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ABSTRACT

One of the biggest power consuming devices in wireless communications system is  the Power Amplifier 
(PA) which amplifies signals non-linearly when operating in real-world systems. The negative effects of 
PA non-linearity are energy inefficiency, amplitude and phase distortion. The increases in  transmission 
speed in present day communication technology introduces Memory Effects, where signal spreading 
happens at the PA output, thus causing overhead in signal processing at the receiver side.  PA Linearization 
is therefore required to counter the non-linearity and Memory Effects.  Digital Pre-distortion (DPD) is 
one of the outstanding PA Linearization methods in terms of  its strengths in implementation simplicity, 
bandwidth, efficiency, flexibility and cost. DPD pre-distorts the input signal, using an inversed model 
function of the PA. Modelling of the PA is therefore vital in DPD, where the Memory Polynomial 
Method (MP) is used  to model the PA with memory effects. In this paper, the MP method is improved 
in  Memory Polynomial using  Binomial Reduction method (MPB-imag-2k).  The method is simulated 
using a modelled ZVE-8G Power Amplifier and sampled 4G (LTE) signals. It was found MPB-imag-2k 
is capable of achieving comparable anti-scattering/anti-distortion in MP for non-linearity order of 3, 
memory depth of 3 and pre-amplifier gain of 2.  
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INTRODUCTION

The non-linearity of the Power Amplifier (PA) 
causes output signal distortion in amplitude 
and phase (Chen et al., 2014; Choo, 2012; 
Choo et al., 2013; Ding et al., 2004; Ding, 
2004; Liu et al., 2014; Morgan et al., 2006; 
Parta et al., 2014; Pinal & Pere, 2007). The 
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simplistic solution of avoiding the PA’s non-linearity is to back-off the PA to operate only in the 
linear region. Besides resulting in poor energy efficiency, the backed-off solution causes higher 
operational cost. Today’s high speed transmission technology such as Wideband Code Division 
Multiple Access (WCDMA) and Orthogonal Frequency Division Multiplexing (OFDM) causes 
high Peak to Average Power Ratios (PAPR) in communication systems, which encourages 
the PA to be backed off further from its saturation point. Low efficiency of the PA contributes 
to waste of power, which is an undesired additional cost in the telecommunication industry. 
The business needs of the industry justify the demand of linearizing the PA, to eliminate the 
undesired effects of inefficiency, distortions and power wastage.

The Digital Pre-Distortion (DPD) technique linearizes the cheaper non-linear power 
amplifiers, resulting in a lower overall cost of the communication system (Choo, 2012; Choo 
et al., 2013; Techsource-asia, 2012; Varahram et al., 2010). DPD offers many advantages in 
terms of cost, power management, reliability and handling if compared to the other analog 
methods (Choo, 2012; Choo et al., 2013; Varahram et al., 2009; Varahram et al., 2010).

Nomenclature

DPD 	 Digital Pre-distortion

OFDM	 Orthogonal Frequency Division Multiplexing

MOR	 Multiplication Operations Reduction

MP	 Memory Polynomial

MPB	 Memory Polynomial with Binomial Reduction

PA	 Power Amplifier

PAPR	 Peak to Average Power Ratios

WCDMA	 Wideband Code Division Multiple Access

MODEL DESCRIPTION

Digital Pre-distortion (DPD)

The pre-distorter behaves as an inversed function of the PA. The PA input signal is first pre-
distorted at the pre-distorter, and then directed into the PA. The two connecting sequential 
functions: inversed non-linear pre-distorter and the non-linear PA, results in a linear output 
(Pinal & Pere, 2007; Techsource-asia, 2012; Varahram et al., 2009; Varahram et al., 2010).

Digital Pre-distortion (DPD) is where the pre-distortion is conducted at baseband digital 
domain. DPD is one of the most cost effective PA linearizing methods with the least compromise 
on efficiency (Ding et al., 2004; Ding, 2004; Varahram et al., 2009; Varahram et al., 2010; 
Choo, 2012; Techsource-asia, 2012; Choo et al., 2013; Chen et al., 2014). Accurate modelling 
of the non-linearity PA is required in-order to calculate the pre-distorter function as an inversed 
model of the PA. 
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Memory Polynomial (MP)

Volterra Series is traditionally used to model non-linear systems. However, the complexity 
increases exponentially when the PA non-linearity order increases 0-0. The Memory Polynomial 
(MP) method utilizes the diagonal kernels of the Volterra Series, resulting in a reduced number 
of coefficients. MP is widely explored and built on top in (Chen et al., 2014; Liu et al., 2014; 
Morgan et al., 2006; Xie & Zeng, 2012; Yu & Jiang 2013). The MP method is shown below 
(Ding et al., 2004; Ding, 2004):

			   (1)

Where Q is the memory depth, K is the non-linearity order. x(n) is the PA Input Signal, and is         
aka the inversed of the PA coefficients, which is also the MP coefficients. 

