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Optimal Source and Relay Design for Multiuser
MIMO AF Relay Communication Systems With
Direct Links and Imperfect Channel Information

Zhiqiang He, Member, IEEE, Xiaonan Zhang, Yunqiang Bi, Weipeng Jiang, and Yue Rong, Senior Member, IEEE

Abstract—In this paper, we propose statistically robust design
for multiuser multiple-input multiple-output (MIMO) relay sys-
tems with direct source-destination links and imperfect chan-
nel state information (CSI). The minimum mean-squared error
(MMSE) of the signal waveform estimation at the destination node
is adopted as the design criterion. We develop two iterative meth-
ods to solve the nonconvex joint source, relay, and receiver opti-
mization problem. Simulation results demonstrate the improved
robustness of the proposed algorithms against CSI errors.

Index Terms—Multiuser, MIMO relay, robust, channel state
information, direct link.

1. INTRODUCTION

ULTIPLE-INPUT multiple-output (MIMO) relay com-

munication has attracted much research interest in
recent years for its advantages in increasing the coverage and
the capacity of wireless networks. In particular, the amplify-
and-forward (AF) relay strategy has been extensively investi-
gated in the literature, as it is simpler to implement than the
other relay strategies.

In [1]-[4], the source and relay precoding matrices of linear
AF MIMO relay systems have been designed under different
criteria. The optimal relay precoding matrix maximizing the
source-destination capacity has been developed in [1] for AF
MIMO relay systems without the direct source-destination link.
In [2], the relay precoding matrix minimizing the mean-squared
error (MSE) of the signal waveform estimation at the destina-
tion node has been developed. A unified framework for joint
source and relay matrices optimizing in linear AF multicarrier
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MIMO relay communication systems has been developed in [3]
under the assumption of a negligible direct source-destination
link. An overview of the transceiver optimization problems for
AF MIMO relay systems can be found in [4].

The direct source-destination link has been ignored in [2] and
[3]. However, the direct signal transmission from source to des-
tination provides a spatial copy of the source signals, and thus,
should be considered in the MIMO relay system design. In [1],
upper and lower bounds on the capacity of AF MIMO systems
have been discussed in the presence of the source-destination
link, and a suboptimal structure of the relay precoding matrix
has been derived. In [5], source and relay precoding matri-
ces design based on a Tomlinson-Harashima precoder has been
studied considering the direct source-destination link. A closed-
form design of the relay precoding matrix has been proposed
in [6]. Relay precoding matrix design based on a modified
power constraint has been proposed in [7]. It has been proven
in [8] that the optimal relay precoding matrix has a gen-
eral beamforming structure for most commonly used objective
functions.

The transceiver designs in [1]-[3] and [5]-[8] require the
exact channel state information (CSI). However, in real commu-
nication systems there is always mismatch between the true and
the estimated CSI, due to channel noise, quantization errors,
and outdated channel estimates. The performance of the algo-
rithms developed assuming the perfect CSI knowledge will
degrade in the presence of such CSI mismatch.

CSI mismatch has been taken into account in the MSE-
based transceiver design [9] for MIMO relay systems. In [10],
statistically robust source and relay matrices design has been
developed considering two imperfect CSI scenarios. In [11], a
joint optimization of relay and destination matrices has been
proposed considering the imperfect CSI at the relay node.
Transceiver optimization for a general multi-hop AF MIMO
relay system with Gaussian distributed channel uncertainties
has been investigated in [12].

Robust transceiver has been developed in [13] for single user
MIMO relay systems considering both the direct link and the
CSI mismatch, where only a single data stream is transmit-
ted. Recently, joint source and relay design algorithms have
been proposed in [14] which support multiple concurrent data
streams and consider both the direct link and the CSI mismatch.

In this paper, we investigate the joint source, relay, and
receiver matrices design for multiuser MIMO relay systems
with direct source-destination links and CSI mismatch. Since
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multiple source precoding matrices are involved, the system
model and the optimization problem are more complicated than
the single user case. To our best knowledge, there is no exist-
ing work on the robust transceiver design for multiuser MIMO
relay networks considering both the direct links and the CSI
mismatch. The works in [14] and [15] can be viewed as special
cases of this paper.

The true CSI of each link is modeled as a Gaussian ran-
dom matrix with the estimated CSI as the mean value and the
well-known Kronecker model is adopted for the covariance of
the CSI mismatch. The MMSE of the signal waveform estima-
tion at the destination node is adopted as our design criterion.
Since the joint source, relay, and receiver matrices optimization
problem is nonconvex, a globally optimal solution is compu-
tationally intractable. We develop two iterative algorithms to
solve the original optimization problem. The key to solve the
nonconvex optimization problem is to convert it to an equiva-
lent non-robust MIMO relay design problem with equivalent
channel, source, relay, and receiver matrices. The effect of
CSI mismatch is shown in the structure of the optimal robust
source and relay matrices. Simulation results demonstrate the
improved robustness of the proposed algorithms against CSI
errors. Interestingly, the computational complexity of the robust
MIMO relay design is in the same order as the non-robust
approach.

For multiuser MIMO relay systems with multiple relay
nodes, the robust source and relay matrices optimization prob-
lems are much more challenging than those in a single-relay
system [14] and [15], due to the block diagonal structure of the
relay precoding matrix and multiple transmission power con-
straints at the relay nodes. However, we show that the proposed
algorithms can be extended to this more general case.

The rest of the paper is organized as follows. In Section II, the
model of a two-hop linear AF multiuser MIMO relay commu-
nication system considering the CSI mismatch and the direct
source-destination links is introduced. The robust source and
relay matrices design algorithms are developed in Section III.
In Section IV, we extend the proposed algorithms to mul-
tiuser MIMO relay systems with multiple relay nodes. In
Section V, we show numerical examples to demonstrate the
improved robustness of the proposed approaches against the
CSI mismatch. Conclusions are drawn in Section VI.

II. SYSTEM MODEL

We consider a two-hop multiuser MIMO communication
system as shown in Fig. 1, where K users (node i, i =
1, ..., K) transmit information to the destination node (node
d) with the aid of a relay node (node r). The ith user is equipped
with Ny, i = 1,..., K antennas. The relay and destination
nodes are equipped with N, and N, antennas, respectively.
Using a half-duplex relay, the communication process is com-
pleted in two time slots. During the first time slot, the Np; x 1
modulated signal vector s; is linearly precoded at the ith user
by the source precoding matrix Fy; € CNsi*Noi | The precoded
signal vector

X; = F]iSi (1)
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Fig. 1. A Two-Hop Multiuser MIMO Relay Communication System.

is transmitted to the relay node and the destination node. We
denote N = Y iK:1 Np; as the total number of independent data
streams from all users. The received signal at the relay node can
be written as

K
yr =y Hixi+n, @)

i=1

where H;; € CV*Nsi is the MIMO fading channel matrix of
the ith user-relay link, y, and n, are the received signal vec-
tor and the additive Gaussian noise vector at the relay node,
respectively.

