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In this paper, we introduce nonoverlay microcell/macrocell planning that is optimally designed for improving energy efficiency
of the overall heterogeneous cellular network. We consider two deployment strategies. The first one is based on a fixed hexagonal
grid and the second one is based on a stochastic geometry. In both of our models, microcells are placed in those areas where
the received signal power levels of macrocell common pilot channels are below a certain threshold. Thus, interference between
microcells and macrocells is minimized. As a result, addition of microcells increases the achieved number of bits per unit energy.
Under such deployment assumptions, we investigate the effects of certain parameters on the energy efficiency. These parameters
include the user traffic, the Intersite Distance (ISD), the size of microcells and the number of microcells per macrocell for the grid
model, and macrocell density and microcell density for the stochastic model. The results of our performance analyses show that
utilizing microcells in a sparse user scenario is worse for the energy efficiency whereas it significantly improves both energy and
spectral efficiencies in a dense user scenario. Another interesting observation is that it is possible to choose an optimum number
of microcells for a given macrocell density.

1. Introduction

For a long period of time, the main concern of cellular
systemswas to increase the spectral efficiency. Among several
others, one way to increase the spectral efficiency is to overlay
microcells on the existing macrocell coverage area. This
two-tier approach guarantees the coverage and increases the
spectral efficiency of the users that are close to microcell
stations. However, the downside of this approach is that the
energy efficiency of the network gets worse by the addition of
new overlaid microcells.

Over the last couple of years, the energy efficiency of
cellular networks has been an increasing concern because
of its environmental and operational cost effects. In order
to improve the energy efficiency, several solutions are pro-
posed in the literature. Detailed approach to general energy
efficiency problem can be found in [1–5] and the references
therein.

The performance of an energy efficiency analysis depends
strongly on the definition of energy efficiency metric [6].

Area power consumption and bit per joule are the two most
common energy efficiency metrics that are considered in the
literature. Similar to [7–10], we considered area power con-
sumption metric in some previous studies [11, 12]. However,
other studies report that bit per joule metric captures the
energy efficiency in high-load conditions better than area
power consumption metric [2]. In the literature, there are
several works where the authors employed bit per joule as
their efficiencymetric [13–17].We also use bit per joulemetric
in this study, since our focus is to obtain energy efficient
methods for increasingly high demands of spectral efficiency.

Another important concept in the energy efficiency anal-
ysis of heterogeneous cellular networks is the base station
deployment model. In the literature, generally, two different
models are used to determine the locations of base stations:
fixed hexagonal grid model and Poisson Point Process (PPP)
based stochastic geometrymodel. Although stochastic geom-
etry models are better fit to real base station deployments,
fixed hexagonal grid models can provide a better insight to
the mathematical problem.
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In [7–12], fixed hexagonal grid model is employed and
area power consumption metric is used for energy efficiency
comparison. The authors in [7, 8] find the optimum ISD
between macrocells when several microcells are overlaid on
the macrocell coverage area. However, in such a scenario,
microcell addition always increases the total power con-
sumption of the system because of the overlay structure. In
[9], overlaid microcells or reduced range omnidirectional
macrocells are turned on and off depending on a traffic
model. The authors find the optimum ISD for a range of
path loss exponent values. In [10], microcell base station
planning is considered; however the optimization problem
is to minimize the number of microcell base stations over a
set of candidate microcell base station positions and a traffic
constraint. Therefore, improving energy efficiency is not the
main goal in [10]. In [11, 12], we found optimum ISD in a
nonoverlay microcell deployment.

There are also some studies that consider bit per joule
metric for energy efficiency analysis. In [13, 15], the authors
consider a single cell OFDMA network and investigate the
trade-off between spectral efficiency and bit per joule energy
efficiency. In [16, 17], the authors extend their results to
a case where there is a single macrocell base station with
several uniformly overlaid small cells and to multiple input
multiple output (MIMO) broadcast channels, respectively.
In a multicell scenario and for a fixed grid, [14] assumes a
homogeneous network deploymentwithmicrocell or picocell
base stations and calculates the effect of backhaul power
consumption on the bit per joule energy efficiency. In [18], we
considered a heterogeneous network with a fixed hexagonal
grid and showed that bit per joule energy efficiency increases
with increasing number of microcells.

