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Abstract

:

In recent years, the tremendous increase in data traffic carried by wireless communication networks has generated the urgent need for establishing more energy-efficient wireless communication systems. Recent advances in semiconductor and light devices have triggered remarkable research interest to the development of these optical wireless communication (OWC) links. Among them, free-space optical (FSO) links and, more recently, ultraviolet links which operate within the (UV-C) spectral band, have been considered as prime candidates to create both high speed and power effective line-of-sight (LOS) and non-light-of-sight (NLOS) free-air communication links, respectively. Moreover, transdermal optical wireless (TOW) links for telemetry with medical implants minimize the expense of power for the implant. In the current review, a background on the energy efficiency challenges in wireless communication is presented. Each of these OWC technologies is mainly discussed in terms of key energy consumption requirements and major limiting factors that affect their power performance. Energy-efficient modulation formats as well as other powerful techniques for performance enhancement such as diversity and relaying are assessed. The survey is concluded with a discussion regarding their future energy consumption requirements and trends.






Keywords:


energy-efficient communications; optical wireless communication links; ultraviolet links; free-space optical links; transdermal optical wireless links












1. Introduction


In recent years, the wireless communication bandwidth traffic has witnessed a dramatically rapid increase which has rendered the traditional radio frequency (RF) spectrum almost overcrowded [1,2,3]. It is worth mentioning that the International Data Corporation’s recent report expects 22 billion active Internet of Things (IoT) devices in 2018 to attain 41.6 billion in 2025, producing 79.4 zettabytes of data. Additionally, Cisco’s 2018–2023 Annual Internet Report claims that more than two-thirds of total traffic is caused by mobile wireless devices. It is expected that from 2027 to 2030, the sixth generation (6G) wireless communication systems, fully supported by artificial intelligence, will become an effective approach to wireless communication [1,4]. Considering this exponentially growing need for more smart wireless devices that accommodate higher capacities with higher security level operating at the lowest possible power consumption, remarkable research and industrial attention has been lately attracted to the transition to the optical spectrum, as demonstrated by the continual emergence of even newer high-capacity services and varying sophisticated applications. OWC systems that operate within this bandwidth-effective and energy-efficient optical spectral range have made tremendous strides in the last few years in both telecommunication and biomedical fields [2,5].



In basic terms, OWC technology utilizes a light information-bearing carrier, i.e., an infrared, a visible or an ultraviolet light wave, which is propagated in both indoor and outdoor environments through unguided channels including atmosphere, underwater, space or even skin, in an attempt to convey the information signal from one point to another [6]. In the case of employing infrared light waves, we usually refer to infrared (IR) or free-space optical (FSO) communication systems, with indoor IR operating mainly within 780–950 nm and outdoor FSO systems operating mainly at 1550 nm [7]. When employing visible light waves, we usually refer to indoor visible light communication (VLC) systems operating within 380–780 nm [8]. In the same context, when utilizing ultraviolet (UV) light carrier, and specifically from the C band of ultraviolet light spectrum (100–280 nm) which is commonly used for communication applications, we refer to indoor or outdoor UV-C communication systems [9]. In the specific case that the transmission medium is skin, while the operational light wave is chosen within the so-called medical optical window (600–1300 nm), we refer to transcutaneous or transdermal optical wireless (TOW) communication systems [10,11,12].



What all of the above OWC modalities have in common is that by increasing the information-bearing carrier frequency to that of light waves, it becomes viable to increase the achievable data rates by many orders of magnitude in comparison with their millimeter wave (MMW), terahertz (THz), and much less, with their conventional RF counterparts [2,13]. It is notable that the latter happens by consuming less power in comparison with the mentioned other technologies, which is a vital requirement toward the worldwide goal to reduce energy consumption. In addition, outdoor free-air OWC are generally more challenging than indoor ones mainly due to the random nature of atmospheric channel, while between IR FSO and UV-C, the former outperforms in terms of coverage area but only for LOS stationary transceiver terminals, whereas the latter supports shorter NLOS links where transceivers’ mobility is potentially enabled. In regards to indoor OWC, perhaps the most challenging direction is the recently emerging TOW technology mainly due to the complexity of skin in comparison with free-air indoor channels.



In the current literature review, we focus on outdoor terrestrial FSO, outdoor UV-C, and TOW communication systems. Taking also into consideration that the vast majority of relative reviews reported to date are on the open OWC technical literature, we are mainly focused on wireless channel modeling as well as on the capacity, coverage area, and outage performance of these OWC links [4,6,7,8,9,10,14,15,16,17,18,19]. In this literature review, we incorporate and highlight the energy efficiency of these OWC systems by means of their power consumption. The paper is structured as follows. Terrestrial outdoor FSO based on IR that henceforth will be briefly referred to as FSO and presented in Section 2. In Section 3, UV-C is outlined, and TOW is covered in Section 4, followed by the discussion and the conclusions section.




2. Terrestrial FSO


Terrestrial FSO communication is in basic terms a LOS technology transferring information from one point to another, via light waves through atmospheric channels operating at wavelength regions of 850 nm, 1300 nm, and 1550 nm corresponding to the first, second, and third optical fiber, respectively [20,21,22,23]. Therefore, by using appropriate laser sources and photo-detector apertures at transmitter and receiver terminals, respectively, FSO can be utilized in a variety of applications including establishment of high-capacity links between buildings, buildings to optical fiber networks, as well as between points located in difficult terrains where fiber infrastructure is not feasible or it is very expensive, such as across rivers or very busy streets. Additionally, FSO can be used as a prime solution for the last-mile access network, the wireless cellular communication back-haul, as well as for disaster recovery by creating temporary and/or complementary optical links. Moreover, FSO links are immune to electromagnetic interference (EMI) and multi-path dispersion, and they guarantee high-security levels due to the narrow information-bearing light propagating beams, which make any undesirable interference difficult. They operate with low power consumption and cost within the unregulated FSO spectrum, while they are significantly flexible for deployment and redeployment due to their compact equipment and easy installation [2,8,24,25].



The deployment of FSO is hindered by different performance limiting factors that mainly originate from the random nature of the atmospheric channel. In fact, effects of fog, rain, snow, hail, solar radiation along with atmospheric gases, aerosols, molecules, atoms, and air-born particles lead to beam attenuation due to photon absorption and scattering that results, in turn, in extinguishing and changing the direction of photons. Specifically, similarly to our view of distant object, the FSO transmission is significantly hampered by fog. This is due to the fact that infrared optical wavelengths and fog droplets have a comparable size, generating much scattering of the laser energy as fog is getting thicker [26,27,28,29]. Under thick and dense fog channel conditions, attenuation due to photon scattering can exceed 30 dB/km, which may limit the practical FSO coverage area over a range of up to 500 m, whereas FSO performance is not strongly degraded by rain (only about 3 dB/km) [27]. A first idea to overcome photon scattering under the presence of thick and dense fog, could be to sufficiently increase the power to be transmitted. Nevertheless, this not only leads to energy-inefficient communication links, but also it may exceed the eye-safety limits. Although attenuation due to photon scattering is not a wavelength-dependent effect, the allowable safety for the eye laser power should be fixed at 1550 nm. In fact, it is about 50 times higher at 1550 nm in comparison with 850 nm, offering up to 17 dB additional power margin [30]. Consequently, for a given propagation distance, operating at 1550 nm instead of operating at 850 nm results in significantly more energy-efficient FSO links, as it is representatively illustrated in Table 6 of [30]. On the other hand, contrary to attenuation due to scattering, attenuation due to absorption is wavelength dependent, and hence selective. Once again, the region of 1550 nm should be selected. Among the appropriate optical transmission windows mentioned above, this wavelength region provides the minimum photon absorption by constituents of the atmospheric channel, alike. The latter also applies to optical fiber systems, making the FSO and optical fiber connectivity a flexible process without resorting to the use of any wavelength converters. It should be noted here that in exceptionally clear weather, the attenuation due to photon scattering through the atmosphere is almost 0.2 dB/km (at 1550 nm) [31], and thus equal to the attenuation in a typical optical fiber, which enables the propagating laser beam not to waste any significant amount of energy by propagating from free air to the fiber, and vice versa. In short, by selecting 1550 nm as a FSO information-bearing carrier, we can significantly mitigate the negative side effects of channel-induced signal’s attenuation, especially in an exceptionally clear sky, creating energy effective, environmental friendly, and safety for health optical wireless transmissions.



