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Relay Precoder Optimization in MIMO-Relay
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Abstract—In this paper, we consider robust joint designs of
relay precoder and destination receive filters in a nonregenerative
multiple-input multiple-output (MIMO) relay network. The net-
work consists of multiple source-destination node pairs assisted
by a MIMO-relay node. The channel state information (CSI)
available at the relay node is assumed to be imperfect. We consider
robust designs for two models of CSI error. The first model is a
stochastic error (SE) model, where the probability distribution
of the CSI error is Gaussian. This model is applicable when the
imperfect CSI is mainly due to errors in channel estimation.
For this model, we propose robust minimum sum mean square
error (SMSE), MSE-balancing, and relay transmit power mini-
mizing precoder designs. The next model for the CSI error is a
norm-bounded error (NBE) model, where the CSI error can be
specified by an uncertainty set. This model is applicable when the
CSI error is dominated by quantization errors. In this case, we
adopt a worst-case design approach. For this model, we propose a
robust precoder design that minimizes total relay transmit power
under constraints on MSEs at the destination nodes. We show
that the proposed robust design problems can be reformulated as
convex optimization problems that can be solved efficiently using
interior-point methods. We demonstrate the robust performance
of the proposed design through simulations.

Index Terms—Imperfect CSI, MIMO relay, relay precoding, ro-
bust optimization.

I. INTRODUCTION

R ELAY-ASSISTED wireless communication systems
have been studied widely [1]–[3]. Improvement in link

quality and reliability, and increase in coverage area are some
of the benefits resulting from the use of relaying in wireless
systems. Various relaying schemes have been proposed in
the literature. Among them, regenerative and nonregenerative
schemes have been studied widely [1], [2]. In regenerative
relaying, the relay nodes decode the received signal, re-encode
and then transmit it to the destination nodes. Whereas, in non-
regenerative relaying, the relay nodes scale the received signal
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and transmit it to the destination nodes. The nonregenerative
relaying is of practical interest as the signal processing involved
is less complex and is easier to implement. A widely studied
wireless relay-assisted system consists of a single source-des-
tination pair and multiple relay nodes. Relay precoder designs
for such a system have been reported in [4]–[6]. All the designs
in [1]–[6] consider single-antenna relay nodes. Use of relay
nodes with multiple-input multiple-output (MIMO) capability
has the potential for further enhancing the spectral efficiency
and the link reliability. Recently, studies on the application
of MIMO techniques in relay networks have been reported
in [7]–[9]. In [7], a relay precoder design that maximizes
the capacity between the source and destination nodes in a
nonregenerative relay system with single MIMO source-des-
tination pair, and a MIMO-relay is considered. A MIMO
point-to-multi-point system with a MIMO-relay is studied in
[8]. In [9], a source and relay precoder design based on the
minimization of mean-square error (MSE) for a three-node
multi-carrier MIMO-relay network is reported.
Most of the worksmentioned above assume the availability of

perfect channel state information (CSI) at the relay node. In prac-
tice, the CSI available at the relay node is usually imperfect due
to different factors such as estimation error, quantization, feed-
back delay, etc. Moreover, the performance of the precoders de-
signed based on the assumption of perfect CSI degrades in the
presence of errors in the CSI. Hence, it is of interest to develop
relay precoder designs that are robust to errors in CSI. Robust
precoder designs for the conventional broadcast channels have
been widely studied [10]–[13]. Robust relay precoder designs
for single-antenna nodes with partial/imperfect CSI have been
studied in [14]–[16]. The robust precoder designs proposed in
[14] are based on the second-order statistics of theCSI.Whereas,
in [15], the robust designs consider only large-scale fading. A
robust relay precoder for minimizing total relay transmit power
under an SINR constraint at the destination node is considered in
[16]. A study on robustMIMO-relay precoder design with SINR
constraints for amultipoint-to-multipoint relay network has been
reported in [17]. Relay precoder designs for a system with mul-
tiple source-destination pairs and multiple MIMO-relay nodes
for perfect and imperfect knowledge of the second order sta-
tistics of channels are studied in [18].
In this paper,we propose joint designs of robust relay precoder

