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Linear Non-Regenerative Multicarrier
MIMO Relay Communications Based on MMSE Ceriterion
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Abstract—In this letter we propose linear non-regenerative
multicarrier multiple-input multiple-output (MIMO) relay tech-
nique that aims to minimize the mean-squared error (MSE) of
the signal waveform estimation at the destination. We generalize
the existing result on the structure of the optimal relay amplifying
matrix by considering the direct source-destination link. To
minimize the MSE, a power loading algorithm is developed which
has a significantly reduced computational complexity compared
with existing techniques.

Index Terms—MIMO, non-regenerative relay, multicarrier,
MMSE, power loading.

I. INTRODUCTION

ECENTLY, non-regenerative approaches for cooperative

multiple-input multiple-output (MIMO) communications
have received many research interests [1]-[12]. Optimal algo-
rithms have been developed to maximize the mutual infor-
mation (MI) between source and destination of singlecarrier
MIMO relay systems [1]-[4] and multicarrier MIMO relay
systems [5]. However, the maximal MI (MMI)-based algo-
rithms in [1]-[S] are optimal only when the codewords are
infinitely long. However, in practical communication systems,
due to the delay constraint, codewords always have a finite
length. Thus, the performance of the MMlI-based algorithms
will degrade in practical systems. An important criterion in
communication systems is to minimize the raw bit-error-rate
(BER) which is closely related to the mean-squared error
(MSE) of the signal waveform estimation. Motivated by this
fact, the optimal source beamforming vector and the optimal
rank-1 relay amplifying matrix of half- and full-duplex relay
system based on the minimal MSE (MMSE) criterion is
derived in [6]. However, in such system only one symbol is
transmitted at a time, which is strongly suboptimal in terms
of the system data rate (multiplexing gain). Without the rank-
1 constraint, MMSE-based approaches are developed in [7]
and [8] to optimize the relay amplifying matrix of one-way
MIMO relay system and two-way MIMO relay channel [9].
However, [7]-[9] assume that the source covariance matrix is
an identity matrix, which is strongly suboptimal. Recently,
a unified framework is established for jointly optimizing the
source precoding matrix and the relay amplifying matrix of
two-hop linear non-regenerative MIMO relay systems with a
broad class of objective functions [10].
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In this letter, we present our recent discoveries on the
MSE-based non-regenerative multicarrier MIMO relay design
that are not included in [10]. First, we rigorously derive the
structure of the optimal relay amplifying matrix when the
direct source-destination link is included. Note that in [1], [2],
[5], [7]-[10], the optimal relay amplifying matrix is derived
when the direct link is omitted. In [3], the structure of the
relay amplifying matrix that maximizes the source-destination
MI in the presence of the direct link was derived. However,
such relay amplifying matrix is suboptimal, since it does not
consider the structure of the transmission power constraint at
the relay node. The relay amplifying matrix structure proposed
in [4] is also suboptimal since it does not include the channel
information of the direct link.

Second, when the direct link is sufficiently weak to be
omitted as in [1]-[10], we develop a new power allocation
algorithm to minimize the MSE. The proposed algorithm has
a substantially reduced computational complexity compared
with the iterative power allocation algorithm in [10], with
almost no performance loss in BER and only a negligible
MSE performance degradation. These two results are the main
contributions of this letter. Numerical simulations show that
our algorithm greatly outperforms [1]-[8] in terms of MSE
and BER.

II. SYSTEM MODEL

We consider a three-node multicarrier MIMO communica-
tion system where the source node transmits information to the
destination node with the aid of one relay node. The source,
relay, and destination nodes are equipped with N, N,., and Ny
antennas, respectively. The communication process between
the source and destination nodes is completed in two time
slots. In the first time slot, the signal sequence is modulated
by N, subcarriers. We denote len), n = 1,---,N. as
the number of symbols in the nth subcarrier. Hereafter, the
superscript (n) denotes the corresponding variables for the nth
subcarrier. Then the len) x 1 signal vector s(")(¢) is linearly
precoded as

x"(t)=B™s"(t), n=1--- N, (1)

