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ABSTRACT 

 

 

In this thesis, the bit error rate (BER) performance of a relay network using both a partial 

compute-and-forward (PCF) strategy and a decode-and-forward (DF) strategy is studied. The 

system model considered is a relay network, which has multiple sources, multiple relay nodes, 

and one destination. First, in this thesis, BER performance of the relay network is analyzed using 

a decode-and-forward strategy. Second, another approach, called a partial compute-and-forward 

strategy, is proposed. The key idea here is to add dither, to the transmitted messages, then encode 

and forward the messages to the relay nodes like lattice codes. Once the relay nodes receive the 

linear combination of transmitted signals, they first remove the dithered signal and then map it to 

a linear combination of the transmitted message. This linear combination of the message is 

forwarded to the destination under a power constraint at the relay. Results show that the BER 

performance of the partial compute-and-forward strategy is better than the decode-and-forward 

strategy applied at the relay nodes.  

This thesis also analyzes the BER performance of a four-user physical-layer network 

coding (PNC), the implementation of which enhances the throughput and routing capabilities of 

a relay network. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Motivation 

 In a wireless network, intermediate nodes, or relay nodes, play a very important role. 

Many relay strategies are studied in the literature. Recently, Nazer and Gastpar investigated the 

compute-and-forward strategy (CF) for harnessing interference with structured codes [2]-[4]. 

Their goal was to obtain significantly higher rates between users and relay nodes. This strategy 

has the ability to take advantage of interference in the system, which is the motivation for this 

study. It challenges well-established techniques like amplify-and-forward (AF) and decode-and-

forward (DF). In this thesis, the advantages of using a CF strategy in a simple relay system are 

explored and, in so doing, motivated the author to simulate the bit error rate (BER) performance 

using a CF strategy at the relay node. During the course of studying the compute-and-forward 

strategy, the author developed a scheme called the partial compute-and-forward (PCF) strategy. 

Furthermore, this thesis studies physical-layer network coding (PNC) [1], which has been 

generating great interest in researchers because of its high-throughput capabilities. PNC has the 

potential to improve the routing capability of wireless networks, hence improving their scope. In 

a wireless network, the simultaneous transmission of multiple signals causes interference at the 

receiver. However, for a PNC network, this interference is considered an advantage in order to 

boost throughput. PNC is an example of how the broadcast nature of electromagnetic waves can 

be used to improve wireless network capacity.   

To date, PNC has been studied broadly for a linear two-user relay network. But a 

multiple-user single-relay PNC is more desirable. In this thesis, the possibility of implementing 

such a multi-user PNC is discussed.  
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1.2 Literature Survey 

 Recently, Nazer and Gastpar studied the compute-and-forward strategy for harnessing 

interference with structured codes [2]-[4]. They also obtained some preliminary results using the 

compute-and-forward strategy. In one study [2], interference is used to create linear equations to 

decode transmitted messages of code words and receivers. Following this study, a wide range of 

research for enhancing the compute-and-forward strategy for relay networks was carried out. 

This growing interest is due to characteristics that take advantage of interference in the system. 

The first model of PNC was introduced in 2006 by Zhang et al. [1]. Then extensive 

research on PNC-based networks was carried out.  Nazer and Gastpar [4] introduced a simple AF 

strategy at the relay node for a physical-layer network coding system.  This was an alternative to 

a DF scheme at the relay node. In this system, signals arriving from two separate sources are 

added at the relay, and the sum is transmitted to two sources (i.e., destinations). At each 

destination, decoding is carried out by subtracting the transmitted signal from the combined 

signal.  

1.3 Overview of Thesis 

This thesis first briefly describes a relay network and basically two strategies applied at 

the relay nodes: (1) decode-and-forward; and (2) partial compute-and-forward. Also, BER 

performance is simulated for the relay network using these two strategies. In addition, a four-user 

PNC relay network is proposed, and results for the PNC network are provided. 

1.4 Outline of Thesis 

 First, the relay network is modeled and then analyzed using various strategies at the relay 

node. Chapter 2 outlines the two types of system models and discusses relay strategies. Chapter 3 

provides a performance analysis of the four-user PNC. Chapter 4 presents the simulation results 
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for decode-and-forward and partial compute-and-forward strategies applied at the relay nodes. 

