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Given the increasing demand for high data-rate, high-performance wireless communications services, the demand on the radio access networks (RAN) has been increasing significantly, where optical fiber has been widely used both for the backhaul and fronthaul. Additionally, advances in signal processing such as multiple-input multiple-output (MIMO) techniques, have improved the performance as well as transmission rate of communications networks. Beamforming has been used as an efficient MIMO technique for providing a signal to noise ratio (SNR) gain as well as reducing the multi-user interference. However, beamforming requires the employment of phase-shifters, which suffers from reduced phase resolutions, degraded noise figures as well as beam-squinting in addition to the implementation challenges. Hence, in this paper we employ an analogue radio over fiber (A-RoF) aided architecture for supporting the requirements of the current and future mobile networks, where we design a photonics aided beamforming technique in order to eliminate the bulky electronic phase-shifters and the beam-squinting effect, while also providing a low-cost RAN solution. Additionally, this photonics aided beamforming is combined with a reconfigurable multi-user MIMO technique, where users can communicate with one or multiple remote radio heads (RRHs), while employing stand-alone beamforming, beamforming combined with diversity or with multiplexing depending on the available resources and the user channel information as well as the quality of service requirements.
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1 INTRODUCTION
The United Nation’s Sustainable Development Goals (UN SDGs) include 17 goals in the Agenda 2030, which are framed to address global challenges including climate change, poverty and inequality (UN2, 2015; 6G Flagship White paper, 2020). On the other hand, wireless communications has played a key role in creating the world as we know it, with its enormous social, environmental and economical impact, and its links with the UN SDGs are numerous (6G Flagship White paper, 2020).
The radio access network (RAN), which bridges the terminals to the core network, requires significant cost in order to support the growing demand for high data rate applications (Goldsmith, 2005; Hanzo et al., 2012; Checko et al., 2015). The RAN evolved significantly over the past decade. For example, in the fourth Generation (4G) mobile network, the concept of centralised RANs (C-RAN) was employed, where the central unit (CU) employs several baseband units (BBUs) connected to several remote radio heads (RRHs) by fiber. In this case, each RRH supports an individual cell (Li et al., 2020 (accepted). Then, in the fifth Generation (5G) mobile network, the RAN relocated some functions of the CU to the distribution unit (DU), flexibly supporting all use-cases, while some physical layer functions were moved to the RRH connected by radio over fiber (RoF) links [Li et al., 2020 (accepted)]. Furthermore, in order to have a decent quality of service, a large number of base-stations must be deployed, which increases the total cost of the RANs and hence ultra-light RANs are required (Checko et al., 2015).
Generally, the frequency, space, time, code and polarisation domains can be exploited as the available degrees of freedom for supporting a multiplicity of users (Goldsmith, 2005). Multiple-input Multiple-output (MIMO) techniques have been proposed for improving the performance as well as data rate of communications systems (Hanzo et al., 2011; Hemadeh et al., 2018). Explicitly, beamforming is a MIMO technique designed to attain an improved signal to noise ratio (SNR) gain and/or to reduce the inter-user interference of multi-user scenarios (Blogh and Hanzo, 2002; Hanzo et al., 2011; Satyanarayana et al., 2019). Beamforming is achieved by focusing the transmitted and/or received beam in the direction of the transmitter or receiver (Huang and Guo, 2011). On the other hand, MIMO techniques can be used to improve the system performance using diversity schemes, to increase the throughput using multiplexing schemes or to attain a combination of diversity, multiplexing and beamforming gains using the concept of multi-functional MIMO (Hanzo et al., 2011; Hemadeh et al., 2018). Additionally, the family of spatial modulation (SM) received significant research attention as detailed in (Ishikawa et al., 2018; Dogan-Tusha et al., 2020) for its reduced-complexity processing at both the transmitter and the receiver.
Additionally, it is worth noting that beamforming requires the employment of phase-shifters (Cao et al., 2016), which suffers from reduced phase resolutions, degraded noise figures as well as beam-squinting in addition to the implementation challenges such as the synchronization of the phase shifters (Poon and Taghivand, 2012; Zhang et al., 2018). The phase-shifter based beamforming results in the beam-squinting phenomenon, which is expected to be more severe when employing wide-band signal beam steering (Cao et al., 2016). Note that beam-squinting is the beam-shifts caused by the frequency shifts when applied with the constant phase-shift among neighbouring antenna elements (AE). Beam-squinting can affect the codebook design in the phased-array systems, which limits the bandwidth and the number of antennas (Cai et al., 2016). Additionally, beam-squinting affects the channel estimation and the precoding design, which results in a degraded performance (Wang et al., 2019).