where B™ is an N, x N{™ (N, > N™) precoding matrix
for the source signals at the nth sub-carrier. The precoded
signal vector x(")(t) is transmitted to the relay and the
destination nodes via the nth subcarrier. The received signal at
the relay and the destination nodes can be respectively written
as

vy () = HMx™ (1) 4 v§
vy (1) = B x™ (6) + v (1),

3
N
—~
o~
~

Tl:l,"',Nc (2)
Tl:l,"',Nc (3)
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where Hgn) is an V,. x Ny, MIMO channel matrix between the
source and relay nodes, Hfin) is an Ng x Ny MIMO channel
matrix between the source and destination nodes, y( )( t) and

in)( t) are the received signal and the noise vectors at the
relay node, respectively, y((i )( t) and V(n)( t) are the received
signal and the noise vectors at the destination node at time ¢,
respectively.

In the second slot, the relay node amplifies the received
signal vector at the nth subcarrier with an N, x N, matrix
F(™ and transmits the amplified signal vector

= Fy(e)

to the destination node. Using (1), (2), (4), the received signal
vector at the nth subcarrier of the destination node via the
source-relay-destination link can be written as

x"(t +1) n=1,--,N, (4

Yyt +1) = HOxM (4 1) + vt + 1)

_ H;UF(”)H(”) ™ (1) + HWF™v () (¢)
v (t 4 1) (5)

where H&") is an Ng x N, MIMO channel matrix between
the relay and destination nodes, yén) (t+1) and V(n) (t+1)
are the received signal and the noise vectors at the destination
node at time ¢ + 1, respectively.

Combining (3) and (5), the received signal vector at the
destination node over two time slots is given by

(n)
. 141
y™ (1) £ (() )
ya (1)
(n)p(n) gy (n)
H,
(n) (n)
H,F" t) +v,(t+1)
+ (n) (6)
Va (t)
We assume that H™, H™ and HEI"), n = 1,---, N

are all quasi-static. We also assume that all additive noises
are independent and identically distributed complex circularly
symmetric Gaussian noise with zero mean and unit variance.

III. PROPOSED APPROACH

Due to its simplicity, a linear receiver is used at the destina-
tion node to retrieve the transmitted signals at all subcarriers.
The estimated signal waveform is given by

s () = (W)Hym(y), ;o Ne (D)

where W) is a 2N, x Nb(n) weight matrix at the nth
subcarrier, and (-)f denotes the matrix Hermitian transpose.
The MSE of the signal waveform estimation is

N

S E[er(5) (1) - s ()67 (¢) — s7(0))]

n:lNC .
=S oW E 1) (WO 1)

I (\_;Vm))Hc(n)W(n)) (®)

1919
where we assume that E[s((¢)(s") (¢))"] = I, n =
b

, Ne, tr(-) stands for the matrix trace, E[-] denotes the
statistical expectation, and

g o [HUFIHY o
H{"
o & [HEDEDEON T, O,
ONded INd

Here 0,,«, denotes an m x n matrix with all zeros entries.
We assume that H™, n = 1,---, N, are known by the
destination node, H(n) n = 1,---, N, are available at
the source node, and the relay node knows H™ and H™,
n =1,---, N.. Note that the same amount of channel state
information (CSI) knowledge is required for the algorithms in
[1]-[10]. In practice, Hé") can be obtained at the relay node
with standard training methods, and Hg") can be acquired
by a feedback from the destination node to the relay node.
Similarly, H(™) is obtained at the destination node through
channel training, and HFJ‘) is obtained at the source node by a
feedback from the relay node. For wireless relays, the fading
is often relatively slow whenever the mobility of the relays
is relatively low, and for static relays, the CSI can be almost
constant. Thus, in this way, the necessary CSI can be obtained
at each node with a reasonably high precision.

The optimal linear receiver that minimizes (8) is the well-
known MMSE receiver, whose weight matrix is given by
W (f{(n) (EHM)H 4 @(n))”ﬁ(ng n=1,- N,

)

where (-)~! denotes the matrix inversion. Substituting (9)
back into (8), we obtain the MSE given by (10) at the
bottom of the next page, where the matrix inversion lemma
(A+BCD)'=A"!'-A"'B(DA'B+C!)"'DA!
is applied to obtain the second equation.

