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ABSTRACT Currently, peak-to-average power ratio (PAPR) degrades the performance of the wireless
system and has been widely studied in the orthogonal frequency division multiplexing (OFDM) systems.
However, there is less work concerning about this issue in the dual-band signal wireless communication
system, which still hinders the wide applications of the system. This paper aims to develop a new two-
dimensional sector crest factor reduction (2D-SCFR) method to solve this problem in the dual-band signal
system by reducing a certain amount of dual-band signal amplitude. In practice, we formulate a combined
PAPR of the dual-band signals with the independent Gaussian distribution to evaluate the PAPR value
of the dual-band signals. Further, as to the peak detection process, this proposed method introduces a
continuous piecewise function, which determines the reduction amount based on signal amplitude to avoid
over-reduction. To evaluate the performance of the proposed clipping technique, crest factor reduction (CFR)
algorithms are applied as the benchmark solution with different dual-band input signal combinations. The
numerical results show that the proposed method significantly improves the signal quality of error vector
magnitude (EVM), as compared to other CFR algorithms.

INDEX TERMS Dual-band, PAPR, 2D-CFR, power amplifier.

I. INTRODUCTION
With the rapid development of mobile communication,
a plurality of modern communication systems with different
coexisting carrier frequencies have emerged to improve the
services and increase the data rates. In order to increase the
efficiency of the base station, it is necessary to integrate
different communication systems with different carrier fre-
quencies into the same device. Recently, various technologies
on dual-band transmitters, including dual-band filters [1], [2],
dual-band power amplifiers [3], [4], and dual-band anten-
nas [5], have been proposed to support concurrent dual-
/multi-band communication.

Modern mobile communications, such as wideband
code division multiple access (WCDMA) and orthogonal
frequency division multiplexing(OFDM), have features of
complex modulation, high spectral efficiency and broad
bandwidth. Those systems are also affected by the high
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peak-to-average power ratio (PAPR) issue. Those existing
complex modulations need the power amplifier operating
in the back-off region from the saturation point to meet
the high linearity requirements, therefore resulting in lower
power efficiency. A practical problem that hinders a multi-
standard system from being integrated into concurrent dual-
/multi-band systems is that the dual-band signal significantly
increases the peak-to-average power ratio (PAPR) and wors-
ens the nonlinearity and efficiency of the power amplifier in
contrast with the single-band signal.

As to the problem, crest factor reduction (CFR) [6] is
an effective method to reduce the power amplifier back-
off and improve its efficiency with limited signal quality
degradation. In practice, several CFR techniques applied in
single-band signals can be divided into two categories: signal
distortion techniques and signal scrambling techniques. The
signal distortion techniques, such as signal clipping [6],
peak windowing [7] and nonlinear companding transform
(NCT) [8], reduce the PAPR of the input signal by distorting
the signal and have been widely used due to the simplicity
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and adaptability. The signal scrambling techniques
[9]–[11], such as block coding, partial transmit sequence
(PTS), selected mapping [12], tone reservation [13], could
achieve a better CFR amount without significant signal
deterioration. However, the signal scrambling techniques
require the receiver to process the signal accordingly [14].
Due to the different communication standards/modulation
schemes applied in each band, it is difficult to apply the signal
scrambling techniques to dual-band signals because of the
incompatibility issue.

The signal distortion-based clipping technology is widely
applied by CFR for single-/multi-band signals. The conven-
tional one-dimensional CFR (1D-CFR) [15], [16] compares
each band with the threshold value. Each band signal is pro-
cessed by clipping and filtering when its amplitude exceeds
the threshold value. Since the combining effect of the ampli-
tudes of dual-band signals is not taken into account, there
will be over-reduction or under-reduction issues. The over-
reduction will deteriorate the signal quality unnecessarily,
and the under-reduction issue will deteriorate the output sig-
nal PAPR reduction and decrease the efficiency.

