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ABSTRACT In this paper, we investigate the transceiver design in a two-hop amplify-and-forward (AF)
multiple-input multiple-output (MIMO) relay system with the direct link and quality-of-service (QoS)
constraint. The QoS criterion is specified by the upper bound of the mean-squared error of the signal
waveform estimation at the destination node. To minimize the total system transmission power, we apply
a new AF relay protocol where the source node transmits signals during both time slots. Two iterative
algorithms are proposed to jointly optimize the source and relay precoding matrices for the general case with
multiple concurrent data streams, and the special case where a single data stream is transmitted, respectively.
Simulation results show the effectiveness of both proposed algorithms. Interestingly, for the single data
stream case, the second algorithm converges faster than the first algorithm. Compared with conventional
two-hop MIMO relay systems where the source node is silent at the second time slot, the new protocol
reduces the system transmission power. Under a given system transmission power, the proposed algorithms
yield a higher system mutual information thanks to a better utilization of the direct link. Simulation results
in this paper shed lights on some fundamental questions in relay system design such as when direct
communication between source and destination (without any relay nodes) is optimal, and when the new AF
relay protocol provides a larger gain compared with the conventional single phase source power allocation.

INDEX TERMS MIMO relay, QoS, MSE, direct link, single data stream.

I. INTRODUCTION

Wireless relay communication is an important technique to
improve the coverage and reliability of wireless communi-
cation systems [1], [2]. By deploying multiple antennas at
the nodes, we have multiple-input multiple-output (MIMO)
relay systems. As an emerging and promising technique for
future high-speed reliable wireless communication, MIMO
relay systems have gained much attention recently [3].

In this paper, we focus on amplify-and-forward (AF)
MIMO relay systems due to their low cost and simplicity in
implementation. For AF MIMO relay systems, the relay pre-
coding matrix that minimizes the mean-squared error (MSE)
of the signal waveform estimation at the destination node has
been proposed in [4]. A unified framework has been proposed
in [5] to optimize the source and relay precoding matrices
with a broad class of objective functions. In [4] and [5],
the direct link between the source and destination nodes

is ignored. However, in practical systems, the direct link pro-
vides valuable spatial diversity, and thus, should be properly
considered in the MIMO relay system design.

Transceiver optimization considering the direct link has
been addressed in [6] based on the optimal structure of the
relay precoding matrix. Robust transceiver design for MIMO
relay systems with the direct link has been proposed in [7].
The aim of [4]-[7] is to optimize a given objective function,
subjecting to the transmission power constraint at the source
and relay nodes. However, the quality-of-service (QoS) con-
straints are not addressed in [4]-[7]. Note that in practical
communication systems, QoS criteria are very important, as
they greatly affect the user experience.

QoS constraints have been considered in [8] for power
allocation in AF MIMO relay systems. In [9], transceiver
design has been proposed where the QoS requirements
are specified as Schur-convex functions of the MSEs.
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Transceiver optimization for two-way MIMO relay systems
with MSE constraints has been studied in [10]. However, the
direct link is not considered in [8] and [9]. Moreover, we
note that in the second time slot of conventional AF MIMO
relay systems [3]-[9], the source node is silent and only the
relay node forwards the signal to the destination node. In the
single antenna relay system of [11] and [12], the second
time slot is utilized by the source node to transmit signals to
the destination node through the direct link, which improves
the system capacity. However, [11] and [12] do not consider
MIMO relay systems and QoS constraints.

In this paper, we investigate the transceiver design in a two-
hop AF MIMO relay system with the direct link and QoS
constraint. The QoS criterion is specified by the upper bound
of the MSE of the signal waveform estimation at the destina-
tion node, since MSE is directly related to other commonly
used QoS criteria such as the system bit-error-rate (BER)
and the source-destination mutual information [13]. Different
to [3]-[9], we consider a new AF relay protocol [11], [12]
where the source node transmits signals during both time
slots. Based on this new protocol, we investigate the
transceiver design which minimizes the total network trans-
mission power subjecting to the MSE constraint. As this
protocol enables the source node to exploit the diversity of
the channel in both time slots, we expect that the system
transmission power can be reduced compared with conven-
tional systems in [3]-[9]. We would like to note that this
new protocol was first proposed for single-antenna AF relay
systems [11], [12] and recently extended to AF MIMO relay
systems [14]. However, the QoS issue has not been studied
in [11], [12], and [14].

Since the transceiver optimization problem is nonconvex
with matrix variables, the globally optimal solution is difficult
to obtain. We propose two iterative algorithms to solve the
problem. In particular, for the general case with multiple
concurrent data streams, we iteratively optimize the source,
relay, and receiver matrices till convergence. For the special
case where a single data stream is transmitted, we iteratively
optimize the source precoding vectors and the relay precod-
ing matrix by exploiting the optimal structure of the relay
matrix. In this case, the receiver matrix is obtained after the
convergence of the algorithm. Simulation results show that
both algorithms have fast convergence rate. Interestingly, for
the single data stream case, the second algorithm converges
faster than the first algorithm, as it reduces the number of
optimization variables during iterations. Compared with con-
ventional two-hop MIMO relay systems where the source
node is silent at the second time slot, the new protocol reduces
the system transmission power, particularly when the direct
link is strong. Under a given system transmission power, the
proposed algorithms yield a higher system mutual informa-
tion (MI) thanks to a better utilization of the direct link.

