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Abstract—This paper proposes the design of robust trans-
ceivers with Tomlinson-Harashima precoding (THP) for multiple-
input multiple-output (MIMO) relay systems with amplify-a nd-
forward (AF) protocols based on a multi-branch (MB) strategy.
The MB strategy employs successive interference canceliai
(SIC) on several parallel branches which are equipped with
different ordering patterns so that each branch produces tansmit
signals by exploiting a certain ordering pattern. For each farallel
branch, the proposed robust nonlinear transceiver designansists
of THP at the source along with a linear precoder at the relay ad
a linear minimum-mean-squared-error (MMSE) receiver at the
destination. By taking the channel uncertainties into accont, the
source and relay precoders are jointly optimised to minimig the
mean-squared-error (MSE). We then employ a diagonalizatio
method along with some attributes of matrix-monotone functons
to convert the optimization problem with matrix variables into
an optimization problem with scalar variables. We resort to an
iterative method to obtain the solution for the relay and the
source precoders via Karush-Kuhn-Tucker (KKT) conditions.
An appropriate selection rule is developed to choose the nen
linear transceiver corresponding to the best branch for daa
transmission. Simulation results demonstrate that the prposed
MB-THP scheme is capable of alleviating the effects of charah
state information (CSI) errors and improving the robustness of
the system.

Index Terms—MIMO relay, multiple branch, channel state
information, Tomlinson-Harashima precoding

I. INTRODUCTION

Linear transceiver designs [12]-]16] for dual-hop AF
MIMO relay systems have been extensively investigated in
[B]-[7Z]. The relay precoder in an AF-based MIMO relay
system was first designed inl [3] to boost the overall channel
capacity. In[[4], a closed-form solution for the relay préeo
was proposed to minimize the mean-squared-error (MSE) in
order to improve the link quality. Joint design of the source
and relay precoding schemes was investigatedlin [5], which
can lead to a better bit error ratio (BER) performance. Using
the standard Lagrange technique, the authors obtained the
solution with an iterative water-filling method. Also, both
[4] and [B] considered a linear minimum-mean-squaredrerro
(MMSE) destination equalizer. All the works above require t
perfectly known channel state information (CSI) in order to
perform the optimization. However, in practical relay gyss,
the CSI is usually imperfect, since channel estimationrsrro
are inevitable, which should be taken into account in the
transceiver design. In the case that channel uncertaiatees
considered, some linear robust techniques were propo$éH in
and [7]. The joint robust design of the linear relay precoder
and destination equalizer for a two-hop MIMO relay system
has been proposed inl[6]. More recently, by taking source
precoding into account the optimization of the source amd th
relay processing matrices using imperfect CS| was invatsit)
in [7].

As an alternative to the linear transceiver design, using

There has been considerable interest in wireless multiplenlinear precoding for MIMO relay channels has recently

input multiple-output (MIMO) communication systems, dugenerated great attention. A capacity achieving nonlidety
to their potential to enhance diversity and spectral efficje paper coding (DPC) techniquél[8] has been proposed for
[1]. Recently, MIMO techniques have been introduced ipresubtracting interference at the source prior to trassio.
cooperative relay systems as a means for further perforena®nce DPC requires an infinite length of codewords and
enhancement. It is well known that relays are useful icodebooks, it is not suitable for practical usé [9]. For this
increasing the coverage of wireless communications underason, Tomlinson-Harashima precoding (THP) which origi-
power and spectral constraints, and can provide significardtes from DPC was presented as a low complexity alternative
improvement in terms of both spectral efficiency and link-relThis technique employs modulo arithmetic and was origynall
ability. Amplify-and-forward (AF) is one of the most popula proposed to combat intersymbol interference (ISI) at the
relaying strategies due to low computational complexitd artransmitter. In[[10], Millaret al. focused on the joint design of
small processing delay, where the relay simply processes timear processors for a two-hop network with THP employed
signals received from the source without decoding and thah the source. In[]11], the direct link between the source
forwards the amplified signal to the destination. Thereforand the destination node was also considered. The authors
using MIMO relays with the AF strategy in multi-antenngroposed two methods to solve the design problem, including
relay systems has become a very important tdpic [2]-[11]. a non-iterative method to obtain the closed-form solutitams
the precoders and an iterative method to separately omimiz
. the two precoders. Another prominent precoding technique
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from high computational complexity. Several approacheghasystem model and channel error model are introduced in
been reported in the last few years to reduce the complex@gction II. In Section Ill, we present the proposed robust
of VP which include a tree-search methéd][19] proposed 8B-THP transceiver design for AF MIMO relay systems. The
a low-complexity implementation strategy. Considering thselection criterion, complexity analysis and the MB ordgri
tradeoff between computational complexity and perfornreancschemes are described in Section IV. Simulation results and
the THP algorithm is more widely implemented in practicatomparisons are given in Section V. Finally, conclusiores ar
systems. For this reason, we focus on THP in this paper. drawn in Section VI. Some technical details including the
To the best of our knowledge, few works have considergdalysis are relegated to the Appendix.
robust THP in MIMO relay system5 [20]=[22]. In.]20], Millar  Notation: Throughout the paper, we denote vectors and
et al. employed some approximations to relax the problematrices by lower and upper case bold letters, respectively
to make the optimization problem tractable. A robust THE[}J] stands for the statistical expectation. The operators,
transceiver design for two-hop non-regenerative MIMOyela.)" (.)*,|-| andtr (-) denote the matrix transpose, Hermitian
networks with imperfect CSI was presented. [nl[21], a rqranspose, conjugate, determinant and trace, respgctived
bust nonlinear design for a multi-hop MIMO relay systenkyonecker product of matrices is denoted by A2 repre-
was considered. In[[22], Tsenet al. proposed THP with sents the inverse square root of positive definite mariy]- |
a unitary precoder and adopted the primal decompositionifothe Euclidean norm of the vectdr.) represents the floor

simplify the optimization problem. Compared to prior work 0 gperator which returns the largest integer that is smafiant
robust transceiver design that are only based on one partic,; equal to the argument.

cancellation order and motivated by the sensitivity of THP
to channel uncertainty. In this paper, we propose a robust

nonlinear THP transceiver algorithm for MIMO relay systems II. SYSTEM MODEL
in the presence of imperfect CSI. Specifically, we consider

a novel successive-interference-cancellation (SICesisafor A. Signal Model

this system based on a structure with multiple interfererace

. s . . We consider a three-node AF MIMO relay communication
cellation branches. The original idea of this multi-bra(iiB) y

4 . - system comprising of one source, one relay and one desti-
strategy was first proposed if][ [23]-[29] to utilize the po- 3400 equipped withV,, N, and N, antennas, respectively.

tential extra diversity gains for direct-sequence codesttin | ; ibl fadi he di
multiple access (DS-CDMA) systems and then extendedgue to long distance and possibly deep fading, the direct

