IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 3, MARCH 2015

1019

Spatial Spectrum and Energy Efficiency
of Random Cellular Networks

Xiaohu Ge, Senior Member, IEEE, Bin Yang, Student Member, IEEE, Junliang Ye,
Guogiang Mao, Senior Member, IEEE, Cheng-Xiang Wang, Senior Member, IEEE, and Tao Han, Member, IEEE

Abstract—TIt is a great challenge to evaluate the network perfor-
mance of cellular mobile communication systems. In this paper,
we propose new spatial spectrum and energy efficiency models for
Poisson-Voronoi tessellation (PVT) random cellular networks. To
evaluate the user access to the network, a Markov chain based
wireless channel access model is first proposed for PVT random
cellular networks. On that basis, the outage probability and block-
ing probability of PVT random cellular networks are derived,
which can be computed numerically. Furthermore, taking into
account the call arrival rate, the path loss exponent and the base
station (BS) density in random cellular networks, spatial spectrum
and energy efficiency models are proposed and analyzed for PVT
random cellular networks. Numerical simulations are conducted
to evaluate the network spectrum and energy efficiency in PVT
random cellular networks.

Index Terms—Random cellular networks, Poisson-Voronoi tes-
sellation, Markov chain, spectrum efficiency, energy efficiency.

I. INTRODUCTION

ITH the development of the new generation cellular
networks, more than 2 000 000 base stations (BSs) have
been deployed until 2012. Report from the US shows that the
energy consumption of an on-grid BS costs 3000 dollars per
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year on the average while the average energy bill for running
an off-grid BS reaches 30 000 dollars per year [1]. Considering
above energy cost and the carbon footprint in telecommu-
nication systems, energy efficiency of cellular networks has
received much attention from service providers [2]. Therefore,
it is important to investigate the spectrum and energy efficiency
of cellular mobile communication systems [3]-[5].

In cellular networks, a significant amount of power is
consumed for transmitting signal over wireless channels.
Therefore, the wireless channel model is a key metric for
the performance evaluation of cellular networks. Gilbert-Elliott
channel models were recommended as the most typical discrete
channel model, where channel states are divided into the good
or bad state [6]. Based on the Gilbert-Elliott channel model,
the network throughput and the bit error rate were investigated
for wireless networks with bursty and noisy channels [7].
Furthermore, the delay and throughput of cellular networks
were analyzed based on Gilbert-Elliott channel models [8], [9].
Recently, finite state Markov modeling of fading channel was
extended from wired network to wireless networks and used for
wireless network performance analysis [10]. Particularly, the
received signal-to-noise ratio (SNR) was partitioned into a finite
number of states and then a finite state Markov chain (FSMC)
was constructed for modeling Rayleigh fading channels [11].
Both numerical and simulation results have shown that the
FSMC channel model provides an accurate model for the real
channels. Based on a three-dimensional Markov chain model, a
pico-cellular airport traffic model was proposed in [12] which
models Engset distributed fresh call arrival process and the
general distributed handoff process with dynamic channel al-
location. The energy efficiency of fixed-rate transmissions from
Markov sources over Rayleigh fading channels was investigated
in [13]. On that basis, a closed-form expression of the minimum
energy per bit was derived. Using the Markov chain to model
the channel access in femtocell networks, energy and spectrum
efficiency models were proposed in [14] for a two-tier femtocell
network with partially open channels.

Although one-dimensional linear model and two-
dimensional lattices model including square lattices and triang-
ular lattices were widely used in the modeling of cellular
networks [15], the assumption of regular deployment of BSs
in a plane is not consistent with real BSs deployment. Ignoring
these structural fluctuations of the geometric objects may
cause significant bias on the evaluation of the cellular network
performance [16]. To evaluate the geometric structure of BSs
coverage, the Poisson point process has been presented for
modeling of BSs spatial structure [17], [18]. Using realistic BSs
locations collected from the Ofcom region UK, the Poisson
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point process has been justified for modeling of BS locations
in cellular networks [18]. Moreover, in many cellular network
scenarios only a statistical description of BSs locations is
available. For these scenarios, the stochastic geometric model
provides a promising solution for modeling and performance
analysis of cellular networks. Particularly, in [19], Win et al.
introduced a mathematical framework for the characterization
of network interference in which the interferers are scattered
according to a spatial Poisson point process and are operating
asynchronously in a wireless environment subject to path loss,
shadowing and multipath fading. Using physically realistic
stochastic models for BS’s locations in multi-tier heterogeneous
networks, a general signal-to-interference-and-noise ratio
(SINR) distribution was derived in [20] for calculating the
probability of the user being able to camp on a macrocell or an
open-access femtocell in the presence of closed subscribe group
femtocells. Assuming mobile users and BSs in different tiers
of heterogeneous cellular networks are independent Poisson
point processes, a tractable model of downlink heterogeneous
cellular network consisting of K tiers of randomly located BSs
was developed in [21]. By assuming spatial Poisson distribution
of transmitters in the primary network, the achievable transmis-
sion capacity of a secondary cognitive mesh network sharing
the uplink spectrums with cellular users under the outage proba-
bility constraints of both the primary and secondary systems
was investigated in [22]. Using a stochastic geometry based
model and different sleeping policies, the success probability
and energy efficiency in homogeneous macrocell and heteroge-
neous K-tier wireless network were derived in [23]. In [24],
based on the spatial Poisson point process, the distribution
of SINRs and mean achievable rates of both non-cooperative
users and cooperative users were derived to evaluate the energy
efficiency of relay-assisted cellular networks.

In all aforementioned studies, Markov chain models and sto-
chastic geometry tools are successfully used for investigating
cellular networks, respectively. However, the study combining
the Markov chain model with random cellular networks is
surprisingly lacking in the open literatures. We started an initial
study and published the initial result in [25]. One of the major
obstacles in combining the Markov chain model with random
cellular networks is how to model the user access in stochastic
geometry cellular scenarios by Markov chains. To overcome
this obstacle, we propose a Markov chain based channel access
model for a Poisson-Voronoi tessellation (PVT) random cellular
scenario. Furthermore, the Markov chain based channel access
model for one PVT cell has been extended to the whole PVT
random cellular network using the Palm theory. As a conse-
quence, the spatial spectrum and energy efficiencies of PVT
random cellular networks has been analyzed in this paper. The
contributions and novelties of this paper are summarized as
follows.

1) Although the Markov chain model and the stochastic
geometry theory have been widely used in cellular net-
works, it is still a great challenge to integrate the Markov
chain model into the analysis of stochastic geometry
cellular networks. Based on the PVT cellular scenario,
a Markov chain based channel access model is first pro-
posed and integrated into random cellular networks.
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2) From the proposed wireless channel access model, we
derive the exact outage probability and blocking proba-
bility for PVT random cellular networks with a spatial
Poisson distribution of interfering transmitters, taking
into account fading and shadowing effects over wireless
channels.

3) Using the outage probability and blocking probability, a
new spatial spectrum and energy efficiency model of PVT
random cellular networks is developed for performance
evaluation.

