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Abstract Terahertz (THz) communication is becoming an up-and-coming
technology for the future 6G networks as it provides an ultra-wide bandwidth.
Appropriate channel models and precoding techniques are essential for sup-
porting the desired coverage and mainly to resolve the severe path loss in THz
signals. Initially, the Sub-THz channel (140 GHz) impulse response by using
NYUSIM Channel Simulator for 6G indoor office scenario is investigated in
this work. The highlight is on Large scale and Small scale parameters like prop-
agation delay and path loss, antenna array gain, etc. The beam split effect is
a critical challenge of THz wideband communication.Therefore We have pro-
posed three different THz precoding methodologies like the hybrid precoding,
analog beamforming, and the delay-phase precoding to address this challenge.
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We then extensively investigate its diverse number of time delayers, varying
number of antenna elements, and comparison with frequency - mmWave and
Sub-THz have been discussed. Finally, the proposed delay-phase precoding
techniques outperforms the other precoding techniques with 97% of optimal
precoding. So, this an efficient approach for implementing the future indoor
communication network deployment for 6G.

Keywords Terahertz, Delay-phase Precoding, Beam Spilt effect, 6G Indoor
Office, Channel Simulation

1 Introduction

The International Tele-communication Union(ITU) launched the official re-
search investigation over 6G helps to design pioneer wireless networks and
also to attain self-subsisting networks. To quench out the emerging services
and the applications like augmented reality, holographic communications, ex-
tremely high definition transmission of videos, the Tera-Hertz(THz) commu-
nications acts as a backbone for the future 6G wireless networks. 6G also
provides the communication with reduced latency for long distance with ul-
tra high reliability. The THz band ranges from 0.1THz to 10THz provides
significant bandwidth owing to attain ultra-high data rate. Several interpreta-
tions over 6G be has a belief that 6G provides an empowered full-dimensional
coverage with unlimited wireless connectivity.

For wireless communications, the peak data rate is considered to be an
essential indicator to measure its effectiveness and in order to accomplish the
above visions of 6G, the peak data rate should be greater than 1 Tbps [1],
[2]. Nevertheless, this peak data rate will not be supported by the existing 5G
millimeter wave (mmWave) bandwidth. Comparing THz band, which is in 0.1
THz-10 THz range with the mmWave, the THz band provides the significant
bandwidth, for example, the bandwidth greater than 20 GHz is provided to
accomplish the extremely high data rate. Therefore, it is extensively believed
that the communication through THz band is significant technology for the
emerging 6G wireless networks [2]. The bandwidth provided should be used
effectively in multi-user networks. An autonomous and large dimensional net-
works are the key features of 6G to provide wide coverage and ubiquitous
connectivity.

The bandwidth obtained in the sub 6 GHz of band, and the mmWave band
is insubstantial to gratify the exigencies of the users in sixth generation era.
The usage of available spectrum is started moving towards the THz band in
bandwidth hungry applications [3]. In the applications of cellular, biological,
molecular and vehicular communications, distinct use cases are encountered
[4-6]. Owing to the bottleneck of large path loss, the THz communication
is circumscribed to employ in short range applications. A good number of
advanced applications like personal area networks, 6G communication, chip to
chip communication uses THz band communication [7].
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But the THz signals are often affected by the path loss for example, at 0.6
THz the path loss of 120 dB/100 m will occur. Due to this path loss issue
it becomes challenging to accomplish the expected coverage. The precoding
approach helps to resolve path loss problem and in this approach there is
no need to increase the power at the transmitter. By using this precoding
methodology, narrow beams can be generated with large antenna array gain
that combats the severe path loss and also the entire optimization process
will be simplified into sub rate optimization processes and its complexity is
evaluated [8].

The scale of the antenna array is directly proportional to the array gain
of the emerging beam. The wavelength of the signal obtained from the THz
band is considerably very small, therefore in THz communication, antenna
arrays of very large scale is employed. As the optimization of path loss of
THz signals can be used by THz precoding, which is a requisite methodology
for 6G wireless networks. When compared to the precoding approach used in
5G mmWave systems, the 6G precoding techniques is facing new challenges
because of its varied characteristics and these challenges should detected and
resolved by an effective 6G system.

