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Abstract: The demonstration of a higher data rate transmission system was a major aspect to be considered by researchers in recent years. The most relevant aspect to be studied and analyzed is the need for a reliable system to handle nonlinear impairments and reduce them. Therefore, this paper examines the influence of Four-Wave Mixing (FWM) impairment on the proposed high data rate Dual polarization–Differential Quadrature phase shift keying (DP-DQPSK) system using the Optisystem software. In the beginning, the impact of varied input power on the proposed system’s performance was evaluated in terms of QF and BER metrics. More power is used to improve system performance. However, increasing power would raise the FWM effects. Accordingly, a −10 dBm input power and the proposed system are used to reduce the impact of FWM. Additionally, a hybrid amplification method is proposed to enhance system performance by utilizing the major amplification methods of erbium-doped fiber amplifier (EDFA): semiconductor optical amplifier (SOA) and Radio optical amplifier (ROA). The evaluation demonstrates that the OA-EDFA outperformed the other two key amplification techniques of (EDFA-SOA) and (EDFA-ROA) in improving Quality factor (QF) and Bit error rate (BER) system results for all distances up to 720 km. Consequently, the method contributes to minimizing the impact of FWM. In the future, other forms of nonlinearity will be investigated and studied to quantify their impact on the proposed system.
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1  Introduction

Recently, Internet traffic has been rapidly evolving due to the developments of new technologies and applications. They aimed at improving high capacity and cost-effectiveness drivers suited for delivering and receiving optical communication over great distances via fiber [1]. According to reports, the involvement of optical transmission in short-to-medium-range wireless communications could significantly reduce power consumption [2]. Various nonlinear effects characterize optical fibers, resulting in a significant increase in optical power levels [3]. The ability of pulses to transfer information at the speed of light is one of the optical communication system’s capabilities. The transmission is carried out over long distances utilizing a Single-Mode Fiber (SMF) with a minimum attenuation rate of 0.2 dB/km for optical window ranges of 1530 to 1556 nm. Meanwhile, many experts stated that traditional end-user communication is extremely complex and costly; nevertheless, the SMF technique can effectively overcome this problem [4].

Wavelength Division Multiplexing (WDM) and its counterpart, Dense Wavelength Division Multiplexing (DWDM), are usually regarded as the most useful technology for expanding the number of channels per fiber optical and the data rate by channel. Consequently, boosting overall transmission capacity. The other method is known as Radio-over-Fiber (RoF), which depends on an analogue optical link to transmit modulated Radio frequency (RF) signals in both the downlink and uplink directions or simply between the Central Station (CS) and the Base Station (BS). RoF systems are recognized as flexible and adaptive technology suited for mobile communication, as expected in the 5G mobile communication, and a powerful tool that can be utilized for services requests up to gigabit size [5]. Therefore, RoF denotes a large capacity combined with little signal quality degradation and energy consumption.

Because of its superior transmission and reception properties, phase modulation technology is gaining favor [6]. Differential Phase Shift Keying (DPSK) modulation is used in the new 40 Gbps system. The development of a 100 Gbps optical fiber transmission system based on Quadrature Phase Shift Keying (QPSK) technology has been the subject of a recent study. Furthermore, the chromatic and the polarization mode dispersion are reduced [7]. A single carrier signal’s capacity can be doubled by polarization multiplexing, followed by polarization diversity optical coherent detection [8]. Very recently, Dual-Polarization Quadrate Phase Shift Keying (DP-QPSK) is the most exciting technology. It can transmit two QPSK signals on two polarization states of a single carrier and one of the 400 Gbps transmission options. To define digital information, QPSK uses four carrier phases [9]. Its spectrum breadth is narrower and has higher spectral efficiency [10]. For 100 Gbps DP-QPSK signals, digital coherent signal detection is now the usual reception mode. Digital coherent signal detection necessitates advanced hardware and algorithms [10,11]. Coherent detection has a residual frequency offset due to the difficulty of predicting the carrier frequency in non-cooperative communication contexts [12–14].

The main contribution of this work is to design and implement a DWDM RoF system using the proposed Dual Polarization Differential Quadratic Phase Shift Keying (DP-DQPSK) technique and tested using the Optisystem software. The investigation would consider a mitigation procedures to reduce the impact of FWM with less power consumption. In addition, a hybrid amplification method is proposed to improve the system performance and reduce the FWM impact. The rest of this paper is organized as follows: Section 2 describes what FWM is and its effect on system performance. Section 3 presents the related works to the nonlinearity effects studied. Section 4 proposes hybrid amplification to reduce FWM impact thereby improving the system performance. Section 5 evaluates the performance of the system using Optisystem software. Finally, Section 6 concludes the paper and identifies some future directions.

