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Abstract
This paper proposes a new crest factor reduction scheme to reduce instantaneous-to-aver-
age power ratio (IAR) resulting decent peak reduction, and adjacent channel leakage ratio 
(ACLR) reduction, though the error vector magnitude (EVM) is significantly enhanced. In 
the conventional peak cancellation (CPC) technique, peak regrowth occurs as a result of 
finite impulse response (FIR) filter windows overlapping. The peak regrowth problem in 
CPC technique can be compensated, though this will lead to increased computational com-
plexity and degradation in EVM. The proposed algorithm allocates spacing to contiguous 
peaks to avoid FIR filter windows overlapping. Two types of overlapping are discussed, 
incremental and decremental. The optimum spacing can be determined from the FIR filter 
impulse response characteristic. Simulations are carried out with different intra-band non-
contiguous carrier aggregated OFDM signals. The results of simulations show between 3 
and 10% improvement in EVM performance while maintaining equivalent IAR and ACLR 
performance. Applying the proposed optimum spacing peak cancellation scheme compared 
to the conventional peak cancellation technique.
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1 Introduction

Envelope variation of the signal caused by high data rate, can give rise to high signal peaks. 
This problem is known as high peak to average power ratio (PAPR). When these peaks in 
the signal pass through the power amplifier they give rise to adjacent channel interference 
that in turn can violate the spectrum emission mask (SEM) [1]. To avoid this, the signal 
power delivered to the power amplifier may be backed off. However, while this can lead 
to linear performance, it causes power efficiency degradation resulting in poor coverage 
in a cellular system, call interruptions and lower quality of service. Hence, a solution to 
reduce PAPR is imperative. CFR techniques are referred as PAPR reduction techniques. 
Both CF and PAPR are expressed in decibels and here they are assumed to be equivalent. 
However it should be noted that CF is the square root of PAPR, PAPR = CF2. There are 
different scenarios of carrier aggregated (CA) OFDM signals, intra-band contiguous CA, 
inter-band CA and intra-band non-contiguous CA [2]. This paper studies the latter case 
which has wider range of envelope deviation compared to the contiguous CA and hence 
more advanced CFR techniques are required to deal with this type of signal. To date, many 
CFR techniques have been developed in communication systems. In general, these tech-
niques can be categorized as either distortion-based such as clipping and filtering [3], peak 
windowing (PW) [4], noise shaping (NS) [5] and conventional peak cancellation (CPC) [6] 
or distortion-less such as partial transmit sequence (PTS) [7] and selected mapping (SLM) 
[8]. The other way to categorize the CFR techniques is based on their location in the sys-
tem. Most of the techniques are located prior to digital up-conversion (DUC). While oper-
ating at a lower sample rate has a benefit of lowering the performance requirements of the 
hardware, due to carrier aggregation in DUC, lower performance may be achieved. It is 
important to mention that choosing a CFR technique depends on the application and traffic 
in the channel. For example, in the case of single carrier signal, scrambling techniques [7, 
8] are a good choice, but for the multi-carrier signals, as a result of carriers combining at 
the up conversion stage, a CFR technique should follow the DUC unit.

The CPC is the most promising technique in terms of complexity and performance 
among the clipping techniques. This is due to the fact that only selected peaks pass through 
the filter which significantly reduces the complexity. Moreover, there is no additional hard-
ware at the receiver. Despite these features, the main problem with CPC is peak regrowth. 
The peak regrowth occurs due to the FIR filter windows overlapping. By passing the scal-
ing signal of detected peaks through the FIR filter, the overlapping between samples occurs 
as a result of high level main lobe and side lobes in the FIR filter impulse response. The 
peak regrowth problem causes spectral leakage which can violate the SEM and increases 
the standard deviation of the clipping noise that deteriorates the error vector magnitude 
(EVM) performance. As a result of the peak regrowth problem, the CPC technique requires 
2 or more stages which significantly increases the complexity and thus it may not be effi-
cient for some multi-carrier applications [9].

In [10], a parabolic peak cancellation (PPC) technique is proposed in OFDM systems. 
To achieve the targeted CFR performance, at least 3 stages of PPC are required; however 
no analysis of clipping noise and EVM performance has been reported. In [11], a CFR 
technique is proposed for dual-band systems. Authors report EVM as the main problem of 
CPC and hence they separately apply it for each band. But this architecture requires sev-
eral stages of PC for each band, as also reported in [10]. In [12], a CFR technique is pro-
posed, which is based on clipping and filtering for inter-band carrier aggregation signals. A 
similar architecture is presented as the technique in [11]. Even though the implementation 
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of this technique is at a lower frequency, which requires a lower number of filter taps, it 
requires more hardware resources compared to the CPC technique.

