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Abstract—Visible light communication (VLC) is now used to achieve high data rates. Optical-

orthogonal frequency division multiplexing (O-OFDM) is a strong technique for intensity 

modulation and direct detection (IM-DD). Direct current biased O-OFDM (DCO-OFDM) and 

asymmetrically clipped O-OFDM are two modern O-OFDM systems that operate with IM-

DD constraints (ACO-OFDM). Due to severe out of band interference, the DCO-OFDM and 

ACO-OFDM systems have a high peak to average power ratio (PAPR) and substantial 

adjacent channel interference (ACI) (OOB). Furthermore, as compared to bipolar OFDM 

systems, they obtain a greater chance of bit error. The combination of the STC scheme, 

symbol extension, and pulse shaping signal is presented in this paper for improving the 

performance of the O-OFDM system without affecting system throughput. This article also 

decreases the OOB, PAPR, and bit error rate (BER) of DCO-OFDM and ACO-OFDM 

systems. Further analytical analyses for the proposed systems, such as OOB, PAPR, and 

computing complexity, are obtained in this paper. The simulation results verify the analytical 

study of the proposed methods for OOB reduction and PAPR reduction. As compared to 

typical O-OFDM systems, the proposed shaped STC-DCO-OFDM scheme and the proposed 

shaped STC-ACO-OFDM scheme lower the OOB by about 40 dB and the PAPR by about 4 

dB at the 10-3 probability point of the complementary cumulative distribution function 

(CCDF). The proposed systems outperform existing O-OFDM systems under AWGN for the 

BPSK modulation scheme in terms of BER, and reduce the computational complexity. 

Index Terms— VLC, OFDM, DCO-OFDM, ACO-OFDM and STC. 



 

I. Introduction 

Wireless communication data traffic is growing at an exponential rate due to the increasing 

popularity of smart devices and data-intensive applications and services [1]. To enhance current 

radio frequency (RF) communication networks, optical wireless communications (OWC) offers a 

significantly broader and uncontrolled spectrum. Visible light communication (VLC) has lately 

attracted increased interest as a possible alternative technology due to its unlicensed spectrum 

resources [2, 3]. Single subcarrier systems such as on-off keying (OOK) and pulse position 

modulation (PPM) suffer from inter-symbol interference when used for high-data-rate transmission 

(ISI). As a result, orthogonal frequency division multiplexing (OFDM) is being considered as a 

viable method of transferring massive volumes of data [4]. Data is frequently sent in VLC via 

intensity modulation and direct detection (IM/DD) [5, where the electrical signal must be 

transformed into a real-valued and nonnegative waveform for controlling light emitting diodes] 

(LEDs). 

Traditional OFDM for radio frequency (RF) transmission, which employs the inverse fast Fourier 

transform (IFFT) to generate complex and bipolar signals, cannot be directly applied to VLC. As a 

result, suitable optical OFDM converters must be developed. The real-valued output of the IFFT is 

accomplished by applying a Hermitian symmetry constraint on the frequency-domain signal. Many 

systems for the O-OFDM system have been developed, including DCO-OFDM and ACO-OFDM 

[6, 7]. In the DCO-OFDM system, the bipolar real-valued OFDM signals are subjected to a DC 

bias. Signals below zero must be severely clipped since DC-biased signals cannot totally eliminate 

negative-valued information. 

In ACO-OFDM, only odd frequency subcarriers are used to modulate data, while even frequency 

subcarriers are set to zero. After IFFT, the time-domain signals are anti-symmetrical. As a result, no 

information is lost during the clipping step for any negative time-domain signals. Clipping noise in 

ACO-OFDM occurs exclusively on odd subcarriers of time-domain signals and is orthogonal to 



 

transmission signals. Because clipping noise does not interfere with transmission signals, it may be 

avoided and thus system performance can be improved. In an ACO-OFDM system, half of the 

subcarriers broadcast the same signals as the other half of the subcarriers. The bandwidth use of the 

ACO-OFDM system is around half that of the DCO-OFDM system. As a result, the performance of 

the ACO-OFDM system can be improved at the price of bandwidth efficiency. Traditional OFDM 

systems suffer from significant out-of-band (OOB) faults in fourth generation RF transmission. On 

the other hand, the primary goals of 5G mobile communications are to reduce OOBs and improve 

spectrum efficiency [8]. However, for downlink systems, the OOB is greatly decreased by utilizing 

universal filtered-OFDM (UF-OFDM) and improved UF-OFDM (eUF-OFDM) [9], [10]. In addition, 

O-OFDM systems have a high peak-to-average power ratio (PAPR) [11]. Traditional OFDM systems 

have a high PAPR in RF communication. It is worth noting that the PAPR has risen in tandem with 

the number of subcarriers. As a result, the power amplifier (PA) at the transmitter must rely on a 

back-off, and granular noise in analog-to-digital converters (A/D) at the receiver will rise [11]. 

There are numerous PAPR reduction techniques for OFDM systems in RF communications [12-14]. 

