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Abstract—In this paper, a joint user association (UA) scheme
with JP-CoMP using a hybrid self-organizing network (SON)
is proposed for a practical clustered heterogeneous cellular
network (cHCN) to maximize the network-wide proportional
fairness among users. The cell range expansion (CRE) and the
enhanced inter-cell interference coordination (e-ICIC) have been
considered as key items in the long term evolution-advanced
(LTE-A) to offload macro-cell users to small-cell base stations
(sBSs). However, in a cHCN where sBSs are not distributed at
random but are clustered instead, the coverage of inner sBSs in
a small-cell cluster would be hardly expanded and an increased
bias may result in much poor link quality as well as much higher
load in outer sBSs. Thus, the load balancing capability becomes
much lower than expected in a cHCN. In order to cope with
such a problem, a network architecture and protocol for the
cHCN is suggested and a feasible suboptimal iterative algorithm
for determining the joint UA solution of the proposed hybrid
SON is provided. It is shown that the proposed hybrid SON
scheme with the proposed joint UA solution is very effective
in handling the load balancing in a practical cHCN not only
improving the performance of the inner sBS users by reducing the
inter-cell interference, especially for intra-tier offloaded users, but
also enabling more aggressive inter-tier offloading by effectively
improving the link quality of cluster edge users without causing
an unnecessary resource waste.
Index Terms—Clustered HCN, CoMP, Load Balancing.

I. I NTRODUCTION
In current cellular networks, conventional macro-cells are
being overlaid with low-powered small-cells as a way to
enhance the spectral efficiency per area [1]. Especially in
realistic scenarios such as those based on real measurement
data [2][3] and those in the technical report by 3GPP [4],
more than one small-cell BSs (sBSs) might be installed in
hotspot areas [5][6], which can be modeled as a clustered HCN
(cHCN) where sBSs and users are clustered in hotspot areas
[7][8]. In an HCN or a cHCN which can be considered as
an HCN with dense small-cells in some locations, one of the
most important challenges for achieving the full potential of
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a small-cell deployment is how to balance the loads among
cells [9]-[11].
There have been many efforts on developing effective load
balancing schemes in an HCN and they can be categorized
into distributed load balancing schemes [5][12]-[18] and joint
load balancing schemes [19]-[26]. Among distributed load
balancing schemes, a cell range expansion (CRE) scheme
using a fixed bias [12]-[15] combined with an enhanced intercell interference coordination (eICIC) scheme using almost
blank subframes (ABS) [5][16]-[18] has been adopted in
the 3GPP long term evolution-advanced (LTE-A) as a user
association (UA) scheme with resource partitioning (RP) to
efficiently offload more traffic from macro cells to small-cells.
When sBSs are uniformly distributed, the above distributed
UA with an RP scheme allows small-cells to be expanded
while maintaining overall link-quality of the small-cell users
compared to the maximum signal-to-noise power ratio (SNR)
approach where each user is associated to the cell with the
strongest SNR [27][28]. However, the performance might not
be optimal for a given user and BS geometry due to the distributed nature and the use of the common bias and ABS ratio
values. On the other hand, the joint load balancing schemes
have been proposed to further improve a network-wide utility
such as the network-wide proportional fairness [19]-[24], the
network capacity [25] or the minimum throughput [26]. Since
such a joint UA with RP scheme as in [22]-[24] can jointly
determine the UA and the ABS ratio of each macro-cell for
a given user and BS geometry, lightly-loaded sBSs can be
expanded more aggressively so that more macro-cell users as
well as small-cell users in heavily-loaded sBSs can be offloaded without deteriorating the overall link-quality, which
results in better network utility [22].
However, in a cHCN where sBSs are not distributed at
random but are clustered instead, the coverage of inner sBSs
in a small-cell cluster would be hardly expanded by the
distributed approach and an increased bias for offloading as
many macro-cell users to the small-cell layer as in an HCN
results in much poor link quality as well as much higher
load in outer sBSs. Thus, the load balancing capability of
a distributed scheme becomes much lower than expected in
a cHCN. Although the former is hardly mitigated, the latter
can be alleviated to some extent by using a joint approach. In
this approach, some portion of the load of outer sBSs can be
offloaded to lightly-loaded inner sBSs. However, the impact is
limited due to the poor link quality of such offloaded users.
In order to improve the poor link quality of offloaded users,
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using a joint processing coordinated multi-cell processing (JPCoMP) such as multi-cell zero-forcing beamforming (ZFBF)
[29] or maximum ratio transmission (MRT) [30] within a
small-cell cluster is very promising. This is because a cell
cooperation using JP-CoMP may improve the link quality by
mitigating inter-cell interference among small-cells or increase
the effective signal power from a small-cell cluster by applying
the ZFBF and MRT schemes selectively for each user. Here,
the adaptive CoMP selection can be realized by the joint
load balancing scheme such as in [19][22] in conjunction
with an RP scheme such as the e-ICIC. However, although
mBSs can be configured uniformly, sBSs in a cHCN can be
quite differently configured in different clusters in terms of
the number of antennas, the transmission scheme, the resource
partitioning and scheduling strategy, and the backhaul quality
whether it allows a cell cooperation or not, etc. Thus, it is
not suitable for a practical system such as the LTE-A to
collect such information on each sBS at a centralized network
controller and introducing a JP-CoMP into a joint load balancing scheme in a cHCN is not straightforward and is actually
very challenging. Note that the LTE-A cellular network may
include a small-cell layer cluster mobility management entity
(C-MME) and cluster gateway (C-GW) to control sBSs in a
small-cell cluster so that JP-CoMP can be favored but the
core network considers each small-cell cluster as an mBS [31].
Therefore, such a core network architecture should be taken
into account and a novel joint association scheme suitable for
a practical cHCN is required.
In this paper, a joint UA scheme with JP-CoMP using
a hybrid self-organizing network (SON) is proposed for a
practical cHCN to maximize the network-wide proportional
fairness among users. In this scheme, a central SON algorithm
manages a macroscopic user association and a distributed
local SON algorithm in each cluster manages a joint UA
with an RP scheme by considering adaptive CoMP mode
selection for given user locations. A network architecture and
protocol for the cHCN is suggested and a feasible suboptimal
iterative algorithm for determining the joint UA solution of
the proposed hybrid SON is provided. It is shown that the
proposed hybrid SON scheme with the proposed joint UA
solution is very effective in handling the load balancing in
a practical cHCN. This comes from the fact that the proposed
scheme not only improves the performance of the inner sBS
users by reducing the inter-cell interference, especially for
intra-tier offloaded users, but also enables more aggressive
inter-tier offloading by effectively improving the link quality
of cluster edge users without causing an unnecessary resource
waste. The novelty and main contribution of this paper can be
summarized as follows.
i) When considering an efficient load balancing scheme
for a cHCN, JP-CoMP needs to be considered among small
cells, especially with a non-static BS grouping to alleviate
the problems of group-edge users as previously described.
However, such a joint UA problem with a dynamic BS
grouping is intractable. In this paper, such a difficulty is solved
by suggesting a joint UA problem with a semi-dynamic BS
grouping and resource partitioning and proposing its suboptimal solution at a polynomial-time complexity, and
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Fig. 1. The cHCN model.

ii) When considering the implementation feasibility, existing
schemes are not appropriate because a centralized scheme
such as in [22] suffers from impractical signalling overhead
and computational load at the central entity. Although it may
be implemented in a distributed way as in [19], it involves
iterations between BSs and users using wireless resource in
a synchronized manner, which is not suitable for a practical
system, either. In this paper, a hybrid approach is proposed
where iterations are performed among core network entities
only, which is more suitable for a practical implementation.
Also, the implementation feasibility of the proposed scheme
is checked for a typical scenario.
The remaining of this paper is organized as follows. In
Section II, the system model is presented. In Section III,
the proposed hybrid architecture and protocol are illustrated.
In Section IV, the proposed joint load balancing scheme is
presented. In Section V, simulation results and corresponding
discussions are provided and concluding remark is given in
Section VI.
II. T HE C HCN M ODEL
Consider a downlink two-tier cHCN in which macro cells
are overlaid with (clustered) small cells using a lower transmit
power as shown in Fig. 1. According to realistic scenarios
where there could be some hotspots with different user densities [32] and an operator deploys both macro-cell BSs (mBSs)
and sBSs to provide coverage flexibly and promptly [4], more
than one sBSs can be installed in hotspot areas [5][6]. Each
cluster, denoted as ξ(c), is modeled as a closed region centered
at c and the set of cluster center locations is denoted as
C = {c1 , c2 , ...} which is assumed to follow a point process
Φc with density of λc . Also, denote the set of user locations
as U = {u1 , uS2 , ...} and it is assumed to be a mixture point
process Φu ∪
Φuc , where Φu is a point process with density
c∈C

of λu and Φuc is a point process over ξ(c) with density of
λh . Note that we focus on an operator-installed small-cell
deployment scenario with an open access strategy and trusted
backhauls. As shown in Fig. 1, it is assumed that an operator
deploys macro-cell BSs (mBSs) network-widely and sBSs in
each cluster. Denote the set of mBS locations and the set
m
of sBS locations in cluster c as Bm = {bm
1 , b2 , ...} and
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as the total least square algorithm [34]. Then, the sBSs are
clustered by using a widely-used clustering algorithm, such as
the k-Means algorithm [35] with the elbow method [36].

