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Abstract - In this Paper, an analysis of the amplification 

performed in the Relay is presented. The input and output of 

the amplifier is analyzed from the statistical point of view to 

establish if there is certain predictable behavior in the NLD. 

In addition, based on the results of this analysis, a technique 

to improve the performance of the cooperative system is 

presented. 

 

Index Terms – Orthogonal frequency division multiplexing 

(OFDM), Non Linear Distortion (NLD), Additive White 

Gaussian Noise (AWGN), Bit Error Rate (BER), Signal to Noise 

Ratio (SNR), Maximum Ratio Combiner (MRC), Output Back 

Off (OBO), Probability Density Function (PDF), 

Complementary Density Function (CDF). 

I. INTRODUCTION 

The OFDM symbol has a Gaussian behavior. The 

signal is distorted by a channel and thermal noise before 

being amplified. The statistical behavior of such signal may 

give additional information on how to approach the 

problem of NLD in cooperative systems. In principle, if the 

input of the amplifier is Gaussian, then the NLD can be 

represented as additive Gaussian noise [1]. If this is the 

case, existing techniques could be applied to improve the 

performance of the system. 

II. NLD IN FADING CHANNELS 

The input of the amplifier 𝑦𝑆𝑅  can be expressed 

as:  

𝑦𝑆𝑅 =  ℎ𝑆𝑅 ∗  𝑥𝑆𝑅 + 𝑛𝑆𝑅       Eq 1. 

 

It is known that 𝑥𝑆𝑅  and 𝑛𝑆𝑅  is complex Gaussian variables 

with known variance. It is also known that ℎ𝑆𝑅  can be 

modelled as a Rayleigh fading channel, which in principle 

can be considered as a complex Gaussian variable as well, 

with known parameters [2, 5]. 

The behavior of 𝑦𝑆𝑅   depends on how fast ℎ𝑆𝑅   changes. 

Therefore, an analysis of two cases is presented: 

 A slow fading channel, where the conditions of ℎ𝑆𝑅  

between adjacent OFDM symbols also vary randomly 

but close to the conditions of the previous state. 

 A very fast fading channel, where the conditions of 

ℎ𝑆𝑅  between adjacent OFDM symbols change 

randomly and independently from its previous state. 

From the simulations point of view, this means that for 

the first case, a set of strongly correlated channels are 

generated for all the symbols to be transmitted, 

whereas in the second case a new channel is generated 

every time a new symbol is transmitted. The slow 

fading channel has a Doppler spread 𝑓𝑐  ≈ 10𝐻𝑧, 

resulting from the following parameters in the 

simulations: 

 

 Delay Profile: 1, 2, 3, 4 chips 

 Power Profile: 0, -1, -3, -9 

 Channel Impulse Response Length: 4 

 Terminal Velocity: 5 km/h 

 Carrier Frequency: 2 400 MHz 

 Bandwidth: 6 000 Hz 

In figure 1 the PDF of 𝑦𝑆𝑅 , for a slow fading ℎ𝑆𝑅 , is shown 

together with a Gaussian Distribution with the same 

variance. 

 

 
Figure 1: PDF of the amplifier input, slow fading case. 

 

The input of the amplifier can be modeled as a 

Gaussian behavior. The NLD can be represented as an 

additive Gaussian noise. Therefore the effects of the NLD 

can be measured and mitigated with techniques similar to 

those used for AWGN. 
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Figure 2 presents the PDF

 

of

 

𝑦𝑆𝑅 , for a fast fading 

ℎ𝑆𝑅 , together with a Gaussian distribution with the same 

variance[3,4]. In this case, the behavior

 

is close but not 

equal to the Gaussian case. Strictly, the NLD

 

may not be 

modeled

 

as an additive Gaussian noise. In figure 3 the 

complementary CDF

 

of 𝑦𝑆𝑅

 

is compared to that of a 

Gaussian. It can be seen that ℎ𝑆𝑅

 

presents a behavior

 

similar to a Gaussian distribution for values close to the 

mean but differs significantly for higher values. When the 

coherence time of ℎ𝑆𝑅

 

is much larger than the OFDM 

symbol duration, the channel can be considered to have 

almost deterministic behaviour.

 

 

Figure 2: PDF of the amplifier input, fast fading case.

 

 

 

Figure 3: CCDF of the amplifier input, fast fading case.

