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Abstract—Graphene is a promising material which has been
proposed to build graphene plasmonic miniaturized antennas, or
graphennas, which show excellent conditions for the propagation
of Surface Plasmon Polariton (SPP) waves in the terahertz band.
Due to their small size of just a few micrometers, graphennas allow
the implementation of wireless communications among nanosys-
tems, leading to a novel paradigm known as Graphene-enabled
Wireless Communications (GWC). In this paper, an analytical
framework is developed to evaluate how the channel capacity of
a GWC system scales as its dimensions shrink. In particular, we
study how the unique propagation of SPP waves in graphennas
will impact the channel capacity. Next, we further compare these
results with respect to the case when metallic antennas are used,
in which these plasmonic effects do not appear. In addition,
asymptotic expressions for the channel capacity are derived in the
limit when the system dimensions tend to zero. In this scenario,
necessary conditions to ensure the feasibility of GWC networks
are found. Finally, using these conditions, new guidelines are
derived to explore the scalability of various parameters, such as
transmission range and transmitted power. These results may be
helpful for designers of future GWC systems and networks.

Index Terms—Scalability, channel capacity, nanonetworks,
graphene-enabled wireless communications, graphennas.

I. INTRODUCTION

ESPITE the huge progress of nanotechnology in the last
decade, nanosystems (such as nanosensors and nano-
actuators) have intrinsic limitations due to their small size, such
as their simplicity requirement and short operation range. Com-
munication among nanosystems will allow them to cover larger
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areas and fulfill more complex tasks by means of informa-
tion sharing and cooperation. The resulting nanonetworks [1],
networks of nanosystems, will boost the range of applications
of nanotechnology, bringing new opportunities in fields as
diverse as Information and Communication Technologies (ICT)
(e.g., Wireless Nanosensor Networks [2], Wireless Networks-
on-Chip [3] and the Internet of Nano-things [4]), biomedical
technology (e.g., health monitoring and cooperative drug deliv-
ery systems [5]), or environmental research (e.g., distributed air
pollution control [6]).

However, a nanonetwork is not a mere downscaled version
of a conventional network; on the contrary, classical com-
munication paradigms need to undergo a profound revision
before being applied to this new scenario. A novel paradigm
has recently emerged to implement nanonetworks: Graphene-
enabled Wireless Communications (GWC) [2], [3]. This ap-
proach is motivated by the doubts about the feasibility of
scaling down current metallic antennas, mainly because their
resonant frequency would be extremely high [7]. For the ex-
pected size of a nanosystem (a few um) [2], the frequency
radiated by its antenna would be in the optical range (hundreds
of THz), resulting in a huge channel attenuation that might
render wireless communication at the nanoscale unfeasible.

To overcome this limitation, graphene plasmonic miniatur-
ized antennas, or graphennas [7], [8], have been proposed
to implement wireless communications among nanosystems.
Graphene [9] presents very good conditions for the propagation
of Surface Plasmon Polariton (SPP) waves which, as further
explained in Section II, allow graphennas with a size of a few
um to resonate in the terahertz band (0.1-10 THz) [7], [8], at
a frequency up to two orders of magnitude lower than metallic
antennas with the same size. These unique plasmonic effects
make graphennas a promising candidate to implement wireless
communications among nanosystems.

Even though graphennas have only been analyzed to date
from a theoretical perspective and by simulation [7], [10], [11],
terahertz plasmonic resonances of graphene devices have re-
cently been experimentally observed by several groups [12]-
[15]. Moreover, prototypes of several graphene devices have
been experimentally fabricated and measured in the last few
years, such as graphene FET transistors working at frequencies
of hundreds of GHz [16]-[18], as well as LNAs, mixers and
frequency multipliers [19]-[21]. Even complete graphene inte-
grated circuits have been recently demonstrated [22] and have
been the object of several patents [23], [24].
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Fig. 1. Schematic diagram of a nanonetwork implemented by means of GWC
(right) and a magnified individual nanosystem (left). The scale parameters,
namely the antenna length A, the transmission distance d and the transmitted
power Pr, are shown.

