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Optimal Design of
Spatial Source-and-Relay Matrices for a
Non-Regenerative Two-Way MIMO Relay System

Shengyang Xu and Yingbo Hua, Fellow, IEEE

Abstract—This paper considers a system where two users
exchange information via a non-regenerative half-duplex two-
way MIMO relay and each of the two users and the relay
is equipped with multiple antennas. We study the design of
the spatial source covariance matrices (or source matrices) at
the two users and the spatial transformation matrix (or relay
matrix) at the relay to maximize the achievable weighted sum
rate of the system. The source matrices and the relay matrix
are optimized alternately until convergence. If the relay matrix
is given, we show that the optimal design of the source matrices
(for uniformly weighted sum rate) follows a generalized water
filling (GWF) algorithm. If the source matrices are given, we
show two search algorithms to optimize the relay matrix. The
first algorithm is a hybrid gradient method which adaptively
switches between the (steepest) gradient descent and the Newton’s
search. The second is an iterative weighted minimum mean
square error (WMMSE) method which alternately refines the
MMSE equalizers at the users and the relay matrix. We compare
the convergence behaviors of the two algorithms and demonstrate
their advantage over prior algorithms. We also show an optimal
structure of the relay matrix, which is useful to reduce the search
complexity.

Index Terms—Smart relays, multi-antenna relays, two-way
relays, power scheduling, eigen-beamforming, gradient methods,
weighted minimum mean square errors, generalized water-filling
algorithm.

I. INTRODUCTION

HE radio frequency spectrum for mobile wireless com-

munication is becoming increasingly crowded especially
in large cities. Developing technologies for efficient spectral
usage is becoming more important. Wireless relays are such
methods that can be rapidly deployed to enhance the coverage,
reliability and throughput of a wireless network subject to
power and spectral constraints. Wireless relays equipped with
multiple antennas, also called MIMO (multiple input multiple
output) relays, are particularly useful for scattering rich and
non-line-of-sight environment. This paper considers a non-
regenerative two-way MIMO relay system where two users

Manuscript received July 1, 2010; revised November 12, 2010 and January
26, 2011; accepted February 6, 2011. The associate editor coordinating the
review of this paper and approving it for publication was M. Valenti.

The authors are with the Department of Electrical Engineering, University
of California, Riverside, CA, 92521 (e-mail: {sxu, yhua}@ee.ucr.edu).

This work was supported in part by the National Science Foundation
under Grant No. TF-0514736, the Army Research Laboratory under the
Collaborative Technology Alliance Program, and the Army Research Office
under the MURI Grant No. WO911INF-04-1-0224. Part of this work was
presented at IEEE ICASSP’2010 [1].

Digital Object Identifier 10.1109/TWC.2011.030911.101173

concurrently exchange information via a single half-duplex
MIMO relay.

The idea of two-way relay has been studied in [2], [3],
[4], [5], [6], [7], [8]. Central to this idea is that two users
served by a relay can transmit their information to the relay
simultaneously in one channel and the relay forwards a
combined information to both users in another channel. And
since each user knows its own information, it can remove its
self-interference from the signal received from the relay pro-
vided that the required channel state information is available.
Although the relay is half-duplex, i.e., requiring two channels
to relay a signal, the two-way scheme allows two users to
share both channels concurrently. This leads to a high spectral
efficiency.

The authors of [2] appear to be the first who proposed the
idea of two-way relay, where they considered a system with
a single-antenna relay and single-antenna users. The work
[3] studied coding schemes for a regenerative MIMO relay
system. In [4], several two-way relay schemes were proposed
and their capacity regions were explored. Insights were ob-
tained for single-antenna users and single-antenna relay. In
[5], the authors considered a power minimization problem
for single-antenna users and a non-regenerative MIMO relay.
For multi-antenna users, they proposed a heuristic sub-optimal
method called dual channel matching strategy. The work [6]
considered the maximization of the sum rates of two single-
antenna users assisted by a non-regenerative MIMO relay
under a high SNR assumption. In [7], a convex optimization
algorithm was formulated to compute the capacity region of
a relay system same as in [6] but without the high SNR
assumption. The algorithm developed in [7] is however not
applicable for multi-antenna users. In [8], suboptimal power
allocation methods were proposed to maximize the system
throughput of a non-regenerative MIMO relay system.

In this paper, we consider the problem of jointly design-
ing/computing the spatial source covariance matrices (source
matrices) and the spatial relay transformation matrix (relay
matrix) for a non-regenerative two-way MIMO relay system
where all nodes (i.e., the relay and the two users) have multiple
antennas. In practice, one of the two “users” can be an access
point, and the other a user equipment. In many situations,
both users are already equipped with multiple antennas. When
a relay is placed between them to improve the power and
spectral efficiency, the relay should be a MIMO relay and
hence each of the nodes in the system is a MIMO node. It

1536-1276/11$25.00 © 2011 IEEE
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Fig. 1. A non-regenerative two-way MIMO relay system where the
two users are denoted by U; and U, respectively, and the relay node
by R.

is not hard to imagine that the source matrix (also called
transmit covariance matrix) used at each user and the relay
matrix used at the relay all affect the system capacity. It is
therefore important to understand how to optimally design
these matrices and how much capacity gain such a design can
yield. This problem has not received enough attention from
researchers.

It is known that a two-user (half-duplex) MIMO relay
system as in Fig. 1 can be treated as two one-way (half-duplex)
MIMO relay systems, and each one-way MIMO relay system
can be treated as in [9]. Partially due to the known optimal
structure of the source and relay matrices as revealed in [9],
the complexity of designing the source and relay matrices for
the one-way scheme is much lower than that for the two-way
scheme. But for two users to exchange their information via
a half-duplex relay, the one-way scheme has a factor-4 loss
of spectral efficiency while the two-way scheme has only a
factor-2 loss. Therefore, the two-way scheme is approximately
twice as spectrally efficient as the one-way scheme.