The received signal at the destination node at the first time
slot can be written as

K
Yar = Y Haixi +na) 3

i=1

where H3; € CN*Nsi is the MIMO fading channel matrix of
the ith user-destination link, y41 and ng are the received signal
vector and the additive Gaussian noise vector at the destination
node, respectively. Substituting (1) into (2) and (3), we have

K

y, = ZH“F“Si + n, 4)
i=1
K

Ya1 = Y _HyFis; +ng1. ®

i=1

During the second time slot, the users remain silent and
the relay node multiplies the received signal vector y, by the
relay precoding matrix F, € CV*N and retransmits the signal
vector

Xp = F2 y- (6)

to the destination node. The signal vector from the relay node
received at the destination node can be written as

Ya2 = Hox, +ny2 @)

where Hy € CNe*Nr is the MIMO fading channel matrix of the
relay-destination link, y;» and n4, are the received signal vector
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and the additive Gaussian noise vector at the destination node
at the second time slot, respectively.
Substituting (4) and (6) into (7), we obtain

K
yo2 = HpFp Z Hi;Fy;s; + HoFon, 4+ nypn
i=1
= [HoFoH Fi1, ..., HoFoH Fi g s+ HyFon,+ngp  (8)

, SQ]T, and (-)T stands for the matrix (vec-

where s = [s], ...
tor) transpose.

Combining (5) and (8), the signal received at the destination
. T .
over two time slots y = [ygz, ydTl] can be written as

HoFoH  Fry, ..., HoFoH g Fig s+ HyFon, +ng»
H3Fqq, ..., H3xFix ng

=Gs+v )

HoFoH Fyy, ., HoFoH g Frg
H3 Fyy, ..., H3gFig

lent MIMO channel matrix between the source and destination

HoFon, +ng»
ngi

tor. We assume that all noises are independent and identically

distributed (i.i.d.) additive white Gaussian noise (AWGN) with

zero mean and unit variance.

In the case of CSI mismatch, the true channel matrices can
be modeled as the well-known Gaussian-Kronecker model as in
[9] and [14]

where G £ ] is the equiva-

A . . .
nodes, and v = is the equivalent noise vec-

Hj"’(‘fN(ﬁj,@j@q)j), j=1i,2,3, i=1,...,K

(10)

where H ;j is the estimated channel matrix, ®; and ®; denote
the covariance matrix of channel estimation error seen from
the transmitter side and the receiver side, respectively, and ®
stands for the matrix Kronecker product. From (10), we have
H; =H; +Aq>ijjAgj, where Acijgj =, A@)jAgj =
O;, H, i is a Gaussian random matrix with i.i.d. zero mean
and unit variance entries and is the unknown part in the CSI
mismatch. Here, ()7 denotes the matrix (vector) Hermitian
transpose.

In practice, the knowledge of H and H3;,i = 1, ..., K, can
be obtained at the destination node through channel training, the
CSIofHy;,i = 1,..., K, canbe first obtained at the relay node
through channel training and then forwarded to the destination
node. In this way, the destination node obtains all CSI required.
Then the destination node performs the transceiver optimization
and sends the optimized Fy; to the ith source node and F; to the
relay node.

Using a linear receiver, the estimated source signal vector at
the destination node is given by

§=Why (11)
where W is the 2N, x N, receive weight matrix. From (9)
and (11), the MSE matrix of the signal waveform estimation
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at the destination node is a function of W, {Fy;} 2 {(Fy;,i =
1,..., K}, and F; as
EW. (Fi).F2) = E[6 - 96— 9"
= (WG - Iy) (WG —Iy)" + WHC,W
= WHAW — WHG — GIW + 1, (12)

where E[-] stands for the statistical expectation with respect to
signal and noise, I, denotes an m x m identity matrix, A =
GGH + C,, and

HyrH
C, = E[VVH] _ H2F2F2 H2 +Iy, O (13)

0 Iy,
is the noise covariance matrix. To obtain (12), we assume that

E[ssf] =1y,.

Since the exact CSI is not available at all nodes, there can
be a great performance degradation if the estimated channel
matrices are simply used to optimize (12), due to the mis-
match between Hj and H;, j = 1i,2,3i,i = 1,..., K. Taking
the CSI mismatch into account, we consider the statistical
expectation of E, which is given by

EnlE(W, {Fi;}, F2)] = W/AW — WG — GW + 1,
(14)

where Eg[-] stands for tpe statistical expe_ctation with respect
to the channel matrices, A £ Eg[A], and G £ Ex[G].

Since {Hj;} and H, are statistically independent, from (9)
and (10), we have

G— Hzef:IuFu, cees f:lezﬁlKFlK
H31Fy1, ..., H3kFix

A = EylGG"] + Ep,[C,). (15)

Using (13) and the following identity from [16]

Exy [H,XH{’] = H,XA? + 17 (XOT)®; (16)

where tr(-) denotes the matrix trace, we obtain

Ep, [HoFoFEHT |1 0
EHz[Cv]:[ H, [Ha 2 2 141y, IN:|
d

N [tr(Fngl(ag)@z 0]
v 0 0l

(@l

a7)

Here

] HyH
c, — [H2F2F2 HY +1y, 0 ]

0 Iy,
From (10) and (16), we obtain that

K
En, ., <H2F2 3 (HUF“FﬁH{{) F§’H§’>

i=1

K
= En, <H2F2 > En, (HliFliFﬁHg) F§H§>
i=1

K
=Ep, <H2F2 Z (I:Il,'FuFﬁI:Iﬁ + (Jtl,'(l)l,') F?H?)
i=1
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:I:I2 (HllFllFlelz +alt¢11)F2 H2
i=1
K
For (F Z(HllFI,FllHll —|—a1,<I>1,)F2 ®2> (18)
i=1
where
2o (FiFOT), =1, K (19)
From (9) and (18), we obtain that
Ey[GGH1 = GG+
[Zi’i] o HoF2 @ FYHY + p®2 0 } 20)
0 YK a3 @y
where
Ol3,'étr (F]iFﬁ(’);), i=1,...,.K
K
B 27 <F2 Z (HliFliFﬁHﬁ + 051,'<I>1,‘) F;’@;) . 2D
i=1
Substituting (17) and (20) back into (15), we have
A=GG" +C,+R (22)
where
R = [Zf_laliﬁzeq)]iFgﬁgl—}—azQz p 0 ]
0 D103 ®3;
(23)
w =B +1r (F2F§ e! ) . (24)

It can be seen from (14) that the CSI mismatch is consid-
ered by (23). If the perfect CSI is available, ie., H; = I:Ij
and ©; =0, j =1i,2,3i,i =1,..., K, from (23) and (24),
there is o; =0, i =1, 2, 3, and R = 0, then the MSE matrix
(14) becomes (12). Therefore, (14) generalizes the MSE matrix
from the perfect CSI case to the practical scenario with CSI
mismatch.

