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Design of a Reconfigurable MIMO System for THz
Communications Based on Graphene Antennas
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Abstract—Based on the properties of graphene nano-patch
antennas, we propose a reconfigurable multiple-input mul-
tiple-output (MIMO) antenna system for Terahertz (THz)
communications. First, the characteristics of the graphene are
analyzed and a beam reconfigurable antenna is designed. The
beamwidth and direction can be controlled by the states of each
graphene patch in the antenna. Then the path loss and reflec-
tion models of the THz channel are discussed. We combine the
graphene-based antenna and the THz channel model, and propose
a new MIMO antenna design. The radiation directions of the
transmit antennas can be programmed dynamically, leading to
different channel state matrices. Finally, the path loss and the
channel capacity are numerically calculated and compared with
those of the Gigahertz (GHz) channel. The results show that for
short range communications, the proposed MIMO antenna design
can enlarge the channel capacity by both increasing the number
of antennas and choosing the best channel state matrices.

Index Terms—Graphene antenna, reconfigurable multiple-input
multiple-output (MIMO) system, terahertz (THz).

I. INTRODUCTION

RAPHENE has attracted much interest since it was first

isolated from High Ordered Pyrolytic Graphite (HOPG)
in 2004 [1]. Many devices are rebuilt using graphene based
on its unique electric properties. For example, for field-effect
transistors [2] and interconnects [3], high speed is achieved
due to the special energy band structure and ultrahigh electron
mobility in graphene [4], [5]. Another promising research
topic is graphene-based nano-antennas [6]-[9]. Compared with
metallic antennas, the graphene-based nano-patch antennas
have a smaller size because of the slow wave property [8],
[10], and also resonate with a higher radiation efficiency due
to the higher electron mobility in a nano scale structure [9].
Besides, as the resistivity of graphene decreases rapidly with
the increase of the electrostatic bias voltage, the states of the
graphene-based antennas can be easily controlled. Thus, a
reconfigurable antenna array with variable radiation patterns is
obtained based on this characteristic [6], [11].

On the other hand, the multiple-input multiple-output
(MIMO) antenna technique is well known to increase the
spectral efficiency of a wireless communications system [12].
If the amount of scattering and reflections in the multi-path
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environment is large enough, then more transmit and receive
antennas result in more data streams and higher spectral effi-
ciency. However, for real MIMO systems with limited area,
the antenna size and antenna separation are the main obstacles
to increasing the MIMO scale, which is difficult to solve when
using traditional omnidirectional antennas. To deal with this
problem, graphene-based directional antennas can be promising
candidates to decrease the antenna size [8]. Also, high direc-
tional antennas can reduce the antenna separation by enlarging
the angular spread. Another way to increase spectral efficiency
is using reconfigurable antennas. For example, by controlling
the antenna length [13], [14] or the states of the antenna array
[6], [11], the radiation pattern is changed dynamically, which
increases the spectral efficiency by 10%—70%.

In the long term, the only promising way to meet the demand
of ultra high data rate is to shift the carrier frequencies to the Ter-
ahertz (THz) band. However, the THz channel has many char-
acteristics different from the Gigahertz (GHz) channel, such as
much higher propagation loss and extra molecular absorption
loss [15]. Thus, the models for the GHz channel cannot be ap-
plied directly to the THz channel. Reference [15] models the
THz channel and analyzes the capacity of wireless networks.
The results show that the capacity can be as high as 100 Tbit/s
but drops quickly because the path loss for long distance is rel-
atively high. To conquer this problem, the authors in [16] sug-
gest to use highly directional antennas at THz frequencies in
realistic indoor environments. Besides the path loss, the scat-
tering and reflection behaviors are also different from those in
the GHz band[17], [18]. For THz waves, the surfaces of indoor
objects must be regarded as rough surfaces instead of smooth
surfaces. When the surface is rough enough, the specular reflec-
tion may lose its privileged position, and the diffusely scattered
paths may be even stronger[19]. Therefore, these unique fea-
tures lead to new models to characterize the THz channel.

