
Received August 8, 2017, accepted September 7, 2017, date of publication September 13, 2017, date of current version April 23, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2751620

A New Approach to Iterative Clipping and
Filtering PAPR Reduction Scheme for
OFDM Systems
KELVIN ANOH1, (Member, IEEE), CAGRI TANRIOVER2,
BAMIDELE ADEBISI1, (Senior Member, IEEE), AND MOHAMMAD HAMMOUDEH1
1School of Engineering, Manchester Metropolitan University, Manchester, M1 5GD, U.K.
2Intel Labs, OR 97124, USA

Corresponding author: Kelvin Anoh (k.anoh@mmu.ac.uk)

This work was supported by EPSRC through the Peer-to-Peer Energy Trading and Sharing–3M (Multi-times, Multi-scales, Multi-qualities)
Project under Grant EP/N03466X/1.

ABSTRACT While achieving reduced/good peak-to-average power (PAPR) in orthogonal frequency divi-
sion multiplexing (OFDM) systems is attractive, this must not be performed at the expense of the transmitted
signal with over-reduced signal power, as it leads to degraded bit error ratio (BER). We introduce a uniform
distribution approach to solving the PAPR reduction problem of OFDM signals and then use Lagrange
multiplier (LM) optimization to minimize the number of iterations involved in an adaptive fashion. Due to
the nonlinear attenuation of the PAPR reduction scheme, we compensate the output signal using a correlation
factor that minimizes the error floor in the in-band distortion of the clipped signal using the minimum mean
square error method so as to improve the BER performance. Three different methods are introduced each
enabling PAPR reduction by clipping followed by filtering with no direct dependence on a clipping ratio
parameter. We find that our approach significantly reduces the PAPR of the OFDM signals (especially with
LM optimization) better than the conventional adaptive iterative clipping and filtering operating without
LM optimization. Based on our proposed methods, we additionally outline two simple steps for achieving
perfect PAPR reduction (i.e., 0 dB). We also evaluate the performance of the three new models over high
power amplifier (HPA) for completeness; the HPA is found to induce negligible BER degradation effects on
the processed signal compared with the unprocessed signal.

INDEX TERMS OFDM, iterative clipping and filtering (ICF), adaptive ICF, PAPR, optimization, Lagrange
multiplier, uniform distribution, high power amplifier (HPA).

I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is an
efficient multicarrier communication style over fading chan-
nels since the narrow-bandwidths subtended in the frequency
domain allow long symbol period. This property provides
protection against channel impulse response effects and
makes OFDM attractive in the design of modern commu-
nication systems for efficient management of scarce radio
frequency bandwidths. Further spectral efficiency can be
achieved by usingwavelets which can operateOFDMwithout
cyclic prefix [1], [2]. Unfortunately, high peak-to-average
power ratio (PAPR) problem limits its wide adoption in
some communication devices. For example, while OFDM is
applied in downlink transmissions of mobile communication
standards, it is not preferred in uplink transmissions due to

PAPR limitation [3]. High PAPR leads power amplifiers to
operate in the saturation region expending large system power
and induces bit error ratio (BER) degradation due to smearing
of signals.

In the literature, different PAPR reduction techniques
exist and may be applied before or after OFDM modu-
lation [4]. Two families of post-modulation PAPR reduc-
tion schemes include companding and clipping [4]–[7].
Companding destroys the orthogonality of OFDM subcar-
riers and may cause the signals to be unrecoverable at
the receiver. Clipping does not require receiver-side pro-
cessing, thus reduces the receiver-side complexity unlike
companding. In this study, we focus on iterative clipping
and filtering (ICF) technique although the conventional ICF
PAPR reduction technique has been around for some time [6].
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ICF is attractive because it is simple to implement, achieves
better power amplifier efficiency at the cost of increasing in-
band distortion while restricting out-of-band power radiation
due to power amplification [8] and can be designed to achieve
good BER performances [9]–[11]. After the introduction of
clipping and filtering by [6], many studies [3], [4], [8]–[10],
[12], [13] have been done to perfect the technique as an
ideal post-multicarrier modulation PAPR reduction method
for OFDM systems. However, all these schemes are based on
specifying a clipping ratio.

In this study, a different approach that does not require
a predefined clipping ratio is taken. This approach is based
on the fact that transforming the amplitude distribution to a
uniform distribution can lead to perfect PAPR reduction; thus
we establish the steps for achieving such distribution through
clipping. At this stage, let us first recapitulate that conven-
tional OFDM signal has characteristic amplitude distribution
that follows Rayleigh distribution. The amplitudes distributed
above the mean are fundamentally responsible for high PAPR
problem and drive the high power amplifier (HPA) towards
saturation region where it consumes large amount of power
and smears the signals thereby degrading the BER. Due to
the dynamic and unique nature of each OFDM symbol and
the amplitudes, we explore the realization of a uniform distri-
bution by ICF without using the conventional predetermined
clipping ratio.

