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Abstract—In multiple-input—-multiple-output (MIMO) trans-
mission, precoding has been considered a promising technique
to improve the system performance. In general, the criterion of
precoder design depends on the detector used at the receiver.
For the maximum-likelihood (ML) detector, the criterion is to
maximize the minimum distance of the received signal constel-
lation. Unfortunately, the derivation of the optimum solution is
known to be difficult, and suboptimum solutions have then been
developed. One promising approach confines the precoder having
an X-structure. Several methods have been developed to solve
the X-structured precoder. However, most of them use numerical
searches to find their solutions and require lookup tables during
run time. In this paper, we propose a systematic design method to
solve the problems. The proposed precoder has a simple closed-
form expression, and no numerical searches and lookup tables are
required. Simulation results show that the proposed method can
yield almost the same performance as the existing methods. We
also consider the problem of joint source/relay precoder design
in a two-hop amplify-and-forward MIMO relay system. Since
the problem is much more involved and a closed-form solution
is intractable to find, we then extend the use of the proposed
X-structured precoder so that the problem can be reformulated
as a simple scalar-valued optimization problem. Simulations show
that the proposed method can significantly outperform existing
joint design methods.

Index Terms—Free distance, geometric mean decomposi-
tion (GMD), maximume-likelihood (ML) detection, MIMO,
multiple-input-multiple-output (MIMO) relay systems, spatial
multiplexing, X-structured precoder.

I. INTRODUCTION

N RECENT years, the multiple-input—-multiple-output

(MIMO) technique has been widely adopted in wireless
communication systems. In MIMO systems, it is well known
that transmission with spatial multiplexing can provide higher
spectral efficiency without bandwidth expansion [1], [2]. How-
ever, its performance heavily depends on the condition number
of the channel matrix [3]. Precoding is an effective method to
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overcome this problem. With a low-rate feedback link, channel
state information (CSI) is acquired at the transmitter, and a
precoder can then be designed and applied.

The precoder design problem has been extensively studied in
the literature. For the mutual information criterion, a method
that is referred to as mercury/water-filling [4] was proposed
for parallel Gaussian channels, and the obtained precoder,
being diagonal, is shown to be the optimum power-allocation
scheme. For general MIMO channels, an iterative algorithm
was proposed in [5]; however, optimality is not guaranteed. The
globally optimum and low-complexity suboptimum precoders
have been also proposed in [6] and [7], respectively. Except for
mutual information, there are also other criteria used for the pre-
coder design. Precoders that maximize the signal-to-noise ratio
(SNR) or achieve the minimum mean square error (MMSE)
were developed for linear receivers in [§]-[11]. Although the
computational complexity of linear receivers is low, the per-
formance is often not satisfactory. Two nonlinear receivers are
well known, i.e., successive interference cancelation (SIC) and
maximum-likelihood (ML) detection. The optimum precoder
for the QR-SIC receiver [12], minimizing the block error rate
(BLER), has been solved with geometric mean decomposition
(GMD) [13], [14]. In addition, the optimum precoder for the
MMSE-SIC receiver was also solved with uniform channel
decomposition [15]. It is known that the performance of an
ML receiver is dominated by the minimum distance of received
signal constellations, which is referred to as free distance. It
is a common criterion used for the precoder design of an ML
detector [16]-[20]. Unfortunately, finding the precoder that
maximizes the free distance is known to be difficult; the opti-
mum precoder remains unsolved. Note that mutual information
can have a lower bound expressed by a function of free distance,
and the bound will become tight when the SNR is high [7].
However, the solutions in [5]-[7] do not have closed-form
expressions; their implementations require high computational
complexity.

Recently, a promising suboptimum approach for the ML
receiver has been developed. It first adopts singular value
decomposition (SVD) to transform the MIMO channel into
parallel subchannels. Then, the subchannels are paired to obtain
a set of 2 x 2 MIMO subsystems, and 2 x 2 subprecoders are
designed to maximize the free distance in the MIMO subsys-
tems. We refer to this approach as precoding with X-structure,
which has been considered in [17]-[19]. Precoding with
X-structure not only facilitates the precoder design but yields
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a low-complexity ML receiver as well since we only have
to deal with 2 x 2 MIMO subsystems. For 4-quadrature
amplitude modulation (QAM), the optimum complex-valued
subprecoder was first found in [16]. The result was extended
to higher QAM constellations in [20]; however, optimality no
longer held. Recently, an orthogonal subprecoder derived from
a rotation matrix has been proposed in [18]. The advantage of
this approach is that the design complexity can be reduced.
However, the closed-form expression of the optimum rotation
angle is only available for 4-QAM. A numerical search is
required for the angle in higher QAM constellations. More
recently, an optimum real-valued subprecoder has been de-
veloped [19]. It also requires the numerical search in design
and lookup tables in run time. In this paper, we propose a
design method for the X-structured precoder. The main idea
is using the GMD method in the subprecoder design. With
the proposed method, no numerical searches are required in
the design phase, and no lookup tables are required during the
application phase. Simulation results show that the performance
of the proposed method is almost as good as the existing
methods.

In recent years, cooperative communications have been con-
sidered as a promising method to improve the performance
of point-to-point MIMO systems [21], [22]. By employing
relays between the source and the destination, the signal can
be transmitted via the source-to-relay and then the relay-to-
destination link. Multiple antennas can be equipped at each
node to form a MIMO relay system. In the MIMO relay system,
both the source and relay nodes can conduct precoding, which
is referred to as joint source/relay precoding. Several joint
precoder designs for amplify-and-forward (AF) MIMO relay
systems have been proposed. In [23] and [24], the precoders
maximizing the channel capacity were developed. In [25]-[31],
the precoders using the MMSE criterion were designed for the
linear receivers. To the best of our knowledge, the joint precoder
design in the MIMO relay system with an ML receiver has
yet to be considered. We then extend the proposed method
to the MIMO relay system. However, the problem becomes
much more involved in this case, and a closed-form solution
is difficult to obtain. To solve the problem, we propose iterative
methods to derive the source and relay precoders alternatingly.
First, assume that the relay precoder is given; the source
precoder design can then be easily solved by the proposed
MIMO precoder. Then, with the solved source precoder, the
relay precoder can be solved and updated. The derivation
of the relay precoder for a given source precoder, however,
is much more complicated due to the fact that the MIMO
relay channel is a nonlinear and complicated function of the
relay precoder. We then propose two methods overcoming
the problem such that the relay precoder can be efficiently
solved with the Karush—Kuhn-Tucker (KKT) conditions [32].
Simulation results show that the proposed methods significantly
outperform existing methods.

The remainder of this paper is organized as follows:
Section II briefs the system model we use. Sections III and IV
describe the proposed design methods for MIMO and MIMO
relay systems, respectively. Section V reports the simulation
results, and finally, Section VI draws conclusions.
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Fig. 1. System model for a precoded spatial-multiplexing MIMO system.

