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Abstract—A behavioral modeling technique suited to capturing
the response of wide-band multifunctional and multichannel am-
plifiers is introduced. The technique is based on the three-box ap-
proximation of the Volterra model and takes into account the de-
pendence of the amplifier characteristics on frequency. The model
is coupled with a new nonlinear statistical analysis, which enables
accurate estimation of intermodulation and cross-modulation dis-
tortions of multiple digitally modulated signals. The model param-
eters can be obtained using simple measurements.

Index Terms—Behavioral modeling, code division multiple
access (CDMA), cross-modulation distortion, multichannel, non-
linear systems, power amplifiers, statistical modeling.

I. INTRODUCTION

ULTIFUNCTIONAL and multichannel RF front-ends
offer advantages in terms of size, cost, and system flex-
ibility. In a multichannel base station, for example, power am-
plification is achieved using wide-band amplifiers that process
multiple channels using common hardware (see Fig. 1) [1]. The
use of a multichannel amplifier results in better spectrum utiliza-
tion than can be achieved with architectures based on processing
the channels individually. However, multichannel amplifiers are
difficult to design and complicated to model. Invariably input
signals interact with amplifier nonlinearities to cause self-dis-
tortion and cross-modulation distortion that compromise perfor-
mance at a level exceeding that expected from simple extrapo-
lation of distortion with a single channel. With multiple digi-
tally modulated input signals, the nonlinear behavior results in
two main unwanted distortion components. The first is the spec-
tral regrowth caused by intermodulation and cross-modulation
mechanisms, which are manifested as a degradation of SNR and
adjacent channel interference (ACI). The second is the spurious
components that appear at intermodulation frequencies and re-
sult in interference with other channels within the same oper-
ating band. Therefore, wireless standards such as wide-band
code division multiple access (WCDMA) set maximum limits
on ACI and on spurious intermodulation interference [2] when
using multicarrier base stations.
Modeling distortion in a multichannel power amplifier re-
quires coupling of an appropriate behavioral model with a sta-
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Fig.2. Measured AM—AM characteristics of a microwave amplifier at various
frequencies.

tistical analysis that enables development of the output spec-
trum. In [3]-[9], single-channel statistical analyses were pre-
sented. However, most of these assumed that a digitally mod-
ulated signal could be approximated either by a single tone or
by a narrow-band Gaussian noise (NBGN) process in addition
to using a memoryless polynomial to model nonlinearity. With
these approximations, distortion cannot be accurately estimated
in a multichannel environment. First, a multichannel amplifier,
being wide-band, exhibits frequency-dependent behavior that
renders single-tone characteristics inadequate to model nonlin-
earity as the AM—AM and AM-PM characteristics vary across
the band, as shown in Fig. 2. This behavior is regarded as one
manifestation of memory effects where the system response de-
pends not only on the input power level, but also on its fre-
quency. Second, the NBGN assumption is a rough characteri-
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zation of code-division multiple-access (CDMA) signals and it
proves to be inadequate to model distortion in many situations
(see [8]). In particular, the statistical properties of CDMA sig-
nals vary with the number of users, modulation, and data coding.

We have previously presented a statistical technique to es-
timate distortion in multichannel systems with the assumption
that the channel characteristics are frequency independent [10].
In this case, a memoryless envelope model is adequate. In addi-
tion, the analysis does not capture the spurious components cen-
tered at intermodulation frequencies. The study presented here
extends the analysis developed in [10] to model the interaction
of multiple input signals in a multichannel power amplifier. The
main contribution of this paper is in the development of a gen-
eralized autocorrelation and spectral analysis for multiple digi-
tally modulated input signals. The analysis accurately character-
izes the in-band intermodulation and cross-modulation distor-
tions and also the spurious intermodulation spectra centered at
the intermodulation frequencies of the input carriers. The anal-
ysis is coupled with the three-box behavioral model and, thus, it
captures the variation of the nonlinear characteristics with fre-
quency. Closed-form expressions for the output waveforms and
their spectra at the complex envelope level are derived for mul-
tiple input signals. The simulations of multiple signals are done
using WCDMA signal realizations and are verified by measure-
ments of the output spectrum of an amplifier. There are two key
results of this study. First, the analysis enables the simulation of
the wide-band behavior of multichannel amplifiers using highly
efficient computations. Second, the simplicity of the behavioral
model and of its parameter-extraction procedure allows for its
straightforward implementation in system simulators and devel-
opment of intuitive understanding. Using experimental valida-
tion, it is shown that a behavioral model developed using simple
measurements can be used in calculating distortion of multi-
channel digitally modulated signals.