Companding is the foremost PAPR reduction scheme that
explicitly imposes uniform distribution probability density
function (PDF) constraint unto the Rayleigh PDF of the
conventional OFDM signal amplitudes (e.g. [7], [14], [15]).
However, companding destroys the orthogonality of the
subcarriers, unfairly expands the low amplitude sig-
nals or compresses the larger amplitude signals - due to
amplitude distortion, these increase noise overhead and lead
to poor BER performance.

We propose the possibility of addressing PAPR problem
by clipping without setting thresholds. For example, if the
signal amplitude peaks can be made to approach a uniform
distribution, then the PAPR problem can also be eliminated.
Unlike converting the PDFs by using different companding
transforms, we restrict our design to the mean amplitude
distribution. For example, we estimate the mean amplitude
of OFDM signals, then clip all other amplitudes higher than
the mean amplitude; this we called Method 1. We found that
this greatly reduced the PAPR of the system by 10dB and
11dB in 1 and 3 iterations, respectively. As there are many
subcarriers exhibiting the characteristic amplitudes higher
than the mean amplitude, this led to high in-band distortion
which adversely impacted the BER performance.

Since the BER is greatly degraded, we further introduced
another method that can improve the BER at the expense
of the PAPR. This was achieved by scaling up the mean
amplitude so that the number of clipped signals is reduced
thus reducing the in-band distortion; this we called Method 2.
We compared both the PAPR performances of Method 2 with
the original signal and observed that Method 2 reduced the

PAPR of unclipped OFDM signal by 9.5dB. In terms of
the BER, Method 2 achieved 3.4dB gain over Method 1.
Method 2 is attractive since convergence after 1 iteration
achieves good (PAPR and BER) level, which offers a good
trade-off in terms of processing time and power consumption
required for running 2M+1 IFFT/FFT operations (where ’M ’
is the number of iterations).

We emphasize that the two approaches do not require any
predetermination of clipping ratio as it is the custom of the
conventional ICF. Based on these twomethods, it follows that
the PAPR problem can be completely eliminated by two sim-
ple steps, which leads us to a third method, namelyMethod 3;
1) determine the signal amplitudes below the mean and scale
them up using the approach in Method 2, to transform these
lower energy signals to equal or higher amplitudes as the
mean signals; 2) determine the amplitudes distributed above
the mean, then clip the excess - this achieves the complete
PAPR reduction to 0dB.

However, to reduce the number of iterations involved,
we apply the Lagrange multiplier (LM) optimization tech-
nique to reduce the distortion noise which further reduced
the PAPR by another 3.5dB so that the unclipped OFDM
signal PAPR is reduced by 11.5dB in 3 iterations only
using Method 1 and to 0dB in Method 3. We also mea-
sured the amount of out of band emissions generated by our
approach and realized 4.47dB, 1.68dB and 3.23dB gains for
Methods 1, 2 and 3 respectively when compared with the
results of unclipped signals.

II. PROPOSED ICF MODEL
At baseband, the discretely sampled OFDM symbols at the
Nyquist rate do not exhibit equivalent PAPR as the continuous
symbols, thus oversampling is usually required [5], [16].
Given an oversampled frequency domain OFDM signal,

X =

d0, d1, · · · , dN−1︸ ︷︷ ︸
input data

, 0, 0, · · · , 0N (`−1)︸ ︷︷ ︸
oversampling zeros

,
as shown in Fig. 1, it can be converted to a time-domain after
oversampling as follows

x(n) =
1
√
`N

`N−1∑
k=0

X (k)ej2π
kn
`N ∀n = 0, 1, · · · , `N − 1

(1)

where ` is an oversampling factor, usually ` ≥ 4, j =
√
−1

and N is the number of data symbols and `N is the number
over-sized subcarriers after oversampling. Since the x(n) is
characteristically complexwith real xr (n) and imaginary xi(n)
components, the amplitude of the signal can be calculated as

|x(n)| =
√
xr (n)2 + xi(n)2 (2)

From (2), it can be shown as illustrated in Fig. 2 that OFDM
signal has amplitude distribution that follows Rayleigh distri-
bution since xr (n) and xi(n) are independently and identically
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FIGURE 1. OFDM system model showing ICF technique for PAPR reduction; ICF block envelopes the adaptive ICF solution implemented with Lagrange
multiplier optimization to reduce clipping and filtering iterations.

FIGURE 2. PDF distribution of OFDM signal demonstrating the amplitude
distribution which influences the PAPR behaviour of the system.

distributed Gaussian random variables according to central
limit theorem. Being Rayleigh distributed as in Fig. 2 sug-
gests that the small fraction of amplitudes distributed above
the mean amplitude lead to high PAPR problem.