Chapter 5 concludes the thesis. 
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CHAPTER 2 

SYSTEM MODEL 

 

 

2.1 Partial Compute-and-Forward Scheme 

A general relay network has multiple sources, relay nodes, and destinations. In this thesis, 

a class of relay networks is considered. Figure 1 shows a linear relay network with L 

transmitters, one destination, and M intermediate relay nodes. In the literature, various relay 

strategies have been discussed, such as amplify-and-forward, decode-and-forward, compress-

and-forward, and quantize-and-forward. In this thesis, only AF, DF, and PCF are reviewed. 

  

Figure 1. Linear relay network. 

In a decode-and-forward scheme, the relay nodes decode the original messages 

transmitted from the sources. Then they re-encode and forward them to the respective 

destinations. This scheme is interference limited. On the other hand, in an amplify-and-forward 
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strategy, the relay nodes simply amplify the received signals and forward them to the 

destinations. In other words, a scaled version of the received signal is transmitted. However, 

noise builds up with each transmission. To overcome the above problems, this thesis considers a 

scheme called a partial compute-and-forward strategy based on the compute-and-forward scheme 

originally developed by Nazer and Gastpar [2]. In a PCF strategy, the relay node decodes the 

linear combination of the transmitted messages and forwards this to the destination. Then the 

destination decodes it for the individual messages. Also, each source uses a dithered, vector in 

order to make the received signal independent of the messages. The relay removes the dither and 

decodes the messages in order to combine them linearly. 

Figure 1 uses a partial compute-and-forward scheme. Here             are the 

messages from all L users. Each user sends the messages, which are encoded to code words 

           , and then passed through a channel H. Each transmitter has an encoder, which 

maps the messages over a finite field to real-value code words,              Channel H is the 

       matrix, i.e., 

 H = 

 
 
 
 
 
 
      

      

  
  

  
  

  
  

  
  

    

      
  

  
    

  
  
    

      

  
  

  
  

  
  

  
  

  
     

 
 
 
 
 

 (1) 

where     represents the channel coefficients from the i
th

 user to the j
th

 relay, where i=1, 2…L, 

j=1, 2…M. 

In addition,           , and              , are the identical and independent (i.i.d) 

additive white Gaussian noises (AWGN) with zero mean and unit variance, respectively. Each 

transmitter sends a length-b complex vector    , which follows the power constraint  
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      (2) 

Each relay receives the linear combination of signals transmitted from L users through 

the channel. This equation gives the general output signal from channel H. For example, at the 

m
th

 relay input, the received signal can be written as 

           
 
    

    (3) 

The best linear equation fit into       is now transmitted through M relays, which gives 

the computed linear combinations of the received signals. The general form of the signals from 

the relays is given by 

               (4) 

Each relay will decode the linear combination of the transmitted message, i.e., 

                            (5) 

Then each relay will encode to a code word by using 2L-PSK modulation and then transmit to 

the destination, where L is the number of messages decoded at each relay. 

 
 

 
           (6) 

2.2 Relay Network for Two-Users and Two-Relays 

A relay network involving two users and two relay nodes is shown in Figure 2. Each user, 

   and   , sends messages,    and   , through channel H to relays,    and    . Each 

transmitter has an encoder, which maps the messages over a finite field to real-valued code 

words,               
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Figure 2. Partial compute-and-forward scheme for two users and two relays. 

The signals from each user are transmitted through the channel and reach relays    and 

  . The resulting received signals at each relay with the noise are 

                    (7) 

                    (8) 

where    ,                   are the channel coefficients, and    and    are the AWGN noise 

added at relay nodes   and   , respectively. The ideal linear combinations computed by each 

relay with the normalized power are 

             (9) 

             (10) 

where      and     are the i.i.d. AWGN noise added at the destination.  The obtained linear 

combinations from both relays are now combined, and the computed equation is sent to the 

destination, which then decodes it. 

2.3 Four-User Physical-Layer Network Coding 

 

In physical-layer network coding, modulated raw bits, rather than logical data packets, 

are transmitted over a physical link connecting network nodes. The bit stream may be grouped 
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into code words or symbols, and they are converted to a physical signal, which is transmitted 

over a transmission medium. All data is transmitted through electromagnetic (EM) waves. 

The concept of physical-layer network coding involves building an apparatus similar to 

that of network coding, which deals with the lowest physical layer for the reception and 

modulation of EM signals. For example, consider a three-node linear network consisting of three 

nodes. User-1 and user-2 are considered to be out of each other’s transmission range. The relay 

node is assumed to be within the transmission range of the two users. At every node, a real 

additive white Gaussian noise is added. In this section, the amplify-and-forward strategy is 

considered. Each node is equipped with an omni-directional antenna and a half-duplex channel, 

so that transmission and reception at a particular node occur in different time slots.  