and destination filters for aMIMO-relay system using nonregen-
erative relaying with imperfect CSI at the MIMO-relay. More
specifically, we consider a system with multiple source-desti-
nation pairs assisted by a single MIMO-relay. The source and
destination nodes are single antenna nodes, whereas the relay
node has multiple receive and multiple transmit antennas. We
consider twowidely usedmodels for the CSI error [19], and pro-
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pose robust designs suitable for thesemodels. First,we consider a
stochastic error (SE)model for the CSI error, which is applicable
when the error is mainly due to inaccurate channel estimation.
The error in this model is assumed to follow the Gaussian distri-
bution. In this case,we adopt a statistically robust design. For this
model, we consider robust precoder designs that are based on i)
sum mean square error (SMSE) minimization with a constraint
on total relay transmitpower, ii)MSE-balancingwithaconstraint
on total relay transmit power, and iii) minimization of total relay
transmit power with constraints on the MSEs of the destination
nodes. In case i), we show that the proposed robust precoder/re-
ceive filters design problem can be solved by iteratively solving
a pair of subproblems. The first subproblem is formulated as
a convex optimization problem that can be solved efficiently
using interior-pointmethods [20].The secondsubproblemcanbe
solved analytically. The proposed iterative algorithm is not guar-
anteed to converge to the globallyoptimal solution. In case ii) and
iii),we show that the robust design problems can be reformulated
as convex optimization problems with globally optimal solu-
tions. Further,we also consider the robust designof theminimum
SMSE relay precoder and the receive filters with constraints on
thepower of individual relay transmit antenna.Next,weconsider
a norm-bounded error (NBE) model for the CSI error, which is
applicable when the error is mainly due to quantization. In this
case, we adopt a min-max (worst-case) approach to the robust
design that is basedon theminimizationof the total relay transmit
power with constraints on the MSEs at the destination nodes.
We show that this design problem can be solved by solving an
alternating sequence of minimization and worst-case analysis
problems. The minimization problem is formulated as a convex
optimization problem that can be solved efficiently using in-
terior-point methods. The worst-case analysis problem can be
solved analytically using an approximation for the MSEs at the
destination nodes.Here again, the proposed iterative algorithm is
not guaranteed to converge to the globally optimal solution.
The rest of thepaper is organized as follows.The systemmodel

is presented in Section II. The proposed robust precoder/receive
filters design for SE model is presented in Section III. The pro-
posed robust precoder/receive filters design for NBE model is
presented inSection IV.SectionVpresents the simulation results
and comparisons. Conclusions are presented in Section VI.

II. SYSTEM MODEL

We consider a wireless relay system with source-desti-
nation node pairs, and a MIMO-relay node having receive
and transmit antennas, as shown in Fig. 1. The source and
destination nodes are each equipped with a single antenna. We
assume that there is no direct link between the transmit and
the destination nodes. We consider a nonregenerative relaying
scheme with half-duplex relay mode. In this mode, during the
first time slot, the th source node transmits the symbol1

1Vectors are denoted by boldface lowercase letters, and matrices are denoted
by boldface uppercase letters. denotes transpose operation, denotes
Hermitian operation, denotes complex conjugation, and denotes the
expectation operator. denotes the Kronecker product. and denote
real part and imaginary part of the argument, respectively. stacks all the
columns of the argument into a single column vector. generates a di-
agonal matrix with the argument on the diagonal. denotes identity
matrix.

Fig. 1. MIMO-relay system model.

with . Let represent the channel gain
from the th source node to the th receive antenna of the relay
node. Define , , and

. The signal vector received at the relay
node is given by

(1)

where , ,
, is the noise at the th receive

antenna of the relay node. The elements of are independent
and complex Gaussian random variables with zero mean and

, . During the second time slot, the
relay node transmits the received signal vector after multiplying
it by a precoding matrix . Let represent
the channel gain from the th transmit antenna of the relay
node to th destination node. Define ,

, and . The signals received
by the destination nodes, , , can be represented
vectorially as

(2)

where , , and is
the noise at the th destination node. The elements of are inde-
pendent and complex Gaussian with zero mean and
, . Let , where is the

receive scaling factor at the th destination node. The estimate
of the transmitted signal vector can be expressed as

(3)

where , and is the signal estimate at the
th destination node. We consider CSI uncertainties that can be
modeled as

(4)

(5)
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where , are the true CSI, , ,
are the imperfect CSI available at the relay node, and ,

represent the additive errors in the CSI. Equivalently,

(6)

(7)

, , ,
and . In a stochastic error (SE) model,
and are the channel estimation error matrices. Further, we as-
sume that and are Gaussian distributed with zero mean and

, and .
Such a model is suitable when the CSI error is predominantly
due to the channel estimation inaccuracies. An alternate error
model is a norm-bounded error (NBE) model, where we assume
that , and , . Equivalently,
belongs to the uncertainty set , and belongs to the uncer-
tainty set , where

(8)

and

(9)

This model is suitable for systems where quantization of CSI is
involved [12].

III. ROBUST PRECODER DESIGN WITH
STOCHASTIC CSI ERROR

In this section, we describe the proposed robust design of
the relay precoding matrix , and the receive filter for the
SE model of CSI error. We adopt a stochastic approach to the
robust design by minimizing the expected values of those ob-
jective and constraint functions that depend on the CSI error.
Such an approach ensures robust performance on the average,
though it does not guarantee robust performance for each indi-
vidual realization of the channel coefficients. We present relay
precoder/receive filter designs based on minimum SMSE and
MSE-balancing criteria.

