝑛 𝑷𝑏 ,𝑛 =  𝑃 𝑏 𝛾  𝑛  , 𝑃 𝑏 𝛾  𝑛 − 1  , 𝑃 𝑏 𝛾  𝑛 − 2  , 𝑃 𝑏 𝛾  𝑛 − 3  , … , 𝑃 𝑏 𝛾  1  , 𝑃 𝑏 𝛾  0    

 

 

(4-45) 

(4-46) 
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or 

𝑃 𝑏 𝛾 𝑐 𝜒  =

 1 −  1 − 𝑎𝑞 𝐵𝑖−1
𝐷−1 𝜌2 𝐷

𝑖=1  𝒱  𝐺𝑄𝐴𝑀 ,
 𝑯𝑠,𝑖 𝐹

2

𝛾 𝑐 𝜒 
, 𝑖  

2

 

𝑙𝑜𝑔2𝐶
 

(4-47) 

where𝛾 𝑐 𝑛 = 𝛾  𝑛  in Table 4.3, (4-45), (4-46) and (4-47) are modified from (4-39), 

(4-43) and (4-44), respectively. (4-46) and (4-47) can be chosen for C-PSK and C-

QAM modulation, respectively. All elements of 𝑷𝑏 ,𝑁𝑎
in Table 4.3can be calculated by 

(4-45), (4-46) or (4-47). Here, we show a simple method to estimate the probability of 

bit error 𝑃 𝑏 ,𝑘  of user k take in to account the effects of EP. By using the total 

probability theorem, we can describe 

 

𝑃 𝑏 ,𝑘 ≅  𝜷𝑁𝑎
 𝑛 

𝑁𝑎 +1

𝑛=1

𝑃𝑟 𝐸𝑃𝑛
 𝑘 

 𝑃𝑟 𝑒𝑘 |𝐸𝑃𝑛
 𝑘 

  

 

where the 𝑁𝑎 + 1 mutually exclusive events 𝐸𝑃𝑛
 𝑘 

 , with  𝜷𝑁𝑎
 𝑛 𝑃𝑟 𝐸𝑃𝑛

 𝑘 
 

𝑁𝑎 +1
𝑛=1 =

1, regarding the  𝑘 − 1  previous symbols decisions, 𝑃𝑟 𝐸𝑃𝑛
 𝑘 

  is the probability of 

event 𝐸𝑃𝑛
 𝑘 

 and 𝑃𝑟 𝑒𝑘 |𝐸𝑃𝑛
 𝑘 

  is the probability of making an error in the detection of 

the symbols of k
th

 user conditional on the event 𝐸𝑃𝑛
 𝑘 

. For convenient calculation, we 

write the probability terms in (4-48) into vector form. All elements in 𝜷𝑁𝑎
,  𝝍𝑁𝑎

 and 

𝑷𝑏 ,𝑁𝑎
 are employed to calculate the average BER for STBC and SM user of ZF-STBC 

MIMO system by modifying (4-48) as follows. 

 

(4-48) 
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𝑃 𝑏 ≅  𝜷𝑁𝑎
 𝑖 

𝑁𝑎 +1

𝑖=1

𝝍𝑁𝑎
 𝑖 𝑷𝑏 ,𝑁𝑎

 𝑖 . 

 

For calculating the average BER of STBC user  𝑃 𝑏 ,𝑆𝑇𝐵𝐶 , the bit error 

probability Pz of the first detection is initially calculated by replacing (4-31) into (4-

33), where Na = 0 and 𝐺 = 𝑀 − 𝑁𝑡𝑁. Next, we evaluate 𝑃 𝑏 ,𝑆𝑇𝐵𝐶   by (4-49), 

where𝑁𝑎 = 2 𝑁 − 1  , 𝑃𝑏0 = 𝑃𝑧  for vector  𝝍𝑁𝑎
in Table 4.2 and the elements of 

𝑷𝑏 ,𝑁𝑎
in Table 4.3 can be calculated by (4-45), and (4-46) or (4-47). 

4.3.7 Average BER for SM users 

In order to mitigate the effect of EP from other layers, the transmitted 

symbols for SM user are detected after STBC decoding and SIC process according to 

the 4
th

 step in Table 4.1, thus the 𝑃 𝑏 ,𝑆𝑇𝐵𝐶  in 4.3.6 is applied for evaluating the average 

BER for SM user  𝑃 𝑏 ,𝑆𝑀 . 𝑃 𝑏 ,𝑆𝑀can also be evaluated by (4-49), where 𝑃𝑏0 = 𝑃 𝑏 ,𝑆𝑇𝐵𝐶  

for vector  𝝍𝑁𝑎
in Table 4.2, 𝑁𝑎 = 2 𝑁 − 𝐽 , 𝐺 = 𝑀 − 𝐽𝑁𝑡 , and the elements of 

𝑷𝑏 ,𝑁𝑎
in Table 4.3 can be calculated by (4-50), and (4-51) or (4-52) as follows. 