4) We study the spatial spectrum and energy efficiency of
PVT random cellular networks in details and present
some interesting observations.

The remainder of this paper is outlined as follows. Section II
describes the system model. In Section III, a wireless channel
access model based on Markov chain is proposed and on that
basis the outage probability and blocking probability of PVT
random cellular networks are derived. Furthermore, the spatial
spectrum and energy efficiency models of PVT random cellular
networks are presented and evaluated in Section IV. Finally,
Section V concludes this paper.

II. SYSTEM MODEL

Assume that both mobile users (MUs) and BSs are located
randomly in the infinite plane R?. Moreover, locations of
MUs and BSs are modeled as two independent Poisson point
processes, which are denoted as Oy = {x; : i =0,1,2,...} and
O ={y;,j=0,1,2,...}, where x; and y; are two-dimensional
Cartesian coordinates, denoting locations of the ith MS MU;
and the jth BS BS;, respectively. The corresponding intensities
of the two Poisson point processes are Ay and Ag, respectively.
For a cell, the interference among MUs is ignored and the co-
channel interference is assumed to be mainly contributed by
adjacent BSs.

A. Wireless Propagation Environments

For an MU x; € Oy and the associated BS y; € Op, the
channel gain Ly, (x;), defined as the ratio between the received
power P, ., at an MU and the corresponding transmission
power P, ; from its associated BS, is

K-Sy, (xi)  K-TIZy,(x)
Ly, (xi) = P L = 5
v (lyj =l llyj —xll

where K is a constant depending on antenna gains, Sy, (xi) =

P r_Xi

€]

Ik Z)’f,_ (i) is the impact of fading and shadowing effects on the
received signal power in wireless propagation environments;
{Zﬁj (x;)|k € Z*} are independent random variables (RVs),
which account for propagation effects such as fading and shad-
owing, where Z™ is the positive integer set, the values of k and
the distribution of {ij (x;)} are general enough to account for
various propagation scenarios, including the following:
1) Sy (xi) = Z}l,j (x;) = 1. without fading and shadowing
effects;
2) Zylj (x;) follows an exponential distribution: Rayleigh fad-
ing propagation scenario;
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3) Sy;(xi) = Zyl,/_ (x) =2 with > ~T (m, 1), where T (m, 1)
is a Gamma distribution with 1 mean and variance of %:
Nakagami-m fading propagation scenario;

4) Sy, (xi) = Z5 (x;) = €*°° with G ~ Gaussian(0, 1), where
o is the shadowing coefficient: log-normal shadowing
propagation scenario;

5 Sy;(x;) = szfj (x;) = Zylj(xi)zyzj (W) = ¢ - %
Nakagami-m fading and log-normal shadowing
propagation scenario.

L(|ly; — xi||) accounts for the far-field path loss, which is a
function of the distance between the MU located at x; and the
BS located at y;, denoted as ||y; — x;||°, where b is the path loss
exponent. In general, the path loss exponent is environment-
dependent and can approximately range from 0.8 (e.g., hall-
ways inside buildings) to 6 (e.g., buildings without line of sight)
[19], [26].

B. User Association Scheme

In realistic cellular networks, the MU receives different
pilot signals from adjacent BSs and then associates with a
BS based on a specified user association scheme. In recent
studies, different user association schemes were adopted for
evaluating the performance of cellular networks, for example,
the nearest BS association scheme was adopted in [20], [23],
[27], the highest SINR association scheme was adopted in [21],
[28], [29], and the maximum received signal power association
scheme was adopted in [30]-[32]. When an MU located at x; is
associated with a BS located at y;, a general association scheme
is expressed as [33], [34].

*_

yj = arg max T, ly; —xill = 2)
where T, is the weight association metric, which is dependent
on the particular user association scheme. In this paper, the MU
is assumed to be associated with the nearest BS in the plane. In
this case, the weight association metric is configured as Ty, = 1.
Accordingly, (2) can be rewritten as

* 7b
= F— x| 7 3
Yj arg;j%*g;”)’] x| )

Based on the PVT method, the coverage of BS located at y; is
defined as [34]

G, ={yeR*:ly—yjlI<[ly—wll, ¥y €Op and y, #y;}. (4)

Based on (4), an illustration of the PVT random cellular net-
work is depicted in Fig. 1, where each cell is denoted as G, In
Fig. 1, the cells are rounded by blue lines, the BSs are denoted
by blue points and the MUs are denoted by red points. Such
stochastic and irregular-topology network forms the so-called
PVT random cellular network.

Despite of its apparent complexity, an outstanding property
of PVT random cellular networks is that the geometric charac-
teristics of any cell G, coincide with that of a typical PVT cell
Cori where the corresponding BS is located at a fixed position,
e.g., the origin, according to the Palm theory [35], [36]. This
feature implies that the analytical results obtained for a typical
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Fig. 1. An illustration of the PVT random cellular network: blue points are
BSs and red points are MUs.

PVT cell C,,; can be extended to the whole PVT random
cellular network. Without loss of generality, the coverage of the
typical cell G,,; is expressed as

Cori={y € R?:[ly—oril| < |ly—y|, ¥y1 € ©p and y, # ori}
(5)

where ori = (0,0) is the origin point in the plane R?.

C. Wireless Channel Allocation Strategy

In this paper, a centralized channel allocation strategy is used
for PVT random cellular networks. The traffic channels are al-
located for a MU after this MU is associated with a specific BS.
Furthermore, every MU is assumed to have the perfect channel
state information (CSI) of all channels available to its BS. This
means the associated MU can get the SINR over all channels.
When the SINR value of a channel is larger than or equal to
the threshold 7y, this channel is available for the associated MU
and will be marked as 1. When the SINR value of a channel
is less than the threshold 7y, this channel is unavailable for the
associated MU and will be marked as 0. All available channel
states will be feedbacked to the control centres of PVT random
cellular networks, and then the control centres will allocate BS
channels to all associated MUs based on the set of available
channels.

III. MODELS OF PVT RANDOM CELLULAR NETWORKS
A. Markov Chain Model of PVT Random Cellular Networks

Without loss of generality, a typical cell G, in the PVT
cellular network is selected for Markov chain based modeling
and performance analysis in this paper. The arrival rate of calls
to the system is assumed to follow a Poisson distribution with
mean A. The user session duration Ty and the cell dwelling time
Tp are assumed to be governed by exponential distributions
with mean u and 1/Tp respectively, where T} is the mean cell
dwelling time. The channel holding time 7y is the minimum
of the user session duration and the cell dwelling time, i.e.,
Ty = min(Ts, Tp ), with mean 1 = u+ 1 /Tp. Unlike the discrete
Gilbert-Elliott channel model used in many articles [6], [7], in
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Fig. 2. Markov chain transition diagram.

this paper the continuous Gilbert-Elliott channel model is used
to model the transitions between the available channels and the
unavailable channels. For traditional Markov chain models of
wireless channel access in cellular networks, the state change of
unavailable BS channels has been modeled by a Markov chain
and the state dwelling period of unavailable BS channels is
governed by an exponent distribution [8], [9]. Considering that
the number of available BS channel is determined by the total
BS channel number minus the unavailable BS channel number
in a cell, the state dwelling period of available BS channels
is also assumed to be governed by an exponent distribution.
The transition rate from the unavailable channel to the available
channel is denoted as o and the transition rate from the available
channel to the unavailable channel is denoted as . The two
parameters will be determined later.

