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Abstract

Cooperative transmission by base stations (BSs) can significantly improve the spectral efficiency
of multiuser, multicell, multiple input multiple output (MIMO) systems. We show that con-
trary to what is often assumed in the literature, the multiuser interference in such systems is
fundamentally asynchronous. Intuitively, perfect timing-advance mechanisms can be best only
ensure that the desired signal components - but not also the interference components - are per-
fectly aligned at their intended mobile stations. We develop an accurate mathematical model for
the asynchronicity, and show that it leads to a significant performance degradation of existing
designs that ignore the asynchronicity of interference. Using three previously proposed linear
precoding design methods for BS cooperation, we develop corresponding algorithms that are
better at mitigating the impact of the asynchronicity of the interference. Furthermore, we also
address timing-advance inaccuracies (jitter), which are inevitable in a practical system. We show
that using jitter-statistics-aware precoders can mitigate the impact of these inaccuracies as well.
The insights are critical for the practical implementation of BS cooperation in multiuser MIMO
systems, a topic that is typically oversimplified in the literature.
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Abstract— Cooperative transmission by base stations (BSs) can
significantly improve the spectral efficiency of multiuser, multi-
cell, multiple input multiple output (MIMO) systems. We show
that contrary to what is often assumed in the literature, the multi-
user interference in such systems is fundamentally asynchronous.
Intuitively, perfect timing-advance mechanisms can at best only
ensure that the desired signal components — but not also the
interference components — are perfectly aligned at their intended
mobile stations. We develop an accurate mathematical model
for the asynchronicity, and show that it leads to a significant
performance degradation of existing designs that ignore the
asynchronicity of interference. Using three previously proposed
linear precoding design methods for BS cooperation, we develop
corresponding algorithms that are better at mitigating the impact
of the asynchronicity of the interference. Furthermore, we also
address timing-advance inaccuracies (jitter), which are inevitable
in a practical system. We show that using jitter-statistics-aware
precoders can mitigate the impact of these inaccuracies as
well. The insights of this paper are critical for the practical
implementation of BS cooperation in multiuser MIMO systems,
a topic that is typically oversimplified in the literature.

Index Terms— Base station cooperation, interference leakage,
jitter, linear precoding, mean square error, multiuser MIMO,
spectral efficiency, timing-advance.

I. INTRODUCTION

HILE the spectral efficiency gains of multiple input
multiple output (MIMO) systems are significant for
point-to-point links [1], they are limited in multi-user cellular
networks by inter-cell co-channel interference (CCI) [2], [3].
In conventional cellular systems, CCI is reduced by careful
radio resource management techniques such as power control,
frequency reuse, and spreading code assignments [4]. How-
ever, these techniques limit the achievable spectral efficiency
gains and/or lead to insufficient suppression of CCI. Recently,
it has been shown that base station (BS) cooperation, in which
different BSs together transmit signals for different mobile
stations (MSs), can significantly improve spectral efficiency.
The theoretical analyses of BS cooperation often assume
that the multiple BSs can be modeled as a single giant BS with
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more antennas. This assumption was implicitly used in [S5]-
[10]. Specifically, [5]-[7] extend dirty paper coding for a
single cell broadcast channel to the case of multiple cells with
cooperative base stations. References [9], [10] look at sub-
optimal but simplified precoding schemes for cooperative base
stations. The advantage of the “single giant BS” model is that
it enables the well-studied single cell downlink transmission
model to be applied in a straightforward manner. This as-
sumption also implies that both the desired and the interfering
signals from different BSs arrive at each MS simultaneously.
Thus, all the above papers assume that the interference is
always synchronous.

However, as we show in this paper, the interference is
inherently asynchronous. While a detailed and rigorous math-
ematical model is developed in Section II, this can be under-
stood intuitively by the following argument. Perfect timing-
advance mechanisms can ensure that the signals from the BSs
arrive at their intended recipients synchronously. However,
the BSs cannot also align all the interfering signals at each
MS because of the different propagation times between the
BSs and MSs. Thus, the simultaneous arrival of both the
desired and interfering signals at all the MSs is fundamentally
unrealizable.

As we shall see, ignoring this asynchronicity can signifi-
cantly degrade the performance of the BS cooperative schemes
proposed in the literature. To the best of our knowledge, this
problem of asynchronous MIMO interference has not been
addressed in the literature. This paper develops a framework
for BS cooperation — in a multi-user multi-cell MIMO cellular
network — that explicitly accounts for the asynchronous inter-
ference. It then uses this framework to analyze the detrimental
impact of asynchronism on existing precoding algorithms, and
suggests how to mitigate it by adapting the precoding design
methods.

BS cooperation can be implemented in multiple ways such
as dirty paper coding [5], [6] or Tomlinson-Harashima pre-
coding [11], or multi-user detection in MSs [3]. However, the
above promising solutions are prohibitively complicated. We
shall therefore focus on linear precoding designs, which have
relatively lower complexity requirements at both the BSs and
MSs [8]-[10]. They mitigate inter-cell interference, exploit
macro-diversity, and can avoid capacity bottlenecks in severely
spatially correlated channels [5]-[10].

Various design methods have been proposed in the literature
to address the complexity of the problem of determining the
optimal linear precoding matrices. These include minimizing
the mean square error (MSE) [12] or maximizing the signal to
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leakage plus noise ratio (SLNR) [13], [14] or maximizing the
sum rate [5], [6], [10], which, arguably, is the ultimate metric
that determines spectrum utilization. For each of these meth-
ods, we take into account the asynchronicity of the interference
and show that doing so mitigates its impact. Furthermore,
we also address the problem of timing-advance inaccuracies
(jitter), which are inevitable in a practical system. We show
that using jitter-statistics-aware precoders can mitigate the
impact of these inaccuracies as well.

The rest of the paper is organized as follows. Section II
develops a detailed model for the asynchronous interference.
Section III develops the three linear precoding algorithms.
Section IV extends the algorithms to the case in which timing
errors lead to imperfect synchronization even for the desired
signals. The numerical results are presented in Sec. V, and are
followed by our conclusions and discussion in Sec. VL.

II. SYSTEM MODEL

We consider a cellular system with B BSs (each with Np
antennas) and K MSs/users (each with Ny antennas). The
cooperative BSs together transmit L data streams to MS k.
The different links are independent and undergo frequency-
flat Rayleigh fading. Therefore, H,(Cb), the baseband matrix
representation of the channel from BS b to MS k, has complex
Gaussian elements. Let by, denote the index of the BS closest
to MS k. For any MS, the BSs cooperate and jointly transmit
the signals intended for it. The transmit vector for MS £ from
BS b is linearly precoded by the Ny x Lj matrix T,(cb) as
xg)) (m) = T;Cb)sk(m), where s (m) denotes the zero-mean
data vector, of size L x 1 at time m, meant for MS k. As
in [5]-[10], we assume that each BS has complete channel
state information (CSI) for all the channels to all the MSs. We
also assume a block-fading channel model with a large enough
coherence time so that the channel fading remains the same
over the duration in which T;Cb) is used. Given current CSI, in
order to maximize the per-user transmission information rate,
a Gaussian code book is used for the transmit data vectors,
with normalized power such that E [si(m)sp(m)t] = Ip,,
where (.)f denotes Hermitian transpose and I,, denotes the
nxn identity matrix. Furthermore, the code books for different
users are independent, i.e., E [s;(m)s;(m)T] =0, for k # 1.

