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In this paper, we investigate the optimization problem of joint source and relay beamforming matrices for a two-way
amplify-and-forward (AF) multi-input multi-output (MIMO) relay system. The system, consisting of two source nodes
and two relay nodes, is considered, and the linear minimum mean-square-error (MMSE) is employed at both receivers.
We assume individual relay power constraints and study an important design problem, a so-called determinant
maximization (DM) problem. Since this DM problem is nonconvex, we consider an efficient iterative algorithm by
using an MSE balancing result to obtain at least a locally optimal solution. The proposed algorithm is developed based
on QL, OR, and Choleskey decompositions which differ in complexity and performance. Analytical and simulation
results show that the proposed algorithm can significantly reduce computational complexity compared with their
existing two-way relay systems and have equivalent bit-error-rate (BER) performance to the singular value
decomposition (SVD) based on a regular block diagonal (RBD) scheme.
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1 Introduction

Recently, wireless relay networks have been the focus
of a lot of research because the relaying transmission is
a promising technique which can be applied to extend
the coverage or increase the system capacity. Various
cooperative relaying schemes have been proposed, such
as amplify-and-forward (AF) [1, 2], decode-and-forward
(DF) [3], denoise-and-forward (DNF) [4], and compress-
and-forward (CF) [5] cooperative relaying protocols.
Among these approaches, an AF scheme is most widely
used because it does not need to detect the transmitted
signal. In addition, it requires less processing power at the
relays compared to other schemes.

In a one-way relaying (OWR) approach, to completely
exchange information between two base stations, four
time slots are required in uplink (UL) and downlink (DL)
communications, which leads to a loss of one-half spectral
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resources [6]. In order to solve this problem, a two-way
relaying approach has been considered in [7-9]. In a
typical two-way relaying scheme, the communication is
completed in two steps. First, the transmitters send their
symbols to two relays, simultaneously. Upon receiving
the signals, each relay processes them based on an effi-
cient relaying scheme to produce new signals. After these
processes, the processed signals are broadcasted to both
receiver nodes.

Multi-input multi-output (MIMO) relay systems have
been investigated in [10—13]. It is shown that, by employ-
ing multiple antennas at the transmitter and/or the
receiver, one can significantly improve the transmission
reliability by leveraging spatial diversity. Relay precoder
design methods have been investigated in [14-16]. A
problem in designing optimal beamforming vectors for
multi-casting is challenging due to its nonconvex nature.
In [14], the authors propose a transceiver precoding
scheme at the relay node by using zero-forcing (ZF)
and MMSE criteria with certain antenna configurations.
The information theoretic capacity of the multi-antenna

© 2015 Duan et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-015-0475-2-x&domain=pdf
mailto: moonho@jbnu.ac.kr
http://creativecommons.org/licenses/by/4.0/

Duan et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:246

multicasting is studied in [15], along with the achievable
rates using lower complexity transmission schemes, as the
number of antennas or users goes to infinity. In [16], the
authors propose an alternative method to characterize the
capacity region of a two-way relay channel (TWRC) by
applying the idea of rate profile.

Joint optimizations of the relay and source nodes for
the MIMO TWRC have been studied in [9, 17]. In [9],
the authors develop a unified framework for optimiz-
ing two-way linear non-regenerative MIMO relay systems
and show that the optimal relay and source matrices
have a general beamforming structure. The joint source
node and relay precoding design for minimizing the mean
squared error in a MIMO two-way relay (TWR) system is
studied in [17].

Since singular value decomposition (SVD) and gener-
alized SVD (GSVD) are widely used to find the orthog-
onal complement to solve an optimization problem
[2, 9, 16, 33], but their computational complexity is
extremely high. In order to reduce the complexity, the
SVD can be replaced with a less complex QR decompo-
sition [18] in this work. However, this approach leads to
degrading the bit-error-rate (BER) performance. In addi-
tion, it is difficult to realize in the TWRC. In this paper,
we investigate the joint source and relay precoding matrix
optimization for a two-way relay amplify-and-forward
relaying system where two source nodes and two relay
nodes are equipped with multiple antennas. Also, in order
to apply the QL-QR decomposition to the TWRC, we
design a three-part relay filter. Compared with existing
works such as [9-14], the contributions of this paper
can be summarized as follows. Firstly, we investigate a
two-way MIMO relay system using the criteria which
minimize an MSE of the signal waveform estimation for
both two source nodes. We prove an optimal sum-MSE
solution can be obtained as the Wiener filter while the
signal-to-noise ratios (SNR) at both source nodes are
equivalent [20], which leads to an MSE balancing result.
Secondly, we propose a new cooperative scenario, i.e.,
the QL-QR compared with the Choleskey decomposition
which significantly reduces the computational complex-
ity of the optimal design. In this proposed design, the
channels of its left side are decomposed by the QL decom-
position while those of its right side factorized by the
QR decomposition. And the equivalent noise covariance
is decomposed by the Choleskey decomposition. We also
design the three-part relay filter, which is comprised of a
left filter, a middle filter, and a right filter, to efficiently
combine two source nodes and the relay nodes. By these
approaches, the received signals at both two source nodes
are able to be redeemed as either lower or upper trian-
gular matrices. Stemming from one of the properties of
triangular matrices such that their determinant is identi-
cal to the multiplication of their eigenvalues, we are able
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to straightforwardly solve the optimization problem as a
determinant maximization problem. Also, we can obtain
the BER performance equivalent to that of the singular
value decomposition-regular block diagonal (SVD-RBD)
scheme.