The optimal {B(™} and {F(™} that minimize (10) can be
found by the following optimization problem

min MSE (11)
{BM} {F(M}
s.t. Ztr (B < p, (12)
N(‘.
3t (F(m[Hgn)B(n)(Hgn)B(n))H
n=1
Ly J(E™)7) < p, (13)

where for a matrix X, {X(™} £ X(1) X2 ... X(Ne) Here
(12) and (13) are constraints for the transmission power at the
source and relay nodes, respectively, and p; > 0, p, > 0
are the corresponding available transmission power. It can be
clearly seen from (12) and (13) that the power constraints are
imposed on the sum power throughout all subcarriers. Thus,
the power allocation is optimized throughout all subcarriers. In
other words, the subcarriers are “coupled” through the power
constraints at the source and relay nodes. Let us define the
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following singular value decompositions (SVD)

H(n)B U(”)A(")(V(”)) Hgn) :U£n)A£n) (Vﬁn))H

s Ne (14)

n:17

where Agn) and A™ are Rg") R(n) and R™ x R(™ square
diagonal matrices (i.e., zero sm%ularvalues are excluded).
Here Rg") = rank(Hgn)B(”)) rank(H )), rank(-)
denotes the rank of a matrix.

THEOREM 1: The optimal F™) for (11)-(13) is given by

F = VAW UM n=1- Ne (19

where A is an R™ x R;n) matrix.
PROOF: Without loss of generality, we write F(") as

n) g ulmhH
) _ [y L] [A (Ui™)

] (16)
where VWEvmhE o -1y v (v,
UE””(UY”L H = Iy - U(g )(U(”)) such that
\Z RSN VS””; and UM 2 (UM UM
are unitary matrices, A, G, C "), D™ are arbitrary
matrices with dimensions of R( ™) R&"), R™ (N, — Rg")),
(N, — R™)x R™ (N, — RI™) x (N, — R{"™), respectively.
Using (14) and (16) we have

(Hfﬁ”)F("))HHSG")F(")

o [(AYE  (Cm)H Vﬁ") H . e

N " " A g _
<vever v ][A0 B
B (n)\H ( A (7)

)2A(n) (A(n))H(Agn))zG(n)
G("))H(Ain))QA(") (G(n))H(Ain))QG(n)

a7

From (10) and (17) we see that the objective function (11)
does not depend on C(™ and D(™). Substituting (17) back
into (10) we have (18) at the bottom of the next page, where
we applied the matrix inversion lemma for partitioned matrix
to obtain the second equation, and

M) A (A("))H(Agn))QG(")
% ((GU)H (A2 G™ 41

) G AL A
Obviously, from (18), MSE is minimized if M) =

ORgn)XRgn)’ n = 1,~'~,NC, which holds if G =

OR(T")X(Nr—RS”))'
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Now we look at the constraint (13). The power con-
sumed by the relay node can be rewritten as (19) at the
bottom of the next page. Obviously, G = OR&"&(NT—RT))’
C = O(NrfR(r”))ngn)’ and D = O(NrfR(r”))x(Nrngm)
minimize the E)ower consumption. Thus we have F(") =
v Am (Ul 0

It can be seen from (18) that given (15), MSE depends on
B™ and A, For general Hfin), one can not obtain a closed-
form solution for the structure of the optimal A(™) and B("),
In [11], an alternating algorithm is developed to optimize F(")
and B(") without exploiting the optimal structure of F(™) in
(15). The algorithm in [11] is suboptimal and has a very
high computational complexity. A locally optimal solution
of A and B(™ can be obtained using general gradient-
based numerical methods. However, gradient-based methods
usually have difficulties in tuning various parameters such as
the initialization point and step size, especially for matrix
variables. How to jointly optimize B(™ and A with a
reasonable computational complexity is an important future
research topic.

