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11.1 Introduction
The human body of wireless users at present plays an extremely limited role
in both the network and the user terminal functions and architectures.
An innovative and challenging vision of the 5G-to-6G transition envisages
the human body as a main actor with an active role in node and network
functions as well as in user terminal architecture.
New frontiers in a tight connection of standardization and ethics (stethics)
is intrinsically involved in the above vision.
In the last three years, the Center for Teleinfrastructures at the University of
Roma “Tor Vergata” (CTIF I) is focusing on a very challenging research effort
where the maturity of Information and Communications Technology (ICT) is
horizontally offered to deploy vertical applications in interdisciplinary areas,
such as health, law, economics, cultural heritage, humanities, etc. In order to
develop the above research approach, CTIF I is composed of a strong group
of ICT engineers, along with experts in the other disciplines, particularly in
the clinical and biomedical areas.
The joint effort of the ICT and medical groups has produced an innovative
and extremely challenging way of looking at the future of ICT, in particular at
the meaning and the role of 5G in the evolutionary development of wireless
systems.
In the above frame, the present Chapter, after highlighting the current
achievements and open challenges of 5G, will present the CTIF I vision on the
challenges of the future beyond 5G world, providing an application example
under investigation and early stage development with the dentistry component
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of the medical area. In the example, the human body – and in particular
the oral cavity of the wireless user – plays an active role in the node of the
networks.
The future work and perspectives of the CTIF I approach and activities
in the area of the human body active role to device and network functions of
future mobile systems will be presented.

11.2 5G Achievements and Open Challenges
Mobile information systems have been facing the challenges of the continuously increasing demand for the high data rates and mobility required by new
wireless applications. 4G (Fourth Generation)/LTE (Long Term Evolution)
wireless networks now enable high-speed mobile web videos, IP (Internet
Protocol) telephony, video gaming, mobile High-Definition (HD) TV, video
conferencing, and even mobile 3D TV.
The current trend of annual doubling of wireless data traffic is expected to
continue. Research on 5G wireless communications has started and developed
rapidly. It is expected that 5G wireless infrastructure will be deployed beyond
2020. However, enabling technologies for 5G mobile information systems
such as massive MIMO (Multiple Input Multiple Output), new modulation, and waveform design are still in their infancy. More efforts from this
community are truly needed to make 5G mobile systems reach their full
fruition.
Massive MIMO (M-MIMO) technologies have been proposed to scale
up data rates reaching gigabits per second in the forthcoming 5G mobile
communications systems. However, one of the crucial constraints is dimension
in space to implement the M-MIMO.
How to make more small cells in sleeping state for energy saving in ultradense small cell system has become a research hotspot.
The key of wireless power transfer technology rests on finding the most
suitable means to improve the efficiency of the system. The wireless power
transfer system applied in implantable medical devices can reduce the physical
and economic burden of patients since it will achieve charging in vitro.
Optimum beamforming and power allocation can be analyzed using,
for instance, a game-theoretic framework [1] to maximize the rate of each
user selfishly under the transmit power constraint and the Primary User
(PU) interference constraint. The design of the cognitive MIMO system is
formulated as a non-cooperative game, where the secondary users (SUs)
compete with each other over the resources made available by the PUs.

