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Abstract—Monolithic integrated antennas and nanoantennas
based on silicon technology, carbon nanotubes, graphene, and
nanostructure thin film technology are discussed. Monolithic
integration of antennas and novel nanoelectronic devices yields
interesting applications in wireless sensing and in wireless
intrachip and interchip communication. In case of extreme
miniaturization the electronic properties of the materials used
in the antenna antenna structures yield interesting effects like
slow-wave propagation.

I. INTRODUCTION

As the structure size of circuit devices and components is
continuously decreasing the same will hold for antennas and
radiation elements used in integrated circuits for on-chip and
chip-to-chip communication. Following the general scaling
trend on-chip antennas will soon enter the um- and even the
nanometer regime.

The rate of signal transmission on or between monolithic
integrated circuits is limited by the cross-talk and the dis-
persion due to the wired interconnects. An interesting option
to overcome the bandwidth limitations is wireless chip-to-
chip and on-chip interconnects via integrated antennas. The
electromagnetic coupling of antennas may occur via waves
radiated into space and scattered by objects or via surface
waves.

In the frequency range above 60 GHz, silicon
millimeterwave integrated circuits (SIMMWICs) of only
a few millimeters size may also include planar antenna
structures. The integration of the antenna allows the direct
coupling of SIMMWICs to the radiation field [1]-[3]. A
15 GHz on-chip wireless interconnect system integrating
antennas in digital CMOS circuitry has been demonstrated
in [4], [5]. A 15GHz intrachip wireless interconnect using
integrated antennas consisting of a transmitter-receiver pair
fabricated in 0.18 ym CMOS technology is described in [6].
Demonstration of intrachip wireless interconnects over 40 cm
distance has been demonstrated in this work. Further work
on wireless interchip communication has been presented
in [7], [8]. Channel modeling of wireless interchip and
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intrachip communication has been performed in [9], [10].
An intrachip wireless interconnect system using meander
monopole on-chip antennas and operating in a frequency
band from 22 GHz - 29 GHz is described in [11].

In [12]-[15] the utilization of the electronic circuit ground
planes as radiating elements for the integrated antennas has
been proposed. This allows for optimal usage of chip area,
as the antennas share the same metallization structure as
the circuits. By exciting the interconnection structures in
transmission line modes and the antennas in antenna modes the
interference between circuit and antennas has been minimized.

A further considerable size reduction of integrated antenna
structures my be achieved on the basis of carbon nanotubes
(CNTs). CNTs exhibit exceptional electron transport proper-
ties, yielding ballistic carrier transport at room temperature
with a mean free path of around 0.7 ym and a carrier mobility
of 10000 cm?/Vs [16], [17].

II. CMOS INTEGRATED ANTENNAS

Instead of dedicating chip area for the antenna the antenna
can make use of the available on-chip metallization. This
can be obtained by dividing the top-most metallization layer
into patches and impressing an RF signal across the gap
between the patches [14], [15]. A possible top view (a) and
a cross-section view (b) of a CMOS IC with an integrated
antenna is shown in Fig. 1. The circuit is manufactured on a
high-impedance substrate in order to reduce the losses of the
radiated field. The substrate is backed by a metallic layer. On
the top of the substrate a low-impedance layer, required for
the MOSFETs is manufactured. The active devices and the
interconnects are arranged on top of the low-resistivity layer.
The total thickness of the interconnects varies according to
the number of layers required by the CMOS circuitry. The
top-most metallization layer, depicted in black in Fig. 1 (b),
contains the ground supply plane. The antenna patches are
manufactured in this metallization layer.

The described antenna can produce no interference with the
CMOS circuitry, because a transmission line of n conductors
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supports n — 1 transmission line modes and one antenna
mode, for which the total current on the line is non-zero. The
transmission line modes and the antenna mode are orthogonal.
Additionally, the CMOS transmission line fields are confined
only in a narrow region underneath the antenna, while the
antenna field spreads all over the substrate thickness. The
CMOS circuitry and the antenna can be further decoupled by
using a carrier frequency for the wireless link much higher
than the CMOS clocking frequency.