For THz communications, new antenna designs are needed to
adapt to the THz channel. Reference [20] studies the THz emis-
sion from interdigitated finger photomixers coupled to planar
antenna structures, and reveals that the performance can be im-
proved by independently optimizing the photomixer and an-
tenna. Georgiou et al. have recently demonstrated experimen-
tally a full all-optical generation of linear antennas at THz fre-
quencies, indicating the possibility of inducing resonant phe-
nomena by the structured illumination of a flat surface [21].
However, both of these antennas are not suitable for building
reconfigurable directional antennas. Besides, for nano-devices,
such as nano-sensors and nano-on-chip systems [22], [23], the
space is limited and the sizes of the aforementioned antennas
are too large (i.e., the size of the antenna in [21] is about several
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millimeters). As graphene has the aforementioned novel prop-
erties, it can satisfy our requirements in manufacturing recon-
figurable directional antennas for THz communications. Refer-
ences [24] and [25] combine leaky-wave theory and the prop-
erties of graphene, and propose two different antenna structures
with beam scanning capabilities. However, in order to tune the
radiation patterns, many different bias voltages (as high as 45
V) are required [25] which is complicated for a nano device.
Besides, for both of these two designs, the gains of the antennas
are small and cannot compensate the high path loss in the THz.

In this paper, a new reconfigurable MIMO antenna system for
THz communications is designed based on graphene Yagi—Uda
antennas. The main contributions of this work are summarized
as follows.

— We propose a Yagi—Uda antenna design based on an array
of graphene patches for the first time, and analyze the radi-
ation patterns of these directional antennas, which can be
easily configured by changing the electrostatic bias voltage
on each element.

—Based on the THz channel model, we propose a new
MIMO antenna system for THz communications. The
transmitter in the system is an array of antennas and each
antenna is an array of graphene patches.

— We firstly apply the designed reconfigurable graphene-
based directional antennas to THz MIMO systems, and an-
alyze the spectral efficiency of such MIMO systems under
different scenarios. We show for the first time that the an-
tenna separation can be tremendously reduced if direc-
tional antennas are used.

— We investigate the performance of such a reconfigurable
MIMO system via simulations. The results are compared
between different power allocation schemes as well as
with the performance of traditional metallic antenna based
MIMO systems. It is shown that by employing the best
configuration, our system can considerably increase the
spectral efficiency.

The remainder of this paper is organized as follows. In
Section II, we provide the background information of graphene
and graphene-based antennas. In Section III, we model the
THz channel and compare it with the GHz channel. Then, a
new graphene-based MIMO antenna system is proposed in
Section IV. The spectral efficiency of such system as well as
the simulation results are discussed in Section V. Finally, our
conclusions are given in Section VI.

II. GRAPHENE-BASED DIRECTIONAL ANTENNAS

Graphene is a two-dimensional, infinitesimally thin sheet
with a surface conductivity o{w, pt., I, T), where w is the
radian frequency, . is the chemical potential, I' is the phe-
nomenological scattering rate, and 7' is the temperature. Spatial
dispersion effect may become significant under certain con-
ditions, which modifies the characteristics of graphene-based
devices [26]. When the spectral wave number is extremely
large, the full-k, relaxation time approximation model is intro-
duced to characterize the conductivity of graphene [27]. In this
work, the normalized wave number (normalized with respect
to the free space wave number) is between 50—100, and hence

