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SUMMARY In the recently developed Flexible Wireless System
(FWS), the same platform needs to deal with different wireless systems.
This increases nonlinear distortion in its wideband power amplifier (PA)
because the PA needs to concurrently amplify multi-band signals. By tak-
ing higher harmonics as well as inter- and cross-modulation distortion into
consideration, we have developed a method to analytically evaluate the
adjacent channel leakage power ratio (ACPR) and error vector magnitude
(EVM) on the basis of the PA’s nonlinear characteristics. We devise a novel
method for modeling the PA amplifying dual-band signals. The method
makes it possible to model it merely by performing a one-tone test, making
use of the Volterra series expansion and the general Wiener model. We then
use the Mehler formula to derive the closed-form expressions of the PA’s
output power spectral density (PSD), ACPR, and EVM. The derivations are
based on the assumption that the transmitted signals are complex Gaussian
distributed in orthogonal frequency division multiplexing (OFDM) trans-
mission systems. We validate the method by comparing measurement and
simulation results and confirm it can appropriately predict the ACPR and
EVM performance of the nonlinear PA output with OFDM inputs. In short,
the method enables correct modeling of a wideband PA that amplifies dual-
band signals merely by conducting a one-tone test.
key words: nonlinear power amplifier, spectral regrowth, ACPR, EVM,
OFDM, complex Gaussian distribution, Flexible Wireless System, Volterra
series expansion, general Wiener model

1. Introduction

A wide variety of wireless systems has been developed for
providing ubiquitous network services. However, the in-
creasing number of such systems causes problems such as
lack of space for deploying base stations and interference
from wireless terminals of different systems. A solution to
these problems has been developed in the form of a com-
mon platform dealing with different wireless systems, i.e.,
the “Flexible Wireless System” (FWS) [1]. In FWS, an ac-
cess point needs to concurrently handle multi-band signals
of various wireless systems such as WiFi, cellular, and ra-
dio frequency identification (RFID) systems. Transmitters
in conventional wireless systems only transmit signals of
a specific system at one frequency band. In conventional
transmitters, the number of RF circuits would increase pro-
portionally to the number of wireless systems and frequency
bands. As a first step to reducing the number of RF circuits,
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this paper examines a wideband power amplifier (PA) that
amplifies multi-band signals concurrently.

Power amplifiers inherently have nonlinear characteris-
tics for large input signals and generate spectral regrowth at
the output. This spectral regrowth results in a large amount
of interference on adjacent channels and decreases spectral
efficiency. Using the output power back-off technique is a
simple way to avoid this problem; it can be used to op-
erate PAs in the linear region, and it decreases nonlinear
distortion. However, this approach results in poor power
efficiency because PAs only achieve high power efficiency
around the saturation point [2]. Thus, there is a trade-off
between linearity and power efficiency. In the FWS, the
nonlinearity of its PA amplifying multi-band signals be-
comes an increasingly severe problem because of the gen-
eration of not only single-band inter-modulation but also
cross-modulation and harmonic distortion. In [3]–[8], the
nonlinear characteristics of PAs were modeled so as to take
inter- and cross-modulation into consideration. However,
these studies considered only two-tone carriers with near
frequencies and did not consider harmonic effects. In con-
trast, this paper models the nonlinear characteristics of a
wideband PA, where the two-tone carrier has a relatively
large frequency separation, with the harmonic effect taken
into account, and clarifies the PA’s nonlinear distortion for
this novel scenario.

In communication systems, both the adjacent channel
power ratio (ACPR) and error vector magnitude (EVM) are
important communication quality parameters. While EVM
is used to evaluate the in-band distortion, ACPR is used to
evaluate the out-band distortion of other channels. Both pa-
rameters are regulated according to specific system require-
ments. This paper analytically derives the relationship be-
tween these parameters and the wideband PA’s nonlinear
characteristics and uses them as metrics for validating the
effectiveness of our method for modeling the wideband PA.
The analytic study also facilitates evaluation of the PA’s non-
linear distortion based on closed-form expression, and it can
be usefully applied to PA design procedure to fulfill various
system requirements.