In traditional networks, user-1 sends its packet to a relay at slot time T1, and the relay 

decodes the information and forwards it to user-2 at slot time T2. User-2 then sends its packet to 

the relay at slot time T3, and the relay forwards it to user-1 at slot time T4. This is illustrated in 

Figure 3. Here, a total of four time slots are used. Due to the inefficiency of this scheme, the 

conventional PNC is introduced to enhance network throughput in the literature [1].  

 
Figure 3. Traditional network scheme. 

 

In physical-layer network coding, only two time slots are employed by users to 

communicate. During the first time slot (T1), user-1 and user-2 simultaneously send data with 

the same phase and amplitude to the relay. This can be seen in Figure 4. The relay then decodes 

T

1 
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the information and forwards it simultaneously to both users at time T2. Users decode the 

information with their own transmitted data. 

 

Figure 4. Physical-layer network coding (PNC).  

 

The proposed scheme in this thesis shows how four users instead of two users can 

communicate among each other using a single relay node. The constellation of phase-shift 

keying (PSK) is used to demonstrate this possible model; however, other modulations can be 

used. The 8-PSK signal constellation is subdivided into four sets of binary phase-shift keying 

(BPSKs), which are employed by each user to transmit data, i.e., if user-1 transmits 1 and -1, 

then user-2 transmits –j and +j, and user-3 and user-4 follows in the same way with the other 

four-signal constellation points. This method in which bits are distributed is shown in Figure 5. 

 

Figure 5. Signal constellation. 
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These subdivided symbols are assumed to be transmitted at the same time slot, and the 

AWGN noise with zero mean and unit variance is assumed to be added at the relay node. The 

relay considered here uses a decode-and-forward and amplify-and-forward strategy. 

 Hence, a simple relay network where a relay provides service to four users is considered. 

The AF strategy is employed here. Half-duplex communication is assumed for all users, i.e., a 

given user can either receive or transmit at a given point of time. It is also assumed that there is 

no available direct link between users in the system. In order to communicate, they need to 

establish a link through the relay node. In the first time slot, all four users send information to the 

relay simultaneously, where the signals are combined and broadcast to each user. This system 

model is presented in Figure 6. 

 

Figure 6. Four-user network coding scheme. 

The symbols transmitted by user-1, user-2, user-3, and user-4 are                , 

respectively. At the AF relay, the transmitted symbols are simply added along with noise. The 

channel coefficients corresponding to links between users and the relay are                  , 

respectively. The received signal at the relay is given by 

                   (11) 
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Now,      is multiplied with the minimum mean square estimation (MMSE) coefficient 

―α,‖ and then the product α    is broadcast to all users. At each user, the received symbols will 

be    =α   +  ,    =α   +  ,    =α   +  , and   =α   +  , respectively. 

Each user decodes the message by applying the minimum distance rule. The data 

received at each user consists of its own information. In order to decode the message, each user 

must subtract its own information from the received signal. 
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CHAPTER 3 

 

FOUR-USER PNC ANALYSIS 

 

 

3.1 Four-User PNC Using Decode-and-Forward 

This chapter provides insight into how a four-user PNC can be implemented. An 8-PSK 

constellation is simply divided into four BPSK constellations and employed at each user. In this 

chapter, four-user PNC is implemented using a decode-and-forward and amplify-and-forward 

strategy. For a DF strategy, decoding is done using Table 1 at the relay. At the relay, the 

information is decoded by a simple comparison with fixed values, which are already assumed to 

be available at the relay. At the relay there are only 2
4
 possible combinations in which four users 

can transmit data, since an 8-PSK constellation is considered here. Users can send only a 

particular set of data to the relay.  

