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Abstract 

One of the most significant obstacles facing the Internet of Things (IoT) is how to offer support for 

communication to an expanding number of linked items. Narrow-band Internet of Things (NB-IoT), 

which is currently an aspect of fifth-generation (5G), is a new narrow-band wireless communication 

technology that has evolved in recent years to address this issue. To save power, NB-IoT currently 

exploits modulation schemes that are characterized by low order to deliver low data rate. However, 

as the number of applications dependent on data rate increases, NB-IoT needs to use data rate 

improvement technologies that do not consume additional power. This paper proposes a design for 

quadrupling the total number of linked items in the NB-IoT system using a symbol time compression 

methodology. A modified symbol time compression (MSTC) approach is specifically suggested, 

which could preserve 75% of the bandwidth (BW) by reducing the symbol time to a quarter (25%). 

This study suggests a design that uses the MSTC method four times in orthogonal frequency division 

multiplexing (4-MSTC-OFDM) to take advantage of the unused bandwidth and has the capability 

to deliver a quadruple quantity of information in comparison to the standard OFDM system. 

Simulations show that the suggested design (4-MSTC-OFDM) lowers the signal-to-noise ratio 

(SNR) by 3.9 dB (at BER = 10-6) and 4.4 dB (at BER = 10-4) compared to the OFDM system with 

16-QAM (16-QAM-OFDM) when sending the same amount of data over the Rayleigh fading 

channel and additive white Gaussian noise channel (AWGN). Moreover, the results of simulations 

indicate that the proposed design possesses an identical BER as the conventional OFDM technique, 

implying that using the suggested method does not degrade the BER. 

Keywords: NB-IoT, CSTC-OFDM, MSTC-OFDM, 4-MSTC-OFDM. 

1 Introduction 

With the fast evolution of next-generation 5G technologies, extensive studies on massive machine-type 

communications (mMTCs), enhanced mobile broadband (eMBB), and ultra-reliable low-latency 
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communications (URLLCs) have attracted significantly increased attention from both academic and 

business communities (Liu, S., et al., 2019). 5G was first formalized by 3GPP in Release 15 in 2018 (Li, 

Y., et al., 2017), and implementation by both public and commercial telecom operators started shortly 

thereafter. For instance, near the end of 2018, Verizon and AT&T launched their first 5G services in the 

USA (Chen, Y., et al., 2022). The requirements of the three different applications are diverse, as seen in 

Figure 1. In order to support eMBB, 5G connectivity must deliver high-speed data throughput of up to 

10 Gbps. Regarding URLLC, 5G has to support connections that need less than 1 ms of latency for 

mission-critical operations. For mMTC, 5G is anticipated to provide extremely dense connections (1 

million per km2) (Migabo, E. M., et al., 2020). In addition to significant improvements in the 

aforementioned NR, the appropriate coexistence of various networks, as well as the interoperability of 

4G and 5G systems, must be carefully considered (Niu, Y., et al., 2015). On the other hand, low-power 

wide area (LPWA) technologies, such as narrow-band Internet of Things (NB-IoT) (Martinez, B., et al., 

2019), long-range wide area network (LoRaWAN) (Ertürk, M. A., et al., 2019), and SigFox (Zuniga, J. 

C., et al., 2016), are an important class of 5G networks for massive IoT applications (Mekki, K., et al., 

2019). In particular, LPWA technologies are developed with the following objectives: transmission 

distances of up to 40km, supporting thousands of endpoints per base station (BS), ensuring a battery life 

of over ten years without the need for recharging, and maintaining module prices of around $5 (Luján, 

E., et al., 2019). 