A. Asynchronous Interference Despite Perfect Synchronization

The CSI available at each BS also includes the knowledge of
the propagation delay from each BS to each of the MSs. We
allow for perfect timing synchronization among cooperative
BSs, which can be realized by GPS or by a wired backbone.
Such infrastructure is already in place in current CDMA2000
and IS-95 cellular networks to facilitate soft handoffs [4,
Chp. 18]. We first assume that the timing-advance mechanisms
can ensure that the desired signals for an MS that are transmit-
ted from multiple BSs reach the MS at exactly the same time.
Such timing-advance mechanisms are employed currently in
the uplink of GSM and 3G cellular networks [15]." (We shall
relax this assumption in Section IV.)

'Note that the timing-advance values are typically much smaller than the
packet durations. The one difference between the standardized set up and the
one in this figure is that a BS now needs to track this for every UE it is
transmitting to (even if the UE is in a different cell.)

Specifically, let the propagation delay from BS b to MS &
be denoted by T]gb), as illustrated in Fig. 1 for two BSs and two

B
MSs. To guarantee simultaneous reception of {X,(cb)(m)}
=1

at MS k, the BS b advances the time when x,(:’)(m) is
B
T(,bk) so that {xlib)(m)}

b=1
all arrive at MS k with the same delay, 7, (1) The equivalent

received baseband signal at MS £ when a linear modulation
with a unit energy baseband signature waveform g¢(t) of
duration T is used is given by

transmitted by At (b) = T]£ )

= Z g(t —mTs — 7" YHyxp(m) + n (t)
m=0

1|M8

K
Z Z gt —mTs — T,gb) + AT}b))H,(gb)XEb) (m)y ,
;

b=1
( k)
ey
where mny(t) is the additive white Gaussian noise
vector, Hp = [Hg),...,HéB)}, and xx(m) =
1 B f
x,(f)(m)Jf,...,x,(f )(m)Jr .

At MS k, the received signal at time ¢, rg(t), is passed

through a filter matched to g(t —mTs — T]Ebk))

delayed by T]ibk)

— which is also
— to generate the following sufficient statistic

yi(m):
K B
yie(m) = HpTisp(m) + Y > BTV (m) + 0y (m),
j=1 b=1
(3#k)
2)
T 1’
where T, = {Tk NP S , 1y (m) is the discrete noise

vector at the mth interval satisfying E [nj(m)ny(m)T] =

Noln,, and 1( )( ) is the asynchronous interference at MS
k from the 51gnal transmitted by BS b for MS j. Due to the
matched filter, it depends on the difference, T;II:), between the
timing-advances used by BS b for MSs j and k:

T(Z) = (T,ib) - Ar;b)) (bk) AT(b) AT(b). 3)

In (2), the asynchronous interference term at MS £, 1(b)( ),
arises from two consecutive symbols, say with indices mg.l,?
and mﬁ) + 1, that are transmitted to MS j from BS b. This

is illustrated in Fig. 2. Let 8} = 7';) mod T§. Then,
«(b b b b b
i (m) = p(s'}) Ts>sj<m§5> +p(0)s; () + 1), ()

where p(7 fo g(t — 7)dt with p(0) = 1.
Only if the asynchronous nature of interference is neglected,
does (2) simplify to the following form used in [5]-[10]:

yi(m) = HyTrsi(m Z(ZH(b)T(b)> m) +ny(m),

(J#k‘)

ZHkTs

(J#k)

=H;Tysi(m ) +ni(m). (5
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Fig. 1. A simple BS cooperation scenario with 2 BSs and 2 MSs. The shaded
area is where the MSs are placed in the numerical simulations.

fig2.eps

Fig. 2. Asynchronous timing difference illustration: Symbol with time index

m;l,?, transmitted by BS b to MS j, is the first symbol that overlaps with the

desired signal symbol with index m

B. Statistics of Asynchronous Interference

We now derive the second-order statistics of the asynchro-
nous interference, which will come in handy later.

From (4), we have E [iﬁ) (m)} =0, for all 7, k, and b, and
B (i) )i (m)T] = 0, for ju # jo. j1 # k. and jo # k. I
can be shown that for j # k, the correlation between iy;l) (m)
(b2)

and i;;”" (m) is

E il (m)il? (m)T] = 8521, ©)

where the asynchronous interference correlation, ﬁj(.zl’l”)
j # k, has the following properties:
et TR

gj(bhbﬂ = p(aj(.k;))p(é;{) —Ts), if m{p?) = m;k;) +1;
By = O p(0RY) + p05y) — Ts)p(oy) — Ts), i
mt??) = m!"): and

gk Jk >

b1,b2 bo by . bo by
ﬂj(k = P(‘sj('k ))P(5y('k - Ts), if mﬁ-k) = mﬁk -1,

Also, 8%%) = 1, for all BSs by and by. Since all the K
users use the same waveform, the asynchronous interference
correlation values corresponding to different timing parame-
ters can be pre-calculated and stored in a look-up table.

, for

III. JOINT LINEAR PRECODING BY COOPERATIVE BASE
STATIONS

Our goal is to jointly optimize the transmitter precoding
matrices, {T k},f:l, subject to the following set of MS-specific
power constraints:

Tr{TLTk} <PX 1<k<K. %)

An additional constraint, BNt > Zszl L., follows from
dimensionality arguments. For notational simplicity, we drop
the symbol index m henceforth.

Note: A uniform per-MS power constraint, P{* = Pr, for all
k, was also assumed in [6], [8], [16] to ensure “power fairness"
for the different users. This MS-specific power constraint
is different from the per-BS power constraint, which was

used, for example, in [5], [10]. While the per-BS power
criterion makes more physical sense, the advantage of the MS-
specific power criterion is that it leads to analytically tractable
solutions (for further discussion see [10]). Most importantly,
other, more general power constraints can now be obtained
numerically. For example, this can be done by an “outer
loop" that adjusts P{* iteratively until certain criteria such
as per-BS power constraints or MS-specific quality-of-service
constraints are fulfilled. This also facilitates dynamic radio
resource allocation.

As mentioned, determining the linear precoding matrices,
even for the synchronous scenario, is a hard and computa-
tionally involved problem. Therefore, various design methods
have been proposed in the literature to reduce the complex-
ity of determining them. The nullification method [8], [10],
which forces the precoding matrices to satisfy the constraint,
H,T; = 0, for all k # j, is one such method. However, in the
presence of asynchronous interference, this constraint can no
longer annul all the interference terms in (2). Another option,
as put forth in [17], is to force a stronger per-BS constraint
H;Cb)Tg.b) = 0, for all pairs of k& and j such that k£ # j.
While this constraint does ensure that the interference (even
the asynchronous one) gets completely canceled, it can be
shown to support only K < Np/Ng users, which is a severe
and undesirable limitation.

Methods for selecting the precoding matrices, which strive
to minimize CCI to the extent required, instead of canceling it
out completely at the expense of severe transmit power ineffi-
ciency, have also been proposed. In this paper, we study three
such methods (metrics) that have been previously proposed
in the literature, and see how the asynchronous interference
changes the corresponding optimal linear precoding solutions.