Of particular interest is the recent developments in metal-
graphene-metal photodectectors, which have been experimen-
tally demonstrated at data rates up to tens of Gbits/s [25], [26].
Due to these achievements, we expect that graphennas will be
successfully manufactured in the near future. Since graphennas
are envisaged to provide wireless communication capabilities
to future nanosystems, an analytical framework that provides
guidelines and predicts the performance of GWC will prove
useful for designers of graphennas and nanosystems.

In this paper, we analyze the scalability of the channel
capacity in a scenario of GWC, such as the one shown in Fig. 1.
Scalability theories have set a framework for the development
of circuits based on CMOS technology and derived a roadmap
allowing device designers to learn how to make circuits smaller
such that the desired performance metrics can be optimized
[27]-[29]. Inspired by these theories, we investigate the case
in which the system size shrinks to the nanoscale. This is
opposed to the existing solutions on network scalability in the
literature, which consider scenarios in which the network size
increases [30]-[32]. Our final objective is to derive guidelines
that will help researchers to design future GWC networks. We
summarize the main contributions of our work as follows:

1) We derive analytical expressions for the scalability of the
channel capacity of wireless communications towards the
nanoscale as a function of three key scale parameters:
the antenna length A, the transmission distance d and the
transmitted power Pr (see Fig. 1). We compare the case in
which the radiating element is a graphenna with respect
to that of a metallic antenna. Our results show that there
are important differences, giving graphennas a scalability
advantage over metallic antennas.

2) Based on the previous analytical expressions, we obtain
quantitative results of the capacity expressions by assum-
ing numerical values for the parameters, considering a
realistic scenario of GWC.

3) We derive guidelines which indicate how the antenna
transmission distance and the transmitted power need
to scale as a function of the antenna length to keep
the network feasible. These results establish a general
framework which may serve as a guide for designers of
future nanonetworks using GWC.

The remainder of this paper is organized as follows. In
Section II, we outline some of the novel characteristics of
GWC with respect to current wireless communications and
we obtain analytical expressions and quantitative results of the
channel capacity as a function of the scale parameters. Then, in
Section III, we compute the limit of the obtained channel capac-
ity expressions when the system size shrinks to the nanoscale.
In Section IV, we derive scalability guidelines for several
network parameters. Finally, Section V concludes the paper.

II. CHANNEL CAPACITY OF GRAPHENE-ENABLED
WIRELESS COMMUNICATIONS

GWC exhibit several important differences with respect to
current wireless communications techniques. We describe next
three of the most relevant features of GWC. First, we examine
the propagation of SPP waves in graphennas, which cause them
to resonate in the terahertz band. Second, we describe the
effects of molecular absorption and noise, two novel charac-
teristics of the wireless channel in the terahertz band. Finally,
the potential impact of the huge available bandwidth in GWC
is discussed.

The propagation speed of EM waves in commonly-used
metallic antennas is related to the speed of light c. For instance,
in resonant metallic patch antennas the propagation speed is
vp = c¢/+/€, Where €, is the dielectric constant of the substrate,
and the antenna length is typically around half a wavelength:
A =~ A/2. As a consequence, the resonant frequency of such
an antenna, given by fr = v,/A =~ c¢/(2,/€,A), is inversely
proportional to its length. This relationship imposes a limit in
the minimum size of an antenna whose resonance frequency lies
in the EM domain (i.e., up to the terahertz band), in the order of
100 um, which prevents the possibility of integrating them into
nanosystems just a few um in size.

To overcome this issue, nanomaterials such as graphene offer
the possibility of building much smaller antennas due to their
novel plasmonic properties. Indeed, graphene has been shown
to support the propagation of SPP waves at frequencies as
low as the terahertz band, both by means of simulation and
experimental measurements [8], [10], [12], [33]. The edge of a
graphene patch acts as a mirror and it behaves as a Fabry-Perot
resonator for transverse-magnetic SPP waves with a unique
dispersion relation [34].

In particular, we demonstrated in our previous work [35]
that the dispersion relation of SPP waves in graphene causes
graphennas to have not only a much lower resonant frequency
than their metallic counterparts, but their resonant frequency
also scales better as the antenna size is reduced. In particular,
the resonant frequency of gold antennas is inversely propor-
tional to their length: fgr, = ©(1/A), whereas the resonant
frequency of graphennas scales inversely proportional to the
square root of the antenna length: fr, = ©(1/+/A). In conse-
quence, graphennas just a few um long resonate in the terahertz
band, at a much lower frequency than metallic antennas with
the same size.

