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Abstract  

Linearity and efficiency are important figures of merit for RF power amplifiers. A power 

amplifier is most efficient when operating in its non-linear region but the response of the 

amplifier in this region results in the distortion of the signal being transmitted.  Digital pre-

distortion is a widely employed technique used to compensate distortions caused by the non-

linear behavior and memory effects of amplifiers. Non-constant envelope signals with wider 

bandwidths used in modern communication systems as well as the architecture of amplifiers 

such as the Doherty make it challenging to compensate distortions using the established 

Volterra series derived models.  

 

In this thesis a switched-model technique is investigated for the linearization of RF power 

amplifiers. This model is obtained by decomposition of the input signal into different power 

regions according to predefined thresholds. Each power region is modeled individually. This 

reduces complexity since the nonlinearity order for each sub-power region will be lower 

compared to modeling over the entire power range with a single model.  

 

The switched-model is tested on three amplifiers with different architectures. The results 

are compared to that of the memory polynomial and generalized memory polynomial models. 

The results show that the switched model performs better than the other models for high 

nonlinearities. 
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1 Introduction 

As wireless communications systems continue to evolve, there is a higher expectation on how 

they perform. They are not only expected to provide high-speed communications services but 

also utilize the frequency spectrum more efficiently. Wireless transmitters designed for 

modern communication systems need to satisfy three major requirements: linearity, 

bandwidth and power efficiency [1]. Linearity is important to prevent distortion of the signal 

being transmitted. Higher data rates require more bandwidth and power efficiency ensures 

economic costs of operations [1].  

 

All realistic components are inherently non-linear and the nonlinearity can vary at different 

power levels [2]. The main cause of distortions in a wireless transmitter is  the nonlinearity of 

the radio frequency (RF) power amplifier (PA). The distortions caused by it affect the 

performance of the transmitter; therefore the linearity of the PA is an important consideration 

in the design of wireless systems. However, this comes at a cost, since it is challenging to 

achieve both linearity and high efficiency. In a wireless transmitter, the PA is the component 

that consumes the most power. PAs are more power efficient at high input powers but this is 

also when the amplifier is operating in its nonlinear region.  Meanwhile, operation of the 

amplifier in the linear region results in low power efficiency. 

 

  Modern communications systems use complex modulation methods such as quadrature 

amplitude modulation (QAM) and multiplexing schemes such as orthogonal frequency 

division multiplexing (OFDM), which result in signals having strong envelope variations [1]. 

These signals have a high peak-to-average power ratio (PAPR). The average PAPR can be 10 

dB or more [3]. The PA has to be operated in the linear region when amplifying such signals 

in order to achieve constant gain. This comes with lower power efficiency which is 

undesirable. A compromise between linearity and efficiency has to be made to address this 

challenge.  One way of going about this problem is designing the system for the highest 

possible efficiency while keeping distortions as low as possible. The distortions can then be 

reduced using various techniques. 

 

  Different methods can be employed in the linearization of PAs. Important techniques 

include feedback, feed-forward, analog and digital predistortion [4]. Digital pre-distortion 
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(DPD) is a widely used technique for linearization [3, 5]. In DPD, the input signal is distorted, 

and this distortion is such that it cancels out the non-linear effect and memory effects of the 

PA during amplification. This results in a linear behaviour of the PA and allows it to operate 

closer to saturation. In modern communications systems, signals have large envelope 

variations and amplifier architectures such as envelope tracking (ET), pulsed architectures and 

the Doherty amplifier have been introduced to achieve higher efficiency [6]. However, these 

amplifiers are difficult to linearize using traditional DPD techniques. Envelope variations in 

an ET amplifier or the architecture of the Doherty amplifier where different classes of 

amplifier are combined results in varying response at different power regions. As such these 

amplifiers are more challenging to linearize.  

1.1 Goal 

The goal of this thesis work is the linearization of RF power amplifiers using the switched-

model technique.  In this thesis power amplifiers are characterized and the behavioral 

modeling of  power amplifiers is tackled. Digital pre-distortion to is then considered. This 

knowledge is then applied to implement the switched-model. In the switched-model, the input 

signal is divided into different power regions and each power region is modeled 

independently, thus  providing a more accurate modeling of power amplifiers and better 

compensation of distortions.  

1.2 Outline 

Chapter two provides an overview of power amplifiers. Modeling and digital pre-distortion 

are discussed. The method employed in this thesis as well as the results are presented in 

chapter 3. A discussion of the results is carried out in chapter four. Finally the work is 

concluded in chapter five.  
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2 Theoretical Background 

In this chapter a description of power amplifiers and its effects in a wireless transmitter 

system are first considered. Behavioral modeling of power amplifiers is then tackled. An 

overview of the Volterra series and models derived from it is given. The switched-model is 

introduced and linearization of power amplifiers using digital pre-distortion is considered. 

Finally metrics for evaluation of model performance is presented. 

2.1 Power Amplifiers (PA) 

Power Amplifiers are devices that are used at the front end of the transmitter chain in order to 

produce a signal with a power suitable for transmission through an antenna [7]. The order by 

which the power of the signal is increased depends on the gain factor of the PA. PA designs 

belong to various classes. Class A amplifiers are linear; class AB amplifiers are slightly 

nonlinear while classes C, D and E are highly nonlinear [1]. It is desired that the PA is power 

efficient since it consumes the major portion of the power in the wireless transmitter 

architecture. Also it should introduce as little distortions as possible to preserve the integrity 

of the signal being transmitted.   

 

 

2.1.1 Gain of PA 

An important figure of merit for PAs is the gain. It is the ratio of the output power of the 

amplifier to the input power: 

 

         .
    

   
/                             (1) 

 

where Pout is the output power and Pin is the input power. 

 

At lower input powers the behavior of the PA is linear and the gain is constant. There is a 

limit to the power that the PA can output. As the input power is increased, the maximum 

output is approached and the gain is observed to decrease. 
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2.1.2 Efficiency of PA 

The efficiency of the PA is important since the PA uses up most of the power. PA efficiency 

can be defined as the ratio of RF output power to DC input power [2]: 

 

   
    

   
                                    (2) 

 

where Pout is the RF output power and PDC is the DC input power. 