A major unavoidable impairment of energy efficiency and the performance of FSO links is the atmospheric turbulence stochastic effect, which stems from changes in the refractive index of the atmospheric propagation path, owing to in-homogeneities in temperature and rapid pressure variations in the atmospheric channel [2]. Even in a very clear sky, and primarily over propagation distances of the order of 1 km or longer, atmospheric turbulence generates the so-called scintillation effect, which brings about random variations of the irradiance of signals arriving at the receiver side [32,33]. In more detail, the atmospheric turbulence effect originates from solar radiation absorption by the earth’s surface, which makes the air around it warmer in comparison with the air at higher altitude. Being less dense, the warmer air rises to mix turbulently with the layer of the surrounding cooler air, which leads the atmospheric temperature to randomly change. These temperature fluctuations that are heavily related to atmospheric pressure, altitude, and wind speed result in atmospheric refractive index variations. These in-homogeneities can be emulated through distinct eddies of different temperatures operating as prisms of varying sizes and refractive indices. Consequently, the interaction between the propagating light beam and the turbulent atmospheric medium leads to random phase and intensity fluctuations of the received signal, which are commonly reported as turbulence-induced scintillation effect [2,22]. The known effect of turbulence-induced scintillations is the twinkling of the stars due to their random irradiance variations and the shimmering of the horizon on a hot day generated by random fluctuations in the light beam’s optical phase, which results in reduced image resolution [34]. According to turbulence strength, FSO signal scintillations can be emulated through varying statistical distribution models, as reported in [32,35,36,37,38,39,40,41,42]. Among them, for weak to moderate turbulent channels, it is common practice to use lognormal (LN) [32] or for simplicity reasons the Gamma distribution model [36]. For strong to very strong turbulence, we should use the suitable K-distribution [40], whereas for extremely strong to saturated turbulence, the negative exponential distribution model is appropriate [41]. Alternatively, over a wide turbulence regime, i.e., for weak to very strong turbulence conditions, it is wise to move to unifying models by using either the most commonly reported Gamma–Gamma (G–G) distribution or the more recent Malaga distribution that were introduced in [35] and [37], respectively. In brief, atmospheric turbulence is a very complex and stochastic effect that hampers optical beam’s propagation through the atmospheric channel, especially for longer propagation distances, causing beam wander, beam spreading, as well as beam scintillation, which result in undesirable fluctuations in the spatial power density at the receiver plane, degrading the energy efficiency and reliability of FSO systems.



In addition to the above mentioned, another significant concern in FSO development is the pointing errors effect, i.e., unavoidable and stochastic beam misalignments that alter the LOS requirement between transmitter and receiver apertures. Effects of thermal expansion, strong wind, and weak earthquakes cause the sway of high buildings, where FSO transceivers are mostly located [43]. The latter brings about optical beam vibrations that result, in turn, in misalignment-induced intensity fluctuations of the optical signal arriving at the photo-detector aperture. This misalignment-induced fading is commonly known as the pointing errors effect. Owing to the stochastic nature of pointing errors, statistical distribution models are utilized to emulate misalignment-induced signal fluctuations. The most widely utilized pointing errors model was proposed in [44]. It is a Rayleigh distribution-based model, which takes into consideration the beam width, pointing error variance, and detector aperture size [45]. Through this model, the boresight component of pointing errors has been assumed to be equal to zero. To be precise, pointing errors contain two components, i.e., boresight and jitter. The boresight denotes the fixed displacement between the beam and the photo-detector aperture center, whereas jitter represents the random offset of the beam at detector plane. In this respect, a more generalized pointing errors model is needed to include boresight effects. Indeed, the authors of [46] presented this more composite pointing errors approach with boresight via the versatile statistical analysis. More recently, the authors of [47] introduced an accurate simplified approximation of Beckman distribution model, which can be used to model non-zero boresight pointing errors with a high level of accuracy. Here, it is noted that the joint influence of turbulence-induced and misalignment-induced fading can be estimated through the combined probability density function of their distribution models mentioned above, as considered in [44,45,46,47,48,49,50].



In view of the above, even in a clear sky where attenuation due to atmosphere is not the prime limitation, the joint impact of turbulence-induced and misalignment-induced fading reduces the level of the collected optical power at the receiver’s input. In order to overcome this energy loss issue, in many cases, it is required to increase the transmitted power (provided that it is feasible), which increases the energy consumption, and therefore degrades the energy efficiency of the FSO system. It is wise thus to move in the direction of employing more energy-efficient FSO methods, techniques, and configurations.



To this end, useable modulation techniques are able to play a key role. Among them, it is well known that on-off keying (OOK) is significantly the most widely employed modulation scheme mainly due to its simplicity and compactness. Nevertheless, when it is utilized under fading conditions, the detector threshold should be evaluated and adopted by appropriate means, in agreement with different states of the propagation medium. This disadvantage can be circumvented via L- symbol pulse position modulation (L-PPM) technique, which outperforms OOK by means of power efficiency, given that L is at least equal to four [2,51,52,53]. The latter takes place at the expense of higher complexity and lower spectral efficiency that is of minor impact, bearing in mind the enormous available unregulated optical bandwidth along with the urgent trend to save energy. Alternatively, we can resort to more complex and sophisticated modulation formats such as subcarrier intensity modulation (SIM) with the phase shift keying (PSK) or quadrature amplitude modulation (QAM) and orthogonal frequency division multiplexing (OFDM) modulation techniques. Although these SIM modulation formats can improve significantly the performance metrics, they experience two critical issues. The first one is that supporting multiple subcarriers leads to a higher power consumption requirement. The second problem is that by employing PSK or generally a phase coherent approach, this requires a precise carrier phase synchronization between emitted and received signals. Nevertheless, perfect phase evaluation of the received signal is unfeasible in reality, mainly owing to practical hardware imperfections at the PSK demodulator, which generates phase noise effects that are usually well described by the well-known Tikhonov distribution [54,55]. In view of the above, the power efficiency and the dominant criterion for the operation of a FSO link, L-PPM should be selected.



In addition, it has been demonstrated in [2,56,57,58,59,60,61,62,63], among numerous other papers in the open technical literature, that the diversity method is a very effective technique to address the major limiting factors that degrade the FSO performance and availability. In fact, when the propagation distance is within the required limits, but the FSO system’s availability underperforms, the diversity technique is a good solution to enhance it in an adequate energy-efficient manner. In basic terms, diversity stands for the consideration of multiple copies of the propagated signals in an intention to effectively address a poor transmission channel state and enhance the total reliability and performance of the communication system [58]. In general, diversity can be implemented in space, in time, or in wavelength [56]. Employing diversity in space, which is commonly known as spatial diversity [56,57], a FSO system incorporates multiple transmitters and/or receivers at different places but in very short distances that transmit and receive copies from the same signal, leading to a lower error probability. In the case of time diversity schemes [59,63], the system utilizes a single transmitter-receiver pair, so that the signal is retransmitted at different time slots. Finally, when wavelength diversity is employed [58,61], FSO sources use a composite transmitter so that the information signal is transmitted at the same time but at slightly different wavelengths toward the corresponding proper receivers. Consequently, via diversity, a single input-single output (SISO) FSO link can be upgraded into a more effective performance, in terms of the error rate and reliability of either single input-multiple output (SIMO), multiple input-single output (MISO) or multiple input-multiple output (MIMO) FSO system. Instead of increasing the transmitted power to achieve improved availability results, we may utilize a spatial diversity system configuration that incorporates SIMO links without increasing the power level of the emitted optical signal. In these cases, the diversity method can achieve very energy-efficient availability enhancements.



Furthermore, when the coverage area of the FSO link needs to be extended, the serial relaying technique is significantly the most suitable, in which case the optical signal is emitted from the transmitter and arrives at the receiver via intermediate serially connected nodes. These intermediate nodes may be either amplifiers or decoders. In the former case, the intermediate nodes are commonly known as amplify and forward (AF) relays since the received intermediate signal is simply amplified and then forwarded to the next node. Nevertheless, considering the presence of noise which is also amplified, the beneficial propagation distance cannot be significantly extended. In the latter case, the intermediate nodes are commonly known as decode and forward (DF) relays since they decode the intermediate received signal to forward it to the next node, while having the advantage of getting rid of the noise in the signal, they can achieve longer total propagation distances in comparison to their AF counterparts. Specifically, in serial DF relaying configurations, alternatively known as multi-hop DF relaying configurations, the source transmits the information signal to its nearest DF relay node that decodes the detected signal, modulates it, and retransmits it to the next DF relay or destination node only if the received signal to noise ratio (SNR) exceeds an appropriate decoding threshold that guarantees the proper and reliable operation of the FSO system. The latter procedure continues until the information-bearing signal arrives at the input of the destination node [25,64]. In regard to the critical goal of energy efficiency through multi-hop DF relaying, we can adequately extend the initial FSO link length without consuming extra transmitted power, as we should perform in the case of not using any intermediate DF relay across the link. On the contrary, in parallel DF relaying that is also known as cooperative diversity, the laser source transmits the same signal at the same time to all relay nodes, which, in turn, decodes and retransmits the signal to the destination, provided that the SNR values at the DF relay inputs are larger than the corresponding threshold values. It should be also mentioned that parallel relaying has been shown to be more efficient when the reliability and availability of the FSO link need to be enhanced without consuming a larger amount of transmitted power [24]. Therefore, by properly combining serial and parallel relaying configurations, mixed relaying architectures can be created [24,33] which both extend the initial link length and, at the same time, improve the total FSO availability to a satisfactory level, without energy cost by means of further increasing the power to transmit.