(a) Hybrid SON for a two-tier cHCN

(b) sBS clustering phase for a two-tier cHCN
Fig. 2. Network architecture for a two-tier cHCN


Bsc = bsc,1 , bsc,2 , ... , respectively. Here, Bm is assumed to
follow a point process Φm with density of λm and Bsc is
assumed to follow a point process Φsc over ξ(c) with density
of λs (c).
The core network architecture is assumed as shown in Fig.
2-(a). Here, sBSs are assumed to be clustered and the sBSs for
each cluster are connected via wired backhaul lines to the CMME and the C-GW as in [33], which may be assumed to be
co-located and connected via X2 with the nearest mBS. Also,
each mBS, C-MME, and C-GW are connected to the enhanced
packet core (EPC) composed of the MME, the serving gateway
(S-GW), and the packet data network gateway (P-GW). Note
that in [31], a home eNode B (HeNB) gateway is defined in
the 3GPP specification and it can play a role as a C-MME
with an S1 interface between C-MMEs and an EPC-MME.
Then, HeNBs connected to the same HeNB gateway naturally
form a small-cell cluster. Thus, such a cHCN model and the
corresponding network architecture can model a practical LTEA heterogeneous network. For the abstracted air-interface, it
is assumed that one frame is comprised of NS subframes
and each subframe consists of NRB multiple resource blocks
(RBs), where the user association and BS grouping can be
updated for each frame if necessary due to user mobility.
Considering the case where previously installed small-cells
or user-installed open access small-cells exist together in such
hotspots, the sBS clustering phase shown in Fig. 2-(b) is
performed by EPC-MME. Here, based on the reported user
measurement information {γu }, EPC-MME can transform γu
into approximated relative distance between the user and the
corresponding sBS and find the relative location of each sBS
by utilizing a least-square source location estimation, such

The SON model for a joint user association is also shown
in Fig. 2. Here, each user u reports its measurement γu to the
EPC-MME via its currently associated BS. In an LTE system,
the user measurement report γu is delivered as the neighbor
cell measurement report if a predefined event trigger criterion
is met, in which such a criterion can be set according to the
service provider’s strategy, the cell locations, etc. Also, the CMME in cluster c informs the EPC-MME of its cluster uplink
information Γc . The EPC-MME also informs the C-MME
in cluster c of its cluster downlink information Ψc . Based
on {γu |u ∈ U} and {Γc |c ∈ C}, the EPC-MME performs
its SON function and delivers the updated user association
information vector Ib to each BS b and its updated association
information Ju of each user u via each currently associated
BS. Note that the above SON model can include a fully
centralized SON scheme such as in [22], a centralized SON
scheme implemented by using a distributed computation such
as in [19], and a distributed SON scheme such as the CRE
and e-ICIC scheme with the network-widely selected optimal
bias and ABS ratio values.
In a centralized SON scheme such as in [22], γu is a
measured average SNR value set from its neighboring BSs
and Γc is the full information required for evaluating the
expected throughput of each user if associated to each cell in
cluster c according to the number of antennas, the transmission
scheme, the resource partitioning and scheduling strategy, the
backhaul quality, etc. Based on them, the S
EPC-MME jointly
determines Ib and Ju for all b ∈ Bm ∪
Bsc and u ∈ U
c∈C

and delivers them to each BS and C-MME via Ψc . Finally,
each BS delivers the association information to its associated
users. The centralized SON scheme can achieve the maximum
performance of the joint user association but the cluster uplink
information {Γc |c ∈ C} and the computational load at the
EPC-MME become so high that it is inappropriate to be
applied in practice. Although such a centralized SON may
be implemented by using a distributed computation, such as
in [19], in which γu is the association request from user u
and Ju is the set of BS-specific information such as the price
information or the allocated ABS ratio of the neighboring BSs
required for user u to determine its association. Also, Γc and
Ψc denote the information from cluster c to the EPC-MME
according to the user requests in cluster c and the information
for the cluster c to update its BS-specific information by considering others, respectively. Then, an iterative SON procedure
is performed among all the entities so that each user can
determine its associated BS in a distributed manner. However,
although its computational complexity and backhaul overhead
do not cause any problem, all the involved entities should be
synchronized and wireless resources need to be wasted during
the distributed iteration among the BSs and users, which is
also not suitable in practice. On the other hand, a distributed
SON can be easily implemented in practice by performing
UA locally and exchanging some measured statistics and the
network-wide bias and ABS ratio values as the cluster uplink
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TABLE I
SUMMARY OF THE NOTATIONS.
Symbol
C, U, Bm , Bsc

γu , Γc , Ψc , Ib , Ju

Bu
Cd
Bc , Ac
Bct =

n
o
n
o
Btc,j , Atc = Atc,j

h
i
Btc,j , Atc,j = At,χ
c,j

χ∈X

At,χ
c,j


Ib = Ib,t t∈[T ] , Ju = [Ju,t ]t∈[T ]
h
i
Ib,t = Iχ
b,t

χ∈X

h
i
, Ju,t = Jχ
u,t

χ
Iχ
b,t , Ju,t

U d , Xd , ς d

Γc = {Qc , ∇c , ∆c }

χ∈X

Description
Sets of clusters, users,
mBSs, and sBSs in cluster c
measurement for user u, cluster
uplink information for cluster c,
cluster downlink information for
cluster c, UA information for
BS b, and the association
information for user u
Sets of neighboring BSs
for user u
Set of clusters partitioned
to mBS d determined
at the EPC-MME
BS group information and UA
information determined at
the C-MME in cluster c
BS group collection and UA
vector collection for resource
t in cluster c
the jth BS group and the jth
UA set vector for resource
t in cluster c
the jth UA set for resource t
using transmission scheme
χ in cluster c
UA vector for BS b,
associated BS group vector
for user u
UA vector for BS b,
associated BS group vector
for user u for resource t
users for BS b and associated
BS group for user u using
transmission scheme χ
for resource t
Sets of associated users
and association variables
for an mBS or a cluster d and
ABS ratio for mBS d ∈ Bm
determined at the EPC-MME
the cluster uplink information
for C-MME in cluster c

and downlink informations, respectively. However, the load
balancing capability is expected to be low, especially in a
cHCN.
III. H YBRID SON ARCHITECTURE AND PROTOCOL
In this paper, a 2-level hybrid SON scheme is considered.
In this scheme, the EPC-MME performs the macroscopic UA
based on the user reported information {γu |u ∈ U} and the
cluster uplink information {Γc |c ∈ C} from the C-MME in
each cluster and delivers the cluster downlink information
{Ψc |c ∈ C}. On the other hand, the C-MME in each cluster
determines the joint UA for its local cluster based on its local
information and updates the cluster uplink information, which
are performed in an iterative manner.
For the proposed hybrid SON, each user u measures the
average S
SNR values γu,b of its neighboring BSs b ∈ Bu ⊂
Bm ∪
Bsc to form γu = {γu,b |b ∈ Bu } and reports it
c∈C

to the EPC-MME via its currently associated BS. Based on
{γu |u ∈ U}, the EPC-MME decides the macroscopic user
association {Ud , Xd , ςd |d ∈ Bm ∪ C}, where Ud ⊂ U,
Xd = {xu,d |u ∈ Ud }, and xu,d , ςd ∈ [0, 1] denote the user
association variable of user u and the ABS ratio of an mBS

u2
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u3bs
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Fig. 3. A toy example of the joint UA scheme with JP-CoMP.

or cluster d, respectively, and delivers Ud , Xd , and ςd to
each mBS (d ∈ Bm ) or to each C-MME (d ∈ C) by setting
Ψd = [Ud , ςd ] for d ∈ Bm and Ψd = [Ud , Xd , ϕd ] for
d ∈ C, where ϕd denotes the ABS ratio information of an
mBS around d ∈ C, which will be defined later. Here, the
EPC-MME partitions the clusters according to each mBS as
{Cd |d ∈ Bm } ∈ ρ (C), where ρ (A) denotes the collection
of all partitions of a set A, so that a common ABS ratio is
used among each mBS and sBSs in its associated clusters, i.e.,
ςc = ςd for c ∈ Cd .
In this paper, JP-CoMP with a semi-dynamic BS grouping
and resource partitioning is considered to alleviate the problem
of group-edge users and improve the load balancing capability
for a cHCN. In the cluster c of interest, the sBSs in Bsc
are partitioned to form disjoint BS groups1 and each user in
Uc is allocated to one of the subframe types, which involves
allocating each user to one of the BS groups for each resource
in the selected subframe type. Also, each BS group is assumed
to be able to serve its users by using transmission scheme
χ ∈ X = {Z, M }, where χ = Z and χ = M denote
the ZFBF
 [29] and MRT [30] schemes, respectively. Denote
Bct =  Btc,1 , Btc,2 , ... ∈ ρ (Bsc ) as the BS group set and
Atc = Atc,1 , Atc,2 , ... as the corresponding user association

set for resource t, respectively, where Atc,j = At,χ
c,j χ∈X

t,χ
t
and At,χ
c,j ⊂ Uc . Here, Bc,j and Ac,j denote the jth BS
t
group element of Bc and the jth user association set of
Atc using
 Then,
 transmission
 scheme χ ∈ X, respectively.
Bc = Bc1 , Bc2 , ..., BcT and Ac = A1c , A2c , ..., ATc describe
the joint UA with a BS grouping for cluster c determined
by its C-MME, where T denotes the number of different
resources2 . Note that such a resource partitioning into T
resources is cluster-wise, i.e., all sBSs and users in a cluster share the same RP synchronously. On the other hand,
each BS group can choose its current transmission scheme
among X independently. Let Ib = [Ib,1 , Ib,2 , ..., Ib,T ] and
Ju = [Ju,1 , Ju,2 , ..., Ju,T ] denote the user association vector
for BS b and the associated BS group vector for
 user
 u,
respectively, where Ib,t = [Iχb,t ]χ∈X and Ju,t = Jχu,t χ∈X
denote the users associated to a BS group which BS b belongs
to and served by using transmission scheme χ ∈ X at resource
t and the set of BSs that form the BS group which serves user
1 In

