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Abstract—TeraHertz (THz) transmission technologies constitute
a promising candidate for supporting ultra-broadband short-
range next generation communications. Hence, we analyse the
performance of unmanned aerial vehicle (UAV) in the THz
networks. The coverage probability is derived as well as the area
spectral efficiency (ASE) and a pair of Line-of-sight (L.oS)/non-
line-of-sight (NLoS) probability models, namely the macrocell
LoS/NLoS probability model and picocell LoS/NLoS probability
model are adopted. Furthermore, the lower-bound of the network
performance are derived via homogeneous Poisson point process
(HPPP) analysis, as well as the upper-bound. The simulation
results match the analytical results well, which show that the
coverage probability of the network first increases upon in-
creasing the THz UAV BS density, and then decreases beyond
the maximum. Given the severe path loss experienced by THz
signals, a higher UAV density is required for a certain coverage
probability than at lower carrier frequencies.

Index Terms—THz, UAV, stochastic geometry, coverage prob-
ability, area spectral efficiency

I. INTRODUCTION

n the past few decades, wireless communication has expe-
Irienced an explosive growth owing to our request for high
speed data connection anywhere and anytime. Thus, wireless
Terabit-per-second (Tbps) links are sought right across the
globe [1]. However, it is not feasible to achieve Tbps data rates
with low carrier frequencies which exhibit benign propagation
properties, not even at millimeter wave (mm-Wave) 60 Giga-
Hertz (GHz) carrier frequencies, due to the limited bandwidth.
The TeraHertz (THz)-band (0.1-10 THz) [2], therefore, is
regarded as a key technology capable of providing unprece-
dented data rates for next generation networks (NGN). Indeed,
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THz band communications has been made more feasible by
the cutting-edge research on propagation [3], [4] and channel
modeling [1], just to name a few of the radical advances.

Besides the high path-loss at this high frequency, absorption
by water vapor molecules becomes the main factor affecting
the propagation of THz-band signals [5]. Moreover, since
the surfaces regarded as being smooth at high wavelength
in the conventional frequency band become classified as
rough in the THz band, the interference imposed by NLoS
propagation should also be considered [6]. The THz base
station (BS) densities can be very high due to the high path
loss and absorption without imposing excessive inter-cell-
interference. For traditional systems, a general path loss model
is assumed for deriving the analytical results of coverage
probability [7], which is not applicable to THz networks.
In order to analytically characterize a THz network, we use
a stochastic geometry tool in this paper, which has been
widely employed in the modeling and analysis of conventional
low-carrier communication networks, especially for interfer-
ence and coverage analysis. However, there is a paucity
of studies on the interference and coverage probability of
THz band communications relying on stochastic geometry.
To appraise the literature, the performance analysis on the
mean interference power and outage probability for 0.1-10
THz is provided in [8]. The mean interference analysis was
then extended to band-limited Terahertz band communications
in [9]. The signal-to-interference-noise-ratio (SINR) and the
coverage probabilities of THz band communication at a certain
frequency were calculated for beamforming aided AP in [6].
The stochastic interference modeling of pulse-based TeraHertz
communication was investigated in [2].

Some of the challenges of high-speed UAV communications
can be mitigated by relying on the THz-band. More explicitly,
UAVs can provide broadband communications by moving
across a large-scale area [10], [11], for example, for supporting
emergency services and surveillance across disaster-affected
regions via forming flying ad hoc networks (FANETSs) [12].
UAVs have already been used for THz spectroscopy to detect
atmospheric molecules [13] and they can also be harnessed
for THz communications. Although THz signals suffer from a
high pathloss, compared to THz base stations on the ground,
the probability of benign propagation from the Unmanned
Aerial Vehicular (UAV) THz base stations to the users is
typically high, since the UAVs are capable of adjusting their
coverage area based on the users that they have to serve and
on the surrounding environment. Hence, they are capable of
reducing the pathloss. In [14], the feasibility of employing
the THz-band (0.75-10 THz) for communications at different
altitudes among UAVs has been evaluated. Moreover, high-
speed communication links can also be established within the



THz band between dynamically roaming objects, rendering
THz a realistic candidate for UAV application scenarios [15].
Meanwhile, THz hardware research is also developing rapidly.
The transmitter and receiver can be implemented relying on
Graphene technology [1] and THz antennas can be quite com-
pact [15]. Hence they can be mounted on UAVs. However, the
performance of THz UAV networks has not been investigated
in the literature before.

