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Energy-Spectral-Efficiency Analysis and
Optimization of Heterogeneous Cellular Networks:
A Large-Scale User-Behavior Perspective

Guogang Zhao —, Sheng Chen

Abstract—Heterogeneous cellular networks (HCNs) are capa-
ble of meeting the explosive mobile-traffic demands. However, the
conventional base station (BS) deployment strategy is unsuitable
for supporting the often unpredictable nonuniform mobile-traffic
demands, as governed by the large-scale user behavior (LUB). This
results in the inefficient exploitation of the system’s resources. In
this paper, we develop an analytical framework for characterizing
the achievable energy-spectral-efficiency (ESE) of HCNs, which ex-
plicitly quantifies the relationship between the network’s ESE and
the randomly time-varying LUBs as well as other network deploy-
ment parameters. Specifically, we model the quantitative impact
of the geographical mobile-traffic intensity, the load migration fac-
tor, the users’ required service rate and the per-tier BS densities
on the achievable ESE of the network, while considering the area-
spectral-efficiency requirements. Importantly, a closed-form ESE
expression is derived, which enables us to explicitly analyze the
properties of the network’s ESE. Furthermore, the optimal LUB-
aware BS deployment strategy is proposed for maximizing the ESE
under specific outage constraints. Using numerical simulations, we
verify the accuracy of the analytical ESE expression and quantify
the impact of several relevant system parameters on the achievable
ESE. Furthermore, we evaluate the achievable ESE performance
of the network under diverse time-varying LUB scenarios. Our
work, therefore, provides valuable insights for designing future
ultradense HCNs.

Index Terms—Heterogeneous cellular networks (HCNs), energy-
spectral-efficiency (ESE), large-scale-user-behaviors (LUBs), base
station (BS) deployment, mobile-traffic intensity, load migration
factor, green communications and networks.
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I. INTRODUCTION
A. Motivation

ETEROGENEOQOUS cellular networks (HCNs) are charac-
H terized by overlapping coverage areas supported both by
the traditional macrocells and several different types of small-
cells, whilst forming a large-scale irregularly and in many places
dense network architecture [1], [2]. Naturally, the area-spectral-
efficiency (ASE) of the system is expected to be significantly
improved owing to spatially reusing the available spectrum in a
denser manner. Thus, the explosively increasing mobile traffic
can still be seamlessly conveyed, whilst satisfying high quality-
of-service (QoS) requirements. On the other hand, driven both
by economical and environmental concerns, network designers
have to pay increasing attention to power-efficient ‘green radio’
(GR) techniques [3]-[12] in order to curb the rapidly escalat-
ing energy consumption of wireless communication networks.
Both the 3GPP Long Term Evolution (LTE) and LTE-Advanced
standards have specified energy efficiency (EE) as an important
system performance indicator in addition to the enhanced QoS
guarantees and to the dramatic boost of service data rates [13].
Therefore, technologies that are capable of efficiently exploiting
the limited energy resources within the given licensed spectrum
are of paramount importance.

The energy consumed by base stations (BSs) dominates the
network’s total energy consumption, and it is severely influenced
by the fluctuating and geographically non-uniform mobile traf-
fic. In the traditional worst-case design, the under-utilized BSs
still consume substantial power simply for maintaining the cel-
lular coverage [3]-[5]. This energy waste is serious, because
again, the static power of a BS forms a predominant fraction of
the total power consumption. Furthermore, the energy wastage
may become more grave for larger-scale and ultra-dense net-
works [1], [2]. Therefore, it is critically important to appro-
priately capture and exploit the characteristics of the prevalent
large-scale user behavior (LUB) for the sake of optimizing the
network’s spectral efficiency (SE) and/or EE subject to appro-
priate QoS guarantees in the context of large-scale irregularly
and densely deployed multi-tier HCNs. Solving this challenging
problem will result in energy-spectral efficient LUB-aware net-
work design strategies. Unfortunately, it is inadequate to adopt
the mobile-traffic-aware BS deployment strategy [14] devel-
oped for homogeneous cellular systems to the more challenging
multi-tier HCN scenarios. This is because in an HCN, the LUBs
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include not only the geographically non-uniform mobile traf-
fic, but also the spatial and temporal distribution of the mobile
traffic amongst the tiers. Hence, in this paper, we will investi-
gate sophisticated LUB-aware network-level designs that have
the potential to save substantially more energy than the conven-
tional methods that are unaware of the LUB.

B. Related Works

A number of existing GR techniques focused on the energy-
efficient physical layer transceiver design and radio resource
allocation optimization [8]-[12], which however did not take
into account the network’s traffic characteristics. Diverse BS en-
ergy saving methods relying on dynamic operations and on BS
deployment strategies were investigated in [S]-[7], [15]-[17].
More specifically, several optimization problems were formu-
lated for minimizing the energy consumption of a single cell
or that of a certain network area, while considering the users’
data rate requirements [6], [7], [15]-[17], where it was shown
that the dynamic operation and BS deployment as well as the
associated algorithms conceived for finding the optimal solu-
tions impose a high computational complexity. Nevertheless,
these schemes constitute case-specific studies and they provide
locally optimized solutions, which may be further improved for
employment in large-scale network-wide optimization. Addi-
tionally, the energy saving performance of the network deploy-
ing a small number of BSs was evaluated in [18]-[22], where
a local cell area based on the ideal circular or hexagonal cell
model was assumed. However, it requires further work to use
the results of [18]-[22] for guiding the design and optimization
of large-scale irregularly and densely deployed HCNS.

In modeling the distribution of large-scale irregularly and
densely deployed BSs, the BSs’ spatial positions are typically
characterized using Poisson point processes (PPPs) [23], [24].
Several contributions further extended this PPP model to multi-
tier cellular networks [25]-[27], where the concept of cell as-
sociation or cell load amongst tiers becomes important. Re-
cently, the authors of [28] focused their attention on the user
mobility with human tendency and on the clustering behav-
iors in 5G small-cell networks. Based on these works, several
energy efficient network deployment strategies were proposed
in [29]-[32], where the authors aimed either for minimizing
the area-power-consumption (APC) of the entire network or
for maximizing the network’s EE performance by choosing a
suitable BS density unilaterally under user-centric performance
constraints. To be more specific, in [29], [30], the network’s
APC was minimized by switching off as many of the BSs as
possible. More explicitly, the BS density was minimized, sub-
ject to the per-tier coverage/outage performance constraints.
The network’s EE was improved with the aid of dormant BSs
in [31], where the network’s EE maximization problem was
formulated as a function of the sleeping factors. However, the
studies of [29]—-[32] all assumed that each BS consumes a con-
stant power, which implies that the network’s APC is completely
determined by the density of BSs. Consequently, the quantita-
tive impacts of LUBSs, including the mobile traffic intensity and
the geographical mobile traffic distribution amongst tiers both
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on the BS’s power consumption as well as on the network’s SE
and EE performance were not taken into account. Compared to
the aforementioned contributions, the study [33] analyzed both
the SE and EE of a large-scale cellular network. Our previous
treatise [14] developed a mobile-traffic-aware BS deployment
strategy for homogeneous networks, but it is difficult to adopt it
for the analysis and optimization of large-scale multi-tier HCNGs.

