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Abstract Pulse shaping is used in orthogonal frequency division multiplexing (OFDM)
based systems to reduce inter-carrier interference (ICI) power and peak-to-average power
ratio (PAPR), which are considered the major weaknesses in OFDM-based systems. A
novel family of Nyquist-I pulses called sinc exponential pulse (SEP) is proposed, and it is
characterized by two new design parameters that provide extra degrees of freedom for a
certain roll-off factor, o. SEP effectively decreases the relative magnitude of the two
largest side lobes of the SEP frequency function, which minimizes the ICI power and
reduces the PAPR in OFDM systems. Furthermore, the SEP possesses a broader main lobe,
which provides sufficient improvement in bit-error-rate (BER). The behavior of the SEP is
examined in the time and frequency domain by tuning its design parameters to obtain the
sub-optimum SEP. Theoretical and simulation results show that the sub-optimum SEP
performs better than other existing pulses in terms of ICI power, signal-to-interference
ratio (SIR) power, BER, and PAPR in OFDM-based systems.

Keywords Frequency offset - Inter-carrier interference (ICI) - Nyquist-I pulses - OFDM -
Pulse shaping functions - Peak-to-average power ratio (PAPR)

1 Introduction

Orthogonal frequency division multiplexing (OFDM) is a bandwidth-efficient communi-
cation technique that has emerged as the technology of choice for facilitating communi-
cation systems such as LTE Advanced, Wi-Fi, WPAN and WiMAX [1, 2]. The
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combination of OFDM and multiple-input multiple-output (MIMO) techniques as a single
unit is being studied and proposed for the physical layer of 5G cellular networks. This
combination can make important contributions to next-generation wireless communication
systems [3, 4]. The extensive use of OFDM-based systems is due to various advantages;
such as high data rate transmission capability, high bandwidth efficiency, and robustness to
multi-path channel fading. On the other hand, OFDM systems are characterized by high
peak-to-average power ratio (PAPR) values and high sensitivity to frequency offset.

The transmitted OFDM symbol is composed of multiple modulated subcarriers. The
superposition of a large number of data subcarriers generates high power peak signals
compared to the average signal power. In-addition, signals with large amplitude variations
are characterized by high PAPR values [5]; therefore, an appropriate method for PAPR
reduction is required to provide high-quality wireless networks.

Inter-carrier interference (ICI) is produced due to frequency offset, which degrades the
performance of OFDM-based systems [6]. Frequency offset is produced by several factors,
such as Doppler spread, difference in frequency between the transmitter and receiver
oscillators, attenuation, and distortion in the channel. Several methods such as ICI self-
cancellation schemes [7, 8], frequency domain equalization [9, 10], pilot insertion [11],
receiver side windowing [12], and frequency error correction [13] have been proposed and
investigated to reduce sensitivity to frequency offset in OFDM-based systems.

Pulse shaping is considered a suitable technique to reduce the ICI power [14-16] and
PAPR [5, 17] in OFDM-based systems. Therefore, a novel family of Nyquist-I pulses is
proposed in this manuscript, and it is referred as the sinc exponential pulse (SEP). The SEP
is characterized by two new design parameters that provide additional degrees of freedom
for a certain roll-off factor o. SEP is the product of an exponential expression and a
modified similar raised-cosine (SRC) pulse. The SRC was initially proposed in [18] and
modified in this manuscript. To fully validate the performance of the proposed SEP, other
recently proposed were evaluated; such as the sinc parametric linear pulse (SPLP) and sinc
parametric exponential pulse (SPEP) [19]. The evaluation was done in terms of terms of
ICI power, signal-to-interference power ratio (SIR) power, PAPR, and bit-error-rate (BER)
in OFDM systems. In general, the smaller side lobes of the SEP pulse will help to minimize
ICI power [14] and reduce PAPR [5]. Further, a pulse with a broader main lobe contributes
significantly to a decrease in BER [15].

