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@ Grafe
© Capa de carboni monoatomic (d'un sol atom de gruix)
© Xarxa cristal-lina en forma de niu d'abella
© Descobert per A. K. Geim i K. S. Novoselov el 2004
© Aquest descobriment els va valer el premi Nobel de fisica

\ Oal,
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@ Quines son les propietats extraordinaries del grafé que han
atret I'atencio d’investigadors al voltant del mén?

Material més fi i lleuger observat a la natura (0.3 nanometers)

(0]

Més dur que el diamant

300 cops més resistent que I'acer (Young modulus 1 TPa (Steel ~ 0.2 TPa))
Condueix l'electricitat molt millor que el coure

Transparent (97.7% optical transparency)

Flexible: pot prendre qualsevol forma

0 0 0 0 ©

One-atom-thick impermeable membrane

(0]

Gapless energy band structure
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@ Graphene in many dimensions
© 3Din grahpite
© 2Din single layer (graphene)
© 1D in carbon nanotubes
© 0D in fuellerenes

Anton Lopatin, Graphene a new Electronic Material FAU Erlangen-Nirnberg
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@ Graphene flakes were preliminary
identified with optical microscope

@ Analysis with Atomic Force
Microscopy

@ Before it was beleived that they
could not exist due to thermal
instability

@ “The found class of 2D crystals offers
a wide choice of new materials
parameters for possible applications
and promises a wealth of new
phenomena usually abundant in 2D
systems.”

K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.

Khotkevich, S. V. Morozov, and A. K. Geim “Two-dimensional

atomic crystals” Proceedings of the National Academy of 6
Sciences of the USA 2005




Production of large Graphene sheets %'D,;amt

SKKU Process
Bae Nature Nano (2010)

Mass production of graphene % N3Cat

@® Graphite is cheap ($ per kg) Graphene is intrinsically cheap due to low marginal costl
@ Graphene costisrelated toits  ~ 1
quality (e.g. electron -
mobility) i .
© Graphene oxide i
CVD Graphene ’ -
Mechanically exfoliated @
graphene kg

o
2010 2011 2012 2013 20% 2015 2016 2017 2018 2019 2000 2021

@ According to the estimates e
graphene cost is expected to
decrease

Marko Spasenovic “The Price of Graphene” Graphenea 2011 8
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@ Aquestes propietats fan del grafé possibiliten avencgos
disruptius en multiples ambits de la ciénciaila tecnologla
© Materials
® Pantalles tactils resistents i flexibles
® Estructures resistents i lleugeres (aeronautica)
© Quimica
® Sensors de gasos ultra-precisos
® Neteja d’aigua contaminada per material radioactiu
® Destil-lacié d’alcohol a temperatura ambient
® Dessalinitzacié d’aigua
© Bio-medicina

® Detecci6 de bacteris
® Sequenciacié de 'ADN

N @)-©
Grafe 5 N3Cat

© Nano-electronica
® Transistors i circuits integrats ultra-rapids
® Super-condensadors (bateries)
® Efecte piezoeléctric a la nano-escala
© Nano-optica
® Nano-lasers
® Moduladors optics
© Tecnologies de la informacié i les comunicacions
® Comunicacions de rang ultra-curt basades en antenes de grs

Graphene-based

.. — Nano-transceiver

Mid-term: Graphene-based Wireless Network- Long-term: Wireless Nano-Sensor
on-Chip for Multi-Core processors Networks (WNSN)

1. F. Akyildiz, J. M. Jomet, “The Intemet of Nano-Things", IEEE Wireless Communications, 2010.
S. Abadal, A. Cabellos-Aparicio, J. A. Lazaro, E. Alarcén, J. Solé d hybrid for

bridging ics and nanoscale wireless 10
communication,” in Proc. of the International Conference in Transparent Optical Networks (\CTON) 2012,

04/02/2014
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Graphene Electronic Properties % N3Cat

