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environment.

We propose an interference-aware user selection scheme for uplink multiuser multiple-input multiple-output
systems in a multicell environment. The proposed scheme works in a distributed manner. Each mobile station
determines its transmit beamforming vector based on the locally available channel state information, and informs
the associated base station (BS) of the amount of potential interference caused to adjacent cells along with the
resulting beamforming vector. Then, the BS selects a set of users to be served simultaneously with consideration of
intercell interference. The user selection scheme is devised either to maximize the sum rate or to achieve
proportional fairness among users. For each case, we derive an optimal user selection criterion and propose a
suboptimal distributed user selection algorithm with low complexity. Simulation results confirm that the proposed
scheme offers significant throughput enhancement due to reduction of the intercell interference in a multicell

Introduction
Multiuser multiple-input multiple-output (MU-MIMO)
is widely accepted as a key technology for enabling high-
speed wireless access. In the uplink MU-MIMO systems,
multiple mobile stations (MSs) are allowed to simultan-
eously transmit their signals to the base station (BS) to
increase the system capacity. Under this scenario, the
system performance may depend on the set of transmit-
ting users and their transmit beamforming vectors [1-3].
In [1], a general framework for transmit beamforming
and user selection was developed based upon general
convex utility functions. In [2], successive user selection
algorithms were proposed along with optimization of
transmit beamforming vectors. In [3], various low-
complexity beamforming and user selection schemes
were proposed. All these works, however, have dealt with
only a single cell environment where the intercell inter-
ference does not exist.

Intercell interference is one of the most critical factors
that limit the performance of cellular systems, especially
for low-frequency reuse factor. There have been several
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works on MIMO that account for the intercell interfer-
ence in a multicell environment [4-7]. In [4], it was
reported that the performance of spatial multiplexing
MIMO scheme is significantly degraded in an
interference-limited multicell environment. In [5], an
optimal MIMO transmission strategy was studied when
the channel state information (CSI) is not available at
the transmitter. For the case when the CSI is available at
the transmitter, a centralized precoding scheme that
maximizes the total sum rate was proposed in [6]. In [7],
a precoding scheme was proposed to maximize the total
sum rate in a distributed manner. However, these works
have been based on a single user MIMO system where
only one MS is served at a time. MU-MIMO systems
were only recently investigated in a multicell environ-
ment [8-10]. In [8], downlink multicell MU-MIMO sys-
tems were discussed from the aspects of tradeoffs,
overhead, and interference control. In [9], scheduling
schemes were developed for the downlink multicell
MIMO systems. Uplink MU-MIMO systems were ana-
lyzed in [10] in the case that the adjacent BS’s are
allowed to cooperate.

In this article, we develop an interference-aware user
selection scheme for uplink MU-MIMO systems in a
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multicell environment. The scheme comprises of two
steps and works in a distributed manner. In the first
step, each MS determines its transmit beamforming vec-
tor. By utilizing the previous result on the interference-
aware beamforming proposed in [7], we can effectively
reduce the interference caused to adjacent cells. In the
second step, each BS selects a set of users to be served
simultaneously to realize multiuser diversity with consid-
eration of interference caused to adjacent cells as well as
the desired link performance. The user selection scheme
is developed so to maximize the sum rate or to achieve
proportional fairness among users. For each objective,
we derive an optimal user selection criterion and
propose a suboptimal distributed user selection algo-
rithm with low complexity. Simulation results are pro-
vided to show the throughput enhancement of the
proposed scheme.

The rest of this article is organized as follows. Section
2 describes the system model. In Section 3, we explain
distributed beamforming schemes. In Section 4, we
propose an uplink user selection algorithm based on the
beamforming vectors. Simulation results are presented
in Section 5, and conclusions are drawn in Section 6.

We define here some notation used throughout this
article. We use boldface capital letters and boldface
small letters to denote matrices and vectors, respectively,
()T and ()" to denote transpose and conjugate trans-
pose, respectively, det(-) to denote determinant of a
matrix, tr(-) to denote trace of a matrix, (-)”* to denote
matrix inversion, ||-|| to denote Euclidean norm of a
vector, Iy to denote the N x N identity matrix.

