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ABSTRACT Full duplex (FD) multiple-input multiple-output (MIMO) relaying can significantly increase
the spectral efficiency of cooperative communication systems. This paper examines the problem of linear
source and relay precoder and destination combiner design for two-way MIMO FD amplify-and-forward
(AF) relay communication systems. The effect of the residual loop interference (LI) due to imperfect LI
cancellation is considered in the design. Two algorithms are proposed to minimize the mean squared error
(MSE) of the received signals at the destinations. The first is a tri-step alternating iterative algorithm and
the second is a bi-step iterative algorithm. The convergence and complexity of these algorithms are analyzed.
Simulation results are presented, which show that the proposed two-way FD system provides approximately
double the achievable rate of the corresponding half-duplex (HD) system when the residual LI is low.
Furthermore, the bi-step algorithm shows comparable performance to the tri-step algorithm and has a lower
computational complexity.

INDEX TERMS Amplify-and-forward (AF), full-duplex (FD), loop interference (LI), MIMO, precoding,

sum achievable rate, two-way relay.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) relay communica-
tion systems have been extensively investigated in recent
years because they can enhance capacity by increasing cover-
age and reliability [1]. In an amplify-and-forward (AF) relay
system, the relay node amplifies the received signal and then
forwards the amplified signal to the destination node. Since
the relay only performs amplification, the complexity of this
strategy is much lower than decode-and-forward (DF), which
is a regenerative relaying scheme. In half-duplex (HD) relay
systems [2]-[4], communications from the source to destina-
tion requires two time slots so the source node transmits only
half of the time, which limits the efficiency.

In contrast to one-way relaying which needs four time slots
to exchange information between a source and destination,
two-way relaying only needs two time slots to complete a
round of information exchange. Therefore, two-way relaying
has a higher efficiency than one-way relaying. Physical-layer
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network coding (PNC) which exploit the self-information at
the nodes has been used with two-way relaying [S]-[9]. There
are two steps in HD two-way relaying communications. First,
the nodes transmit their signals to the relay during the multi-
plexing access (MAC) phase. Then the relay broadcasts (BC)
the received signal to the two nodes. Each node can cancel
the interference they generate from the signal received from
the relay to recover the signal transmitted by the other node.

In [5], a two-way relaying scheme which approaches the
sum capacity of the MIMO cellular two-way relay channel
was investigated. In order to achieve efficient interference-
free decoding at the relay, a non-linear lattice-based
precoding technique was used to compensate for the inter-
stream interference. The sum capacity of the proposed sys-
tem was asymptotically achieved in the high signal-to-noise
ratio (SNR) region. The tradeoff between the capacity and
diversity-multiplexing of the two-way relay channel was
examined in [6]. An iterative algorithm was proposed to
maximize the achievable rate with AF relaying subject to
minimum signal-to-interference-plus-noise ratio (SINR) con-
straints. An energy efficient two-way AF relay system with
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multiple antennas at both the sources and relay was presented
in [7]. The transmit power was minimized while satisfying
the quality of service (QoS) requirements of both sources.
Transmit beamformers and receive combiners were designed
with a zero forcing (ZF) based relay precoding matrix.
In [8], it was shown that the optimal diversity-multiplexing
gain tradeoff can be achieved using a compress-and-forward
(CF) strategy in which the relay quantizes its received signal
and transmits the corresponding codeword.

Multiple-input, multiple-output (MIMO) can be employed
to improve the transmission reliability and enhance the chan-
nel capacity of a wireless communication system. Employing
MIMO in a two-way relay system is an efficient way
to increase the performance over single antenna systems.
In order to fully realize the benefits of MIMO two-
way relaying, precoding should be employed at both the
source nodes and relay by making use of channel state
information (CSI) [10]-[15]. In [10], a nonlinear precoder
design was presented for a MIMO two-way relay system
using minimum mean squared error (MMSE) decision feed-
back equalizers. The design first considers the nonlinear
source precoding at the two sources with a fixed relay pre-
coder, and then considers the joint precoder design to incor-
porate the relay precoder. In [11], a constrained optimization
problem with respect to the relay precoder was formulated
for the general case of multiple relays each with multiple
antennas. Under the assumption that complete CSI is avail-
able at the relays, the problem was converted to a convex opti-
mization problem with respect to only the non-zero entries of
the relay precoder matrix, which leads to a closed-form relay
precoding solution.

In [12], a low-complexity joint beamforming and power
management scheme was proposed. The beamformer first
aligns the channel matrices of the node pairs and then
decomposes the aligned channel into parallel subchannels.
It was shown that this scheme improves the sum capacity
and can be used to lower the required transmit power. Two
iterative algorithms were proposed in [14] for joint source
and relay precoder design based on the MSE criterion in a
MIMO two-way relay system. In this system, two multiple
antenna source nodes exchange information with the help
of a multiple antenna amplify-and-forward relay. In [15],
the problem of precoder design to suppress co-channel inter-
ference in a multiuser two-way relay system was considered.
The uplink performance including the overall MSE and sum
rate was optimized while maintaining individual downlink
SINR requirements.