II. THREE-BOX APPROXIMATION OF VOLTERRA SERIES

Various models based on simplifications of Volterra analysis
have been developed that are easier to extract. Based on an
established theory by Korenberg [11], [12], block models have
been developed where a nonlinear system is represented by
cascades of alternating linear and nonlinear elements. The
three-box model belongs to this category of nonlinear models
and takes the following form of the Volterra transfer function
[11]:

H,(f1i,. - fo) = anHi(f1) ... Hi(fo)Ha(f1 + -+ f)-
ey
This form of the Volterra transfer function provides a consid-
erable simplification of the analysis (compared to the general
form) since it can be realized by the models shown in Fig. 3.
This structure represents the nonlinear system by a cascade of
linear operations that represents the finite memory of the system
and a zero-memory nonlinearity. The three-box model is usually
called the Wiener—-Hammerstein model and is used to model a
wide variety of nonlinear systems [12]-[16].
For nonlinear amplifiers, the three-box approximation of the
Volterra model, despite its simplicity, captures memory effects
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Fig. 3. Three-box approximation of the Volterra model.

that are manifested as multiple AM—AM curves at different fre-
quencies, but have the same shape. If the nonlinear characteris-
tics have different shapes, then the system cannot be modeled
by the three-box model. The origins of these dissimilar non-
linear characteristics are certain memory effects caused by var-
ious phenomena such as the nonlinear parasitic capacitances of
the nonlinear device, baseband conversion effects, and thermal
effects. In this case, the model can be improved by considering
more sophisticated structures (see [17]-[20]).

III. MULTICHANNEL ANALYSIS USING THE
THREE-BOX MODEL

The three-box model shown in Fig. 3 consists of three major
blocks, which are: 1) an input linear time invariant (LTT) filter
with frequency response H; (f); 2) a static nonlinearity G; and
3) an output LTI filter with a frequency response H(f). The
static nonlinearity is described by the power series

N
2(t) = anu”(t)
n=0

where IV is the maximum order nonlinearity. The model in this
form was investigated in [17] and [18] and shown to adequately
model the memory effect of a nonlinear amplifier where time-
domain measurements were used to extract its parameters. Now
consider a multichannel input signal w(t) consisting of the sum
of K modulated carriers and applied to the nonlinear amplifier
so that

K
w(t) =Y wi(t).

k=1

Here, the signal wy(t) is a modulated RF carrier with center
frequency &x. The signal u(t) at the output of the input filter
can be written as a convolution of the input signal with the input
filter impulse response as

o0 K
u(t) = / ha(Nw(t — N)dA =Y ug(t)
e k=1

where h1(t) is the impulse response of the input filter and
un(t) = / By (\)wn (£ — N,

The output of the nonlinear block is then

N

2(t) =) za(t)

n=0

where

Zn(t) = an (Z Uk(t)) @)

k=1
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is the nth-order nonlinear response. Finally, the total output of
the model is

y(t) = / ha(N)z(t — N)dA =

where ho(t) is the impulse response of the output filter.

