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Abstract 
 

A newfangled family of Nyquist-I pulses is proposed and named improved dual sinc pulse 

(IDSP). The IDSP is designed to improve performance in orthogonal frequency division 

multiplexing (OFDM)-based systems. The IDSP is a generalization of the dual sinc pulse 

(DSPP). This is because the DSP was formulated for α = 1 whereas the IDSPP is valid for 0 ≤ 

α ≤ 1. The behavior of the IDSP is promising in terms of its frequency and time domain 

responses. Theoretical and numerical outcomes indicate that the IDSP outperformed other 

existing pulses applied in OFDM-based systems for various key evaluation metrics.  
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1. Introduction 

Usage of data in cellular networks has increased significantly in the last few years, ,due to 

the growht of the smartphone industry. This is expected to increase even further with 5G and 

the hasty expansion of the Internet of Things (IoT). 5G application requirements such as lower 

latency, higher spectral efficiency, asynchronous transmission and higher peak data rate, 

cannot be achieved with the classical waveform in orthogonal frequency division multiplexing 

(OFDM), and so the design of the waveform for OFDM is an important problem that must be 

solved for 5G [1-5]. OFDM is characterized by high data transmission and bandwidth 

competence, multipath channel’s stability, capability to convert a frequency selective fading 

channel into several nearly flat fading channels. Furthermore, OFDM mitigates the effect of 

delay spread using guard interval, and frequency domain equalization at the receiver side. 

These benefits make OFDM one of the fundamental technologies to apply in 5G cellular 

networks [6]. Also, most of the standards within wireless communication domain are based on 

OFDM systems, including digital video broadcasting (terrestrial), long term evolution, 

wireless fidelity, wireless personal area network, and worldwide interoperability for 

microware access [7]. Recently, OFDM-based systems have been planned and implemented 

for information and power transfer within OFDM relay networks [5] and other wireless 

communication systems [8, 9]. Despite the benefits that OFDM-based schemes have, there are 

several shortcomings that need to be addressed properly to avoid performance degradation. 

Due to the focus of the work, OFDM-based systems are assumed unless stated otherwise. 

1.1 Shortcomings of the OFDM-based systems 

 Out-of-band (OOB) leakage: Communication among various users operating in the 

contiguous channels can be compromise due to high spectral side lobes interference. 

Such interference increases OOB [10, 11]. Diverse methods have been proposed to 

reduce the OOB power, such as symbol optimization [10], and frequency and time 

domain approaches [11]. However, these methods have high complexity, making their 

application infeasible in real life applications. 

 Inter-carrier Interference (ICI): Performance is degraded by the effects of frequency 

mismatch between the receiver and transmitter oscillators, Doppler spread, and 

disturbance in the channel [12]. Moreover, such errors cause several problems including 

attenuation, rotation among the subcarriers, and ICI. Various methods are used to 

reduce ICI power such as frequency-domain equalization [13], time-domain windowing 

[14] and ICI self-cancellation [15]. Unfortunately, those methods are not sufficient to 

completely mitigate the problems in real applications. 

 Peak-to-average Power Ratio (PAPR): OFDM-based technologies require numerous 

modulated subcarriers. When those subcarriers are overlap in the frequency domain, a 

high rapid peak occurs in comparison to an average required peak, such high peak 

results in high PAPR [16]. This affects the performance of high power amplifiers 

(HPAs), analog to digital converters (ADC) and digital to analog converters (DAC). 

Furthermore, a non-linear distortion is introduced when the signal amplitude exceeds 

the limit of the HPA, which degrades the performance of the system with respect to 

PAPR and bit error rate (BER) [17]. Therefore, it is necessary to enable an OFDM 

system to work properly by minimizing PAPR and achieve low BER. Various methods 

have been proposed and implemented to reduce PAPR for OFDM-based systems such 
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as clipping and filtering, block coding, selective mapping and non-linear companding 

transform [16, 17], but these methods involve complexity at transmitter and receiver 

side in OFDM-based systems. 

1.2 Problems Solution 

In this manuscript, we proposed a pulse shaping technique to decrease OOB power, reduce 

ICI power, increase SIR power, minimize PAPR and provide low BER. From here on out this 

will be referred to simply as the objective conditions for the pulse. It involves simple processes 

without adding any complexity to an OFDM system. The pulse design includes three important 

aspects. First, a pulse should comply with Nyquist-I criterion to reduce channel interference 

[18]. Second, a pulse with a wider main lobe is necessary to diminish BER [19]. Third, pulses 

with smaller side lobes reduce ICI power [20], decreases OOB power [21] and minimizes 

PAPR [22]. 