‘We would like to note that although both [14] and this paper
use two phases for source power allocation, the novelties and
contributions of this paper compared with [14] are summa-
rized below.
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1) The approaches used to optimize the source and
relay precoding matrices are different. For general
AF MIMO relay systems, the source precoding matri-
ces are updated through quadratically constrained
quadratic programming (QCQP) in [14], while in this
paper, the Lagrange multiplier method is applied to
optimize the source precoding matrices, which has a
lower computational complexity than QCQP.

2) The structure of the relay precoding matrix is different.
It is demonstrated in this paper that for both multiple
data streams and single data stream cases, the structure
of the optimal relay precoding matrix depends on the
strength of the direct link and the QoS constraint, which
is not shown in [14].

3) Compared with [14], more insights on the optimal
power allocation in AF MIMO relay systems are
revealed in this paper. We find that using both phases
for source power allocation provides a larger gain over
the conventional single phase source power allocation
when the direct link is not very strong or weak. When
the direct link is very strong compared with the relay
link, direct communication between source and desti-
nation (without any relay nodes) is actually optimal.

The rest of the paper is organized as follows. The model of
a two-hop AF MIMO relay system with direct link where the
source node transmits signals in both time slots is presented
in Section II. The transceiver optimization problem with MSE
constraints is also formulated in Section II. Two algorithms
are proposed in Section III. Section IV shows numerical
results which demonstrate the effectiveness of the proposed
algorithms. Conclusions are drawn in Section V.
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FIGURE 1. Block diagram of a two-hop AF MIMO relay system with direct
link where the source node transmits signals in both time slots.

Il. SYSTEM MODEL

In this section, we introduce the model of a two-hop AF
MIMO relay system with direct link where the source node
transmits signals in both time slots. As shown in Fig. 1, the
MIMO relay system we consider in this paper has three nodes,
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and there are N, N,, and N; antennas in the source, relay, and
destination nodes, respectively. The data transmission from
the source node to the destination node is completed in two
time slots. At the first time slot, the source node transmits
a linearly precoded signal vector B;s to both the relay node
and the destination node, where s is the N x 1 source signal
vector and By is the Ny x N; source precoding matrix. The
signal vectors received at the relay node and the destination
node at the first time slot can be written as

Y- = HBis+n, (D
Ya,1 = TBis+ng 1 (2)

where H is the N, x N; channel matrix between the source
node and the relay node, T is the Ny x N channel matrix
between the source node and the destination node, n, is the
N, x 1 noise vector at the relay node, and ny 1 is the Ny x 1
noise vector at the destination node at the first time slot.
We assume that E[ss] = Iy,, where E[-] stands for the
statistical expectation, (-)H denotes the Hermitian transpose,
and I, denotes the n x n identity matrix.

At the second time slot, y, is linearly precoded by an
N, x N, matrix F at the relay node, and the source signal
vector s is linearly precoded by an Ny x N| matrix B, at the
source node. Then the source node and the relay node send
the precoded signal vectors to the destination node. From (1),
the signal vector received at the destination node is given by

Va2 = GFy, +TBys +ny»
= (GFHB; 4 TBy)s + GFn, +n, » 3)

where G is the N; x N, channel matrix between the relay
node and the destination node, ny > is the Ny x 1 noise vector
at the destination node at the second time slot.

From (2) and (3), the received signal vectors at the
destination node in two time slots can be written as

ya = <GFHB1 ~|—TB2>S+ (GFn, +nd,2)

TB] ng |
=Hs+v 4)
where
= GFHB, + TB, — GFn, +ny, -
H= , V= ).
TB, ng |

We would like to note that (4) is the most general case for a
three-node two-hop AF MIMO relay system. If B, = 0, we
have a conventional MIMO relay system [3]-[9] where the
source node is silent at the second time slot. At the destination
node, y, is processed by a linear receiver due to its simplicity,
and the estimated signal is given by

§=WwWH" Yd ©)

where W is the 2N, x N1 weight matrix of the linear receiver.

We assume that all channels are quasi-static, i.e., channel
matrices H, T, and G remain unchanged during one trans-
mission cycle. We assume that all noises are independent
and identically distributed additive white Gaussian noise with
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zero mean and unit variance. We also assume that the des-
tination node knows the channel state information (CSI) of
H, T, and G. The destination node performs the transceiver
optimization, and then feeds back the optimized B; and B, to
the source node and F to the relay node.

The transmission power consumed by the source node
during two time slots is given by

P, = tr(B1BY 4+ B,BY) (6)

where tr(-) denotes the matrix trace. From (1), the transmis-
sion power consumed by the relay node is

P, = tr(F(HBBY H 4 1y, )F¥). @)

From (6) and (7), the total system transmission power can be
written as

P, =P, + P;. )

From (4) and (5), the MSE of the signal waveform estimation
at the destination node is given by
MSE = 1r(E[§ — 8)§ — $)/7])

= tr(WHH — Iy )(WHH — Iy + WICW) (9)

where C is the equivalent noise covariance matrix given by
HH
C=E[{’\_'H] _ GFF"G" + 1y, 0 .
0 Iy,

Based on (8) and (9), the transceiver optimization prob-
lem which minimizes the total system transmission power
subjecting to the MSE constraint can be written as

min P, (10)
B;,B,,W,F
s.t. MSE < e (11)

where e denotes the upper-bound of MSE. We would like
to note that MSE-based transceiver designs have been con-
sidered extensively due to their good performance and sig-
nificantly reduced complexity. It has been shown in [15] that
minimal MSE (MMSE) estimation plays an important role
in approaching the information-theoretic limits of Gaussian
channels. As mentioned in [16], the user-wise MSE can be
used to approximate the achievable rate of the users when
they jointly decode their streams. In particular, when MMSE
receivers are employed, the achievable rate of a user is written
as the negative logarithm of the determinant of the MSE error
covariance matrix, which is tightly related to the user MSE.

