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In this paper, we investigate the outage probability of per-tier in heterogeneous networks (HetNet) in the presence of aggregated
interference from coexisting ad hoc networks. In ad hoc networks, a receiving node suffers the cross-tier interference signal from
cellular cell and aggregated interference signal from other transmitting nodes. In order to evaluate the effect of cross-tier
interference on the outage probability of ad hoc networks, we analyze the restricted region in cellular cell that the received
signal interference noise ratio (SINR) of a receiving node does not exceed the SINR threshold considering the path loss model.
Further, to evaluate the effect of aggregated interference of ad hoc networks, we divide the plane area into near-field area and
far-field area according to whether the signal of a transmitting node could cause an outage independently or not. Based on this
division, we derive the compact lower and upper boundaries of outage probability of per-tier. The computer simulations
validate the results of theoretical analysis and show the effect of different factors, such as transmit power, intensity of ad hoc

nodes, on the outage probability.

1. Introduction

The diversity of applications and devices requires several
wireless networks to coexist in the same area. The networks
with different technical specifications constitute a heteroge-
neous network [1]. Due to the extensive deployment, cellular
networks are always essential in a HetNet. Some other net-
works with smaller coverage, such as femtocell [2] and ad
hoc networks [3], are deployed in the coverage of cellular
cells to improve the performance of data transmission, as
shown in Figure 1. Wireless ad hoc network is a temporary
network which could be deployed rapidly and conveniently
without infrastructure or central node. Due to the flexible
structure, it is widely applied in the areas such as military
battlefield [4], emergency mission, and postdisaster recon-
struction [5].

Because of the scarcity of spectrum resource, the Het-
Nets usually share the same channels. Without the coordina-
tion between two-tier networks, the cross-tier interference is
caused to each other inevitably [6]. The user equipment

(UE) in cellular networks and the receiving nodes in ad
hoc networks suffer the cross-tier interference signal. In
prior works, some interference coordination schemes are
developed to alleviate the influence of cross-tier interference,
such as spectrum allocation [7], power control [8], and
interference cancellation [9].

On the other hand, the behavior of nodes in ad hoc net-
works is unpredicted. In a transmission interval, a subset of
nodes maybe sends data simultaneously on the same chan-
nels. Therefore, a receiving node experiences the aggregated
inter-node interference signal from other transmitting nodes
additionally. It is evitable that the cross-tier interference and
inter-node interference impair the performance of receiving
nodes. In prior works [10], the effect of inter-node interfer-
ence is investigated, modeling the inter-node interference as
a general Poisson shot noise process [11]. While in the sys-
tem that the effect of small-scale fading in wireless channel
is ignored, the Poisson shot noise process model is not appli-
cable, and the close form outage probability of a receiver
could not be obtained.
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FIGURE 1: A HetNet consisting of cellular network and ad hoc network.

As a result, we investigate the compact boundary of out-
age probability in the paper. Summarily, our main contribu-
tions are given as follows.

(i) Considering the effect of cross-tier interference from
cellular cell, we explore a restricted region in cellular
cell that the received SINR of a receiving node does
not exceed the SINR threshold.

(ii) We derive the compact lower and upper boundaries
of outage probability of a receiver by dividing the
plane area into near-field area and far-field area.

The remainder of the paper is structured as follows. Sec-
tion 2 gives system model. Section 3 derives the compact
boundary of outage probability of a receiving node. Section
4 gives the compact boundary of outage probability of a
UE in cellular cell. Section 5 describes the numeric results.
Finally, Section 6 gives the conclusions.

2. System Model

A cellular base station (BS) B, in the center is assumed to
serve a circle region with radius R.. The UEs locate in the
coverage uniformly. In each transmission interval, the BS
transmits data to a scheduling UE with power P,. The BS
and the UEs are equipped with single antenna.

In ad hoc networks, the ALOHA slotted protocol is
assumed to be adopted [12]. In each slot, a subset of nodes
transmits data on the same channel as cellular cell. The
power of each transmitting node is assumed as P;. Consider-

ing the nodes are placed arbitrarily, the transmitting nodes
in each slot are assumed to be distributed according to a spa-
tial Poisson point process (SPPP) with intensity A;. Hence,

the set of transmitting nodes is denoted as ®(A;) = {X;},

where X is the position of transmitting node i. The model
has been used, and the validity has been confirmed in prior
works [13-15].