It is widely recognized that beneficially exploiting the LUBs
in a large-scale multi-tier HCN to optimize the energy-spectral-
efficiency (ESE) is challenging, which has not been carried out
in the existing literature.

C. Our Contributions

Against the above background, in this paper we propose an an-
alytical ESE framework for large-scale irregularly and densely
deployed M-tier HCNs, which facilitates the joint analysis of
the impact of both the per-tier BS densities and the randomly
time-varying LUBs, including the geographical mobile-traffic
intensity and the load migration factor (LMF)!, as well as the
average required service rate per tier. Based on this framework,
we develop the optimal LUB-aware design strategies to achieve
the maximum ESE for large-scale M-tier HCNs, while taking
into account the outage performance constraints. Hence this pa-
per explicitly answers the following questions: 1) What is the
quantitative impact of both the LUB and the per-tier BS densities
on the achievable network ESE? 2) Is it possible to obtain the
optimal ESE solutions for large-scale M -tier HCNs and how to
exploit the optimal designs in practice? 3) How do the relevant
system parameters influence the energy saving performance?
Our main contributions are summarized as follows.

1) A new model for the BS’s aggregate DL transmit power:
We model the quantitative relationship between the LUB and
the BS’s aggregate downlink (DL) transmit power in large-scale
irregularly and densely deployed M -tier HCNs, where the BS’s
aggregate DL transmit power is specified as the total DL power
aggregated in each subband of a BS. In contrast to the related
contributions [23]-[25], [29]-[32], where the BS’s aggregate
DL transmit power is assumed to be fixed and thus it is not
influenced by the LUB, our model specifically characterizes the
variations of the BS’s aggregate DL transmit power caused by
the geography-dependent mobile-traffic intensity and the LMF
as well as the average required service rate per tier, the per-
tier BS density and other network parameters. Furthermore, the
modeling accuracy is verified with the aid of our simulation
results.

2) A tractable network ESE analytical framework: An accu-
rate and tractable network ESE expression is derived in closed-
form based on the proposed BS aggregate DL transmit power
model. This network ESE expression takes into account the per-
tier BS densities, the LUB and several other relevant network
parameters, and it is formulated as a function of the ratios of the
BS densities to the geographical mobile-traffic intensities. The
closed-form nature of this ESE expression makes the search of
globally optimal solutions particularly tractable and efficient.

IThe LMF reflects the mobile-traffic migration among the tiers, and it is
similar to the bias factor of [23]-[27].
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Additionally, a closed-form equivalent condition is established
for the LUB to maximize the ESE, which allows us to numeri-
cally determine the LUB-aware optimal BS densities and makes
the LUB-aware optimal network design strategy achievable.

3) System design insights and optimal strategy: According
to the closed-form equivalent condition derived, we obtain sev-
eral design guidelines for ultra-dense HCNs. In particular, we
observe that the energy reduction achieved by our BS deploy-
ment strategy in a tier is partially offset by a denser BS de-
ployment in other tiers. We propose an energy-efficient LUB-
aware network design strategy for a M -tier HCN under outage
probability constraints. Specifically, an optimal LUB-aware BS
deployment strategy is developed by choosing a suitable BS
density for the tier considered, based on the current LUBs and
the BS densities in other tiers.

The rest of this paper is structured as follows. In Section 1I,
the system model is introduced. The ESE of a large-scale M -tier
HCN is modeled in Section III. In Section IV, the achievable
performance of the energy-spectral-efficient LUB-aware net-
work is analyzed, while the proposed optimal energy efficient
LUB-aware network design strategy is provided in Section V.
Our numerical simulation results are presented in Section VI,
and our conclusions are offered in Section VII.

II. SYSTEM MODEL

A. M-Tier HCN Characterization

We consider a large-scale dense DL M -tier HCN, whose
BSs are deployed irregularly. Specifically, the M types of BS-
locations are modeled by M independent PPPs in the Eu-
clidean plane R2, and the BSs of the mth tier are collec-
tively denoted by the set ¥,,,, which has the density A,,, where
m € {1,2,..., M}. Similarly, all the user equipments (UEs),
denoted by the set U, = {w;}, are also spatially scattered ac-
cording to an independent PPP having the density X,. Fig. 2
depicts the topology of two-tier HCNs. Since the geographi-
cal mobile-traffic intensity is proportional to the users’ spatial
density A,, given the average per-user data rate requirement, we
will use A, to equivalently represent the mobile-traffic intensity.
In contrast to a homogeneous network where the mobile-traffic
intensity completely specifies the LUBs, the distribution of mo-
bile traffic at each tier is also required for the M -tier HCN. We
adopt the LMF to characterize the mobile-traffic distribution at
every tier.

Specifically, let z represent the coordinate position of a typical
user. Furthermore, let b,, € ¥,, be the nearest BS in the mth
tier to the typical user located at z. Then z is associated with the
mth tier when the following condition is satisfied:

bﬁz||7a < i HZ - bmH70¢ , Vm 7é m, (D

where || - || denotes the Euclidean distance, and « is the pathloss
exponent, while f,,. 7 > 0 defines the LMF from tier m to
tier m having the property of i, 3 = ﬁ Physically, the
LMF is related to the mobile-traffic distribution at each tier
[26], [27]. In general, increasing (i, .7 can cause an increased
mobile-traffic at the edge of tier m to migrate to tier m, which

is equivalent to extending the BS’s coverage area in tier m,

Iz =
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where the weighted Voronoi tessellation model of [23]-[27] can
be adopted and the cell of b, is denoted by V,,,. The effect of
increasing (4., 7 to the topology of four-tier HCNs is illustrated
in Fig. 1, where we have m = micro, pico and femto tiers, while
m = macro tier. The LMF is a long-term averaged quantity,
where the fading is averaged out, and it is proportional to the
ratio of the power-level received from BS in tier m to the power
level received from BS in tier m [26], [27]. For the two-tier
HCN associated with M = 2, let m and m denote the macro
tier and small tier, respectively. Since the power-level received
from a macro BS is much higher than that from a small BS, the
LMF g, 7 > 1is true.

