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Abstract

:

High data rate coverage, security, and energy efficiency will play a key role in the continued performance scaling of next-generation mobile systems. Dense, small mobile cells based on a novel network architecture are part of the answer. Motivated by the recent mounting interest in free-space optical (FSO) technologies, this paper addresses a novel mobile fronthaul network architecture based on FSO, spread spectrum codes, and graphene modulators for the creation of dense small cells. The network uses an energy-efficient graphene modulator to send data bits to be coded with spread codes for achieving higher security before their transmission to remote units via high-speed FSO transmitters. Analytical results show the new fronthaul mobile network can accommodate up to 32 remote antennas under error-free transmissions with forward error correction. Furthermore, the modulator is optimized to provide maximum efficiency in terms of energy consumption per bit. The optimization procedure is carried out by optimizing both the amount of graphene used on the ring resonator and the modulator’s design. The optimized graphene modulator is used in the new fronthaul network and requires as low as 4.6 fJ/bit while enabling high-speed performance up to 42.6 GHz and remarkably using one-quarter of graphene only.
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1. Introduction


Sixth-generation (6G) telecommunications technologies have recently emerged as a potential candidate to support the vast volume of data traffic required by today’s modern and digital society. Mobile data traffic is growing exponentially every year, along with the number of mobile subscribers worldwide [1]. Mobile systems are expected to handle the increases in global traffic volume, presently doubling every two years [1]. Furthermore, over two billion global 5G users are expected by the end of 2025 [1]. As a consequence, the existing cellular networks will not be able to meet such traffic demands and predicted energy consumption. Next-generation mobile networks will further deal with the changing behavior of high-bandwidth data traffic applications that will eventually be part of the commercial push for new mobile solutions and networking upgrades. Moreover, key performance indicators [2] suggest that beyond 5G mobile systems should support a density of 10 million connections/km   2  , 500 exabyte/month traffic, and user data rates reaching 1 Gb/s for a few devices and 100 Mb/s for tens of thousands of users highly concentrated in hot-spot areas such as, for example, football stadiums. The densification of mobile cells is a promising way for operators to keep continuously evolving their network’s capacity. The connectivity between central offices (CO) and remote units (RU), which is known as mobile fronthaul, accounts for an important segment of mobile network cells. The creation of ultra-dense networks by deploying mobile cells will play a key role in beyond 5G networks. In fact, this sort of network architecture is expected to reduce the capital and operational costs, as reported in Ref. [3].



Among many fronthaul technologies for deploying a mobile network [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28], free-space optics (FSO) have gained momentum mainly due to the progress in the laser-based transmission stage [29]. Laser technologies for high-speed optical telecom are becoming mature, scalable, and cost-efficient [30]. In this fashion, many lasing technologies are commercially available and enabling many interesting networking scenarios. Further, FSO has recently been proposed as a solution for many different emerging applications such as high-speed rail connectivity [31,32,33], high altitude platforms [34], and optical satellite communications [35,36,37] to name a few. In addition, FSO can be seen as a prospective solution for rapid and cost-efficient creation of new mobile cells to support high-bandwidth services where the provision of broadband technologies has not been feasible so far. The elegancy of this wireless technology to create rapid, efficient and temporary broadband services in highly dense areas is quite unique compared to its baseline counterpart based on optical fiber. Although optical fibers are also used in some scenarios of beyond 5G networks, the lack of their deployment flexibility, especially in highly dense urban areas and associated high-costs, pose some real challenges that call for alternative technological solutions [15].



The need for the fast and efficient broadband service provision to support the traffic supply and demand in ultra-dense urban areas grants FSO technologies a potential to become a viable alternative for the fronthaul mobile cells densification. The large interest in FSO [38,39,40,41,42,43,44] is mainly due to its immunity to the radio interference, license-free operation, and optical broadband availability which render this wireless technology as a strong candidate for the deployment of broadband mobile fronthaul systems. FSO has higher security levels than have the main competing technologies such as optical fibers [45,46,47], albeit with some vulnerabilities to eavesdroppers as suggested in Ref. [48]. Security has been a major concern for many applications in communication systems [48]. New industries are becoming digital and being fully connected on an unprecedented scale, increasing the need of cyber resilience and security. In this way, FSO affords the integration along with spread spectrum coding techniques [49,50,51] to support higher security levels. Such combination can be useful against eavesdroppers. Optical code-division multiple-access (OCDMA) is a promising technique to asynchronously transmit multiple users’ signals data over a network in a robust way [52,53,54,55,56,57,58,59]. Data of individual users are encoded before transmission by multiplexing many information channels simultaneously with the use of spread spectrum codes in order to increase user’s security and privacy. Furthermore, OCDMA has several desirable networking features such as symmetric bandwidth support for up- and down-links, soft-capacity on-demand, and burst transmission support. The use of spread spectrum codes can offer a higher security to network users the similar fashion as the wireless CDMA, which was commercially deployed in the 1990’s. FSO based on OCDMA with optical spread codes are regarded as a potent alternative for the next generation mobile networks.



As has already been mentioned, the energy consumption poses real challenges in existing cellular networks. The fronthaul energy consumption is responsible for the large portion of the network operational expenditure (OPEX) [60]. Since the current energy production is still mainly based on fossil sources it directly contributes to a high carbon footprint. Continuous improvements of the mobile fronthaul energy efficiency and reduction in carbon dioxide emissions by means of ‘greener’ technologies have become of major importance to many industries [61]. Therefore the energy efficiency is becoming one of the most important metrics in beyond 5G systems and green technologies will play a pivotal role in the next generation mobile solutions. Reinforcement learning methods also have been used to lower the energy consumption of base stations [62], whereas an evaluation of cellular traffic and communication parameters based on machine learning tools was addressed in Ref. [63]. The power consumption was considered as an optimization problem in Ref. [64], whereas a game-theoretic model is used in Ref. [65]. Lastly, many solutions were proposed in Ref. [66] to cope with energy consumption reduction, but without addressing the hardware solution counterpart.



Energy-efficient data modulators (regardless of the network architecture) will be the key factor in lowering the overall system energy consumption. Optical modulators can be implemented on a combination of different technologies, such as photonics [67], III-V compound [68], barium titanate [69], or graphene [70,71,72]. Nonetheless, existing technologies still face some challenges to meet not only energy-per-bit efficiency, but also bandwidth and footprint needs [73]. Graphene, is a CMOS compatible technology, provides a fast and scalable fabrication environment, with a single layer of carbon atoms, and has many unique physical and chemical properties not yet fully exploited in optical modulators design. The first graphene-based electro-absorption modulator was demonstrated in 2011 [74]. Since then, several graphene integrated modulators have been proposed [70,71,72,74,75,76,77,78]. Graphene-based modulators have already demonstrate their ability to outperform traditional modulators, but there is still plenty of room for optimization [68,72,78,79,80,81]. It has been shown that judicious design and optimization of modulators can enable their unprecedented performance [68,72,82,83,84].



Within this broad context and having in mind the network security and energy efficiency, in this paper, the next-generation fronthaul network architecture based on FSO, spread spectrum encoding techniques, and the use of graphene modulators is proposed and evaluated. The new mobile fronthaul network is fully described. An analytical formalism for evaluating the bit error rate (BER) performance of the proposed network is presented, and the design and optimization of a new optical modulator based on graphene aiming at reducing power consumption is addressed. The modulator’s ring resonator optimization procedure is carried out by changing its graphene content. The optimized graphene modulator is integrated into the new FSO fronthaul network. To the best of our knowledge, this is the first time reporting on the performance of FSO based on a graphene modulator and spread spectrum codes for use in future mobile networks. The main contributions of this paper are summarized as follows:




	
Proposed high-speed FSO links for mobile fronthaul networks for cell densification or expansion, where the network footprint is critical and the provision of broadband technologies is poor or not feasible. FSO allows for rapid, efficient and temporary broadband services in highly dense areas in a unique fashion. We integrate FSO along with OCDMA-based coding techniques to enable higher security levels at the physical layer. The system integration of OCDMA and FSO not only improves the transmission capacity and security levels, but also supports multiplexing of many data channels simultaneously via spreading codes to enable a centralized architecture which concentrates the data processing and management at the CO premises. This unique system integration is addressed for the first time:



	
Design, optimization, and analysis of a graphene-assisted optical modulator for its use in the FSO fronthaul mobile network. The percentage of graphene used in the modulator design and analysis is varied from 25% to 100% with four discrete steps of 25%. The modulator critical coupling condition representing the OFF-state and a −3 dB level as its ON-state is obtained. Numerical results show that this new modulator consumes as little as 4.6 fJ/bit whilst achieving high-speed operation with bandwidth up to 42.6 GHz when surprisingly using only 25% of graphene;



	
Development of a FSO fronthaul network based on a centralized architecture approach for consolidating the signal encoding and modulation stages at the CO premises before signal transmission to antennas at the RU side. Signals are transmitted in an asynchronous fashion by means of assigned spectrum spread codes. The latter grants the system higher security levels at the physical layer as the receiver needs beforehand knowledge of the given code to retrieve the transmitted data bits with success. The BER as well as the signal-to-interference-plus-noise-ratio (SINR) performance of the proposed fronthaul network is addressed by taking into account the FSO, OCDMA, graphene modulator, one-dimensional (1D) codes, avalanche photodiode (APD) receiver, APD noise, thermal noise, and cross-talk among transmitted signals. The optimum threshold of the receiver is also addressed. The best BER network performance is achieved by the 25% graphene modulator among the four analyzed scenarios. Analytical results show that the new mobile network accommodates up to 32 antennas upon error-free transmissions, enabling the creation of ultra-dense small cells or cell expansions.








This paper is organized as follows. Section 2 describes the fronthaul network which is based on a centralized architecture and employs a graphene modulator and spread spectrum techniques before transmission to remote units via FSO transmitters. Section 3 lays out the design and optimization of the graphene modulator. Section 4 presents the analytical framework used to model the FSO signals through the network for BER performance evaluation. Relevant results regarding the proposed network are discussed in Section 5. Finally, Section 6 presents some concluding remarks.



Related Work


A hybrid FSO and passive optical network (PON) as mobile fronthaul for the development of ultra-dense small cells was proposed in Ref. [27]. Such a hybrid network architecture is interesting, since optical fiber deployment as a fronthaul for every small cell is not feasible due to the high-costs or physical constraints. Nevertheless, the performance evaluation of the network is limited to the latency and considers a time wavelength-division multiplexing scheme which requires end-to-end synchronism throughout the network, which adds complexity to the system. A hybrid network based on FSO and PON was addressed in Ref. [85]. However, such a hybrid network also considers end-to-end signal synchronization, which poses significant challenges in real deployment as any minor time deviation would result in substantial data bit losses at the DU side. Additionally, hybrid FSO and PON rely on existing optical fiber infrastructures that are supposed to be already deployed and available as fiber-to-the-antenna. Accordingly, this suits a limited networking scenario, and it might not be the case for many fronthaul scenarios.



