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Abstract Heterogeneous Wireless Cellular Networks (HWCNs) are an essential part
of current and future cellular networks as a result of several benefits they offer regard-
ing the ever-increasing user traffic requirement. Network resources are nevertheless
limited, and as such, an efficient allocation of resources is vital for the development
of the HWCNs. An improvement in the coverage area leads to increased mobile user
satisfaction which in turn yields higher revenue for network operators. Minimising
power consumption helps reduces CO2 emissions for economically and environmen-
tally efficient HWCNs. In this paper, by exploiting stochastic geometry, we first anal-
yse the Coverage Probability (CP) of a typical HWCN and evaluate the impacts of
propagation model/building types, cell allocation and per-tier power allocation. It is
shown that a higher allocation of resources in a more lossy environment generally
leads to a higher CP up to a certain threshold. Also, previous research shows that
large-scale user behaviour varies over time. To this end, this paper proposes a hybrid
Resource Allocation (RA) scheme, namely Time-based RA (TRA), to solve a hybrid
optimisation problem of improving coverage area during periods of peak user traffic
while minimising total power consumption during off-peak periods. Numerical re-
sults show that the proposed scheme achieves up to 25% higher CP during the peak
period subject to limited total available power and 57% savings in total power con-
sumption during the period of minimal user traffic given a target coverage probability,
when compared to the schemes with equally allocated resources.
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1 Introduction

The proliferation of mobile devices was projected to reach well over 50 billion con-
nected devices by 2020 [1] arising from increased demand for services like video
streaming, social media and teleconferencing, which are bandwidth-intensive [2].
Despite the ever-increasing traffic demand, the available allocatable resources are
limited [3]. The need to adequately satisfy this enormous number of mobile devices
coupled with their high bandwidth requirement have facilitated the development of
Heterogeneous Wireless Cellular Networks (HWCNs) [4–8].

In HWCNs, the existing tower-mounted macrocells are overlaid with smaller
cells, such as microcells, picocells and femtocells [9,10], to form a multi-tier system.
Different tiers of Base Stations (BSs) are characterised by their transmit power, prop-
agation characteristics, backhaul and physical form factor [11]. The tower-mounted
macrocells provide an extensive coverage area, whereas the network operator-managed
pico-cells help enhance the coverage area by targeting cell edges and blind-spots. The
network could also comprise user-operated femtocells to improve throughput and
coverage area within small indoor areas, such as home and office. Potential benefits
derived from adopting the HWCN as compared to homogeneous macrocell deploy-
ment include higher spectral efficiency through frequency reuse [12,13], improved
Quality of Service (QoS) [1] and better coverage area, especially for indoor environ-
ments and cell edge users [14].

Among various aspects of cellular networks, two essential aspects that should be
considered are Coverage Probability (CP) and Energy Efficiency (EE). With regards
to the CP, mobile users are significant stakeholders and providing better coverage
would improve user satisfaction, which in turn generates higher revenue for the net-
work providers. Similarly, the EE is an essential factor affecting a wide variety of cel-
lular network stakeholders because an increase in the EE lowers cost for the network
providers. It is especially beneficial to the environment and complies with policies on
green technology.

Considering both CP and EE in the network design, this paper aims to address the
following concerns:

1. How do resource allocation (RA) and propagation affect the coverage area of
downlink in HWCN, in which cells may experience different environment and
are supplied with different power despite existing within the same tier?

2. Ideally, increasing the transmit power of BSs should lead to an enhancement of
coverage. However, there exists inter-cell interference from neighbouring cells.
So, how can the per-tier power be allocated to improve the overall network cov-
erage?

3. Dense deployment of cells results in overlapping cell regions with increased inter-
cell interference. How can the cells in the tiers be distributed to improve the sys-
tem performance?
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4. Subject to the dynamic nature of user traffic across time as well as constraints
in network resources, how can the available resources be allocated effectively to
satisfy the time-varied user traffic?

To this extent, we first investigate the impacts of various parameters on the cover-
age area of an HWCN, based on which optimisation problems (OPs) are proposed to
find the optimal RA in terms of both power allocation and cell density for time-varied
user traffic. The main contributions of this paper can be summarised as follows:

1. Exploiting stochastic geometry for modelling the distribution of cells in different
tiers, CP is analysed for the downlink in a typical HWCN.

2. The impacts of propagation model/building types, heterogeneity through tier split-
ting, cell intensity allocation and per-tier power allocation on the CP of the HWCN
are evaluated, putting the effect of inter-cell interference into consideration.

3. Two OPs are developed, including: i) maximise CP during the peak period of
user traffic subject to limited resources in terms of total available power, and ii)
minimise the total power consumption during the off-peak period subject to QoS
requirement of the coverage.