B. Resource Assignment

There are IV, users located in V,,, and they are collectively
denoted by the set ,,. Additionally, unity frequency reuse is
employed for the cells, and the total bandwidth B available to
a cell V,,, is divided equally into N, subbands, with subband
B;,, allocated to user u;,, € ¢, for 1 <j < N,,.In LTE
systems, B; , is constituted by a subset of the total set of sub-
carriers available. The random scheduling strategy is employed
at the BS for achieving maximum fairness amongst users. The
subband B; ,, associated with user u; ,, is then assigned an
appropriate transmit power P;,, for meeting the service rate
requirement R; ,,, of u;,, based on the long-term pathloss in-
formation. Each BS has a link request decision unit to manage
its users’ access to service. More specifically, the BS makes
decisions regarding the access based on the current CSI and
on the QoS requirements of the requesting users, who are only
granted access when their QoS requirements can be satisfied.
This resource assignment model characterizes the quantitative
impact imposed by the various network parameters on each BS’s
aggregate DL transmit power, expressed as P, = Z;V:m] P
and P, is mainly influenced by the LUBs.

We consider both the large-scale pathloss and small-scale
Rayleigh distributed fast fading on all desired and interfering
links. The aggregate interference imposed on the UE located
at z is given by the total power received from all the BSs ex-
cept its associated BS, i.e., from the BSs included in the set
(U],%[:1 U )\by, - Unless otherwise stated, the effect of noise is
ignored, since the power of the aggregate interference at a given
UE is far higher than the noise power in our interference-limited
scenario. Without causing confusion, we also set u; , = z. In
order to meet the rate requirement I?; ,,,, the DL transmit power
P; , of UE u; ,,, must satisfy

ijz = Bj;m 10g2 (1 + (2)

Pj ,m g';rl
Iz = bw " Lim )

where g} is the power gain of the fast-fading channel spanning
from BS b, to z, which is assumed to follow the independent
exponential distribution with unity mean, i.e., gj* ~ exp(1), and
I, denotes the corresponding received interference power.
We focus our attention on the worst-case scenario, where the
interfering BSs are transmitting at their maximum power P’

max*
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A four-tier HCN, where the solid circles around the small-cell BSs are their original coverage areas with the solid arrows as their original transmit signals,

while the dashed circles represent their enlarged coverage areas with the dashed arrows as their new transmit signals when the LMFS /4, — ¢ are increased.

Hence,

M
L= >

m=1by E‘I’m b #bm

ITL' .
Hlng_ . (3)

— b || ,
= = bl S22

Because of adopting this worst-case interference model, the
results obtained in this paper represent a lower-bound for the
network’s achievable performance.

C. Performance Metric

We define the network-level ESE metric for our large-scale
M -tier HCN as follows:

o S asE,

-1 APC,,

where ASE,, is the sum of the users’ data rates [bit/s] per m?

per Hz in the mth tier, and APC,, is the sum of the power
consumption [Watt] per m? in the mith tier.

When deriving the ESE, we adopt the general power con-
sumption model for each BS specified by the 3GPP standard [4]
and use P[], to denote the total BS power consumption in tier
m. Additionally, a user is regarded to suffer from outage, if its
service data rate cannot be guaranteed under the maximum BS
transmit power available to the subband occupied by this user.
Since our main goal is the network’s ESE-level evaluation, the
users’ outage probabilities are treated as the constraints.

For clarity, the main notations used in this paper are summa-
rized in Table I.

[bit/Hz/Joule], “)

III. NETWORK-LEVEL ESE FORMULATION IN LARGE-SCALE
M -TIER HCNSs

For the large-scale M -tier HCN, we characterize the average
DL transmit power for a typical user and the average aggregate
DL transmit power in a typical cell as well as derive a closed-

TABLE I
LIST OF MAIN NOTATIONS
Notation Definition
v, Set of BSs in tier m
Am Density of BSs in tier m
v, Set of all UEs
Au Density of UEs
b The nearest BS in tier m to position z
Vin Cell centered at BS b,,
« Pathloss exponent
P 7 LMF from tier m to tier m
©m Set of UEs associated with BS b,
Ny, Number of UEs in cell V,,,
B Total bandwidth available to a cell
Bjm Subband allocated to UE u; ;,
Rjm Required service data rate of UE u; ,,, € ¢
Pj DL transmit power of UE u
P, Aggregate DL transmit power of BS b,,, in tier m
g;" Fast-fading power gain from BS b, to UE u; ,,
P maximum BS DL transmit power in tier m
NESE Network-level energy-spectral efficiency
A Coverage area of cell V,,
B tier m BS power amplifier efficiency
Py Each BS’s static operation power in tier m
. Average required service data rate (per UE) in tier m

Qm Outage probability in tier m
Eout Outage threshold

form network-level ESE expression. In particular, we quantify
the impact of LUB, including the geographical mobile-traffic
intensity and LMFs, and the spatially averaged service data rate
requirement.

A. Average DL Transmit Power for a Typical User

Proposition 1: In alarge-scale M-tier HCN associated with
irregularly and densely deployed BSs, given the BS densities
Am, the mobile-traffic intensity A, and the LMFs u,, ., the
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ZM Ry g
m=1 BY Y M

m=1*mkt,

-2/ a

NESE =

Z]\J P B Am

[bits/Hz/Joule].  (11)

)Lm Bm Pmax

m=1

-
(a—2)y (17(2% /B 4))\./(1{ DL ART T, &m))

Am 0\1
a2 T %
2/ a

average DL transmit power required for user u; ,, having the
service data rate of I; ,, is given by

_1)2

m=1

(a— 2/a

m—m

)“’VVL (2Rj.m /B‘j.m
(¢ —2)Ay

i P
Am

E[Pjﬂ,m}: » )

where E[] denotes the expectation operator, and the pathloss
exponent is o > 2.

Proof: See Appendix A. |

The impact of the mobile-traffic intensity A, and the BS
densities X,, on the average DL transmit power required by
user u;,, is multifold. From the first fractional expression on
the right-hand side of (5), we can see that increasing A, , which
indicates having denser interfering BSs from tier m, is beneficial
for increasing E[Pjvm]. However, a larger A, increases B; ,,
since each cell has less users, which in turn decreases E[P; ,,,].
Since this reduction is exponential, E[P; ,,] decreases as A,
increases. On the other hand, E[P]m] includes the factor of ﬁ
and hence it decreases as A, increases. But increasing X, will
results in less subbands B; ,,, being allocated for u;,,, which
in turn increases E[P; ,,] exponentially. Therefore, increasing
Ay will increase E[P;,,] in general. Furthermore, increasing
the LMF pi,,, 5 implicitly also reduces B ,,,, because more
users will migrate from tier 7 to m, which results in a higher
mobile traffic in tier m. Note that from (5), by setting M =1
and p,, 5 = 1, the average DL transmit power required for a
typical UE in the homogeneous cellular network can be obtained
[14].

