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Abstract— In this paper, an adaptive polynomials for nonlinear 
power amplifier complex gain of a filter bank multicarrier 
modulation (FBMC) is modelled. One of the main problems in 
FBMC systems is the high peak-to-average power ratio (PAPR) 
of transmitting signals which leads to a significant distortion 
when passed through a nonlinear device such as a high power 
amplifier (HPA) of transmitter. Therefore, analytical expression 
of HPA characteristic based on an orthogonal polynomial 
method is investigated. From the simulation result, the HPA 
modelling error of the orthogonal polynomial method is better 
than that of the conventional polynomial method at a high input 
value. As a result, a combination of the orthogonal polynomial 
method and the conventional polynomial method, called the 
adaptive polynomial method, is proposed. With this method, the 
orthogonal polynomial method is applied for a high input value 
and adopts the conventional polynomial method for a low input 
value. A comparison with the simulation results is carried out to 
verify the accuracy of this method. 
 
Keywords— power amplifier, orthogonal polynomial, nonlinear 
system, memoryless HPA, FBMC  
 

I. INTRODUCTION 
A system with multicarrier modulation (MCM) can achieve 

much higher spectral efficiency in frequency selective 
channels compared to that using single carrier modulation. 
Nowadays, the FBMC, which is a family of MCM modulation 
technique, is one of the most promising solutions for 
achieving high data rate 5G communications [1]. However, 
one of the most challenging issues for the FBMC signal is the 
high Peak to Average Power Ratio (PAPR) of transmitting 
signals due to the superposition of many subcarriers, in which 
leads to a significant in-band distortion and a spectral 
spreading when passed through a nonlinear device such as a 
high power amplifier (HPA) of transmitter. Basically, a high 
PAPR forces the transmit power amplifier to have a large 
backoff in order to ensure linear amplification of the signal, 
which cause degradation of an efficiency of the RF power 
amplifier. A number of approaches have been proposed to 
reduce the PAPR problem such as an amplitude clipping 
method, a block coding method, a selected mapping method 
(SLM), a partial transmit sequence method (PTS) and a tone 
reservation method (TR) [2]. Moreover, a various linearization 

methods based on the concept of digital pre-distortion (DPD) 
have been proposed, aiming for an increased power efficiency 
of linearly operated HPA such as an inverse Volterra series, 
the rational function, Wiener-Hammerstein systems, memory 
polynomials, look-up table (LUT), and neural networks [3]. 
However, there is a lack of in-depth study on the analytical 
computation of the HPA characteristic. A theoretical 
characterization of nonlinear device effects on OFDM systems 
has been proposed in [4]. Referring to [4], the authors focused 
on the impact of the nonlinear amplitude distortions induced 
by three HPA models: the soft envelope limiter (SEL), the 
solid state power amplifier (SSPA), and the travelling wave 
tube amplifier (TWTA). Nevertheless, except for the SEL 
HPA model, no closed-form HPA characteristic expression for 
SSPA and TWTA HPA model. In [5], an approximation of the 
HPA conversion characteristics for multicarrier modulation 
schemes has been investigated for applying to any HPA model 
by using a polynomial fitting method of the amplitude-
amplitude modulation (AM/AM) and amplitude-phase 
modulation (AM/PM) conversion characteristics. However, 
using the basic polynomial approximation could not achieve 
the most accuracy result [6].  

This fact motivates us to investigate an analytical 
computation of HPA characteristic by using sophisticated 
mathematic method such as orthogonal polynomial method. 
The performance comparison in the sense of accuracy 
between the conventional polynomial method and the 
proposed method is presented. Moreover, the adaptive 
polynomial method by combining the orthogonal and the 
conventional polynomial method is presented. The 
contributions of this paper include an approximation 
expression of HPA characteristic based on the orthogonal 
polynomial method and the adaptive polynomial method.                                           
The rest of this paper is organized as follow. Section II 
introduces the system model including HPA models 
characteristic and the nonlinear HPA conversion 
characteristics for multicarrier modulation scheme. The 
propose method is described in Section III. In Section IV, we 
present the simulation results of the proposed method. Finally, 
the conclusion is given in Section V. 

