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Abstract—In this paper, we present a comprehensive analytical
framework for the system level analysis of THz cellular networks,
which incorporates all key features of THz propagation, includ-
ing blocking, directionality and scattering. This framework is
particularly novel from the perspective of including the effect of
scattering that has been largely ignored in such analyses thus
far. We model the locations of the THz base-stations (BSs) as
a homogeneous Poisson point process (PPP) and users (UEs) as
another independent point process (PP). Further, the blockages
and scatterers are modeled using a Boolean process and an
independent PPP, respectively. The framework also incorporates
distinction of line-of-sight (LOS), non-line-of-sight (NLOS) links,
a realistic bounded path-loss model with absorption losses, and
antenna directivity. Using the proposed framework, we first
characterize the interference caused by BSs and scatterers via
its Laplace transform (LT). We then derive the SINR (signal to
interference plus noise ratio) coverage probability. With the help
of a dummy exponential random variable (RV), we also derive the
exact mean SINR. Our analysis concretely demonstrates that the
scatterers have a significant impact on the coverage probability.
Further, our results show that the coverage probability does not
always increase with the increasing density of THz BSs.

I. INTRODUCTION

Enormous unexplored spectrum in the sub-THz and THz
(collectively termed as THz in this paper) range provides
an appealing solution for supporting ultra-high data rates
required in emerging applications, such as virtual and aug-
mented reality, metaverse, and 3D gaming [1]. However,
propagation characteristics in this range are far less favorable
because of higher propagation losses, including losses due to
molecular absorption, higher sensitivity to blockages, and a
pronounced effect of scattering. As a result, THz wireless
links are often considered significantly less reliable than the
lower frequencies. However, in order to present an accurate
picture about their performance, we need a comprehensive
framework that jointly models the locations of wireless nodes
as well as the aforementioned propagation effects impacting
the performance, which is the main goal of this paper.
Related work: Given the popularity of using stochastic geome-
try (SG) for the modeling and analysis of a variety of wireless
networks, it is not surprising that it has also found use in
the analysis of THz networks [2]-[8]. The analysis of SINR
distribution at the lower frequencies is facilitated by including
an exponential fading gain term for the serving link (justified
by making a Rayleigh fading assumption), which allows one
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to write the distribution of SINR in terms of the Laplace
transform of interference, thereby simplifying the problem
significantly. However, the absence of fading at the THz
frequencies means that a similar approach cannot be directly
extended to THz, which is the main technical challenge in this
analysis. This has been handled in the THz literature using
different approaches, some of which are discussed next. In
[2], authors have computed the moments of interference and
SINR for a simplified model of THz ad-hoc network by fitting
a log-logistic distribution to the interference (to simplify the
analysis). The work was extended in [3] to include blockages
and antenna directivity. In [4] authors computed the mean
interference and the outage probability for a dense THz net-
work by modeling the BSs location as a PPP (while ignoring
the impact of blockages and scatterers). In [5], the authors
used Talbot’s technique to invert the LTs of interference to
get the probability density function (PDF) of the interference.
The authors in [6] studied the rate coverage probability and
interference for dense THz networks and coexisting RF with
dense THz networks. In [7], the authors analyzed the coverage
probability for a heterogeneous network. In [8], coverage
probability for a 3D THz network is studied.

Even though these works have provided useful design
insights, a comprehensive framework that incorporates the
effect of all key THz propagation characteristics has eluded
us. In particular, all these works have failed to incorporate
the impact of scattering in the analysis. Since scattering is
significant at THz frequencies, it is expected that scattered
power from various scatterers present in the environment may
lead to non-negligible interference at the user.

