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Robust Joint Source-Relay-Destination Design Under
Per-Antenna Power Constraints
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Abstract—This paper deals with joint source-relay-destination
beamforming (BF) design for an amplify-and-forward (AF) relay
network. Considering the channel state information (CSI) from
the relay to the destination is imperfect, we first aim to maximize
the worst case received SNR under per-antenna power constraints.
The associated optimization problem is then solved in two steps.
In the first step, by revealing the rank-one property of the op-
timal relay BF matrix, we establish the semi-closed form solution
of the joint optimal BF design that only depends on a vector vari-
able. Based on this result, in the second step, we propose a low-
complexity iterative algorithm to obtain the remaining unknown
variable. We also study the problem for minimizing the maximum
per-antenna power at the relay while ensuring a received signal-
to-noise ratio (SNR) target, and show that it reduces to the SNR
maximization problem. Thus the same methods can be applied to
solve it. The differences between our result and the existing related
work are also discussed in details. In particular, we show that in
the perfect CSI case, our algorithm has the same performance but
with much lower cost of computational complexity than the ex-
isting method. Finally, in the simulation part, we investigate the
impact of imperfect CSI on the system performance to verify our
analysis.

Index Terms—Amplify-and-forward, beamforming, multi-an-
tenna relay system, per-antenna power.

I. INTRODUCTION

ELAY communications have been studied extensively

over the past decades as a means of extending the cov-
erage of wireless network and improving the spatial diversity
of the system. Transmission schemes at the relay can be cat-
egorized into several groups, i.e., the Amplify-and-Forward
(AF) scheme, the Decode-and-Forward scheme [1] etc. Among
them, the AF scheme is the most simple scheme, as the relay
only performs linear processing on the received signal and
re-transmits it to the destination. AF scheme has been effi-
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ciently used to exploit the benefit of relaying in the multiple
access relay channels [2], the broadcast relay channels [3], and
the two-hop relay channels [4]-[6], [11].

Performing joint source-relay linear beamforming (BF) can
achieve higher data rate [2], [3]. For the relay BF design, many
previous works concentrate on the sum power constraints. It is
shown in [5], [6] that for the single user with single relay case,
the optimal relay BF matrix W can be seen as the combina-
tion of a maximum-ratio-combining (MRC) equalizer w,. and
a maximum-ratio-transmission (MRT) equalizer wy, or i.e, W
= w,w!. By using this BF matrix, the received SNR can be
maximized. However, this optimal design matrix would result
in different elemental power allocations on each antenna, which
is undesirable from the power amplifier design perspective [7].
Considering the fact that each antenna usually uses the same
type of power amplifier and consequently has the same power
dynamic range and peak power, this would bring some difficul-
ties on the power amplifier designs. For the relay node (usually
low cost, with low-profile power amplifier) in a wireless net-
work, setting a peak power threshold under per-antenna power
control can successfully solve this problem and thus relax the
power amplifier design effort. This is the motivation that we
explore the per-antenna power constraints in a relay network in
this paper.

Several papers have considered the per-antenna power con-
straints in different problem setups. In a MISO channel dis-
cussed by [8], a closed-form solution was derived for transmit
BF design. A novel transceiver design under mixed power con-
straints (including the sum power constraints as well as per-an-
tenna power constraints) for MIMO systems was investigated
in [9], where the authors proposed their analytical method by
exploiting the hidden physical meaning of the problem. For the
multiuser downlink channel [10], the authors proposed a frame-
work of efficient optimization technique for determining the
downlink BF vector via a dual uplink problem. This uplink-
downlink duality was recently extended into the relay system
by [11], where a semi-closed form solution for the optimal relay
BF matrix that depends on a set of dual variables was derived.
However, this numerical result cannot provide any insight in de-
signing the relay BF matrix and the complexity is also very high.

In general, perfect CSI is usually hard to obtain, due to many
factors such as inaccurate channel estimation, channel quanti-
zation and feedback delay. Since the performance of a relay
system is sensitive to the accuracy of available CSI, robust de-
sign taking channel uncertainty into account has attracted much
attention. Generally, there are two widely used CSI uncertainty
model in the literatures: the stochastic model and the determin-
istic model. For the statistical CSI uncertainty model, which as-
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sumes the distribution of the CSI to be known and seeks to en-
hance the average system performance, the optimal relay pre-
coder design was obtained in [12]. Later, this work was ex-
tended to the multi-hop relay channel in [14], [13]. In contrast,
the deterministic CSI uncertainty model, assumes that the in-
stantaneous value of CSI error is norm-bounded, and aims to
yield worst-case guarantees. Under this model, references [15],
[16] studied the corresponding robust problem in [5], [6], re-
spectively, and obtained the optimal solution. Unfortunately, the
extension from the aforementioned works to the relay BF design
under per-antenna power constraints is not straightforward, and
the existing designs are not applicable any more. To the best of
our knowledge, the robust joint source-relay-destination BF de-
sign has not been studied in the existing literatures, and even in
the perfect CSI case, the optimal solution of this problem is not
yet known.

In this paper, we consider the AF-relay networks with a single
source-destination pair and a single relay, and address the joint
source-relay-destination BF design problem under deterministic
imperfect CSI model. With per-antenna power constraints at the
relay node, we adopt two widely used performance metrics, the
maximization of the received SNR and the minimization of per-
antenna power at the relay with a given required SNR. The main
contributions of this paper are as follows:

*  We first aim to maximize the received SNR from the worst
case perspective. By fixing the source BF vector, we deter-
mine the rank one property of the optimal relay BF matrix,
revealing that it can be decomposed as the combination
of an MRC equalier and an equalizer w to be determined.
Therefore, the original complicated matrix-valued problem
has been converted into a much simpler problem with vari-
able w. Based on the above results, the optimal source BF
vector is derived, and the destination BF vector is given as
a function of w. We further propose a low-complexity iter-
ative algorithm for solving w. Simulation results show that
our robust design can significantly reduce the sensitivity of
the channel uncertainty to the system performance.

e Then we consider minimizing per-antenna power at the
relay node under a given received SNR target. We prove
that it can also be transformed into the SNR maximization
problem and thus can be solved by the same method.

* The differences between our result and the existing related
work are also discussed in details. In particular, we show
that in the perfect CSI case, our method has the same per-
formance but with significantly lower complexity than that
in [11].

Although only single data stream is discussed in this paper,
our results can still provide some useful insights to the more
general case when transmiting multiple data steams. Moreover,
for the fifth generation (5G) cellular network, where millimeter-
wave (mmWave) bands are used, the conventional microwave
architecture where every antenna is connected to a high-rate
ADC/DAC is unlikely to be applicable anymore [19]. Therefore
lower order MIMO is preferred in this case. We believe that our
result can have more applications in the next generation com-
munication systems.