The major bottleneck of current wireless communication system is the
limitation of available spectrum and because of that the significant quality of
service cannot be provided and this can be alleviated by adopting the THz
communication. The spectrum gridlock can be removed by applying novel
methodologies and new frequency bands. For effective THz communication,
the array-of-sub-array architecture is compared with the fully connected ar-
chitecture. The comparison is made in terms of energy efficiency, spectral
efficiency, power consumption, channel estimation etc., Highly complex and
power consuming hardware is required for THz communication and many new
communication strategies are applied owing to the nature of hardware [9]. In
order to realize a wireless backhaul with an ultra-high speed, it is vital to
analyze the bandwidth, transmission distance and the physical properties of
the channel. To address these challenges in THz band, the distance can be
enhanced by using distance aware bandwidth adaptive methodology. This ap-
proach capture all the distinct eccentricities of the channel and uses a full
spectrum of resources by enabling several high-speed links. Highly advanced
communication methodologies are needed to enhance the distance for trans-
mission and this helps to provide simultaneous operation of ultra high speed
links [10].

2 Related work

In 6G networks, an ultra broadband connectivity is offered by mounting the
THz access points over the lamp post in the street which helps to provide
the better bandwidth availability at the THz frequency range and this also
becomes feasible for offloading the traffic from the access point (AP). As high
frequencies are bounded by the smallest wavelength, the MIMO configuration
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is realized as the user equipment and the access points are outfitted with
the arrays that constitutes large number of antenna elements. By using the
pertinent beamforming methodology, the pitfall of having higher path loss is
overcome by the substantial array gain and the interference caused by multiple
users is facilitated by boosting the capacity of the system and to provide beams
with high directivity in the massive MIMO configuration [11],[12].

6G networks provides appreciable user throughput but it is also necessary
to gratify the system requirements to improve the energy and the spectrum
efficiency [13]. These network communication system is also anticipated to per-
form its operation with cost reduction and limited energy consumption [14].
Depending on the intent of the application, the performance trade offs regard-
ing cost, efficiency and the computation complexity influences the appropriate
precoding methodology [15]. Two stages of hybrid precoder constitutes analog
beamformer and the digital precoder and these hybrid precoders uses only
limited RF chains.

In the traditional hybrid precoding approach, full array gain is achieved by
aligning the narrow beam from the analog beamformer in the direction of the
intended users [16]. Nevertheless, in 5G mmWave massive MIMO systems, the
generated beams from various sub-carrier frequencies concentrate on various
physical directions because of the usage of phase shifters which is independent
of frequency and this leads to loss in array gain [16]. Various methods are
utilized to tackle this array gain loss which is encountered by the beam squint
effect [17]–[21]. An optimized closed form solution is proposed in orthogonal
frequency division multiplexing to deal with the hybrid precoding problem in
the wide band massive MIMO system[18]. To enhance the hybrid precoding
approach performance, an optimal solution is proposed to optimize the digital
precoder and an analog beamformer iteratively in order to attain the significant
performance over the whole bandwidth [1].

Additionally, the design of code books which contains beams of wide band-
width is made in order to mitigate the beam squint effect which causes loss in
array gain [20],[21]. The design of wide beams having reduced array gain is at-
tained in each sub-carrier where a semi-definite relaxation methodology is used
to enhance the overall antenna array gain over the whole bandwidth [20],[21].
The suggested methods show effectiveness to enhance the rate performance be-
cause the beams are squinted slightly and in case of mmWave massive MIMO
systems, the loss in array gain is not a major consideration [18]-[21]. But these
methods are not highly effective for THz band massive MIMO communication
systems. The generated beams obtained at various sub-carrier frequencies de-
compose into individual physical directions because of the substantial number
of antennas and wide bandwidth of THz signal.