A. Design Methods and Metrics of Interest

The following three design methods have been considered
for optimizing linear precoding in the literature:

1) Overall Normalized Mean Square Error (NMSE): In
this method, the goal is to optimize the transmitter precoders
{Tk}sz1 to minimize the overall MSE between a desired form
of the signal and the received signal over all the K users. The
functional form of the metric and the solution for optimizing
it are derived in Section III-B.

2) Signal to Leakage Plus Noise Ratio (SLNR): An alter-
native method considers the signal-to-leakage-plus-noise-ratio
(SLNR). More precisely, for MS k the precoding matrix T}
is designed to maximize the SLNR, which is the ratio of the
power of the desired signal received at MS k and the sum of
the noise and the total interference power (leakage) due to xj,
at other MSs. This approach minimizes the interference that
stems from the data streams intended for one user instead of
the interference that arrives at that MS. We note that while
using the SLNR for precoding design was first suggested
in [13], [14], these papers only cover the simple case of
one data stream per user, and do not model asynchronous
interference. The solution for it is derived in Section III-C.

3) Sum of Information Rates: Arguably, the most relevant
metric from a system-wide spectral efficiency standpoint is the
sum of the information rates over all users that is achieved
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by the precoding designs [3], [5], [6], [10]. However, the
optimization of the sum rate is a non-linear and non-convex
problem even in the synchronous scenario, which makes it
difficult to find analytical solutions. Brute-force numerical
optimization involves searching over an extremely large space
of dimension BN Zszl Ly, which is practically infeasible.
Therefore, we develop in Section III-D an alternate, albeit
sub-optimal, algorithm to determine the precoding matrices.
The advantage of the first two methods is that they are
amenable to analysis. While the discussion below highlights
the intuitive basis for the form that their metrics take, it must
be noted that the methods are essentially ad hoc in nature.
We shall therefore compare the methods both on the basis of
how they improve their respective metrics, and also how they
improve the overall spectral efficiency of the system.

B. Joint Wiener Filtering (JWF) to Minimize Overall Normal-
ized MSE

In the JWF method, our aim is to optimize the transmitter
precoders {T}} 1, to minimize the overall MSE between the
received signal and the ‘desired’ signal for all the K users. To
mitigate interference, the desired ’cleaned’ signal is chosen to
mimic a single-user MIMO environment that is free of multi-
user interference (MUI) and noise.

In such a clean environment, the desired signal input to
the receiver would be z; = H;V}s;, where the matrix V,
is only determined by the composite channel Hjy and the
power constraint in (7). The linear precoding matrix Vy, is
taken to be the eigen-beamforming matrix with water-filling
power allocation over the channel Hj, since it maximizes the
information rate in the clean interference-free environment [4,
Chp. 20]. The metric is also normalized so as to emphasize the
contribution of all the users. Therefore, the overall normalized
MSE (NMSE) metric gets defined as

||Yk —ZkH

NMSE = Z ZNMSE ®)
where NMSE M is the NMSE of MS &, Q =
E [Tr {szkH =Tr inVkVT HT} is the average received
power of its “desired" signal, and the expectation is over

the random data vectors, {sk}szl, and the noise, {nk}szl.

Note that the optimization criterion defined here is generic

enough to be independent of the receiver design. On the other

hand, [12] defined a receiver post-processed MSE, in which

the transmitter and receiver designs were both optimized.
The NMSE optimization problem is then

K
{TOpt}k , =arg min ZNMSEk, )
{Tk}k 1 =1
st Tr{T{T,} = Tr{z T,(j’)TT,(j’)} < P,
b=1

fork=1,..., K.

As shown in Appendix A, the following closed-form solution
for the optimal linear precoding matrices follows:

1 N
T, = o [Cr + kil 5] HIA,. (10

cth ot B
0(2 1) 0(2 2 c<2 B
Here, A, = H,V}, and C, = ] L ) ,
cf’” c,(f’” cng)
. b1,b: .
where the sub-matrices Cé 2) are given by
ﬁ(bth
(b1,b2) _ (b1) T ey (b2)
C, 9 ——H;" H;™ 11

j=1
And, k1, ...,k are the Lagrange multipliers that are chosen
to meet the power constraints for MSs 1,..., K, respectively.

C. Joint Leakage Suppression (JLS) to Maximize SLNR

In the JLS method, for each MS k, we design the precoding
matrices to maximize the ratio of the power of the desired
signal received by it and the sum of the noise and the total
interference power (leakage) due to x; at all the other MSs.
We limit the search space to scaled semi-unitary matrices

of the form T} \/ Qk, where the columns of the

NpB x Lj matrix Qj are orthonormal, i.e., Qka =1z,.
While this limitation is sub-optimal, it makes the optimization
below analytically feasible and does lead to a considerable
performance improvement as orthonormality eliminates cross-
talk among the data streams that an MS receives. (Note that
the power constraints are now trivially satisfied with equality.)
Clearly, optimizing the linear precoding matrices to maximize
SLNRs is decoupled for different MSs [14].
Therefore, the optimization problem is

Op = argmmSLNRk, 1<k<K. (12)

As derived in Appendix B, the expression for SLNRy, is given
by

;
Tr {Q’“Mka} Zl 1 qklele

SLNR; = ) (13)
Tr {QlNka} Y Al Nea
where qi is the lth column of Qi, M), = PYH!H,,
Ni = NoNglpn, + Y 5=1 PXWj;, and
(3#k)
;
grEY HY el S HgB)
W 5(2 1)H(2)TH(1) ﬂ(Q B)H(Q)THEB)
kj = /
;
ﬁl(cB 1)H(B) H(1) ﬂ(B ,B) H(B)THE )
(14)

Despite the decoupling in optimization, finding the optimal
dkl, - -, 9k, 1is still analytically intractable. We therefore
derive and maximize the following lower bound for SLNR,
which follows from (13):

M
SLNR; > _min M (15)

Lk qklNkaz

Thus, maximizing the above lower bound on the SLNR for
an MS maximizes the smallest generalized Rayleigh quotient
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among all its data streams. Therefore, the optimal precoding
matrix is the solution to the following max-min problem:
opt _ . al, My
p = arg max —_

(16)
Qu: Q[ Qu=lz, =1L qf, Niqy

The following Lemma reveals the structure of the optimal
precoding matrix.

Lemma /: The lower bound of SLNRy in (15) is maxi-
mized when:

q = vi(N;™My), for 1 <1< Ly, (17)

where v;(N; 'Mj) denotes the eigenvector of the matrix
N;le corresponding to its [th largest eigenvalue.

Proof:  Since qii,...,qxr, are orthonormal vectors,
the vector space V = span{qx1,...,qxL, } has a dimension

dim(V) = Ly. Therefore, (16) can be written as
. alMay . q'Mq
max min ———— = = max = min— )
Qu: QLQk:ILkl:L L qklqukl V: dim(V)=L, q€V q qu
(18)

Since M}, is Hermitian and Ny is positive-definite, the
Courant-Fischer Max-Min Theorem [18, Chp. 4] applies.
Therefore, the right hand side is maximized when V has as its
basis the eigenvectors that correspond to the L eigenvalues
{A(N; ™M), . AL, (N ™) b, where A;(N 'M) s
the ith largest eigenvalue of N;le. And, the maximum is
achieved when (17) is satisfied. [ |
It is interesting to note that the single closed-form solution
in (17) is simpler than the JWF solution in Section III-B.

