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a b s t r a c t

Based on the reflection properties of rough surfaces, we propose a statisticalmultiple-input
multiple-output (MIMO) antenna system in the terahertz (THz) band for nanocommunica-
tions. Firstly, our analysis of scattering from a rough surface indicates that the reflection
from a single surface can be a cluster of rays. Secondly, a new MIMO model for THz com-
munications is proposed. In this model, the number of multipaths is highly dependent on
the roughness of the reflecting surfaces. When the surface is ideally smooth, the MIMO
channel is sparse and as a result, the capacity is sub-linear with the MIMO scale. On the
other hand, when the surface is rough, more degrees of freedom are provided by the scat-
tered rays. Finally, channel capacities with different surface roughness are numerically cal-
culated and compared between different MIMO scales. The results show that in contrast to
the GHz range, large scale THz multiple antennas may not provide as much multiplexing
gain. Therefore, it is necessary to determine the antenna scale according to the actual prop-
agation environment.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The THz band (0.1–10 THz) is one of the most promis-
ing bands that will satisfy the demand for higher data rates
in wireless communications. It has been shown that about
47 GHz of unregulated bandwidth is available around
350 GHz with low atmospheric absorption [1], and that
for short transmission distances, the capacity can even be
higher than 1 Tbit/s when the frequency is over 1 THz.
When the frequency increases and the devices size scales
down, wireless communications will fall into the range
of nano-scale communications. Recently, many nano-scale
devices have been designed for nanocommunications in
the THz band, such as graphene based nano transceivers [2]
and antennas [3–9]. Some nanocommunication THz chan-
nel models have been proposed in the literature. For ex-
ample, paper [10] analyzes the capacity of a THz channel.
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Papers [11–14] review the background knowledge and re-
cent research progress in THz technology, and they reveal
that some electrical components for THz frequencies are
already commercially available.

On the other hand, the multiple-input multiple-output
(MIMO) antenna technique is well known to increase the
data rate of a wireless communication system [15]. MIMO
theory and precoding schemes in the GHz band have al-
ready been well presented in the literature. In a GHz chan-
nel, it is usually assumed that the elements of a fading
channel matrix H are independent and identically dis-
tributed (i.i.d.), which is based on the assumption of a rich
scattering environment that has many multipaths. Under
this assumption, the physical channel can be viewed as
several parallel sub-channels, and the total capacity scales
up linearly with the MIMO dimension. However, for some
scenarios in the THz channel and with increasing MIMO
dimension, MIMO systems show only beamforming gain
but limited multiplexing gain improvement. This is due to
the fact that the number of multipaths in the THz chan-
nel is limited since the path loss and reflection loss are so
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large that only the single bounce reflection rays are strong
enough to link transmitters with receivers. Therefore, the
models of the GHz channel cannot directly be applied to
the THz channel, and new models for THz MIMO systems
must be developed. It is generally agreed that THz MIMO
systems have the following characteristics: (i) The scenar-
ios are mainly applied to indoor environments, for exam-
ple, office buildings ormalls [11]. For long distance outdoor
communications, smart antennas with high power ampli-
fiers must be applied [1]; (ii) For indoor THz MIMO chan-
nels, few multipaths exist between the transmitting and
receiving antennas if all the surfaces are smooth [16,17].
The correlations between the received signals on different
receive antennas are significantly higher than those in the
GHzband. Therefore, themultiplexing gainwill be low, and
correlated signals have low diversity gain. This situation
is very similar to the sparse MIMO channel that has been
studied in some theoretical investigations [18,19] as well
as in experiments [20].

