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SUMMARY A sub-Terahertz band is envisioned to play a great role
in 6G to achieve extreme high data-rate communication. In addition to
very wide band transmission, we need spatial multiplexing using a hy-
brid MIMO system. A recently presented paper, however, reveals that the
number of observed multipath components in a sub-Terahertz band is very
few in indoor environments. A channel with few multipath components
is called sparse. The number of layers (streams), i.e. multiplexing gain in
a MIMO system does not exceed the number of multipaths. The sparsity
may restrict the spatial multiplexing gain of sub-Terahertz systems, and the
poor multiplexing gain may limit the data rate of communication systems.
This paper describes fundamental considerations on sub-Terahertz MIMO
spatial multiplexing in indoor environments. We examined how we should
steer analog beams to multipath components to achieve higher channel ca-
pacity. Furthermore, for different beam allocation schemes, we investi-
gated eigenvalue distributions of a channel Gram matrix, power allocation
to each layer, and correlations between analog beams. Through simulation
results, we have revealed that the analog beams should be steered to all the
multipath components to lower correlations and to achieve higher channel
capacity.
key words: 6G, sub-Terahertz band, hybrid MIMO system, spatial multi-
plexing, channel capacity, beam steering

1. Introduction

Now that fifth generation (5G) services in mobile commu-
nication have been commercially available, sixth genera-
tion (6G) techniques are being extensively studied in indus-
try and academia [1]–[6]. One of the requirements in 6G
is extreme high data-rate communication over 100 Gbps,
which is much above that in 5G, about 10 Gbps. To realize
such high-speed communication, we need to use a Terahertz
band above 100 GHz where an extremely wide bandwidth is
available. Many studies have been done on this field [7]–
[10]. A frequency range of 100–300 GHz will be used in
6G, and the spectrum is called a sub-Terahertz band [10].

The most critical issue in using such a high frequency
range is large propagation loss. Thus, we need high-gain
directional antennas, which are realized using arrays with
a large number of antenna elements, often called ultra-
massive MIMO systems [11]. To realize such systems, a
fully-digital beamforming architecture is one selection. In
the architecture, however, each antenna owns a dedicated RF
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chain and digital-analog-converter/analog-digital-converter,
which consume much power. The hardware complexity and
power consumption of the fully-digital beamforming archi-
tecture are unbearable for practical use [12]. Thus, a hy-
brid beamforming architecture has been treated as a realistic
technology [12], [13]. The architecture consists of a low-
dimensional digital beamformer and an RF analog beam-
former with phase shifters [14].

In addition to wideband transmission, we need spa-
tial multiplexing to achieve extreme high data-rate com-
munication. Reference [15] states that transmission over
100 Gbps is possible at a 100 GHz band using a MIMO sys-
tem with a hybrid beamformer. The paper assumes a 16-
path Nakagami-Rice fading channel with a Rician factor of
10 dB, which is the same channel condition for a millimeter
wave band around 20 GHz stated in [16]. The critical is-
sue is whether sub-Terahertz bands are such multipath-rich
environments. Channel properties have been obtained for a
140 GHz band from measurement campaigns in indoor en-
vironments, and compared with those for a 28 GHz band
[17], [18]. According to [18], the measurements were con-
ducted for different TX-RX location pairs in a typical indoor
office environment. The TX-RX distance ranged from 3.9 m
to 45.9 m for 28 GHz and from 3.9 m to 39.2 m for 140 GHz.
We consider that the measured results stated below show
very important propagation characteristics in indoor envi-
ronments.

The total number of observed subpaths (multipaths)
at 140 GHz is much fewer than the number at 28 GHz.
When the number of significant multipath components is
low in a channel, the channel is called sparse [19]. Thus,
the 140 GHz channel is much sparser than the channel at
28 GHz. The number of layers (streams) in a MIMO sys-
tem does not exceed the number of multipaths. The sparsity
may restrict the spatial multiplexing gain of sub-Terahertz
systems, and the poor multiplexing gain may limit the data
rate of systems. Note that multiplexing gain basically repre-
sents the ratio of data rates transmitted by a MIMO system
to those by a single-input single-output (SISO) one, and sev-
eral definitions have been presented [20]–[22]. In this paper,
we define multiplexing gain as the number of available lay-
ers (streams).

