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Abstract—Recently, an adaptive intercell interference (ICI)
mitigation technique has been proposed for downlink cellular
systems as a means to increase throughput with low system
complexity. However, in the prior work, the issue of intercell
user scheduling has not been considered. In this paper, we study
multiple-input–single-output (MISO) downlink cellular systems
that jointly design adaptive ICI cancelation (ICIC) and intercell
user scheduling assuming that partial channel state information
(CSI) is shared among base stations (BSs). Since the optimal
solution would require high complexity, we investigate a new lowcomplexity algorithm that selects the best users and their beamforming strategies in terms of maximizing the weighted sum rate
(WSR). To this end, we first develop a simple threshold criterion
for each user to decide the preferred beamforming strategy based
on the derivation of the expected signal-to-interference-plus-noise
ratio (SINR). Then, according to users’ feedback about their
decisions, a successive user and beamforming selection algorithm
is performed at the BSs. From simulation results, we show that,
combined with proportional fair scheduling, the proposed scheme
provides excellent throughput performance with very low computational complexity and the amount of inter-BS CSI exchange.
Furthermore, we discuss an extension of the proposed scheme
to limited feedback systems and observe that our algorithm also
provides similar advantages over conventional schemes with quantized feedback.
Index Terms—Coordinated multipoint (CoMP), intercell interference (ICI) cancelation, joint scheduling, limited feedback, network multiuser multiple-input–multiple-output (MIMO).

I. I NTRODUCTION
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input–multiple-output (MIMO) techniques [1]–[4]. Many research efforts have been focused on the single-cell scenario,
owing to information theoretical results of MIMO Gaussian
broadcast channels (BCs) [5]–[7]. To improve the sum rate, a
variety of multiuser MIMO transmission schemes have been
proposed, particularly for downlink channels, from the optimal
dirty paper coding [5], [7] and simple linear precoding methods
[8]–[10].
On the other hand, next-generation Fourth-Generation (4G)
systems, such as Third-Generation Partership Project LongTerm Evolution-advanced (3GPP LTE-advanced) [11] and
IEEE 802.16m WiMAX [12], are designed to support frequency
reuse-1 mechanisms that provide operators with an efficient
use of spectrum resources. Therefore, intercell or intersector
interference is a major bottleneck of future cellular systems,
which significantly degrades the link quality and performance.
Recently, base-station (BS) coordination strategies, which are
called network MIMO or coordinated multipoint (CoMP)
transmission, have been proposed to increase the system
and cell-edge throughput by properly mitigating the intercell
interference (ICI). The CoMP techniques are categorized into
two scenarios according to the level of information sharing
among BSs [13].
• Joint processing (JP): The BSs share all transmit data
and channel state information (CSI) of users by utilizing
the backhaul links.1 Thus, the JP becomes equivalent to
a single-cell MIMO BC under per-group antenna power
constraint [14]–[16].
• Coordinated scheduling/beamforming (CS/CB): BSs
share only the CSI, and there is no data sharing. Each BS
individually performs beamforming based on a part or full
CSI exchange. In addition, joint resource allocation such
as user scheduling and/or power control can be facilitated
to enhance the performance.
As a fundamental tradeoff, the JP provides higher performance than the CS/CB at the expense of increased overhead for
data sharing and more computations. However, one major challenge of such systems is the bandwidth limitation of backhaul
links [17], which may not allow the BSs to exchange user data
traffics in real time. Therefore, studies are focused more on the

1 In this paper, the backhaul refers to a direct physical link among BSs, e.g.,
optical fiber, which is also called “X2 interface” in 3GPP standards.
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latter scenario, including a well-known information theoretical
model of “interference channels” [18]. Distributed beamforming techniques that achieve significant performance gains have
been designed for multiple-input–single-output (MISO) interference channels [19]–[21] and MIMO interfering BCs [22],
[23]. In [24], the optimal power control is investigated for
two-cell single-antenna systems and is extended to a general
multicell case [24], [25]. However, despite its necessity in real
systems, relatively few efforts have been devoted to developing
the CoMP user scheduling policies.
Recently, Zhang and Andrews [26] have proposed a new
transmission strategy named as adaptive ICI cancelation (ICIC)
for downlink CS/CB systems. Instead of adopting complicated
beamforming solutions, they propose a scheme that adaptively
chooses transmission strategies between the two classic methods, i.e., single-cell beamforming and zero-forcing beamforming (ZFBF), by providing closed-form expressions for their
ergodic sum rates. However, in spite of practical advantages
of the scheme, the issue of intercell user scheduling is not
considered either in [26].
In this paper, we investigate an efficient adaptive ICIC strategy for MISO downlink CS/CB systems where multiple users
exist in each cell. Since it is difficult to solve the joint problem
of choosing the best user set and the best strategies for all BSs,
we develop a new low-complexity algorithm for the user and
beamforming strategy selection. To this end, we first propose
a simple threshold criterion based on the expected signalto-interference-plus-noise ratio (SINR) to decide a preferred
beamforming strategy at each user terminal, which is fed back
to the BS. Then, based on the feedback, a simple successive
user and beamforming selection algorithm is carried out at the
BSs. Numerical results verify that the proposed adaptive ICIC
technique provides excellent throughput performance with very
low computational complexity and the amount of inter-BS CSI
exchange.
Another main challenge in practical wireless systems is to
obtain accurate CSI at the BS. Due to finite-rate feedback channels, the CSI is quantized based on a predetermined codebook
before being fed back [27]. We also discuss an extension of the
proposed scheme to limited feedback systems and confirm that
our scheme with quantized feedback achieves similar advantages over conventional schemes.
The remainder of this paper is organized as follows. In
Section II, we describe a downlink cellular system model.
Section III reviews the adaptive ICIC technique proposed in
[26] and provides the problem formulation. In Section IV, we
explain our proposed low-complexity adaptive ICIC algorithm
combined with intercell user scheduling, and Section V addresses the issue of limited feedback. Section VI verifies the
effectiveness of the proposed scheme from simulation results,
and we conclude in Section VII.
Throughout this paper, we use the following notations. Normal letters represent scalar quantities, boldface letters indicate
vectors, and boldface uppercase letters designate matrices. The
superscript (·)H stands for Hermitian transpose and the twonorm of a vector is denoted by  · . An N × N identity
matrix is defined by IN , and the expectation operation is
given as E[·].
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Fig. 1. Three-cell network MIMO system model.