The analogue radio over fiber (A-RoF) based true-time delay is a low-cost, high-performance RAN solution with ultra-light RRHs [Li et al., 2017; Li et al., 2018a; Li et al., 2018b; Li et al., 2020 (accepted)]. Explicitly, the A-RoF aided beamformer has been proposed for providing beam-squinting free solution with the aid of the uniform fiber Bragg grating (FBG) (Molony et al., 1996; Cao et al., 2016) or a single chirped FBG (CFBG) (Yao et al., 2002; Hunter et al., 2006).
In (Cao et al., 2016) a review of the integration techniques for the mmWave beamforming is provided, while focusing on the integration techniques rather than on their applications. Then, in (Li et al., 2018a) the spatial modulation and multi-set space-time shift-keying were optically processed and implemented in the A-RoF aided C-RAN system, while in (Li et al., 2018b) the twin-antenna spatial modulation was experimentally demonstrated. Furthermore, in (Li et al., 2017) the analogue beamforming using the optical aided true-time-delay was implemented in an indoor environment over the plastic optical fiber, while in (Molony et al., 1996) the phased-array antenna using the uniform fiber Bragg grating was presented, while having very limited tunability. In (Cao et al., 2016; Li et al., 2018a; Li et al., 2018b; Molony et al., 1996) the feasibility of A-RoF aided beamforming or MIMO is validated, inspiring more wireless applications. Hence, in this treatise, we propose a tunable optical aided true-time delay (TTD) beamforming system for supporting multi-user MIMO communications in a C-RAN environment.
In this article, we propose a low cost optical aided beamforming design using A-RoF aided C-RAN architecture to support multiple users. Additionally, we propose an reconfigurable multi-user MIMO scheme utilising the proposed beamforming technique. Explicitly, users can communicate with one or multiple RRHs, while employing standalone beamforming, beamforming combined with diversity or with multiplexing depending on the available resources and the user channel information as well as the quality of service requirements. More specifically, after performing user association, the CU collects all information about the user association with RRHs, the user channel state information and quality of service requirements. Then, the CU will decide on the transmission scheme for each user, which can be using beamforming or beamforming combined with diversity or multiplexing techniques. Then, using optical processing the beamforming is implemented, in order to eliminate the need for phase shifters at the RRH. Hence, in the proposed architecture, no signal processing is performed at the RRHs. Against this background, the novel contributions of our system can be summarized as follow:
1. We conceive an analogue radio over fiber aided multi-user beamforming system, where the CU is capable of controlling the beam direction, which is used to facilitate the different wireless transmission modes.
2. The proposed optical aided beamforming design can support multi-beam system with the aid of the wavelength division multiplexing techniques, where an all-optical signal processing based beam steering is achieved.
3. Finally, given that the user equipment can communicate with one or multiple RRHs, we present a reconfigurable multi-user MIMO technique, supported by the proposed beamforming combined with diversity or multiplexing.
The remainder of this paper is organized as follows. In Section 2 we present an overview of the C-RAN aided multi-user MIMO system model followed by our proposed multi-user reconfigurable MIMO system employing a novel optical aided beamforming technique in Section 3. Afterwards, we present our results and analysis in Section 4 and finally we present our conclusions in Section 5.
2 CENTRALISED RAN AIDED MULTI-USER MULTIPLE-INPUT MULTIPLE OUTPUT-SYSTEM
In this section, we present a general architecture for the C-RAN system supporting multi-user MIMO communications, which can be exploited in our design. As shown in Figure 1, the signal is generated in the CU and transmitted via fiber to several RRHs, where only optical-to-electronic conversion, amplification and filtering are performed. This substantially reduces the RRH size and cost. Explicitly, the RRH receives the signal from the CU using fiber and then transmits this signal to the user equipment using a set of antenna arrays, as shown in Figure 1, where a user equipment can be associated with one or more RRHs. In the following, we present an overview of conventional RoF-aided system followed by a background description of the optical aided beamforming, while we describe our proposed novel design in Section 3.
