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Abstract—In this work, we propose a minimum mean squared
error (MMSE) robust base station (BS) precoding strategy based
on switched relaying (SR) processing and limited transmission of
side information for interference suppression in the downlink of
multiuser multiple-input multiple-output (MIMO) relay systems.
The BS and the MIMO relay station (RS) are both equipped with
a codebook of interleaving matrices. For a given channel state
information (CSI) the selection function at the BS chooses the
optimum interleaving matrix from the codebook based on two
optimization criteria to design the robust precoder. Prior to the
payload transmission the BS sends the index corresponding to the
selected interleaving matrix to the RS, where the best interleaving
matrix is selected to build the optimum relay processing matrix.
The entries of the codebook are randomly generated unitary
matrices. Simulation results show that the performance of the
proposed techniques is significantly better than prior art in the
case of imperfect CSL'

Index Terms- Robust precoding, switched relaying, limited
feedforward, multiuser MIMO relay.

I. INTRODUCTION

Employing MIMO relays in multiuser cellular systems has
become a hot topic of current research, since it is able to
further increase the link quality, reliability, and data rate of
the system. Many works have been reported for multiuser
MIMO relay systems [1]-[7]. In particular, in the presence
of imperfect CSI, two robust linear precoding schemes at
the RS based on zero forcing (ZF) and MMSE criteria were
proposed for downlink multiuser MIMO relay systems in [3].
However, the authors did not consider the source precoding
in this work. An optimization strategy for the joint transmit
diversity and relay selection in cooperative MIMO systems
has been reported in [4]. In [5], Xu et al. proposed singular
value decomposition (SVD) based joint BS and RS precoding
algorithms, where the BS precoder is designed based on
the SVD of the first time slot channel, and the ZF RS
precoder is obtained based on the second time slot channel.
By using the same theory and taking the channel estimated
errors into account, the authors investigated SVD-based robust
precoding schemes in [6], [7]. The precoders are designed in
a decentralized way at the BS and RS, respectively. However,
they are not designed based on a unified cost function to
optimize the overall system performance. The SVD-based
algorithms may lead to a suboptimum solution. Moreover,
the iterative algorithms [8], [9] designed based on optimizing
the system performance for BS and RS precoders may not
be suitable for practical implementation in multiuser MIMO
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relay systems. Since they are centralized algorithms which
have to be implemented at the BS or RS, the required RS
or BS precoding information has to be sent by the control
signalling channels. In particular, when the channel varies
fast, the transmission efficiency becomes very low and the
CSI becomes outdated. Thus, more sophisticated and efficient
relaying algorithms are needed.

Prior work on switched interleaving techniques with limited
feedback has been proposed in the context of code-division
multiple access (CDMA) systems [10], [11]. In this work, we
propose an MMSE robust BS precoding strategy based on SR
processing and limited side information for downlink multiuser
MIMO relay systems in the presence of imperfect CSI. The
BS and MIMO RS are both equipped with a codebook of
interleaving matrices. For a given CSI, the selection function
at the BS chooses the optimum interleaving matrix from the
codebook based on the minimum sum squared Euclidean
distance between the true symbol value and the estimated
soft decision or maximum sum rate to design the robust BS
precoder. The BS feeds forward the index corresponding to
the selected interleaving matrix to the RS before the payload
transmission, where the best interleaving matrix is selected to
build the optimum relaying processing matrix. The entries of
the codebook are randomly generated unitary matrices. We
devise an expression for the transmission efficiency of the
proposed SR-based precoding scheme.

II. PROPOSED SYSTEM MODEL

Consider the downlink of a multiuser MIMO cellular system
consisting of one BS, one fixed RS, and K mobile stations
(MSs), as shown in Fig. 1. We equip the BS and the RS with
a codebook of interleaving matrices. During each transmission
block, the BS first chooses the optimum interleaving matrix
from the codebook as the relay processing matrix based on
a selection criterion and the estimated CSIs. Then, the BS
determines the optimum BS precoder based on the selected
interleaving matrix and sends the index of the selected entry
in the codebook to the RS through a limited feedforward
channel before data transmission. The selection process takes
place for each transmission block. Note that we restrict our
study to a simplified model, where the direct link between
the BS and the MSs is neglected. The K MSs are served
by the BS simultaneously through a single RS. It is assumed
that the BS and RS are equipped with N; and N, antennas,
respectively, and each MS is equipped with a single antenna,
where K < min{ N, N,.}. We consider the half time-division
duplex nonregenerative relaying [12].
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In the first phase, the K symbols are preprocessed at the
BS by the [-th precoder designed based on an interleaving
matrix T, where T; € T = {T1,Ta,...,Tyr} is chosen
according to the criteria that will be detailed later, where
Vi e {1,...,28}, B denotes the number of quantization bits
which are sent to the RS before the transmission, and 2Z is
the codebook size. The received vector at the RS is given by