1lIl. PROPOSED TRANSCEIVER

OPTIMIZATION ALGORITHMS

The problem (10)-(11) is nonconvex with matrix variables
and the globally optimal solution is difficult to obtain.
Moreover, compared with the transceiver design for conven-
tional two-hop AF MIMO relay systems [8], [9], the prob-
lem (10)-(11) is more challenging to solve as B, also needs
to be optimized. In this section, we propose two iterative
algorithms to solve the problem (10)-(11). The first algorithm
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is developed for the general case of multiple concurrent data
streams (N1 > 1), where we iteratively update W, (B, B»),
and F till convergence. The second algorithm is designed for
the single data stream case where Ny = 1. In this case, we
iteratively optimize (b1, by) and F till convergence, and W is
obtained after the convergence of (b1, b,) and F.

A. TRANSCEIVER OPTIMIZATION

ALGORITHM FOR N; > 1

In this subsection, we present an iterative algorithm to solve
the problem (10)-(11) for the general case where multiple
concurrent data streams are transmitted from the source node
to the destination node.

Firstly, we consider the optimal receiver matrix W. Since
the objective function (10) does not contain W, with given By,
B,, and F, the optimal W that minimizes the left-hand side
(LHS) of (11) is the well-known Wiener filter [17] given by

W = (C+HH")"'H (12)
where ()~ denotes the matrix inversion.
Secondly, we fix W, By, and B, and optimize the relay
precoding matrix F by solving the following problem
min r(F(HB BYHY + 1y )F) (13)
s.t. MSE <e. (14)
The problem (13)-(14) is a convex optimization problem with
a convex quadratic objective function and a convex quadratic
constraint. The Lagrangian function associated with the prob-
lem (13)-(14) is given by
L, F) = tr(FHBBYH 4 1y, )F?) + A( MSE — ¢)
(15)
where A > 0 is the Lagrange multiplier. By taking the partial

derivative of L£(),F) with respect to F and let dL(A, F)/
dF = 0, we obtain the optimal structure of F as

F =F F,F; (16)
where

F; = A(Iy, + AGTW,WHG) 'GH W, (17)
Fy = Iy, — WYTB, — W/ TB, (18)
F; = BYH (HB,B/H" +1y,)"! (19)

and W, W, contain the first and the last N; rows of W,
respectively.

The unknown A can be obtained from the following com-
plementary slackness condition of the problem (13)-(14) as

A(MSE — ¢) = 0. (20)

If A = 0, then (20) holds. Based on (17) and (16), this results
in F = 0. If the MSE constraint (14) is satisfied under F = 0
for given W, By, and B, then F = 0 is the optimal solution
to the problem (13)-(14). This may occur when the direct link
is strong such that it is optimal to switch off the relay node.
Otherwise, there must be A > 0 such that MSE = ¢ in (20).
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The steps of obtaining such A are presented in Appendix A.
Then the optimal F is obtained from (16). We would like to
note that as a contribution of this paper, the dependence of F
on the strength of the direct link and the QoS constraint is not
shown in [14].

Thirdly, we fix W and F and optimize the source precoding
matrices B; and B,. With fixed F, we can ignore the term
tr(FFH ) in the objective function (10). By introducing

LY = WiT+WHGFH, LY =wiT
D = Iy, + H'F¥FH, ¢ = r(WHCW)

the problem (10)-(11) can be rewritten as

min (B DB; + BY By) (21)
B,.B>
st.orBBY) <e—¢ (22)
where
B =1y, — LB, — L¥B,. (23)

We apply the Lagrange multiplier method [18] to solve the
problem (21)-(22). The Lagrangian function of (21)-(22) is

L(By, By, w) = tr(BYDB; 4+ BYBy) + n(tr(BB) — ¢ + &)
where p > 0 is the Lagrange multiplier. ‘
By letting % = 0 and % = 0, where g—é denotes the
partial derivative of £ with respect to B;, we obtain
Bi = u(D+ pLiL{) " 'Li(y, — LBy (24)
By = u(y, + ploLy) ' Loy, LBy, (25)
The Lagrange multiplier w in (24) and (25) can be obtained

through the complementary slackness condition of the prob-
lem (21)-(22) given by

w(tr(BB?) — e+ ¢) = 0. (26)

Note that if u© = 0, then (26) holds. But this results in both
B; = 0 and B, = 0 according to (24) and (25). Therefore,
there must be a & > 0 such that B in (23) satisfies

r(BB)=¢—¢. 27)

Lemma 1: By solving L{{Bl and Lé'IBz from (24) and
(25), we obtain the following equation