 

 

𝛾 𝑧 𝛼 =
𝐸𝑠/𝑁0

 1 + τ2𝑁𝑡𝐸𝑠/𝑁0 + 𝑀𝑑EP𝛼2𝐸𝑠/𝑁0 
, 

 

𝑃 𝑏 𝛾 𝑧 𝛼  ≅
2

𝑚𝑎𝑥 𝑙𝑜𝑔2𝐶, 2 
   

1

2
 1 − 𝜇𝑖

′  
𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇𝑖

′  
𝑗𝐺

𝑗=0

 

𝑚𝑖𝑛  2, 𝐶/4  

𝑖=1

 

 (4-51) 

where𝜇𝑖
′ =  𝛾 𝑧 𝛼 𝑠𝑖𝑛2  2𝑖 − 1 𝜋/𝐶  1 + 𝛾 𝑧 𝛼 𝑠𝑖𝑛2  2𝑖 − 1 𝜋/𝐶   , 

(4-49) 

(4-50) 
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𝑃 𝑏 𝛾 𝑧 𝛼  ≅
2  𝐶 − 1 

 𝐶𝑙𝑜𝑔2 𝐶
 
1

2
 1 − 𝜇0

′   
𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇0

′   
𝑗𝐺

𝑗=0

 

+
2  𝐶 − 1 

 𝐶𝑙𝑜𝑔2 𝐶
 
1

2
 1 − 𝜇1

′   
𝐺+1

  
𝐺 + 𝑗

𝑗
  

1

2
 1 + 𝜇1

′   
𝑗𝐺

𝑗=0

 

(4-52) 
 
 

where 𝜇𝑖
′ =   3 2𝑖 + 1 2𝛾 𝑧 𝛼   2 𝐶 − 1 + 3 2𝑖 + 1 2𝛾 𝑧 𝛼   , 𝛾 𝑧 𝑛 = 𝛾  𝑛  in 

Table 4.3, (4-50), (4-51) and (4-52) are modified from (4-31), (4-33) and (4-34), 

respectively. (4-51) and (4-52) can be selected for C-PSK and C-QAM modulation, 

respectively. Finally, all elements of 𝜷𝑁𝑎
, 𝝍𝑁𝑎

 and 𝑷𝑏 ,𝑁𝑎
 in this section are employed 

to calculate the average BER for SM user of HMRS systems. 

By averaging 𝑃 𝑏 ,𝑆𝑇𝐵𝐶and 𝑃 𝑏 ,𝑆𝑀, the average BER of ZF-STBC MIMO receiver 

in the presence of CEE and EP can be obtained. For the general number for 𝑁, 𝐽 and 

M, the BER of each user can easily be evaluated by assigning 𝑁𝑎 = 2 𝑁 − 1  for 

STBC decoding and 𝑁𝑎 = 2 𝑁 − 𝐽  for SM detection. Moreover, (4-49), Table 4.2 

and 4.3 can be used to evaluate the BER for both STBC and SM users. 

 

4.4 Multi-Mode Hybrid-MIMO Receiver Scheme Systems 

In CRN scenario, the system operates under the limited resources condition. 

Especially, the limited unused channels and power control criteria that any users 

should take into account. Moreover each user usually faces the different MIMO 

channels, thus the flexible system is the interested option to apply in CRN. From this 

reason, this part proposes the multi-mode HMRS system that each user can be applied  
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Figure 4.2 Multi-mode HMRS block diagram. 

 

by SM or STBC code while the appropriate transmission mode can be decided by the 

receiver or FC. From Figure 4.2, the receiver first estimates MIMO channels for each 

user, check the available vacant channel and measure SNR. Then the receiver decides 

to apply the optimum transmission scheme such as modulation order, 

transmittedpower level (protect PN) and MIMO mode. From Figure 4.2, the three 

modes for detection are available at the receiver that can be explained as 

1) Mode 1 is selected for two SM users when overall MIMO channel 

is good. This mode can be operated when both users locate far from the PN. Thusa 

few interferences from CRN are affected to PN, and both users can be applied SM 

MIMO although this technique applies higher transmitted power than STBC code.  

2) Mode 2 is selected when two users apply different MIMO 

technique. This case can be occurred when one usercloses to PN while this usershould 

apply low transmitted power to protect PN by using STBC code. 
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Table 4.4 The numbers of flop for various hybrid-MIMO systems. 

Systems 
Numbers of flop 

Transmitter Receiver 
A-BLAST 24 2,478 
TDCSM 12 548 
HMTS 12 2,242 
ABBA 24 1,212 

Multi-layer STBC 9,216 11,362 

Adaptive-MIMO 12 3,168 

HMRS (Proposed) 12 2,592 

 

3) Mode 3 is selected when both users apply STBC code. This case 

can be occurred when both users near PN. Thus STBC code should be applied to 

protect PN similar to the reason at mode 2.  

 

4.5 Efficiency Comparison for Various Hybrid MIMO techniques 

The literature reviews demonstrate that each hybrid MIMO scheme offers 

different structure, performance, encoding and decoding. These differences are also 

affected to the cost for establishing the real networks. Thus this part presents the 

efficiency comparison between several hybrid-MIMO systems based on the 

differences of the system complexities and system performances. To obtain the 

criteria of comparison fairly, the number of flop for all systems are computed to 

represent the system complexity. Each system applies the different algorithms to 

transmit and detect data as well as the mathematical function. Generally, the complex 

addition and complex multiplication apply 2 flops and 6 flops, respectively. Table 4.4 

presents the numbers of flop for all hybrid-MIMO systems at both transmitter and 

receiver with N=2 and M=4. The results show that the different numbers of flop are 
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Table 4.5The efficiency comparison of various hybrid-MIMO systems. 