Notations: [-] denotes the conjugated transpose of a ma-
trix or a vector. C™ denotes the n dimensional complex field.
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Fig. 1. A two-hop multi-antenna relay network.

We will use boldface lowercase letters to denote column vectors
and boldface uppercase letters to denote matrices. O denotes a
vector or matrix with all zeros entries. || - ||z denotes the Eu-
clidean norm of a vector and || - || 7 denotes the Frobenius norm
of a matrix. X > 0 means that the matrix X is symmetric pos-
itive semidefinite. #r(-) is the trace of a matrix. £(-) is the ex-
pectation of a random variable. Apayx(-) and »(-) stand for the
largest eigenvalue and the corresponding eigenvector of a ma-
trix, respectively.

II. PROBLEM STATEMENT

In this section, we will introduce the system model, the
channel uncertainty and the problem formulation.

A. System Model

We consider a two-hop AF multiantenna relay network
as shown in Fig. 1, where the source and destination are
equipped with M, and M, antennas respectively, and the relay
is equipped with N antennas. The direct link is not taken into
account due to large scale fading. The signal transmission
is completed through two hops. In the first hop, the source
transmits a symbol s with unit power, and the signal received
by the relay is given by

Yr = \/ITsHsrbS +n,,

where b is an M, x 1 transmit beamforming (BF) vector with
unit norm, H,,, € CY*M- denotes the first hop channel matrix
from the source to the relay, Ps is the given transmit power at
the source, and n, denotes the N dimensional complex addi-
tive white Gaussian noise (AWGN) vector with variance matrix
021y at the relay. By the AF strategy, the signal forwarded by
the relay is

q= Wyra

where W € CV*¥ is the linear BF matrix of the relay. Then
the transmit power at each antenna of the relay is given by

£ {|[Wy,.}i |2} - [PSWHS,.beH;‘{,WHJra,%WWH} ,
where [a]; denotes the ith element of the vector a, and [A]; ; de-
notes the :sth diagonal entry of the matrix A.The received signal
at the destination node can be expressed as

Yd = v/ PSrHHTdWHS,,.bs + rHHTde,, + and,
where H,y € CMe*N denotes the second hop channel matrix

from the relay to the destination, r is an M; X 1 receive BF
vector with unit norm, and ng is an AWGN vector observed
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at the destination with variance matrix 031 a,- The received
signal-to-noise ratio (SNR) at the destination is then given by

P, |rHHrdVVHsrb|2

SNR = — :
oF|[rHH, W3 + o3

B. Channel Uncertainty Model

In a practical wireless communication system, with only im-
perfect channel state information at the transmitter side (CSIT),
the system performance will be deteriorated. This motivates us
to investigate the robust design which takes the channel state
information (CSI) errors into account.

In this paper, we assume that the CSI in the second hop varies
much faster than that of the first hop, for example, the positions
of the source (e.g. a base station) and the relay are fixed, and
the destination is moving (e.g. a mobile terminal). Then the CSI
feedback from the destination to the relay is usually outdated
and the CSI error must be considered [20]. On the other hand,
the hop between the source and the relay undergoes slow fading
channel due to their fixed positions. When the relay transmits
signals with pilots in the second time slot, it is possible for the
source to estimate the first hop CSI nearly perfectly via the re-
ciprocal channel, if the training SNR is high [21]. Hence the
channel error in the first hop can be neglected. Based on the
above assumptions, we only consider the CSIT uncertainty in
the second hop. The authors in [22] also used this model for ex-
ploiting the situation when the relays are located closer to the
source than to the destination, while this assumption is reason-
able because of the high signal quality between the source and
the relays. This model has also been widely used in the litera-
tures such as [4], [15]-[17], [20], [23], [24]..

Define the channel error matrix AH as the difference be-
tween the actual channel H,.; and the available channel I:I,,d 2
[ﬁl, e }~1N}, ie, AH = H,; — H,,. Then under the deter-
ministic channel uncertainty model, AH can be described as

[AH| <,

which indicates that the uncertainty channel matrix of the
second hop at the relay node is norm bounded by some small
positive number &.

C. Problem Formulation

In this paper, we consider two widely used performance met-
rics: the maximization of the received SNR and the minimiza-
tion of per-antenna power at the relay with a given SNR target.

1) SNR Maximization: By maximizing the worst case re-
ceived SNR over the channel uncertainty region with per-an-
tenna power constraints at the relay, the problem can be formu-
lated as

~ 2
P, e (H,q + AH)WHsrb‘

Py

:max mi
W.b,r||AH||r<e

~ 2

o2 HrH(HTd + AH)WH +o2
2

st [PWH,bb"HEW 1 2WW?| <P,

bll2 =1, [Irfl2 = 1.
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where P, is the maximum per-antenna power consumption of
the relay node.

2) Power Minimization Problem: The per antenna power
minimization problem with a given received SNR target vy over
all possible channel uncertainty errors is formulated as

Py : min
W,b,rP,

~ 2
P, |rH (H,y + AH)WHS,.b‘

m > Y
|AH|[p<e o '
UT

- 2
r(H,; + AH)WHQ + o2

'SP’IW

1]

{PSWHsrbeHSHTWH + PWWH }

i,

Ibll2 =1, [|rfl2 = 1.

In the following sections, we will first solve problem Py,
giving the closed-form solution of b and the semi-closed form
solution of (W, r) as a function of w. Based on this result,
we will further propose an iterative algorithm to obtain w. Fi-
nally, we will show the relationship between problem P; and
problem Ps.

III. SNR MAXIMIZATION PROBLEM

A. A Semi-closed Form Solution of the Joint BF design

In this section, we will solve problem P, . By fixing the source
BF vector b, problem 7; becomes

~ 2
P, |cH (H,q + AH)Wg‘

Wer | AH|Ir < % 2
TIAHIESE g2 e (L, + AW+ 03

st [PWeg"WH +2WWH| <P,

x|l = 1. (1)

where we have defined g 2 H..b. To further analyze problem
(1), we need to introduce Lemma 1, which verifies the rank-one
property of the optimal W,

Lemma 1 (Rank One Condition): The optimal W in

problem (1) is given by W = Hgﬁwgf[, for some w
é [IU1,"',’IUN]T S CN,WhereIST é 1/#&»0_2.
Proof: See Appendix A. [ |

Lemma 1 establishes the fact that the optimal W in problem
(1) is the combination of two equalizers. One is the MRC equal-
izer g, and the other one, w, is to be determined. By Lemma 1,
problem (1) becomes