Because of the lifetime of LED emitters in IM/DD systems, the effect of PAPR is worse, and big 

PAPR will compromise the entire interior lighting operation. The PAPR performance of DCO-OFDM 

and ACO-OFDM systems with the complementary cumulative distribution function (CCDF) 

calculated and proven by simulations is discussed in [15]. Several techniques for IM/DD optical 

signals have been proposed, including null subcarrier shifting [16], pilot-symbol assistance [17], and 

tone injection [18]. ACO-OFDM systems have a lower PAPR than DCO-OFDM systems, albeit at the 

expense of one-half the spectrum efficiency when employing the same constellation size [4]. In green 

communication, efficiency, defined as the transmitted data rate per unit of electricity consumed, is 

becoming increasingly significant [19]. The data rate communicated per bandwidth, also known as 

spectral efficiency, is a popular statistic for communication systems that may be enhanced by 

boosting power. 



 

However, when spectral efficiency improves, the energy efficiency may drop. There are many 

applications for the STC scheme in RF communications, such as ICI reduction for OFDM systems 

caused by high mobility [20], ICI cancellation using a time inversion scheme (TI) [21]. The STC-

shaped scheme for OOB reduction, PAPR reduction, CP elimination, and ISI reduction in wireless 

channels [22]. In addition to this, the STC-shaped scheme is used for green communication in another 

way [23]. In the STC scheme [20], the OFDM symbol is compressed by 50% without bandwidth 

excessing of the system. In this article, this work will be extended into VLC communication systems.  

Furthermore, the proposed systems are based on the STC process, symbol extension, and pulse 

shaping functions at the transmitter, and then combining processes only at the receiver. The STC 

scheme is implemented by using Walsh spreading code for signal spreading at the transmitter and 

then the combining and symbol mapping are applied for symbol compression. Hence, the STC 

scheme enables us to save one-half of the symbol duration, which will be exploited for symbol 

extension without any effect on the system throughput compared to the traditional DCO-OFDM and 

ACO-OFDM systems. Finally, the pulse shaping function based on raised cosine is applied for the 

transmitted symbol in the time domain at the transmitter. The raised cosine function has the 

complementary property during the transmission of the symbol. On the other hand, the combing 

process is applied at the receiver. The combing process is achieved by the summing of the useful part 

and the extended part. Matlab simulations are conducted to confirm the OOB, the PAPR and BER 

analysis for the proposed STC-DCOOFDM and the proposed STC-ACOOFDM schemes compared to 

the traditional DCO-OFDM and traditional ACO-OFDM systems. The contributions to these articles 

are itemized as follows: 

1) The OOB reduction of the DCO-OFDM and ACO-OFDM systems will reduce 

adjacent channel interference (ACI). 

2) The PAPR reduction of the traditional O-OFDM systems. 

3) The OOB reduction and the PAPR reduction are derived analytically. 



 

4) The improvement in BER performance is under AWGN for the BPSK scheme. 

5) The computational complexity of the proposed schemes is derived. 

The following describes the structure of this document. The system models for DCO-OFDM and 

ACO-OFDM systems are described in Section II. Sections III and IV address the suggested shapes 

STC-DCO-OFDM and STC-ACOOFDM, as well as the performance analysis and comparison of 

the proposed systems. Section V contains simulation findings that are used to validate the 

theoretical analysis. Finally, in Section VI, we describe our results. 

II. System Model 

In this section, the DCO-OFDM and ACO-OFDM system models are explained in the following 

subsections. 

A. DCO-OFDM SYSTEM MODEL  

In traditional OFDM, the transmitted signal is complex and bipolar in radio frequency (RF) 

communication. In VLC communication systems IM/DD transmit the signals in form of optical 

power. Provided that in VLC systems, the signal must be transmitted real and unipolar due to the 

usage of IM/DD. To obtain real valued signal, OFDM subcarriers are rearranged before IFFT 

operation by using Hermitian symmetry. In addition to this, to get unipolar signal a direct current 

(DC) bias is added to the transmitted signal in order to achieve DCO-OFDM. The block diagram of 

DCO-OFDM system is presented in Figure 1. 

 

In DCO-OFDM, the Hermitian symmetry will be applied to maintain the signal obtained after IFFT 

is real-valued. This equation satisfies the following conditions [25, 26], 



 

𝑋𝑘 = 𝑋2𝑁−𝑘∗  , 𝑘 = 0, 1, … … , 𝑁 − 1                                            (1) 𝑋0 = 𝑋𝑁 = 0                                                                                           (2) 

For 2𝑁 subcarriers, the Hermitian symmetry property is defined in [27] as: {𝑍𝑘𝐷𝐶𝑂}𝑘=02𝑁−1 = [0     {𝑋𝑘}𝑘=1𝑁−1      0      {𝑋𝑘∗}𝑘=1𝑁−1]                                                         (3) 

After IFFT, the time domain sample points of the DCO-OFDM system will be obtained as: 

𝑧𝑛𝐷𝐶𝑂 = 12𝑁 ∑ 𝑍𝑘𝐷𝐶𝑂  exp (𝑗2𝜋𝑘𝑛𝑁 )2𝑁−1
𝑘=0 .  0 ≤ 𝑛 ≤ 2𝑁 − 1                       (4)  