Systems 

Transmitter 

Complexity 

Receiver 

Complexity 
Data Rate BER 

Score 
L M H L M H H M L L M H 

3 2 1 3 2 1 3 2 1 3 2 1 

A-BLAST             8 

TDCSM             9 

HMTS             9 

ABBA             8 

Multi-layer 

STBC 
            7 

Adaptive-

MIMO 
            9 

HMRS 

(Proposed) 
            10 

(where H, M and L represent high, medium and low, respectively.) 

applied by each scheme. However, only the system complexity cannot be used to 

reflectenough forrepresenting the overall efficiency of each system.Therefore the 

efficiency comparisons of various hybrid-MIMO systems are established in the Table 

4.5 by utilizing the system complexity from the Table 4.4, data rate and BER 

performances.From the results, the proposed systemachieves highest score than other 

techniques. Anyway, the BER performances of several hybrid-MIMO systems and the 

conventional MIMO systemare presented in the next chapter. 

 

4.6 The Relationship between the Cost-Index and Efficiency of 

Wireless Systems 

From literature review, all hybrid-MIMO techniques offer medium data rate 

when compared to SM MIMO. However hybrid-MIMO achieve higher data rate 

thanSTBC code. As well as SER, each technique also offers different 

performances.Besides,the throughput performance has been also used toindicate the 
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datatransferefficiency.Generally, the lower difference between the target bit rateand 

the though- 

 

 

Figure 4.3 The relationship between the Cost-index and efficiency of wireless 

systems. 

 

put indicate that the systems is the efficient networks.This research defines the SER to 

channel capacity ratio to be the Cost-index performance. This part will demonstrate 

the relationship between the Cost-index and efficiency of wireless systems as follows. 

 

   21 1 / logTp = R BER R SER M                    (4-53) 
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P PC R C

Cost Index  = 
SER b R Tp


 


  (4-57) 

 

whereM and b denote the number of symbol in constellation and the number of bit per 

symbol, respectively. From (4-54), Tp and R are normalized by the maximum possible 

rate PC  to achieve the normalized value. By the relation that the lower difference 

between the target bit rate and the throughput indicate to the efficient networks and 

(4-57), demonstrate that the high Cost-index is presented in the efficient network. 

 

4.7 Summary 

This chapter discusses about the principle and BER derivation of HMRS. The 

multi-mode HMRS is also proposed to achieve the optimum advantage. Moreover the 

efficiency comparisons of the several hybrid-MIMO systems are presented. The 

relationship between the Cost-index and the efficiency of wireless networks is finally 

discussed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER V 

PERFORMANCE OF HYBRID-MIMO 

RECEIVER SCHEME 

 

5.1 Introduction 

The previous chapters discuss the principle of several existing hybrid-MIMO, 

conventional MIMO and the proposed hybrid-MIMO, namely, HMRS systems. Each 

scheme applies a different technique to encode and decoding data. From these 

differences, each scheme also offers the different performance. Therefore this chapter 

demonstrates the performance of HMRS compared with other schemes. The 

simulation results and analytical results are jointly demonstrated for verifying the 

validity of this work. In this chapter, the HMRS performances can be demonstrated 

and divided into three parts. The first part presents the simulated SER comparison 

between HMRS and other hybrid-MIMO schemes. The second part reveals the 

analytical BER performance of HMRS in the presence of EP and CEE while the 

accuracy of channel estimation and the number of user are varied. 

 

5.2 Simulation Performance of Hybrid-MIMO Receiver Scheme 

This part presents the SER comparison between HMRS, V-BLAST and the 

existing hybrid-MIMO. The Monte Carlo simulation is applied to calculate the 

average SER for each scheme. The transmitter consists of 2 users equipped with 2 
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Figure 5.1 SER comparisons between HMRS and other techniques. 

 

antennasper user. The bit streams of both users are mapped by QPSK signals and 

transmitted over the MIMO flat Rayleigh fading channel. The receiver is equipped 

with 4 antennas. ML detection and SIC are applied for HMRS systems.This part 

presents the SER comparisons between HMRS and other schemes in case of the 

average SER of two users and in case of separated user as follows. 

Figure 5.1 presents the SER comparison between HMRS and other. The 

results show that the ABBA and TDCSM schemes offer worseperformances. Because 

both schemes apply the matrix calculation method without SIC technique that can 

efficiently decrease the interference of other users. The other existing schemes, 

VBLAST, A-BLAST and HMTS offer the better performance because the MIMO 

detection and SIC arejointly used to cancel interference and detect the transmitted 

symbols. Besides, the proposed method HMRSoffers the best performance because 
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Figure 5.2 SER comparisons between HMRS and other techniques for STBC user. 

 

this technique cancels interference in the received signal before detecting the first 

layer. At 10-4 SER, HMRS offers higher performance than VBLAST about 1dB. 

Figure 5.2 shows the SER comparison for STBC user between HMRS and 

others. By the same reason to Figure 5.1, HMRS still offers best performance.  

Besides, the performance of ABBA outperforms TDCSM that is different from Figure 

5.1. This isbecause the orthogonal code of ABBA can offer a higher diversity gain.At 

10
-4

 SER, HMRS offers higher performance than HMTS about 1dB. 

Figure 5.3 shows the advantage of HMRS over VBLAST because the code 

structure of VBLAST has no orthogonal property of STBCcode. Moreover the data 

streams of SM user in HMRS are detected after STBC streams that the effect of EP 

isalready mitigated.Thus the SM user of HMRS can achieve higher performance than 

VBLAST technique about 0.3dB at 10
-4

 SER. 
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Figure 5.3 SER comparisons between SM user of HMRS and VBLAST. 

