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Abstract— We conduct novel coverage probability analysis
of downlink transmission in a three-dimensional (3D) tera-
hertz (THz) communication (THzCom) system. In this system,
we address the unique propagation properties in THz band, e.g.,
absorption loss, super-narrow directional beams, and high vul-
nerability towards blockage, which are fundamentally different
from those at lower frequencies. Different from existing studies,
we characterize the performance while considering the effect
of 3D directional antennas at both access points (APs) and user
equipments (UEs), and the joint impact of the blockage caused
by the user itself, moving humans, and wall blockers in a 3D
environment. Under such consideration, we develop a tractable
analytical framework to derive a new expression for the coverage
probability by examining the regions where dominant interferers
(i.e., those can cause outage by themselves) can exist, and the
average number of interferers existing in these regions. Aided
by numerical results, we validate our analysis and reveal that
ignoring the impact of the vertical heights of THz devices in the
analysis leads to a substantial underestimation of the coverage
probability. We also show that it is more worthwhile to increase
the antenna directivity at the APs than at the UEs, to produce
a more reliable THzCom system.

Index Terms— Terahertz communication, coverage probability,
stochastic geometry, 3D modeling, blockage, directional antennas.

I. INTRODUCTION

T
ERAHERTZ (THz) communication (THzCom) has been

applications that demand high quality of service requirements

and multi-terabits per second data transmission. These appli-

cations, such as ultra-fast wireless local area networks and

wireless virtual/augmented reality, are beyond the reach of

sub-6 GHz and millimeter wave (mmWave) communication,

which undoubtedly creates the need of THzCom [3]. Built

on the major progress in THz hardware design, e.g., new

graphene-based THz transceivers and ultra-broadband anten-

nas that operate at THz frequencies [4], and the THzCom

standardization efforts over the past decade [5], it is anticipated

that indoor THzCom systems will be brought to reality in the

near future.

Despite the promise, the design of ready-to-use THzCom

systems brings new and pressing challenges that have never

been seen at lower frequencies [6]. For example, the THz

band suffers from very high spreading loss and highly

frequency-selective molecular absorption loss which pro-

foundly decreases the THz transmission distance [7]. More-

over, the high reflection and scattering losses significantly

attenuate the non-line-of-sight (NLoS) rays [8]. Furthermore,

the extremely short wavelength of THz signals makes the THz

signal propagation to be highly vulnerable to blockages [9].

Specifically, objects with small dimensions such as the user

itself, moving humans, and inherent indoor constructions (e.g.,

walls and furniture), can act as impenetrable blockers. Thus,

the propagation environment at the THz band is unique, which

motivates the design and development of new communication

paradigms and novel signal processing tools to tackle these

challenges.

In THzCom systems, narrow beams that have high direc-

tional gains are to be utilized at transceivers to compensate

for the severe path loss. Fortunately, it is possible to integrate

multiple antennas into THz transceivers to form narrow beams

due to the extremely short wavelength at the THz band [4],

[10], [11]. Although the use of very narrow beams may

eventually lead to the noise-limited regime of wireless com-

munication, the state-of-the-art THz antennas produce beams

that have reasonably large beamwidths to cause interference in

a multi-user network [10]. Moreover, the increase in network

densification, the use of advanced networking mechanisms,

and device-to-device communication are likely to increase

the interference in THzCom systems [12]–[14]. Furthermore,

narrow beams along with blockages introduce fundamentally

different interference patterns at the THz band from those

observed at lower frequencies. Specifically, at the THz band,

envisaged as a highly promising paradigm to alleviate

the spectrum scarcity and break the capacity limitation of

contemporary wireless networks [2]. In particular, the ultra-

wide THz band ranging from 0.1 to 10 THz provides enormous

potential to realize sixth-generation (6G) wireless network
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a lesser number of interferers contribute to the aggregated

interference, while the impact of each interferer that con-

tributes to the aggregated interference is significant. Therefore,

assessing the reliability of THzCom systems in the presence

of interference is of great significance for developing ready-

to-use THzCom systems.

Conventionally, the coverage probability is used as a key

reliability performance metric. In sub-6 GHz and mmWave

communication systems, the coverage probability in the pres-

ence of interference has been widely investigated [15]–[17].

Despite this, the studies on the coverage probability at the THz

band that incorporates all the unique characteristics of THz-

Com systems are very limited. Using tools from stochas-

tic geometry and considering interference limited regime,

the coverage probability for a THzCom system was determined

in [18] by approximating the interference distribution using a

log-logistic distribution. The interference and coverage proba-

bility of a co-existing sub-6 GHz and dense THz wireless net-

work was investigated in [19], using the conventional Laplace

transform-based analysis. In addition, the interference distri-

bution was approximated using a normal distribution in [20]

for tractable coverage probability analysis of dense THzCom

systems. Moreover, coverage probability of downlink indoor

THzCom systems was evaluated in [21] while considering the

impact of both line-of-sight (LoS) and NLoS rays. The studies

in [18]–[21] considered the impact of directional antennas, but

did not examine the impact of blockages which can greatly

affect the reliability performance of THzCom systems.

The joint effect of human blockages and directional anten-

nas on the THzCom system performance was studied in [22],

[23]. Specifically, the mean and variance of interference and

signal-to-interference-plus-noise ratio (SINR) were determined

using the Taylor approximation in [22]. Analytical approx-

imations of the interference and signal-to-interference ratio

were presented in [23]. However, the studies in [22], [23]

only derived the first few moments of the metric of interest.

In other studies, the coverage probability of THzCom systems

was derived in [24], [25] while considering the joint impact

of blockages and directional antennas. However, the accuracy

of their results deteriorates significantly, especially for long

transmission distance, since they used the average interference

instead of the instantaneous interference when evaluating the

coverage probability. In addition, the prior work in [18]–[25]

focused on a two-dimensional (2D) environment only.

In sub-6 GHz and mmWave systems, it may be reasonable

to ignore the impact of the vertical height of communication

entities due to the large transmission distance. However,

the vertical dimension may greatly impact the reliability per-

formance of THzCom systems, since transmission distances at

the THz band are limited to the order of few meters. Thus,

it is essential to consider the vertical height of communication

entities and investigate its impact on the coverage probability

in THzCom systems. Recently, the coverage probability for a

THzCom system was determined in a three-dimensional (3D)

environment in [26], but it did not address the impact of 3D

directional antennas at both transmitter and receiver sides. In

addition, it has to be noted that the prior studies in [18]–[25]

did not consider the impact of wall blockers, despite that the

primary applications of THzCom systems are found in indoor

environment where walls exist.

In this paper,1 we investigate the coverage probability of

downlink transmission in an indoor THzCom system. We

consider the joint effect of different types of blockages,

directional antennas, and interference from nearby transmitters

in a 3D THzCom environment. The main contributions of this

work are as follows:
• We characterize the joint impact of blockages caused by

the user itself, moving humans and wall blockers in a

3D THzCom environment. Also, we consider the effect

of 3D directional antennas and derive the hitting prob-

ability, which is defined as the probability of the signal

corresponding to the main lobe of an interferer reaching a

user. We show analytically that the hitting probability first

increases and reaches a maximum and then decreases.

This trend is not captured in the prior studies at the THz

band which considered 2D antenna models. Specifically,

the hitting probability is overestimated in such studies.

• We develop a tractable analytical framework, using sto-

chastic geometry, to evaluate the coverage probability

of the considered 3D THzCom system. Specifically,

we derive an expression for the coverage probability,

by characterizing the regions where dominant interferers

(i.e., those can cause outage by themselves) can exist,

and the average number of interferers that exist in these

regions. We verify our analysis by comparing it to simu-

lation results.

• Our results show that the coverage improvement brought

by the increase in antenna directivity at transmitters

is higher than that brought by the increase in antenna

directivity at receivers. We also find that an increase in the

density of human blockers slightly improves the coverage

probability when the transmission link of interest is

in LoS, but reduces the overall coverage probability.

Finally, we show that the vertical heights of the THz

devices profoundly impact the coverage probability in

THzCom systems; therefore, ignoring its impact leads to

a substantial underestimation of system reliability.