Equation (2) does not consider the RF power delivered to the input of the amplifier, so (2) 

gives an efficiency that is higher than it actually is. A more accurate definition of the 

efficiency is given by the power added efficiency [2]: 

 

         
        

   
 .  

 

 
/
    

   
 .  

 

 
/                                          (3) 

 

where G is the gain of the amplifier, Pout is the RF output power and PDC is the DC input 

power.  

When PAs are operating close to or in the saturation region where there is a decrease in 

gain, it is observed that this is where the highest power efficiency is obtained as shown in 

figure 1. 

 

 
Figure 1 : Gain and power efficiency characteristics of a PA [1]. 
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2.1.3 1 dB Compression Point 

Another important figure of merit for PAs is the 1dB compression point. Ideally, PAs would 

exhibit a constant gain in all power regions but real PAs enter saturation at certain power 

levels and there is a corresponding drop in the gain. The 1 dB compression point is the level 

where the output power of the PA is 1 dB less than what it would be if the gain was constant 

or if the PA was linear. The 1 dB compression point is usually expressed with respect to the 

output power, although it can be done with respect to either the input or the output power. The 

gain at the 1dB compression point is defined as the compressed gain [5]: 

 

                  (     )                                                             (4) 

 

where P1dB,out  is the compression output power, P1dB,in  is the input power and Gss is the small 

signal (linear) gain.  

 

 
 

Figure 2: 1dB compression point of nonlinear device [2]. 

              

2.1.4 PA Nonlinearities 

2.1.4.1 Distortion and spectral regrowth 

PA nonlinearities result in unwanted frequencies at the output which can cause distortion of 

the signal or interference in other radio channels. For an input signal which consists of a 

single frequency or tone,    , the output will include harmonics or multiples of the 

fundamental frequency of the form    , where          . These harmonics usually do not 
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cause much interference since they are further from the fundamental frequency and can also 

be easily filtered. Consider a two-tone signal, consisting of frequencies    and   . The 

frequencies lie close to each other so that they can both go through the passband of a 

passband filter [8].  The output signal consists of frequencies of the form: 

 

                                                                                         (5) 

 

where,                The results from this combination are called intermodulation 

products. The most problematic of these intermodulation products are the third order 

products, IM3,                               . Some of  these frequencies lie 

close to the fundamental frequency and are hard to filter out causing distortion of the signal. 

This is known as third order intermodulation distortion [2]. Distortions are classified as either 

in-band or out-of-band.        and        are in-band IM3 products while        

and        are out-of-band IM3 products, see figure 3. As we can see from figure 3, 

              lie close to     and     and can easily be filtered out while     

          lie close to    and   . 

 
Figure 3: Output spectrum of two-tone intermodulation products [2]. 

 

In practice the spectrum of signals used is not discrete but rather continuous. In this case as 

the power is increased, intermodulation results in the generation of sidebands known as 

spectral regrowth or sideband regrowth [5, 9]. These sidebands interfere with nearby radio 

channels and negatively impact their performance. Spectral regrowth caused by the 

nonlinearity of PAs is shown in figure 4. 
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Figure 4: Output spectrum of nonlinear PA driven by OFDM signal with 20 MHz bandwidth. 

 

The higher the power, the more nonlinear the behavior of the PA. Frequency modulated 

signals have constant envelopes and are not influenced by nonlinearities. Amplitude 

modulated signals have a non-constant envelope and are therefore affected by nonlinearities. 

Signals used in modulation schemes and multiplexing schemes such as QAM, OFDM and 

CDMA have strong envelope fluctuations [5]. These signals have high PAPRs. To amplify 

these signals linearly, the PA must remain in the linear region. As discussed earlier, this 

results in low power efficiency which is undesirable. 

 

2.1.5 AM/AM and AM/PM Conversion 

A complete dynamic characterizing of  PAs driven by modulated signals is by using AM/AM 

(amplitude modulation to amplitude) and AM/PM (amplitude modulation to phase 

modulation) characteristics since this provides more information [10, 11]. They give 

amplitude and phase information. 

 

For an input signal with a time varying envelope  ( ) and phase  ( ) [11], 

 ( )   ( )     (    ( ))                                                             (6) 

 

the output of the PA is as follows: 

 

 ( )   , ( )-      (    ( )   , ( )-)                                                (7) 

 

where  , ( )- and  , ( )- are the gain and phase variation relative to the input of the PA 

respectively.  From equation (7) it is seen that they are amplitude dependent due to the 
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nonlinearity of the device. The AM/AM characteristic is obtained from  , ( )- and  , ( )- 

gives the AM/PM characteristic as shown in figures 5 and 6. These characteristics inform 

about how nonlinear a device including how much memory it has.  

 

Figure 5: AM-AM Characteristic of PA  

 

 

Figure 6: AM-PM Characteristic of PA. 

2.2 Memory effects  

A PA is said to have memory when its output is not only dependent on the instantaneous input 

but also on past inputs. Taking into consideration correlation to the nonlinearity of the 

transistor, memory effects can be classified as linear or nonlinear [1]. Linear memory effects 

are memory effects which do not correlate the nonlinear behavior of the  PA. The output of a 

system that has only linear memory effects can be represented as: 

 

 ( )   ∑    (    )                             (8) 
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where  y(t) is the PA output. The output of a PA has two terms, both a linear and a nonlinear 

term. 

Nonlinear memory effects arise as a result of a combination of the memory behavior and 

nonlinearity of the transistor. Although the source of the memory effects maybe linear 

circuits, the joint effect of the nonlinearity of the PA and memory effects leads to a nonlinear 

function of different samples at different times at the output [1]. The output of a nonlinear PA 

is represented as follows [1]: 

     [ ( ),..., ( )]i i nonlinear i N

i

y t h x t f x t x t                                         (9) 

where y(t) is the PA output and fnonlinear is a nonlinear function. 

Linear memory effects are due to phase shifts that occur when the signal passes through 

the device or due to the matching network. Nonlinear memory effects are caused by the 

biasing network or temperature dependence on the input [14]. 

 

Depending on their source memory effects can be grouped as electro-thermal or thermal 

memory effects and electrical memory effects [1].  Thermal memory effects are as a result of 

the active device’s temperature modulation. This group of memory effect has a long term 

effect. Electrical memory effects arise from the effect of terminal impedances (matching and 

biasing circuits) on the amplifier behavior. The behavior of the terminal impedances at the 

fundamental, baseband and harmonic frequencies influence the output of the PA around the 

carrier frequency [1]. 