Compared to the single-band signal CFR, the combining
effect of independent dual-band signals needs to be taken into
account to evaluate the peak value and adjust the clipping
amount carefully between two bands, so as to balance the
reduction amount and the signal quality. To improve the effi-
ciency of dual-/multi-band transmitters, a two-dimensional
CFR (2D-CFR) algorithm has been studied simultaneously
with the development of the two-dimensional digital pre-
distortion technology [17]–[19].

In [16], [20]–[24], 2D-CFR is studied as a PAPR reduc-
tion technology for wireless communication on dual-band
transmitters. The literature [16] firstly considers the combi-
nation of dual-band signals in the clipping method. In [16],
the instantaneous power sum of two bands with a predefined
threshold is used to evaluate the peak value, and determine the
reduction amount of dual-band signal. The 2D-CFR method
jointly clips the dual-band signals with the same proportion,
which corrects the defects of 1D-CFR that fails to consider
the combining effect of a dual-band system and significantly
improves the performance of the CFR method on dual-band
signals. The 2 component carriers-CFR (2CC-CFR) technol-
ogy in [22] extends its application scope to the scenarios of
unequal power levels, and considers different requirements
on error vector magnitude (EVM) and arbitrary number of
carriers. The two-dimensional modified CFR (2D-MCFR)
proposed in [24] uses the difference of signal instantaneous
amplitude between the two bands to determine the reduction
amount of the two bands. However, the 2D-MCFR algorithm
brings in defects of signal discontinuity, leading to deterio-
ration of signal quality, which will be analyzed in detail in
Section III.

Effective 2D-CFR requires calculation of the combining
PAPR correctly. However, there is no literature to theoret-
ically analyze and calculate the combining PAPR of con-
current dual-band signals. Instead, different peak evaluation

FIGURE 1. Concurrent dual-band transmitter model with 2D-CFR
module.

methods have been studied. For example, the literatures
[16], [21] use the power sum of the dual-band signals to
evaluate the peak value and determine the reduction amount,
while the literature [24] uses the signal amplitude sum of the
dual-band signal to evaluate the peak value and determine
the reduction amount. In this paper, a theoretical formula is
derived on the PAPR of the dual-band signal. At the same
time, in order to further improve the performance of the dual-
band clipping method, a 2D sector CFR (2D-SCFR) method
is proposed to determine the CFR amount with a continu-
ous piecewise function based on the amplitude of the dual-
band signals. This method takes advantage of the appropriate
continuous reduction amount and gets a better distortion
performance.

In the end of this paper, two dual-band communication
signals with different PAPR values are processed by the pro-
posed 2D-SCFR method and the conventional method. The
simulation results prove that the proposed 2D-SCFR gives a
better performance on PAPR reduction and EVM of signal
quality by correcting the defects including over-reduction,
under-reduction and signal discontinuity. The resulted PAPR
and the signal quality are both improved as compared to the
conventional CFR methods.

The following part of this paper is as follows. Section II
introduces the existing methods. The explicit formula
describing the PAPR of the dual-band signal and the proposed
2D-SCFR algorithm are deduced in Section III. Section IV
gives simulation results of different 2D-CFR methods. The
conclusions are drawn in Section V.

II. EXISTING CFR METHODS FOR DUAL-BAND SIGNALS
A concurrent dual-band wireless communication transmitter
implemented with 2D-CFR and two-dimensional digital pre-
distortion (2D-DPD) algorithms is shown in Fig. 1. CFR is
used to reduce the PAPR value of the input signal and improve
the efficiency of the power amplifier.

In order to represent different clipping methods, such as
1D-CFR, 2D-CFR, 2D-MCFR, etc., the dual-band signal
is represented as a 2D vector pair (x1(n), x2(n)), and 2D
power/amplitude reduction direction and position for each
pair of sampling point vectors are drawn with respect to
different CFR algorithms.
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FIGURE 2. The clipping process of existing CFR methods.

A. 1D-CFR ALGORITHM
The 1D-CFR algorithm [16] is widely used in various com-
munication systems. The 1D-CFR algorithm is simply used
to clip each band signal without considering the combination
of the dual-band signals. The two bands signals are compared
with the threshold respectively, and are clipped.

