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Abstract
The aim of this work consists in characterizing the Terahertz (THz) propagation channel in an indoor environment, in 
order to propose a channel model for THz bands. We first described a propagation loss model by taking into account 
the attenuation of the channel as a function of distance and frequency. The impulse response of the channel is then 
described by a set of rays, characterized by their amplitude, their delay and their phase. Apart from the frequency selec-
tive nature, path loss in THz band is also an others issue associated with THz communication systems. This work based 
on the conventional Saleh-Valenzuela (SV) model which is intended for indoor scenarios. In this paper, we have intro-
duced random variables as Line of sight (LOS) component, and then merging it with the SV channel model to adopt it 
to the THz context. From simulation, we noted an important effect when the distance between the transmitter and the 
receiver change. This effect produces variations in frequency loss. The simulations carried out from this model show 
that to enhance the performance of THz system it is recommended to transmit information over transmission windows 
instead over the whole band.
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1 Introduction

The choice of THz band is generally motivated by the 
fact that this band is suitable for short distance and high 
speed communications, with the possibility of compact 
and miniature systems. Thus, a network access points and 
a pico-cell configuration are possible. This promotes a high 
frequency reuse factor. On the other hand, an important 
concern must be done to overcome the associated chal-
lenges [1]. Indeed, millimeter systems are often confronted 
with problems of design and implementation and the 
behavior of the propagation channel at these frequencies 
[2].

The problems of losses, low transmission power lev-
els, amplifier distortion of the output signal and coupling 
of parasitic signals can thus be very penalizing for com-
munication over THz band. To improve the performance 
of terahertz channel, orthogonal frequency division 

multiplexing (OFDM) was proposed by Bharathi et al. in 
[3]. Furthermore, to overcome the frequency selective 
nature of THz channel, quadrature amplitude modulation 
(QAM) and Quadrature Phase Shift Keying (QPSK) transmis-
sion schemes have been proposed in [4]. All these studies 
are based on a THz channel model to evaluate the per-
formance of their system. Therefore, if the choice of the 
millimeter band is made, it is then important to choose the 
most efficient method to characterize the channel.

In order to evaluate the behavior of the THz wireless 
propagation channel, many researchers focused on one 
or more parameters including path-loss parameters, 
distance between the transmitter and the receiver, the 
transmitter and receiver antennas’ gains, the degree of 
transmitter and receiver misalignment, and the power at 
the output of transmitter. Existing statistical models have 
been used in some cases to simulate the behavior of the 
channel. This is the case in studies [5] and [6] where the 

 * Mohammed El Ghzaoui, elghzaoui.mohammed@gmail.com | 1ISO Laboratory, Department of Computer Science, Ibn Tofail University, 
Kenitra, Morocco. 2Faculty of Sciences, Sidi Mohammed Ben Abdellah University, Fes, Morocco.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04262-8&domain=pdf
http://orcid.org/0000-0003-3416-2246


Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:233 | https://doi.org/10.1007/s42452-021-04262-8

THz transmission channel has been statistically modeled. 
In [7] the measurements of channel transfer function were 
made using a vector network analyzer (VNA). The channel 
model assumes the phenomenon of ’Clustering’ character-
izing the propagation of broadband signals in multi-path 
environments. This study focused on the identification of 
clusters from the power-delay profile (PDP). The parame-
ters of the model were extracted for the two cases LOS and 
non line of sight (NLOS) configurations. In [8], a frequency 
and an impulse response of THz channel were investigated 
and a wideband multiple scattering channel model for THz 
bands was proposed. Tsujimura et al. They focused on the 
full terahertz band (0.1–10.0 THz) by introducing impulse 
response with minimum phase as a time-domain channel 
model in the THz band [9]. However, they mainly focused 
on short-range wireless communications with a distance 
less than 100 cm. In [10] the Impact of antenna misalign-
ment under LOS conditions was analyzed.

The purpose of this work is to propose a detailed chan-
nel model of the THz radio channel. To do that, we are 
based on SV channel model. We have introduced random 
variables as LOS component, and then merging it with the 
SV channel model to adopt it to the THz context. The con-
ventional SV channel model is used in this work thanks 
to its statistical nature and simplicity [11]. The proposed 
model is adapted in time to suit any type of use of the 
band allocated for THz system. Moreover, an extension of 
the proposed model is carried out in order to take into 
account the spatial and temporal fluctuations of THz chan-
nel. The modified channel model is evaluated by simula-
tion. Indeed, simulation of transfer function and impulse 
response is performed by MATLAB Software. The effect of 
channel parameters on channel impulse response, chan-
nel transfer function and total path loss is then analyzed.