Orthogonal frequency division multiplexing (OFDM)
transmission is used in recent wireless systems owing to
its high spectral efficiency and robustness against multipath
fading [9]. In this paper, therefore we use OFDM signals
as the input signals to the wideband PA. This choice also
facilitates our analysis because the OFDM waveform can
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be considered to follow approximately a Gaussian distribu-
tion. It also makes analyzing the power spectrum density
(PSD), EVM, and ACPR as easy as has been done in studies
on single-band systems, e.g., in [10]–[14] for ACPR anal-
ysis and [15], [16] for EVM analysis. On the other hand,
although [17] measured the ACPR of a dual-band OFDM
system, their study lacked theoretical support. In contrast to
these studies, this paper analytically investigates the EVM
and ACPR output performance of dual-band OFDM signals
input to a multi-octave band PA and compares the theoreti-
cal results with our measurement results.

The rest of the paper is organized as follows. Section 2
details our method for modeling the nonlinear characteris-
tics of a PA concurrently amplifying dual-band signals. In
Sect. 3, we explain the characteristics of an OFDM signal
and theoretically analyze the PA nonlinearity. We also de-
rive the PA output auto-correlation function (ACF) and the
closed-form expressions of ACPR and EVM. Section 4 de-
scribes our conducted measurements to validate the model-
ing method. Furthermore, the model is employed to evaluate
the nonlinear effect on concurrent amplification of OFDM
signals by both analytical and numerical approaches. Sec-
tion 5 concludes the paper with a summary of key points.

2. Modeling a Wideband Power Amplifier

Reports have previously been published on methods for
modeling a nonlinear PA amplifying a single-band signal
[18], [19]. However, no methods have yet been reported
for modeling such a PA concurrently amplifying multi-band
signals. Accordingly, in this section we propose such a
method that uses the Volterra series expansion and the gen-
eral Wiener model.

2.1 Volterra Series Expansion

The Volterra series has become one of the most often used
tools for modeling and characterizing nonlinear systems
[20]. The Volterra series for nonlinear time-invariant sys-
tems is defined as,

y(t) =
∞∑

n=1

∫
. . .

∫
hn(τ1, . . . , τn)

n∏
i=1

x(t − τi)dτi, (1)

where the response y(t) is a sum of multi-dimensional inte-
grals, hn(τ1, . . . , τn) is the nth-order impulse response, and
x(t) is the input signals in time domain. We can also describe
the Volterra series in the frequency domain as

Y(ω) =
∞∑

n=1

∫
. . .

∫
Hn(ω1, . . . , ωn)

× δ
⎛⎜⎜⎜⎜⎜⎝ω − n∑

i=1

ωi

⎞⎟⎟⎟⎟⎟⎠ n∏
i=1

X(ωi)dωi, (2)

where Y(ω), X(ω),Hn(ω1, . . . , ωn) are respectively the out-
put, input, and nth-order Volterra kernel in the frequency
domain. We can model the PA output by using the above

equations. In this paper, we consider a two-tone (ω1, ω2)
dual-band signal X(ω) = X(ω1)δ(ω −ω1) + X(ω2)δ(ω −ω2)
and define the input and output signals as

x(t) = A(1)
in cos(ω1t + θ(1)

in ) + A(2)
in cos(ω2t + θ(2)

in )

X(ωk) =
1
2

A(k)
in e jθ(k)

in (3)

Y(ωk) =
1
2

A(k)
oute

jθ(k)
out (k = 1, 2), (4)

where A(k)
in , e

jθ(k)
in , A(k)

out, e
jθ(k)

out respectively denote the ampli-
tude and phase of the input and output signals for the kth
band. Considering only up to the third order Volterra kernel,
we can express the output signal observed at the correspond-
ing tone as

Y(ω1) = H1(ω1)X(ω1)