Stochastic geometry based models are considered in [19–
22]. In [19], macrocells are located according to a PPP in
a Euclidean plane. The authors consider only homogeneous
macrocell networks, and their goal is to find tractable cov-
erage and rate expressions. These mathematical analyses of
coverage and average rates are extended to heterogeneous
networks in [20]. The model in [21] assumes a single macro-
cell and several small cells that are distributed according to
a PPP. The authors find the optimal density of small cells
that maximize energy efficiency. Similar results for multicell
overlaid heterogeneous networks are derived in [22], where
energy efficiency metric is area power consumption.

In this paper, we improve the energy efficiency through a
nonoverlay planning of heterogeneous networks. We deploy
microcells at the locations where the received signal strength
is expected to be relatively low. In the fixed grid model, the
microcell locations are chosen to be the cell edges of the
hexagonal cell site. In the stochastic geometry model, we
employ a two-stage deployment. In the first stage, macrocells
are placed according to a PPP and the coverage regions are
determined. In the second stage, we detect the regions where
the received signal strength is lower than a certain limit.
Then, we place the microcells on those regions according to a
separate PPP and update the coverage regions.

Due to the nonoverlay nature of our deployment, a mac-
rocell base station saves power when microcells are deployed
in a site. Using this model, we calculate the energy efficiency

as a function of ISD (or macrocell density), the number of
microcells (or microcell density), and the size of microcells.
For power consumption modeling, we use comprehensive
power consumption models that are introduced in [23].
We consider bit per joule as our energy efficiency metric.
Through our simulations, we observe that deploying micro-
cells simultaneously increases both energy efficiency and
spectral efficiency. Also, we conclude that it is possible to
choose intervals for ISD (or macrocell density) and number
of microcells (or microcell density) that improves the energy
efficiency the most.

2. System Model

In this paper, our goal is to improve the energy efficiency
of a nonoverlay heterogeneous cellular network without
compromising the spectral efficiency. Here, “heterogeneous
cellular network” refers to a single technology network that
contains different sizes of base stations. We assume a fixed
coverage constraint that guarantees that a certain minimum
percentage of a service area is covered. In addition, we assume
that all base stations work under full-load condition.

In order to investigate the heterogeneous networks in
terms of energy and spectral efficiency, we use two different
models for base station deployment: a fixed hexagonal grid
model and a stochastic geometry based model. In the first
model, we consider a hexagonal grid of macrocells where
each macrocell receives interference from a tier of neighbor-
ing macrocells. Due to the nonoverlay nature of microcell
deployment and in order to save power, the radius of amacro-
cell might get smaller as the number of microcells increases.
This can be observed in Figures 1(a), 1(c), and 1(e), where
the coverage constraint is 100% for all subfigures. ISD deter-
mines the hexagonal cell size, and coverage area determines
the macrocell radius, 𝑅𝑚 (see Figure 1(a)). Microcells are
deployed along the edges of the hexagons (see Figures 1(c)
and 1(e)). Our goal is to analyze the energy efficiency of such
a deployment over certain parameters like ISD, number of
microcells, and microcell radius. We also consider different
user densities in order to observe the effect of microcell
utilization. In the sparse scenario, we have 5 users/km2,
whereas in the dense scenario, we have 100 users/km2.

In the second model, we use two separate Poisson point
processes for macrocells and microcells with densities of 𝜆𝑀
and 𝜆𝜇, respectively. A 10 × 10 km2 area is chosen for the
analysis. First, macrocells are located with the density of 𝜆𝑀
and the coverage regions are determined according to the
received signal strength from the common pilot channel (see
Figure 1(b)). A point is said to be covered if the received signal
strength from the pilot channel of the closest base station is
above a certain limit, namely, 𝑃𝑐. The allocated power ratio
for the pilot channel is 10% of the total power budget of each
base station. If the pilot channel power is not enough to satisfy
the coverage condition for a particular scenario, we increase
the pilot signal strength by a step size of 2% of total power
budget. At the second stage, the regions forwhich the received
signal strength is lower than another certain limit, namely,𝑃𝜇,
are detected. Then, microcells are deployed on those regions,
with the density of 𝜆𝜇, and the coverage regions are updated
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(a) Grid model, homogeneous deployment
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(b) PPP model, homogeneous deployment
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(c) Grid model, 2 microcells per site
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(d) PPP model, 2 microcells per site
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(e) Grid model, 8 microcells per site