[image: Figure 1]FIGURE 1 | Conventional system model. (PSL: Power Splitter, DML: Directly Modulated Laser, WDM: Wavelength Division Multiplexing, CU: Central Unit, RRH: Remote Radio Head, PD: Photo-detector).
2.1 Conventional Analogue Radio Over Fiber Aided Centralised RAN System Model
Conventionally, the A-RoF aided system can be supported using the architecture of Figure 1, where a number of directly modulated lasers (DMLs) are used for electronic-to-optical (E/O) conversion, which are then combined by the wavelength division multiplexing (WDM) multiplexer. Afterwards, as shown in Figure 1, the combined optical signals are transmitted through optical fiber to the RRH, where the WDM de-multiplexer is responsible for separating each wavelength of the WDM signal. After the optical-to-electronic (O/E) conversion by the photo-detector, the recovered RF signal is power-split and fed into individual phase shifters to form a directional beam. as shown in Figure 1.
The RoF technology is suitable for the transport of wireless signals due to its transparency to the type of signal being transported and its support for dynamic spectrum allocation in wireless communications (Huang et al., 2018). The RoF architecture significantly reduces the complexity and cost of the RRHs, since most of the complex signal processing tasks such as frequency up-conversion, modulation and multiplexing are generally performed at the CU (Li et al., 2019).
Figure 1 shows an example A-RoF aided C-RAN design using four lasers. As shown in Figure 1, four DMLs are used for E/O conversion, where the four optical outputs are then combined by the WDM multiplexer. In this system, each DML-generated signal supports a single-user connection and analogue beamforming is typically realised using the analogue phase shifters available at each antenna array (Balanis, 2005).
However, as seen in Figure 1, a large number of phase shifters is required in the RRH, which has many implementation challenges as briefly mentioned above and detailed in (Poon and Taghivand, 2012; Zhang et al., 2018). In addition, phase shifting based beamforming suffers from the beam-squinting, which might degrade the signal quality and system bandwidth (Cao et al., 2016). Hence, in the following we present an overview of optical aided beamforming and then we propose an A-RoF based design in Section 3, which is capable of addressing the above issues.
2.2 Electronic Versus Photonic Phase Shifters
The integration technologies based upon CMOS have matured significantly, where most of the electronics based phase control techniques are developed on integrated platforms (Cao et al., 2016). There are mainly four electronics based techniques for shifting the phase among adjacent elements of an antenna array (Cao et al., 2016), which includes RF phase shifting, local oscillator phase shifting, IF phase shifting and digital phase shifting. The RF phase shifting technique uses a low noise amplifier and a phase shifter for each channel and then after combining all the channels, a local oscillator and a mixer are used to up-convert the signal for transmission. However, the RF phase shifters induce non-linearity and noise.
On the other hand, the local oscillator phase shifting introduces the required phase shift over the local oscillator instead of the RF signal, which avoids degradation of the RF signal but increases the number of required components since a mixer is now required in the path of each channel along with a network for the distribution of the local oscillator. Furthermore, a long distribution network introduces undesired coupling among different blocks, especially when the signal frequency is high.
The IF phase shifting involves down-conversion of the channels before they are passed through a phase shifter, where processing the signal at lower frequency results in less noise but requires a larger number of components compared to the RF phase shifting due to the requirement of a mixer in each path. Finally, the digital phase shifting has a similar architecture to IF phase shifting except that the phase shifters are now replaced with digital signal processing circuits in each path, which provides better design flexibility and enables the application of different algorithms in the digital domain. However, the number of required components and their complexity is still higher compared to the RF phase shifting technique.
Hence, given the above discussion, RF phase shifting is the most suitable solution among electronic phase shifting techniques. Apart from the introduction of non-linear distortion over the RF signal, another major drawback of RF phase shifting is the high insertion loss. Furthermore, electronic techniques are not suitable for wider bandwidth signals that are required for 5G systems (Rotman et al., 2016). For signals having a large bandwidth, the electronic phase shifters have a frequency dependent response, which results in a wider beam. This effect is known as beam-squinting and is not desirable for high bandwidth systems such as the 5G and beyond. Beam squinting can be eliminated by using phase shifting techniques that are based upon true time delay, where it has been shown that photonic techniques for phase control offers true time delay along with very low power loss. Photonic beam steering is achieved by modulating an optical carrier with the RF signal, resulting in electrical to optical conversion. The modulated optical signal is manipulated by using various optical signal processing techniques through optical devices to achieve the desired phase shift. The phase shifted optical signal is photo-detected to obtain the RF signal. When combined with photonic true time delay, the RoF presents a promising technology for the implementation of wideband phased array antenna systems. Photonic signal processing provides the advantages of immunity to electromagnetic interference, low attenuation, and very large bandwidth (Thomas et al., 2015).