The rest of the paper is organized as follows. In Section II,

we describe the system model. In Section III, we evaluate the

impact of blockages and 3D directional antennas to obtain

results that provide the foundation for the coverage analysis.

In Section IV, we presents the analytical framework that is

used to derive the coverage probability. In Section V, numeri-

cal and simulation results are provided. Finally, in Section VI

we conclude the paper. The summary of the main mathemat-

ical symbols employed in this work is given in Table I.

II. SYSTEM MODEL

Fig. 1 depicts the 3D THzCom system considered in this

work. We focus on the downlink signal propagation of a typi-

cal user who is at the center of a typical indoor environment.

1The analysis in our preliminary work in [1] was performed for an open
office environment where only human blockers exist. In [1], the human
blockers were modelled using a simplified circular cylindrical model and the
radiation patterns of THz transceivers were approximated using an idealistic
antenna model.



Fig. 1. Illustration of the 3D THzCom system where a typical user associates with a non-blocked (blue) AP in the presence of interfering (red) APs. The
non-interfering APs include those (green) blocked by self-blockage, dynamic human and wall blockers.

TABLE I

SUMMARY OF MAIN MATHEMATICAL SYMBOLS

A. Network Deployment

We consider that the THz access points (APs) are mounted

on the ceiling. Hence, we model them as having fixed height

hA and their locations follow a Poisson point process (PPP)

in R2 with the density of λA. We also assume that user

equipments (UEs), all of which are of fixed height hU, are

distributed uniformly within the circle with the radius RT

centered at each AP. Although multiple UEs may exist in each

circle, we assume that each AP in the system associates with

a single UE and the link between the AP and its associated

UE is not blocked by wall blockers.

For the purpose of analysis, we select a UE-AP pair, among

the multiple UE-AP pairs, such that the UE in that pair is

located at the center of the indoor environment [16]. We denote

the UE and the AP in that pair by UE0 and AP0, respectively.

Also, we assume that all the UE-AP pairs share the same

frequency channel; hence, apart from AP0, all the other APs in

the indoor environment of interest act as “interferers” to UE0.

We denote these interfering APs by APi, where i = 1, 2, . . .,
and the UEs that associate with these APs by UEj , where

j = 1, 2, . . . with i = j for UE and the AP in a specific

UE-AP pair. Moreover, we denote xij and d(xij) =
√

�2+x2
ij

as the horizontal and 3D distances between APi and UEj ,

respectively, with � = hA−hU.

B. Blockage Model

In our system, we consider that the blockage of a UE-AP

link is caused by (i) the user itself, referred to as self-blockage,

or (ii) the dynamic human blockers, or (iii) static wall blockers.

1) Self-Blockage: Self-blockage plays a significant role in

determining THz system performance. Notably, self-blockage

may lead to the fact that signals from some APs surrounding

a UE are totally blocked, even if the APs are within close

proximity. We define the zone which is blocked by the

UEs themselves as “self-blockage zone” [27], [28], as shown

in Fig. 1 with a self-blockage angle of ω.

2) Dynamic Human Blockers: Humans moving in the area

of the considered system can act as blockers. Specifically,

they can potentially block the desired signals from AP0 to

UE0, as well as the interference signals from other APs to

UE0. We model the human blockers by rectangular absorbing

screens (commonly referred to as the double knife-edge (DKE)

model) with heights hB and widths w1 and w2 [29], and

their locations follow another PPP with the density of λB.

Furthermore, we assume that the locations of humans form

a PPP with the density of λB and their mobility follows the

random directional model (RDM) [30]. Based on the RDM



Fig. 2. 3D sectored antenna radiation model.

model, a moving human randomly selects a direction in (0, 2π)
to travel in and a duration for this travel. At the end of this

duration, another independent direction to travel in and a time

duration for this travel are selected, and the pattern continues.

Following [13], [28], [31]–[33], in this work we assume that

the moving speeds of all human blockers are vB.

3) Wall Blockers: We employ a tractable Boolean scheme

of straight lines to generate wall blockers in the indoor

environment [34], [35]. We assume that the lengths of walls,

LW, follow an arbitrary probability density function (PDF) of

fLW
(LW) with mean E [LW], and the centers of walls form

a PPP of density λW. We ignore the widths of walls as the

widths are much smaller compared to the lengths of walls.2

Moreover, we assume that the orientations of walls are binary

choice of either 0 or π/2 with equal probability to ensure that

walls are parallel or orthogonal to each other. Furthermore,

we assume that the heights of walls are fixed and are same as

those of the APs, i.e., hW = hA.

C. Antenna Model

In this work, we assume that 3D beams are utilized at the

APs and the UEs. The 3D antenna beams are approximated by

a 3D pyramidal-plus-sphere sectored antenna model, as shown

in Fig. 2 [22], [37]. In this model, the pyramidal zone accounts

for the main lobe of the antenna beam and the sphere accounts

for the side lobes of the antenna beam.3 We also consider

that the main lobe of APs and their associated UEs are tilted

downwards and upwards, respectively, towards each other as

shown in Fig. 3. This guarantees beam alignment between APs

and their associated UEs.

Based on the principles of antenna theory, the antenna gains

of the main lobe and the side lobes are expressed as

Gm
Ψ =

Prad,m/Ωm
Ψ

Prad/4π
and Gs

Ψ =
Prad,s/Ωs

Ψ

Prad/4π
, (1)

respectively, where Ψ ∈ {A, U} with A is for AP and U is for

UE, Prad,m and Prad,s are the power concentrated along the main

2The penetration losses of THz signals over wood, brick, plastic, and glass
materials are significantly higher due to the very small wavelength of THz
signals [10], [36]. Thus, our proposed analysis can be extended even if glass
or/and plywood walls are considered in the system model despite the fact that
our analysis in this work primarily considers brick walls.

3We clarify that sectored antenna models are widely used in the prior
studies at the mmWave and THz bands for tractable analysis [15], [18], [19],
[22]–[27], [37], [38]. More importantly, the considered 3D sectored antenna
model closely resembles the antenna radiation patterns that are observed
in typical THz band horn antennas and graphene-based antennas [4], [10].
However, the consideration of complex 3D antenna models such as the 3D
sync model [39] or the 3D multi-cone model [40] can further improve the
accuracy of the results; thus will be considered in future work.

Fig. 3. Illustration of the side view of the UE0-AP0 link.

lobe and side lobes, respectively, with Prad = Prad,m + Prad,s,

and Ωm
Ψ and Ωs

Ψ are the solid angles corresponding to the main

lobe and the side lobes, respectively.

Using the “standard formula of rectangular plane” given

by the HCR’s Theory of Polygon [41], Ωm
Ψ in (1) can be

expressed as Ωm
Ψ = 4 arcsin

(
tan

(ϕΨ,H

2

)
tan

(ϕΨ,V

2

))
, where

ϕΨ,H and ϕΨ,V are the horizontal and vertical beamwidths

of the antenna, respectively. In addition, following the fact

that the solid angle of the sphere is 4π, we obtain Ωs
Ψ as

Ωs
Ψ = 4π − Ωm

Ψ. Finally, by denoting kΨ as the ratio of the

fraction of power concentrated along the side lobes to the

fraction of power concentrated along the main lobe, we obtain

the antenna gains of the main lobe and the side lobes in (1)

as

Gm
Ψ =

4π

(kΨ + 1)Ωm
Ψ

and Gs
Ψ =

4πkΨ

(kΨ + 1) (4π − Ωm
Ψ)

, (2)

respectively.