In order to estimate distortion (particularly cross-modulation)
introduced by the interaction of multiple signals, a closed-form
expression for the output waveform at a particular frequency in
complex envelope form is derived. The input to the nonlinear
block uy(t) can be written in complex form as

g (t) = / e, (N)ig(t — X)dA

where le;gk (t) is the baseband equivalent impulse response of
the input filter with respect to frequency &, and wg(t) is the
complex envelope of the input signal wg(¢). Hence, the total
input to the nonlinear block can be written as a complex conju-
gate pair as

Ko
> gﬂk(t)e’%m

where the minus sign notation indicates complex conjugation so
thatu_j = 4y, {_r = —&. Following the analyses presented in

[21]-[23], the nth-order output of the nonlinear block becomes
a K . !
zn(t) = 2—2 ( Z ﬂk(t)eﬂ”&’“t)
k=—K
a K K
" j 27y, t
=0 2 Z H el
ki=—K  k,=—Ki=1
u K K '
=T Y Y ATttt @)
ki=— kn=—K
where A(t) = [];_, i, (t). The output y(t) consists of com-

ponents centered at all the intermodulation frequencies that re-
sult from the permutations of the input carrier frequencies rep-
resented by the frequency vector (&, , - - -, &, ). Therefore, the
component of z,(t) centered at frequency £ = &, + ... + &k,
due to the intermodulation of input components (centered at the
frequency vector (&g, , - - ., &k, )) can be expressed as [21]

a n
Z 2_Z<TL_K,...,TLK>

n_gép+..ngépr=~E
X (A(t)ej27r£t—|—A*(t)e_j27r§t)

Zng(t) =

where
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is the multinomial coefficient. Thus, the complex envelope of
the output signal at the output of the nonlinear block and in the
vicinity of a frequency £ is

an n
> s (n_K nK)A(t) )

€y oo tEn, =€ ey
K . N
where § = 3700 e = D &k, and 301 pne = n.

The complex envelope of the output y(¢) can now be written in
complex envelope form as

N
Ye(t Z

Zng(t) =

et =NdA  (©)

é\g

where Bg;g (t) is the baseband equivalent impulse response of the
output filter with respect to frequency £. This expression enables
the complex envelope of the output waveform to be related to
the complex envelope of the input waveforms. In addition, this
expression enables cross-modulation to be distinguished from
intermodulation, as will be seen in Section III-A.

The development up to this point applies for an arbitrary
number of channels, i.e., values of K. In the remainder of this
section, we will consider two particular cases. Closed forms for
the output waveform are developed when a single channel is
input (K = 1) and with two-channel input (K = 2).

A. Single Channel

Consider the case where the input consists of a single narrow-
band signal K = 1 with carrier frequency &;. The output com-
plex envelope at the fundamental frequency ¢ is then, from (5),

n n ~n_1 ~ny
Z on—1 (n—17n1>w 1wt (). (D

n_i14+ni1=n

2”;51 (t) =

Following [21], the contributing frequency vectors at frequency
&1, are all permutations of the vector (§1,&1,—¢&;) forn = 3,

(&1,&1,&1,—&1,—¢&1) for n = 5, and so on. Therefore, n_y =
(n—1)/2,n1 = (n+ 1)/2, and, thus, (7) becomes
Ze, (¢ Z bl Wt @®)
where
an n
b, = on—1 | I 1 n+1 |- )]
2 72

The interpretation of this result is as follows. In a single-channel
system, the complex envelope of the nth-order output signal
e, (t) centered at the carrier frequency &; is obtained from the
complex envelope of the input signal given the nonlinear be-
havioral model (described by the power series coefficients and
filter impulse responses) and applying (6). In the case of discrete
tones, this expression represents the gain compression charac-
teristic. The output complex envelope at any of the harmonics
can also be derived in compact form, as in (8), using the appro-
priate frequency vectors.
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B. Two Channels

A two-channel input (K = 2) will now be considered. The
two channels are described by their complex envelopes 1 (%)
and a(t) (at the output of the input filter) with respect to the
frequencies &; and &5, respectively. First, an expression for gain
compression and gain saturation will be obtained by deriving
the output envelope response centered at one of the carriers.
Following a similar approach to that used above, the complex
envelope of the output waveform at the first carrier (&) is

2 = )
2n—l1 nN_2,N—1,M1,MN2

n_z+n_i+nit+na=n

2”-,51 (f) =

~MN_2 ~N_1 ~n1 ~No
><u2u 1 Up Us™.