Another effect that may affect the FSO propagation, which has not yet been thoroughly investigated for practical FSO links in the open technical literature, is the group velocity dispersion (GVD) effect. This effect is generated by the fact that the transmitted information-bearing laser signal is not entirely monochromatic but comprises different spectral components that are not traveling with the same velocity through the dispersive atmospheric path. It has been proven in [49,65,66,67] that GVD results in temporal shape alterations of the propagating FSO pulses. Specifically, for non-negative chirped initial pulses, GVD results in temporal broadening, which may result in a problematic signal’s identification at the receiver’s side along with the interference between consecutive pulses. Conversely, it has been shown in [49,65,66,67], that by adjusting the initial pulses to be negative chirped, i.e., for chirp parameter C < 0, GVD results in temporal narrowing, which can enhance the erroneous performance, and thus extend useable link distance. It is notable that the latter beneficial impact of GVD does not require a larger amount of optical power and, in this respect, it is energy efficient. In any case, GVD’s influence is getting stronger for shorter and chirped initial pulses, which are propagating across longer propagation distances. In this respect, GVD should be taken into account for the design of modern energy-efficient FSO links that cover larger propagation distances with shorter pulses, and therefore with higher achievable data rates.



To date, the investigation of real FSO systems in the open technical literature demonstrates several impressive energy-efficient performance results. Unless otherwise stated, the FSO links described in the representative publications below operate under clear weather conditions, weak turbulence, and pointing errors, as well as with OOK modulation formats. Authors in [68] established an aerostat to ground FSO link that operated in the 1530–1560 nm wavelength region. For a FSO link, the distance of 1.4 km achieved a capacity of 80 Gbps with a BER at 10−6, consuming an optical transmit power from 20 to 26 dBm, i.e., an average transmit power equal to 199.53 mW. The authors in [69], in Pisa, Italy, established between two buildings a roof-to-roof FSO link of a distance of 212 m to perform several experimental tests. Operating at 1548.51 nm, they achieved 40 Gbps with BER = 10−9 with the required power being almost equal to −27.5 dBm, i.e., 1.778 μW. Note that under these circumstances, by using the wavelength division multiplexing (WDM) technique, they upgraded this system to achieve 1.28 Tbps (32 × 40 Gbps). The authors in [70] in Graz, Austria, established three different FSO links of 80 m, 650 m, and 2700 m, respectively with the operation wavelength being fixed at 950 nm. Transmitting the same amount of power equal to 6.0206 dBm, i.e., 4 mW, they achieved a capacity of 2.5 Gbps within the acceptable BER limits. Note that data rates could exceed 2.5 Gbps without increasing the transmitted power, especially for the shorter link configuration. However, the latter could not be realized, owing to the practical limitations of optic and electronic available equipments. The authors of [71] established a FSO link of 11.5 m operating at 1550 nm. By transmitting an optical signal with 10 dBm power, i.e., 10 mW, they achieved a data rate of 320 Gbps at BER = 10−3 through 16-QAM modulation format with 40 Gbaud symbol rate. Note also that the power loss was 0.5 dB over 11.5 m link length, which indicates the feasibility to extend the link distance up to hundreds of meters, since we have catered for the strict alignment between transmitter and receiver apertures in order not to trigger strong pointing errors. Additionally, it is notable that by supporting 12 subcarriers covering 300 GHz with 25 GHz spacing through 16-QAM modulation, a maximum baud rate of 23 Gbaud has been achieved, which corresponds to 2.208 Tbps data rate at BER = 10−3. Furthermore, authors in [26], outlined that for a transmitted power of 22 dBm, i.e., 158.49 mW, that is available nowadays in the FSO market, we can achieve BER = 10−7 for a link length of 500 m under light fog conditions, whereas as fog is getting thicker, i.e., for more adverse fog types, BER becomes larger than 10−3. In the same context, the achievable ergodic capacity for the latter link was equal to 30 b/s/Hz, 18 b/s/Hz or 5 b/s/Hz for light, moderate, and dense fog, respectively. It is recalled that the ergodic capacity, which is also known as average capacity, represents the expectation of the instantaneous channel capacity (maximum data rate that the channel can accommodate), and it has significance when the channel variations are very fast in comparison to the symbol duration. It can be estimated by means of the expectation of the mutual information expression with respect to random fading coefficients (such as turbulence-induced and misalignment-induced fading). Moreover, it has been shown that by decreasing the link length to 200 m in order not to emit more than 22 dBm, the achievable BER was smaller than 10−10 and approximately equal to 10−3 under moderate and thick fog conditions, respectively. The latter indicates the potential of establishing reliable and energy-efficient FSO links of 200 m in length, from light to even thick foggy channels.



The authors of [72] investigated a coastal FSO link of 70 m in length, established near the Red Sea (Thuwal, Saudi Arabia). The link could operate with a matched wavelength pair at 1330 nm/1550 nm. Even in the particularities of coastal environment, including adverse humidity and temperature variations, by consuming transmitted power of 0 dBm, i.e., 1 mW, the FSO link supported data rates of 1 Gbps, under acceptable BER limits. More recently, authors in [73] evaluated the performance of a FSO link established at an altitude of 35 m over sea surface through a coastal maritime channel between the building of Hellenic Naval Academy and the lighthouse of Psitalia Island, in Greece. The link had a total length of 2958 m, most of which is over sea, as well as it utilized a commercial MRV TS500/155 transceiver, operating with a maximum output power of 150 mW at 0.85 μm offering a data rate of 155 Mbps. It could also utilize up to three lasers with a beam divergence of 2 mrad each and a receiver with a radius of 10 cm, sensitivity of −46 dBm, and a photodetector of avalanche photodiode (APD). Additionally, in this maritime environment, NAVSLaM model has been proposed and utilized to estimate the refractive index structure parameter values, which are proportional to atmospheric turbulence strength. Under these circumstances, it has been shown that the link can adequately operate with reasonable energy efficiency in this challenging environment from weak to even strong turbulence conditions.



Regarding the use of L-PPM formats with a goal to achieve more power efficient practical FSO links, more practical work needs to be carried out. In this context, in [52], the use of 256-PPM without coding demonstrated an amelioration of about 5 dB at a fixed bit error rate (BER) of 10−6 in comparison to OOK. Theoretically, increasing L would continuously upgrade the power efficiency, but technical factors like synchronization and detection restrict this increase up to a reasonable value. The authors of [53] assessed the use of PPM in terms of the average symbol error probability (ASEP) metric. Their findings revealed that under weak turbulence conditions, by using 16-PPM format, there is a need for signal to noise ratio (SNR) of 32 dB to achieve ASEP of 10−3, whereas under the same circumstances, by using OOK, there is a need for SNR at 38 dB to achieve the same ASEP of 10−3. Recently, the authors in [2] adopted in their average bit error rate (ABER) analysis, several experimental data measurements carried out in University of Waseda, Japan, for a real FSO link located there which was operating at 785 nm, with the receiver aperture having a diameter of 10 cm. The link length was equal to 1 km while it was established at a typical altitude of 25 m. Note that the optical power transmitted was 11.5 dBm, i.e., 14.125 mW. Under weak to strong NZB pointing errors and turbulence, the link could utilize apart from OOK, 4-PPM and 8-PPM, as well as the diversity method by using one transmitter and multiple (two or three) receivers, i.e., SIMO links. Increasing both diversity and modulation order significant ABER performance enhancements have been presented, especially for weak turbulence and generalized pointing errors. For example, to achieve an average BER equal to 10−5, the employment of 4-PPM configuration is shown to require almost 5 dB less versus the corresponding (2-PPM or OOK) configuration. Note that this performance and availability improvements are realized by consuming an acceptable amount of power, as well as the fact that reasonable ABER results have been obtained in comparison with corresponding findings in [48], which investigated the SISO configuration of the same practical link with the same transmitted power of 11.5 dBm, i.e., 14.125 mW. The potential of employing multi-hop DF relay configurations for this link has been investigated in [64], for different SIM PSK modulation formats. It has been shown that for less complex PSK constellations of lower order, it is feasible to significantly extend the link in a power-efficient mode, especially under weak turbulence, generalized pointing errors, and phase noise effects. Indeed, it has been illustrated that doubling the link length by means of a dual-hop DF relay configuration, an average SNR of 30 dB was needed to achieve a total ASEP equal to 2.9 × 10−3 through SIM 4-PSK format, for weak turbulence along with a weak amount of pointing mismatch and moderate phase noise effects.



Table 1 below summarizes and presents some key parameter values that illustrate the energy efficiency and the total achievable performance for some significant practical FSO systems and link configurations mentioned above. In this context, Table 1 provides a quick overview and comparison among the impact of each effect and technique described above. Furthermore, in Figure 1, the possibilities and energy-efficient applications of FSO communication systems along with the limiting factors on their performance and energy consumption, are presented.




3. Ultraviolet Communication


The remarkable evolution of UV devices including UV light-emitting diodes (LEDs), UV laser semiconductors, solar-blind UV optical filters, and sophisticated UV light detectors, such as photomultiplier tubes (PMTs) and UV avalanche photo diodes (APDs), have enabled the exploitation of the very promising deep UV band (UV-C) for high-bandwidth and energy-efficient wireless communications [9,16,74,75,76]. In fact, UV band is in a wavelength range within 100–280 nm, which is solar blind at the sea level causing the solar noise to be negligible in this range due to strong absorption by the ozone layer in the upper atmosphere. Additionally, contrary to FSO that operates in the infrared band, the UV-C band provides the novel opportunity of establishing NLOS optical communication links with low-power consumption. This enhances the potential of mobility, and it is very crucial when FSO LOS path is not feasible to be installed or might be either blocked or impeded by obstacles. The large and unregulated spectrum in the UV band has the potential to support high rate services, a few times higher than its FSO counterpart [75]. Another significant point in favor of UV-C links compared with their FSO counterparts is their robustness against adverse weather conditions and strong scattering that enables the NLOS feasibility [9]. Since the scattered intensity has been proven to be inversely proportional to the fourth power of the wavelength, the shorter wavelength is significantly scattered, especially for UV carrier [8]. Nevertheless, the UV deployment suffers mainly from atmospheric turbulence and atmospheric channel attenuation. In addition, cloud depth, rain, and fog may have a negative influence on UV signal transmissions [42]. Note that UV-C links are affected to a greater extent than FSO by atmospheric turbulence and scattering, whereas to a lesser extent by pointing errors due to their NLOS potential.