 

Figure 1: Three Pillars of 5G and Applications Scenarios (Chen, Y., et al., 2022) 

NB-IoT is a typical example of a cellular technology based on long-term evolution (LTE) with a 

system bandwidth of 180 kHz that supports enormous device connections while having low-power and 

cost-effective features suitable for delay-tolerant IoT applications. Because of its low bandwidth 

requirements, NB-IoT could be operated in three modes: stand-alone, in-band, and guard-band. In stand-

alone mode, NB-IoT may function as a stand-alone carrier over a channel of a global system for mobile 

communications (GSM) (200 kHz). Nevertheless, NB-IoT works on one physical resource block (PRB) 

during the transmission of LTE for in-band and guard-band modes (Marini, R., et al., 2022). Since it 

utilizes the current infrastructure and can be implemented as a firmware upgrade instead of deploying 

new hardware, the in-band deployment approach would be more effective and economical. In addition 

to the fundamental LTE design, NB-IoT has been updated with several additional capabilities to better 

fulfill IoT requirements and work in harmony with the LTE network (Malik, H., et al., 2019). The use 

of NB-IoT covers several industrial areas, with varying degrees of implementation. This is generally 

determined by the criticality and amount of trust in NB-IoT. Nevertheless, its utilization is anticipated 

to grow in the upcoming years, especially with the increased production of NB-IoT modules by 

numerous suppliers (Dangana, M., et al., 2021). As shown in Figure 2, NB-IoT is used for a variety of 

purposes in industry. For instance, NB-IoT adoption in the oil and gas sectors comprises product 
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refinement, distribution, and monitoring. Applications can also be found in smart buildings (Qolomany, 

B., et al., 2019), smart cities (Javidroozi, V., et al., 2019), smart environmental monitoring systems (Du, 

R., et al.,2018), smart metering (Wan, L., et al., 2019), and intelligent user services (Nair, V., et al., 

2019). 

 

Figure 2: Uses of NB-IoT in Many Industrial Sectors (Dangana, M., et al., 2021) 

State of the Art 

Despite the benefits of NB-IoT, there are some challenges that require further research. One of the major 

problems is how to effectively connect a large number of users to NB-IoT systems using the limited 

available spectrum. Given that NB-IoT is anticipated to function within the same frequency spectrum as 

LTE, this poses a number of design challenges for radio resources allocating to IoT devices, particularly 

in the upcoming 5G heterogeneous networks made up of numerous small cells functioning under the 

macrocells (Caviglione, L., 2021). 

As described in (Xu, T., & Darwazeh, I, 2018, September), the authors came up with a way to use 

NB-IoT that uses a complex signal waveform called non-orthogonal spectrum efficient frequency 

division multiplexing (SEFDM). In contrast to OFDM, the resultant signal has the potential to improve 

the transmission rate without necessitating supplementary bandwidth. Based on the obtained simulation 

results, it is evident that the suggested signal has the potential to enhance the data rate by 25%, 

specifically in comparison to the OFDM signal. Nevertheless, the lack of orthogonality among the sub-

carriers can result in inter-carrier interference (ICI), which in turn requires the receiver to use more 

power. The suitability of base stations for processing signals in the up-link channels has been noted (Xu, 

T., & Darwazeh, I, 2018, September). Nevertheless, this approach is impractical as it requires additional 

processing to be performed on the downlink channels. 

Fast-Orthogonal Frequency Division Multiplexing (Fast-OFDM) is employed in (Xu, T., & 

Darwazeh, I, 2018, June) to reduce the utilized bandwidth in half and increase the number of devices 

that can be connected by a factor of two. The Fast-OFDM technology reduces the inter-subcarrier 

spacing by 50% in comparison to a conventional OFDM system, consequently mitigating the 

degradation in bit error rate (BER). Fast-OFDM, on the other hand, may introduce carrier frequency 
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offset (CFO). Additionally, it is important to note that the peak-to-average power ratio (PAPR) issue 

still affects this strategy. 

In our previous study (Mohammed, A., El-Bakry, M., et al., 2023), we introduced a method based on 

symbol time compression (STC) that demonstrated the ability to transport double the amount of data 

compared to a conventional OFDM system while simultaneously decreasing the needed bandwidth by 

50%. Moreover, it enhances system performance through the reduction of the PAPR issue in comparison 

to Fast-OFDM and conventional OFDM systems. Furthermore, the bit error rate (BER) of our proposed 

approach exhibits similarity to the BER seen in both Fast-OFDM and conventional OFDM systems. 

