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Abstract—In this paper, we study the achievable region for a 

Gaussian broadcast channel in the presence of an additional 

interference at the receivers. We consider that a noisy version of this 

interference is known to the transmitter and the receivers. A nested 

lattice code coupled with a dirty paper code is used to compute the 

achievable region. A two phase causal encoding technique is also 

proposed in which the interference signal is estimated at the end of 

the first phase and then the desired signal is transmitted in the 

second phase. Numerical results show that causal knowledge of the 

interference can significantly improve the achievable rate region over 

a scheme that does not use interference cancellation. Results are also 

shown when the transmitter operates in both half-duplex and full-

duplex modes. 
 
Index Terms—Cognitiv network, broadcast channel, 

interference limited network, dirty paper coding. 

 

I. INTRODUCTION 

The capacity of multiuser wireless channels has been 

extensively studied in recent years. In this paper, we 

focus on a traditional broadcast (BC) channel in the 

presence of an additional additive interference source. 

We study the achievable rates for this BC with 

interference when partial, causal, and noisy versions of 

the interference are available at the transmitters and 

receivers. One application of such a system could be a 

cognitive network as shown in Fig. 1, where a cognitive 

transmitter wants to communicate with two cognitive 

receivers. 

In the special case of a single user channel with known 

interference at the transmitter, the capacity region is 

known and achieved using the popular dirty paper coding 

(DPC) strategy [1]. In the case of the BC channel with 

interference, the capacity region is studied in [2]-[4] 

when the interference is perfectly known at the 

transmitter, in a non-causal manner. In this paper, we first 

consider the case that the transmitter and the receivers 

have non-causal but noisy versions of the interference. In 

this case, by considering a combination of a DPC at the 

transmitter and interference cancellation at the receivers, 

we obtain the set of achievable rates for the de- graded 

Gaussian BC channel. The achievability is shown using a 

nested Lattice code. Second, we consider the achievable 

region in the causal case. A two-phase transmission 

scheme is proposed in which the transmitter listens to the 
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interference signal for a finite duration in each block and 

uses this signal to estimate the interference in the 

reminder of the transmission. The receivers estimate the 

interference after listening to the entire duration of the 

transmissions. During the first phase, the received signal 

is purely that from the interference source. During the 

second phase, the received signal is a combination of the 

signal from the interference source and the transmitter. 

Subsequently, the receivers perform interference 

cancellation. The achievable capacity of the BC channel 

with this strategy is computed when the transmitter 

operates in both full-duplex and half-duplex modes. 

 
Fig. 1. Channel model with a cognitive BC transmitter affected by 

interference from a primary user. 

 
Computing the achievable rate in the causal case 

requires the optimization of the fraction of time that the 

transmitter operates in phase 1 (listening phase) and the 

power allocation between the two users. It turns out that 

the optimal fraction of time to listen is different for the 

different receivers. The achievable rate region is 

computed as the convex hull over the region achieved 

with each value of the power and fraction of time 

operating over various modes. 

The rest of this paper is organized as follows. In 

Section II, we define the system model and briefly 

summarize the field of lattice coding. An achievable rate 

region of the BC channel with noisy, noncausal 

interference is discussed in Section III. Then, in Section 

IV, the achievable rate region is characterized in which 

the transmitter is operating in both half- duplex (HD) and 

full-duplex (FD) transmission. Numerical results are 

shown in Section V and finally we conclude in Section 

VI. 

II. PRELIMINARIES 

364

Journal of Communications Vol. 9, No. 4, April 2014

©2014 Engineering and Technology Publishing

doi:10.12720/jcm.9.4.364-370 

e radio 

mailto:qudahz@ahu.edu.jo


In this section, we first introduce the system model. 

Then, we briefly review the necessary lattice definitions 

and notations. 

