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ABSTRACT 

This paper proposes a new full-rate space-time block code for MIMO systems at four transmit antennas, which 

aims at minimizing the bit error rate with low-complexity decoding using ZF and MMSE linear detection 

techniques in Rayleigh fading channels. The purpose of this code is to optimize the space-time resources offered 

by MIMO systems and to ensure optimal exploitation of spectral resources. The idea is to take advantage of the 

direct sequence spread spectrum (DSSS) technique using the orthogonal codes of Walsh-Hadamard in order to 

ensure the orthogonality between all the symbol vectors to be transmitted and to construct an orthogonal and 

full-rate STBC code. BER performance versus Eb/No of the proposed STBC code is evaluated for MIMO 4×2, 

4×4 and MISO 4×1 configurations in single-user detection mode, using 16QAM modulation, on Rayleigh's 

MIMO channels assumed to be quasi-static and not frequency selective, compared with those of the orthogonal 

STBC of Tarokh of 1/2 rate and the full-rate quasi-orthogonal STBC of Jafarkhani. The results of the simulations 

show that the proposed STBC code significantly improves BER performance while allowing a higher 

transmission rate with spectral efficiency of 4 bits/s/Hz and simple linear decoding using ZF or MMSE 

techniques. 
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1. INTRODUCTION 

Space-time block coding is a very popular diversity approach, used to combat channel fading and 

minimize bit error rates [1]-[2]. Thanks to this diversity approach, a maximum diversity of NT×NR 

equal to the number of independent paths available can be obtained. Orthogonal space-time block 

codes (OSTBC) have been designed to obtain the maximum diversity order for a given number of 

transmit and receive antennas using a simple linear decoding algorithm at reception [3]. This has made 

these codes the most dominant forms of space-time codes, adopted in several wireless communication 

standards [4]. 

For an optimal exploitation of spectral resources, it is interesting to have an STBC code with unit rate. 

The code rate RSTBC is defined as the ratio between the number of transmitted symbols K per code 

word and the number of symbol durations T during which these symbols are transmitted /R K T . 

The best STBC codes in the literature are those with a unit rate and achieve maximum diversity for a 

given number of transmit antennas. Alamouti's complex STBC code using two transmit antennas, 

proposed by S. Alamouti in 1998, is the only full-rate orthogonal complex code [5]. This code allows 

maximum diversity using a single antenna for reception. Alamouti code then is the only STBC code 

making it possible to achieve these two characteristics characterizing the optimal STBC code, with 

acceptable BER performance at reception [5]. Therefore, Alamouti code is a very special code and one 

of the most widely adopted codes.  

Increasing the number of both transmit and receive antennas improves system performance and 

reduces bit error rate [6]-[7]. In this setting, in 1999, V. Tarokh et al. had the initial idea to generalize 

the concept of Alamouti to a number of transmit antennas more than two by reducing the code rate 

(RSTBC <1) and by leaving diversity and orthogonality unchanged [8]. Consequently, these lower rate 

codes alter the transmission rate and degrade the spectral efficiency of the MIMO system [9]. Full-rate 

quasi-orthogonal codes (QOSTBCs) have been proposed to achieve total transmission rate for wireless 

systems with more than two transmit antennas, at the cost of losing some of the diversity and 

increasing the decoding complexity. However, these codes affect performance in error rates at low and 
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high SNR, which limits their use [10]. Many unit rate codes have been developed, including codes 

based on Alamouti code with switching between antenna groups, linear dispersion codes and DAST 

diagonal algebraic codes, allowing maximum diversity. However, some of them present higher 

complexity in coding and/or decoding or even limited BER performance. Full-rate linear dispersion 

algebraic codes have been the subject of several studies until today; however, the disadvantage of this 

type of STBC codes lies in the difficulty of optimizing the dispersion matrices (they are dependent on 

the constellation) in order to maximize diversity, as well as high complexity in coding. This paper 

proposes a new full-rate space-time block code for MIMO systems for four transmit antennas, which 

aims at minimizing the bit error rate with low-complexity decoding using ZF linear detection 

technique in Rayleigh fading channels. The purpose of this code is to optimize the space-time 

resources offered by MIMO systems and therefore allow optimal exploitation of spectral resources. 