@

rp =HiPb+ny, ey
where b = [by, ..., bx|T is the statistically and independently
generated K x 1 transmit symbol vector, E[bx|?] = 1,

k € {1,...,K}, E[.] denotes the expectation operator, [.]7
denotes transpose, P, [pgl),...,p(ll()] denotes the I-th

N; x K precoding matrix at the BS, with p,(cl) denoting the
[-th N; x 1 precoding vector applied to the transmit symbol
for user k. The matrix H; is the NV, x N; channel matrix
whose elements are independent and identically distributed
(i.i.d.) complex Gaussian variables with zero mean and unit
variance, and n; is the NV, x 1 additive complex Gaussian
noise with E[njn’] = 0?1, where o? denotes the first phase
noise variance, I denotes an identity matrix of appropriate
dimension, and [.]7 denotes Hermitian transpose.

In the second phase, the vector r%) is operated by the I-
th N, x N, relay processing matrix T, the forwarded signal
vector from the RS is given by

X = BT, @

where the parameter 5 is used to scale the transmit power
of the signal at the RS, and each entry T; is a unitary
matrix. The codebook is constructed by grouping 27 ran-
domly generated unitary matrices. The BS and RS power
constraints are given by P, = E[||P;b|?| = Tr{P,P{'} and
P, = B[||x |’ = °Tr{T/(H,PPI'H{ + ofDT{} =
B*Tr{H,P,PHH + 531}, respectively, where Tr{.} de-
notes the matrix trace operator. The scaling parameter [ is

given by 8 = PT/E[Hr%)HQ] which is computed at the RS.

Proposed linear precoding using switched relaying processing for multiuser MIMO relay systems

For the second phase, we model the transmission from the RS
to the ' MSs as a MIMO broadcast channel, we stack all the
users’ received data and obtain the K x 1 vector

O]

ry = HQX%) +ny = SHTHP;b + SH>Tn; + no,

3)

where Hs is the K x N,. channel matrix between the RS and
the MSs, its entries are i.i.d. zero mean complex Gaussian
variables with unit variance, and n, denotes the additive
complex Gaussian noise, E[nonk] = 021, where 03 denotes
the second phase noise variance. Note that the matrix HyT; H;
is the [-th permutated equivalent channel matrix produced by
the interleaving matrix /. The permutated channel matrices
have different degrees of spatial orthogonality. For a given set
of CSIs, we choose the interleaving matrix that provides the
best spatial orthogonality for the proposed precoding scheme.

IIT. PROPOSED SR-BASED ROBUST PRECODING
STRUCTURE

The CSI errors can be modeled as: Hy = H, + AH,
and Ho H> + AH,, where H; and H, are the first
phase and second phase estimated channel matrices, respec-
tively, and AH; and AH, are i.i.d. complex estimation error
matrices. The error matrices are assumed to be Gaussian
distributed with zero mean and E[AH;AH{] = o7 NI
and E[AH,AHY] = 07 N, I, where 0 and o}, denote the
variance of each element in error matrices AH; and AHo,,
respectively. In practice, the estimated CSIs at the BS can be
obtained by employing the feedback channels [13], [14].

The proposed SR-based precoding scheme employs 27
parallel branches of precoders which are designed based on the
permutated equivalent channel matrices generated by different
interleaving matrices in the codebook. The optimum precoder
is selected from the 27 candidates by a certain criterion based
on a given set of CSIs. In the following, we introduce the
proposed robust precoding design for branch [, in the presence
of channel estimation errors.
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Let us consider the following mean squared error criterion
¢ = E[|[b — (H,T:H,P;b + HyTimy + no)[|?]. (4)

Note that the expectation is taken over all distribu}ions of b,
n;, ny, AH; and AH,. By substituting H; = H; + AH;y
and Hy = Hs + AHs into (4) and taking the expectation, we
have

¢ = TT{E[I —PA@EITIAY + ARPTHRY
+HITIARY + ARITE AHE) — (A, T/H,
+ H,T,AH, + AH,TH, + AH,T,AH,)P,
+ (H,T/H, + A, T)AH, + AH, T H,
+ AH, T\ AH))P,PH@AEITIAY + AHETHAY
+ AT AR + AHETE AHE)