+3H3(ω1, ω1,−ω1)X(ω1)|X(ω1)|2
+6H3(ω1, ω2,−ω2)X(ω1)|X(ω2)|2
+3H3(ω2,−ω1,−ω1)X(ω2)X(ω1)∗2

or A(1)
oute

j(θ(1)
out−θ(1)

in ) = A(1)
in H1(ω1)

+3/4A(1)
in

3
H3(ω1, ω1,−ω1)

+3/2A(1)
in A(2)

in

2
H3(ω1, ω2,−ω2)

+3/4A(1)
in

2
A(2)

in e j(θ(2)
in −3θ(1)

in )

×H3(ω2,−ω1,−ω1) (5)

Y(ω2) = H1(ω2)X(ω2)

+3H3(ω2, ω2,−ω2)X(ω2)|X(ω2)|2
+6H3(ω2, ω1,−ω1)X(ω2)|X(ω1)|2
+H3(ω1, ω1, ω1)X(ω1)3

or A(2)
oute

j(θ(2)
out−θ(2)

in ) = A(2)
in H1(ω2)

+3/4A(2)
in

3
H3(ω2, ω2,−ω2)

+3/2A(1)
in

2A(2)
in H3(ω2, ω1,−ω1)

+1/4A(1)
in

3
e j(3θ(1)

in −θ(2)
in )

×H3(ω1, ω1, ω1). (6)

In Eqs. (5) and (6), the first and second terms correspond to
the output of each tone’s input, the third term corresponds to
both tone’s inputs, and the fourth term expresses the special
case where ω2 is the 3rd-harmonic wave of ω1 (i.e., ω2 =

3ω1). Although the Volterra kernels of the first and second
terms can be easily estimated by a one-tone measurement,
estimating those of the third and fourth terms is difficult. In
the next section, we will explain our method for estimating
these Volterra kernels.

2.2 General Wiener Model

The general Wiener model decomposes a nonlinear system
into three parts. The first part is an input matching circuit
with frequency characteristics, the second part has nonlin-
ear characteristics, and the third part is an output matching
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circuit, also with frequency characteristics [20]. The PA fre-
quency response is accordingly expressed as

Hn(ω1, . . . , ωn) =
n∏

i=1

F(ωi)KnG

⎛⎜⎜⎜⎜⎜⎝ n∑
i=1

ωi

⎞⎟⎟⎟⎟⎟⎠ , (7)

where F(ω) denotes the input matching circuit frequency
response, the term Kn represents the nonlinear coefficients,
and G(ω) is the output matching circuit frequency response.
In this paper, we assume that the frequency characteristics
of the input matching circuit can be neglected (i.e., F(ω1) =
F(ω2)). Accordingly, we can transform the third term of
Eq. (5) as follows:

H3(ω1, ω2,−ω2) = F(ω1)|F(ω2)|2K3G(ω1)

≈ F(ω1)|F(ω1)|2K3G(ω1)

= H3(ω1, ω1,−ω1). (8)

Therefore, in the same way, we can model a nonlinear PA
concurrently amplifying dual-band signals merely by per-
forming a one-tone signal test.

3. Nonlinear Distortion Analysis of OFDM Signals

In this section, we show the theoretical analysis of the output
characteristics of a PA concurrently amplifying two OFDM
signals in separated frequency bands.

3.1 Characteristics of OFDM Signals

The configuration of an OFDM transmitter for dual-band
signals is shown in Fig. 1. Digitally modulated data are
transformed into a time series by an inverse fast Fourier
transform (IFFT). Guard intervals (GI) are then inserted, and
the time series is reshaped by a window function. Finally,
the two OFDM signals are combined. Accordingly, the PA
input signal x(t) can be represented by

x(t) = x(1)(t) + x(2)(t), (9)

where x(1)(t) is the OFDM signal of the lower carrier fre-
quency ω1 and x(2)(t) is that of the higher carrier frequency
ω2. According to the central limit theorem, a baseband

Fig. 1 OFDM transmitter for dual-band signals.