: P2P,|gl3]r" (Hyq + AH)w]?
max min - = - ,
wr [[AH|r<s  P2o2|rH (H,q + AH)w|? + o2
st |wi| £1,1<i <N,
[[efl2 = 1. @

Since the received SNR in (2) is an increasing function with
respect to ||gl|2, it can be immediately concluded that the op-
timal b is the principal eigenvector of HZ H,,.. Similarly, the
received SNR is also an increasing function with respect to
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v#(H,; + AH)w|?, then the optimal (w,r) is the solution
of the following problem

max min rH(I:I,.d + AH)w|,
w.r [|AH||F<e
st Jw| <1, vl = 1. 3)

According to [25, Lemma 3.1], the optimal value of the inner
minimization problem of (3) is given by max{|r” H. w| —
g|lwl|2, 0}. However, when e||w||2 < |[r” H, 4w/, the objective
function in (3) is zero, which leads to the invalid transmission.
Therefore, we aim at optimizing the following problem

max [r7H, ;w| — £]|w]|,
w,r

st Juw| <1, ez = 1. @)
For any fixed w, the optimal r in problem (4) can be directly

givenbyr = HEIL:V‘:,"HO . Substituting this expression into (4), we
get )

A ~
max  f(w) = [[Hrgwl|s — e[wll2.
st Jug| < 1. %)

Notice that the original complicated nonconvex problem P
with matrix-valued variables (W, b, r), has now been trans-
formed into a much simplifier problem, problem (5), with vari-
able w. The remaining challenge is to determine the optimal
solution and the maximum value in (5), denoted as w® and f°,
respectively. Combining the above discussion and Lemma 1, we
directly obtain the following theorem.

Theorem I: The optimal (W, b, r) in problem P; are given

by

P,
W = r w°bfHI
\/HHsrb@ (PSHHsrbH% +0a3?)
b=v(HZIH,,),
I:‘I.rdWO

r=———,
[Hrawel|s

respectively. The optimal received SNR corresponds to

f’fPsHHsrng max{f°, 0}

SNR = ——°~
P?o?max{f°,0}* + o}

(6)

B. A Low-complexity Iterative Algorithm for Solving w

Due to the non-convex nature of (5), its optimal solution is
difficult to obtain in general. Let us define T 2 wwkH. By the
equation

[ Eawlls = /I ELawl2 = /o (L ELY),

and dropping the rank one constraint, we can transform problem
(5) into a relaxed form as

max /g1 — €+\/q2
T,q1.92
st tr(HZH, 1) = ¢1, tr(T) = ga,

tr(E;Y) <1, 1<i<N,
T>o0, (7
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where E; € RY*Y denotes a matrix with all zero entries except
for the (,)th entry which equals to one.

Note that since /g1 and /g2 are concave, the objective func-
tion of problem (7) is the difference of two concave functions.
Such a problem is recognized as the difference of two convex
functions programming (DC programming) problem, which can
be efficiently solved via the POlynomial Time DC (POTDC) ap-
proach proposed in [26]. The main idea of the POTDC approach
is replacing /g2 by its first order Taylor expansion around some
point g. and then solving the resulting convex problem at the «th
iteration, i.e.,

max
T,q1,92

s.t.

\/q_1_6<QQ _QC)/Q@_a dc

tr(ﬁf{lI:I,rd(T) =q1, tr(T) = ¢,
(B (Y) <1, 1 <i<N,
T>0,0<ga <N (®

where the constraint 0 < ¢3 < N is added since the feasible
region of g» is a requirement for the POTDC approach.

Problem (8) is recognized as a semidefinite programming
(SDP) problem, and thus can be efficiently solved by MATLAB
package such as CVX [27]. The optimal g5 is obtained for up-
dating g.. Let k = x+1, then one can start the new iteration until
some threshold meets. After obtaining the optimal X°, one can
extract w from the rank-1 approximation of X°. That is: when
T° is of rank one, then let Wga = 1/ Amax(X")¥(Y°). Oth-
erwise, do the randomization step [28] to get an approximation
solution as

V~VRA ~ CN(O,TD), T V~VRAV~V§A.

Let wra = Wga/8, where 8 is maximum absolute value
among all elements of W 4. Then we get an approximation of
foas fra = ||I:L.dWRA||2 —¢||wga||2- The complexity of this
POTDC-based approach is about O(N7) times the number of
iterations, which is fairly high.

We will next propose an iterative algorithm to solve w. The
advantage of this algorithm lies in that it has much lower com-
plexity and is easier to implement since only the arithmetic op-
eration rather than the advanced software package is required.
From the simulation results in Section VI, one can see that it
can reach a solution that is very close to the POTDC-based
algorithm.

Notice that problem (5) is equivalent to problem (4). De-
fine the objective function in (4) as ®(w,r) = |[rHH,qw|y —
g||w||2. Then we can determine the variable (w, r) by the alter-
nating optimization method: Step 1, for any fixed w, determine
the optimalr asr = %’ Step 2, for fixed r, determine the
optimal w. Repeat step 1-2 until convergence. Inspired by this
sense, we will solve problem (4) with fixed r, that is,

max |I'HI:ITdW| —¢||lwl|a

st Jwil < 1. ©)]

Note that the phase term of each w; has no impact on ||w/|5.
Then in order to maximize |[r?H, ;w| — ||w/|l2, it must be
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equal to the phase term of flf’ r. In this case, problem (9)
becomes

N ~
max Z lw;||hfr| — ¢
ol

st Jwi| < 1. (10)

Obviously, problem (10) is convex, and thus can be solve
efficiently. By further simplification, we will give an analytical
optimal solution of problem (10). Refer to «; = hPr| as the
antenna again for the sth antenna, and denote 7 as a permutation

of {1,---, N} such that a,(; is sorted in a non-decreasing
order, i.e., az1) < -++ < ag(n). Then it can be shown that
\wﬂ(l | is also sorted in a non-decreasing order. Suppose the

opposite that [wy; | > |wy,; |, for iy < iz. Then the value
of (10) can always be increased by swapping the value of

: N
w3yl and Jwy |, since 350 [wri)|ax(iy becomes larger
and E\/Zi]il |wy(;)|? remains unchanged. This contradicts

with the assumption that w*® is the optimal solution. Thereby
\w? ;] is also sorted in a non-decreasing order.