Han et al. [12] proposed a widely-spaced multi-
subarray hybrid beamforming architecture which realizes
line-of-sight (LOS) MIMO communication by increasing
the subarray interval. Although the architecture achieves

Copyright c© 2022 The Institute of Electronics, Information and Communication Engineers



OGAWA et al.: SUB-TERAHERTZ MIMO SPATIAL MULTIPLEXING IN INDOOR PROPAGATION ENVIRONMENTS
1131

multiplexing in sparse environments, the array size is very
big and unbearable for practical use.

This paper describes fundamental considerations on
sub-Terahertz MIMO spatial multiplexing in indoor envi-
ronments where the propagation characteristics follow the
results in [18]. We assume that a base station (BS) has
a hybrid beamforming architecture, which consists of sev-
eral analog subarrays and a digital precoder. Each subarray
works as a phased array and steers its beam in one of the
multipath component directions. The digital precoder real-
izes optimum transmission using singular value decomposi-
tion of a channel matrix and water-filling [27]. We assume
that the number of multipaths is fewer than that of subarrays,
and examine how we should allocate the beams of the sub-
arrays to multipath components. Based on the sub-Terahertz
channel model introduced in [18], we evaluate dependence
of channel capacity on beam allocation. Furthermore, we
investigate eigenvalue distributions of the channels, power
allocation to each layer, and correlations between beams.

The rest of the paper is organized as follows. We re-
view in brief MIMO-related techniques in Sect. 2. In Sect. 3,
we explain the hybrid MIMO architecture and preliminar-
ies to its performance evaluation. We briefly describe mea-
sured channel properties in a sub-Terahertz band in Sect. 4.
In Sect. 5, we discuss the evaluation of the MIMO system
using simulations. Finally, we conclude the paper in Sect. 6.

2. Review of MIMO-Related Techniques

Before we consider MIMO spatial multiplexing in a sub-
Terahertz band, we briefly review MIMO-related tech-
niques. We think that MIMO systems have developed from
adaptive antennas [23], which can suppress interference in
a spatial domain. One of the most important features of
the adaptive antennas is to control its radiation pattern de-
pending on environments. Forming nulls in the directions
of interferences, the adaptive antennas cancel them. An
important application of the adaptive antennas is space di-
vision multiple access (SDMA) in mobile communications
[24]. A BS equipped with an adaptive antenna can accom-
modate multiple users on the same frequency and time slot
[25]. The adaptive antennas, however, do not treat multiple
stream transmission in a set of TX and RX.

In 1987, J. H. Winters evaluated data rate of commu-
nication systems with multiple antennas at both TX and
RX sides in a Rayleigh fading environment [26]. In such
multipath-rich environments, it is possible to realize spatial
multiplexing in a set of TX and RX because all the chan-
nels are almost independent. To the best of our knowledge,
the reference is the first presentation of a MIMO system, al-
though the term of MIMO is not used in [26]. Moreover,
E. Telatar proved that channel capacity is given by the total
capacity of Mmin SISO channels, where Mmin is the mini-
mum number of TX and RX antennas [27]. He also showed
that channel capacity increases in proportion to the number
of antennas when the number of TX antennas is the same as
that of RX antennas. This discovery is very important for

realizing high-speed wireless transmission. We can say that
he established the MIMO information theory.

It is seen that channel capacity is limited by the mini-
mum number of TX and RX antennas. In mobile communi-
cations, a BS has much more antennas than each UE, and the
data rate with the MIMO system is limited by the number of
UE antennas. If the BS simultaneously communicates with
multiple UEs, the total number of UE antennas is larger and
the sum data rate increases. This is a multi-user MIMO sys-
tem, which is quite similar to SDMA. A multi-user MIMO
system can realize multiple stream transmission between the
BS and each UE. Thus, a multi-user MIMO system can
be seen as a developed technique of SDMA. For downlink
transmission, system performance suffers from multi-user
interference. To reduce the interference, some techniques
have been proposed such as block diagonalization [28].