1.1 Related Work

Several pulse shaping functions were studied and compared with the better-than raised
cosine (BTRC) pulse [20, 21]. Numerous Nyquist-I pulses have been proposed and rec-
ommended for OFDM-based systems; such as the sinc power (SP) pulse [22], which is
characterized by having an additional degree of freedom. The SP pulse performed better
than the raised cosine (RC) pulse and the BTRC. The improved sinc power (ISP) pulse [14]
is an enhanced version of the SP, which showed a great progress in ICI power and BER
reduction. Furthermore, ISP with modified phase was analyzed in [15]. Phase modified sinc
power (PMSP) pulse outperformed the ISP by providing smaller side lobes with a broader
main lobe. Meanwhile, alternative pulses have been proposed, such as the improved
modified Bartlett-Hanning (IMBH) windowing [23], which diminishes ICI power. Whereas
the improved parametric linear combination (IPLCP) pulse [24] is used for PAPR
reduction. In general, the IPLCP and IMBH pulses showed better performance than other
existing pulses in terms of BER reduction. At the moment, IMBH and IPLCP are the best
pulses in the literature for effectively dealing with the problem of sensitivity to frequency
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offset and PAPR in OFDM-based systems. However, the design and development of novel
families of Nyquist-I pulses is a fundamental ongoing research topic due to increased
demands for higher error-free data rates in next-generation wireless communication
systems.

1.2 Contributions

The first contribution of this paper is to evaluate the proposed pulse using a roll-off factor
of o = 0.22. The 3rd Generation Partnership Project (3GPP) has suggested the use of
o = 0.22 for the pulse shaping filter at both sides of the transmitter and receiver of the user
equipment (UE) and base station (BS) [25, 26]. Therefore, we consider o = 0.22
throughout the manuscript in order to investigate its effect on the evaluated pulses.

Second, the robustness of the SEP in the time and frequency domain is analyzed by
tuning the values of its design parameters i.e. y and f. Investigations are made by varying y
while the constant f is fixed, and vice versa. This is because both parameters have a major
impact on the proposed pulse.

Third, the SEP is compared with other recently proposed pulses by the authors of this
manuscript, SPLP and SPEP [19]. The performance of the proposed pulse is also compared
with other recently proposed pulses, such as IMBH [23] and IPLCP [24], in terms of ICI
power, SIR power, BER, and PAPR in OFDM-based systems via numerical and theoretical
simulations.

Finally, the pulse shaping function of the SEP has a simple design and expression, in
comparison with other existing pulses. The average elapsed time of the convolution pro-
cess that takes place between the modulated symbols and the pulse shaping function is
measured, and is used as a metric of the complexity of the pulse.

The remainder of this paper is organized as follows. We describe the OFDM system
model and present mathematical description of ICI, and SIR power in Sect. 2. The
derivation of the proposed pulse and its performance with respect to time and frequency
domain is discussed in Sect. 3. The comparisons of the proposed pulse with other existing
pulses in terms of ICI power, SIR power, BER, and PAPR are presented in Sect. 4. Time
complexity of the evaluated pulses is measured by taking the average elapsed convolution
time given in Sect. 5. Concluding remarks are presented in Sect. 6.

2 OFDM System Model

Each OFDM symbol is the sum of N data symbols that are transmitted on orthogonal
subcarriers using various modulation schemes; such as MPSK, and MQAM, as shown in
Fig. 1. The complex data symbols become inputs to the Inverse Discrete Fourier Transform
(IDFT); hence, each symbol is assigned to a particular orthogonal subcarrier. Then, the
transmitted OFDM symbol is converted to a serial data stream, a digital-to-analog con-
verter (DAC) is used along with a pulse shaping function. The time domain signal is then
modulated at a particular carrier frequency, f.. Finally, the complex time domain envelope
of the OFDM symbol is transmitted through the channel and additive white Gaussian noise
(AWGN) is added. At the receiver side, a reverse operation of the transmitter is applied.

At the receiver side, the input signal is converted to the digital domain using an analog-
to-digital converter (ADC) along with a pulse shaping function to eliminate all frequencies
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Fig. 1 N-subcarrier OFDM system model

above the Nyquist frequency. The Discrete Fast Fourier Transform (DFT) is used to
analyze the signal in the frequency domain.