The rest of this paper is organized as follows. Section 2
describes a system model of the TWRC and raises a
sum-MSE problem. In Section 3, we propose an iterative
QL-QR algorithm and a joint optimal beamforming
design. In Section 4, we discuss the computational com-
plexity of an efficient channel model. The simulation
results are presented to show the excellent performance
of our proposed algorithm for the TWRC in Section 5.
Section 6 concludes this paper.

Notations: A*, AT, AH, E(A), tr(A), %(A), and det(A)
denote the conjugate, transpose, Hermitian transpose, sta-
tistical expectation, trace, real part, and determinate of
a matrix A, respectively. An N x N identity matrix is
denoted by I.

2 System model and sum-MSE

We consider a TWRC consisting of two source nodes, S;
and Sy, and two relay nodes, R; and Ry, as shown in Fig. 1.
The source and relay nodes are equipped with M and N
antennas, respectively. We adopt the relay protocol with
two time slots introduced in [14]. In the first time slot, the
information vector x; € C&*1, where G < M, is linearly
processed by a precoding matrix, V; € CM*M and then
transmitted to the relay nodes. In this paper, we assume
that each transmit antenna satisfies the unity transmission
power constraint, which is tr {x,'x:-'[} = Ip. The received
signals at R;, i € {1, 2} can be expressed as

Yr, = Hy181 + Hypso + np,

Yz, = Hy 181 + Ha 283 + np,, (1)

where yp, € CN*1 e {1,2}, indicates the received signal
vector, H;; € CN*M j i e {1,2}, represents the chan-
nel matrix from source j to relay i, as shown in Fig. 1,
si = Vix; € CMX1 is the transmitted symbol vector
from S; with a power constraint tr {E (s;s/')} < P;, and
ng, ~ CN <0, O'I%l,IN> represents the additive white Gaus-
sian noise (AWGN) vector with zero mean and variance
UI%L, at relay node i.

In the second time slot, the relay node R; linearly
amplifies yz, with an N x N matrix F; and then broad-
casts the amplified signal vector xp, to source nodes 1
and 2. The signal transmitted from relay node i can be
expressed as

xg; = Fiyg;. (2)
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—— > st time slot
Fig. 1 Proposed QL-QR amplify-and-forward MIMO TWR system

_______ > 2nd time slot

Using (1) and (2), the received signal vectors at S; and
Sy can be, respectively, written as

y1 = HlT,1F1H1,1S1 + H31F1H1,282 + H{1F2H2,181
+ Hj FaHy sy + HY | Fing,, + H} | Fang, +ny
Y2 = HlT,2F1H1,1S1 + HEZF1H1,182 + H{2F2H2,151
+ Hj,F2Hy1sy + Hi ,Fing, + Hj ,Fang, + ny.
3)

where H};-, i,j € {1, 2}, indicates the M x N channel matrix
from the relay node i to the source nodejand n;, i € {1,2},
isan M x 1 noise vector at S;.

We assume that the relay nodes perfectly know the
channel state information (CSI) of H;;. The relay node R;
performs the optimizations of F; and V; and then trans-
mits the information to the source nodes 1 and 2. Since
source node i knows its own transmitted signal vector
s; and full CSI, the self-interference components in (3)
can be efficiently canceled. The effective received signal
vectors are given by

V1= H31F1H1,282 + Hg,leHz,zSz + Hlele
+ HE’IFZHRZ +n;
= Hisy + 1, (4)

Yo = H£2F1H1,151 + H{2F2H2,151 + HEZFlan
+ Hj ,Fong, + ny

= Hys) + T, (5)
where f‘il = H{lFlHLg + H{leHgyz and ﬁg = HE2
FiHi1 + H;ZFZHZI are the equivalent MIMO channels
seen at source nodes S; and Sy, respectively. The vectors
n; = H}lelan + Hg’ll—"zn[g2 4+njand ny = H{gFlan +
Hg, 5Fang, 4+ ny are the equivalent noises at source nodes
S1 and Sy, respectively.

Due to the lower computational complexity, linear
receivers are applied at source node i to retrieve the trans-
mitted signals sent from the other nodes. The estimated
signal waveform vector is given as’s; = W?%’» where W;
isan M x M weight matrix, withi =2fori=1andi=1
for i = 2. From (4), the MSE matrix of the signal waveform
estimation is denoted by MSE; = E[(s; — ;) (5; — si)H],
which can be further written as

MSE; = (WHH; — L) (WHH; — )"
+whc, w; 6)
i

alent noise covariance. The sum-MSE of the two source
nodes in the proposed system model can be written as

where C,,, = HEiFiFfIHzi + H;,Tl,FfF?H?I, + 1,y is the equiv-

MSEum = MSE; + MSE,. )

Note that the sum-MSE minimization criterion mea-
sures the overall transmission performance of both the DL
and the UL. Since the two data streams are transmitted at
different directions during the two time slots, MSEqun, is
considered in the TWR network.