Our goal is to convert the amplitude distribution, by clip-
ping, to achieve a uniform distribution. However, the con-
ventional ICF scheme is usually limited to a preset clipping
threshold and clipping ratio; this limits how much PAPR that
be can reduced. It also requires many iterations [10], [17]
which expends the system power and expands the processing
time. A way of overcoming these limitations is by making
the clipping threshold adaptive as described in [13] while
another is by constructing a PAPR reduction vector [9].
Motivated by the fact that OFDM symbols are dynamic
with varying amplitude distribution and the studies presented
in [9] and [13], we propose a technique that does not require
the clipping ratio and threshold limitations in this study. For
example, recall the conventional ICFmethod, usually defined
as [8]

x̂(n) =

{
T × exp (j× θn) , |x(n)| > T
x(n), |x(n)| ≤ T

(3)

where T is the desired amplitude derived from T = γo
√
Pav,

γo is the clipping ratio and Pav = 1
`N

∑`N−1
n=0 |x(n)|

2,
θn = arg {x(n)} is the phase of x(n) and x̂(n) is the output
clipped signal. From (3), we emphasize that clipping PAPR
reduction technique is amplitude-based PAPR scheme and
does not impact the phase of the signal. Besides, to remove the
in-band distortion noise arising from excess clipped signals,
a frequency domain filtering is applied. This leads to peak
regrowth and increases the PAPR. To cushion this effect,
the clipping is repeated a few times until the desired PAPR
is achieved.

In the adaptive case [13], the authors argue that T must be
recalculated based on the output amplitude of x̂(n) instead of
the hard-fixed threshold which improved the PAPR perfor-
mance. However, an OFDM signal frame is characterized by
three different amplitudes [18], namely

x† =
1
`N

`N−1∑
n=0

|x(n)| (4a)

xmin = arg
xn=0,··· ,`N−1

min {|x(n)|} (4b)

xmax = arg
xn=0,··· ,`N−1

max {|x(n)|} (4c)

In general, we can also summarize (4) into a vector of the
form

|x(n)| =
[
|x(n)| < x†, x†, |x(n)| > x†

]
,

∀n = 0, 1, · · · , `N − 1. (5)

If (4a) is seen as the average power signals, then (4c)
and (4b) are the high and low power signals, respectively.
A sister approach to ICF, namely companding, expands the
energy of the low amplitude signals [19] or simultaneously
compresses and expands the amplitude of (4c) and (4b) to
achieve PAPR reduction [7]. One of the notable companding
examples [14], [20] can be said to have derived from (4),
segmenting the characteristic amplitudes of (1) into (4a), (4b)
and (4c) to construct an amplitude transforming PDF model
that converts Rayleigh distribution into a near-uniform dis-
tribution. The trapezoidal distribution [14], [20] followed
in that discussion leads to the unsolved PAPR problem as
the realized distribution is non-uniform due to the central
peak. These methods present some exploitative insights yet
unexplored with the use of ICF PAPR reduction style.
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Now, we summarize the PAPR problem in OFDM systems
to avoid non-uniformly distribution of signal amplitudes.
In order to make these peaks uniformly distributed, we clip
the amplitudes

(
|x(n)| > x†

)
within the upper bound of (5).

Consequently, we restate the ICF solution in (3) as

x̂(n) =

{
x† × exp (j× θn) , |x(n)| > x†
x(n), |x(n)| ≤ x†

(6)

Considering the other two characteristic amplitudes of an
OFDM system in (4), choosing xmin in (4b) to determine
the clipped signal will reduce the energy in the signals to
mere noise and will be severely attenuated/convolved with
the in-band distortion from the excess amplitudes to become
irrecoverable at the receiver. On the other hand, choosing xmax
in (4c) will be too large that nothing will be clipped and will
also lead to smearing at HPA degrading BER and causing
the HPA to expend more power. In Fig. 3, we exemplify the
amplitude distribution of the clipped signal for large number
of subcarrier N = 1024 with ` = 4.

FIGURE 3. Amplitude distribution of conventional OFDM signals
compared to the clipped signals using the proposed scheme.

From Fig. 3, the clipped signals are nicely uniformly dis-
tributed,U

(
−x†, x†

)
. This will significantly reduce the PAPR

as it will be demonstrated shortly in Section IV. However,
since large number of these signals are distorted the conse-
quential effect is high in-band distortion leading to poor BER
performance. Thus, filtering must be applied to restore the
BER performance of the system by removing the in-band
distorting components. The above ICF model is referred to
as Method 1 in this work.

A. PROPOSED ICF MODEL (METHOD 2 - UP SCALING
THE MEAN AMPLITUDE)
Recall the characteristic amplitudes of an OFDM signal
described in (4), then, comparing (4c) and (4a) as

∆x = xmax − x† (7)

depicted in Fig. 3, it can be observed that ∆x is large. A way
of reducing (7) is by scaling up (4a) with respect to the excess

amplitude in Fig. 3 (i.e. ∆x) as follows

x†‡ =

√
`N
P
x† (8)

where P is from

x(p) = |x(n)| > x†, ∀n = 1, · · · , `N ∀p = 1, · · · ,P (9)

In other words, P is the number of elements in x(0 ≤
p ≤ P − 1). Now, by casting (8) unto (6) substituting for
x†, we express the new clipping criteria as

x̂(n) =

{
x†‡ × exp (j× θn) , |x(n)| > x†‡
x(n), |x(n)| ≤ x†‡

(10)

The ideal of the second approach is that although the
amplitudes are selectively increased, however, these increases
are not within the nonlinear region of the HPA and thus avoids
nonlinear smearing (distortion) of the amplitudes of the input
signals which would lead to good BER performance as it will
be illustrated in Section IV-B.