 

2.3 Behavioral Modeling of Power Amplifiers 

Behavioral and physical models are used in modeling PAs. Physical models require an 

understanding of the internal circuitry of the device as well as the principles that govern their 

interaction [7, 12]. Behavioral models, also known as black box models, do not require 

knowledge of the internal circuitry but rather use input and output data for modeling             

[7, 12].The accuracy of behavioral models is dependent on the measured data [7].  Physical 

models are more accurate than behavioral models, however they are complex and result in 

long simulation times [13].  Behavioral models are used for linearization with DPD [12]. A 

behavioral model characterizes the nonlinear behavior of the PA and the inverse of this 

behavior is used in DPD to distort the input signal such that the PA output is linear. 



Mahama Abdul-Salim Switched-Model Linearization Technique For RF Power Amplifiers 

    

  10 

Behavioral models are classified into three groups: memoryless, quasi-memoryless and 

models with memory. 

In a narrowband system, the PA is usually modeled using the AM/AM and AM/PM 

characteristic. A polynomial is fitted to the measured data and this provides a mathematical 

representation of the PA. This method is not used for modeling of wideband PAs because of 

the presence of memory effects. Linear memory effects are due to phase shifts that occur 

when the signal passes through the device or due to the matching network. Nonlinear memory 

effects are caused by the biasing network or temperature dependence on the input [14]. To 

model a nonlinear system with memory the Volterra series are widely used [14, 15]. In cases 

where the PA is highly nonlinear or has long term memory effects, it becomes very difficult 

to model using the Volterra series [17]. As such reduced models derived from the Volterra 

series such as the memory polynomial (MP) model, generalized memory polynomial (GMP) 

and the Kautz-Volterra (KV) model [15], have been developed to simplify the process of 

parameter extraction and simulation. 

 

 

2.3.1 Memoryless /Quasi-memoryless models 

A PA is said to be memoryless when its output is only dependent on the instantaneous input 

but not on past inputs. An ideal memoryless PA can be modeled  by the AM/AM 

characteristic since no phase conversion is considered. A quasi-memoryless system is 

represented with the AM/AM and AM/PM characteristics.  These models are applied in 

narrowband systems. 

 

2.3.1.1 Look-up table model 

 

Since in practice it can be challenging to derive an analytical function for the nonlinear 

behavior of a PA, therefore the measured data can be represented graphically and the model 

for computer simulations is stored in look-up-tables (LUT) [1]. The LUT stores the magnitude 

of the input and the magnitude of the corresponding output in a table. For a given input, the 

LUT determines the appropriate output. Interpolation between points is done to determine 

correct value. 
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2.3.1.2 Polar Saleh Model 

The Polar Saleh model uses two functions to model the AM/AM and AM/Pcharacteristics of a 

nonlinear quasi-memoryless system. 

The functions are represented in the form [1]: 

 

  2
 
1

a
A

a

G A
A







                                                                                                (10a) 

 
2

2
 
1

G

A
A

A












                               (10b) 

where   ( ) represents the AM/AM characteristic and   ( ) represents the AM/PM 

characteristic. a  and a  are the amplitude coefficients while  and   are the phase 

coefficients. This model is frequency independent but can be modified to have frequency 

dependent coefficients. 

 

2.3.1.3 Ghorbani Model 

Similar to the Saleh model, the Ghorbani model is an analytical model used for quasi-

memoryless systems. The Ghorbani model is represented in the form [1]: 

 

2

2

( 1)

1
4

3

( )
(1 )

x

x

x A
G A x

x A



 


                                                                                                    (11a) 

2

2

1
4

3

( )
(1 )

y

G y

y A
A y A

y A
  


                                                  (11b) 

 

where   ( ) represents the AM/AM characteristic and   ( ) represents the AM/PM 

characteristic and A is the magnitude of the input  function. 

         and    are the model parameters for the AM/AM function 

         and    are the model parameters for the AM/PM function 

 

2.3.1.4 Berman and Mahle Phase Model 

The Berman and Mahle model is used for multiple access communications satellite 

applications. This model considers only the AM/PM characteristic and is represented in the 

form [1]: 
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2
2 2

1 3( ) (1 )k A

G A k e k A                           (12) 

where A is the magnitude of the input signal and G is the phase shift introduced by AM/PM 

coversion to the output signal. 

2.3.1.5 Rapp Model 

The Rapp model can be used for memoryless nonlinear systems and can be represented as 

follows [1]: 

1
2 2

( )

( )
1

ss

sat

G
y t

x t

x

 



 
 
  

                         (13) 

where  ( ) and  ( ) are the model input and output respectively.   is a positive smoothing 

factor which describes the hardness of the the nonlinear characteristics,     ( ) is the input 

saturation value and     is the small signal gain. 

The Rapp does not consider AM/PM conversion. 

 

2.3.1.6 Memoryless Polynomial Model 

A PA without memory can be represented by its AM/AM and AM/PM characteristics in the 

following form [1]: 

[ ( ( ) ) ( )]
( ) ( ( ) )

j x n n
y n F x n e

 
                      (14) 

where   and   are the AM/AM and AM/PM conversions repectively,  ( ) and  ( ) are 

complex envelopes of the input and output signals with respect to a given fundamental 

frequency. 

The complex envelope form of can be represented by a complex polynomial power series of 

the form [1]: 

1

1

( ) ( ) ( )
N

k

k

k

y n b x n x n




                        (15) 

where     are the envelope coefficients. 
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2.3.2 Models with memory 

The output of a  PA with memory is not only dependent on the instantaneous input but also on 

past inputs. To model systems with memory the Volterra series and reduced forms of the 

Volterra series are used. 

 

2.3.3  Volterra Series Models 

A nonlinear static PA with no memory effects can be modeled using the Taylor series as: 

 

 ( )  ∑    
  

 

   

                                                                                                                                (  ) 

 

where  ( ) and  ( ) correspond to the output and input,    are the parameters of the model 

and P is the order of nonlinearity. When memory effects have to be included, the Volterra 

series is used for modeling. It is described as a Taylor series with memory [7, 15].   