the spatial dispersion effect can be ignored [27]. Therefore, we
can use the results from the Kubo formula [28]
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where —e is the charge of an electron, 7 and A are the reduced
and normal Planck’s constants, kg is the Boltzmann’s constant,
and fy(e) = (els=#)/k3T 4 1)1 is the Fermi-Dirac distribu-
tion. The relationship between ;.. and the carrier density n is
[29]
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where v is the Fermi velocity. Therefore, the chemical poten-
tial s is determined by the carrier density which can be con-
trolled by application of a electrostatic bias voltage and chem-
ical doping [29]. For a single layer graphene (SLG), suppose
the bias voltage is V. Then, for each density of charged impu-
rities nimp, there exists a corresponding bias voltage V, = Vp
that makes the conductivity of the graphene maximum. When
Vy, = 0, the conductivity of the graphene is minimized. In this
work, the bias voltage Vp = 15 V [6]. If njm,, is large enough,
the maximum conductivity of the highly doped graphene can
be 10000 times larger than the minimum conductivity [6], [29].
Therefore, graphene has two modes: the low resistance mode
when V,, = Vp, and the high resistance mode when V; = (.
Graphene-based nano-patch antennas for THz communica-
tions usually have a dimension on the order of microns. As the
width of the patches is finite, the edges of the graphene may
modify the guiding properties of plasmons [24], [30]. In the
THz range, there are two types of plasmon modes within the
graphene patches: the waveguide mode and the edge mode. For
the low frequency in our work (< 2 THz), there is only one
mode [30]. Besides, in this work, the width of the graphene
patches is fixed and, therefore, the plasmon-light coupling
angle is constant. We can directly synthesize different graphene
patterns using chemical vapor deposition on thin nickel layers
and transfer them to arbitrary substrates [31]. Although current
technologies cannot fabricate graphene antennas with high
efficiency, they might still be used in applications where low
efficiency is tolerated and small antenna size is required. A
nano-patch antenna sample made of graphene on SiO3/Si
substrate is shown in Fig. 1(a). In this example, the dimensions
of the antenna are 2 ;sm x 5 ;sm which resonates at 1 THz [9].
This resonant frequency is much lower than that of the stan-
dard metallic dipole antennas of the same size. A photomixer
is employed to couple the wave into graphene antennas, as
explained in details in [32]. As an alternative, the wave can
also be coupled by means of electric pumping [33], [34]. A
electrostatic bias voltage is applied on the graphene to change
its resistance modes. Suppose 1 THz is the resonant frequency
at the low resistance mode. When the graphene changes to
high resistance mode, the resonant frequency shifts away from
1 THz. For the fixed feeding frequency of 1 THz, the graphene
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Fig. 1. (a) Graphene-based nano-patch antenna element. (b) Graphene-based
directional antenna with 5 elements, and each element has a similar size as the
one in (a).

patch resonates when V; = Vp, and does not resonate when
V, = 0. Therefore, by changing the bias voltage, the radiation
states can be configured dynamically.

Recently, in order to adapt to the changing channels, recon-
figurable antennas attract much interest in wireless communica-
tions [14]. In some scenarios, the length of the antenna can be
dynamically changed so that the resonant frequency can vary. In
some other cases, the reconfiguration features can be obtained
by using phased antenna element arrays. Based on the aforemen-
tioned properties, we further consider a Yagi—Uda-based recon-
figurable antenna with m patch elements, as shown in Fig. 1(b).
The patch in the middle is used as the driven element, the two
nearby patches (2, 4) are used as reflectors and all others are
used as directors. The lengths of the reflectors are 7% longer
than the driven element and the directors are 14% shorter than
the driven element. There is a reflection sheet A\/4 below the
antenna elements. Let ¢; denote the mode of the :th graphene
patch element and the mode set [C]; = ¢;, where C is a vector.
The commercial software HFSS is used to simulate the radia-
tion patterns of the antenna. By keeping some graphene patches
in the low resistance mode while others in the high resistance
mode, different radiation patterns are produced. For example,
when patches 1, 3, 4 are in the low resistance mode and 2, 5
are in the high resistance mode, the radiation pattern is shown
in Fig. 2(a). In this case, the driven element (the 3rd patch)
is excited by a 1 THz wave, and the reflector (the 4th patch)
and the director (the 1st patch) are passive radiators and do not
need feeding. At this stage, the significance of the coupling ef-
fects between two nearby graphene patches is not clear, and
needs to be explored in future work. In this paper, such cou-
pling effects are assumed negligible. Fig. 2(b)—(c) shows the
radiation directions with other configurations which have a size
of 5. Fig. 2(a) and (b) indicates that the radiation direction has
a dynamic range up to 80° and the beamwidth is 50°. Also,
the beamwidth of the antenna can be modified by changing the
number of elements. Fig. 2(d) shows the beamwidth of an an-
tenna with seven elements. In this case, the patches 1, 4, 7 are in
the low resistance mode and 2, 3, 5, 6 are in the high resistance
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Fig. 2. Radiation pattern of the antenna for . = 1eV,T = 1 x 10'2,
T = 300 K, and the size of the driven element is 2 gmx 5 gem. The number of
elements in (a)—(c) is 5; and (d) 7. (a) Elements 1, 3, and 4 are in the low resis-
tance state. (b) Elements 2, 3, and 5 are in the low resistance state. (c) Elements
1, 3 and 5 are in the low resistance state. (d) Elements 1, 4, and 7 are in the low
resistance state. The working frequency f = 1 THz.