The scenario of Ly = 1 in [14] is a special case of the
above Lemma. Unlike the general L, > 1 case, the Rayleigh-
Ritz quotient theorem [18, Chp. 4] can be directly applied to
maximize the ratio in (13) for Ly = 1.

D. Controlled Iterative Singular Value

(CISVD) to Maximize Sum Rate

In the CISVD method, we strive to maximize the sum rate
over all users. The optimization problem is then:

Decomposition

K

{TOpl}k | = arg max ZR"’
{Tk}k 1 k=1

5. t. Tr{T;Tk} <PX fork=1,..., K.

19)

From (2), the bandwidth-normalized information rate, Ry, of
MS £k is given by [6][11]
Ry = log ‘INR + & 'H, T, T H] |, (20)

where ® is the covariance of noise plus interference for MS
k.2 It is given by

&), = NoIy, + Z Z Z ﬁjbl,bz)H bl)T bl)T(bz)TH(bz) )

J=1 bi=1by=1
(7#k)

Given the non-linear and non-convex nature of the problem,
we propose an iterative optimization “hill-climbing" algorithm

2Treating the asynchronous interference term as noise is, in effect, a lower
bound on the information rate [19].

to maximize the spectral efficiency. In each step we optimize
the precoding matrix for MS k, Ty, by keeping the other
precoding matrices, T'; (j # k) fixed. The optimal T, is then
obviously the water-filling power allocation on the equivalent
MIMO channel <I>,:1/ 2Hk with unit additive noise power. The
iterations are initialized using the simpler JLS solution in (17),
and are continued only when the target sum-rate increases by
at least a certain threshold amount.
The pseudo-code for the algorithm is as follows:

1) Fork=1,..., K, calculate Tq,...,Tg from (17), i.e.,
use the JLS solution as the starting point.

2) For each k = 1,..., K, fix T; (for all j # k) and
update T to the eigen-beamforming and water-filling
power allocation for the MIMO channel @;1/ *H, (with
unit noise power).

3) Repeat previous step until the sum rate target function
in (19) increases by less than a pre-defined threshold.

Compared with random or exhaustive search algorithms,
this method iteratively optimizes one precoder in each step
to improve the corresponding MS’s performance, while main-
taining that a relatively low level of interference is imposed
on other users. (Otherwise, the iteration terminates.) While
this procedure is simple and sub-optimal, we shall see that it
provides good results. This algorithm falls under the general
class of greedy “alternate & maximize" algorithms, e.g., [20],
and is similar to the iterative water-filling algorithm in [21],
which dealt with the sum rate over different orthogonal sub-
carriers in DSL systems with cross-talk.

IV. IMPERFECT TIMING-ADVANCE

The three joint BS precoding designs of the previous section
were derived assuming perfect timing-advance, i.e., the de-
sired signal components are assumed to arrive synchronously.
In practical systems, imperfect timing-advance (jitter) is in-
evitable because of imperfect delay estimation, user mobil-
ity, inaccurate cross-BS synchronization, time synchronization
granularity, and MS synchronization errors. As we shall see,
the jitter affects both the desired signal and the asynchronicity
of the interference. We now extend the three design methods
to cover this case, as well.

Let e§b) denote the timing-advance error (jitter) of BS b
in transmitting the signal for MS j. Therefore, the BS b now

inaccurately advances the time for transmitting the signal, ng) ,

by A%}b) = AT]@ + e;b). At the MS k, the received signal at
time t, r(t), now takes the form

A e B ) )

oo B
= Z Z g(t—mTs—

m=0b=1
9] B
(b (b b b
30T S gt - mTs — 7+ A EP R (m)
m=0 | j=1 b=1
(G7#F)

2n

The receiver is unaware of the jitter value. Therefore, it passes
the received signal through a filter matched to g(t — mTs —
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T(bk)). The sufficient statistic gets modified to

. b) 13 (b) (b b)m(b

RS W IR W o

b=1 j=1 b=1

(§#F)

B
+3 aHPT s (m?) + ny.(m),
b=1

= HyT,Tisi(m) + Ji(m) + O (m) + ng, (22)

where 7( ) = = p(e (b)) < 1, and the new ISI term is Og(m) =
Dr (b)H(b)T(b) k(m (b)) with a,({) and mfc) jointly given
by

p(Ts —e),m+1), it e” >0
b
(al(f),mé)) p(TS—i—e()),m—l , ife,(f)<0
(0,m), if e =0
(23)
Here, I';, = blockdiag {fy,(cl)INT, e ,%(CB)INT is the power

degradation due to imperfect timing-advance (it equals Iz,
for perfect timing-advance). As before, the asynchronous inter-
ference is i(.l,?( )= (5(b) Ts)sj(m (b)) (5(,17)) (. (b)
1), where m(l,? and m( ) +1 are the two consecutive symbols
transmitted from BS b for MS j that overlap with the mth
symbol of MS &, 5(k = T(k) mod T, and 7'( ) = A%,Eb) —
AT](b) is the difference between the tlmlng-advances used by
BS b for MSs j and k. The modified asynchronous interference

coefficients ﬁ(bl’bQ are determined by %;Z) in the same way

that 6(b1’b2) was determined by 7'( ) in Section II-B.

Thus imperfect timing- advance degrades performance in
three ways: through the power degradation term I'j, the
additional ISI term, Oy, and the imperfect knowledge of
B;Zl’b” Given that the errors are unknown, ﬁ (br:b2) o vl(cb) are
also unknown when determining the optimal hnear precoding
matrices. However, its statistics can certainly be determined

and exploited in the designs, as done below.

A. Modified Linear Precoding Designs

1) Modified JWF Design Method: The aim is now to mini-
mize the jitter-averaged NMSE error. The new JWF design
that incorporates the timing inaccuracy and asynchronous
interference is derived in Appendix C. The modified joint
precoder of MS £ takes the form:

1
T, — —
k 0

[Ck + rrIny 5] TRHLA,, (24)

where T, = blockdiag {y,QUINT, . ﬂ,iB)INT} and 5 =
E. {p(e,&b))] , and E, [.] denotes averaging over the jitter sta-

tistics. The matrix Cj, has as its sub-matrices:

ﬁ b17b2 t
ngbl-,bQ) _ Q H(bl) H§b2)
j=1
(3#k)
1
+@(Ee [ I(cbl)a](vbz)}pébhbzbr E, [,Y](cbl),ylibz)D H}(fl) H(bz)

(25)
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where p(bl’ 2) = Prob(sgn(e,, (by )) sgn(egcbZ))) and ﬁ(bl’bz =

ﬁ(bth

iven the knowledge of jitter statistics, the BSs can pre-

calculate the jitter-averaged asynchronous leakage ﬁ (b1,b2)
Determining the first moment of ﬁ(bl 'b2) 1s difficult due to
the modulo T’s operation on T,i (since 6 = T,gg) mod Tg).
However, the jitters are typlcally con51derab1y smaller than the
symbol duration. Therefore, we can assume that the symbol

index differences do not change due to jitter, i.e., mfj;.) =

(b) . We then have 5(b) 51(;’) (b

+ €k 9
calculatlon of B(l;l’bQ).