11.2 5G Achievements and Open Challenges 165

Compressive sensing theory [2] can be applied to reconstruct the signal
with far fewer measurements than what is usually considered necessary. While,
in many scenarios, such as spectrum detection and modulation recognition, it is
only expected to acquire useful characteristics rather than the original signals,
where selecting the feature with sparsity becomes the main challenge.
With the widespread use of Internet, the scale of mobile data traffic grows
explosively, which makes 5G networks in cellular networks become a growing
concern. Recently, the ideas related future network, for example, Software
Defined Networking (SDN) [3], Content-Centric Networking (CCN) [4], Big
Data [5], have drawn more and more attention.
The exploitation of mm-waves in mobile cellular environments will
represent a breakthrough of 5G, as clearly stated in [6]. In [6], the mobile urban
propagation in the 38 GHz band is thoroughly investigated and the viability
of broadband transmission by Line Of Sight (LOS) and Not Line of Sight
(NLOS) links is demonstrated. In [7], the wireless communication channel
operating in the 70 GHz and 80 GHz band is characterized to define specific
parameters and constraints that can be used to define the optimal topology
of a multi-gigabit access network. P-t-P links with 10 Gb/s capacity are
considered. In [8], single-carrier higher-order modulations and FDM (Frequency Division Multiplexing) channel aggregation techniques are used in
combination with MIMO spatial multiplexing for P-t-P multi-gigabit shortdistance E-band LOS connections, pushing the available data-rate up to 48
Gb/s. The use of E-band for P-t-P backhauling is a possible scenario.
Well-known backhaul technologies such as spectral-efficient LOS
microwave, fiber and copper are being tailored to support the exploding
user traffic demand in the RAN (Radio Access Network). However, owing
to their position below roof height, a substantial number of small cells in
urban settings do not have access to a wired backhaul, or clear line of sight to
either a macro cell or a remote fiber backhaul point of presence. For distances
of the order of 1-1.5 kilometers, which are expected to be enough for
Long Term Evolution (LTE)-A small-cell backhauling, mm-wave systems can
provide backhauling in the order of several gigabits per second.
Figure 11.1 shows a potential multi-tier LTE-A cell deployment with
mm-wave wireless backhaul. Small-cell Base Transceiver Station (BTS) are
installed closer to smaller buildings or over streetlamps. Macro BTS are
installed on the top of the bigger buildings. The presence of LOS connection
is guaranteed for P-t-P backhaul among macro BTSs and may be ensured
for P-t-P among small cell BTSs installed on the streetlamps. Also P-t-mP
backhaul among macro BTSs and small-cell BTSs on the streetlamps may be
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Figure 11.1 Typical configurations of small-cell backhaul in LTE-A standard.

reasonably assured. These LOS links can be effectively supported by E-band
multi-gigabit transmission.
In [9] E-band for P-t-P backhauling in LTE-A small cells is considered
in combination with point-to-multipoint NLOS backhauling at 6 GHz. The
solutions envisaged in [9] looks rather similar to the commercial products for
small-cell backhauling supplied by CERAGON corporation (Palo Alto, CA)
[10]: the FibeAir-70TM for LOS P-t-P transmitting at aggregate data-rate of
1 Gb/s at 81 GHz, and the FibeAir-2500TM for NLOS P-t-mP transmitting at
200 Mb/s at 6 GHz. All these components rely on single-carrier transmission
techniques.
State-of-the-art PHY-layer solutions considered in [7–9] look dated and
lack of efficiency in particular in the presence of phase-noise, nonlinear
distortions and signal-to-noise ratio drops due to atmospheric attenuation and
rain fading. Such kind of impairments is usual in mm-wave transmission.
Therefore, alternative solutions should be investigated in order to allow robust
small-cell backhaul with reduced power expense.
A completely different typology of transmission based on UWB (UltraWide Band) techniques has been considered in [11, 12]. However, as shown
in [13] and [14], IR (Impulse Radio) techniques, thanks to their simplicity and
intrinsic robustness, are very efficient also if employed in the E-band context.
The IR-based backhaul relies on Pulse-Position-Modulation (PPM) for digital
transmission and on Time Hopping (TH) for multi-user P-t-mP transmission.
Such transceiver architecture is very efficient, very simple, and cost-effective
and can be implemented by using Commercial Off the Shelf (COTS)
hardware.
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Finally, the 5G paradigm is paving the way for rich healthcare services
enhanced with video calls and high definition images, available nearly
everywhere. 5G networks are supporting sensors requiring very low energy
consumption, with one battery charge every fifteen years. It will be very
beneficial for medical connected devices such as blood pressure or insulin
body worn sensors.
Furthermore, the high reliability and security of 5G infrastructures should
help to alleviate the legitimate end user and health professionals concerns
about privacy and hacking around health data and services. When thinking
about new 5G capabilities in the domain of lower latency, reaching the target
of 1 ms, new applications in the area of prosthesis or augmented human can
be conceived.
The above frame about 5G suggests that, in spite of the open challenges and
some potential issues, the 5G system paradigm is solid and it could represent
a (final?) landing point for the mobile world as we have been used to know it
from the introduction of GSM [15].
The 5G approach, where the extreme efficiency and speed of the mobile
network as well as the full convergence between wired and wireless are the
ultimate goals, indicates that 5G could in principle “saturate” the achievable
maturity at system level from both operators and users viewpoints.
It is therefore very natural to pose the question of what could happen to
the networks and users after the full deployment of 5G.
A possible answer is provided in the rest of the Chapter.

