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Abstract: In EU FP7 project SAPHYRE, we study the nonorthogonal spectrum shar-
ing scenario, in which multiple operators are allowed to utilize the same frequency
band in the same location and time. A major impairment in sucha scenario is the
interference that the cochannel transmissions create. Assuming that the transmitters
are equipped with multiple antennas, we propose various transmit beamforming tech-
niques to manage the interference. We show that efficient operating points can be
reached, when the operators cooperatively design their beamforming vectors.
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1. Introduction
In current wireless communication systems, the radio spectrum is typically split in frequency bands
that are exclusive allocated (licensed) to different operators. SAPHYRE1 demonstrates how equal-
priority resource sharing in wireless networks improves spectral efficiency, enhances coverage, in-
creases user satisfaction, leads to increased revenue for operators, and decreases capital and operating
expenditures. The envisioned systems concurrently share the available spectrum. Hence, the transmis-
sions from coexisting base stations, owned by different operators, cause interference. The transmitters
(and possibly the receivers) are equipped with multiple antennas. This setup is modelled by the so-
called interference channel (IC); the two-user multiple-input multiple-output (MISO) IC is depicted
in Fig. 1(a). The interference can be managed by appropriately designing transmit beamforming
strategies that steer the power towards the intended receiver and away from the other receivers.

For the two-user MISO IC, a real-valued parametrization of each transmitter’s efficient beamform-
ing vectors is provided in [1]. The beamforming vectors thatachieve Pareto-optimal points are proven
to be a linear combination of zero-forcing (ZF) and maximum ratio (MR) transmission. MR maxi-
mizes the signal power, whereas ZF also does so but without causing any interference. Based on this
characterization, a monotonic optimization framework to find maximum sum-rate, proportional-fair
and minimax operating points is developed in [2]. The parametrization in [1] is related to the virtual
(signal-to-interference-and-noise ratio) SINR framework in [3]. This framework is motivated by the

1SAPHYRE (Sharing Physical Resources - Mechanisms and Implementations for Wireless Networks) is a STREP project
funded by the European Union within the Seventh Framework Programme (FP7-ICT-248001). http://saphyre.eu
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Figure 1: Two-user MISO IC and example of achievable rate region

design of distributed algorithms that require local channel state information (CSI) at each transmitter.
The complex valued parametrization of the Pareto boundary of theK-user MISO IC rate-region is de-
rived in [1], which requiresK(K−1) complex valued parameters in order to attain all Pareto-optimal
points. In [4], theK-user MISO IC is considered with capabilities of time sharing resources between
the links. All points on the Pareto boundary of the MISO IC rate region are achieved withK(K − 1)
real parameters. In [5], the authors characterize the Pareto boundary of the MISO IC through control-
ling interference temperature constraints. Joint linear precoding is investigated in [6]. The rate-region
achieved with joint precoding is larger than the MISO IC rate-region, and all Pareto-optimal beam-
forming vectors are parametrized byK(K − 1) complex valued parameters. For this setting, a recent
result in [7] reduces the number of parameters toK + L real-valued scalars, whereL is the num-
ber of linear transmission constraints. Linear precoding multiple-input multiple-output (MIMO) IC
algorithms are investigated in [8].

Transmit beamforming techniques for the MISO and the MIMO ICare proposed in Sec. 2.–3. and
Sec. 4.–5., respectively. A general beamforming frameworkis presented in Sec. 6..

2. Achievable Rate Region of the MISO IC
TheK-user MISO IC is studied in [1]. All transmitters (TXs) haveM transmit antennas each, that can
be used with full phase coherency. The receivers (RXs), however, have a single receive antenna each.
We assume transmission consists of scalar coding followed by beamforming, and that all propagation
channels are frequency-flat. This leads to the following basic model for the matched-filtered, symbol-
sampled complex baseband data received at RXk:

yk = hT
kkwksk +

K
∑

l=1,l 6=k

hT
lkwlsl + nk, (1)

wheresl, 1 ≤ l ≤ K is the symbol transmitted by TXl, hlk is the channel-vector between TXl and
RXk, andwl is the beamforming vector used by TXl. The variablesnk are noise terms which we
model as i.i.d. complex Gaussian with zero mean and varianceσ2.