A two-tuple of nonnegative integers (m,n) is used to denote
the network states, where m is the number of occupied channels
and n is the total number of channels available to be allocated
for MUs in the typical cell G,,;, including the channels that
have already been allocated (i.e., occupied). Let C be the
maximum available channels in the typical cell C,,;. Obviously,
the constraint m < n < C has to be observed. The Markov Chain
transition diagram is illustrated in Fig. 2.

The Markov chain state transitions in Fig. 2 are described as
follows:

1) (m,n) — (m+ 1,n): When a new call arrives, the number
of occupied channels is increased by 1 if the number of
occupied channels is less than the number of available
channels, i.e., m < n.

2) (m,n) = (m—1,n): When a call has been successfully
serviced, the number of occupied channels is reduced by
1 if this occupied channel is released.

3) (m,n) — (m,n+ 1): An unavailable channel becomes
available to be allocated for mobile users due to the
time-varying interference, thus the number of available
channels is increased by 1.

4) (m,n) — (m,n—1): An available channel becomes un-
available to be allocated for mobile users due to the
time-varying interference, thus the number of available
channels is reduced by 1.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 3, MARCH 2015

((€0))

A
A Cn

a Y
(G e G0
A - cp .-

A (C-p A5 (C-1p
i 4 4

—n_“

cp

A 2n

0,C
ﬂ\()

Based on the Kolmogorovs criteria [37], a Markov process
is reversible and its stationary state distribution exists if its
transition rates satisfy

A(S1,82) - A(S2,83) .- A(Su_1,54) -
= A(S1,80) - A(Su, Sut) - ..

A(Su,S1)
“A(S3,82) - A($2,51)  (6)

for any finite sequence of states S,S2,---,S, € E, where =
is the set of all possible states in this Markov process and
A(Sh,Sk) denotes the transition rate from state S, to state Sy. It
is observed that states in Fig. 2 meet (6) and the stationary state
distribution exists as a result. For an easy illustration, four states
illustrated with purple dash line are taken as an example. State
transition rates on the left and right side of (6) are placed beside
the red arrows and blue arrows, respectively. In this way, the
product term on the left side of (6) is ot-n-CP-Aandm-o-A-CB
on the right side. Obviously, ao-n-CB-A =n-o-A-CB.
Similarly, we can verify other finite sequences of states and find
that (6) holds. According to the Markov chain state transitions
in Fig. 2, global equilibrium equations are listed as (7), shown
at bottom of the next page. Based on the queuing theory, the
stationary state probabilities are derived as follows

where (¢) is the binomial coefficients meaning the number of
ways of picking n unordered outcomes from C possibilities.

Based on the Gilbert-Elliott channel model [8], [9], the
probability of a channel being unavailable € is defined as
: ©)

= aib

The ratio between o, and 3 needs to be calculated in (8). Based
on (9), o,/P equals to (1 —€)/e. In this paper, the channel is
unavailable when the SINR value of channel is less than the
given threshold. In this case, the probability of unavailable
channel is equal to the expected value of the outage probability
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with different number of interferers. € then is expressed as
follows

e= lim Z Pout(Yo,

NI\ A Ny—A
M 2 )(A>p (1-p) (10)
where N is the maximum number of interferers in ©p; A(A <
Np) is the possible number of interferers aggregated at a wire-
less channel; pou(Y0,A) is the outage probability conditioned
on that there are A interferers; p is the probability that a channel
is being used at present, i.e.,

53 x

= C

It is observed that the stationary state probability o,/B, the
probability of a channel being unavailable € and the probability
of a channel being used p are mutually dependent and corre-
lated with each other in (8)—(11). Fortunately, above probability
values can be obtained by solving linear equations if we know

the outage probability pou(Y0,A). In the next paragraph, we
compute the value of the outage probability.

(1)

B. Outage Probability Model

Considering that in the typical cell G, the MU located
at x; is associated with the BS located at y; and co-channel
interference from adjacent BSs exists. Based on the general
wireless propagation environments described in Section II, the
SINR at the MU located at x; is expressed as follows

~1
K-Sy, (i) {L(Ily; —xill)}
o+ 14

SINRy, (x;) = (12a)

with

= ¥y K- —xl)y!

y1€0p\{y}s
#{op\(yj} }=a

Sy, (ki) {L([[y1 (12b)

where Ifi is the aggregate interference received at the MU
conditioned on that there are A interferers in total; #{-} is an
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When the MU is assumed to be associated with the nearest
BS, the success probability of a MU located at x; € G, is
derived as

psuc(’YOa )
=P (SINRy; (x;) > Yolx; € Cori)

-1
K-Sy (i) {L(ly; —xil) }
GZ—I—Ith

>0

Xi € Cori)

Ly (o+12) i € o)
r
/

% -8y, (x) {LW]} 'dt}

Sy; (i) {L(r)}~

+°°
g(t)

K/
=E{P|o’+I5<
Yo

21t7»3re mhgr? dr/

—oo

1{0<t< (14)

where E{-} is an expectation operation, g(¢) is the probability
distribution function (PDF) of (6 412 ) and 1{-} is an indicator
function, which equals to 1 when the condition inside the
bracket is satisfied and 0 otherwise. Moreover, the success prob-
ability can be further derived by using Parseval theorem [16]
given below.

Parseval theorem: Denote the Laplace transforms of two
square-integrable functions f(r) and g(¢) as F(®) and G(®),
respectively, ie., f(f) = 5 [[TF(w)e®do and g(t) =

ﬁ 1 G(w)e™ dw, then they have the relationship as follows

oo 1 [+

F0)g(o)-dr = o / F(0)G(0)-do.  (15)
Let the PDF of Sy,(x;) be f(y) and assume that f(y) is

independent of g(y). Based on (15) and the assumption that the

noise and interference are independent of each other, (14) can

be further derived as

operation which counts the number of elements in a set; 67 is Dsuc(Yo,A)
the Gaussian noise power. Assume that all BSs transmit with .
the same power and as a result, K’ = KPyj, y; € Op. —E anBre*MBrz dr- i Lo (—2mjo)
Because the sum of the outage probability poy(Y¥0,A) and r>0 2 J e
the success probability pg.(Yo,A) equals to 1, pout(Yo,A) is
expressed by _ i 5 L1 —1
Lyp (21 jw) - 5 do
pout(YOaA) =1- psuc(YO;A)~ (13) ’ o
Co.-m(0,0) =B-m(0,1)
B+A+(C—n)- n( n)=(C—n+1o-n0,n—1)4+n-n(l,n)+ (n+1)Pr(0,n+1) for0<n<C
[CB+A]-m(0,C) =0a-w(0,C—1)+n-=(0,C)
[CB—&—X—l—mn] n(1,0) :(x a(m,C—1)+(m+1n-nt(m+1,C)+A-n(m—1,C) for0<m<C 7
Cn-n(C,C)=A-n(C—1,C)
[(C—m)o+mm]-w(m,m)=A-t(m—1,m)+ (m+1)B-n(m,m+1) forO0<m=n<C
B+ (C— )OL+7L+mn] n(m,n) = (C+1—n)o-n(m,n—1)
+(n+DB-n(mn+1)+m+1)n-n(m+1,n)+A-n(m—1,n) for0<m<n<C
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foo Foo
-/ 2hgre ™7 dr / f0)-dy [ Lo(—2mjw)
r —oo —
amjoll Ly
¢ do