MIT Lincoln Lab first created a LED-based testbed, reported with a NLOS medium [77]. The researchers employed 10 LED units at 274 nm, with each LED unit having a 24-element array, for 240 LEDs emitting a total optical power of 40 mW. At the receiver, a proper PMT was combined with an appropriate solar blind optical filter to provide a high solar noise rejection ratio. The system achieved a data rate of 2.4 kb/s employing 4-array pulse position modulation (PPM) at a distance of 11 m. Experimental measurements highlight range BER trade-offs and effects of several major system parameters, such as elevation and azimuthal angles between transmitter and receiver apertures, and the influence of optical filters and PMTs [78]. Research on semiconductor detectors for utilization in the deep UV-C band was also performed [79]. Considerable effort has been made in accurately describing the UV NLOS communication channel, which is heavily based on the complex interaction of the propagating UV signal with the atmosphere. These channel models basically estimate the path loss and/or the impulse response function of a UV link according to the corresponding link geometry, which incorporates the distance from transmitter to receiver along with key characteristics of the emitted UV beam and receiver field of view (FOV) [80]. The channel path loss determines the power level of the received UV signal, and thus the error performance for any implemented data modulation format. Therefore, the channel’s path loss estimation is critical for assessing the necessary power consumption, and thus the energy efficiency for a reliable UV link’s operation. On the other hand, the channel impulse response determines the pulse broadening effect due to scattering, providing signaling reference to avoid inter-symbol interference (ISI) [8]. In short, for the UV link ranges (typically below 200 m), the single scattering model fits well along with experimental measurements, whereas for the middle and long range UV communication, the multiple scattering model that relied on the Monte Carlo method is mostly utilized. Moreover, atmospheric turbulent effects should be incorporated. In this respect, several empirical path loss formulas that relied on a large amount of experimental results up to 100 m have been initially proposed [81,82,83,84,85]. For the longer regime UV links, the detrimental impact from fully coupled scattering and atmospheric turbulence that becomes more important have been initially investigated in [86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101]. In [86], preparatory models over a wide turbulence strength regime were proposed, highlighting that under certain geometric conditions, the collected scattered signals at the receiver input are averaged leading to a smoothed signal at the receiver output. A collection of data measurements of irradiance scintillations, expressed through the normalized variance, has been reported in [92]. It was shown that experimental measurements for a UV link length of 185 m matched well with their corresponding predicted values that relied on aperture averaging. In [93], the NLOS scintillation probability density function (PDF) was emulated by adjusting an existing LOS scintillation lognormal distribution considering two different LOS links. In order to achieve less cumbersome computation processes, the authors in [96] proposed a conjunction of both numerical and analytical methods. Experimental results regarding the effect of turbulence on the received signal energy distribution instead of the average path loss were collected in [97]. The researchers in [98] extended the latter by proposing a Monte Carlo channel model that takes into account the multiple scattering effects in turbulent channel’s behavior. Under weak turbulent UV channels, a modified quality indicator that is well-known as scintillation attenuation, was estimated in [99]. Following this approach, the atmospheric extinction coefficient was properly adjusted and a novel analytical expression for the single scattering path loss model was derived. Recently, the key difference for turbulence-induced scintillations between UV-C and FSO channels, stemming from the large path loss of UV-C links, was assessed in [100]. It was revealed that the very weak signal received introduces a doubly stochastic process arising from the variations of the transmitted signal according to the lognormal distribution, while the number of detected photoelectrons follows the Poisson distribution. Note that authors in [93] had already proposed the lognormal distribution to emulate weak turbulence conditions in UV-C links. In this context, the authors in [102] assessed the energy efficiency of a 50 m point-to-point UV link by means of the achievable BER over a wide regime of power transmission values through a lognormal modeled weak turbulent medium, by utilizing also different modulation formats, including OOK, PPM, as well as OFDM along with PSK. Being PPM the most energy-efficient modulation scheme as mentioned in the previous section, their findings highlighted that PPM outperformed in terms of low power consumption, as it was expected. Conversely, the less energy-efficient format was the non-return-to-zero (NRZ) OOK one. Specifically, by employing 4-PPM format, the required transmitted power was almost equal to 11 dBm, i.e., 12.59 mW to achieve BER = 10−5, whereas through NRZ, the transmitted power was almost 13.3 dBm, i.e., 21.38 mW to achieve BER = 10−5, as well. Bearing in mind that the LN model is one of the most accurate models for weak to moderate turbulence-induced scintillation in the traditional infrared FSO area, the latter findings paved the way to adopt, adjust, and incorporate several well-known FSO distribution turbulence models in the emerging UV-C area. Indeed, the unifying Malaga distribution has been recently introduced in [103] for weak to strong turbulent UV-C links, the generalized Gamma–Gamma distribution has been utilized in [104,105] under the same wide turbulent range and, more recently, the K-distribution has been employed in [106] for strong to very strong turbulent UV-C links.



It is remarkable that in [104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120], diversity techniques have been investigated and utilized either theoretically or experimentally, in order to enhance the total UV-C system’s performance and availability toward an energy-efficient direction. Indeed, these illustrative successful examples are in [112], where for a target BER of 10−6 over a 1 km UV system operating at 260 nm, a SNR of 36 dB was required for the SISO configuration, while this requirement reduced to 33.5 dB and 32.5 dB, offering performance gains of 2.5 dB and 3.5 dB for MISO link configurations with two and three transmitters, respectively. Employing SIMO instead of MISO link configurations, enhanced performance gains of 4 dB and 5.5 dB have been achieved for two and three receivers, respectively. Reducing the distance to 500 m, a SNR of 19 dB was required for the SISO link configuration. Consequently, the performance gain was equal to 1 dB for the MISO link configurations either for two or three transmitters, whereas for the SIMO configurations, the performance gains were equal to 2.6 dB and 3.75 dB for two and three receivers, respectively. It has been proven that the use of spatial diversity by increasing the number of UV sources is not a panacea for further improvement of the energy efficiency and availability of UV links in the low to medium SNR range since the transmitters don’t look at the same common atmospheric volume. Authors in [110] conducted an experimental study investigating a real-time NLOS UV system that operated at 265 nm along with an average power consumption equal to 10 mW (with its minimum power consumption being equal to 9.3 mW) and spatial diversity. In more detail, the system under investigation employed SIMO link configurations with up to four receivers and link length up to 35 m. Moreover, the average temperature was almost 25°, the average wind speed was equal to 12 km/h, and humidity was below 34%, while molecular distribution was almost invariable and the aerosol distribution was equal to 1200 per cm3. Under these conditions, the experimental UV system could achieve data rates at 64 kbps over 35 m link length with BER = 10−6 when four receivers are utilized, while without diversity through consuming the same amount of power, BER was equal to 10−2. Recently, the authors in [105], through the Gamma–Gamma turbulence model, along with the proposed maximal selective transmit diversity with the transmit power set to 20 dBm, i.e., 100 mW for a 200 m UV link, achieved BER = 3 × 10−12 and BER = 5 × 10−11 for weak and strong turbulent channels, respectively. In addition, the authors in [106], through the proposed time diversity technique for NLOS UV links operating at 260 nm, assessed the required power values to transmit at a wide range of average BER targets. Even in very strong turbulence, the SISO link (with no diversity) required 18 dBm, i.e., 63.1 mW for a target average BER = 2 × 10−10, while by employing time diversity, the virtual SIMO link transmitted power of 18 dBm, i.e., 63.1 mW could achieve an average BER = 10−13, for 200 m propagation distance in all these link configurations.



Moreover, the tremendous progress in UV devices over the years has played a very crucial role in the deployment of more energy-efficient and performance-effective wireless links. To that end, in particular, the findings in [120,121,122,123,124] are interesting. Originally, the authors in [121] utilized a 253 nm mercury-argon lamp created a UV link of 0.5 km length and by employed PPM to achieve a data rate of 10 kbps at BER = 10−5, with a transmission power of 5 W. A few years later, the authors of [122] used a 265 nm mercury-xenon lamp and employed PPM to achieve a data rate of 1.2 Mbps over a UV link of 1.6 km, but with the required transmitted power equal to 25 W. With the advent of the first UV LEDs, after several years, the authors in [120] utilized LED arrays operating at 265 nm along with PPM and transmit power equal to 43 mW, to achieve a data rate equal to 5 kbps at a BER almost of 4 × 10−5 or 3 × 10−3 for a 10 m UV link with or without spatial diversity, respectively. The authors of [123] presented a UV system to achieve a data rate of 71 Mbps by utilizing QAM OFDM, and a 294 nm LED with transmit power of 190 μW, as it was aligned with an avalanche photodiode (APD) at the receiver across a very short distance of 0.08 m. More recently, the authors in [124] used a 262 nm UV-C μLED with a very low transmit power equal to 196 μW to achieve a very high data rate of 800 Mbps or 1.1 Gbps at a BER equal to 3.8 × 10−3 at a short distance of 0.3 m, while utilizing OOK or OFDM, respectively. It is notable that this low optical power minimizes the adverse effects of UV light propagation in wireless communication systems. Considering the strong limitation of the commercial APD that was utilized at the receiver side, the very high achievable bit rates by a very low power consumption highlight the UV high performance and energy efficiency. It becomes evident that recent advances in UV equipment have enabled the establishment of these promising wireless links. Nevertheless, the need for extending UV link lengths remains a critical challenge.



