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ABSTRACT 6G networks are expected to use the terahertz (THz) frequency spectrum in some way.
However, relatively little is known about the transmission channel in this part of the spectrum. In this
article, we propose a novel and accurate channel loss model that considers both molecular and water vapor
continuum absorptions for THz networks based on the frequency range between 100 GHz and 600 GHz.
The proposed channel model assumes that the atmospheric absorption is accurately accounted for by the
molecular absorption coefficient and the water vapor continuum absorption coefficient. The new model is
based on equations developed to accurately match the channel response given by a spectroscopic database.
This makes the channel model robust and useful for evaluating the performance of THz networks. The model
is validated against a spectroscopic database defined as a benchmark. The performance of the new channel
loss model is evaluated against different models, including several error metrics. Numerical results show
the new channel model is as accurate as the spectroscopic database by correctly reproducing the provided
experimental dataset. Therefore, the proposed channel model is a reliable, robust and simple tool that can be
successfully used to carry out performance evaluation of THz networks with accuracy.

INDEX TERMS Absorption loss, channel model, THz, 6G, water vapor continuum absorption.

I. INTRODUCTION
Over the past few years, there has been a growing demand
for broadband services offered by mobile networks, taking
data traffic volumes to unprecedented levels [1], [2]. Mobile
networks are expected to handle an increase in global traffic
volume that is currently doubling every two years [3]. Im-
portantly, this constant raising in broadband services demand
and data traffic generation will pose challenges on power
consumption. Regardless of the sector, the latter is becoming
a paramount concern mainly due to both climate change and
limitation of renewable energy resources. The current levels
of greenhouse gas emissions and their environmental impact
are unsustainable and pose a real challenge to industries, even
putting in risk their capacity to achieve net zero emission

by 2050 [3]. One eventual way to reduce the gas emissions
and environmental impact, is dematerialization. The telecom
industry has the potential to lessen the need for material
usage by substituting physical products with digital ones. De-
materialization [3], which leads to reduced consumption of
natural resources, can be achieved for example via VR/AR,
holograms, and metaverse. Holograms not only can enable
many applications, but also allow for a true virtual repre-
sentation of complex entities of the physical world, helping
reduce the total quantity of exemplars of several goods. This
would potentially lead to a successful dematerialization and
consequently environmental impact reduction. Notwithstand-
ing, holograms, VR/AR, and metaverse [4], [5] are broadband
applications requiring larger bandwidth and higher data rates
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FIGURE 1. Illustration of a THz network supporting potential applications based on V2X, VR/AR, and holograms.

(as well as lower latency) than offered by current networking
solutions. In fact, these emerging applications will most likely
not be fully satisfied by current fifth-generation (5G) tech-
nologies [6], but, instead, will require support to ultra-high
data rates up to terabits per second (Tb/s) and highly accu-
rate positioning [7]. Higher frequencies within the terahertz
(THz) region is envisioned as a key technology to satisfy
this demand by alleviating the spectrum scarcity and capacity
limitations of current mobile systems. Following this trend,
Tb/s wireless links will become a reality within the upcoming
years.

As societal needs evolves, next-generation networks such
as 6G will require higher frequencies to satisfactorily serve
these demanding applications. Accordingly, 6G networks
based on the THz spectrum will provide a significant im-
provement in bandwidth availability, data rates, and full
symmetric duplex operation [8]. Eventually, in future systems,
both uplink and downlink will have similar capabilities, es-
pecially in terms of bandwidth and data rates. In this way,
the THz bands can grant 6G networks the feasibility to sup-
port wider bandwidth and higher data-rates. Not only can
this be the key to supporting future data traffic demands,
but also a way to enable dematerialization. 6G networks
based on THz bands can further enable different network-
ing scenarios like for example vehicle-to-everything (V2X)
communications [9], [10], environment virtualization [11],
and holograms [12], to name but a few. Such a scenario is
illustrated in Fig. 1, where 6G-based THz networks enable
a new range of applications and several devices are simulta-
neously served by multiple access points through multi-point
transmissions.

6G networks may use part of the spectrum defined be-
tween 0.1–10 THz. While the frequency regions immediately
below and above this range (the microwaves and the far in-
frared) have been extensively investigated, this is still one
of the least explored frequency bands for communication,
with several open challenges. The THz Interest Group IEEE

802.15 [13] responsible for standardization of THz commu-
nications was created and the IEEE 802.15.3d-2017 became
the world’s first wireless standard at 300 GHz [14]. Despite
standardization efforts, there are many open challenges for
leveraging THz communications and its capabilities [15],
[16], [17]. Among them, the channel propagation model ren-
ders THz-based networks to be misleading in its performance
and future potential. Therefore, a new channel model for
6G/THz networks is addressed here. A reliable THz channel
loss model is key for helping developing as well as evalu-
ating mobile systems. In this way, a reliable and accurate
channel model must include the molecular absorption loss
as well as the water vapor continuum absorption loss [18],
[19].

The molecular absorption loss can be obtained via two
different ways. The first way is the line-by-line functions
which account for the molecular attenuation based on the HI-
TRAN (high-resolution transmission) spectroscopic database
in combination with the Van Vleck-Weisskopf (VVW) line
shape functions [18], [20], [21]. For example, in the ITU-R
P.676-13 Recommendation [22] the atmospheric attenuation
in the range between 1 and 1000 GHz is defined. Such a rec-
ommendation is based on a numerical method that calculates
the individual summation of spectral lines (i.e. line-by-line
calculation) by using 553 spectroscopic data points from the
HITRAN database in combination with the full Lorentz line
shape functions in order to finally be capable of evaluating the
atmospheric attenuation. The usage of the spectroscopic data
along with line-by-line calculations not only adds complexity
to the evaluation, rendering the same an arduous procedure,
but also is an approximate method which may not provide
accurate results.

In contrast, the second way to address the molecular
absorption loss is via closed-form expressions [23], [24],
[25], [26]. Accordingly, a set of equations to evaluating the
molecular attenuation considering water vapor is reported in
the ITU-R P.676-10 Recommendation [23]. This model is
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based on full Lorentz line shape functions with the coef-
ficients fitted to experimental measurements [27], [28], but
with low accuracy and limited for the 1–350 GHz frequency
range.