 

The Volterra Series in discrete time is represented as [16]: 

 

 ( )  ∑∑   

 

    

 

   

∑   

 

    

(        )∏ 

 

   

(    )                                                                                 (  ) 

      

where  ( ) and  ( ) correspond to the output and input,   (         ) are the parameters of 

the Volterra model or Volterra kernels, P is the order of nonlinearity and M is the memory 

depth. Eq. (9) is truncated to finite nonlinear order and finite memory [15, 16]. As earlier 

discussed as the model order of nonlinearity and memory depth increase, more terms of the 

series are used and extraction of the Volterra kernels becomes highly complex. Therefore the 

Volterra series is used for modeling systems with low orders of nonlinearity and memory 

depth. 

 

For simulation, complex baseband signals are used because it is only envelopes that carry 

useful information in the modulation schemes used in modern communications systems [16]. 

For a PA input  ( )    [ ̃( )       ] and PA output  ( )    [ ̃( )       ], where  ̃( ) 

and  ̃( ) are the input and output complex envelope and    is the carrier frequency, the 

complex baseband Volterra model can be represented as [16]: 
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(   )  ∑ ∑ ∑  ̃ 

 

    

(        )   ̃(    )

 

     

 

    

  ̃(    ) ̃
 (    )              

                                                                                    (18) 

 

where  ̃ (         ) is the pth order complex Volterra kernel and ( )   is the complex 

conjugate. 

 

2.3.4 Memory Polynomial Model 

The memory polynomial (MP) model is a simplified version of the Volterra series where only 

the diagonal terms are taken into consideration and cross-terms are removed [18, 19]. In the 

MP model, the input is related to the output as: 

 

 ̃  ( )  ∑ ∑     

 

   

(   )  | (   )|   
 

   

                                                                           (  ) 

 

where m the memory depth, k is the nonlinearity order and amk are the coeffiecients of the 

model. Only odd order terms  (k=1,3,5…) are considered. Not all coefficients are needed 

since odd order nonlinearities dominate [19]. The block diagram of the MP model is shown in 

figure 7. 

 

 
 

 

Figure 7: Block diagram of MP model [1]. 

 

The MP model is a simple model which reduces the number of coefficients and complexity 

of parameter extraction and is able to accurately characterize memory in PAs. 
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2.3.5 Generalized Memory Polynomial Model 

The generalized memory polynomial (GMP) model is an extended form of the MP model 

which includes cross terms. The GMP model combines the instantaneous complex signal with 

leading and lagging terms [7, 19]. In the GMP model, the input is related to the output as: 

 

         ̃   ( )       ∑ ∑     

  

   

(   )  | (   )|   

  

   

 ∑∑∑      

 

   

(   )  | (     )|   

  

   

  

   

 ∑∑∑      

 

   

(   )  | (     )|   

  

   

  

   

                                                  (  ) 

In the first polynomial of the GMP model there is no time delay between the input signal 

samples and Ka  represents the nonlinearity order, Ma is the memory depth and     are the 

coefficients. The second polynomial includes cross terms between the input signal and a delay 

in the envelope up to the order P with memory depth Mb , nonlinearity order Kb and      are 

the coefficients of the crossterms. The third polynomial includes cross terms between the 

input and an envelope that leads it up to the order Q with memory depth Mc ,nonlinearity 

order Kc and      are the coefficients. The GMP model performs well with a PA that is 

highly nonlinear and it is not as complex to implement as the Volterra series model. For a PA 

with linear memory effects its performance is similar to the MP model. The block diagram of 

the GMP is shown in figure 8. 

 

 
 

Figure 8: Block diagram of GMP model [1]. 
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2.3.6 Envelope Memory Polynomial (EMP) Model 

In the envelope memory polynomial model, the relation between the output and input signals 

is given by [1]: 

1

0 1

( ) ( )
M K

k

EMP mk

m k

y a x n x n m


 

                      (21) 

where m is the memory depth, k is the nonlinearity order and amk are the coeffiecients of the 

model. 

The  basis function for the EMP is 
1

( ) ( )
k

x n x n m


  and  (   )  | (   )|     is the 

basis function for the MP model. The major difference between the EMP model and the MP 

model is that it does not need complex values of the previous input samples. They perfom 

equally in midly nonlinear sytems but the performance of the MP model is better in highly 

nonlinear systems. For the same nonlinear order and memory depth their complexity is 

comparable. 

 

2.3.7 Hybrid memory polynomial  model 

The hybrid memory polynomial (HMP) model consists of a parallel arrangement of the MP 

model and the EMP model. The input and output of the HMP model are related as follows [1]: 

1 1

0 1 1 2

( ) ( ) ( ) ( )
e eM KM K

k k

EMP mk mk

m k m k

y a x n m x n m b x n x n m
 

   

          

where M is the memory depth, K is the nonlinearity order of the MP model; amk  and bmk are 

the coeffiecients of the MP and EMP models respectively, and Me  and Ke  are the memory 

depth and order of nonlinearity of the EMP model. The combination of the EMP and MP 

leads to an improved performance by the HMP model. The performance of the HMP model is 

similar to the GMP model but with a reduced number of coefficients. 

 

2.3.8 Dynamic Deviation Reduction Volterra Model 

The dynamic deviation reduction volterra model (DDRV) is a reduced form of the Volterra 

model in which higher order dynamics are omitted since in many PAs the effect of nonlinear 

dynamics is not as prominent with increasing order. The relation between the output and input 

for the DDRV is given by [1]: 
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                                                                                                        (22) 

where 
, 1( ,..., )k r kh j j is the kth order Volterra kernel where the first (k-r) indices are 0; M is the 

memory depth and K is the nonlinearity order of the model. Usually, first and second order 

DDRV models are implemented. In the DDRV model the number of coefficients increase 

linearly in relation to the order of nonlinearity and memory depth unlike the Volterra model 

where the number of coefficients increase exponentially. The reduced number of components 

makes the DDRV model provides reliable results for PAs with static strong nonlinearities and 

low-order nonlinear memory effects.   

 

2.3.9 Switched (Piecewise) models   

Switched models are used in cases where it is challenging to model using the Volterra series. 