2.3 Overview of Radio Over Fiber Aided Beamforming
Several photonic techniques have been reported in the literature for achieving true time delay beamforming. In (Cao et al., 2014), an experimental study has been presented to achieve broadband beam steering by performing tunable spectral filtering based on cyclic additional optical true time delay. A tunable laser source in combination with a high dispersion compensation fiber is used to obtain true time delay for a 1 × 2 element phased array antenna in (Yang and Lin, 2015). Additionally, an optical frequency comb is modulated with multiple RF signals and passed through a dispersive element in (Ye et al., 2015) to obtain independently controllable true time delays. Furthermore, a beamformer for two-dimensional phased array antenna is proposed in (Ortega et al., 2016) by employing tunable dispersive FBGs in combination with fiber based delay lines. The proposed technique also demonstrated the control of multiple beam radiations through sub-array control.
In a more recent study combining RoF with reconfigurable intelligent surface (RIS), in (Huang et al., 2021), an optical true-time delay pool-base hybrid beamforming is introduced in the RIS-aided C-RAN, where the analog beamforming is centrally deployed, presenting an effective algorithm for improved system performance for the RIS based C-RAN. Then, in (Li et al., 2019), the nonlinear phase shift introduced by a highly non-linear fiber is used to introduce delay over radio frequency (RF) modulated optical signals, which can be varied by controlling the optical power of each carrier passing through a parallel arrangement of highly non-linear fibers. Meanwhile, in (Tsakyridis et al., 2021), a bandwidth-reconfigurable intermediate frequency over fiber fronthaul is integrated using silicon photonic reconfigurable optical add/drop multiplexer (ROADM) with phase-shifter based 60 GHz phased array antenna, supporting a 32-element phased array antenna. However, the above techniques either focuses on the RIS application (Huang et al., 2021) or employs the phase-shifting based analogue beamforming, resulting in the detrimental beam-squinting phenomenon in the context of wide-band signal (Li et al., 2019; Tsakyridis et al., 2021), which is not suitable for wide-band C-RAN with compact-size RRH serving multi-user communications.
Thus, photonics based wideband true time delay has been experimentally demonstrated in (Srivastava et al., 2020) by employing multiple raised cosine apodized linearly chirped fiber Bragg gratings (CFBG). The gratings have different lengths and chirp parameters and are used to induce variable delays over an RF modulated optical tunable laser source. Hence, in this article, we exploit the CFBG to enable the optical beamforming, which has been experimentally verified, capable of adaptively supporting the MU-MIMO system.
3 PROPOSED ANALOGUE RADIO OVER FIBER AIDED SYSTEM MODEL
Figure 2 shows an analogue radio over fiber fronthaul network containing one CU and N RRHs, as a design example1. In the CU of Figure 2, we implement four DMLs and four Mach-zehnder Modulators (MZM) for generating four beams that can be used to communicate with up to four users.
[image: Figure 2]FIGURE 2 | Proposed A-RoF system model. (DML: Directly Modulated Laser, OBPF: Optical Bandpass Filter, MZM: Mach-zenhder Modulator, CFBG: Chirped Fiber Bragg Grating, WDM: Wavelength Division Multiplexing, RF: Radio Frequency, CU: Central Unit, RRH: Remote Radio Head, PD: Photo-detector).
Before any data communication between the user equipment and RRHs, user association is performed. One challenge in C-RAN networks is the user association, which significantly enhances the load balancing, the spectrum efficiency as well as the power efficiency of the network (Ejaz et al., 2020). Different resource allocation mechanisms have been proposed for efficient resource management in C-RAN and have been discussed in several surveys including (Olwal et al., 2016; Ejaz et al., 2020; Rodoshi et al., 2020). After user association, the CU has all the information of the users’ association with the RRHs. In this case, each user equipment can be associated with one or more RRHs. Then, the CU decides on the transmission scheme for each user, which will depend on the user association with RRH, the channel quality information for each link as well as the quality of service requirements for each user. More explicitly, one of the characteristics of 5G and beyond mobile networks is their flexibility and ability to support broadband as well as ultra-reliable low latency communications (URLLC). Explicitly, broadband traffic, known as enhanced Mobile Broadband (eMBB) in 5G, can support gigabit per second data rates, while URLLC data requires extremely low delays with very high reliability (99.999%) (3GPP, 2016). Hence, the type of transmitted data, eMBB or URLLC, will also influence the decision of the CU for the transmission scheme for each user.