FIGURE 4. PDF distribution of signal amplitudes when clipped using
Methods 1 and 2.

In Fig. 4, the PDFs showing the amplitude distribution of
the two styles of clipping are demonstrated. The unclipped
OFDM signal amplitude by default follows the Rayleigh dis-
tribution with significantly very small fractions of the ampli-
tudes existing above the mean - this is usually responsible for
the high PAPR metric of unprocessed OFDM signals. PDFs
showing larger concentration of amplitudes around the mean
tend to uniform distribution and will attain the optimal PAPR
performance. This property is achieved by the Method 1,
hence works with better PAPR performance than Method 2
and the unclipped signals as shown in Fig. 4.

B. PROPOSED ICF MODEL - METHOD 3
Method 2 shows two peaks, the lower one corresponding
to the conventional amplitude distribution achieved through
Method 1 and the second peak corresponding to the peaks
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FIGURE 5. PDF distribution of signal amplitudes when clipped using
Methods 1, 2 and 3.

obtained by scaling up all the mean amplitude by
√
`N
P in (8).

By this fact, it follows that, to achieve a perfect PAPR reduc-
tion of 0dB (i.e. PAPR = 1) involves two steps; 1) scale up
all amplitudes smaller than x† using (8) or force them to x†;
2) clip all amplitudes greater than x† using (6). A problem
with this scheme is that the resulting distortion noise is
usually high leading to poor BER performance. As an open
challenge therefore, we encourage the reader to explore opti-
mal solution for maximizing the BER performance based on
these two simple straightforward steps. By this method (i.e.
Method 3), the amplitude distribution clusters more around
the mean amplitude as shown in Fig. 5 compared to those in
Methods 1 and 2.

III. METRICS FOR IMPROVING PERFORMANCE OF
PROPOSED ICF MODELS
In this section, we present different performance
improvement metrics for an OFDM system to enhance the
performance of the proposed system models. All metric
enhancement parameters described in this section fit into
the evaluation of any of the three models presented above,
however, we exemplify the procedures usingMethod 1 except
where it is specifically stated otherwise.

A. PAPR OF OFDM SYSTEM
The PAPR is estimated as a ratio of maximum and average
powers of an OFDM signal. For example, let us define the
PAPR of an OFDM system as [9], [10], [21]

PAPR =
max

n=0,1,··· ,`N−1

{
|x(n)|2

}
1
`N

`N−1∑
n=0

{
|x(n)|2

} =
‖x‖2∞
1
`N ‖x‖

2
2

(11)

where ‖·‖∞ represents ∞-norm and ‖·‖2 ≤
√(∑

|·|
2) .

Complementary cumulative distribution function (CCDF) is

used to measure PAPR as

CCDF = Pr {PAPR > γo} (12)

where Pr{·} is the probability of {·} and γo is the desired
threshold. In PAPR reduction using ICFs, the in-band signal
is distorted by the excess signal amplitudes which degrades
BER performance. This can be measured by estimating the
error vector magnitude (EVM) which measures the degree of
deviation of a signal from its constellation point and can be
expressed as [10]

β =

√√√√√√√√
N−1∑
n=0

∣∣∣X (n)− X̂ (n)∣∣∣2
N−1∑
n=0
|X (n)|2

=

∥∥∥X (n)− X̂ (n)∥∥∥
2

‖X (n)‖2
(13)

where X (n) is the frequency-domain equivalent of the
unclipped signal and X̂ (n) is the frequency-domain equiv-
alent of the clipped signal. It follows that reducing the error
vector

∥∥∥X (n)− X̂ (n)∥∥∥
2
in (13) will reduce the PAPR and also

reduce the number of iterations involved. Based on this, next
we explore the adaptive optimization technique described
in [5] for increasing the PAPR performance by reducing the
error vector demonstrated in Section III-B.

The estimation of the error vector helps to minimize the
distortion noise. Thus, the removal of the distortion noise
minimizes peak regrowth (which amplifies the PAPR and
leads to too many iterations), thus minimizes the number
of iterations. In this work, we achieve the removal of the
distortion noise through optimization process as described in
the next section.

B. ADAPTIVE OPTIMIZATION OF PROPOSED ICF SCHEME
This optimization technique is based on reducing the error
vector so that β in (13) can be minimized; earlier studies
involving EVM and convex optimization in PAPR reduc-
tion are available in the literature [9], [10], [21]–[23].
To reduce the EVM and the number of ICF iterations,
C =

∥∥∥X (n)− X̂ (n)∥∥∥
2
must be reasonably small. Such

problem can be solved by constructing an optimal filter
as [10] or by constructing a suitable PAPR reduction vector
as in [9]. The optimal filter method involves running a special
software, the CVX tool, while the PAPR vector method can
be solved in closed form, thus the latter is preferred. Since
the process is iterative, we cast the problem unto [9] method,
then the problem becomes

min
Cm∈CN

β =
‖Cm‖2
‖X‖2

(14a)

subject to

cm+1 = IFFT (C)1×`N (14b)

|xm − cm+1| ≤ xm† (14c)

where xm† denotes that (4a) must be updated at each iteration.
By squaring both sides of (14), the LM optimization approach
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L (Cm, λ) to the problem can be written as

