IEEE COMMUNICATIONS LETTERS, VOL. 21, NO. 8, AUGUST 2017

1819

A Relaying Scheme Based on Diagonalization for Multi-Relay
Symmetric MIMO Communication Networks

Yongzhi Yu and Weikun Zhang

Abstract— This letter investigates an effective relaying scheme
for the existing multi-relay symmetric multiple-input—multiple-
output (MIMO) communication networks, with a source—
destination pair that communicates through amplify-and-forward
(AF) multi-relay nodes. The maximum mutual information (MI)
is taken as the design criterion with per relay power constraint.
Considering the objective function can be maximized by diag-
onalizing the matrix of the determinant, a low-complexity and
decentralized design is developed to solve this problem. Based
on mathematics theory and variable substitution, the objective
function is constituted with the sum of multiple diagonal matrices
by eigenvalue decomposition (ED) and singular value decompo-
sition (SVD), the original optimization problem is transformed
into a standard scalar convex optimization problem. Finally,
the Karush—-Kuhn-Tucker (K.K.T) conditions are employed to
obtain the optimal values of the diagonal elements for all power
allocation matrices. Numerical results show that the proposed
scheme can significantly improve the system performance.

Index Terms— Multi-relay, relaying scheme, diagonalization,
K.K.T conditions, system capacity.

I. INTRODUCTION

ELAYING schemes have become more popular because

of their implementation simplicity and low-complexity,
an effective relaying scheme can improve the communication
quality between the source and the destination.

For a practical MIMO relay network, it is an inevitable
tendency to apply multi-relay, so research on multi-relay
MIMO networks has significant sense. Recently, MIMO multi-
relay networks have been examined in [1]-[4]. A conven-
tional simple amplify-and-forward (SAF) relaying scheme
was introduced in [1]. In [2] a relaying scheme for matrix
triangularization was proposed, the effective channel matrix
was transformed into a triangular form by the phase control
matrix. Aiming to overcome a performance loss in terms of the
network capacity in [2], a scheme of QR decomposition (QRD)
at the destination was proposed in [3]. Fu et al. [4] investigated
a diagonal relaying scheme under a total relay power constraint
to maximize the information rate, the scheme had a much
better spectral efficiency than some of the existing methods
when the relay power was moderated to high.

However, in AF multi-relay symmetric MIMO networks,
conventional relaying schemes need high computational com-
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Fig. 1. System model of two-hop AF multi-relay symmetric MIMO relay
network.

plexity as well as the optimization is done in a centralized
manner; they focus on channel diagonalization or giving the
precoding matrix directly. There are no investigations that
the objective function could be maximized by diagonaliz-
ing the matrix expression. Motivated by this fact, the main
contributions of this letter are as follows. First, considering
the specialization of the MI expression, the objective func-
tion could be maximized by diagonalizing the matrix of the
determinant based on mathematical theory. Second, exploiting
the low-complexity and decentralized relaying scheme, each
relay precoding matrix is solved separately and the objective
function is transformed into the sum of multiple diagonal
matrices by ED and SVD, based on which the form of the
each relay precoder is derived. Finally, compared with the
conventional relaying scheme, our proposed scheme shows
significant gains, in particular, it is more obvious when the
number of relays increases.

Some notations are used in this letter. We adopt bold
face letters to denote vectors and matrices, in which lower
case represents vectors and upper case represents matrices.
E[-] denotes the expectation operation. (-)" stands for the
Hermitian transpose, diag(-) is defined as the diagonal matrix.
tr(-) represents the matrix trace. | - | denotes the determinant
operation of a square matrix and (-)~! represents matrix
inversion. The operation (x)4 returns max(x, 0).

II. SYSTEM MODEL

In this section, the two-hop AF multi-relay symmetric
MIMO relay network model is considered, which comprises a
source—destination pair both equipped with N antennas, source
and destination are communicating through K relay nodes
equipped with M antennas, as illustrated in Fig. 1.

In the first time slot, the source broadcasts the signal vector

€ CN*! to all the relay nodes through the backward
channels (BCs). Let H, € C**N (k = 1,2,---,K) stand
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for the channel matrix from the source to the kth relay node.
The received signal y, ; € CM*1 at the kth relay node is

Yex = His +ny (D

Where n,; is complex additive white Gaussian noise(AWGN)
at the kth relay node.

