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Abstract—Multiple-input multiple-output (MIMO) precoding
scheme is developed for time division duplex (TDD) systems in a
multicell environment. The proposed scheme is designed to max-
imize the total achievable rate, and to work in the decentralized
manner with only locally available channel state information
(CSl) at each transmitter. We first establish and solve a decentra-
lized optimization problem for the case of multiple-input single-
output (MISO) channels. We introduce a new precoding design
metric called signal to generating interference plus noise ratio
(SGINR). Based on the SGINR metric, the MISO precoding
scheme is extended to general MIMO channels. Simulation re-
sults confirm that proposed precoding scheme offers significant
throughput enhancement in multicell environments.

l. INTRODUCTION

Multiple-input multiple-output (MIMO) is widely accepted
as a key technology for enabling high quality wireless access.
Most of works on MIMO have focused on capacity or diversity
improvement in a single cell scenario [1]-[4]. Recently, there
has been increasing interest in the effective use of multiple
antennas in a multicell environment [5]-[9]. Due to mutual
interference among cells, performance features of MIMO in a
multicell environment are quite different from those in a single
cell environment [5]-[7]. For example, spatial multiplexing
gain significantly decreases when MIMO is employed in a
multicell environment [5]. Accordingly, the design of MIMO
transmission scheme should reflect the intercell interference to
take full advantage of MIMO in multicell environments.

In [6], an optimal MIMO transmission strategy was studied
in a multicell scenario, when the channel state information
(CSI) is not available at the transmitter. It was shown that each
transmitter has to either put the whole power into a single
transmit antenna or distribute power equally into each transmit
antenna in order to maximize the achievable rate. The transmit-
ter needs to switch between the two modes depending on the
operating signal to noise ratio (SNR) and interference to noise
ratio (INR).

For the case when the CSI is available at the transmitter, a
transmit antenna subset selection was proposed in [7], and pre-
coding schemes were proposed in [8] and [9]. The precoding
scheme in [8] attempts to maximize the achievable rate of the
own cell without accounting for the interference caused to the
other cells, and thus fails to maximize the total achievable rate.
On the contrary, the precoding scheme in [9] maximizes the
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sum of the achievable rates of all the cells. However, it works
in the centralized manner, requiring a lot of feedback and huge
signaling overhead among cells.

In this paper, we develop a MIMO precoding scheme in a
multicell environment, when the CSI is available at each
transmitter. In order to maximize the total achievable rate, the
proposed scheme is designed to determine a precoding matrix
considering not only the desired signal power but also the inter-
ference caused to adjacent cells. We begin with a rather simple
case of multiple-input single-output (MISO) channels to estab-
lish a decentralized optimization problem. As a result of the
optimization, we derive a new precoding design metric called
signal to generating interference plus noise ratio (SGINR).
The precoding vector that maximizes the SGINR at each
transmitter is found to satisfy our optimality criterion in the
case of MISO channels. Then, we propose an SGINR-based
precoding scheme for general MIMO channels by extending
the result of MISO channels.

In the proposed precoding scheme, each transmitter calcu-
lates its precoding matrix or vector with locally available CSI
which can be obtained by exploiting the channel reciprocity of
time division duplex (TDD) systems. Remarkably and diffe-
rently from the scheme in [9], however, the proposed scheme
works in the decentralized manner, and thus eliminates the
need for feedback and signaling among cells. Simulation re-
sults will be provided to validate the performance improvement
of the proposed precoding scheme in multicell environments.

The rest of this paper is organized as follows. Section 1 de-
scribes the system model and formulates an optimization prob-
lem. In Section Ill, we propose a new precoding scheme for
MISO channels in a multicell environment. In Section IV, we
extend the MISO precoding to general MIMO channels. Simu-
lation results are presented in Section V, and conclusions are
drawn in Section VI.

We define here some notation used throughput this paper.
We use boldface capital letters and boldface small letters to
denote matrices and vectors, respectively, (-)" and ()" to denote
transpose and conjugate transpose, respectively, det (-) to de-
note determinant of a matrix, tr(-) to denote trace of a matrix,
()" to denote matrix inversion, ||| to denote norm of a vector,
||| to denote Frobenius norm of a matrix, Iy to denote the Nx
N identity matrix, diag (a3, a,, -+, ay) to denote an N x N di-
agonal matrix whose diagonal elements are a;, a,, -, ay, and
(X)" to denote max (x, 0).