Hence we present the performance analysis of a UAV-
enabled THz network in this paper. Both the coverage prob-
ability and the ASE are derived and a pair of LOS/NLOS
probability models, namely a macrocell LoS/NLoS probability
model and a picocell LoS/NLoS probability model are consid-
ered. In additition, not only the lower-bound of the THz UAV
network performance is obtained but also the upper-bound.
We also included Table I for boldly and demonstratively the
novelty of our paper.

This paper is organized as follows. In Section II we in-
troduce the system model of THz UAV networks and the
LOS/NLOS probability models. The analytical expressions
of the coverage probability and the ASE of the THz UAV
network are derived by relying on Poisson point process (PPP)-
distribution in Section III. Simulation and discussions are
provided in Section I'V. Finally, Section V concludes this paper.

II. SYSTEM MODEL

Let us now consider a THz UAV network, in which the THz
UAV aerial BSs obey a 2D-PPP distribution on an elevated
plane with the BS density denoted by p in an infinite 2D space
©. We set the UAV height as a variable H. Thus, we have
© = {(z,y) : x,y€R} and the coordinates of the UAV are
(z,y,H). H is less than 100 m in order to avoid the network
capacity reduction observed in [7]. User equipment (UEs) are
Poisson distributed in the network under consideration and its
density is represented by py g, assming that the density is
higher than p to ensure that each UAV within its coverage
has at least one associated UE. The system model of the THz
UAV network is depicted in Fig. 1.
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Fig. 1. The system model of the THz UAV network.

The distance between an arbitrary UE and an arbitrary
THz UAV BS is denoted by 7 in km, so we have 7 =
x? + y? + H?2. Since the THz channel is highly frequency-
selective together with the non-white molecular absorption

noise, the path loss function of THz UAV networks is strongly
related to the frequency. The path loss function of THz UAV
networks associated with the distance 7 and the frequency f
is denoted by £ (7, f). Both LoS and NLoS transmissions are
considered here. Let £ (7, f) and V% (7, f) denote the path
loss functions of LoS and NLoS, respectively, then we have

[7]

£(rf) = { L (r, f), with probability PL (1),

ENL (7, f), with probability 1 — P~ (1),

(1
together with the LoS probability function P (7). The path
loss of the THz LOS channel is given by [9]

2

& (r f) = 5 exp [—e (f) 7], )

(47 f)
where ¢ (f) is the absorption coefficient at frequency f, and
c is the speed of light. By contrast, the path loss of the THz
NLOS channel is given by [16]

2
&% (r, ) = SO o
(4n7 f)
where [ (f) is the scattering loss coefficient of the NLOS path
at frequency f.

Since there is no consensus in the literature on the most
accurate LoS/NLoS probability model for UAV-enabled net-
works, a pair of widely adopted LoS/NLoS probability models
[12] are considered here for the THz UAV networks.

pl—e(f) 7], 3)

A. Macrocell LoS/NLoS probability model

For the macrocell THz UAV BSs, we adopt the 3GPP
macrocell-to-UE model [17] as the LoS/NLoS probability
model with the LoS probability function expressed by

PL (1) =1 —exp(—7/0.063)] - min(0.018/7, 1)

macro (4)

+ exp(—7/0.063).

B. Picocell LoS/NLoS probability model

For the picocell THz BSs, the 3GPP picocell-to-UE model
[17] is introduced as the LoS/NLoS probability model wth the
LoS probability function given by

Plo(T) = min[0.5,5 exp(—7/0.03)] + 0.5 )
— min [0.5, 5 exp(—0.156/7)] .

III. PERFORMANCE ANALYSIS FOR THZ UAV NETWORKS

In this section, not only is the coverage probability of the
THz UAV network theoretically derived based on the LOS
and NLOS THz path loss models, but also the ASE. The THz
channel is highly frequency-selective and several transmission
windows are formed by the THz path loss peak due to
molecular absorption[16]. In addition, noise reduction factor
caused by quantum effects also has impact on high frequencies
[9]. Therefore, we can adaptively divide the total bandwidth
into numerous sub-bands, say m sub-bands. The i-th sub-
band is centered around frequency f;,7 = 1,2,...,m and



TABLE I

our [16]- [71- [4]- [6]- [8]- [10]- [11]- [12]- [2]- [3]-
paper 2014 2016 2017 2017 2017 2018 2018 2018 2019 2020
THz Communications v v v vV v v/ V4
UAV N V V Y
Stochastic Geometry
Analysis 4 4 4 4 v
Coverage Probability v/ N N N
Area Spectral Efficiency
(ASE) \/ \/ \/
LOS and NLOS
probability models v 4 v

it has a width of wy,. If wy, is small enough, the channel can
be regarded as frequency-non-selective and the noise power
spectral density appears to be locally flat.