Most of the existing works onMIMO systemmodels are
in the GHz band, but very few papers study THz MIMO
systems. Therefore, in this work, we study MIMO chan-
nel modeling for THz communications. Besides the differ-
ent path loss factors, surface roughness is one of the most
important differences between THz and GHz MIMO chan-
nels. For THz MIMOmodels, scattering analysis is far more
important than in the GHz range. In [1,16,17,21–23], the
scattering from rough surfaces is studied for THz channels.
When the carrier frequency is very high, the surfaces of
reflecting objects can no longer be regarded as smooth.
For THz frequencies, the surfaces of indoor objects, such
as wallpaper or carpet, are all sufficiently rough such that
their scattering cannot be ignored. The authors of [16,23]
studied the scattering power from different reflection an-
gles at 300 GHz and measured the multipath loss in an in-
door scenario. We use the same method to investigate the
reflection properties of THz frequencies and derive a new
MIMOmodel for indoor nanocommunications. In this new
model, the scattered rays are included andbecome increas-
ingly importantwith rising frequency.When the frequency
is high enough, the specular reflection is less dominant and
becomes an ordinary ray with very low power gain. In the
capacity analysis, we express the channel capacity as the
sum of two parts, one is the capacity introduced by specu-
lar reflection, the other one is introduced by scattered rays.
Since the specular reflection rays areweak in the THz band,
the capacity is mainly contributed by scattered rays. An-
other very important difference between THz MIMO and
GHzMIMOsystems is that the antenna size ismuch smaller
in the THz regime and, therefore, we can place hundreds of
antennas on a single device, which necessitates the perfor-
mance analysis of very large scale antenna arrays.

The main contributions of our new THz MIMO model
are summarized as follows:

– We propose a THz MIMO system model based on the
theory of rough surface reflection and point out the
importance of rough surfaces to THz MIMO systems.

– We analyze the relationship between the capacity
and the roughness factor, as well as the capacities
introduced by different rays.
Fig. 1. The scattering reflection geometry.

– We compare the spectral efficiency of systemswith dif-
ferent numbers of antennas and in environments with
different roughness factors. From this comparisons, it
can be determined whether the use multiple antennas
is necessary, and if so, how many antennas to employ
in the THz band. In addition, the tradeoff between costs
and gains under different roughness scenarios can be
assessed.

The remainder of this paper is organized as follows:
In Section 2, we provide the background on reflections
from small-size to large-size rough surfaces. In Section 3,
we model the MIMO system in the THz band and analyze
the channel capacity of the MIMO system. The simulation
results and data analyses are provided in Section 4. Finally,
our conclusions are given in Section 5.

2. Reflection in the THz band

2.1. Scattering from a small rough surface

Reflections in the GHz band are typically viewed as be-
ing generated by a smooth surface. Under this situation,
only the specular reflection ray is considered and the re-
flection loss is usually ignored. However, there is growing
experimental evidence indicating that this is not the case
for the THz band. C. Jansen et al.measured the roughness of
some common indoor materials, such as plaster and wall-
paper [23]. Their results show that the standard deviation
of the surface height is about σh = 88 µm for plaster,
and σh = 90 µm for wallpaper. Compared with the wave-
length at GHz frequencies (e.g., 300 mm at 1 GHz), these
surface height deviations are rather small and can be safely
ignored. For THz frequencies, however, the wavelength is
in the order of several hundredmicrometers,which is com-
parable with the surface height deviation. In such a situa-
tion, we must take the roughness into consideration and
use a new method to model the reflection properties.

Suppose the incident field E1 is a harmonic plane wave
of unit amplitude. We denote the angle of incidence (the
angle between E1 and the z axis) as θ1 and the angles of
reflection (the angles between the reflected field E2 and
the z and x axes) as θ2 and θ3, respectively (Fig. 1). Let P
be the point of observation and r the distance from P to a
point (x, y) on the reflection surface. The scattered field E2
is given by the Helmholtz integral [24]

E2(P) =
1
4π


S


E1
∂ψ

∂n
− ψ

∂E1

∂n


dS, (1)
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Fig. 2. Transition from specular reflection to diffuse scattering. The surfaces are: (a) smooth, (b) slightly rough, (c) moderately rough, and (d) very rough.
Source: Data from [24].
where S is the reflection surface, n is a vector normal to the
surface, and ψ is a continuous scalar function denoted as

ψ =
eik2r

r
(2)

where k2 is the wavenumber of the reflected wave. The
scattering coefficient ρ is defined as

ρ(θ1, θ2, θ3) =
E2
Esr
, (3)

where E2 is the amplitude of E2, and Esr is the field
specularly reflected by a smooth and ideally conducting
surface.