Furthermore, a simplified channel model for the frequency
range of 275–400 GHz is reported in [24]. Such a model is
based on polynomials and an equalization factor for fitting
purposes along with Van-Vleck Huber line shape functions
using the parameters from the HITRAN database. This sim-
plified model was subsequently extended in order to cover
the frequency range of 200–450 GHz in [25]. Later on, the
200–450 GHz channel loss model was further developed by
including new polynomials to cover the frequency range be-
tween 100 and 450 GHz in [26]. Despite being capable of
covering the D-band, such a channel loss model is not ac-
curate for its entire frequency range and has high average
error. Lastly, the water vapor continuum attenuation, which
contributes to the atmospheric attenuation, was not taken into
account by the model [26].

By its turn, the water vapor continuum attenuation can
be calculated via empirical equations fitted for the THz
region [19], [29], [30], [31], [32]. The contribution of the
water vapor continuum absorption in the evaluation of the
atmospheric absorption coefficient is highlighted in [30].
The absence of the continuum spectrum can lead to discrep-
ancies around hundreds of dB for transmission distances over
a kilometer. The attenuation of the water vapor continuum
absorption up to 1 THz is investigated in [32]. The latter
defines the empirical coefficient parameters that describe the
most accurate attenuation due to the water vapor continuum
absorption spectrum.

Within this context, in this article a new and accurate
channel loss model for the frequency range between 100 and
600 GHz is proposed. The new channel model developed
here accounts for the total atmospheric absorption by taking
into account both the molecular absorption coefficient and the
water vapor continuum absorption coefficient. This allows, for
the first time, to the best of our knowledge, the THz transmis-
sion channel loss to be accurately accounted for. The newly
developed channel model is based on closed-form equations
given by absorption line shape functions and a fitting pa-
rameter. The new model is validated against the HITRAN
database, which is defined as a benchmark. The mean abso-
lute error (MAE), root mean squared error (RMSE), mean
absolute percentage error (MAPE), maximum absolute error,
and adjusted R-squared for the proposed channel loss model
are calculated and analyzed. Moreover, the performance of
the proposed channel loss model is evaluated against many
different models. Numerical results show that the new channel
model matches the performance behaviour of experimental
dataset from the HITRAN spectroscopic database for the de-
signed frequency range. This renders the proposed channel
model to be an accurate and reliable tool for performance
evaluation of THz networks based on 100 - 600 GHz. Lastly,
the newly developed accurate model enables the evaluation
of key figures-of-merit (that are dependent on the channel

losses) in THz networks such as free-space path-loss (FSPL),
signal-noise-rate (SNR), and bit error rate (BER), as analyzed
here.

II. MATHEMATICAL FRAMEWORK
Communication systems are expected to transmit information
from one point to another. They are normally made up of
transmitters, a channel, and receivers. Briefly, at the transmit-
ter the modulation of signals occurs, and then they are sent
through a channel to the receiver. Two features in a com-
munication system can be highlighted: the transmitted power
and the channel bandwidth [33], [34]. The transmitted power
defines the SNR, and depends on the transmitter’s design.
On the other hand, the channel bandwidth is defined as the
frequency range allocated for signal transmission, and can be
obtained by modeling the channel.

In addition, the THz band is formed by multiple absorption
lines that are unique for each molecule present in the atmo-
sphere. The energy associated with the change of quantum
levels determines the frequency of the absorption line, and this
frequency can be altered by some environmental factors, such
as the change of temperature, pressure, and the quantity of
water vapor in the atmosphere [18].

Thus, the THz channel can be modeled as [35], [36]

y = hx + n, (1)

where x is the transmitted signal, y is the received signal, n is
the noise, and h is the channel state given by

h = hphatm, (2)

where hp and hatm represent the propagation gain and the at-
mospheric absorption fading. According to the Friis equation,
hp in the free space can be given by [34]

hp = c

4πdf

√
GT xGRx, (3)

with c, GT x, GRx , d , and f denote the speed of light, the
transmitter antenna gain, the receiver antenna gain, the trans-
mission distance, and the THz wave frequency, respectively.
Based on the Beer-Lambert Law, hatm is given by [18]

hatm = e− 1
2 k( f )d = e− 1

2 (ka( f )+kc ( f ))d , (4)

where k( f ) is the total absorption coefficient of the THz chan-
nel, which is composed of the sum of the molecular absorption
coefficient, ka( f ), and the water vapor continuum absorption
coefficient, kc( f ) [18], [19]. Next, the channel noise power
is an important system metric, and it can be calculated as
follows [18]

Pn( f , d ) = kB

∫
� f

Tnoise( f , d )df , (5)

where kB is the Boltzmann constant, � f is the channel avail-
able bandwidth and Tnoise is the channel noise temperature
which is given by

Tnoise = Tsys + Tatm + Tother, (6)
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with Tsys is the system electronic noise temperature, Tatm is
the atmospheric absorption noise, and Tother considers any
additional noise source. Thus, Tsys is given by

Tsys = T (NF − 1) , (7)

where NF is the noise factor, whose value in dB represents the
system noise figure, and T is the system temperature. Tatm is
obtained by

Tatm = T
(
1 − exp (−k( f )d )

) = T (1 − τ ( f , d )) , (8)

with τ ( f , d ) is the channel transmittance in the medium, and
it can be related to the transmitter (PT x) and receiver (PRx)
powers as

τ ( f , d ) = exp (−k( f )d ) = PRx

PT x
, (9)

emphasizing that k( f ) = ka( f ) + kc( f ).
For the communication systems considered here, it is as-

sumed that Tsys + Tatm � Tother , and then, (6) can be rewritten
as

Tnoise( f , d ) = Tsys + Tatm = T (NF − τ ( f , d )) , (10)

and from (10), we can determine the channel noise power
given by (5). It is worth mentioning that the phase noise of the
signal is adequately compensated by advanced digital signal
processing techniques at the receiver side [37]. In this way,
from (3) and (4), one can obtain the total line-of-sight (LOS)
path loss (PL) of a THz wave propagating in the atmosphere
as [33], [36]

PL [dB] = 20 log10

(
4πdf

c

)
+ 10k( f )d log10 e, (11)

where e is Euler’s number. The system transmits on-off pulses
employing on-off keying (OOK) modulation. Complex mod-
ulation formats such as pulse-amplitude modulation [38] will
be considered as future work. Lastly, the SNR of the system
can be calculated as

SNR( f, d ) =
(

c

4πdf

)2 PT xGT xGRxτ ( f, d )

kB
∫
� f T (NF − τ ( f, d )) df

, (12)

and the BER of the system is given by [39]

BER( f, d ) = 1

2
erfc

(
1

2

√
SNR( f, d )

2

)
, (13)

where erfc (x) is the complementary error function. Next, the
methods for calculating the molecular absorption and water
vapor continuum absorption coefficients are presented.