@ Graphene is a semi-metal or a zero-
gap semiconductor

® Very high mobility for electrons: 20.000
cm?2V-1s1(Si 1400 cm2v-1s?)
@ An orders of magnitude better
than Si
@ Best conductor yet discovered
@ Electrons behave as massless ;
Dirac fermions

Very low scattering

@ Very low resistivity 107 Q-cm

© Lowest material at room
temperature

@ Graphene can help to obtain . .

faster and smaller electronics

Image: Graphenea 11

Graphene High-Frequency Transistors: Field-Effect T. %‘Ol;ac:at

graphene

* Exfoliated graphene => No
mass-production

* SiOz substrate => Mobility
degraded

+ No gate alingment => High
access resistance

* Metal-Graphene junction =>
High contact-resistance

I ——

07 - g, V2V "« VD and Epitaxial GFET =>

o V, 015 per0SY :: = ; Mass production
- 05 T £ - M + Diamond-like carbon- substrate
€ “E 2. = < => Mobility improved
< b ? 3, w© + Ultrathin gate-dielectric =>
£ 3 . fas @ : " Current-saturation improvement
_,; 02 02 @ ;i 120 " . L¢h=40nm => fr=350GHz

01 04 “ = .

TR TR T R “u o ;._.:- [FRET]

Ve (V) v, — —

M. Lemme, “Current status of graphene transistors,”
Solid State Phenomena, pp. I1-11, 2010.

C-Y. Sung, “Near 400 GHz World Fastest Graphene RF Transistor For High Frequency
Nanoelectronics and Circuits CMOS Platform Integration”, Graphene Conference 201 2

12




Graphene Field-Effect Transistors: Ft and Fmax %?uaca
1000 T T

e 2000 T T
* InP HEMT & GaAs mHEMT
1000 12D R ;
N * Graphene MOSFET
€
Q 100f
E )
g § 100f
T 10f -
3 Graphene MOSFET ~ Competing Transistor Types
v Exfoliated o InP HEMT & GaAs mHEMT
2 Epitaial = GaAs pHEMT
+ CVD o SiMOSFET
* CNTFET
1 A . 10 . .
0.01 0.1 1 2 0.01 0.1 12
Gate length (pm) Gate length (pm)
* F = Cut-off frequency, Fmax = Maximum frequency of oscillation, L = Gate length
¢ |lI-V-FET F: is saturating when reducing L
* Silicon-FET F is slowly increasing when reducing L
* GFET F; is increasing fast when reducing L
* GFET Frmax is not increasing when reducing L => GFET must improve its saturation current
— m— al

|—E Schwierz, “Graphene Transistors: Status, Prospects, and Problems,” vol. 101, no. 7, pp. 1567-1584, 2013.

14

GFET 17GHz Frequency Doubler %‘Ol;ac:at

* T-shape self-aligned device technology

¢ Ambipolar behavior => Even symmetry 5 30; -

=>Frequency doubler ; § f8GHz 2,716 GHz
« Qutput spectral purity < 90% Se
* fin = 8GHz, 2fin = 16GHz, f38 = | 7GHz E E
. jas- o

Extermal Base T and Tuner @ 0 2 4 6 8 1012 14 16 18 20 22 24 26
» Sapphire substrate Frequency (GHz)

T— m—
Vosd (b)

e N & @ O

Relative Power at the Output (dB)
2 b

; j

N .

\

&

Szg=17 GHz

Frequency {GHz) ' Input

Wang, Han; Hsu, Allen; Mailly, Benjamin; Ki Kang Kim; "Towards ubiquitous RF electronics based
on graphene,” 2012 IEEE MTTS International , vol, no,, pp.1-3, 17-22 June 2012

15
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GFET 17GHz Frequency Doubler %‘zaca

+ T-shape self-aligned device technology

= Ambipolar behavior => Even symmetry 8 -0 -
=>Frequency doubler ;;: E =16 GHz

« Qutput spectral purity < 90% K g

o fin = 8GHz, 2fi, = 16GHz, {38 = | 7GHz ‘-:' E

. ias- =]