A. System Model 

Consider a channel as depicted in Fig.2 in which the 

received signal   ,         is corrupted by two 

independent additive Gaussian noise sequences. In 

particular, these signals are the interference   from 

another source (primary user) and AWGN    with 

distributions         and        
 , respectively. Thus, 

the received signal,    at receiver   is of the form  

 

 
           (1) 

 

where,   is the transmitted signal, subject to power 

constraint   . The transmitter desires to transmit message 

                  to its intended receiver   . In this 

scenario, the message   contains independent 

information bearing signals    and    for the two 

destinations    and   , respectively. These sequences are 

obtained using two different code books, at rates    

and   . In addition, a noisy observation         of 

the interference signal is available at the transmitter. 

Likewise, a noisy side information          is 

available at the receiver  , where    and     are AWGN 

signals distributed as        
  and         

 , 

respectively. Now, based on an index    and   , the 

signal    is generated. Similarly, using    and treating    

and    as available interference [4], the signal    is 

generated. The messages    and    are jointly 

transmitted using superposition encoding [5]. Thus, the 

transmitted signal, X , can be expressed as  

   √    √      (2) 

where         is the power allocation factor between 

the two messages.  

Fig. 2.  Gaussian broadcast channel with partial side information of the 

interference at both the transmitter and receivers. 

B. Lattice Coding 

In this section, we briefly review preliminaries 

concepts of lattice coding, which is a key ingredient in 

our analysis. For a comprehensive review on lattice 

coding, see [6],[7]. An   dimensional lattice    is a 

discrete set of vectors in real Euclidean space    that 

forms a group under ordinary vector addition such that 

the sum or difference of any two vectors in   are also in 

  [6],[8]. Thus, the zero vector is always a lattice point. 

The importance of a lattice is that it can be used as a code 

book for vector quantization [6],[9]. When every source 

vector is mapped into the nearest code point, we get the 

Voronoi partition  , in which the nearest neighbor 

quantizer      associated with    is defined by [9]  

                                     

(3) 

where     denotes the Euclidean norm. The Voronoi cell 

associated with each     is the set of points   such that 

       and it is given by a shift of    by   [7]. Here, 

   represents the basic Voronoi cell which is the set of 

points in    closest to the zero codeword. Further, the 

modulo-  operation with regard to the lattice is defined 

as  

                  (4) 

which is also the quantization error of   with respect to  . 

Further, it was shown in [10] that lattice coding can 

achieve the capacity of the AWGN channel. In their 

derivation, the authors converted the transmission over 

the AWGN into its equivalent modulo lattice additive 

noise (MLAN) channel. This conversion is accomplished 

by computing the equivalent noise seen by the receiver 

    and using the proper power inflation factor that can 

minimize    . Specifically, they showed that the capacity 

of the MLAN is given by  

        (
  

 
  
)                  (5) 

where       is the normalized second moment of  , 

    
    

     
,    is the power constraint at the transmitter 

and    is the noise variance over the AWGN channel. 

Thus, by considering a sequence of lattices such that 

     
 

   
 [9],[11], the result in (5) can be simplified to  

   (
  

  

) (6) 

For notational convenience, we define      
         . Further, this lattice based technique has 

been used to study the capacity of Gaussian relay 

networks [12],[13] and the multiple access channel [14].  

III. GAUSSIAN BROADCAST CHANNEL WITH NONCAUSAL 

SIDE INFORMATION  

In this section, we derive an achievable region for the 

BC channel with interference. This achievable region is 

obtained by converting the BC channel into its equivalent 

MLAN channel using lattice DPC. In particular, the 

MLAN contains just the transmitted codeword and 

additive equivalent noise seen by the receiver. 

Subsequently, we derive the power inflation factor that is 

used at both the transmitter and receiver to minimize the 

equivalent noise. Finally, an achievable rate region for 

such a model is derived.  

