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Abstract—In this paper, we propose a model based on ran-
dom cellular networks and 3GPP recommendations for LTE-
Advanced to analyse the performance of Joint Scheduling in
Rayleigh fading channel. The operation of Joint Scheduling
is divided into two phases. During the establishment phase,
a typical user measures received signals from K coordinated
Base Station (BSs) and select the BS with the highest Signal-
to-Interference-Noise Ratio (SINR). This is followed by the data
transmission during the communication phase. The performance
of the typical is defined as the conditional probability of coverage
probability during the communication phase under condition of
the establishment phase. The analytical results which are verified
by Monte Carlo simulation can be expanded for both cases of
non-Joint Scheduling and the worst case user.

Index Terms: Poisson Cellular Network, Coverage Probability,
Joint Scheduling

I. INTRODUCTION

The rapid increase of Internet-connected mobile subscribers

as well as demand for broadband services has driven an urgent

need to develop mobile techniques. Coordinated Multipoint

(CoMP) transmission and reception [1], [2] have been studied

by 3GPP for LTE-Advanced as a new technique to enhance

the quality of the received signals as well as mitigate the

interference. The CoMP technique generally can be classified

into Joint Transmission and Coordinated Scheduling. Since in

Joint Transmission, the typical user receives the date packets

from all coordinated BSs at the same time, these packets

are always available at these BSs. This significantly leads

to an increase in a volume of data traffic on the backhaul

link. Meanwhile, every timeslot the centralized scheduling

mechanism in Coordinated Scheduling technique determines

which BS should transmit data to the typical user. Thus,

the data packets are only need to be available at only a

BS during a given timeslot, which may reduce the traffic

on the backhaul link. Hence, in this paper, we focus on the

Coordinated Scheduling.

Figure 1 illustrates an example of coordinated scheduling

with two coordinated BSs (K=2) in which every K BSs

are gouped into a group, called a cluster. Conventionally,

each cluster using a central scheduling mechanism to control

and mitigate the intercell interference within the cluster. The

operation of Joint Scheduling with K = 2 can be detailed as

BS 1

BS 2
SINR1

(o)

SINR2(o)

SINR

Fig. 1: An example of Coordinated Scheduling with 2 coordi-

nated BSs

follow. First of all, the typical user measures and compares

the downlink SINRs on the same RB from two interest BSs,

e.g. SINR
(o)
1 from the BS 1 and SINR

(o)
2 from the BS 2,

which are represented as the solid lines in the figure. The BS

with higher SINR, i.e. BS 1 in this case, is selected as the

serving BS of the typical user, thus this is reported to the

central scheduling mechanism. After that, the data packets are

conveyed to the typical user by BS 1, which is represented as

the dashed line.

In the literature, a lot of research work have been con-

ducted to evaluate the performance and optimize Coordinated

Scheduling in a hexagonal network layout only, which were

sumerized in [3], [4]. Since the deployment of practical

cellular networks depends on practical considerations such as

radio environment and user distribution, there is an increase

in research works based on stochastic geometry models to

analyse the network performance [5], [6]. To the best of

our knowledge, there is only work on performance analysis

of Coordinated Scheduling which was conducted in [7]. In

this paper, the worst case user whose distances to three

nearst BSs are the same was studied. Hence, there should be

more research on on the performance analysis of Cooridnated

Scheduling in the PPP network model.

In this paper, we bases on the 3GPP document [1] to

propose a model which is used to analyse the performance

of Coordinated Scheduling in the PPP networks. Instead of

considering one-phase operation as in previous work for the



hexagonal network layout [8]–[10], we introduce a two-phase

operation of Coordinated Scheduling. During the first phase

called establishment phase, the typical user measures the

received signals from K cooperated BSs and selects the BS

with highest SINR as the serving BS. During the second

phase called communication phase, the connection between the

typical user and the tagged BS is established and data packets

are transfered. Hence, the performance of user is defined as a

conditional probability of of coverage probability during the

communication phase under condition of the establishment

phase.

II. NETWORK MODEL

We consider the cellular networks using Coordinated

Scheduling with a cluster size of K in which the typical user

measures and selects one of the K nearest BSs with the highest

SINR.

