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Abstract

In this paper, we present a cognitive radio (CR)-based statistical framework for a two-tier heterogeneous cellular
network (femto-macro network) to model the outage probability at any arbitrary secondary (femto) and primary
(macro) user. A system model based on stochastic geometry (utilizing the spatial Poisson point process (PPP)
theory) is applied to model the random locations and network topology of both secondary and primary users. A
considerable performance improvement can be generally achieved by mitigating interference in result of applying
the CR idea over the above model. Novel closed-form expressions are derived for the outage probability of any
typical femto and macro user considering the Nakagami-m fading for each desired and interference links. We also
study some important design factors which their important role in the determination of outage and interference
cannot be ignored. We conduct simulations to validate our analytical results and evaluate the proposed schemes in
terms of outage probability for different values of signal-to-interference-plus-noise-ratio (SINR) target.
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1 Introduction

The best solution to the spectrum saturation and band-
width availability problems in multi-tier cellular net-
works is to adopt technologies that make the most
efficient use of existing spectrum through frequency re-
use schemes [1,2]. In universal frequency reuse scheme,
the existing spectrum can be aggressively and effectively
reused by all of the coexisting network tiers. This will
lead to higher spatial spectrum utilization and network
usage capacity at the expense of an increased possibility
of interference among network tiers and of a reduced
quality of service (QoS). In multi-tier cellular networks,
interference is increasingly becoming a major performance-
limiting factor, and hence, interference modeling, coordin-
ation, and avoidance are the primary focus of interest for
both the industry and academic communities. Applying the
cognitive radio (CR) technology in multi-tier cellular net-
works to be aware of and adapt to communication environ-
ments, some of the above challenges can be tackled. In fact,
CR is the key enabling technology for interference manage-
ment and avoidance in multi-tier cellular networks [2,3].
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On the other hand, the aggregate interference environ-
ment is more complicated to model, and evaluating the
performance of communication techniques in the pres-
ence of heterogeneous interference is challenging. For
interference characterization, if the base stations (BSs) of
the cellular network follow a regular grid (e.g., the
traditional hexagonal grid model), then the signal-to-
interference-plus-noise-ratio (SINR) characterization will
be either intractable [3,4] or inaccurate due to unrealistic
assumptions [5]. Moreover, as urban areas are built out,
the BS infrastructure is becoming less like points on a
hexagonal lattice and more random. Hence, the use of a
hexagonal grid to model the BS locations is violated and
is considered too idealized [6]. Furthermore, according
to [4] and [6] for snapshots of a cellular network at dif-
ferent locations, the positions of the BSs with respect to
each other follow random patterns due to the size and
unpredictability of the BSs in these kind of networks.
Therefore, the need for a powerful mathematical and
statistical tool for modeling, analysis, and design of wire-
less networks with random topologies is quite obvious.

A new modeling approach called ‘stochastic geometry’
has been recently applied to the analysis of multi-tier
cellular networks due to its ability to capture the topo-
logical randomness in the network and its aim at
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deriving accurate and tractable expressions for outage
probability [3,6]. Stochastic geometry stems from applied
probability and has a wide range of applications in the
analysis and design of wireless networks in particular for
modeling and analyzing systems with random channel
access (e.g., ALOHA [7,8] and carrier sensing multiple
access (CSMA) [9]), single- and multi-tier cellular net-
works [6], and networks with cognitive abilities [7,10].
This paper discusses this new theoretical model to pro-
vide a better understanding of the heterogeneous cellular
networks of tomorrow and their challenges (interference
modeling, coordination, and avoidance) that must be
tackled in order for these networks to reach their poten-
tial. We focus on a two-tier femto-macro network where
low-power and small-coverage local nodes (femto nodes)
are distributed in the coverage of macro nodes. We provide
an insight into the role of CR in interference mitigation in
two-tier heterogeneous networks. We derive closed-form
expressions for the outage probability of any typical femto
and macro user in the network. We also study the effect of
several important design factors which play vital roles in
the determination of outage and interference.

The main contributions are therefore the following: (1)
We analyze the Laplace transforms of all four types of
aggregate interference between macro and CR femto
networks (including the interference between macro
nodes among themselves and femto nodes among them-
selves, the cross-interference from femto to macro net-
work and vice versa) in perfect and imperfect spectrum
sensing CR-based femto networks, considering simultan-
eously the Nakagami fading, the Poisson point process
(PPP) model, and some important design factors which
play vital roles in determination and mitigation of outage
and interference. (2) This article provides an insight into
the role of CR in interference mitigation in orthogonal
frequency-division multiple-access (OFDMA) two-tier
heterogeneous networks. (3) Tight closed-form expres-
sions are derived for the outage probability of any typical
femto and macro user considering the Nakagami fading
(Rayleigh fading assumption is used in many studies to
relax the difficulty of addressing a closed-form expres-
sion for the outage probability (see, e.g., [8] and [10]))
for all the communication links (desired and interference
links) with the possibility of using the CR ability for the
femto network.

To the best of our knowledge, no closed-form expres-
sions for the outage probability of the femto and macro
users exist in the current literature without imposing the
Rayleigh fading assumption. On the other hand, most of
the available studies in this area are based on the exist-
ence of only one macro-BS (along with the macro users
and the femto network) and the effect of considering
multiple macro-BSs is ignored in the analysis of outage
probability.
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2 System model

2.1 Model description

We consider infinite spatially collocated macro-BS and
femto-BS node heterogeneous networks (see Figure 1). It
is assumed that the spatial distribution of the nodes
is captured using two collocated and independent
homogenous Poisson point processes (HPPPs) [6,7]
i.e., @y and O with intensities Ay, and Ap respect-
ively. In other words, the locations of the macro-BS
nodes constitute an HPPP ®,,, where \;; is the aver-
age number of the macro-BS nodes per unit area.
Similar statement can be made for the HPPP formed
by the femto-BS nodes @, with intensity Ar Accord-
ing to superposition theorem [11], the overall node
process over the network formed by both the macro-
BS and femto-BS nodes also is an HPPP with inten-
sity X (A=Ag+Ay). Furthermore, the macro and
femto users are scattered over the plane according
to some independent PPPs with different densities
than Ay, and Ap respectively. However, our interfer-
ence analysis is fundamentally concerned with the
distribution of the transmitters (BSs).

Since femto-BSs are installed and maintained by the
paying home users for better indoor performance, they
are only accessible by their own mobile subscribers
(femto users) (known as closed-access policy). On the
other hand, macro-BSs can be accessed only by
unauthorized users (macro users). In practice, macro
network is deployed usually without awareness of the dis-
tributed femto network. To this end, wireless operators can
consider giving priority to the macro users, and the femto
network has to be self-optimized to mitigate its interference
to the macro users. Motivated by this insight, the macro-
BSs (along with the macro users) and the CR-enabled
femto-BSs (along with the femto users) are analogous
to primary and secondary systems in the CR model,
respectively.

2.2 System structure

In OFDMA, the spectrum is orthogonally divided into
time-frequency resource blocks (RBs), which increases
flexibility in resource allocation, thereby allowing high spec-
tral efficiency. As shown in Figure 2, we consider a
spectrum of N RBs, out of which M (M < N) random RBs
are idle or unoccupied by the macro users (primary sys-
tem). With the CR capability, a femto-BS could actively ac-
quire knowledge about its environment and access to the
RBs without the aid of a macrocell in a decentralized fash-
ion (clearly, no synchronization between the macro and
femto network is needed any more) and automatically pre-
vent disturbing the macro users [2].