In this paper, a new CFR scheme is proposed in order to avoid FIR filter windows over-
lapping and to enhance the overall system performance. The proposed solution is to apply 
spacing determined from the FIR filter impulse response to the contiguous peaks in order 
to eliminate the peak regrowth and suppress the clipping noise distortion. Different algo-
rithms to determine the required spacing for each stage are provided. The obtained spac-
ing values are then tested to evaluate overall performance. By applying the optimum spac-
ing values to the contiguous peaks prior to filtering, the optimum peaks will be selected. 
The proposed scheme is validated through simulations with different non-contiguous CA 
signals.

The rest of the paper is organized as follows. Section 2 presents some description of the 
system and reviews the CPC technique. In Sect. 3, first, the FIR filter design is presented 
and then the issue of FIR filter window overlapping is discussed. The proposed optimum 
spacing peak cancellation (OSPC) algorithm is subsequently introduced. Sections 4 and 5 
discuss the simulation results and present the conclusion, respectively.

2  System Description

In this section, first, an intra-band non-contiguous CA–OFDM system is described and the 
conventional peak cancellation technique is reviewed.

2.1  Intra‑band Non‑contiguous Carrier Aggregated OFDM

Figure 1 shows the block diagram of a transmitter in a wireless communication system. 
The CFR block is located following the DUC unit.

From this figure, each baseband signal denotes x̃(1)
n

 and x̃(2)
n

 is up-converted by DUC unit 
first, and then its aggregation will be transferred to the CFR block. The aggregated signal 
can be expressed by,

where x(1)
n

 and x(2)
n

 are the up-converted carrier components (CCs), x̃(1)
n

 and x̃(2)
n

 are the base-
band envelope signals and L is the oversampling factor.

(1)
xn = x(1)

n
+ x(2)

n

= Re
(
x̃(1)
n

exp(j𝜔1Ln) + x̃(2)
n

exp(j𝜔2Ln)
)

Fig. 1  Block diagram of an intra-band non-contiguous CA–OFDM system with CFR
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The DUC block comprises of interpolation filtering, mixing, combining and fractional 
re-sampling. In this way, several combinations of carriers can be achieved. Even though the 
placement of CFR after DUC deals with a wideband signal which requires a higher number of 
filter taps, this architecture guarantees the overall performance requirement. The carrier com-
binations create some peaks after the DUC, which the CFR applied prior to DUC, is would 
not be able to compensate for [2]. The data stream after the CFR is transferred to digital pre-
distortion (DPD) followed by digital to analog converter (DAC), a local oscillator (LO) mixer, 
a power amplifier (PA) and will be transmitted.

2.2  Conventional Peak Cancellation

Figure 2 shows the block diagram of the CPC technique.
In this instance, the magnitude and phase components of the input signal are first generated 

and then the complex peak scaling signal is obtained as,

where Ath is a predefined threshold which can be selected based on the specific require-
ments of a particular communication standard or the operation of the system hardware and 
|xn| and θ are the magnitude and phase of the input signal, respectively. At the same time, 
detected peaks (i.e. the peaks above the threshold) obtained from the magnitude of the 
input signal, generates a peak indicator pulse (PIP). Each PIP gets the amplitude of the 
peaks and creates the scaling pulse by multiplying by the peak phase and passing through a 
filter. The output signal after applying an FIR filter is then as follows,

(2)cn =

{
0 if ||xn|| ≤ Ath

((||xn|| − Ath)e
i𝜃n ) if ||xn|| > Ath

(3)

yn = xn −

Np∑
p=1

(|||xnp − Ath
|||�n−npe

j�np

)
∗ hk

= xn −

Np∑
p=1

|||xnp − Ath
|||hn−npe

j�np

= xn −

Np∑
p=1

cnphn−np

Fig. 2  Block diagram of the CPC technique
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where the sign * denotes the convolution, hk is an FIR filter impulse response centered at 
kc = (K + 1)/2, cnp is the complex peak scaling signal at sample np, |xnp| and θnp are the mag-
nitude and phase of the selected peak, respectively. It should be noted that δn is the spacing 
after nth stage, and the index Np denotes the number of detected peaks. It is also important 
to note that the value of Np is not fixed and it depends on the number of detected peaks 
which is not predictable. It also depends on several parameters such as the number of carri-
ers, carrier configuration and the modulation scheme used.

