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ABSTRACT 

 

 

 

Physical-layer network coding (PNC) has been used as a high throughput technique in a 

relay when two users have no direct connections. However, it becomes difficult to separate the 

two different signals since they reach the relay simultaneously with the same modulation, e.g., 

binary phase shift keying (BPSK). The relay in a conventional PNC system demodulates the 

combined signal without separation, and sends the modulo-sum bit back to the users for their 

detection of the other user information bit. In this work, two orthogonal signals from two 

different users are transmitted and hence separated at the relay. This is abbreviated as OPNC. For 

example, user signals are modulated with sine and cosine waveforms at user 1 and 2, 

respectively. At the relay, the received signal is demodulated, separately, using two different 

correlation receivers; one is matched to the sine waveform and the other to the cosine waveform. 

Then, hard decision is made using correlator outputs to estimate the information bits from each 

user. Following that, a modulo-sum combined bit is modulated with BPSK and transmitted back 

to the users. Each user node is able to detect the other node bit information as the conventional 

PNC. Simulation and analytical results show that the proposed coherent OPNC is 3 dB better 

than the conventional coherent PNC, and 8 dB better than the conventional non-coherent PNC 

with continuous phase frequency shift keying.   

 

 

 

  



vii 
 

TABLE OF CONTENTS 

 

 

Chapter Page 

   

1. INTRODUCTION ...............................................................................................................1 

 

1.1 Motivation and Objective ........................................................................................1 

1.2 Theoretical Background and Previous Work ...........................................................3 

1.3 Thesis Overview ......................................................................................................4 

1.4 Thesis Outline ..........................................................................................................5 

 

2. ORTHOGONAL PHYSICAL-LAYER NETWORK CODING .........................................6 

 

3. MINIMUM DISTANCE RULE VERSUS LOG LIKELIHOOD .....................................12 

 

4. ERROR PROBABILITY PERFORMANCE ....................................................................15 

 

5. CONCLUSIONS................................................................................................................19 

 

REFERENCES……...................................................................................................................... 20 

 

APPENDIX ....................................................................................................................................22 

 

  MATLAB Source Code .........................................................................................23 

  



1 
 

CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Motivation and Objective 

 Coherent physical-layer network coding (PNC) has continually attracted the attentions of 

researchers because it has proven to be an efficient relay network for transmitting messages from 

one user node to the other through a relay [1]. Unlike conventional coherent link-layer network 

coding (LNC), as shown in Figure 1, conventional coherent PNC, as shown in Figure 2 allows 

two users’ nodes to transmit their independent information bits to the relay at the same time, 

using the same coherent modulation as in binary phase shift keying (BPSK) [1], hence improving 

the throughput of the system. On the other hand, the LNC uses double the time for two users to 

transmit information. In the PNC, in order to save time or to increase the throughputs, bit error 

rate (BER) performance should be sacrificed. When two BPSK modulated signals from two 

users are received together at the relay, they may interfere with each other, which can make the 

relay difficult to detect the true information of the combined bit. This is the motivation of the 

work. The objective of the work is to present an orthogonal PNC (OPNC) scheme that can 

achieve 3 dB better BER performances than the conventional PNC without sacrificing the 

throughput. 
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Figure 1. Conventional link-layer network coding (LNC) model. 

 

 

 

 

 

 

Figure 2. Conventional coherent physical-layer network coding (PNC) model. 
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1.2 Technical Background and Previous Work 

The conventional coherent PNC was first introduced by Zhang et al. in 2006 [1]. This 

conventional PNC was studied under the additive white Gaussian noise (AWGN) channel. 

Coherent BPSK modulation was used, and time and phase synchronization among the two users 

and relay were assumed. Then, the log likelihood ratio (LLR) test was employed at the relay to 

determine the two decision boundaries, which can distinguish whether 𝑏 = 𝑏1 ⊕ 𝑏2 = 0 or 1, 

where 𝑏1  and 𝑏2  are the transmitted information bits from user 1 and user 2 to the relay, 

respectively. However, the information bits from the two different users were not separated, but 

detected together as 𝑏 = 𝑏1 ⊕ 𝑏2. This may cause interference between two users at the relay. 

