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1. Introduction

In many recent wireless applications, multicarrier transmission
techniques have been proposed to face frequency selectivity of the
propagation channel, such as broad-band wireless local area net-
works [4], digital audio and video broadcasting [1,2], and interac-
tive video services distribution [3]. More precisely, orthogonal
frequency-division multiplexing (OFDM) is widely used in such
systems. However, OFDM signals are very sensitive to the nonlin-
ear distortion effects caused by the use of high power amplifiers
(HPA) [5] at the transmitter. Hence, a proper design should take
into account the performance degradation due to the nonlinear
distortion of the transmitted signal. This distortion leads to an
interference both inside and outside the signal’s bandwidth. The
in-band component of the interference affects the system bit error
rate (BER) [6], whereas the out-of-band component affects the sys-
tems working at the adjacent frequency bands. This might be intol-
erable in many applications even when bit error rate (BER)
degradation remains in the acceptable range [7,8].

In this paper, we only focus on the evaluation of BER degrada-
tion due to the in-band distortion caused by the HPA in OFDM sys-
tems using Quadrature amplitude modulation (QAM). The out of
band radiation caused by the HPA remains outside the scope of this
paper.

The motivation for this work comes from the simulation results
obtained in [9,10] and [11]. It was noticed that, when HPA is used
in an OFDM system, the constellation of the QAM symbols at the
input of the demodulator in the receiver, is affected by two simple
effects: The first one is a deterministic change, where this distor-
tion can be viewed as a compression or an attenuation of all points
in addition to a rotation of the whole constellation. This effect can
be modeled by a multiplicative complex gain. The second effect has
a random nature which is reflected by the presence of an additive
noise (distortion noise) [9,10] and [21]. As we will see in this paper,
the distortion noise can be modeled by a zero-mean complex Gaus-
sian noise. These two effects are justified and modeled analytically
in this paper. In this paper, a model for the HPA is proposed, ben-
efiting the model proposed in [11] and [22], and justified in a the-
oretical framework.

While Saleh model for the HPA operates in the time domain, our
model operates in the frequency domain after applying Fourier
transform of the received OFDM signal. This is very useful for eval-
uating the BER performance of the OFDM system, where the
parameters of the proposed model appears directly in the BER for-
mula by means of introduced signal-to-noise and distortion noise
ratio SNDR. This helps to directly show the effects of the underly-
ing model of the power amplifier on system performance.

We first start our study by the systemmodel of the OFDM trans-
mission system considering the presence of the PA in Section 2. In
Section 3, a proposed PAmodel is developed. In order to extract the
model’s parameters, the proposed model is analyzed in Section 4.
In addition, the performance of the system is given analytically
in term of the bit error rate in Section 4. Numerical analysis of
the system is evaluated in Section 5, where, BER of the system is
compared with the analytical model. The conclusion of our study
is summarized in Section 6.
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Fig. 2. Distorted received symbols, taking into account the nonlinearity of the HPA,
vs. the standard 16-QAM constellation. Squares are the standard constellation and
dots are the received symbols.
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2. System model

An OFDM system is considered as a frame by frame communi-
cation system as shown in Fig. 1 [9,10] and [12]. Each frame con-
structs a vector of N complex symbols, Ak; k ¼ 0;1; � � � ;N � 1,
where, the symbols Ak belong to an alphabet A of M elements
(M-QAM symbols) having the same probability and N denotes
the number of OFDM subcarriers. We assume that [11,18]:

E Ak½ � ¼ 0; ð1Þ

E AkA
�
h

� � ¼ P; if : h ¼ k

0; otherwise

�
ð2Þ

where E½�� denotes the expectation, and P is the average symbol
power.

