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Abstract—Beyond 5G networks require low latency, high
throughput and high data rates while maintaining appreciable
coverage. To achieve this, a wider bandwidth is required. Tera-
hertz (THz) band can provide such large bandwidth, however, it
is not as reliable as the sub 6 GHz band due to absorption effects.
Hence, we need infrastructure level approaches such as heteroge-
neous networks (HetNet) that provide backwards compatibility
to increase coverage and reliability. In this paper, we consider a
HetNet comprised of small base stations at THz and mmWave
frequencies, and macro base station at sub-6 GHz frequency
at different building densities based on multiple cities around
the world. For quality of service (QoS) performance metrics, we
take data rate coverage and power efficiency. Different system
parameters are varied for six different locations to analyze the
effectiveness of the proposed HetNet. Our results show that B5G
networks are considerably more effective in environments with
low building densities.

Index Terms—Terahertz, mmWave, heterogeneous network,
power efficiency

I. INTRODUCTION

As the world moves towards beyond fifth generation (B5G)
communications, an ever growing demand arises for ultra
reliable low latency communication (URLLC) characterized
by higher throughput, higher data rates and lower latencies.
The imminent Internet-of-things (IoT) revolution is projected
to comprise 25 billion interconnected devices by 2025 [1],
which will require ultra high bandwidths and reliability for
smart monitoring, control, digital sensing and 360° high-
definition video transmission. The incorporation of wireless
augmented/virtual reality and immersion technologies in the
entertainment industry also imposes quality-of-experience de-
mands that can only be satisfied by high-rate and high re-
liability low latency communications [2] [3]. Consequently,
terabit-per-second (Tbps) links are expected to emerge as key
enablers for the next generation of wireless communications.
Current millimeter-wave (mmWave) systems, however, fail to
meet Tbps data rate demands as the total available bandwidth
of mmWave is limited to less than 10GHz. The terahertz (THz)
band (0.1-10 THz) with its high bandwidths will, thus, emerge
to fulfill the demands of future 6G systems.

THz communication is projected to overcome capacity
limits of currently available wireless channels and meet real-
time traffic demands for 6G mobile heterogeneous networks

(HetNets) of the future. Low-frequency (sub-6 GHz) bands
of traditional base stations (BSs) offer limited bandwidth.
The deployment of THz and mmWave enabled BSs however,
can fulfill high data rate demands. THz comes with its own
challenges in the form of high propagation losses and limited
communication distance [4]. At frequencies as high as THz,
molecular absorption also becomes a major factor. Thus, a
compromise has to be reached between higher bandwidth/data
rates and high propagation losses. The integration of these
technologies in HetNets and their subsequent performance
has become a focus of research to meet the ever-increasing
demands of ultra-high data rates [5].

In this paper, we present the analysis of THz and mmWave
assisted HetNets to maximize power efficiency (bits/joule). For
this purpose, we present a multi-tier hybrid HetNets consisting
of macro base stations (MBS) operating at sub-6 GHz band
with multiple small base stations (SBS) operating at THz and
mmWave frequency bands deployed in 6 regions around the
world with varying building densities. Instead of the traditional
approach to use estimated line of sight (LOS) and non-line of
sight (NLOS) probabilities for simulations, we calculate the
LOS and NLOS links for each map using real environments.
The inclusion of real world building data simulates blockage
effects and includes environmental geometry into our anal-
ysis to evaluate the performance of the described HetNet if
deployed in these regions.

II. SYSTEM MODEL

The proposed HetNet consists of 3-tiers: THz and mmWave
enabled small BSs and sub-6 GHz macro BSs providing cov-
erage to N users as depicted in Figure 1. All the base stations
are assumed to have their independent backhaul capabilities
by fiber links. In this paper, we have used actual building
locations for 6 different areas around the world, comprising
a wide range of building densities. This provides real world
blockage effects and environmental geometry for our analysis.
Figure 2 shows one such area which represents Google earth
view of the NUST campus, while Figure 3 shows actual
building locations extracted by MATLAB. The building den-
sities are calculated using Quantum Geographic Information



Fig. 1. Graphical representation of the proposed HetNets with multiple MBS,
as well as mmWave and THz enabled small base stations.

System (QGIS) software. Some key building statistics along
with corresponding areas are provided in Table 1.