The remainder of this paper is organized as follows. 
Section 2 presents the Problem statement section. The 
proposed channel model is discussed in Sect. 3. Simula-
tion results of the channel transfer function, the impulse 
response and the total path loss are demonstrated and dis-
cussed in Sect. 4. Finally, a conclusion of this paper is given.

2  Problem statement

In Frequency-Selective Channels like the case for THz fre-
quencies, the PLE (Path Loss Exponent) is a key parameter 
to determine the quality of the links [12]. For this reason, 
we need to estimate the PLE for the efficient design and 
implementation of THz radio system. The PLE describes the 
expected loss in received power as a function of the dis-
tance between transmitter and receiver [13]. The second 
parameter is the losses at the reference distance PL

(
D0

)
 , 

where D0 is the reference distance for the far field of the 

antenna. Typically D0 is between 1 and 10 m for indoor 
environments. The third parameter is the variations around 
the local average, due to the shadowing effect �� by obsta-
cles. These parameters are defined in the standard propa-
gation loss equation:

Here D is the distance between transmitter and receiver, 
D0 is the reference distance and n is a real number that an 
important effect on the propagation losses. depend on 
the application. In another context such as at 60 GHz [14], 
the value of n is of about 1.65. In UWB application with 
fc = 3.43 GHz, the value of n is expected to be 2.01 in LOS 
configuration and 2.28 in NLOS configuration [15]. The PL 
also can be obtained from the impulse response of the 
channel. In this work we will examine the PL parameters 
based on the total loss which is obtained from channel 
impulse response. For this reason a THz channel model 
must be given. Indeed, the high path losses present in 
THz communication system is due to absorption by cer-
tain atmospheric particles [16]. Another challenge with 
THz channel is the multipath phenomena which causes 
interference [17]. In fact, the transmission over the (0.3–1) 
THz Band leads to an atmospheric attenuation of 50 dB/
km for 300, 350, 410, 670 and 850 GHz [18]. In this work 
a modified SV channel model is used to model the THz 
channel. This model is used in this work because it is a 
suitable model to express an impulse response in an NLOS 
environment. To resolve this issue, we have introduced 
random variables as LOS component, and then merg-
ing it with the SV channel model. We demonstrated that 
the developed model can well approximate the transfer 
function and path loss results reported in [4]. Indeed, the 
proposed model is abridged and restricted to the azimuth 
angular range and the elevation angular range which per-
mit a more accurate approximation because our model is 
deferent from the conventional S-V channel model, where 
Laplacian distribution is assumed.

3  Channel model

3.1  Wireless channel characterization

To determine the characteristics of a propagation channel, 
a set of impulse responses or transfer functions is analyzed 
to determine the PDP(τ) delay function. This part presents 
a number of parameters that describe different aspects of 
the channel.

Several analyses of the THz channel rely on a represen-
tation of the channel transfer function. In our case we are 

(1)PL(D) = 10n log10

(
D

D0

)

+ PL
(
D0

)
+ ��
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interested in the representation of the impulse response 
in the form of a discrete sum of individual contribution. 
Each contribution, called radius, corresponds to a propa-
gation path and has a distinct delay and complex ampli-
tude. These representations are frequently encountered 
for broadband channels. In our study we will reconstruct 
the impulse response from the Rays. For this, we will use 
the formalism of Salah and Valenzuela in order to build the 
impulse response.

where �k,l(t) represents the amplitude associated with 
the kth radius inside the lth cluster, �k,l(t) is the phase cor-
responds to the kth radius inside of the lth cluster, �k,l(t) 
represents the arrival time associated with the kth radius 
inside of the lth cluster, NC(t) is the number of clusters, 
Rl(t) is the number of lth cluster and Tl(t) the arrival time 
of the lth cluster.

The PDP can be expressed by:

The amplitude of the radius of the PDP usually follows a 
decrease close to an exponential function. This exponen-
tial decrease is observed both at the cluster level and at 
the radius level within each cluster. One can then define 
the coefficients of exponential decrease inter-and intra-
cluster of the different radius, denoted respectively ρ and 
γ, by the following equation:

These coefficients are obtained by linear regression on 
the PDP expressed in dB.