Denote rk is the distance from the typical user to the BS k
which is a random variable whose the PDF is given by

fRk
(rk) =

2(πλ)k

(k − 1)!
r2k−1
k e−πλr2k (1)

The joint probability density of R1, R2,.., and RN is defined

by f(r1, r2, ..., rN ) and given by [12]

f(r1, r2, ..., rN ) = (2πλ)Ne−πλr2N

N∏
m=1

rm (2)

Without loss of generality, it is assumed that r1 < r2 <
... < rK .

1) The downlink SINR: The downlink interference at the

typical user associated with BS k can be stated as

Ik =
K∑

j=1,j �=k

Pjgjr
−α
j︸ ︷︷ ︸

Intra-Cluster Interference

+
∑
j∈θc

Pjgjr
−α
j︸ ︷︷ ︸

Inter-Cluster Interference

(3)

in which gj and rj are the power channel gain and distance

from the typical user to interfering BS j whose transmit power

is Pj ; α is the path-loss exponent; θc is the set of interfering

BSs which belong to adjacent clusters. We denote θ is the set

of BSs in the network, then θ = θc
⋃{1, 2, ...,K}.

Since the BSs in a given cluster fully exchange the channel

state information, the Intra-Cell Interference which is origi-

nated from the BSs with the same cluster can be controlled

by the scheduling mechanism. Meanwhile the Inter-Cluster In-

terference which is originated from the BSs at adjacent clusters

can not be controlled [13]. For simplicity, we assume that the

typical user only experiences Inter-Cluster Interference. Thus,

the downlink SINR experience the typical user is given by

SINRk =
Pkgkr

−α
k∑

j∈θc Pjgjr
−α
j + σ2

(4)

in which σ2 is the power of Gaussian noise.

2) User Association: The typical user connects to the BS

k (1 ≤ j ≤ K) if the BS k provide the highest SINR to the

typical user during the establishment phase, i.e SINR
(o)
k ≥

SINR
(o)
j (∀1 ≤ j ≤ K, j �= k).

With assumption that the typical user measure on the same

data channel, all measured SINRs have the same instantaneous

interference. Thus, the typical user association problem be-

comes

g
(o)
k r−α

k > g
(o)
j r−α

j ∀(1 ≤ j ≤ K, j �= k) (5)

Proposition 2.1: The average probability in which the user

associates with BS k is given by

Ak = (2πλ)K
∫ ∞

0

∫ ∞

r1

...

∫ ∞

rK−1

e−πλr2K

K∏
k=1

rk

K∏
j=1,j �=k

1

1 + r−α
j rαk

drK−1...dr2dr1 (6)

Proof: See Appendix A.

III. OUTAGE PROBABILITY

A. Average Coverage Probability Definition

The typical user achieves SINR from the BS k during

the communication phase as in Equation (4) if it’s received

signal during the establishment phase is satisfied Equation (5).

Hence, the average coverage probability of the typical user

associated with BS k at distance rk is defined as the following

condition probability

P
(c)
k (T |rk) = P(SINRk > T |

K⋂
j=1,
j �=k

g
(o)
k r−α

k > g
(o)
j r−α

j )

=

P

(
SINRk > T,

⋂K
j=1,
j �=k

g
(o)
k r−α

k > g
(o)
j r−α

j |rk
)

P

(⋂K
j=1,
j �=k

g
(o)
k r−α

k > g
(o)
j r−α

j |rk
)

(7)

Since the typical user can associate with any BS, the

coverage probability of the typical user at a distance rk from

its serving BS k is defined as

K∑
k=1

P

⎛
⎜⎜⎝ K⋂

j=1,
j �=k

g
(o)
k r−α

k > g
(o)
j r−α

j |rk

⎞
⎟⎟⎠P

(c)
k (T |rk)

Thus, the average coverage probability of the typical user in

the network is P(c)(T ) =

K∑
k=1

ERk

⎡
⎢⎢⎣P
⎛
⎜⎜⎝SINRk > T,

K⋂
j=1,
j �=k

g
(o)
k r−α

k > g
(o)
j r−α

j

⎞
⎟⎟⎠
⎤
⎥⎥⎦ (8)

in which fRk
(rk) is the PDF of the distance and defined in

Equation (1).



