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Abstract— In this paper, we consider an opportunistic in-
terference alignment scheme exploiting multiuser diversity in
the interference-limited uplink cellular networks. The spatial
degrees of freedom afforded by multiple receive antennas are
partitioned into the signal dimension and interference dimension.
We propose a method to enhance the sum rate by maximizing
the signal to generated interference and noise ratio (SGINR) in
each user. When multiple antennas are available in each user,
we also propose a transmit beamforming scheme at each user
in the direction to further maximize SGINR. We show that the
proposed methods greatly improve the sum rate compared to the
conventional opportunistic scheme.

Index Terms—Uplink cellular network, inter-cell interference,
opportunistic interference alignment, SGINR, user scheduling,
beamforming, sum rate.

I. INTRODUCTION

The capacity of the interference channel is not fully known
even in the simplest two user interference channel. Recently,
interference alignment (IA) was proposed as a degree of free-
dom (DOF) optimal scheme [1]. The basic idea is to restrict
all the undesired interference from other communication links
into a pre-determined subspace which is independent of the
desired signal subspace. However, the scheme demands that
each transmitter should have global knowledge of channel state
information of other communication links and large dimension
of time, frequency or spatial expansions.

One of the most common systems with the interference
channel is a multi-cell cellular network. The key challenge
in cellular networks is to handle the inter-cell interference [2],
[3]. Especially in the uplink multi-cell communication, the
SINR at a base station depends on the selected users in other
cells, which is generally not known to the base station. Due to
this coupled nature, user selection in each cell is challenging.

To handle the inter-cell interference in uplink user schedul-
ing, the opportunistic interference alignment (OIA) scheme
was proposed [4], [S]. The basic idea is to exploit multiuser
diversity to opportunistically align undesired inter-cell interfer-
ence to a pre-determined interference subspace. Specifically,
each base station (BS) broadcasts its pre-designed interference
directions, e.g., orthonormal random vectors, to all the users
in the system. Then, each user computes the amount of its
generating interference that affects the other BSs, and sends
it back to its home cell BS. The OIA does not require
global channel state information, time/frequency expansion,
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and a number of iterations, thereby resulting in easier im-
plementation. Furthermore, in [6], the authors mathematically
proved that the OIA-based user scheduling scheme achieves
the optimal DOF in wireless multi-cell uplink networks as the
number of users in a cell increases. However, the conventional
OIA scheme was proposed for achieving the optimal DOF
metric and its sum-rate performance can be improved by
modifying the scheduling criterion.

In this paper, we consider the OIA scheme in an
interference-limited uplink cellular network. We propose a
scheme to enhance the sum rate by maximizing the signal to
generated interference and noise ratio (SGINR) in each user.
The basic idea of SGINR was proposed in [7]-[9]. When mul-
tiple antennas are available in users, we also propose transmit
beamforming at each user to further maximize SGINR. We
show that the proposed schemes greatly improve the sum rate
compared to the conventional ones.

In summary, the main contribution of this paper is the
development of a scheme that maximizes SGINR and utilizes
transmit beamforming in the OIA scheme to enhance the sum
rate of the system .

This paper is organized as follows. In Section II, we describe
the system model and develop the sum rate of the system.
In Section III, we describe the conventional schemes. In
Section IV, we propose a scheme to enhance the sum rate
of the system by considering joint scheduling and transmit
beamforming based on SGINR metric. In Section V, we show
numerical results. We conclude in Section VI.

II. SYSTEM MODEL

We consider an uplink time division duplex (TDD) cellular
system with N, cells as in Fig. 1. Each cell has one base
station (BS) and N users. Each base station is equipped with
N, receive antennas and each user has N, transmit antennas.
A channel from user-j in cell-i to BS-k is denoted as Hi(f)
which is an N, x N, matrix. We assume that the channels are
reciprocal between the uplink and the downlink. Each entry of
the channel matrix is assumed to follow a complex Gaussian
distribution CA(0,1),! and all the entries are assumed to be
mutually independent of one another.

LCN (11,02) denotes a circularly symmetric complex Gaussian distribution
with mean g and variance o2,
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Fig. 1. System block diagram for an uplink cellular system.

Let S; and Z; denote the signal subspace and the inter-
ference subspace of BS-i where 1 < i < N,,. We assume
that S; and Z; are orthogonal and that the dimension of each
subspace is N, and N, respectively. Let u;,, and v, denote
the orthonormal basis vectors for S; and Z; respectively, where
1 <m<Ng,, 1 <n<N,1<N, <N, and
Ny, + N, = N,. We assume that these vectors are available
to users through the broadcast system message. At each
scheduling instant, user selection and data transmission consist
of five stages; (i) broadcast of the basis vectors for the signal
dimension in each BS (ii) feedback of one analog value from
each user which is based on the SGINR metric, (iii) selection
of N, users at each BS based on the feedback received from
all the users in the cell, (iv) uplink data transmission of the
selected users employing transmit beamforming, and (v) signal
detection at each BS.