TABLE I
TOTAL CAPTURED AREA AND PERCENTAGE BUILDING DENSITY FOR 6

LOCATIONS

Location Total Area (m2) Building area (m2)
NUST, Islamabad 1609938 5.03 %
Golra, Rawalpindi 1608505 9.11 %

F11, Islamabad 1150352 14.63 %
London 4036264 34.86 %

Manchester 1011248 40.54 %
New York 1331042 53.1 %

Moreover, the number of users and BSs are randomized by
two dimensional homogeneous poisson point process (HPPP)
with the BS density of each tier: σj where j ∈ {MBS, THz,
mmWave} while the locations of both users and BSs are
uniformly distributed.

The users have been considered in both indoor and outdoor
regions. BSs may also lie on the building rooftops. If the
communication link between the user and BS is blocked by
a building, it is considered NLoS, otherwise it is considered
to be LoS, with corresponding path loss considerations. For
small scale fading between BS and the user, Nakagami fading
model is used with fading envelope given by the following
probability density function [6]

|ν| ∼ f|ν|(x, µq) ≈
µ
µq
q xµq−1exp{−µqx}

γ(µq)
,∀x > 0 , (1)

where µq is the Nakagami fading parameter and q ∈
{Lm, Nm}. Lm and Nm are LoS and NLoS propagation
environments respectively and γ(µq) is the gamma function.

Fig. 2. Google Earth image of NUST campus

Fig. 3. Recreated buildings of NUST campus in MATLAB

Both µLm and µNmare positive integers [6] while µq for macro
base station is considered to be 1 [6]. The path loss model for
sub-6 GHz band is given by

PLMBS = 20 log

(
4π

λMBS
c

)
+ 10α log(d) + χ , (2)

where λMBS
c is the wavelength corresponding to carrier fre-

quency, d is the distance between MBS and the user, α is the
path loss exponent and χ defines shadow fading.

The path loss for mmWave link PLmmWave(d) in dB is
given by

PLmmWave =

{
ρ+ 10αL log(d) + χL if link is LoS
ρ+ 10αN log(d) + χN if link is NLoS

,

(3)
where χL and χN model the effects of shadow fading as they
are the zero mean log normal variables for LoS and NLoS
mmWave links, respectively. The fixed path loss, ρ, is given
by ρ = 32.4 + 20 log(fc) where fc is the carrier frequency.
The path loss exponents for LoS and NLoS mmWave links
are denoted by αL and αN , respectively.



The path loss model similar to [7] for THz small base station
can be expressed as

PLTHz = PL(f, d)spread + PL(f, d)absorption , (4)

similar to [8], where PL(f, d)spread is the spreading loss due
to the expansion of wave when it travels through the medium
and is given as

PL(f, d)spread = 20 log

(
4πfcd

c

)
, (5)

where fc is the THz carrier frequency, c is the speed of light
and d is the distance between user and small base station.

PL(f, d)absorption is the attenuation in the EM wave which
is caused by molecular absorption and is given by

PL(f, d)absorbtion =
1

τ(f, d)
= expk(f)d , (6)

where τ is the transmittance of the medium, fc is THz fre-
quency and k(f) is frequency dependent molecular absorption
coefficient [9], which is calculated by using radiative transfer
theory and the information provided by the high resolution
transmission molecular absorption (HITRAN) database [10].

The received power of a user associated with tier j at a
distance d is calculated by

Pr,j [dB] = Pt,j +G(φj) + µj − PLj :

j ∈ {MBS,mmWave, THz} ,
(7)

where µj is the Nakagami multi-path fading and G(φj) is the
directional antenna gain [11], given by

G(φj)[dB] =

{
0 j ∈MBS

Y
ωh×ωv = Y

ω2 j ∈ {mmWave, THz}
,

(8)

µj [dB] =

{
0 j ∈MBS

µq j ∈ {mmWave, THz}, q ∈ {LoS,NLoS}
,

(9)
The received power of a user associated with tier j is given
by

Pr,j [dB] = Pt,j − PLj , (10)

where Pr,j , Pt,j and PLj are the received power, transmitted
power and path loss for tier j, respectively.

III. PERFORMANCE ANALYSIS

Due to dense BS deployment, each user receives power from
multiple adjacent base stations of all three tiers. In order to
associate with a particular base station k the user analyses
all the received powers and associates with the one with
maximum received power.

