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Robust Relay Design for Two-Way Multi-Antenna Relay
Systems with Imperfect CSI

Chenyuan Wang, Xiaodai Dong, and Yi Shi

Abstract: The paper investigates the problem of designing the
multiple-antenna relay in a two-way relay network by taking into
account the imperfect channel state information (CSl). Theobjec-
tive is to design the multiple-antenna relay based upon the €l
estimates, where the estimation errors are included to atta the
robust design under the worst-case philosophy. In particidr, the
worst-case transmit power at the multiple-antenna relay ismini-
mized while guaranteeing the worst-case quality of serviceequire-
ments that the received signal-to-noise ratio (SNR) at botsources
are above a prescribed threshold value. Since the worst-cage-
ceived SNR expression is too complex for subsequent derivan
and processing, its lower bound is explored instead by miniizing
the numerator and maximizing the denominator of the worst-ase
SNR. The aforementioned problem is mathematically formuléed
and shown to be nonconvex. This motivates the pursuit of seihéf-
inite relaxation coupled with a randomization technique toobtain
computationally efficient high-quality approximate solutions. This
paper has shown that the original optimization problem can e re-
formulated and then relaxed to a convex problem that can be deed
by utilizing suitable randomization loop. Numerical results com-
pare the proposed multiple-antenna relay with the existingnon-
robust method, and therefore validate its robustness agast the
channel uncertainty. Finally, the feasibility of the proposed design
and the associated influencing factors are discussed by meaof
extensive Monte Carlo simulations.

Index Terms. Gaussian randomization, imperfect channel state in-

formation (CSI), semidefinite relaxation, two-way relay néwork,
worst-case robust design.

I. INTRODUCTION

signal is also referred to as analogy network coding (ANG} [3
[5]. The essential of ANC relies on the observation that thle ¢
lision at the relay in the first phase is totally harmless, tuad
the so-called self-interference can be removed from theived
signals at the sources before data detection since botkesour
know their own transmitted signals.

Due to many practical issues, the channel state information
(CSI) is usually imperfectly known at the transmitter amdfe
receiver. As has been well recognized, optimal designsdbase
on perfect CSl assumptions are very sensitive to channaiserr
[6]. If unaccounted for, CSl imprecision can lead to sevgee s
tem performance degradation [7], [8]. Typically, there &we
classes of models to characterize imperfect CSl: The stacha
tic model and the worst-case model. The stochastic model usu
ally assumes the channel to be random with a known distribu-
tion, and the slowly-varying channel statistics, such astiean
or channel covariance, can be well estimated [9], [10]. Syst
designs are typically based on optimizing average perfooma
like the mean square error at the receiver. The worst-cageino
on the other hand, assumes that a nominal value of the instan-
taneous channel is available, but lies in a bounded unogytai
region defined by some norm [11]. Accordingly, the system de-
sign is based on optimizing the worst-case performancerigmo
all the possibilities in the uncertainty region), so thattaie
quality of service (QoS) can be guaranteed. An analysisef th
penalty for using imperfect CSI would be of significant benefi
to system designers.

In effect, developing optimal designs that are robust to CSI
imprecision are not uncommon in the signal processingaliter
ture. Existing works in one-way relaying include, but noti

Bidirectional relaying has gained a lot of interests relgentited to [12]-[16]. In [12], Chaliseet al. provide a robust de-
for the benefit of higher spectral efficiency [1]-[3]. The tweign of multiple-input-multiple-output (MIMO) relay preder

widely used relaying protocols in one-way relaying — amplif

taking into account the channel uncertainty for a systenm wit

and-forward (AF) and decode-and-forward (DF) — are nalyaraimultiple source-destination pairs assisted by a singleiphed

inherited by two-way relaying. Attracted by the benefitsovfér

antenna relay station, and further extend this work to roielti

complexity and easier implementation, AF protocol is mage dmulti-antenna relays in [13]. In [14], the same system as in

sirable for practical consideration compared to DF. Tyibica

[12] is considered, and the multiple-antenna relay precade

AF two-way relaying consists of two sources transmitting irwell as the destination filters are jointly designed to padewio-

formation simultaneously to the relay in the first phase, thed
relay amplifying the received signal and broadcasting éstc-
ond phase. The process of linear amplifying the sum signal

bustness to errors in CSI. Recent works on robust design for
MIMO two-way relay systems include [9], [17], and [18]. In
f&7], the effects of channel estimation error on the trassion

ceived from both sources and then retransmitting the riagultrate of MIMO two-way AF relay links are investigated and a
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lower bound is derived via the worst-case noise theoremr-Gha
avol, et al. in [18] address the joint source and relay optimiza-
tion for a MIMO two-way relay channel with the objective of
minimizing the worst-case sum mean squared error. This-prob
lem has also been studied in [9] but using the a stochastic ap-
proach. Other related works on worst-case robust desidudac
multiple-antenna relay designs for downlink broadcasnholea
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[19], [20] and one-way single-user or multiuser MIMO system L
[15], [16]. T

Given the research significance of the robust design in the /\L \
presence of imperfect CSI in two-way multiple-antennayela Y / 2 \?\, Y
network, we consider an AF two-way multiple-antenna relay : :

network with a pair of communicating single-antenna sosirce & : /
and a single multi-antenna relay, and propose a robustmesig SeurceA p

of the AF multiple-antenna relay precoder with imperfect CS \Q
at both sources and relay. As in [11]-[16], [18]-[20], we &av

adopted the worst-case design and have taken into accotimt bo

the imperfect self-interference cancellation and impstréata MIMO-relay
detection due to CSI estimation errors. Our design targt is
achieve the minimum system power consumption while fulfill-
ing the instantaneous single-to-noise ratio (SNR) coimgtrat
both sources. We formulate the worst-case received SNRiat bo
sources, which is too complex for further analysis. So, vgente

to its lower bound by minimizing the numerator while maxi& Data Model
mizing the denominator of the worst-case received SNR. Theln the ANC-based system herein, we consider a two-phase
design optimization problem is then formulated but turnstou cooperative strategy where the first phase involves thegjair

be nonconvex. By utilizing semidefinite relaxation (SDR3&@& sources transmitting simultaneously. At the multipleezmia re-
approximation, a sub-optimal and robust solution to thginal lay, the received sum signalis linearly processed and theadb
program can be obtained and further verified through numetasted in the second phase. Since TDD is assumed, the signal
cal results. This design methodology can be applied to sbkve received at the relay station in the first time slot is

non-robust design problem and other robust problems.