OFDM signal that is the sum of multiple sub-carriers’ sig-
nals can be assumed to have a complex Gaussian distribution
[16]. Figure 2 compares the normalized probability density
function (PDF) of the real part of an OFDM signal with a
Gaussian distribution. Judging from the comparison, we
can assume that an OFDM signal follows a Gaussian dis-
tribution. This paper uses this assumption to simplify the
analysis.

3.2 Nonlinear PA Model

We used an equivalent envelope behavior model to demon-
strate the output of the nonlinear PA in the time domain. To
simplify the analysis, we consider only up to third-order PA
nonlinearities.

y(1)(t) = a(1)
1 x(1)(t) + a(1)

3 x(1)(t)|x(1)(t)|2
+ b(1)

3 x(1)(t)|x(2)(t)|2 + c(1)
3 x(1)(t)∗2x(2)(t)

(10)

y(2)(t) = a(2)
1 x(2)(t) + a(2)

3 x(2)(t)|x(2)(t)|2
+ b(2)

3 x(1)(t)3 + c(2)
3 x(2)(t)|x(1)(t)|2, (11)

where y(1)(t) is the PA output signal of the lower carrier fre-
quency ω1 and y(2)(t) is that of the higher carrier frequency

Fig. 2 PDF of real part of OFDM signals.
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Table 1 Correspondence between the envelope coefficients and the
Volterra kernels.

Coefficient k = 1 k = 2

a(k)
1 H1(ω1) H1(ω2)

a(k)
3 3H3(ω1, ω1,−ω1)/4 3H3(ω2, ω2,−ω2)/4

b(k)
3 3H3(ω1, ω2,−ω2)/2 H3(ω1, ω1, ω1)/4

c(k)
3 3H3(ω2,−ω1,−ω1)/4 3H3(ω2, ω1,−ω1)/4

ω2. Table 1 shows the relation between the complex coeffi-
cients a(k)

1 , a
(k)
3 , b

(k)
3 , c

(k)
3 with the Volterra kernels.

3.3 ACF of PA Output

Since it can be assumed that an OFDM signal has a com-
plex Gaussian distribution, the Mehler formula [21] can be
used to derive the ACF of the normalized PA output. First,
for each PA input signal x(k)(t) with zero mean and variance
2σ2

k , its normalized probability density function is expressed
as

p(z(k)) =
1

2π
e−

|z(k) |2
2 , (12)

where z(k)(t) = x(k)(t)/σk (k = 1, 2). Second, the joint
probability density function of two random variables z(k)

1 =

z(k)(t1), z(k)
2 = z(k)(t2) = z(k)(t1 + τ) is

p(z(k)
1 , z

(k)
2 ) =

∞∑
m,n=0

Λm
k Λ
∗
k

n Fmn(z(k)
1 )Fnm(z(k)

2 )

m!n!2m+n
(13)

Λk(τ) =
E[z(k)

1

∗
z(k)

2 ]√
E[z(k)

1

∗
z(k)

1 ]E[z(k)
2

∗
z(k)

2 ]
≈ R(k)

xx (τ)

R(k)
xx (0)

Fmn(z(k)) = p(z(k))Hmn(z(k))

Hmn(z(k)) = (−2)m+nez(k)z(k)∗/2 ∂
n

∂z(k)n
∂m

∂z(k)∗m e−z(k)z(k)∗/2

R(k)
xx (τ) =

1
T ′s

∫ T
′
s /2

−T
′
s /2
E[x(k)∗(t1)x(k)(t2)]dt1

T
′
s = Ts + Tg,

where Λk represents the ACF of the PA input signal, E[·]
represents the expectation operator, Hmn(z) is a complex
Hermite polynomial, Ts the IFFT length, Tg the GI length,
and T

′
s the OFDM symbol length. Third, the ACF of the PA

output signal y(t) = y(1)(t)+y(2)(t) can be derived as follows:

E[y∗(t)y(t + τ)] = E[(y(1)∗(t) + y(2)∗(t))
× (y(1)(t + τ) + y(2)(t + τ))]