To solve (10), let us assume that at least NV — & antennas uses
the maximum power, that is, |wx(k41)| = -+ = |we(a)| = L.
Denote S(k) = {m(1),---,m(k)} as the set of antennas that are
free to choose their optimal power consumption. Then problem

(10) can be rewritten as
S it X oo

max max

k=1, N |w,| 128 (k) 1€S(k)
e IN—k+ 3w,
ieS(k)

st |w| <1,i € S(k). (11)

Problem (11) has been decomposed into /V subproblems. De-
note w* 2 (Wy(1ys " "> Wry) and (k) as the optimal solution

and optimal value of the kth subproblem,

Z a; + Z uloz@s\/Nk:Jr Z g2

max
[wi | N
ieS(k) ieS(k)
s.t. lel § 1,i € S(k). (12)
respectively. Then when k& increases, S(k) becomes larger, and
more antenna are free to choose their optimal power. Therefore,
it can be easily verified that }(k) is a non-decreasing function.
Moreover, according to the above discussion, it is easy to know
that w7y | <o < fugg)[ < 1. .
Problem (12) is a constrained convex problem, whose optimal
solution can be uniquely determined by (KKT) conditions, or
1e.,

jwi|

\/N kot Y iesq Wil
pi(lwil = 1) =0,

=0, (13)

(14)

where (; is a dual variable for the ¢th power constraint. Sup-
pose that Iw;(k)l = 1, then there will be k& — 1 antennas left to
choose their optimal power, and the kth subproblem boils down
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to the k — 1th subproblem, i.e., (k) = Q(k — 1). Hence in the
following, we concentrate on the case when |w;(1)\ < .0 <

\w;( k)l < 1, which results in y; = 0 and reduces equality (13)
to

2 * 2
2 i CH SieS(k).  (19)
N =k + Y esm lvrl
By adding the above equation for i € S(k), we get
S o SRl
) N—k+ ZieS(k) |wy|
or equivalently,
2
S gt = S s 2 (16)
2
ies(k) 2 = D iesw) o
Substituting (16) into (15), we have
N —k
lw!| = —Z " 5,1 € S(k). 17
ic
To make sure that Iw;(k)l < 1, we must have
e? > Z of —i—o, (N — k:) x (k). (18)

1€8(k)

It is easy to prove that x (k) is a non-decreasing function as
we show below

x(k+1) = x(k)
= Z ai + a;zr(k+1)(N —k—1)
€8 (k+1)
- D Al ap(N k)
ZES (k)
a2 ey + 2y (N —k = 1) —aZ 4 (N — k)
= (N - k)(agr(k-&-l) - ai(k)) > 0.

Denote k£° as the maximum number that satisfies (18), ori.e.,
Y1) € v € x(K) < & < x(h 1) € v 2 x(N).
Then for any k > k°, we have |w ;.| = 1, and hence the kth
subproblem of (11) boils down to the £°th subproblem. More
specifically, the maximum value of problem (10) corresponds
to

Wy ) = e, 9 = o)
L Z a; — | (N —k°)|e2— Z a?,
igS(k) ieS (k)

(19

where (a) is due to the fact that (k) is a non-decreasing func-
tion, and (b) is obtained by substituting (16) and (17) into (12).

Equation (19) tells us that the maximum value of (k) is
achieved by £ = k°. Then by (17), the optimal w in problem
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(9) corresponds to w; = |wf|e?t, where €% is the phase term
of hflr, j = /=1, and
L N-k°
wi| =Y ey
1 i g€ Sk°)

By using (20), we have solved problem (9) in an analytical
way. Then we can propose an alternating optimization method
for solving problem (4), as formally described in Algorithm 1.
The convergence of Algorithm 1 is guaranteed, which is based
on the following relationship

P (W(m,r(n)) < (W<n+1>,r<n>) < (W<m+1>’r(m+1>) _

iest)

It follows that each iteration will increase the value of
®(w,r) and obviously ®(w,r) has an upper bound for finite
power constraints. Therefore this iterative algorithm must
converge.

Algorithm 1

The alternating optimization method for joint solution of (w, r)
Require

Set (@ as a random vector with unit norm and the
solution accuracy ¢. Let & = 0 and &(w(® r(9) = 0.

repeat
1) Update w(**+1) by (20).

+1) — _Hpgw(stH
2) Update r(” ) = HI:IN;:IVT%

3) Update ®(wlrtl) pletl)y —
P Wi T

4) Letk =k + 1.
until |<1>(W(“'), r®) - @ (w("*l),r(ﬁfl))l <e

return wio = W, rao = r and
Fao = Bwl), ().

From (18), one can see that £° is related to &, which makes
Q(k°) an implicit function with respect to . Specifically, when
g2 > x(N) = 2;11 |hfr|?, we have lwray| < 1, then
k® = N, which results in Q(k°) = 0. In this case, the transmis-
sion is declared to be invalid. To further investigate the feasible
variation range of ¢ for the valid transmission, we give the fol-
lowing proposition.

Proposition 1: For any fixed r, the necessary and sufficient
condition for Q(k°) > 0 is

£ < \/W < 4/ Amax (I;I,,.dflfd).

Proof: See Appendix B. [ |
Remark 1: Generally speaking, Algorithm 1 may find a local
optimal solution, which heavily depends on the initial point.
Since problem (4) is not convex, there is no guarantee that this
local optimal solution coincides with the global optimum. Ac-
cording to Proposition 1, to satisfy (21), we can choose the ini-
tial point r(%) as the principal eigenvector of I:I,.dI:IfId. For prac-
tical use, we also apply Algorithm 1 several times to find a better
solution, with different initial point r(®) each time. Simulation

1)
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results shows that Algorithm 1 performs almost as well as the
POTDC-based algorithm.

Remark 2: Consider the case when ¢ is very small, i.e., % <
x(1), we have |w? )| = -+ = |w} )| = 1. Algorithm 1 has

a simplified implementation, with w updated by w° = p(r),

where p(r) 2 [ed91, ... e7N]T In this case, the relay BF ma-

trix design is given by

P,
W= "
\/'Hsrb|§ (PSHHS'rbH% +o?

(22)

)p(r)bHHﬁ,
which is the combination of an MRC equalizer and an equal-
gain-transmission (EGT) equalizer. Let this scheme be called as
Equal power design. Theoretically, it is only optimal for 2 <
x(1). However, we will later see in the simulation part that, for
relatively large range of ¢, this equal power design achieves
a performance comparable to that of the POTDC-based algo-
rithm. This can be explained by the expression of the received
SNR in (6), whose value mainly depends on f°. Notice that
by (5), f° is only related to the channel coefficient matrix H,,
rather than P. or P;, hence the gap between different approxi-
mations of f° obtained by difference methods is not so obvious
for small €. Therefore, as long as ¢ is not too large, the equal
power design can be applied as a good alternative, where each
antenna at the relay node uses the same power, which greatly
relaxes the power amplifier design, and is exactly the objective
of this work.