B = (w(LD'L + LoLY) + Iy)~". (28)

Proof: See Appendix B. [ ]

By substituting (28) into (27), and introducing the eigen-

value decomposition (EVD) of LED™'L; + L¥L, =

QYQ!, where Y is the eigenvalue matrix, (27) can be equiv-
alently rewritten as

Ny 1

— —=—e¢—e¢ 29
; (I + vi)? @
where v; is the ith diagonal element of Y. It can be seen that
asv; > 0,7 = 1,...,Np, the LHS of (29) is monotoni-
cally decreasing with respect to p when & > 0. Thus, we
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can efficiently solve u from (29) for example by bisection
method [18]. After obtaining ©, we can obtain L{{ B; and
L‘;I B, according to (70) and (71), respectively, and then
obtain the optimal B; and B, from (24) and (25). Note
that in [14], By and B, are updated through quadratically
constrained quadratic programming (QCQP), which has a
higher computational complexity than the Lagrange multi-
plier method.

TABLE 1. Procedure of the proposed algorithm for N; > 1.

1) Generate feasible Bgo), B;O), and F(0>; set n = 0.

2) Use (12) to calculate W (™) using B(ln)7 Bgn), and F(),

3) Set F(+1) = 0 and check if it satisfies (14). Otherwise, solve A from
(61) and obtain F(*+1) from (16).

4) Solve y from (29) and obtain L{{Bém'l) and LHB(2"+1) from (70)
and (71). Then obtain the optimal Bln+1) and B2n+l) from (24) and
(25).

5) Caleulate P{" ™) in (8) using F(»+D, B and BT 1

(n) _ p(n+1)
% < g, iteration ends. Otherwise set n = n + 1 and
go to étep 2).

With the analysis above, we can jointly optimize the
source, relay, and receiver matrices as shown in Table 1. This
algorithm starts with feasible F, B, and B;, and iteratively
optimizes W, F, and (B, B). At each iteration, W is firstly
updated using (12). Then we update F by solving A from (61).
Finally we calculate u in (29) and update B and B, according
to (24) and (25). This iterative process continues until the
termination condition is satisfied. We would like to note that
since the objective function P; is non-increasing in every
iteration and P, > O, the convergence of this algorithm
follows from this observation.

B. TRANSCEIVER OPTIMIZATION
ALGORITHM FOR N; =1
In the case of a single data stream, the dimension of source
signal vector s is 1. Thus, the source precoding matrices By
and B, become vectors by and by, and the receiver matrices
W; and W, become vectors w; and w;. In this subsection,
we develop an iterative algorithm to solve the transceiver opti-
mization problem (10)-(11) by exploiting the rank-1 structure
of the relay precoding matrix in the special case of N| = 1.
By substituting (12) back into (9) and considering that
N1 = 1, the MSE becomes

MSE = (1 + b T Th; + b7 C~'b)~! (30)

where b = Th, + GFHb; and C = GFFYG" + I,. The
total transmission power in this case becomes

P, =bi'b; +bi'by + or(F(H b HY + Ty )FF).  (31)

Based on (30) and (31), the problem (10)-(11) can be
rewritten as

brr})inF biby + biby + tr(FH b BT HY + 1y )FT) (32)
1,02,

s.t. 14+ b THTh; 4 b7C~'b > 1/e. (33)
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We first optimize the relay matrix F with by and b,
fixed. We have shown that the optimal F has the structure
in (16)-(19). In the single data stream case, (16) becomes

F = afy G w bl HY (34)

where o = 1/(1 + AWl GG w), B = 1/(1 + b/ HHb)),
andy =1 —W?Tbl —Wfsz. Similar to the case of N1 > 1,
we first check whether A = 0 is a valid solution, if not then
there is A > 0. When A > 0, by introducing q = afy G w,
(34) can be rewritten as

F = qb’H". (35)

It can be seen from (35) that the optimal F in the single data
stream case is rank-1. Using (35), b and C in (30) become

b= Th, + ¢Gq, C= CquHGH + Iy, (36)

where ¢ = bY HHb,. Based on (35), (36), and the following
identity

H -1
aa M"a=———a
( +AD alla+ )

we obtain

TR, b THGq — 1)?
bHc—‘b=b§THTb2+c<1 _ b a1 (37

1+ cq”GHGq
Using (35), the transmission power consumed by the relay
node becomes (c2 + c)qH q. Based on (37), it can be seen that

with fixed by and by, the problem (32)-(33) can be rewritten
as the following problem

rrgn qq (38)
b THGq — 1]

i A il P 39
ST dGiGq — ¢ 39

where & = 1 (1 + b (THT + HYH)b; + b T Th, — g).
In the following, we show that the problem (38)-(39) can be
efficiently solved by the Charnes-Cooper transformation [19]
and the semidefinite relaxation (SDR) technique [20].