A. MOLECULAR ABSORPTION COEFFICIENT
The molecular absorption coefficient, ka( f ), can be obtained
via two different approaches, namely, the numerical and sim-
plified models. First, the numerical modeling is based on
radiative transfer theory with information supplied by the HI-
TRAN database [18], [21]. Thus, ka( f ) can be obtained by the

following expression [18]

knum
a ( f ) =

∑
i,g

ki,g
a =

∑
i,g

NA

R

TSTP

p0

( p

T

)2
qi,gSi,gF i,g( f ),

(14)
where ki,g

a is the individual absorption coefficient for the
isotopologue i of gas g, NA is the Avogadro constant, R is
the universal gas constant, p and T are the system pressure
and temperature, respectively, p0 and TSTP are the standard-
pressure-temperature values. In addition, qi,g, Si,g, and F i,g( f )
are the mixing ratio, spectral line intensity, and line shape
functions for the isotopologue i of gas g, respectively. The
quantities Si,g and F i,g( f ) are obtained from the HITRAN
database [21]. More details for obtaining ka( f ) numerically
can be found in [18], [40].

Next, the molecular absorption coefficient can be alterna-
tively obtained via simplified models [26]. Accordingly, the
model presented in [26] is based on fitted equations with nu-
merical results determined from the radiative transfer theory
in combination with the HITRAN spectroscopic database, but
for the frequency range of 100 to 450 GHz. The coefficients
of the equations depend on the temperature, pressure (fixed),
and relative humidity (RH) of varied water vapor in the atmo-
sphere. Furthermore, the parametric model is characterized by
the molecular absorption coefficients y j on absorption lines
j. The simplified molecular absorption coefficient is given
by [26]

ksimpl
a ( f ) =

∑
j=6

y j ( f , μ) + g( f , μ), (15)

with f is the frequency of interest, g( f , μ) is a fitting equation,
and μ is the water vapor mixing ratio that depends directly on
RH [26], and it is given by

μ = RH(%)

100

ps(T, p)

p
, (16)

where RH(%) is the relative humidity given in percentage
and ps is the saturated water vapor partial pressure, and is
described by Buck’s equation [26]

ps = 6.1121
(
1.0007 + 3.46 × 10−6 p

)
exp

(
17.502 T

240.97 + T

)
,

(17)
where the pressure p is given in hectopascals and T is given
in degree Celsius. Subsequently, we carry on the development
of the channel model but assuming an accurate molecular
absorption coefficient and the frequency range of 100 to
600 GHz.

1) NOVEL PROPOSED CHANNEL MODEL
A new channel loss model is developed here considering poly-
nomials for the absorption coefficient as well as a frequency
range of 100–600 GHz. To do so, new equations describing
the absorption peaks are developed. In addition, a fit equa-
tion parameter is also developed and included in the g( f , μ)
in order to accurately fit (the new model behaviour) with
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(experimental) spectroscopic database. Hence, the molecular
absorption coefficient is calculated as

kext
a ( f ) =

∑
j=10

y j ( f , μ) + g( f , μ), (18)

and, the polynomial equations representing the strong absorp-
tion lines in the 100 to 450 GHz range are [26]

y1( f , μ) = A(μ)

B(μ) +
(

f
100c − p1

)2 , (19)

y2( f , μ) = C(μ)

D(μ) +
(

f
100c − p2

)2 , (20)

y3( f , μ) = E (μ)

F (μ) +
(

f
100c − p3

)2 , (21)

y4( f , μ) = G(μ)

H (μ) +
(

f
100c − p4

)2 . (22)

Then, without loss of generality, we new develop here the
resonant absorption lines for the center frequencies at 425,
475, 487, and 557 GHz as follows

y5( f , μ) = I (μ) + J (μ)

4 ( f − f5)2 + w5(μ)2

+ K (μ) exp

[
−α

(
f − f5

w5(μ)

)2
]
, (23)

y6( f , μ) = L(μ)

M(μ) +
(

f
100c − p6

)2 , (24)

y7( f , μ) = N (μ)

O(μ) +
(

f
100c − p7

)2 , (25)

y8( f , μ) = P(μ)

Q(μ) +
(

f
100c − p8

)2 , (26)

y9( f , μ) = R(μ) + S(μ)

4 ( f − f9(μ))2 + w9(μ)2

+ T (μ) exp

[
−α

(
f − f9(μ)

w9(μ)

)2
]
, (27)

y10( f , μ) = U (μ) + V (μ)

4 ( f − f10(μ))2 + w10(μ)2
, (28)

whose coefficients are given by

A(μ) =
(

7.35165 × 10−6 − 7.32078 × 10−6μ

− 3.08766 × 10−8μ2
)
/ (1.04837 − 3.70531μ) ,

(29)

B(μ) = (−2.09 × 10−4 (1 − μ) + 5 × 10−2)2 , (30)

C(μ) = 6.1215 × 10−3μ + 2.59875 × 10−2μ2

0.98494 − 1.04473μ
, (31)

D(μ) = (
0.4241μ + 9.98 × 10−2)2 , (32)

E (μ) = 6.82059 × 10−3μ + 3.96559 × 10−2μ2

+ 4.19415 × 10−2μ3, (33)

F (μ) = 9.55486 × 10−3 + 8.462 × 10−2μ + 0.18735μ2,

(34)

G(μ) =
[

2.053μ (0.1717μ + 0.0306)