The decomposition of different subcarrier beams in different directions is
called as beam split and this is the fundamental difference between THz and
mmWave beamforming systems. The beam split effect gives each subcarrier
in the signal a different direction, where the subcarriers around the center
frequency diverge around boresight of the beam. It is inferred that the sig-
nificant array gain will be attained only on the generated beams around the
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central frequency. And the remaining beams suffer from a high loss in array
gain. Consequently, the achievable rate is degraded by beam split effect. This
can be overcome by using delay-phase precoding in this work[22,23].

2.1 Major Contributions

– The key contribution of this work is to apply the channel model to evaluate
the 6G THz Massive MIMO system performance with NYUSIM Channel
Simulation to verify the channel model parameters and antenna properties.

– Large scale and Small scale parameters have been discussed for 6G indoor
office scenario for 140 GHz operating frequency under UMi LOS environ-
ment at 0 dBm Transmit power with coverage of 100 m.

– Three precoding techniques have been investigated to deploy 6G single cell
multi-user indoor office scenarios. The beam split effect is one reason be-
hind to propose the delay-phase precoding technique for reducing the array
gain loss that occurs.

– Finally, by varying the number of time delayers, frequency (mmWave and
Sub-THz), and the number of transmitting antennas in the proposed delay-
phase precoding technique, the performances have been compared.

The paper is structured as Section 3 explains network deployment model
with the small scale fading, large scale fading, power delay profile analy-
sis. Section 4 illustrates various precoding methods like hybrid precoding,
analog beamforming, delay-phase precoding techniques, and performance
evaluation. The design approach is explained under section 5. Section 6
demonstrates simulation results with its inferences. Finally, Section 7 con-
cludes the article.

3 Network deployment Model

Fig. 1 depicts the massive MIMO THz network deployment model. In indoor
office scenarios, the major focus will be in the downlink, where the single cell
access point (AP) is connected to multiple users. The small scale and large
scale fading channel models, the structure of an antenna array, and the power
delay profile analysis are discussed in the following subsections using NYUSIM
[24].

3.1 Large Scale Fading

With NYUSIM, the expression for Close In (CI) free-space reference distance
path loss model having one meter of reference distance with an additional
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attenuation caused by diversified atmospheric conditions were applied [26]-
[29], and the expression is given as:

PLCI(f, d)[dB] = FSPL(f, 1m)[dB] + 10nlog10(d) +AT [dB] + χCI
σ (1)

, , where d ≥ 1m

d represents the three dimensional(3D) receiver-transmitter separation dis-
tance, ’f’ represents carrier frequency in GHz, where ’n’ denotes the path loss
exponent and the attenuation term is denoted by AT which is induced by at-
mosphere, the path loss in free space (dB) is denoted by FSPL(f , 1 m) with
one meter of separation between transmitter and receiver at f and χCI

σ repre-
sents a Gaussian random variable with zero-mean and standard deviation in
dB:

FSPL(f, 1m)[dB] = 20log10(
4πf × 109

c
) = 20log10(f) + 32.4[dB] (2)

where c represents the speed of light in a vacuum and f is the frequency
in GHz. The characterisation of AT is given as:

AT [dB] = α[dB/m]× d[m] (3)

The attenuation factor (dB/m) is denoted by ’α’ at 1 GHz to 100 GHz of
frequency, that constitutes the combined effects of attenuation of haze, rain,
dry air and water vapor [27]. Here ’d’ represents the 3D transmitter-receiver
distance of separation in (1).

3.2 Small-Scale Fading

The double-directional channel impulse response (CIR) hdir, in small scale
fading, having ’L ’multi-path components for every transmission link will be
provided as follows:

hdir(t, φ) = ΣL
l=1PRX,l.e

jϕl .δ(t− τl).GTX(φ− φTX
l ).GRX(φ− φRX

l ) (4)

Here GTX GRX represents antenna gain at transmission and reception.
PRX,l,τl and φl denotes the magnitude of received power,propagation time
delay and phase in the multi-path components. φ represents azimuth angle
offset and ’t’ denotes time. In every multi-path component, φTX

l denotes the
angle of departure at the access point and φRX

l represents the angle of arrival
for every mobile users (MUs).
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Fig. 1: Network deployment model