The paper is organized as follows: in Section 2, the system model of STBC-MIMO is described. Next, 

main existing STBC codes for MIMO systems of four transmit antennas are presented in Section 3. In 

Section 4, the proposed STBC code for four transmit antennas is presented. In Section 5, the 

simulation methodology is discussed; then, results and analysis are presented. Finally, Section 6 

concludes this paper.  

2. SYSTEM MODEL 

The idea behind MIMO systems based on space-time block codes (STBC) is to transmit data in such a 

way as to guarantee great diversity, while allowing a simple decoding process. The STBC code 

consists of blocks. Each block is coded according to precise rules and independently of the other 

blocks. The idea is to send each block of symbols to the NT transmit antennas. A decoding error 

occurring in one block does not jeopardize other blocks. 

 

Figure 1. STBC-MIMO system.  

A space-time block code is generally represented by an NT × T matrix, where each line represents a 

transmit antenna and each column represents a block of symbols of block duration: 
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     (1) 

where sij is the coded symbol on the ith transmit antenna at the jth time slot. 
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For a MIMO system with NT transmit antennas and NR receive antennas, the received signal yj at each 

moment on the jth receive antenna is the sum of the symbols derived from the NT transmitted signals: 

,

1

TN

i i j j i

i

y h s n


       (2) 

where hi,j is the attenuation and phase shift (transfer function) of the non-selective frequency channel 

between the jth transmit antenna and ith receive antenna and ni is the additive noise. The complex 

matrix H of the channel can then be written as follows: 

,

1,1 1,
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. ..

. .. .
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    (3) 

The MIMO signal model can be described as: 

.y H C n        (4) 

where y and n are respectively receive and noise vectors of size NR × 1, H is the channel matrix of size 

NR × NT  and c is the transmitted vector of size NT × 1. 

Each STBC code is characterized by a code rate RSTBC. The code rate RSTBC is defined as the ratio 

between the number of transmitted symbols K per code word and the number of symbol durations T 

during which these symbols are transmitted:  

/R K T      (5) 

The STBC C code is orthogonal if it satisfies the following criteria: 

. .H

nC C A I      (6) 

where CH denotes the Hermitian transpose of the code matrix, A is a real coefficient and In is the 

identity matrix of size n×n (n ϵ IN). 

3. MAIN EXISTING STBC FOR FOUR TRANSMIT ANTENNAS 

3.1 Orthogonal-STBC Codes of Tarokh 

Tarokh et al. proposed complex orthogonal space-time block codes in [11] for four transmit antennas. 

These codes provide maximum diversity; however, they have the disadvantage of having a rate lower 

than one. The matrices of codes C4 and X4 of rates RSTBC = 1/2 and RSTBC = ¾, respectively, for four 

transmit antennas, are as follows: 
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where s1, s2, s3 and s4 are the symbols to be transmitted and (.)* denotes the complex conjugate. 

The channel matrices obtained are therefore orthogonal. Consequently, the decoding of the symbols 

can be done simply with the maximum likelihood technique while reducing the processing complexity. 

3.2 Quasi-OSTBC Codes 

Interesting compromises for MIMO systems at four transmit antennas were proposed by H. Jafarkhani 

in [12] and Tirkkonen in [13]. The idea is to create quasi-orthogonal complex codes admitting a 

simplified maximum likelihood decoding (but more complex than the decoding of an orthogonal 

code). 

The matrices of full-rate quasi-orthogonal space-time block codes JafC  and TirC  proposed by 

Jafarkhani and Tirkkonen, respectively, are as follows: 
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     (10) 

Both full-rate quasi-orthogonal codes of Jafarkhani and Tirkkonen have the same BER performance at 

low and high SNR in Rayleigh fading channels [14]. 

The orthogonal STBC developed by Tarokh with a rate of 1/2 and the full-rate quasi-orthogonal STBC 

of Jafarkhani, for four transmit antennas, are widely used and most adopted in modern and futuristic 

digital wireless communication systems, due to their lower complexities in coding and decoding. For 

this reason, they constitute the reference codes for simulating the performance of our proposed STBC. 

4. PROPOSED STBC CODE 

The principle of proposed STBC coding in this research aims at exploiting the technique of spectrum 

spreading by direct sequences (DSSS) using the orthogonal codes of Walsh-Hadamard, in order to 

ensure orthogonality between all the symbol vectors to be transmitted and build an orthogonal STBC 

code at a rate of 1.  