3 Joint source and relay beamforming design

In this section, we develop an iterative QL-QR algorithm
by using the MSE balancing result. The QL-QR algo-
rithm involves two steps, i.e., the linear receiver matrix
optimization and the joint source and relay beamformer
design.

3.1 Proposed optimal detector and optimization problem
We would like to find the jointly optimal beamforming
vectors W;, V;, and F; such that the following sum-MSE is
minimized:

min

MSEgum. (8)
Wi,F;,Vi
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According to (2), we consider the following individual
transmission power constraint at relay node:

tr(FiDiF;—I) < Pg, 9)

where D; = H;;V,VIH!! + Hi,;V;V%‘[Hg + Iy and the
Pp, denotes the individual power constraint at the relay
node R;. The transmission power constraint at two source
nodes can be written as
t(Vivi)y <p, i=1,2 (10)
where P; is the available power at the ith source node.
According to (8), (9), and (10), the joint optimization
problem of the sum-MSE can be formulated as follows:

min MSE;im
Wi.Fi,Vi
st. tr(EDFY) < Pg, tr(V; V) <P (11)
It is shown in [20] that at the optimum, SNR; = SNRy
holds true, thus leading to an SNR balancing result. Oth-
erwise, if SNR; > SNRj, then P; can be reduced to retain
SNR; = SNRy, and this reduction of Py will not violate

the power constraint, i.e.,

Py - SNR; = P, - SNR,. (12)

In Fig. 2, we show two examples of the SNR regions with
a1 = 0.5and g = 0.3, where w; €[0, 1] is a Lagrange mul-
tiplier weight value and «; €[0, 1] is an SNR weight value.
We have assumed that the sum of SNR is a constant value.
It is clear that the SNR region of o is larger than that of
ay. For further details, see [20]. As discussed in [21], the
optimization problems have the performance matrix that

SNR1 A

SNR2

Fig. 2 Examples of the SNR regions achieved in a TWRC with two
relays
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are functions of SNR , namely the MSE at the output of a
linear-MMSE (LMMSE) filter of each user:

1
" 14 SNR’

By these two approaches, the max-min optimization
problem in (11) can be efficiently written as

MSE (13)

min MSE; (14)
W,Fi,Va
st.  tr(F;D;FY) < Pg, MSE; = MSE, V; = 1,2.
(15)

Since the optimization problem (14)—(15) is nonconvex,
it is difficult to obtain the globally optimal solution. In this
paper, we present a locally optimal solution of the joint
optimization problem over W;, V;, and F;, where i = 1,2,
which can be solved by three stages, i.e., (1) the linear
receiver weighted matrices are optimized with the fixed
source precoding matrix V; and relay amplifying matri-
ces F; (W; is not in constraint (15)). (2) With given W;
and fixed F;, update V;. (3) With given W; and V;, obtain
suboptimal F; to solve (14).

Lemma 1. For any fixed V; and F,, the minimization
problems in (14) are convex quadratic problems and the
optimal W ; can be obtained as the Wiener filter [22] which
is used to decode s; shown as follows:

we = (FA" + C,) ' H, (16)

Proof. For source node i, the MSE can be further
expressed as
MSE; = Wfﬁ,ﬁf{w, — W;{i:[, — ﬁl“W,

+ 1y + WHC, W; (17)

O

Based on (17), the derivation of an optimal MSE detec-
tion matrix W?pt is equivalent to solving the following
equation [23]:

dMSE;
awh

= 2H;H'W, — 2H; + 2C,, W, =0.  (18)
Then, we may obtain the closed-form solution of W;,
which is

~ o~ 71 ~
W¢ = (HH!'+C,)  H,. (19)

This completes the proof.
With the optimal W9 fixed, the outer minimization
problem in (14) can be rewritten as

min
F1,F2,V1,Va

st.  tr(E;D;F}') < Pg,, MSE{ = MSES, (20)

MSES
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where MSEY? is the MSE matrix using W¢. By substituting
(16) into (6), we have

MSE} = [y + HI'C '], =120 @)

Note that the matrix inversion lemma is used to obtain
(21).

3.2 Joint optimal source and relay beamforming matrices
design and iterative algorithm

In this section, we focus on the source and relay beam-
forming matrices design and develop an iterative algo-
rithm which is suboptimal for the general case but has a
much lower computational complexity. For the fixed F;,
the source precoding matrix V; is optimized by solving the
following problem:

min
Vi

st tr (VWV} < P, tr{VI'V;} < P,

H -1
o[l + V@V
(22)

@), v, = HIFH

Liti

where ®; = ﬁf‘é,;lﬁ,, 6;11 =
FH;; + HgfiF;HF;HU.

The Lagrangian function associated with the problem
(22) is given by

-1
Ly =t [l + VEO V7] 4+ (wr {VIV,) - P)
iz (1 fVEVE = P) o fer (VIV}
+ e {tr VOV — P,
(23)
where p; > 0 is the Lagrange multiplier.
Case 1: When u; = 0, making the derivative of Ly with
respect to V; be zero, we obtain

Ly
av;

2
- [IM + V;,—[q)iV{I Vg, =0, (24

Since V; and ®; are nonsingular matrices, (24) can be
represented as

Ly + VH®;V; = 0. (25)

Simplifying (25), Iy > 0 and V;[GJI'V; > 0. Conse-

quently, in Case 1, the optimal solution is not existent.