In the peak alignment block, the peak indicator pulses are delay adjusted. The out-
put of the PIP is transferred to a block called peak cancellation pulse (PCP). The PCP 
is a complex peak scaling signal obtained from (2) and aligned at the location of the 
PIP. Each PCP is occupied for the duration of the filter length and the coming peaks 
shall wait until the process of the running PCP is completed. Finally, all the PCPs are 
accumulated and subtracted from the delayed input signal. It should be noted that the 
number of PCPs at each clock cycle are limited in hardware in order to improve the effi-
ciency. In this paper, it is assumed that the number of PCPs allocated for all the analysis 
in the simulations is maximized. While CPC achieves high performance, its main limi-
tation as reported in [9] is it may not be efficient for multi-carrier applications. This is 
because of the requirement of several stages of CPC for multi-carrier signals which sig-
nificantly increases the complexity. In the next section, a new CFR scheme is proposed 
which achieves the required performance for CA–OFDM signals with only two stages.

3  Optimum Spacing Peak Cancellation Scheme

The block diagram of the proposed PC scheme is shown in Fig. 3. It can be seen that 
in the proposed scheme, optimum spacing identification and optimum peak placement 
blocks are included following the peak detection.

The reason for applying the spacing to the detected peaks is to avoid FIR filter over-
lap. The optimum spacing is identified from the FIR filter impulse response. The algo-
rithm to obtain the spacing is introduced in the following section. In order to describe 
the OSPC scheme, first, an FIR filter is designed and its characteristic is analyzed.

Fig. 3  Block diagram of the proposed OSPC scheme
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3.1  FIR Filter Design

To explain the optimum spacing identification algorithm, the FIR filter impulse response 
has to be obtained. This can be done by recalling the coefficients that are stored in the 
system memory. For each standard, the corresponding filter can be designed offline and 
its coefficients are stored in memory. Due to the fact that the CFR depends on the traffic 
in the channel, the CFR requirement can vary over time. Hence, the filter characteristic 
which is based on the input signal changes accordingly. One of the main aspects of the 
proposed OSPC scheme is that the optimum spacing can be identified online and hence can 
be adapted to suit the system specifications. The convolution operation in (3) can be rep-
resented as a filter structure. But the impulse response of an ideal filter will be non-causal 
and infinite which is not practically feasible. Hence a truncation is required to limit the 
length of the filter.

The FIR filter can be any window function. In this paper, a Kaiser window is used due 
to its low level of side lobes to suppress the out-of-band (OOB) radiation and adjustable 
parameters. Moreover, the Kaiser window is optimal in the sense of the concentration of 
its peak around center frequency [13]. The Kaiser window weights, Wk can be defined as,

where I0(.) is the zeroth order Bessel function, K is the filter length and is odd and α is a 
non-negative real number that determines the trade-off between the main lobe width and 
the side lobe level. This is an important parameter to design the filter which impacts on 
the filter windows overlapping and peak regrowth of the CPC technique. In this paper, 
the impulse response of the composite filter for multi-carrier signals denoted by hk can be 
given by,

where M is the number of carriers, fr is the center frequency of the rth carrier, fs is the sam-
pling frequency and Wk is the discrete impulse response of a single carrier filter. It should 
be noted that hk for the multi-carrier signals not centered around the zero hertz is complex 
and for a single carrier signal is real.

3.2  FIR Filter Windows Overlapping

FIR filter window overlap is a major problem for the CPC technique and can cause peak 
regrowth. For the CPC technique, this can be solved by adding additional CPC stages. In 
doing this however the computational complexity is significantly increased, and it does not 
automatically guarantee the desired performance. In this subsection, the FIR filter window 
overlap is studied and it is shown that this problem does not always create peak regrowth. 
The proposed OSPC scheme offers better PAPR reduction and EVM performance without 
additional complexity or latency as compared to CPC. This is due to the addition of opti-
mum spacing to the contiguous peaks. This is achieved by keeping the FIR filter settings 

(4)Wk =

⎧⎪⎨⎪⎩

I0

�
��

�
1−

�
1−

2k

K−1

�2

�

I0(��)
0 ≤ k ≤ K − 1

0 otherwise

(5)hk =

M∑
r=1

Wke
2�j

(
k−

K

2

)
fr

fs k = 0, 1, 2,… ,K − 1
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the same with the same number of taps. Since the latency depends on the filter length and 
corresponding number of taps, in the proposed scheme the filter does not change. The com-
plexity also depends on the number of stages, and in the proposed scheme is the same as 
for CPC. Figure 4 shows the FIR filter impulse response for two CA signals designed by 
(5).