L (Cm, λ) =
‖Cm‖22
‖x‖22

+ λ

(
|xm − cm+1|2 −

(
xm†
)2)

(15)

where λ is the Lagrange multiplier. From the LM optimiza-
tion approach [5], the closed form solution can be found as

Cm =
1
√
N

(
|xm| − xm†

)
ejθm (16)

where θm is the phase of the signal cast back unto the
reduction vector. This solution is an optimal PAPR reduction
scheme that also minimizes the number of iterations.We have
shown earlier in [5] that there exists a new peak and also a
new average power at each iteration which requires iteratively
recalculating the new clipping threshold [13]. The adaptive
ICF approach in [13] is not optimized, thus we extend our
solution of (16) to the adaptive approach reported in [5] which
computes a new xm† using (4a) at each iteration.

C. COMPENSATING FOR THE NONLINEARITY OF THE
PAPR REDUCTION SCHEME
From the foregoing discussion, it can be observed that the
PAPR reduction solution is a nonlinear solution. Meanwhile,
from Bussgang theorem [8], [24], [25], the output amplitude-
distorted signals can be expressed as

x̂(n) = αx(n)+ d(n) (17)

where α is the attenuation factor and d(n) is the uncorrelated
distortion noise. The average power dissipated by the output
clipped signal can be described as

Pout = E
{∣∣x̂(n)∣∣2} (18)

and the average distortion power can also be expressed in
terms of the signal attenuation power as

Pd = E
{
|d(n)|2

}
= Pout − Patt (19)

while the attenuated signal power can be expressed as

Patt = E
{
|αx(n)|2

}
= α2E

{
|x(n)|2

}
(20)

Finally, the signal-to-distortion noise power ratio (SDR) can
be represented as (21)

SDR =
Patt
Pd
=

Patt
Pout − Patt

(21)

Thus, the problem now translates to deriving the analytical
closed-form expression for the attenuation factor and plug-
ging it into (17). To do that, let us express the attenuation
factor [26], [27] as follows

α =
1
σ 2
x

∫
∞

0
�(x(n)) x0f|x(n)|dx (22)

where x0 is the discrete envelope of the unclipped signal x(n),
�(x(n)) is the nonlinear amplitude distorting function and
f|x(n)| is the PDF of the unclipped signal which usually follows

Rayleigh distribution. Let the output clipped signal be repre-
sented in terms of the input signal and clipping (amplitude
distortion) noise

s(n) = x(n)+ b(n) (23)

such that the output power can be expressed as

σ 2
s = σ

2
x + 2E

{
b∗(n)x(n)

}
+ σ 2

b (24)

where b(n) is the clipping noise and (·)∗ is the complex
conjugate operator. Supposing that the input signal is well-
normalized such that it maintains unit power σ 2

s = σ
2
x = 1,

then

σ 2
b = −2E

{
b∗(n)x(n)

}
(25)

The nonlinear amplitude distorting function is given by clip-
ping function in (6) and the attenuation factor can be achieved
in simulation (see [27], [28]) as

α =
E
[
x(n) · x̂∗(n)

]
E
[
|x(n)|2

] (26a)

= 1+
E
[
b∗(n) · x(n)

]
σ 2
x

(26b)

where σ 2
x = E

[
|x(n)|2

]
, E [·] is the statistical expecta-

tion value operator and x̂(n) is the output clipped signal
in (6). Substituting for cross-correlation between the distor-
tion noise and the original signal,

α = 1−
σ 2
b

2σ 2
x

(27)

From (27), α→ 1 as σ 2
b → 0 in which case, a compensation

is not required. However, this is not realistically the case
during nonlinear amplitude processing as σ 2

b 6= 0.

D. NONLINEAR TRANSMISSIONS OVER
HIGH POWER AMPLIFIER
The objective of PAPR reduction is to ensure that OFDM sig-
nals operate below the saturation regions of HPAs. To assess
the performance of the proposed PAPR scheme over HPA,
we consider a solid-state power amplifier (SSPA) that oper-
ates on the output clipped signal as follows [27]

D
(
x̂(n)

)
= F (ρn) ej(φn+8(ρn)) ∀n = 0, 1, · · · , `N − 1

(28)

whereF (·) and8(·) are the AM/AMandAM/PM converters
respectively of x̂(n) =

∣∣x̂(n)∣∣ ej arg{x̂(n)} = ρnejφn . We limit
our studies to amplitude distortion and so, the phase distortion
is thus negligible [11]. Now, consider an AM/AM SSPA
operating over the output clipped signal as follows

xpa(n) = F (ρn) (29a)

=
g0
(
x̂(n)

)
(
1+

(
g0(x̂(n))
Asat

)2q) 1
2q

ejφn (29b)

= αpax̂(n)+ dpa(n) (29c)
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FIGURE 6. Nonlinear solid-state power amplifier showing different
saturation levels including the mean amplitude processed.