Fig. 2(a) shows the clipping process of the 1D-CFR
method, where the line |x1| = T1D and the line
|x2| = T1D represent the CFR thresholds. According to the
1D-CFR clipping algorithm, point A will be clipped to point
Ā in the direction of the parallel coordinate axis. Obviously,
the amount of clipping is under-reduction.

B. 2D-CFR ALGORITHM
In 2D-CFR algorithm [21], Psum(n) in (1) is introduced in the
peak detector to represent the sum of the dual-band signal
power.

Psum(n) = |x1(n)|2 + |x2(n)|2 (1)

Then Psum(n) is compared with threshold P2D, and 2D-CFR
method is described as

(x1(n), x2(n)) =


(x1(n), x2(n)), Psum(n) > P2D√

P2D
Psum(n)

(x1(n), x2(n))

Psum(n) < P2D

(2)

where x1(n) and x2(n) are the clipped signals.
Fig.2 (b) shows the 2D-CFR method which takes into

account the combining effect of dual-band signals. The line
LT : |Plower | + |Pupper | = Psum is the clipping threshold.

According to the 2D-CFR algorithm in (2), the sampling point
B is clipped to point B which is the intersection of the line
OB and the threshold line LT . The obvious defect of this
algorithm is that, if the power sum of the two bands is higher
than the threshold P2D, the instantaneous amplitude value of
one band is still clipped with the same proportion as the other
band even if it is low. This will lead to unnecessary over-
reduction, thereby deteriorating the signal quality.

At the same time, the reduction amount is insufficient
with Psum as the threshold instead of the amplitude sum.
This results in the peak value not being effectively clipped.
The 2D-PDR algorithm [21] optimizes the amount of dual-
band clipping according to the maximum available power
distribution (MAPD) of the power amplifier.

C. 2D-MCFR ALGORITHM
To ameliorate the over-reduction issue of 2D-CFR, the 2D-
MCFR method [24] takes d as the instantaneous amplitude
difference parameter to determine the reduction amount of the
two bands during peak detection. When the signal amplitude
difference is higher than d , the weaker signal will not be
clipped to avoid over-reduction of the weaker signal. The
algorithm could be described as follows:

If |x1(n)| + |x2(n)| < T2D, each band signal will remain
unchanged which is formulated as follows:{

|x1(n)| = |x1(n)|
|x2(n)| = |x2(n)|

(3)

If |x1(n)| + |x2(n)| > T2D, |(|x1(n)| − |x2(n)|)| > d , and
|x2(n)| > |x1(n)|, the clipping method can be expressed as:{

|x1(n|) = |x1(n)|
|x2(n)| = T2D − |x1(n)|

(4)

where only the stronger signal x2(n) is clipped, the weaker
signal x1(n) remains unchanged and vice versa, which is
shown in (5). When |x1(n)| + |x2(n)| > T2D, and |(|x1(n)| −
|x2(n)|)| > d , |x1(n)| > |x2(n)|, the clipped signal can be
expressed as: {

|x1(n)| = T2D − |x2(n)|
|x2(n)| = |x2(n)|

(5)

Similar to 2D-CFR, if |x1(n)| + |x2(n)| > T2D, and
|(|x1(n)| − |x2(n)|)| < d , |x1(n)| and |x2(n)| are clipped with
the same proportion. Then the clipped signal can be expressed
as: 

|x1(n)| =
T2D

|x1(n)| + |x2(n)|
|x1(n)|

|x2(n)| =
T2D

|x1(n)| + |x2(n)|
|x2(n)|

(6)

Fig. 2(c) shows the 2D-MCFR method which uses instanta-
neous amplitude difference of a dual-band signal to correct
the over-reduction defect of a smaller signal. Points c1 and c2
are the sampling points defined in region C1 and C2. Accord-
ing to the 2D-MCFR algorithm in (4) and (6), the sampling
points c1 and c2 are clipped to points c1 and c2 respectively.
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III. THE PAPR FORMULATION DERIVATION AND THE
PROPOSED CFR SCHEME
A. DERIVATION OF THE PAPR FORMULATION OF
DUAL-BAND SIGNALS
In wireless communication systems, such as WCDMA and
long term evolution (LTE), quadrature modulation signals
I and Q accurately follow the Gaussian-distribution with
zero mean, and their amplitudes follow a Rayleigh distri-
bution [25]. Since the dual-band signals are generated from
different signal sources, it can be believed that the signals of
two bands are independent and uncorrelated.

