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Abstract— Interference in a cellular network is one of the main
impairments that needs to be overcome. Coordination among the
Base Stations may enable the use of the interference to improve
the transmission rate at the cost of increased computational
complexity and more stringent backhaul and feedback require-
ments. Practical problems of global coordination can be reduced
through clustering which, in turn, will introduce Out of Cluster
Interference (OCI). OCI can seriously hamper the advantages
brought by precoding techniques like Block Diagonalization (BD).
In this work we propose a mixed transmission strategy using
BD and Single User transmission that is able to overcome
the problems introduced by the OCI, in combination with a
low complexity scheduling algorithm that enables an increased
transmission rate in a multiuser scenario.

I. INTRODUCTION

Traditionally, cellular networks have dealt with interference

in the simplest way possible: trying to avoid it. The latest

cellular technologies, like LTE-Advanced, with its enormous

peak data requirements, make it necessary to use all resources

as efficiently as possible. A “new look at interference” [1] is

needed, in the sense that interference should start being used

to improve the communications instead of trying to fight it.

Current cellular technologies like LTE define an interface

(X2) interconnecting the BS. This interface may enable Base

Stations (BS) coordination, which can achieve huge gains in

terms of data rate [2]. In this direction, Dirty Paper Coding has

been shown to provide the maximum capacity for the Gaussian

Broadcast Channel [3], but its complexity prevents it from

being used in real scenarios. Simpler linear techniques, such as

Block Diagonalization [4] (BD) can provide important gains

with a much lower complexity, making it a more attractive

candidate for practical implementations.

Nevertheless, when the size of the cellular network grows,

global coordination becomes impractical, due to the increased

feedback and backhaul requirements. Additionally, there exist

theoretical works that show how the gains from coordination

are intrinsically limited for an increasing network size [5].

Clustering, [6] [7] [8] [9] [10], appears then as a viable

option to cope with these limitations. By organizing the
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network in small groups or clusters, within which the coor-

dination is performed, the complexity and natural limitations

of cooperation are reduced. The main drawback of clustering

is the presence of Out of Cluster Interference (OCI), which

is not always considered in the literature. In [11] and [12]

the OCI is analyzed in the context of a clustered network

using BD, and theoretical and asymptotic results are given,

albeit without immediate practical applications. In particular,

it is shown how BD performs poorly in presence of the OCI.

Recent works on clustering and resource allocation as [13] deal

with the OCI through distributed power control. They assume,

though, a very common simplification which is a sum power

constraint for all the BS in the clusters, something not likely

to be achievable in reality.

The problem considered in this paper is the performance

loss of BD when OCI is present. A simple and practical

algorithm is presented, based on a hybrid strategy combining

BD and Single User (SU) processing. The best transmisssion

scheme is chosen according to a metric that is compared

to a simple threshold at each user equipment. The scenario

considered is a multi-user one, with each cell serving multiple

users. A low complexity algorithm is proposed to schedule

the users, trying to take advantage of the multiuser diversity

to increase the mean rate per user. In [14] a similar suboptimal

algorithm, based on the Frobenius norm of the channel matrix

is proposed, but it is not analyzed in the presence of OCI, nor

it is combined with a hybrid precoding strategy.

The rest of the paper is organized as follows: Section II

introduces the system model used, followed by Section III

where the mix of transmission strategies is described. The

scheduling algorithm is presented in Section IV, the results

of the simulations analyzed in Section V, and conclusions are

drawn in Section VI.

II. SYSTEM MODEL

This work focuses on the downlink of a cellular network

with a set B = Bin ∪ Bout of cells. Bin contains the M cells

that form a cluster, and Bout represents the cells external to

the cluster. The M cells from the cluster serve N users. Each

BS has t transmitting antennas, while each of the users has r

receiving antennas.
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It will be considered that each user is associated to one BS,

so that the signal received at the i-th user is given by

yi = Hiixi +
∑

j∈Bin\{i}

Hijxj

︸ ︷︷ ︸
Inner interference

+
∑

k∈Bout

Hikxk

︸ ︷︷ ︸
OCI

+ni (1)

where Him ∈ Cr×t is the channel matrix between the m-

th transmitter and the i-th user, xm ∈ Ct×1 is the signal

transmitted at the m-th BS, and ni ∈ Cr×1 is the additive

white gaussian noise (AWGN) with zero mean and variance

σi, ni ∼ N (0, σiI) at the i-th receiver. Throughout the paper,

without loss of generality, it will be assumed that the noise

variance is the same for all the users, σi = σ.