In Ref. [86], a bipolar-OCDMA technique based on spectral amplitude coding is developed for signal transmissions in FSO channels. Further, a hybrid FSO and optical fiber system based on OCDMA was experimentally addressed in Ref. [28]. The system supports 10 Gb/s transmissions and is considered highly secure. However, the system supports only a single link. A network flying platform based on FSO technology for providing services under a vertical fronthaul framework was proposed in Ref. [14]. The platform is particularly interesting for ultra-dense heterogeneous small cells. Nonetheless, the signal synchronization among the elements of the flying platform poses some real complexities and challenges. In Ref. [15], an overview of FSO systems for beyond 5G based on transceiver design and integration with the millimeter wave and terahertz technologies was given. The latter developed a network based on hybrid and mixed FSO, millimeter wave and terahertz technologies. Traditional FSO networks have been demonstrated in several works. For example, a 400 Gb/s FSO was experimentally demonstrated in Ref. [87], while over 800 Gb/s was shown in Ref. [88], and 1 Tb/s was achieved under a single-wavelength FSO system in Ref. [89]. Lastly, a FSO link at 1.28 Tb/s was achieved with the help of multiple wavelengths in Ref. [90]. The integration of multiple wavelengths along with spatial multiplexing resulted in an aggregate bit rate of 14 Tb/s over a 220 m FSO link [91].



Moreover, a FSO transceiver based on a novel, intelligent, lens-based optical beam stabilization technology has recently been demonstrated in Ref. [92]. A new scheme to enhance security based on non-orthogonal multiple access and physical layer coding has been proposed in Ref. [93]. Meanwhile, the uplink transmission of a hybrid FSO and radio frequency network was evaluated against eavesdroppers in Ref. [94]. On the other hand, the feasibility of using FSO technology for flexible architectures of optical fronthaul networks was demonstrated in Ref. [95]. An optical frequency comb for the generation and distribution of low-phase noise signals in 5G fronthaul was used in Ref. [96], but with the main focus on optical distribution networks based on fibers. A recent and comprehensive review of a potential convergence of wireless and optical solutions toward 6G networks was given by Ref. [97].



An experimental performance investigation of a laboratory-controlled FSO setup was carried out in Ref. [98]. The experiments were performed in a chamber for a 5 m link at 10 Gb/s and demonstrated performance improvements when a cyclic redundancy check technique was employed. In contrast, experimental results of a triple-hop relay-based all-optical FSO system with an amplify-and-forward scheme for atmospheric turbulence channels was demonstrated in Ref. [99]. The experiment addressed system channels under different atmospheric regimes for data rates up to 10 Gb/s.



Moreover, a bi-directional fiber-FSO-5G millimeter-wave and sub-THz converged system were demonstrated in Ref. [100]. The system uses an orthogonally polarized dual-carrier to achieve downlink transmissions up to 40 Gb/s/100 GHz while uplink at 10 Gb/s/28 GHz, supporting large traffic capacity. In Ref. [101], the authors experimentally demonstrated a 400 Gb/s FSO mode-division-multiplexing link under turbulence mitigation with adaptive optics by multiplexing four Laguerre–Gaussian modes using both radial and azimuthal indices, each carrying a 50-Gbaud quadrature-phase-shift-keyed signal. Subsequently, in Ref. [102], a 4 Gb/s 16-QAM turbulence-resilient self-coherent FSO link using a pilot tone and an array of photodiodes was demonstrated by the authors. At the transmitter, a Gaussian beam was transmitted with a frequency offset so that the beams have a modal coupling similar to high-order Laguerre–Gaussian modes, while the array of photodiodes increased the overall bandwidth at the receiver side.



Furthermore, the authors experimentally demonstrated a mid-infrared FSO link using wavelength division-multiplexing, mode division-multiplexing, and a combination of both in Ref. [103]. Three wavelengths were multiplexed on a single polarization, with each wavelength carrying two orbital angular momentum beams. Since each beam carries 50 Gb/s QPSK data, the system achieved a total capacity of 300 Gb/s, which represents an increase of around 30 times (∼30×) compared to the single channel and beam link in Ref. [104]. By its turn, a FSO link at 10 Gb/s using a unipolar quantum opto-electronic system at room temperature was demonstrated in Ref. [104].



Moreover, the authors experimentally demonstrated an adaptive multi-modal FSO transceiver to increase the robustness of FSO communications under atmospheric turbulence in Ref. [105]. Accordingly, by applying time-division multiplexing techniques combined with a spatial light modulator under the turbulence effect, an aggregate data rate of 590 Gb/s for five transmit modes and two polarizations was successfully achieved. In contrast, the authors experimentally demonstrated the mitigation of atmospheric turbulent effects in an FSO system with a 3 × 1 MISO (multi-input single-output) transmitter based on OAM modes in Ref. [106]. They showed the feasibility of the system operating under intensity-modulated direct-detection transmitting three OAM modes with 39.06 Gb/s over a 1.2 m free-space link at 1550 nm. Lastly, the authors experimentally demonstrated a single multi-plane light convertor to mitigate turbulence-induced crosstalk and demultiplexed channels for a 1550 nm to FSO link with two OAM multiplexed channels, each carrying a 100 Gb/s-QPSK signal in Ref. [107].





2. Novel Network Architecture Design


Mobile fronthaul networks support a large number of antennas over small mobile cells to increase data rates, coverage, and data traffic support. As more and more 5G networks roll out [1], energy-efficient fronthaul technologies are becoming a desired answer for improving the networks’ energy consumption and OPEX [60]. As an example, the power consumption of a (micro) cell can reach up to 300 kW [108]. Thus, future generation of networks will therefore need to increasingly rely on energy-efficient multiplexing schemes, network devices, and disruptive approaches. The proposed next-generation FSO is one such approach. By using the FSO approach, one can simultaneously transmit data signals to many antennas from a centralized location via FSO-to-the-antenna, as illustrated in Figure 1.



The network consists of data transmission bits between the BBU at the CO and a cell site RU, where the centralized BBU serves multiple RU. Several RUs are connected to the BBU with a high-speed transport network, that is, the FSO fronthaul interface, which can support data rates up to several gigabits. This significantly improves the economy of scaling of the fronthaul networks’ design. In fact, this approach becomes particularly interesting for FSO technology when transmission of an optical signal can be realized from a fiber termination point over the free-space channel without the need for any additional complexity. Afterwards, at the receiver side, the signal is directly coupled into an optical fiber. Thus, the need to convert the signal from electrical-to-optical or vice versa for transmitting or receiving through the free-space channel is removed. The mobile fronthaul accommodates a pool of BBU at the CO premises, whereas the RU at the tower site becomes simpler (in design, complexity, and lower cost) and can be implemented based on a straightforward radio frequency (RF) front-end antenna [109]. This centralized architecture eventually grants additional flexibility and reduces overall power consumption of the system [110]. The adoption of centralized fronthaul avoids the need for modulation/demodulation stages at the RU site, which contributes to energy consumption reduction. Accordingly, the optical carrier is modulated with RF data signals at the CO premises to be transmitted over the FSO channel to many antennas. The modulation is carried out by means of a graphene-based modulator as part of the optoelectronic integrated BBU capability [2,111]. This modulation happens in intensity, as supported by the proposed graphene modulator, which will be addressed in the next section. At the transmitter side, a single-wavelength laser source is modulated by an ON–OFF keying technique using a novel graphene modulator to generate bits. Sequentially, this optical signal is coded by an OCDMA encoder [49]. The spread spectrum technique is used to increase the security of data transmissions. This process is repeated for a given number of antennas or RU.



The spread spectrum technique extends the original data bandwidth over a broader bandwidth via a “spreading the code” sequence. In this way, an exclusive code sequence with weight W and length L is assigned to each signal granting data codification at the physical layer. OCDMA coding techniques offer a certain level of security and built-in privacy, since the OCDMA receiver can only retrieve the transmitted data with knowledge of the employed code. Since the original signal is spread using a pseudo-random code, that is, the signal appears random-like, it becomes more resilient against eavesdropping. The total number of simultaneous users, thus transmitted signals, in the network is N; the code’s chip duration for all users is    T c  =  T b  / L  , where   T b   is the bit period. After users’ data encoding, the resulting signals are recombined in optical fiber and fed into an FSO transmitter (see Figure 1). The FSO transmitter via the FSO splitter sends over the free space the signals to the individual RU. However, signals are transmitted over a single channel that gives rise to a cross-talk known as multi-access interference (MAI). MAI affects the receiver of the RU and is known to limit the number of simultaneous signals and the achievable BER. It is noteworthy that the OCDMA encoding procedure does not modify the signal’s phase, but only the signal intensity, since it is based on an incoherent coding approach.



Lastly, at the receiver side, the FSO receiver collects the transmitted RF signal. The OCDMA decoder, as illustrated in Figure 2, decodes the received signal by removing the temporal translation introduced by the encoder, and thus realigns the signal into a single pulse called an OCDMA correlation peak. The decoder’s output is directly detected by an avalanche photodetector (APD), where its electrical output signal is then integrated over the chip period, and finally compared to a threshold level by a threshold decision device, and the transmitted data bit is finally retrieved. The APD and thermal noises as well as the MAI are all considered during the system’s BER performance assessment. The focus is also on the cross-talk among the transmitted signals, generally considered to be a dominant noise source upon OCDMA coding techniques [49,57]. It is worth mentioning, without any loss of generality, that due to the expected signal levels, the non-linear impairments are neglected. Lastly, it is worth mentioning that the choice for APD receivers is due to the proposed network scenario, which may trigger random signal fluctuations at the receiver due to the orientation/positioning deviation of the antennas at the RU premises [112,113,114]. Hence, the APD receiver is a better choice over traditional PIN receivers, as it grants more flexibility to the system [112,113,114,115].




3. Graphene Modulator for Next-Generation Fronthaul Networks


3.1. Design, Optimization, and Numerical Simulations


The design of the proposed modulator is also illustrated in Figure 3. The modulator is based on a silicon core bus waveguide having a width of    W 1  = 340   nm coupled to a ring-shaped silicon resonator of a fixed waveguide width of    W 2  = 600   nm. Both waveguides have the same thickness of    h  S i   = 220   nm. Moreover, the resonator is partially covered with three thin layers. The first layer is composed of graphene and has a thickness of    h g  = 0.34   nm, followed by an alumina layer with a thickness of    h a  = 7   nm, and finally another graphene with    h g  = 0.34   nm. The whole structure is on the silica substrate and is more propitious for footprint reduction due to its double-layered structure [72].