: Llé(—2njm) : (16)

4n2jm
where  Lp(-) and  Lja(-) are the Laplace transforms

of noise and interference IXAI,, respectively. Assume that

Jo )2 4'7);%) {exp [Qth(x)y%{L(r)}_l} — 1}‘ dwdy is finite,
then the success probability can be obtained as
Psuc (YO;A)
- amjoll v {L() !
+ e 0 —1
— [ omhgre ™7 a : d
>0 ThBre " . 6) 4r2 jo Y
oo

X L2 (—2mjo) - Lia (—2mjo)do

2
= 2mhgre ™" dr

r>0
ok (1! i}
[ ey,
e 412 jo
~+o0
X Lo (—21jo) - Lp (—2mjw) do. (17)

Further with the assumption of

/ /*‘” "2 r)
r>0J —c

: \L(,z(—znjm)\.‘L,é(—znjm)‘ dodr <o (18)

. k! —1
.eZTt]U)%'y'{L(r)} dy— fi:f(y) dy
4n? jo

equation (17) can be further derived as

Psuc (’YOaA)
= ZTCXBre_n}“BrZ dr
r>0 ,
= )P O gy e () ay
' /_w 412 jo
L (—2mjo) - Ln (21 jo)do
= 2hgre ™5 r»
r>0
w0 L, (e (207K (YL} ) = Ls, (1) (0)
. /,w A jo

Ly (—2mjm) - L (21 jo)dodr (19)

where Lg, (x;)(-) is the Laplace transform of Sy, (x;). Let s =
—oK’ - {yL(r)} " and (19) is expressed by

oo L, (1) (210)8) = Ls, () (0)
4n2 js

Psuc ('Y(), A) = 27E7u3re_“7‘3’2/

r>0 —oo

Lo (2mjYoL(r)s/K) - L (2mjyoL(r)s/K") dsdr. ~ (20)

The Laplace transform of the noise is expressed as [16]

2

Lo(s)=e%F. (21)
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According to the definition of I;‘l_ in (12b), we follow a basic
technique in [38] to obtain the outage probability condition on
having A interferers, which consists of two steps:

1) Consider a finite network, say on disk of radius a cen-
tered at the origin, and condition on having a constant
number of nodes in this finite area, for example A nodes.
Assume that the nodes locations are independent identical
distribution.

2) Let the disk radius go to infinity, while keeping the node
density, i.e., the ratio of the number of nodes to the
network area, constant.

Step 1: Conditioning on having A nodes (i.e., interferers)
in the disk of radius a, the Laplace transform of aggregate
interference is denoted by

Ly o(s)2E {e*S’w 4B (ori,a) = A} (22)
where B(ori,a) is the set of nodes located on a disk with radius
a centered at the origin ori and #B(ori,a) = A means that the
number of nodes in B(ori,a) is A. These nodes (i.e., interferers)
are uniformly distributed on the disk with radial density

2r
= {0 <

0  otherwise.

(23)
Therefore, the Laplace transform Ly ,(s) is the product of
the A individual Laplace transform, which is given by

LIXAV“ (s) =E {eiS[xi’A’“|#B(0ri,a) = A}

_E { (/Oaczl;exp (=5K"-5y, () {20} ) dr)A} .

(24)

Assume that the path loss law is L(r) = 7, then the individual
Laplace transform is derived as follows [39]

/Oagexp (—S](/,Syl (xi) {L(r)}fl) dr

“2r / —b
:/0 2 CXP (—SK -8y, (xi)r )dr

2

— 7?/l y_3exp (*SK’~Sy1 (xi)yb> dy

1 2 2 1
=3 [sK"- Sy, (x;)] 7 -T (—b,sK’abSy, (x,»)) . (25

where I'(+) denotes Gamma function.
Step 2: When a goes to infinity, (25) is further derived by
a

lim 2—; exp (—sK’ - Sy, (x7) {L(r)}fl) dr

a—e Jo a
1 2 2
=7 [sK'- Sy, (x;)] " -T <_b’0)

1 2 2
=5 [sK"- 8y (xi)] ir <b) : (26)
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Then £;_, (s) is is transformed into

Ly o(s) = lim Ly aa(s)

T (-2))AEMM {(sy, (x1)) ﬂ @)

By substituting (20) and (27) into (13), the outage probability
conditioned on having A interferers is derived by

pout(YOaA)
=1 _/ dmhgre B /+°° LS«”j(xf)(znjs) B
- g B . 42 js

- Lo (2mjyoL(r)s/K') L (2mjyoL(r)s/K') dsdr

oo LS\v.x,- 2TEJS _LSV.XI' 0
ZRKBre_“XBrZ/ it )(2) it )

>0 — o 4TCsz

2njyoolrbs\ (1, ., 2 2\ \ 4
- eXp (”OK,> <b(ZTEJYOV bs)? T<b>)

x ES)‘/ (xi) [(SYJ (xi))sz:| dsdr. (28)

Ls, (x)(0)

—1—

C. Blocking Probability With Rayleigh Fading

When wireless signals are assumed to suffer Rayleigh fad-
ings, the PDF of signal is expressed as

f(x) =x/0% exp(—x*/26%)(0 < x < o). (29)
And the PDF of the signal power is expressed as
f(v)=1/26% -exp(=y/26*)(0 < y < ). (30)

It is obvious that the PDF of the signal power follows an
exponential distribution. Without loss of generality, let Sy, (x;) ~
exp(1). Then the Laplace transform of Sy, (x;) is derived by

1
Ls, (x)(5) = S (31)
and then
E{(Syl(x,-))z”A} :F(l +2bA> ) (32)

Moreover, the Laplace transform of the aggregate interference
is derived by

Ly ols) = (II)(SK’)i T (-2)>A-r (1 + 25) . 33)

By substituting (33) into (28), the outage probability is de-
rived as

Pout (YOv A)

S

XBre’”kBr

_2 : 62 —b K/)
St o (et
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() () e

(34)

X <; <2n'yor_bjs)%

Assume that a call will be dropped if the call can not be
served immediately in PVT random cellular networks. As a
consequence, if the total number of active MUs exceeds the
number of available channels in the typical cell G, a call
will be blocked due to a lack of sufficient channel resource.
Therefore, the blocking probability is derived by

Py = Z n(m,n) = Z

1 A m1 C o "
et (n) m'(n> <B) (352)

m=n<C
with
1i
2-—f (35b)
B €
g= lim % o) (M) A1 = py¥id. 3sc)
TN Pout (Y0, A )4 P s Y
= p=1
_q / /*"" kBre mhgr?
Pout YOa - -0 2T|:]S+1
( . 2 —b /
-exp | —2mjyoo " s/K)
1 2 2\\*
X (b (ZTC'YQribjS) g F <—b>>
2A
xr<1+b) dsdr. (35d)

Furthermore, the mean sojourn time of a MU can be derived
by Little’s theorem [40]

D=

N
% (36)

c
where N = Y, m-m(m,n) is the mean number of served MUs
m=1

in the typical cell G,,;.