While most of the results in the literature focus on half-
duplex relay systems [8]—[15], the development of new signal
processing techniques and antenna designs has made FD
relaying in MIMO systems a reality [16], [17]. A full-duplex
AF relay system under Nakagami-m fading was considered
in [19] and closed-form expressions for the outage probability
and ergodic capacity were derived. In [20], an interference
suppression scheme was developed to mitigate the resid-
ual LI and interference in a multiuser FD relaying system.
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Rather than using HD two-way relaying as in [8]-[15], a FD
two-way relay design was presented in [18]. It was shown that
FD relaying can achieve almost double the capacity of HD
relaying if there is no residual LI. In [21], distributed space-
time coding was investigated for a two-way FD relaying net-
work which allows relay communications in both directions
simultaneously. The direct source to destination link was also
considered. A two-way FD relaying system with residual
LI was presented in [22]. Exact and approximate closed-form
expressions were given for the outage probability with both
perfect and imperfect channel state information (CSI). A joint
precoder and combiner design that maximizes the end-to-end
(e2e) performance was investigated in [23]. ZF LI suppres-
sion at the relay was considered and a closed-form solution
was obtained. In [24], rate and outage probability tradeoffs
were examined for full-duplex one-way and two-way relay-
ing systems considering the residual LI. The joint design
of relay and receiver beamforming was considered in [25]
for a full-duplex two-way amplify-and-forward relay system
with imperfect cancellation of the loopback self-interference
by minimizing the mean square error under a relay transmit
power constraint. In the above results, the residual LI was
assumed to have a Gaussian distribution, but a Rician distri-
bution was obtained in [29].

An algorithm was presented in [26] to maximize the e2e
performance by jointly optimizing the beamforming matrix at
an AF relay and the transmit power at the source. If multiple
antennas are employed at both the source and destination,
the channel sum rate increases linearly with the minimum
number of antennas [14]. In contrast to [26] which employs
only a single antenna at the source and destination, this
paper considers a MIMO FD two-way relay system where
the source, relay and destination have multiple antennas.
Further, the AF protocol with physical layer network coding
is employed. As this is a FD system, the residual loop inter-
ference at the relay is considered. Because signals are known
at the source nodes, the LI cancellation at the source nodes
is assumed to be better than at the relay. Thus, the focus here
is on the residual LI at the relay node. The source precoders,
relay precoder and destination combiners are optimized using
the MSE criterion. As the original optimization problem is
highly non-convex and a closed-form solution is intractable,
it is translated into three subproblems which can be solved
iteratively. It is shown that this algorithm converges to an
local optimal solution. Since the computational complexity
of the proposed tri-step iterative algorithm is high, a low
complexity bi-step iterative approach is obtained. Results are
presented which show that this bi-step iterative algorithm
provides performance comparable to that with the tri-step
iterative algorithm, so the complexity-performance tradeoff
is favorable. The sum achievable rate improvement with
FD relaying over HD relaying is illustrated, and the effects
of the residual LI are examined.

The remainder of this paper is organized as follows.
In Section II, the MIMO two-way full-duplex relay sys-
tem model is introduced, and the problem formulation is
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FIGURE 1. The MIMO two-way FD AF relay system model.

presented in Section III. Two iterative algorithms for solv-
ing the proposed optimization problem are developed in
Section IV. The sum mean squared error (MSE) perfor-
mance, sum achievable rate and complexity of the proposed
algorithms are analyzed in Section V. Numerical results are
presented to demonstrate the performance improvement with
FD relaying and precoding. Finally, some conclusion are
given in Section VI.

Notation: Throughout this paper, the following nota-
tion is used. Bold uppercase, bold lowercase and normal
letters denote matrices, vectors and scalars, respectively.
vec(-) denotes matrix vectorization and ® denotes the matrix
Kronecker product. tr{-} is the trace of a matrix and Iy is
the N x N identity matrix. :%{-} and 3{-} denote the real and
imaginary parts, respectively.

Il. SYSTEM MODEL

We consider a three node, two-way MIMO full-duplex (FD)
relay system. As shown in Fig. 1, two sources S; and S3,
each equipped with N, transmit and Ny, receive antennas,
want to exchange messages via a relay R. The relay oper-
ates in full-duplex (FD) mode with physical layer network
coding [26], and has N, and N; antennas to receive and
transmit, respectively. The transmit and receive antennas are
assumed to be identical at all nodes. The non-regenerative
relay amplifies the received signals from both source nodes
and then broadcasts the resulting signal to the destinations
simultaneously. Therefore, communications between the two
sources is accomplished in one time slot compared to a
half-duplex (HD) system that requires two time slots. Note
that in the two-way relay system, the source nodes are the
destination nodes during the relay broadcast phase.

Let s;[n] € CLx! represent the L x 1 signal vector trans-
mitted at time n for source node i, i = 1, 2. Without loss
of generality, we assume that L < min{Ny,, N;, N,},i=1,2.
In addition, it is assumed that E[s;[n]s;[n]7] = I, where (-}
represents conjugate transpose (Hermitian) and E denotes
expectation. A linear precoding matrix B;[n] is applied to the
signal vector s;[n] before transmission. The received signal at
the relay can be expressed as

yrlnl = Hg, r[n]B1[nls1[n] + Hs,r[n]B2[n]s2[n]
-+ Hy;[nlt[n] + ng[n], (1)

(CNr X Ny

where Hg;z[n] €
Nsl. X Ny

matrix, Hgs, € C

i is the ith source to relay channel
is the relay to ith destination channel
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matrix, Hy;[n] € CN*M is the loop interference (LI) channel
matrix, and n,[n] € CN*lig an independent and identically
distributed (i.i.d.) noise matrix. After employing a LI cancel-
lation technique, (1) can be written as

yrlnl = Hg, g[n]B1[n]si[n] + Hg,g[n]Bs[n]s2[n]
+Hy[n]t[n] + T[n] + ng[n], (2)

where t[n] is the loop interference at time n, and T[n] =
—H;;[n]t[n] when perfect LI cancellation is applied. How-
ever, in an actual system T[n] = —Hy, [n]t[n] where t[n]
is a noisy version of t[n] due to imperfect LI cancellation.
As discussed in [28], yg[n] can be rewritten as

yr[n] = Hg, r[n]B1[n]s1[n] + Hg,g[n]B2[n]s2[n]
+Hy[n]At[n] 4+ ng[n], (3)

where At[n] = t[n] — t[n] and Hy;[n]At[n] is the residual LI
after imperfect LI cancellation.