We will present efficient algorithms for computing the
source matrices and the relay matrix that maximize a
(weighted) sum rate of the two-way system. Our algorithms
are based on an alternate optimization approach where the
source matrices and the relay matrix are optimized alternately
until convergence. When the relay matrix is fixed, finding
the optimal source matrices for the two multi-antenna users
is a convex problem, and for uniformly weighted sum rate,
it can be solved by the generalized water-filling algorithm
developed in [10]. When the source matrices are fixed, we
develop a hybrid gradient algorithm and an iterative weighted
minimum mean square error (WMMSE) algorithm to find the
best relay matrix. The hybrid gradient algorithm combines
the gradient descent search and the Newton’s search. The
iterative WMMSE algorithm is based on an alternate convex
search of the relay matrix and the MMSE equalizer at each
user. This idea was inspired by the work [11] on source
precoding for MIMO broadcasting. We will also show an
optimal structure of the relay matrix, which is useful to reduce
the computational complexity when the number of antennas
at the relay is more than twice the number of the antennas at
each user. This result is a generalization of one shown in [7]
from single-antenna users to multi-antenna users. Furthermore,
we will demonstrate that when applied to the case of single-
antenna users, our search algorithms for the relay matrix yield
the maximum sum rate much faster than the convex method
developed in [7].

It is important to note that while the idea of gradient search
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is well known, its application to the problem addressed in this
paper is the first. The problem structure is also exploited to
simplify the expression and computation of the gradient vector
and Hessian matrix. The resulting algorithm provides a new
and useful perspective of other alternative algorithms such as
one in [7] and WMMSE in this paper. This study reveals a
capacity potential of a two-way MIMO relay system that no
other existing work has been able to reveal.

The rest of the paper is organized as follows. In Section
II, we describe in more details the non-regenerative two-
way MIMO relay system, and formulate the optimization
problems we aim to solve. In Section III, we present an
optimal structure of the relay matrix under the condition that
the number of antennas at the relay is larger than twice
of that at each of the users. In IV, we present the hybrid
gradient method to compute the optimal relay matrix with
fixed source covariance matrices. In Section V, the iterative
WMMSE method is presented. In Section VI, the procedure of
finding the optimal source covariance matrices with fixed relay
matrix is described. Section VII illustrates the performance of
our algorithms. The conclusion is given in Section VIIL

II. PROBLEM FORMULATION

The two-way relay system under consideration is illustrated
in Fig. 1, which involves two users and one relay. The two
users are denoted by U; and Us each with [V antennas. Since
the two users exchange information with each other, they
are also referred to as sources and destinations. The relay is
denoted by R with M antennas. We focus on a single carrier
with a narrow enough bandwidth so that the channels between
nodes are flat fading.

The two-way relay scheme has two phases. In the first
phase, U; and Us transmit x; = Pys; and xo = Paso, re-
spectively. Here, each of s; and ss consists of NV independent
complex symbols, s; € CV*1 and E[s;sf] =1, i =1,2 and
P; and P, are two square precoding matrices. The signal
received at R can be expressed as

yr = Hipxy + Horxs + np (1)

where H;p € CM*N § = 1,2, denotes the channel matrices
(channel state information) from U; to R, and np € CM*1
is the noise. We assume that the noise is complex white
Gaussian, i.e., ng ~ CN(0,1).

In the second phase, R transmits y, = Fyr where F €
CMXM g the relay transformation matrix. The transmit power
consumed at the relay is

pr = Tr (FH 1R, H{LF” + FH R, HILFY + FFY)

(2)
where R, = E[x;x] = P,PH i = 1,2, denotes the source
covariance matrix at U;. Note that P; is a matrix square root
of R,,. The signals received at U;, ¢ = 1,2, are

yi = HrpiFH;px; + Hr, FH;px; + Hr;Fngp +n;  (3)

where Hp; € CN*M denote the channel matrices from R to
U;, and n; € CNV*1 is the noise assumed to be CA/(0, I). Here,
i=2fori=1,and i = 1 fori = 2. We see that Hp FH1rx1
is the self-interference at U;, and Hr.FHoprxo is the self-
interference at U,. With a perfect knowledge of Hr FH; i
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at Uy and HroFHs R at Us, each of the two users can cancel
out its self-interference. After removing the self-interferences,
the signals at U; and U; are

v: = Hr;FH;px; + Hg;Fng + n; (€]

It is useful to note that the two phases required here may
correspond to two frequency channels or two time slots. If two
time slots are used, the symbol vector y r needs to be stored at
R for at least one symbol interval. If two frequency channels
are used, yr needs not to be stored at R, and the radio
frequency output of R can be simply a frequency translation
of its radio frequency input with the transformation F. The
implementation of F can be done digitally although no packet
decoding or encoding is needed here. Both time division and
frequency division for the two phases appear feasible.

Given the above two-way relay scheme and the signal model
(4), the achievable data rate received at U; is known to be
ry = % log, det X; (under ideal encoding and decoding) where

X; =1+ (HgFFTHY, + 1) 'Hg,FH; 3R, HL.FYH],

(&)
The achievable (weighted) sum rate of this relay system is
Tsum (F, Ry, Ray) = p1r1 + pore, where the (non-negative)
weights p1 and po can be chosen in any way subject to pg +
o = 2. For uniform weighting, we have p; = o = 1.

The sum rate is a function of the source covariance matrices
R,, and R, and the relay matrix F. One important goal
is to develop fast algorithms to determine these matrices to
maximize the sum rate subject to power constraints at Uy, Uy
and R. This problem can be expressed as follows:

FVRISII,I%:{IZ —Tsum (F7 Rxl ) ng) (6)
st.  pr(F,Ra, Ra,) < PrTr(Ry,) < Pri=1,2

This problem was not solved in the previous works [5], [6]
and [7] except for the special case N = 1. When N = 1,
there is no issue about the source matrices as R;, and R,
reduce to scalars. With NV > 1 and M > 1, this problem is a
much harder (non-convex) problem and there is currently no
globally optimal solution.