1) As shown in Figure 2, each femto-BS’s transmission
strategy is divided into consecutive slots, each
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Figure 1 The heterogeneous model (femto and macro BSs).

having a duration of 7. Each slot is divided into
two consecutive stages, i.e., sensing and data
transmission, with durations of Ts and Tp,
respectively. Each femto-BS periodically senses
the spectrum to identify which RBs are occupied
by the macro network. Indeed, each femto-BS
accomplishes sensing one RB in one unit slot

Tsrp within Ts. Each femto-BS senses N RBs in
sequence which are randomly selected from the
N available RBs and detects its idle RB set. Clearly,
the time required for sensing the N; RBs is

T, = TsreN;. Note that the femto-BSs cannot
perform data transmission within the sensing time
Ts. We assume that all femto-BSs are perfectly
synchronized and have the same time as the
sensing time. Methods for implementing a perfect
synchronization among the femto-BSs are outside
the scope of this paper; however, a set of possible
candidates exist, including GPS synchronization,

the wired backhaul (IEEE 1588), and leveraging

synchronization signals broadcasted by the

femto-BSs [12].

2) Each femto-BS senses the received interference
power on each RB within the sensing duration.

— If the received interference power on an RB
exceeds a certain threshold, the RB is identified
as being occupied by the macro network since
all femto-BSs sense at the same time.

— Otherwise, the RB is unoccupied by the macro
network.

3) In the data transmission time (7p), each femto-BS
only allocates an unoccupied RB sensed in the
sensing time to its user (by only utilizing these
unoccupied RBs, cross-tier interference can be
consequently avoided). Since the determination of
each individual RB status as busy/idle is subject to
(occasional) error, determined by the probability of
(correct) detection of the presence of PUs’ signals P,

Figure 2 The CR femto-BS’s transmission strategy in one time slot.
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and probability of false alarm Py (probability of falsely
declaring an idle RB as busy), we study the effect of
both the ideal detection, i.e., P;=1 and Py=0, and
the cases involving imperfect sensing, i.e., P;= 1 and
Py# 0 on the outage probabilities of femto and
MAacro users.

As shown in Figure 3, the macro users’ exclusion regions
with radius D are used to guarantee that the femto-BSs will,
on average, not generate an aggregate interference leading
to the outage of macro (primary) users. As shown, for ex-
ample, those femto-BSs located in the tagged macro user’s
exclusion region are not allowed to transmit data whether
they pick the same RB as the tagged macro user or a differ-
ent one. The tagged macro user is not disturbed by the
femto-BSs transmitting on different RBs (from that of the
tagged macro) even if they are inside its exclusion region.
However, we deactivate them to prevent the tagged macro
user from any harmful interference as a result of sudden
appearance of them on the same RB in next time slots. We
consider this law throughout the paper even in the case of
the perfect sensing scenario. We also assume that the femto
users are informed about the macro users’ exclusion
regions.

3 Stochastic geometry-based network
configuration

3.1 Femto outage probability

We derive the probability of outage for a typical femto
user (por) defined as the probability that a randomly
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chosen femto user cannot achieve a target SINR 6 con-
sidering a collocated spectrum sensing CR based femto
network and macro-BSs as follows [6]:

Por = 1-P[SINR > 6] (1)

In fact, the outage probability evaluates the cumulative
distribution function (CDF) of SINR over the entire net-
work. The experienced SINR by a typical femto user is
calculated as

Prhprg™®

SINR=——"~—"——
02+ 1Irg +Inp

(2)

where Pr is the transmission power from the nearest
femto-BS (tagged femto-BS) located in the random dis-
tance rr from its tagged femto user (we assume that the
tagged femto user under consideration is located at the
origin), and « is the path-loss exponent. Iz and I,z are
the aggregate interference power at the origin from the
other femto-BSs and macro-BSs, respectively, and o is
the noise power.

When the fading distribution is Nakagami-m, ¢ for the
communication channel between the tagged femto user
and its corresponding femto-BS, the probability density
function (pdf) of the power fading coefficient x = /i is as
follows

active femto-BS

active femto user

inactive femto-BS |

inactive femto user

tagged femto-BS
tagged femto user |
macro-BS

macro user

tagged macro-BS
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Figure 3 The macro users’ exclusion regions. (a) The bipolar network model. (b) The link gains/distances, and Nakagami parameters.
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where m,r describes the severity of the fading for the
desired link, and Q,r is the average SNR. By changing
myp we can get a variety of fading conditions. For
example, if m,r=1, then the desired link suffers from
Rayleigh fading, and m,r=c means that there is no
fading. Note that we will represent the Nakagami fading
parameters for each communication link, separately (see
Figure 3b). Even though the fading power gain distribu-
tions are identical, we will still use different symbols to
distinguish all the existing links for the sake of analytical
convenience.

Here, we derive the complementary CDF (CCDF) of
SINR as follows

Pphprp™® }
P[SINR > 0| =P|————>0
[ ] [02 +Irg 4+ Ius

Org®
=P hp>(02+1FB+1MB)T§ (3)

ool > %]

F

Considering the pdf of the power fading coefficient
hr and the incomplete gamma function (Note that

[(a,x) = / t*le7tdt indicates the incomplete gamma

X
function), we have

p[hF>(1)9;F1 - ] plx)dx

' 6
7'1:“
1
)
mgyFr 91”1:0r
r — =
_ _md’FWld_F(_l)md.F—l |:md.,F7‘Qd,F < Pr ( )>]
(-mar)™" [ (ma)

where I = (72 +IFB+IMB'

m-1
We know that r[r"(’;:";y | = gy Z ’,’(’—,k y* (m is a positive in-
=0

teger). Therefore, P |:hp > (I) gg—ﬂ is simplified as follows

k

map [ orp® Imd,f'—l <m6’ﬂ)

e %F\ P Z Qar Pr ) ik (4)
— k!

From (3) and (4) we have
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IS e (orp -1 mg pOre®
P[SINR > 6] = / e’#(%)lmi %Ik fi(D)di.
0 k=0 :

(5)

Finally, the CCDF of SINR when the fading distribu-
tion is Nakagami-m,r for the communication channel
between the tagged femto user and its corresponding
femto-BS is given by

mg r-1 k k
(s) kd Li(s)
P[SINR > 6] = (- 6
[SINR > 6] = | > S (-1 ©
where I =0 + Irg + Iyp and s = ngf;ia

Proof: See Appendix 1.

Note that due to the assumption of independent PPPs
for the femto and macro networks, the aggregate inter-
ference received from the femto-BSs is independent of
the aggregate interference received from the macro-BSs
[10]; therefore, we can write

Li(s) = Fi(s) = E[e™]
—E 8—5(0'2+IFB+IMB):|
) (7)

= E[el]E[e~sns)E [e ]

= ’E’IPB (S)LIMB (S)eﬂ(jz

Where L., (s) and L;,,(s) are the Laplace trans-
form of random variables Irz and I,z evaluated at

_ mgpOrg® .
s(s —m) respectively. Therefore, (6) can be re-

written as follows

mq -1 (S)k

2 F(_l)

(@ (L L1 ()

P[SINR > 6] = o

(8)

3.1.1 Computation of £,,,(s) and L,,,(s) at the tagged
femto user
We now calculate the closed-form expressions for L,

(s) and Ly, (s) (at s = @;—flf). The Laplace transform of

the aggregate interference (from all the active femto-BSs
except the tagged femto-BS denoted by fbs) is given as
follows (Note: some of the femto-BSs located in the
macro users’ exclusion regions (with radius D) are deac-

tivated, therefore, A;SAF (see Figure 3))
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L‘IFB (S) = EIFB [ exp(_SIFB)]