4. A heuristic algorithm, namely Time-based Resource Allocation (TRA), is pro-
posed to solve the above two OPs so as to either maximise the CP or minimise
the total power consumption. The proposed TRA finds the optimal cell allocation
to maximise CP during the peak period of user traffic and optimal power alloca-
tion to minimise the total power consumption subject to a CP threshold during
the period of minimal user traffic.

5. Numerical results are provided for the proposed TRA algorithm to validate its
effectiveness compared to the equal RA scheme.

2 Related Work

Anticipated to reach over 50 billion connected devices by 2020 [1], there exists a
disparity between the growth in mobile traffic compared to the available resources
provided by network operators [3]. Integrating the current and the future cellular tech-
nology, HWCN can bridge the gap between mobile traffic and network resources. An
overview of HWCNs was provided in [11] showing the coexistence between macro-
cells and picocells. A baseline model for HWCNs was also established in [15], which
included several essential parameters such as outage probability and received Signal-
to-Interference-plus-Noise-Ratio (SINR).

Stochastic geometry has been identified as a potential tool to capture the random
spatial placement of BSs for accurate modelling and analysis of HWCNs [1]. In [9],
the impacts of propagation model and per-tier power allocation were evaluated using
the stochastic geometry, and a heuristic algorithm was proposed to solve an OP of
minimising the total power consumption subject to constraints of CP and limited per-
tier power resources.

EE has been investigated as a measure of system throughput over total power
consumed by the entire network [16]. Although HWCNs are shown to help reduce
the energy consumption as a result of the deployment of low-powered small cells,
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the cumulative power expended by those small cells themselves still add up to a
substantial amount in a dense network. The authors in [14] investigated the energy-
efficient allocation of resources in the downlink of the HWCNs with CP constraints,
focusing on maximising the overall EE of the femtocells within the network.

The deployment of advanced technologies comes up with vital questions about
their impacts on the environment. Specifically, the drive to achieve ubiquitous net-
work coverage gave rise to the evolution of LTE, but it also led to a substantial in-
crease in carbon dioxide emission [14]. A significant amount of the global energy has
been consumed by the ICT in which radio access nodes in cellular networks would
consume a significant portion of the energy. About 15% of the total power in cellu-
lar networks is expended on transmission, while the cooling system consumes about
33%. Therefore, an effective way to tackle the power issue would be to reduce the
number of deployed access nodes [3,17,18].

In [19], it was shown that dense deployment of small cells leads to higher through-
put and user QoS at the expense of an increased deployment and operational cost as
well as an increased energy consumption. Stochastic geometry tools were also em-
ployed to optimise the BS cell densities to make a compromise between network
performance and deployment costs. The impacts of the transmit power parameters
and the intensity of small cell distribution on the EE of the network were studied in
[20] taking the spectral efficiency and CP into consideration. It was verified that as the
number of small cells is large enough, the EE gain diminishes up to the point of even
vanishing since the inter-cell interference becomes prevailing. A focusing-searching
algorithm was accordingly proposed to optimise the cell intensity configuration for
the small cells to achieve the maximum EE. The authors in [21] applied Lyapunov op-
timisation framework to strike a balance between the average throughput and latency
while guaranteeing the EE.

In [22], it was identified that the energy saved by controlling the transmit power
alone is limited since the required power for actual transmission is quite small in
comparison with the total power consumed in macro BSs. Here, the total power con-
sumption comprises of cooling, signal processing, and computation as well as RF
signal amplification. A method to reduce energy cost by joint spectrum allocation,
user association and cell activation was developed in [22] for a small network having
up to 20 BSs.

Dealing with EE issues, a framework was introduced in [3] which involves the
centralisation of baseband processing to significantly reduce energy consumption,
processing power aggregation and dynamic RA. In [14], the authors claimed that the
communication among macrocells and femtocells is in a coarse timescale, and thus
the centralised solution would not be feasible.

Traditionally, a high traffic demand was assumed with continuously active macro
BSs. However, it was revealed that there are high fluctuations in traffic demand, both
spatially and temporally in cellular networks. In fact, the traffic during the day is
generally higher than that at night within commercial areas, and hence switching
some BSs off during off-peak period, while concurrently increasing the coverage area
of other BSs to prevent dead zones, could potentially lead to higher energy savings.
Stochastic geometry tools were also employed to analyse the CP and EE of HWCNs
through the deployment of sleep mode in [23]. Specifically, the idle mode capability
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(IMC) of the BSs allows them to switch off their transmission modules when there
is no active user equipment (UE) discovered within the coverage area. Thanks to the
IMC, energy wastage can be reduced and the CP can be enhanced by reducing the
interference caused by the unused BSs which have been switched off.

In [24], it was suggested that the application of sleep mode technology may neg-
atively impact the Quality of Experience (QoE). The authors considered the QoE as
the desired level of buffer starvation probability which arises from video streaming
when the buffer of the mobile device gets depleted. The media player has to be de-
layed allowing for more packets to fill up the buffer. In order to reflect that fact, the
authors in [24] analysed the starvation probability of a buffer where bursty on-off
arrival occurs, taking into account the presence of different tiers of BSs and sought to
optimise the on-off switching framework subject to the QoE requirements.