When the direct link is sufficiently weak (eg. shadowed
by obstacles such as mountain and building) that can be
ignored (Hfin) = On,xn,) as in [2], [5]-[10], the MSE (10)
is equivalent to

N.
MSE :Z tI‘( |:INZS") + (Hgn)B(n))HHgn)B(n) _Vgn)Agn)

n=1
1 -1
X (AU AL)2AN £ 100 ) AP (V] U’ﬂ ) :

Obviously, in this case, for an efficient utilization of the
available transmission power at the source and relay nodes,
N™ should satisfy N < min(R{™, R™),n=1,--- | N,,
with R £ rank(H( )) Since the channel matrices are
random, we have min(Rs (n) 5”)) = min(Ng, N,,, Ng). In
fact, it can be shown that R% " =N, b(n) and the optimal A(™
is given by

(n) (n) 4
A — {Al ,ONLSn)X(Rgn)_NLSn))}

where A(ln) is an len) x len) diagonal matrix. In particular,
denoting H = Ugn)Agn)(Vgn)gH, n=1,---,N,, as the
SVD of H, where A" is a R(™ x RV diagonal matrix,
it has been shown in [10] using the majorization theory [13]
that the solution to the problem (11)-(13) is

B = V)AL )Ug ]
R = VAL (UL),

n:l’...7

Ne (20)

n=1,---,N.(l)

MSE Ztr([ o+ (HBY) THBO + (HWFWHVBM)

_ —1
< (HFO) (HOF ) 4 1y,)  HEO R B0 >

—Ztr([ o+ (H H=B™)THBM + (HMBM™) Y

(L, = (L, + (HF®) THF) 7 HB)| 1)(10)
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Here Vi"f , V£ D Ug"l) stand for the singular vector matrices
corresponding to Nén) strongest singular values, Al()n), A(fn)
are N\™ x N{™ diagonal matrices, and U{" is an N\™ x N\™)
unitary matrix.

It is worth noting that (15) includes (21) as a special case.
Thus, Theorem 1 generalizes the structure of the optimal relay
amplifying matrix from the relay system without the direct
link [10] to relay systems with the direct link. This is one
contribution of this letter. In the following, we focus on relay
system where the direct link is sufficiently weak that can be
ignored and develop a power loading algorithm which has a
greatly reduced computational complexity than the iterative
power loading algorithm in [10].

Let us define for i =1, - - ,len), n=1,---,N,

o £ O07 SN,

)

g A AN 4 1)

)

02 O,

where )\T i ,)\}n Al )x(n)

P Asi are the main diagonal elements of
A&"), Agc ), A("), A(n) respectively. It is shown in [10] that
Al™ and A}")
optimizing {1:5")} and {yi(n)}, which is given by the problem
(22)-(25) at the bottom of the next page, where for a scalar

My & 1 N,
a, {a; '} S a1, a4 v
b

in (20) and (21) can be optimized through

Closed-form solution to problem (22)-(25) is intractable.
In fact, since (22) is nonconvex with respect to {xE")} and
{yi(n)}, a global-optimal solution is hard to obtain with a
practical computational complexity. In [12], a grid-searching-
based algorithm is applied to find the global-optimal solution
where the objective is to maximize the mutual information

1921

find a locally optimal solution of problem (22)-(25), which
has a much lower computational complexity than that of [12].

However, the iterative algorithm in [10] may still be com-
putationally intensive for practical systems. Note that if the
objective function (22) can be decoupled for {1:5")} and
{y\™}, then the optimization of {z™} and {y{™} can be
independently conducted, since the constraints (23)-(25) are
already decoupled for {2\™} and {y™}. Towards this end,
we first derive an upper-bound of (22) based on its special
structure. In particular, we have

Ne N, ONOIM OO
;;a(”)b" y()+a§)f€§) by + 1

N
>y o) @9
oS MM by 41
where o > 0. From (26) we see that a=1,and c; =cy = 1.
Using (26) as the objective function and together with the
constraints (23)-(25), we find that {z\™} and {y\™} can
be optimized independently. In particular, the problem of
optimizing {x(n)} is written as