In the second time slot, the kth relay precoding matrix
Q, € CM*M processes the received signal Y.k and then
all relay nodes simultaneously forward their linear processed
signal to the destination through the forward channels (FCs).
The transmitted single X, at the kth relay node and the
kth relay power constraint are given as

Xrk = Qp(Hgs +n, ) 2)
tr{Qu(Ps/NHH + 6 13)Q} < P, A3)

Where P; and P, are defined as the maximum transmission
power at the source and all the relay nodes, respectively.
o} is noise power at each relay node. Let Gy € CN*M
(k = 1,2,---,K) stand for the channel matrix from the
kth relay node to the destination, the received signal r € Cchxl

at the destination is given by

K

r=> GuQuHis + Q) +ng=Hs+n (4
k=1

Where n; € CV*! is the complex AWGN at the destination.
H = Z,le G Q;Hy is the equivalent channel matrix from
the source to the destination, n = Zle G Qn.x + ny is
the equivalent noise between the source and the destination.
For simplicity, we assume that all the BCs and FCs are
independently and identically distributed and experience the
same Rayleigh flat fading.

III. RELAY PRECODING SCHEME DESIGN

In this section, the objective function is maximized by
diagonalizing the matrix of the determinant. We propose a
low-complexity and decentralized relaying scheme that has
an evident performance improvement in the communication
network. According to the problem model and the letter [5],
the optimization problem of the MI maximization is given by

C =(1/2)1 I HRH R 5

QX (1/2)logy |1y + HR ol (5)

st w{Qe(y + psHiH QY < prM, k=1,2,--- K
(6)

Where p; = S/No'2 and p, = ,/M(f2 are defined as the
signal-to-noise ratio (SNR) coefficient of the BC and the FC,
respectively. The factor 1/2 in (5) comes from the fact that the
efficiency of the signal drops by one-half in two time instances.
In the following discussion, we will ignore this factor. Ry, is
the covariance matrix of the equivalent noise n between the
source and destination, whose expression is the following:

K

R, =Emn”]1=> GiQR,, QG +Ry, ()
k=1
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By substituting (7) back into the objective function of (5),
we can obtain the expression of MI as the following:

K

C =logy Iy + psO_ GrQHH Qf G (Iy
k=1

+GrQ QI G (8)

Where we assume that equation (9) is set up aiming for
the optimization to be done in a decentralized manner and
equation (10) can be proved by the property (I + AB)~! =
I—-AJI+BA)"'Band (A+BCD) ' = A~ —A~'B(C! +
DA~'B)"'DA!.

K
> GQH HY)" Q" (G =0 ©)
k=1
K
GQHH QG (Iy + D G QG ™!
k=1

= G QHHI QMG Iy + G, QQF G (10)

Where the subscript & is the complementary number of k. The
original optimization problem (5)-(6) can be rewritten as

K
1 | G H;
0T og, [Iy +ps(k§ 1 Qi Hi (Iy
+ G QQIGHT'HIQIGHI ()
st wr{Qu(Iy + pHHHQY Y < peM, k=1,2,--- K
(12)

From the Hadamard inequality [5], the determinant of a
positive definite matrix is maximized only when the matrix
is a diagonal matrix. To guarantee the maximization of the
objective function in (11), each part matrix of the determinant
must be diagonalized. The diagonalization requirement in (11)
motivates us to employ matrix decomposition.

In the following, we analyze the structures of the opti-
mal relay precoding matrices for all relay nodes. First, for
the first relay node, let Ay = Iy + p;G1QHi(Iy +
G1Q, QG 'HI QI GY, according to the lemma [6]:
if X € CV*N and Y € CV*N are two positive definite
matrices, then

X+ Y| = [X|[I+ X 1/2yx—1/2 (13)
The objective function in (11) can be rewritten as
K
-1/2
log|A1] + log [Ty + A7 %5, " GiQH; (Iy .