Modern communication systems employ signals with high PAPR. Also next generation 

systems such as LTE-A are designed such that power transmission of transmitters will vary 

depending on real-time data [20].   

  

These dynamic changes in power in modern communication systems result in PAs 

exhibiting varying nonlinear behavior. ET amplifiers are affected by these changes [6, 21]. 

The nonlinear behavior of amplifiers such as the Doherty amplifier which uses amplifiers of 

different classes is different at different power levels [6, 20].  It will be very complex to 

model a PA under such conditions using a single polynomial model since the order of 

nonlinearity will be high. Switched models are used to reduce the complexity. This model 

used in this thesis is done by using vector threshold decomposition to separate the input signal 

into sub-signals. Each sub-signal is modeled separately and this provides a more accurate 

characterization. This method was chosen because it offers lower complexity while 

performing well with difficult amplifier architectures. 
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Figure 9: Signal decomposition in switched-model [21]. 

 

To model the PA using vector threshold decomposition a set of thresholds are fixed [21]: 

 

  *          +                                                                          (23) 

 

where     is the magnitude level of the input envelope,           and S represents the 

total number of thresholds. These thresholds divide the signal into different regions and the 

input signal is decomposed accordingly. All the sub-signals have the same phase.  

In matrix form the decomposed signals can be written as [21]:   

 

 ( )  , ̃ ( )    ̃ ( )          ̃   ( ) -                                                       (24) 

 

where 

 

∑ ̃ ( )   ̃( )

   

   

                                                                                                                                 (  ) 

 

An input signal with L samples in matrix form is as follows: 

 

 ̃  [

 ̃( )
 ̃( )
 

 ̃( )

]                                                                                                                             (26) 

 

The decomposed signal is represented as: 
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 where S is the total number of thresholds. As shown in (18) each signal is decomposed into 

S+1 signals. Each power region is then modeled with an appropriate analytic function such as 

the GMP. 

 

A vector-switched model  can be used in linearization of challenging PAs as proposed in 

[6]. In this method, the switching regions are made according to the current and previous 

input samples. Considering that the behavior of most PAs is dependent  on the amplitude of 

the input, the vector partitioning is done over the amplitude space while the input phase is 

ignored. To partition the input space, each region k  , is defined as a set of points nearer (in 

Euclidean distance) to the mean or centroid N

k R    than any other centroid [6] 

 

 : , 1...r r rk n n k n l l K                            (28) 

 

where    1 1,..., ,...,rn n n N n n Nr r x x      and   is the Euclidean norm. 

 

  To find the centroids used in determining the partitions, the Lloyd algorithm is widely 

used. After partitioning, the desired model for processing each region is chosen. 

2.4 Parameter Estimation 

The PA models previously discussed have coefficients which have to be determined. The 

process of obtaining these coefficients is known as system identification [22]. Identification is 

dependent on the measured input and output data. The usual method for identification is based 

on minimizing the least squares criterion [22] since the output of the memory polynomial 

models have a linear relationship with the coefficients [1]. This is done by summing the 

squares of the error or difference between the measured output and the model output. 

For N number of samples of the input, the error e is: 

 

  ∑| ( )   ̃( )| 
   

   

                                                                                                                      (  ) 

 

where   ( ) is the measured output and  ̃( ) is the model output. The linear polynomial 

models can be written in vector form  as:  
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                                                                                   (30) 

where y is a vector of the measured output signal, X is a matrix that consists of basis 

functions formed by the input and A is a vector that contains the coefficients. 

The coefficients are found by using the Moore-Penrose pseudo inverse [1]: 

  (   )                                                                                  (31) 

2.5 Digital Predistortion 

DPD is a technique widely used for linearization of PAs. It enables PAs to be operated at 

higher power levels where they are more power efficient while exhibiting a linear behavior.  

In DPD a predistorter is placed before the PA such that the effect of the predistorter along 

with that of the PA on the input signal will result in linear amplification. DPD is similar to 

behavioral modeling of amplifiers, but in DPD the goal is to identify the inverse of the 

nonlinear behavior of the PA as shown in figure 10. It is therefore important to accurately 

identify the transfer function of the predistorter to effectively linearize the PA. The 

predistorter is characterized with the output and the input of the PA. Due to changes in 

nonlinear behavior of the PA with time, adaptive DPD is employed to capture this change in 

behavior in the transfer  function of the predistorter. DPD can be done using direct or indirect 

learning architectures.  

Assuming the output of the predistorter is [24]: 

 

 ( )      , ( )-                                                                        (32) 

 

If this signal passes through the PA, the PA output can be found according to [24]: 

 

 ( )    , ( )-   *   , ( )-+                                                           (33) 

 

 

 

        x(t) z(t)  y(t) 

              PA 

 

 

 

Figure 10: Block diagram of digital predistortion. 

 

DPD                       
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2.5.1 DPD for Switched Model 

In the switched model, after decomposition of the input signal, the different power regions are 

processed individually with an appropriate function that incorporates memory effects and 

order of nonlinearity. This provides higher model accuracy for each of the regions. In this 

thesis, the MP and GMP was used for processing the sub-signals. After DPD is done, the 

outputs of the sub-functions are summed to form the total output of the DPD. Although, there 

are several sub-functions in the switched model, due to decomposition of the input signal the 

nonlinearity in each region is relatively low (third order or fifth order), so this keeps the 

number of parameters low [21].  

 

 

 

2.5.2 Direct-Learning 

In direct learning, first the model of the PA is obtained and then the predistorter model is 

obtained by inverting this model. This method is however complex to implement for a PA that 

has a high order of nonlinearity and memory [1, 25]. 

 

 

 
 

Figure 11: Direct learning architecture [1]. 

Figure 11 shows a block diagram of the direct learning architecture for DPD. 

 

2.5.3 Indirect Learning 

In indirect learning a postdistorter determines the post-inverse of the PA. This is achieved by 

switching the PA input and output.  Figure 12 shows the indirect learning architecture. After 

the postdistorter determines the post-inverse, a copy is sent to the predistorter which is used 

for DPD and the postdistorter is removed. 
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Figure 12: Indirect learning architecture [1]. 

 

 

 

2.6 Model Performance Metrics 

It is important to assess the performance of PA and DPD models.  The performance metrics 

fall in two classes: time domain and frequency domain. In this thesis the performance metrics 

for validation used are the normalized mean square error (NMSE) and adjacent channel error 

power ratio (ACEPR). 

