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Abstract: Ultra dense networks (UDN) are identified as one of the key enablers for 5G, since they
can provide an ultra high spectral reuse factor exploiting proximal transmissions. By densifying
the network infrastructure equipment, it is highly possible that each user will have one or
more dedicated serving base station antennas, introducing the user-centric virtual cell paradigm.
However, due to irregular deployment of a large amount of base station antennas, the interference
environment becomes rather complex, thus introducing severe interferences among different virtual
cells. This paper focuses on the downlink transmission scheme in UDN where a large number of
users and base station antennas is uniformly spread over a certain area. An interference graph
is first created based on the large-scale fadings to give a potential description of the interference
relationship among the virtual cells. Then, base station antennas and users in the virtual cells within
the same maximally-connected component are grouped together and merged into one new virtual
cell cluster, where users are jointly served via zero-forcing (ZF) beamforming. A multi-virtual-cell
minimum mean square error precoding scheme is further proposed to mitigate the inter-cluster
interference. Additionally, the interference alignment framework is proposed based on the low
complexity virtual cell merging to eliminate the strong interference between different virtual
cells. Simulation results show that the proposed interference graph-based virtual cell merging
approach can attain the average user spectral efficiency performance of the grouping scheme
based on virtual cell overlapping with a smaller virtual cell size and reduced signal processing
complexity. Besides, the proposed user-centric transmission scheme greatly outperforms the
BS-centric transmission scheme (maximum ratio transmission (MRT)) in terms of both the average
user spectral efficiency and edge user spectral efficiency. What is more, interference alignment based
on the low complexity virtual cell merging can achieve much better performance than ZF and MRT
precoding in terms of average user spectral efficiency.

Keywords: ultra dense networks; virtual cell; interference graph; zero-forcing precoding;
interference alignment
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1. Introduction

With the rapid development of smart phones and all kinds of other mobile computing devices,
mobile data traffic volume has grown explosively in recent years. Cisco points out in [1] that by the end
of 2015, global mobile data traffic had grown more than 4000-times compared to 2005, and the number
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becomes an amazing 400 million when comparing to the year of 2000. Hence, [1] predicts that there will
be an 8.5-times increase in global mobile data traffic by the year of 2020. However, the past decade has
also seen considerable development in the wireless communication industry. The long-term evolution
(LTE) developed by the 3rd Generation Partnership Project (3GPP) has been in wide commercial use.
Up to today, more mobile data traffic (almost 47 percent of the total mobile data traffic) goes through
LTE than 3G. The LTE networks are seeing their capacity limit soon. As a result, it is a big challenge to
realize an 8.5-times network capacity increase within five years for the network operators and vendors.

The network capacity of future wireless communication systems should be evaluated in an area
capacity sense, the unit of which is bps/km2. Noting that bps/km2 = bps/Hz×Hz/cell× cell/km2,
i.e., the area capacity is equal to the product of cell spectral efficiency, system bandwidth and cell
density [2]. As a result, we have three ways to boost the network capacity to cope with the 8.5-times
increase of global mobile data traffic volume by 2020 [1]; each of the three ways corresponds to
some key enablers for 5G [3]; for example, spectrum re-farming and high frequency transmission
for bandwidth expanding, massive MIMO [4] and non-orthogonal multiple access [5] for spectral
efficiency improvement and ultra dense networks (UDN) for network densification [6]. However,
the introduction of new bandwidth is in fact a very costly solution if no additional radio access
technologies for unlicensed bands with seamless handover are provided [2]. The capacity gain brought
by massive MIMO and non-orthogonal multiple access may be also quite limited due to limited radio
frequency chains, pilot contamination, finite and potentially correlated scattering environment and
constrained receiver complexity. Hence, neither additional bandwidth nor the improvement of spectral
efficiency anticipated from the new air interface can economically efficiently cater to the forecasted
traffic volume. Fortunately, we still have the means of network densification. Utilizing the ultra
dense deployment of infrastructure equipment and the inherent advantage of extremely proximal
transmission, UDN seems promising to provide an ultra high resource reuse factor. This results in
hundreds of times capacity improvement in hot-spot areas.

1.1. Related Works

Despite the appealing features of UDN, the continuing increase of cell density brings new
challenges [7]. In a typical UDN, many low power remote base station antennas (RBAs) are irregularly
(usually randomly) distributed over a given area and connected to a central processor; consequently,
a dense and irregular network topology is introduced. Since the interference environment of a random
topology network is rather harsh, it is necessary to design the transmission schemes, as well as
the resource allocation subtly. We can generally put the existing UDN transmission schemes into
three categories.

1.1.1. BS-Centric Transmission

In the traditional BS-centric transmission approach, a UDN is deployed in cellular systems and
users are served by the RBAs in the cell in the form of a distributed antenna system (DAS) [8].
Nevertheless, it is pointed out in [9] that there are always cell edge users who suffer from
severe inter-cell interference (ICI) if the cellular structure is adopted and users are served in
a BS-centric manner.