System model

We consider the uplink of an MU-MIMO system com-
prised of L cells where there are K users in each cell. Each
MS and each BS are equipped with N, transmit antennas
and N, receive antennas, respectively. The kth MS in the
ith cell is assumed to communicate with the BS in the ith

cell by using a transmit beamforming vector w( )
The received signal vector y; at the BS in the ith cell
can be expressed as

Z (k)

kGS

+ Z ST/ aw O +n;, (1)

j=1j#i keS;

where S, denotes the set of selected users to be simul-
taneously served in the ith cell. We assume that the
maximum number of selected users per cell is N,. x<k>
denotes the 1nput symbol transmitted from the kth MS

in the ith cell, H ) denotes an N, x N, channel matrix
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between the kth MS in the jth cell and the BS in the ith
cell. We assume a flat fading channel in both time and

frequency. The elements of HE? and xl@ are assumed to
be independent and identically distributed (i.i.d.) circu-
larly symmetric complex Gaussian random variables
with zero mean and unit variance. In (1), n; denotes the
additive white Gaussian noise (AWGN) vector at the BS

in the ith cell with each element having unit variance,
pfk> denotes the signal- to noise ratio (SNR) of the kth
MS in the ith cell, and 11 ) denotes the interference-to-
noise ratio (INR) for the 1nterference that the kth MS in
the jth cell causes to the BS in the ith cell.

We assume that each BS performs a linear minimum
mean-square error (MMSE) detection to suppress the
residual interference and detect the desired signal. The
MMSE combining vector ggk) used in receiving the kth
MS’s signal in the ith cell is expressed as

H -1
k k k k ik
= (Vo) () )

where KNI denotes the covariance matrix of the noise
plus received interference signal which is given as

Ky = Iy,
CS () ()
k’esi,k’;ék '
/ k / k/ k/ H
S () ()
j=1j#i K'€S;

(3)

In (3), the first term is due to the AWGN, and the sec-
ond and third terms represent the intracell interference
and intercell interference, respectively. The post proces-
sing SINR of the kth MS’s signal in the ith cell is repre-

sented as
(Vo) ) (Vo)
(4)

Then, the achievable rate of the kth MS in the ith cell
is calculated as

SINR¥

o = log(l + SINR§k)). (5)

Since the achievable rate is affected by the intercell
interference, the optimal design for transmit beamform-
ing and user selection needs a system-wide centralized
optimization, which requires a lot of feedback and huge
signaling overhead among cells, making the algorithm
impractical. Instead of a centralized approach, we take a
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distributed approach for determining transmit beam-
forming vectors and the corresponding set of users, as
illustrated in Figure 1. In the first step, each MS deter-
mines its transmit beamforming vector based on the lo-
cally available CSI and calculates the amount of
potential interference caused to adjacent cells. Then,
each MS informs the associated BS of the amount of
interference to adjacent cells along with the determined
beamforming vector. In the second step, each BS selects
a set of users to be simultaneously served based on the
information received from MSs. The BS then broadcasts
the indices of selected users with appropriate modula-
tion and coding schemes level. Finally, the selected users
transmit their own data to the BS. It must be noted that
the proposed approach based on the local CSI will pro-
vide a more practical solution than the centralized
optimization from the viewpoint of feedback overhead
and computational complexity, although it may not
guarantee the optimality. We explain details of the trans-
mit beamforming and user selection scheme in the fol-
lowing two sections.

Transmit beamforming

In this section, we explain transmit beamforming
schemes that were proposed in [7] for the case of single
user MIMO in a multicell environment. We assume
that each MS independently determines its transmit
beamforming vector based on the locally available CSI.
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We define the desired channel Hg'k) and interference
generating channel Hg’lk> for the kth MS in the ith cell as

ik K)gy(k
HpY = /o H], (6)
B k k
\/ }7§,i)H(1.i)

(k) 3y(k)
i HiTh
’ . (7)

k k
’7§+>1,iHl('+>1.i

k k
ML HY

We assume that the kth MS can obtain Hg’k)

Hg’lk)H Hgik) by exploiting the channel reciprocity. This

is possible for time division duplex systems. For example,

the MS in the ith cell can estimate Hg‘k> through downlink
signal that comes from the BS in the ith cell. Similarly, the

MS can determine Hg’lkm Hgil<> by estimating the covari-

ance matrix of aggregate interference signals that come
from adjacent cells during the downlink period. Based on
the above assumptions, we introduce two distributed trans-
mit beamforming schemes proposed in [7]: MAX-SNR
beamforming and MAX-SGINR beamforming.

and

BS

MS

Determine transmit beamforming vector

Calculate the amount of interference
to adjacent cells

Feed back transmit beamforming vector and the
amount of interference caused to adjacent cells

Select users to be served

— The indices of selected users with MCS levels

—»

Data transmission

Figure 1 The proposed approach for distributed transmit beamforming and user selection.
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MAX-SNR beamforming

