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While 5G is tasked to transform our lives for the better over the next 10 years, next-generation mobile communications, a.k.a. 6G, will undoubtedly demand even higher energy and spectral efficiencies capable of providing myriads of new services and experience to users everywhere they go. Although our technologies do evolve from one generation to the next, the root of the ambition in mobile communications has always been to ensure reliable performance from an uncertain, fluctuating medium. The previous generations have already seen numerous technologies such as advanced coding and signal processing, resource allocation, and most famously, multiple-input multiple-output to redeem some stability from the wireless medium. Inevitably, 6G will be built upon further disruptive technologies that enable another cycle of revolution. In this article, we examine one emerging technology, referred to as fluid antenna system that represents any software-controllable fluidic, conductive, or dielectric structure that can alter its shape and position to reconfigure the gain, radiation pattern, operating frequency, and other characteristics. Fluid antenna takes inspiration from Bruce Lee's Jeet Kune Do to innovate mobile communication systems design. In Bruce Lee's philosophy, one can imitate water to adapt combat style, whereas fluid antenna exploits the dynamic nature of fluids or switchable pixels to achieve ultimate flexibility for diversity and multiplexing benefits that have been unseen before in mobile devices, and the implication can be transformative. This article discusses the potential of fluid antenna systems for 6G, and in particular, we introduce six research topics in fluid antenna systems that if solved successfully could revolutionize mobile communications network design and optimization. This article intends to stimulate discussion that will help shape the development of 6G technologies.
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1 INTRODUCTION
1.1 Evolution of Mobile Communications
Mobile communications in the 1980s was a luxurious service for civilians providing the convenience of voice communications over wireless medium for the first time, whereas mobile communications nowadays has become a necessity that links almost everything we do in an unimaginable way to support our day-to-day life, amid the Internet of Everything era (Fettweis, 2014; Miraz et al., 2015). Mobile networks have also shifted from the communication-only regime to the service-centric paradigm which embraces new applications such as mobile edge computing (Shi et al., 2016), wireless power transfer (Lu et al., 2015), security enhancement (Mukherjee et al., 2014), and much more. It is predicted that mobile technologies and services will contribute to 4.8% of the global GDP by 2023 and 5G, the latest edition of mobile communications, will amass €1.8 trillion to the global economy over the next 15 years. The impact report (GSMA, 2020) further pointed out that the mobile industry has provided 30 million jobs globally and driven significant gains toward the UN's 2030 Agenda for Sustainable Development.
After half a century of efforts, we have also witnessed some major evolution in the design of mobile communication networks. For example, the first edition (i.e., 1G) primarily used the received signal-to-noise ratio (SNR) and the carrier-to-interference ratio (CIR), to quantify the fidelity of the received signal with CIR providing a network-wide performance measure in the cellular architecture. Then came the digital revolution in 2G where information began to be digitalized and encoded for data compression and noise and fading immunity. Since then, bit-error-rate, packet error rate, and many other similar metrics have dominated the evaluation of wireless system performance, which focuses on the accuracy of the decoded bits. The rise of turbo codes (Berrou et al., 1993; tenBrink, 2001) and low-density parity-check codes (MacKay, 1999) [also more recently Polar codes in 5G (Arikan, 2009; Richardson and Kudekar, 2018)] mean that realizable codes by the state of the art can close the gap between the achievable rates and the channel ergodic capacity to within a fraction of decibel. A majority of the research efforts therefore then shifted to the achievability of the ergodic capacity and maximization of the spectral efficiency. There are evidently variants such as area spectral efficiency (Alouini and Goldsmith, 1999) that are useful to particularize the regional capacity,1 outage capacity (Goldsmith, 2005) that captures the maximum achievable capacity for a given outage probability, and effective capacity (Wu and Negi, 2003) that computes the capacity using a link-layer model with consideration of queues in the buffer and delay violation probability. Recognizing the fact that the value of information may degrade over time, the age-of-information or information freshness has also appeared in the design of communication systems (Kaul et al., 2011; Costa et al., 2016; Sun et al., 2017). Furthermore, emerging topics also attempt to include secrecy and privacy, which have led to concepts such as secrecy capacity (Wyner, 1975; Leung-Yan-Cheong and Hellman, 1978), k-anonymity, l-diversity, and t-closeness (Bezzi, 2010). For 5G, recent trends also give particular importance to latency in addition to reliability for mission-critical applications (Shariatmadari et al., 2015; Popovski et al., 2018). Further additions and changes are anticipated as our mobile communications networks continue to advance.
With the global effort to fight climate change and the looming of energy crisis, in recent years, world leaders have prioritized to reduce the global energy consumption. One great effort is the Paris Agreement, a legally binding international treaty on climate change, that has the ambition to limit global warming to well below 2°C, compared to preindustrial levels (United Nations, 2015). Recently, the 26th UN Climate Change Conference of the Parties in Glasgow has brought the world together to accelerate action on protecting and restoring critical ecosystems. Under the EU 2030 climate and energy framework, it requires every sector to achieve at least 32.5% improvement in energy efficiency and 40% cuts in greenhouse gas emissions by 2030 (European Commision, 2013). The mobile industry is no exception and required to achieve these goals. This has led to the enormous interest of maximizing the energy efficiency for wireless networks (Auer et al., 2011; Chen et al., 2011; Mahapatra et al., 2016).
In terms of mobile technologies, we have witnessed many pivotal innovations over the past decades. Coding, digital modulation, and routing protocols had marked the beginning of the packet switching era in 2G (Roberts, 1978), while 3G was boosted by the introduction of multiple-input multiple-output (MIMO) (Paulraj and kailath, 1994; Alamouti, 1998; Foschini and Gans, 1998; Tarokh et al., 1998; Zheng and Tse, 2003) and spread spectrum technologies (Hara and Prasad, 1997; Bender et al., 2000), making possible multimedia communications over the air for the first time. Then 4G saw the upgrade from link-based MIMO to multiuser MIMO (Wong et al., 2000; Vishwanath S et al., 2003; Wong et al., 2003; Spencer et al., 2004; Gesbert et al., 2007), which has now evolved into massive MIMO in 5G (Ngo et al., 2013; Larsson et al., 2014). During the same period, interference alignment arose with a bang to revolutionize the way in which interference could be treated (Cadambe and Jafar, 2008). Despite its elegance, however, its complexity has still prohibited its use in wireless networks (Zhao et al., 2016). Another great invention was network coding (Ahlswede et al., 2000; Katti et al., 2008) which has found applications in mobile and peer-to-peer networks and also distributed storage systems (Dimakis et al., 2010). Network coding enables data packets to mix and add information as they roam within a network, and it has been illustrated to significantly improve the throughput and robustness of multi-hop networks. There has also been discussion about how network coding may flourish in 5G under the software-defined networking architecture (Hansen et al., 2015), although challenges remain to be tackled on the vulnerability of network coding to malicious attacks. Indeed, 5G is lifted by network slicing and softwarization, a new network architecture that makes possible the multiplexing of virtualized and independent logical networks on the same physical network infrastructure, which is essential to the delivery of services with different attributes (Foukas et al., 2017).
Undoubtedly, mobile networks over the years have also benefited from the advances in the cellular architecture which began from the stack of tiers of hexagonally shaped cells with different sizes in the pre-4G era to the heterogeneous network architecture with irregularly shaped cell coverage in 4G (Damnjanovic et al., 2011; Cheng et al., 2014). For 5G, network densification is a straightforward way to increase regional capacity, reduce latency, and a natural progression to tackle the coverage problem when moving up the operating frequency bands (Bhushan et al., 2014; Ge et al., 2016). Shortening the communication distance for ensuring line-of-sight (LoS) between the remote radio heads (RRHs) and user equipment (UE) is necessary to benefit from the high-frequency bands. Current developments also see a convergence between small cell technologies and cloud radio access network (C-RAN) to grant small cells the capability of a macro baseband unit at the central office (typically miles away from the RRHs). Furthermore, network densification marries nicely with the notion of edge computing, giving the UE access to supercomputing capability at the network edge (Chang et al., 2018). The Small Cell Forum predicted that by 2025, the total number of 5G base stations (BSs) or multi-mode small cells will exceed 13 million across the globe and the installed base of small cells will reach 70 million (Small Cell Forum, 2020). The prospect of network densification seems bright but the energy footprint of BSs and RRHs is worrying. Recently, there is also the emerging idea of cell-free networking (Ngo et al., 2017) which advocates the use of massive MIMO-like signal processing over an extremely large number of distributed access points or RRHs for enormous capacity gain [in a way similar to BS cooperation in the early days (Gesbert et al., 2010; Irmer et al., 2011)]. The impressive performance, however, comes with a huge increase in the overhead for signal coordination, channel estimation, and optimization.
The benefits of many mobile technologies can be understood using the energy efficiency defined as
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where Ptotal denotes the total power consumption including also overhead, Eτ[⋅] denotes the expectation of the input quantity over the time duration τ, which may reflect any latency requirement, and
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denotes the area traffic capacity,2 where B is the bandwidth, m is connectivity or node density (which is closely related to the multiplexing gain and the frequency reuse factor of the network), and log 2(1 + SINR) denotes the spectral efficiency with SINR being the signal-to-interference plus noise ratio (SINR) for a typical node (or UE). Evidently, further unification will be needed to incorporate new features such as edge computing, secrecy and privacy, wireless power transfer, etc. Despite this, Eqs. 1 and 2 are often sufficient to illustrate the gains of mobile technologies based on traditional metrics. For instance, coding improves spectral efficiency while multiuser MIMO enhances both the node's spectral efficiency and the connectivity. Additionally, spread spectrum technologies focus on improving the connectivity with an acceptable node's spectral efficiency. Network densification and small cell technologies are also well known to increase the node density at the expense of additional infrastructures. As suggested by Eq. 1, their increased power consumption should be accounted for in order to properly assess their overall performance. On the other hand, C-RAN and cell-free technologies adopt advanced signal processing to allow more aggressive spectrum sharing for improving the node density at the price of increased complexity and overheads.
When compared to 4G, 5G has been motivated to increase the spectral efficiency by three times, reduce the latency by 10 times, increase the connectivity (or connection density) by 10 times, increase the experienced throughput (i.e., peak rates more uniformly) by 10 times, increase the area traffic capacity by 100 times, and increase the network energy efficiency by 100 times (Agiwal et al., 2016). Looking ahead, 6G will certainly pursue to achieve more ambitious key performance indicators (Tariq et al., 2020). Several emerging technologies are being discussed actively for their potential roles in 6G. Below, we discuss some of the hottest technologies briefly and attempt to assess the readiness of these technologies.
1.2 Emerging Technologies and Their Limitations
1.2.1 Millimeter-Wave
The ever-increasing data-rate requirements can be met if we find extra bandwidth; see Eq. (2). This is why the operating frequency bands across the globe have the tendency to be moved up for 5G and beyond systems. Of particular interest is the use of the millimeter-wave (mmWave) bands (e.g., 24.25–27.5 GHz in Europe and China, with China also interested in 37–43.5 GHz; 27.5–28.35 GHz and 37–40 GHz in the United States; potentially 26 GHz in the United Kingdom, etc.) that will allow the deployment of hotspots providing very high throughput. Much discussion about mmWave technologies was carried out leading up to 5G in the early 2000s (Rappaport et al., 2013; Andrews et al., 2014; Boccardi et al., 2014). Such bands are excellent for short-range super-fast data transfers which are suitable for fixed wireless links or covering busy areas such as football stadiums, concert halls, shopping malls, etc., but are problematic in general for mobile coverage.
The much higher frequency band means that 5G has a much shorter range than 4G. A recent report (Hardesty, 2020) finds that despite the efforts to reduce power consumption, a typical 5G BS actually consumes up to twice the power of a 4G BS. China Mobile goes even further and warns that a 5G network would generally need three times more BSs for the same coverage, and a 5G BS has three times the power consumption of a 4G BS. Network densification becomes necessary to combine with mmWave communications to maintain the basic coverage. It was reported by Akdeniz et al. (2014) and Rappaport et al. (2015) that the channel encountered in the mmWave band is much more directional and has a narrow beamwidth. Though this could be advantageous due to the inherent antenna gain or spatial directivity, the performance is susceptible to pointing errors due to the misalignment between the transmitter and the receiver. On the other hand, the directional channel loses the fading characteristics which are normally present in the lower frequency band, for exploitation of spatial multiplexing. Moreover, LoS communications between the BS and UE is also required to obtain a reliable link performance.
Above all, to the operators, the main issue for mmWave technologies is the cost of deployment. The Rigorous Total Cost of Ownership (TCO) analysis in Mobile Experts (2021) demonstrates that an mmWave network remains expensive and 95 5G gNodeB (gNB) units are estimated to cost US$12 million for a 10-year TCO. However, it is possible to reduce the cost to half if the same coverage is provided by 10 gNB units and 60 wired and 60 solar repeaters. It is hopeful that further advances will see the cost drop even more in the future, and large-scale deployments of mmWave technologies for 6G are inevitable.
1.2.2 Intelligent Reflecting Surface
