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Abstract—The main contribution of this work is the proposal
and assessment of the MU-MIMO across Small Cells concept.
MU-MIMO is the spatial multiplexing of multiple users on a
single time-frequency resource. In small cell networks, where the
number of users per cell is low, finding suitable sets of users to
be co-scheduled for MU-MIMO is not always possible. In these
cases we propose MU-MIMO-based cell reassignments of users
into adjacent cells to enable MU-MIMO operation. From system
level simulations we found that, when the initial number of users
per small cell is four, cell reassignment results in a 21.7% increase
in the spectral efficiency gain attributed to MU-MIMO, and a
higher percentage increase when the initial number of users per
cell is lower. Going forward, we will extend this work to also
consider energy savings through switching off small cells which
are emptied by the reassignment process.

Keywords—MU-MIMO, small cells, inter-cell coordination,
LTE.

I. INTRODUCTION

Current and future mobile network access technologies
increasingly rely on multi-antenna transmission techniques and
on cell miniaturisation to achieve orders-of-magnitude gains
in capacity. In this work, we propose and evaluate the idea
of Multi-User MIMO-based cell reassignments. Dense small
cell deployments make it possible to pair User Equipments
(UEs) who were originally assigned to different cells, enabling
MU-MIMO and resulting in performance improvements to
both UEs. This paper discusses how such pairing can be
accomplished and assesses the potential gains in spectrum
efficiency that result.

MIMO (Multiple Input Multiple Output) is the use of
multiple transmit and receive antennas to improve the channel
performance. Spatial multiplexing is a MIMO method in
which multiple data streams are transmitted on different spatial
layers in order to increase throughput. Unfortunately, in cases
where there is a strong correlation between the antennas, or
the number of receive antennas is less than the number of
transmit antennas, the number of independent streams which
can be successfully transmitted is reduced: this is called rank
deficiency.

Multi-user MIMO (MU-MIMO) performs spatial multi-
plexing across multiple UEs and, as a result, is much more
robust to rank deficiency. In a downlink scenario where a
base station with Nt transmit antennas transmits to K UEs,
each with Nr,k receive antennas, the capacity of the channel
scales with min(Nt,

∑K
k=1 Nr,k). There are, however, some

additional losses in the Signal to Interference plus Noise Ratio
(SINR), firstly, due to the splitting of the transmit power across
the co-scheduled UEs’ transmissions, and secondly, due to
multi-user interference (MUI) between the UEs.

In order to minimise the amount of MUI, only UEs with
orthogonal precoding matrices can be co-scheduled for MU-
MIMO. Any residual MUI should then be suppressed by
the receiver. In order to illustrate what MU-MIMO gains
are possible, in Figure 1 we plot the percentage throughput
increases of MU-MIMO, with two co-scheduled UEs, over
single stream MIMO, for different levels of MUI suppression
represented by the factor ΔMUI . ΔMUI ranges from 0 to 1,
with a higher ΔMUI value representing less MUI suppression
and ΔMUI = 0 representing full MUI suppression. It must also
be stated that due to feedback quantisation error the achieved
gains will be slightly less than those shown, while gains at very
low SINR are lost. As a result, a UE can benefit from MU-
MIMO mode if, firstly, their SINR is sufficiently high (greater
than roughly 1.5dB), and secondly, there is another UE with
a precoding matrix orthogonal to theirs, with whom to pair.

In this work, we consider small cell scenarios in which
the number of users in each cell is low, meaning that the
likelihood of finding two UEs in the cell with orthogonal
precoding matrices is also low. At the same time, due to
the dense deployment of these networks, UEs often have
sufficiently high SINRs in neighbouring cells to support MU-
MIMO operation. For this reason, we propose the reassignment
of UEs to neighbouring cells in order to create pairings where
they were previously unavailable and obtain the benefits of
MU-MIMO across multiple small cells.

Reassigning UEs between neighbouring small cells results
in spectral efficiency gains for both the UEs who get reassigned
as well as the UEs that they get paired with. Our results show
that, at low deployment ratios, 6.2% of UEs get reassigned
between neighbouring cells, and they receive an increase in
spectral efficiency through the use of MU-MIMO of 9.8% on
average per time/frequency Resource Block (RB), while the
UEs they get co-scheduled with achieve an increase of 12.9%.