We assume each TX to use transmit powerP , that cannot be traded with other TXs. Without loss
of generality, we may setP = 1. This gives the power constraints||wk||2 ≤ 1 for all k. Throughout,
we define the SNR as1/σ2. The precoding scheme considered here requires the TXs to have access
to the CSI for some of the links. However, at no point we will require phase coherency between
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them. In [1], a characterization of the beamforming vectorsthat reach the Pareto boundary of the
achievable rate region with interference treated as additive Gaussian noise is provided by a complex
linear combination.

Next, we assume all RXs to treat co-channel interference as noise, i.e. not to decode and to subtract
interference. For a given set of beamforming vectors{w1, ...,wK}, the rate

Rk(w1, ...,wK) = log2

(

1 +
|wT

k hkk|2
∑

l 6=k |wT
l hlk|2 + σ2

)

(2)

is achievable for the link TXk → RXk, by using codebooks approaching Gaussian distribution. We
define theachievable rate regionto be the set of all rates that can be achieved using beamforming
vectors that satisfy the power constraint

R ,
⋃

{wk:||wk ||2≤1,1≤k≤K}

{R1(w1, . . . ,wK), . . . , RK(w1, . . . ,wK)} ⊂ R
K
+ . (3)

The outer boundary of this region is called thePareto boundary, because it consists of operating points
(R1, ..., RK) for which it is impossible to improve one of the rates, without simultaneously decreasing
at least one of the other rates.

Theorem 1. All points of the Pareto boundary of the achievable rate region of the MISO IC can be
reached by beamforming vectors

wk(λk) = vmax

(

K
∑

ℓ=1

λkℓeℓhkℓh
H
kℓ

)

, (4)

with λk ∈ Λ, andeℓ = 1 for ℓ = k andeℓ = −1 otherwise.

In (4) vmax(X) denotes the principal eigenvector ofX. Note, forK = 2 the characterization in
[1, Corollary 1] follows as a special case. The proof of Theorem 1 can be found in [9].

3. Pareto-optimal Beamforming on the MISO IC
In this section, we propose an optimization-based method tocompute the Pareto boundary of the
achievable rate region for the two-user MISO IC. The method capitalizes on the observation that the
Pareto boundary is an one-to-one function, i.e. every Pareto-optimal point is uniquely defined when
the rate of one communication link is known. Then, the other rate is the maximum one that can be
simultaneously achieved; see Fig. 1(b). This motivates us to formulate the following optimization
problem to determine an arbitrary Pareto-optimal operating point(R⋆

1, R
⋆
2).

max
{wk:‖wk‖2≤1}2

k=1

R2(w1,w2) (5)

s.t. R1(w1,w2) = R⋆
1. (6)

Input (parameter) to the problem (5)–(6) is the coordinateR⋆
1 of the sought Pareto-optimal rate pair,

output (optimal value) is the other coordinateR⋆
2, and optimal solution is the pair(w⋆

1,w
⋆
2) of transmit

strategies that enable(R⋆
1, R

⋆
2). The optimization (5)–(6) is always feasible and the entirePareto

boundary can be calculated whenR⋆
1 is chosen in the range[0, Rmax

1 ]. The maximum rateRmax
1 for

link 1 is reached when TX1 and TX2 use the MR and ZF transmission, respectively.
When the TXs have perfect CSI, i.e. know the channel realizations, the (instantaneous) rates are

monotonously increasing with the SINRs; see (2). This allows us to equivalently reformulate the
problem (5)–(6) to the following SINR optimization
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max
{wk:‖wk‖2≤1}2

k=1

|wT
2 h22|2

|wT
1 h12|2 + σ2

(7)

s.t.
|wT

1 h11|2
|wT

2 h21|2 + σ2
= 2R

⋆
1 − 1. (8)

In [10], we have shown that problem (7)–(8) can be cast in quasi-convex form, that enables us
to efficiently find the global optimum solving a small number of second-order cone programming
problems. In [11], we exploited the formulation (7)–(8) andthe real parametrization of [1] to derive a
closed-form relation between the Pareto-optimal beamforming vectors of the two TXs.