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

D
ist

an
ce

 (m
)

500 1000 1500 2000 2500 3000 3500 4000 4500 50000
Distance (m)

Macrocell locations
Microcell locations

Macrocell coverage regions
Microcell coverage regions

(f) PPP model, 8 microcells per site

Figure 1: Examples of macrocell and microcell deployment.
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Table 1: Urban macrocell and microcell path loss models.

Path loss Shadowing𝜎(10 log 𝜉) Fast fading
margin (𝜁)

Urban
macrocell

LOS PL = 22 log(𝑟) + 28 + 20 log(𝑓𝑐)
PL = 40 log (𝑟1) + 7.8 − 18 log (ℎBS) − 18 log (ℎUT) + 2 log(𝑓𝑐)

10 < 𝑟 < 𝑟BP𝑟BP < 𝑟1 < 5000 4 dB

2 dB
NLOS

PL = 161.04 − 7.1 log (𝑊) + 7.5 log (ℎ) − (24.37 − 3.7 ( ℎℎBS )
2) log (ℎBS) +

(43.42 − 3.1 log (ℎBS)) (log (𝑟) − 3)+20 log (𝑓𝑐)−(3.2 log (11.75ℎUT))2−4.97 10 < 𝑟 < 5000 6 dB

Urban
microcell

LOS PL = 22 log(𝑟) + 28 + 20 log(𝑓𝑐)
PL = 40 log (𝑟1) + 7.8 − 18 log (ℎBS) − 18 log (ℎUT) + 2 log(𝑓𝑐)

10 < 𝑟 < 𝑟BP𝑟BP < 𝑟1 < 5000 3 dB

NLOS PL = 36.7 log(𝑟) + 22.7 + 26 log(𝑓𝑐) 10 < 𝑟 < 2000 4 dB

(see Figures 1(d) and 1(f)). It is important to note that 𝑃𝜇 is
always larger than𝑃𝑐.Thus, the regions that can be covered by
macrocells shrink as it is in the grid model. By this method,
we keep nonoverlaying structure as much as possible.

2.1. Power Consumption Models. For an accurate energy
efficiency analysis, a power consumption model needs to
include power consumed at the base stations due to signal
processing, cooling, network transmission, and so forth, in
addition to the Radio Frequency (RF) transmitted power.
Themore detailed power consumption modeling is done, the
more accurate our analysis will become.

The RF transmit power is allocated mainly between the
common pilot channel and the traffic channels.The common
pilot channel received power determines the coverage area
and traffic channel received power determines the data rate
that is provided to the mobile stations. In order to calculate
the received power at the mobile stations, we consider
deterministic path loss, shadowing, and fast fading effects.
The received signal strength (in dB scale) is given as a
function of the distance between transmitter and receiver, 𝑟,
as

𝑃rx (𝑟) = 𝑃tx − PL (𝑟) − 𝜉 − 𝜁, (1)

where 𝑃tx is the transmitted signal strength, PL(𝑟) is the path
loss, 𝜉 is the log-normal shadowing variable, and 𝜁 is the
random fast fading variable. For our coverage calculations,
we use urban macrocell and microcell path loss models,
shadowing variance, fast fading margin, carrier frequency,
and antenna height values that are given in [24]. In Table 1,
a complete summary of our propagation model is given.

In this model, the Line of Sight (LOS) probability for a
macrocell, Pr𝑀(LOS), is [24]

Pr𝑀 (LOS) = min {18𝑟 , 1} (1 − 𝑒−𝑟/63) + 𝑒−𝑟/63, (2)

and the LOS probability for microcells, Pr𝜇(LOS), is [24]

Pr𝜇 (LOS) = min {18𝑟 , 1} (1 − 𝑒−𝑟/36) + 𝑒−𝑟/36, (3)

where 𝑟 is the distance between the user and serving base
station.