Accordingly, the PAPR of a single-band or multi-band
signal x(n) can be defined as the ratio of the maximum power
to the average power as follows:

PAPR[x(n)] = 10log10
max[|x(n)|2]

E[|x(n)|2]
(7)

where E[|x(n)|2] is the mean power of the signal, and max[·]
is themaximumvalue of the square of signal amplitude |x(n)|.
In a dual-band transmitter, the complex baseband signals

of the lower band and the upper band are defined as x1(n) and
x2(n), respectively, as follows:{

x1(n) = x1i(n)+ j ∗ x1q(n)
x2(n) = x2i(n)+ j ∗ x2q(n)

(8)

The baseband complex signals are modulated into each of
their lower and upper bands by modulators and then com-
bined. Without loss of generality, the discrete-time baseband
can be expressed as (9), which is equivalent to the dual-band
signal after combination.

x(n) = x1(n)e−jωnTs + x2(n)ejωnTs (9)

where ω = 1ω/2, 1ω is the difference between the center
frequencies of the lower and upper bands, and Ts is the
sampling period of the baseband signal.
|x(n)|2 in the (7) can be calculated as follows:

|x(n)|2 = x(n)x∗(n)

= (x1(n)e−jωnTs + x2(n)ejωnTs )

× (x∗1 (n)e
jωnTs + x∗2 (n)e

−jωnTs )

= |x1(n)|2 + |x2(n)|2

+ x1(n)x∗2 (n)e
−j2ωnTs + x2(n)x∗1 (n)e

j2ωnTs (10)

Asmentioned earlier, x1(n) and x2(n) are independent and fol-
low a zero-mean Gaussian distribution, which can be denoted
as {

E[x1(n)x∗2 (n)] = E[x1(n)]E[x∗2 (n)] = 0
E[x2(n)x∗1 (n)] = E[x2(n)]E[x∗1 (n)] = 0

(11)

Therefore, the expected value of |x(n)|2 from the expres-
sion (10) can be obtained as

E[|x(n)|2] = E[|x1(n)|2]+ E[|x2(n)|2] (12)

To calculate max[|x(n)|2], (8) is substituted into (10), and
|x(n)|2 could be deduced as follows:

|x(n)|2 = |x1(n)|2 + |x2(n)|2 + 2(x1ix2i + x1qx2q)

× cos(1ωnTs)+ 2(x1qx2i − x1ix2q)sin(1ωnTs)

= |x1(n)|2 + |x2(n)|2 + 2Acos(1ωnTs + θ )

6 |x1(n)|2 + |x2(n)|2 + 2A (13)

where A =

√
(x1ix2i + x1qx2q)2 + (x1qx2i − x1ix2q)2,

θ = arctan(x1ix2q − x1qx2i)/(x1ix2i + x1qx2q). It could be
easily found that when 1ωnTs + θ = (k + 1/2)π or
t = nTs = (k+1/2)π/1ω, the functionmax[|x(n)|2] reaches
its highest point.

It could be deduced easily from (8) that

(|x1(n)| + |x2(n)|)2 = |x1(n)|2 + |x2(n)|2 + 2A (14)

Comparing (13) with (14), we can get |x(n)|2 ≤ (|x1|2 +
|x2(n) |2, which is substituted into (7) together with (12) to
obtain the PAPR value of the dual-band signal.

PAPR[x(n)] = 10log10
max[(|x1(n)| + |x2(n)|)2]
E[(|x1(n)| + |x2(n)|)2]

(15)

This formula shows that the PAPR of the dual-band signal
x(n) is the ratio of the square of the amplitude sum of the
two single-band signals to the average power of the dual-band
signals.