Although the proposed system has the advantage of doubling the data transfer capacity compared to a 

standard OFDM system, it maintains the same level of complexity. Furthermore, the STC-based 

methodology introduced in our previous work (Mohammed, A., El-Bakry, M., et al., 2023) exhibits good 

performance compared to the Fast-OFDM technique discussed in (Xu, T., & Darwazeh, I, 2018, June). 

This is attributed to the STC-based method's ability to preserve the spacing between subcarriers, hence 

mitigating the occurrence of carrier frequency offset (CFO). 

In (Mohammed, A., et al., 2023), we suggested an effective technique to reduce the bandwidth by 

75%; this technique is called Modified-STC (MSTC). By decreasing the required number of sub-

carriers, the MSTC technology increases the data rate and reduces power consumption. In contrast to 

the Fast-OFDM in (Xu, T., & Darwazeh, I, 2018, June), the MSTC approach does not result in a 

discrepancy in the sampling rate since the distance between each of the sub-carriers remains unaltered. 

Additionally, the MSTC performs better on the PAPR issue than the Fast-OFDM in (Xu, T., & 

Darwazeh, I, 2018, June) and the Conventional STC (CSTC) method in (Mohammed, A., El-Bakry, M., 

et al., 2023). 

The researchers in (Liu, X., & Darwazeh, I., 2019, April) suggested a novel signaling technique for 

NB-IoT wireless networks, referred to as HT-Fast-OFDM. This method combines the Fast-OFDM 

system with a time orthogonal Hilbert transform (HT) pair. By employing these two orthogonal 

approaches, the data rate is increased fourfold. The HT-Fast-OFDM scheme provides a fourfold increase 

in data rate in comparison to an OFDM system applying identical modulation (BPSK) and utilizing the 

exact same bandwidth, according to their simulation results. However, the HT-Fast-OFDM system may 

experience a carrier frequency offset (CFO) as a result of the smaller sub-carrier spacing. The complexity 

of the HT-Fast-OFDM system is also increased by the combining of two orthogonal approaches. 

Unlike the earlier studies, the Fast-OFDM in (Xu, T., & Darwazeh, I, 2018, June), and the CSTC-

OFDM in (Mohammed, A., El-Bakry, M., et al., 2023), our suggested approach (MSTC-OFDM) in 

(Mohammed, A., et al., 2023) is suitable for large connections because it reduces the utilized bandwidth 

to 25% (saving 75% of BW) compared to typical OFDM systems, allowing the unused bandwidth to be 

used to transmit additional data. Although the MSTC-OFDM approach can save bandwidth by 75% in 

comparison to a standard OFDM system, the BER remains the same. Moreover, the MSTC-OFDM 

system is more resistant to CFO and inter-carrier interference because it maintains the same sub-carrier 

spacing as the Fast-OFDM scheme explained in (Xu, T., & Darwazeh, I, 2018, June). 

Contributions 

Using the MSTC method from our research (Mohammed, A., et al., 2023), we propose in this article a 

design called 4-MSTC-OFDM that could transmit quadruple the amount of information as a standard 

OFDM system by utilizing the bandwidth that isn't being used. To fully use the available bandwidth, the 
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suggested scheme 4-MSTC-OFDM employs the MSTC technique four times in parallel and 

simultaneously. The subsequent points provide a summary of the advantages offered by this design: 

1. The 4-MSTC-OFDM design offers a fourfold increase in data transmission capacity in comparison 

to the conventional OFDM system, as well as a twofold increase in capacity when compared to the 

Fast-OFDM system. 

2. The 4-MSTC-OFDM architecture has a similar bit error rate (BER) as Fast-OFDM method and 

traditional OFDM system. 