          Since only the modulo-sum of the information bits from the two users is detected at the 

relay, the combined bit 𝑏 = 𝑏1 ⊕ 𝑏2  actually can be corrected if both received signals at the 

relay are wrong. Also, a destination (or user) node can detect the true information bit of the other 

user node by adding its transmitted information bit to the combined information bit. In other 

words, 𝑏 2 = 𝑏1 ⊕ 𝑏 = 𝑏1 ⊕  𝑏1 ⊕ 𝑏2 = 𝑏2 . Rather than distinguishing the two information 

bits, the relay transmits the estimation of the combined information bit 𝑏  back to the users. Either 

the coherent PNC [2] or the non-coherent PNC [3] are effective methods. 

According to Valenti et al. in [3], the same conventional PNC was studied under a 

practical fading environment, and a non-coherent continuous phase frequency shift keying 

(CPFSK) modulation was used instead of BPSK to avoid the coherency requirement.  Still, the 

information bits from the two different users were estimated together as in the PNC. However, 

the BER performance of the noncoherent CPFSK [3] needs to be sacrificed significantly, 

compared to that of the coherent PNC. The non-coherent PNC requires much higher energy, e.g., 

5 dB in the signal-to-noise ratio (SNR) than the coherent PNC to achieve the same BER 
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performance. For this reason, the general trend in today’s communication systems is to employ a 

coherent scheme rather a non-coherent scheme. Therefore, this work also employs the coherent 

PNC. 

 

Thesis Overview 

The objective of this work is to find a PNC with a better BER performance than the 

conventional coherent PNC studied by Zhang et al [1]. The key was to make the two received 

signals from the users orthogonal at the relay. To turn this key, both users must employ the 

BPSK modulation as the conventional PNC [1], but their modulated signals are orthogonal in the 

proposed PNC. For example, this can be implemented by modulating the information bits with 

cosine and sine waveforms at user 1 and 2 node, respectively. With these waveforms, two BPSK 

modulated signals become orthogonal, assuming synchronization among two users and the relay. 

This assumption was also used in the conventional coherent PNC [1]. 

At the relay in the proposed OPNC, the received signal is put through two different 

correlation receivers to separate the two orthogonally modulated signals. One correlator is 

matched to the cosine waveform from the user 1 node, and the other is matched to the sine 

waveform from the user 2 node. The conjugate of each channel fading coefficient is multiplied to 

each correlation output for the maximum ratio combining (MRC). Then, the hard decision is 

applied to each decision variable of each branch by taking its real part. Then, the relay takes a 

binary modulo-sum of the two estimated information bits, modulates the combined bit with the 

BPSK, and broadcasts the signal back to the users. 

Each user will receive the combined information bit broadcast by the relay, and each user 

will apply their hard decision to estimate the combined information sent by the replay. By adding 
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the estimation of the combined information bit to its own information bit in modular-2, each user 

is then able to estimate the information bit sent by the other user.  

To verify the improvement of the proposed OPNC over the conventional coherent PNC 

[1] and the non-coherent CPFSK PNC [3], the simulation results will be presented by applying 

the minimum distance rule and the LLR at the relay.  In addition, analytical results will be 

presented for the proposed OPNC to show its improved BER performance over the other two 

methods. 

 

Thesis Outline 

 Chapter 2 presents the proposed OPNC by way of a system model, receiver, destination 

and theoretical BER derivation. Chapter 3 makes the claim that the LLR is better than the 

minimum distance rule for the PNC decision at the relay. Chapter 4 shows the BER performance 

at both the relay and destination for different methods. Chapter 5 concludes the proposed work. 
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CHAPTER 2 

 

ORTHOGONAL PHYSICAL-LAYER NETWORK CODING 

 

 

A. System Model 

A two-user PNC has two user nodes and one relay. In each of the users’ nodes, there are k 

bits of the binary messages. Let 𝑏1  and  𝑏2  denote information bits from user 1 and user 2, 

respectively. Let both users modulate the message bit using BPSK. User 1 takes an equivalent 

baseband modulation of 𝑎1𝜖 1, −1  for 𝑏1, and user 2 takes 𝑎2𝜖 𝑗, −𝑗  for 𝑏2. Note that the sets 

 1, −1  and  𝑗, −𝑗  are orthogonal subsets in a set of quadrature phase shift keying (QPSK) 

constellation points.  The transmitted bandpass signals can be generated by multiplying  