The remainder of the paper is organized as follows. Section | rr = hxa +gxp +nr 1)
introduces the system mode_l under consideration. Sectlpnwhere“ andz
presents the channel uncertainty model as well as the qatimi
tion formulation with imperfect CSI. The robust design oé th
multiple-antenna relay in the presence of channel estimasi-
ror is proposed in Section 1V, and the semidefinite relaxeti
well as the randomization technique are exploited to sdiee t
optimal multiple-antenna relay precoder. Numerical rissate
given in Section V, and Section VI concludes this paper.

Notation: Boldface uppercase/lowercase letters denote
trices/vectors. The superscrigts” and(-)? denote transpose
and Hermitian transpose. (ty, veq), ||-||, and rank-) denote
the trace, the vectorization, the Euclidean norm, and thé ra™*
operators, respectively, ®, R{}, andZ{} denote Kronecker
product, elementwise product, the real part and the imagin
part, respectively. BX = 0 we denote thaX is a Hermitian

Source B

Fig. 1. System model for an AF two-way MIMO relay network.

denote the transmitted signals with unit av-
erage energy, i.eE[|z4|?] = 1 andE[|zz|?] = 1, and unit
transmit power is assumed at both sourdeand B. Variables
h = [hy, -, hn]T andg = [g1,---,gn]|T are discrete base-
band equivalent channel coefficient vectors for both sidéise
link to the multiple-antenna relay, as indicated in Fig. &ctér
nR = [ng), ey ng)]T is circularly symmetric additive white
m%gussian noise (AWGN) at the relay antennas. Each entiy of
IS independent and modeled as complex Gaussian random vari-
able (CGRV) with zero-mean and the same variahgg i.e.,
R "~ CN(O, NgrIn).

We assume that both uplink (from source to relay) and down-
E%ink (from relay to source) CSl are available at the relayista

0 serve the precoder design. The relay can employ the pilots
from both sources to estimate the uplink channels, and ese th

positive-semidefinite matrix. Finallfi, 11 xn, andCV <V de- . : . ST
note theN x N identity matrix, theV x 1 all ones column vector, as th_e estimates in the dqwnllnk due to the c_hannel recyroci
principle. In the second time slot, the relay linearly presms

and the space aV x N matrices with complex entries, respec: ; . o .
tively P x P P the received signal by multiplying it with the precoder matr

‘W, and then forwards the following signal to the sources,
Il. SYSTEM MODEL sp = W -rg. )

We consider a two-way AF relay-assisted system consi
ing of two single-antenna sourcelsand B exchanging infor-
mation with the help of a single relay withv antennas, as
shown in Fig. 1. There is no direct link betwednand B, and  p, _ (E[srsH]) = tr (W (hh™ + gg™ + NgIn) WH)
both sources and the relay are operated under half-duplde mo 3)
which means they cannot transmit and receive at the same time
We assume that the two-way relay network (TWRN) is a timhereﬂg[n_ml;ﬂ] =W (k€ {A, B}) andE[ang] = Ngrlx.
division duplexing (TDD) system, which means both the uplinThe signals received by the two sources in scalar form are
and downlink channels occupy the same frequency slot, leut ar
differentiated in a time duplex manner in information exupe. ¥4 =h"sr+na =h"Wgxpg+ h"Whxs +h"Wng + na,

. B ———
Moreover, the propagation channel is assumed to be constant Signalpart  Self-interference Noise part
and reciprocal between two consecutive time slots. (4a)

ﬂbte that the transmit power at the multiple-antenna retay ¢
be derived from (2) as




WANG et al.: ROBUST RELAY DESIGN FOR TWO-WAY MULTI-ANTENNA RELAY... a7

Yyp= gTsR+nB = gTthA + gTngB + gTWnR +ng The received SNR at sourct after self-interference cancella-
~~ ——~—— ~——~—" t{jonis obtained as

Signal part Self-interference Noise part
(4b) Hl- = \H/ . -

wheren 4 andnz denote the AWGN with varianc¥ 4 and N, A (gl © hz) (g1 ©) hz) WLy )
respectively. Leh andg denote the channel estimates. We as- TA = L4t .