D. Performance Analysis

Assuming Rayleigh fading channels, the blocking probabil-
ity and the mean sojourn time of PVT random cellular networks
can be numerically computed. Following the simulation con-
figuration in [9], [21] and [35], default parameters for a PVT
random cellular network are configured as follows: BS intensity
is Ag = 0.2 per square kilometers; the maximum number of
available channels in a typical cell G, is C = 20; the arrival
rate of calls is A = lminute™'; the BS transmitting power is
Py, = 30 dBm; the mean noise power is 62 = 0 dBm; the path
loss exponent is b = 4; the antenna gain is K = 31.54 dB for an
urban microcell environment.

Fig. 3 shows the call blocking probability with respect to
the SINR threshold considering different maximum number
of channel numbers C in a typical cell C,,;. When the maxi-
mum number of available channels is fixed, it is observed that
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Fig. 3. Blocking probability versus SINR threshold with different maximum
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Fig. 4. Blocking probability versus SINR threshold with different b.

the blocking probability increases with the increase of SINR
threshold. The reason is that the successful decoded signal is
reduced for MUs when the SINR threshold is increased. When
the SINR threshold is fixed, the blocking probability increases
with the decrease of the maximum available channels number in
the cell C,,;. That is because a call is more likely to be dropped
when channel resource is insufficient.

Fig. 4 illustrates the blocking probability versus the SINR
threshold for different path loss exponents b in the typical cell
Cyri- When the SINR threshold is fixed, the blocking probability
decreases with the increase of the path loss exponent. It is
well known that the path loss exponent affects both desired
signals and interference signals. However, these curves imply
that the path loss exponent has a more significant attenua-
tion on the aggregated interference in PVT random cellular
networks.

Fig. 5 shows the mean sojourn time versus the SINR thresh-
old for different arrival rates of calls. When the SINR threshold
is fixed, the mean sojourn time decreases with the increase of
arrival rate of calls. When the arrival rate of calls are fixed,
the mean sojourn time decreases with the increase of SINR
threshold. That is because the number of available channels
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Fig. 5. Mean sojourn time versus SINR threshold with different A.

decreases with the increase of SINR threshold. As a result, the
service ability of cellular network is decreased and then the
mean sojourn time of a MU staying in the PVT random cellular
network is decreased.

IV. SPATIAL SPECTRUM AND ENERGY EFFICIENCY OF
PVT RANDOM CELLULAR NETWORKS

In this section, we further evaluate the spatial spectrum and
energy efficiency of PVT random cellular networks.

A. Spatial Spectrum and Energy Efficiency
Assume that the bandwidth of a typical cell G,,; is B, the
throughput of the typical cell G, is then given by
Tthroughput = (1 - pb)B ‘E {logz (1 + SINRyj ()Ci)) }
2 m-t(m,n).

0<m<n<C

(37

Without loss of generality, the number of interferers on a
wireless link of PVT random cellular networks is assumed as A.
Therefore, the link capacity between a MU and the associated
BS is defined as

E {log, (1+SINRy, (x;)) }
:/()+wp(1og2(1+SINR,_,(xi)) >1)d
- /0+wP (SINR, (x;) >2' — 1) dt

(38)

~+oo
_ / [1— Po(2' — 1,A)] .
0

A simple proof of (38) is given as follows.
Proof: Consider a random value x which has continues PDF,
then its expectation is given by

E{x} :/::cxf(x)dx: /ixf(x)der/Oerxf(x)dx. (39)
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Furthermore, the two terms of the right side of (39) are writ-

ten as
/ioxf(x)dx:—/j; (/xody>f(x)dx
:_Li/;Lf(x)dxdy:—liF(y)dy,

/(}+mxf(x)dx: /O+M </0x dy) F(x)dx

400 oo oo
— [ searay= [ 1-F()]dy. @00)
0 y 0

(40a)

where F(-) denotes the cumulative probability function
(CDF) operation. As we know SINRy,(x;) > 0. Substituting
SINRyj (x;) into (40b), the result of (38) is obtained. Based on
(37), the spatial spectrum efficiency of the PVT random cellular
network is derived as

SSE = 7\43 ' Tthroughput
oo
=(1—pp)Bhg- /0 [1—Pow(2' = 1,A)] dt

2 m-n(m,n),

o<m<n<C

(41)

according to [23], where Ap is the BS density of PVT random
cellular networks.

The energy efficiency of the typical cell C,,; during the whole
life time is derived as follows

o Etotal
Diotal

(42)

where Eiy, denotes the BS energy consumption in the life
time and Dy, denotes the BS throughput in the life time.
In the entire life time, the BS energy consumption includes
the operation energy and the embodied energy [41]. Moreover,
the embodied energy includes the initial embodied energy
consumed in factories and the maintenance embodied energy
in the life time. Therefore, the BS energy consumption in the
life time is expressed as

Eiotal = EeMinit + EEMmaint + EEMoper (43)
where Epminit denotes the initial embodied energy, Erprmaint
denotes the maintenance embodied energy, and Egmoper iS
the operation energy, which is a linear function of the total

transmission power over all occupied channels and is given as
follows [42]

Egmoper = |- Pepi z m-1(m,n) +k| tifetime, ~ (44)

o<m<n<C

where Py is the transmission power over a wireless channel,
hifetime 18 the life time of a BS, & and k are linear coefficients of
the total transmission power. The total throughput of BS in the
life time is expressed as

Diotal = hifetime * Tthroughpub (45)
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Fig. 6. Spatial spectrum efficiency with respect to the path loss exponent b
considering different BS densities A in PVT and grid cellular networks.

Therefore, the energy efficiency of the typical cell G, is
derived as

Hifetime * Tthrou ghput

(p:

EeMinit+ EEMmainc+ |h-Powy Y, m-mt(m,n)+k| - Hifetime

o<m<n<C
(46)

Based on the Palm theory, the result of (46) can be extended to
the whole PVT random cellular network.