When the TXs have statistical CSI, i.e. only know the channelcovariance matricesRkl, the
achievable rates are computed by averaging over the channelrealizations. The resulting (ergodic) rate
expressions are involved functions of the beamforming vectors, comprising exponential integrals with
quadratic terms in their limits. Then, the problem (5)–(6) cannot be solved directly, as in the perfect
CSI case. Instead, we can follow a two-step approach [12]. Inthe first step, we generate the set of
efficient beamforming vectors for TXk by solving the problem

max
wk:‖wk‖2≤1

wT
kRkkw

∗
k (9)

s.t. wT
kRklw

∗
k = ckl, (10)

for different values of the interference level (temperature) ckl that TXk generates towards RXl. In
the second step, the optimal pairs of beamforming vectors are found using exhaustive matching. The
global optimum of problem (9)–(10) is efficiently found using semidefinite relaxation. A similar
approach can be used to determine the outage rate region [13]. Also, this method motivates an iterative
scheme to distributively generate Pareto-optimal transmit beamforming vectors [14]. In each iteration,
the TXs decrease the interference temperatures and solve (9)–(10). The iterations terminate when it is
not anymore possible to increase both rates, i.e. when a Pareto optimum point is reached.

4. Sum-Rate Maximization on the MIMO IC
Coordination on the MIMO IC has recently emerged as a populartopic, with several important con-
tributions shedding light on rate-scaling optimal precoding strategies based on interference alignment
[15, 16, 17] and rate-maximizing precoding strategies [18,19]. In [20], we revisit the problem of
precoding on theK-user MIMO IC through the prism of game-theoretic egoistic and altruistic beam-
forming methods. The input-output relationship of the MIMOIC at RXi is

yi =

K
∑

j=1

vH
i Hjiwj + vH

i ni, (11)

whereHji is theMR ×MT channel matrix from TXj to RXi andni the noise vector which captures
the thermal noise and the uncontrolled interference from noncooperative TXs. We define the set
of CSI locally available at TXi by Bi = {H ij}j=1,...,K and respectively not available byB⊥

i =
{Hij}i,j=1...K \ Bi.

In the following, we derive analytically the equilibria forso-called egoistic and altruistic Bayesian
games [21] which are games where players (TXs) do not have access to complete CSI. A Bayesian
game is defined asG =< N,Ω, < Ai, ui,B

⊥
i >i∈N>, whereN is the set of players in the game, here

refers to the set of TXs{1, . . . ,K}. Ω is the set of all possible global channel states
{

C
MR×MT

}K
.

Ai is the action set of playeri, here refers to all choice of transmit beamforming vectorswi such that
the power constraint is fulfilled‖wi‖2 ≤ 1. ui : Ω × Ai → R is the utility function of playeri. The
setB⊥

i is themissingCSI at playeri.
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Given the receive beamformer as common knowledge, the egoistic utility at TXi is its own SINR

ui(wi,w−i,Bi,B
⊥
i ) =

|vH
i Hiiwi|

2P
∑K

j 6=i |v
H
i Hjiwj |2P+σ2

.

Theorem 2. The best-response strategy of TXi in the egoistic Bayesian game iswEgo
i = vmax(Ei)

whereEi = HH
ii viv

H
i H ii denotes theegoistic equilibrium matrixfor TXi and the corresponding

RX is given byvi =
CRi

−1Hiiw
Ego
i

‖CRi
−1Hiiw

Ego
i

‖
. The received interference covariance matrixCRi is given by

CRi =
∑K

j 6=iHjiwjw
H
j HH

ji .