= E[y(1)∗(t)y(1)(t + τ)]

+ E[y(2)∗(t)y(2)(t + τ)]

= Φout
1 (τ) + Φout

2 (τ), (14)

where Φout
k is defined as E[y(k)∗(t)y(k)(t + τ)]. Note that

E[y(1)∗(t)y(2)(t + τ)] = E[y(2)∗(t)y(1)(t + τ)] = 0, as there
is no correlation between x(1)(t) and x(2)(t). Finally, from

Eqs. (10), (11) and (13), the ACF of the output signal at each
tone can be derived as

Φout
1 =

∫ ∫ ∫ ∫
y(1)

1

∗
y(1)

2 p(z(1)
1 , z

(1)
2 )

p(z(2)
1 , z

(2)
2 )dz(1)

1 dz(1)
2 dz(2)

1 dz(2)
2

= (2|a(1)
1 |2σ2

1 + 4a(1)
1

∗
b(1)

3 σ
2
1σ

2
2 + 8a(1)

3

∗
a(1)

1 σ
4
1

+ 32|a(1)
3 |2σ6

1 + 16a(1)
3

∗
b(1)

3 σ
4
1σ

2
2

+ 4a(1)
1 b(1)

3

∗
σ2

1σ
2
2 + 8|b(1)

3 |2σ2
1σ

4
2

+ 16b(1)
3

∗
a(1)

3 σ
4
1σ

2
2 + 8a(1)

3 a(1)
1

∗
σ4

1)Λ1

+ 16|a(1)
3 |2σ6

1Λ1|Λ1|2 + 18|b(1)
3 |2σ2

1σ
4
2Λ1|Λ2|2

+16|c(1)
3 |2σ4

1σ
2
2Λ
∗
1

2
Λ2 (15)

Φout
2 =

∫ ∫ ∫ ∫
y(2)

1

∗
y(2)

2 p(z(1)
1 , z

(1)
2 )

p(z(2)
1 , z

(2)
2 )dz(1)

1 dz(1)
2 dz(2)

1 dz(2)
2

= (2|a(2)
1 |2σ2

2 + 8a(2)
3

∗
a(2)

1 σ
4
2 + 4a(2)

1

∗
c(2)

3 σ
2
1σ

2
2

+ 8a(2)
1

∗
a(2)

3 σ
4
2 + 32|a(2)

3 |2σ6
2

+ 16a(2)
3

∗
c(2)

3 σ
2
1σ

4
2 + 4a(2)

1 c(2)
3

∗
σ2

1σ
2
2

+ 8|c(2)
3 |2σ4

1σ
2
2 + 16c(2)

3

∗
a(2)

3 σ
2
1σ

4
2)Λ2

+ 16|a(2)
3 |2σ6

2Λ2|Λ2|2 + 48|b(2)
3 |2σ6

1Λ
3
1

+ 18|c(2)
3 |2σ4

1σ
2
2|Λ1|2Λ2, (16)

where y(k)
1 = y(k)(t1), y(k)

2 = y(k)(t1 + τ) for brevity. Thus,
the output ACF of the PA can be represented by parameter
coefficients modeling the PA, input ACF, and average power
of the PA input signal. Detailed derivations are shown in the
Appendix.

3.4 ACPR and EVM for PA

EVM is defined as the average magnitude of error between
the nonlinear PA output and the ideal PA output. First, we
define the ideal PA output signal ỹ(k)(t) and the error signal
Δy(k)(t) as

ỹ(k)(t) = a(k)
1 x(k)(t), Δy(k)(t) = y(k)(t) − ỹ(k)(t). (17)

To calculate the average signal power, we substitute Λ1 =

Λ2 = 1 at τ = 0 in Eqs. (15) and (16). Thus EVM can be
derived as follows:

EVM1 =

√
E[|Δy(1)(t)|2]
E[|ỹ(1)(t)|2]

=

√√√√√Φout
1 (0)

∣∣∣∣
a(1)

1 =0

|a(1)
1 |22σ2

1

(18)