Contribution: In this paper, we present a comprehensive an-
alytical framework to analyze a THz cellular network which
incorporates the impact of blocking, directionality and scatter-
ing. In particular, the inclusion of scattering in this analysis is
a key novelty of our work. This framework models THz BSs
as a homogeneous PPP, UEs as independent PP, blockages as
a Boolean process, and scatterers as a PPP. It also incorporates
the distinction of LOS/NLOS links, a realistic bounded path-
loss model with absorption losses, and antenna directivity.
Using the proposed framework, we derive the closed form
expression for SINR coverage probability. With the help of a
dummy fading coefficient, we also present the mean SINR
expression. Finally, we investigate the impact of scatterer
density and BS densification with the help of numerical results.
Notation: The notation x represents a 2D vector, and its norm
is ||x|| = x. The origin is denoted by o. The cumulative
distribution function (CDF), and PDF of RV X are denoted



by Fx(x), and fx(z), respectively. The expected value of a
RV X is denoted as E[X]. The notation c stands for the speed
of light. For a non negative random number X, its mean is
given as

E[X] = / P(X > 7)dr. (1)
=0

The notation ¢(-) denotes the path loss-model and Wy (-) is

the LambertW(-) function [9].

II. SYSTEM MODEL

Network model: We consider a THz network consisting
of multiple THz BSs with locations distributed as a PPP
® = {z;, Vi € N} with density \p,. Further the locations
of UEs are distributed as a stationary PP ®,, with density A,.
Owing to its stationarity, we focus on the typical user located
at the origin.

Modeling of blockages: Blockages are modeled using a
Boolean process [10]. Under this model, a BS located at a dis-
tance z from the user is LOS with probability py,(z) = e 5%,
where [ is a constant dependent on the density and size of
blockages. For tractability, we assume that the blockages affect
each link independently. Hence, BSs can be divided into two
point processes, one consisting of LOS BSs and the other
consisting of NLOS BSs. Due to the independent thinning
theorem [11], each of these is a PPP and denoted by ®1, and
Oy, respectively. Their densities are Ap,,(2) = Ape P and
ANb(2) = A (1 — e7P%), respectively.

Modeling of scatterers: In this paper, we also incorporate the
impact of the interference power arriving from the scatterers,
which is a key novelty of our analysis. To account for this
effect, we model the scatterers as a PPP &4 with density As.
The signal transmitted by each LOS BS is scattered around
by the scatterers. Therefore, a fraction of the signal scattered
by each LOS scatterer acts as interference at the typical user.
Note that due to very high path-loss for NLOS links [1], we
ignore the impact of NLOS links in this work similar to past
works [4], [6], [12], [13]. Let ®, = {y,,Vi € N} denote the
PP consisting of all scatterers that are in LOS to the typical
user. Similar to LOS BSs, the LOS scatterers also form a
PPP with density A\;e~ Y. The fraction of power scattered
to the incident power is characterized by the square of the
scattering coefficient S [14]. We assume that S is constant for
all scatterers, however, it can be easily extended to scatterers
with different values of S.

Antenna modeling: UEs and BSs are outfitted with directional
antennas. The directivity of an antenna (transmitter or receiver)
can be modeled by the widely used sector model [15]. Hence,
the antenna gain at the device q (q € {t,r}) in the direction
B is given as

2

o\ Gm,q7 ‘Bl S ¢q/2
9a(8) = {Gsﬁq, otherwise

where G, 4 and G 4 denote the main and the side lobe and ¢,
is the antenna beamwidth. Further, § € [—m, 7) denotes the
angle between the desired direction and the antenna orientation

TABLE I
PROBABILITY DISTRIBUTION OF DIRECTIVITY GAIN G, .

Gain (G) values Corresponding probability
Gl = Gm,tGm,r P1 = PtPr

Go = Gm,th,r P2 = pt(l — pr)

GS = Gs,tGm,r pP3 = (1 - pt)pr

Gy = Gs,th,r P4 = (1 — pt)(l - pr)

and g can be t or r representing the transmit and receiver end,
respectively.

Path loss model: To keep the analysis general and realistic, we
consider the bounded path loss model [16]. Hence, the path
loss suffered by a link of length z is given as

£(z) = ymin(l, 2~ exp(—kKy2)),

where v = pyc? /(47 f)? denotes the near field gain, sy is the
absorption coefficient which depends on the composition of
the atmospheric gas molecules and the frequency of the signal
[17], aq, is path-loss exponent and p; is the transmit power.
Since THz links do not suffer from fading, it will not appear in
the received power equations, which complicates the analysis
significantly.

