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Mobility-Aware User Association in Uplink Cellular
Networks

Rabe Arshad, Hesham ElSawy, Sameh Sorour, Mohamed-Slim Alouini, and Tareq Y. Al-Naffouri

Abstract—This letter studies the mobility aware user-to-BS
association policies, within a stochastic geometry framework, in
two tier uplink cellular networks with fractional channel inversion
power control. Particularly, we model the base stations’ locations
using the widely accepted poisson point process and obtain the
coverage probability and handover cost expressions for the coupled
and decoupled uplink and downlink associations. To this end, we
compute the average throughput for the mobile users and study
the merits and demerits of each association strategy.

Index Terms—Stochastic Geometry, Mobility Management, Han-
dover Cost, Decoupled uplink downlink association (DUDe).

I. INTRODUCTION

Heterogeneity and spectrum sharing are the fundamentals
of current and future cellular networks. In such heterogenous
and interference limited networks, efficient user to base station
(BS) association is crucial to maximally utilize the deployed
small BSs. For instance, downlink range expansion, that favors
load balancing over maximum received signal strength (RSS),
is considered within the 3GPP standard [1]. Hence, avoiding
overloading macro BSs and under-utilizing the small BSs. An-
other important association challenge in heterogenous networks
is that the optimal uplink and downlink associations may not
always coincide together, which calls for a decoupled uplink
and downlink associations (DUDe) [2]. Due to the homogeneity
in the transmission powers of users equipment (UE), the UE
may favor uplink association to a closer small BS than a
farther macro BS despite their downlink transmission power
discrepancy. Such association strategies are studied and their
performances are characterized in the literature for cellular
networks with stationary UEs.

Since mobility is an intrinsic element of cellular networks,
characterizing the performance of a given association strategy
for stationary users is not sufficient. Mobile users perform sev-
eral handovers (HOs) along their trajectories. With the increase
in BS intensity, the HO rate increases, which imposes service
delays and affects the user throughput. The impact of mobility is
further signified in 5G cellular networks due to the foreseen ultra
network densification. Consequently, mobility aware network
design is mandatory in the context of 5G cellular networks.
For instance, the work in [3] proposes a mobility aware range
expansion for small BSs’ downlink association in order to
maximize the throughput of mobile UEs. The work in [4] sheds

Rabe Arshad is with the Department of Electrical Engineering, King Fahd
University of Petroleum and Minerals, Dhahran, 31261, Saudi Arabia.

Hesham Elsawy, Tareq Y. Al-Naffouri and Mohamed-Slim Alouini are with
the CEMSE Division, EE Program, King Abdullah University of Science and
Technology, Thuwal, 23955-6900, Saudi Arabia.

Sameh Sorour is with the Department of Electrical and Computer Engineering,
University of Idaho, Moscow, 83844, USA.

Emails: g201408420@kfupm.edu.sa.; {hesham.elsawy, tareq.alnaffouri,
slim.alouini}@kaust.edu.sa.; samehsorour@uidaho.edu.

light on the negative impact of mobility on network densification
gains in multi-tier cellular networks, in which the concept
of Phantom small BSs is utilized to mitigate such negative
impact. The work in [5] shows that the RSS based association
may impose excessive HOs in dense cellular environments, in
which handover skipping is proposed to alleviate unnecessary
handovers. However, to the best of the authors’ knowledge, the
impact of mobility on the uplink association is never addressed
in the literature. In contrast to the existing literature, this letter
models an interplay between HO delay and BS intensity for
different user-to-BS uplink associations.

To draw general insights on the performance of cellular
networks, stochastic geometry is widely utilized in the literature
(cf. [6] and the references therein). It captures the irregularity
in the BSs deployment, accounts for the network heterogeneity,
is not tailored to a certain network realization, and intrinsically
incorporates the effect of network interference into the analysis.
This letter utilizes stochastic geometry to develop a mobility
aware mathematical model for uplink association in a two
tier cellular network. Particularly, the developed framework
characterizes the uplink throughput for stationary and mobile
UEs under the RSS and DUDe association strategies.