II. SYSTEM AND SIGNAL MODELS

Consider a precoded spatial-multiplexing MIMO system
with NV, transmit antennas and [N, receive antennas, as de-
scribed in Fig. 1. Let x = [z1, 22, ..., 2]7 denote the M x 1
symbol vector, where (.)7 represents the transpose operation.
In spatial multiplexing, each entry of x is independently chosen
from a finite-set constellation X'. For L-QAM, X is given by

X = %{iaibﬂa’be (1,3,... VI — 1)} (1)
where K = (2/3)(L — 1). Let H denote the N,. x N; channel
matrix, which is assumed to be perfectly known at both the
transmitter and the receiver. In addition, we assume that M =
N; < N, and that H remains unchanged for a given precoding
period. Using the CSI at the transmitter, we can design an
Ny x M precoding matrix M and conduct precoding by left-
multiplying M on x. In general, the power of M has to be con-
strained, i.e., tr{M# M} = Pr, where (.)¥ is the Hermitian
transpose operation, and Pr is a constant. The received symbol
vector can then be expressed as

y = HMx +n 2)

where n is the Gaussian noise vector. Assume that each entry
of n is identically and independently distributed (i.i.d.) with the
covariance matrix of 021y, , where o2 is the noise variance,
and Iy, denotes an N, x N, identity matrix. At the receiver,
the ML detector searches all possible symbol vectors to obtain
an estimate x such that

X = xrél}rb ly — HMXx]| 3)

where XM is a set consisting of all possible transmitted symbol
vectors. Let d; ; denote the distance between two distinct
received symbol vectors HMx; and HMx;. The free distance
of a MIMO system is then defined as

min
Xi,X;j cxM ,Xi;éx]‘

[HM(x; —x;)[|. 4

A .
dfree = Imin di,j =
7]

The error probability of (3) can then be represented as

1 L]VI L]\/f
Pe=2w> > Py )
=1 j=1

where P;; is the probability that transmitted symbol vector x;
is falsely detected to some other x;. If dgee is much smaller
than other d; ;’s, then we can assume that P, will be dominated
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by (4). Under this assumption, the design criterion for M can
be chosen as maximizing the free distance of a MIMO system.
This problem is known to be difficult since dg. depends on
discrete set X' . Note that error probability P, is also referred
to as the BLER in this paper.

A recently developed method to overcome the problem is
the application of the X-structured precoder [17]-[19]. To do
that, H is first transformed into parallel subchannels, and
precoding is applied on the subchannels. Using SVD, we
can have H = UX V¥ where U is an N, x M matrix, &
is an M x M real-valued diagonal matrix, and VH is an
M x N, matrix. Note that UPU=VHV =1, and T =
diag(A1, A2, ..., Aar), where \;’s are the singular values of
H. Let \;’s be arranged in a descending order, i.e., Ay > Ay >
---> Ay >0and M = VF, where F is an M x M matrix.
Left-multiplying U* on y, we can have the equivalent received
signal model as

r=YFx+n (6)

where r = Uy and n’ = U n is the noise vector with the
same covariance matrix as n. In what follows, we will refer to F
as the precoder since M can be derived if F has been obtained.
Note that the power constraint of the precoder still holds, i.e.,
tr{MHA M} = tr{F¥F}. Therefore, we can have the problem
reformulated as

max min [ZF(x — x)||
F x,x' €XM xAx'
S.t.
tr {FYF} = Pr. (7)

The diagonal structure of 3 in (7) greatly facilitates the deriva-
tion of the solution. The key idea is to apply an X-structure
on F, which means that subchannels ordered according to their
singular values are paired to obtain a set of 2 x 2 subsystems,
and 2x 2 subprecoders are designed to maximize the free
distance of the subsystems.

We first focus on the design of a 2x 2 precoder in (7). For
M = 2,3 can be expressed as

A 0] fcosy O
E[O )\2]’0{ 0 sin’y} ®)

where p = /A% + A3 is the channel gain, and v = tan~!(\2/
A1) is an angle related to the channel. Clearly, 0 < v < (7/4)
so that \; > Ao is satisfied. With SVD, F can be written as
F =UrX;-VE, where both Ur and V are 2 x 2 unitary
matrices, and X is a 2 x 2 diagonal matrix. It has been shown
in [16] that Up can be an identity matrix without affecting the
system performance for symmetric QAM modulations. Letting
Vg = V1 VEs [16], we can have F expressed as follows:

F=+PrYXpVp1VEo

_ cos 0 cos  sin@ 1 0
a PT[ 0 sinw] [—sin@ COSH] [O ew] ©)
—_————
3r V1 VE2

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 9, NOVEMBER 2013

where 0 < < (7/2), 0< 6 < (n/4), and 0 < p < (7/2).
Given a set of difference vectors, the subprecoder can be found
with (8) and (9) by a numerical search over all possible values
of v, 0, and . In [16], the optimum subprecoder for 4-QAM
was found, and its application to higher QAM constellations
was studied in [20]. Note that the subprecoder has complex
values. To reduce the design complexity, Vg 5 in (9) can be set
as an identity matrix, yielding a real-valued subprecoder [19].
For further reduction of design complexity, 3 7 can be set as an
identity matrix as well, giving an orthogonal subprecoder [18].
As mentioned, most existing subprecoders require numerical
searches in design or lookup tables in run time. In this paper,
we propose a design method to avoid these problems.

III. PROPOSED SUBPRECODERS FOR
MULTIPLE-INPUT-MULTIPLE-OUTPUT SYSTEMS

To avoid numerical search or lookup tables, we propose a
systematic design giving simple closed-form expressions for
any QAM sizes. To do that, we consider an alternative design
criterion in (7). Instead of maximizing the free distance itself,
we propose maximizing a lower bound.

A. Lower Bound for Free Distance

Considering the QR decomposition (QRD) of a full column-
rank matrix H, we can have H = QR, where Q is an V. x N;
columnwise orthonormal matrix, and R is an N; x N; upper-
triangular matrix with positive real-valued diagonal entries. Let
dmin denote the minimum distance of a QAM constellation.
From (1), we have dy.;, = 2/\/? In [14], it was shown that
the free distance of a spatial-multiplexing MIMO system can
be lower bounded by

2

— 1
VK (10

dfree > HllIIlR(’L, i)dIIliIl - [R]min

where R(i,4) denotes the ith diagonal entry of R, [R]min
represents the minimum value among R (4, 7)’s, and the equality
holds when all R(4,4)’s are equal [14]. It can be seen that
the free distance is dominated by [R]min and K. Note that K
is independent of the channel matrix. Hence, maximizing the
lower bound of the free distance is equivalent to maximizing
[R]min. With a unitary precoder, the QRD of the equivalent
channel will have the property that Hf\i‘l R(i,i) = C, where
C is a constant. Clearly, the lower bound in (10) is maximized
when R has equal diagonal entries. This precoder can be
obtained by GMD given by [13], [14]

H = QRP" (11)
where Q is an N,. x N; columnwise orthonormal matrix, P
is an N; x N; unitary matrix, and R is an N; x N, upper
triangular matrix having equal diagonal entries. From (11), we
can have HP = QR In other words, P can be used as a
precoder so that the lower bound in (10) can be maximized.
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It can be seen that each diagonal element of R is equal to the
geometric mean of R(4,14)’s, i.e.,

i N, ~
R(i,i) = <H R(i, z’)) :

Note that P is independent of the QAM constellation, which
is a great advantage when designing the precoder for the ML
receiver. Although the GMD method is analytically tractable, its
corresponding free distance will be significantly degraded for
ill-conditioned channels. To overcome the problem, we propose
a method described in the following.