II. S YSTEM M ODEL
We consider an M -cell downlink wireless network where
BSs perform coordinated single-cell transmission, i.e., CoMP
CS/CB systems. Fig. 1 shows a three-cell network model as
an example. Each BS is equipped with Nt transmit antennas
and communicates to K users with a single antenna. The BSs
are connected via high-speed limited-bandwidth backhaul links
with no delay, from which they exchange a certain level of
users’ CSI but not their data traffics. Users are assumed to be
independent and randomly distributed within a cell, and in each
time slot, one active user is served by each BS.
First, we define the precoded signal vector xn = wn un ∈
CNt ×1 at BS n, where wn ∈ CNt ×1 and un represent the
beamforming vector with wn 2 ≤ 1 and the complex-valued
data symbol with E[|un |2 ] = 1 for the nth BS, respectively.
Throughout this paper, we indicate the kth user in cell n as user
kn . Then, the received signal of user kn , which is denoted as
y kn , is given by2

M
 
H


H
y kn = αnkn hknn xn +
αjkn hkj n xj +z kn (1)
j=1, j=n

where hkj n is the channel response of user kn from BS j
whose entries are independent identically distributed (i.i.d.)
complex Gaussian with CN (0, 1), and z kn is the additive white
Gaussian noise (AWGN) with CN (0, 1). In addition, αjkn
stands for the received power at user kn from BS j determined by the distance-dependent path-loss model αjkn =
α0 (d0 /dkj n )β , where dkj n denotes the distance from BS j to user
kn , α0 is the received power at the reference distance d0 , and β
is equal to the path-loss exponent. We assume individual per-BS
power constraint since the BSs are not colocated. In addition, it
is assumed that BS n and user kn has perfect knowledge of its
kn M
3
local CSI {hkni }M
i=1 and {hj }j=1 , respectively.
2 In this paper, we do not consider out-of-cluster interference, which can
simply be treated as additional noise. To do more than this is not a trivial work
and is better left to be addressed in future work.
3 The local CSI refers to the knowledge on the channel links connected to a
certain transmitting or receiving node. In cellular downlink, the local CSI can be
obtained at the user side by channel estimation using dedicated pilot symbols,
as well as at the BS through the CSI feedback and the backhaul CSI sharing.
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Under the assumption of single-user detection at the receiver, the individual rate Rkn of user kn can be represented
from (1) as
Rkn = log2 (1 + SINRkn )

(2)

where SINRkn indicates the received SINR of user kn given by

H 2

αnkn  hknn wi 
SINRkn =
(3)

2 .
 k H

M
kn 
n

1 + j=1,j=n αj  hj
wj 
In this paper, our purpose is to maximize the weighted-sumrate (WSR) performance under some fairness considerations for
users. By denoting the set of M users selected by BSs as K =
{k1 , . . . , kM }, the WSR Rw (K) can be defined as
Rw (K) =

M


w kn R kn

(4)

n=1

where the weight coefficient wkn is determined by the required
quality of service depending on applications.
III. A DAPTIVE I NTERCELL I NTERFERENCE C ANCELLATION
Here, we review the concept of adaptive ICIC techniques
proposed in [26], where only a single user was assumed per
BS. Then, we formulate the objective of our design for systems
having multiple users in a cell, as described in Section II.
Throughout this paper, M ≤ Nt is assumed, where we do not
have to apply power control according to the following theorem
provided in [18].
Theorem: As long as we have M ≤ Nt and the set
{hkn1 , . . . , hknM } consists of M linearly independent vectors for
all n = 1, . . . , M , we can assume full power transmissions at
all BSs, i.e., wn 2 = 1, with no loss of optimality.
Proof: See [18].

The principle idea of the adaptive ICIC is to decide whether
it is better to apply interference cancelation or to simply perform distributed single-cell beamforming. Depending on users’
fading channel states and locations, each BS can choose its
beamforming strategy, denoted by sn , between the following
two schemes based on the local CSI knowledge [26].
1) Maximum ratio transmission (MRT): The MRT is the
optimal strategy for the single-cell MISO channels, which
maximizes the received signal power [28]. Its beamforming vector is aligned to the channel direction, given by
wnMRT = hknn /hknn .
2) ZFBF: In contrast to the selfish MRT, the ZFBF is
an altruistic approach that wants to cancel interference
to the neighboring BSs while also maximizing the desired signal power. This becomes projection of hknn to
the null space of interfering channels Gkn = [hkn1 · · ·
k
k
hnn−1 hnn+1 · · · hknM ], which is given by [29]



−1
INt − Gkn (Gkn )H Gkn
(Gkn )H hknn

.
wnZF = 
−1
INt − Gkn ((Gkn )H Gkn ) (Gkn )H hknn

It was shown in [18] that, for the M = 2 case, any point of
the Pareto boundary of the MISO interference channel can be
achieved by linear combinations of MRT and ZFBF. However,
the optimal choice of the “selfishness” parameter λn , ∀n, which
maximizes the WSR, was not addressed. On the contrary,
Zhang and Andrews [26] suggest a simple adaptive switching
scheme between the given two strategies, which not only makes
the beamformer design easier but also offers comparable performance from a selection gain.
On the other hand, one aspect not addressed in [26] is the
issue of intercell user scheduling. When multiple users exist in
a cell, as in (1), finding the best strategy set S = {s1 , . . . , sM }
gets coupled with the joint user selection process. Thus, our
objective becomes much more complicated since we have to
jointly choose the user set K̂ = {k̂n }M
n=1 and the strategy set
Ŝ = {ŝn }M
n=1 to maximize the WSR. We can mathematically
formulate this problem as
(K̂, Ŝ) = arg max Rw (K, S)
K,S

= arg max
K,S

M


wkn Rkn (S)

(5)
(6)

n=1

where Rw (K, S) and Rkn (S) correspond to Rw (K) and Rkn ,
respectively, when S is given. Note that the optimal solution
(K̂, Ŝ) of (6) can be found only by comparing the WSR over all
possible combinations of users and strategies.
Evidently, solving (6) in realistic systems causes two major
problems. First, it requires exhaustive search having complexity
of O(2M K M ), which becomes prohibitive as K or M grows
large. Next, to compute Rw (K, S) for all K = {kn }M
n=1 , the
BSs should share the global CSI of all users at every transmission, which would incur too much burden to be allowed over
finite-rate backhaul links. Although the scheme proposed in
[26] adopts the ergodic sum rate E[Rw (K, S)] up to M = 3,
which does not require the exchange of instantaneous CSI,
the closed-form equations for E[Rw (K, S)] are even more
complicated to compute than the instantaneous rate Rw (K, S).
In addition, it suffers a considerable performance loss since
the effect of small-scale fadings is not utilized. Note that
the instantaneous CSI is essentially fed back to the BS for the
beamforming procedure. Consequently, it is necessary to develop a computationally efficient algorithm that avoids the complexity burden involved in (6) and requires less CSI exchange
among the BSs.
IV. P ROPOSED B EAMFORMING S TRATEGY AND
U SER S ELECTION A LGORITHM
Motivated by the earlier discussion, we now investigate a new
low-complexity adaptive ICIC and user-selection algorithm.
To decouple the joint problem (6) into two subproblems, we
develop the following two-step procedure.
1) Phase I: Each user decides its preferred beamforming
strategy using a simple threshold criterion based on our
expected SINR analysis and feeds back its choice to the
corresponding BS.
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the coordinated strategy in [26], the best thing that each user
can do is to choose skn , which maximizes its individual rate
Rkn or, equivalently, the received SINR.
Due to the homogeneity assumption (7), this problem is
simply written by considering only s = MRT and s = ZF
cases as
skn = arg