A. Related Work

A recent survey on multi-cell scheduling in LTE/LTE-A
systems can be found in [1]. There, the authors subdivide
this topic into the categories of: InterCell Interference Coordi-
nation (ICIC); Coordinated Multipoint (CoMP) transmission
and reception; and the crossover between the two, namely
Coordinated Beamforming/Scheduling.
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Fig. 1. Percentage throughput gain from using MU-MIMO over SU-MIMO.

Of these three categories, the one which most closely
relates to our work is the crossover category of Coordinated
Beamforming/Scheduling [2], [3]. Here, UEs get scheduled
with the precoders that cause the least interference to the UEs
operating on the same frequency in their neighbouring cells.
In our work, however, the emphasis is different. Instead of
scheduling UEs with orthogonal precoders on the same time-
frequency resources in their respective cells, which has the
effect of reducing interference, we reassign one of the UEs
between cells so that MU-MIMO can be used, from which we
can achieve an increase in capacity.

Another somewhat similar concept, which, as pointed out
in [4], can be seen as a generalised form of MU-MIMO,
is Network MIMO. Network MIMO is basically MU-MIMO
but with the transmit antennas spread over multiple base
stations (eNBs) rather than located on a single eNB. This
is fundamentally different to our work in that cells jointly
transmit to both UEs and thus require close coordination, as
opposed to our work, which only applies reassignments as
needed.

Finally, falling under the umbrella of CoMP, there is the
concept of Dynamic Cell(/Point) Selection in which a cell-
edge UE is dynamically reassigned between serving eNBs,
selecting whichever provides the highest instantaneous SINR
[5]. Our work takes this a considerable step further by taking
into account MU-MIMO gains in the reassignment decision,
enabling the use of additional spatial streams.

To the best of our knowledge, this work is the first
that investigates actively reassigning UEs from one cell to a
neighbouring cell in order to increase capacity through use of
MU-MIMO.

II. SYSTEM MODEL

This section outlines the methods we use to model, from
a system-level perspective, the post-filtering received signal,
the MU-MIMO channel quality feedback, and the spectral effi-
ciency per resource block, which we later use as a performance
metric for our mechanism.

A. Signal Model

In this work, we formulate our signal model as in [6]. Our
network contains NeNB base stations, each with Nt transmit
antennas, and NUE UEs, each with Nr receive antennas.
For MU-MIMO with two UEs co-scheduled, each performing
rank-1 transmissions, the received signal of UE k, who is co-
scheduled for MU-MIMO with UE j, is given by

yk = Hk,0wkxk+Hk,0wjxj+

NeNB−1∑

l=1

Hk,lWlxl+nW,k (1)

where yk represents the Nr × 1 received signal vector, Hk,0

represents the Nr × Nt channel matrix within the original
serving cell, wk represents the Nt×1 applied unitary precoding
and xk represents the transmitted symbol, of UE k. Hk,0wjxj

represents the interference from the co-scheduled UE j, while
Hk,lWlxl represents the interference from neighbouring cell
l and finally nW,k represents complex AWGN with zero mean
and variance σ2.

In this work, we consider wideband precoding across all
subcarriers. Precoders, for each UE k, are selected from the
LTE Rel.8 codebook according to the mutual information
based Zero-Forcing (ZF) precoder selection process, outlined
in [7].

After a 1 × Nr receive filter gk is applied we get the
received symbol zk of user k as

zk = gkyk. (2)

We applied a Minimum Mean Squared Error (MMSE)
with Interference Rejection Combining (IRC) filter. This filter
combines the suppression of co-layer intra-cell interference
by the MMSE filter and suppression of inter-cell interference
through IRC filtering. This receiver is also known as the
Advanced LTE UE Receiver and has been defined as the new
baseline receiver from 3GPP LTE Rel.11 onward [8].