D. Propagation Model

The signal propagation at the THz band is determined by

spreading loss and molecular absorption loss [7]. Therefore,

the received power at UEj from APi in the 3D channel is4

P κ,ι
r (xij) = gκ,ι (d(xij))

−2e−K(f)d(xij), (3)

where gκ,ι � PTGκ
AGι

U (c/4πf)2, PT is the transmit power,

Gκ
A and Gι

U are the effective antenna gains at APi and UEj ,

respectively, corresponding to link between APi and UEj with

κ ∈ {m,s} and ι ∈ {m,s} where m is for main lobe and s is for

side lobes, c is the speed of light, f is the operating frequency,

and K(f) is the molecular absorption coefficient of the

transmission medium.5 Here, (c/4πfd(xij))
2

represents the

spreading loss and e−K(f)d(xij) represents molecular absorp-

tion loss. For a given pressure-temperature-humidity setting,

K(f) is obtained from K(f) = p
pSTP

TSTP

T

∑

i,g Qi,gσi,g(f),

4In this work, we utilize the far field propagation model since the transmis-
sion distances in the considered THzCom environment are very high compared
to the propagation wavelength at the THz band.

5Although the molecular absorption coefficient is frequency-dependent, its
variation within the bandwidth of interest is relative small when THzCom
systems operate within THz transmission windows [8]. Thus, similar to [19],
[20], [22], [23], [26], we assume that the molecular absorption coefficient
remains unchanged within the bandwidth of interest.



where p and T are the pressure and the temperature of the

transmission environment, respectively, pSTP and TSTP are the

standard pressure and temperature, respectively, and Qi,g and

σi,g(f) are the total number of molecules per unit volume

and the absorption cross section for the isotopologue i of gas

g at the frequency f , respectively [7]. The values of Qi,g and

σi,g(f) are obtained from the HITRAN database [42].

We note that any surface that has roughness comparable

to the wavelength of the electromagnetic wave introduces

high reflection, diffraction, and scattering losses. Due to this

and the fact that the wavelength of THz signals is extremely

low, surfaces that are considered smooth at lower frequencies

become rough at the THz band, thereby causing high reflec-

tion, diffraction, and scattering losses at the THz band [4], [8].

These lead to (i) the reduced number of significant NLoS rays

that constitute a THz signal and (ii) the substantial attenuation

of significant NLoS rays as compared to the LoS ray. Thus,

similar to [18]–[20], [22], [23], [25], we ignore the impact of

NLoS rays and focus only on the LoS rays of THz signals.

Also, we omit the impact of fading in the THz channel as

prior studies at the THz band [18]–[25].

III. IMPACT OF BLOCKAGES AND

3D DIRECTIONAL ANTENNAS

In this section, we analyze the impact of blockages and

3D directional antennas to obtain results that provide the

foundation for coverage analysis in Section IV.

A. Impact of Blockages

We first analyze the LoS probabilities due to each type of

blockage acting alone, and present the results in the following

lemmas.

Lemma 1: The LoS probability for the link between APi

and UEj in the presence of only dynamic human blockers is

pLoS,B(xij) = ζe−ηBxij , (4)

where ζ = e−2 w1 w2λB and ηB = 2(w1+w2)λB(hB−hU)
π�

.

Proof: According to the RDM model, if a human is

moving in the area R2, the PDF of its location is uniform over

time [30]. As such, at any given time instant, the locations

of human blockers form a PPP with the same density of

λB. This makes it possible to analyze a single time instant

and then generalize the results over all time instants, thereby

simplifying the mobility-related analysis.

Let us focus on a specific time instant. The region in

which a human blocker should appear to block the link

between APi and UEj can be approximated by a polygon

region between APi and UEj , as shown in Fig. 4(b). The

dimensions of this polygon region depends on the orientation

of the human blocker with respect to the UEj-APi link

[43, Fig. 1]. Considering the area of this polygon region

and the fact that the orientations of the human blockers are

uniformly distributed between 0 and 2π, we obtain the average

number of human blockers that intersect the link between APi

and UEj in the 3D environment as

̟B
ij =

(

w1w2 +
2

π
(w1 + w2)x̄ij

)

λB, (5)

Fig. 4. Illustration of a single UE-AP link in the presence of dynamic human
blockers.

where x̄ij = hB−hU

�
xij . Thereafter, considering the void

probability of human blockers existing within the link between

APi and UEj , we obtain pLoS,B(xij) as

pLoS,B(xij) = e−̟B
ij . (6)

Finally, substituting (5) in (6), we arrive at (4). �
Lemma 2: The LoS probability for the link between APi

and UEj in the presence of only wall blockers is

pLoS,W(xij) = e−ηWxij , (7)

where ηW = λW
2
π

E [LW].
Proof: See Appendix A. �

We clarify that in this work, we assume that each AP in the

system selects its associating UE such that the link between

the AP and its associated UE is not blocked by wall blockers.

Thus, pLoS,W(xii) = 1, ∀i.
We next jointly consider Lemma 1 and Lemma 2 to obtain

the following corollary.

Corollary 1: The LoS probability for the link between APi

and UEj in the presence of both human and wall blockers is

pLoS(xij) = pLoS,B(xij)pLoS,W(xij) = ζe−ηxij , (8)

where η = ηB + ηW.

We clarify that Corollary 1 is obtained by considering that

the locations of humans and wall blockers are independent of

each other and this consideration has been widely adopted in

prior relevant studies in the literature for tractable analysis6

[28], [31], [44].

6In a realistic indoor environment, humans may keep a certain distance from
walls. Thus, the consideration of dependency between the locations of humans
and walls can improve the accuracy of the results and will be addressed in
future work.



B. Impact of 3D Directional Antennas

To investigate the impact of an interfering AP on the

aggregated interference at UE0, it is essential to characterize

whether the signal corresponding to the main lobe of the

interfering AP reaches UE0. To this end, we determine the

hitting probability, php(xi0), which is defined as the probability

of the signal corresponding to the main lobe of an interfering,

i.e., APi reaching UE0, where i �= 0.

The prior studies that analyze the coverage probability of

THzCom systems approximated the antenna radiation pattern

of THz transceivers using 2D antenna models [18]–[25].

In such studies, it was assumed that the main lobe of APs

and their associated UEs are pointed towards each other

in horizontal direction. Under such consideration, the signal

corresponding to the main lobe of the interfering AP reaches

UE0, as long as UE0 is within the horizontal beamwidths

of the interfering AP, regardless of whether UE0 is in close

proximity to the interfering AP or not. Therefore, when a 2D

antenna model is adopted, the hitting probability is obtained

as php(xi0)|2D =
ϕA,Hxij

2πxij
= ϕA,H

2π
[19].

In contrast to the prior studies, in this work we assume that

a 3D antenna model is utilized to approximate the antenna

radiation patterns of transceivers. Therefore, we consider that

the main lobe of APs and their associated UEs are tilted

downwards and upwards, respectively, towards each other as

shown in Fig. 3. This guarantees beam alignment between APs

and their associated UEs. Under such consideration, the signal

corresponding to the main lobe of an interfering AP reaches

UE0 only when UE0 is within both the horizontal and vertical

beamwidths of the interfering AP. Therefore, when the 3D

sectored antenna model is adopted, php(xi0) is expressed as

php(xi0) = php,H(xi0)php,V(xi0), (9)

where php,H(xi0) and php,V(xi0) are the horizontal and vertical

hitting probabilities, respectively. php,H(xi0) and php,V(xi0)
can be determined by evaluating the probabilities of UE0

being within the horizontal and vertical beamwidths of APi,

respectively [37]. Therefore, php,H(xi0) is given by

php,H(xi0) = php(xi0)|2D =
ϕA,H

2π
. (10)

We next derive php,V(xi0) in the following subsection.

1) Vertical Hitting Probability: php,V(xi0) can be deter-

mined by evaluating the probabilities of UE0 being within

vertical beamwidths of APi. To determine this probability, it is

essential to characterized the horizontal distance between APi

and UEi probabilistically. Thus, we determine the PDF of the

horizontal distance between APi and UEi in the following

lemma.

Lemma 3: The PDF of the horizontal distance between APi

and UEi in the presence of wall blockers is

fx(xii) =

{

̺xiie
−ηWxii , 0 ≤ xii ≤ RT,

0, otherwise,
(11)

where ̺ = η2
W/

(
1 − e−ηWRT (1 + ηWRT)

)
and

RT =

√
(

2

K(f)
W

[
K(f)

2

√
gm,m

σ2τ

])2

− �2. (12)

Here, σ2 is the additive white Gaussian noise (AWGN) power

in the transmission window of interest, τ is the predefined

SINR threshold, and W [·] is the Lambert W -function.

