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Abstract—In this paper, we evaluate the path-loss models that
can be adopted for indoor communications in the TeraHertz
(THz) frequency band. Three different models are investigated
versus distance; namely, the ITU, the log-distance (LD), and the
multi-wall COST 231 models. The latter exhibits much higher
path-loss than the other two because it is able to account more
accurately for the interior obstacles of indoor environments.
Index Terms—TeraHertz, path-loss, log-distance (LD), ITU,
multi-wall, COST 231.

I. I NTRODUCTION
Today, the need for higher data rates grows exponentially
following Edholm’s law [1]. To counter the demand for high
bandwidth from a large number of users, we can either increase
the spectral efficiency above 10 bits/s/Hz or the bandwidth
above 20 GHz [2]. The first approach is relatively hard to
achieve due to innumerable difficulties related to government
regulations and standardization issues set by regulatory organizations. The second is more feasible by deploying THz
frequencies since it is still an unregulated spectrum [3]. Actually, THz has been used for the last 25 years for imaging (e.g.,
remote sensing) and spectroscopy applications. However, it is
one of the least tapped regions of the electromagnetic spectrum
that holds a lot of potential for wireless communications [3],
[4].
THz was first studied formally by Fleming in 1974. In
[5], Michelson interferometer was used to record spectra in
the THz region. The latter is widely used in industry for the
measurement of small displacements and surface irregularities.
This particular band has a frequency ranging between 0.110 THz [6], [7] and can fulfill the 10 Gbit/s requirement
of 5G networks [8]. It is noted also that the THz band
has some similar properties to the sub-millimeter wavelength
values that fills wavelength between 0.1 and 1 mm (i.e.,
300 GHz - 3 THz). Despite the attractive advantages of
THz communications, some challenges need to be addressed.
Indeed, THz communication systems suffer from high pathloss. Some solutions to counter key practical challenges were
studied and one of the promising solutions suggests using
graphene when designing the antenna elements [9]. Graphene
has also its own practical challenges. The first is the high cost

of extraction. The second is the significant performance loss
stemming from harsh weather conditions. The authors in [10]
developed for the first time resonant tunneling diodes (RTD)
that use THz band as medium of communication between
connected devices. The achievable range is 10 meters, which
is a significant progress in the telecom domain. RTD has long
been studied due to its ability to function at ultra-high-speed
rates with low-power electronics and the fascinating property
of negative differential resistance (NDR) [11].
Indoor propagation path-loss was widely investigated. In
[12] a channel attenuation model is developed using the
measurement data collected by the same team. The authors
in [13] have studied the path-loss in the ISM bands of 33,
868 and 915 MHz. The work in [14] provides a comparative
study of multiple empirical models for urban environments
by considering the 868 MHz frequency band in long-range
wide-area network (LoRaWAN). Therefore, current state of
the art leaves a big gap in terms of studying the propagation
path-loss for indoor communication technologies at THz band
frequencies. To the best of our knowledge, the comparative
study presented in this paper is relatively new and has not been
tackled before for indoor propagation at THz frequencies.
The rest of the paper is organized as follows: In Section II,
we provide an overview of THz communications. In Section
III, we study the three path-loss models in the THz bands.
In Section IV, we assess and compare the performance of
these models. Finally, we draw out some concluding remarks
in Section V.
II. TH Z C OMMUNICATIONS : S TANDARDIZATION
A PPLICATIONS

AND

As shown in Fig. 1, the THz band is positioned between
the microwave and mid-infrared bands [15]. As stated in
[16], it finds advantageous applications both in electronics
and photonics. Moreover, THz is extremely beneficial to the
telecommunication industry since it can carry much more
bandwidth. It has also a good penetration property in opaque
materials with high chemical selectivity and excellent use in
imaging.
A. Applications
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THz is widely used today in the detection of pharmaceutical
medicines [17]. Recently, it has been used for temperature
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where the distance, d, refers to the separation between the
receiver from the transmitter in meters. The path-loss exponent (PLE) [22], denoted as e, depends on the propagation
environment (e.g., e = 2.01 for THz [23] ). LF S is the freespace (FS) path-loss at a reference distance d0 in meters which
is given by:

1HDUDQG
PLGLQIUDUHG

(2)

X is a zero-mean Gaussian random variable of variance σ 2
that models large-scale fading such as log-normal shadowing
[24].
B. ITU Model
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Fig. 1: THz positioning in the radio spectrum.
sensing applications [18]. It is being considered also for
use in battlefield communications, particularly for short-range
wideband communications, since it is sustainable in dry and
smoky climates [16]. Another application of THz includes
RADAR systems due to its excellent directionality and energy
concentration features.
B. Standardization
IEEE has set a specific standard that is still under investigation by the IEEE 802.15.3d open discussion group. The
latter focuses on high data rate transfers over PHY-layer THz
bands [19]. Since its inception, this working group on THz has
proposed eight channel bands that are multiples of 2.16 GHz,
two signaling modes with seven modulation schemes (BPSK,
16-QAM, etc.) and three channel coding schemes [20].
III. P ROPAGATION PATH -L OSS M ODELS
In this section, we investigate the propagation path-loss
models w.r.t. distance that are compatible with the THz band
in the indoor environments.
A. Log-Distance (LD) Model
The LD model is commonly used for predicting the pathloss of a signal in an indoor scenario or a dense environment.
For a source emitting at a wavelength λ, the path-loss is given
by [21]:
 
d
LLD = LF S (λ, d0 ) + e 10 log10
+ X,
(1)
d0

This propagation model, defined by the International
Telecommunication Union (ITU), has been developed to predict the median path-loss and it is based on diffraction theory.
It is given in dB as follows [25]:
LIT U = 20 log10 fMHz + η log10 (d) + Pf l (n) − 28,

(3)

where η is the power decay index (set to 19.5 as mentioned
in [26] for THz) and fMHz is the frequency in MHz. The
parameter n is the number of floors separating the transmitter
from the receiver while Pf l (n) is the floor penetration loss.
Note that Pf l (n) = 0 for n = 1.
C. Multi-Wall COST 231 Model
There are various versions of COST 231 such as COST
231-Walfisch-Ikegami for path-loss prediction that is suited
for outdoor environments. Since we are studying the indoor
propagation, we rather investigate the basic COST 231 path
loss model [27] defined as:
LC231 = 32.4 + 20 log10 fGHz + 20 log10 (S + d) + Lindoor ,
(4)
where fGHz is the frequency in GHz, S is the outdoor path
(S is set zero in indoor environments), and Lindoor can be
explicitly expressed as:
Lindoor = Le + Lge + max (Γ1 , Γ2 )

(5)

where Le is the normal incidence on penetration in the first
wall [28], Lge is an approximation of the added loss due to
an angle of incidence θ and is measured over an average of
empirical values of incidence. The term max (Γ1 , Γ2 ) is an
estimate of the loss within the building.
IV. S IMULATION R ESULTS
In this section, we evaluate the above-mentioned models for
better insight regarding THz frequencies. We use MATLAB
2019 cloud to perform the simulations below. Conducted experiments mainly focus on assessing the path-loss in the THz
frequency range and comparing them with those measured
with current radio access technologies such as LTE and WiFi
bands. The considered environment is a single floor with a
maximum distance of 15 meters between the transmitter and
the receiver. In the following, we evaluate the path-loss for
the three ITU, LD, and COST 231 models briefly introduced
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TABLE I: Parameter values adopted by different path-loss
models for various radio access technologies.
Model Type
LD
ITU
COST 231

