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Recent progress in the field of nanotechnology is enabling communication between nanodevices to be considered also for in-vivo applications. In particular, nanodevices enabling light-controlled process have started to attract a lot of interest in the research community, due to potential applications like healthcare wearable devices, intra-body applications and optogenetics, whose main objective is to stimulate neurons by the means of the light signals.

.

I. INTRODUCTION

Recently, nanocommunication paradigm has appeared as a very intriguing research domain [START_REF] Akyildiz | Nanonetwork: A new communication paradigm[END_REF] and different communication approaches have been proposed ranging from chemical, molecular to acoustic solutions. Based on the specific application domain, a communication paradigm can present more pertinent features than others. However, one of the main and most important application domain of nanocommunications is biomedical applications, and more specifically in-vivo applications such as drug delivery, diagnostics, and therapy.

Biological and in-vivo applications are characterized by specific requirements and constraints that have to be explicitly considered and integrated in the communication paradigm, such as the low toxicity level of the devices involved, as well as the type of power source and signal adopted, and biodegradability of the components. From a communication and information theory point of view, it is highly desirable to have a high signal-to-noise ratio, a reduction of noise, and acceptable transmission delay.
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One of the most promising candidates for nanocommunications in biomedicine is molecular communication paradigm [START_REF] Jamali | Non-Coherent Detection for Diffusive Molecular Communications[END_REF], [START_REF] Jamali | Constant-Composition Codes for Maximum Likelihood Detection without CSI in Diffusive Molecular Communications[END_REF], which is an active research area. Many different approaches have been considered such as encoding the information on the concentration, the type, and the release time of molecules that are propagating in the environment with the help of diffusion [START_REF] Akyildiz | Nanonetwork: A new communication paradigm[END_REF]. However, in this diffusion-based approach, the dynamics of the system is really slow causing high latency and very low transmission rate.

By keeping in mind the main requirements in terms of biodegradability, low biotoxocity level, and effectiveness from an information theory point of view, we investigate a different approach based on the upconversion phenomenon to mitigate the latency problem. This mechanism consists of the conversion capability from near infrared radiations (NIR) with a lower energy level into visible radiations with a higher energy level. This phenomenon can be the mean for enabling molecular communication through optical signals. Indeed, the acquisition of optical signal generation control provides a huge capability to transfer information in a biological context.

In this paper, we focus on upconversion (UC) photoluminescence as represented in Fig. 1. Two nanoparticles (NPs) acting as donor/transmitter and acceptor/receiver, respectively, exchange energy at a given distance R (see Fig. 1(a)). The activation of the communication can be either caused by an external source (e.g., a NIR laser [START_REF] Auzel | Upconversion and anti-stokes processes with f and d ions[END_REF]) or a phosphorescence due to the binding of a neighbor cell with a toxin. It is worth to notice that the communication system considered in this paper is constituted by nanoparticles communicating with each other. The communication is inside the same node (intra-cell communication) by the means of Phonon-Assisted Energy Transfer, and among nanoparticles belonging to different cells/nodes (inter-cell communication) by the means of optical signals, as depicted in Fig. 1(a) and Fig. 1(b), respectively. The distance d represents the distance achievable by the luminous signal and depends on the specific environment considered (e.g., human tissue, blood cells, etc.) and on the wavelength of the emitted signal. In general, it can be considered on the order of some few millimeters [START_REF] Johari | Nanoscale Optical Wireless Channel Model for Intra-Body Communications: Geometrical, Time, and Frequency Domain Analyses[END_REF]. In this work, we will focus on the intracell communication, since we need a robust generation of optical signals to make the inter-cell communication feasible.

The UC phenomenon is also called anti-Stokes photoluminescence since it violates the Stokes' law stating that the wavelength of the emitted light by photoluminescence is longer than the wavelength of the exciting light. It is based on an additional energy gain that allows the fill-up of the gap existing between a "donor" and an "acceptor", induced by multiple photons or thermal phonon energy absorption [START_REF] Joly | Upconversion luminescence of cdte nanoparticles[END_REF]. Phonons are designated as quasi-particles derived from vibrations of atoms in solids. In this work we focus on these particles as enabler of energy transfer, and then information transfer. Communication schemes based on phonons as main information carriers have been already investigated in a different context in [START_REF] Loscrí | Channel Modeling in a Phononbased Quantum Network for Nano-communications[END_REF], [START_REF]Capacity evaluation of a quantum-based channel in a biological context[END_REF].

The UC phenomenon occurs in specific materials such as RE(rare-earth)-doped materials and some organic dyes, thanks to their particular electronic structure. Moreover, RE-doped upconversion nanoparticles show this ability to convert long wavelength NIR into short wavelength visible radiation via a non-linear process. Indeed, traditional processes are linear and the emitted wavelength is higher than the excitation source wavelength. This means that the associated energy to the emitted signal is lower than that associated to the input. Since UC typically involves at least two or more photons/phonons, as consequence the process is non-linear [START_REF] Auzel | Upconversion and anti-stokes processes with f and d ions[END_REF].

It has been highlighted that this kind of nanoparticles can overcome some limitations of fluorescent probes, quantum dots, and organic dyes [START_REF] Wang | Upconversion nanoparticles: synthesis, surface modification and biological applications[END_REF]. For example, upconversion nanoparticles (UNPs) have a higher signal-to-noise ratio (SNR) as compared to quantum dots and organic dyes, due to a reduction of autofluorescence in UNPs, a higher sensitivity detection and the NIR light source is less absorbed by the tissue allowing a deeper penetration into tissue.

As shown in Fig. 1, a typical application scenario consists of several functionalized cells, where nanoparticles are integrated and make a single cell as an optical source able of emitting different types of optical signals ranging from NIR to visible light and ultra-violet range [START_REF] Li | Accurate Quantitative Sensing of Intracellular pH based on Self-ratiometric Upconversion Luminescent Nanoprobe[END_REF], [START_REF] Zhang | Near infrared laser-induced targeted cancer therapy using thermoresponsive polymer encapsulated gold nanorods[END_REF]. In this paper, we aim to analyze the specific conditions influencing the optical signal generation and we will perform this analysis through an information theory approach.

Motivated by the above considerations, in this paper:

• We analyze RE-doped nanomaterials and their associated features, which could pave the way towards the modeling of a new and revolutionary molecular communication paradigm that exploits the UC mechanism and generates optical signals; • We perform an information theory analysis of UC-based system using experimental results taken from [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF], [START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF], and then we give a perspective on the results obtained in terms of channel capacity. The rest of the paper is organized as follows. In Section II, we revise the main contributions in literature regarding UC phenomenon and rare-earth-doped materials. In Section II, we then propose our UC-based communication channel, while in Section IV, we perform an information theory based analysis of the channel. The assessment of the proposed model has been carried out through simulation results based on real experimental data taken from the literature. Finally, Section VI concludes the paper and also highlights potential directions.