 

 

Therefore, 𝑦𝑆𝑅

 

is basically the addition of two 

Gaussian variables, one of which is much smaller, resulting 

in a Gaussian variable as well. This is not the case for a fast 

fading

 

ℎ𝑆𝑅 . The OFDM symbol is affected by a random 

variable that changes for each OFDM symbol. As a result, 

𝑦𝑆𝑅

 

is the result of a convolution of two Gaussian variables 

plus a third Gaussian variable. Furthermore, the 

distribution of the output of a nonlinear amplifier with this 

input may be even more complicated. Finding a new model 

for the NLD noise under these circumstances may therefore 

be very challenging [6, 9]. However, since the distribution 

does not differ dramatically from that of a Gaussian, it is 

worth to evaluate the results of considering it Gaussian.

 

 

 

 

III.

 

THE POSITION OF THE RELAY

 

For AF cooperative systems, when the NLD is not 

considered, the best position of the relay is at half of the 

distance between the source and the destination. If there is 

an NLD term at the relay, this situation may change. In this 

section we analyze

 

the performance of the cooperative 

system varying the distance between the source and the 

relay.

 

For AF cooperative systems, when the NLD is not 

considered, the best position of the relay is at half of the 

distance between the source and the destination. If there is 

an NLD term at the relay, this situation may change. In this 

section we analyze

 

the performance of the cooperative 

system varying the distance between the source and the 

relay.

 

Two cases are considered. The path-loss model considered 

is 𝑑−𝛼

 

where 𝛼

 

= 4 are

 

used to describe the loss in a 

wireless environment.

 

The first case considers the relay to be always between the 

source and the destination. Figure 4 describes this case [11, 

13].

 

 

 

 

 

 

 

 

Figure 4: Distances between S and R, in-line case.

 

 

In figure 5 the BER curves for different distances 

between S and R. When the relay is far from the 

destination, the performance is very poor. The performance 

improves as the relay comes closer to the destination. In 

this case, the best performance is achieved when the relay 

is in the middle between S and D [10].

 

 

Figure 5: BER for different distances between S and R, in-line case.

 

The second case considers the relay to be somewhere 

between the source and the destination. This means, in 

practice, that a triangle is formed among R, S and D. 

 

Figure 6 describes this case.
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Figure 6: Distances between S and R, general case.
 

 

As seen from figure 7, the performance is better 

when the relay and the destination are closer. In this case, 

since the overall S-R-D distance is larger compared to the 

S-D distance, the received signal from the S-R-D branch 

has suffered more fading. It can be seen from these results 

that the system is in general more sensitive to fading after 

the amplification than to fading before the amplification 

[12]. 

 

Figure 7: BER for different distances between S and R, general case.
 

 

In this case, the best performance is also achieved 

when the distance between R and D is 0.6 of the distance 

between S-D. Larger distances from the destination impact 

the performance significantly. 

IV. THE NLD 
NOISE AT THE RECEIVER

 

From the information presented in previous 

sections, it is possible to identify two possible actions to 

increase the performance of the cooperative system: to 

consider the NLD distortion as an AWGN and compensate 

its effects at the destination or to control the choice of a 

relay so that it is in the zone where the performance is 

optimized. 

The choice of the relay could be implemented by a 

control mechanism for the whole system that may require 

additional signaling or specific protocols. This is beyond 

the scope of this thesis and therefore will not be 

investigated. Considering the NLD as an AWGN provides 

a possibility of compensating the effects of it at the 

receiver using traditional tools. The following section 

shows how the NLD noise can be used to optimize the 

MRC. 

V. OPTIMISATION OF THE MRC 

The NLD noise can be modeled as a Gaussian 

variable in the case of the slow fading channel and it is 

close to a Gaussian variable in the case of a Fast Fading 

Channel. In this section a method for improving the MRC, 

by considering the NLD noise at the receiver, is presented.  

