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Abstract—As day by day the population is increasing, the use of
mobile phones and different applications is increasing which
requires high data rate for transmission. Homogeneous cellular
network cannot fulfill the demand of mobile users, so creating a
heterogeneous cellular network (HCN) is a better choice for higher
coverage and capacity to fulfil the increasing demand of upcoming
5G and ultra-dense cellular networks. In this research, the impact
of antenna heights and gains under varying pico to macro base
stations density ratio from 2G to 5G and beyond on two-tier
heterogeneous cellular network has been analyzed for obtaining
optimum results of coverage and area spectral efficiency.
Furthermore, how the association of UEs affects the coverage and
ASE while changing the BSs antenna heights and gains has been
explored for the two-tier HCN network model. The simulation
results show that by considering the maximum macro BS antenna
height, pico BS antenna height equal to user equipment (UE)
antenna height and unity gains for both macro and pico tiers, the
optimum coverage and area spectral efficiency (ASE) for a two-tier
fully loaded heterogeneous cellular network can be obtained.

Keywords—Heterogeneous Network, Coverage, Area Spectral
Efficiency, 5G, Ultra-dense network

I. INTRODUCTION

UTURE wireless cellular networks require high data

transmission due to high data traffic so as to fulfil the
demand of 5G network which will be implemented over 4G
network [1]. There are different ways to increase the capacity of
wireless networks. Capacity can be enhanced by addition of
spectrum that is using the higher spectrum where large
bandwidth would be available, or by using multiple-input and
multiple-output (MIMO) schemes, or it can also be improved by
increasing the signal to interference plus noise ratio (SINR).
However, the easiest way among all is adding more spectrum,
but this method is not cost effective because adding more
bandwidth makes the system more expensive. Thus, the only
way to achieve high data transmission is to densify the network
by creating heterogeneous network with multiple class of base
stations such as large-scale BSs (Macro) and small-scale BSs
(Pico) or even femto base stations [2-5] to boost the coverage
and capacity. Thus, the important parameter of mobile wireless
network is the SINR through which capacity can be increased
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When the cellular networks are densely deployed with
multiple class of base stations like macro, pico, femto, or some
kind of relays and remote radio heads (RRHs), or mixture of
these then the cellular networks become complex enough to be
treated for analysis due to heterogeneity with conventional
methods of wireless communication. Hence, other methods are
being used to model such complex networks for analysis
purpose where the wireless nodes are distributed as per specific
probability distribution [6,7]. One of them is the stochastic
geometry which models the situation where the objects are
randomly distributed [8]. Hence, Poisson point process (PPP) is
being utilized to analyze the 4G and 5G networks because of its
absolute spatial randomness and tractability.

A lot of work has been done in the area of heterogeneous
cellular networks and different researchers have worked on
different aspects of it like coverage and rate analysis in [9,10],
wireless power transfer in downlink (DL) and information
transmission for uplink (UL) in [11], load balancing in [12,13]
and about energy efficiency in [14,15]. The Authors have shown
in [16] that by decreasing vertical beam width and applying
antenna downtilt, in heterogeneous networks (HetNets), the area
spectral efficiency (ASE) and average throughput can be
increased along with improvement in network efficiency.
Regarding the densification of HetNets, the authors in [17] have
maximized the energy efficiency (EE) under the constraint of
ASE by optimizing the BS densities for an ultra-dense HetNets.
Some of the researchers have worked on coverage and area
spectral efficiency which are the basic performance metrics of
the HCNs while considering the three dimensional distance
between the user and BS and also the antenna pattern and
downtilt under realistic path loss model in [18,19] where they
have shown that when the absolute difference of height between
user and BS is greater than zero, then by increasing BS density
of small cell network to ultra-dense, both the coverage and ASE
decrease constantly towards zero. Furthermore, a method was
adopted to solve this problem by reducing the BS antenna height
equal to user antenna height. However, this all has been
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considered for homogeneous small cell ultra-dense network but
not for the heterogeneous network.

In this paper, a two-tier heterogeneous cellular network is
considered to analyze the impact of different antenna heights

and gains of both macro and pico tiers on coverage and area
spectral efficiency under three dimensional (3D) distance which
is equal to the square root of the sum of square of two
dimensional distance and antenna height while using single
slope path loss model when the network is densified from sparse
to fully loaded network. Furthermore, how the association of
UEs affect the coverage and ASE when changing the BSs
antenna heights and gains has been explored for the considered
network model. The results obtained in this work are different
from those acquired in [18,19] due to heterogeneity.