The MAX-SNR beamforming vector is constructed to
maximize the desired signal power without consideration
on the intercell interference. The MAX-SNR beamforming
vector of the kth MS in the ith cell can be expressed as

Wit = argmax [ wi¥||> st[jwl|P =1, (8)

k
Wl

The solution of (8) can be obtained as the eigenvector
corresponding to the largest eigenvalue of Hg’k)H Hg'k).
MAX-SGINR beamforming
The MAX-SGINR beamforming vector is determined
considering not only the desired signal power, but also
the intercell interference caused to adjacent cells. The
metric called signal to generated interference plus noise
ratio (SGINR) at the kth MS in the ith cell is defined as

ik) (k)2
IHS w|

SGINR"! = — =20,
1+ |[Hg 'w;"[|

©)

where the numerator corresponds to the desired signal
power and the denominator represents the noise plus
interference caused to adjacent cells by the kth MS in
the ith cell. The MAX-SGINR beamforming vector max-
imizes the SGINR at each MS as

; 2
arg max_ | \H]()l’mwgk) [l

(k)

2
WSGINR: = I

s.t.|[w)

ik). (k)2
1+ |HE w|

=1 (10)

The solution of (10) can be obtained as the eigen-
vector corresponding to the largest eigenvalue of

. . -1 . .
(INl +Hg{‘>HHgf>) HIOHHEY The MAX-SGINR

beamforming effectively reduces the interference to adja-
cent cells while maintaining the desired signal power. It
is shown in [7] that the MAX-SGINR beamforming ap-
proximately maximizes the total sum rate for multiple-
input single-output systems in a two-cell environment.

After determining a transmit beamforming vector,
each MS calculates the amount of interference caused to
adjacent cells as

k ik k
BY = |IHG w2, (11)

where [j‘gk) denotes the amount of interference caused to

adjacent cell by the kth MS in the ith cell. Note that /)’Sk)
depends on the transmit beamforming vector. Each MS
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)

informs the associated BS of wgk and /351() for user

selection.

User selection

In this section, we develop user selection schemes with
two different objectives: sum rate maximization, and
proportional fairness (PF). For each objective, we first
derive an optimal user selection criterion and then
propose a suboptimal distributed algorithm with low
complexity.

Sum rate maximization

We begin with a conventional user selection algorithm

for sum rate maximization, which was proposed for a

single cell environment. In this case, each BS selects

users to maximize only the sum rate of its own cell as
Sconvi = argmaer}k) fori=1,2,...,L. (12)

S; kesS;

However, this solution is not optimal in a multicell en-
vironment due to the intercell interference. In order to
maximize the total sum rate of the L cells, we modify
the formulation of (12) as

L
(Soptlysopﬂ» cee 7soptL) = argmaXZerl(). (13)
(51,82, --8) =1 keS;

The solution of (13) can only be obtained through
centralized optimization among cells, which requires
perfect CSI, a lot of signaling overhead among cells, and
very high computational complexity. As a more practical
solution, we propose a suboptimal distributed user selec-
tion algorithm with low complexity. The algorithm is
described as in the following steps.

Step 1. Initialization: S; = {}.

Step 2. knew = arg max, AC(k).

Step 3. If AC(kpew) > 0, then S; = S; U {kpew } and go
back to the Step 2; otherwise terminate the algorithm.

Each BS independently selects users to be served by
using the above algorithm. In Step 1, the set S; of
selected users is initialized. In Step 2, the BS chooses
one user among the users not in S; so as to maximize
the amount of the change in the total sum rate. Note
that AC(k) denotes the amount of the change in the
total sum rate when the kth user is added to S;. In Step
3, if the addition of the selected user in Step 2 increases
the total sum rate, then the BS adds the user to S; and
goes back to Step 2. Otherwise, the algorithm terminates
and the final set of selected users is given by S;.

The most challenging part of the above algorithm is to
calculate AC(k) without sharing information among
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neighboring cells. We can split AC(k) into two compo-
nents as

AC(k) = Acgain(k) - AClOSS(k)7 (14)
where ACgam(k) denotes the sum rate increment in the
ith cell by adding the kth user to S, and ACies(k)
denotes the sum rate decrement in adjacent cells by add-
ing the kth user to S; due to the increased interference.