mode. Patch 4 acts as the driven element, and patches 1, 7 are
the reflector and the director, respectively. Similar to Fig. 2(c),
the radiation direction is 0°, as the reflector and the director have
the same length. Obviously, the beamwidth is narrower and the
gain is higher than those of 5 elements. Fig. 2 indicates that we
can get highly directional antennas with a narrow beamwidth by
properly choosing the number of elements and the states of each
element. Moreover, compared with the structure in [35], patches
in high resistance mode do not introduce any interference to
the desired patterns. Therefore, the graphene-based antenna has
some distinctive properties suitable for THz communications
systems. First of all, the size of antennas made of graphene is
smaller which is important for devices in the THz band. Sec-
ondly, the radiation direction can be conveniently configured by
changing the electrostatic bias voltage. Finally, the antenna is
highly directional and with a high gain so that it can compen-
sate for the high attenuation loss in the THz band.

III. MODEL OF THzZ CHANNEL

In order to increase the spectral efficiency to meet the re-
quirements of future wireless communications in current fre-
quency bands, advanced modulation schemes and signal pro-
cessing technologies are not enough. Therefore, the THz band
(0.1-10 THz) is regarded as one of the most promising spec-
trum bands. The THz channel model has been discussed in sev-
eral recent works [15], [17], [18], [36], [37], and in this paper,
we use the results in [15]. A signal in the THz band suffers both
spreading loss and molecular absorption loss, which is different
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from that in the GHz band in which molecular absorption loss
can be ignored. The total path loss in the THz band is [15]
A(fv d) = AASprcad(fa d) + Aab?(f/ d) (3)

where Aspread(f, d) is the spreading loss at distance d and fre-
quency f, defined in decibels (dB) as

Agpread(f, d) = 20log (47rfd )

: “4)
C

where ¢ is the speed of light in free space, and A, ( f, d) is the

molecular absorption attenuation denoted in dB as

Aaps = k(f)d10logyg e, (%)

where k() is the medium absorption coefficient. As the air is
the composition of different molecules (e.g., nitrogen, oxygen
and water vapor), k() is the sum of weighted coefficients of
each gas. When the concentration of the water vapor is high,
several peaks of attenuation are observed due to the molecular
absorption loss, and the total band is segmented into several
transmission windows. Except for these peaks, the total path
loss only depends on the distance and the frequency, indepen-
dent of the molecular composition, which is similar to that in the
GHz band. Equation (4) indicates that the spreading loss in the
THz band is 60 dB higher than that in the GHz band, thus the
THz frequency is only suitable for short range communications.
Besides the differences in path loss, the reflection properties
are also different from those in the GHz band. For objects (e.g.,
plaster or wallpaper) in indoor environments, the surface varia-
tions are on the order of several hundred microns to millimeters
[17], [18], which are comparable to the THz wavelength A (e.g.,
wavelength at 1 THz is 300 microns). Therefore, the surfaces of
indoor objects, which can be regarded as smooth surfaces at the
GHz frequency, are now rough surfaces at the THz frequency.
According to the analysis in [19, p.81], the roughness factor is