Another emerging idea is to deploy a large surface of a massive number of radiating elements in the environment (e.g., on the facade of a building). The large surface provides a large aperture to capture the radio waves and intelligently redirects them to/from the UE by adapting the reflection coefficients of the radiating elements. This concept is widely referred to as Intelligent Reflecting Surface (IRS) (Liaskos et al., 2018; Basar et al., 2019; Renzo et al., 2019), although it may also come under the names such as large intelligent surface (Hu et al., 2018) or programmable metasurface (Tang et al., 2019; Zheng and Zhang, 2020). Note that the recent Industry Specification Group by the European Standards Organisation ETSI has settled on the name reconfigurable intelligent surface instead (ISG, 2021). The research on IRS took off following the emergence of reconfigurable radiating structures (Hum and Perruisseau-Carrier, 2014) and, more promisingly, digitally coded metamaterials (Cui et al., 2014). A notable advantage of IRS is that it does not need power-hungry power amplifiers that require a dedicated power supply. With advances in low-power electronics and architectures, perpetual IRS operation can even be feasible (Abadal et al., 2020). The use of relatively cheap radiating elements also ensures that an IRS has a relatively low hardware cost which is the main reason for its rise.
IRS represents an exciting paradigm of engineering the radio environment through carefully designed software-controlled metamaterials (referred to as “meta-atoms,” unit cells, or elements) that can alter their electromagnetic (EM) properties to suit the purpose of various communication applications. A recent report (Dai et al., 2020) illustrates that it is possible to achieve a 21.7dBi antenna gain using an IRS with 256 2-bit elements at 2.3 GHz, and a 19.1dBi antenna gain at 28.5 GHz. As such, recently, there is a lot of excitement around the development of IRS, and many believe that it will form a crucial part of 6G.
Since the pioneering work by Han et al. (2019) and Huang et al. (2019), there has been a large body of literature illustrating the tremendous performance gain by a well-optimized IRS. Some considered the presence of LoS between the BS/RRH and UE (Han et al., 2019; Huang et al., 2019), while others used IRS to restore the communication link between them (Wu and Zhang, 2019). With regard to the resource management of mobile networks using IRS, although the emphases in the literature might differ, the work largely focused on the signal processing and optimization of either or both of power allocation and phase shifts of the meta-atoms. Taking advantage of the large number of meta-atoms typically on an IRS, multiuser scenarios are often investigated using IRS to strengthen the channel between a MIMO BS and a group of single-antenna UE (Huang et al., 2020; Wu and Zhang, 2020). Optimizing the design of IRS and the beamforming at the BS jointly is, unfortunately, a very complex affair, and it usually involves successive refinement and iterative procedures (Wu and Zhang, 2020). While deep reinforcement learning offers an interesting alternative (Huang et al., 2020), using trial-and-error interactions to obtain the joint design is hardly a scalable option if the number of elements of the IRS is large, as is typically the case. If multiple IRSs are to be used, their optimization will have to be coordinated to avoid mutual interference. Moreover, further complexity is required to acquire the channel state information (CSI) of the cascaded channels between the BS and UE, which is needed for the joint design of BS beamforming and IRS reflection (Liu H et al., 2020; Wang Z et al., 2020; Zheng et al., 2020; Wei et al., 2021). While IRS is effective in enlarging mobile coverage, it does little to enhance the achievable rate. Recent efforts hence look into the possibility of synergizing non-orthogonal multiple access (NOMA) with IRS (Ding and Vincent Poor, 2020; Mu et al., 2020; Wu and Zhang, 2020), although the added complexities at the UE may be a concern.
According to the state of the art (Dai et al., 2019), a well-designed microstrip-like meta-atom (i.e., each element of an IRS) at 4 GHz has only about 500-MHz bandwidth where there is a maximum of 1.25π phase shift range (much less than 2π) and that the amplitude fluctuation is less than 4dB. Worse, at 4.5 GHz, the phase shift range falls to only π, which greatly impairs the IRS' capability for beamforming. The narrow operating bandwidth of conventional IRS technologies will be a major bottleneck for high-speed communications from the BS to the UE if reflection-based IRS is to be relied on.
1.2.3 Non-Orthogonal Multiple Access
NOMA in its current form was first proposed by Higuchi and Kishiyama (2013) when they exploited successive interference cancellation (SIC) at the UE to enhance the downlink rate of a mobile network. The technique is built upon the information-theoretic foundation which features SIC as part of the capacity-achieving codec at the receivers (Caire and Shamai, 2003; Viswanath P and Tse, 2003; Viswanath S and Tse, 2003). The term “NOMA” was first used by Saito et al. (2013) when the scheme was put to the test by thorough system-level simulations taking into account the link adaptation functionalities of the long-term evolution (LTE) radio interface. It is worth mentioning that a serious discussion of non-orthogonal access, however, can date back to as early as 2006 by (Wang et al., 2006). Ding also popularized NOMA by a sequence of fundamental results in, e.g., (Ding et al., 2014; Ding et al., 2015; Ding et al., 2016). In recent years, NOMA has enjoyed so much growth on the rising importance of massive connectivity for 5G and beyond systems (Ye et al., 2021) and the idea that permits users signals to overlap in the same time–frequency resource block and get separated by SIC, enables aggressive spectrum sharing to increase the network throughput.
The complexity of NOMA, nevertheless, is a major hurdle. While NOMA is often sold as the technology for massive connectivity, ironically, the majority of the work has focused on mixing only two users in the same resource block due to decoding delay and complexity. Note that in NOMA, the weaker users get decoded first and then subtracted from the stronger users for decoding next. This specific decoding order is essential to the overall rate performance. For NOMA with many overlapping users, the decoding delay and complexity can be unbearable. Moreover, NOMA requires multiuser detectors such as SIC, and the overlapping users in NOMA need to be carefully selected, with their transmit powers optimized accordingly. This process is called clustering or user pairing, which requires sophisticated optimization and coordination between the BS and UE. It has been illustrated in Ding et al. (2016) that the amazing performance of NOMA depends on proper user pairing. In Zhu et al. (2019), the optimal user pairing and joint power control solutions were derived in a closed form, but user grouping of more than two users in NOMA was considered to be prohibitively complex and not well understood.
1.2.4 Artificial Intelligence
Machine learning or artificial intelligence (AI) which possesses an uncanny ability to spot hidden correlations, pick out incredibly subtle patterns within oceans of data, and make intelligent decisions is transforming our world for the better at a rapid pace. It has already found numerous applications in wireless networks, from channel estimation for massive MIMO systems (Huang et al., 2018; Wen et al., 2018) to cognitive radios and spectrum sharing (Bkassiny et al., 2013; Li H et al., 2018; Chang et al., 2019), to signal classification (O’Shea et al., 2018), to localization (Wang et al., 2017), to physical layer security (He et al., 2018; Chatterjee et al., 2019; Fang et al., 2019), and to emerging topics such as unmanned aerial vehicular communication systems (Liu et al., 2018, 2019), IRS systems (Liu S et al., 2020; Hu et al., 2021), caching and Internet of Things (IoT) systems (Li X et al., 2018; Tan and Hu, 2018), etc. Machine learning can inject the desperately needed intelligence into 5G and beyond mobile networks, and many examples have been discussed in Alsheikh et al. (2014), Jiang et al. (2017), and Zhang et al. (2019). The importance of machine learning for 6G mobile networks seems indisputable (Strinati et al., 2019; Tang et al., 2020; Tang et al., 2020).
With the C-RAN architecture, the BSs/RRHs can offer cloud services to the UE (Shi et al., 2016; Mao et al., 2017). Edge intelligence is the natural progression of both AI and edge computing and is a marriage of both these technologies. Edge intelligence places AI, more specifically deep learning models, into an edge computing environment to augment the performance of edge computing (Zhao et al., 2019). The limited capacity of backhaul and latency, however, can be a critical issue. To ease the backhaul burden and improve privacy, federated learning has been proposed to facilitate distributed model training from across large-scale UE (Kang et al., 2019; Wang et al., 2019; Yang et al., 2020). Although federated learning could greatly reduce the resources needed for offloading data, how this could be managed at a low energy cost with a large number of UE is not well understood. More importantly, the energy cost does not only include radio transmission between terminals but also the energy consumption for training and inference of the machine learning models at the BS/RRH and UE. In Wang et al. (2020), a detailed analysis of energy efficiency across the different cores of neural network–based machine learning has been presented. Nevertheless, such a detailed energy analysis is missing for a network where federated learning or any distributed learning is employed, not to mention for a mobile network with IRSs assisting the communication to the UE.
1.3 Fluid Antennas and the Opportunities
1.3.1 A Brief History of Multiple-Input Multiple-Output
The emerging technologies discussed above give a lot of positives to the development of 6G, but none of them is expected to replace MIMO. In fact, MIMO is simply irreplaceable. MIMO “creates” bandwidth out from space, independent of the frequency and time domains, and is widely regarded as the most important breakthrough in recent history of mobile technology. Paulraj and Kailath filed a patent in 1994 (Paulraj and Kailath, 1994) describing an apparatus to increase the capacity for wireless systems using distributed transmission and directional reception (DTDR), the setup that captures the essence of MIMO we have today. For this reason, Paulraj is rightfully widely considered as the Father of MIMO. However, MIMO only really came to life after the work by Foschini and Gans (1998), where the Bell Laboratories Layered Space-Time architecture which could realize the capacity benefits of DTDR using SIC was proposed. Remarkably, it was revealed by Foschini and Gans (1998) that the capacity of MIMO scales with the minimum number of antennas at both ends in the asymptotic regime. At the same time, MIMO in the form of space–time codes also emerged to exploit space diversity for error probability reduction (Alamouti, 1998; Tarokh et al., 1998). These early works had triggered waves of MIMO research that had dominated the research community for decades. The benefits of MIMO were formally characterized by Zheng and Tse (2003) using the notion of diversity and multiplexing tradeoff. In particular, the diversity order is defined as
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which measures the rate of reduction of the log of the probability of error, Pe, with respect to the increase in the log of the SNR, and the multiplexing gain is defined as
[image: image]
which quantifies the capacity scaling for the link of a single node, with R representing the achievable rate of the MIMO link. Note that Eq. 4 can be extended to multiuser scenarios, and in these cases, R(⋅) in Eq. 4 will denote the overall network capacity and r will then coincide with m in Eq. 2.
Scattering in wireless channels means that each UE has a unique, distinguishable spatial signature that can be exploited by MIMO for multiple access. Research in multiuser MIMO began in 2000 (Wong et al., 2000; Wong et al., 2003), but the field truly took off after the fundamental results in Viswanath and Tse (2003) and Spencer et al. (2004). Since then there has been a paradigm shift from single-user MIMO to multiuser MIMO (Gesbert et al., 2007). By using multiuser MIMO precoding, the network capacity can scale with the number of users without additional bandwidth, offering a solution to massive connectivity. For 4G LTE, MIMO utilizes up to eight downlink and four uplink antennas, while a 5G BS raises the number of antennas to 64 or more. The virtue of the large number of BS antennas enables multiuser MIMO to be achieved using a simple spatial matched filter (Ngo et al., 2013; Larsson et al., 2014). Nonetheless, the number of BS antennas needs to be much greater (e.g., 10 times greater) than the number of the UE sharing the same time–frequency resource block. There is still some way to go for truly massive connectivity.
Although the number of antennas at a BS has been drastically increased in 5G, the number of antennas at a UE remains small [image: image]. This is due to the limited space at the UE. To overcome the physical limits, metamaterials have been researched for years to allow small-sized antennas to be made (Ziolkowski and Erentok, 2006; Dong and Itoh, 2012). However, it is not just the antenna size but sufficient separation between the antennas that is also required. The common practice is to deploy multiple antennas only if they are sufficiently apart (≥half of the wavelength) to ensure sufficient diversity of signals at different antennas as well as avoid mutual coupling. Although this rule of thumb seems logical, there is a desire to see if this “half-λ” rule can be relaxed or even broken when utilizing the spatial diversity in the small space of a UE.
1.3.2 Fluid Antennas: From Fixed Multiple-Input Multiple-Output to Flexible Multiple-Input Multiple-Output
To address this, one may take inspiration from the following quote by Bruce Lee when he described the philosophy of Jeet Kune Do, the martial arts style he created to express his movements in combat3:
“Be like water making its way through cracks. Do not be assertive, but adjust to the object, and you shall find a way round or through it. If nothing within you stays rigid, outward
things will disclose themselves. Empty your mind, be formless. Shapeless, like water. If you put water into a cup, it becomes the cup. You put water into a bottle and it becomes the bottle. You put it in a teapot it becomes the teapot. Now, water can flow or it can crash. Be water, my friend.”
So, what if an antenna can be formless, shapeless like water, and adjusted to the situation?
This is what fluid antenna is all about, which can provide the ultimate reconfigurability and agility for signal and information processing (Wong et al., 2020a). Fluid antenna represents any radiating structure based on software-controllable fluidic, conductive, or dielectric element that can alter their shape, size, and/or position to reconfigure the polarization, operating frequency, radiation pattern, and other characteristics. It may even include designs which involve no fluidic materials (e.g., switchable pixels instead) if they can mimic the agility. Figure 1 illustrates the concept of a possible realization on a handset where conductive fluid is installed on a tube-like structure within which the fluid is free to move, but the shape of the antenna in this example is not changeable. Other types of fluid antennas are possible and will be discussed in Section 2. By enabling the position of the radiating element to shift, as in this example, it allows the UE receiver to browse through the fading envelopes in space for diversity and capacity benefits.
[image: Figure 1]FIGURE 1 | An illustration of a handset equipped with a tube-like fluid antenna system and its potential capability in browsing through the various fading envelopes in space. This figure also shows the different fading envelopes a fluid antenna sees over its entire space at different time instants.
To the best knowledge of the authors, the term “fluid antenna” was first used by Kar et al. (2010) when distilled water and chemicals were studied as potential materials for an antenna. Both the transmitting and receiving mode characteristics were investigated for different composition of fluids using both computer simulations and experiments. The most well-known example, however, was probably the seawater antenna Mitsubishi Electric announced a few years ago that demonstrated a radiation efficiency of 70% (Mitsubishi Electric, 2016). Named as “SeaAerial,” the antenna system shoots a column of seawater into the air to create a conductive plume for the transmission and reception of radio waves. Another famous example is the advanced saltwater-based antenna system developed by a research group from Nanjing University of Aeronautics and Astronautics in China that achieved 360-degree beam-steering for frequencies between 334 and 488 MHz (Hampson, 2019; Xing et al., 2019). Despite being less conductive than metals, the fluid-type antennas including also liquid metals, conductive fluids, etc. continue to gather pace, and many reconfigurable fluid antennas have emerged in recent years (Hayes et al., 2012; Morishita et al., 2013; Dey et al., 2016; Borda-Fortuny et al., 2017; Borda-Fortuny et al., 2019; Singh et al., 2019). There is also an emerging idea to use pixel-like electronic switches for designing reconfigurable antennas, and such an idea could be an alternative form of “fluid” antenna (Cetiner et al., 2004; Grau Besoli and De Flaviis, 2011; Chiu et al., 2012; Rodrigo et al., 2014; Song et al., 2014) that could have delay-free switchable positions. Indeed, the last decade has seen numerous advances in the design of fluid- or liquid-based antennas with different reconfigurabilities. A contemporary review on liquid antennas is provided in Huang et al. (2021).