Parameter
e
η
Pf l
Le
Lge
Γ1
Γ2

THz
2.01
19.5
0
3
6.1
3
0

LTE 2 GHz
1.9
18
0
3
6.1
3
0

WiFi 2.5 GHz
1.6
18
0
3
6.1
3
0

WiFi 5 GHz
1.8
18
0
3
6.1
3
0
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in the previous section. These models require parameters that
depend on the frequency band, as summarized in Table I.
We start by evaluating in Fig. 2 the ITU model path-loss
versus the distance d between the transmitter and receiver at
multiple frequency bands including THz, LTE (i.e., 2 GHz),
and WiFi bands. The latter accounts for various frequency
bands, the most popular being the 2.4 GHz and 5 GHz
[29]. The latter are included in the IEEE standards 802.11a,
802.11b, 802.11g, and 802.11n. As expected, the path-loss
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Fig. 3: LD path-loss model vs. distance at different frequency
bands.
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Fig. 2: ITU path-loss model vs. distance at different frequency
bands.
increases with distance at all frequency bands. We also observe
a significant increase in the path-loss at the THz frequency
when compared with the remaining ones.
In Figs. 3 and 4, we evaluate the LD and FS path-loss
models versus the distance at the same frequency bands (i.e.,
THz, WiFi, and LTE). From Fig. 3, the LD path-loss model
exhibits the same behavior as the ITU model. Path-loss values
reported in the LTE band exceed those measured in the WiFi
2.5 GHz band at distances above 5 m. Such behavior stems
from the fact that each band has its own power decay index, as
defined in Table I. The FS model, however, does not account
for any power decay index.
In Fig. 5, we reproduce the same path-loss curves for the
multi-wall COST 231 model. Clearly, this model exhibits
much higher path-loss values than the other two. The gap
between them reflects the inclusion of the indoor component,

3

5

7

9

11

13

15

Fig. 4: FS path-loss model vs. distance at different frequency
bands.

Lindoor , that captures the additional attenuation factors stemming from propagation across walls and corridors.
In Fig. 6, we evaluate all three path-loss models versus
frequency in the THz band. We observe that both the ITU
and LD models exhibit approximately the same performance.
The FS model is actually coinciding with the LD model since
values are evaluated at the reference distance d0 = 1 m. Hence,
the second term of the LD model in (1) becomes equal zero.
Furthermore, the COST 231 model shows significantly larger
path-loss values since it accounts for multi-wall attenuations.
In Fig. 7, we analyze the path-loss in a more complex indoor
environment having multiple walls and corridors using the raytracing tool developed in [30]. The transmitter is placed in the
middle of the main room. As a reference distance, we set its
width to 5 m. We observe that the ITU, LD, and FS models
exhibit the same omni-directional propagation. This is due to
the fact that these models do not account for any obstacles
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Fig. 5: COST 231 path-loss model vs. distance at different
frequency bands.
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Fig. 7: Path-loss heatmap in a typical indoor environment for

different propagation models: (a) ITU, (b) LD, (c) FS, and (d) COST
231.
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Fig. 6: ITU, LD, FS, and COST 231 path-loss models vs.
frequnecy in the THz band at the reference distance d0 = 1
m.
present in the indoor environment. On the other hand, the heat
map for the COST 231 model exhibits a different pattern that
clearly accounts for the type of indoor environment and its
interior walls and obstacles.
V. C ONCLUSION
In this paper, we proposed a comparative study of certain
path-loss models that can be adopted for indoor communications in the TeraHertz (THz) frequency band. Three different
models were investigated versus distance; namely, the ITU,
the log-distance (LD), and the multi-wall COST 231 models.
The latter exhibits much higher path-loss than the other two
because it is able to account more accurately for the interior
obstacles of indoor environments.
R EFERENCES
[1] S. Cherry, “Edholm’s law of bandwidth,” IEEE spectrum, vol. 41, no. 7,
pp. 58–60, 2004.