The constraint (39) can be rewritten as

q'G"ThbY T Gq + a < ec(Gq+ ) (Gq+ 1)  (40)

where n = éTbl anda = 1 —é+ecpf . Let us introduce an
auxiliary variable ¢ with |f| = 1 and f = 7q. By multiplying
both sides of (40) with |t|2, the constraint (40) becomes

1GHThbY THGE + a < ec(GE + nt) (GE + nr). (41)

By introducing f = [, #]7 in (41), the problem (38)-(39)
can be equivalently rewritten as

min f7Af (42)

f
s.t. F1Af + a < et Asf (43)
AL =1 44)
24207
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where

| GHTb, b THG
Al:(Nr 0)’ Az:( o 0

GH 0

By using the SDR technique, the problem (42)-(44) can be
relaxed to the following semidefinite programming (SDP)
problem

rl{mé tr(RA}) 45)
5.t tr(RAY) + a < 3¢ 1r(RA3) (46)
r(RA) = 1. (47)

The SDP problem (45)-(47) can be efficiently solved by
interior-point methods [21].

The optimal f for the problem (42)-(44) can be found by
first solving the SDP problem (45)-(47) and then recovering
f from R as follows. If the solution R is rank-1,1i.e., R =rrf,
then we let f = r. For the case of higher rank R, according
to Theorem 2.3 (Algorithm 3) in [22], we can find a vector
fo in polynomial time such that tr(fg’ Afy) = r(RA)), i =
1,2, 3, 4, which means we can find a rank-1 optimal solution
f‘of{f to the relaxation problem (45)-(47) and f'o is the optimal
solution to the original problem (42)-(44). Then we can obtain
q = f/t and the optimal F = b H .

After optimizing F, we fix F in the problem (32)-(33)
and optimize the source precoding vectors by and by. With
fixed F, by introducing a vector b = bT, bg 17, the constraint
(33) can be rewritten as

(1+bob) ! <e (48)

where

HYFAGH Y - _ THT 0
<I>:< T )CI(GFH T)+(0 0).

With fixed F, we can ignore the item tr(FF?) in (32). And
the objective function can be rewritten as b Pb, where

HyH
p— (H K g) Ly, (49)

Using (48) and (49), the problem (32)-(33) can be rewritten
as

min b Pb (50)
1

st.bi®b> - — 1. (51)
e

The problem (50)-(51) can be solved by using the
SDR technique, where we obtain a relaxation of the
problem (50)-(51) as

min 77 (PQ) (52)
Q=0
s.t. ir(®Q) > é —1. (53)
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After solving the SDP problem (52)-(53), by using the ran-
domization technique in [23], the optimal b for the problem
(50)-(51) can be recovered from Q by finding a vector by
such that 7r(PQ) = bf/Pby and t(®Q) = bf ®by. Then
the optimal by and b, can be obtained from by.

TABLE 2. Procedure of the proposed algorithm for Ny = 1.

1) Generate feasible bgo)’ b<20), and q(0>; set n = 0.

2) Solve the SDP problem (45)-(47) to obtain the optimal R. Then
use Algorithm 3 in [22] to find a vector f such that tr(RA;) =
fHA;f,i=1,2,3,4, and obtain q according to [tq”,t] = fT. Let
F(ntl) — q(bg’ﬂ«))HHH

3) Solve the SDP problem (52)-(53) to obtain the optimal Q Then find
b using [23] such that tr(PQ) = bYPb and tr(®Q) = b &b,
and obtain b§n+1) and bgnJrl) from [(b7HT (b3 ™) T] = bT.

4) Calculate the total transmission power Pt(n+1) using F(n+1) b§n+1),

(n)_ p(n+1)
(n+1) . P -P
and b, LI = P“”t)

n 4+ 1 and go to Step t2).

< g, iteration ends. Otherwise set n =

Now we can iteratively optimize the source precoding
vectors by, by, and the relay precoding matrix F. In each
iteration, we first solve the SDP problem (45)-(47) and obtain
the optimal F as (35) by recovering q from R. Then we solve
the SDP problem (52)-(53) and obtain the optimal by and b,
by recovering them from Q. The procedure of the proposed
algorithm for the case of Ny = 1 is summarized in Table 2.
Since the update of b and F can only decrease or maintain
the objective function (31), the convergence of the proposed
algorithm in Table 2 follows from this observation.

IV. NUMERICAL RESULTS

In this section, we study the performance of two proposed
algorithms through numerical simulations. In the simulations,
the channel matrices H, G, and T are set to complex Gaussian
random matrices whose entries are independent and identi-
cally distributed (i.i.d.) Gaussian random variables with zero
mean and variance of oy, og, and or, respectively. We set
oy = o = | and introduce A = og/or to measure the gain
of the relay link over the direct link. A large A indicates a
week direct link relative to the relay link. For convenience,
we refer to the algorithm for the general case of Ny > 1
as Algorithm 1 and the algorithm for the special case of
Nj = 1 as Algorithm 2. The SDP problems in Algorithm 2
are solved by the CVX convex optimization toolbox [24].
As comparison, the performance of the conventional AF
MIMO relay system where the source node is silent at the
second time slot (i.e. B, = 0 for Ny > 1 and b, = 0 for
Np = 1) is shown. We also include the performance of a two-
hop AF MIMO relay system without the direct link (o7 = 0)
as a benchmark [5].