The device also has two metal contacts on the top of the silica substrate, each connected to a graphene layer, forming a capacitor. Such a device can be eventually fabricated using chemical vapor deposition, photolithography, and etching. To simplify the simulation procedure but without losing any accuracy, both layers of graphene and the alumina one are replaced by a homogeneous waveguide, with the refraction index   n  h o m o g    given as    n  h o m o g   =  n  S i   + α  ( μ , λ )  + j β  ( μ , λ )    and   n e f  f  g r a p h e n e   = n e f  f  h o m o g    , where   α ( μ , λ )   and   β ( μ , λ )   are the real and imaginary parts of the silicon refractive index being a function of the wavelength and chemical potential, respectively. Here,   n  S i    is the silicon refractive index, and   n e f  f  h o m o g     and   n e f  f  g r a p h e n e     are the effective refraction index of the homogeneous and graphene-assisted waveguides, respectively [78]. In particular, this method renders a homogeneous waveguide instead of a classical heterogeneous waveguide with many layers, and consequently, several different indexes of refraction, with an estimated error of ∼0.05% only. Subsequently, the chemical potential properties of the modulator for different amounts of graphene are analyzed. A schematic illustration of the waveguide homogenization technique is depicted in detail in Figure 3a. The variation of the real and imaginary parts of the index versus the chemical potential for a wavelength of 1.5344  μ m is plotted in Figure 3b.



The modulator operates in the OFF state with a chemical potential of 0.444 eV, which represents the highest value from the optimal range of the graphene’s real and imaginary conductivity (see Figure 3). This range maximizes the modulator’s optical absorption and phase variation ratio, reducing power consumption. The ON state of the modulator is obtained when the insertion loss is −3 dB. The analysis was repeated for different amounts of graphene, ranging from 25% to 100% in four increments, with a ring’s external radius of 2.08  μ m. Accordingly, the modulator demonstrates a maximum modulation depth of 27 dB at 1534.4 nm, with a ring’s external radius of 2.08  μ m, and graphene and alumina layers of 0.34 nm and 7 nm. Next, the device’s bandwidth is given by Ref. [82]


  B  W  − 3  dB    ( nm )  =    1 −  α 2    λ 0 2    2  π 2  R  n g  α   ,  



(1)




where   n g  , R, and   λ 0  , are the group index, mean radius, and resonance wavelength of the resonator for the propagated mode, respectively. It is considered the same criterion of insertion loss for the ON state (−3 dB) and identical external radius for different amounts of the graphene’s ring percentage. By using the values obtained via numerical simulations for the chemical potential for each graphene amount, the power consumption per bit (Joules/bit) will be, in which    ρ  O N   >  ρ  O F F    ,


   E  J  b i t    =  1 2     Q  O N  2  −  Q  O F F  2    2 C   =  1 4    ρ  O N  2  −  ρ  O F F  2      e 2   h  d i e l   S    ε 0   ε r    ,  



(2)




where   Q  O N    and   Q  O F F    represent the amount of charge that correspond to the ON and OFF states, C is the modulator’s capacitance,   ρ  O N    and   ρ  O F F    are the carrier concentrations for the graphene’s chemical potential equivalent to the ON and OFF states, e is the electron charge,   h  d i e l    is the dielectric thickness,   ε 0   and   ε r   are the vacuum and relative permittivity, respectively, and S represents the capacitor’s area, which corresponds to the area on the top surface of the resonator. Lastly, the −3 dB bandwidth of the proposed graphene modulator is addressed. To do so, a figure-of-merit (  F O M  ) of the modulator is defined as [82]


  F O M =   F W H M ( G H z )   P o w e r  C o n s u m p t i o n   E  b i t    × A r e a  ( μ  m 2  )    ,  



(3)




where   F W H M   is the full width at half-maximum pulse in the frequency domain, E is the energy required for switching, and   P o w e r  C o n s u m p t i o n   and   A r e a   are the power-per-bit consumption and full area of the device, respectively. The   F O M   provides an expression of the efficiency of the device, that is, a measure of its capabilities and performance. This is valuable for optimization of the design of modulators. Careful design and optimization of the parameters can provide an incredible degree of freedom in the modulator’s features, resulting in singular performances. Then, the optimization procedure is carried out by optimizing the modulator’s design for both geometric and physical parameters. The parameters along with some performance metrics are summarized in Table 1. Note that   μ  O F F 1    is the initial value of the chemical potential for the OFF state, whereas   μ  O F F 2    is the value after optimization. In a similar fashion,   L o s  s 1    is the total resonator loss (bending and absorption losses) before the optimization procedure, and   L o s  s 2    is the optimized value. The same procedure is applied for the remaining parameters. The optimization renders a more energy-efficient device with a larger bandwidth (due to lower   μ  O F F    and   μ  O N   ).




3.2. Numerical Simulations and Results


The new graphene modulator’s performance was evaluated for four different graphene levels: 25%, 50%, 75%, and 100%. Only four discrete steps were considered due to the computational demand of the simulations. The goal was to determine the modulator’s maximum efficiency in terms of power consumption per bit. Initially, we carried out an analysis of the graphene modulator properties considering the transmission parameter (  S 21  ). The transmission parameter versus wavelength considering both OFF and ON states has been plotted in Figure 4 for 25% and 100% graphene only, for the sake of space. It can be noted that both curves (red and blue) have a minor displacement of the propagation wavelength. This happened due to the insignificant phase variation in comparison to the propagation wavelength. The latter occurred owing to the substantially smaller device’s coupling propagation region than the beat length [82]. The extinction ratios are 34.27 dB, 39.13 dB, 51.52 dB, and 32.26 dB for 25%, 50%, 75%, and 100% graphene. Let us analyze how the device’s power consumption performs under different amounts of graphene used in the ring. The goal is to identify the more efficient approach that simultaneously ensures modulation within the GHz range whilst providing power efficiency. Thus, the power consumption per bit as a function of the graphene’s ring percentage is shown in Figure 5a. Notice that the optical losses related to the graphene’s absorption rapidly increase the power consumption per bit and are proportional with the graphene’s ring percentage in the modulator. Although the power consumption remains within targeted levels, the modulation capacity of the device can be better understood by analysing the difference between the chemical potentials for the states ON and OFF. Then, the chemical potential ON–OFF variation as a function of the graphene’s percentage was plotted in Figure 5b. Interestingly, these results provide clear evidence on how much graphene should be used. The modulator shows a decrease in the chemical potential ON–OFF variation as a function of the graphene ring percentage.



The −3 dB bandwidth as a function of the ring’s graphene content levels in percentages is plotted in Figure 5c. Results show that the bandwidth increases significantly with the graphene ring percentage. This occurs due to increases of graphene-related losses as the graphene percentage is increased. Consequently, the modulator can offer ultra-high switching properties if higher percentages of graphene are used. Nevertheless, the 100% graphene modulator has 6.72  μ m   2  , although the 25% graphene modulator has an active area of 1.68  μ m   2  . This represents an effective 4-fold decrease in the modulator’s active area. There is also a cost decrease along with the footprint reduction. Bear in mind that superior-standard graphene might be costly. The final cost of the modulator depends on the quantity of graphene used among others, with the 25% version being significantly cheaper than the 100% version. Lastly, the performance efficiency of the modulator as a function of the graphene’s ring percentage is investigated. These results are shown in Figure 5d. Note the overall performance deteriorates by increasing the ring’s graphene percentage. In this case, the reduction in the active resonator area via the increases of the graphene in ring broadening percentage renders a substantial reduction in the efficiency of the device. This happens since the large bandwidth obtained by the increasing graphene ring effect is compensated by the deleterious effect of the high-power consumption per bit. This indicates that, for the sake of minimizing power consumption, the quantity of graphene should be capped at a quarter of the total cavity, at the cost of reducing the bandwidth. Such a device can be built to fit an extremely small area of 22.1  μ m   2   and still offer a wide bandwidth of 42.6 GHz with very low levels of power consumption, such as 4.6 fJ/bit.



Next, the RC constant is addressed. Initially, the contact resistance equals to   100  Ω · μ  m for each graphene’s plate capacitor (Ni/graphene contact). The plate capacitance equals to 12.48 fF/ μ m   2  [71]. Then, according to the model for calculating   f  R C    (  R C   limited 3 dB bandwidth) [71], the quantum capacitance for a device with an active area of 1.68  μ m   2   (25% of graphene) is    C Q  = 0.87   pF, while the plate capacitance is    C P  = 21.25   fF. Accordingly, being the equivalent capacitance value of the circuit, we have   C =  ( 1 / 2 )   (  C Q   C P  )  /  ( 0.5  C Q  +  C P  )  = 20.26   fF. The equivalent resistance of the circuit is given by   R = 2 (  R g  +  R c  )  , where   R g   is the electrical resistance associated with the graphene layer, and   R c   is the resistance of the graphene–metal interface. Considering that   R g   is small for devices with dimensions in the order of a few microns [71],   R c   becomes dominant. Additionally considering how the contact length between the graphene monolayer and electrode is represented by the graphene length around the resonator circumference, the experimental values of the contact resistance equivalent to the proposed device equal to    R c  = 35.77  Ω  . Finally, given the optical bandwidth of 42.6 GHz, the calculation of the modulation bandwidth is given by   1 /  f  − 3  d B  2  = 1 /  f  R C  2  + 1 /  f  o p t  2  ≈ 42.67   GHz. Therefore,   f  − 3  d B    is close to the value associated with   f  o p t    (optical limited 3 dB bandwidth) and   f  R C    (  R C   limited 3 dB bandwidth) presents reasonable values and does not limit   f  − 3  d B    (total 3 dB modulation bandwidth given by   f  o p t    and   f  R C   ) for the proposed modulator device. The same analysis holds true for different percentages of graphene used in the device design. Accordingly, the value of    f  R C   = 110   GHz, regardless of the device’s active area. Nonetheless, the values of R and C change with the given active area. For example, for an active area of 1.68  μ m   2   (25% of graphene)   R = 71.54  Ω   and   C = 20.26   fF, for 3.36  μ m   2   (50% graphene)   R = 35.77  Ω   and   C = 40.52   fF, for 5.04  μ m   2   (75% graphene)   R = 23.84  Ω   and   C = 60.78   fF, and for 6.72  μ m   2   (100% graphene)   R = 17.88  Ω   and   C = 81.04   fF, respectively.





4. Network Performance Evaluation


In this section, a closed-form analytic expression for the bit error rate associated to the FSO fronthaul based on the OCDMA and graphene modulator is derived. The coded-FSO mobile fronthaul network employs an on–off keying (OOK) intensity-modulated incoherent structure, where each signal is transmitted via a code sequence for data bit “1”, whereas no signal is transmitted for data bit “0”. Despite the fact that several noise sources can affect the performance of the fronthaul network, the main signal’s degradation source considered here is the multiple interference among signals, that is, cross-talk which is the dominant noise in such systems [52,57]. Additionally considered are the APD noise and thermal noise at the receiver side. The 1D code employed in the network has a maximum non-zero shift auto-correlation and cross-correlation bounded by one, and each interfering signal from the cross-talk contributes with only one chip overlapping on the desired signal’s code. The signals’ transmissions are assumed as chip-synchronous, which reflects the worst possible scenario for the performance analysis. Although the transmission of signals through a free-space channel might be affected by time-varying inhomogeneities in the atmosphere refractive index, this work focuses on a new fronthaul network architecture and its overall performance assessment for the sake of simplicity. Readers interested in the performance evaluation of FSO systems in the presence of atmospheric turbulence as well as pointing errors at the receiver side should read Refs. [39,49]. Nonetheless, a new analytical formalism considering atmospheric turbulence as well as pointing errors will be developed and published elsewhere as future work.