For example, suppose that all users in the system have sent all zero bits, i.e., 0,0,0,0 

(user-1, user-2, user-3, user-4). Following modulation, these bits become -1, -j, -0.7-0.7j, and 

0.7-0.7j, respectively. The combined sum of the symbols will be -1-2.4j, but due to the complex 

AWGN noise introduced at the relay, the symbols can shift positions. When the minimum 

distance is calculated, the symbol can be estimated. The set of all possible symbol combinations 

is shown in Table 1. In this thesis, a DF strategy is carried out only until the relay. 
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TABLE 1 

 

MAPPING AT RELAY 

 

U1 U2 U3 U4 Received under AWGN at Relay 

0 

(-1) 

0 

(-j) 

0 

(-0.7-0.7j) 

0 

(0.7-0.7j) 
-1-2.4j 

0 

(-1) 

0 

(-j) 

0 

(-0.7-0.7j) 

1 

(-0.7+0.7j) 
-2.4-j 

0 

(-1) 

0 

(-j) 

1 

(0.7+0.7j) 

0 

(0.7-0.7j) 
0.4-j 

0 

(-1) 

0 

(-j) 

1 

(0.7+0.7j) 

1 

(-0.7+0.7j) 
-1+0.4j 

0 

(-1) 

1 

(j) 

0 

(-0.7-0.7j) 

0 

(0.7-0.7j) 
-1-0.4j 

0 

(-1) 

1 

(j) 

0 

(-0.7-0.7j) 

1 

(-0.7+0.7j) 
-2.4+j 

0 

(-1) 

1 

(j) 

1 

(0.7+0.7j) 

0 

(0.7-0.7j) 
0.4+j 

0 

(-1) 

1 

(j) 

1 

(0.7+0.7j) 

1 

(-0.7+0.7j) 
-1+2.4j 

1 

(1) 

0 

(-j) 

0 

(-0.7-0.7j) 

0 

(0.7-0.7j) 
1-2.4j 

1 

(1) 

0 

(-j) 

0 

(-0.7-0.7j) 

1 

(-0.7+0.7j) 
-0.4-j 

1 

(1) 

0 

(-j) 

1 

(0.7+0.7j) 

0 

(0.7-0.7j) 
2.4-j 

1 

(1) 

0 

(-j) 

1 

(0.7+0.7j) 

1 

(-0.7+0.7j) 
1+0.4j 

1 

(1) 

1 

(j) 

0 

(-0.7-0.7j) 

0 

(0.7-0.7j) 
1-0.4j 

1 

(1) 

1 

(j) 

0 

(-0.7-0.7j) 

1 

(-0.7+0.7j) 
-0.4+j 

1 

(1) 

1 

(j) 

1 

(0.7+0.7j) 

0 

(0.7-0.7j) 
2.4+j 

1 

(1) 

1 

(j) 

1 

(0.7+0.7j) 

1 

(-0.7+0.7j) 
1+2.4j 
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3.2 Four-User PNC Using Amplify-and-Forward 

In this subsection, four-user PNC is implemented using an amplify-and-forward strategy 

in a similar way as was done for the decode-and-forward strategy; the only difference is the 

behavior of the relay. The 8-PSK is subdivided into four BPSKs, which are distributed among 

the users. The symbols transmitted by each user are combined at the relay.  

The signal is amplified using amplification coefficient and then broadcast to all users. 

Each user employs its own data to decode the information of other users. In Figure 7, the four-

user PNC and two-user PNC are compared in bit error rate plot. This graph shows a four-user 

PNC network using either a DF strategy or an AF strategy at the relay. It also consists of a 

regular two-user PNC using an AF strategy at the relay.  

 
 

Figure 7. BER comparison of PNC with two and four users. 

 

 Note that the DF graph presented in this thesis is based on decoding using Table 1. It is 

not the optimal way to decode at the relay, but it provides a chance to implement the four-user 

PNC. The graph is plotted based on decoding at the relay node. Retransmission is not considered 

due to poor performance at the relay itself. 
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  It is observed that the four-user PNC is implementable, but the quality of the transmission 

is compromised. On the other hand, four-user PNC improves throughput twice when compared 

to regular PNC and the routing ability of a PNC-based network is also improved using this 

scheme.  
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CHAPTER 4 

 

SIMULATION RESULTS 

 

 

4.1 Assumptions 

 

This chapter presents the simulation results of the relay network, which was analyzed 

using the partial compute-and-forward scheme. Simulations are compared with that of the 

decode-and-forward scheme, considering 100,000 message bits transmitted to the relay nodes. 

Moreover, for the sake of simplicity, the H matrix, consisting of all elements equal to 1, is also 

considered. After the relay node has decoded the linear combination of the messages, the relay 

uses M-PSK to transmit the message to the destination. This thesis assumes an AWGN channel 

from the relay to the destination. Also, all AWGN noises have zero mean and unit variance, and 

the channel is assumed to be under Rayleigh fading. In this thesis, the one-dimensional case is 

simulated, i.e., constellations points are on one line. Then the two-dimensional case is plotted, 

where one dimension is for real values and the other dimension is considered imaginary. 