Let us introduce the singular value decompositions (SVDs)
of H = UD,V}, G = U,D,VY, and T = U,D,V/.
The proposed algorithms are initialized by By = ¢V, Dy,
F = {Vg,lDfUﬁl, and B, = 0, where ¢ is a positive value,
Vi1, Vg 1, and Uy 1 contain Ny columns of Vj, Vg, and Uy,
respectively, associated with the corresponding largest Nj
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singular values, D and Dy are N x N; diagonal matrices
with random positive diagonal elements. Note that such
initialization enables a fair comparison with the conventional
AF MIMO relay system where the source node is silent at the
second time slot. To obtain feasible initial precoding matrices,
we start with a small ¢ and increase the value of ¢ with a given
step length until the MSE constraint (11) is satisfied. In the
simulations, we have also tried to initialize By = V; 1D»,
where V; 1 contains Ni columns of V; associated with the
largest N; singular values of T, and D, is an N; x N
diagonal matrix with random positive diagonal elements.
Simulation results show that these two initialization
approaches yield similar results. All simulation results are
averaged over 1000 channel realizations.

35

—e— A=10dB (Algorithm 1) ’ ]

—+— A=10dB (B,~0)

- =0--A=20dB (Algorithm 1)

ol -—e- A=20dB (B ~0) : : ]

—+— No direct link

_5 I
10° 10" 10

NMSE

Total Power (dB)
[

FIGURE 2. Example 1: P; versus the NMSE at various direct link strength.
Algorithm 1, Ny =2, Ns =Ny =Ng = 2.

In the first example, we study the impact of the direct link
and B, on the system performance. The number of antennas is
fixed to Ny = N, = Ny = 2. To test the system performance
at various strength of the direct link, we set A as 10dB and
20dB. Fig. 2 shows the system total transmission power P;
versus the normalized MSE (NMSE), where N; = 2 is chosen
for Algorithm 1. Here, the NMSE is obtained by dividing
the MSE (9) by the number of data streams N;. It can be
seen from Fig. 2 that for all systems, the transmission power
required to achieve a certain MSE increases when the MSE
constraint becomes stricter (i.e. smaller NMSE). For a given
NMSE, a remarkable power saving can be achieved if the
direct link is considered, and such power saving is more
significant when the MSE constraint is stricter. We can also
observe from Fig. 2 that compared with the conventional AF
MIMO relay system where B, = 0, Algorithm 1 further
reduces the system power level, especially in the case of strict
MSE constraint and strong direct link (smaller A). This can
be explained by the fact that when the direct link is strong, it
is important to exploit the direct link in the second time slot.
While for a weak direct link, more power should be allocated
to the relay link. In this case, there is not much difference
between B, = 0 and B, # 0.
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FIGURE 3. Example 1: P; versus the NMSE at various direct link strength.
Algorithm 2, Ny =1, Ns =Ny =Ny = 2.
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FIGURE 4. Example 2: System Ml versus P; at various direct link strength.
Algorithm 1, Ny =2, Ns =Ny =Ny = 2.

Fig. 3 illustrates the system total transmission power versus
the NMSE with Ny = 1 using Algorithm 2. Similar to
Fig. 2, we can observe from Fig. 3 that the power required to
maintain a certain MSE decreases as the direct link becomes
stronger. It can also be seen that Algorithm 2 reduces the
system power consumption throughout the whole range of
NMSE.

In the second example, we show that the performance
gain achieved by the two proposed algorithms in terms of
saving the system transmission power while ensuring QoS
is also reflected in the increase of the system MI under a
given power. In this example, the simulation parameters are
set identical to those in the first example. The system MI is
calculated after F, By, and B, are obtained using Algorithm 1
in Table 1 as

MI = log, |Iy, + B C7'H.

Note that we have ignored the constant factor 1/2 that
accounts for the two time slots used. As this factor is ignored
for all other schemes, it has no effect on the performance com-
parison between the proposed algorithms and other schemes.
Fig. 4 shows the system MI versus the total transmission
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FIGURE 5. Example 2: System MI versus P; at various direct link strength.
Algorithm 2, Ny =1, Ns =Ny =Ny = 2.

power P;. It can be seen that among the systems tested,
Algorithm 1 yields the highest system MI through optimiz-
ing By. The increase of the MI is more significant at high
power levels and when the direct link is stronger.

Fig. 5 illustrates the system MI versus P; with N = 1
using Algorithm 2. Similar to Fig. 4, it can be observed
from Fig. 5 that Algorithm 2 has the highest system MI.
Moreover, the MI gain is larger at A = 10dB than A = 20dB.
Interestingly, unlike in Fig. 4, the MI gain is almost constant
at all power levels. Such difference is mainly due to different
number of data streams in two scenarios as will be verified
later on.

-6 ——
-8t ]
-10t |
o
A B T I - B g @
5
z -14] ¥ ]
= o
[ | e —+— N=16 (Algorithm 1)
-16
e & —o—N=16 (b,0)
7
—-18F & N=16 (No direct link) |
27 —+~ N=64 (Algorithm 1)
—20¢” —o— N=64 (b2:0) i
== N=64 (No direct link)
_22 i i 1
5 10 15 20

A (dB)

FIGURE 6. Example 3: P; versus A. Algorithm 1,e =0.3,N; =1,
Ns =Nr =Ng =N.