The transmission power consumed by the ith user and
the relay node can be written as tr(FliFﬁ ) and tr

(Fz (ZiK:lHl,'F]iFﬁHﬁ + IN,) Ff), respectively. However,

since the true {Hj;} is unknown, we consider the averaged
transmission power at the relay node, which is given by

K
En |:tr (Fz (Z HliFliFﬁHﬁ + IM) Ff)}
i=1

=tr (Fz (Z(leFnFl,Hl, + o1 @) + 1y,
i=1
(25)
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From (14) and (25), the robust source, relay, and destination
matrices optimization problem can be written as

i tr(Eg|E(W, {F;}, F 26
w.pin r(Eg[E(W, {Fi;}, F2)]) (26)
K
s.t.1r (Fz (Z(ﬁliFliFﬁHﬁ+a1i<I’1i)+IN,) F?) <P
i=1
(27)
tr (FUFﬁ) <Py, i=1,....K (28)

where Pg; and P, are the transmission power available at the ith
user and the relay node, respectively. The problem (26)—(28) is
nonconvex with matrix variables.

III. PROPOSED ROBUST MIMO RELAY DESIGN
ALGORITHMS

In this section, we develop two iterative algorithms namely
the Tri-Step and the Bi-Step algorithms to optimize the source,
relay, and receive matrices. In the Tri-Step algorithm, the
source, relay, and receive matrices are optimized iteratively
through solving convex sub-problems. For the Bi-Step algo-
rithm, the optimal receive matrix is substituted into the objec-
tive function, so we obtain an optimization problem only with
the source and relay matrices. Then, the source and relay
matrices are optimized alternatingly and the receive matrix is
calculated after the convergence of the algorithm.

By introducing P; 2 "X 0y @1; + Iy, Py 2 a,®; + Ly,
and P3 £ Zleagi<1>3i + In,, (14) can be rewritten as

Ey[E(W, (Fi;}, F2)] = [ W] W |ZMZ [ W W), |

W,

—[wi Wf]ZZ‘(‘;—G”Z‘Z[W

j| +1Iy, (29
1 1
where Z £ bd P;,P; ), W; and W, contain the first and

the last Ny rows of W, respectively, and M is given by (30),
shown at the bottom of the page. Here bd(-) stands for a block
diagonal matrix and ()1 denotes the matrix inversion.

1 1
G H & wHp? H & WHpP?
By 1 1W1 =W P22,| W = WyPs,
H, £P,’Hy, H;; £P, ’Hy;, H; £ P, ?Hz, i =1,..., K,
1

introducing

and F, £ F,P2, (29) can be rewritten as

H[E(W, {Fi;}, Fp)] = [ W W ](GG" + C,) [gﬂ

(Wi WG -6 | § e,

= (WAG —Iy,)(WAG — Iy, + WAC,W (31)

1

P, ’H 2

F2P2 (P
M=

1 1
“-2 vk B HHwHEOHp 2
P3 : Zi=1H3iF1iF]iH]iF2 Hz Pz ’

_ _ 1 1 _ _1 . _ _ 1
K A FFIARP, 2+1N,> P FYAYP, > +1y, P,2HoF, YN H FFIAYP,?

, (30)
22 JH3 F i FEHEP, 2 41y,
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where
G- I:IzﬁzlzlnFn,-~-,1512F21:111<F11< W= ‘ZVl
H31Fi1, ..., H3kFix ’ W,
~ ﬁzeF?ﬁg +INd 0
C, = 0 I .
Ng

Using (31), the optimization problem (26)—(28) can be equiv-
alently rewritten as
“min _ tr(Eg[E(W, {Fy;}, F2)))
W {F};}.F>

K
s.t.tr (1?‘2 (Z H,;F;FiIAl +1N,) Fg) <P (33)

i=1

(32)

i (FiFl) < Piy =1 K (34)
where the variable substitution of F, and H; ni=1...,K,
is used to rewrite the power constraint (27) at the relay node to
obtain (33). It is worth noting that the robust precoding matrices
design problem (26)—(28) for multiuser MIMO relay systems
with imperfect CSI is converted to the problem (32)—(34) for an
equivalent multiuser MIMO relay system with direct links and
perfect CSI, where the channel matrices are H,, H,;, I:I3,~, i =
1,..., K, the source precoding matrices are Fy;,i = 1,..., K,
the relay precoding matrix is Fy, and the receive matrix is W.

A. The Tri-Step Algorithm

The problem (32)—(34) is nonconvex with matrix variables
and the globally optimal solution is difficult to obtain. In the
following, we develop a Tri-Step iterative approach to solve the
problem (32)—(34).

Firstly, with given {Fy;} and F,, the weight matrix W mini-
mizing (32) is the famous Wiener filter [17] (MMSE receiver)
given by

W= (GG" +C,)"'G. (35)

Secondly, with given W and {Fy;}, F, can be updated by

solving the following problem

min tr <(ﬁ2F2ﬁ] — H) (ﬁzi‘zﬁ] —H)H—l—I:IzFQFgII:IgI
F

+ WIW, + WIW2) (36)

St tr (Fz (ﬁ]ﬁ{f + IN,) o ) <P (37)
where ﬁ] £ [ﬁ]]F]], ey ﬁ][{FlK], ﬁz £ W{{I:IQ, I £
Iy, — W H3, H3 2 [H3,Fyy, ..., HagFig].