4.2 Decode-and-Forward and Partial Compute-and-Forward Strategy for One-

Dimensional Case 

 

Figures 8.1 and 8.2 show the BER performance of a DF and PCF strategy for a one-

dimensional case. The message signal transmitted is only the real part; hence, it is one 

dimensional. The curves clearly show that the performance of a partial compute-and-forward 

strategy is better than the decode-and-forward strategy by 0.7 dB.  The graph in Figure 8.1 shows 

performance in the lower signal-to-noise ratio (SNR). The SNR in this simulation is between 1 

dB and 10 dB. Performance of a CF strategy is still better in the higher SNR, which can be seen 

in Figure 8.2.  
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Figure 8.1. BER performance comparison of DF and PCF strategies for one dimension. 

 

 

Figure 8.2. BER performance comparison of DF and PCF strategies for one dimension. 
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 The PCF strategy follows the scheme of Nazer and Gastpar [2], but the normalized 

received vector at the relay uses modulo operation mapped to the constellation points. These 

constellations points are transmitted to the decoder where the messages are then translated. 

4.3 Decode-and-Forward and Partial Compute-and-Forward Strategy for Two-

Dimensional Case 

 

Figure 9 compares the performance of a decode-and-forward and a partial compute-and-

forward strategy for the two-dimensional case. The message transmitted contains both real and 

complex parts, which makes it two dimensional. Performance is compared at lower SNRs. A 

0.7dB difference between the curves shows better performance of the PCF scheme than the DF 

scheme.  

 
Figure 9. BER performance comparison of DF and CF strategy for two dimensions. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 

In this thesis, a strategy called a partial compute-and-forward scheme at relay nodes for a 

relay network was presented. The relay network considered has multiple sources, multiple relay 

nodes, and a single destination. Simulations were performed for both the proposed PCF scheme 

and a conventional DF scheme at the relay nodes. In this thesis, a better BER performance was 

obtained with the proposed PCF scheme, compared to the DF strategy. Also, theoretically, it was 

analyzed that, increasing the number of users together with the relay nodes, the PCF scheme 

obtains a much better BER performance than the traditional DF scheme. 

Also in this thesis, a four-user physical-layer network coding system was proposed. It 

was shown that by using a simple method of dividing signal constellations, four users can be 

supported at a single time slot. It was also shown how four users can communicate efficiently 

given two time slots, hence improving throughput two times higher than conventional PNC. 
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APPENDIX 

 

MATLAB CODE 

 
2USER PNC 

clc; 
clear; 
k = 100000; 
j = sqrt(-1); 
m1 = randint(1,k); 
m2 = randint(1,k); 
er2 = zeros(1,10); 
x1 = pskmod(m1,2); 
x2 =j*pskmod(m2,2); 

  

  
for snr = 1:20 
    p = 10^(snr/10); 
    p1 = sqrt(p/2); 
    zr = sqrt(0.5).*(randn(1,k)+sqrt(-1).*randn(1,k)); 
    z1 = sqrt(0.5).*(randn(1,k)+sqrt(-1).*randn(1,k)); 
yr = (p1.*x1)+(p1.*x2)+zr; 
ar = p/(p+1); 
yra = ar.*yr; 

  
ar2 = ar^2; 
a1 = 1; 
y1 = yra+z1; 
y1a = a1.*y1-(a1.*ar.*x1.*p1); 

  
%Decoding at User 1 
dx2 = j; 

  
for i2 = 1:k 
min1 = [(y1a(i2)-(ar*p1*(dx2))), (y1a(i2)-(ar*p1*(-dx2)))]; 
l1 = min(min1); 

  
for i1 = 1:2 
    if l1 == min1(i1); 
    ind = i1-1; 

      

  
    end 

    
end 
b1 = dec2bin(ind); 
mx2(i2) = mod(b1,2); 

  

  
end 
snr 
ps2 = nnz(mx2-m2); 
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APPENDIX (continued) 

 
  
er2(snr) =ps2; 
end 

  
er2 
semilogy(er2/(k), 'k-^'); 
grid on 
hold on 

 