To describe the PAPR value between the single-band signal
and the dual-band signal, two kinds of concurrent dual-band
signals are considered as follows,

1) The input signals of the lower and upper bands are
WCDMA signals and OFDM signals. The WCDMA sig-
nals are applied as the lower band, in which a PAPR value
of complementary cumulative distribution function (CCDF)
for 0.1% is 8.4 dB. The OFDM signals modulated by
4-quadrature amplitude modulation (4-QAM) are applied as
the upper band with a PAPR value of 10.2 dB.

The separate PAPR value and the joint PAPR value are
shown in Fig. 3(a), where the joint PAPR value is 10.6dB.
It can be seen in the figure that the joint PAPR value is
higher than both PAPR values of the WCDMA signals and
the OFDM signals, since the peak value of the joint dual-band
signal is the sum of the two band peak values.

2) The input signals of the lower and upper bands are both
OFDM signals. The lower band is modulated by 4QAM with
a PAPR value of 10.2 dB. The OFDM signals modulated by
16QAM are applied as the upper band with a PAPR value
of 10.2 dB.

The separate PAPR values and the joint PAPR value are
shown in Fig. 3(b), which demonstrate the increase of the
PAPR value of the joint signal as compared to each band.
In Fig. 3(b), the red and green curves are the separate
PAPR value curves while the black curve is the joint PAPR
value. Compared to single-band signal, dual-band signal has
a higher PAPR with the dual-band combining effect as for-
mulated in (15).

108814 VOLUME 8, 2020
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FIGURE 3. Theoretical CCDF performance of dual-band signals.

It is worth noting that after the joint clipping operation,
the independence condition of the dual-band signal is no
longer strictly matched, which will bring some errors to
the PAPR calculation. Since the WCDMA and OFDM
signals are normally distributed, and the amplitude distri-
bution of WCDMA and OFDM modulated signals follows
the Rayleigh distribution [25], the probability of large peak
clipping is very small, so that the error of the CFR of the
PAPR value is ignorable.

B. THE PROPOSED 2D-CFR REDUCTION SCHEME
Different 2D-CFR algorithms use different peak detection
methods to determine the reduction amount of the two bands.
The peak detection module is the key to reduce the defects of
over-reduction and under-reduction, thereby, influencing the
performance of the 2D-CFR method. The 2D-MCFR method
avoids over-reduction, but it results in a new problem of signal
discontinuity.

In Fig. 4, point c is the sampling point defined as the
amplitude difference d between the two signal bands, i.e.
|x1(c)| − |x2(c)| = d . It can be seen from the figure

FIGURE 4. Concurrent dual-band transmitter model with 2D-CFR module.

that the signal discontinuity occurs on point c. Point
c+ is a single-sided signal from the right-hand direction
|x2(c)| − |x1(c)| → d+. According to (4), point c+ will be
clipped to point c+, which is (|x1(c)|,T2D − |x1(c)|).
Point c− is a single-sided signal from the left-hand

direction |x2(c)| − |x1(c)| → d−. According to (6),
point c− will be clipped to point c−, which is
( T
|x1(c)|+|x2(c)|

|x1(c)|, T
|x1(c)|+|x2(c)|

|x2(c)|). Therefore, since the
two single-sided limits are unequal, the clipped signal is not
continuous while the vector pair (x1(n), x2(n)) approaches the
line |x1(n)| − |x2(n)| = d , as shown in (16).{

|x1(c+)| 6= |x1(c−)|
|x2(c+)| 6= |x2(c−)|

(16)

The single-sided clipped signals c+ and c− are much dif-
ferent while point c is in the vicinity of line of ld1 or ld2 . As a
result, the clipped signal amplitude is discontinuous, serious
peak regeneration and distortion will be generated and the
signal quality will be deteriorated.