The idea is that each of the four information symbols to be transmitted is multiplied in the time 

domain by its own Walsh-Hadamard code (correlation product). The four resulting symbols to be sent 

are applied to a square matrix of order 4 for real space-time coding, where each of these symbols is 

different from all adjacent symbols and is orthogonal with them, as shown in Table 1. Our design 

criteria for the proposed code do not depend on the used constellation. 

Walsh-Hadamard codes are not very long or PN type for a significant spread spectrum. Walsh-

Hadamard codes are adopted in our designed STBC-MIMO system for their orthogonality, ease of 

generation and simplicity of implementation. They provide optimal performance in the presence of 

synchronous transmission. 

Figure 2 presents the general scheme of the proposed transmit system. It comprises four main 

subsystems: modulator, serial-parallel converter, Walsh-Hadamard coder and space-time coder in 

blocks. After mapping operation, data to be transmitted is converted from series into parallel from 

with four symbols at the output. Then, these four symbols are correlated (multiplication in the time 

domain) with their different four own Walsh-Hadamard codes of the same length, as shown in Figure 

3. We can express this in mathematical form by writing the Walsh-Hadamard spreading code vectors 

and the information symbol vectors successively in the matrices C and s: 
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 1 2 3 4C c c c c      (11) 

1 2 3 4( )s x x x x      (12) 

To carry out the matrix multiplication of the code vectors of C with the matrix s of the information 

symbol vectors, it will be advantageous to put the matrix C in diagonal form: 

1 2 3 4( )C diag c c c c     (13) 

The implicit form of multiplication can then be represented by: 

 1 2 3 4.S s C s s s s      (14) 

Finally, the reconverted symbols from parallel form into serial form apply to the space-time block 

coder for a real space-time coding in accordance with the following square coding matrix 4×4, where 

each of these symbols is different from all adjacent symbols. 

Table 1.  Space-time coding of the proposed 4×4 code. 

 Antenna 1 Antenna 2 Antenna 3 Antenna 4 

Time t s1 s2 s3 s4 

Time t+T s2 s1 s4 s3 

Time t+2T s3 s4 s1 s2 

Time t+3T s4 s3 s2 s1 

The number of symbols transmitted K per codeword is equal to the number of time slot T necessary to 

transmit these symbols; K = T = 4, then, RSTBC = K/ T = 1. The proposed STBC code for four transmit 

antennas is therefore full-rate and is presented as follows: 

1 2 3 4

2 1 4 3

,4

3 4 1 2

4 3 2 1

STBC

s s s s

s s s s
C

s s s s

s s s s

 
 
 
 
 
 

    (15) 

with .i js x c
 
, where xi is the information symbol to be transmitted and cj is the Walsh-Hadamard 

spreading code specific to the information symbol xi. The matrix of the proposed STBC code is 

symmetrical: 

1 2 3 4

2 1 4 3

3 4 1 2

4 3 2 1

H

STBC STBC

s s s s

s s s s
C C

s s s s

s s s s

 
 
  
 
 
 

    (16) 

Each symbol s of the proposed STBC code is a correlation product of a useful symbol with its own 

Walsh-Hadamard code. The four signals obtained from the four correlation products are orthogonal to 

each other. The proposed STBC coding scheme is shown in Figure 3.  

 

 

 

 

 

Figure 2. Block diagram of the proposed STBC-MIMO system in transmission.  
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As mentioned above, the design criteria for the proposed STBC code do not depend on the 

constellation used and the useful symbol xi can be from a real or complex constellation. 

 

Figure 3. Principle of the proposed STBC coding.  

Walsh-Hadamard codes of a length n are constructed from a Hadamard matrix of an order n. An 

example of the 8-bit Hadamard codes used in this study is shown in Figure 4. 

The length of the 8-bit Walsh-Hadamard orthogonal codes was adopted in our proposed STBC code 

for simulations so that they ensure the orthogonality of the STBC code, and provide a better 

compromise between the used frequency band and the processing complexity especially at decoding. 

W-H sequences of length greater than 8 can be used (16 bit, 64 bit…). 

8

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1
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 

    
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 
     

 

  
 

Figure 4.  8-bit Walsh-Hadamard codes from Hadamard matrix of order 8.  