For a rectangular surface with random height and area
of A = lxly, the average scattering power coefficient is
expressed as [24]

⟨ρρ∗
⟩ = e−gρ0 +

πT 2F 2e−g

A

∞
m=1

gm

m!m
e−v2xyT

2/4m. (4)

Eq. (4) consists of two terms: the first term corresponds to
the specular reflection, and the second term corresponds
to the scattered field.When the reflection surface becomes
rougher, the significance of the second term increases. For
Eq. (4), k =

2π
λ

is the wavenumber, T is the surface
correlation length, ρ0 is the scattering coefficient of a plain
surface of area A, g is the Rayleigh roughness factor, and vx,
vy, vxy, and F are notations used to simplify the expression
of Eq. (4). These symbols are given by

vx = k(sin(θ1)− sin(θ2) cos(θ3)), (5)
vy = k(− sin(θ2) sin(θ3)), (6)

vxy =


v2x + v2y , (7)

ρ0 = sinc(vxlx)sinc(vyly), (8)

g = k2σ 2
h (cos(θ1)+ cos(θ2))2, (9)

and

F =
1 + cos(θ1) cos(θ2)− sin(θ1) sin(θ2) cos(θ3)

cos(θ1)(cos(θ1)+ cos(θ2))
. (10)
Fig. 3. The large surface is divided into many small sub-tiles.

It is evident from Eq. (9) that the roughness factor
g is dependent on frequency, the surface derivation, the
incident angle θ1 and the angle of reflection θ2. Fig. 2 shows
the reflection patterns of different roughnesses, from a
smooth surface (g = 0) to a very rough surface (g ≫ 1).

2.2. Scattering from a large rough surface

The discussion in the previous section holds only when
the surface area A is small. When the dimensions of
the reflecting surface are comparable with the distance
between the transmitter and receiver, the total field at P
is the accumulation of many rays with different angles
of reflection. Therefore, treating the surface as a single
tile and using a single angle of reflection will introduce
tremendous error. To remedy this situation, we use the
method presented in [21] and divide the surface into small
sub-tiles.

Suppose the surface is in the x–y plane, the transmitter
is on the z axis, and the receiver is in the x–z plane,
as shown in Fig. 3. The entire surface is divided into
many sub-tiles of the same size. Each sub-tile has its
own incident/reflection angles which can be obtained by
geometrical calculations. The scattering coefficient using
sub-tiles is shown in Fig. 4. Note that the amplitude of each
sub-tile is highly correlated with the size of the sub-tile. If
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Fig. 4. The scattering coefficient of a rough surface. The positions of
the transmitter and receiver are (0, 0, 4) and (8, 0, 4) respectively. The
frequency is 300 GHz, T = 2.3 mm, lx = ly = 40 T, and σh = 0.13 mm
[21,22].
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Fig. 5. The ratio of the scattered power to the total power. The
parameters are the same as in Fig. 4.

we use small sub-tiles, the surface can be divided into even
more sub-tiles and the power has a smaller amplitude. Vice
versa, a larger sub-tile size will result in fewer sub-tiles
with larger amplitude. Fig. 4 shows the combination effect
of the specular term and the diffuse scattering term in Eq.
(4). The specular term has a very narrow peak around the
specular reflection point with a relatively large amplitude.
The diffuse scattering terms are much wider around the
specular point, but with smaller amplitudes. In our model,
the specular reflected power is constant with respect to
different division methods. That means that independent
of the size a sub-tile, the specular reflected power and
the total scattered power are all constant. The total power
arriving at the receiver is the summation of the specular
reflection power and the power from all other possible
sub-tiles. It is obvious that the size of the sub-tiles only
slightly influences the precision of the total power. Fig. 5
shows the effect of frequency on the specular and diffuse
scattered fields. The figure presents the ratio of the diffuse
scattered power to the total received power. The total
power is composed of the diffuse scattered power and
the specular reflection power. As the frequency increases,
the surface changes from smooth to very rough. Then
more power is diffuse scattered and the specular reflection
power is no longer dominating. As a result, the ratio of the
diffuse scattered power to the total power increases from
very low to unity.