Case 2: When u;
function as

> 0, we rewrite the Lagrangian

-1

Ly = [IM + V;Hd)iV;] — w1l — poP; — 3P, — paPp;
+ VIOV + 13 ViV 4 0 ViV,

(26)
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where T;T;H = polpyr + a5 We obtain the derivative of
Ly as

Ly H 2 H H H

Vo= (1 + Vi@,V | Ve, 4 Vit = 0.
(27)

Since V%'[ and ®; are nonsingular matrices, multiply

~1
both sides by (V;[) and dDi_l ; we have

-1 )
(VE) [+ Vo] v =rrtert s

Since ®; is Hermitian and positive definite, we apply the
Choleskey decomposition of ; = Ql.HQ,‘, where ; is a
lower triangular matrix. Consequently, we represent (28)
as

-1 —1 o
(2 (VzH ) [IM+V§{Q§*QN;] viQH

Hy~1 H(oHo\ 1 oH
= () T (@) Q. (29)
By the definition of the matrix identity as
[+ XXT] 7' X =X [Iv +XMX] 7Y, 30)

for any M x N matrix X, we can rewrite (29) as
-2
HoH H) 1L Ho-1
[+ vpviell] " = (@) T rtiet (D
Solving (31) for V5, we have

1
Vi= (Vv - o),

12

(32)

eI

where V; = (T?Q,’) .

Figure 3 shows our proposed relay filter design, which
forwards the received signal (input) from S; amplified by
a left filter (LF) matrix Fy; and the signal from Sy ampli-
fied by a right filter (RF) matrix Fp; to a center filter (CF)
Fp,i. Fp,; amplifies the outputs from the LF matrix F; ; and
the RF matrix Fr; (i € {1,2} denotes relay node i) and
forwards them to S1 and S; (output).!

Relay Filter

Amplify-and-Forward

|
|
|

Input : Input
> FuLi Fpi 1 Fri H=<

S1 | { S2
| 3!
1 Output Output :

Fig. 3 The relay filter design of the proposed QL-QR technique
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Lemma 2. The optimal relay filter constructive of F, Fg,
and Fp matrices, i.e., for Ry and Ry, can be designed as

3k k
Fii=Q1 Fro=Q;
H H
FR,I = QR,p FR,Z = QR,zy
Fp,1 and Fp are diagonal matrices,
where Qr; and Qg; for i = 1,2 are the unitary matri-

ces which relate to QL and QR decompositions for the
dependent channel coefficients.

Proof. For F; and Fp, the proof is similar to Theorem
3.1 in [24]. For Fp;, using Theorem 2 in [9], the structure
of Fp; is optimal for the two cases of

(@): R(H;Vi)LR(H3Va); (HY) LR(H3)
and R(H3Vi)LR(H4V»); (H )J_R(H4)
(b) 1 R(H1V1)[R(H2V>); (HY) LR(H3)

and R(H;V1)[[R(H2Vo); (H))LR(H3).  (33)

O

Case a: If N = 2, the optimal Fp; is a diagonal matrix
given as

(34)

IfN =2a,a=2,3,..,
diagonal matrix given as

the optimal Fp; is a 2 x 2 block

s | Fpix O
FDL - |: 0 FD,i,Z] (35)
where Fp;; and Fp ;7 are % X % matrices.
Case b: The optimal Fp; is defined as
£
E,, £ W}. 36
D [ £u2 (36)

Discussion 1: In Case b, since F},; is optimal, but the
computational complexity will be considerably increased
compared with Case a, so we exclude it.

For Case a, Before we develop a numerical method to
solve vector Fp , let us have some insights into the struc-
ture of this suboptimal relay beamforming matrix. To
simplify relay beamforming matrix Fp;, we introduce the
following properties:

Property 1: The statistical behavior of a unitary matrix
U remains unchanged when multiplied by any unitary
matrix T independent of U. In other words, TU has the
same distribution as U, i.e., in (33),

|F1| = |F1,1Fp1Fr1| = |Fp,1]

|F2| = |F12FpaFrol = |Fppal. (37)
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Now, let us introduce the following QL decomposition:

[Hi,1V1, Hp 1 Vi) = [QiLl1, Qrola],

where Qg ; for i = 1,2 is a unitary matrix with a dimension
CN*N and {L;, Ly} € CN*M are lower triangular matrices.