case of not using a CoMP, each BS group contains only one BS.
typical e-ICIC can be considered as the T = 2 case (the NS for t = 1
and the ABS for t = 2).
2 The
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u by using the transmission scheme χ ∈ X at resource t,
respectively. Then, the C-MME delivers Ib to each b ∈ Bsc
χ
and Ju to each u ∈ Uc by setting Iχb,t = At,χ
c,πb (t) and Ju,t =
Btc,κχu (t) , where πb (t) =
arg
{1{b∈Bt } = 1} and
j∈{1,2,...,|Bct |}

c,j

{1{u∈At,χ } = 1}. Also, the C-MME
c,j
delivers its cluster uplink information to the EPC-MME by
setting Γc = {Qc , ∇c , ∆c }, where Qc , ∇c , and ∆c denote the
parameter set for the pre-determined approximated user rate
evaluation, the parameter set for the linear approximation of
the residual metric error, and the corresponding trust regions,
respectively.
In each mBS b ∈ Bm , the ABS pattern for each frame is
determined according to ςb and shares it to the sBSs of the
clusters in Cb via the corresponding C-MMEs. Each mBS
b selects a user among Ub by using a scheduling algorithm
such as the proportional fair scheduling (PFS) [37] during its
normal subframe (NS) while it keeps silent during its ABS. On
the other hand, for each resource t in each cluster c, each BS
group B ∈ Bct (or its chief BS) can choose the ZFBF scheme
or the MRT scheme at each RB. For user scheduling, a set of
users equal to its group size |B| for the ZFBF scheme and a
single user for the MRT scheme are assumed to be selected
by using a scheduling algorithm such as the PFS method for
the multiuser case [37], respectively.
In Table I, the notations used in this paper are summarized.
Also, Fig. 3 shows a toy example of the joint UA scheme
with JP-CoMP in a cluster c, using T = 2 resources.
Here, 4 sBSs,Bsc = bsc,1 ,bsc,2 , bsc,3 , bsc,4 are partitioned
s
s
s
1
=
bsc,1 , b
for t = 1 and
into Bc
c,3 , bc,4
c,2s , b
s
s
2
s
bc,1 , bc,4 , bc,2 , bc,3
Bc =
for t = 2 as described.
Also, each of the 9 cluster users, Uc = {u1 , u2 , ..., u9 }, is
associated to one of the BS groups in each resource as A1c =
{[{u3 , u4 , u5 } , {u1 , u2 }] , [{u6 , u9 } , {u7 , u8 }]} for t = 1
and A2c = {[{u5 , u6 , u7 , u8 } , {u3 }] , [{u1 , u4 , u9 } , {u2 }]}
for t = 2 as described in Fig. 3. Note that Ibs and Ju1 are
c,1
given as Ibs = [[{u3 , u4 , u5 } , {u1 , u2 }] , [{u5 , u6 , u7 , u8 } ,
c,1
  s



{u3 }]] and Ju1 = ∅, bc,1 , bsc,2 , bsc,2 , bsc,3 , ∅ , respectively.
κχu (t)

=

arg

j∈{1,2,...,|Bct |}

IV. P ROPOSED LOAD BALANCING SCHEME IN A C HCN
A. Network-wide fairness metric in a cHCN
The proportional fairness scheduling, originally proposed in
[38], has been widely considered not only in literature but also
for real implementations of wireless cellular networks [39][40]
due to not only its ability to schedule users in their peak
channel states while providing balanced throughput among
users but also its implementation feasibility. Thus, in this
paper, the network-wide proportional fairness among users is
considered as the network utility for the load balancing in a
cHCN, similarly as in [19]-[24], which can be written as
X
Υ=
U (Ru ),
(1)
u∈U

where Ru denotes the average rate of user u and U (r) denotes
the general α-fairness utility function for a rate r. Here,
U (r) = log(r) for α = 1, and U (r) = r1−α / (1 − α) for

5

α 6= 1, α > 0. First, we focus only on the case where α = 1,
i.e., the proportional fairness [41] is considered. In order to
perform a joint UA to improve the network utility, Ru needs
to be anticipated from the reported information and may be
approximated as

(1 − ςd ) φd (u) Iu,d ,
u ∈ Ud ,d ∈Bm,(2)



t
Bd |
T |X
X t t,χ t,χ
R̄u= X

t,χ

ηd νd,j φd,j (u)Iu,d
Btd,j , u ∈ Ud ,d ∈ C, (3)


t=1 j=1 χ∈X

where Iu,d denotes the rate of user u from mBS d if scheduled, φd (u) denotes the probability that user u is scheduled
t,χ
by mBS d, ηdt denotes the portion that resource t takes, νd,j
denotes the portion that BS group j takes for transmission
scheme χ at resource t, φt,χ
d,j (u) denotes the probability that
user u is scheduled by BS group j using transmission scheme
t,χ
χ at resource t, and Iu,d
(Btd,j ) denotes the rate of user u
from BS group j using transmission scheme χ at resource t
if scheduled.
For the macro-cell users, the rate of user u from mBS d if
scheduled, Iu,d , can be approximated as
 


Su (d)

q
log
1
+

d
2
Wu (d) + 
 
Su (d)

Wu (d) ≥ γth ,
Vu (d)
T
(d)+V
(d)
u
u
Iu,d =
−
log
e
,
2
Wu2 (d)

(Su (d)+Wu (d))2


0,
o.w.,
(4)

∆
where qd = min NdA , |Ud | denotes the number of users that
∆
can be scheduled simultaneously by mBS d, Su (d) = kd θd ,
P
∆
∆
∆
Wu (d) = b∈Bu −{d} γu,b , Tu (d) = kd θd 2 , and Vu (d) =
P
2
b∈Bu −{d} γu,b denote the average signal power, the average
interference power, the variance of the signal power, and the
variance of the interference power, respectively. Here,
 1 A −1

cd Nd FA
p (µd ) ; NdA , 1 <NdA < |Ud | ,
∆
kd =
NdA − qd + 1,
o.w.,
(6)
denotes the shape parameter for the signal power when it
is modeled as a Gamma random variable as in [42], where
NdA denotes the number of antennas at the macro-cell BS
A
d, FA (x; NdA ) = 1 − (1 − x)Nd −1 denotes the cumulative
distribution function (CDF) of squared absolute inner product
between the normalized channel vector of size NdA and the
corresponding zero forcing precoding vector of size NdA
for a randomly selected user, p (µd ) =µd/(µd +1) denotes a
percentile value corresponding to the largest value among µd
values in a CDF, and
(

d|
l |Ud | ; NdA , 1 < |U
< 2,
∆
NdA
µd =
(7)
|Ud | ,
o.w.,
denotes the effective number of
multiuser
 users considering


MIMO (ZFBF). Here, l x; NdA = 2 − 1/NdA x − NdA +1
denotes a linear transformation,
by which NdA < x < 2NdA

A
is mapped to 1 <l x; Nd < 2NdA . Note that the shape parameter gain for the signal power due to the use of multiple
antennas is reflected similarly as in [43]. In addition,
∆

θd = md γu,d /NdA

(8)

0018-9545 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2017.2748570, IEEE
Transactions on Vehicular Technology
LOAD BALANCING SCHEME WITH SMALL-CELL COOPERATION FOR CLUSTERED HETEROGENEOUS CELLULAR NETWORKS, J.-B. PARK AND K. S. KIM

t,χ
Iu,d

Btd,j



=





t,χ
qd,j





log2 1 +

χ
Su
(Btd,j )

(

Wut Btd,j

)



+



Tuχ (Btd,j )+Vut (Btd,j )
χ
Su

(

2

(Btd,j )+Wut (Btd,j ))
0,

denotes the scale parameter for the signal power when it is
modeled as a Gamma random variable, where

∆

md =





−1 1{|U |>N A }
1 A
d
d
c2d {Nd >1} F −1 p (µd ) ; NdA , NdA
(9)

reflects the multiuser diversity gain due to PFS
 similarly as in [44] and F (x; k, θ) = γ k, xθ /Γ (k),
 R x/θ
γ k, xθ = 0 tk−1 e−t dt. Note that in (6) and (9), two
constants c1d and c2d are introduced to reflect the correlation
effect between the shape parameter gain for the signal power
due to the use of multiple antennas and the multiuser diversity
gain obtained from the instantaneous channel gain of the
selected signal of the ZFBF due to PFS. Here, the values
n
are determined as follows. Let An(1) and B(1)
denote the
largest value among A1 , A2 ..., An generated from a random
variable A and among B1 , B2 ..., Bn generated from a rann
dom variable B, respectively, and Anh1i and Bh1i
denote the
corresponding values of A and B for the largest one among
A1 B1 , A2 B2 , ..., An Bn . Then, the values of c1d and c2d are
n
n
determined as c1d =E[Anh1i ]/E[An(1) ] and c2d =E[Bh1i
]/E[B(1)
]
A
for a random variable A with the CDF of FA (x; Nd ) and a
−1
Gamma random variable B ∼ Γ(NdA , (NdA ) ) denoting the
normalized channel gain, similarly as in [42].
Note that (4) adopts the Gamma distribution approximation
as in [42] and is further modified by considering PFS, in
which the total interference power can be approximated as
the sum of the average powers from interfering BSs so that
the first term represents the rate expected from the averaged
combined signal power and the averaged interference power
and the remaining term denotes the rate due to the variations
on the signal and interference powers, which comes from
the approximated expression on the digamma function [42].
Here, the signal power is approximated as a Gamma random
variable as in [42] with the modified shape and scale parameter
considering the multiuser diversity due to PFS.
For the small-cell cluster users, (3) considers different
combinations of RP and CoMP. By adopting the Gamma dist,χ
tribution approximation again, Iu,d
(Btd,j ) can be similarly ap∆