A. Proposed Robust Minimum SMSE Design

In this subsection, we describe the proposed robust design of
the relay precoding matrix , and the receive filter that min-
imize the SMSE under a constraint on the total relay transmit
power. The CSI available at the relay node consists of and
, whereas the actual channel corresponds to ,

and . Further, the CSI error covariances are as-
sumed to be known at the relay node. In this scenario, we adopt
a stochastic approach to the robust design by minimizing the
expected value of the SMSE2 with respect to the CSI errors.
Mathematically, the robust design can be expressed as

(10)

2In the context of robust designs with stochastic CSI error, all theMSE-based
designs actually use the average or expected value of MSE in the optimization,
though we do not explicitly call them average MSE-based designs.

where is the SMSE, is the total relay transmit power, is
the upper limit on the total relay transmit power, and the expec-
tation is with respect to the CSI error and . In the rest of this
subsection, we reformulate the problem in (10) as a convex op-
timization problem. Based on (3), the SMSE can be expressed
as

(11)

where is the MSE at the th destination node, and we have
used the fact that , and . Sub-
stituting the CSI error model , in (11),
we can express the expected value of the SMSE as

(12)

where the expectation is over and . We use the following
Lemma I to further simplify the terms in (12).
Lemma I: Let be a random matrix with

, and and be matrices
of appropriate dimensions. Then

.
Proof:

The sequence of equalities given above follows from the
following properties of and operators for any
matrices , , and of appropriate dimensions: i)

, ii) , iii)
, and iv) .

Application of Lemma I in (12), and a few algebraic manip-
ulations lead to the following expression for the expected value
of the SMSE:

(13)
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Note that when , and , (13) reduces to (11),
which represents the SMSE with perfect CSI. The expected
value of the total relay transmit power can be expressed as

(14)

where the expectation operation is with respect to , , and .
We can observe from (13) and (14) that the constraint function
in (10) is a convex function of the , whereas the objective
function is not jointly convex in and . However, the ob-
jective function is convex in for a fixed value of and vice
versa. This implies that we can solve the optimization in (10)
by solving two subproblems alternatively, each of which is a
convex optimization problem. However, we note that the solu-
tion thus obtained may not be globally optimal as the problem in
(10) is not a convex optimization problem. The first subproblem
involves the computation of the relay precoder for a fixed
value of , and the second subproblem is the computation of
for a fixed value of .
1) Robust Design of Relay Precoder Matrix : The first

subproblem involves the computation of the relay precoder
for a given value of the receive filter matrix . We can rewrite
(13) as

(15)

Further, based on (15), we can express in terms of , where
, as

(16)

where , , and .
Similarly, we can express the total relay transmit power as

(17)

The subproblem of computing the robust relay precoder matrix
for a given value of can now be reformulated as the fol-

lowing convex optimization program:

(18)

where , , , and are auxiliary variables. We have dropped
the last term of (16) in the formulation in (18), as it does not de-
pend on . The advantage of the convex formulation of the
robust precoder design as in (18) is that it can be solved effi-
ciently using interior-point methods [20], [21].
2) Robust Design of Receive Filter : The second sub-

problem in the proposed robust design involves the computation
of the receive filter matrix for a given . The computation of
the receive filter matrix that minimizes is an unconstrained
optimization problem unlike the other subproblem. Note that,
the optimum value of , , satisfies the following
condition:

(19)

where . The estimate of the transmitted signal at
the th destination node can be written as

(20)
We can express the MSEs, , , as

(21)

Based on (21), the expected value of the MSE at the th user can
be expressed as

(22)

From the optimality condition in (19) we have

(23)

where , and

(24)
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TABLE I
ALGORITHM FOR COMPUTATION OF PRECODING MATRIX AND

RECEIVE FILTER

3) Iterative Algorithm for Solving (10): The complete algo-
rithm to compute the robust relay precoder matrix , and the
matrix of receive filters for the destination nodes , which es-
sentially solves (10), is given in Table I. At the th itera-
tion, the value of is the solution to the following problem:

(25)

which can be solved using (18). Having computed ,
is obtained as the solution to the following problem:

(26)

The iterative optimization over and can be repeated
until optimization variables converge. From (25) and (26), we
have

(27)

Coupled with the fact that the SMSE is lower bounded, (27) im-
plies that the proposed algorithm is guaranteed to converge to
a limit as . However, as noted earlier, convergence to
the globally optimal solution is not guaranteed. The iteration is
terminated when the norm of the difference in the results of con-
secutive iterations are below a threshold or when the maximum
number of iterations is reached.
4) Robust Design With Per-Antenna Power Constraints: As

each antenna at the MIMO-relay node usually has its own am-
plifier, it is important to consider precoder design with con-
straints on power transmitted from each antenna. For incorpo-
rating per-antenna power constraint in the proposed robust min-
imum SMSE design, only the precoder matrix design (18) has to
be modified by including the constraints on power transmitted
from each antenna as given below:

(28)

where , and is the upper limit on
the power for the th relay transmit antenna. The receive filter
can be computed using (23). Hence, the algorithm in Table I

can be used to obtain the robust design with per-antenna power
constraints with computed using (28) and computed using
(23). As in the case with the total power constraint, the resulting
solution is not guaranteed to be globally optimal. Further, the ro-
bust design with per-antenna power constraints is computation-
ally more complex compared to that with total power constraint
due to the additional SOC constraints in (28).