3.2  Modeling of the THz propagation channel

3.2.1  Spatial and temporal variations of the THz channel

Moving transmitter away from a receiver could cause 
significant variations in impulse response. This section 
describes the modeling of spatial and temporal fluctua-
tions of the THz radio channel.

The spatial variations are due to the displacement of 
at least one of the transmitting or receiving antennas. 
Indeed, the main characteristic of the spatial variations 
of the channel relates to the evolution of the delay asso-
ciated with each path. Thus, when the antenna moves, 
some propagation paths lengthen while others shorten; 
this phenomenon will have to be taken into account in 

(2)h(t, �) =

NC (t)∑

l=1

Rl (t)∑

k=1

�k,l(t)e
j�k,l (t)�

(
� − Tl − �k,l(t)

)
(2)

(3)Ph(0, �) =

NC∑

l=1

Rl (t)∑

k=1

�2
k,l
(t)�

(
� − Tl − �k,l(t)

)
(3)

(4)�2
k,l
(t) = �2

1,1
e
−

Tl−T1

� e
−

Tl−T1

� (4)

modeling the THz channel. The spatial variations of the 
THz channel have been studied very little in statistical 
modelling.

The evolution of the radius delays of the pulse 
response depends on the angle formed between the 
moving vector of the antenna and the radius under con-
sideration. Specifically, it is necessary to know the direc-
tion of departure of each radius when the transmitting 
antenna moves, or the direction of arrival of each radius 
when the receiving antenna moves. In the next section, 
we consider the case of the displacement of the receiv-
ing antenna and we will therefore be interested in the 
direction of arrival of the Radius. On the other hand, for 
the sake of simplicity, we describe a model allowing the 
movement of the antenna in the plane (O, x, y), and we 
will take into account the azimuth ϕ of each radius. One 
can easily derive a three-dimensional model by includ-
ing the arrival elevation of each radius.

For a baseband representation, a radius is described 
by its delay τ, amplitude μ and phase � . Generating these 
parameters can describe the pulse response over an 
infinite frequency band. The generation of a simulated 
impulse response begins with the selection of l  of clus-
ters that compose it. When characterizing the channel, 
the amplitude of the different clusters follows a power-
type decreasing. This approach allows a physical inter-
pretation of the decrease of amplitude of clusters and 
radius, while describing more precisely the amplitude 
of clusters and Radius. In the following,  �1,1 represents 
the amplitude of the first radius, � is inter-cluster power 
decrease coefficient, Tl is the time of arrival of the lth 
cluster and T1 is the time of arrival of the first cluster. 
We provide the following algorithms to generate cluster 
and radius.

To validate the last cluster, its amplitude must verify the 
following equation:

The arrival of the Radius will generate with the same 
manner as for clusters generation. In particular, within 
each cluster, the amplitude of the radius follows a 
power type decrease of the parameter ζ . To take into 
account the power variance observed between the first 

(5)l = l + 1(5)

(6)Tl = Tl−1 + ΔTl(6)

(7)�1,l =

(
Tl

T1

)−
�

2

(7)

(8)20 log

(
𝜇1,l

𝜇1,1

)

> −𝜐(8)
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path of each cluster and the succeeding paths, we will 
use the power ratio χ , expressed in dB.

As long as the following condition is respected, a new 
Radius is generated. If this condition is not respected, 
the generation of Radius stops.

3.2.2  Merging loss component in SV channel model

Besides the frequency selective nature, path loss in THz 
band is also an others problem associated with THz 
communication system. THz channel express a very high 
molecular absorptions due to water vapor as a result 
of electromagnetic radiation that have high propaga-
tion loss. Thus, loss components must be considered 
when developing a channel model for THz bands. In 
this paper, we have introduced random variables as 
LOS component, and then merging it with the SV chan-
nel model to adopt it to the THz context. The loss com-
ponent is modeled by �

(
f , Tk , p

)
 which is the molecular 

absorption coefficient. In this direction, the channel 
impulse response is given by:

where

where �
(
f , Tk , p

)
 is the molecular absorption coeffi-

cient [3], d is the distance between the transmitter and 
receiver, and � and � are inter-and intra-cluster of the 
different radius respectively.

Taking into account all peculiarities of the terahertz is 
the best way to develop a suitable model for THz bands. 
In this sense, azimuth of each radius must be considered. 
In the next section we will analyze the channel impulse 
response of by taking into account the azimuth angle.