External Bias-T and Tuner # 0 2 4 6 B 10 12 14 16 18 20 22 24 26

= Sapphire substrate Frequency (GHz)
| T— —
g " Vyy-Vsy Clrve (b)
S Vos 4 p__ Ouput
. ANAR
S ¢ LA X AVOAVLAVLA W
3 2 g ATCTE
_:‘: . +Vaa
%
B ey,
S 4 L
% - Sagg=17 GHz
5
.10 - T

1 '

10 20
Frequency {GHz) Input

Wang, Han; Hsu, Allen; Mailly, Benjamin; Ki Kang Kim; "Towards ubiquitous RF electronics based
on graphene,” 2012 IEEE MTTS intemational , vol, no., pp.1-3, | 7-22 June 2012

15

Experimental measurements of graphene devices % ENSCat

@ Wafer-scale graphene integrated circuit
© Broadband RF mixer at frequencies up to 10 GHz
© Including a graphene FET and inductors

IF OUT ifar - fua)

RF IN {fzs)

LOIN (o) +
Drain bias (DC)

— T
fn - fio P~ 1o aH) for+hio
A — ! (7.8GHz) |

E‘q.—r,,= [3.8IGHZ] J
I ——

-

Y. Lin, A. Valdes-Garcia, S. Han, D. B. Farmer, I. Meric, Y. Sun, Y. Wu, C. Dimitrakopoulos, A. Grill, P. Avouris and
K. A. Jenkins, “Wafer-Scale Graphene Integrated Circuit”, Science, 2014 (IBM) 16
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GFET 17GHz Frequency Doubler % N3Cat

Terahertz Transmitter Chi i Terahertz Receiver Chi
SIW Antenna iReconﬁgurable SIW Antenna
(Gain: --050B3) | (Gain: ~ 0.5 dBi)

VCO Buffer Modulator PA  Tripler " /,?’ K7 Subharmonic Mixer

(~=21dBm) (Gain:~10dB) (Loss:~5dB) (Gain:~10dB) (Conversion (Conversion Loss: ~ 30 dB)

{~4dBm)

v
IF
* Area = (0.35mm*0.95mm)+
(29mm*0.6mm) = 0.33mm?
+1.74mm? = 2.07mm? =>
0.16mm2+1.5mm? = |.66mm? (no
antennas)

* Power consumption = (50nA*|.2V)
+ (1179mW) = 117.9mW

* Energy Efficiency = Power

0.6 mm

Sonming Hu; Yong-Zhong Xiong: Bo Zhang; Lei Wong; Teck-Guan Lim; Minkyu Je; Madihian, M., "A
SiGe BICMOS TXIRX Chipset With On-Chip SIW Antennas for Terahertz Applications,” Solid-State

Circuits, IEEE Journal of , vol.47, no.l |, pp.2654-2664, Nov. 2012

E Consumption/Data Rate =

E 117.95mW/10Gbps = | 1.79 p)bit

P + FOMcom = Power Consumption/
(Data Rate*+/Distance) =
117.9mW/(10Gbps*v/6cm) = 481
pl(bit.v/cm)

H Subharmonic Mixer i Reconfigurable SIN Antenna i
H 1

mm | ) | m

10
— +
2 tos
= +
>
9407} *
@ +
3
g +
Z +
E10'|
g foau=©(1/Len) +
@ +
°
B 100t X g
('
107 10° 10’ 102

Antenna length [um]

@ Downscaling a traditional antenna to a few um is not possible
@ Radiation frequency in the Optical Regime
@ Downscalability factor: ©(1/L)

I. Llatser, C. Kremers, A. Cabellos-Aparicio, E. Alarcén and D. N. Chigrin, “Comparison of the
Resonant Frequency in Graphene and Metallic Nano-antennas”, in AIP Conference 18
Proceedings, 2012