Until recently, the bipolar OFDM signal has been transformed to real numbers, but it may contain 

negative values, making it unsuitable for intensity modulation (IM). To sustain non-negative signals, a 

very high DC-bias 𝐵𝑑𝑐 is required [25, 26]. Because of the high DC-bias, the optical energy per bit to 

single-sided noise power spectral density (𝐸𝑏(𝑜𝑝𝑡) 𝑁0⁄ ) is quite high. As a result, the DCO-OFDM 

approach will be inefficient in terms of optical power. A DC bias B dc proportionate to the root-

square of the electric power (𝜎𝑥) can be used to prevent a bulky DC bias while minimizing the 

required optical power, as demonstrated below: 𝐵𝑑𝑐 = 𝑞𝜎𝑥 =  𝑘√𝐸{𝑧𝑛2}                                                           (5) 

where 𝑞 represents the clipping factor and 𝜎𝑥2 = 𝐸{𝑧𝑛2} is the variance of signal 𝑧𝑛 [25, 26]. 𝐵𝑑𝑐 = 10 𝑙𝑜𝑔10(𝑞2 + 1)  𝑑𝐵                                                   (6) 

After DC biasing, the transmitted signal 𝑧𝑛, becomes  𝑧𝑂)𝑛 =  𝑧𝑛 + 𝐵𝑑𝑐                                                                      (7) 

After DC biasing, some samples of the signal may quiet be negative. Thus, clipping process must be 

applied to ensure that all negative samples are set to zero as follows: 

 𝑧𝐷𝐶𝑂)𝑛 = {𝑧𝑂)𝑛, if  𝑧𝑂)𝑛 ≥ 00,                if  𝑧𝑂)𝑛 < 0                                        (8) 

As a result, the hard clipping leads to a clipping noise that deteriorate the BER performance. Thus, the 

unipolar signal of DCO-OFDM can be stated as: 𝑧𝐷𝐶𝑂)𝑛 =  𝑧𝑛 + 𝑛𝑐(𝐵𝑑𝑐) + 𝐵𝑑𝑐                                              (9) 



 

The clipping noise component is denoted by 𝑛𝑐(𝐵𝑑𝑐). The inferiority of DC bias leads in a greater 

number of subcarriers that are clipped. As a result, clipping noise is determined by the additional DC 

bias 𝐵𝑑𝑐. The DCO-OFDM systems have several drawbacks like dropping one-half of the system 

throughput and, large optical power consumption. 

B. ACO-OFDM SYSTEM MODEL  

Odd subcarriers convey information in ACO-OFDM, while even subcarriers are set to zero. All of the 

even IFFT inputs in DCO-OFDM are set to zero. As a result, the total number of subcarriers in ACO-

OFDM is 4N. [27] describes the placement of complicated symbols on SCs. 

 {𝑍𝑘𝐴𝐶𝑂}𝑘=04𝑁−1 = [0 𝑋0 0  𝑋1 …  0  𝑋𝑁−10 𝑋𝑁−1∗ 0 … 𝑋1∗ 0 𝑋0∗]                 (10) 

After IFFT, the time domain signal is given in [27] as: 

𝑧𝑛𝐴𝐶𝑂 = 14𝑁 ∑ 𝑍𝑘𝐴𝐶𝑂 exp (𝑗2𝜋𝑘𝑛𝑁 )4𝑁−1
𝑘=0 , 0 ≤ 𝑛 ≤ 4𝑁 − 1                              (11) 

The Hermitian symmetry and IFFT result in a real time domain signal and has the asymmetry 

property given in [24] as: 𝑧𝑛𝐴𝐶𝑂 = −𝑧𝑛+2𝑁𝐴𝐶𝑂  , 0 ≤ 𝑛 ≤ 𝑁                                    (12) 

The ACO-OFDM signal is zero clipped to send the positive part. Hence, the asymmetry 

of 𝑥𝑛 clipping does not leads to information loss. At the receiver side, the odd subcarriers are only 

recovered 
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Figure 3. Block diagram of the proposed Systems. 

 

III. The Proposed Systems 

The proposed techniques for improving the performance of DCO-OFDM and ACO-OFDM systems 

are described in this section. Figure 3 depicts the transmitter and receiver structures for the 

proposed systems. 

A. The PROPOSED SHAPED STC-DCO-OFDM 

The proposed scheme is fundamentally based on the STC system, symbol extension, and signal 

shaping at the transmitter terminal. At the receiver terminal, the combining and the symbol time 

expansion (STE) processes are performed. Using the STC system, the OFDM symbol is compressed 

into one half [20- 22]. Hence, the number of subcarriers become 𝑁 2⁄ . Hence, the frequency domain 

of the modulated signal after the STC scheme becomes 

 𝑋𝑘𝑐 = [𝑋0𝑐 , 𝑋1𝑐 , … … , 𝑋𝑁 2⁄ −1𝑐  ]                                              (13) 



 

Where 𝑋𝑘𝑐  denotes the modulated symbol after the STC process. Consequently, the STC-DCOOFDM 

signal after Hermitian symmetry operation can be presented as follows: 

𝑋𝑘𝐷𝐶𝑂 = [ 0⏟𝑋0  , 𝑋0𝑐 , 𝑋1𝑐 , … , 0⏟𝑋𝑁 2⁄  , 𝑋𝑁 2⁄ +1∗ , … , 𝑋1𝑐∗, 𝑋0𝑐∗]                                             (14) 

From equation (14), the number of transmitted signals becomes 𝑁 instead of 2𝑁 compared to the 

traditional DCO-OFDM system. Hence, the time domain sample of 𝑥𝑛𝐷𝐶𝑂is given by 

𝑥𝑛𝐷𝐶𝑂 = 1𝑁 ∑ 𝑋𝑘𝐷𝐶𝑂 exp (𝑗2𝜋𝑘𝑛𝑁 )𝑁−1
𝑘=0 , 0 ≤ 𝑛 ≤ 𝑁 − 1                                       (15) 

Now, the Hermitian symmetry for generation real valued is achieved without loss of the spectral 

efficiency as shown in Figure 4. 
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Figure 4. The DCO-OFDM Combined with STC Process. 

