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Abstract—In traditional multiple-input-multiple-output
(MIMO) channel and MIMO one-way relay system, nonlinear
precoding design has shown significant performance gain over
linear design. In this paper, we aim to study nonlinear precoding
design for MIMO amplify-and-forward (AF) two-way relay
systems, where nonlinear minimal mean square error (MMSE)
decision feedback equalizers (DFEs) are used in two destinations,
and linear transmit precoding is applied at the source and relay
nodes. We first investigate nonlinear precoding design, where
the precoding is only conducted at two sources for a fixed-relay
precoder. After some transformations, we prove that this design
problem is convex, and an efficient algorithm is provided to
find the optimal solution. Then, we consider the nonlinear joint
precoding design to further incorporate relay precoding. Due to
the nonconvexity of this problem, we first propose an iterative
algorithm (Algorithm I) to approach the optimal solution. It
is proven that Algorithm I is convergent and can converge to
a stationary point of the joint design problem. Moreover, we
present a simplified iterative algorithm (Algorithm II) for joint
precoding design to reduce the design complexity. It is found that
Algorithm II almost achieves the same performance as Algorithm I
in most cases. Our simulation results show that the proposed
nonlinear joint precoding design significantly outperforms the
linear joint precoding design. It is also shown that the choice
between the proposed nonlinear source precoding design and the
linear relay precoding design is dependent on specific conditions.

Index Terms—Minimum mean square error (MMSE), multiple-
input-multiple-output (MIMO), nonlinear precoding, nonregen-
erative relay, two-way relaying.

I. INTRODUCTION

ECENTLY, two-way relaying has garnered significant

interest for its ability in improving the spectral efficiency
of wireless transmission in the case of long source—destination
distance [1], [2]. As a new cooperative communication scheme,
the notion of two-way relaying is to apply the principle of net-
work coding at the relay node to mix the signals received from
two sources for subsequent forwarding and then apply, at each
destination, self-interference cancelation to extract the desired
information. Thus, in contrast to traditional one-way relaying,
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half of channel usages can be saved to complete one round
of information exchange between two sources. On the other
hand, the multiple-input-multiple-output (MIMO) technique
has been considered to be a significant technical breakthrough
in wireless communications. Similar to conventional point-to-
point and one-way relay systems, incorporating the MIMO
technique into a two-way relay system is expected to further
enhance throughput and achieve more reliable transmissions.

To fully realize the benefits of MIMO and two-way relaying,
conducting precoding at both the source nodes and the relay
node by making use of channel state information (CSI) is
crucial. A few studies have investigated the precoding design
for MIMO two-way relay systems. For example, in [3]-[5],
the relay precoding design for a MIMO two-way relay system
where multiple antennas are only equipped at the relay node is
considered. Then, in [6]-[9], a more complex case is studied,
where both the source and relay nodes are equipped with
multiple antennas. Under the decode-and-forward (DF) relay
strategy, [6] investigates the relay precoding design and com-
pares the capacity gain for two different reencoding operations.
Different from [6], in [7]-[9], the amplify-and-forward (AF)
relay strategy is considered. In addition to relay precoding, [7]—
[9] also incorporate source precoding such that source and relay
precoding are jointly designed to improve system performance.
Other than traditional two-user networks, the precoding of
MIMO two-way relaying has also been extended to multiuser
networks [10]-[12].

It is worth noting that the aforementioned precoding designs
for MIMO two-way relay systems are linear. Although the
nonlinear precoding design has been well studied in MIMO
point-to-point systems [13], [14] and MIMO one-way relay
systems [15], [16], to the best of our knowledge, it has not been
considered in MIMO two-way relay systems. Since nonlinear
precoding has been shown to have better performance than
linear precoding [13]-[16], incorporating nonlinear precoding
into MIMO two-way relay systems is expected to further
improve system performance. Thus, in this paper, we aim to
investigate the nonlinear precoding design for MIMO two-way
relay systems. Specifically, we adopt the AF relay strategy for
its simplicity of implementation. For the considered nonlinear
precoding scheme, we assume that linear precodings are ex-
ploited at the source and relay nodes, and nonlinear decision
feedback equalizers (DFEs) are applied at two destinations. Our
objective is to minimize the total mean square error (Total-
MSE) of two destinations. Thus, we refer to such receiver as
minimum mean square error (MMSE)-DFE receiver, as in [15].

First, we study nonlinear precoding design at two sources
for a fixed-relay precoder. After using some transformations,
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Fig. 1. Nonlinear precoding MIMO two-way relay system.

we prove that this design problem is convex, and an efficient
algorithm is provided to find the optimal solution. Then, we
study the more complex nonlinear joint precoding design at
both the source nodes and the relay node. It is shown that
this joint precoding design problem is nonconvex. To make the
design problem tractable, we first propose an iterative algorithm
(Algorithm I) to approach the optimal solution based on alter-
nating optimization. We prove that Algorithm I is convergent
and can converge to a stationary point of the joint design
problem. Based on the insights obtained from Algorithm I, we
further propose a simplified version of the iterative algorithm
(Algorithm II) by relaxing the relay power constraint when
optimizing the source precoders during each iteration. It is
found that the simplified method, i.e., Algorithm II, almost
achieves the same performance as Algorithm I in most cases.
Our simulation results show that the proposed nonlinear joint
precoding design can significantly outperform the linear joint
precoding design. However, the choice between the proposed
nonlinear source precoding design and the linear relay precod-
ing design is dependent on the conditions.