max

s∈{MRT,ZF}

SINRkn (s)

where SINRkn (s) represents the SINR of user kn when the
same strategy s ∈ {MRT, ZF} is applied at all BSs. However,
the true values of SINRkn (s) cannot be estimated at the receiver
since users do not know the beamforming vectors of neighboring BSs {wjs }j=n and even its own beamformer wnZF when
s = ZF is applied.
In this case, the expected SINR is a useful performance
measure for each user. User kn will select the MRT if
E SINRkn (MRT) ≥ E SINRkn (ZF)

Fig. 2. Comparison of outage probability for the sum rates between the
|S| = 2M case and the |S| = 2 case. (a) M = 3 cell, (b) M = 4 cell.

2) Phase II: Based on the feedback in phase I, BSs jointly
perform a successive user scheduling algorithm to find
(K̂, Ŝ), whose search complexity is linear in K.
Before describing each stage in detail, we impose a useful
assumption to the beamforming strategies S = {sn }M
n=1 . That
is, all BSs utilize the same strategy s at each time slot as
Δ

s = s1 = s2 = · · · = sM

(7)

which means that we consider only two homogeneous cases
s = MRT and s = ZF among the total 2M possible transmission modes. Thereby, our strategy set reduces to S = {s}, and
the problem of choosing S becomes a simple binary decision
process. As will be shown in the following, this greatly helps to
simplify our adaptive ICIC algorithm.
Nevertheless, a performance loss incurred by the assumption
(7) is obviously insignificant in our CS/CB system with a
moderate number of cooperating cells. Fig. 2 compares the
outage probability for the sum rate of two cases |S| = 2M and
|S| = 2 in three-cell and four-cell systems with Nt = 4 and
R = 0.5 km. The cell-edge SNR is set to 0 and 10 dB, which
is given as α0 with d0 = R. Other basic simulation settings are
the same as in Section VI. From the curves, we observe that
at least up to the M = 4 case, considering only the S = {s}
cases, results in almost no sum-rate performance loss. This is
because, although the optimal solution (K̂, Ŝ) of (6) may have
different strategies at different BSs, the coordinated scheduler
can always find another suboptimal set (K, S), which satisfies
s1 = · · · = sM and achieves almost the same performance.
Similar results will be shown later in Section VI.
A. Phase I: User-Oriented Adaptive ICIC
The phase I process is applied independently at each user
terminal. In this phase, user kn predetermines its preferred
beamforming strategy, which is denoted by skn , based on its
local CSI and feeds back its choice skn to BS n. Different from

(8)

and will choose the ZFBF if otherwise. Notice that the expectation in this paper is only for the unknown beamforming vectors
and not for all random variables.
Applying Jensen’s inequality to the interference term, the
expected SINR of user kn in (3) for the MRT case with respect
to {wjMRT }j=n can be approximated as
E SINRkn (MRT)


2
H


αnkn  hknn wnMRT 

2 
H


M
kn 
kn
wjMRT 
j=1,j=n E αj  hj

≈
1+

αnkn hknn

=
kn
j=n αj

1+

αnkn hknn

=
1+

1
Nt

hkj n

2

2 

2

 k H
n
MRT


E  h̃j
wj


(9)

2

kn
hkj n
j=n αj

2

(10)

where we have (9) from h̃kj n = hkj n /hkj n  and wnMRT = h̃knn ,
and the last equality comes from the fact that wjMRT is
chosen independently with h̃kj n over CNt , which makes
|(h̃kj n )H wjMRT |2 beta-distributed with parameters (1, Nt − 1)
and mean 1/Nt [30].
For the ZFBF case, the interference term in (3) is completely
canceled out by {wjZF }j=n , which yields
 

 k H ZF 2
kn
kn
kn 2
n
E SINR (ZF) = αn hn
E  h̃n
wn  . (11)
To calculate the expectation in (11) with respect to wnZF , we
decompose h̃knn into two orthogonal components as
 
 
h̃knn = cos θnkn gnkn + sin θnkn gnkn ⊥
(12)
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Fig. 3. Examples of user classifications at BSs in the three-cell environment. (a) regular case, (b) regular case (|K̂MRT | = |K̂ZF | = 3) and (c) irregular case
(|K̂MRT | = |K̂ZF | < 3)

where gnkn ∈ CNt ×1 and gnkn ⊥ ∈ CNt ×1 are arbitrary vectors
k(j)
that belong to the subspace spanned by {hn }j=n and its null
space, respectively, and θnkn denotes the angle between h̃knn and
gnkn , i.e., cos(θnkn ) = |(h̃knn )H gnkn |.
Then, by inserting (12) and using the fact that gnkn is orthogonal to wnZF and independent of θnkn , the expectation term in
(11) follows:
 

 k H ZF 2
n
wn 
E  h̃n

2 
 
H
 


= E  cos θnkn gnkn + sin θnkn gnkn ⊥ wnZF 


 k ⊥ H ZF 2

kn
n
= E sin(θn ) gn
wn 

2 
H


= E sin2 (θnkn ) E  gnkn ⊥ wnZF  .
(13)
In (13), θnkn is uniformly distributed in [0, 2π], which results in
E[sin2 (θnkn )] = 1/2. In addition, because both gnkn ⊥ and wnZF
are i.i.d. vectors in the (Nt − M + 1)-dimensional null space
k(j)
of {hn }j=l , the term |(gnkn ⊥ )H wnZF |2 is beta-distributed with
parameters (1, Nt −M ), and its mean becomes 1/(Nt −M +1).
Consequently, (11) can be solved as
2

E SINRkn (ZF) =

αnkn hknn
.
2(Nt − M + 1)

(14)