1

t,χ
proximated as in (5). Here, qd,j
= min(|Btd,j | {χ=Z} , |At,χ
d,j |)
denotes the number of users that can be scheduled
simulta∆ t,χ t,χ
∆ P
neously, Suχ (Btd,j ) = kd,j
θd,j , Wut (Btd,j ) =
γu,b ,
b∈Bt,j
u,d
P
∆
∆
t,χ t,χ 2
2
Tuχ (Btd,j ) = kd,j
(θd,j ) , and Vut (Btd,j ) =
γu,b
b∈Bt,j
u,d
denote the average signal power, the average interference
power, the variance of the signal power, and the variance of
the interference power, respectively. Here,
∆

t,χ
θd,j
= md,χ Btd,j

 X

b∈Btd,j

γu,b / Btd,j

(10)

−

Vut (Btd,j )
2

(Wut (Btd,j ))





log2 e ,

χ
Su
(Btd,j )

Wut (Btd,j )

≥ γth ,

6

(5)

o.w.

denotes the scale parameter for the signal power when it is
modeled as a Gamma random variable, where
d3
 ∆
d1 ·d2 −1 
 t,χ
t,χ −1
,
md,χ Btd,j = c4d,j
F
p µt,χ
d,j ; εd,j , εd,j
(11)

with d1 = 1{χ=Z} , d2 = 1{|Btd,j |>1} , and d3 =
1{|At,χ |>|Bt |d1 } reflects the multiuser diversity gain due to
d,j
d,j
PFS by introducing a constant c4d,j at the effective numbers
of users and BSs considering CoMP, given by
 

 l At,χ , Bt
, if d1 · d4 = 1,
d,j
d,j
∆
(12)
µt,χ
d,j = 
o.w.,
At,χ
d,j
with d4 = 1{|At,χ |<2|Bt
d,j

∆

t,χ
εt,χ
d,j = Ad,j

−1

and


X
X

γu,b / max
γu,b , (13)
t
d,j |}

u∈At,χ
d,j

b∈Btd,j

b∈Bd,j

respectively. In addition,


 

c3 Bt FA −1 p µt,χ ; Bt
, if d1 ·d2 · d3 = 1,
d,j
d,j
d,j
d,j
∆
t,χ
kd,j
=
t,χ
t

Bd,j − qd,j + 1,
o.w.,
(14)
denotes the shape parameter for the signal power when it
is modeled as a Gamma random variable, where the shape
∆
parameter gain is reflected similarly as in (6). Here, Bt,j
u,d =
∆

t
Bu − ({b (d)} ∪ Btd,j ) for t ∈ TA , Bt,j
u,d = Bu − Bd,j
for t ∈ TN , TN (TA ) denotes the set of resources using
an NS (or an ABS), and b (d) denotes the mBS to which
cluster d is associated. Similarly as in (4), the first term in
(5) represents the rate expected from the averaged combined
signal power and the averaged interference power due to the
cooperation and the remaining term denotes the rate due to
the variations on the signal and interference powers. In case
of MRT with PFS, since a signal is transmitted towards its
channel direction, the shape parameter is given as the number
of antennas or the number of cooperating sBSs, similarly
as in [42], while the scale parameter needs to be modified
to reflect the multiuser diversity gain. One reasonable way
is to magnify the original scale parameter in [42] by the
amount of the multiuser diversity gain obtained from the use
of PFS as in (10), assuming that µt,χ
d,j users are competing
with their normalized channel gains. On the other hand, in
case of ZFBF with PFS, the multiuser gain due to PFS
may be introduced as follows. Let A be a random variable
with the cdf of FA (x; |Btd,j |) denoting the squared absolute
inner product between the normalized channel vector and
the corresponding zero forcing precoding vector using CoMP
among BSs in Btd,j for a randomly selected cluster user and
−1
B ∼ Γ(|Btd,j |, |Btd,j | ) be a random variable denoting the
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!
n
o

 X



X
X
(n) (n)
(n−1)
(n−1)
(n−1)
Xd , ςd
= arg max
xu,d U φd (u) Ũd
R̄u +
xu,d U φd (u) Ũd
R̂u,d Qd
{Xd ,ςd } u∈U d∈Bm
d∈C
X
X
X X
(n−1)
(n−1)
(n−1)
σu,d (xu,d − xu,d ).
+
(ςd − ςd
)
µ(n−1)
+
(15)
c
d∈Bm

c∈Cd

d∈C u∈U(n−1)
d

normalized channel gain assuming that the effective number
of BSs is |Btd,j |. Then, the values of c3d,j and c4d,j are detern
n
mined as c3d,j =E[Anh1i ]/E[An(1) ] and c4d,j =E[Bh1i
]/E[B(1)
],
respectively, for reflecting the correlation effect between the
shape parameter gain for the signal power due to the use of
multiple BSs and the multiuser diversity gain obtained from
the instantaneous channel gain of the selected signal of the
ZFBF (or MRT) CoMP due to PFS in the shape and scale
parameters similarly as in the macro-cell case.
B. EPC-MME operation
If the EPC-MME can obtain the full information on
the transmission scheme and the resource partitioning with
scheduling strategy for each possible BS grouping set on
each resource of each cluster c ∈ C, (2) and (3) can be
evaluated from {γ
that the EPC-MME can determine
Su } so
{Ud |d ∈ Bm ∪
Bsc } ∈ ρ(U) and {ςd |d ∈ Bm } as well
c∈C

as the resource partitioning and BS grouping in each cluster
to maximize the network-wide proportional fairness among
users. However, although the joint UA can achieve an optimal
solution, the EPC-MME suffers from formidable signaling
overhead and computational complexity.
On the other hand, the proposed scheme does not require the
full information and only the macroscopic UA is performed
at the EPC-MME as described in Section III. For this, it is
assumed that another approximated user rate R̂u,c , instead of
R̄u in (3), is used. Although any good R̂u,c can be applied,
R̂u,c (Qc ) = max
χ∈X

tA ,χ
ξc,χ,A Iu,c
ωu Sc,χ



tN ,χ
+ ξc,χ,N Iu,c
ωu Sc,χ


,(16)

for the cluster uplink information from cluster c, denoted as
Qc = Sc,χ , kc,χ , mc,χ , ξc,χ,A , ξc,χ,N |χ ∈ X , is assumed,
where the values for Sc,χ , kc,χ mc,χ , ξc,χ,A , and ξc,χ,N come
from the result of the previous iteration at each C-MME,
ωu (S) = {b ∈ Bu ∩Bsc |rank(γu,b , {γu,b0 |b0 ∈ Bu ∩Bsc }) ∈
S}, and rank(a, A) for a ∈ A denotes the rank (in a
descending order) of a in A. Although such parameters for
R̂u,c are selected to fit R̄u well in each C-MME and delivered
to the EPC-MME, there remains a residual error in evaluating
the network-wide fairness metric and a linear approximation
on the residual metric error is additionally taken into account,
in which the corresponding parameter sets are also determined
and delivered from C-MMEs during the previous iteration.
At the nth iteration, the EPC-MME performs the macroscopic UA by considering each small-cell cluster as an mBS
with approximated user rates for each small-cell cluster users.
The residual error in the network-wide fairness metric caused

by using such approximated user rates is further compensated
by using the cluster uplink information. Denoting xu,d as a
macroscopic UA variable for user u to the macro-cell BS or
cluster d, the macroscopic UA problem at the nth iteration
can be written as in (15) with the following constraints:
X
xu,d = 1, xu,d ∈ [0, 1] , u ∈ U, d ∈ Bm ∪ C, (17)
d∈Bm ∪C

(n−1)

(n−1)

(n−1)

≤ δd
, u ∈ Ud
, d ∈ C,
(18)
n
o
(n−1)
ςd −ςd
≤ min ε(n−1)
|c ∈ Cd , ςd ∈ [0,1],d ∈ Bm,(19)
c
n
(n)
(n)
(n)
(n)
(n)
(n)
where Xd ={xu,d |u ∈ Ud }, Ũd = u0 ∈ Ud | xu0 ,d ≥
0.5},
xu,d − xu,d


h
i


(n−1)
χ

 u ∈ U| max Su ωu h Sd,χ
i ≥ γth , for d ∈ C,
(n−1)
(n)
t ω
Sd,χ
χ∈X,t∈TA Wu
u
Ud =
n
o

Su (d)

for d ∈ Bm,
u ∈ U| W (d) ≥ γth ,
u
(20)

and φd (u) can be given by

(n)

φd (u) = ru,d /

X

(n)

xu0 ,d ru0 ,d ,

(21)

u0 ∈U

where





 1−α
α
R̄
,
for d ∈ Bm ,
u
(n)
ru,d =
1−α



α

(n−1)
 Ũ(n−1) R̂
, for d ∈ C,
u,d Qd
d
(22)
similarly as in [41]. Here, the first part of (15) is the approximated metric using R̂u,c and the remaining part compensates
the residual error by using a linear approximation. Also, the
constraint (17) is for a relaxed single-BS association as in [19],
the constraints (18) and (19) are for limiting the macroscopic
user association variables {xu,d } and the ABS ratio variables
{ςd } within their trust regions3 for this iteration determined
(n)
(n)
by C-MMEs, respectively, and Xd and Ũd denote the set
of the macroscopic user association variables and the set of effective users for d ∈ Bm ∪ C at the nth iteration, respectively.
(n)
(n) (n)
(n) (n)
(n)
In addition, Qc = {Sc,χ , kc,χ , mc,χ , ξc,χ,A , ξc,χ,N |χ ∈ X},
(n)
(n)
(n)
(n)
(n)
(n)
(n)
∇c = [{σu,c |u ∈ Uc }, δc ], and ∆c = [αc , βc ]
denote the cluster uplink information from cluster c during
(n)
(n)
(n)
(n)
(n)
the nth iteration, where Sc,χ , kc,χ , mc,χ , ξc,χ,A , and ξc,χ,N
denote the typical rank set, the shape parameter, the multiuser diversity gain of the scale parameter, the scheduling
probability at an ABS, and the scheduling probability at
(n)
an NS using transmission scheme χ, respectively, σu,c and
(n)
δc denote the gradients of the residual metric error due to
3 The