It can be observed that the FIR filter has a main lobe at the center and two strong side lobes 
at either side. These side lobes are a result of mixing two single carrier filters. In the CPC tech-
nique, the PCPs following the filter will be overlapped. The overlapping can be categorized to 
incremental and decremental as shown in Fig. 5. It is also possible that the incremental and 
decremental overlapping occurs at further side lobes. But these side lobes are often negligible 
due to their low level. Moreover, considering those side lobes cause CFR performance deg-
radation or non-ideal complementary cumulative distribution function (CCDF) performance 
due to canceling several peaks. Hence, in the proposed scheme only the main lobe and the 
first side lobe with the highest amplitude are considered. In both scenarios in Fig. 5, peak 
regrowth occurs, however, the peak regrowth is only created when Ath is low. For high values 
of Ath, there will be no peak regrowth, however, overlapping causes clipping noise distortion. 

Fig. 4  FIR filter impulse 
response for two CA signal

Fig. 5  FIR filter window overlapping scenarios, a incremental overlapping, b decremental overlapping
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The other possibility that causes peak regrowth is when one peak is detected while the other 
peak has an amplitude near Ath. The peak regrowth problem can be overcome by additional 
stages of the CPC technique at the expense of clipping noise distortion and EVM performance 
degradation. Here, the clipping noise is discussed in more detail. The clipping noise at instant 
n can be defined as,

where the scaling parameter β is obtained by performing a least-squares fit between the 
CFR input and output signals as below,

where x̃n is the complex conjugate of the input signal xn. As demonstrated in [14], the value 
of β for CA–OFDM is approximately one. Hence, the inverse of β is also one, and Ath does 
not have any effect on it. While the primary objective is to reduce the PAPR of the signal, 
the in-band distortion and OOB radiation should simultaneously not be compromised. The 
impact of the former is evaluated using EVM and the latter is measured by adjacent chan-
nel leakage ratio (ACLR). The CPC technique does not cause OOB radiation, while the 
PAPR reduction performance is maintained. A reduction in PAPR can be achieved with the 
CPC technique, but this comes at the expense of clipping noise distortion [15]. In [16], the 
clipping noise is derived for OFDM systems. It is shown that due to the correlation of sam-
ples in the main lobe, one peak canceling in the parabolic pulse is enough for peak detec-
tion in OFDM systems. However, for non-contiguous carrier aggregation signals, there are 
several short pulses in one period of the signal, hence overlapping can often occur. Moreo-
ver, the samples of the signal used in this paper are not independent and identically distrib-
uted (i.i.d.) and are correlated.

In this paper, the main objective however is to minimize the cost function of the clipping 
noise or the mean-square-error in (6) which is given by,

In the next section, it will be shown that minimizing ξn enhances the EVM performance. 
By replacing (3) in (6), and single stage of CPC, the clipping noise can be given by,

Equation (9) can be simplified to,

Equation (10) shows that the clipping noise is a series of filtered pulses. Now consider two 
contiguous PCPs with the spacing of δ (ni+1 = ni + δ), then (10) can be rewritten as,

(6)en = xn − �yn

(7)𝛽 =
E{||xn||2}
E
{
x̄nyn

}

(8)�n = E{||en||2}.

(9)en = xn −

⎛⎜⎜⎝
xn −

Np�
p=1

cnphn−np

⎞⎟⎟⎠
.

(10)en =

Np∑
p=1

cnphn−np .

(11)en = cnihn−ni + cni+1hn−ni+1
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where cni and cni+1 are the PCPs at peak locations of ni and ni+1, respectively. In (11), the 
optimum spacing that causes no overlapping to PCPs is δ ≥ K/2. The optimum spacing is 
the value that gives best overall performance of the system. However, overlapping is inevi-
table, as several peaks are detected in period of K2 samples. In the incremental overlapping 
scenario, the value of δ is in the range of 1 ≤ δ ≤ 4, and in the decremental overlapping 
5 ≤ δ ≤ 12. It can be assumed that the amplitude of PCP at sample ni+1 is μ times the ampli-
tude of PCP at sample ni, i.e. |||cni+1

||| = �
|||cni

||| and 0 ≤ μ ≤ 1. From the triangular inequality of 
the complex numbers, the instantaneous power of the clipping noise in (11) can be obtained 
by,

To compare the clipping noise power for both overlapping scenarios, (12) can be simpli-
fied to,

In (13), |||cni
|||
2

 is a constant. From (13), the clipping noise power depends only on the 
superposition of the absolute values of the FIR filter impulse responses. Now the cost func-
tion which is the mean of the clipping noise power in (13) can be given by,