The SINR of the subband at frequency f; can be expressed

as:
F(fz) _ Vigg(T’ fz)

I(fi) + N(fi)
where V; denotes the transmission power of the ith THz
subband at the THz UAV-BS; g is the Rayleigh fading channel
gain [18] modeled as an exponential random variable (RV)
with the mean of one; N,(f;) denotes the noise power at
frequency f; for each UE; I, (f;) is the cumulative interference
arriving from all the other THz UAV-BSs at frequency f; given
by

(6)

L(f)= Y. Vi&(f)a; (7
3:bj € /bs

where b, is the serving THz UAV BS positioned at distance
7 from UE, and b; in (7) is the jy, interfering THz UAV
BS, while the path loss at frequency f; and the multipath
fading channel gain of which are denoted by &; (f;) and g;,
respectively; 1 denotes the set of active THz UAV BS as idle
BSs do not generate interference. The noise power N, (f;) in
(6) is given by

No(fi) = ke TNyny(fi), ®)

where k; is the Boltzmann constant; 7' is the temperature;
Ny is the noise figure; ny(f;) is a noise reduction factor at
frequency f; caused by quantum effects at high frequencies
[9], which is expressed as

hfi

hf; -1
Y {exp (szT> - 1} ’ ©

ny(fi) =

where h is Planck’s constant.

Naturally, we will avoid using the THz spectral regions having
strong absorption and noise. Let Z denote the transmission
power of the THz UAV BS. The power of the i-th sub-band
is denoted by V; which satifies

Y Vi=2z (10)
The channel capacity C(7) is expressed by
C(r) =Y wy, log, |1+~ (11)

where V; is chosen to satisfy the equal power allocation
condition as follows:

(12)

The coverage probability is defined as the probability that
the received SINR is higher than a pre-set threshold 7. Thus,
we can express the coverage probablility for the subband at
frequency f; of the THz UAV network as:

Pe(p,m, fi) = Pr(L(fi) > n),

When the geograhic distribution of the THz UAV-BSs obeys
a HPPP and they are randomly positioned in the network, the
THz UAV network performance gets its lower bound [12].
This lower-bound performance is formulated by Theorem 1.

13)

Theorem 1. The lower-bound of the coverage probability of
a THz UAV network at frequency f; can be formulated as

o0 o0
Pc,low(p> n, fz) = / AL(pL(T)dT + / ANLSONL(T)dT
H ) H (14)
T
i NL T,J4i .
bPr 7}/:5;)+§V({”)) >77} ;o ool(r) and ONE(T) are given
y

gaL(T) = 27erPL(T) - exp {27rp /Ta [1 — PL(v)] vdv}

H
- exp {27rp /T PL(U)UdU} , (15)
H
eNE(r) = 2n7p [1 — PH(7)] exp [—27rp /Tb PL(U)Udv]
H
- exp (—27rp/ [1-P*(v)] vdv) , (16)
H

where

Ta :arg[gNL(Taafi) :fL(Tv f’L)] (17)
and

= argle"(m, fi) = €V (7, fi)], (18)

Tb



respectively. Furthermore, we have

nN (fi)

VieL(r, 1) 19

AL:exp{ } - A

and

nN (fi)

ANL
VigNE(r,

- S, (20)

fi)}

= exp {—

where

S L [vg e ) fzJ

“+o0 PL
= exp [—27rp/ T EIU)l vdv}

' B +oo 1— PL(’U)
exp [ 27rp/T T T n (om)_l vdv] 21
{ 77 ]
VigNL(T, f:)

pL
v) T vdv]

+oo
= exp —27Tp/ —_—
ol
L

te1—p
-exp | —2mp 7()vdv ,
R

where L;_ is the Laplace transform of L.(f;) in the compu-
tation of interference and

a=p(fi). (23)

Proof: See Appendix A. [ |
The computation results of 7, and 7, can be expressed by

and

Sy =LY

(22)

o = 552)LanmeﬂVV0<€(g)T ﬁ(fﬁefdfﬂ> (24)
and
. Te(fi)
=y LambertWo (5(?7 eﬂ(ﬁ)) - ®

On the other hand, as the LOS probabilty functions accord-
ing to our two models (4) and (5) are monotone decreasing,
the LOS probabiltiy is maximized from the overhead hovering
UAV with the distance 7 = H. Thus the received signal power
of the user is also maximized in this case. Therefore, the THz
UAV network performance can reach the upper-bound when
each THz UAV BS is right over the associated user’s head
[12] , which can be derived from Theorem 1 and described by
Lemma 2.