3. Systemmodel

3.1. The MIMO system model in the GHz band

Consider aMIMO systemwithNt transmitting antennas
and Nr receiving antennas, and suppose that both transmit
and receive arrays are uniform linear arrays (ULAs). The
channel matrix H is the summation of N multipaths as
shown in Fig. 6. The discrete-time response of the channel
can be written as

H =

N
i=1

βier(Ωri)e∗

t (Ωti), (11)

where βi is the complex gain of the ith path, Ωri and
Ωti are angles of arrival and departure of the ith path,
respectively, er(Ωri) and et(Ωti) are the receive and
transmit array response vectors, respectively [15, p. 349],
and the asterisk denotes conjugate transposed. In a rich
scattering environment, many independent rays exist in
the channel. Statistically, in the GHz band, the amplitude of
each ray is random, and the phase is uniformly distributed
between 0 and 2π . Therefore, βi are i.i.d. complex random
variables with zero mean and unit variance. From the
structure of H, we know that with only one path (line of
sight or a single reflected ray) between the transmitter and
the receiver, a MIMO channel provides only a power gain
but no degree of freedom gain [15, p. 351], because the
channel coefficients are highly dependent, and the rank of
H is 1. When multipaths exist, the signals from different
paths can be regarded as from virtual ‘‘relays’’ which
are geographically far apart. Therefore, a MIMO system
can have multiplexing gain when the rays have different
departure/arrival angles [15, p. 363]. However, the degree
of freedom gain cannot exceed the number of multipaths.
It is useless to utilize too many antennas if there are not
enough scatterers in the channel. In fact, the channel may
still be sparse under some conditions even if the MIMO
scale is small, e.g., 8 × 8. Only when the number of
multipaths is very large can the channel gains be regarded
as Rayleigh distributed random variables. In this situation,
the channel’s degrees of freedom scale linearly with the
channel dimension. In the GHz band, many models adopt
this assumption. However, this is not the case in the THz
band with smooth surfaces, as the number of multipaths
are likely smaller than those in the GHz band.

3.2. The MIMO model in the THz band with rough surfaces

For the indoor channel, the multipaths originate from
a few clusters, and each cluster is composed of many scat-
tered rays. Based on thework of Saleh and Valenzuela [25],
we propose aMIMOmodel in the THz bandwith rough sur-
faces. In thismodel, we assume thewalls, ceiling, floor, and
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Fig. 6. MIMOmodel in a multipath environment.

large surfaces of furniture to be reflection surfaces. For the
THz band, the number of clusters is usually small due to
high path loss. As discussed in the previous section, each
large surface results inmany scattered sub-rays around the
specular reflection point. The exact number of sub-rays is
determined by the geometry of the room, the positions of
antennas and the roughness of the surfaces. The impulse
response of the THz channel can be written as

h(t) =

NC
l=1

NL
k=1

βlkδ(t − Tl − τlk), (12)

where l represents the cluster number, k represents the
sub-ray number in the cluster, and βlk is the amplitude of
each ray. Tl is the time delay of the lth cluster and τlk is the
time delay of the kth ray in the lth cluster. In [17], the au-
thors obtain the angular power profile by the ray-tracing
method and experiments. Both results show that there are
six main clusters and each of them has hundreds of multi-
paths, which validates our aforementioned statements.

Next we will determine the properties of clusters and
sub-rays. In this paper, we assume the indoor scenario to
be the same as in [17], using some large flat surfaces (walls
or furniture) which act as reflection surfaces. On each
large surface, a cluster of rays exists around the specular
reflection point [17]. Note that in some other scenarios, for
one reflection surface, the specular reflection raymight not
exist and only diffuse scattering components are received.
In our scenario, the angles of arrival/departure, the time of
arrival and the normalized amplitude of each cluster in the
THz band have the same distribution (normalized to the
large scale fading path loss) as those at GHz frequencies.
Unlike the statistical distribution of sub-rays in the GHz
band, the sub-rays in each cluster at THz frequencies
are determined, and can be obtained from the surface
roughness theory. Here, we use the results in [26]. The
amplitudes of theNC first sub-rays in theNC clusters follow
the Rayleigh distribution, with a mean square value

β2
l0 = β2

00e
−Tl/Γ , (13)

where β2
00 is the mean power of the first ray in the first

cluster, and Γ is the cluster decay parameter. As discussed
in Section 2, the first sub-ray in each cluster is usually
the ray with the largest power. For our indoor scenario,
the specular reflection ray is the first sub-ray. We have
not taken into consideration clusters without specular
reflection rays as their power is very small. Note that β2
l0

is the powerwithout considering the scattering coefficient.
For a rough surface, the power of each sub-ray in the cluster
can be obtained by multiplying each scattering coefficient
with the first sub-ray. Mathematically, the power of the
sub-rays is denoted as

β2
lk = β2

l0⟨ρρ
∗
⟩lk = β2

00e
−Tl/Γ ⟨ρρ∗

⟩lk, (14)

where ⟨ρρ∗
⟩lk is the average scattering power coefficient

of the kth sub-ray in the lth cluster. In [21], the measured
results coincide with the simulation results which vali-
dates the suitability of using a rough surface scattering
model to obtain sub-rays in each cluster.