Specifically, in the first stage, BS-i broadcasts the basis
vectors u;,, for the signal dimension. These are randomly and
independently generated in each BS. In the second stage, user-
7 in cell-i measures the downlink channel coefficients from all
the BSs (i.e., Hi(;c) for 1 < k < N). For the proposed method,
the user computes a certain matrix K;; based on the measured
channel coefficients and finds the appropriate eigenvalue L;;
from K;;. Although K;; and L;; are developed based on the
SGINR metric, the method of development can be applied
to the conventional metric, e.g., GIN (generated interference
to other cells) or SNR (signal to noise ratio) metric. Then,
the user feeds back the eigenvalue to its own BS. Details of
feedback information will be elaborated in Section IV. In the
third stage, BS-i selects N, users, each of whom is denoted
as m;(¢) for 1 < ¢ < Ng. A set of the selected users at BS-
1 is denoted as II;. The scheduling policy for user selection
will be given in Section IV. Suppose in the third stage that
user-j is selected in cell-i. In the fourth stage, the selected
user computes the beamforming vector w;;, which is used
to transmit data x;;. In the fifth stage, BS-i employs a zero-
forcing (ZF) receiver utilizing the basis vectors v;, for the
interference dimension to retrieve each message of the selected
users treating others as noise.

Let p;; denote the signal to noise ratio (SNR) of user-j

at BS-i. Let 772?) denote the interference to noise ratio (INR)

of user-j in cell-¢ to BS-k. Then, the received signal in BS-7
satisfies the equation

N
yi =D VP Hi Wit 30 3 o\ G v a2
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where x;; denotes the transmitted message from user-j in cell-
7 and z; denotes the additive white Gaussian noise (AWGN)
vector at BS-i which follows CA/(0, In, ). Here, In, denotes
the N, x N, identity matrix. We assume that the zero-forcing
detection is employed at each base station for message detec-
tion. The ZF matrix is constructed including the interference
subspace as follows:
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The messages for the desired users are retrieved by multiplying
Hj to the received signal and extracting the first N, elements
in the resulting vector as follows:

[Eimo(1), s Bimy(Np)) = DH!y;, (3)

where D denotes N, x N, matrix obtained by the first N,
rows of IkaNR.

A. Sum rate of the system
The signal after ZF processing for the received signal in (1)
is given by

VPimi(1) Lim; (1)
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It is shown in Appendix A that the instantaneous SINR;, ()
for the selected user 7;(¢) in cell-i is given by

Pim; ()
i i i H H
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where <->, denotes the /" diagonal element of a matrix.
Then, the sum rate per cell can be obtained by taking an
average over all H, ,i;-)’s as
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III. CONVENTIONAL SCHEMES WITHOUT TRANSMIT
BEAMFORMING

In this section, we briefly take a look at how the feedback
information L;; is computed when we do not consider transmit
beamforming as in [4], i.e., single-input and multl})le output
case (SIMO). Thus in (1), we have w;; = 1 and H
i.e., in a vector form of N, x 1.

A. Selecting the users with the large in-cell channel power
(Max-SNR)

One simple scheme for user selection is that each base
station selects the users with the good channel condition within
a cell. The feedback information for a user-j in cell-7 is simply
the magnitude of a channel to BS-i as follows:

L= w3

@)

Then, users feedback L;; to their own base station and BS-i
selects Ny, users m;(¢),1 < ¢ < N, who have one of the

ST?

largest-Ng, L;;’s out of INj; values as follows:

’/Tz(f):_], s.t. Lij:Li[g], ]VIJS—NST—&-lSZS]\/LS, (8)
where L;[g denotes the order statistics of L;; in j such that

B. Minimizing the generated interference [4] (Min-GIN)

To make interferences from other cells align in each cell
in an opportunistic way, a scheme to minimize the generated
interference was proposed in [4]. For a metric to measure
the interference to BS-k from user-j in cell-i, the leakage is
defined as

2

NSG NSG
k H k H k
L§j>: Z(ukmhz('j))ukm = Z kmhgj) (€))
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We see that this metric is the 2-norm of the channel hgj@
projected to the subspace Si. The total generated interference
is given by

(10)

