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Abstract—This paper presents a non-full interference analysis
to derive the coverage probability when the shared spectrum
allocation technique is applied to the homogeneous Poisson point
process (PPP) network. Each cell is partitioned into two regions
based on the strength of the signal to interference ratio (SINR):
the cell center region if the SINR is more significant than a
threshold and cell edge region otherwise. In our model, a given
resource block (RB) is allocated to one user in a cell and cannot
be shared by another user. The RB is hence divided into two
sub-bands, which will be used exclusively according to whether
the user is a cell center or cell edge user, letting a part of the
RB unused in order to reduce the interference to the other cell.
This scenario implies that the interfering set of base stations
(BS) depends on the coverage probability of the typical user.
We prove that the interfering BS set is a thinned version of the
original PPP and is related to the probability of coverage of the
cell center region. Results show that the scheme increases the
network’s global coverage probability.

Index Terms—Cell center user, cell edge user, coverage
probability, Poisson point process.

I. INTRODUCTION
A. Motivation

In a dense cellular deployment scenario, cell edge users
(CEU) experience a weaker signal to interference plus noise
ratio (SINR) than cell center users (CCU) due to weaker
received signal strength and higher interference power, which
may lead to low performance for CEU. To avoid or attenuate
this effect, a classical approach is to divide the total physical
resource available, e.g., the system bandwidth, and to allocate
different sub-bands to contiguous cells and the same one to
cells that are farther from each other. A derivative of that
idea is to partition the bandwidth to allocate a fraction to
CCU, that may be used by the nearest interfering cell but
only by CCU in that cell, and the other part to CEU. This
strategy relies first on the CCU/CEU classification, where two
approaches can be remarked: the location-based approach [1],
and the SINR-based approach [2].

The former approach is purely geometric and hence does
not consider the SINR that may be larger at a point located
farther from the base station (BS) than the nearest one,
at a given time, therefore in this paper, the SINR-based
classification is followed. However, the studies that dealt
with CEU/CCU resource partitioning always considered a

full-load interference scenario, i.e. whatever the resource
partitioning and the typical user classification, CEU/CCU, it
is interfered by all the BS operating in the network. In other
words, CCU and CEU are interfered by thinned versions of
the original PPP, but these thinnings are independent of the
user classification.

In the non-full interference model, on the other hand, the
BS activity is driven by the user position within each cell. In
this case, CCU/CEU classification leads to BS classification,
which means that the density of the interfering BS set is
correlated with the user position in the interfering cells and
depends on the location of the user where the SINR is
measured. We prove that the correlated interfering scenario
can be analyzed as a thinning process: the original PPP is
split into two thinned complementary processes. In this paper,
we quantify the thinning factor and evaluate the coverage
probability and rate of the non-full interference network for
the central and edge users.

B. Related Work

User classification approaches mainly focus on two as-
pects: the location-based [1], [3]-[6], and SINR based clas-
sification [2], [7]. The location-based classification relies on
the geometric properties of the PPP in order to classify a user
as CCU or CEU. For instance, in [3], [4], authors computed
the ratio of the distance between the typical user and the
serving BS to the distance between the typical user to the
nearest interfering BS. If the ratio is larger than a threshold,
then the user is a CEU; otherwise, it is a CCU. Based on
this kind of classification, some authors have investigated
base stations cooperation techniques to enhance the CEU
coverage [1], [5], [6]. However, the received SINR contains
the relevant statistic for the communication link performance
analysis, and it may be interesting to use it as a classification
criterium. In [2], the whole frequency band has been divided
into cell center and cell edge frequency sub-bands to improve
the CEU coverage using spectrum access techniques such
as fractional and soft frequency reuse. In [7], the authors
used the instantaneous SINR based classification and got
an approximation of the coverage probability of the typical
CEU for a PPP-modeled 3-tier heterogeneous network. All
these previous works have been done with full interference



assumption, i.e. considering that all BS, or a fraction of them
but non-related to the coverage probability, act as interferers
to the typical user whatever the bandwidth it uses.