In this paper, we propose to optimize the pair R, and R,
and the single matrix F alternately. If we fix R,, = Rgfi*lﬁ
and R, = R;’;_l) where k be the index of the kth iteration,
the problem of finding F is

—Tsum (F> R;ﬁ71)> Rg(vlzil))
k—1 k—1
pr(F,RUD RED) < Pp

T2

(N

min
F
s.t.

where Ppr is the upper bound on the transmit power at
the relay. We will refer to this sub-problem as the relay
optimization problem.

If we fix F = F(*), the problem of finding R, and R,
is

. _ (k)
Rgl,llgzz Tsum (F ) R$1 ) RI2) (8)
s.t. pR(F(k)7R$17R$2) g PR

Tr(R,,) <P, R;;, >0, i=1,2

where P; is the upper bound on the transmit power at U;, and
R, > 0 means that the matrix R, is positive semi-definite.
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We will refer to this sub-problem as the source optimization
problem.

Our approach to finding R,,, R, and F is based on the
alternation of the optimizations of the above two sub-problems
until convergence. At the time of this writing, we do not
know whether there exists a more effective approach. This
alternate optimization between relay and sources is similar
to one previously used for a one-way MIMO relay system
of two or more hops [12], [9], [13]. But the problem here is
much more complex and, to our knowledge, does not have the
diagonalization property as available for the one-way MIMO
relays.

Unlike the one-way (two-hop) scheme, the relay optimiza-
tion problem here is still non-convex, for which we will
present two algorithms in Section IV. The source optimization
is convex, for which we will present an algorithm in Section
VI based on the generalized water-filling algorithm developed
in [10]. In the next section, we show an optimal structure of
the relay matrix, which is useful to reduce the complexity of
the problem.

III. OPTIMAL STRUCTURE OF THE RELAY MATRIX
Theorem 1: Assume M > 2N. Define the following two
QR decompositions:

[Hgl ng] = ViR, C))

[Hir Hag| = UsRs (10)

where Ri, Ry € C2V*2N are upper triangular matrices,
and Vi, Uy € CM*2N are orthonormal matrices. Then, the

optimal relay matrix F that maximizes the sum rate in problem
(7) has the following structure:
F = V,AUY (11)
where A € C2V*2N,
Proof: See Appendix A. [ ]

Note that this optimal structure of F is governed by the
channel matrices only, which is not affected by the source
covariance matrices. It is also clear from the proof that this
structure of F remains optimal for any weights p; and po.

If M > 2N, then the M? unknowns in F are effectively
reduced to 4N? unknowns in A for the relay optimization
problem (7). If M = 2N, this theorem does not seem
important. With this theorem, we can now write

S=V,T=U, if M>2N
S=T=1 if M <2N

(12)
We also define Gr; = Hp;S and G;r = TH#H,5. Then, (5)
becomes

X; =1+ (GrAA" G, + 1) 'GR;AG;zR, GILAT G,
13)

F = SATH where {

and (2) becomes

pr = Tr (AG1rR,, GIR A" + AGrR,,GiR AT + AAT)

(14)
Although this theorem reduces the complexity (dimension of
search space) of the problem when M > 2N, it does not
change the structure of the remaining problem for finding A.
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In other words, the problem (7) with respect to F has the
same structure as the equivalent problem with respect to A.
For convenience, we will treat F and A in (7) interchangeable.

It remains an open problem to find additional structure in
the optimal A. This difficulty is caused by the fact that the
matrix A is weighted by different matrices in X; and Xs. In
the next two sections, we present two algorithms for finding
the optimal A.

IV. RELAY OPTIMIZATION BY GRADIENT METHOD

In this section, we will present a hybrid gradient method
that dynamically switches between steepest gradient descent
and Newton’s search. We need to solve the relay optimization
problem (7), i.e., mina —7sym subject to pr < Pr. This is a
non-convex problem because —rs,.,, is not a convex function
of A. However, the set defined by pr < Pr with respect to
A is a convex set, i.e., if A; and As satisfy pr < Pg, so
does aA; + (1 — a)As where 0 < o < 1. Therefore, we can
apply the interior point method to convert the hard constraint
pr < Pr into a soft constraint in the following problem:

min f(A) = S n(Pr -~ pr)

where the second term in f(A) is the soft constraint known
as logarithmic barrier function [14], and ¢ is the barrier factor.
By increasing ¢ gradually, the soft constraint becomes harder
and harder. For each given ¢ and a previous choice of A in the
interior region (satisfying pr < Pr), we can apply a gradient
method to optimize A. The loop of increasing ¢ is called the
outer loop, the gradient search under each fixed ¢ is called the
inner loop. There is no guarantee that this algorithm leads to
the globally optimal solution unless the problem is convex.
Since —7rgym, is non-convex of A, multiple initializations and
multiple runs of the algorithm are desirable to increase the
likelihood of finding the globally optimal solution.

The most common gradient methods are the (steepest)
gradient descent method and the Newton’s method. Both of
these methods are well documented in textbooks on optimiza-
tion, such as Algorithm 9.3 (gradient descent method) and
Algorithm 9.5 (Newton’s method) in [14]. The key component
in the gradient descent method is the computation of the
gradient vector Vf of f(A). In the Newton’s method, we
need the gradient vector V f as well as the Hessian matrix
V2f of f(A). The vector of independent variables here
is x = [Re(a)T,Im(a)”]’ where a = vec(A). Hence,

(15)

—Tsum —

Vf = g_x and V2 f = 8f;f +. Alternatively, we can write
Vf= [VGCT ( (81m A))}T and
oV
v = vt = | g
Ovec(Im(A))

Next, we explain the key steps needed to derive and compute
Vf and V2f .