Using the Lagrange multiplier method, we can solve the
problem (36)—(37) and obtain F; as

- 9 .o -1 o —1
P, =nY (H2H§' + MIN,,) i (HleI + IN,) (38)

where p > 0 is the Lagrangian multiplier and can be found
from the following complementary slackness condition

" (tr (Fz (fllﬁ{’ + IN,) Fg’) _ P,) —0. (39
Assuming that u = 0, from (38) we have
Fo = B (i) maf (g 11y) . @0
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If F» in (40) satisfies the power constraint (37), then (40) is
the solution to the problem (36)—(37). Otherwise, there must be
w > 0 such that

tr (Fz(ﬁlﬁ{f n IN,)Fgf) — P, (1)

In this case, ¢ can be obtained by substituting (38) into (41) and
solving the following nonlinear equation

tr (ng (Fobf + ny, ) RS (Y 4, )
x ﬁlnH(ﬁ2ﬁ§ + /LIN,,)_II:h) = P,. (42)

By introducing the singular value decomposition (SVD) of

H, = U,A VY (43)
we obtain from (42) that
—1 o . —1
tr (Az(Ag + ,uINb) vy maf! (g + IN,)
. H 2 -1
x W, MU, (A2 +M1Nb) A2) —P. (44)

Denoting T' £ U TTH! (H,H + Iy,)"'H, 17 U,, (44) can
be equivalently written as

Np 2

Av:
E l—y’z =P, (45)
i=1 ()\,2 + )

where A; and y; are the ith main diagonal elements of A, and
I' respectively. Since the left-hand side of (45) is monotonically
decreasing with respect to w, the bisection method [18] can be
applied to solve (45) to obtain p.

Thirdly, with given W and F,, we show that the problem
(32)—(34) can be cast as a quadratically constrained quadratic
programming (QCQP) problem [18] to optimize {Fi;}. Let us
introduce Dy; £ W{{ﬁzf?zﬁu + W?I:Iy, i=1,...,K, and
D;; as a matrix containing the (Zé;ll Npj + Dth to the
(Ziizl Npj)throws of Dy;. By using the identity of tr(CTD) =
(vec(C))Tvec(D) and vec(CD) = (I ® C)vec(D) [19], where
vec(X) stands for a column vector obtained by stacking all
columns of X on top of each other, (32) can be rewritten as

tr ((W{{ﬁgfrzﬁl + ngrh - IN;,) (W?Hzi‘zﬁl
. H
+W5' Hjz — IN;,) ) + 1
=tr (([DllFlla .. DigFig] —1y,)

H
x([D11F11, ..., DikFix] —Ly,) ) F1
(l}" (DliFliF{{Dﬁ)—tr (ﬁliFli)_tr (Fﬁf){{)) +b
(fﬁ (INJ'I@ (DﬁDli)) fii

-\ -
—vec (Dﬁ) fi1;— ﬁvec (Dg)) +

K
=2
i=1

K
-3
i=1
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TABLE 1
PROCEDURE OF THE TRI-STEP ALGORITHM

1) Initialize the algorithm with F\” = /Py /Ny(ly,, 007, i =

1,---,K, and 17‘50) = \/Pr/tr (fhfl{{ +IN,)IN,; Set n = 0.

2) Update W™ using an) and {F({;)} as (35).

3) Update F§n+1) using W® and {FY;)} as (38).

4) Update {FE'IH—I)} using W® and F§n+1) by solving the problem (48)-
(50).

5) if mse(ln) - mse§n+1)) /mse(ln) < g, iteration ends; otherwise go to
step (2).

=t —df'f; —tfd; + 1
= (f{’T% — df’Tﬁ) <T%f1 - Tf5d1> +13 (46)
where

nEtr (WHCVW> , b =1+ Ny,
[
fl; 2 vec(Fy;),d; £ |:vec (f)ﬁ)H , ..., vec (f)f{K)Hi|H ,

T

lI>

H
H A HAr—1
f; "flK:I ,t3:t2—d1 Tl di,

bd(Iy,, ® (DADy,), ... Iy, ® (DELDig)).

Note that we can ignore 3 while optimizing f; with given W
and F», since it does not depend on the optimization variable f;.
By introducing Dy; 20H,,,i=1,..., K, the relay transmit
power constraint in (33) can be rewritten as

£, + 17 (FZFQI ) <p (47)
where Y5 £ bd(Iyg, ® (DY Do), ..., Ing ® (D4, Dag)).
Using (46) and (47), the problem (32)—(34) can be equivalently
rewritten as the following QCQP problem

1 _1 1 _1
min (f{frf —dj'r, 2) (Yffl -7, 2d1> (48)
st fIo8 < Po—1r (ing’ ) (49)
fLf <Py, i=1,...,K (50)

where i,‘ £ bd(iil, ey i,‘K), with ii,‘ = INsiNbi and iij =0,
j=1,...,K,j #i. The problem (48)—(50) can be efficiently
solved by the disciplined convex programming toolbox CVX
[20].

The procedure of applying the Tri-Step iterative algorithm
to solve the problem (32)—(34) is listed in Table I, where the
superscript (n) denotes the number of iterations, & is a small
positive number close to zero, and mse(ln) stands for the value
of (32) at the nth iteration.

B. The Bi-Step Algorithm
By substituting (35) back into (31), we have

Eo({Fy;}, F2) =1y, — G” ((}(}H + Cv)_l G (51)
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where Eq stands for the MSE matrix when a linear MMSE
receiver is used at the destination. The source and relay matrices
optimization problem can be written as

min tr (Eo ({Fy;}, F (52)
{Fi;},F, ( O( ! 2))

st tr (Fz (ﬁlﬁf’ +1N,) o ) <P (53)

o (FiFl) < Pay =1 K. (54

The problem (52)—(54) is nonconvex with matrix variables and
the globally optimal solution is difficult to obtain. In the fol-
lowing, we develop an iterative approach to solve the problem
(52)—(54).

It can be shown similar to [6] that for given source precoding
matrices {Fy;}, the optimal F> as the solution to the problem
(52)—(54) has the structure of

F, = TL (35)
where T is an N, x Np, matrix that remains to be optimized,
and

L=HH +Q 'H, Q=H{H; +1y,.

Let us introduce a positive semi-definite (PSD) matrix € =
L(H;Q 'H +1y)L# and its eigenvalue decomposition
(EVD)

Q =U,A, U (56)

where A, is the diagonal eigenvalue matrix with eigenvalues
Awik,k=1,..., Np, arranged in descending order. Let us also
introduce the EVD of

HYH, = U,A,Uf (57

where Ay is the diagonal eigenvalue matrix with eigenvalues
Ank, k=1,..., N, arranged in descending order.
Based on the result in [6], T has the structure of

T =Up, AUg (58)

where Uy 1 contains the leftmost N columns of Uy, A is a
diagonal matrix and the solution to the following problem

H !
mAintr<<A Ah,1A+A;) >

s.t. tr(AR,AT) < P,.