𝑥1ϵ 1, −1  with cos 2𝜋𝑓𝑐𝑡  for b1 transmission from user 1 and by multiplying 𝑥2ϵ 1, −1  with 

sin 2𝜋𝑓𝑐𝑡  for b2 transmission from user 2 to the relay as 

𝑠1 𝑡 = 𝑥1 cos 2𝜋𝑓𝑐𝑡 , 𝑡 ∈ [0, 𝑇𝑠] 

                                                  𝑠2 𝑡 = 𝑥2 sin 2𝜋𝑓𝑐𝑡 , 𝑡 ∈ [0, 𝑇𝑠]                                              (1) 

 where 𝑓𝑐  is the carrier frequency and 𝑇𝑠 is a symbol (or bit) time interval. The transmitted signals 

in the conventional coherent PNC system in [1] can be written as 

𝑠1 𝑡 = 𝑥1 cos 2𝜋𝑓𝑐𝑡 , 𝑡 ∈ [0, 𝑇𝑠] 

                                                  𝑠2 𝑡 = 𝑥2 cos 2𝜋𝑓𝑐𝑡 , 𝑡 ∈ [0, 𝑇𝑠]                                              (2) 

which are not orthogonal but linear to each other. 

               Both users will send the signal individually and simultaneously through a flat-fading 

channel as studied by Valenti et al. [3]. In the transmission, the channel fading coefficient will be 

multiplied to each signal. Let 1 and 2 denote the fading coefficients for the channel from user 

1 and user 2 to the relay, respectively.  Here, 1 and  2 are complex Gaussian random variables 
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with mean zero and variance 1. Since the two signals will be received simultaneously at the relay, 

the received signal in the relay can be written as 

                                                             𝑟 𝑡 = 1𝑠1 𝑡 + 2𝑠2 𝑡 + 𝑛(𝑡)                                                        (3)  

Here, 𝑛 𝑡  is a complex AWGN with zero mean and variance 𝑁0. The bandpass noise 𝑛 𝑡  can 

be written as 𝑛 𝑡 = 𝑛𝑐 𝑡 cos 2𝜋𝑓𝑐𝑡 − 𝑛𝑠 𝑡 sin 2𝜋𝑓𝑐𝑡 , and its equivalent baseband can be 

represented as 𝑛𝑐 𝑡 + 𝑗𝑛𝑠 𝑡  where  𝑛𝑐 𝑡  and 𝑛𝑠 𝑡  have zero mean and variance 𝑁0/2. 

B. Receiver 

           The received signal 𝑟 𝑡  at the relay receiver is put through two orthogonal correlation 

receivers, as shown in Figure 3. Then, the receiver can separate the user 1 and user 2 signals 

from the received signal because the user 1 signal does not interfere with the user 2 signal and 

vice versa. The two correlator outputs can be written as 

𝑅1 = 1𝑥1 + 𝑛1,𝑐  

                                                               𝑅2 = 2𝑥2 + 𝑛2,𝑠                                                           (4) 

where 𝑛1,𝑐  and 𝑛2,𝑠  are independent real Gaussian noise random variables of variance 𝑁0 2 , 

representing the noise outputs at the correlator 1 and 2, respectively. 

           The correlator outputs are multiplied with the conjugations of the complex channel fading 

coefficients 1 and 2 for the MRC as 

𝑧1 =  1 
2𝑥1 + 1

∗𝑛1,𝑐  

                                                             𝑧2 =  2 
2𝑥2 + 2

∗𝑛2,𝑠.                                                       (5) 
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Figure 3. Orthogonal correlation receiver for proposed OPNC. 

 

 

 

 

 

 

 

Figure 4. The receiver for the conventional coherent PNC in [2].
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           Then, the hard decision is applied. The transmitted bit from user i is decided to be ―1‖ if 

the real part of 𝑧𝑖  is greater than 0,  i ∈ {1, 2};  otherwise, ―0‖ bit. Let b 1  and b 2  denote the 

estimated bits. Then, the relay takes a binary modulo-sum of b 1 and b 2 as 

                                                                    𝑏 = 𝑏 1 ⊕ 𝑏 2,                                                             (6) 

which modulates 𝑏  with the BPSK, and transmits the signal back to the users. 