2.1 ICI and SIR Formulations

We followed the notations given in [21] to describe the ICI and SIR power in OFDM-based
systems. The complex time-domain envelope of the transmitted OFDM symbol with the
pulse shaping function is expressed as [27]

x(r) = Re{efznfftlfakp(t)ejz”ﬂ’}, (1)

k=0

where j is the imaginary unit, v/—1, £ is the carrier frequency, f; is the subcarrier frequency
of the k-th subcarriers, p(f) is the pulse shaping function that narrows or limits each data
symbol for a certain interval of time, whereas a is the data symbol transmitted on the k-th
subcarrier with zero mean and normalized average symbol energy. It is assumed that all
data symbols are uncorrelated, and expressed as

l,—mk=m
Elwa,] = 0.k £ k,m=201,...,N—1, (2)
7_> m7

where * represents a complex conjugate. To ensure the orthogonality of the subcarriers in

an OFDM system, the following expression should be satisfied

k —
fo—fu =" km=01 N=1, (3)

where (1/7) is the minimum subcarrier frequency spacing that satisfies the orthogonality
among the N-subcarriers. The received signal is expressed as follows

r(t) = x(¢) x h(t) + n(z). 4)
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where A(f) is the impulse response of the channel, x represents the convolution between
the transmitted signal and the channel impulse response, and n() is the additive complex
Gaussian noise. We assumed that n(¢) in (4) is AWGN with zero mean and variance (Ny/2)
per dimension in the channel. An ideal channel is assumed (k(f) = (¢)) to investigate the
impact of the frequency offset, which is an approach commonly used in literature
[14, 15, 19, 21, 22].

The distortion in the channel and frequency differences between the transmitter and
receiver oscillators introduce carrier frequency offset Af, and phase error 0. Hence, the
received signal is given by Tan and Beaulieu [21]

N-1
r(t) = ol (@ndfi+0) Zakp(t)eﬂnfkt + n(t)ei(Zﬂ(—frFAf)HO). (5)
k=0

According to Tan and Beaulieu [21], the decision variable for the transmitted symbol,
a,, is

Ay = / r(t)e 2t d,. (6)

The transmitted symbol can be decomposed using (3) and (6) as follows [21]
o 0 fiad m—k
ayn = ape’ P(—A / P{———Af ). 7
= PA) 4" S (" ) )
k#m

The Fourier transform of the pulse shaping function p(f), is denoted as P(f). The power
of the desired signal o, is defined as

= lan[*|P(AF)P, (8)
whereas the ICI power is defined as [21]

o, = ZI Nz_:l aa P<—+Af> (

k=0,
ktm

=

The average ICI power primarily depends on the frequency offset Af, and the pulse
shaping function P(f). Furthermore, the average ICI power across different sequences is

given in [21] as
)
T

The signal-to-interference power ratio is represented as SIR, and for the m-th subcarrier
is defined as [21]

N—-1

——
Orcr = E ,
k=0,
k#£m

(10)

2

gicr
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3 Pulse Shaping Function

In OFDM-based systems, each data symbol is transmitted on a different subcarrier,
allowing the data to be coded in the frequency domain. At the same time, the superposition
of the subcarriers makes it difficult to analyze the behavior of the digital data in the time-
domain, because we need to ensure that the subcarriers in the OFDM symbol maintain the
orthogonality. A loss in orthogonality generates ICI and data loss. The most reliable
method to recognize the state of the data in the frequency domain is to evaluate the inter-
carrier interference (ICI) power in OFDM-based systems.

Each data symbol is transmitted on different orthogonal subcarriers using P(f), as shown
in Fig. 2. The P(f) has to satisfy the Nyquist-I criterion to achieve zero interference among
the subcarriers. A similar approach was utilized in [14, 15, 19, 21, 22, 24]. This fact can be
implemented using (1) and (2), and expressed as

0 i 1, —k=m

The P(f) requires spectral nulls at the frequencies £1/T, £2/T,..., &n/T, which ensures
the orthogonality of the subcarriers. Essentially, the expression defined in (13) represents
the Nyquist-I criterion, but it is expressed in the frequency domain, and it is given as

I, —-f=0
P(f):{o, Hf:i%,i;,...' (13)