Proof: See Appendix B. �
Using Lemma 3, we next derive php,V(xi0) in the following

proposition.

Proposition 1: The vertical hitting probability for the link

between APi and UE0 of the THzCom system in the typical

indoor environment is given by (13), shown at the bottom

of the next page, where ψi0 = arctan (�/xi0), xµ = � cot
(
min

{
π
2 , ψ̄+ϕA,V

2

})
, and xν = � cot

(
max

{
0, ψ̄ − ϕA,V

2

})

with ψ̄ = arctan (�/RT).

Proof: See Appendix C. �
Remark 1: Prior studies that analyzed the coverage

probability of THzCom systems adopted a 2D model and

ignored the impact of php,V(xi0) by assuming it to be

php,V(xi0) = 1 [18]–[25]. However, by examining (13),

we observe that php,V(xi0) increases when xi0 increases up to

xµ, and thereafter starts to decrease. Furthermore, php,V(xi0) ≤
1 for ∀xi0. These insights reveal that ignoring the impact

of php,V(xi0) in THzCom systems would lead to an overes-

timation of the hitting probability. This in turn overestimates

the interference, thereby leading to an underestimation of the

coverage probability if a 2D model is adopted for analysis.

This will be illustrated in the results in Section V.

Based on the derived results in this section, we next derive

the coverage probability at UE0 in the following section.

IV. COVERAGE ANALYSIS

The coverage probability at UE0, pc(x00), is the probability

that the SINR at UE0 is larger than the predefined threshold τ ,

i.e., pc(x00) = P [SINR ≥ τ ]. In the considered THzCom

environment where blockages exist, pc(x00) can be written

as

pc(x00) = pLoS,B(x00)pc,LoS(x00), (14)

where pLoS,B(x00) is the LoS probability calculated in

Lemma 1 and pc,LoS(x00) is the probability of the SINR at

UE0 is larger than τ when the link between UE0 and AP0 is

in LoS.

Conventionally, the coverage probability of communica-

tion systems has been derived with the aid of Laplace

transform-based analysis when 2D antenna models are utilized

to approximate the antenna radiation patterns of transceivers

[15]–[17], [19]. In such studies, the coverage probability is

obtained based on the moment generating function of the

aggregate interference, LIT
agg|x00

(s). However, in this work we

model the THzCom system in a 3D environment, thus a 3D

antenna model is adopted to approximate the antenna radiation

patterns of transceivers. Under this consideration, it is chal-

lenging to obtain a tractable expression for LIT
agg |x00

(s) [19].

Specifically, the non-linear expression for the vertical hitting

probability derived in Proposition 1 and the LoS probability

derived in Corollary 1 have to be considered when determining

LIT
agg|x00

(s), thereby making the expression for LIT
agg|x00

(s)
intractable. Hence, we need to resort to approximation meth-

ods to analyze the coverage probability of 3D THzCom

systems.



In this work, we use the dominant interferer analysis to

derive the coverage probability. In doing so, we partition

the APs which contribute to the aggregated interference at

UE0 into two subsets: dominant and non-dominant interferers.

We define an interferer as a dominant interferer if it causes

outage at UE0 when none of the other interferers contribute to

the aggregated interference [38]. Moreover, we define an inter-

ferer as a non-dominant interferer if it cannot cause outage by

itself. Dominant interferer analysis assumes that the presence

of any combination of non-dominant interferers cannot lead to

the outage.7 This assumption allows the coverage probability

of THzCom systems to be calculated analytically.

By using the dominant interferer analysis, pc,LoS(x00) can

be interpreted as the probability that no interferer is a dom-

inant interferer, when the link between UE0 and AP0 is

LoS. Mathematically, pc,LoS(x00) is written as pc,LoS(x00) =
P [n(Φ) = 0], where Φ is the sets that denotes the dominant

interferers that exist around UE0. In calculating P [n(Φ) = 0],
for analytical simplicity, we further categorize the dominant

interferers into near and far dominant interferers.

We define an interferer as a near dominant interferer if it

can cause outage by itself while having its main lobe or the

side lobes facing UE0. Differently, we define an interferer as

a far dominant interferer if it causes outage by itself, only

when its main lobe is facing UE0. Therefore, pc,LoS(x00) can

be re-interpreted as the probability that no interferer is a near

or a far dominant interferer, when the link between UE0 and

AP0 is LoS. Mathematically, it is written as

pc,LoS(x00) = P
[
n(ΦN) = 0

]
P
[
n(ΦF) = 0

]
, (15)

where ΦN and ΦF are the sets that denote the near and far

dominant interferers that exist around UE0, respectively. To

find out the expression for P
[
n(ΦN) = 0

]
, we denote ΛΦN as

the average number of near dominant interferers that exist

around UE0. Therefore, considering the null probability of

ΛΦN , we obtain

P
[
n(ΦN) = 0

]
= e−ΛΦN . (16)

Similarly, we denote ΛΦF as the average number of far

dominant interferers that exist around UE0. Considering the

7It is reasonable to assume that any combination of non-dominant interferers

cannot lead to the outage in THzCom systems, since the aggregated interfer-
ence from distant interferers is minimal in such systems due to the following
reasons. First, the interference power from a distant interferer is very small
due to the exponential power decay as a result of the molecular absorption
loss. Second, the probability of distant interferers causing interference at UE0

is very low, due to the use of 3D directional antennas at the UEs and the APs
and the fact that the LoS blockage exponentially increases with distance.
We will validate the feasibility of this assumption in Section V-B.

Fig. 5. Summary of the analytical framework metrics.

null probability of ΛΦF , we obtain

P
[
n(ΦF) = 0

]
= e−ΛΦF . (17)

Thereafter, we substitute (16) and (17) into (15) to obtain

pc,LoS(x00) = e−ΛΦN−ΛΦF . (18)

Finally, by substituting (4) and (18) into (13), we obtain

the coverage probability at UE0 for the considered THzCom

system in the typical indoor environment, and that is presented

in the following theorem.

Theorem 1: The coverage probability at UE0 for the THz-

Com system in the typical indoor environment is

pc(x00) = ζe−ηBx00−ΛΦN−ΛΦF , (19)

where ζ and ηB are defined in Lemma 1, and ΛΦN and ΛΦF

are the average number of near and far dominant interferers

that exist around UE0, respectively.

In Fig. 5, we illustrate how the main results in this work

are jointly utilized to obtain Theorem 1. We next present the

steps followed in obtaining the expression for ΛΦN and ΛΦF

in the following subsection.

A. Derivation of ΛΦN and ΛΦF

As shown in Fig. 5, to determine ΛΦN and ΛΦF , it is

essential to obtain A, where A is the region around UE0 where

dominant interferers can exist. To obtain A, we need to find

(i) the region around UE0 where the interfering APs exist that

are within the main lobe and side lobes of UE0, χm and χs,

respectively, and (ii) the distance from UE0 to the boundary of

the region around UE0 where dominant interferers can exist.

We next find these quantities one after the other.

php,V(xi0) =

⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

̺

η2
W

[

e−ηW� cot(ψi0+
ϕA,V

2 )
(

1 + ηW� cot
(

ψi0 +
ϕA,V

2

))

− e−ηW� cot(ψi0−
ϕA,V

2 )
(

1 + ηW� cot
(

ψi0−
ϕA,V

2

)) ]

, 0 ≤ xi0 ≤ xµ,
̺

η2
W

[

e−ηW�cot(ψi0+
ϕA,V

2 )
(

1+ηW� cot
(

ψi0+
ϕA,V

2

))

−e−ηWRT(1+ηWRT)
]

, xµ< xi0 <xν ,

0, xi0 ≥ xν ,

(13)



Fig. 6. Illustration of the regions corresponding to the dominant interferers
when Ds,s < x̌00 < Ds,m < Dm,s < Dm,m < x̂00.