Notations: E(-) denotes the expectation over the random
variables within the bracket. ® denotes the Kronecker operator.
vec(+) and mat(-) signify the matrix vectorization operator and
the corresponding inverse operation, respectively. Tr(A), |A|,
and A~! stand for the trace, determinant, and inverse of matrix
A, respectively. Superscripts ()7, (-)*, and () denote trans-
pose, conjugate, and conjugate transpose, respectively. C**Y
denotes the space of x x y matrices with complex entries. S™
and Sﬁ denote the set of symmetric N x N matrices and the
set of positive semidefinite NV x N matrices, respectively. The
distribution of a circular symmetric complex Gaussian vector
with mean vector x and covariance matrix 3 is denoted by

CN(x,X).

II. SYSTEM MODEL

Consider an (N, M, N) MIMO AF two-way relay system
where two N-antenna source nodes denoted as S; and Sy
want to exchange messages through an M -antenna relay node
denoted as R. Here, we assume that /N data streams are trans-
mitted from each source to fully utilize the multiplexing gain.
To efficiently transmit /V data streams, we assume that M > N
as in [7] and [8]. The information exchange takes two time
slots, as shown in Fig. 1. In the first time slot (also referred
to as multiple access control (MAC) phase), two source nodes
Sy and Sy simultaneously transmit their signals to relay node

((DICV)
F, e
I‘II IIZ

R. Thus, the received M X 1 signal vector at the relay node is
expressed as

yr = HFis; + HyF3sy; +np

where H; € CM*N fori = 1,2, is the full-rank channel matrix
from S; to R, F; € CV*¥ denotes the transmit precoding ma-
trix at .S;, s; represents the transmit signal from S;, and np de-
notes the additive noise vector at R, withng ~ CN(0,0%1/).
Here, we assume that s; is normalized as £ (sisiH ) =1y, and
the power constraint at two sources can thus be denoted as
Tr (F,F}) < P, i=1,2 (1)

where P; is the maximum transmit power at S;.

Upon receiving y g, the relay node amplifies it by multiplying
it with a precoding matrix P € CM*M _ Therefore, the M x 1
transmit signal vector from the relay node can be expressed as
xp = Pypr. We assume that the maximum power at the relay
node is Pr, which yields

Tr {P (H\F 1 F{H{ + HoFoFYHY + 071y ) PP} < P
2

Then, the received signal at S; after the second time slot [which

is also referred to as the broadcast (BC) phase] can be written

as

yz:GZPH;F;Sgﬁ*GlPHlFlSZ+GZPI'IR -+ n;, Z:1,2
(3)

where i =2ifi = landi = 1ifi =2, G; € CV*M is the full-
rank channel matrix from R to .S;, and n; denotes the additive
noise vector at S;, with n; ~ CA'(0, 021 y). Subtracting the
backpropagated self-interference term G;PH;F;s; from (3)
yields the equivalent received signal vector at each destination
node as

yi:Dng—i—GiPnR—ﬁ—ni, 1= 1,2 (4)
where D; = G;PH;F; is the equivalent end-to-end MIMO
channel matrix for S;.

At each destination .S;, the MMSE-DFE receiver is imple-
mented by using a feedforward matrix filter W; € CV*¥ and
a feedback matrix filter B; € CV*V, as shown in Fig. 1. Note
that B; is a strictly upper triangular matrix, which implies
that the detection of transmit symbols starts from the Nth row
and the detection of the kth symbol is precoded by subtracting
the effect of previously decoded symbols. Assuming correct
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TABLE 1
ILLUSTRATION OF SIGNALING OVERHEAD

Reciprocal Non-reciprocal
CSI Precoding CSI Precoding
S1 — R: Gy
scheme A) R—>51:H2 R— S1:P,F,F2, B;, W SQ — R: G2 R — S1: P, Fy, Fa, B;, Wy
R — Sy Hy R — S2: P, Fq, Fo, Ba, Wy R — Si1: Hi, Ho R — Sy: P, Fq, Fao, By, Wy
R — SQZ H1, H2
Sl — R: G1
R—>S1ZH2 SQ—>RIG2
scheme B) R — S>: Hy No R — S51: H1, Hs, Go No
R — SQI Hl, HQ, G1

previous decisions as in [13]-[16], the input to the detector §;
can be written as

8; =Wy — Bis;

= (VVl])Z — BZ')Sg + W,G,;Pnip + W;n,. (5)
Then, the error vector between §; and s; is given by
e; =§; —s;
= (VV,DZ — Iy — Bi)S; + W,;G,Pngr + W;n,. (6)
The sum MSE of detector input is thereby derived as
E; =& (ef'e;) = Tr{(WiDi - U,)(W,D; — Uy
+ W, (63,G,PPG + o71y) W/ } (7)

where U, = Iy + B, fori = 1,2.

Before leaving this section, we provide some discussions on
the synchronization issue and the signaling overhead for obtain-
ing the CSI and the precoding information in the system. In this
paper, we assume perfect synchronization at the MAC phase,
so that the transmissions of the two source nodes align. In
addition, we assume that the channel characteristics of each link
change slowly enough so that they can be perfectly estimated
at each receiver by using pilot symbols or training sequences.
The required signaling overhead depends on the node in the
system conducting the joint precoding design. In the following,
we discuss two specific scenarios.

1) The relay node performs joint precoding design and then
broadcasts the resulting precoding and decoding matrices
to the source nodes.'

2) Each node simultaneously performs the joint design.