(n−1)

Ũd

trust region concept is adopted from [48].
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o
n
(n) (n)
(n)
=
Yc(n) , Z(n)
,
W
,
η
,
ν
c
c
c
c
argmax
{Yc ,Zc ,Wc ,ηc ,νc }

X



U

(n)
u∈Uc

X

t∈[T ]

X X

j∈[|Bct |]

t,χ
yu,c,j
φt,χ
c,j

m (u) for u ∈
P
(n)
Nd,c =
(n)

= b such that c ∈ Cb },
m(u) = arg max γu,d .
d∈Bm ∩Bu

(n)

u∈Ũd −Uc

C. C-MME operation 1: joint UA and resource partitioning
Based on the cluster downlink information, the C-MME
needs to determine the joint UA and resource partitioning for T resources, i.e., Ac , ηc = {ηct }t∈[T ] , νc =
 t,χ
νc,j t∈[T ],j∈[|Bt |],χ∈X for a pre-determined Bc . Also, the
c

(n)

cluster uplink information Γc needs to be updated.
As described in Section II, JP-CoMP with a semi-dynamic
BS grouping and resource partitioning is adopted for the
joint UA in each C-MME to improve the load balancing capability in a cHCN. Let zu,c ∈ {0, 1} denote the
ABS subframe association indicator in cluster c for user
u, wu,c ∈ {0, 1} denote the macro-cell association indit,χ
cator in cluster c for user u, yu,c,j
∈ {0, 1} denote the
user association indicator of user u for BS group j using
transmission
scheme
χ at resource t in cluster c, Zc =
n
o
(n)
zu,c |u ∈ Uc
denote the set of the ABS subframe associn
o
(n)
ation indicators in cluster c, Wc = wu,c |u ∈ Uc
denote
the set of nthe macro-cell association indicators in cluster c,
o
(n)
t,χ
and Yc = yu,c,j
|∀u ∈ Uc , ∀χ ∈ X, ∀t ∈ [T ] , ∀j ∈ [|Bct |]
denote the set of the user association indicators in cluster c.
Here, φt,χ
c,j (u) in (3) can be given by
t,χ
φt,χ
c,j (u) = ru,c,j /

X

t,χ
yut,χ
0 ,c,j ru0 ,c,j ,

(24)

(n)
u0 ∈Uc

where
t,χ
t,χ t,χ
ru,c,j
= ηct νc,j
Iu,c Btc,j

 1−α
α

,

Btc,j

χ∈X

the changes in the user association variable xu,c and in the
(n)
corresponding ABS ratio variable ςc , respectively, and αc
(n)
and βc denote the suggestions on the half length of the
edge of the cubic trust region according to the user association
variable and the ABS ratio, respectively. Note that the above
problem is not convex but it has a special structure that
lets it become convex in {xu,d |u ∈ U, d ∈ Bm ∪ C} for a
given {ςd |d ∈ Bm } and vice versa similarly as in [19]. Thus,
{xu,d |u ∈ U, d ∈ Bm ∪ C} and {ςd |d ∈ Bm } can be found
by fixing each other and using a convex programming tool
such as CVX [45] iteratively.
Finally,
the
cluster
downlink
information
(n)
(n)
(n)
(n)
Ψc
= [Uc , Xc , ϕc ] is updated
and
delivered
n
(n)
(n)
(n)
to each cluster, where ϕc
=
(ςd , Nd,c ) |d =
(n)
Uc or d
(n)
ru,d , and

t,χ t,χ
(u) ηct νc,j
Iu,c

(25)



8




(n)

+wu,c φm
c (u) 1−ςm(u) Iu,m(u) .(23)

similarly as in [41]. Then, a dynamic optimization problem at
the nth iteration in the C-MME of cluster c can be written as
in (23) with the following constraints:
t,χ
yu,c,j
, zu,c , wu,c ∈ {0, 1} , zu,c +wu,c ≤ 1, u ∈ U(n)
c ,
 t 
χ ∈ X, t ∈ [T ] , j ∈ Bc ,
X X t,χ
yu,c,j ≤ zu,c , u ∈ U(n)
c , t ∈ TA ,

(26)
(27)

j∈[|Bct |] χ∈X

X X

j∈[|Bct |] χ∈X

X

χ∈X

t,χ
≤ 1 − wu,c − zu,c , u ∈ U(n)
yu,c,j
c , t ∈ TN ,(28)

t,χ
t,χ
νc,j
= 1, νc,j
∈ [0, 1] , t ∈ [T ] , χ ∈ X, j ∈

X

(n)

ηct = ςb(c) ,

t∈TA

X



(n)

t∈TN

ηct = 1 − ςb(c) , ηct ∈ [0, 1], t ∈ [T ],(30)

where φm
c (u) can be given by


(n)
 (n)
φm
c (u) = ru,m(u) / Nm(u),c +

(n)

X

(n)

ru,m(u) =





(n)
wu0 ,c ru0 ,m(u0 ),

u0 ∈Uc ,m(u0 )=m(u)

where


Bct , (29)

 1−α

α
(n)
,
1 − ςm(u) Iu,m(u)

(31)

(32)

similarly as in [41]. Here, the first part of (23) is the expected
rate from the small-cell cluster and the second part is the
expected rate from the neighboring mBSs. Also, the constraint
(26) is for the single-BS association so that zu,c +wu,c should
be less than or equal to 1, the constraint (27) is for the ABS
subframe association such that the sum of the association
t,χ
indicators yu,c,j
of user u at each resource t ∈ TA should
be consistent to zu,c (less than zu,c if not associated to the
resource or equal to zu,c if associated to the resource), the
constraint (28) is for the NS subframe association in a similar
way, the constraint (29) is for setting the sum of the portions
according to all possible transmission schemes to 1 for each
BS group, and the constraint (30) is for setting the sum of
(n)
the resource portions according to ABS and NS to ςb(c) and
(n)

1 − ςb(c) , respectively. Note that the above problem in (23) is
a non-convex mixed-integer nonlinear programming problem
and is NP-hard as stated in [46]. Thus, finding its optimal
solution is intractable.
In order to efficiently find a decent suboptimal solution,
a semi-dynamic approach is taken, in which it is assumed
that each ABS (NS) user is associated to all the ABS (NS)
resources. Then, equality is instead used in (27) or (28),
similarly as in [47], and only an adequate portion for each
resource needs to be determined. By relaxing the constraints
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yu,c,j =
c , t ∈ TA ,
t > 0}| , 1)
max
(|{t
∈
T
|η
A
c
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X X
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X
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t,χ
νc,j
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χ∈X

X

(P2) ηc(n,i) = argmax
ηc

s.t.

X

t∈TA

1 − wu,c − zu,c
, u ∈ U(n)
c , t ∈ TN ,
max (|{t ∈ TN |ηct > 0}| , 1)


∈ [0, 1] , t ∈ [T ] , χ ∈ X, j ∈ Bct .

t,χ
yu,c,j
=

(n)

ηct = ςb(c) ,

(n)
u∈Uc

X

t∈TN



U

X

t∈[T ]

X X

j∈[|Bct |]

t,χ
t t,χ t,χ
yu,c,j
φt,χ
c,j (u) ηc νc,j Iu,c

χ∈X

(n)

ηct = 1 − ςb(c) , ηct ∈ [0, 1] , t ∈ [T ] .

t,χ
t,χ
yu,c,j
, zu,c , wu,c ∈ {0, 1} in (26) with yu,c,j
, zu,c , wu,c ∈
[0, 1] and applying a series of lower bounds utilizing the
Jensens inequality and the inequality of arithmetic and geometric means, a lower bound for (23) is obtained, which
has a multi-convex structure as in (15) and the original
problem is similarly separated into the iterations between two
subproblems. The proposed optimization problem at the nth
iteration in the C-MME of cluster c is written as in (33)-(39).
Note that (P1) and (P2) are the subproblems of the original
one in the ith iteration for given latest solutions from (P2) and
(P1) in the (i − 1)th iteration, respectively4 . Here, (P1) has a
special structure that lets it become convex in {Yc , Zc , Wc }
or νc by fixing the other and vice versa and (P2) is convex
in ηc . Thus, a suboptimal solution can be obtained by solving
(P1) and (P2) iteratively by using a convex programming tool
[45] with a rounding procedure, which is summarized in Fig.
4.
Then, each sBS in cluster c partitions the resource according
t,χ
to ηc synchronously and At,χ
c,j can be determined as Ac,j =
(n) t,χ
{u ∈ Ûc |yu,c,j
= 1}. In each resource t, each BS group j
t,χ
uses transmission scheme χ with the portion νc,j
and during
t,χ
the portion, users in Ac,j are scheduled according to the PFS
strategy and served by the transmission scheme χ.