Considering the vertical heights of the THz devices and the

fact that directional antennas are used at UE0, we obtain χm

as a truncated annular region in the horizontal plane, as shown

in Fig. 6, where

χm = {(x, θ), x ∈ [x̌00, x̂00] , θ ∈ Θm} , (20)

with

x̌00 =

⎧

⎪⎨

⎪⎩

�
(
x00 − � tan

(
ϕU,V

2

))

� + x00 tan(ϕU,V

2 )
, if ψ00 ≤

π − ϕU,V

2
,

0, otherwise,

(21)

x̂00 =

⎧

⎪⎨

⎪⎩

�
(
x00 + � tan

(
ϕU,V

2

))

� − x00 tan(ϕU,V

2 )
, if ψ00 ≥

ϕU,V

2
,

∞, otherwise,

(22)

and, Θm =
{
θ, θ ∈

[
θ00 −

ϕU,H

2 , θ00 + ϕU,H

2

]}
. We clarify that

θij is the angle that the projection of the UEj-APi link onto

the horizontal plane forms with a given reference line in the

horizontal plane. Based on the knowledge of geometry and

[45, Eq (1.313.9)], we obtain x̌00 and x̂00 as in (21) and (22),

respectively [1]. Next, considering the “self-blockage zone”,

we obtain χs as

χs =
{
(x, θ), (x ∈ ((0, x̌00) ∪ (x̂00,∞]) , θ ∈ Θm)

∪ (x ∈ [0,∞] , θ ∈ Θs)
}
, (23)

where Θs =
{
θ, θ ∈

( (
θ00 + ϕU,H

2 , π + θ00 −
ω
2

]
∪

[
π + θ00 + ω

2 , 2π + θ00 −
ϕU,H

2

] )}
. Next, we derive the

boundary of the region around UE0 where dominant interferers

can exist in the following proposition.

Proposition 2: The distance from UE0 to the boundary of

the region around UE0 where dominant interferers can exist

is

D =

√
(

2

K(f)
W

[
K(f)

2

√
gκ,ι τ

P m,m
r (x00)−τσ2

])2

−�2. (24)

Proof: We recall that if an interferer is a dominant

interferer, it causes outage at UE0 when none of the other

interferers contribute to the aggregated interference. Therefore,

the SINR when only a dominant interferer contributes to the

aggregated interference should be less than the predefined

SINR threshold τ . Mathematically, it is written as

P m,m
r (x00)

σ2 + gκ,ι (d(xD
i,0))

−2e−K(f)d(xD
i,0)

≤ τ. (25)

where xD
i,0 denotes the horizontal distance between a dominant

interferer and UE0. By rearranging (25), we obtain

K(f)d(xD
i,0)

2
e

K(f)d(xD
i,0)

2 ≤
K(f)

2

√
gκ,ι τ

P m,m
r (x00) − τσ2

. (26)

Next, we apply the definition of the Lambert W -function

to (26), which leads to

√

(xD
i,0)

2 + �2 ≤
2

K(f)
W

[
K(f)

2

√
gκ,ι τ

P m,m
r − τσ2

]

. (27)

Thereafter, we note that D is given by D = max(xD
i,0). Hence,

we rearrange (27) to obtain (24). �
We clarify that there are four possibilities for D in (24).

This is due to the fact that the effective antenna gains at the

dominant interferer and UE0, corresponding to link between

the dominant interferer and UE0, respectively, can each take

two different values. Considering this, we define the four

possibilities for D as Dκ,ι where κ ∈ {m,s} and ι ∈ {m,s}.

We next jointly consider χm, χs, and Dκ,ι to obtain the

region around UE0 where dominant interferers can exist,

i.e., A. We can obtain A as a combination of four regions

which are denoted by Aκ,ι where κ ∈ {m, s} and ι ∈ {m, s}.

For example, Am,s denotes the region where dominant interfer-

ers that are within the main lobe of UE0 while having its side

lobes facing UE0 exist. Following the fact that Dκ,ι ≷ x̌00

and Dκ,ι ≷ x̂00, we obtain these region as

Am,ι = {(x, θ), x ∈ [x̌00, vm,ι] , θ ∈ Θm} , (28)

where ι ∈ {m, s}, vm,m = min{x̂00, Dm,m}, and vm,s =
max{x̌00, min{x̂00, Dm,s}}, and

As,ι =
{
(x, θ), (x ∈ ([0, vs,ι,1] ∪ [x̂00, vs,ι,2]) , θ ∈ Θm)

∪ (x ∈ [0, Ds,ι] , θ ∈ Θs)
}
, (29)

where vs,ι,1 = min{x̌00, Ds,ι} and vs,ι,2 = max{x̂00, Ds,ι}
with ι ∈ {m, s}. Fig. 6(a) illustrates these regions when

Ds,s < x̌00 < Ds,m < Dm,s < Dm,m < x̂00. By examining

these regions, we observe that Am,s ⊂ Am,m and As,s ⊂
As,m. Hence, we can interpret that the interferers that are

within the regions Am,s and As,s cause outage by themselves

while having its main lobe or the side lobes facing UE0,



i.e., near dominant interferers. We denote the region where

near dominant interferers exist as AN, where

AN = (Am,m ∩ Am,s) ∪ (As,m ∩ As,s) = Am,s ∪As,s. (30)

Similarly, we obtain the regions where the interferers that

causes outage by itself, only when its main lobe is facing

UE0, i.e., far dominant interferers exist as

AF = (Am,m ∪Am,s) ∪ (As,m ∪ As,s) −AN = A−AN. (31)

Fig. 6(b) illustrates the regions corresponding to the near and

far dominant interferers when Ds,s < x̌00 < Ds,m < Dm,s <
Dm,m < x̂00.

Using the regions AN, AF and the results in Section III,

we next derive the average number of near and far dominant

interferers that exist around UE0. The results are presented in

the following propositions.

Proposition 3: The average number of near dominant inter-

ferers that exist around UE0 for the THzCom system in the

typical indoor environment is derived as (32), shown at the

bottom of the next page.

Proof: See Appendix D. �
Proposition 4: The average number of far dominant inter-

ferers that exist around UE0 for the THzCom system in the

typical indoor environment is derived as (33), shown at the bot-

tom of the next page. where ̥(a, b) =
∫ b

a
php,V(x)e−ηxx dx,

which can be calculated numerically.

Proof: See Appendix D. �

B. Special Case: Open Office Environment

As mentioned in 3GPP standards, the open office envi-

ronment where only human blockers exist is another inter-

esting scenario for studies above-6 GHz [46]. Thus, in this

subsection we present the performance metrics of interest

for the THzCom system in the open office environment.

Accordingly, in the following corollary, we first present the

vertical hitting probability for the THzCom system in the open

office environment.

Corollary 2: The vertical hitting probability for the link

between APi and UEj of the THzCom system in the open

office environment is derived as (34), shown at the bottom of

the next page.

Proof: The proof is similar to that of Proposition 1 and

thus omitted. �
We next present the coverage probability at UE0 for the

THzCom system in the open office environment in the fol-

lowing theorem.

Theorem 2: The coverage probability at UE0 for the THz-

Com system in the open office environment is

pc(x00) = ζe
−ηBx00−ΛΦN

o
(x00)−ΛΦF

o
(x00), (35)

where ΛΦN
o

and ΛΦF
o

are the average number of near and far

dominant interferers that exist around UE0 for the THzCom

system in the open office environment.

We clarify that ΛΦN
o
(x00) can be obtained by replacing η

with ηB in (32). Also, our derived result in (33) immediately

leads to the following proposition, which delivers ΛΦF
o
.

Proposition 5: The average number of far dominant inter-

ferers that exist around UE0 for the THzCom system in the

open office environment is derived as

ΛΦF
o
(x00) =

λAζϕA,HϕU,H

2π

[

o̥(vs,s,1, vs,m,1) + o̥(vm,s, vm,m)

+ o̥(vs,s,2, vs,m,2) − o̥(Ds,s, Ds,m)
]

+
λAζϕA,H (2π − ω)

2π
o̥(Ds,s, Ds,m), (36)

where o̥(a, b) and I±1 (x) are given by (37) and (38), respec-

tively, shown at the bottom of the next page, Ei [·] is the

exponential integral function and

I2(x) =

⎧

⎪⎨

⎪⎩

−(1 + ηBx)e−ηBx

η2
B

+ C2, ηB �= 0,

x2

2
+ C2, otherwise,

(39)

where C±
1 and C2 are the constants of the integrals.