Throughout this paper, we use the subindex m to denote
the parameters corresponding to a metallic antenna, and the
subindex g for the case in which a graphenna is considered.
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Fig. 2. Total path loss in dB as a function of frequency and distance in a
standard medium with 10% of water vapor molecules.

Furthermore, graphennas have been also modeled with a
tight-binding model and their resonant frequency has been
found to scale similarly with respect to the antenna dimensions
[7], which validates the trend observed from the analysis of the
plasmonic effects in graphennas.

Molecular absorption is the process by which part of the
wave energy is converted into internal kinetic energy of the ex-
cited molecules in the medium [36]. Molecular absorption acts
as an additional factor of attenuation to the propagated signal
in wireless communications in the terahertz band. Fig. 2 [37]
shows the total path loss in the terahertz channel, comprising
both the free-space path loss and molecular absorption, as a
function of frequency and distance.

In addition, the absorption from molecules present in the
medium not only attenuates the transmitted signal, but it also
introduces noise. Indeed, when a terahertz wave is propagating
through the atmosphere, the internal vibration of the molecules
in the medium turns into the emission of EM radiation of
the same frequency that the incident waves that provoked this
motion. Thus, molecular noise needs to be taken into account
as a new source of noise in a scenario of GWC.

Since a graphenna is able to radiate EM waves in the ter-
ahertz band, the corresponding bandwidth associated to this
frequency and, ultimately, the capacity of the GWC will be
extremely high (up to Tbits/s). One may think that such a
large capacity will not be needed, since it is envisaged that
a single nanosystem will have low throughput requirements.
However, network designers may take advantage of this large
channel capacity to design novel protocols specifically adapted
to nanonetworks.

In current wireless networks, the channel capacity is usually
the bottleneck that limits the network throughput. As a con-
sequence, many networking protocols are designed to require
a low bandwidth to maximize the network throughput. In
contrast, the envisaged huge channel capacity in GWC opens
the door to new protocols that take advantage of a virtually
unlimited available bandwidth to optimize other performance
metrics which may be more relevant in nanonetworks, such
as reducing the energy consumption or the complexity of the
nanosystems.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 1, JANUARY 2015

Our next goal is to find analytical expressions for the scalabil-
ity of the channel capacity of wireless communications towards
the nanoscale, as a function of three key scale parameters:
(i) the antenna length A, (ii) the transmission distance d, and
(iii) the total transmitted power Pr. We perform this analysis for
two scenarios: (i) when the transmitters use metallic antennas
to radiate the EM signal, and (ii) when graphennas are used
(with their unique features introduced in Section II). The first
scenario is taken as a reference to evaluate the results obtained
in the latter case. Interference among several simultaneous
transmissions is not considered in this work.

As we previously outlined, a graphenna is able to radiate
EM waves in the terahertz band. In consequence, the physical
channel in GWC in the very short range potentially allows the
transmission of signals with a very large bandwidth [37] with a
highly frequency-dependent behavior. To compute its capacity,
we need to divide the channel in narrow sub-bands so that,
in each sub-band, the channel attenuation and the noise power
spectral density can be considered locally flat. The total channel
capacity is then obtained as the combined capacity of all its sub-
bands. The capacity of a single sub-band C; is expressed using
the Shannon limit theorem [38]:

Si
v

where B; is the width of the frequency band, S; the power radi-
ated by the transmitter in this band, A; the sub-band attenuation
and N; the noise power in the frequency band.

The total channel capacity C can be obtained by taking the
limit of the sub-band capacity when B; — 0 and integrating it
over the whole frequency band, which leads to the following
expression [39]:

C= max / lo (
S(f) f)df<Pr

where S(f) is the power spectral density of the transmitted
signal, A(f) stands for the channel attenuation, N(f) is the
noise power spectral density at the receiver and B is the system
bandwidth. Note that (2) also applies when the noise is not
white but frequency-dependent, such as molecular noise.

To find an expression for the channel capacity C as a function
of the scale parameters, we first concentrate on the magnitudes
that determine the channel capacity according to (2): the power
spectral density of the transmitted signal S(f), the channel
attenuation A(f), the noise power spectral density N(f) and
the system bandwidth B. Next, we express each of them as
a function of the scale parameters A, d and Pr, for the two
previously mentioned scenarios, considering a graphenna and a
metallic antenna, respectively. Finally, we combine these results
to find an analytical expression for the channel capacity C.
The main parameters considered in this analysis are defined in
Table I.