) n t+ts SA
sume the relay forwards the CSI estimates as well as the pre-
coder matrixW to the sources through the feedback channeléere
The quantization error as well as the error in the feedbaak<ch tn = WE(N" O (hf'hg))wr, + 02, ,
nels is not considered in this paper, so the CSI estimata$ use HoE O -
for the source-relay reciprocal channels are identicad, the ts = wr (h1 © h2)"(h1 © hg)wr,
sources have a copy AW for the further process of the re- L owH h @fl H L @fl w 10
ceived signals. Then the self-interference can be camtcale L(~1 ~2) (31 :2) L (10)
ZA = YA — hTWhXA andzB = YB — gTWgXB. If perfect — WII:I(hl O] hz)H(hl O] hz)WL
channel condition is assumed, self-interference can b#ytoe- 2 2 . \me -
moved since the sources know their own transmitted data: Nev = wi (b1 ©h2)"(hy © hg)wy,

ertheless, when the CSl is imperfect, self—lnterferenmoape ote thatN" — E[(fig s )Miin ] € CNEXNE Wwhich can also
removed completely due to the fact that the channel estsnate N ’
. : e expressed @&¥" = Nr(In ® InxN)-
are not always equal to the actual channels in practice. i$o t | b - identical f . h .
end, we consider the case where imperfect self-interfereac- Also, é usmgbsofmeh| entical transiormation t 3 transmit
T . ) . wWer in n rther rewritten in term ndH
cellation leads to residual self-interference. We shoerlatthis 22 € (3) can be further rewritte termsw, a UL
paper that residual self-interference can be ignored usatee
reasonable assumption. Pr =tr (WHEW (Hy HYp, + 02 In))
For the convenience of future analysis, defiigy, = [g h|T H H 9 T
andHyr, = [h g], and we can represent both (4a) and (4b) in ~ — vec(W) ((HULHUL +onIN)" ® IN) vec(W)

an equivalent matrix form as 2 wHCwy,

y = HppoWHuyrx + HpLWngr +n (5) (11)

where the identical transformation used in the derivation i
clude t{AB) = tr(BA), tr(AHB) = veqA)HveqB), and
B. End-to-End SNR and Relay Power veqAB) = (BT ® I) veqA).

_ In this paper, we onIy_m_athematicaIIy analyze th_e transmig- Non-Robust Design with Perfect CSI
sion from B to A, and similar method can be applied to that ) ] ) ) )
from A to B. In this subsection, we will present a quick review of the op-

First, the following operation is defined to convert a columiinal multiple-antenna relay structure in the perfect Cate
vectorf = [f1, - -, fx]T with IV entries to two new row vectors _Slr_1ce _the SNR at the source has been_ den_ved, the power min-
f, andf, with N2 entries each as imization problem under SNR constraints is then straightfo
~ ward. Similar work has been done in [21], and an efficientalgo
fi=fT (IN ® LixN)nunz = fTD1=[f1---f1---fx---fn],  rithm is also provided to compute the optimal precoder matri
7 _eT ATy (e .. £ e But the design in [21] is based on the ideal situation where pe
fo =" (Laxn @ InJnue SE7 D2 = {1 - I fo fl?é) fect CSl is available, which we will refer to as the non-rabus

method in the following. The non-robust precoder structitie
So, the received signal at sourden (4a) can be rewritten as  provide us a baseline for our robust design, and some compari
son will be given in Section V.

wherey = [y ya]T, x = [xa xg|T, andn = [ng na]T.

ya =(81© flz)WLxB + (fll ® ﬁz)wLxA

/ @) If the perfect channel is assumed, the self-interference ca
+(nr1 © hy)wr, + na be completely removed and therefargin (10) is equal to
. . zero. Now, the optimal precoder design with the actual cehnn
whereh; = h™Dy, hy = h™Ds, g = g"Di, andwr = knowledge at the relay can be formulated as the optimization

veqW). Note that the ve@V) operation stacks the columnsproblem with the objective of minimizing the transmit poveer
of W each by each, and finally converts the ma¥¥to a col-  the relay under the constraints of satisfying the presdrieR

umn vector agwiy way -+~ wy1 -+ win wan ---wyn]T. Af- threshold value at both sources, i.e.,
ter cancelling the self-interference, the signal at soutdee-

comes Prrob . min Py
- . wL (12)
z4 = (81 © ho)wrxg + (g1 © hy)wy, + na St.yk > v, k € {A, B}.
Signalpartra Noise partér, 8 ! should be noted thaP™°" is not always feasible when the

target SNRy,y, is set too high [22].
As far as the purpose of this paper is concerned, it is too op-
Interference part,, timistic to assume the precise knowledge of CSI at the relay,

+ (B © o) — (hy © ha) ) wrxa
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and estimation errors should be taken into account to gteganwhere I'(-) and ~(-) are the complete and lower complete
the robustness of multiple-antenna relay design. Henemyreél Gamma functions, respectively. Moreover, we choose the up-
uncertainty ought to be incorporated in both objectivesthied per bound) to guarantee the bounding probability achieving a
constraints in (12), and modeling the channel uncertailttyca  value oflfexp(fc/agh), where c is a positive constant,. In this
with the problem of designing the robust multiple-anterelay way, the achieved bounding probability scales with the olean
is investigated in the following two sections. estimation error variance. Therefore, given the estimagioor
variance, the upper bound of the norm of the channel unogytai
can be numerically determined.
lll. CHANNEL UNCERTAINTY MODEL Generally speaking, channel estimation error is much gmall

In the aforementioned system, the CSI is estimated oncecempared to the actual channel, so it is reasonable to netlak
the multiple-antenna relay, and then forwarded to bothasir second-order terms ef, ande, and their cross-productinto ac-
through the feedback channels. We assume that the feedbasmlint. By applying the operation in (6) to the channel estima
channel is error-free, has zero delay, and that the qudintiza vectorsh andg, as well as the estimation error vectasg,and
of the channel estimates at the relay is perfect. So, AWGNdg, we can obtain
the main source of CSI error, which is referred to as channel )
uncertainty in the following part of this paper. Note thae th hj = hj + &, andg; = &; + &4, (j=1,2). (18)
multiple-antennarelay here uses the uplink CSI estimatésea

of downlink to design the precoder since the uplink and dow ) A
link is reciprocal to each other. under imperfect channel conditiori®® in terms of channel es-