Finally, comparing (10) and (14), the proposed criterion for
choosing the MRT strategy in (8) can be simply obtained as

2
Δ
αjkn hkj n ≤ Nt (2Nt − 2M + 1) = Γ(Nt , M ). (15)
j=n

Since Nt ≥ M , threshold Γ(Nt , M ) is always positive. Note
that j=n αjkn hkj n 2 is the interference channel gain of user
kn coming from neighboring BSs. This criterion states that if
the interference power is strong, i.e., larger than Γ(Nt , M ), user
kn prefers to be supported by ZFBF, together with other cell
users who also want the ZFBF. In contrast, if the interference
is not strong enough to exceed Γ(Nt , M ), it is better to serve
user kn with the MRT. In addition, note that more users will be
supported by the ZFBF if Nt is small or M grows large.
Due to the assumption S = {s} in (7), the proposed adaptation method (15) can be operated in a totally distributed
manner by using only the user’s own interference channels.
Nevertheless, surprisingly little performance loss is incurred by

this step, which will be verified in Section VI. Moreover, since
the computational complexity for checking (15) is negligible,
the complexity issue of choosing each user’s beamforming
strategy now vanishes almost entirely. Only one more bit is
required for each mobile in the feedback stage to deliver the
choice of skn to its home BS.
B. Phase II: Successive Intercell User Scheduling
Now, since all users have already chosen their preferred
strategy skn , BS n can classify users into two groups based
on the users’ feedback skn . One is the MRT user group defined
as GnMRT whose members have reported skn = MRT, and the
other is the ZFBF user group GnZF , which is a set of users
who prefer skn = ZF. The two sets are complementary, i.e.,
GnMRT ∪ GnZF = {1, . . . , K} and GnMRT ∩ GnZF = φ. Then, we
newly introduce two set notations KMRT and KZF to replace
K = {kn }M
n=1 , which are defined as
Δ

KMRT = {kn ∈ GnMRT }M
n=1

and

Δ

KZF = {kn ∈ GnZF }M
n=1 .

Normally, each BS has two user groups, i.e., GnMRT = φ and
GnZF = φ, as depicted in Fig. 3(a). However, there also exists a
possibility that at least one BS has no user in one of two groups,
such as in Fig. 3(b) or (c). In Fig. 3(b), we can simply choose
the MRT strategy to make sure that every cell serves one active
user with not much performance loss. In contrast, in the case of
Fig. 3(c), either cell 2 or cell 3 cannot be operated, no matter
which strategy is chosen under our assumption (7). However, in
the following lemma, we show that such an event hardly occurs,
unless K is very small.
Lemma 1: For the M -cell case, the probability that both
MRT
= φ and GnZF
for any m and n(m = n) is
Gm
 φ occur
 =
K
upper bounded by M
2 (1/4) .
Δ

Proof: By denoting a random variable X as X =
kn
kn 2
j=n αj hj  , the probability that user kn chooses the
MRT strategy is given from (15) by the cumulative distribution
Δ
function of X as FX (Γ) = Pr(X ≤ Γ), where Γ = Γ(Nt , M ).
Since the large- and small-scale fadings in X are both i.i.d. over
k and n, it follows that, for given m and n, we have

 MRT
= φ and GnZF = φ
Pr Gm
= Pr(X ≤ Γ)K ·Pr(X > Γ)K
 K
1
K
= (FX (Γ) (1−FX (Γ))) ≤
4
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where equality holds when FX (Γ) = 1/2. Since there are M
2
cases of choosing an (m, n) pair among M cells, we have
Lemma 1.

According to Lemma 1, if K = 20 users exist in each of three
cells for example, the probability that a certain BS does not
operate is less than 3 · 10−12 for all SNR ranges. Consequently,
in this paper, we neglect this probability and will consider only
the regular cases shown in Fig. 3(a). The case of Fig. 3(b) can
be done similarly.
Then, based on the user classification GnMRT and GnZF , we
modify our original problem (6) as
⎧
⎨ (K̂MRT , MRT), if Rw (K̂MRT , MRT)
(16)
(K̂, ŝ) =
≥ Rw (K̂ZF , ZF)
⎩ ZF
otherwise
(K̂ , ZF),

K̂MRT = arg max Rw (KMRT , MRT)
K̂

KMRT

= arg max Rw (K

ZF

KZF

, ZF).

(18)

and define the corresponding approximate WSR as
Δ

M


wkn R̃kn (s).

(20)

n=1

Using these approximations, each procedure of finding
K̂MRT and K̂ZF are described in Algorithms 1 and 2, respectively. We add some comments on Algorithms 1 and 2.
• Although the solutions K̂MRT and K̂ZF may depend on
the scheduling order among M cells, we do not consider
this issue since the performance with a fixed order is good
enough, as will be shown in Section VI.
• When computing (21) in Algorithm 1, we can do
better than (10) since BS n has knowledge of {wjMRT =
k̂MRT

ki
h̃j j }n−1
j=1 . Thus, the expectation for E[SINR (MRT)]
(i = 1, . . . , n) can be performed with respect to
{wjMRT }M
j=n+1 , which yields

E SINR (MRT)
ki

αiki

≈
1+

i−1
j=1

αjki

hki i

2

 
2
 k H

MRT
 h i
 + 1
wj
 j
 Nt

1) Cell n(n = 1, . . . , M − 1): In the increasing order of n,
BS n chooses its best MRT user k̂nMRT based on (20) and
the information on predetermined users {k̂jMRT }n−1
j=1 as



MRT
k̂nMRT = arg max R̃w k̂1MRT , . . . , k̂n−1
, kn , MRT
MRT
kn ∈Gn

MRT

and reports its index, weight wk̂n
k̂MRT

(21)
, and the desired CSI

k̂MRT

αnn hnn to BS n + 1, . . ., BS M .
MRT
based on the exact
2) Cell M : BS M determines k̂M
WSR (5) as



MRT
MRT
= arg max Rw k̂1MRT , . . . , k̂M
k̂M
−1 , kM , MRT .

(17)

From this modification, the two best sets K̂MRT and K̂ZF for
each strategy are separately obtained by (17) and (18), and then,
their WSRs are compared to decide the final solution (K̂, ŝ).
However, the overall search size of solving (17) and (18) is
still O(K M ) in the worst case, where all users in the network
choose the identical strategy. Moreover, all users’ global CSI
still needs to be shared among BSs.
Therefore, we seek an efficient heuristic algorithm to get
solutions of (17) and (18). To reduce the search space, the proposed algorithm successively identifies each user of K̂MRT =
ZF
= {k̂nZF }M
{k̂nMRT }M
n=1 and K̂
n=1 at each BS. To this end, we
approximate each user’s individual rate using (10) and (14) as


Δ
R̃kn (s) = log2 1 + E SINRkn (s)
(19)

R̃w (K, s) =

Algorithm 1 Search procedure for K̂MRT

MRT
kM ∈GM

where K̂MRT and K̂ZF are determined by

ZF
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M
j=i+1

αjki

hkj i

2

.