3. The 4-MSTC-OFDM technique demonstrates superior performance over the Fast-OFDM (Xu, T., 

& Darwazeh, I, 2018, June) and HT-Fast-OFDM system (Liu, X., & Darwazeh, I., 2019, April) in 

terms of carrier frequency offset (CFO). This advantage arises from the fact that the 4-MSTC-

OFDM approach has no impact on the distance that separates the sub-carriers. Furthermore, the 4-

MSTC-OFDM has better performance in terms of complexity compared to the HT-Fast-OFDM, as 

will be seen in Subsection 3.3. 

4. The MSTC-OFDM scheme effectively mitigates the PAPR issue in comparison to the conventional 

OFDM system by using just 25% of the available bandwidth to transmit an equivalent amount of 

data. In the event that the whole bandwidth is used, the proposed design (4-MSTC-OFDM) transfers 

four times the amount of information as the standard OFDM system. However, it is expected that 

the PAPR values for both the conventional OFDM and the proposed design would be about equal. 

Consequently, the use of companding techniques (Mohammed, A., et al., 2021) may be employed 

in conjunction with the suggested design (4-MSTC-OFDM) to optimize system performance and 

mitigate the problem of PAPR. This study utilizes the Mu-law companding approach (Mohammed, 

A., et al., 2018, August) in conjunction with the proposed design (4-MSTC-OFDM) in order to 

mitigate the issue of PAPR in the system. 

The subsequent sections of this article are structured in the following manner: Section 2 provides a 

description of the system model for the proposed design (4-MSTC-OFDM). This includes a detailed 

review of both the MSTC and MSTE system models. Section 3 presents the results of the simulation 

along with accompanying remarks. Section 4 offers a comprehensive summary of the research, 

highlighting the advantages associated with the proposed design. 

2 System Model of the Proposed Design (4-MSTC-OFDM) 

The model of the transceiver system for the suggested design (4-MSTC-OFDM) is seen in Figure 3. To 

fully exploit the bandwidth, the suggested design (4-MSTC-OFDM) employs four parallel instances of 

MSTC technology on the transmitter side and four parallel instances of MSTE technology on the receiver 

side to recover the data that was transmitted. The 4-MSTC-OFDM design, as shown in Figure 3, is made 

up of four similar units, each of which includes a data source, serial to parallel block (S/P), MSTC 

methodology, and inverse fast Fourier transform (IFFT) block.  
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Figure 3: Schematic Representation of the Proposed Design (4-MSTC-OFDM) 

The input data is first passed through the S/P block in each unit. Then, it is processed by using the 

MSTC block in each unit, which reduces the time of the symbol to a quarter of its initial length, 

consequently enhancing its overall capacity. The complex form of data symbol on the Kth subcarrier in 

each unit is represented by Xk, where k ranges from 1 to N/4. In each unit, the IFFT block receives the 

MSTC output to generate the OFDM signal. After the IFFT block, the N/4 modulated sub-carriers in 

each unit are combined to generate the OFDM signal. Mathematically, the OFDM signal is written as 

(Mohammed, A., et al., 2023): 

𝑥𝑘 =
2

𝑁
∑  

𝑁

4
−1

𝑚=0 𝑋𝑚𝑒𝑗2𝜋𝑘𝑚/
𝑁

4 ,  0 ≤ 𝑘 ≤
𝑁

4
− 1.    (1) 

Where the variable "k" denotes the index of the time, the variable "N" indicates the sub-carriers 

number, xk represents the kth symbol for orthogonal frequency division multiplexing (OFDM), and Xm 

represents the mth transmitted information symbol. The resulting symbols in the time domain are 

subjected to a parallel-to-serial (P/S) conversion process. The cyclic prefix (CP) is inserted before each 

OFDM signal to maintain orthogonality and minimize inter-symbol interference (ISI). The OFDM 

symbol with an appropriate CP is expressed in the following manner: 

