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요  약

본 논문에서는 각 단말에 2개 이상의 안테나의 간섭 정렬을 이용한 X채널에서 직교 및 준직교 시공간 블록 부호를 
통하여 더 높은 다이버시티와 전력 이득을 달성하고자 했다. 제안한 방법으로 다이버시티 차수는 직교 시공간 블록 
부호에서 최대에 도달한 반면, 준직교 시공간 블록 부호에서는 유효 채널 행렬의 비 직교성에 의해 약간의 성능 저하
가 나타났다. 수신기의 유효 채널 행렬에서의 유리한 구조에 의해 단순 제로 포싱 수신기는 최대 다이버시티 차수를 
달성하는 반면, 간섭 제거 수신기는 성능이 저하되었다. 기존의 방법과 비교했을 때, 시뮬레이션 결과는 제안된 방법
이 같은 스펙트럼 효율을 얻으면서, 3-4개의 안테나의 각 단의 직교 시공간 블록 부호의 경우 각각 목표 비트 에러율 

에서 14dB와 16.5bB의 이득을 얻는 것을 증명하였다. 또한 4개의 안테나의 각 단의 준직교 시공간 블록 부호의 
경우 같은 목표 비트 에러율에서 10dB의 이득을 얻었다.

ABSTRACT

In this paper, we investigate achieving the full diversity order and power gains in case of using OSTBCs and 
quasi-OSBCs in the x channel system with interference alignment with more than 2 antennas at each terminal. A slight 
degradation is remarked in the case of quasi-OSTBCs. In terms of receiver structure, we show that due to the favorable 
structure of the channel matrices, the simple zero-forcing receiver achieves the full diversity order, while the 
interference cancellation receiver leads to degradations in performance. As compared to the conventional scheme, 
simulation results demonstrate that our proposed schemes achieve 14dB and 16.5dB of gain at a target bit error rate 
(BER) of  in the case of OSTBCs with 3 and 4 antennas at each terminal, respectively, while achieving the same 
spectral efficiency. Also, a gain of 10dB is achieved at the same target BER in the case of quasi-OSTBC with 4 
antennas at each terminal.

키워드 : 간섭 정렬, X 채널, MIMO 검출, 직교 시공간 블록 부호, 준직교 시공간 블록 부호

Key word : Interference alignment, x channel,  MIMO detection, orthogonal STBC, quasi-orthogonal STBC
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Ⅰ. Introduction

In wireless communications systems, interference 
plays a major role in defining the achievable 
performance and capacity [1, 2]. In conventional 
receivers, in multi-user scenarios, the interference is 
either ignored, hence considered as an additional noise, 
or jointly decoded via employing successive interference 
cancellation (SIC) detectors [3-5]. In both cases, the 
dimension of the interference remains the same, leading 
to degraded performance and diversity gain in the first 
case, while powerful algorithms should be employed in 
the case of SIC so as to avoid degradation in the 
performance.

Interference alignment is a transmission technique 
used to reduce the dimensions of the interference while 
maintaining the useful signals discernible at the intended 
receivers. This is achievable by precoding the transmit 
signals such that the interference is aligned at unintended 
receivers [6]. As such, interference is removed at the 
intended receivers using simple mathematical operations 
leading to an interference-free system, where appropriate 
decoding algorithms can then be used to decode the 
useful signals. In [6], Jafar and Shamai proposed a linear 
alignment algorithm for the two-user X channel, that 
achieves the maximum data rate of (4/3 × )  

symbols/channel use and a diversity gain of 1, with   

denoting the number of antennas at each terminal.
In addition to the multiplexing gain, quantified by 

symbols/channel use, the diversity gain is an important 
measure of the system performance. When the channel is 
in deep fading, systems with unity diversity gain suffer 
from low signal-to-noise ratio (SNR) at the receiver side, 
leading to degradation in the bit-error rate (BER). 
Several diversity techniques have been proposed in the 
literature to explore further diversity gain [7-9]. In [10], 
a technique that combines interference alignment in X 
channel and Alamouti diversity scheme with two 
transmit antennas has been proposed to achieve the 
maximum multiplexing gain of ( × 4/3 = 8/3) and the 

full diversity gain of 2, which is equal to the number of 

antennas at each of the four nodes. Furthermore, the 
proposed scheme inherits the space-time orthogonality 
of the Alamouti algorithm, hence a simple linear 
receiver, that avoids computationally complex matrix 
inversion, is required to achieve the aforementioned 
gains.