Extending this vision, we can contemplate a future scenario in which flexible antennas based on fluid antenna technologies or similar ones, rather than fixed antennas, are equipped at the UE.4 Additionally, not one but many fluid antennas may be possible at a UE, giving rise to the paradigm of flexible MIMO.
1.3.3 A Hint for Fading-Free, Interference-Free Communications
Despite many explorative efforts in the implementation of various reconfigurable fluid antennas in the antenna community, it was not until the work in Wong et al. (2020a, 2021, 2022) that the characteristics of the fluid antenna were exploited for the design and optimization of wireless communications systems. In the works of (Wong et al., 2020a; Wong et al., 2021), a single-user system in flat fading was considered, where the receiver was equipped with a single-RF = radio frequency chain fluid antenna which could be instantly switched to the best position (referred to as “port”) from a number of closely located fixed ports in a predefined line space. As observed in Figure 1, for each time instant, the fluid antenna system is gifted the ability to browse through the fading envelope and therefore can avoid deep fades by activating the antenna at a desirable position or port, although the resolution will be determined by the number of ports available at the fluid antenna, N. It was illustrated in (Wong et al., 2020b) that the ergodic capacity of a single fluid antenna system can achieve or even exceed that of a maximum-ratio combining (MRC) system with many uncorrelated fixed antennas, if N is sufficiently large. Specifically, for a fluid antenna with half wavelength of space (i.e., W = 0.5), it can achieve an ergodic capacity higher than a five-antenna MRC system, if N ≥ 100. Furthermore (Wong et al., 2021, Theorem 8), has revealed that one fluid antenna could approach zero outage probability for a given finite SNR target, realizing fading-free communications, as N goes to infinity.
Remarkably, the real impact appears in multiuser scenarios where the UE shares the same time–frequency resource for massive connectivity and resolves the interference in the spatial domain by exploiting the ups and downs in their fading envelopes—something that was only possible before by MIMO signal processing to create the peaks and nulls of the fading envelopes with the aid of CSI at the transmitter and/or receiver sides when the transmitter (e.g., the BS in the downlink) has enough antennas. Using fluid antennas at the UE, multiple access is made easier. This can be understood using the example in Figure 2 which shows a downlink setup with the BS using distributed antennas to send signals to two fluid antenna–aided UE. In particular, the BS antenna 1 is dedicated to send the signal to UE 1 while BS antenna 2 transmits to UE 2. No advanced precoding is used at the BS, so obviously the UE are subjected to interference from the unintended BS antenna. The interference at each UE is expected to be resolved by its fluid antenna which oversees the fading envelopes of the intended signal and interference for their exploit. The fact that the fading envelopes of the desired signal and interference are independent suggests that the fluid antenna at a UE is able to find a position (i.e., port) where the interference suffers from a deep fade but the desired signal is acceptable, effectively enabling multiple access naturally without fancy signal processing. In this example, UE 1 and UE 2 can achieve a signal-to-interference ratio (SIR) of 34 dB and 26 dB, respectively, all by its single-RF chain fluid antenna switching to the right port to keep away from the interference and without sophisticated user coordination, crosstalk CSI acquisition, and signal optimization which are normally required if multiuser MIMO or even massive MIMO is adopted. Astonishingly, the intuition for multiple access using fluid antennas (referred to as fluid antenna multiple access (FAMA) in Wong et al., 2022) remains regardless of the number of coexisting users as multiple interferers aggregate naturally to produce a “sum-interference” envelope. In fact, the more the number of users, the deeper and narrower the fade. The interference immunity of a FAMA UE is mainly determined by the spatial resolution of the fluid antenna. An important theoretical result in (Wong et al., 2022, Corollary 1) is that if N goes to infinity (i.e., infinite resolution), the SIR outage probability will go to zero, basically achieving interference-free communications almost surely. Section 2 will review some of the important results of FAMA and discuss their implications.
[image: Figure 2]FIGURE 2 | A downlink network with the base station (BS) using distributed antennas to communicate with two fluid antenna–aided user equipment (UE). The fading envelopes of the intended signal and interference observed by the fluid antenna at each UE are shown, with an indication that the interference can suppress itself if the fluid antenna chooses an appropriate port for communication, achieving multiple access.
1.3.4 Synergies and Opportunities
Fluid antenna communication systems can improve the spectral efficiency (Wong et al., 2020a), and massively the multiplexing gain (Wong et al., 2022). As a result, the area traffic capacity in Eq. 2 can be enhanced significantly. It is also important to note that these benefits come with no apparent energy and bandwidth overheads for UE coordination, global CSI acquisition, and optimization. Therefore, the network energy efficiency (Eq. 1) should also be greatly improved. There are many exciting opportunities because of fluid antenna technologies. Massive machine-type communication (mMTC) is a key service category for 5G to support extremely high connection density. Massive connectivity with limited spectrum usually means sophisticated network management and coordination among the UE and a great deal of signal processing and resource allocation (e.g., the optimization for NOMA and massive MIMO). Even though massive MIMO can scale up the connectivity considerably without overwhelming the UE, the number of BS antennas is firmly set in the standard and cannot be increased without major hardware and software updates at the BSs. By contrast, fluid antenna offers the possibility of decoupling the mMTC problem into individual UE's optimization of their fluid antennas. That is to say, the network connectivity can grow naturally as the mobile devices advance in their technologies, without impacting on how the network should manage its resources—something that has never been possible before.
On the other hand, the simplicity in signal processing for fluid antenna also appeals to lightweight IoT devices. Many have suggested that 6G will be about connected intelligence which will exploit the wonder in the universe of information from an astronomical number of IoT devices, each with different signal processing capabilities, intelligence, hardware, and battery life. These disparities between the IoT devices make it extremely difficult to have a single communication standard that can fit all. The fact that the way fluid antenna works does not depend on the capability of coexisting devices, greatly simplifies the design of the mobile network. Moreover, user fairness comes naturally because the achievable performance is directly linked to the UE's fluid antenna resolution which dictates its interference immunity. In terms of information security, fluid antenna technologies may also be desirable as multiple users' signals are encouraged to overlap on the same time–frequency resource unit, making it hardly recognizable by eavesdroppers. With imagination, it is envisaged that foldable or bendable antennas can be fit on clothes or textile products. This potentially will enlarge the aperture to collect more radio signals for the UE and concepts such as relaying and/or IRS (in a smaller scale) can be effective to enhance the performance of the UE.
Finally, fluid antenna is a standalone technology and can be easily combined with other technologies. For example, one can still opt to use MIMO beamforming at the BS to focus the signal energies onto the UE directions while the fluid antennas are equipped at the UE for resolving the mutual interference. IRS could also offer a huge number of artificial scatterers to provide the randomness needed in the fading envelopes for exploitation by fluid antennas. In return, fluid antennas could remove the need for complex optimization of the reflection coefficients of the IRS and also liberate the bandwidth of the IRS meta elements which is usually limited by the required range of achievable phase shifts. Evidently, one can still use SIC to separate the users as in NOMA at the UE even if fluid antenna is used. This would be necessary if the resolution of the fluid antenna is limited. With fluid antennas answering the key physical layer questions, AI can focus almost entirely on finding network solutions to deal with situational and contextual conditions. For mmWave, however, the combination with fluid antenna systems could have mixed results. While the increasing bandwidth is expected to bring capacity gain, the directional channel of mmWave will impair the ability of fluid antenna to resolve the interference, which will have to be properly looked at.
1.4 Aim and Scope of This Article
While liquid-based antennas had been researched for over a decade, fluid antenna communication systems research was in a very early stage and the work in Wong et al. (2020b, 2021, 2022) only offers some initial understanding of what fluid antennas may bring to mobile networks. It is fair to say that for fluid antennas to play a role in the delivery of 6G, there are obstacles that need to be overcome satisfactorily. The aim of this article is to present six research topics in fluid antenna systems that, if addressed properly, can become the game changers to pave the way for 6G. We will discuss the potential impacts of each research topic and how the solutions may shape the development of 6G.
The remainder of this article is organized as follows. Section 2 gives a brief survey of conventional fluid antenna technologies that are relevant to the design and optimization of mobile communications networks. Emphasis will be put on two types of fluid antennas: 1) monopole fluid antenna and 2) surface-wave–based fluid antenna. The former is well known for its frequency reconfigurability that can be used for cognitive radios and frequency-hopping communications, while the latter enables a high-definition position-switchable antenna that is capable of obtaining massive diversity and multiplexing gains in a small space. Section 2 will also review several key theoretical results for characterizing the achievable performance of a fluid antenna system in both single and multiuser environments. These results lay the foundations for the six research topics that we will discuss in Section 3. This article is concluded by a short summary of the design specifications useful for antenna experts in Section 4. Finally, Section 5 concludes this article.
2 FLUID ANTENNA BASICS
In this section, we provide an overview of the fluid antenna technology and review some known results that are important in understanding the performance of fluid antennas in wireless communication systems. This section will begin by introducing the hardware architecture and basic components for the two main types of fluid antennas. The first type specializing in frequency reconfigurability follows from the principle of a standard monopole but with an adjustable length, while the second type provides an antenna design that enables shifting of a radiating element over space to obtain spatial diversity in a novel way. This section will be concluded by putting the fluid antenna technology in the context of wireless communications and presenting several key information-theoretic results characterizing the system performance.
2.1 Basic Designs
In the general sense, fluid antennas represent any radiating structure based on software-controllable fluidic, conductive, or dielectric element that can alter their shape, size, and/or position to reconfigure the polarization, operating frequency, radiation pattern, and other performance metrics (Wong et al., 2020b). This contrasts to conventional antennas that are made of solid materials, such as metal wires, plates, dielectric slabs, etc. The beauty of a fluid antenna is that it has no pre-defined form and can be shaped to any desirable form and relocated to adapt to the ever-changing wireless environments. The latter feature empowers itself by the unique capability of escaping from fading or exploiting fading to our advantage.
2.1.1 Fluid Monopole
Figure 3 shows a frequency-agile fluid monopole antenna system where the amount of the radiating fluid inside a tube can be adjusted to control the resonant frequency (Borda-Fortuny et al., 2019). This so-called fluid monopole is particularly suitable for cognitive radio applications in which a device is required to switch the operating frequency over a wideband depending on the access priority and frequency availability (Borda-Fortuny et al., 2018). While a fluid monopole operates more or less like a standard monopole, there can be variants to suit different reconfigurabilities and applications. Regardless, nevertheless, there are four key components: 1) the feeding network for delivering/collecting the RF signal, 2) the fluid serving as the sole or a part of the radiating element, 3) the fluid container and reservoir for holding the fluid, and 4) the pump, feedback mechanism, and the corresponding control unit for changing the antenna performance.
[image: Figure 3]FIGURE 3 | The basic components of a fluid monopole.
The feeding network's function is to deliver or receive the RF signal to or from the radiating element. Wideband feeding geometries are required to utilize frequency diversity, and independent performance tuning and leakage-free environment are indispensable. Coupling-fed methods are preferred as they indirectly deliver/collect the RF signal from the radiating element (Li and Luk, 2015; Espley-Jones et al., 2017), while direct-contact feeding methods tend to cause impedance matching problems because they are sensitive to the change of fluid volume in the container (Xing et al., 2015).
The conductive fluid can be chosen as either metallic, for example, mercury and Eutectic Gallium-Indium, or dielectric, such as pure water and ionized solution, radiating element, depending on their electrical properties and implementation constraints (Motovilova and Huang, 2020). Liquid metal radiating element can be EM-modelled like common metals with specific conductivity, whereas fluid antennas using water or ionized solution can be categorized as a dielectric resonator antenna, with the resonant frequencies determined by its size, shape, material, and permittivity (Petosa et al., 1998; Keyrouz and Caratelli, 2016). The term “fluid antenna” was first introduced by Kar et al. (2010), but using fluidic structures for an antenna can be traced back to even earlier by Kosta and Kosta (2004) when mercury was used to make a circular patch liquid microstrip antenna. Since then, evidently, fluid antennas have evolved a lot, and Huang et al. (2021) provide a great survey of the recent advances and offer a bright vision for the future.
Apparently, the fluid needs to be contained when in use or as reserve. Two processes are typically used to assemble the container. The first approach uses polydimethylsiloxane (PDMS) as the material which is a flexible, deformable, and commercially available elastomer. Photolithography is first used to create the microchannels in the PDMS container and then the conductive fluid will flow in to create the radiating elements (Hayes et al., 2012). Another, possibly more practically friendly, method is to use a 3D printer to fabricate the container using resin. Rapid prototyping of fluid antennas using 3D printing technologies has recently been actively researched by Cosker et al. (2017), Su et al. (2017), and Borda-Fortuny et al. (2019).