Theorem 1: Consider the BC described in (1) with an 

average transmit power constraint  . Let independent 
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noisy observations         and          of the 

interference   be available at the transmitter and 

receiver          , respectively. Then, an achievable 

rate pair         is given by,  

               (
  

   
              

  

) 

     (
      

   
       

  

) 
(7) 

 

where        
 

  
  
   

 
  

    

 is the equivalent residual noise 

at destination        .  

Remarks-1:  

 Clearly,       
   when either    

   or     
  , 

and in both cases the maximum interference free rate 

is achievable for user   [4]. Further, when    
   

and     
    , the achievable rate region is 

equivalent to treating the entire interference as noise 

at the receivers. 

 When the observation of   is available only at either 

the transmitter or destination  , then the equivalent 

noise reduces to either 
 

  
  
   

 or 
 

  
  

    

, respectively.  

 The condition for the Gaussian BC channel to be 

degraded is now given by     
       

        
 

      
   . Thus, the values of     

 and     
 may 

change the order of degradedness.  

Proof:  
Encoding: Consider two nested lattice code-books 

         and          of dimension    and coding rate 

  , where        . Further, these two codewords are 

limited to           and              . Recall 

that the two mapping relationships are independent. Let   

        denote the transmission block length, then we 

break up the transmission into     blocks, each of length 

 . Thus, during block  ,            , the transmitter 

sends the superposition of the following codewords  

    √                      (8) 

 

 
   √                   

            
(9) 

where    is a function of    and   , and    is a function 

of        and   . We note that    can be either 

considered as an available interference at the transmitter 

[4] or decoded and then removed at destination    [15]. 

In addition, a noisy observation of the interference signal 

        is assumed to be available at the transmitter. 

The signals    and    are random dither signals known to 

the transmitter and both the destinations    and   , 

respectively. The optimal power inflation factor can be 

computed as    
  

          

 and    
      

              

. 

The derivation of    and    will be clear after discussing 

the decoding process.  

Decoding at Destination 1: After block  , the first 

destination receives  

               (10) 

The destination then forms   
  by applying the power 

inflation factor    and also subtracting the dither   :  

   
                    

 

 
                

            

(11) 

 

Note that, since     is available only at the receiver, 

therefore, a new value of the power inflation factor    has 

to be computed. Now, we add and subtract     to (11). 

Recall that         and           . Then, by 

substituting the value of     and doing some algebraic 

manipulations, (11) can be re-written as 

   
                         

                              (12) 

In this formulation, we used the fact that a noisy 

observation of the interference signal is available at the 

receiver, i.e.,          . We remark here that   
  

contains the transmitted codeword    corrupted by 

additive noise. Thus, theequivalent noise at the receiver is 

given by  

  
                       

                              (13) 

and the associated variance is computed as  

   
        

      
          

    
 

    
    

   
     

          
  (14) 

Then we minimize the equivalent noise power with 

regard to    such that the power inflation factor is 

   
       

                     
. At this value of   , the 

equivalent noise variance is reduced to 

     
  

             
       

   

             
       

  

 (15) 

Subsequently, we plug (15) in (5) and also by 

considering a sequence of lattices such that      
 

   
 

we get  

    
  (

  

          
       

  

) (16) 

Decoding at Destination 2: After each block  , the 

second destination receives  

               (17) 

by using the power inflation factor    and then applying 

the modulo operation, the destination forms  

 
  

                  
            

(18) 

and then follow the same procedure in getting    at the 

first destination, the second destination can decode    

with high probability if  

    
  (

      

   
       

  

) (19) 
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and the associated power inflation factor    
           

                  
.                            

In this section, non-causal knowledge of the 

interference at the transmitter and the receiver is assumed. 

Next, we propose a causal encoding technique that can 

estimate the interference signal and then use DPC to 

increase the achievable region.  