In this paper, we propose several transmitter and 
receiver structures for the case of more than 2 transmit 
antennas aiming to increase the diversity and power 
gains. First, we examine the combination of orthogonal 
space-time block codes (OSTBC) for  = 3 and 4 with 
code rate Rc = 1/2 built on the 2-user X channel system 
with interference alignment. Due to the orthogonality of 
the codes, a modified interference cancellation receiver 
(ICR) is used to decouple the symbols transmitted from 
the two transmitters. Surprisingly enough, due to the 
special structure of the effective channel matrices, we 
show that the simple linear zero-forcing(ZF) receiver 
achieves the full diversity without requiring explicit 
matrix inversion. We extend this scenario to the 
quasi-orthogonal STBCs (quasi-OSTBCs) with  = 4, 
where in addition to proposing the interference 
alignment structure, we introduce a modified version of 
the ICR that takes into consideration the non-orthogonal 
nature of the codes. Note that the extension to the case of 

  
 for any positive integer n is possible. 

Furthermore, we show once again that the simple ZF 
receiver is superior to the ICR in terms of power and 
diversity gains. Due to the non-orthogonality of the 
effective channel matrices, the achieved diversity in this 
later case slightly lacks the optimum value. Further 
research will be conducted to detail the reasons behind 
such a degradation and investigate methods to minimize 
it. It is fundamental to mention that in this paper we don't 
claim that our proposed techniques achieve the 
maximum multiplexing gain of ( × 4/3). However, at 
the same spectrum efficiency, quantified by bits/Hz/ 
channel use, our proposed schemes achieve far better 
performance in terms of power and diversity gains.

The rest of the paper is as follows. In Section II we 
introduce the system model and review the LJJ scheme. 
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In Sections III and IV, we introduce the OSTBCs and 
quasi-OSTBCs built on the 2-user X channel with 
interference alignment, respectively. In Section V we 
present the simulation results and in Section VI we draw 
the final conclusions.

Ⅱ. System model and related work

2.1. System model

Consider a two-user X channel system as depicted in 
Figure 1, with each of the two transmitters equipped with 
 antennas and each of the receivers equipped with 

antennas, where in the deployed scenario  . Each 

transmitter has independent symbols intended for each 
of the receivers. These symbols are drawn independently 
from a finite modulation set Ω. Transmitter 1 has 

   ⋯ 
 and    ⋯ 

 intended for 

receiver 1 and receiver 2, respectively. In 
 , the 

superscript   denotes the index of the symbol, the first 
subscript  denotes the index of the transmitter, and the 
second subscript  denotes the index of the intended 

receiver. Likewise, transmitter 2 has    ⋯ 
 

and    ⋯ 
 intended for receiver 1 and 

receiver 2, respectively. Vectors  , for   , are 

encoded by the STBC block to generate the × 

matrices , for   , with   denoting the number 

of channel uses. Finally, encoded symbols are 
beamformed and linearly combined to generate the 
× block codes  , for   . To denote the 

channels between the transmitters’ and the receivers’ 
antennas, we use H, G, A and B to denote the  ×  

matrices coupling transmitter 1 and receiver 1, 
transmitter 2 and receiver 1, transmitter 1 and receiver 2, 
transmitter 2 and receiver 2, respectively. Each entry in 

the channel matrices is i.i.d.CN , where CN  
denotes a complex Gaussian random variable with mean 

and variance of  and . The × signal matrices 
received at the antennas of receiver 1 and receiver 2, 

그림 1. 채널 모델과 계통도

Fig. 1 Channel model and system diagram

respectively, are given by:

 
 

                      (1)

The elements of the noise matrices  and   are 

i.i.d.CNn . The block codes are given as following:

   
   

                    (2)

The beamforming matrices   for    are 

designed to align the interference at the unintended 

receivers. That is, 
  and 

  are aligned at receiver 2, 

whereas 
  and 

  are aligned at receiver 1. The 

zero-forcing precoding is a suitable choice to design the 
beamforming matrices  for   . As such, they 

are given by:

 
   



  
   


              (3)

where the real-valued scalars ,, , and  satisfy 

the power constraint 
  , where ∙  

denotes the transpose operator. Hence, 

 
  for any matrix R.