4 USER PNC 

clc; 
clear; 
k = 100000; 
j = sqrt(-1); 
msg1 = randint(1,k); 
msg2 = randint(1,k); 
msg3 = randint(1,k); 
msg4 = randint(1,k); 
er2 = zeros(1,10); 
x1 = pskmod(msg1,2); 
x2 =(sqrt(0.5)+j*sqrt(0.5))*pskmod(msg2,2); 
x3 =((-1*sqrt(0.5))+j*sqrt(0.5))*pskmod(msg3,2); 
x4 =j*pskmod(msg4,2); 

  

  
for snr = 1:20 
    p = 10^(snr/10); 
    p1 = sqrt(p/4); 
    zr = sqrt(0.5).*(randn(1,k)+sqrt(-1).*randn(1,k)); 
    z1 = sqrt(0.5).*(randn(1,k)+sqrt(-1).*randn(1,k)); 
yr = (p1.*x1)+(p1.*x2)+(p1.*x3)+(p1.*x4)+zr; 
ar = p/(p+1); 
yra = ar.*yr; 

  
ar2 = ar^2; 
a1 = 1;%(3*p1*ar)/((ar2*3*p1)+(ar2+1)); 
y1 = yra+z1; 
y1a = a1.*y1-(a1.*ar.*x1.*p1); 

  
%Decoding at User 1 
dx2 = (sqrt(0.5)+j*sqrt(0.5)); 
dx3 = ((-1*sqrt(0.5))+j*sqrt(0.5)); 
dx4 = j; 

  
for i2 = 1:k 
min1 = [(y1a(i2)-(ar*p1*(-dx2-dx3-dx4))), (y1a(i2)-(ar*p1*(-dx2-dx3+dx4))), 

(y1a(i2)-(ar*p1*(-dx2+dx3-dx4))), (y1a(i2)-(ar*p1*(-dx2+dx3+dx4))), (y1a(i2)-

(ar*p1*(+dx2-dx3-dx4))), (y1a(i2)-(ar*p1*(dx2-dx3+dx4))), (y1a(i2)-

(ar*p1*(dx2+dx3-dx4))), (y1a(i2)-(ar*p1*(dx2+dx3+dx4)))]; 
l1 = min(min1); 
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APPENDIX (continued) 
 

 

for i1 = 1:8 
    if l1 == min1(i1); 
    ind = i1-1; 
    end 
end 
b1 = dec2bin(ind,3); 
mx2(i2) = mod(b1(1)+1,2); 
mx3(i2) = mod(b1(2)+1,2); 
mx4(i2) = mod(b1(3)+1,2); 

  
end 
snr 
ps2 = nnz(mx2-msg2); 
ps3 = nnz(mx3-msg3); 
ps4 = nnz(mx4-msg4); 
er2(snr) = ps2+ps3+ps4; 
end 

  
er2 
semilogy(er2/(3*k), '-*'); 
grid on 
hold on 

 

Partial compute-and-forward one dimensional 

 

clc; 
clear; 
k = 10000; 
L = 12; 
j = sqrt(-1); 
er1 = 0; 
er = zeros(1,10); 
msg1 = randint(1,k); 
msg2 = randint(1,k); 
t1 = -2*msg1; 
t2 = 4*msg2; 
d1 = -1; 
d2 = 2; 
x1 = t1-d1; 
x2 = (t2-d2); 

  
for snr = 1:15 
    er1 = 0; 
    p = (10^(snr/10))/4; 
h11 = 1; 
h12 = 1; 
h21 = 1; 
h22 = 1; 
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APPENDIX (continued) 
 

n1 = sqrt(0.5)*randn(1,k); 
n2 = sqrt(0.5)*randn(1,k); 

  
y1 = (sqrt(p).*x1.*h11)+(sqrt(p).*x2.*h12)+n1; 
y2 = (sqrt(p).*x1.*h21)+(sqrt(p).*x2.*h22)+n2; 

  
for i1=1:k 

  
sm1 = ((y1(i1))/sqrt(p))+(h11*d1)+(h12*d2/2); 
smmod1 = sm1 - mod(sm1,2); 
invv1 = 0.5*3*(smmod1/L); 

  
ch1 = invv1-[-0.250, -0.5, 0.250, 0]; 
[mr1 inps] = min(abs(ch1)); 

  
sm = ((y2(i1))/sqrt(p))+(h21*d1)+(h22*d2/2); 
smmod = sm - mod(sm,2); 
invv2 = 0.5*3*(smmod/L); 
ch1 = invv2-[-0.250, -0.5, 0.250, 0]; 
[mr2 inps2] = min(abs(ch1)); 

  
xr = pskmod(inps-1,4); 
xr2 = pskmod(inps2-1,4); 

