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Abstract⎯In this paper, an envelope Hammerstein 

(EH) model is introduced to describe dynamic input 
-output characteristics of RF power amplifiers. In the 
modeling approach, we use a new truncation method and 
an established nonlinear time series method to determine 
model structure. Then, we discuss the process of model 
parameter extraction in detailed. Finally, a 2 W WCDMA 
power amplifier is measured to verify the performance of 
EH model, and good agreement between model output and 
measurement result shows our model can accurately 
predict output characteristic of the power amplifier. 

  
Index Terms⎯Behavioral modeling, envelope, memory 

effect, power amplifiers. 

1. Introduction 
Behavioral modeling of power amplifiers has attracted a 

great deal of attention in recent years [1],[2]. As microwave 
communication systems become increasingly complex, it 
becomes impossible to simulate their performance at the 
transistor level of circuit description. Thus, comparing 
tradition transistor-level circuit simulation method, such as 
spice model, behavioral modeling provides a more simple 
method to describe the input-output relation of power 
amplifier. Another benefit of behavioral modeling is it 
doesn’t need special knowledge of the physical structure of 
power amplifiers, which is almost impossible to obtain in the 
research of digital predistortion. 

All behavioral models can be divided into two kinds, 
based on the domain of distortion characteristic: radio 
frequency (RF) domain and envelope domain. In the former 
models, signal distortion is owed to different nonlinearity 
characteristic of power amplifiers, such as AM-AM, AM-PM 
and intermodulation distortion (IM) of power amplifiers [3],[4]. 
On the contrary, envelope domain models show less physical 
sense and are more likely to be a mathematic model. Because 
envelope method can’t describe IM components of nonlinear 
system, the effect of IM component to output envelope must 
be taken into consideration in envelope distortion function or 
dealt with by other method[5],[6]. Even so, envelope models 
are still most suitable methods for modulated signal 
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simulation and analysis, because parameters of these models 
can be extracted directly by time domain methods. The 
measurement of RF models, however, is commonly held in 
frequency domain, and need to be converted to time domain 
by inverse fast Fourier transforms (IFFT) for applications [7]. 

For wide-band communication system, the tradition 
nonlinear model, such as Saleh model, can not accurately 
predict the output characteristic of power amplifier because 
of memory effect. The Volterra series, which is one of the 
most common models with memory, has bothered researchers 
for long time because of its complexity and convergence 
problems [8]. Thus many simpler versions of Volterra series 
have been applied in behavioral modeling research [9],[10]. In 
this paper, an envelope Hammerstein model (EH), which can 
be described as a polynomial followed by a filter in envelope 
domain, as shown in Fig. 1, is introduced. Comparing to 
tradition Volterra model, EH model greatly reduces the 
number of the model coefficients and lowers the difficulty of 
parameter extraction, while it still keep ability to describe 
memory effect of power amplifiers. 

G(x(t)) H(ω )

 ( )x t  ( )y t

Output FilterNonlinear Function
 

Fig. 1. Block of envelope Hammerstein model. 

2. Model Description  
For digital modulation signal, we assume ( )x t

( )y t
 to be the 

complex envelope of the input signal and to be the 
complex envelope of output signal. Taking into consideration 
of AM-AM and AM-PM effect, the relation of envelopes of 
input and output signal can be written as following: 

( ) ( ( )) exp[ ( ( )) ( )]y t F r t i r t j tωψ ωφ= +        (1) 

where is amplitude of the input signal and ( )r t ( )tφ  is 
phase of the input signal, ( ( ))F r t is the amplitude distortion 
function and ( ( ))r tψ is the phase distortion function of 
power amplifiers. 

Fitted the real and imagine parts of (1) separately by 
power series, input-output relation of the power amplifiers 
can be written as (2), in which  is complex coefficient of 
the polynomial: 
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The equation (2) is memoryless polynomial, and we need 
add output filter ( )H ω  to (2) for describing memory effect. 
Thus, we get mathematic expression of EH model, as shown 
in (3). In (3), we use a FIR filter to implement ( )H ω , and 
τ  is the time-delay of the model and m is number of the 
time-delay, and  is the coefficient for different tips of FIR 
filter. 
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2.1 Choose Time-Delay 
Since ( )x t  and  are complex time series obtained 

by sampled, the first value of 
( )y t

τ  we choose is the sample 
interval of signal. But in most cases, sample frequency sf  
is far higher than signal band-width 

chf , and this will lead to 
lots of redundant model parameters and possibly cause 
convergence problem during the process of computation. 
Hence, a suitable time-delay value must be determined to 
reduce number of memory coefficients before parameter 
extraction. 

For base band digital modulation signal, 2 chf  is enough 
for obtaining all information of signal. Thus, the value of τ  
can be decided by  

ch( / ) /s sfloor f f fτ =             (4) 

where ( )floor i  is round function. 
In the proposed method, the regrowth spectrum of output 

signal is omitted and the output sample signal is truncated as 
shown in the Fig. 2. But since the out-band power is far less 
than the in-band power, the error caused by truncation would 
be small, that is, the truncation influence to memory effect 
can be neglected. One can verify that the result solved by (4) 
is equal to the value obtained by Wood’s method [5]. 

 
Fig. 2. The error of truncation process. 