B. Average Aggregate DL Transmit Power in a Typical Cell

Proposition 2: In a large-scale M-tier HCN with irregu-
larly and densely deployed BSs, given the BS densities 1,,,
the mobile-traffic intensity A, and the LMFs i, 7, upon as-
suming that all the users in tier m have an identical required
service data rate of I,,, the averaged aggregate DL transmit
power of BS b, is given by

M -K
EP,] = <K <Z )‘mumzi(:n> — <2Rm/B — 1) )»u)
m=1
K
Prglmx -2/« Rgllx
(ZK)\murm—m> - (04—2)7
(6)
where K = 3.57.

Proof: See Appendix B. |

C. Network-Level ESE Formulation

We are now ready to complete the network-level ESE metric
(4) for a large-scale M -tier HCN. By using I?,,, to represent the
users’ spatially averaged required service data rate in tier m, the
ASE can be expressed as

MR .

ASE = Z — ! ‘/ [bit/s/Hz/m?],  (7)
m=1 71 77” )\7,: I
where A, has the unit of UE/ mz, and

1 1
_ = ®)

M Ay o =2/ :

Z’fﬁ:l Am lu’miﬁl Xm

represents the number of BSs associated with tier m [26], [27].
The network’s APC on the other hand can be expressed as

APC = Z Am ﬁm [ m] + P OM [JOU]Q/S/HI } 9

m=1

where A, (B, E[P]| + Pj5y;) represents the BS power con-
sumption per m? in tier m, 3,, is the mth tier BS power am-
plifier efficiency, and Pgy; represents each tier-m BS’s static
operational power consumption, including the power consumed
by baseband processing, battery backup, BS cooling, and so on.
Thus,

ZM Ay /\m Ry
2/ a
m=1 B Z M - m p /o

m—m
M
Zm*l m (ﬂm [Pm] P(7)”M)

TESE = [bits/Hz/Joule].

(10)

Noting Proposition 2, the following proposition is obvious.

Proposition 3: In a large-scale M -tier HCN with irregularly
and densely deployed BSs having the BS density A,, in tier
m, the mobile-traffic intensity A, and the LMF p,,. 5, upon
assuming that all the users in tier m have an identical required
service data rate of R,,, the closed-form network-level ESE
expression is given by (11) at the top of this page.

Additionally, in the special case of M = 2, we have the fol-
lowing corollary.

Corollary 1: Consider the large-scale two-tier HCN, where
the density of macro BSs is Ay,c, the density of small BSs
iS Amic, the mobile-traffic intensity is A,, and the LMF is
tmac—mic = i, While the average required service data rates
in the macro-BS tier and small-BS tier are R, .. and R,;., re-
spectively. The closed-form network-level ESE expression for
this two-tier HCN is given by

anc /Xmac + Rmi(z/Xmic
B (Umac + Umic)

NESE = [bit/Hz/Joule], (12)
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where
Amic _2
Xmac = 1+ ﬂ“ “ (13)
mac
)\‘III S
Xmic = 1+ 7&(,“” ) (14)
mic
U o Prﬁl:;ﬂmac)wnac
mac — (ZRmac/B 71))t K
(a@—=2)r (1 - KAx)
_ )\macﬁmacpr];;l;; + )"macpglﬁc (15)
}‘-u(a - 2) A ’
U.. — Plgl;;ﬁmic)\mic
mic —

=
2B mic/B 1)),
(= 2)hy <1 - (mx)>

o )"micﬂmicprrnn;;i + )\micP(I)n]\if (16)
A —2) Au

IV. LUBS-AWARE PERFORMANCE ANALYSIS AND
OPTIMIZATION IN LARGE-SCALE M -TIER HCNS

In this section, the properties of the network-level ESE for a
large-scale M -tier HCN are explicitly analyzed. First, the op-
timal LUB-aware BS densities maximizing the network’s ESE
are derived in the following proposition.

Proposition 4: In a large-scale M-tier HCN having the BS
density A,, in tier m, the mobile-traffic intensity A,, and the LMF
Lm i, Where all the users in tier m have an identical required
service data rate of R,,, there exists a unique optimal LUB-
aware BS density in tier m, denoted by A7, , which maximizes
the network’s ESE ngsg. Furthermore, A, can be numerically
obtained from

1_(1+K)Tm = 1_(1+K)Tﬁ7 -
(1_»-r )KJrl Z m—m

M
(I—T~)K+1 _’Yr(n )
m

?

m#m
17
where
(280 /B — 1) Ay
T = ) (18)
_2
K <)‘§1 + X )»mﬂmlﬁz>
m#m
-,
Tﬁi, = ’
_2 _2
m'#m ,m'#m
(19)
/ 2-a =iy
W =1+ Y i | — et (a-2). (20)
mAm max
Proof: See Appendix C. |

In the special case of M = 2, i.e., a large-scale macro-small
two-tier HCN, we have the following corollary.

Corollary 2: In a large-scale two-tier HCN with irregularly
and densely deployed macro BSs in tier mac and small BSs in
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tier mic, the unique optimal LUBs-aware BS density A}, can be
numerically obtained from

-+ K)Y, | oz 1-(1+K)7Ts

(1 o TT,L)K+] me—m (1 _ Tm)K+]
where m = mac and m = mic or m = mic and m = mac,
(280 /B — 1) Ay

=Ym, 2D

Tm = 2 ) (22)
K (3, + 2, )
_ (28a/B —1) A,
Ti = T ; (23)
K (Xﬁl + )L;L /’(‘;;w—ﬁz,)
2-a pm
o= (4 p) = 2 @=-2). @4

max

From Corollary 2, we have the following corollary.

Corollary 3: Consider the large-scale two-tier HCN with ir-
regularly and densely deployed macro BSs in tier mac and small
BSs in tier mic. Given two BS densities A | # A 2 in tier m,

we have a pair of corresponding optimal BS densities A}, ; and
A, o In tier m, which satisfy
(M1 = A0 2) (bt = A 2) <0, (25)

where m = mac and m = mic or m = mic and m = mac.

Proof: See Appendix D. |

Corollary 3 implies that when more BSs are deployed in tier
m, i.e., when increasing Az, the optimal BS density A}, in
tier m has to be reduced, if the network is expected to operate
at a near-optimal ESE. This is consistent with the generally
accepted insight that deploying denser macro BSs will degrade
the performance of small BSs due to the increased cross-tier
interference imposed on small cells, and vice versa.