We proposed a novel family of Nyquist-I pulses called sinc exponential pulse (SEP),
which is characterized by two new design parameters, y and . Where 7 is used to provide
an extra degree of freedom by increasing the exponential power of the required function,
and f5 is used to control the phase of the sinc function. The SEP is the multiplication of an
exponential expression, which has the ability to diminish the side lobes, and a modified
similar raised-cosine (SRC) pulse. The SRC pulse was initially proposed in [18], and

oo i L i f S S

Fig. 2 OFDM signal spectrum
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modified in this manuscript. The frequency response of the SEP is characterized by a
closed-form expression, and it is given as follows

1 — 2 cos(anfT)
(BoyT)* —1

In general, the SEP is characterized by three design parameters, including ), f, and o.
Parameters that provide extra degrees of freedom. The parameters y and f§ are defined for
all real numbers, whereas o is the roll-off factor and it is defined for 0 < o < 1.

In order to verify that the SEP satisfies the Nyquist-I criterion in frequency-domain,
described in (13), the pulse proposed in (13) is evaluated for f = 0, and for any value of the
parameters i.e. y, ff and o, is always equal to one. Furthermore, the SEP evaluated for
f= £ UT, £2/T...., and for any value of the parameters i.e. y,  and «, is always equal to
zero. Therefore, we can say that the SEP, which is given in (14), fulfills the Nyquist-I
criterion. We adjusted accordingly the new design parameters, 7 and f, to analyze the
behavior of the SEP in the time and frequency domain.

The comparisons of the frequency function of the SEP for different values of its new
design parameters is presented in Fig. 3. The f§ value is fixed when the y value varies, and
vice versa. We observed that the side lobes of the SEP are nearly vanish as the values of vy
and f§ increase. We took different values of y and f§ as examples to show their significance
with respect to the proposed pulse. In SEP, when [ decreases, the main lobe wide
increases, but when y increases the magnitude of the two side lobes decreases. An increase
in the value of f allows the main lobe to become narrow. This restricts the constant f§ to be
equal to 2, which is the main reason a further increase in the value of § was not considered.
Parameter y = 0.55 is selected because it shows considerably broader main lobe and
smaller side lobes. However, the optimum values of both parameters are discussed in detail
in next section.

The behavior of the pulse shaping function in the time domain for the SEP with
different values of y and f§ is depicted in Fig. 4. A triangular waveform is observed for
p = 2, which indicates a reduction in the amplitude of the function that narrows the OFDM
symbol in a certain interval of time. However, such scenery reduces the ICI power and
increases the SIR, but produces higher BER values [24]. This is why time-domain rect-
angular like waveforms are more desirable than triangular like waveforms [23, 24]. In
triangular time-domain like waveforms, a pulse may not be able to limit the symbol

Psep(f) = exp{—y(fT)*} x sin c(BfT) : (14)

Fig. 3 Frequency function of 1 — —
SEP for o = 0.22, with f =1 SEP, v=0.35
when y varies, and y = 0.55 for SEP, y=0.55
B=2 0.8 N SEP,y=0.85
. U IREEEE SEP, =1
0.6 N\ —e—SEp,B=2
=
04
0.2
0
0
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Fig. 4 Time function of SEP for 1
o= 0.22, with f = 1 when y
varies, and y = 0.55 for f =2
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duration period; moreover, its amplitude is considerably minimized, attenuating the data
symbols and increasing the BER. This is the main reason why we didn’t consider
implementing the SEP pulse with a high f.

The comparison of the frequency functions of the SPLP, and SPEP [19], IMBH [23], and
IPLCP [24] with the proposed SEP pulse is shown in Fig. 5. The SEP possesses the smallest
side lobes among the evaluated pulses. It is observed that pulse with a broader main lobe
produces comparatively larger side lobes. Moreover, a balance between smaller side lobes
and a broader main lobe is required for a pulse to perform better in terms of ICI power, PAPR,
and BER. Moreover, areduction in ICI power and PAPR are related to smaller magnitude side
lobes [14], while the BER is related to a wider main lobe [15]. Though, it can see in Fig. 3 that
y = 1 produces smaller side lobes, but narrows the main lobe.