By means of the IFFT block, the frame is transformed to a vector
of complex channel samples, in; n ¼ 0;1; � � � ;N � 1, constructing
the baseband representation of the complex envelope of the OFDM
signal as [11,15,19]:

in ¼ 1ffiffiffiffi
N

p
XN�1

k¼0

Ake
j2pnk
N : ð3Þ

After a suitable pulse shaping (b tð Þ in Fig. 1) of the channel sam-
ples stream, the HPA input in is represented in the baseband form
as [14,16]:

in ¼ qne
jun : ð4Þ

where qn and un are respectively the amplitude and phase of in.
When the modulated signal in is transmitted through the HPA (a

nonlinear device), whose AM/AM and AM/PM characteristics
[13,14], the output of the HPA un is represented in the baseband as:

un ¼ G qnð ÞejW qnð Þejun ; ð5Þ
where G qnð Þ and W qnð Þ are respectively AM/AM and AM/PM func-
tions characterizing the HPA. Saleh model is adopted as an HPA
model (it’s worth noting that other than Saleh model can be
adopted with the same theoretical framework followed in our
study). This model, as Saleh [14] proposed, has AM/AM and AM/
PM conversion functions respectively of the form:

G qð Þ ¼ aq
1þcq2 ;

W qð Þ ¼ dq2

1þeq2 ;
ð6Þ

where a, c, d and e are Saleh model parameters [14], q is the ampli-
tude of the HPA input signal. While a is considered to be 1 as a nor-
malized value, c, d and e are the parameters obtained using
behavioral modeling of the HPA [14].

At the receiver, the received signal is filtered with the low pass
filter whose impulse response is r tð Þ. The filtered signal vðtÞ is sam-
pled at the symbol rate to give the sampled sequence vn, which can
be written as:

vn ¼ zn þwn; ð7Þ
S/P IFFT P/S HPA

DEC P/S FFT S/P

+AWGN

Fig. 1. OFDM system block scheme.
where zn is the useful component and wn is the channel noise com-
ponent. vn is then passed through FFT block to obtain the received
symbols Vk which is in turn fed to the decision device DEC (QAM
demodulator). Thus, the received symbols are given by [11,15,19]:

Vk ¼ 1ffiffiffiffi
N

p
XN�1

n¼0

vne�
j2pnk
N : ð8Þ

In order to demonstrate the effect of the HPA on the received
symbols, a first simulation is performed according to the model
shown in Fig. 1 without considering the channel noise wn. The
HPA used in the simulation is chosen with specific properties
obtained from behavioral modeling of an amplifier fabricated by
MACOM, where the corresponding Saleh model parameters were
found to be: c ¼ 0:27, d ¼ 0:3 and e ¼ 3, while a ¼ 1 as a normal-
ized linear amplification. The simulation was done for an OFDM
system with 1056 subcarriers where the modulation was 16-
QAM. In this case, 1056 subcarrier can be considered as a wideband
signal. In addition, in existing standards, the number of subcarriers
is chosen as power of two in addition to some pilot subcarriers
used for the purposes of evaluating the system performance and
channel quality. While we are not interested here in evaluating
the overall system, the number of subcarriers is chosen arbitrarily
provided that the signal can be considered as a wideband signal.
Fig. 2 shows the received symbols in addition to the standard con-
stellation corresponding to a linear amplifier. It’s clear from Fig. 2
that there is a general compression or attenuation of the received
symbols and a rotation angle with respect to the standard constel-
lation, in addition to an added noise.

The error probability calculation requires the statistical charac-
terization of the received symbol Vk. In the next sections, we pro-
vide an analytical model for the received symbols.

3. The proposed model

At the aim of creating the new proposed PA model and in order
to simplify our analysis, we assume a perfect transmission chain
(we ignore the effects of transmit and receive filters in addition
to the channel noise) so that we start by (4) and (5), which can
be rewritten at the receiver after sampling the noise-free signal
as the product of terms as follows:

zn ¼ gðqnÞ qne
jun

� � ð9Þ
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where gðqnÞ is the nonlinear amplification of the PA given by:

g qnð Þ � Gn qnð Þ
qn

ejW qnð Þ; ð10Þ

where Gn qnð Þ and W qnð Þ are given by (6). After the Fourier trans-
form of zn, we obtain received symbols:

Vk ¼ FFT znð Þ ¼ Gk � Ak; ð11Þ
where (*) denotes the circular convolution, and

Ak ¼ FFT qne
jun

� �
; ð12Þ

Gk ¼ FFT gn

� � ¼ 1ffiffiffiffi
N

p
XN�1

n¼0

gne
�j2pnk

N : ð13Þ

The convolution in (11) can be written as:

Vk ¼ Gk � Ak ¼
1
N

XN�1

n¼0

gke
j2pnk
N � Ak; ð14Þ

where referring to (8), the received symbols at the demodulator
input can be decomposed into two terms as follows:

Vk ¼ AkG0 þ 1
N

XN�1

n¼0;n–k

AkGn�k; ð15Þ

where (n� k) is taken modulo N. The first term in (15) corresponds
to the useful symbol Ak with a multiplicative complex gain G0 (gen-
eral compression or attenuation of the received symbols in refer-
ence to the standard constellation), and the second term
corresponds to the interference coming from the other symbols
and caused by the time-domain distortion (where the distortion
noise in the time domain causes Inter Symbol Interference ISI in
an OFDM system, which in turn causes Inter Carrier Interference
in the frequency domain). The interference term Dkis defined by:

Dk � 1
N

XN�1

n¼0;n–k

AkGn�k; ð16Þ

where

Gk ¼ 1
N

XN�1

n¼0

gne
�j2pnk

N : ð17Þ
S/P IFFT P/S

DEC P/S FFT S/P

+AWGN

+
HPA

Fig. 3. OFDM system block scheme with the proposed HPA model.
4. Analytical analysis of the proposed model

We will start by describing the input of the HPA in Section III-A,
and then the corresponding output in Section III-B. The proposed
model’s parameters are extracted in Section III-B. The model for
the received symbols will be formulated in Section III-C, which
leads to the floor BER performance. Finally, the BER performance
is given when an AWGN channel is considered in Section III-D.

4.1. Input signal of the HPA

Depending on the nature of the signal in at the input of the HPA
in the baseband representation (shown in Fig. 1), and by looking at
(3) and (4), in is constructed from N independent symbols with the
same statistics. Therefore, as a consequence of the central limit
theorem, in can be considered as a complex Gaussian random pro-
cess given that N is sufficiently large. In this case, the IFFT block, for
large N, transforms a set of independent complex random variables
to a set of complex Gaussian random variables. Therefore, the
envelop of the HPA input signal qn is a random process with Ray-
leigh distribution, and its mean and variance, when N is too large
and perfect filtering (b tð Þ in Fig. 1), are given respectively by
[11,18]:

b ¼ 0; ð18Þ

r2 ¼ P
N
: ð19Þ

This value will be used in the PA model as we will see in the
later subsections.

4.2. Output signal of the HPA – Model parameters extraction

As mentioned above, there is a compression and a rotation of
the whole constellation in addition to a distortion noise at the
input of the demodulator. Benefiting the linearity of FFT, the out-
put of the HPA is represented, with the use of (15), as:

un ¼ g0in þ dn; ð20Þ
where dn ¼ IFFTðDkÞ is the distortion noise term caused by the non-
linearity of the HPA and g0 is a complex gain and is independent of
the input signal. This observation leads us to propose the new HPA
model shown in Fig. 3.

This way, the effect of the PA on the received symbols, demon-
strated shown in Fig. 2 is justified. Till now, (15) and (20) represent
a new PA model in the frequency and the time domain
respectively.

In order to make g0 and dn mathematically tractable, dn must be
a zero-mean noise process uncorrelated with the input process in.
Fortunately, this is justified recalling that dn is the IFFT of Dk, going
back to (15) and (16) and noting that the distortion termDk is found
when n–k. Therefore, the statistical properties of dn could be
extracted by evaluating its mean and cross-correlation with in, as:

E dn½ � ¼ E un½ � � g0E in½ � ¼ 0; ð21Þ

E d�
nin

� � ¼ E u�
nin

� �� g�
nE i�nin
� � ¼ 0: ð22Þ

This means that dn is a zero-mean process uncorrelated with in.
The complex constant gain in addition to the added interference
terms (distortion noise) can be evaluated in the analysis demon-
strated in the next subsections.