In the paper, the effect of small-scale fading of wireless
channel is neglected. For the non-opportunistic scheduling
system, the small-scale fading will not have a great impact
on the performance. Especially for the broad-band system
which adopts a robust receiver or has enough diversity gain,
the effect could usually be ignored. Thus, the power of trans-

mission signal decreases only with the propagation distance.
For a UE or a receiving node, the receiving signal is denoted
as follows

P, =P,LD™

(1)

where P, and P, are powers of transmitting signal and
receiving signal, respectively. L is fixed loss, and « is path
loss exponent.

3. Outage Probability Evaluation in Ad
Hoc Networks

For a receiving node in ad hoc networks, it not only experi-
ences the cross-tier interference signal from cellular cell but
also the inter-node interference signals from other transmit-
ting nodes. Hence, we evaluate the effect of cross-tier
interference and inter-node interference on the outage
probability, respectively.

3.1. Restricted Region in Cellular Cell. We assume a receiving
node k locates at the origin, its received SINR is denoted as
P;LD:*
SINR, = i’ E—
P.LDf% + ¥ peoPrL| Xy | + Ny

(2)

where N, represents the power of thermal noise. Assuming

the SINR threshold of ad hoc networks is I', the received
SINR should not be less than the threshold. Neglecting the
effect of thermal noise for analysis simplicity, the distance
between BS B, and the receiving node k should satisfy

1/a
PC
><}Tf > . (3)

Further, we assume the minimum distance between a
transmitting node and its receiving node is R, which means
the power of desired signal at receiving node could reach
the maximum value. Therefore, the minimum value of Dy

)1/06 <P6Ff
— > | —==
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is denoted as

PI 1/a
prn= (o) (4)
fe PR

It is obvious that there is a circle area with the BS as cen-
ter and with the D}rji" as minimum radius. According to the
definition of outage probability, the outage probability of a
receiving node in the area is equal to 1.

3.2. Effect of Inter-node Interference on Outage Probability.
In the section, we evaluate the outage probability of a receiv-
ing node outside the mentioned area above, considering the
effect of inter-node interference. The compact lower and
upper boundaries of outage probability are derived.

For the receiving node k, the outage probability is
expressed as

poutage (Df) =Pr [SINRf (Df) < Ff]

D—OC
=Pr by L <TI;
P.Dpt+ Y geaPr| X, | (5)

_pr <z |X¢|‘“ze> =pr (E(}))).

peD

where 6 = PD;*/I'; = P.D;. Pr [1] represents the probabil-
ity of an event. E(A7) = {¥,c|X, | > 0} represents outage
event.

In case that the distances in desired signal and cross-tier
interference signal are fixed, equation (5) indicates the out-
age probability is decided by the distribution of ad hoc
nodes. For the receiving node k, the nearby transmitting
nodes contribute to the major interference. Hence, with the
receiving node k as the center, we divide the plane space into
two areas: near-field area and far-field area, as shown in
Figure 2. The definitions of near-field area and far-field area
are given as follows.

Definition 1. Near-field area Z, = ¢(o, s) is a circle area with
receiving node k as the center and s(s > 0) as the radius. The
set of transmitting nodes in Z,, is denoted as @, =® N Z,, in
which the interference signal from any transmitting node
could cause an outage of receiving node k.

In terms of definition 1, the selection of the radius of
near-field area should ensure one or several transmitting
nodes in the area. This means that the radius s of near-
field area should satisfy s >0, i.e., s < oVe,

Definition 2. Far-field area includes the plane area other than
the near-filed area, denoted as Z, = R*\ Z, = ¢(o, s). The set
of transmitting nodes in Z, is denoted as ®,=®\ D, in
which the aggregated interference signal from multiple

transmitting nodes could cause an outage of receiving
node k.

Interference node O 4

O O
© '/3 ’/S 0
Receiving node
o O
O ©)

o

Near-field area Far-field area

FiGUre 2: The division of near-field area and far-field area.

Definition 3. The event that the aggregated interference sig-
nal from the transmitting nodes in near-field area or far-
field area cause an outage of receiving node k is defined as
event E, (A, s) or E,(Ay, s). The events are denoted as

Eu(Aps) {ZIXH >9} (6)

PeD,

M—{zmrw} 7

PED

According to definition 3, we further define an event as
E(As,s) =E,(As,s) UE,(Af,s). In case s < 6%, we have E,
(Af’ S) C E(Af) Cc ES(Af’ S).