D. C-MME operation 2: cluster uplink information update
(n)

In order to update the cluster uplink information Γc ,
(n)
the C-MME first determines the parameter set Qc
=
(n) (n)
(n) (n)
(n)
{Sc,χ , kc,χ , mc,χ , ξc,χ,A , ξc,χ,N |χ ∈ X} for the approximated
user rate as
4 Here,

(n)

the original PF metric for Uc

is used in (P2).

(36)
(37)


Btc,j ,

n
o
(n)
(n)
(n) (n)
Sc,χ
, kc,χ , m(n)
,
ξ
,
ξ
c,χ c,χ,A c,χ,N =
X

(n)

u∈Ûc

(38)
(39)

arg min
{Sc,χ ,kc,χ ,mc,χ ,ξc,χ,A ,ξc,χ,N }
2

tA ,χ
ξc,χ,A Iu,c
ωu

R̄u

 −1 .(40)
tN ,χ
Sc,χ +ξc,χ,N Iu,c
ωu Sc,χ

Since finding the best solution to the above problem might
not be critical for the overall optimization, a suboptimal
solution can be adopted in this paper, which is summarized in
Fig. 5. First, the effective number of users for the transmission
(n)
scheme χ in cluster c, denoted as µc,χ , and the effective
(n)
number of BSs for the multiuser diversity, denoted as εc ,
which are necessary to evaluate the shape parameter and the
(n)
multiuser diversity gain for R̂u,c (Qc ) in the EPC-MME, are
assumed to be given as the largest number of the associated
users among the BS groups in cluster c and the mean of the
effective number of BSs for the multiuser diversity gain over
all users in cluster c, respectively, as shown in step 1. In step 2,
several variables are set, in which c3c,χ and c4c,χ
 are determined

(n)

for a random variable A with the CDF of FA x; Sc,χ

and a

(n)
(n) −1
Γ(|Sc,χ |, |Sc,χ | ),

random variable B ∼
similarly as in IV-A,
dχ,1 (dχ,2 ) denotes the mean value of the allocated resource
portion for ABS (NS) and dχ,3 (dχ,4 ) denotes the mean value
of the number of the associated users for each group in ABS
(NS). Then, by assuming that BSs for each user are given as
(n)
(n)
the rank set Sc,χ , the shape parameter kc,χ and the multiuser
(n)
diversity gain mc,χ are determined as in step 3, similarly as
(n)
in (14) and (12). Also, the effective scheduling portion ξc,χ,A
(n)
(ξc,χ,N ) for ABS (NS) for each transmission scheme χ is set
to the mean value of the allocated resource portion divided by
the mean value of the number of the associated users for each
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(n)
(n)
Step 0 (Initialization): ηct = ςb(c) / |TA | for t ∈ TA and ηct = 1 − ςb(c) / |TN | for t ∈ TN .
(n,0)

Also, set i = 0, ε = 10−2 and Υc

2:
3:
4:
5:
6:

7:

= −∞.

1:

(n)

Step 1: Calculate the effective number of users for the transmission scheme χ, µc,χ , and the

(n)
µc,χ

9:

εc(n)

t∈TN j∈[|Bc |],χ∈X

2:

t∈TN j∈[|Bc |],χ∈X

t,χ
r̄u,c,j

≥

t∈[T ] j∈[|Bct |] χ∈X

!
"
#
(n)
(n)
Step 10: Refine ηc , νc
U
= argmax
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u∈Ûc
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#

t∈[T ] j∈[|Bct |] χ∈X
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b∈βu Sc,χ

X
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X

t
(n)
u∈Uc t∈TA ,ηc >0

j∈[|Bct |]

(n)
u∈Uc

t∈TN ,ηct >0

j∈[|Bct |]

3:

(n)

4:

similarly as in [41]. In a typical trust region algorithm solving
a very complex problem such as in [48], an approximated
model (such as a linear approximation or a quadratic approximation) is used to obtain the trust region trial step
and the ratio between the actual reduction (increment) in
the original function and the predicted reduction (increment)
in the approximated model within a trust region with an
acceptable trial step needs to be greater than a given trust
region threshold value (say 0.75). Note that (41) is just for
(n)
(n)
the currently given Uc and Xc and the whole function
for the residual error is not available at each C-MME. In
order to compute a proper trust region for EPC-MME, the
trust region concept [48], which provides how to compute
the trust region trial step and decide whether a trial step is
acceptable or not, is applied. In this paper, it is assumed
that a linear approximation model is used to obtain the trust
region trial step and the original function is approximated by
a quadratic approximation using the Taylor series of (41).
As a result, an approximated ratio between the reductions

X

t,χ
/
yu,c,j

t∈TN ,ηct >0

Bct ,
Bct .

(n)


a b
−1
(n)
(n)
c3c,χ Sc,χ
, a = − Sc,χ
− 1 , b = 1{χ=Z} 1n S (n) >1o ,
1 − 1 + µ(n)
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b
(n)
(n)
/ µc,χ
+ 1 ; εc(n) , c4c,χ /εc(n) ,
= F −1 µc,χ

(n)
mc,χ

(n)

ξc,χ,A = dχ,1 ςb(c) /dχ,3 ,


(n)
(n)
ξc,χ,N = dχ,2 1 − ςb(c) /dχ,4 .

Fig. 4. Optimization procedure at each C-MME.
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follows:

tool.

constant c > 0 is a smooth function of
approximating
the number of associated users and φ̄c (u) can be given by
X
(1−α)/α (n)
(42)
φ̄c (u) = R̄u(1−α)/α /
xu0 ,c ,
R̄u0

(n)

X

Step 3: Update kc,χ , mc,χ , ξc,χ,A , and ξc,χ,N by using the solutions for (P1) and (P2) as

a suboptimal solution can be obtained by solving it iteratively with a convex programming

(n)
xu,c

X

X

dχ,4 =

with the constraints
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 γu,b .
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group in ABS (NS). Finally, the rank set Sc,χ is selected to
fit R̄u .
Also, define the residual error at the nth iteration as
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Step 9: Set Ûc = u ∈ Uc |
yu,c,j > 0 as the effective user set for cluster

c.

=

(n)

u∈Ûc
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(n)

Step 4: Finally, update the rank set Sc,χ by using (34), which may be obtained by using an
exhaustive search for small-sized clusters and by using a simple greedy algorithm, otherwise.
(n)

Fig. 5. Procedure for determining Qc .
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Fig. 6. Equations for determining ∇c

(n)

(increments) of the quadratic and linear approximations using
the Taylor series of (41) is instead used. For pre-determined
(1) (2)
trust region thresholds eth , eth > 0, the approximated ratio
(n)
(n)
(n)
(n)
is obtained from σu,c and σ̇u,c (δc and δ̇c ), which are
(n)
the first and second derivatives of ψc in (41) with respect
(n)
(n)
(n)
(n)
(n) (n)
to xu,c (ςb(c) ), respectively, and ∇c = [{σu,c |u ∈ Uc },δc ]
(n)

(n)

(n)

and ∆c = [αc , βc ] are updated as summarized in Fig. 6.
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E. Complexity analysis and implementation feasibility for the
proposed hybrid SON scheme
On the one hand, consider the asymptotic time complexity
required to solve the optimization problems in (15) for an
EPC-MME and in (33)-(39) for a C-MME according to
the number of users. The optimization problem in (15) for
the EPC-MME is not convex but it has a special structure
that it becomes convex in {xu,d |u ∈ U, d ∈ Bm ∪ C}
for a given {ςd |d ∈ Bm } and vice versa. Thus,
{xu,d |u ∈ U, d ∈ Bm ∪ C} and {ςd |d ∈ Bm } can be
found by fixing each other iteratively. To solve each
convex subproblem for {xu,d |u ∈ U, d ∈ Bm ∪ C} or
{ςd |d ∈ Bm }, the interior point method [49] utilizing an
iterative Newton step can be used, in which for a convex
problem with
 size of n, a matrix inversion with complexity
of O n2.3 floating-point operations is required to√compute a
new Newton step for each iteration [50] and O ( n log (n))
iterations are required [49]. Since a finite number of
iterations are required between the two subproblems, the
time complexity required for the
 optimization problem in
2.8
the EPC-MME is given as O |U| log |U| . Similarly,
the optimization problem (P1) in (33)-(37) for the C-MME
is not convex but it has a special structure that it becomes
convex in {Yc , Zc , Wc } or νc by fixing the other. Thus, each
subproblem for {Yc , Zc , Wc } or νc can be solved similarly
as in the EPC-MME case. In addition, (P2) in (38) and (39)
is convex and a finite number of iterations are performed
between
 (P1) and (P2), which
 leads to the time complexity
of O

(n)

Uc

2.8

(n)

log Uc

.