Au = arg max
k,j

Pr,k,j , (11)

The cumulative associativity, Aj , for each tier can be calcu-
lated by

Aj =
Uj
U
, (12)

where U is the total number of users and Uj is the number of
users associated with the tier j. The users associated to any of
the tiers will experience interference from other users of the
same tier which will affect their data rate. For that we calculate
the signal-to-interference plus noise ratio (SINR) received by
user u associated with tier j by

SINRu,j =
Pr,j

Σi∈{MBS,mmWave andTHz}Pi + σ2
, (13)

where Pi is the cumulative interference from all users associ-
ated with the same tier to the user u and σ2 is the noise power
spectral density. For downlink transmission, the achievable
data rate for each user in tier j is given by

Ru,j =
Bj
Uj
× log2(1 + SINRu,j) , (14)

where Bj and Uj are the total available bandwidth and total
number of users associated in tier j with a particular base
station, respectively.

The SINR coverage probability at a given threshold ζj is
given by

Pconv,j(ζ) = P(SINRu,j > ζj) , (15)

Similarly, the rate coverage probability at a given threshold ηj
is computed as

PRate,j(ηj) = P(Reffectiveu,j > ηj) = P(SINRu,j > 2
ηj×Uj
Bj −1) ,

(16)
Resultantly, the total SINR coverage probability Pcoverage(ζ)
and the total rate coverage probability Peffective rate(η) are
calculated using total law of probability as

PSINR(ζ) =
∑
j∈J

Aj × Pconv,j(ζj) , (17)

and
Peffective rate(η) =

∑
j∈J

Aj × PRate,j(ηj) , (18)

where again j ∈ {MBS, THz, mmWave}, Aj is the associa-
tion probability of tier j and Pconv,j(ζ), Prate,j(η) are cov-
erage probabilities of tier j with their threshold, respectively.

Consider the power efficiency of the system given by

κ =
R

λMBS .PMBS + λmmWave.PmmWave + λTHz.PTHz
,

(19)
where R denotes the system sum rate per unit area across all
the three tiers. The term in the denominator represents the
energy consumption of system on a per unit area basis. Re-
arranging the terms and isolating λTHz we get,

λTHz =
m(R− k)

κ(m.PTHz − PmmWave)
, (20)

where m and k are given by λTHz
λmmWave

and λMBS×PMBS re-
spectively. Rate coverage probability is calculated for different
values of m while maintaining the rest of the parameters given
following simulation constraints:



TABLE II
SIMULATION PARAMETERS

Parameter Value Parameter Value
fMBS 2.4 GHz BTHz 10 GHz

fmmWave 73 GHz Pt,MBS 30 dB
fTHz 0.3 THz αN,mmWave 3.3
BMBS 20 MHz αL,mmWave 2

BmmWave 2 GHz αMBS 0.5
λUE 600

TABLE III
RANGE OF VALUES FOR EACH PARAMETER VARIED IN SIMULATION

Parameter Simulated Values
Pt,mmWave [15, 17.5, 20, 22.5, 25,

27.5, 30, 32.5, 35, 37.5, 40] dBm
Pt,THz [15, 17.5, 20, 22.5, 25, 27.5,

30, 32.5, 35, 37.5, 40] dBm
λMBS 2× 10−6BS/m2

λTHz [1, 6, 12, 18, 24, 30] ×λMBSBS/m2

λmmWave [1, 4, 8, 12, 26, 20] ×λMBSBS/m2

max P(Reffectiveu,j > ηj) subject
to following constraints:
C1: κ = 50kBits/J
C2:

∑3
j=1 λjPt,j < Ptotal

C3: Pt,j > 0
C4: λMBS > 0
C5: λmmWave > 0
C6: λTHz > 0

The optimization is carried out by calculating the values
of THz and mmWave BS densities given the fixed values of
parameters then simulating the system at the calculated values.

IV. PERFORMANCE EVALUATION

To evaluate the HetNet framework in different building
densities we perform Monte Carlo simulations. The simulation
incorporates N users which are spread randomly in the total
area of each location mentioned in Table I. Each simulation
is repeated over 4 sets of optimization parameters namely
small BS transmit power of mmWave and THz, i.e Pt,mmWave

and Pt,THz as well as the densities of BSs in mmWave
and THz tier i.e λmmWave and λTHz. The arrays of variable
parameters are shown in Table III. Other parameters such as
channel frequencies for each tier, density of the users and
path loss exponents are kept constant. The bandwidth for each
tier is represented as BMBS, BmmWave and BTHz for sub 6-
GHz, mmWave and THz operation, respectively. A detailed
description of all the constant simulation parameters is listed
in Table II.