1.01827 − 0.64956μ

]

× (
0.98825 + 8.37 × 10−3 exp (57.67013μ)

)
,

(35)

H (μ) = 9.41068 × 10−3 + 0.10564μ + 0.29648μ2,

(36)

w5(μ) = 3.35001 × 109 + 2.53134 × 1010μ, (37)

I (μ) = 5.67576 × 10−5 + 0.22289μ, (38)

J (μ) = 2w5(μ)

π

(
3.4759 × 106 + 1.15834 × 108μ

+ 4.15911 × 108μ2 − 7.10939 × 109μ3
)

× (
7.43613 + 1.41038 exp (−99.7009μ)

)
, (39)

K (μ) =
√

α

πw5(μ)2

(
1.40996 × 104 − 2.69183 × 107μ

− 4.15911 × 108μ2 + 7.10939 × 109μ3
)

× (
7.43613 + 1.41038 exp (−99.7009μ)

)
, (40)

L(μ) = 0.177μ (0.0832μ + 0.0213) , (41)

M(μ) = (0.2615μ + 0.0668)2 , (42)

N (μ) = 2.146μ (0.1206μ + 0.0277) , (43)

O(μ) = (0.3789μ + 0.0871)2 , (44)

P(μ) = 9.695 × 10−3μ + 4.221 × 10−2μ2

1.09281 − 1.94936μ
, (45)

Q(μ) = 7.58641×10−3+6.60044 × 10−2μ+0.14356μ2,

(46)

f9(μ) = 4.87286 × 1011 + 4.08547 × 1010μ

− 5.08079 × 1011μ2, (47)

w9(μ) = 3.40115 × 109 + 4.56867 × 1010μ

− 5.85855 × 1011μ2, (48)

R(μ) = − 2.09394 × 10−4 + 0.84409μ, (49)
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S(μ) = 2w9(μ)

π

(
1.72001 × 107 − 3.96597 × 108μ

− 2.13925 × 1010μ2 + 5.23041 × 1011μ3

+ 9.91933 × 1011μ4
)
, (50)

T (μ) =
√

α

πw9(μ)2

(
−9.00089 × 105 + 1.00072 × 109μ

+ 2.2412 × 1010μ2 − 5.2304 × 1011μ3

− 9.9193 × 1011μ4
)
, (51)

f10(μ) = 5.56983 × 1011 + 1.5944 × 108μ, (52)

w10(μ) = 6.23187 × 109 + 1.46195 × 1010μ, (53)

U (μ) = 7.20497 × 10−11 + 7.545 × 10−8μ, (54)

V (μ) = 2w10(μ)

π

(
−2.79148 × 107 + 3.79879 × 1012μ

+ 3.57152 × 1010μ2
)
. (55)

Then, without loss of generality, the fitting equation g( f , μ)
can be developed as follows

g( f , μ) = μ

1.391 × 10−2

(
θad j + 10−112 f 9)− 1.10086μ

+ 2.91788 × 10−4, (56)

with the following constant values α = 2.77256, f5 =
424.8 × 109 Hz, p1 = 3.96274 cm−1, p2 = 6.11423 cm−1,
p3 = 10.8475 cm−1, p4 = 12.6829 cm−1, p6 = 14.65 cm−1,
p7 = 14.9436 cm−1, p8 = 15.835 cm−1, and θad j is the opti-
mization parameter used to improve the fitting of the proposed
channel model. The coefficients of A(μ), C(μ), E (μ), F (μ),
G(μ) and H (μ), are new and developed here. They now repre-
sent the correct amplitudes for RH values varying from 10%,
30%, 50%, 70% and 90%.

Note that the resonance absorption lines y5, y9 and y10, in
(23), (27) and (28), respectively, are based on the pseudo-
Voigt peak function [41]. Such a function is defined by
the convolution of the Gaussian and Lorentzian functions,
and it is generally used to obtain experimental spectral line
shapes [41]. In contrast, the coefficients from (23), (27) and
(28) are obtained by the help of the HITRAN database and
VVW functions along with fitting procedure. The fitting pro-
cedure is carried out to determine in an accurate way the new
expressions of the absorption line coefficients according to the
numerical model from [18], [21], [40].

Finally, the (56) is developed via the fitting procedure
described earlier. Hence, (56) depends on the optimization pa-
rameter, θad j , which has an optimal value for each frequency
band in the 100–600 GHz range. Then, once the optimized
θad j is obtained, the mean absolute error (MAE) can be min-
imized. Next, we address the formalism to obtain the water
vapor continuum absorption coefficient.

B. WATER VAPOR CONTINUUM ABSORPTION COEFFICIENT
The water vapor is one of the main elements responsible for
the atmospheric attenuation of electromagnetic waves prop-
agating in the THz band [19], [29], [30], [31], [32]. There
are two components of atmospheric attenuation related to wa-
ter vapor which are resonant absorption lines and continuum
absorption [19]. The contribution of the water vapor absorp-
tion lines is accounted for in (18). The continuum absorption
coefficient rises quadratically as the frequency increases and
decreases inversely as the temperature increases in the THz
region (up to ∼3 THz) [19], [29], [30], [31], [32]. Therefore,
according to [19], [31], the water vapor continuum absorption
coefficient can be expressed as

kc( f ) = f 2 (C0
W θnW +3P2

W + C0
AθnA+3PAPW

)
= f 2 (CW P2

W + CAPAPW
)
, (57)

where f is the frequency in GHz, PW and PA are the par-
tial pressures of the water vapor and foreign gases in the
atmosphere, respectively, C0

W and C0
A are the water vapor

and foreign-continuum parameters at 300 K, in units of
(dB/km)/(hPa GHz)2, respectively. θ = 300/T is the dimen-
sionless temperature factor, and T is the system temperature
in K. nW and nA are the temperature exponents. And then,
CW = C0

W θnW +3 and CA = C0
AθnA+3 are the water vapor and

foreign-continuum parameters as a function of temperature,
respectively. As the water vapor continuum absorption co-
efficient is usually obtained empirically, the values of the
parameters are given by experimental works, such as [19],
[29], [30], [31], [32]. For the channel loss model proposed
herein, we consider the empirical parameters from [29], which
gives CW = 4.39 × 10−8 (dB/km)/(hPa GHz)2 and CA = 4 ×
10−9 (dB/km)/(hPa GHz)2 for the room temperature.