Let the estimates of the channel coefficients for both linfNates and estimation error can be determined. After iggor
to the multiple-antenna relay He = [i, ---, hn]” andg = the second-order terms and cross-product of channel d&iima

i1, - gn]T. We assume that both entry paks ; andgs, i 0" both the numerator and denominatey'gP are given by

can be modeled as jointly ergodic and stationary Gaussian pr 1P ~ tr(wLw{IaHa)
cesses. The relations between the actual channels andahe ch

;q_hen, we substitute (18) into (9), the received SNR at sodrce

nel estimates are given by +tr (WLWII:I(aH (81©8n2) + (810 éh,2)Ha))
h=h+e,andg =g +eg (13) + tf(WLWE(aH(Bz ©8&g1) + (h2 ® ég,l)Ha)),
N (19a)
where the channel estimation errors ege= [efjl)eﬁl” . 'e£1 )]T g7ob _ 4rob 410 _ 4rob
andeg = [efel?). - -efV]T. We consider the entries of, and AT RN
eg are independent and identically distributed (i.i.d.) dalt ~ tr(WLWE(Nr ® (hglhz)))
ing the distribution o€A(0, 07, ) andCA/(0, 07 ), respectively s
[23] ' tr (wiw (N* © (hen.2)))

We further assume that bo#fy andeg are norm-bounded as T (wLw{I(N" 5 (éﬁzfm))), (19b)
llenl| < 6n and [legl| < d, (14) R
) ) respectively, whera = él ® hs andt[fb = 0. It can be easily
where||-|| de_notesthe Euclidean norms of a vector. Eql_leaIentEynOWn that the following relations hold true:
the uncertainty region for each channel can be specified3s [1
Ru= (= hrenled < s KON O =2 (00T own)y, (02
Re = {CIC = &+ ey, legl| < 5,}. a6)  tr(wewy ((x"y) ©2)) =y (Z" o wewy)x"  (20b)

The relation between the error variance and an upper bound\ferex,y,z € C"O_XNG andZ € ¢N°XN. By using (20a)

the normis also discussed in [15]. A more definite matherahti@nd (20b), and noting tha {wy!Zwy} = R {wi'Z"wy}

method is provided in [12] to determirig (3,) from o2, (02 ) andZ {wp'Zwy} = —Z {wiZ%"wy}, r" ands}" can be

by means of numerical search, which will be summarized wighmplified to

én ando?, as an example. .
LetT be arandom variable (r.v.) following the chi-square dis=?" ~ tr(wywiafa) +2R{é<7€ ((gflgl)T © wLw{I) Bgl}

tribution with N degrees of freedom with the probability density

function (PDF) denoted by (¢, N). Definelen|® = o2 T, . SHE \T o) zH
Pr{c2 T < 67} is some predefined bounding probability and T2RA B0 ((h2 ha)” © wiwr, )gl ’ (213)
given by [15]

s7ob ay tr(wLWE(Nr ® (ﬁ;*fu)))

52/02, R
Pr{agh’T <6} = /0 fr(t, N)dt +2R{é<7€ ((NT)T o WLWE)I’IE} +0Z,. (21b)
7)
2
= ;V <ﬁ, 52 > For the transmit power at the multiple-antenna relay, ttanael
I'(N/2) 2 20, uncertainty should also be included by incorporatligy, =
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[en eg] into (11) as Note that the objective turns out to minimize the maximum
multiple-antennarelay transmit power with respect to dngest
Pi® = wHCwy, + tr(W (Bup Fifl, + Fop B, )WH)  possible CSl errors.
R Unfortunately, the numerator and denominatorgf, i.e.,
~ wHCwy, + 2R{ (Bl ® VquHW)T)éE2 (21a) and (21b) are not independent, which complicatebédurt
’ solving (25) to obtain any tractable design. So, we stresmgth
2 - the worst-case QoS constraints by replacing the worstiease
H T H
+ (gl © veqWHW) )eg,z} (22)  ceived SNR of (24) with its lower bouri® as [25]

. rob
M ey || <dp,llegl|[<6g "A™ A

~ ~ N T
whereC = ((HULHgL + UT%RIN) ® IN>. Ve > AhC. (26)

rob
maXjey,||<s, SA

To this end, the proposed optimization problem can be rewrit
IV. PROPOSED ROBUST MIMO RELAY DESIGN ten as

Typically, robust techniques employ stochastic or woestec
approaches depending upon different CSI error models [24].
The statistics of the CSI error are known under the stoahasti S.LAYC > v, k € {A, B}
philosophy, while the channel error is specified in some tunce
tainty region in the worst-case method. Since the CSI eams where the worst-case SNR is substituted by its lower baifid
assumed to be inside the setsPf andRy in (16), the worst- ~ Moreover, considering the numerator ®° in (26), it's a
case approach is exploited in this section to design thestobminimization problem with the estimation errors bounded by
multiple-antenna relay precoder by optimizing the woestec their Euclidean norms. Referring to (21a), sirfgg, ande, ;

P : min P}°
wL

(27)

performance. are defined from (6) and equalég} D ande} D1, respectively,
we apply Cauchy-Schwarz inequality to the last two terms of
A. Problem Formulation with Imperfect CSI 2> and determine the minimum as

The objective of the proposed robust multiple-antennayrela .
design is to minimize the worst-case transmit power while fu o, | <5, og <5,
filling the worst-case SNR constraints at both sources. Bhe s

P = tr (wrwiafa) —

called worst-case is based upon the largest possible esors 20n HDz ((Q{Igl)T © WLWII,{) th -
and eg which are norm-bounded by, andd,, respectively. 2pA o H\ 2H
Hence, the worst-case SNR for each source is the minimum 204 HDl ((h2 h2) QWLWL) 81 H - (28)