Algorithm 2 Search procedure for K̂ZF
1) Cell n(n = 1, . . . , M − 1): BS n independently chooses
its best ZFBF user k̂nZF ∈ GnZF that maximizes
ZF
wkn R̃kn (ZF), and reports its index, weight wk̂n , and
k̂ZF

k̂ZF

the desired CSI αnn hnn to BS M .
ZF
based on the exact WSR as
2) Cell M : BS M obtains k̂M



ZF
ZF
k̂M
= arg max Rw k̂1ZF , . . . , k̂M
−1 , kM , ZF .
ZF
kM ∈GM

After going through Algorithms 1 and 2, we obtain K̂MRT =
ZF
{k̂nMRT }M
= {k̂nZF }M
n=1 and K̂
n=1 . Then, finally, by comparing
MRT
, MRT) and Rw (K̂ZF , ZF) as in (16), we can deterRw (K̂
mine the best user and the beamforming strategy set (K̂, ŝ).
So far, we have described the whole algorithm of the proposed adaptive ICIC technique by dividing it into two consecutive subblocks, i.e., phases I and II. Ultimately, the proposed
scheme achieves our primary design goals. First, the overhead
of inter-BS information exchange becomes smaller than that of
the optimal case (6). Second, since the number of candidate
users at each BS is K, the total search complexity required to
carry out the successive scheduling in phase II is only O(M K).
Remember that the optimal problem (6) and the conventional
scheme in [26] require joint exhaustive search scheduling with
complexity O(2M K M ). While the algorithm in [26] is repeated
relatively at long intervals since it only concerns the path loss,
the amount of calculations for each update may be prohibitively
large [26, Lemma 2–4].
V. E XTENSION TO L IMITED F EEDBACK S YSTEMS
Earlier, we assumed that each BS has perfect knowledge of
local CSI between the users and itself. However, in practice,
the feedback channel is also constrained in bandwidth and
the backhaul connection. Hence, users should perform channel
quantization on its CSI {hkj n }M
j=1 before feeding back to the
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BSs. Here, we describe limited feedback designs of the proposed algorithm.
A. Limited Feedback Systems
The quantized CSI for hkj n is usually composed of two
mutually independent information, i.e., the channel direction
information (CDI) and the channel quality indicator (CQI),
denoted by ĥkj n ∈ CNt ×1 and δjkn , respectively. The CDI accounts for the spatial direction of the channel, whereas the
CQI indicates the level of the fading amplitudes. A common
approach to obtain the CDI is the use of a codebook. We
consider a codebook C that consists of 2B codeword vectors
c1 , . . . , c2B ∈ CNt ×1 of unit length. Then, each user chooses
its CDI vectors using the inner product as

2
H


cm  , j = 1, . . . , M.
(22)
ĥkj n = arg max  h̃kj n
cm ∈C
After that, each user feeds back B bits4 to deliver the quantized
channel direction ĥkj n to BS j. Due to its simplicity and analytical tractability, random vector quantization is employed for
B
the codebook C where {cm }2m=1 are chosen independently and
Nt
isotropically over C [34]. We assume that each user adopts
different codebooks to prevent a case where more than one user
chooses the same codeword for the same BS. In addition to the
CDI, each user feeds back its CQI, which reflects the effective
channel gain δjkn = αjkn hkj n 2 to BS j. As is common in the
literature, we assume that the CQI is sent without quantization
since the effect of the CQI quantization is somewhat typical
[26], [31]–[33].
B. Modification of the Proposed Algorithm
One difference in the case of limited feedback is that BS n
knows only the quantized CDI ĥkj n , instead of the true channel direction h̃kj n for all k. Therefore, the MRT becomes
wnMRT = ĥknn , and the ZFBF vector is obtained by projection
of ĥknn to the quantized interfering channels Ĝkn = [ĥkn1 · · ·
k
k
ĥnl−1 ĥnl+1 · · · ĥknM ].
This change in beamforming vectors slightly modifies our
analysis of the expected SINR provided in phase I. In the MRT
case, substituting wnMRT = ĥknn affects only the signal term in
(10), which yields
E SINRkn (MRT)
≈
1+
αnkn
=


2
H


αnkn  hknn wnMRT 
2 

2

 k H
M
kn
kn
n
MRT

hj
E  h̃j
wj
j=1,j=n αj


2
hknn

1 + N1t



 k H k  2
n
 h̃nn
ĥn 


kn
hkj n
j=n αj

2

.

(23)

4 Recently, there have been studies on adaptive feedback bit allocation for
maximizing the sum-rate performance [31]–[33]. However, it is beyond the
scope of this paper, and now, we assume that B bits are equally allocated to
each BS.

Here, the statistics of |(h̃kj n )H wjMRT |2 in the interference term
k
is preserved since wjMRT = ĥj j is also independent of h̃kj n and
isotropically distributed over CNt .
On the other hand, ZFBF with limited feedback does not
fully eliminate the interference term, whose expectation with
respect to {wjZF }j=n is expanded as
⎤
⎡

2
H



αjkn  hkj n
wjZF  ⎦
E⎣
j=n

=



αjkn hkj n

2

j=n

2 




H



k
k
k
k
⊥
ZF
n
n
n
n
× E  cos φj ĥj + sin φj ĥj
wj 
=



αjkn

hkj n

2

sin

2



φkj n




 
 k ⊥ H ZF 2
E  h̃j n
wj 

j=n

where φkj n = ∠(h̃kj n , ĥkj n ). Using E[|(h̃kj n ⊥ )H wjZF |2 ] = 1/
Nt − 1 from [35] and applying Jensen’s inequality with respect
to the interference term, the expected SINR for the ZFBF
changes approximately from (14) to
E SINRkn (ZF)
1
kn
2(Nt −M +1) αn

≈
1+ Nt1−1

kn
j=n αj

hkj n

2



2

hknn
 .

 k H k  2
1−  h̃j n
ĥj n 

(24)