Due to this orthogonality property, cross-correlation between the four symbols s1, s2, s3 and s4 

transmitted simultaneously every four time slots is zero due to perfect synchronization of their 

transmission.  

s1(n), s2(n), s3(n) and s4(n) are orthogonal to each other over the interval [n1, n8] and their scalar 

product is zero : 

code 1 code 2 code 8 .  .  . 
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Similarly, all the columns of the code matrix are orthogonal to each other: 
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Consequently, the STBC 4×4 code achieves the following orthogonality criterion: 

2 2 2 2

1 2 3 4

1 0 0 0

0 1 0 0
. (| | | | | | | | ).

0 0 1 0

0 0 0 1

H

STBC STBCC C s s s s

 
 
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 
 
 

   (29)

 
where CH denotes the transposed matrix of the code. The code is then orthogonal. 

The orthogonality property of the proposed STBC code allows spatial orthogonality between all the 

symbol vectors to be transmitted. The proposed orthogonal STBC code also provides inter-channel 

orthogonality between different transmit antennas. Similarly, the shape of the transmitted symbols 

(resulting from DSSS) allows a higher resistivity of the signal to interference in the channel and a 

more robust signal on reception. 
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The proposed system at the reception performs the inverse operation of the transmit system, as shown 

in Figure 5, by using one of the linear detection techniques ZF or MMSE. 

The equivalent channel matrices obtained 4 1H  , 4 2H   
and 4 4H  respectively of the proposed STBC 

code in MISO 4×1, MIMO 4×2 and MIMO 4×4 configurations, for four time slots, are represented 

below: 

1 2 3 4

2 1 4 3

4 1
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4 3 2 1

h h h h

h h h h
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h h h h
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 
 
             

    (30) 

where hj is the complex sub-channel coefficient between the jth transmit antenna and the receive 

antenna. 
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    (32) 

where hi,j is the complex coefficient of sub-channel between the jth transmit antenna and the ith receive 

antenna. Assuming that the elements hi,j of the matrix H are independent and identically distributed, 

and then the columns of the matrix H are independent, the detection of the transmitted symbols from 

the received vector can be carried out simply by using (ZF or MMSE) linear detection techniques. 

These two techniques ZF and MMSE consist in applying to the received vector y; respectively, the 

equalization matrices WZF and WMMSE are as follows: 
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1( )H H

ZFW H H H      (33) 

2 1( )H H

MMSEW H H I H       (34) 

where (.)H denotes the Hermitian transpose operation and σ2 is the statistical information of the noise. 

The estimate of the transmitted signal vector is then given by: 

.ZF ZFs W y      (35) 

.MMSE MMSEs W y     (36) 

Thereafter, the information symbols can be recovered, after STBC decoding, by multiplying each by 

its own Walsh-Hadamard code (correlation product), as shown in Figure 6. 

 

 

 

 

 

Figure 5. Proposed reception scheme.  

 

Figure 6. Principle of the proposed STBC decoding.  

5. RESULTS AND DISCUSSION 

The performance of the proposed code is evaluated in the bit error rate (BER) versus signal to noise 

ratio per bit (Eb/No) with 16QAM modulation in MATLAB using the quasi-static Rayleigh channel 

model. The MIMO channels are assumed to be frequency non-selective and not correlated. 
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The four Walsh-Hadamard codes used for each four symbols to transmit in the simulated proposed 

STBC code that are of 8-bit length are: [1 -1 -1 1 1 -1 -1 1], [1 -1 1 -1 -1 1 1 -1 1], [1 -1 1 -1 -1 1 -1 1] 

and [1 1 -1 -1 -1 -1 1 1], which are shown in Figure 4. Detection is in single-user mode and the 

channel is assumed perfectly estimated. 

Figure 7 and Figure 8 show BER performances obtained versus the signal to noise ratio per bit 

(Eb/No) of the proposed STBC code for four transmit antennas with NR = 1, 2 and 4 respectively using 

ZF and MMSE decoding, compared with the Tarokh orthogonal code C4 of 1/2 rate with NR = 1 and 

the unit rate quasi-orthogonal code CJaf with NR = 1, using 16QAM modulation. It is clear from both 

figures that the proposed STBC code using ZF or MMSE decoding offers much better BER 

performance compared to the Tarokh orthogonal code C4 of 1/2 rate and the full-rate quasi-orthogonal 

code of Jafarkhani CJaf  using the same modulation 16QAM. Indeed, the proposed STBC code with NR 