p=(po+pr)e?? (6)
with
21 - A - (cos b1 + cosd 2
g=< ( . 2>) (M

where pg is the scattering coefficient corresponding to the
specular reflection, and p; is the corresponding one due to
the diffusely scattered field; A is the standard deviation of the
surface roughness, /1 and 5 are the angles of incidence and
reflection. When g = 0 (smooth surface), g < 1 (slightly
rough), g > 1 (moderately rough) and ¢ > 1 (very rough),
the scattering patterns are shown in Fig. 3(a)—(d) [19]. From
the scattering patterns, we know that when the surface is
rough enough, the reflection angles can be different from the
incident angles, and the receive antennas can get the signals
from different positions. Therefore, this effect can lead to many
diffusely scattered multi-path components [17]-[19], and rough
surfaces have more reflection spots than smooth surfaces. As
shown in Fig. 4(a) and (b), when the transmit antenna is an
omnidirectional antenna, only one path exists if the surface is
smooth while multiple paths exist if the surface is rough. This
means that when the transmit antenna is highly directional, it

(d)

Fig. 3. Transition from specular reflection to diffuse scattering. The surfaces
are: (a) smooth; (b) slightly rough; (¢) moderately rough; and (d) very rough.
Data from [19].

rough
(b

Fig. 4. (a) Single spot reflection from a smooth surface and (b) multiple spot
reflection from a rough surface.

can only radiate signals to one direction (specular reflection
direction) if the surface is smooth; on the other hand, if the
surface is rough enough, the transmit antenna can send signals
in different directions and the receive antenna can still receive
them, as the non-specular reflection paths are strong enough to
provide stable links.

IV. RECONFIGURABLE MIMO SYSTEM

A. Model of the MIMO System

The aforementioned effect makes the THz MIMO model dif-
ferent from that in the GHz band. In this chapter, we consider
a systems with M transmit antennas and N receive antennas,
and the channel can be represented as an M x N matrix H. The
time invariant channel is described as

y=Hx+w (8)
where x is the transmit signal, y is the receive signal and w is
the white Gaussian noise. The capacity of the channel is [12]

Mmin

P2
C= Z log, [ 1+ Ny b/s/Hz
i=1

where 7, 18 the rank of H, P; is the transmit power, /Vy is the
noise power spectral density and A1, Ag,..., A are the sin-

2 “Mmin

gular values of the channel matrix H. In recent years, much ef-
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Fig. 5. Angular spreads when the surface is (a) smooth and (b) rough.

fort has been invested to increase this capacity, such as using op-
timistic power allocation schemes, increasing the rank of H [12]
or using massive MIMO [38]. For most cases, the limited area
on the device is the main concern in increasing the rank of H
and implementing enough antennas. For example, H is ill-con-
ditioned if the antenna separation is too small. Meanwhile, when
the separation is large, the number of antennas on the device will
be small . Therefore, there is a tradeoff between the number of
antennas and the condition of H. For the GHz MIMO, we know
from [12] that, the minimum transmit antenna separation nor-
mally is A./2, where ). is the wavelength of the signal in free
space. If the separation is far less than A./2, then the signals
from two transmit antennas cannot be resolved by the receive
antennas, and there is effectively only one degree of freedom.
Therefore, it is useless to pack too many antennas in a given
amount of space as the angular resolvability does not increase.

However, for the THz MIMO, if all the transmit antennas are
highly directional, then the transmit antenna separation can pos-
sibly be below A./2. The reason can be explained as follows.
If one directional antenna radiates in a selected direction, be-
cause of the rough surfaces, it has high probability that the link
is strong enough, as shown in Fig. 4(b). It means that in a cer-
tain angle range, the highly directional antennas can choose any
radiation directions to establish the link. Therefore, two neigh-
boring antennas can radiate in different directions, and the an-
gular spreads at THz frequencies are larger than those in the
GHz range, which means the transmit antenna separation can
be smaller than A./2 in the THz, as shown in Fig. 5. On the
other hand, as the atmospheric attenuation is quite strong and
the free space loss is high, in order to guarantee a better trans-
mission link, it is also a requirement to use high gain directional
antennas in the THz band. Therefore, for THz MIMO systems,
not only the graphene-based antenna size is extremely small,
but also the antenna separation can be much smaller than the
free-space wavelength. This phenomenon can allow the device
to accommodate more antennas and increase the channel ca-
pacity as a result.

Following the aforementioned analysis, we propose a recon-
figurable MIMO antenna design for THz communications based
on graphene antennas. The transmitter in our system has an array

of antennas and each antenna is an array of nano-patches. The
salient features of the design are as follows.