Φout
1 (0)

∣∣∣∣
a(1)

1 =0
= 48|a(1)

3 |2σ6
1 + 26|b(1)

3 |2σ2
1σ

4
2

+16|c(1)
3 |2σ4

1σ
2
2 + 16b(1)

3 a(1)
3

∗
σ4

1σ
2
2

+16b(1)
3

∗
a(1)

3 σ
4
1σ

2
2

EVM2 =

√
E[|Δy(2)(t)|2]
E[|ỹ(2)(t)|2]

=

√√√√√Φout
2 (0)

∣∣∣∣
a(2)

1 =0

|a(2)
1 |22σ2

2

(19)
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Φout
2 (0)

∣∣∣∣
a(2)

1 =0
= 48|a(2)

3 |2σ6
2 + 48|b(2)

3 |2σ6
1

+26|c(2)
3 |2σ4

1σ
2
2 + 16a(2)

3 c(2)
3

∗
σ2

1σ
4
2

+16a(2)
3

∗
c(2)

3 σ
2
1σ

4
2.

Moreover, from the Wiener-Khintchine theorem, each value
of the PA output power spectral density (PSD) can be de-
rived on the basis of Eqs. (15) and (16) as

S k( f ) =
∫ ∞
−∞
Φout

k (τ)e− j2π f τdτ (k = 1, 2). (20)

ACPR is defined as the ratio between adjacent channel leak-
age power and main channel power. It can be derived from
Eq. (20), as

ACPRk =

∫
Badj

S k( f )d f∫
Bin

S k( f )d f
, (21)

where Bin is the frequency band of the main channel and Badj

is that of the adjacent channel. From the above discussion,
the EVM value can be calculated using the closed-form ex-
pressions in Eqs. (18) and (19). Note that Eqs. (18) and (19)
depend on the input’s average power and the parameter co-
efficients modeling the PA. Since these parameters can be
estimated by merely performing a one-tone test as noted in
Sect. 2, it can be concluded that EVM can also be predicted
from one-tone test results alone. In the same way, the ACPR
value can be calculated using the closed-form expression in
Eq. (21).

4. Measurement of a Wideband Amplifier and Nonlin-
ear Evaluation

In this section, we validate our method by comparing model-
ing and measurement results. Using the validated model, we
then perform a theoretical analysis and simulation that show
the nonlinear effect on concurrent amplification of OFDM
signals.

4.1 Measurement Setup

We measured the nonlinear characteristics of a wideband
amplifier. Two cases (one- and two-tone signal input) were
tested. In the latter, we considered two combinations of
tones, i.e., a 250 MHz continuous wave (CW) signal with
a 650 MHz CW signal (non-harmonic case) and a 250 MHz
CW signal with a 750 MHz CW signal (harmonic case). The
experimental setup and conditions are shown in Fig. 3 and
Table 2.

As an immediate measure to examine the validity of
the modeling method, our experiment employed a com-
mercial wideband amplifier presented in [22]. The linear
gain of this amplifier is 28 dB, the operation bandwidth is
50 kHz to 10 GHz and, the 1 dB compression point is around
−20 dBm. The CW input signals were generated from signal
generators (SG1 and SG2 in Fig. 3). In each of the one-tone

Fig. 3 Experimental setup.

Table 2 Experimental conditions.

SG1
Frequency: 250 MHz

Transmitted power: −30 to −10 dBm

SG2
Frequency: 750/650 MHz

Transmitted power: −30 to −10 dBm
ATT 18 dB

Vector Signal Analyzer
Span: 1 MHz

IF BW: 50 kHz

Table 3 Estimated Volterra kernels from the one-tone measurement.
250 MHz 650 MHz 750 MHz

H(ω) 24.5e− j1.206 24.5e j1.4114 24e− j1.204

H(ω,ω,−ω) 267.9e− j1.05 335.9e− j1.26 232.7e− j0.88

H(ω,ω, ω) 353.5e j0.368 - -

measurements, only one signal was generated from SG1 or
SG2 and the input power was changed in 0.5 dB steps. We
input the signal to the wideband amplifier and measured
the output power by using a vector signal analyzer. In the
two-tone measurements, two-tone signals were concurrently
generated at the same level from both SG1 and SG2 and
their input levels were also concurrently changed in 0.5 dB
steps. The signals were then added together and input to
the wideband amplifier. In the same way as for the one-tone
measurements, we used the vector signal analyzer to mea-
sure the output power at each tone.