. o X ; fk between the source and destination is not considered in
precoding in[[30], [[31]. This MB-SIC framework consists o his paper. In practice, this model is employed for the relay

several SIC branches placed in parallel, and in each branch gy iactures of 3GPP LTE-Advanced [33]. All the channels
SIC scheme processes transmit signals with a given orderiid 4sumed to be flat fading. '

pattern[32]. For each branch, the nonlinear transceiveigde — rpis o stom consists of a TH source precoder, a linear relay
consists of a TH precoder at the source along with a linegfo . qer and a linear MMSE receiver, as shown in Fig. 1. The
precoder used at the relay and a linear MMSE receiver antitys is the N, x 1 input signal vector with zero mean

the destination. We employ a diagonalization method alo dE [ssH] — 021, whereT denotes an identity matrix of
with some attributes of matrix-monotone functions to aftai s

the optimal relay and source precoders. The solution can Ejnee:)mprlate dimension, and is the average transmit power

computed by using an iterative method via the Karush-Kuhp- antenna at the source. To ensure the transmissit ot

P y g al . . .dependent data streams in this system, the number of transmi
Tucker (KKT) conditions. An appropriate selection rule i ntennas should be larger than or equaMg i.e.. N, > N
developed to choose the nonlinear transceiver correspgn(J?Each element of the t?ansmit vect(gr = s e S; TT 75
to the best branch for data transmission. For every bloak pri o0 2Ly ONal

- g n.m-ary square quadrature amplitude modulation (QAM)

to the data transmission, the source sends the index of . ; .
selected optimal branch which is chosen by the selectian ryl Sdulated signal, where the real and imaginary parts;of

L A elong to the se{+1,+3,...,£ (y/m — 1)}. Then the input
to the relay and the destination through a limited feedfodwa_. . Y . .
channel. KII the branches provide giﬁerent capabilities signal is sorted to generate multiple branch signals by the

interference cancellation for a given transmission blddius, Opre—de3|gned cancellation ordering patterms. We intredbe

. - . (l) . .
the best branch can be selected from them to obtain the b%nsqerlng trz_ansformatlok:\ mr?tnSI‘ e {1’f""|L}’ wh|cr|1 'S

possible performance. Simulation results demonstratetttiea a %ermutatlon r(?atrlx :1 at ;s one entry of va llje egq;_‘;ﬁeone,
proposed MB-THP scheme outperforms existing transceivzerﬂ corresponds to the ordering pattern employed |

: . . P ranch. The optimal ordering scheme conducts an exhaustive
d¢3|gns with perfect and imperfect CSI. The contributiohs Qaarch with I, — N.!, where ! is the factorial operator.
this paper are summarized as follows:

A | robust MB-SIC i< developed gi The reordered vecta)=T"s, which is based on théth
) A novel robust MB- strategy Is developed according to,ce|ation order, is then recursively computed by a bacéw

different pre-stored ordering patterns for MIMO relay &/85. ¢4 ,are matrixC(!) for the -th branch and a nonlinear modulo
Il) For each branch, we present the robust nonlinegperation in order to perform a SIC operation.

transceiver design with THP using imperfect CSI. As shown in Fig. 1,MOD,, (-) stands for the modulo
Il) We also propose a selection criterion for choosingperator which is used to constrain a value to be within the

the optimal branch corresponding to the minimum Euchdeq@gion(,\/ﬁ /m)]. The modulo operator acts independently

distance for data transmission. over the real and imaginary parts of its input according t® th
IV) Sub-optimal ordering schemes are developed to selggtlowing rule

a subset from the optimal ordering scheme set in a low-
complexity way.
The rest of this paper is organized as follows. The proposed

MOD,, (z) =« — 2v/m L%J . 1)
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With C) and the modulo operation in (1), tiieh branch relay is given by
channel symbol§,(f) are successively generated as

yilor) = Hy, Flor)gor) 4 n @)
k—1
2 =50 > W (k,n)z) + e, (2) whereH,, ¢ cN-*": denotes the MIMO channel matrix
n=1 between the source and the relay. The venteris the additive

_ . . . noise component at the relay which is modeled as a circularly
where C) is a strictly lower triangular matrixC® (k, m) symmetric complex Gaussian random vectors with zero-mean
is the element in theth rowqandnth column of the matrix and correlation matrie [nsrnH] =02 1, wheres? is the

ST

c® ande® = [V .. eV | is the vector selected by theaverage noise power at the relay.

d . B
modulo operation to ensuré that the real and imaginary partdn the second phase, the relay forwards the received signals
of the elements ik are bounded by the square region fof0 the destination after performing linear precoding which
the I-th branch. The Eq. (2) can be rewritten in matrix forn§orresponds to the selected branch, while the source ddes no

as transmit data. Thus, the ordered signyélI“Pt) received at the
2 — U(z)*lv(z)7 3) destination corresponding to tfig,.-th branch is given by

Where V(l) = §(l) + e(l), U(l) c (CNdXNd is a IOWer yl(il”’“) — T(lopt)HrngOpt)Herglopt)i(lopt)

triangular matrix with ones on the main diagonal and it is + T H, gFlerdn 4 Tlor)py, 4 (5)

given by UY = C® 4+ 1 . As a result of the modulo
operation, the elements ot/ are no longer uncorrelated
and uniformly distributed over the Voronoi regidn [34]. $hi
leads to thel-th branch channel symbol vect&") having

slightly higher energy thas®. This slight increase in the
average energy is termed precoding ldss [34]. For modevat

high m this energy increase can be negleced [10]l [35], [3 an be denoted aHff;Pt) = T(e»)H,,. By transforming the

. —=DH] _ 9 .

thus we still havels x| = o71. Based on a selection channel matrix, the ‘columns of the channel mafx, are
criterion, the optimum source precoder, relay precoder apdrmutated([37]. The vectan,, is the zero-mean complex
receiver corresponding to tlig,.-th branch are chosen for dataggyssian noise vector at the destination Vﬁliﬁnrdnﬂ =

transmission. Then the source sends the index of the Séleq;—e I, Whereo—2 denotes the received average noise power
optimal branch to the relay and the destination through Athe destination.

limited feedforward channel before data transmission. Theat the destination. the selected linear receid®&ilort) is

signal transmission is carried out in two stages. In the firg{en, employed to detect the received signal. The detected
phase, the signal is processed by the selected precodimg mafigna| is given by:

Fgl‘”’“) e ¢Ns*Na for the l,p¢-th branch. The received signal
y"») corresponding to thé,-th cancellation order at the llopt) = W lopt)y lort), (6)

where T(rt) represents the selected ordering transformation

matrix, F§l°"“) € ¢N*N is the selected relay precoder for the

lopt-th branch H,,.4 € cNaxNr stands for the MIMO channel
atrix between the relay and the destination. Mathemdgjcal
e equivalent channel matrix after a specific transmitepatt