The comparison of different pulse shaping functions in the time domain is observed in
Fig. 6. The IMBH showed the worst performance among the evaluated pulses, while SEP,
SPLP and SPEP show better performance by preserving the time-domain rectangular
behavior. The IPLCP and IMBH show small amplitude waveforms in the time-domain, and
is characterized by a triangular shape waveform.

Flg. 5 Frequency function of 1 SPLP. b-05. -1
various pulses for o = 0.22
fffffffff SPEP, b=0.5, p=1
0.8F W - - IMBH, p=1.52, n=2
“ IPLCP, &0.1, y=1
0.6t SEP, y=0.55, B=1
[
)
Q—i 0.4 -
02r
O -
0
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Fig. 6 Time function of various Ir
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The behavior of the SEP was examined using two methods. First, we fixed f = | and
changed the value of 7. This shows that the magnitude of the side lobe become smaller as 7
increases. This observation gives the significance of 7. Second, we established y = 0.55
and varied the value of f5. In such scenario, it is observed that an increase in f3, allows the
main lobe be narrower. This observation points out the importance of the constant . The
design parameters for the SPLP, SPEP, IMBH, and IPLCP are the ones that exhibit the
performance for OFDM systems and are given in [19, 23, 24]. Therefore, we implemented
these values in our numerical and theoretical simulations to evaluate and compare the
performance of the SPLP, SPEP, IMBH and IPLCP with the proposed SEP. In general, the
SEP is more flexible in providing a broader main lobe with sufficiently reduced tail size.

4 Performance Evaluation

In this work, we employed the proposed SEP and other existing pulses in an OFDM-based
system to evaluate and compare their performance in terms of ICI power, SIR power, BER,
and PAPR via numerical and theoretical simulations. We found y = 0.55 and § = 1 as the
sub-optimum values for the SEP for oo = 0.22 after running extensive computer simula-
tions. Therefore, these values are used, throughout the manuscript. Notice that, there is an
optimum value of y and f for every roll-off factor and transmission scheme, although it
might not be unique.

First, we implemented a real OFDM-based system over an AWGN channel to compare
the performance of different pulse shaping functions in terms of ICI power and SIR via
numerical simulations. Simulation parameters are detailed in Table 1. Two of the best
performing pulses in the recent literature are considered in our investigations. The IMBH
[23] exhibits superiority in performance over other conventional pulses in terms of ICI
power reduction and improved BER. Recently, the IPLCP [24] showed better performance
than other recommended pulses in terms of PAPR reduction for « = 0.22 in OFDM-based
systems.

The comparison of various pulse shaping functions in terms of ICI power is illustrated
in Fig. 7. These functions are employed in a 64-subcarrier OFDM system with normalized
frequency offset, AfT, to measure performance against ICI power. The SEP outperforms
SPLP, SPEP, and IPLCP, while it performed similarly compared to the IMBH in terms of
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Table 1 Simulation Parameters

for ICI and SIR Parameter Value
Modulation BPSK
Number of symbols 100
Number of subcarriers 64
Input data block size 52
Transmission bandwidth 20 MHz
Block sampling 10
Roll-off factor, o 0.22
Fig. 7 ICI power of various 20
pulses applied in a 64-subcarrier
OFDM system, o = 0.22
-25
/M
o
g -30
Gy
o
=
g -35 SPLP, b=0.5, y=1
g --------- SPEP, b=0.5, p=1
Y77 A e IMBH, B=1.52, n=2
""""""""" IPLCP, &0.1, y=1
SEP, y=0.55, p=1
-45 : :
0 0.1 0.2 0.3

Normalized Frequency Offset, A fT

ICI power reduction. The proposed pulse showed relatively low ICI power for small and
large normalized frequency offset. The SPLP presents the maximum ICI power among the
evaluated pulses. This is because the SPLP has large magnitude side lobes, as shown in
Fig. 5. The IMBH performs comparatively well with n =2 in terms of ICI power
reduction. However, SEP perform even better in terms of ICI power, if the value of y or f§
is increased. Due to the tradeoff between ICI power and BER, we took only the sub-
optimum values of the proposed pulse.