SNR above the predetermined threshold to guarantee therQoS.i . L ,
the presence of the largest possible errors. Similarlywibest- Similarly, the maximization p_r~oblen_1 of t,[,‘e denominator 26)
case transmit power is the maximum power that the multiplE@n @lso be solved by replacigg » with e, D and then apply-
antenna relay needs to spend in forwarding the linearly pr‘@g Cauc_hy-_Schwgr_z mequallty_ tc_) th? second term. quever,
cessed signal under the largest possible CS estimatiorserr 1€ Solution is positive for maximization whereas negatore

Let PJ¢ denote the worst-case transmit power anifd the minimization. So, we get

worst-case SNR at sourcé. So, P3¢ can be mathematically

expressed as max  s'%° = tr (WLW{I (N” ® (ﬁglﬁz) ))
P lenl <6

PR = max PP, (23) +20n HD2 ((Nr)T © WLWE) BEH s
llenl|<6n,llegl| <5 (29)

wherePi% is given by (22), andj° can be written as _ _
Applying (28) and (29) to (26), the robust SNR constraint at

— min ~ob. (24) sourceA in (27) can be given in tractable form. For the problem
of maximizing the robust transmit power at the multipleeamta

llenl|<6n,lleglI <5y
) L i relay PP as given in (23), the worst-case transmit power can
Then, we modify both the objective of transmit power as We,ye dyeriilzed asg (3) p

as the QoS conditions in (12) by replacing both with the worst

case transmit power of (23) and the worst-case received SNR o max Pg)b = 26, HD2 (fll ® vec(WHW)T) H
(24) to incorporate the robustness against unknown but normllesl|<és,llegll<d,

bounded channel estimation errors. The so-called robsggale

of multiple-antenna relay precoder under the worst-cadessh + 20, || D2 (§1 © vec(WHW)T) H
ophy becomes + wiCwy,
Prob ;. min max b = 20, HHAveC(WLWE) |
WL Heh||§5I'wHeg”§59 o (25) + 25, HHBveC(WLW{I) H
S ol Toglica, T = T €14 B} +wp Cwy, (30)
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P+ min wi Cwy, + 26, |[Havec(wrwil) || + 26, || Hevec(wrwil) ||
WL

s.t. '[r<WLW£I (aHa — Yth (Nr ® (ﬁ?fm)))) > 26, ||D

+ 244 ||D ((fl?ﬁ ) O WL WT, ) gh
+ 29en0n HDz ( TowLwl ) hHH
+ ’YthUiA B

tr(wLwL (b b — ven (N @( g)))) > 26, ||D

+ ’YthUnB
wherea = g, ® hy andb = h; © g». (31)

Table 1. Pesudocode for constructing Hp and Hg. optimization problem in terms df~V as

Step 1: Initialization = 0, Hy = Hp = zerog N2, N*).

Step2: Forji=1:N Py :min tr((CW)+24), A )H
Step3: Foi=1:N w )
Step4: I=1+1; st W(AW) > 26, ||Dz (30" © W) b
p=[(i~ N>+ (j— 1N +1: N (AW) 2 20, s ((E'E) ~):2
) o +1:4N3 + jN]; + 290 HD2 ((NF)TQW) hglu
Ha(l,p) = (D), Hp(l,p) = &:() 2
Step5: End Step 3. T Vb,
Step 6:  End Step 2. ) tr(BW) > 26, ‘ D, ( (hHh)T @VV) §§IH
Step7: Ha = Dy;Ha, Hg = DoHp where R
D, = 1; .~ ® In as provided in (6). + 26, HDl ( gile)T o W) h{{H
+ 2vindy HDz ( (N)T oW ) é?”
whereHA, Hg € ¢V*N® can be constructed by using the + Vhoh
pseudocode presented in Table 1. W > 0, rank W) = 1 (32)

The same approach can be applied to the transmission from
Ato B to derive the robust SNR constraint at souieinally, B ( ( H )) _ LHp
the proposed optimization problem in (27) can be specified as yhereA = a¥a —qu (N*© (b3 h2 andB = b™b

Vth (Nr ©] (gz @2))-
B. Semidefinite Relaxation based Approximation The problen; is still nonconvex due to the |a® rank-one
constraintin (32). After removing this nonconvex consttaive
By observing the optimization problem of (31), both the oRbtain a relaxation counterpart of (32) denoted®yas shown
jective and constraints consist of the second-order tefrego  Delow.
inside the norms and accordingly are nonconvex. However, af
ter some tricky manipulation step by step, this problem can BPs : min tr(CW)+25), )H
solved, and an approximate solutionocan be obtained. We w _ o s
refer to this approach as the two-stage SDR-based apprexima  S.t. t(AW) > 24, HD2 ( efg)T o W) hHH
tion [22].
Define W = wrwH € CVV*NN, thenW > 0 and +25, D1 (h'ha)™ © W) 1|
ranKW) = 1. It can be easily shown thavH Xwy, = + 29m6n HD2 ( N©)T @W) th
tr(wilXwy,) = tr(Xwrwil) = tr(XW). Now, we change ,
the optimization variable in (31) fromvy, to W, and rewrite the RATCE
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r(BW) > 26 || D ((lTha)T © W) 41| B = t(BWE) — 26,||Da (hhy)T © WE)2H|
+ 25, [ D1 (@1E2)" © W) b — 25, Dy (E81&2)T © W)Y
0T i) 2 — 290, || D2 (N*)T © W*) gl
+ 27y || D2 ((N )T @W) g?H ndy Dz ( B a
+ Ytnon ) ) ]
W0 (33) whereW¢ = w¢ (w¢)H, and hencéVe = 0,rank W) = 1.