B. Robust MSE-Balancing Relay Precoder Design

When the CSI available at the relay node is imperfect, the
problem of robust design of relay precoder based on MSE-bal-
ancing with a constraint on the total relay transmit power can be
expressed as

(29)

The problem given above is equivalent to

(30)

where is a slack variable. The expression for given in (22)
can be rewritten as

(31)

where is a column vector whose th component is 1, and
the rest are 0s. The problem in (30) can be reformulated as the
following optimization problem:

(32)

where , and , are slack
variables. The problem in (32) is a quasi-convex optimization
problem, which can be solved through a sequence of bisection
search and solution of a convex feasibility problem [20]. Sup-
pose is the optimal solution of the problem in (32). For a fixed
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TABLE II
ITERATIVE ALGORITHM FOR THE ROBUST MSE-BALANCING

RELAY PRECODER DESIGN

value of , the problem in (32) is a convex feasibility problem,
i.e., to find the set of optimization variables that satisfy all the
constraints. If the problem is feasible for a fixed value of , we
can see that , otherwise . Based on this fact, we can
devise an iterative algorithm to solve the problem in (32). The
iterative algorithm given in Table II involves a bisection search
in , and a solution of a convex feasibility problem. As the ob-
jective represents MSE, can be initialized as zero, and
can be initialized as a sufficiently large value. The size of the
interval for search is reduced by half at each step, and so the it-
eration is guaranteed to converge in steps,
where is the convergence threshold, and represents the
lowest integer greater than or equal to . Further, as the feasi-
bility problem is convex, this algorithm will converge to a glob-
ally optimal solution.
1) Robust Relay Power Minimizing Precoder Design: The

design of a robust relay precoder that minimizes the total relay
transmit power with constraints on MSEs at the destination
nodes is closely related to that of the MSE-balancing precoder
considered earlier. Such a precoder is of interest when there is
a requirement to maintain a specific quality-of-service (QoS) at
the destination nodes. This design problem can be stated as

(33)

where is the maximum allowed MSE (MSE target) at the th
destination. Based on the earlier developments, this problem can
be reformulated as the following convex optimization problem:

(34)

Being a convex optimization problem, it has a unique optimal
solution and can be efficiently solved using interior-point
methods. However, the precoder designed using (34) for given
CSI satisfies the MSE constraints only on the average, not for
each individual realization of the CSI error. The problem of

robust design that satisfies MSE constraints for each realization
of the CSI error in a specified uncertainty set is addressed in
the next section.

IV. ROBUST PRECODER DESIGN WITH
NORM-BOUNDED CSI ERROR

In this section, we propose a robust design of the relay pre-
coding matrix and the receive filter in the presence of CSI
error that follows the NBEmodel. The design seeks to minimize
the total relay transmit power while meeting MSE constraints at
all the destination nodes. When the CSI available at the relay is
imperfect with errors of bounded norm, we can make the relay
precoder and the receive filter robust by ensuring that the pre-
coder and the receive filter satisfy the MSE constraints for all
possible CSI errors satisfying the norm bound. Mathematically,
this problem can be represented as

(35)

where is the total relay transmit power, and is the actual
MSE at the th destination node. The problem above is equiva-
lent to

(36)

where is an auxiliary optimization variable. Though an exact
solution to this problem is difficult, we propose a tractable
solution based on the cutting-set method [22]. The cutting-set
method is an effective technique to solve worst-case convex op-
timization problems with parameter uncertainty. The uncertain
parameters are assumed to belong to some given uncertainty
sets. In this method, the worst-case optimization alternates
between an optimization step and a worst-case analysis step.
The optimization step involves the computation of the optimal
solution for fixed values of the parameters, and the worst-case
analysis step involves maximization of the constraint functions
over the uncertainty sets. The cutting-set method leads to the
robust optimal solution if the worst-case analysis step results in
exact solution. The proposed solution involves solving an alter-
nating sequence of two subproblems, viz., i) precoder/receive
filter design with fixed channel vectors, and ii) computation
of worst-case channel vectors for a fixed precoder and receive
filter. We note that the precoder/receive filter design with
perfect CSI is a special case of the problem described above,
which involves only solving once the first subproblem using the
perfectly known channel vectors. The following subsections
describe the solutions of the first and second subproblems
and the iterative algorithm to solve the overall robust design
problem.

A. Precoder/Receive Filter Design for Given Channel Vectors

The first subproblem in the proposed robust design is the
computation of the relay precoder and the receive filter
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for a given set of channel vectors , . This com-
putation involves the minimization of the total relay transmit
power under MSE constraints at the destination nodes. Mathe-
matically, this problem can be written as

(37)

The total relay transmit power can be expressed as

(38)

where , and . The estimate of the
transmitted signal at the th destination node can be written
as

(39)

From the expression given above, the MSE at the th destination
node can be written as

(40)

The MSE constraints at the destination nodes can be written as

(41)

where . The precoder/receive filter design problem as
obtained by substituting (41) in (37) is not a convex optimiza-
tion problem. We can transform this problem into a convex op-
timization problem as follows. Let