where g0
(
x̂(n)

)
= ρn, Asat =

√
PT is the input saturation

level with PT as the saturation power and q determines the
output sharpness parameter. Thus, model (29) induces some
nonlinear distortion into the signal causing further in-band
distortion in addition to the ICF. In Fig. 6, three different
saturation levels are exemplified. It follows that the perfor-
mance of the amplifier on the input signal depends on the
input saturation level of the HPA. In this study, the input
signal is shown (with red circle) to exist at ≈ 0.6 mean
amplitude which is reasonably lower than saturation level of
the HPA at Asat = 1.0 and reasonably high when Asat = 0.5.
In practical HPAs, output sharpness parameter is usually set
at q = 2 or 3 [11] and this is adopted in this study setting
q = 3.

E. COMPENSATING FOR NONLINEAR
TRANSMISSION OVER HPA
Since clipping and HPA processes are independent, we ana-
lyze the signal transmission behaviour and compensations
separately. Both ICF and HPA are independent nonlinear
processes; thus we require to compensate the signal as already
performed in the case of ICF in Section III-C. Now, by pass-
ing the output clipped signal over an AWGN channel, the
received signal can be expressed as

r(n) = x̂(n)+ w(n) (30)

where w ∼ CN
(
0, σ 2

w
)
is the additive white Gaussian

noise (AWGN) with variance σ 2
w = N0/2, C denotes that

w is both circularly symmetric and complex [29], N0 is the
value of the one-sided power spectral density (PSD) of the
noise. Then, considering the effects of the HPA and using (17)
in (30), the output result can be expressed as

r(n) = αpaxpa(n)+ dpa(n)+ w(n)

= αpaxpa(n)+ wd (n) (31a)

where xpa(n) is the output signal from HPA in (29) scaled by
the ICF attenuation factor from the ICF process in (26) and

wd (n) = dpa(n)+ w(n). (31b)

From (17), if the attenuation factor can be estimated, then
compensating for this before transmission can improve the
system performance such as

x̂pa(n) =
xpa(n)
αpa

= x̂(n)+
dpa(n)
αpa

(32)

If the distortion noise due toHPA can be estimated, and scaled
by the attenuation factor due to HPA, then the signal integrity
can be improved such that the transmitted signals become

x̄(n) = x̂pa(n)−
dpa(n)
αpa

= x̂(n)+
dpa(n)
αpa

−
dpa(n)
αpa

(33a)

⇒ x̄(n) = x(n)+ d(n). (33b)

Similarly, if the distortion noise due to ICF can be estimated,
then the signal integrity can also be increased; this is achieved
from error vector in (16). Unfortunately, applying compen-
sation after passing the signal through AWGN channel will
amplify the noise in (33) such as in

x̄pa(n) =
r(n)
αpa

(34)

= xpa(n)+
1
αpa

(
dpa(n)+ w(n)

)
. (35)

We follow the regime of Section III-C also to compensate
the signal before passing it through the AWGN channel.
Generally, the attenuation factor α can be determined from
estimating the clipping ratio, γo and plugging it into [27], [30]

α = 1− exp
(
−γ 2

o

)
+

√
π

4
γo erfc

(
γ

1
2
o

)
(36)

where γo =
x†
√
Pav

, Pav = 1
`N

∑`N−1
n=0 |x(n)|

2 and erfc (·) is
the complementary error function. Unfortunately, (36) holds
for soft limiter [27], in other words the case in (29), when
q→∞ [11].
Then, the correlation coefficient of the distorted and

original signal, Rpa, which minimizes the error in

E
[∣∣x(n)−Rpax̄∗(n)

∣∣2] after power amplification can be
written as [8]

Rpa =
E
[
x(n) · x̄∗(n)

]
E
[
|x(n)|2

] (37)

where x̄(n) is the HPA compensated output signal after the
SSPA-HPA output signal from (29a) that is passed through
an AWGN channel. The result (37) is only the compensation
due to the effect of HPA; when the system operates only with
consideration to ICF (i.e. ignoring HPA) the compensation
in (37) reduces to only (26b). We report our results for the
unclipped, clipped without the MMSE compensation and
clipped with MMSE compensation in Sections IV and II-A.
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IV. RESULTS AND DISCUSSIONS
Since the proposed technique does not use a preset clipping
ratio, it is not fair to compare both proposed schemes with
ICF which seeks to attain a target PAPR threshold. However,
at the transmitter, we generate N = 128 random data and
pass these through QPSK modulator as shown in Fig 1.
The resulting symbols are then oversampled 4-times which
subtends an over-sized 512 IFFT/FFT points which are then
used to transform the signal into time-domain using IFFT-
block. Here, we estimate the mean amplitude of the signal
as described in (4a). Using the mean amplitude, the excess
signal amplitude above the mean are clipped off and using the
PAPR reduction vector in (16), we optimize the iterations and
improve the PAPR performance. The output clipped signal is
then compensated using (26), then passed through HPA and
compensated using (37) before transmission. The resulting
signal is then passed through an AWGN channel with zero
mean and variance σ 2

w. At the receiver, the received signal
is then converted from serial to parallel, then transformed
back into frequency domain and downsampled before QPSK
demodulation. It must be noted that no error correction coding
has been applied and no cyclic prefix is used as impulsive
channel is not considered. To compare the output result with
the originally transmitted data, we compare the received
signal and the transmitted signal so that the BER can be
estimated. Clearly, we evaluate the BER performance based
on 1) adaptive optimized scheme and adaptive non-optimized
scheme (without MMSE); 2) adaptive optimized scheme and
non-optimized scheme (with MMSE).