 
 

366International Conference on Advanced Communications Technology(ICACT)

ISBN 978-89-968650-8-7 ICACT2017 February 19 ~ 22, 2017



II. SYSTEM MODEL 
In this section, a system model used in this research is 

described, regarding the FBMC system with the commonly 
used HPA models such as SEL, SSPA and TWTA and the 
HPA characteristic modelling by using the conventional 
polynomial method. 

 

A. HPA Models 
Before transmitting to the channel, the baseband FBMC 

signal is passed through a nonlinear high power amplifier 
(HPA). The peak power of the FBMC signal could be 
distorted when passing through the HPA, resulting in a 
substantial amount of signal distortion. 
 

 
 

Figure1. FBMC Block Diagram 
 

A diagram of the transmitted FBMC signal is shown in 
Figure 1. (ݐ)ݖ is the baseband FBMC signal with complex 
envelope at the input of the HPA. The HPA model can be 
described by its input/output or transfer function 
characteristics. Basically, the amplified signal y(t) can be 
written as  
                

(ݐ)ݕ             =                             (1)                        [(ݐ)ߠ݆]݌ݔ݁[(ݐ)ߩ]ܵ
 
where (ݐ)ߩ,   is  the signal amplitude  and  phase  of (ݐ)ߠ

z(t), respectively. For simplicity sake, the time variable t from 
(ߩ)ܵ .is discarded (ݐ)ߠ and (ݐ)ߩ =  is ((ߩ)௣ܨ݆ ) exp(ߩ)௔ܨ
the complex soft envelop of the amplified signal y(t). ܨ௔(ߩ) 
is the AM/AM characteristic of the HPA. ܨ௣(ߩ) is the 
AM/PM characteristic of the HPA.The memoryless HPA 
models that are commonly used are SEL, SSPA and TWTA 
described bellows. 

 
1.  Soft envelope limiter (SEL) 
The AM/AM and AM/PM functions can be defined as [7] 
 

(ߩ)௔ܨ     = ൜ߩ              ,ߩ ≤ ௦௔௧ܣ
௦௔௧ܣ , ߩ       > ௦௔௧ܣ

�                                     

(ߩ)௣ܨ     = 0                                                             (2)                                                                                        
 
where Asat is the HPA saturation input level. 
 
2. Solid state power amplifier (SSPA)  
This model, also known as the Rapp model [8]. They can 

be expressed as  
 

(ߩ)௔ܨ   = ఘ

ቆଵା൬ ഐ
ಲೞೌ೟

൰
మೡ

ቇ

భ
మೡ

  ,                                               

(ߩ)௣ܨ    = 0                                                            (3)                                  
 

where v is a smoothness factor that controls the transition 
from the linear region to the saturation region, (v > 0). 

 
3. Traveling wave tube amplifier (TWTA) 
Saleh’s model is generally used for modelling TWT 

amplifiers [9], which is the better accuracy than SEL and 
SSPA model. The AM/AM and AM/PM conversion 
characteristic of the TWTA model can by expressed as 

 
(ߩ)௔ܨ    = ௦௔௧ܣ

ଶ ఘ
ఘమା஺ೞೌ೟

మ   ,                                                

(ߩ)௣ܨ        = ଴ߠ
ଶߩ

ଶߩ + ௦௔௧ܣ
ଶ                                          (4) 

 
where 0ߠ controls the maximum phase distortion 

introduced by this HPA model.In general, the HPA is operated 
at a given input back-off (IBO) from a given level for 
reducing the effects of nonlinearities. The IBO is defined as 

 

ܱܤܫ     = ݋10݈ ଵ݃଴ ቀ஺ೞೌ೟
మ

ఙమ ቁ                                       (5)     
                                         
where σ is the variance of the input signal (mean input 

signal power).  
 

B. The Nonlinear HPA  Characteristic Modelling 
According to the Bussgang theorem [10], the NL HPA 

output y(t) is related to the input z(t) by the following 
equation. 