The illustration of overall signaling overhead is presented
in Table I, where we suppose that the corresponding channel
matrix is estimated at each destination node. For completeness,
both reciprocal channels, ie., G; = HZT, and nonreciprocal
channels, where G is independent with H;, are considered,
respectively. From Table I, it is easy to find that each scheme
has its own merits. Specifically, the first one can lower the
computational complexity at two source nodes, whereas it
requires much signaling overhead to feed back the precoding

IThe joint precoding can also be designed at one of the source nodes, but
it requires more signaling overhead to acquire CSI and precoding information
than performing the joint design at the relay node.

information. The second one needs less signaling overhead;
however, it requires that all the nodes have enough processing
ability to conduct the precoding design.

III. NONLINEAR PRECODING DESIGNS

Our goal is to minimize the Total-MSE of two users. Thus,
the precoding design optimization is formulated as

min E]_ + E2
F;,P,W,;,U;, i=12

s.t. (1), (2). 8)
From (8), it is not hard to see that the feedforward matrix
W,, for i = 1,2, is irrelevant to the power constraint. Since
the objective function in (8) is convex with respect to W, the
optimal W, can be obtained by equating the gradient of the
objective function in (8) to zero, which is derived as

W, = U,Df (D,DF +R,) ",

i=1,2 (9

where R; = 03G,PP” G + 021 . Substituting the optimal
W, for ¢ = 1,2, into (7), we get an alternative expression of

MSE as
B —Tr {Ui (Iy + DFR;'D,) Ugf} L =12
(10

Then, the nonlinear precoding design problem can be equiva-
lently rewritten as

2
. _ -1
£, 2 Bimy» 2 T {Us (L + DIR; D) 0T

s.it. (1), (2). (11)
We can verify that (11) is nonconvex and that the optimal
solution is not easily tractable. It is worth noting that, from a
practical application point of view, operating the joint nonlinear
precoding at both the source and relay nodes may not be
feasible in some scenarios. Thus, in the following, we first
consider a simple case where the precoding is only conducted
at two source nodes for a fixed-relay precoder. After that, we
consider a more complex case where the precoding is exploited
at both the source and relay nodes.
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A. Nonlinear Source Precoding Design for a
Fixed-Relay Precoder

This precoding scheme is suitable to a scenario where the
relay node does not have enough processing ability to enable
the joint precoding design and the system signaling overhead is
strictly limited. Thus, applying a fixed-relay precoder can lower
the computational complexity at the relay node and, on the
other hand, can reduce the signaling overhead if the precoding
is designed at two source nodes. The corresponding precoding
design problem is thereby yielded as

mm

U,,i=1,2 ZTI‘{
st. (1), (2).

Although (12) exhibits a simpler form than (11), it is still a
nonconvex problem. To help derive the optimal solution of (12),
we resort to minimizing a lower bound of (10) as in [13], which
is denoted as

(Iy + DFR;'D,)” lUfI}

12)

EY = NIy + DER;'D; , i=1,2. (13)

‘—1 /N
To obtain the lower bound (13) from (10), we have used
the arithmetic—geometric mean inequality Tr(X) > M |X|/M,
with X being an M x M positive semidefinite matrix. At the
end of this section, we shall show that suitable F'; and B; (i.e.,
U,) can be chosen to achieve this lower bound. According to
(13), the optimization problem to solve F; is described as’

1

2
min >[Iy + FPYHIPYGIR G PHFY|
FPFY =
st. Tr(FPEPT) <P, oi=1,2
2 H
> (FETHIPTPHEY) < P (14)

where P, = P — a%Tr{PPH }. Since (14) is still nonconvex
with respect to FIP, to derive the optimal solution, we rewrite
(14) as follows by introducing Q; = F%bFﬁbH:
min Iy + My Qu| YN + Iy + MaQo| ™
QM In 1Q1] [In 2Q2|

st Tr(Qi) <P, i=12

Tr{N1Q: + N2Q2} < Pp, (15)

where M; = H{IPHGZHR,;lGiPHg, and N; = Hf{PHPHi,
for ¢ = 1,2. To proceed in solving (15), we have the following
lemma, the proof of which is given in Appendix A:

Lemma 1: The optimization problem (15) is convex with
respect to Q; and Q.

Although (15) is a convex optimization problem, it is not
easy to obtain a closed-form solution. To gain more insight

2For notation convenience, we denote the designed source precoders from
the lower bound as Fﬁb, i=1,2.
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into problem (15), we derive the optimal structure of Q;, for
1 = 1,2, in the following lemma:

Lemma 2: The optimal solution of Q;, for ¢ = 1,2, in (15)
has the form

Q =M, *U;Bq, UM, 2, i=12 (16
where X, is a diagonal matrix, with its entries arranged
in increasing order; and U; is the eigenvector matrix
of M;2Z,M; "2 where Z; = MIy + AsN; and Zy =
oIy + A3No, with A\j, Ao, and A3 being three nonnegative
scalars. The eigenvalue decomposition of Mi_l/ 2ZiMi_1/ % can
be denoted as

.