IV.  PRELIMINARIES TRANSMISSION OVER THE COGNITIVE 

LINK WITH CAUSAL SIDE INFORMATION 

In this section, a two phase encoding scheme is 

proposed such that the transmitter can transmit to its 

destinations with high reliability. Specifically, the 

transmitter listens to the interference signal (also referred 

to as primary transmitter) for a portion of its codeword 

and then estimates the remaining part. Subsequently, the 

transmitter can employ DPC to transmit to its desired 

receivers. Moreover, we consider two cases in which the 

cognitive transmitter can operate in either half-duplex or 

full-duplex mode. Initially, let the interfering transmitter 

sends its data using a codeword of length   symbols 

length. Next, at the end of the first phase which lasts 

    symbols, the cognitive transmitter attempts to 

decode the remaining part of the primary signal, i.e., the 

    symbols. Then, the cognitive transmitter employs 

DPC in order to transmit its signal. Further, the average 

power of the two code words at the cognitive transmitter 

is limited to 
 

 
    and 

 

   
        in phase 1 and 2 

respectively. Here,   ,       is the power allocation 

factor between the two proposed phases,       and 

         . Recall that   is the power allocation 

between the two users.  

A. Half-Duplex Transmission  

In this scenario, the cognitive transmitter listens to the 

primary one in the first phase. In particular, the cognitive 

transmitter can decode based on the first   symbols of 

the primary transmitter if [16] 

              (      
  

   

) (20) 

where   is the rate of transmission of the primary 

transmitter, and     is the channel gain between the two 

transmitters. We note that here the interference source 

transmits a codeword which is chosen from a         

code book. In addition,the cognitive transmitter can 

decode the primary user’s (interference) signal for values 

of   such that           in phase 1 with error 

probability bounded by                   , where 

      is Gallager’s random coding error exponent given 

as[17] 

         
          

                        

 
 

 
        (       

   (   
 

        

)) (21) 

where   and   are free parameters to be optimized. 

Further, the error probability is inversely proportional 

with   [17]. That is, for      , it can be easily shown 

that            .  

Thus, the cognitive transmitter receives a noisy version 

 ̂  of the interference signal  . Let   ̂  be the noise 

variable at the cognitive transmitter of one time instant, 

then, its noise variance  ̂  
, can be computed as 

   ̂  
           ̂            (22) 

In addition, at the end of phase 2, each destination    

can decode the interference signal and then cancel out its 

effect partially. This decoding can be computed with 

error probability      
           

       where 

        and    
      is the random coding error 

exponent for decoding the interference signal at 

destination   . Further, since each cognitive destination 

receives messages from both the interference source and 

the cognitive transmitter as well. Thus, the total 

achievable rate,     
 between the interference source and 

destination    during phases 1 and 2 is given as  

    
      

  (
     

   

   
 

 

 
      

  
)        (

     
   

   
 

 

   
          

  
) (23) 

and the error exponent for decoding the interference 

signal at destination    is given as [17]  

   
                                    

          

     [  (
  

 
 

          

 
)      

     (   
 

        

)  

(24) 

That is, in estimating the interference signal at 

destination   , the signal from the the cognitive 

transmitter is treated as an additional noise. Similar to the 

case at the cognitive transmitter, we can express the 

destination   ’s estimation of the interference codeword 

as  ̂     ̂  , where  ̂   is the estimation noise 

variance at destination    of one time instant. Thus, the 

following is obtained  

   ̂  
       

   (25) 

Armed with this analysis and using the results of 

Theorem-1, we are now ready for the following Theorem.  

Theorem-2: An achievable rate region for the BC 

channel with interference is given by the convex hull of 

the rates               satisfying  

 

      
   

 
 (

         

                      ̂       
)  

(26) 

 

 
      

   

 
 (

         

            ̂       
)  

(27) 

 

 

where the convex hull is computed over all values 

of       and the power allocations to the various 

users. For simplicity, we set   
 

   
     .  
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Remarks-2:  

 We note that in the half-duplex mode,    .  

 The equivalent noise in the causal case is computed 

based on either (22) or (25) or both.  