 

As a result, the joint STC process with the DCO-OFDM system increases spectral efficiency. After 

symbol extension, the time domain is given as follows: 

𝑥𝑛𝐷𝐶𝑂 = 1𝑁 ∑ 𝑋𝑘𝐷𝐶𝑂 exp (𝑗2𝜋𝑘𝑛𝑁 )𝑁−1
𝑘=0 , 0 ≤ 𝑛 ≤ 2𝑁 − 1                                     (16) 

The shaping process is accomplished using the raised cosine function and is given by [30] as:  



 

𝑝𝑛 = 12 [1 − cos (2𝜋𝑛𝑁 )] ,             0 ≤ 𝑛 ≤ 2𝑁 − 1          (17) 

As illustrated in Figure 5, the pulse shaping function is symmetric and has a complimentary concept 

in the first and second halves. 

 

Figure 5. The pulse shaping function. 

 

Furthermore, the transmitted DCO-OFDM symbol turns out to be: 

𝑧𝑛𝐷𝐶𝑂 = 12𝑁 ∑ 𝑋𝑘𝐷𝐶𝑂 exp (𝑗2𝜋𝑘𝑛𝑁 )𝑁−1
𝑘=0 [1 − cos (2𝜋𝑛𝑁 )] ,   0 ≤ 𝑛 ≤ 2𝑁 − 1                (18) 

At the receiver side, the received signal is given by:   𝑧𝑛′ = 𝑧𝑛𝐷𝐶𝑂 + 𝑤𝑛, 0 ≤ 𝑛 ≤ 2𝑁 − 1                             (19) 

After combining process, the received signal becomes: 𝑦𝑛𝐷𝐶𝑂 = 𝑧𝑛′ + 𝑧𝑁+𝑛′ , 0 ≤ 𝑛 ≤ 𝑁 − 1                           (20) 

After DC bias removal and FFT operation, the received signal can be expressed as: 

𝑌𝑘𝐷𝐶𝑂 = ∑ 𝑦𝑛𝐷𝐶𝑂 exp (− 𝑗2𝜋𝑘𝑛𝑁 )𝑁−1
𝑛=0 , 0 ≤ 𝑘 ≤ 𝑁 − 1                                       (21) 

Finally, the STE process is applied for recovered the transmitted bits [20- 22].  
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B. The PROPOSED SHAPED STC-ACOOFDM SCHEME  

The proposed shaped STC-ACOOFDM is also based on the STC process in Figure 3. The 

transmitted data is compressed by one-half using the STC process. After that, the Hermitian 

symmetry operation for equation (13) becomes as: 

𝑋𝑘𝐴𝐶𝑂 = [ 0⏟𝑋0𝐴𝐶𝑂 , 𝑋0𝑐 , 0, … , 𝑋𝑁 2⁄ −1𝑐 , 0⏟𝑋𝑁𝐴𝐶𝑂 , 𝑋𝑁 2⁄ −1𝑐∗ , … ,0, 𝑋0𝑐∗, 0⏟𝑋2𝑁𝐴𝐶𝑂]                      (22) 

After the IFFT, the time domain sample of 𝑥𝑛𝐴𝐶𝑂 is given by 

𝑥𝑛𝐴𝐶𝑂 = 12𝑁 ∑ 𝑋𝑘𝐴𝐶𝑂 exp (𝑗2𝜋𝑘𝑛𝑁 )2𝑁−1
𝑘=0 0 ≤ 𝑛 ≤ 2𝑁 − 1                                       (23)  

However, the proposed STC-ACOOFDM procedures is illustrated in Figure 6 
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Figure 6. The ACO-OFDM Combined with STC Process. 

Therefore, Hermitian symmetry generates real value and is achieved with higher spectral efficiency 

than traditional ACO-OFDM. After symbol extension and pulse shaping function in equation (17), 

the transmitted ACO-OFDM symbol turns out to be: 



 

𝑧𝑛𝐴𝐶𝑂 = 14𝑁 ∑ 𝑋𝑘𝐴𝐶𝑂 exp (𝑗2𝜋𝑘𝑛𝑁 )2𝑁−1
𝑘=0 [1 − cos (2𝜋𝑛𝑁 )]  0 ≤ 𝑛 ≤ 4𝑁 − 1         (24) 

At the receiver side, the received signal is given by:  𝑧𝑛′′ = 𝑧𝑛𝐴𝐶𝑂 + 𝑤𝑛,                0 ≤ 𝑛 ≤ 4𝑁 − 1                      (25) 