 Figure 4 shows the receiver at the relay for the conventional coherent PNC [1]. A main 

difference between the proposed OPNC receiver in Figure 3 and the conventional PNC receiver 

in Figure 4 is the noise component of the correlator outputs. In the proposed OPNC, the noise 

variance in each branch is  𝑁0 2  and hence the total complex noise variance would be 𝑁0. On 

the other hand, the noise variance in the conventional PNC is 𝑁0 because the minimum distance 

rule should be applied in the equivalent baseband complex field. This was verified by obtaining 

the same BER results as those in [1] under the AWGN by setting 1 = 2 = 1 in 𝑅 = 1𝑥1 +

2𝑥2 + 𝑛 with 𝑛 = 𝑛𝑐 + 𝑗𝑛𝑠. 

C. Destination                

            Each user will receive the modulated signals under the independent fading channel. Let 

3  and 𝑛3 denote the fading coefficient and the AWGN noise of variance 𝑁0  for the channel 

from the relay to user 1, and let 4 and 𝑛4  denote the corresponding random variables for user 

2’s channel from the relay. Again, the MRC receiver is employed. Therefore, 3
∗  and 4

∗  are 

multiplied to the correlator output at each user.  Let 𝑤1 and  𝑤2 denote the MRC outputs at user 

1 and 2, respectively. Then 

𝑤1 =  3 
2𝑢 + 3

∗𝑛3,𝑐  

                                                           𝑤2 =  4 
2𝑢 + 4

∗𝑛4,𝑐                                                         (7) 
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where 𝑢 ∈  1, −1  is the BPSK modulation output for the combined information bit 𝑏 

transmitted by the relay, and  𝑛3,𝑐  and 𝑛4,𝑐  are the real parts of the noise components with 

variance 𝑁0 2  at user 1 and 2’s receiver, respectively. Then, the hard decision is applied at user 

1 and 2 using the real parts of 𝑤1 and 𝑤2, respectively. The hard decision outputs are denoted by 

𝑏 1 and 𝑏 2 at user 1 and 2, respectively. Finally, user 1 and 2 add their own transmitted bits 𝑏1 

and 𝑏2 to 𝑏 1 and 𝑏 2 to estimate 𝑏2 and 𝑏1, respectively as 

𝑏 2
 =  𝑏 1 ⊕ 𝑏1 

and  

𝑏 1
 =  𝑏 2 ⊕ 𝑏2.      (8) 

If there is no error in the PNC system, then 𝑏 1 = 𝑏 2 = 𝑏 = 𝑏1 ⊕ 𝑏2  and hence 𝑏 2
 = 𝑏2  and 

𝑏 1
 = 𝑏1. 

 

D. Theoretical Derivation of Error Performance 

                         

           In the PNC, the two user signals are independent of each other, and hence the two 

channels are considered separately and identically. Let 𝑝 denote the conditional probability of 

symbol error or bit error from a user to the relay for a given fading coefficient. A closed 

expression of 𝑝 can be found from the work of Proakis [2]. Note that in the proposed OPNC, the 

noise variance of each correlator output at the replay receiver is half of the original noise 

variance. This is because after multiplying the conjugation of the channel coefficient, the noise 

component becomes 𝑖
∗𝑛𝑖 ,𝑐 , and after taking its real part, Re 𝑖

∗𝑛𝑖 ,𝑐 = Re 𝑖
∗ 𝑛𝑖 ,𝑐  and Re 𝑖

∗  

has a distribution of 𝒩 0, 0.5 . Hence, in this case the noise power is reduced to half of the 

original one, which means the SNR increases twice. 
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 In this work, the message bits ―0‖ and ―1‖ are assumed to have equal probabilities. Hence, 

from Proakis [2], 

                                                         𝑝 = 𝑄   𝑖  2 ∙ 4𝑆𝑁𝑅  .                                                   (9) 

The average BER over the magnitude square of the Rayleigh fading coefficient  𝑖  
2  can be 

found as [2] 

                                                          𝑝𝑒 =
1

2
 1 −  

2𝑆𝑁𝑅

1+2𝑆𝑁𝑅
 .                                                     (10) 

           In (9) and (10), SNR is doubled compared to [2]. This is because of the noise variance 

difference we mentioned before. 