N. N(n)
my S5 @
{zgn)} n=1 i=1 (1 i
(n)
T8 3 PR )
n=1 =1
IER)ZQ Z':L...’Nb(n)’ n=1---,N.(29)

While the problem of optimizing {yl(n)} is given by

between source and destination. With some modifications, the N, NV
algorithm in [12] can also be applied to solve the problem min Z Z OO (n) (30)
(22)-(25). However, the computational complexity of grid- Wy i b +1
searching is extremely high, since in order to obtain a rea- N, N
sonably good solution, seatching over a tligh-tlense grid must St Z Z y(n) < p, 31
be employed. In [10], an iterative algorithm is developed to i3
Nc I _
MSE= Y tr( [Ty + (HEBO) THEBO 4 VAL - (UF) 1O
n=1
-1
(n)\H ( A (M2 A (n) (n)\VH ( A (M2 3 (n) -1
| ATDTAT)AN + T (AT)T(AS)*G (UG AW (v
(GM)H (A)ZAM (GHAMPGM £ 1, o
1
- [Iwa + BT (|EY)TH + | HD)THM)BM — v AN
—-1 -
< (A AP AD T — M) A&’”(VY”)H] as)
tr (F(") (Hg")B(") (Hg")B("))H +1In,) (F(”))H)
Ce{ (A [ e s [ )
C D O(NT_RYL))XRYL) INr—RS”) (G ) (D )
= tr (AW ((Aﬁ”))QHR@) (AHH L g (GMHYH o) ((Aﬁ”))QHRgn)) (ct"HH 1 pt) (D("))H) (19)
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y™M>0, i=1,--- N, n=1..- N.(32)

Interestingly, both problems optimize the MSE of the signal
waveform estimation of single-hop parallel scalar Gaussian
channels. In particular, problem (27)-(29) minimizes the MSE
of the source-relay channels, while problem (30)-(32) opti-
mizes that of the relay-destination channels. The solutions to
problem (27)-(29) and problem (30)-(32) follow the water-
filling principle and are given respectively by

1 1
w_ 1| Ja” OB DY S
i (n) 1 ’ v bl(") Vs

i=1,- "Nb(n)’ n=1,---,N.,

where v; > 0 and v5 > 0 are the solution to the following
nonlinear equations, respectively

n T
Ne N 4™
Z ) — 1| =ps
n=1 i=1 & Vi
N. N™ 1
c Vb 1 b(n)
— |y —1| =p,
n=1 i=1 bg ) V2
Here [z]T £ max(0, z).
Finally, the optimal relay g)hfylng matrix
is given by F(()") = Vi"l)A( Uinl) ,  with
)\}Z.) = \/yl.(")/[()\iz))zxgn)—kl]. The optimal source

precoding matrix is

B(Y = VAU, with AW = /2.

K2

(33)

From (33) we see that the source node only requires the
information of H{™, but does not need to know H". The
relay node computes the diagonal elements of Algn) and
sends them to the source node. Note that this can be easily
implemented since only up to len) real numbers are needed
to be sent from the relay node to the source node at each
subcarrier.

Compared with the iterative power loading algorithm in
[10], the proposed upper-bound-based non-iterative algorithm
is suboptimal. However, the proposed algorithm has only
a computational complexity of each iteration of the iter-
ative algorithm in [10]. Therefore, the proposed algorithm
has a substantially reduced computational complexity. Note

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 58, NO. 7, JULY 2010

that the upper-bound (26) is tight when the transmission
power p, and p, are sufficiently high, since in such case,

a'™ (n)+b( ™) ( ™ > 1, and we have a( ™) En)+b£")y£")+1 ~

(”) (”)+b(") “+2 i=1,- Nb("),nzl,---,Nc.In
Sectlon IV we will see that the proposed algorithm yields
only a slight MSE increment and has almost the same BER
performance compared with the iterative algorithm in [10].
Therefore, the proposed power loading algorithm is very
useful for practical relay communication systems with a weak
direct link, and is another contribution of this letter.