 

 

 

Figure 5.4 The performances of multi-mode HMRS (mode 3), A-BLAST and 

Alamoutisingleuser. 
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Figure 5.4 presents the advantage of multi-mode HMRS. By comparing the 

SER between mode 3 of multi-mode HMRS (equipped with 2 STBC users) and 

Alamouti single user (apply 2 antennas at transmitting and receiving side), the 

resultsshow that the performance ofmulti-user systems (HMRS) outperforms the 

performance of single user systems (Alamouti) because HMRS cancel the 

interferencebefore detecting the first stream as well as the orthogonal property in 

mode 3 of multi-mode HMRS. At 10-4 SER, mode 3 of multi-mode HMRS offers 

higher performance than Alamouti scheme about 0.65dB. 

Figure 5.5 separately presents the performances of each mode in the multi-

mode HMRS system. The results show that the best SER performance is offered by 

mode 3 because of the dual orthogonal code in its transmitted symbol block while this 

mode offers worse data rate. Mode 2 offers the fair performance due to the orthogonal 

code of one user. Anyway this mode offers higher data rate than mode 1. Mode 1 

offers the worse performance because the 2 SM users have no orthogonal code but 

this mode can achieve the highest data rate. At 10-4 SER, STBC user of mode 3 offers 

higher performance than STBC user of mode 2 about 1dB. 

Figure 5.6 shows the compromised channel capacity of hybrid MIMO system 

when compared to V-BLAST and A-BLAST. Because hybrid MIMO is equipped by 

one SM user and one STBC user, therefore hybrid MIMO offers fair performanceAt 

30dB SNR, Hybrid-MIMO system offers higher channel capacity about 13bps/Hz 

than A-BLAST scheme. 
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Figure 5.5 Performances of the multi-mode HMRS. 

 

 

 

Figure 5.6 Channel capacity comparisons.   
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Figure 5.7 Cost-index performances of HMRS and other techniques. 

 

 

 

Figure 5.8 BER comparisons between HMRS and V-BLAST. 
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Figure 5.7 shows the advantage of HMRS when consider the Cost-index 

performance that can indicate the compromised performance between SER and  

channel capacity. HMRS offers highest benefit because this scheme achieves the best 

SER performance and also offers a good channel capacity while A-BLAST 

offersalmost similar performance to HMRS. 

 

5.3 Analytical SER Performance in the Presence of EP and CEE 

This part presents the analytical SER performance of HMRS compared to the 

VBLAST systems in the presence of EP and CEEthat are similar topractical channels. 

While the ZF detection and SIC are applied in HMRS receiver. Moreover the number 

of user and the accuracy of channel estimation are also varied to reveal the 

performance of HMRS. The analytical SER expression in Section 4.3.6 and Section 

4.3.7 are adopted to calculate the average SER for HMRS systems. 

Figure 5.8 shows the BER of the QPSK V-BLAST systems (the 2
nd

 layer) and 

the proposed systems (SM user of QPSK HMRS systems) with CEE and EP when the 

accuracy of channel estimation are 0.99, 0.999 and 1 (perfect case) for N=2 

users,M=5 receive antennas. It should be noted that the performance of V-BLAST is 

worse than that of HMRS for all case of . This means that the EP problem in V-

BLAST orZF-SIC receiver can be solved by STBC technique. According to analysis 

in (4-49) and (4-51), these results agree very well with simulation results that are 

shown inFigure 5.8. At 10-4 BER, HMRS offers higher performance than V-BLAST 

about 3dB for perfect channel estimation case. 
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Figure 5.9 BER performance of QPSK HMRS systems with N=2, M=5.  

 

Figure 5.9 shows the BER performance of QPSK HMRS systems, where the 

BER expression of STBC user is shown in (4-46) and (4-49). The BER expression of 

SM user is given by (4-49) and (4-51) when the accuracy of channel estimation are 

0.99, 0.999 and 1 for N=2 users and M=5 receive antennas. From Figure 5.9, we can 

see that the average BERs of SM user offer a higher reliability than average BERs 

ofSTBC user because the transmitted streams of SM user are detected after the 

previous STBC decoding that can mitigate the EP problem. The analytical results 

correspond closely to the simulation results. At 10-6 BER, SM user offers higher 

performance than STBC user about 1dB. 
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Figure 5.10 BER performance of BPSK HMRS systems with N=2, M=4. 

 

Figure 5.10 demonstrates the average BER performance of BPSK HMRS 

systems, where the BER performance of both STBC user and SM user are averaged in 

the presence of CEE and EP. The accuracy of channel estimation is varied by 0.99, 

0.999 and 1 (perfect case) for N=2 users and M=4 receive antennas. From Figure 

5.10,it is found that the average BER performances are rapidly changed by varying 

the accuracy of channel estimation, and these agree with simulation results. 

Figure 5.11 illustrates the BER performance of 16QAM HMRS systems, 

where the BER of STBC user is shown in (4-47) and (4-49), and BER of SM user is 

given by (4-49) and (4-52) with EP. The accuracy of channel estimation is varied 

by0.99, 0.999 and 1 (perfect case) for N=2 users and M=6 receive antennas. 

FromFigure 5.11, the results show that the average BERs of SM user correspond 

closely to 
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Figure 5.11 BER performance of 16QAM HMRS systems with N=2, M=6. 
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Figure 5.12BER performance of QPSK HMRS systems for different number of users, 

=0.999, M=8. 

 

 

Figure 5.13 BER performance of QPSK HMRS systems fordifferent case of error, 

=0.999, N=2, M=5. 