Further, the paper is organized as follows. Section II discusses
the heterogeneous network model and user association
algorithm. Section III discusses the performance metrics.
Section IV presents the simulation results and their discussion.
Finally, the conclusions drawn from this paper are discussed.

1I. NETWORK MODEL AND USER ASSOCIATION
ALGORITHM

A two tier heterogeneous network model with macro and pico

base stations is shown in Fig. 1. The base stations are uniformly
distributed among the two tiers and their locations are modeled
by independent homogeneous PPPs ®; having the densities A;
and powers P; where i =1 for macro tier and i = 2 for pico tier.
Both independent homogeneous PPPs combine to form a
homogeneous PPP @; with total density A, =A; + A. It should be
noted that P; is less than P, and both are fixed. Also A, is less
than A, and the ratio of A, to A; is denoted by B which is not kept
fixed as it is varied as per cellular generations from 2G to 5G
and beyond to analyze its impact on network performance. The
single slope path loss model as per [9] has been considered but
the distance considered between the user and its associated BS
is the three dimensional distance as shown in Fig. 1 where the
user is considered to be at the origin of the network.
Figure 1 shows the network deployment in the form of macro
and pico BSs and user equipment (UE) is considered to be at the
origin of the network. The UE can be associated to any BS of
the tiers as per different applicable camping criteria such as
physically nearest BS, averaged channel state information (CSI)
or instantaneous CSI. A lot of previous work associate users
using nearest association [20,21], maximum average receive
power in the downlink [20,21] or maximum instantaneous
receive power [22] and this criterion has been chosen in this
work. Thus, the UE is associated to the BS of any tier as per
following algorithm:

1) The maximum instantaneous power received by UE at the
origin by all macro BSs belonging to tier @, is calculated
and the macro BS (MBS) which provides the maximum
instantaneous power at UE among all macro BSs of tier-1
is selected.
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Fig. 1. Heterogeneous cellular network model showing interference and
intended signals.

2) Similarly, the maximum instantaneous power received by
UE at the origin by all pico BSs belonging to tier @2 is
calculated and the pico BS (PBS) which provides the
maximum instantaneous power at UE among all pico BSs
of tier-2 is selected.

3) If the instantaneous power of selected MBS from tier-1 is
greater than the instantaneous power of selected PBS from
tier-2 at UE, associate the UE to MBS; otherwise,
associate UE to PBS.

The network model in Fig. 1 shows that the UE is receiving
its intended signal from macro base station and interference
signals from all other macro and pico BSs of both tiers. The
intended and interference signals are represented by straight
solid line and dashed lines respectively. The intended BS for the
UE is considered as per association algorithm discussed above.

I1I1. PERFORMANCE METRICS

In this section, the performance metrics of the heterogeneous
cellular network are discussed. The basic performance indicator
of a cellular HetNet is the coverage probability. The coverage
probability of the user equipment located at the origin is its
signal-to-Interference plus Noise Ratio (SINR) above the
specified threshold [ .

and SINR is given by
s, )
+

SINR =

T
where S is the instantaneous power received by UE from its
tagged BS and IT is the total interference received by UE. The
thermal noise NO = KTB = -104 dBm where K is a Boltzmann
constant, T is a room temperature and B is the bandwidth of 10
MHz. As NO is negligible thus, SINR is actually SIR and is
given

0
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The capital Py, Gi, Hk, and Dy in the numerator of (3) are the
power, gain, Rayleigh distributed small-scale fading (H, ~
exp(1)) and the three dimensional distance respectively between
the associated user and its serving BS by of kth tier. Path loss
exponent is denoted by a having value equal to 4 for both the
tiers. Similarly, in the denominator of (3), Px is also the power
of interfering BS of kth tier and gy, hk;, and di; are gain,
Rayleigh distributed small-scale fading (H, ~ exp(1)) and the
three dimensional distance respectively between UE and ith
interfering BS of the kth tier. The three dimensional distance
between the user and the BS is given by

D, /dk,i = rkz,i +1; 4)

7, ;1s a two dimensional distance between the user and the ith

BS from kth tier and /, is the height of the BS from kth tier.