IV. POWER MINIMIZATION PROBLEM

In this section, we consider another criterion. Our goal is to
minimize the maximum per-antenna power for a given SNR re-
quirement, as formulated in problem P3. We will reveal the re-
lationship between problem P; and problem P, showing that
they reduce to the same problem, and thus can be solved by the
same method.

By fixing the source BF vector b and following the similar
lines in Lemma 1, one can prove that the optimal W in problem
P, is of rank one, given by W = LrwgH with w to be

gl
determined. Then problem P, can be sirrfpliﬁed into

min P,
w,r

. 2
|\Ar}111\i|n< P, rH(HTd + AH)w| > 7,
FSE

wi| < 1, |[rl[2 = 1. (23)

A .
Fo=r003(P:lgl3+o7)

where =22 Problem (23) can be transformed
Ps[lgll5—vo03
nto
min P,
w,r
st. P> Yo

= ~ 9
minHAHHFSE I‘H(Hrd + AH)W

jwil < Llrfla =1, (24)

If we treat P, as a slack variable, then it is obvious that
problem (24) is exactly equivalent to problem (3). This shows
that the power minimization problem and the SNR maxi-
mization problem actually lead to the same problem. Letting
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P, max{f°,0}2 = 7%, we directly obtain the expression of
P, in (25). We summarize the above result in the following
theorem.

Theorem 2: The optimal (W, b, r) in problem P are given
by

webHHH Yoo?
[HL-bllz max{f°,0} | Ps||Hg b5 — vo0?’
b=v(HIH,,),

H,ﬂdWO

r=——,
[Hawe||

W =

with the corresponding power given by

'7052 (PSHHSTb”% + 0'3)

P, = ; 2
(P:|[Herbl[3 — y007) max{f°, 0}

(25)

where w° and f° are the optimal solution and the maximum
value in (4), respectively.

Remark 3: According to Theorem 2, to ensure that P, is
finite, there must be f° > 0 and vo < Pi||Hsb||3/0? =
P Amax(HEH,,)/c2. Therefore, we claim that the necessary
and sufficient feasibility condition of problem P, is given by
constraint (21) and Yo < PsAmax(HEH,,)/02. Note that the
first condition requires that the error bound should not be too
large and the second condition means that the received SNR
target at the destination cannot be larger than the received SNR
at the relay.

V. COMPARISON WITH THE WORK IN [11]

When AH = 0, problem P; and problem Ps were also dis-
cussed in [11]. The authors in [11] used an alternating optimiza-
tion approach for the joint design of (W, b, r). By fixing b and
r, they obtained the optimal W by solving an SDP problem,
with complexity given by O(N®) times the number of itera-
tions (typically lies between 5 and 50 [29]). While fixing W,
the optimal b and r were given as the closed-form solution.
This process is repeated until convergence. In contrast, in our
work, we first determine the optimal b as the closed-form so-
lution and the optimal W' as a function of w, and then propose
Algorithm 1 for the joint solution of (w,r), with complexity
given by O(N log, N) times the iteration number (as shown in
Fig. 2). Once w is obtained, W can be directly determined by
Lemma 1. Obviously, our work has much lower complexity and
is much easier to implement since only the arithmetic operation
rather than the advanced software package such as CVX is re-
quired. The average CPU time comparison is further illustrated
in Fig. 3.

We will next show that our method and that in [11] have the
same performance. Consider the «th iteration in [11], by fixing
b®) and r(*), the optimal W) is obtained by the numerical
results, which can be equivalently written as the closed-form
expression in (22). That is,

P,
W — r :
\/|Hsrb(”)|§(Ps|Hsrb(”)|I% +o7)
Xp (r("“)> bWHHHE
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Then the next step is to update b(*+1) and r(*+1) Substi-
tuting W (%) into problem Py, it results in!

max
IIbllz=1.|[r[|2=1
P,.PSHb(“)HHg,HSTbH%|rHI:I,,.dp(r(”))\2
Pro?|eHH, 4p(r®) 2 +03| Ho, bW 3(Ps | Ho b3 4-07)

(26)
By (26), to optimize b, one must maximize
b HHEH  b|3. Thus b1 is updated as
b+ — HTH, b/ HHﬁHsrb(”) @7)
2

which achieves the optimal value as |b" ¥ HZH,,||3. On the
other hand, to optimize r, one must maximize |rf I:Ipo(r(’““)) ’ )
Update

Eap ()

o ()],

w+1)

ri ) — (28)

After that, repeat the above process in the next iteration.
In summary, for each iteration, one only has to compute (27)
and (28).

The iteration process will stop if is satisfies that

2 2
_ HbWHHgHS,, <e
2 2

?

Hb(hﬁ*l)HHgHsr

(29)
"r(ﬂ+1)HI:Irdp (r(n))‘ _ ‘r(n)Hﬁrdp (r(ﬁfl)) H <e.
(30)

where € is the solution accuracy.

From (29), it is easy to know that the optimal b is given by
arg max ||, ||b? HZH,.||?, i.c., the principal eigenvector
of HZ H,,. Meanwhile, (30) is equivalent to the stopping cri-
terion in Algorithm 1 when ¢ = 0. Then one can see that the
method in [11] and that in our work have the same performance.

By the relationship between the SNR maximization problem
P, and power minimization problem P,, it can be verified in
the similar way that for problem P, the method in [11] has the
same performance as that of our method.

VI. SIMULATIONS RESULTS

In this section, we provide numerical results to validate the
proposed robust design in this paper. First, the convergence be-
havior and the required CPU time of Algorithm 1 is illustrated.
Then the performance evaluation of our robust design is ad-
dressed. The parameters are set as M, = My = N. The channel
fading is modeled as Rayleigh fading, with each entries of H,
and H,4 satisfying CA(0,1), and the noise variance param-
eter is set as 63 = o2 = 1. We set the power consumed at
the source as 20 dBW and the given SNR target vy as 15 dB.

I'We don't impose the relay per-antenna power constraints here when opti-
mizing b and r for two reasons: First, the source and destination only have to
maximize the received SNR from their own perspectives; more importantly, it
can be proven that it results in b(*+1) = b{<) by considering the power con-
straint.
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Fig. 2. Relative error to the optimal value of Algorithm 1 versus the number
of iterations.
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Fig. 3. Average CPU time comparison versus different V.

By Proposition 1, to make sure that each transmission is valid,

the maximum value of £ can not exceed )\maX(I:IMI:Ifd).
Thereby we vary ¢ through the normalized parameter p, i.c.,
g2 = p)\max(flrdf{f{l) with p € [0, 1). Then the larger the p is,
the poorer the CSI quality will be. All results are averaged over
1000 channel realizations.