The input of the amplifier can be expressed as: 

 

𝑦𝑆𝑅 =  ℎ𝑆𝑅 ∗  𝑥𝑆𝑅 +  𝑛𝑆𝑅
   Eq 2 

The output of the amplifier is then:  

𝑥𝑅𝐷 = 𝐹 𝑦𝑆𝑅 
    Eq 3 

         = 𝐹 ℎ𝑆𝑅 ∗  𝑥𝑆𝑅 +  𝑛𝑆𝑅 
   Eq 4 

 

The output of the amplifier can be modeled as the scaled 

version of the input plus a noise term: 

 

𝑥𝑅𝐷 =  𝐾𝑦𝑆𝑅 +  𝑑 𝑦𝑆𝑅 
   Eq 5 

       = 𝐾  ℎ𝑆𝑅 ∗  𝑥𝑆𝑅 + 𝑛𝑆𝑅 +  𝑑 𝑦𝑆𝑅 
 Eq 6 

        = 𝐾ℎ𝑆𝑅 ∗  𝑥𝑆𝑅 +  𝐾𝑛𝑆𝑅 +  𝑑 𝑦𝑆𝑅 
 Eq 7 

 

Performing the change of variables: 

𝑛 𝑆𝑅 = 𝐾𝑛𝑆𝑅 +  𝑑 𝑦𝑆𝑅 
   Eq 8 

 The signal sent by the relay to the destination can be 

expressed as: 

𝑥𝑅𝐷 = 𝐾ℎ𝑆𝑅
 ∗  𝑥𝑆𝑅

 +  𝑛 𝑆𝑅
   Eq 9 

 

VI. PERFORMANCE OF THE OPTIMISED MRC 

In figure 8 the results of this method are presented for the 

case of a slow fading channel, using 512 OFDM symbols 

as training sequence. The Doppler spread of the channel is            

𝑓𝑐
 ≈ 10𝐻𝑧. 

 
Figure 8: BER for different OBO with optimized

 
MRC and slow fading 

channel.
 

 

As it can be seen from the figure, the performance 

of the cooperative system is significantly enhanced by the 

use of this method. Since the NLD noise is considered 

additive, the MRC uses this additional term to define the 

weight of the S-R-D branch in a more realistic way. 

In the case of the slow fading channel, the NLD 

noise has a Gaussian distribution, resulting in effects 

equivalent as having AWGN. Therefore, the use of the 

MRC considering the NLD noise term results in an optimal 

combiner. 
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In figure 9 similar results are presented for the fast 

fading channel case. In this case the channel varies 

randomly between OFDM symbols but remains the same 

within one OFDM symbol.  

 

 

Figure 9: BER for different OBO with optimized
 
MRC and fast

 
fading 

channel.
 

 

It is important to consider that for the case of a 

fast fading channel, the input of the amplifier has, close to, 

but not Gaussian behavior. However, the results show that 

making the assumption of the NLD as an additive Gaussian 

term improves the performance of the cooperative system.  

VII. ESTIMATION OF THE NLD VARIANCE
 

 

Figure 10 shows the BER of the cooperative 

system for different number of training OFDM symbols. 

This process is performed for two level of OBO: 1 dB and 

6 dB. 

 
 

Figure 10: BER for different lengths of NLD training sequence.
 

 

The results are good even for short training 

sequences. In addition, increasing the length of the training 

sequence improves the performance only marginally. A 

short training sequence represents a less negative impact in 

the resources of the system. The optimized MRC 

outperforms the regular MRC without the need of long 

training sequences, minimizing the effects in the system 

rate and the processing load in the relay. 

 

VIII. CONCLUSION
 

In this paper the role of the relay is analyzed. The 

first section provides a statistical analysis of the amplifier 

input signal. According to the literature, if the input is 

Gaussian, the output can be modeled as a scaled version of 

the input plus an additive Gaussian noise term. The input is 

shown to be Gaussian for a low fading channel and close to 

Gaussian for a fast fading channel. Some analysis about the 

position of the relay is also presented. Results show that the 

position of the relay also affects the performance of the 

amplifier. Unlike linear systems - where the optimal 

position is at the middle between the relay and the 

destination - the optimal position is slightly closer to the 

destination. Choosing the best relay according to the 

position requires additional control and signaling 

processes. 

 

Considering the NLD as an additive Gaussian 

noise, and including it in the MRC, improve the 

performance of the system significantly. Only short 

sequences are required to calculate NLD, so the effects on 

system rate and processing load of the relay are minimized. 

In the case of the low fading channel, it could be 

considered to be the optimal combiner. In the case of the 

fast fading channel, the performance is greatly improved 

but it cannot be considered the optimal combiner. This, 

because it is not clear if with other model for the NLD, the 

performance could be improved. This paper proposed a 

method for optimizing the combiner and improve the 

performance of nonlinear cooperative systems. 
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