M, 2ZM,? = U807, =1,
where the eigenvalues in >, are arranged in decreasing order.
Proof: See Appendix B. |
Similar to [17], Lemma B.1 also implies that the optimal
solution of (15) can be solved in an alternating manner, i.e., we
can first solve problem (41) in Appendix B, and then update
variables )\;, for ¢ = 1,2,3, by using the subgradient-based
method. The optimal solution of (15) can be obtained after
convergence of the iteration. According to Lemma 2, solving
the problem (41) can be simplified to solving the following
power allocation problem:

_ 1 _ 1
In + 301 ¥ + Iy + Zga| ¥

min
3Q1,2Q2
s.t. Tr{i:lel—Fingg}SP, EQito, 1=1,2
(17)

where P = A\ Py + Ao Py + )‘3PI,% Let XQl =1Iy+ 2@1 and
X g2 = Iy + Xg2; (17) can be reformed as

N X 1 N 1
. j N j TN
jmlg H le + H xQZ
TorPez =1 j=1
N .
s.t. Z (CII:I:Q1 +d2xQ1) < P, le > 1, a:JQQ > ]
j=1

(18)

where xé—h is the jth diagonal element of X, d{ is the jth
diagonal element of X;, and P = P + Tr(3, + X). Since
(18) is convex, Karush—Kuhn-Tucker (KKT) conditions are
sufficient and necessary for deriving the optimal solution. The
Lagrange function of (18) can be written as
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where A, j, and 3; are nonnegative Lagrange variables related
to the constraints in (18). By differentiating (19) with respect to
iji’ the KKT conditions of (18) can be obtained as

N
oL -1 1 )
2T b [z VA —a; =0 (20)
Q1 =1
or _ 1. *lﬁxl Y iad -8 =0 (21
PyE A Ao Q2 b =B =
Dy N =1
N . . . .
S (dlaly +dhaly ) =P =0 (@2)
j=1
aj (why =1) = 0.8 (why = 1) =0.  (23)

By multiplying (20) and (21) with 2, (7),) at both sides, we
can obtain the following two equations:

N

1 _1 o . o

N leQl N =My, - ajal, = Mz, —a;  (24)
=1
me =\dahy — Bijwly = Mzl — 85 (25)

where the second equality of (24) and (25) is obtained by using
(23). From (24) and (25), we find that A must be larger than
zero. Since o; and 3; are two nonnegative Lagrange variables,
to satisty (23), if or; or §; is larger than zero, we must have the
following:
» If a; > 0, then xél = 1, and if 3; > 0, then xép =1.0n
the other hand, if a;; or 3 is equal to zero, we must obtain
the following conclusion based on (24) and (25):

o If o; =0, then dlel =a for j = {jla; =0}, and if
B; = 0, then d%xQQ =bforj = {j|B; =0}

Here, a and b are two positive scalars needed to be
optimized. Since elements in the optimal solution xg; =
[zbi, zzQi, .. ,ng] are arranged in increasing orderl as claimed
in Lemma 2, if the optimal solution of (18) makes a:égl =1,5=
1,2,....n, and ol =1, j=1,2,...,
problem (18) can be simplified as

m, the optimization

1 1

N
IT =0 7+ H hy "

min
TH1:Tq2 j= n+1 j= m+1
s.t. Z dijl—i— Z dngl <P
j=n+1 j=m+1
93]@1 >1, g 2>1 (26)

where P=P—377  dj -y 7", dj. Since x7,,; in (26) should
satisfy djxy,, = a and dyayy, = b as previously claimed, (26)
can be further transformed into

min A-a
a,b

N—n N—m
N +B-b "~

st. (N—n)a+(N—-—m)b<P

a>drtt b >aytt 27)

b
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where A = HJ ntl d{l/N, and B = H;V:m+1 d%I/N. Again,
by using the Lagrange function of (27) given by
£:J1+J2+7((N—n)a+(N—m)b—15)

+p (dit —a) + v (dtt —a)  (28)

where Jy = A-a NN and Jo = B-bVN""/N_ the KKT

conditions are obtained as

0.J4

— N _ =
55 "IN —n)—u=0
0Js
Es +9(N —m)—v=0

V((N—n)aJr(N—m)b—P) —0

pla—ditt) =0, v(b—dyt') =o0. (29)
Combining (29) with the observation that the optimal solution
in (27) must make the power constraint active; we can derive

the following three points, which include the optimal solution:
Case I: If 1 #£ 0, then

P— (N —n)a
_ gn+1 _
a=dj b= N (30)
Case II: If v # 0, then
P—(N—m)b
_ gm+1 _
b=d, a= N . (3D
Case IIL: If 4 = 0, v = 0, then (a, b) satisfies
9y 0J>
(N =m)5r =N =n)5
(N —n)a+ (N —m)b=P (32)

By comparing these points, we can obtain the optimal
solution of (27). Then, using a = djzg), and b = dyayy, in
(26), we finally obtain the optimal solution of (18) under the
assumption that 27, = 1 for j = 1,2,...,n and 23, = 1 for
j=1,2,...,m. By trying all possible cases of (n,m), we can
find the optimal solution of (17) and then using Lemma 2 to
obtain the optimal solution of (41). Note that, in (41), there
exists variable \;, which needs to be updated by making use
of the subgradient-based method.

In summary, the overall algorithm to optimally solve (15) is
outlined as follows:

e Repeat
e Solve the problem (17) for fixed A\;(n), i =1,2,3

—Forn,m=20,1,2,...,N,do '

— Sqlve (26) under the assumption xégl =1,5=1,...,n,
Ty =1,j=1,...,m by using Cases L, II, and III in
(30)-(32).

— End

— Choose an (n, m), which gets the minimal value of the
objective function of (18), and obtain the optimal
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solution of (17). Then, use Lemma 2 to get the optimal

Q1 (Ai(n)) and Qz(Ai(n)).
e Update variables Ai(n), Az2(n), and A3z(n) using the
subgradient-based method?