Cell association model and SINR: We consider the average
power based association where each user connects to the
closest LOS BS as its serving BS. Let us denote this BS as z,.
The rest of the LOS BSs act as interferers. The interference
from these LOS BSs is given as

>

z;€PL,2; #Zo

I, = G, 0(z). 3)

Here, G, denotes the total (transmit and receive) antenna gain
for the link between the BS at z; and the typical user. Each
BS aligns its antenna towards its associated user and vice-
versa. Assuming that this user is uniformly located around its
associated BS, G, is a RV which can take four values with
certain probabilities as given in TABLE I. Note that in TABLE
L po = g’—;r and p, = ;’7 denote the probability of having
maximum gain from each BS from transmitter and receiver
antennas, respectively. Apart from the interference from these
BSs, the power scattered from scatterers also contribute to the
total interference. The interference from scatterers depends on
the power Pg ; incident on each scatterer y; transmitted from
all LOS BSs. In particular, the interference at the typical user
due to all the scatterers is given as

Is = Z SQPs,igr,ig(yi% (4)

Yi €<I>;

where antenna gain gr ; = {Gur, Gs} with probabilities p;,
and (1 — p,), respectively.

Let R, be the distance between the closest LOS BS and the
typical user i.e. R, = ||2,||. Since the directivity gain for the
serving link is G,, = Gy, G, the signal power from the
serving BS is

S(Ro) = Gt Crnrl(Ro). )



Hence, the SINR at the typical user is

S(Ro)
I+ Is+ Ny’
where NN, denotes noise. In the next section, we will study
the THz network performance in terms of the SINR coverage
probability which is defined as the probability that the SINR at
the typical user is above threshold 7, i.e. p.(7) = P[SINR >
7].

SINR = (6)

III. COVERAGE ANALYSIS

We first derive expressions for intermediate metrics that
are required to derive the coverage probability. This includes
the serving BS’s distance distribution and the LT of the
distributions of the powers of both types of interfering signals.

A. Serving BS distance distribution

The PDF of the serving BS’s distance R, is given as [18]

27T)\b
32

fr(r)= 2mApre P exp <— (1 —e Pr(Br+ 1))) )

(N
B. LT of the interference

We now derive the LT of the interference from the LOS
BSs conditioned on the serving distance R, which is given in
the following lemma.

Lemma 1. The LT of interference I, from LOS BSs at the
typical user given the distance R, from its serving BS is
written as (for proof see Appendix A.)

4 o
3 b / (1 emsGntnv) eﬁRoﬁR?,dt> . ®
n=1 1

where pl,s are provided in TABLE 1.

Now, we will determine the LT of interference from the LOS
scatterers. To simplify the analysis (largely because of space
constraints), we approximate the total power falling on the
typical scatterer with its mean Py (i.e. Ps; = P, Vy; € <I>;),
which is given in the following lemma.

Lemma 2. The average power incident on the typical scatterer
from all LOS BSs is (for proof see Appendix B.)

A' o0

Py = 27 \,g¢ — {/ E(z)e_ﬁzzdz] , 9)
Am z=0

where Ag is the mean effective scatterer area [1] and gt1 =

Gm Pt + Gs (1 — pt) is the mean of the transmit antenna

gain from the typical BS.

Now, the scattered power from each of the scatterers reach-
ing the typical user acts as interference whose LT is given in
the following Lemma. Note that the typical user can receive
this power via either main or side lobe depending on its
orientation with respect to each scatterer’s location.

Lemma 3. The LT L1 (s), of the interference due to LOS
scatterers is (for proof see Appendix C) L1 (s) =

2 o
exp | —2mAq Zpr,j / (1 — 675hj(y)) e Prydy
=1 y=0
(10)

where hi(y) = PsS?GumL(y) and ha(y) = PsS?*Gs ., L(y)
with probabilities py,1 = Dy, Pr.2 = (1 — pr) respectively.