Concerning the partial pressures PW and PA, they are deter-
mined as follows

PW = μp0, and PA = (1 − μ) p0, (58)

respectively, recalling that μ is the water vapor mixing ratio
and p0 is the standard pressure given in hPa. From the pa-
rameters PW , PA, CA and CW , and using (57), the water vapor
continuum absorption coefficient can be calculated. Lastly, the
total atmospheric absorption coefficient, k( f ), is composed of
the sum of the molecular absorption coefficient, ka( f ) given
by (18), and the water vapor continuum absorption coefficient,
kc( f ) given by (57), for a specified temperature value.

III. RESULTS AND DISCUSSION
The thoroughly described channel loss model is now ap-
plied for the performance evaluation of THz networks based
on 100–600 GHz. Its performance and accuracy is assessed
against several models.

A. NUMERICAL VALIDATION OF THE MOLECULAR
ABSORPTION COEFFICIENT
The numerical model based on the Radiative Transfer The-
ory, using the VVW line shapes and the spectroscopic data
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obtained from the HITRAN database [18], [21], [40] is con-
sidered here as the benchmark. Then, the contributions to
the molecular absorption of each isotopologue i of each
gas g present in the atmosphere is calculated. Afterwards,
the molecular absorption coefficient of the THz channel is
determined by (14). Subsequently, by using the numerical
approach, the molecular absorption coefficients of each type
of molecule available in the atmosphere is calculated. To
do so, the percentages of molecules in the atmosphere are
considered as: N2 = 78.084%, O2 = 20.946% and CO2 =
0.0417%. Furthermore, the atmospheric pressure of 1 atm
(1.01325 × 103 hPa), temperature equal to 298 K (25 ◦C),
and RH ranging from 10% to 90% (with a 20% step) are
considered.

The numerical molecular absorption coefficient results
(VVW + HITRAN) for RH = 10% and 90%, in the 100 to
450 GHz range, are shown in Fig. 2(a) and (b), respectively. It
can be noted from Fig. 2 that for higher RH values, the larger
the molecular absorption coefficients are, which suggests that
water molecules are responsible for the major absorption loss
in the atmosphere. It can also be seen from Fig. 2 that there
are well-defined peaks at some frequencies. These are the res-
onance peaks given by the line-by-line absorption model [18],
[21], [40]. However, between two adjacent peaks there are
some lower values of the absorption coefficient. This region
between adjacent peaks can be regarded as potential transmis-
sion windows for THz wireless communication systems.

Moreover, Fig. 2 shows the performance comparison
among the channel model given by [26], the numerical ITU-R
model referred here as Full-ITU-R [22], the numerical VVW
+ HITRAN model (that is considered as benchmark) [18],
[21], and the new proposed model. One can observe from
Fig. 2(a), that the new proposed model (black lines) is the
only one to converge and complete agree/overlap with the
benchmark model (red lines). The performance estimation
difference, among the channel models, becomes even more
evident for the strong resonance peaks with center frequen-
cies at 119 GHz and 425 GHz, where the remaining channel
models clearly cannot reproduce the peaks according to the
bechmark. Moreover one can further notice that the regions
between peaks 1 and 2 (119–183 GHz), 2 and 3 (183–
325 GHz), and 3 and 4 (325–380 GHz) show some divergence
between the absorption lines in these transmission windows,
for the model from [26], misleading the performance of the
network. For example, under 119 GHz and RH = 10%, while
the proposed model is as accurate as the benchmark, the mod-
els left underestimate the molecular absorption losses in an
order of magnitude. Furthermore, analyzing the top inset in
Fig. 2(a), the D-band (110–170 GHz) is highlighted, and it can
be infered that the peak around 119 GHz for the benchmark
and proposed models have 13 dB/km, whereas the models
from [26] and Full ITU-R have 1.4 dB/km only. This differ-
ence among models, undestimates the network performance in
an order of magnitude, which may be unaccetable in THz sys-
tems where signal power transmission is key for the smooth
network operation. Also, the range from 400 to 450 GHz is

FIGURE 2. Comparison between the molecular absorption coefficient as a
function of frequency from 100 to 450 GHz obtained by the different
models for transmission distance of one kilometer, and different RH levels:
(a) 10% and (b) 90%. In both figures: the top inset shows the D-band
(110–170 GHz) in evidence, and the bottom inset shows the 400 to
450 GHz band.

highlighted in the bottom inset from Fig. 2(a), once again,
it can be realized that for the peak around 425 GHz, the
proposed and benchmark models have 30.3 dB/km, whereas
the Full-ITU-R model has 9.1 dB/km, and [26] simply misses
the peak.

The molecular absorption coefficient versus the frequency
is plotted in Fig. 2(b) for RH = 90%. In such a figure, one can
note that the both benchmark (red) and our proposed chan-
nel model (black) peaks at 425 GHz, whereas the remaining
model (blue) and ITU-R (pink) are smoothly throughout the
region. As a result, the performance of the THz system is hin-
dered. In contrast, it can be further noted from Fig. 2(b) that
all models peak at 119 GHz, while our model (black) excel-
lently agrees with the benchmark (red) instead, the remaining
model (blue) and ITU-R (pink) peak shorter, resulting in a
short tail and consequently underestimating the channel loss
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estimation for a wider range of frequencies. Surprisingly, the
ITU-R model (pink curve) has a heavy tail than do the all
remaining models for the entire frequency range, but even
more substantial in the frequency window between peaks 2
and 3 (183–325 GHz), as can be seen in Fig. 2(b). As a
consequence, the ITU-R model predicts higher molecular ab-
sorption losses in the THz channel than one would actually
expect. To circumvent this issue, someone should eventually
use the experimental/spectroscopic database solution, or the
channel loss model proposed in this work. Additionally, in
such top inset from Fig. 2(b), on one hand, both benchmark
and proposed model have around 14.1 dB/km at 119 GHz,
and on the other hand, the Full-ITU-R (pink) and remaining
(blue) models have around 3.6 dB/km at 119 GHz. Lastly,
in such bottom inset from Fig. 2(b), while the proposed and
benchmark models have 75.2 dB/km at 425 GHz, the previous
model (blue) does not peak, and has an absorption coefficient
value around 46 dB/km, representing a 61.2% underestima-
tion in the performance loss.