For system level simulation, the MMSE-IRC receive filter
can be expressed as [6]

gk = HH
eff,k

(
Heff,kH

H
eff,k +CMUI +CINT +CW

)−1
. (3)

Here, we use Heff to represent the effective channel matrix,
defined as the multiplication of the channel matrix H and the
precoder w. CMUI, CINT and CW represent the multi-user,
inter-cell and white noise interference covariance matrices,
respectively:

CMUI = Heff mui,kH
H
eff mui,k, (4)

CINT =

NeNB−1∑

l=1

Heff int,lH
H
eff int,l, (5)

CW = σ2I, (6)

where, similarly to Heff, Heff mui,k and Heff int,l are the effective
channel matrices for the multi-user and inter-cell interference.



Based on this we can represent the post-reception SINR of UE
k as

γk =
|gkHeff,k|2

|gkHeff mui,k|2 + |gk

∑NeNB−1
l=1 Heff int,l|2 + σ2I|gk|2

.

(7)

In the case where UE k is reassigned to a neighbouring
cell, a number of elements in the above expression will change.
Most significantly, Hk,0 will be swapped with Hk,T where T
is the target neighbouring cell into which UE k gets reassigned.
As a result, wk, wj, Wl and gk will all require recomputing
to correspond to the new channel matrices.

B. MU-MIMO CQI calculations

In LTE systems three types of feedback are specified for
use in scheduling of UEs and adaptive modulation and coding.
These are the Channel Quality Indicator (CQI), Precoding
Matrix Indicator (PMI) and Rank Indicator (RI) [9]. The CQI
is a form of SINR, quantised into one of 16 values, the PMI
recommends a precoding matrix from a predefined codebook
for use, and the RI indicates the rank (number of parallel
transmission streams) to use. For both SU-MIMO and MU-
MIMO operation, we consider only Rank-1 transmissions for
each UE.

Prior to the UEs being scheduled for MU-MIMO, at which
point UEs get assigned into pairs, it is not possible for a UE
to calculate its SINR for MU-MIMO transmission as it does
not know which other UE it will be paired with (or if it will
even be paired for MU-MIMO at all). For this reason, instead
of providing the CQI for MU-MIMO to the base station, the
CQI for SU-MIMO is fed back, to which an adjustment is
performed to take into account, firstly, the splitting of the
transmit power between the UEs, and secondly, the multi-user
interference (MUI) caused by the co-scheduled UE.

We use the method presented in [10] to compute the MU-
MIMO CQI in this work. This method is shown to have
very good performance due to its ability to accurately take
into account how well MUI is reduced by a receiver. The
calculation is performed as follows:

CQIMU−MIMO =
1

N
CQISU−MIMO

+ΔMUI(N − 1)
(8)

where N = 2 is the number of UEs co-scheduled for MU-
MIMO within a single time-frequency Resource Block (RB) at
once, and, as before, ΔMUI indicates the level of unsuppressed
multi-user interference.

For the setup we investigate, ΔMUI was computed accord-
ing to [10, eqn. (4)], using signal and interference channel
samples generated as part of system level simulation. The
antenna and receive filtering configurations used in our sce-
nario are very similar to those used in [10] and so it is not
surprising that we found our value of ΔMUI to be very close
to theirs of 0.05. As shown previously in Figure 1, this MU-
MIMO configuration performs well at medium/high SINR and
achieves its highest gain over SU-MIMO at an SU-MIMO
SINR of roughly 11dB.
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Each considered UE 
Compute the PMI for each 

target cell

Centralised Controller
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target cell to pair the 
considered UE with, 

reassign the considered UE
Considered UEs:
�� Cannot be paired for MU-MIMO in 

their original cell
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Fig. 2. Process of MU-MIMO Across Small Cells.

C. Spectral Efficiencies

In order to assist in the decision of whether, for each
UE, SU-MIMO or MU-MIMO should be used, we map
CQISU−MIMO and CQIMU−MIMO to spectral efficiencies
in bits per RB. This mapping is discussed in [11] (variable ck)
and is based on a fitting to the BICM (Bit-Interleaved Coded
Modulation) curves. When MU-MIMO is used, a single RB
is shared amongst the two co-scheduled UEs; as each UE is
only half-occupying the RB bandwidth, we double the spectral
efficiency of CQIMU−MIMO to correspond to one whole RB.