 

2.6.1 Normalized Mean Square Error 

The NMSE is defined in decibels by [1]: 
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                            (34) 

 

where         ( ) is the output of the model and           ( ) is the measured output data and 

  is the length of the outputs. The lower the NMSE the higher the accuracy of the model. 

Since NMSE is calculated in time domain, all the frequency components are included in the 

calculation. The NMSE therefore cannot detect out-of-band effects because the power in the 

adjacent channels is much lower than the power in-band. 
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2.6.2 Adjacent Channel Error Power Ratio 

The ACEPR is given in decibels by [1]: 
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             (35)           

 

where  ( ) is the error in the adjacent channel and          ( )  is the frequency domain 

signal within the channel,            and              are the integration limits for the lower 

adjacent channel,            and              are the integration limits for the upper adjacent 

channel and               and                 are the integration limits for the input signal 

channel. The ACEPR informs if the model meets out-of-band requirements. 
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3 Measurements and Results 

3.1 Experimental Setup 

Fig. 13 shows the setup that was used for measurements. The Rohde & Schwarz SMBV100A 

Vector Signal Generator (VSG) and FSQ 26 Signal Analyzer (SA) were used in the 

measurements. The VSG and SA are connected to the computer via a local area network. 

 
Figure 13: Block diagram of setup 

 
 

Figure 14: Experimental setup 

 

The input baseband signal is first generated in Matlab and sent to the VSG. The VSG 

generates a modulated signal with the carrier frequency set at 2.140 GHz. The SA captures the 

signal using an analog-to-digital converter. Sampling of the signal was done at 80 MHz. 
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Three PAs were used in the setup. The first is a Mini-circuits ZVE-8G amplifier with a gain 

of 30dB. An Ericsson class AB amplifier that has a gain of 52 dB was also used and the third 

was an MRF 8521120 HF Doherty amplifier with a gain of 15 dB. A driver was used for the 

PA when measurements were run using the  Doherty Amplifer. The signal used for testing 

and modeling the PAs was an OFDM signal with a bandwidth of 10 MHz. When the signal 

from the VSG passes through the PA it becomes distorted and this PA output is sampled by 

the SA. The outputs are attenuated before being sent to the SA. For measurements with the 

Doherty and Class AB PAs, the outputs are passed through a directional coupler and the 

coupled power goes to the SA. The remaining power goes to a terminator.  The signal from 

the SA is then sent to the computer running MATLAB where DPD algorithms are 

implemented.  

 

3.2 Modeling and Linearization with Digital Predistortion 

To model the PAs, samples of the input and output envelope were used. Since these samples 

were acquired at different times, the input and output had to be synchronized to accurately 

model the PAs. The amplitude of the signal used in synchronization was low to be in the 

linear region of the PA. To synchronize, the maximum cross correlation between the input 

and output signal was used to determine the delay between them. The synchronization of the 

input and output signal was done according to the procedure outlined in [12].The averaging 

technique was used to improve the signal to noise ratio. This provides an improvement of the 

signal to noise ratio by 10log10 (N) dB, where N is the number of measurements [12, 26]. The 

noise level decreases by sqrt(N).  

 

Three models were implemented in this work. The memory polynomial model, generalized 

memory polynomial model and the switched model. Parameter estimation was done by 

finding the sum of the difference between the measured output and the model output as 

described in section 2.3. For the switched model, the input signal was decomposed into sub-

signals and then modeling was done as described in 2.34.The power regions were processed 

using the MP and GMP models. The MP model is a simple model with a reduced number of 

coefficients and less complex parameter extraction while being able to characterize the 

memory of PAs. The GMP model provides a trade-off between performance and complexity 

[19]. DPD was implemented using the indirect learning method described in 2.4.2. 
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Performance evaluation was done by finding the NMSE and ACEPR as described in 2.5.2. 

The DPD function was built to be adaptive where the parameters were updated to provide 

accurate results. In the measurements the, PAs were driven into compression to accurately 

model the nonlinear behavior. An input power of -10 dBm was used for the mini-circuits 

ZVE-8G PA. The input power for the Ericsson Class AB amplifier was -7 dBm and for the 

Doherty amplifier -9 dBm was used. 

 

3.3 Results 

Test results are given in this section. The results are shown in tables 1-3 and figures 15-22. 

The level of the threshold was changed for the switched model to determine the optimum 

threshold. Also the input power level was varied to observe performance with each model. 

The results are presented in the following sections. 

 

3.3.1 Results for Mini-circuits ZVE-8G PA 

The Mini-circuits PA was excited with a signal of power -10 dBm. Performance evaluation is 

shown in table 1. Figure 15 shows the output spectra for the models. One threshold set at    

-16 dBm was used in decomposing the input signal into two power regions for the switched 

model. Figures 16 and 17 show the AM-AM and AM-PM characteristics. 

 

Table 1. Performance of Mini-circuits ZVE-8G PA 

   

 NMSE 

    (dB) 

ACEPR  

  (dB) 

Coefficients 

 

Model 

Parameters 

Switch parameters 

    N P   Q Threshold 

   (dBm) 
Regions 

No DPD -28.0 -43.1      - - - -       -       - 

MP -38 -54.9     16 7 3 -       -       - 

GMP   -38   -55.5       32   7   3   1       -       - 

Switched  

  

  -38.7   -55.9       28   5 

  7 

  3 

  1  

  - 

  1 

     -16       2 
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Figure 15: Output spectra for Mini-circuits PA 

                      
Figure 16: AM-AM characteristic for Mini-circuits PA with switched model 

                       
Figure 17: AM-PM characteristic for Mini-circuits PA with switched model 
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Figure 18: NMSE at different thresholds for Mini-circuits PA 

                        
Figure 19: ACEPR at different thresholds for Mini-circuits PA 

                       
Figure 20: NMSE at different input power levels for Mini-circuits PA. 
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Figure 21: ACEPR at different input power levels for Mini-circuits PA. 