Note that, as the codebook size 2B goes to infinity, the modified
expressions (23) and (24) reduce to (10) and (14) of the perfect
CSI case, respectively, since |(h̃kj n )H ĥkj n |2 for j = 1, . . . , M
approaches 1. Then, based on criterion (8), each user can
select its transmission strategy skn by comparing (23) and (24)
and feeds back its index to the corresponding BS. Although
not simpler than (15), calculating (23) and (24) is still quite
efficient.
On the other hand, the scheduling process of phase II can be
performed in the same manner with the limited CSI by treating
the CDI feedback ĥkj n as the true normalized CSI h̃kj n at
the BSs.
VI. S IMULATION R ESULTS
Here, we investigate the performance of multicell MISO
downlink CS/CB systems employing the proposed adaptive
ICIC and user selection algorithm. Both M = 2 and three
cases are simulated with the cell radius R = 0.5 km. Users
are once dropped uniformly within the cell coverage and then
fixed during the simulations. The path-loss exponent is set to
β = 3.75. For small-scale fadings, we employ spatially uncorrelated MIMO Rayleigh fading channels that are independently
generated for each transmission. For users’ weight calculation,
we utilize the proportional fair scheduling algorithm, which
provides a good tradeoff between system throughput and fairness among users [36]. Thus, the weight ω kn for user kn is the
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reciprocal of its past average throughput T kn , which is updated
in each time slot according to

⎧
1
kn
⎪
1
−
(t)
⎪
tc T
⎨
kn
1 kn
T (t + 1) =
if kn = k̂n at time t
+ R (t),
 tc 
⎪
⎪
⎩ 1 − 1 T kn (t), if k = k̂ at time t
tc

n

n

where tc is a parameter that adjusts fairness. As a typical value,
tc is set to tc = 100.
For comparison with the proposed scheme (search size
O(KM )), the performance of the following CS/CB or JP
transmission strategies are evaluated.
• Optimal exhaustive search (O(2M K M )): The instantaneous WSR is maximized according to exhaustive search
of (6) over all possible (K, S).
• Reduced set exhaustive search (O(2K M )): From (7), the
search space for S is restricted to only the homogeneous
cases S = {MRT} or {ZF}.
• Conventional adaptive ICIC (O(2M K M )): The best set
pair (K̂, Ŝ) is determined based on ergodic WSR comparison provided in [26].
• CS/CB upper bound (O(K M )): For the two-cell case,
the system upper bound is established from the Pareto
optimal solution using parametrization in [18] combined
with exhaustive scheduling. The selfishness parameters
0 ≤ λn ≤ 1 ∀n are jointly found by M -dimensional exhaustive search5 with the global CSI knowledge.
• Intercell time-division multiple access (TDMA)
(O(KM )): As a baseline scheme, only one cell having
the user with the maximum weighted individual rate
operates at each transmission [37].
• JP with ZFBF (O(K M )): The ZFBF with full BS cooperation and exhaustive scheduling is considered as an upper
bound in the three-cell case.
• Distributed MRT (O(KM )): Finally, a fully distributed
single-cell strategy with the MRT beamforming and separate user scheduling is compared.
Fig. 4 shows the average sum-rate performance of different
schemes for two-cell systems with Nt = 2 and K = 30 users
as a function of the cell-edge received SNR. First, it is observed
that all the coordinated strategies achieve the same multiplexing
gain, except the intercell TDMA, which obtains a half of the
gain since only one best BS operates at each time. In contrast,
the distributed MRT shows interference-limited performance
at a high SNR due to strong ICI around the cell boundary
area. Next, we compare two exhaustive results: the optimal
scheme (6) with S = {sn }M
n=1 and the suboptimal scheme
with the reduced set S = {s}. The two curves are shown to
match almost perfectly, from which we can confirm again that
our initial assumption (7) is performance lossless. From the
curves in Fig. 4, we find that the proposed scheme achieves
almost the same throughput gains as the optimal one of the
exhaustive search case. Moreover, it approaches the CS/CB
sum-rate upper bound. On the other hand, the conventional
5 For more than two cells, it is hard to find this solution since we should
perform exhaustive search over M (M − 1) real variables and M 2 complex
variables [18].

Fig. 4. Average sum rate performance of a two-cell network (M = 2) with
Nt = 2 and K = 30.

Fig. 5. Five-percent outage sum rate performance of a two-cell network
(M = 2) with Nt = 2 and K = 30.

adaptive ICIC performs about 5 bps/Hz lower than the proposed
scheme, although a user selection is made with exhaustive
search. This is because (K̂, Ŝ) is determined according to
the ergodic sum rate, which cannot capture the instantaneous
link qualities of users. Accordingly, it even underperforms the
simple distributed MRT, except for the high-SNR region.
In Fig. 5, the 5% outage sum-rate performance is presented
in the same situation, which accounts for a cell-edge throughput
gain. The link quality of cell-edge users is more sensitive
to the instant ICI power level, which is dominated by the
channel directions of itself and neighboring users. However,
the conventional adaptive ICIC and the distributed MRT do
not consider the neighboring users’ CSI; thus, their cell-edge
performance is shown to be severely degraded. In contrast, the
proposed adaptive ICIC also provides excellent performance in
this instance for the whole SNR range.
Fig. 6 depicts the average sum rates for a three-cell network with Nt = 4 and K = 20 users in each cell. A similar
trend is observed with the two-cell case shown in Fig. 4.
For the M = 3 case, it is difficult to find a CS/CB upper
bound, as explained earlier. Instead, the results of the JP with
the ZFBF is included in the graph for comparison. To make
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Fig. 6. Average sum rate performance of a three-cell network (M = 3) with
Nt = 4 and K = 20.

Fig. 8. Five-percent outage sum rate performance of a two-cell network
(M = 2) with limited feedback (B = 6) for Nt = 2 and K = 20.

VII. C ONCLUSION
In this paper, two design objectives for CB and coordinated
intercell user scheduling have been investigated in multicell
MISO downlink CS/CB systems. To avoid computationally expensive calculations of the joint optimal strategy, we have proposed a simple two-step adaptive ICIC technique that schedules
the best users and the best beamforming strategy for each BS in
terms of the WSR maximization. Simulation results show that
the proposed CS/CB algorithm not only provides significant
throughput performance gains over conventional schemes but
also approaches the near optimal performance for both the perfect CSI and the quantized CSI feedback systems. The proposed
scheme requires only a linear increase in complexity with the
number of users and a relatively small backhaul bandwidth,
which is particularly advantageous in practical communication
scenarios.
Fig. 7. Average sum rate performance of a two-cell network (M = 2) with
limited feedback (B = 6) for Nt = 2 and K = 20.