B. Numerical Results and Discussion

Based on the spatial spectrum and energy efficiency analysis,
numerical results are illustrated in this subsection. Based on
default parameters used in Section III-D, some parameters used
for comparing grid cellular networks (i.e., regular hexagonal
cellular networks) and PVT random cellular networks are con-
figured as follows [35], [41], [42]: the channel bandwidth is
B = 0.1 MHz, the embodied energy is configured as Egminit +
Egpmaine = 85 GJ, the transmission power over a wireless
channel is P = 1 Watt, h = 7.84, k = 71.5, without loss of
generality, the BS life time #jjfeime 1S configured as 1 year, e.g.,
365 days.

Fig. 6 illustrates the spatial spectrum efficiency of PVT and
grid cellular networks with respect to the path loss exponent
and the BS density in cellular networks, in which “PVT model”
labels the PVT random cellular network and “Grid model”
represents the regular hexagonal cellular network. When the
BS density Ap is fixed, numerical results of PVT and grid
cellular networks consistently show that the spatial spectrum
efficiency increases with the increase of the path loss exponent.
When the path loss exponent b is fixed, numerical results of
PVT and grid cellular networks consistently illustrate that the
spatial spectrum efficiency increases with the increase of the
BS density. Compared with PVT model results and grid model
results in Fig. 6, it is shown that values corresponding to PVT
random cellular networks are obviously less than values corre-
sponding to grid cellular networks. This result is confirmed in
[17] which showed that the average transmission rate of PPP
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random cellular networks is less than the average transmission
rate of grid cellular networks. Considering that the PVT random
cellular network forms a special case of the PPP random cellu-
lar networks, the spatial spectrum efficiency of PVT random
cellular network is less than the spatial spectrum efficiency of
grid cellular network when the transmission bandwidth is fixed
in PVT and grid cellular networks.

In Fig. 7, the effect of the call arrival rate A on the spatial spec-
trum efficiency of PVT and grid cellular networks is investi-
gated. When the path loss exponent is fixed, numerical results
of PVT and grid cellular networks consistently demonstrate that
the spatial spectrum efficiency decreases with the increase of the
call arrival rate. When the call arrival rate increases, the block-
ing probability in the cell is correspondingly increased. The
increase of blocking probability in the cell in turn reduces the
spatial spectrum efficiency of PVT and grid cellular networks.

Fig. 8 shows the spatial spectrum efficiency with respect to the
call arrival rate considering different SINR thresholds in PVT
and grid cellular networks. When the call arrival rate in cellular
scenarios is fixed, the spatial spectrum efficiency decreases with
the increase of the SINR threshold. When the SINR threshold
is fixed, there exist thresholds for different call arrival rates in
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cellular scenarios. Below the threshold, the spatial spectrum
efficiency increases with the increase in the call arrival rate and
above the threshold the spatial spectrum efficiency decreases
with the increase in the call arrival rate. Numerical results of
PVT and grid cellular networks consistently validate that there
exist maximum spatial spectrum efficiency values considering
different call arrival rates in cellular scenarios.

The impact of the call arrival rate on the energy efficiency
of PVT and grid random cellular networks is evaluated in
Fig. 9. When the SINR threshold is fixed, there exist thresh-
olds for different call arrive rates in cellular scenarios. Below
the threshold, the energy efficiency increases and above the
threshold the energy efficiency decreases with the increase in
the call arrival rate. Numerical results of PVT and grid cellular
networks consistently validate that there exist maximum energy
efficiency values considering different call arrive rates in cellu-
lar scenarios. Therefore, to achieve an optimal spectrum and
energy efficiency of cellular networks, the call arrive rate and
the SINR threshold in a cell should be considered carefully by
telecommunications operators.

Fig. 10 depicts the energy efficiency with respect to the path
loss exponent considering different BS densities in PVT and
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grid cellular networks. When the BS density of cellular net-
works is fixed, numerical results of PVT and grid cellular net-
works consistently confirm that the energy efficiency increases
with the increase of the path loss exponent. With the increase
of the path loss exponent, both the desired signal and the in-
terference are exponentially attenuated over wireless channels.
Since the distance between the interfering transmitters and the
receiver is longer than the distance between the desired BS and
the receiver, the interference will experience larger attenuation
than the desired signal when the path loss exponent increases.
Therefore, the outage probability decreases with the increase
of the path loss exponent. This result implies that the energy
and spatial spectrum efficiency increase with the increase of the
path loss exponent in Fig. 6, Fig. 7 and Fig. 10. When the path
loss exponent is fixed, the energy efficiency decreases with the
increase of the BS density in PVT and grid cellular networks.

V. CONCLUSION

To evaluate the spatial spectrum and energy efficiency in
network level, the Markov chain is first integrated into the PVT
random cellular networks in this paper. Based on the Markov
chain based channel access model, spatial spectrum and energy
efficiency are analyzed for PVT random cellular networks. To de-
rive these models, a Markov chain is first presented for model-
ing of wireless channel access in a typical PVT cell. Moreover,
taking into account the path loss and Rayleigh fading effects
over wireless channels, the outage probability and the blocking
probability are derived for a typical PVT cell. Furthermore, the
spatial spectrum and energy efficiency are obtained for PVT
random cellular networks. Numerical results have shown that the
call arrival rate in a PVT cell and the BS density of PVT random
cellular networks have adverse effects on the spatial spectrum
efficiency of PVT random cellular networks. Moreover, the path
loss exponent and the SINR threshold have great impact on the
energy efficiency of PVT cellular networks. In the end, our re-
sults provide insights into the evaluation of spatial spectrum and
energy efficiency of PVT random cellular networks considering
different call arrival rates in cellular scenarios.

REFERENCES

[1] Z. Hasan, H. Boostanimehr, and V. K. Bhargava, “Green cellular net-
works: A survey, some research issues and challenges,” IEEE Commun.
Surveys Tuts., vol. 13, no. 4, pp. 524-540, 2011.

[2] A.Fehske, G. Fettweis, J. Malmodin, and G. Biczok, “The global footprint
of mobile communications: The ecological and economic perspective,”
IEEE Commun. Mag., vol. 49, no. 8, pp. 55-62, Aug. 2011.

[3] X. Ge et al., “Energy efficiency optimization for MIMO-OFDM mobile
multimedia communication systems with QoS constraints,” IEEE Trans.
Veh. Technol., vol. 63, no. 5, pp. 2127-2138, Jun. 2014.

[4] I. Ku, C.-X. Wang, and J. S. Thompson, “Spectral-energy efficiency trade-
off in relay-aided cellular networks,” IEEE Trans. Wireless Commun.,
vol. 12, no. 10, pp. 4970-4982, Oct. 2013.

[5] X. Hong, Y. Jie, C.-X. Wang, J. Shi, and X. Ge, “Energy-spectral effi-
ciency trade-off in virtual MIMO cellular systems,” IEEE J. Sel. Areas
Commun., vol. 31, no. 10, pp. 2128-2140, Oct. 2013.

[6] E. N. Gilbert, “Capacity of a burst-noise channel,” Bell Syst. Tech. J.,
vol. 39, no. 9, pp. 1253-1265, Sep. 1960.

[7] E. O. Elliott, “Estimates of error rates for codes on burst-noise channels,”
Bell Syst. Tech. J., vol. 42, no. 9, pp. 1977-1997, Sep. 1963.