Massive MIMO systems which have a large number of
antennas at a BS have developed from small-scale MIMO
technology [29]. They provide high beamforming gain and
high spatial resolution. Massive MIMO technology was
originally conceived for conventional sub-6 GHz frequen-
cies, and can be realized by fully-digital beamforming ar-
chitectures. It is also important for millimeter wave and
sub-Terahertz bands. Massive MIMO systems at the higher
frequency bands are quite different from those at sub-6 GHz
because propagation behavior and hardware characteristics
are different. As stated previously, they are implemented
with hybrid beamforming architectures.

When installing a massive MIMO system, we can ge-
ographically deploy BS antennas over a cell. This is called
distributed massive MIMO system which has several advan-
tages such as enhanced coverage areas [30].

This is a description form adaptive antennas to dis-
tributed massive MIMO systems over five decades. We will
state MIMO spatial multiplexing in a sub-Terahertz band
from the next section.

3. Spatial Multiplexing with Hybrid MIMO Architec-
ture

This paper treats downlink transmission. Figure 1 shows
the MIMO system that we consider in this paper. The BS
has N linear subarrays, and each subarray has isotropic Ns
antenna elements with half-wavelength spacing. A phase
shifter is connected to each antenna element, and each sub-
array works as a phased array. The spacing between adja-
cent subarrays is a half wavelength. The subarrays are con-
nected to a precoder where digital processing is done. User
equipment (UE) has an M-element linear array with half-
wavelength spacing, and the antenna elements are isotropic.
The array is followed by a postcoder.

Here, we consider the above antenna-related parame-
ters and assumptions for the BS.

(1) In this paper, we assume that angles of departure
(AODs) of all the multipath components have been
available at the BS. In actual applications, we need to
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Fig. 1 MIMO system with hybrid beamforming architecture.

estimate them as will be stated in Sect. 3.1. The assump-
tion of half-wavelength spacing of antennas in each sub-
array is reasonable because the subarrays are used also
for the AOD estimation. The spacing larger than a
half wavelength generates grating lobes, and the smaller
spacing causes lower resolution.

(2) If the spacing between adjacent subarrays is larger than
a half wavelength, the performance will be better be-
cause correlations between multipath components are
lower. It is, however, unlikely that the spacing changes
basic MIMO spatial multiplexing performance drasti-
cally unless it is as extremely large as a LOS MIMO
system stated in Introduction.

(3) Planar arrays with directional antenna elements will be
used for actual MIMO systems. In this paper, we in-
vestigate fundamental characteristics in a case where
multipath components are very few in radio environ-
ments. The simplified assumption of linear arrays
with isotropic antenna elements will give a tendency of
MIMO systems in such environments.

It is, however, better to investigate the performance under
some other antenna parameters. This is future work.

From the assumptions of linear arrays with isotropic
antenna elements, we do not need to consider zenith angles,
but we treat only azimuth angles on the x-y plane.

3.1 Analog Beam Steering and Precoder Optimization at
BS

Here, we describe how the BS works. First, the BS esti-
mates the AODs of multipath components. This is possible
using pilot symbols such as a discovery signal [16]. The
BS steers the beams of subarrays in multipath directions. In
Sect. 5, we will examine in detail how we allocate the beams
to multipath components. After adjusting the subarrays, the
BS estimates the M×N channel matrix H from the BS to the
UE by sending other pilot symbols. The precoder realizes
the optimal transmission by singular value decomposition

of H and power allocation based on water-filling [27].
The power allocation is carried out as stated below.