12)

B. GMD-Based Subprecoder With Rank Deficiency

As discussed, we now focus on a 2 x 2 subsystem. Note that
for 3 with M = 2, Fgup has a simple expression as

A A
Pr \/A1+2>\2 _\/)\1-"-1A2
Femp =4/ \/ M V/ X

A1+ A1tz

(13)

Furthermore, the resultant free distance can be also easily
obtained by

4 cos~ysin
dfree,FGMD - \/PTp2Kry2’Y

The derivations of (13) and (14) can be found in [14]. From
(14), we can see that dfee Fenp ~ 0 as v approaches zero.
Note that v is associated with the condition number of the
channel matrix. In other words, the performance of Fgump
can be significantly degraded for ill-conditioned channels. This
is because Fgyp is a full-rank matrix and always uses two
subchannels for signal transmission. This structure constraint
becomes inefficient when the value of v is small, and too much
power is allocated in the worse subchannel. This problem can
be avoided by pouring all the transmit power on the stronger
subchannel \; and maps the two bit streams into a scalar
symbol for transmission. In such case, the resultant subprecoder
will be rank deficient. From (9), it is simple to see that a
complex-valued rank-deficient subprecoder, which is denoted
by Fg4 ., can be expressed as

— [cosfy. sinby.ei¥de
Fd,C = PT { Od7 d*() }

where 0 < 0y, < (7/4),and 0 < @q . < (7/2). With (13) and
(15), we then propose a subprecoder expressed as

cosfy,. sinf,.elPde
\/PT|: Od’ d’o :|, fOI"yS’yl

Fa,.c

(14)

5)

Fpi=

Faump, for v > 1.
(16
By letting N = 2(1/?) logy _ 1, the optimum angles for Fg .
can be expressed as ¢4, = tan"'(1/(2N + v/3)) and 04, =
tan~!(2sin pg..) [16]. Threshold ~; in (16) can be derived
by the channel angle satisfying dfree, Fopp = dfree,Fy ., Where
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dfree)Fd,C denotes the corresponding free distance of Fg ..

Therefore, we can have y; = tan™'(2/(N? + /3N +2)).
We can also use a real-valued rank-deficient subprecoder,

which is denoted by F,,, to derive another subprecoder.

Note that F;, can be simply obtained by removing Vg5 in
(9). Let I = (1/2)logy(L) and 6,4, = tan—'(27!), where [ €

{1,2,...,5}. We then propose an alternative subprecoder as
VP | O30 SV gy <
F,= (17)
Fd,r
Fewup, for v > 7s.

With the similar method used for F,;, we can have
7o = tan~*(2sin®(tan"1(27"))). From (16) and (17), we
can see that both F, ; and F, o have closed-form expressions.
Thus, no lookup tables are required.

Note that the lower bound in (10) instead of df.c. is used in
our design. Optimality then becomes a main concern. Since a
theoretical analysis is very difficult, we only provide a simple
qualitative analysis to this problem. It is easy to see that the
tightness of the lower bound in (10) is proportional to channel
angle . For well-conditioned channels, v is large, and the
error due to the use of the lower bound will be small. For
ill-conditioned channels, v is small, and the bound will be
loose; however, a rank-deficient subprecoder is used instead.
The subprecoder in [18], which is assumed to be orthogonal,
also suffers from performance loss for ill-conditioned channels,
whereas the subprecoder in [18], which is assumed to be
real, does not suffer from performance loss. When ~ is small,
the scheme in [19] also applies a rank-deficient subprecoder.
Simulation results in Section V show that our proposed methods
can provide near-optimum results.

C. Extension to MIMO Systems for M > 2

For a MIMO system with M > 2, the X-structured precoder
allows a simple solution for the ML receiver. Assuming that
M 1is even, then every two subchannels can be paired to
yield (M/2) subsystems. Therefore, the 2 x 2 subprecoders
discussed in the previous sections can be directly applied.
Let the subchannels be ordered with respect to their sin-
gular values. Then, the X-structured precoder pairs the ith
and the (M — i+ 1)th subchannels, and the corresponding
channel gain and channel angle can be expressed as p; =

JA24+ A3, ., and v = tan~'(Ay—i1/Ni), respectively.

Using ;, we can construct the resultant subprecoder F,, ;)
for the ith subsystem. Let each subprecoder have the unit-
power constraint, i.e., tr{Fg(i)Fp’(i)} = 1. In addition, let
diree,; denote the free distance provided by the ith subsys-
tem, and dfreemin 1S the minimum value among all dce ;’s.
Clearly, the overall system performance is dominated by the
subsystem with dfee, min. Hence, we can adopt a power-
allocation scheme aiming to maximize dfce min SO that the
performance can be further enhanced. Let Y = diag(Yy,
TQ, ey TM/,l, TM/, TM/, ’r]w/,l, ey Tg, Tl), where Tz I
the power allocated on the ith subsystem, and M’ is the number
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TABLE 1
COMPLEXITY COMPARISONS FOR SUBPRECODER DESIGNS
X-Structured Precoding Decoding

Subprecoder SVD of H M Look-up Tables r ML Detection

F. [17] O (N2N; + N2N,) | O (N:M) x O (N2) o (M'LVIL)

F, [19] O (N2ZN¢+ NEN;) | O(NeM) | required for L >4 | O(N2) o (M’\/f)

F, [18] O (N2Nt + NEN;) | O(NeM) | required for L >4 | O (N?) o (M’\/f)

Proposed Fpp 1 || O (N2N; + N2N,) | O (N¢M) x O (N2) | O (M'LVI) for smaller value of L

~ O (M ! \/f) for larger value of L

Proposed Fpp o || O (N2N;: + N2N,) | O (N¢M) x 0 (N2) o (M'\FL)
of subsystems. Similar to the method used in [17], the solution T]_
of Y, is given by .

| Yo F
Mo -3 T_ R R
2
Yi=VPr | dfees Y e (18) "
k=1 freek
With (18), we can see that Y is to equalize the free distance SR Hrp
among all subsystems. That means the subsystem with a smaller
free distance will be allocated higher transmit power. It can j TL
be easily verified that Y;dfee,i > dfree,min, and hence, the Fol . ML
performance is improved. With Y, the resultant precoder is X s _T T_ Detection
still of X-structure. If M is odd, the ((M + 1)/2)th symbol Ns N,
is then independently precoded and detected without coupling
another symbol. Note that computing Y'; requires information ~ Fig. 2. System model for a precoded spatial-multiplexing MIMO  relay
system.

on dfee,i- In this regard, the proposed subprecoders are more
efficient since the free distance can be easily calculated.