3.3 Power Delay Profile Analysis

To create a communication link between the APs and MUs and to maintain the
desired data rate of a channel, the received power at the MUs should be mod-
ified accordingly. The study of the power delay profile is critical for network
deployment. As shown in Table 1, there are a total of 32 input parameters are
given as input to the simulator that is categorized into two divisions: antenna
properties and channel parameters. The panel antenna properties are made up
of 12 input parameters that are linked to the antenna arrays at transmission
and reception, while the panel channel parameter is made up of 20 input pa-
rameters that provide information on the propagation channel. The proposed
network parameters for urban microcell (UMi) indoor THz communication
systems are described in Table 1. The APs use a carrier frequency of 0.14
THz and transmit power of 0 dBm[30]. The NYUSIM statistical parameters
at 0.14 THz LOS channel path-loss model is given by free space path loss PL0

= 255.32 dB.
The power spectrum of 3D Angle of Departure (AOD) is shown in Figure

2(a), and the power spectrum of 3D Angle of Arrival(AOA) is shown in Figure
2(b) which have been simulated in NYUSIM. Whereas, the Figure 3(a) depicts
the corresponding simulated omni-directional Power delay profile. For the 0.14
THz UMi LOS environment, the separation between transmitter and receiver
is held at 100 m. The received power is -122.8 dBm and the path delay σ
is 17.9 ns having a Path Loss Exponent (PLE) of 2.4. The directional power
delay profile for a 0.14 THz UMi LOS area with a PLE of 2.7 and transmitter
and receiver antenna half power beamwidths (HPBW) of 8◦ azimuth and 8◦

elevation as shown in Figure 3(b). Both the transmitter and receiver antennas
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Table 1: Input parameters settings

Parameters Value

Frequency(GHz) 140
RF bandwidth(MHz) 1000

Scenario UMi
Environment LOS

Lower Bound of T-R Separation Distance(m) 100
Upper Bound of T-R Separation Distance(m) 100

TX Power(dBm) 0
Base Station Height(m) 35
User Terminal Height(m) 1.5
Number of Rx Locations 16

Barometric Pressure (mbar) 1013.25
Humidity(%) 50

Temperature(◦C) 20
Rain Rate in mm/hr 0

Polarization Co-Pol
Foliage Loss No

Distance within Foliage (m) 0
Foliage Attenuation(dB/m) 0.4

Outdoor to Indoor(O2I) Penetration Loss No
O2I Loss Type Low Loss
TX Array Type ULA
RX Array Type ULA

Number of TX Antenna Elements (Nt) 256
Number of RX Antenna Elements (Nr) 1
TX Antenna Spacing(in wavelength) 0.5
RX Antenna Spacing(in wavelength) 0.5

Number of TX Antenna Elements Per Row Wt 1
Number of RX Antenna Elements Per Row Wr 1

TX Antenna Azimuth HPBW 8◦

TX Antenna Elevation HPBW 8◦

RX Antenna Azimuth HPBW 8◦

RX Antenna Elevation HPBW 8◦

have a gain of 26.5 dBi and the received power is -76.4 dBm with path delay,
σ = 0.9 ns. Figure 4(a) depicts a small scale PDP for indoor deployments with
a Tx-Rx separation distance of 100m and a frequency of 0.14 THz. For the Tx
and Rx gain of 26.5 dBi, the Path Loss for Omnidirectional, Directional and
Directional-best for 0.14 Thz, UMi LOS is shown in Figure 4(b) with respect
to Tx-Rx Separation distance.
Throughout this article, the following notations are used: A represents a ma-
trix, ’a’ denotes a vector and a is a scalar. A(i) illustrates the ith column of
A, (.)* denotes conjugate transpose, (.)T denotes transpose and tr(A) is its
trace. ||A|| is the Frobenius norm of A, and |A| is its determinant; [A | B] rep-
resents the horizontal concatenation; The p-norm of a is represented as ||a||p;
diag(A) is a vector generated by the diagonal elements of the matrix A; IN is
the NxN identity matrix; 0M∗N is the MxN all-zeros matrix; n ∼ N (µ, σ2)
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(a) 3D Power Spectrum of AoD (b) 3D Power Spectrum of AoA

Fig. 2: Power Spectrum

(a) Omnidirectional Power Delay
Profile

(b) Directional Power Delay Profile

Fig. 3: Power Delay Profiles

is the complex Gaussian vector of covariance σ2 and mean 0. E[.] denotes the
expectation and R{.} denotes the real part of the variable.