2.2. Review of the LJJ scheme

In the LJJ scheme [10], each node is equipped with 2 
antennas where each transmitter has  symbols 
intended for each of the two receivers. As such, at each 
channel use a total of × symbols are 
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transmitted. These symbols are encoded using Alamouti 
scheme as following:

 












 




 



 

  











 


 



 


            (4)

for i = 1, 2, where i refers to the index of the transmitter. 
Note that the conjugated symbols are present in the 
same row of  and . At the receivers, the 

corresponding rows in the receive block codes are 
conjugated so that the system can be re-written as a 
function of conjugate-free symbols. The details of the 
decoding process which is partially similar to that 
depicted in[10].

Ⅲ. Orthogonal STBC with Rc = 1/2 top of 

the x-channel With Interference 

Alignment

It is proven that Alamouti scheme is the only OSTBC 
with rate   . For more than 2 transmit antennas, 

several orthogonal codes have been derived with lower 
rates (i.e.,   ). In the following section, we 

investigate the integration of OSTBC with    in the 

system depicted in Figure 1. Our goal is to increase the 
diversity gain [12], while maintaining the same 
capacity, quantified by bits/channel use, as compared to 
the LJJ algorithm.

3.1. Alignment design for orthogonal STBC with 

   

For the case of   , the matrices  and  for 

   are designed as follows.












  

  
  

  
 

 
 




  

  
  

  
 

 
 




  

  
  

  
 

 
 





(5)

and











 
  

  
  

 
 

 
 



 
  

  
  

 
 

 
 



 
  

  
  

 
 

 
 





(6)

with ∙ denoting the transpose operator. The received 
signal matrices at receiver 1 and 2 are given in (1), where 
 and  are given in (2) with H, G, A, B and  for 

  ∈ × , whereas  and ∈ × . Due to 

system symmetry, we focus in the sequel on the decoding 
at receiver 1. Let  , whose  element denoted by 

, be the  column of  with conjugate operator 

applied to rows 9 to 12, then










































































































































 (7)

where   and  have the same structure. Due to space 

limit, we give only  as follows:











        

 
 

 

        
 

  


        
  

 


         
 

 


 (8)

The aligned interference coefficient matrices are 
given by:

 











           
           
           
           



       (9)

 











           
           
           
           



            (10)

 











           
           
           
           



            (11)

where   
 

  for   ⋯
The aligned interference can be simply removed by 

constructing the set of vectors.
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 
















 
 
 
 

for   ⋯       (12)

where the system becomes interference-free and is 
represented by the following equation.











































































































        (13)

with the 8×4 matrices   and  being derived from   

and   by removing their zero rows.

3.2. Alignment design for orthogonal STBC with 

   

For the case of   , the matrices  and  for 

   are designed as follows.












 

 
 

  
 

 
 




  

  
 

  
 

 
 




 

  
  

  
 

 
 




  

 
  

  
 

 
 





   (14)

and











 
 

 
 

 
 

 
 



 
  

  
 

 
 

 
 



 
 

  
  

 
 

 
 



 
  

 
  

 
 

 
 





   (15)

The 12×4 received matrices  and  are given as 

in (1). Rows 9 to 12 are then conjugated and received 
matrices are remodeled as in (7) as follows.















































































































































(16)

where   and   have the same structure.  is given 

by:











        

 
 

 


        
 

 
 



        
 

 
 



        
 

 
 



(17)

In (16),  to  are given in (9) to (10), respectively, 

while  is given by

 











           
           
           
           



           (18)

Now, let the vectors  , for   ⋯, be 

constructed as in (12), then the interference-free system 
is given by















































































































      (19)

with the 8×4 matrices  and   being derived from   

and  by removing their zero rows.

3.3. Decoupling Symbols from Different Transmitters

In the following, we introduce two decoupling 
algorithms; the first is an interference cancellation 
receiver (ICR) based on the work given in [10] and [11], 
whereas the second algorithm is the linear zero-forcing 
(ZF), where we shed light on the simplicity of the 
channel inversion due to the structure of the resulting 
interference-free system.

3.3.1. Interference cancellation receiver
Let the interference-free system be represented by the 

following two equations.

 
 

 
 
 

 
                   (20)
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where in the case of   .

 



 



 




 





 




 





 




 





 

 

 
 

 (21)

In the case of   , the following holds.