4.2 Modeling Results

We first estimate the Volterra kernels in Eqs. (5) and (6)
from the one-tone measurements of the wideband ampli-
fier. Table 3 shows the estimated Volterra kernels derived
by the one-tone test. We can further approximate other
Volterra kernels modeling two-tone inputs from the esti-
mated Volterra kernels by using the general Wiener model.
Figure 4 shows the AM/AM characteristics for concurrent
amplification of two-tone signals; it compares the modeling
and measurement results we obtained. The figure indicates
we can model the nonlinear amplifier characteristics for con-
current amplification of multi-tone signals by using Volterra
series expansion and the general Wiener model where the
wideband amplifier input power is between −30 dBm and
−20 dBm. Here, the modeling results differ from the mea-
sured results where the amplifier input power is more than
−20 dBm. This is because the paper mainly focuses on mod-
eling the linear region. This region is suitable for designing
a predistorter compensating for distortion because −20 dBm
is the 1 dB compression point of the considered wideband
amplifier. In Fig. 4(a), the output power of the 750 MHz
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Fig. 4 Modeling on concurrent amplification of two-tone signals.

signal is higher than that of the 250 MHz signal when the
two CW signals are concurrently input. The reason for the
difference is that the value of the fourth term in Eq. (5) is
different from that in Eq. (6) and both terms depend on the
relative phase between the two input signals. On the other
hand, in Fig. 4(b), the output power of the 650 MHz signal
is the same as that of the 250 MHz signal when the two CW
signals are concurrently input. The reason is that the fourth
term in Eqs. (5) and (6) is not present in the case of a non-
harmonic combination of tones while the Volterra kernels of
the first to third terms have almost the same corresponding
level.

4.3 Simulation Results

Table 4 lists the simulation parameters, which we obtained
by referring to the IEEE 802.11a WLAN standard [23]. Ac-
cording to the standard, ACPR is defined as the ratio be-
tween the maximum output PSD and the output PSD at
20 MHz offset frequency where a 100 kHz resolution band-
width is used to calculate the power.

Figure 5 shows the evaluation of the wideband ampli-
fier input and output PSDs. The average input powers were
set to −20 dBm, −25 dBm, and −30 dBm. All the PSDs are
normalized by the in-band power of the input signal. The

Table 4 Simulation parameters.

Modulation OFDM
Modulation in subcarriers QPSK

Center frequencies 250 MHz, 750 MHz
Number of subcarriers 52
Number of FFT points 64

OFDM symbol duration 4.0 μs
Guard interval 0.8 μs

Bandwidth 20 MHz
Bin,Badj 100 kHz

Roll-off factor β 0.025

Fig. 5 Spectral characteristics.

figure shows that the analytic results derived from Eq. (20)
agree with the simulation results. Figure 6 compares the es-
timated EVM in Eqs. (18) and (19) and the estimated ACPR
in Eq. (21) with those obtained in the simulation results.
The horizontal axis is the back-off level; it is 0 dB at the
1 dB compression point of the wideband amplifier. The 1 dB
compression point measured by the one-tone signal test is
−20 dBm. We can see that the theoretical ACPR and EVM
are coincident with the simulated results. When the back-
off level is −5 dB, the EVMs of the 250 MHz and 750 MHz
dual-band signals are respectively 6 dB and 2.5 dB higher
than that of the one-tone signals. Similarly, the ACPR of
the 250 MHz and 750 MHz dual-band signals is respectively
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Fig. 6 Theoretically analyzed and simulated results of EVM or ACPR
vs. back off on concurrent input of 250 MHz and 750 MHz OFDM signals.