1.1.2. User-Centric Transmission

The user-centric transmission scheme is the key concept of virtual cells [10]. The goal of
user-centric virtual cells is to eliminate cell edges. It breaks the traditional concept of “cells”. Instead of
the conventional cellular network, those RBAs around the users constitute the virtual cells and jointly
serve the users at the “center”. As the users move on, new RBAs join in the virtual cells, and old ones
are removed rapidly. In order to reduce the signaling overhead and signal processing complexity,
the transmission scheme of virtual cells should be well designed, including transmitting power control,
beamforming, virtual cell updating, as well as RBA selection. The work in [11] investigates the
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effect of virtual cell size on the average user rate when the maximum ratio transmission (MRT) is
adopted in each user’s virtual cell. A virtual cell grouping transmission scheme is also proposed to
eliminate the intra-group interference caused by no cooperation. What is more, interference alignment
(IA) [12–15] has been considered as a new paradigm of intelligent interference management in wireless
networks. The principle of IA is to align the interference signals into a subspace with minimum
dimensions at the receiver, and consequently, the degrees-of freedom (DoFs) of the desired signals can
be maximized. A limited feedback-based IA scheme has been proposed for the interfering multi-access
channel (IMAC) in [12]. The optimized transceivers have been designed with the performance-oriented
quantization strategy to minimize the residual ICI, and the proposed scheme achieves a significant
gain of system throughput, which can be implemented with flexible antenna configurations. Two new
uplink opportunistic interference alignment schemes have been proposed with the active alignment
transmit beamforming designs in [13], where both cooperative and distributed solutions have been
considered with the angle-based and the strength-based selection criteria.

1.1.3. Global Optimal Approach

Besides the BS-centric and user-centric schemes, the third solution is to find the global optimum
with respect to the combination of RBA/user pairing, transmitting power tuning as done in [16–18].
The basic idea is to reformulate the original intractable combinatorial optimization problem into a
series of convex optimization problems or integer linear programs (ILP), and then, the global optimum
can be acquired via existing optimization tools.

In contrast to the simple BS-centric transmission scheme without coordination, the global optimum
solution requires global coordination. Clearly, the anticipated ICI elimination comes at the cost of a
large amount of information (including channel state information (CSI), control signaling, as well as
user data) exchange, joint signal processing and series of large-scale optimization problem solving,
the complexity of which could be prohibitively high if the number of RBAs is very large.

1.2. Our Contribution

In this paper, we focus on the user-centric scheme, where only partial coordination is required
and can scale well with the network size. Different from the virtual cell grouping scheme proposed
in [11], where users whose virtual cells overlap with each other are grouped into a new virtual cell,
this paper groups the virtual cells that overlap in the interference domain. Specifically, we first
construct an interference graph that stands for the potential interference relationship among the virtual
cells, whereby virtual cells having a potential ICI stronger than a predefined threshold are connected.
Then, RBAs and users in the virtual cells within the same maximally-connected component (MCC) are
grouped together and merged into one new virtual cell cluster. The grouped users are jointly served
by the merged virtual cell via zero-forcing (ZF) to eliminate the intra-cluster interference. During
the ZF transmission, coordination takes place only within the merged virtual cell, and no inter-cell
information exchange is required. Due to the remaining inter-cluster interference after cell merging,
we propose to use multi-virtual-cell minimum mean square error (MVC-MMSE) precoding where
only the exchange of cross cell CSI is required. Considering that the achievable rate is influenced
mainly by the strong interference and is quite insensitive to the weak interference, we propose to use
IA to simultaneously align the strongest interference on a lower dimensional subspace at each receiver,
so that the desired signals can be transmitted on the interference-free dimensions. Simulation results
validate the effectiveness and performance gain of the proposed transmission schemes in the UDN.

The contributions of this paper can be summarized in the following aspects:

• This paper proposes a user-centric scheme, where only partial coordination is required, and can
scale well with the network size.

• This paper proposes an interference graph-based virtual cell merging scheme, where the size
of the merged virtual cells can be well scaled by tuning the interference graph threshold. Then,
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the grouped users are jointly served by the merged virtual cell via ZF and MVC-MMSE to
eliminate the intra-cluster and inter-cluster interference.

• This paper proposes IA within every cluster based on the virtual cell merging scheme, which
aims to eliminate strong intra-cluster interference.

The remainder of the paper is organized as follows. In Section 2, the system model is introduced.
Section 3 describes details about the virtual cell merging scheme based on the interference graph
and applies different precoding schemes, such as ZF, MVC-MMSE and IA, to the merged virtual cell
clusters. Simulation results of average user spectral efficiency are presented with different transmission
schemes in Section 4, and Section 5 concludes this paper.

Notation: We use lowercase and uppercase boldface letters for column vectors and matrices,
respectively; (·)T , (·)H and (·)−1 for the transpose, conjugate transpose and inversion of a matrix,
respectively. Ai,j denotes the entry in the i-th row and j-th column of matrix A. The N × N identity
matrix is denoted by IN . E(·) denotes the expectation of a random variable. � denotes the Hadamard
product. eigvec(·) denotes the eigenvector of the matrix. ‖·‖ denotes the norm of the matrix.

2. System Model

We consider a circular area A where B RBAs and K single antenna users (multi-antenna users can
be easily obtained from the model extended from the single-antenna user, where the single-antenna
users can be seen as multiple streams of multi-antenna users) are uniformly and randomly distributed.
Without loss of generality, we normalize the radius of A to one. Denote the set of RBAs and the set
of users in the UDN as B and K, with |B| = B and |K| = K, respectively. Assume that each of the
RBAs is equipped with a single antenna, and all of the RBAs are connected to a central processor
where the next generation fronthaul interface (NGFI) [19] is used to support necessary CSI and control
signaling exchange. For any user k (k ∈ K) in the UDN, he or she preliminarily selects N0 closest RBAs
to form his or her virtual cell, which is the initial serving RBA set of user k, denoted as Vk. If there is no
virtual cell merging, MRT is adopted in each of the K virtual cells according to [11], regardless of ICI.
The details of virtual cell merging are discussed in Section 2. Assume that after virtual cell merging,
there exist M merged virtual cell clusters. Denote the user set and RBA set of the m-th (1 ≤ m ≤ M)
merged virtual cell cluster as Km and Bm, with |Km| = Km and |Bm| = Nm, respectively. All of the
users in Km are jointly served by all of the RBAs in Bm, as depicted in Figure 1. We focus on a specific
user k ∈ Km. Then, the channel vector from merged virtual cell cluster m to user k can be modeled as:

hk,Bm = λk,Bm � gk,Bm (1)

where λk,Bm ∈ C1×Nm is the large scale fadings from the merged virtual cell cluster m to user k. λk,Bm

includes path loss and shadowing, which change in a relatively slow manner and can be estimated
accurately via long-term statistics. gk,Bm ∈ C1×Nm represents the small-scale fadings from all of
the RBAs in Bm to user k and are assumed to be independently and identically drawn from a unit
zero-mean circularly-symmetric complex Gaussian distribution.