As stated above, RF transmit power is only a frac-
tion of the total power consumed by a base station. In

order to include the effects of baseband signal processing,
transmission, cooling, and so forth, we consider the power
consumption model that is introduced in [23] as follows:

𝑃𝑖 = 𝑁TX,𝑖 (𝑃0,𝑖 + Δ 𝑖𝑃tx,𝑖) , 0 < 𝑃tx,𝑖 ≤ 𝑃max,𝑖 (4)

where 𝑖 = 𝑀 and 𝑖 = 𝜇 correspond to macrocells and micro-
cells, respectively; 𝑁TX,𝑖 is the number of transceiver chains,𝑃0,𝑖 is the power consumption at zero RF output power, Δ 𝑖
is the slope of the load dependent power consumption, and𝑃max,𝑖 is the maximum power budget of base stations. Here,
the constant term 𝑃0,𝑖 includes power consumed at the base
stations due to signal processing, cooling, backhaul, and so
forth.

2.2. Energy Efficiency Metric. In literature, area power con-
sumption is frequently used as an efficiency metric for
wireless cellular networks. It is defined as the ratio of the total
power consumption and the total service area of a network.
Thismetric has the advantage of capturing the size of the total
service area. However, it cannot capture the effect of the total
data rate that is provided in the same service area. In order
to capture both effects, in this work, we consider the ratio
of area spectral efficiency to area power consumption as our
performance metric

EE = Area Spectral Efficiency
Area Power Consumption

(bits/s/Hz/km2
Watts/km2

= bits/joule/Hz) .
(5)

Area power consumption is the per unit area total power
consumed by all base stations and is calculated by summing
(4) over all macrocell and microcell base stations in a given
service area. Area spectral efficiency was defined as the total
data rate per unit area andper unit bandwidth that is provided
by a base station in [25]. Since there are many base stations in
a service area, we use the following formula [8] to evaluate
the total area spectral efficiency:

ASE = ∑
𝑖

𝑆𝑖 Pr {𝑁𝑖 > 0} , (6)

where the summation is over all macrocell andmicrocell base
stations, 𝑆𝑖 is the area spectral efficiency of base station 𝑖, and
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Table 2: Parameters for path loss models.

Urban macrocell Urban microcell
𝑃𝑐 (receiver sensitivity) −120 dBm 𝑃𝑐 (receiver sensitivity) −120 dBm𝑓𝑐 (carrier frequency in GHz) 2.4 GHz 𝑓𝑐 (carrier frequency in GHz) 2.4GHzℎBS (base station antenna height) 25 m ℎBS (base station antenna height) 10mℎUT (user terminal antenna height) 1.5m ℎUT (user terminal antenna height) 1.5mℎBS (effective BS antenna height) 24m ℎBS (effective BS antenna height) 9mℎUT (effective UT antenna height) 0.5m ℎUT (effective UT antenna height) 0.5m𝑟BP (break point distance) 4ℎBSℎUT𝑓𝑐/𝑐m 𝑟BP (break point distance) 4ℎBSℎUT𝑓𝑐/𝑐mℎ (average building height) 20m𝑊 (street width) 20m

𝑁𝑖 is the number of uniformly distributed users in the service
area of base station 𝑖.

The area spectral efficiency of a particular base station, 𝑆𝑖,
is the per unit area total achievable data rate that is calculated
over the users in the service area of that base station, and it is
given as

𝑆𝑖 = 1𝐴𝐶E[ 𝑁𝑖∑
𝑢=1

log2 (1 + 𝛾𝑢 (𝑟𝑢𝑖))] , (7)

where 𝛾𝑢(𝑟𝑢𝑖) is the Signal to Interference and Noise Ratio
(SINR) of user 𝑢, 𝑟𝑢𝑖 is the distance of user 𝑢 to base station 𝑖,
and 𝐴𝐶 is the total service area.