The rate obtained at the i-th receiver is the given by

Ri = log2

∣∣∣∣∣∣I+HiiQiH
H
ii

⎛
⎝ ∑

j∈B\{i}

HijQjH
H
ij + σ2I

⎞
⎠

−1
∣∣∣∣∣∣∣

(2)

where Qi = E
{
xix

H
i

}
is the covariance matrix of the signal

transmitted by the the i-th BS.

If no coordination is used, and provided that perfect channel

state information (CSI) is available at the transmitter, the

singular value decomposition (SVD) of the channel matrix

can be used at each BS to maximize the rate of the user it is

serving [15]:

Hii = UiΛiV
H
i

Wi = Vi

xi = Wisi

where Wi ∈ Ct×r is the precoding matrix used at the i-th

transmitter, and si ∈ C
r×1 is the data intended for user i. If

at the i-th receiver UH
i is used as the receiving filter, then the

achievable rate becomes

R
(SU)
i =

log2

∣∣∣∣∣∣∣I+ΛiPi

⎛
⎝ ∑

j∈B\{i}

HijQjH
H
ij + σ2I

⎞
⎠

−1
∣∣∣∣∣∣∣

(3)

where Pi = E
{
sis

H
i

}
= diag {pi1, . . . , pir}, is the power

assigned to each of the data streams of the i-th user.

For the coordination of the M BS in Bin coordinate to

transmit jointly to the M (out of the total N ) users, it will

be used BD [4], and therefore the rate can be expressed as

R
(BD)
i =

log2

∣∣∣∣∣∣∣I+ Λ̃iP̃i

⎛
⎝ ∑

j∈Bout

HijQjH
H
ij + σ2I

⎞
⎠

−1
∣∣∣∣∣∣∣

(4)

where Λ̃i is the diagonal matrix resulting from applying BD

to the cluster channel matrix.

III. TRANSMISSION STRATEGY

OCI can deteriorate the performance of BD, so it is impor-

tant to find a way of measuring the OCI and mitigating its

effects.

In [16] they propose a method based on a result in [17] that

states that the maximum capacity of a MISO downlink channel

can be reached using a combination of two transmission

techniques. They are able to find a closed form expression

for a threshold for the signal to interference plus noise ratio

(SINR). This threshold allows each user to individually and

locally decide the most convenient transmission strategy. [18]

presents a similar result to that of [17] for the MIMO case,

but the solution is somewhat complicated and it does not allow

for the closed form expression for the threshold. In the current

work, a similar approach to that in [16] will be used, with a

metric that will be compared with a fixed threshold locally at

each user.

Intuitively, BD will perform better when the OCI is low

compared to the power received from the BSs in the cluster.

Hence, the metric that will be considered is:

γi =

∑
j∈Bin

Tr
(
HijP̂jH

H
ij

)
∑

j∈Bout

Tr
(
HijP̂jH

H
ij

) (5)

where Tr(·) is the trace of a matrix, and P̂j is a diagonal

matrix with the power transmitted through all the antennas of

each transmitter.

This metric is compared with a fixed threshold γth for which

there is no closed form expression. That is the reason why

the threshold considered in this work is calculated through

simulations and it is assumed to be known by all the users,

the details of how the threshold is calculated are given in

Section V. Each user computes the metric (5), locally, and

compares it with the threshold so that if γi > γth the user

chooses BD as transmission strategy, and if γi ≤ γth it opts

to choose SU. This information is then sent back to the BS,

and it is used by the BSs in the cluster to coordinate the

scheduling of the users and the transmission strategy used for

each of them.

IV. SCHEDULING

After the users have made their decision and fed it back

to the BS, these will know which users are more suitable to

being served using BD and which ones using SU.
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Algorithm 1 BD User Selection

1: Sort the set UBD in decreasing order of γi
2: while |UBD| ≥ M do

3: i = first (UBD)
4: Ug = {i}
5: UBD = UBD\ {i}
6: Hg = Hi

7: Ng = 1
8: while Ng ≤ M do

9: j = argmax
j∈UBD\ cell(Ug)

∥∥∥∥
[

Hg

Hj

]∥∥∥∥
F

10: Hg =

[
Hg

Hj

]
11: Ng = Ng + 1
12: Ug = Ug ∪ {j}
13: UBD = UBD\ {i}
14: end while

15: end while

The approach followed will be similar to that in [16], where

users are grouped so that the transmission strategy in all the

BS is the same within a given transmission interval. In [16],

this strategy was proposed for simplicity. Here, it is proposed

to guarantee a good performance, in the sense that users served

with SU may not be affected by other cells in the cluster using

BD, but users being served using BD will experience a much

more degraded performance if not all the BS in the cluster

coordinate, i.e. some of the BS transmit to their users using

SU precoding.