The definition of average coverage probability differentiates

from previous work for the hexagonal network layout such as

in [13]–[16] since in those work the establishment phase and

communication phase were not distinguished.

B. Average Coverage Probability Evaluation

Theorem 3.1: The average coverage probability of the

typical user in the network is given by P (c)(T ) =

K∑
k=1

ERj︸︷︷︸
1≤j≤K

⎡
⎢⎢⎣e− Trαk

SNR e
−2πλ

∫ ∞
rK

Tt1−αrαk
1+Tt−αrα

k

dt
K∏

j=1,
j �=k

1

1 + r−α
j rαk

⎤
⎥⎥⎦
(9)

Proof: See Appendix B.

Employing the joint expectation definition of K random

variables whose joint probability density function is defined in

Equation 2, the average coverage probability can be re-written

as the following equation

P (c)(T ) =(2πλ)K
K∑

k=1

∫ ∞

0

∫ ∞

r1

...

∫ ∞

rK−1

e−
Trαk
SNR e−πλr2K

K∏
k=1

rk

⎡
⎢⎢⎣ K∏
j=1,
j �=k

e
−2πλ

∫ ∞
rK

Tt1−αrαk
1+Tt−αrα

k

dt

1 + r−α
j rαk

⎤
⎥⎥⎦ drK ....dr2dr1

(10)

Special Cases

1) In the case of non-cooperative joint processing: The

user connects to the nearest BS (K = 1), thus Equation (10)

degrades into

P(c)(T ) =

∫ ∞

0

2πλr1e
−2πλr21−

Trαk
SNR−πλr2k

∫ ∞
1

Ttα/2

1+Ttα/2
dt
dr1

The result of the coverage probability is consistent with the

well-known result in [17].

Denote υ(T ) =
∫∞
1

Ttα/2

1+Ttα/2 dt, thus for a given network

υ(T ) is a constant number and can be approximated by using

Gauss-Legendre Quadrature and the properties of Gamma

function [18].

υ(T ) =
2

α

πT
2
α

sin( 2πα )
−

NG∑
n=1

cn
2

T(
xn+1

2

) 2
α + T

(11)

where NG is the degree of the Legendre polynomial, ci and

xi are the i-th node and weight of the quadrature.

Employing a change of variable ζ = πλr2 and the Gauss-

Laguerre Quadrature, we obtain

P(c)(T ) ≈
NGL∑
i=1

ωie
−tiυ(T ) (12)

in which NGL is the degree of the Laguerre polynomial, ti
and wi are the i-th abscissas and weight of the quadrature.

2) In the case of cooperative joint processing with K = 2
in the interference-limited network (σ = 0) with α = 4: The

average coveage probability of the typical user is obtained by

P (c)(T ) =(2πλ)2
∫ ∞

0

∫ ∞

r1

r1r2e
−πλr22

[
e−2πλκr2

(r1)

1 + r−α
2 rα1

+
e−2πλκr2

(r2)

1 + r−α
1 rα2

]
dr2dr1

(13)

in which κr2(r1) =
∫∞
r2

Tt1−αrα1
1+Tt−αrα1

dt, α = 4.

By using a change of variable t = (r2/y)
2 and reminding

that α = 4, we obtain

κr2(r1) = r22

∫ 1

0

Ty

r−4
1 r42 + Ty4

dy

=

√
Tr21
2

arctan

(√
Tr21
r22

)
(14)

Similarity, we have κr2(r2) =
r21
2

√
T arctan

(√
T
)

.

Considering the first part of the Equation 13 which contains

κr2(r1), the integral can be re-written in the following form

(2πλ)2
∫ ∞

0

r2e
−πλr22

∫ r2

0

r1
e
−πλ

√
Tr21 arctan

(√
Tr21
r22

)

1 + r−4
2 r41

dr1dr2

This is due to the fact that
∫∞
0

∫∞
y

fX,Y (x, y)dxdy =∫∞
0

∫ x

0
fX,Y (x, y)dydx, ∀X > Y > 0.