3.2.1. Compact Lower Boundary of Outage Probability. Due
to E, (A, s) CE(Ay), then, we have

EO)]>PrE (0] ®

Hence, the compact lower boundary of outage proba-
bility is the maximum of Pr[E,(As,s)]. When the event

Poutage (Df) =Pr

E, (A, s) occurs, there are one or several transmitting nodes
in near-field area, thus, the event E, (A, s) ={®NZ, # J}.
Considering the transmitting nodes in ad hoc networks are
distributed as a SPPP with intensity A, the probability of
the event E, (A, s) is denoted as

r [E,(Aps)| =Pr[@nZ,#@]=1-Pr[@nc(o,s) =]
=1-exp (-mAss%),
)

where s € (0,07

Note that the probability of the event E, (A, s) is mono-
tonically increasing at the radius s. Therefore, the maximum
value of Pr [E, (A, s)] which is the compact lower boundary

of outage probability could be obtained when s=6"*,
denoted as

Plnsge (Dy) =1 = exp (-mA, 672 (10)



3.2.2. Compact Upper Boundary of Outage Probability. Due
to E(Af) S E (A, s), then, we have

P (D7) =Pr [EQA)] <Pr [E, (9] (1)

Hence, the compact upper boundary of outage probabil-
ity is the minimum of Pr [E, (A, s)]. Considering E (A, s)
=E, (A, s) UE, (A, ), the probability of the event E((A, s)
is expressed as

Pr [E (s s)] =Pr [E,(Aps) UE,(Ap )]
=Pr [E,(Aps)| +Pr [E, (A s)]
P £, (4,9)] P [£,(1.5)
=Pr [En(/\f, s)] +Pr [Eo(/\f,s)] (12)
=P[5, (9]}
- 1P 5 ()
e (5 (1))

In equation (12), the event E, (A, s) and E,(A;,s) are
independent of each other. When the radius s changes,
Pr [E,(As,s)] increases but Pr [E,(Af,s)| decreases, or vice
versa [16]. Hence, in order to obtain the compact upper
boundary of outage probability, the selection of s should
satisfy Pr[E, (As,s)] =Pr[E,(As,s)] to make Pr[E (A, s)]
to be minimum.

Note that the close form of Pr [E (A, s)] could not be
derived, thus, we adopt the Chebyshev boundary to replace
it. To obtain the Chebyshev boundary, we introduce two
theorems as follows.

Theorem 4 (Campbell formula). Let @ is a stationary Pois-
son point process of intensity A on R, then, for a nonnegative
function f, Y yeof (X) is a random variable with mean value
and variance as follows

E| Y f(X)

Xed

= )\JIRdf(x)dx, (13)

var

2 f(X)

Xed

= AJ]Rdfz(x)dx. (14)

Theorem 5 (Chebyshev inequality). Let X is a random vari-
able, and its mean value y = E[|X|| and variance o? = var [X].
For any real number ¢ > 0,

Pr(|X—‘u|2(:)sa—2 (15)

2

According to theorem 4, the mean value and variance of
the aggregated interference from the nodes in far-field area
I,= Y gea, |Xy| ™ could be obtained when a > 2, denoted as
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— 0 27
u= E Z |X‘P| :2ﬂ/\fj r %rdr = —fSZ—a) (16)
QED, s a-2
“a ©0 A
0% =var Z |X(P| = Zn/\fJ rpdr = S 20-a)
PeD, s a-1

(17)

Further, in terms of theorem 5, the Chebyshev boundary
of Pr [E,(A, )] is denoted as

= P [E, (A, ).

(18)

‘Iu_:u| > 02
Pr [E,(Ass)| <Pr{—2—-2>1)< —

In case the outage probability is limited by a strict quan-
tity of service (QoS) threshold, the intensity of interference
nodes shall be very small. Hence, when A, tends to 0,

PriPPer[E (Af, s)] is approximated as

n/lf

PrPrlEy (Ap )] = @)

200 @(A}). (19)

Note that the probability of the event E, (A, s) is derived
in equation (9). Hence, by making Pr [E, (A, s)] = PriPP|
E,(Aps)] and discarding the high order term @(/\J%), the
optimal value of s could be obtained. When A tends to 0,
we have

s=0"""(a— 1)1 (20)