One option for the transmission from the RRH to the user equipment is to employ beamforming from one RRH to each user equipment. In this case, if the user equipment is associated with more than one RRH, then the CU decides to transmit the downlink signal from the RRH with the best channel quality. Hence, in the following we propose a novel optical aided beamforming for the C-RAN.
Let us first consider the rationale of generating the beams in the RRH1 in Figure 2 in order to clarify our centralized design. As depicted in the CU of Figure 2, the DML is used for the E/O conversion, where DML1 operating at λ1 is modulated by RF signal 1. Then, the modulated optical signal is fed into the MZM1 for generating a WDM signal with frequency spacing of 50 GHz, where each wavelength carries the RF signal 1 as a result of the MZM’s non-linearity. Consequently, the Chirped Fiber Bragg Grating (CFBG) imposes a linear time delay to the different wavelengths of the WDM signal, which can introduce a constant time-delay among the transmit antenna elements in the RRH. More explicitly, the CFBG can introduce the linear time delay by changing its reflective index as a result of imposing varied strains or temperatures (Yunqi Liu et al., 2002). The linear time delay would then be mapped to the time-delay of each RF signal transmitted by each antenna element.
Similarly, the RF signal 2 would be modulated by the DML2 operating at λ2 and time-delayed relying on the CFBG after the MZM2. The two outputs from the above two CFBGs are combined by a WDM multiplexer and coupled into an optical fiber and transmitted to a WDM demultiplexer (WDM Demux). The WDM Demux separates the wavelength carrying RF signal 1 and 2 into the RRH 1, where each output, which has been time-delayed in the CU, is recovered to the RF signal by the photo-detector (PD) and transmitted to the different antenna elements. Specifically, if the wavelengths carrying the RF signal 1 has six wavelength as shown in the block 1 of Figure 2, each wavelength is filtered out using the WDM Demux of Figure 2 and passed to the PDs, capable of recovering the RF signal 1 but with different time-delays. Then, as shown in Figure 2, these time-delayed RF signals 1 are input into the antenna array 1 (Narray 1) having six elements to form the directional beam.
The beam direction can be tuned by the CFBG in the CU by changing its refractive index by applying varying strains or temperatures. Thus, in the RRH 1, two beams with independently tunable beam direction can be supported. On a similar note, in the RRH2, we can also generate two beams by expanding the design of the CU in Figure 2 to two more DML chains. Therefore, this architecture can be potentially exploited for the multi-user MIMO wireless system due to its centralized beam-steering control and the flexible RF spectrum allocation. In our proposed design of Fig. 2, the chirped FBG is capable of imposing a linear relation between the imported wavelengths and their time delay. Here, we aim to characterise the proposed design mathematically. Considering a single chain of the CU in Figure 2, the RF signal is directly modulated by DMLs and the input optical field of the optical bandpass filter (OBPF) is formulated as (Thomas et al., 2015; Li et al., 2018a):
[image: image]
where PLaser is the LD’s output power and [image: image] denotes the optical carrier’s angular frequency corresponding to λ1 of Figure 2. [image: image] represents the angular frequency of the modulated RF signal. As seen in Eq. 1, E1 (t) is an optical double side-band (ODSB) signal consisting of the spectral component of [image: image], [image: image] and [image: image], which correspond to the optical central frequency having the wavelength of λ1, and its left side-band and right side-band with spacing of f1, respectively.
Then, after the optical bandpass filter, which is capable of filtering single side-band of the generated optical signal of E1, we arrive at:
[image: image]
As shown in (Eq. 2), the OBPF is capable of removing one of the side bands of the ODSB signal E1 (t) generated by the MZM. After the OBPF, the signal E2 (t) becomes an optical single side band (OSSB) signal. E1 (t) contains the spectral component of [image: image], [image: image] and [image: image], while E2 (t) contains the spectral component of [image: image] and [image: image]. We have previously demonstrated via implementation in (Li et al., 2018b) that the OBPF having a 3-dB bandwidth of 0.114 nm can generate the SSB signal from an ODSB signal having sidebands spacing of 3 GHz by removing [image: image].