Equipped with these two LT expressions, we now calculate
the coverage probability for the typical user. Note that due
to absence of the fading, the analysis is in general more
difficult than lower frequency counterpart. In the proof of
the following, we utilize Gil-Pelaez lemma [19]. Please see
Appendix D for the complete proof.

Theorem 1. The coverage probability p.(T) of the typical
user in the THz network under the impact of scattering is

1 1 &
pe(T) = 3 + - X /0 Egr, [H(Ro, T)X

. du
sin (uS(Ro) — O(Ro,7) — utNy)] —
U

where S(R,) is provided in (5),
4
H(Rov T) = exp <_7T)\b Z PnX

n=1

Y

/OO (1 — cos (uTGnE(RO\/{))) e~ PRNVER2 g

t=1

2 oo

=27 g Z Pj /

j=1 y=0

4
O(R,,T) = anw)\b/
n=1

(1 — cos (uth;(y))) e Yydy | , and

h sin (uTGnE(RO\/{)) e PRV

t=1
2 oo

x R2dt + Z P;27 A / sin(uth;(y))e " Yydy.
y=0

j=1
For the noise limited regime, the above can be simplified
to give the following.

Corollary 1.1. The coverage probability for noise limited
regime i.e if we ignore the interference from the scatterers
and BSs (I, =0, Iy = 0), is given as

pc(T) = / fRo (ro)drm (12)
p

where p is

—1
, , N, L
— max | “w, (fﬂf) Oy, (B2 (7) “1).
Kf ar, ) Ky ar, \ Gm,tGm,ry
Proof. The SNR coverage at the typical user is given as

P (% > T> — P(S(Ro) > 7o)

o

—P (min (1, Ro " exp(—rRo)) > #gmv) '

Simplifying the above, we get the desired result. O



TABLE II
DEFAULT VALUES OF THE SYSTEM PARAMETERS.

Parameters Values

Frequency f and bandwidth B 0.3 THz, 250 MHz
Molecular absorption coefficient & ¢ 0.005 m~T

BS density \p, 0.005 BS/m?
Main lobe gain of BS and user Gim,t = Gm,r | 25 dB

Side lobe gain of BS and user Gst = Ggr 0dB

Scatter density Ag 1 scatters/m?

Scattering coefficient S 0.5 (rough surface)

Main lobe beamwidth ¢4, of BS and user 30°

Noise Ny 10~ 12'W for B=250 MHz
Path loss exponent of LOS af, 2

Effective scatterer area of scatterer Ag 10-2 m?2

Trasnmit power pg 1w

C. Mean SINR

It can be observed that due to lack of fading in THz, the
coverage probability expression requires an inversion of LT
and is, hence, more involved compared to expressions at lower
frequencies. Note that in the latter, the presence of fading (in
particular exponential fading coefficient) facilitates analysis
by allowing us to express the coverage probability directly in
terms of the LT of interference distribution. Motivated by this,
we propose an approach which artificially introduces a dummy
exponential fading variable in the mean SINR expression
without changing mean SINR value which helps us directly
use the LT expressions. This approach is described in details in
Appendix E. Using this approach, we get the following result.

Theorem 2. The mean SINR for the typical user in a THz
cellular network is

N / T (e L
7=0 Jr,=0 To| Bo=ro Gm,tGIILI”g(TO)
T

£IS (Gm,tGm’rZ(ro)> ¢ ) fRo (To)drod’r,

IV. NUMERICAL RESULTS

E [SINR] =

Now, we present some numerical results obtained from
the analytical expressions derived in the previous section
along with corresponding simulated results. Note that unless
mentioned otherwise, the parameter values are taken as per
the TABLE 1I.