(10)

Again, following [21], the contributing vectors at frequency

& are all permutations of the vectors (&1,&1,—&1) and
(617527_52) for n = 3’ vectors (517§17£17_€17_£1)$
(61,61, 61,82, —&2), and (&1,82,82, —&2, —&2) for n = 5,

and so on. By induction, n_y = [, n_y = ((n — 1)/2) — I,
n1 = ((n+1)/2) — I, ng =1, and, hence, (10), can be written
as the sum of the contributions defined by each of the above
frequency vectors as

where

7n—l _Ln—f—l Y

2 2
This expression captures gain compression—the effect on the
output Z¢, due to the level of the input %, centered at the same
frequency ¢:, and gain saturation—the effect on the output Zg,
due to the level of the input %o in the other channel centered
at &. Since the second channel is modulated, gain saturation
manifests itself as cross-modulation.

The intermodulation products can be derived in the same way
by describing the nonlinear components by their frequency vec-
tors. The lower intermodulation component IM3, is centered at
frequency (2£; — &2) and the contributing vectors at frequency

2¢; — & are all the permutations of the vector (&1, &1, —&) for
n = 3, vectors (£1,&1, &1, —&1, —&2) and (&1, &1, —&2, —&2,&2)
for n = 5, and so on. By induction, n_o = [+ 1, n_1 =

((n—3)/2)—1,n1 = ((n+1)/2) — 1, ne = [. Thus, the output

complex envelope centered at frequency (2£; — &2) is
Do, ¢ = Z Zb At e e a

n=3 1=0

and for the upper intermodulation component IM3y;, the output
complex envelope centered at frequency (2&> — &7) is

3_1 ~—1—l
alaya,®

S S

n=3 1=0

t)ag, ¢, = (13)
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where

Up n
"3t

bn,l = on—1 n+1

-1

The output y(t) is then obtained for all the above output com-
ponents after application of (6).

C. Summary

In Sections III-A and B, the input—output behavior of the non-
linear block was developed for one and two input channels. The
full system response is obtained by incorporating the output
filter response described by the convolution operations in (6). A
memoryless system can be dealt with as a special case where the
linear filters have an impulse response h1(A) = ha(A) = §(N)
and, therefore, @, (t) = Wy (¢) and the model reduces to a power
series model.

What we have developed thus far is a complex envelope for-
mulation for the output of the nonlinear amplifier. The com-
plex envelope formulation is needed since all the simulations
reported in this paper are performed at the envelope level. Enve-
lope simulations are time efficient since the sampling frequency
is commensurate with the bandwidth of the individual channels
and do not depend on the frequency separation of channels.

IV. DISTORTION OF DIGITALLY MODULATED SIGNAL

In an earlier work [10], we showed that distortion in a mul-
tichannel system can be captured by developing the autocorre-
lation function at the output of the nonlinear system. The auto-
correlation function is then used to develop the output spectrum
from which distortion is estimated. The analysis was done for
a memoryless system and was limited to modeling the in-band
and out-of-band distortion in the vicinity of the channel of in-
terest. Here, we use the multichannel model of the previous sec-
tion and couple it with autocorrelation analysis to develop the
output spectrum for a nonlinear system with memory at any in-
termodulation frequency. The frequency dependence of the be-
havioral model is captured by the linear filter responses.