II. SYSTEM MODEL

This letter considers a two tier cellular network where the
BSs belonging to each tier are modeled via an independent
homogenous poisson point process (PPP) Φk with intensity λk
and transmission power Pk, where k ∈ {1, 2}. The macro and
small BSs are denoted by k = 1 and k = 2, respectively. A
power-law path-loss model with path-loss exponent ηk > 2 is
considered. For simplicity, we consider same path loss exponents
for both tiers. The extension to different path-loss exponents
is straightforward, but comes at the expense of more involved
expressions. Rayleigh fading is assumed such that channel power
gains are i.i.d. with unity mean exponential distributions, i.e.
h ∼ exp(1). UEs are distributed via a homogeneous PPP Ψ
with intensity λu. Universal frequency reuse is assumed along
with independent UE scheduling at each BS. Hence, intra-
cell interference is avoided and inter-cell interference exists.
UEs transmit with the fractional power control of the form
Pux

ηε, where Pu is the power control parameter and ε ∈
{0, 1} is the path-loss compensation factor (PCF). The cell
boundaries in each association scenario can be visualized via
a weighted Voronoi tessellation (cf. Fig. 1). Let u ∈ Ψ be a
randomly selected UE, then the uplink user-to-BS association
policies in the RSS and DUDe architectures are defined by
br = arg maxb∈Φ Pk‖u − b‖−η and bd = arg minb∈Φ ‖u − b‖,
respectively, where ‖.‖ denotes the Euclidean norm.

For the mobile UE scenario, we consider the average through-
put over an arbitrary long trajectory with a constant velocity
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Fig. 1: Association regions for (a) DUDe (red-dotted lines) and
(b) RSS (blue-solid lines) based policies modeled via weighted
Voronoi tessellation. Macro and small BSs are represented by
black triangles and red circles, respectively.

v, where handovers are executed when the UE crosses the cell
boundaries. It is assumed that the HOs are always successful and
each HO results in a delay of d seconds, where data transmission
is interrupted and only HO related signaling is exchanged.

III. STATIONARY ANALYSIS

For the sake of organized exposition, we first characterize
the uplink coverage probability and throughput for the RSS and
DUDe associations for stationary UEs scenario. The effect of
mobility is incorporated into the analysis in the next section.
Without loss of generality, we conduct the stationary analysis
on a test user located at the origin.
We start by characterizing the UE transmission power distribu-
tion, which is given in the following lemma.

Lemma 1 (Transmission Power Distribution): The distri-
bution of the power Pi transmitted by the ith user at the distance
ri ∈ Φ from the test BS is given by

fPi(z|ri) =
2πλtz

2
εη
−1
e
−πλt

(
z
Pu

)2/η
εηP

2/εη
u γ (1, πλtr2)

; 0 ≤ z ≤ Purεηi (1)

where γ(a, b) =
∫ b

0
ta−1e−tdt is the lower incomplete gamma

function and λt is the total intensity given by

λt =

{
λ1P

2/η
1 + λ2P

2/η
2 , for RSS

Λ, for DUDe

Proof: We evaluate the truncated power distribution
fPi(z|ri) using the service distance distribution fr(x) =
2πλtxe

−πλtx2

, evaluated using the null probability of PPP and
the transmit power of a generic UE given by P = Pux

εη .
The total intensity in the DUDe architecture is calculated by
the fact that the test user sees the heterogeneous network as
a homogenous network with intensity Λ = λ1 + λ2. For the
total intensity in the RSS architecture, we exploit the map-
ping theorem [7, Theorem 2.34] and follow [5, Lemma 3]
and map the two dimensional PPPs into an equivalent one
dimensional non-homogenous PPP with the resultant intensity
λt = λ1P

2/η
1 + λ2P

2/η
2 .

