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AbstracBNanotechnology is providing the engineering com- Nowadays, nanotechnology is providing the engineering
munity with a new set of tools to design and manufacture ad- community with a new set of tools to control matter at an
vanced devices which are able to generate, process and transmityiomic and molecular level. At this scale, novel nanomaterials

multimedia content at the nanoscale. The wireless interconnection h i t ob d at th . | | which
of pervasively deployed multimedia nano-devices with existing Show new properties not observed at the micro level, whic

communication networks and ultimately the Internet de®nes a €nable the development of new devices and applications.
truly cyber physical system which is further referred to as For example, graphene [7], a one-atom-thick planar sheet of
the Internet of Multimedia Nano-things (IoMNT). This paper ponded carbon atoms densely packed in a honeycomb lattice,
discusses the state of the art and major research challenges iNhas been lately referred to as thiee silicon of the 21st

the realization of this novel networking paradigm, which has . . . . .
innumerable applications in the biomedical, defense, environ- century The unique optical and electronic properties of this

mental and industrial ®elds. Fundamental research challenges N@anomaterial enable the development of a new generation
and future research trends are outlined in terms of multimedia of electronic devices, e.g., nano-transistors for future nano-
data and signal processing, Terahertz channel modeling for com- processors and nano-memories [20], [37], nano-batteries [12],
munication among nano-things, and protocols for the Internet [35], and nano-sensors [34], [29], which outperform their

of Multimedia Nano-Things. These include novel medium access . | t ts. In additi h bled
control techniques, addressing schemes, neighbor discovery angmicroscaie counterparts. in adadition, graphene-enabled nano-

routing mechanisms, a novel QoS-aware cross-layer communica- fransceivers and nano-antennas are expected to operate in the

tion module, and novel security solutions for the IoOMNT. Terahertz Band (0.1-10 THz), which opens the door to ultra-
Index Term®Nanonetworks, Terahertz Band, Internet of broad-band communications among nano-devices [24], [16].
Things, Multimedia In addition, these same nanomaterials are currently being
proposed to develop a new generation of miniature photode-

[. INTRODUCTION tectors [22], [8] and acoustic nano-transducers [18], [32],

which can be used to generate multimedia content at the
In the Internet of Things (loT), all types of real-world physhanoscale. These novehno-cameras and nano-phonesl|

ical elements (e.g., sensors, actuators, personal electroniclike-able to capture visual and acoustic information with
vices and home appliances) are able to autonomously interaicther resolution and accuracy than current micro-cameras
with each other [5], [30]. The loT enables many applicatiorend micro-phones. Moreover, the integration of nano-cameras,
in the ®elds of domotics, e-health, real time monitoring @fano-phones, scalar nano-sensors, with nano-processors, nano-
industrial processes, and intelligent transportation of peoptemories, and other nano-components will enable the devel-
and goods, among others. Two main technologies for tbement of moredvanced multimedia nano-devic&hese ad-
IoT are currently being considered, namely, RFID tags amdnced nano-devices will overcome the limitations of current
Wireless Sensor Networks (WSNs). On the one ha&¥ElD multimedia sensor devices [4] by providing higher quality im-
tagscan be easily embedded in all sorts of things due to theige and audio sensing capabilities, higher computational and
small size and their battery-less operation. However, RFID tadata storing capacities, higher energy ef®ciency and expectedly
do not have processing, data storing or sensing capabilities. Rdgher wireless communication data-rates [13], [17].
the other handWSNscan provide the 10T with the necessary In our vision, the interconnection of pervasively deployed
computing, data storing, and sensing functionalities, but theultimedia nano-devices with existing communication net-
size, complexity and energy constraints of existing sensam®rks and ultimately the Internet de®nes a truly cyber physical
limit the usefulness of this approach. Therefore, there issgstem which we further refer to #ise Internet of Multimedia
need fora new communication technolodgyr the IoT. Nano-Things (IoMNT) The IoOMNT is not only compliant



with the envisioned applications of the loT [5], [30], but

it enables new advanced applications in diverse ®elds such
as, i) in the biomedical ®eld, by means of advanced health
monitoring systems which combine biological and chemi-
cal scalar nanosensors, high-resolution ultra-sensitive nano-
cameras and ultrasonic nano-phones, for early cancer detection
and treatment of heart or neural diseases; ii) in defense
and security applications, by combining imperceptible nano-
cameras for remote nanoscale imaging, ultrasonic nano-phones
for concealed objects detection, and biological and chemical
nanosensors as a countermeasure for novel nanotechnology-
enabled attacks; iii) in forensics, for example, for ultra-high
resolution imaging of crime scenes; or, iv) in far ®eld imaging,
for ultra-high resolution imaging of distant objects.