Here, we assume a universal frequency reuse. In other
words, all signals from adjacent macrocells and microcells to
base station 𝑖 contribute to the interference level. As a result,
we define the SINR level of user𝑢 that is served by base station𝑖 as

𝛾𝑢 (𝑟𝑢𝑖) = 𝑃rx,𝑢 (𝑟𝑢𝑖)∑𝑗 ̸=𝑖 𝑃rx,𝑢 (𝑟𝑢𝑗) + 𝑃𝑁 , (8)

where 𝑃rx,𝑢(𝑟𝑢𝑖) is the received power level from base station𝑖 to user 𝑢 and it can be calculated using (1).

3. Hexagonal Grid Model

In this section, we calculate the energy efficiency perfor-
mance of hexagonal grid deployment model over downlink
channels using Monte Carlo simulations. We generate a large
number of uniformly distributed users in the service area.
Then, we calculate energy efficiency and spectral efficiency
of the network as a function of ISD, number of microcells,
user density, and microcell size. We assume that the coverage
constraint is 95%. We consider the macrocell ISD to be from
500 m to 1500 m in order to reflect typical macrocell sizes.
The parameters that we use in power consumption model
are given as the following: 𝑁TX,𝑀 = 6, 𝑃0,𝑀 = 130 Watts,Δ𝑀 = 4.7, 𝑃max,𝑀 = 20 Watts, 𝑁TX,𝜇 = 2, 𝑃0,𝜇 = 56 Watts,Δ 𝜇 = 2.6, and 𝑃max,𝜇 = 6.3 Watts [23]. In addition, path loss
parameters are given in Table 2 [24].

In Figure 2, we plot the energy efficiency of several
microcell density scenarios with respect to ISD. We assume
that the size of a microcell is 20% of the size of a macrocell.

We start with the sparse scenario with user density of 5
users/km2. First observation of Figure 2(a) is that the energy
efficiency improves with increasing ISD, except for the homo-
geneous scenario. However, deploying microcells results in
a worse energy efficiency under sparse user assumption
and for low ISD values. This is basically a result of many
microcells operating under no load condition but spending
considerable amount of power just to stay on. For low
ISD values, the power of those microcells with no users
contributes negatively (in the form of interference) to the
spectral efficiency of neighbor cells but does not provide
spectral efficiency for its own cell.Therefore we conclude that
utilizing microcells for low traffic areas is not necessary in a
fixed hexagonal deployment with small ISD.

Next, we analyze the performance of a dense user sce-
nario with 100 users/km2. We observe in Figure 2(b) that,
similar to sparse user case, the energy efficiency improves
with increasing ISD. However, for a given ISD, the energy
efficiency is much better in dense user case than it is in sparse
user case. The reason for this is that most microcells are fully
utilized under dense user scenarios. Another observation is
that the energy efficiency is not monotonic in the number of
microcells. After some point, adding more microcells does
not further improve the energy efficiency. Therefore, there
must be an optimum number of microcells as a function of
user traffic in a given area. For the scenario in Figure 2(b),
8microcells/site is almost 5 times more energy efficient than
macrocell-only network.

In a dense user scenario increasing the number of nono-
verlay microcells improves the energy efficiency, because
macrocells shrink their coverage area in order to save some
transmission power and do not spent power to service cell
edge users. However, we should also investigate how much
this approach affects the spectral efficiency. We first consider
the sparse scenario with 5 users/km2. In Figure 3(a), we
observe that the spectral efficiency decreases with increasing
ISD. The reason for this is the decrease in expected received
signal strength with the increase in cell size. For the pure
macrocell case, the decrease in spectral efficiency is much
faster. We also observe that 8 microcells/site is the most
spectral efficient scenario. In this analysis we do not include
higher microcell densities than 11 microcells/site, because
the microcells start to overlap considerably when we deploy
more than 11 microcells per site. Next, we consider a dense



6 Wireless Communications and Mobile Computing

×10
−3

2

3

4

5

6

7

8

9

10

En
er

gy
 effi

ci
en

cy
 (b

its
/H

z/
J)

600 700 800 900 1000 1100 1200 1300 1400 1500500
ISD (m)

Pure macrocell
1 microcell per site
2 microcells per site
3.5 microcells per site

5 microcells per site
8 microcells per site
11 microcells per site

(a) 5 users/km2

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

En
er

gy
 effi

ci
en

cy
 (b

its
/H

z/
J)

600 700 800 900 1000 1100 1200 1300 1400 1500500
ISD (m)

Pure macrocell
1 microcell per site
2 microcells per site
3.5 microcells per site

5 microcells per site
8 microcells per site
11 microcells per site

(b) 100 users/km2

Figure 2: Energy efficiency for 20% microcell size.
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Figure 3: Area spectral efficiency for 20% microcell size.

scenario with 100 users/km2. In Figure 3(b), we again observe
that the spectral efficiency decreases with increasing ISD.
However, it is important to note that the area spectral
efficiency significantly increases with the increasing user
density.