1.3 Related Work 

In the recent literature, various Nyquist-I pulses were proposed. One of those pulses is the 

improved modified Bartlett Hanning (IMBH) pulse. The IMBH was proposed to have low ICI 

power and BER [20]. Polynomial pulses showed sufficient reduction in OOB power [21]. Then, 

the improved parametric linear combination pulse (IPLCP) showed superiority in achieving 

lower PAPR and ICI power [22]. Recently, a new pulse, called dual sinc pulse (DSP) was 

proposed [23]. It is observed that the DSP is evaluated and investigated for a single value for 

the roll-off factor α, which is α = 1. The DSP has a superior efficiency in terms of SIR and ICI 

power [23]. 

1.4 Contributions 

 A distinct family of Nyquist-I pulses is proposed. This distinct family is termed 

improved dual sinc pulses (IDSPs), which is an improved version of the DSP [23], it 

introduces a new parameter i.e. a roll-off factor, α. 

 An advantage of the proposed pulse is that the value for α is not set, while the DSP [23] 

was defined for only α = 1. The IDSP analysis are made for various values of α, in 

particular for α = 0.22 [22], which is found worth investigating in terms of the objective 

conditions for the pulse. 

 To the author’s best knowledge, it is the first time that the IDSP is examined in terms 

of OOB power, ICI power, SIR power, PAPR and BER, which will be referred to simply 

as the metrics from here on out. In the same way, readers are provided with a feasible 

solution to mitigate the drawbacks presented in OFDM-based schemes. This is done by 

designing and implementing a special pulse shaping function i.e. IDSP over DSP [23]. 

 The behavior of the IDSP is analyzed in terms of frequency and time domain responses 

for various quantities of the design parameters of the IDSP. 

 The IDSP is compared to various proposed pulses e.g. IMBH [20], polynomial pulses 

[21] and IPLCP [22], in terms of the metrics. The polynomial pulses refer to Poly4, 

Poly5, and a linear combination of the Poly4 and Poly5 pulses, denoted as LCP45 [21]. 

 Performance of the IDSP and other existing pulses is evaluated for α = 0.22, 0.35, and 

0.5, through numerical and theoretical evaluations. 
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The rest of the manuscript is structured as follows. In Section II, a generic OFDM system 

is described and the evaluation metrics used in the manuscript are defined. In Section III, the 

IDSP is defined and its frequency and time response are analyzed. The performance of the 

IDSP and other existing pulses is investigated by using numerical and theoretical simulations 

in Section IV. Finally, conclusions of the work are given in Section V. 
 

 
Fig. 1.  N-subcarrier OFDM system 

2. OFDM System Model 

In this work we used a technique identified as pulse shaping and applied it to OFDM systems, 

as shown in Fig. 1. Modulation systems, such as M-PSK and M-QAM are used to modulate 

the data symbols. The inverse discrete Fourier transform (IDFT) processes the data symbols 

as inputs, and different frequencies are assigned to each subcarrier. After converting to serial 

data stream, the signal is transformed to time domain by using DAC. Here, the proposed IDSP 

is used at the transmitter side to produce a smooth analog signal to be transmitted through the 

channel. However, a reverse signal processing operation of the OFDM transmitter takes place 

at receiver. Furthermore, two key operations held at receiver side including a combination of 

radio frequency (RF) signal and band-pass filter (BPF) for processing, and elimination of 

frequencies above the Nyquist frequency through the use of ADC and the IDSP. Thus, the 

signal is converted to the frequency domain using the discrete Fourier transform (DFT) at the 

receiver side in OFDM system. A time limited pulse shaping expression, characterized by a 

time-domain N-subcarrier OFDM symbol, is expressed as: 

 

𝑥(𝑡) = ∑ 𝑠𝑘𝑝(𝑡)𝑒𝑗2𝜋𝑓𝑘𝑡𝑁/2−1
𝑘=−𝑁/2                                                 (1) 

 

where j is an imaginary unit, fk is the frequency of the kth subcarrier, p(t) is the pulse shaping 

expression, and sk is the data symbol transmitted over the channel and characterized by zero 

mean and normalized average symbol energy. The conjecture that all data symbols are 

correlated is made [23], which complies with the following equation: 
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where * is the complex conjugate. According to [18], p(t) should be such that the subcarriers 

are orthogonal for OFDM systems defined as following: 
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To guarantee orthogonality amongst subcarriers, the subsequent equation must be fulfilled, 

which was shown as: 
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For N subcarriers, the orthogonality is satisfied by (1/T), which is the least subcarrier 

frequency spacing. 