A. Impact of scatterer density on the coverage

Fig. 1 presents the SINR coverage probability as a function
of threshold 7 for various values of scatterer density. For the
smaller values of 7, the scatterer density does not affect the
coverage probability. The impact of scatterer density on the
coverage probability is significant for the moderate values of
7. We also observe that coverage probability improves with
decrease in the scatterer density. To observe the impact of
the BS density on the coverage probability, we present the
coverage probability as a function of BS density for different
values of the scatterer density in Fig. 2. We can observe that
densification first helps by improving the coverage. However,
increasing the BS density beyond a certain value may degrade
the coverage probability. This value gives the optimal BS

1 T T T
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o Simul. with scattering
—— Analy. without scattering
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o
o

Fig. 1. Variation of the SINR coverage probability with respect to SINR
threshold 7 for various values of scatterer density. With an increase in the
scatter density, the coverage probability reduces.
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Fig. 2. The variation of coverage probability with the BS density for various
values of scatterer density. Here SINR threshold 7 = 15 dB. There exists
an optimal value of BS density, beyond which the densification may hurt the
coverage.
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Fig. 3. The plot showing the mean SINR (in dB) with respect to BS density.
It can be observed that the densification of THz BSs beyond a certain value
reduces the mean SINR.



density for maximizing the coverage probability. The initial
rise in coverage probability with BS density is due to increase
in the signal power at the typical user. The subsequent decrease
in coverage is due to increase in the number of LOS interferers.
This behavior is similar to the impact of densification for
mmWave networks and networks with dual slope path loss
[20]. We can also observe that the impact of scatterer density
is more prominent at a moderate BS density, although it affects
the coverage significantly regardless of the BS density.

B. Impact of densification on the mean SINR

In Fig. 3, we present the variation of mean SINR as a
function of BS density for different values of scatterer density.
We can observe that the densification first increases the mean
SINR. However, increasing BS density beyond a certain point
degrades the mean SINR. This behavior is similar to the
trends observed for coverage probability. We can also see that
the mean SINR of the typical user reduces significantly with
increase in the scatterer density. Further, due to interference
from scatterers, the optimum BS density decreases along with
the corresponding value of the optimal mean SINR. It can
also be observed that if scatterers are more dense than a
particular value, the mean SINR for the typical user does
not improve with densification. Instead an increase in the BS
density may actually hurt the mean SINR. In such scenarios,
antenna alignment methods and interference cancellation may
be useful for improving mean SINR.

V. CONCLUSION AND FUTURE WORK

In this paper, we have analyzed the coverage probability
and mean SINR of the typical user in the THz networks.
The main technical contribution is the development of a
comprehensive analytical framework that incorporates all key
propagation characteristics of THz frequencies, including the
effect of scattering that has been largely ignored until now. Our
analysis demonstrates that the coverage probability reduces
with the increase in scatterer density. We also demonstrated
that the coverage probability cannot be increased indefinitely
by increasing the BS density. Instead, there exists an optimal
BS density, which is a function of blockage and scatterer
densities. This work has several possible extensions. First, it
is important to more carefully model the effect of NLOS BSs
and their interplay with scattering, which we plan to do in
the journal extension of this work. Second, it is important to
understand the disparity in the reliabilities of different links in
the network by deriving the meta distribution.

APPENDIX

A. Proof of Lemma 1 (LT of interference due to LOS BSs:)

Using (3) and the definition of LT [11], the LT of interfer-
ence from the LOSs BS for a given R, is

Lrr,(s) =E [efsjb}

>

:E(I)LvGHziH eXp | —s Gz, 0(||z: )
2z, €P1,,2;#20

i exp ( 27r)\b an/ ( _ e—anZ(z)) e—ﬂzzdz>
= exp <7I'AbR an/ ( o estnl(Ro\/z)) eﬁRO\/Zdt) '

Ro

Here, step (a) is obtained using the PGFL of PPP and (b) is
obtained by substituting z = Rov/t.

B. Proof of Lemma 2 (Average incident power on the typical
scatterer:)

Without loss of generality, we assume that the typical
scatterer is located at the origin. Hence, the average of total
power falling on this scatterer from all the LOS BSs is

Ag
> pegez Lzl

z; €Pr,

As [~ _
= QWAbgtlﬂ/ L(z)e
z=0

where g = G tpt + Gs,t (1 —py) is the mean of transmitting
antenna gain i.e. E[gy].