(59)
(60)

Here R, £ UL H + 1y, )L¥U, and Aj ; contains the
largest Nj diagonal elements of Aj. The problem (59)—(60) can
be efficiently solved by the Lagrange multiplier method as

A2 i

1 hk

JEEEE ) k=1,
Ao kM k ¥ Ry

where 8 is the kth main diagonal element of A, (x)* S
max(x, 0), Ry £ [Rylk.k,» and y > 0 is the Lagrangian multi-
plier and the solution to the following nonlinear equation

161> =

, Np
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> ’ -1| =r.
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We would like to mention that to obtain the exact solution
of the relay precoding matrix in (55), A in (58) should be
considered as a general matrix. However, by limiting A to be
diagonal, a closed-form solution of the relay precoding matrix
with a low computational complexity can be obtained similar
to [6]. Obviously, such diagonality constraint may degrade the
performance of the Bi-Step algorithm. We would like to note
that such performance-complexity tradeoff is very useful for
practical multiuser MIMO relay communication systems.

Now we start to optimize the source precoding matri-
ces {Fy;}. Using the matrix inversion lemma, (51) can be
rewritten as

(B0 (171 B2)) = (1, + 6€,16) )

U —1
=tr <(12N‘, + GGHCv—l) ) + Np — 2Ny

K —1
=tr <12Nd + Z \Il,-Bi\IliH) + N, —2N;  (61)
i=l1

L5,
H3;
K. From (61), for given relay precoding matrix F,, {B;} £
{B;,i =1,...,K} are optimized by solving the following

problem

K
in ¢ I v, B, Wi
I{r]131,1}1 r (2Nd+; iDj ,)

~ L
where \IliéCvz[ }andBiéFliFﬁ,i:l,...,

—1
(62)

K
st i (BRIEYRH) < P — o (BFY)  (63)
i=1
tr(B;) < Py, K. (64)

Let wus introduce a PSD matrix X with X >
(Ion, + ZIK=1 \Il,-B,-\IIf{)’], where A >B means A —B
is a PSD matrix. The problem (62)-(64) can be equivalently
converted to the following convex semi-definite programming
(SDP) problem by using the Schur complement

B,»zO, i=1,...

X%r}} tr(X) (65)
s.t. <12); IZNﬁZt,%:’Zd%Bi v iH) >0 (66)
XK:rr(Biﬁﬁﬁgf FoHy) < P —tr(B2FY)  (67)

=1
tlr(Bi) <Pi, B >0, i=1,.. K. (68)

The problem (65)—(68) can be efficiently solved by the interior-
point method [18]. Using the EVD of B; = Uy, AbiUZ, we have
1
Fi; =UpAg,.
The procedure of using the Bi-Step iterative algorithm to

solve the problem (52)—(54) is listed in Table II, where mseé")
stands for the value of (52) at the nth iteration.
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TABLE I1
PROCEDURE OF THE BI-STEP ALGORITHM

1) Initialize the algorithm with F\” = /Py /Ny(ly,, 007, i =
1,---,K;Setn=0.

2) Update th-H) using {Fg’;)} based on (55) and (58) by solving the
problem (59)-(60).

3) Update {F(lrl.H_l)} using FgH—l) by solving the problem (65)-(68).

4) if (msegl) —_ msegH—l)) /msegl) < g, iteration ends; otherwise go to
step (2).

IV. EXTENSION TO MULTIUSER MIMO RELAY SYSTEMS
WITH MULTIPLE RELAY NODES

In this section, we extend the proposed Tri-Step and Bi-Step
algorithms to multiuser MIMO relay systems with direct links
and multiple relay nodes.

A. System Model

We consider a system with K users, L relay nodes, and one
destination. The signal vector received at the /th relay node at
the first time slot is

K

Y=Y HyFysi+n =1, L
i=1

(69)

where Hy;; € CVN*Nsi i the MIMO channel matrix between
the /th relay node and the ith user, n,; is the noise vector at the
Ith relay. The signal vector received at the destination through
the direct links at the first time slot is the same as (5).

The signal transmitted by the /th relay node at the second
time slot is

X0 =Fyyy, [=1,...,L (70)

where Fo; € CN*Nit is the precoding matrix at the /th relay
node. The signal received at the destination node through L
relay nodes at the second time slot is

L
Yai2 = Zszxrl +1ng2. (71)
=1
From (69)—(71), we have
ya2 = HoFoH Fis + HoFon, +ng» (72)
where H, = [Hy, ..., Hyz ], F> = bd(Fa1, ..., Fap),
Hiyp ... Hyjg
H1= N F]:bd(F]l,..-,F]K), and
Hizi ... Hig
b=y, 0,17,

From (5) and (72), the received signals over two time slots
are

y:[de ] _ [H2F2H1 } Fis +[H2F2nr+nd2 } —Gs+v

Yd1 H; ng
(73)
where G £ [HszZH1:|F1 is the equivalent MIMO chan-
3

nel matrix between the source and destination nodes,
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s | HoFon, +ngp

,H3g], and v = is the
ngi

equivalent noise vector. It can be seen from (73) that in sys-
tems with multiple relay nodes, F> is a block diagonal matrix.
This is different to the single-relay system, where there is no
constraint on the structure of F».

As systems with one relay node, the MSE of the signal
waveform estimation at the destination is given by

H; = [H3y, ...

MSE = tr (WG — Iy,)(WAG — Iy, 1+ WHC,W) (74)

where C, = E[vv] is the noise covariance matrix.