M+ 1) =) — An (P~ Tr (Q (u(n)))

Ao(n+1) =Xa(n) — Ay (P — Tr (Q2 (Ni(n))))

A3(n+1) =A3(n) — A, (Pr — Tr (N1Q1 (Ai(n)))
+N2Q2 (Ai(n)))))

e Until the termination criterion is satisfied.

By decomposing Q;, we can get the optimal FIP. Note that,
until now, the optimal ng, 1 = 1,2 are obtained based on the
lower bound of (10). Next, we show that suitably chosen U; can
achieve this lower bound, which makes the preceding design
indeed optimal. Before that, we need to be reminded that F;
in (10) achieving the lower bound E%b in (13) only occurs
when [13]

U, (I + F/HIPYGIR; ' GPHF;) ' U = gy
(33)

where ¢ = [Ix + DFR;'D;|7'/". Note that multiplying any
unitary matrix at the right side of F!* does not change the value
of E' in (13). Letting S; be a unitary matrix, we have

B :Tr{UZ- (i + SFFPHIPH

-1
x GH Ri‘lGiPH;F%"Si) ul }

=Tr{U,S/"A;S,U/"} (34)
where A; = (Ix + FPYHIPYGIR; 'G,PH;F") . To
make (33) succeed, we have
USYA? = gV, (35)

where V,; can be any unitary matrix. Equation (35) further
leads to

VAU, = \gA;'’S;. (36)
By using the equal diagonal QR decomposition method pro-
posed in [19], we can always find a unitary matrix S; that makes
the QR decomposition of \/§Ai_1/ %S, have equal diagonal
upper triangle matrix U;. The optimal F'; in (12) can be derived
as F; = FI’S;. Then, we substitute the derived U; and F; into
(9) to get the optimal feedforward matrix W,.

Remark: Since we have proven the convexity of (15), the
existing advanced software package CVX [20] can also be
applied to obtain the optimal solution. The advantage of the pro-
posed algorithm over CVX is that it can obtain more accurate
solution in the low signal-to-noise ratio (SNR) regime since,

3The subgradient can be found as in [17], and the step size can be chosen as
in [18].
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by using Lemma 2, the not-yet-determined elements in (15)
have been reduced from 2N2 to 2N + 3. This is also verified
in the simulation results. In addition, the proposed algorithm
is necessary in certain scenarios where the advanced software
package is not available.

B. Joint Nonlinear Precoding Design

In this section, we consider the joint nonlinear precoding
design to further incorporate the relay precoding. Although
the algorithm proposed in Section III-A enables the optimal
design of the nonlinear source precoding for a fixed-relay
precoder, it is not easy to design all the optimal precoding and
decoding matrices jointly due to the nonconvexity of (8), where
there are seven matrices to be optimized. To find an efficient
way to approach the optimal solution, we next propose two
iterative algorithms to decompose the primal problem into two
subproblems and solve each of them in an alternating manner.

1) Algorithm I: In the first subproblem, we aim to solve the
transmit matrices F;, for ¢ = 1,2, and four receive matrices
W, and B, (i.e., U;), for : = 1,2, for a given relay precoder
P. Note that this subproblem can be transformed into (12)
and then optimally solved by using the algorithm provided in
Section III-A. Thus, the optimal F;, W, B;, for ¢ = 1,2, can
be obtained in this subproblem.

In the second subproblem, we shall update the relay precoder
P in (8) for fixed F;, W;, B;, for : = 1,2. After applying the
circular property of trace operator Tr{AB} = Tr{BA} on (7),
this subproblem can be rewritten as

2
min > Tr{ GIWHIW,GHPR,P — W,G,PH;F;U
=1

- UF/HI'PHGIW]
+o?W,WH U, Ut }

s.t. (2) 37)
where R; = H;FgF{IH{{ + U%IM. In [7] and [8], we have
proven that (37) is convex with respect to P, and the optimal
P can be obtained by using the following lemma:

Lemma 3: The optimal closed-form P of (37) can be derived
as

p :mat{ { (H,F, FIHY +021y)" @ (GEWIW,G,)

+(HoFoFYHY +021y) " © (GIWEW, Gy)

+707 ® IM} vec(o2)} (38)
where Oy =H, F,FIHY + H,FoFEHY 4621y, and Oy =
GIWHU, FIHY + GEWHU,FEHH . The optimal 7 is
bounded within [0, /020704 /Pg] and can be found by
using bisection search to satisfy the KKT conditions of (37).

Since the proof of Lemma 3 is similar to the proof of
Lemma 2 in [7] and [8], thus we omit it for brevity.
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Overall, Algorithm I is summarized as follows:

o Repeat

e Solve (12) with P fixed to get the optimal F; and U, for
1 = 1,2, and then, get W; by using (9).

e Solve the relay precoder P in (37) for fixed F;, W,, B,,
fori = 1,2, by using (38).

e Until the termination criterion is satisfied.

Lemma 4: The proposed iterative precoding design algo-
rithm, i.e., Algorithm I, is convergent, and the limit point of
the iteration is a stationary point of (8).