— The transmit antenna separation is smaller than that in GHz
MIMO systems. A separation less than A./2 can make
the transmit antenna array smaller and accommodate more
antennas on the same area.

— Each antenna in the MIMO system is a highly directional
antenna with different radiation directions, and the direc-
tions can be configured dynamically. By changing the radi-
ation directions, the transmit antennas can choose the best
paths according to the environment.

— The highly directional antenna is made of an array of nano-
patches and its radiation pattern is controlled by the states
of each graphene patch. The size of graphene-based nano-
patch is much smaller than that of a traditional metallic
nano-patch, and the states can be easily changed by the
electrostatic bias voltage. The patches in the high resis-
tance state are assumed not to introduce interference to the
radiation pattern.

— For all the directional antennas, there exists one best ra-
diation direction set that makes the capacity largest. If the
channel side information (CSI) is known at the transmitter
side, then such best set can be obtained by solving an op-
timization problem or rolling all the possible sets.

B. Formulation for the Optimal Configuration

For the sake of clarity and briefness, we first use a 2x2
MIMO system as an example. The model setup is shown in
Fig. 6. Let h;; denote the channel gain between the ¢th transmit
antenna and the jth receive antenna. Then, we get [H]; ; = hy;
and hij = —Aspread(f, d) — Aans + p- -y, where vy is the Fresnel
reflection coefficient for a smooth surface. For fixed positions
of transmit and receive antennas, h,;; is controlled by the
incident angle 8;;. Once the radiation direction is determined,
the path length d, the reflection spot, the roughness factor p
and the reflection angle f;; are all obtained. Therefore, for
each direction set [f11, §12], there is one unique channel matrix
H. The direction set can influence the spectral efficiency in
two ways: on one hand, in order to get the lowest path loss,
all transmit antennas need to radiate to the same “optimistic”
direction which will certainly increase the received signal
power; on the other hand, receive antennas cannot distinguish
signals from similar directions, thus the degrees of freedom
decrease if the directions of the transmit antennas are the same.
Thus there is a tradeoff between the received power and the
degrees of freedom. Besides, in our example, if the positions
of the transmit and receive antennas are known, then the best
direction set can also be obtained by solving the following
optimization problem:

Ttmin

imize C= Y log 14 A
meg(lgmze ;= 0g9 NO

9T i—1
=

b
s

Hz’

Tmin

subject to Z P,<P

85 Sij

— = dij,
cosly;  cosbpij Ea

s; tanfy; + 555 tan (9()1']' = lij,

hij = _Aspread(f7 (lij) - Aabs +p (10)
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Fig. 6. A MIMO model based on nano-patch antenna array. s, is the distance
between the ¢th transmit antenna and its reflecting object, s;; is the distance
between the jth receive antenna and the 7th transmit antenna’s reflecting object,
and /;; is the horizontal distance between the ¢th transmit antenna and the jth
receive antenna.

where P is the total transmit power, s;, $;;, [;; are constants
shown in Fig. 6, and d;; is the path length between the ith
transmit antenna and the jth receive antenna.

When the channel condition is known at both transmitter
and receiver sides, the main difficulty in realizing our model is
solving the aforementioned optimization problem. Consider the
limited computing ability and battery power, it is not possible
or necessary to get the optimal solutions using mobile devices.
In this situation, we can use a sub-optimal scheme instead of the
optimal one. Suppose the radiation direction set is denoted as
D =1[01....,05,....0rx]. First of all, we design a group of
sets D in which two identical directions are avoided. In theory,
the more the two directions separate from each other, the more
independent they are. If the transmit antennas can obtain the
feedback from the receive antennas, then an optimal direction
set can be achieved by polling all the possible candidate sets.
For example, the first antenna radiates to +15° and £30° (the
line of sight is 0°) and gets 4 feedbacks from each receive
antenna. In the same way, the second antenna can also obtain
four feedbacks. Eliminating some unqualified direction sets,
only a few direction sets are possible to get the best H. Here the
best means the one with the largest rank and eigenvalues. As the
environments change quite slowly for indoor communications
due to slowly moving objects, we only need to feedback once
in a long time period, thus the whole overload is bearable.
Finally, we fix the radiation directions and determine the power
allocation scheme using the water-filling algorithm. In this
algorithm, the direction and the power are not jointly optimized
but treated as two independent factors.