G =Bilog2< (1

(/)

f)N(f)> a- @

A. Power Spectral Density of the Transmitted Signal

We next derive an expression for the spectral density of the
radiated power by the transmitting antenna. Assuming that the
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transmitter had a full knowledge of the wireless channel, the op-
timal power allocation would be achieved through waterfilling.
However, since that knowledge would require a feedback loop
to send this information from the receiver back to the transmit-
ter, we assume conservatively that the transmitter does not have
any knowledge of the channel. In this case, the optimal modu-
lation is known as flash signaling, an asymptotic form of on-off
signaling where the on level has unbounded power and the duty
cycle is vanishingly small [40]. In this case, the input signal has
a flat power spectral density over the entire frequency band:

_[Pr/B if0O< f<B,
S(f) = {O otherwise. )

where Pr is the total power radiated by the transmitting antenna.

A modulation based on very short Gaussian pulses specially
suited for GWC has recently been proposed [41]. This pulse-
based scheme is a promising candidate to modulate the EM
waves radiated by graphennas because of the simplicity to gen-
erate and detect pulses (there is no carrier) and its high spectral
efficiency (a very short Gaussian pulse virtually occupies the
whole frequency band). This approach actually constitutes a
realistic implementation of flash signaling for GWC and it is
accurately approximated by the previous model.

B. Channel Attenuation

Some of the most promising applications of GWC include
Wireless Nanosensor Networks and Wireless Networks-on-
Chip. Wireless Nanosensor Networks involve wireless com-
munications among miniaturized sensors with transmission
distances up to 10 mm [42]. In Wireless Networks-on-Chip,
processing cores are connected to neighboring cores by elec-
trical wires or optical interconnects, whereas distant cores
communicate wirelessly to improve the latency and energy
dissipation [43]. In the latter case, considering that up to 1000
processing cores could be integrated into a 300 mm? die [44]
and the reflections of the radiated waves within the wafer [45],
typical transmission distances for wireless interconnects will be
of several millimeters.

These values for the transmission distance, although low
compared to current wireless communication systems, are
around one order of magnitude larger than the wavelength of
terahertz EM waves. As a consequence, graphennas will operate
in far field conditions and macroscale physical channel models
can be used to analyze GWC. The total attenuation, or path loss,
in a GWC system can be expressed as [37]:

A= AspreadAabs “4)

where Agpreqa 1s the spreading loss and Ay is the molecular
absorption loss, both expressed as multiplicative factors.

The molecular absorption loss, introduced in Section II, can
be modeled by the following analytical expression [37]:

Aays = = = 5)

where 7T is defined as the transmittance of the medium and k
is the medium absorption coefficient. Since we are interested

in the scenario where the transmission distance tends to zero,
we observe that in the limit d — O the value of the molecular
absorption loss tends to 1:

lim A = lim 54 = 1. (6)
d—0 d—0

Therefore, the molecular absorption loss will have a neg-
ligible effect in the envisaged scenarios of GWC. The total
attenuation is then obtained considering only the spreading loss,
given in the Fraunhofer region by the well-known expression
for the free-space path loss:

drfd\>?
nf). %

c

A= Aspreud = (

The antenna gain is expressed as a function of the effective
area and the wavelength as G = 4mA, 7 /A%. Since, in a resonant
patch antenna, both A, 77 and A2 are proportional to the squared
antenna length A”, the gain is a constant with respect to the
scale parameters. Therefore, the values of the gain of the trans-
mitting and receiving antennas will not influence our scalability
analysis.