2.1 OOB Power 

Large side lobes in the frequency domain introduce undesirable interference among the 

adjacent channels operated by multiple users, which eventually increase OOB power. OOB 

power can be decreased through pulse shaping. In the frequency domain, x(t) from (1), 

becomes as given in [21]: 
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where P(f) is the Fourier transform of the pulse shaping function p(t) that is given in (1). The 

average power spectral density (PSD) of the X(f) is denoted as PPSD(f) and is given by: 

 

𝑃𝑃𝑆𝐷(𝑓) = 𝐸{|𝑋(𝑓)|2}                                                    (6) 

 

and the average PSD of an OFDM signal becomes [21]:  
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where the PPSD(f) is used to evaluate the OOB power of the different pulses. 

2.2 ICI, SIR, BER, and PAPR Evaluation Metrics 

Carrier frequency offset results in ICI and degrades the performance of OFDM systems. 

Therefore, the efficiency of OFDM systems is determined by considering a frequency offset, 
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Δf, with respect to ICI power, SIR power, and BER. An additive white Gaussian noise (AWGN) 

process with zero mean and variance of N0/2 per dimension, which is a complex noise, is 

considered in the channel. 

An ideal channel, i.e. h(t) = δ(t), is considered to analyze the outcome of frequency offset 

on ICI. Furthermore, the BPSK-OFDM system is used to compare and evaluate performance 

of existing pulses, including IDSP, over an AWGN channel in terms of ICI power, SIR power 

and BER [19]. These metrics depend on the frequency offset, Δf. The average ICI power across 

different sequences is defined as [19] : 

 

𝜎𝐼𝐶𝐼
𝑚 = ∑ |𝑃(

𝑘−𝑚

𝑇
+ 𝛥𝑓)|

2
𝑁−1
𝑘=0,
𝑘≠𝑚

                                                (8) 

 

The signal-to-interference power ratio (SIR) is defined in [19] as follows: 
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                                                           (9) 

 

The BER is analyzed by using BPSK-OFDM over a channel that considers AWGN and 

frequency offset to evaluate various pulse shaping functions in terms of BER [19, 21-24]. The 

BER expressions are the following: 

 

,)BER(=BER N

symbolOFDM  11                                        (10) 
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                            (11) 

 

Further details and derivation of the BER expressions in (10) and (11) are given in [25]. It 

can be seen from (10) and (11) that  the average BER is specified as a function of average ICI 

power, PICI, frequency offset, Δf, phase noise, θ, number of subcarriers N, and γb = Eb/No.  

PAPR for the pulse shapes is measured in the frequency domain, as it was done in [22]. 

The total PAPR is given by the modulation arrangement and the pulse shaping function [22]. 

3. Improved Dual Sinc Pulses 

In this Section, a newfangled pulse shaping function is proposed and called improved dual sinc 

pulse (IDSP). The newfangled pulse is designed to fulfil the objective conditions. This pulse 

is an improved version of DSP [23]. The IDSP considers a roll-off factor, α, with range 0 ≤ α 

≤ 1. In this work, IDSP is evaluated for various values of α including α = {0.35, 0.5}, in 

particular for α = 0.22 [22]. Because those values are considered important through 

performance point of view in the recent literature [18-23]. The IDSP representation in the 

frequency domain, PIDSP(f), is defined as follows: 
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𝑃𝐼𝐷𝑆𝑃(𝑓) = {𝛽 𝑠𝑖𝑛 𝑐 (𝑓𝑇) × [(1 − 𝛽) 𝑠𝑖𝑛 𝑐 (𝛼𝛾𝑓𝑇)]2}𝑛                             (12) 

 

The design parameters in the IDSP i.e. β, γ, and n are defined as real numbers. β controls 

the width of the main lobe’s upper part, γ controls the phase of a pulse and helps in diminishing 

the side lobes, and n is the power of IDSP. These extra degrees of freedom are used to meet 

the objective conditions for the pulse. The Nyquist-I criterion is given in the frequency-domain 

through the following expression: 

 

𝑃(𝑓) = {
1, → 𝑓 = 0
0, → 𝑓 = ±1/𝑇, ±2/𝑇, . . .