Then the signal can be re-arranged in the original order kgtimating long term channel statistics. It is importanhtde

using T(e»+), Thus, the final output is obtained by that the analysis to be presented in this paper can be applied
A o) ol in exactly the same way without assuming any specific form
5=Q (MOD (T( ort)” ‘”"))) , (7)  of channel estimation error covariance matrix as long as it i

symmetric and full-rank[]6],[[40]:[44]. It can be shown that
if a least squares (LS) channel estimation algorithm is used
estimate the source-relay and relay-destination chantteds
B. Channel Error Model matricesWy,., ¥,4, X, and X, ; will be proportional to the
Since perfect CSl is typically not available at the trangenit identity matrix even for the case where the transmit andivece

and at the receivef [22], robust methods have been develoﬁ‘@ nnas are porrela_tém42]. The channel error.model vk use
to deal with imperfect CSI. To model the channel matri{f! 1S Paper is a fairly standard model and widely used for
distribution, the well-known Kronecker model is adopted fo?"@ySis in the existing literature.

the covariance of the CSI mismatdh [6]. Although we focus

on the channel error model based on the CSI mismatch, we pyoplem Formulation

note that it can be easily extended to the model with channel o o) )
feedback, since the work if [B8] has built a relationshi \{\l/)e fog)us on the problem of jointly designinigs”, F;",
between them and verified that they are equivalent proble , U to minimize the total MSE under the sum power

whereQ (-) denotes the quantization operation.

We have the following expressions: constraint at the source and the relay. The detailed darivat
~ of the transmit and receive filters is provided in Appendix A.
H, =H, + AH,,, (8) The system MSE matrix can be written as
Hrd = ﬁrd + AHrdv (9)

_ _ _ .~ MSE (U(l), FO FO, W<l>) -F [meyfj) — v HQ}
where H,,, and H,, are the estimated channel matrices,
while AH,, and AH,., are the corresponding channel es- - F 2 OgOFOH. FO _ g
timation error matricesAH,, can be written asAH,, = [tr(o3 (W rd Ly Hhsr g U)

»2H,, ,o1/% and AH,, can be written asAH,; — x (WOHFOH,, FO — U0y

»!/?H;,; 4¥"/? where the elements dfl;; , are indepen- 4 Eftr(o? (WOHOFO)WOHOFO )]

dent and identically distributed Gaussian random varible o ) l)f,d " rdsr

with zero mean and unit variance. Both the relay and des- -+ tr(o;, ZWHW®T), (14)

tination have the estimated CSI. ThusH,, andAH,.;, have

the matrix-variate complex Gaussian distribution, whigm ¢ "WHereé the expectation is taken with respect to the channel
be expressed a5 [39] ' estimation errors and noise. By taking the expected vahee, t

MSE can be rewritten as

AHST ~ CNN N, (ON N, \Ilsr ® 257") (10)
54V Vs ’ MSE U(l) F(l) F(l) W(l)
AH,.d ~ CNNd,NT (ONd,NT7 ‘I’rd 39 E?'d) , (11) ( s T ) .
H H — H — 1 H
with the probability density function (PDF) given by =tr (W(l)A(l)W(l) ) —ojtr (U(l)Fgl) AIFOTES WO )
exp (—tr (AHZ_Z;}AHST\II;})) — Jgtr (W(l)Ijlf.gFS.l)ItISTFgl)U(l)H) + Uftr (U(Z)U(Z)H) ,
p(AH,,) = e Dt L (12)
() || [ s | (15)
exp (—tr (AHZ S 'AH, ¥}
p(aH,) 22 LU ORD M) (g where

(W)NT N |24l e | W, N

. . AD 2 AP (028, FOFD L + 023,
where ¥,. and X, denote the covariance matrices of the

H — 1 H &
source-to-relay channel seen from the transmitter and re- +o2 DFO'AY 1 al)S, 102 1 (16)
ceiver, respectively, and so dB,; and X,.; for the relay-to- agl) A tr(ng)Fgl)Hq’g) (17)

destination channel. The equivalent estimated channeixmat

after thel,,-th transmit ordering pattern can be denoted as oY £ tr(F® (¢2H, FOFO"HE 4 525,

i (lopt) __ opt) A

H, g = T g, . +o2, DED @) (18)
By using the estimation algorithm proposedini[40], we have A r .

‘Ilsr = RT,srn 257" = 0—2757-RR,5T1 ‘Ilrd - RT,rd and Erd - ET'd = T(l)ETdT(l) . (19)

0'377,dRR7Td. The matricesRr ., and Ry 5 are the transmit

and receive antennas correlation matrices at the source gnBy |Imposmg a transrr;]lt p]zol\;ver_constralnt at tge source and

the relay, respectively, and? ., is the source-relay channel! ebrle ay, we arrive at the following constrained optimizat

estimation error variance. A similar definition can be apgli ProP'em:

to R4, Rr,-a ando? , for the relay-to-destination channel. . O w0 w0 wb)

If we Use the channel estimation method proposeflin [41], wg,,, F(mm MSE (U EFLFW )
1 B

Ql)_F(l) WD
1 — s oFr,
then Iave‘I’m - RZ,ST! ES’I' — 0’6,87' (I+Ue7s7'RR,é’7'

"osd. tr (Jngl)Fgl)H) < P
_ _ 2 2 —1

¥4 = Rryq and 3,q = Ue,7-d(1+0e,7-dRR,rd - A tr (Fm (UzH FORO HH | ;2 I) F<z>H) <P

reasonable assumption that we can make is af, X4, T sTTSTTs TS s e r - "

¥, andX,.; are slowly varying and can be known a priori by (20)



I1l. PROPOSEDROBUST TRANSCEIVERDESIGN In order to find the explicit structure of the optinﬁil) and

In this section, we propose the robust transceiver design %", we discuss a scenario with either the covariance matrix
each branch. The optimal linear receiWdt!) can be derived Of the channel estimation error at the transmitter or a seena
by solving avf(l)* MSE (U(l),Fgl),Fﬁ.l),W(l)) —0 anditis N Wh|ch the receiver is an |Qent|ty matrix, respectlvelyleT

relations between the scattering environment and the piiepe
of the transmit correlation matrix and the receive corietat
O — LUOFO"GERO GO A0 »1) Matrix are illustrated in[46]. In practice, the transmitbe the
w s s srer rd (21) receiver is located within a homogenous field of scattereds a

By substituting (21) into (15) and making use of the matriwe can expect the correlation matrix to be proportional ® th
inversion lemmal[45], the MSE can be expressed as identity matrix. The considered scenarios are represemyed
the two special cases above.

given by

MSE (U<l>, FO, Fg.”) — tr (E(l)) : (22)
where
_ _ 1 A. Robust Design with ldentity Covariance Matrix at the
EO 2 U0 (0,21 + Fgl)HHng)HH%HB(l) Transmitter Sideg /
AOROTF pOYV-1yOd?
< H FH F)™U . . (23) First of all, we consider the case that the covariance matrix
BO 2 AYUFD (a§a§l>zs,. + 02 I) FO Y of channel estimation error at the transmitter is an idgntit
g 2 1 o4 matrix, i.e. ¥, = I and ¥,;, = I, we haveagl) =
H —_ H _
oy Bra + o, L @) GEPFP") and of) = w(ED (@A, FOFO B +