After combining process, the received signal becomes: 𝑦𝑛𝐴𝐶𝑂 = 𝑧𝑛′′ + 𝑧𝑁+𝑛′′ , 0 ≤ 𝑛 ≤ 2𝑁 − 1                        (26) 

After FFT operation, the received signal can be given by: 

𝑌𝑘𝐴𝐶𝑂 = ∑ 𝑦𝑛𝐴𝐶𝑂 exp (− 𝑗2𝜋𝑘𝑛𝑁 )𝑁−1
𝑛=0  0 ≤ 𝑘 ≤ 𝑁 − 1        (27) 

Finally, the data bits are recovered by using the STE process as in the previous section.  Figure   7 

shows all the procedures for the proposed shaped STC-DCOOFDM and the proposed shaped STC-

ACOOFDM systems by flowchart. 

IV. Performance Analysis and Comparison 

This section compares the proposed STC-DCOOFDM and STC-ACOOFDM schemes to standard 

DCO-OFDM and ACO-OFDM systems using mathematical analysis and comparison. These 

investigations focus on the fundamentals of spectral efficiency, OOB, PAPR, and computational 

complexity. 

A. SPECTRAL EFFICIENCY 

The spectral efficiency of the proposed systems will be illustrated throughout this section. The 

spectral efficiency will be introduced analytically and through simulation. 

1) The proposed shaped STC-DCOOFDM system 

The achieved data rate for the DCO-OFDM system is given in [28] as: 

𝜂𝐷𝐶𝑂 = ( 𝑁 − 12𝑁 + 𝑁𝑐𝑝) 𝐵 𝑙𝑜𝑔2 𝑀  𝑏𝑖𝑡𝑠/𝑠𝑒𝑐,                         (28) 

where 𝐵 is the bandwidth, 𝑁𝑐𝑝  is the number of guard subcarriers in the CP, and 𝑀 is the 

modulation order. Figure 8 depicts the typical DCO-OFDM system's time samples of the bipolar 

OFDM symbol and the time signal after clipping. 
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Figure 7. Flow chart of the proposed systems. 



 

 

Figure 8. Time-domain signal for DCO-OFDM system. 

After the STC process, the information signal can be conveyed in half duration instead. Thus, the 

achieved data rate for the proposed STC-DCOOFDM system is given by: 

𝜂𝑆𝑇𝐶−𝐷𝐶𝑂 = (  𝑁𝑐 − 12𝑁𝑐 + 𝑁𝑐𝑝) 𝐵 log2 𝑀  𝑏𝑖𝑡𝑠/sec,                (29) 

It is noted that the bit rate of the proposed STC-DCO-OFDM system is doubled. However, the 

proposed STC-DCO-OFDM can transmit 2𝑁 data through 𝑁 instead as compared to the traditional 

DCO-OFDM system as shown in Figure 9.  It is shown from Figure 10, the whole bipolar OFDM 

symbol is compressed into one-half and then, the whole symbol of the proposed STC-DCOOFDM 

system after clipping with the size of 𝑁 samples. Hence, the DCO-OFDM using the STC process 

doubles the system throughput. After symbol repetition and pulse shaping, the spectral efficiency 

will be the same as the traditional DCO-OFDM system as shown in Figure 10. 

 

 

 



 

 

Figure 9. Time-domain signal for DCO-OFDM using the STC. 

 

Figure 10. The proposed shaped STC-DCOOFDM symbol. 

It is illustrated in Figure 10, the proposed shaped STC-DCO-OFDM has the same spectral 

efficiency as the traditional DCO-OFDM system. 

2) The proposed shaped STC-DCOOFDM system 

The accomplished data rate for the traditional ACO-OFDM system is given by: 𝜂𝐴𝐶𝑂 = ( 2𝑁 − 14𝑁 + 𝑁𝑐𝑝) 𝐵 log2 𝑀  𝑏𝑖𝑡𝑠/𝑠𝑒𝑐,                         (30) 

 



 

It is shown from Figure 11, the time samples for the traditional ACO-OFDM system after clipping is 

extended to 4𝑁. This means that to prepare the ACO-OFDM symbol, the system throughput will be 

reduced to one-quarter. 

 
Figure 11. Time-domain signal for ACO-OFDM system. 

After the STC process, the achieved data rate for the ACO-OFDM system using the STC process is 

given by: 

𝜂𝑆𝑇𝐶−𝐴𝐶𝑂 = ( 2𝑁𝑐 − 14 𝑁𝑐 + 𝑁𝑐𝑝) 𝐵 𝑙𝑜𝑔2 𝑀  𝑏𝑖𝑡𝑠/𝑠𝑒𝑐,              (31) 

Furthermore, the bit rate of the ACO-OFDM system using the STC process will be doubled. Thus, 

the ACO-OFDM symbol using the STC process is transmitted in 2𝑁 instead of 4𝑁 as compared to 

traditional ACO-OFDM as shown in Figure 12.  

 

 

 

 

 

 



 

 

Figure 12. Time-domain signal for ACO-OFDM using the STC. 