(9)k = 1(9)

(10)�k,l = �k−1,l + Δ�k,l(10)

(11)�k,l = 10
�

20�1,l

(
�k,l + Tl

Tl

)−
�

2

(11)

(12)20 log

(
𝜇k,l

𝜇1,1

)

> −𝜐(12)

(13)h(t, 𝜏) =

NC (t)∑

l=1

Rl (t)∑

k=1

�̂�k,l(t)e
j𝜆k,l (t)𝛿

(
𝜏 − Tl − 𝜏k,l(t)

)
(13)

�̂�k,l(t) = 𝜇2
1,1

c

4𝜋fd
exp

(
−
1

2
𝛾
(
f , Tk , p

)
d
)
e
−

Tl−T1

𝜌 e
−

Tl−T1

𝛾

3.2.3  Computing the impulse response of THz

3.2.3.1 The effect of  displacement To calculate the 
impulse response on an infinite band at a point (x, y) close 
to the point 

(
x0, y0

)
 , it is assumed that each radius corre-

sponds to a plane wave. Figure 1 shows the configuration 
obtained for a given radius. On this diagram, ϕ represents 
the azimuth of the incident radius and the parameters r 
and � verify:

When the receiving antenna moves from the point (x, y) to 
the point 

(
x0, y0

)
 , the elongation of the radius Δl incident 

is written by:

Which lead to

Which is equivalent to:

Hence, the expression of the impulse response when 
we take into account the displacement effect can be writ-
ten as follow:

(14)

{
x − x0 = r cos (�)

y − y0 = r sin (�)

(15)Δl = r cos (� − �)

(16)Δl = r cos (�) cos (�) + r sin (�) sin (�)

(17)Δl =
(
x − x0

)
cos (�) +

(
y − y0

)
sin (�)

(18)Δ�k,l(t) =
1

c

[(
x − x0

)
cos (�) +

(
y − y0

)
sin (�)

]

Fig. 1  variation of the length of a path when moving the antenna
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3.2.3.2 Choice of the azimuth of each radius Few sta-
tistical studies taking into account the azimuth of 
each radius are available in the literature for the radio 
channel. This grouping of arrival directions into clus-
ters has been observed in broadband channel stud-
ies. In particular, Spencer et al. proposed an extension 
of the Saleh and Valenzuela Model to describe the 
arrival azimuth of the impulse response radius [19]. 
In this model, the arrival azimuth of the kth radius 
in the lth cluster is decomposed into �l + �k,l , where 
�l is the average arrival azimuth in the lth cluster. In 
this work, it can be considered that �l is uniformly 
distributed in the interval [0, 2π]. The distribution of 
the arrival azimuth within the cluster, �k,l , is modeled 
by a Laplace distribution of zero mean and standard 
deviation ��:

We will use Spencer et al. ’s model to determine the 
azimuth of each radius of the impulse response [19].

From the impulse response generated at the point (
x0, y0

)
 given by Eq.  (21) and knowing the arrival azi-

muth of each Ray Φl + �k,l , one can calculate the impulse 
response in the following ways:

(19)

h
(
x0, y0, 𝜏

)
=

NC∑

l=1

Rl∑

k=1

�̂�k,l(t)e
j𝜆k,l (t)𝛿

(
𝜏 − Tl −

1

c

[(
x − x0

)
cos (𝜑) +

(
y − y0

)
sin (𝜑)

])

(20)Ψk,l

�
�k,l

�
=

1
√
2��

e
−
�
���
�

√
2�k,l

��

�����

parameters used to simulate the THz impulse response, 
the THz channel transfer function and the total path loss.

Figure 2 shows the relative power for each path, simu-
lated over the 100—1300 GHz band. For the path (a), its 
length corresponds to a distance between transmitter 
and receiver of about 4 m, and the path (b), the length of 
which corresponds to the transceiver distance of about 
20 m are considered in Fig. 2. From this figure, it can be 
observed that the short delay between two consecutive 
radius produces constructive or destructive interference. 
These interferences increase the BER (Bit Error Rate) of 
a transmission chain in the THz context which limits the 
THz system performance. Thus, it is clear that the dis-
tance has a significant effect on the relative power and 
consequently on the quality of the transmitted signal.