𝑥𝑘
𝑐𝑝

=
2

𝑁
∑  N−1

𝑚=0 𝑋𝑚𝑒𝑗2𝜋𝑘𝑚/N, −𝐿𝑐𝑝 ≤ 𝑘 ≤ N − 1.  (2) 

Where (Lcp) represents the length of CP. On the receiver side, the transmitter processes are actually 

carried out in the opposite sequence at the receiver side in order to recover the transmitted data. It is also 

important to keep in mind that the IFFT and MSTC that were employed on the transmitter side are 

replaced on the receiver side by the Fast Fourier Transform (FFT) and modified symbol time extension 

(MSTE), as shown in Figure 3. 

The System Model of the MSTC 

The MSTC methode is used on the side of the transmitter by using spreading and combining procedures. 

The MSTC approach is constructed by combining two comparable units, as seen in Figure 4.  
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Figure 4: Schematic Presentation of the MSTC Scheme (Mohammed, A., et al., 2023)  

The source data is first transformed into polar form. Then, the Walsh code (c), which is created 

utilizing the Hadamard matrix (H), is used to spread the polar form. The (2x2) Hadamard matrix is 

utilized in this paper, and it is presented as follows (Mohammed, A., et al., 2023): 

𝐇𝟐×𝟐 = [
1 1
1 −1

]  (3) 

Each column and row of the Hadamard matrix shows an individual Walsh code, where each of the 

spreading Walsh codes is written as follows: 

𝐜𝟏𝒙𝟐
𝟎 = [1 1]     &     𝐜𝟏𝒙𝟐

𝟏 = [1 −1]  (4) 

To generate the spread data, the polar data is multiplied by the Walsh codes as follows: 

 𝐒𝐍×𝟐
𝟎 = bN×1

0 × c1x2
0 ,                     𝐒𝐍×𝟐

𝟏 = bN×1
1 × c1x2

1 , 

𝐒𝐍×𝟐
𝟐 = bN×1

2 × c1x2
0 ,                     𝐒𝐍×𝟐

𝟑 = bN×1
3 × c1x2

1    
(5) 

Where (bN×1
0  & bN×1

1 ) are the polar form and (SN×2
0  & SN×2

1 ) represent the first unit's spread data. 

Concerning the second unit, (bN×1
2  & bN×1

3 ) represent the polar form, while (SN×2
2  & SN×2

3 ) represent the 

spread data. Following the completion of the spreading process, the data obtained from the spread 

procedures is combined for the two units. In the first unit, the spread data (SN×2
0  & SN×2

1 ) are combined 

to produce the combining data  xN×2
1 . Likewise, the spread information (SN×2

2  & SN×2
3 ) are combined in 

the second unit to generate the combining data xN×2
2 . The mathematical expression for the process of 

combining the first and second components is as follows: 

xNx2
1 =

1

2
[(𝑆𝑀1

0 + 𝑆𝑀1
1 )             (𝑆𝑀1

0 − 𝑆𝑀1
1 )]  

xN𝐱2
2 =

1

2
[(𝑆𝑀1

2 + 𝑆𝑀1
3 )             (𝑆𝑀1

2 − 𝑆𝑀1
3 )] 

XNx2
c = xNx2

1 + 𝑗xNx2
2                                             

(6) 

As seen in Figure 4, the complex output XNx2
c  is obtained by summing the imaginary part, created by 

multiplying the second unit's output by "j", to the output of the first unit. 

MSTE System Model 

This sub-section provides an explanation of the mathematical analysis for the MSTE approach. First, 

the received signal is split into its real and imaginary components via MSTE technology. The first unit 

processes the real part, and the second unit treats the imaginary part, as seen in Figure 5. 
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Figure 5:  Schematic Presentation of the MSTE Scheme (Mohammed, A., et al., 2023)  

In the first unit, the real component of the incomming signal is converted into an N x 2 matrix (MNx2
R ). 