We write the jth eigenvalue of the Gram matrix HH H as
λ j, where H denotes the Hermitian transpose, and the total
transmit power as Pt. From the water-filling theorem, the
optimum power P j allocated to the jth layer is given by

P j = max
(

1
α
−

Pnoise

λ j
, 0

)
, (1)

where α is chosen to satisfy the power sum constraint∑
j P j = Pt, and Pnoise denotes noise power at the UE. The

power ratio to the total power Pt is given by dividing (1) by
Pt, and we have

p′j =
P j

Pt
= max

ν − 1
Pt

Pnoise
λ j
, 0

 , (2)

where ν = 1
αPt

. In this paper, we call Pt
Pnoise

a normalized total
transmit power. From (2), we see that when the eigenvalues
λ j are obtained, the BS can allocate optimally the power to
each layer for a given normalized total transmit power, and
the channel capacity is given by∑

j

log
(
p′j

Pt

Pnoise
λ j + 1

)
. (3)

3.2 Preliminaries to Performance Evaluation of MIMO
Systems

In Sect. 5, we evaluate the performance of the hybrid MIMO
system in a sub-Terahertz band by simulations. For the eval-
uations, we analytically obtain several quantities in this sub-
section.

First, we calculate the (m, n)th element hmn of H. We
express the nth subarray’s pattern as gn(φ;Φn), where Φn
denotes a main beam direction. The pattern is given by

gn(φ;Φn) =
1
√

N s

 sin
((
πNs

2

)
(sin φ − sinΦn)

)
sin

((
π
2

)
(sin φ − sinΦn)

)
 . (4)

According to the channel model proposed in [18], [31],
each multipath component arrives at the UE via a time clus-
ter, and the multipath component is also called subpath. We
represent the complex amplitude received at the mth antenna
from the nth subarray via the kth subpath within the lth time
cluster as rm,n,l,k. At Step 1 in channel modeling in [31], a
TX-RX separation distance is generated. At Step 2 in [31],
total received omnidirectional power is determined consid-
ering the path loss. The value is the received power when
omnidirectional antennas are used at both the TX and RX
sides. In this paper, we skip these two steps. This means
that when transmit power from an omnidirectional antenna
is 1, received power from all the subpaths at an omnidirec-
tional antenna is 1. Skipping the two steps does not affect
the fundamental evaluation of MIMO spatial multiplexing.
When we deal with actual environments, we have path loss
related to the TX-RX separation distance. In such a case,
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we can include the effect into the normalized total trans-
mit power defined previously. The impulse response of the
above subpath is expressed as

al,k exp( jϕ′l,k)gn(φl,k,AOD;Φn)
exp

[
−j(n−1)Nsπ sin φl,k,AOD

]
exp

[
−j(m−1)π sin φl,k,AOA

]
δ(t − τl,k), (5)

where al,k, ϕ′l,k, τl,k, φl,k,AOD, and φl,k,AOA denote the ampli-
tude, phase, propagation delay, AOD from the BS, and angle
of arrival (AOA) to the UE of the kth subpath within the lth
time cluster, respectively. Here, we choose the phase refer-
ence point of BS at the center of subarray #1, and that of UE
at the antenna element #1. Moreover, it should be noted that
the subarray spacing is λNs/2.

Applying Fourier transform to (5), rm,n,l,k at frequency
f is expressed as

rm,n,l,k = al,k exp( jϕl,k)gn(φl,k,AOD;Φn)
exp

[
−j(n−1)Nsπ sin φl,k,AOD

]
exp

[
−j(m−1)π sin φl,k,AOA

]
, (6)

where ϕl,k is given by

ϕl,k = ϕ′l,k − 2π f τl,k. (7)

In the remainder of this paper, we set the frequency
140 GHz.

The (m, n)th element hmn is given by the total of rm,n,l,k
for all the time clusters and subpaths, and hence we have

hmn =
∑

l

∑
k

rm,n,l,k. (8)

4. Channel Properties at Sub-Terahertz Band

Since channel properties affect the performance of MIMO
systems, we examine sub-Terahertz band properties in this
section. Reference [18] states that the total number of multi-
path components at 140 GHz is much fewer than the number
at 28 GHz, and that the 140 GHz channel is much sparser
than the channel at 28 GHz. The reason for this is due to the
higher partition loss at 140 GHz. Here, partition loss is de-
fined as the difference between signal power right before the
partition and the signal power right after the partition, which
includes reflection/scattering loss and the material absorp-
tion loss [32].