IV. SIMULATIONS

Similar to [2], [5]-[10], we simulate a two-hop MIMO relay
system without the direct link. In the simulations, the channel
between each transmit-receive antenna pair is modelled as the
ETSI “Vehicular A” channel environment. An OFDM com-
munication system with N. = 64 subcarriers is assumed. The
channel matrices have zero-mean entries with variances o2 and
o2 for H™ and H™, respectively. The signal-to-noise ratio
(SNR) is defined as SNR; £ o2p, /N, and SNR, = o2p, /N,
for the source-relay and relay-destination links, respectively.
All simulation results are averaged over 2000 independent
channel realizations. We compare the proposed upper-bound-
based suboptimal (UBS) algorithm with the iterative optimal
(ITO) algorithm in [10], the relay-only suboptimal (ROS) al-
gorithm developed in [7], and the MMI algorithm developed in
[2] which maximizes the mutual information between source
and destination. Note that the ITO, UBS, and MMI algorithms
require the knowledge of Hé”) at the source node, while
the ROS algorithm does not. Moreover, the MMI algorithm
[2] and the ITO algorithm [10] have a similar computational
complexity, which is much higher than the proposed UBS
algorithm. Both the ROS and the UBS algorithms are non-
iterative and have the same complexity order.

In the first example, we choose Ny = N, = Ny = 3. Fig. 1
displays the averaged MSE (AMSE) of different algorithms
versus SNR, for SNR, = 20dB and N = 3, n =
1,---, N.. It can be seen that the ITO algorithm consistently
yields the lowest AMSE over the whole SNRg range. The
performance of the proposed UBS algorithm is very closed to
the ITO algorithm. Since for practical communication systems
the BER is an important criterion, the performance of all
algorithms in terms of BER versus SNRy is shown in Fig. 2
for SNR, = 20dB and N\™ = 2, n = ., N.. The
QPSK constellations are used In the simulation, after §(™)(t)

N, N(n)
c

min

(M2 4 Wy 4 g

(22)

>3

nlzla’

(="} {y™)

PO (n) o+ g™

(23)

(24)

(25)
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0.8 ‘ ‘
J¢ —o—ROS Algorithm
07t —oe— MMI Algorithm||
—+— UBS Algorithm
06t —#*—ITO Algorithm ||
m 0.5¢ J
2
=
< 04f 1
0.3r 1
0.2r
¢
0.1 i i i i i
0 5 10 15 20 25 30

SNRS (dB)

Fig. 1. AMSE versus SNRs. Ny = N, = Ny = 3, N\ = 3, SNR, =
20dB.

——ROS Algorithm
10 " f| —e— MMI Algorithm| i g
—*— UBS Algorithm
—+*—[TO Algorithm

5 10 15 20 25
SNR _(dB)

5

10°

Fig. 2. BER versus SNRs. Ny = N, = Ny = 3, N\ = 2, SNR, =
20dB.

is obtain by the linear MMSE receiver as in (7), a symbol-by-
symbol demodulation is used to retrieve the source bits. We
find from Fig. 2 that the UBS algorithm and the ITO algorithm
almost have the same BER performance.

In the second example, we simulate a MIMO relay system
with different number of antennas. We set Ny = 5, N, =
6,N; =4, and N\’ =3, n=1,---,N,. Fig. 3 shows the
BER performance of all four algorithms. From Fig. 3, we find
that the performance of the UBS algorithm is almost identical
to that of the ITO algorithm. Thus, the UBS algorithm is very
useful for practical systems. Note that in Figs. 2 and 3, the
ROS algorithm yields a higher BER than that of the MMI
algorithm. The reason is that the ROS algorithm does not
optimize the source Frecoding matrix and thus has a poor
performance when an) is less than min(Ng, N, Ng).

V. CONCLUSIONS

We derived the optimal structure of the relay amplifying
matrix for multicarrier MIMO relay systems with the direct

1923

BER

—o— ROS Algorithm
10 ' —e—MMI Algorithm
—+— UBS Algorithm
—#—ITO Algorithm

5 10 15 20 25
SNRS (dB)

Fig. 3. BER versus SNRs. Ny = 5,N, = 6,Ng = 4, N\™ = 3,
SNR, = 20dB.

source-destination link. This relay amplifying matrix mini-
mizes the MSE of the signal waveform estimation. A power
loading algorithm was developed which has a significantly re-
duced computational complexity than the existing approaches
with almost no BER performance loss.
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