=Eq,q | exp| -s Z Prg.R*
ic®p \{fbso}
= Eo, l H

ie®p \{fbso}

©)

E,, [exp (—SPpgiR[“)]]

where R; is the distance of the ith interferer from the
tagged femto receiver captured by the point process ®p.
The interference channel gains g; are assumed to be mutu-
ally independent and have identical pdfs (Nakagami- m1;r).
Each of the active interfering femto-BSs transmits with the
same power Pr. Using the definition of the Generating
functional [6] for the PPP, which states for some func-

Hf(x)] = eXP(—/(l—f(x))%dx), )

tion flx) that E

x€®

can be rewritten as

£1,6) = exp{ By [ (1 expl-sprer )R] |
F (10)

where we flipped the order of integration and expect-
ation. Since the closest interfering femto-BS is at least at
distance rr from the tagged user, the integration limits
are from rr to oo. In other words, interference is encoun-
tered from all the active femto-BSs located in the area
RAB(0, rp) (where b(x, y) is ball of radius y centered at
point x). Therefore, not all the femto-BSs will contribute
towards the aggregate interference, i.e., only those active
femto-BSs which are outside the mentioned ball and at
minimum satisfy all of the following conditions qualify
as potential contributors.

Before explaining the following conditions ((a) and
(b)), it is useful to translate the point process into polar
coordinates. Therefore, according to [7] and [11] the in-
tensity of the HPPP @ is shown as

M(R) = AzdR* b, (11)
where R is the distance between an arbitrary femto-BS
and the tagged femto receiver. b, is the volume of a unit

sphere in R (b; = F(T%7 I(x) = /0 t*le7'dt denotes

the standard gamma function).

(a) Satisfying the aforementioned condition, any ac-
tive femto-BS contributes towards the interference at
the tagged femto receiver, if it picks the same RB as
the tagged femto-BS to communicate with its user, (we
show the probability of picking a same RB from a pool
of all RBs as ppp (the calculation of ppp for this case is
derived in Section 4, Scenario I, Case 1)).
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(b) We assume that the CR femto-BSs employ a slot-
ted ALOHA MAC (medium access control) protocol to
schedule their transmission. Therefore, they only trans-
mit with probability p,, in the current time slot and
defer the transmission with probability 1 - py,.

Applying both conditions (a) and (b) which are in-
deed two independent thinning tools, the thinned
point process of @ is formed. In other words, @ is
subjected to two thinning processes each presenting
an independent deletion/retention of each point of
Oy with a fixed retention probability. We now for-
mulize this operation, which will in fact result in re-
ducing the number of interferers and hence lowering
the outage probability at the tagged femto user.
First, @ is reconstructed by ppgp-thinning, where
each point of ®f is retained with probability pzp (to
accommodate condition (a)), and then it is thinned
again by applying the second independent thinning
(to accommodate condition (b)). Thus, the intensity
of the process (the number of interfering CR femto-
BSs) becomes

Ai(R) = ApdR* " bapggp,,. (12)

Now, (10) is rewritten as
exp { -E, [ / (1- exp(-sPrgR ™)) pbaprsp AR dR] } :

By changing the variables R? — x and then xi—y, and
following a few simple steps, the above expression is
simplified as:

d
a
! !’ Wld
18 baprep e -2bapreb el ( QT; 6) re M(6,0)

Ly (S)ls:mgfe;,;« —
ir .
where
w2
(14)

Similar with the desired link, we consider the
Nakagami power fading model for the femto interfer-
ing links as well (Nakagami fading links with equal
parameters m;r and Q;r). Then, following the deri-
vations in Appendix 2, M(6, a) is expressed as
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d
-T (— é) my p"F (gd’F 9) a
M(0,a) = e
Q]J: ; r(”’”,l—‘)
(mdf )k ( QrrQar >mw+k
=~ \0 mirQar + Qprma r0
y Z d.F 1724 F dI,F d.F 1"( mip + k) )
= r(k+ 1_7)
a

(15)

Using the similar approach, the Laplace transform of
the aggregate interference generated by the macro-BSs
at the tagged femto user is obtained as follows

LIMB (5) = EIMB[eXp(_SIMB)]

=Eo, G [exp -s Z PyGiL;*

€Dy

(16)

~ Eo, [H E, [exp(-sPMGzL,»“)]]

€Dy

where L, is the distance of the ith interfering macro-BS
from the tagged femto receiver captured by the point
process @,,. The interference channel gains G; are as-
sumed to be mutually independent and have identical
pdfs (Nakagami-m;,.). Each of the active interfering
macro-BSs transmits with the same power P,;. Again,
using the definition of the Generating functional for the
PPP, we can write

L (8) = exp{—EG |:/(1—exp(—sPMGL”‘)))LAL)dL] }
0
(17)

The interference is encountered from all the macro-
BSs located in the area R\b(0, 0). It should be noted
that not all the macro-BSs in R? will contribute towards
the aggregate interference, ie, only those macro-BSs
transmitting on the same RB as the tagged femto user
qualify as potential interferers. The intensity of the
HPPP @, process can be therefore written as follows

M(L) = Ay, dL by, (18)

where L is the distance between an arbitrary macro-BS
and the tagged femto receiver and /1;\4 is the intensity of
those macro-BSs transmitting on the same RB as the

tagged femto user at a time.
Now, (17) is rewritten as
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exp { -Eg [ / (1- exp(—sPMGL“))A;\,[LdlbddeldLl } .
0

By changing the variables and following a few simple
steps, L;,,,(s) is obtained as follows [11]

md.F

’ Pug 0 % d
~badyI'(1-2) PF‘“ rrlE [(G)a]

L[MB (S)Iszgd_pﬂzpa =e
a.r PF

(19)

Same as the desired link, we consider the Nakagami
power fading model for the macro interfering links as
well (Nakagami fading links with equal parameters m1;,,

and Q7). Below, E{(G)g} is obtained using the defin-

ition of expectation and the standard gamma function

d
d 1 OQrm o my "M d
E[(G)] =~ | (=M ' r(% .
|:( ) ] QI,MW”'M |:(mI,M) r(mLM) p + mI,M

(20)

3.1.2 Closed-form femto outage probability expression
Finally, from (1), (8), (13), and (19) and by replacing

mar Org®
Qur Pr

the outage probability of the tagged femto user is ob-
tained as follows

s = , and z =% the closed-form expression for

P[SINR>0]

mgp-1 (z)k dk( EXP(I(Z)))
R (‘l)kT

Por = 1- (21)

k=0

where
[A]z%——mdfeﬁzz
exp(l(z)) =e Carr” and z = rg”

and A is given by (22).
A=A +A, (22)
where

d
(- —) Wl]\pm]f
a E

o d /
Ay = buprppe e + —babrepere | = e
RBEtx’'F a RBEtx"*F QI.Fm"Fr(mI.F)

mq F Q1 rQqr

( k myp+k
520) (ot i)
y Z d.F mrpQar + Qrrmg p l"(

= r(k+1-9)
a

and

mrr + k)
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d
a\ (P oo
— _bha 2| ffdE
e (1) 8

d
y 1 QI,M E -+ mp m mI,Mm"M r % o
QI?MWII,M M r(mIM) a 1M ) -

Note: m,F is constrained to take integer values only,
while m1;r and m;,; can take any value (bigger than 0.5).
The restriction on m,r is because of m,r—1, as an
upper limit for the summation in (21). However, for
non-integer m, 5 by using the infinite series representa-
tion of incomplete gamma function, we also obtain an
exact but infinite summation expression for the outage
probability of the tagged femto user as in Appendix 3.

