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Abstract

The increasing global demand for ultra-high spectral efficiencies, data rates, speeds, and bandwidths in next-generation
wireless networks motivate the exploration of peak capabilities of ultra-massive multiple input multiple output (mMIMO)
wireless access technology at THz bands (0.1 THz — 10 THz). The smaller wavelengths (in the order of microns) of these
frequencies give an advantage of making possible high gain antennas with smaller physical dimensions and allowing massive
spatial multiplexing. This paper presents the design of an ultra-mMIMO hybrid beamforming system for multi users and its
feasibility to function at THz frequency bands. The functionality of the proposed system is verified rigorously using higher
order modulation schemes to have higher spectral efficiencies using performance metrics that includes error vector
magnitude, symbol constellations, and antenna array radiation beams. The performance results suggest to use a particular
mMIMO antenna configuration based on the number of independent data streams/user and strongly suggested to use
maximum number of data streams/user in order to achieve higher throughputs that satisfy the needs of 6G wireless systems.
Also the performance of proposed system at 0.14 THz is compared with mmWave hybrid beamforming systems that operate
at 28 GHz and 73 GHz bands.
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1. Introduction

The 5G wireless technology will be inadequate in the near
future due to the explosive growth of device-to-device (D2D)
networks like IoT, IIoT, IoS, and IoE. The 6G wireless

bandwidths, and data rates of terabits/sec are essential.[31 The
6G wireless system architecture is an integrated system of
different radio access technologies with ultra-massive scales
and dynamic network resources to achieve diverse

communication systems are aimed at supporting the
communication needs of 2030 s. Therefore, 6G wireless
technology which uses terahertz (0.1 THz — 10 THz) EM
spectrum frequencies that supports 10 GHz — 100 GHz
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performance improvements. The radio network architecture of
6G cellular systems should make use of features like cognitive
radio, carrier aggregation, THz bands, ultra- massive multiple
input multiple output (mMIMO), and femtocell-based
heterogeneous networks to provide maximum capacity. The
key differences in performance indicators of 5G and 6G
communication systems are mentioned in Table 1. The main
aim of this article is to propose and design a hybrid
beamforming system for 6G wireless networks that consist of
ultra-mMIMO antenna array configurations of size that varies
from 64 to 256 at BS and 4 to 16 at MS of multiple users that
operates in the 0.14 THz frequency band. The performance
measurements are noted at 0.14 THz frequency band and
feasibility of the proposed system is verified using higher
order quadrature amplitude modulation (QAM) schemes, also
the results are compared with mmWave hybrid beamforming
systems that operate in the 28 GHz and 73 GHz bands.
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Table 1. Key Performance Indicators of 5G and 6G Communication Systems.

Key performance Indicator

5G

6G

Technologies

mMIMO, mmWave bands, network Cell-free mMIMO, RIS, Al, Quantum
densification, polar codes,

LDPC communications & computing

codes, cloud/fog/edge computing

Multiplexing/Multiple Access OFDM, Adaptive Time-Frequency Spatial multiplexing, OMA, NOMA, OAM
Techniques Multiplexing, GFDM, FBMC multiplexing
End-to-End Latency 1 msec to 10 msec 0.1 msec

Data rates 1 Gbhps to 30 Gbps 100 Gbps to 1Tbps
Reliability (Packet Error Rate) 1-10% 1-10°

Mobility 500 kmph 1000 kmph

Energy efficiency -- 1TbA

Delay Jitter -- 10 msec

Peak data rates 20 Gbps 1 Thps
Experienced data rates 0.1Gbps 1 Thps

Peak spectral efficiency 30 bits/sec/Hz 100 bits/sec/Hz
Experienced spectral efficiency 0.3 bits/sec/Hz 3 bits/sec/Hz
Maximum channel bandwidth 1GHz 100 GHz
Connection density 102 Devices/100m? 108 Devices/100m?
Processing Delay 100 nsec 10 nsec

Frequency bands

Sub-GHz, mmWave

THz Bands, Non-RF (VLC, optical range),
block-chain based spectrum sharing

Use cases eMBB, URLLC, mMTC MBRLLC, mURLLC, human-centric
services

Device types Smart phones, sensors, drones Smart implants, CRAS, sensors and DLT,
XR and BCI