=2
+GiQQI G THI QI GIA[

For the first relay node, we consider the ED of Hle’
and G{{Gl
HH? =U AU GHEG) =V,D VI (15)

Where A1 = diag(ai1,---,a1,m) with a1, > 0, and
D, =diag(B1.1, -+, f1.m) with f1, >0, m =1,2,--- , M.
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U; and V; are unitary matrices. Then the optimal form of the
first relay precoding matrix is written as

Q, = ViF,Uf

Where Fi = diag(fi,1,---, fi,m) with fi, > 0 is denoted
as the first relay power allocation matrix.

By substituting (15)-(16) back into the expression for Aj,
and according to the matrix operation rules of the expres-
sion (19) in [7] and [8], the first term of the objective function
in (14) is rewritten as

(16)

log|A1] = log, [Ty + ps (A1FID (Iy + D1FH~ Y| (17)

Obviously, the computation result of Aj in (17) is a diagonal
matrix, for the second term of the objective function in (14)
can be given as follows

log, | Iy + psA GzQsz(IN + G2Q2Q Ggl)_l

HfoGfA;“Z + A7), (Z G;QH;(Iy
i=3
+GiQiQ-HG-H)*le’QH(;.H)A—l/ﬂ

2G2QuHa (Iy + G2Q,Q4 GH)~!
the expression in (18) can be rewritten as

(18)

Let Ay =1y + psA
HYQYGEA, .
the following:

K
—1/2 4, —1/2
log Az +log, Iy + Ay AT 25,3~ GiQiHi (Ly
=3

+GiQQ'GH) "HI Q' GI)A ' *A; 1| (19)

The diagonalization requirement in (19) motivates us to
apply SVD as follows

HA[' 2 = Ua(AYHTY GHGy = VoDV (20)
Where A, = diag(az,1, - ,a2,m) with a2, > 0, and
D, = diag(f2,1,- -, fo,m) with fr,, >0, m =1,2,--- .M

U,, V; and T’ are unitary matrices. The optimal form of the
second relay precoding matrix is

Q, = VoF,U¥ 1)

Where the second relay power allocation matrix is defined as
F> = diag(f2,1, -, fo,u) with f»,, > 0. The first term of
the objective function in (19) can be expressed as (22). The
computation result of A, in (22) is also a diagonal matrix.

10g,|Az| = log, Iy + ps(A2F3D2(Iy + DoF3) )| (22)

To simplify the analysis, we directly discuss the kth relay
node, the cost function is given by

K
—1/2 —1/2
k / "‘A1 /Ps( Z G;Q;H;

i—k+1
(IN+GiQiQfIGF)_lHiIiQiIiGiI{)AII/Z...A;1/2|

logy |Ak| 4 logy Iy + A

(23)

Where wle2 also consider variable
In+ps A7
GHAT'? AP, we

substitution A; =

employ the SVD to obtain

—1/2 —
A6 QUL Iy + GLQQE G 'HE QFf
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the optimal structure of the kth relay precoding
matrix.
HA? A = U AT GEGr = VDV
(24
Qc = ViF U (25)
Where k = 3,4, ---, K, the discussion of Ay, Dy, Fr and Uy,

Vi, Ty are same as Ay, Dy, F» and U;, V5, I's. The first term
of the cost function in (23) can be given by

log, |Ax| = log, [Ty + ps (AkFDr(Iy + DyFp) ™ h)|

The computation result of Ay in (26) is also a diagonal
matrix as A;,i = 1,2,---,k — 1. Finally, the original cost
function in (11) can be transformed into the sum of multiple
diagonal matrices

(26)

K K
C = Zlog2|Ak| = ZIngllN
k=1 k=1

+ ps (AFiD (Iy + DeF7) 7)),

Moreover, according to the property tr(YXY™!) = tr(X)
and tr(XY) = tr(YX), the transmission power at the kth relay
node can be given as

w{(y + psAOFF) < peM, k=1,2,--- K

k=1,2,---,K (27)

(28)

Finally, based on the mathematical derivation and matrix
decomposition, we transform the original optimization prob-
lem into a scalar optimization problem, which is easier to
solve.

akm fiom|* B
max O logy (1 4 py i Zbml PRy - (29)
femPk=1,- K ;,; =2 s1+ﬂ,m|fk,m|2))
st fim>=0, m=1,2,---, M (30)
M
>+ psarm)l fiml* < prM 31)

m=1
The problem in (29)-(31) is a standard convex optimization
problem with respect to | fi |2. K.K.T conditions are applied
to obtain the optimal values of the diagonal elements for all
relay power allocation matrices. This optimization problem is
similar to a problem solved in [9].