 



 



 




 





 




 





 




 





 



 



 




 





 




 





 




 






  (22)

To decouple the vector ,  is decoupled 

similarly, we construct the following two equations.

∥∥



 ∥∥





∥∥



 ∥∥





(23)

∥∥



 ∥∥





∥∥



 ∥∥





(24)

where ∥∥ is the Frobenius norm of . Since the 

matrices in (20) are orthogonal, then subtracting (24) 
from (23) results in

                             (25)

Let





∥∥



∥∥

 




then





 



 




 





 




 




        (26)

Due the operation completeness of the matrices in 20, 
 is also orthogonal. Then, the estimate of  is given 
by

 





∥ ∥
∙ 









                     (27)

where ∙  denoting the vector demodulation operator.

3.3.2. Linear receiver
Let the system in (20) be reformulated as following.






 





 




 












 












 



             (28)

The estimate of the symbols from the transmitters are 
then obtained using the linear ZF detector as follows.




 





 


                      (29)

with the estimate of  is given by  . Due to 

the structure of the matrices  and , for   ⋯, 

the following holds.







 


 


                        (30)

where the matrices C, D and E are real-valued with C 
and D being diagonal with diagonal elements equal to 

∙










 and ∙











, respectively. 

Based on the block matrix inverse lemma,


 




 


  

  

∙



 


 

  
  

 

 (31)

Note that the matrix   is a scaled 
identity matrix, and hence calculating its inverse 
requires a single real division operation. The same holds 
for the inversion of the matrices C and D. As such, the 
complexity of the ZF detection reduces to simple real 
operations rather than fully computing the inverse of an 
8×8 complex-valued matrix.
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Ⅳ. Full-rate Quasi-orthogonal STBC on 

top of the x-channel with interference 

alignment system

To achieve higher diversity gains employing a single 
receive antenna, the conventional Alamouti code [7] 

with two transmit antennas is extended to the  
transmit antennas case with ≥ [13-15]. In the 
following, we introduce alignment design and receiver 
structures for the case of the extended Alamouti with 
    built on the system depicted in Figure 1.

4.1. Alignment design

In the current design, (2) and (3) still hold with the 
difference that the matrices   for   , A, B, G, 

and H are of size 4×4, and  and , for   , are 

respectively designed as

 












 

 
 



   


 

 
 




 

 
 



   


 

 
 





 











   


 

 
 




 

 
 




 

 
 




 

 
 



   



            (32)

Based on (1), the 6×4 received signal matrices at 
receiver 1 and 2 are respectively written as

  


 


 













   
   

  

 
  




 

  
  



   
   

           (33)

  


 


 













   
   


 

 
 




 

 
 



   
   

          (34)

where   
 

   and   
 

  ,

for   ⋯. Without loss of generality, we will focus 
on the decoding at receiver 1, where receiver 2 has the 
same decoding and performance due to system 
symmetry. The system in (33) is converted to the 

equivalent 24×1 vector , where the elements of  are 

filled in row-wise. That is, the first 6 elements of  are 

the first row of Y1, elements 7 to 12 are the second row 
of Y1. The conjugate operator is applied to rows 3 and 4 

before being inserted in .

The aligned interference at receiver 1, i.e.,   terms, is 

removed by performing simple addition and subtraction 

operations on the elements of . To this end, let us 

define the following 4×1 vectors 

 













 
 


  













 
 




 













 
 


  













 
 




       (35)

where the vectors   for   ⋯ are derived 

similarly from . Then,     with

 


















 




 



 


 



 
 





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 


















 




 



  

 


 
 




                (36)

Note that  and  , for   ⋯, have the same 

structure of the extended Alamouti matrices, which 
implies that they have the same properties. After aligned 
interference cancellation, the system  can be rewritten as




















 























 
























          (37)

where the noise is still white with a covariance matrix 

  ⊗diag , where ⊗ denotes the 

Kronecker product and   is the 4×4 identity matrix.

Before introducing the decoupling schemes, it is 
worthy to shed some light on the properties of the 
matrices given in (36), where these properties are 
essential in the design of the receiver. Let   for 

  ⋯ have the same structure of the matrices given 
in (36), then

1) The matrix 
  is real-valued, having the form














   
   
   
   

                    (38)

where 


 






 and   

 
 

;

2) These matrices are complete in terms of matrix 
addition, matrix subtraction, and matrix multiplication. 
That is, the Gram matrix of , for ≠, has the 

same structure explained in Property I. This can be 
simply proven using the block form of each matrix and 
perform each of the aforementioned operations.