Thereafter, the data is spread by multiplying the Walsh codes (c1x2
0 = [1 0 ;  0 1] & c1x2

1 = [1 0 ;  0 −

1]) by the matrix MNx2
R . The combining mechanism is subsequently performed on the spread data. 

Mathematically, it is expressed as follows: 

𝐌𝐍×𝟐
𝐑𝟎 = MN×2

R × c1×2
0 = [

𝑌11
𝑅 𝑌12

𝑅

𝑌𝑁1
𝑅 𝑌𝑁2

𝑅 ],    𝑫𝑹
𝟎

⏟
𝐍𝐱𝟏

=
∑  𝑁

𝑖=1   (𝑀𝑖1
𝑅0 + 𝑀𝑖2

𝑅0) + 1

2
,      

𝐌𝐍×𝟐
𝐑𝟏 = MN×2

R × c1×2
1 = [

𝑌11
𝑅 −𝑌12

𝑅

𝑌𝑁1
𝑅 −𝑌𝑁2

𝑅 ]       𝑫𝑹
𝟏

⏟
𝐍𝐱𝟏

=
∑  𝑁

𝑖=1  (𝑀𝑖1
𝑅1 + 𝑀𝑖2

𝑅1) + 1

2
 

 

(7) 

Finally, the decision block receives the combined data (DR
0  and DR

1 ) and recovers the transmitted 

data. All steps taken in the first unit (the real part) will be repeated in the second unit (the imaginary 

part) in a similar manner. 

3 Analysis of Simulation Results 

This section presents the outcomes of the simulation performed for the proposed design, covering several 

performance measures, including the OFDM symbol time, BER, PAPR, and power spectral density 

(PSD). The modulation technique used for encoding the input information is binary phase-shift keying 

(BPSK). The bandwidth (BW) in this paper is 180kHz, the frequency Spacing Δf = 15kHz, the frequency 

sampling f = 1.92MHz, the FFT size is equal to 128, and the cyclic prefix (CP) = one-fourth of the 

OFDM symbol. For the channel in this article, the Rayleigh fading channel and the Additive White 

Gaussian Noise (AWGN) are used. The BER is calculated utilizing Monte-Carlo simulations by 

employing 1,000 OFDM symbols. The multi-path channel, which consists of six separate paths and is 

known as the Rural-Urban channel (COST207), is utilized in this communication system. The 

parameters of the channel, including its power and its latency, are presented in Table 1. In this paper, 

the frequency of the Doppler effect is ignored (i.e. the frequency of the Doppler effect is fixed to zero). 

Table 1: Channel Power-Delay Profile (Mohammed, A., et al., 2019) 

Rural Urban channel (COST207) 

Tap No 1 2 3 4 5 6 

Power (dB) 0 -4 -8 -12 -16 -20 

Delay (μs) 0 0.1 0.2 0.3 0.4 0.5 

Received 

Signal

Real 

Part

Combiner

(Nx1)

Source 1

Source 2

Matrix Form

= 

= [1  1]

Combiner

= [1 -1]

Imaginary 

Part

Combiner Source 3

Source 4

Matrix Form

= 

= [1  1]

Combiner

= [1 -1]

Second Unit

First Unit

Decision

Block

If  ≥ 0.5

D = 1

Else             

D = 0

Decision

Block

If  ≥ 0.5

D = 1

Else             

D = 0
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Performance Comparison of the CSTC-OFDM and MSTC-OFDM Systems 

Figure 6 illustrates a performance analysis of the OFDM system using the BPSK modulation (BPSK-

OFDM), the CSTC-OFDM system (Mohammed, A., El-Bakry, M., et al., 2023), and the MSTC-OFDM 

system (Mohammed, A., et al., 2023) in terms of a number of metrics, including the time-domain 

characteristics of the transmitted signal, PSD, PAPR, and BER. As shown in Figure 6 (a), the MSTC-