Then, the OOK modulation format and optical orthogonal codes (OOC) are applied to modify the information signals to be more conveniently transmitted over the channel. In this case, each information bit from the n signals is coded into a code sequence as


   s n  = P  b n   ( t )   c n   ( t )  ,         0 ≤ t ≤ T = F  T c  ,  



(4)




and


   c n   ( t )  =  ∑  j = 0   F − 1    c n   ( j )   P  T c    ( t − j  T c  )  ,         n = 1 , 2 , 3 , . . . N ,  



(5)




where P is the power transmitted by the graphene modulator,    b n   ( t )  ∈  { 0 , 1 }   , and    c n   ( j )  ∈  { 0 , 1 }    are the value associated to the user’s information bit and OOC chips for the n-th user, respectively, L is the code length, and    P  T c    ( t − j  T c  )    is a unit rectangular pulse of duration   T c  . At the receiver’s side, assuming N active signals transmitting signals in the network, the received optical field at the decoder output of each antenna user will be


  r  ( t )  =  ∑  n = 1  N   s n   ( t −  τ n  )  ,  



(6)




where   τ n   is the relative network transit delay of the n-th antenna. This delay accounts for the lack of synchronization between transmitters. It is also considered chip synchronization, a situation that does not take advantage of the OCDMA coding technique concept where completely asynchronous traffic, either of bits or chips, is possible [58]. Nonetheless, this assumption greatly simplifies the formalism, and the obtained expression for the BER reflects the worst possible scenario. Sequentially, the received signal   r ( t )   is multiplied by a stored replica of desired users for a single-bit transmission per sequence period. The probability that a given number of photons is absorbed from an incident optical field by the APD receiver over a chip interval is given by a Poisson distribution. The photon absorption rate due to a mark transmission in the desired user antenna code can be written as [116]


   λ s  =   η λ   h c   P ,  



(7)




where  η  is the APD efficiency,  λ  is the optical wavelength, h is Planck’s constant, and c is the speed of light in vacuum. The receiver integrates the APD output over the code symbol interval   T = L  T c   . Hence, the integral APD output of the desired user antenna is


   Z 1  =  1  T c    ∫  0  T  A P D  r  ( t )   c 1   ( t )  −  n b   ( t )   d t .  



(8)







By considering the occurrence of data bits “0” and “1” to be independent variables and that their probability density functions (PDF) can be represented by Gaussian functions [49], then, the mean and variance of the error probabilities conditioned to decision variables of the desired user antenna when it transmits the bit “0” and when   I 1   interfering signals are active in the channel will be [117]


   μ  b 0   = G  T c    I 1   λ s  +    W N −  I 1    λ s    M e   + L   λ b  −   I b  e    + L  T c    I s  e  ,  



(9)




and


   σ  b 0  2  =  G 2   F e   T c    I 1   λ s  +    W N −  I 1    λ s    M e   + L   λ b  +   I b  e    + L   T c    I s  e  +  σ  t h  2   ,  



(10)




where G is the APD gain,    F e  =  k  e f f   G +  ( 2 − 1 / G )   ( 1 −  k  e f f   )    is the excess noise factor,   k  e f f    is the APD effective ionization ratio, W is the OOC code weight,   M e   is the modulation extinction ratio,   λ b   is the background light photon arrival rate,   I b   is the APD bulk leakage current,   I s   is the APD surface leakage current,    σ  t h  2  = 2  k B   T R   T c  /  e 2   R L    is the thermal noise variance,   k B   is Boltzmann’s constant,   T R   is the receiver noise temperature, and   R L   is the receiver load resistor. The value of the receiver parameters is shown in Table 2. Moreover, the mean and variance of the error probabilities conditioned to decision variables of the desired user antenna when it transmits the bit “1” will be


   μ  b 1   = G  T c    W +  I 1    λ s  +    W N −  W +  I 1     λ s    M e   + L   λ b  +   I b  e    + L  T c    I s  e  ,  



(11)




and


   σ  b 1  2  =  G 2   F e   T c    W +  I 1    λ s  +    W N −  W +  I 1     λ s    M e   + L   λ b  +   I b  e    + L   T c    I s  e  +  σ  t h  2   .  



(12)







Further, the PDF of   I 1   (total undesired interference contribution to for a single-bit transmission to the desired receiver’s accumulated output at the correlation time) can be written as [116]


   p  I 1    ( i )  =  ∑  i = 0   N − 1      N − 1  i    p i   q  N − 1 − i   δ   I 1  − i  ,  



(13)




where   p =  W 2  / 2 L  ,   q = 1 − p  , and   δ ( x )   is the Dirac delta function. Because the receiver chooses a “1” if    Z 1  >  T h   , and chooses “0” otherwise, the optimum receiver uses the value of   T h   which minimizes the overall bit error probability. Then, the average bit error probability is given by


      P b   ( E r r o r )      =  min  T h    E   I 1  , b      P b    E r r o r |   I 1  , b ,  T h             =  min  T h    1 2   1 +  ∑  i = 0   N − 1   p  I 1   ( i )   Q     T h  −  μ  b 0    ( i )     σ  b 0    ( i )     + Q     T h  −  μ  b 1    ( i )     σ  b 1    ( i )       .     



(14)








5. Numerical Results of the Network


Here, the analytical formalism developed in the previous section is applied to the performance evaluation of the FSO-coded fronthaul network supporting the creation of dense antenna cells via the OCDMA multiplexing technique. The BER and SINR (signal-to-interference-plus-noise-ratio) performances of the network where each of 32 simultaneous signals is assigned a unique 1D-OCDMA code is evaluated. The 32 different codes were generated on a single wavelength beforehand with a code length   L = 1000   and weight   W = 10  . However, one can also aim to achieve different data rate transmissions via different configurations of the graphene modulator. This is possible because the different amounts of changes in graphene directly affect both the extinction ratio and modulator’s speed, consequently affecting the bandwidth of the modulated signals. As already mentioned, four configurations holding amounts of 25%, 50%, 75%, and 100% of graphene are considered. These structures achieve extinction ratios of the order of 34.27 dB, 39.13 dB, 51.52 dB, and 32.26 dB with bandwidth values of 42.6 GHz, 63.81 GHz, 78.41 GHz, and 88.45 GHz, respectively. Consequently, the data rate transmissions performed for such configurations are 60.2 Gb/s, 90.2 Gb/s, 110.9 Gb/s, and 125.1 Gb/s, respectively. The main values of the parameters of the fronthaul network are summarized in Table 2. With all common configurations of the graphene modulators properly described, the performance of the coded-FSO fronthaul network can now be addressed. For the sake of simplicity and conciseness, the network segment from the RU to the user equipment (see Figure 1) is not considered in the performance analysis.



It is noteworthy that (14) has been successfully validated against the BER equation given by (5) in Ref. [118]. Initially, the BER is investigated as a function of the threshold level to be adjusted at the receiver side of the coded-FSO fronthaul network for all the graphene modulators (i.e., 25%, 50%, 75%, and 100% graphene). The final stage at the receiver side is responsible for choosing between the bit transmission “1” or “0” if the decision variable (electrical power in the device input) is greater or lower than the threshold, respectively. Hence, it is necessary to estimate an optimum threshold that minimizes the BER once the bit levels are dependent on the cross-talk among signals and photodetector noise levels in the coded-FSO fronthaul network evaluated. In this scenario, the optical receiver power is set to 0 dBm and the number of simultaneous antennas is fixed at 32. Accordingly, the BER versus the threshold level is plotted in Figure 6. Initially, it can be observed that the optimum threshold to minimize the BER increases as the percentage of graphene decreases. This is simply because more photons (or optical power) arrive at the photodetector as both the extinction ratio and bit rate transmission related to the signals are not too high. Results suggest that the optimum thresholds are −2.66 dBm, −3.27 dBm, −3.58 dBm, and −3.70 dBm for modulators with 25%, 50%, 75%, and 100% graphene, respectively. In addition, it can be observed that the modulator with 25% graphene has the lowest BER at the optimum threshold among all the configurations. It occurs because the cross-talk is the main deleterious source in the coded-FSO fronthaul network once the photodetector noises are negligible at high levels of received optical power [49,116]. Lastly, it is possible to further note that the bit error probability approaches 1/2 as the threshold decreases or increases from the optimum point. The low levels of thresholds result in erroneous decisions of the bits “0” to “1” even as low levels of cross-talk and photodetector noises upon construction interfere with the signals. In contrast, high thresholds are harmful because most of the bits “1” are interpreted as “0”, even when low levels of photodetector noises perform on the signals.



Next, the BER versus the optical power for different modulator’s graphene percentage was plotted in Figure 7. In general, the BER improves as the optical power levels increase. In such analyses, we considered 32 simultaneous antennas in the coded-FSO fronthaul network, and also the optimum threshold values as previously obtained. As can be seen, the curves nearly overlap as low optical power reaches the receiver. Such behavior is due to the coded-FSO fronthaul network performance becoming limited to the photodetector noises. In contrast, a considerable difference among the graphene modulators’ performance can be realized in higher optical powers once the cross-talk among the transmitted signals becomes most relevant degradation mechanism. One can still notice that the 25% graphene modulator has the best BER among the different graphene percentages due to its higher modulation extinction ratio. One can further note both 75% and 100% have similar levels of BER. At higher levels of graphene, the modulators have similar higher modulation extinction ratios and bandwidths, consequently achieving similar low BER performances. Bear in mind that the 100% graphene modulator supports a higher bandwidth than does 25% graphene. Nonetheless, both the lower modulation extinction ratio and bandwidth of the 25% graphene modulator leads to better BER performance due to the increased signal power that reaches the photodetector.



Subsequently, the BER versus the number of simultaneous antennas was plotted in Figure 8. The number of simultaneous antennas was varied, considering that each one receives 0 dBm of optical power. Additionally, the optimum thresholds were estimated dynamically and employed at the receivers for each group of simultaneous antennas. It needs to be noted that the 25% graphene modulator has the best overall performance. The latter can accommodate up to 11 simultaneous antennas at the mobile cell under BER   ≤  10  − 7    , and up to 6 under BER   ≤  10  − 9    . Finally, if someone is interested in accommodating 32 simultaneous antennas under an error-free regime, where all data bits are transmitted with success, FEC techniques at higher levels of BER (i.e., BER   ≤  10  − 3    ) can be deployed [58]. For example, under FEC usage (BER   ≤  10  − 3    ), all investigated graphene modulators can achieve error-free transmissions, supporting the creation of ultra-dense small cells, or cell expansion.