The results we present later are based on both the average
and the maximum spectral efficiencies, over all RBs, of a
UE, and the spectral efficiencies gains that can be achieved,
over SU-MIMO, through coordinated MU-MIMO-based cell
reassignments of UEs.

III. MU-MIMO ACROSS SMALL CELLS

Here we discuss the proposed MU-MIMO across Small
Cells concept. In this, UEs who are unable to perform MU-
MIMO in their original cell, but have a spectral efficiency for
MU-MIMO in a target neighbouring cell greater than their
spectral efficiency for SU-MIMO in their original cell, are
considered for MU-MIMO-based cell reassignment.

Each UE considered for cell reassignment (considered
UEs) computes a single wideband PMI for each target neigh-
bouring cell and feeds it back to the central coordinator.
If there is an unpaired UE in the target neighbouring cell
with a precoder orthogonal to the precoder fed back by the
considered UE, then the considered UE gets reassigned to that
neighbouring cell. Figure 2 summarises this process.

From this reassignment, two gains in spectral efficiency
are achieved: firstly, by the UE who gets reassigned to the
neighbouring cell (reassigned UE), and secondly, by the UE
that the reassigned UE gets paired with (target UE), as, after
the reassignment, both will be able to perform MU-MIMO. We
assess the MU-MIMO gains in terms of spectral efficiency per
RB that can be achieved as a result of this cell reassignment.
As the scheduling of UEs to time/frequency resources is still
performed individually by each small cell, it is not taken into
account by the central coordinator and as such is not included
in the assessment of the performance of the mechanism in the
results section.

A. Required Additional Feedback

Compared to similar multi-cell coordinated operations, the
level of additional required feedback to be computed is low. As
stated above, our method requires wideband PMI information



only for the target cells of considered UEs and is required only
on an irregular, receiver-driven basis. Coordinated scheduling,
for comparison, requires PMI information, as well as the
expected CQI improvements, for all cells within the CoMP
Set of each cell edge UE [1], where the CoMP Set is the set
of cells within a cooperation area and will change depending
on which cell clustering method is used. Further, if CoMP Joint
Transmission were in use, subband CQI, PMI and wideband
RI are required as often as every Transmission Time Interval
(TTI), which is considerably more feedback than is used in
our proposed method.

While it is not further explored in this work, we expect that
our proposed concept could easily be extended to operate along
with coordinated scheduling. For example, if a considered UE
gets reassigned to a neighbouring cell for MU-MIMO, then we
expect that coordinated scheduling could be used to reduce
the interference from the original cell, using the knowledge
of what the precoder of the reassigned UE was before re-
assignment. If both methods were used together, as the PMI
feedback required for MU-MIMO across Small Cells is a subset
of that required for coordinated scheduling, no additional PMI
feedback would be needed; however, information stating which
UEs make up the considered set would need to be sent.

The fact that, without coordinated scheduling, subband
scheduling of UEs within MU-MIMO across Small Cells is
not performed centrally, but is instead performed, after any
reassignments, by each of the small cells individually, allows
the required feedback to be kept low.

IV. SIMULATION SCENARIO

In this work we investigate an indoor small cell scenario.
We consider all small cell base stations (HeNBs) to serve
an open subscriber group, to be capable of communication
among themselves, e.g. over X2 connection, and to have
a central coordinator to which feedback can be supplied.
Based on this feedback the central coordinator can recommend
reassignments of UEs between cells. The small cell layout
follows the 3GPP Dual Stripe model [12]. As shown in figure
3, this model consists of two apartment buildings side-by-side,
each subdivided into a number of apartments separated by
walls. We use the 3GPP term Deployment Ratio (DR) to denote
the probability that a given apartment contains an HeNB; for
example, if the number of apartments is 40 and the DR is 0.2,
then, on average, 8 of the apartments will contain an HeNB.
We consider a single-story deployment in which all HeNBs
are initially active (switched on).

UEs are equipped with two receive antennas and are
capable of MMSE-IRC reception, while the HeNBs each have
four transmit antennas. All UEs start off assigned to the HeNB
with the highest RSRP (Reference Signal Received Power).
Each of the small cells initially contains the same number
of UEs, and this number is varied in our simulations. We
assume that all UEs are stationary and that reassignments
of UEs between cells can be performed quickly. All UEs
possess transceivers capable of MU-MIMO operation and the
maximum number of UEs that can be co-scheduled for MU-
MIMO in a single RB is two.