Then, it turns out that the following problem can be resotted

o o ) converting the candidate of multiple-antenna relay precaoo
which is a convex optimization problem. Note that by intro€u the candidate solution t8s.

ing a new variablePs can be easily reformulated as a standard
semidefinite programming (SDP) problem consisting of linea Q : min Aa S.t. \S), > %hggkvk € {A, B}. (35)
objective and second-order cone and positive semidefinite ¢ .

straints. The convex problem of (33) can be efficiently solv . . . . . .
with Matlab by using th&’ALM P toolbox [26]. $roblemQ is a linear programming (LP) with a single variable

ST A and linear inequality constraints. For a feasible instariche
The optimization problenP; subsumes the probler®,, | p problemQ, it is obvious that3,, should be positive. So, for

since the feasible region @1 is a subset of that dPs. In gen-  thosewt candidates that makg, positive, the scaling factor
eral, the optimal solution t@s is of rankr with » > 1 rather 51 pe easily solved as

than rank-one, which makég, infeasible. The Gaussian ran-

domization tgchnlque [12], [22], [27] can be adqpted to con- %hagm %hUﬁB
struct a feasible rank-one solution/ from the optimal solu- A = max A (36)
tion of relaxed SDP proble®s. So the two-stage SDR-based A B

approximation method used in this paper consists of solthiag Therefore, the two-stage SDR-based approximation afgarit

relaxation problen; in the first stage and then applying thgoy generating an approximate solution to the original fob
randomization technique to the optimal solution7f in the - can pe summarized as

second stage. This method will lead to an approximate swluti
to P5. In the following, the Gaussian randomization method 13 d obtain the optimal solutioww ot

presen}ed. « Randomization: Check the rank oW°Pt,
Let W' denote the optimal solution 1 in (33). The idea _ |f WOPt = 1, then use its principal eigenvector as the optimal
behind the Gaussian randomizationis to generate a largb&unolution to problen®.
of candidate vectors representing the multiple-anterlag pge-  _ Otherwise, generate a candidat§ by using the afore-
coder matrix fromW©°P* and choose the one that can be scaledentioned Gaussian randomization method. Calculaté <
to guarantee the SNR constraintsyf in (32) at the minimum {4 B} in (34), and if negative discard the corresponding can-
transmit power cost. Initially, the eigenvalue decomposidf didatew$. Otherwise, determine and record the scaling factor
the optimal matrixW°" is calculated asW®" = UXUM. ) from (36), as well as the associated objective value in (35)
Let vy, be a column vector ofV zero-mean, unit-varianceand the candidate vector. Repeat a large enough number of the
complex circularly symmetric uncorrelated Gaussianst.v.e., randomization procedures. In the end, choose the candidelte
vL ~ CN(0,Inz). Then, the candidate vectavf is con- scaling factor with the minimum objective value, denotedsty
structed asw§, = UX!/2vy, and the multiple-antenna relayand°, respectively.
precoder matrix can herecin be Obf?i”eg through the revexse v 1he gpproximated optimal solution to probléhtan be given
torization operation a8V*® = vec™" (wg). This ensures that 4¢y,%t _ ' /3swe | The robust multiple-antenna relay precoder
E[ws (w§,)H] = W', denoted byw§, ~ CA/(0, WP matrix can herein be determined through the reverse veetori
Sincew¢ depends on the particular realizationvef, the con-  tion operation a3W°P' = vec* (wo?).
straints of the original probler® in (31) might be violated or
over-satisfied. Accordingly we can seek a positive booster r

o Relaxation: Solve the relaxed equivalent SDP problém

duction factor to scalev$ to the minimum length that is nec- V. NUMERICAL RESULTS
essary to satisfy the constraints. Denote the scale fastoa  This section will first provide a numerical example to show
and based upon the proble in (32) define the robustness capabilities of the proposed design andaemp

its performance with the non-robust approachin (12). Is ¢x-

—tr (EW®) + 26, |[HAved WO)|| + 26, |[Hveo W), ample, we takéV = 3, and consider the standard i.i.d. Rayleigh
“ ( ) hH aved )H g” BVed )H fading model — the elements of each channel vector between

Ba=tr (AWC) _ 25hHD2((§{{§1)T o VVC)QEH the source and relay are independent and identically lolig&d
o (i.i.d.) CGRV with zero-mean and unit variance. For all sim-
_ 269HD1((}~1§II~12)T @WC)QI{IH ulations, the channel estimates are giverhas= [0.6282 —

0.81117 —2.0819 + 1.0171z 0.9689 — 1.2102@']T andg =
) [~0.7558 —0.5724i 0.2299—0.5338; —0.0723—0.17074]7,
and the noise power at the multiple-antenna relay and ssurce

— 290y || D2 (N*)T © W) !
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at a complexity cost that is at maS{((N* + 2)3-5) and usually

—o— Robust: Worst_case | ‘ ‘ ‘ ‘ 2 much less [27]. With the obtained optimat,, the worst-case
e e -7 transmit power at the multiple-antenna relay is calculbizsed

| R on (30). Moreover, after substitutifyr, = Hyr, + Eyr, into
= (11) and then averaging over 1,000 independent realizatibn

estimation errore, andeg, the average transmit power of the
robust method is obtained. For the comparison purposegtfte n
robust method in (12) is implemented to obtain the optimal so
lution denoted byw?2r°P without taking into account the chan-
nel estimation error. Similarly, the transmit power for then-
B , | robust method withw¥rP in (11) is averaged by considering
w 1,000 random realizations ef, andeg.
‘ ‘ ‘ ‘ ‘ ‘ ‘ Fig. 2 illustrates the transmit power at the multiple-anien
2 3 4 S by 8 ° 10 relay versus SNR threshotdy, for both robust and non-robust
methods. Denotg = Pr{c? T < 63}, and1l — n is fixed at
Fig. 2. Transmit power at the MIMO relay versus received SNR threshold 0.12 in this figure which corresponds toof 0.0042 andj of
tn for the robust (1 —n = 0.12) and non-robust methods. o2 is fixed 0.108. As shown in Fig. 2, the transmit power increases for al
at 0.002. cases with increasingy,. It can be intuitively reasoned that the
multiple-antenna relay requires more power in order to -guar
antee higher QoS requirement at the sources. For the robust