ST
k=1,k#i
Then, users feedback L;; to their own base station and BS-i
selects Ny, users m;(¢),1 < ¢ < N, who have one of the
smallest-Ng. L;;’s out of N values as follows:

mi(€) = J, Lij = Lijg, 1 <L < Ng. (1D

IV. PROPOSED SCHEME WITH JOINT SCHEDULING AND
TRANSMIT BEAMFORMING BASED ON
SGINR(MAX-SGINR)

In this section, we propose a scheme to enhance the sum rate
by maximizing SGINR of each user when multiple antennas
are available to each user. To this end, we utilize the SGINR
metric and develop a transmit beamforming vector for each
user, so that we construct the strategy of joint scheduling and
transmit beamforming, which justifies the procedure of the
system operation in Section II.

s.t.
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Transmit beamforming affects the SINR at all the receivers
in the network by influencing the received interference signal.
Thus, we need joint optimization to find the optimal transmit
beamforming weights to maximize SINR in each receiver,
which is usually very complicated. Instead, the SLNR (signal
to leakage and noise ratio) or SGINR metric was proposed in
[7]-[9], which enables separate optimization for each trans-
mit beamforming vector and thus reduces the computational
complexity greatly. It was shown that the metric works well
especially in the high SINR case [7]-[9].

We note that the conventional scheme in Section III-B does
not consider how good is a channel of a selected user within
its own cell. To improve the sum rate, we propose that each
base station should select users who have a large component
projected to its own signal subspace in addition to generating
small interferences to other cells, i.e., the large SGINR.
Considering the concept of SGINR [7], we can compute the
SGINR of user-j in cell-i as follows;

Pij o [0 H w2
1+ ZfCVB:SLk#l UI(CZJ) Z'm 1 |uknLH(k)Wij|2
(12)
We note in (12) that the numerator represents the 2-norm of
the signal component projected to the signal subspace S; of
user-j’s own BS-i (i.e.,Hi(;)wij — &;), and the denominator
represents the noise power and the sum of 2-norm of the
generated interference components projected to the signal
subspace S of the interfering BS-k (i.e.,Hff)wij — Sp),
when a transmit beamforming vector w;; is used. After some
manipulation of (12), we can rewrite SGINR;; as

SGINR;; =

/)7,7W H(z {Zm lu’bmuzm}Hi(;)Wij

iy (T 08 ) B (00 il L Yo
(13)
The objective of joint user scheduling and transmit beam-
forming is to maximize SGINR;; in (13). The problem of
finding the optimal w;; to maximize SGINR;; in (13) can
be solved using the Rayleigh-Ritz theorem related to the
generalized eigenvalue problem [10]. Several similar examples
are also found in [7], [8]. To formulate the problem more
specifically, let us define Ksging,ij as

JVBS . & " NSG " E
KsGINR,ij = pij (IJF Z WI(CZJ)Hi(j) { Z ukmukm}Hi(j )>
k=1,k#i m=1
S w2 VAT

where (a) follows from the eigenvalue decomposition. Then,
the problem of finding the optimal transmit beamforming
vector to maximize SGINR;; in (13) can be written as [10]

WO

o (15)
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Fig. 2. Sum rate comparison of Max-SGINR, Min-GIN, and Max-SNR
schemes. (N = 1)

and the solution is obtained through the eigenvector corre-
sponding to the largest eigenvalue of Ksging,ij. Thus, feed-
back information for user-j in cell-¢ can be found as

L”— max <A”>gg (16)

1<¢<N,

Based on this feedback information, each base station selects
N, users who have the largest L;;’s out of N values as
follows:

Wl(f) :j, s.t. Lij = Li[€]7 NJS—NST—FI < / < NJS. (17)
Finally, selected users utilize w” in (15) as their transmit
beamforming vector, which justifies the system operation

procedure in Section II.

V. NUMERICAL RESULTS

In this section, we present simulation results for the pro-
posed scheme and compare its performance with the con-
ventional schemes. The common system parameters are as
follows: N, = 4, Ny, = 3, N;; = 2, SNR = INR = 10dB.
The other parameters are shown in each figure.

In Fig. 2, we show the sum rate results of the proposed
Max-SGINR scheme in Section IV and compare them with
two other conventional schemes, Min-GIN and Max-SNR in
Section III. The sum rate is depicted as a function of the
number of users (N, ). We find that the Max-SGINR scheme is
the best among three schemes with both N, = 2 and N, = 4
In this figure, we do not assume transmit beamforming since
N, = 1. Thus, the gain comes from the scheduling policy
based on maximizing SGINR.