C. Noise Power Spectral Density

Finally, there are two main contributors to the ambient noise
in the terahertz channel: thermal noise and molecular noise
(introduced in Section II) [37]. The total noise power spectral
density N(f) can be calculated as the Boltzmann constant kg
multiplied by the total noise temperature:

N(f>d) :kB (nys+Tm()l(fyd)) (8)

where Ty, is the system temperature and 75, is the molecular
noise temperature. The molecular noise temperature can be
expressed as follows [37]:

To(f,d) =Toe = To(1=0) =Ty (1= ) (9)

where 7Tp is the standard temperature, € is known as the emis-
sivity of the medium, T is the transmittance of the medium
and k the medium absorption coefficient. As it happened with
molecular absorption, molecular noise tends to disappear when
the transmission distance is small:

lim 7,(f,d) = lim Ty (1= e707) =0. (10)

In consequence, the main contributor to the noise power
spectral density in the terahertz channel at the nanoscale is the
thermal noise. Approximating the system temperature by the
standard temperature 7p = 293 K, we obtain a constant noise
power spectral density in the whole frequency band, denoted
by No:

N(f,d) = kpTsys = kgTo = No. (1)

Furthermore, there exist several recent efforts from the re-
search community to provide models and experimental mea-
surements of the noise in graphene devices [46]. The noise
in graphene has been mainly characterized as flicker (1/f)
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noise for low frequencies (1-10000 Hz) [47] and shot noise
for intermediate frequencies (hundreds of MHz) [48]. Since
terahertz wireless communications involve much higher fre-
quencies, these noise components in graphene devices will not
influence our performance analysis.

D. Bandwidth

As we have just observed, when the transmission distance
is sufficiently small, molecular absorption and noise become
negligible and the channel bandwidth is the whole terahertz
band. Therefore, the total available bandwidth will be limited
by the antenna bandwidth, which can be obtained as B =
fr/Q, where fg is the antenna resonant frequency and Q its
quality factor. The resonant frequency of metallic and graphene
antennas, previously derived in Section II, can be expressed as:

k/

frm =% (12)
kl

fre =—%= (13)

VA

where k| and k) are proportionality constants and A is the
antenna length. We have observed in our previous work that
the quality factor of metallic and graphene antennas does not
significantly depend on the antenna size [8]. Therefore, we
can define the new proportionality constants k; = k| /Q and
ky = k5 /Q to obtain an expression of the system bandwidth as
a function of the scale parameters:

ki

A
ko

Vi

(14)

By
B, (15)

E. Expression of the Channel Capacity

Now, we combine the expressions obtained in (3), (7), and
(11) with the definition of the channel capacity (2) to obtain the
capacity of a nanoscale wireless communication channel:

PT/B
(m)zNo

c
B
=——1 1
log2 0g< *

B
C(B,d,Pr) :/10g2 1+ df
0

6‘2PT
(4nd)2B3Ny
3
P, 4ndB2 /N,
+ viT arctan 0 (16)
2log(2)md/NoB c\/Pr

Recalling the previous expressions for the bandwidth (14)
and (15), we can express the channel capacity C as a function
of the three key scale parameters: the antenna length A, the
transmission distance d and the transmitted power Pr (c, No,
ki and k, are constants):

k 2A3P 2
L_log <1+C T/d3)
log(2)A (4m)>Nok;

CVAPr /& arctan il Noki
2log(2)m/Nok; c\/A3Pr/d?

Cm(Aad7PT) -

a7
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2A3 Py /d?
Co(A,d,Pr) = cAPr/d”

(4m) 2N()k%

47'5\ /N()kg
AT \/Pr/d?

ko
——log| 1+
log(2)vVA s (
cVAVPy/d arct

2log(2)m/Noky

an

(18)

where we have isolated the factor Pr/d” in both expressions.
We will see the capital importance of this quotient on the scal-
ability of the channel capacity to the nanoscale in Section III.

F. Quantitative Results

To obtain quantitative results of the channel capacity as a
function of A and d, we assign realistic values to the parameters
of (17) and (18), considering an envisaged scenario of GWC.
Next, we describe these values and the rationale behind the
choices made.

First, the values of the constants k’1 and k’2 are obtained from
our previous work in the antenna resonant frequency [35] as
Kk =1.7-10% and K, = 4-10°. We consider unity gain antennas
and a quality factor Q = 5, consistent with our previous work
[35]. In consequence, the proportionality constants will be
ki =3.4-107 and k) = 8- 10°%.

Regarding the transmitted signal, we consider a power spec-
tral density of 10~'® W/Hz over a bandwidth of 1 THz. We have
chosen this value in light of recent results of the transmitted
power by graphene antennas fed by a photoconductive source
[49], whose radiated total power radiated is estimated to be in
the uW range. Integrating this spectral density over a bandwidth
of 1 THz yields a total power of 1 uW, in agreement with the
state of the art.