Proof: The proof is similar to that of Proposition 4 and

thus omitted. It is noted that the steps followed in obtaining

o̥(a, b) in (37) are presented in Appendix E. �

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we investigate the reliability performance

of the considered 3D THzCom system. To this end, we first

examine the impact of the derived hitting probability on the

3D THzCom system. Thereafter, we assess the accuracy and

examine the significance of our derived coverage probabilities.

Finally, we investigate the effects of system parameters on

the coverage probabilities. The simulation results are obtained

using a framework that operates in a time-driven regime [31]

and considering a rectangular indoor environment of size

ℓ1× ℓ2 with ℓ1 = 60 m and ℓ2 = 50 m [46]. The values of the

parameters used in this section are summarized in Table II,

unless specified otherwise. The chosen values are consistent

with other relevant studies in the literature [7], [10], [28],

[32], [35]. In this work, we use the absorption coefficient

values that are calculated for the standard atmosphere with

10% humidity [7]. Also, we consider ϕΨ,H = ϕΨ,V. While

our analysis uses the dominant interferer assumption, the sim-

ulations consider the interference from all interferers that exist

within the rectangular indoor environment.

A. Hitting Probability

Fig. 7 plots the hitting probability for the UE0-APi link,

i.e., php(xi0) in Proposition 1, versus the horizontal distance

between UE0 and APi, xi0, in the typical indoor environment

for RT = 12.2 m. In addition, the hitting probability for the 2D

model also is plotted as a reference. We first observe that the

analytical results for the hitting probability match well with the

simulation results, which demonstrates the correctness of our

analysis. Second, we observe that the hitting probability is very

small for low xi0, increases when xi0 increases up to xµ, and

thereafter starts to decrease. This observation is accordance

with Remark 1, which further validates our analysis. Third,

we observe that the hitting probability is significantly overes-

timated when the simplified 2D model is adopted as in prior



TABLE II

VALUE OF SYSTEM PARAMETERS USED IN SECTION V

studies that investigated coverage of THzCom systems. This

demonstrates the importance of examining the performance

of THz systems in 3D environment.

Fig. 8 plots the hitting probability versus xi0, for different

values of RT in the typical indoor environment. Moreover,

the hitting probability obtained in the open office environment

is also plotted. We clarify that we obtain the plots of the

hitting probability corresponding to different values of RT by

changing τ . Specifically, the values of RT of 15.7 m, 12.2 m,

and 9.7 m correspond to the values of τ of 0 dB, 3 dB, and

6 dB, respectively. We first observe that as compared to the

typical indoor environment, for the open office environment

the hitting probability is lower for low xi0 and higher for

large xi0. This is due to the fact that in the typical indoor

environment, APs associate with UEs that are not blocked by

wall blockers. Therefore, it is more likely for APi to associate

ΛΦN =
λAζϕU,H

η2

[

−e−ηvs,s,1(1+ηvs,s,1)−e−ηvm,s(1+ηvm,s)+e−ηx̌00(1+ηx̌00)−e−ηvs,s,2(1+ηvs,s,2)

+ e−ηx̂00(1 + ηx̂00) + e−ηDs,s(1 + ηDs,s)
]

+
λAζ (2π − ω)

η2

[
1 − e−ηDs,s(1 + ηDs,s)

]
. (32)

ΛΦF =
λAζϕA,HϕU,H

2π

[(

̥(vs,s,1, vs,m,1)+̥(vm,s, vm,m)+̥(vs,s,2, vs,m,2) − ̥(Ds,s, Ds,m)
)

+
(2π − ω)

2πϕU,H

̥(Ds,s, Ds,m)
]

,

(33)

php,V(xi0) =

⎧

⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

�2

R2
T

[

cot2
(

ψi0 −
ϕA,V

2

)

− cot2
(

ψi0 +
ϕA,V

2

)]

, 0 ≤ xi0 ≤ xµ,

1 −
�2

R2
T

cot2
(

ψi0 +
ϕA,V

2

)

, xµ < xi0 < xν ,

0, xi0 ≥ xν .

(34)

o̥(a, b) =

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

I−1 (b)−I−1 (a) + I+
1 (a)−I+

1 (b), 0 ≤ a ≤ b ≤ xµ,

I−1 (xµ)−I−1 (a) + I+
1 (a)−I+

1 (b) + I2(b)−I2(xµ), 0 ≤ a ≤ xµ ≤ b ≤ xν ,

I−1 (xµ)−I−1 (a) + I+
1 (a)−I+

1 (xν) + I2(xν)−I2(xµ), 0 ≤ a ≤ xµ, b ≥ xν ,

I2(b)−I2(a) + I+
1 (a)−I+

1 (b), xµ ≤ a ≤ b ≤ xν ,

I2(xν)−I2(a) + I+
1 (a)−I+

1 (xν), xµ ≤ a ≤ xν ≤ b,

0, a ≥ xν .

(37)

I±1 (x)=

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

�2

2 R2
T

[

2 e−ηBx cot(ϕA,V

2 )
(

−
(1+ηBx) cot(

ϕA,V
2 )

η2
B

±
2� csc2(

ϕA,V
2 )

ηB
±

�
3 csc4(

ϕA,V
2 )

x±� cot(
ϕA,V

2 )

)

+ �
2 e±ηB� cot(

ϕA,V
2 ) csc5(

ϕA,V

2
)

× Ei
[

−ηBx ∓ ηB� cot(
ϕA,V

2
)
](

±2ηB� cos(
ϕA,V

2
) + 3 sin(

ϕA,V

2
) + sin(

3ϕA,V

2
)

)]

+ C±
1 , ηB �= 0,

�2

R2
T

[

1

2
cot2(

ϕA,V

2
)x2 ∓ � csc4(

ϕA,V

2
) sin(ϕA,V)x ±

�3 csc6(ϕA,V

2 ) sin(ϕA,V)

2
(
x ± � cot(ϕA,V

2 )
)

+ �
2 (2+ cos(ϕA,V)) csc4(

ϕA,V

2
) ln

(

� cos(
ϕA,V

2
) ± x sin(

ϕA,V

2
)
)
]

+C±
1 , otherwise,

(38)



Fig. 7. Hitting probability versus the horizontal distance between UE0 and
APi in the typical indoor environment for RT = 12.2 m.

Fig. 8. Hitting probability versus the horizontal distance between UE0 and
APi in the open office environment, and in the typical indoor environment
for different values of RT.

with a farther UE in the open office environment as compared

to the typical indoor environment. This in turn increases the

probability of the UE associated with AP0 being closer to

UE0, thereby increasing the hitting probability for large xi0.

Second, we observe that when RT decreases, the hitting

probability increases for low xi0, and reduces for large xi0.

These observations are expected, since the likelihood of APi

being associated with a closer UE increases when RT reduces.

Finally, we observe that for some cases of large xi0 and small

RT, e.g., xi0 ≥ 21.8 m when RT = 9.7 m, the hitting

probability is zero. This further indicates the importance

of examining the performance of THzCom systems in 3D

environment.

B. Coverage Probability

Fig. 9 plots the coverage probability versus the horizontal

distance between AP0 and UE0 for the typical indoor and the

open office environments. In this figure, for the typical indoor

environment, we plot (i) the simulated coverage probabilities

in the considered in the 3D model, (ii) the coverage probabil-

ities derived as per the proposed analysis in the 3D model,

(iii) the coverage probabilities derived as per the analysis

in [24] in the 3D model, and (iv) the coverage probabilities

derived as per the proposed analysis in the 2D model, which

is obtained by setting x̄ij = xij +rB in (5) and php,V(xij) = 1
for ∀i, j.