Denoting the transmitted signal vector form the merged virtual cell cluster m to its user k as
xk,Bm ∈ CNm×1, the received signal vector at user k can then be modeled as:

yk =
M

∑
l=1

∑
j∈Kl

√
pjhk,Bl

xj,Bl + nk

=
√

pkhk,Bm xk,Bm + ∑
j∈Km ,j 6=k

√
pjhk,Bm xj,Bm

+
M

∑
l=1,l 6=m

∑
j∈Kl

√
pjhk,Bl

xj,Bl + nk

(2)
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where nk ∼ CN (0, σ2) is the additive white Gaussian noise (AWGN) observed by user k, and pj is the
transmitting power of user j, which is assumed to be the same for any different users in this paper,
i.e., pj ≡ P, ∀j ∈ K. The first term on the right-hand side of the second equal sign in (2) is the useful
signal received by user k, while the second term and the third term denote the intra-cluster interference
caused by other users in the m-th merged virtual cell cluster and inter-cluster interference caused by
users in other merged virtual cell clusters, respectively. Without loss of generality, we assume the
transmitted signal vector xk,Bm to be the precoded symbols of user k, which can be written as:

xk,Bm = wk,Bm sk (3)

where wk,Bm ∈ CNm×1 is the precoding vector of user k, and sk is the information symbol of user
k with zero mean and unit variance. Information symbols are assumed to be independent and
uncorrelated between different users. To meet the equal total transmitting power constraint of each
user, we have wH

k,Bm
wk,Bm = 1. Substituting (3) into (2), we can write the received useful signal power

and interference power as (4) and (5), respectively.

Sk = P ∗ hk,Bm wk,Bm wH
k,Bm

hH
k,Bm

(4)

Ik = ∑
j∈Km ,j 6=k

P ∗ hk,Bm wj,Bm wH
j,Bm

hH
k,Bm

+
M

∑
l=1,l 6=m

∑
j∈Kl

P ∗ hk,Bl
wj,Bl w

H
j,Bl

hH
k,Bl

(5)

RBA

UE

Figure 1. Illustration of the downlink ultra dense network (UDN) based on virtual cell merging.
Red dashed ellipses denote the virtual cells before virtual cell merging, and blue solid ellipses are the
ones after virtual cell merging. User equipments (UEs) in the same blue solid ellipse are jointly served
by the remote base station antennas (RBAs) therein.

In a typical UDN, it is often the case that there are a large number of interfering users. Therefore,
the interference received by user k can be well approximated as a zero mean complex Gaussian random
variable with variance Ik. As a result, the ergodic spectral efficiency of user k can be then expressed
as (6), according to Shannon Equation [20],

Rk = EHKm ,Bm

[
1 +

Sk
Ik + σ2

]
(6)

where the expectation is taken over the channel matrix between user set Km and its serving
RBAs set Bm.
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3. Transmission Schemes Based on Virtual Cell Merging

Since no cooperation among the initial virtual cells will introduce strong ICI, it is natural to let
the virtual cells with distinct ICI jointly serve their users in light of coordinated multi-point (CoMP)
transmission. This motivates the idea of virtual cell merging. An intuitive solution is to group the
initial virtual cells that overlap each other together as done in [11]. However, it is not easy to control
the size of the merged virtual cell clusters due to the random network topology; hence, the signal
processing complexity is not predictable. Instead, this section proposed an interference graph-based
virtual cell merging scheme, where the size of the merged virtual cells can be well scaled by tuning
the interference graph threshold. According to information theory [21], linear precoding, such as ZF
and MVC-MMSE, can obviously eliminate the intra-cluster and inter-cluster interference with a much
lower complexity. Therefore, we consider ZF and MMSE based on the low complexity virtual cell
merging to eliminate the strong interference.

3.1. Virtual Cell Merging with ZF and MVC-MMSE Transmission

3.1.1. Interference Graph Construction

With each user’s information symbol transmitted by equal power, the ergodic interference from
an RBA to a user can be measured by the large-scale fading coefficient between them. Based on this
observation, we propose an intuitive metric to describe the potential interference strength between
two different virtual cells, which can be formulated as:

γj,k = γk,j =


+∞ for k = j
‖λj,Vk

‖
‖λj,Vj

‖ +
‖λk,Vj

‖
‖λk,Vk

‖ otherwise
(7)

where γj,k is the potential interference strength between initial virtual cells of user k and user j and
λk,Vj

is the large-scale fading vector from user j’s initial virtual cell to user k. Generally, larger γj,k
indicates more severe interference. We model each user’s initial virtual cell as a vertex in an undirected
graph G where the edges are weighted by the potential interference strength between the vertexes.
To determine whether two virtual cells belong to the same cluster, an interference strength threshold
gth is introduced. Based on G and gth, we generate a binary graph Gb, which can be described by a K
by K binary matrix T. We have:

Tk,j =

{
1 for γk,j ≥ gth

0 otherwise
(8)

this implies that the vertexes corresponding to the initial virtual cells of user k and user j are connected
in Gb if and only if the interference strength exceeds the given threshold. Note that the infinite value of
γk,k ensures that the initial virtual cell of user k is always self-connected.