With respect to molecular absorption and noise, the medium
absorption coefficient of a standard atmosphere has been found
to have a maximum value of approximately K, = 3.5 m™!
[37]. Then, considering typical transmission distances for GWC
of up to dyuax = 1 cm, the maximum value of molecular
absorption in a realistic GWC scenario is Agps = gkmaxdmar
1.036, which is negligible in comparison with the attenuation
due to the much larger spreading loss. This result confirms
that molecular absorption will not have a significant effect on
communication in short-range wireless communications, as we
had previously obtained analytically. Similarly, the contribution
of molecular noise is also negligible in comparison with thermal
noise: Ty, = To(1 — e Fmardmar) ~ 0.034Ty. With respect to
thermal noise, its spectral density has a value of Ny = kgTj ~
1.38-107%-293 W/Hz.

Finally, we select a realistic range of values for the antenna
length A and the transmission distance d. For the former, we
choose the interval between 0.05 and 5 ym, and from 1 to
10 mm for the latter. In both cases, the chosen values are
inspired by the range of envisaged values for nanosystems. In
particular, since the free-space wavelength of terahertz waves
is around 0.3 mm, the far field assumption requires that the
transmission distance is above a few millimeters.

A summary of the selected parameters is shown in Table II.
The resulting quantitative values for the channel capacity are
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TABLE 1
PARAMETERS AND CONSTANTS
Symbol  Quantity
A Antenna length
d Transmission distance
Pr Total power radiated by the transmitter
fr Antenna resonant frequency
B Total system bandwidth
c Speed of light in the vacuum
S Power spectral density of the transmitted signal
A Total channel attenuation
Agpread  Spreading loss
Agbs Molecular absorption loss
T Transmittance of the medium
k Medium absorption coefficient
N Power spectral density of noise at the receiver
kp Boltzmann constant
Tsys System temperature
Trnol Molecular noise temperature
Ty Standard temperature
5 Emissivity of the medium

TABLE II
VALUES CHOSEN FOR THE PARAMETERS

Symbol  Quantity Value

A Antenna length 0.05-5 um
d Transmission distance 1-10 mm
Pr g\r/erage power radiated by the transmit- I uW

ey Proportionality constant in metallic an- 3.4.107

tennas
ko Proportionality constant in graphennas 8108
kg Boltzmann constant 1.38- 10723 J/)K
To Standard temperature 293 K
x10"
8

_. 6

>

3 4
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Fig. 3. Quantitative values of the channel capacity C as a function of the
antenna length A and the transmission distance d, when a metallic antenna is
considered.

shown in Fig. 3 for a metallic antenna, and in Fig. 4 for a
graphenna.

The results obtained when evaluating (17) and (18) show
that the behavior of the channel capacity at the nanoscale
differs significantly depending on whether we consider the use
of graphennas in our analysis. We observe that, on the one
hand, the absolute value of the channel capacity is up to twice
as high when graphennas are used, with respect to metallic
antennas. On the other hand, the channel capacity in graphennas
decreases more slowly as their size A is reduced. This novel
observation indicates that, thanks to the unique properties of
plasmonic EM waves in graphene, the channel capacity in
GWC scales better as the dimensions shrink than what is
observed when conventional metallic antennas are considered.

C |bits/s]

8_

d [mm] 2 0 1 A [pm]

Fig. 4. Quantitative values of the channel capacity C as a function of the an-
tenna length A and the transmission distance d, when a graphenna is considered.

The dependence of additional performance metrics of the
graphene antenna has been studied in our previous work [8],
finding that the antenna properties mainly depend on the an-
tenna length, whereas their dependence on its width is small.
Also the material and geometry of the dielectric substrate
have a considerable influence, namely, a dielectric with low
permittivity and a thickness equal to the resonant wavelength
maximizes the antenna radiation efficiency. Furthermore, ap-
plying a chemical potential to the graphene patch will in-
crease the antenna resonant frequency. Moreover, locating the
antenna near the edge of the receiver yields a slightly better
radiation efficiency, and the radiation pattern (and hence the
directionality) of graphennas is not influenced by the antenna
dimensions [50].

Finally, note that these results assume that the transmitted
power has a constant value, which might not be realistic in some
scenarios. For this reason, we next take an analytical approach
and compute the limits of the channel capacity of wireless
communications when the values of the three considered scale
parameters, A, d and Pr, all tend to zero.