Proposition 5: Consider the large-scale M-tier HCN with
irregularly and densely deployed BSs having the BS density
Ap in tier m and the LMF g, 5, where all the users in tier
m have an identical required service rate of R,,. There exists
a unique optimal mobile-traffic intensity for maximizing the
network ESE, denoted as A}, which can be numerically obtained
from

P B A
(1 —Span)™

Z maxﬁm )‘«m )\:;Sm

M KpPm
m=1 (l_sm)‘?l)KJrl

+)\m ﬂm Pfglax - )‘m P(’)”M (a - 2)) - 07 (26)
where
S G t) 27)
m = - .
(K Zig:l )\'771 M;ﬁl?ﬁ)
Proof: See Appendix E. ]

V. OPTIMAL ENERGY EFFICIENT LUBS-AWARE NETWORK
DESIGN STRATEGY

In this section, we commence by presenting our framework
conceived for designing the optimal energy efficient LUB-aware
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Fig. 2. Voronoi topology of a large-scale two-tier heterogeneous cellular net-
work where macro and small BSs as well as mobile users are located according
to their respective PPP distributions.

M-tier HCN. However, our main goal is to derive an energy
efficient LUBs-aware design strategy for a large-scale two-tier
HCN with irregularly and densely deployed macro BSs in tier
mac and small BSs in tier mic.

A. Optimal Energy Efficient LUBs-Aware Network Design
Strategy for M -Tier HCNs

The following proposition presents the outage probability of
a typical user associated with a tier-m BS, which is defined as
the probability that a typical user’s data rate requirement cannot
be met even at the maximum DL transmit power.

Proposition 6: In alarge-scale M -tier HCN with irregularly
and densely deployed BSs where the BS-density is A, in tier
m with the LMF p,, 5 and the mobile-traffic intensity is A,
the outage probability of a typical user u; ,, associated with a
tier-m BS b,, that requires a service data rate of R; ,, is given
by

Qj.m
Au

Mo -2
Z7n—ll‘j’m<—m m p7 m)

; (28)

Nm Zm—llj/m — A Pjm €XP ( "
)\'11
2
Mo -2
Ny, Zﬁz:l u7r1,<—r?z)“77~1pj>7'l

where NN, is the number of UEs associated with BS b,,,, whose
probability mass function (PMF) can be found in Appendix B,

+1-

and
+ 00
. _ 2/ #
Pim = Ljm /—2/(‘ 1+ ua/Zd (29)
Wlth j},??z = 2R1.m /BJ.m _ 1
Proof: See Appendix F. -
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In Q; n, by replacing N,, with E[N,,] of (52) in Appendix B
and by replacing R; ,, with the average service data rate 2, ,
we obtain the outage probability of the mth tier as

1 1

Qn=1+———-— (30)
Pm eXP(Pm) Pm
in which
2/ +o00 1
= 72/ — 1
Pm m /Tmz/“ 1 T ’U,a/2 du7 (3 )
with
M 2/a , _
T, = 2(Rm, ) (B >ii—1 B )‘m) 1 (32)

Denote A = [A; Ay -+~ Ay]T. Clearly, Q,, is a function of A and
Au, and is therefore denoted as @, (A, Ay ).

The problem of finding the optimal LUB-aware energy ef-
ficient BS deployment for the M -tier HCN under the outage
constraint in each tier can be formulated as

mxax TNESE

33
Qm(xa)\-u)_ out’ 1<m<M ( )

S.t.

where 0 < ¢, < 1 is the outage probability threshold in the
mth tier and nggy is given by (11).

The optimization problem (33) is complex. Moreover, its
practical application is somewhat limited, since it is unlikely
in practice that a M -tier HCN is designed and deployed from
the beginning. A most likely practical senario is that when a
homogeneous macro network can no longer meet the service
requirements, a micro tier is introduced. Therefore, the task be-
comes one of optimizing the small BS deployment to achieve
the optimal ESE operating status of the two-tier HCN. We will
study this more tractable and practical two-tier HCN senario,
whose topology is illustrated in Fig. 2.

B. Optimal Energy Efficient LUBs-Aware Network Design
Strategy for Two-Tier HCNs

We now focus our attention on large-scale two-tier HCNs and
our task is to find the optimal LUB-aware small BS density under
the relevant outage constraint in the macro tier associated with
the given macro BS density A, and user intensity A,,, which
will be denoted as 1°%*. The optimization problem associated

with this optimal LUB-aware small BS deployment design for
the two-tier HCN is formally formulated as

max
min

S.t.

TESE,
Qmac ()"mic; )\macv )\u) S Eout

where 0 < g,4¢ < 1 is the outage probability threshold in tier
mac and 7ggg is given by (12). First, we explain why only
the macro-tier outage constraint has to be considered. A small-
cell user not only gets more bandwidth, since the number of
UEs in a small cell is relatively small in comparison with a
macro cell, but also requires less transmit power to meet its
rate requirement, since the distance involved is much smaller.
Therefore, the outage performance of the mic tier is inherently
much better than that of the mac tier. Consequently, we only

(34)
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have to consider the outage probability of the mac tier as the
outage constraint.

The optimal solution A} ;. to the unconstrained optimization
problem max nggg is given in Corollary 2. In order to solve the

m in

outage-constrained optimization problem (34), we examine the
macro-tier outage constraint

1 1
Qmac ()\mic§ Amac; )"u) =1+ - , (35)
Pmac exp(pmac) Pmac
where
2/ +oo 1
Pmac = Tma? /T,,,i/c” 1+u”/2d (36)
Rma/( Au
2/«
Tope = 27 (mecsi L0 omic) _ (37)
The derivative of Q1. With respect to pp, .. satisfies
8QIIIH(‘ 1
— = —— (1 —exp ( — pu: — exp ( — Pmac
apmac pmu‘ ( ( llldC)) Prmac ( IIldL)
0
> QIH&C — O, (38)
apmac exp (ﬂlxlac):/)llxac+1

Since exp (Pmac) > Pmac + 1 always holds for pyac > 0. This
indicates that Q... is a monotonically increasing function of
Pmac. From (36) and (37), it is easy to see that p,,,. increases
as Apic decreases, since ppyac increases with Ti,,. and Ty ¢
decreases as A, increases. Therefore, we have

anac _ 6@111&0 apmac

8)"mic 8pmac akmic = O’ (39)

which implies that the outage-constrained feasible region of
)\mic that satisfies Qmac ()\mic; )\maca )\u) < Eout is giVeH by

Amic € [Qmbe (Sout: Amac, Au ), +00), (40)

where Q! (*; Amac, Au) denotes the inverse function of

Qmac ( ml(l7 )\’1]’11‘107 )‘u) .
Moreover, it can be seen from Appendix C that for A, €
(1)
[A

mic?
Amic, While for A € [)»mlc, —|—oo) NESE 1S @ monotonically
decreasing function of A,,;.. Based on these properties of 7gsg
and the outage-constrained feasible region of (40) as well as by

defining €}, as the solution of

)‘;nic) NEsE 1s a monotonically increasing function of

~1
Quine (E5uei Mmacs Au) = Aics (41)
we readily obtain the outage-constrained optimal solution A%%'*
to the outage-constrained optimization problem (34), as formu-
lated in the following theorem.