 

Figure 12 shows that the ACO-OFDM symbol length is 2𝑁 using the STC process. Hence, an 

ACO-OFDM system using the STC process increases the system throughput to be 𝑁 2⁄  instead 𝑁 4⁄  

compared to a traditional ACO-OFDM system. After symbol repetition and pulse shaping, the 

spectral efficiency will be the same as the traditional ACO-OFDM system as shown in Figure 13. 

 

Figure 13. The proposed shaped STC-ACOOFDM symbol. 



 

Figure 13 shows that the proposed shaped STC-ACO-OFDM system has the same spectral efficiency 

as the traditional ACO-OFDM system. In the next subsection, the OOB of the proposed schemes is 

analyzed and evaluated. 

B. OOB REDUCTION  

1) The proposed shaped STC-DCOOFDM system 

Consider an O-OFDM symbol after the STC process is defined as 𝑋𝑛, 𝑛 = 0,1, … … … , 𝑁 2⁄ − 1. 

The O-OFDM signal after Hermitian symmetry and IFFT can be expressed in [29] as 

𝑥(𝑡) = ∑ 𝑋𝑛,𝑘 𝑒𝑗2𝜋𝑛∆𝑓𝑡𝑁−1
𝑛=0 , 0 ≤ 𝑡 ≤ 𝑇,                        (32) 

Where ∆𝑓 is subcarrier spacing. After symbol extension and pulse shaping, the O-OFDM symbol can 

be expressed as: 

𝑥𝑝(𝑡) = 𝑝(𝑡) ∑ 𝑋𝑛,𝑘 𝑒𝑗2𝜋𝑛∆𝑓𝑡𝑁−1
𝑛=0 , 0 ≤ 𝑡 ≤ 2𝑇           (33) 

where 𝑝(𝑡) is the pulse shaping function. The autocorrelation function of the transmitted signal 𝑅𝑥(𝜏) 

is obtained in [29] as: 

𝑅𝑥(𝜏) = 𝐸{𝑥𝑝(𝑡 + 𝜏)𝑥𝑝(𝑡)∗} = 𝑝(𝑡 + 𝜏)𝑝∗(𝑡) ∑ 𝑒𝑗2𝜋𝑛∆𝑓𝜏𝑁−1
𝑛=0             (34) 

The power spectral density (PSD) will be obtained by the Fourier transform (FT) of the 

autocorrelation function. This can be expressed as 

𝑆(𝑓) = ∫ 𝐸 {�̅�𝑥(𝜏) ∑ 𝑒𝑗2𝜋𝑛∆𝑓𝜏𝑁−1
𝑛=0 } 𝑒𝑗2𝜋𝑛∆𝑓𝜏𝑑𝜏                  (35) 

 

where  �̅�𝑥(𝜏) = 1𝑇 ∫ 𝑝(𝑡 + 𝜏)𝑝∗(𝑡) 𝑑𝑡𝑇
0                                           (36) 

 

We have  



 

𝑆(𝑓) = 1𝑇 ∑{𝑃[(𝑓 − 𝑛∆𝑓)𝑇]}2𝑁−1
𝑛=0                                         (37) 

where 𝑃(𝑓) is the FT of the pulse shaping function. The pulse shaping function that is used during the 

interval 2𝑇 for the transmitted optical OFDM signal can be expressed as follows: 

𝑝(𝑡) = 12 [1 − cos (2𝜋𝑡4𝑇 )]  rect ( 𝑡4𝑇)                                (38) 

The PSD of optical OFDM signal multiplied by a pulse shaping function is given by: 

𝑆(𝑓) = 1𝑇 ∑{𝑃[(𝑓 − 𝑛∆𝑓)𝑇]}2𝑁−1
𝑛=0                                         (39) 

The frequency domain of pulse shaping function (see proof in Appendix) can be get by FT as follows: 

𝑆(𝑓) = 4𝑇 ∑ {sinc[2(𝑓 − 𝑛∆𝑓)] cos[2𝜋𝑇(𝑓 − 𝑛∆𝑓)][1 − 𝑇2(𝑓 − 𝑛∆𝑓)2]}2𝑁−1
𝑛=0     (40) 

The PSD of the proposed shaped STC-DCO-OFDM system in comparison with the traditional DCO-

OFDM system is offered in Figure 14. These results were obtained with 1024 subcarriers and 104 

symbols. 

 

Figure 14. PSD of the proposed shaped STC-DCO-OFDM system. 

It is observed from Figure 14 that the proposed system has lower side lobes compared to the 

traditional DCO-OFDM systems. Hence, the reduction of OOB via the proposed shaped STC-DCO-
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OFDM system by about 80 dB. Finally, there is no significant variance noticed between theoretical 

and simulated results. 

2) The proposed shaped STC-ACOOFDM system 

Similarly, the pulse shaping function in equation (38) for the transmitted ACO-OFDM signal can be 

altered as: 

𝑝(𝑡) = 12 [1 − cos (2𝜋𝑡8𝑇 )] rect ( 𝑡8𝑇)                                 (41) 

After some manipulation, the PSD of for the proposed shaped STC-ACOOFDM is given as follows:  

𝑆(𝑓) = 4𝑇 ∑ {sinc[4(𝑓 − 𝑛∆𝑓)] cos[4𝜋𝑇(𝑓 − 𝑛∆𝑓)][1 − 𝑇2(𝑓 − 𝑛∆𝑓)2]}2𝑁−1
𝑛=0       (42) 

The PSD of the proposed shaped STC-ACOOFDM compared with ACO-OFDM system for 1024 subcarriers and 

104 symbols is available in Figure 15.  