04/02/2014



@ Explore antennas that resonate

© much lower frequency than optical regime
© High end of the EM RF band

@ Graphene-based plasmonic nano-
antennas (graphennas)

ize i 2kl e ]
© Sizeinthe um range alw) = i In {_L(lhll ka,’” prerr—
© Predicted to radiate in the THz band
m Photonics
Microwaves Visible X-ray ray
MF. HF, VHF, UHF, SHF, EHF I
»
| | | | | |
Frequency Hz) 107 10° 100 0 \TL'F/ 10 (VLI (1 AT
kilo mega giga lera peta ex zetta 0 05 1 15 2 25 3 35

Frequency [THz]

®EU FET flagship project “Graphene” T~
GRAPHENE FLAGSHIP —== 17

(&) (2
(> N3Cat

@ Graphene-enabled Wireless Communications (GWC)
advocate for the use of graphene RF plasmonic antennas, or
graphennas, to communicate nanosystems

@ The working principle of graphennas is as follows

©® When an EM wave irradiates the
antenna, it excites the free electrons
on the graphene layer

@ Surface Plasmon Polariton (SPP)
waves propagate at the interface
between the graphene layer and the
dielectric material

@ The generated SPP waves resonate
in the antenna edges

20

04/02/2014
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@ Graphene plasmonic antennas can be developed by
exploiting the propagation of SPP waves in the graphenna

@ The novelty of graphennas is that they propagate SPP
waves in the terahertz band (0.1 — 10 THz)

© Up to two orders of magnitude below metallic plasmonic antennas

@ Comparable radiation efficiency

© Wide tunability

Microwaves Visible X-ray y-ray
MF, HF, VHF, UHF, SHF, EHF I q )
Frequency (Hz) 100 108 108 109 1012 1015 1018 102!
kilo mega giga tera peta exa zetta

21
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@ In order to understand the behavior of graphennas, we need
to study the propagation of Surface Plasmon Polariton (SPP)
waves in graphene

© EM waves guided along a metal-dielectric interface which are
generated by an incident high-frequency radiation

a ZJ b 4
Dielectric
> > £
N % /‘ ik y
\\ NN .-’ /’\ \ (2R d
oW /
“I I'. |'I.'J'!h\ I'I lln ﬂ\'\l | .".' I'I' f > l l |E2[
i —— i > >
i o i * L x a7
Metal 4
0. Benson, “Assembly of hybrid photonic architectures from nanophotonic constituents”, Nature, 2011. 22

04/02/2014
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@ Current plasmonic nano-antennas
© Made of noble metals (gold, silver)
© Typical size ~10-100 nm
© Resonant wavelength ~ 1 um (frequency ~ 100 THz)

@ Such a high frequency is not appropriate for omnidirectional
wireless communications

@ However, graphennas have the potential to resonate in the
terahertz band

© Graphene is able to propagate SPP waves at much lower frequencies
than metallic antennas

@ Expected frequency range for future ultra-fast integrated circuits

23

Oal,
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@ In order to calculate the resonant frequency of graphennas,
we consider their dispersion relation

© Relates the wavenumber with the frequency of SPP waves
propagating in a graphene Iayer €: dielectric constant of
the substrate
g,: dielectric constant of
Ne (w’) vacuum
+ = —1 B: wavenumber
2 w? kQ w2 ( '80 w: angular frequency
g - 7 S — &3 c: speed of light
SPP € SPP ¢ o(w): conductivity of
graphene

1 The graphene conductivity will

determine the properties of

R FY .
”eff('“") =4/1- 450 U(w)z/ SPP in graphene

Marinko Jablan, Hrvoje Buljan and Marin Soljaci¢, “Plasmonics in graphene at infrared
frequencies” PHYSICAL REVIEW B 80, 245435 2009 (MIT)

04/02/2014
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@ The frequency-dependent electrical conductivity of a
graphene monolayer is obtained using the random-phase
approximation