The following are more quantitative results stated in
[18]. As seen from Fig. 4 in [18], in almost all LOS cases,
the number of time clusters of 140 GHz is equal to or less
than 3. Figure 5 shows that in about 80 percent cases, the
number of subpaths within a cluster is one or two. Thus, it is
conjectured that in most LOS scenarios, the total number of
subpaths or multipath components in a sub-Terahertz band
is equal to or less than six. This is consistent with the results
in Table VII in [18].

A time cluster comprises multipath components trav-
eling close in time, and multiple time clusters can arrive at
unique pointing angles [31]. The reference [18] states that

Table 1 Simulation parameters.

Number of subarrays at BS (N) 8
Number of antennas per subarray at BS (Ns) 64

Number of antennas at UE (M) 8
Number of trials 1000

Table 2 Channel model parameters.

Average Average
TC# SP# Delay Power Amplitude AOD AOA

[ns] [deg] [deg]

1 1 0.0 0.2734 0.5228 0 1802 0.8 0.1855 0.4308

2 1 6.8 0.1669 0.4085 35 1202 7.0 0.1494 0.3866

3 1 13.0 0.1532 0.3915 35 1202 14.5 0.0715 0.2674

there are at most two main directions of arrival or departure
at 140 GHz in the measurement environment. Thus, if there
are three time clusters, at least two of them have the same
main directions, i.e. the same average angles. This is the
case that we treat in the next section.

5. Simulations

We evaluated the performance of the hybrid MIMO sys-
tem for a 140 GHz LOS indoor scenario. The simulation
parameters are listed in Table 1. Table 2 shows the chan-
nel model parameters obtained based on [18]. “TC#” and
“SP#” denote the time cluster number and the subpath num-
ber, respectively. “Delay” represents the excess time delay
for (TC#, SP#) with respect to (TC 1, SP 1). “Power” for
(TC#, SP#) was calculated using “Delay.” “Amplitude” was
given by the square root of “Power,” and is al,k in Sect. 3.
The phase ϕ′l,k was given by a uniform random number be-
tween 0 and 2π for each trail. The azimuth angle of depar-
ture φl,k,AOD was given by a normal random number with
“Average AOD” and a standard deviation of 4.3 deg. Sim-
ilarly, the azimuth angle of arrival φl,k,AOA was given by a
normal random number with “Average AOA” and a standard
deviation of 4.4 deg. Both the standard deviations are mea-
sured values in the environment [18]. We used them also for
the simulation. Changing these values, we conducted 1000
trails.

Table 3 lists allocated beams to the sets of time cluster
and subpath, (TC#, SP#). For example, as for “Beam allo-
cation D,” the beams of subarrays #1 and #2 were steered
to (TC#, SP#) = (1, 1), beams of subarrays #3 and #4 were
steered to (1, 2). The beams of subarrays #5, #6, #7, and
#8 were steered to (2, 1), (2, 2), (3, 1), and (3, 2), respec-
tively. In “Beam allocation D,” all the beams were steered
to all the multipath components. In the table, N/A stands for
“not allocated.” This means that no beam is allocated to the
corresponding (TC#, SP#). Note that the resolution of allo-
cation was 1 deg. Thus, the main beam direction Φn in (4)
was an integer nearest to the corresponding AOD, φl,k,AOD.

Figure 2 shows the average channel capacity obtained
by (3) versus normalized total transmit power for different
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Table 3 Beam allocation to time cluster and subpath.

Beam allocation
(TC#, SP#) A B C D E

(1, 1) 1-8 1-4 1, 2 1, 2 1
(1, 2) N/A 5-8 3, 4 3, 4 2
(2, 1) N/A N/A 5, 6 5 3
(2, 2) N/A N/A 7, 8 6 4
(3, 1) N/A N/A N/A 7 5, 6
(3, 2) N/A N/A N/A 8 7, 8

The above numbers denote corresponding subarrays

Fig. 2 Average channel capacity versus normalized total transmit power
for different beam allocation.