A. PERFORMANCE EVALUATION OF THE PROPOSED ICF
SCHEME (METHOD 1) WITH AND WITHOUT
OPTIMIZATION
In the set of results in our investigation, we evaluate the
performance of the proposed PAPR reduction scheme when
operated with and without optimization. Optimization helps
to maximize the PAPR reduction performance with minimal
iterations by constructing a suitable PAPR reduction vector
as described in Section III-B. In Fig. 7, the proposed PAPR
reduction model greatly reduces the PAPR of the conven-
tional OFDM system by 8dB at 3 iterations. By applying
optimization, the PAPR is further reduced by 3.6 dB.

It is well-known that PAPR reduction is achieved at the
expense of the increased error probability in the received sig-
nal. For example, the proposed ICF PAPR reduction scheme
achieves the presented PAPR reduction indices at the cost of
reduced BER performance in comparison to the unmodified
OFDM system due to in-band distortion noise. The BER
metric on the other hand reflects the measure of how much
distortion noise has been injected into the transmitted signal
which causes deviation from the desired symbol constella-
tion positions as shown in Fig. 8. However, we improve the
BER performance by reducing the noise overhead before
transmitting the PAPR reduced signal using the MMSE cor-
rection. To achieve this, we compensate the PAPR reduced

FIGURE 7. PAPR Performance of the proposed new ICF approach in
Method 1 for reducing the PAPR of OFDM systems with and without
optimization.

FIGURE 8. BER Performance of the proposed new ICF approach for
reducing the PAPR of OFDM systems (` = 4, N = 128) with and without
optimization.

signal using the adaptively determined post-PAPR reduction
factor as described in (26b) before transmission. In Fig. 8,
the MMSE compensation slightly reduces to improve the
BER; this is more significant in the optimized scheme. The
optimized and non-optimized performed alike in terms of
BERwith 1 iteration. With 3 iterations, the optimized scheme
achieved 5dB better than non-optimized version at 10−2

BER.WhenMMSE is applied, with 1 iteration, the optimized
version achieved 2.5dB at 10−3 BER while with 3 iterations
the optimized version achieved 6dB better than the non-
optimized version at 10−2 BER. Next, comparing MMSE
and with no MMSE, there is 2.5dB gain within the opti-
mized scheme and 1dB at 3 iterations at 10−2 BER but
provides insignificant gain in all the non-optimized schemes.
In 1 iteration, comparing optimized and non-optimized
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FIGURE 9. PAPR performance of proposed ICF PAPR Method 2 comparing
adaptive optimized and adaptive non-optimized schemes (` = 4,
N = 128).

schemes, the optimized achieved 2dB gain at 10−3 BER
and over 4dB gain at 10−2 BER with 3 iterations (without
MMSE). The MMSE improvement is due to the removal of
noise vector before further processing and transmission.

B. PERFORMANCE EVALUATION OF PAPR AND
BER USING METHOD 2
Recall the signal transmission over the AWGN channel in
explained Section III-E. We can express the received signal
as follows

y(n) = αpax̂(n)+ dpa(n)+ w(n), ∀n = 1, · · · , `N (38)

where dpa(n) is the new distortion component of the HPA.
The received SNR after HPA can be described as follows

γ = 10log10

(
α2
(
σ 2
x

σ 2
w

))
(39)

where σ 2
x is the input signal power and σ 2

w is the overall
noise power. Substituting for the attenuation power from (27)
into (39), we obtain

γ = 10log10

(1− σ 2
b

2σ 2
x

)2

×

(
σ 2
x

σ 2
w

) (40)

Obviously, reducing the attenuation factor power, namely σ 2
b

in (40) increases the SNR and thus improves the BER. One
of the ways of doing this is by reducing the depth of clipping
of the signal. For example, due to the depth of clipping
in the proposed ICF method above, the in-band distortion
is very high which suggests an increased EVM and highly
degraded BER. In this section, the performance enhancement
is achieved through our proposed Method 2 described in
Section II-A.

The PAPR performances of the second procedure are pre-
sented in Fig. 9. Clearly, the PAPR of the original signal
is well reduced. Also, observe that the optimized scheme

outperforms the non-optimized method while achieving opti-
mal performance in 1 iteration. However, when the result of
Method 2 in Fig. 9 is compared toMethod 1 in Fig. 7, it can be
found that the PAPR performance is degraded. The reason can
be straightforwardly obtained from comparing (8) and (4a)
which determines the amplitude threshold required to be
clipped. In (4a) criteria, more amplitudes are clipped while
in (8) less number of amplitudes are clipped thus lowering
the PAPR performance.