MIMO relay transmit power (dBW)

o7 e Fobut A method, the worst-case transmit power is slightly larganth
o6 T T honropustA || the average power, which manifests itself in the fact thaj (3

= 8 = Non-robust:8 has two more terms comparing to (11). Moreover, the average
05 == Q== =@ == === f===@==P===Q==2Q transmit power curve of the non-robust method lies below tha

of the robust method with a power gap of arour2idBW, since
more power is needed to combat channel uncetainty. Based on
the powers obtained in Fig. 2, we plot the outage probability
for each source in Fig. 3 as a function of the SNR threshold. It
should be noted that the outage probability here is not defme
indicate the fading of the channel itself by convention,fefirs
orr 1 to the probability that the received SRRt the sources is below
the threshold for the given channel estimates due to the €Sl e
10 rors. It can be observed from Fig. 3 that both sources have al-
most the same outage probability resulting from the symimetr
Fig. 3. Outage probability of SNR versus received SNR at both sources channel condition. Furthermore’ the outage prObablllty.tf.le:
for the robust (1 — n = 0.12) and non-robust methods. o2 is fixed ~NON-robust method is affected deeply by the channel estmat
at 0.002. The outage probability for the non-robust method is zero  errors, whereas the proposed robust method efficiently atsnb
through all the SNR range. the effect of estimation errors as the outage is zero thraiigh
the SNR range.
Next, Figs. 4 and 5 investigate the outage probability fer th
are fixed at -20 and 0 dBW, respectivelyrurthermore, we as- robust and non-robust methods under the same amount of aver-
sume that the error variances are identical across all,likks age transmit power. Taking the average transmit power of the

o2 = aggi = o2 o0ré, =8, = 6. Through Figs. 2to 5, we take non-robust method in Fig. 2 as a baseline, the appropfiate

en.
theqrerrorvarianceg = 0.002, and the upper norm-bouig can ¢ in the robust method is determined with the help of numerical
be calculated by using a numerical search based on (17). Bg@rch for each SNR threshold to achieve almost the same av-
optimization problen; in (33) is solved using th&¥ ALM P erage transmit power at the relay as in the non-robust method
toolbox2. If the solution matrixXW°P! turns out being rank one, The resulting average transmit power is plotted in Fig. 4. As
the associated principal component solves the origindllpro  shown in Fig. 5, the outage probability of each source for the
P. Otherwise, the Gaussian randomization loop in SectioB IvVrobust method is still zero, fully exhibiting the robustaes the
is carried out. The computational complexity of this schésne proposed multiple-antenna relay design against the infieh
dominated by solving the relaxed equivalent SDP probjyn estimation errors. So, we can conclude that the robust rdetho
which can be efficiently solved using the interior point nogth far outperforms the non-robust method in terms of outagbpro

ability with the same or similar average transmit powerdat t

o
~

o
w

Outage probability

o
)

N
]
ol

LIn practice, the relay is implemented as a fixed station, ampl@ys expen-
sive hardware to effectively reduce the receiving noise.ti@nother hand, the 3The actual received SNR in the simulations is calculatecedbam (8) by
sources are usually end users like cellphone or portablelegs device, and using the solved optimum relay precoder form either norusoly12) or robust
limited to the battery power and chip cost. Hence, we assuagehrigher noise design (25) and the real channels from (13).
power at the sources in comparison to the relay. 4The outage probability is averaged over 1,000 independai,tand in each
21n all of our simulations,YALM P takes seconds to sol@s if a feasible trial 1,000 outage events are captured by randomly gengraltie estimation
solution exists. errors.
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Fig. 4. Transmit power at the MIMO relay versus received SNR threshold ~ Fig. 6. Transmit power at the multiple-antenna relay versus error vari-
~vn for the robust (1 — n is adjusted for each ~;,) and non-robust ance o2 for the robust and non-robust methods. ~, is fixed at 2
methods. o2 is fixed at 0.002. dB.
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Fig. 7. Outage probability of SNR versus error variance o2 at both
sources for the robust and non-robust methods. ~y, is fixed at 2
dB. The outage probability for the non-robust method is zero through
all the error variance range.

Fig. 5. Outage probability of SNR at both sources for the robust (1 —7) is
adjusted for each ~;},) and non-robust methods. o2 is fixed at 0.002.
The outage probability for the non-robust method is zero through all
the SNR range.