FWM: Nonlinear effects in optical fibers are induced by (1) variations in the medium’s refractive index with increasing light intensity and (2) inelastic scattering, as seen in Fig. 1. The Kerr effect is created by the power dependency of the refractive index. Depending on the nature of the input signal, Kerr nonlinearity shows itself in three ways: self-phase modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM). Inelastic scattering can generate stimulated effects at high power levels, such as Stimulated Brillouin Scattering (SBS) and Stimulated Raman Scattering (SRS). The intensity of dispersed light increases exponentially as the incoming power exceeds a certain threshold as we s [15].
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Figure 1: The Non-linear effect types [15]

Among these types, the proposed system would handle that FWM process as it is triggered by the nonlinear response of bound electrons in a material to an applied light field. Both linear and nonlinear aspects are present in the medium’s polarization induced. The nonlinear susceptibilities of different orders determine the magnitude of these factors. FWM occurs in quantum mechanics when photons from one or more waves are destroyed, and new photons are produced at various frequencies, preserving net energy and momentum during the interaction. The FWM’s general concept is illustrated in Fig. 2 [15].
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Figure 2: The general concept of FWM [15]

To analyze the phenomenon of FWM, firstly, the number of FWM product calculated from Eq. (1) [15]

M=N2(N−1)2(1)

where N represents the total number of channels. Secondly, considering the λ4 is the FWM signal that is generated from mixing the three wavelengths (λ1, λ2, and λ3) and as seen in Eq. (2).

λ4=λ1±λ2±λ3(2)

As a result, the power of FWM is calculated via Eq. (3)

PFWM=1024π2n2λ2C2[Dx111LeffAeff]2pa.pb.pc.e−α~Lϕijk(3)

ϕijk=α2α2+Δβijk(4)

where the ϕijk refers to the mixing coefficient, pa,pb and pc represent the production of the power per each of the three channels. Δβijk represents the phase coefficient that depends on the dispersion coefficient. Therefore, increasing the impact of dispersion would raise the phase coefficient, which would decrease the value of the mixing coefficient. Minimizing the latter would reduce the impact of PFWM. Accordingly, it can be concluded that raising power would raise the FWM impact. Therefore, using lower power is recommended in such situations. And raising the PFWM would raise the FWM crosstalk effects, which would minimize the quality of the signal transferred [15].

2  Related Works

Several works were proposed to handle the major issues related to different nonlinearity effects. For instance, in [16] authors proposed an investigation of FWM phenomena for the DWM system using a variation of high order dispersion up to eight order and comparing it with traditional order. An investigation was based on the channel power, effective code area, and channel spacing. The findings demonstrated a direct relation between channel power and FWM due to the serious effects of nonlinearity that depends on the light power ratio for 2 km distance. Meanwhile, reverse relation was noticed by considering the effective core area and the FWM effects. Additionally, the same precious relation was seen with the channel spacing. As a result, the proposed study helped to select the optimum choice to handle the FWM effects. However, the distance was 2 km which needs to be increased for further analysis. The researchers in [17] designed an 8 and 15-channel DWDM RoF system with a spacing of 100 GHz and a bit rate of 10 Gbps. The nonlinearity effects were studied by considering the proposed system’s SPM, XPM, and FWM effects. Results obtained indicate an increasing BER with reducing the signal quality due to the change in channel number and transmit power. Meanwhile, an XPM-based investigation concluded that for 8 and 15-channel system, the channel spacing should be raised to 130 and 150 GHz, respectively. However, the system has not considered many channels and didn’t use advanced modulation-based techniques. Additionally, the studied distance was (110) km, which needs to be raised along with the nonlinearity effects. A 4-channel DWDM system was proposed in [18] to enhance the system performance from the XPM nonlinearity effects. The investigation was carried out by selecting the appropriate power level for the proposed system. Results obtained indicate a reverse relation between dispersion and BER. However, this work didn’t consider the SRS and PMD effects along with XPM. Also, the distance selected for data transmission was about 100 km which should be improved and studied concerning the XPM phenomena. The authors in [19] suggested a methodology consisting of three techniques separately to reduce the effects of the FWM for the proposed 16-channel WDM RoF system. These methods include Circle Polarization (CP), lower input power, and DWDM over OTDM. The channel spacing used is 100 GHz, with an input power of 0 dBm, and Non-return-to-zero (NRZ) modulation format. The work aimed to perform a different method that helps in reducing the FWM effects. The system performance evaluation demonstrated that the techniques-based CP had achieved the best results. However, there is still some nonlinearity impacts which have not been considered in their study besides to the FWM that would have a great impact on the received signal and the transferred data rates. Recently, a parametric analysis for the effect of FWM in the DWDM system was proposed in [20]. The system was designed to support 64-channel system. The studied parameters were: data rate, input power, and channel spacing. Results obtained were based on the parameters of bit error rate (BER), quality factor (QF), and eye diagram (ED). These results demonstrated optimal system performance by selecting input power of −10 dBm and a small channel spacing of 50 GHz and using a data rate of 10 Gbps per channel. The main drawback of this work with the total data rate that doesn’t satisfy the latest application of 5G network.