In this paper, the coverage probability with non-full in-
terference assumption is tackled. In our work, the non-full
interference setting refers to the fact that the interference in
a given sub-band depends on the coverage probability of a
CCU or CEU according to the sub-band considered. Section
II presents our system model. Our main results are stated in
Theorems 1 and 2 and special cases are considered in Section
III. Section IV presents the numerical results and conclusions
are drawn in Section V.

Notations: Random variables are denoted in capital font
while their realizations remain in small font. Moreover, P[]
and E[-] are the probability and the expectation operators.
1(+) is an indicator function, and the Laplace transform (LT)
of a random variable X in s is denoted as Lx (s).

II. SYSTEM MODEL

Let us consider an OFDMA-based single-tier downlink
cellular network where BS deployment is modeled as a
homogeneous PPP & C R? with density A. A user is
associated with its nearest BS, and all BS and users are
equipped with a single antenna. Similarly to work in [8],
one randomly chosen user is considered to communicate with
its BS on a given time/frequency resource. We assume that
users experience Rayleigh fading. In each cell, a user can
be classified as a CCU or CEU, depending on the value
of its received SINR relatively to a threshold that, in turn,
depends on the location of other BS and channel conditions.
We consider that the time/frequency resource is a resource
block (RB) allocated to one user in each cell. Contrarily to
4G or 5G systems, RB is divided into two sub-bands, i.e.
B, and B., the former will be used if the user is a CCU
and the later if the user is a CEU. However, since the entire
RB is dedicated to the given user, the BS cannot allocate the
remaining part of RB, e.g., B, if the user is CEU or B, if the
user is CCU, to another user in the cell. This setting leads
to a non-full load context for interference in each sub-band
because only a part of the RB, i.e. B, or B, is used in a
given cell.

In that context, the typical user, located at the origin (0, 0),
is classified as a CCU if its SINR is larger than a threshold
0., ie. T'.>0.:

_ HE Ry 0
¢ o+ 3 HS R 1T > 0.)
1>0
and
He | X = Yil|=
Les )

o2+ ;_Hic,jHXj = Yil[[7oU(T; > 0.)
YE)

where R; is the distance between BS ¢ and the typical user,
X is the position of BS 7, I'.; is the SINR of a randomly
selected user located at Y; within the cell ¢ whose BS is

located at X;, H f j is the channel gain between the CCU i
and BS j, and o > 2 is the path loss exponent. Note that,
a spectrum mask constraint is considered for the OFDMA
system. The SINR in (1) and (2) do not depend on the
bandwidth B, and B,, and o2 is the normalized additive
white Gaussian noise power for a unit bandwidth.

The indicator function in (1) and (2) ensures that the
typical user experiences interference only from BS that serves
another CCU. This model enlightens the fact that this is an
interdependent thinning process, and we prove in this paper
that it is equivalent to a thinning process on BS PPP by a
factor depending on the coverage probability. Also, if the
typical user is not covered as a CCU, it becomes a CEU and
will be covered if its SINR be larger than a threshold 6., i.e.
', > 0., where

e —Q
Te= <L : (3)
o2+ > H§, R “1(Tci <0.)
i>0

Since separated frequency sub-bands are allocated to CCU
and CEU, we assumed that they do not experience the same
channel gains. Hence the typical CEU experiences a new
direct and interference channel gains, ie., Hj, and HE,,
respectively, exponentially distributed and indepéndent from
H§ o and HE ;.