4.2.1. Complex gain calculation
Benefiting the linearity of FFT, g0 ¼ G0, thus g0 is complex and

independent of the input symbols. Therefore, the norm and angle
of g0 are the same attenuation and rotation which affect the
received symbols. These parameters could be obtained analytically.

The complex gain g0 can be given from (17) by:

G0 ¼ 1
N

XN�1

n¼0

gn: ð23Þ
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For large value of N, this factor can be approximated by:

g0 ¼ G0 ¼ E gn

� �
: ð24Þ

For the sake of brevity, q is adopted instead of qn. Recalling (24),
and reminding that q is Rayleigh distributed, G0 can be calculated
in term of Saleh model parameters with the use of (6) as:

G0j j ¼ E
GðqÞ
q

� 	
¼ E

a
1þ cq2

� 	
¼

Z 1

0

a
1þ cq2 pqdq; ð25Þ

where pq is the pdf ðqÞ, then:

G0j j ¼
Z 1

0

a
1þ cq2

q
r2 e

� q2

2r2dq; ð26Þ

G0j j ¼ a
nG

2cr2 ; ð27Þ

where r2 is given by (19), and:

nG ¼ �Eið �1
2br2Þe

1
2cr2 ð28Þ

where Eið�Þ is the exponential integral. While the angle of G0 is eval-
uated with the use of (6) as:

arg G0ð Þ ¼
Z 1

0

dq2

1þ eq2


 �
pqdq; ð29Þ

arg G0ð Þ ¼
Z 1

0

dq2

1þ eq2


 �
q
r2 e

� q2

2r2dq; ð30Þ

arg G0ð Þ ¼ d
e
þ d
2br2 nu; ð31Þ

where

nu ¼ Ei
�1
2er2


 �
e

1
2er2 : ð32Þ
Fig. 4. PDFs of real or imaginary part of the error vector between the received
symbols and the standard constellation.
4.2.2. Distortion noise variance calculation
From (15) the interference term can be rewritten as:

Dk ¼ Vk � 1
N
A
k
G0: ð33Þ

Recalling that the effect of the propagation channel is ignored,
yields:

Dk ¼ FFT znð Þ � FFT gn

� �
Ak: ð34Þ

Benefiting the linearity of FFT, and supposing that the symbol Ak

is transmitted:

Dk ¼ FFT zn � gnAk

� �
: ð35Þ

Recalling that dn is the IFFT of Dk, and using Parseval’s theorem
when N is too large, we can find that:

E Dkj j2
h i

¼ E dnj j2
h i

: ð36Þ

This means that the variances of the two interference terms at
the input and output of the FFT block are the same. As the modu-
lation symbols Ak are independent and identically distributed ran-
dom variables with zero mean, the interference term Dk (16) can be
then modeled by a Gaussian zero-mean random variable using the
central limit theorem for large value of N. This result is verified by
means of simulation. In order to check the nature of the nonlinear
distortion noise components, we first plot the histogram of the real
and imaginary parts of error vectors between the received symbols
and the corresponding constellation points (representing the real
and the imaginary parts of Dk). We can see from the simulation
that these errors have the same distribution (real and imaginary
parts) with the same variance. The error values are normalized to
the standard constellation points in order to have a zero mean dis-
tributions, for symbols received when each symbol is transmitted
for any M-QAM modulation. Fig. 4 shows the PDFs of the real or
imaginary part of the mentioned error vectors. The distributions
are Gaussian with a specific variance depending on the power
amplifier parameters and the power input back off IBO, as we will
see later in Section 5.

Therefore, taking (36) into account and knowing that the com-
plex gain is independent of the input signal, the variance of the
interference term can be computed from (20) by:

E Dkj j2
h i

¼ E dnj j2
h i

¼ E unj j2
h i

� G2
0E inj j2
h i

: ð37Þ

Supposing that b tð Þr tð Þ ¼ 1 and without considering the chan-
nel, the nonlinear distortion noise samples before FFT are
drn ¼ dn. Therefore, the variance of these samples is obtained from
(37) by:

r2
d ¼ E dnj j2

h i
¼ E unj j2

h i
� G2

0E inj j2
h i

¼ E S qnð Þj j2
h i

� G2
0E inj j2
h i

; ð38Þ

where S qnð Þ ¼ G qnð ÞejW qnð Þ.