Now we consider the scenarios with larger system scales.
When the scale is larger than 2x2, such as 4x4 or 8x8, the
process is the same as that of 2x2, but with more complex
models and workload. When it comes to the massive MIMO
range, graphene-based directional antennas are also more suit-
able than traditional omnidirectional metallic antennas. For ex-
ample, our antennas can be applied to the dynamic massive
MIMO shown in [22]. As we know, the dimension of the an-
tenna array is one of the main obstacles to implementing mas-
sive MIMO. By using highly directional graphene antennas, the
antenna size and separation are smaller, and the dimensions of
the antenna array can be tremendously reduced. Besides, as all
the antennas in the array can freely change their directions, the

channel state is more random if the antennas randomly choose
their directions. Therefore, the assumption that “the fast fading
coefficients are assumed to be zero-mean and unit-variance”
in [38], [39] is more reasonable, and the final results could be
better. When using a zero forcing (ZF) detector, the channel ca-
pacity for massive MIMO with M receive antennas is [39]

C =logy(1 4 pu(M — K)B¢) b/s/Hz (11

where K is the number of transmit antennas, p,, is the transmit
power and [ denotes the large scale fading factor. For other
kinds of detectors, we refer readers to [39] for detailed formulas.
Regardless of the detectors, the capacity is highly positively
correlated to the number of antennas M . Therefore, graphene-
based directional antennas can also promote the capacity of
massive MIMO by accommodating more antennas in a given
area. The exact performance enhancement would be studied in
future work.

V. RESULTS

A. Channel Behavior Analysis

In order to get the capacity of the MIMO system, the path loss
in the THz band should be studied first. In our simulations, we
set the working frequency as 1 THz which is one of the trans-
mission windows[36] and also results in the corresponding size
of the nano-antennas being proper for fabrication. We explore
the path loss between the first transmit antenna and the first re-
ceive antenna, as shown in Fig. 6. Based on the aforementioned
channel model, we know that the path loss is a function of radi-
ation direction and distance. For indoor environments with ob-
jects and moving people, we can assume there is no line-of-sight
between the transmit and receive antennas [17]. Besides, we
can ignore the multi-bounce reflected rays as they are much
weaker than single-bounce reflected ray. Therefore, the connec-
tions between the transmit and receive antennas are rays with
one single-bounce reflection. As discussed in Section III, the
path loss in our scenario is contributed by spreading loss, molec-
ular absorption loss and reflection loss. The spreading loss and
molecular loss are determined by the transmission distance d
while the reflection loss is controlled by the radiation direction.
Comparing the wavelength of the signal (300 nm at 1 THz) with
the variations of different surfaces (88 nm for plaster and 90 nm
for wallpaper [17]), g is on the order of unity and thus the sur-
faces can be considered as moderately rough.

We first fix the positions of all antennas and reflection objects.
The parameters in Fig. 6 are set as follows: s; = 1m,s1; = 1m
and /13 = 2 m. By increasing the incident angle from 30° to
60°, the spreading loss and the molecular loss vary due to the
change of the transmission distance, as shown in Fig. 7(a). The
minimum spreading loss is achieved when the incident angle is
45°, as the specular reflection has the shortest transmission dis-
tance. However, the other incident angles only slightly increase
the spreading loss. The loss due to the roughness factor is ob-
tained using (6), as shown in Fig. 7(b). Interestingly, in this case,
the minimum loss is achieved when the incident angle is around
54°, rather than 45°. This means the specular reflection path
is not always the best path when the surface is rough enough.
Therefore, the total path loss shown in Fig. 7(c) is the combi-
nation of the lines in Fig. 7(a) and (b). From Fig. 7(c), we can
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Fig. 7. Path loss between the 1st transmit antenna and the 1st receive antenna
with different incident angles.

get the conclusion that the best path between the transmit and
receive antennas is near the specular reflection path, yet other
paths are also strong enough to provide stable connections.