OFDM technology minimizes the symbol time duration of the OFDM system to a quarter in comparison 

to the typical OFDM system (BPSK-OFDM) and to a half compared to the CSTC-OFDM system, 

respectively. The analysis of Figure 6 (b) reveals that reducing the symbol time leads to significant 

reductions in bandwidth usage for both the CSTC-OFDM and MSTC-OFDM systems. Specifically, the 

CSTC-OFDM system achieves bandwidth savings of up to 50%, while the MSTC-OFDM system 

achieves even greater savings of 75% relative to the BPSK-OFDM system. Furthermore, the utilization 

of the MSTC-OFDM method not only contributes to bandwidth conservation but also enhances system 

performance through the mitigation of the PAPR issue. Figure 6 (c) shows that the PAPR gains for the 

MSTC-OFDM and CSTC-OFDM systems compared to the BPSK-OFDM system are 2.11 dB and 1.11 

dB, respectively. The MSTC-OFDM system has the benefit of being able to deliver the same amount of 

data as the CST-OFDM and BPSK-OFDM systems with a lower bandwidth and greater improvement in 

PAPR. However, as shown in Figure 6 (d), the BER in the MSTC-OFDM system is equal to that of the 

CST-OFDM and BPSK-OFDM systems. 

 

Figure 6: Comparative Analysis of the BPSK-OFDM, CSTC-OFDM, and MSTC-OFDM Systems Based 

on: (a) Transmitted Signal Time Domain; (b) PSD; (c) PAPR; and (d) BER 
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The Suggested Design (4-MSTC-OFDM) Simulation Results  

This subsection explains the simulation outcomes of the suggested design (4-MSTC-OFDM), which 

transmits four times as much information as the conventional OFDM system. This article displays a 

simple implementation of the suggested design, in which a parking garage is built utilizing the suggested 

design and the standard OFDM approach. On the transmitter side, the camera works as the data input 

source, while on the receiver side, the screen is responsible for retrieving and displaying the data 

transmitted. Figure 7 depicts the use of a typical OFDM system to send images from a parking garage 

to a control unit on the receiver side, with a single camera serving as a data input source. 

 

Figure 7: Sending Images from a Parking Garage using the Conventional OFDM System 

Figure 8 illustrates the transmission of images from the parking garage to the control unit on the 

receiver side, utilizing the proposed design. The 4-MSTS-OFDM, as seen in Figure 8, employs four 

cameras instead of a single camera to handle and transmit data that is four times larger in amount while 

utilizing the same bandwidth as a conventional OFDM system.     

 

Figure 8: Transmitting 4 Pictures from a Parking Garage using the Proposed Design (4-MSTC-OFDM). 

The parking garage simulation was performed using the Matlab 2021a software. In Figure 9, we 

simulate the transmission of pictures from the transmitter to the receiver over the AWGN channel using 

both the standard OFDM system and the 4-MSTC-OFDM design. Figure 9 (a) depicts the transmission 

of one picture via the conventional OFDM system, while Figure 9 (b) illustrates the transmission of four 

images using the 4-MSTC-OFDM design. Figure 9 (c) illustrates the BER performance comparison of 

the standard OFDM system and the 4-MSTC-OFDM design. According to Figure 9, the suggested 

design performs more effectively than the conventional OFDM system by transmitting four times the 

data using the same bandwidth while maintaining the same BER. 
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Figure 9: Comparing the Performance of the 4-MSTC-OFDM with BPSK-OFDM Based on the Amount 

of Transmitted Data and the BER: (a) Transmitting Pictures using BPSK-OFDM, (b) Transmitting 

Pictures Using 4-MSTC-OFDM, and (c) BER 

Figure 10 and Figure 11 display the BER for a conventional OFDM system utilizing BPSK 

modulation, the CSTC-OFDM system, the proposed design (4-MSTC-OFDM), and the OFDM system 

using 16 QAM over AWGN and Rayleigh fading channels, respectively. According to both Figure 10 

and Figure 11, the suggested design, 4-MSTC-OFDM, has the same BER as conventional OFDM and 

CSTC-OFDM systems. Moreover, the suggested design (4-MSTC-OFDM) decreases the SNR for 

transmitting the same amount of data by using the AWGN channel and Rayleigh channel (COST207), 

respectively, by 3.9 dB (at BER = 10-6) and 4.4 dB (at BER = 10-4) when compared to the 16-QAM-

OFDM system.       