As mentioned before, users that are better to be served using

SU are indifferent to other users’ strategies as no power control

is used, and all BS will be transmitting at maximum power.

On the other hand, when the transmission strategy used is BD,

which users are selected in each cell is an important design

decision. Depending on the channel matrices of each user, the

BD will result in a higher or lower rate. The objective will be,

then, to group the users from different cells so that a certain

metric is maximized. In particular, in this work the metric used

will be related to the achievable sum-rate.

In [19] a similar approach is proposed for a MISO scenario,

where users are scheduled for simultaneous transmission when

their channels are as orthogonal as possible. In the situation

treated here, the channels are not vectors (as in the MISO case)

but matrices, so the concept of orthogonal channels is not as

clear as in [19]. They propose, nonetheless, an extension of

their user selection algorithm that can deal with multiantenna

users, but it is not applicable here because of the selection of

BD as precoder, instead of zero forcing beamforming (ZFBF),

as transmission strategy.

The objective in this work is to group BD users when the

result of the BD yields the maximum achievable sum-rate. Or

equivalently, the users will be scheduled for transmission in

groups of M (one per cell) so that the values of the diagonal

of Λ̃i, in (4), are maximized.

Using the matrix equality that relates the magnitude of the

eigenvalues of a matrix with the Frobenius norm of that matrix:

Tr
(
eig

(
AAH

))
= ‖A‖2F (6)

where ‖A‖F is the Frobenius norm of a matrix A and eig(A)
represents a diagonal matrix with the eigenvalues of A, the

following approach is used to group the users for BD, similarly

to [14]:

Given a user i channel matrix Hi ∈ Cr×Mt, in order to

search for the user j that will yield the maximum sum-rate

using BD, look for the user j that maximizes the Frobenius

norm of the compound matrix, because:

Tr
(
Λ̃ij

)
∝

∥∥∥∥
[

Hi

Hj

]∥∥∥∥
2

F

(7)

Algorithm 1 is proposed to form the groups of M users that

maximize the rate using BD. After sorting the set of users that

want to be served using BD, UBD, in descending order, with

respect to the magnitude of the metric in (5), the groups of

M users are generated by adding one user at a time, using the

Frobenius norm of the resulting matrix as a measure of the

magnitude of the singular values after performing the BD. In

Algorithm 1, the functions first and cell refer to getting the

first element in the sorted set, and return the set of users in

the same cells as the users in the argument set.

The results of Algorithm 1 may be that not all the users

that want to be served using BD can fit in a group and, in that

case, those users are served using SU.

Finally, a round robin strategy is used to transmit to all the

users that have been formed, both the BD and the SU groups.

V. PERFORMANCE ANALYSIS

Figure 1 shows the scenario that is considered for the

simulations. It consists of a cluster of 7 cells, in a hexagonal

layout, surrounded by one tier of interfering cells (shaded in

Figure 1). At each simulation run, 100 users are randomly and

uniformly placed within each cell, unless otherwise stated. The

same number of antennas is used at the transmitters and the

receivers (t = r), either 2 or 3.

The channel matrix includes both the path loss and the

Rayleigh fast fading. Each of its coefficients is, there-

fore, a circularly symmetric complex gaussian random vari-

able, with zero mean and variance given by the path loss,

CN
(
0, α(d)−1

)
, where α(d) represents the path loss in natural

units, that depends on the distance from the BS to the user

equipment, d.

The model used to calculate the path loss, in dB, is

PL(d) = 10 log10 α(d) = K + 10γ log10

(
d

d0

)
(8)

with K being the attenuation, in dB, at a reference distance

of d0, γ is the path loss exponent. All the results in the paper

correspond to a scenario with cell radius of rcell = 1380m,

path loss exponent equal to 3.8, and K = 32 dB at a reference

distance of 1m.
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Fig. 1. The cells in the cluster (white) experience the OCI generated by the
interfering cells (shaded).
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Fig. 2. Mean value of the metric for different SNR values, in the presence
of OCI for a 7 cell cluster with 2x2 antennas configuration.