The probability of outage averaged over the plane is
derived as

Por = 1-E,, [P[SINR > 6]
Por =1~ / [P[SINR > 6]| £, (rF)dre (23)

where f, (r¢) = e 2m\pr is the pdf of rp [6].
Here, for example, we present the psr in closed-form
expressions for three different values of m, g

)\FT[

=1, a=4: —_—
mar =S & (A-\em)

Por =1+

)\1:71 (A—)\p]’[) + %F(Z, 0):|

mgr=2,a=4:p,r=1+
o bor (A-Aer)?

mgr =3, =4:

5 5A 4 AZ 3
AeT (A—)\FT[) + ?F(Z, 0) (A—)\pi‘[) + ? F(S, 0) (A—)\FT[)

Por =1+ (A_kﬂ_[)é

It should be noted that in all the above expressions
(A-Ap0) <0, and 6> >0 (operating in an interference-
limited regime). For m,r>4, obtaining p,r is also quite
easy due to the fact that exp(/(z)) is a factor common to
every term of the all derivatives of exp(/(z)).

3.2 Macro outage probability

We derive the outage probability for a typical macro
user (popr) defined as the probability that a randomly
chosen macro user cannot achieve a target SINR y, con-
sidering a collocated spectrum sensing CR-based femto
network and macro-BSs as follows:

Doy = 1-P[SINR > ). (24)
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The experienced SINR by a typical macro user is cal-
culated as

PMhMV;V?

SINR = ———%—
02+ Iy +Irp

(25)
where P, is the transmission power from the nearest
macro-BS located in the random distance ry; from its
tagged macro user, and a is the path-loss exponent. Iz
and Iz are the aggregate interference power to the
tagged macro user (located at the origin) from the sur-
rounding femto-BSs and macro-BSs, respectively, and o’
is the noise power.

When the fading distribution is Nakagami-m,,; for
the communication channel between the tagged macro
user and its corresponding macro-BS, the pdf of the
power fading coefficient y = /1, is as follows

Mam md MY

M4 m md_Mfle__Qd_M

-Qd,Mmd”Mr (mam)

piy) =

where m,,; (a positive integer) is the fading parameter
for the desired link, O,/ is the average SNR. Next, the
similar approach to obtain the outage probability of the
tagged femto user is used for the outage probability cal-
culation of the tagged macro user. Therefore, from (24)
and (25) we have

mgp-1 s k dk L B (S)L MB (s)e—saz
P[SINR >y]= | Y —(k), (-1)* < : ds; >]
k=0 :

(26)

where L, (s) and Lj,,(s) are the Laplace transform of

random variables Iz and I,z evaluated at s (s = %V;—";) ,

respectively. We now calculate the closed-form expressions

for Ly, (s) and Lp,,(s) (ats = !’Q’Z—Z"Ir,‘ﬂ‘jﬂ).

3.2.1 Computation of L, (s) and L, (s) at the tagged
macro user

Taking a similar approach to what we had before, L;,,
(s) is obtained as follows

L (s) = exp{—Egp [](1— exp(—sPMng"‘))/lI(W)dW] }

rm

(27)
and

M(W) =Xy, dW b, (28)

in which W is the distance between an arbitrary macro-
BS (captured by the point process @,;) and the tagged
macro receiver, and A/M is the intensity of those macro-
BSs transmitting on the same RB as the tagged macro
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user at a time. Similarly, the interference channel gains
gy (between the interfering macro-BSs and the tagged
macro user) are assumed to be mutually independent
and have identical pdfs (Nakagami-;,). Each of the ac-
tive interfering macro-BSs transmits with the same
power P, as for the tagged macro-BS. It should be
noted that only those macro-BSs operating on the same
RB as the tagged macro user and located in the area
RAB(0, r,;) make interference to the tagged macro user.
Same as before, (27) is simplified as

d

d ¢ d
m bd/lM bd/\, ( )’) m V(y,a)
r;’IMB (S) |s=

mdMer“ =e€
Qam Pm

(29)

inwhich V() = €| ()" (0(-¢ 52206, ) 1(-9) |

The Nakagami power fading model is also considered
for the interference links (Nakagami fading links with
equal parameters 1, and Q). The derivation of V(y,
@) is similar to the derivation of M(6, a) in Appendix 2.
Therefore, V(y, a) is expressed as follows

d
d MM
T -— mim a
() (G

)
Viy,a) = QI,Mm"MF(WII.M)

(mdAM )/) , ( O mQam ) mpctk
~ \Qam mymQam + Qpymamy r(

X kz: =
=0 r(k+1-2

mim + k)

(30)

Based on the same approach as described before, L;,,
(s) is also given by

oo

Li5(s) = exps -Eg, /(1—exp(—sPFGpU’“)))LI(L[)dL[

Kry
(31)

Since the closest interfering femto-BS is at least at dis-
tance Kry; from the tagged macro user, the integration
limits are from Kr,; to . In other words, interference is
encountered from all the femto-BSs located in the area
RAL(0, Kry) (see Figure 3). It should be noted that not
all the femto-BSs outside this ball will contribute
towards the aggregate interference, ie., only those
femto-BSs which are outside the mentioned ball and at
minimum satisfy all of the following conditions are con-
sidered as potential contributors

(c) Satisfying the above condition, any arbitrary femto-
BS contributes towards the interference at the
tagged macro receiver, if it wrongly picks the same
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RB as the tagged macro-BS to communicate with its
user (we show the probability of picking a same RB
for data transmission from a pool of all RBs as pzp
(the calculation of pgp for this case is seen in Section
4, Scenario II, Case 2)).

(d)Same as the condition (b) in subsection 3.1.1.

Applying these two independent thinning, the intensity
of the process (the number of the interfering CR femto-
BSs at the tagged macro user) becomes

= A,Fd u d_lbdpRBptx'

A(U) (32)

Taking the similar approach, (31) is simplified as follows

d

@
! ! Md P
K4r. M dbdpRBptxAF _gbdpRBptx/lF (ﬁ) ™ 4 T()’#’)

LIFB (S) =e
(33)

in which T(y,a) =E {(Gp)% (F( i,ﬂdfg:l]fFG )—F(—g))} .

The Nakagami power fading model is also applied to
the interference links (Nakagami fading links with equal
parameters m;r and ;r). The mathematical derivation
of T(y, a) is quite similar to the derivation of M(6, «)
and V(y, a) (see Appendix 2). Hence, T(y, a) is expressed
as follows

ENEW

T E 1y Ma.m }
a)™E T\ QumKePy

Q1" T (my )
Ma.m k
Q" K Py Qu Qs gk
- K*Pum (mlf-od.MK“PM + Wld,MQI,PPF}’>
x>

= r(k + 11)
a

T(y,a) =

T(myp+k)|.

(34)

3.2.2 Closed-form macro outage probability expression
Finally, from (24), (26), (29), and (33) and by replacing

5 — Md yrm®
Qam Pm

for the outage probability of the tagged macro user is
obtained as follows

, and z=ry" the closed-form expression

mg p—1 k k
) @ (i)
pOM =1- ; k' (_1) de (35)
where
g Myg?
exp(l(z)) = " Dt and z ="

and B is given by (36).
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B=B; +B, (36)
where
B, = K%yp, Px)h/ +6—ibdp px/l/ Mam Y a
rePuAp + 3 babrsPule\ o o
[
T _E sy e [ AM a
y a) "\ Gy KePy
Q1" T (my )
MM, K
Qun” " ( K Py Qun Qs )"’”*k
- K*Py my pQamK* Por + my pmQr pPry
X Z 7 I(mp+k)|.
= r <k + 1_7>
a
and
d
d r (- —> my "M
/ , a ’
By =bydy, +—bsr,, | —————
2 M 24 M .Q,,M'”’Ml"(ml‘M)
<md.M }/> < QrmQam )ml'ﬁk
“ \Q X0 Q
% Z A M mymL2a pm +d1,Mmd,M)/ F(mI‘M-&-k) )
= r (k i1 7>
a

The probability of outage averaged over the plane can
also be derived as

Post = 1-E,, [PISINR > 7]
Pt = 1= [ IPISINR > Y1 £, (ran)dra (37)

where f, (ru) = e M DNy is the pdf of ryy.
Such as before, ps3r can be easily obtained for m,; =1,
2,3, ...