Furthermore, the previous model, described in [26], cov-
ers up to 450 GHz, whereas the channel loss model herein
proposed covers up to 600 GHz. The same is possible
thanks to the development of three additional peaks, namely,
at 475 GHz, 487 GHz, and 557 GHz. This renders, for
the first time to the authors’ knowledge, the estimation of
the molecular absorption coefficient for the Y-band (325–
500 GHz). Given the large bandwidth available, THz signals
can be substantially impacted by molecular absorption, while
a robust channel model can be fruitful and ease that challenge
regarding performance analysis.

Accordingly, the molecular absorption coefficient curves
as a function of the frequency covering up to 600 GHz and
for RH = 10% is plotted in Fig. 3(a). All the four models
are considered for the sake of analysis consistency. It can be
seen that the Full-ITU-R model does not correctly describe the
peaks at 425 GHz and 487 GHz. This unconformity becomes
more clear in the zoom inset from Fig. 3(a). For example,
the Full-ITU-R model shows 17 dB/km at the 487 GHz
peak, whereas the proposed and benchmark models suggest
approximately 27 dB/km. Despite seeming relatively small
the divergence, this renders a ∼63% prediction difference
between the models, which can lead to misleading perfor-
mance analysis. In addition, the herein developed model
is easier to handle and apply rather than the Full-ITU-R
model as the former only employes simple mathematical
functions (such as Lorentz and Pseudo-Voigt) that can be
easily simulated with very low computational complexity and
computing power demand. Subsequently, the molecular ab-
sorption coefficient versus the frequency range up to 600 GHz
is plotted in Fig. 3(b) for RH = 90% and for all the three
pertinent models. Overall, all the three models have good
agreement, showing similar performance levels from 450 GHz
to 600 GHz. Despite that, one can clearly realize from the
inset in Fig. 3(b) that the new proposed model (black curve)
shows better agreement with a great deal of accuracy than the
Full-ITU-R model (pink curve).

FIGURE 3. Comparison between the molecular absorption coefficient as a
function of frequency from 100 to 600 GHz obtained by the different
models for transmission distance of one kilometer, and different RH levels:
(a) 10% and (b) 90%. In both figures: the bottom inset shows the 450 to
600 GHz band.

Next, in order to further quantify the difference among the
pertinent channel models, the mean absolute error (MAE),
root mean squared error (RMSE), mean absolute percentage
error (MAPE), maximum absolute error (max.AE), and ad-
justed R-squared (adj.R2) [42] are calculated and analyzed,
assuming the VVW + HITRAN as the benchmark. Then, the
MAE values are summarized in Table 1. Bear in mind that
θad j was optimized to minimize the MAE for the following
frequency bands: 110 to 300 GHz, 220 to 325 GHz, 275 to
450 GHz, 100 to 450 GHz, 325 to 500 GHz, 450 to 600 GHz,
and 100 to 600 GHz. Hence, one must choose the desired
frequency band and set θad j as indicated in Table 1 in or-
der to reproduce the results. Then, by analyzing the MAE
values (dB/km) from Table 1, one can note that the new pro-
posed model has lower MAE’s values than do the remaining
models [22], [26], for all frequency bands, and considering
RH ranging from 10% to 90%. For example, in the 275 to
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TABLE 1. Results of the Error Metrics Used in the Evaluation of the Proposed Model for Different Frequency Bands and RH = 10%, 50% and 90%

450 GHz range, for θad j = 3.8 × 10−6, our model yields a
MAE of 0.32 dB/km, 1.04 dB/km, and 3 dB/km for RH =
10%, 50%, and 90%, respectively. In contrast, the previous
model [26] resulted in a MAE of 1.55 dB/km, 2.3 dB/km,
3.6 dB/km for RH = 10%, 50%, and 90%, respectively.
Thus, such an error difference is substantially relevant and
may poorly estimate the performance analysis of THz net-
works. Another error metric analyzed here is the RMSE. This
mechanism penalizes larger errors more than small errors. In
this manner, for the 275 to 450 GHz range, and under RH
= 90%, the proposed channel model suggests an RMSE of
4.5 dB/km, whereas the previous model [26] results in an
RMSE of 6.6 dB/km. Hence, the latter envisages more ex-
treme errors than the new proposed model. Afterwards, for
the 100 to 450 GHz range, under the most critical condition

such as RH = 90%, a MAPE around 15.7% is obtained for
the proposed model. In comparison, the previous model [26],
achieved a MAPE of 15.2%, which is slightly less than the
MAPE of the proposed model. Still concerning the error
evaluation, the max.AE and adj.R2 metrics yield values of
17.5 dB/km and 0.9992, respectively, for the proposed channel
model. In contrast, 28.9 dB/km and 0.9986 are obtained for
the model in [26]. As a result, the new proposed model can be
deemed as a promising tool for supporting and advancing the
performance of THz networks in a more accurate way.

Next, let us consider the 450–600 GHz range, and θad j =
5.0 × 10−7, then, the proposed channel model yields a MAE
around 10.1 dB/km, 48.2 dB/km, and 86.5 dB/km for RH =
10%, 50%, and 90%, respectively. Nonetheless, the Full-ITU-
R model obtained a MAE of 26.8 dB/km, 158.6 dB/km, and
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325 dB/km for RH = 10%, 50%, and 90%, respectively. This
strongly suggests that former is a more robust way for esti-
mating the molecular absorption coefficients in this region,
with a substantial MAE difference between the models, es-
pecially for RH = 90%. Additionally, under the same range
and θad j , the metrics such as RMSE, MAPE, max.AE and
adj.R2 result in 190 dB/km, 6.8%, 1,143 dB/km, and 0.9994,
respectively, for the new proposed model. The Full-ITU-R
model whereas yields 861 dB/km, 23.5%, 5,714 dB/km, and
0.9882, respectively, for the same error metrics. All the results
are summarized in Table 1. Consequently, the Full-ITU-R
model clearly shows a larger discrepancy against the bench-
mark. Thus, the new model is a more reliable alternative
for evaluating the molecular absorption coefficient under the
range of 450 to 600 GHz.