Spectral efficiency results confirm that utilizing nonover-
lay microcells is beneficial under dense user scenarios.

Combining this with the energy efficiency performance,
we conclude that utilizing nonoverlay microcells improves
both spectral efficiency and energy efficiency under high
user traffic conditions. On the other hand, increasing ISD
improves energy efficiencywhile it reduces spectral efficiency.
In the remaining analysis, we fix the ISD at 500 m to achieve
the highest possible spectral efficiency.
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Figure 4: The effect of the number of microcells when ISD = 500 m and microcell size is 20%.
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Figure 5: The effect of microcells size for ISD = 500 m and dense user scenario.

In order to determine the optimum number of microcells
per site, we plot the energy efficiency and spectral efficiency
graphs with respect to the number of microcells in Figure 4.
Once again we observe that addition of microcells hurts the
energy efficiency for sparse user scenario. For dense user
scenario, 8 microcells per macrocell result in the maximum
energy efficiency (see Figure 4(a)). When we observe the
spectral efficiency in Figure 4(b), we conclude that 8 micro-
cells per macrocell is the best choice when the microcell
size is 20% of the hexagon size. It is important to note that

8 microcells per site is not an arbitrary number. It is the
minimum number of microcells per site that can be deployed
around the hexagon site without any gaps betweenmicrocells
(see Figure 1(e)).

A natural question to ask at this point is how the energy
efficiency and spectral efficiency are affected by the ratio of
hexagonal site size to microcell size. In a dense user scenario
and for the best energy efficiency and spectral efficiency, we
observe in Figure 5 that themicrocell radius should be 30% of
the macrocell radius when the number of microcells per site
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Figure 6: The effect of user density for ISD = 500m, microcell size of 20%, and the number of microcells = 8.

is less than 5. On the other hand, microcell radius should be
20% of the macrocell radius when the number of microcells
is larger than 5. Finally, we observe that the combination of
having 8 microcells per site and microcell size of 20% seems
to be the best scenario in terms of both energy efficiency and
spectral efficiency.

Finally, we fix the best combination that is mentioned
above and in Figure 6 and plotted the energy efficiency
and spectral efficiency as a function of user density. We
observe that both energy efficiency and spectral efficiency
are monotone increasing functions of the user density. In
this fixed hexagonal structure, idle microcells are the main
reason of having worse energy efficiency. As the user density
increases, the probability of having idle microcells decreases.

4. Stochastic Geometry Based Model

In this section, we calculate the energy efficiency perfor-
mance of stochastic geometry based deployment model
over downlink channels using Monte Carlo simulations. As
described in Section 2, locations of macrocell and microcell
base stations are determined according to separate Poisson
point processes with 𝜆𝑀 and 𝜆𝜇. In order to compare the
results of the fixed grid and stochastic geometry based
models, each 𝜆𝑀 in the stochastic geometry model is chosen
so that the number of macrocells per unit area is the same
in both models. In a similar manner, each 𝜆𝜇 is evaluated
by multiplying 𝜆𝑀 with the ratio of number of microcells
to the number of macrocells in the grid model. Similar to
the fixed grid case, we generate a large number of uniformly
distributed users inside the service area. Then, we calculate
energy efficiency and spectral efficiency of the network as
a function of macrocell, microcell, and user densities. We

assume that the coverage constraint is 95%. In addition to the
parameters that are given in Table 2, we use 𝑃𝜇 = −90 dBm.