Due to the linearity property of the expected value operator, (14) can be simplified to,

From [17], as covariance between two random variables can be defined as the expected 
product of their deviations from their individual expected values, (15) can be rewritten as:

where Cov stands for covariance. From (16), an important conclusion can be made. For 
both overlapping scenarios in Fig. 5, FIR filter impulse responses |||hn−ni

||| and |||hn−ni+1
||| are 

correlated. However, in the no overlapping case, i.e. δ ≥ K/2, the two signals are pairwise 

(12)
||en||2 = |||cnihn−ni + cni+1hn−ni+1

|||
2

≤
(|||cnihn−ni

||| +
|||cni+1hn−ni+1

|||
)2

(13)

||en||2 ≤
(|||cnihn−ni

||| +
|||cni+1hn−ni+1

|||
)2

≤
(|||cni

|||
|||hn−ni

||| +
|||cni+1

|||
|||hn−ni+1

|||
)2

≤
(|||cni

|||
|||hn−ni

||| + �
|||cni

|||
|||hn−ni+1

|||
)2

≤ |||cni
|||
2(|||hn−ni

||| + �
|||hn−ni+1

|||
)2

.

(14)
�n = E

{|||cni
|||
2(|||hn−ni

||| + �
|||hn−ni+1

|||
)2

}

=
|||cni

|||
2

E

{(|||hn−ni
|||
2

+ �2|||hn−ni+1
|||
2

+ 2�
|||hn−ni

|||
|||hn−ni+1

|||
)}

.

(15)�n =
|||cni

|||
2

E

{|||hn−ni
|||
2

+ �2E
|||hn−ni+1

|||
2

+ 2�E
(|||hn−ni

|||
|||hn−ni+1

|||
)}

.

(16)

�n =
|||cni

|||
2
{
E
|||hn−ni

|||
2

+ �2E
|||hn−ni+1

|||
2

+ 2�E
|||hn−ni

|||E
|||hn−ni+1

||| + 2�Cov
(|||hn−ni

|||,
|||hn−ni+1

|||
)}

,



660 P. Varahram et al.

1 3

uncorrelated which makes the covariance in (16) zero. In (16), the expected value terms 
E
|||hn−ni

|||
2

 , E|||hn−ni+1
|||
2

 and E|||hn−ni
||| E

|||hn−ni+1
||| are positive and the same for both overlapping 

scenarios. Moreover, the covariance in (16) is non-negative, i.e. Cov
(|||hn−ni

|||,
|||hn−ni+1

|||
)
≥ 0 . 

Then, the cost function ξn is greater than the case where there is no overlapping. Generally, 
reducing the spacing between contiguous peaks, increases the covariance in (16) that leads 
to an increase in ξn. This is due to the higher side lobe levels near the center tap of the FIR 
filter. It is noted that, by increasing μ, the cost function ξn will be increased. But, there is no 
control over the value of μ, as the detected peaks have random magnitudes. Hence, to 
achieve the objective in (8), the overlapping must be minimized. In eliminating the main 
lobe and the first side lobe, a spacing is allocated to the contiguous peaks. This required 
spacing according to the filter designed in Fig. 4, must be 4 and 12, respectively. The spac-
ing should be chosen judiciously as high spacing causes loss of some peaks that results in 
non-ideal CCDF performance. The cost function in (8) can be generalized for all the 
detected peaks Np in (10) and the same objective can be achieved. In the case of CPC with 
two stages and after simplification in (10), the clipping noise can be written as,

where and Np′ are the PCPs and the number of detected peaks at the second stage, respec-
tively. It is expected that the number of peaks at the second stage is less than the first stage, 
i.e. Np′ < Np. By repeating (12)–(16), it can be proven that the cost function of the clipping 
noise in (8) for two stages of CPC becomes lower by increasing the spacing between the 
two contiguous peaks. The algorithm to obtain these spacing values for each stage is now 
provided.

3.3  Optimum Spacing Identification Algorithm

In this subsection, two algorithms to identify the spacing at each stage of CPC are introduced. 
To do that, the first step is to locate the FIR filter center tap denoted kc where kc = (K + 1)/2. 
Intuitively at this point, the filter has its maximum amplitude. Next, the filter should be nor-
malized. This is done by dividing |hk| by the maximum of its absolute value, ĥk =

|hk|
max{|hk|} . 

