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Abstract - A statist ically based analysis tech- 
nique is developed for multichannel amplifier 
envi ronments  enabling in-band and out-of-band 
in te rmodula t ion  and cross modula t ion  distor- 
t ions to be predicted wi th  very li t t le computa- 
tion. T h i s  is  coupled with t h e  in t roduct ion  of 
a multiple envelope behavioral  model ing tech- 
nique that captures the black box characteris- 
t ics  of multichannel amplifiers. A CDMA two 
channel amplifier w i th  a two-channel signal is  
characterized experimentally and verifies t h e  
approach presented here. 

I INTRODUCTION 

The nonlinear interaction of multiple signals, or 
cross modulation, is a fundamental performance lim- 
iting phenomena in many wireless environments. The 
same phenomenon is responsible for co-site interfer- 
ence, intentional and unintentional jamming, distor- 
tion in multi-carrier systems, and limits what can be 
achieved with multifunctional systems. This paper 
specifically focuses on distortion in multichannel ampli- 
fiers which are a preferred approach to generating high 
power signals in base stations. Two RF architectures 
yield high power multiple channel signals as shown in 
Fig. 1 [l] .  In the traditional configuration, shown in 
Fig. l (a ) ,  the individual channel are applied to nar- 
rowband power amplifier and then the output of each 
combined to obtain a multichannel high power signal. 
Generally zonal filters are used with each narrowband 
power amplifier prior to power combining to eliminate 
out-of-band distortion and particularly to eliminate the 
presentation of undesired signals to the output nonlin- 
earity of the amplifiers. Multichannel amplifiers am- 
plify several channels a t  once, see Fig. l (b) ,  and can 
be expected to be a much lower cost and smaller way of 
generating the high power composite signal. However 
it is difficult to achieve the low levels of distortion re- 
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Figure 1: Traditional, (a), multiple single channel am- 
plifier; and, (b), multichannel amplifier systems. 

qnired in advanced wireless systems such as wideband 
CDMA. One critical problem is that the Peak to Av- 
erage Ratio (PAR) is greater when there are multiple 
channels than when there is a single channel. Thus 
saturation and limiting effects occur at lower average 
power levels than when there is a single channel signal. 
A second problem that arises is that cross modulation 
and intermodulation result from the interaction of the 
multiple channels in a nonlinear environment. These 
manifest themselves as extra in-hand and out-of-band 
distortions. 

The traditional way for characterizing distortion in 
multichannel power amplifiers is to test the amplifier 
with n tones and examine the intermodulation capa- 
bility of the power amplifier [2]. However, this cannot 
accurately characterize cross modulation when the am- 
plifier is driven by digitally modulated signals. 

This paper extends an analysis for estimating single 
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channel amplifier distortion [3] to  a multiple-envelope 
statistical technique for estimating distortion in multi- 
channel amplifiers. A general autocorrelation function 
is presented for the output signal when the input is the 
sum of two or more digitally modulated carriers passed 
through a memoryless nonlinear model. As well as 
presenting the new statistical model, a novel multiple- 
envelope behavioral model is presented which captures 
the interaction of multiple signals (or envelopes). This 
cross-interaction effect is not captured in behavioral 
models developed by single envelope-based characteri- 
zations. 

I1 MULTI ENVELOPE BEHAVIORAL MODEL 

A memoryless model accurately characterizes a non- 
linear system (or device) when it has no significant 
memory within the signal bandwidth. Such a model 
can always he represented as a complex power series: 

y ( t )  = anmn(t)  (1) 
n=1 

where a,  is the n-th instantaneous complex power se- 
ries coefficient, y ( t )  is the output waveform, and w ( t )  
is the input signal. The nonlinear gain characteristic 
above may not always be the most efficient form to rep- 
resent a bandpass nonlinearity but it is sufficient. The 
model applies to arbitrary m(t)  and so the model (l), 
is applicable to both sinusoids and digitally modulated 
signals. The key modeling issue here is developing the 
coefficients from envelope measurements such as AM- 
AM but this has been addressed previously for ono  
dimensional behavioral models [4]. These concepts are 
extended to  establish a model that includes cross mod- 
ulation effects. 

Consider an input consisting of two modulated car- 
riers q ( t )  and wZ(t) applied to  an amplifier so that 
w( t )  = w t ( t )  + wZ(t) . The signals m l ( t )  and wz( t )  are 
modulated RF carriers with center frequencies q ( t )  
and W Z ( t )  respectively. Let t ( t )  and u(t) be the com- 
plex envelopes of w l ( t )  and wz(t)  respectively, then the 
sum signal can be written in complex envelope form as: 

m(t )  = W ( t )  + m z ( t )  
= Al(t)cos(wlt + 6'1) + Az(t)cos(wzt + 6'2) 

= $[z(t)e3"lt + t * ( t ) e - i w i t  

+u(t)ejYzt + u*(t)e- jwzt 1 (2) 

Defining the nonlinear model using the input-output 
relationship (l), and applying the signal in (2) and 

using multinomial expansion, yields: 