Fig. 4 shows the parameters for peak power efficiency at
6 different building densities under consideration obtained
by our simulations. The results reveal that with increasing
building density the required mmWave and THz BS densities
for peak power efficiency increase initially till the building

density of London, i.e. , 34.86%. After this, the required
mmWave and THz BS densities start to drop, which shows that
in densely populated areas B5G networks are not as effective
as in rural or semi-urban zones.

Fig. 4. System parameters for peak power efficiency at 6 different locations.
The left vertical axis shows the mmWave and THz BS densities as a multiple
of MBS density where λMBS = 2 × 10−6BS/m2. The right vertical axis
shows the transmit powers of mmWave and THz in dB while the horizontal
axis gives the locations.

Furthermore, for peak power efficiency the system prefers
dense mmWave and THz BS deployments with minimum
transmission powers in comparison to sparse mmWave and
THz BS deployments with higher transmission powers. This
is supported by the results of Fig. 5, which show that with
increasing THz BS transmit power, while keeping all other
parameters constant, the SINR coverage for higher density of
THz BS drops. This drop in SINR coverage can be a result of
increased interference from adjacent THz BSs due to higher
transmission powers.

Fig. 6 illustrates the effective data rate coverage proba-
bility against data rate threshold η at two different system
settings for each location: minimum system settings are kept
at λmmWave and λTHz = 2 × 10−6BS/m2, Pt,mmWave and
Pt,THz = 15 dBm while for maximum settings λmmWave =
20× 10−6BS/m2 and λTHz = 30× 10−6BS/m2, Pt,mmWave

and Pt,THz = 40 dBm. There is a stark difference between
the deviation in effective data rate coverage of maximum
and minimum settings in NUST (5.03 % building area) and
New York (51.3 % building area). NUST has considerably
lower NLoS links, consequently, increasing THz BS density
increases data rate coverage probability more as compared to
denser locations.

Similarly, Fig. 7 illustrates the effective rate coverage prob-
ability for NUST Campus at the set of simulation parameters
given in Table IV, we get the values of mmWave and THz BS
densities according to the optimization problem presented in
the previous section. Each graph shows the coverage proba-
bility at different ratio of λTHz

λmmWave
. The results indicate that



Fig. 5. SINR coverage versus varying THz transmit power for 6 different
locations at minimum and maximum λTHz i.e. 2× 10−6BS/m2 and 40×
10−6BS/m2, with λmmWave and Pt,mmWave kept constant at peak power
efficiency from Fig. 4 for each location.

Fig. 6. Peffective rate(η) versus varying data rate threshold η for 6 different
locations at minimum and maximum Pt, THz and Pt,mmWave .

increasing THz BS densities with respect to the mmWave BS
density the system experiences elevated data rates however,
the coverage probability begins to drop more quickly. This
could be attributed to more users being offloaded to THz
but experiencing lower stability due to the higher penetration
losses at the THz frequencies.

V. CONCLUSION AND FUTURE WORK

In this paper, we investigated the coverage and power
efficiency characteristics of a 3-tier HetNet comprising sub-
6 GHz, mmWave and THz frequencies for different building
densities. The preceding analysis indicates that with increasing
building density, the THz/mmWave deployment complexity

Fig. 7. Effective rate coverage probability versus Data rate threshold for
different values of m while keeping Pt,MBS , Pt,THz , Pt,mmWave ,
and λMBS constant at 40 dBm, 23 dBm, 23 dBm, and 2 × 10−6BS/m2,
respectively

required to maintain a given QoS also increases. Thus, our
results support the intuitive observation that using traditional
transmission methods, B5G networks may only be effective
in low-obstruction, open areas. Furthermore, peak power effi-
ciency require denser mmWave and THz BS deployement in
less building densities like NUST as compared to Manchester
and New York. Our results conclude that if we keep all the
simulation parameters constant except the THz transmit power
for maximum THz base station density, the SINR coverage of
the system decreases drastically for increasing THz transmit
power. Due to the random nature of wireless channels, a
generalized model for the deployment of B5G systems may not
be devised without the use of statistical analysis or artificial
intelligence techniques. In the future, AI may offer a holistic
approach for system analysis which will eliminate the need to
know exact blockage environments and reduce computational
complexity.
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