1) NOVEL PROPOSED MODEL WITH REDUCED TERMS FOR
THE 450–600 GHZ RANGE
The new proposed channel model, based on closed-form equa-
tions, for estimating the molecular absorption coefficient in
the 100 to 600 GHz range is mainly given by (18). In order
to reduce the number of equations to describe only the 450
to 600 GHz band, which was never addressed before in the
literature, the new model with reduced terms is herein devel-
oped. Accordingly, the reduced absorption coefficient can be
expressed as

kred
a ( f ) =

10∑
j=6

y j ( f , μ) + g( f , μ), (59)

where y6( f , μ) to y10( f , μ), and g( f , μ) are given by (24) to
(28), and (56), respectively.

In order to assess the performance of the new model with
reduced terms (y6 to y10), we compare the former with its own
complete version with all terms (y1 to y10) and also against the
benchmark model (VVW + HITRAN), under the range 450 to
600 GHz, and for RH = 90%. Then, the molecular absorp-
tion coefficient versus the frequency range (450–600 GHz)
in plotted in Fig. 4. In addition, also shown in Fig. 4 is the
results for the difference among the complete proposed model
will all terms, the reduced proposed model, and finally the
benchmark (VVW + HITRAN). Overall, it can be observed
from Fig. 4 an excellent agreement between the proposed
model and benchmark, showing complete convergence up to
580 GHz. In addition, it can be seen from Fig. 4 that in the 450
to 500 GHz range, the proposed model with reduced terms
(green dashed curve) has slightly better performance than do
the complete model with all terms (pink curve). However,
both models yield virtually the same performance for the
500–600 GHz range. The results for different error metrics
are summarized in Table 2.

Moreover, the error metrics for the new developed models
with all terms as well as reduced terms compared against the
benchmark in the 450 to 600 GHz range for RH = 10% and
90%, is summarized in Table 2. Bear in mind that g( f , μ)
remains the same for both models, but θad j = 5 × 10−7 for the

FIGURE 4. Left y-axis: comparison between the molecular absorption
coefficient curves given by the proposed model with all terms ( y1 to y10),
reduced terms (y6 to y10), and the exact model as a function of frequency
for the 450 to 600 GHz band, for a temperature of 298 K and RH = 90%.
Right y-axis: comparison between the differences of the proposed models
with all terms and reduced terms relative to the exact model.

TABLE 2. Results of the Error Metrics Used to Evaluate the Proposed
Models With All Terms and Reduced Terms Relative to the Exact Model for
the 450 to 600 GHz Band and for RH = 10% and 90%

complete model with all terms, and θad j = 3.05 × 10−3 for
the reduced terms model. One can realize that the error metrics
are similar for both complete and reduced terms models. Be-
sides that, only a small reduction in terms of MAE and MAPE
can be seen for the reduced terms model in Table 2, which
is owing to the optimization of θad j . As a conclusion, both
complete and reduced terms models are accurate, predicting
with success the actual absorption losses. The experimental
validation of the total atmospheric absorption coefficient is
carried out in the next Section.

B. EXPERIMENTAL VALIDATION OF THE TOTAL
ATMOSPHERIC ABSORPTION COEFFICIENT
The total atmospheric absorption coefficient is defined as the
sum of the molecular absorption coefficient, ka( f ) given by
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FIGURE 5. Comparison between the proposed model curve and
experimental data [29] of the total atmospheric absorption coefficients in
the 300 to 600 GHz range for: (a) RH = 36.78%, and (b) RH = 70.84%. The
lack of experimental data above the threshold (4 m −1) is due to saturation
effects in the measurement.

(18), and the water vapor continuum absorption coefficient,
kc( f ), given by (57). Then, let us analyse kc( f ) and the exper-
imental data [29] used here for validation purposes of the new
developed formalism model.

The total absorption coefficient was measured using FTIR
(Fourier transform infrared spectrometer) for room tem-
perature [29]. The measurements were performed for the
frequency range of 300 GHz to 1.5 THz, varying the
amount of water vapor (RH) in a chamber for different
transmission paths. To calculate the contribution of kc( f )
to the total absorption coefficient, (57) is used, whose
CW = 4.39 × 10−8 (dB/km)/(hPa GHz)2 and CA = 4 × 10−9

(dB/km)/(hPa GHz)2 [32].
Accordingly, adding kc( f ) to ka( f ) results in the total ab-

sorption coefficient, whose performance versus the frequency
range from 300 to 600 GHz are show in Fig. 5, for RH =
36.78% (Fig. 5(a)) and for RH = 70.84% (Fig. 5(b)). The
experimental data of the total absorption coefficient, which
can be found in [29], is also plotted in Fig. 5, considering

FIGURE 6. Comparison between the proposed model curve and
experimental data [29] of the atmospheric transmittance in the 300 to
600 GHz range for: (a) RH = 36.78%, and (b) RH = 70.84%.

RH = 36.78% and RH = 70.84% for the same frequency
range. Further, in Fig. 5(a) and (b) dash-dot lines indicat-
ing the experimental measurement threshold for k = 4 m−1

are shown. This limitation is due to saturation effects of the
measurement equipment in [29]. The average errors of mea-
surement for RH = 36.78% and RH = 70.84% are 4% and
2.87%, respectively [29]. Remarkably, both experimental data
and new developed model show very good overall agreement,
suggesting a great deal of accuracy. One can clearly realize
from Fig. 5 that the new proposed model shows convergence
with the experimental data.

Additionally, the simulated atmospheric transmittance was
calculated by (9), which depends on the total absorption coef-
ficient, k( f ) = ka( f ) + kc( f ), where ka( f ) is given by (18)
and kc( f ) given (57). Then, the transmittance performance
considering a 6-meter transmission path for RH = 36.78% and
70.84% are illustrated in Fig. 6(a) and (b), respectively. Those
conditions were used in the measurement of the experimental
data analysis of the transmittance in [29]. Hence, the ex-
perimental transmittance versus the frequency range 300 to
600 GHz is also plotted in Fig. 6. Once again, the channel
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TABLE 3. Comparison of the Link Budget for Different Channels and a Fixed Distance Obtained by the Proposed Model and the Benchmark Model

model converges towards the experimental data correctly pre-
dicting the atmospheric transmittance.