One major challenge in HWCN is RA and interference management arising be-
cause the resources of all tiers are provided by the same service provider [21]. Mobile
network operators who own multiple frequency spectrum bands can allocate higher
frequency bands to small cells to achieve a higher throughput while lower frequency
bands can be allocated to macro cells to achieve better coverage area. According to
[17], an enhanced EE can be achieved by tackling one or a combination of total en-
ergy consumption at the BS, cell deployment strategies, or user association, along
with on-off scheme. The authors in [25] further compared the performance of dif-
ferent approaches for user association and RA. In [26], three use cases in HWCNs
were investigated, including mobile broadband, machine-type communication and
ultra-reliable low-latency communication, with the deployment of scheduling and
RA optimisation.

Several research works on HWCNs have focused on improving various aspects
such as minimising the impact of interference from neighbouring cells, user associa-
tion, load balancing, EE, and improving CP. While a few works considered location-
based RA for downlink in the HWCNs, this research focuses on the RA based on the
variation in user traffic over time.

3 System Model

This paper investigates the downlink of a typical HWCN with K tiers of BSs. Each
tier is characterised by their transmit power, cell intensity and physical form factor of
macrocells, microcells and picocells (see Fig. 1).

It is assumed that there exist Mk propagation models in the k-th tier, k= 1,2, . . . ,K.
The spatial distribution of the BSs within the mk-th propagation model of the k-th tier
is modelled as homogeneous Poisson Point Process (PPP) Φk,mk with intensity λk,mk .
The attenuation coefficient for the propagation model is denoted by αk,mk (αk,mk > 2)
and the transmit power of the serving BS is denoted by ∆k,mk . The communication
channel between the transmitting BS and a UE located at a point xk,mk from the BS, is
assumed to experience Rayleigh fading having power of hk,mk ∼ Exp (1) and additive
white Gaussian noise nk,mk having power of N0. The received signal at a UE within



6 David O. Denedo et al.

Macrocell

Picocell

Microcell

Microcell

Picocell

Picocell

Mobile User (UE)

Coverage 

Region

Fig. 1 System Model for a Typical HWCN

the k-th tier can be written by

yk,mk =

√
∆k,mk

√
hk,mk√

||xk,mk ||
αk,mk

sk,mk +
K

∑
k=1

M

∑
m=1

∑
xεΦk,m\xk,m

√
∆k,m
√

hx√
||x||αk,m

sk,m +nk,mk . (1)

The received SINR at the UE can be therefore expressed as:

γk,mk =
∆k,mk hk,mk ||xk,mk ||

−αk,mk

∑
K
k=1 ∑

M
m=1 ∑xεΦk,m\xk,m

∆k,mhx||x||−αk,m +N0
(2)

For reliable communication, a UE located at xk,mk , in the m-th propagation model
should receive the desired signal power above a threshold value from the serving
BS. This paper assumes an open access model of connectivity whereby the UE has
unrestricted access to any tier in an HWCN, provided that its received SINR (i.e.
γk,mk ) exceeds a given threshold SINR denoted by τk,mk . The CP1, denoted by p̂, of
the downlink in the HWCN can be thus expressed as:

p̂ = Pr


⋃

1≤k≤K,1≤m≤M
xk,mk

εΦk,mk

γk,mk > τk,mK

 (3)

4 Coverage Probability of Downlink in an HWCN

In this section, we investigate CP of downlink in a typical HWCN, taking the impact
of the propagation model and cell intensity into account. Assuming a maximum SINR
connectivity model, the CP of the downlink in the HWCN can be calculated by [9]:

1 The CP is defined as the likelihood that a UE receives the desired signal from the transmitting BS.
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From the analysis of (4) as in [9], the following remarks were observed:

1. The propagation environment having a higher path loss exponent achieves a higher
CP. It is worth noting that p̂ increases as αt,n increases, where t = 1,2, . . . ,K and
n = 1,2, . . . ,Mk. Also, from (2), it can be observed that a more lossy environment
leads to a lower interference, consequently resulting in a higher CP.

2. Allocating a higher cell intensity to the more lossy propagation model achieves
an enhanced CP. It is evident that p̂ increases over λk,mk for propagation models
having the higher path loss exponent (i.e. αk,mk ). The resulting implication is that
assigning the cell intensities in increasing degree of path loss exponent for the
propagation models in a tier achieves a better coverage region.

3. The effect of background noise (i.e. N0) on the coverage region is negligible. De-
ductions from (2) show that the effect of interference is more dominant than that
of the background noise. Also, from (4), p̂ is shown to be mostly dependent on
the interference parameters. Therefore, in an HWCN consisting of several differ-
ent BSs, the effect of interference would overshadow that of background noise,
and as such, the background noise parameter can be ignored.