2) Modified JLS Design Method: The aim of the modified
method is to maximize the jitter-averaged signal to jitter-
averaged leakage plus noise ratio. To determine the optimal
solution, Lemma 1 still holds, but with the following modified
expressions for My and Ny (denoted by 1\~/I;€ and Nk
respectively):

which simplifies the

M, =
2
E [ B ED B [0 Y
P : - :
2 ] T
E, MB) <1>} 7P HO. . E, MB) }H,QB)'H,@
(26)
~ K ~
Ni = NoNgrlpn, + Y PEWy, (1)

j=1

where VVk,j bears the same form as Wy in (14), with Bl(czl’bz)

replaci (b1,b2) . (b1) (b2) |, (b1,b2)
placing 3;'"’, for j # k, and E. |o), . | py,

replacing ﬁ,(:;;’bz) when j = k. The modified JLS design is
derived in Appendix D.

3) Modified CISVD  Design  Method:  The aim
is to maximize the jitter-averaged sum rate. The
jitter-averaged information rate of MS k£ is now
Ry, = E, [log, |In, + & HD T, TITIH]|],  where

the covariance of the noise plus interference terms, for a
given jitter, takes the form

(I’Ic _ NOINR+Z Z Zﬁ(bl ,b2) (bl (bl) (b2) (bz)T

J=1b1=1by=1

(3#k)
B B ) i t
(b1)  (b2) gy (b1) mn(b1) m(b2) T gy (b2)
+ Z Z ap Vo H VT VT Hy
b1=10bs=1

[sgn(efc )) sgn(e (bZ))}. (28)

Here, the indicator function 1 [.] equals 1 if the input argument
is 0, and equals 0 otherwise.® It must be noted that as no
closed-form exists for the jitter-averaged sum rate, it needs to
be evaluated using Monte Carlo simulations. This makes the

31t arises because of the term E. [Sk( (b1>) k(m (b2>) ] inEc [OkO};].
E. [sk(mg’l))sk(m}(@bﬁﬂ] equals I, if m( - (b2)
if m,ibl) # mlgb2>. From (23), mgcbl) = mgch) if and only if sgn(e](cbm) =

sgn(eg’z) ).

, and equals O,
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35

—+— Conventional nullification
—B— JWF
- H-JWF ignoring async. Intf.

Average NMSE Per User

5
Transmit SNR per User (dB)

Fig. 3. Normalized MSE comparison of JWF and conventional nullification
methods in the presence of asynchronous interference, when it is accounted
for or neglected (K =2, B=2, Ny =3, Np =2, L =2).

computational complexity of the modified CISVD algorithm
burdensome. A suboptimal solution would be to run the

CISVD iterations with ®; being replaced by E. [@k} and
H, being replaced by H;E, [T';] in (20).

V. NUMERICAL RESULTS

We simulate the downlink of an urban micro-cellular net-
work that consists of two or three cells, each with 1 BS and
1 MS. The inter-BS distance is 500 m. As BS cooperation
results in performance gains when the signal from one BS
does not completely dominate the signal from the other BS, we
consider scenarios in which the MSs are uniformly distributed
in a limited cell area so that any MS is at least 150m from its
nearest BS. (This is shown as the shaded area in Fig. 1 for the 2
cell case.) The path-loss coefficient for all the BS-MS channels
is 2.0 (free-space propagation) up to a distance of 30 m, and
increases to 3.7 thereafter. Without loss of generality, the path-
loss of the link with the largest path-loss among all the BS-MS
links in the system is normalized to 1, and the other path-losses
are scaled down accordingly. The symbol pulse is rectangular
and has a duration, Ts, of 1 us. In all the considered scenarios
we assume that Ly = L = 2 streams and P = P™ for any
MS k, and Ny = 3 and Ny = 2.

A. Perfect Timing-Advance

Figure 3 considers the average NMSE per user (in linear
scale) and compares JWF when it takes the asynchronicity of
the interference into account and when it incorrectly ignores it
despite it being present. Also shown is the NMSE achieved by
conventional nullification [8]-[10]. Accounting for asynchro-
nous interference significantly improves the NMSE of JWF at
all SNRs.

Fig. 4 compares the average SLNR per user for JLS when
it takes the asynchronicity of the interference into account
and when it incorrectly ignores it. Also shown is the SLNR
achieved by conventional nullification. Accounting for the
asynchronous interference significantly improves the SLNR

T T T

—+— Conventional nullification :
—*—JLS
- =% - JLS ignoring async. intf.

g 10

=]

5]

o

o«

z

-

%)

D

j=2)

o

Q

Z 10

L
10° L L L L
-5 0 5 10 15 20
Transmit SNR per user (dB)
Fig. 4. SLNR comparison of JLS and conventional nullification methods

in the presence of asynchronous interference, when it is accounted for or
neglected (K =2, B=2, Ny =3, Np =2, L =2).

-B-JWF
-0+ JWF: Ignoring async. intf.
—*—=JLS
—#%-JLS: Ignoring async. intf.

Average Spectrum Efficiency Per User(bps/HZ)

5 10 15 20
Transmit SNR per User(dB)

Fig. 5. Sum rates of JWF and JLS when asynchronous interference is
accounted for or neglected (K =2, B=2, Ny =3, Np =2, L =2).

achieved by JLS; ignoring it reduces JLS’s performance to
that of conventional nullification.

Fig. 5 compares the sum rate achieved by JWF and JLS
when they take asynchronous interference into account and
when they incorrectly ignore it. For these two designs, ac-
counting for the asynchronous interference improves perfor-
mance. For example, at an SNR of 15 dB, gains between 0.6
and 2.0 bps/Hz are achieved.

The relative sum rate performance of the three methods
is studied further in Figs. 6 and 7. These figures, which are
from simulations of a larger 3 BS, 3 MS system, compare
the sum rates of JWF, JLS, and CISVD with the following
benchmarks: (i) conventional eigen-beamforming, where an
MS’s signal is transmitted only by its serving BS, which treats
all interference as additive noise [1], [3], [10]; (ii) ideal point-
to-point MIMO in an interference-free single cell, and (iii)
conventional nullification, which ignores the asynchronous
interference. Fig. 6 pertains to the case when asynchronous
interference is present and accounted for, while Fig. 7 pertains
to the idealized ‘single giant BS’ scenario when asynchronous
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= = =Conventional eigen-beamforming
—©-Single cell interference—free MIMO
=+ -BS Coop: Conventional nullification
°r ~B~BS Coop: JWF
—#=BS Coop: JLS
—>-BS Coop: CISVD

Average Spectrum Efficiency Per User(bps/HZ)

5 10 15 20
Transmit SNR per User(dB)

Fig. 6. Sum rate comparison of JWF, JLS, and CISVD in a 3-cell system with
conventional benchmark schemes in the presence of asynchronous interference
(K=3,B=3 Nr=3 Ngp=2,L=2)

interference is absent.

As expected, in both scenarios, MIMO in a single
interference-free cell achieves the highest rate for most of
the cases, while eigen-beamforming that treats interference as
noise delivers the lowest rate. All the three proposed methods
outperform conventional nullification because they account
for asynchronous interference. Of the three methods, CISVD
has the best performance at low to medium SNR, where it
even outperforms single cell interference-free point-to-point
MIMO. JWF outperforms the other two approaches at high
SNR. Moreover, JWF outperforms JLS at all SNRs. Despite its
simplicity, JLS outperforms conventional nullification. These
observations are aligned with the ones we had made earlier for
Fig. 3 (NMSE) and Fig. 4 (SLNR). Note that CISVD typically
terminated within 5 to 7 iterations in our simulations. Its initial
starting point also had an impact on its performance: using the
JLS solution as the starting point instead of a random choice
was found to be preferable.