Next, the SINR as a function of the optimum receiver threshold is plotted in Figure 9 for four different percentages of the modulator’s graphene. To do so, the optical receiver is set to 0 dBm and the number of simultaneous antennas is fixed at 32, for the sake of consistency of the analysis. Bear in mind that this is the SINR at the receiver side after signal detection. One can note from Figure 9 that similar threshold levels are obtained for the four different amounts of graphene in the system’s modulator. Results suggest that the optimum threshold is nearly −2.66 dBm, −3.27 dBm, −3.58 dBm, and −3.70 dBm for the modulator’s configuration with 25%, 50%, 75%, and 100%, respectively. Finally, it can be further observed that the 25% graphene modulator has a slightly higher SINR than the remaining modulator configurations.



Afterwards, the SINR versus the number of simultaneous antennas was plotted in Figure 10 for four different amounts of the modulator’s graphene. It can be seen that the modulator upon 25% graphene stands out and shows the best performance among the four configurations of graphene. Hence, the SINR follows a similar trend in the performance analysis, where the overall system performance can be impacted by the different amounts of graphene, while 25% shows the best performance. Lastly, one can further note from Figure 10 that the SINR degrades as the number of simultaneous antennas in the mobile cell increases, regardless of the modulator’s graphene amount. This can happen due to the interference raise in the channel associated with the accommodation of more simultaneous antennas in the mobile cell.




6. Conclusions


In this paper, a new fronthaul network architecture based on the FSO, the graphene modulator implementation, and spread spectrum coding techniques was proposed, analyzed and evaluated. The newly proposed network architecture employs the FSO instead of traditional wired approaches in order to transmit data bits to the network antennas at the RU side. It is important to note that this approach is also viable for regions that lack wired solutions based on fiber or copper wiring. Here, the signals to be transmitted are first modulated with the novel energy-efficient graphene modulator and multiplexed using the OCDMA spread-spectrum technique. An analytical formalism for performance assessment of the proposed network is presented. The formalism accounts for 1D codes used for carrying users’ signals, and APD and thermal noises in the receiver, cross-talk, and OOK modulation also account for different configurations of the graphene modulator. The modulator optimization was aimed at reducing its power consumption and was carried out by changing the amount of graphene in the modulator ring resonator by varying it from 25% to 100% in four discrete steps. Numerical results show the new graphene modulator consumes as little as 4.6 fJ/bit at 42.6 GHz when containing 25% graphene. This novel 42.6 GHz modulator not only reduces the overall power consumption, but also reduces its overall cost (the 25% graphene modulator is cheaper to produce than the 100% one). Furthermore, the optimum receiver threshold to minimize the BER performance of the network was also determined. Analytical results show that the best BER performance of all four considered modulator configurations can be achieved just by using 25% of graphene. The new FSO fronthaul network can also simultaneously accommodate up to 32 remote antennas with error-free data transmissions upon using FEC. Such a network solution can be interesting under scenarios such as the provision of secure broadband services, ultra-dense small cell creation, or cell expansions. To the best of the authors’ knowledge, this paper is the first report on the design and performance analyses of power-efficient, highly secure FSO networks for use in the future mobile fronthaul.







Author Contributions


Conceptualization, T.R.; methodology, D.N. and A.S.; software, D.N.; validation, D.N., R.N. and A.S.; formal analysis, A.S.; data curation, A.S.; writing—original draft preparation, T.R. and I.G.; writing—review and editing, A.S., R.N., H.M., I.D., K.O., S.H., I.G. and A.J.-N.; supervision, T.R. and A.J.-N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by CAPES and CNPq.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


D.N. acknowledges funding from CAPES as Bolsista CAPES/BRASIL.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Carson, S.; Davies, S. Ericsson Mobility Report November 2022; 2022; pp. 1–40. [Google Scholar]

	



Raddo, T.R.; Rommel, S.; Cimoli, B.; Vagionas, C.; Perez-Galacho, D.; Pikasis, E.; Grivas, E.; Ntontin, K.; Katsikis, M.; Kritharidis, D. Transition technologies towards 6G networks. EURASIP J. Wirel. Commun. Netw. 2021, 100, 1–22. [Google Scholar] [CrossRef]

	



Peng, M.; Wang, C.; Lau, V.; Poor, H.V. Fronthaul-constrained cloud radio access networks: Insights and challenges. IEEE Wirel. Commun. 2015, 22, 152–160. [Google Scholar] [CrossRef]

	



Kao, H.-Y.; Ishimura, S.; Tanaka, K.; Nishimura, K.; Inohara, R. End-to-end demonstration of fiber-wireless fronthaul networks using a hybrid multi-if-over-fiber and radio-over-fiber system. IEEE Photonics J. 2021, 13, 7301106. [Google Scholar] [CrossRef]

	



Ishimura, S.; Takahashi, H.; Inohara, R.; Nishimura, K.; Tsuritani, T.; Suzuki, M. High-capacity and high-fidelity analog radio-over-fiber mobile fronthaul. In Proceedings of the Metro and Data Center Optical Networks and Short-Reach Links V, San Francisco, CA, USA, 3 March 2022; Volume 12027, pp. 119–122. [Google Scholar]

	



Li, M.; Wang, M.; Han, M.; Wu, B.; Ding, Q. Multiband radio-over-fiber system for a 5G mobile fronthaul network. Appl. Opt. 2021, 60, 8579–8587. [Google Scholar] [CrossRef]

	



Xie, C.; Bai, W.; Li, P.; Du, Y.; Zhong, N.; Pan, W.; Zou, X. Bidirectional WDM multi-nodes analog radio-over-fiber mobile fronthaul link enhanced by photonic integrated devices. IEEE Photonics J. 2022, 14, 5561307. [Google Scholar] [CrossRef]

	



Hadi, M.U.; Awais, M.; Raza, M.; Ashraf, M.I.; Song, J. Experimental demonstration and performance enhancement of 5G NR multiband radio over fiber system using optimized digital predistortion. Appl. Sci. 2021, 11, 11624. [Google Scholar] [CrossRef]

	



Dat, P.T.; Kanno, A.; Sekine, N.; Akahane, K. Fifth-generation new radio millimeter-wave radio signal transmission over a seamless fiber–terahertz mobile fronthaul system for an ultra-dense small cell network. Opt. Lett. 2022, 47, 5188–5191. [Google Scholar]

	



Zhang, L.; Chen, Z.; Zhang, H.; Yang, Z.; Wu, Y.; Yu, X.; Pang, X.; Bobrovs, V.; Ozolins, O.; Yu, X. Hybrid fiber–THz fronthaul supporting up to 16384-QAM-OFDM with the delta-sigma modulation. Opt. Lett. 2022, 47, 4307–4310. [Google Scholar] [CrossRef]

	



Li, T.; Gonzalez-Guerrero, L.; Shams, H.; Renaud, C.; Seeds, A.J.; Fice, M.; White, I.; Penty, R. Novel compressed digital radio fronthaul over photonically-generated THz wireless bridge. In Proceedings of the 2020 Optical Fiber Communications Conference, San Diego, CA, USA, 8–12 March 2020. Th2A.42. [Google Scholar]

	



Dabiri, M.T.; Hasna, M. 3D uplink channel modeling of UAV-based mmWave fronthaul links for future small cell networks. IEEE Trans. Veh. Technol. 2022, 72, 1400–1413. [Google Scholar] [CrossRef]

	



Demirhan, U.; Alkhateeb, A. Enabling cell-free massive MIMO systems with wireless millimeter wave fronthaul. IEEE Trans. Wirel. Commun. 2022, 21, 9482–9496. [Google Scholar] [CrossRef]

	



Alzenad, M.; Shakir, M.Z.; Yanikomeroglu, H.; Alouini, M.-S. FSO-based vertical backhaul/fronthaul framework for 5G+ wireless networks. IEEE Commun. Mag. 2018, 56, 218–224. [Google Scholar] [CrossRef]

	



Bekkali, A.; Fujita, H.; Hattori, M. Free-space optical communication systems for B5G/6G networks. In Proceedings of the 26th Optoelectronics and Communications Conference, Hong Kong, China, 3–7 July 2021; W1A.1. [Google Scholar]

	



Zhang, T.; Sun, X.; Wang, C. On optimizing the divergence angle of an FSO-based fronthaul link in drone-assisted mobile networks. IEEE Int. Things J. 2021, 9, 6914–6921. [Google Scholar] [CrossRef]

	



Dat, P.T.; Kanno, A.; Inagaki, K.; Rottenberg, F.; Louveaux, J.; Yamamoto, N.; Kawanishi, T. High-speed radio-on-free-space optical mobile fronthaul system for ultra-dense radio access network. In Proceedings of the 2020 Optical Fiber Communication Conference, San Diego, CA, USA, 8–12 March 2020; W2A.37. [Google Scholar]

	



Jaffer, S.S.; Hussain, A.; Qureshi, M.A.; Mirza, J.; Qureshi, K.K. A low cost PON-FSO based fronthaul solution for 5G CRAN architecture. Opt. Fiber Technol. 2021, 63, 102500. [Google Scholar] [CrossRef]

	



Mukhopadhyay, A.; Ruffini, M. Design methodology for wireless backhaul/fronthaul using free space optics and fibers. J. Light. Technol. 2023, 41, 17–30. [Google Scholar] [CrossRef]

	



Gu, Z.; Zhang, J.; Sun, X.; Ji, Y. Optimizing networked flying platform deployment and access point association in FSO-based fronthaul networks. IEEE Wirel. Commun. Lett. 2020, 9, 1221–1225. [Google Scholar] [CrossRef]

	



Alimi, I.A.; Patel, R.K.; Muga, N.J.; Pinto, A.N.; Teixeira, A.L.; Monteiro, P.P. Towards enhanced mobile broadband communications: A tutorial on enabling technologies, design considerations, and prospects of 5G and beyond fixed wireless access networks. Appl. Sci. 2021, 11, 10427. [Google Scholar] [CrossRef]

	



Fayad, A.; Cinkler, T.; Rak, J.; Jha, M. Design of cost-efficient optical fronthaul for 5G/6G networks: An optimization perspective. Sensors 2022, 22, 9394. [Google Scholar] [CrossRef]

	



Sousa, I.; Sousa, N.; Queluz, M.P.; Rodrigues, A. Fronthaul design for wireless networks. Appl. Sci. 2020, 10, 4754. [Google Scholar] [CrossRef]

	



Gadze, J.D.; Akwafo, R.; Agyekum, K.A.-P.; Opare, K.A.-B. A 100 Gbps OFDM-based 28 GHz millimeter-wave radio over fiber fronthaul system for 5G. Optics 2021, 2, 70–86. [Google Scholar] [CrossRef]

	