In the V-band, the guided wavelength is in the range of
a millimeter. Therefore, an open-circuited slot with a length
of about a millimeter will be a transmission line resonator
with a resonance frequency in the V-band. Since the resonator
is open, the standing wave pattern on it will excite radiation
fields. An example of such an open-circuit slot antenna with
its current distribution is presented in Fig. 2.

III. NANOANTENNAS WITH MOM TUNNEL DIODES

An important element of a nanoantenna detector is the
rectifying element which extracts a dc component from the
rapidly-varying radiation-induced antenna currents. Semicon-
ductor diodes are widely used, but they encounter frequency
limitations for the mm-wave and long-wave infrared regime.
It has been demonstrated that metal-oxide-metal (MOM) tun-
nel diodes can provide rectification for IR and even optical
radiation [24]. Such MOM diodes are formed naturally at
the overlap area between two antenna arms, e.g. for a dipole
antenna [25]. The early work focused on symmetrical MOM
diodes, i.e. diodes with the same metal for both electrodes
(antenna arms). Such symmetrical MOM structures result in
symmetrical current-voltage characteristics, and they need to
be biased away from the origin of the I-V curve in order to
yield a nonlinearity needed for rectification. This results in
detector extra noise due to the bias, and added circuit complex-
ity. Recent work has shown that asymmetrical MOM diodes
can be formed by metal combinations with different work
functions, such as Pt and Al, and the resulting asymmetrical
I-V curves posses the required nonlinearity for zero bias [26].
In important issue for rectification at IR frequencies is the
RC time constant of the rectifying element. For detection of
10 pm LW-IR radiation, the rectifying element has to be able
to respond to 30 THz antenna currents. For a typical antenna
resistance of 100 €2, this limits the tunnel-diode capacitor area
to less than 100 nm x 100 nm, which is challenging for fabrica-
tion. Recent work has demonstrated e-beam lithographically-
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Fig. 1: A top view (a) and a cross-section view (b) of a chip with an integrated
antenna.

Fig. 2: Top view and current distribution of a two patch antenna, operating
at 66 GHz.

defined dipole antenna structures with integrated MOM diodes
that showed the expected polarization response and antenna-
length dependence of dipole nanoantennas for 10 pm LW-
IR radiation [27], [28]. In the future, we are planning to use
nanoimprinting and nanotransfer techniques for the realization
of the complete nanoantenna [29], [30].

IV. NANOANTENNAS BASED ON CARBON NANOTUBES
(CNTS) AND GRAPHENE

In 2004 Wang et.al. investigated random arrays of aligned
CNTs and has shown show that the response to incident
electromagnetic radiation is consistent with radio antenna
theory [18]. The results of Wang stimulated the investigation
of the fundamental properties of nanotube antennas and the
question for wireless data transfer at the nanoscale [19].

From [20] an analytic expression for the surface conduc-
tance of a single-walled CNT was given that can be incor-
porated into the integral equations to account for the specific
electron transport properties. In [21]-[23] copper and carbon
nanoantennas are investigated using the modified integral
equations which incorporate the CNT surface conductance.
It was found that CNT dipoles start to go into resonance
at much lower frequencies than assumed initially. This can
be explained from the fact that electromagnetic waves are
propagating along CNTs forming surface plasmons which have
a reduced propagation velocity and thus shorter wavelengths.
So CNT dipoles with several pum in length start to resonate
in the low THz region where the wavelengths are 50 to 100
times longer compared to the length of the CNT dipole.
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Fig. 3: CNT dipole antenna

Due to the slow-wave propagation of electromagnetic waves
in CNT structures the wavelength of electromagnetic waves
propagating in CNT structures is considerably smaller than
the free-space wavelength. This effect occurs due to quantum
transport effects in the CNT yielding a quantum capacitance
and a kinetic inductance in addition to the geometric capac-
itance and inductance [31], [32]. In [31]-[33] a simplified
equivalent circuit model of a CNT over ground according
to Fig. 4 is presented with a kinetic inductance per unit of
length L and a quantum capacitance per unit of length Cg
in addition to the geometry based inductance and capacitance
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per unit of length Ls and Cg, respectively. The phase ve-
locity for the modified equivalent circuit is around 0.02 - ¢g
which is in accordance with the reduced wavelength of the
surface plasmons [34]. The appearance of slow-waves makes
CNT antennas interesting for wireless communication between
circuits at the micro- and nanoscale or between nanocircuits
and the macroscopic environment [33], [35].
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Fig. 4: Equivalent circuit model of a CNT over metallic ground plane.