11.3 The Challenges on the 5G Frontier
The transition between 5G and a following generation can introduce dramatic
changes in the role played by the user inside the network.
A medium-term scenario envisages an increasing synergy between the
user device capabilities and their implementation through the user’s body.
The result will be a highly personalized body-related device that will be able
to solve intrinsic limitations in the current interaction with the device (e.g.,
finger size w.r.t keyboard).
A further step ahead allows predicting a strong interaction between the
brain functions of the user and the device. A possible scenario would envisage
the device be driven by brain and emotional related commands. In the depicted
frame, the device would need not only for pure technology but also for a proper
merging between standardization and ethics (stethics).
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In parallel, the biomedicine is progressing dramatically, and the early
diagnostics of important diseases can take advantage of proper chips to be
implanted in the body. A label-free spiral microfluidic device is proposed,
for instance, to allow size-based isolation of viable Circulating tumor cells
(CTCs), i.e. rare cancer cells that are shed from primary or metastatic tumors
into the peripheral blood circulation. Phenotypic and genetic characterization
of these rare cells is crucial to provide important information and guide cancer
staging and treatment (e.g., [16, 17]).
The increased closeness between the human body and functions that are
generally assigned to an external device is the starting point of a research effort
played by a joint team of engineers and medical doctors to identify a set of
functions that can be supported by one or more chips to be implanted. Those
chips can be supporting not only “pure medical” functions but also – and here
is the matter that can be of interest for the post 5G community – device and
network functions.
This is the key-passage to achieve a partially internal user device (Body
as a Device – ByD) and to assign to each user functions related to the nodes
of the network (Body as a Node – ByN).
A pictorial view of the above concept is shown in Figure 11.2.

Figure 11.2 Pictorial view of the body as a device and as a node concept.
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In the depicted frame, the next paragraph describes a possible scenario
where the ByD and/or ByN approaches could be implemented by implants in
the oral cavity.

11.4 The Oral Cavity as Device or Node
The oral cavity is one of the main gateways to the body. It is in fact in the
early months of life, a cognitive tool which subsequently develops with all
its structures (mucous membranes, muscles, tendons, bones, joints, teeth,
nerves, vessels, glands, etc) as a body involved in carrying out different
functions (immuno-protection, digestion, chewing, swallowing, phonetic).
The complexity as well as the sensitivity of these structures, makes oral
health closely related to general health conditions. The first evidences of many
systemic diseases are borne by the oral structures and therefore are diagnosed
through an examination of those.
Precisely for this reason, the oral cavity may constitute the ideal environment for positioning sensory systems and collecting data that might be
useful both in monitoring oral activities, detecting pathologies/problems and
planning early intervention and partial remote management.
In addition, as highlighted in Section 11.3, the devices could also host
functions of the user device (Oral Cavity as a Device – OCD) and/or of the
network node (Oral Cavity as a Node – OCN).
In Figure 11.3 possible positioning of sensors and chips in the oral cavity
is depicted.
Due to the ICT contribution performance and costs of cures for both the
public health system and the private patients could change, especially in the
Dentistry field, where a significant growth of technology-driven approaches is
occurring. In recent years technological advancement have radically changed
the face of dentistry by increasing the reliability of diagnostic imaging,
simplifying treatments planning/realization thanks to computer-guided and
minimally invasive approaches, reducing working time and errors humanrelated thanks to the intraoral optical scans and CAM (Computer Aided
Manufacturing) units [18–20]. However the potential opportunities offered
by this sector have not been truly exploited yet, since these technological
advancements have focused on aspects of close dental relevance.
Using intraoral micro-biosensors featuring a wireless transmission, instead
of wired connections as proposed in the past two decades by several
researchers [21–27], could open new scenarios for dentistry applications
(related to oral health), general sensing applications (sensing parameters
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Figure 11.3 Possible location of sensors and chips for the OCD or OCN approach.