III. PERFORMANCE METRICS

A. Coverage Probability

Consider two real numbers, 8. > 0 and 6, > 0, as the cell
center and cell edge thresholds, respectively. The coverage
probability is the probability that the SINR of the typical
user exceeds a threshold [8]. Since the classification in CCU
or CEU we consider is related to SINR, the probability to
be covered for a CCU is equal 1 and the probability to be a
CCU is

Pe(fe; N, a) EP[L. > 6] “4)

This probability is also the probability of being CCU and be
covered; let’s call it the central coverage probability. Further,
the edge coverage probability is defined as

Pe(Oc,00, N, ) 2 P[T, > 6T, < 6.]. (5)

The global coverage probability of a typical general user
randomly located in the considered model is then

P(0e, 0c, A\, @) £ P[Ce> 0] +pe(be, b, X, a)P[Le<6c]. (6)

Theorem 1. The central coverage probability in the non-full
interference context is well approximated by

Pe(be, A, ) = wA /Oo e~ (AFp(0e X)) g =000 /2 g,
0
(7N

where p (0c, A, a) = pe(e, A, )K(0e,0), 6 = 2/a and

]C(G,Oé) = 05 feofé ﬁdx
Proof. See Appendix A. O



Theorem 2. The edge coverage probability in the non-full
interference context is well approximated by (8), on the top
of the next page, where

p(eeaAva) :(1_p(1(067)\7a))’<:(0€7a)7 (9)
P (96, Oc, A, a) =p (eca A a) +p (067 A, a) :
Proof. See Appendix B. O

Some closed-form expressions can be further obtained
when considering particular cases.
1) Noise, o = 4: Theorem 1 simply becomes

T2\ @asee? (TAB(0,, \)
0., )\, 4) = w000 AT A 0
N X () oo
where Q(z) = \/#27];0 exp (—y?/2) dy is the standard

Gaussian tail probability and 5(6.,\) = 14+ p(6., A, 4). Also,
Theorem 2 can be given by (11) on the top of the next
page, where 5(0.,\) = 1+ p(0., A, 4), and B(0.,0.,\) =
14 p(0,0., A, 4). As an asymptotic analysis of the global
coverage probability, it can be found that for 8, — oo, then
pe(00, A, a) — 0 and

2N @60 ? A0, N)
e 4bc02 Q 2
VO.o? V20ea? (12)

The reason is that increasing 6. shrinks the center region,
thereby makes the global coverage probability a function of
the edge threshold .. Also, setting 6. — 0 makes all users
as CCU, then the global coverage will be equal to the central
coverage probability and p.(6. — 0, A\, a) — 1.

2) No Noise, o > 2: It can be shown that the central and
edge coverage probabilities become

V1+4K(0.,0) — 1

2K(0., @) ’

P(fe,00,\,4) =

Pe(be, A, o) = (13)

and
L X
1 —pc(0c, A\, @)

1 1
1+p(9€7)\,0é) 1+p(9679C7)‘7a) .
3) No Noise, a = 4, unique 0: The global coverage

probability simplifies to
1
14+3:K(6,4

pe(Qe,Hc,)\,a) = (14)

1 1
1+1-39K64) 1+K(6,4)
(15)

p(0,0,\,4)=

)—|—

where A\. = p.(0, A\, a)\ is the equivalent density of BS

dedicated to CCU and K(6,4) = ﬂ(g—arctan(%)). Since
Ac

5¢ < 1, the derived coverage probability in (15) is larger
than the coverage probability of the full interference network
model with a single type user given in [8]. As the coverage
does not take to account the resource used, we need another
measure to evaluate and compare the proposed method fairly.
So, we investigate spectral efficiency as follows.

B. Spectral Efficiency

If only one kind of user is considered, the average rate for
the typical user is 7 = (B, + B.)E[In(1 + SINR)] [8]. In our
case, the normalized spectral efficiency (SE) in nats/s/Hz is
defined as (i € {c,e})

OE[In(1+T.)|l'.>0 for CCU
w0, n a2 RO = O )

(1-=96)E[n(1+7T.)I'.<8], for CEU
where § = %. Since for a positive random variable

Z, BlZ] = [,_,P(Z > t)dt, the SE of a typical CCU
straightforwardly follows from Theorems 1 and 2 as