Another performance metric of a heterogeneous cellular
network is an area spectral efficiency (ASE) which can be
defined as the maximum data rate that can be achieved per unit
bandwidth and unit area for a specified randomly located user
in bps/Hz/m?. In this work, ASE has been calculated in
bps/Hz/Km?. It has also been considered that one UE per BS is
scheduled because of sufficiently large UEs density which is
known as full buffer model. Thus, the ASE of a considered
network model can be written as

ASE = Y- MSEy, Q)
where SEj is the spectral efficiency of kth tier and is given by
SE, =log,(1+ SIRy), (6)

V. SIMULATION RESULTS AND DISCUSSION

In this section, the simulation results are being presented for the
heterogeneous cellular network model as shown in Fig. 1. The
simulation parameters with their values and units of the
heterogeneous cellular network model are shown in Table I. The
Coverage and Area Spectral Efficiency (ASE) results under the
impact of macro and pico antenna heights and gains will be
discussed in this section.

A. Coverage

The results of coverage have been obtained for the network
model shown in Fig. 1 under the simulation parameters shown
in Table 1. The coverage results have been obtained at y equals
to 0 dB and 10 dB SIR thresholds respectively for different
macro and pico BSs antenna heights as shown in Fig. 2 and
Fig. 4 respectively with the increase of § from 10 to 2500 which
is pico to macro BS density as shown in Table I.

TABLE1
SIMULATION PARAMETERS

Parameters Values with units

Pico to Macro BS density ratio p= A,/ A, {10 1530 50 80 333 500 1000
1500 2500}
{0.1 1 10 50 100 500 1000 2500
5000 10000}
(BSs/km?)

{46, 24} dBm [24]

Pico BS density, A2
Tier BSs Power (P, P, )

Min and Max Macro Antenna Gains
(GMmin, GMmax)
Min and Max Pico Antenna Gains
(GPmim GPmax)
UE Antenna Gain

{0, 15} dB [24]
{0, 5} dB [24]
0 dB [24]

Absolute Min and Max Macro Antenna

Heights (/ M, { Mua)
Absolute Min and Max Pico Antenna

{0,30.5} m [25]

[0, 8.5] m [25]

Heights ( / Puin, / Ponax)
Path loss Slopes (a1= a2= a) 4
Carrier Frequency (fc) 2 GHz
Bandwidth (B) 10MHz
Thermal Noise (NO) -104 dBm
1
—HM= 0m, HP= 0m
—HM= 30.5m, HP=0m
08F HM= Om, HP= 8.5m
' —HM= 30.5m, HP=8.5 m
Ros- 5
A
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Fig. 2. Coverage at ¥ =0 dB under different two-tier BSs antenna heights Vs
BSs density ratio, B.
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Fig. 3. UEs Association to macro and pico BSs under different two-tier BSs

antenna heights Vs BSs density ratio, 3
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The ratio B has been proposed as per [23] which is shown in
Table 2 as per required density for different cellular generations
from 2G to 5G and beyond i.e., ultra-dense network (UDN).

TABLE I
BSs DENSITY RATIO () UNDER DIFFERENT GENERATIONS [23]

Number of Pico BSs per Cellular Generations
Macro BS (B)
<10 2G ~3G
10<B <60 4G
60 < B <2500 5G
B >2500 Ultra-dense Network (UDN)

(Beyond 5G)

1) Impact of Antenna Heights on Coverage

The results in Fig. 2 have been acquired for different macro and
pico BSs antenna heights from minimum to maximum or mix of
two at ¥ = 0 dB which is the minimum threshold of SIR for

practical receivers. It should be noted that the antenna heights
of macro and pico BSs are considered to be 32 meters and 10
meters respectively whereas the height of user equipment is
considered to be 1.5 meters [25]. However, the heights of macro
and pico cells have been taken as the absolute difference of
macro or pico BS and UE heights. Thus, the height of macro BS
is 32 m — 1.5 m which equals to be 30.5 m. Similarly, the height
of pico cell is 10 m — 1.5 m and is equal to 8.5 m.