II. RELATED WORK AND MOTIVATION

Recently, the fervent research activity related to upconversion topic has allowed a precise control in terms of emission color, lifetime and intensity that make UC a good candidate for different practical applications. As shown in several literature contributions, UC phenomenon -and specifically, upconversion nanoparticles-have been considered mainly for biomedical applications. In particular, this phenomenon can be effectively exploited for drug delivery, bio-detection, fluorescence imaging, etc. [START_REF] Lin | Recent advances in synthesis and surface modification of lanthanide-doped upconversion nanoparticles for biomedical applications[END_REF]- [START_REF] Hassairi | Redgreenblue upconversion luminescence and energy transfer in yb 3+ /er 3+ /tm 3+ doped yp 5 o 14 ultraphosphates[END_REF].

UC phenomenon is based on inorganic crystalline embedded in a host lattice. In order to have an efficient UC process, the physically intermediate states between the ground state and the emitting state have to behave as energy reservoirs. An example of this type of crystalline elements are specific types of fluorophores, a.k.a RE-doped Apatite nanoparticles (REANPs). In particular, bioapatite has been shown to be very promising for biomedical applications because of its low toxicity level and high biocompatibility and biodegradability [START_REF] Perera | Rare earth doped apatite nanomaterials for biological application[END_REF]. Apatite group is diffusely used as mineral and recently there have been several biomaterials based on apatite. Of course, the down-sizing of apatite host results in modification of its properties compared to microsized hosts because of quantum confinement effect. In [START_REF]Nanodimentional and nanocystalline calcium orthophosphates[END_REF], the authors show that Apatite nanoparticles (ANPs) have a high affinity level to biopolymers and low toxicity. Thanks to these specific features, bioapatite has been extensively used for hard tissue repair, drug delivery [START_REF] Yi | High quality polyacrylic acid modified multifunction luminescent nanorods for trimodality bioimaging, in vivo long-lasting tracking and bio-distribution[END_REF].

There are different types of upconversion luminescence mechanisms. Three basic approaches are recognized i.e., (i) Excited State Absorption (ESA), (ii) Photon Avalanche (PA), and (iii) Energy Transfer Upconversion (ETU). In this work we focus on ETU since it is recognized as the most efficient upconversion mechanism with doped nanomaterials based on Rare-Earth. It is also more interesting, since it is independent of pump power. In ETU, three types of energy transfer may occur such as (i) Resonant Radiative Energy Transfer (RRET), (ii) Resonant non-radiative Energy Transfer (RET), and (iii) Phonon-Assisted non-radiative Energy Transfer (PAET). The first mechanism (i.e., RRET) occurs between an activator and a sensitizer -a.k.a. donor and acceptor, respectively-, and involves a photon emitted by a donor and absorbed by an acceptor. Depending on the degree of spectra overlapping of the donor-acceptor pair, the shape of the donor emission changes according to the acceptor concentration. The energy transfer probability (i.e., P DA ) depends on the distance (i.e., R) between the pair donor-acceptor as [START_REF] Auzel | Upconversion and anti-stokes processes with f and d ions[END_REF]:

P DA (R) = σ 4πR 2 τ d g d (ν)g a (ν)dν, (1) 
where σ is the absorption cross-section, τ d is the donor lifetime, and ν is the emitting frequency. In Eq. ( 1), the integral represents the donor-acceptor spectral overlap, namely g d is the emission spectrum of the donor and g a is the absorption spectrum of the acceptor.

The distance R depends on several factors and can be expressed as follows:

R ≈ 2 3V 4πC (A+D) N 1 /3 , (2) 
where C (A+D) is the total concentration of dopant (acceptor plus donor), N is the number of available sites that the lanthanide ion can occupy in the unit cell, and V is the volume of the unit cell. It is worth to outline that the dopant ions are used to "drug" a material in order to change its features. In the specific context, dopants are of two types, i.e. (i) donor dopants and (ii) acceptor dopants.

In the case of RET, the energy transfer probability is given by:

P DA (R) = R n 0 R n τ d , (3) 
where R 0 represents a critical transfer distance for which the excitation transfer and the spontaneous deactivation of the donor have the same probability. The exponent n is an integer that goes as n = 6 for dipole-dipole interaction, n = 8 for dipole-quadrupole interactions, and n = 10 for quadrupolequadrupole interactions. Notice that the anti-Stokes emission efficiency of ETU is strongly dependent on the distance between ions, which is determined by the concentrations of ion dopants.

In the case of PAET, the pair donor-acceptor is characterized through Eq. ( 1) with different energy separations. In this case, the energy transfer probability goes to zero as the energy integral overlap in Eq. (1) goes to zero. However, it has been found that Rare-Earth (RE) ions energy differences of higher magnitude are possible and in this case multi-phonon processes must be considered [START_REF] Auzel | Upconversion and anti-stokes processes with f and d ions[END_REF], [START_REF] Auzel | Multiphonon assisted and anti-stokes and stokes fluorescence of triply ionized rare-earth ions[END_REF]. In practice, phonons work to fill in the energy gap.

Specifically, the second type of resonant energy transfer i.e., RET, a.k.a. Förster-Resonance-Energy Transfer or Fluorescence Resonance Energy Transfer (FRET), has already been investigated as a phenomenon enabling communications among multiple molecules [START_REF] Solarczyk | Nanocommunictaion via FRET With DyLight Dyes Using Multiple Donors and Acceptors[END_REF]. A MIMO approach based on FRET has been proposed in [START_REF] Wojcik | Measurements on MIMO-FRET Nano-Networks Based on Alexa Fluor Dyes[END_REF]. The same authors have proposed five different routing schemes based on FRET in [START_REF] Kulakowski | Routing in FRET-Based Nanonetworks[END_REF], and they analyzed some open issues related to the specific features of FRET. We believe that some of these issues could be overcome by a PAET-based approach. In particular, FRET is high-distance sensitive, and little variations of distances could make the phenomenon not occurring. With recent technological advancements, the control of phonons has been enhanced and a PAET-based communication system could be more resilient.

In the context of biological applications such as nanomedicine, the nanodimension allows dodging the capture of macrophages, thus prolonged circulation in blood flow, and accumulation at the tumor site by "passive targeting" through the enhanced permeability and retention effect as nanocarrier [START_REF] Murugan | Combinatorial nanocarrier based drug delivery approach for amalgamation of anti-tumor agents in breast cancer cells: an improved nanomedicine strategy[END_REF]. Moreover, bioapatite shows high stability in normal cellular pH environment, but it is degradable at acidic environment, especially in tumor region, which allows drug release. The works in [START_REF] Xu | A novel upconversion, fluorescence resonance energy transfer biosensor (fret) for sensitive detection of lead ions in human serum[END_REF], [START_REF] Mattsson | Upconverting nanoparticle to quantum dot fret for homogeneous double-nano biosensors[END_REF] focus on the implementation of upconversion-based sensors. Specifically, Xu et al. [START_REF] Xu | A novel upconversion, fluorescence resonance energy transfer biosensor (fret) for sensitive detection of lead ions in human serum[END_REF] exploit the FRET process in order to detect specific ions, while Mattsson et al. [START_REF] Mattsson | Upconverting nanoparticle to quantum dot fret for homogeneous double-nano biosensors[END_REF] focus on the demonstration of how upconverting nanoparticles in FRET quantum dot systems can be used as effective tools for clinical diagnostics.