4 — So «
ne(0, A ) = mERo [/teoe"“”RO 2£1C(9maxR0)dt}7
c\U, A, G >
(I7)
where 0,4, = max(e! — 1,6), and
'Cfc (Gmaa:Rg) _ e*ﬂ’)\Rgpc(&z\,a)lC(&,,mma)' (18)

The SE for a typical CEU is

1-96 o 2
_ E —stRio «
e (97 )\’ a) 1- pc<97 )‘7 a) flo |:~/t>0 (e i CIe (StRO )

_ e_(8t+9)R302£IE,IC (Sth7 eRgé)) dt} , (19)
where s; = (et — 1), and

{ﬁz (5:RS) = o™ (1—pc(0,A,a))IC(st,o¢)’
Lr1,.1.(s:RG, 0Rg) = L1, (s R5) L1 (0RG)
The global SE in the non-full interference network is then

n(0,\, @) =P[['.>0]n.(0,\, ) +P[T. <0 (0, X, @).(21)

(20)

IV. NUMERICAL RESULTS

An interference limited network is assumed, i.e. 02 = 0
and A = 0.25 and o = 4 [8]. Fig. 1(a) compares the central
coverage probability considering CCU/CEU classification
under full and non-full interference models. Non-full inter-
ference model thins the PPP that reduces the interference to
the typical central user by a factor depending on the coverage
probability itself and 6. as it can be inferred from (13). For
0. < —8 dB, the proportion of CCU is high compared to the
one of CEU, generating lot of interference on sub-band B,
that converges to the full interference assumption.

In Fig. 1(b), the cell edge coverage probability p. is plotted
versus 6, for specific CCU target threshold 6. = 5 dB. As
observed in Fig. 1(b), the coverage probability of CEU is
enhanced when the sub-band B, is only used by CEU of the
other cells compared to the full-load interference. Fig. 1(c)
presents the global coverage probability of a typical user
when a unique 6 is considered, i.e. the CCU target threshold
is equal to the CEU one. The gain of considering non-full
interference strategy, i.e. when a sub-band is dedicated to a
single kind of user is clear from this figure.

Fig. 2 represents the SE for CCU, CEU in the non-full
interference network versus a user classification threshold



A > —TAv a)) —0.02v/? —mAv(14p(0e,0c,0,a)) ,— (040 )02 v/ ?
Pe(Oc, 0, N 0) = ——F————— (e Av(Ltp(fe,Aa)) g =0e —e (14 (0c,0c,2,0)) o= (e +0e )dv. (8)
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Figure 1. Coverage probability versus SINR thresholds.
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Figure 2. SE versus 6 for SINR-proportional [2] resource sharing.

6. The SINR-proportional spectral resource sharing in [2]
is applied. SE of CEU increases with 6 since the number
of CEU increases. On the other hand, SE of CCU first
increases and then decreases after 8 dB, because the number
of CCU decreases and it is not compensated by the gain of
being closer to the BS. The result is that global SE, in (21),
is nonetheless decreasing with 6 because of the waste of
the resource to create band with less interference. However,
global SE is compared with the fractional frequency reuse
(FFR) technique with reuse factor A presented in [8], under
full interference network, i.e. only one type of user. The
global SE is between the values obtained for A = 1 and

A = 2 in FFR approach. On the other hand, since the typical
CCU benefits from coverage-dependent fraction of resource
and suffers from the same fraction of the interference, it has
higher SE than FFR with A = 1.

V. CONCLUSION

This paper has presented a complete characterization of
the downlink global coverage probability of typical user in
the non-full interference homogeneous PPP network. Closed-
form expressions of the coverage probability of CCU/CEU
based on the received SINR level for typical user have
been presented. In further works, we intend to investigate
system performance when resource allocation is performed
according to the number of users in the cells which implies
correlations among two PPPs.
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APPENDIX
A. Proof of Theorem 1

For coverage probability of the typical cell center user in
(4), by conditioning on Ry, we have

/0 21 2 Pe[Ro=ro| fro(ro)dro,  (22)
where I. = >, o HS ;R; “1(Tc; > 6.). Conditioned on 7y,

others BS follow a Palm distribution described by the point
process ® N b°(0, ), where b(0,r) is the ball centered at



the origin and of radius 3. The PDF of the distance to the
nearest BS is fr(r) = 27 \r exp(—7wAr?).