P, =E

B2 2dz,

C. Proof of Lemma 3 (LT of interference due to scatterers:)
Using (4) and the definition of LT [11], the LT of I is

L1.(s)=E [e—“s] WE {e

) exp ( 27 As Zpu/ (1 — e*shj(w) eﬁyydy) ,

where (a) is obtained by using (4) and we get the step (b) by
using the PGFL of PPP which completes the proof.

—s

2
vico! Ps,iS gr,yif(yi):|

D. Proof of Theorem 1 (Coverage probability at the typical

user:)
> 7')

From (6)
Using Gil-Pelaez inversion theorem [19] and averaging over
the nearest LOS BS distance R,, the coverage probability can
be obtained as

Pe (7.) — ERO |:1 _ l /OO Im |:E |:6*JuS/ IR“D:| ejuTNo:| d7u1| ,
2 7 Ju—o U
(13)

_ S(Ro)
Ib + Is + No
=P (S(Ro) > 7(In + Is + No)) .

pc(T):IP’(SINR>7-):]P<

where S = S(

E [e*fus \Ro] =E

R,) — 7(Ip + I;). Note that

[efjuS(Ro)ejuT(IbthS)] .

Since, I is independent of nearest LOS BS distance R,,

. [eijus } _ efjuS(Ro)‘CIb‘Ro (—jut) L1, (—jur).



Hence,
Im {E[efjus ]ej“TN"}

=Im [e*f“S<Ro>+ﬂ'“TN°£,b|Ro(—jm)cfs (- jm)] :

(g) Im —juS(Ro)+jutNo

e

X exp

2 . .
—27 s ij / (1 - e]Mh-j(y)) eiﬁyydy ,
j=t  Jy=0
4 [eS)

n=1 t=1

(1 — cos (qun(Ro\/E)> — jsin (UTfn(RQ\/Z))) eiﬂR°ﬁR§dt>

exp (-270\3 ij /OO (1 = cos (urh;(y)) — jsin (uth;(y)))

=0
Xe’ﬂyydy)} :

© Im {H(Ro, T)efj“S(R°>+j"TN°

t=

4 e
X exp (j Z pn7r)\b/ sin (qun (RO\/E)) GBR“/{REdt)
1

n=1
2 oo
X exp (j Z Pi2mAs / sin(uth; (y))e_ﬂyydy>:|
i=1 v=0

= —H(Ro,7)sin (uS(Ro) — O(Ro,7) — utNo),

where in step (a), fn(z) = G,¢(z) and is obtained by sub-
stituting the LT of BS interference and scatterer interference
as given in (8) and (10) respectively, step (b) due to Euler’s
formula, step (c) is by extracting cos terms and using definition
of H and the last step is due to definition of © and the fact
that Im[e’!] = sin(t) for any real t. Substituting it back in

(13), we get the desired the result.
E. Proof of Theorem 2 (Mean SINR at the typical user:)

To derive the mean SINR, we introduce an artificial inde-
pendent exponential RV F' of unit mean. Now, define another

random variable SINR = F' x SINR. Its mean is given as

E[SINR] = E [F x SINR] = E[F|E[SINR] = E[SINR].

This shows that multiplication by F' does not change the mean

of SINR. Hence,

E[SINR] = E[F x SINR] = / P[SINR > 7]dr

(a) < FS(RO)

- /TZOP (Ib TLtN, T) dr

® [~ T

_/O E|:exp< S(Ry) (Ib+Is+No)>:| dr

@ [~ TN,

= /T OERO {EMRO(S) exp (—m> L, (s)} dr.

—~

where step (a) is obtained by substituting the value of SINR,
step (b) is due to CCDF of F and step (c) is due to definition

of LT. This completes the proof.

4 oo '
X exp (—7r)\b Z pn/ (1 — e(]urfn(Roﬂ))) e_ﬁR"‘/ZRfdt)
n=1 t=1
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