From Fig. 2, it is clear that as the P increases up to
approximately 50, the coverage reduces from approximately
100% to 65% for all considered antenna heights and there is no
impact of antenna heights on coverage which is evident in Fig.
3 that all results of UEs association for different antenna heights
are overlapping each other. The coverage only reduces because
of offloading of users from macro BSs to pico BSs as shown in
Fig. 3. It should be noted that when B = 10 that is there are only
10 pico cells per single macro cell, 85% of UEs are associated
to macro BSs whereas only 15% are associated to pico cells
(Fig. 3) and coverage is highest at 99% (Fig. 2) due to higher
received instantaneous power from macro cells as their transmit
power in the downlink is higher than the pico cells. Another
reason for highest coverage is that when network is sparse (f =
10), the overall network interference is low due to large two
dimensional (2D) distance between UEs and their associated
BSs. Furthermore, with the offloading of UEs from macro to
pico tier as the number of pico BSs per macro BS reaches 50,
there is no impact of antenna heights because 2D distance is
quite high enough and at this stage, 80% of UEs are associated
to small cells and only 20% to large cells where coverage
reaches to 65%. However, as § has been increased higher and
higher beyond 50, the impact of antenna heights can be seen in
Fig. 2. With the increase of f beyond 50 in the range of 5G and
UDN, more than 80% users are associated to pico cells and in
the UDN range, almost all UEs are associated to small cells.
Similarly, 2D distance tends to zero in the 5G and UDN range
but still there is minimum distance in the form antenna height is
linked to signal power [18] [19]. Thus, the higher density of
interference paths due to huge density of BSs and the cap on
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signal power tied in the form of antenna height leads coverage
towards zero when the absolute difference of height of small
cells and UE is greater than zero whereas the height of macro
BS does not matter. On the other hand, when the absolute
difference of height of small cells and UE is equal to zero, no
matter whatever is the height of macro BS, the coverage
approaches to a constant of 63% in the 5G and UDN range. The
reason behind the constant coverage in the range of 5G and
UDN where the BS density is quite high is that there is no
antenna height cap and the interference of the dense network is
compensated by the signal power as the intended BS and UE are
very close to each other with the densification of the network. It
should be noted that the height of macro BS does not impact the
coverage as most of the macro BSs are in outage in the 5G and
UDN regime.

In Fig. 4, the results are shown for coverage at ¥ = 10 dB.

As the threshold has been increased, surely, the coverage is
lower at ¥ = 10 dB than the results produced at ¥ =0 dB in

1 T — T T —T T TI T
—HM= 0m, HP= 0m
——HM= 30.5m, HP=0m
0.8+ HM= Om, HP=8.5m -
—HM= 30.5m, HP=8.5 m

e
o
T
L

Pr{SIR > x}
S
-
|

10’ 10° 10°
Density Ratio (3 = ,\2!A1)
Fig. 4. Coverage at ¥ = 10 dB under different two-tier BSs antenna heights
Vs BSs density ratio, 8

Fig. 2. It is evident from the results that when network is not
heavily populated with the BSs i.e. = 10, the coverage is about
4% which is very low. The reason for very low coverage is the
higher threshold which cannot be achieved with low density.
However, as the 3 has been escalated to 50 and above, coverage
is improving with the BSs density and approaches to a constant
value of 20% when the pico cell antenna height is equal to UE
antenna height. Similarly, when the pico cell antenna height is
greater than zero i.e. 8.5 m for whatever the macro cell antenna
height is, the coverage touches the maximum 20% value and
then approaches towards zero. The reasons for constant
coverage when pico cell antenna height is zero and approaches
towards zero when pico cell antenna height is greater than zero
are same as discussed above for the coverage results achieved at
¥ =0dB.

2) Impact of Antenna Gains on Coverage

While observing the impact of antenna heights on coverage, the
gains of antenna were considered to be unity (0dB). From those
results, it has been noticed that the coverage is highest when the
pico cell antenna height is zero meters (equal to UE antenna
height) whereas the macro cell antenna height does not matter.
However, making the macro cell antenna height equal to zero is
not practical, therefore, the results of highest coverage when
pico cell antenna height equals to zero and macro cell absolute
antenna height is maximum (30.5 m) are considered to further
analyze the impact of antenna gains of large and small cells on
coverage.



ANALYSIS OF COVERAGE AND AREA SPECTRAL EFFICIENCY UNDER VARIOUS DESIGN PARAMETERS OF ... 643

—GM= 0dB, GP= 0dB
—GM= 15dB, GP= 0dB
GM= 0dB, GP=5dB |
—GM= 15dB, GP= 5dB
/06 - |
A
14
@,
& 04
0.2 .
o i 5 4 paah i3 4 3 bl
10’ 102 10°

Density Ratio (/3 = Agf)\1)
Fig. 5. Coverage at ¥ =0 dB under different two-tier BSs antenna gains Vs
BSs density ratio, 3

The impact of antenna gains on coverage at ¥y =0dBand y

=10 dB have been shown in Fig. 5 and Fig. 7 respectively while
considering the maximum macro antenna height and zero
meters pico antenna height.