Traffic capacity 10 Mbps/m? 10 Gbps/m?®

Localization precision 10cm in 2-dimensional 1cm in 3-dimensional

Reliability 99.9% 99.999%

Receiver sensitivity About -120dBm

Less than -130dBm

1.1 Enabling technologies and challenges for 6G

Current 5G wireless networks have insufficient computing
capabilities, high interference because of massive
interconnection, absence of ubiquitous connectivity and they
are unable to meet the high-speed applications like
holographic communication that needs 1Tbps for seamless
communication. To meet the near future demands and
facilitate extremely high bandwidth, low latency, high data
rates, high reliability, and low-energy consumption
applications of wireless networks, 6G is proposed. 6G
applications include holographic communication, industry 4.0,
remote operated driving, tactile internet, etc.

[ Promising Techniques for 6G Wireless Networks ]

[ Frequency Bands ] ['l‘mnsmission mode ] [lmc]]igcul Transmission ] [lnlcgmlcd th\\'urks]

I» THz bands - Ultra-mMIMO

(0.1THz - 10THz)

- Machine learning  # Mobile BS

» Multi-domain index modulation —» Deep learning Space-terrestrial

integrated networks

Visible-light » Mode-division multiplexing i Artificial Intelligence
frequencies el I
L»Big Data techniques ’} exible heterogeneous
networks

Orbital angular momentum
multiplexing

Fig. 1 Promising Techniques for 6G Wireless Networks.

Al was already introduced in 5G, we envision that Al
techniques like machine learning, deep learning plays a major
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role in achieving smart, intelligent 6G networks. As RIS
enables enhanced, ubiquitous connectivity, and these have
advantages over relay systems. RISs are deployed on buildings,
doors, windows, and the reflected signals from RIS help in
serving areas where LoS is tricky.[ Technologies like RIS,
UAYV, pervasive Al, Cell-free mMIMO, THz bands, quantum
communication, ambient backscatter communication (for
wireless charging), block-chain, and optical wireless
technology as shown in Fig. 1 enhances the computing
efficiencies, and security of 6G wireless networks.

This paper is organized as follows: Section 1 provides
insight into design challenges, key enabling technologies, role
of Al and security aspects in 6G wireless networks. Section 2
explores the signal characteristics, wave propagation at THz
frequency bands. Section 3 describes channel modelling and
measurements at THz bands. Section 4 explores the possibility
of using ultra-massive MIMO hybrid beamforming techniques
for improved front-end performance at frequencies above 100
GHz. Section 5 discusses the results of ultra-massive MIMO
hybrid beamforming system at 140 GHz and compare them
with the system performance at 28 GHz, and 73 GHz
mmWave frequencies.®! Section 6 gives overall observations,
conclusions, and possible future directions of the research that
can be carried out towards the use of THz frequency bands.
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2. Signal characteristics at THz frequencies

The radio signal propagation undergoes through three main
propagation mechanisms called reflection, diffraction, and
scattering in multipath channel.®! At THz carrier frequencies,
signal transmissions are highly directive (less angular
divergence) and diffraction effects are minimum. Adaptation
of mMIMO, hybrid beamforming or beam steering techniques
overcomes the shadowing effects at mmWave frequencies.[”!
Scattering is an important propagation mechanism to consider
in channel modelling at THz frequencies for 6G wireless
systems. The surface scattering at THz frequencies exhibit
both diffuse and strong specular reflections. “Directive
scattering” and “radar cross section” scattering models support
development of ray tracing tool design, imaging, and
localization for 6G wireless systems.[®! Characterization of
surface scatterers (for both diffused and specular components)
at 60 GHz leads to small-scale fading due to rough surface
scatterers. The diffused scattering depends on distance from
the surface, angle of incidence, and material roughness.® The
multipath delay spread and path losses of a radio channel are
characterized at frequency range 126 GHz — 156 GHz.[' The
wavelengths of THz frequencies approach the dimensions of
dust, snow particles or rain, and effects of Mie scattering
becomes more significant contribution to link budget. The rain
effects do not contribute to additional attenuation losses at
THz frequencies (0.1 THz-0.5 THz).'! Atmospheric gases
like hydrogen, oxygen, and carbon-di-oxide etc. cause
significant attenuation at THz bands (183 GHz, 325 GHz, 380
GHz, 450 GHz, 550 GHz and 760 GHz) and these frequency
bands can be wused for secure ultra-short range
communications.['2131