Il. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a MIMO system comprised of L cells. It is as-
sumed that there is only one active communication pair per cell
with N; transmit antennas and N, receive antennas. The i-th
transmitter (the transmitter in the i-th cell) communicates with
the i-th receiver (the receiver in the i-th cell) by transmitting
N streams over N, transmit antennas using an N, x N li-
near precoding matrix Wi,.

The received signal vector y, at the i-th receiver can be ex-

pressed as

L

Yi = o H Wi + Z '\V]i,jHi,joXj +n; (1)

j=1j=i

where H;; denotes N,x N; channel matrix between the i-th re-
ceiver and the j-th transmitter. x; denotes N x1 symbol vec-
tor transmitted from the i-th transmitter. We assume that the
elements of H;; and x; are independent and identically distri-
buted (i.i.d.) circularly symmetric complex Gaussian random
variables with zero mean and unit variance. n; denotes the addi-
tive white Gaussian noise (AWGN) vector at the i-th receiver
with each element having unit variance. p; represents the SNR
for the i-th cell, and 7;; represents the INR for the interference
that the j-th transmitter causes to the i-th receiver.

We define the desired channel HY and interference gene-
rating channel HY) at the i-th transmitter as

HY £ [pH,;, )

Th,i Hl,i

ng a Mg Higi . 3)

Tiai Hias

L

We assume that the i-th transmitter can obtain HY and
HO"HY by exploiting the channel reciprocity of TDD sys-
tems. In the uplink case, for example, the mobile station (MS)
of the i-th cell can obtain HY through downlink pilot signal
that comes from the i-th base station (BS). Similarly, the MS
can obtain HY"HY by estimating the covariance matrix of
aggregate interference signals that come from adjacent cells
during the downlink period.

B. Problem Formulation

From (1), the achievable rate of the i-th cell can be com-
puted as

C® =log, det(1,, +KE(K)™), (4)

where _Kg’ denotes the covariance matrix of the desired signal,
and K{) denotes the covariance matrix of the noise plus inter-

ference signal at the i-th receiver. These matrices can be ex-
pressed as

K :pi(Hi,iVVi)(Hi,ivvi)H ' ®)

K(r\il) =1y, +Z77i,j(Hi,jo)(Hi,jo)H . (6)
j=i
An optimization problem for finding precoding matrices
that maximize the achievable rate summed over the L cells can
be formulated as

(W(l) W(Z) ~~,W(L)) —

opt* ¥ Yopt ? opt

L .
argmax »'C?

WO W@ w3 (7)
s.t. tr(WOW®OH) <1 for all i.

Since this is a non-convex problem, it is impossible to find a

closed-form solution. Note that the scheme in [9] corresponds

to a locally optimal algorithm based on the gradient projection
method.

1. PRECODING FOR MISO CHANNELS

In this section, we derive a decentralized precoding scheme
for MISO channels where N, = N{ = 1. To further simplify the
optimization problem in (7), we first consider a special case of
L = 2. Then the optimal precoding vectors can be expressed as

@® W@\ = @ (2
(Wi, W)= arg mgx(C +C®)
W wi?)

= argmax (log, 1+ SINR®) + log, (1+ SINR®))
(W(l),W(Z))
I HPwW® | J
L+ [ HEwW® |

HH?WMHZJ
Ll HEW I

log, [1+
= arg max

(W(l) ,W(Z))

Iogz[1+

st o =l =1
(8)
To make a decentralized optimization tractable, we apply an

approximation log, (1+SINR®) ~ log, (SINR®), i = 1, 2 assum-
ing SINR? > 1,i=1, 2. Then, (8) can be simplified to

@ W@
(Wopl ! Wopl

) ~ argmax (log, (SINR™) + log, (SINR®))
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which can be separated into



w) =arg max(;/s(glNR W(i))), i=12
(i)
" (10)
st [w = w[ =1
where y& - (w®) is defined as
My (2
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We refer to this metric as signal to generating interference plus
noise ratio (SGINR) of the i-th transmitter. Note that the nume-
rator of {2, (W®) represents the desired signal power at the
desired receiver, and that the denominator consists of noise and
generating interference to adjacent cells by the i-th transmitter.

We call the solution of (10) the MAX-SGINR precoding,
since it maximizes the SGINR at each transmitter. The solution
can be obtained using the generalized eigenproblem [11]. If we
define the effective SGINR matrix K&, of the i-th transmit-
ter as

KgéINR =(I Nt Hgl)H ng)il(Hg)H Hg)) , 12)

then the MAX-SGINR precoding vector corresponds to the
eigenvector associated with the largest eigenvalue of K&, .
Note that each transmitter can calculate its precoding vector in
the decentralized manner with only locally available CSlI,
HY and HO"HY . Although the MAX-SGINR precoding
scheme has been derived under the scenario of two interfering
cells, it can be applied to arbitrary number of cells without any
modification: we simply need to account for all L—1 interfering
cells when constructing the interference generating channel
HY in (3).