The BS can easily calculate ACg, (k) as

S0,

A Cgain (k ) = i
k'eS;U{k} k'eS;

(15)

However, it is difficult to calculate ACjys(k) in the dis-
tributed manner, since ACj,s(k) is dependent on the set
of selected users in adjacent cells. Instead of directly cal-
culating ACjss(k) , we propose to estimate ACioss(k)

based on ﬁgk) which is fed back from the kth MS in the

ith cell. Note that ﬁgk) represents the amount of interfer-
ence caused to adjacent cells by selecting the kth user in
the ith cell. The main idea is to estimate AC. (k) by
calculating the sum rate decrement in the ith cell to
which the BS belongs, with additional interference with

(k)

the power ;. Then the estimated sum rate decrement

ACloSS(k) in adjacent cell can be expressed as

aCus = 32 A= 52 i (pY),

k’ESiU{k} k’eSiu{k}

(16)

where ?i(k ) (/)’fk)) denotes the achievable rate of the k’th
user in the ith cell with additional interference of the

power ), and it can be calculated as
) () = tog(1+ SR () ).
where
SINR ( > (\/7H W,
(Vo (k'>>7

(17)

f(r(viik ) (/im) ( A([)> Iy, + 2k esi #kl’,(k’) <Hi(‘:(’)wi(k’>>

y (HET')WEk')>H . EL: > m(lk) (Hi(']’f')wj(k')>

j=Lj#ik s,

(19)
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From (15) and (16), the estimated AC(k) can be
obtained as

AC(k) = ACgin(k) — ACioss (k)

() - oA

k'eS;

(20)
KeSUk}

The proposed algorithm requires at most KN, compu-
tations of AC(k) per cell, since users are successively
selected.

Proportional fairness

The proportional fairness (PF) scheduling -effectively
provides a trade-off between the average throughput and
fairness among users [11]. The conventional PF schedul-
ing was originally proposed for a single cell environ-
ment. In this case, each BS selects users as

K
Sconvi = argmax  _ log (Rl(k)) for i
Si k=1

=1,2,...,1L, (21)

(k)

where R;” denotes the average throughput estimate of

the kth user in the ith cell. We assume that I_ng) is calcu-
lated as

ey,
. " if served at ¢
if not served at ¢

(22)

where T, is the time constant of the averaging window.
The solution of (21), however, does not guarantee the
system-wide PF due to the intercell interference.

We consider an optimal user selection criterion for
the system-wide PF, which can be expressed as

(Sopth Sopt27 ) SoptL) = argmax (ul)7 (23)

(81,82, ..S1)

where U is the system-wide PF utility function expressed
as

L K

=33 log (RE”). (24)
i=1 k=1

As in (13), the optimal solution of (23) needs centra-

lized optimization among cells. Here, we also propose a

suboptimal distributed algorithm. Instead of U in (23),

we use another utility function U, given as

=TT (1)

i=1 keS;

(25)
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As provided in the Appendix, the optimization prob-
lem (23) remains the same even though U is replaced
with U,. The use of U, enables the user selection algo-
rithm to work in a distributed fashion with low compu-
tational complexity. Based on the newly defined utility
function U, the proposed algorithm works as follows.

Step 1. Initialization: S; = {}.

Step 2. knew = argmax, Al (k).

Step 3. If AUy (knew) > O, then' S; = S; U {kyew} and go
back to the Step 2, otherwise terminate the algorithm.

Note that the above algorithm is the same as the dis-
tributed algorithm developed in Section 4.1, except that
AC(k) is replaced by Al (k), which denotes the amount
of the change in U, when the kth user is added to Si.

As in (14), Al (k) can be expressed as

AUz(k) = AUZgain(k) - AuZloss(k); (26)

where Allg,in(k) denotes the increment of U/, in the ith
cell by adding the kth user to S; which can be expressed
as

(k")
1
Angain(k) = H (1 + —L—k/>
KeS;Ulk} Tc— 1R§ )

_ | I <]_ +Lﬁ)
_15k) |’
k'eS; Tc lRl( )

Alyess(k) in (26) denotes the decrement of U, in adja-
cent cells by adding the kth user to S; due to the
increased interference. Like the approach used for the
total sum rate maximization, we propose to estimate
AuZloss(k) as

oK) =[] ( 1A
Au2loss k) = 1+ —_ZT
KesUk} T.—1R%

4

~ (k' k
()
RY

(27)

k' eS;U{k} -1

(28)

Then, by using (27) and (28), the estimation of Al (k)
can be found as

(k) (k)
Atk = ] |1+ ! M

K'es;U{k} :

H <1+ 1 r}k’))
- T 150 )
k'eS; I 1R§ )

This algorithm also requires at most KN, computa-
tions of AU, (k) per cell.
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Simulation results