Another important feature of nanosized bioapatite is its structural capacity to accept many substitutions such as lanthanide ions as luminescent centers for offering an environment to sensitize the fluorescence of the dopant ions. Specifically, a dopant ion is a specific molecule that can be added in a host material in order to change specific properties of the matter.

For instance, fluorescent labeling has been shown as a fundamental tool in the study of complex biological interactions. Classical fluorescence cell labeling procedures were realized through the mean of fluorescent proteins, organic dyes, quantum dots, which present a series of disadvantages such as potential toxicity to the cells, simultaneous detection of multiple signals, and broad spectrum profile [START_REF] Perera | Rare earth doped apatite nanomaterials for biological application[END_REF].

Generally speaking, RE-based UC nanomaterials have gained enormous attention, as a result of their advantages, such as low biotoxicity in tissues and deep penetration under near-infrared radiation and low photobleaching [START_REF] Yi | High quality polyacrylic acid modified multifunction luminescent nanorods for trimodality bioimaging, in vivo long-lasting tracking and bio-distribution[END_REF]. Photobleaching is an alteration of a molecule that makes it not enable to fluorescence. In a molecular communication scenario, a molecule showing photobleaching phenomenon cannot be used as transmitter. For that, low photobleaching is a desirable feature. UC-based nanoprobes cannot only enhance the detection sensitivity and signal-to-noise ratio, but also improve the penetration depth in tissue under the excitation of NIR light source. In [START_REF] Yi | High quality polyacrylic acid modified multifunction luminescent nanorods for trimodality bioimaging, in vivo long-lasting tracking and bio-distribution[END_REF], the authors use UNPs with pure red emission for in-vivo applications as bioimaging agents, illustrating the effectiveness of UNPs for a deeper penetration depth. Specifically, the authors present how the variation of the concentration of some particular components makes it possible to vary the emission band of the nanoparticles from green/yellow to a near single red emission band. This result shows the potential of tuning optical components and gives some interesting insights to the study of rare-earth elements as dopant at different concentrations in a host material.

To the best of our knowledge, UNPs have never been considered as a viable way for modeling a molecular communication paradigm. Indeed, till now the recent intensive research activities on UNPs focus on biomedical and biological applications in the form of system imaging. However, the features of UNPs and the frequencies that they could be used as signal source, make them a very interesting technique for molecular communications. To summarize, the main purpose of our paper is to investigate on alternative communication paradigms as enabler of molecular communications. Bearing that in mind, we explore phenomena of energy transfer at ions and molecular level, since they represent a viable way to transmit information. However, the main difference between our work and FRET-based ones (e.g., [START_REF] Kuscu | A communication theoretical analysis of fret-based mobile ad hoc molecular nanonetworks[END_REF], [START_REF] Kuscu | Fluorescent molecules as transceiver nanoantennas: The first practical and high-rate information transfer over a nanoscale communication channel based on fret[END_REF]) is on the type of phenomenon that could overcome some of the inherent drawbacks of FRET. For instance, PAET does not require a strong spectral overlapping between donor and acceptor. This aspect could play a very important role if the technological advancements will allow a higher control on the generation of the phonons and above all on the energy associated to.

Finally, PAET-based systems are generally less sensitive to the distance, while FRET-based ones have been effectively used in clinical context and for molecular analysis thanks to the high distance sensitivity (see Eq. ( 1)). In general, in a communication context this could represent a strong constraint.

III. UPCONVERSION NON-RESONANT OPTICAL COMMUNICATION CHANNEL

In this section, we present the UC phenomenon, accordingly adapted as a molecular communication technique based on optical signals. We then model the corresponding channel, where information is transferred from a transmitter node (i.e., a donor molecule) to a receiver node (i.e., an acceptor molecule).

In Fig. 2 we can observe the whole communication system as it will be considered in the next sections. An external source (i.e., a NIR power laser) is applied to an NP donor. It is worth to notice that the communication process could also be activated by some internal chemical reactions, since there exist cells that binded with a specific toxin react by generating luminous signals.

It is worth to notice that an upconversion communication system is slightly different in respect of a traditional counterpart, since the transmitter and receiver are on the same structure/node. In practice we consider the intra-cell communication as trigger for an external inter-cell communication. We analyze intra-cell communication with an information theory approach in order to derive fundamental information for generating different optical signals. In this work, as in ) with variable concentration. Dotted area represents the system we are considering for data transmission. An external source (e.g., a NIR laser) is applied to the system and a donor (grey small circle) is excited and generates an energy transfer towards an acceptor (purple small circle). Since multi-phonons are generated in correspondence to the acceptor, it will achieve a sufficient energy to emit a visible light output.

traditional systems, we associate a bit 0 to no-excitation and a bit 1 to the state of power laser excitation.

A very basic upconversion communication system is consisting of two ions identified respectively as donor and acceptor, corresponding to a transmitter and a receiver in a classical communication system, respectively. The donor is excited with a laser source and transmits energy to the acceptor. In On-Off Key (OOK) modulation system, the excitation corresponds to the need to transfer a bit 1 to the receiver, and then the energy transfer corresponds to an information transfer of a bit 1. The acquisition of an high control for tuning the wave emission is of paramount importance, since we could propagate the information transmission to other similar nanoparticles (as shown in Fig. 3), we could "illuminate" a specific area, conceive target-tracking solutions, etc. Based on these premises, we have realized that the type of information we are able to generate, highly depends on factors such as the concentration of donors and acceptor, the host material features, etc. and then we propose here to analyze the system from an information point of view.

In Fig. 3 we show an illustration of the mechanism that allows the visible light emission from the acceptor upon the excitation of donor with a NIR source. Firstly, an electron at its ground state (0) is excited with an infrared light beam that allows the electron to achieve the energy level (1) in donor (see phase (a) in Fig. 3). Then, in the phase (b) in Fig. 3 the electron of the acceptor achieves an energy level (2) through a non-radiative energy transfer from donor to acceptor based on a multi-phonons energy transfer (i.e., PAET). When the excited electron at phase (2) relaxes to the ground-state (0), it emits visible light (see phase (c) in Fig. 3).

In order to better understand this phenomenon, let us consider the molecular system comprised of a couple of Neodymium and Ytterbium ions as acceptor and donor, respectively, i.e., N d 3+ → Y b 3+ . The energy transfer process can be both resonant and non-resonant (i.e., phonon-assisted) depending on the spectral overlapping between the donor band and the acceptor band. A large spectral overlapping is required for resonant energy transfer, while in the case there is no large spectral matching, the host phonon energy can fill in the energy gap between donor and acceptor. The couples N d 3+ → Y b 3+ have been deeply investigated as rare-earth components in different host material showing both resonant and non-resonant behavior, so they represent an interesting case. In [START_REF] Caldino | nd 3+ → yb 3+ resonant energy transfer in the ferroelectric sr 0.6 ba0.4nb2o6 laser crystal[END_REF], the authors show an example of resonant process based on a ferroelectric laser crystal achieving 50% energy transfer efficiency.