As shown in Figure 3, a pump that is controlled by a microcontroller is another key component. The pump is adopted for flowing the fluid in and out of the container for controlling the antenna performance. Either micro-pumps (Wang and Fu, 2018) or nano-pumps (Darby et al., 2010) may be used. The microcontroller unit/computer provides the brain of the fluid antenna system to control the fluid flow (e.g., to achieve a prescribed length of the fluid monopole) to tune in to a specific operating frequency.
2.1.2 Surface Wave–Based Position-Flexible Fluid Antenna
Fluid antenna is more than just a frequency-agile antenna and can be designed to counter the unique challenges of wireless communications. Over the decades, communications researchers have been battling to avoid deep fades which come naturally from multipath propagation and control the interference caused by aggressive reuse of the spectrum needed for massive connectivity. As discussed earlier in Section 1.3.2, the fluid antenna offers a new technology to access a collection of fading envelopes in space, which in turn enables the receiver to find and tune in to a spatial window where the signal quality is good. In the single-user case, this means that deep fades can be avoided while for the multiuser scenarios, the antenna can operate at a location where the interference is in a deep fade or the SIR is maximized. Fluid antenna obtains the benefits of MIMO in a completely different way. To perform well, it requires the fluid antenna to have a fine spatial resolution (i.e., large N) to adapt its port (Wong et al., 2021; Wong et al., 2022).
A very high-resolution position-flexible fluid antenna can be achieved using surface wave technologies (Shen et al., 2020; Shen et al., 2021). The technology uses a surface wave to propagate along a dielectric medium that when hitting the fluid radiating element will be diffracted to form the radiation pattern at a given location. As the fluid element shifts its location, the design effectively creates a radiation pattern at the location of the fluid element to capture the received signal via the surface wave. Since the location of the fluid element can be controlled very finely, the design can realize an extremely high spatial resolution. Figure 4A shows the hardware architecture of such surface wave–based fluid antenna. The planar surface wave launcher on the piece of microwave dielectric substrate will excite a surface wave from the RF signal fed at the coplanar waveguide input port. When the surface wave propagating along the PCB substrate is scattered by the fluid radiating element, it results in a space wave, effectively creating a radiation pattern. Figure 4B illustrates this phenomenon as the fluid radiating element shifts its location.
[image: Figure 4]FIGURE 4 | (A) A surface wave–based fluid antenna and (B) the E-field distribution of the surface wave–based fluid antenna when the fluid radiating element changes its location.
On the other hand, Figure 5 shows the range of radiation envelopes of the surface-wave fluid antenna at 26 GHz when the fluid radiator moves along the channel. The different angular envelopes are produced when the fluid radiator changes its location inside the channel over the given space. As can be seen, in this example, the fluid antenna can provide a dynamic range of 22dB at around −45° (i.e., the difference between the maximum and minimum achievable). This implies that a fluid antenna can potentially activate a signal null at −45° by switching the fluid radiator at a specific position, which could be a useful feature for interference mitigation. The radiation envelopes at other angular directions can be manipulated similarly by shifting the fluid radiator inside the channel. Evidently, the design will need to be improved in order to possess the full degree of freedom to control the ups and downs of signal envelopes at all angular directions independently. There are other implementation issues that will be discussed in one of the six game-changing topics later. Despite this, the evidence seems encouraging that fluid antenna technologies will innovate the design and optimization of wireless communications systems for years to come.
[image: Figure 5]FIGURE 5 | The radiation envelopes of the surface wave fluid antenna at different fluid positions at 26 GHz.
2.1.3 Performance Indicators
Like conventional antennas, the performance of a fluid antenna can be characterized in the same way through metrics such as radiation efficiency, gain, radiation pattern, impedance, bandwidth, etc. That said, there are additional indicators that govern the performance of a fluid antenna.
• Performance stability—Some of the fluids used in the antenna design show noticeable changes in performance at different ambient conditions. For example, the operating frequency of water-based and ionized water antennas is sensitive to temperature changes, as the dielectric constant varies with the density of water at different temperatures. By contrast, fluid metals are more stable within their fluid-state temperature. In general, the effects due to atmospheric conditions such as temperature, moisture, pressure, etc. should be minor as the fluid radiator is usually realized in a sealed container. In addition, any frequency de-tuning due to environmental changes can be tackled by the design margin in the operating bandwidth, and changing the resonant dimension of the fluid antenna. In fact, the performance of the fluid antenna under different atmospheric conditions has been extensively investigated in the literature; see, for example, Xing et al. (2012, 2015) and Borda-Fortuny et al. (2019).
• Response time—Reconfigurability of fluid antennas is mainly realized by mobilizing the conductive fluid to a different position (or port) by means of an electronically controlled pump or gravitational force. The time required for the fluid to be moved to the desired position is crucial for communication systems. Considering the use of nano-pumps and the mmWave band, the diameter of the micro-fluidic system for the fluid antenna would be less than 1 mm, and the response time for pumping the air would be in the sub-millisecond range (Rapp, 2016). Such a delay may be small enough for communications of low-mobility UE, but it certainly deserves a proper investigation.
• Implementation difficulty—Fabricating the fluid channels, especially the thin ones, sometimes can be challenging. Fortunately, with the advances in 3D printing technologies, many creative geometries can be realized by waterproof materials. The time and number of processes spending on the fabrication and the peripherals required will be a factor to assess whether a given design is practically feasible.
• Safety—Unlike aluminum, copper, or ceramic used in conventional antenna designs, some of fluid materials, such as oils and solvents, used in fluid antennas might raise safety concerns, as they may be flammable or could have unwanted chemical reactions with the container if not properly designed.
2.2 Information-Theoretic Results
To help understand the roles of fluid antenna technologies, we now focus on the use of statistical models that succinctly describe the communication networks where UE are equipped with a fluid antenna each. We will present some key information-theoretic results from (Wong et al., 2020a; Wong et al., 2021; Wong et al., 2022) that characterize the achievable network performance of fluid antenna–assisted wireless communications. To add value to this article, the results presented here are extensions to the scenario where a 2D fluid antenna surface is used. This represents the fluid antenna system where the fluid radiator is free to roam within a prescribed 2D geometry. To make our models tractable, the fluid radiator is abstracted as an ideal point antenna, ignoring the actual physical dimensions. To help readers follow the mathematical expressions, some important variables and functions are summarized in Table 1.
TABLE 1 | Notations of important variables and functions.
[image: Table 1]2.2.1 System Models
2.2.1.1 Single-User Fluid Antenna System
We consider a 2D rectangular surface with dimensions Wλ × Dλ, where λ denotes the wavelength, and it is assumed without loss of generality that W ≤ D. A number of antenna ports are distributed evenly over the surface, and each port represents a location in which the fluid radiator or antenna can be chosen to be activated. It is assumed that only one port can be activated at any given time. For the case where more than one port can be activated at the same time, this represents the fluid MIMO case and will be discussed in Section 3. For ease of exposition, the fluid antenna surface is laid onto a Cartesian coordinate system with a grid distance Δλ for some prescribed Δ. As shown in Figure 6, the ports are located at
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where
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In what follows, the fluid antenna system has in total (2Nx + 1)(2Ny + 1) ports.
[image: Figure 6]FIGURE 6 | The coordinate system that we use to characterize the 2D fluid antenna surface of dimensions Wλ × Dλ, where there are (2Nx + 1)(2Ny + 1) ports for the fluid radiator to be positioned.
The received signal at the (x, y)-th port of a UE of interest can be written as
[image: image]
where s may be the information signal transmitted from the BS, ηx,y is the additive Gaussian noise with zero mean and variance of [image: image], and gx,y denotes the complex channel envelope, and rx,y = |gx,y| is Rayleigh distributed, with the probability density function (pdf):
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with [image: image]. The average received SNR can be defined as [image: image].
As the antenna ports can be arbitrarily close to each other, they are spatially correlated. We parameterize the channels by
[image: image]
where ax,y and bx,y are all independent Gaussian random variables with zero mean and variance of [image: image]. Note that the port (0, 0) is a reference port only, used to characterize the cross-correlation between any two ports via the correlation parameters {μx,y} and can thus be omitted in the model. Assuming isotropic scattering, the cross-correlation parameters {μx,y} have the form (Stüber, 2002):
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where J0(⋅) is the zero-order Bessel function of the first kind.5 It has been reported in Wong and Tong (2022) that the limited number of parameters {μx,y} would be unable to ensure Eq. 10 for any two ports in the space. It was therefore proposed to set all the parameters equal, i.e., μx,y = μ ∀x, y such that
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where the right-hand side of (a) is the average of all possible correlation coefficients for the given ports, and (b) is true when both Nx and Ny become large. By choosing μ according to Eq. 11, the spatial correlation between the ports can be effectively incorporated and μ links with the size parameters D and W.
For the single-user model with a given channel, the average SNR at the (x, y)-th port is given by |gx,y|2Θ and the achievable SNR for the fluid antenna is hence Θ maxx,y{|gx,y|2}, if the maximum port is always selected. An important performance metric is the probability of an outage event:
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by considering the channel statistics, where [image: image] is the target SNR and γ is the normalized target SNR.
2.2.1.2 FAMA (Fluid Antenna Multiple Access)
As discussed earlier in Section 1.3.3, fluid antennas can be used to exploit the deep fades of interference for multiple access. When there are NI interferers coexisting in the network, Eq. 7 becomes
[image: image]
where si is the transmitted data from the i-th interferer and [image: image] denotes its channel. The parameters for the interferers are modelled in the same way as the desired signal. Since [image: image] are all complex Gaussian, we can model the total interference at the (x, y)-th port as [image: image], which is again complex Gaussian with zero mean and variance of some [image: image]. In Eq. 13, zx,y denotes the received signal for a typical UE, and the model corresponds to an interference channel model.
Following from Eq. 9, we can also model [image: image] by
[image: image]
where [image: image] are all independent Gaussian random variables with zero mean and variance of [image: image], and {μx,y} are the cross-correlation parameters satisfying (Eq. 10). Note that it suffices to focus on a typical FAMA user, and the user index is thus omitted here if the users are statistically identical.
The symbol-level SINR at the (x, y)-th port can be expressed as
[image: image]
where (a) ignores the noise with the understanding that the performance is interference-limited. This is particularly true when NI and/or σI is large. It is hypothesized that the fluid antenna will always switch to the port with the maximum of [image: image]. Such maximization literally requires the UE to track the ratio (hence the interference null) at the symbol level over all the ports, which is an open problem. Section 3.4 will look at this problem more carefully and provide some thoughts on how this might be addressed in practice.
As such, the following random variable is of interest:
[image: image]
where (a) adopts the assumption that |s| = 1, i.e., constant-modulus modulation, for simplicity. While the channel gain for the desired signal {|gx,y|} and the interference magnitude [image: image] are usually independent, each on its own is correlated across space, as specified by Eq. 10, which causes their ratios to be correlated over the ports in a certain way. The random variable gFAMA corresponds to the square root of the normalized SIR of the received signal at the symbol level. For multiple access, FAMA focuses on the interference immunity at the users, and the outage event is defined based on an SIR target, γ such that
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2.2.2 Channel Hardening and Diversity Gain
The wireless channel is inherently fluctuating and follows the infamous Rayleigh distribution, resulting in deep fades at times. A known fact for MIMO is that spatial diversity can effectively reduce the spread of the fading envelope (or its variance), which is the well-known channel hardening phenomenon (Hochwald et al., 2004). In the very extreme case where an ultra-massive MIMO is used, the channel will approach to a deterministic channel with no fading at all. One way to demonstrate the effectiveness of fluid antenna is therefore to observe the channel hardening phenomenon of the fading envelope. Figure 7 shows such results illustrating the change of fading envelopes over time for a fluid antenna system with the results of a two-antenna MRC system as the reference. The results indicate that with the ability to select the best fading envelope out of the many over space, the fluid antenna system indeed hardens the channel whose envelope looks much less fluctuating over time, more steady than the two-antenna MRC system. Additionally, the results reveal that with a larger space (20λ versus 5λ), the channel hardening phenomenon looks more obvious.
[image: Figure 7]FIGURE 7 | Examples of fading envelopes for UE travelling at 30 km/h at 3 GHz when the fluid antenna has 200 ports and a one-dimensional space of (A) 5λ or (B) 20λ.
Precisely, the performance of the fluid antenna system can be characterized by the outage probability, [image: image], and a number of interesting results can be derived from that. These results are presented based on the 2D fluid antenna surface described earlier as follows:
Corollary 1. The SNR outage probability for the fluid antenna system is given by
[image: image]
where Q1(⋅, ⋅) denotes the first-order Marcum Q-function.
Proof. Obtained directly from (Wong et al., 2021, Theorem 3) and (10).
Corollary 2. The SNR outage probability for the fluid antenna system is upper-bounded by
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where κ > 1 and 0 < ϱ < 0.5 are some arbitrary constants.