3) The inverse of 
, given in Property I, has the 

following form














   
   
   
   

                    (39)

with 
 





  and  

4) The sum of Gramians of the matrices defined in 
(36) is given by







  













   
   
   
   

              (40)

with  





 and 


 







Having that been said about the properties of the 
matrices given in (36), we introduce the properties of 

the Gramian matrix  
 which will be used in 

the decoupling algorithms to be introduced in the 
sequel. The (8×8) Gramian matrix is given by:





 


 


                            (41)

where 

 





 , 






 , 






 . 

Note that the 4×4 matrices C and D have the structure 
explained in Property 4, while the 4×4 matrix E has the 
structure given in (36). As such, it comes with no 
surprise that the inverse of  has the same structure 

given (41), as will be explained later on.

4.2. Decoupling symbols from different transmitters

In the literature, several detection techniques have 
been proposed [10], which can be used to decouple the 
symbols from different receivers in (37). However, the 
effective channel matrix, or matrices, in (37) has a 
special structure that motivates the proposal of modified 
receivers that take into account the particular structure 
of these matrices. In the following, we introduce the 
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details of two receiver structures. 

4.2.1. Interference cancellation receiver
The idea of the ICR is based on the work introduced in 

[10] and [11], with the particularity that the system 
discussed here is not orthogonal. That is, the Gram 

matrix of   and   in (37) include both diagonal and 

skew-diagonal elements. As such, to decouple  the 

terms which include  should be canceled, where two 

IC stages are required rather than a single stage as in [10].
A) Cancellation of the diagonal elements: Starting 

with (38), we construct the following four vectors.







  





 













 for   ⋯
              (42)

Where based on property 1







   diag
where 

diag  is a skew-diagonal matrix. Subtracting the 

second equation, i.e.,    in (42), from the first one, 
and the fourth equation from the third one, cancels the 
diagonal elements of the channel matrix associated with 
, resulting in the following equations





 



 




 





 




 





∙diag
        (43)





 



 




 





 




 





∙diag
        (44)

where
       

 











 


  












 




  

B) Cancellation of the off-diagonal elements: Let (43) 
and (44) be divided by  and , respectively, then 

subtract the second equation from the first one, results in











































 





















               (45)

where 









 


. It is worth mentioning that 

based on Property II, the structure of 
   is defined 

by Property I.
Finally, the ZF decoder can be used to recover the 

transmitted vector  as following

  
  


 

  
  


 

           (46)

where the estimate  . Note that 
  

 

can be computed using Property III to reduce the 
computational complexity.

4.2.2 Linear zero-forcing receiver

The system modeled in (37) is first filtered using  
resulting in





 

 





 


 






 










            (47)

where 
  




, 

  




, 

  




, 

and the subscript f refers to filtered. As such, C and D 
have the structure given in Property 1, as well as 
satisfying Property 4, while E satisfies Property II. The 
transmitted vectors are recovered as follows




 







  



 







               (48)

To avoid the inversion of the 8×8 matrix , we 

introduce a cost-effective method to compute the inverse 
without explicitly inverting . Based on the block 

matrix inverse lemma, we make the following remarks:

1) C, D, , and    are 
real-valued and have the structure given in Property I, 
which implies that their inverses are simply computed 
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using Property III. The inverse of each of these matrices 
requires only three operations - two real multiplication 
and one division operations.

2)  , where  has the 
structure given in Property I. The same applies for 

. Using Property II,  can be obtained 
where 9 multiplication and 6 addition operations are 

required. Multiplying the result by  requires 4 
multiplication and 2 addition operations.

3)  is a Hermitian matrix, which implies that only 

the elements of an upper triangular matrix are computed.
Based on these remarks, it stems out that the 

computational complexity of the linear ZF detector is 
low due to the special structure of the effective channel 
matrices.

Ⅴ. Simulation Results and Discussion

In this section, we consider that each transmitter has 
full knowledge of only the channels coupling his 
transmit antennas with those of the two receivers. The 
elements in the channel matrices are independent and 
follow the circular-symmetric complex Gaussian 
distribution with mean and variance of zero and unity, 
respectively.