Bohata, J.; Nguyen, D.-N.; Spacil, J.; Suslov, D.; Dousek, D.; Zvanovec, S.; Ghassemlooy, Z.; Komanec, M. Performance evaluation of seamless 5G outdoor RoFSO transmission at 39 GHz. IEEE Photonics Technol. Lett. 2022, 34, 7–10. [Google Scholar] [CrossRef]

	



Bohata, J.; Nguyen, D.N.; Spáčil, J.; Komanec, M.; Ortega, B.; Vallejo, L.; Ghassemlooy, Z.; Zvánovec, S. Experimental comparison of DSB and CS-DSB mmW formats over a hybrid fiber and FSO fronthaul network for 5G. Opt. Express 2021, 29, 27768. [Google Scholar] [CrossRef] [PubMed]

	



Jaffer, S.S.; Hussain, A.; Klaine, P.V.; Shakir, M.Z.; Qureshi, M.A. Hybrid passive optical network–free-space optic-based fronthaul architecture for ultradense small cell network. Opt. Eng. 2020, 59, 075104. [Google Scholar] [CrossRef]

	



Peng, P.; Zheng, Z.; Ji, J. 10Gb/s single user hybrid fiber-FSO-fiber system based on optical CDMA. In Proceedings of the AOPC 2021: Micro-Optics and MOEMS, Beijing, China, 24 November 2021. [Google Scholar]

	



Ishimura, S.; Morita, R.; Inoue, T.; Nishimura, K.; Takahashi, H.; Tsuritani, T.; De Zoysa, M.; Ishizaki, K.; Suzuki, M.; Noda, S. Proposal and demonstration of free-space optical communication using lens-free photonic-crystal surface-emitting laser. In Proceedings of the European Conference on Optical Communication (ECOC) 2022, Basel, Switzerland, 18–22 September 2022; Th3A.7. [Google Scholar]

	



Peng, C.-Y.; Cheng, H.-T.; Hong, Y.-H.; Hsu, W.-C.; Hsiao, F.-H.; Lu, T.-C.; Chang, S.-W.; Chen, S.-C.; Wu, C.-H.; Kuo, H.-C. Performance analyses of photonic-crystal surface-emitting laser: Toward high-speed optical communication. Nanoscale Res. Lett. 2022, 17, 90. [Google Scholar] [CrossRef] [PubMed]

	



Al-Mohammed, H.A.; Yaacoub, E. Free space optics communication for ultra-high-speed train running in evacuated tube. Appl. Sci. 2022, 12, 8545. [Google Scholar] [CrossRef]

	



Agheli, P.; Beyranvand, H.; Emadi, M.J. High-speed trains access connectivity through RIS-assisted FSO communications. J. Light. Technol. 2022, 40, 7084–7094. [Google Scholar] [CrossRef]

	



Mabrouki, S.; Dayoub, I.; Li, Q.; Berbineau, M. Codebook designs for millimeter-wave communication systems in both low- and high-mobility: Achievements and challenges. IEEE Access 2022, 10, 25786–25810. [Google Scholar] [CrossRef]

	



Ata, Y.; Alouini, M.-S. HAPS based FSO links performance analysis and improvement with adaptive optics correction. IEEE Trans. Wirel. Commun. 2022; Early Access. [Google Scholar] [CrossRef]

	



Samy, R.; Yang, H.-C.; Rakia, T.; Alouini, M.-S. Space-air-ground FSO networks for high-throughput satellite communications. IEEE Commun. Mag. 2022, 60, 82–87. [Google Scholar] [CrossRef]

	



Matuz, B.; Zahr, A.; Sauter, A. Coherent communications for free space optical low-earth orbit downlinks. In Proceedings of the 2022 IEEE Global Communications Conference (GLOBECOM), Rio de Janeiro, Brazil, 4–8 December 2022; pp. 5911–5916. [Google Scholar]

	



Fernandes, M.A.; Monteiro, P.P.; Guiomar, F.P. On the mitigation of doppler shift for high-capacity coherent FSO satellite-to-earth links. In Proceedings of the 2022 European Conference on Optical Communication (ECOC), Basel, Switzerland, 18–22 September 2022. Tu3F.4. [Google Scholar]

	



Álvarez-Roa, C.; Álvarez-Roa, M.; Martín-Vega, F.J.; Castillo-Vázquez, M.; Raddo, T.; Jurado-Navas, A. Performance analysis of a vertical FSO link with energy harvesting strategy. Sensors 2022, 22, 5684. [Google Scholar] [CrossRef]

	



Álvarez-Roa, M.; Álvarez-Roa, C.; Fernández-Aragón, F.; Raddo, T.; Garrido-Balsells, J.M.; Tafur-Monroy, I.; Jurado-Navas, A. Performance analysis of atmospheric optical communication systems with spatial diversity affected by correlated turbulence. J. Opt. Commun. Netw. 2022, 14, 524. [Google Scholar] [CrossRef]

	



Garrido-Balsells, J.M.; Javier Lopez-Martinez, F.; Castillo-Vázquez, M.; Jurado-Navas, A.; Puerta-Notario, A. Performance analysis of FSO communications under LOS blockage. Opt. Express 2017, 25, 25278. [Google Scholar] [CrossRef] [PubMed]

	



Jurado-Navas, A.; Garrido-Balsells, J.M.; Castillo-Vázquez, M.; García-Zambrana, A.; Puerta-Notario, A. Converging underwater and FSO ground communication links. In Proceedings of the 2019 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA, 3–7 March 2019; W4A.1. [Google Scholar]

	



Jurado-Navas, A.; Garrido-Balsells, J.M.; Castillo-Vázquez, M.; Puerta-Notario, A.; Tafur Monroy, I.; Vegas Olmos, J.J. Fade statistics of M-turbulent optical links. J. Wirel. Com. Netw. 2017, 112, 1–9. [Google Scholar]

	



Jurado-Navas, A.; Garrido-Balsells, J.M.; Paris, J.F.; Castillo-Vázquez, M.; Puerta-Notario, A. Impact of pointing errors on the performance of generalized atmospheric optical channels. Opt. Express 2012, 20, 12550. [Google Scholar] [CrossRef] [PubMed]

	



Bekkali, A.; Fujita, H.; Hattori, M.; Hara, Y.; Umezawa, T.; Kanno, A. All-optical mobile FSO transceiver with high-speed laser beam steering and tracking. In Proceedings of the 2022 European Conference on Optical Communication (ECOC), Basel, Switzerland, 18–22 September 2022; Tu4F.2. [Google Scholar]

	



Aboelala, O.; Lee, I.E.; Chung, G.C. A survey of hybrid free space optics (FSO) communication networks to achieve 5G connectivity for backhauling. Entropy 2022, 24, 1573. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; Liu, D.; Chen, Y.; Wang, Y.; Tan, J.; Chen, W.; Liu, J.; Zhu, N. Secure free-space optical communication system based on data fragmentation multipath transmission technology. Opt. Express 2018, 26, 13536. [Google Scholar] [CrossRef]

	



Siegel, T.; Chen, S.-P. Investigations of free space optical communications under real-world atmospheric conditions. Wirel. Pers. Commun 2021, 116, 475–490. [Google Scholar] [CrossRef]

	



Paul, P.; Bhatnagar, M.R.; Jaiswal, A. Jamming in free space optical systems: Mitigation and performance evaluation. IEEE Trans. Commun. 2020, 68, 1631–1647. [Google Scholar] [CrossRef]

	



Jurado-Navas, A.; Raddo, T.R.; Garrido-Balsells, J.M.; Borges, B.-H.V.; Olmos, J.J.V.; Monroy, I.T. Hybrid optical CDMA-FSO communications network under spatially correlated gamma-gamma scintillation. Opt. Express 2016, 24, 16799. [Google Scholar] [CrossRef]

	



Raddo, T.R.; Perez-Santacruz, J.; Johannsen, U.; Dayoub, I.; Haxha, S.; Monroy, I.T.; Jurado-Navas, A. FSO-CDMA systems supporting end-to-end network slicing. In Proceedings of the Imaging and Applied Optics Congress, Washington, DC, USA, 22–26 June 2020. JW2A.38. [Google Scholar]

	



Jurado-Navas, A.; Raddo, T.R.; Sanches, A.L.; Garrido-Balsells, J.M.; Borges, B.-H.V.; Vegas Olmos, J.J.; Monroy, I.T. Asynchronous free-space optical CDMA communications system for last-mile access networks. In Proceedings of the Propagation Through and Characterization of Atmospheric and Oceanic Phenomena, Washington, DC, USA, 27–29 June 2016. Tu2A.5. [Google Scholar]

	



Sanches, A.L.; Raddo, T.R.; dos Reis, J.V.; Borges, B.-H.V. Performance analysis of single and multirate FFH-OCDMA networks based on PSK modulation formats. J. Opt. Commun. Netw. 2015, 7, 1084. [Google Scholar] [CrossRef]

	



dos Reis, J.V.; Raddo, T.R.; Sanches, A.L.; Borges, B.-H.V. Fuzzy logic control for the mitigation of environmental temperature variations in OCDMA networks. J. Opt. Commun. Netw. 2015, 7, 480. [Google Scholar] [CrossRef]

	



dos Reis, J.V.; Raddo, T.R.; Sanches, A.L.; Borges, B.-H.V. Mitigation of environmental temperature variation effects using Fuzzy systems and source-matched spreading codes for OCDMA networks. In Proceedings of the 16th International Conference on Transparent Optical Networks (ICTON), Graz, Austria, 6–10 July 2014. [Google Scholar]

	



Galdino, L.; Raddo, T.R.; Sanches, A.L.; Bonani, L.H.; Moschim, E. Performance comparison of hybrid 1-D WDM/OCDMA and 2-D OCDMA towards future access network migration scenario. In Proceedings of the 14th International Conference on Transparent Optical Networks (ICTON), Coventry, UK, 2–5 July 2012. [Google Scholar]

	



Raddo, T.R.; Sanches, A.L.; dos Reis, J.V.; Borges, B.-H.V. Multiservice, multirate IP transmission over OCDMA network. In Proceedings of the 15th International Conference on Transparent Optical Networks (ICTON), Cartagena, Spain, 23–27 June 2013. [Google Scholar]

	



Raddo, T.R.; Sanches, A.L.; Tafur Monroy, I.; Borges, B.-H.V. Throughput performance evaluation of multiservice multirate OCDMA in flexible networks. IEEE Photonics J. 2016, 8, 1–15. [Google Scholar] [CrossRef]

	



Mrabet, H.; Cherifi, A.; Raddo, T.; Dayoub, I.; Haxha, S. A comparative study of asynchronous and synchronous OCDMA systems. IEEE Syst. J. 2021, 15, 3642–3653. [Google Scholar] [CrossRef]

	



Raddo, T.R.; Sanches, A.L.; dos Reis, J.V.; Borges, B.-H.V. Influence of the MAI distribution over the BER evaluation in a multirate, multiclass OOC-OCDMA system. In Proceedings of the Advanced Photonics, Toronto, ON, Canada, 12–14 June 2011. ATuB5. [Google Scholar]