Similarly, let us introduce another decomposition,
namely QR decomposition, as

[Hi2V2, Hy2V2] = [QriR1, Qr2Rz2],

where Qg; € CN*M for i = 1,2 is a unitary matrix and
(R, Ry} € CM*M gre upper triangular matrices. Substi-
tuting (38) and (39) back into (4), we can get equivalent
received signals shown as

(38)

(39)

’}71' = (LZ'TFD,L'RZ' + L%rFDjR;) X5
+ LTFD MR, + L%FFDYEIIR; + n;
— H-x +1;,

LI

(40)

where H = L FpiR; + L FpR; and n; = L Fp,ng, +
L; F MR +n; are efficient channel and noise coefficients;
obtained from the covariance of 6,', we have

AAH

Cl = n;n

= L] FDLFDIL* +LIEpFpLr + 1y, (4D)

For fixed V;, using (40) and Property 1, the optimal
problem (20) becomes

max tr (IN + ﬁf[/C\L_lﬁJ (42)
Fp1,Fp2
st.  tr(Fp,D;Fp;) < Pg, MSE; = MSE,, (43)
where we have employed the principle min(z) = max

(a=1), for a # 0. By using the lemma tr(A + B) = tr(A) +
tr(B), (42) can be represented as

tr (ﬁ?é;lﬁi) + . (44)

Since the matrix C; is Hermitian and positive defi-
nite, we can decompose this matrix using the Cholesky
factorization as

—~
~H
C =E/E;

(45)

where E; denotes a lower triangular matrix. By substitut-
ing (45) back into (44), we can simply rewrite the optimal
problem as

max (MSE»)_I

=
=

:—[E,) lﬁi) +n

~ ~ H
Z maxtr <<HE{E:1> (H:'[EL_1> >

= max tr (BiB?) ) (46)
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where £ denotes # has nothing to do with the maximum
solution and B; = I?[:'[Efl Therefore, the optimal prob-
lem can be represented as the determinant maximization
of B? [29].

In Case a, since Fp; is the block diagonal matrix, its
determinant can be written as

detFp; = detFp,; - detFp». (47)

Let A, B, C, and D be an % X % matrix. We can define
detFp;;, fori € 1,2, as

detFD,,‘,,‘ = ‘A D‘

B C
_lAojlT AD
“ |BI||0oC-BAD

|Al|C - BA™'D|, (48)

where I stands for an % X % identity matrix. In (48), to
obtain maximum detFp;;, we should minimize BA1D.
Let us introduce the SVD of B, A, and D as

B =UpSpAl, A=U 3 AN, D=UpzSpal, (49

where U;, A;, i € {A, B, D}, are the unitary matrices and %;
is an % X % diagonal matrix. Substituting (49) back into

BA~1D, we have
min tr (UBEBA}; (Uazan )™ UDZDAS)
2 min tr (25 (24) " Zp)
& bid;

min B
bid; =7 a;
1

1>

(50)

where b;, d;, and a; are the diagonal elements of Xp,
¥p, and ¥4, respectively. To simplify our discussion, we
assume that Fp ;; is a semi-positive matrix; thus, we have
the minimum solution as b;d; = 0. Interestingly, if both
b; and d; are 0, Fp ;; is a diagonal matrix. Otherwise, it is
a lower/upper triangular matrix. In addition, for Sy, the
equivalent channel Hj, since the terms LIT, Lg, R, and Ry
are upper triangular matrices, the optimal Fp; should be
an upper triangular matrix. Since the equivalent channel
ﬁz, Ly, Ly, R?, and R;f are lower triangular matrices for
Sy, the optimal Fp; is a lower triangular matrix. There-
fore, if and only if Fp; is a diagonal matrix, the sum-MSE
is optimal in our proposed method.
This completes the proof for Lemma 2.

Property 2: For any M x N rectangular matrices G and
J, matrices A and B are lower/upper triangular matrices
based on QR or QL decomposition of GandJ. If a;;+b;; #
0, where a;; and b;; are diagonal elements of matrices A
and B, respectively, we can easily obtain

m
det (A +B) = [ (@i + bii) > detA + detB.  (51)
i=1
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Consequently, we have
M
detH' = [ | (mmimTimm + b S )
m=1
M
=[]+ (52)
m=1

where ¢1 = LimmfD,imTimm> Si = l?,m,me,i,mr?,m,m’ Liym,m»
IDims Yimms b 1y o S 70 @0 15, are diagonal elements
of L;, Fp;, R;, L, Fpo and R;, respectively. Since E; and

1 are also lower triangular matrices, we have

=
(o'
12

detB; = detﬁff[detEi_1

M
H (i + s)éms

m=1

(53)

where &, is the diagonal element of E;l.

After introducing slack the variable t;, the objective
problem can be equivalently converted into the opti-
mization one with respect to an individual relay power
constraint, shown as follows:

max 7 (54)
Fp,i

T; det E;IH?

s.t. det <ﬁz <E,_1>H) 1

tr (Fp,D;Fp,;) < Pr,,detB? > 7,7, > 0,V; = 1,2.
(56)

<0 (55)

From (54) to (56), it is easy to see that 7; is only depen-
dent on the beamformer Fp; and with respect to (55) and
(56). Thus, by using (53), we have

M

2 2

T < 1_[ N (li,m,me,i,mri,m,m + lf,m,me,f,mr?,m,m) X N Em)”.
m=1

(57)

From (57), it is easy to follow that with fixed Fp,/Fp;,
7; is convex with regard to F;/Fp,;. In summary, we out-
line the iterative beamforming design algorithm as follows
(QL — QR Algorithm):

Clearly, Algorithm 1 will converge to a sub-optimal
solution as ‘L'I(n"a)x — rrgqa;l) < €. Therefore, € is initialized
to be a small value and Ny, is set to limit the number of
iterations.