R EFERENCES

simulations easier, we adopted sum power constraint, which
is an ideal condition that does not consider BSs’ physical
locations. Nevertheless, the rate loss of the proposed CS/CB
transmission scheme compared with the JP system is not very
significant. For example, at a 20-dB SNR, the proposed adaptive ICIC achieves 90% of the average sum rate of the JP
scheme, and this performance gap is expected to decrease as
K grows larger.
Finally, we provide the performance comparison of different
schemes for limited feedback systems. Figs. 7 and 8 show
the average and the 5% outage sum-rate performance, respectively, for two-cell limited feedback systems with Nt = 2 and
K = 20. Users feed back the CQI and B = 6 CDI bits equally
to each BS. Comparing the first two curves obtained by exhaustive search, we can reconfirm the validity of our discussion
about the setting of (7). Different from the previous results, the
performance of all strategies, except the intercell TDMA, exhibits saturated performance at a high SNR due to unavoidable
quantization errors. However, observing the overall tendency,
one can again see that the proposed scheme offers fairly good
average and edge throughput gains over other conventional
techniques, particularly in the ICI-limited regime.

[1] I. E. Telatar, “Capacity of multi-antenna Gaussian channels,” Eur. Trans.
Telecommun., vol. 10, no. 6, pp. 585–595, Nov./Dec. 1999.
[2] G. J. Foschini, “Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas,” Bell
Labs. Tech. J., vol. 1, no. 2, pp. 41–59, Summer 1996.
[3] H. Lee, B. Lee, and I. Lee, “Iterative detection and decoding with an
improved V-BLAST for MIMO-OFDM systems,” IEEE J. Sel. Areas
Commun., vol. 24, no. 3, pp. 504–513, Mar. 2006.
[4] H. Lee and I. Lee, “New approach for error compensation in coded
V-BLAST OFDM systems,” IEEE Trans. Commun., vol. 55, no. 2,
pp. 345–355, Feb. 2007.
[5] G. Caire and S. Shamai, “On the achievable throughput of a multiantenna
Gaussian broadcast channel,” IEEE Trans. Inf. Theory, vol. 49, no. 7,
pp. 1691–1706, Jul. 2003.
[6] A. J. Goldsmith, S. A. Jafar, N. J. Jindal, and S. Vishwanath, “Capacity
limits of MIMO channels,” IEEE J. Sel. Areas Commun., vol. 21, no. 5,
pp. 684–702, Jun. 2003.
[7] H. Weingarten, Y. Steinberg, and S. Shamai, “The capacity region of the
Gaussian multiple-input multiple-output broadcast channel,” IEEE Trans.
Inf. Theory, vol. 52, no. 9, pp. 3936–3964, Sep. 2006.
[8] T. Yoo and A. Goldsmith, “On the optimality of multiantenna broadcast
scheduling using zero-forcing beamforming,” IEEE J. Sel. Areas Commun., vol. 24, no. 3, pp. 528–541, Mar. 2006.
[9] Q. H. Spencer, A. L. Swindlehurst, and M. Haardt, “Zero-forcing methods
for downlink spatial multiplexing in multiuser MIMO channels,” IEEE
Trans. Signal Process., vol. 52, no. 2, pp. 461–471, Feb. 2004.
[10] H. Sung, S.-R. Lee, and I. Lee, “Generalized channel inversion methods
for multiuser MIMO systems,” IEEE Trans. Commun., vol. 57, no. 11,
pp. 3489–3499, Nov. 2009.