	



Mughees, A.; Tahir, M.; Sheikh, M.A.; Ahad, A. Towards energy efficient 5G networks using machine learning: Taxonomy, research challenges, and future research directions. IEEE Access 2020, 8, 187498–187522. [Google Scholar] [CrossRef]

	



Aldossary, M.; Alharbi, H.A. Towards a green approach for minimizing carbon emissions in fog-cloud architecture. IEEE Access 2021, 9, 131720–131732. [Google Scholar] [CrossRef]

	



Ye, J.; Zhang, Y.-J.A. DRAG: Deep reinforcement learning based base station activation in heterogeneous networks. IEEE Trans. Mob. Comput. 2020, 19, 2076–2087. [Google Scholar] [CrossRef]

	



Azari, A.; Salehi, F.; Papapetrou, P.; Cavdar, C. Energy and resource efficiency by user traffic prediction and classification in cellular networks. IEEE Trans. Green Commun. Netw. 2022, 6, 1082–1095. [Google Scholar] [CrossRef]

	



Demir, Ö.T.; Masoudi, M.; Björnson, E.; Cavdar, C. Cell-free massive MIMO in virtualized CRAN: How to minimize the total network power? arXiv 2022, arXiv:2202.09254v1. [Google Scholar]

	



Hossain, M.M.A.; Cavdar, C.; Bjornson, E.; Jantti, R. Energy saving game for massive MIMO: Coping with daily load variation. IEEE Trans. Veh. Technol. 2018, 67, 2301–2313. [Google Scholar] [CrossRef]

	



Masoudi, M.; Khafagy, M.G.; Conte, A.; El-Amine, A.; Francoise, B.; Nadjahi, C.; Salem, F.E.; Labidi, W.; Sural, A.; Gati, A.; et al. Green mobile networks for 5G and beyond. IEEE Access 2019, 7, 107270–107299. [Google Scholar] [CrossRef]

	



Mulcahy, J.; Peters, F.H.; Dai, X. Modulators in silicon photonics-heterogenous integration & and beyond. Photonics 2022, 9, 40. [Google Scholar]

	



Obayya, S.S.A.; Haxha, S.; Rahman, B.M.A.; Themistos, C.; Grattan, K.T.V. Optimization of the optical properties of a deeply etched semiconductor electrooptic modulator. J. Light. Technol. 2003, 21, 1813. [Google Scholar] [CrossRef]

	



Abel, S.; Eltes, F.; Ortmann, J.E.; Messner, A.; Castera, P.; Wagner, T.; Urbonas, D.; Rosa, A.; Gutierrez, A.M.; Tulli, D.; et al. Large Pockels effect in micro- and nanostructured barium titanate integrated on silicon. Nat. Mater. 2019, 18, 42–47. [Google Scholar] [CrossRef] [PubMed]

	



Jalali Azizpour, M.R.; Soroosh, M.; Dalvand, N.; Seifi-Kavian, Y. All-optical ultra-fast graphene-photonic crystal switch. Crystals 2019, 9, 461. [Google Scholar] [CrossRef]

	



Wu, L.; Liu, H.; Li, J.; Wang, S.; Qu, S.; Dong, L. A 130 GHz electro-optic ring modulator with double-layer graphene. Crystals 2017, 7, 65. [Google Scholar] [CrossRef]

	



Chakraborty, I.; Debnath, K.; Dixit, V. Low-energy high-speed graphene modulator for on-chip communication. OSA Contin. 2019, 2, 1273–1284. [Google Scholar] [CrossRef]

	



Phare, C.T.; Lee, Y.-H.D.; Cardenas, J.; Lipson, M. Graphene electro-optic modulator with 30 GHz bandwidth. Nat. Photon. 2015, 9, 511–514. [Google Scholar] [CrossRef]

	



Liu, M.; Yin, X.; Ulin-Avila, E.; Geng, B.; Zentgraf, T.; Ju, L.; Wang, F.; Zhang, X. A graphene-based broadband optical modulator. Nature 2011, 474, 64–67. [Google Scholar] [CrossRef]

	



AlAloul, M.; Rasras, M. Low insertion loss plasmon-enhanced graphene all-optical modulator. ACS Omega 2021, 6, 7576–7584. [Google Scholar] [CrossRef]

	



Lau, K.Y.; Perros, A.P.; Li, D.; Kim, M.; Sun, Z. Scalable graphene electro–optical modulators for all-fibre pulsed lasers. Nanoscale 2021, 13, 9873–9880. [Google Scholar] [CrossRef]

	



Lee, B.S.; Kim, B.; Freitas, A.P.; Mohanty, A.; Zhu, Y.; Bhatt, G.R.; Hone, J.; Lipson, M. High-performance integrated graphene electro-optic modulator at cryogenic temperature. Nanophotonics 2021, 10, 99–104. [Google Scholar] [CrossRef]

	



Neves, D.M.; Silva, J.B. Comparative study of energy and footprint minimization limit for two types of graphene-assisted ring-shape modulators. Opt. Quantum Electron. 2019, 51, 280. [Google Scholar] [CrossRef]

	



Sorianello, V.; Midrio, M.; Contestabile, G.; Asselberghs, I.; Van Campenhout, J.; Huyghebaert, C.; Goykhman, I.; Ott, A.K.; Ferrari, A.C.; Romagnoli, M. Graphene–silicon phase modulators with gigahertz bandwidth. Nat. Photon. 2018, 12, 40–44. [Google Scholar] [CrossRef]

	



Ojaghi, S.; Golmohammadi, S.; Soofi, H. All-optical graphene-on-silicon slot waveguide modulator based on graphene’s Kerr effect. Appl. Opt. 2021, 60, 7945–7954. [Google Scholar] [CrossRef]

	



Zhou, F.; Du, W. Ultrafast all-optical plasmonic graphene modulator. Appl. Opt. 2018, 57, 6645–6650. [Google Scholar] [CrossRef]

	



Neves, D.; Nobrega, R.; Sanches, A.; Jurado-Navas, A.; Glesk, I.; Haxha, S.; Raddo, T. Power consumption analysis of an optical modulator based on different amounts of graphene. Opt. Contin. 2022, 1, 2077. [Google Scholar] [CrossRef]

	



Gorman, T.; Haxha, S. Design optimization of Z-cut lithium niobate electrooptic modulator with profiled metal electrodes and waveguides. J. Light. Technol. 2007, 25, 3722–3729. [Google Scholar] [CrossRef]

	



Rahman, B.M.A.; Haxha, V.; Haxha, S.; Grattan, K.T.V. Design optimization of polymer electrooptic modulators. J. Light. Technol. 2006, 24, 3506–3513. [Google Scholar] [CrossRef]

	



Nguyen, T.V.; Nguyen, H.T.; Le, H.-C.; Nguyen, N.D.; Dang, N.T. Performance analysis of gigabit-capable mobile backhaul networks exploiting TWDM-PON and FSO technologies. In Proceedings of the 2016 International Conference on Advanced Technologies for Communications (ATC), Hanoi, Vietnam, 12–14 October 2016; pp. 180–185. [Google Scholar]

	



Tseng, S.-P.; Wijanto, E.; Lai, P.-H.; Cheng, H.-C. Bipolar optical code division multiple access techniques using a dual electro-optical modulator implemented in free-space optics communications. Sensors 2020, 20, 3583. [Google Scholar] [CrossRef]

	



Fernandes, M.A.; Nascimento, J.L.; Monteiro, P.P.; Guiomar, F.P. Highly reliable outdoor 400G FSO transmission enabled by ANN channel estimation. In Proceedings of the Optical Fiber Communication Conference (OFC), San Diego, CA, USA, 6–10 March 2022. W3I.4. [Google Scholar]

	



Guiomar, F.P.; Fernandes, M.A.; Nascimento, J.L.; Rodrigues, V.; Monteiro, P.P. Coherent free-space optical communications: Opportunities and challenges. J. Light. Technol. 2022, 40, 3173–3186. [Google Scholar] [CrossRef]

	



Fernandes, M.A.; Monteiro, P.P.; Guiomar, F.P. Free-space terabit optical interconnects. J. Light. Technol. 2022, 40, 1519–1526. [Google Scholar] [CrossRef]

	



Ciaramella, E.; Arimoto, Y.; Contestabile, G.; Presi, M.; D’Errico, A.; Guarino, V.; Matsumoto, M. 1.28 terabit/s (32 × 40 Gbit/s) WDM transmission over a double-pass free space optical link. In Proceedings of the Optical Fiber Communication Conference and National Fiber Optic Engineers Conference, San Diego, CA, USA, 22–26 March 2009. OMN7. [Google Scholar]

	



Matsuda, K.; Binkai, M.; Koshikawa, S.; Yoshida, T.; Sano, H.; Konishi, Y.; Suzuki, N. Field demonstration of real-time 14 Tb/s 220 m FSO transmission with class 1 eye-safe 9-aperture transmitter. In Proceedings of the Optical Fiber Communication Conference (OFC), San Francisco, CA, USA, 6–10 June 2021. F3C.2. [Google Scholar]

	



Bekkali, A.; Fujita, H.; Hattori, M. New generation free-space optical communication systems with advanced optical beam stabilizer. J. Light. Technol. 2022, 40, 1509–1518. [Google Scholar] [CrossRef]

	



Lei, H.; She, X.; Park, K.-H.; Ansari, I.S.; Shi, Z.; Jiang, J.; Alouini, M.-S. On secure CDRT with NOMA and physical-layer network coding. IEEE Trans. Commun. 2023, 71, 381–396. [Google Scholar] [CrossRef]

	



Ma, Y.; Lv, T.; Pan, G.; Chen, Y.; Alouini, M.-S. On secure uplink transmission in hybrid RF-FSO cooperative satellite-aerial-terrestrial networks. IEEE Trans. Commun. 2022, 70, 8244–8257. [Google Scholar] [CrossRef]

	



Lopes, C.H.; Lima, E.S.; Pereira, L.A.; Borges, R.M.; Ferreira, A.C.; Abreu, M.; Dias, W.D.; Spadoti, D.H.; Mendes, L.L.; Sodre, A.C., Jr. Non-standalone 5G NR fiber-wireless system using FSO and fiber-optics fronthauls. J. Light. Technol. 2021, 39, 406–417. [Google Scholar] [CrossRef]

	



Lima, E.S.; Borges, R.M.; Andriolli, N.; Conforti, E.; Contestabile, G.; Sodre, A.C., Jr. Integrated optical frequency comb for 5G NR Xhauls. Sci. Rep. 2022, 12, 16421. [Google Scholar] [CrossRef]

	



Filgueiras, H.R.; Lima, E.S.; Cunha, M.S.; Lopes, C.H.; Souza, L.C.; Borges, R.M.; Pereira, L.A.; Brandão, T.H.; Andrade, T.P.; Alexandre, L.C.; et al. Wireless and optical convergent access technologies toward 6G. IEEE Access 2023, 11, 9232–9259. [Google Scholar] [CrossRef]