3  Hybrid Optical Amplification (HOA) Techniques

When it comes to meeting the demands of large capacity DWDM systems, Hybrid Optical Amplifiers (HOA) are the most appropriate and generally acknowledged technology [21]. According to [22–26], high-density optical fibers (HOAs) are designed:

1.    To maximize link distance while maintaining acceptable performance levels.

2.    To increase the capacity of the communication link in aspects of channel capacity and the number of channels.

3.    To minimize signal degradation caused by nonlinear effects present in the optical fiber.

Even though HOAs offer several advantages, certain major considerations are related.

A-EDFA and Optical Amplifier

To expand the gain spectrum of an erbium-doped fiber amplifier (EDFA), a hybrid arrangement of erbium-doped fiber amplifier (EDFA) and optical amplifier (OA) may be employed. One way to create a three-stage HOA in the L-Band is to use an SOA with two EDFAs, each of which has a gain bandwidth of 1550–1600 nm [7]. EDFA and OA are considered the most suitable amplifier to be utilized with DWDM-based system due to its feature of high gain and low noise. It is polarization-independent and can amplify optical signals in 1550 nm band or 1580 nm band.

B- EDFA and Roman Optical Amplifier

The gain spectrum of Roman Optical Amplifier (RoA) may be changed by varying the pump power values and the pumping wavelengths used in the experiment. This attribute of RoA may be leveraged to increase the gain bandwidth of an EDFA by increasing the gain bandwidth. Furthermore, compared to other optical amplifiers, the noise Fig of RoA is much lower. In RoA, it causes stimulated emission based on SRS when strong excitation light enters the optical fiber. Then, the light is amplified in a wavelength range about 100 nm longer than the excitation light wavelength. The RoA’s disadvantages include its high pump power requirements, the necessity for sophisticated gain control, noise, limited efficiency, and expensive cost [26].

C- EDFA and Semiconductor Optical Amplifier

The amplification spectrum of Semiconductor Optical Amplifier (SoA) is wide, and the distortions in amplified signals are low, allowing for low noise Fig values and the ability to perform many functions, such as wavelength conversion and optical regeneration. For embedding in 100 G, the SOA is employed. For 40 km transmission between data centers and between mobile phone base stations and data centers, light sources for optical communication in the 1.3 m band are employed. However, SOAs are necessary as pre-amplifiers when executing long-distance transmission to overcome attenuation in the communication light. In 100 G transceivers, SOAs are incorporated [10]. An SOA may be built in a small space, and its reduced operating expenses compared to an EDFA make it more cost-effective. The input light of an SOA was extremely polarization-dependent until recently, although research towards reduced polarization reliance has progressed recently [12].

4  Proposed System

As depicted in Fig. 3, to design our proposed system, the configuration for the integrated DP-DQPSK ROF DWDM system with 64-channel × 14 Gbps is divided into three parts: transmitter, medium, and receiver. For the demonstration of each part and its related parameters, it has been previously clarified in [25]. The studied parameters with respect to minimizing the nonlinearity effects of FWM are the input power for the Continuous Wave (CW) laser.
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Figure 3: Schematic view for the proposed system

For instance, an investigation is carried out based on the effect of the FWM phenomenon by considering the changing of CW Power (CWP) from ranges between (−10 to 6) dBm. Besides, the significance of increasing power on the proposed system is highlighted for different incremented distances between (60–720) km. Then, a method would be implemented to handle the reduction of FWM by handling different types of optimum amplifiers. Here, three major techniques of amplification are considered: the Erbium-Doped Fiber Amplifier (EDFA), Semiconductor Optical Amplifier (SOA), and Roman Optical Amplifier (ROA). These mentioned amplifications are used in a hybrid manner to get the feasibility of each type.