8 dB and 5 dB higher than that of the one-tone signals. As
described above, these results show the EVM and ACPR
increase when the dual-band signals are concurrently ampli-
fied because of cross-modulation, inter-modulation, and har-
monic distortion. In conclusion, both the theoretical analy-
sis and the simulation, which apply the model derived by a
one-tone test, can show the effect of the wideband amplifier
nonlinear characteristics on the concurrent amplification of
two OFDM signals in dual bands.

5. Conclusion

In this paper, we used measured results to model the char-
acteristics of a wideband amplifier concurrently amplifying
two-tone continuous wave (CW) signals with largely sep-
arated frequencies, and showed the effective input power
range for amplifiers. We also theoretically analyzed the non-
linear characteristics of a wideband amplifier concurrently
driven with two orthogonal frequency division multiplex-
ing (OFDM) signals by using the Mehler formula, since an
OFDM signal envelope can be assumed to follow a Gaussian
distribution. As a result of modeling the wideband amplifier
and theoretically analyzing OFDM signals, we found that
the nonlinear characteristics of a wideband amplifier con-

currently amplifying dual OFDM signals can be revealed by
performing a one-tone signal test.
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Appendix: PA Output ACF Derivation

Let us denote x(k)
1 = x(k)(t1), x(k)

2 = x(k)(t1 + τ), y
(k)
1 =

y(k)(t1), y(k)
2 = y(k)(t1 + τ). The complex Hermite polyno-

mial has the following property:∫
1

2π
e−|z|

2/2Hmn(z)Hμν(z)dz

= m!n!2m+nδmνδnμ. (A· 1)

Some examples of complex Hermite polynomials (order ≤
3) are listed in Table A· 1.

By using the complex Mehler expansion, we can derive

the expected value of z(k)
1

μ
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1
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z(k)
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∗λ
as follows:
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]
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∫
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pi(z
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1 , z
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2 )dz(k)

1 dz(k)
2

=
∑
m,n

Λm
k Λ
∗
k

nGμν,mnGγλ,nm (A· 2)

Gμν,mn =

∫
p(z)zμz∗νHmn(z)√

m!n!2m+n
dz (A· 3)

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
positive number (μ + m = ν + n)

&(ν + μ ≥ m + n)
0 else

= Gνμ,nm.

The values of Gμν,mn used in this paper are shown in Ta-
ble A· 2.

Thus, the ACF of the PA output in Eqs. (10) and (11)
can be calculated by substituting Eqs. (A· 2) and (A· 3) into
E[y(k)

1

∗
y(k)

2 ]. For brevity, we only show an example in which
the first term in y(1)

1 is multiplied by the third term in y(1)
2 .

This results in E[a(1)
1

∗
x(1)

1

∗
b(1)

3 x(1)
2 (t)|x(2)

2 (t)|2] as follows:
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1
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2 |2]

= a(1)
1

∗
b(1)

3 σ
2
1σ

2
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2 |2]

Table A· 1 Complex Hermite polynomials.

H00 1
H10 z

H20 z2

H11 |z|2 − 2

H30 z3

H21 z2z∗ − 4z

Table A· 2 Constant coefficients G.

mn 00 01 02 11 03 12
G00,mn 1 0 0 0 0 0
G10,mn 0

√
2 0 0 0 0

G20,mn 0 0 2
√

2 0 0 0
G11,mn 2 0 0 3 0 0
G30,mn 0 0 0 0 4

√
3 0

G21,mn 0 4
√

2 0 0 0 4

= a(1)
1

∗
b(1)

3 σ
2
1σ

2
2

∫ ∫
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1 dz(1)
2∫ ∫
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= a(1)
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2Λ
∗
2

jG00,i jG11, ji

= 4a(1)
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3 σ
2
1σ

2
2Λ1. (A· 4)

In the same way, other terms can also be calculated. Thus,
Eqs. (15) and (16) can be analytically derived.
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