(42)

where . Let , where
. The constraints in (41) can be reformulated

as

(43)

The precoder design that minimizes the total relay transmit
power under MSE constraints at the destination nodes can be
expressed as

(44)

where we have assumed , , are nonnegative
real numbers. As the first constraint in the problem in (44) is
a convex quadratic constraint and the rest are SOC constraints,
the problem given above is a convex optimization program. The
assumption that are nonnegative real numbers is required
in order to express (43) as SOC constraints in the convex formu-
lation in (44). If there is only a single constraint of the form (43),
i.e., , then (37) and (44) are equivalent as the phase factor
of can be absorbed into without affecting the objective and
other constraints. However, when there are multiple constraints
of the form (43), i.e., , then the solution of (44) can pro-
vide only an approximate solution of (37) as the phase factors
of all the constraints cannot be simultaneously absorbed by .

B. Computation of Worst-Case Channels

The second subproblem in the proposed robust design in-
volves the computation of the worst-case channels, i.e., those
channel vectors that belong to the uncertainty region and max-
imize the total relay transmit power and the MSEs at the desti-
nation nodes.
First, we consider the computation of the worst case channels

that maximize the MSEs for a given precoder and receive filter.
If the worst-case analysis problem can be solved exactly, then
the exact robust optimal solution to the problem above is pos-
sible. But, in the present problem, it turns out that an exact so-
lution to the worst-case analysis, i.e., the computation of ,

that maximize and , , is not possible
due to the nonconvexity of this problem. Hence, we propose an
approximate solution to the worst-case analysis problem. We
can express the MSEs, , , as

(45)
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Let , , and be the optimal solution of the
following problem:

(46)

Then , , and correspond
to the worst-case channels that give rise to the worst-case
MSE at the th destination node, given the imperfect CSI

at the relay, and the CSI error norm bounds
and . Note that the MSE at the th destination node

is a function of the source-to-relay channel vectors of all the
source nodes, i.e., , . Referring to (45), we can
see that solving (46) exactly is quite difficult. To significantly
simplify the problem, we approximate in (46) by neglecting
those terms in (45) that involve second and higher orders of

and . We can approximate the MSE at the th source
node as

(47)

where , and is obtained by setting ,
, in (45). Considering the terms involving and

in (47), and applying Cauchy–Schwartz inequality, we can
determine the worst-case CSI error vectors as follows:

(48)

(49)

(50)

where

(51)

Next, we consider the computation of the worst case channels
that maximize the total relay transmit power. The total relay
transmit power can be expressed as

(52)

As the last term in (52) does not depend on the CSI error, the
worst-case channel vectors maximizing the total relay transmit
power is obtained by solving

(53)

The problem in (53) is equivalent to the following individual
problems for :

(54)

The constraint in (54) is always active. So, the optimality con-
ditions [20] can be written as

(55a)

(55b)

(55c)

where is the gradient operator, is the Lagrange multiplier,
and is the Lagrangian associated with (54),

(56)

From (55a) and (56), we get

(57)

Let be the singular value decomposition
of , where and are unitary matrices, and is a
diagonal matrix containing the singular values .
Then, based on (57) and (55b), we can show that

(58)

where , and is the th element of . The La-
grange multiplier can be determined by solving (58).
We note that since the worst-case design in this subsection is

based on the approximate expression for MSE in (47), even if
the channel is in the assumed uncertainty region, some of the
resulting solutions might have slightly violated the MSE con-
straints. However, such violations are negligible as the effect of
second and higher order terms of CSI error is quite insignificant
in the case of small CSI error.

C. Iterative Algorithm for the Robust Design

The proposed robust precoder design involves iterating over
a sequence of minimization and worst-case analysis steps de-
scribed in the previous two subsections till a stopping criterion
is met. We start with the set of channel vectors, which initially
contains only the imperfect CSI , , available at
the relay node. The first step involves the solution of the opti-
mization problem in (44) for all elements of the set . This step
computes , , and for a given . The second step is the
worst-case analysis as described in the previous subsection. If
the resulting worst-case channels violate the constraints in (44)
for the values of , , and computed in the previous step,
these channel vectors are added to . So, during the worst-case
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analysis step in each iteration, the set of the worst-case chan-
nels may be expanded depending on the constraint violations.
During the minimization step in each iteration, the precoder
and the receive filter are optimized to meet MSE constraints
for increasing number of worst-case channels resulting in in-
creased robustness. These two steps are iterated till maximum
constraint violation , where is the worst-case
MSE at the th destination node, becomes less than a certain
threshold. When the worst-case analysis problem has an exact
solution, these iterations lead to the robust optimal solution [22].
For the problem considered here, the worst-case analysis is ap-
proximate, and the iteration is not guaranteed to lead to the ro-
bust optimal solution. However, our simulations show that the
proposed design is robust to the CSI errors.