3. Channel modelling and measurements at THz bands

Channel properties define the performance limits in 6G
wireless communication systems. Therefore, it is very
important to explore different 6G channel models,
measurement techniques, and develop statistical channel
impulse response models at THz frequencies both in space and
time.'41 The requirement of high data rates and bandwidths
for smart rail mobility motivates to explore high gain mMIMO,
advanced handover designs, and dynamic beamforming
techniques at mmWave and THz bands.!*”l The communication
between passengers and rails as well as intra-wagon scenarios
are characterized using ultra-wideband channel sounding and
ray tracing at 60 GHz and 300 GHz frequency bands with 8
GHz of bandwidth.[*®] The measured propagation losses of a
communication link at 350 GHz frequency estimates the data
rates of 1 Gbps at 8.5m and 100 Gbps for Im distances.['"]
Channel models and propagation measurements are presented
at D-band (110 GHz-170 GHz) frequencies. Channel sounder
system is designed for 140 GHz and signal attenuation
measurements are investigated for indoor models.?*? The
large-scale path loss and multipath time dispersion
measurements for ultra-dense indoor wireless networks at
mmWave bands show that multipath RMS delay spread can be

310 Eng. Sci., 2021, 16, 308-318

minimized using more directive antennas.?? Certain mmWave
and THz frequency bands exhibit less path loss (< 10 dB/Km)
in addition to free-space path loss values. Therefore, these
frequencies can be used for 6G cellular and mobile
applications (long-range ~ communications).®!  THz
frequencies exhibit a very high signal attenuation or path loss,
however, we can overcome this using ultra-mMIMO antenna
arrays which compensate increased path loss and provides
highly reliable links.?*l A careful neighbor discovery process
in mMIMO systems is essential to have higher throughputs
and lower interference.” Indoor and outdoor channel
measurements at 100 GHz, 200 GHz, 300 GHz, and 400 GHz
are carried out for a link data rate of 1 Gbps. The multi-path
channel measurements proved the feasibility of using THz
radio links for data transmissions in a highly fading channel
environments.?® The radiation at THz (0.1 THz — 10 THz)
bands penetrates through materials (indoor office) with
minimum penetration losses and loss increases for higher end
of THz band.?"

4. Ultra-massive
techniques for 6G
mMIMO and ultra-mMIMO are the key enabling technologies
in 5G and 6G networks respectively with efficient beam
steering capabilities. The important open research challenges
in mMIMO system design are channel estimation, pilot
contamination, user scheduling, precoding, signal detection,
and energy efficiency.”® The mMIMO and ultra-mMIMO
beamforming systems offer huge bandwidths with very high
data rates in 5G and 6G cellular mobile systems. They provide
maximum antenna array gains by overcoming the high path
loss, atmospheric absorption, and rapid channel variations.
These designs demand precise alignment of BS and UE beams
that increases latency in link establishment, implications of
control layer procedures like beam tracking, and handover.[*]
The characterization of mMIMO channel can be represented
as shown in Equation 1.

MIMO and hybrid beamforming

Y= HX +n (1)
ha i hime
The channel matrix, H = a1 haz hame
. h3Mt
hyrs  hurz hyrme

where A is a complex gaussian random variable to model
fading gain between j™ Rx antenna and i Tx antenna. For any
given subcarrier ‘k’, the vector observation is given in
Equation 2.
7z = HiXx + ng (2)
where y — Rx column vector of size M; x 1, H — channel
matrix of size M; x My, X — Tx column vector of size My X 1,
n — AWGN noise column vector of size M; x 1, and zx —
observation vector of size M; x 1.
In a MIMO system, transmitting one symbol over all M
antennas leads to high diversity but with low rate. In a
mMIMO system with beamforming as shown in Fig. 2 gives
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both diversity gain as well as higher data rates. The received
symbols in such systems can be derived as given in Equation
3.

y = UMHVX + n 3)
where X, y, n are scalars and select U and V along largest
singular value.

V1

u’
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Fig. 2 mMIMO Channel with Beamforming.

The narrowband MIMO channel can be represented using

Equation 4 as,

y=Hx+n “)
where E{xx'!} = Ry Ry — input covariance matrix and Ry" =
p and E{nn'!} = Iy;; where n is zero mean gaussian noise.