The altruistic utility at TXi is defined here in the sense of minimizing the expectation of the sum
of interference power towards other RX’s, i.e.ui(wi,w−i,Bi,B

⊥
i ) = −

∑

j 6=i |vH
j Hijwi|2.

Theorem 3. The best-response strategy of TXi in the altruistic Bayesian game is given by:wAlt
i =

vmin(
∑

j 6=iAij) whereAij = HH
ij vjv

H
j H ij denotes thealtruistic equilibrium matrix for TXi to-

wards RXj. The corresponding RX isvi =
C

−1

Ri
Hiiwi

‖C−1

Ri
Hiiwi‖

.

In the following, we derive a game-theoretic interpretation of previous work [19] aimed at maxi-
mizing the sum-rate over the MIMO IC. We propose a new simplified precoding technique, based on
balancing the egoistic and the altruistic behavior at each TX, where the balancing weights are derived
from statistical parameters. Each TXi and RXi iteratively performs

wi = vmax



Ei +

K
∑

j 6=i

λijAij



 and vi =
C−1

RiH iiwi

‖C−1
RiH iiwi‖

. (12)

The proposed algorithm iterates between transmit and receive beamformers in a way similar to recent
interference-alignment based methods [16, 17]. However here, interference alignment isnot a design
criterion. The algorithm exhibits the same optimal rate scaling (when SNR grows) as shown by recent
interesting iterative interference-alignment based methods such as alternated subspace optimization
and iterative maximum SINR precoding [15, 16, 17]. At finite SNR, we show improvements in terms
of sum rate, especially in the case of asymmetric networks where interference-alignment methods are
unable to properly weigh the contributions on the differentinterfering links to the sum rate.

5. Flexible Coordinated Beamforming on the MIMO IC
We introduce a low-complexity suboptimal transceiver design for single-stream transmission in the
two-user MIMO IC. It maximizes the sum rate by suppressing the interference and strengthening the
desired signal. The TXs and RXs are equipped withMT andMR antennas, respectively.

A recent technique dealing with linear precoding design at the TXs for the IC is named ZF coor-
dinated beamforming (CoZF) [8], which forces the interference to be zero assuming maximum ratio
combining (MRC) at the receivervj = Hjjwj. The precoders are chosen as a generalized eigenvector
of HH

jiH ii andHH
jjH ij for i 6= j. Although simple, this method has the dimensionality constraint

that MT ≤ MR due to the full-rank requirement of these equivalent channel matrices. Motivated
by [8], we propose a method called flexible coordinated beamforming for the IC (IC FlexCoBF) to
improve the system sum rate performance and relax the dimensionality constraint. The original Flex-
CoBF [22] has been designed to iteratively suppress the interuser interference on the downlink of
multi-user MIMO systems, utilizing either block diagonalization (BD) [23] or regularized block diag-
onalization (RBD) [24] at the transmitter, combined with MRC at the receiver. Inspired by this idea,
we derive an algorithm suitable for the IC.

To start, the receive beamformersv1 andv2 are randomly initialized. In the following, we sketch
the design ofw2 (w1 is designed analogously). If TX2 applies BD, we take the SVD of the equivalent
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interference channel̃h21 = vH
1 H21 = 1 · σ̃T

2 · [ṽ(1)
1 Ṽ

(0)
1 ]H, where the signal space and the null space

of h̃21 is obtained as̃v(1)
1 ∈ C

MT andṼ
(0)
1 ∈ C

MT×(MT−1), respectively. In order to maximize the
throughput of the second transceiver pair under the ZF constraint to user 1, we take the SVD of the

equivalent channelvH
2 H22Ṽ

(0)
1 = 1·σ̃T

2 ·Ṽ
H
2 and the precoderw2 is obtained asw2 = Ṽ

(0)
1 ṽ2, where

ṽ2 is the dominant singular eigenvector ofṼ 2. If TX 2 applies RBD, the precoder is designed in two
steps. Letw2 = β2W 2aw2b, whereW 2a is used to suppress the interference ,w2b facilitates the rate
optimization of the second link, andβ2 is a real factor that scales the transmit power. Assuming that
||w2b|| = 1 and full-power transmission, we haveβ2