4 Precoding Techniques

For this precoding, we consider the multi-carrier system, by assuming an AP
with Nt antennas and NRF RF chains are communicated via ’M ’ sub carri-
ers.The sampled transmitted signal is

x[m] = FRFFBB [m]s[m], for m = 1, 2, ...,M, (5)

where s = [s1, s2, ..., sM ]T is the M×1 vector of transmitted symbols, such
that E[s[m]s∗[m]] = Pt

M
IM , FBB = [fBB

1 ,fBB
2 ,...,fBB

M ], FRF = [fRF
1 ,fRF

2 ,...,fRF
M ]
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(a) Small Scale Power Delay Profile

(b) Omnidirectional & Directional
Path Loss

Fig. 4: Small scale PDPs & Path Loss

and Pt represents the average total transmitted power. In the time domain,
the analog RF precoding (FRF ) is performed and for the whole bandwidth,
this same precoding matrix is employed. In the frequency domain, the digital
baseband precoding (FBB [m]) is performed that is based on a per-subcarrier
basis [18].

(i) Analog beamforming: Without the loss of generality, we assume the
lth path component with physical direction of θl in (13). Generally , the lth

column of the Analog Beamformer FRF in (7) and to obtain the analog beam-
forming vector al:

al =
1

Nt

[1, e−j2π d
c
fcθl , e−j2π 2d

c
fcθl , . . . , e−j2π

(Nt−1)d
c

fcθl ]T = ft(2
d

c
fcθl) = ft(θl)

(6)
Where Nt is number of transmitter antennas, fc is central frequency, c is

speed of light in a vacuum, d is the antenna spacing generally set according
to fc, the central frequency. The analog beamforming vector al = FRF [:, l],
is used to generate the directional beam to the lth path’s physical direction
θl, which is to be in near optimal [16]. Especially, the analog beamforming
technique is to make electromagnetic waves which is transmitted by various
antenna elements form an equal phase surface, which is perpendicular to the
target physical direction θl [23].

(ii) Hybrid Precoding: In hybrid precoding, we introduce a baseband
precoder(FBB) in addition to the analog beamformer. The overall power con-
straint is imposed after normalizing FBB so that ||FRFFBB ||2F = M . A wide-
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band ray based channel model in (14) is considered, where the mth sub carrier
the received signal rm as

rm = HmΣM
n=1FRF f

BB
n sn + nm (7)

whereHm is theNrNt matrix which denotes the channel present in between
the mth sub carrier and the AP. The Gaussian noise with corrupting received
signal is given by nm ∼ N(0, σ2I). For processing the received signal ym, the
RF combiner wm at the mth MS is given by:

ym = w∗

mHmΣM
n=1FRF f

BB
n sn + w∗

mnm (8)

where wm holds same constraints like RF precoders, that is the constant mod-
ulus and quantized angles constraints [18]. However, hybrid precoding is not
ideal for capacity and flexibility requirements and can not be used in THz
networks due to large array gain losses because of beam split effect [22].

(iii) Proposed Delay-Phase Precoding (DPP): Owing to the draw-

Fig. 5: The proposed DPP network

backs of the aforementioned precoding methods, a newfangled precoding method-
ology called Delay-phase precoding is proposed [22], [23]. In this technique we
consider a conventional hybrid precoding with a THz massive MIMO system.
The AP uses NRF radio-frequency chains and Nt-antenna uniform linear ar-
ray(ULA). By serving an Nr-antenna user, the simultaneous transmission of
Ns data streams is done (Ns = Nr ≤ NRF ≪ Nt). The orthogonal frequency
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division multiplexing (OFDM) technique is adopted for realizing the reliable
wide-band transmission having ’M’ sub-carriers. In between the conventional
analog beamformer and the digital precoder, a time-delay(TD) network has
been introduced . Here the suggested DPP helps to convert the conventional
beamformer (phase controlled) into the controlled beamformer with combined
delay-phase that is used in the realization of beamforming which is frequency
dependent. Every RF chain is linked to ’K’ TD elements and every TD ele-
ment will be linked to ’Pt = Nt/K’ conventional frequency independent phase
shifters in a sub connected fashion. Therefore, at mth subcarrier, the received
signal is represented as