Substituting the results in equations (9), (19), and (20)
into equation (12), the minimum value of Pr [E (A, s)],

i.e., the compact upper boundary of outage probability is
denoted as

27A
upper _ f
Poﬁgge(Df) =1-exp (‘W) (21)

4. Outage Probability Evaluation in
Cellular Cell

In cellular cell, a UE experiences the aggregated cross-tier
interference signal from ad hoc networks in downlink trans-
missions. The outage probability of a UE at the origin is
denoted as

P.D"

pouae(Dc)ZPr[SINRC(DC)SFC]zpr ——aSFc
e z%@Pf’X@‘

re (Bl

PeD
(22)
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FIGURE 3: Radius of the restricted region vs. minimum distance between transmitting node and receiving node.
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FIGURE 4: Per-tier outage probability vs. average number of transmitting nodes.

where 9= P_D_*/P;I'.. We note that the outage probability

of a UE in equation (22) has the same expression as that in
equation (5). Thus, according to the derivation in Sections
3.2.1 and 3.2.2, we could obtain the compact lower and
upper boundaries of outage probability by replacing 6 in
equations (10) and (21) with 9, respectively.

5. Numeric Results

In the section, we give the numeric results from computer
simulations. In the simulations, the transmit power and ser-
vice radius of cellular BS are assumed to be P, = 46dBm and
R, =1000m respectively. The transmit power of ad hoc node



Wireless Communications and Mobile Computing

Per-tier outage probability

200 300 400

500 600 700 800

Distance between BS and a UE or a receiving node

—©— Simulation

-+- Compact lower boundary (analysis)
+-- Compact upper boundary (analysis)
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FIGURE 6: Per-tier outage probability vs. SINR threshold.

is assumed to be P; = 23dBm, and the path loss exponent is

a = 4. The other parameters vary in the simulations.

Figure 3 shows the relation between the radius of the
restricted region and the minimum distance between trans-
mitting node and receiving node. The increase of minimum
distance decreases the power of desired signal and the
received SINR of a receiving node. Hence, the restricted
region in which the received SINR could not exceed the
SINR threshold becomes larger. On the other hand, with
the increase of SINR threshold, the received SINR of more

receiving node could not exceed the SINR threshold. The
nodes should to be contained in the restricted region. Hence,
the radius of restricted region increases.

Figure 4 reflects the effect of the number of transmitting
nodes on per-tier outage probability. The increase of the
transmitting nodes causes a growth of the power of cross-
tier interference or inter-node interference. With the fixed
desired signal and SINR threshold, the received SINR
decreases but the outage probability increases. Moreover,
the reception of a receiving node is influenced by cross-tier
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interference and inter-node interference simultaneously.
The increase of transmitting nodes only leads to the growth
of the power of inter-node interference. Hence, the outage
probability of ad hoc networks increases relatively slowly
with the increase of the transmitting nodes.

Figure 5 depicts the change of outage probability with
the distance between BS and a UE or a receiving node. For
a UE, the power of desired signal decreases with the increase
of distance far from the BS. Hence, the received SINR
decreases but the outage probability increases. While for a
receiving node, the increase of distance reduces the power
of cross-tier interference. With the fixed desired signal and
SINR threshold, the received SINR increases but the outage
probability decreases. However, when the distance increases
to a certain value, the outage probability of a receiving node
is mainly affected by inter-node interference, thus, the out-
age probability is almost constant with the increase of the
distance.

In Figure 6, the results that the outage probability
changes with SINR threshold are given. No matter what
the receiver is a UE or a receiving node, the results indicate
the promotion of SINR threshold causes an increase of out-
age probability.

6. Conclusions

The paper investigates the outage probability of per-tier in
HetNet in the presence of aggregated interference from
coexisting ad hoc networks. The restricted region in cellular
cell that the received SINR of a receiving node does not
exceed the SINR threshold is explored to evaluate the effect
of cross-tier interference. Further, to evaluate the effect of
aggregated interference of ad hoc networks, the plane area
is divided into near-field area and far-field area according
to whether the signal of a transmitting node could cause
an outage independently or not. Based on this division, the
compact lower and upper boundaries of outage probability
of per-tier are derived. The computer simulations validate
the results of theoretical analysis.

We admit there are some limitations in the paper. For
instance, the small-scale fading of wireless channel is not
taken into account. As a future work, we will explore the
performance optimization by interference management or
resource assignment based on the derived results.
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