The signal to noise ratio (SNR) is calculated at the cell-

edge using the maximum transmission power allowed per BS,

Pmax = 1W, and the attenuation due to the path loss, as

SNR (dB) = 10 log10 Pmax − PL(rcell) (9)

The rate is calculated for the following transmission options:

• All BS transmit using SU.

• All BS transmit using BD.

• The transmission strategy is chosen using the algorithm

and scheduling proposed in this paper.

• The same as the previous, but the scheduling is performed

based on the rates obtained using BD, instead of the

approximation in (7).

In all cases, the power assignment is done using the scaled-

waterfilling described in [11], in order to accomodate the per

base power constraint.

As mentioned in Section III, the threshold γth is fixed and
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Fig. 3. Mean rate obtained for a 2x2 scenario in the presence of OCI, 100
users per cell.
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Fig. 4. Mean rate obtained for a 3x3 scenario in the presence of OCI, 100
users per cell.

it is calculated via simulations. In these, a user is placed

in each cell of the cluster, and the rate is calculated, both

when all the BSs in the cluster coordinate to transmit using

BD and when they transmit independently using SU, as well

as the metric (5). With this information Figure 2 can be

generated, where each of the solid-line curves in it represents

the mean value of the metric (5), in dB, for the users whose

rate is better using BD and for those that get better results

using SU, respectively. The threshold was calculated for a

2x2 MIMO case, but simulations were also performed with

different number of antennas, keeping t = r, and the curves

were similar, yielding the same threshold.

The threshold γth used in the simulations is determined as

the mid value of the gap separating both curves in Figure 2.

For the case at hand this value is γth = 13.74dB, but this value

will depend on the scenario under study, and more simulations

would be necessary in order to get this threshold for different
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Fig. 5. Mean rate for a 2x2 scenario as a function of the number of users
per cell, for an SNR of 10 dB.

number of cells and different network layouts.

Figure 3 and Figure 4 show the mean rate that can be

achieved, per user, for the transmission options considered. It

can be seen how accurate is the approximation (7), while being

notably simpler and much less computationally expensive.

Figure 5 shows the mean rate of the three scenarios for a

fixed SNR of 10 dB, for a variable number of users per cell.

The proposed scheme is able to surpass the performance of the

SU strategy, and the improvement increases with the number

of users.

Figure 6 and Figure 7 show a more severe problem of BD in

presence of OCI, which is the fairness of the solution. Figure 6

represents the cummulative distribution function (CDF) of the

rates obtained with each of the transmission strategies for a

fixed value of the SNR. It can be seen how the rates obtained

using the proposed strategy are higher, especially for the users

with the lowest rates, which indicates an improvement in the

fairness of the system. Figure 7 shows the average rate for

the 5% worst users, showing a clear improvement using the

strategy proposed in this paper with respect to using only BD,

and matching the average rate obtained with the SU strategy.

VI. CONCLUSIONS

In this paper, a simple yet effective algorithm has been

proposed in order to overcome the impairments introduced by

the OCI in a clustered cellular network. The negative effect

of the OCI in coordination techniques like BD is eliminated,

and the fairness of the system is also improved. In particular,

the mean rate per user is better than with SU, especially for a

high number of users per cell. The improvement with respect

to BD in the case of the users with the lowest achievable rate

is notable, getting closer to SU.

An important advantage of the proposed scheme is its

adaptive nature, as the users are responsible for choosing the

technique used for the transmission, and the network will carry
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Fig. 6. CDF of the rates obtained in a 2x2 scenario, with an SNR of 10 dB.
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Fig. 7. Mean rate of the 5% worst users, in a 2x2 scenario in the presence
of OCI, 100 users per cell.

out the scheduling, so that a user will be able to change its

transmission preferences when its conditions change.

It has been shown how the use of a simple fixed threshold

can yield a better performance, at a very low computational

cost. An interesting topic would be to analyze the relation

of the threshold value with the network topology, so that the

estimation through simulations can be avoided.

The proposed algorithm improves the fairness of the system,

especially for the users that experience the lowest rates. A

possible extension is to use a proportional fair approach for

the scheduling, instead of the simple round robin, so that more

fairness can be induced in the system.
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