[8] R. Jayaparvathy, S. Anand, and S. Srikanth, “Performance analysis of
dynamic packet assignment in cellular systems with OFDMA,” [EEE
Proc.-Commun., vol. 152, no. 1, pp. 45-52, Feb. 2005.

1029

[9] S. Anand, A. Sridharan, and K. N. Sivarajan, “Performance analysis of
channelized cellular systems with dynamic channel allocation,” IEEE
Trans. Veh. Technol., vol. 52, no. 4, pp. 847-859, Jul. 2003.

[10] P. Sadeghi, R. A. Kennedy, P. B. Rapajic, and R. Shams, “Finite state
Markov modeling of fading channels C a survey of principles and
applications,” IEEE Signal Process. Mag., vol. 25, no. 5, pp. 57-80,
Sep. 2008.

[11] J. M. Park and G. U. Hwang, “Mathematical modeling of rayleigh fading
channels based on finite state Markov chains,” IEEE Commun. Lett.,
vol. 13, no. 10, pp. 764-766, Oct. 2009.

[12] S. Bhattacharya, B. R. Qazi, and J. M. H. Elmirghani, “A 3-D Markov
chain model for a multi-dimensional indoor environment,” in Proc. IEEE
GLOBECOM, Dec. 2010, pp. 1-6.

[13] M. Ozmen and M. C. Gursoy, “Energy efficiency of fixed-rate transmis-
sions with Markov arrivals under queueing constraints,” IEEE Commun.
Lett., vol. 18, no. 4, pp. 608-611, Apr. 2014.

[14] X. Ge et al., “Spectrum and energy efficiency evaluation of two-tier fem-
tocell networks with partially open channels,” IEEE Trans. Veh. Technol.,
vol. 63, no. 3, pp. 1306-1319, Mar. 2014.

[15] W. C. Y. Lee, “Elements of cellular mobile radio systems,” IEEE Trans.
Veh. Technol., vol. 35, no. 2, pp. 48-56, May 1986.

[16] E. Baccelli, M. Klein, M. Lebourges, and S. Zuyev, “Stochastic geome-
try and architecture of communication networks,” J. Telecommun. Syst.,
vol. 7, no. 1-3, pp. 3122-3124, Jun. 1997.

[17] J. G. Andrews, F. Baccelli, and R. K. Ganti, “A tractable approach to
coverage and rate in cellular networks,” IEEE Trans. Wireless Commun.,
vol. 59, no. 11, pp. 3122-3124, Nov. 2011.

[18] A. Guo and M. Haenggi, “Spatial stochastic models and metrics for the
structure of base stations in cellular networks,” IEEE Trans. Wireless
Commun., vol. 12, no. 11, pp. 5800-5812, Nov. 2013.

[19] M. Win, P. Pinto, and L. Shepp, “A mathematical theory of network
interference and its applications,” Proc. IEEE, vol. 97, no. 2, pp. 205-
230, Feb. 2009.

[20] S. Mukherjee, “Distribution of downlink SINR in heterogeneous cellular
networks,” IEEE J. Sel. Areas Commun., vol. 30, no. 3, pp. 575-585,
Apr. 2012.

[21] H. S. Dhillon, R. K. Ganti, F. Baccelli, and J. G. Andrews, “Modeling and
analysis of k-tier downlink heterogeneous cellular networks,” IEEE J. Sel.
Areas Commun., vol. 30, no. 3, pp. 550-560, Apr. 2012.

[22] T. Jing, X. Chen, Y. Huo, and X. Cheng, “Achievable transmission capac-
ity of cognitive mesh networks with different media access control,” in
Proc. IEEE INFOCOM, Mar. 2012, pp. 1764-1772.

[23] Y. Soh, T. Quek, M. Kountouris, and H. Shin, “Energy efficient hetero-
geneous cellular networks,” IEEE J. Sel. Areas Commun., vol. 31, no. 5,
pp. 840-850, May 2013.

[24] N. Deng, S. H. Zhang, W. Y. Zhou, and J. K. Zhu, “A stochastic geometry
approach to energy efficiency in relay-assisted cellular networks,” in Proc.
IEEE GLOBECOM, Dec. 2012, pp. 3484-3489.

[25] X. Ge, B. Yang, J. Ye, G. Mao, and Q. Li, “Performance analysis
of Poisson-voronoi tessellated random cellular networks using Markov
chains,” in Proc. IEEE GLOBECOM, Dec. 2014, pp. 4833-4838.

[26] T. S. Rappaport, Wireless Communications: Principles and Practice.
Englewood Cliffs, NJ, USA: Prentice-Hall, 1996.

[27] “LTE Advance: Heterogeneous Networks,” San Diego, CA, USA,
Feb. 2010, White Paper.

[28] T. D. Novlan, R. K. Ganti, A. Ghosh, and J. G. Andrews, “Analytical
evaluation of fractional frequency reuse for OFDMA cellular networks,”
IEEE Trans. Wireless Commun., vol. 10, no. 12, pp. 4294-4305,
Feb. 2011.

[29] H. S. Dhillon, R. K. Ganti, F. Baccelli, and J. G. Andrews, “Coverage
and ergodic rate in k-tier downlink heterogeneous cellular networks,” in
Proc. Allerton Conf. Commun., Control, Comput., Monticello, IL, USA,
Sep. 2011, pp. 1627-1632.

[30] T. Ali and M. Saquib, “Performance evaluation of WLAN/cellular media
access for mobile voice users under random mobility models,” IEEE
Trans. Wireless Commun., vol. 10, no. 10, pp. 3241-3255, Oct. 2011.

[31] H. S. Jo, Y. J. Sang, P. Xia, and J. G. Andrews, “Heterogeneous cellular
networks with flexible cell association: A comprehensive downlink SINR
analysis,” IEEE Trans. Wireless Commun., vol. 11, no. 10, pp. 3484-3495,
Oct. 2012.

[32] C. H. M. de Lima, M. Bennis, and M. Latva-Aho, “Statistical analysis
of self-organizing networks with biased cell association and interference
avoidance,” IEEE Trans. Veh. Technol., vol. 62, no. 5, pp. 1950-1961,
Feb. 2013.

[33] D. Fooladivanda and C. Rosenberg, “Joint resource allocation and user
association for heterogeneous wireless cellular networks,” IEEE Trans.
Wireless Commun., vol. 12, no. 1, pp. 248-257, Jan. 2013.



1030

[34] S. Singh, H. S. Dhillon, and J. G. Andrews, “Offloading in heterogeneous
networks: Modeling, analysis, design insights,” IEEE Trans. Wireless
Commun., vol. 12, no. 5, pp. 2484-2497, May 2013.

[35] L. Xiang, X. Ge, C.-X. Wang, F. Y. Li, and F. Reichert, “Energy effciency
evaluation of cellular networks based on spatial distributions of traffic load
and power consumption,” IEEE Trans. Wireless Commun., vol. 12, no. 3,
pp- 961-973, Mar. 2013.