On the other hand, consider the implementation feasibility
of the proposed scheme. In a typical LTE system, there are
hundreds to thousands of macro cells connected to an EPCMME [51] and there are about 200 simultaneously radio
resource control (RRC)-connected users per each macro cell
[52]. Also, a typical hotspot area can be characterized by its
user density about 10 times higher than that in a normal macrocell area and its area of about 104 m2 [32]. If we assume one
mBS per 1km2 and several sBSs in each hotspot area, the
number of simultaneously RRC-connected users handled by
each C-MME is about a few tens. Suppose that the proposed
scheme is used for the determination and update of the target
eNode B for the user plane of each RRC-connected user.
Then, the allowed control plane latency in the EPC-MME
for an RRC-connection request is about 15ms [53]. Then,
it seems impractical to handle up to hundreds of thousands
of users in an EPC-MME. However, only users in a small
portion of macro cells neighboring hotspots need to participate
in the proposed scheme. Also, among such users, users with
a dominant reference signal received power (RSRP) from a
cell can be pre-determined. Finally, the EPC-MME can divide
the whole problem into geographically-divided independent
subproblems comprised of neighboring mBSs and hotspot
clusters. For an example of a typical urban city [54], 10%
of measurement points are classified as hotspot points so that
the number of macro cells overlaid with hotspots in an EPCMME is at most a few hundreds. If these macro cells are

11

divided into several tens of disjoint groups, about a thousand
RRC-connected users need to be jointly considered in the
proposed UA scheme for each group in the EPC-MME. Since
only a part of users are located in edge area, users with a
dominant RSRP from a cell can be automatically associated
and the effective number of users for the proposed scheme
can be much smaller. Note that a general convex problem can
be solved iteratively by approximating an original problem
to a quadratic program (QP) problem and an open source
such as CVXGEN [55] can generate a fast custom code for
QP-representable convex optimization. Thus, by assuming a
dedicated processor for the computation in each EPC-MME
or C-MME, the proposed scheme can be easily implemented
in a practical cellular system, which will be confirmed by a
numerical example in Section V.
V. S IMULATION R ESULTS
In order to evaluate the advantages of the proposed joint
UA scheme with JP-CoMP using hybrid SON, denoted as
“H-SON”, a two-tier network is considered, where Φc for
each cluster ξ(c) is assumed to follow a Matérn hard-core
process of type 3 with density of λc = 8 × 10−6 generated
from a homogeneous Poisson point process (HPPP) and ξ(c)
is assumed to be a circle centered at c with the radius of
Rc = 65(m) to set about 10 % coverage of the total area
as hotspot areas to reflect a typical hotspot area reported in
[32][56]. Also, for user locations, it is assumed that Φu is an
HPPP with density of λu = 5 × 10−4 (users/m2 ) and Φuc is
an HPPP over ξ(c) with density of λh = 10λu to reflect a
typical user density ratio reported in [32].
In order to serve users in the above cHCN environment,
it is assumed that a service provider deploys macro-cell BSs
equipped with NdA ∈ {1, 2, 4}, d ∈ Bm , antennas with density
of λm = 1 × 10−6 and single-antenna sBSs, 10 in average, for
each small-cell cluster, i.e., πRc 2 λs (c) = 10. The minimum
distance between a macro-cell BS and a cluster center and that
between neighboring cluster centers are set to 1.5Rc and 3Rc ,
respectively, for a practical cHCN scenario, which follows
the 3GPP recommendations and its evaluation methodology
parameters for small-cell cluster deployment scenario [57]. In
order to validate the performance of the proposed scheme,
the clustering phase is first performed. Here, based on the
reported user measurement information {γu }, EPC-MME can
transform γu into approximated relative distance between the
user and the corresponding sBS as follows:
−1/θ

du,b = (N0 /Ps γu,b )

,

(44)

where Ps , N0 , and θ denote the transmit power of sBSs, the
noise power, and the pathloss exponent, respectively. Then,
using the above distance values between users and sBSs, the
distance between sBSs might be approximated as follows:


X
X
1

du,b0 +
du,b, (45)
db,b0 =
|Ub,b0 ∪ Ub0 ,b |
u∈Ub,b0

where Ub,b0

=

u∈Ub0 ,b



0
u ∈ U|b = arg max γu,b00 , b ∈ Bu .
b00 ∈Bu

Then, by utilizing the total least square algorithm [34] among
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{{X∗d , ςd∗ |d ∈ Bm } , {X∗d , Yd∗ , Z∗d , ηd∗ , νd∗ |d ∈ C}} =
X

u∈U



arg max
{{Xd ,ςd |d∈Bm },{Xd ,Yd ,Zd ,ηd ,νd |d∈C}}

X X
X
U
xu,d φd (u) (1 − ςd ) Iu,d +
d∈Bm

For comparison, a centralized joint UA scheme employing
the same semi-dynamic approach for small-cell clusters, denoted as “C-SON”, is considered to provide an upper-bound
on the performance of the proposed H-SON scheme for each
given realization. Note that all information is assumed to be
available at the EPC-MME so that the expected user rate can
be directly calculated at the EPC-MME. However, it is hard to
be implemented in practical scenarios due to its high signalling
overhead and computational load at the EPC-MME. Such an
optimization problem for C-SON can be written as in (43)
with the following constraints:

d∈Bm ∪C

X

xu,d = 1, xu,d ∈ [0, 1] , u ∈ U,

X

t,χ
yu,d,j
=

t
j∈[|Bd
|] χ∈X

X

X

t
j∈[|Bd
|] χ∈X

t,χ
yu,d,j
=

X

t,χ
t t,χ t,χ
yu,d,j
φt,χ
d,j (u) ηd νd,j Iu,d

d∈C t∈[T ] j∈[|Bt |] χ∈X

randomly selected sBSs repeatedly, the relative location of
each sBS can be estimated and the k-Means algorithm [35]
follows to cluster the sBSs, in which the effective number of
clusters is determined by using the elbow method [36]. Here, it
is assumed that the role for C-MME for each assigned cluster
is supported by its nearby mBS and the sBSs in the associated
clusters are connected to the corresponding C-MME. The
performance results of the proposed scheme in Figs. 7-12 are
obtained with the automatically clustered sBSs. The transmit
powers of the mBSs and sBSs are set to 46 dBm and 30 dBm,
respectively, the noise power spectral density is set to -174
dBm/Hz, and the system bandwidth is assumed to be 10 MHz.
By reflecting the fact that a macro-cell has a relatively larger
coverage than a small-cell, the required average SINR level
of the system is set to −9dB for macro-cell users and −6dB
for small-cell cluster users by considering QPSK with code
rate 193/1024, which corresponds to the LTE channel quality
information (CQI) 3 with maximum 3 re-transmissions for
macro-cell users and 1 re-transmission for small-cell cluster
users [58][59]. Also, it is assumed that each frame consists
of NS = 10 subframes and each subframe of 1ms interval
consists of NRB = 100 multiple RBs as in the LTE and the
channel for each RB between each antenna of each BS and
each user is assumed to be an independent flat Rayleigh fading
channel with 128.1+37.6log10 (R) dB for macro-cell pathloss
model and 140.7 + 36.7log10 (R) dB for small-cell pathloss
model, in which R denotes the distance between a BS and a
user in [km].

X

X

(46)

X

t∈TA

X

χ∈X

d

(n)

ηdt = ςb(d) ,

X

t∈TN

(n)

12




Btd,j . (43)

ηdt = 1 − ςb(d) , t ∈ [T ] , ∀d ∈ C,

(49)



t,χ
t,χ
νd,j
= 1, νd,j
∈ [0,1] , χ ∈ X, t ∈ [T ] , j ∈ Bdt , d ∈ C. (50)

Here, a suboptimal solution is obtained by transforming the
above problem similarly as in (23) and solving the transformed
problem with a convex programming tool [45] iteratively and
the same rounding procedure used in Section IV-B is applied
for each cluster. Note that the C-SON can be considered as
a relaxed version of the original combinatorial problem so
that it provides an upper-bound on the performance of the
proposed H-SON scheme for each given realization since the
same relaxation and rounding method are applied except that
a suboptimal distributed method is used for the proposed HSON. In addition to the joint UA scheme, three conventional
single-cell based association schemes, the centralized joint UA
without considering CoMP [19], the CRE and e-ICIC scheme
[5], and the maximum SNR scheme [27][28], are compared,
which are denoted as “SC-SON”, “SD-SON”, and “S-MAX”,
respectively. Also, “SD-SON” is optimized by selecting the
common bias and ABS ratio values found by an exhaustive
search to maximize the PF metric. Note that, although UA
is differently performed in each of the above five schemes,
the same MU-MIMO or CoMP schemes are utilized with the
same scheduling policy in every scheme in order to compare
the performance according to the load balancing strategy.
In Fig. 7, the convergence performance of the proposed
scheme for a typical cHCN realization is shown. In order
to give the performance bound of the proposed scheme,
the performance of C-SON is plotted by using a dotted
line with no mark. From the results, it is shown that the
performance of the proposed scheme approaches that of
the “C-SON”, i.e., the upper bound, only within several
exchanges of Γc and Ψc between EPC-MME and C-MMEs,
which implies that the proposed iterative algorithm works
very well5 . It is also shown that the convergence performance
is affected by the selection of the cluster uplink information
so that it needs to be selected carefully. Here, “H-SON,
bad S”, “H-SON, 0.3eth ”, “H-SON, different hat R, 10eth ”,
and “H-SON, user pre-classification” denote the H-SON
scheme with a bad selection of the rank set Sc,χ , that
(1)
(2)
with eth = 0.9 and eth = 0.06, that using R̂u,c (Qc ) =
tA ,χ
tN ,χ
max(0.01ξc,χ,A Iu,c (βu (Sc,χ )) + ξc,χ,N Iu,c
(βu (Sc,χ )))
χ∈X

zu,d
, t ∈ TA, u ∈ U, d ∈ C, (47)
|{t ∈ TA |ηdt > 0}|

instead of (16) with eth = 30 and eth = 2, and that with

xu,d − zu,d
, t ∈ TN, u ∈ U, d ∈ C,(48)
|{t ∈ TN |ηdt > 0}|

5 In case of an update where only a part of users move or are replaced,
only a few exchanges of Γc and Ψc between EPC-MME and C-MMEs are
required for each update of the joint association.