Employing a change of variable y = r21/r
2
2 , the equation

above equals

2(πλ)2
∫ ∞

0

r2e
−πλr22

∫ 1

0

e−πλr22y
√
T arctan(y

√
T)

1 + y2
dydr2

=2(πλ)2
∫ 1

0

1

1 + y2

∫ ∞

0

r32e
−πλr22(1+y

√
T arctan(y

√
T))dr2dy

=

∫ 1

0

1

(1 + y2)
(
1 + y

√
T arctan

(
y
√
T
))dy

Similarity, the second part of Equation 13 which contains

κ(r2)r2 is obtained by∫ 1

0

1

(1 + y2)
(
1 + y

√
T arctan

(√
T
))dy

Consequently, the average coverage probability of the typi-

cal user is given by P (c)(T ) =∫ 1

0

1

(1 + y2)

⎡
⎣ 1

1 + y
√
T arctan

(√
T
)

+
1

1 + y
√
T arctan

(√
T
)
⎤
⎦ dy

(15)

Interestingly, the average coverage probability of the typical

user in this case does not depend on the density of BSs in the

network. This is consistent with the previous results which

was found in the case of no-coordinated scheduling [17].



C. In the case of worst case user

In the cellular networks, the typical user which has the same

distances to three nearest BSs called the worst case user. The

PDF of the distance from the worst case user to it’s serving

BS is given by [7]

fw(r) = 2(πλ)2r3e−πλr2 (16)

Using the results from Equation 9 with K = 3 and r1 =
r2 = r3 = r, we obtain the average coverage proability of the

worst case user as the following equation

P (c)(T ) =
3

4
ER

[
e−

Trαk
SNR e

−2πλ
∫ ∞
r

Tt1−αrα

1+Tt−αrα
dt
]

=
3(πλ)2

2
r3e−

Trαk
SNR e−πλr2e

−2πλ
∫ ∞
r

Tt1−αrα

1+Tt−αrα
dt

(17)

This result on the worst case user performance differentiates

the results conducted in [7] since authors in [7] merged the

establishment and communication phases of Joint Scheduling.

IV. SIMULATION AND DISCUSSION

In this section, we present numerical and simulation results

to verify analytical results and the relationship between the

coverage threshold and SNR on the network performance.

A. Validation of the Analytical Results

In oder to validate the analytical results, we compare the

average coverage probability of the typical user in Equation

10 with Monte Carlo simulation results. As shown in Fig.

2, the solid lines representing the analytical results perfectly

match with the star points representing the simulation results.
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Fig. 2: Average Coverage Probability with different values of

α and coverage threshold (λ = 0.5 and K = 2)

In the Joint Scheduling cellular network systems in which

the typical user prefers a connection with the BS in the cluster,

the distance from the typical user to the serving BS must be

greater than that to the interfering BSs. Therefore, the path

loss which is inversely to the distance increases with path loss

exponent α. Thus, when α increases, the interference signal

experiences higher path loss than the serving signal. In other

words, the received SINR increases with α. Consequently, the

average coverage probability of the typical user is proportional

to path loss exponent α. For example, when α increases from

3 to 4 and coverage threshold T = 2 dB, the average coverage

probability increases by approximately 59.9% from 0.3312 to

0.5296

B. Effects of SNR on the typical user performance

In this section, the effects of SNR on the typical user

performance is visualized as in Figure 3. It is clear that when

the performance of the typical user increases with SNR. For

example, when SNR increases −10 dB from to 0.38 dB and

λ = 0.5, the average coverage probability of the typical user

increases by 52.52% from 0.25 to 0.3813 . However, it is

observed from the figure that at high values of SNR, e.g.

SNR > 20 dB in the case λ = 0.5, the changes in SNR

does not effect on the typical user performance. This is due to

the fact that an increase in transmit power of the serving BS

also increases in transmit power of the interfering BSs. Hence,

at high values of SINR, i.e. transmit power of BS � noise

power or SNR → ∞, the received SINR is approximated

by SINRk ≈ gkr
−α
k∑

j∈θc gjr
−α
j

which does not depend on the

transmit power of BS.
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Fig. 3: Average Coverage Probability with different values of

SNR and λ (Coverage Threshold T = 0dB and K = 2)