In order to significantly extend UV link lengths, the potential of creating DF relay multi-hop UV configurations through a power-efficient modality has been investigated in [125,126,127]. The authors of [125] revealed the feasibility for establishing a multi-hop OOK NLOS UV link that could efficiently cover a propagation distance of 300 m by utilizing up to 10 hops, consuming 10 mW (1 mW per hop), and operating at 250 nm with a data rate of 64 kbps at a BER equal to 10−5. In this respect, the authors of [126,127] demonstrated the feasibility of employing energy-efficient NLOS UV multi-hop links under weak to strong turbulence and utilizing the more sophisticated OFDM format, respectively. In general, an increment of the number of hops can ideally relax the power demand on individual relay nodes, which translates into dividing the total power to spaced relay nodes, each of which operates with much lower power consumption. The latter can be also be considered as an energy-efficient benefit in the coverage range extension by adjusting more relays, provided that each relay node obtains a fixed transmit power [125].



Table 2 below summarizes the background and evolution in UV communication era. In this respect, it visualizes a quick overview and comparison among UV communication systems in terms of significant performance metrics and technologies incorporated in the UV area. Additionally, Figure 2 shows the possibilities and energy-efficient applications of UV-C communication systems along with the limiting factors on their performance and energy consumption.




4. Transdermal Optical Wireless Communication


In numerous vital medical applications like neural recording and prostheses, there is a critical demand for high-capacity transmissions between an implanted medical device (IMD) and an out-of-body one. In order to record neural signals from internal devices and actuate them from external signals to guide prostheses, there is a need for even higher bit rates along with lower power consumption to emulate the performance of human organs such as the cochlea. In these cases, human skin, in Greek derma, acts as a communication channel, and therefore this kind of communication is commonly known as transdermal communication. Nowadays, common modalities used for transdermal communication, which mainly rely on radio frequencies, cannot reach at the same time all the growing recent and future demands that mainly include wireless modality, remote control of the IMD, high noise and interference immunity, as well as communication with very high capacities along with very low power consumption. In this respect, tremendous recent progress in both medical and OWC fields has enabled the transition to the more bandwidth-effective and energy-efficient optical frequency spectrum, by establishing transdermal optical wireless (TOW) links. In basic terms, they are point-to-point wireless links that transmit the necessary data by means of light waves traversing through the skin. The light carrier is emitted by a proper LED or laser source and, after traveling inside the skin channel, it can be detected by a suitable photodiode at the receiver. Thus, through the utilization of an ultra-high frequency light carrier which can lead to an extremely-wide modulation bandwidth, we can guarantee the desirable high information capacity. At the same time, these links operate by consuming the desirable low power level for the medical implant. Another point in favor of TOW links is that they offer high-security level data transmissions, considering that the whole information is entailed within an extremely narrow light beam, which is very difficult to intercept. Moreover, contrary to their RF counterparts, they do not suffer from EMI or multi-path dispersion, and they are harmless to human health. Additionally, they operate with a low total cost within the unregulated optical spectrum, while due to their light weight and compactness, they are significantly flexible for installation and re-installation [10,128,129].



In view of the presented, several papers have been published devoted to TOW communication links. Among them, the feasibility of installing these links has been experimentally validated in [12,130,131,132]. In [131], the concept of a “Medical Spectral Window”, known also as “Therapeutic or Biological Optical Spectral Window”, has been experimentally proven, where radiation at wavelengths between 700 and 900 nm are least absorbed by the dominant absorbers in blood-perfused tissue, including hemoglobin and water. The good news is that there is compatibility with the first corresponding window for the wider optical communication transmissions, i.e., for wavelengths of 850 nm, where numerous optical sources operate. The latter enables the potential of power efficient and very rapid telemetry with medical implants. Within the appropriate medical issues near-IR spectral region, TOW link’s attenuation is minimized, and therefore the light obtains its maximum depth of penetration inside the skin [133,134], penetrating into the tissue up to some centimeters [130]. Consequently, within this medical optical window, we can achieve a specific transdermal propagation distance with the lowest amount of power consumption. On this basis, in [130], it has been revealed that TOW is a prime candidate for medical applications owing to its very low power consumption that is of order of μW or below 10 mW for extremely high capacities, while their RF counterparts need some tens of mW to operate. Thus, while a high speed RF transdermal link of 24 Mbps has been recently achieved in [135], it required a relatively large power of 30 mW. On the other hand, via TOW links in [129], by utilizing a vertical cavity surface emitting laser (VCSEL) with 850 nm wavelength, a TOW link achieving 50 Mbps through adequately thick tissue with power consumption only of 4.1 mW or less was reported in [132]. Additionally, in vivo experiments carried out on an anesthetized sheep revealed the potential of transmitting data at 100 Mbps consuming only 2.1 mW. Next, the authors in [136] established a bi-directional TOW system using a visible light and near infrared in downlink and uplink, respectively. By conducting in vitro experiments on a 2 mm porcine skin channel, they achieved 1 and 100 Mbps data rates by consuming 29 μW and 3.2 mW in downlink and uplink, respectively. Recently, significant progress has been carried out in cochlear implants for the hearing impaired. Toward this direction, the authors in [137] introduced a TOW-based communication system architecture which has been proven to be capable of significantly improving the reliability along with the spectral and power efficiency of the TOW link in cochlear IMDs. It has been shown that for a 8 mm transdermal link, an increase in the transmission power spectral density (PSD) from 0.001 µW/MHz to 0.01 µW/MHz caused a 56.5% increase in the corresponding spectral efficiency. Note that even in the worst case scenario, where the skin thickness was increased to 10 mm, along with a very low transmission signal PSD of about 10−4 µW/MHz, a spectral efficiency in the order of 8 bits/channel use has been achieved. Very recently, the authors of [138] introduced an all-optical cochlear implant architecture in an attempt to directly convert acoustic to optical signals capable of stimulating the cochlear neurons toward the direction to restore hearing to hearing-impaired people. Their findings demonstrated that for optical transmission power of less than 10 mW, the probability of hearing was evaluated at least equal to 50% for 4–8 mm skin thicknesses. On the other hand, the probability of neural damage was found to be defined for extremely high optical transmission power values, i.e., higher than 1 W. Even in a skin thickness of 7 mm, an almost certain damage of acoustic nerve has been shown to require a transmit power of 2 W. In short, power consumption is a very vital factor for TOW links because it is directly related to the operational lifetime of the implanted devices, which in some cases, translates into patient’s longevity, whereas consuming more power than the pre-defined thresholds may cause damage to human health.



Despite the encouraging and impressive results, human skin is a very complex, multi-layer, strongly anisotropic biological structure that comprises many and different constituents and characteristics that depend heavily on variable and random conditions, such as skin’s thickness, different tissues, topology, region, age, race, gender, and age. Light propagating through the skin is reflected, scattered, and absorbed by all its constituents [131]. By choosing a proper light wavelength from the medical spectral window, we can minimize the effects of absorption for TOW links, which still suffer from significant photon scattering. Indeed, within this wavelength window, only 10–30% of incident optical power is transmitted via typically thick (2–6 mm) skin channels when the laser and the detector aperture are aligned [131,133]. Even in perfect alignments between source and receiver aperture, in order to increase the received signal level in order to overcome scattering, one should resort to a large size photodetector. Larger photodiodes result in a limited bandwidth [8], which brings about lower capacities. Hence, the researchers aim to maintain a balance between power consumption, achievable capacity, photodetector’s size, and skin thickness.



In several papers on TOW, researchers reported the pointing errors effect due to the unavoidable patient’s movements, which is another significant issue. This issue has been either neglected or it has been assessed by deterministic models that are less realistic for their description. Only in [137,138], the stochastic nature of pointing errors has been taken into account. This concept has been first reported in [139], and then in [140,141,142], where the authors modeled the pointing errors effect relying on the zero boresight Rayleigh distribution model [44], which has been extensively used in the wider optical wireless communications area. For a power spectral density of 0.1 μW/Hz, they showed that for the initial millimeters of in-body propagation distance, pointing errors may dominate skin-induced attenuation being the major performance limiting factor, whereas after 5 to 6 mm, skin-induced attenuation dominates. In [3,143], the more generalized NZB pointing errors model was proposed, as well the diversity method was introduced in the TOW area with the intention to overcome the combined influence of skin-induced attenuation and stochastic generalized pointing errors. For a power spectral density of 1 mW/Hz and a reasonable use of spatial or time diversity, they achieved in [143] the outage probability of 10−6 for 8 mm skin thickness, as well as in [3] under strong NZB misalignments, they achieved an ABER of 8 × 10−7 by utilizing the more power-effective 8-PPM than OOK format for further outage performance improvements. However, experimental works need to be conducted to further verify this energy-efficient approach.