Theorem 1: For ey < €

: —1 .
outs 1.€., for Qmac(goum)‘mam

Ay) > A}, the outage-constrained optimal micro-tier BS
density is given by )Lfnﬁf,* = Qub e (Eout; Amacs Au ), while for

Eout > Exups 1€, for Qb (Sout; Amac, Au) < A% ;.. the outage-

constrained optimal micro-tier BS density is given by A°%4* =

mic
)L*
mic*
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Fig. 3. The network ESE nggp as the function of Ay ac and Ay i, given
W =4x107* user/mz, Rmac = 0.3 Mbit/s, Ry, ;. = 1 Mbit/s and p = 8.

VI. NUMERICAL AND SIMULATION RESULTS

Both numerical and simulation results are provided to char-
acterize the ESE of large-scale two-tier HCNs and to verify the
accuracy of our ESE performance metrics. Moreover, the APC
required by our optimal-EE LUB-aware network design strat-
egy is compared to that of the practical baseline cellular design
[39]-[41], for the scenario of an approximate macro BS density
of 2 ~ 10BS/km?. Specifically, we use the energy saving gain
to quantify the gain of our optimized design over the baseline
design of [39]-[41], which is defined as

APCbase - APCopt
APCbasc ’

where APCy,5c and APC,,¢ denote the APCs required by the
baseline design and our optimal design, respectively. Unless
otherwise stated, we choose the network parameters as follows:
PiYe =20 W, P{j‘l{} =0.5W, Puac — 40 W, Pmi¢ =2 W,

AAPC =

(42)

max max

a=4, §=1.2 and &,,; = 0.3. Note that according to [42],
[43], the power consumption of the power amplifier - including
the feeder - accounts for approximately 50-80% of the total
power consumption of a BS. Based on this result, we opted for
PiY¢ =20 Wand P2 =40 W.

max

A. Characteristics of Key Performance Metrics

In Fig. 3, the network’s ESE quantified in terms of
bit/Hz/Joule, as the function of A, .. and A,;. is illustrated.
It can be observed from Fig. 3 that for a given A, ,., there al-
ways exists a unique optimal A} ;. to maximize ngsg, while for
a given Apjc, there always exists a unique optimal A}, . which
maximizes ngsg. This confirms Corollary 2. It is also worth
noting that when the BS density A, in tier m increases or de-
creases, the optimal density A in tier /m varies in an inverse
direction, where m = mac or mic, while m = mic or mac. This
agrees with Corollary 3.

Fig. 4 illustrates the impact of the required service rates in
the two tiers on the network’s ESE under varying A,,i. as well
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under the condition of A% , ~as well as given Ry ac = Rumic = 0.1 Mbit/s and
Amac = 5 x 1079 BS/m?.

as given Ayae = 5 x 107°°BS/m?, 1, = 4 x 10~*user/m?, and
w1 = 10. It is clear that increasing Ry,,. causes a degradation of
the network’s ESE. This makes sense, since the higher required
service rate of macrocell users imposes a higher power con-
sumption due to having a large user-to-macro-BS distance. By
contrast, increasing R, ;. improves the network’s ESE. In other
words, increasing the service rate of small cell users consumes
less power. Furthermore, the analytical values and simulation
results of the network’s ESE agree with each other well. This
verifies the accuracy of our ESE modeling.

Under the optimal small BS density A} ;. as well as given
Riac = Ruie = 0.1 Mbit/s and Ayae = 5 x 107°BS/m?, the
relationships between the network ESE and the load migra-
tion factor as well as the mobile-traffic intensity are shown in
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Fig. 5 for various system bandwidths. Obviously, increasing
decreases the network’s ESE, since more users are associated
with macro BSs, which consume more transmit power, while
a denser A, improves the ESE to some extent. Furthermore,
the network’s ESE decreases as B increases. This is because
although the network’s APC is reduced for an increased B, the
network’s ASE is reduced at a faster rate.

The average aggregate DL transmit power of a macro BS
E[Pyac] versus the mobile traffic intensity Ay, Amic and Ry, ac 18
illustrated in Fig. 6, given . = 8 and Ayyac = 5 X 10°° BS/mZ.
As expected, E[P,,..] increases as either A,, or Ry, increases.
Furthermore, increasing A causes a larger E'[ Py, .| as a result
of the increased interference.

Next the average aggregate DL transmit power of small BS
E[Pyic] versus Amic, Ay and Rp;c is shown in Fig. 7, given
p=238 and Ap.. =5 x 107°BS/m>. Note that E[P,;.| de-
creases upon increasing A, i., which is a result of the reduced
small cell size. Furthermore, as expected, increasing R,,;. also
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Fig.9. The network APCs as the functions of A, and A, 5 for the optimal and
non-optimal small-BS deployment designs, given Ry, ac = Rmic = 0.3 Mbit/s.

increases E[Py;.]. Similarly, the average aggregate DL trans-
mit power of macro BS E[P,,ac] versus Ayac, Ay and Ry, is
depicted in Fig. 8, given ¢ = 8 and Ay = 1 X 1074 BS/mz.
Observe that Ry, has a very significant influence on E[Pyac)-

B. Energy Saving of Optimal Small BS Deployment Strategy

We now evaluate the energy saving gain of the proposed
optimal LUB-aware small-BS deployment strategy over the
non-optimal baseline design of [39]-[41]. First, the APC perfor-
mance of the optimal LUB-aware small-BS deployment design
is compared to that of the baseline design in Fig. 9. Observe
that the proposed optimal LUB-aware small-BS deployment
design significantly outperforms the non-optimal baseline de-
sign in terms of the network’s APC. Moreover, when the mobile
traffic intensity A, is fixed, for the sparser macro BS scenario
an increased energy saving gain can be obtained by our optimal
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Fig. 11. Energy saving gain attained by the optimal LUBs-aware small-BS
deployment strategy over the baseline design as the function of B for various
Ruac = Ruic values, given Ay ac = 5 x 107°BS/m?, p = 20and A, = 4 x
1074 UE/m’.