V. RESULTS AND DISCUSSIONS

In this section, we illustrate the performance of the proposed
robust designs of the MIMO-relay precoder and receive filter,
evaluated through simulations. We compare the performance of
the proposed robust designs with that of the nonrobust designs.
The channel fading is modeled as Rayleigh, with the channel
vectors , , comprising of independent and
identically distributed (i.i.d) samples of a complex Gaussian
process with zero mean and unit variance. The noise at each
node is assumed to be zero-mean complex Gaussian random
variable.
First, we consider the performance of the robust MIMO-relay

precoder designs presented in Section III for the stochastic CSI
error model. For this model, results for the perfect CSI case is
obtained assuming , , and using
in the algorithm in Table I. Results for the nonrobust design
is obtained assuming , , but setting

in the algorithm in Table I and Table II. In other
words, in the case of nonrobust design, even though the actual
channels are different from the CSI estimates available at the
relay node, the precoder is designed neglecting this difference.
For a comparison of the performance of the proposed robust
design with that of the nonrobust design, first we consider the
average SMSE in the presence of CSI errors. For this purpose,
we consider a system with transmit nodes communi-
cating with destination nodes, and a MIMO-relay with

Tx/Rx antennas. The average SMSE versus the SNR is
compared for different values of , and , and the results are
shown in Fig. 2. The SNR is defined as SNR . The
results show that the proposed robust design outperforms the
nonrobust design. It is found from the results that the difference
between the performance of the robust and nonrobust designs
increases with the SNR. This can be observed in (16), where
the CSI error variances are amplified by the squared norm of
the precoding matrix, which is proportional to the relay transmit
power. Further, we compare the performance of nonrobust de-
sign and the proposed robust design in terms of average SMSE
versus CSI error variance. For this comparison, we consider two
system configurations, one with , SNR 30 dB,
and the other with , SNR 20 dB. The results
are shown in Fig. 3. In both the configurations, the robust de-
sign is found to perform better than the nonrobust design. At

Fig. 2. Average SMSE versus relay SNR. . 0, 0.2,
0.3.

Fig. 3. Average SMSE versus CSI error variance. 3, 4, Relay SNR
20 dB, 30 dB.

higher CSI error variances, the performance gain achieved by
the robust design in terms of the average SMSE increases sig-
nificantly. For example, the difference in the average SMSE be-
tween nonrobust and robust design for , is
more than six times the difference for . The
convergence behavior of the proposed design is shown in Fig. 4.
We consider a setup with source-destination pairs and
a MIMO-relay with Tx/Rx antennas. We have shown
the convergence results for different values CSI error variances
and different initialization methods of the algorithm. We have
shown the results for initialization of the precoder matrix with a
randommatrix and a unit matrix. Results show that initialization
with a random matrix results in faster convergence compared to
initialization with a unit matrix. We can observe that the algo-
rithm converges in less than 10 iterations when initialized with
a random matrix, whereas it converges in around 13 iterations
when initialized with a unit matrix. The performance of the ro-
bust MSE-balancing precoder design is shown in Fig. 5. For this
study, we consider a system with . The maximum
MSE among the destination nodes versus the SNR is obtained
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Fig. 4. Convergence behavior of the proposed robust design. , ,
Relay SNR 20 dB. “Random” implies initialization of the precoder matrix
with a random matrix, and “Unit matrix” implies initialization with the unit
matrix.

Fig. 5. Min-max MSE at the destination nodes versus relay SNR. ,
.

for different values of CSI error variance. As CSI error variances
increases, the performance improvement achieved by the robust
design compared to the nonrobust design is found to increase.
Next, we present the performance of the robust designs pro-

posed in Section IV for the norm-bound model of CSI error.
We compare the performance of the proposed robust design
with that of the nonrobust design. The nonrobust design of the
precoder and receive filter are obtained by solving (44) using

, , . In all the simulations for the NBE
model, we have assumed , , .
For a comparison of the performance of the proposed robust
design with that of the nonrobust design, first we consider the
cumulative distribution of achieved MSEs in the presence of
CSI errors. For this purpose, we consider a system with
transmit nodes communicating with destination nodes,
and a MIMO-relay with Tx/Rx antennas. The target
MSE is set as 0.2 for all destination nodes. To estimate the cu-
mulative distribution, we use , , satisfying
the norm constraints. The results are shown in Fig. 6. The results
show that the nonrobust design fails to meet theMSE target with

Fig. 6. Cumulative distribution of achieved MSE , . Target
MSE 0.2, 0.05, 0.1, 4, 0.1.

Fig. 7. Probability of outage versus channel estimation error
variance. Target MSE 0.1, 0.05, 0.1, 0.15, 4,
0.1.

higher probabilities for larger values of the CSI error bounds.
The robust design results in MSE less than the target MSE even
in the presence of CSI errors. We also evaluate the performance
of the proposed design in the presence of CSI errors that are
Gaussian distributed. For this study, we consider a system with

, and the target MSE for all destina-
tion nodes. The components of the CSI error vectors , and
are generated as independent and identically distributed com-
plex Gaussian random variables with zero mean and variance
. We compare the performance of the nonrobust design and

robust design in terms of the probability of outage defined as
versus CSI estimation error variance. Probability

of outage for the nonrobust design and the robust design with
0.05, 0.1, 0.15 are shown in Fig. 7. The probability of

outage of the nonrobust design significantly increases with in-
crease in the CSI error variance, whereas the robust design re-
sult in zero or very low outage depending on design value of .
For example, when , the probability of outage is neg-
ligibly small for the robust precoder designed with ,
and it is 0.045 for , whereas it is 0.83 for the nonrobust
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Fig. 8. Total relay transmit power versus maximum allowed MSEs at the
destination relays. 0.05, 0.1, 4, 0.1.