3.1.2. Virtual Cell Merging Based on the Interference Graph

With gth appropriately selected, it is reasonable to consider that the initial virtual cells
corresponding to the connected vertexes in Gb have strong interference with each other. Therefore,
for the sake of ICI mitigation, it is intuitive to group the initial virtual cells that connect to each other
into one coordinating cluster. This directly leads to our virtual cell merging algorithm, where initial
virtual cells represented by the vertexes within the same MCC of Gb merge into one virtual cell cluster.
Details of the virtual cell merging algorithm are presented in Algorithm 1. Figure 2 is an illustration
of the interference graph-based virtual cell merging process. In this illustration, there are nine initial
virtual cells, denoted by V1, · · · , V9 in the circles in Figure 2. Herein, gth is set to two, hence the edges
with weights larger than two are considered to be connected, denoted by the solid lines. The dashed
edges or the edges that have not been drawn all have a weight of less than two and are considered to
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be disconnected. It easy to get the MCCs of the graph according to Algorithm 1. We have four MCCs
in this illustration, indicating that four virtual cell clusters are finally formed, where all of the RBAs of
each cluster jointly serve the users therein.

Algorithm 1 Interference graph-based virtual cell merging algorithm.

Initialization:
Each user k ∈ K selects N0 closest RBAs to form his or her virtual cell Vk; interference graph G is
constructed according to (7). Given gth, the binary graph Gb is generated according to (8), as well as
its describing matrix T. Set the initial merged virtual cell cluster index as m = 1.
while K 6= ∅ do
∀ user k ∈ K, initialize the user set as K = k and the RBA set as Bm = Vk.
Remove user k from the unmerged user set: K = K \ Km.
Generate the connected user set with Km as Cm = {j ∈ K|∑ TKm ,j 6= 0}.
while Cm 6= ∅ do

Update the current user set Km = Km ∪ Cm.
Update the current RBA set Bm = Bm ∪ VCm .
Update the unmerged user set K = K \ Cm.
Recalculate the connected user set with Km as Cm = {j ∈ K|∑ TKm ,j 6= 0}.

end while
m = m + 1.

end while
return Kj and Bj, (1 ≤ j ≤ m− 1)

V2

V4

V5

V3

V1
V6

1.5

V7 V9

V8

5

Figure 2. Illustration of the interference graph-based virtual cell merging. Circles denote the initial
cells; numbers on the edges denote the potential interference strength metric. Different colors stand for
the result of virtual cell merging, where cells with the same color belong to the same merged virtual
cell cluster.

3.1.3. ZF Transmission

We consider using ZF to eliminate intra-cluster interference, where only intra-cluster CSI is
required. For each merged virtual cell cluster Bm and the user group Km it serves, the downlink
channel matrix can be denoted as HKm ,Bm ∈ C|Km |×|Bm |. Then, the ZF precoding matrix ZKm ,Bm can be

calculated as the pseudo-inverse of HKm ,Bm , i.e., ZKm ,Bm = HH
Km ,Bm

(
HKm ,Bm HH

Km ,Bm

)−1
. Nevertheless,

the existence of ZKm ,Bm requires HKm ,Bm to have full row rank, where |Bm| ≤ |Km|must be ensured.
Neither the virtual cell grouping method based on cell overlapping nor the virtual cell merging scheme
based on interference graph can guarantee such a full row rank condition. As a result, MRT is still
adopted in this circumstance, and the corresponding precoding matrix is denoted as RKm ,Bm = HH

Km ,Bm
.
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Considering the constraint that each user’s precoding vector has unit norm, the precoding vector for
user k ∈ Km under the ZF transmission scheme can be expressed as:

wZF
k,Bm

=

{
zk,Bm /‖zk,Bm‖ if |Bm| ≤ |Km|
rk,Bm /‖rk,Bm‖ otherwise

(9)

where zk,Bm and rk,Bm are the column vectors of ZKm ,Bm and RKm ,Bm corresponding to user k in
Km, respectively.

3.1.4. MVC-MMSE Transmission

Note that the ZF transmission scheme can only eliminate the intra-cluster interference. As far as
a practical UDN scenario is considered, it is often the case that multiple virtual cell clusters coexist.
The consequent inter-cluster interference may also affect the system performance prominently. In order
to further mitigate the inter-cluster interference, an MVC-MMSE precoding scheme is proposed, where
not only intra-cluster CSI, but also inter-cluster CSI are required. This indicates that there are CSI
exchange between virtual cell clusters, which contribute to the signaling overhead. However, it is still
much milder than the fronthaul compared to the global optimum scheme, where user data exchange is
required among clusters. For any user group Km, the MVC-MMSE precoding matrix MKm ,Bm can be
obtained by solving the following optimization problem:

MKm ,Bm = argmin{G}E
[
‖(HKm ,Bm GsKm + nKm − sKm‖

2 +
M

∑
l=1,l 6=l

‖HKl ,Bm GsKm‖
2
]

(10)

where HKl ,Bm ∈ C|Kl |×|Bm | is the downlink channel matrix between the RBAs in the m-th cluster and
the users in the l-th cluster, G is the objective variable, sKm ∈ C|Km |×1 is the information symbol
vector transmitted for the users in the m-th cluster and nKm ∈ C|Km |×1 is the AWGN whose entries
are independently and identically drawn from CN (0, σ2). The objective function in (10) is to jointly
minimize the signal receiving error in the m-th cluster and the amount of interference it pours into the
other clusters. With a constrained total transmission power, the solution of (10) is given as follows.

