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ABSTRACT 

A method to predict intermodulation (IM) products of two tone test based on Amplitude to amplitude (AM-AM) and 
amplitude to phase (AM-PM) diagrams of power amplifier is proposed in this paper. An RF power amplifier is mathe- 
matically modeled by a power series in order of 13. Coefficients of the transfer function are obtained by odd-order 
polynomial fitting of the transfer function of the power amplifier that is modeled by power series, with AM-AM and 
AM-PM diagrams. Because of considering AM-PM distortion, coefficients have become complex. By using this trans- 
fer function, analytical expressions of IM products are derived. Frequency effect of IM products are modeled in sug- 
gested method to estimate the effects of changing in input frequency on output. With the mean of this factor the model 
is able to predict IM products of wideband frequency input. Simulated results agree well with the predicted method in 
comparisons. 
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1. Introduction 

In modern communication systems, digital communica- 
tion schemes, such as code division multiple access, where 
the information is carried are admitted by various sys- 
tems. The purpose that makes CDMA spectrally efficient 
and popular in recent digital mobile communication sys- 
tems lies in allocation a unique code for each user, so a 
certain number of users can communicate at the same 
time and frequency. 

Although, the high spectral efficiency gained by using 
a CDMA scheme, it degrade at the cause of spectral re- 
growth that is inevitably generated when signal is passed 
through nonlinear devices of a RF transmitter. 

As in other communication systems, one of the critical 
and costly components in digital cellular communication 
systems is RF power amplifier. The power amplifier is 
the major source of nonlinearity in a communication sys- 
tem. To increase their efficiency, power amplifiers are 
sometimes driven into their nonlinear region [1], thus 
causing spectral regrowth, increasing bit error rate, inter- 
ference to adjacent channel, and intermodulation prod- 
ucts to be generated. In extreme these IM products can 
interfere with signals that are being amplifies [2]. 

Since the spectral regrowth is stringently regulated and 
is mostly generated by a nonlinear RF power amplifier 
[3], it is very important for RF system designers to pre- 
dict the distortion effects of power amplifiers and ana- 
lyze its effect on the output. 

Given certain power amplifier characteristics, it is de- 
sirable to be able to predict, without running time-domain 
simulations, whether the power amplifier can be used to 
amplify certain type of signals, i.e. the amount of spectral 
regrowth is within limits [4]. This is due to the fact that 
channel impairments like the intermodulation distortion 
can be readily estimated with the knowledge of the non- 
linear characteristics of the power amplifier, and properly 
modeled it [5]. 

Since, third-order polynomials for modeling the non- 
linearities are suitable for weakly nonlinear systems [6], 
this paper presents an analytical expression that predicts 
IM products of the output of power amplifier. With the 
mean of power series transfer function (in order of 13) 
and AM-AM and AM-PM distortions of power amplifier, 
it modeled and analyzed to predict first, third, and fifth 
order IM products of the output. 

One of the advantages of the presented model is that it 
uses both AM-AM and AM-PM diagram to characterize 
power amplifier transfer function. The phase variations *Corresponding author. 
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have an important effect on the spectral regrowth [7]. 
However, similar previous models only used AM-AM 
diagram to characterize power amplifier’s transfer func- 
tions [3,8-11] while such an effect is considered in [7,12- 
15]. Although, in this case, transfer function’s coeffi- 
cients have become complex and this increases the diffi- 
culty of the calculations, but neglecting the AM-PM dis- 
tortion causes many problems in predicting output spec- 
trum [16-18]. Considering variation in output response of 
power amplifier with disparity on input frequency is the 
major factor that is deliberated in our model. It is found 
that adjacent channel power ratio performances is not 
only dependent on the input signal magnitude (or power) 
but also dependent on the bandwidth of the signal that is 
used [19]. Main advantage of this model is that we don’t 
neglect the frequency dependence of power amplifier’s 
transfer function coefficient that makes asymmetric spec- 
trum in the upper and lower band which is not taking into 
consideration in [3,7,14,15]. The factor is added in our 
model with considering our transfer function’s constants 
as a function of input frequency besides they are complex. 
With considering frequency effect, this model is able to 
be used for wide band frequency range inputs such as 
UWB systems, WCDMA input, and input signals with 
complexity in their phase or frequency. With the mean of 
this method we also can analyze power amplifier systems 
in the case that their circuit is not reachable. 