22 kyT e i intraband
alw) = e Tl” 2cosh SenT —; ) :
xh b 2%ksT]] w +it contribution

o2 W\ 4o [ H(e) — H(w/2) T T T T T T T T e
oilw) = 4h (H(Z) "a Jo de w? — 4¢€? ) 41 === intraband
inh(fic/kpT) =3 = total
sinh(he/kp i - .
Hie) = cosh(u,/kgT) + cosh(he/kgT) 9
o 2 4
; L)
o(w): conductivity of interband o Im [¢]
graphene contribution 1F
w: angular frequency —— =]
e: electron charge 0 0 1 2 3 4 5 6 7 8

h: reduced Planck’s constant
kg: Boltzmann’s constant
T: temperature
H.: chemical potential
25

Frequency [THz]

1: relaxation time

Oal,
O N3Cat

@ The graphene patch acts as a Fabry-Perot resonator for SPP
waves with the resonance condition

L: effective antenna length
kspp: SPP wavenumber
Aspp: SPP wavelength

m: resonance order

(1) L=L+2L=m /\Sl')PP —m—

4 n(.'spp

@ By combining the resonance condition (1) with the
dispersion relation in graphene (2), we can obtain the
resonant frequency of graphennas as a function of their

length

. | 1
(2) 2 + =1 . 5 II"'\
\/‘E"ém‘ -2 : 4.

26

04/02/2014
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@ The resonant frequency of graphennas can also be
obtained by means of FEM electromagnetic
simulations

@ Solve Maxwell’s equations numerically with the appropriate
boundary conditions

@ An incident plane wave normally incident to the
antenna is considered

JE.dA =<
&0
[BedA =0
do
E0d=—- n
JEds=-“2 o|

{Beds =;10]+£0ﬂo%

27
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@ Two graphenna models are considered
@ Thin slab of graphene with a finite thickness
@ Normalized effective conductivity o/A
@ High mesh density — high computational cost
© Graphene sheet as an equivalent surface impedance Z=1/c
@ Current in graphene is purely superficial
® Much lower computational cost

Oexc¢ 107 [pm]

(=R A |

0 0.5 1 15 2 25 3 35 4

Frequency [THz] 28

04/02/2014
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@ The scattering and absorption cross sections of the
graphenna are numerically calculated

@ As expected in nanostructures, absorption (red line) is several
orders of magnitude higher than scattering (black line)

@ The resonant frequency is obtained as the frequency
at which the absorption cross section is maximized

llc?esonant ______ 8 e T g 6 § &2rS. -n
L I ER o s S
E 6F N g |Sine]
= Tk — S— 4 8 inc
= 5r N ] 2
= 4k ~ 43 <
—_— o ~ F b
. 3-_ '-s.'-..__.\ _:2 _-;-
§ 2r =1 5 § ?rS-n
1F = Tab =
C E s S,
0 o ERIETETI SRRTERTET FRUTI FURTL )] | -mc|
0 05 1 1.5 2 25 3 35 4
Frequency [THz]
29
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@ Antenna resonant frequency as a function of its length and

width
4 T T T T T T T T

—_ = i
E 3.3 N Simulation results p
= 3k .
B 25k .
E 2 F Analytical model -1
& / ]
8 1.5 F -_
g 1k 3
() ). IR U SPU TR S RN AP S R

0 2 4 6 8 10 12 14 16 18

Resonator Length [pum]

Frequency [THz]

Oabs [1(}.1 “m2]

1.6

1.4 -

1.2

08
0.6
04
02

s F T T T T T u|
7 ]
6 ]
5 ]
4 ]
3 ]
5 ]
1
0 L L Il L L

0 05 1 15 2 25 3 35 4

Frequency [THz]
T T T T T T T ]

r \ W=100 pm
N - W=5.0 ym ]|
N —— W=0.5 ym ]
r - W=0.2 pm ]
L 1 1 1 1 1 1 1 1
0 2 6 8 100 12 14 16 18

Resonator Length [ pm]
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Tunability of the resonant frequency in graphennas %Dl;ar:at

@ Influence of varying the substrate material and thickness

© The resonant frequency decreases when
€, increases

© By adjusting the substrate thickness, a
larger resonance can be achieved

e T R TR T e A e
012 [ =——si P 1 on2f I —_—
01 F—— ‘5’::‘?‘1]“‘“ Vi \\ ] 01 " ll == D=37.2 pm
. 008 | / . 1 . oo N T D5 m
© 006 [ —d ] !
e e Ny ~, 4 I,
004 - ST ~e g
/ ~— E
002 [ g e S
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45 5