In this section, we evaluate the performance of the
transmit beamforming and user selection algorithms dis-
cussed in Sections 3 and 4 using computer simulations.
We consider a wrap-around hexagonal model with seven
cells as shown in Figure 2. There are K users per cell
who are assumed to be uniformly distributed over the
cell. Each channel between the MS and BS is assumed to
experience an independent long-term fading comprised

of the path loss and log-normal shadow fading. Corres-

pondingly, p§k> and 1757];) in (1) can be expressed as

B e
Pl =107 (a)) ",
W (30)
n) =105 (d) B,

where di];) is the distance between the BS in the ith cell

and the kth MS in the jth cell, a is the path loss expo-
nent, and sl(f-) is a zero-mean Gaussian random variable
that stands for the shadow fading. It is assumed that the
long-term power control perfectly compensates for the
long-term fading so that a given target SNR is satisfied
at the BS. In the following simulation, the path loss ex-
ponent, log standard deviation of the shadow fading, and
the target SNR are set to 3.7, 8 dB, and 10 dB,
respectively.

We first consider user selection for the sum rate
maximization. Figures 3 and 4 depict the average achiev-
able sum rate per cell versus the number of users for

Figure 2 Wrap-around hexagonal model with seven cells.
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Figure 3 The average achievable sum rate per cell versus the number of users for N;=N,=2.

N,=N,=2 and N, =N, =4, respectively. The performance
of the centralized user selection derived from an ex-
haustive search is plotted together as an upper bound.
However, the results are provided only up to eight users
due to very high computational complexity. It is shown
that the MAX-SGINR beamforming outperforms the
MAX-SNR beamforming, and the proposed user selec-
tion scheme outperforms the conventional one. It must

be noted that the proposed user selection gain increases
with the number of users, and that the gain is more dis-
tinguished than the beamforming gain. For the case of
K=16 and N;=N, =2, for example, the proposed user
selection scheme is shown to provide as much as
2.72 bps/Hz improvement over the conventional user se-
lection scheme, when the MAX-SGINR beamforming is
adopted. Under the same conditions, the gain of the

T T T T T T T T T T 71
20 [-{ —*— centralized user selection with MAX-SGINR BF

| | —k— proposed user selection with MAX-SGINR BF g
N 18 || —®— proposed user selection with MAX-SNR BF
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4r */Ti 1 1 I
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Number of users
Figure 4 The average achievable sum rate per cell versus the number of users for N;=N,=4.
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Figure 5 The average amount of generated interference per cell versus the number of users for N;=N,=2.

MAX-SGINR beamforming over the MAX-SNR beam-
forming is 0.65 bps/Hz, when the proposed user selec-
tion scheme is applied. Figure 5 depicts the average
amount of generated interference per cell for N,=N, =2.
It is shown that the proposed user selection scheme con-
siderably reduces the generated interference especially
for a large number of users.

Now we consider the case of the PF utility. Figures 6
and 7 depict the system-wide PF utility U; and the

average achievable sum rate per cell, respectively, versus
time for K=16, N;=N, =2, and T, =200 slots. As in the
case of the sum rate maximization, the MAX-SGINR
beamforming outperforms the MAX-SNR beamforming,
and the proposed user selection scheme outperforms
the conventional one. The results in Figure 6 also
imply that the proposed scheme improves the fairness
among users as compared to the conventional scheme.
Correspondingly, the proposed user selection scheme

-100 T T T T

450 posed user selection —

-200 e - o B S
5 -250 P """" R
L
O =800 |t o T e e -
S -350 AN NG [ S -
z “conventlonal user selection
9 400 . ’(1’” // i S : e |
7 )l
>
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[} —— proprosed user selection MAX-SGINR BF
[E 500 - proprosed user selection with MAX-SNR BF

—— conventional user selection with MAX-SGINR BF
550 b [/ - conventional user selection with MAX-SNR BF
i conventional user selection without BF
-600 i | i | i | i

Figure 6 The system-wide PF utility versus time for K=16 and N;=N,=2.
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Figure 7 The average achievable sum rate per cell versus time for K=16 and N,=N,=2.

with the MAX-SGINR beamforming provides the best
performance.

Conclusion

In this article, we have developed an interference-aware
distributed user selection scheme for uplink MU-MIMO
systems in a multicell environment. Multiple transmit
antennas at each MS are utilized for transmit beamform-
ing to reduce the interference caused to adjacent cells.
Multiple receive antennas at each BS are utilized for re-
ceiving the signals from the selected users and suppres-
sing intercell interference. We have derived system-wide
optimal user selection criteria and proposed distributed
user selection algorithms with low complexity. Simulation
results have shown that the proposed user selection

= arg max
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scheme provides significant performance improvement in
a multicell environment.
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