FIGURE 10. BER Performance of adaptive optimized and adaptive
non-optimized PAPR reduction scheme (Method 2).

In terms of BER performance, we present the correspond-
ing performance of the proposed Method 2 in Fig. 10. Now,
since there are lower number of amplitudes to be clipped
in (8), then there will be correspondingly less amplitude
distortions which will translate into better BER performance.
This is true as shown in Fig. 10 where Method 2 achieves
increased BER performance.

C. PERFORMANCE EVALUATION OF METHOD 3
Obviously, the PAPR performance of the third method is
significant in Fig. 11 and better than earlier two schemes due
to its ability to achieve a better PDF distribution with most
amplitudes centering around the mean. Comparing Meth-
ods 1 and 2 in terms of PAPR performance, Method 1 out-
performs Method 2 in terms of PAPR for all iterations. This
obviously follows from the fact that the amplitudes of some
signals are selectively enhanced while others are selectively
reduced (and all towards a uniform distribution) which also
enhanced the PAPR threshold. The BER performances of all
the schemes are combined and presented in Fig. 12 for ease of
reference and comparison with Method 2 achieving the best
BER performance followed by Method 1.

D. PSD PERFORMANCE EVALUATION OF
METHODS 1, 2 AND 3
Although the out-of-band emission reduction of OFDM sys-
tems due to PAPR reduction is not the key focus of this
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FIGURE 11. Performance evaluation of three different ICF styles based on
the PDF distribution of the amplitudes of OFDM signals (with
optimization).

FIGURE 12. BER Performance of proposed three methods of PAPR
reduction based on iterative clipping and filtering (with optimization and
one-level MMSE).

study (see [31, and references therein]), we show some
improvement achieved when the proposed scheme is applied.
We evaluate the PSD of the proposed schemes with the
unclipped as shown in Fig. 13. Compared to the unclipped,
the proposed ICF schemes achieve lower out-of-band inter-
ference (OBI) showing 4.47dB, 1.68dB and 3.23 dB gains
for Methods 1, 2 and 3 respectively, in the PSD plots.

E. PERFORMANCE EVALUATION OF BER OF METHODS 1,
2 AND 3 WHEN USING HPA
We explore the performance of the proposed schemes over
solid-state power amplifier with characteristic input satura-
tion amplitude level of 1. The idea of reducing the PAPR
of OFDM system is to ensure that the highest amplitude
does not (or that only minimal number of amplitudes) appear
within the nonlinear region of the HPA as this can induce

FIGURE 13. Performance comparison of power spectral density for the
proposed three ICF schemes with unclipped OFDM signals.

FIGURE 14. BER Performances over HPA for the two proposed BER
reduction methods (all with the two-level nonlinear MMSE
compensations).

amplitude distortion into the signal and reduces the BER
performance. For the two proposed schemes emerging from
the foregoing discussions, we perform the evaluation of their
BERs over the SSPA described in Section III-D as presented
in Fig. 14. The results show that passing the signal through
SSPA does not greatly impact the BER performance of all the
proposed methods due to reduced amplitude peaks. However,
observe that the BER of unclipped signal is largely degraded
as depicted in Fig. 14. In fact, compensating for the HPA
nonlinear distortion improves the BER performance of all
methods such that BER degradation is negligible when passed
over the HPA. In general, Method 2 achieves the best BER
performance both when working with and without SSPA.
While performing well with just 1 iteration, it also achieves
considerable reduction in the PAPR performance, however
performsworse thanMethods 1 and 3. TheMethod 3 achieves
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the best performing PAPR performance but the worst BER;
this, we have enumerated an open challenge on finding
optimal techniques that can improve the BER performance.
Finally, Method 2 achieves the worst PAPR performance but
the best BER. It therefore follows that the choice of the
technique to be deployed depends on the system designer
and on the intended output performance. Meanwhile, for best
BER performance and fair PAPR, we recommend the use of
Method 2.

V. CONCLUSION
We have, in this paper, presented three new methods of
handling the PAPR reduction problem in OFDM systems
based on clipping and filtering. The proposed methods are
based on transforming the amplitude distribution of conven-
tional OFDM system to uniform distribution. Using the mean
amplitude as a reference amplitude, we clip excess ampli-
tudes to approach uniform distribution. A second approach
scales the mean with reference to the excess amplitudes
which achieves better BER performance than the previous.
Combining the ideas gained from the first two, we proposed
a third method which amplifies the amplitudes distributed
below the mean, then clipping the all amplitudes above the
mean to achieve 0dB PAPR in 3 iterations. To reduce the
number of iterations involved, we applied the Lagrange mul-
tiplier optimization technique to reduce the distortion noise
which impacted the PAPR and the BER also. To compensate
for the nonlinear distortions, we applied MMSE after ICF
and passing the signal through HPA. This further improved
the BER performance. The proposed schemes can be further
improved by finding optimal technique to reduce in-band
distortion noise. Finally, we have shown that the proposed
methods also achieve lower OBI compared to the unclipped
scheme.
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