           At the relay, the combined bit error will happen if only one of the user’s information is 

wrong because of 1 ⊕ 0 = 1 or 0 ⊕ 1 = 1. But if both information bits from the users to the 

relay are incorrect, then the combined bit is correct because 1 ⊕ 1 = 0.  Therefore, the 

probability of the incorrect combined bit 𝑝𝑒𝑟  is  

                                                                         𝑝𝑒𝑟 =  
2
1
 𝑝𝑒 1 − 𝑝𝑒 = 2𝑝𝑒 − 2𝑝𝑒

2.                            (11) 

Since BPSK is used from the relay to the destination channels, the average BER will also be  𝑝𝑒 . 

At the destination, the overall bit error occurs when either of the following occurs: {a combined 

bit error happened at the relay and no bit error happened from the relay to the destination} or {no 

combined bit error happened at the relay and an incorrect bit error happened from the relay to the 

destination). Therefore, the overall bit error probability at the destination 𝑝𝑒𝑢  can be written as 

                                       𝑝𝑒𝑢 = 𝑝𝑒𝑟  1 − 𝑝𝑒 +𝑝𝑒 1 − 𝑝𝑒𝑟  = 𝑝𝑒𝑟 + 𝑝𝑒 − 2𝑝𝑒𝑟𝑝𝑒 .                    (12) 
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CHAPTER 3 

 

MINIMUM DISTANCE RULE VERSUS LOGLIKELIHOOD 

 

Claim: The minimum distance rule is worse than the log likelihood ratio (LLR) test for PNC. 

Proof:  The combined bit at the relay has unequal priori probabilities. In other words, the 

prior probabilities of the events of  𝑏1 = 0 ∩  𝑏2 = 0  and  𝑏1 = 1 ∩  𝑏2 = 1  for the combined 

bit 𝑏 = 0 are 1/4 whereas that of the event { 𝑏1 = 0 ∩  𝑏2 = 1 ∪  𝑏1 = 1 ∩  𝑏2 = 0 } for 𝑏 = 1 

is 1/2. Hence, the optimum thresholds obtained by the LLR are different from those obtained by 

the minimum distance rule. In other words, the thresholds obtained with the minimum distance 

rule are the middle points between the constellation points. However, the thresholds obtained 

with the LLR tend towards the constellation points with lower prior probabilities [1]. Hence, the 

BER performance of the LLR is better than that of the minimum distance rule. Detail 

comparisons are shown in the rest of this section. 

A. Conventional PNC Using Minimum Distance Rule           

           At the relay, the decision variable can be written as 

                                                                 𝑦 = 1𝑥1 + 2𝑥2 + 𝑛.                                                (13) 

Here, 𝑛  is the complex Gaussian noise of mean zero and variance 𝑁0 , and 𝑥1, 𝑥2 ∈  1, −1 . 

There are four distorted signal constellation points through the fading channel for the four pairs 

of inputs  𝑥1, 𝑥2  as follows: 

𝑆1 = 1 + 2 

𝑆2 = 1 − 2 

𝑆3 = −1 + 2 

                                                               𝑆4 = −1 − 2                                                   (14) 

because the distorted signal component at the relay for each pair can be written as 
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                                                                 𝑆𝑖 = 1𝑥1 + 2𝑥2.                                                      (15) 

The minimum distance rule compares the magnitude  𝑆𝑖 − 𝑦  for 𝑖 = 1, ⋯ ,4 , and takes the 

candidate with the minimum distance. Since there are four possible constellation points as in (14), 

there are three thresholds which are −1, 0, and  1. Here, it was assumed that 1 and 2 are 

real numbers and 1 ≥ 2. This assumption is for simple demonstration of the claim. 

            The four cases to consider for the error probability calculations are   𝑥1, 𝑥2 =  1,1 , 

 𝑥1, 𝑥2 =  1, −1 ,  𝑥1, 𝑥2 =  −1,1 , and  𝑥1, 𝑥2 =  −1, −1 . When  𝑥1, 𝑥2 =  1,1 , 

𝑆1 = 1 + 2, and the combined bit detection error will happen at the relay if the estimation of 

the combined bit is ―1‖ bit, i.e.,  𝑥1, 𝑥2 =  1, −1  or  𝑥1, 𝑥2 =  −1,1 . Hence, the conditional 

combined bit error probability given  𝑥1, 𝑥2 =  1,1  can be calculated by integrating a Gaussian 

density function of mean 𝑆1 and variance  σ2 from −1 to 1, and is denoted by 𝑝𝑒1 which can 

be written as 

                                          𝑝𝑒1 =  𝑄 2 2𝑆𝑁𝑅 − 𝑄   21 + 2  2𝑆𝑁𝑅                              (16) 

where 𝑆𝑁𝑅 = 𝐸𝑏 𝑁0 = 1 𝑁0 = 1 2𝜎2 . 