At time n + 1, the full-duplex relay applies a precoding
matrix F[n 4+ 1] € CV*M to the received signal and then
broadcasts the result to the nodes. The received signal at
node i can be expressed as

yiln + 11=Hggs,;[n + 11F[n + 11yg[n] + np,[n + 1]
=Hggs,[n + 1]F[n + 1]Hg,z[n]B;[n]s;[n]
+Hgs;[n + 11F[n + 11Hs.r[n]B;[n]s;[n]
+Hgs,;[n + 11F[n + 1]H;[n] At[n]
+Hgg;[n + 1]F[n + 1Ing[n + 1] +np,[n], (4)

where i =2ifi=landi=1ifi=2.

Similar to [15], we assume that the channel characteristics
of each link change very slowly so they can be perfectly
estimated using pilot symbols or training sequences. The
channel Hg;r at the relay can be estimated by S; sending a
training sequence. The LI channel Hy; can be estimated at
the relay by sending an N;-symbol pilot sequence. Although
channel reciprocity does not hold exactly, as discussed in [2],
[11], [14], [26] for the purposes of analysis it can be assumed
to hold during the MAC and BC phases so that Hg,z = HIT?S,-'
As the antennas are identical, the back propagated self-
interference term Hgg,FHg,zB;s; from (4) can be canceled.
Further, we assume that the channel variations during the
precoder update interval are relatively small so the time index
has no influence on the precoder design and can be omitted.
Therefore, (4) can be expressed as

yi = Hrs;FHs.rB;s; + Hes FHg,rHr s At + Hgg, Fng + np,.
5

. Ny xL . .

A combiner W; € C """ is employed on the received
signal at node i, so the estimated signal from node i can be
written as

§ =Wy (6)

Since i.i.d. noise with zero mean and unit variance is assumed,
H 2 H 2
E[ngng | = o, In, and ]E[nD,.nD’_] = Un,dINs,» where

VOLUME 7, 2019



Y. Shao, T. A. Gulliver: Precoding Design for Two-Way MIMO Full-Duplex Amplify-and-Forward Relay Communication Systems

IEEE Access

af, = 1 and o w.q = 1 are the variances of ng and np,,
respectively. The problem now is how to design the linear
precoders B; and F and the linear combiners W; to minimize
the sum mean squared error (MSE) of the received signals at

the destinations.

Ill. PROBLEM FORMULATION

In this section, we first formulate the joint source and relay
precoding optimization problem to minimize the sum MSE in
the MIMO two-way relay system. Considering the received
signal (5) and the estimated signal after applying the linear
combiner (6), the MSE at node i can be expressed as

Ji = E[G; — sp@; — )]
= 1r{(W} Hgs,FHs.gB; — In; )W} Hgs,F
x HspB; — Ing)" + W C,, Wi, Q)

where C,, = o; HRS,FHS,RHL,HH HH FA HH + Hgs, FF
HHS,» + Iy, , and 0, is the variance of At.

The proll)lem is to find the matrices F, B;, W; such that
the sum MSE at the two destinations is minimized. The
optimization problem can be formulated as

min J1+ I (8a)
B:,F,W,,i=1,2

2
s.t.tr (F (Z HszB;BIHY

i=1
+olHyHf + 1y, ) FY) <P, (8b)

tr (BiBlH> <P (8c)

where P; > 0 and P, > 0 are the power constraints at source
node i and the relay, respectively.

IV. THE PROPOSED ITERATIVE ALGORITHMS
The original optimization problem in (8) is highly non-convex
and a closed-form solution is intractable. Thus, in this section
two algorithms are proposed to solve this problem. One is a
tri-step iterative algorithm and the other is a bi-step iterative
approach with lower computational complexity.

A. TRI-STEP ALGORITHM

A tri-step algorithm [2], [14] is presented here which is
based on alternating optimization that updates one group
of precoders at a time while fixing the others to solve the
corresponding convex subproblems to obtain B;, F and W;.
First, given By, B, and F, we find the optimal combining
matrices W1 and W». Since the power constraints in (8b) and
(8c) are not related to the destination combiners W and W,
the optimization problem is unconstrained and so is given by

min JW1 +Jw, ©)]
W;.i=1,2

where
Jw, = tr{W’HHRSiFHS?RB;BZHHgRFHHgSiW,'
+ Iy, — W} Hgs,FHs.xB; — BYHY . F"
x Hjg W; + Wi C,, W} (10)
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Differentiating Jw, with respect to W; and setting the result
to zero, the optimal combining matrix can be expressed as
W, = (Hgs,FHs x BB/ HY ,FHIL + C,,) !
X HRS,»FHS;RB} i= 1, 2. (11)
This solution is also known as a Wiener filter [2].
Second, the optimal relay precoding matrix F is obtained

by assuming W; and B;, i = 1, 2, are fixed and solving the
optimization problem

min J; + J»
F

s.t. tr(FK,F7) < P, (12)

where K, = Z HszB/BY HSR +o/HyHY) + Ly, )