In the third example, we fix the MSE constraint e = 0.3
in (11), and vary A to provide an insight of Algorithm 1.
Weset N = 1l and Ny = N, = N; = N. Fig. 6 shows
P; versus A. It can be seen that as A increases, the system
power required approaches to that of the system without the
direct link. Interestingly, we observe that the power required
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under Algorithm 1 is very close to that with By = 0 when A
is very large or small. This can be explained as follows. When
A is small, the direct link is strong enough and only little or
no power should be transmitted through the relay link. Since
the direct link channel T is assumed to be constant during two
time slots, setting B, = 0 does not change the system MSE
and power consumption. On the other hand, when A is large,
the direct link is very weak such that all the transmission
power should be directed to the relay link. Thus, By = 0 is
optimal in this scenario. It can also be observed from Fig. 6
that for both N = 16 and N = 64, Algorithm 1 saves the
system power in the middle range of A.

0.5
¥
OAr_ ool — AT O O e
2 a7
~ 031 : ¥ |
& 2
e /
2 ’
021 v ——N=16 (Algorithm 1) [
, / —o—N=16 (b2=0)
/ * N=16 (No direct link)
0.1 //.’ —*— N=64 (Algorithm 1) |1
/3, —o- N=64 (bZZO)
e .= = N=64 (No direct link)
0e== : ‘ ‘
0 5 10 15 20

A (dB)

FIGURE 7. Example 3: p = P, /P; versus A. Algorithm 1,e=0.3, N; =1,
Ns =Nr =Ng =N.

Let us introduce p = P,/P; as the percentage of the
transmission power consumed by the relay node out of the
total transmission power. Fig. 7 shows p versus A. We can
see that when A = 0, the transmission power in the relay
link is reduced to 0, which means F = 0 (i.e., (20) holds with
A = 0) when the direct link is strong. This agrees with the
observation in Fig. 6. Moreover, it can be seen from Fig. 7
that p increases with A and approaches to that of the system
without the direct link. Due to a better utilization of the direct
link through B, Algorithm 1 yields a smaller p and converges
to the system without the direct link slower compared with
setting B, = 0. Interestingly, we can also observe from
Fig. 7 that the number of antennas affects p. For each A,
alarger N results in a smaller proportion of power transmitted
through the relay link. From Figs. 6 and 7, we can see that
to achieve a given system MSE, increasing the number of
antennas effectively reduces the system transmission power
consumption.

In the fourth simulation example, we compare the per-
formance of the two proposed algorithms with Ny = 1,
as Algorithm 2 is only applicable to a single data stream
system. We set Ny = N, = Ny = N and A = 10dB.
Fig. 8 illustrates the system MI versus the total transmission
power. It can be seen from Fig. 8 that when N is small
(N = 4), both algorithms have a very close MI performance.
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FIGURE 8. Example 4: Comparison between two proposed algorithms.
A= lOdB,N] =1,Ns=Nr =Ng =N.

When N is large (N = 16), Algorithm 2 has a slightly better
MI performance than Algorithm 1. This can be explained by
the fact that Algorithm 2 involves less optimization parame-
ters. It can also be observed from Fig. 8 that both algorithms
are capable of reducing the transmission power as the number
of antennas increases, which agrees with the observation
in Figs. 6 and 7.

7 ‘ ‘
—— N=64, A=10dB v
61 - —*— N=64, A=20dB P,‘/ i
—o—N=16, A=10dB /)
T 5|| —°- N=16,A=20dB oF
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l L. .
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Total Power (dB)

FIGURE 9. Example 5: Normalized Ml versus P;. Ny = Ns = Ny = Ng = N.

In the fifth example, we study the performance of
Algorithm 1 with a large number of data streams. Fig. 9 shows
the normalized MI (system MI divided by N) versus P;.
We set NN = Ny = N, = N; = N and chose A to
be 10dB and 20dB. The MSE constraints are set as loga-
rithmically spaced numbers from 0.01N to 0.9N. It can be
seen from Fig. 9 that at A = 10dB, the MI per data stream
remains almost unchanged as N increases from 16 to 64. For
A = 20dB, the normalized MI is slightly higher at N = 16.
Therefore, Algorithm 1 can be applied in relay systems with
a large number of antennas such as massive MIMO relay
systems.
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TABLE 3. Average number of iterations required by two proposed
algorithms till convergence.

e 001 | 0.1 | 0.5
Algorithm 1, N =2 | 11.8 | 54 | 43
Algorithm 1, N =4 | 148 | 64 | 6.1
Algorithm 2, N =2 | 45 | 44 | 42
Algorithm 2, N =4 | 65 | 64 | 52

In the last example, we study the convergence behavior
of the two proposed algorithms. We choose A = 10dB,
Ny = N, = N; = N, and set the convergence criterion
e = 107* in Tables 1 and 2. It can be seen from Table 3
that as expected, for both proposed algorithms, the number
of iterations increases when e decreases and N increases.
We can also see that Algorithm 2 has a faster convergence
rate than Algorithm 1.

Finally, we compare the computational complexity of the
two proposed algorithms. We set Ny = Ny =N, = Ng =N
for Algorithm 1 and Ny = 1,Ny = N, = Ny = N for
Algorithm 2. In one iteration of Algorithm 1, since the
bisection method has a low complexity, the computation
of Algorithm 1 is mainly on matrix multiplication, inver-
sion, EVD and SVD operations, which have a complex-
ity order of O(N?3). For one iteration of Algorithm 2, the
computational complexity is mainly from the solving the
two SDP problems (45)-(47) and (52)-(53) which has a
complexity order of O(N”) [21]. Thus, Algorithm 2 has a
higher per iteration complexity than Algorithm 1. However,
Algorithm 2 converges faster (see Table 3) and has a better
performance (see Fig. 8) than Algorithm 1 when N; = 1.
Such performance-complexity tradeoff is interesting in prac-
tical MIMO relay systems.