beam allocation. It is clearly seen that the channel capacity
for “Beam allocation A and B” are poor compared with the
other allocation schemes. All the beams for “Beam alloca-
tion A” were steered to (TC#, SP#) = (1, 1), and the beams
for “Beam allocation B” were formed toward (1, 1) and (1,
2), which were closely located each other. For the other
allocation, the beams were steered to different time clus-
ters, which were largely separated. We see almost the same
performance for “Beam allocation C, D, E.” Among them,
“Beam allocation D” yields slightly higher channel capacity
than the others. From these results, it is conjectured that the
analog beams should be steered to all the multipath compo-
nents to achieve higher channel capacity. Specifically, good
performance is obtained when we allocate an analog beam
to each multipath component and doubly allocate residual
beams to multipath components from the largest one. We
examine the reason for the difference of channel capacitiy
in detail in the following.

Figure 3 plots cumulative distributions of eigenvalues
of the Gram matrix HH H for “Beam allocation A and D.”
We have only six multipath components as shown in Table 2.
Although the channel matrix H is 8×8, the rank is six. Thus,
we have only six positive eigenvalues. This is the reason
why only six curves are drawn in each figure. It is seen
that the first eigenvalues for “Beam allocation D” are lower

Fig. 3 Cumulative distributions of eigenvalues of HH H for beam alloca-
tion A and D.

than those for “Beam allocation A.” The other eigenvalues
for “Beam allocation D” are, however, larger than those for
“Beam allocation A.” Thus, although the channel capacity of
the first layer for “Beam allocation D” is lower than that for
“Beam allocation A,” the other channel capacity is higher
than that for “Beam allocation A.”

Figure 4 shows power allocation given by (2) versus
normalized total transmit power for “Beam allocation A
and D.” The curve for the 5th layer is identical with that
for the 6th layer for “Beam allocation A”, and is not seen
in Fig. 4(a). We see that for any normalized total transmit
power, “Beam allocation D” has more allocated layers than
“Beam allocation A,” and has higher multiplexing gain. This
is the reason why “Beam allocation D” has much higher
channel capacity than “Beam allocation A.”
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Fig. 4 Power allocation versus normalized total transmit power for beam
allocation A and D.

Now, we consider correlations between beams, or cor-
relations between subarrays. The normalized non-diagonal
(p, q)th component of HH H is the channel correlation of
the beam pair [p, q] for the corresponding channel matrix
H. Thus, the absolute value of the correlation is given by∣∣∣∣∣∣∣

M∑
m=1

h∗mphmq

∣∣∣∣∣∣∣√√√ M∑
m=1

∣∣∣hmp

∣∣∣2 M∑
m=1

∣∣∣hmq

∣∣∣2
for p , q, (9)

In the remainder of this paper, we refer to the absolute val-
ues of correlations simply as correlations. We averaged the
correlations over 1000 sets of channels.

Fig. 5 Channel correlation versus beam pair for beam allocation A and
D.

Figure 5 plots the correlations of the beam pairs for
“Beam allocation A and D.” In the figure, the beam pair [1,
2] is a set of the beams generated by the subarrays #1 and
#2, and the other pairs are defined in the same manner. We
clearly see that the correlations for “Beam allocation A” are
close to 1 for all the beam pairs. This is proved in the fol-
lowing:

All the beams are steered to (TC#, SP#) = (1, 1) for
“Beam allocation A,” and they greatly reduce all the other
multipath components. Thus, using (6) and (8), hmn can be
approximated by

hmn ' a1,1 exp( jϕ1,1)gn(φ1,1,AOD;Φn)
exp

[
−j(n−1)Nsπ sin φ1,1,AOD

]
exp

[
−j(m−1)π sin φ1,1,AOA

]
. (10)

Note that a1,1 exp( jϕ1,1) is the complex amplitude of the
multipath component from (TC#, SP#) = (1, 1). Further-
more, we have

h∗mphmq ' a2
1,1gp(φ1,1,AOD;Φp)gq(φ1,1,AOD;Φq)

exp
[
j(p − 1)Nsπ sin φ1,1,AOD

]
exp

[
− j(q − 1)Nsπ sin φ1,1,AOD

]
. (11)∣∣∣∣∣∣∣

M∑
m=1

h∗mphmq

∣∣∣∣∣∣∣
' Ma2

1,1

∣∣∣gp(φ1,1,AOD;Φp)gq(φ1,1,AOD;Φq)
∣∣∣ . (12)