V. PRECODING FOR MIMO CHANNELS

In this section, we consider MIMO channels where more
than one streams can be transmitted, i.e., N’ > 1. In Section
IV-A, we extend the MAX-SGINR scheme derived in Section
Il to MIMO channels, to propose a generalized SGNR-based
precoding scheme. In Section IV-B, we briefly discuss two
previously proposed MIMO precoding schemes.

A. SGINR-based Precoding

The precoding matrix can be decomposed into two matric-
es: beamforming matrix and power allocation matrix. To con-
struct a beamforming matrix, we express K, in (12) using
the eigenvalue decomposition as

Nt
() — j0) 0) () H
KSGINR - zdSGINR,kVSGINR,kVSGINR,k 1
= (13)

—vo () (i -1
= Vsainr Dseing Vsaing

where d and vz, . respectively, denote the k-th ei-
genvalue and the k-th unit-norm eigenvector of K&, . Cor-
respondingly, V. and DY, , respectively, denote the
N, xN, eigenvector matrix and the eigenvalue matrix of
K\ - We propose to use V., as a beamforming matrix

for possibly transmitting up to N, streams. Note that, according
to the definition of SGINR in (11), the SGINR of the stream
associated with the beamforming vector vz, is equal to the
kth eigenvalue of K& @ 7&ue Vednri) = dsinry - With
beamforming matrix V<), the SGINR-based precoding ma-
trix W® can be written as

w® = VS(iG)INR p (14)

where P© £ diag(p{”, p{”,..., p{)) is a power allocation ma-
trix with the constraint Y., P’ =1. The power allocation ma-
trix maximizing the achievable rate can be obtained using a
water-filling over the SGINR values. Specifically, the power

allocated to the k-th stream is given as

()
dSGINR,k

where A% is chosen to satisfy power constraint.

The proposed SGINR-based precoding scheme allocates
more power to a stream with higher SGINR due to the inherent
nature of water-filling algorithm. This is a reasonable policy
from the total system perspective, since low SGINR stream
will provide low signal power to the desired receiver or cause
high level of interference to adjacent cells. It should be noted
that the SGINR-based precoding scheme in (14) can be re-
garded as a generalized version of the MAX-SGINR scheme.

B. D-SVD and P-SVD Precoding

For comparison purpose, we briefly discuss two previously
proposed precoding schemes in [12]: Direct-channel singular
value decomposition (D-SVD) and Projected-channel SVD (P-
SVD). In the D-SVD scheme, the precoding matrix is given as

(i) ERV0) iy 12
WD-SVD - VD-SVD PD-SVD (17)

where VY, is the matrix composed of right singular vectors
of the desired channel HY , and P{, is the power allocation
matrix. The power allocation is determined by the water-filling
over the SNR of each stream. Note that the D-SVD scheme
does not consider the interference generated to adjacent cells.
When applied to MISO channels, the D-SVD scheme max-
imizes the SNR of the desired signal as in [10], and thus we
call the D-SVD scheme the MAX-SNR scheme in MISO sys-
tems.

In the P-SVD scheme, on the other hand, the precoding
matrix is given as

i\ (i) (i) 12
WP-SVD - VNULLBP-SVD Pp-svo (18)

where V&) is a nulling matrix such that HOV{),, =0,
Bysyp IS the matrix composed of right singular vectors
HOVY, . and PY),, is the water-filling power allocation
matrix. Note that the P-SVD scheme generates no interference
to adjacent cells. However, in order to use the P-SVD scheme,
each transmitter needs to be equipped with transmit antennas as
many as the whole receive antennas in adjacent cells.
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Fig. 1. Average achievable rate vs. INR for L =2, N; =2, N, =1, and
SNR = 20dB.
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Fig. 2. Average achievable rate vs. INR for L =2, N; = 2, N, = 2, and
SNR = 20dB.

There is some interesting relationship between the proposed
scheme and the D-SVD/P-SVD scheme. When INR goes to
zero, the proposed scheme is equivalent to the D-SVD scheme.
On the contrary, when INR goes to infinity, the proposed
scheme is equivalent to the P-SVD scheme. The proofs are
omitted due to page limitation.