After having G0j j (25), we still need to evaluate E S qð Þj j2
h i

and

E inj j2
h i

in order to find r2
d . E S qð Þj j2

h i
can be calculated with the

help of (6) as:

E S qð Þj j2
h i

¼
Z 1

0

aq
1þ cq2


 �2

pqdq; ð39Þ

E S qð Þj j2
h i

¼
Z 1

0

aq
1þ cq2


 �2 q
r2 e

� q2

2r2dq; ð40Þ

E S qð Þj j2
h i

¼ a
nG � 1
2c2r2 þ a

nG
4c3r4 ; ð41Þ

Referring to (4), E inj j2
h i

can be evaluated as:

E inj j2
h i

¼ E q2� � ¼ Z 1

0
qpqdq; ð42Þ

E inj j2
h i

¼
Z 1

0
q
q
r2 e

� q2

2r2dq; ð43Þ
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E inj j2
h i

¼ 2r2: ð44Þ

Therefore, substituting (27), (41) and (44) in (38), the distortion
noise variance can be evaluated as:

r2
d ¼ a

nG � 1
2c2r2 þ a

nG
4c3r4 � 2 a

nG
2cr2

����
����
2

r2 ð45Þ

Keeping now the rectangular pulse shaping of b tð Þ in mind
(where the rectangular pulse shaping is considered at the aim of
simplification), and knowing that in are zero mean Gaussian uncor-
related variables, means dn depends only on in (in addition the HPA
model parameters), the nonlinear distortion noise component Dk is
a sum of uncorrelated random variables as in (16). Therefore, refer-
ring to central limit theorem, Dk has Gaussian real and imaginary
parts whose variances can be evaluated as r2

D ¼ Nr2
d .

4.3. Output signal of the FFT block

Supposing now that b tð ÞrðtÞ ¼ 1, the signal at the input of FFT
block ignoring the propagation channel will be:

zn ¼ g0in þ dn: ð46Þ
At the output of the FFT block, we obtain, after having fixed the

received symbol to Ak, the input of the demodulator hence is:

Vk ¼ G0Ak þ Dk; ð47Þ
where G0 is the complex gain (attenuation) affecting the constella-
tion (given in (17)), and Dk is a noise component which has the
same statistics of the noise created by the PA as it’s justified in
the previous section and is given in (16).

To evaluate the error probability, the pdf of nonlinearity distor-
tion noise Dk is needed. Noting that Dk is the sum of identically dis-
tributed RVs (16), it is reasonable to assume the nonlinearity
distortion noise Dk as a complex Gaussian RV, where the FFT block
transforms a set of complex random variables to a set of complex
Gaussian random variables. This notation is verified in the above
analysis.

The BER could be evaluated starting from the decision variable
at the input of the demodulator given in (47), as a function of the
modulation format and the signal-to-distortion noise ratio SDR,
where:

SDR ¼ G0j j2
r2

D

: ð48Þ

Then BER, in our study is evaluated for M-QAM modulation
where M symbols obtained by mapping log2ðMÞ bits. Therefore
BER could be evaluated by [16,17,20]:

Pb ¼ 2
log2 Mð Þ

ffiffiffiffiffi
M

p
� 1ffiffiffiffiffi
M

p erfc

ffiffiffiffiffiffiffiffiffiffi
G0j j2
r2

D

s0
@

1
A: ð49Þ

where erfc �ð Þ is the error function. Up to this point, the channel is
not considered. Therefore, Pb in (49) represents the floor of BER
obtained in the presence of the HPA.