For the angles of arrival/departure of the clusters, a
uniform distribution on the interval [0, 2π) is a good fit
for experimental results [26]. This also coincides with our
intuition, as the reflection surface can be any part of the
surface of a room. The ray angles within a cluster are not
random. As shown in Fig. 3, the sub-rays all originate from
the small sub-tiles, thus the angle of each sub-ray within a
cluster is deterministic. Once the geometry is determined,
the angles of arrival/departure canbe calculated by the ray-
tracing method. In fact, as we only consider single bounce
rays, the angles of arrival are not independent of the angles
of departure.

The time of arrival of clusters is described by a Poisson
process. The distribution of the arrival time is given by

p(Tl|Tl−1) = Λe−Λ(Tl−Tl−1), (15)

where Λ is the cluster arrival rate. The time of arrival of
rays in each cluster can also be obtained by calculation.
Therefore, τkl is fixed by the geometry of each ray.

The channel matrix H for the THz band has a form
similar to Eq. (11), whose baseband equivalent model is
written as

H =

Nc
l=1

Nl
k=1

β̂lker(Ωrlk)e∗

t (Ωtlk) (16)

where β̂lk is the complex gain of the kth path in the lth
cluster. The phase of β̂lk is uniformly distributed between
[0, 2π), and the amplitude follows a Rayleigh distribution
with a mean value of β̄lk. Note that the rays belong to
several clusters, and the number of sub-rays in each cluster
might not be the same. Based on this discussion, we
reach the conclusion that the number of multipaths will
influence the randomness of the channel matrix H. When
we have only a few clusters and each surface is smooth,
there will be only a few rays, which results in the columns
of H to be highly correlated.

3.3. The capacity of the MIMO channel in the THz band

The ergodic MIMO capacity is given by the following
well-known formula

C = E


nmin
i=1

log2


1 +

Piλ2i
N0


b/s/Hz, (17)

whereE[·] is the expectation,nmin is the rank of the random
matrix H, Pi is the transmit power of the ith stream, N0
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Fig. 7. Angular domain representation of the channel. Each square
represents a resolution binwith awidth of 1/Lr×1/Lt . The shaded squares
are the clusters and the dots are the sub-rays.

is the noise power spectral density, and λ1, λ2, . . . , λnmin
are the singular values of the random channel matrix H.
The capacity is influenced by the specular reflection ray
and the scattered rays.When the surfaces are very smooth,
the model reduces to that of GHz MIMO. In our model,
there are fewer rays if the surfaces are very smooth, but
the number of rays increases with surface roughness. Next
we will analyze the MIMO capacity in the angular domain
based on the work of Sayeed et al. [27–29].

Suppose all antennas are critically spaced at half the
wavelength (∆ = 0.5, where∆ is the receive antenna sep-
aration normalized to the carrier wavelength), Lt = Nt∆

and Lr = Nr∆ are the normalized lengths of the trans-
mit and receive antenna arrays, respectively. From [15] we
know that the system of Nr fixed vectors
er(0), er


1
Lr


, . . . , er


Nr − 1

Lr


, (18)

can be one of the orthonormal basis sets for the re-
ceived signal space. As the transmit antenna array has the
same structure as the receive antenna array, the basis for
the transmit signal space has exactly the same structure.
Transforming the signals in the spatial domain into the an-
gular domain, we can obtain the equivalent representation
of the channel in the angular domain [15, p. 370]

Ha
= U∗

rHUt, (19)

where Ur and Ut are the base of the received and transmit
signal spaces taking the form of Eq. (18), with dimensions
of Nr × Nr and Nt × Nt , respectively.