ym = HH
mΣM

n=1FRFn
ATD

m fBB
m sm + nm, (9)

where Hm ∈ CNt×Nr represents the mth sub-carrier channel, the analog beam-
former provided by the frequency-independent PSs is denoted as FRFn

∈
CNt×NRF with the form as

FRFn
= [FRFn,1

, FRFn,2
, . . . , FRFn,NRF

] (10)

where FRFn,l
= blkdiag([al,1, al,2, . . . al,K ]) represents the analog beamformer

that is accomplished by the PSs linked to the lth RF chain through TDs, and
ATD

m ∈ CKNRF×NRF represents the frequency-dependent phase shifts that is
accomplished by TD network, that satisfies:

ATD
m = blkdiag([e−j2πfmt1 , e−j2πfmt2 , . . . , e−j2πfmtNRF ]) (11)

The baseband precoder is denoted by FBBm
∈ CNRF×Ns at the mth sub-

carrier and an additive white Gaussian noise (AWGN) is represented by nu ∈
CNr×1 at the mth sub-carrier [22].

4.1 Massive MIMO Channel Model

A wide band ’ray-based’ channel model is considered for the THz channel [22].
By denoting ’f ’ as bandwidth and ’fc’ as central frequency, them

th sub-carrier
frequency is represented as follows:

fm = fc +
f

M
(m− 1−M − 1

2
),m = 1, 2, . . . ,M. (12)

For mth sub-carrier, the channel is given as

Hm = ΣL
l=1gle

j2πτlfmft(θl,m)fr(φl,m)H (13)

The total number of resolvable paths are represented by ’L’, τl and gl
denotes the path delay and path gain of the lth path, θl,m, φl,m ∈ [−1, 1]
represent the spatial direction of the transmitter and the receiver of the lth

path and mth sub-carrier, respectively, and ft(θl,m), fr(φl,m) denotes the array
responses in the transmitter and the receiver.
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For example, ft(θl,m) is represented as follows:

ft(θl,m) =
1√
Nt

[1, ejπθl,m , ejπθ2l,m , . . . , ejπ(Nt−1)θl,m ]T (14)

ft(φl,m) =
1√
Nr

[1, ejπφl,m , ejπφ2l,m , . . . , ejπ(Nr−1)φl,m ]T (15)

The direction of the paths in the spatial domain is the spatial direction that
is determined by the subcarrier frequency and the physical propagation direc-
tion. For example, for the transmitter spatial direction, θl,m = 2d fm

c
sin γl,

where γl ∈[-π/2, π/2] denotes the physical propagation direction of the lth

path, ’d’ denotes the constant antenna spacing having d = c
2fc

and ’c’ repre-
sents the speed of the light.

5 Design Approach

To accomplish three precoding techniques, an effective algorithm is proposed.
The essence of this proposed algorithm lies in dividing the precoder calcu-
lation into three stages. To maximize the desired signal power, the analog
beamformer is designed in stage-1 and in the time delays are added to it in
stage-2. In the third and last stage, the design of digital(baseband) precoder
using the equivalent channel is done.