 

Figure 10: BER-based Performance Comparison Over AWGN Channel 
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Figure 11: BER-based Performance Comparison Over Rayleigh Fading Channel (COST207) 

Computational Complexity 

This subsection describes the complexities of HT-Fast-OFDM and our suggested design, 4-MSTC-

OFDM. The computational complexity of the FFT for additions is equal to N log2 N, while the 

computational complexity for multiplication is equal to 
N

2
 log2 (Mohammed, A., et al., 2021). A number 

of presumptions are used to compute complexity: 1) Subtraction and addition are equally complicated; 

2) division and multiplication are also equally complicated. The OFDM system demands an overall of 
N

2
log2(N) multiplications and Nlog2(N) additions. In (Liu, X., & Darwazeh, I., 2019, April), the HT-Fast-

OFDM system has been split into two separate components, each having N FFT points. The Hilbert 

transform pair (g(t) and g^(t)), has been multiplied by the two components. The g(t) is multiplied by the 

first component, and the g^(t) is multiplied by the second component. The two separate portions are 

subsequently connected together. Consequently, the computational complexity of this system will be 

characterized by Nlog2(N) + 2 multiplications and 2Nlog2(N) + 1 addition. Our proposed design (4-

MSTC-OFDM) has the following complexity: The MSTC involves 6N addition operations and 4N 

multiplication, in addition to the overall complexity of OFDM. Consequently, the proposed design (4-

MSTC-OFDM) requires 
N

2
log2(N) + 4N operations for multiplication and Nlog2(N) + 6N for addition. 

Table 2 presents a comparison of the complexity between the HT-Fast-OFDM system and the 4-MSTC-

OFDM design. The comparative analysis reveals that the complexity of the proposed design is clearly 

lower in comparison to the HT-Fast-OFDM system. 

Table 2: Analysis of the Complexity 

 N N = 128 N = 1024 N = 4096 

No. Multi No. Add No. Multi No. Add No. Multi No. Add No. Multi No. Add 

HT-Fast-OFDM Nlog2 (N) + 2 2Nlog2(N) + 1 1793 898 20481 10242 98305 49154 

4-MSTC-OFDM N

2
log2(N) + 4N Nlog2(N) + 6N 1536 960 15360 9216 69632 40960 

4 Conclusion 

This paper presents the 4-MSTC-OFDM design, which has the capability to transmit information at a 

rate that is four times greater than that of the BPSK-OFDM system. The 4-MSTC-OFDM design is 
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based on the MSTC scheme, which decreases the bandwidth (BW) to one-fourth of its previous value 

(25%) by compressing the time symbol to one-fourth (i.e. it maintains 75% of the bandwidth). The 4-

MSTC-OFDM design exploits the unused bandwidth to send more data. The results of the simulation 

indicate that the 4-MSTC-OFDM design has the capability to deliver a quadruple amount of data 

compared with the BPSK-OFDM system while simultaneously preserving a similar bit error rate (BER). 

Furthermore, compared to the 16-QAM-OFDM system, the proposed design (4-MSTC-OFDM) 

decreases the SNR by 3.9 dB (at BER = 10-6) and 4.4 dB (at BER = 10-4) by employing the AWGN 

channel and Rayleigh channel (COST207), respectively. Even though the HT-Fast-OFDM system and 

our suggested design (4-MSTC-OFDM) are both capable of transmitting the same quantities of 

information, it is evident that the complexity of our proposed design is notably lesser compared to the 

HT-Fast-OFDM system. 
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