Discussion 2: Figure 4 displays two extended system
models. One is the multi-pair scenario with two relay
nodes and K pairs of source nodes. The other is a Z relay
node scenario with two source nodes. In Fig. 4a, each pair
of sources and two relay nodes can be seen as a group.
Since each pair of source nodes are independent of one
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Fig. 4 The extended system model. a The K pairs of the source node
scenario. b The T relay node scenario

another, we can design each relay node comprised of K
RFs, LFs, and one CFE. Therefore, the extended system
model (a) can be classified as another version of our pro-
posed system model with K parallel nodes. The objective
problem can be expressed as

MSE®

max sum

W, E, Ve

st tr(E;DE) < Pg,, tr(V,V]) < P;,  (58)

where MSE{), = YK det(B)? + 21'251@1 det (B/)2 is
the sum-MSE of the multi-pair scenario. It is clear that
(58) is a bi-convex problem which is similar to (54)—(56)
with different effective channel coefficients and can be
solved by our proposed algorithm.

Algorithm 1 QL-QR Algorithm
1. Initialize: F*, W, V", ¢ =
1,2,setn =0;
2. Repeat:
1: for n = 0 to Ny, do
2. for fixed an_l), VE"_I) update WE") via solving (19);
3. for given Wg”) and Fg"_l) update Vl{”) via solving
(32);
4 for given Wg") and Vg") do

1073, Nyyyay fori,j =

5: fix an_l) and update F;@ and ‘r;(”) via solving
(54)-(56);

6: end for

7: for given Wg"), VE") and F;") do

8: update FE") and ri(”) via solving (54)—(56);

9 if ti(") — rz(") < 0, then 70, «— Tz(");

Otherwise r,%zx <« ri(");

break;

10: end if

11: end for )

12: if 7 — D < ¢ then
break;

13: end if

14: end for
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In Fig. 1b, a TWRC consisting of two source nodes and
L relay nodes is considered. Obviously, by employing the
MSE balancing result, the objective of the extended sys-
tem model (b) is to minimize the sum-MSE, which is
subject to the individual relay transmit power constraint,
shown as

min MSE;b)
Wi.Ei, Ve
st tr(ED;FN) < Py, tr(V,VH) < P, MSE(™ = MSE{".

(59)

where MSE; = (WHH, — L) (WHH, — 11)" + WHC,,
Wi for t = 1,2, H, = YL HIFH;;, and C,, =

iL:1 H;r’iFiF?[Hz ;1L is the equivalent noise covariance,
fori=1,...,L. Due to the semi-infinite constraints at the
relay node, the objective problem (59) is non-convex. In
this scenario, we consider a two-stage solution where in
the first step, the semi-infinite constraints are converted
to linear matrix inequalities (LMI) and in the second step,
we use our proposed iterative algorithm to solve it. By
using the S-Lemma [28], the relay power constraint can be
converted into the LMI version, we have

Y PR — Y ¢ —vec(EDM - —vec (FpM
—vec (Fy) d1ln2 e 0
. . . . Z 0)
—vec (Fr) 0 )3 IN2)
(60)

where vec(-) denotes to stack the columns of a matrix into
a single vector. Now, the objective problem (59) becomes

min MSE;b)
WFi, Ve

st. (60), tr(V,V}]) <P, ¢;>0.  (61)
In step 2, we use an iterative algorithm based on alter-
nating convex search (ACS) to solve the resulting convex
problem. The algorithm is almost the same as our pro-
posed one which only converts [Algorithm 1, Steps 4—11]
into “for fixed Wgn), VE") update Fg") via solving (61)”.
4 Computational complexity analysis
In this section, we measure the performance of the pro-
posed QL-QR scheme in terms of the computational com-
plexity compared with existing algorithms by using the
total number of floating point operations (FLOPs). A flop
is defined as a real floating operation, i.e., a real addition,
multiplication, and division. In [30], the authors show the
computational complexity of the real Choleskey decom-
position. For complex numbers, a multiplication followed
by an addition needs eight FLOPs, which leads to four
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Table 1 Computational complexity of the proposed QL-OR algorithm

Step Operations FLOPS Case: (2,2,2) x 6
1 \ZA' 2 x K (40N2 — 24N? 4 17N}) 1560

2 QL Q)L 2 x 16K (N2N; — NrNZ + IN7) 4864

3 Qr1R1,Qr2R; 2 x 16K (N2N; — NrN? + $N7) 4864

4 H] FiH;, 8NZN; + 4NTN? + 2N7 N 696

5 H] FoHy; 8NZN; + ANTN? + 2N7N; 696

6 C 2K (32N2N; + 8NTN; + 2N2 — 4N; + 3N7) 14,856

7 (gfz)” K (N2 — 202 + Ny) 2826

8 detB? 4K (N3 + N2 4 2N7) 3168

Total 33,530

times its real computation. According to [31], the required
number of FLOPs of each matrix is described as follows:

1. Multiplication of m x n and n x p complex matrices:
8mnp — 2mp;

2. Multiplication of m x n and n x m complex
matrices: 4nm x (m + 1);

3. SVD of an m x n(m < n) complex matrix where only
¥ is obtained: 32(mn® — n®/3);

4. SVD of an m x n(m < n) complex matrix where only
¥ and A are obtained: 32(nm?* + 2m®);

5. SVD of an m x n(m < n) complex matrix where U,
3, and A are obtained: 8(4n?m + 8nm? + 9m>);

6. Inversion of an m x m real matrix using
Gauss-Jordan elimination: 2m® — 2m? + m;

7. Cholesky factorization of an m x m complex matrix:
8m>/3;

8. QR or QL decomposition of an m x n conplex matrix
16 (nzm — nm? + %mg)

For the RBD method [32], the authors consider a lin-
ear MU-MIMO precoding scheme for DL MIMO sys-
tems. For the non-regenerative MIMO relay systems [33],
the authors investigate a precoding design for a three-
node MIMO relay network. In [2], a relay-aided sys-
tem based on a quasi-EVD channel is proposed. We

compare the required number of FOLPs of our proposed
method with conventional precoding algorithms, such as
the RBD, the non-regenerative MIMO relay system, and
the CD-BD algorithm as shown in Tables 1, 2, 3, and 4,
respectively, under the assumption that Ny = Np and
ﬁ,‘ = N7 —N;.

For instance, the (2,2,2) x 6 case denotes a system
with three users (K = 3), where each user is equipped
with two antennas (N; = 2) and the total number of
transmit antennas is six (Ny = 2 x 3 = 6). The
required number of FLOPs of the QL-QR algorithm,
the RBD, the non-regenerative MIMO relay system, and
the CD-BD algorithm are counted as 33,530, 40,824,
45,306, and 34,638, respectively. From these results, we
can see that the reduction in the number of FLOPs
of our proposed precoding method is 17.87, 25.99, and
3.20% on an individual basis compared to the RBD, the
non-regenerative MIMO relay systems, and the CD-BD
algorithm. Thus, our proposed QL-QR algorithm exhibits
lower complexity than conventional algorithms. In addi-
tion, the complexity reduces as N; and N increase with
fixed K.

We summarize our calculation results of the required
number of FLOPs of the alternative methods in Tables 1,
2, 3, and 4 and show them in Figs. 5 and 6. Figure 5 shows

Table 2 Computational complexity of the non-regenerative MIMO relay system [33]

Step Operations FLOPS Case: (2,2,2) x 6
1 VED N 8K (4N2N; + 8NTN? + 9N?) 13,248

2 Uz A 8K (4NZN; + 8NTNZ + 9N?) 13,248

3 HI'H, 4KNiNT(N; + 1) 432

4 HJ.HHJ AKN;NT (N; 4 1) 432

5 H' [020? HP)'HF +1] H, 2K (N? + 8N;NZ + 4N?Nr + 2NNy — N? + N)) 4212

6 Vi AVH 8K (ANZN; + 8NTN? + ON? + 1N)) 13,272

7 diag(G) K [ANiNT(N; 4 1) + 2N — 2N2 + ;] 462

Total 45,306
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Step Operations FLOPS Case: (2,2,2) x 6
1 e 32K(NIN, + 2N)) 21,504

2 ((z;ﬂ)T 204 pz|)_v2 K (18NrN2 — 2N2) 336

3 viD? BKINZ 5184

4 H,P¢ K (8N7NZ — 2N?) 552

5 ubsbvor 64K (3N2 + N7 N2 + IN2ZN;) 13,248

Total 40,824

the computational complexity where N; = 2 and a value
of K varies. And Fig. 6 shows the computational com-
plexity where K = 4 and a value of N; varies. For the
RBD method, the orthogonal complementary vector Vy o
requires K times SVD operations. If only Vy o is obtained,
it is not computationally efficient. In step 5, the efficient
channel Heir = H;P# is decomposed by the SVD with a
dimension Reff X N7, where Regs is the rank of Heg. In
the non-regenerative MIMO relay method and the CD-
BD algorithm, two SVD operations are performed for the
channels from the source to the relay and from the relay to
the destination, and then the efficient channel covariance
matrix is measured. In the non-regenerative MIMO relay
method, the authors compute A using the EVD, and then
they diagonalize G. In the CD-BD algorithm, the authors
calculate V¢ by the SVD of H! ., and then they structure
Vf’ by using the Choleskey decomposition.

In our proposed QL-QR algorithm, we take advantage
of QL and QR decompositions instead of the SVD oper-
ation, and then we compute an efficient channel as well
as decompose a noise covariance matrix by the Choleskey
decomposition. Finally, we calculate the determinant of
B? to solve an optimization problem. Obviously, our pro-
posed QL-QR algorithm outperforms conventional algo-
rithms in the light of the computational complexity.

5 Simulation results

In this section, we study the performance of the proposed
QL-QR algorithm for two-way MIMO relay networks.
All the simulations are performed on the assumption

Table 4 Computational complexity of the CD-BD algorithm [2]

that all the channel estimates are the Rayleigh fading
channels, and they are independent and identically dis-
tributed (i.i.d.) complex Gaussian random variables. The
noise variances o are equally given as 2. All the simula-
tion results are averaged over 1000 channel trials.