In Fig. 3, we demonstrate the effect of transmit beamform-
ing combined with user scheduling. We can see that all of
Max-SGINR, Min-GIN, and Max-SNR schemes obtain the
transmit beamforming gain when we increase N, to 3 from
1. However, we note that the gain in the Max-SGINR scheme
and the Min-GIN scheme is much larger than that of the Max-
SNR scheme, which implies that transmit beamforming should
be devised considering generated interference in the cellular
network.

6N, =4 N,=3 Ny,=3 N,=2
5N, =3
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Fig. 3.
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Effect of transmit beamforming combined with user scheduling.

VI. CONCLUSION

In this paper, we proposed a method to enhance the sum
rate by maximizing the SGINR in each user. When multiple
antennas are available in each user, we also proposed a
strategy of joint user scheduling and transmit beamforming to
further maximize SGINR. We show that the proposed methods
greatly improve the sum rate compared to the conventional
opportunistic scheme.

ACKNOWLEDGMENT

This work was supported by the IT R&D program of
MKE/KEIT. [Project No. 10038765, Development of B4G
Mobile Communication Technologies for Smart Mobile Ser-
vices].

Prof. B. Rao’s work was supported by the National Science
Foundation grant no. CCF-1115645.

APPENDIX A
DERIVATION OF SINR

Let A2 38 soti Dje /0 Hi) W ar; in (4). Then,
covariance of A is given by

cov(A4, A) Z Z nkZ)H(z)wkj H( )Wk]) (18)
k=1,k#i j€ I}
because E[zy;z),,] = O0redjm where i, denotes the Kro-

necker delta. Since cov (z;,z;) = In, xn, from the complex
Gaussian noise assumption, covariance of HI (A +2), ie,

cov (HI(A + z;), HI(A + zl)> is given from (18) by

Ngs
HI Z Z W(Z)H(Z Wi ( Hl(cg Wij) HT +(H;H,) ™
k=1,k#i j€ 11}
(19)
The SINR of the selected user 7;(¢) in (4) is given by

piﬂ',‘,([)

SINR;; = <cov (HI(A +2;), HI (A + Zi))>

) (20)
o
which reduces to (5) from (19).

357



(11

(2]

(3]

(41

[51

REFERENCES

V. R. Cadambe and S.A. Jafar, “Interference alignment and degrees of
freedom of the K -user interference channel,” Information Theory, IEEE
Transactions on, vol. 54, no. 8, pp. 3425 —3441, 2008.

S. Shamai and A.D. Wyner, “Information-theoretic considerations for
symmetric, cellular, multiple-access fading channels. 1" Information
Theory, IEEE Transactions on, vol. 43, no. 6, pp. 1877 —1894, Nov.
1997.

J. G. Andrews, W. Choi, and R. W. Heath, “Overcoming interference in
spatial multiplexing mimo cellular networks,” Wireless Communications,
IEEE, vol. 14, no. 6, pp. 95 —104, 2007.

B. C. Jung and W. -Y. Shin, “Opportunistic interference alignment for
interference-limited cellular tdd uplink,” Communications Letters, IEEE,
vol. 15, no. 2, pp. 148 —150, Feb. 2011.

B. C. Jung, D. Park, and W. -Y. Shin, “A study on the optimal degree-of-
freedoms of cellular networks: Opportunistic interference mitigation,” in
Signals, Systems and Computers (ASILOMAR), 2010 Conference Record
of the Forty Fourth Asilomar Conference on, Nov. 2010, pp. 2067 -2071.

358

(o]

(71

[8]

(9]

[10]

D. Park B. C. Jung and W. -Y. Shin, “Opportunistic interference
mitigation achieves optimal degrees-of-freedom in wireless multi-cell
uplink networks,”  submitted to IEEE Trans. on Communications,
http://arXiv.org/abs/1006.2380.

B. Lee, H. Je, O.S. Shin, and K. B. Lee, “A novel uplink MIMO trans-
mission scheme in a multicell environment,” Wireless Communications,
IEEE Transactions on, vol. 8, no. 10, pp. 4981 —4987, 2009.

M. Sadek, A. Tarighat, and A.H. Sayed, “A leakage-based precoding
scheme for downlink multi-user mimo channels,” Wireless Communica-
tions, IEEE Transactions on, vol. 6, no. 5, pp. 1711 —1721, May 2007.
M. Sadek, A. Tarighat, and A.H. Sayed, “Active antenna selection in
multiuser mimo communications,” Signal Processing, IEEE Transac-
tions on, vol. 55, no. 4, pp. 1498 —1510, 2007.

G. Golub and C. V. Loan, Matrix Computations, The Johns Hopkins
Univ. Press, Baltimore, MD, 3rd edition, 1996.