Firstly, simplify the objective function in (10) as:

J(G) =E
[
‖(HKm ,Bm G− I|Km |)sKm‖

2 +
M

∑
l=1,l 6=m

‖HKl ,Bm GsKm‖
2
]
+ σ2 |Km|

=tr
{
E
[
(HKm ,Bm G− I|Km |)

H(HKm ,Bm G− I|Km |) +
M

∑
l=1,l 6=m

GHHH
Kl ,Bm

HKl ,Bm G
]}

+ σ2 |Km|

=tr
{

GH
(

HH
Km ,Bm

HKm ,Bm

)
G−GHHH

Km ,Bm
−HKm ,Bm G +

M

∑
l=1,l 6=m

GH
(

HH
Kl ,Bm

HKl ,Bm

)
G
}
+ σ2 |Km|

=tr
{

GH
(

HH
Km ,Bm

HKm ,Bm +
M

∑
l=1,l 6=m

HH
Kl ,Bm

HKl ,Bm

)
G−GHHH

Km ,Bm
−HKm ,Bm G

}
+ σ2 |Km|

(11)

Then, we can solve the optimization problem in (11) with the Lagrange multiplier method. Let:

L(G, λ) = J(G) + λ(tr
{

GHG
}
− 1) (12)

R = HH
Km ,Bm

HKm ,Bm +
M

∑
l=1,l 6=m

HH
Kl ,Bm

HKl ,Bm + λI|Km | (13)

Then, define matrix U and V based on R as:{
U = R

1
2 G

V = R−
1
2 HH
Km ,Bm

(14)
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rewrite (12) as the following quadratic form:

L(G, λ) = ‖U−V‖2 − tr
{

HKm ,Bm R−1HH
Km ,Bm

}
+ σ2 |Km| − λ (15)

From (15), we know that Equation (12) can be minimized only if U = V. Therefore, we can get
that the optimal multi-cell precoding vector is:

Gopt = R−1HH
Km ,Bm

=

( M

∑
l=1

HH
Kl ,Bm

HKl ,Bm + λI|Kl |

)−1

HH
Km ,Bm

(16)

We can get the boundary condition λ = σ2 by letting ∂L(G,λ)
∂λ = 0 in (12). Therefore, (16) can be

transformed into (10).
Normalizing the columns of MKm ,Bm , we can get the precoding vector for each user k in Km under

the MVC-MMSE transmission scheme:

wMVC-MMSE
k,Bm

=
mk,Bm

‖mk,Bm‖
(17)

where mk,Bm is the column vector of MKm ,Bm corresponding to user k in Km.

3.2. Virtual Cell Merging with IA Transmission

The achievable rate is influenced mainly by the strong interference and is quite insensitive to the
weak interference. Therefore, eliminating very weak interference hardly improves the achievable rate,
but requires additional signal dimensions. In addition, eliminating very weak interference may even
degrade the performance because the power of the desired signal cannot be collected in the signal
space used to cancel interference. IA is a well-known signal processing approach that attempts to
simultaneously align the interference on a lower dimensional subspace at each receiver, so that the
desired signals can be transmitted on the interference-free dimensions. Intuitively, we can consider
IA within every cluster, which has very strong intra-cluster interference. Herein, we improve our
virtual cell merging algorithm with the three strongest interference strengths in order to adapt the
IA algorithm.

3.2.1. Virtual Cell Merging

Assume that γk,K\k denotes user k’s interference strength list. Find user k and user j that have the
strongest interference with each other as:

{k, j} = {k′, j′
∣∣∣max(γk′ ,j′)} (18)

Then, find the third user q that has the strongest interference with user k and user j as

{q} = {q′
∣∣∣max(γk,q′ + γj,q′)} (19)

Then, a virtual cell cluster is formed with the three strongest interfering virtual cells, where the
user set is denoted as Km = {j, k, q} and the RBA set is denoted as Bm = Vk ∪ Vj ∪ Vq. Update the
ungrouped user set and RBA set as K = K\Km and B = B\Bm, respectively, and repeat the above
steps until K is empty. The details of this virtual cell merging algorithm are presented in Algorithm 2.
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Algorithm 2 Virtual cell merging algorithm.

Initialization:
Each user k ∈ K selects N0 closest RBAs to form his or her virtual cell Vk; interference graph G is
constructed according to (7). Set the initial merged virtual cell cluster index as m = 1.
while K 6= ∅ do

Find user k and user j: {k, j} = {k′, j′
∣∣∣max(γk,j)}

Find the third user q: {q} = {q
∣∣∣max(γk,q + γj,q)}

Update user set Km = {j, k, q}, K = K\Km
Update RBA set Bm = Vk ∪ Vj ∪ Vq, B = B\Bm
m = m + 1.

end while
M = m− 1.
return Ki and Bi, (1 ≤ i ≤ M)

3.2.2. IA Transmission

After virtual cell merging, we consider IA within every cluster to eliminate strong interference.
We first consider IA with one cluster consisting of three virtual cells that have the strongest
interference strength with each other. Figure 3 illustrates the procedure used for designing the
transmit beamforming matrices for the clusters. As shown in Figure 3, the interference can be aligned
on a lower dimensional subspace at each receiver, then the desired signals can be transmitted on the
interference-free dimensions by IA. We assume that perfect channel state information is available
to both the transmitter and receiver. There are three virtual cells (i.e., V1, V2 and V3), and the
corresponding users are user1 , user2 and user3 in the cluster.