The MZM output field expressed in Eq. 3 can be combined with Eq. 2 to arrive at (Thomas et al., 2016):
[image: image]
Hence, we have:
[image: image]
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where ωΔf, Vdr and Vpi are the angular frequency of Δf, the amplitude of the drive frequency of the MZM and its switching voltage. [image: image] is the Bessel function of the first kind and order n, which determines both the number and the amplitude of the side-bands, respectively.
Specifically, as illustrated in Figure 2, the spectral components can also be represented by the items A + B + C of Eq. 3, where A contains the spectral components of [image: image], [image: image], B represents the spectral components of [image: image], [image: image], [image: image], [image: image], while C includes the spectral components of [image: image], [image: image], [image: image], [image: image].
MZM output field is derived in (Eq. 3), which results from feeding E2 (t) and the RF signal having the voltage of Vdr to the MZM of Figure 2. According to (Kalman et al., 1994; Ma et al., 2007; Thomas et al., 2015; Thomas et al., 2016; Zhang et al., 2017; Zhai et al., 2021), when the MZM operates at the push-pull mode and applies the quadrature point biasing, the MZM output can be derived and expressed as detailed in (Thomas et al., 2016). Due to the nonlinear transfer function of the MZM, we obtain multiple harmonics by varying the amplitude of the drive voltage applied to the MZM of Figure 2, which is denoted by the Bessel function of (Eq. 3).
Then, the MZM output forms a WDM signal carrying the same signal on each wavelength as depicted in Figure 2. Each wavelength is photo-detected and recovered to the RF signal, where for the simplicity, we derive the RF signal fed into three neighboring elements of Narray1 of Figure 2 as follows:
[image: image]
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where t01, t02, t03, t04, t05, and t06 are the time-delays imposed on the wavelengths of [image: image], [image: image], [image: image], [image: image], [image: image], [image: image].
Hence, due to the linear relationship between the time-delay and the optical spectrum, we have Δt = t06 − t05 = t04 − t03 = t02 − t01. Then, by comparing the time-delay of the photo-detected signal S0, S1 and S2, we are capable of obtaining the time-delay difference between S0 and S1 as [image: image], while that between S2 and S1 is [image: image]. On a similar note, the time delay between the neighboring element would be constant as [image: image], enabling the optical aided analogue beamforming using CFBG.
In the above description and derivations, we include the 3-antenna element array as a design example, where this design can be extended to any number of elements in the antenna array. We have shown in the above that by imposing the linear time delay on the WDM signal of EMZM (t) we can obtain a constant time delay difference between the neighboring elements. It can be readily verified using similar derivations as presented in (Eqs 3–6) that any arbitrary number of antenna elements would have the same rule of the time-delay difference of [image: image] by extending S3 to SN, where SN corresponds to the recovered RF signal fed into the nth antenna element of Narray12.
On the other hand, given that many users can be associated with multiple RRHs with a reasonable channel quality, we can consider improving the communication’s performance using diversity techniques combined with the beamforming, for URLLC data for example. Another alternative can be to employ a multiplexing transmission scheme combined with beamforming, in order to attain a higher throughput, which is beneficial for the eMBB scenario.
More specifically, in (Hemadeh et al., 2018) we presented a flexible multi-functional MIMO technique and compared in details the performance of the different configurations, where we have shown that the diversity aided MIMO has the best performance at the expense of reduced throughput as opposed to the multiplexing techniques, which have a higher throughput and reduced bit error rate (BER) performance compared to the diversity techniques. Hence, in this paper we select the following options as the potential transmission schemes from the RRHs to the different users: 1) beamforming using one RRH, 2) beamforming combined with space-time block code (STBC) diversity technique using multiple RRHs to transmit to the specific user, and 3) beamforming combined with spatial modulation (SM) using multiple RRHs to transmit to the specific user3. The CU decides on the transmission scheme for each user, since the CU has all the information needed for making the decision. In the context of the proposed reconfigurable design, a single RRH can connect with a user as shown in Figure 3A, while multiple RRHs can connect to the user as shown in Figure 3B. Furthermore, given the challenges imposed on the A-ROF fronthaul in the proposed C-RAN system, such as the bandwidth, latency and jitter as well as the need for low cost transport network (Checko et al., 2015), in the following we consider the maximum user load that can be supported by the fronthaul link.