A. Computation of Gradient
It follows from (15) that

Of(A) = —p10ry — p20rs + )8pR (16)

t(P'r’ — PR
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where 9r; = 1 (log, e)Tr(X; ' 0X;). For basic facts of matrix
differential calculus, see [15]. Using (13), the chain rule of
differentials, 04! = —A"'9AA~! and Tr(AB) = Tr(BA),
one can verify

Tr(X;'0X;) =
—Tr (AHGH

—Tr (G
(G
(Gx

D;'N;X;'D; 'Gg;0A)
TINGX; "D GRiAGAT)
e GHATGEX D} Gri0A)
X;'D;'GriAGigR,. GILOAM) (17)

+Tr
+Tr

where D; = G AAYGE, + 1 and N; = Gr;AG;zR,,
GILAYGY,. With these notations, we also have X; =
I+ D 'N;. Using the fact A(I + BA)™' = (I + AB)™'A
(Wthh follows from the matrix inversion lemma), one can
verify that (N;X; 1) = N;X; . One can also verify that if
of = Tr(A0X) + Tr(AHaXH) then T() = 2Re(A)T
and % = —2Im(A)T. We call the two terms in
Tr(A0X) + Tr(AHOXH) a conjugate differential pair. The
first two terms in (17) are a conjugate differential pair, and so
are the last two terms in (17). Therefore,

81"2' -
ORe(A)
+(log, e) Re (GizRq. GIL AT G,

~(logy ¢)Re (A" GH,D; 'N;X; 'D; ' Gri) "
XD G X18)

and 5 ( 4y is the same as the above except that Re is replaced
by I m. (%learly,
T
or; ) r
)

or; ;
= T(_Y T(_ O
Vr; lvec (3R6(A)> ,vec (3Im(A

Using the same technique, we can find

IR _9pea H H_ AH
=2 R.,GH A" 1 GogR,, GEL AT LA

ORe(A) e(G1rRa, +G2rRa, Gog )"

and 3 I?an) is the same but with Re replaced by —I'm. Using

the above results, the gradient Vf = —u1Vry — uoVrg +

1 .
WVPR can be determined.

B. Computation of Hessian

To compute the Hessian V2 f, we need to compute each
term in V2f = —,u1V21"1 — ;LQVQTQ + mvng. The
procedure of finding V2pg is similar to that of finding V27;
for i = 1,2. To find V?r; = V(Vr;)T, we need to find
(i) 2(585) . 257580 )

TRA)r  OTmA)n ORe(A)r,  and

the elements
6(81L?r:(iA))
—aTmAy . Where 1 <m,n, k , 1 < My = min(2N, M). In
other words, each entry of the 2M@ x 2M@ matrix V?r; is
determined by one of the four elements for some m,n, k, [.

m,n

ar;
(BRE(A) -2 we need to take the first order

To find OReA)
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differential of (18) to obtain

%Jgf(A) =

—(logy ) Re (OAH GH D 'N;X;'D; 'G )"
+(log, €) Re (AHGH D 'oD,D; 1NX D lGRi)T
—(log, €)Re (AGH.D;'ON;X; 'D; 1GR,)

+(log, €) Re (AHGng NG X 1aXX 'D; 1GRz)
+(log, e)Re (AHGHE D, 1NiXi 'D; 1aDD 1Gr)"
+(log, €)Re (GirRo, GILOAHGH X 'D; ' Gri)
—(log, €)Re (GigRo; GILAHGH X 10X, X' D; ' Gri)
—(log, €)Re (GigRy. G AHGH X 'D; '0D,D; 'Gg;)

(19)
where 0D;, ON; and 0X; can be determined similarly such

that the resulting ex%)ression is a linear function of JA and
ar;

OAH . To obtain % from 861%(A)
choose the (m, n)th element of 88}%&&) , replace OA by eel’
and replace DAY by ejel, where all entries of the vector ey,
are zero except that its k:th entry is one.

The expression of 57" xy Im( A) is also given by (19) except that
the operator Re should be replaced by —/m. Then, finding
8(%) ar;

ReA)r - oM O 57y

above.
a(BRe(A))

aIm(A)kz

we simply

follows the same procedure as

2 (ariita )

= and DTm(A) e

?(aetay) 2(arsitmr) .
aRe(A)k:’"” and aRe(A)k:’"”, respectively,

except that for the former pair we should replace A by jeg elT

and OA" by —jeje].

The details of those expressions are tedious and omitted
to save space. However, for computational efficiency, it is
important to program the computations by starting from the
sparse vector ej.

The derivation for is the

same as for

C. Hybrid Gradient Method

Since the function f(A) is non-convex, there is no guar-
antee that the Hessian V2f is positive definite everywhere
while a positive definite V2 £ is a necessary condition for the
Newton’s method to converge to even a local minimum. In
fact, our simulation results show that the Newton’s method
does not always converge to a local minimum, and as a
consequence the gradient descent method can sometimes yield
a better result. Therefore, we propose a hybrid gradient method
that combine the two gradient methods. The procedure of the
hybrid gradient method is simple. At each iteration of the
inner loop (under a fixed ¢), we compute both the gradient
Vf and the Hessian V2 f. If V2 f is singular or the Newton’s
decrement \> = V f (V2 f ) V £ is less than or equal to zero,
we follow the gradient descent method. Otherwise, we choose
the search (either Newton’s or gradient descent) that produces
a larger descent of f(A). The iterations of the Newton’s
method stop when A2 is small enough. When A is close
enough to a local minimum of f(A), V2 f is typically positive
definite and in this case the Newton’s method is known to have
a quadratic convergence rate. For the gradient descent method,
the convergence rate is known to be linear. In simulation, the

1649

hybrid gradient method has consistently produced either the
same or better results than the pure Newton’s method and the
pure gradient descent method.

The hybrid gradient method is summarized as follows:

1) Choose € > 0, n > 1, a € (0.01,0.3), 8 € (0.1,0.8).
Initialize a feasible A or its equivalent x. Set ¢t = %g.
Note that the choice of e governs the precision of the
final result. See step 6). The choice of 7 (as long as
larger than one) is not critical. See page 570 of [14].
The choices of « € (0.01,0.3) and 8 € (0.1,0.8) are
empirical as recommended on page 466 of [14].

2) Compute Vf and V2f.

3) If V2f is singular or A2 = (V)T(V2f)~"1Vf
set s = 1 and Ax() = —Vf. Otherwise, set s
AxD) = —Vf, Ax?) = —(V2f)"1Vf. Set t(V) =
fori=1,s.