V. CONCLUSIONS

We have investigated the transceiver optimization for
two-hop AF MIMO relay systems with the direct link and
MSE constraints, where the source node transmits signals in
both time slots. Two iterative algorithms have been developed
to minimize the total system transmission power subjecting
to MSE constraints by jointly optimizing the source, relay,
and receiver matrices. Algorithm 1 works for the general
case of multiple concurrent data streams, while Algorithm 2
is developed for the single data stream case. Simulation
results show that both proposed algorithms converge fast
and reduce the system transmission power compared with
conventional two-hop AF MIMO relay systems where the
source node is silent at the second time slot. Under a given
system transmission power, the proposed algorithms yield a
higher system MI thanks to a better utilization of the direct
link. We have found that using both phases for source power
allocation provides a larger gain over the conventional single
phase source power allocation when the direct link is not very
strong or weak. When the direct link is very strong compared
with the relay link, direct communication between source
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and destination (without any relay nodes) is actually optimal.
As future works, transceiver optimization which guarantees
QoS for the system in this paper under imperfect CSI will
be investigated. Applying the new protocol to AF MIMO
relay systems with nonlinear receivers is also an interesting
problem for our future research.

APPENDIX A
SOLUTION TO 1 IN (20)
By substituting (16) back into (9), we have

MSE = t(W! GF F,F;(HBB/HY + 1y F{FYF!
x GHW, — F,BHF FIFI GH W,
— WY GF | F,F3HB FY) + tr(FoFY + WHW).

(54)
From (19), we obtain the identity of
F3(HB;BYH” + 1y)FY = F;HB,. (55)
Denoting
F| = WIGF, = Fl'G'w, (56)
F; = F3HB, = BYHAFY (57)

and using (55), we can rewrite (54) as
MSE = tr((F) — Iy )F2F3FY (F) —Iy) + ¢ (58)

where ¢ = tr(Fng + WHW — F2F3F§’ ). By introducing
the SVD of WG = UZ V¥, from (56) and (17), F; becomes

F| = AUS(y, + 2337120, (59)
By substituting (59) back into (58), we have
MSE = tr(AE(y, + 227" — Iy, ) UM F.F3FS U
x(AE(Iy, + 227 —Iy) + 2. (60)

Denoting the ith main diagonal elements of U7 F,F3F4 U and
Y bywjandoj, i = 1,..., N, respectively, MSE = e can
be equivalently rewritten from (60) as
Ny o
1 v
——— =e¢—cé. 61
; (14 ro?)? D

Since UA lev?gF’; U is positive semidefinite, we have w; > 0,
i = 1,...,N;. Thus, the LHS of (61) is monotonically
decreasing with respect to A > (. Therefore, we can
efficiently solve A > O from (61) using the bisection
method.

APPENDIX B
PROOF OF LEMMA 1
Using the matrix identity of
A+BCD) ' =A""—A"'BDA'B+C ) 'DA™!
(62)
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we have

uLY (D + L L) 'L,
= uL'D7'L) — pL DL ADTIL 4 Iy !
x LID™IL,
= pLi DLy, — WD 'Ly + 7 Iy T 'L DL
= LD L (DT + Ty !
= A1A; +1y) ™! (63)

where A = ,uL'i{ DIL;. Similarly, we have
uLE Iy, + Lo L) 7'l = Ay(As +Iy)™! (64)

where Ay = ,ule'I L,.
Left-multiplying both sides of (24) and (25) by L# and L%,
respectively, and using (63) and (64), we have
LYB; = Ai(Iy, + A~ 'y, —LYBy) (65)
LYB; = Aoy, + A2) 'y, —LYBy).  (66)
By substituting (66) into (65), we obtain
LB = Ai(Iy, +A) 7'y, — Aoy, +A2)~!
x (Iy, — LYB1))
= ALy, +A) 'y, +A)™!
+ A1y, + A TA My, + A7 ILEBy. (67)
Solving (67) for LB, we have
LYB; = (Iy, — A1(Iy, + A 'Ax(y, + A~ H7!
x A1y, + AN Ay, + A2 (68)
Applying the matrix identity (62), we obtain
Iy, — A1y, +AD Aoy, +A)™H™!
= ((Iy, + Iy, — Ay, + A" HA)Ay, +A2)~H7!
= ((Iy, + Iy, +AD'A) Ay, + A" H!

= (Iy, + Ay, + Ay, + A A ™!
= (Iy, + A2y, + A1 +A2) " (Iy, +Ay). (69)

Substituting (69) back into (68), we have that

LYB; = (Iy, + Ay, + A1 + A2 'Ai(Iy, +Ag)~!
= A1y, +A) "+ Iy) ALy, + A !
= A1y, + Iy, +A)T'AD(dIy, +A2)7!
= A1y, + A1 + AL (70)

In a similar way, we can obtain
LBy = Aoy, + Aj + Ap) 7" (71)
Finally, by substituting (70) and (71) back into (23), we have

B=1Iy - LB - LB,
=Iy, — (A1 + Ay, + A1 +Ay)~!
=y, +A1 + Ay~
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