Channel capacity for fixed channel,

C = max {B log, det [Iy; + H Ry H']} (5)
for all Ry = Ry! = p, the channel matrix, H can be represented
as H = UXV! with T = diag (1%, 62% ... oru?, 0, ... 0):
The Equation 5 maximizes the overall possible covariance
matrices that satisfy the total energy constraint. If the channel
is unknown at the Tx (no CSIT), then the total energy spreads
among all M; Tx antennas, therefore Ry = [p/M;] Im: and the
channel capacity is given in Equation 6.

Channel capacity,

C=B I loga(1+ (oYM (6)

On the other hand, if CSIT is available, we can do more
sophisticated detection using SVD and exploit power
allocation. The corresponding channel capacity is given in
Equation 7.

Channel capacity,

C =X Blogx(l + (pi o)) forall pi: 3=y picp  (7)

In MU-mMIMO systems, users are always orthogonal and
favorable propagation conditions in LOS relies on geometry
of the array and far field conditions. If ‘M’ antenna elements
spaced at d = A/2 and the incoming signal makes an angle ‘0°,
then the path difference 6 = d sin(0). Therefore, the received
passband signals are given as follows: ro(t) = Re{As(t — 1)
exp(2nfe(t — 1))} = Re{gs(t) exp(j2nfct)} ri(t) = Re{gs(t —
d/c) exp(2nf(t — 0/c))} = Re{gs(t) exp(j2nfct)) exp(—
j2nf.6/c)} and the corresponding received baseband signals
are given in Equation 8.

ym(t) = gs(t)exp(—j2mdm/A), m=0,M —1l andy=hs + n
®)

The channel with gk being a complex number, the same for
all antenna elements and given as:
hy = g [ 1 exp I2mSnO0 gy ArdsinOk) & gy

# ek — th h1 =0

—20M —Drdsin(09/1] g
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This allows beamforming in specific directions (d = A/2).

5. Results and discussions

3 GPP recommends the 28 GHz, 73 GHz, and 140 GHz
frequency bands for future MU-ultra-mMIMO wireless
communication systems.%3! Therefore, system performance
is verified at these frequencies for a maximum of 256 x 16
MIMO order with 4, 8 users using the simulation parameters
as mentioned in Table 2. All the simulations are carried out
using MATLAB tool. At the BS, rectangular antennas array of
size 256 (64 rows and 4 columns) is connected to 4 - RF chains,
At MS, 16 antenna elements (4 rows and 4 columns)
connected to 4 - RF chains. With this design, every element of
an antenna is connected to 4-phase shifters and radiation
patterns of antenna arrays becomes isotropic with linear or
rectangular geometry. In order to have peak spectral
efficiencies, independent channels are assigned for each user
and independent data streams are transmitted through each RF
chain that leads to maximum of four data streams per user. The
channel between UEs and BS is modeled as well as validated
through “MIMO scattering-spatial channel” model. This
model assumes the randomly placed scatters and presence of
UE at various T-R spatial locations. The UEs of each user is
modeled by compensating thermal noise and path loss. A
single common channel is used for both non-LOS and LOS
scenarios to model the path loss, data transmissions as well as
for channel sounding. The periodic updates of channel matrix
at regular intervals are essential to mimic the channel
variations.

Table 2. System specifications for a MU-ultra-mMIMO system.
System Specification Values
64, 128, 256

Number of transmitting antennas at
BS

Number of antennas/user at UE [16412484124],[16

484]

Antenna array configuration URA, ULA

Spacing between antenna elements 0.51

Bits/subcarrier 4,6,8

OFDM data symbols 10, 12, 14

Users 4,8

Independent data streams/user [4121],[4131213
1

UE position Elevation Angle: [-90°
909
Azimuthal Angle:
[-180° 180°]

BS position 0, 0)

Range at UE (maximum value) 1km

Carrier frequency

QAM order
Channel sampling rate
Channel type

28 GHz, 73 GHz, 140
GHz

4,6,and 8

100 Mbps

Scattering, MIMO

Eng. Sci., 2021, 16, 308-318 | 311
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Table 3. RMS EVM values in an ultra-mMIMO system for different QAM schemes at 140 GHz frequencies with 4 users.