We first observe that our analysis well matches the sim-

ulations for small and medium x00 for both the open office

and the typical indoor environment, which demonstrates the

correctness of our analysis. For high x00, our analysis slightly

overestimates the coverage probability for both the open office

and the typical indoor environment. The slight overestimation

for the open office environment is due to the fact that our

analysis is under the assumption that any combination of

non-dominant interferers cannot lead to the outage. However,

non-negligible possibilities of non-dominant interferers caus-

ing outage appear since there are more non-dominant interfer-

ers within the beamwidth of the UE for high x00, which yields

the slight overestimation. Differently, for the typical indoor

environment, the much smaller overestimation appears. This

is because, although we consider that the number of walls that

intersect each link is independent, non-negligible dependencies

appear in the number of walls that intersect each link.

Second, we observe a gradual decrease in the coverage

probability when x00 increases for both the open office and

the typical indoor environment. This is due to the fact that

when the UE0 is connected to a farther AP, in addition to

the reduced received power, the impact of interference on the

coverage probability becomes more detrimental since there are

more interferers within the beamwidth of the UE0. Moreover,

the effective number of blockers that exist in the UE0-AP0

link increases with x00, thereby further deteriorating the

coverage probability. In addition, we observe that the coverage

probability for the typical indoor environment is higher than

that of the open office environment, especially when x00 is

high. This is due to the fact that since there are wall blockers

in addition to human blockers in typical indoor environment,

the likelihood of interference signals being blocked becomes

higher, which improves the coverage probability.

We next compare the coverage probability obtained using

our analysis with that obtained in prior studies. We first

observe that the coverage probability is significantly under-

estimated when the analysis is performed using the 2D model

as in [18]–[25]. This is due to the fact that in the 2D model

the blockage and hitting probabilities are overestimated, since

vertical heights of the THz devices are ignored. This in

turn underestimates the received power, and overestimates the

interference at UE0, thereby leading to the underestimation

of the coverage probability. This observation reveals that

the vertical heights of THz devices profoundly impact the

coverage probability of THzCom systems; therefore, ignoring

them leads to an underestimation of the system reliability.

Moreover, we observe that the underestimation of the coverage

probability when the analysis is performed using the 2D

model, increases when the AP0 to UE0 link distance increases.

Second, we observe that the analysis in [24], which is based

on average interference, approximates the coverage probability



Fig. 9. The coverage probability versus the horizontal distance between AP0

and UE0 for the typical indoor and the open office environment.

Fig. 10. The coverage probability versus the SINR threshold for the typical
indoor environment with different human blocker densities.

well for low x00, but the accuracy significantly deteriorates

when x00 increases. In comparison, our analysis approximates

the coverage probability very well for all x00.

1) Impact of SINR Threshold and Blocker Densities: Fig. 10

plots the coverage probability, i.e, pc(x00) versus τ , for

different densities of human blockers, λB, when x00 = 6 m.

We also plot the coverage probability when the UE0-AP0

link is in LoS, i.e., pc,L(x00) in (18), which is used as a

metric of interest in [13], [26], [33]. We observe that pc(x00)
and pc,L(x00) become lower when τ increases. In addition,

we observe that an increase in λB leads to a slight improvement

in pc,L(x0), but a significantly decrease in pc(x00). When

there are more blockers, the likelihood of interference signals

being blocked becomes higher, which leads to higher pc,L(x0).
However, the increase in λB increases the likelihood of AP0

being blocked, leading to worse pc(x00). These observations

on pc(x00) and pc,L(x0) for varying blocker densities indicate

that it is important to carefully select system parameters, e.g.,

antenna gains, transmit power or density of APs, to obtain the

desired reliability performance depending on the density of

humans in the indoor environment.

Fig. 11. The coverage probability versus the UE0-AP0 link distance for the
typical indoor environment with different antenna gains at UEs and APs.

Fig. 12. The coverage probability versus the operating frequency for different
values of AP densities.

2) Impact of Antenna Parameters of UEs and APs: Fig. 11

plots the coverage probability versus x00 for different antenna

main lobe gains at APs and UEs, i.e., Gm
A and Gm

U . In this

figure, we keep PTGm
AGm

U unchanged for the sake of a fair

comparison. We first observe that the improvement in the cov-

erage probability when Gm
A and Gm

U are increased is marginal

for low x00, but is noticeably high for larger x00. This is due

to the fact that the deterioration in the coverage probability

caused by interference and the blockage is marginal for small

x0, but increases when x0 becomes large in Fig. 9. Thus,

the opportunity for coverage improvement by increasing the

antenna gains is higher for larger x00. This reveals that the

coverage performance of THzCom systems can be improved

by increasing the antenna directivity at both the APs and the

UEs for larger x00. Second, observing the curves with the

same PT, we find that the coverage probability improvement

brought by increasing Gm
A is higher than that brought by

increasing Gm
U . This implies that it is more worthwhile to

increase the antenna directivity at the APs than at the UEs,

to produce a more reliable THzCom system.

3) Impact of Operating Frequency and AP Densities:

Fig. 12 plots the coverage probability versus the operating



frequency for different values of AP densities in the first

transmission window above 1 THz, when x00 = 6 m. First,

we observe that the coverage probability remains almost

unchanged throughout the transmission window, despite the

path loss varying drastically within the transmission window

as shown in [13, Fig. 3] due to frequency-dependent absorption

loss. This is due to the fact when the operating frequency

is changed, while the received power from the desired link

changes, the interference power also changes in a similar man-

ner, thereby leading to coverage to remain almost unchanged

throughout the transmission window. Second, we observe that

the coverage probability significantly decreases when the den-

sity of APs becomes higher for both typical indoor and open

office, due to the increased impact from interferers. Third,

we observe that the deterioration in the coverage probability

due to the increased density of APs is less for a typical

indoor environment than that of an open office environment.

This is due to the fact that when there are wall blockers in

a typical indoor environment, the likelihood of interference

signals being blocked becomes higher, which leads to better

coverage probability. Second and third observations above

demonstrate that the network densification deteriorates the

reliability of THzCom systems, and that it is necessary to

carefully select the AP densities to obtain the desired reliability

performance depending on the communication environment of

interest.

VI. CONCLUSION

In this work, we formulated a tractable analytical framework

to evaluate the coverage performance of a typical user in an

indoor THzCom environment. We first modeled a realistic

3D THz system, where we considered the unique molecular

absorption loss at the THz band, 3D directional antennas at

both UEs and APs, and the interference from the nearby APs.

Differing from the existing THz studies, we considered the

joint impact of the blockage caused by the user itself, moving

humans and wall blockers, as well as the effect of the vertical

heights of the THz devices. We then derived the blockage

and hitting probabilities that form the basis of the coverage

analysis. Thereafter, we derived a new expression for the

coverage probability using the dominant interferer analysis for

both the typical indoor and the open office environment. Using

numerical results, we validated our analysis and demonstrated

that the hitting probability and the coverage probability are

significantly overestimated and underestimated, respectively,

when the impact of vertical heights of communication entities

are ignored in the analysis. We also found that increasing the

antenna directivity at APs brings a larger coverage improve-

ment than increasing the antenna directivity at UEs.

APPENDIX A

PROOF OF LEMMA 2

The average of the number of walls that intersect the link

between APi and UEj for the binary wall orientation is given

by

̟W
ij = λWE [LW] ξ(φij)xij , (40)

where ξ(φij) = 1
2 (| sin(φij)| + | cos(φij)|) with φij being

the angle that the projection of the UEj-APi link onto the

horizontal plane forms with a reference line in the horizontal

plane [35]. Hence, considering the void probability of walls

existing within the link between APi and UEj , we obtain

pLoS,W(xij) as

pLoS,W(xij) = e−̟W
ij

= e−λWE[LW] 12 (| sin(φij)|+| cos(φij)|)xij . (41)

We note that the analysis for the coverage probability is

mathematically intractable if the expression for pLoS,W(xij)
in (41) is in its current form. To address this intractability,

we use the fact that φij is uniformly distributed between

−π and π, and approximate pLoS,W(xij) for the binary wall

orientation as pLoS,W(xij) = e−λWE[LW]Eφij
[ξ(φij)]xij , where

Eφij
[ξ(φij)] =

∫ π

−π
ξ(φij)

1
2π

dφij = 2
π

. This approximation

allows us to obtain (7).