D. Complexity Comparisons

First, we use the number of floating operations (FLOPS)
required in a precoding scheme as the measure for computa-
tional complexity. The complexity for conducting the SVD of
H is O(N2N; + N?N,.), that for calculating M is O(N;M)
FLOPS, and that for calculating r is O(N?) FLOPS. The given
operations are involved in all the methods. Note that both the
orthogonal and real-valued precoders need lookup tables in
their applications, and this is an additional overhead that is not
required for the proposed precoders.

Next, we compare the ML-detection complexity in each
method. It has been shown in [19] that the ML-detection
complexity in a subsystem with the complex-valued precoder
is a function of O(L+/L). The detection complexity can be
reduced to O(v/L) when the precoder consists of real values.
Thus, the ML-detection complexity associated with F, 1 is
higher than that with ', 5. Nevertheless, the probability for the
event that v < ~; decreases for large values of L. Therefore, the
detection complexity corresponding to F';, ; can be also OW1I)
for higher QAM constellations. The complexity comparison for
all precoders is summarized in Table 1.

IV. PRECODER DESIGN FOR MULTIPLE-INPUT—
MULTIPLE-OUTPUT RELAY SYSTEMS

Here, we will consider the precoder design in two-hop
AF MIMO relay systems. Similar to the conventional MIMO
system, we can conduct precoding at both the source and relay
nodes. These two precoders can be jointly optimized for further

performance enhancement. Note that the ML receiver is used at
the destination.

A. Problem Formulation and Source Precoder Design

The system model we consider is shown in Fig. 2. Let Hgpr
denote the N, x N source-to-relay channel matrix and Hrp
denote the Ny x N,. relay-to-destination channel matrix. In
the AF MIMO relay scheme, the signal transmission is divided
into two phases. In Phase I, x is transmitted from the source
and then received at the relay. We assume that the destination
cannot receive the signal from the source in Phase I due to long
distance. In the scenario, the relay node can serve as a repeater
for the extension of transmission coverage. Let F' g denote the
Ny x M source precoding matrix. The received signal at the
relay can then be expressed as yp = HgpF g x + np, where
np is the Gaussian noise vector with a covariance matrix of
J,QMI N,.- In Phase II, yp is first left-multiplied by an N,. X
N, relay precoding matrix Fr and then retransmitted to the
destination through H p. The received signal at the destination
can be expressed as

yp = HrpFrHsrFs x + HrpFrng +np (19)

where np is a Gaussian noise vector with a covariance ma-
trix of 0'121.dIN .- The received signal can then be rewritten
as yp = HFgx+n, where H=HzpFrHgr, and n =
HrpFrng + np. It is simple to see that n is not white, and
the covariance matrix of n can be found as

R, =Emnn"| =0’ HppFrFLH, + 00 v,  (20)
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where E[.] denotes the expectation operation. To facilitate our
derivation, we first conduct whitening processing on yp. Let
‘W denote the whitening matrix. From (20), we can have

Nl

1 _
W =R,” = (0 HrpFrFHE, + 07 jIn,) 1)

After whitening, the received signal can be written as
yp = Wyp = HFgx +n (22)

where 1 = Wn and H = WH is the Ng x Ng equivalent
channel matrix, which can be expanded as

_1
H = (o7 HrpFrFRHEp + 0, jIn,) * HrpFrHgg.
(23)

The free distance corresponding to H can then be defined as

(24)

min

diree =
x;x; €EXM x;#x;

I:IFS(XZ' - Xj)H .

Therefore, the objective now is to find the precoders, i.e.,
Fg and Fy so that the free distance can be maximized. The
optimization problem can be formulated as

max deee
Fs,Fr

S.t.
Cy:tr {Fng} = Psr
Coy @ tr {FRyRygFg}
= tr{Fg (o Iy, +HsrFsF{HER)FR} = Prr
(25)

where C; and Cs represent the transmit power constraints at
the source and the relay, respectively. As we can see, solving
the problem in (25) is complicated since dy.c 1S @ nonlinear and
complicated function of F'g and F . In addition, both precoders
are coupled in constraint C,. As a result, the optimum solution
is difficult to find. To solve the problem, we propose an iterative
method solving Fg and Fp alternatingly. First, we let Fr be
given and then have the optimization as

max min HFs(x; — xj)H
Fs xix; €XM x;#x;
S.t.

tr {FsF§ } = Psr. (26)
It is easy to see that (26) is similar to a MIMO precoder design
problem. Consider the following SVDs:

Hrp = UrpErpVip and Hgg = UspEsrVig
(27)

where Ugp, VH,, Uggr, and VE, are columnwise ortho-
normal matrices, both ¥ gr and X i p are M x M diagonal mat-
rices, and UgDURD = UgRUSR :VgDVRD :VgRVSR =
I,;. Assume that M = Ny = N,.. < N,. We can let Fg be of
the form

Fs =VggFyg (28)
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where F's is an M x M matrix. With (28), we can further
rewrite received signal yp as

¥p = HVspFsx + i = HFgx + (29)
where H' = ﬁVs R, Which can be expanded as
H' = (UZ,THRDFRFgHgD + Ui,dINd)i%
X HrpFrUgpYsg. (30)

Let 3 denote the matrix with the singular values of H'. With
E/, we can solve F's by applying the methods proposed in
Section III. For a given Fg, however, finding the solution of
F' i is much more involved. This problem is investigated in the
following section.

B. Relay Precoder Design

From (30), we first observe that H’ is still a nonlinear and
complicated function of Fp, and finding the optimum Fpg
is still difficult. Even if the optimum solution can be found,
we have to conduct a new SVD and matrix inversion when
solving Fg at each iteration. This will greatly increase the
computational complexity of the problem. To overcome these
problems, we propose imposing a special structure on F r such
that the X-structure of F g can be maintained, and at the same
time, F' z can be solved with a closed-form solution. The main
idea is to let F i diagonalize the equivalent channel H'. This
can be easily accomplished by choosing F; as

Fr=VrpEpUH, (31)
where ¥ is an M x M diagonal matrix, which needs to be
designed. With (31), we can rewrite whitening matrix W as
follows:

W = (07, SroErERESEp +op JIu) * Ullp.  (32)
With (31) and (32), the resultant H isan M x M diagonal
matrix expressed as

H = (07 . ZrpEREESHp +0p dn) * ZrpERZSR.
(33)

Thus, H' in (33) is diagonal and can be directly used for
constructing F's without extra SVD and matrix inversion op-
erations. In addition, the relay precoder to be determined is
reduced to diagonal matrix 3. This can significantly reduce
the complexity of the joint design.