Proof: Since, in the proposed algorithm, the solution for
each subproblem is optimal, the Total-MSE is decreased after
each iteration. Meanwhile, the Total-MSE is lower bounded (at
least by zero). Hence, the proposed algorithm is convergent.
It further means that there must exist a limit point denoted as
{F;,P,W;,U,,i = 1,2} after the convergence. At the limit
point, the solution will not change if we continue the iteration.
Otherwise, the Total-MSE can be further decreased, and it con-
tradicts the assumption of convergence. Since {F;, W;, U;,i =
1,2} and P are local minimizers for each subproblem, we have

Tr {VxJ(X;P, i=1,2)T(X - X)} >0
Tr{VpJ(P;F;,W;, U;, i = 1,2)"(P-P)} >0

where X = [Fl,FQ,Wl,WQ,Ul,UQL and J = E1 + EQ.
Summing up the two preceding equations, we get

Tr{VyJ(Y)"(Y-Y)} >0

where Y = [F1,Fy, P, Uy, Uy, W1, Wy]. Result (39) implies
the stationarity of Y of (8) by definition. |

We now provide some discussions on the design complexity
of Algorithm I. In general, it consists of two parts, i.e., solving
the source precoders and solving the relay precoder. For solving
the source precoders, almost nf, (N + 1)? steps are needed
to find the final solution, where nj, denotes the required
iterations. While for solving the relay precoder, since bisection
search is used to find the optimal 7 in (38), [logs(N/e)]
iterations are required to obtain the final relay precoder by

\/ 0207104 /Py is a preset
search upper bound of 7, and e is the error precision for

the convergence of bisection search. Thus, the overall design
complexity of Algorithm I can be approximated as

L=0 (nite (niste(N + l)2 + [logQ(N/e)]))

(39)

using Lemma 3, where N =

where n;; denotes the required iterations in Algorithm I.

2) Algorithm II: Tt is easy to find that the high design
complexity of Algorithm I is due to the fact that no closed-
form solution is available when solving the first subproblem
of Algorithm I. By taking a closer look at the optimization
problem (14), we find that the difficulty lies at existing relay
power constraint such that solving (14) becomes quite different
from solving the nonlinear precoding design problem in tradi-
tional point-to-point systems. Therefore, to reduce the design
complexity, we next propose a simplified iterative algorithm by
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Fig. 2. Tterations required to update {1, A2, A3} for (2,3,2) and (4,5.4)

MIMO two-way relay systems at p1 = p2 = pr = 10dB.
discarding the relay power constraint when solving (14). Then,
solving (14) is simplified to solve the following problem:

1/N
max ’IN + FlinMiFﬁb

st Tr (FﬁngbH ) <P, (40)
The closed-form solution derived in [13] can be used to in-
dependently obtain F* and FY°, which can significantly re-
duce the computational complexity. Therefore, different from
Algorithm I, in the first subproblem of Algorithm II, we
directly solve (40) instead of solving (14). Note that, since
Algorithm II is heuristic, the convergence of iteration cannot be
strictly proven, whereas, as verified by our simulation, we find
that the algorithm is convergent in most cases. In some special
scenarios, we terminate the iteration when the iteration number
exceeds a preset threshold.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, some simulation results are presented to
evaluate the proposed precoding designs. The channels are
modeled as Rayleigh fading, i.e., the elements of each channel
matrix are complex Gaussian random variables with zero mean
and unit variance. The noise powers at all destinations are set to
be the same, i.e., 0} = 03 = 0% = 0. The average SNRs for
the MAC phase and BC phase are defined as p; = Py /02, py =
Py/0?, and pr = Pr/o?, respectively. The average bit error
rate (BER) using quadrature phase-shift keying modulation is
simulated. If not specified otherwise, the previous decoded
symbols are used for the subsequent interference subtraction
at the MMSE-DFE receiver.

In Fig. 2, we show the convergence behavior of updating
{A\1, A2, A3} for two random channel realizations. We find
that, in general, the update of {\1, A2, A3} converges fast. To
explicitly show how many iterations are needed on average, we
plot the average iteration number in Fig. 3 as a function of SNR.
It is observed that almost 150 iterations are enough for all the
SNR scenarios.
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Fig. 3. Average iterations required to update {A1, A2, Az }.
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Fig. 4. Performance comparison of the nonlinear source precoding design by
using the proposed method and CVX.

Fig. 4 shows the MSE comparison of the nonlinear source
precoding design by using the proposed method and CVX [20].
It is observed that, although they obtain the same performance
in the high-SNR regime, the proposed method performs slightly
better than CVX in the low-SNR regime. The reason is that,
in our proposed method, we have used the optimal precoding
structure derived in Lemma 2, which reduces the not-yet-
determined elements in (15) from 2/N2 to 2N + 3. Thereby, the
proposed method can obtain more accurate solution than CVX.

In Fig. 5, we show the MSE and BER comparisons among
three proposed designs for (2, 3, 2) two-way relay system.
The curves first show that the comparison results for MSE and
BER are the same. It is also found that the joint design can
significantly increase the system performance compared with
the source precoding design, and two joint precoding designs
almost obtain similar performance. This observation can also be
found in Fig. 6, where the performance of Algorithms I and II
is compared under several antenna configurations. The intuitive
explanation for this observation is that, although the solution
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Fig. 5. MSE and BER comparison of three proposed designs for (2,3,2) two-
way relay system.
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Fig. 6. Performance comparison between Algorithm I and Algorithm II.

of precoding matrix F; during the first step in Algorithm II
is suboptimal by ignoring the relay power constraint, the relay
power violation can be compensated in the second step by opti-
mizing the relay precoder. This way, the relay power violation
may only occur at the beginning of the iteration. As the iter-
ative procedure converges, the solved source precoders begin
satisfying the relay power constraint. Therefore, the obtained
final solution from Algorithm II may be close to that from
Algorithm I. Thus, Algorithm I and Algorithm II can obtain
similar performance. The comparison result also implies that, in
practical implementation, we can discard the relay power con-
straint when solving the source precoder in the first subproblem
to highly reduce the design complexity. In the following, if not
specified otherwise, the nonlinear joint precoding means using
Algorithm II to perform the joint precoding design.