The Least Squares (LS) method is used to obtain the MP coefficients (Ding et al., 2004; 
Ding, 2004). The input signal x(n) is replaced with the output signal y(n), yields the following: 

		   	 (2)

(2) in matrix form:

 		  (3)

Where

		  (4)

 		  (5)

 		  (6)

 	  	 (7)

The least square solutions in (3) could be rewrite as: 

							       (8) 
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Memory Polynomial with Binomial Reduction (MPB)

The MP equation in (1) is rephrased, where non-linearity order, k, and linearity order, q starts 
from 0:

      
 

 

	 (9)

Using the binomial theorem below 

       

 

 

		  (10)

The non-linear portion of the basis function is restructured as:

       

 

		
(11)

       		
	 (12)

Let the binomial basis function of (11) represented as

       

 

			   (13)

Similarly, let the binomial basis function of (12) represented as

       

 

			   (14)

Let 

       

 

					     (15)

where   and   
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The value of j is explored by using the macro-matching graph method as shown in Figure 1, 
Figure 2 and Figure 3. 
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 Figure 1. Binomial Basis Function vs. when k = 3  Figure 2. Binomial Basis Function 
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Figure 3. Binomial Basis Function vs.  when k = 5 

 

 

Figure 2. Binomial Basis Function vs. xj 
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Figure 3. Binomial Basis Function vs.  when k = 5 

 

 

Figure 1. Binomial Basis Function vs. xj 
when k = 3 

Figure 3. Binomial Basis Function vs. xj when k = 5
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The binomial basis function equivalent is shown in Table 1 below:

The following could be concluded:

       

 

					     (16)

Substituting (16) into (13), (11) and (9) gives MPB-real-2k equation below:

       
 
			   (17)

Similarly, substituting (16) into (14), (12) and (9) yields MPB-imag-2k:

      
 
			   (18)

RESULTS AND DISCUSSION

Amplitude and Phase Distortion Correction

Figure 4 shows the AMAM graph for MPB-imag-2k vs. MP with Non-linearity Order (K) = 3; 
Memory Depth (M) = 3, and Pre-amp Gain = 2. Pre-distortion (MPB) is capable of resolving 
the scattering of PA output signal observed.

Figure 5 shows the AM/PM graph for MPB-imag-2k vs. MP with Non-linearity Order (K) 
= 3, Memory Depth (M) = 3, and Pre-amp Gain = 2. The pre-distorted PA output is capable 
of resisting phase distortion, where the phase difference between output and input signal is 
close to zero. 

Table 1 
Binomial basis function equivalent

Non-linearity order, k =3 (Figure 1) k =4 (Figure 2) k =5 (Figure 3)
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Figure 4. (a) AMAM Graph for MPB-imag-2k vs. MP with Non-linearity order=3, Memory Depth=3, and 
Pre-amplifier Gain=2; (b) Enlarged image of the AMAM graph
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Figure 5. (a) AMPM Graph for MPB-imag-2k vs. MP with Non-linearity Order=3, Memory 

Depth=3, and Pre-amplifier Gain=2;  

(b) Enlarged image of the AMPM graph  

   

Figure 5. Figure 5. (a) AMPM Graph for MPB-imag-2k vs. MP with Non-linearity Order=3, Memory 
Depth=3, and Pre-amplifier Gain=2; (b) Enlarged image of the AMPM graph 

Resource Optimization on Multiplication Operations Reduction

MPB is compared with MP on resources reduction in terms of multiplication operations. Table 
2 and 3 shows the respective formulas used to calculate the required multiplication operations.

Table 2 
Multiplication Operations Calculation Formula for MP

Method Formula

Multiplications Operations 
Calculation Formula  

(a)	 (b)

(a)	 (b)
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The net reduction of multiplication operations are calculated by finding the difference between 
the two formulas, which results in Multiplication Operations Reduction (MOR) in Table 4.
Table 4

Table 3 
Multiplication Operations Calculation Formula for MP

Method Formula

 
Multiplications Operations 
Calculation Formula

 

Table 4 
MOR of MPB (MPB-imag-2k) against MP

MPB (MPB-imag-2k) from Table 2 MP from Table 3 MOR

   

CONCLUSION

MPB is an improved MP Model which uses  the Binomial Reduction Method at the MP Basis 
Function. This results in linearly reduced multiplication operations but with matching PA 
Linearization Performance in MP, especially in anti-scattering and anti-phase-distortion.
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