4) Line backtrackmg fori = 1,s, while f(x+t®Ax®) >
Fx) + atD (V)T Ax, 10 = gD

5) Update: if f(x + t@PAx?) < f(x + tMAxD), let
x = x + tPAx@ . Otherwise, let x := x + t(MAxD),

6) Go to Step 2 until —(Vf)TAx < .

7) Sett:=nt. Go to Step 2 until 1/t < e.

For convenience, we have used the same tolerance for both
Steps 6 and 7 although different choices can be made. The
inverse of V2f needs not and should not to be computed
explicitly in order to compute (V2 f)~1V f efficiently. It can
be found by solving efficiently the linear equation (V2 f)y =
V f. In simulation, we will choose ¢ = 1073, n=3,a=0.01,
B = 0.5 and ¢ty = 1. Only a locally optimal solution can
be found by the hybrid gradient method with a given initial
choice of A. To increase the likelihood of finding the globally
optimal solution, multiple initializations and multiple runs of
the search algorithm are useful.

Sos
=2

V. RELAY OPTIMIZATION BY ITERATIVE WMMSE
METHOD

In this section, we present an alternative algorithm for
the relay optimization problem (7) with respect to A. Re-
call reym = %Z?Zl i log, det(X;) where X, is given in
(13). Since det(I + AB) = det(I + BA), we can write
=137 | uilog, det(Y;) where

rsum
I+RIPGHAYGE,
(GrAAYGH +1)7

Y, =
GriAG;zR,/? (20)

We define J; = Tr (W,E;) — logdet(W;)
E: = E((Qy.—s) (Qyi—s)"

or equivalently

— N where
and y} is given in (4)

¥ = GriAG;zR)/*s; + GriAng +1; 1)
We next consider the following alternative problem
min J =11+ pedo (22)

A,Qi W,,i=1,2
st pr(A) < P

It is easy to see that the optimal solution of Q; from (22)
is Q; = E(s;y/H) (E(y;y;H)) . Using (21), one can verify
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that
Q= RZGLATGH,
(GriAGizR,,GILAT G, + GR AATGY, +I)
(I+R GHAYGH (GRAAYGE, +1) 7 GrA

1

G;RRE;)i RZGIATGH (GuAAYGH +1)

(23)

where the last equation follows from the matrix inverse lemma.
With the definition of Y; in (20) and the optimal Q; in (23), it
is easy to verify that E; =Y~ ! Ttis also an easy task to verify
that the optimal solution W, from (22) is simply W; =Y.
We see that with the optimal Q; and W, J; = — log det(Y;)
and hence J = —2(log2)rsum. Therefore, we have shown
that the optimal solution A to (22) is the same as that to the
original problem (7).

Furthermore, it is important to notice that if we fix {Q;, i =
1,2} and {W;, i = 1,2}, the problem of (22) with respect to
A is a quadratic convex problem. Therefore, we can try to find
the solution to (22) by optimizing {Q;, i = 1,2}, {W,, i =
1,2} and A in a cyclic fashion, which is the following iterative
WMMSE algorithm:

Given VA ();

Repeat Update k := k + 1;

1) Compute Q *) based on A(k—1) (see (23));

2) Compute W( Y(k) based on A~1) (see (20) )

3) Compute A(k) by solving (22) and fixing Q; = ng)
and W, = W

Until Convergence
Although there is no proof or disproof that the iterative
WMMSE algorithm yields the optimal A of the original
problem (7), this algorithm is guaranteed to converge locally
due to the minimization of J with respect to {Q;, i = 1,2},
{W;, i=1,2} and A cyclically.

We next show how to implement Step 3 of the above
algorithm. First, using (21) and performing the expectation
in E;, one can verify that, after removing the constant term
log det(W;) + N,

J; = Tr(W;Q;GrAG;zR, G AYGE QM)
+Tr(W-QiGRi AHG QH)+Tr(W Q.QH)
Tr(W;) — Tr(W QZGRzAG;Rsz)
TT(W RZ GH APGE.QH) (24)
Recall Tr(AB) = Tr(BA) Tr(ABH) = vect (B)vec(A),
Tr(ABAHCH) = vecH (CA)vec(AB) = vec(A)H(IQ C)"
(BT @ I)vec(A) = vec” (A) (BT ® CH)vec(A). It follows
that

Ji=aAja—cla—alflc; +d; (25)
where a = vec(A) and
A; = (GipR.,G)" ® (GEQIW,Q,Gri)
+I1® (G QI WiQiGri) (26)
c;, = vec(G QHW R G ®)

di = Te(W,;Q;QF) + Tr(W))

27)
(28)
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Also, we can write (14) as pr = a’Ggra with G =
(G1rR., G, 4+ GopR,,GIL + T)T Q1T
Therefore, step 3 is equivalent to

min a’Gopa— cfla—aflc (29)
a

s.t. alGra— Pr <0

where Gg = p1A1 + pu2As and ¢ = picy + poco. This
is a simple convex problem which can be solved by the
KKT method [14]. Specifically, the optimal a is uniquely
determined by the following equations:

Gopa—c+EGra=0
f(aHGRa— PR) =0
alGra— Pr <0

where £ € R and £ > 0. There are two possible cases for
the optimal solution a. The first is when the constraint is not
active, i.e., afGra < Pg or equivalently ¢ = 0, and the
second is when the constraint is active, i.e., a Gra = Pg or
equivalently £ > 0. In the first case, the solution is a = G le.
If this solution does not meet the power constraint, we can
simply abandon it and consider the second case. In the second

case, we have a = (Go +£GR) ¢ where € > 0 is such that
h(€) = ™ (Go +Gr) " 'GR(Go +Gr) e =Pr (31)

which can be solved by a 1-D search such as the bisection
method since h(&) is monotonically decreasing function of &.
In simulation, we will choose the error tolerance ¢ = 1073
for the 1-D search.