            The conditional combined bit error probability, given  𝑥1,𝑥2 =  −1,−1 , i.e., case 4, is 

equal to that of case 1 because of the symmetry in the integration. Hence, 

                                       𝑝𝑒4 = 𝑝𝑒1 = 𝑄 2 2𝑆𝑁𝑅 − 𝑄   21 + 2  2𝑆𝑁𝑅 .                      (17) 

            Case 2, i.e.,  𝑥1, 𝑥2 =  1, −1 , is also symmetrical to case 3, i.e.,  𝑥1, 𝑥2 =  −1,1 . 

Hence, 𝑝𝑒2 = 𝑝𝑒3, which can be calculated by integrating a Gaussian density function of mean 

𝑆2 = 1 − 2 and variance  σ2 from 1 to ∞ and from −∞ to −1. It can be written as 

                                       𝑝𝑒2 = 𝑝𝑒3 =  𝑄   21 − 2  2𝑆𝑁𝑅 + 𝑄(2 2𝑆𝑁𝑅).                     (18) 
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 Let 𝑝𝑒 ,𝑚𝑖𝑛  denote the conditional symbol (or bit) error probability at the relay for a given 

pair of  1, 2  by averaging over the four cases. Since each case has an equal probability of 1/4, 

𝑝𝑒 ,𝑚𝑖𝑛  can be written as 

𝑝𝑒 ,𝑚𝑖𝑛 =
1

2
{𝑄 2 2𝑆𝑁𝑅 − 𝑄   21 + 2  2𝑆𝑁𝑅  

                                                                +𝑄   21 − 2  2𝑆𝑁𝑅 + 𝑄(2 2𝑆𝑁𝑅)}.                 (19) 

B. log-Likelihood Ratio 

 Thresholds of the LLR can be different from those of minimum distance rule especially 

for a low SNR, because the constellations of 𝑆2 and 𝑆3 are combined. This is because they will 

have the same combined bit information at the relay. After combining 𝑆2 and 𝑆3, the probability 

of getting ―1‖ at the relay is 50%, which causes the unequal prior probability and in turn will 

push the thresholds towards 𝑆1 and 𝑆4. 

 When the SNR = 0  and  1 = 1/2, 2 = 1/4 , the thresholds would be 0.8553  and 

−0.8553  using the log-likelihood ratio. The BER would be  𝑝𝑒 ,𝐿𝐿𝑅 = 0.1513 whereas 𝑝𝑒 ,𝑚𝑖𝑛 =

0.2776. However, the thresholds of the minimum distance rule would approach to those of the 

LLR as the SNR increases. Thus, the performance of both methods will merge for a high SNR. 

                    Theoretically, the decision variable of the LLR test can be derived using the results 

from Valenti et al [3] as  

∆ 𝑏 = 𝑙𝑜𝑔 𝑝 𝑦 𝑆2 + 𝑝 𝑦 𝑆3  − 𝑙𝑜𝑔 𝑝 𝑦 𝑆1 + 𝑝 𝑦 𝑆4   

                                            = 𝑙𝑜𝑔  
𝑒
− 𝑦− 2−1  2

𝑁0 +𝑒
− 𝑦− 1−2  2

𝑁0

𝑒

− 𝑦− 2+1  2

𝑁0 +𝑒

− 𝑦− −1−2  2

𝑁0

                          (20)  

If ∆ 𝑏  is positive, then 𝑏 = 1 for the estimation of 𝑏 = 𝑏1 ⊕ 𝑏2, otherwise, 𝑏 = 0. Here, it is 

assumed that the signal energy is 1. 
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CHAPTER 4 

 

ERROR PROBABILITY PERFORMANCE 

 

 

A. Specail Case of  1 = 1/2, 2 = 1/4  

To demonstrate the performance difference between the log-likelihood ratio and the 

minimum distance rule, a simulation is run when SNR is low between - 4 dB and 1 dB for the 

special case of  h1 = 1/2, h2 = 1/4 . Figure 5 shows the BER of the LLR and the minimum 

distance rule. It can be observed that the LLR is 0.1 dB better in the SNR than the minimum 

distance rule as expected. 