5 Resource Allocation for an HWCN

It is revealed that the assigned cell intensity and power allocation of individual tiers
have significant impacts on the coverage area of HWCNs. However, increasing ei-
ther the cell intensity or the transmit power of BSs does not necessarily lead to an
improvement in the coverage region due to the increase in cross-tier interference.
Furthermore, user traffic in the HWCNs is not static over time. There exists a tem-
poral variation in the user traffic [27]. This section investigates the impact of RA
on downlink of a typical HWCN, taking the dynamic nature of the user traffic into
account.

5.1 Cell Intensity Allocation for an HWCN

The distribution of BSs within tiers is shown to have a considerable impact on CP
of HWCNs, especially when there exist different propagation environment [9]. Also,
the power constraint needs to be considered given limited resource available for the
entire network. Such power constraint as well as cross-tier interference motivate the
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need to optimise the cell intensity allocation to achieve maximum CP. An OP can be
developed as follows:

arg max
{λk,mk

}
p̂ (5)

s.t.
K

∑
k=1

Mk

∑
mk=1

λk,mk ∆k,mk ≤ ∆avail , (6)

where k = 1,2, . . . ,K, mk = 1,2, . . . ,Mk, ∆avail is the total available power within the
network and ∆k,mk is the pre-defined power level for the cell in the m-th propagation
model of the k-th tier. As mentioned in the second remark given in Section 4, allocat-
ing a higher cell intensity to the propagation model with the highest path loss leads
to a higher CP. Without any loss of generality, it can be assumed that αk,mk ≤ αk,mk+1
where mk = 1,2, . . . ,Mk−1. Consequently, an auxiliary constraint can be introduced
for achieving maximum coverage:

0≤ λk,mk ≤ λk,mk+1 ≤ λmax, (7)

where λmax denotes the maximum assignable cell intensity in the HWCN.
As stated in [28], the CP can be numerically determined using (4), and the OP in

(5) subject to constraints (6) and (7) can be solved by using heuristic approach.

5.2 Power Allocation for an HWCN

Additionally, the per-tier power allocation has a significant impact on the coverage
region of HWCNs, especially in cases where the cell intensities in different propaga-
tion models vary. The OP for achieving maximum CP subject to the per-tier power
allocation can be similarly expressed as in (5). However, given limited total power
(i.e. ∆avail), various assignments of power levels in the tiers lead to different interfer-
ence effects. During temporal periods of high user traffic, the goal is to minimise the
total power consumption in the network to achieve the CP requirement. As a result, a
second OP can be formulated as:

arg min
{∆k,mk

}

K

∑
k=1

Mk

∑
mk=1

λk,mk ∆k,mk (8)

s.t. p̂≥ p̂0, (9)

0 < ∆k,mk ≤ ∆
(max)
k,mk

, (10)

where k = 1,2, . . . ,K, mk = 1,2, . . . ,Mk. p̂0 denotes the CP threshold and ∆
(max)
k,mk

de-
notes the highest power that can be allocated to the BS in the mk-th propagation model
of the k-th tier.

In a similar way for cell intensity allocation, the OP in (8) given the constraints
in (9) and (10) can be solved via a heuristic search.
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5.3 Proposed Time-based Resource Allocation Scheme for HWCN

In this section, a heuristic algorithm is proposed to solve two OPs put forward in
sections 5.1 and 5.2 considering time-varied user traffic. Let ts = 1,2, . . . ,T, denote
the total time spectrum upon which the UE traffic varies. Assuming there exists a
point tn on time T for which 0 ≤ ts ≤ tn represents the period with high UE traffic.
The period of low UE traffic is thus in the range tn +1≤ ts ≤ T . A hybrid OP can be
formulated as follows:

arg max
{λk,mk

}
p̂, if 0≤ ts ≤ tn;

arg min
{∆k,mk

}
∑

K
k=1 ∑

M
mk=1 λk,mk ∆k,mk , otherwise.

(11)

For the period 0 ≤ ts ≤ tn, let us define ξ as a set of all possible permutations
of the per-tier cell intensity in the range [0,λmax] which satisfies the constraint in
(7). The elements in the set ξ can either follow a uniform distribution or a specific
configuration of cells in the HWCN.

For the time interval tn + 1 ≤ ts ≤ T , let β denote a set of all available power
levels for the cells in the range [0,∆k,mk ], k = 1,2, . . . ,K and mk = 1,2, . . . ,Mk.

The proposed TRA algorithm is summarised in Algorithm 1 and is further de-
scribed by a flowchart shown in Fig. 2.

6 Numerical Results

In this section, we present numerical results to investigate the impact of propagation
model/building types, the distribution of the propagation models, heterogeneity via
tier splitting, cell intensity allocation and power allocation on the CP of downlink in
an HWCN. The simulation is carried out in MATLAB for different parameters of the
HWCN to validate the TRA optimisation scheme.