The reason of absolute value of hk is due to the complex values of hk. Hence the normalized 
amplitude of the center tap becomes ĥkc = 1 . It should be noted that due to the symmetry of 
the FIR filter, only one side of the filter needs to be selected to search for the optimum spacing 
values.

The other consideration is that, the filter coefficients, hk are scaled values due to fixed point 
operation in hardware. Hence the normalization is only to identify the optimum spacing val-
ues. The sample sequence of FIR filter impulse response can be given by,

and due to the symmetry of the FIR filter,

(17)en =

Np∑
p=1

cnphn−np +

N�
p∑

p=1

c�
np
hn−np

(18)sample(k) =
{
1, 2,… ,

K + 1

2
,
K + 1

2
+ 1,… ,K

}

(19)hk = hK−k+1, 1 ≤ k ≤
K + 1

2
− 1.
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According to this algorithm, a search for the number of samples between the center tap 
and the second zero crossing in the FIR filter impulse response is performed. A thresh-
old parameter denoted as η can be defined to eliminate some small peaks in the FIR fil-
ter impulse response. The value of η depends on some factors such as sampling rate and 
the number of carriers. In this paper, η = 0 which is referred to as zero crossing. How-
ever, higher values of η can be defined if the performance achievement does not violate the 
standard requirement. This is because in the CFR technique, some distortion (i.e. below 
the spectral emission mask) can be tolerated. In summary, the OSPC algorithm can be 
expressed as follows,

The other optimum spacing value for the second stage can be obtained from Algo-
rithm 2 as follows,
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To achieve the required performance mandated by the 3GPP wireless standard [1], more 
than one stage is required. The second optimum spacing is calculated based on the number 
of samples from the center tap to the first zero crossing. It should be noted that the lower 
the spacing value, the higher the probability of the peak regrowth and the higher the spac-
ing value, the higher the probability of missing some peaks. Therefore, it is crucial to iden-
tify zero crossing points. Algorithm 1 is capable of operating for more than two stages, and 
as a result, third or higher order peaks in the FIR impulse response can be obtained at step 
6 of the algorithm. This is due to the fact that higher spacing at the first stage, eliminates 
both side lobe and main lobe samples. The process of searching for the optimum spacing 
values can be done online or offline. The main benefit of online search for optimum spac-
ing is in adaptability of the system for different input signals. As the optimum spacing 
values can vary for different signal standards, the algorithm adaptability is very beneficial.

4  Numerical Analysis

To evaluate the performance of the OSPC scheme, two signals have been applied. First, 
a two CA signal with 5 MHz bandwidth for each carrier and 15 MHz separation from 
the center of the carrier with 122.88 Mbps sample rate and second, a three CA signal 
with 5 MHz bandwidth for each carrier and 15 MHz separation between carriers and 
sampling frequency of 122.88 Mbps. The clipping ratio (CR) is defined as the ratio of 
the clipping threshold Ath to the standard deviation of the input signal in dB, γ = 20 log 
(Ath/σx). The value of γ also indicates the target CFR. The parameter α for the Kaiser 
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filter is α = 1.6 and the filter tap length K = 247. These parameters have to be chosen 
carefully to achieve the required OOB suppression and maintain adequate EVM and 
CFR performance. By applying an OSPC algorithm from Sect. 3, the optimum spacing 
values for each of these signals can be obtained.

Figures 6 and 7 show the magnitude of the FIR filter impulse response for two and 
three carrier signals, respectively. From these figures, the optimum spacing values for 
two carrier and three carrier signals are δ1 = 12, δ2 = 4 and δ1 = 10, δ2 = 3, respectively. 
It can be observed that the side lobes level for the three carrier signal are lower than 
the two carrier signal. This means that the impact of the FIR filter on peak regrowth 
and clipping noise distortion is more significant in the case of the two carrier signal 
(Fig. 8).

Fig. 6  EVM reduction perfor-
mance for two CA signal

Fig. 7  FIR filter impulse response magnitude for two carrier signal
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4.1  Instantaneous to Average Power Ratio (IAR) Analysis

It is crucial to ensure that the metric used for measuring the effectiveness of CFR has 
the minimum amount of uncertainty. While PAPR or also known as crest factor is the 
most popular metric used in the literature, it is important to note that in some cases in 
order to achieve higher power efficiency, some distortions below the spectral emissions 
mask for a particular communication standard can be tolerated. In other words, as PAPR 
or crest factor uses symbol by symbol calculation, some peaks will be overlooked in the 
data stream. An alternative metric to evaluate the performance of distortion-based tech-
niques which looks at the peaks with higher accuracy is named instantaneous amplitude 
reduction (IAR) [18]. Figures 9 and 10 show the CCDF comparison between the OSPC 
scheme and CPC when γ = 6 and 7 dB for two and three carrier signals, respectively.