Fig. 7 shows performance comparison for the perfect pre-
vious symbol subtraction and the decoded previous symbol
subtraction at the MMSE-DFE receiver. It is found that the
propagation of the detection error only slightly increases the
system BER. The performance of the proposed precoding
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Fig. 7.
decoded previous symbol subtraction for (2, 3, 2) two-way relay system.
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Fig. 8. Performance of the proposed precoding designs over imperfect CSI.
designs over imperfect CSI is also shown in Fig. 8, where
N% means the elements of each channel error following the
distribution of CN'(0,1 - N%). The plots in Fig. 8 show that
the nonlinear precoding is sensitive to the CSI error, and system
performance can be greatly degraded if the CSI error is large.
Next, we aim to compare the performance of proposed
nonlinear precoding designs with the linear precoding designs
proposed in [7] and [8]. Overall, five schemes are simulated.

1) Scheme 1. nonlinear
fixed-relay  precoder, simply set as

P= \/PR/TI‘(PlHlH{{ + P2H2H5I + 0’12311\/[)]:]\/[;4
2) Scheme II: nonlinear joint precoding;

source
which is

precoding for a

4Using this relay precoder implies that the relay node does not need to know
which precoders have been used at two source nodes. Moreover, since the
designed source precoders in Scheme I satisfy the relay power constraint, the
relay does not need to scale the received signal in each data transmission, which
can reduce the relay processing complexity.

Performance comparison of perfect previous symbols subtraction and

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 61, NO. 9, NOVEMBER 2012

10

10”

107
o _a[| —% - Scheme-I (2,2.2)
W 10 " Ff —%— Scheme-1 (2,3,2)

- —%— Scheme-Il (2,2,2)
—#— Scheme-Il (2,3,2)
10 "fj - —4— Scheme-lll (2,2,2)
—+— Scheme-lll (2,3,2) | ::
- —O— - Scheme-IV (2,2,2)| -
10 F{ —&— Scheme-IV (2,3,2)
- —0O— - Scheme-V (2,2,2)
—©&— Scheme-V (2,3,2) |-
10° ! L

5 10 15 20 25 30
py=p, =pg(dB)

Fig. 9. Performance comparison for different precoding schemes at N = 2.
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Fig. 10. Performance comparison for different precoding schemes at N = 4.

3) Scheme III: linear source precoding for a fixed-relay
precoder P as in Scheme I;
4) Scheme IV: linear relay precoding for fixed-source pre-

coders F1 = \/Pl/NIN and F2 = \/PQ/NIN;

5) Scheme V: linear joint precoding.

For the linear precoding Schemes III, IV, and V, we apply
the iterative precoding designs proposed in [7] and [8]. Note
that we do not consider the nonlinear relay precoding since the
nonlinear precoding design needs to jointly design the precod-
ing matrix at the source node and the decoding matrices at the
destination. It is not feasible to only design the relay precoding
matrix and destination decoding matrices in the considered two-
way relay system.

In Figs. 9 and 10, we consider two cases with N =2
and N = 4, respectively. From the plots, we find that, for
the nonlinear precoding, Scheme II significantly outperforms
Scheme I, as expected, since the relay precoding is incorpo-
rated in Scheme II. Furthermore, when increasing the relay
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antenna number, the improved performance gain of Scheme I is
obviously less than Scheme II. On the other hand, for the
linear precoding schemes, we find that source-only precoding
(Scheme III) performs much worse than relay-only precoding
(Scheme 1V), which can get most of the performance gain of
the joint precoding scheme. This observation means that, in
the two-way relay system, precoding at the relay node is very
effective. For the comparison between nonlinear precoding and
linear precoding, we observe that the joint nonlinear precoding
scheme (Scheme II) significantly outperforms the joint linear
precoding scheme (Scheme V). This observation is expected
due to applying more advanced successive interference cancela-
tion receivers for the nonlinear precoding. The more interesting
comparison is between the nonlinear source precoding and the
linear relay precoding. We find that, when N = 2, although
Scheme I (2,2,2) outperforms Scheme IV (2,2,2), when equip-
ping one more antenna at the relay node, Scheme IV (2,3,2)
begins to outperform Scheme I (2,3,2), which means that, in
this case, applying linear precoding at the relay node is more
efficient than applying complex nonlinear source precoding.
However, this observation does not occur if we equip one
more relay antenna for the case N =4 in Fig. 10. The main
reason is that, when more data streams are transmitted from two
sources, Scheme I can obtain more performance gain by using
the nonlinear MMSE-DFE receiver.

V. CONCLUSION

In this paper, we have considered the nonlinear precoding
design for MIMO AF two-way relay systems. We have first
studied the nonlinear source precoding design for a fixed-relay
precoder. This problem has been proven to be convex, and an
efficient algorithm has been proposed to get the optimal solu-
tion. We have then studied the more complex nonlinear joint
precoding design. Due to the nonconvexity of this problem, we
have proposed two iterative algorithms to find the final solution.
Simulation results have verified the efficiency of the proposed
nonlinear joint precoding design over the existing linear joint
precoding design.