Not shown here, due to space constraints, are results with
other parameter settings. We have observed that the JWF
and CISVD methods perform best when redundant spatial
dimensions are present (NpB > Z,i(:l Ly), while JLS is the
simplest method.

B. Imperfect Timing-Advance

Fig. 8 considers imperfect timing-advance (in addition to
asynchronous interference) and the performance of the mod-
ified JWF and JLS methods when they compensate for it
using its statistics.* Each BS’s timing-advance jitter is taken
to be uniformly distributed in the interval [—0.1Tg,0.17Ts],
and is independent of the jitters of other BSs. The figure
shows that JLS’s performance is better than that of JWF in
the presence of jitter. At an SNR of 15 dB, while modifying
the JWF design leads to a marginal improvement in its sum
rate by 0.3 bps/Hz, modifying the JLS design significantly
improves its sum rate by 1.6 bps/Hz. (The performance of the

4The performance of modified CISVD is not shown given its complexity.

12 T T T T 3

- - - Conventional eigen-beamforming ’
-@-Single cell interference-free MIMO Q
-=-BS Coop: Conventional nullification .
—&- BS Coop: JWF Q’
—¥—BS Coop: JLS S
—-BS Coop: CISVD .

=

®

Average Spectrum Efficiency Per User(bps/HZ)
>

5 10
Transmit SNR per User (dB)

Fig. 7. Sum rate comparison of JWF, JLS and CISVD in a 3-cell system with
conventional benchmark schemes in an idealized synchronous interference
environment (K =3, B=3, Nr =3, Np =2, L =2).

- B8 -JWF: No compensation
—&— JWF: Compensation
- % -JLS: No compensation
—¥— JLS: Compensation

Average Spectrum Efficiency Per User(bps/HZ)

0 I I I I

5 10
Transmit SNR per User (dB)

Fig. 8. Sum rate comparison of modified JLS and JWF in the presence of
imperfect timing-advance (K = 2, B = 2, Ny = 3, Ngp = 2, L = 2).
Modified CISVD is not evaluated given that no closed-from expression is
available for the jitter-averaged sum rate.

conventional nullification method is not shown here as timing-
advance inaccuracy is not modelled by it.)

VI. CONCLUSIONS AND DISCUSSION

In this paper, we investigated the impact of asynchronous
interference on the downlink performance of MIMO systems
with BS cooperation. We developed a detailed mathematical
model that showed that when cooperative BSs jointly transmit
to multiple users, the data streams intended for the multiple
users inevitably interfere asynchronously with each other. This
is so even when perfect timing-advance is used to synchronize
the reception of the desired signal components. We looked at
three linear precoding design methods, previously considered
in the literature, and came up with three corresponding new
precoding methods — JWF, JLS, and CISVD. All the three
markedly outperformed conventional methods that did not ac-
count for the asynchronous nature of the interference. CISVD
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and JWF realized significant gains in spectral efficiency,
while JLS achieved a good trade-off between asynchronous
interference mitigation and algorithmic complexity. All three
methods performed well in channels with redundant spatial
dimensions.

Essentially, the paper moves a step closer to realizing the
great potential of BS cooperation in practical implementations
of interference-limited multi-user MIMO systems. Part of our
future work involves extending the analysis of this paper to di-
rectly optimize the linear precoding designs based on a per-BS
power constraint. Also, exploiting the correlation between the
interference observed in adjacent symbols can lead to further
improvement in performance. Lower complexity solutions that
can enable cooperation between more base stations are also
another area of interest.

While this paper focused on single carrier communication
over flat-fading channels, extending it to delay-dispersive
(frequency-selective) channels and, in particular, the popular
Orthogonal-Frequency-Division-Multiplexing (OFDM) sys-
tems, is of great interest. In frequency-selective channels, the
BS cooperation schemes need to mitigate both multi-user inter-
ference (MUI) and inter-symbol interference (ISI). In OFDM
systems, asynchronous interference can be greatly alleviated
by accommodating the delay offset in the cyclic prefix (CP).
So long as the CP prefix is longer than the sum of the
maximum delay offset and the channel delay dispersion, BS
cooperation can be implemented on a sub-carrier basis using
the approaches in [5]-[10]. However, increasing the CP length
reduces the spectral efficiency of the system. Furthermore, in
cellular systems with large cell sizes, a sufficiently long CP
might not be practical. In this case, MUI, ISI, and inter-carrier
interference (ICI) will occur simultaneously and will need
to be tackled by the BS cooperation algorithms. (ICI occurs
because MUI — from other subcarriers — is not orthogonal to
the desired signals.). This results in a much more complicated
system model; optimizing it is a subject to future research.

APPENDIX
A. Optimal Linear Precoding for JWF: Derivation

Denoting the MUI term in (2) as Jg =
Z?;i) S H,ib)T;b)igz) (m), NMSE, takes the form
j

1
NMSE,;, = QfE[(HkaS;€ — Apsp +Jr + Ilk)Jr
k
(HTysp — Agsi + I + 1)) (29)

Using the results in Section II-B, the above equation, after
considerable simplification, becomes

B B
1 f
NMSE;, = Tr{ > H,gbﬂT,gbﬂT;bﬂ*ng”}

U bi=1 ba—1
B
1 () ma(b) A NoNr
- Tr HOTOAL L 4 208

SWe differentiate between orthogonal-frequency-division-multiple-access
(OFDMA) systems and OFDM systems. In an OFDMA downlink, different
users are transmitted to using different small frequency chunks. On the other
hand, in an OFDM system, each downlink transmission is to one user, it
occupies the entire bandwidth, and it uses OFDM.

+ iTr
Q,

Z Z Z ﬂ(bl,bz)H(bl)r]:\(bl)r:[\(b’z)]LH([D)Jr ,

J=1 b1=1bo=1
(3#k)
where we used the identity E [JJ,LJ;C] =Tr {IE [JkJLl}
To solve (9) in closed-form, we minimize the following
Lagrange objective function:

B
—Ay ZT?TH,@T + AkAL}
b=1

f(ITh) = iNMSEk

+ka<Tr{ZT } P>, (30)

where xj are the Lagrange multipliers associated with the
power constraints for MSs 1, ..., K, respectively. Equating to
zero the general complex derivative of f with respect to the
matrix T,ib) results in®

t
Z Z l@(b bl)T b1) H(bl) H§)

(b
aT) j=1 b11

t

- Q—kAQHEj” +r T =0, forb=1,...,B.
Doing so leads to Cy Ty +kx Ty = ﬁlkaTAk, and thus (10).
Substituting this solution in the power constraint shows that
ki is one of the roots of the equation ZNTB b

(@ )2
PrO3, where by = |UJH[A,A[H,U:| , Cy has
the eigenvalue decomposition UkAkU};, and A, =
diag{)\kl,)\kg,...,)\k(NTB)}. Since these equations may
have multiple solutions, xi,...,kx are jointly chosen to

minimize the overall NMSE. Note that the optimal solution
satisfies power constraints with equality at all the MSs.