 
(ݐ)ݕ   = (ݐ)ݖ(ݐ)ܭ +                                       (6)                                     (ݐ)݊
 
where n(t) is a zero mean noise, which is uncorrelated from 

z(t). K(t) is a complex gain with modulus |K| and phase 
߮௄(ݐ).However, K(t) can be determined analytically [4] by  

 

(ݐ)ܭ        = ଵ
ଶ

ॱ ቂడ௦(ఘ)
డఘ

+ ௦(ఘ)
ఘ

ቃ                                     (7)                             
 
where ॱ[. ] is the expectation operator. 
 
 
In order to simplify the computation and obtain analytical 

expressions for K for any HPA model, a polynomial 
approximation of S(ρ) have been proposed [5]. By using the 
polynomial approximation, the new HPA output is given by 
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(ݐ)ݕ            = ݁௝ఏ ෍ ,௞ߩ ௞ߙ
௅

௞ୀଵ

 

             
                        =                                                                                (8)                                                  (ߩ)ܵߠ݆݁
 

where L is the polynomial order, ܽ௞  is the complex 
coefficients of the polynomial approximation. The new 
expression of S(ρ) is equal to 

 

(ߩ)ܵ            = ෍ .௞ߩ ௞ߙ
௅

௞ୀଵ

                                          (9) 

 
The complex valued polynomial coefficients ݇ߙ ,k = 1,2,…, 

L can be easily obtained by using a classical least square (LS) 
method [5].The computation of K in equation (7) can be 
achieved by the investigation of the expectation of a power of 
Rayleigh random variable, ॱ[ߩ௞], expressed as  

 

(ݐ)ܭ        =
1
2 ෍(݇ +  (10)                 [௞ିଵߩ]௞  ॱߙ(1

௅

௄ୀଵ

 

 
According to [5], the computation of K can be achieved by  
 

(ݐ)ܭ     = ට
ߨ
8 ෍ (݇ + ௞ߪ ௞ߙ(1 ෑ (2݅ + 1)  

 

௞ିଵ
ଶ

௜ୀ଴

௅

௄ୀଵ,௄ ௢ௗௗ

  

 

         +
1
2 ෍ (݇ + ൯ߪ௞ ൫√2ߙ(1

௞
൬

݇
2൰ !.     (11)

௅

௄ୀଶ,௄ ௘௩௘௡

 

 
 

III. THE PROPOSED METHOD 
As mentioned in the literature, the peak power of the 

FBMC signal could be distorted when passing through the 
HPA, resulting in a substantial amount of signal distortion. 
Therefore, a theoretical HPA characteristic expression is an 
important issue. Referring to the existing research, an 
analytical computation of HPA characteristic using the basic 
polynomial approximation could not achieve the best accuracy 
result. In this paper, a novel method based on an orthogonal 
polynomial fitting of the HPA characteristic is proposed. 

 
Based on a (quasi-) memoryless HPA, the HPA output y(t) 

can be determined  by [11] 
 

(ݐ)ݕ      = ෍ ଶ௄|(ݐ)ݖ| ଶ௄ାଵߙ
௅

௄ୀ଴

                        ,(ݐ)ݖ

                   = ෍ (12)                    ((ݐ)ݖ)ଶ௄ାଵ∅ଶ௄ାଵߙ
௅

௄ୀ଴

 

          
where (ݐ)ݖ is the HPA input,  ߙ  is the conventional 

polynomial coefficient at order ܭ.  
  ∅ଶ௞ାଵ((ݐ)ݖ) =  is   the   conventional           (ݐ)ݖଶ௞|(ݐ)ݖ|

polynomial basis function. To obtain the closed-form 
expressions for the orthogonal polynomials, an upper 
triangular matrix U cloud be applied. The new polynomial 
basis function can be examined by  

 

 ߮ଶ௞ାଵ(ݖ) = ෍ ܷ௄௅

௅

௄ୀ଴

∅ଶ௞ାଵ ((ݐ)ݖ)                       (13) 

 

   ௞ܷ௅ = ෍(−1)௅ି௞
௅

௄

 
ܮ√ + 1

(݇ + 1)!
ቀܮ

݇ቁ , ݇ ≤  (14)       .ܮ

 
Table 1 shows the first nine such orthogonal polynomials. 
 