First consider two modulated carriers w1 (t) and ws(¢) mod-
ulated at frequencies &; and &3 where &5 > &; and is applied at
the input of the nonlinear amplifier. Referring to the three-box
behavioral model in Fig. 3, the autocorrelation function of the
envelope of the output waveform z(t) is defined as

R:z(m) = E[Z(t)Z*(t + 7)].

Now considering only the output component centered at fre-
quency &1, the autocorrelation function of the output of the
second block is defined as

Rize, (1) = E[Z& (t)gg] (t-l—T)]. (14)
In [10], we showed that the output autocorrelation function is
a function of the time shift (7) provided that the two signals
w1 (t) and wo(t) are statistically independent and wide sense
stationary (WSS) random processes. Note that the statistics of
the modulated signal z(¢) are the same as the statistics of its
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complex envelope since the carrier contains no information.
Now, using (11), the autocorrelation function in (14) becomes

N N
Rezg, () =Y )

where Ry 4, aii,,¢, (7) is as defined in (16) and (17) as follows:

Ru Um uzuk,&( )
(m—1)

(n+1) 1 = _;
=E (a_g  (t)ay *

b by, 1 Ra, i, i, (T)  (15)

"t + 1)

mtn g

P
X U_q

(t + 7)ab(t)al 5 (t)ak(t + 1)

x @k, (t + 7)}

- n+m—21—2k
= Ra,a, wpan:e (T) [hl;gl(o)}
- 2042k
x |, (0)] (16)
R, i, iy 56, (T)
(”+1) _1 GO =D g
=E|w > (Ho_y  (Hw, ? (t+7)
CESI I
X w_q? (t + 7 )ag(t)w_o(t)
W (t + )% (¢ + T)] ) (17)

Note that (16) is derived assuming that the input filter response
is constant within each signal bandwidth. The power spectral
density (PSD) of the output signal Z¢, (¢) is obtained from the
Fourier transform of the autocorrelation function as

n— m

zz,fl = Z Z Z n lb:mksﬁ;nmlk(f) (18)
n=1m=1 [=0 k=0
where
- n+m—21—2k 2[+2k
S’ﬁ;nmlk(f):’Hl;fl (0 ’ 0 ‘ u) nmlk(f)
and
Swmmike, (f) = / R, i ivyivgse, ()77
The PSD at the output of the system is
. 2
Sives () = |Hae, (/)] Sz, (F) 19

where My, (f) and Ho., (f) are the baseband equivalent
transfer functions of the input and output filters with respect to
frequency ¢&;.

The output autocorrelation function of the spurious intermod-
ulation components can be developed in the same way. There-
fore, for the upper and lower intermodulation components, using
(12) and (13), the output autocorrelation function is

N N
RE%;EIMa (T) = Z Z

b iby, 1 Ry, i, (7)-
(20)
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Fig. 4. Measured small- and large-signal frequency responses H..(f) and

Heao(f).

where &nys is the intermodulation frequency. Thus, for the
upper intermodulation component (at {nvisy = 2&2 — &),
we have R; 4, w4, (T), as defined in (21), and for the lower
intermodulation component (at s, = 2€1 — €2), as defined
in (22). The output PSD of the intermodulation components is
obtained in a similar way to (19) as follows:

Ri, i, wpiig ey (T)
=E[mu>“%w§“u+Tm2a+v>

k) o (n=8) g (m=3)

X Uy * (t)u_y (t)iy * (t+7)

~ (m+1) —k

X i (t+7) 1)
RﬁnﬂmﬁlﬂkEIMsL (T)

) o (=) (m=3) g

=E|u * (t)u_y (t)u, * (t+7)
(m+1)
xa_y (e T)ab(tath (n)
X b Tt 4 T)ak (1 + 7)} . (22)

The above results enable the autocorrelation function of the out-
puts centered at the carrier and intermodulation frequencies to
be computed by combining the effects of the input and output
filters, as well as the nonlinear block. Note that, with this for-
mulation, the output spectrum is simply the spectrum of the
memoryless nonlinearity multiplied by powers of the magni-
tude frequency response of the linear filters. This enables the
easy implementation of the model in software where measured
filter responses are multiplied by the spectrum generated from
the Fourier transform of the autocorrelation function (17) com-
puted for the particular digitally modulated signal(s).