3.3 Outage probability formulation under perfect and
imperfect sensing

We now study the effect of both the ideal detection, i.e.,
P;=1 and Ps=0, and the cases involving imperfect sens-
ing, i.e., P;#1 and Py= 0 on the outage probabilities of
femto and macro users.

3.3.1 Scenario |
Ideal detection (P;=1 and Py=0):

3.3.1.1 (femto and macro outage probabilities) Each
secondary node (femto-BS) has perfect knowledge of
each primary (macro-BS) signaling. In other words, sens-
ing at each femto-BS is done perfectly. Therefore, RBs
occupied by the macro network are not chosen by any
femo-BS for data transmission. In this case, the tagged
femto user does not experience any interference from
the macro-BSs. This assumption (P;=1 and Py=0) is
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reasonable in the scenarios where interference from
other systems is assumed to be negligible.

Therefore, under this assumption, E[e™/##] =1 and
L,5(s) =1 (in (7)), consequently. Then, for the outage
probability of the tagged femto user in (21), A is only
equal to A; (see (22)). It should be noted that the calcu-
lation of ppp for this case is presented in Section 4,
Scenario I, Case 1.

Clearly, under this scenario and considering the above
explanations, the tagged macro user does not experience
any interference from the surrounding femto-BSs. There-
fore, for the outage probability of the tagged macro user in
(35), B is only equal to B, (see (36)).

3.3.2 Scenario Il
Imperfect detection (P, = 1 and Pr= 0):

3.3.2.1 (femto and macro outage probabilities) In this
scenario, each secondary node (femto-BS) has imperfect
knowledge of each primary (macro-BS) signaling. In
other words, sensing at each femto-BS is done imper-
fectly and subject to (occasional) error. Therefore, RBs
occupied by the macro network may be wrongly chosen
by the femo-BSs, as well. Two cases can take place
under the imperfect sensing scenario:

Case 1. The tagged femto-BS transmits data on an idle
RB (in this case, the outage probability formulations (for
both the tagged femto and macro users) are the same as
in the perfect sensing scenario except for the calculation
of prp (see Section 4, Scenario II, Case 1))

Case 2. The tagged femto-BS transmits on an occupied
RB (in this case, the outage probability formulations for
both the tagged femto and macro users are explained as
follows and the calculation of ppp is presented in Section
4, Scenario II, Case 2)

In Case 2, the tagged femto user can experience inter-
ference from both the active femto-BSs (which pick the
same occupied RB as the tagged femto-BS) and macro-
BSs. Then, for the outage probability of the tagged femto
user in (21), A is equal to A;+ A, (see (22)). Clearly,
under this scenario and in Case 2, the tagged macro user
can experience interference on its RB, from both the
femto-BSs and macro-BSs. Indeed, for the outage
probability of the tagged macro user in (35), B is equal
to By + B,.

4 Resource block selection probability (prs)
calculations under perfect and imperfect sensing
In this section, we discuss how the optimal values of the
RB selection probability (prp) for a secondary transmit-
ter (femto-BS) can be determined under each femto-BS’s
perfect and imperfect sensing scenarios.
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4.1 Scenario |
Ideal detection for all the CR femto-BSs (P;=1 and Ps=
0) [13,14]:

Case 1. The tagged femto-BS assigns the ith idle RB to
its femto user.

pra: The probability that the ith idle RB being selected
for data transmission by any of the other active CR
femto-BS [14].

<ﬁ1)<1)

Pre|M, :pidle(MS)'T' M, (38)
M
where
M\ [ N-M
M N-M;
pidle(MS) = .

()

The first term (p;4.(M;)) indicates the probability of
M idle RBs sensed by one femto-BS (during the sensing
time, T’s) and the second term is the probability that the
ith idle RB is inside the M; idle RBs, and finally the third
term indicates that the probability of selecting the ith
idle RB (out of the M idle RBs) by that femto-BS is
equal to Mi (since each of the idle RBs within the M idle
RBs has an equal probability of being chosen). It should
be noted that each CR femto-BS will fail to access when
M, =0 (the maximum value of M is equal to min{M,
Ng}). Therefore, from (38),

1
Pre = PrB|(M,21) = Mpidle(MSZI)
(39)
— L (epaM, = 0))
M Piare\tMs = V))-

If the number of RBs sensed by one CR femto-BS (i.e.,
N;) is more than or equal to N—- M + 1, then at least we
have one idle RB within the N, detected RBs, i.e,
PiaielMs=0) =0. On the other hand, if Ny is smaller than
or equal to N-M, the CR femto-BS will fail to access
when the RBs within the N sensed RBs are all occupied
by the macro-BSs. Therefore, we can write

(%)

. fN.<N-M
Piaie(Ms = 0) = N i N
N
0, i NSN-M + 1.

(40)

From (39) and (40), the probability that a CR femto-BS
selects the ith idle RB for data transmission is obtained as
follows
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if Ni<N-M

= if N=N-M + 1.
(41)

4.2 Scenario I
Imperfect detection for all the CR femto-BSs (P, = 1 and
Py#0) [13,14]:

Case 1. The tagged femto-BS assigns the ith idle RB to
its femto user.

prp: The probability that the ith idle RB being selected
for data transmission by any of the other active CR
femto-BS [14].

We show the detection result indicator of the nth RBs
by D, (n € {1, 2, ..., N}). If D,, =1, the nth RB is detected
as idle RB; otherwise, D,, = 0. The probability of one idle
RB detected with no false alarm is 1 - Py and the prob-
ability for an occupied RB detected as an idle RB is 1 -
P,. In other words,

if nthRBisidle
if nthRBisbusy

Vo =1-Py,
Pr(D, = 1) = { Vi — 1-PJ;

in which Py is the false alarm probability and can be
obtained as follows [14-16]

Py(r) = Q(\/Zﬂ +197Y(Py) + \/Z:y)

(42)

(43)

(Q(x) :\/%/exp (’th) dt and P, is the predefined

detection probability. 7 is the spectrum sensing time,
f; the sampling frequency, and 7 the received interfer-
ence power on an RB to each femto-BS).

Indeed, the probability that the ith idle RB is detected
with no false alarm by a CR femto-BS is Pr(D; =1) = V,,.