 

Figure 15. PSD of the proposed shaped STC-ACO-OFDM system. 

 

It is perceived from Figure 14 and Figure 15 that the ACO-OFDM system needs about twice the 

bandwidth of DCO-OFDM for the same amount of transmitted information. In addition to this, the 

proposed systems reduce OOB by about 40 dB compared to the traditional ACO-OFDM system. As a 

result, the OOB reduction will reduce the ACI and the AWGN, which improves the BER 
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performance. Finally, it is noticed that theoretical and simulated results are closest to each other. The 

PAPR reduction and power saving of the proposed systems are derived in the next subsection. 

C.  PAPR REDUCTION  

1) The proposed shaped STC-DCOOFDM system 

The mathematical relationship of the PAPR for The maximum power to average power ratio of an 

OFDM signal is expressed as:  

𝜉𝐷𝐶𝑂 = max𝑛 ∈[0,2𝑁−1]{|𝑥𝑛|2}E{|𝑥𝑛|2}                                                      (43) 

Assume 𝑋𝑘 is an i.i.d. random variable (RV) with zero mean and variance 𝜎2 = 𝐸{|𝑋𝑘|2}. It follows 

that each frame is i.i.d. the average power of the proposed STC-DCOOFDM is given as: 

E{|𝑧𝑛|2} = 14𝑁2 E {| ∑ 𝑍𝑘𝐷𝐶𝑂exp (𝑗2𝜋𝑘𝑛𝑁 )2𝑁−1
𝑘=0 |2}            (44) 

Assume 𝑍𝑘𝐷𝐶𝑂 = 1 over DCO-OFDM symbol. Thus, the average power for DCO-OFDM symbol is 

given as follows: 

E{|𝑧𝑛|2} = 12𝑁                                                                        (45) 

The peak value 𝑧0 is given as 𝑧0 = 12𝑁 ∑ 12𝑁−1𝑘=0 = 1 and the peak power = |𝑧0|2 = 1. Thus, the 

PAPR for DCO-OFDM system is 𝜉𝐷𝐶𝑂 = 2𝑁. Hence, the proposed shaped STC-DCOOFDM symbol 

is obtained as follows: 

𝑧𝑛 = 𝑧𝑛𝑝𝑛 = 𝑧𝑛 12 [1 − cos (𝜋𝑛𝑁 )] , 0 ≤ 𝑛 ≤ 2𝑁 − 1     (46) 

Due to the complementary of pulse shaping and the symbol extension, the summation is always equal 

to 𝑁 and the peak value 𝑧0 is obtained  

𝑧0 = 1𝑁 ∑ 1𝑁−1
𝑘=0  12 [1 − cos (𝜋𝑛𝑁 )] = 12                                                   (47) 

As a result, the suggested shaped STC-DCOOFDM has a peak power of 14. As a result, the 

average power of the suggested shaped STC-DCO-OFDM system is as follows: 



 

E{|𝑧𝑛|2} = 14 E {𝑧𝑛 [1 − cos (𝜋𝑛𝑁 )]2} = 38𝑁                     (48) 

As a result, the PAPR for the proposed system can be obtained as follows: 

𝜉Shaped STC−DCO = 23 𝑁                                                          (49) 

2)   The proposed shaped STC-ACOOFDM system 

Likewise, the PAPR is defined over ACO-OFDM frame interval as  

𝜉𝐴𝐶𝑂 = max𝑛 ∈[0,4𝑁−1]{|𝑥𝑛|2}E{|𝑥𝑛|2}                                                      (50) 

The average power of the ACO OFDM system is given as: 

E{|𝑧𝑛|2} = 116𝑁2 E {| ∑ 𝑍𝑘𝐴𝐶𝑂exp (𝑗2𝜋𝑘𝑛𝑁 )4𝑁−1
𝑘=0 |2}          (51) 

Assume 𝑍𝑘𝐴𝐶𝑂 = 1 over ACO-OFDM symbol. Thus, the average power for ACO-OFDM symbol is 1 4𝑁⁄  and the peak power is also 1. Thus, the PAPR for ACO-OFDM system is 𝜉𝐴𝐶𝑂 = 4𝑁. 

Furthermore, the proposed shaped STC-ACOOFDM symbol is obtained as follows: 

𝑧𝑛 = 𝑧𝑛𝑝𝑛 = 𝑧𝑛 12 [1 − cos (𝜋𝑛2𝑁)]  0 ≤ 𝑛 ≤ 4𝑁 − 1     (52) 

Similarly, the peak power and the average power are 1 4⁄  and 3 8𝑁⁄ . Thus, the PAPR for the 

proposed shaped STC-ACOOFDM system is given  

𝜉Shaped STC−DCO = 23 𝑁                                                          (53) 

Consequently, the proposed shaped STC-DCOOFDM and the proposed shaped STC-ACOOFDM 

reduce the PAPR by one-third (or -4.77 dB). 