                                     (13) 

 

For f = 0, the IDSP is examined with generic values of α, β, γ, and n, to confirm that the 

IDSP fulfills the frequency domain condition of the Nyquist-I criterion, given in (13). For this 

specific case, the result is always equal to one. Moreover, when the IDSP is examined for f = 

±1/T, ±2/T,…, and again considering general values for α, β, γ and n, the IDSP is equal to zero. 

Thus, the proposed pulse defined in (12) satisfies the condition of the Nyquist-I criterion. The 

performance of the pulses is analyzed in the time and frequency domain. The purpose of 

designing the IDSP includes: 
 

 To eradicate the limitations of DSP [23], which was defined for only, α = 1. 

 Determine the performance of IDSP for small values of α, in particular α = 0.22. 

This is because α = 0.22, was suggested by the 3rd Generation Partnership Project 

(3GPP) for pulse shaping filters [22]. 

 The optimum values of β, γ, and n depend on the roll-off factor, α, and the 

modulation scheme. 

 To fully validate the achievement of the IDSP pulse, we compare its performance 

with other state-of-the art pulses for α = {0.22, 0.35, 0.5} and for various 

performance metrics. 

 The frequency response for IDSP is simple in comparison with other current pulses 

[20-22]. Furthermore, such simple frequency response expression is desirable to 

reduce complexity in OFDM-based system. 
 

The proposed IDSP filter is evaluated in the frequency domain by varying β and γ for a 

fixed n and α in Fig. 2 and Fig. 3. The main lobe of the IDSP becomes wider with an increase 

in β. Moreover, a change is noticed in the upper part of the main lobe by tuning β values, as 

shown in Fig. 2. Therefore, such significance of β is important because a narrow main lobe 

degrades the performance of the system in terms of higher BER values [19]. 
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Fig. 2.  Frequency response of the IDSP filter as β differs for γ = 3, n = 1 at α = 0.22 

 

 
Fig. 3.  Frequency response of the IDSP filter as γ differs for β = 1.76, n =1 at α = 0.22 

 

 
Fig. 4.  Frequency function of the IDSP and other assessed pulse shaping functions for α = 0.22 
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Fig. 5.  Time function of the IDSP and other assessed pulse shaping functions for α = 0.22 

 

Fig. 3 shows that the side lobe’s magnitude for the IDSP decreases as the value of γ 

increases. Moreover, a reduction in the side lobes of a pulse is desirable in reducing ICI power 

and PAPR [21, 22]. Fig. 4 depicts a comparison of frequency function of the IDSP and other 

comparison pulses. The comparison pulses showed best performance at the particular values 

of their design parameters, is the reason why we selected those values. The proposed pulse 

shows the smallest side lobes whereas IMBH has the largest magnitude side lobes. We assume 

that the proposed pulse can greatly reduce OOB power, ICI power and PAPR due to a 

sufficient decrease in the lateral side lobes of IDSP frequency response, which will be further 

discussed in the next section. Fig. 5 shows that the IDSP has a triangular shape in time domain. 

This is because of the reduced magnitude in the side lobes of the filter’s frequency response, 

as shown in Fig. 4. Moreover, there is a trade-off between time and frequency domain pulse 

shaping, which can be understand by observing the behavior of the IMBH pulse, which shows 

high magnitude side lobe in frequency domain and has a rectangular form in time domain, as 

depicted in Fig. 4 and Fig. 5. 

We examined the frequency-domain close form expression of the IDSP by changing the 

value of one parameter whilst maintaining the others constant. When the β value changes and 

other parameters values are fixed i.e. γ = 3 and n = 1, the central lobe widens at high value of 

β. For the case of β = 1.76 and n = 1, and the value of γ differs, it is shown that a high value of 

γ produces a significant reduction in the side lobe’s magnitude. Therefore, β = 1.76, γ = 3, and 

n = 1 for IDSP at α = 0.22, is considered satisfactory according to the theory proposed and 

implemented for wider main lobe in [19, 20] and smallest magnitude side lobes in [22, 23], as 

shown in Fig. 2 and Fig. 3, respectively. We investigated β = 1.76, γ = 3 and n = 1 for the IDSP 

at α = {0.22, 0.35, 0.5}, in terms of several evaluation metrics. Although, the ideal quantity of 

β and γ may vary for various α values. 