2.2 Number of Time-Delay 
It is difficult to determine the number of time-delay by 

tradition method, therefore, we used the techniques of “false 
nearest neighbors”, which first was introduced by John Wood 
in behavioral modeling research[5], to compute number of 
time-delay. The detailed arithmetic has been given by Cao[11]. 
For our application, we just use correlative time-series 
analysis function found in OpenTSToolbox, which is 

shareware available for Matlab and can be downloaded from 
website, to calculate the parameters we need, and don’t pay 
much attention to full time-series method. 

2.3 Time Series Alignment 
Before model parameter extraction, input sample series 

and output sample series must be aligned. The most common 
method used to synchronize time series is signal correlation. 
The correlation function can be defined as: 

1
( ) ( ) ( )

i

n
k x i y iΦ

=
k= +∑              (5) 

where  is the number of samples data of input and output 
signal and  is the delay length of between input and output 
signal. The maximum value of the correlation function is the 
delay number between two sample series. 

n
k

2.4 Modeling Extraction 
After the time-delay was determined by above method, 

the parameters of the EH model can be calculated by least 
square method (LSM). The process of parameters extraction 
can be divided into three steps: first, calculate polynomial 
parameters ; secondly, calculate coefficient  based on . 
Finally, loop the program until the value of error function to 
be least. The definition of error function is following: 
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where  is output result of EH model and  is 
output result of measurement. And the flow chart of program 
is shown in the Fig. 3. 
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Fig. 3. Flow chart of the coefficient extraction of EH model. 

3. Model Validation 
To verify the effectiveness of EH model, a 2W LDMOS 

WCDMA power amplifier has been manufactured. The signal 
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generator used in experiment is R&S SMJ100A, which 
includes 14 bit arbitrary waveform generator. The output 
signal of power amplifier is received by FSP and IQ data is 
obtained via GPIB. The sample frequency of FSP is 32 MHz 
and FSP provides two 128K RAM for IQ data store. The 
architecture of full measurement is showed in Fig. 4. 

SMJ100A

FSP

DUT
Ref

Matlab

GPIB/LAN

USB

 

Fig. 4.  Architecture of measurement process. 

For analyzing the performance of the EH model, we 
compare the data of I and Q paths of the model output with 
the corresponding data measured by frequency analyzer, and 
the results are shown in the Fig. 5 and Fig. 6 respectively. For 
the sake of display, only a small part of sampled data is 
plotted in the figures.  

From Fig. 5 and Fig. 6, we can find the model output 
exhibits excellent agreement with measured data. The max 
magnitude error between EH model output and measurement 
is less than 1 V. These results illustrate effectiveness of EH 
model to predict output characteristic of the power amplifier. 
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Fig. 5. Comparison of time domain waveform of I data between 
model output and measurement result. 

Plotting dynamic AM-AM and AM-PM characteristics 
are other important manners to display the performance of 
power amplifiers, for they can describe both nonlinearity and 
memory effect of the system. In Fig. 7 and Fig. 8, dynamic 
AM-AM and AM-PM characteristics of measured data have 
been compared with those of EH model ouput, respectively. 
Because of memory effect, dynamic AM-AM and AM-PM 
characteristic of power amplifier no long focus on curves but 
diffuse to regions. From Fig. 7 and Fig. 8, it is easy to find 
that the EH model can also accurately predict memory effect. 
Further more, we can even suppose that memory effect is not 

severe because the diffusions of AM-AM and AM-PM 
characteristic curves are weak. And the calculated result of 
model coefficient proves our supposition: only the coefficient 
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Fig. 6. Comparison of time domain waveform of Q data between 
model output and measurement result. 
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Fig. 7. Dynamic AM-AM characteristics of measured data and EH 
model output. 
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Fig. 8. Dynamic AM-PM characteristics of measured data and EH 
model output. 

At the end of process of model verification, we show 
the power spectrums of measured data obtained by spectrum 
analyzer and of model output data calculated by Matlab in 
Fig. 9. From it, we can find the two traces of power spectrum 
density (PSD) fit very well in both pass-band and adjacent 
channel. Even in the farther channels, the average error 
between value of PSD of measured data and that of model 
output is less than 2 dB. 
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To evaluate the prediction accuracy of EH model, the 
errors, defined by (6), of EH model and tradition polynomial 
model are calculated. The E of tradition polynomial model is 
0.162 and that of EH model is 0.074, which is less than half 
of former. This illustrates EH model has better output 
prediction performance than polynomial model for it can 
describe memory effect, while polynomial models just 
consider nonlinearity of power amplifiers. 
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Fig. 9. Comparison of power spectrum of the power amplifier 
output measure data and EH model output. (The black means the 
measured data and blue means model output). 

4. Conclusions 
In the paper, we present an envelope Hammerstein 

model to describe the dynamic characteristics of power 
amplifiers, and applied it to a 2 W LDMOS power ampli- 
fier. During model extraction, we take a new method 
based on truncation and time series analysis to reduction 
model complexity, and final results show that the EH 
model can efficiently capture dynamic characteristics of 
power amplifiers on both nonlinearity and memory effect. 
This proves the effectiveness of both EH model and our 
new method on model extraction. And we will apply EH 
model and our method to feedback arithmetic of digital 
predistortion system in future research. 
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