 

 

 



 

D. COMPUTATIONAL COMPLEXITY 

The computational complexity of the suggested systems is examined in this section. The complexity 

is calculated as the total amount of arithmetic operations necessary at the transceiver, either additions 

or multiplications. The computational complexity of transmitters for the recommended designs is 

shown in Table I. As can be shown, the suggested approaches reduce the system's computational 

complexity when compared to typical DCO-OFDM and ACO-OFDM systems. 

 

TABLE I 

Computational complexity of the proposed schemes  

System  Type No. of real 

multiplications 

No. of real 

additions 

DCO-OFDM [30] 𝑁 log2 2𝑁 2𝑁 log2 2𝑁 

Proposed shaped STC-DCOOFDM 𝑁 2⁄ log2 𝑁 + 2𝑁 𝑁 log2 𝑁 

ACO-OFDM [31] 2𝑁 log2 4𝑁 4𝑁 log2 4𝑁 

Proposed shaped STC-ACOOFDM 𝑁 log2 2𝑁 + 4𝑁 𝑁 log2 𝑁 

 

Hence, the proposed STC-DCOOFDM and the proposed STC-ACOOFDM schemes will reduce 

multiplication operations by about 64 %. On the other hand, addition operations will be reduced by 

about 45.5% and 20.8% by the proposed schemes, respectively 

V. Numerical Results 

The performance of the proposed approach is investigated in terms of PAPR reduction and 

improvement of BER. The simulation is accomplished using Matlab software for 104 optical OFDM 

frames of BPSK symbols. The number of subcarriers used in the simulation is 1024. In VLC 

communication systems, the communication channels are almost line of sight (LOS). Hence, the 

AWGN channel will be considered for the BER performance of the proposed systems. The PAPR 

reduction performance is assessed using the CCDF of the PAPR. Figure 16 and Figure 17 show the 

CCDF of the PAPR for the proposed systems compared to the conventional systems, respectively. As 

shown in Figure 16, the PAPR performance of the proposed shaped STC-DCO-OFDM scheme 



 

outperforms that of the conventional DCO-OFDM system. When CCDF=10−1, the PAPR of the 

proposed scheme is less than the conventional DCO-OFDM systems by about 3 dB. 

 

Figure 16. The PAPR performance of the proposed shaped STC-DCOOFDM system. 

 

 

Figure 17. The PAPR performance of the proposed shaped STC-ACOOFDM system. 
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The PAPR performance of the proposed shaped STC-ACOOFDM system is demonstrated in Figure 

17. It is easy to notice that the results are similar to those results in Figure 16. At CCDF=10-1, the 

PAPR of the proposed scheme is about 4 dB which is a smaller amount of the conventional ACO-

OFDM system. TABLE II summarizes the PAPR values of standard optical OFDM and the proposed 

techniques. 

Now, we will show the BER improvement for DCO-OFDM and ACO-OFDM systems using the proposed scheme. 

Figure 18 and Figure 19 demonstrate the BER outcomes for DCO-OFDM system with 7 dB bias and ACO-OFDM system, 

respectively. 

TABLE II 

PAPR evaluation at CCDF=0.1 

Ssytem types 

PAPR 
𝜉 (dB) 

 

Power 

Saving (dB)   

DCO-OFDM 8 
3.22 

The Proposed STC-DCOOFDM 5.22 

ACO-OFDM 14.5 4.29 

The Proposed STC-ACOOFDM 10.21 

Now, we will show the BER improvement for DCO-OFDM and ACO-OFDM systems using the 

proposed scheme. Figure 18 and Figure 19 demonstrate the BER outcomes for DCO-OFDM system 

with 7 dB bias and ACO-OFDM system, respectively. 

 

Figure 18. BER performance of the proposed shaped STC-DCOOFDM system. 
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Figure 19. BER performance of the proposed shaped STC-ACOOFDM system. 

 

These figures compare the BER before and after applying the proposed scheme. As shown from 

Figure 18, the proposed shaped STC-DCOOFDM scheme achieves 10-3 BER at 12 dB but the 

traditional DCO-OFDM system achieves that value of BER at 15 dB. Hence, the proposed shaped 

STC-DCOOFDM scheme improves the power requirement by 3 dB compared to traditional DCO-

OFDM system. Furthermore, the proposed shaped STC-ACOOFDM system attains BER performance 

at 8 dB but the traditional ACO-OFDM at about 9.5 dB as shown in Figure 19. Thus, the proposed 

shaped STC-ACOOFDM system enhances the power requirement by about 1.5 dB compared to 

traditional ACO-OFDM system. 

VI. Conclusions 

In this study, the proposed shaped STC-DCO-OFDM system and the suggested shaped STC-ACO-

OFDM system are compared to typical DCO-OFDM and ACO-OFDM systems in terms of spectrum 

efficiency, OOB, PAPR, power savings, computational complexity, and BER. Traditional systems 

have the same spectral efficiency as the suggested systems. When compared to DCO-OFDM and 
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ACO-OFDM systems, the suggested strategies exhibit a low PAPR and considerable power savings. 

Furthermore, as compared to existing systems, the suggested methods lessen the OOB notion. 

Furthermore, the suggested systems have a reduced computational complexity than DCO-OFDDM 

systems. Finally, the suggested systems outperform existing systems for the BPSK scheme in the 

AWGN environment in terms of BER performance. 
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