The iterative WMMSE method was inspired by the work
[11] where a similar idea was used for MIMO broadcast. In
Section VII, we will compare the iterative WMMSE method
with the hybrid gradient method.

(30)

VI. SOURCE OPTIMIZATION BY GENERALIZED WATER
FILLING

We now consider the source optimization problem (8) with
any fixed F'. To highlight R, and R, which are the variables
of interest now, we first reformulate (8) as (ignoring the factor

1/2):

Rﬁl,i%%zl — iz logy det(I+ HR,, HY') (32)
— 11 logy det(I + HoR,,, HE )
st. Tr(Rg) <P, R >0, i=1,2
Tr(GiR,, G + GuR,,GE) < P3
where H; = (HELFPHE(HpFFPHE + I)7'HgF

HiR)%’ Gl = FH,‘R, Pg = PR — FFH For any i1 and M2,
the above problem is convex and can be solved by (general
purpose) semi-definite programming (SDP) such as in CVX

[16] . But if g3 = po, there is an alternative method shown
below.
With the uniform weights, we can write (32) as
i —log, det(I + HR,H” 33
Join. og, det(I+ ) (33)
st.  Tr(B;R,BF)<P, i=1,2,3
where H = diag(H;,Hy), B; = diag(I,0), By =

diag(0,I), Bs = diag(G1, G2). It is clear that if the problem
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(33) has the diagonal constraint R, = diag(R/,,, R},,) where
R/ and R/, have the same dimensions as R, and R,,
then (32) and (33) are exactly the same problem and hence
have the same solution, i.e., R, =R, and R}, = R,,.
Next, we show that R, = diag(R/, ,R/) is always the

form of the solution to (33). Without loss of generality, we
can write

R! R

R, = |3
R R

It is easy to see that due to the structures of H, By, Bs and
B3, the off-diagonal block R of R, has no effect on the
constraints in (33). Now, we focus on the objective function
of (33), for which we know, due to the Fischer’s inequality
[17], that

I+H,R, HY  H,RHY
Hy _ 14, 1 1 2
det(I + HR,H )—det[ HRIHY 1+ H,R, HY
I+H,R, HY 0
Sdet{ 0 It+HR,HY
= det(I + Hdiag(R,,, R, JH)  (34)

Therefore, the solution to (33) must be block diagonal.
For (33), we can directly apply the generalized water filling
(GWF) theorem from [10], which yields
R, =K AVvI-x22)TviK! (35)
where K = (3°_ 6;B¥B;)2, V and X are given by the
SVD HK# = UXV#, and ¥ = max(x,0) is applied
to each diagonal element in (I — X72)*. The Lagrangian
variables @ = (01,05, 03) are the solution to the dual problem

3
_ H , ‘ Hy _ p!
max — log, det(I + HR,H") + ; 9;(Tr(B;R,B!T) — P!)
stR, =K HV(I -2 2)tVvHiK-! (36)
The dual problem is convex and can be solved by the Newton’s
method [10]. In our Matlab simulation, the GWF algorithm is
much faster than CVX to solve (33).

Finally, we would like to add that the source optimization
problem (32) differs from a conventional single-link MIMO
channel problem such as in [18]. For the former, the optimal
source matrices are not necessarily diagonal in general.

VII. SIMULATION RESULTS

For simulation, we choose the uniform weights p; =
ue = 1, and the elements in Hig, Hor, Hp1, and Hpgo
as independent complex circular Gaussian random variables
of zero mean and unit variance, i.e., CN(0, 1). For illustration
of the convergence behaviors of our algorithms, we will use
one realization of the channel matrices. For illustration of the
averaged sum rate, we will use multiple (100) realizations
of the channel matrices. We assume that all noise vectors
are complex white Gaussian, i.e., ng ~ CA(0,I) and n; ~
CN(0,I) where i = 1,2. We denote SNRg = Pr/M and
SNR; = P;/N where i = 1, 2.
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Fig. 2. The sum rate by the hybrid gradient method versus its

iteration. The circles indicate the iteration steps where ¢ is increased
by the factor three, and the iterations between two adjacent circles
are the iterations of either the (steepest) gradient descent method
or Newton’s method for a fixed t. N = 2 and M = 6. SNR; =
SNR2 = SNRgr = 10dB.
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Fig. 3. The sum rate by the iterative WMMSE method versus its
iteration. N = 2 and M = 6. SNR; = SNRy = SNRgr = 10dB.

A. Relay Optimization

In this subsection, we assume that Rx, and Ry, are diago-
nal matrix with identical entries subject to Tr(Ry,) = P; and
Tr(Rx,) = P». We randomly generate the initial A satisfying
pr(A) = Pr — 6 where 0 is a (small) positive value so that
—In(Pr —pr(A)) is not too large. This condition is required
for the gradient methods although it is not necessary for the
iterative MMSE method.

Note that the hybrid gradient method is always much faster
than the gradient descend method and yields the same or
better result than the Newton’s method. Only the comparison
between the hybrid gradient method and the iterative WMMSE
method is shown next.

Under all common initializations of A, the hybrid gradient
method and the iterative WMMSE method have consistently
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Fig. 4. The time-capacity curves of the hybrid gradient method and
the iterative WMMSE method. The time is in seconds. N = 2 and
M = 6. SNR; = SNR, = SNRgr = 10dB.

yielded the same maximized sum rate upon convergence. Fig.
2 illustrates the convergence behavior of the hybrid gradient
method, which is the value of the sum rate versus the iteration
index. The circles indicate the locations along the iteration
process where the barrier constant ¢ = 3™ is increased by
the factor three. Fig 3 illustrates the convergence behavior
of the iterative WMMSE method versus its iteration cycle of
renewing Q1, Q2, W1 and Wy in the cost J; + Js.