= 4 has better performance, then comes the proposed code with NR = 2, afterwards the proposed code 

with NR = 1, then the orthogonal code of Tarokh C4 and finally the quasi-orthogonal code of Jafarkhani 

CJaf. We also note the significant difference between the BER curves of the proposed code in the 

MISO system having a theoretical diversity of 4 and the MIMO systems having the higher theoretical 

diversities of 8 and 16. The obtained results of the performances of the MIMO and MISO systems 

with the proposed STBC code confirm the theoretical performances in diversity and in decoding based 

on linear processing ZF and MMSE. In fact, the more the number of receive antennas increases, the 

lower the curve of the bit error rate becomes. 

As shown in Figure 7, the proposed STBC code using ZF decoding with NR = 1 presents a slight 

reduction in the error rate in very low signal-to-noise ratios (Eb/No≤ 5dB) and a noticeable reduction 

in the ratios 5db< Eb/No< 18dB; afterwards, its BER curve becomes above that of the OSTBC code 

C4 until Eb/No = 25dB. For MIMO systems with NR = 2 and 4, the proposed STBC code using ZF 

decoding presents a significant reduction in the error rate at low and high signal-to-noise ratios 

compared to the Tarokh orthogonal code and the quasi-orthogonal code of Jafarkhani, as shown in 

Figure 7. In the case of MMSE decoding, the proposed code with NR = 1 presents a noticeable 

reduction in the error rate at low and high signal-to-noise ratios until Eb/No = 24dB compared to the 

Tarokh code and a significant reduction in the error rate at low and high signal-to-noise ratios 

compared to the quasi-orthogonal code of Jafarkhani, as shown in Figure 8. For MIMO systems with 

NR = 2 and 4, the proposed STBC code using MMSE decoding presents a significant reduction in the 

error rate at low and high signal-to-noise ratios compared to the Tarokh orthogonal code and the quasi-

orthogonal code of Jafarkhani, as shown in Figure 8. 

 

Figure 7. BER performance with 16QAM modulation for ZF decoding.  
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Figure 8.  BER performance with 16 QAM modulation for MMSE decoding.  

Figure 9 and Figure 10 show the BER performances of the STBC codes for a spectral efficiency η=4 

bit/s/Hz using ZF and MMSE decoding, respectively. We note that the best performances are obtained 

by the systems with the proposed STBC code combining the 16QAM modulation. Indeed, the 

proposed STBC code with NR = 1 having a theoretical diversity of 4 and using ZF decoding presents 

good performances in BER at low and high SNR compared to the quasi-orthogonal code of Jafarkhani 

and at low and high SNR up to Eb/No = 21dB compared to the Tarokh orthogonal code, as shown in 

Figure 9. In fact, the Tarokh orthogonal code C4 of 1/2 rate with a theoretical diversity of 4 is 

associated with the 64QAM modulation which is less robust than the 16QAM modulation; hence, loss 

of performance (translation of its BER curve upwards) occurs. For MMSE decoding, the proposed 

STBC code in MISO and MIMO systems presents good performances in BER at low and high SNR 

compared to the Tarokh orthogonal code and the quasi-orthogonal code of Jafarkhani, as shown in 

Figure 10. 

 

Figure 9.  BER performance at η = 4 bit/s/Hz for ZF decoding.  
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Figure 10.  BER performance at η = 4 bit/s/Hz for MMSE decoding.  

The proposed STBC code in MISO and MIMO systems in case of MMSE decoding provides much 

better BER performance than in the case of ZF. 

6. CONCLUSIONS 

This paper proposes a new full-rate space-time block code for MIMO systems with four transmit 

antennas, which aims at minimizing the bit error rate with low-complexity decoding using ZF and 

MMSE linear detection techniques in Rayleigh fading channels. The simulation results show that the 

proposed STBC code significantly improves BER performance while allowing simple linear decoding 

using ZF or MMSE techniques and higher transmission rate with a spectral efficiency of 4 bits/s/Hz, in 

a Rayleigh channel assumed to be quasi-static, not frequency selective and spatially uncorrelated. This 

proposed code allows an optimal exploitation of space-time resources offered by MIMO wireless 

systems based on space-time coding and therefore, an optimal exploitation of spectral resources. 