Proof. Obtained directly from (Wong et al., 2021, Theorem 7) and (10).From this upper bound, we see that the (x, y)-th antenna port contributes to a diversity gain of [image: image] but comes with an SNR scaling penalty of [image: image]; see Wong et al. (2021, Corollary 4). More remarkably, it is also revealed that the fluid antenna system with some finite dimensions W, D > 0 can achieve any arbitrarily small outage probability, if Nx, Ny → ∞ (Wong et al., 2021, Theorem 8). This confirms that theoretically and under ideal settings, massive diversity still exists even with a small space.
Corollary 3. The ergodic capacity of the fluid antenna system is given by
[image: image]
Proof. Obtained directly from (Wong et al., 2020a, Theorem 3) and (10).
2.2.3 Multiple Access and Multiplexing Gain
The real impact of fluid antenna systems comes from their great potential for massive connectivity in the same time–frequency resource block without the requirement for complex coordination and prior signal processing, optimization, and management. As illustrated in Figure 2 and explained in Section 1.3.2, the fluid antenna achieves multiple access in a novel and simple way. Multipath fading naturally performs the magic by letting the envelope of the desired signal and the total interference fade randomly and independently. The fluid antennas at the UE then exploit the spatial window of opportunity where the aggregate interference naturally vanishes to retrieve their desired signals for communications. The keys to FAMA are the independence of the fading envelope of the desired signal and that of the interference, and that the fluid antenna at each UE has a fine spatial resolution (i.e., large N) to locate a desirable port (Wong et al., 2021; Wong et al., 2022). The former can be ensured if the multiuser signals come from different BSs, such as in multicell environments or device-to-device (D2D) applications. In the downlink, it is also possible that each user signal is transmitted from a distributed BS antenna, as considered in Figure 2. On the other hand, the latter relies on technologies such as the surface-wave–based fluid antennas discussed in Section 2.1.2 (Shen et al., 2020; Shen et al., 2021) to browse seemingly freely within the given space to find the right port.
Like the single-user case, we can investigate the achievable performance via the outage probability; this time in terms of the SIR. We can also quantify the capacity scaling of the FAMA network by studying the multiplexing gain, or m in Eq. 2 and more. These results are presented below.
Corollary 4. The SIR outage probability for a FAMA user is given by Eq. 21
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where I0(⋅) denotes the zero-order modified Bessel function of the first kind.
Proof. Obtained directly from (Wong et al., 2022, Theorem 1) and (10).
Corollary 5. | The SIR outage probability for a FAMA user is upper-bounded by
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Proof. Obtained directly from (Wong et al., 2022, Theorem 2) and (10).An important finding from Corollary 5 is that as Nx, Ny → ∞ (i.e., infinite spatial resolution), the SIR outage probability is shown to go to zero. This confirms the extraordinary interference immunity of the fluid antenna and suggests that truly massive connectivity is possible by overlapping a large number of users over the same time–frequency resource block, and yet, there will be (spatial) moments where the interferences vanish, to be exploited by the fluid antenna at each UE for multiple access. In Wong et al. (2022), it has been reported that hundreds of users can be served at the same channel as long as the resolution of the fluid antenna at each UE is sufficiently high.
Corollary 6. The required number of ports of the fluid antenna surface for a FAMA user to achieve a given multiplexing gain m with a target SIR γ can also be estimated by
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Proof. For the model in Wong et al. (2021, 2022), the reference port (0, 0) is auxiliary, which means that the models there actually represent the fluid antenna systems with N − 1 ports, instead of N. Now, we apply Wong et al. (2022, 27 in Theorem 5) by replacing N − 1 by the total number of ports in the 2D surface, (2Nx + 1)(2Ny + 1), to obtain the desired result. Note that the last result on the right in Eq. 23 uses the assumptions that [image: image] and NI ≫ 1.
Corollary 7. The multiplexing gain for the FAMA network satisfies
[image: image]
Proof This is obtained directly from Wong et al. (2022, Eq. 28 in Corollary 2) by replacing N − 1 by (2Nx + 1)(2Ny + 1), which completes the proof.In the above, the multiplexing gain, m, is based on the definition that takes the form:
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where (a) computes the ratio of the network capacity and the single-user capacity to find m; (b) assumes that all users are statistically identical and that every user transmits a fixed rate equal to [image: image] (with noise ignored). Therefore, the network capacity becomes the average outage rate scaled by the total number of users. For the single-user capacity, its outage probability is assumed to be too small to be accounted for as there is no interference. The results in Corollary 6 and Corollary 7 are all based on the definition (Eq. 25). Note that in the general case where the users may have different channel statistics and SIR thresholds, [image: image], it can be easily shown that m can be found by
[image: image]
where [image: image] denotes the outage event specifically for user u. Evidently, it would be much more convenient to consider the homogeneous user case so that clear insight can be drawn.
2.2.4 Network Capacity and Energy Efficiency
Network capacity, sometimes referred to as network throughout, is one of the most important performance indicators for mobile communication networks. Capacity, nevertheless, comes with several definitions depending on the emphasis that the network wants to place. Following from the discussion above, if all the FAMA users are statistically identical and they always transmit a fixed rate [image: image] (ignoring the noise), then the average network outage rate can be easily found as
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where m is characterized by Corollary 7.
On the other hand, one may like to find the maximum achievable rate for a given outage probability, [image: image]. In this case, this capacity is referred to as the ϵ-outage capacity which is given by
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where [image: image] is the complementary cumulative density function (ccdf) of the SINR of a FAMA user
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In other words, we have [image: image].
Furthermore, if each user transmits a very long codeword that can average out the ensemble of its channel, its capacity can be best characterized by ergodic capacity, and the user can adapt its rate to match the capacity. In this case, the ergodic capacity of the FAMA network can be expressed as
[image: image]
where E[⋅] in (a) evaluates the expectation of the input random variable; (b) uses the fact that [image: image]; and (c) employs the definition of the ccdf, [image: image].
We can also define multiplexing gain, m, to work out the capacity scaling in terms of the ergodic capacity. Consequently, we have
[image: image]
where the denominator in (a) corresponds to the ergodic capacity of a single-user channel without fluid antenna; (b) uses Jensen’s inequality; and (c) provides a lower bound for the multiplexing gain.
Following the definition in Eq. 1, if we consider the ergodic capacity as an example, then the energy efficiency of the FAMA network can also be evaluated as
[image: image]
where [image: image]. As we can see, the energy efficiency is clearly improved by maximizing the multiplexing gain of the network, with the understanding that the energy overheads for operating FAMA users are minimal. This is not the case if multiplexing gain is obtained using MIMO or NOMA.
3 SIX GAME-CHANGING TOPICS
In this section, we identify six research areas for fluid antenna technologies that can be pivotal in deciding the roles of fluid antenna in 6G mobile communications. Each of the topics, if satisfactorily addressed, is a real opportunity that can potentially revolutionize how future mobile communications evolve.
3.1 Topic 1: Intelligent Reflecting Surface + FAMA
Rightly so, IRS is very much taking over the discussion of 6G wireless communications in recent years. The use of a large surface of passive intelligent reflecting elements is indeed attractive for improving the coverage and enhancing the energy efficiency of the BS greatly when moving up the spectrum for larger bandwidth. This approach is also much more affordable than BS densification. With the goal of getting the best out of IRS, its combination with other technologies is also being studied actively around the world. Despite the overwhelming interest, as discussed in Section 1.2.2, there are legitimate concerns whether IRS can be compatible with the BS technology to deliver the needed performance.
First, the bandwidth of IRS in which there is a sufficient range for phase control is narrow. This is due to the limited bandwidth of the current microstrip or patch design for the unit cells (i.e., meta-atoms) of IRS, which greatly limits the applicability of IRS when the BS is sending a wideband signal to the UE. It is worth pointing out that the current state of the art achieves only a maximum of 1.25π phase shift range, much less than the full degree of freedom 2π for beamforming. This maximum phase shift range also diminishes quickly as the operating frequency changes (Dai et al., 2019). Additionally, even if the phase shift control is to be compromised for larger bandwidth, it is not clear how the beamforming optimization of IRS can cope with 5G orthogonal frequency division multiplexing (OFDM) waveforms such as cyclic prefix OFDM (CP-OFDM) and discrete Fourier transform-spread OFDM (DFT-s-OFDM). The issue is that the phase control for a unit cell at different frequency subcarriers are coupled, and yet, it is known that wireless channels at different frequencies likely differ. Trying to form a single beam that works for a number of subcarriers for a UE is destined to lose its sharpness and be ineffective. The problem worsens if multiple beams are to be formed to point to multiple UE by the IRS. Although the problem can be alleviated if the number of unit cells of the IRS is larger, this comes with a higher cost for estimating the cascaded channels and coordinating the CSI acquisition process. Channel estimation and beamforming optimization are no small tasks, as they involve the BS, the IRS and its many unit cells, and the UE. Moreover, the involved optimization is known to be very complex and not expected to be feasible at the IRS. Thus, it is likely that the optimization will be conducted at the BS with the solution sent to the IRS. Apart from these, the adoption of IRS needs to be carefully planned. While the beamforming of IRS is supposed to boost the signals to the serving UE, this may potentially cause unwanted interference to other UE, similar to intercell interference. Hence, global optimization for multiple IRSs is necessary.
Then how fluid antenna helps overcome the abovementioned obstacles of IRS?
Figure 8 illustrates a vision of using the IRS to provide a large surface of many artificial scatterers for the multiuser signals coming onto the IRS from the BS off to the UE nearby. This is in direct contrast to the conventional approach of using IRS as a smart beamformer. The role of the BS remains the same that its responsibility is to ensure strong signals coming onto the IRS. However, only the CSI between the BS and the IRS would be required and its statistics including the directional information will remain unchanged forever because both the BS and IRS are at fixed locations. With the IRS as massive scatterers, the reflection coefficients (or phase shifts) by the unit cells can be chosen completely randomly. Hence, the multiuser signals will be subjected to an enormous number of multiple paths artificially caused by the unit cells, and the channel conditions will be made highly suitable for FAMA. In this way, as long as the multiuser signals coming onto the IRS have different phase shifts (or are in different subspaces), they will form independent signal envelopes at the UE after encountering the IRS unit cells. This is exactly what FAMA can exploit to enable each UE experience no interference by browsing through the fading envelopes at closely located ports of its fluid antenna. Note that fluid antenna emulates the action of “natural” beamforming by seeking the port that maximizes the SINR because the solution corresponds to the case where the desired signal envelope at the UE peaks by coincidentally aligning the reflected signals from the unit cells.
[image: Figure 8]FIGURE 8 | Intelligent Reflecting Surface as a large surface of artificial scatterers for FAMA in the downlink.
To see how this works, we can consider the case in which an NT-antenna BS communicates to NI + 1 fluid-antenna UE via an IRS with M reflecting unit cells. Then, the received signal at the (x,y)-th port of the fluid antenna at UE u can be written in a standard FAMA form as
[image: image]
where su represents the information-bearing signal intended for UE u, [image: image] is the complex additive white Gaussian noise (AWGN) at the (x, y)-th port of UE u, and according to Rehman et al. (2021), we have
[image: image]
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where [image: image] is the channel vector from the IRS to UE u at port (x,y), [image: image] denotes the channel matrix from the BS to the IRS, ϒ denotes a diagonal matrix containing the phase shifts of all the unit cells, and [image: image] denotes the precoding vector at the BS for UE ℓ.
Following the results in Section 2.2.3, the only requirement for FAMA is that the fading coefficients, [image: image] and [image: image], are independent. This is possible by choosing the precoding vectors at the BS {fℓ} properly. An obvious choice is to select the singular-value decomposition subspaces of HBS−IRS as the precoding vectors which can not only ensure strong signal beams from the BS to the IRS but also provide sufficient independency of the multiuser signals coming onto the IRS. It can be seen that if M is very large, then both [image: image] and [image: image] will be Gaussian distributed regardless of the choice of ϒ. An important problem will be to investigate the optimal solution for {fℓ} and whether the same interference immunity for FAMA can be achieved. Along this line, it would be interesting to study how the multiplexing gain scales with the number of elements in the IRS, the number of BS antennas, and the number of ports of the fluid antenna.
The implications of a positive answer to this problem are disruptive. This means that:
• Optimization of the phase shifts, ϒ, for the IRS is no longer needed, and as the IRS only serves as a source of massive scatterers, a random choice of ϒ suffices. The complexity for estimating the CSI between the IRS and UE and coordinating the channel estimation process is also avoided.
• Eliminating the need for optimizing ϒ also liberates the bandwidth of the IRS because the achievable range for the phase control of the unit cells no longer limits the operational bandwidth of the IRS. In what follows, IRS will always be compatible to any BS wideband technology such as CP-OFDM and DFT-s-OFDM. A single random ϒ would be equally effective for multiple frequency subcarriers if each UE has a dedicated fluid antenna for receiving each subcarrier's signal.
• Including more IRSs in the radio environment always improves the network performance without sophisticated planning and optimization. This is because every IRS effectively provides an additional aperture to collect the radio signals from the BS and bounce them off to the UE near it. It is the fluid antenna at each UE to tune in to the port where “natural” beamforming from the IRSs occurs to see the peak of the desired signal and the disappearance of the interference. All is done without complex optimization of the IRSs, while operating completely passively with minimal energy consumption.
• In the scenario where there is proliferation of IRSs everywhere, it has been suggested that the BSs should be optimized to simply direct the user signals onto the IRSs and the UE get their signals from the IRSs distributed in the environment, while their signal quality is assured by fluid antennas. The advantage is that the beamforming of the BSs to the IRSs can be rather static as they are fixed for the entire time. This will significantly simplify the optimization of the BSs without compromising their performance. Multicell interference can also be handled more easily as the BSs only deal with static IRSs.