6.1 Impact of Propagation Models

Figure 3 plots the CP for downlink of a three-tier HWCN against a threshold SINR
in the third tier (i.e. τ3) with respect to various propagation models. The threshold
SINR for the first and second tiers are set as 1 dB (i.e. τ1 = τ2 = 1 dB). Also,
all three propagation models (M = 3) are assumed to exist in each tier (i.e. B =
[[1,1,1]T , [1,1,1]T , [1,1,1]T ]T ). All propagation models in the first tier are allocated
a cell power of 25 W, representing the macrocell. On the other hand, the cells in three
propagation models in the second and third tier have pre-set power levels of 1 W, 4
W and 8 W, respectively.

All three propagation models in the first tier are assumed to have a cell intensity
of 1/100. In the second and third tiers, however, the cell intensities are set to 5/200,
25/200 and 40/200 respectively, corresponding to the three propagation models. The
assignment of the cell intensities follows the constraint given in (7). Three scenarios
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Algorithm 1 TRA Algorithm for Downlink in an HWCN
1: ts← all time intervals
2: ∆avail ← total available power in the network
3: if ts = 1 to tn {During peak periods} then
4: ( p̂max, jmax)← (0,0)
5: for k = 1 to K do
6: Find ξk ← all permutations of set ξ satisfying 0 < λk,mk ≤ λk,mk+1 ≤ λmax
7: end for
8: ξ ←{ξk}
9: for j = 1 to |ξ | do

10: ∆sum[ j]← εK
k=1

11: if ∆sum[ j]≤ ∆avail then
12: Find p̂ using (5)
13: if p̂≥ p̂max then
14: p̂max← p̂
15: jmax← j
16: end if
17: end if
18: end for
19: else
20: ∆max← ∞

21: (∆min, imin)← (0,0)
22: Find βA← all possible permutations of set β satisfying the set β

23: for i = 1 to |βA| do
24: Find p̂ using (5)
25: if p̂≥ p̂max then
26: ∆sum← ∑

K
k=1 ∑

M
mk=1[∆k,mk ]iλk,mk

27: if ∆sum ≤ ∆max then
28: ∆min← ∆sum
29: imin← i
30: ∆max← ∆min
31: p̂opt ← p̂
32: end if
33: end if
34: end for
35: end if
Outputs 1:
Optimal cell allocation: {[λk,mk ] jmax}
Maximum CP: p̂max
Total Power Consumption: ∆sum[ jmax]

Outputs 2:
Optimal power allocation: {[∆k,mk ] jmin}
Total power consumption: ∆min
CP: p̂opt

of propagation models are considered, having different sets of path loss exponents as
follows: [2.1, 2.5, 2.9], [2.3, 2.7, 3.1] and [2.5, 2.9, 3.3].

As stated in the third remark in Section 4, the effect of noise on the system is min-
imal and is thus ignored, leaving only an interference-influenced HWCN. In addition,
as shown in Fig. 3, a more lossy propagation model achieves a higher CP, which is in
agreement with the first remark stated in Section 4.
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Fig. 2 Flow Chart of Hybrid Optimisation Scheme

6.2 Impact of Propagation Model Distribution

In Fig. 4, the achieved CP is plotted against threshold SINR in the third tier (i.e.
τ3) considering the impact of propagation model distribution. Similar to Fig. 3, the
threshold SINR for the first and second tier are set as 1 dB. A total of six different
propagation model distributions are considered, all having the path loss exponent of
[2.1, 2.5, 2.9] in each tier with respect the three types of propagation models. For
each distribution, the power of the cells in the first tier is fixed as 25 W, while those
in the second and third tiers are allocated 1 W, 4 W and 8 W with respect to the
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Fig. 5 CP vs τ3 considering tier multiples via splitting

corresponding propagation models. The propagation matrix can be thus expressed as
B= [[1,1,1]T ,BT

2 ,BT
3 ], where B2 = B3 and they are varied as shown in Fig. 4.

Similarly, for each scenario of propagation model distribution, the cell intensity
is set as 1/100 for all three propagation models; whereas, in the second and third
tiers, the cell intensities are [5/200, 25/200, 40/200], [50/400, 90/400, 0], [70/200, 0,
0], [60/400, 0, 80/400], [0, 50/400, 90/400] and [0, 0, 70/200], corresponding to the
variations in B2 and B3.

The analysis of the results in Fig. 4 leads to the following observations:

1. The propagation model B3 = [1,0,0] having a higher cell intensity allocated to
the propagation environment with the least path loss exponent yields the lowest
CP, whereas the propagation model B3 = [0,0,1] in which a higher cell intensity
is allocated to the more lossy propagation model yields the highest CP.

2. Allocation of cell intensities in increasing order of path loss exponent in the prop-
agation model yields a better performance as seen in B3 = [1,1,1], B3 = [0,1,1]
and B3 = [0,0,1]. This verifies the second remark given in Section 3.2.