LUB-aware small-BS deployment strategy over the baseline de-
sign, as clearly seen from Fig. 9. Note that given the fixed A,
for our optimal design, a reduction in A, ,. results in an increase
in A} ;.. See Corollary 3. Also when Ay, is fixed, our optimal
deployment strategy attains a higher energy saving gain over the
baseline design upon increasing A,,.

As illustrated in Fig. 10, increasing the coverage range of
small BSs by decreasing the LMF p can provide increased en-
ergy saving gains. This is because decreasing (. is capable of
increasing the efficiency of small BSs deployment by associat-
ing more users with the micro cell tier. In Fig. 11, we observe
the impact of the service data rate on the energy saving gain,
when Ry .. = Ruic. Clearly, the higher the required service
rate, the larger the energy saving gain becomes. This implies
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that a higher service rate requirement will necessitate denser
small BS deployment.

Lastly, in Fig. 12 we investigate how the path-loss exponent
« impacts on the achievable energy saving gain. It is widely
recognized that a smaller c on one hand is capable of decreasing
the transmit power required for users, while on the other hand
it can also result in a more serious interference. Observe from
Fig. 12 that a smaller « results in a higher energy saving gain
for our optimal LUB-aware small-BS deployment strategy over
the baseline design.

VII. CONCLUSION

We have proposed an analytical ESE framework for large-
scale densely deployed multi-tier HCNs. Specifically, we have
integrated the key parameters of HCNS, including the per-tier BS
densities, the LMFs and the mobile-traffic intensity, into the net-
work’s ESE modeling. Significantly, a closed-form ESE expres-
sion has been derived, which enables us to analyze the properties
of multi-tier HCNs. Moreover, an optimal LUB-aware ESE BS
deployment strategy was conceived for two-tier macro-small
HCNs, which maximizes the network’s ESE under outage con-
straints. The accuracy of our ESE modeling has been verified by
our simulations results. This study has qualitatively and quan-
titatively shown the significant energy saving gains achievable
by our proposed optimal LUBs-aware BS deployment design
conceived for large-scale HCNs, and our results have provided
valuable design insights for the ultra-dense HCN of the near
future.

APPENDIX
A. Proof of Proposition 1

Proof: Given typical UE u; ,, in position z and associated
to BS by, in tier m, which requests rate R;,, and is allocated
with subband B; ,, , its required DL transmit power conditioning

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 5, MAY 2018

onry, = ||z — b, || and interference topology (U ¥ )\bm is
given by
(ZRJ.m /Bjm _ 1)
E |:-Pj,m T'm s (LJ”T7 qlﬁz) \bm] = TE[IJTR]
(2 jom /Bjm _ M gp
_ Jj ~ max 43
—m 2 X | @
m=1b, €V ~ by #b,,

m’

In deriving (43) from (2) and (3), we have utilized E[g}'] = 1.
The moment generating function (MGF) of I; ,, is [34]

M Prn
Mi(s)=F |exp | — Z Z s N I;lnax
mTy

m=1by 6‘1/771, bk #b,,,

g Pm‘].X
exp( ij = ) . (44)
m!L

Now consider the aggregate interference power I’ from the BSs
in all the tiers where each tier has a finite region with the inner
radius 75 and the outer radius r{)’; = 7, for tier m. We have
I = Zfl[ I’ , where I is the interference from tier m. The

m=1"m>

MGEF of I’ is given by [14], [35]

Tbn ngLaX
My (s) = exp | 27hs I —exp | ——22) | tdt ).
m T~ Nm e

m (45)

nu

m=1by €V 5 b #bm

=F

Again E [g;C | = 1 is utilized in deriving (45). Hence, the MGF
of I’ is given by

M ( H My (46)
According to the well-known property of MGF, we have
0
E [I,] = — 87 th[/(S) 0
2 )\'"l P7n 2—« _ 2~7U¢
_ Z ™ max "bn T , (47)
N 2-a)

assuming @ > 2. Clearly, E[I; ,,,] = lim,,, o, E[I']. By letting
Thn — 00 in (47) and substituting the result into (43) as well as
utilizing pt,,, 7 = (:—ﬁl)"1 [26], [27], we obtain

27, P

max ! m (ZRJ m/Bim — 1)

Ny (e —2)
By
. (Z
=1

uEfﬁ%“) . @s8)

The user distribution within V,,, can be accurately approx-
imated by a uniform distribution’. Further approximate cell
V,, with area A,, by the circle having area A,, = mR2 ,

where R,.. is the radius of the cell. Since N,, = A,, Ay,

E [P.7’,m|7"m] =

P'ITI

max

)\”Hl Pm

max

2 Although the user distribution in the whole network is modelled by a nonuni-
form PPP process, the distribution of users in a single cell can accurately be
modelled by a uniform distribution.
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Rave =

the distance x between user u;j ,, and BS b, is f(z) =
and therefore we have

N Thus the probability density function (PDF) of

2z
B’)

ave

Rave

e 2r7nE [P m‘rm}
R
0

ave

dr,,

_ Am (2Rj"” [Bim — 1) Z A Prﬁlaxﬂn?jz/a

(a—2)Ay A

m=1

(49)

This completes the proof. |

B. Proof of Proposition 2

Proof: Given the typical cell V;,, centered by b,, , the average
aggregate DL transmit power conditioned on the cell area of
[Vin| = A, can be expressed as

E [Pm|Am] = Z PUII{ui € (pm}
w; ePn
= Z Z E J, "L g m) ) (50)
N, =1

where P,, denotes the DL transmit power for user u; and Z{ }
is the indicator function, which is equal to 1 when the condition
inside the bracket is satisfied and O otherwise, while g(V,,)
denotes the PMF of the number of users in V,,,, which is given
by 9(Ny) = (A A )V exp(—Au Ay ) /Ny ! for Ny, > 1[36].