4. Simulation Results and Discussion 

We compare IDSP with other existing pulses i.e. IMBH, IPLCP, Poly4, Poly5 and LCP45 in 

terms of several evaluation metrics. These pulses have explicit frequency domain expressions 

and showed best performance at particular values of their design parameters [20-22]. We 

examine the IDSP and other state-of-the arte pulses in terms of OOB power and BER through 

theoretical simulations. We employed the pulses in a real scenario, evaluating them with 

respect to the performance metrics (ICI power, SIR power and PAPR) using numerical 

simulations and according to the parameters given in Table 1. 
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A sub-optimum value for β is investigated with numerical and theoretical simulations with 

respect to ICI power and BER for α = 0.22. This value for β is based on two important factors 

for OFDM-based systems. First, the value should have small side lobes to decrease OOB 

power, reduce ICI power, increase SIR power, and minimize PAPR. Second, the value should 

keep a wider main lobe in order to achieve low BER value. Here, the sub-optimum β means 

that β value is evaluated by using numerical and theoretical simulations. However, analytically 

obtaining the optimal value for β seems currently unrealizable.  

The increase in OOB power is related to large side lobes in the frequency domain, which 

eventually results in unwanted interference in OFDM-based systems. Side lobes with small 

magnitude reduce the OOB power [21]. Therefore, the achievements of the IDSP and other 

existing pulses are evaluated in terms of OOB power using (7) via theoretical simulation, 

shown in Fig. 6. We observe that the IDSP shows the lowest OOB power whereas IMBH has 

high OOB power. The difference between the IDSP and the IMBH is 7dB. 

Next, the achievements of the IDSP and other well-known pulses, in terms of ICI power 

are evaluated through numerical simulations. In-addition, we used an AWGN channel in a 64 

subcarrier OFDM-based system. We used binary phase shift keying (BPSK) in the OFDM 

system to validate the results with respect to ICI power and SIR power [20, 22, 23]. 

 

 

Fig. 6.  Theoretical OOB power of IDSP, and other pulses assessed in a 64 subcarriers OFDM system, 

at α = 0.22 

 

 

Fig. 7.  ICI power of IDSP assessed in a 64 subcarrier OFDM system for γ = 3, n = 1, as β differs at α 

= 0.22 
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We consider the study of the ICI power in two ways i.e. finding a sub-optimum value of β 

for the IDSP and comparing its performance to other pulses in terms of ICI power at α = 0.22. 

The value of β is investigated by running extensive computer simulations, shown in Fig. 7, 

where various β values are consider as an example. It is observed that β = 0.35 shows lowest 

ICI power, while β = 100 has maximum ICI power for OFDM-based system. The values i.e. β 

≥ 2 should be ignore because it shows maximum ICI power. Furthermore, the amplitude of the 

IDSP seems disturbing at β = 2 whereas β = 0.35 and 1 show narrow main lobe in Fig. 2. The 

only value of β = 1.76 shows sufficient performance in reducing ICI power by having narrow 

side lobes and a wide main lobe for IDSP, obvious in Fig. 4. The IDSP at β = 1.76, γ = 3, n = 

1 shows better achievements with respect to ICI power. 
 

 

Fig. 8.  ICI power of various pulses assessed in a 64 subcarrier OFDM system for α = 0.22 
 

 
Fig. 9.  SIR power of various pulses using a 64 subcarrier OFDM system for α = 0.22 
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in the ICI power [19-23]. 
 

Table 1. Simulation Parameters for ICI, SIR, and PAPR Power  
Parameter Value 

Modulation BPSK, 16QAM 

Number of Symbols 100 

Number of Subcarriers 64 

Input Data Block Size 64 

Transmission Bandwidth 20MHz 

Block Oversampling 4 

Bit-to-noise ratio 30dB 

Roll-off factor, α 0.22, 0.35, 0.5 

 

The IDSP shows maximum SIR power among the assessed pulses, as shown in Fig. 9. 