Remarks-3: We distinguish eight cases in which the 

achievable rate region can be computed. These cases are:  

                  
      and    

    
     : the interference signal can be decoded at 

the transmitter and the both destinations. Thus, the 

equivalent noise of estimating the interference signal 

is given as  ̂      
 

  
  
 ̂  

 
  

 ̂   

.  

                  
      and    

    
     : then the interference signal can be 

decoded at both the transmitter and the second 

destination. Thus the equivalent noise for the both 

users are given as  ̂      
 

  
  
 ̂  

 and  ̂      

 

  
  
 ̂  

 
  

 ̂   

.  

                  
      and    

    
     : then the interference signal can be 

decoded at both the transmitter and the first 

destination. Thus the equivalent noise for the both 

users are given as  ̂      
 

  
  
 ̂  

 
  

 ̂   

 and  ̂      

 

  
  
 ̂  

 .  

                  
      and    

    
     : the transmitter can only decode the 

interference signal. Thus, the equivalent noise 

reduces to  ̂     
 

 

  
  
 ̂  

.  

                  
      and    

    
     : the interference signal can be only 

decoded at the both destination. Therefore, the 

equivalent noise for a user   is given as  ̂     
 

 

  
  

 ̂   

.  

                  
      and    

    
     : then the interference signal can be 

decoded only at the second destination. Thus the 

equivalent noise for the both users are given as 

 ̂     
   and  ̂     

 
 

  
  

 ̂   

.  

                  
      and    

    
     : the interference signal can be only 

decoded at the first destination. Thus the equivalent 

noise for the both users are given as  ̂     
 

 

  
  

 ̂   

 

and  ̂     
  .  

                  
      and    

    
     : the interference signal can be neither 

decoded at the transmitter nor at the both destinations. 

Thus the equivalent noise is  ̂     
  . Therefore, 

the interferencesignal is treated as an additional noise 

signal.  

B. Full-Duplex Transmission 

In this case, the transmitter can simultaneously 

transmit and receive data. Specifically, while it is 

transmitting to the both intended destinations, the 

cognitive transmitter is always updating its estimate 

regarding the interference signal. In particular, the 

      symbols are divided into   blocks each of   

symbols, i.e.,   
   

 
. Moreover, in order to transmit the 

data in block   where          , the cognitive 

transmitter always updates its estimate regarding the 

interference signal then transmits the symbols in block   
employing DPC. In this case, after each update, the 

probability of error      is re-computed such that the final 

probability of error is given as 

   ̃    
 

 
∑     

   
        (28) 

where         is the error bound after each update. In 

addition, since the transmitter is full-duplex, it can also 

transmit in the first phase by treating the interference 

signal as an additional noise at the destinations. Thus, the 

total achievable region can be described as  

 

      

      

 

 
 (

 

 
         

    
 

 
                  ̂      

)  

(29) 

 

 

      

      
 

 
 (

 

 
         

            ̂      
)  

(30) 

 

where       and       are as given in (26) and (27), 

respectively. Further,  ̂    
 

 

  
  

 ̂   

 is the equivalent 

noise of estimating the interference signal at destination   
and also computed as in the previous cases.  

V. NUMERICAL EXAMPLES 

In this section, representative numerical examples are 

studied to illustrate the importance of cognition in 

increasing the achievable rate region. Unless otherwise 

specified, we initially set the channel gains from the BC 

transmitter to its destinations as        ,         and 

the additive noise variances,    
     

  . Further, we 

set    
   and    

  . Moreover, both the cognitive 

transmitter and the interference source have a transmit 

power constraint of        . Finally, we note that 

the achievable rates here are given in nats.  

Fig. 3 shows the achievable rate region of the degraded 

BC channel in the presence of a noisy non-causal 

interference for many different cases. First, for 

illustration, we show the upper bounds and lower bounds 

of the achievable rate region. The upper bound is 

obtained assuming interference free transmission. The 
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lower bound is computed when the interference signal is 

treated as an additional noise. Second, by increasing    
, 

the probability of selecting the right codeword by the 

transmitter is decreased. Therefore, the equivalent noise 

for the both users is increased. Thus, the achievable rate 

region is reduced. Third, by increasing     
, then the 

probability of deciding which codeword was transmitted 

is decreased. In this case, the equivalent noise for only 

the first user is increased, so,    is reduced.  