	



Verma, G.D.; Mathur, A.; Yadav, P.K. Experimental investigation of FSO systems under the effect of atmospheric turbulence, heat, and fog. In Proceedings of the 33rd Annual International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), Kyoto, Japan, 12–15 September 2022; pp. 499–502. [Google Scholar]

	



Nor, N.A.; Ghassemlooy, Z.; Bohata, J.; Saxena, P.; Komanec, M.; Zvanovec, S.; Bhatnagar, M.; Khaligi, M.-A. Experimental investigation of all-optical relay-assisted 10 Gb/s FSO link over the atmospheric turbulence channel. J. Light. Technol. 2017, 35, 45–53. [Google Scholar] [CrossRef]

	



Chang, P.-S.; Liu, C.-X.; Lin, Y.-Y.; Li, C.-Y.; Lu, H.-H. A bi-directional fiber-FSO-5G MMW/5G NR sub-THz converged system. In Proceedings of the 2022 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA, 6–10 March 2022. M3C.5. [Google Scholar]

	



Su, X.; Duan, Y.; Zhou, H.; Song, H.; Pang, K.; Liu, C.; Zou, K.; Zhang, R.; Song, H.; Hu, N.; et al. Experimental demonstration of adaptive-optics-based turbulence mitigation in a mode-multiplexed free-space optical link by using both radial and azimuthal spatial indices. In Proceedings of the 2022 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA, 6–10 March 2022. M4I.2. [Google Scholar]

	



Song, H.; Zhang, R.; Zhou, H.; Su, X.; Zou, K.; Duan, Y.; Song, H.; Pang, K.; Hu, N.; Karapetyan, N.; et al. Demonstration of turbulence resilient self-coherent free-space optical communications using a pilot tone and an array of smaller photodiodes for bandwidth enhancement. In Proceedings of the 2022 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA, 6–10 March 2022. M4I.4. [Google Scholar]

	



Zou, K.; Pang, K.; Song, H.; Fan, J.; Zhao, Z.; Song, H.; Zhang, R.; Zhou, H.; Minoofar, A.; Liu, C.; et al. High-capacity free-space optical communications using wavelength- and mode-division-multiplexing in the mid-infrared region. Nat. Commun. 2022, 13, 7662. [Google Scholar] [CrossRef]

	



Dely, H.; Bonazzi, T.; Spitz, O.; Rodriguez, E.; Gacemi, D.; Todorov, Y.; Pantzas, K.; Beaudoin, G.; Sagnes, I.; Li, L.; et al. 10 Gbit s-1 free space data transmission at 9 μm wavelength with unipolar quantum optoelectronics. Laser Photon. Rev. 2022, 16, 2100414. [Google Scholar] [CrossRef]

	



Hu, Z.; Chen, Z.; Li, Y.; Benton, D.; Ali, A.; Patel, M.; Lavery, M.; Ellis, A. Adaptive transceiver design for high-capacity multi-modal free-space optical communications with commercial devices and atmospheric turbulence. J. Light. Technol. 2023; Early Access. [Google Scholar] [CrossRef]

	



Wang, A.; Zhu, L.; Mingliang, D.; Lu, B.; Guo, X. Experimental demonstration of OAM-based transmitter mode diversity data transmission under atmosphere turbulence. Opt. Express 2021, 29, 13171–13182. [Google Scholar] [CrossRef]

	



Song, H.; Su, X.; Song, H.; Zhang, R.; Zhao, Z.; Hu, N.; Zou, K.; Zhou, H.; Pang, K.; Liu, C.; et al. Simultaneous turbulence mitigation and channel demultiplexing using a single multi-plane light convertor for a free-space optical link with two 100-Gbit/s OAM channels. Opt. Commun. 2021, 501, 127359. [Google Scholar] [CrossRef]

	



Cheng, X.; Hu, Y.; Varga, L. 5G network deployment and the associated energy consumption in the UK: A complex systems’ exploration. Technol. Forecast. Soc. Chang. 2022, 180, 121672. [Google Scholar] [CrossRef]

	



Nobrega, R.; Duarte, U.; Raddo, T.; Dayoub, I.; Haxha, S.; Jurado-Navas, A.; Sanches, A.; Loiola, M. High-power 4.8 THz RTD-based oscillator with tunable graphene antenna for 6G mobile networks. In Proceedings of the OSA Advanced Photonics Congress, Washington, DC, USA, 13–16 July 2020; SpM3I.2. [Google Scholar]

	



Rommel, S.; Thiago Raddo, R.; Monroy, I.T. The fronthaul infrastructure of 5G mobile networks. In Proceedings of the 2018 IEEE 23rd International Workshop on Computer Aided Modeling and Design of Communication Links and Networks, Barcelona, Spain, 17–19 September 2018. [Google Scholar]

	



Romagnoli, M.; Sorianello, V.; Midrio, M.; Koppens, F.H.L.; Huyghebaert, C.; Neumaier, D.; Galli, P.; Templ, W.; D’Errico, A.; Ferrari, A.C. Graphene-based integrated photonics for next-generation datacom and telecom. Nat. Rev. Mater. 2018, 3, 392–414. [Google Scholar] [CrossRef]

	



Khankalantary, S.; Dabiri, M.T.; Hossein, S. BER performance analysis of drone-assisted optical wireless systems with APD receiver. Opt. Commun. 2020, 463, 125309. [Google Scholar] [CrossRef]

	



Trung, H.D. Performance of UAV-to-Ground FSO communications with APD and pointing errors. Appl. Syst. Innov. 2021, 4, 65. [Google Scholar] [CrossRef]

	



Yu, X.; Xiao, L.; Gao, S.; Song, Y.; Zhang, L.; Yao, H.; Wang, T.; Chen, X.; Jin, Z.; Zhou, C.; et al. Atmospheric turbulence suppression algorithm based on APD adaptive gain control for FSO links of 5G floating base stations. IEEE Photonics J. 2020, 12, 7904011. [Google Scholar] [CrossRef]

	



Giggenbach, D. Free-space optical data receivers with avalanche detectors for satellite downlinks regarding background light. Sensors 2022, 22, 6773. [Google Scholar] [CrossRef]

	



Sanches, A.L.; dos Reis, J.V.; Borges, B.-H.V. Analysis of high-speed optical wavelength/time CDMA networks using pulse-position modulation and forward error correction techniques. J. Light. Technol. 2009, 27, 5134–5144. [Google Scholar] [CrossRef]

	



Ohtsuki, T. Performance analysis of atmospheric optical CDMA systems. In Proceedings of the 2002 IEEE International Conference on Communications, New York, NY, USA, 28 April 2002; pp. 2933–2937. [Google Scholar]

	



Zahedi, S.; Salehi, J.A. Analytical comparison of various fiber-optic CDMA receiver structures. J. Light. Technol. 2000, 18, 1718–1727. [Google Scholar] [CrossRef]








[image: Sensors 23 03791 g001 550] 





Figure 1. Architecture of the mobile fronthaul network based on FSO, graphene modulator, and spread spectrum codes. FSO: free-space optics. OCDMA: optical code-division multiple-access. 
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Figure 2. Block diagram of the decoder at the receiver side showing the OCDMA decoder, the avalanche photodetector (APD), the integrator with   T c   as chip duration, the threshold decision device, and recovered data. 
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Figure 3. (a) Schematic representation of the homogenization approximation technique for the resonator waveguide. (b) Real (green) and imaginary (black) part of an effective index for the graphene modulator. Inset: first derivative of real (green) and imaginary (black) parts of refractive index for 0.4–0.48 eV. (c) Front view of a graphene ring-resonator coupled with a bus waveguide. 
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Figure 4. The modulator’s transmission curves versus the wavelength considering both OFF (red) and ON (blue) states and different percentages of graphene. (a) At 25% graphene and (b) 100% graphene. 
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Figure 5. The performance of the modulator. (a) The power consumption per bit versus the graphene percentage. (b) The chemical potential variation versus the graphene percentage. (c) The −3 dB-bandwidth versus the graphene percentage. (d) The trade-off performance efficiency. 
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Figure 6. Optimum detection receiver threshold. The BER is minimized by choosing a threshold value of −2.5 dBm for the 25% graphene modulator. 
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Figure 7. Bit error rate versus the optical power received in the photodetector for different amounts of graphene in the modulator. 
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Figure 8. Bit error rate versus the number of simultaneous antennas at the remote unit side. 
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Figure 9. Signal-to-interference-plus-noise-ratio (SINR) versus the optimum threshold. 
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Figure 10. Signal-to-interference-plus-noise-ratio (SINR) versus the number of simultaneous antennas at the remote unit side. 
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Table 1. Optimization of the modulator’s design and performance metrics.
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	Graphene (%)
	25
	50
	75
	100





	   μ  OFF 1    (eV)
	0.51
	0.51
	0.51
	0.51



	   μ  OFF 2    (eV)
	0.444
	0.444
	0.444
	0.444



	   μ  ON 1    (eV)
	0.468
	0.474
	0.4815
	0.485



	   μ  ON 2    (eV)
	0.4095
	0.4115
	0.4115
	0.4115



	   BW  3  dB 1     (GHz)
	18.1
	22
	25.1
	28.6



	   BW  3  dB 2     (GHz)
	42.6
	63.8
	78.4
	88.45



	   Gap 1   (nm)
	275
	260
	250
	240



	   Gap 2   (nm)
	205
	170
	145
	125



	   Loss 1   (dB/ μ m)
	−0.0035
	−0.0043
	−0.0055
	−0.0056



	   Loss 2   (dB/ μ m)
	−0.0089
	−0.015
	−0.0214
	−0.0285



	   E /  bit 1    (fJ/bit)
	8.4
	14.7
	17.8
	21



	   E /  bit 2    (fJ/bit)
	4.6
	8.75
	13.1
	17.5



	   FOM 1       GHz   fJ / bit  × μ  m 2      
	0.0972
	0.0677
	0.0639
	0.0616



	   FOM 2       GHz   fJ / bit  × μ  m 2      
	0.4184
	0.3302
	0.2704
	0.2237
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Table 2. FSO network parameters.






Table 2. FSO network parameters.





	Parameter
	Symbol
	Value





	Laser wavelength
	  λ  
	1550 nm



	APD efficiency
	  η  
	0.85



	APD gain
	G
	100



	APD effective ionization ratio
	   k  e f f    
	0.02



	APD bulk leakage current
	   I b   
	0.1 nA



	APD surface leakage current
	   I s   
	10 nA



	Background light photon arrival rate
	   λ b   
	  10 9   electrons/s



	Modulation extinction ratio
	   M e   
	depends on % graphene



	Bandwidth
	B
	depends on % graphene



	Data bit rate
	    R b  =   2  2  B =  1 T    
	depends on % graphene



	Receiver noise temperature
	   T r   
	1100 K



	Receiver load resistor
	   R L   
	1030  Ω 
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