2. Power Series Model of Power Amplifier 

Estimating a perfect nonlinear model of power amplifier 
that can describe output characteristics is of the great 
importance. In this part power series model of power 
amplifier is described, and with using this model and 
AM-AM and AM-PM diagrams, output IM products will 
be predicted. 

Generally speaking, a practical amplifier is only a lin- 
ear device in its linear region, meaning that the amplifier 
output will not exactly a scaled copy of the input signal 
when the amplifier works beyond linear region [9]. 

Considering an amplifier as a function box it can be 
modeled by a power series [20,21]. The input signal is of 
the form: 

        cos Re   cj t j te e    

 

cx t A t w t t x t      (1) 

where A(t) is an amplitude and θ(t) is a phase of carrier, 
ωc is the carrier angular frequency, and x t
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the base band equivalent input signal.  

Because of nonlinearities of the power amplifier that 
can represent by AM-AM and AM-PM distortion the 
amplitude and phase of the output are affected, respec- 
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The output can represent as follow [7]: 
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where y(t) represents the equivalent output signal and 
F(A(t)) denotes the complex envelope transfer function 
of the power amplifier. Function F can be represented by 
a power series or by an orthogonal function expansion or 
perhaps reasonably well approximated over the range of 
x(t) by a polynomial in x [22]. With considering power 
series model and using baseband equivalent model for 
power amplifier, we can represent F as: 

y t F x t a x t  
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By using the binomial expansion for xn(t) and consid- 
ering only the first zone components we obtain [22]: 
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The complex envelope of the first-zone component of 
y(t) is: 
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With simplify Equation (6), we can write the base band 
output signal as follow if we assume that the θ(t) (phase 
of carrier) is zero: 

y t a x t


   : odd   n          (7) 

In power amplifier transfer function’s coefficients cha- 
racterization, if only AM-AM distortion is considered the 
coefficients that are obtained from the fitting of AM-AM 
diagram and proposed transfer function, have become 
real. Also neglecting the AM-PM distortion causes many 
problems in predicting IM products and then output 
spectrum.  

In this model, the coefficients an would be obtained by 
fitting a polynomial of degree N to AM-AM and AM-PM 
diagrams of power amplifier that obtained by simulation 
of power amplifier in ADS. The coefficient an considered 
to be complex, because of using AM-PM distortion be- 
sides AM-AM. To obtain a good fit we would require a 
large value of N, which would reduce the efficiency of 
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such model [22]. In this work we only consider first 13th 
terms of power series. 

3. Predicting IM Products with the Mean of 
Power Amplifier Model 

When multiple signals are passed through a common am- 
plifier, the nonlinearity of amplifier cause intermodula- 
tion (IM) products to be generated [2]. One of the major 
areas in analyzing nonlinear effect of power amplifier is 
considering variation in output response of power ampli- 
fier with disparity on input frequency. Variation in IM 
product with frequency is deliberate in our model.  

With considering frequency effect, the method is able 
to predict IM products of every type of input such as 
WCDMA or input signals with complexity in their phase 
or frequency. Also, it can use to analyze power amplifi- 
ers system when their circuit details are not reachable.  

Generally, IM3 is used as a linearity parameter, but 
when an input signal becomes large, higher order IM 
products are also generated [3]. So, by using our model, 
an analytical expression that relates IM product in gen- 
eral order to the amplitude of the input of two tone test is 
derived. 

Input signal of the two tone test can be considered as 
follow: 
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where 2s  is an amplitude of each tone. By comparing 
this equation with Equation (1), we can represent the base- 
band input signal as: 

   cosx t s t               (9) 

The baseband output signal with respect to Equation (8) 
can be represented as follow [7]: 
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where  is an output complex envelope of IM2n–1.  

So we can write an analytical expression for IM2n–1 as 
a function of amplifier characteristics and input ampli- 
tude “s”, as follow: 
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4. Simulation Results 

Verify our derivation, a simulation of an RF power am- 
plifier with ADS simulator is performed. The carrier fre- 
quency is 850 MHz. To predict the IM products, power 
amplifier’s transfer function coefficients that are the func- 
tion of input frequency must be obtained first. To evalu- 
ate these coefficients (a2n+1) the amplifier is simulated 
with one-tone input in ADS and the input voltage is 
swept in its range to AM-AM and AM-PM diagrams are 
obtained. 