P2, Ps is feasible as long a®, is. But the converse is gen-
) . . erally not true. In order to establish the feasibility of -

In Figs. 6 and 7, we plot the ”""”S.”_"t power at the rnult'plep'osed two-stage SDR-based approximation, the first isRpat
antennarelay and th_e outage proba_1b|llty of SNR for botheeur is feasible, and once a feasible solutiorRgis found the ran-
veijsus tEe;jréofr Vi”ar??%' respg_ctwel;r/]. we taki: 0'00%12 d domization loop should yield at least one feasible solytian,
andren = orboth figures. Since the non-ro “St,”?e‘ 0018 ke {4, B} in (34) should be positive. It has been verified in
based upon the perfect channels, the CSl errors don't intipact

desi d1th i i tth ltiplenaat the simulations that if the randomization loop can yieldeaist
esign, and the average transmit power at thé multipletaale , o ¢o 5siple solution, each randomization procedure dbibye
relay remains almost the same across different error \eg@as

h 1 Fia. 6. But for the robust method. the i . Ican produce a feasible solution. After a large number ofoand
S °‘;V.” N 71g. ©. but forthe robust method, the Increasing@al;; 4, procedures have generated a predetermined namber
of o2 implies worse channel condition, and more transmit pow

. . : : asible solutions, the best feasible solution can be teslers
is needed to provide the robustness. As in previous cases,

- . . —>'the approximated optimum solution to the original probl&m
outage probability of SNR versug in the given range remalnsOtherwise, the randomization loop will fail to return anyaée
zero for the robust method whereas more thab is observed ble solution. Note that the randomization loop is anothetdia

for the non-gobustsmetho_d. Hencfe, tge Eroposed rk;)bust rﬁe”?:(a)ntributing to the complexity of the SDR-based approxiomat
can serve the QoS requirement for both sources but at the CfﬂaE)rithm. As long as the randomization loop can yield astea

ofa Ia_rger transmit power at.the multiple-antenna r_el_qy. . one feasible solution, the randomization loop will run adere
Besides the performance improvement, the feasibilitygssu

also of interest. Since problef®; is a relaxation of problem 2in our simulations, we choose the number to be 1,000.

multiple-antenna relay.
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Table 2. Simulation results with various transmit antennas N = 3 and
N = 6 versus received SNR threshold based on 1,000 different
independent channel realizations. The noise variance at the MIMO relay
N, is fixed at 0.1.

N=3 N=6
vwn | FeasPs | Feas. appr] Feas.Ps Feas. appr.
# % | # % # % # %
2 | 997| 99.7| 981 | 98.4| 1000 100.0 1000| 100.¢
4 | 988| 98.8| 958 | 97.0| 1000 100.0 1000, 100.q
6 | 964 | 96.4| 914 | 94.8| 1000 100.0 999 | 99.9
8 | 911| 91.1] 799 | 87.7| 1000 100.0 999 | 99.9
10 | 784 | 78.4| 590 | 75.3| 998 | 99.8| 983 | 98.5
12 | 532 | 53.2| 324 | 60.9| 980 | 98.0| 900 | 91.8
14 | 203 | 20.3) 96 | 47.3| 863 | 86.3| 651 | 75.4

Table 3. Simulation results with various noise variance N,. = 0.1 and
» = 0.01 versus received SNR threshold based on 1,000 different
independent channel realizations. The number of transmit antennas at
MIMO relay N is fixed at 3.

N, =1 N, =0.01
vwn | Feas/Ps | Feas. appr] Feas.Ps Feas. appr.
# % | # % # % # %

2 | 533| 53.3] 329 61.7| 1000 100.0 999 | 99.9
4 | 204| 20.4) 96 | 47.1| 999| 99.9| 998 | 99.9
6 |38 | 38|14 | 36.8| 999| 99.9| 997 | 99.8
8 |3 031 33.3] 999 99.9| 996 | 99.7
10 | - - - - 998 99.8| 991 | 99.3
12 | - - - - 997| 99.7 | 980 | 98.3
14 | - - - - 987| 98.7 | 957 | 97.0

termined number of times and each run will generate a f&asi{)

solution. So the complexity of the randomization looél )
under the condition that the feasible solution efisttence, the
feasibility issue is of more significance than the algorittom-
plexity.

Feasibility depends on various factors: the number of tra

mit antennas, the channel characteristics, the noisencajand
finally the received SNR threshold, which is investigatethia
simulations by exploiting 1,000 different channel rediizas.
For each simulation run, the feasibility @%; is first verified.

n
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the columns “FeasPs”, in which “#” denotes the number and
“%” represents the percentage. Columns “Feas. appr.” tepor
the number of problem instances for which, once a feasible so
lution to P is found, the randomization loop yields at least one
feasible solution, as well as the corresponding percentagdl
configurations considered, the higher the received SNRsltlre
old, the less likely tha®; is feasible and that the randomiza-
tion loop yields a feasible solution t8. It can be observed in
Table 2 that increasing the number of transmit antennaseat th
multiple-antenna relay increases the feasibility for bettax-
ation and randomization. This observation is expectedesixe
ploring more antennas can better combat the channel uintgrta
by providing higher received SNR for both sources. Findy,

is getting more difficult to solve for higher noise variantéhe
multiple-antenna relay as illustrated in Table 3.

VI. CONCLUSIONS

In this paper, we have addressed the robust multiple-aatenn
relay design problem in TWRN and provided the robust
multiple-antenna relay design based on the channel estimat
The channel estimation error has been explicitly taken atto
count in the design, and the worst-case philosophy has been
adopted to include the robustness. Based upon the design cri
ria of QoS, we seek to minimize the worst-case transmit power
at multiple-antenna relay while guaranteeing the worseca-
ceived SNR above a prescribed threshold at both sources. The
formulation turns out nonconvex, but has been transformied i
a convex optimization problem that can be efficiently solved
by means of SDR and randomization technique. The simulation
shows that transmit power expectedly increases with hiQlo&
?quirement. The extra power is used to combat channel uncer
ainty. Nevertheless, the proposed system triumphs atitigni
power outage probability, as it has led to almost zero outage
probability through an extensive SNR range at similar raofge
transmit power. From the numerical results, it can also e co
cluded that feasibility decreases with the increasing IN&sh-
oﬁd or noise variance levels. However, the problem can lee all
viated by increasing the number of transmit antennas.
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