First, we study the convergence performance of Algorithm
1. We set N € {2,4,10}. Fig. 2 shows the average iteration
numbers to achieve some certain accuracies, which is defined
as (fao — ®(w r")))/fa0. It can be observed that Algo-
rithm 1 converges quickly to the optimal value in about 5 to 20
iterations. Remembering that the complexity of Algorithm 1 is
only O(N log, N} in each iteration, we can claim that our pro-
posed algorithm has quite low complexity.

By Theorem 1, we have expressed the optimal BF design as
a function of w. Hence in Fig. 3, we provide the CPU time
comparison for the computation of w by different methods: the
POTDC-based algorithm in Section I1I-B, Algorithm 1 and the
equal power design in remark 2. We also plot the time cost of
the method in [11] as a benchmark. Notice that equal power
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Fig. 4. Average worst case received SNR at the relay versus p}.

design is just the special case of our proposed method when
p = 0. It can be observed from Fig. 3 that the equal power
design and our proposed robust method take up nearly the same
time, which are much smaller than that in other methods. This is
reasonable since Algorithm 1 adopts the analytical (or closed-
form) solution in each iteration, while the other two methods
only obtain the numerical results by solving the SDP problem.

We now presents some performance evaluation results to
compare our robust BF design with other schemes: a) Sum
power constraint: This is the robust design undersum power
constraint [5], [15]. b) POTDC-based algorithm: This method
solves problem (7) by the POTDC-based algorithm, and
computes the corresponding received SNR by Theorem 1. c)
POTDC-based algorithm with rank-1 approximation: This
method computes the received SNR by replacing f° with fr4.
c) Equal power design: This method is also the nonrobust
design, since it does not take the channel uncertainty error into
account. The performance of the method in [11] is not illus-
trated here, as we have theoretically proved in Section V that it
has the same performance as the Equal power design.

In Fig. 4, we address the relationship between the average
worst-case received SNR and p. It can be seen that the system
performance is deteriorated by the uncertainty error. The larger
the p is, the smaller SNR value will be. Another observation is
that the design under sum power constraints results in higher
SNR than that in per-antenna power constraints, which is due to
the flexibility of power distribution among antennas. Further-
more, for small to moderate p, equal power design has almost
the same performance as the POTDC-based algorithm. Remem-
bering that the equal power design quite simplifies the engi-
neering designs, we claim that it is a competitive alternative for
a simple relay node (inexpensive power amplifier). When p is
large, the equal power design would lead to invalid transmis-
sion, while our proposed robust method still behaves well and
preserves optimality to some extent.

In Fig. 5, we further plot the average worst-case received
SNR versus the per-antenna power at the relay for N = 10.
Simulations reveal that when p = 0.2, both the proposed ro-
bust method and the equal power design behaves as well as the
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Fig. 5. Average worst case received SNR versus transmit power at each an-
tenna of the relay when N = 10.
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Fig. 6. Average per antenna power at the relay versus rely antenna number V.

POTDC-based algorithm. This gives us a hint that when the
quality of the CSI is not too bad, equal power design is most
simple way to achieve a pretty good performance. On the other
hand, when p increases to 0.8, i.e., the CSI equality is very poor,
equal power design could not be applied any more, while Algo-
rithm 1 has a small performance gap to that of the POTDC-based
algorithm. Considering the fact that the POTDC-based algo-
rithm has much higher time cost than that of the two formers,
it can be concluded that Equal power design (for small to mod-
erate p) and Algorithm 1 (for large p) are more efficient for prac-
tical use.

Fig. 6 shows the average required per-antenna power with
given g for different values of N. We can see that when p
becomes larger, the required power usage at each antenna
increases. This phenomenon reveals that when the channel
CSI becomes poorer, the relay needs more power to guarantee
the SNR target in the worst case, which is consistent with the
intuition. The conclusion is similar from that we obtained in
Fig. 4 and Fig. 5, which is due to the fact that the power mini-
mization problem can be converted into the SNR maximization
problem.
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VII. CONCLUSION

In this paper, we consider an AF multi-antenna relay network
with one source and one destination. Assuming that the relay
only has imperfect CSI, we have derived a semi-closed-form
solution for the joint optimal BF design. Then we propose a
low-complexity iterative algorithm for obtaining the remaining
unknown variable. We also indicate that both the SNR max-
imization problem and the power minimization problem can
be ascribed into the same problem. Compared to the existing
methods, our solution leads to drastic complexity reduction for
solving joint source-relay-destination BF design.

APPENDIX 1
PROOF OF LEMMA 1

Suppose that the singular value decomposition (SVD) of g is

g:U[mM}éU&
N 1

(€2))

where the unitary matrix U € CV*¥_ Then we can express the
relay BF matrix as

W =YU#? (32)

where Y € CV*¥ is a matrix to be determined. Upon substi-
tuting (32) and (31) into problem (1), we have

P|r¥ ( ra + AH)YE|)3

ma min
Yr |AH|r<. 02||rH( rd + AH)Y |2 + 02
st [Y(P.EZH 4 02)YH],, < P,. (33)
We can further partition Y as
Y=[w Z,], (34)
where w 2 [y, wy|T and Z,, € CV*XN-1),
Then we have
ve-iw 2,]|18% ] —jglw. 09

Upon substituting (34) and (35) into (33), we have the re-
ceived SNR at the destination as

SNR
_ Palglie (H + AH)w[?
o (H ra+ AH)Y|S + o]
Pulgll3]r" (H ,d+AH)w|2

o2 (jrH (Hea+ AH)W[S +||rH (H,g+ AH)Z, [ 3)+07

and the per-antenna power becomes
[Y[P.EEH 4 o2YH,
= [W(F|gl3 + o)W i +07[2y 2 ]ii
= (Bilgll3 + o)lwi|* + o7 (2, Zy ;.
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Then problem (33) becomes

max min
w,r ||[AH|r<e

Py|lgl3Ir™ (Hyq + AH)W|?
o2(|eH (Hya + AH)W[ + |07 (Hyq + AH)Z, [|3) +03
st (Psllglls +of)@il® + 0712y 2 ]ii < P (36)

Forany feasibleY = [W Z, | with Z, # 0, one can always
find Y’ = [w 0] which can achieve a larger SNR. Thus we
conclude that there must be Z,, = 0. Denote w = f,%v_v. We can
express problem (36) as

PPPlgl3ir” (Ha + AH)w/?

Wir AH|p< 2 ’
1 L FX¢g ~ 9 <
P02 ( ’rH(HTd +AH)w| + 03

st |w| < L. (37)

Then we can express W as

N P
W = Pw(U)T = mng,

where (U); denotes the first column of U. The proof is com-
pleted.