Fig. 9. Convergence of the proposed robust design. 6,
0.1, 0.3, , 0.01, 0.03, 0.07.

design. Further, we study the performance of the proposed de-
sign in terms of total relay transmit power versus MSE target
for different values of CSI error bounds. For this purpose, we
consider a set-up with system parameters set as ,

. The total relay transmit power resulting from
the robust and the nonrobust designs in the presence of CSI er-
rors is estimated through simulations. The results are shown in
Fig. 8. The results show that the total relay transmit power re-
quired to achieve a given MSE target increases with increase in
the CSI error norm bound. Comparing with the results in Fig. 6,
we observe that this increase in transmit power is the price to
pay for ensuring that the MSE constraints are satisfied in the
presence of CSI errors. Finally, the convergence behavior of
the proposed design is shown in Fig. 9. We consider a set-up
with source-destination pairs and a MIMO-relay with

Tx/Rx antennas. The target MSE is 0.3 at all the desti-
nation nodes. We have shown the convergence results for CSI
error norms , 0.03, and 0.07. From the results, we can
observe that the algorithm converges in less than four iterations
of the minimization and worst case analysis steps.

VI. CONCLUSION

We presented MIMO-relay precoder/receive filter designs
that are robust to CSI errors following SE and NBE models.
For the SE model of CSI errors, we presented robust designs
based on minimum SMSE with a constraint on relay transmit
power, MSE balancing with a constraint on relay transmit
power, and minimization of total relay transmit power with
MSE constraints at the destination nodes. For the NBE model
of CSI errors, we presented a robust design based on relay
transmit power minimization with MSE constraints at the des-
tination nodes. We showed that these robust design problems
can be formulated as convex optimization problems that can
be solved efficiently. We presented simulation results that
illustrate the improved performance of the proposed robust
designs compared to the nonrobust designs in the presence of
CSI imperfections at the MIMO-relay.

REFERENCES
[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diver-

sity. Part I. System description,” IEEE Trans. Commun., vol. 51, pp.
1927–1938, Nov. 2003.

[2] J. N. Laneman, D. N. C. Tse, andG.W.Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, pp. 3062–3080, Dec. 2004.

[3] Y. W. Hong, W. J. Huang, F. H. Chiu, and C. C. J. Kuo, “Coop-
erative communications in resource-constrained wireless networks,”
IEEE Signal Process. Mag., vol. 24, pp. 47–57, May 2007.

[4] Y. Jing and H. Jafarkhani, “Network beamforming using relays with
perfect channel information,” in Proc. IEEE Int. Conf. Acoust., Speech,
Signal Process. (IEEE ICASSP), Apr. 2007, pp. III-473–III-476.

[5] G. Zheng, K. Wong, A. Paulraj, and B. Ottersten, “Collaborative-relay
beamforming with perfect CSI: Optimum and distributed implementa-
tion,” IEEE Signal Process. Lett., vol. 16, pp. 257–260, Apr. 2009.

[6] Z. Yi and I. Kim, “Joint optimization of relay-precoders and decoders
with partial channel side information in cooperative networks,” IEEE
J. Sel. Areas Commun., vol. 25, pp. 447–458, Feb. 2007.

[7] X. Tang and Y. Hua, “Optimal design of non-regenerativeMIMOwire-
less relays,” IEEE Trans. Wireless Commun., vol. 6, pp. 1398–1407,
Apr. 2007.

[8] C. B. Chae, T. Tang, R. W. Heath, and S. Cho, “MIMO relaying with
linear processing for multiuser transmission in fixed relay networks,”
IEEE Trans. Signal Process., vol. 56, pp. 727–738, Feb. 2008.

[9] Y. Rong, “Non-regenerativemulticarrierMIMO relay communications
based onminimization ofmean-squared error,” inProc. IEEE Int. Conf.
Commun. (ICC), Jun. 2009, pp. 1–5.

[10] M. B. Shenouda and T. N. Davidson, “Nonlinear and linear broad-
casting with QoS requirements: Tractable approaches for bounded
channel uncertainties,” IEEE Trans. Signal Process., vol. 57, no. 5,
pp. 1936–1947, May 2009.

[11] R. Hunger, F. Dietrich, M. Joham, and W. Utschick, “Robust transmit
zero-forcing filters,” in Proc. ITG Workshop Smart Antennas, Munich,
Mar. 2004, pp. 130–137.

[12] M. Payaro, A. Pascual-Iserte, and M. A. Lagunas, “Robust power
allocation designs for multiuser and multiantenna downlink commu-
nication systems through convex optimization,” IEEE J. Sel. Areas
Commun., vol. 25, pp. 1392–1401, Sep. 2007.