Algorithm 1: Wideband Precoding for Thz Massive MIMO [22]

Inputs: Spatial directions θl,c,Channel Hm;

Outputs: FRFu
, FBBm

, ATD
m ;

First stage: Analog Beamforming
1. for l ∈ {1, 2, . . . ,NRF } do
2. Generate FRFu,l

by [ãl,1, ãl,2, . . . , ãl,K ]T = ft(θl,c);
3: end for
4: FRFu

= [FRFu,1
, FRFu,2

, . . . , FRFu,NRF
] ;

Second stage: Hybrid Precoding
5: Hm,eq = HH

mFRFu
ATD

M ;

6: FBBm
=µVm,eq,[:,1:NRF ], Hm,eq = Um,eqΣm,eqV

H
m,eq ;

7: end for
Third stage: Delay-Phase Precoding
8: for l ∈ {1, 2, . . . ,NRF } do

9: sl = −Pθl,c
2 ;

10: tl,i =

{
(K − 1− i)⌊sl⌉Tc, θl,c > 0

i⌊sl⌉Tc, θl,c ≤ 0
;

11: tl = [tl,1, tl,2, . . . , tl,K ] ;
12: end for
13: for m ∈ {1, 2, . . . ,M} do
14: ATD

m = diag([e−j2πfmt, . . . , e−j2πfmtNRF ]);
15: end for
16: return FRFu

, FBBm
and ATD

m .
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Table 2: Precoding Techniques

Technique Sumrate(R)

Analog Beamforming
Pt
M

|wH
mHmfRF

m |2

Pt
M

Σn 6=m|wH
mHmfRF

n |2+σ2
m

Hybrid Precoding
Pt
M

|wH
mHmFRF fBB

m |2

Pt
M

Σn 6=m|wH
mHmFRF fBB

n |2+σ2
m

Delay-Phase Precoding 1

M
ΣM

m=1
log2(|INs

+ Pt

Nsσ2
m
HmFRFm

FBBm
FH
BBm

FH
RFm

HH
m |)

In this algorithm, the analog precoder for the lth beam FRFu,l
is estimated

initially in the step 2 for generating the beams in the spatial direction θl,c. Af-
ter that the analog beamformer FRFu

is generated in step 4. The time delays
by ’K’ TD elements have been generated in subsequent steps 6, 7 and 8, where
the direction of beams are altered from θl,c to θl,m at the frequency fm. Next
in step 11, the analog beamformer with the time delay ATD

m is generated. Ul-
timately, in step 12 and 13, the digital precoder FBBm

is estimated depending
upon the equivalent channel Hm,eq by conventional singular value decomposi-
tion precoding method. From the Algorithm 1, the DPP achieves near-optimal
achievable rate, as every beam is aligned with the spatial direction at all the
sub-carriers by time delays. This will be further verified by using the results
obtained from the simulation.

5.1 Performance Evaluation

The system’s performance is calculated by using SE [(bits/s)/Hz] for every
user. It is evaluated by (17) where the SINRm for the considered precoding
methods are tabulated under Table 2. The system’s sum rate R (bits/s) is
given by (18)

SEm = log2(1 + SINRm) (16)

R = ΣM
m=1(BWm × SEm) (17)

where BWm is the allocation of bandwidth for each user. Equal allocation
of power is considered, where the total power is allocated uniformly for the
users that is observed in the Table 2.

6 Simulation results and discussion

For comparing the achievable sum-rate of three different precoding method-
ologies along with the optimal fully-digital precoding, the simulation results
are provided. A multi-user single cell THz system is considered 5 GHz band-
width at 0.14 THz of carrier frequency. The AP equips a 256-element ULA for
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Table 3: Simulation Parameters for Precoding Techniques

The number of the AP antennas Nt 256
The number of the user antennas Nr 1

Number of channel paths L 4
The central frequency fc 0.14 THz

The bandwidth B 5 GHz
The number of the subcarriers M 128
The number of RF chains NRF 4
The number of TD elements K 4,16

Physical directions of the paths θl, φl U [π/2, π/2]
The transmission SNR Pt/σ2 -20 ∼ 15dB

serving multiple users. The system parameters are shown in Table 3. From the
Fig 6 & 7, the proposed Delay-phase precoding’s achievable rate performance,
Analog Beamforming and Hybrid precoding and is compared for the values of
number of time delayers, K=4 and K=16 also it can be inferred that this DPP
methodology outperforms other methodologies and attains 97% performance
of the standard method, the optimal unconstrained full-digital precoding, due
to the joint control of delay-phase.