These, as well as additional important parameters, are
provided in Table I.

10 m

10 m

10 m

10 m

10 m

Controller

10 m

10 m

10 m

Fig. 3. Dual Stripe scenario.

TABLE I. SIMULATION PARAMETERS

Scenario & Pathloss Model 3GPP Dual Stripe [12]
Fast Fading Model Winner II [13]
Bandwidth 10 MHz
HeNB Deployment Ratio 0.2, 0.4, 0.6, 0.8
Initial UE distribution Uniform number of UEs per cell {1,...,8}
Initial Cell Selection Maximum RSRP
HeNB Antenna Config 4 Tx antennas

Cross-polarised 0.5λ spacing, -45◦/,45◦ slants
UE Antenna Config 2 Rx antennas

Cross-polarised 0.5λ spacing, 0◦/,90◦ slants
MIMO transmission scheme SU-MIMO: 1 layer

MU-MIMO: max. 2 UEs, 1 layer per UE
MU-MIMO ΔMUI 0.05
Traffic Model Full Buffer
Precoding Codebook Rel.8 4Tx codebook
MU-MIMO Precoding Zero Forcing
Inter-cell Interference model 4Tx SU-MIMO with random PMI
Feedback Subband CQI, wideband PMI for all UEs in original cell.

Feedback for target neighbouring cells: wideband PMIs
for UEs considered for reassignment.

V. SIMULATION RESULTS

The following results were obtained using the Matlab-
based Vienna LTE System-Level simulator [14]. The simulator
implements several LTE transmission modes and deployment
scenarios. CQI computation for MU-MIMO with MMSE-
IRC receivers and the Dual Stripe scenario were implemented
separately by us as part of this work.

Figure 4 is a snapshot taken from simulation showing an
example small cell deployment. HeNB locations are numbered
one to eight, and internal and external walls are marked with
straight white lines. Red regions denote high SINR, blue
denotes low SINR and jagged white lines indicate the initial
boundaries between the served areas of each of the HeNBs,
which will change as users get reassigned between cells.

The main focus of this section is on the assessment of the
potential gains of the proposed MU-MIMO across Small Cells
mechanism. As UE scheduling is one of the future steps of
the work and does not form part of the current mechanism, we
present our results in terms of achievable spectral efficiencies
instead of throughput. These spectral efficiencies are given as
both the average spectral efficiency per RB (SEave), as well
as the maximum spectral efficiency per RB (SEbest), of a UE,
over all RBs. We expect that, after UE scheduling, the actual
gains will lie somewhere in between the gains presented for
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Fig. 4. Scenario snapshot taken from simulation with a Deplyoment Ratio
of 0.2.

each of these two cases. If a UE is scheduled on a small
number of their best RBs, then the gain should be closer to
that of the SEbest case, while if the UE is scheduled on most
RBs, the gain should be closer to that of the SEave case. As
the number of UEs per cell is low, we expect the gains to more
closely coincide with the SEave case.

Since UE scheduling is removed, in this section we simply
consider a UE to be paired for MU-MIMO in a cell if there
is another UE in the cell with a precoder orthogonal to theirs,
and they have an SINR high enough to achieve an increase
in spectral efficiency over SU-MIMO operation. No specific
coupling operation is performed and whether the UE to be
paired with is already paired is not taken into account; this
simplification enables the assessment of gains without relying
on any specific scheduling process. This is assumed equally
for both reassignment-based and original cell MU-MIMO.

A. Proportion of UEs that get Reassigned

Figure 5 shows (for a deployment ratio of 0.2 and SEave

scenario) the percentage of the UEs that are, firstly, considered
for reassignment, and secondly, that actually get reassigned. To
reiterate: to be considered for reassignment a UE must, firstly,
be unable to find a pair for MU-MIMO in their original cell,
and secondly, have an SINR in a neighbouring cell such that,
if paired, they will achieve a spectral efficiency gain through
switching. In order to be reassigned, there must also be a UE
in the target neighbouring cell with a precoder orthogonal to
theirs.