(1)

(2)
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Fig. 7. The convergence performance of the proposed H-SON.

pre-classified effective users, respectively. Comparing them
with the proposed H-SON using the cluster uplink information
in Fig. 5 shows that the convergence speed is significantly
degraded if the rank set is not properly selected. This comes
from the fact that the residual error becomes larger and
deviated from the linear approximation so that not only much
more iterations are required but also the point of convergence
itself is deviated from the optimal point. In addition, the trust
region thresholds need to be properly selected for a good
convergence performance. In this simulation, the trust region
(1)
(2)
threshold values of eth = 3 and eth = 0.2 are selected by a
trial and error because the performance is not much sensitive
to the values if the proposed R̂u,c (Qc ) is used. However,
(1)
(2)
if we use eth = 0.9 and eth = 0.06 instead, i.e., use a
too small trust region, the convergence speed may become
significantly degraded even if a properly approximated
R̂u,c (Qc ) is used. On the other hand, we may want to
increase the convergence speed by enlarging the trust region.
However, as shown in the curve denoted as “H-SON, different
hat R, 10eth ”, if the mismatch is caused by selecting not so
good R̂u,c , the convergence speed may be increased but the
point of convergence can be deviated from the optimal point.
Also, users with a dominant RSRP can be pre-determined
as discussed earlier to reduce the complexity. As shown in
Fig. 7, it is shown that similar performance can be achieved
when users with a dominant RSRP (6 dB threshold and 7 dB
bias for sBSs) are pre-determined. In this simulation, about
80% of users were pre-determined and only 20% of users
participated in the proposed scheme. Lastly, in order to show
the effect of user mobility and asynchronous measurement
reports, a discrete event simulation is performed, in which
it is assumed that previous user locations are obtained
from the current user locations by a random displacement
following a 2-dimensional Gaussian distribution with the
mean of 0 and the standard deviation of 20 (m) and that the
measurement report of each user follows a Poisson random
process with the mean arrival rate of 0.1 per second. It is

(c) SC-SON

(d) the proposed H-SON

Fig. 8. Association results of S-MAX, SD-SON, SC-SON, and the proposed
H-SON for a typical cHCN realization.

also assumed that each iteration takes 4ms. As shown from
the curve denoted as “H-SON, discrete event” with axes at
the top and the right side in Fig. 7, the performance gets
better as more measurement information is collected and the
proposed scheme works well in the case of user mobility and
asynchronous measurement reports.
In Figs. 8 and 9, the association results for the users near
a small-cell cluster in a typical cHCN realization are shown
with the corresponding CDFs on the system-wise SINR and
the user-wise average rate. By comparing the user association
results in S-MAX (Fig. 8-(a)) with SD-SON (Fig. 8-(b)), SCSON (Fig. 8-(c)), and the proposed H-SON (Fig. 8-(d)), it is
clearly shown that i) the load balancing capability of SD-SON
is poor in a cHCN so that inner sBSs are hardly expanded
and outer sBSs suffer from higher load and poor link quality,
ii) although the load balancing capability can be improved
by adopting a joint approach (SC-SON) so that some portion
of the load of outer sBSs are offloaded to inner sBSs, the
impact is quite limited because CoMP is not considered at the
association stage, iii) the proposed H-SON allows not only
more aggressive inter-tier offloading but also more flexible
intra-tier offloading for better load balancing as expected so
that the load balancing capability can be greatly improved.
To confirm that the link quality is managed while aggressive
inter-tier and intra-tier offloadings are allowed in the proposed
H-SON, the actual system-wise SINR CDF and that expected
at the association stage when employing the proposed H-SON
are compared to those employing S-MAX, SD-SON and SCSON, respectively, in Fig. 9-(a). From the results, it is shown
that the actual link quality of S-MAX, SD-SON or SC-SON
is quite different to that expected at the association stage
because the conventional schemes do not take the effect of
using CoMP in small-cell clusters into account so that the
load balancing capability becomes quite limited. However, the
proposed H-SON can manage the link quality quite accurately
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while much more aggressive offloading is allowed so that the
load balancing capability can be greatly improved. The load
balancing capability of each scheme is evaluated in terms
of the average user rate distribution when the macro-cell BS
employs 4 antennas and the maximum BS group size and the
number of resources for the small-cell layer CoMP are 4 and
2, respectively, and is shown in Fig. 9-(b), which confirms
the superiority of the proposed H-SON over conventional
schemes.
In Fig. 10, the average performance gain of the proposed
H-SON over SD-SON in terms of the ratio of the bottom
5% average user rate of the proposed “H-SON” over that
of the SD-SON is evaluated for various configurations of
the maximum BS group size and the number of different
resources. From the results, it is shown that although larger
gain is achieved as the BS group size and/or the number of
resources increase, the growth rate reduces quickly. This result
exhibits that the proposed H-SON works well in a wide range
of cluster configurations and BS groups with a few to several
BSs and more than one resource for each NS and ABS are
enough. Thus, it is configured that the proposed H-SON is
quite suitable for practical scenarios.
In Fig. 11, in order to evaluate the average performance
gain of the proposed H-SON over SD-SON in practical cHCN
scenarios, the ratios of the bottom 5 %, 10%, and 15 % average

user rates are evaluated and compared from 100 realizations
on 5000m × 5000m area. Here, S1 (S4), S2, and S3 denote
a basic deployment scenario as stated in the beginning of this
section, the other scenario with 50% more sBSs per cluster,
and another scenario with 50% more clusters, respectively, and
each small-cell cluster can be differently configured so that the
maximum BS group size for each cluster is randomly picked
among {2, 3, 4} for scenarios S1, S2, S3 and among {1, 5}
for scenario S4. Compared with the average performance gain
of the proposed scheme in the baseline scenario S1, that in
S2, S3, or S4 becomes higher, i.e., as there is more room
for load balancing (more clusters or more sBSs per cluster)
or more randomness in configuring small-cell clusters, the
superiority of the proposed scheme increases, which implies
that the proposed scheme is expected to work well if applied
to a practical cellular network, such as the LTE-A.
In order to extend the proposed scheme to a general αfairness case (α 6= 1), we may use U (r) = r1−α / (1 − α)
instead of U (r) = log(r) in (15), (33), or (38) and those
in Figs. 4 and 6 and update the user scheduling probability
variables with the other optimization variables alternately by
relaxing them as independent variables. In Fig. 12, the bottom
5 %, 10%, and 15 % average performance gains of the
proposed H-SON scheme over SD-SON are evaluated and
plotted for α = 0.5, 1, 1.5, and 2 by using the above extension
when the maximum group size is set to 4 and T = 2. which
confirms that although the gain may vary according to a
specific scheduling strategy, the proposed scheme can be well
extended to the case of using a general α-fairness scheduling.
Finally, in order to confirm the implementation feasibility of
the proposed scheme, a numerical example on the computing
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Fig. 12. The average performance gain of the proposed H-SON extended for
α-fairness over SD-SON.

time for the proposed UA scheme in a typical LTE scenario is
considered, where each subproblem in the EPC-MME consists
of 4 mBSs and 4 hotspots each with 10 sBSs for each mBS.
Then, there are about 25 (' π × 652 × 10 × 200/106 ) RRCconnected users around each cluster considering that there
are about 200 simultaneously RRC-connected users per each
macro cell and the higher user density and the area of a typical
hotspot, which results in about 1200 (= 200 × 4 + 25 × 16)
RRC-connected users for the above scenario. As shown in
Fig. 7, it is sufficient to include only part of users (say, 20%)
so that about 240 (= 1200 × 0.2) users for each subproblem
in the EPC-MME and about 25 users for each C-MME need
to be jointly handled. By using CVX (matlab) with an Intel
Core i5-4670 (4 cores and 5.18 GFLOPS/core) and assuming
parallel processing for independent computation of the ABS
ratio optimization for each mBS or matrix inversion such
as in [60], the computing times for {Xd |d ∈ Bm ∪ C} and
{ςd |d ∈ Bm ∪ C} are about 0.4s and 4s, respectively, and
those for the iteration between (P1) and (P2) in each C-MME
are about 2.4s. Note that a real-time optimization computing
using CVXGEN is well known to be 500, 2000, or 10000 times
faster than that using CVX for a large-size, medium-size, or
small-size problem, respectively [55]. Thus, by assuming a
state-of-the-art processor such as Intel Xeon E5-2680 v3 (12
cores and 33.6 GFLOPS/core) [61], which has its computing
capacity about 18 (= 3 × 6) times greater than that of the
Intel Core i5-4670, the computing times for one iteration in
18 subproblems in the EPC-MME and one iteration in each
C-MME would be about 0.9ms and 0.2ms, respectively. Then,
by assuming 4 iterations among the EPC-MME and each CMME and 1ms latency for each cluster information, the EPCMME control plane latency of about 15ms can be achieved.
Also, assuming a pipelined processing among subproblems
in the EPC-MME, it can be implemented by employing a
dedicated processor in the EPC-MME with current state-ofthe-art technologies.
VI. C ONCLUSION
In this paper, a joint UA scheme with JP-CoMP using a
hybrid SON was proposed for a practical cHCN to maximize the network-wide proportional fairness among users,
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in which a central SON algorithm manages a macroscopic
user association and a distributed local SON algorithm in
each cluster manages a joint UA with an RP scheme by
considering adaptive CoMP mode selection for given user
locations. The network architecture and protocol for the hybrid
SON in a cHCN was suggested, which coincides with the core
network architecture of the LTE-A and can be easily adopted
in practice, and then a feasible suboptimal iterative algorithm
for determining the joint UA solution of the proposed hybrid
SON was provided with the time complexity analysis for
implementation feasibility. It is shown that the proposed hybrid
SON scheme is very effective in handling the load balancing
in a practical cHCN not only improving the performance of
the inner sBS users by reducing the inter-cell interference,
especially for intra-tier offloaded users, but also enabling
more aggressive inter-tier offloading by effectively improving
the link quality of cluster edge users without causing an
unnecessary resource waste. Thus, it would be beneficial to
apply the proposed solution to a practical cellular network,
such as the LTE-A, for better network utilization.
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