1
Zﬁ m(1 + psok, m)

(0202 o+ 4psaim Pt — psciim — 214 (32)

Where uj,k =1,2,---, K are Lagrangian multipliers, which
must be satisfied with the power constraint at the kth relay
node: Znﬂle (1 —i—psock,m)lfk,ml2 = pyM. In this letter, the
bisection method is used to solve uj.

| fiom!?

IV. SIMULATION RESULTS

In this section, the capacity performance of the proposed
relaying scheme and conventional relaying schemes are numer-
ically illustrated. For verifying the performance superiority of
the proposed relaying scheme, there are several conventional
relaying schemes to be compared as follows:
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2) QR-P-QR relaying scheme in [2]: Q; = Q2;0:Q1 ,5’ ;

3) QRD-SIC relaying scheme in [3]: Q; = GFHf;

4) AF-HD relaying scheme in [10]:Qy =

Vrd,k\/(A?rjk - Asr,kArd,k)/(Agr,k - A%djk)(Usr,k)H~

Fig. 2 displays the comparisons of capacity performance
for conventional and proposed relaying schemes in the M =
N = 4,K = 2 configuration. For simplicity, SNR is
employed to denote all signal-to-noise ratio in the following
as SNR=SNR;,=SNR,;. For the capacity performance versus
SNR curves, the capacity performance of the proposed relay-
ing scheme is more than that of the conventional relaying
schemes in all SNR ranges. In particular, the capacity per-
formance gain achievable by the proposed relaying scheme
is at most 3 bits/s/Hz higher than the gain achieved by the
QRD-SIC relaying scheme.

Now, we investigate the impact of the number of relays.
Fig. 3 shows the capacity performance versus the number of
relays for conventional and proposed relaying schemes. With-
out loss of generality, we observe that the capacity perfor-
mance of all relaying schemes increases when the number
of relays increases. For all considered number of relays, the
capacity performance of the conventional relaying schemes is
less than that of the proposed relaying scheme.

Table I shows the computation-complexity analysis of
all relaying schemes. In this letter, the flop number [11]
is adopted to measure the complexity of the schemes.

relaying  scheme in  [l]:

Qs =

IEEE COMMUNICATIONS LETTERS, VOL. 21, NO. 8, AUGUST 2017

TABLE I
THE COMPUTATION COMPLEXITY ANALYSIS OF ALL RELAYING SCHEMES

Scheme | Each Relay node | Destination Node
SAF 16(2N? + N?) 0
QR-P-QR 8(3N?3 +2N?) 8(N3 + N?)
QRD-SIC 16(N3 + N2) | 8((K +1)N3 + (K +2)N?)
Proposed 8(3N?3 + 2N?) 0
AF-HD relaying | O((N3 x K)) + O((N X K X t1o; X liter)) [10]

For simplicity, only the flop numbers of matrix multiplication
are analysed, it is assumed that H is a m x n matrix and
G is a n x p matrix, then the flop number of the matrix
multiplication HG are 8mnp. As shown in Table I, there is
a low-complexity operation of the proposed relaying scheme,
and it provides a good tradeoff between the complexity and
the capacity performance compared with the other relaying
schemes.

V. CONCLUSION

For the AF multi-relay symmetric MIMO communication
networks, a relaying scheme of the objective function diag-
onalization based on the ED and SVD has been developed
aiming to optimize the relay precoding matrix under the
MI maximization with the per relay power constraint. For each
relay node, we established the optimal structure of the relay
precoding matrix separately and the optimal values of the
diagonal elements for the power allocation matrices are solved
by the K.K.T conditions. Simulation results show that, in all
SNR ranges, the system capacity performance of the proposed
relaying scheme is more effective than the conventional relay-
ing schemes.
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