€2y

B. Derivation of SLNR expression

The desired
is x, =
7o1e { QH{HQ,
ence leakage at MS j from the signal x; (meant for MS k)
that is transmitted by the B BSs is Zf 1 H(b)T,(ib) ,(:;) Its
power, Pleﬁ‘“‘, is therefore given by

Pleak — k‘ Z Z ﬁ (b1,b2) { bl)TH(bl bg)Q(bQ)}'

b1 1 b2 1
(32)
Here, the sub-matrix Q,ib) collects the rows in the precoder Qj
associated with the bth BS. Finally, the noise power at MS &
i

signal component received by MS k

and has a power P =

}. From (2), the (asynchronous) interfer-

1 — k

is NoNg. Therefore, SLNR; = S| P NoNg takes the
. (3#k)

form in (13).

We wuse the following definition of the matrix derivative:
% = [aij; - |- From this it follows that, a‘n(gﬁzx} = A and
om{ AXBX'}

— 1 =BXfA.

oX
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C. Modified JWF With Imperfect Timing-Advance
From (22), the mean value of NMSEj, obtained by averag-
ing over egcb), can be shown to be:

NoNgr
197

1
E. [NMSE,] = o-Tr {AkAL} n

B
' t
7Tr Z 3 E. [ (bl)%ibz)} () () pb) Ty (be)

b1=1bx=1
1 N R 31, gy (5 (b (o) T (b
2(b1,b2 by by bo by
o ZZZﬁ H, T H
j: b1:1b2:
(J#k)
1 5 tot
- T 3 5® A, T® HO +Z SOHOT® AT
k b=1 b=—1

B B (b1) _ (b2)
Ec [O‘k “k }P;(f”’bZ)Hl(fl)Tz(fl)T;(f”TH;S’Q)T

b1=1b2=1

In a manner similar to (10) and (11), minimizing the following
Lagrange objective function:

K
F({TeHS,) = 0B INMSEy]
k=1
K B t
+3 (TS T T - P
k=1 b=1

results in (24).

D. Modified JLS With Imperfect Timing-Advance

From (22), the power of received desired signal component
at MS k, averaged over eg’), is given by E.[P] =
PR, [Tr QlI‘THTHkI‘kaH - —Tr{Q Mka}
Slmﬂarly, its leakage power to other users, averaged over

ek), is

B [Pl =
€ J
P 2 2(b1,ba b)) P er(01) Ty (b b2
2 S e u o |
b1:1b2:1

and the averaged ISI (or “self-leakage") is given by

Z ZE [ (b1) ’(cbz)} pébl,z»)

=1by=
T {Qg}l) HS“TH;”?)Q?)} .

]Ee [legedk —

Deriving a corresponding lower bound (as‘ in (15)) for the
modified expression SLNRj = SK Elﬁ[gg’i]L Noln and ap-
plying Lemma 1 to it yields the solution in (26) and (27).

ACKNOWLEDGMENT

We wish to thank the reviewers for pointing out the simi-
larity between CISVD and the algorithm in [21].

(1]

[2]

(3]

(4]
(5]

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 7, NO. 1, JANUARY 2008

REFERENCES

G. J. Foschini and M. J. Gans, “On the limits of wireless communica-
tions in a fading environment when using multiple antennas,” Wireless
Pers. Commun., vol. 6, pp. 311-335, 1998.

S. Catreux, P. Driessen, and L. Greenstein, “Attainable throughput of
an interference-limited multiple-inputmultiple-output (MIMO) cellular
system,” IEEE Trans. Commun., vol. 49, pp. 1307-1311, Aug. 2001.
H. Dai, A. F. Molisch, and H. V. Poor, “Downlink capacity of interfer-
ence-limited MIMO systems with joint detection,” IEEE Trans. Wireless
Commun., vol. 3, pp. 442453, Mar. 2004.

A. F. Molisch, Wireless Communications. New York: Wiley-IEEE Press,
2005.

A. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath, “Capacity
limits of MIMO channels,” IEEE J. Select. Areas Commun., vol. 21,
pp. 684-702, June 2003.

S. Shamai and B. M. Zaidel, “Enhancing the cellular downlink capacity
via co-processing at the transmission end,” in Proc. VIC-Spring, May
2001, pp. 1745-1749.

S. Jafar, G. Foschini, and A. Goldsmith, “Phantomnet: Exploring optimal
multicellular multiple antenna systems,” EURASIP J. App. Sig. Proc.,
2004 pp. 591-604.

G. J. Foschini, H. Huang, K. Karakayali, R. A. Valenzuela, and
S. Venkatesan, “The value of coherent base station coordination,” in
Proc. Conf. Inf. Sci. and Sys. (CISS), Mar. 2005.

B.L.Ng,J. S. Evans, S. V. Hanly, and D. Aktas, “Transmit beamforming
with cooperative base stations,” in Proc. IEEE Intl. Symp. Inf. Theory,
2005, pp. 1431-1435.

H. Zhang and H. Dai, “Cochannel interference mitigation and coopera-
tive processing in downlink multicell multiuser MIMO networks,”
European J. Wireless Commun. Networking, pp. 222-235, 2004.

C. Windpassinger, R. F. H. Fischer, T. Vencel, and J. B. Huber, “Pre-
coding in multiantenna and multiuser communications,” IEEE Trans.
Wireless Commun., vol. 3, pp. 1305-1316, July 2004.

J. Zhang, Y. Wu, S. Zhou, and J. Wang, “Joint linear transmitter and
receiver design for the downlink of multiuser MIMO systems,” IEEE
Commun. Lett., vol. 9, pp. 991-993, Nov. 2005.

H. Dai, L. Mailaender, and H. V. Poor, “CDMA downlink transmission
with transmit antenna arrays and power control in multipath fading
channels,” European J. Wireless Commun. Networking, 3rd quarter,
2004.

A. Tarighat, M. Sadek, and A. H. Sayed, “A multiuser beamforming
scheme for downlink MIMO channels based on maximizing signal-to-
leakage ratios,” in Proc. ICASSP, 2005, pp. 1129-1132.

“Technical specification group GSM/EDGE, radio access network;
Radio subsystem synchronization,” Tech. Rep. 45.010 (v6.6.0), 3rd
Generation Partnership Project (3GPP), 2005.

K.-K. Wong, R. S.-K. Cheng, K. B. Letaief, and R. D. Murch, “Adaptive
antennas at the mobile and base stations in an OFDM/TDMA system,”
IEEE Trans. Commun., vol. 49, pp. 195-206, Jan. 2001.

L. Shao and S. Roy, “Downlink multicell MIMO-OFDM: An architec-
ture for next generation wireless networks,” in Proc. IEEE WCNC, Mar.
2005.

R. A. Horn and C. R. Johnson, Matrix Analysis.
Cambridge University Press, 1996.

M. Medard, “The effect upon channel capacity in wireless communica-
tions of perfect and imperfect knowledge of the channel,” IEEE Trans.
Inform. Theory, pp. 933-946, 2000.

J.-H. Chang, L. Tassiulas, and F. Rashid-Farrokhi, “Joint transmitter
receiver diversity for efficient space division multiaccess,” IEEE Trans.
Wireless Commun., vol. 1, pp. 16-27, Jan. 2002.