2 ||W 2aw2b||2 = β2
2 ||W 2a||2F = P . Therefore,

we chooseβ2 =
√
P/||W 2a||F . After computing the SVD of the equivalent interference channel

h̃21 = vH
1 H21 = 1 · σ̃T

1 · Ṽ H
1 , we getW 2a = M 2aD2a, whereM2a = Ṽ 1 andD2a = (σ̃1σ̃

T
1 +

MRσ2

P IMT
)−1/2 is a diagonal power loading matrix. The vectorw2b is obtained from the SVD of the

equivalent channelvH
2 H22W 2a = 1 · σ̃T

2 · Ṽ H
2 asw2b = ṽ2, whereṽ2 is the right dominant singular

vector of Ṽ 2. With the transmit precoders obtained from either BD or RBD,the receive filters are
updated asvj = Hjjwj . The procedure continues iteratively until the stopping criterion is fulfilled,
i.e., the interference is below a predefined threshold.

6. Beamforming using General Interference Functions
The results in Sec. 2.–5. were derived specifically for the multi-antenna IC. Here, we explore a more
abstract approach that involves interference functions [25, 26] and defines inter-operator interference
in very broad terms, by focusing on some fundamental mathematical properties, abstracting away from
system subtleties. Such a general analytical approach is useful since it allows for a better understand-
ing of the underlying analytical structure. It also includes many practical problems as special cases.
In the following we discuss this approach with a special emphasis on transmit beamforming.

Assume thatK users want to transmit independent data streams overN channels (signaling di-
mensions such as a time slot, frequency carrier, or (semi)-orthogonal code in CDMA, SDMA, or
spatial multiplexing. This is illustrated in Figure 2. The left-hand picture illustrates the conventional
non-sharing scenario, where orthogonal channels are reserved for the users. With sharing, every user
can fully access the available channels, provided that the interference remains within certain bounds.

Each possible combination between users and channels constitutes a “communication link”. We
haveL = K × N communication links. Thel-th link uses a transmission powerpl ∈ R+. We are
typically interested in interference-limited scenarios where not all links active, i.e., the casepl = 0 is
likely to occur. The goal is to optimize the overall system byappropriately choosing the power vector
p = [p1, p2, . . . , pL]

T .
Here, we discuss optimization strategies that are based on standard interference functions [25]. A

standard interference functionY (p) is characterized by the properties

• monotonicity: Y (p) ≥ Y (p′) if p ≥ p′ (component-wise inequality)

• scalability: Y (αp) ≤ αY (p) for all α > 1.

Copyright c© The authors www.FutureNetworkSummit.eu/2011 6 of 8



This includes many practical scenarios as special cases. For example, all interference strategies that
maximize the SINR at the receiver fall within this framework. But it can also be applied to certain
transmit beamforming problems. Consider the MISO-IC of Fig. 1(a). Exploiting duality (see e.g.
[27] and references within), we can rewrite the problem in terms of a virtual “transpose” system, with
virtual receive beamformersvl. The resulting interference functions are

Yl(p) = min
‖vl‖2=1

∑

k 6=l pkv
H
l Rkvl + σ2

vH
l Rlvl

. (13)

There are various ways of exploiting the structure of interference functions. One example is the
sum-rate maximization problem

max
‖p‖1≤P

L
∑

l=1

αl log

(

1 +
pl

Yl(p)

)

= max
‖p‖1≤P

(

L
∑

l=1

αl log(Yl(p) + pl))−
L
∑

l=1

αl log(Yl(p))