Modulation Scheme

Users at 140 GHz

BS Antenna Elements

1 2 3 4
256 0.81258 0.86757 0.50247 0.72724
256-QAM 128 0.33035 1.0522 0.563 1.1686
64 0.13909 1.8912 0.74997 2.2471
256 0.84058 1.0879 0.46846 0.73867
64-QAM 128 0.32361 1.1148 0.614 1.1582
64 0.13746 1.8514 0.7483 2.2165
256 0.80878 0.85585 0.45633 0.73577
16-QAM 128 0.32897 1.0915 0.55477 1.1415
64 0.13855 1.9694 0.75611 2.3147
Independent data streams/user 4 1 2 1

From Table 3, it is very clear that the RMS EVM values
are minimum when the number of data streams/user are high,
however, the error values are increasing for users with higher
data streams even when size of mMIMO system increases.
When the number of data streams/user are minimum (one data
stream/user, two data stream/user), the error values are higher
at lower configurations of mMIMO size, however, the RMS
EVM values are reducing at higher mMIMO size
configurations. From the above simulation results, we can
conclude that 256 x 8, 128 x 16, and 64 x 16 mMIMO
configurations are optimum for 4-user mMIMO hybrid
beamforming systems when the number of data streams/user
are two, four and four respectively.

From Table 4, the optimum values of EVM are achieved
for 256 x 16 mMIMO antenna configurations where users
maintain 4 independent data streams/user, and error values are
highest for 64 x 4 mMIMO configuration with one
independent data stream/user. For a given BS antenna array
and modulation scheme, it is clear that RMS EVM values are
decreasing when the users maintain higher data streams. For a
given modulation order, increasing size of BS antenna array
benefits with lower RMS EVM values. However, there are
very few cases where there is a little increase in RMS EVM
values for BS antenna array size of 256. When the user’s data
is split into multiple independent parallel streams, then it
needs lower active antenna elements to transmit these signals.
Therefore, it gives a trade-off between data streams/user and
T-R antenna array size.

5.1 Performance of MU-Ultra-mMIMO systems for 4
users

Figs. 3, 4a and 4b present the performance in terms of RMS
EVM values in an ultra-MU-mMIMO system for 4 users at
140 GHz and compared with performance at 28 GHz, 73
GHz.B% Users 1, 2, 3, and 4 transmit their data using four, one,
two and one independent data streams, respectively. From Fig.
3, 4a, and 4b, it is observed that RMS EVM values are
minimum for users 1 and 3 as they maintain more number of
data streams for transmission. Interestingly, for user 4, the
error values are minimum at 140 GHz as compared to the 28

312 | Eng. Sci., 2021, 16, 308-318

GHz and 73 GHz frequencies. This justifies the use of THz
frequencies and higher order modulation schemes to achieve
higher bandwidths, data rates, and spectral efficiencies. For
user 3 that maintains two independent data streams, the error
values are minimum at 73 GHz and it motivates us to study the
performance of MU-mMIMO hybrid beamforming at these
frequencies. For user 1 which has highest number of data
streams, the error values are slightly increasing at 140 GHz
compared to the 73 GHz and 28 GHz frequency bands,
however the errors are within the acceptable limits. Also for a
given order of QAM modulation scheme and carrier that are
considered in this paper, the error values are slightly
increasing even at higher order mMIMO antenna array
configurations for the users who maintain large number of data
streams and it needs more explorations to minimize the errors
in spite that they are within limits.

I 283Gz
I 73GHz
35 I 140GHz
Ea304
=
251
=
&
2.0

1.5

1.0+

0.5

0.0 -

3 4

Users

Fig. 3 Values of error vectors with 256-QAM modulation scheme
using 64 BS antennas.

The 3D-signal radiation patterns in ultra-MU-mMIMO
hybrid beamforming systems with multiple BS antennas array
sizes for four users and eight users are shown in Figs. 5a - 5d,
and Figs. 8a - 8c respectively. The stronger lobes indicate
distinct data streams of users and these lobes show the spread
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achieved by hybrid beamforming. The observation is that the
radiation beams are becoming more focused for increasing

(a) W 25GH
I 73GHz
I 140GHz

254

g

=204

z

»

=

oz 1.5

0.5+

0.0

1 2 3

Users

(a) 128 BS antennas

antennas array size at BS and UE which enhances the received
signal reliability and there by throughput.

(b) -
I 73GHz

I 140GHz

o )
1 1

RMS EVM (%)
3
N

1 2

Users 3 4

(b) 256 BS antennas

Fig. 4 Values of error vectors with 256-QAM modulation scheme using different number of BS antennas.