We assume the true channel matrices are H; ~
CNH;, 0; %)), j =11i,2l,3i, [=1,...,L,ji=
1,..., K. Now we work out Eg[WZAW — WHG — GHW +
Iy, ], where

A=GG +C,

HoFoH, F F{HY )

B
- <H3F1Ff1H{1F§1H§1 H;F FIHY + 1y,

and B =HRLHFF/H/FYHY + HoFo FYHY + 1y,
According to (16), we have

EH[HzeHlFlFlH HipHpH ]

= EH|:Z (Z H21F21HllkFlk>(Z F HZkFZHZI ):|

k=1

K
=> (Z ﬁzzezﬁlziF1i> (Z Fi'H 11,F21H21>
i=1 \I=I I=1

T
+2

i=

™~

L
a1 HyFy @, FAAL + Z Bi P
1 =1

(75)

_
—
I

where ,31=IV(F212,»K=1(I:111,'F11F Hf‘,’,+a11i<1>11i)F§®2T,>,
ayi = tr(FliF{f@{”). And we obtain that

L
En[HFFiH = EH[Z Hy Fy Fi HE }
=1

L
ﬁlelegﬁg + Z tr(leFZ @2)@21

|
™M=

(76)
=1 =1
K
Ex[H:F FHY] = EH[Z H3iFuFf§H§f]
i=1
K K
Z 1,F11H3l + Z‘XSI ®3; (7N

i=1

where a3; = tr (Fl,Fh ®31) Let us introduce Py; = Zszl o1y
@y + 1y, P2 = Z[ 1o @y + INd, P; = ZlK 13 @3 +
Iy,, Hlll = Pll Hlll and Fz[ = F2[P”, where oy = B + tr

(F2lF 92[) =tr <F2l (Zk 1HllkFlkF1kHUk+P11) Fz[ 92[)
We have from (75)—(77) that
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H[HgFngFlFfI HIF{HY + HoFo P HY + 1y, |
L
= Z (Z H21F21H111F11> (Z FﬁHﬁiFZHZ)
i=1 \I=1 =1
L

= H2F2H1F1F{’ AYFIAY + R FYAY + Py, (78)

[Fz]ﬁgﬁg + Py

Ey[H;F\FIHY +1y,] = IR FIAY +P3 (79)
where H, = [ﬁz],...,ﬁzL], Fz = bd(Fz],...,FzL) ﬁ =
Hypp ... Hyk
. : ,andI:I3=[I:I31,...,I:I3K].
Hizp ... Hig
From (78) and (79) we have
En[A] = B H,F, i, F FIAY
" - I:I3F1F{11’:I{1F£{I:I? I:I3F1F{{I:I€{ + P3
=Z(GG" + C,)z" (80)
where B HQFQHIF FH HH FIALY + H2F2FH HY + P,
7= bd(P2,P2) =P, H2, i; =P, H3, and
~ . o B RHTH
G = HzeHl . C, = H2F2F H +1Nd 0 '
0 Iy,

From (80), the expectation of the MSE in (74) can be written as
Ey[ MSE] = tr ([WH  WHZ(GG+C) 2 (Wi Wi ]H
_ [WH, Wf] 7277'G - G727z [WH, ng]H + INd)
=1 ((W”G - INd> (V"VH(; - INd)H +WH }V"V) 1)

~ ~ ~ ~ 1 ~ 1
where W = [WH WH#]" W, =PIW,, and W, = PIW,.
The power consumption at the /th relay node is

K
EH|:tr (FZI(Z HliFliFﬁHﬁ + INr[) Fg>i|
i=1
K
=1r (F2 (Z llFllHll + INrI>F21>

(82)

From (81) and (82), the optimization problem can be written as

_min_ Ey[ MSE] (83)
W.F . F,
st 17 (FUFﬁ) <P;  i=1,....K (84)
K
tr<Fzz(Z HyFyFi AT +1N,,)F§) < Py,
i=l1
I=1,...,L (85)

Note that constraints in (85) and the block diagonal structure of
F> make the problem (83)—(85) more challenging than that in
single-relay system [14], [15].



HE et al.: OPTIMAL SOURCE AND RELAY DESIGN FOR MULTIUSER MIMO AF RELAY COMMUNICATION SYSTEMS

B. The Tri-Step Algorithm

We can iteratively update W, F,, and Fz using the Tri-Step
algorithm. Updating W is similar to that in the single-relay sys-
tem (35). To update a particular Fzz, we keep W, F;, and Fz s
j=1,...,L,j #1fixed. Then Ey[ MSE] can be rewritten as
follows

Ey[ MSE]

o ((WHE — 1y ) (WHE — 1y, )"+ WHE,W
(( ) ( ) )

= tr | (A Fo Ay — 1) (A By Fy — X1 - Hp By A A

L
+ Z ﬁz,’i‘z,‘ﬁgﬁg +V~V{{W1 +W£IW2 (86)
i=1i#l
where Hy = [H;Fyy , ..., Hyx Figl, Hy =Wy
H; = [H3F1y, ..., Hsx Fig], and T; =1y, — ZiL:L,-#

Hy o Hy; — Wﬁqﬁ& _
Thus, the problem of optimizing F»; becomes

min /r ((ﬁ2lF21ﬁll — 1)) (ﬁ21F2[ﬁll - Hz)H

Fy
+ Ay oy FEAL ) (87)
S.t. tr (Fgl (ﬁuﬁﬁ + IN;) FZ) < Py. (88)

The problem (87)—(88) is similar to the problem (36)—
(37). Thus, f‘y,l =1,..., L, can be optimized by using the
Lagrange rPultiplier~method. After we update all F»;, we obtain
F, = bd(Fyy, ..., Fop).

Updating F; is similar to that in single-relay systems.
The difference is that Dy; £ Z[L=1 Wflﬁzzﬁzlﬁm + W;’ﬁ:;,'
instead, and the power constraint (49) is extended to L power
constraints as

f{{‘rzlfl < Py—tr (leﬁg) , I=1,...,L

where Yo £ bd (Ile ®(D2]1DZ]), o Iy ®(D21KDZK))
and Dy;; £ FyHyj;. The problem (83)—(85) becomes

1 _1 1 _1
min (fflrf —df'r, 2) (lefl -7, 2d1>

st fYyfy < Py —tr Fzzﬁg), I=1,...,L (90)

(89)

e <Py, i=1,...,K 91)

which is still a QCQP problem and can be efficiently solved by
the disciplined convex programming toolbox CVX [20].

C. The Bi-Step Algorithm

We can iteratively update F; and F, using the Bi-Step algo-
rithm. The optimal W is obtained after the convergence of F;
and F> as W = (GG# + Cv)fl G. We use the following tech-
nique to handle the power constraints in (85). Considering the
power of the signal vector y = H)x, at the destination node,

T T T
where x, = [X,;,...,X.;]", we have
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~ ~ \H
tr (E [(Hzx,) (Hax,) ])
_ (ﬁzﬁz (ﬁ]FlF{” 3 (L IN,) FORY ) (92)

where N, = ZlL:ler- Note that using the identity of
tr(AB) < tr(A)tr(B), we have

tr (E [(ﬁgx,) (ﬁgxr)H]) =tr (ﬁzE [X,er] ﬁg)
<tr (ﬁzﬁg) tr (E [xrxf]) .