[2] E. J. Oughton, Z. Frias, S. van der Gaast, and R. van der Berg, “Assessing
the capacity, coverage and cost of 5G infrastructure strategies: Analysis
of the netherlands,” Telematics and Informatics, vol. 37, pp. 50–69, 2019.
[3] P. H. Siegel, “Terahertz technology,” IEEE Transactions on microwave
theory and techniques, vol. 50, no. 3, pp. 910–928, 2002.
[4] M. I. Amanti, G. Scalari, F. Castellano, M. Beck, and J. Faist, “Low
divergence terahertz photonic-wire laser,” Optics express, vol. 18, no. 6,
pp. 6390–6395, 2010.
[5] J. Fleming, “High-resolution submillimeter-wave fourier-transform spectrometry of gases,” IEEE Transactions on Microwave Theory and
Techniques, vol. 22, no. 12, pp. 1023–1025, 1974.
[6] F. Sheikh, M. El-Hadidy, and T. Kaiser, “Terahertz band: Indoor
ray-tracing channel model considering atmospheric attenuation,” in
2015 IEEE International Symposium on Antennas and Propagation &
USNC/URSI National Radio Science Meeting. IEEE, 2015, pp. 1782–
1783.
[7] S. U. Hwu, K. B. deSilva, and C. T. Jih, “Terahertz (thz) wireless systems
for space applications,” in 2013 IEEE Sensors Applications Symposium
Proceedings. IEEE, 2013, pp. 171–175.
[8] V. Petrov, J. Kokkoniemi, D. Moltchanov, J. Lehtomaki, Y. Koucheryavy,
and M. Juntti, “Last meter indoor terahertz wireless access: Performance
insights and implementation roadmap,” IEEE Communications Magazine, vol. 56, no. 6, pp. 158–165, 2018.
[9] J. Perruisseau-Carrier, “Graphene for antenna applications: Opportunities and challenges from microwaves to thz,” in 2012 Loughborough
Antennas & Propagation Conference (LAPC). IEEE, 2012, pp. 1–4.
[10] K. Ishigaki, M. Shiraishi, S. Suzuki, M. Asada, N. Nishiyama, and
S. Arai, “Direct intensity modulation and wireless data transmission
characteristics of terahertz-oscillating resonant tunnelling diodes,” Electronics letters, vol. 48, no. 10, pp. 582–583, 2012.
[11] D. K. Schroder, “Low power silicon devices,” The Encyclopedia of
Materials: Science and Technology, 2001.
[12] J. Petajajarvi, K. Mikhaylov, A. Roivainen, T. Hanninen, and M. Pettissalo, “On the coverage of LPWANs: range evaluation and channel
attenuation model for LoRa technology,” in 2015 14th International
Conference on ITS Telecommunications (ITST), 2015, pp. 55–59.
[13] S. Hosseinzadeh, H. Larijani, K. Curtis, A. Wixted, and A. Amini,
“Empirical propagation performance evaluation of LoRa for indoor
environment,” in 2017 IEEE 15th International Conference on Industrial
Informatics (INDIN), 2017, pp. 26–31.
[14] E. Harinda, S. Hosseinzadeh, H. Larijani, and R. M. Gibson, “Comparative performance analysis of empirical propagation models for
LoRaWAN 868mhz in an urban scenario,” in 2019 IEEE 5th World
Forum on Internet of Things (WF-IoT), 2019, pp. 154–159.

Authorized licensed use limited to: Inst Natl de la Recherche Scientific EMT. Downloaded on November 27,2020 at 18:41:57 UTC from IEEE Xplore. Restrictions apply.

2020 IEEE Canadian Conference on Electrical and Computer Engineering (CCECE)

[15] S. Mitryukovskiy, “Coherent secondary radiation from femtosecond laser
filaments,” Ph.D. dissertation, École Polytechnique, 2014.
[16] I. T. Unit. (2019) ITU terahertz analysis and challenges. [Online].
Available: https://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-SM.23522015-PDF-E.pdf
[17] S. J. Gilliam, “Real-time characterization of pharmaceutical tablet coatings using Raman spectroscopy,” Jul. 30 2019, uS Patent 10,365,229.
[18] H. Zou and Y. Cheng, “Design of a six-band terahertz metamaterial
absorber for temperature sensing application,” Optical Materials, vol. 88,
pp. 674–679, 2019.
[19] IEEE. (2017) IEEE 802.15.3d standard of terahertz by IEEE. [Online].
Available: https://standards.ieee.org/standard/802_15_3d-2017.html
[20] ——.
(2018)
THz
communications
an
overview
and
options
for
IEEE
802
standardization.
[Online].
Available:
https://mentor.ieee.org/802.15/dcn/18/15-18-0516-020thz-tutorial-thz-communications-an-overview-and-options-for-ieee802-standardization.pdf
[21] S. Srinivasa and M. Haenggi, “Path loss exponent estimation in large
wireless networks,” in 2009 Information Theory and Applications Workshop, 2009, pp. 124–129.
[22] A. R. Ekti, A. Boyaci, A. Alparslan, İ. Ünal, S. Yarkan, A. Görçin,
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