Due to association and scheduling, the interfering UEs point
process, denoted by ΨI ⊂ Ψ, is not a PPP. Furthermore, the
correlated sizes of adjacent Voronoi cells impose a correlation

among the transmission powers of proximate UEs. For tractabil-
ity, the UEs transmission powers correlations are ignored and
the aggregate interference seen at the test BS is approximated
by the interference seen from a non-homogeneous PPP with the
intensity function λ(x) = λ′t(1− e−πλ

′
tx

2

), where the intensity
λ′t ≤ λt accounts for the UE activity1 and the thinning factor
(1−e−πλ′tx2

) accounts for the panorama of interferers seen from
the test BS perspective. Similar approximations are used and
validated in [8]. We also validate these approximations in this
letter. For notational and mathematical convenience, we present
the following lemma that approximates the interference seen at
the test BS.

Lemma 2 (Aggregate interference approximation): Let
Iagg ,

∑
xi∈ΨI

Pihi ‖xi‖−η be the aggregate interference seen

at the test BS. Then, Iagg
d
≈
∑
xi∈Ψ̃I

hi/xi, where Ψ̃I ∈ R+ is
a PPP with intensity function

λ̃(w) =
2π1−ελ′tP

2/η
u

ηw
1− 2

η λεt

·

∫ πλt(Puw)
2

η(1−ε)

0

yεe−yγ
(

1, π1−ελ′t(Puw)2/η( y
λt

)ε
)

γ (1, (πλt)1−ε(Puw)2/ηyε)
dy, (2)

where d
= denotes the equality in distribution and λ′t is given by

λ′t =

{
ρ1λ1P

2/η
1 + ρ2λ2P

2/η
2 , for RSS

ρΛ, for DUDe

Proof: First, we note that the approximation is due to ignor-
ing the correlations among the transmission powers of the UEs
and approximating the interference from ΨI with the interfer-
ence from a PPP with intensity function λ(x) = λ′t(1−e−πλ

′
tx

2

).
The lemma then follows in two steps; i) applying the Mapping
theorem, with the mapping function wi = ‖xi‖η , to achieve the
one dimensional PPP with inverse distance path-loss; and ii)
applying the displacement theorem [7, Theorem 2.33], with the
PDF given by (1), to achieve the unity transmission powers [9].
Thus the resulting intensity after mapping and displacement can
be obtained as λ̃(w) =

∫∞
0
ζ(r, w)λ(r)dr, where ζ(r, w) is the

displacement kernel given by ζ(r, w) = r
w2 fPi

(
r
w , r

1/η
)
. The

load factors in λ′t (i.e., ρ, ρ1, and ρ2) are obtained by first
writing the probability of having n number of users in a cell
with cell size A given by PA(n) = (λuA)n

n! e−λuA, solving it for
n 6= 0 and then integrating it over the distribution of A, given
in [10, equations 2, 10, & 11.].

Corollary 1 (Intensity Function with Full Load): For the
special case of fully loaded network

(
ρ = ρ1 = ρ2 = 1

)
, the

intensity function λ̃(w) boils down to a simpler expression given
by

λ̃(w) =
2(πλt)

1−εP
2/η
u

ηw
1− 2

η

γ
(

1 + ε, πλt(Puw)
2

η(1−ε)
)

(3)

Exploiting the results in Lemma 2, a unified definition for the
coverage probability of the RSS and DUDe association scenarios
can be expressed as

C = P
[
Puhr

η(ε−1)

Iagg + σ2
> T

]
. (4)

where Iagg =
∑
wi∈Ψ̃I

hiw
−1
i is the approximated aggregate

interference seen at the test BS and σ2 is the noise power. The

1There may exist some BSs with no UEs to serve
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C =

∫ ∞
0

exp

−z − ∫ ∞
1{ε=1}

2(λ′t/λt)z
1−ε

ηx1−2/η(1 + x
T

)

∫ zx
2

η(1−ε)

0

yεe−y
γ
(

1, (λ′t/λt)z
1−εx2/ηyε

)
γ (1, z1−εx2/ηyε)

dydx

 dz. (5)

uplink coverage probability in DUDe and RSS associations is
characterized by the following theorem.