III. LIMITS OF THE CHANNEL CAPACITY

We are interested in finding closed-form expressions for the
channel capacity given by (17) and (18) in the limit when all
three scale parameters tend to zero, i.e., A — 0, d — 0, and
Pr — 0. In this context, it is worth noting that the radiation
properties of graphene nanoribbon antennas have shown that
new effects need to be taken into account when calculating
the electrical conductivity of thin graphene nanoribbons, due
to the lateral confinement of electrons in such structures [51].
However, the scaling relationship between the antenna resonant
frequency and its length is not affected. Therefore, our analysis
remains valid also in the case of graphene nanoribbon antennas.

Unfortunately, the previously mentioned limits are not
unique, but they depend upon the relationships among A, d,
and Pr. For instance, it can be seen intuitively that the channel
capacity will increase if the transmission distance is reduced
more rapidly (due to the reduced channel attenuation), while
keeping the other scale parameters unchanged. Thus, to find an
analytical expression for the capacity of a nanoscale wireless
communications channel, we need to assume a given relation-
ship among the scale parameters. Following an approach as
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general as possible, we express d and Pr as a function of A
as follows:

d =k;A*
Pr =kyAP

19)
(20)

where k3 and k4 are constants and o and B are real positive
exponents. In other words, we assume that when the antenna
size A decreases, both the transmission distance d and the
transmitted power Pr shrink as well, at relative rates oo and
B, respectively. Under these assumptions, we can express the
channel capacity as a function of a single scale parameter, in
this case A, obtaining the following expressions:

k
Cn(A) = % log (1 + kleB*m*S)

B—20+1 B—2a+43
+ ki3A 2 arctan (k14A’ 2 ) 21
ka1 B—20+3
Cy(4) zﬁlog <1+k22A 2)
B—2a+1/2 B—2043/2
Y ksA 2 arctan (kMA* s ) 22)

where k;j, i € [1,2], j € [1,4] are constants w.r.t. A. The limits
when A — 0 of the previous expressions are functions of the
parameters o, and [3:

oo ifp—20> —1,
lim C,,(A) = | constant if § — 20 = —1, (23)
A0 0 if p—200< —1.

oo ifB— 200> —1/2,
lim C,(A) = ¢ constant if B —200= —1/2, (24)
a=o 0 if p—20 < —1/2.

where the term [ — 20 in the expressions above stems from
the quotient P /d*> = ©(AP~2%) that appears repeatedly in the
capacity expressions (17) and (18).

We define the feasible region of the network as the sce-
nario in which the channel capacity does not tend to zero
when the network shrinks, i.e., the conditions under which
lima_,0 C(A) > 0. When we compare the feasible regions in the
cases of metallic antennas and graphennas, we identify three
clearly differentiated regions as a function of o and 3, as shown
in Fig. 5:

 The region B — 20 > —1/2 is feasible both when metallic

antennas and graphennas are used.

e The region —1 < 3 — 20 < —1/2 is feasible only when

graphennas are used.

 The region B — 20, < —1 is never feasible.

We thus conclude that: (i) the quotient P /d” will be a key
parameter in the scalability of GWC, since it will determine the
feasibility of the network, (ii) the unique propagation properties
of plasmonic EM waves in graphennas yield a larger feasible
region as compared to when metallic antennas are used, and
(iii) this scalability advantage of graphennas allows a reduction
of the quotient Pr/d’ up to a factor ©(A!/?) with respect to
metallic antennas as the network dimensions shrink.
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Fig.5. Feasible area of the channel capacity as a function of o and . The blue
solid line corresponds to the case in which a metallic antenna is considered, and
the red dashed line to a graphenna.

IV. SCALABILITY GUIDELINES

Several enormous challenges need to be faced by the sci-
entific community when designing nanonetworks. First, as
it occurs in current wireless networks, power consumption
is envisaged to become a bottleneck in the performance of
nanonetworks. Hence, one of these challenges is the fabri-
cation of nanoscale power sources able to provide energy to
nanosystems. In this direction, researchers have started working
on novel nanomaterials and techniques to create nanobatteries
[52], as well as nanoscale energy-harvesting modules [53].