• IRS is important for FAMA on very high frequency bands such as mmWave. The supposedly more directional channels in the mmWave band inhibit the fading phenomenon essential for FAMA to shine. The adoption of IRS as a source of massive scatterers therefore helps restore the ups and downs of the fading envelope so that the fluid antenna can exploit for massive connectivity.
3.2 Topic 2: Multiple-Input Multiple-Output + FAMA
FAMA works naturally in D2D environments since the interference signals come from different sources, and the fading envelope of the aggregate interference will be independent of that of the desired signal. For downlink, communications takes place from the BS to a group of UE, and it is expected that the BS has a massive MIMO transceiver. Normally, even with 64 antennas, the BS is not anticipated to serve 64 UE on the same time–frequency resource unit because an excessive number of BS antennas are required to give margin for imperfections when beamforming to the UE. For example, massive MIMO expects to null out the interference by exercising the law of large numbers without performing channel inverses. The opportunity that fluid antenna technologies bring here is that if multiple access is achieved by fluid antennas at the UE as opposed to MIMO beamforming from the BS, then each BS antenna can be used to transmit one user's signal. If the BS antennas are located sufficiently far apart, the multiuser signals coming to a UE will be independent and FAMA will be very effective. As a result, immediately, FAMA can liberate the antennas at the BS to accommodate the maximum number of UE on the same time–frequency resource unit, not to mention the benefits of avoiding the CSI acquisition and beamforming optimization.
Although massive MIMO is a promising technique, this is not a scalable solution. That is to say, one cannot easily upgrade the BSs to incorporate more antennas for higher capacity over night. Such changes are major and will require both hardware and software updates of the BSs, which will demand standardization efforts to address. On the contrary, fluid antenna can be a plug-and-play solution which does not involve hardware changes at the BSs and only requires simple signal processing at the BSs. Presumably, the capacity gain of FAMA can be instantly realized if UE are equipped with fluid antennas and the BSs simply overlap the user signals on the same time–frequency resource block for massive connectivity.
Very importantly, fluid antennas even offer the possibility of overloading MIMO for greater capacity, something that has only been possible using NOMA but at the hefty cost of decoding complexity and delay at the UE as well as network management such as user clustering. Fluid antennas might achieve this without additional efforts at the UE, while the UE remain uncoordinated with each other and each UE still adopts single-user decoding. In spite of the fact that independence of the fading envelopes between the desired signal and the interference ensures performance of FAMA, this does not prohibit FAMA from being used even if the fading envelopes are correlated, as in the overloaded MIMO case when the number of users, U(= NI + 1), is greater than the number of BS antennas, NT, i.e., U > NT.
Figure 9 shows such a scenario where U users are being served by an NT-antenna BS in the downlink and U > NT. This is referred to as an overloaded MIMO situation, which is normally undesirable on a single channel unless multiuser detection such as SIC is used. Each user's signal, say su for UE u, is precoded by a complex vector [image: image] such that the signal vector transmitted by the BS is given by
[image: image]
[image: Figure 9]FIGURE 9 | Overloading multiple-input multiple-output with FAMA (U > NT) for massive connectivity in the downlink.
Then the received signal at the (x, y)-th port of UE u can be expressed as
[image: image]
where [image: image] denotes the vector channel from the BS to the (x, y)-th port of UE u and [image: image] is the complex AWGN defined similarly as before. With the definitions of [image: image] and [image: image], Eq. 37 looks like the standard form of the FAMA channel in Eq. 13. However, the main difference is that the channels, [image: image] and [image: image], are not independent by nature because they have originated from the same vector channel [image: image]. The precoding vectors {ωℓ} play the role to randomize the channels and inject some independency. Note that the interference signal, [image: image], is also made out of the information signals, [image: image]. Thus, if U is large, it will help decorrelate the channel of the desired signal and the interference. Without the loss of generality, we can model the interference signal as
[image: image]
where [image: image] represents the component of the interference which is independent of [image: image], and [image: image] denotes the correlation coefficient between the desired channel and the interference signal at UE u, which can be expressed as
[image: image]
where the expectation is taken as the ensemble average over all the available ports (x, y) : − Nx ≤ x ≤ Nx; − Ny ≤ y ≤ Ny. Note that taking a time average will lead to misleading conditions because the interference information signal on the average will approach to zero, and yet, it does not provide information about the magnitude of the interference experienced at the ports of the fluid antenna at the UE.
Though how to choose the best precoding vectors {ωℓ} is not understood, a possible formulation may be to find {ωℓ} jointly that minimize the sum of the squared correlation coefficients, i.e.,
[image: image]
This, however, may suggest choosing {ωℓ} based on the instantaneous CSI, [image: image] for all u and x, y, at the BS. This will be a tall order for the BS, and an alternative approach that chooses {ωℓ} based on the statistical knowledge of the channels will be more attractive.
Presumably, even if the envelopes of [image: image] and [image: image] are not independent, as long as there exist spatial moments accessible by some ports where the interference is nullified and the desired signal remains strong, FAMA should work well. Nevertheless, how much the correlation between the fading envelope of the desired signal and the magnitude of the interference signal affects the outage performance of FAMA is unknown and should be quantified. Furthermore, it would be important to understand the limit at which MIMO can be overloaded to deliver the maximum multiplexing gain of the network.
3.3 Topic 3: Fluid Multiple-Input Multiple-Output
A single fluid antenna at a UE is fabulous but having more than one fluid antennas is potentially even better. The idea is that having multiple fluid antennas gives UE the ability to manipulate the multipath to create ups and downs of the fading envelope before they appear naturally. Assuming a downlink model and nR(>1) fluid antennas at UE u, the received signal at the (x, y)-th port of the j-th fluid antenna can be written similarly as before, i.e.,
[image: image]
where the index j is added to specify the variables corresponding to the j-th fluid antenna. In the above model, MIMO beamforming at the BS is not considered, and each UE's signal is supposed to be transmitted by a dedicated BS antenna, reminiscent of the model in Eq. 13. Given the selected port at the j-th antenna as (xj, yj), the signals, [image: image], should be weighted and combined to form the resultant signal
[image: image]
where [image: image] is the complex weight used at the j-th fluid antenna of UE u. The objective is to maximize the normalized SIR of [image: image] at the symbol level for FAMA which can be written as
[image: image]
where [image: image] denotes the port selection, [image: image] denotes the complex weight vector, [image: image], and
[image: image]
Note that the optimization (Eq. 43) is extremely complex as it involves searching the best port combination while the beamforming vector is being optimized. It is fair to say that the beamforming optimization somewhat defeats the beauty of FAMA for simple processing for multiple access.
One way to restore some simplicity of FAMA is to choose the value of [image: image] as either 1 or 0 in Eq. 43. In this case, the optimization of αu is reduced to a combinatorial search and fluid MIMO may even be implemented using a single-RF chain surface-wave–based design as depicted in Figure 10. The vector αu still provides additional degrees of freedom to manipulate the fading envelopes seen at the ports of different fluid antennas while the complexity for optimizing it can be greatly reduced.
[image: Figure 10]FIGURE 10 | Possible implementations for a fluid multiple-input multiple-output (MIMO) system (A) with multiple fluid antennas or (B) with a single fluid MIMO antenna (only single RF chain required).
So far, in the FAMA model, the interference is treated as the instantaneous aggregate interference, which depends on the information signals transmitted by other users at a given time. The analysis in Wong et al. (2022) was based on the symbol-level interference. Specifically, for FAMA to work as it promises, this requires that the fluid antenna switches its port on a symbol-by-symbol basis.6 Obviously, this can be very problematic. Fortunately, a single fluid antenna can handle multiple interferences while selecting the port only once if the fading channels remain unchanged, as opposed to selecting a new port every time the information signals of the interferers change. This will work if the fluid antenna can find a spatial region, wide enough that the channel envelopes of all the interferers fade. This is illustrated in Figure 11, where both three-user and four-user FAMA systems are considered. As can be observed in this figure, it is possible that the interferers fade in a similar region and that the fluid antenna can find a port that suppresses all the interferers independent of their information signals. This will make FAMA practically much more feasible since the chosen port would be valid as long as the channels remain unchanged. Evidently, the likelihood that this occurs will be less and the achievable SIR will be reduced if more interferers are involved. As a result, having multiple fluid antennas or fluid MIMO will help restore the SIR gain.
[image: Figure 11]FIGURE 11 | Examples of fading envelopes over a FAMA system with (A) three users or (B) four users.
In summary, there are several major questions to answer. First, it is important to find out the interference immunity of FAMA in the case of slow port switching (i.e., switching only when channel changes) via the outage probability performance analysis. While it is true that the interference rejection ability will be discounted due to the lack of port switching, the results in Figure 11 indicate that FAMA still works. It is therefore crucial to investigate the capacity scaling or multiplexing gain of FAMA in this case. It is expected that a larger space of fluid antenna will increase the chance that there is a region in which all the interferers' channels fade for the desired user to exploit. The impact of the size of the fluid antenna on the multiplexing gain should be quantified and give important information on the design of the fluid antenna communication systems. How fluid MIMO can help in this situation is another important subject of research. Evidently, there are issues such as how the SIR or, more generally, SINR can be estimated at the ports for efficient port selection, as well as the best hardware architecture for fluid MIMO. The former issue will be discussed in Topic 4 in Section 3.4 while the implementation issues will be covered in Topic 5 in Section 3.5. Besides these, the joint precoding vector optimization, αu, and port selection, (x, y), in fluid MIMO need to be addressed. Furthermore, it is of great importance to revisit the use of fluid antennas in conjunction with IRS and MIMO when slow port switching and fluid MIMO are adopted.
3.4 Topic 4: Port Selection and Utility Inference
The promising performance of fluid antenna for both single-user and FAMA systems relies on the fact that the best port can be switched to instantly to enjoy favorable communication conditions. Port selection can be classified into two types. The first type requires the fluid antenna only to switch its port according to the channel conditions and is referred to as slow port selection. In this case, the port that has been selected remains unchanged until the channel conditions change. Single-user fluid antenna systems fall into this category, and the SNR is an appropriate metric for port selection. Intriguingly, FAMA systems can also operate using slow port selection (a.k.a. slow FAMA or s-FAMA). If there are only two users sharing the same time–frequency resource unit, then it will only involve two fading envelopes at a given user, one for the desired signal and another from the interferer. The port can then be chosen to maximize the received SINR averaged over the information signals, with the channel fixed. Accommodating more users in slow FAMA is also possible, as discussed earlier in Section 3.3. Accordingly, Eq. 17 becomes
[image: image]
Another type is fast port selection in which the port is re-selected whenever the instantaneous interference signal changes, as is required in Eq. 17. By doing so, the fluid antenna can take advantage of the interference null created naturally by the combination of the fading envelopes and the information signals from the interferers (Wong et al., 2022). By contrast, FAMA with slow port selection hinges on the existence of a region where the fading envelopes of all interferers fall, which is less likely and restricts the achievable SINR (see Figure 11). As a consequence, FAMA with fast port selection, a.k.a. fast FAMA or f-FAMA, is anticipated to perform much better than that with slow port selection.
Before port selection can be performed, the UE needs to have access to the utility at every port. The utility function can be SNR or SINR or others depending on the emphasis of the optimization. To obtain a large performance gain, the number of ports, N (in the one-dimensional case), should be large (e.g., 100s or even 1000s), which may be achieved by the surface wave–based fluid antenna design. The challenge, however, is that it is infeasible to have a large number of utility measurements at the ports. While the difficulty depends on the actual hardware technology of fluid antenna, it is reasonable to consider that only the utility for a very small subset of the ports is made available. An important research direction is thus to develop algorithms that can infer the utility of the unobserved ports based on that of the observed ports, as depicted in Figure 12. Due to the strong correlation among the ports in a tight space, the inference may be achieved using learning methods such as supervised learning over simulated or measurement data and is expected to obtain desirable results. In fact, the UE may not be required to estimate the utility of the unobserved ports and can directly deduce the best port from the known ports using decision-based learning such as the Smart, “Predict and Optimize” approach of Elmachtoub and Grigas (2021).
[image: Figure 12]FIGURE 12 | Port selection of fluid antenna with only limited observations.
Port selection for FAMA is expectedly more difficult than for single-user fluid antenna systems, regardless of fast or slow port selection. The reason is that the utility function for FAMA usually involves the ratio of two, mostly independent, random quantities (e.g., in SINR). Therefore, it generally has more fluctuations that one can find in a single fading envelope, meaning that FAMA would require more observed ports to infer the best port since the fluctuations break up the correlation between port observations. Also, fast port selection imposes further challenges. As FAMA attempts to observe the instantaneous interference null over the ports at the symbol level, the receiver noise could mislead the UE in the port selection. To alleviate this problem, oversampling will be required to take additional signal samples to average out the noise when estimating the interference null at each symbol duration. On the other hand, estimating the instantaneous SINR at the symbol level is hard. Conventionally, only SINR averaged over the symbols is estimated, which can be done rather straightforwardly by estimating the CSI and knowing the transmit power and noise power. For fast port selection, the UE is asked to estimate the SINR based on one signal sample at each port. A solution to this is to be sought if fast FAMA is to be used for massive connectivity. One possible idea is to develop a differential coding scheme that imposes structures in time so that the UE can extract useful differential information to deduce the SINR at each symbol. All the abovementioned problems should be addressed if fluid antennas need to shine in 6G.