It can be seen that both techniques achieve comparable IAR reductions with 2 stages. 
However for the CPC technique, the desired IAR reduction achieves this performance at 

Fig. 8  FIR filter impulse 
response magnitude for three 
carrier signal

Fig. 9  CCDF comparison for two 
carrier signal for γ = 6 and 7
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the expense of EVM degradation. This is due to the FIR filter windows overlapping in 
the CPC technique.

It is possible to improve the EVM performance for the CPC technique by increas-
ing truncation order, but this comes at an increase in the complexity, with the need for 
more than 2 stages. In order to maintain the complexity of the system, two stages are 
recommended.

4.2  EVM Analysis

The error vector between the desired signal and the measured signal is defined as EVM. 
Mathematically, it is the square root of the ratio of the mean error vector power to the mean 
reference power. For multi-carrier signals, the composite EVM can be obtained by 

EVM (%) = 100 ⋅

√
Perr

Preference

= 100 ⋅

√
E
{|en|2}

E
{|xn|2}  , Perr and Preference are the root mean square 

(RMS) power of the error and the reference signal, respectively [19]. From this definition, 
a single value of EVM will be obtained. The results of EVM versus IAR reduction (dIAR or 
dPAPR) for different techniques are shown in Figs.  10 and 11, respectively. Additional 
CCDF result is illustrated by Fig. 14 in order to analyze the performance of OSPC tech-
nique with verity of γ.

It can be observed that the OSPC scheme with δ1 = 12 and δ2 = 4 achieves the desired 
IAR reduction with significantly lower EVM performance. The enhancement for a three 
carrier signal is not as significant as for a two carrier signal. This is because of higher side 
lobes in the FIR filter impulse response of two carrier signal compared to that of the three 
carrier signal.

Figures 12 and 13 show the EVM performance by varying the first stage spacing δ1 for 
two and three carrier signals, respectively.

It can be observed that at the spacing of δ1 = 12 for the two carrier signal, and δ1 = 10 
for the three CA signal, the lowest EVM performance is achieved. As seen in Fig. 11, and 
Fig.  13, the minimum of the plots occurs when δ1 = 12, and δ1 = 10. This means that in 
order to have minimum EVM, optimum value of 10, and 12 must be assigned. This is also 
supported by the analytical derivation in the previous section.

It has been shown that the cost function ξn in (8) is minimized by eliminating the 
main and first side lobe by allocating the optimum spacing. It should be noted that 

Fig. 10  CCDF comparison for 
three carrier signal for γ = 6 and 7
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Fig. 11  EVM variation with 
sample spacing for two carrier 
signal

Fig. 12  EVM variation with 
sample spacing for three carrier 
signal

Fig. 13  EVM versus spacing for 
three carrier signal when δ2 = 3
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increasing the spacing does not necessarily enhance the EVM performance. This is 
due to the fact that higher spacing values (i.e. greater than the optimum spacing) leaves 
some peaks which degrades the EVM performance. It should be noted that the spacing 
values obtained from Algorithm 2 are optimum due to the fact that higher values give 
non-ideal CCDF curve as shown in Fig. 14.

From this figure, the CCDF curve is non-ideal for the proposed OSPC scheme when 
δ1 = δ2 = 12. The ideal CCDF curve is a straight line down, in contrast to the non-ideal 
curve in which the curve veers outwards to higher IAR regions. This shows that choos-
ing a high spacing value leaves some peaks in the data stream which is reflected in the 
CCDF result (Figs. 14 and 15).

Hence, to compensate that, more stages will be required and as a result, the complex-
ity and latency will be increased. The non-ideal CCDF curve also causes problem for 
the digital pre-distortion block following CFR. To show the effectiveness of the OSPC 
scheme, an analysis has been performed for different γ values. This is important as the 
IAR reduction requirements could vary. This depends on the traffic in the channel and 
cell coverage which requires the power amplifier to transmit at its higher power.