 

 

The results show that the performance of the MP, GMP and switched model for the mini-

circuits PA are almost equal. The NMSE for the switched is -38.8 dB and -38.0 for the MP 

and GMP models. NMSE without DPD is -28.0 dB and ACEPR is -43.1 dB. All models 

perform relatively equally in suppressing the sidebands.  The results suggest that the switched 

model does not show an improved performance when compared to the other models. This can 

be explained by the fact that the mini-circuits PA does not exhibit strong memory effects and 

does not have distinct behavior in different power regions, therefore MP or GMP models can 

accurately model the behavior of the PA and compensate for the nonlinear effects, hence the 

switched model did not perform much better. The switching threshold was set at -16 dBm. 

From figure 18 and 19 the lowest values for NMSE and ACEPR were at this level. Increasing 

the input power level, figures 20 and 21 show the performance of all three models are 

comparable. The number of coefficients for the MP model is 16, 28 for the switched model 

and 32 for the GMP model.  

 

3.3.2 Results for Ericsson Class-AB PA 

The class-AB amplifier was excited with an input signal of -7 dBm. Performance metrics for 

the models used are shown in table 2. Figure 22 shows the spectra of the signals. One 

threshold set at -19 dBm was used to decompose signal into two power regions. 
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Table 2. Performance of  Ericsson class-AB PA 

 

 NMSE  ACEPR  Coefficients Model  

Parameters 

 

Switch parameters 

  (dB)    (dB) 

    N P Q Threshold 

  (dBm) 
Regions 

No DPD   -28   -46       - - - -       -       - 

MP  -38.2   -51      16 7 3 -       -       - 

GMP    -38.3     -51.2        32   7   3   1       -        - 

Switched 

 

   -38.6     -55.7        28   5 

  7 

  3 

  3    

  - 

  1 

   -19       2 

 

 

 

Figure 22: Output spectra for class-AB PA 
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Figure 23: AM-AM characteristic for class-AB PA with switched model 

 

 

 Figure 24: AM-PM characteristic for class-AB PA with switched model 

 

 

              

Figure 25 : NMSE at different thresholds for class-AB PA.    
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Figure 26: ACEPR at different thresholds for class-AB PA. 

                   

Figure 27: NMSE at different input power levels for class-AB PA. 

             
Figure 28: ACEPR at different input power levels for class-AB PA. 

Table 2. shows that the switched model performs better than the MP and GMP models for 

the class-AB amplifier. The ACEPR is -55.7 dB for the switched model compared to -51.2 dB 

for GMP and - 51 dB for MP. The switched model does a better job of suppressing the signals 

in the adjacent channel. The class-AB amplifier exhibits different behavior in different power 

regions and has more memory, the results show that for such a PA the switched model 
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performs better than the GMP and MP.  Figure 25 and 26 show that the optimum level of the 

threshold is at -19 dBm. From figure 27 and 28 we observe that the performance of the MP 

and GMP models become worse than the switched model as the input power level is 

increased. The number of coefficients for the MP model is 16, 28 for the switched model and 

32 for the GMP model. Although the number of coefficients for the MP model is lower than 

for the switched model, the performance of the switched model is better. The switched model 

also performs better with a lower number of coefficients than the GMP model.  

 

3.3.3 Results for Doherty PA 

The input signal power for the Doherty PA was set at -9 dBm. Results are shown in table 3. In 

linearizing the Doherty amplifier, two thresholds were used in decomposing the input signal 

into three power regions. The level of the first threshold was set at -34.1 dBm and the second 

was set at -14.1 dBm.  

 

Table 3. Performance of Doherty PA 

  NMSE  ACEPR  Coefficients Model  

parameters 

Switch 

parameters 
     (dB)      (dB) 

    N P Q Threshold 

   (dBm) 
Regions 

No DPD    -21.2    -38       - - - -      -      -  

MP    -36.3    -41.9      16 7 3 -      -     - 

GMP      -36.7      -42        32   7   3   1      -    - 

Switched 

 

     -37.8      -46        48   5 

  7 

  3 

  1  

  - 

  1 

  -14.4 

  -34.1 

   3 
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Figure 29: Output spectra for Doherty PA  

 

  

 
Figure 30: AM-AM characteristic for Doherty PA with switched model 

 

 
Figure 31: AM-PM characteristic for Doherty PA with switched model 
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Figure 32: NMSE at different power levels for Doherty amplifier 

     

Figure 33: ACEPR at different power levels for Doherty amplifier. 

  From table 3, the switched model performs better in compensating distortions than the 

GMP and MP models. The ACEPR for the switched model is -46 dB compared to -42 dB for 

the GMP model and -41.9 dB for the MP model. NMSE is -37.8 dB for the switched model, 

compared to  -36.7 dB for the GMP and -36.3 dB for the MP. The results were obtained after 

decomposing the input signal into three power regions for the switched model. Figure 32 and 

33 show that as the power level is increased the performance of the switched model becomes 

better than the GMP and MP models. The optimum thresholds was determined to be at -14.1 

dBm and -34.1 dBm. For the Doherty amplifier the number of coefficients for the switched 

model was 48, 32 for the GMP and 16 for the MP model. In this case the number of 

coefficients is higher for the switched model but it comes with better performance. Increasing 

the number of parameters for the MP and GMP models did not result in a better performance 

than the switched model. Since the behavior of the Doherty amplifier varies in different 

power regions and it exhibits memory effects, the results show that the switched model 

performs best in linearization of the PA. 
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4 Discussion 

 

The results show that the switched model performed better with the Doherty and class-AB 

amplifiers. These amplifiers have more memory effects and behave differently in varying 

power regions. For the Mini-circuits PA the performance of all three models were 

comparable. This is due to the fact that the behavior of the Mini-circuits PA does not vary 

strongly in different power regions. Therefore compensation for distortions in the mini-

circuits PA does not necessarily require a switched model since it does not show any 

performance benefits. For the class-AB amplifier the number of coefficients for the switched 

model was lower than the GMP model and higher than the MP model while performance was 

better than both.  In the case of the Doherty amplifier, the number of coefficients was higher 

than both the GMP and MP models but the performance was better. Moreover increasing the 

number of coefficients for the MP and GMP models, did not result in a performance that was 

comparable to the switched model. 