It is well known that for a positive semi-definite matrixagagl)zsr + o2 TI)FQ)H). It can be shown then that the

%}]/Ie grit(rcwz;]\;gé gVé% rrt‘&n% |1r\n/I(|lej:[ in%qaggil\t)//l) (/) ]x iy V\\I/\t\& iiss optimal solution s always achieved \;vith eqL(Jz)iIity in the pow
- . . . . i 1 .
a diagonal matrix with equal diagonal elements, the equamonstrazp)t. The opglmal so(lll;Uons &t andF; _are obtained
can be achieved T10]. By lettingI() = ﬁ(lgFg_l)ﬁsm we Whena;’ = P/o7 anda,’ = P.. The detailed derivation
. . D e () is provided in Appendix B. The precoding matrices have the
obtain the following bound on thBISE (U( ) Fy Fy ): following structures:

_ —1 - —1/Ns
(o e ROTBOHORY)| PO = VOAD B, (27)
< {U0 (o1 + PO EO B HORO) U0 ) . O = VAT, (28)
(29) FO _ FORY dyn 29)

where the expression of thelSE in (23) can achieve the
lower bound wherE() = ~1, v is a scaling parameter. Here, o o _ . .
we use the fact thaMN| = [NM|, |[M~!| = /M|~! and Where A" and A;” are both diagonal matrices with tr’g‘e
|[UHU| = 1, note thatU is a unit triangular matrix. We also th diagonal elementsr, ; and A; ;, respectively, andb!”
use the rule that for square invertible matriéeandB we have is a unitary matrix yet to be determmegl. Then, we have
|AB| = |A|[BJ. In the following we propose to minimise B = AV FDFD" 7Y +Ug)dﬂgszgzd _The detailed

the lower bound of (25) and find appropriate precoders sudbrivation is shown in' Appendix C.

that the bound in (25) holds with equality. The constrained gy substituting (27) and (29) into (26), the problem can be
optimization problem can be rewritten as simplified as follows:

minJ (FO,FO) = | (o721 + FOHOBO T HOFD) 1‘

min J (Agl), Aﬁ.”)
s.t.  tr (a?Fgl)Fgl)H) < P

-1
— -~ 2 2 2 ~ (l 2 ~ (1 2 P —1
(o2n+ A A AR (A A0 1))

(D (o2, FORO U | s,
+ UZSTI)FS«I)H) <P, (26) st tr (agAgl)z) < P,

We note the fact that the source-relay and relay-destimatio tr (Ag)2 (UgAgl)zj}ng)z + I)) <P, (30)

channels are not completely known. The transmission power

consumed by the relay depends on the unknown chdfpel - S

Thus we take the expectation of the error covariance matrixNote that for a positive semi-definite matid € CV**, we

formulating the optimisation problem and Lemma 1 is applictave [45]

to obtain the expression of the power constraint at the relay N

From (17) and (18), we find that'” is a function ofF{" and det (M) < [T ™ (i, 1), (31)
=1

aél) is a function of bothF{" andF\". This problem can be

solved by firstly finding the source and relay precodEE@

andF" that minimise (26) and satisfy the power constraintg,1e eqlfallty hoId~s whed is ? d|agonal matri([47]. (1)

and in a second step using the remaining degrees of freedorket A1; and Xz; be theith diagonal element ofA;

to ensure the constraint in (25) holds with equality. and A", respectively,i=1,---,Ng4, from (30) we have the
q y rd



following results By substituting (27) and (29) into (41), we obtain

N ot e g\ U0a!" 500 eOu®” = 521 Then we define
I ALiA2 AR, NG (32) UW=5UD"" and apply the geometric mean decomposition
(GMD) [51] to X" to make the diagonal entries of an

’\Fs,iakﬁ;,i

. —2
min o, "+ =
H * A;Z.A;M +1

=t upper triangular matrix all equal. In[61], the GMD was prdve
Al 9.9 to be asymptotically optimal for high SNR, in terms of both
5.t ZUSAFSJ =B (33)  channel throughput ang BER performance. Thus, we obtain
1;; »O = Q(ljfj(l)@gl) , whereQ® and ®'" are unitary
2 212 12 matrices, andU(") is an upper triangular matrix with equal
Zl Aﬁr,i (USAFSJAM T 1) < b (34) diagonal elements, wheres? is given by
Let us introduce N, 52 52 52 a2 —1/N.
_ _ 1,i"2,i\Fs i\ f 4
52, @) o=l ) o @
> 5 i=1 2,V F ] o
i 2 )\iw (ﬁ)@rﬂ)\ii + 1) , (36) From the equation above, it can be verified that the equality i

N _achieved. We then calculals® = 0O " with ) and
(32) becomes a maximization problem and the logarithm {§(1)  the source and relay precoders corresponding té-the
used. This is possible because the logarithmic function is;@ncellation order are obtained by (27) and (29). Subsdlyen

monotonically increasing function which makes the forneta no MMSE receiveiW® can be derived by substituting (27)
problem equivalent. Thus the optimization problem can hg,q (29) into (21).

rewritten as

Nag 32 .32 32 32
malen yl)\z’ixz)\lf+yl)\2~=i+$z>‘17i+1 (37) B. Robust Design with Identity Covariance Matrix at the
= Yir3 +wid; +1 Receiver Side

Na Then, we consider the case that the covariance matrix of
st. > 3 <P, the channel estimation error at the receiver side is an iigent
i—1 matrix, i.e., X5 = o2l and X,; = o2I. We perform the
Na SVD of the estimated channelBl,, = U, A,, VI, FI% =
. H
Zyl < B (38) UEZA%VSZ , it can be clearly seen from (76)-(81) that for

=1
The solution to the objective function can be obtained byaisi
an iterative waterfilling method [48] via KKT conditiorls [49
The detailed derivation is summarized in Appendix D. For a
given z;, by solving (37) and (38), the optimum can be FO —v_ADD (43)
obtained as follows: s e e

2., =02 and %, = 021, we haveU,,=U,,, UY=u!),
V=V, andV)=v)

Thus, the precoding matrices have the following structure:

. + FO = vihAOUH, (44)
R N4 .2 12 )2 N2 . 7_ _

ey {\/ AL+ AN @iN gty — AL 2} » (39) BO = s, AUFOFO AD" 1 g1, (45)
where [y]* = max[0,y], and y, is the water level which Where

satisfies the power constraint with equality at the relayd) ( 9 9 O T 9

By solving (37) and (38), the optimum, can be calculated 7t = % * 75t (FS Fy lI’S’“) T O (46)

as By = o2t {FV (o2, FOFO "B + s FO" w7} + 02
4

Nrd”
1 =

+

oN2 [\/)‘g,iyiz + 4)‘?71'%‘)\%71'#5 - )‘g,iyi - 2} , (40) ] o

1, The constrained optimization that corresponds to the pro-
wherey, is the water level which satisfies the power constraifosed robust design can be written as
with equality at the source in (38). The algorithm can be N 1
. . . . L d )\2_)\2_)\2 4)\2 )
implemented iteratively with initial values. Note thai, ; and minH o2 4 DLiNZiNEiNEy (48)
Af, ; can be calculated based on (35) and (36). Note that this g} s B3 AL L+ B2 ’
iterative water-filling algorithm is guaranteed to conwergs “Nd o
discussed in[50]. As shown i [48], a locally optimal sodurti ot Z 2\ < P,

=1

€Xr; =

can be obtained by iteratively updating the power allocatio (49)

vector of one node by fixing the power allocation vectors of N

all other nodes. We then focus on the derivation of the upitar <N 9\ 9 19

matrix " and the feedback matrikg("). Z ALy (0XF, AL + B1) < P (50)
The lower bound of MSE is achieved when the objective =t

function in (23) is a diagonal matrix with equal diagonal By introducing the following definitions

elements. Thus, the following equation must be satisfied:

A 242
u® (US-QHanHﬁ(l)HB(l)”ﬁ(z)an) u” = 521, " g UQAFQ 2 2 .
(41) Yi = )‘Fr,i (Us)‘FS,z)‘l,i + ﬂl) ) (52)



The optimization can be finally formulated as whereJ® (4) is the squared Euclidean distance corresponding
N 9 9 5 ) to the [-th cancellation branch for theth transmission data
malen Yira,i@id i + YirgiB1 + 2iAT P2 + BB block, which is expressed by
i—1 Yir3 i B1 + A ;B2 + P1Ba ’

2

(53) IO () = Hb (i) — BY () (63)
Na where the quantity b(i) denotes the i-th trans-
st. Y @ <P, (54) mission data block, which is given byb(i) =
! 87 (i),...,sT (i+K—1)]", K is the block length,
2 the vectors (i + k) denotes thek-th transmit vector of the
Zyi < B (55 ith block, k € {1....K —1}. B® (i) is the transformed

version ofb(®) (i) back to the original order for theth block,
where); ; and )\, ; are theith diagonal elements o&{Y and and the vectorb() (i) denotes the noise-free pre-estimated

AEZ’ respectively. The quantities; and 3, can be written as valyes. of _the data at the transmitter using estimated CSI,
which is given by

Ns
B e on [Ba] +o? (56) b0 (3) = MOD (£ (i) (64)
i1 % N
T
N, ~ . ~(NT /. ~nNT /.
3 where 0 () = [y<l> (@), O 4+ K — 1)
B2 2> oy [Bra| +02 . CH . .
~ ii vy (i+k) denotes the pre-estimated received vector
= AT based on thé-th branch for thek-th transmit vector of the
Vo =V, ¥, Vr, (58)  i-th block, which is expressed as follows
~ A 1 H 1 — —
B,y 2V wLVE). (59) 7O (i + k) =wORVFOHA, FOD (i+ k).  (65)
We find the fO"OWing solutions to the Optimization problem The Optimum branch is chosen by m|n|m|z|ng the summa-
by using the aforementioned iterative method: tion of the squared Euclidean distance values in one trans-
- + mission data block. The selected optimum branch is updated
b ANy? AN yiAS s NS 5 once per block. Ideally, the optimum branch can be chosen to
Te= 222, 32 B2 By ’ minimize the accumulated squared Euclidean distance leetwe

L the true transmit symbol and the received soft information
(60) at the destination in one transmission block. However, the

[ NIRRT \2 o + selection criterion is conducted at the transmitter, wenoan
i = B2 Lili Lititaifr  ALiti o obtain the exact received signal at the destination. We then
2)3; feh B1B2 B adopt the noiseless information to estimate the receivgrhsi

- (61) in our proposed algorithm. The simulation results in Sectio
show that the proposed scheme achieves a better performance

Similarly, we can derive the values @fgl) andU® . Finally, with respect to the conventional algorithms, which veriftes

the source and relay precoders can be obtained expliitly. gffectiveness of the approximation. It is worth to mentibatt

Section V, we will show the simulation results of the prombsesince the proposed algorithm is implemented at the tratesmit
robust THP scheme. the selection criterion has the full information of the sanit

symbols. The procedure of the proposed robust transceiver
IV. SELECTION CRITERION, COMPLEXITY ANALYSIS AND algpnth.m for the case that the _cova_rlance.matr_lx of Chf”‘”r.‘e'
estimation error at the transmitter is an identity matrix is

ORDERING SCHEMES : .
T summarized in Table I.
We have presented the overall principles and structures of

the proposed algorithm in the previous section. In thisigect B. Comblexity Analvsis
we introduce the selection criterion, the complexity ar@ly ~° piexity y

and the ordering schemes which are employed in our proposedn this part, we focus on the computational complexity of the
design. proposed robust precoding scheme. Complexity is measured

in terms of the number of FLOPs, defined as the floating-
. . point operations. Note that frofn [52], we know that a complex
A. Selection Criterion for the Proposed MB-THP Scheme qgition and multiplication have 2 and 6 FLOPs, respegtivel
A proper selection criterion is of great importance foThe computational complexity of the proposed scheme is
the MB-THP algorithm to achieve a significant performancsummarized in Table 1l. As we can see, the proposed methods
improvement in MIMO relay systems. We have investigatedraainly involve singular value decomposition (SVD), matrix
number of different criteria and the squared Euclidearadist multiplications, matrix inversions, and the GMD. Essédltja
has been identified as a simple and yet effective selectiae detail the complexity of the proposed robust MB-THP
mechanism. The selection criterion chooses the best brapebcedure in each branch, and the overall complexity of
corresponding to the minimum squared Euclidean distanee MB-THP algorithm can be obtained by multiplying the
which is given by complexity of the robust THP per branch by the number of
. D /s branches.. Also, the selection mechanism requi@6K N2
lopt=arg fgnllélLJ( '(0), (62) operations. The computational complexity of the ?é{gguflzi)r TH



TABLE I: Proposed Robust Transceiver Algorithm
1 for each parallel branch [ € {1,...,L}.
2 Solve for the unknown diagonal matrices,(f) and As.l) in the optimal precoding structure by selecting an appatgrinitial

Ng — — = - +
choice forz; that satisfieS , =;=Ps, the algorithm updateg, according toy; = ﬁ [\/)\‘1* a2+ AN i AE e — N2y — 2]
i=1 z, , , ) ,

- = = - +
andz; according toz; = ﬁ [\/A;"iyf + 4>‘%,iyi>‘§,iﬂs — A3y — 2] in an alternating way, note that the variahle and
1,4

ur can be solved by the bisection method detailed i [11].
3 Computed®?) and the feedback matrii® based orU® ( o521 + Fgl)H}_I(”HB(lVI}_I(l)Fgl)) U™ — 521,

FO = VOAOSD | and apply the GMD &=~/ 5072 — Qg0 a"O" .