[13] N. Vucic, H. Boche, and S. Shi, “Robust transceiver optimization in
downlink multiuserMIMO systems with channel uncertainty,” in Proc.
IEEE Int. Conf. Commun. (ICC), May 2008, pp. 3516–3520.

[14] V. H. Nassab, S. Shahbazpanahi, A. Grami, and Z. Q. Luo, “Distributed
beamforming for relay networks based on second-order statistics of the
channel state information,” IEEE Trans. Signal Process., vol. 56, pp.
4306–4306, Sep. 2008.

[15] T. Q. S. Quek, H. Shin, and M. Z. Win, “Robust wireless relay
networks: Slow power allocation with guaranteed QoS,” IEEE J. Sel.
Topics Signal Process., vol. 1, pp. 700–713, Dec. 2007.

[16] P. Ubaidulla and A. Chockalingam, “Robust distributed beamforming
for wireless relay networks,” in Proc. IEEE Personal, Indoor, Mobile
Radio Commun. (PIMRC), Sep. 2009, pp. 2345–2349.

[17] B. K. Chalise and L. Vandendorpe, “MIMO relay design for multi-
point-to- multipoint communications with imperfect channel state in-
formation,” IEEE Trans. Signal Process., vol. 57, pp. 2785–2796, Jul.
2009.



5484 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 59, NO. 11, NOVEMBER 2011

[18] B. K. Chalise and L. Vandendorpe, “Optimization of MIMO relays
for multipoint-to-multipoint communications: Nonrobust and robust
designs,” IEEE Trans. Signal Process., vol. 58, pp. 6355–6368, Dec.
2010.

[19] A. Pascual-Iserte, D. P. Palomar, A. I. Perez-Neira, andM. A. Lagunas,
“A robust maximin approach for MIMO communications with imper-
fect channel state information based on convex optimization,” IEEE
Trans. Signal Process., vol. 54, pp. 346–360, Jan. 2006.

[20] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge,
U.K.: Cambridge Univ. Press, 2004.

[21] J. Sturm, “Using SeDuMi 1.02, a MATLAB toolbox or optimization
over symmetric cones,” Optim. Methods Softw., vol. 11, pp. 625–653,
1999.

[22] A. Mutapcic and S. Boyd, “Cutting-set methods for robust convex op-
timization with pessimizing oracles,” Optim. Methods Softw., vol. 24,
pp. 381–406, Jun. 2009.

P. Ubaidulla (S’11) received the B.Tech. degree in
electronics and communication engineering from the
National Institute of Technology (NIT), Calicut, in
1997, the M.E. degree in communication engineering
from NIT, Trichy, in 2001, and the Ph.D. degree
in electrical communication engineering from the
Indian Institute of Science (IISc), Bangalore, India,
in 2011.
Prior to joining IISc, he had worked in the industry

in the field of radar and sonar signal processing. Cur-
rently, he is a Postdoctoral Fellow with the physical

science and engineering division of King Abdulla University of Science and
Technology (KAUST), Saudi Arabia. His current research interests are in mul-
tiuser MIMO communication, wireless relay networks, and robust optimization.

A. Chockalingam (S’92–M’93–SM’98) was born
in Rajapalayam, Tamil Nadu, India. He received
the B.E. (Hons.) degree in electronics and commu-
nication engineering from the P. S. G. College of
Technology, Coimbatore, India, in 1984, the M.Tech.
degree (with specialization in satellite communi-
cations) from the Indian Institute of Technology,
Kharagpur, India, in 1985, and the Ph.D. degree in
electrical communication engineering (ECE) from
the Indian Institute of Science (IISc), Bangalore,
India, in 1993.

During 1986 to 1993, he worked with the Transmission R&D division of the
Indian Telephone Industries Limited, Bangalore. From December 1993 to May
1996, he was a Postdoctoral Fellow and an Assistant Project Scientist at the
Department of Electrical and Computer Engineering, University of California,
San Diego. From May 1996 to December 1998, he served Qualcomm, Inc., San
Diego, CA, as a Staff Engineer/Manager in the Systems Engineering Group. In
December 1998, he joined the faculty of the Department of ECE, IISc, Banga-
lore, India, where he is a Professor, working in the area of wireless communi-
cations and networking.
Dr. Chockalingam is a recipient of the Swarnajayanti Fellowship from the

Department of Science and Technology, Government of India. He served as an
Associate Editor of the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY
from May 2003 to April 2007. He currently serves as an Editor of the IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS. He served as a Guest Editor
for the IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS (Special
Issue on Multiuser Detection for Advanced Communication Systems and
Networks). Currently, he serves as a Guest Editor for the IEEE JOURNAL OF
SELECTED TOPICS IN SIGNAL PROCESSING (Special Issue on Soft Detection
on Wireless Transmission). He is a Fellow of the Institution of Electronics
and Telecommunication Engineers and the Indian National Academy of
Engineering.