APPENDIX A
PROOF OF LEMMA 1

Since the feasible set of (15) is convex, to prove the convexity
of (15), we only need to verify that the objective function is
convex. To achieve this goal, we first show that f;(Q;) = [Inx +
MiQi|1/ N for i = 1,2, is concave. For brevity, we next take
f1(Q1) as an example. According to [21], we can prove the
concavity of f1(Q1) by considering an arbitrary linear, given
by Q1 =Z +tV, where Z GSf,V eSNandZ +tV € Sf.
By defining ¢(t) = f1(Z +tV), we have

9(t) = [Ty + My (Z + tV)|*
1
N

1 1 1 1
= Iy +MZZM? + tM? VM?

—|A +tB|¥
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where A = Iy + M1/2ZM}/2, and B = M}/zVMi/Q. Then,
we obtain

d*g(t) 1 1 _
S5 = A+ BIY [Tr* {(A +tB) 'B}
—NTr {(A +tB) 'B(A +tB) 'B}].
We next show that Tr*{(A +¢B)"'B} — NTr{(A +

tB)"'B(A +tB) !B} < 0. Since
Te? {(A + tB) 'B} = Tr2 {(A +1B) iB(A + tB)*%}

(=)

where 7 is the rank of (A +tB) '/?2B(A +tB) '/ and
satisfies r < N, \; is a eigenvalue of (A +tB) " /?B(A +
tB)~1/2, and

Tr {(A +tB) 'B(A +tB) 'B}
_ {(A +¢B) *B(A +tB)"?
< (A +tB) *B(A + tB)’%}

= ZT:)\f
i=1

based on Cauchy-Schwarz inequality, it is not hard to get
O A2 <r>l_ A2 < N YT, A2 Thus, we have

d?g(t)
2

1 1 _
—NTr{(A+tB) 'B(A+tB) 'B}] <0
which further indicates that f1(Q) is concave. Next, we show

that ¢1(Q1) = |In + M1Q1|’1/N is convex. By introducing
new variables X and Y, we have

9 (0X + (1= a)Y) = e +1(1 v
1
SR (- h()
1 1
<a——+(1-a)

- X)) f1(Y)

where the first inequality is obtained by using the concavity
of f1(Q1), and the second inequality is obtained by using the
fact that f(x) =21, z >0 is a convex function. Thus, we
conclude that g1 (Q;) is convex. After extending this result to
f2(Q2), we complete the proof of Lemma 1.

APPENDIX B
PROOF OF LEMMA 2

To prove Lemma 2, we first give the following lemma:
Lemma B.1: The optimal objective value of (15) is lower
bounded by

2
1
A1, A2, Ag) = i In +M,;Q;|™ ™
000 A Xs) = g 3l + MiQ|

s.t. Tr{()\ll-i-/\gNl)Ql} + Tr {()\QI+)\3N2)Q2}

<MPL+ XPs + A3 Pg 41)
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where A1, Ao, and A3 are three nonnegative scalars.
Moveover, this lower bound is tight and can be achieved by
maxy, x;,as (A1, A2, Az).

Since we have proven that the problem (15) is convex, the
KKT conditions are sufficient and necessary for deriving the
optimal solution. Then, the proof of Lemma B.I is similar
to the proof provided in [17, Props. 4 and S5]; thus, it is
omitted for brevity. It is easy to verify that, in (41), the optimal
solution must make the constraint active. We assume that the
term Tr{(A\ I+ A3N;)Q;} consumes power ¢ and that the
term Tr{(A2I + A3N3)Q2} consumes the remaining power of
M P+ Ao P2 4 A3 Pg,. To derive the optimal structure of Qg,
we only need to consider the following problem:

Iy +M,Q |~
qiax Iy +M; Q¥
st T{Z,Qi} < t. 42)

Since Q; = Fllelle, solving (42) is equivalent to solving the
following problem:

2=

max

H
ns ‘IN+F11b M, F
1

st Tr {Fllelellb} <ty (43)
For (43), without loss of generality, we assume that the optimal
F'® makes the term FI*""M; F! diagonal. Otherwise, we can
always multiply FI” with a unitary matrix (the eigenvector
matrix of FlleMlFllb) at the right side to make FlleMl FP
diagonal, and this new precoding matrix does not affect the
value of the objective function and the power constraint. Thus,
by assuming FI*"' M, FI* = %, where %, is a diagonal ma-
trix with the diagonal elements being arranged in the increasing
order, we have Mi/ 2Fllb =U;3,, where U; is a unitary
matrix, which will be determined later. Then, we have

F> = M, 7 U, 3 (44)
1 — 1 11

Substituting (44) into the power constraint (43) yields

T (PP 2z, PP} =T d U M, *Z, M, U, 3,
—————
0,508
:Tr{sz{flef:lﬂ{fUl}

>Tr {2%5)1} (45)
where the inequality is obtained by using the fact that
Tr(AB) > Tr(AsAp), where A, is a decreasing-ordered
diagonal matrix with eigenvalues of A as its diagonal elements,
and Ap is an increasing-ordered diagonal matrix with eigen-
values of B as its diagonal elements. Note that the equality
in (45) holds when U; = fh. Thus, we conclude that the
optimal structure of Fllb is Mfl/ 2[]'121, which further yields
the optimal structure of QQ; as in (16). After extending this
result to Qs, we complete the proof of Lemma 2.
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