V1

V3

V2

Figure 3. Interference alignment algorithm with one cluster. Dashed line arrows denote the interference
from Virtual Cell 3 (V3) to V1 and V2. Dotted dashed line arrows denote the interference from V2 to
V1 and V3. Solid line arrows denote the interference from V1 to V2 and V3. At the two-dimensional
coordinate system, the interference from other virtual cells can be aligned into a lower dimensional
subspace at each receiver.

Assume that each user is equipped with D antennas, D = N0. Consider the interference from V1,
V2 to user3; the following conditions are obtained:

span(H3,1W1) = span(H3,2W2) (20)

where span(·) denotes the subspace spanned by the column vectors of a matrix, Hi,j ∈ CN0×D is the
channel matrix from the jth RBA to the ith user, which are all equipped with multi-antennas, W1 and
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W3 denote the transmit beamforming matrix for V1 and V3, respectively. What is more, the first hk,Bm

in the system model is a sector, because users are equipped with a single antenna. Multi-antenna users
can be easily obtained from the model extended from the single-antenna user, where the single-antenna
users can be seen as multiple streams of multi-antenna users. Therefore, in the IA transmission, we use
Hi,j as a matrix, where users and RBAs are all equipped with multi-antennas.

Then, consider the interference to user1 and user2 from other two virtual cells as:

span(H2,1W1) = span(H2,3W3) (21)

span(H1,3W3) = span(H1,2W2) (22)

From (21) and (22), we can get:

span(W1) = span(H−1
2,1 H2,3W3) (23)

span(W2) = span(H−1
1,2 H1,3W3) (24)

Using (20), (23) and (24), we can obtain the transmit beamforming matrices of W3 as follows:

wi
3 = eigvec(H−1

2,3 H2,1H−1
3,1 H3,2H−1

1,2 H1,3) (25)

where i = {1, 2, . . . , N0/2} denotes different data streams. Then, W3 can be expressed as arbitrary
N0/2 eigenvectors of matrix H−1

2,3 H2,1H−1
3,1 H3,2H−1

1,2 H1,3. After the normalization, we can get:

wi
3 =

eigvec(H−1
2,3 H2,1H−1

3,1 H3,2H−1
1,2 H1,3)∥∥∥H−1

2,3 H2,1H−1
3,1 H3,2H−1

1,2 H1,3

∥∥∥ (26)

wi
1 =

eigvec(H−1
2,1 H2,3wi

3)∥∥∥H−1
2,1 H2,3wi

3

∥∥∥ (27)

wi
2 =

eigvec(H−1
1,2 H1,3wi

3)∥∥∥H−1
1,2 H1,3wi

3

∥∥∥ (28)

After determining the transmit beamforming matrices of W1, W2 and W3, we can design the
receive beamforming matrices Uk for all users in order to cancel out the interference signals from the
other virtual cells. With the decision variables Uk, an optimization problem can be formulated as
minimizing the mean square error as:

LMSE =
K

∑
k=1

E
∥∥∥UH

k yk − sk

∥∥∥2

F
=

K

∑
k=1

E

∥∥∥∥∥UH
k (
√

pkHk,kWksk +
√

pi

K

∑
i=1,i 6=k

Hk,iWisi + nk)− sk

∥∥∥∥∥
2

(29)

We can get the normalized Uk by letting ∂LMSE
∂Uk

= 0, then:

Uk =

[
K
∑

l=1
(Hk,lWlWH

l HH
k,l)+σ2IN

]−1

Hk,kWk∥∥∥∥∥
[

K
∑

l=1
(Hk,lWlWH

l HH
k,l)+σ2IN

]−1

Hk,kWk

∥∥∥∥∥
(30)

4. Simulation Results and Analysis

A circular area A with unit radius is considered in the simulation, within which K = 50 users
are uniformly and independently distributed. There are B (B may take the value of 1000 and 10,000,
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making the network ultra dense) RBAs uniformly and independently distributed across A. Here, we
take the value of B = 1000 and K = 50 directly from [11] for the sake of comparison. However, it is
pointed out in [7] that the number of BSs in the UDN is likely to be significantly more than the number
of User equipments (UEs). Hence, we make an even more aggressive assumption that B = 10,000 in
this part to catch a glimpse of the performance of the proposed schemes in a network that is really
“ultra dense”. Then, the network density can be described as the ratio of the number of RBAs and
the number of users ρ = B

K . The path loss between any user k ∈ K and any RBA b ∈ B is modeled

as λk,b = dµ/2
k,b , where dk,b is the distance between user k and RBA b, the minimum of which is set

to be 0.1; µ = −4 is the path-loss exponent factor. In fact, large-scale fading is equal to the product
of shadowing fading and path loss. If shadowing fading is considered in this system model, it may
be equivalent to the distance in path loss calculation being different. In this paper, we used Monte
Carlo simulation in the simulation process; the number of simulations is quite large, including almost
all kinds of distances; so here, we can ignore the shadowing fading. This paper aims to handle the
intricate interference in UDN, so an interference limited scenario is considered, where P/σ2 is set to
10 dB. The simulation parameters are listed in Table 1.

Table 1. Simulation parameters. MVC-MMSE, multi-virtual-cell minimum mean square error;
IA, interference alignment.