Frequency [THz]

Frequency [THz]

Tunability of the resonant frequency in graphennas % N3Cat

@® The resonant frequency of graphennas can be tuned by
changing the chemical potential

© This can be achieved by chemical doping of the graphene layer or by
applying an electrostatic bias

100 — o0l
=1 ™
Z 0.001
10 3 A\
S 1x10
— 3 _
E 1 1 10-:).01 0.05 0.1 05 1 510
3 Frequency [THz]
é@ 0.1
0.01 g
s
0.001 8
5 10 15 20 25 30 35 40
0.01 0.050.1 05 1 5 10
Frequency [THz] Frequency [THz]

32
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@ Scalability of the resonant frequency in graphennas and
metallic antennas

© Graphennas resonate not just at a lower frequency, but they also scale
better with respect to the antenna size than metallic antennas!

[ i Y SRR [~

: ) frm = ©(1/L)

o 4 . & i Graphennas with a size
E 10 + ‘/ i, of afew um resonate in
g the terahertz band, 1 to 2
D 10°. fre =© (1/@) | orders of magnitude

© % lower than metallic

é _'__) - ) antennas!

E 107} \/H'"' - = \"(*'QI‘F' & o yellow line: metallic antennas

> X : blue line: graphennas
10 10 10 crosses: simulation results
Antenna length [um]

-1

10

I. Llatser, C. Kremers, A. Cabellos-Aparicio, J. M. Jornet, E. Alarcén and D. N. Chigrin, “ Graphene-based Nano-patch 33

Antenna for Terahertz Radiation”, Photonics and Nanostructures - Fundamentals and Applications, May 2012.

Photoconductive-fed graphennas % Necak

@ A practical technique to feed graphennas is by means of
photoconductive sources

© Laser radiation excites photocarriers in the biased semiconductor
and generates terahertz pulses

© The excitation of SPP waves in the dipole graphenna produces a

free-space terahertz radiation
fslaserpulse V-

-, @.‘p"‘“ \
ot LT-GaAs s

A. Cabellos-Aparicio, |. Llatser, E. Alarcén, A. Hsu and T. Palacios, “Use of THz Photoconductive Sourcgﬁ to
Characterize Graphene RF Plasmonic Antennas”, IEEE Transactions on Nanotechnology (UPC / MIT)

04/02/2014
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Photoconductive-fed graphennas %Dl;ar:at

@ A model of the photoconductive antenna allows deriving the
voltage of the generated terahertz pulses

© The power radiated by the graphenna is obtained by considering the
antenna impedance, radiation efficiency and mismatch loss pulses

: 30
dn(t) __n(t) oo
dt Te S 20
do(t) _ v(t) L g > 10
dt Te m 0
AP,.(t Pyt 0 2 4 ®
;;( ) __ selt) 1 i(h) Time [ps]
[ Tr 8
V(t) = Zo- ()8 Velt) g
>
= 2
P=V?Z,
O n
P.i=M;-cp-P 0 1 2 3 4 5
rad LR Frequency [THZ]

35

Photoconductive-fed graphennas %’D,;ac“

@® Power radiated by the photoconductive graphenna, for
different antenna lengths

© Frequency content in the terahertz band
© Increases with the electron mobility in graphene

g = 10000 1y = 20000

2N/ LYW
Cme/vs Cm=/vs

-
]

0.25F
02f

o
o -

06
0.1F

Radiated power [uW]
o
- a M
Radiated power [uW]
o
K

0.05}

o
)

(=}
(=]

0 1 2 3 4 1 2 3 4
Frequency [THz] Frequency [THz]

[=]

36
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Operational range of graphene antennas

Oal

@ How graphene antennas downscalability advantage

compares to metallic antennas?