Let P, ; denote the BLER of the ith subsystem. We can have
the overall BLER, i.e., P., expressed as

M’ M’
Po=1-J[0=Pi)=> Pe, (34)
i=1 i=1

where M’ is the number of the subsystems. The approximation
error in (34) is neglectable under high-SNR scenarios. As
discussed, P, ; is dominated by the free distance of the ith
subsystem. Due to the whitening matrix in (32), the covariance



4436

matrix of 1 is an identity matrix. Using the Chernoff bound, we
can further have

(35)

1oL e
~ 3 Zexpf T = EP“,.
i=1

Py

As seen, minimizing P,, is approximately equivalent to mini-
mizing P,. Since directly minimizing P, is still difficult, we
then seek a lower bound from which our optimization can be
conducted.

Proposition 1: Given a full-rank F', the relay precoder in
(31), and the channel matrix in (33), maximizing det(H'' H')
is equivalent to minimizing a lower bound of P,,. The lower
bound is equal to

1

’ 7

1 HZ\/I d2 M
1 i—1 Yree,i

M’ exp

where M’ is the number of the subsystems.
Proof: To prove the proposition, we need the following
lemmas. |
Lemma 1: Let wy and wy be two positive values satisfying
wy + we = 1 and consider two positive values x and y. If y >

x > 1, then the following inequality holds:

—pWlyw2

exp < wjexp F Hwsexp Y (36)

The proof of the lemma is provided in Appendix A. With the
lemma, we can then derive another lemma.

Lemma 2: Assume that Fg, ¥ gr, and X ip are given. Then,
P, is lower bounded as

1
(T g2 )
P, > M exp 4<H’:1 . (37)

The proof of the lemma is provided in Appendix B. To
proceed, without loss of generality, we can first consider
the system with a full-rank F's. Using (14), d? ., can be
expressed as d,.. ; = = H'(i,i))H'(M — i+ 1,M — i+ 1)e for
1=1,2,..., M. Here, € is a constant for a given QAM con-
stellation and Ps 7. Then, we have

H 2o ;= M\ /det(H'HHY).

We then come to the conclusion that maximizing det(H'/ H')
is equivalent to minimizing the lower bound in (37).

Note that the equality in (37) holds when df]ree ,’s are equal
for all 2 =1,2,..., M’. In other words, the tlghtness of (37)
depends on the spread of dfree ;’s. The smaller the spread is,
the tighter the lower bound will be. A large spread of dfree ;S
often means a poor channel condition, and a rank-deficient sub-
procoder will be used instead. In X-structured F'y, the ith and
the (M — ¢ + 1)th subchannels are paired together. Therefore,
all d} . .’s will be close. This property further tightens the
lower bound in (37). From the given discussions, we see that
the lower bound we use will be tight, and the errors due to
the approximations applied will be small. Simulation results

(38)
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in Section V conform to the conjecture, and our methods can
significantly improve precoding performance.

Using the fact that the arithmetic mean is greater than or
equal to the geometric mean, we can easily derive another lower
bound for P, as

1

1 M M7
Pw Z M/ exp 4 (Zi:l dfree,i) ] (39)
The following property compares the lower bound in (37) and
that in (39).

Property 1: The lower bound in (37) is tighter than that
in (39).

Proof: See Appendix C. ]

Note that the result in Proposition 1 is only valid for the
proposed subprecoders with which the properties of the GMD
solution can be applied. For other subprecoders, (37) may not
hold, and finding a solution for the precoders will become much
more complicated. For Lemma 1 to apply, both = and y have to
be greater than one. This translates into the fact that the BLER
of the subsystem (in Lemma) must be less than 107!, which is
usually satisﬁed in real-world applications. It is worth noting
that ([T dfml)(l/M/) in (37) can be seen as a geometric
free d1stance of the MIMO relay system, and it can be used
to evaluate P,. It is interesting to note that this is similar to
the geometric SNR in multicarrier systems [33]. However, the
geometric SNR is derived from the maximization of the channel
capacity. Instead, the geometric free distance we derived here is
to minimize the BLER. To proceed, let r denote the rank of ng
We first solve X i by assuming » = M. From (33), we have

-1

HY"H = S4,3058 ) (02  SrpZpE2p sl +02 JIu)

X ERDERESR' (40)

Defining A = XppEpEESH ) we can have det(H'# H) as
det(H"H') =det(ZsrEHR ) det (A(O’i,TA+Ui7dI]\4>71) :
(4D

Since det(X5zX5;) in (41) is independent of the relay
precoder, ¥ can then be solved through the following
optimization:

max det (A (0

-1
v A+on Iy) )
3R

S.t.

tr {0}, SrSf + DpEsrFsFE 30} = Pror. (42)

Let B = F FZ. In addition, let 0 ;, 04, and 0,4, be the
ith diagonal entry of X i, ¥ s, and 3 pp, respectively. Taking
In operation, we can reformulate (42) as

JR i rd i
mln E In
URzardz TLT+Und

S.t.

M
Z 0% (02, +B(i,i)o2,;) = Prr. (43)
=1
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We can see that the relay precoder design problem has
been transformed into a scalar-valued optimization problem.
The reformulated problem in (43) can be solved by using the
KKT conditions [32]. The solution is then expressed in closed-
form as

2 2
0_2 o MU7L,d + Un,d
Ry — 2 2 2 s\ 2 2 2
Urd,ign,r (Un,r + B(Z7 Z)Jsr,i) zard,ianﬂ‘
2
g
n,d
_ o md 4y
2 2 (
zord,ian,r

where p is chosen to satisfy the relay power constraint. As
we can see, the proposed subprecoder does lead to a simple
expression of 3.

As seen from (44), we have to know B when solving the relay
precoder. To simplify the problem, first, we do not consider
source power allocation Y. Thus, B can be expressed as

.. Psr
B(i,i) = W (45)
fori=1,2,..., M. Using the resultant 3 and H', the next
step is to construct F' with the methods proposed in Section III.
If the channel angles of all subsystems are larger than the angle
threshold, 7 is still equal to M. From the structure of B in
(45), we can see that its diagonal entries are unchanged. In
other words, X r will not be changed by the updated F's. Then,
the iteration stops in just one iteration. On the other hand, if at
least one subprecoder is of rank deficiency, (45) does not hold.
Then, the iteration cannot stop in just one iteration. Note that the
order of the diagonal entries of H' can be changed during the
iteration. In such case, we have to reformulate B and resolve
012?/’1-, which may be complicated. The following proposition
states that these operations can be simplified.

Proposition 2: With the relay precoder given in (44), the
diagonal entries of resultant H' exhibit a descending order
when the SNR of the relay-to-destination path is much higher
than that of the source-to-relay path.