In Fig. 7, we compare the sum mutual information (SMI)
of various MU-MIMO schemes where full CSI is known
at each node. We set P1 = P, = 10 dB and M = 1 with an
equal power budget for the two relays. The negative SMI
is adopted in [16] which can be defined as

Mlym = log, IMSE;| + log, IMSE;|. (62)

In our proposed method, the SMI shown in the simula-
tion results is calculated as —2 log, |Bi2| by using (45), (52),
and (53). It can be observed that the proposed QL-QR
algorithm has the same SMI performance as an optimal
solution in [16].

Figure 8 shows the performance of our proposed SMI
performance versus the number of the relays, 7, which is
even. We consider a practical scenario with different relay
power constraints and set Pr = 30 dB. It is clear that, for
different values of P; and Py, a solution of our proposed
QL-QR algorithm shows better performance than a max-
power solution.

Figure 9a, b exhibits the BER performance of the BD
water filling, the RBD, the SVD-RBD, and our proposed
QL-QR method, where the quadrature phase shift keying
(QPSK) and 16 quadrature amplitude modulation (16-
QAM) are made use of. As pointed out in [35], the

Step Operations FLOPS Case: (2,2,2) x 6
1 Uiz A, 8K(4NZN; + 8NTIN? + 9ON?) 13,248
2 ATV 8K (4NN + BNTNZ + ON?) 13,248
3 H,WH;; K [8NiNZ — 2N;NT + 4NiNr x (N; + 1)] 2088
4 LIL, 2K (Nj =+ 2N7N; x (N; + 1) + 4N /3) 508
5 Hie AN3/3 + 12NZNT — 2N2 — 2NN 2736
6 H;Vov? 8K [4NTNZ — 4N2 /3 + NZ(N; + 1)) 2336
(QQ +02w)”" K [4NaN; x (N + 1) + 3N; 4 2N2 — 2?2] 474
Total 34,638
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‘| ==#— Proposed QL-QR algorithm
:| =—@— Nonregenerative MIMO relay systems

-| ==8— Conventional RBD .
-| === CD-BD algorithm

FLOPs

N=2, K(N =Kx N)

Fig. 5 The complexity comparisons for required FLOPs versus the
number of the users K

BER performance for a MIMO precoding system is actu-
ally determined by the energy of the transmitted signal.
To simplify our discussion, we assume ¢ = 0. In the
RBD, det (ﬁ]{) = [1”, 2% where H € CN*M, for
M < N, is an equivalent channel matrix with its eigen-
values A;. In our proposed QL-QR method, for source
node S, we have det (H1HI1'[) = ;’;1 gf. Under the stip-
ulation that detFp; = 1, we are able to easily obtain
Ai = ¢g;. Therefore, our proposed QL-QR method has
the same BER performance as that of the SVD-RBD
method.

x10°
4 T T T T T T T T T

—#— Proposed QL-QR algorithm

35| —g— Nonregenerative MIMO relay systems
—&— Conventional RBD : : ;
3} == CD-BD algorithm S e S

25k s s o el e o el
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P
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05 ettt g
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K=4, N, (N,=Kx N)

Fig. 6 The complexity comparisons for required FLOPs versus the
number of the receive antennas N; for each user

10 T T T
ol —#— Proposed QL-QR algorithm, N=4| s/ b
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P (dB)
Fig. 7 The achieved SMIfor N = 4,2

6 Conclusions

This paper studies a joint optimization problem of an AF
based on the MIMO TWRC, where two source nodes
exchange their messages with two relay nodes. A relay
filter is designed, which is able to efficiently join the
source and the relay nodes. Our main contribution is
that the optimal beamforming vectors can efficiently be
computed using determinant maximization techniques
through an iterative QL-QR algorithm based on a MSE
balancing method. Our proposed QL-QR algorithm can
significantly reduce the computational complexity and has
an equivalent BER performance to that of the SVD-BD
algorithm.

BB
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Fig. 8 The SMI versus the number of the relays T




Duan et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:246

10
107
w N
I I
K K
S 3
[+ TR N . W VTR A RS S .3 S
w w
[11] o
107
—e—BD-WF |\ - #=BD-WF [.. 8
—e— SVD-RBD} '\ - - © =SVD-RBD| -~
—8—QL-QR |- =H=QL-QR -
——j— RBD =+ =RBD
3 -3
10 10 ;
0 10 20 30 0 10 20 30
(a) SNR (dB) (b) SNR (dB)

Fig. 9 a BER performance on the Rayleigh fading channel with QPSK.
b BER performance on the Rayleigh fading channel with 16-QAM

Endnote

1For example: For Sy, the equivalent channel can be
written as H; = H{1F1H1,2 + H{1F2H2,2 =
H£1FL,1FD,1FR,1H1,2 + H{IFL,zFD,zFR,zﬂz,z. For Sy, the
equivalent channel can be written as
H, = H{ ,F{Hy,; + H} ,FoHy; =
H{,Fr1Fp1Fr1Hi,1 + H)  FroFpFroH .
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