3.5 Topic 5: Implementation of Fluid Antenna and Fluid Multiple-Input Multiple-Output
All the brilliant ideas of the fluid antenna systems are less meaningful if the hardware is not ready. Major efforts are required to have the suitable hardware architecture for the fluid antenna systems, despite the recent successes. There are mainly two approaches for implementing fluid antennas. The first one is liquid-based, like those using liquid metal, ionized solutions or even saltwater, etc. The fluid monopole and surface wave–based fluid antenna discussed below fall into this category, see Section 2.1. The second approach adopts the reconfigurable pixel technology using optimized RF MEMS switches (Cetiner et al., 2004; Grau Besoli and De Flavils, 2011; Chiu et al., 2012; Rodrigo et al., 2014; Song et al., 2014). They have different strengths and weaknesses that need to be thoroughly investigated.
Thus far, the most suitable technology to enable the required feature for the diversity and multiplexing gains appears to be the surface wave–based fluid antenna. It can have an extremely large number of ports, N, and also permit a single RF chain design for fluid MIMO. However, there are several technological challenges that need to be tackled satisfactorily. First, the current design uses one or several tub-like containers to let conductive fluid flow through. While this approach gives great freedom on the possible positions of the fluid radiators, the trails of the positions are fixated by the fluid containers and the shape of each radiating element is predefined as well. The latter affects the natural radiation pattern of each fluid radiator and tends to impose a non-omnidirectional pattern. The containers are also required to be sealed to prevent leakage, which imposes certain limitations on the design. Alternatively, an emerging technology of programmable droplets can be a more attractive approach (Malinowski et al., 2020a; Malinowski et al., 2020b). Figure 13A illustrates a possible schematic of the design where a droplet as the antenna can switch its position by controlling the electric field using the thin conductive lines on top of the dielectric layer (see Figures 13B,C). In a closed configuration (not shown in the figures), the droplet will be grounded between two surfaces where the lower surface is used to apply a controllable voltage with underlying electrodes, while the top plate is a grounding element for the droplet. An immediate advantage is that the use of pump is avoided, miniaturizing the whole design. Instead, electrowetting can be used to mobilize the droplet (Cooney et al., 2006). Both the shape and composition of the droplet play a key role in the radiation pattern and should be optimized. The design in Figure 13A is still based on the surface wave communication principle but the surface wave feeding structure has to be redesigned.
[image: Figure 13]FIGURE 13 | A 2D fluid antenna surface using a programmable droplet: (A) the 3D view; (B) the side view; (C) the mobilization of droplets. Note that multiple droplets are possible for a fluid multiple-input multiple-output system.
The greatest weakness of all for the liquid-based fluid antenna is, unfortunately, the response time, as it involves moving a physical object from one point to another in space. While it can be acceptable for s-FAMA if the channels change only very slowly, it is inconceivable to see f-FAMA operate for high-rate communications. To overcome this, reconfigurable pixel technologies are more suitable. This approach is based on an antenna structure consisting of a 2D array of pixels with RF MEMS switches in between that can be turned on or off to achieve reconfigurability. The basic architecture of a reconfigurable antenna surface using patch pixels is shown in Figure 14. In an extreme case where each pixel is to serve as a patch antenna at the operating frequency when on, each pixel then represents a port. This setup, however, limits the number of implementable ports but facilitates easy observation of the utility over the ports.
[image: Figure 14]FIGURE 14 | A 2D reconfigurable radiating surface of a rectangular grid of pixels connected by RF MEMS switches. The components are not drawn to scale.
We can turn on the pixels one at a time in order to observe the port utilities, but it is also possible to weight and combine the utility signals, {rn}, at all the ports to produce a signal [image: image] at time instant t with some chosen weights {an,t} for n = 1, …, Np, where Np denotes the number of pixels. Note that the utility of a port is some transformation of the received signal at the port. With observations over T instants during which the utilities at the ports remain unchanged, we have
[image: image]
In the trivial case that T ≥ Np, the estimation of [image: image] can be obtained via the pseudoinverse of A. Due to the strong correlation between adjacent ports, the estimation can be achieved even when T < Np, using compressive sensing or machine learning methods. The challenge, however, arises when a few pixels have to be connected to realize an antenna at the right frequency. In this case, the optimization will be much more difficult, but the opportunity is that the number of ports will be much improved.
Overall, pixel-based fluid antennas overcome the problem of response time completely but are limited in the number of ports for selection. It is therefore important to investigate how small we can make the pixels for super-resolution fluid antennas. One specific problem for pixel-based antennas is that even if some pixels are not connected, they will cause mutual coupling to the signals, which is not the case for liquid-based fluid antennas. This will make any signal optimization more difficult to achieve but should not affect much of the performance. Last but not least, it would be interesting to study if liquid-based and pixel-based fluid antenna technologies can be combined together to obtain a better design.
3.6 Topic 6: Low-Latency High-Security FAMA Communications
We conclude this section by briefly discussing the potential of fluid antenna communication systems in terms of latency and security performance. Supporting massive connectivity by using FAMA is one great promise of fluid antenna technologies. Even with s-FAMA, a few users can be overlapped on one time–frequency resource unit with each user switching to their desirable port. The implication is that each user should have a shorter waiting time to access their spectral resource for communications. In the extreme case in which all users are piled onto the same frequency channel, all the users basically access the spectral resource uninterrupted for the entire time (reminiscent of the traditional circuit-switched approach), and the access latency will be zero. In other words, if a UE is equipped with a high-resolution fluid antenna, this UE will have high interference immunity when joining the network, which will encourage the network to give spectrum access to this UE by letting it share the spectrum with the other users without much work for interference control. This means that fluid antenna will contribute directly to reducing the latency of the UE. Evidently, latency also includes decoding latency and any latency associated with preprocessing and network management. In terms of decoding latency, a fluid antenna–assisted UE needs only single-user decoding, and its decoding latency should be much lower than that of SIC for a NOMA user. In addition, FAMA is pretty much user-centric and requires neither crosstalk CSI estimation nor preprocessing of user signals. The BS may have to group the UE with similar interference immunity together when sharing the spectrum and decide on the maximum number of UE on a shared channel. This greatly reduces the burden of the BSs which would have been required for carrying out interference avoidance methods such as massive MIMO, NOMA, etc. A proper analysis is however needed to quantify such benefits.
Security in today's mobile communications technologies is mainly provided by upper layers employing cryptographic techniques, which are largely based on keys or passwords. Without knowing the key, one would need to exhaustively search for the correct key to decrypt the message hidden under the encryption, which should take years to decades given the current computing power. From the practical perspective, this would be sufficiently secure. However, cryptographic security will be easy to break if quantum computing comes to light (DiVincenzo, 1995), smashing the foundation of most modern cryptosystems. Physical layer security techniques therefore have in recent years attracted much attention (Wyner, 1975; Leung-Yan-Cheong and Hellman, 1978; Mukherjee et al., 2014) because they are resilient to quantum computing attack (Shannon, 1949). The idea of physical layer security is that by manipulating the signals in the physical layer in such a way that meaningful detection at an eavesdropper is difficult or even impossible, security is achieved, and it does not depend on the hardness of certain computational problems unlike cryptography. In this sense, FAMA is a security-enhanced technique because user signals are encouraged to overlap, which will make it difficult for the eavesdropper to decode the data from a heavily jammed signal.
According to information theory, for s-FAMA, the secrecy rate for UE u can be found as
[image: image]
where a D2D system model is assumed as an example, and the eavesdropper is considered not to have a fluid antenna.7 In Eq. 47, [image: image] has been assumed, [image: image] denotes the channel from the transmitter of UE ℓ to the eavesdropper, and [a]+ = max(0, a). Note that the eavesdropper's rate will be close to zero due to excessive interference, while the main channel’s rate can be saved by the fluid antenna browsing through the ports to tune in to the interference power null if the number of ports is large enough. For the case of f-FAMA, it can also be shown that the expected secrecy rate is given by
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in which there is an expectation taken over the information data after the SINR is maximized over the ports. It is expected that the main channel's rate will be boosted by the ability to track the instantaneous interference null on a symbol-by-symbol basis in the f-FAMA setup.
To summarize, fluid antenna–based approaches, particularly FAMA, seem to benefit latency and security on top of capacity gains in mobile communications. That said, little is understood in these areas as fluid antenna technologies are being developed. More should be done in order to quantify the performance gains in a wider context (e.g., a multicell network as a whole) and look at specific scenarios to find out under what conditions the benefits are more prominent. Additionally, it would be interesting to see how much simplifications can be made in the protocol stack using FAMA. It is clear that greater efforts are needed to understand the impacts of fluid antenna systems in terms of latency and security performance.
4 DESIGN SPECIFICATIONS
Before we conclude this article, we include the following table, see Table 2, to list a number of criteria for designing a fluid antenna that can provide some guidelines to antenna engineers.
TABLE 2 | Guidelines for designing fluid antennas at UE.
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In this article, we reviewed the fluid antenna technologies and explored their potentials for 6G mobile communications. Reconfigurable fluid antennas advocate the use of software-controlled conductive fluids or switchable pixels to realize ultimate reconfigurability and flexibility for mobile communications systems, a resemblance to the “Be-Like-Water” combat philosophy in Bruce Lee's Jeet Kune Do. Fluid antennas therefore provide the frequency-agile technology for cognitive radios and more importantly the technology for mobilizing the physical location of a radiating element for diversity and multiplexing gains. This article focused on the latter and reviewed the state-of-the-art technologies for liquid-based antennas before presenting the information-theoretic results of fluid antenna communications systems in the literature. The main contribution of this article is our analysis of the fluid antenna technology in connection with other promising techniques such as MIMO, IRS, mmWave, etc., which have led to the six research topics that if addressed properly, are believed to be disruptive. In summary, it is hopeful that:
• FAMA will greatly simplify the operation and management of IRS for wideband, massive connections by avoiding estimation of the cascaded channels and optimization of the IRS coefficients.
• FAMA will provide the additional dimensions to liberate MIMO at the BSs for accommodating many more users, with the possibility to simplify the optimization of the MIMO antennas as well.
• Fluid MIMO will offer a novel way to realize single RF-chained multiple antennas at the mobile devices and become an effective way to improve interference immunity in FAMA.
• Learning-based methods will empower mobile devices to infer the best port for communications, with very few port observations, for both cases of slow and fast port selection.
• Be it using liquid-based or pixel-based approaches, practically implementable fluid antennas will be ready to provide highly flexible antennas for mobile devices to enjoy high frequency agility and enormous diversity and multiplexing gains with seemingly no response time.
• Fluid antenna technologies will help reduce latency and enhance security for mobile networks.
While the above suggests a bright future, this article has discussed the challenges that have to be tackled. The obstacles are real, and collective efforts from around the world will be required to make fluid antenna–assisted mobile communications a reality. Rightly so, it is too early to predict if sufficient advances in fluid antennas will be made on time to play a part in the development of 6G. It is possible that fluid antenna technologies may come as a booster during the mid-stage of 6G. Note that FAMA is a user-led enhancement and may provide continuous upgrades to the mobile networks as fluid antenna technologies mature. Finally, it is hoped that this article will serve as a catalyst to trigger further research in this thriving area.
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FOOTNOTES
1While “capacity” has a precise definition in information theory, which specifies the maximum rate that a channel achieves with error-free communications, admittedly, the term “capacity” has sometimes been used loosely in the literature to simply mean the achievable rate of a communication system.
2To the authors' knowledge, the area traffic capacity definition was first articulated by M.-S. Alouini from King Abdullah University of Science and Technology, Saudi Arabia, in his unified analysis for various enabling technologies for 5G.
3Bruce Lee said this in the television series “Longstreet” which was aired in 1971, for summarizing the whole concept of “Wu Wei” (i.e., doing nothing), of acting effortlessly while exerting effort, or forcefully without using force. This has been the foundation of Jeet Kune Do.
4While it is also possible to have fluid antennas at the BSs, the BSs usually have plenty of space for antennas and the need for fluid antennas is less.
5In Wong et al. (2021, 2022), it was suggested to set μx,y in accordance with Eq. 10 by always referencing to port (0, 0) and assuming μ0,0 = 1. While this can somehow incorporate the spatial correlation into the ports, this could underestimate the impact of correlation on the achievable performance. The condition in Eq. 10 should be applied to any two ports in order to obtain more accurate results. A more detailed treatment is given in Wong et al. (2022).
6This problem is nonexistent if the fluid antenna is used for two-user communications, and port switching is only required when the channel changes.
7Even if the eavesdropper has a fluid antenna, there is no way to know which port provides the desired output without cooperation with the victim.
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Attribute