V. CONCLUSION

In this paper, we proposed a two-phase model based PPP

to analyse the performance of Joint Scheduling. The proposed

model follows the recommendation of 3GPP to separate the

operation of Join Scheduling into two phases, called establish-

ment phase and communication phase. Thus, the performance

of the typical user is defined as conditional probability of the

performance during the communication phase under condition



of the establishment phase. The analytical method is not only

used for the Joint Scheduling but also for non-Joint Scheduling

and the worst case user. Furthermore, the paper also states

that the performance of the typical user in the network using

Joint Scheduling does not depend on the density of BSs which

is consistent with the previous works which conducted in

the network without Joint Scheduling. To the best of our

knowledge, we are the first team working on the performance

analysis of the typical user in the PPP networks using Joint

Scheduling.

APPENDIX A

THE AVERAGE PROBABILITY IN WHICH THE TYPICAL USER

CONNECTS TO BS k

The average probability in which the user associates with

BS k is given by

Ak = P

⎛
⎝ K⋂

j=1,j �=k

g
(o)
k r−α

k > g
(o)
j r−α

j

⎞
⎠

= EGj ,Rj ,Rk

⎡
⎣P
⎛
⎝ K⋂

j=1,j �=k

g
(o)
k > g

(o)
j r−α

j rαk

⎞
⎠
⎤
⎦

Since all fading channels are independent Rayleigh random

variables,

Ak = ERj ,Rk,Gj

⎡
⎣ K∏
j=1,j �=k

P

(
g
(o)
k > g

(o)
j r−α

j rαk

)⎤⎦
= ERj ,Rk

⎡
⎣ K∏
j=1,j �=k

EGj

(
e−g

(o)
j r−α

j rαk

)⎤⎦
With assumption that the fading channel has a unit power, e.g.

it’s probability density function is PDF (γ) = exp(−γ), the

it’s Moment Generate Function is given by E[e−sγ ] = 1
1+sγ .

Therefore, the association probability is given by

Ak = ERj ,Rk

⎡
⎣ K∏
j=1,j �=k

1

1 + r−α
j rαk

⎤
⎦

= (2πλ)K
∫ ∞

0

∫ ∞

r1

...

∫ ∞

rK−1

e−πλr2K

K∏
k=1

rk

K∏
j=1,j �=k

1

1 + r−α
j rαk

drK−1...dr2dr1 (18)

The Proposition is proved.

APPENDIX B

THE COVERAGE PROBABILITY OF THE TYPICAL USER

ASSOCIATED WITH BS k

The conditional probability in Equation (8) can be evaluated

by using the following steps

P

⎛
⎜⎜⎝gk > T

∑
j∈θc Pjgjr

−α
j + σ2

Pkr
−α
k

,

K⋂
j=1,
j �=k

g
(o)
k > g

(o)
j r−α

j rαk

⎞
⎟⎟⎠

Since the channel power gains are independent exponential

random variables,

e−
Trαk
SNRE

⎡
⎣e−T

∑
j∈θc gjr

−α
j rαk−∑K

j=1,
j �=k

g
(o)
j r−α

j rαk

⎤
⎦

=
(a)
= ERj

⎡
⎢⎢⎣∏
j∈θc

EGj

[
e−Tr−α

j rαk gj
] K∏
j=1,
j �=k

E
G

(o)
j

[
e−g

(o)
j r−α

j rαk

]⎤⎥⎥⎦
(b)
= ERj︸︷︷︸

1≤j≤K,
j �=k

⎡
⎢⎢⎣ERj︸︷︷︸

j>K

⎡
⎣∏
j∈θc

1

1 + Tr−α
j rαk

⎤
⎦ K∏

j=1,
j �=k

1

1 + r−α
j rαk

⎤
⎥⎥⎦

(c)
= ERj︸︷︷︸

1≤j≤K,
j �=k

⎡
⎢⎢⎣e−2πλ

∫ ∞
rK

Tt1−αrαk
1+Tt−αrα

k

dt
K∏

j=1,
j �=k

1

1 + r−α
j rαk

⎤
⎥⎥⎦ (19)

in which (a) follows the assumption that all fading channels

are random variables; (b) due to the assumption that gj is

an exponential random variable; (c) obtains by using the

properties of Probability Generating Function.

Substituting 19 into 8 , the Theorem is proved.
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