5  Results and Discussion

This section is divided into two major parts: CWP variation results and hybrid amplification results.

5.1 CWP Variation Results

The first observation was studied by considering the FWM effects regarding the variation on CWP of the laser source attached to the proposed system. The CWP variation is studied for distance increasing and evaluated by QF and BER parameters.

A- QF based Results

The QF results are illustrated in Figs. 4 and 5 for data 1 and 2, respectively. These data (1 and 2) represent the data gathered from the two polarized transfer signal aas using the technique of the DP-DQPSK. The distance up to 480 km has a convergence QF results. Also, raising the distance to 720 km increased the QF results. This is because of utilizing the loop control component in the system design that provides the required setup amplification component at each iteration to meet the 720 km of distance. Consequently, providing the proposed system reliability to be handled for long distances. In the Fig, the second observation is the quantity of the obtained QF and BER for the distance of 720 km and, as seen in Table 1, using the OA for the major proposed system. These results showed the impact of the gained values with respect to using the input power of −10 dBm selected to minimize the FWM impact (as it will be concluded); it would be raised with increasing CWL power. It is worth to mention about Table 1, there is a slight difference in the obtained values of QF between data 1 and data 2 due to the impact attenuation on the polarized transmitted signal.
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Figure 4: QF from data 1 vs. different transmission distances for values of CWP (a) −10  dBm, (b) −2  dBm, (c) 0  dBm, (d) 2  dBm
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Figure 5: QF from data 2 vs. different transmission distances for values of CWP (a) −10  dBm, (b) −8  dBm, (c) −6  dBm, (d) −4  dBm
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B- BER based Results

The calculated BER for data 1 and 2 are demonstrated in Figs. 6 and 7, respectively. The distance up to 480 km has a convergence BER results. However, increasing the distance to 720 km reduced the BER results. The reason is utilizing the loop control component in the system design provides the required setup amplification component at each iteration to meet the 720 km of distance. Similar to QR, reliability is given to the proposed system for long distances. As a result, the reverse relation between CWP and distance is very clear to explore. Furthermore, BER values are noticed with respect to the power of −10 dBm and for the distance of 720 km (see Table 2). The rest of this work will handle the gained values for the FWM impact.
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Figure 6: BER from data 1 vs. different transmission distances for values of CWP (a) −10  dBm, (b) −2  dBm, (c) 0  dBm, (d) 2  dBm
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Figure 7: BER from data 2 vs. different transmission distances for values of CWP (a) −10 dBm, (b) −2 dBm, (c) 0 dBm, (d) 2 dBm
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5.2 Hybrid Amplification Results

This section investigates major amplification techniques by considering three techniques of (EDFA-SoA-RoA) based amplifiers to be utilized in a hybrid manner. The techniques are evaluated and compared with the current amplification utilized with the proposed DP-DQPSK system. From the first observation, Fig. 8 illustrates the utilization of hybrid (OA-EDFA) achieved the best QF results for the three studied distances. More specifically, the (EDFA-RoA) revealed effectiveness for distances up to 300 km. On the other hand, the (EDFA-SoA) showed interesting results, but it failed at some channels for a 720 km distance. As a result, the best QF results are determined for the case of (OA-EDFA). It is considered an optimum method to reduce the impact of FWM by using the lower values of input power (−10) dBm and is suitable for the utilized techniques in the proposed system. Additionally, for a 60 km distance, all utilized hybrid methods demonstrated convergence results in the QF parameter.

[image: images][image: images]

Figure 8: QF vs. different amplification methods for (a) & (b) 60 km, (c) & (d) 300 km

Fig. 9 shows the evaluation of the system for BER to address the impact of using three hybrid amplification methods.

[image: images]

Figure 9: BER vs. different amplification methods for (a) & (b) 60 km, (c) & (d) 300 km

It can be noticed that the (OA-EDFA) also has fewer error rates in all the tested transmission distances. Furthermore, when using the (EDFA-RoA), the system fails to perform reliable transmission for the distance up to 300 km, which indicates the worst cases due to the RoA-based amplification characteristics. Moreover, the cost function is much higher when using RoA. Lastly, Table 3 lists the gained QF and BER from the major system with FWM and the three utilized amplification techniques with CWL power of −10 dBm.
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The comparison in Table 3 demonstrates that using (EDFA-OA) achieves optimum results and improves the system performance by reducing the impact of FWM. This is noticed clearly in the values of QF and BER before and after using this amplification method. Besides, based on the proposed system design and specification, it can be noticed that using the (EDFA-RoA) has failed to perform the transmission for 720 km. Meanwhile, by using the (EDFA-SoA), the system could perform well for some channels and fail for others. These observations were noticed when handling the distance of 720 km. Although, when using less distance, all the three utilized amplification provide results, but still with the same optimum method.