For the specific spectrum of N d 3+ and Y b 3+ where there is a spectral mismatch between N d 3+ -Y b 3+ ions, in most of the systems, the energy transfer occurs as a phonon-assisted process. In this case, the host phonon energy plays a crucial role to fill the gap in terms of energy difference between the ions, as shown in Fig. 3. In the specific case of N d 3+ → Y b 3+ systems, there is an energy difference of 1070 cm -1 1 , and then the host material which has a maximum phonon energy close to this value can achieve a high value of energy transfer efficiency.

A. FRET/PAET molecular communication systems

In [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF] Kuscu and Akan considered a one-to-one communication scheme, with a donor and an acceptor node, based on FRET phenomenon. They assume that a donor is excited with a power laser and based on the specific conditions of reciprocal donor-acceptor distance on their emission-absorption spectra, which have to overlap, the FRET phenomenon can occur with a certain probability. In such a scenario, Kuscu and Akan [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF] associate a bit 1 to the exciting power source at the beginning of a time slot, and a bit 0 otherwise. Based on this simple OOK modulation scheme, the authors derive a channel capacity analysis by varying different parameters, such as the reciprocal distance between donor and acceptor, and the orientation factor. In particular, the FRET process is a non-radiative energy transfer that can occur with specific fluorescent molecules such as polymers and organic dyes. As already outlined, in order the FRET process to occur, the overlapping area of the emission spectrum of the donor and the absorption spectrum of the acceptor must be large enough.

On the other hand, in the non-resonant UNPs case, this condition is not required, since the energy gap can be filled 1 Let us recall that the relation between 1 Joule and wavenumber cm -1 is as follows: 1Joule(J) = 5.034 × 10 22 cm -1 . in through thermal low frequency phonons. In order to better clarify the difference between a resonant non-radiative transfer (i.e., FRET) and a phonon-assisted non-radiative energy transfer (i.e., PAET), we illustrated both in Fig. 4. We observe that for the resonant non-radiative energy transfer mechanism, an energy transfer between two ions at the same energy level is represented in Fig. 4 (a), while in the case of PAET there is a mismatch between the ions of donor and acceptor. This mismatch is represented by the energy gap ε in Fig. 4 (b). Similar to the work in [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF], in this paper we associate a bit 1 to the excitation with a pump power at the beginning of a time slot, and a bit 0 if there is no input at the beginning of a time slot. In the specific case we are considering, we are interested to investigate the impact of dopant concentration on the communication system performance. Optical and spectroscopic features of RE ions depend on host materials, and are strictly related with the concentration of RE ions on the host material. This suggests the possibility of tuning structural and optical properties of doped glasses, and then exploiting specific characteristics and properties as an improved Signalto-Noise Ratio. This can have an important impact on the performance of a communication system based on phenomena such as PAET, which occurs in this type of glasses. For this reason, we do not isolate a sole donor and a sole acceptor as in [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF]. Also, for the moment, we neglect external noise source such as self-quenching and multi-phonon relaxation. We assume a laser input is able to excite a donor, that has to propagate the information to an acceptor ion. In our case, we are considering N d 3+ ion as donor and Y b 3+ ion as acceptor.

In the chosen donor-acceptor pair, we exploit the PAET model, since the ions involved have spectra that do not overlap with each other, and need additional energy of phonons. In fact, the key role played by the hosting phonon is to fill the energy gap to allow energy transfer. This mechanism occurring among donor-acceptor is interesting since it allows to maximize mutual information in our model by varying the dopant concentration.

In a donor-acceptor scenario, normally the energy transfer probability (i.e., P ET ) is regulated by the Förster-Dexter theory and this probability is proportional to the spectral overlap integral of the donor's emission and acceptor's absorption. For certain systems, the overlap integral is poor and the host lattice vibrational energy, normally a phonon, plays the key role as bridging the difference of the energy (i.e., ε as in Fig. 4). The energy transfer probability will be computed as [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF]:

P ET ∝ I(E ph ) = e E ph / K BT e E ph / K BT -1 f D (E -E ph )f A (E) E 2 dE, (4) 
where f D (E) is the line-shape function of donor's emission, f A (E) is the line-shape function of acceptor's absorption and E ph is the host phonon energy. I(E ph ) is defined as the phonon-assisted overlap. In this work, we focus on the role of phonon to match the energy gap for an efficient N d 3+ → Y b 3+ transfer constituting the information transfer in two different dopant glasses.

Equation ( 4) is a generalization of the Dexter model, such as:

W t ∝ f D (E)f A (E) E 2 dE, (5) 
where W t is the energy transfer probability based on the Dexter model [START_REF] Dexter | A theory of sensitized luminescence in solids[END_REF]. The relation [START_REF] Jamali | Non-Coherent Detection for Diffusive Molecular Communications[END_REF] gives us an estimation of non-resonant energy transfer processes (as

N d 3+ → Y b 3+ ) in particular host material.
Another measure for the N d 3+ → Y b 3+ energy transfer which is more quantifiable is the energy transfer efficiency η ET . In particular, the energy efficiency η ET can be calculated based on spectral data through Eq. ( 6) [START_REF] Caldino | nd 3+ → yb 3+ resonant energy transfer in the ferroelectric sr 0.6 ba0.4nb2o6 laser crystal[END_REF], [START_REF] Jaque | Influence of nd3+ and yb3+ concentration on the nd 3+ -yb 3+ energy-transfer efficiency in the yal3(bo3)4 nonlinear crystal: determination of optimum concentrations for laser applications[END_REF], where η N d (≈ 0.76) and η Y b (≈ 0.95) are quantum yields of N d 3+ and Y b 3+ ions respectively. β is the branching ratio, I(t) represents the emission intensity.

An alternative way to compute the energy transfer efficiency is based on the luminescence decay of the donor (i.e., N d 3+ in this context) in co-doped samples as [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF]:

η ET = 1 - τ N d-Y b τ N d , (7) 
where τ N d and τ N d-Y b represent the N d 3+ fluorescence decay time for single and co-doped samples, respectively. In this work, we focus on the impact of the dopant concentrations on the channel model, specifically in terms of channel capacity as maximization of mutual information. Indeed, the rules governing the energy transfer (i.e., the data information transfer) are based on different models that exploit donor and acceptor concentrations. As explained in [START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF] and [START_REF] Inokuti | Influence of energy transfer by the exchange mechanism on donor luminescence[END_REF], as the donor concentration (in this specific case, the concentration of N d 3+ ) is low, the information transfer follows the direct donor to acceptor path. In this kind of context it is extremely important to define two microparameters related to the energy transfer that occur between donor and acceptor, and among donors. In particular, we define C DA as the microscopic energy transfer parameter between donor and acceptor, and C DD as the donor-donor energy migration parameter. If the C DA > C DD (i.e., low donor concentration), the energy transfer is governed by static and direct donor-to-acceptor mechanisms. As the donor concentration increases, there are donor-donor interactions that have to be considered, and usually the energy/information migration occurs through hopping mechanisms. In this specific case, the Burshtein model is applied for decay analysis and the luminescence decay intensity i.e., I(t), is calculated as [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF]:

I(t) = I 0 exp - t τ 0 - 4π 3 N A Γ 1 - 3 s (C DA t) 3 / s -W m t , (8) 
where N A represents the acceptor ion concentration, Γ is Euler's gamma function, and s is electrostatic interaction parameter i.e., s = 6 for dipole-dipole interactions, and W m t is the migration parameter.