Note that the output spectrum described by the summation
(17) consists of the following output signal and distortion com-
ponents:

* linear signal output;
* in-band gain compression (in-band means within each
signal bandwidth);
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Fig. 5.

* in-band spectral regrowth;
* out-of-band spectral regrowth which is responsible for
ACT;

* in-band spectral regrowth from cross modulation;

* out-of-band spectral regrowth from cross modulation.
Finally, the spurious components centered at the intermodula-
tion frequencies of the two carriers are described by the summa-
tion above (20). The distinction between intermodulation and
cross-modulation terms is clear in this formulation since the
cross-modulation is described by the cross terms (the terms that
consist of the product of both signal envelops). This enables dif-
ferent distortion terms to be identified and estimated.

V. MEASUREMENTS AND SIMULATION RESULTS

Here, we first present the characterization of a wide-band am-
plifierthatcovers theband from?2.0t02.5 GHz. The amplifier con-
sidered has a gain of 21 dB, an output 1-dB compression point of
11 dBm, and an output third-order intercept (OIP3) of 18 dBm,
all at 2.25 GHz, which is the middle of the operating band of the
amplifier. The amplifier exhibits similar shapes of the AM—AM
characteristics (shown in Fig. 2) at different frequencies across
the band. The self-similar AM—AM characteristics at various fre-
quencies indicate that the nonlinear reactive (i.e., frequency de-
pendent) effects are insignificant and, thus, the amplifieris a good
candidate for the three-box approximation of the Volterra model.
The measurements presented here were done using the Agilent
8510B vector network analyzer (VNA), E4438C vector signal
generator, and E4445A spectrum analyzer.

A. Model Parameters

Parameter extraction of the three-box model has been exten-
sively investigated [17], [18], [24], [25]. Here, the simplified
intuitive approach presented in [24] is followed. The system
model (Fig. 3) consists of an LTI input filter, a static nonlin-
earity, and an LTI output filter. Following [24], the transfer func-
tions of the linear filters are obtained by measuring the gain
characteristics at saturation Ha¢(f) (e.g., at the 1-dB compres-
sion point), and measuring the small-signal linear frequency re-
sponse Hy(f). The model parameters were extracted using a
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Fig. 6. Phase response of H.(f).

VNA as follows. The transfer functions Hy(f) and Hgat(f)
were obtained from So; of the amplifier at low power level
(—20 dBm) and at the 1-dB compression point (—8-dBm input
power approximately) (see Fig. 4). The transfer functions of the
linear filters Hy(f) and Hy(f) were computed from the mea-
sured filter transfer functions according to [24] and as follows:
the transfer function of the pre-filter is given by

H(f)

H(f)= =7 (23)
1( ) Gss |Hsat(.f)|
and the post-filter transfer function is given by
HQa
H2(f>: | s t(f)| (24)
|Gsat|

where Hy(f) is the measured small-signal transfer function,
H,(f) is the measured large-signal transfer function, and
Gss = |Hss(frer)| and Ggar = |Hgat(fref)| are the small-signal
gain and 1-dB compression gain at the reference frequency. The
normalization of the filter responses is included in the memory-
less nonlinearity. The filter responses are shown in Fig. 5 where



1688

-15 -10 -5
Input Power (dBm)

(a)

195 20

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 5, MAY 2005

60 . ; .
20r = : s
© RSSO NS (-2 YU
(]
o
s O ; 1
o (3)
&-20r 1
o
(4) "]
—40} ]
I S
B0 e s s s e T |
-25 -20 -15 -10 -5
Input Power (dBm)
(b)
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Fig. 8. Two-tone test results. (a) Output power with f; = 2.1 GHz and f> = 2.2 GHz. (b) Upper intermodulation component power level (IM3;) and lower
intermodulation component power level (IM3, ). Solid lines are simulated using the three-box model, broken line are simulated using the memoryless model, and

A are measured results.

fret = 2250 GHz. One of the assumptions behind the model
extraction procedure is that the phase-frequency response is
linear. This response is shown in Fig. 6 for the amplifier under
test where it is seen that it is indeed linear across the band.