> N3Cat

LT} 08
0.5
04

ETH

02

01 a1

0s 10 15 0
v [THz]

A. Cabellos,|. Llatser, E. Alarcén,A. Hsu, and T. Palacios, Max Lemme, Mikael Ostling

B. (UPC/MIT/KTH / Ericsson)

ion Length (Re[ ]/ 4=Tm[])

10

0.5

37

Application 1: wireless multicore processors JB .Nac ok

@Computer performance improvement is

no longer achievable by simply increasing
the operation frequency

Dual-Core Itanium 2

oo |1 ||
© Heat Intel CPU Trends e
© Power consumption so0ano | euTces:Intel, Wikipedia, K. Olukotun) yi
© Current leakage m/_/

10000
||~ Emergence of manycore processors m 0 z'-.
Lo sna -
@The performance bottleneck of . m / : ad
multicore processors has shifted from . ek
clock frequency to inter-core ® - AT | :\“'
communication capabilities. v:.’ ° e Ty T
© Need of new scalable 1 ../: .}:- L s
communication techniques sos A
II‘ comms NEtwork-on-Chip (Noc) ul510 1975 1980 1985 1990 1995 2000 20:)5 2010

38
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Graphene microantennas for wireless Network-on-Chip architectures

WHY WIRELESS for NOC? Gﬁiﬂi‘.’gf{:fﬁ:i T Nano-transoeiver

Multi-user shared RF medium

—+~—— Processing Core
Latency ’

Reconfigurability

Inherent broadcast and multicast H/—7/—7/—7

3D FFT supercomputers and %/57@
Big Data (Google) H’??H

PhD Candidate Sergi Abadal “Intel Doctoral Student Award”
“Graphene-enabled Wireless Communications for Manycore
Architectures”

o]
o]
o]
o]
o]
o]
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@ Implementation-Communications
®© How do area (A) and bit energy (E) scale?

—d— ElMesh

= Ellesh (Beast)
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Aplicacio 2: xarxes de nano-sensors sense fils % N3Cat

@ Nano-sensor
© Nanodispositius d’'una dimensié de uns quants (pocs) micrometres
© Capacitat de mesurar, processar i emmagatzemar informacié

© | de recol-lectar I'energia que necessita per sensar i processar
(energy harvesting), per exemple amb nanofils de zinc

© Equipats amb antenes de grafé per comunicar-se (via radio) amb
d’altres nano-sensors

Aplicacié 2: xarxes de nano-sensors sense fils % N3Cat

@ Algunes aplicacions de les xarxes de nano-sensors:

Healthcare provider

Nano-micro

= Nano-node [ jniofor
1 Nam-mumﬁ Gateway

L g
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-=-Nano-link  — Micro-link E Nano-mute(Q Gateway
= = Nano-link Micro-fink
Sistema de deteccio de malalties i Internet de les nano-coses
administracié cooperativa de medicaments (Internet of nano-things)

(Intrabody networks)

N .
@ EU FET flagship project “Guardian Angels” (.} gl elifil AU
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Channel capacity in GWC % N3Cat

@ The scalability of the channel capacity in GWC is studied as
a function of three scale parameters
© Antennalength L
© Transmission distance d
© Transmitted power P;

@ The results using graphennas and metallic antennas are
compared
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Channel capacity in GWC % N3Cat

@ The channel capacity is obtained with the Shannon-Hartley
theorem, integrated over the whole terahertz band
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= 3 1 1+———d
S(f):f;%'?gdféprfg 8 ( - A(fIN(S) f

Transmitted power spectral Channel
density attenuation
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Bandwidth
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Channel capacity in GWC % N3Cat

@ Expression of the channel capacity in GWC
© The factor P,/d? will have a key role

C(B,d, Pr) = /01} log, (1 + (Pi) df
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@ Scalability of the transmitted power in GWC with respect to
the antenna length

© Additional feasibility condition: the network shrinks proportionally
® Transmission distance scales proportionally to the antenna length (a=1)

© Graphennas require less power than metallic antennas as their size
is reduced to the nanoscale
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