REFERENCES 

[1] Y. A. Eldemerdash, O. A. Dobre and B. J. Liao, "Blind Identification of SM and Alamouti STBC-

OFDM Signals," IEEE Transactions on Wireless Communications, vol. 14, no. 2, pp. 972-982, 2015. 

[2]  S. D. Santumon and B. R. Sujatha, "Space-time Block Coding (STBC) for Wireless Networks," 

International Journal of Distributed and Parallel Systems (IJDPS), vol. 3, no. 4, 2012. 

[3]  R. Biradar and G. Sadashivappa, "Study and Analysis of 2×2 MIMO Systems for Different Modulation 

Techniques using MATLAB," International Journal of Advanced Research in Computer and 

Communication Engineering, vol. 4, no. 7, 2015. 

[4]  H. Sinha, M. R. Meshram and G. R. Sinha, "Performance Analysis of MIMO-STBC with Orthogonal 

Uncorrelated Channel," I-Manager’s Journal on Wireless Communications Networks, vol. 6, no. 1, pp. 

22-30, 2017. 

[5]  P. Pathak and R. Pandey, "A Novel Alamouti STBC Technique for MIMO System Using 16-QAM 

Modulation and Moving Average Filter," International Journal of Engineering Research and 

Applications, vol. 4, no. 8 (version 6), pp. 49-55, 2014. 

[6]  E. Ghayoula and R. Ghayoula, "Bit Error Rate Performance of MIMO Systems for Wireless 

Communications," World Academy of Science, Engineering and Technology, Electrical and Computer 

Engineering, vol. 2, no. 1, 2015. 



214 

Jordanian Journal of Computers and Information Technology (JJCIT), Vol. 06, No. 03, September 2020. 

 
[7]  E. T. Tchao, K. Diawuo, W. K. Ofosu and E. Affum, "Analysis of MIMO Systems Used in Planning a 

4G-WiMAX Network in Ghana," International Journal of Advanced Computer Science and 

Applications (IJACSA), vol. 4, no. 7, 2013. 

[8]  Y. S. Cho, J. Kim, W. Y. Yang and C. Kang, MIMO-OFDM Wireless Communications with 

MATLAB, 1st Ed., Wiley-IEEE Press, 2010.  

[9]  P. Rabiei, N. Al-Dhahir and R. Calderbank, "New Rate-2 STBC Design for 2 TX with Reduced-

Complexity Maximum Likelihood Decoding," IEEE Trans. on Wireless Communications, vol. 8, no. 2, 

pp. 1803–1813, 2009. 

[10]  F. Wang, A. Ghosh, C. Sankaran and S. Benes, "WiMAX System Performance with Multiple Transmit 

and Multiple Receive Antennas," Proc. IEEE 65th Vehicular Technology Conf. (VTC2007), pp. 2807-

2811, 2007. 

[11] V. Tarokh, H. Jafarkhani and R. A. Calderbank, "Space-time Block Codes from Orthogonal Designs," 

IEEE Transactions on Information Theory, vol. 45, pp. 1456–1467, July 1999. 

 [12] H. Jafarkhani, "A Quasi-orthogonal Space-time Block Code," IEEE Transactions on Communications, 

vol. 49, no. 1, pp. 1–4, January 2001.  

[13] O. Tirkkonen, A. Boariu and A. Hottinen, "Minimal Non-orthogonality Rate-1 Space-time Block Code 

for 3+ Tx Antennas," Proceedings of IEEE International Symposium on Spread Spectrum Techniques 

and Applications, ISSTA 2000, pp. 429–432, Sept. 2000. 

 [14] V. L. Nir, Etude et Optimisation des Systèmes Multi-antennes Associés à des Modulations 

Multiporteuses, Mémoire de Doctorat (PhD Thesis), INSA de Rennes, 2004. 