[36] D. Stoyan, W. S. Kendall, and J. Mecke, Stochastic Geometry and Its
Applications, 2nd ed. Hoboken, NJ, USA: Wiley, 1996.

[37] E. P. Kelly, Reversibility and Stochastic Network. Hoboken, NJ, USA:
Wiley, 1979.

[38] E.S. Sousa and J. A. Silvester, “Optimum transmission ranges in a direct-
sequence spread-spectrum multihop packet radio network,” IEEE J. Sel.
Areas Commun., vol. 8, no. 5, pp. 762-771, Jun. 1990.

[39] A. Jeffrey and D. Zwillinger, Table of Integrals, Series, Products, 7th ed.
New York, NY, USA: Academic, 2007.

[40] R. B. Cooper, Introduction to Queueing Theory, 2nd ed. Amsterdam,
The Netherlands: North Holland, 1981.

[41] 1. Humar et al., “Rethinking energy efficiency models of cellular net-
works with embodied energy,” IEEE Netw., vol. 25, no. 2, pp. 40-49,
Mar./Apr. 2011.

[42] FE. Richter, A. J. Fehske, and G. P. Fettweis, “Energy efficiency aspects of
base station deployment strategies for cellular networks,” in Proc. IEEE
VTC-Fall, Sep. 2009, pp. 1-5.

Xiaohu Ge (M’09-SM’11) received the Ph.D. de-
gree in communication and information engineering
from Huazhong University of Science and Tech-
nology (HUST) in 2003. He is currently a Profes-
sor with the School of Electronic Information and
Communications at HUST, China. He has worked
at HUST since November 2005. Prior to that, he
worked as a researcher at Ajou University (Korea)
and Politecnico Di Torino (Italy) from January 2004
to October 2005. He was a Visiting Researcher at
Heriot-Watt University, Edinburgh, U.K., from June
to August 2010. His research interests are in the area of mobile commu-
nications, traffic modeling in wireless networks, green communications, and
interference modeling in wireless communications. He has published about 90
papers in refereed journals and conference proceedings and has been granted
about 15 patents in China. He received the Best Paper Awards from IEEE
Globecom 2010. He is leading several projects funded by NSFC, China MOST,
and industries. He is taking part in several international joint projects, such as
the EU FP7-PEOPLE-IRSES: project acronym S2EuNet (grant no. 247083),
project acronym WiNDOW (grant no. 318992) and project acronym CROWN
(grant no. 610524).

Dr. Ge is a Senior Member of the China Institute of Communications and a
member of the National Natural Science Foundation of China, and the Chinese
Ministry of Science and Technology Peer Review College. He has been actively
involved in organizing more the ten international conferences since 2005. He
served as the Executive Chair for the 2013 IEEE International Conference on
Green Computing and Communications (IEEE GreenCom) and as the Co-chair
of the Workshop on Green Communication of Cellular Networks at the 2010
IEEE GreenCom. He serves as an Associate Editor for the IEEE ACCESS,
Wireless Communications and Mobile Computing Journal (Wiley) and the In-
ternational Journal of Communication Systems (Wiley). Moreover, he served as
the guest editor for IEEE COMMUNICATIONS MAGAZINE Special Issue on 5G
Wireless Communication Systems and ACM/SpringMobile Communications
and Application Special Issue on Networking in 5G Mobile Communication
Systems.

Bin Yang (S’13) received the bachelor’s degree
in communication and information system from
Huazhong University of Science and Technology,
Wauhan, China, in 2012, where he is currently work-
ing toward the Doctorate degree.

His research interests include queuing theory,
stochastic geometry, and heterogeneous networks.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 3, MARCH 2015

Junliang Ye received the B.Sc. degree in commu-
nication engineering from China University of Geo-
sciences, Wuhan, China, in 2011, and is currently
pursuing the Ph.D. degree in communication and in-
formation system in Huazhong University of Science
and Technology, Wuhan.

His research interests include heterogeneous net-
works, stochastic geometry, mobility based access
models of cellular networks, and next generation
wireless communication.

Guogiang Mao (S°’98-M’02-SM’08) received the
Ph.D. degree in telecommunications engineering
from Edith Cowan University, in 2002. He currently
holds the position of Professor of Wireless Network-
ing, Director of Center for Real-Time Information
Networks at the University of Technology, Sydney.
He has published more than 100 papers in inter-
national conferences and journals, which have been
cited more than 3000 times.

His research interest includes intelligent trans-
port systems, applied graph theory and its applica-
tions in telecommunications, wireless sensor networks, wireless localization
techniques, and network performance analysis.

Cheng-Xiang Wang (S’01-M’05-SM’08) received
the B.Sc. and M.Eng. degrees in communication
and information systems from Shandong University,
China, in 1997 and 2000, respectively, and the Ph.D.
degree in wireless communications from Aalborg
University, Denmark, in 2004.

He has been with Heriot-Watt University,
Edinburgh, U.K., since 2005 and was promoted to
a Professor in 2011. He is also an Honorary Fellow
of the University of Edinburgh, U.K., and a Chair/
Guest Professor of Shandong University and South-
east University, China. He was a Research Fellow at the University of Agder,
Grimstad, Norway, from 2001 to 2005, a Visiting Researcher at Siemens AG
Mobile Phones, Munich, Germany, in 2004, and a Research Assistant at Tech-
nical University of Hamburg-Harburg, Hamburg, Germany, from 2000-2001.
His current research interests include wireless channel modeling, green com-
munications, cognitive radio networks, vehicular communication networks,
massive MIMO, millimeter wave communications, and 5G wireless communi-
cation networks. He is the Editor of one book. He has published 1 book chapter
and over 210 papers in refereed journals and conference proceedings.

Dr. Wang served or is currently serving as an editor for eight international
journals, including IEEE TRANSACTIONS ON VEHICULAR TECHNOL-
0OGY (2011) and IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS
(2007-2009). He was the leading Guest Editor for IEEE JOURNAL ON SE-
LECTED AREAS IN COMMUNICATIONS, Special Issue on Vehicular Commu-
nications and Networks. He served or is serving as a TPC member, TPC Chair,
and General Chair for over 70 international conferences. He received the Best
Paper Awards from IEEE Globecom 2010, IEEE ICCT 2011, ITST 2012, and
IEEE VTC 2013-Fall. He is a Fellow of the IET, a Fellow of the HEA, and a
member of EPSRC Peer Review College.

Tao Han (M’13) received the Ph.D. degree in
communication and information engineering from
Huazhong University of Science and Technology
(HUST), Wuhan, China, in December, 2001.

He is currently an Associate Professor with the
School of Electronic Information and Communica-
tions, HUST. From August 2010 to August, 2011,
he was a Visiting Scholar with University of Florida,
Gainesville, FL, USA, as a Courtesy Associate Pro-
fessor. His research interests include wireless com-
munications, multimedia communications, and com-

puter networks.
Dr. Han is currently serving as an Area Editor for the EAI Endorsed
Transactions on Cognitive Communications.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