i=1,2.The NIIS;E at §; is
Ji = tr(Hyg, W;W; Hgs, FHg.zB;BY' H§’ <FH
— Hg.xB;W{ Hgs,F — His, W;BY HgRF”
+ Hf WiW Hgs FF + W, WH
+0; H§’S W, W Hgg FH HY F? 1 1))
= tr(Hfjs, WiW! Hgs, FK,.F" — Hy ¢B;
x W Hgs,F — Higs, W;BI HY . F
+ 0, Hjg W, W/ HRSLFFH + W;WH
+ o Hie W W Heg FHLHE FY +1,)  (13)
where K. = HS}RB;B? Hgl - As with similar problems [14],
(13) is convex so the optimal relay precoder can be obtained

by employing the KKT conditions. The Lagrangian function
of (13) is

L =1J+Jr + Mer(FK,FT) — P,), (14)

where A > 0 is the Lagrange multiplier. Differentiating £
with respect to F with B; and W; fixed and equating the result
to zero gives

oL

3F = RSIW1W1 Hgs, FK,, —

Hps WiBYHY .
+ Hi, WoW3 Hgs, FK,, — HEg WoB{HY ¢
+ AFK, + Hfg W W} Hgg, F(o/HL H, + I,
+ Higg, Wo W5 Hrs, F (o H HE, + Ty,)
= K, F(K,, + o/H,H, + 1))
+K,F(K,, + o HyHE + 1)
~ K, + AFK, =0, (15)

where

K, = Hys, WiW{ Hgs,,
K,, = His, WaW5 Hgs,,
K, = H; W BYH{ , + Hlg W,B{HY{ ..
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From the properties of the vector operators, vec(AXB)) =
(BT @ A)vec(X) and vec(A + B) = vec(A) + vec(B), so

vee(K,)= (Ky, + o/ HyHY) +1Iy,)" ® K )vec(F)
+((Ky, + o/HyHYL +1y)T ® K, )vec(F).

(16)
The optimal solution is then
F = mat{[(K,, + o HH, +1y)T ® K,
+ Ky, + o/ HyHY +1y)"
®K,, + (K @ Iy, 17 vee(K, )}, (17)

where mat{-} is the inverse operation of vec(-).
In the case A = 0, we have

F = mat{[(K,, + o HyHE, + 1) 9 K,
+ Ky, + 0/ HyHy +1y,)" @ K, 17 vee(K,)),  (18)
and
A(tr(FK.F7) — P,) = 0. (19)

If F in (18) satisfies the condition in (19), then (18) is the
optimal relay precoder. Otherwise, let A > 0 so that

r(FK,F7) < P,. (20)
Substituting (17) into (20) and solving the resulting nonlinear
equation gives

r(FK,F?) = P,. (1)
In this case, F decreases with A because of the inverse in (17).
The optimal X that satisfies tr(FK,F7) = P, can then be
readily obtained using numerical methods such as bisection
search.

An upper bound on X can be found by following an
approach similar to that in [14]. Let K, = E; + E,
where E; = K,,F(K,, + o HyHE, + Iy,) + K, F(K,, +
ofHyHY + 1y,) and E; = AFK, = 0. If F and 1 are the
optimal primal and dual solutions of (8), respectively, then

1
F = XEZK;I, (22)
and
1
r(FK,F) = tr(ﬁEzK;leK;lEgl )
1 —1pH
= tr(ﬁEng Efy="pP,. (23)
On the other hand, if A > 0 we have

1
tr (ﬁK,Kx_le>

1 _
= ir(5 (B + B)K; Y(E; + Enf)

1 _ 1 _
(1K 'Ef) + (5 EaK; 'Ef)
1 1
+tr(ﬁE1K;lE§) + tr(ﬁEzK;lEfI) (24)
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Applying the matrix property that if Z; > 0 and Z» > 0 then
tr(Z122) = 0 gives 1r(;5 B2 K 'E4) > 0, so that

r(E1F?) = tr(K,,FK,,F? + K,,FK,,F) >0, (25)
1
r(E;F) = tr(ﬁElK;lEg) >0, (26)
and
1 —1pH
(5 B2 K 'EY) > 0. (27)

Since all the terms in (24) are greater than or equal zero, it can
be concluded that

1 —1yH
tr(ﬁKer K)) > P,, (28)
-1
SOA < M which is an upper bound on A.
Third, the optimal source precoders B;, i = 1,2, are

derived using the previously obtained F and W;. From (8b),
updating the source precoder can affect the power constraint
at the relay. Thus the relay power constraint in (8b) should be
included, so (8) is rewritten as

min _ Jp, +Jp,

i i=1,2

s.t. tr(BBI) < P;

2
() HYFFH BB <P, (29)

i=1

where P, = P, — tr(F(oH/HEY, + Iy, )F?). Now let

Ko, = H{ ;F"FHg, (30)

Jp, = tr{Ks 1B;BY — 20(Ks.2B;) + Ks3},  (31)
Ks,1 = HY ;F Hig W W Hpg FHr, (32)
Kso = W/ Hgs FHg, (33)
Ks3 = Wfl Co Wi+ INSi- (34

Applying the trace operator identity r{ABCD} =
(vecTT(CT @ A)vec(B) gives

Jg, = b Oib; — 20(a] by} + 1r{Ky3), i=1.2, (35)
where (A)i =Iy ® Ks;1, 8, = vec(Kgiz) and f)i = vec(B)).