C. LINK BUDGET CALCULATIONS CONSIDERING THE
TOTAL ATMOSPHERIC ABSORPTION COEFFICIENT
In this section, link budget calculations are carried out in order
to employ the new proposed model for performance analysis
of THz networks from 100–600 GHz. The goal is to show that
the new developed tool is simpler and faster to implement than
numerical models like the VVW + HITRAN model.

Accordingly, the developed tool can be used to evaluate
different THz scenarios with line-of-sight supporting sev-
eral applications as illustrated in Fig. 1. In this way, the
performance evaluation is done by means of link budget cal-
culations, which estimates the power at the receiver and many
other quantities related with gains and losses in the link. Then,
the SNR and BER are considered and calculated for different
THz links.

To do so, let us consider the antenna gain of the LOS THz
link as follows [26]

GT x/Rx = 20 log10

(√
Aeπdant f

c

)
, (60)

given in dBi, Ae is the aperture efficiency and dant is the
diameter of the parabolic reflector antenna. The calculations
are performed considering Ae = 0.7 and dant = 225 mm,
which are the values given by [26]. Then, the link center
frequencies ( fc) are: 157.75, 261.36, 317.52, 410, 484 and
542 GHz. The respective available bandwidths (� f ) are: 12.5,
17.28, 8.64, 18.5, 6.5 and 25.9 GHz. The first center frequency
and available bandwidth are defined in [43], the second and
third are given by [14], the fourth, fifth and sixth are taken
from [33], [44], for the sake of analysis consistency.

Accordingly, the atmospheric conditions for the THz chan-
nels considered are T = 296 K, p = 1 atm and RH
= 50%. Next, the molecular and water vapor continuum

absorption coefficients are obtained via (18) and (57), respec-
tively. Thus the atmospheric absorption coefficient is given by
the sum of (18) and (57). The optimization parameters θad j

used in the calculation of the molecular absorption coefficient
are provided in Tables 3 and 4, considering their respective
frequency bands. Thus, the transmitter power and noise figure
considered in the evaluation are PT x = 0 dBm and NF =
10 dB, respectively [45], [46], [47], [48], [49]. Subsequently,
the Pn, PRx , PL, SNR and BER of the THz link are determined
by (5), (9), (11), (12) and (13), respectively. The results ob-
tained are shown in Tables 3 and 4. The THz link distances are
always 1 km in Table 3, but they are different in Table 4 so that
the remaining parameters/metrics such as SNR and BER can
be further stressed. The comparison of the proposed model
against the benchmark (VWW + HITRAN) in terms of several
link budget parameters including key figure-of-merits such as
the PL, SNR, and BER for a fixed distance (d = 1000 m)
are summarized in Table 3. Noteworthy, the relative errors be-
tween the models are indeed small and can even be considered
negligible. For example, as can be seen in Table 3, for fc =
157.75 GHz, RE = 0.55% only. Once again, the proposed
model converges towards the benchmark. This is important
as the remaining parameters/metrics are also impacted, but as
shown in Table 3, the PL, SNR, and BER basically show the
same performance for both models. In this manner, for both
model and benchmark, the PL, SNR, and BER are 139.6 dB,
23.3 dB, and 1.3 × 10−13, respectively, considering fc =
157.75 GHz. Likewise, the same analysis holds valid if one
considers fc = 261.36 GHz. Interestingly, one can note that
the SNR for these two THz link scenarios ( fc = 157.75 GHz
and fc = 261.36 GHz) is high enough to yield a BER level
under the regime of error-free data transmissions. Eventually,
this can enable different network scenarios and consequently
support many broadband applications.

Lastly, a similar link budget analysis is carried out but for
THz links at higher frequencies such as fc = 410 GHz, fc =
484 GHz, and fc = 542 GHz, as summarized in Table 4. Bear
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TABLE 4. Comparison of the Link Budget for Different Channels and Distances Obtained by the Proposed Model and the Benchmark Model

in mind that the THz link distances are different for each
center frequency. Once more, even under different link dis-
tances, the relative error between the model and benchmark
is small in general, which yields virtually similar levels of
the key figure-of-merits, i.e., the SNR and BER. Remarkably,
it can be seen in Table 4 that for fc = 542 GHz, the SNR
(∼15 dB) and BER (∼ 2 × 10−3) resulted in poor levels,
which hinders the performance of such THz link. Thus, it
can be concluded that the new channel model is robust and
proved to be a useful tool for performance evaluation of THz
networks.

IV. CONCLUSION
In this article, a novel mathematical formalism rendering
completely accuracy for performance analysis of line-of-sight
THz networks within the frequency range of 100–600 GHz
was proposed. The new developed channel model takes into
account both the water vapor continuum absorption loss and
the molecular absorption loss. In addition, the model’s formal-
ism in based on closed-form absorption line shape equations
and a fitting parameter (equalization factor), developed to
accurately match the channel response given by the HI-
TRAN spectroscopic database. The latter is considered as
a benchmark, against which the performance can be com-
pared. Moreover, several error metrics (such as MAE, RMSE,
and MAPE) have been considered and analyzed. The new
channel model was validated and compared against many
different models. It was shown that the channel model accu-
rately reproduces the experimental dataset HITRAN, which is
considered the benchmark. In other words, the model shown
complete convergence and is a more appropriate and accu-
rate choice for performance assessment of THz networks
due to its simplicity. Its great performance indicator sets
a new benchmark for analytical performance evaluation of

such networks. This new channel model can be successfully
applied for accurate performance evaluation of THz net-
works within a large frequency range, including the prominent
D-band. Moreover, the model can be further applied for evalu-
ating the link transmission distance of THz networks and their
performance in terms of key figures-of-merit such as SNR
and BER. Therefore, this robust and easy-to-use channel loss
model is deemed as a unique tool and a new benchmark to be
added to the portfolio for the performance evaluation of THz
networks.
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