Fig. 14  Non-ideal CCDF curve 
for two carrier signal when 
δ1 = δ2 = 12

Fig. 15  PSD Comparison for two 
CA signal when γ = 6 dB
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4.3  ACLR Analysis

The ACLR is defined as the ratio of the total power over the channel band-
width to the power delivered in the adjacent channels (both upper sideband-
US, and lower sideband-LS). The ACLR for each band is calculated from 
ACLR[dBr] =

(
∫
B
Pout(f )df

)
∕
(
∫
LS
Pout(f )df + ∫

US
Pout(f )df

)
 . The ACLR indicates the 

minimum adjacent power level in order to not interfere with the adjacent channels. Then, it 
is necessary to avoid the high level of OOB. Figures 16 and 17 show the normalized power 
spectral density (PSD) for the two and three carrier signals, respectively. It is shown that 
ACLR of both techniques is below the SEM mandated by the 3GPP standard [1]; however 
the OSPC scheme shows slightly better ACLR performance.

Figures  18 and 19 show the spectrum comparison of the clipping noise (ξ) between 
CPC and OSPC scheme for two and three CA signals, respectively. From these figures, the 
clipping noise distortion is higher for two CA signal compared to three CA signal. This is 
due to the high level side lobes in the FIR filter impulse response of the two CA signal. It 
can be observed that the proposed OSPC scheme achieves the lower clipping noise level 
compared to the CPC.

Fig. 16  PSD Comparison for two 
CA signal when γ = 6 dB

Fig. 17  PSD Comparison for 
three CA signal when γ = 6 dB
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Fig. 18  Clipping noise com-
parison for two CA signal when 
γ = 6 dB

Fig. 19  Clipping noise com-
parison for three CA signal when 
γ = 6 dB

Table 1  Performance comparison of the CPC technique at different γ for two carrier signal

γ (dB) IAR (dB) 
reduction at 
0.01%

EVM (%) ACLRl/ACLR2 
(dBr)

CCDF at 0.1% CCDF at 0.01% CCDF at 0.001%

5.5 3.39 21.06 68.1/68.2 6.17 6.19 6.2
6 3.12 16.11 69.4/69.5 6.45 6.47 6.488
6.5 2.78 12.02 71.2/71.4 6.77 6.8 6.82
7 2.4 8.69 73.1/73.2 7.12 7.18 7.2
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Tables 1 and 2 present the performance comparisons of the CPC and OSPC schemes 
for different γ values, respectively. From Table  1, the CPC achieves the target IAR 
reduction for γ of 5.5, 6, 6.5 and 7 with poor EVM performance. The ACLR1 and 
ACLR2 meet the performance requirement of 60 dB for all the values of γ. The results 
in Table  2 show significant EVM improvement by applying the OSPC scheme with 
comparable IAR reduction and the ACLR performance is almost marginally improved.

Tables 3 and 4 shows the performance comparison for the three carrier signal. A sim-
ilar improvement is reported for this signal by applying the OSPC scheme. To ensure 
that the CCDF curve is ideal, it is measured at different probabilities; however the IAR 
reduction is measured at 0.01% probability according to the standard.

5  Conclusions

This paper proposes a new CFR scheme using OSPC algorithm. According to this 
scheme, a search for the number of samples between the filter center tap and the first 
sample with the amplitude less than a pre-defined threshold is performed. Following 
the identification of the optimum spacing values, the optimum peaks are selected. The 
selection of optimum peaks leads to significant enhancement in EVM performance with 
comparable IAR reduction and ACLR compared to the conventional peak cancellation 
technique. From the comprehensive simulation analysis, it can be concluded that the 
proposed OSPC scheme can meet the 3GPP standard requirement at different clipping 
ratios and it is demonstrated to outperform the conventional CPC CFR technique.

Table 2  Performance comparison of the OSPC scheme at different γ with δ1 = 12 and δ2 = 4 for two carrier 
signal

γ (dB) IAR (dB) 
reduction at 
0.01%

EVM (%) ACLRI/ACLR2 
(dBr)

CCDF at 0.1% CCDF at 0.01% CCDF at 0.001%

5.5 3.59 11.13 70.5/70.6 5.95 5.99 6.08
6 3.24 8.88 74.1/74.2 6.3 6.345 6.41
6.5 2.86 6.88 77.2/77.3 6.7 6.73 6.76
7 2.44 5.16 80.1/80.2 7.12 7.14 7.17

Table 3  Performance comparison of the CPC technique at different γ for three carrier signal

γ (dB) IAR (dB) 
reduction at 
0.01%

EVM (%) ACLRI/ACLR2 
(dBr)

CCDF at 0.1% CCDF at 0.01% CCDF at 0.001%

5.5 3.55 14.38 66.3/66.4 6.05 6.07 6.1
6 3.23 11.12 67.6/67.7 6.37 6.39 6.4
6.5 2.86 8.34 70.1/70.2 6.73 6.75 7.76
7 2.46 6.05 73.5/73.6 7.15 7.155 7.17
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