[V

Derive the optimal structure & and F given by F{) = VAV WV and ) — ]?‘5.”7\%1:
Compute the receive () by using the obtained", F{ andu®.

4 ug,,-
5

6  Compute the squared Euclidean distance forltttecancellation orderJ (V) (i) = Hb (i) = b® (z‘)H

7

8

2
end

Choose the optimum branch by using the selection criteidortata transmission and send the optimum index to the relay
and receiver with the aid of the limited feedforward trarssion.

joint source and linear relay precoding algorithm [in1[10] isvhere0,, ,, denotes amn x n-dimensional matrix full of zeros,
O(N2 + N,N2 + NyN? + NyN? + N2 + N,N2 + N3 + the operatow [] rotates the elements of the argument matrix
NSN§+NdISIZ-+NdITIZ-). We advocate an affordable increaseolumn-wise such that an identity matrix becomes a matrix
in complexity in exchange for the improvement of the pewith ones in the reverse diagonal. The proposed ordering
formance. The proposed scheme can effectively improve thkgorithm shifts the ordering of the cancellation accogdia
performance including the ability to mitigate the multéstm shifts given by

interference, alleviate the effects of CSI errors and endan s=|(1-2)N,/L|, 2 <1< N,, 67)

the robustness of the system.
where L is the number of parallel branches. In order to

illustrate this problem clearly, we take the situation wtlee
C. Ordering Schemes number of branched. = 4 as an example. By using the

) . ~ scheme above, we obtain the transformation mailiX as
A V-BLAST like ordering strategy for THP has been studiegb|lows

in [53] . The V-BLAST ordering algorithm requires multiple

calculations of the pseudo inverse of the channel matrix. L (1) (1) 8 8 ) 8 8 (1) (1)
Therefore, a suboptimal heuristic sorted LQ decomposiien T = 00 10| T = 010 0|
gorithm has been extended from the sorted QR decomposition 00 0 1 10 0 0
(SQRD) algorithm in[[54]. And a tree search (TS) algorithm

has also been proposed|in[55]. The above ordering algosithm 10 0 0 1 0 0 0

however, assume that each distributed receiver is equipped 3) 00 0 1 (1) 01 0 0

with a single antenna. The cooperative ordering processing- "~ | 0 0 1 0 |° ™= 0 0 0 1 (68)
is impractical for MIMO relay systems. And the TS algorithm 01 0 0 0 010

shows superior performance especially for medium to high
SNRs. In order to achieve a better BER performance in t%
whole SNR range, we proposed the MB strategy. It is cle

that the optimal ordering scheme which conducts an ethjsttgranches to obtain a near-optimal performance is greatly re

search is complex_ for practica_l systems, especially_ when uced. In order to build the FSB codebook, we need to perform
nhumber of transmit antennas is large. Thus, we discuss W0 extensive set of experiments and compute the frequency of

sub-optimal off-line schemes to design the transformati S . ; :
matricesT') with appropriae iructures such ha they can i "oe= O e seected patiene to dentfy e siabef
used _for low-complexity implementation. The basic ariritra most likely selected branches to be encountered. The #igori
qrdermg scheme randomly chooses a subset from the exhq Summarized in Table I wherd denotes thé vector of
tive search. However, the proposed schemes are dev_elopeé&glidean distance for all bossible branchas, denotes the
select a subset from the thlmal ordering SCheF"e setin a 8¥al number of experiments we didl; g, is dé,fined for the
that apprpaches the optlmal performance while keeping t rage of the selected branches for eflery experimenignd
computational complexity low. . is the codebook for optimal ordering patterns computed by
1) Pre-Stored Patterns (PSP): The transformation rT?""ti-"’ERMS(NS : —1 : 1), which provides the list containing
T for the first branch is chosen as the identity maffix 5 possible permutations of th&/, elements. We highlight
to "e.eP the optllmal ordering as descnbeq BY) = 1. The_ that in each run, after we measure the Euclidean distances fo
remaining ordering patterns can be described matherﬁytlca[jh branches, the branch that results in the smallest Eeefid
by distance is stored ih;,4, at step 10. Finally, the FSB codebook
n_ I Os N, —s Lrsp is created by selecting the most frequently selected L
T~ On.—ss o[Ls] |’ 2SN, (66) branches according to the histogramlIgf,,.

2) Frequently Selected Branches (FSB): The FSB algorithm
ilds a codebook which contains the ordering patterns for
e most likely selected branches and the required number of



TABLE II: Complexity of Proposed MB-THP Algorithm in Each Bnch

Step Operation FLOPs
1 al) O(N2(Ns+Nr+Ny))
2 al) ] O(N2(Ns+N,+Ny))
3 svp AY = ﬁgmg@ngH O(N,N24+N?)
7 — O AO70
4 SVD H ) = UI{,AMVM O(NgNZ2+NE)
5 B®) O(N3)
6 Z; andyi O(Ndlslri»Ndlrli)
7 | aMD =072 — qgwae®” O(N3)
8 u® =500 " O(N3)
9 F, andF, O((NsNg+NsNH+(N2+N2))
I : number of iteration for computin@g)
Is : number of iteration for computingxgl)
I; : number of iteration of the water-filling process

TABLE llI: Frequently Selected Branches Ordering Scheme V. SIMULATION RESULTS
5 B iy s & NULL Lrss < NULL In this section, we evaluate the performance of the proposed
3 L PERMS(N: —1: 1) precoding scheme. We adopt a simulation approach and con-
4  for n.=1to N, do duct several experiments in order to verify the effectissne
5 for(ll)zl 10 Lopt do of the proposed techniques. In the following, we consider an
(75 g;l) :;fé?rp(l)ﬁ) AF MIMO relay system withN, = N, = N; = 4. By
8 dp (1)« [s - 80 using the exponential modél [41], the channel estimatioorer
9  end for covariance matrices can be expressed as
10 Ljgy(ne) < MIN_Index(dp) s 3
11 end for 1 a  « «
12 Lpsp < SELECT(HIST(L;4,)) a 1 a o2
Wor = Wra = a2 a 1 «
o o> a1,
D. Efficiency 1 f B 53
) 3 257" = Erd =0, 62 B B ) (70)
From the algorithm discussed above, we know that for every g~ B 1 B
block prior to the data transmission, the source sends the g BB