P [HS o> 001 (02 + 1) ro] & €7 L1, (5). (23)

where s = 0.r§ and

ﬁIC(S) = E(I)’{Hg,i} exp (Z 75H0 1R al(rcz > 0 )>
>0

Ea s, | T] (1~ BT >0)(1 - 55057
i>0

1
eXp( 277)\/ Fcz>9)] (1_]_4»57"0‘) ’I"d’l")
*° 1
exp (27T>\pc(0(~, )\, O[)/TO (1 — W) 'I"d'f’),

where (a) follows the i.i.d. exponential distribution of Hy g
with mean 1 and is similar to [8], (b) comes from the law
of total expectation, Ex[f(X)] = Ey[Ex[f(X)|Y]], the
independence of {I'.;};, which is a reasonable assumption
whose accuracy has been verified by simulations, and finally
by factoring out E[1(T.; > 6.)], (c) follows from the
probability generating function (PGFL) [9] of the PPP and
identically distributed {I'.;};, and (d) refers to the definition
of the central coverage probability in (4).

B. Proof of Theorem 2

Starting with (5) and using the Bayes rule, we have

[

P {Hfl >0, Bel” o 90}
p€(067967)\7a) = He R—o (25)
P [3’2‘;& < 90]
where I, = >, H§ ;R “1(I'c; < 0.). Conditioned on Ry,

the joint coverage probablhty in numerator of (25) becomes

= | He ol ® HgoRo“
/O P 0_27_"_[6_ e ﬁ <9(; RO =T fRo(TO)dTO-
(26)
Since H o, HS o ~ exp(1) it comes
P(Hio = 1(0% + L), Hso < 52(0% + )70 ) 27)

LBy, 1, [P (Ho > 51(0% + L)lro, L)

x P (H&O < so(0? + Ic)|r0,Ic)}

LE, [P (H o > s1(0> + Ie)|r0,Ie)}
~Ei.1. [P (H5o = 51(0% + L)Iro, I.)
x P(Ho = 52(0° + L)lro, L. )|
= 6_81‘72/:1e (s1) — e_(‘91+s2)"2£16,16(51, S2)
where s; = 0,13, s2 = 0.r§, (a) comes from that con-

ditioned on the interference, the two r.v. are independent,

and (b) follows from the probability of a complementary
event. Following the same derivation as in (24), £1_(s1) can
be expressed as L7, (s1) = exp(—mAp(fe, A, a)rd). Also,
L1, ,1.(s1,s2) captures the joint LT between I'. and I'. and
can be derived as

L1,1.(s1,82) =Ky, 1, [e* e 2] (28)

= Ea g, .40, 50 (= 1 2 HE B 1T < 60)

>0
X exp(—SQZHOZ UL >0 ))
i>0
2 E@»{H&i}a{H&i} H (E[l(rcyi > QC)}Q*SZHSJR:Q
>0

(1—E[1(Te, > ec)})e—ﬂH&iRﬁ)

E[1(T.; > 6, 1—E[1(T; > 0.
=E¢H([(’ I | 1= ElTes 2 b))

20 1+82R-*“ 1+ s1R;“
1(Te;>6.)] 1-E[L(T.;>6.
_exp _9 /\/ c, )] [1(Te; > )])rdr)
1+32r a 1+ 517«
< 1
= — Ape(Oec, A, —
exp | — mApe( a)/r(% 4 ss1rar2 r
AL = pe(B, A ))/m LI
_Tr - C Cy ?a f T
P 2 1+ Lpa/2

where (a) follows from the same hypothesis used in the proof
of Theorem 1.
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