[image: Figure 3]FIGURE 3 | (A) RRH1 connected to the user equipment to communicate via beamforming. (B) Two RRHs connected to the user equipment using beamforming combined with STBC or SM.
When the CU makes the decision to transmit to a specific user from one RRH using beamforming, then the optical aided beamforming described above will be employed. Specifically, the proposed architecture in Figure 2 exploits the optical aided beamforming employing CFBG to facilitate a flexible analogue beamforming scheme. More specifically, the optical module of Figure 2 can be employed in the corresponding block of Figure 3, while using algorithm 1 for wireless transmission. Note that, in this paper, we are proposing the beamforming solution, while the user association has been widely investigated (Olwal et al., 2016; Ejaz et al., 2020; Rodoshi et al., 2020).
On the other hand, when a user is associated with multiple RRHs and the fronthaul has the capacity to allow transmission for this user from multiple RRHs, then the CU will decide to transmit using STBC or SM combined with the proposed optical-aided beamforming. First, when the diversity scheme is considered, the CU will choose the RRHs having the highest channel quality metric, to transmit to the specific user. Afterwards, the CU will encode the data to transmit from the multiple RRHs and then transmit it to the RRHs using the above proposed optical aided beamforming. This will result in a diversity gain in addition to the beamforming gain, which results in significant performance improvement compared to the case of using only beamforming from one RRH, while attaining the same throughput.
When the CU decides on the SM as the transmission scheme from the RRHs to the user equipment, then a multiplexing gain can be achieved. In this case, the CU will split the data bit stream to two parts, one for the conventional amplitude and phase modulation (APM) such as PSK/QAM and the other bit stream is used to decide which RRH transmits the signal. Then, the CU transmits the signal to the selected RRH, where the above-proposed optical aided beamforming is performed. Furthermore, in addition to the increased throughput per user attained using this mode, the RRH, which is not transmitting to a specific user can transmit signals to other users, which results in an increased area spectral efficiency or sum rate in addition to the efficient utilisation of the A-ROF fronthaul resources.
Finally, the CU can adaptively decide on the transmission scheme for each user according to Algorithm 1, where the CU categorises users as URLLC and eMBB and then decides on the transmission scheme for each user considering the available resources as well as the channel quality information for each RRH-user link.
4 SIMULATION RESULTS AND ANALYSIS
As mentioned above, we aim to design an optical aided beamforming system to support the adaptive MU-MIMO system. In our design architecture, we are capable of reducing the beam-squinting resulting from the conventional electronic phase-shifting aided beamforming. In this section, we will evaluate the beamforming performance of the proposed A-ROF aided C-RAN design, followed by a comparison of the beam-squinting phenomenon between our design and the conventional design. As mentioned in Section 3, the optical beamforming system is capable of providing the required beam-steering. In this section, from the perspective of optical communication, we simulate the flexibility and range of the optical aided beamforming techniques. Table 1 lists the simulation parameters, where we invoke an antenna array having 6 elements. We consider a radio frequency (RF) signal at 3 GHz, which is transmitted by the A-RoF system and carried by a WDM signal of wavelengths as shown in Table 1. In our simulation, the RF signal is generated off-line by Matlab and then we measure the time delay using the OptiGrating, a software for designing the fiber Bragg grating.
TABLE 1 | Simulation parameters.
[image: Table 1]ALGORITHM 1 | Reconfigurable MIMO transmission in C-RAN
[image: Algorithm 1]As discussed in Section 3, the RF signal is first used to directly modulate a laser source. The directly modulated signal is bandpass filtered to obtain a single side-band modulated carrier and then the output of the bandpass filter is passed through a MZM that is driven by a sinusoidal signal having a frequency of 50 GHz. This results in the generation of multiple side-bands at the output of the MZM due to its non-linearity. These side-bands are then passed through the CFBG which induces a different delay over each side-band depending on the wavelength. As mentioned earlier, the CFBG was implemented using the commercial tool OptiGrating, which gives the values of the delays induced over each side-band. We use these delays to calculate the angle of the beam obtained at the output of the antenna array. The delays can be tuned by varying the period of the CFBG.