Based on the previous discussion, we partition the
physical paths into Lr × Lt resolvable bins, each with an
angular width 1

Lr
×

1
Lt
, as shown in Fig. 7. We project

each ray into the angle lattice, and the results reveal the
quality of the channel. For example, in [17], the authors
measure the relative received power of different angles of
arrival/departure reflected from moderately rough sur-
faces (σh = 0.15 mm and f = 300 GHz). Their figures
show that there are several clusters randomly distributed
on the lattice, and each cluster has a narrow angle spread.
By observing the lattice structure (Fig. 7), we comment as
follows:

– The amount of diversity equals the number of non-
zero entries in the lattice, and the amount of degrees
of freedom equals the amount of different angles.
Since the THz MIMO channel in smooth surface (or
slightly rough) environments usually has few clusters
with narrow beams, both the diversity gain and the
multiplexing gain are small, which results in a sparse
MIMO channel. However, small scale MIMO systems
usually have a full multiplexing gain.

– When the surfaces are rough, the beam reflected from
one surface growswider, andmore resolution bins have
sub-rays. Therefore, the rougher the surfaces, the more
degrees of freedom the channel has. This will be shown
in Fig. 8 in Section 4.

– The channel capacity of the MIMO system can be
divided into two parts: one is for the specular, the other
for scattering reflections. With the increase of surface
roughness, the specular capacitywill decreasewhile the
scattering capacity will increase.

– The roughness of a surface can play a positive role in
increasing the MIMO capacity in the THz band. When
the surface is very smooth, there only exist few very
strong specular reflection rays. A rough surface gives
rise to many scattered rays in addition to the specular
reflected rays. The power of each ray (specular or
scattered) is smaller for rough surfaces than for smooth
ones, yet the number of rays is much higher. As the
multiplexing gain depends primarily on the angular
spreads (the number ofmultipaths), and the power gain
depends on the connectivity between the transmitting
and receiving antennas (the power of rays), the
roughness factor reduces the power gain but increases
the multiplexing gain. Therefore, there may exist a
tradeoff between the capacity and surface roughness.

– The surface roughness is especially essential for mas-
sive MIMO systems in the THz band. As the MIMO scale
is extremely large and each resolvable bin is very nar-
row, only a few bins are non-zero if the surfaces are
smooth. Therefore, the benefits of massive MIMO can
be realized only with rough surfaces.

4. Results

In this section, we first study the distribution of the rays
in clusters via Monte Carlo methods. Then we numerically
evaluate the channel capacitywith different roughness fac-
tors. Finally, the effect of differentMIMO scales is analyzed.

4.1. Power distribution in the angular domain

In our simulations,we set the frequency to f = 300GHz
and select γ = 20 ns, Γ = 60 ns, and Λ = 20 ns. The
distance between the transmitter and receiver is r = 20m.
The experimental results in [17] show that there are only
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Fig. 8. Channel matrix in angular domain, with (a) σh = 0.03 mm, (b) σh = 0.13 mm, and (c) σh = 0.23 mm.
6–8 clusters in one simply decorated room. Therefore, we
set the number of clusters as Nc = 6. In each cluster,
we assume that the first sub-ray is the specular reflection
ray which is reasonable for an indoor scenario [17]. The
height deviations of the surfaces are σh = 0.03, 0.13 and
0.23 mm, and lx = ly = 10T to get a higher precision.
T = 2.3 mm, and σh = 0.13 mm are the parameters used
in Fig. 4. The procedure of generating clusters is the same
as in [26]. Once the clusters are determined, the sub-rays
are generated by geometrical calculations.

Fig. 8(a) shows the power distribution in the angular
domain with a surface height deviation of σh = 0.03 mm
(g is in the order of 0.1). The MIMO scale is 64 × 64,
and each dot represents one of the 4096 bins. This slight
roughness can scatter the rays only in a narrow angle,
and the specular reflection ray carries significantly higher
power than the scattered rays. This coincides with our
conclusion in Section 3.3.When the roughness increases to
σh = 0.13mm (g is in the order of 1) and σh = 0.23mm (g
is in the order of 10), the number of non-zero dots becomes
larger while the amplitude of each ray reduces, as shown
in Fig. 8(b) and (c).

4.2. Channel capacity analysis

The channel capacity for a 4 × 4 MIMO system with
different surface roughness is shown in Fig. 9. Other
Fig. 9. The spectral efficiency of the 4×4MIMO system. The parameters
are the same as those in Fig. 4, with σh = 0.03, 0.13 and 0.23, respectively.

parameters are as in Fig. 8. The solid line, which is
used as a benchmark, shows the spectral efficiency of a
MIMO system with ideally smooth reflection surfaces. It
is obtained by setting the roughness factor to zero while
other parameters remain unchanged. The result agrees
with that in [15, p. 400]. The dashed line shows the spectral
efficiency of a system with the surface height deviation of
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Fig. 10. The spectral efficiency of the 64 × 64 MIMO system. The
parameters are the same as those in Fig. 4, with σh = 0.03, 0.13 and 0.23.