B. Performance at Relay 

At the relay, a simulation was run to show the performance improvement of the proposed 

OPNC over the conventional PNC. Figure 6 shows the simulation BER results of the proposed 

OPNC and the conventional PNC. Figure 6 also shows both the theoretical and simulation BER 

results of the OPNC. It can be observed that both results agree well and that the proposed OPNC 

is 3 dB better than the conventional PNC for both the minimum distance rule and the LLR. 

C. Performance at Destination 

            At the destination, a simulation was run to compare the overall BER with the proposed 

coherent OPNC with BPSK modulation, the conventional coherent PNC with BPSK modulation, 

and the non-coherent PNC with CPFSK modulation as found by Valenti et al [3]. Figure 7 shows 

that the OPNC is 3 dB better than the conventional PNC, and 8 dB better than the non-coherent 

PNC using CPFSK [3]. 
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Figure 5. BERs of the conventional PNC with the LLR and the minimum distance rule for the 

low SNR.
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Figure 6. BERs of the proposed coherent OPNC and the conventional PNC at the relay.
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Figure 7. BERs of the coherent proposed OPNC and conventional PNC with BPSK, and the non-

coherent conventional PNC with CPFSK at the destination.



19 
 

CHAPTER 5 

 

CONCLUSIONS 

 

 

The conventional PNC has a higher throughput than the conventional LNC. However, in 

the conventional PNC, it is difficult for a user to obtain the information from the other user 

without them interfering with each other at the relay. This work presented an orthogonal PNC to 

distinguish the two users’ information with no interference at the relay. The proposed OPNC can 

achieve 3 dB better BER than conventional PNC, and can have the same throughput as the 

conventional PNC. Considering complexity, the proposed OPNC has the same complexity as, or 

even lower than conventional PNC. This is because OPNC uses hard decisions at the receiver 

whereas conventional PNC uses the minimum distance rule, which requires more computation. 

For future work, it is suggested to study an efficient outer code concatenated to the proposed 

OPNC for further BER improvement. Also, it would be interesting to extend the proposed OPNC 

for the case of more than two users. This may be feasible by applying a set partitioning method 

on the set of higher modulation constellation points and by assigning each subset of constellation 

points to each user. 
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MATLAB SOURCE CODE 

 
clc; 
clear; 
k = 30000000; 
msg = randint(1,k); 
for snr=1:5:51 
    cou=0; 
    snr 
for j=1:2:k-1 
    h0 = sqrt(0.5)*(randn+sqrt(-1)*randn);   
    h1 = sqrt(0.5)*(randn+sqrt(-1)*randn); 
    n0 = 1/(10^(snr/10)); 
    sigma = sqrt(n0/2); 
    if msg(j)==1 
        msg1=1; 
    else msg1=-1; 
    end 
        if msg(j+1)==1 
            msg2=1; 
        else msg2=-1; 
        end 
b1=h0*msg1; 
b2=h1*msg2; 
x1=conj(h0)*(b1+sigma*(randn)); 
x2=conj(h1)*(b2+sigma*(randn)); 

  
if real(x1)>0 
    y1=1; 
else 
    y1=0; 
end 
   if real(x2)>0 
    y2=1; 
else 
    y2=0; 
   end 
    r=mod(y1+y2,2); 

     
if r==1 
    df=1; 
else 
    df=-1; 
end 
 hd0=sqrt(0.5)*(randn+sqrt(-1)*randn);  
 hd1=sqrt(0.5)*(randn+sqrt(-1)*randn);  
 rd1=hd0*df+sigma*randn; 
 rd2=hd1*df+sigma*randn; 
if real(conj(hd0)*rd1)>0 
    d1=1; 
else 
    d1=0; 
end 
    if  real(conj(hd1)*rd2)>0 
        d2=1; 
    else d2=0; 
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    end 
 if d1==mod(msg(j+1)+msg(j),2) 
     cou=cou+1; 
 end 
 if d2==mod(msg(j+1)+msg(j),2) 
     cou=cou+1; 
 end 
end 
er1(snr) = (k-cou)/k; 

  
end 
semilogy(1:5:51,er1(1:5:51),'-r') 
grid on 