Figure 2 depicts the performance of OSTBC with 
code rate of 1/2 and   , referred to as , built on 

the system depicted in Figure1.

그림 2.     를 이용한 직교 STBC로 제안된 시스템의 
BER 성능
Fig. 2 BER performance of the proposed system with 
      employing orthogonal STBC

그림 3.     를 이용한 직교 STBC로 제안된 시스템의 

BER 성능

Fig. 3 BER performance of the proposed system with 
      employing orthogonal STBC

그림 4.     를 이용한 준직교 STBC로 제안된 시스템

의 BER 성능

Fig. 4 BER performance of the proposed system with 
      employing quasi-orthogonal STBC

 To hold a fair comparison between the proposed 
scheme and the LJJ scheme, we fix the spectral 
efficiency to 8/3 bits/s/Hz, implying that the modulation 
schemes used for and LJJ schemes are QPSK and 
BPSK, respectively. Starting with the ICR, due the 
increased dimensionality of the interference, this 
receiver fails to achieve the full diversity gain of 
   . Due to the special structure of the 

effective channel matrix, as explained in Section III, the 
simple linear ZF receiver achieves the full diversity 
order of     while attaining high gain in the 

bit error rate. At a target BER of , the proposed  
outperforms the conventional LJJ schemes by 14dB.

Figure 3 depicts the performance of OSTBC with 
code rate of 1/2 and   , referred to as , built on 



직교 및 준직교 시공간 블록 부호를 통한 2-사용자 X 채널에서의  간섭정렬

1795

the system depicted in Fig. 1. Again, for the same 
spectral efficiency of 8/3 bits/s/Hz, we employ QPSK 
and BPSK bit-to-symbol mapping for the proposed  

scheme and the conventional LJJ scheme, respectively. 
The ICR shows similar performance as in the case of the 
 scheme. The simple linear ZF receiver achieves the 

full diversity order of     with a gain of about 

16.5dB at a target BER of .
Finally, Figure 4 depicts the performance of the 

quasi-OSTBC with   , referred to as , built on 

the system depicted in Figure 1. Since the ICR employed 
a two-stage SIC scheme to cancel the diagonal and 
skew-diagonal interference, the performance is therefore 
even worsen as compared to that in the cases of the  

and . Despite the quasi-orthogonality of the effective 

channel matrices, the linear ZF receiver for the proposed 
 scheme achieves a superior performance of about 

10dB at a target BER of  as compared to the LJJ 
algorithm both employing QPSK modulation, resulting 
in an equal spectral efficiency of 8/3 bits/s/Hz. Our 
proposed scheme performs close to the optimum 
diversity order of    . The small degradation 

in the diversity order is due to the quasi-orthogonality of 
the effective channel matrices. A further research will be 
conducted to optimize the code matrices so as to achieve 
the full diversity order, or at least to reduce the 
degradation.

Ⅵ. Conclusion and Future work

In this paper, we introduced three schemes that 
achieve superior performances as compared to the 
conventional LJJ scheme in terms of BER and diversity 
order all at the same spectral efficiency. The first two 
proposed schemes, namely   and  , employ 
orthogonal STBCs to generate the code matrices, 
resulting in orthogonal effective matrices, hence 
achieving the optimum diversity order of 3 and 4, 
respectively. The third proposed scheme, referred to as 

, is superior to the conventional LJJ algorithm in 

terms of BER and diversity order, however, due to the 
quasi-orthogonality of the effective channel matrices, 
the diversity order of this scheme slightly lacks the 
optimum one. 

As a future work, we plan to investigate the 
implementation of several quasi-OSTBCs with    

built on the described system in this paper. Besides, a 
careful analysis of the diversity gain will be carried out 
and methods to achieve the optimum diversity order will 
be introduced.

REFERENCES

[ 1 ] Iyer, A., Rosenberg C., and Karnik, A., “What is the right 
model for wireless channel interference,” IEEE Trans. on 
Wireless Communications, vol. 8, no. 5, pp. 2662-2671, 
May. 2009.

[ 2 ] Chafekar, D., Kumar, V.S., Marathe, V., Parthasarathy, S., 
and Srinivasan, A., “Capacity of wireless networks under 
SINR interference constraints,” Wireless Networks, vol. 17, 
no. 7, pp. 1605-1624, Oct. 2011. 