Since 1 (E [xx/]) = X/, tr (E [xx?]) < X1 P,
together with (93), we have

93)

L
tr (/I‘:z (ﬁ]F]F{{ﬁ{{ + INr)’I‘:gI> < Z P tr <ﬁ2ﬁ51)
=1
(%94)

where fz = Iflzﬁz. The received signal in (73) can be written as
Yai FoH, Fon, 4+ ng»
= = =~ Fis+ .
y [ Ya2 } [ H; :| ! [ ng|

Now we can use the Bi-Step algorithm to design F, and F in
the system of (95), where we can treat the second-hop chan-
nel as “identity matrix”. In particular, with fixed F, we only
have the power constraint (94), and we can write the structure
of fz = TL according to (55).

Similar to (61), to update the source precoding matrices
{F1;}, (83) can be written as

(95)

tr (E() (Fl, Fz))

K —1
—tr (IZNd + Z \IliBi\Il,H) + N, —2Ny;  (96)

i=1

H3; e
1, ..., K. Thus, B; can be optimized by solving the following
problem

_1 L % H.
where ¥; =C,? |:Z’=1~F21H”’ ] and B; 2F;F [ =

K —1
. H
Igllillr}l tr <12Nd + Z ¥;B;V,; )

7
i=1
K L B H ,p N
s.t. Ztr Bix (Z F21H1k> (Z F21H1k>
k=1 =1 =1
L ~ ~
< Z P.tr (HzH?) —tr (FzF?) (93)
=1
tr(B,-)fPsi,B,-§0, i=1,....K (99)

which is similar to the problem (62)-(64) and can be equiv-
alently converted to an SDP problem by using the Schur
complement.
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V. NUMERICAL EXAMPLES

In this section, we study the performance of the pro-
posed robust source and relay precoding matrices design
algorithms for multiuser MIMO relay systems with direct
source-destination links and imperfect CSI through numerical
simulations. For simplicity, we consider a system with two
users, where all nodes are equipped with multiple antennas.
The extension to systems with K > 2 users is straight-forward.
We simulate a flat Rayleigh fading environment. For nota-
tional simplicity, we show the setup of channel matrices in a
single-relay relay, which can be easily extended to systems with
multiple relay nodes. The estimated channel matrices Hy;, Ho,
and Hs; have i.i.d. complex Gaussian entries with zero-mean
and variances alzi, 022, and 632[, i=1,..., K, respectively. All
noises are i.i.d. AWGN with zero mean and unit variance. We
define

2 2
SNRy & TP g, 2 B2
13 Nr E) Nd E)
2
os. Pg;
SNRjy; & 3% i=1,...,K

Ny

as the signal-to-noise ratio (SNR) for the source i-relay,
relay-destination, and source i-destination links, respectively.
For simplicity, we assume Np| = Np2 = Ng1 = Nyo =2, N, =
4, Ny = 4 and the same SNR for the source-relay links and the
relay-destination link, i.e., SNRj; = SNRj> = SNR, = SNR,
throughout the simulations. Due to a larger pass loss, we set
SNR3; = SNRj3, = SNR — Agnr. QPSK constellations are
used to modulate the source symbols. All simulation results are
averaged over 1000 independent channel realizations.

We simulate a multiuser MIMO relay system where the
channel estimation error at the transmitter side is uncor-
related, ie., ©; = @3 =0’ly,, i=1,...,K and @) =
o21y,, where o> measures the variance of the channel esti-
mation error. We obtain from (19), (21), and (24) that for
this case, a1; = a3; = o2tr(F;F), i =1,...,K, and a» =

oeztr (F2 (Z{i](ﬁlehFﬁﬁﬁ + a1 Py;) + IN,> F?) It can
be shown similar to [10] that tr(Eq({Fy;}, F»)) decreases with

respect to oy, @2, and a3;,i = 1, ..., K. Therefore, consider-
ing the power constraints (27) and (28), the optimal solution
occurs at o); = a3 = aezPSi, i=1,...,K, and ap = aesz.

The covariance matrix of channel estimation error at the
receiver side is set as

1 ¢ o} ¢§,~ 1 ¢ ¢3 4»;

o1 1 ¢ by ¢ 1 ¢ o

o, = i | @) =®y = 2
: o i 1 ¢ : ’ 3 ¢ 1
oy 7 i 1 ¢5 3 ¢ 1

In the simulations, we choose ¢1; = ¢ = 0.45,i =1, 2.

We compare the performance of the following five sys-
tems: (1) The nonrobust design using the pseudo match-
and-forward (PMF) algorithm; (2) The proposed robust
design using the Bi-Step algorithm; (3) The proposed
robust design with the Tri-Step algorithm; (4) The Bi-
Step algorithm with the exact CSI knowledge; (5) The Tri-
Step algorithm with the exact CSI knowledge. In the PMF
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Fig. 2. Example 1: BER versus SNR, 02 = 0.01, Agng = 10 dB.
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Fig. 3. Example 2: BER versus SNR, (rez =0.001, Agnr = 20 dB.

algorithm, the MMSE receiver is deployed at the destina-
tion node, and we set Fi; = /Ps;/Nyly,;, i =1,..., K,

and Fy =/ P, /tr (A H)# (ALY + Ty, ) F ) (B ),

where H; £ [H Fyy, ..., H xF;x]. For the robust design, the
initialization of the Tri-Step and Bi-Step algorithms is listed in
Table I and Table II, respectively.

In the first example, we simulate the scenario where
Asnr = 10 dB and crez = 0.01. The BER performance of the
above algorithms is shown in Fig. 2. It can be seen that the
proposed robust Bi-Step and Tri-Step algorithms outperform
the PMF algorithm, indicating the gain of the robust gain.
For both the proposed robust design and the system with the
exact CSI, the Tri-Step algorithm performs better than the Bi-
Step algorithm especially at high SNR. This is because of the
approximation of A in (58) to be diagonal.

In the second example, we compare the BER and MSE
performance of all algorithms with Agyr = 20 dB and 062 =
0.001. The simulation results are illustrated in Figs. 3 and 4. It
can be seen from Fig. 3 that by considering the CSI mismatch,
the proposed robust algorithms significantly improve the sys-
tem BER performance compared with the PMF algorithm. In
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Fig. 4. Example 2: MSE versus SNR, o2 = 0.001, AgNr = 20 dB.
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Fig. 5. Example 3: BER versus SNR, 03 =0.01, Agnr = 30 dB.

fact, the BER yielded by the robust algorithms is very close to
that of the system with the exact CSI. This verifies the impor-
tance of considering the direct links and the CSI mismatch in
the transceiver design. Interestingly, it can be seen from Fig. 4
that both the robust algorithms and the system with the exact
CSI have almost identical MSE.