 

the average BERs of STBC user. According to our analytical performances, these 

results agree very well with simulation results. 

Figure 5.12 demonstrates the BER of QPSK HMRS systems with CEE and EP 

when the accuracy of channel estimation is 0.999 for N = 2 (J = 1), N = 3 (J = 1) and 

N = 4 (J = 2) with M = 8 receive antennas. From Figure 5.12, the simulationresults 

agree with analysis that, as the number of user increases, the sensitivity of the 

HMRSsystem to the CEE and the EP increases. Because the number of sub-channel is 

increased according to N, thus cumulative error due to channel estimation from all 
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sub-channels is also increased.At 10
-4

 BER, N=2 case offers higher performance than 

N=3 case about 2dB. 

Figure 5.13 presents the BER performance comparison of QPSK HMRS 

systems between only CEE case, only EP case, and both CEE and EP case. From the 

first and the second cases, it should be noted that EP degrades BER performance more 

than CEE. Significantly, the last case offers most impactto the system performance 

and it is most similar to real scenario. These mean that the problem of CEE and EP 

should be carefully considered for designing wireless network in practice. 

 

5.4 Summary 

This chapter presents the advantage of HMRS system by comparing to other 

hybrid MIMO schemes in simulation. The results show that the SER performance of 

HMRS outperforms other hybrid-MIMO. For analytical performance, the accuracy of 

channel estimation and the number of user are varied. The results show that the 

performance of HMRS is most affected by the effect of EP and CEE that are 

alwaysoccurred in practice. Moreover, this part presents the advantage of HMRS in 

practice and confirms the validity of HMRS principle by the measurement results. 

The trends of the experimental BER performances are corresponded to the analytical 

BER performances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER VI 

IMPLEMENTATION OFHYBRID-MIMO 

RECEIVER SCHEMETESTBED 

 

6.1 Introduction 

This chapter presents the implementation of HMRS testbed in order to validate 

the concept of this thesis.The method to setup HMRS hardware, program software for 

signal processing and how to import data from hardware into computer are explained. 

The limitations of experiment and devices are described. Moreover theexperimental 

scenario for this experiment is also discussed. 

 

6.2 Devices and Components 

This part presents the detail and specification of the important devices and 

components used in HMRS testbed. The function of each devices and components are 

also explained to understand the overall HMRS implementation. 

6.2.1 Radio Frequency Devices 

 In HMRS testbed, the baseband signals are modulated by intermediate 

frequencies (IF) signals in field programmable gate array (FPGA) chip. Then these 

signals are modulated by radio frequency signals to propagate over radio channels. 

Thus this part presents the specification and function of RF devices that are applied in 

this experiment as shown in Figure 6.1. 
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Figure 6.1 HMRS transceiver. 

 

1) RF mixer is used to up convert frequency at the transmitter by 

mixing the IF signals with carrier frequency from RF generator. This device is also 

applied at the receiver to convert RF frequency down to IF signalsby mixing with 

carrier frequency. In this thesis, the model ZX05-73L from Mini circuit brand is 

selected. It can be operated in the 2400-7000 MHz band with 6.2dB conversion loss 

and 33dB LO-RF isolation. 

2) RF amplifier is used to amplify the power of RF signalat both 

transmitter and receiver for mitigating the effect from noise and radio channels. In this 

work, the model ZQL-2700MLNW+ from Mini circuit brand is chosen which can be 

operated in the 2200-2700 MHz band with 25dB gain. 

3) Power splitter is used to split the power of carrier frequency from 

RF generator for each signal stream at transmit and receive antennas. The model 

ZN4PD-272+ from Mini circuit brand is applied in this thesis that can be operated  
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Figure 6.2 FPGA board and AD/DA data conversion card. 

 

the 500-2700 MHz band with 0.9dB insertion loss and 19dB isolation.  

4) RF dummy load is used to absorb the power of RF signal when 

measuring the sub-channel MIMO. In this thesis, the model ANNE-50L+ from Mini 

circuit brand is used. This product can be operated in the 0-12000 MHz band with 50 

ohm impedance. 

5) Omni-directional antenna is used to transmit and receive RF signal 

at both transmitter and receiver in the 2400-2500 MHz band and provides 8dBi omni-

directional operation. 

6.2.2 FPGA Board 

 In this research, the signal processing for baseband and IF signal can 

be implemented on FPGA chip such as QPSK mapping, STBC coding, IF modulation, 

and low pass filter.The cyclone III 3C120 development board from Altera brand is 

used in this research. The specification of FPGA chip can be shown in Table 6.1. 

FPGA board 

AD/DA data 
conversion card 
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Table 6.1 Specification of FPGA board. 

ITEM Detail 

FPGA chip model 780-pin Altera Cyclone III EP3C120 FPGA 

Logic elements 119,000 LEs 

Memory 3,888 kilobits 

18x18 bits Multiplier blocks 288 

Phase locked loops 4 

Clock 50MHz 

DAC interface HSMC port 

 

6.2.3 AD/DA Data Conversion Card 

 At the transmitter, the digital transmitted signals in FPGA board 

should be converted to the analog signal for mixing with the carrier frequency at RF 

part. This thesis applies AD/DA data conversion card from Terasic brand that is 

equippedwith one HSMC connector for interfacing with FPGA board, two 14-bit A/D 

converterchannels with 150Msps, two 14-bit D/A converter channels with250Msps. 