To obtain the probability that the ith idle RB being se-
lected for data transmission by one CR femto-BS (pzp),
first, we calculate the probability that the ith idle RB is
sensed and included in the M, idle RBs out of the N
sensed RBs in the sensing period (7’s), and it is expressed
as follows

Pr(theithidle RBissensed | Mj)
M-1
M,-1

M
M;

= Piate(M).

where
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(3n,) (0,
()

Conditioning on M, (see Table 1) and Mj, the prob-
ability that the ith idle RB being detected as idle is
obtained as follows

Piae(Ms) =

PI‘(D[ =1 |1\/IS7 MD)

1).Pr( > D,,—MD—1|M3>

nzi, ne®

min{Mp,M,} M1
(e
oy N0

= PI'(D,' =

) (VO)mID’l(l_VO)MS’mID
mp=max{1.Mp—(N.
(NS—MS

mop

= Vo X
) '(Vl)mou(l_vl)Ns—Mx—mon]

(45)

in which O is the set of the detected RBs by one femto-
BS (see Table 1 for the definitions of m;p and migp).
Replacing mop with Mp — m;p, we have

Pr(D; = 1| M,, Mp)
min{Mp,M,}
[( Msfl )(Vo)mID(I*VO)M(mID
M)}

mpp—-1
= | mp=max{1,Mp—-(N, D

. (A]/}[Ds:}n\;[ISD ) (V1 )Mn—m”: (1-V, )Ns_Mx_MD+m[D]

(46)

Having the Mp detected idle RBs (including the ith
idle RB), the probability of a CR femto-BS accessing the
ith idle RB is equal to MLD Thus, the probability that the
ith idle RB is selected for data transmission by any CR
femto-BS (under imperfect sensing scenario) is obtained
as follows

Pre\m,m, = Pr(theithidleRBissensed | M)

v A%D « Pr(D; = 1| M, Mp). (47
Finally,
Table 1 Symbols used in Section 4
Symbol Definition
N Number of RBs
M Number of idle RBs
N Number of sensed RBs
M Number of idle RBs within the N sensed RBs
Mp Number of RBs detected as idle within the N; sensed RBs
mp Number of idle RBs (out of the My detected idle RBs) detected

correctly. (myp € [max{1, Ms — (N; — Mp)}, min{Ms, Mp})

Mop Number of busy RBs (out of the My, detected idle RBs)
detected as idle. (mop=Mp—mp)

Page 12 of 20

min{N, .M}

Ny
E Pre| M, Mp-
M,=max{1,N;~(N-M)}Mp=1

Prp = (48)

Case 2. The tagged femto-BS assigns the ith busy RB
(occupied by the macro network) to its femto user.

prp: The probability that the ith busy RB being se-
lected for data transmission by any of the other active
CR femto-BS.

To obtain the probability of the ith busy RB selected for
data transmission by one femto-BS (pzp), first, we calcu-
late the probability that the ith busy RB is sensed and in-
cluded in the (N, — M) busy RBs out of the N sensed RBs
in the sensing period, and it is expressed as follows

N-M-1 M
N;-M;-1 M;

()

Conditioning on Mp and (N, - M), the probability
that the ith busy RB being detected as idle is obtained as
follows

Pr( theithbusy RBissensed | (N;-M;)) = (

(49)

PI‘(D,’ =1 | (1\15*]\/&)7 MD)

= Pr(D; = 1).Pr Z D, =MD—1|(NX—MS)>

nzi,ned®

min{Mp M} M
s
[< mip

)(VO)m'D(l—VO)M°_m'D

= V1 X | mp=max{1.Mp-(N;-M;)}

. (N;q—O]ZIjIl ) (V1) (1= vy N Memmon)

(50)

in which © is the set of the detected RBs by a femto-BS.
Again, replacing mop with Mp — m;p, we have

Pr(D; = 1| (Ns—M;), Mp)

min{Mp M} [ ( MS
)}

mp (1 _ Ms=mip
e Vo (1-Va)

(51)

= | mp=max{1.Mp-(N;-M;
N-M;-1 - M-
.(MDs_mlsD_l ) _(VI)MD mm(l_vl)Ns My Mo+mm]

Having the Mp detected idle RBs (including the ith
busy RB), the probability of a CR femto-BS accessing the
ith busy RB is MLD Thus, the probability that the ith busy

RB is selected for data transmission by any CR femto-BS
(under imperfect sensing scenario) is obtained as follows

1
PrB|(N,-m)Mp = Pr(theithidleRBissensed | (Ns,—M;)) x YR
x Pr(D; = 1| (Ns—M;, Mp)).

(52)

Finally,
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min{Ns aM} N

Prp = PRB| (N,-M,) Mp (53)

M,=max{1,N;-(N-M)}Mp=1

5 Simulation results and discussions

Outage probability is considered as a QoS metric to
meet a specific connection data rate requirement, or it
can be utilized as a performance measure to evaluate the
level of meeting the total demands of users in highly
dense networks such as the heterogeneous cellular net-
works. By obtaining an exact closed-form expression for
the system outage probability, we will be able to take a
finer look at the system performance with the end goal
of better understanding system design principles for the
heterogeneous cellular networks.

Outage probability is affected by many parameters that
have impact on the system performance. As mentioned
before, cognition can be a potential solution for dynamic
spectrum allocation which will adapt to the network
geometry, solve the interference management issue, and
reduce the outage probability. Therefore, the primary
motivations for the femto-BSs to employ this cognition
and hence, the ppp and p,, parameters in the cellular
network are to provide beneficial coverage improve-
ments for different types of users. In practical heteroge-
neous cellular networks such as LTE, these parameters
are network-specific and not user-specific; thus, there
needs to be some optimization techniques, which can be
considered as future work, used to select parameters
that can provide acceptable QoS for the majority of
users and to meet the existing outage constraints.

On the other hand, outage probability is significantly
affected by the performance of the spectrum sensing.
The performance of the spectrum sensing and the deter-
mination of each individual RB as busy/idle is deter-
mined by two important parameters mentioned before,
namely the probability of (correct) detection (P;) and
probability of false alarm (Py). Considering the fact that
prg is a direct function of Prand P, in the practical sce-
narios (see Section 4), a spectrum sensing with high P,
and low P, results in a lower corresponding QoS and a
higher observable outage probability. The ideal sensing
procedure is the one with Pr=0 and P;= 1. In practice,
however, P; and Py are related to each other through a
receiver operating characteristic (ROC) curve [17],
which is a fundamental attribute of each spectrum sens-
ing system.

We will see later that the outage probability is also an
increasing function of the SINR threshold as theoretic-
ally can be proved. The SINR threshold 6 is generally
under the control of the system designer and should be
chosen reasonably. Clearly, setting a high value for 6
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maintains the signal quality but increases the outage
probability and reduces the network utilization. There-
fore, an upper bound of this threshold can be considered
[18] in order to guarantee that outage probability is kept
below a maximum value. On the other hand, lowering
is desirable for better resource utilization. However,
small 6 allows more users to be admitted per RB which
can make the system infeasible if the number of admit-
ted users per RB exceeds a certain limit.

First, the accuracy of our analytical results for the
downlink analysis in the proposed model is validated by
simulations, as shown in Figures 4 and 5. The simula-
tions which are built on Matlab platform are carried out
to plot the curves of outage probability versus the SINR
threshold for the tagged femto and macro user, as shown
in Figures 4 and 5, respectively. The considered scenario
is a two-tier network (exactly following the network
model described in Sections 2 and 3) over an approxi-
mately 1x 1 km square with the locations of different
classes of BSs as realizations of independent PPPs of
given densities, and the tagged users located at the cen-
ter. To have an estimate of the outage probability at the
tagged users, the simulation results are averaged over
both the spatial PPP (500 different positions) and fading
distribution (300 realizations), and are conducted using
the parameters mentioned in the figures’ captions. Ana-
lytical curves are compared with the simulations under
both perfect and imperfect sensing. It is observed that
the simulation results closely match our analytical model
and the curves of analytical and simulation results match
fairly well, which confirms our analysis. The plots exhibit
slight discrepancies between analytical results and the
corresponding simulation results which are mainly due

—»— Scenario | (A = A,) (simulation)

4
w©

—&— Scenario | (A = A,) (analysis)

o
=)

—>¢— Scenario Il (A = A +A,) (simulation)
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e
3

=
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=
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Figure 4 Simulation and analytical results for the outage
probability of the tagged femto user under perfect and
imperfect sensing. The system parameters are set as Pr= 23 dBm,
P/\/y =43 dBm, a=4, Mygr=Mr=Mipy= 1, Pre= 038, Pix= 0.7, K=1,

My =10, \e=800 and A; = 700 .
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—#— Scenario | (B = B,) (simulation)
097 —&— Scenario | (B = B,) (analysis)
0.8 { —¢— Scenario Il (B = B,+B,) (simulation)

o7 —e— Scenario Il (B = B,+B,) (analysis)
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Figure 5 Simulation and analytical results for the outage
probability of the tagged macro user under perfect and
imperfect sensing. The system parameters are set as Pr= 23 dBm,
PM:43 dBm, a=4, Mapm = Mip =M= 1, pRBZO.S, D[X:O]/ K=1,
X, =700, X, = 10 and My, = 50.

to the boundary effect and the independence assumption
used in Section 3.