related to human health) as well as Human-Machine-Interface (HMI) applications (using measurements of oral cavity to drive/control machines). The
advancements in micromachining techniques have allowed sensor miniaturization for minimum discomfort in the oral cavity and easy implantation with
no tissue injury. The sensors can be easily integrated into prosthetic devices
and orthodontic appliances, even in the teeth or bones. [28] Chemical markers
relevant to health may be detected by electrochemical sensors, as well as
variation in ph, temperature, pressure or position of the oral environment.
The use of intraoral sensors from the communication point of view is
analogous to other mHealth applications. However wireless communication
between intraoral devices and the outside world is challenging, since the
oral cavity is a hybrid propagation environment. Intraoral sensors are in the
border between intra-body and wearable sensors. It is not strictly speaking a
communication “inside the body” as a sensor inside the body, depending on
its anatomical location, is usually surrounded by a distinct and fairly stable
tissue environment.
An intraoral device is located in a constantly changing environment
depending on the relative positions of the jaws and movements of the tongue,
which continuously changes shape when one swallows, breathes, or speaks.
As intraoral devices are in contact with the gums, the tongue, or the palate,
and their associated receivers may be in contact with the human body, Body
Channel Communication (BCC) can be considered to be used for these
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devices [29]. However, when applied to intraoral devices, neither of the
BCC methods maintains their desired operating conditions due to attenuation
effect. Therefore, the use of RF-based wireless communications could be
considered. As a matter of fact, RF wireless communication has been already
successfully adopted in implantable devices such as the pacemaker and neurostimulator.
The proper selection of the frequency band is fundamental for establishing
a reliable link between intraoral devices and the outside world. The selection of
the frequency is strictly related to two fundamental design elements: size of the
antenna and attenuation. It is worth noted that an RF-based communication
approach foresees the use of a battery inside the mouth, at least for those
important applications that foresee a continuous monitoring. This is one of
the main challenges limiting the adoption of intraoral devices for continuous
monitoring. Interesting solutions for recharging the sensors are based on the
use of the jaw movement that normally occurs when chewing, eating and
speaking [30]. For instance, one can obtain approximately 580 J only from
daily chewing, which is equivalent to an average power of approximately
7 mW. An alternative approach has been proposed in two studies [31, 32]
where a passive sensor is inserted in the mouth and read by an external
device.
It should be highlighted that the presence of the sensors inside the
oral cavity might cause metabolic alterations (causing inflammation or
tissue damage). Therefore, the molecular and biochemical approaches undertaken to unravel possible metabolic alterations (with particular reference
to quantification of recognized markers of inflammation or tissue damage),
occurring during prosthesis implantation and long-term wearing, should be
addressed [33].
The presence of sensors and chips has to be, therefore, analyzed also in
terms of potential harm to the oral cavity, in particular, and the whole body
in general. The sensor/chip design and implementation have to be driven by
the guidelines and requirements deriving from the above analysis. The same
applies to whatever part of the body is selected for the chip positioning.

11.5 Future Work
The Chapter has provided a possible vision of post 5G systems, particularly related with the active use of the human body of the user to both
extend, integrate or substitute the user device functions and/or the node
functions.
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Figure 11.4 Possible multi-user, multi-device and multi-node scenario.

In the envisaged vision, the scenarios reported in Figure 11.4 are possible.
A number of important activities are being and will be undertaken to understand fully the impact and the potential of the ByD and ByN approaches, and
to design and implement harmless chips. The experimental activity will start
from the OCD and OCN cases and will be later extended to other parts of the
body.
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