Amplitude to amplitude and amplitude to phase distor- 
tions are two distortion effects in power amplifiers at 
high output power levels, causing out of band interfer- 
ence in the transmitted signal and a bit errors in the re- 
ceived signal [23]. Using diagrams and our analytical 
equation for the output, complex coefficients a2n+1 will be 
found by odd order polynomial fitting that perform in 
MATLAB. Power amplifier’s coefficients must show its 
nonlinearity, so, we should simulate our circuit both in 
linear and nonlinear region. On the other hand, input 
voltage must sweep to voltages that make the circuit be- 
ing in its nonlinear region. 

Power amplifier’s AM-AM and AM-PM diagrams that 
are simulated in wide range of Vin to shows nonlinear 
region are indicated in Figure 1. Also, the figure shows 
fitting diagram with different color that is used to calcu- 
late power amplifier’s transfer function complex coeffi- 
cients. 

To obtain frequency function coefficients, 10 tests in 
ADS with previous condition are performed with differ- 
ent input frequency in each test and complex coefficients 
for each test are obtained with the method that is de- 
scribed. Input frequency varies between (850 + B) MHz 
and (850 – B) MHz to fill the range (B = 0.62 MHz). 
After these tests, 10 complex values for each coefficient 
are acquired. Hence, each coefficient with the mean of 
these 10 values has the equation which frequency is its- 
variable. 

To validate our analysis, with the mean of our equa- 
tions and coefficients we can draw IM1,3,5 diagrams (am- 
plitude and phase) as a function of input amplitude of 
two-tone test “s”. We compare these diagrams with those 
we get from two-tone test of our power amplifier that 
simulated in ADS. For considering frequency effect in 
our analysis, we must posit our coefficients a2n+1 as a 
function of frequency.  
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Figure 1. (a) Amplitude to amplitude (AM-AM) and (b) Mag- 
nitude to phase of output in compare with diagram that 
fitted in MATLAB. 

Result of our simulation in compare with analytical 
expression (with or without considering frequency effect) 
for IM1,3,5 (phase and amplitude) are plotted in Figures 
2-4. In all figures, diagrams that frequency effect iscon- 
sidered in their a2n+1 coefficients (blue), show better fit to 
simulated results (red) than the other one (green). In 
Equations (8) and (11), it is obvious that every coeffi- 
cient related to one type of nonlinearity or are the domi- 
nate factor in them. For example a1 is the dominate factor 
in IM1. It shows that little variation in its value makes 
huge change in predicting IM1. Without any doubt, errors 
that occurred in fitting make some errors in calculating  
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Figure 2. (a) Magnitude and (b) Phase of IM1 in compare 
with analytical expression that plotted in MATLAB. 

coefficients a2n + 1.  
As we can see in Figure 2, the difference between 

predicted and simulated results is due to the a2n+1 but 
difference in IM1 (magnitude or phase) is higher than 
IM3 or IM5. The cause of this error is due to the higher 
value of a1, that is the dominate factor in calculating IM1, 
than the other factors. The coefficient a1 is related to the 
linear gain G of the amplifier, and the coefficients a3 and 
a5, that are the dominate factors in calculating IM3 and 
IM5, respectively, are directly related to IP3 and IP5. Be- 
cause of distortion nature of a3 and a5 it is obvious that  
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Figure 3. (a) Magnitude and (b) Phase of IM3 in compare 
with analytical expression that plotted in MATLAB. 

they have smaller values than a1 and, so, error in a1 shows 
higher difference than errors in a3 and a5, as we can see 
in Figures 3 and 4. 

Totally, results show that both magnitude and phase of 
each frequency (each IM) are predicted well by Equation 
(11), and have better match if we consider frequency 
effect. Though we did not compare it with real measure- 
ment results, HB (Harmonic Balance) simulation in ADS 
is known as the most accurate simulation method for a 
real system. 

5. Conclusion 

In this paper, we proposed a method to predict inter mo-  
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Figure 4. (a) Magnitude and (b) Phase of IM5 in compare 
with analytical expression that plotted in MATLAB. 

dulation (IM) products based on AM-AM and AM-PM 
diagrams of the power amplifier. Our method shows not 
only input magnitude but also input frequency is affected 
output IM products. With the mean of this method and 
considering frequency effect in it, it is possible to predict 
IM products for wide band frequency range input, and 
input with complexity in their phase or frequency. In 
addition there is no need for circuit details of our power 
amplifier in our analyzing. Simulated results of power 
amplifier in compare with results that are gained from 
our method show good fitting with each other that shows 
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our method is accurate. 
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