V. SIMULATION RESULTS

In this section, we evaluate the performance of the precod-
ing schemes discussed in Sections 111-1V using computer simu-
lations. We first consider a symmetric system in Figs. 1-5; in
other words, p; and 7;; in (1) are assumed to be the same for all
iandj.

Fig.1 shows the average achievable rate per cell vs. INR in
a MISO system with N; = 2, N, = 1 for two cells. The SNR is
fixed to 20dB. As expected, the proposed MAX-SGINR
scheme provides higher achievable rate than the MAX-SNR
scheme for all INR regions, and the performance difference
becomes larger with INR increasing.

Fig. 2 depicts the average achievable rate per cell vs. INR
in a two-cell MIMO system with N; = N, = 2, and SNR = 20dB.
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Fig. 3. Average number of streams vs. INR for L =2, N; = 2, N, = 2,
and SNR = 20dB.

It is shown that the proposed SGINR-based precoding scheme
outperforms the D-SVD scheme in all INR regions. Note that
the P-SVD scheme is not applicable to this MIMO configura-
tion due to the lack of the number of transmit antennas. Fig. 3
shows the average number of transmit streams vs. INR under
the same condition as Fig. 2. It is observed that the SGINR-
based scheme tends to reduce the number of steams as INR
increases, while the number of streams for the D-SVD scheme
is independent of INR. This property of the SGINR-based
scheme is consistent with the principle of the optimal centra-
lized transmission scheme in [9].

Figs. 4-5 depict the average achievable rate per cell vs. the
number of transmit antennas in a three-cell MIMO system with
N, = 2 at a relatively high INR (20dB) and at a relatively low
INR (0dB), respectively. Note that the P-SVD scheme is appli-
cable as long as N; > 5. It is found that the D-SVD outperforms
the P-SVD at the low INR value, whereas the P-SVD out-
performs the D-SVD at the high INR value. The proposed
SGINR-based scheme is found to always outperform both the
D-SVD and P-SVD schemes.

Now we evaluate the performance in the regular hexagon
cellular model with 7 cells. We consider uplink transmission
and assume that there is one active MS per cell which is ran-
domly located. Each channel between MS and BS is assumed
to experience the independent long-term fading which consists
of path loss and log-normal shadow fading. Then g and ;5 in
(1) may be expressed as

Sii
_1010 “
Sii
U =10 (ri,j)ia Pj (20)
where S;; is a zero-mean Gaussian random variable with the
shadow fading standard deviation, and r;; is the distance be-
tween the BS of the i-th cell and the MS of the j-th cell, and o
is the path loss exponent. Perfect long-term power control is
assumed to compensate for the long-term fading and satisfy the
target SNR. In the following simulation, the shadow fading
standard deviation, the path loss exponent, and the target SNR
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Fig. 5. Average achievable rate vs. N, for L = 3, N; = 2, SNR = 20dB,
and INR = 0dB.

are set to be 8dB, 3.7, and 20dB, respectively.

Fig. 6 shows the average achievable rate per cell vs. the num-
ber of transmit antennas with N, = 2. It is found that the pro-
posed scheme provides 33% and 41% higher average achieva-
ble rate than the D-SVD scheme with N; = 2 and N, = 4, respec-
tively. Fig. 7 shows the 5% outage capacity vs. the number of
transmit antennas under the same condition as Fig. 6. It is ob-
served that the proposed scheme provides 273% and 321%
higher outage capacity than the D-SVD scheme with N; = 2 and
N; = 4, respectively. This result reveals that the proposed
scheme offers significant benefits to cell boundary users since
it is designed to reduce intercell interference.

VI. CONCLUSIONS

In this paper, we have developed a practical and effective
solution to deal with intercell interference problems for multi-
cell MIMO systems. We have formulated an optimization
problem for finding a precoding matrix that maximizes the
total achievable rate in the decentralized manner. In order to
solve the problem, we have introduced a design metric called
SGINR that is related to the desired signal channel and interfe-
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Fig. 6. Average achievable rate vs. N, for 7 hexagon cells with N, = 2.
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Fig. 7. 5% outage capacity vs. N; for 7 hexagon cells with N, = 2.

rence generating channels. Based on the SGINR metric, we
have proposed precoding schemes for MISO and MIMO sys-
tems. Simulation results have shown that the proposed MAX-
SGINR and SGINR-based schemes offer significant perfor-
mance gain over the previously proposed D-SVD and P-SVD
schemes in terms of the achievable rate. Furthermore, the
SGINR-based scheme has been found to provide more robust
performance than the two schemes against the INR variation.
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