To provide a more precise comparison of the speed of the
two methods, Fig. 4 illustrates the sum rate by the hybrid
gradient method and the iterative WMMSE method versus the
actual computational time (in Matlab on the same computer)
along the iteration process. We call such curves as time-
capacity curves. (Undoubtedly, these curves would be affected
by how each algorithm is implemented. But we believe that
these curves are meaningful to reflect the major performance
gaps between algorithms.) Each point on a time-capacity curve
is a pair of values of time and sum rate. The time is the time
an algorithm takes to produce the corresponding sum rate.
For each of the two methods, we embedded stopwatch check
points in the programs, and the times (in seconds) and the
corresponding values of intermediate A are collected. For each
A, there is a corresponding value of the sum rate. We see that
when the sum rate is close to the optimal, the hybrid gradient
method is much faster. Note that the Newton’s method has
a quadratic convergence rate near the optimal point. On the
other hand, when the sum rate is far from the optimal, the
iterative WMMSE method converges faster initially.

We like to mention that the method shown in [8] is a non-
iterative sub-optimal method. This method is faster than a
single iteration of the hybrid gradient or the iterative WMMSE
method. However, using the method in [8], we obtained the
sum rate at about 8.5 bits/s/Hz, which is significantly smaller
than the maximum sum rate shown in Fig. 4.

The work [7] considered a special case of the two-way
MIMO relay system where each user has a single antenna.
In this case, there is no need for source optimization but
only relay optimization. In [7], an algorithm based on SDP
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Fig. 5. The time-capacity curves of the zoomed SDP method based on
[7], the hybrid gradient method and the iterative WMMSE method.
N = 1 and M = 5. The time is in seconds. SNR; = SNR; =
SNRr = 10dB. The zoomed SDP is approximately 1000 times
slower than the hybrid gradient.

was developed to compute the capacity region of this special
case. This algorithm can be easily adopted to compute the
maximum sum rate as well. In Appendix B, a “zoomed” SDP
algorithm is formulated to compute the maximum sum rate,
which is a modified (and faster) version of the original SDP
algorithm shown in [7]. Upon convergence, the zoomed SDP
method has consistently produced the same sum rates as the
hybrid gradient and iterative WMMSE methods under the
same conditions. Fig. 5 illustrates the time-capacity curves
of the three methods for N = 1 and M = 5. In this figure,
the zoomed SDP method is about 1000 times slower than the
hybrid gradient method to yield the same maximized sum rate.

B. Joint Source-Relay Optimization

When N > 1 and M > 1, both the relay optimization and
the source optimization are important. We now let SNR; =
SNR; = SNRpr = SNR. Fig. 6 shows the averaged sum rates
achieved by different schemes where SNR varies from 10dB
to 50dB. We used 100 channel realizations for each of the
averaged sum rates.

The scheme of “no optimization (F)” means that both the
source matrices, Ry, and Ry,, and the relay matrix F were
chosen randomly but meet power constraints at source and
relay. The scheme of “no optimization (A)” means that the
relay matrix F meets the optimal structure (11) but other-
wise is randomly chosen. For “no optimization (F)” and “no
optimization (A)”, the same source matrices were used. The
scheme of “source only (F)” means that the source matrices
were optimized but the relay matrix F was chosen as in “no
optimization(F)”. The scheme of “source only (A)” means that
the source matrices were optimized and A was chosen as in
“no optimization(A)”. The scheme of “relay only” means that
the source matrices were chosen as in “no optimization” but
the relay matrix F was completely optimized. The scheme of
“joint source-relay optimization” means that both the source



XU and HUA: OPTIMAL DESIGN OF SPATIAL SOURCE-AND-RELAY MATRICES FOR A NON-REGENERATIVE TWO-WAY MIMO RELAY SYSTEM

40

351

W
o
T

n
o
T

n
o
T

—0O— - Joint Source Relay
—&— Relay Only 7

—O— - Source Only (A)
—&— Source Only (F)

—x— - No Optimization (A)
—<— No Optimization (F)

Sum Rate (bits/s/Hz)

-
(&)

5 i
10 15 20 25 30 35 40 45 50
SNR(dB)

Fig. 6. Average sum rate under different schemes versus SNR =
SNR; = SNR2 = SNRg. Averaged over 100 randomly generated
channels. N =2 and M = 6.

matrices and the relay matrix were optimized alternately until
convergence.

For the joint optimization, about 5-10 alternations were
needed until convergence with the stopping criterion 1073,
Both WMMSE and hybrid gradient methods were used (in
separate runs) for finding the relay matrix at each alternation.
The same result was obtained. This is because WMMSE and
hybrid gradient yielded the same locally converged result.

In all cases, the power constraints at the sources and the
relay were met with equality. The order of these curves is
as expected. However, the relay only optimization yields the
largest gain of the sum rate. This is because the number of
antennas at the relay (M) is significantly larger the number
of antennas at the users (V). Here, M =6 and N = 2.

Fig. 7 illustrates the effect of the number of antennas on the
maximum sum rate under the joint source-relay optimization.
We define v = M/N in this figure. We see that both N and
M have a significant effect on the sum rate. The effect of
M on the sum rate becomes more significant as N becomes
larger. This property makes Theorem 1 important in reducing
the complexity.

VIII. CONCLUSION

In this paper, we have shown a study of the optimal design
of the source and relay matrices for a non-regenerative two-
way MIMO relay system. Although the two-way scheme is
spectrally efficient for a half-duplex MIMO relay, the design
of the optimal source matrices and the optimal relay matrix is
not trivial especially when all nodes have multiple antennas.
This study has shown an optimal structure for the relay matrix,
which is useful for reducing the complexity of the optimal
design when the relay has much more antennas than the
users. For relay matrix optimization, we have developed the
hybrid gradient method and the iterative WMMSE method,
both of which have consistently yielded the same results. The
hybrid gradient method is faster to converge, and the iterative
WMMSE method is easier to implement. Both of these
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Fig. 7. Averaged sum rate of the two-way relay system under joint

source-and-relay optimization versus v = M/N. SNR; = SNRp =
10dB and SNRgr = 13dB.

methods are much faster than the SDP based optimization
method in [7]. The latter is only applicable to single-antenna
users. We have established that for any given relay matrix, the
optimal design of the source matrices (for uniformly weighted
sum rate) follows the generalized water filling algorithm in
[10]. We have demonstrated that by alternating the relay
optimization and the source optimization, our joint source-and-
relay optimization method can yield much improved system
capacity especially when the number of antennas at all users
is large.