Proof: Without loss of generality, we can let afm =
02 , = 1. Therefore, the SNRs of the source-to-relay and relay-
to-destination channels are defined via the variances of Hgsr
and Hpp. Using (44), we can have

2
5 ) HOq i ! !
OR,iOrd,i \/(] —+ B(Z,Z)Ugrﬂ) 4 2 o

Without X at the source node, we can have B = al,;, where
a = Pg /M. Assume that the SNR of the relay-to-destination
path is much higher than that of the source-to-relay path so that
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poty; > 14 ao?, ;. Then, 0% 07, can be approximately

expressed as
2
o2 o2 ] HOGq,;
R,i%rd,i ™ 1 2 -
' ' + QO

Hence, H' can be expressed as

(47)

_1
H'(i,i) = (aﬁ)iafd)i +1) 2 0Ri0ra,iOsri

1
“Ugd,i lwzd,i ’
Traoz 1 Ttao? | T
+ a05T7i + aasr,i

1
-2
1+ acrgm-
1 + 2 Osr,i ~ Osr,i-
l’[’o-rd,i

Then, the diagonal entries of H’ have a descending order since
Osr,; decreases with 1. |

Proposition 2 shows that the ordering of H'(4,4) will not be
changed, and thus, the new pairing operations are not necessary
during the iteration. We now investigate the case of rank defi-
ciency. When at least a subsystem is rank deficient, » becomes
smaller than M. From Proposition 2, it is simple to see that
the channel angles of the paired subsystems have an ascending
order, i.e.,

a1 H'(M, M) < tan! H(M—1,M—1)
H(1,1) )~ H'(2,2)

=

(48)

< tan_1<

This property indicates that when r» < M, the corresponding B
will be of the following structure:

=

(R

ﬁ’(¥+1,¥+1)>.(49)
2

B = diag(2a,2ay, ..., 20, v, v, ..., 0, 0,0,...,0).  (50)
—_——

M—r

2r—M M—r

In the following proposition, we show how to solve X when
B is of the structure in (50).

Proposition 3: Consider a rank-deficient F'y with a rank
equal to r, where (M/2) < r < M. Let H},,, denote a square
matrix consisting of the first m columns and rows of H'.
The objective function for the design of X can be chosen
as det(HT, H/.,, ) det(H/TH,. ) such that the lower
bound in (37) can be minimized.

Proof: From (50), it is clear that the rank-deficient subpre-
coder is used in the first M — r subsystems, whereas the full-
rank subprecoder is adopted in the last » — (M /2) subsystems.
For the ith subsystem, its free distance can be expressed as

free,i —

2o {el,iﬁ’(i,i)ﬁ’(i,i),

e, H'(i,)H'(M —i+1,M —i+1), fo M —r+1<i<

< < —
forl1 <i< M —r 51)
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(51), shown at the bottom of the previous page, where both €1 ;
and e, ; are constants. Hence, we can rewrite [, dfree i

M’ M’ }
deree i H H .] .7 ] ])61,3 H Hl(lvl)
I=M—r+1,I1<M’
><H’( —l+1,M—1+1)ey
M-—r M’ M-r
:HELJ’ H engHllHH’pp

j=1 k=M—-r+1

€

- e’\/ det (ﬁg{fM_rﬁg:M_r) det (H’lHH’1> (52)

Similar to (38), it can be verified that ¢ is a constant.
Hence, the objective function is equivalent to maximizing
det(H/H,, ) det(A{THY, ) when (M/2) <r < M.

|

When (M/2) <r < M, we can conduct the rank deficiency
operations for M — r subsystems, equivalently switching off
M — r subchannels at one time. However, this approach may
not be efficient. This is because the relay precoder will re-
allocate its power, and some of the rank-deficient subsys-
tems may become nondeficient in the next iteration. For
this reason, we only let one subchannel be switched off at
one time. Starting from the first subsystem, if we find that
tan—' (H'(M, M)/H'(1,1)) is smaller than the angle thresh-
old, then let » = M — 1 and reformulate B as

B = diag{2a, o, a0, ..., @, 0}. (53)
Let x; be defined as
2, fori=1,2,....M —r
Ki_{l, fori=M—r+1,M—7r+2,...,r (54

From the results in Proposition 3, the optimization of o% , for
(M/2) <r < M can then be reformulated as

mln — Z In

st
Z 012%,7; (Ui,r + B(i, i)crfm;) = Pr .
i=1

52 o2
“zURi rd,i
—|—U

UR zgrd 7

(55)

Then, the solution of the problem in (55) can be expressed as

_ 2
o2 — 0 4 + 721d
fur U?d,iUTQL,r ( + B(Z 7’) Osr z) zard 7 n T
o2
On d
———— (56
2 %d i n r ( )
where fi; = pur,;. From (53) and (54), we see that fi; and B(4, )

are equally affected by x;. Hence, we can assume ﬂafd’i >
1 + B(i, )02, ;, and then rewrite (47) as

él 7’

2 2
OR,iOrd,i ~
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Assume F is of full-rank

-

=BT foralli=1,2,--- M

:

Solve ¥y by using (44)

*.7

B (i)

Solve 3 by using (56)

Compute H’ T
l Update B (z,7)
Check if the minimum

non-zero channel angle is
smaller than angle threshold

vo| |

YES

Compute Fg

Fig. 3. Algorithm 1: Joint source/relay precoder design without source power
allocation Y.

TABLE 1II
JOINT SOURCE/RELAY PRECODER DESIGN WITH SOURCE
POWER ALLOCATION

Algorithm 2: Joint Source/Relay Precoder Design with Y.
(1) Set »r = M, and choose the initial 10 —
(2) Let the initial B(9) be B(O) = aI,,;

(3) Set I as the number of iterations;
Byfore=1:1

(5) Use Algorithm 1 to obtain Zg) and ng);
(6) Compute Y@ with (18);

(1) Compute B® with Y and initial full-rank F'g
(8) end;

1
Wi Iy

As a result, the statement in Proposition 2 is still valid here.
The given procedure is then repeatedly conducted until all
nonzero channel angles are larger than the angle threshold or
r is equal to (M/2). When r = M /2, fi; becomes a constant
foralli =1,2,...,r. In this case, the structure of 012%,1‘ in (56)
will be reduced to that in (44). Fig. 3 summarizes the complete
operations of the proposed algorithm (Algorithm 1).

In previous discussions, we do not conduct source power
allocation among all subsystems. This simplification may result
in performance loss since the error rate performance can be
affected by the subsystem with the minimum free distance.
Exploiting Y will further complicate the optimization of ¥ p
since the behavior of B is no longer easy to follow. To overcome
this, we propose another iterative method to conduct power
allocation. We assume that initial F'g is of full-rank, and initial
Y, which is denoted by T(O), is a scaled-identity matrix.
Hence, initial B, which is denoted by B is also a scaled-
identity matrix. Using Algorithm 1, we can solve Eg) and then
obtain the resultant F/S(l). With (18), we can have the updated
T, Consequently, B(!) can be obtained and then used in
the next iteration. This method is repeatedly conducted until
no further improvement can be obtained. The details of the
algorithm (Algorithm 2) are summarized in Table II.
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Fig. 4. BLER performance comparisons for MIMO systems with Ny = 2,
N, =2,and M = 2.