Since all the UEs in V,,, have the identical rate of R, = R,,,
from (5), we have

pm (2N,,, R, /B _ 1

M
max -2/«
BlPym) = =055 > by (5D
h =1
where f, 5 = Pl / P [26], [27] is utilized. Further note

that the average value of IV, is

Au

72/(1

— - (52)
M
Zﬁz =1 )\m :um —m

E [Nm] =

Note that 1/ Zm | A Lﬁl in (52) is approximately the av-
erage coverage area of b, for the M-tier HCN [26], [27]. Thus
the average aggregate DL transmit power conditioned on A,,

can be expressed as

E [Pm |Am] =F [NmE [Pj.m,]]
Z mdx va o 18 - 1) ()‘uAm)Nm (53)
_ a - 2) Nm, ! exp O‘uAm ) '
Consequently,
E [Pm,} == / B [Pm |Am] g(Am) dAm7 (54)
A, >0
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where G(A,,) is the PDF of A,,. According to [37],
K
KX (A + 2 A uﬁ) AL
m#m
g(Am)_ ) (55)

F(k) exp <K <)\-m + Z )"ﬁl M,,ii?ﬁ) Am)

m#m
where K = 3.57 [38], and the Gamma function I'(z) =
foﬂc t*~!exp(—t) dt. Substituting (53) and (55) into (54) and
completing the resulting integration yields (6). The detailed final
part of this proof is similar to Appendix C of [14]. |

C. Proof of Proposition 4

Proof: By taking the derivative of the network-level ESE
with respect to A,, , we obtain

N,
OnesE - - g (56)
a)"ﬁl (Dn)

where N, and D,, are the numerator and denominator of 7rsg,
respectively,

1 -(1+K)T,
(l_frm)K+1

2=a 1 — (I—I—K)Tm M
+Z Hon i K+l _'Yv(n :
7 (I_TﬁL)

m#m

(57
and ’y,(,‘;w) is given in (20), while Y, and Y are given in
(18) and (19), respectively, but with A¥, replaced by A, . Since
N, > 0and D, > 0, the sign of m is equal to the sign of
-

Clearly, from (18), there exists a )»5,'1) suchthat Y,, — 1~ as

A — kf,&,”. Therefore,
1o}
im Q=-oc0o= lim ZESE o (58
o 2D b =250 O
In fact, from (18), we have
Au -2/«
M= (2 1) S e (59

m#m
AlsoY,, — 0and Y; — 0Oas A,, — —+o00. Therefore, we have

1—(1+K)Y,

=1 60
Ay —s-+ 00 (I*Tm)KJr] 9 ( )

. La 1 m
lim E /j’m(:—ﬁz(—KJrl = E llmHm7 (61)
Am —+00 (1 Tm )
m#m m#m
which imply that
. o P(’)”M anESE
xmhjﬂoog = %(a -2)>0 :>/\m11jr+1oo o < 0. (62)

Next, it can be shown that 8‘))\” > 0. This implies that 2 is a

monotonically increasing function of A, . Therefore, there exists
an unique A}, € [)»7(,1), ~+00) which maximizes nggg. Setting

(57) to zero completes the proof. |
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D. Proof of Corollary 3

Proof: First, we introduce

1-(1+K)Y, 2z 1-(1+K)T;
O ki) = ———F71 THmen T = kT -
(1 _ T,m) + m«—m (1 o Tﬁl) +
o1 0o
(63)

The derivative of © with respect to 17, satisfies

20 (A, Am) 00 oY, 06, 0T
oL, O, Oxr, O OAF,
B <—K(K+ 1)Tm> — (2R E 1) 2
= ~ K12 2
(1 — Tm) K ( ¥ T A /J,m‘;m>
2—a
~K(K4+)Yhmp -\ —p-7 . (2% /B 1)
+< ( +7) Kﬁgﬂ—m) M —m ( )2u >0.
(1-Ts) K (ks + 2t
(64)
Similarly, we have
20 (A, Am) 00 oY, 96, 0T
o\i, B 6‘Tm o\r, (9T,~n oA
_ (—m + 1>rm> — (@ 1)
= - K12 2 2
<1 N Tm) K (A';”l + A lu’m{iﬁz)
KK+ [ =@ /8 1),
+ T K2 . 2 |0
(1 — ﬁz) K(Am +Ax umHn>
(65)
The conditions (64) and (65) indicate that © (A%, , A7) is a

monotonically increasing function of A5, and Aj, when the
network operates near the optimal ESE status of A7, . Therefore,
to maintain the network at a near optimal ESE status, increasing
A has to be compensated by reducing A7, , and vice versa. This
completes the proof. |

E. Proof of Proposition 5

Proof: Firstly, express the network’s npsg (11) as

Rﬂl )\'ﬂl 1
NESE = 75— Z =Y —. (66)
m=1 B (Zm—l )“771 I’Lmzlﬂwﬁ,) Dn
The derivative of ngsp with respect to A, is
0 N, 0D,
OnEsg _ Vg 9Ly (67)

D D2 on,
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where
8D KPP Bk S
1 2 m=1 O‘* )( *Sm)"u)Kle
me ﬂm m )\m ﬁm Pm
. X + max )\m Pm,
(a - ) (1 - Sm)‘-u)K (a - 2) oM
1 !
=—_D. (68)

(2)?

. ab,
Clearly, the sign of .
furthermore

is determined by the sign of D', and

. ’
lim D =
by =0

(69)

7”
E Am Pon <

A
hm D/ = +00 + Z < = ﬂ’m m‘LX )\.7" Pg)nl\,1> > 0

M Sm m=1 ( - 2)
(70)
Since the derivative of D’ with respect to A,
oD K P B hn b (K + 1)S2
K ’
O z::l (0 —2) (1 = Sprg) ™2

D' is a monotonically increasing function of 4.
Based on (69) to (71), there must exist a unique A, € [0, Sl )

to enable %?” .. = 0. That is, there always exists the unique
optimal A, € [O ) as the solution of (26), which maximizes

TESE - | |

FE. Proof of Proposition 6

Proof: The outage probability of user u; ,, located at z, i.e.,
conditioned on r,,, = ||z — by, ||, is given by

Qj.,m [rm] =1-Pr (F)j,m < R:?ax/Nm |T7r1,) . (72)
From (2), P}, = (2fm/Bim — 1)I; 78 /g™, and hence ac-
cording to [23] we have

Qj,m [Tm] =1~ »CIJJ,, (s)|s: Nm T/ T (73)

P m m

where L, (s) is the Laplace transform of I} ,, and T}, =
(285m /Bin —1). From (3),

EEDIDY

m b€V by #bn,

Pm k re
m

axgj Nm7

(74)

in which Zie g ~ exp (Nm / n?lx) Therefore, according to
[23, Appendlx B] we have

Nm
'CI,;,m ( ',m ) H eXp ( 7T,um &m"ﬂm )‘mp] m) 5

PTTI
m
(75)

max
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where p; ,, is defined in (29). Noting that the PDF of r is

f(r) = 2=, 0 <7 < Ruye, with R2,, = 2 we have
Roun M
ave 21, 2a
Qjm =1— RTexp —T Z umimkﬁ pjﬂ,,,arz dx.
ave =1
(76)
Completing the integration (76) leads to (28). |
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