MOON et al.: JOINT USER SCHEDULING AND ADAPTIVE ICIC FOR DOWNLINK CELLULAR SYSTEMS

[11] Technical Specification Group Radio Access Network; E-UTRA; Physical
Channels and Modulation (Rel. 10), 3GPP TS 36.913, Mar. 2011.
[12] IEEE Standard for Local and Metropolitan Area Networks, Part 16:
Air Interface for Fixed and Mobile Broadband Wireless Access Systems;
Advanced Air Interface, IEEE Std. 802.16-2009.
[13] Coordinated Multi-Point Operation for LTE Physical Layer Aspects
(Rel. 11), 3GPP TR 36.819 v11.1.0, Dec. 2011.
[14] O. Somekh, B. M. Zaidel, and S. Shamai, “Sum rate characterization
of joint multiple cell-site processing,” IEEE Trans. Inf. Theory, vol. 53,
no. 12, pp. 4473–4497, Dec. 2007.
[15] H. Huh, S.-H. Moon, Y.-T. Kim, I. Lee, and G. Caire, “Multi-cell MIMO
downlink with cell cooperation and fair scheduling: A large-system limit
analysis,” IEEE Trans. Inf. Theory, vol. 57, no. 12, pp. 7771–7786,
Dec. 2011.
[16] R. Zhang, “Cooperative multi-cell block diagonalization with per-basestation power constraint,” IEEE J. Sel. Areas Commun., vol. 28, no. 9,
pp. 1435–1445, Dec. 2010.
[17] A. Papadogiannis, H. J. Bang, D. Gesbert, and E. Hardouin, “Efficient selective feedback design for multicell cooperative networks,” IEEE Trans.
Veh. Technol., vol. 60, no. 1, pp. 196–205, Jan. 2011.
[18] E. Jorswieck, E. Larsson, and D. Danev, “Complete characterizaiton of the
Pareto boundary for the MISO interference channel,” IEEE Trans. Signal
Process., vol. 56, no. 10, pp. 5292–5296, Oct. 2008.
[19] B. O. Lee, H. W. Je, and K. B. Lee, “A novel uplink MIMO transmission
scheme in a multicell environment,” IEEE Trans. Wireless Commun.,
vol. 8, no. 10, pp. 4981–4987, Oct. 2009.
[20] C. Shi, R. A. Berry, and M. L. Honig, “Distributed interference pricing
with MISO channels,” in Proc. Allerton Conf. Commun., Control, Comput., Sep. 2008, pp. 539–546.
[21] S.-H. Park, H. Park, and I. Lee, “Distributed beamforming techniques for
weighted sum-rate maximization in MISO interference channels,” IEEE
Commun. Lett., vol. 14, no. 12, pp. 1131–1133, Dec. 2010.
[22] L. Venturino, N. Prasad, and X. Wang, “Coordinated linear beamforming
in downlink multi-cell wireless networks,” IEEE Trans. Wireless Commun., vol. 9, no. 4, pp. 1451–1461, Apr. 2010.
[23] H.-J. Choi, S.-H. Park, S.-R. Lee, and I. Lee, “Distributed beamforming techniques for weighted sum-rate maximization in MISO interfering
broadcast channels,” IEEE Trans. Wireless Commun., vol. 11, no. 4,
pp. 1314–1320, Apr. 2012.
[24] A. Gjendemsjo, D. Gesbert, G. E. Oien, and S. G. Kiani, “Binary power
control for sum rate maximization over multiple interfering links,” IEEE
Trans. Wireless Commun., vol. 7, no. 8, pp. 3164–3173, Aug. 2008.
[25] L. Venturino, N. Prasad, and X. Wang, “Coordinated scheduling and
power allocation in downlink multicell OFDMA networks,” IEEE Trans.
Veh. Technol., vol. 58, no. 6, pp. 2835–2848, Jul. 2009.
[26] J. Zhang and J. G. Andrews, “Adaptive spatial intercell interference cancellation in multicell wireless networks,” IEEE J. Sel. Areas Commun.,
vol. 28, no. 9, pp. 1455–1468, Dec. 2010.
[27] D. J. Love, R. W. Heath, V. K. N. Lau, D. Gesbert, B. D. Rao, and
M. Andrews, “An overview of limited feedback in wireless communication systems,” IEEE J. Sel. Areas Commun., vol. 26, no. 8, pp. 1341–1365,
Oct. 2008.
[28] T. K. Y. Lo, “Maximum ratio transmission,” IEEE Trans. Commun.,
vol. 47, no. 10, pp. 1458–1461, Oct. 1999.
[29] N. Jindal, J. G. Andrews, and S. Weber, “Rethinking MIMO for wireless
networks: Linear throughput increases with multiple receive antennas,” in
Proc. IEEE ICC, Jun. 2009, pp. 1–6.
[30] N. Jindal, “MIMO broadcast channels with finite-rate feedback,” IEEE
Trans. Inf. Theory, vol. 52, no. 11, pp. 5045–5060, Nov. 2006.
[31] R. Bhagavatula and R. W. Heath, “Adaptive limited feedback for sum-rate
maximizing beamforming in cooperative multicell systems,” IEEE Trans.
Signal Process., vol. 59, no. 2, pp. 800–811, Feb. 2011.
[32] N. Lee and W. Shin, “Adaptive feedback scheme on K-cell MISO interfering broadcast channel with limited feedback,” IEEE Trans. Wireless
Commun., vol. 10, no. 2, pp. 401–406, Feb. 2011.
[33] S. Zhou, J. Gong, and Z. Niu, “Distributed adaptation of quantized feedback for downlink network MIMO systems,” IEEE Trans. Wireless Commun., vol. 10, no. 1, pp. 61–67, Jan. 2011.
[34] W. Santipach and M. Honig, “Asymptotic capacity of beamforming with
limited feedback,” in Proc. IEEE ISIT, Jul. 2004, p. 290.
[35] N. Jindal, “Antenna combining for the MIMO downlink channel,” IEEE
Trans. Wireless Commun., vol. 7, no. 10, pp. 3834–3844, Oct. 2008.
[36] P. Viswanath, D. N. C. Tse, and R. Laroia, “Opportunistic beamforming
using dumb antennas,” IEEE Trans. Inf. Theory, vol. 48, no. 6, pp. 1277–
1294, Jun. 2002.
[37] W. Choi and J. G. Andrews, “The capacity gain from intercell scheduling
in multi-antenna systems,” IEEE Trans. Wireless Commun., vol. 7, no. 2,
pp. 714–725, Feb. 2008.

181

Sung-Hyun Moon (S’05–M’12) received the B.S.,
M.S., and Ph.D. degrees in electrical engineering
from Korea University, Seoul, Korea, in 2005, 2007,
and 2012, respectively.
During spring 2009, he visited the University of
Southern California, Los Angeles, to conduct collaborative research under Brain Korea 21. Since
2012, he has been with the Electronics and Telecommunications Research Institute, Daejeon, Korea, as
a Research Engineer. His current research interests include multiuser information theory and signal processing techniques for multiple-input–multiple-output wireless cellular
networks.

Changhee Lee (S’11) received the B.S. degree in
electrical engineering from Korea University, Seoul,
Korea, in 2011. He is currently working toward the
M.S. degree with the School of Electrical Engineering, Korea University.
His research interests include communication
theory and signal processing for wireless communications such as multiple-input–multiple-output orthogonal frequency-division multiplexing systems
and distributed antenna systems.

Sang-Rim Lee (S’06) received the B.S. and M.S.
degrees in electrical engineering from Korea University, Seoul, Korea, in 2005 and 2007, respectively,
where he is currently working toward the Ph.D.
degree.
From 2007 to 2010, he was a Research Engineer with Samsung Electronics, where he conducted research on WiMAX systems. His main
research interests include communication theory and
signal processing techniques for multiuser multipleinput–multiple-output wireless networks and distributed antenna systems. His current research interests include convex
optimization, random matrix theory, and stochastic geometry.
Mr. Lee received the Silver and Bronze Prizes from the Samsung Humantech
Paper Contest in 2011.

Inkyu Lee (S’92–M’95–SM’01) received the B.S.
degree (Hon.) in control and instrumentation engineering from Seoul National University, Seoul,
Korea, in 1990 and the M.S. and Ph.D. degrees
in electrical engineering from Stanford University,
Stanford, CA, in 1992 and 1995, respectively.
From 1995 to 2001, he was a member of the
technical staff with Bell Laboratories, Lucent Technologies, where he conducted research on high-speed
wireless system designs. From 2001 to 2002, he
worked with Agere Systems (formerly Microelectronics Group of Lucent Technologies), Murray Hill, NJ, as a distinguished
member of the technical staff. In September 2002, he joined the faculty of Korea
University, Seoul, Korea, where he is currently a Professor with the School
of Electrical Engineering. During 2009, he visited the University of Southern
California, Los Angeles, as a Visiting Professor. He is the author of over 80
journal papers in IEEE journals and has 30 U.S. patents granted or pending.
His research interests include digital communications and signal processing
techniques applied for next-generation wireless systems.
Dr. Lee currently serves as an Associate Editor for the IEEE T RANSAC TIONS ON C OMMUNICATIONS and the IEEE T RANSACTIONS ON W IRELESS
C OMMUNICATIONS. In addition, he has been a Chief Guest Editor for the
IEEE J OURNAL ON S ELECTED A REAS IN C OMMUNICATIONS (Special Issue
on Fourth-Generation Wireless Systems). He received the IT Young Engineer
Award as the IEEE/IEEK Joint Award in 2006, the Best Paper Award at the
Asia-Pacific Conference on Communications in 2006 and the IEEE Vehicular
Technology Conference in 2009, and the Hae Dong Best Research Award from
the Korea Information and Communications Society in 2011.