Theorem 1 (Coverage Probability): The uplink coverage
probability in the DUDe and RSS associations in two tier cel-
lular networks with fractional channel inversion power control
is given by (5).

Proof: We prove this theorem by first writing the coverage
probability conditioned on the serving BS distance and then ap-
plying the probability generating functional (PGFL) for PPP [7]
with the intensity function given in (2) and integrating it over the
service distance distribution given by fr(x) = 2πλtxe

−πλtx2

.

Note that (5) is unified for both RSS and DUDe association
scenarios,2 where the association rule is captured in λt that
has different values for each association strategy as shown in
Lemma 1.

Corollary 2 (Coverage Prob. with Full Load): The uplink
coverage probability in a fully loaded network with full path-loss
compensation (ε = 1) can be expressed in the terms of Gauss
hypergeometric function 2F1

(
., ., ., .

)
as

C = exp

(
− 2T

η − 2
2F1

(
1, 1− 2

η
, 2− 2

η
,−T

))
(6)

For the special case at η = 4 and full path-loss compensation
ε = 1, the uplink coverage probability in a fully loaded network
boils down to a simpler expression given by

C = exp
(
−
√
T arctan

(√
T
))

(7)

As shown in Corollary 2, the DUDe and RSS based associ-
ations offer equivalent spatially averaged coverage probability.
However, the superiority of DUDe is observed in balancing the
loads of UEs served by macro and small BSs [11]. Furthermore,
DUDe association offers better utilization for the small cells
by enlarging their coverage regions, and hence, decreasing the
probability of having idle or under-utilized small BSs. The
discrepancy among the DUDe and the RSS performance is
captured via the utilization factors shown in (5). Furthermore,
the outperformance of DUDe is better visualized in terms of the
load-aware network throughout, which is defined as

T = ρLWR. (8)

where ρL is the utilized BS intensity (ρL = ρ1λ1+ρ2λ2 for RSS
and ρL = ρΛ for DUDe), W is the overall bandwidth of the
channel, and R is the effective throughput per unit bandwidth
(i.e., nats/sec/Hz). The effective throughput is defined by a
constant transmission rate that is subject to outage due to SINR
fluctuations, which is expressed as R = ln(1 + T ∗)P[SINR >
T ∗]. Note that T ∗ = arg maxT R(T ) is the numerically obtained
optimum value that maximizes the effective throughput.

IV. USER MOBILITY ANALYSIS

In this section, we incorporate user mobility and handover
rates in the user rate analysis. The effective throughput aver-
aged over the user trajectory is approximated via the spatially

2The extension to the maximum user transmit power constraint is straightfor-
ward but comes at the expense of more involved expressions.

averaged throughput given in Section III, which is validated in
Section V. The average uplink throughput experienced by a test
mobile user moving with velocity v is given by

T (u) = ρLWR(1−DHO). (9)

where DHO = H ∗ d is the normalized time consumed in HO
signaling, which is a function of overall HO rate H and delay
per HO d. The HO rates are characterized in [12] for multi-tier
PPP based cellular networks with the RSS association policy as

Hij =


vλiλjF (xij)

2π(
∑K
n=1 λnx

2
nk

)
3
2

+
vλiλjF (xji)

2π(
∑K
n=1 λnx

2
nj)

3
2

if i 6= j,

vλ2
iF (1)

π(
∑K
n=1 λnx

2
nk

)
3
2

if i = j.
(10)

where Hij is the number of tier i to tier j HOs per unit time,
v is the user velocity, and x11 = x22 = 1, x12 =

(
P1

P2

)1/η
,

x21 = 1
x12

,F (x) = 1
x2

∫ π
0

√
(x2 + 1)− 2xcos(θ)dθ.