Besides the power source, another important challenge of
nanonetworks is the expectedly large density of nanosystems
required to cover a certain region. Indeed, because of the
very limited transmission range of nanosystems, and since the
number of nodes N needed to cover a fixed 3-dimensional
space scales with their transmission range as N = ©(d %), it
seems likely that a huge number of nodes will be required to
build a nanonetwork. The cost of manufacturing such a large
quantity of nanosystems may compromise the feasibility of the
nanonetwork.

With this concern in mind, we establish an additional condi-
tion for the network feasibility. In addition to the constraint in-
troduced in the previous section that the channel capacity does
not tend to zero when the network shrinks, i.e., lima_,0 C(A) >0,
we restrict the total number of nanosystems N to be inversely
proportional to the volume of a single nanosystem V, i.e.,
N o 1/V. The rationale behind this choice is that, in this
scenario, the combined volume of all the nanosystems NV
(and thus their cost) will be constant. Since the volume of
a nanosystem scales as V = ©O(A?), this condition results
in ©(d=3) = ©(A™3). From this expression, we derive that
the necessary condition for the network feasibility is d =
O(A). In other words, all the network dimensions, i.e., the
nanosystem size and the transmission distance, must shrink
proportionally. Note that the same condition would be ob-
tained assuming a 2-dimensional scenario, where the number
of nanosystems is inversely proportional to the area of a single
nanosystem.
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Fig. 6. Log-log plot comparing the scalability of the transmitted power by
a metallic antenna (Pf,, blue solid line), compared to a graphenna (PTy’ red
dashed line), as a function of the antenna length A. The transmission distance
scales as d = O(A).

In this scenario, which corresponds to oo = 1, the feasible
region of the network corresponds to the values f < 1 when a
metallic antenna is considered, and B < 3/2 with a graphenna.
In other words, with a metallic antenna, the transmitted power
needs to scale at most linearly with the antenna size, as Pr, =
Q(A); however, graphennas allow a faster decrease in the trans-
mitted power, at a rate Py, = Q(A3/?). Both cases are compared
in Fig. 6. As a consequence, graphennas achieve a scaling
advantage of ©(A!/ 2) with respect to metallic antennas. We
extract the following scalability guideline: the use of graphen-
nas allows relaxing the requirements for nano-batteries and
nano-energy harvesting modules that will power nanosystems;
for instance, when the antenna size is reduced by two orders
of magnitude, the required energy is one order of magnitude
smaller when using graphennas instead of metallic antennas.

V. CONCLUSION

In this paper, we analyze the scalability trends of the channel
capacity in wireless communications to the nanoscale, which
may be enabled by graphene plasmonic miniaturized antennas,
or graphennas. The propagation of EM waves in graphennas
exhibits novel plasmonic effects that will affect their commu-
nication properties. These effects do not appear when conven-
tional metallic antennas are simply reduced in size.

We identify and analyze the impact of three of these novel
properties: the propagation of plasmonic waves in graphennas,
molecular absorption and molecular noise. Our results show
that, while the influence of the two latter effects tends to disap-
pear as the transmission distance shrinks, the unique plasmonic
properties of graphennas have a great impact on the channel
capacity in GWC. We evaluate this impact both graphically, by
plotting quantitative values of the channel capacity as a func-
tion of the antenna length and the transmission distance, and
analytically, by computing the limits on the channel capacity
when the network size tends to zero. In both cases, we find
the channel capacity to scale better as the dimensions shrink
when graphennas are used with respect to the case of metallic
antennas. By deriving conditions to ensure the feasibility of

nanonetworks, we quantify the scalability advantage derived
from the use of graphennas as a function of the transmitted
power and the transmission distance.

Finally, we derive guidelines which indicate how network
parameters need to scale to keep the network feasible. We find
two necessary conditions for the network feasibility: (i) the
transmission distance needs to scale as ©(A), and (ii) the trans-
mitted power needs to scale as Q(A) when metallic antennas
are used, and as Q(A3/ 2) when graphennas are used. Therefore,
graphennas present a scalability advantage in the transmitted
power of @(A!/?). In other words, when the antenna length is
reduced by two orders of magnitude, the required energy is one
order of magnitude smaller when using graphennas with respect
to the metallic case.

These results establish a general framework which may
serve designers as a guide to implement the future wireless
communication networks among nanosystems.
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