 

6.3 Interfacing between Hardware and Software 

This thesis implements HMRS testbed on FPGA board that can be interfaced 

with Quartus II version 11.1sp2 and Matlab. The interfacing between hardware and 

software can be fully demonstrated in Figure 6.3.  
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Figure 6.3 Interfacing between hardware and software. 

 

6.3.1 FPGA board and AD/DA card 

 Figure 6.1 shows that the FPGA board is interfaced with AD/DA card 

to send and receive the digital data streams. HSMC port is equipped on both FPGA 

board and AD/DA card to transfer the high speed digital data streams in the 

transceiver. 

6.3.2 AD/DA Card and RF Part 

 The function of AD/DA card can be divided into two sections. The 

firstsection is the digital to analog (DA) conversion. DA section sends the analog 

signal to RF part (TX) for up-converter, amplifier and RF signals propagation. The 

second section is analog to digital (AD) conversion. AD section receives the IF 

received signals from RF part (RX) to convert the analog signals to be digital signals. 

SMA connector can be used to connect all IF signals between AD/DA card and RF 

part. 
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6.3.3 Quartus II and FPGA Board 

 Quartus II is the important tools that can be used to create and connect 

the sub-function block in HMRS systems by writing VHDL language or applying the 

ready-made block in Quartus II program.USB port or JTAG is used to program FPGA 

chip according to the developed diagram in Quartus II.Moreover the signalTap II 

logic analyzer in Quartus II can be used to illustratethe desired signals that flow inside 

the FPGA board. 

6.3.4 Matlab and FPGA Board 

 In this thesis, Matlab programing is used to capture all signals from 

FPGA board and used to make channel estimation and HMRS decoding by employing 

the captured signals from FPGA board. The captured signals from FPGA board can be 

transferred to the matrix in Matlab by USB port. Each column in the captured 

datamatrix is represented to the desired signal on FPGA board that should be used to 

estimate MIMO channel, validate the desired signals and decoding the HMRS signals. 

 

6.4 Limitations of experiment 

In this part, the limitations of experiment are described by considering the 

physical characteristic of devices and the link budget in experiment. These limitations 

can be divided into five portions as follows. 
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Figure 6.4 Clock generators. 

 

6.4.1 Number of port of AD/DA data conversion card 

 The AD/DA conversion card applied in the experiment is the product 

of Terasiccompany. It is equipped with two input SubMiniature version A (SMA) 

ports and two output SMA ports. Thus the two data streams of the first user need to be 

copied for the second user by using two ways power splitter. Meanwhile, the four 

received signals at the receiver need to be measured during two time slots bycapturing 

the received signals into computer. From this reason, this experiment cannot be 

implemented as real time systems. 

6.4.2 Link Distance 

In this experiment, the link distance between the transmitter and the 

receiver is assigned about 5 meters. This is because the RF power in the experiment is 

limited by the transmitted power, gain and loss of RF devices, loss in radio channels, 
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and the interference fromother radio sources. Therefore the gain and loss of power in 

the systems are briefly described in Table 6.2 as follows. 

 

Table 6.2 Limitations in experiment. 

Source Limitation 

Transmitted power <=18dBm 

Amplifier gain/channel 25dB 

Cable loss at transmitter 0.8dB 

Cable loss at receiver 3.86dB 

Loss in splitter 6dB 

Loss in mixer 6.2dB 

Antenna gain 6dBi 

Free space path loss (FSPL) 54.4dB 

 

The Table show that the link distance is limited by many factors from RF 

devices and radio channels. In fact, the far field generally starts at a distance of 2D
2
/, 

where D denotes a length of antenna and  denotes a wavelength of carrier frequency. 

Meanwhile, the wavelength and the length of antenna in the experiment are 

determined as0.12 meter and 0.10meter, respectively. Thus the started pointof far-

field region for this work is0.167meter that is shorterthan the link distance of 5 meter 

in the experiment. This means that the experimental results can be correctly applied to 

validate an advantage of the proposed system although the link distant of 5 meter is 

quite short. 

6.4.3 Channel estimation error 

 Channel estimation for 16 sub-channels need to be carried out during 

two time slots because the AD/DA conversion card has only two output channels. 

Thus this operation cannot be implemented as real time.As a result, a high error level 
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is presented in the channel estimation process and high detected efficiency cannot be 

obtained at the receiver. 

6.4.4 Determination of power unit 

 In simulations and analysis, Eb/No unit is defined as the horizontal 

axis for BER performances. Meanwhile the transmitted power (PT) is defined for the 

experiment in this thesis. For theory, the PT unit can be converted to be Eb/No unit by 

scaling with channel gain, bit rate and signal bandwidth. While the theoretical channel 

gain can be generatedby using a random coefficient function that has specific pattern 

in statistic. In contrast, the practical channel gain can be rapidly varied in the different 

locations and durations. Therefore the PT unit at the horizontal axis of BER 

performances is not converted to be Eb/No unit. However, for checking a validity of 

the experimental results, the trend of BER performances of the experiment and the 

theory are used to compare and validate the advantage of the HMRS system. 

6.4.5 MIMO configuration 

As the reason in the Section 6.4.1, the AD/DA data conversion card 

equipped with only two input and two output channels. Thus the minimum number of 

user and the minimum number of received antennas are determined as two users and 

four antennas, respectively. Moreover this specification is also corresponded to the 

theoretical specification in simulation and analysis. 
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Figure 6.5 Symbol and IF generator. 