In the third example, the BER and MSE performance of the
five algorithms tested with Agng = 30 dB and oez =0.01 is
shown in Figs. 5 and 6. By comparing Fig. 5 with Fig. 2, we can
see that the gap between the robust algorithms and the system
with the exact CSI knowledge increases with Agnr, indicating
the impact of pathloss of the direct links on the system perfor-
mance in the case of CSI mismatch. Moreover, it can be seen
from Fig. 6 that the MSE performance of the Bi-Step algorithm
is very close to that of the Tri-Step algorithm for both systems
with CSI mismatch and the perfect CSI.

In the fourth simulation example, we compare the BER and
MSE performance of the above algorithms with Agyr = 20
dB and different aez as 0.1, 0.01, and 0.001, respectively. We
can observe from Figs. 7 and 8 that as expected, the proposed
robust algorithms have a better performance as o2 decreases.
At 62 = 0.001, the BER and MSE performance of the robust
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Fig. 6. Example 3: MSE versus SNR, 062 =0.01, Agnr = 30 dB.
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Fig. 7. Example 4: BER versus SNR, Agnr = 20 dB.
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Fig. 8. Example 4: MSE versus SNR, Agnr = 20 dB.

algorithms is very close to that of the system with the exact
CSI. Interestingly, it can also been seen that as crez decreases, the
gap between the BER performance of the Tri-Step and Bi-Step
algorithms increases at high SNR.
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Fig. 9. Example 5: MSE versus SNR, Agnr = 20 dB.

In the fifth simulation example, we compare the MSE per-
formance of the Bi-Step and Tri-Step algorithms in multi-relay
systems, where 062 is set as 0.1, 0.01, 0.001 respectively, and
Agnr is fixed to 20 dB. We assume there are L = 2 relay
nodes equipped with N,; = N,, = 2 antennas. The other simu-
lation parameters are similar to those in the single-relay system.
The MSE performance of the proposed algorithms is shown in
Fig. 9. Comparing Fig. 8 with Fig. 9, it can be clearly seen that
by incorporating multiple relay nodes, the system MSE can be
greatly reduced.

In the next example, we compare the performance of the
robust Bi-Step algorithm with the non-robust Bi-Step algo-
rithm, where the source and relay matrices are designed by the
Bi-Step algorithm, but using only the estimated channel matri-
ces without considering the robust design. Figs. 10 and 11 show
the performance comparison with o2 = 0.01 and o2 = 0.001,
respectively. It can be seen that the robust Bi-Step algorithm
outperforms the non-robust Bi-Step algorithm for both O’ez =
0.01 and 062 = 0.001. This verifies the benefit of the proposed
design which is robust against CSI imperfection. Interestingly,
it can be seen from Figs. 10 and 11 that for 6> = 0.01, the PMF
approach performs better than the non-robust Bi-Step algo-
rithm. When 062 = 0.001, the PMF approach yields a smaller
MSE than the non-robust Bi-Step algorithm at high SNR.
Therefore, the performance of the non-robust Bi-Step algorithm
is comparable or even worse than that of the PMF approach.
Thus, it is sensible to compare the performance of the proposed
algorithms with the PMF approach.

Finally, we compare the computational complexity of the Tri-
Step and Bi-Step algorithms. In each iteration of the Tri-Step
algorithm, updating W, Fy, and {F;} involves matrix inversion
(35), matrix SVD (43), and solving the QCQP problem (48)—
(50). Thus, the per iteration computational complexity order of
the Tri-Step algorithm is O((Z,'K:1 NSZI.)3), which is the com-
plexity of solving the QCQP problem (48)—(50) [21]. Similarly,
updating F, and {Fy;} in each iteration of the Bi-Step algorithm
involves matrix EVDs (56), (57), and solving the SDP problem
(65)—(68). Thus, the Bi-Step algorithm has a per iteration com-
plexity order of O((ZiKI N 31.)3'5), which is the complexity of
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TABLE III

AVERAGE NUMBER OF ITERATIONS REQUIRED TILL CONVERGENCE
BY THE PROPOSED ALGORITHMS

SNR (dB) 5110 | 15|20 | 25 | 30
Bi-Step (CSI mismatch) | 2 2 3 3 4 4
Tri-Step (CSI mismatch) | 5 6 7 8 9 10

Bi-Step (exact CSI) 3 2 3 5 6 6
Tri-Step (exact CSI) 6 7 10 | 19 | 35 | 61

solving the SDP problem (65)—(68) [21]. Therefore, the Bi-Step
algorithm has a higher per-iteration complexity than the Tri-
Step algorithm. Interestingly, the robust Tri-Step and Bi-Step
algorithms have a similar computational complexity order to
their counterparts in non-robust transceiver design for multiuser
MIMO relay systems without the direct links [15].

The overall complexity of two algorithms also depends on
their convergence speed. Table III shows the average number
of iterations required by the proposed Tri-Step and Bi-Step
algorithms till convergence with N1 = Npp = Ngj = Nyp = 2,
N, = Ny = 4, Asnr = 20dB, and 62 = 0.01. Both algorithms
are required to converge up to ¢ = 1073. It can be seen from
Table III that the number of iterations required by the Tri-
Step algorithm increases much faster with SNR than that of the
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Bi-Step algorithm. This can be explained as follows. In the Tri-
Step algorithm, both {Fy;} and F need to be initialized, and
matrices {Fy;}, ¥, and W are optimized in each iteration, while
for the Bi-Step algorithm, only {Fy;} need to be initialized, and
only matrices {F;} and F5 need to be updated in each iteration.
Therefore, the Bi-Step algorithm converges faster.

VI. CONCLUSION

We have investigated the optimal source, relay, and receiver
matrices design for multiuser AF MIMO relay communication
systems with direct source-destination links and imperfect CSI.
Two iterative algorithms have been developed to design the sta-
tistically robust source and relay matrices for the commonly
used MMSE criteria. Simulation results show an improved
robustness of the proposed algorithms against CSI mismatch.
This paper generalizes the multiuser MIMO relay design with
direct links to the practical scenario of imperfect CSI knowl-
edge.
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