σh = 0.03 mm. The result is close to that with smooth
surfaces. When the roughness increases to σh = 0.13 and
σh = 0.23, the spectral efficiency is shown by the lines
with circles and stars, respectively. Since the MIMO scale
is relatively small, six clusters can provide full degrees of
freedom; the spectral efficiencywith rough surfaces is only
slightly larger than that with smooth ones. Therefore, we
can conclude that the roughness has little influence on the
capacity of small scale MIMO systems in the THz band.

When theMIMO scale is large, however, we encounter a
sparse fading channel due to the small number of clusters.
Fig. 10 shows the capacity of a 64× 64 MIMO systemwith
other parameters is as in Fig. 9. Comparing the two solid
lines in Fig. 10 and Fig. 9, we observe that more antennas
contribute to a relatively small capacity increase in smooth
environments. However, the capacity increase is obvious
evenwhen the surfaces are only slightly rough (σh = 0.03).
When σh = 0.13 (the surface height deviation of some
common materials are in this order), the capacity can be
as high as 4–5 times of that with a smooth surface. If we
further increase the roughness, the capacity continues to
increase. This implies that rough surfaces are important in
enlarging the capacity of large scale MIMO systems.

As discussed in Section 2, the roughness factor g
is controlled by the deviation of surfaces σh, the inci-
dent/reflected angles and the frequency f . For the same
surface, g quadratically increases with f according to Eq.
(9). In the above simulations, we fixed the frequency at
300 GHz and obtained different results by varying σh. Ob-
viously, once the environment is determined, different
frequencies can introduce different spectral efficiency.
Without considering large-scale fading, we can conclude
from Fig. 10 that a higher frequency will result in higher
spectral efficiency for large scale MIMO systems.

4.3. The importance of the MIMO scale

In this section, we analyze the significance of theMIMO
scale.We examine two groups: anN×N and an 8×N scale.
Other parameters are as in Fig. 8. In each group, the surface
height deviation increases from ideally smooth to very
Fig. 11. The spectral efficiency of differentMIMO scales. The SNR is 20 dB
and the other parameters are the same as those in Fig. 4, with σh = 0, 0.03
and 0.23.

rough. The spectral efficiency versus the MIMO scale N is
shown in Fig. 11. The squared solid line shows the spectral
efficiency with a very rough surface (σh = 0.23 mm). The
line is almost linear which indicates that more antennas
introduce higher degrees of freedom. When the surface is
slightly rough (σh = 0.03 mm), the line is also linear with
N but with a gentler slope, as shown by the diamond solid
line. This means that only a portion of degrees of freedom
is used under this scenario. The result for an ideally smooth
surface is shown by the circled solid line. The spectral
efficiency increases very slowly with the increase of N . For
comparison, the dashed lines show the spectral efficiencies
of the 8 × N system. No matter how rough the surface
is, the spectral efficiency increases only slowly with N .
Note that, when the surface is ideally smooth, N × N and
8 × N systems have almost the same spectral efficiency,
which means that multiple antennas only provide power
gain. Therefore, we can conclude that more transmitting
antennas do not introduce multiplexing but only power
gain when the surfaces are very smooth. Only with rough
surfaces can we obtain the benefits from large scale MIMO
systems.

5. Conclusion

A new MIMO system model for THz and nanocommu-
nications is proposed that includes the effects of rough
reflection surfaces. The results show that the MIMO chan-
nel in the THz band is very sparse if the reflecting sur-
faces are ideally smooth, and that with the increase of the
MIMO scale, the sparsity becomes evenmore severe.When
the surfaces are rough, the spectral efficiency of the MIMO
system is higher than that with smooth surfaces, which is
more pronounced with a larger MIMO scale. We show that
surface roughness has a positive effect on increasing the
spectral efficiency. Finally, numerical results on the perfor-
mance of differentMIMO scales reveal when it is necessary
to use a large MIMO scale in the THz band. We hope that
the results presented in this paper will aid future imple-
mentations of nanocommunication systems.
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