V. SIMULATION RESULTS

Here, we report simulation results demonstrating the effec-
tiveness of the proposed algorithms. In the simulations, flat-
fading MIMO channels are considered, and each entry of H
is assumed to be an i.i.d. complex Gaussian random variable
with zero mean and unit variance.

A. Performance Comparisons for MIMO Systems

First, we evaluate the performance of various X-structured
precoders. Five subprecoders are compared: 1) complex-valued
subprecoder F; 2) real-valued subprecoder F,.; 3) orthogonal
subprecoder F,; 4) the proposed subprecoder F,, 1; and 5) the
proposed subprecoder F,, o. The SNR is defined as SNR =
Pr/o2. Fig. 4 compares the precoding performance for a
MIMO system with Ny =2, N, =2, and M = 2, showing
the results of 4- and 16-QAM schemes simultaneously. As we
can see, the proposed subprecoders outperform F, and give
comparable performance with that of F,.. As mentioned, F,
requires lookup tables in run time. Furthermore, F. slightly
outperforms other subprecoders in 4-QAM but suffers from per-
formance loss in 16-QAM. It is known that the performance of
F, for 16-QAM is worse than that of F,. [19] and is not shown
here. Although Fayp provides the suboptimum solution, the
performance loss of either F';, ; or F';, 5 is limited. As discussed,
the corresponding free distance for each subprecoder decreases
when + is decreased, and the error rate performance tends to
be seriously affected. Instead of using Fgup, the proposed
method uses a rank-deficient subprecoder for a small value of
v, and the performance loss can be mitigated.

Fig. 5 compares the precoding performance for a MIMO sys-
tem with N; =4, N,, = 4, and M = 4. In this scenario, power
allocation is conducted with (18). In the figure, we observe
similar behaviors as those in Fig. 4. Note that although F. can
provide optimum performance for 4-QAM, it requires higher
detection complexity compared with the other methods. Fig. 6
compares the precoding performance when spatial correlation
is considered at the transmitter (and 4-QAM is used). The cor-
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Fig. 5. BLER performance comparisons for MIMO systems with Ny = 4,
N, =4,and M = 4.
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Fig. 6. BLER performance comparisons for correlated MIMO channels with
Ny =4, N, =4,and M = 4.

related channel matrix is modeled by Hc,, = HREl/ 2), where
R, denotes the transmit correlation matrix. In the simulations,
two scenarios are considered, i.e., partially decorrelated and
highly correlated; the corresponding R;’s can be found in [34]
and [35]. As shown in the figure, our proposed methods still
provide comparable performance with F,.

B. Performance Comparisons for MIMO Relay Systems

Next, we evaluate the performance of various precoding
methods in a two-hop AF MIMO relay system. Seven sys-
tems are considered; the first five systems use ML detection
in the receiver, whereas the last two systems use QR-SIC
detection. They are as follows: 1) jointly precoded system
with Fp, 1 and Fr (JP-F,, 1-Fz-ML-PA); 2) jointly precoded
system with Fj, o and Fr (JP-F, 2-Fp-ML-PA); 3) jointly
precoded system with F,, 5 and Fr without source power
allocation (JP-F, o-F p-ML-WPA); 4) source precoded system
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Fig. 7. BLER performance comparisons for MIMO relay systems with
4-QAM.

with F), 1 (SP-F, ;-ML-PA); 5) unprecoded system with ML
detection (UP-ML); 6) jointly precoded system (JP-QR-SIC);
and 7) source precoded system (SP-QR-SIC). Both the JP-
QR-SIC and SP-QR-SIC are obtained from [36] without con-
sidering the source-to-destination link. In addition, let SNRy;.
and SNR,.; be defined as SNR,,. = PS,T/UEM and SNR,.; =
Pr.r/o;. 4 respectively.

Fig. 7 shows the performance comparison for 4-QAM. Here,
we let Ny =4, N,.. =4, N; =4, SNR,.,; = 25 dB, and SNR,.
be varied. In addition, let I = 3 in Algorithm 2 for reasonable
precoding complexity. As seen, the proposed JP-F), 1-Fr-ML
and JP-F), »-F r-ML schemes indeed outperform other precod-
ing methods. It is also observed that about 1-dB performance
loss (at the BLER of 107%) will be induced when source
power-allocation matrix Y is not included. Compared with the
UP-ML scheme, the proposed methods can provide more than
4-dB performance improvement when the BLER is 10~3. Note
that the detection complexity of the UP-ML scheme can be
much higher than the other methods due to the requirement of
4 x 4 ML detection. The SP-F,, ;-ML-PA scheme suffers from
performance loss since only source precoding is considered in
the system. As for the JP-QR-SIC and SP-QR-SIC schemes,
their performances significantly degrade for a high SNR. Note
that in QR-SIC detection, the detection complexity at each
receive antenna is O(L). Moreover, a complete GMD operation
is required for finding the source precoder in either the JP-QR-
SIC or the SP-QR-SIC scheme. It is clear that the proposed
precoding methods are more efficient. We also compare the
detection complexity of all methods; the result is shown in
Table III. As we can see, the computational complexity of the
proposed methods is similar to that of QR-SIC.

Fig. 8 shows the performance comparison for 16-QAM.
Here, we let Ny =4, N, =4, Ng=4, I =5, SNR,4 =
35 dB, and SNR,, be varied. It can be observed that the
proposed methods still provide significant performance im-
provement. Comparing with the results in Fig. 7, we can see
that the performance improvement of the proposed methods is
slightly reduced. This result can be explained by the fact that
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TABLE III
DETECTION COMPLEXITY COMPARISON IN MIMO RELAY SYSTEMS

Method
JP-F, 1-F p-ML-PA

Detection Complexity
(@] (M ! L\E) for smaller value of L

~ O (M’\/f) for larger value of L

IP-F, 5-F p-ML-PA o (M'VI)
UP-ML O (LM)
JP-QR-SIC O (ML)
SP-QR-SIC O (ML)
10%—

1072E b NN N
o
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=
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1078k coe | ™ dP=Fo = Fa-ML-PA |G B o NG N NG
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—0— SP-F, ,-ML-PA >
107522 —@—UP-ML :
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1075 L L 1 1
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SNR (dB)
Fig. 8. BLER performance comparisons for MIMO relay systems with
16-QAM.

the free distance yielded by the proposed subprecoders will be
rapidly decreased for small values of v when a large QAM is
considered. In other words, the improvement obtained from the
rank-deficient subprecoders is reduced.