6.3 Impact of Tier Heterogeneity

To investigate the effect of tier heterogeneity on the coverage area of HWCNs via
tier splitting, Fig. 5 plots CP against the threshold SINR in the last tier (i.e. τK),
considering several multiples of tiers (i.e. K). The threshold SINR in the K-th tier is
varied in each case while keeping the threshold SINR of the remaining tiers fixed at
τk = 1 dB, k = 1,2, . . . ,K−1.
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Three scenarios of K = {2,3,4} are considered, each of which experience three
propagation models with path loss exponent of [2.1, 2.5, 2.9]. The cells in the first
tier have a power and cell intensity allocation of 25 W and [1/100, 1/100, 1/100],
respectively. For K = 2, the cells in the second tier are allocated power of [1 W, 4 W,
8 W] with intensity of [5/100, 25/100, 40/100] corresponding to the three propagation
models. For simplicity, the third tier in the scenario of K = 3 is derived by splitting
the second tier of the first scenario (i.e. K = 2) into two halves (i.e. λ

(K3)
2 = λ

(K3)
3 =

[5/200,25/200,40/200]). Similarly, the third scenario of K = 4 is a derivative of the
second scenario of K = 3 by keeping the first two tiers the same and splitting the third
tier into two halves (i.e. λ

(K4)
3 = λ

(K4)
4 = [5/400,25/400,40/400]).

It can be observed in Fig. 5 that an increase in the number of tiers leads to an
overall improvement in the network performance. For example, when a threshold
SINR of 12 dB is required in the lowest tier, a CP of 54% is achieved in a four-tier
HWCN, whereas a two-tier HWCN provides a CP of only 27%. This result verifies
the benefit derived from using small cells in the HWCNs.

6.4 Impact of Cell Intensity Allocation

Investigating the impact of cell intensity allocation on the CP of a three-tier HWCN,
Fig. 6 plots the achieved CP against threshold SINR in the third tier (τ3), considering
various cell intensity allocations. The threshold SINR in the first two tiers are set as
1 dB. For the investigation, five different cell intensity distributions are considered as
shown in Fig. 6. Similar to the simulation parameters used in Section 6.1, all three
propagation models (i.e. M = 3) are assumed to exist in each tier (i.e. B = [[1,1,1]T ,
[1,1,1]T , [1,1,1]T ]T ). The per-tier cell power of all propagation models in the first
tier is set as 25 W. The second and third tiers are pre-set with power levels of 1 W, 4
W and 8 W, respectively, corresponding to the three propagation models for all cell
intensity distributions.

The results in Fig. 6 show that a higher CP is achieved for a cell configuration
having higher cell intensity allocated to the propagation model with the higher path
loss. For instance, when a threshold SINR of 10 dB is required in the third tier, the cell
configuration with higher cell intensity allocated to the propagation model with the
lowest path loss achieves a CP of 30%, while the cell configuration which allocates
higher cell intensity to the propagation model with the highest path loss achieves the
highest CP of 47%. This again verifies the second remark observed in Section 4.

6.5 Impact of Per-Tier Power Allocation

The impact of per-tier power allocation on CP is illustrated in Fig. 7 where the CP
is plotted versus threshold SINR in the third tier considering different per-tier power
allocations and simulation parameters as outlined in Table 1.

For a threshold SINR of 10 dB in the third tier (i.e. τ3 = 10 dB) with a fixed cell
intensity of [5/200, 25/200, 40/200] and a propagation model with path loss exponent
of [2.1, 2.5, 2.9], allocating a higher power in the propagation model with the lowest
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Table 1 Simulation parameters for impact of power allocation

Case
First Tier Second & Third Tier

∆1 λ1 ∆2,m ∆2,m

∆
(1)
k,mk

25 1/100 [1, 4, 8] [5/200, 25/200, 40/200]

∆
(2)
k,mk

25 1/100 [1, 8, 4] [5/200, 40/200, 25/200]

∆
(3)
k,mk

25 1/100 [4, 1, 8] [25/200, 5/200, 40/200]

∆
(4)
k,mk

25 1/100 [4, 8, 1] [25/200, 40/200, 5/200]

∆
(5)
k,mk

25 1/100 [8, 1, 4] [40/200, 5/200, 25/200]

∆
(6)
k,mk

25 1/100 [8, 4, 1] [40/200, 25/200, 5/200]

path loss (i.e. ∆3,m3 = [8,4,1]) yields a CP of 32%. When higher power is assigned
to the second propagation model, (i.e. ∆3,m3 = [4,8,1]), the CP increases to 34%.
Finally, when higher power is allocated to the propagation model with the highest
path loss (i.e. ∆3,m3 = [1,4,8]), a CP of 43% is achieved. The result shows that the
assignment of power in the various cells has a significant impact on the CP due to the
differences in path loss and cell intensity in the various tiers.
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Fig. 7 CP vs τ3 considering different power allocations

6.6 Resource Allocation Optimisation

This section presents the results and analysis of the proposed TRA algorithm. Cell
intensity optimisation and power consumption minimisation are first analysed in Sec-
tions 6.6.1 and 6.6.2, respectively. The analysis of the hybrid optimisation scheme
with the TRA is then presented in Section 6.6.3.