APPENDIX B

PROOF OF LEMMA 3

Recall that APi is assumed to select its associated UE, UEi,

such that the link between the APi and UEi is not blocked by

wall blockers. Thus, to formulate fx(xii), we first find the PDF

of the distance to a random UE located around APi, denoted

by fx̃(x̃ii), as

fx̃(x̃ii) =

⎧

⎨

⎩

2x̃ii

RT

, 0 ≤ x̃ii ≤ RT,

0, otherwise.
(42)

Next, using (42) and Lemma 2, we express fx(xii) as

fx(xii) = ˜̺fx̃(x̃ii)e
−ηWxii , (43)

where ˜̺ is the unknown constant that is utilized to ensure
∫∞

0
fx(xii)dxii = 1. Thereafter, substituting (42) in (43), and

applying [45, Eq (2.322.1)], we obtain (11).

To find the expression for RT in (12), we ensure that the

signal-to-noise ratio (SNR) at UEi when the link between APi

and UEi is not blocked is above τ for all possible values of

xii [1]. Therefore, we let the SNR when the UE-AP distance

is RT equal τ to obtain (12).

APPENDIX C

PROOF OF PROPOSITION 1

In this appendix, without loss of generality, we prove

Proposition 1 for j = 0. Let denote ψij as the angle that the

link between APi and UEj forms with the horizontal plane as

shown in Fig. 3. For UE0 to be within the vertical beamwidth

of APi, ψii needs to satisfy ψi0 − ϕA,V

2 ≤ ψii ≤ ψi0 + ϕA,V

2 .

Therefore, php,V(xi0) is obtained as

pH,V(xii) =

∫ ψi0−
ϕA,V

2

ψi0−
ϕA,V

2

fψ(ψii)dψii, (44)

where fψ(ψii) is the PDF of ψii.



To formulate fψ(ψii), we use the transformation xii =
� cot(ψii) into Lemma 3 to arrive at

fψ(ψii) =

⎧

⎪⎪⎨

⎪⎪⎩

̺�
2 cot(ψii) csc2(ψii)e

−HηW cot(ψii),

ψ̄ ≤ ψii ≤
π

2
,

0, otherwise.

(45)

Finally, by substituting (45) into (44) and solving the resul-

tant integral by jointly applying [45, Eq (2.02.5)] with

[45, Eq (2.521.1)], we obtain (13) for j = 0.

APPENDIX D

PROOFS OF PROPOSITIONS 3 AND 4

A. Proof of Proposition 3

We note that the near dominant interferers lead to outage

at UE0 when their main lobe or the side lobes are facing

UE0. Despite that the locations of all the interferers follow

a homogeneous PPP with the density λA, the interferers

that are in LoS with UE0 within the region AN follow a

non-homogeneous PPP, due to the distant-dependent nature

of the blockage probability. Thus, using Corollary 1, we prob-

abilistically thin the original homogeneous PPP to obtain ΛΦN

as

ΛΦN =

∫∫

AN

λApLoS(x)xdA

=

vs,s,1∫

0

ϕU,H∫

0

λAζe−ηxxdθdx +

vm,s∫

x̌00

ϕU,H∫

0

λAζe−ηxxdθdx

+

vs,s,2∫

x̂00

ϕU,H∫

0

λAζe−ηxxdθdx +

Ds,s∫

0

2π−ω∫

ϕU,H

λAζe−ηxxdθdx.

(46)

Thereafter, we apply [45, Eq (2.322.1)] into (46) to obtain (32).

B. Proof of Proposition 4

Unlike the near dominant interferers, for the far dominant

interferers to cause outage, their main lobe should be facing

UE0. Thus, using Proposition 1 and Corollary 1, we proba-

bilistically thin the original homogeneous PPP to obtain ΛΦF

as

ΛΦF =

∫∫

AF

λAphp(x)pLoS(x)xdA

=
λAζϕA,HϕU,H

2π

[ ∫ vm,m

vm,s

php,V(x)e−ηxxdx

+

∫ vs,m,1

vs,s,1

php,V(x)e−ηxxdx+

∫ vs,m,2

vs,s,2

php,V(x)e−ηxxdx
]

+
λAζϕA,H (2π−ϕU,H−ω)

2π

∫ Ds,m

Ds,s

php,V(x)e−ηxxdx,

(47)

which leads to (33).

APPENDIX E

DERIVATION OF ̥(a, b)

Let us denote I±1 (x) and I2(x) as the integrals given by

I±1 (x) =

∫
�2

R2
T

cot2
(

ϕA,V

2
± arctan

(
�

x

))

e−ηBxx dx (48)

and

I2(x) =

∫

e−ηBxx dx, (49)

respectively. Therefore, o̥(a, b) is obtained as in (37) by

performing the integral o̥(a, b) =
∫ b

a
php,V(x)e−ηBxx dx using

(48), (49), and Corollary 2.

We next present the proof of I+(x) when ηB = 0. To

this end, we expand I+(x) when ηB = 0, I+
1 (x)|ηB=0, using

[45, Eq (1.313.9)] as

I+
1 (x)|ηB=0 =

�2

R2
T

∫ [ −2� sin(ϕA,V

2 ) cos(ϕA,V

2 )x2

(
� cos(ϕA,V

2 ) + x sin(ϕA,V

2 )
)2

+
cos2(ϕA,V

2 )x3 + �2 sin2(ϕA,V

2 )x
(
� cos(ϕA,V

2 ) + x sin(ϕA,V

2 )
)2

]

dx. (50)

Thereafter, we apply [45, Eq (2.111.4)] for z = ϑ + ςx and

n = 1, 2, 3, into (50) and rearrange the resulting terms to arrive

at (38) when ηB = 0.

We next present the proof of I+(x) when ηB �= 0.

To this end, we first apply the integration by parts formula

[45, Eq (2.02.5)] into (48), which leads to

I+
1 (x)|ηB �=0 =

∫

e−ηBx ×
d

dx

{
I+
1 (x)|ηB=0

}
dx

= I+
1 (x)|ηB=0e

−ηBx

︸ ︷︷ ︸

T1

+

∫

ηBI+
1 (x)|ηB=0e

−ηBxdx

︸ ︷︷ ︸

T2

.

(51)

Therefore, to obtain T2 in (51), we first apply [45, Eq (2.02.5)]

into [45, Eq (3.353.1)], which leads to
∫

ln(z)e−kxdx =
1

k

(

e
kϑ
ς Ei

[

−
kz

ς

]

− ekx ln(z)

)

, (52)

where z = ϑ + ςx and k �= 0. Thereafter, applying (52),

[45, Eq (2.321.2)], and [45, Eq (2.02.5)] to T2, we obtain

T2=
ηB�2

R2
T

[

−
cot2(ϕA,V

2 )

2η3
B

e−ηBx
(
2 + 2ηBx + η2

Bx2
)

+
� csc4(ϕA,V

2 ) sin(ϕA,V)

η2
B

e−ηBx(1 + ηBx)+�
3 csc6(

ϕA,V

2
)

× cos(
ϕA,V

2
)eηB� cot(

ϕA,V
2 )Ei

[

−ηBx−ηB� cot(
ϕA,V

2
)
]

+
�2

ηB

(2+ cos(ϕA,V)) csc4(
ϕA,V

2
)

×
(

eηB� cot(
ϕA,V

2 )Ei
[

−ηBx−ηB� cot(
ϕA,V

2
)
]

− ln(� cos(
ϕA,V

2
)+x sin(

ϕA,V

2
))e−ηBx

)
]

. (53)

Finally, by substituting (53) into (51) and expanding T1,

we arrive at (38) when ηB �= 0.



The proof of I−1 (x) is omitted since it is similar to that of

I+
1 (x). In addition, we clarify that I2(x) in (39) is obtained by

performing the integral in (49) by applying [45, Eq (2.322.1)].
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