Tr{P,PH PPN
+ TP o, i ot AL AHY)
t
TT{P[PH}
+037Pt L I} ,
)
where we assume that Tr{P,Pf} = P, without loss of

generality [15]. In the derivation we use the fact that T; is
a unitary matrix. By taking the gradient terms of (5) with
respect to P} and equating them to zero, we obtain

VP = _(ﬂ{{T{{ﬁﬁq) + (ﬂf]Tf{ﬂgﬁleﬁ1
+ ailTr{I:IQI:Ig{}I + U%QKI:I{II:L

+ N, Ko} o I)P,
Tr{c?H,HY + 6202 N, 1 Ko?
N {oiHoHY + ooy, }Pz+ %p o
P 2

(6)

where we used the statistical properties and the fact that
E[AHEAAH,] = o Tr{A}I for any N, x N, matrix A.
Thus, we obtain the robust precoding expression as follows,

P, = 'alTial, @)
where TI = HITIAYA,TH, + U;QLITT{ICEICI%{}I +

& a 2 7o H Ko202 N,
O'}QLQKH{IHl +N7-KU}2110'}212I—|—01TT{II;:2H2 }I+ T1%hy I+

Py
K; : I. It is straightforward to see that for the [-th branch (7) is

a gflobal minimizer for the MMSE optimization problem since
the Hessian matrix of the MSE objective function is positive
definite. In order to satisfy the transmit power constraint
Tr{P,PH} = P, the proposed robust precoder for the [-th
parallel branch is given by

P,
prt = [t __p,
! Tr{PPH} "

Note that the [-th branch robust precoder is designed based on
the permutated equivalent channel matrix H,T;H; of the [-th
interleaving matrix T;. The optimum precoder is chosen by
a selection criterion to provide the best performance. In the
next section, we will focus on the description of the proposed
optimization selection criteria.

®)

IV. OPTIMIZATION CRITERIA AND LOW-RATE
FEEDFORWARD SCHEME

In the proposed scheme, we assume that the BS and RS
employ the same prestored codebook of interleaving matrices.
In particular, the BS is equipped with a selection function
and the estimated CSI for the first and second phases. In
this section, the selection functions are introduced based on
different optimization criteria. Then, we explain the details of
the low-rate feedforward scheme and obtain an expression for
the transmission efficiency.

A. The Selection Criterion for Symbol Detection

Firstly, we focus on the symbol detection problem to
design the selection criterion. Note that the average symbol
error rate performance is governed by the Euclidean distance
between the true symbol value and its soft decision that is
affected by the interference, noise and transmit symbols. By
accumulating the values of the squared Euclidean distance in
one transmission block, we have the following selection rule

KM "
(7 — N2
1<1<2B { ; |Sj (l) u; (Z)| }7 )

lopt = arg min

where the subscript j denotes the j-th element of a vector, the
quantity s() denotes the i-th transmission data block, which is
given by s(i) = [bT(i),...,bT (i + M —1)]7, M is the block
length, the K x 1 vector b(i + m) denotes the m-th transmit
vector of the i-th block, m € {1,..., M —1}, the soft decision
vector 01V (i) is given by V) (i) = 7D (4),...,#TO(i+M—
)], where #V)(i + m) denotes the noiseless pre-estimated
received vector based on the [-th interleaving matrix at the
BS, the structure is given by

tO(i +m) = FHT,H, P;b(i +m), (10)
where B is the estimate for the RS scaling factor at the BS, by
considering the channel estimate error we have the following
expression

~ P,
b \/Tr{fllplPlHﬂ{f} +Tr{o} N,PHP} + 02N,
an

The optimum interleaving matrix is chosen by minimizing the
summation of the squared Euclidean distance values in one
transmission data block.

The final output of the m-th transmit vector of the i-th data
block, i.e, by (i +m) is given by

b (i +m) = Qu{rly™ (i + m)}, (12)

where @, {.} represents the quantization operation. rg\l/f”t) (i+
m) is the K x 1 received vector for all the destination
users. The optimization algorithm for symbol detection is

implemented at the BS and is summarized in Table I.