Different pulses are employed in a 64-subcarrier OFDM system in terms of SIR power at α = 

0.22. The numerical results are obtained during simulations for small and large ΔfT. The SIR 

power of the proposed pulse is 27.81 dB for ΔfT = 0.15, which is higher than the SIR power 

of IPLCP, Poly5, LCP45, Poly4 and IMBH pulses i.e. 27.56, 26.24, 26.11, 26.03, 25.93 dB, 

respectively. Moreover, the SIR power of IDSP for ΔfT = 0.35, is 16.30 dB, which is also 

higher than the SIR power of IPLCP, Poly5, LCP45, Poly4 and IMBH pulses i.e. 16.21, 15.66, 

15.60, 15.54, 15.48 dB, respectively. Hence, the numerical results indicate that the IDSP has 

superior results in terms of SIR power for OFDM-based system. 

BER comparative analysis of the IDSP and other existing pulses are based on BPSK-

OFDM system over an AWGN channel, using expressions given in (10) and (11) and via 

theoretical simulations. Further details regarding the BER expressions can are found in [19, 

21-25]. The BER comparative analysis is based on two findings i.e., to determine the sub-

optimum value of β, and evaluate the performance of the IDSP and other assessed pulses for 

α = 0.22. Fig. 10 depicts a comparison of different values of β for the IDSP at ΔfT = 0.15, θ = 

10o and α = 0.22. Where, only particular values of β i.e. β = 0.35, 1 and 1.76, are considered. 

Because β = 0.35, 1 and 1.76 reduced ICI power more significantly, which can be seen in Fig. 

7. The β = 0.35 and 1 show highly reduced ICI power, but both β values are not able to 

minimize BER sufficiently, whereas β = 1.76 is achieves low BER, as seen in Fig. 10. This 

shows that there is a relation between narrower main lobes and higher BER [19]. In particular 

a main lobe with narrow upper part, which is obvious from Fig. 2. To β = 0.35 and 1 had 

narrow main lobes and high BER, as shown in Fig. 10. Therefore, the IDSP with β = 1.76, γ = 

3, and n = 1, performs well with respect to ICI power and BER, with α = 0.22. Moreover, β = 

1.76, γ = 3, n = 1, are used throughout the rest manuscript, which shows that it is a suitable 

combination for roll-off factor α = 0.22 and the OFDM transmission system. 

The performance of the pulses is compared in terms of BER over an AWGN channel, using 

a OFDM system with 64 subcarriers, for normalized frequency offset, ΔfT = {0.15, 0.3}, θ = 

30o and α = 0.22, as shown in Fig. 11 and Fig. 12. IMBH shows wider main lobe with large 

magnitude side lobes in Fig. 4, and it has achieved the lowest BER whereas IPLCP shows high 

BER among all the pulses, as depicted in Fig. 11 and Fig. 12. The IDSP only performs better 

than IPLCP, in terms of BER at small normalized frequency offset value i.e. ΔfT = 0.15. When 

the normalized frequency offset is increased i.e. ΔfT = 0.3, the IDSP showed better 

performance by achieving low BER than IPLCP and Poly5. It shows that the proposed pulse 

performs better when frequency offset increases, shown in Fig. 12. IMBH achieves better 

results than existing pulses in terms of BER for the normalized frequency offsets considered, 
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due to wider main lobe and larger side lobes, as obvious in Fig. 4. 

 

Fig. 10.  Theoretical BER of IDSP for a 64 subcarriers OFDM system for γ = 3, n = 1, and varying 

β value for ΔfT = 0.15, θ = 10o, and α = 0.22 

 

However, there is a tradeoff between ICI power and BER [19-23]. The IDSP is designed 

in such a way that it provides a balance between the metrics for OFDM-based systems. The 

ICI power minimizes when the output side lobes of a frequency response is reduced [19-23]. 

Reducing the side lobes affects the main lobe of a pulse because smaller side lobes allow 

narrower main lobes, shown in Fig. 4. Having a narrower main lobe increases BER while such 

state highly reduces the ICI power of a system [23]. After studying IDSP with respect to ICI 

power and BER, it is observed that the IDSP is a unique pulse that provides an effective 

tradeoff between this metrics. 

The performance of the pulses is assessed in terms of PAPR, as it was done in [22]. The 

PAPR is measured in the frequency domain of various pulse shaping functions. Furthermore, 

the total PAPR value considers the modulation scheme and pulse shaping function, and 105 

OFDM system blocks were simulated [22]. Smaller side lobes result in lower PAPR [22]. In 

Fig. 4, it is obvious that the proposed IDSP has the smallest side lobes. It is also shown that 

the proposed pulse can lower PAPR. 