Because Oi is positive semidefinite (PSD), (34) can be trans-
formed into

AL ~
Jg; =Il O7b: |5 —2%{a bs) + r{Ks;3}, i=1,2. (36)

To eliminate the 9%{-} operation, let b; = [?ﬁ{f)ir}, S{f)iT}]T,
i =1, 2. This gives

Jg, = bl Ob; —2a] b; + 1r{Kg3}, =12 (37)

AL AL
- - HO?} —3(0?

where O; = OiTO,- with O; = m{?i} ‘{Aof } , and
307} MO

a, = [®a7) —3(a7}]", i = 1,2. In addition, for the

power constraints in (29) we have tr{BiBlH } = biTI:libi with
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E = = Iy2yp2, i = 1,2, and tr{KUlB B + KOZBQBZ} =
bl E3b; + b Esby, where E3 = EJE; and E4 = ETE, are
positive semldeﬁmte matrices with

B o | My @Kot 3y ©Ko)H | 0

| S{Iv ®Ko)?) Ry ®Ko)?) |

_[Mav e Ko}t Ay @Koyt
| S{dv ®Kp,)2} Ry ® Ko,)2} |

The resulting optimization problem has the form

mbin b’ Ob —

(39)

a’b + 1r{Ks,3 + Ks,3}

s.t.a’Ejb < Pi,bTEsb < Py
a’Ezb < P, (40)

0, 0
0 O

E; 0 00 E; 0
E = E, = ~ dE3 = A~
! [0 o}’ 2 [OEz’an S I

that the term #r{Kgs,3 + Kg,3} does not affect the optimiza-
tion result and so can be ignored. Since E{, E;, E3 and O
are positive semidefinite, the problem can be transformed
into a convex QCQP problem and efficiently solved using
CVX [27]. The algorithm to solve the optimization prob-
lem (8) is summarized in Algorithm 1.

where O = [ } a = [2al,2a] 17, b = [b], bI]7,

. Note

Algorithm 1 Tri-Step Iterative Algorithm to Design B;,
F and Wi

1: Initialize the algorithm with B{" = /21, ,

F = i Iy,
(Y2 H, RB(H)(HS #BUH 11y,)

i=1,2,andsetn = 0.

Update W using (11) with F*® and B\".

Update F+1 using (17) and (28) with W' and B"".
Update BE"H) by solving the problem (40)

using WE") and Fo+1),

If

AN

(sum_MSE®™ — sum_MSE"*D)/sum_MSE® > e,

go to step 2.
7: End

B. BI-STEP ITERATIVE ALGORITHM

The tri-step iterative algorithm presented above provides
good performance according to the results presented in
Section V, but the computational complexity is high due
to the number of iterations required for convergence.
In this section, a bi-step iterative algorithm to obtain the
source and relay precoding matrices is presented which has
lower computational complexity than the tri-step algorithm.
Applying the combiner (11) at the destinations, the MSE of
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the signal estimate at node i in (7) is a function of B; and F
given by

Ji = tr{llyg, +H;C, HIT!, 1)

where H; = HRS,-FHS;RB;- Thus, the joint source and relay
precoder optimization problem for the proposed two-way
full-duplex relaying system is

min J; +Jp (42a)
i F,i=12
2
st tr (F (Z Hs,zB;BIHY
i=1
tolH HE 4 INDI,> ¥ ) <P, (42b)
r(B;Bf) < P; (42¢)

In this iterative algorithm, the source and relay precoders are
found by solving two convex subproblems.

Assuming source matrices B; satisfying (42c) are given,
and eliminating the constraint in (42c), the relay matrix F is
optimized by solving the following problem

min J; +J, (43a)
F,i=1,2
2
st tr (F (Z Hs, BB/ HY
i=1
+olHy B + 1y, ) F7) <P, (43b)

It was proven in [13] that the optimal precoding in one-
way relaying has parallel channels between the source and
relay. Then, singular value decomposition (SVD) can be used
between the relay and destination to match the eigenchannels
in the two communication hops. Similar to the approach
in [14], a heuristic channel parallelization method for bidi-
rectional communications can be employed which uses gen-
eralized singular value decomposition (GSVD) for the MAC
phase and SVD for the BC phase. Applying GSVD for the
MAC phase channel pair (Hg, O, (Hsg, R gives

Hg g = VI, UJL (44)
Hg,g = VI, UYL, (45)

where Vj, is a nonsingular N, x N, complex matrix, UZ and
Uth are L x L unitary matrices, and I'y, = [O(N L)XL, ]T
and I'p, = [Ah2 (N L)XL] where Ay, and Ay, are L >< L
nonnegative diagonal matrices.

For the BC phase, since the superimposed signal is simul-
taneously transmitted from the relay to both nodes, a virtual
point-to-point MIMO channel H,; = [(Hgs,)?, (Hgs,)' 1"
can be established. Employing SVD on H,; gives

H, =V, U7, (46)

where V, and U, are 2N, >< 2N, and Nl x N; unitary matrices,

respectlvely, ¢ = [A (2N N)XN] ,and Agisan Ny, x N,
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nonnegative diagonal matrix. Employing SVD on Hgg, and
Hgs, gives

Hgs, = V,, T, UL, (47)
Hgs, = Vg, I U, (48)
where Vg = V(1 : N,y 1 @ 2N,) and Vg, = V(N +
1 : 2N,,1 : 2N,). Note that Vg and Vg, are not uni-
tary matrices. Based on the solution of a similar problem

in [14, (29)], the optimal relay precoding matrix obtained by
solving problem (43) is

F =U,ArV, ", (49)
and the ith source precoder is
B; = Uy, A, Vp,,i=1,2. (50)
Substituting (47) and (48) in (41) gives
Ji = tr{{1, + (Hgs,FHs B;)(o; Hgs, FH. H} F* Hij
+Hgs, FFHEs, +1p) ' (Hrs, FHs B 7). (51)

Due to the similarity between J; and J>, we focus on the
derivation of J; and the results for J> can be obtained using
the same approach. Substituting (44)-(50) in (51) gives