6.6.1 Simulation Results for Cell Allocation Optimisation Scheme

Considering the impacts of cell intensity allocation as shown in Fig. 6 and taking the
power constraint into account, Figs. 8 and 9 show the relationship between the maxi-
mum CP (i.e. p̂), total available power per unit area (i.e. ∆avail) and the sum of power
required by the tiers per unit area (i.e. ∆req) in an HWCN. The simulation compares
two schemes: the heuristic cell optimisation scheme and the equal cell intensity al-
location scheme. The threshold SINR and per-tier power for the first and second tier
are set as {1 dB, 30 W} and {10 dB, 1 W}, respectively. The first tier is allocated
with a cell intensity of [1/100, 1/100, 1/100], while the second tier (i.e. λ2) is set in
the range [0.1, 1] in a bid to determine the optimal cell allocation which achieves a
maximum CP.

Figures 8 and 9 indicate that at specific values of the total available power con-
straint, a higher CP is achieved while also utilising a lower total required power in
the cells. In particular, from Fig. 8, given a power constraint of 3.2Wm−2, a maxi-
mum CP of 42% can be achieved using the proposed optimisation scheme, whereas
the fixed cell allocation scheme only achieves a CP of only 35%. Moreover, Figure 9
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shows that the proposed optimisation scheme only requires a power of 3Wm−2 to
achieve the maximum CP, while the equal cell allocation scheme could reach as high
as 3.6Wm−2. The result obtained accordingly shows that the proposed optimisation
scheme can achieve up to a 20% increase in CP with a lower energy when compared
with the equal cell allocation scheme.

6.6.2 Simulation Results for Power Allocation Optimisation Scheme

Following the analysis of the impact of power allocation on CP in Section 5.2, it
is observed that the CP of a typical HWCN is affected by the allocated per-tier
power. One of the objectives of this paper is the minimisation of the total power
to achieve a threshold CP during periods of minimal user traffic. In this section, the
proposed heuristic power allocation algorithm is compared with three equal power
allocation schemes. For all the schemes, the cells in the first tier are assigned a
power of 25 W with an intensity of λ1 = [1/100,1/100,1/100]. For the second
tier, the three equal power allocation schemes are allocated a cell intensity of λ2 =

[5/100,25/100,40/100] and a power allocation of ∆
(equal1)
2 = [1,1,1], ∆

(equal2)
2 =

[4,4,4] and ∆
(equal3)
2 = [8,8,8], whereas for the proposed optimisation scheme, the

power of the cells in the second tier is chosen from a permutation of the set [1,4,8]
to obtain the optimal power settings to exceed a threshold CP.

Figure 10 shows that when an appropriate power allocation scheme is applied, the
required threshold CP can be achieved while saving energy. For example, to achieve a
threshold CP (i.e. p̂) of 0.32 and 0.34, the equal power allocation scheme ∆

(equal2)
k,mk

=

[25;4,4,4] and ∆
(equal3)
k,mk

= [25;8,8,8] require a power allocation of 3.55Wm−2 and
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6.35Wm−2 respectively, whereas using the proposed heuristic allocation scheme which
assigns a power level of ∆

(opt)
k,mk

= [25;1,4,1] and ∆
(opt)
k,mk

= [25;1,1,4] only require a
total power per area of 2.35 Wm−2 and 2.8 Wm−2, respectively. The results obtained
show that over 33% of the total power consumption can be saved using the proposed
heuristic algorithm as compared to an equal power allocation scheme. Minimising
power consumption not only saves cost for the network operators but is also environ-
mentally friendly.

6.6.3 Proposed Hybrid Resource Optimisation Scheme
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Fig. 11 CP and Power Consumption vs Time considering different RAs

This section presents the numerical results and analysis to justify the effective-
ness of the proposed TRA optimisation scheme. Fig. 11 presents the result of the
comparison between the TRA scheme and equal RA scheme in a two-tier HWCN.
Considering time-based variations in user traffic, the simulation divides a 24-hour
timescale into eight different time intervals, each of which has a different resource
constraint as shown in Table 2. The goal in the first four timeslots is to maximise CP
given a constraint in the total power, which simulates the peak period of user traffic.
On the other hand, the goal in the last four timeslots is to optimise the allocation of
per-tier power levels to minimise the total power consumption, which represents the
off-peak period.