߮ଵ(ݖ) =  ݖ

߮ଷ(ݖ) = √2(−1 +
1
2

 ݖ(ଶ|ݖ|

߮ହ(ݖ) = √3(1 − ଶ|ݖ| +
1
6

 ݖ(ସ|ݖ|

߮଻(ݖ) = √4(−1 +
3
2

ଶ|ݖ| −
1
2

ସ|ݖ| +
1

24
 ݖ(଺|ݖ|

߮ଽ(ݖ) = √5(1 − ଶ|ݖ|2 + ସ|ݖ| −
1
6

଺|ݖ| +
1

120
 ݖ(଼|ݖ|

 
Therefore, (13) can be expressed as  
 

߮ଶ௞ାଵ൫(ݐ)ݖ൯ = ෍(−1)௅ି௄
௅

௄ୀ଴

 
ܮ√ + 1

(݇ + 1)! ቀܮ
݇ቁ       

 
                             ∅ଶ௞ାଵ((ݐ)ݖ).                                (15) 
                                                                                                             

According to (15), the conventional polynomial HPA 
output in (12) can be modified as 

 

(ݐ)ݕ         = ෍ ଶ௄ାଵ ߮ଶ௞ାଵߙ

௅

௄ୀ଴

 (16)                    ((ݐ)ݖ)

 

(ݐ)ݕ         = ݁௝ఏ ෍ ଶ௄ାଵߙ

௅

௄ୀ଴

ଶ௄ߩ                               (17) 
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where 
ଶ௄ߩ                = ߮ଶ௞ାଵ((ݐ)ݖ). 
 
Then 

(ߩ)ܵ        = ෍ ଶ௄ାଵߙ

௅

௄ୀଵ

ଶ௄ߩ                         

 
and the HPA gain from equation (7) is modified based on 

the orthogonal polynomial as  
 

ܭ =
1
2 ෍ ॱ

௅

௞ୀ଴

ቈ
ଶ௞ߩ( ଶ௞ାଵߙ)߲ܵ

ߩ߲ +
ଶ௞ߩ( ଶ௞ାଵߙ)

ଶ௞ߩ ቉, 

 

            =
1
2 ෍  ଶ௞ାଵߙ

௅

௞ୀ଴

ॱ ቈ
ଶ௞ߩ߲

ߩ߲ +
ଶ௞ߩ

                           ,ଶ௞቉ߩ

            =
1
2 ෍ ଶ௞ାଵ ॱߙ

௅

௞ୀ଴

ቈ
ଶ௞ߩ߲

ߩ߲ + 1቉,                    

           =
1
2 ෍ ଶ௞ାଵ (2݇ߙ + 1)ॱ

௅

௞ୀ଴

 (18)              [ଶ௞ାଵߩ]

                                                   
where 
2݇ߩ                     = ߮2݇+1൫(ݐ)ݖ൯. 
 
Therefore, the HPA gain approximation based on the 

orthogonal polynomial method is expressed as 
 

(ݐ)ܭ =
1
2 ෍ ଶ௞ାଵ (2݇ߙ + 1)ॱ

௅

௄ୀ଴

 ൣ߮ଶ௞ାଵ൫(ݐ)ݖ൯൧. 

                                                                                     (19) 
 

Basically, a normalized mean squared error (NMSE) is 
defined to verify a quantitative measure of the approximation 
accuracy, expressed as [11] 

 
 
 
 
 
 
 
 
 
                                                                                       (20) 
 
where    (݊ݐ)ݕ  is the measured HPA output and ݕො(ݐ௡) is 

the HPA modelled output. N is the number of input samples. 
 