Figure 3a, b show the simulated channel transfer func-
tion, limited to the 100—1300 GHz band. This transfer 
function generated when a transceiver distance d of 4 m 
and 20 m is considered. One can clearly observe a decrease 
in the received power with the frequency. Thus, Fig. 3 con-
firms the conclusion drawn from the effect of the distance 

Table 1  Parameters used in the simulation

Configuration LOS

fmin 100 GHz
fMax 1300 GHz
Υ 50 DB
d 2, 4, 10 and 20 m
H 4.4

X 12

ξ 10.2
∆T 13.7 ns

Fig. 2  Simulated relative power on a band from 100 to 1300 GHz. 
d = 4 m (a) and 20 m (b)

Finally, the frequency response H(x, y, f ) is obtained 
by simple Fourier transform.

4  Simulation results

A series of simulations were performed using the static 
THz radio channel model presented in Eq. (21). For each 
simulation, the spatial variation model presented in 
section (B) was used to simulate the displacement of 
the transmitting antenna. Table 1 summarizes all the 

(21)

h
(
x0, y0, 𝜏

)
=

NC∑

l=1

Rl∑

k=1

�̂�k,l (t)e
j𝜆k,l (t)𝛿

(
𝜏 − Tl −

1

c

[(
x − x0

)
cos

(
𝜗l + 𝜑k,l

)
+
(
y − y0

)
sin

(
𝜗l + 𝜑k,l

)])
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on relative power in Fig. 2. Besides, the channel transfer 
function in both cases expresses high attenuation. This 
severe attenuation can be explained by the presence of 
the LOS component in the THz channel. Moreover, Fig. 3c, 
d show the simulated channel impulse response of THz 
system developed in this work. It is clear from Fig. 3 that 
the same peaks appear for the two cases which confirm 
the multipath characteristics of THz channels. However, 
the maximum value of the amplitude is different which 
means that the loss component also is there. So, the pro-
posed channel takes into account the two main charac-
teristics of THz system which are LOS component and 
multipath effect.

Total path loss is another critical parameter that will 
be discussed in Fig. 4. In fact, the total path loss is a conse-
quence of both spreading loss and absorption loss.

Total path loss as a function of frequency for various 
distance is shown in Fig. 4. We notice that, even for a dis-
tance of few meters, the total Path loss is of about 50 dB 
which means it highly frequency-selective. So, this high 

(a) (b)

(c) (d)

Fig. 3  THz channel model, a and b present channel transfer function, c and d present channel impulse response

Fig. 4  Total path loss versus frequency for LOS configuration, 
d = 2 m, 4 m, 10 m and 20 m
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path loss in THz degrade the performance of the system. 
Also, depending on the distance, at some frequencies the 
path loss is too high. This high path loss present in some 
frequency’s bands create transmission windows which are 
frequencies over which the path loss is fairly low. Thus, 
to enhance the performance of THz system it is recom-
mended to consider transmission over these bands instead 
of the whole band. With increase in distance, the Total path 
loss increase rapidly which affect negatively the perfor-
mance of the overall system due to high absorption loss. 
Frequency selective nature of THz channel is also another 
principal cause for the poor performance of the THz sys-
tem. Consequently, it is recommended to use strong trans-
mission techniques to enhance the performance of THz 
wireless communication system. The proposed modula-
tion schemes must be considered over transmission win-
dows explained above not over whole band.

The simulations result of channel transfer function and 
path loss of the proposed model is in good agreement 
with results obtained in [4]. Besides, the simulated channel 
impulse response expresses clearly the two main charac-
teristics of THz bands which are the path loss and the mul-
tipath effects. Also, in this work, the path loss peaks create 
transmission windows which has been proved in [20, 21].

5  Conclusion

This work presents a complete model for THz radio chan-
nel. Initially, we described a path loss model for wireless 
channel. Then, a channel model was detailed for impulse 
response. This model permits generation of a set of radius 
by reproducing the characteristic of the impulse response 
such as grouping radius into clusters. Two extensions of 
this model have also been proposed taking into account 
spatial and temporal variations of the THz channel. This 
model can be used to design and develop the radio trans-
ceiver based on THz technology. The simulations car-
ried out from this model show that to enhance the per-
formance of THz system, it is recommended to consider 
transmission over transmission windows instead over the 
whole band.

As a future work, a complete channel model for THz 
bands can be given by taking into account other multipath 
effects such as shadowing. In this respect, the present 
work offers a guideline to study the performance of THz 
for short range communication. On our side, we will study 
the THz channel behavior in a MIMO context, because by 
using MIMO system the data rate can be improved without 
increasing the bandwidth.
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