Fig. 6: Achievable rate performance comparison for 4 time delayers (K=4)

Fig. 6 depicts the achievable sum-rate performance for different precoding
techniques when the number of time delayers are set to 4. From the Fig. 6,
the optimal fully-digital precoding’s performance is been compared with the
hybrid precoding structure with PSs, which is suffering from severe loss in the
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Fig. 7: Achievable rate performance comparison for 16 time delayers (K=16)

Fig. 8: The rate performance comparison for different number of time delayers

achievable sum-rate. It is due to the fact that they are not having capability
to deal with the beam split effect. Conversely, hybrid precoding technique
with TDs yield high performance. For the K= 4 the proposed DPP having
achievable sum-rate of 42.86 bits/s/Hz near to optimal precoding (97%) which
is 44.12 bits/s/Hz from Table 4. Similarly, the proposed DPP outperforms



Title Suppressed Due to Excessive Length 17

Fig. 9: The rate performance comparison for THz channel and mmWave chan-
nel

Table 4: Comparison of various precoding algorithms spectral efficiency (K=4)
at SNR= 15dB

Precoding method No. of Antenna SE (bits/s/Hz)
Optimal Precoding 256 44.12

Analog Beamforming 256 27.78
Hybrid Precoding 256 32.65
Proposed DPP 256 42.92

Table 5: Comparison of various precoding algorithms spectral efficiency(K=16)
at SNR= 15dB

Precoding method No. of Antenna SE (bits/s/Hz)
Optimal Precoding 256 53.7

Analog Beamforming 256 30.89
Hybrid Precoding 256 33.99
Proposed DPP 256 41.76

other methods like analog beamforming and hybrid precoding as per the Table
5 and Fig 7.

The proposed Delay-phase precoding network’s performance with different
number of time delayers has been compared in Fig 8. From the comparison,
it is inferred that for the values of K=4 and K=8 are higher than the K=16.
Therefore to implement the proposed network, the optimum value of the num-
ber of time delayers used in the circuit should be lesser, like K=4 or K=8 than
choosing K=16.
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Table 6: Comparison of various DPP precoding algorithms spectral efficiency
for different time delayers at SNR= 15dB

Precoding method No. of time delayers(K) SE (bits/s/Hz)
Proposed DPP 4 42.92
Proposed DPP 8 43.47
Proposed DPP 16 41.76

The proposed Delay-phase precoding network’s performance in THz chan-
nel and in mmWave channel has been compared in Fig 9. It can be observed
that its performance is much better at frequency, f=0.14 THz (sub-THz chan-
nel) than at f=28 GHz (mmWave channel). For THz channels, the DPP net-
work is effectively being able to negate the beam split effect caused by the tra-
ditional phase-shifters and improve the performance rate substantially whereas
in mmWave channel, the proposed DPP network is not able to effectively can-
cel out the beam squint effect.

Fig. 10: Comparison of rate performance for different number of antennas

In the Fig 10, the performance of the proposed DPP is compared for vari-
ous number of AP antennas (N). There is not much difference observed when
the value of N changes. Optimal performance is observed at N = 1024. There-
fore, the DPP has the capability for solving the achievable rate degradation
received by the beam split effect also to achieve more optimal achievable rate
performance.
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7 Conclusion

This work verified the downlink single cell AP connected to multiple users
for the 6G indoor office network deployment scenario and describes the chan-
nel model, the antenna properties, and power delay profile analysis employed
using NYUSIM Channel Simulation. After that, we proposed a DPP tech-
nique where a TD network is being introduced to compensate the beam split
effect and compared its performance to Hybrid precoding and Analog beam-
forming based on traditional frequency-independent phase shifters. From the
simulation results and the theoretical analysis, it is observed that this DPP
technique is capable to eradicate the beam split effect with more optimal (97%)
achievable rate performance. Under DPP Technique, the impacts of the car-
rier frequency of 28 GHz mmWave and 140 GHz, the number of transmitting
antennas and the number of time delayers on the achievable sum rate perfor-
mance for a single cell multi-user scenario have been compared. This work will
be further broadened for multi-cell scenario in future.
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