Table 4. RMS EVM values in an ultra-mMIMO system for different QAM schemes at 140 GHz frequencies with 8 users.

Modulation BS Antenna Users at 140 GHz
Scheme Elements 1 2 3 4 5 6 7 8
256 0.10643 9.63 0.84648 5.3012 1.7391 6.0378 1.7481 4.7462
256-QAM 128 0.1249 1.0522  0.42981 5.0051 0.74358 8.8211 1.3856 5.4127
64 0.24345 50.064 1.7185 5.8015 0.42917 16.5441 1.9911 34.3318
256 0.1079 15.3801 0.87072 6.3431 1.7651 9.1091 1.7298 5.1259
64-QAM 128 0.12292 17.5615 0.49705 5.6778 0.73831 13.5069 1.3792 6.5138
64 0.244 54.8285  1.7054 7.1033 0.42623 21.6397 1.992 38.67
256 0.10546 245707 0.84912 6.3027 1.7625 10.1468 1.7413 5.4381
16-QAM 128 0.12308 29.4725 0.48917 5.7685 0.74072 20.579 1.3852 6.6699
64 0.23899 0.23899  1.7292 7.2365 0.42512 30.5615 1.9993 47.1606
Independent data streams/user 4 1 3 1 2 1 3 1
(a) oo (b) ro
el
X j\zO
&0
(©) Az Az0 §

EI90

EIO

)

EI90

Az0 az El0
El0

Fig. 5 Signal 3D-radiation pattern in MU-mMIMO hybrid beamforming system using 256-QAM scheme with different number of

BS antennas for 4 users at 140 GHz.
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I 23GHz
I 73GHz
60 4 I 140GHz
< 50
=2
&
40+
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204
104
0
1 2 3 6 7 8

Users
Fig. 6 Values of RMS error vectors in a MU-mMIMO hybrid
beamforming system using 256-QAM modulation scheme with
64 BS antennas.

5.2 Performance of MU-Ultra-mMIMO systems for 8
users

Figs. 6, 7a and 7b present the performance in terms of RMS
EVM values in an ultra-MU-mMIMO systems for eight users
at 140 GHz and compared with the performance at 28 GHz,

(@)

I 23GHz
I 73GHz
I 140GHz

~ 20+

9

=

-

=

w 15 4

=

o

1 2 3 4 5 6 7 8
Users

and 73 GHz.3% Users 1, 2, 3, 4, 5, 6, 7, and 8 transmit their
data using four, one, three, one, two, one, three, and one
independent data streams, respectively. From Figs. 6, 7a and
7b, it is observed that RMS EVM values are minimum for
users 1, 3, 5, and 7 as they maintain a higher number of data
streams for transmission. Interestingly, for user 1, the error
values are minimum at all frequencies as it maintains four
independent data streams and the errors are further reduced at
140 GHz as compared to 28 GHz and 73 GHz frequencies.
Users who maintain three or two data streams have minimum
errors in data transmissions at 143 GHz compared to 28 GHz
and 73 GHz. This justifies the use of THz frequencies and
higher order modulation schemes to achieve higher
bandwidths, data rates, and spectral efficiencies. User 2 that
maintains only one data stream has the highest errors in
transmission, however the alternate users who have same
number of independent data streams lead to lower error values.
The common observation is that alternate users with same
number of data streams suffer from higher transmission errors.
From the overall results of the proposed system at 140 GHz
frequency bands comparing with mmWave frequencies of 28
GHz and 73 GHz, strongly recommends to explore and use the
frequencies beyond 100 GHz for next-generation wireless
systems.

(b) . 25GH:
I 73G1Hz
124 I 140GHz
=104
é
=
-
m 8-
Z
6
4
24
0
1 2 3 4 9 6 7 8

Users

Fig. 7 Values of RMS error vectors in a MU-mMIMO hybrid beamforming system using 256-QAM modulation scheme with different

number of BS antennas.

(@) (b) Azo

EI90

Az 0
EIO

Fig. 8 3D-Radiation pattern of MU-mMIMO hybrid beamforming
140 GHz.
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Fig. 9 Representation of symbol constellation (or data streams) using 16-QAM modulation with 64 BS antennas for 8 users at 140GHz.