Apart from the direct TOW link configurations that comprise the transmitter, the skin-channel and the receiver, retro-reflective link configurations are alternatively used. Specifically, in the former configurations, a light source conveys data from inside the body to an external receiver, and thus the optic signals pass through the skin channel at once, while in the latter, light emitted from an external, continuous wave light source is retro-reflected by a device inside the body. Thus, through retro-reflective TOW transmissions, only retro-reflector needs to be implanted since both the transmitter and receiver are out of the body. Appropriate signal models of both configurations were introduced in [130], where the feasibility of both configurations was also demonstrated assuming intensity modulation/direct detection (IM/DD) with OOK modulation format, and achieving 0.4 μW and 4 mW transmissions power at a BER = 10−6 for direct and retro-reflective TOW links. The authors in [5] utilized a continuous wave laser operating at 854.52 nm with a low transmit power of 2.9 mW along with an electro absorption modulator at the retro-reflector side and a 4 cm2 skin sample of a 10 months old laboratory rat to prove the feasibility of established real retro-reflective TOW links. The authors of [144,145], for a power spectral density of 1 μW/MHz, presented encouraging ABER results of 10−5 to 10−4 for a reasonable use of wavelength and spatial diversity configurations. Bearing in mind that the most demanding medical applications with IMDs require a signal power density spectrum from 1 µW/MHz to 20 µW/MHz, the authors in [145] showed that over this power density spectrum region, they achieved the proper average SNR values, which were required to drastically address the major effects that degrade TOW performance. Additional experimental work is needed for retro-reflective TOW systems in order to play a key role in energy-efficient wireless telemetry with medical implants.



Recently, the concept of simultaneous light-wave information and power transfer (SLIPT) has been presented in [146]. Employing this method, IMDs have the potential to both harvest energy and, at the same time, communicate. SLIPT has the potential to significantly prolong the IMD’s lifetime as well as to lead to a more energy-efficient TOW communication. In this respect, SLIPT is ideally suited for sophisticated applications of real-time and interactive communication between the in-body and out-of-the body world. Bearing in mind that the received photocurrent has both alternative current (AC) and direct current (DC) components, the main concept of SLIPT is to split it into AC and DC, which will be respectively utilized for information decoding and energy harvesting. The latter can be implemented by means of signal component separation receiver architecture, where in order to split the arriving signal in DC and AC components, we utilize an inductor and a capacitor at energy harvester and information decoder branches outputs, respectively. Alternatively, by utilizing a proper diode instead of the inductor, time splitting-switching technique could be used in which the receiver switches in time between the modes of information decoding and energy harvesting or even to utilize multiple photoelectric converters at the receiver’s input. The former signal component separation receiver architecture is capable of achieving higher energy harvesting efficiency in comparison with time switching architecture, since it simultaneously realizes energy harvesting and information decoding without wasting the DC component for the sake of information decoding [147]. Nevertheless, SLIPT method remains to be practically implemented in the near future for real TOW communication and energy-efficient links.



Table 3 below summarizes the performance comparison between conventional RF and the emerged TOW communication links with IMDs in terms of energy efficiency, transmission speed, and robustness. It also provides a quick overview of the evolution of these direct TOW communication links.



Table 4 below provides a quick overview of the potential of establishing either SISO or SIMO OOK TOW R-R links in contradistinction to direct OOK TOW link configurations. Additionally, Figure 3 presents the possibilities and energy-efficient applications of TOW communication systems along with the limiting factors on their performance and energy consumption.




5. Discussion


In Table 1, in the first four rows, i.e., in [68,69,70,71], the potential of establishing practical high speed and robust FSO links with low power consumption is highlighted. Indeed, in the third row, in [70], by transmitting only 4 mW and even by utilizing the less sophisticated but simplest OOK modulation format, a FSO link of 2.5 Gbps data rate has been achieved at a BER target below 10−9 covering a propagation distance of 2.7 km. This impressive performance by means of both energy efficient and robust high-speed transmission is comparable to that of optical fiber systems, i.e., they outperform significantly in comparison to their conventional RF wireless counterparts. The latter also indicates the potential of combining FSO with optical fiber systems, which is further highlighted in [69,71], through the use of WDM technique which results in achieving the extremely high data rates of 1.28 Tbps and 2.2 Tbps at BER targets of 10−9 and 10−6, respectively. Next, in the fifth row, in [26], the performance comparison between the two different scenarios depicted for the investigated FSO link (clear sky versus fog) demonstrate that fog degrades ergodic capacity, and thus maximum average data rate, as well as increases BER for the same acceptable amount of transmitted power. The latter implies that even in adverse fog effects, typical FSO link lengths up to several hundred meters can be achieved through an adequate energy-efficient manner. Next, in sixth and seventh rows, i.e., in [72,73], the potential of establishing practical energy-efficient coastal FSO links is visualized for short (70 m) to long (2958 m) propagation distances, respectively. As it was expected, the shorter link needs less power consumption. Increasing the distance from 70 to 2958 m, a reasonable larger amount of transmitted power is needed to address the emergence of turbulence along with attenuation due to the larger propagation distance through the coastal channel. Nevertheless, both the increase in power consumption and the decrease in data rate are acceptable for the achievement of this large propagating distance through a coastal environment.



The next four rows in Table 1 are focused on different link realizations of the investigated 1 km FSO link in [2]. Among them, the first row illustrates that the diversity method guarantees more robust FSO transmissions in a very energy-efficient manner. Indeed, by consuming the same desirable amount of 14.125 mW, we achieve an ABER reduction from 2.2 × 10−3 to 3 × 10−5 when spatial diversity is implemented. Specifically, we can achieve the same ABER target value of a SISO FSO link by reducing the transmitted power, provided that diversity techniques are employed. Note also that both turbulence-induced and misalignment-induced fading have been considered. Specifically, for SISO link configurations, i.e., without spatial diversity, zero boresight pointing (ZB) errors can be considered without a loss of generality, whereas for SIMO link configurations, i.e., with spatial diversity, the non-zero boreseight (NZB) pointing errors components should also be taken into account due to the unavoidable distance between receiver apertures. The following row referred to in [2], compared with its previous first one, reveals the impact of turbulence effect. Indeed, by consuming the same energy under the same link characteristics but through a weak turbulence instead of strong, even more decreased ABER values are achieved for SISO link, and much less for SIMO link configuration. The third row referred to in [2], illustrates that PPM, and more precisely 8-PMM format, is more energy efficient than OOK, since for the same transmitted power, it can reduce ABER from 10−3 to 10−4 under the presence of strong NZB pointing errors. Additionally, in the fourth row, NZB pointing errors are getting weak, and thus better ABER results are depicted, especially when 8-PMM format is utilized.



The penultimate row in Table 1, which refers to [64], indicates the potential of extending the FSO propagation distance through the use of DF relays at a reasonable and acceptable expense of energy and outage performance cost. As we can see, by transforming the single-hop to a dual-hop FSO link by means of employing a DF relay node, we need to increase the transmitted power from 14.125 mW to 28.25 mW with an additional increase in ASEP from 1.5 × 10−3 to 2.9 × 10−3. The latter is acceptable, considering also that through dual-hop configuration, the total link length has been doubled from 1 km to 2 km. Finally, the last row in Table 1 which refers to [65], demonstrates that under certain circumstances, the GVD effect can be treated as a key contributor to establishing more robust and energy efficient links. In fact, it is illustrated that by adjusting C < 0, i.e., by emitting negative chirped initial short pulses with the same acceptable power, we create GVD-induced narrowing propagating pulses for some initial propagation distance, which ultimately leads to a decrease in the probability of fade (Pf) from 3 × 10−3 to 2 × 10−3 for the total FSO link. It is recalled that the probability of fade represents the probability that the normalized irradiance arriving at the receiver is lower than the receiver’s threshold, which guarantees the appropriate operation of the link [65]. Nevertheless, bearing in mind that GVD is highly distant dependent on atmospheric dispersive channels, the total link distance should be large enough, i.e., several km (10 km as illustrated, for example, in the final row) in order to practically take advantage of the beneficial GVD impact.