 

The spectrum emission mask for the IEEE 802.11b(WLAN) standard requires that at a 

15MHz offset from the center frequency, the signal level should be attenuated by 40dB 

relative to the level at the carrier center frequency for PAs with a transmit power less than 

0dBm (class A operation). Performance for all three models with all PAs fall within the 

spectrum mask, however the number of coefficients for the switched model is more than the 

MP model but less than GMP model. From the relation of input power and ACEPR it is 

observed that as the input power increases, the ACEPR also increases for all three models but 

the switched model has a better performance than the MP and GMP models for the class-AB 

and Doherty amplifiers. It can be inferred that at  higher input powers the switched model will 

be a much better choice especially for the Doherty amplifier. For example for the Doherty 

PA, the ACEPR for the MP and GMP models are -41.9 dB and -42 dB respectively which are 

close to the spectrum mask requirement of -40 dB, while ACEPR for the switched model is 

 -46 dB.  Also LTE standards require ACPER of  -45 dB. This requirement is met by all three 

models for the mini circuits PA and class-AB PA.  In the case of the Doherty PA the GMP 

and MP models did not meet the requirement. However the switched model with an ACEPR 

of -46 dB meets the requirement. Though the number of coefficients of 48 were more than the 

GMP with 28 and MP model with 16. Increasing the number of parameters for the MP and 

GMP models did not result in a performance that was comparable to the switched model.  
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From the results we can conclude that depending on the application, i.e. for higher input 

powers and for difficult to linearize amplifier architectures the switched model is a better 

choice since it provides a balance between performance and complexity.  A drawback of the 

switched-model that was implemented was how to determine the optimum level of the 

threshold. The threshold has to be investigated and appropriately set for the switched-model 

to perform as desired. A threshold that is set too high or low will result in poor performance 

of the  model. 
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5 Conclusions 

The switched-model linearization technique for RF power amplifiers was implemented in 

this thesis. This was done by decomposition of the input signal into sub-signals. After 

decomposition, model coefficients were obtained and the sub-signals were processed, after 

which the outputs were summed to form the final output of the DPD. The results of the 

switched model were compared to that of the GMP and MP. In theory the switched-method is 

supposed to perform better than the GMP and MP models and the experimental results lend to 

that.  

The switched-model approach makes it possible to better compensate distortions in power 

amplifiers that exhibit varying behavior in different power regions. Also in wideband 

applications where memory effects are more noticeable, the switched method can be used in 

linearization of PAs. This is very meritorious since modern communication systems employ 

signals with higher bandwidths and higher peak-to-average power ratios. 
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Appendix A 

Table A1: Threshold vs NMSE and ACEPR for minicircuits PA 

Threshold, dBm NMSE, dB 
ACEPR, 
dB 

-38.9 -38 -53 

-32.9 -38.1 -53 

-29.4 -38.2 -53.2 

-26.9 -38.2 -53.3 

-24.9 -38.3 -53.8 

-23.4 -38.3 -54.1 

-22 -38.3 -54.2 

-20.9 -38.4 -54.2 

-19.8 -38.4 -54.2 

-18.9 -38.4 -54.1 

-18 -38 -54.3 

-17.3 -38.5 -54.4 

-16.6 -38.5 -54.5 

-16 -38.2 -55 

-15.3 -38.4 -54.4 

-14.1 -38.4 -54.3 

-12.9 -38.4 -54.3 

-11.8 -38.4 -54.3 

-10.9 -38.4 -54.3 

 

 

Table A2: Pin vs NMSE and ACEPR for mini circuits PA 

 

 

Pin, 

dBm 

 

 

 

             MP 

 

             GMP 

 

        SWITCHED 

NMSE,dB ACEPR,dB NMSE,dB ACEPR,dB NMSE,dB 

’ 
 
ACEPR, dB 

-7 -37.3 -51.6 -37.2 -52 -37.3 -52 

-9 -38 -54.1 -38 -54.2 -38 -54.1 

-10 -38.7 -54.8 -38 -54.93 -38.7 -55 

-12 -38 -54.8 -38 -54.8 -38.3 -54.8 

-14 -39.6 -54.8 -40 -54.8 -40 -54.8 
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Table A3: Threshold vs NMSE and ACEPR for Class AB PA 

 

Threshold, 
dBm NMSE, dB ACEPR, dB 

-34.9 -38.3 -52.7 

-28.9 -38.5 -53.5 

-25.4 -38.52 -55.1 

-22.9 -38.4 -55.6 

-20.9 -38.4 -56.1 

-19.4 -38.6 -56.3 

-18 -38.5 -55.7 

-16.9 -38.3 -54.4 

-15.8 -37.7 -52.7 

-14.9 -37 -51.9 

-14.1 -37 -51 

-13.3 -37 -50.6 

-12.6 -37.7 -50.6 

-11.9 -36.6 -49 

-11.4 -36.6 -47 

-10 -35 -49 

 

 

Table A4: Pin vs NMSE and ACEPR for Class AB PA 

 

                MP            GMP         Switched 

Pin, dBm NMSE, dB ACEPR, dB NMSE, dB ACEPR, dB NMSE, dB ACEPR, dB 

-6 -37 -51 -37.7 -51.2 -38.3 -55.3 

-7 -38.2 -53 -38.3 -53.2 -38.6 -55.9 

-8 -38.6 -53 -38.8 -54.1 -38.9 -55.8 

-9 -39.4 -54.4 -39.4 -54.5 -39.4 -55.4 

-10 -39.63 -57.8 -39.63 -58.1 -39.6 -58.5 

-11 -39.9 -57.9 -39.9 -58.3 -39.8 -58.5 
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Table A5: Pin vs ACEPR and NMSE for Doherty PA. 

 

 

                MP               GMP         Switched 

Pin, dBm NMSE, dB ACEPR, dB NMSE, dB ACEPR, dB NMSE, dB 

 
ACEPR, dB 

-7 -36 -41 -36.1 -41.2 -37.7 -45 

-8 -36 -41.5 -36.2 -41.8 -37.7 -45.6 

-9 -36.7 -41.8 -36.9 -41.8 -37.8 -46 

-10 -38 -46 -38 -46.3 -38 -46.3 

-11 -38.1 -46.2 -38.1 -46.3 -38.1 -46.3 

-13 -38.3 -46.7 -38.3 -46.8 -38.4 -46.8 

-16 -39.1 -48 -39.1 -48 -39.1 -48 
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