Lemma 2. The upper-bound of the coverage probability of a
THz UAV network at frequency f; can be expressed as
Vig" (H, fi)

P, upper(Panafi)
o [Vig€NE(H, fi)

=rr| =a) e N >
nN(fi) )

L (fi) + N(fi)

iy 7% S N PN (N A VL7
2t et fz)} (v 7
+£§\iL [ nN(fi)

5
T fiJ P (‘ V.ENE(H, f») - (20

As seen from Theorem 1 and Lemma 2, the lower-bound
and upper-bound of the coverage probability of a THz UAV
network can be expressed in the form of two terms, corre-
sponding to the LOS and NLOS transmission, respectively.

Additionally, we also analyze another performance metric,
namely the area spectral efficiency (ASE) [7] of a THz UAV
network. ASE quantifies the spectral efficiency of cellular
systems in bps/Hz/km? with the spatial characteristics taken
into account. In prose, this is defined as the sum of the
maximum average data rates per unit bandwidth per unit area
supported by a base station. According to [7], the ASE of the
THz UAV network for a subband at the center frequency of
fi can be formulated as:

o0

W@mJﬂ=ﬁ/ logy (1 +u)a(p,u, fi)du (27)

n

Based on the definition of P.(p,7, f;) in (13), which is
the complementary cumulative distribution function (CCDF)
of the SINR, the probability density function (PDF) of the
SINR 7 observed at the typical UE for a particular value p,
i.e., o(p,n, fi) can be expressed as:

o1 - Pc sy )
olpn fi) = 2 a(” o) (28)
Ui
According to the partial integration theorem, we have
Y (p,m, fi) =plogy (1 +n) P (p,n, fi)
14 oo Pc(p, u, fl)du (29)

In2 14+u

Thus, by substituting P.(p, 1, f;) in (14) and (26) into (29), the
corresponding ASE of THz UAV networks can be obtained.

IV. SIMULATION RESULTS AND DISCUSSION

Simulations have been carried out in this section to demon-
strate not only the coverage probability but also the ASE of
THz networks by two UAV LoS probability models. First,
we simulate THz UAVs at the height of 30 m, applying the
macrocell LoS/NLoS probability model of (4). There is a THz
transmission window at 350 GHz [16]. Thus, the simulation
parameters are shown in Table II'. The simulations are con-
ducted in Matlab and 100,000 random runs are performed.

TABLE 11
SIMULATION PARAMETERS

Parameters Symbols Values
Center frequency of

the subband h 350 GHz
Power of the subband 1% —48 dBm/Hz
SNR threshold for 01
the subband mn ’
Noise power N(f1) —174 dBm (according to (8))

The bandwidth of the THz signals has not been determined explicitly in
the paper. We are interested in the property of a particular subband at a certain
frequency since the THz band is highly frequency-selective. If the bandwidth
is 2GHz, the total power of terahertz signals would be about 32 W, which is
reasonable for an outdoor THz Base Station.
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Fig. 3. The ASE calculated from Eq. (29) and simulated for hovering THz
UAVs at h=30 m (by macrocell LoS/NLoS probability model) and h=10 m
(by picocell LoS/NLoS probability model).