The SIR performance of various pulse shaping functions is illustrated in Fig. 8. The
SEP performed well in terms of SIR power because it achieved the maximum SIR in
comparison with the SPLP and SPEP [19], and IPLCP [24], The SIR power of the SEP is
27.92 dB for a normalized frequency offset, AfT = 0.15, which is higher than the IPLCP,
SPEP, and SPLP at 27.62, 27.18, and 26.62 dB, respectively, but lower than the IMBH at
28.46 dB. For a normalized frequency offset AfT = 0.35, the SEP has a SIR power equal
to 15.68 dB; while the IMBH, IPLCP, SPEP, and SPLP pulses obtained 15.81, 15.50,
15.31 and 15.12 dB, respectively. In general, the SEP performs similarly to the IMBH,
while it performs better in comparison to the other pulses in terms of ICI and SIR power for
a 64-subcarrier OFDM system.

Next, we evaluate the BER of the proposed pulse and other pulses in the presence of
carrier frequency offset, carrier phase noise, and average ICI power. The theoretical
expressions used to calculate the BER are given as follows [28]

BERorpy = 1 — (1 — BER o), (15)
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Fig. 8 SIR power of various — —
pulses applied in a 64-subcarrier \ e SPLP’E:g'S’Til
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BER bt = % (Q(cos OIP(~Af) + VPrcrl/22,) + Q(cos O1P(Af) = VPrcily/213) )
(16)

where the average BER is given as a function of carrier frequency offset, Af, carrier phase
noise, 0, average ICI power, P;¢;, Fourier transform of the pulse shaping function, P(f), the
number of subcarriers, N, and y, = E,/Ny. We employed different pulse shaping function
in a 64-subcarrier BPSK-OFDM systems over an AWGN channel with AfT = {0.15, 0.3},
and 6 = {10°, 30°} for o = 0.22 using (15) and (16) to measure BER via theoretical
simulations.

The SEP has the lowest energy per bit-to-noise power spectral density ratio, E,/N,,
value for a BER equal to 10* at AfT' = 0.15 compared to other existing pulses, as shown
in Fig. 9. Whereas, the IMBH [23] has the worst performance in terms of BER. This is
because it possesses a narrower main lobe compared to the other pulses, as shown in Fig. 5.
The SPLP and SPEP [19] show good performance, but are outperformed by the SEP. In
general, SEP, SPLCP, and SPEP completely outperform IMBH and IPLCP in terms of
BER for low and high normalized frequency offsets. Figure 10 shows that when the value
of the normalized frequency offset increases, the SEP presents even better performance by

Fig. 9 BER performance 10°
comparison of different pulses in

BPSK-OFDM system with

AT = 0.15, 0 = 10°

BER
=

SPLP, b=0.5, y=I
-----==== SPEP, b=0.5, p=1
'''''''''''' IMBH, $=1.52, n=2
""""""""" IPLCP, £=0.1, y=1
—— SEP, y=0.55, p=1

0 5 10
Eb/No, dB

10°
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Fig. 10 BER performance 10°
comparison of various pulses in a

BPSK-OFDM system with

AT =03, 0 = 30°

[ 5
Q10
as)]
SPLP, b=0.5, y=1
------==- SPEP, b=0.5, p=1
************ IMBH, B=1.52, n=2
""""""""" IPLCP, e=0.1, y=1
—*— SEP, y=0.55, p=1
-10 LN
10 . > -
0 5 10 15
Eb/No, dB
Table 2 Simulation Parameters P Val
for PAPR arameter alue
Technology OFDM
Modulation scheme 16-QAM
Number of subcarriers 256
Input data block size 64
Transmission bandwidth 20 MHz
Block oversampling 4
Uniform random data points 10°
Roll-off factor, o 0.22

achieving lower BER values compared to the other pulses for AfT = 0.3 and 0 = 30°.
These results verify the superiority of the SEP over other existing pulses in terms of BER.