The static nonlinearity, the middle block in Fig. 3, is extracted
as the measured single-tone AM—AM and AM-PM character-
istics taken at a reference carrier frequency f.of. The required
input—output characteristics of the nonlinear block are the mem-
oryless nonlinear gain characteristics (instantaneous response)
given by (8). The reference AM—AM and AM-PM character-
istics are chosen to be measured at the middle frequency of
the band of interest. The choice of the reference is arbitrary
when the phase-frequency response is linear. The coefficients
of the reference static nonlinearity were obtained by measuring
the AM—AM and AM-PM characteristics at the reference fre-
quency. A polynomial of order 5 was fitted to the complex data
using classical least squares polynomial fitting and a set of enve-
lope coefficients (b,,) was obtained. Since the envelop character-
istics have odd symmetry, only odd-order envelope coefficients
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Fig. 9. Spectrum at the output of the amplifier with two WCDMA channels
(a) and (b) applied.
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can be obtained from measurements. The odd-order instanta-
neous coefficients a,, can then be developed from their enve-
lope counterparts (b,,) using (9). Fortunately, only the odd-order
components contribute to intermodulation and cross-modula-
tion components that lie inside the bandwidth of the input sig-
nals, as shown in Section III.

The three-box model combines the frequency-dependent
characteristics of the linear filters and the static nonlinearity to
predict the overall amplifier response. The predicted single-tone
response obtained using the three-box model is compared to the
measured response in Fig. 7 at various power levels and across
the band. Thus, the three-box model is seen to capture the
single-tone behavior of the amplifier and should be entirely sat-
isfactory when used to characterize the multichannel response
of the amplifier. Sections V-B and C demonstrate that this is so
for multitone and with multiple digitally modulated signals.

B. Two-Tone Testing With Wide Frequency Separation

In order to investigate the validity of the three-box model for
multiple tones, a two-tone test was performed with wide fre-

-15
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QOutput Power (dBm)

Fig. 11. ACP at the second carrier with the first carrier held at: (1) 3, (2) 6, and
(3) 12 dB above the power of the second carrier. Solid: simulated. o: measured.

quency separation. The amplifier response to an input that con-
sists of two equal amplitude tones centered at 2.1 and 2.2 GHz
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Fig. 12.  Output power versus input power at: (a) the first carrier and (b) second carrier with the first carrier held at: (1) 3, (2) 6, and (3) 12 dB above the power

of the second carrier. Solid: simulated. o: measured.

was measured. The frequency separation was chosen so that the
asymmetry in the levels of the upper and lower intermodulation
components due to memory effects is evident. Both being less
than f,.¢ is a further test of the model. Fig. 8 presents the gain
characteristics and intermodulation components (IM3) levels
predicted by the three-box model and the memoryless model
(with the filter responses excluded, H(f) = Hao(f) = 1). A
good agreement between the measured and simulated values is
seen when the three-box model is used. The frequency depen-
dence evident in the measurements is, of course, not captured
by the memoryless model.

The asymmetry in the upper and lower intermodulation prod-
ucts in this case is due to the variation of the frequency response
of the amplifier with frequency. This figure shows a difference
of 2 dB between the two intermodulation components, which
the model predicts accurately. At high input powers (Fig. 8),
discrepancies are evident between the measured and calculated
responses. These discrepancies are particularly evident above
—4-dBm input power corresponding to gain compression of
4 dB and more. The model evidently breaks down at these levels
as the power series that captures the nonlinear behavior was
fitted using single-tone measurements. While the single tone-
measurements captured gain compression at the 4-dB level, the
large peak-to-average ratio (PAR) of the two-tone test (PAR =
6 dB) results in much larger signal excursions for the same
compression level and, thus, the power series nonlinear model
breaks down. This is exaggerated as power series extrapolate the
asymptotic response of a limiting amplifier poorly.