We notice from Figure 5 that the number of UEs that
actually get reassigned does not change much with the number
of UEs per cell. This is because when there are few UEs in the
cell, there are fewer UEs to pair with in the original cell (so the
number considered for reassignment will be higher), although
at the same time there are also fewer UEs to pair with in the
neighbouring cells and so the percentage for whom there is
benefit from reassignment remains almost the same.
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Fig. 5. Percentage of UEs who are considered for reassignment and who get
reassigned, for DR = 0.2, SEave case.

The percentages of UEs reassigned for different DRs are
presented in Tables II and III. As well as the presented spectral
efficiency gains being based on either SEave or SEbest, the
UE reassignment decisions are also based on this. Table II
shows the percentage of UEs that are reassigned in the SEave

case, while Table III corresponds to the SEbest case.

We found that, up to a certain point, increases in cell
density will result in more nearby cells being available to
be reassigned into and hence more reassigned UEs, before
the levels of interference from those cells becomes a limiting
factor. In the SEave case, we see decreases in reassignment
levels from a DR of 0.4 upward, while for the SEbest case
this is from 0.6 upward. As more UEs will be capable of
achieving a neighbouring-cell SINR high enough for MU-
MIMO operation in their best RB than on average across all
RBs, the reassignment levels for the SEbest case are higher
than those of SEave. This is also the reason why the DR
at which neighbouring-cell interference starts to decrease the
percentage of UEs that get reassigned is higher for the SEbest

case.

TABLE II. CELL REASSIGNMENT MU-MIMO GAINS IN SPECTRAL
EFFICIENCY PER RB AVERAGED OVER ALL RBS (SEave)

Deployment Ratio 0.2 0.4 0.6 0.8
UEs reassigned [%] 6.2 5.0 3.2 2.6

Gain for reassigned UEs [%] 9.8 9.2 10.2 11.4
Gain for target UEs [%] 12.9 13.0 13.7 14.3

TABLE III. CELL REASSIGNMENT MU-MIMO GAINS IN RB OF
HIGHEST SPECTRAL EFFICIENCY (SEbest)

Deployment Ratio 0.2 0.4 0.6 0.8
UEs reassigned [%] 16.4 19.0 16.8 15.4

Gain for reassigned UEs [%] 11.9 11.8 12.0 12.4
Gain for target UEs [%] 12.0 11.6 11.9 12.3

B. Increases in Spectral Efficiency due to UE Reassignments

As pointed out previously, each time a UE is reassigned
to a neighbouring cell, both the UE that gets reassigned
and the UE that it gets paired with after reassignment (the



target UE) achieve a gain in spectral efficiency through use of
MU-MIMO, over their previous SU-MIMO operation. These
increases in spectral efficiency are also presented in Tables II
and III. As can be seen in both tables, the gain to the target
UE is often higher than the gain to the reassigned UE. The
reason for this is that the UEs within range of multiple cells
observe higher interference from neighbouring cells than those
in range of only one and as a result operate at a lower SINR,
for which the gain from using MU-MIMO is less.

Interestingly, the tables show that the gains from using MU-
MIMO to the reassigned UE are higher in the case of SEbest

than SEave, while the gains for the target UE are actually
higher in the case of SEave than SEbest. To explain this we
refer back to Figure 1. The advantage of MU-MIMO over
SU-MIMO is greatest in the medium/high SINR region and
above a certain point (roughly 11dB for ΔMUI of 0.05) the
gains given by MU-MIMO trail off. We found that often the
SINR corresponding to the RB of highest spectral efficiency
(SEbest), for a target UE, will be above this medium/high
SINR region, while their average spectral efficiency (SEave) is
more likely to be closer to this peak in gain. On the other hand,
in the main, the SINRs of reassigned UEs remain below this
peak and so the gain on their RB of highest spectral efficiency
will be higher than for the SEave case.