Linear nanoscale dipole antennas, either made of metal such
as gold or silver, or carbon nanotubes (CNTs) have been
investigated [36], [37]. Fig. 3 shows a schematic drawing of a
CNT dipole antenna. CNTs exhibit a very high inductance per
unit length due to the high kinetic energy of the electrons [37].
The high inductance results in a slow-wave behavior where
electromagnetic wave propagating along a CNT transmission
line configuration have a phase velocity in the range of cq/100
to co/50. This implies for a CNT dipole that the current
wavelength on the dipole is much shorter in comparison to
the wavelength of the source signal. In conclusion, CNT
nanoantennas much shorter than the operating wavelength can
be brought into resonance and potentially be used as radiation
elements [33]. A similar effect can be observed in case of
metal nanowires. Depending on the used material metals at
optical frequencies exhibit a real part of the permittivity
which is negative. Therefore surface plasmon polaritons can be
excited along metal nanowires if irradiated by an optical signal
[38]. The phase velocity of the surface plasmons is typically
in the order of cy/10. These effects suggest, that CNT dipoles
or metallic nanoantennas can operate at wavelengths which
are large compared to the length of the dipole. However, the
slow-wave effect due to the kinetic inductance in CNTs gets
lower for frequencies in the microwave region [39]. In case of
metallic nanoantennas the permittivity is no longer negative
at frequencies below optical frequencies and thus no surface
plasmons can propagate along the metallic nanowire.

Due to the extremely high aspect ratio (length/cross sec-
tional area), both, metal nanowires as well as CNTs have AC
resistances per unit length in the order of several k{2/um [36].
This high resistance causes high conduction losses and thus
seriously decreases the efficiency and the achievable gain of
nanoantennas. In [37] the efficiency of a CNT dipole antenna
is estimated to be in the range of -60 to -90 dB which results
from the high conductance losses. The situation in case of
metal nanoantennas will be similar. Although low power levels
are sufficient in modern communication links the inherent loss
introduced by metallic or CNT nanoantennas limits their appli-
cability considerably. One approach to bypass the resistance
problem could be the usage of arrays of nanoantennas or a
bundle of parallel nanowires. In this case the resistance can

be decreased to an acceptable value, but on the other side the
slow-wave effect gets lost, as discussed in [39]. Thus, by an
appropriate choice of geometry and the number of nanowires
the properties of nanoantenna structures have to be optimized.

Novel antenna geometries without analog in conventional
antenna technology have been suggested [36], [37]. In [36]
metamaterial based CNT nanoantennas have been suggested.

Another promising alternative could be planar structures
such as 2D graphene layers. Graphene is a two-dimensional
material consisting of a monoatomic layer of carbon atoms
ordered in a honeycomb structure as depicted in Fig. 5 [40]-
[42]. It exhibits an excellent crystal quality and unique
electronic properties [43]. Morozov et.al. have shown that
electron-phonon scattering in graphene is so weak that room
temperature electron mobilities as high as 200000 cm?/Vs
can be expected if extrinsic disorder is eliminated [44].

Fig. 5: Structure of a graphene layer.

Like CNTs graphene also exhibits excellent conductivity
and slow wave properties [45], [46]. The achievable slow-wave
effect in plasmon modes is in the order of cy/100. At THz
frequencies a population inversion in the graphene layer can
be realized by optical pumping or forward bias which yields
an amplification of the surface plasmon. Graphene allows the
realization of planar structures and also the realization of active
circuits [47].

V. OUTLOOK

Intrachip and interchip wireless broadband communication
at millimeterwave carrier frequencies can be realized in CMOS
technology and will allow the transfer of Gbit/s data rates.
Using segmented ground metallizations as antenna elements
allows the integration of antenna structures without additional
chip area consumption. A further size reduction of antenna
structures will be possible by integration of CNT and graphene
antenna structures. This will be interesting in connection with
future RF CNT and graphene FETs and graphene based ICs.
With the advancement of miniaturization MIMO systems using
space multiplex may also be realized.
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