Similarly, we have

M∑
m=1

∣∣∣hmp

∣∣∣2 ' Ma2
1,1g

2
p(φ1,1,AOD;Φp). (13)
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M∑
m=1

∣∣∣hmq

∣∣∣2 ' Ma2
1,1g

2
q(φ1,1,AOD;Φq). (14)

Thus, we see that the correlation is close to 1 for “Beam
allocation A” as below:∣∣∣∑M

m=1 h∗mphmq

∣∣∣√∑M
m=1

∣∣∣hmp

∣∣∣2 ∑M
m=1

∣∣∣hmq

∣∣∣2
'

Ma2
1,1

∣∣∣gp(φ1,1,AOD;Φp)gq(φ1,1,AOD;Φq)
∣∣∣

Ma2
1,1

∣∣∣gp(φ1,1,AOD;Φp)gq(φ1,1,AOD;Φq)
∣∣∣

= 1. (15)

The approximation (10) depends on the subarray architec-
ture. If the main beam is wider and side lobes are higher
such as the case of Ns = 16, hmn includes higher contribu-
tions from multipath components other than (TC#, SP#) =

(1, 1). In this case, the correlations for “Beam allocation A”
are lower than those in Fig. 5.

On the other hand, the correlations for “Beam alloca-
tion D” are significantly different depending on beam pairs.
The results for “Beam allocation D” are summarized as fol-
low:

(1) As stated previously, the beams of the subarrays #1 and
#2 were steered to (TC#, SP#) = (1, 1), namely in the
same direction. Thus, the correlation of the beam pair
[1, 2] is close to 1.

(2) The beams of the subarrays #2 and #3 were formed to
(1, 1) and (1, 2), respectively, and hence the beam direc-
tions were slightly separated. This is the reason why the
correlation of the beam pair [2, 3] is fairly lower than 1,
about 0.78.

(3) It is seen that the correlation of the beam pair [4, 5] is
very low, about 0.1. The beams of subarrays #4 and
#5 were steered to (1, 2), and (2, 1), respectively. The
multipath components of (1, 2) and (2, 1) belong to the
different time clusters, which are located far apart, and
the beam directions are largely separated. Thus, the cor-
relation is extremely low. The correlations of the other
beam pairs can be explained in the same manner.

The lower correlations for “Beam allocation D” enlarge
eigenvalues of HH H other than the first one, and improve
the channel capacity.

We evaluated the performance also for Ns = 16, and
we confirmed that the basic tendency is the same, although
the performance is worse than that for Ns = 64. In addition,
it is also confirmed that almost the same results for beam
allocation were obtained in some other cases with different
channel model parameters.

6. Conclusions

Since it has been recently reported that multipath compo-
nents are very few in a sub-Terahertz band in indoor en-
vironments, we have examined spatial multiplexing of a hy-
brid MIMO system in this band. Through simulation results,

we have revealed that the analog beams should be steered to
all the multipath components to lower correlations and to
achieve higher channel capacity.

In the simulation, we assumed six multipath compo-
nents in the environment. We may, however, have many
cases where the number of multipath components is less
than six [18]. In such pessimistic scenarios, one of the
promising schemes is modify environments. The concept
is called smart radio environments (SREs) which can be re-
alized using reconfigurable intelligent surfaces (RISs) [33].
To this end, researchers will need wide knowledge ranging
from electromagnetic waves to information theory as the au-
thors of [33] say:

“Owing to the interdisciplinary essence of RIS-
empowered SREs, finally, we put forth the need of
reconciling and reuniting C. E. Shannon’s mathe-
matical theory of communication with G. Green’s
and J. C. Maxwell’s mathematical theories of elec-
tromagnetism for appropriately modeling, analyz-
ing, optimizing, and deploying future wireless net-
works empowered by RISs.”

Reprinted from [33] with permission ( c©2020 IEEE).
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