The microscopic energy transfer parameters C DA and C DD depend on the specific characteristics of the host material and can be calculated as [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF]:

C DX = 3c 8π 4 n 2 σ D em (λ) σ X abs (λ)dλ, (9) 
where X = {A, D}, c is the light velocity in vacuum, n is the refractive index, and σ D em (λ) and σ X abs (λ) are the emission and absorption cross-sections donor and acceptor/donor, respectively. Of course, in the specific case we are considering, the computation of energy transfer micro-parameters has to include the energy transfer components. This is done by considering the Stoke's phonon sidebands to the absorption and emission cross section spectra based on the Auzel law [START_REF] Auzel | Multiphonon assisted and anti-stokes and stokes fluorescence of triply ionized rare-earth ions[END_REF], i.e.:

σ Stokes = σ elect exp(-α s ∆E), (10) 
where α s represents the host dependent parameter for Stoke's transitions, and ∆E represents the mismatch between electronic and vibrational transitions. In particular α s is depending on a parameter N that represents the number of phonons necessary for compensate the energy gap. More specifically, α s is calculated as:

α s = (hν max ) -1 ln N S 0 [1 -exp (hν max /kT )] -1 , (11) 
where S 0 is the electron-phonon coupling constant (≈ 0.04), hν max is the maximum phonon energy of host, k is the Boltzmann constant and T is the temperature.

In this work, we focus on the estimation of the channel capacity in specific glasses by varying the dopant concentration with two different matrix hosts, and then we have to take into consideration the energy transfer micro-parameters as computed above. The first scenario concerns N d 3+ → Y b 3+ energy transfer in alkali-free barium-alumino-metaphosphate glasses, while the second scenario regards the N d 3+ → Y b 3+ energy transfer in a series of heavy metal oxide based zincboro-bismuthate glasses. Both the series are characterized by the fact that the energy transfer is not resonant, but is phononassisted.

IV. CHANNEL CAPACITY DERIVATION

The upconversion phenomenon can be revisited from an information theory point of view, as a communication channel between a transmitter nanomachine (TN) and a receiver nanomachine (RN), where the bit stream is modulated through an OOK scheme. Specifically, as depicted in Fig. 5, we model the communication channel as a Z-channel, where the variable X represents the bit 1 or 0 transmitted along the channel, while Y is the received bit (i.e., 1 or 0), based on a probabilistic approach. Indeed, the presence of a bit 1 at the receiver means that a bit 1 has been transmitted with conditional probability Pr(Y = 1|X = 1), while a bit 0 at the receiver side can be affected by errors in the channel corresponding to the error probability p e = Pr(Y = 0|X = 1), in case of a bit 1 transmitted with errors. Notice that, differently from traditional OOK-based communication schemes for molecular communications, in this paper the OOK modulation is not based on the concentration variation of the molecules, but on the energy transfer between a couple donor-acceptor. In practice, a bit 1 is associated to the energy transfer occurrence, while a bit 0 is associated to no excitation of the donor. The Z-channel shown in Fig. 5 has been revised in the context of upconversion phonon-assisted mechanism. We assume a time-based synchronization scheme at the transmitter side, then the transmission of a bit 1 corresponds to a laser that excites donors at the beginning of a time slot, while no excitation corresponds to the emission of a bit 0. P N E corresponds to the probability to send a bit 0 in the case of no excitation at the beginning of the time slot. If no excitation is provided to the TN, then no energy transfer will occur (i.e., from the information theory point of view, no transmission errors will occur, while transmitting bit 0).

The probability that the bit 1 is correctly received by the receiver corresponds to the probability of energy transfer from donor to acceptor, namely P ET D→A . This probability can be considered to be equal to the energy transfer efficiency η ET and can be calculated using [START_REF] Johari | Nanoscale Optical Wireless Channel Model for Intra-Body Communications: Geometrical, Time, and Frequency Domain Analyses[END_REF] or [START_REF] Auzel | Upconversion and anti-stokes processes with f and d ions[END_REF]. The failure probability of transmitting a bit 1 when the donor is excited is (1 -P ET D→A ).

Notice that a similar model has been proposed for the FRET approach in [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF]. The main difference between our proposed approach and the technique in [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF] is that we consider a PAET system, where not only it is important to evaluate the impact of phonon energy variation from an information theory point of view, but also the impact of dopant concentrations. In the case of FRET, there is the constraint in terms of spectrum overlapping of the donor and acceptor, which is poor in the context considered.

For the moment, we disregard external noise factors such as self-quenching phenomenon, multi-phonon relaxation effect or acceptor-to-donor energy back transfer. In particular, selfquenching mechanism can be evaluated by computing the micro-parameter C N d-N d DA , which has to be kept as low as possible in order to maximize the energy transfer between donor and acceptor. In fact, C N d -N d DA is a loss term and high values signify depopulation of the ions that allow the energy transfer through a cross-relaxation mechanism before actual transfer to Y b 3+ ions.

Although we disregard the external noise factors, the channel acts like a noisy channel since the probability of energy transfer occurrence is intrinsically not equal to 1 i.e., P ET D→A = 1. According to the transmission probabilities, the transition matrix of the Z-channel considering X as the transmitted bit by the TN, and Y as the received bit by RN is given as

Pr ( Y | X) = = P N E 0 (1 -P ET D→A ) P ET D→A , (12) 
where P N E corresponds to the a priori probability of sending bit 0 which corresponds to no excitation by NIR source and is equal to 1.

From [START_REF] Li | Accurate Quantitative Sensing of Intracellular pH based on Self-ratiometric Upconversion Luminescent Nanoprobe[END_REF], we can easily derive the mutual information between X and Y as follows:

I (X; Y ) = H (P ET D→A (1 -P N E )) -(1 -P N E )H (1 -P ET D→A ) , (13) 
where H(•) represents the binary entropy. As known, from [START_REF] Zhang | Near infrared laser-induced targeted cancer therapy using thermoresponsive polymer encapsulated gold nanorods[END_REF] we can compute the channel capacity for the PAET system (i.e., C P AET ) as the maximum of mutual information i.e.,

C P AET = max P N E [H (P ET D→A (1 -P N E )) -(1 -P N E ) H (1 -P ET D→A )] . (14) 
The probability distribution of input, i.e., P N E that maximizes the capacity will change according to specific dopant concentrations for different glasses considered.

V. NUMERICAL RESULTS

In our analysis, we aim to investigate the channel capacity for different conditions such as varying donor and acceptor concentration in host glass and phonon energy corresponding to host glass in order to determine the optimum conditions allowing the highest capacity. It is worth to recall that in our PAET-based communication system the donor acts as transmitter and the acceptor as a receiver. Of course, different concentrations of donors and acceptors may impact on the energy and information transfer efficiency.