Parameters Value

Network layout Uniform
Number of BSs 10,000/1000
Number of UEs 50

Carrier frequency 2 GHz
Bandwidth 20 MHz

Path loss factor 4
Transmitting SNR P/σ2 = 10 dB

Number of UE antennas 1 for ZF and MVC-MMSE transmission and 2 for IA transmission
Channel model Rayleigh channel

We focus on the performance of average user spectral efficiency, which can be formulated
as R = 1

K ∑k∈K Rk. We now demonstrate the advantages of the proposed transmission schemes
based on different virtual cell merging schemes, in terms of average user spectral efficiency and the
corresponding signal processing embodied by the average cluster size.

4.1. Virtual Cell Merging with ZF and MVC-MMSE Transmission

Let wk,Bm denote any precoding vector of any user k ∈ Km, i.e., wk,Bm may be any one of wZF
k,Bm

and wMVC-MMSE
k,Bm

.
Five different transmission schemes are simulated in this paper, including MRT, ZF with virtual

cell merging based on virtual cell overlapping (ZF-VCMO) [11], ZF with virtual cell merging based
on the interference graph (ZF-VCMG), MVC-MMSE with virtual cell merging based on virtual
cell overlapping (MVC-MMSE-VCMO) and MVC-MMSE with virtual cell merging based on the
interference graph (MVC-MMSE-VCMG).
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Figure 4 compares the average user spectral efficiency R of MRT, ZF-VCMO and
MVC-MMSE-VCMO at different initial virtual cell sizes. It can be seen clearly that different from the no
virtual cell merging case (MRT) where the highest R is achieved when the initial virtual cell size N0 is
small, the ZF-VCMO scheme can markedly improve R as the increase of N0. When N0 is large enough,
R becomes saturated. This is because by including more RBAs into each user’s initial virtual cell, more
users would overlap with each other. It is inevitable that all of the users and RBAs would be grouped
together at some N0, after which no more increase of R is observed. We can also draw the conclusion
from Figure 4 that MVC-MMSE-VCMO can significantly improve R at the same N0 compared with
ZF-VCMO. As a result, MVC-MMSE-VCMO can reach a targeted R at a much smaller N0, hence
at a much smaller merged virtual cell cluster size, although inter-cluster CSI exchange is required.
This implies that MVC-MMSE-VCMO can significantly reduce the signal processing complexity, which
scales with the sizes of the merged virtual cell clusters, at the price of heavier signaling overhead.

Initial virtual cell size N
0

10
0

10
1

10
2

10
3

10
4

5

10

15

20

25

30

35
MRT

ZF-VCMO

MVC-MMSE-VCMO

=20

=200

Figure 4. Average user spectral efficiency of maximum ratio transmission (MRT), ZF-virtual cell
overlapping (VCMO) and MVC-MMSE-VCMO versus initial virtual cell size N0, with K = 50, ρ = 20
and ρ = 200.

Figure 5 compares R of MRT, ZF-VCMG and MVC-MMSE-VCMG at different relative interference
graph thresholds ϕ, which is defined as ϕ =

(
gth −min γk,j

)
/
(

max γk,j −min γk,j

)
. Intuitively,

ϕ represents the connection degree of Gb. By tuning ϕ, we can easily control the size of merged virtual
cell clusters. For ZF-VCMG and MVC-MMSE-VCMG, the initial virtual cell size N0 is set to be two;
that is to say, every user primarily selects two nearest RBAs to form its initial virtual cell before virtual
cell merging is performed. It can be seen clearly that ZF-VCMG can achieve significantly higher R
than MRT at different ϕ. When ϕ is large enough, R also becomes saturated. This is because when
Gb is dense enough, there would be only one MCC, resulting in a single merged virtual cell cluster,
containing all of the initial virtual cells. Different from the case in Figure 4, MVC-MMSE-VCMG only
shows a marginal performance increase compared to ZF-VCMG. This implies that the virtual cell
merging based on the interference graph can effectively avoid major interference in UDN without
inter-cluster CSI exchange.
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Figure 5. Average user spectral efficiency of MRT, ZF-virtual cell merging based on the interference
graph (VCMG) and MVC-MMSE-VCMG versus relative interference graph threshold ϕ, with K = 50,
ρ = 20 and ρ = 200.

Since both VCMO and VCMG can significantly improve R, both at the price of the increase of
signal processing complexity or signaling overhead, Figures 6 and 7 show the average cluster size
and maximal cluster size of these transmission schemes respectively, when different R are reached.
It should be noted that with the given ρ, the signaling overhead required for MVC-MMSE scales
linearly with the average cluster size, while the signal processing complexity required for ZF or
MVC-MMSE scales linearly with the cube of the maximal cluster size. It can be clearly seen that the
ZF-VCMG scales much better than ZF-VCMO in terms of both average and maximal cluster size.
ZF-VCMG can attain almost the same maximal cluster size as MVC-MMSE-VCMO when the targeted
R is low and can further achieve higher R at a much smaller maximal cluster size than ZF-VCMO
and MVC-MMSE-VCMO. This indicates that ZF-VCMO can achieve a targeted R with much lower
signal processing complexity while no inter-cluster CSI exchange is needed. One may argue that the
curves for ZF-VCMG and MVC-MMSE-VCMG become more and more steep with the increase of the
maximal cluster size in Figure 7. This brings a very sharp increase of average user spectral efficiency
when the maximal cluster size is around 100. In fact, the maximal cluster size is upper bounded by
K× N0, which corresponds to the situation that all users’ initial virtual cells merge into one cluster.
With the increase of ϕ, the average cluster size grows; so does the maximal cluster size, but it cannot
exceed K× N0, which is the upper bound. When the maximal cluster size is close to the upper bound,
a marginal further increase of the maximal cluster size may bring remarkable growth in the average
cluster size, so we can still see a significant increase of the average user spectral efficiency. This leads to
a large slope of the corresponding curves around the upper bound. However, the average user spectral
efficiency will not increase infinitely due to the limited number of transmitting antennas. As a result,
the average and maximal cluster size of ZF-VCMG and MVC-MMSE-VCMG can be well controlled by
N0 and ϕ, while that of ZF-VCMO and MVC-MMSE-VCMO is totally out of control, especially when
the network is ultra dense.
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Figure 6. Average user spectral efficiency of ZF-VCMO, MVC-MMSE-VCMO, ZF-VCMG and
MVC-MMSE-VCMG versus the average cluster size, with K = 50, ρ = 20 and ρ = 200.
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Figure 7. Average user spectral efficiency of ZF-VCMO, MVC-MMSE-VCMO, ZF-VCMG and
MVC-MMSE-VCMG versus the maximal cluster size, with K = 50, ρ = 20 and ρ = 200.