In Figure 6, the outage probability of the tagged femto
user under perfect and imperfect spectrum sensing abil-
ities for the CR femto-BSs is shown for different values
of the target SINR 6 on the horizontal axis. Our results
show that the outage probability at the tagged femto re-
ceiver in the absence of a perfect spectrum sensing abil-
ity is considerably increased. Either in Scenario I, when
all the femto-BSs employ perfect sensing to sense the
RBs, or in Scenario II, Case 1, the tagged femto user
does not experience any interference from the macro-
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BSs owing to the correct detection at the tagged femto-
BS or choice of idle RBs for data transmission (RBs not
occupied by the macro network). In this case, the inter-
ference seen by the tagged femto user is only the aggre-
gate interference from the other femto-BSs which are
transmitting on the same idle RB as the tagged femto.
Clearly, the lowest outage probability is for the case of
perfect sensing (A =A; in (22)). Now, let’s consider the
imperfect sensing scenario for the CR femto-BSs. Obvi-
ously, the tagged femto user is now subject to sensing
error and therefore picking an occupied RB for its data
transmission period. Under this condition, it may receive
interference not only from the other femto-BSs which
pick the same busy RB (due to the imperfect sensing),
but also from those macro-BSs communicating with
their own users on the same RB as the tagged femto.
Therefore, the tagged femto user experiences an interfer-
ence larger than before and consequently a significant in-
crease in the outage probability. Moreover, the tagged
femto user will face an outage with a higher probability
whenever it picks an RB (occupied RB) already used by a
larger number of macro users (a larger 1) (see Figure 6).
Figure 7 depicts the outage probability of the tagged
macro user for different values of the target SINR y and
different situations. Considering the results obtained in
Figure 6, here, we also investigate the effect of employ-
ing the two different sensing scenarios for the CR
femto-BSs on the outage probability of the tagged macro
user. In the case of perfect sensing, the tagged macro
user does not experience any interference from the
femto-BSs because only those RBs sensed to be idle (RBs
not occupied by the macro network) are always chosen
for data transmission by the femto network. In this case,

MM 1oV o<t s
1 T T
—— femto (Scenario |, A=A))

0.9 —— femto & macro (A=A, +A,). L'y,

0.8 —=— femto & macro (A=A  +A,). L',
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Figure 6 Outage probability of the tagged femto user under
perfect and imperfect sensing with different values of )\;V,. The
system parameters are set as Pr=23 dBm, Py, =43 dBm, a=4,
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the interference observed at the tagged macro user is
only the aggregate interference received from those
macro-BSs transmitting on the same RB as the tagged
macro. Clearly, the lowest outage probability is obtained
for this case (B =B, in (36)). Now, the case of imperfect
spectrum sensing of the CR femto-BS nodes is consid-
ered, when the femto-BSs are subject to sensing error
and therefore the possibility of transmitting on the RB
occupied by the tagged macro. Under this condition, the
tagged macro user may receive interference not only
from the other macro-BSs communicating with their
own users over the same RB (due to the lack of RBs) as
the tagged macro, but also from those femto-BSs which
pick the same RB. Therefore, the tagged macro user ex-
periences an interference larger than before and conse-
quently a significant increase in the outage probability.
Moreover, the tagged macro user will face an outage
with a higher probability whenever its own RB is
wrongly selected for data transmission by a larger num-
ber of femto-BSs (a larger /1;).

Figure 8 illustrates the effect of K (in D = Kr,,) on the
observed outage probability at the tagged macro user in
the presence of both the macro and femto networks.
Considering the previous explanations and Figure 3, let

@, include all the points (representing the femto-BSs) in
@r except the points inside the exclusion region D of

the tagged macro user. Since CD;c(DF , the potential ag-
gregate interference at the tagged macro user, caused by
the active (considering slotted ALOHA) CR femto-BSs is
less than that in the case with no D. Furthermore, as the
exclusion region D becomes larger (when K = 10, for ex-
ample), the probability of outage is significantly reduced.
Indeed, the bigger the value of D, the closer the outage
probability curve becomes to the black curve which rep-
resents the outage probability in the case when no over-
all interference from the femto network is observed at
the tagged macro user due to the perfect sensing ability
of the CR femto-BSs. However, the reduction in the out-
age probability can be less when the number of macro-
BSs transmitting on the same RB as the tagged macro is
larger (see Figure 8b).

For a commercial network, designers must find a way
to achieve a lower probability of outage for a certain
SINR as the minimum quality needed for a typical femto
or macro user to experience an acceptable QoS. A com-
mon way to decrease the outage probability is to reduce
the number of interfering BSs encountered at the users.
This can be done through applying both the (a) and (b)
conditions in the perfect sensing scenario (or both the
(¢) and (d) in the imperfect sensing scenario). As
shown in Figure 9, under these constraints, the outage
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Figure 8 Effect of D (D =Kry, the exclusion region around the
tagged macro user) on outage probability of the tagged macro
user. The system parameters are set as Pr= 23 dBm, Py, =43 dBm,
a="4, Myp=myy=my=1, prs=08, pre=07, =50, A, = 10in
(A) and Xy, = 25 in (B).

probability is significantly reduced at the tagged femto
user (note that the number of interfering macro-BSs at
the tagged femto user is considered equal for all the
curves in the figure). The goal is to see the effect of both
prs and p,, (these two parameters are employed at each
CR femto-BS) on the outage probability of the tagged
femto user. As can be seen, for the case when ppg=1
and p,, =1, outage occurs with higher probability. In
other words, when all the existing femto-BSs (except
those who are inside the macro users’ exclusion regions)
pick the same RB as the tagged femto (prp=1) and
when they all have data to transmit in the current time
slot (p,. =1), the tagged femto user will experience the
maximum value for the outage probability derived for
different SINR targets. Clearly, a significant reduction in
the outage probability is occurred for the smaller values
of prp and p,, (see Figure 9) (the smaller the values of
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pre and p,,, the closer the outage probability curve be-
comes to the black curve which represents the outage
probability in the case when the received interference at
the tagged femto user is only the aggregate interference
from the macro network). Indeed, this validates that
many studies which do not consider these constraints
over-estimate the interference encountered by a typical
femto user.