Space

Power consumption of supporting peripherals

Fiuid moving mechanism

Sensitvity to ambient changes

Impedance bandwidth

Realized gain (radiation efficiency, directivity), radiation pattern,
polarization

Mutual coupling

Response time

Diversity and multiplexing gain (interference immunity)

Number of RF chains

DRA, dielectric resonator antenna; MIMO, multiple-input multiple-outout.

‘Comment

Size of the fluid antenna system to be integrated with the UE is critical. Antenna engineers will need to
include the presence and effect of the nano-pump and pipes (or other circuitry that creates the
mobilization of the radiiating element) in their designs. While 3D printing technologies are growing strongly,
an integrated approach, rather than a modular one, should be adopted.

The power consumption of the nano-pumps or any fluid moving mechanism should be kept as low as
possible to ensure real benefits to justify their presence.

As the orientation of UE can change, the fluid radiating element(s) may be required to move from vertical-,
horizontal-, or both directions to the desired positions. Also, the viscostty, surface tension, and volume of
the fluid will determine the possible moving mechanism to be used.

The flid antenna performance is subjected to the proximity of the users’ body, while ambient
temperature or pressure is less critical. The isolation, such as a ground piane usually used in body area
networks, may be needed in the design.

Like conventional metallic/DRA antenna technologies, the bandwidth of an antenna depends on the
specifications of the mobile systems. While the bandwidth will rely more on the signal feeding mechanism
in the case of fluid antenna, less frequency- sensitive methods, such as proximity coupling, can be
considered.

These parameters shouild be changeable according to the position of the luid radiating element. The key
is to be able to figure out the relationship between these parameters and the fuid radiator position, and
maximize the dynamic range in which these parameters can be controlled at wil. Effiiency will also be
important and a comparable efficiency to the metalic counterpart, at around 80% or above wil be
desirable, although other attributes such as diversity are arguably more important.

This usually compiicates signal optimization as the signals couple but should not adversely affect the
diversity performance. Also, mutual coupling tends to have more effects for pixel-based designs than
liquic-based ones, and more for fluid MIMO than the one with less number of radiating elements.

Response time in the order of tenths of millseconds is usually enough for the case of s-FAMA while it wil
require O response time for f-FAMA. It is possible to use thin fluid geometry and possibly multiple fluid
radiators to achieve the required response time for s-FAMA. However, pixel-based approaches wil be
required if shorter response time is required at the price of stronger mutual coupiing.

The amount of diversity depends on how many signal paths the antenna can capture and the number of
ports that can be changed to. The former is related to the radiation pattern of the radiating element which
should be as omnidirectional as possible. A directional pattern can also be useful ifthe main lobe and nulls
can be controlled.

A major advantage of fluid antennas is its abilty to obtain diversity without requiring multiple RF chains
although multiple RF chains can be useful in the fluid MIMO case. Note that multile RF chains are optional
for fluid MIMO systems.
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