6  Conclusion

In this work, a DWDM RoF system using (DP-DQPSK) technique was designed and tested using the Optisystem software. The investigation considered the FWM-based nonlinearity to handle the optimum parameter selection to achieve the best system performance and different transmission distances. Additionally, a hybrid amplification method was proposed to boost the system performance (in terms of QF and BER) and reduce the FWM impact. Therefore, a proposed method reduced the impact of FWM using the input power of −10 dBm, and the performance was improved by using hybrid amplification techniques. Among three primary techniques of amplifications, the OA-EDFA showed the optimum performance in boosting the system results of QF and BER.
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Table 3: The gained QF and BER results from the three amplification methods to reduce the impact
of FWM

Ch. No. Before
QF BER
720 km 720 km
Data 1 Data 2 Data 1 Data 2
1 6.83282 6.74395 2.80E-12 5.19E-12
6 7.02406 7.02339 7.18E-13 7.20E-13
12 6.96647 6.96621 1.09E-12 1.09E-12
18 6.94908 6.94708 1.23E-12 1.24E-12
24 6.72978 6.71852 5.76E-12 6.23E-12
30 7.04206 6.86389 6.39E-13 2.24E-12
36 6.7952 6.8206 3.66E-12 3.06E-12
42 6.77161 6.84722 4.31E-12 2.56E-12
48 6.81195 6.90202 3.25E-12 1.73E-12
54 6.84835 6.64889 2.54E-12 9.93E-12
60 6.87883 6.88664 2.06E-12 1.95E-12
64 6.80876 6.88849 3.32E-12 1.90E-12
Ch. No. (EDFA-RoA)
QF BER
720 km 720 km
Data 1 Data 2 Data 1 Data 2
1 15.5558 15.4476 4.47E-55 2.40E-54
6 15.7256 15.7261 3.11E-56 3.09E-56
12 15.5994 15.6137 2.23E-55 1.78E-55
18 15.4586 15.6137 2.02E-54 1.78E-55
24 15.4586 15.4559 2.02E-54 2.10E-54
30 15.7159 16.3381 3.59E-56 1.60E-60
36 15.4989 16.60391 2.36E-36 2.53E-18
42 15.78 16.45 2.15E-60 2.23E-61
48 15.321 16.2541 1.65E-59 8.59E-56
54 15.652 16.045 4.52E-61 3.25E-66
60 16.25 16.43 6.54E-75 2.65E-76
64 16.432 16.8971 3.21E-62 9.49E-69
Ch. No. (EDFA-RoA)
QF BER
720 km 720 km
Data 1 Data 2 Data 1 Data 2
1 0 0 1 1
6 0 0 1 1
12 0 0 1 1
18 0 0 1 1
24 0 0 1 1
30 0 0 1 1
36 0 0 1 1
42 0 0 1 1
48 0 0 1 1
54 0 0 1 1
60 0 0 1 1
64 0 0 1 1
Ch. No. (EDFA-SoA)
QF BER
720 km 720 km
Data 1 Data 2 Data 1 Data 2
1 10.8112 10.5361 9.65E-28 1.87E-26
6 11.1692 11.1862 1.83E-29 1.51E-29
12 13.2594 13.3259 1.23E-40 5.05E-41
18 13.2639 13.3239 1.16E-40 5.19E-41
24 14.0798 14.1892 1.56E-45 3.30E-46
30 15.2183 13.6078 8.25E-53 1.12E-42
36 16.0612 16.03 1.46E-58 2.41E-58
42 15.3282 15.4205 1.91E-50 4.16E-51
48 13.1535 13.4435 5.05E-40 1.04E-41
54 0 0 1 1
60 0 0 1 1

64 0 0 1 1
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Table 2: BER values obtained from the proposed system before performing the amplification tech-
niques and showing the impact of nonlinearity

Channel number BER
720 km
Data 1 Data 2

1 2.80E-12 5.19E-12
6 7.18E-13 7.20E-13
12 1.09E-12 1.09E-12
18 1.23E-12 1.24E-12
24 5.76E-12 6.23E-12
30 6.39E-13 2.24E-12
36 3.66E-12 3.06E-12
42 4.31E-12 2.56E-12
48 3.25E-12 1.73E-12
54 2.54E-12 9.93E-12
60 2.06E-12 1.95E-12

64 3.32E-12 1.90E-12
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