In this section, we consider four different scenarios for the energy transfer of the couple Neodymium and Ytterbium ions (i.e., N d 3+ → Y b 3+ ) where we vary energy transfer efficiency estimation method (Scenario 1), donor concentration (Scenario 2), acceptor concentration (Scenario 3), and phonon energy (Scenario 4) for three different host materials. The three host materials are three different glasses doped with N d 3+ and Y b 3+ ions, namely, (i) yttrium aluminum tetraborate glasses (i.e., Y AI 3 (BO 3 ) 4 ) (Host 1), (ii) alkali-free barium-aluminometaphosphate glasses (i.e., Alkali-free BaAlP O 3 - ) (Host 2), and (iii) co-doped zinc-boro-bismuthate glasses (i.e., co-doped ZnBBiO 3-) (Host 3). These four scenarios are explained in details in the following sections and each scenario is studied from an information theory point of view, by computing the channel capacity from [START_REF] Zhang | Near infrared laser-induced targeted cancer therapy using thermoresponsive polymer encapsulated gold nanorods[END_REF].

Finally, we will derive the error probability for our PAET system, as well as information about energy delay occurring in the PAET-based channel model.

A. Energy Transfer Efficiency Estimation

In this section we consider Scenario 1 where we compare two different energy transfer efficiency estimation methods. Energy transfer efficiency can be calculated either from fluorescence spectra (FS) using Eq. ( 6) or from fluorescence decay (FD) profile using Eq. ( 7). To compare the capacities computed using these two methods we consider the zinc-boro-bismuthate (ZnBBiO 3-) glass co-doped with N d 3+ and Y b 3+ ions (Host 3). In this first scenario, the energy transfer efficiency is obtained for different concentration of acceptor (Y b 3+ ) in this glass. N 05Y XX corresponds to XX/10 mol% of Y b 3+ in the glass.

The experimental values of energy transfer efficiency for these two methods are given in Table I. According to these values, the capacity of this PAET channel is plotted in Fig. 6. At low acceptor concentration, the two methods are in close agreement, however as the concentration of Y b 3+ increases the discrepancy between the two curves increases. This is due to the intermixing of N d 3+ emission with the tail of end of Y b 3+ emission [START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF]. Based on the different types of glasses considered as host material, the doped glass has different properties. In the specific case, the emission spectrum of N d 3+ is slightly red, shifted towards 900 nm and then there is an intermixing between the emission of N d 3+ with the activity of Y b 3+ . For these reasons, this type of efficiency, based on time decay, cannot be considered trustable to characterize the energy transfer. This effect causes a wrong estimation of fluorescence decay profile and energy transfer efficiencies calculated from FD. Hence, we will use the energy transfer efficiencies computed from the fluorescence spectra (FS) of donor and acceptor for the rest of the paper.

Another important observation from Fig. 6 is the saturation of capacity for high acceptor, i.e., Y b 3+ , concentrations arising from the fixed donor concentration limiting the energy transfer. Since there is not enough donor, increasing acceptor concentration does not increase capacity indefinitely. Fig. 6. Capacity (bits) vs. donor (N d 3+ ) concentration to compare energy transfer estimated using fluorescence decay (FD) time and sensitized fluorescence spectra (FS). Experimental results are taken from [START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF].

1) Impact of Donor Concentration on Channel Capacity: Scenario 2 corresponds to investigating the impact of donor, i.e., N d 3+ , concentration on the capacity of PAET channel. For this scenario we consider Y AI 3 (BO 3 ) 4 glass as the host material (Host 1). We use the energy transfer efficiency values from Table II corresponding to different donor (N d 3+ ) concentrations [START_REF] Jaque | Influence of nd3+ and yb3+ concentration on the nd 3+ -yb 3+ energy-transfer efficiency in the yal3(bo3)4 nonlinear crystal: determination of optimum concentrations for laser applications[END_REF].

The mutual information is plotted against P N E , the probability of sending bit 0 in Fig. 7 for different concentrations of N d 3+ . It is observed that the maximum of mutual information is attained for P N E = 0.6. Hence, to achieve the maximum mutual information we should send more 0's than 1's. Furthermore, in Fig. 8, it is clearly seen that as donor concentration increases the mutual information also increases as expected. Therefore, to achieve a higher capacity, we can use a glass which is more heavily doped with the donor ion. For the most heavily doped glass the capacity reaches C S2 P AET = 0.4241 bits.

2) Impact of Acceptor Concentration on Channel Capacity: In this section, we study the effect of acceptor concentration in the host glass as Scenario 3. Specifically, we consider the couple Neodymium and Ytterbium ions for the energy transfer (i.e., N d 3+ → Y b 3+ ) in (i) alkali-free barium-aluminometaphosphate glasses (i.e., Alkali-free BaAlP O - 3 ) (Host 2). This type of analysis can give us important information to evaluate the effectiveness of varying the concentration of acceptor in order to maximize the mutual information, and then to derive the channel capacity. Fig. 8. Capacity (bits) vs. donor (N d 3+ ) concentration. Experimental results are taken from [START_REF] Jaque | Influence of nd3+ and yb3+ concentration on the nd 3+ -yb 3+ energy-transfer efficiency in the yal3(bo3)4 nonlinear crystal: determination of optimum concentrations for laser applications[END_REF].

In scenario S 2 , the mutual information with respect to P N E for glasses with different acceptor, i.e., Y b 3+ , concentrations is illustrated in Fig. 9. It is observed that the mutual information increases with increasing acceptor concentration. Furthermore, the value of P N E bearing the maximum capacity shifts from 0.61 for Y b005 to 0.49 for Y b090. We can conclude that the probability of sending 0's, i.e., P N E , should be adjusted according to the acceptor concentration in the glass to maximize the capacity.

The channel capacity for this scenario is plotted against the acceptor concentration is Fig. 10. The channel capacity sharply increases for increasing acceptor concentration at low acceptor concentration. However, after a point this increase slows down and saturates since there is limited donor atoms in the glass.

The value of channel capacity for maximum acceptor concentration is C S3 P AET = 0.867 bit. Experimental values used in this simulation are collected in Table II for Scenario 3.

3) Impact of Phonon Energy Level on Channel Capacity:

Another factor affecting the energy transfer in PAET is the variation of phonon energy (i.e., E ph ). Here, we again consider the case of N d 3+ → Y b 3+ energy transfer in co-doped Ba-Al- metaphosphate glasses (i.e., co-doped BaAlP O - 3 ) (Host 2). In this scenario 4 (S4), we investigate the channel capacity for different phonon energy levels. Experimental values of phonon energy corresponding to single-doped glasses in Ba-Al-metaphosphate are taken from [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF].

The energy transfer probability values give an idea of the phonons required in order the energy transfer to occur with a certain efficiency. The energy transfer probability increases with the increase of energy phonon. The maximum is attained in the range [900, 1200] cm -1 .

In Fig. 11, channel capacity versus phonon energy level is plotted. It is interesting to observe in Fig. 11 that the maximum of mutual information is obtained for a range of phonon energy levels [900-1200] cm -1 matching the type of phonons needed in order the energy transfer process to occur.

In this case, the value of channel capacity is C S4 P AET = 0.872 bit. Comparing the proposed PAET-based model to the FRET-based channel model [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF], we observe the highest capacity is 0.864 bit, which is achieved for a FRET probability corresponding to 0.5.