 

 

Fig. 11.  Theoretical BER of IDSP and other pulses for a 64 subcarriers OFDM system for ΔfT = 0.15,  

θ = 30o, and α = 0.22 
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Fig. 12.  Theoretical BER of IDSP and other pulses for a 64 subcarrier OFDM system for ΔfT = 0.3,  

θ = 30o, and α = 0.22 

 

 

Fig. 13.  CCDF of PAPR for different assessed pulses using 16-QAM and an OFDM system for α = 

0.22 

 

Therefore, the performance of pulses is compared by employing their time domain 

response expression at the transmitter side using 16-QAM, in terms of PAPR using numerical 

simulations, as shown in Fig. 13. Results are given as empirical complementary cumulative 

distribution function (CCDF) of the PAPR versus the threshold PAPR (PAPR0). The 

parameters used in the simulations to measure PAPR are presented in Table 1. The IDSP 

achieves the highest PAPR reduction for the pulses considered, as shown in Fig. 13. Moreover, 

IMBH shows the highest PAPR value, which verifies that pulses with larger side lobes result 

in high PAPR [22]. The IDSP is superior to existing pulses in terms of the metrics for OFDM 

system at β = 1.76, γ = 3, n = 1 and α = 0.22. 

Performance for the pulses is also discussed for different roll-off factors, α = {0.35, 0.5}, 

in terms the metrics via theoretical and numerical simulations, as it is was done for α = 0.22. 

It is noticed that for β = 1.76, γ = 2, n = 1 for α = {0.35}, and β = 1.76, γ = 1.6, n = 1 for α = 

{0.5}, the IDSP outperforms other pulses in terms of the metrics. 
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Table 2. Average Power Spectral Density at Normalized Frequency = ±18, Average ICI & SIR Power 

at Normalized Frequency Offset = 0.2, and Average PAPR at PR(PAPR ˃ PAPRo) = 10-3, for different 

pulses and α = {0.35, 0.5} 

Pulse OOB 

power, 

dB 

ICI 

power, 

dB 

SIR 

power, 

dB 

PAPR, 

dB 

α 

IDSP -35 -25.01 23.60 15.21  

 

0.35 
IPLCP -33 -24.63 23.17 15.25 

Poly5 -32 -24.01 22.30 15.62 

LCP45 -29 -23.96 22.28 15.73 

Poly4 -27 -23.92 22.15 15.88 

IMBH -24 -23.80 21.85 16.24 

IDSP -31 -25.88 23.62 15.19  

 

0.5 
IPLCP -27 -25.57 23.31 15.21 

Poly5 -28 -24.95 22.52 15.24 

LCP45 -25 -24.92 22.44 15.26 

Poly4 -23 -24.84 22.41 15.29 

IMBH -19 -24.63 22.09 15.50 

 

Table 3. Average BER for different pulses for SNR = 14dB 

Pulse BER ΔfT α 

IDSP 4.78 x 10-2  

 

0.15 

 

 

 

 

 

 

0.35 

IPLCP 5.42 x 10-2 

Poly5 4.63 x 10-2 

LCP45 4.60 x 10-2 

Poly4 4.56 x 10-2 

IMBH 4.46 x 10-2 

IDSP 7.32 x 10-2  

 

0.3 
IPLCP 9.76 x 10-2 

Poly5 7.33 x 10-2 

LCP45 7.25 x 10-2 

Poly4 7.12 x 10-2 

IMBH 6.83 x 10-2 

IDSP 5.04 x 10-2  

 

0.15 

 

 

 

 

 

 

0.5 

IPLCP 5.70 x 10-2 

Poly5 4.96 x 10-2 

LCP45 4.92 x 10-2 

Poly4 4.86 x 10-2 

IMBH 4.65 x 10-2 

IDSP 8.24 x 10-2  

 

0.3 
IPLCP 1.06 x 10-1 

Poly5 8.34 x 10-2 

LCP45 8.22 x 10-2 

Poly4 8.03 x 10-2 

IMBH 7.40 x 10-2 

 

It is worth pointing out that β = 1.76, which is common for α = {0.22, 0.35, 0.5}, plays an 

important role in IDSP. When α value increases the γ value requires to be reduced in-order to 

show effective results whereas other two design parameters of the IDSP requires same value 
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i.e. β = 1.76 and n = 1 for α = {0.22, 0.35, 0.5}. Further details, regarding performance for the 

pulses in terms of the metrics for, α = {0.35, 0.5}, are given in Table 2 and Table 3. 