 ملخص البحث:

ز    ررررر ا، ذررررر   اارلا مررررر ما   ررررر  ا  ة  ررررر ا ررررر ا  ررررر رل ا-تقتررررره الرررررشيارة مكررررر ا ررررر  ه ا     ررررر 

ةلأ ظمررررر ا تمررررر   ارةمررررر رر ا تمررررر   ارةمعررررر ماارةترررررباتفرررررتع  ا م مررررر ال ر  ررررر لا م ررررر م ا  ررررر  ا

( ا   رررررتع ر ا زرةررررر اتةررررر  ها  ع  ررررر اBERرةتقل ررررر ا ررررر ا   ررررر ا ررررر ا مررررر مارةع ررررر ا ررررربارة ت ررررر لا 

( ا لمرررررر ا رررررر اتق  رررررر لاMMSE(ا  ZF تق  ترررررربارة ةرررررر:ارةممرررررره  ت   ارةتمق رررررر اقرررررر ا هذرررررر ا

(ارةم ررررررميل ثا ذتمررررررر ارة رررررره ا رررررر اتلرررررر اRayleighرة ةرررررر:ارةع رررررربا ررررررباك رررررر رلامرذلرررررربا 

رةز    رررررر ارةترررررربات  هلرررررر ارخ ظمرررررر ا تمرررررر   ارةمرررررر رر ا-رةةرررررر  ه ا رررررربا  رلرررررر ارةمرررررر رم ارةم    رررررر 

 ت مررررررر ارة  ررررررره ا ررررررربا تمررررررر   ارةمعررررررر ما ا لأرررررررم رارا رررررررت  مارخ رررررررر اةلمررررررر رم ارة    ررررررر ثا

(ا   ررررررررتع ر ا رررررررر  هرلاDSSSرا ررررررررت    ا رررررررر اتق  رررررررر ارة  رررررررر:ارةم تةررررررررها  ةتترررررررر   ارةم   ررررررررها 

ل  ر ررررررر م "ا ررررررر ا ،ررررررر الأرررررررم رارةتم  ررررررر ا ررررررر  ا،م ررررررر ا ت  ررررررر لارةه ررررررر زارةمرررررررهر ا-" رةررررررر 

 مرررر ماارلاا   تم  رررر    ز    رررر  ا  ة رررر ا رررر ا  رررر رل- م رررر ة   ا  رررر اشرررر ا  رررر  ا رررر  ه ا     رررر 

اBER ررررر ا  رررررطا مررررر مارةع ررررر ا ررررربارة ت ررررر لا ا ه ارةمقته ررررر تررررر اتق ررررر  ا  ر ارةةررررر ا   ررررر ث (اة ررررر  

(ا رة ظرررررر  ا تمرررررر  ا4x4 اا2x4 رررررر اتةرررررر   لارخ ظمرررررر ا تمرررررر   ارةمرررررر رر ا تمرررررر   ارةمعرررررر ماا 

(ا رررررربا مررررررلارة ةرررررر:اا ارةمفررررررتع  ارة ر رررررر  ا   ررررررتع ر اتمرررررر ذ ا1x4رةمرررررر رر ا   رررررر ارةمعررررررهاا 

 16 QAM ماارةتررررررباذ  رررررر م ا(اقلررررررتاك رررررر رلا"مرذلررررررب"ا تمرررررر   ارةمرررررر رر ا تمرررررر   ارةمعرررررر

-   ررررر ا ررررر يا ررررر    ا ة فرررررةاارلار تق   ررررر اته  ذررررر  ا اةررررر ا ق م ررررر ا ةررررر  ه ا"تررررر م  "ارةم    ررررر 

 ا  رررررررررر  ه ا2/1ارلارةممرررررررررر مارةمفرررررررررر   ارةز    رررررررررر ارةمتم  رررررررررر  ارةم ة رررررررررر ا رررررررررر ا  رررررررررر رلا

رةز    ررررررر ارةم ة ررررررر ا ررررررر ا  ررررررر رل ا  ررررررر يارةمتم  ررررررر   اارلارةممررررررر ما-"،م هرررررررر  ب"ارةم    ررررررر 

ارة    ث

جارةمي  رررررر  ا رارةةرررررر  ه ارةمقته رررررر ات يفرررررر ارةررررررتا رررررر ا   ررررررهارخ ر ارةمتملرررررر ا كرررررر ا ت ررررررهلا ترررررر  

( ا رررررربارة كررررررةارةررررررش اتفررررررم ا  رررررريا ممرررررر ما م رررررر ما قلررررررتاBER ممرررررر مارةع رررررر ا رررررربارة ت رررررر لا 

 ت ررررر لاة ررررر اش   ررررر اة ررررر ال هترررررز ا  ةررررر:ار ررررربا ررررر  ا   رررررتع ر اا4   قل ررررر ا    ررررر ا قررررر رمل ا

ا(ثMMSE ااZFتق  تبارة ة:ا 
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