1 [p' Z*"2Un3u*n4 - w ) w t e 3 ( n 3 - n 4 ) w t  

Considering the components of the output signal cen- 
tered a t  the first carrier, the output complex envelope 
can be expressed as: 

tj(')(t) = zG(l4, lull (3) 

where G is the complex gain compression function and 
is a function of the levels of both signal envelopes; it 
can be written as: 

n=1 k=O 

Where 

and 

is the multinomial coefficient. The above expression for 
the gain function is derived assuming that wz-wl > 2B 
and wz i 2wl so that intermodulation products do 
not lie inside the handwidth of each of the input sig- 
nals. The new set of coefficients b,,k represents the 
relationship between the input and the output com- 
plex envelopes of the first carrier. The coefficients are 
obtained using a new two-tone test. The idea is that 
the input power of the first tone is swept while the 
power of the second tone is k e d  at a certain power 
level. The process is repeated for each power step of 
the second tone. In this way multiple curves for the 
nonlinear characteristics (AM-AM and AM-PM con- 
versions) are obtained. A two-dimensional (2D) curve 
fitting yields the set of coefficients b,,k(the number of 
coefficients is equal to [y x +3] . 

The 'two dimensional complex power series coeffi- 
cients bn,k are obtained using a Vector Network Ana- 
lyzer (VNA) to  extract the AM-AM and AM-PM char- 
acteristics a t  fl  = 2.1 GHz of a wideband C-band m- 
plifier. In addition, an external 2.0 GHz signal source 
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Figure 2: Measured and Fitted AM-AM characteris 
tics. 

injects a second tone at frequency f2 at various power 
levels. The AM-AM and AM-PM characteristics at f1 
are determined at each power level of the second source. 
The power of the VNA signal was swept between -30 
dBm to  0 dBm while the power of the second tone was 
swept manually between -20 dBm and 0 dBm in a 0.5 
dB steps. The nonlinear gain characteristics were fit- 
ted using least square polynomial fitting. Fig. 2 shows 
the AM-AM characteristics for each power level of f2 
and their corresponding polynomial fit. 

I11 STATISTICAL ANALYSIS 

With a digitally modulated signal, distortion intrn 
duced by nonlinearities is measured as the amount 
of spectral regrowth. In [3] Gard et. al. developed 
a generalized autocorrelation formulation for a single 
CDMA signal. Here we extend the analysis t o  the case 
of multiple channels. The output autocorrelation func- 
tion at the first carrier is defined as: 

R ~ ( T )  = E[G(')(t)&"(t + T ) ]  

Now, let z1 = t ( t ) ,  z2 = t ( t  + T ) ,  UI = u(t) and u2 = 
u(t+T) then, the autocorrelation function of the signal 
at the first carrier frequency is: 

~ 1 : )  (7) = E [ ~ ( ' ) ( Z ~ ,  ul)g*"' (tq, 

Using ( 3 )  , the output autocorrelation can be formu- 
lated as: 

Where R,m, , , , , , (~ )  is defined as: 

Rzmz",ut"k(.r) = 
q&-l *k+, L+_k *q?L 

El% z1 z-2 z 2  u ~ u r ' u ~ u ; k ]  

The above expression reduces to the single channel 
fogmulation as in [3] when u(t)  = 0 and setting k,l to  
0. The autocorrelation function of stationary random 
processes can be obtained from their time averages as- 
suming ergodicity 131. Therefore: The power spectrum 
of the output signal can he found from the Fourier 
transform of the autocorrelation function as: 

where Snmtk(.r)  is: 

The expression ( 5 )  is a general output power spec- 
tral density and consists of [(v)z x ( y)'] terms. 
These terms can be divided into three major groups: 
The first group represent the linear output with gain 
compression (1 = 0, k = 0,n = 1 or m = l), the 
second group represent the intermodulation distortions 
( 1  = 0, k = 0, n > 1 and m > l), and the third group 
represents the cross modulation distortion caused by 
the presence of the second signal ( 1  > 0, k > 0). In 
this way, the development of the statistical model al- 
lows the accurate characterization of cross modulation 
distortion. 

IV MEASUREMENTS AND SIMULATION RESULTS 

The statistical model was used along with the be- 
havioral model coefficients to simulate the distortion 
introduced by the interaction of multiple signals in a 
forward link IS-95 CDMA system. The CDMA signals 
was generated in Systemview by Elan& and the au- 
tocorrelation function and its Fourier transform were 
computed in MATLAB. Fig. 3 shows the output spec- 
trum of a CDMA signal divided into linear, intermod- 
dation, and cross modulation components assuming 
that the nonlinear model is excited by the sum of two 
CDMA channels centered at 2.0 and 2.1 GHz. The out- 
put spectrum shows the increase in spectral regrowth 
and In-Channel distortion over single channel excita- 
tion due to cross modulation. Fig. 4 shows gain com- 
pression and Adjacent Channel Power Ratio (ACPR) 
of the first channel as a function of its output power 
and the second channel input power. 
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V CONCLUSION 

A new behavioral modeling technique for modeling 
cross modulation in a multichannel power amplifier 
has been presented and verified. The new technique 
for measuring the AM-AM and AM-PM characteristics 
along with our statistical approach enables the accu- 
rate estimation of cross modulation distortion which is 
a great concern of the multichannel PA designer. 
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Figure 3: Output Spectrum divided into linear, inter- 
modulation and cross modulation components. 
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