 
Fig. 3.  Achievable rate region of the degraded BC channel in the 

presence of a noisy non-causal interference for some certain scenarios. 

 
Fig. 4.  Achievable rate region for half-duplex mode for different values 

of m. These results are obtained in the case that |hp1| = 0.5, |hp2| = 1 and 

n = 20. 

Together, Fig. 4 and Fig. 5 show the achievable rate 

region for the half-duplex and full-duplex cognitive BC 

channel with respect to the codeword length   for 

different values of  , respectively. It specifically shows 

that there is anoptimal value of   for each destination. In 

particular, for this value of  , the maximum achievable 

rate is obtained for that user. In other words, for a given 

user and for a fixed values of all other variables, the 

achievable rate is a concave function of  . For instance, 

in the case of half-duplex mode, the optimal achievable 

rate for the first destination occurs when      whereas 

     is optimal for the second user. In addition, the 

achievable rate in the case that the transmitter is in full-

duplex is larger than the case of half-duplex mode. The 

improvements in rate between the two cases is due to two 

reasons. The primary reason is that the transmitter can 

send information in the first phase while listening to the 

interference source. A secondary reason is due to 

updating the transmitter’s knowledge regarding the 

interference signal as shown in 2.1. 

 
Fig. 5.  Achievable rate region for Full-duplex mode for different values 

of m. These results are obtained in the case that |hp1| = 0.5, |hp2| = 1 and 

n = 20. 

 
Fig. 6. Variation of achievable sum rate with |hPD1 

| for different values 

of PC |. 

Fig. 6 shows the achievable rate for two different 

scenarios. First, as an upper bound on the achievable sum 

rate, which is related to interference free sum rate. 

Second, this figure shows the achievable sum rate of the 

degraded BC channel in the presence of a noisy causal 

interference. In particular, it shows the variation of the 

achievable rate   , and thus the sum rate, with      
  for 

different values of      . Notice the nonmonotonic 

variation of    with      
  which can be explained as 

follows. First, for small values of      , the transmitter 

cannot reliably decode the interference’s signal. In 

addition, if      
  is also small, then the first user can’t 

decode the interference signal either. Thus, as      
  

increases, then the interference signal at the first receiver 

increases and the achievable rate    decreases. Now, as 
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  increases beyond a certain value, the first receiver 

can begin to decode the interference signal and the 

probability of error is captured by Gallagers error 

exponents. In this scenario, as      
  increases, the error 

probability decreases and thus the first destination can 

cancel out more and more of interference signal, and thus, 

   increases. However, for large      , the transmitter 

can decode (with some errors) the interference signal and 

then use a noisy DPC scheme to achieve higher rates    

and thus the sum rate.  

VI.  CONCLUDING REMARKS 

We considered a one side interference channel model 

in which a cognitive transmitter wants to send different 

messages to two different destinations. In addition, an 

achievable rate region was derived for many different 

scenarios. Moreover, a two phase transmission scheme 

was described. Numerical examples that illustrate the 

validity of our construction were shown. Future work 

should be dedicated to study the cases in which the order 

of degradedness changes and provide more numerical 

examples that can cover more trade-offs.  

REFERENCES 

[1] M. Costa, “Writing on dirty paper (Corresp),” IEEE Trans. Inform. 

Theory, vol. 29, pp. 439–441, May. 1983. 

[2] S. Sigurjonsson and Y.-H. Kim, “On multiple user channels with 

state information at the transmitters,” in Proc. Int. Symp. on 

Inform. Theory., Sep. 2005, pp. 72 –76. 