  
y1d = sqrt(4*p)*xr+(sqrt(0.5)*(randn+j*randn)); 
y2d = sqrt(4*p)*xr2+(sqrt(0.5)*(randn+j*randn)); 
yd = (y1d+y2d)/2;  

 
w = pskdemod(yd,4); 
if w == 0 
    md1(i1) = 0; 
    md2(i1) = 0; 
else if w == 1 
    md1(i1) = 1; 
    md2(i1) = 0; 
    else if w == 2 
        md1(i1) = 0; 
    md2(i1) = 1; 
        else 
            md1(i1) = 1; 
            md2(i1) = 1; 
        end 
end 
end 
end 

  
er1 = nnz(msg1-md1)+nnz(msg2-md2); 
snr 
er(snr)=er1; 
end 
semilogy(er/(2*k), '-r*'); 
hold on; 
grid on; 
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APPENDIX (continued) 

 
Partial compute-and-forward two dimensional 

 

L = 12; 
j = sqrt(-1); 
er1 = 0; 
er = zeros(1,10); 
msg1 = randint(1,k); 
msg2 = randint(1,k); 
t1 = 4*msg1; 
t2 = 4*msg2; 
d1 = 2; 
d2 = 2; 

  
x2 = (t2-d2)/2; 
x1 = j*(t1-d1)/2; 

  

  
for snr = 1:15 
    er1 = 0; 
    p = (10^(snr/10)); 
h11 = 1;%sqrt(0.5)*randn(1,k); 
h12 = 1;%sqrt(0.5)*randn(1,k); 
h21 = 1;%sqrt(0.5)*randn(1,k); 
h22 = 1;%sqrt(0.5)*randn(1,k); 

  
    n1 = sqrt(0.5).*(randn(1,k)+j*(randn(1,k))); 
    n2 = sqrt(0.5).*(randn(1,k)+j*(randn(1,k))); 

     
y1 = (sqrt(p).*x1.*h11)+(sqrt(p).*x2.*h12)+n1; 
y2 = (sqrt(p).*x1.*h21)+(sqrt(p).*x2.*h22)+n2; 

  

  
for i1=1:k 
sm1 = ((y1(i1))/sqrt(p))+(j*h11*d1/2)+(h12*d2/2); 
smmod1 = sm1 - mod(real(sm1),2)-j*(mod(imag(sm1),2)); 

  
invv1 = 0.5*3*(smmod1/L); 
ch1 = invv1-[0, j*0.25, 0.25, 0.25+j*0.25]; 
[mr1 inps] = min(abs(ch1)); 

  
sm2 = ((y2(i1))/sqrt(p))+(j*h21*d1/2)+(h22*d2/2); 
smmod2 = sm2 - mod(real(sm2),2)-j*(mod(imag(sm2),2)); 
invv2 = 0.5*3*(smmod2/L); 
ch2 = invv2-[0, j*0.25, 0.25, 0.25+j*0.25]; 
[mr2 inps2] = min(abs(ch2)); 
xr = pskmod(inps-1,4); 
xr2 = pskmod(inps2-1,4); 

  
y1d = sqrt(p)*xr+(sqrt(0.5)*(randn+j*randn)); 
y2d = sqrt(p)*xr2+(sqrt(0.5)*(randn+j*randn)); 
yd = (y1d+y2d)/2; 
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    APPENDIX (continued) 
 

 
w = pskdemod(yd,4); 
if w == 0 
md1(i1) = 0; 
    md2(i1) = 0; 
else if w == 1 
    md1(i1) = 1; 
    md2(i1) = 0; 
    else if w == 2 
        md1(i1) = 0; 
    md2(i1) = 1; 
        else 
            md1(i1) = 1; 
            md2(i1) = 1; 
        end 
end 
end 

  
end 

  
er1 = nnz(msg1-md1)+nnz(msg2-md2); 
snr 
er(snr)=er1; 
end 
semilogy(er/(2*k), '-r*'); 
hold on; 
grid on; 
 

decode-and-forward one dimensional 
 

clc; 
clear; 
k = 10000; 
msg1 = randint(1,k); 
msg2 = randint(1,k); 
j = 0.5; 

  
x1 = pskmod(msg1,2); 
x2 = j*pskmod(msg2,2); 

  
for snr = 1:20 
    er1 = 0; 
    p = 10^(snr/10); 
    n1 = sqrt(0.5).*(randn(1,k)); 
    n2 = sqrt(0.5).*(randn(1,k)); 
    nr1 = sqrt(0.5).*(randn(1,k)+sqrt(-1).*randn(1,k)); 
    nr2 = sqrt(0.5).*(randn(1,k)+sqrt(-1).*randn(1,k)); 
    y1 = sqrt(p).*(x1+x2)+n1; 
    y2 = sqrt(p).*(x1+x2)+n2; 