The first two rows in Table 2, which are referred to in [121,122], consist the initial significant efforts of establishing UV communication links, which have been reported in the open UV literature. It becomes evident that although they could cover relatively long propagation distances along with promising data rates, the very high required transmitted power values of 5 W and 25 W made them energy inefficient, even by employing the inherent energy-efficient PPM scheme. As it can be inferred from the first two rows, this problem arises from the utilized light sources that existed in that time. Indeed, with the advent of more energy-efficient UV light sources and devices, this problem has been significantly overcome, even if only to a relatively limited coverage area, as it becomes evident from the transmitted power column comparison between the first two rows versus the rest of the rows in Table 2. More precisely, the third row that refers to [120] requires 43 mW by means of the use of UV LED arrays and reduces BER to 4 × 10−5 from 8 × 10−3, when spatial diversity through UV MIMO links is utilized. In this context, the third row illustrates that as in the case with IR FSO, the diversity method can be also used as an energy-efficient contributor for the establishment of more robust UV communication systems. This beneficial impact of spatial diversity can be also observed in the seventh row, where UV SIMO links have been created through spatial diversity. The fourth row and the fifth row which refer to [123,124], respectively both utilize the more sophisticated OFDM format and consume only 190 μW and 196 μW, i.e., almost the same power to achieve the impressive data rates of 71 Mbps and 1.1 Gbps, respectively at the same BER = 3.8 × 10−3 for 0.08 m and 0.3 m, respectively. Consequently, it is observed that although the latter has a larger link length, it achieves a higher data rate at the same BER than the former. This is because the latter utilizes a more sophisticated UV-C μLED technology. In the sixth row that refers to [82], the beneficial impact on the energy consumption of UV communication links is highlighted when utilizing PMM instead of OOK. Indeed, for both OOK and PPM UV link realizations, by consuming 50 mW for a data rate of 10 kbps at the same BER target of 10−3, the achievable UV link length for OOK is equal to 105 m, whereas for PPM, the achievable UV link length increases to 155 m. It becomes therefore evident that in order to achieve the target of 155 m with OOK, a larger amount of transmitted power consumption, i.e., larger than 50 mW is needed which denotes that OOK is less power effective than PPM. The latter is also observed in the eighth row which refers [102], and indicates that under the same LN-modeled weak turbulent channel, the investigated 50 m UV link achieves a BER equal to 10−5 with the required transmitted power being 21.38 mW or even better 12.59 mW by utilizing OOK or 4-PPM formats, respectively. In the ninth row, which corresponds to [105], the Gamma–Gamma (G–G) turbulence model has been introduced in UV-C regime to describe weak to strong turbulence-induced UV irradiance scintillations. It is revealed that by consuming 100 mW for the operation of a 200 m UV link, the achievable BER increases from 3 × 10−12 to 5 × 10−11 from weak to strong turbulence conditions, respectively. Consequently, the turbulence effect plays a key role in the energy efficiency and outage performance of typical UV links. More recently, in the penultimate row in Table 2, which refers to [106], the more compact K-distribution model has been introduced in the UV area along with the time diversity technique. The former has been proven to be accurate for strong turbulence conditions, while the latter has been proven to be a useful tool to address these strong turbulence-induced UV irradiance scintillations in an attempt to create more robust and energy-efficient UV systems. As a result, by consuming 63.1 mW to cover a distance of 200 m, an average BER is equal to 10−13 or 2 × 10−10 with or without time diversity, respectively. The ultimate row in Table 2 that describes [125], depicts the potential of extending UV link by means of establishing intermediate, serially connected DF relay nodes, i.e., through multi-hop UV link configurations. By consuming only 10 mW for the total multi-hop UV link (1 mW is devoted to each of the ten hops of the total link that stem from the nine serially connected intermediate DF relay nodes), a total propagation distance of 300 m has been eventually achieved, which is adequately large for typical UV communication links.



The first three rows in Table 3 which are devoted to [135,148,149], depict traditional transdermal link configurations that utilize RF, which are nowadays the common technology for communications with IMDs, whereas the rest of the rows in Table 3 refer to their promising TOW alternative. Specifically, they refer to direct TOW links with OOK, which is to date the only modulation scheme that has been implemented for practical TOW links. At first glance, we can realize that TOW offers higher data rates consuming at the same time less energy. It is also clarified here that despite the efforts depicted in the first three rows for RF, and even by combining RF with IR as reported in the second row, 50 Mbps will be required when 100 channels of neural waveform data are recorded simultaneously [148]. Nevertheless, even 20 mW remains as a large amount of power consumption for IMDs, since the corresponding target is up to 10 mW [3,11]. Therefore, it becomes evident that none of the transdermal wireless RF based implementations can reach these growing energy consumption and capacity demands. Contrary to RF, the rest of the rows in Table 3 show that TOW can achieve them. The latter is emphasized in the seventh row that refers to [132] for general transdermal applications, which require wireless communication with IMDs. It is shown that by consuming only 2.1 mW, an in vivo TOW link achieved 100 Mbps through a skin thickness of 2.5 mm at an adequate BER target of 2 × 10−7. Additionally, of particular interest is the specific case of transdermal wireless communication with cochlear IMDs. The performance comparison between the third and eighth row in Table 3 that refers to RF [135], and TOW communication with cochlear IMDs [137], respectively reveals that by operating both at the same regime of skin thickness, the former needs 20–40 mW to provide 1 Mbps, while the latter needs only 2–10 μW to provide remarkable data rates of 150 Mbps and 160 Mbps, respectively. Therefore, it becomes clear that TOW communication with cochlear IMDs outperforms its RF counterpart in terms of both energy efficiency and capacity. Additionally, the tenth row that also refers to [137] indicates that by practically consuming less power, i.e., equal to 1 mW (PSD = 0.1 μW/MHz denotes the power spectral density with 10 MHz being the available bandwidth) along with a divergence angle θ = 15°, it still achieves impressive data rates of 128.77 Mbps and 119.43 Mbps for 5 mm and 10 mm skin thickness, respectively. Note that a skin thickness of up to 10 mm is considered to be adequate for cochlear IMDs. In this context, the eleventh row that refers once again to [137], demonstrates the feasibility of enhancing even more the capacity of cochlear TOW communication links in a very energy efficient way. In more detail, by increasing both PSD = 1 μW/MHz and available bandwidth in the frequency region of 13–20 MHz, even higher data rates have been achieved, i.e., 207 Mbps and 325 Mbps, respectively provided that the skin thickness has been equal to 4 mm. Finally, in the last row in Table 3 that refers to [136], the potential of establishing bi-directional TOW links has been proven. Indeed, it has been shown that for a skin channel of 2 mm thickness, by consuming only 290 μW and 3.2 mW for the downlink and the uplink, 1 Mbps and 100 Mbps data rates have been achieved, respectively.



The first rows in Table 4 which refer to [130], demonstrate the feasibility of establishing R-R TOW links as a viable alternative to direct TOW link configurations. In more detail, at the same BER target and the at same skin thickness, although direct SISO TOW configuration outperforms R-R SISO TOW configuration in terms of energy consumption due to the fact that via direct SISO TOW the light traverses the skin channel at once and not at twice as in the case with SISO R-R TOW configuration, the SISO-RR TOW link still needs power consumption of 4 mW which is acceptable, as well. Next, in the second row that refers to [5], an even more energy-efficient SISO R-R TOW link configuration has been achieved by consuming 2.9 mW through the utilization of a more sophisticated and energy-efficient implanted device. Nevertheless, it still exceeds the power consumption of 0.4 μW that required a direct TOW link in the first row, i.e., in [130]. In the third and in the last row, i.e., in [145] and in [144], respectively, diversity techniques have been introduced in the R-R TOW area in an attempt to enhance energy efficiency for the more robust TOW R-R systems that emerge via the use of diversity. In the third row, i.e., in [145], SISO and SIMO RR TOW link configurations have been investigated. Note that SISO implies that there is no diversity, while SIMO configurations have been realized through the use of spatial diversity. For an acceptable PSD, as it has been explained above, of 1 μW/MHz (typically for an available bandwidth of 10 MHz) and at the same skin-channel thickness of 8 mm, SISO R-R TOW link achieved an average BER at 3 × 10−4, while SIMO RR-TOW system achieved a significantly decreased average BER at 3 × 10−7, taking also into consideration the stochastic nature of ZB and NZB pointing errors, respectively. The latter demonstrates that spatial diversity can enhance the ABER performance of TOW RR links in a power-efficient mode. In the same context, in the last row, i.e., in [144], it is illustrated that by using SIMO R-R TOW instead of SISO R-R TOW, the total outage probability has been impressively decreased, almost from 2.3 × 10−2 to 10−5. Note that in [144], wavelength diversity has been utilized to create the SIMO R-R TOW system. Therefore, in any case, diversity enhances the outage performance of R-R TOW links with an acceptable power level.




6. Conclusions


This article has presented an overview of three distinct optical wireless communication technologies, i.e., terrestrial free-space optical communication for outdoor application, ultraviolet wireless communication, and transdermal optical wireless communication, highlighting their potential to reach the growing, and at the same time, urgent demand of establishing high quality and energy-efficient communication services in line with environmental and human health protection. To this end, we focused on their low power consumption potential and implementations. The major effects and critical limiting factors that impede this development have been described as well as methods, techniques, and architectures that seem to be capable of drastically addressing their detrimental impact. It is notable that some of them have been already emerged in the commercial field, while the rest are very promising candidates to be adopted in many applications in the near future. Moreover, the presented technologies can be incorporated as complementary technologies to the existing conventional ones to alleviate their high energy consumption and enhance their performance. Alternatively, they can cooperate between themselves in establishing even more energy-efficient and performance-effective full optical wireless networks.
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Figure 1. Possibilities and energy-efficient applications of FSO communication systems, illustrated with blue color, versus adverse issues and limiting factors on their performance and energy consumption, illustrated with red color. 
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Figure 2. Possibilities and energy-efficient applications of UV-C communication systems, illustrated with blue color, versus adverse issues and limiting factors on their performance and energy consumption, illustrated with red color. 
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Figure 3. Possibilities and energy-efficient applications of TOW communication systems, illustrated with blue color, versus adverse issues and limiting factors on their performance and energy consumption, illustrated with red color. 
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Table 1. Major practical FSO systems and representative link configurations.
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Ref.