APPENDIX A
PROOF OF THEOREM 1

Without loss of generality, we can express F as

-t wlg B[S

C b UL (A.37)

where V{ € CM*(M=2N) js guch that [V; V{] is unitary,
Uy € CM*(M=2N) 5 uch that [Up Uy] is unitary. In
other words, for any given F, there is a unique set of A, B, C
and D, and vice versa. Clearly, VIIV{ = 0 and U7 U, =
0. Thus, from (9) and (10), we have

{Hm} Vi {HmVﬂ —0

= A.38
Hpgo Hpo Vi ( )

L=
Uy [Hig Hogp] = [Us¥H i Uz Hyg| = 0(A39)
Using the above properties of F in (5), we have

X; = I+(Hg, VIAAYVIHE +Hp, VBB VIHE +1)7 1
Hp, ViAUYH;;R, HEL U, APVITHE,  (A.40)

We see that the matrices C and D do not affect X; and hence
the rates r;. We now apply the properties of F' to (2). We then
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have
pr = Tr(AUYH, xR, HIL U,AH)

+ Tr(CUYH; zR,, HL,U,CH)

+ Tr(AUY Ho R, HIL UL AT

+ Tr(CUYHy R, HILU,CH) + Tr(ATA)

+ Tr(B”B) + Tr(CHC) + Tr(D¥ D) (A.41)
which shows that C and D only increase the transmit power
at the relay unless they are zero. Therefore, the optimal choice
of C and D is simply C = 0 and D = 0. So, we can now
write

pr = Tr(AUSH gR,, HIR U AY) + Tr(AYA)
+ Tr(AU2 HyrR,, HIL U, AP) + Te(BAB)  (A42)

The remaining task is to prove that the optimal B is also
zero. Define the positive semidefinite matrices

Ji(X) =Hp, VI XX VIHE,
L;(X) = Hg, V1 XU H; 3R, HE U, XY VIHE,
Then, r; = 3 log, det(X;) becomes
1
=g log, det (I+ (J;(A) +J;(B) + I)"'L;(A))
(A.43)
By Lemma 1 shown later, (A.43) implies
1
ri < 5 logy det (I+(J;(A)+I)7'Li(A)) (A.44)

where the upper bound is achieved when B = 0. We also
know that B only increases pr unless B = 0. Therefore, the
optimal B is zero.

Lemma 1: Given the conjugate symmetric matrices X > 0,
Y >0 and Z > 0, it follows that

det (I+ (Y +2)"'X) < det(I+Y 'X)

Proof: We can write det (I + (Y + Z)7'X) =
det (I+X2Y 3(I+Y 7ZY"2)"'Y~7X7) and det(I+
Y 'X) = det (I + XZY 2Y 7X%). We know I +
Y TZY :>L (I+Y 2ZY 2)! <Iand XzY 2(I+
Y TZY 2)l'Y X7 < XrY Y zX7%. Since
A’ < B’ implies det(A’) < det(B’), therefore det (I+ (Y +
Z)7'X) < det(I+ Y 'X). |

APPENDIX B
ZOOMED SDP ALGORITHM

In [7], a special case of the two-way MIMO relay system
was considered where the two users are each with a single
antenna. For this case, there is no need for source optimization
since R, and R, are simply P; and P, respectively. And to
maximize the sum rate 71 412, the relay optimization problem
is reduced to
%log2 (1 + (B.45)

max

|h£1Fh2R2P2>
F

|[FHh, (12 + 1
1 WL, Fhz|*P
21 14 R2— AR 2
3 °g2< TS
s.t. |[Fhyg||?P; + ||[Fhog|? P, + Tr(FFY) < PR
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Since each user has a single antenna, the channel matrices
H.z, Hri, Hog and Hgs, are now reduced to channel
vectors hig, hri, haog and hge. This problem is still non-
convex. In order to use a convex optimization program to
solve this problem, the authors of [7] proposed to fix the ratio
between r; and ro. Specifically, they introduced the rate profile
vector @ = [y, ag] where ay = o~ =1l—q; = T:fm
and 74y, = 1 + r2. For each fixed a the sum rate gy 1S
maximized by solving the following problem

m]?x Tsum (B46)
1 |hZ Fhyr|2P,
.t. _1 1 m— sum
i 2 ng( TFg, 21 =
1 |hT Fth|2P1
2 ng( TF, 2 1) =

|[Fhyg|[?P; + ||[Fhog|? P, + Te(FFH) < Pr

which in turn can be solved by a general purpose SDP
algorithm such as in CVX [16]. For more details, see [7] .
To find the maximum sum rate, we have to solve the
additional problem maxo<a, <1 "sum. One method is the brute
force search within 0 < a; < 1, which is too costly. To do it
more efficiently, we formulate a zoomed SDP algorithm:

1) Let L be an even integer larger than or equal to 4.
Choose a small number e. Partition [0, 1] into L uniform
segments each of length § = 1/L, which yields L—1 in-
terior uniform sample points 0 < agl), e ,agLfl) <1

2) Run the above SDP algorithm to compute the maximum
of rsum for each of the L — 1 sample points.
3) Determine the best sample
arg max (1) BT Tsum-
4) Partition [al 76 af + 6] into L uniform segments (i.e.,
zoomlng”) which resets the L — 1 uniform sample
points a; /- - - ,agL Y. Also reset § := 26/L

5) Go to Step 2 until § < e.

By choosing L to be an even integer, we ensure that each
new set of L — 1 sample points include o in Step 4. We also
need L = 2m with m > 2. Otherwise, if L = 2, § would
stay the same and the algorithm would not work. The zoomed
SDP algorithm is used to compare with the hybrid gradient
algorithm and the iterative WMMSE algorithm developed in
this paper. We choose ¢ = 1072 and L = 4 in simulations.

*

point:  of =
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