     

  
    for i1=1:k 
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APPENDIX (continued) 

 
 

pr1 = [((y1(i1)/sqrt(p))-(1+j)), ((y1(i1)/sqrt(p))-(-1+j)), 

((y1(i1)/sqrt(p))-(1-j)), ((y1(i1)/sqrt(p))-(-1-j))]; 
        [miny1,indpr1] = min(pr1); 

     
        pr2 = [((y2(i1)/sqrt(p))-(1+j)), ((y2(i1)/sqrt(p))-(-1+j)), 

((y2(i1)/sqrt(p))-(1-j)), ((y2(i1)/sqrt(p))-(-1-j))]; 
        [miny2,indpr2] = min(pr2); 

      
    ytr(i1) = sqrt(p)*pskmod((indpr1-1),4)+nr1(i1)+sqrt(p)*pskmod((indpr2-

1),4)+nr2(i1); 
    yt1 = ytr(i1)/(2); 
    indc = pskdemod(yt1,4); 

       
   if indc == 0 
        m11(i1) = 0; 
        m22(i1) = 0; 
    else if indc == 1 
        m11(i1) = 1; 
        m22(i1) = 0; 
    else if indc == 2 
        m11(i1) = 0; 
        m22(i1) = 1; 
    else if indc == 3 
        m11(i1) = 1; 
        m22(i1) = 1; 
        end 
        end 
        end 
   end 
    end  
    er1 = nnz(m11-msg1)+nnz(m22-msg2); 
er(snr) = er1;     
snr 
end 
     semilogy(er/(2*k),'-'); 
    hold on 
    grid on 

 
 

decode-and-forward two dimensional 
 

clc; 
clear; 
k = 1000; 
msg1 = randint(1,k); 
msg2 = randint(1,k); 
j = sqrt(-1); 

  
x1 = pskmod(msg1,2); 
x2 = j*pskmod(msg2,2); 

  
for snr = 1:15 
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        APPENDIX (continued) 

 
 

    p = (10^(snr/10)); 
    n1 = sqrt(0.5).*(randn(1,k)+j*(randn(1,k))); 
    n2 = sqrt(0.5).*(randn(1,k)+j*(randn(1,k))); 
 

nr1 = sqrt(0.5).*(randn(1,k)+j*(randn(1,k))); 
    nr2 = sqrt(0.5).*(randn(1,k)+j*(randn(1,k))); 
    y1 = sqrt(p).*(x1+x2)+n1; 
    y2 = sqrt(p).*(x1+x2)+n2; 

     
    for i1=1:k 
        pr1 = [((y1(i1)/sqrt(p))-(1+j)), ((y1(i1)/sqrt(p))-(-1+j)), 

((y1(i1)/sqrt(p))-(1-j)), ((y1(i1)/sqrt(p))-(-1-j))]; 
        [miny1,indpr1] = min(pr1); 

     
        pr2 = [((y2(i1)/sqrt(p))-(1+j)), ((y2(i1)/sqrt(p))-(-1+j)), 

((y2(i1)/sqrt(p))-(1-j)), ((y2(i1)/sqrt(p))-(-1-j))]; 
        [miny2,indpr2] = min(pr2); 

    
    ytr(i1) = sqrt(p)*pskmod((indpr1-1),4)+nr1(i1)+sqrt(p)*pskmod((indpr2-

1),4)+nr2(i1); 
    yt1 = ytr(i1)/(2); 
    indc = pskdemod(yt1,4); 
   if indc == 0 
        m11(i1) = 0; 
        m22(i1) = 0; 
    else if indc == 1 
        m11(i1) = 1; 
        m22(i1) = 0; 
    else if indc == 2 
        m11(i1) = 0; 
        m22(i1) = 1; 
    else if indc == 3 
        m11(i1) = 1; 
        m22(i1) = 1; 
        end 
        end 
        end 
   end 
    end  
      er(snr) = nnz(m11-msg1)+nnz(m22-msg2);  
    snr 
    end 
     semilogy(er/(2*k),'-'); 
    hold on 
    grid on 
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