APPENDIX II
PROOF OF PROPOSITION 1

In this appendix, we will first show that Q2(k°) is a decreasing
function with respect to £. Then we will give necessary and suf-
ficient conditions for §2(k°) > 0. To investigate the dynamic
change of 2(k°) in terms of €, we rewrite k° as k° = k°(g),
making the dependence of k° on ¢ explicitly. For 2 > y(N),
we have k°= resulting in Q(k°) = 0. While for ¢ = 0, it
is easy to show that 2(k°) > 0. Then for any nonzero &, the
feasible region of ¢ is given by (0, 1/x(N)], which can be de-
composed into N subregions

(0, VX(N)] = (0, Vx(D]U--- U (VN — 1, /x(N)].
Denote I'; 2 (vVt,v/t+1],for0 <t < N — 1. For some
0 <t; £ N—1,considersomee; € I'y,. Thenforanyes > €4,
ifes € T'y,, we have k°(g1) = k°(g1) = t1. By (19), it can be
easily verified that Q(k°(g1)) > Q(k°(e2)).
Now suppose thateg € I'y, 41, for0 <#; +1 < N — 1, or
ie,0 <ty < N—2 Thenk®(e2) = t141. In this case, we have

Qk°(e1)) — QK% (e2))

= a1y~ |(N—t) [e2— D o
i€S(t1)
+ IIN—ti -1 [3— Y o
1€S8(t1+1)
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We aim to show that Q(k°(z1)) — Q(k°(£2)) > 0, which is
equivalent to

(N*tlf].) E%*

2
Z Qi

1€8(t1+1)

Ol (ty+1) T

> (N—t) [e3- ) a?]. (39

iCS(t1)
Square (38) on both sides, after some manipulations, we get

(N = t1)(e3 — €1)

- g2 — Z of —arp VN —ti—1) >0,
1ES(t1+1)
or equivalently
(N —t)(e3 — 1) > (Vim— V)", (39)

where we have defined m 2 £3 — Dies(t+1) afand n = (N
—t — l)afr(tlﬂ). Note that m > n since €3 > x(¢1 + 1). By
the assumption £; € I';,, we have x(t1) < €2 < x(t1 + 1), or
ie.,

e < Z af + (N —ty - 1)a;27(t1+1)
i€S(t1+1)

2

=¢e;—(m—n). (40)

By (40), if we can show that the following inequality holds,
then (39) is proved.

(N —t1)(m—n) > (Vm = vn)?, (41)
or equivalently,
(N = t)(v/m++/n) > (Vm — /n). (42)

Notice that (42) always holds for {; < N — 2. Following the
similar lines, it can be verified that for any £;11 € Ty, 44, we
have

Q(k°(gi41)) < - < Q(E°(22)) < QE® (21)) (43)

From (43), it can be concluded that 2 (k°(¢)) is a decreasing
function with respect to £. Hence the minimal value of 2(k° (¢))
is given

@k (VATD)) = e =y 0 -

2 _
af = 0.

D

i€S(N—1)

Hence for &2 <  x(N), we have Qk°(E)) >
Q (ko ( X(N))) = 0, and vice verse.

Notice that y (N) = 22\;1 |hfr)2. It is obvious that different
r leads to different value of x(N). By the equality

3>

2
1. H H1 rTH r rTH
max 37 [hf'r| = max o H A = Ao (H,dHrd),
rlj2=17%
=1

llefl2=1




there always exists some r, such that x(N) = Zf\;L |hfr|? <
Amax (HrgHE). Hence £2 < x(N) < Apax(HraHH) is the

necessary and sufficient condition for Q(k°) > 0. The proof is
completed.

REFERENCES

[1] Y. Liu and W. Chen, “Adaptive resource allocation for improved DF
aided downlink multi-user OFDM systems,” I[EEE Wireless Commun.
Lett., vol. 1, no. 6, pp. 557-560, Dec. 2012.

[2] H. Wan and W. Chen, “Joint source and relay design for multi-user
MIMO non-regenerative relay networks with direct links,” IEEE Trans.
Veh. Technol., vol. 61, no. 6, pp. 2871-2876, Jul. 2012.

[3] H. Wan, W. Chen, and X. Wang, “Joint source and relay design for
MIMO relaying broadcast channels,” JEEE Commun. Lett., vol. 17, no.
2, pp. 345-348, Feb. 2013.

[4] Z. Wang, W. Chen, F. Gao, and J. Li, “Capacity performance of ef-
ficient relay beamformings for dual-hop MIMO multi-relay networks
with imperfect R-D CSI at relays,” IEEE Trans. Veh. Technol., vol. 60,
no. 6, pp. 2608-2619, Jul. 2011.

[5] B.Khoshnevis, Y. Wei, and R. Adve, “Grassmannian beamforming for
MIMO amplify-and-forward relaying,” [EEE J. Sel. Area Commun.,
vol. 26, no. 8, pp. 1397-1407, Oct. 2008.

[6] Y. Liang and R. Schober, “Cooperative amplify-and-forward beam-
forming with multiple multi-antenna relays,” /EEE Trans. Commun.,
vol. 59, no. 9, pp. 2605-2615, Sep. 2011.

[7] X. Zhang, Y. Xie, J. Li, and P. Stoica, “MIMO transmit beamforming
under uniform elemental power constraint,” [EEE Trans. Signal
Process., vol. 55, no. 11, pp. 5395-5406, Nov. 2007.

[8] M. Vu, “MISO capcity with per-antenna power constraint,” IEEE
Trans. Commum., vol. 59, no. 5, pp. 3336-3348, May 2011.

[9] C. Xing, Z. Fei, Y. Zhou, Z. Pan, and H. Wang, “Transceiver Design
with Matrix-Version Water-Filling Solutions under Mixed Power Con-
straints,” [Online]. Available: http:/arxiv.org/pdf/1410.3673.pdf

[10] W. Yu T. Lan, “Transmitter optimization for the multi-antenna down-
link with per-antenna power constraints,” /EEE Trans. Signal Process.,
vol. 55, no. 6, pp. 2646-2660, Jun. 2007.

[11] M. Dong, B. Liang, and Q. Xiao, “Unicast multi-antenna relay beam-
forming with per-antenna power control: Optimization and duality,”
IEEE Trans. Signal Process., vol. 61,n0.23, pp. 6076-6091, Dec. 2013.

[12] C. Xing, S. Ma, and Y. C. Wu, “Robust joint design of linear relay
precoder and destination equalizer for dual-hop amplify-and-forward
MIMO relay systems,” IEEE Trans. Signal Process., vol. 58, no. 4, pp.
2273-2283, Apr. 2010.