By tuning the CFBG of Figure 2, we can obtain a beamforming coverage of almost 180° as depicted in Figure 4. More specifically, we apply six antenna elements to validate our flexible beam-steering scheme of Figure 2. Each beam emitted from around 95° to 265° to the orientation of the antenna array in Figure 4 is generated by tuning the total chirp of the CFBG implemented in the CU of Figure 2 from 0.7 to 4. Thus, any beam direction shown in Figure 4 can be used for the wireless beam-steering and the multi-user MIMO as discussed in Section 3, which results in multi-user beamforming as shown in Figure 5.
[image: Figure 4]FIGURE 4 | Beam coverage.
[image: Figure 5]FIGURE 5 | Multi-user beams.
Furthermore, as shown in Figure 2, the beamforming angle emitted from each antenna array can be independently tuned by imposing temperature or strain on the corresponding CFBG (Yunqi Liu et al., 2002). Thus, multi-beam can be flexibly generated since each beam is related to different CFBG in the CU of Figure 2, where the time-delay is independently tuned. In Figure 6 we show the relation between the wavelength and the time delay imposed by the CFBG, where the time delay difference among the neighbouring wavelengths of the WDM signal of Fig. 2 can be tuned by changing the gradients of the curves in Figure 6, as a result of tuning the total chirps of the CFBG. Note that in Figure 6, we show two different curves for two different values of the total chirp as example values to verify the tunability of the linear relations with the tuning of the total chirps of the CFBG.
[image: Figure 6]FIGURE 6 | Time delay versus wavelength.
It may be observed from Table 1 that the wavelengths we have chosen for transmission of the RF signals have a range of 1,548.78nm–1,550.78 nm. For these wavelengths, the time delay has values between 180 and 280 ps, as may be observed from Figure 6, which shows the linear relationship between the wavelengths and the time-delay of the WDM signal of Figure 2 provided by the CFBG. Here, the linear optical time-delay can be translated to the constant antenna time-delay differences of [image: image] as derived in Section 3.
Additionally, multiple beams to support multiple users can be realised using the proposed system. Figure 5 shows an example two beams generated with different angles, where we tune the time delay difference among the neighboring wavelength to 64.03 and 14.73 ps, which correspond to the total chirp of 0.85 and 3.65, respectively. Therefore, we show in Figure 5 that our system is capable of supporting multi-user beamforming by simply tuning the total chirp to map the beam to the desired direction. The beam direction range can be further enhanced by reconfiguring the CFBG’s length or grating period.
Finally, the beam squinting impairment resulting from the phase-shifting based beamforming can be mitigated by our true-time delay scheme as shown in Figure 7, where the true-time delay scheme can effectively remove the beam-squinting phenomenon of the phase-shifting scheme. Hence, the A-RoF based true-time delay system is capable of supporting the multi-user transmission dispensing with the phase shifters, while supporting flexible beam steering control and removing the beam-squinting problems. Compared to the conventional system of Figure 1, our proposed system utilizes the passive CFBGs for an all-optical beamforming solution and a true-time delay phased array system. This system can facilitate the channel estimation and precoding scheme (Wang et al., 2019), while improving the bandwidth and increasing the number of antennas (Cai et al., 2016)4.
[image: Figure 7]FIGURE 7 | Illustration of the beam squinting phenomenon.
5 CONCLUSION
In this paper we proposed an A-RoF aided architecture for supporting the requirements of the current and future mobile networks, where we designed a photonics aided beamforming technique in order to eliminate the bulky electronic phase-shifters and the beam-squinting effect while providing a low-cost RAN solution. We showed that the proposed system is capable of providing a beamforming range of 180°, while also supporting multiple users. Then, we presented a reconfigurable multi-user MIMO system utilising the proposed beamforming technique, in order to allow improved performance or increased throughput for the different users depending on the channel quality as well as the user requirements.
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FOOTNOTES
1This is a design example and the proposed design can be extended to any arbitrary number of CUs and RRHs.
2This also applies to Narray2, Narray3 and Narray4, since these antenna arrays receive the RF signals carried by the same form of optical spectra except the center frequencies as shown in Figure 2, which can also be derived by (Eqs 3–6).
3Note that this is an example configuration and any other MIMO techniques can be used.
4This analysis is outside the scope of this paper, where the corresponding researches can be found in (Cai et al., 2016; Wang et al., 2019). Furthermore, in (Li et al., 2018a), it was verified that the implementation of the CFBG in Figure 2 will not affect the system performance of those without implementing the A-RoF aided C-RAN, while achieving a 10 Gbps system.
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