The values for channel capacity for PAET obtained in this paper are slightly higher compared to capacities of FRET [START_REF] Kuscu | A Nanoscale Communication Channel with Fluorescence Resonance Energy Transfer (FRET)[END_REF]. However, by adjusting the donor, acceptor concentration and choosing the right host material, these capacities can be pushed further. The advantage of PAET over FRET is that the energy levels of donor and acceptor atoms do not need to be exactly matching. By the assistance of phonons closing the energy gap, the energy transfer occurs more frequently, hence PAET channel can transfer more information compared to FRET channels.

B. Error Probability Derivation

In this section we describe a noise model associated to the channel model above described. The theoretical derivation is general and can be applied to all the PAET systems, while numerical results refer to the zinc-boro-bismuthate glasses.

There are several sources of noise, such as non-radiative energy losses of donor ions due to multiphonon relaxation resulting in lower quantum yield, self-quenching, and energy back transfer. In this work, we will derive a BER analysis based only on self-quenching, since in the type of scenario considered it can cause significant loss of excitation energy compared to the multiphonon relaxation phenomenon. The acceptor-donor energy back-transfer could impact a lot on the efficiency of the system when it occurs. In the two scenarios considered in this work, i.e. (i) the barium-aluminometaphosphate and (ii) zinc-boro-bismuthate glasses, the excitation spectrum of acceptor-donor was considered in order to verify if there was evidence of N d 3+ ← Y b 3+ energy back transfer. It has been concluded that it is three order of magnitude smaller than the direct energy transfer (i.e. N d 3+ → Y b 3+ ) in the ba-al-metaphosphate, and it is absent in the zn-bo-bismuthate case. Due to these reasons, we have neglected the inclusion of the energy back transfer in the noise model.

It is well-known that the distribution of the output signal for an OOK system at the receiver is [START_REF] Tang | Ber performance analysis of an on-off keying based minimum energy coding for energy constrained wireless sensor applications[END_REF]:

p 1 (r) = r σ 2 exp - r 2 + A 2 2σ 2 I 0 Ar σ 2 , (15) 
and

p 0 (r) = r σ 2 exp - r 2 2σ 2 , (16) 
where p 1 represents the probability distribution when a bit 1 is sent, r is the received signal, I 0 is the zero-order modified Bessel function of the first kind and p 0 represents the probability distribution associated to the transmission of a bit 0.

Let us define P 1,0 e as the error probability of a bit 1 being received as a bit 0, and P 0,1 e as the error probability of a bit 0 being received as a bit 1, defined respectively as follows:

P 1,0 e = exp - b 2 2σ 2 , (17) 
and

P 0,1 e = 1 -Q 2 E b N 0 , b σ , ( 18 
)
where Q is a Marcum-Q function, σ 2 is the standard deviation of the noise, and b represents a decision threshold that in our case coincides with the amount of energy needed to fill in the metastable state gap, and allows the light emission. More specifically, b is defined as:

b = σ 2 + E b 2N 0 . (19) 
Theoretically, from ( 17) and ( 18) the BER is as:

P e = 1 2 1 -Q 2 E b N 0 , b σ + exp - b 2 2σ 2 . ( 20 
)
In the specific scenario we are considering, the probability that a bit 0 is sent and is detected as a bit 1 can be neglected, since a bit equal to 0 corresponds to the absence of source power, and for the moment we neglect the fact that there could be an energy transfer even in absence of a specific source power.

The error probability in ( 20) is then represented by the contribution of P 1,0 e only. After some calculations, (20) becomes:

P e = 1 2 exp - 1 2 2 + E b 2N 0 . (21) 
In represents an undesired self-quenching effect, that is an energy/communication transfer between donor-donor. These micro-parameters [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF], [START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF] are calculated on the basis of the emission and absorption spectra of a donor and an acceptor. C N d-Y b DA has been found equal to 3.47×10 -39 cm 6 s -1 in zinc-boro-bismuthate glasses, corresponding to 1.65 × 10 -39 cm 6 s -1 in barium-alumino-metaphosphate glasses. On the other hand, the value of C N d-N d DA has been estimated equal to 0.018 × 10 -39 cm 6 s -1 for zinc-boro-bismuthate i.e., a low value that allows keeping low the undesired self-quenching effect, and it has been found equal to 0.004 × 10 -39 cm 6 s -1 in the case of barium-alumino-metaphosphate glasses.

The theoretical energy transfer between donor and acceptor is related to the acceptor concentration and can be derived as

γ 2 DA(N d-Y b) = 16π 3 9 C (N d-Y b) DA N 2 A , (22) 
while the self-quenching effect that is also depending on the donor concentration is

γ 2 DA(N d-N d) = 16π 3 9 C (N d-N d) DA N 2 D . (23) 
In our system, γ 2 DA(N d-Y b) represents the part of "desired" signal as E b , while γ 2 DA(N d-N d) represents the "undesired" component N 0 , that is noise. Based on such a consideration, it follows that:

E b N 0 ≈ γ 2 DA(N d-Y b) γ 2 DA(N d-N d) . ( 24 
)
This result is in accordance with the dependence of the system performance to the concentration of dopant (both donor and acceptor concentrations). In Fig. 12 we depict the error probability versus the donor concentration in case of (i) zinc-boro-bismuthate and (ii) barium-alumino-metaphosphate glass. We can observe how the higher is the donor concentration the higher is the impact of self-quenching on the system (from left to right in the figure) with an higher error probability (i.e., corresponding to a missing delivery of the bit 1 at the receiver). The concentration of acceptor has been kept constantly equal to 0.1mol% for the two scenarios.

In Fig. 13 we consider a donor concentration of 10mol% and we vary the acceptor concentration. We can observe that the increasing of acceptor concentration has a positive impact in terms of error probability, since the self-quenching effect due to the donor concentration is mitigated by the presence of more acceptors. This result validates the reasoning about the main impact played by the dopant (i.e., acceptor and donor) concentration on the performance of the system. Moreover, in Fig. 10 we have shown that the acceptor concentration plays a key role on the communication capacity of the channel, confirmed by the small values of the error probability in Fig. 13. 

C. Delay Considerations

In this section we make some considerations about the speed of the energy/information transfer process when the acceptor concentration varies. More specifically, we make reference to the time needed to transfer a bit 1 from a donor/transmitter to an acceptor/receiver. Again, we make reference to bariumalumino-metaphosphate glasses scenario and we consider a constant donor concentration of 1mol%, while concentrations of donor are varied as [0.005, 0.01, 0.05, 10, 30, 60, 90] mol%. The delay is derived by considering the energy transfer rate for all the samples. In Fig. 14 we can observe that the PAET transfer mechanism is faster when acceptor concentration is higher. Worst result (i.e., ≈ 2.5 ms) is for very low acceptor concentration. Experimental data are taken from [START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF].

VI. CONCLUSIONS AND FUTURE PERSPECTIVES

In this paper, we have investigated on upconversion phenomenon as enabler for molecular optical channel modeling. Upconversion process is gaining a lot of interest from scientific and research community above all in medical applications domains. It is mainly related with rare-earth components as upconversion nanoparticles, and it has been shown that these components have very interesting features for in-vivo applications, such as high values of signal-to-noise ratio, the capability to "convert" NIR radiation into visible light spectrum allowing a deeper signal penetration in the tissue in a safely way, low cyto-toxicity level, etc. These specific features are interesting from a communication point of view and represent the leitmotif of our research in molecular optical communications.