In order to further optimize the 2D-CFR performance,
the clipping amount is appropriately reduced and the sig-
nal continuity in the clipping process is taken into account.
Therefore, a 2D-SCFR algorithm with a continuous piece-
wise function is proposed. The process is detailed as follows.

Given that the threshold of the dual-band signal is T2D,
when |x1(n)| + |x2(n)| < T2D, the signals remain unchanged,
which is shown as follows:{

|x1(n)| = |x1(n)|
|x2(n)| = |x2(n)|

(17)

where x1(n) and x2(n) are the clipped signals.
When the instantaneous amplitude of the dual-band signal

exceeds the predefined threshold |x1(n)| + |x2(n)| > T2D,
the joint clipping process has to be performed. In the con-
ventional 2D-CFR method, even though the instantaneous
value of a signal is low, it will be clipped with the same
proportion as the higher one. This leads to an unnecessary
over-reduction. To avoid over-reduction, the weaker signal
x1(n) remains unchanged during the clipping process due to
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its negligible contribution to the nonlinearity of the dual-
band signal. Thus, only the strong signal amplitude |x2(n)|
is clipped. To guarantee that the peak value of the clipped
dual-band signal is less than the threshold T2D, i.e. |x2(n)| +
|x2(n)| ≤ T2D, only the strong signal amplitude is clipped as
|x2(n)| = T2D − |x1(n)|, which is shown in (18).

If |x1(n)| + |x2(n))| > T2D and |x1(n)| < p, the algorithm
is described as:{

|x1(n)| = |x1(n)|
|x2(n)| = T2D − |x1(n)|

(18)

where the value of p is determined by the signal
mean and threshold of the two bands, and p <

min(mean(|x1(n)|),mean(|x2(n)|),T2D/2).
Similarly, if |x1(n)| + |x2(n)| > T2D and |x2(n)| < p, only

x1(n) has to be clipped, which is described as:{
|x1(n)| = T2D − |x2(n)|
|x2(n)| = |x2(n)|

(19)

When |x1(n)| + |x2(n)| > T2D and the amplitudes of the
dual-band signals both exceed the limit p, i.e. |x1,2(n)| > p,
the dual-band signal is clipped with the same proportion.
In order to ensure continuity of the clipped signal and reduce
unnecessary distortion in the clipping process, we move the
initial coordinate origin point to point (p, p), and the coordi-
nates of the pair of the vector points in the new coordinate
system are (g1, g2).{

g1(n) = |x1(n)| − p
g2(n) = |x2(n)| − p

(20)

The clipping with the same proportion is performed in the
new coordinate system. The threshold in the new coordinate

system is T2D − 2p and the scale is
T2D − 2p

g1(n)+ g2(n)
. The

clipping process is described as
g1(n) =

T2D − 2p
g1(n)+ g2(n)

g1(n)

g2(n) =
T2D − 2p

g1(n)+ g2(n)
g2(n)

(21)

Finally, the clipping process is converted to the original
coordinate system. Substituting (21) into (20), the resultant
dual-band clipped signal is obtained as

|x1(n)| =
(T2D − 2p)(|x1(n)| − p)
|x1(n)| + |x2(n)| − 2p

+ p

|x2(n)| =
(T2D − 2p)(|x2(n)| − p)
|x1(n)| + |x2(n)| − 2p

+ p
(22)

The p value greatly affects the final EVM, so the EVMmay
be seen as a function of p in the proposed scheme. It is impor-
tant to choose the optimized value of p parameter to minimize
the EVM value. Let q = min(mean(|x1|),mean(|x2|),T2D/2).
Therefore, minimizing EVM (p) can be described by the
following optimization problem.

Minimize EVM (p)

subject to 0 < p < q (23)

FIGURE 5. The flow chart of the proposed peak clipping method.

The optimization problem can be solved by the convex opti-
mization method to determine the optimized p value.
The flow chart of the proposed clipping method is shown

in Fig. 5. The algorithm includes signal generation, sig-
nal modulation, peak detection, peak clipping and filtering,
where the clipping step is a switch process. The amount of
clipping is determined by the nonlinear contribution of the
amplitude of each band signal.