The threshold SINRs for the first and second-tier are set to be 1 dB and 10 dB,
respectively, with a cell intensity of [1/100, 1/100, 1/100] for all the schemes under
comparison. The per-tier power allocation for the equal RA scheme is set as 30 W in
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Table 2 Time vs Resource Constraint for two-tier HWCN

Time Resource Constraint

t1 = 0h ∆ = 2.4Wm−2

t2 = 3h ∆ = 2.6Wm−2

t3 = 6h ∆ = 2.8Wm−2

t4 = 9h ∆ = 3.0Wm−2

t5 = 12h p̂ = 30%

t6 = 15h p̂ = 28%

t7 = 18h p̂ = 26%

t8 = 21h p̂ = 24%

Table 3 Simulation Parameters for Cell Intensity Optimisation

Parameter First Tier Second Tier

Pathloss, αk,mk [2.1, 2.5, 3.1] [2.1, 2.5, 3.1]

Threshold SINR, τk,mk 1 dB 10 dB

Power in tiers, ∆k,mk (W ) 30 [1, 1, 1]

Cell intensity, λk,mk 1/100 [λopt1 ,λopt2 ,λopt3 ]

the first tier and the second tier is allocated [1, 1, 1], [4, 4, 4] and [8, 8, 8], respectively,
corresponding to the three equal RA schemes with three propagation models.

For the first OP of maximising CP, the cell intensities for the second tier of the
equal RA schemes are calculated based on the total available power, the product of
the cell intensity and power in the first tier as well as the given power in the second
tier. The simulation parameters used for the cell optimisation scheme are outlined in
Table 3.

For the second OP of minimising total power consumption, the cell intensities for
the second tier of the equal RA schemes are set as [5/100, 25/100, 40/100] for all
schemes corresponding to the three propagation models. The simulation parameters
for the power optimisation scheme are outlined in Table 4.

From Fig. 11 and the constraint given in Table 2, during the time slot t3 = 6h,
the intended goal is to achieve the highest CP given a total available power constraint
of ∆ = 2.8Wm−2. The equal RA scheme with ∆

(equal3)
2 = [8,8,8] can only allocate

a cell intensity of λ
(equal3)
2 = [8/100,8/100,8/100] due to the power constraint and

also achieved a low CP of 14.84%. The equal RA scheme with ∆
(equal2)
2 = [4,4,4]

is able to allocate more cells (λ (equal2)
2 = [63/100,63/100,63/100]) following on the

total available power constraint. A higher CP of 37.7% is achieved using this scheme.
However, the proposed scheme achieved the highest CP of 47.6%.
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Table 4 Simulation Parameters for Power Allocation Optimisation

Parameter First Tier Second Tier

Pathloss, αk,mk [2.1, 2.5, 3.1] [2.1, 2.5, 3.1]

Threshold SINR, τk,mk 1 dB 10 dB

Cell intensity, λk,mk 1/100 [λopt1 ,λopt2 ,λopt3 ]

Power in tiers,
∆k,mk (W )

∆
(opt)
k,mk

30 [∆opt1 ,∆opt2 ,∆opt3 ]

∆
(opt)
k,mk

30 [1, 1, 1]

∆
(opt)
k,mk

30 [4, 4, 4]

∆
(opt)
k,mk

30 [8, 8, 8]

Also, for the time slot t6 = 15h, the goal is to minimise total power consump-
tion while achieving a threshold CP p̂ = 28%. The first equal RA scheme ∆

(equal1)
2 =

[1,1,1] has the lowest power consumption but could not achieve the required thresh-
old CP. The second and third equal RA schemes can exceed the target CP but they
require a total power of 3.7Wm−2 and 6.5Wm−2, respectively. Finally, using the pro-
posed optimisation scheme, the threshold CP is achieved and it requires only a total
power of 2.35Wm−2 by allocating a power allocation of ∆

(opt)
2 = [1,4,1] in the second

tier.

7 Conclusion

Heterogeneous Wireless Cellular Network (HWCN) is a research area of both current
and future wireless cellular networks because of the various advantages it offers. A
lot of research have been carried out to tackle the various issues identified in HWCNs
such as management of the inter-cell interference, load balancing across tiers, spectral
efficiency, EE, and maximising CP. This research focuses more on minimising power
consumption and maximising coverage area based on the identified variations in user
traffic across time.

Energy consumption and coverage area are two major areas which are beneficial
to a wide range of cellular network stakeholders. Minimising the power consump-
tion not only saves cost for the network operators, but also benefit the environment,
especially with the growing concerns regarding global warming. On the other hand,
improving CP is beneficial for mobile users, which in turn improves business for the
network operators.

In this research, the impact of various factors, such as the propagation model,
cell intensity as well as power allocation, on the CP of a typical HWCN have been
analysed. Heuristic algorithms have been proposed to solve the two identified OPs of
maximising CP during periods of peak user traffic and minimising power consump-
tion during off-peak periods. The simulation results have shown that the proposed
scheme achieves a higher coverage of up to 25% during the peak periods and a power
saving of up to 57% during the off-peak period compared to the scheme in which
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the resources are equally allocated. The future work would be the investigation of
employing the proposed TRA for the downlink in practical HWCNs.
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