In this paper we have derived an initial information theory analysis on a one-to-one communication scheme with a pair of donor-acceptor playing the role of transmitter and receiver, respectively. As a first approach, and as the main objective to show the feasibility of our approach, we have associated to the communication system an On-Off-Key modulation scheme by deriving the theoretical capacity of the global system, by varying the dopant (nanoparticle nodes) concentration. Moreover, we have derived a theoretical and general analysis of noise sources for PAET communication systems, which have been applied to the specific scenario of zinc-borobismuthate material thanks to experimental results published in literature. This analysis has validated the key role played by the dopant/nanoparticles concentrations in similar systems.

The research area around processes as FRET, PAET, etc. as enablers for communications at molecular level is at its beginning. However, a deep analysis of this type of phenomena could pave the way of communication at a nano-size. In-depth knowledge of the mechanisms underlying these processes could allow the birth of new types of research in the context of metamaterials, and also software defined metamaterials, where the features (e.g. orientation, shape. etc.) of portions of a material could be modified in order to boost a certain type of reactivity or process.

In this work, we have highlighted as optical properties of specific matter, such as RE-doped materials, are suitable to improve energy transfer efficiency and consequently the information transfer. A major control of these optical properties could allow the design of specific mechanisms to "store" the signal as in traditional communication systems with buffer. Finally, another important perspective is concerning the possibility to use different types of colors in the emitting signals. This aspect could be efficiently exploited to design specific color-based modulation schemes such as Color-Shift-Keying (CSK), to improve the total communication capacity of the system.

As a lesson learned, we state that phonons could play a fundamental role in upconversion-based communication systems, and deeper analysis related to these quantum particles will be of great importance to advance in this research field. When investigating this type of mechanism as enabler for molecular optical communication systems, a deeper understanding of the inherent processes allows better control on specific components of the mechanisms. In other words, we have realized that just by changing the concentration of donor/acceptor ions in a host material, we can tune the channel capacity of an upconversion communication system. Finally, a multi-hop PAET system can be created by taking advantage of energy migration upconversion (EMU), where the acceptor atom transfers the energy received from the donor to another acceptor atom. Using EMU in core-shell nanoparticles, the information can be transferred over multi-hop to longer distances.

Fig. 1 .

 1 Fig. 1. Schematic representation of the upconversion phenomenon based on an incident infrared radiation with a visible light radiation emission. In the case of nanomedicine applications, the nanoparticles are inside the human body. (a) In the specific context a couple of donor/acceptor nanoparticles (light-blue NPs) are positioned in the same cell. This means that within a single node there is an energy/information transfert (intra-cell communication). (b) The NP acceptor will emit an optic signal (e.g., in the visible light spectrum) reaching an external NP donor (yellow NP) at distance d (inter-cell communication).

Fig. 2 .

 2 Fig.2. Schematic of an host glass (e.g., barium-alumino-metaphosphate) with donor (i.e., N d 3+ ) and acceptor (i.e., Y b 3+ ) with variable concentration. Dotted area represents the system we are considering for data transmission. An external source (e.g., a NIR laser) is applied to the system and a donor (grey small circle) is excited and generates an energy transfer towards an acceptor (purple small circle). Since multi-phonons are generated in correspondence to the acceptor, it will achieve a sufficient energy to emit a visible light output.

Fig. 3 .

 3 Fig. 3. Energy transfer upconversion mechanism, comprised of different phases. (a) An near infrared (NIR) light beam is used as excitation source for an electron at a ground state (0) in a donor ion, which is excited to the energy level (1). (b) Thanks to a non-radiative energy transfer (ETU), this electron achieves the energy level (2) in the acceptor ion. A multi-phonons energy transfer (PAET) mechanism occurs here. (c) When it reverts back to the ground state (0) still in the acceptor ion, it emits a visible light radiation (VIS).
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 4 Fig. 4. Energy transfer process between a donor (D) and an activator (A) ion in the case of (a) resonant non-radiative transfer, and (b) phonon-assisted non radiative transfer.
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 5 Fig. 5. PAET channel model as a Z-channel.
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 9 Fig. 9. Mutual Information vs. P N E for various values of acceptor concentration. Experimental results are taken from [1].
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 1011 Fig. 10. Capacity (bits) vs. acceptor (Y b 3+ ) concentration. Experimental results are taken from [1].

  the specific context we are considering the estimation of E b and N 0 have to be related to micro-parameters of the system, named C N d-Y b DA and C N d-N d DA , which represent the energy transfer micro-parameters. C N d-Y b DA characterizes the energy transfer activity between the donor and the acceptor. Higher values of this parameter are significant of an efficient energy/communication transfer. The micro-parameter C N d-N d DA
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 14 Fig.[START_REF] Lin | Recent advances in synthesis and surface modification of lanthanide-doped upconversion nanoparticles for biomedical applications[END_REF]. Estimated time required for energy/information transfer in bariumalumino-metaphosphate glasses with constant donor concentration equal to 1mol%, vs. the acceptor concentration (expressed in terms of E b /N 0 ). Experimental data are taken from[START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF].

TABLE I EXPERIMENTAL

 I VALUES OF ENERGY TRANSFER EFFICIENCY USED IN SCENARIO 1, FOR DIFFERENT DOPANT CONCENTRATIONS ANDAPPROACHES[START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF].

		Glass	Energy Transfer Efficiency (%) Fluorescence decay Fluorescence spectra
		N05Y01	10.7	16.4
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  Mutual information (bits) vs. P N E for various donor (N d 3+ ) concentrations. N dXY b represents each host glass with X % mol N d 3+ concentration. Experimental results are taken from[START_REF] Jaque | Influence of nd3+ and yb3+ concentration on the nd 3+ -yb 3+ energy-transfer efficiency in the yal3(bo3)4 nonlinear crystal: determination of optimum concentrations for laser applications[END_REF].
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  Fig.[START_REF] Li | Accurate Quantitative Sensing of Intracellular pH based on Self-ratiometric Upconversion Luminescent Nanoprobe[END_REF]. Impact of self-quencing on the error probability vs. the donor concentration (expressed in terms of E b /N 0 ) in the zinc-boro-bismuthate glass and barium-alumino-metaphosphate glass. Acceptor concentration is equal to 0.1mol%. An higher donor concentration increases the error due to an self-quenching effect. Experimental data are taken from[START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF],[START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF]. Fig.13. Error probability vs. the acceptor concentration (expressed in terms of E b /N 0 ) in the zinc-boro-bismuthate glass and barium-aluminometaphosphate glass. Donor concentration is equal to 10mol%. An higher acceptor concentration allows to emphasize the direct energy/information transfer effect in respect of the self-quenching phenomenon. Experimental data are taken from[START_REF] Sontakke | Efficient nonresonant energy transfer in nd 3+ -yb 3+ codoped ba-al-metaphosphate glasses[END_REF],[START_REF] Sontakke | Phonon assisted effective non-resonant energy transfer based 1 micrometer luminescence from nd 3+ yb 3+ codoped zinc-boro-bismuthate glasses[END_REF].
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