B. Channel Capacity Analysis

The channel capacity for 2x 2 MIMO with different transmit
power is shown in Fig. 8. The parameter setup is the same as
that in Fig. 7 and with s = 1 m, 812 = 1.5 m, $9;7 = 1 m,
s22 = 0.5m,andl;; = 2m,4,j € {1,2}. The separation of the
two transmit antennas is 0.1 mm (one third of the wavelength)
while the separation of the two receivers is 0.5 m (usually the
separation of different receivers is on the order of meters). In
this simulation, the spectral efficiency is determined by the ra-
diation directions, the transmit power and the noise power. The
dotted line (isotropic antennas, Rx CSI) shows the spectral effi-
ciency of the traditional MIMO system model with omnidirec-
tional metallic antennas and smooth surface. The links between
the transmitters and the receivers are all specular reflected rays.
As a comparison, the circle line (directed antennas, Rx CSI)
shows the spectral efficiency of the MIMO system with direc-
tional antennas. The spectral efficiency is higher than the dotted
line which is more obvious when the transmit power is large.
The reason is that under our assumptions, the system can fully
use all of the degrees of freedom even if the antenna separa-
tion is small and the scattered rays are limited. Furthermore, the

12

—s— |sotropic antennas, Rx CSI
10l Directional antennas, Rx CSI
—— Directional antennas, Rx and Tx CSI V i

Capacity (bit/s/Hz)
(2]

10' 10° 10°
Transmit power P (uW)

Fig. 8. Capacity of MIMO systems with a size of 2x 2. The noise power is 0.01
nW.
20 imma - "
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Fig. 9. Capacity of MIMO systems with a size of 4x 4. The noise power is
0.01 nW.

solid line (directed antennas, Rx and Tx CSI) is the spectral ef-
ficiency of the system with the best power allocation scheme.
In this example, we assume the CSI is known by the transmit
antennas and the water-filling power allocation scheme is used.
The advantage of the water-filling scheme is more obvious in
the low transmit power range. When the transmit power is high,
the difference between the schemes with and without power al-
location is negligible.

Fig. 9 shows the channel capacity for a 4x4 MIMO system.
The distance between the transmitter and the receiver is 2 m.
In this case, each of the antennas radiates in different direc-
tions, making the paths independent to each other. As in Fig. §,
the dotted line is the capacity (isotropic antennas, Rx CSI) of
a traditional MIMO system with omnidirectional antennas. The
spectral efficiency is less than 4 times that of 1x 1 system (the
solid line)[ 12, p. 399]. This is because there are not enough scat-
tered rays between the transmitters and the receivers. As a re-
sult, the transmit antennas with limited separation cannot be dis-
tinguished by the receive antennas, and the channel matrix H
is ill-conditioned. Compared with the dotted line in Fig. 8, we
can see that doubling antennas does not double the channel ca-
pacity, but only increases it by 1 bit/s/Hz. It indicates that more
antennas only provide diversity instead of degrees of freedom
if they are too close to each other. The circle line is the ca-
pacity of our proposed system with 4 antennas. The capacity is
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almost 4 times that of 1x 1 system (the solid line). This means
the system can benefit from all the degrees of freedom. The ca-
pacity is a little lower than that of the traditional MIMO systems
with full scattering [12, Fig. 8.2] as the non-specular reflections
can introduce some loss. For other different antenna positions,
systems dimensions, and propagation environments, the optimal
allocated power and the best antenna configurations can be ob-
tained by solving (10).

VI. CONCLUSION

A new MIMO antenna system with graphene-based antennas
for THz communications has been proposed. The results have
shown that the proposed MIMO system has a higher spectral
efficiency than the traditional MIMO systems with omnidirec-
tional metallic antennas. By using the water-filling power al-
location scheme, the spectral efficiency increases to an even
higher level. The main difficulty in our model is solving the
optimization problem considering the limited computing ability
of the devices.Therefore, a sub-optimal solution has been pre-
sented as a supplement to the optimal one, providing a tradeoff
between complexity and accuracy.
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