Ty = tr{lly, + (Vg TgArTiy A, Vi)Y
X (Vg Tg ArV, (o HyHE, 4+ 1y,)
x VATV 4Ty, )7
X (Vg T ArTi, Ag, Vi) ™) (52)

Denoting By, = V; '(o?HyHY, + Iy)V, 7
(Vgng)’1 gives

and B,, =

= tr{lIL + (A, Uiy, ArTg)(Tg AFBy, AFT

+B,) (TeArTy, Ap)l '} (53)

It is obvious that the MSE covariance matrix in (53) is not

diagonal since By, is a non-diagonal matrix. To solve this

issue,letC = I'gArBy,, AFTg+Bg ,andD = Ap, 'y, ArTy
so that

Ji = tr{{l, + DC™'D]""}
= tr{l, — (I, +D~'CD~ )71, (54)
where the matrix inversion lemma I+ A=)~ =T — I +

A)~! has been applied. Since tr{A~'} > 3. [AG, D)]7! for
any positive definite square matrix A, we have

L
Ji <1 =) (AL +D7'CD NG, i)
i=1
=w{l; —d, +D'ADH™)
= tr{[I, + DA;'D]7), (55)
SO
J1 < ]id =wr{Iy + (FgAFthABz)(FgAFABhU ArTy,

+ Ap, ) (TgArTy, A7), (56)

76464

where ABhL, and ABg1 are diagonal matrices containing the
diagonal entries of By, and By, respectively. Now the upper
bound in (56) has a diagonal structure, so the precoders can
be obtained by minimizing this bound. Assuming Py = A%
for k € {hy, h2, F, g, B2, By}, the upper bound in (56) can be
reformulated as
-1
) ; (57)

L nn 1o n
PP, PEP
=3 (1o
n=1 Bg +pgp
where the pj are the diagonal entries of Py and A}, k €
{Bg,, Bg,, B1, B2, By, } are the diagonal entries of Ag. The

precoder design can then be simplified to the following opti-
mization problem

min J{' +J3 (58a)
PF

t n 7 7 n 71 )\’n < P 58b
s.t. ZPF(P]“PBI +p32ph2 + Bhu) <P ( )

This problem is convex and thus can be solved using the KKT
conditions. The Lagrangian function of (58) is

n
L= Z By +pgpF)LBhu
AB +pgpF?~” + PPy, PrPg,
+ )J’g +p§pr’? ghu
Ay, T PePE g, Tt PPy, PEPR,

+u [Zp?(pﬁlpﬁ, + PP, A, ) - Pr:| . (59)

n=1
where u > 0 is the Lagrange multiplier. Taking the derivative
with respect to pY. gives

22: —(hp, PhPePB,)
= (A, +pgpF By, + PePyPEP. )2
+ M(phlpB] +p32ph2 + )\.Bhu) =0 (60)

and the complementarity condition can be expressed as

BpF

I [Zp%(pzlpjél + P, Phy + Mg, ) — P,} =0. (61)
From (60) and (61) we have
Py = max[0, Root(f")], Vn, (62)
where Root(f"") denotes the maximum real root of

S = @}, +p§§2PZZ + g,

i=1 ()‘??g,- + PgPr )‘%h + pgph prB )?
and p should be chosen to satisfy
> Prh P, + PRl + X, ) =Pr. (64)

This can be efficiently solved numerically as follows.
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To find the optimal relay precoder F in (49), Ar must be
found. The diagonal entries of A are given by p}. from (62),
and (63) can be expressed as

f" = WPy, +Pp,Ph, + 13, )
M8, P.PePB,
 [xp, + PP, Pl PpR)P
B4, i, PP,
[k, T PRWAE, PR PP
This can be rewritten as
= EPOUTSH*SHH] + @ [T QRS SS
+ Q2RSS ST + P [T (R (S5)
+ (ST (RY)” + 4RIR;STSY) — Q/(S5)?
— O3S+ PPIT" 2R} Ry,
+ 2R (REY2ST) — (2Q1RESE + 200RT )]
+T"(RD*(R)® — Q1(R3)? — Q5(R})* =0, (66)

=0. (65)

where

T" = Py, + Pp,lhy + Mgy, )-

O = A, PhyPePB,

Q) = AB,, PinPePB,

Ry =1

Ry =3,

ST = Pghp,,, + PhoPePp,s

S = Pehsy,, +PhPell,-
Py is the maximum real root of the polynomial in (66). The
precoder F in (49) is then obtained using Ar.

The next task is to obtain B; using the optimal relay pre-

coder F from (49). Using the identity

1 {Tn+ AmscnBusm] ~ Y=t {Tu+BrscmAmsn] ™'} +m —n,
the objective function (41) can be expressed as
Ji=tr{l, + Y C,"H ™ + N, — L
_1 _1
= tr{[I, + C,”HHIC, 17} + N, - L
_1 _1
= tr{{I + Cy,” Hps, FHsrB;Bf H{ tF HE C,,” 17"
= tr{(I + FQF 7"}, (67)
where
C,; = o/ Hgs,FH H F HES, + Hes, FFPHES + 1y, ,
_1
Q; = BB, and F; = C,, Hgs,FHs. Using the above

results, the original optimization problem can be transformed
into

min ([l +F1QuFY] (L. +F2QiFy 17 (68)
s.t. tr{(Q(HY F"FHg, )

VOLUME 7, 2019

+ (Qu(HY (F"FHy )} < P,
(BB} < P;

(68b)
(68¢)
where P, = P, — tr(F(o2HyHY, + 1y, F7).