)

. (14)

For SNR→ ∞, the problem can be reformulated as a convex optimization problem. For finite SNR,
however, the problem is NP hard [28]. Thus, the goal should beto find efficient suboptimum strategies.
Fortunately, we can exploit the structure of the interference functions (13). They fulfill the monotonic-
ity and scalability properties, and in addition they areconcave. As a consequence, problem (14) is a
Difference of Convex (D.C.) Functionsoptimization problem. A computationally-efficient algorithm
for solving (14) is presented in [29]. For calculating the global optimum up to someǫ-accuracy, the
prismatic branch-and-bound technique [30] can be used. Comparing the suboptimal approach with the
global optimum, a good performance is observed for the beamforming case.

7. Conclusions
Transmit beamforming is shown to be not only a spatial multiplexing technique, but also a promising
method that enables nonorthogonal spectrum sharing amongst operators. The proposed beamforming
designs can achieve operating points that are more efficientthan orthogonally splitting the spectrum.
In order to yield these gains the operators need to cooperatively design their beamforming vectors
striking a balance between the conflicting goals of maximizing the signal power and minimizing the
generated interference. This cooperation does not need to rely on regulation, but in principle it is
self-enforced since it is beneficial to all involved parties. An important prerequisite for practical
implementation of the proposed transmit beamforming designs is the development of mechanisms to
obtain CSI for the inter-operator crosstalk links.

References
[1] E. A. Jorswieck, E. G. Larsson, and D. Danev, “Complete characterization of the Pareto boundary for the

MISO interference channel,”IEEE Trans. on Signal Processing, vol. 56, pp. 5292–5296, Oct. 2008.

[2] E. A. Jorswieck and E. G. Larsson, “Monotonic optimization framework for the MISO interference chan-
nel,” IEEE Trans. Commun., vol. 58, pp. 2159–2168, Jul. 2010.

[3] R. Zakhour and D. Gesbert, “Coordination on the MISO interference channel using the virtual SINR
framework,” inProc. ITG WSA, 2009.

[4] X. Shang, B. Chen, and H. V. Poor, “On the optimality of beamforming for multi-user MISO interference
channels with single-user detection,” inProc. GLOBECOM, pp. 1–5, Dec. 2009.

[5] R. Zhang and S. Cui, “Cooperative interference management with MISO beamforming,”IEEE Trans.
Signal Process., vol. 58, pp. 5450–5458, Oct. 2010.

[6] E. Björnson, R. Zakhour, D. Gesbert, and B. Ottersten, “Cooperative multicell precoding: Rate region
characterization and distributed strategies with instantaneous and statistical CSI,”IEEE Trans. Signal Pro-
cess., vol. 58, pp. 4298–4310, Aug. 2010.

Copyright c© The authors www.FutureNetworkSummit.eu/2011 7 of 8



[7] E. Björnson, M. Bengtsson, and B. Ottersten, “Pareto characterization of the multicell MIMO performance
region with simple receivers,” inProc. IEEE ICC, 2011.

[8] C.-B. Chae, I. Hwang, J. Robert W. Heath, and V. Tarokh, “Interference aware-coordinated beamforming
system in a two-cell environment,”IEEE J. Sel. Areas Commun., 2009. Submitted.

[9] R. Mochaourab and E. A. Jorswieck, “Optimal beamformingin interference networks with perfect local
channel information,”IEEE Trans. on Signal Processing, vol. 59, pp. 1128–1141, Mar. 2011.

[10] E. Karipidis and E. G. Larsson, “Efficient computation of the Pareto boundary of the MISO interference
channel with perfect CSI,” inProc. WiOpt, pp. 573–577, 2011.

[11] J. Lindblom, E. Karipidis, and E. G. Larsson, “Closed-form parameterization of the Pareto-boundary for
the two-user MISO interference channel,” inIEEE ICASSP, 2011.