B. The Selection Criterion for Sum Rate Optimization

The sum rate of the proposed relay system for the [-th
interleaving matrix is computed as follows [2]

K
RO = % Z logs (1 +7,(€l0))
ko=1

13)
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TABLE 1
PROPOSED ALGORITHM FOR SYMBOL DETECTION

TABLE II
PROPOSED ALGORITHM FOR SUM RATE OPTIMIZATION

for each T; € T = {T1,T2,...,TyB}.
Compute the permutated equivalent channel matrix HoT;Hj.
Compute the [-th robust MMSE precoding matrix based on (8).
Compute the estimate for the RS scaling factor by using (11).
Compute the pre-estimated received vector based on
the I-th interleaving matrix, i.e, a® (4).
Compute the squared Euclidean distance in one block,
KM NOM
S s () — ol (3)].
end
Select the optimum index by using the optimization criterion (9).
Select the optimum BS precoder for data transmission.
0  Feed forward the optimum index lop¢ to the RS.

=] U W N =

= © 00~

where 7,(!) denotes the signal-to-interference-plus-noise ratio

(SINR) of the ko-th user for the [-th interleaving matrix, which
is given by

IROIROY: TR0
Rl
ko O_()H¢-(H
’ Zk;ﬁko(BQhkgpk)pl(@) h( )+ %0 hgkohlko + 03
(14)
where ko € {1,..., K}, the N, x 1 vector hy y, is the ko-

th column of the channel matrix HQT, i.e. the second phase
channel vector for user kg, and the vector 1_1,(610) is given by
b =hI, T/H,.

By takmg the imperfect CSI into account and using the

statistical property of the channel estimation errors, we pro-
pose the following selection criterion at the BS for sum rate

optimization
l = a max ’A)/(l) 15
opt rg ko ) ( )

1 X
- 1
1<i<2B {2 kz;l l092< +

20

where the estimated SINR ;- is given by

BpOH Ap{)

Zk;éko (8%p), I)H

where A = H{{T{{h;kth,kOTlHl + o2 HH, +
o2 Tr{hj kOhQT’kO}I—}—a,ZHU}QLzNTI, and n = Bzafﬁ§k0ﬁ27k0+
3203N,02_ + o3. Here, we have hay, = hoy, + Ahy .
flzko denotes the estimated channel vector for user kg in the
second phase, and Ahy j, is the channel error vector. The

optimization algorithm for sum rate maximization which is
implemented at the BS is summarized in Table II.

A0 _

A = (16)

C. Low-Rate Feedforward Block Structure

In this work, the proposed limited feedforward scheme is
based on sending the quantization bits of the interleaving
matrix codebook. From the aforementioned discussion about
the proposed scheme, we know that for every block prior
to payload transmission, there is a preamble transmission in
order to inform the RS of the optimum index of the relay
interleaving matrix. The optimum index is chosen by the
selection function at the BS based on estimated CSIs, and
fed forward to the RS before the payload transmission. We
insert the limited feedforward bits at the beginning of the
corresponding transmission block. In the case of the selection
criterion for symbol detection, the block of the multiantenna

for each T; € T = {T1,T2,...,TyB}.
Compute the permutated equivalent channel matrix HoT;H; .
Compute the [-th robust MMSE precoding matrix based on (8).
Compute the estimate for the RS scaling factor by using (11).
Compute the estimated received SINR ':/](clo) based on (16).
Compute the sum rate of the [-th interleaving matrix,

) _ 1K 2 (1)

RO = 3 2kp—1 log2 (1 + Yo ).

end

Select the optimum index by using the optimization criterion (15).

Select the optimum BS precoder for data transmission.

0  Feed forward the optimum index lop¢ to the RS.

S T = WK

= © 00~

scheme comprises M symbol periods each one consisting of
K spatial streams, and the feedforward rate of the optimum
index is one per transmission block. Let us recall that B bits
can represent 27 interleaving matrices and assume that Q-ary
modulation is employed for the proposed SR-based scheme,

, thus for each block a number of B feedforward bits need

to be transmitted, while a number of K'M data symbols are
transmitted. A number of B signalling bits need to be sent for
every K M log,(Q) transmitted bits in the block. Therefore,
the transmission efficiency is given by

KMlog,(Q)+ B

In this work, for symbol detection we focus on the QPSK
modulation and employ a data block of M = 8 symbols in
the simulation. For a configuration with Ny = N, = K = 6,
by using B = 6 feedforward bits we achieve the transmission
efficiency of 94.12%. In the case of the selection criterion for
sum rate optimization, the index will be only updated when the
channel changes. For a slow fading channel, the feedforward
rate is very low, and the transmission efficiency is close to 1.
In the following section, we will show the proposed SR-based
scheme can improve the performance significantly.