index of the selected optimal branch which is chosen by toveherea and 3 denote the correlation coefficients, angl is
selection rule to the relay and the destination through &@eiin the estimation error variance. The estimated chanﬁgl and
feedforward channel. We insert the limited feedforward bit = ted by th d.' tributi foll ) sA
the beginning of the corresponding transmission bIock.hEagL'd’ are generated Dy the distributions as Tollows.
transmission block compriseR symbol periods each one (1 ,Jz)
consisting of N, spatial streams, and the feedforward rate of H,,. ~ CN'n, n. <ONT,N57 U, ® 257") (71)
the optimum index is one per transmission block. We consider ge
am-ary modulation and assume thatbits index information (1 02)
to be sent for each transmit block. Thus, the transmissiongy , CN NN, <0Nd7NM S 27-d> . (72)
efficiency is given by P
NuKlog, (m) such that channel realizations have unit variance. In the
e d181og, _ (69) simulation, for the data transmission process the SNR at the
NaKlog, (m) + B relay is defined a$NR,, = P,/o2_, and the SNR at the
destination is defined aSNR,, = P,./afw. We adopt the
In this work, we employ the 16-QAM modulation anddiagonal elements of the identity matrix as the initial \esu
employ a data block of = 100 symbols in the simu- for the iterative algorithm. Also, we use 16-QAM as the
lation. For the exhaustive search ordering scheme with Babdulation scheme.
branches, we need 5 feedforward bits. For a configurationAccording to the above settings, we use a Monte-Carlo
with N, = N,. = Ny = 4, by using B = 5 feedforward approach to obtain the required expected values over nu-
bits we achieve the transmission efficiency of 99.68%. Formaerous channel realizations. Here, we $&R,, = 30 dB,
slow fading channel, the feedforward rate is very low, are thy = 3 = 0,02 = 0.001 andSNR,., is varied. Fig. 2 shows the
transmission efficiency is close to 1. It should be notedttiat BER performance versus the SNR for comparing the proposed
efficiency can be made higher if we increase the block lengthB-THP transceiver scheme, i.e., 4-, 8-, 24- pre-designed
K. In the simulation section, we will show that with the sideancellation ordering branches, respectively. The pregos
information (SI) the performance of the proposed precodimgbust TH source and linear relay precoded system without
algorithm outperforms the performance of the conventionabnsidering the ordering schemes (TH-L-robust) is aldedis
precoding algorithms significantly. here for comparison. The best performance is achieved with
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Fig. 2: BER performance comparison for different MB ordering=ig. 4: BER performance comparison for conventional precoding
schemes.{ = 8 = 0,02 = 0.001) techniques and the proposed MB-THP algorithm={ 3 = 0,02 =
0.001)
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Fig. 3: BER performance comparison for pre-designed and arbitrafyd. 5: BER performance comparison for existing robust THP

MB ordering schemeso(= 3 = 0,02 = 0.001) Begg?)iques and the proposed MB-THP algorithm= 8 = 0,02 =

the proposed scheme with 24 ordering branches, i.e., the
exhaustive search. The BER decreases as the number dh the third set of simulations, we also [8NR,, = 30 dB,
branches increases. The plots also show that the perfoemanc= 3 = 0,02 = 0.001 and SNR,, is varied. Here, we
of the robust FSB algorithm with 8 branches approaches tbempare the proposed robust MB-THP algorithm with the
optimal ordering scheme closely. following five existing MIMO relay precoding algorithms and
We then compare the BER performance for the pre-designéeé proposed robust THP algorithm without considering the
and the arbitrary MB ordering schemes of the proposeddering schemes: 1) a non-precoded system with a Wiener fil-
MB-THP algorithm under the scenario that = 8 = 0 ter (NAF); 2) the linear relay precoded system without seurc
and 02 = 0.001. As shown in Fig. 3, the measurementprecoding (U-L)[[4]; 3) the robust linear relay precodedieys
agree quite well with the simulations. By employing the prewithout source precoding (U-L-robust) [6]; 4) the lineabust
designed MB ordering scheme described in Section IV, thant source and relay precoded system (L-L-robust) [7]; 5)
BER performance can be further improved fbr= 4 and the TH source and linear relay precoded system (TH-L) [10];
L = 8 branches, respectively. Moreover, the performance 6§ the proposed robust TH source and linear relay precoded
each pre-designed MB ordering scheme is always superiorsigstem (TH-L-robust). As shown in Fig. 4, the proposed rbbus
the arbitrary ordering scheme, respectively. Accordinglg MB-THP algorithm using the sub-optimal FSB algorithm with
only consider the sub-optimal FSB algorithm of the MB ordeit = 8 branches outperforms the existing transceiver designs
ing schemes in the following simulations for low-complgxit in terms of BER. Meanwhile, the performance of the proposed
implementation. robust algorithm considering the estimation error is lvettan
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0.001) and the proposed MB-THP algorithm with differemtand 3.
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-ig. 9: BER performance comparison for the robust THP system and

Fig. 7: MSE performance comparison for existing precoding alg he proposed MB-THP algorithm with perfect and imperfect S

rithms and the proposed robust THR. £ 3 = 0,02 = 0\ 02 =
0.001)

compared to the recently described robust algorithms. The

that of the conventional non-robust algorithms estimat tiproposed robust MB-THP algorithm with = 8 branches can
channels directly. Specifically, the proposed robust MBPTHIead to 3.5 dB gain in SNR in comparison with the robust THP
algorithm can lead to 3 dB gain in SNR in comparison witalgorithm in [21], and can save 4 dB and 6 dB, compared with
the proposed robust THP algorithm without considering thbe the precoding algorithms ih [22] arid [20], respectivaly
ordering schemes (TH-L-robust), and can save up to almost® BER level of102.
dB in comparison with the conventional TH source and linear Next, we investigate the effect of the channel estima-
relay precoding algorithm (TH-L) , at the BER level tf—3. tion errors on the BER and MSE performances. Also let

Fig. 5 shows the BER comparison for our proposed MBSNR,,=30dB, o« = 3 = 0,02 = 0 (¢2 = 0.001), and
THP algorithm with the recently mentioned robust algorighmSNR,,.4 is varied. Here, we further incorporate the linear relay
which consist of THP at the source along with a linear prgprecoded system without source precoding (UfL) [4] and the
coder at the relay if [20]=[22]. Note that the robust aldorit robust linear relay precoded system without source pregodi
in [21] considers the multi-hop relay system. For fair compa(U-L-robust) [6] for comparison. From Fig. 6, we observe
ison, here we focus on the algorithm for two-hop system onlhat, as expected, since U-L-robust only considers a relay
As expected, the proposed method outperforms all the othpeecoder, its performance is inferior to the proposed TH-L-
algorithms. A degree of performance improvement is acliieveobust no matter if CSl is perfect or not. On the other hand,



the performance of the algorithm based on estimated chanrfel any matrix F € CV*¥ that E[AFAY] = AFAH +
only shows performance degradation compared to that of th¢ FC™)D [39].

two robust algorithms in terms of imperfect CSI. As expected ysing Lemma 1, we have

the performance of the corresponding robust and nonrobust

algorithms coincide whea? = 0 for perfect CSI. Fig. 7 shows u _ oo I
the corresponding MSE performance, which is consisterit wit[H FOFY " HY ] =E[(f,,+AH,, ) FUFY " (A, +AH,,)"]

the BER performance. —f. FOFO {H 4 tr(F(l)F(l)HlI,T )24
Fig. 8 shows the BER performance comparison for the e s s s (753’”) o

proposed robust THP system and the proposed MB-THP
algorithm with different values of the correlation coeféints.