We now introduce positive semidefinite (PSD) matrices X
and X that satisfy

0 +FIQF] ™ <X, (692)
-1
[+ F2QiFf ] <X, (69b)
and using the Schur complement gives
X I
>0, 70
[IL IL+F102F’;’] e (700
X2 I
>0, 70b
|:IL I +F2Q1F§1i| - (700)

where X > 0 means that X is PSD. Since the sum of two PSD
matrices with the same dimensions is still PSD, let X = X; +
X so that problem (68) can be converted to the following
PSD programming optimization problem

min 7r{X} (71a)
Q;. X
X I
L. >0 71b
s [IL IL+F]QZF?}— (710)
X5 113
|:IL IL+F2Q1F§:| =0 (71¢)
1r{(Qi (HY (F"FHg, )
+ (Qu(HY ;F"FHy,p)} < P, (71d)
r{Q;} < P; (71e)
Qi=0,i=1.2 (71f)

The CVX software package [27] can be used to solve prob-
lem (71). Then the source and relay precoding optimization
problem given in (42) can be solved using the iterative algo-
rithm given in Algorithm 2.

Algorithm 2 Bi-Step Iterative Algorithm to Design B;
and F

Initialize the algorithm with BE") = %IL, i=1,2,
and setn = 0.

F((”)) is first solved with (49) and (62) using

B"”.

Update the subproblem (71) using F® to obtain BE"H).
If (sum_MSE®™ — sum_MSE"*D)/sum_MSE® > ¢,
go to step 2.

End

C. CONVERGENCE ANALYSIS AND COMPLEXITY
COMPARISON
1) CONVERGENCE ANALYSIS

The tri-step algorithm can be shown to converge as follows.
It is obvious that the subproblems are convex. It then follows
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TABLE 1. Average number of iterations and average CPU time required for convergence.

SNR;.¢, (dB) 0 10 15 20 25 30
Tri-Step Algorithm 4 8 12 16 21 24
Bi-Step Algorithm 4 8 8 11 11 12
CPU time (Tri-Step Algorithm)  0.0067  0.0053  0.0105 0.0329 0.0610 0.0605  0.0650
CPU time (Bi-Step Algorithm) ~ 0.0062  0.0050  0.0081 0.0115 0.3140  0.0365 0.0383
that each update of B;, F and W; will decrease or at least not g ‘ I I —<—SMSEHD
increase the value of the objective function, and thus the itera- 1 e vSErD RN
tive algorithm converges to at least a local optimum solution. SMSEFDRLI=10d8
Similarity, the two subproblems in the bi-step algorithm are
convex, so each update of B; and F will decrease or at least 100 F .
not increase the value of the objective function, and thus the w
bi-step iterative algorithm also converges to at least a local Z
optimum solution.
2) COMPLEXITY COMPARISON
The number of iterations required for convergence for the two i
algorithms is given in Table 1 for the same tolerance € = | ‘ ‘ ‘ ‘
0 5 10 15 20 25 30

0.001. The parameters used are Ny, = Ny, = N; = N, = 2
and SNR;_, = 30dB with SNR,_;4 setto 0, 5, 10, 15, 20, 25
and 30 dB. The residual loop interference level is set to 10 dB
and the number of trials is 1000. These results show that the
proposed tri-step algorithm requires more iterations when the
SNR is high. When the SNR is 10 dB or less, the algorithms
require a similar number of iterations, but the results for this
region are not important as the performance is poor. The aver-
age CPU time for the two iterative algorithms is also given
in Table 1. The simulations were conducted on a Lenovo
Thinkpad T470 laptop with an Intel core i7-7500U 2.70 GHz
processor. These results show that the bi-step algorithm takes
less time than the tri-step algorithm. Thus in terms of the
tradeoff between complexity and performance, the bi-step
algorithm is a better solution.

V. SIMULATION RESULTS

In this section, the performance of the proposed optimization
algorithms is studied through numerical simulation. Flat-
fading MIMO channels are considered so the entries of Hg;r
and Hgg, are i.i.d. complex Gaussian random variables with
zero mean and unit variance, As in the literature, the entries of
Hj; are i.i.d. complex Gaussian random variables with zero
mean and variance O'LZI.

The received SINR at node S is

11;_2 ”HRSl FHg,r ”2

= , (72)
of | Hes, FHL |* + |Hes F[* + Ly,
and the received SINR at node S5 is
% ||HR52FH51RH2
2 > (73)

- Gtz ”HRstHU ”2 + ||HR52F”2 + IND2 '

The achievable rates are given by Ry = log, det[Iy, + ©1]
and Ry = log,det[Iy, + ©®;], respectively, where det(A)

76466

SNR (dB)

FIGURE 2. Tri-step algorithm sum MSE versus SNRs; _r with
SNR,_d’, = 30 dB.

denotes the determinant of A. Therefore, the sum achievable
rate of the proposed two-way FD relay system can be written
as Rgun = R1 + R».

The performance of the proposed precoding algorithms for
a two-way MIMO full-duplex relaying system is examined
in terms of the sum mean squared error (MSE) and the sum
achievable rate. The results are compared with those of the
corresponding half-duplex (HD) relay system. Note that the
precoding algorithms for the HD system are the same as for
the FD system except that the residual LI term is zero. Further,
the achievable rate for the HD system is reduced by half
because two time slots are required for information exchange
between the two nodes. The signal-to-noise ratios (SNRs)
of the source-to-relay and relay-to-destination channels are
SNRy,— = WY: and SNR,_4, = IPT;’ respectively. For simplic-
ity, it is assumed that perfect channel state information (CSI)
is available for all channels. Further, Ny, = Ny, = N; =
N, = L = 2 is assumed in all simulations. The extension
to the case with more than 2 antennas is straightforward.
All the results are averaged over 1000 trials with indepen-
dent channel realizations. As discussed in [17], the residual
LI can vary from 0 dB to 15 dB larger than the channel noise.
Therefore, the residual LI levels considered here are 0 dB,
5 dB and 10 dB. The convergence tolerance for the tri-step
iterative algorithm is set to € = 107° and the maximum
number of iterations is 30.