IV. SIMULATION RESULTS 
This section presents computer simulation results of the 

HPA characteristic modelling without noise consideration.  
A normalized mean squared error (NMSE) is applied to 

verify the accuracy of each HPA characteristic expression 
methods. In our simulations, the HPA characteristic for all 
methods are derived assuming that the input amplitude |ߩ| is 
uniformly distributed in [0,1]. For the basis function 
coefficients of the conventional polynomial is of the order of 
 in (݊ݐ)ݕ ௞ [12]. To determine the NMSE, the HPA output|ߩ|
equation (20) is generated according to the SSPA model (3) 
with parameters Asat equal to 1, v equal to 1. The HPA 
modelling error, verified by the NMSE value, comparison of 
the HPA output between the conventional polynomial method 
and the proposed orthogonal polynomial method is presented.  

Figure 2 shows the HPA modelling error comparison at 
IBO equal to 4 with different polynomial order (k). In Figure 
2, the HPA modelling error of the orthogonal polynomial 
method becomes progressively smaller than that of the 
conventional polynomial method, especially when additional 
higher order polynomial term (k) is applied. 

 

 

                   Figure 2. The HPA modelling error comparison   

 

 
          Figure 3. The HPA modelling error comparison  (IBO = 2, order k = 2) 

෍|ݕ(ݐ௡) − ଶ|(௡ݐ)ොݕ
ே

௡ୀଵ

 

෍|ݕ(ݐ௡)|ଶ
ே

௡ୀଵ

 

 

 

(ܤ݀)݁ݏ݉݊ = ݋݈ 10 ଵ݃଴ 
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        Figure 4. The HPA modelling error comparison  (IBO = 2, order k = 10) 

Figure 3 and 4 show the HPA modelling error versus 
different input values. From the Figure 3 and 4, the 
conventional polynomial method introduces more error when 
a high input value, in contrast with the proposed orthogonal 
polynomial method.  

The HPA modelling error comparison at polynomial order  
k equal to 10 with different IBO are presented in Figure 5 and 
6. From Figure 5, the HPA modelling error of the 
conventional polynomial method at IBO equal to 6 is higher 
than that of the proposed orthogonal polynomial method at the 
input value from 0.6. At IBO equal to 8, the HPA modelling 
error in Figure 6 of the conventional polynomial method is 
higher than that of the proposed orthogonal polynomial 
method at the input value from 0.7. Moreover, it could be 
found that the maximum HPA modelling error of the 
conventional polynomial method becomes larger when IBO 
value decline. From the figures, they could be implied that the 
conventional polynomial method introduces more error when 
a low IBO, meanwhile the proposed orthogonal polynomial 
method is free of such a problem. As result, an adaptive 
polynomial method, which is combination between the 
goodness the proposed orthogonal polynomial method and the 
conventional polynomial method is proposed. With this 
method, the orthogonal polynomial method is applied for a 
high input value and adopts the conventional polynomial 
method for a low input value.  

Figure 5. The HPA modelling error comparison  (IBO = 6, order k = 10) 

 

        Figure 6. The HPA modelling error comparison  (IBO = 8, order k = 10) 

Figure 7 and 8 show the HPA modelling error of the 
adaptive polynomial method comparing with the orthogonal 
polynomial method and the conventional polynomial method. 
From the figures, the adaptive polynomial method yield better 
HPA modelling error than the conventional polynomial 
method. 
 

 
          Figure 7. The HPA modelling error comparison  (IBO = 6, order k = 2) 

 

 

 
        Figure 8. The HPA modelling error comparison  (IBO = 6, order k = 10) 
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V. CONCLUSIONS 
In this paper, the analytical computation of HPA 

characteristic for multicarrier modulation schemes by using 
the orthogonal polynomial method is investigated. The 
performance comparison in the sense of accuracy between the 
conventional polynomial method and the proposed method is 
presented. From the simulation result, the HPA modelling 
error of the orthogonal polynomial method is better than that 
of the conventional polynomial method when a high input 
value is applied, especially at a high polynomial order. 
Moreover, the orthogonal polynomial method is free of the 
different IBO, in contrast with the conventional polynomial 
method. Finally, the adaptive polynomial method is proposed, 
which is composed of the orthogonal polynomial method 
applied for a high input value and the conventional 
polynomial method applied for a low input value. Simulation 
results show that the adaptive polynomial method yield the 
better accuracy.  
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