[ 3 ] Lee, JH., Toumpakaris, D., and Yu, W., “Interference 
mitigation via joint detection,” IEEE J. on Selected Areas on 
Communications, vol. 29, no. 6, pp. 1172-1184, Jun. 2011.

[ 4 ] Chen, W., Lataief, KB., and Cao, Z., “Network interference 
cancellation,” IEEE Trans. on Wireless Communications, 
vol. 8, no. 12, pp. 5982-5999, Dec. 2009.

[ 5 ] Mohaisen, M., and Chang, KH., “Maximum-likelihood 
co-channel interference cancellation with power control for 
cellular OFDM networks,” in Communications and 
Information Technologies, 2007. ISCIT '07. International 
Symposium on, Sydney: NSW, pp. 198-202, 2007.

[ 6 ] Jafar, S., and Shamai, S., “Degrees of freedom region for the 
MIMO x channel,” IEEE Trans. on Information Theory, vol. 
54, no. 1, pp. 151-170, Jan. 2008.

[ 7 ] Alamouti, S., “A simple transmitter diversity technique for 
wireless communications,” IEEE Journal on Selected Areas 
in Communications, vol. 16, no. 8, pp. 1451-1458, Oct. 
1998.

[ 8 ] Tarokh, V., Jafarkhani, H., and Calderbank, A., “Space-time 
block codes from orthogonal designs,” IEEE Trans. on 
Information Theory, vol. 45, no. 5, pp. 1456-1467, Jul. 



한국정보통신학회논문지(J. Korea Inst. Inf. Commun. Eng.) Vol. 19, No. 8 : 1785~1796 Aug. 2015

1796

1999.
[ 9 ] El Gamal, H., and Hammons, R. Jr., “On the design of the 

algebraic space-time codes for MIMO block-fading 
channels,” Information Theory, IEEE Transactions on, vol. 
49, no. 1, pp. 151-163, Jan. 2003.

[10] Li, L., Jafarkhani, H., and Jafar, S., “When Alamouti codes 
meet interference alignment: transmission schemes for 
two-user X channel,” in Proceedings of Information Theory 
Proceedings (ISIT), St. Petersburg, pp. 2717-2721, 2011.

[11] Naguib, A., Seshadri, N., and Calderbank, A., “Applications 
of space-time block codes and interference suppression for 
high capacity and high data rate wireless systems,” in 
Proceedings of Asilomar Conference, Pacific Grove: CA, 
pp. 1803-1810, 1998. 

[12] Narasimhan, R., Ekbal, A., and Cioffi, J.M., “Finite-SNR 
diversity-multiplexing tradeoff of space-time codes,” in 
Proceedings of IEEE ICC, pp. 458-462, 2005.

[13] Rupp, M., and Mecklenbrauker, C., “On extended Alamouti 
schemes for space-time coding,” in Proceedings of WPMC, 
pp. 115-119, 2002. 

[14] Mecklenbrauker, C., and Rupp, M., “Generalized Alamouti 
codes for trading quality of service against data rate in 
MIMO UMTS,” EURASIP Journal on Applied Signal 
Processing, vol. 2004, pp. 662-675, Jan. 2004.

[15] Badic, B., Rupp, M., and Weinrichter, H., “Adaptive 
channel-matched Alamouti space-time code exploiting 
partial feedback,”  ETRI Journal, vol. 26, no. 5, pp. 443- 
450, Oct. 2004.

이슬람 모하이센(Islam Mohaisen)

B.Eng., Islamic University of Gaza, Palestine
※관심분야 : MIMO detection, Multi-user precoding

이샛별(Saet-Byeol Lee)

한국기술교육대학교 전자공학과 학사
※관심분야 : MIMO detection, Multi-user precoding, social network analysis

마나르 모하이센(Manar Mohaisen)

Korea Tech, Korea, assistant professor
Ph.D., Inha University, Korea
M.Sc., University of Nice Sophia-Antipolis, France
B.Eng., Islamic University of Gaza, Palestine
※관심분야 : MIMO detection, Multi-user precoding, social network analysis, game theory  

하템 엘아이디(Hatem Elaydi)

Islamic University of Gaza, Palestine, associate professor
Ph.D., New Mexico State University, USA
M.Sc., New Mexico State University, USA
B.S., Colorado Technical University, USA
※관심분야 : MIMO systems, control systems, digital signal processing, quality assurance in higher education



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