	
Turbulence

Model

	
Pointing

ERRORS

	
Modulation

Technique

	
FSO System

Configuration

	
Diversity

Method

	
Transmitted

Power

	
Data

Rate

	
Link

Length

	
BER

	
ASEP/

Pf






	
[68]

	
-

	
-

	
OOK

	
SISO

	
-

	
199.53 mW

	
80 Mbps

	
1.4 km

	
10−6

	
-




	
[69]

	
-

	
-

	
OOK

	
SISO

	
-

	
1.778 μW

	
40 Gbps

	
212 m

	
10−9

	
-




	
-

	
-

	
OOK

	
WDM

	
-

	
1.778 μW

	
1.28 Tbps

	
212 m

	
10−9

	
-




	
[70]

	

	

	
OOK

	
SISO

	
-

	
4 mW

	
2.5 Gbps

	
2.7 km

	
<10−9

	
-




	
[71]

	
-

	
-

	
16-QAM

	
SISO

	
-

	
10 mW

	
320 Gbps

	
11.5 m

	
10−3

	
-




	
-

	
-

	
16-QAM

	
WDM

	
-

	
10 mW

	
2.2 Tbps

	
11.5 m

	
10−6

	
-




	
[26]

	
-

	
-

	
OOK

	
SISO (clear)

	
-

	
158.49 mW

	
30 b/s/Hz

	
500 m

	
10−7

	
-




	
-

	
-

	
OOK

	
SISO (fog)

	
-

	
158.49 mW

	
18 b/s/Hz

	
500 m

	
10−3

	
-




	
[72]

	
-

	
-

	
OOK

	
SISO (coast)

	
-

	
1 mW

	
1 Gbps

	
70 m

	
-

	
-




	
[73]

	
NAVSLaM

	
-

	
OOK

	
SISO (coast)

	
-

	
150 mW

	
155 Mbps

	
2958 m

	
-

	
-




	
[2]

	
Malaga

	
ZB (weak)

	
4-PPM

	
SISO

	
-

	
14.125 mW

	
-

	
1 km

	
2.2 × 10−3

	
-




	
(strong)

	
NZB (weak)

	
4-PPM

	
SIMO

	
Spatial

	
14.125 mW

	
-

	
1 km

	
3 × 10−5

	
-




	
[2]

	
Malaga

	
ZB (weak)

	
4-PPM

	
SISO

	
-

	
14.125 mW

	
-

	
1 km

	
1.8 × 10−4

	
-




	
(weak)

	
NZB (weak)

	
4-PPM

	
SIMO

	
Spatial

	
14.125 mW

	
-

	
1 km

	
7 × 10−7

	
-




	
[2]

	
Malaga

	
NZB (strong)

	
OOK

	
SIMO

	
Spatial

	
14.125 mW

	
-

	
1 km

	
10−3

	
-




	
(moderate)

	
NZB (strong)

	
8-PPM

	
SIMO

	
Spatial

	
14.125 mW

	
-

	
1 km

	
10−4

	
-




	
[2]

	
Malaga

	
NZB (weak)

	
OOK

	
SIMO

	
Spatial

	
14.125 mW

	
-

	
1 km

	
4 × 10−5

	
-




	
(moderate)

	
NZB (weak)

	
8-PPM

	
SIMO

	
Spatial

	
14.125 mW

	
-

	
1 km

	
2 × 10−7

	
-




	
[64]

	
Malaga

	
NZB (weak)

	
4-PSK

	
Single-hop

	
-

	
14.125 mW

	
-

	
1 km

	
-

	
1.5 × 10−3




	
(weak)

	
NZB (weak)

	
4-PSK

	
Dual-hop

	
-

	
28.25 mW

	
-

	
2 km

	
-

	
2.9 × 10−3




	
[65]

	
G–G

	
-

	
OOK

	
SISO (C > 0)

	
-

	
20 mW

	
-

	
10 km

	
-

	
3 × 10−3




	
(weak)

	
-

	
OOK

	
SISO (C < 0)

	
-

	
20 mW

	
-

	
10 km

	
-

	
2 × 10−3











 





Table 2. UV communication systems.
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Reference

	
Light Emitter

	
Turbulence

Model

	
Modulation

Technique

	
UV System

Configuration

	
Diversity

Method

	
Transmitted

Power

	
Data

Rate

	
Link

Length

	
BER






	
[122]

	
Hg(Xe) lamp 265 nm

	
-

	
PPM

	
SISO

	
-

	
25 W

	
1.2 Mbps

	
1.6 km

	
-




	
[121]

	
Hg(Ar) lamp 253 nm

	
-

	
PPM

	
SISO

	
-

	
5 W

	
10 kbps

	
0.5 km

	
10−5




	
[120]

	
UV LED arrays 265 nm

	
-

	
OOK/PPM

	
SISO

	
-

	
43 mW

	
5 kbps

	
10 m

	
8 × 10−3




	

	
-

	
OOK/PPM

	
MIMO

	
Spatial

	
43 mW

	
5 kbps

	
10 m

	
4 × 10−5




	
[123]

	
UV LED 294 nm

	
-

	
OFDM

	
SISO

	
-

	
190 W

	
71 Mbps

	
0.08 m

	
3.8 × 10−3




	
[124]

	
UV-C μLED 262 nm

	
-

	
OFDM

	
SISO

	
-

	
196 μW

	
1.1 Gbps

	
0.3 m

	
3.8 × 10−3




	
[82]

	
UV LED 250 nm

	
-

	
OOK

	
SISO

	
-

	
50 mW

	
10 kbps

	
105 m

	
10−3




	

	
-

	
PPM

	
SISO

	
-

	
50 mW

	
10 kbps

	
155 m

	
10−3




	
[110]

	
UV LED 265 nm

	
-

	
OOK

	
SISO

	
-

	
10 mW

	
64 kbps

	
35 m

	
10−2




	

	
-

	
OOK

	
SIMO

	
Spatial

	
10 mW

	
64 kbps

	
35 m

	
10−6




	
[102]

	
UV LED 265 nm

	
LN (weak)

	
OOK

	
SISO

	
-

	
21.38 mW

	
-

	
50 m

	
10−5




	

	
LN (weak)

	
4-PPM

	
SISO

	
-

	
12.59 mW

	
-

	
50 m

	
10−5




	
[105]

	
UV LED 280 nm

	
G–G (weak)

	
OOK

	
SISO

	
-

	
100 mW

	
-

	
200 m

	
3 × 10−12




	

	
G–G (strong)

	
OOK

	
SISO

	
-

	
100 mW

	
-

	
200 m

	
5 × 10−11




	
[106]

	
UV LED 260 nm

	
K (strong)

	
OOK

	
SISO

	
-

	
63.1 mW

	
-

	
200 m

	
2 × 10−10




	

	
K (strong)

	
OOK

	
SIMO

	
Time

	
63.1 mW

	
-

	
200 m

	
10−13




	
[125]

	
UV Laser 250 nm

	
-

	
OOK

	
Multi-hop

	
-

	
10 mW

	
64 kbps

	
300 m

	
10−5











 





Table 3. SISO direct transdermal wireless communication links.
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Reference

	
Type

	
Transmitted Power

	
Data

Rate

	
Skin

Thickness

	
Deterministic

Misalignment

	
BER






	
[135]

	
RF

	
30 mW

	
24 Mbps

	
-

	
-

	
-




	
[148]

	
RF-IR

	
90 mW

	
80 Mbps

	
3 mm

	
2 mm

	
10−14




	
[149]

	
RF (cochlear)

	
20–40 mW

	
1 Mbps

	
4–10 mm

	
-

	
-




	
[134]

	
TOW

	
16 mW

	
16 Mbps

	
4 mm

	
2 mm

	
10−9




	
[129]

	
TOW

	
4.1 mW

	
50 Mbps

	
4 mm

	
2 mm

	
10−5




	
[150]

	
TOW

	
2.8 mW

	
75 Mbps

	
6 mm

	
4 mm

	
10−5




	
[151]

	
TOW (retinal)

	
190–270 μW

	
2–3 Mbps

	
300 μm

	
-

	
-




	
[132]

	
TOW (in vivo)

	
2.1 mW

	
100 Mbps

	
2.5 mm

	
-

	
2 × 10−7




	
[137]

	
TOW (cochlear)

	
2–10 μW

	
150–160 Mbps

	
4–10 mm

	
-

	
-




	
[137]

	
TOW

	
PSD = 0.1 μW/MHz

	
128.77 Mbps

	
5 mm

	
-

	
-




	
cochlear

	
10 MHz, θ = 15°

	
119.43 Mbps

	
10 mm

	

	




	
[137]

	
TOW

	
PSD = 1 μW/MHz

	
207 Mbps-

	
4 mm

	
-

	
-




	
cochlear

	
13–20 MHz

	
325 Mbps

	

	

	




	
[136]

	
TOW

	
290 μW

	
1 Mbps (down)

	
2 mm

	
-

	
-




	
bi-directional

	
3.2 mW

	
100 Mbps (up)

	

	

	











 





Table 4. TOW systems with SISO and/or SIMO retro-reflective (R-R) links.
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Reference

	
TOW System

Configuration

	
Transmitted

Power

	
Skin

Thickness

	
Pointing Errors

	
BER

	
Outage

Probability






	
[1