C. WCDMA Signal Distortion

Here, it will be demonstrated that the statistical model de-
veloped in Section IV using the three-box model accurately
captures distortion of multiple digitally modulated signals. In
particular, the case where two WCDMA channels are input to
the amplifier and distortion at the output is experimentally char-
acterized and compared with simulations using the behavioral
model. Two forward-link WCDMA test signals, which have a

nominal bandwidth of 3.84 MHz, were used. The autocorrela-
tion functions derived in (15) and (20) were computed using
CDMA signal realization and the behavioral model developed
in Section V-A. The PSD of the output was computed from the
fast Fourier transform (FFT) of the autocorrelation function
where gain compression, spectral regrowth, and the spurious
intermodulation components were estimated. The two channels
are centered at 1990 and 2010 MHz and the calculated spectrum
at the output of the amplifier is shown in Fig. 9. At this scale,
only the carriers of the channels are seen at: (a) 1990 MHz
and (b) 2010 MHz, and intermodulation components at:
(c) 1970 MHz (the lower intermodulation component) and
(d) 2030 MHz (the upper intermodulation component). This is
just the spectrum that would be observed with two tones—un-
modulated sine waves—exciting the amplifier. The digitally
modulated structure of the channels can be seen in Fig. 10
where the components of the spectrum are expanded and the
parts of the figure are as indicated in Fig. 9. Fig. 10 shows the
simulated output spectra with the total input power level varies
—25 to —5 dBm and the channel at 2010 MHz held at 12 dB
below the power of the channel at 1990 MHz. Note that the
shape of the intermodulation components depends on the corre-
lation between the data in the two channels. The spectra shown
in Fig. 10 are for two similar data channels. The predictions of
the model were verified using adjacent channel power (ACP)
and the power in the intermodulation components. Fig. 11
shows the measured ACP at the second carrier (2010 MHz),
Fig. 12 shows the power in the intermodulation components at
1970 and 2030 MHz, and Fig. 13 shows output power versus
input power compared to that simulated using the statistical
model. The ACP was measured in a 3.84-MHz bandwidth at a
5-MHz offset from carrier and the intermodulation components
were measured in a 3.84-MHz bandwidth around the intermod-
ulation frequencies. The total input power was varied from —25
to —5 dBm and the power of the first channel was held at 3, 6,
and 12 dB above the second channel. This is indicated by the
different curves for ACP and the intermodulation components
in Figs. 11-13. The simulations where done using the three-box
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behavioral model with reference frequency ff = 2250 MHz.
It is clear that the three-box model accurately predicts the ACP.

VI. CONCLUSION

A behavioral modeling technique for modeling the interac-
tion of multiple digitally modulated signals in a multichannel
RF system has been presented and verified. The new technique
is based on the three-box approximation of the Volterra model,
which captures the behavior of a nonlinear amplifier with
self-similar shapes of the AM—AM characteristics at frequen-
cies across the band of interest. The parameters of the three-box
model were extracted using simple VNA measurements. The
three-box model was used to develop a statistical analysis for
multiple digitally modulated signals from which the output
spectra can be developed. This enables the accurate estimation
of intermodulation and cross-modulation distortions, which are
of great concern in multichannel PA design. It has been shown
that using the three-box model provides better accuracy in the
estimation of distortion than does the memoryless model com-
monly used when only single-tone characterization is available.
This is because the three-box model adequately captures the
nonlinear behavior with multiple channels with significant
frequency separation of the channels, as well as their power
levels.
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