Figs. 9, 10a and 10b indicate the equalized symbol
constellation/data stream with various combinations of
antennas array sizes and QAM schemes for an eight user
mMIMO hybrid beamforming system. From the received
symbol constellations of all combinations shown, it is evident
that the variance of recovered data streams at Rx is minimum
for users with more independent data streams as symbol points
are present with less dispersion in the symbol constellation.
The fact is that the data streams using the most dominant mode
of MIMO scattering channel have maximum SNR values, but
users with one independent data stream only have highly
dispersed received symbols and it is very difficult to estimate
the actual transmitted symbols.

This higher variance in the received symbols is due to fact
that the lack of dominant modes in channel leads to poor SNR.
However, the dispersion is very much reduced with increasing
size of antenna arrays at BS and UE as shown in Figs. 9, 10a
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and 10b. Therefore, it is essential to use higher order antenna
arrays to achieve higher spectral efficiency.

6. Conclusions and future scope

In this paper, a MU-ultra-mMIMO system is designed for THz
frequencies with many independent data streams/user.
Rigorous analysis is performed with different QAM
modulation orders as well as antenna array configurations at
Tx and Rx. The results of MU-ultra-mMIMO hybrid
beamforming system at THz and mmWave frequencies are
compared to prove the feasibility of using THz frequencies for
next-generation wireless communication systems. For a 4-user
mMIMO hybrid beamforming systems, it is suggested to use
256 x 8,128 x 16, and 64 x 16 mMIMO system configurations
where number of independent data streams/user are 2, 4, and
8, respectively. At the same time, for 8-user mMIMO hybrid
beamforming systems, it is suggested to use 256 x 16 mMIMO
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Fig. 10 Representation of symbol constellation (or data streams) using 16-QAM modulation with 128 and 256 BS antennas for 8

users at 140 GHz.
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antenna array configurations where users maintain four
independent data streams/user. In both 4-user mMIMO and 8-
user mMIMO hybrid beamforming, if the user has only one
independent data stream then it is essential to have higher
order mMIMO antenna arrays at BS and UE in which case a
256 x 4 mMIMO configuration is suitable. From the overall
results of research work carried out at 140 GHz, main
observation is that for users with minimum number of data
streams, error values in their data streams are higher, whereas
for users with maximum data streams, error values in their data
streams are minimum. Therefore, it is strongly suggested to
maintain multiple number of independent data streams/user to
minimize the RMS EVM values and achieve higher order
throughputs. However, hybrid beamforming designs for MU-
mMIMO systems with an objective of minimizing errors and
achieve higher throughput for users with minimum number of
data streams needs to be carried out as a future research
direction. Future work also includes performance analysis of
the proposed MU-mMIMO hybrid beamforming system for
ultra-mMIMO antenna array configurations of order 1024 x
1024 at 0.2, 0.34 and 0.4 THz frequency bands as the
atmospheric absorption loss beyond Frii’s free space path loss
of the signal is minimum.

Conflict of interest
There are no conflicts to declare.

Supporting information

Not applicable.

Glossary

3D three dimensional

3GPP 3rd generation partnership project

5G fifth generation

6G sixth generation

Al artificial intelligence

AWGN additive white gaussian noise

BCI brain computer interactions

BS base station

CRAS connected robotics and autonomous systems
CSIT CSI at Tx

D2D device-to-device

DLT distributed ledger technologies

EM electromagnetic

eMBB enhanced mobile broadband

EVM error vector magnitude

FBMC filter bank multi carrier

GFDM generalized frequency division multiplexing
IloT industrial IoT

IoE internet of everything

IoS internet of space

IoT internet of things

LDPC low density parity check

LOS line of sight

MBRLLC mobile broadband reliable low latency
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communication

MIMO multi-input-multi-output

mMIMO massive MIMO

mMTC massive machine type communication
mmWave millimeter wave

MS mobile station

MU multi user

mURLLC massive URLLC

NLOS non-line of sight

NOMA non-orthogonal multiple access

OAM orbital angular momentum

OFDM orthogonal frequency division multiplexing
OMA orthogonal multiple access

QAM quadrature amplitude modulation

RF radio frequency

RIS reconfigurable intelligent surfaces
RMS root mean square

Rx receiver

SNR signal-to-noise ratio

SVD singular value decomposition

THz terahertz

T-R transmit-receive

Tx transmitter

UAV unmanned aerial vehicle

UE user equipment

ULA uniform linear array

URA uniform rectangular array

URLLC ultra reliability and low latency communication
VLC visible light communication

XR extended reality
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