W. Yu, G. Ginis, and J. M. Cioffi, “Distributed multiuser power control
for digital subscriber lines,” IEEE J. Select. Areas Commun., vol. 20,
pp. 1105-1115, June 2002.

Cambridge, UK:



ZHANG et al.: ASYNCHRONOUS INTERFERENCE MITIGATION IN COOPERATIVE BASE STATION SYSTEMS 165

Hongyuan Zhang (S°’03-M’06) received the B.E.
in electronics engineering from Tsinghua University,
Beijing China in 1998, the M.S. in electrical engi-
neering from Chinese Academy of Sciences, Beijing
China in 2001, and the Ph.D. degree in electrical
engineering from North Carolina State University,
Raleigh, NC in 2006. From 2003 to 2005, he was a
research assistant with the ECE department of NC
State University, working on MIMO and multiuser
cellular communication systems. From May 2005
to Aug 2006, he worked for Mitsubishi Electrical
Research Labs, Cambridge MA, participating in projects related to IEEE
802.11n WLAN standardization and implementation, IEEE 802.16j mobile
multihop relay WMAN standardization, base station cooperative networks,
and cognitive radios. He is currently a senior DSP design engineer in the
signal processing group, Marvell Semiconductor Inc., Santa Clara, CA and is
exploring advanced MIMO features in WLANS.

Dr. Zhang’s research interests include performance analysis and signal
processing in MIMO systems, MIMO-OFDM systems in WLAN and WiMax
networks, multiuser cellular systems, and cognitive radios. He has authored
one book chapter and many journal and conference publications. He has
authored or co-authored about 20 invention disclosures or pending US patents.
He was one of the key contributors for the antenna selection features in the
IEEE 802.11n draft spec.

Neelesh B. Mehta (S’98-M’01-SM’06) received his
Bachelor of Technology degree in electronics and
communications engineering from the Indian Insti-
tute of Technology, Madras in 1996, and his M.S.
and Ph.D. degrees in electrical engineering from the
California Institute of Technology, Pasadena, CA
in 1997 and 2001, respectively. He was a visiting
graduate student researcher at Stanford University in
1999 and 2000. Since Sept. 2003, he has been with
Mitsubishi Electric Research Laboratories (MERL),
Cambridge, MA, USA, where is now a Principal
Member of Technical Staff. Before joining MERL, he was a research scientist
for the Wireless Systems Research Group, AT&T Laboratories, Middletown,
NJ until 2002. In 2002 and 2003, he was a Staff Scientist for Broadcom Corp.,
and was involved in GPRS and EDGE cellular handset development.

His research includes work on link adaptation, multiple access protocols,
performance characterization of WCDMA downlinks, system-level analysis
and simulation of cellular systems, MIMO and antenna selection, and coop-
erative communications. He is serving on the TPCs of Globecom 2007 and
VTC 2008 (Spring). He is also actively involved in the radio access network
physical layer (RAN1) standardization activities in 3GPP.

R S ’/“ “.i\‘w
R gy

S NNTRITIRpe Y1

AN

Andreas F. Molisch (S’89-M’95-SM’00-F’05) re-
ceived the Dipl. Ing., Dr. techn., and habilitation
degrees from the Technical University Vienna (Aus-
tria) in 1990, 1994, and 1999, respectively. From
1991 to 2000, he was with the TU Vienna, becoming
an associate professor in 1999. From 2000-2002, he
was with the Wireless Systems Research Department
at AT&T (Bell) Laboratories Research in Middle-
town, NJ. Since then, he has been with Mitsubishi
Electric Research Labs, Cambridge, MA, where he
is now a Distinguished Member of Technical Staff.
He is also a professor and chairholder for radio systems at Lund University,
Sweden.

Dr. Molisch has done research in the areas of SAW filters, radiative transfer
in atomic vapors, atomic line filters, smart antennas, and wideband systems.
His current research interests are cooperative communications, measurement
and modeling of mobile radio channels, UWB, and MIMO systems. Dr.
Molisch has authored, co-authored or edited four books (among them the
recent textbook Wireless Communications, Wiley-IEEE Press), eleven book
chapters, some 100 journal papers, and numerous conference contributions.

Dr. Molisch is an editor of the IEEE TRANSACTIONS ON WIRELESS
COMMUNICATIONS, co-editor of recent special issues on MIMO and smart
antennas (in the J. Wireless Commun. Mobile Computing), and UWB (in the
IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS). He has been
a member of numerous TPCs, vice chair of the TPC of VTC 2005 Spring,
general chair of ICUWB 2006, and TPC co-chair of the wireless symposium
of Globecomm 2007. He participated in the European research initiatives
“COST 231, “COST 259, and “COST273,” where he was chairman of
the MIMO channel working group, he was chairman of the IEEE 802.15.4a
channel model standardization group, and is also chairman of Commission
C (signals and systems) of URSI (International Union of Radio Scientists).
Dr. Molisch is a Fellow of the IEEE, an IEEE distinguished lecturer, and a
recipient of several awards.

Jinyun Zhang (S’86-M’91-SM’04) received her
Ph.D. in electrical engineering from the Univer-
sity of Ottawa in 1991. Since 2001, Dr. Zhang
has been the manager of the Digital Communica-
tions & Networking group at Mitsubishi Electric
Research Laboratories (MERL), Cambridge, MA,
USA. Currently, she is leading many new broadband
wireless communications and networking research
projects that include UWB, broadband multimedia
home networking, ZigBee ad hoc & wireless sensor
networking, MIMO, high speed WLAN, WiMAX
and next generation mobile communications.

Prior to joining MERL, she worked for Nortel Networks for more than 10
years, where she held various management positions and engineering positions
in the areas of digital signal processing, advanced wireless technology
development, and optical networks. She was a key contributor for Nortel’s
1st generation, 2nd generation, and 3rd generation mobile base stations and
ultra high speed optical DWDM networks.

Dr. Zhang has authored and co-authored more than 100 publications,
invented and co-invented more than 70 patent applications, and made nu-
merous contributions to various international standards in the area of wireless
communications. Dr. Zhang is a Senior Member of IEEE, an Associate Editor
of the IEEE TRANSACTIONS ON BROADCASTING, and served as a TPC
member of several IEEE conferences and a technical reviewer for various
IEEE publications.

Huaiyu Dai (S’00-M’03) received the B.E. and M.S.
degrees in electrical engineering from Tsinghua Uni-
versity, Beijing, China, in 1996 and 1998, respec-
tively, and the Ph.D. degree in electrical engineering
from Princeton University, Princeton, NJ in 2002.
He was with Bell Labs, Lucent Technologies,
Holmdel, NJ, during summer 2000, and with AT&T
Labs-Research, Middletown, NJ, during summer
2001. Currently he is an Assistant Professor of
Electrical and Computer Engineering at NC State
University, Raleigh. His research interests are in
the general areas of communication systems and networks, advanced signal
processing for digital communications, and communication theory and infor-
mation theory. His current research focuses on distributed signal processing
and crosslayer design (with a physical layer emphasis) in wireless ad hoc and
sensor networks, distributed, multicell, multiuser MIMO communications, and
associated information-theoretic and computation-theoretic analysis.



	Title Page
	Title Page
	page 2


	Asynchronous Interference Mitigation in Cooperative Base Station Systems
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11