[3] Y. Steinberg, “Coding for the degraded broadcast channel with 

random parameters, with causal and noncausal side information,” 

IEEE Trans. Inform. Theory, vol. 51, pp. 2867–2877, Aug. 2005. 

[4] Y. Steinberg and S. Shamai, “Achievable rates for the broadcast 

channel with states known at the transmitter,” in Proc. IEEE Int. 

Symp. on Inform. Theory, Sep. 2005, pp. 2184 –2188. 

[5] T. Cover, “Broadcast channels,” IEEE Trans. Inform. Theory, vol. 

18, pp. 2 – 14, Jan 1972. 

[6] S. Z. R. Erez and U. Litsyn, “Lattices which are good for (almost) 

everything,” IEEE Trans. Inform. Theory, pp. 3401–3416, Oct. 

2005. 

[7] R. Zamir, “Lattices are everywhere,” in Inform. Theory and 

Applications Workshop, 2009. 

[8] G. D. Forney Jr, “Coset codes. I. Introduction and geometrical 

classi- fication,” IEEE Trans. Inform. Theory, vol. 34, pp. 1123 –

1151, Sep. 1988. 

[9] R. Zamir and M. Feder, “On lattice quantization noise,” IEEE 

Trans.Inform. Theory, vol. 42, pp. 1152–1159, 1996. 

[10] U. Erez and R. Zamir, “Achieving 1/2 log (1+SNR) on the AWGN 

channel with lattice encoding and decoding,” IEEE Trans. Inform. 

Theory, vol. 50, pp. 2293 – 2314, Oct. 2004. 

[11] R. Zamir, S. Shamai, and U. Erez, “Nested linear/lattice codes for 

structured multiterminal binning,” IEEE Trans. Inform. Theory, 

vol. 48, pp. 1250 –1276, Jun. 2002. 

[12] Y. Song and N. Devroye, “List decoding for nested lattices and 

ap- plications to relay channels,” in Proc. 48th Annual Allerton 

Conference on Communication, Control, and Computing 

(Allerton), Oct. 2010, pp. 1038–1045. 

[13] W. Nam, S.-Y. Chung, and Y. Lee, “Nested lattice codes for 

gaussian relay networks with interference,” IEEE Trans. Inform. 

Theory, vol. 57, pp. 7733 –7745, Dec. 2011. 

[14] T. Philosof, R. Zamir, U. Erez, and A. Khisti, “Lattice strategies 

for the dirty multiple access channel,” IEEE Trans. Inform. Theory, 

vol. 57, pp. 5006 –5035, Aug. 2011. 

[15] J. T. T. Cover, Elements of Information Theory, John Wiley & 

Sons, 2006. 

[16] A. del Coso Sanchez, “Achievable rates for gaussian channels 

with multiple relays,” PhD thesis, Universitat Polit‘ecnica de 

Catalunya, 2008. 

[17] R. Gallager, Information Theory and Reliable Communication, 

John Wiley & Sons, 1968. 

 

Zouhair Al-qudah received the B.Sc. in Telecommunication 
Engineering from Yarmouk University, Jordan in 2002, the M.Sc. in 

Electrical Engineering, from Kalmar University College, Sweden in 

2006, and the Ph.D. degree in Electrical Engineering from Southern 
Methodist University at Dallas, Texas in 2013.  

From September 2002 to August 2004, he served as a technical and 

service engineer at Communication directorate of the public security 
department at Amman, Jordan. From March 2007 to August 2009, he 

worked as a full time lecturer at Yanbu College of Technology, Saudi 

Arabia. Since September 2013, he has been with Al-Hussein Bin Talal 
university at Ma’an, Jordan, where he is currently an Assistant Professor.  

His research interest span various aspects including Multiuser 

information theory, interference cancellation techniques, and practical 
coding techniques for Dirty Paper problem.  

 

370

Journal of Communications Vol. 9, No. 4, April 2014

©2014 Engineering and Technology Publishing