C. THE PERFORMANCE ANALYSIS OF 2D-CFR IN
DUAL-BAND SIGNAL
1) SIGNAL CONTINUITY OF THE PROPOSED SCHEME
Fig. 6 illustrates the proposed 2D-CFR method by showing
the vectors of an unclipped signal and the resultant clipped
sample. The threshold line |x1(n)|+|x2(n)| = T2D determines
whether to clip the peak signals. The lines ld1 : |x1| = p and
ld2 : |x2| = p represent the sector level of the signal.
As shown in Fig. 6, points d1 and d2 are the sampling points

defined in regions D1 and D2. For point d on the sector level
line, i.e. |x1(d)| = p, according to (18), point d− will be
clipped to point d−,

|x1(d−)| = lim
|x1(d)|→p−

|x1(d)| = p

|x2(d−)| = lim
|x1(d)|→p−

|x2(d)|

= T2D − p

(24)

where point d− is a single-sided clipped signal from the right-
hand direction |x1(d−)| → p−. Similarly, according to (20),
point d+ will be clipped to point d+.

|x1(d+)| = lim
|x1(d)|→p+

|x1(d)| = p

|x2(d+)| = lim
|x1(d)|→p+

|x2(d)|

= T2D − p

(25)

where point d+ is a single-sided clipped signal from the left-
hand direction |x1| → p+. Therefore, the two single-sided
limits are equal, and the clipped signal is continuous as the
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FIGURE 6. The clipping process of the proposed 2D-SCFR methods.

vector pair (x1, x2) approaches the line x1 = p, which is
shown as follows.{

|x1(d+)| = |x1(d−)|
|x2(d+)| = |x2(d−)|

(26)

It can be seen fromFig. 6 that the proposed clipping algorithm
keeps the continuity of the signal after the signal is clipped,
and avoids over-reduction and under-reduction.

2) CCDF AND EVM PERFORMANCE ANALYSIS OF THE
PROPOSED SCHEME
In this section, in order to evaluate the performance of the
proposed method, CCDF and EVM are used to work as the
criteria to evaluate the performance of the proposed method.
The CFR algorithm can suppress the PAPR value of the
signals, and improve the efficiency of a power amplifier. The
amount of PAPR reduced by CFR can be represented by
CCDF [25], which is expressed as follows:

CCDF = Pr (PAPR > γ ) (27)

where γ is the expected threshold, and Pr is the proability
of {�}.

Afterwards, because the clipping algorithm will bring dis-
tortion to the signal to some extent, the out-of-band distortion
of the algorithm indicates that the spectrum leakage can be
suppressed by the filter. To evaluate this point, the in-band
distortion of the output signal will be characterized by EVM
to evaluate the influence of different clipping algorithms on
signal distortion. EVM is a criterion that can be comprehen-
sively measured to show the signal amplitude error and phase
error, and can reflect the error before and after clipping. EVM
can be defined as

EVM =
‖x − x̄‖2
‖x‖2

(28)

IV. SIMULATION
In this section, the performance of the proposed 2D-SCFR
is simulated and compared to traditional clipping methods
considering two different scenarios. Those scenarios under
consideration include diverse PAPR values and similar PAPR
values between dual-band signals to evaluate the generality
of the proposed method.

FIGURE 7. PAPR performance evaluation of the 2D clipping methods.

A. DIVERSE PAPR VALUE SCENARIO
In this subsection, the signals used in the simulation are
WCDMA (bandwidth: 5MHz) signals and OFDM signals
(bandwidth: 5MHz). WCDMA is a third-generation (3G)
wideband spread spectrum standard that employs the direct-
sequence code division multiple access (DS-CDMA) chan-
nel as the access method. Firstly, WCDMA and OFDM bit
sources are generated in this simulation,WCDMA signals are
modulated and mapped by the 16-quadrature amplitude mod-
ulation (16QAM) scheme, and OFDM signals are modulated
by the 4QAM.