For example, in Fig. 1, an example application of the
IOMNT is shown. In this ®gure, multimedia nano-things
equipped with nano-cameras are used to capture high-quality
video for holographic teleconferencing. Similarly, a distributed
set of multimedia nano-things equipped with nano-projectors
are used to recreate a high quality holographic image in
the conference room. In parallel, other nano-things equipped
with ultrasonic transducers are used to detect concealed ob-
jects. Finally, other nano-things with biological and chemical
nanosensors are pervasively deployed in the conference room
for early detection of biological and chemical threats.

Nevertheless, the highly heterogeneous capabilities of ad-
vanced multimedia nano-devices and the type of applications
and scenarios in which they will be used, introduce several,
research challenges in the realization of the Internet of Mul-
timedia Nano-Things. In this paper, we discuss the state of
the art and major research challenges in the realization of
this novel networking paradigm. First, we brie'y present the
state of the art in nano-thing development from the device
perspective in Sec. Il. In Sec. Ill, we outline the main research
challenges in the lo0MNT from the communication perspective,
in terms of multimedia and data signal processing, Terahertz
Band channel modeling, and protocols for the IOMNT. These
include novel medium access control techniques, addressing
schemes, neighbor discovery and routing mechanisms, a QoS-
aware cross-layer communication module, and security solu-
tions for the loMNT Finally, we conclude the paper in Sec. IV.

Many nano-thing components have already been prototyped
and tested. However, there are still several challenges from
the device perspective that need to be addressed in order to
turn existing nano-devices into autonomous machines. In our
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Fig. Application of the Internet of Multimedia Nano-Things.

arrays), ii) higher sensitivity at low energy levels (i.e.,
better low-light conditions imaging), and iii) reduced
power consumption. The fabrication of very dense arrays
of nano-photodetectors and nano-lenses, will enable the
development of nano-cameras with very high pixel res-
olution, very high spatial resolution and very high color
resolution. Ultimately, the capabilities of a nano-camera
will be directly related to its physical dimensions.
Nano-Phones:Novel nanoscale acoustic transducers for
ultrasonic applications have been prototyped [18], [32].
The integration of nanoscale acoustic transducers into
miniaturized arrays will enable the development of novel
nano-phones (i.e., nanoscale micro-phones) with i) higher
directional resolution (surround audio sensing and record-
ing), and ii) higher frequency resolution (higher quality
audio, ultra-sound recording). The ®nal capabilities of the
nano-phone will depend on the physical dimensions of the
acoustic nano-transducer array.

Scalar Nano-SensorsPhysical, chemical and biological
nanosensors have been developed by using graphene and
other nanomaterials [9], [38]. A nanosensor is not just
a tiny sensor, but a device that makes use of the novel
properties of nanomaterials to identify and measure new
types of events in the nanoscale, such as the physical
characteristics of structures just a few nanometers in size,
chemical compounds in concentrations as low as one part
per billion, or the presence of biological agents such as
virus, bacteria or cancerous cells.

vision, several nano-components such as a nano-processor, a Nano-ProcessorsThese are being enabled by the devel-
nano-memory, a power nano-system and a nano-camera, have gpment of tinier FET transistors in different forms. The

to be integrated into a device with a total volume small as

just a few cubic micrometerfl], [2], [3] (Fig. 2). To date,

several solutions have been proposed for each component:
Nano-Cameras: New photodetectors based on novel
nano-structures have been demonstrated [22], [8]. Their
main properties are i) a reduced size (below 100 nm
per pixel, which allows the integration of very dense

smallest transistor that has been experimentally tested to
date is based on a thin graphene strip made of just 10 by 1
carbon atoms [27]. These transistors are not only smaller,
but also able to operate at higher switching frequencies.
The complexity of the operations that a nano-processor
will be able to handle will directly depend on the number

of integrated transistors in the chip, thus, on its total size.
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