[12] E. Karipidis, A. Gründinger, J. Lindblom, and E. G. Larsson, “Pareto-optimal beamforming for the MISO
interference channel with partial CSI,” inProc. IEEE CAMSAP, pp. 13–16, 2009.

[13] J. Lindblom, E. Karipidis, and E. G. Larsson, “Outage rate regions for the MISO IFC,” inProc. Asilomar,
pp. 1120–1124, 2009.

[14] J. Lindblom and E. Karipidis, “Cooperative beamforming for the MISO interference channel,” inProc.
European Wireless, pp. 631–638, 2010.

[15] M. A. Maddah-Ali, A. S. Motahari, and A. K. Khandani, “Communication over MIMO X channels: In-
terference alignment, decomposition and performance analysis,” IEEE Trans. Inf. Theory, vol. 54, Aug.
2008.

[16] K. S. Gomadam, V. R. Cadambe, and S. A. Jafar, “Approaching the capacity of wireless networks through
distributed interference alignment,” inProc. IEEE GLOBECOM, 2008.

[17] S. W. Peters and R. W. Heath, “Cooperative algorithms for MIMO interference channels,”IEEE Trans.
Veh. Technol., vol. 60, Jan. 2011.

[18] S. Ye and R. S. Blum, “Optimized signaling for MIMO interference systems with feedback,”IEEE Trans.
Signal Process., vol. 51, no. 11, 2003.

[19] C. X. Shi, D. A. Schmidt, R. A. Berry, M. L. Honig, and W. Utschick, “Distributed interference pricing
for the MIMO interference channel,” inProc. IEEE ICC, 2009.

[20] Z. Ho and D. Gesbert, “Balancing egoism and altruism on the single beam MIMO interference channel,”
IEEE Trans. Signal Process., 2010. Submitted.

[21] J. C. Harsanyi, “Games with incomplete information played by Bayesian players, I-III. Part I. The basic
model,”Management Science, Theory Series, vol. 14, Nov. 1967.

[22] B. Song, F. Roemer, and M. Haardt, “Flexible Coordinated Beamforming (FlexCoBF) Algorithm for the
Downlink of Multi-User MIMO Systems,” inProc. ITG WSA, pp. 414–420, 2010.

[23] Q. H. Spencer, A. L. Swindleherst, and M. Haardt, “Zero-forcing methods for downlink spatial multiplex-
ing in multiuser MIMO channels,”IEEE Trans. Signal Process., vol. 52, pp. 461–471, Feb. 2004.

[24] V. Stankovic and M. Haardt, “Generalized design of multi-user MIMO precoding matrices,”IEEE Trans.
on Wireless Commun., vol. 7, pp. 953–961, Mar. 2008.

[25] R. D. Yates, “A framework for uplink power control in cellular radio systems,”IEEE J. Select. Areas
Commun., vol. 13, pp. 1341–1348, Sept. 1995.

[26] M. Schubert and H. Boche,QoS-Based Resource Allocation and Transceiver Optimization, vol. 2. Foun-
dations and Trends in Communications and Information Theory, 2005/2006.

[27] M. Schubert, “Multiuser MIMO techniques,” inMIMO: from Theory to Implementation, Elsevier, 2010.

[28] S. Hayashi and Z.-Q. Luo, “Spectrum management for interference-limited multiuser communication sys-
tems,”IEEE Trans. Inform. Theory, vol. 55, pp. 1153–1175, Mar. 2009.

[29] N. Vucic, S. Shi, and M. Schubert, “DC programming approach for resource allocation in wireless net-
works,” in Proc. RAWNET, 2010.

[30] K. Eriksson, S. Shi, N. Vucic, M. Schubert, and E. Larsson, “Globally optimal resource allocation for
achieving maximum weighted sum rate,” inProc. IEEE GLOBECOM, 2010.

Copyright c© The authors www.FutureNetworkSummit.eu/2011 8 of 8