[13] C. Xing, M. Xia, F. Gao, and Y. Wu, “Robust transceiver with Tom-
linson-Harashima precoding for amplify-and-forward MIMO relaying
systems,” IEEE J. Sel. Areas Commun., vol. 30, no. 8, pp. 1370-1382,
Sep. 2012.

[14] C.Xing, S.Ma, Z. Fei, Y. Wu, and H. V. Poor, “A general robust linear
transceiver design for multi-hop amplify-and-forward MIMO relaying
systems,” IEEE Trans. Signal Process., vol. 61, no. 5, pp. 1196-1209,
Mar. 2013.

[15] H. Shen, W. Xu, J. Wang, and C. Zhao, “A worst-case robust beam-
forming design for multi-antenna AF relaying,” IEEE Commun. Lett.,
vol. 17, no. 4, pp. 1089—7798, Apr. 2013.

[16] H. Tang, W. Chen, J. Li, and H. Wan, “Achieving global optimality for
joint source and relay beamforming design in two-hop relay channels,”
IEEE Trans. Veh. Technol., vol. 63, no. 9, pp. 4422-4435, Nov. 2014.

[17] B. K. Chalise and L. Vandendorpe, “Optimization of MIMO relays for
multipoint-to-multipoint communications: Nonrobust and robust de-
signs,” IEEE Trans. Signal. Process., vol. 58, no. 12, pp. 6355-6368,
Dec. 2010.

[18] H. Shen, J. Wang, W. Xu, Y. Rong, and C. Zhao, “A worst-case robust
MMSE transceiver design for nonregenerative MIMO relaying,” IEEE
Trans. Wireless Commun., vol. 13, no. 2, pp. 695-709, Feb. 2014.

[19] F.Boccardi, R. W. Heath, A. Lozano, T. L. Marzetta, and P. Popovski,
“Five disruptive technology directions for 5G,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 74-80, Feb. 2014.

[20] C. Jeong, B. Seo, S. R. Lee, H. Kim, and I. Kim, “Relay precoding
for non-regenerative MIMO relay systems with partial CSI feedback,”
IEEE Trans. Wireless Commun., vol. 11, no. 5, pp. 16981711, May
2012.

[21] V. Havary-Nassab, S. Shahbazpanahi, and A. Grami, “Optimal dis-
tributed beamforming for two-way relay networks,” IEEE Trans.
Signal Process., vol. 58, no. 3, pp. 1238-1250, Mar. 2010.

[22] C. Kuo, S. Wu, and C. Tseng, “Robust linear beamfomer desings for
coordinated multi-point AF relaying in downlink multi-cell networks,”
IEEE Trans. Veh. Technol., vol. 11, no. 9, pp. 3272-3283, Sep. 2012.

TANG et al.: ROBUST JOINT SOURCE-RELAY-DESTINATION DESIGN UNDER PER-ANTENNA POWER CONSTRAINTS 2649

[23] G. Zheng, K. K. Wong, A. Paulraj, and B. Ottersten, “Robust collabo-
rative-relay beamforming,” /IEEE Trans. Signal Process., vol. 57, no.
8, pp. 3130-3143, Aug. 2009.

[24] M. Tao and R. Wang, “Robust relay beamforming for two-way relay
networks,” IEEE Trans Commun. Lett., vol. 16, no. 7, pp. 1052—-1055,
Jul. 2012.

[25] Y. Huang, Q. Li, W. Ma, and S. Zhang, “Robust multicast beam-
forming for spectrum sharing-based cognitive radios,” IEEE Trans.
Signal Process., vol. 60, no. 1, pp. 527-533, Jan. 2012.

[26] A. Khabbazibasmenj and S. A. Vorobyov, “Robust adaptaive beam-
forming for general-rank signal model with positive semi-definite con-
straint via POTDC,” IEEE Trans. Signal Process., vol. 61, no. 23, pp.
61036117, Dec. 2013.

[27] M. Grantand S. Boyd, “CVX' Users' Guide,” 2009 [Online]. Available:
http://cvxr.com/cvx/doc/index.html

[28] N. D. Sidiropoulos, T. N. Davidson, and Z.-Q. Luo, “Transmit beam-
forming for physical-layer multicasting,” IEEE Trans. Signal Process.,
vol. 54, no. 6, pp. 2239-2251, Jun. 2006.

[29] L. Vandenberghe and S. Boyd, “Semidefinite Programming,” SIAM
Rev., pp. 49-95, 1996.

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

Hongying Tang received the B.S. and M.S. degrees
in Electronic engineering from the University
of Electronic Science and Technology of China
(UESTC), Chengdu, and Shanghai Jiao Tong
University, Shanghai, China, in 2007 and 2009,
respectively. She is currently pursuing her Ph.D.
degree at Network Coding and Transmission Lab-
oratory, Shanghai Jiao Tong University, Shanghai,
China. Her current research interests include coop-
erative network and MIMO technique.

Wen Chen (M'03—SM'11) received the B.S. and
M.S. degrees from Wuhan University, China, in
1990 and 1993, respectively, and the Ph.D. degree
from the University of Electro-Communications,
Tokyo, Japan, in 1999. He was a researcher of Japan
Society for the Promotion of Sciences (JSPS) from
1999 through 2001. In 2001, he joined the University
of Alberta, Canada, starting as a Postdoctoral Fellow
with the Information Research Laboratory and con-
tinuing as a Research Associate in the Department of
Electrical and Computer Engineering. Since 2006,
he has been a Full Professor in the Department of Electronic Engineering,
Shanghai Jiao Tong University, China, where he is also the Director of the
Institute for Signal Processing and Systems. His interests cover network
coding, cooperative communications, cognitive radio, and MIMO-OFDM
systems. In this area, he has published 60 papers in IEEE journals and more
than 100 papers in IEEE conferences.

Jun Li (M'09) received Ph. D degree in Electronic
Engineering from Shanghai Jiao Tong University,
Shanghai, P. R. China in 2009. From January 2009 to
June 2009, he worked in the Department of Research
and Innovation, Alcatel Lucent Shanghai Bell as a
Research Scientist. From June 2009 to April 2012, he
was a Postdoctoral Fellow at the School of Electrical
Engineering and Telecommunications, the Univer-
sity of New South Wales, Australia. From April
2012 to now, he is a Research Fellow at the School
of Electrical Engineering, the University of Sydney,
Australia. He served as the Technical Program Committee member for several
international conferences such as APCC2009, APCC2010, VTC2011 (Spring),
ICC2011, TENCON2012, APCC2013, VTC2014 (Fall), and ICC2014. His
research interests include network information theory, channel coding theory,
wireless network coding and cooperative communications.