4.4. Considering the channel

When the channel is taken into account, an additional term
must be added to the output of the FFT block containing the noise
component added by the channel. Let the additional term of chan-
nel noise denoted by Wk, therefore, the input of the demodulator
becomes:

Vk ¼ G0Ak þ Dk þWk; ð50Þ
where Wk is a Gaussian noise component whose variance is
r2

W ¼ Nr2
w ¼ 2NN0=T. As a consequence, two noise components

appears at the output of the FFT block, one of them is caused by
the channel, and the other is caused by the FFT transformation after
nonlinear amplification.

Therefore, the BER could be evaluated as a function of the mod-
ulation format and the signal-to-noise and distortion noise ratio
SNDR. Supposing that Dk and Wk are statistically independent
[19]. SNDR can be evaluated by adding the channel noise variance
to the denominator of (18), as:

SNDR ¼ G0j j2
r2

D þ r2
W

: ð51Þ

Then, BER is evaluated for M-QAM modulation by:

Pb ¼ 2
log2 Mð Þ

ffiffiffiffiffi
M

p � 1ffiffiffiffiffi
M

p erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0j j2

r2
D þ r2

W

s0
@

1
A: ð52Þ

Therefore, Pb depends on the HPA parameters and IBO in addi-
tion to the variance of channel noise.

5. Application and numerical results

Two goals are targeted in the simulations; the first goal is to
verify the new proposed PA model, given in (15) or equivalently
in (20), by comparing it with Saleh model, where the effects of
the two models are compared in terms of the distortion noise vari-
ance and the rotation of the received symbols with respect to the
standard constellation. The second goal is to verify the BER model
given in (52) and comparing it with the simulation of the system
when the proposed PA model is considered.

For the purpose of simplification and explaining the proceeding
modeling method, the OFDM system is adopted with M-QAMmod-
ulation with rectangular waveform for bðtÞ (as it is mentioned
before the rectangular pulse shaping is adopted to simplify the
analysis and the simulation at the aim of showing the effect of
the power amplifier without considering other effects, while
another pulse shaping can be adopted). Following the aforemen-
tioned procedure, we can evaluate the nonlinear distortion noise
variance r2

D in addition to the complex attenuation factor G0.
In the simulation, the chosen power amplifier is fabricated by

MACOM. We have considered Saleh model [14] as an amplifier
model to get the proposed HPA model, where a is considered to
be 1 as a normalized value, c, d and e are the parameters obtained
using behavioral modeling of the HPA [14], and they were found to
be: c ¼ 0:27, d ¼ 0:3 and e ¼ 3. However, in order to illustrate the
effect of these parameters on the HPA behavior, the simulation was
done with respect to c and W ¼ Wðd; eÞ when the input back-off
(IBO) changes in some region. IBO is given in dB by:

IBO ¼ 10log10
Pmax;in

Pin


 �
dB½ �; ð53Þ

where Pin ¼ Eb2log2M=T is the input power of the HPA, Eb is the
energy per bit. Pmax;in is maximum input power of the HPA.

The simulation was done for an OFDM system with 1056 sub-
carrier where the modulation was 16-QAM. We have seen in Sec-
tion 4 that the real and imaginary parts of Dk have the same
variance. Fig. 5 shows the changes of this variance (denoted by
Xvar) with the parameter c of the amplifier for different values of
IBO. It’s clear from Fig. 5 that the variances decrease when c
decreases, and when the IBO increases.

For the sake of simplicity, instead of studying the effect of the
angle parameters d and e on the aforementioned variances, the
effect of the angleW itself is studied. Where, in the rest of the study



Fig. 5. The variances of the real and imaginary parts of the error vector between the
received symbols and the standard constellation as function of the parameter c and
IBO of the HPA.

Fig. 7. Compression of the global constellation as a function of the parameters c and
the IBO of the HPA.
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and the simulation W is taken at 1 dB compression point of the
amplifier. Fig. 6 shows this effect for different values of IBO. We
can see from Fig. 6 that there is no effect of the angleW on the vari-
ances for any value of IBO. While IBO affects the variances for any
value of the angle W.