It can be seen that even for high values of p,,, the out-
age probability is relatively less than that in the case
where there is no constraint on the femto-BS’s transmis-
sion schedule (p, =1). Also, it is obvious that in the
presence of multiple RBs where each RB is picked with
probability prp, the outage probability is further de-
creased. Hence, any practical heterogeneous network de-
signed to satisfy both of the mentioned conditions can
reap the benefit of opportunistic exploitation of
spectrum, while possibly causing little or no harmful
interference. The same story exists when the outage
probability of the tagged macro user is investigated.
Figure 10 shows the effect of prp and p,, (parameters re-
lated to the CR femto-BSs) on the outage probability of
the tagged macro user. For instance, when all the active
femto-BSs select the same RB as the tagged macro
(pre=1) and when they all have data to transmit (on
this busy RB) in the current time slot (p, =1), the
tagged macro user will experience the maximum value
for the outage probability. It should be noted that the
number of interfering macro-BSs at the tagged macro is
considered equal for all curves in this figure.

Figure 11 plots the outage probability versus the SINR
threshold 6 for the tagged femto user. As m,r=m;r in-
creases, the outage probability of the tagged femto user
decreases. This is because as the fading becomes less

severe (the bigger the Nakagami-m parameter, the
smaller fading) for both the desired and interfering links
of the femto network, the received power at the tagged
femto user from its corresponding femto-BS increases

more compared to the total received power from all the

interfering femto-BSs. It should be noted that 5, = Qar

maFr

Qir Q Q
=L and B, = 244 = =M (the scale parameters) are fixed
myp M " mam T omm

for all the curves. The interference links between the
interfering macro-BSs and the tagged femto user are
more likely to be severe in terms of fading compared
to the femto network’s desired and interfering links. In
other words, the interfering signals received at the
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tagged femto user originated by the macro-BSs suffer
more serious fading than the received signals from the
femto-BSs, in particular when we talk about indoor
femto users. Similar arguments and statements can
also be made about the outage probability of the
tagged macro user observed in Figure 12.

In Figures 13 and 14, we analyze the performance of
the authorized links (femto links) in terms of throughput
(achievable with a simple ARQ scheme with error-free
feedback) under both the perfect and imperfect sensing
scenarios. Considering the slotted ALOHA scheme, we
define the following terms [19,20],

Probabilistic link throughput (1) of a femto user:

(i) In the half-duplex (HD) communication scenario:
it is defined to be the success probability of a femto
user (i.e., 1 - por) multiplied by the probability that
the corresponding femto-BS actually transmits over
a specific RB (i.e., prgpsy), and the probability that
the femto receiver actually receives over that RB
(ie., 1 - prapu)

(ii) In the full-duplex (FD) communication scenario:
it is defined to be the success probability of a femto
user (i.e., 1 - por) multiplied by the probability that
the corresponding femto-BS actually transmits over
a specific RB (i.e., prppy)-

Femto link throughput (T):

The femto link throughput is defined as the product of
the probabilistic link throughput (r) and the rate of
transmission, i.e., T =1 log(l + ). Therefore, the femto
link throughput for the half and full duplex cases is writ-
ten as follows

-
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helf) = p(1-p)(1-por) log(1 + 6)
Tfull) = p(1-pop)log(1 + 0)

in which p = prppi».

In Figure 13, the performance of half and full duplex
systems are presented for the femto users. More specific-
ally, the link throughput of any typical femto user (e.g.
the link between the tagged femto user and its corre-
sponding femto-BS) under perfect and imperfect
spectrum sensing abilities for the CR femto-BSs is
shown as a function of the transmission probability over
a specific RB (i.e., p =pppps). It can be seen that the
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Figure 14 The femto link throughput of half and full duplex
systems as a function of the target SINR. The system parameters
are set as Pr=23 dBm, Py =43 dBm, a=4, mgr=myr=mjy=1,
K=1, )\'M =10, A\r=800 and /\’F = 700, and for each curve the
obtained optimal p in Figure 13 is applied.
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throughput achieved by the FD system is significantly
higher, particularly when p is high. Regarding the per-
formance of the HD system, for both the perfect and im-
perfect sensing cases, there is a unique optimal p which
achieves the maximum throughput (p =0.3 for the per-
fect and p=0.35 for the imperfect sensing scenario).
However, for high p, both throughput curves converge
to zero due to over many transmissions and interfer-
ences on the RB. Obviously, for both the half and
full duplex communications, a higher per-link through-
put is achieved when the CR femto-BSs employ perfect
sensing.

In Figure 14, the performance of half and full duplex
systems are presented for femto users. More specifically,
the link throughput of any typical femto user (e.g., the
link between the tagged femto user and its correspond-
ing femto-BS) under perfect and imperfect spectrum
sensing abilities for the CR femto-BSs is shown as a
function of the target SINR 6. It can be seen that the
per-link throughput achieved by the FD system, for both
the perfect and imperfect sensing scenarios, is signifi-
cantly higher than the HD one. As it is seen, the link
throughput curves are concave and there is an optimal
point in each curve. With a high target SINR, we can
transmit the user data with high spectral efficiency; how-
ever, the outage probability of this transmission is high,
too. In contrast, with a low-target SINR, we can send
many packets that include little information. In other
words, a high reliable transmission can be experienced
at low-target SINRs, while the minimum requirements
for the transmission rate cannot be met.

6 Conclusion

In this paper, utilizing the spatial PPP theory, we pre-
sented a tractable model to derive the outage probability
of a typical femto and macro user in a two-tier heteroge-
neous network which provides insight into system de-
sign guidelines. In other words, for the case of the node
locations modeled by a PPP and Nakagami-m fading
channels, we demonstrated the use of the CR-based
framework to evaluate the outage probability at any arbi-
trary user. Exact closed-form expressions were obtained
as a result. In addition, we observed that in the downlink
analysis, the outage probability is a function of the net-
work topology and several important system design pa-
rameters such as SINR target, exclusion regions, MAC
(medium access control) mechanisms such as ALOHA
(pzx), and the RB selection constraint (pzp) which is con-
trolled by the spectrum sensing measurements.

7 Appendix 1
7.1 Proof of equation 6
Proof: From (5), we have
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8 Appendix 2
8.1 Proof of equation 15
Proof: From (14), we have
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We know that I'(a, x) + y(a, x) = ['(a), and y(a,x) =
x“l"(a)e‘xz% , therefore, the above equation is
k=0

simplified as follows
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9 Appendix 3
9.1 Outage probability expression for non-integer m, ¢
Proof: From Section 3

For non-integer m, 5 by using the infinite series repre-
sentation of incomplete gamma function presented in

ylax)
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Appendix 2 (
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in Section 3 (from Eq. (1) to Eq. (21)) to obtain the
closed-form outage probability expression for the tagged
femto user, we obtain an exact but infinite summation
expression for the outage probability. In other words, we
use the infinite series representation of incomplete
gamma not only for the interfering links calculations but
also for the desired link to obtain an expression in which
the Nakagami-m parameters of all the communication
links (m, 5 m;rand m;,) can take any values (integer or
non-integer) bigger than 0.5. Thus, considering the
above explanations we have

, and y(a,x) = x*I'(a)e™

, and following the exact procedure as that
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Operating in an interference-limited regime and using
the Taylor series expansions of exponential functions,
the above expression is simplified as follows
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The fractional derivative, the arbitrary order derivative,
is used here to simplify the above expression [21] (the
notation D*(f(z)) = % (f @)
tional derivative of the functlon flz) where u>0). Ac-
cording to [21], D*(z") (where y>- 1) is equal to

r(ry(f;i)mzy #, and we also have D'(cflz)) = cD'(flz)) (c is a

constant value). Thus, we can write

denotes the uth order frac-
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where A is given by (22). 8. D Kim, On upper bounds of SIR-based call admission threshold in
Similar expression can be obtained for the outage power-controlled DS-CDMA mobile systems. IEEE Commun Letters
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