In Figure 7, we demonstrate the energy efficiency per-
formances of several heterogeneous scenarios with respect
to macrocell density. It is important to note that macrocell
density and ISD are inversely proportional. For a sparse
user case, in Figure 7(a), the energy efficiency in stochastic
geometry model improves with increasing average ISD (or
decreasing macrocell density), similar to the fixed hexagonal
grid model. However, energy efficiency of the stochastic
model is considerably worse than that of the grid model. For
example, in a homogeneous network, the energy efficiency
of the grid model is almost double of the energy efficiency
of the stochastic model. In Figure 7(b), we observe that the
effect of a dense user distribution is not as drastic in stochastic
model as it was in the grid model. However, deploying a
convenient number of microcells results in an improved
energy efficiency. Overall, we can conclude from Figure 7
that nonoverlay heterogeneous deployment has better energy
efficiency in stochastic model for both sparse and dense user
scenarios.

Next, similar to the gridmodel, we investigate the effect of
our nonoverlay stochastic geometry based deploymentmodel
on the area spectral efficiency. Figures 8(a) and 8(b) show that
increasing both macrocell and microcell densities improves
the area spectral efficiency, for both sparse anddense user sce-
narios, respectively. In Figure 8(a), 8microcells/site provides
2 times better area spectral efficiency than the homogeneous
scenario for 𝜆𝑀 = 1.1547. In Figure 8(b), 11 microcells/site
provides 3 times better area spectral efficiency than the
homogeneous scenario for 𝜆𝑀 = 1.1547. Thus, 𝜆𝑀 is fixed
at 1,1547 in the rest of analysis.

Our next analysis is the effect of microcell density on
the energy efficiency and spectral efficiency. In Figure 9(a),
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Figure 7: Energy efficiency for PPP based model.
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Figure 8: Area spectral efficiency for PPP based model.

we observe that microcell addition improves the energy
efficiency for both cases. For sparse user case, 3 micro-
cells/macrocell scenario seems to be themost energy efficient
scenario whereas 11 microcells/site (𝜆𝜇 = 12.7017) scenario
maximizes the energy efficiency for dense user case (see
Section 2 for 𝜆𝜇 calculation). Furthermore, we observe in
Figure 9(b) that microcell deployment improves the spectral

efficiency for both cases. Note that 8 microcells/site scenario
maximized the spectral efficiency when we employed the
hexagonal grid model (see Figure 4(b)). However, 11 micro-
cells/site (𝜆𝜇 = 12.7017) scenario is themost spectral efficient
scenario in Figure 9(b). It is necessary to note that this
is not a contradiction. In the stochastic geometry model,
microcell coverage regions do not necessarily overlay even
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Figure 9: The effect of the microcell density when 𝜆𝑀 = 1.1547.

Macro density: 1.1547, micro density: 12.7017
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Figure 10: The effect of user density when 𝜆𝑀 = 1.1547 and 𝜆𝜇 = 12.7017.

if we deploy more than 8 microcells per site. Thus, spectral
efficiency is expected to improve with the increasing number
of microcells when we use a stochastic model.

Finally, we fix the macrocell and microcell densities at
the most spectral efficient combination (𝜆𝑀 = 1.1547 and𝜆𝜇 = 12.7017) and consider the effect of user density. As it is
seen in Figure 10, increasing user density reasonably improves
both energy efficiency and spectral efficiency. It is a quite
intuitive result since the microcell utilization rate increases
with increasing user density.

5. Conclusion

In this work, we investigated the effect of nonoverlay het-
erogeneous network planning on the energy efficiency and
spectral efficiency of cellular networks. We consider two
different heterogeneous deployment models, namely, the
hexagonal gridmodel and the stochastic geometrymodel.We
conclude that the energy efficiency depends on the macrocell
density, microcell density, and user traffic. In a stochastic
geometry model that better represents the real deployment
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scenarios, addingmicrocells is energy efficient for even sparse
user scenarios. For more structured scenarios, the positive
effects of adding microcells on the energy efficiency can
only be seen for dense user distributions. Our future work
is to approach this problem mathematically and propose an
algorithm that finds the optimumenergy efficiency by solving
the optimum macrocell and microcell density values for a
given user density. In addition, wewill considermore detailed
power consumption models in our future studies.
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