The coverage probability and the ASE achieved by hovering
THz UAVs (h=30m) relying on the macrocell’> LoS/NLoS
probability model are shown in Fig. 2 and Fig. 3, respectively.
It can be seen that the coverage probability increases rapidly to
near 0.9 and then gradually decreases, which can be explained
as follows: when the THz UAV BSs density is too low,
the received signal quality of the typical UE becomes better
as the UAV density increases and the probability of LOS
transmission from the UAV gets higher, hence the coverage
probability increases rapidly. However, when the BS density
reaches a certain level, the co-channel interference from other
UAVs also becomes stronger, which overwhelms the desired
received signal of UE, so the coverage probability begins to
decay after reaching the optimal point. The UAV density of the
highest coverage probability is about 200 BSs per km?, which

2Based on the UAV altitude being 30 and 10 m, the scenarios is reminiscent
of the terrestrial macro and pico-cell antenna heights. Hence we refer to them
as macro- and pico-cells, noting that the associated coverage areas are smaller
than those of the typical macro-and pic-cells.

is much denser than the BS density at microwave frequencies
[12]. This is because the THz signal experiences much higher
path loss than the conventional microwave frequencies. In
order to keep the coverage probability comparable to con-
ventional radio frequency signals, high beam forming gains
are required for THz UAV networks. The optimal THz UAV
density can also be obtained by setting the partial derivative

of the coverage probability with respect to p to zero, i.e.,
Pc(pm, fi
0 (ppn fi) _ ¢

parameters, such as f;, 7, etc.

Observe from Fig. 3 that the ASE grows rapidly upon
increasing the BS densities, but the gradient becomes lower as
the density of UAVs becomes higher than about 200 BSs/km?,
which is the UAV density, when the coverage probability
reaches its maximum in Fig. 2. Given the severe path loss of
THz interference, the ASE does not drop so dramatically upon
increasing the UAV density as in the conventional microwave
radio frequency signals [7]. It can also be observed from Fig.2
and Fig. 3 that our analytical results match the simulation
results very well, which is quite reassuring.

Then we also simulated THz UAVs at the height of 10
m, i.e., h=10 m, applying the picocell LoS/NLoS probability
model of Eq. (5). The simulation parameters are the same
as those used for the macrocell LoS/NLoS probability model.
The coverage probability and the ASE for hovering THz UAVs
(h=10 m) obeying the picocell LoS/NLoS probability model
are also shown in Fig. 2 and Fig. 3, respectively. Observed
that the coverage probability rapidly first increases and then
decreases after reaching its maximum around 100 UAV BSs
per km?. The maximum coverage probability of the picocell
probability model THz UAV network is higher than that of the
macrocell probability model at the same THz UAV BS density.
This is due to the more severe path loss of the macrocell
THz UAV BSs. The ASE of the picocell probability model
THz UAV network is also higher than that of the macrocell
probability model at the same UAV density. It can also be seen
from Fig.2 and Fig. 3 that our analytical results match well
the simulation results.

= arg{ }, which is closely related to the

V. CONCLUSIONS

The performance of a UAV-aided THz network was an-
alyzed theoretically in this paper. The analytical coverage
probability and ASE expressions were derived. Forthermore,
we obtain the lower-bound and upper-bound of the THz net-
work performance. Our results demonstrated that the coverage
probability of the network first increases with the density of
THz UAV BSs, and then decreases beyond the maximum
value. Considering the severe path loss suffered by THz
signals, a higher UAV density is required for a certain coverage
probability compared to lower carrier frequencies. As our
future work, in our analysis we will consider introducing
Rician fading or Nakagami fading for the LoS transmissions
as the multi-path fading model. Moreover, the delay-sensitive
area spectral efficiency (DASE) [19] of THz UAV networks
will also be considered in our future research.



APPENDIX A
PROOF OF THEOREM 1

Proof: According to [7] we calculate Pr(I'(f;) > n) for

> n)p(T)dr
(30)

the LoS and the NLoS cases conditioned on 7. From (13) and
(6), we can show that
= [ Per(s) > nlre(ryir
H
o0 . .
:/ pr( - Vigs(. )
H
VigeN* (7, fi) NL
— > ) " (1)dT
(ESARSU
+ / pr(—fe (T
TN
/’ AR Qh( dT%—/1 ANEQNE (7 dr,
is connected to a THz UAV BS having a LoS path and NLoS
path, respectively.
distance from the BS to the associated UE is equal to or larger
than the UAV height, i.e., 7 > H, we have (15) and (17).
[12], we have (19) and (20).
According to [7], we can also derive the the Laplace

P 1ow(psm, fi)
L(fi) + N(fi)
= Pr(
f,
Vige™ (7, fi)
N > e
where (1) and V¥ (7) are the PDF of RV 7, when the UE
According to [7], and considering that for UAV BSs the
Similarly, we can have (16) and (18). Moreover, based on
transform results expressed by (21) , (22) and

_ (v, fi)
31
€0 fi) Gy
Substitute (2) and (3) and into (31), we have (23). [ |
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