Fig. 2 presents the sum MSE of the proposed tri-step
iterative method versus SNR;_, with SNR,_; = 30 dB. Itis
clear that the FD system has a higher sum MSE than the
HD system due to the existence of residual LI. Further,
the sum MSE increases as the residual LI level increases.
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HD

FD no RLI
—<—FD with RLI =0 dB
—O—FDwith RLI=5dB
—#*—FD with RLI = 10 dB

Sum Achievable Rate (bps/Hz)

0 5 10 15 20 25 30
SNR (dB)

FIGURE 3. Tri-step algorithm sum achievable rate versus SNRs; _r with
SNR,_d’, =30 dB.

—<— SMSE HD

—#— SMSE FD RLI = 0 dB
—#— SMSE FD RLI =5 dB
— SMSE FD RLI = 10 dB

SMSE

102

0 5 10 15 20 25 30
SNR (dB)

FIGURE 4. Tri-step algorithm sum MSE versus SNR,_g, with
SNRs; —r = 30 dB.

Fig. 3 presents the achievable rate of the HD and FD
systems. The FD system sum achievable rate is twice that
of the HD system when the LI is canceled completely. The
FD system outperforms the HD system when SNR;_, >
17 dB for all levels of residual LI. Further, when the residual
LI level is greater than 5 dB, the HD system outperforms the
FD system only when SNR;_, < 10 dB. The HD system
outperform the FD system when the residual LI is great
than 10 dB and SNR;_, < 17 dB.

Figs. 4 and 5 present the sum MSE and sum achievable
rate with a fixed SNR of 30 dB between the source and relay
and an SNR between the relay and destination from 0 dB to
30 dB. The sum MSE in Fig. 4 is better than that in Fig. 2 in
the low SNR,_; region because a higher transmit power at
the relay results in greater residual LI. Fig. 5 shows that the
sum achievable rate of the FD system is always higher than
that of the HD system for the residual LI levels considered.

Figs. 6 and 7 present the sum MSE and achievable rate for
the proposed bi-step algorithm with a fixed SNR of 30 dB
between the source and relay and an SNR between the relay
and destination from 0 dB to 30 dB. In Fig. 6, the HD system
has a higher sum MSE than the FD system for all residual

VOLUME 7, 2019

HD

FD no RLI
—<&— FD with RLI = 0 dB
—6—FDwith RLI=5dB
—#— FD with RLI = 10 dB

Sum Achievable Rate (bps/Hz)

o I
0 5 10 15 20 25 30

SNR (dB)

FIGURE 5. Tri-step algorithm sum achievable rate versus SNR,_g, with
SNRs; _, = 30 dB.

a —<&— SMSE HD

—=#— SMSE FD RLI = 0 dB
B —=#— SMSE FD RLI = 5 dB
SMSE FD RLI = 10 dB

SMSE

0 5 10 15 20 25 30
SNR (dB)

FIGURE 6. Bi-step algorithm sum MSE versus SNR,_g; with
SNRs; _, = 30 dB.

2
10 HD

FD no RLI
—<—FD withRLI=0dB
—O—FDwith RLI =5dB
—#— FD with RLI = 10 dB

Sum Achievable Rate (bps/Hz)

1001 I I I I I
0 5 10 15 20 25 30

SNR (dB)

FIGURE 7. Bi-step algorithm sum achievable rate versus SNR,_g, with
SNRs; —r =30 dB.

LI levels. The sum MSE of the FD system is degraded as
the residual LI level increases. Fig. 7 shows that the sum
achievable rate of the FD system is greater than that of the
HD system for all values of residual LI.
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30
—<&— FD Tri-Step RLI = 0 dB I I I

—#— FD Bi-Step RLI = 0 dB
—#%—FD Tri-Step RLI =5 dB
25 FD Bi-Step RLI =5 dB
— = —FD Tri-Step RLI = 10 dB
— — —FD Bi-Step RLI = 10 dB

20

Sum Achievable Rate (bps/Hz)
=

0 5 10 15 20 25 30
SNR (dB)

FIGURE 8. Sum achievable rate for the tri-step and bi-step algorithms.

Fig. 8 presents the sum achievable rate for the proposed tri-
step and bi-step iterative algorithms. This shows that the rates
of the two algorithms are comparable. This performance-
complexity tradeoff is an important consideration in the
design of practical MIMO FD relay systems.

VI. CONCLUSION

In this paper, locally optimal source and relay precoding and
destination combiner design was considered for MIMO two-
way full-duplex (FD) relay communication systems. To make
the optimization problem tractable, two efficient MSE based
algorithms were developed to obtain the source and relay
precoding and destination combining matrices. The tri-step
iterative algorithm provides optimal solutions to the three cor-
responding subproblems, while the bi-step iterative algorithm
provides optimal solutions to the two corresponding subprob-
lems. The convergence of the algorithms was examined, and
the effect of the residual loop interference at the relay on
the sum achievable rate was evaluated. Simulation results
were presented which demonstrate that both algorithms out-
perform the corresponding HD relay system in terms of sum
achievable rate and sum MSE.
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