VI. CONCLUSION

In this paper, we have proposed a systematic method to
construct the X-structured precoder for spatial-multiplexing
MIMO systems. The proposed subprecoders do not require
any numerical search in the design phase and lookup tables in
the application phase. In addition, the proposed subprecoders
result in almost the same performance and detection complexity
as those in the real-valued subprecoder. Except for MIMO
systems, we also consider the joint source/relay precoder design
in two-hop AF MIMO relay systems. The proposed methods
remain the X-structure of the precoder, and the detection com-
plexity is low. This is a great advantage for real-world appli-
cations. Simulation results show that the proposed methods
can significantly outperform the existing methods. Note that
X-structured precoding is suboptimal in the sense that only
2 x 2 subsystems are considered. To approach the optimum
solution more closely, we can consider subsystems whose
dimensions are larger than 2 x 2. In this case, the design
of the subprecoder will become very complicated with the
conventional methods. It will be much easier to extend the
proposed methods in the design of the subprecoder. Research
in this subject is now underway.
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APPENDIX A
PROOF OF LEMMA 1

Let 2 be fixed, and define two functions f(y) and g(y) as
—zW1yw2 (57)
(58)

f(y) = exp
9(y) =wiexp™* +wgexp ¥

where we assume y > x > 1 and wy + wo = 1. The problem
now is to prove that f(y) < g(y). Assume that both f(y) and
g(y) are continuous and differentiable for y > x. Then, we can

rewrite f(y) and g(y) as

f(9) = f(z) + / F(t)dty (59)
o(y) =g(z) + / J(tr)dty (60)

x

where f'(t1) and ¢'(¢1) denote the first derivative of f(¢1) and
g(t1), respectively. From (57) and (58), it is easy to verify that
f(z) = g(z). Hence, the problem is equivalent to showing that

y y
/fl(tl)dtl < /gl(tl)dty (61)

It is simple to see that if f’(¢1)
holds. Consequently, f'(¢1) and

< ¢'(t1) for t; > x, then (61)
¢'(t1) can be expressed as
—xW"1 t;uz t111)271 (62)
(63)

' (t1) = — waz™* exp
g'(t) = —wyexp™™.

Since —wsy < 0, we see that conditions f'(¢1) < ¢'(¢1) and
(=1/wa) f'(t1) > (—1/w2)g'(t1) are equivalent. It can be seen
that both (—1/ws)f'(t1) and (—1/w2)g'(t1) are positive val-
ues. Define two functions f1(¢1) and g;(¢1) as

!
—f(t
Gy = ln& =wyInz —wy Int; — 2"t (64)
w2
/
—g'(t
gl(tl) é ln% = —13. (65)

The problem now is equivalent to proving f1(t1) > g1(t1).
Using a method similar to that in (59) and (60), we can first
rewrite f1(¢1) and g;(¢1) as follows:

filt) = le) + [ fita)dee (66)
g1(t1) = g1(x) + /9'1 (t2)dts. (67)

x

It can be verified that f1(x) = g1 (x). Hence, if f1(t2) > ¢/ (t2)
for to > x, then f1(t1) > g1(t1). From (64) and (65), we have

filta) = — % — 2 g 68)
gi(t2) = — 1. (69)
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For ty = x > 1, we have
w
f]/_(tQ)th::v _ ?1 . xwlxwg—lw2
wy
= — — — w2
x
Z — (w1 + wg) = gll(tg). (70)
For ty > = > 1, we observe that (x/t2) < 1 and that
w1 _
filt2)|ty>e = — H 21ty g
wq
w1 X
St AR
lo ? <t2>
w1
> —wp — wa (x)
ta
> —wy —wy = g (t2). (71)

From (70) and (71), we can see that f{(t2) > g} (t2) for any
given to > x. With this result, we can conclude that f(y) <
g(y) fory > = > 1, which completes the proof of this lemma.

APPENDIX B
PROOF OF LEMMA 2

Using Lemma 1, we can now use mathematical induc-
tion to prove Lemma 2. Without loss of generality, we can
assume that dpec,1 > dree,2 = -+ 2 divee, M. Letting wy =
wy = 1/2, y = df ., /4 and = = d},, ,/4, we have the fol-
lowing inequality:

2 2
_ dfree,l dfree.2

exp 4 4

g2
dfree‘2

1
— 4
—|—2 exp

From (72), it is obvious that (37) is true for M’ = 2. Then,
we assume that the statement in Lemma 2 is true for M’ —

1(M' > 2). That is
a2
free, M/ —1
) . (73)

42
dfree,l

1
< — 1
< 5 exp

(72)

1
M —1 1

2
dfrcc,]\l/71> <
- M -1

1 2 2
eXp_ 1 (dfree,l dfree,Zm

’dfree,l dfree,Q

2 2
X (exp4 +exp7f+. . .+exp7f

Now, for the MIMO system with M’ subsystems, we can have
the following equivalence:

1
_1( 2 d2 d? M’
exp 4 \Mfree,1%free,2” “free, M/

M'—1

1 7 1
2 M -1 M 142 M7
free, M/ —1 4 “free, M/’

(74)

1 2 2
- (Z (dfree,ldfree,de
= exp

Using Lemma 1 again, we obtain

M —1

L\ " 1
| i(q2 d? d? M’ —1 142 M’
4 free,1 "free,2 free, M’ —1 4 Tfree, M’
exXp

2
_ HM/fl Free,i
i=1 4

—d2
free, M/

’ M'l—l
- M —1 ) 1
< +o—expT 1

T P
(75)



4442

Substituting (73) into (75), we can have the following in-
equality:

1
1( 42 2 d? M
(dfree, 1dfree‘2 dfree.M’)

exp *
M/ — ] 1 M 7d?ree,’i ] _d?ree,l\l’
S T IO DL I v L B
=1
(76)
1 Mt d?rcc,i cLerCQ,M/
=+ > exp s A (77)
=1
1 M’ d? .
= MZexp_ T (78)
=1

It can be verified that the equality in (76) holds when all dfyec ;s
are equal. From (76)—(78), we can have

M/’ 2 M/’ v
~ hree.i , -1 <H1:1 d?ree,i)
P, = E exp T > M'exp )

i=1

(719)
which completes the proof of Lemma 2.

APPENDIX C
PROOF OF PROPERTY 1

First, using the fact that the arithmetic mean is greater than
or equal to the geometric mean, we can prove (39) as follows:

1
M’ 7

d2
_ “free.i
P, = E exp 1
i=1
1

1 Mo M7
= M’ (exp_4 Zi:l dfree-,i

2
Yree,

M/
> M Hexp_ e
i=1

1 1 ZM’ a2
M7 i—1 Yree,i

=M exp_Z (80)
Second, using the fact again, we can obtain
M’ rd | M’
H d?ree,i < M Z d?ree,i' (81)
i=1 i=1
From (79)-(81), we then have
1
M e -1 < M d? ) M7
P, = Zexp’% > M'exp IT= e
i=1
i, oM e )
2 M/ exp 4 (M 21:1 free,i ] (82)

As seen in (82), the lower bound in (37) is tighter than that
in (39).
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