From results shown in Fig. 5 at y = 0 dB, it can be easily

noticed that by taking the gain of macro BS to its maximum
value and keeping the pico antenna gain to its minimum value,
the coverage is highest and it approaches to constant for 5G and
UDN range. The reason is that macro BS gain is highest which
has increased the number of UEs association to macro BS as
shown in Fig. 6 specially when network is sparse and as a result,
the coverage is highest.
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Density Ratio (5= A,/A,)
Fig. 6. UEs Association to macro and pico BSs under different two-tier BSs
antenna gains Vs BSs density ratio, .
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Fig. 7. Coverage at ) = 10 dB under different two-tier BSs antenna gains Vs

BSs density ratio, B.
On the other hand, for ¥ = 10 dB, the coverage results are

opposite to the results obtained at } = 0 dB. The reason is

simple as discussed already that when SIR threshold is increased
from 0dB to 10 dB, the macro BSs are less populated and are in
outage and UEs associate to pico BSs. Thus, when pico BS gain
is highest and macro BS gain is lowest, the coverage is highest.
Thus, trade-off values for the gains may be considered which
are GMmax and GPmax but at these gains, ASE decreases which
will be discussed in the next section.

B.  Area Spectral Efficiency

Another important performance indicator for analyzing the
heterogeneous cellular networks is an area spectral efficiency
(ASE) which is the maximum data rate achieved per unit
bandwidth and unit area for a randomly located user in
bps/Hz/m?. In this work, ASE has been calculated in
bps/Hz/Km?. The results of ASE have been obtained for the
heterogeneous cellular network model shown in Fig. 1 under the
simulation parameters shown in Table I.

1) Impact of Antenna Heights on Area Spectral Efficiency

The results regarding the impact of macro and pico BS antenna
heights on ASE are shown in Fig. 8. It can be observed from the
results shown in Fig. 8 that when macro antenna height is
maximum ({Mmax) and pico antenna height is minimum ({Puin),
area spectral efficiency is highest. The reason is same as
discussed in section A(1) that when the density ratio f§ is in the
5G and UDN range, mostly UEs are associated to small cells
and because of no antenna height cap and the interference of the
dense network is compensated by the signal power as the
intended BS and UE are very close to each other with the
densification of the network, an Area spectral efficiency is
highest but it degrades to minimum value when small cell
antenna height is considered. However, it should be noted that
the height of macro BS does not impact the coverage as most of
the macro BSs are in outage in the 5G and UDN regime but it
has the impact on ASE and macro BS antenna height improves
the ASE in 5G and UDN range. Thus, ASE is highest when
macro antenna height is maximum and pico antenna height is
minimum (equal to UE antenna height).

and
g 210 ; i
Al —HM= 0m, HP=0m
—HM= 30.5m, HP=0m
' HM= Om, HP= 8.5m
g —HM= 30.5m, HP=8.5m
$15-
T
3
Q
o
~ 1 |-
w
[1)]
<
05+
D 1 1
0 500 1000 1500 2000 2500

Density Ratio (/= Azf)\1)

Fig. 8. ASE under different two-tier BSs antenna heights Vs BSs density ratio,
B.
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Fig. 9. ASE under different two-tier BSs antenna gains Vs BSs density ratio, .

2) Impact of Antenna Gains on Area Spectral Efficiency

The impact of antenna heights on ASE were acquired where the
gains of both macro and pico antennas were considered unity
(0dB). From those results, it can be seen that an ASE is highest
when the pico cell antenna height is zero meters (equal to UE
antenna height) whereas the macro cell antenna height is
maximum. Thus, these results where ASE is highest under the
maximum macro antenna height and minimum pico antenna
height are considered to further examine the impact of antenna
gains of large and small cells on ASE.

The results with the impact of antenna gains on ASE are
shown in Fig. 9. It should be noted by increasing the gain of
any tier reduces the ASE in the 5G and UDN range because by
increasing the gains, total number of BSs to be associated by
UEs reduces. If both of the tiers’ gains are unity then the ASE
is highest, however, if the gain of macro tier is considered, the
ASE reduces. In addition, if the gain of pico is also considered,
the ASE reduces further. Therefore, the effect of ASE reduction
enhances if larger gains are to be considered for the reason as
discussed above. Thus, gains of both the macro and pico tiers
must be unity (0dB) for highest ASE.

CONCLUSION

In this work, a two-tier heterogeneous cellular network (HCN)
was considered to analyze the impact of antenna heights and
gains under varying pico to macro base stations density ratio
from 2G to 5G and beyond (Ultra-dense network). It was
observed that the association of UEs affects the coverage and
ASE while changing the BSs antenna heights and gains. It was
examined from the simulation results that by considering the
maximum macro BS antenna height, pico BS antenna height
equal to user equipment (UE) antenna height and unity gains for
both macro and pico tiers, the optimum coverage and area
spectral efficiency (ASE) for a two-tier fully loaded
heterogeneous cellular network can be obtained.
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