Figure 8 presents the cumulative distribution function (CDF) of R for different transmission
schemes. It can be clearly seen that R of the VCMO- and VCMG-based transmission schemes are
distributed in a much smaller range than MRT, indicating that the user-centric virtual cell can effectively
eliminate the cell edge in the UDN, thus greatly reducing the performance difference among the users.
As a result, the user spectral efficiency performance is much less sensitive to the users’ positions than
the BS-centric scheme is, stepping towards the goal of consistent high quality of experience (QoE) in
UDN. We can also observe that ZF-VCMG outperforms MRT and ZF-VCMO significantly in terms
of both average user spectral efficiency and edge user spectral efficiency. MVC-MMSE-VCMO can
attain the performance of ZF-VCMG if B is large enough, but inter-cluster CSI exchange is required.
MVC-MMSE-VCMG almost makes no contribution to the right shift of the CDF curves, although
additional inter-cluster CSI exchange is provided.
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Figure 8. Cumulative distribution of user spectral efficiency for different transmission schemes.
The results of K = 50, ρ = 20 and ρ = 200 are shown.

4.2. Virtual Cell Merging with IA Transmission

In this section, the proposed IA algorithm based on the virtual cell-cluster is evaluated in terms of
the average user spectral efficiency by simulations, as well as ZF and MRT.

Figure 9 shows the average user spectral efficiency versus P/σ2 under different transmission
schemes, such as ZF and MRT precoding with K = 51, ρ = 10, ρ = 20 and the user antenna number
D = N0 = 2. With the proposed virtual cell merging scheme, where every three initial virtual cells
form a virtual cell-cluster, the number of virtual cell clusters is 17. It is obvious that the average
user spectral efficiency of the system increases with the increase of P/σ2 for all of the transmission
schemes. Additionally, our proposed IA scheme based on low complexity virtual cell merging can
reach higher average user spectral efficiency than ZF and MRT under different network densities,
thus under different P/σ2. Besides, the interference from the data streams of other users increases
with users antenna number. Nevertheless, we can eliminate these interferences by a global ZF, taking
all of the data streams of all users into consideration. This requires us to know the global channel state
information (CSI), and the information-bearing symbols of all of the users’ data streams should be
ready at all RBAs, since it is a global cooperative transmission. This would bring heavy burden to the
fronthaul in UDN. Besides, the signal processing complexity could be prohibitively high if the number
of RBAs is large enough. In the proposed IA scheme, which is a partial cooperative transmission,
only intra-cluster CSI exchange and user data sharing are required. Therefore, it can scale well with
the network size. Therefore, all of the transmission schemes are simulated in a partial cooperation
or no cooperation regime, so that the corresponding signal processing complexities and signaling
overheads are comparable. It can be seen clearly from Figure 9 that the proposed low complexity
virtual cell merging based on IA can greatly outperform ZF and MRT in terms of the average user
spectral efficiency.
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Figure 9. Average user spectral efficiency versus P/σ2 for different interference management
algorithms, with K = 51, ρ = 10, ρ = 20 and D = N0 = 2.

5. Conclusions

This paper aims to mitigate the large and complex interference in downlink UDN. Different
from the traditional BS-centric cellular approach and the complex and time-consuming global optimal
solution, a user-centric virtual cell paradigm is adopted. An interference graph-based virtual cell
merging scheme is proposed in comparison with the overlapping-based virtual cell merging approach.
After the interference graph is created, RBAs and users in the virtual cells within the same maximal
connected component are grouped together and merged into one new virtual cell cluster, where users
are jointly served via ZF. MVC-MMSE-based transmission schemes are further proposed to enhance
the performance of the two virtual cell merging methods, which is shown to be effective for VCMO.
Additionally, the interference alignment algorithm is proposed based on the improved virtual cell
merging to eliminate the strong interference between different virtual cells. Simulation results show
that the proposed ZF-VCMG and MVC-MMSE-VCMO can attain the average user spectral efficiency
performance of ZF-VCMO with a much smaller virtual cell cluster size and significantly reduced signal
processing complexity. Besides, the proposed user-centric transmission schemes greatly outperform the
BS-centric transmission scheme (MRT) in terms of both the average user spectral efficiency and edge
user spectral efficiency. What is more, IA based on the low complexity virtual cell merging can achieve
much better performance than ZF and MRT precoding in terms of average user spectral efficiency.
With the increased number of P/σ2 and ρ, IA leads to more improvement and low complexity in
average user spectral efficiency gain, compared to ZF and MRT. This indicates that the proposed
scheme scales much better with the network density than ZF and MRT without merging, revealing
that it can be applied suitably in ultra dense networks. Additionally, this paper treats all of the users
equally without differentiating them based on the channels. Therefore, the precoding performance
could be further improved by applying appropriate power control or IA algorithms.
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