As shown in Fig. 1, the uplink and downlink handovers are
synchronous in the RSS strategy (i.e., both happen simultane-
ously when crossing the blue boundaries), and hence, the overall
HO rate H is obtained by the summation of all inter and intra-
tier HOs. On the other hand, the inter-tier uplink and downlink
HOs are asynchronous in the DUDe architecture (i.e., the uplink
[downlink] HOs occur when crossing the red [blue] boundaries),
and hence, the downlink and uplink HOs should be considered
separately to calculate the overall HO rate. Since the uplink
association in DUDe is based on the user-to-BS distance, the
additional uplink HOs can be calculated by enforcing P1 = P2
in (10). The handover process involves several handshaking
messages to be exchanged between the UE and the BS. Since the
UE does not send the control and data bits simultaneously, such
handover signaling will disrupt the data transmission. Assuming
that the UE data transmission is disrupted with each downlink
and/or uplink HO, the total HO rate in DUDe architecture is
given by

HDUDe = HDL +HUL −HUL
11 −HDL

22 (11)

where (11) follows from the fact that intra-tier (i.e., macro-to-
macro or small-to-small) uplink and downlink HOs are still
synchronous in the DUDe architecture as shown in Fig. 1.
Therefore, HUL

11 and HDL
22 are eliminated from the overall HO

rate to alleviate duplicity in the HO count.

V. NUMERICAL RESULTS

This section provides numerical results according to the
parameters highlighted in Table 1. We first note that the results
for the effective throughput shown in Figs. 2(a) and 2(b) are
supported via independent simulations that account for the UE
mobility, and hence, validating the approximations related to the
interference in Lemma 2 and mobility throughput in Section IV.
Figs. 2(a) and 2(b) confirm that the spatially averaged throughput
for both association strategies are comparable. However, the
DUDe outperformance appears in the network throughout due
to the better small BS utilization as shown in Fig. 2(c). It is
important to note that DUDe association also offers a balanced
performance among the macro and small BSs as shown in [11].
The effect of UE mobility is depicted in Fig. 3. Fig. 3(a) shows
the increased HO cost in the DUDe due to the disjoint uplink and
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TABLE I: Simulation parameters
Parameter Value Parameter Value

Macros Power P1: 10 watt Small BSs Power P2: P1/6 watt

Macros intensity λ1: 3 BS/km2 Small BSs intensity λ2: 15 BS/km2

Users intensity λu: 50 BS/km2 PCF ε: 0, 0.5, 1

User baseline power Pu: 1 watt Path-loss exponent η: 4

Channel BW W : 10 MHz HO delay d: 0.7 s

downlink associations. The results in Fig. 3(a) is supported via
Monte Carlo simulations to validate the analysis. Figs. 3(b) and
3(c) show that the RSS outperforms the DUDe association when
accounting for mobility and handover cost. The figures show that
the throughput gap between the RSS and DUDe depends on the
UE velocity and BS intensity. Hence, compromising between
the two association strategies based on the UE and network
conditions is necessary. For instance, stationary and low mobility
UE can employ the DUDe association to enhance the small BS
utilization. However, at moderate and high mobility, UEs should
switch to the RSS association to avoid excessive handovers.
Note that the switching velocities among the RSS and DUDe
are functions of the BS intensity, which can be computed via
the proposed framework.

VI. CONCLUSION

Using stochastic geometry, we develop mobility-aware math-
ematical model for uplink cellular networks. The developed
model is utilized to study the effect of mobility on coupled
(RSS) and decoupled (DUDe) uplink association strategies. For
stationary users, it is shown that the DUDe outperforms the
RSS association in terms of network throughput due to load
balancing. Accounting for the mobility, the DUDe imposes

higher handover rate, which degrades the throughput, compared
to the RSS strategy. Hence, mobility-aware user association is
advocated where the stationary and nomadic [moderate and high
mobility] users follow the DUDe [RSS] strategy.
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