The output signal has an oversampling rate of L = 4. The
OFDMsignal divides thewideband intoN parallel orthogonal
subcarriers. In this paper, the subcarrier N is set to 64. After
the source signals are generated, the OVSF code is used for
spreading spectrum. In this paper, the OVSF length is set to
64, and then the signal is modulated with 16QAM and filtered
with a root raised cosine filter. To facilitate the calculation of
the simulation, it is assumed that the two signals have been
synchronized.

1) PAPR REDUCTION EVALUATION
In this section, the proposed 2D-CFR method and the con-
ventional method are evaluated with γ = 2 and the two algo-
rithms are compared with different PAPR values. The CCDF
curves of the dual-band signal are shown in Fig. 7. Based on
the results, the CCDF values of 1D-CFR and 2D-CFR meth-
ods are the worst as the dual-band signal is not appropriately
clipped. The 2D-PDR method uses a two-dimensional power
distribution reshaping (2D-PDR) technique and gets better
clipping reduction than 2D-CFR. The expected thresholds of
the 2D-MCFR, the 2CC-CFR and the 2D-SCFR method are
the same, and the PAPR of the proposed 2D-SCFR method is
better than that of the 2D-MCFR algorithm. The 2D-MCFR
algorithm causes signal discontinuity and leads to more peak
regrowth [26] after filtering.
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FIGURE 8. Comparison of EVM distortion performance between different
clipping methods.

2) EVM ASSESSMENT
In this section, we compare performance of the distortion
caused by different clipping algorithms under the same PAPR
values. To do so, several EVM and PAPR values are obtained
by setting different clipping ratios. The relationships between
EVMand PAPR in different clippingmethods are obtained by
general cubic interpolation, as shown in Fig. 8. The dotted
line in Fig.8 represents the EVM value of the lower-band
WCDMA signal, and the solid line represents the EVM value
of the upper-band OFDM signal. The x-axis represents the
resultant target threshold. It can be seen from the figure that
the EVM value of the crest reduction method is optimal under
the same PAPR while both the reduction amount and signal
quality are taken into account.

B. SIMILAR PAPR SCENARIO
In a similar PAPR scenario, the dual-band signal is gen-
erated by combining the lower-band OFDM (bandwidth:
20MHz) signal with the upper-band OFDM signal (band-
width: 20MHz). The step is the same as that in the other PAPR
scenario. The OFDM signal of a lower band is modulated
and mapped via a 4QAM scheme, and the OFDM signal
of an upper band is modulated and mapped via a 16QAM
scheme. The output signal has an oversampling rate of
L = 4. The OFDM signal is divided into 256 parallel orthog-
onal subcarriers.

1) PAPR ASSESSMENT
Fig. 9 shows the CCDF curves of the dual-band signal with
γ = 2. It could be seen that the peak regrowth is worse as the
original signal PAPR increases with the same clipping ratio.
The proposed sector clipping is similar to the 2CC-CFR and
is marginally better than the 2D-MCFR.

2) EVM ASSESSMENT
Similar to the other PAPR scenario, different methods are
compared with respect to EVM. The EVM performance

FIGURE 9. PAPR performance evaluation of the 2D clipping methods.

FIGURE 10. Comparison of EVM distortion performance between
different clipping methods.

is shown in Fig. 10. We can see that the EVM curves of
dual-band signals almost coincide. The performance of the
2D-MCFR method is worse than 2CC-CFR because of its
worse discontinuity at the higher PAPR value. The simulation
results show that the proposed clipping method gives a better
performance on distortion than other clipping methods.

V. CONCLUSIONS
In this paper, a new 2D-SCFR algorithm is proposed for con-
current dual-band communication transmitters to decrease
PAPR. The proposed 2D-SCFR algorithm reduces the over-
reduction and under-reduction problems in the clipping pro-
cess while taking into account the signal continuity. After the
dual-band signals are clipped and simulated, the proposed
method and the traditional method are compared, and the
performance of the 2D-CFR algorithm is superior. The sim-
ulation results validate that the new 2D-CFR algorithm is
superior on the PAPR and EVM performance.
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