In addition to the variances, as we have mentioned before, the
proposed model include the attenuation factor G0j j and the rotation
angle of the constellation. Simulation results show that G0j j
depends only on the parameter c of the HPA in addition to IBO.
Fig. 7 shows the variations of G0j j with c and IBO. From Fig. 7, we
can see that G0j j increases when c decreases and when IBO
increases. Again the effect of the angle W itself on G0j j is studied.
Fig. 8 shows this effect for different values of IBO. It’s clear that
there is no effect of the angle W on G0j j for any value of IBO. While
IBO affects G0j j for any value of the angle W.

On the contrary, the simulation clarifies that the rotation angle
of the constellation isn’t affected by the parameter c, while it is
affected by the angleW. Figs. 9 and 10 show how the rotation angle
of the constellation changes with c and W. It is clear from Figs. 9
Fig. 6. The variances of the real and imaginary parts of the error vector between the
received symbols and the standard constellation as function of the parameterW and
IBO of the HPA.

Fig. 8. Compression of the global constellation as a function of the parameterW and
IBO of the HPA.

Fig. 9. Rotation angle of the global constellation as a function of the parameter c
and IBO of the HPA.



Fig. 10. Rotation angle of the global constellation as a function of the parameter W
and IBO of the HPA.

Fig. 12. BER curves vs. SNR for 16-QAM at different IBO values.

Fig. 13. BER curves vs. SNR for 64-QAM at different IBO values.
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and 10 that the rotation angle of the constellation is affected by the
angle W and IBO, while it isn’t affected by c.

Going back now to the proposed model of the power amplifier,
which could be rewritten from (15) as:

u tð Þ ¼ G0i tð Þ þ
ffiffiffiffiffiffi
r2

D

q
ðN 0;1ð Þ þ jNð0;1ÞÞ; ð54Þ

where Nð0;1Þ is normally distributed random variable. In order to
validate the proposed model, the BER curves are extracted from
the simulation considering AWGN channel when the model (54)
is taken into account for different values of IBO, and compared with
the extracted analytical model (52) using identical IBO values. We
have chosen different values of IBO to show if the proposed model
match the analytical one. Figs. 11–14 show, at each of different
IBO values, two BER curves vs. SNR, one of them represents the pro-
posed PA model in (54) (or equivalently (20)) after replacing r2

D

from (45) (knowing that r2
D ¼ Nr2

d) and G0 from equations (27)
and (31) (the amplitude and phase of G0), while the other one rep-
resents the analytical model given in (52), where BER curves are
obtained for different QAM modulation orders with OFDM over
AWGN Channel. From Figs. 11–14, we can see the congruence
between the two curves at each IBO value for each modulation
Fig. 11. BER curves vs. SNR for QPSK at different IBO values. Fig. 14. BER curves vs. SNR for 256-QAM at different IBO values.
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order, which verifies that, the proposed model is well matched with
the analytical one.

6. Conclusion

An evaluation of in-band nonlinear distortion effects of band-
pass memoryless nonlinear power amplifier, at the transmitter,
on OFDM system, has been formulated. The power amplifier has
been modeled by a complex gain in addition to added noise. Where
the complex gain and the characteristics of the added distortion
noise are obtained and evaluated analytically. The evaluation
shows that the added noise has a Gaussian nature in its real and
imaginary parts, and it has been validated numerically. In the mod-
eling procedure, the distortion noise characteristics functionalities
of the Saleh model parameters are extracted in order to formulate
the model. As a consequence of this modeling method, an analyti-
cal evaluation of error probability has been extracted. The accuracy
of the proposed model has been validated for an OFDM system
with a specific power amplifier. Simulation results confirm the
agreement between the proposed model for the power amplifier
and the analytical form, where bit error rate is chosen as a perfor-
mance criterion. As a future work, this method of modeling could
be applied to power amplifier models other than Saleh one in order
to evaluate the accuracy of distortion noise characteristics and to
find out if other models can lead to models simpler than the pro-
posed one, which may facilitate the study of the nonlinearity com-
pensation of the nonlinear amplifier. In addition, this developed
methodology could be extended to evaluate the effect of nonlinear-
ity out-of-band using spectral analysis.
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