4.1 Complexity Evaluation 

In OFDM-based systems, an inverse discrete Fourier transform (IDFT) is used to transform 

the amplitudes of the subcarriers into complex-time-domain signals, therefore, a simple design 

expression of a pulse shaping function is highly desirable. Here, a convolution process occurs 

between the modulated symbols and a pulse shaping function. Furthermore, it is studied that a 

simple design expression of a pulse shaping function can minimize the complexity when a 

convolution process takes place in a system [26]. Finally, the IDSP minimizes the complexity 

due to its simple design expression, given in (12). We followed similar methodology for time 

complexity evaluation, as done in [22, 23]. 

The simulation parameters given in Table 1 are employed along with tic and toc command 

in MATLAB [27] to examine the time complexity by estimating the average elapsed time of 

the convolution process. Such convolution operation is based on various pulse shaping 

functions including IMBH [20], Poly4, Poly5 and LCP45 [21], IPLCP [22], the proposed IDSP 

and DSP [23], respectively. Based on stopwatch timer a function called tic command is used 

to record the internal time of the computer system and another function called toc command 

is executed to record elapsed time of the convolution operation in seconds. In other words, a 

particular set of instructions based on convolution operation are executed between tic and toc 

commands to estimate the average elapsed time. 
 

Table 4. Specifications of a computer system used tic and toc commands  

Title Technology 

Processor Intel(R) Core(TM) i5-4570 CPU  

Speed 3.20GHz 

System Type X-64-based PC 

RAM 4GB 

Windows Microsoft Windows 8 Pro 

 

Table 5. Average elapsed time of convolution process used for various Nyquist-I pulses, respectively  

Pulse Convolution 

IMBH 40.23x10-6 

IPLCP 39.26x10-6 

Poly4 40.03x10-6 

Poly5 40.69x10-6 

LCP45 39.57x10-6 

 IDSP 39.30x10-6 

DSP 39.11x10-6 

 

Variations in the average elapsed time may occur due to the specifications of the computer 

system after executing the MATLAB commands. Table 4 shows a computer system’s 

specifications required to execute tic and toc commands. Table 5 displays the average elapsed 

time of the convolution operation took place for various pulse shaping functions. The DSP [23] 

showed the lowest average elapsed time among all compared pulses. Whereas the IPLCP [22] 

has the second lowest average elapsed time followed by the proposed IDSP which shows the 

third lowest average elapsed convolution time. Here, we can say that the IDSP is desirable for 

OFDM-based systems because it shows a suitable reduction in the complexity of the 
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convolution operation due to having simple design expression in comparison to other existing 

pulses. However, the Poly5 [21] and IMBH [20] show highest average elapsed times which 

show that both the pulses have complex pulse shaping function design expressions. 

   5. Conclusion 

A newfangled Nyquist-I pulse called improved dual sinc pulse (IDSP) is proposed to achieve 

the objective conditions of the pulse. The IDSP is an improved version of the DSP because the 

DSP was initially defined for α = 1, whereas IDSP is defined for 0 ≤ α ≤ 1. In general, there 

are four design parameters that characterize the IDSP, including α, β, γ, and n. The parameter 

β manages the shape of the main lobe, whereas γ determines the phase of the pulse and 

magnitude of the side lobes, and n is the power of the IDSP. 

We considered three important values of α i.e. α = {0.22, 0.35, 0.5}, to compare and 

evaluate the achievements of different state-of-the art pulse shaping functions. We determined 

the sub-optimum design parameters of the IDSP for α = {0.22, 0.35, 0.5} via extensive 

numerical and theoretical simulations. We determined the sub-optimum combinations as β = 

1.76, γ = 3, and n = 1 for α = {0.22}; β = 1.76, γ = 2 and n = 1 for α = {0.35}; and β = 1.76, γ 

= 1.6, n = 1 for α = {0.5} in terms of the evaluated metrics. In general terms, the IDSP 

outperformed other existing novel pulses, including IMBH, IPLCP, Poly4, Poly5 and LCP45 

in terms of the evaluated metrics for α = {0.22, 0.35, 0.5}. 
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