V. SIMULATIONS

In this section, we evaluate the performance of the proposed
SR-based robust precoding scheme and compare it with the
existing precoding algorithms for multiuser MIMO relaying
systems [3]-[7]. We assume that both the first phase MIMO
channel and the second phase MIMO broadcast channel are
quasi-static flat fading channels with Rayleigh distribution.
10000 channel realizations are employed for each simulation.
The configuration of the system is Ny = N, = K = 6. We
set P, = P, = K, and define the input SNR= P,/ &2, where
0 = 01 = 03. Among the proposed techniques, we consider:

1) Proposed: the SR-based robust precoding algorithm.

2) B-bit: the limited feedforward schemes employ B bits,
namely 27 is the codebook length.

3) Robust Identity: the proposed robust precoder (8) without
codebook employing an identity matrix as the relay
processing matrix.

4) Robust Relay MMSE: the MMSE-based robust MIMO
RS precoding algorithm proposed in [3].

5) SVD-ZF: the SVD-based joint BS and RS ZF precoding
algorithm proposed in [5].

6) SVD-RZF: the SVD-based robust joint BS and RS ZF
precoding algorithm proposed in [6], [7].

2745



Initially, we show the simulation results when the selection
criterion is chosen for symbol detection. In the simulation,
QPSK modulation is used. The channel estimate error variance
is given by o7 = o = 0.003. The channel varies per
transmit block, each block contains M = 8 symbols. The
optimization algorithm in table I is utilized. Fig. 2 shows
the average SER versus the SNR for comparing the proposed
SR-based precoding scheme with the existing relay precoding
schemes. The performance of the proposed SR-based robust
MMSE precoding scheme is much better than the others. In
particular, the proposed SR-based robust precoder with 6 bits
can save over 3 dB in comparison with the robust relay MMSE
precoder, at the average SER level of 2 x 10~2. The SER
performance of the SR-based precoding scheme with 6 bits
under perfect CSI is given for reference.

Nt=Nr=K=6, channel error variance is 0.003

: T
—O— Proposed 6-bit

—HE— Robust Relay MMSE
—©—-SVD-RZF

—— Robust Identity
—k—SVD-ZF

Average SER
5

Perfect CSI

5 10 15 25 30 35 40

20
SNR (dB)

Fig. 2. Average SER performance versus SNR for the proposed SR-based
robust precoding scheme and the existing relay precoding algorithms.

In the next experiment, we focus on the selection criterion
for sum rate optimization. The optimization algorithm in table
II is employed. The channel estimate error variance is given by
o = op, = 0.04. Fig. 3 indicates the sum rate performance
curves versus the SNR for the analyzed schemes. Firstly,
we can find that the sum rate of the proposed algorithm
increases as the number of feedforward bits increases. The
results show that the best performance is achieved with the
proposed SR-based robust precoding scheme with 12 feedfor-
ward bits, followed by the SVD-RZF precoding algorithm, the
robust identity technique, the SVD-ZF precoding algorithm
and the robust relay MMSE precoding algorithm. The sum
rate performance of the SR-based precoding scheme with 10
bits under perfect CSI is given for reference. In particular,
the proposed robust precoding scheme with 12 feedforward
bits can save up to 5 dB in comparison with the SVD-RZF
precoding algorithm, at the sum rate level of 6.5 bits/Hz/s.

VI. CONCLUSION

In this paper, we have proposed a robust MMSE BS pre-
coding strategy based on SR processing for multiuser MIMO
relaying systems. We have also developed two types of selec-
tion functions, which were used for symbol detection and sum
rate optimization, respectively. The transmission efficiency of
the proposed block structure were investigated. The results
have shown that the proposed SR-based scheme significantly
outperforms the existing relay precoding algorithms, in the

Nt=Nr=K=6, channel error variance is 0.04
8 T T

Perfect CSI

RO

IS
T

—#— Proposed 12-bit
—©—-SVD-RZF

—— Proposed 4-bit
—— Proposed 1-bit 1
—0—Robust Identity
—k—SVD-ZF
—B—Robust Relay MMSE

Sum-rate (bit/Hz/s)

5 10 15 20 25 30 35 40
SNR (dB)

Fig. 3. Sum rate performance versus SNR for the proposed SR-based linear
precoding scheme and the existing relay precoding algorithms.

presence of imperfect CSI. We remark that our proposed
algorithms also can be extended to take into account systems
with other precoding schemes.
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