For the left figure, we leB = 0, 02 = 0.001 anda is varied. It where ¥,,. and X, denote the covariance matrices of the
can be seen that smaller correlation coefficients lead tdtarbeSOurce-to-relay channel seen from the transmitter and the
performance. When the value afdecreases, the performancéeceiver, respectively.

of both algorithms improves. Of course, the performancéeft Similarly, we obtain

proposed MB-THP algorithm is always superior to the perfor-
mance of the proposed robust THP (TH-L-robust) algorithm.

: : Op DO gH O g
In particular, the proposed MB-THP algorithm can save up to E[H, F( 'H, F( )F() H; F() H.; |

almost 4 dB in comparison with the algorithm without ordgrin [H(l)F(l)(H FOR! gH

scheme, at the BER level af)~2 whena = 0. Furthermore, Da(H T‘S . DH e ()H
the performance gap between the TH-L-robust and MB-THP + tr(Fg)Fg) lI’sr)ES7')F7(“) H; |
becomes larger as increases. The right figure shows the BER :ﬁ(l)F(l)(— F(z)F(l)HﬁH
performance comparison for the proposed robust THP system rd B "
and the proposed MB-THP algorithm with different values of +tr(FUFO" 9T )3 ST)F(l "B

)z

. Here, we leta = 0,02 = 0.001 and 8 is varied. It can +or(FO (A, FUF nH

be seen that a similar conclusion can be drawn. Those curves "y s

saturate in the high SNR region. + tr(FOFO" 9T )3
The results in Fig. 9 show the BER performance ver-

sus SNR,.; for the proposed robust MB-THP preprocessing

scheme and the conventional linear precoding system usingVe also have

perfect and imperfect Sl at the transmitter. We use a strectu

based on a frame format where the indices are converted to E[Hf.gFS.I)HSTFgl)]:P_IE.ZFﬁ.l)P_ISTFgl). (75)

Os and 1s. This frame of 1s and Os with the feedforward

information is transmitted over a binary symmetric channel

with an associated probability of error. We assume thatether

is a 1% Sl error of the optimal index information, which APPENDIXB

corresponds to almost 1 dB degradation, compared with thePROOF OFCONDITIONS FOR THEOPTIMAL SOLUTION

perfect SI case at a BER level ab—3. This case shows

the ability of our proposed algorithms to deal with Sl errors 0 Do) .

In order to make sure the Sl error are controlled, channelBY introducingF" =F / tr(Fy"Fs’ ), we can rewrite

coding technlques can be applied to the signalling feeddoiw {he MSE as

channels with errors.

>F<”HlI'T )Sa. (74)

_ ~ H — H —(NH = -1 =(1 — ~
In this paper, a robust MB-THP transceiver design in
MIMO relay networks with imperfect CSI has been proposedhere
The proposed MB structure is equipped with several parallel
branches based on pre-designed ordering patterns. For egh 2 (l)F(z)( 25, + o2 I/tr(Fgl)Fgl)H))FS,Z)HFIEZH
branch, the transceiver is composed of a TH precoder at the
source, a linear precoder at the relay and an MMSE receiver at + dg)gm + Uirdl/tr(pgl)pgl)}’%

the destination. The solution for the precoders has beeltyfina

obtained by using an iterative method via the KKT conditionsi{" 2 tr(F®) (o2H,, FOFO" 7 1 425,,
An appropriate selection rule has been developed to choose 5 OO ()
the nonlinear transceiver corresponding to the best bréorch + Unsrl/tr(Fs Fo)E).

data transmission. Simulations have shown that the prapose
robust design outperforms the existing non-precodedfuied o o .
systems without taking the channel uncertainties intoaeto Note that for any givenF’, the objective function

is decreasing intr(Fgl)Fg)H). Similarly, we can verify
APPENDIX A that the objective function also decreases with respect to
DERIVATION OF THE TRANSMIT AND RECEIVE FILTERS  tr(F\ (020, FUFD HHE o2a's,, + J%srl)Fg)H).
Lemma 1:For a random matridM € CM*N with a multi- Thus, the optimal solutions d{ﬁl) andFﬁ.l) are obtained when
variate Gaussian distributiod ~ CA/ (A, C ® D), we have o!" = P,/o2 anday’ = P,.
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APPENDIXD
DERIVATION OF THE SOLUTION IN(39) AND (40)

APPENDIXC
DERIVATION OF (29)

Based on the SVD and the eigenvalue decompositionThe Lagrangian function with respect to (37) can be written
(EVD), we have the following expressions as

Na N2 N2 N2 N2
%, = Us, Az, UE,. 9 1=3m 928 + Y + Tt ]
O AD 0" YiAg,; + Al + 1
¥,a=Ug Ay Us (77)
AY =alAs, +02 1, (78) <Z i— ) +fir (Z yi— )
! HING
AY =afAY) o2 1, (79) N, N,
A0 2 30yl f@, - OOAOVO"  (80) =D Usii= ) Urili
sr | sr =1 =1
70 A AO 20T 70 _ ) O OF . . . N
H,=Ay, Uy Hyy=U A Ve (81) As mentioned, ifz; is given, (37) is a convex optimization

problem (fory;). Thus, we can obtain the optimug using
the KKT conditions[[49]. The KKT optimality conditions for
solving y;, 1 < i < N, are given as follows:

From (76)-(79), we have

"%, + 02 1=Us_ (P As,, + 02 TIUZ
=Us., A3, UE,,,

=00 (@AY o2 1

nH x( nH
:U(EZd A(EZdU(Ez‘d ’

( )$ (O
Yra+ 0‘ )UZM

By using (80) and (81) and mtroducnl?ﬂ) F(l)U A(l)2
the problem (26) can be equivalently written as

min J (FgD,F@)

-1

(0;21 +FO AIFOT AV RO HY F§.l>ﬁs,.Fgl>)

xg,izi:\?,i (mi:\ii"'l)

oL (ylj\gﬂrxls\%ﬂrl)z -
a_yii - Xy wih]  Hyid3 il 1 v =0, (82)
yl;\gl-l-zl:\?ﬂ-l

Ur,iyizoa (83)
Na

ﬁ7' <Z yi_PT) =0, (84)
i=1

,[LTv /U’l“,i; Yi Z 0 (85)

Substituting (82) into (83) and considering that> 0, we
havev, ;= 0. After some straightforward manipulations and
the use of (85), we can have the optimyp> 0 given as (39),
where us=1/fi, is chosen to satisfy the power constraint in
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