In this work, we consider the overall spectral efficiency
gains from MU-MIMO, over SU-MIMO, to consist of the
gains attributed to MU-MIMO of UEs in their original cell,
as well as MU-MIMO enabled through reassignments. To put
the reassignment gains in perspective, Figures 6 and 7 show
the proportion of the overall spectral efficiency gain from MU-
MIMO that is attributed to cell reassignments. These take into
account the gains to both the reassigned UE and the non-
reassigned, target UE with which they are co-scheduled, for
the two considered cases of SEave and SEbest.

As may be obvious, in the case where initially there is
only one UE in each cell, MU-MIMO can only be used if
UEs are reassigned, corresponding to 100% of the overall MU-
MIMO gain. Then, as the number of UEs per cell increases,
the percentage of UEs who will be able to perform MU-MIMO
in their original cell will increase and as a result the relative
gain of MU-MIMO-based cell reassignments decreases. We
see however that, even in the case of there being initially four
UEs per cell, if we consider only the RB of highest spectral
efficiency of each UE (SEbest), the gains from reassignments
make up roughly 40% of the overall MU-MIMO gains (cor-
responding to 63% of the gains of MU-MIMO in the original
cell alone); while when all RBs are considered, the gain is
still between 6.9% and 17.8% of the overall MU-MIMO gains
(corresponding to 7.4% and 21.7% of the gains of MU-MIMO
in the original cell alone).

VI. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper, we have proposed and investigated a new
method of increasing MU-MIMO gains in small cell networks,
which we call MU-MIMO across Small Cells. This method
involves the coordinated reassignment of UEs, who are unable
to be co-scheduled for MU-MIMO in their original cell, to
neighbouring cells in which they can perform MU-MIMO.
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over all RBs (SEave). We consider the overall spectral efficiency gains
from MU-MIMO, over SU-MIMO, to consist of the gains attributed to MU-
MIMO of UEs in their original cell, as well as MU-MIMO enabled through
reassignments. The MU-MIMO gains enabled through reassignments include
the gains to both the reassigned UE and the target UE with whom they get
co-scheduled.
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Fig. 7. Percentage of overall MU-MIMO spectral efficiency gain that is
attributed to cell reassignments, on the RB of highest spectral efficiency
of a UE (SEbest). We consider the overall spectral efficiency gains from
MU-MIMO, over SU-MIMO, to consist of the gains attributed to MU-
MIMO of UEs in their original cell, as well as MU-MIMO enabled through
reassignments. The MU-MIMO gains enabled through reassignments include
the gains to both the reassigned UE and the target UE with whom they get
co-scheduled.



The benefits of this operation are not only to the UE that
gets reassigned, but also to the UE, in the target cell, that they
get co-scheduled with. In this work we assessed these benefits
in terms of increases in the spectral efficiencies of both UEs as
a result of using MU-MIMO over SU-MIMO. We found that,
at a low deployment ratio, the percentage of UEs who were
previously unable to perform MU-MIMO and achieved a gain
in average spectral efficiency per RB from being reassigned to
a neighbouring cell was, on average, 6.2%. The gains achieved
were 9.8% for the reassigned UE, as well as 12.9% for the UE
it gets paired with in the new cell. This corresponded to 21.7%
of the previous MU-MIMO gain (pairings within original cells
only) when the initial number of UEs per cell was four, and a
higher proportion when the number of UEs was lower. Also,
when just the RB of highest spectral efficiency was considered
(instead of an average over all RBs) the gains from MU-
MIMO-based reassignments were considerably higher.

The proposed method is modular, and we expect that it
could be extended to operate alongside various single-cell
or multi-cell-coordinated scheduling techniques, which will
form part of our future investigations. When proportional fair
scheduling is taken into account, we expect that the throughput
of the reassigned UE may increase further because, before
reassignment, the considered UE operates near to the cell
edge and may not be scheduled on many RBs, while after
reassignment they will be co-scheduled on any RBs in which
the target UE is operating, which could be considerably more
if the target UE is close to the cell centre.

As our main future work, we plan on taking energy
efficiency considerations into account. MU-MIMO-based re-
assignments of UE will be performed with the added consid-
eration that if a cell becomes empty it can be switched off. We
expect this to result in an energy saving, a reduction in inter-
cell interference from the original cell, and a spectral efficiency
gain due to MU-MIMO, all at the same time.
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