 

6.5 The developed systems in Quartus II 

For designing and creating HMRS systems on FPGA chip, all sub-function 

block of the HMRS systems can be developed by Quartus II program that support 

FPGA chip from Altera’s products. This thesis divides the HMRS systems into two 

parts. The first is transmitter and the remaining is receiver. Each part of the 

transceiver can be separately explained as follows. 

6.5.1 Hybrid-MIMO Receiver Scheme Transmitter 

At the HMRS transmitter, the ready-made block and the developed 

block are connected to generate the HMRS signals for each user. The transmitter can 

be divided into four parts as follows. 

Symbol Generator 

IF Generator 
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Figure 6.6 QPSK wave form generator. 

 

1) Clock generator is used to generate a group of clock signals that are 

individually applied for different sub-systems such as symbol generator, IF generator 

and signal capturing. To succeed this goal, the phase-locked loop (PLL) is used to 

independently generate the different clock rate for several sub-systems. The frequency 

and phase of each clock signal can be independently assigned by inserting the 

favourite frequency into the regulative blank in PLL properties window as shown in 

Figure 6.4. 

2) QPSK symbols and STBC generator is used to generate bit streams 

for mapping into QPSK format. Then these QPSK streams are ranged into the STBC 

structure as shown in Figure 6.5. 

3) IF generator in Figure 6.5 is used to generate two IF frequencies 

including sine wave and cosine wave. The favourite values of IF frequency and 

sampling frequency can be easily assigned in NCO properties window of Quartus II 

program. 
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4) QPSK signal generator is used to generate QPSK wave form by 

multiplying STBC streams with IF signals from IF generator. Then thetwo orthogonal 

signals are added to form the QPSK wave form as shown in Figure 6.6. 

6.5.2 Hybrid-MIMO Receiver Scheme Receiver 

This thesis implements the receiver and transmitter into the single 

FPGA chip. The receiver can be divided into two parts as follows. 

1) IF demodulator is used to remove IF frequencies from the received 

signals. The received IF signals are multiplied with sine and cosine wave from the 

NCO block as shown in Figure 6.7. 

2) Low pass filter (LPF) is used to filter the output signals of IF 

demodulator to get the envelope of the received signals. This LPF can be created by 

using FIR filter block in Quartus II program as shown in Figure 6.8. The cut-off 

frequency and other parameters of LPF can be assigned in the FIR property windows. 

 

6.6 Channel Estimation and Hybrid-MIMO Receiver Scheme 

Detection in Matlab 

This thesis uses Matlab programing to make channel estimation and HMRS 

detection by using the captured signals that import from FPGA board and transfer 

data by JTAG cable. These tasks can be explained in this part as follows. 
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Figure 6.7 IF demodulator. 

 

 

 

Figure 6.8 Low pass filter. 

 

6.6.1 Channel Estimation 

Initially, the pilot signals are generated by the symbol generator at the 

transmitter. The symbol patterns of pilot signals are already known at the receiver as 

well as the received signals.Therefore all sub-channels of MIMO channel can be 
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estimated by calculating from the pilot signals and the received signals by ℎ 𝑖𝑗 =

𝑦𝑖𝑥𝑗
−1, where ℎ 𝑖𝑗  denotes the estimated channel between transmit antenna i and 

receive antenna j, 𝑦𝑖  denotes the received signal at receive antenna i and xj denotes the 

pilot signal at transmit antenna j. 

6.6.2 Hybrid-MIMO Receiver Scheme Detection 

 The estimated MIMO channel from 6.5.1 can be used to detect the 

transmitted symbols for all users in HMRS systems. After the channel estimation 

period, all streams from all users are transmitted to the receiver in the same time. The 

transmitted symbol from the transmitting side can be detected according to the 

processes in Table 4.1. Then the detected symbols of all users and the original 

transmitted symbols at transmitting side are compared to calculate the BER 

performances. 
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Figure 6.9Experimental scenarios in F4 building. 

 

6.7 Experimental Scenarios 

This experiment operates in the rich scattering environment at F4 building in 

Suranaree University of Technology.The performances of HMRS and V-BLAST 

scheme are measured in the three locations to validate and average the practical 
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(6.10-a) The first location for experiment. 

 

 

 

(6.10-b) The second location for experiment. 
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(6.10-c) The third location for experiment. 

Figure 6.10 Photograph of the experiment areas in F4 building. 

 

 

 

Figure 6.11 Transmitted data at the first transmit antenna. 
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performances of both schemes. All parameters in experiment are similarly specified 

for three locations in Figure 6.10 to validate the HMRS performances under the 

different scenarios. The signal streams from four transmit antennas are 

transmittedwith the effect of scattering as shown in Figure 6.9 and 6.10. This work 

applies 2.5 GHz carrier signal for up and down converter to mitigate the effect of 

interference signals from WLAN networks while the parameters in experiment are 

assigned asin Table 6.3. 

 

6.8 Experimental Signals 

The transmitted bit streams are randomly generated by mathematical function 

in FPGA chip as shown in Figure 6.11 and 6.12. Each orthogonal bit stream is 

modulated with IF signals and mixed with the RF signal. The transmitted signal at the 

transmit antenna can be demonstrated in Figure 6.13. This figure shows that the 

transmitted signal is repeatedly generated by the same pattern in every period. 

In this thesis, the estimated MIMO channel is estimated according to the 

method in Section 6.5.1. The static channel gain in the experiment area is usually 

offered thus the average channel gains can be used as shown in Figure 6.14. The 

figure shows that the different channel gain is offered due to the different scenario of 

each path. 
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Table 6.3 The experimental parameters. 