Finally, we evaluate and compare the performance of the proposed SEP with other
existing pulses in terms of PAPR. We measured the PAPR value on the spectrum of the
SEP and other pulse shaping functions, as it was done in [3, 24]. We simulate 10° systems
blocks in a OFDM-based system to measure the total PAPR value at the transmitter side,
which is determined by the combination of the pulse shaping function and the technology
scheme. To reduce PAPR in OFDM system, a pulse shaping filter should be designed with
small magnitude side lobe [5, 17, 24]. It is observed that SEP has the smallest side lobes
among the evaluated pulses, as shown in Fig. 5. Table 2 shows the parameters imple-
mented in our simulation to measure the PAPR of the different evaluated pulses.

The comparison of different pulse shaping functions in terms of PAPR reduction for
OFDM-based systems using 16-QAM modulation is depicted in Fig. 11. The data is
presented as an empirical complementary cumulative distribution function (CCDF), which
measures the probability that the transmitted signal’s PAPR exceeds a certain threshold,
defined as PAPR,. The proposed pulses SEP, SPLP and SPEP show superiority in per-
formance over the IMBH [23] and IPLCP [24] in terms of the PAPR reduction. The SEP
achieved the lowest PAPR value among the evaluated pulses, whereas SPLP and SPEP
performed better by achieving smaller PAPR,, values than the IMBH and IPLCP pulses.
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The IMBH pulse showed the worst performance in PAPR reduction among the evaluated
pulses.

5 Complexity Evaluation

A pulse shaping function with a simple design and expression is extremely important for
OFDM-based systems. This is because an inverse discrete Fourier transform (IDFT) is used
in OFDM-based systems to transform the subcarrier amplitudes into a complex time
domain signal. Next, a convolution operation takes place between the modulated symbols
and the pulse shaping function. Further, the pulse shaping function of the proposed SEP has
a simple expression compared to other existing pulses. Moreover, a pulse shaping function
with a simple closed form expression is desired to reduce the complexity of the convo-
lution process between the transmitted signal and the pulse shaping function in the system
[29].

The time complexity of the convolution operation between the transmitted sequence and
the pulse shaping pulse is evaluated using MATLAB’s tic and toc commands [30]. The
average elapsed time is estimated for the SEP, SPLP and SPEP [19], IMBH [23] and
IPLCP [24]. When the tic command is executed, a function records an internal time of a
computer system by running a stopwatch timer, and displays elapsed time in seconds at the
execution of toc command. In-addition, these commands are used to estimate the elapsed
time taken by a particular set of instructions to complete.

Table 3 Computer system

specification Title Technology
Processor Intel(R) Core(TM)2 Duo CPU E7400
Speed 2.80 GHz
System type X86-based PC
RAM 4 GB
Windows Microsoft Windows 7 Professional
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Table 4 Average elapsed time

of convolution Pulse Convolution (s)
SEP 48 x 107°
SPLP 5.1 x 107°
SPEP 5.6 x 107°
IMBH 62 x 107°
IPLCP 74 x 107°

The average elapsed time may vary depending on the specifications of the computer
system used to execute tic and toc commands. We used a computer system with specifi-
cations given in Table 3. Table 4 illustrates the average elapsed time of the convolution
process involving different pulse shaping functions. The SEP has the lowest average
elapsed time compared to the other pulses. Therefore, it possesses the least complex
impulse response function and it is suitable for OFDM-based systems. This is because it
reduces the complexity of the convolution operation. As a result, the complexity of the
convolution operation between the modulated symbols and the SEP is reduced. Whereas
the IPLCP and IMBH present the highest average elapsed time due to complex pulse
shaping functions.

6 Conclusion

A new family of Nyquist-I pulses known as sinc exponential pulse (SEP) is derived using
the product of an exponential expression and a modified similar raised-cosine pulse. The
SEP is characterized by two new design parameters, where ) increases the exponential
power of the required function and f§ controls the phase of the modified sinc function. The
sub-optimum values of the new design parameters are taken after running extensive
computer simulations: y = 0.55 and f# = 1 for a roll-off factor, « = 0.22. The pulse
shaping function of the SEP is characterized by a simple closed form expression that
reduces time complexity in OFDM systems. Simulation results verify that the SEP per-
forms better than other existing pulses in terms of ICI power, SIR, BER, and PAPR for
OFDM-based systems. In general, the proposed pulse has a great potential with respect to
ICI power and PAPR reduction for OFDM-based systems and can effectively contribute to
future wireless communication systems.
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