Item Detail 

FPGA 
Altera/Cyclone III 

EP3C120F7807N 

DAC card 2 SMA input port/2 SMA output port 

RF Generator 2.5 GHz/Transmitted power 0-18 dBm 

Data rate 1Mbps 

IF frequency 5MHz 

Sampling frequency 100MHz 

Channels Rich scattering environment 

Modulation QPSK 

Link distance 5 meters 

Number of user 2 

Number of transmit antenna/user 2 

Number of receive antenna 4 

 

To prove the benefit of HMRS system, the experimental BER performances 

and the analytical BER performances are compared to verify the advantage of HMRS 

systems in real practical channel. Figure 6.16 to Figure 6.19 present the 

experimentalBER performance when varying the transmitted power. The BER 

performances between analytical results and practical results are not agreed when 

considering the horizontal and vertical axis. Because the different properties between 

real channel and analysed channel such as signal reflection, the scattered object and 

the interference sources. Moreover, from the reasons in Section 6.4.4, the trend of 

BER curves of the experiment and the theory are used to validate the advantage of the 

HMRS system. 
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Figure 6.12 Transmitted data at the second transmit antenna. 

 

 

 

Figure 6.13 Transmitted signal at the AD/DA conversion card. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

 

 

Figure 6.14 Average channels gain. 

 

 

 

Figure 6.15 The analytical BER performances. 
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Figure 6.16The experimental BER performances at the first location with 5 meters 

link distance. 

 

 

 

Figure 6.17The experimental BER performances at the second location with 5 meters 

link distance. 
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Figure 6.18 The experimental BER performances at the third location with 5 meters 

link distance. 

 

 

 

Figure 6.19 The experimental BER performances at the first location with 7 meters 

link distance. 
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Figure 6.15 shows the analytical BER performances of V-BLAST and each 

user of the proposed method. The results show that the SM user of HMRS offers best 

performance than STBC user of HMRS and V-BLAST system. 

Figure 6.16, 6.17 and 6.18 present the experimental BER performances of V-

BLAST and each user of the proposed method with 5 meters link distance. The results 

show that the almost similar BER performances of three locations in Figure 6.10 are 

offered. This means that the proposed technique still offers the higher advantage than 

V-BLAST scheme in different locations. Meanwhile SM user of HMRS always offers 

higher performance than V-BLAST about 7dB at 10
-4

BER. 

Figure 6.19 demonstrates the experimental BER performances of V-BLAST 

and each user of the proposed method with 7 meters link distance. The results show 

that all BER curves do not vary at any transmitted power. This means that this HMRS 

testbed cannot detect data streams by 7 meters link distance but up to 5 meters. 

From Figure 6.15 and 6.16, the different powerbetween SM user of HMRS 

and V-BLAST in analysis and simulation at 10
-4

BER is 7dB and 12dB, respectively.   

By considering the BER performances of analysis and experiment in three 

locations, the trends of all curves from the experiment in Figure 6.16 to 6.18 

arecorresponded to the analytical BER performances in Figure 6.15. From the results, 

this comparison can confirm the advantage of HMRS in practice.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER VII 

DISCUSSIONS AND CONCLUSIONS 

 

This thesis proposes the improved hybrid MIMO system, namely, hybrid 

MIMO Receiver Scheme (HMRS) to efficiently apply in Cognitive Radio Network 

(CRN). This technique adopts SM detection, STBC code and SIC to cancel 

interference of other users before detecting the transmitted symbols of SM users and 

STBC users. The interference in the received signals of HMRS are cancelled before 

detecting the first data stream to improve the performance of hybrid MIMO while this 

criteria is not presented by the existing hybrid MIMO systems. 

The simulation results from Monte Carlo simulation are demonstrated to 

reveal the advantage of HMRS against the existing hybrid MIMO systems and the 

conventional MIMO scheme. Besides, the analytical BER performances are derived in 

the presence of EP and CEE to verify the validity of simulation results and confirmed 

the benefits of the proposed technique in the practical scenarios. 

The simulation results show that the SER performances of HMRS outperform 

the existing hybrid MIMO systems as well as the conventional MIMO technique. The 

channel capacity of the proposed scheme can be offered higher than double user 

STBC code and slightly approximated to VBLAST receiver. Moreover the Cost-index 

performance that compromise between SER and channel capacity is proposed to 

alternatively demonstrates the advantage of HMRS against other techniques. 
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As the derivation of analytical BER performances, the number of user and the 

accuracy of channel estimation are varied in the presence of EP and CEE to reveal the 

HMRS performances in the practical environment. The results show that the effect of 

EP and CEE can be violently affected to the performance of HMRS. Thus it should be 

carefully considered these parameters to design the real networks. 

This thesis also implements HMRS testbed to confirm the advantage of the 

proposed technique. The transmitted symbols are generated by FPGA board and 

AD/DA data conversion card. The transmitted streams are sent over the rich scattering 

MIMO channels while the received signals from FPGA board can be decoded by 

transferring data into Matlab program to determine the HMRS performances. The 

results show that the trends of all BER curves between analysis and the experimental 

results are well corresponded.  
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In this appendix, the author derives the covariance of the effective post-

processing noise for ZF detection and STBC decoding in the presence of CEE and EP, 

and derive the effective SNR per symbol after STBC decoding. 

A-I Covariance of the effective post-processing noise for ZF detection 
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A-IICovariance of the effective post-processing noise for STBC decoding 
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