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Abstract—In this paper, for a system incorporating a large
number of antennas, we address the optimal space–time coding of
multimedia scalable sources, which require unequal target error
rates in their bitstream. First, in terms of the number of antennas,
we analyze the behavior of the crossover point of the outage
probability curves for the vertical Bell Laboratories space–time
(V-BLAST) architecture with a linear or a maximum-likelihood
receiver, and orthogonal space–time block codes (OSTBCs). We
prove that, as the number of antennas increases with the transmission data rate fixed, the crossover point in outage probability
monotonically decreases. This holds for any data rate employed by
the system and is valid over propagation channels such as spatially
correlated Rayleigh or Rician fading channels, as well as independent and identically distributed Rayleigh channels. We next
show that, over such propagation channels with a large number
of antennas, those analytical results can be used to simplify the
computational complexity involved with the optimal space–time
coding of a sequence of scalable packets, with no performance
degradation.
Index
Terms—Diversity–multiplexing tradeoff
(DMT),
maximum-likelihood (ML) receiver, minimum mean square error
(MMSE) receiver, multimedia scalable sources, multiple-input–
multiple-output (MIMO) systems, orthogonal space–time block
codes (OSTBC), outage probability, Rician channel, spatially correlated Rayleigh channel, vertical Bell Laboratories layered
space–time (V-BLAST) architecture, zero-forcing (ZF) receiver.

I. I NTRODUCTION
HE cross-layer optimization of wireless multimedia communications [1]–[3] has been motivated by the increasing
demand for mobile multimedia services. Multimedia scalable
sources, such as embedded images or scalable video [4]–[7],
have a feature that the quality of the decoded source improves
when the number of successfully received bits increases. Such
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advances in source codecs, however, have made the source
bitstreams very susceptible to the impairments of mobile fading
channels.
Multiple-input–multiple-output (MIMO) channels offer large
gains in terms of link reliability and data rate. MIMO systems
can be embodied in different ways to provide either a diversity
gain or a spectral efficiency gain. Spatial diversity schemes,
such as orthogonal space–time block codes (OSTBCs) [8], [9],
extract diversity gain to combat signal fading from the channels
and obtain reliability. The OSTBC is an important class of the
space–time block code, in that it achieves the full diversity of
channels with a very simple linear receiver. Spatial multiplexing
schemes use a layered approach to increase capacity [10], [11].
One popular example is the vertical Bell Laboratories layered
space–time (V-BLAST) architecture, where independent data
signals are transmitted over antennas to increase the data rate,
but full spatial diversity is usually not achieved.
Recently, with the exploration of high-frequency microwave
waveforms and the progress in very large scale integration
technology, a larger number of antennas can be incorporated
in a MIMO system than before [12]. In this paper, we study the
optimal design of such a MIMO system with a large number of
antennas, for the transmission of multimedia scalable sources
over spatially correlated Rayleigh or Rician fading channels.
We first compare the outage probability performances of VBLAST, using either a linear or a maximum-likelihood (ML)
receiver, with OSTBC in terms of the number of antennas.
The spatial correlation of MIMO channels tends to increase
if more antennas are incorporated in the limited amount of
space (i.e., if the antenna separation diminishes) [13], [14]. In
such spatially correlated channels, OSTBC exhibits much less
performance degradation than does V-BLAST [15], [16], that is,
the performance of OSTBC becomes comparable with that of
V-BLAST. To compare the outage probabilities of V-BLAST
and OSTBC, we exploit the diversity–multiplexing tradeoff
(DMT) [17], which is a standard tool in the characterization of
the performance of space–time codes, in slowly varying fading
channels in the high signal-to-noise ratio (SNR) regime.
Using the outage probability expression of a space–time code
in [18], which is derived from the given DMT function, we analyze how the crossover point of the outage probability curves of
V-BLAST and OSTBC behaves in the high-SNR regime, as a
function of the number of antennas. Note that if the number of
transmit or receive antennas changes, the amount of diversity
or SNR gain, as well as the spatial multiplexing rate of the
space–time codes, does not stay the same, and it is not clear how
the crossover point behaves according to the effects of those
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combined factors. We prove that, as the number of antennas
increases with the transmission data rate fixed, the crossover
point in outage probability monotonically decreases. The results are proven for any data rate employed by the space–time
codes; furthermore, the results are valid in propagation channels
such as spatially correlated Rayleigh or Rician fading channels,
in addition to independent and identically distributed (i.i.d.)
Rayleigh fading channels. In some literature, the crossover
point of the ergodic capacity curves is investigated [19], [20]. In
[18], the behavior of the crossover point of the error probabilities with regard to spectral efficiency was analyzed. However,
we are unaware of any work that analytically compares the error
probabilities of the space–time codes in terms of the number of
transmit and receive antennas.
Because scalable sources have steadily decreasing importance for bits later in the stream, the error probability of an earlier packet should be lower than or equal to that of a later packet.
Hence, when a scalable source is transmitted over MIMO channels and each packet of the source stream can be encoded with a
different space–time code, the tradeoff between the space–time
codes under consideration should be specified in terms of their
target error rates. When a series of embedded images is transmitted, the optimization of space–time coding should be performed in a real-time manner depending on the rate–distortion
characteristic of the specific image transmitted in each time slot.
In particular, for a system with a large number of antennas, this
real-time optimization is computationally complex, due to the
complexity involved with V-BLAST decoding.
To address the matter, we exploit the behavior of the
crossover point analyzed in terms of the number of antennas.
That is, our analysis is used to optimally assign V-BLAST or
OSTBC to each packet of the scalable bitstream to be transmitted over the correlated Rayleigh or Rician MIMO channels with
a large number of antennas. With the suggested optimization
strategy, the computational complexity involved with the optimization is exponentially simplified without losing any peak
SNR (PSNR) performance, compared with the conventional
exhaustive search. The rest of this paper is organized as follows.
In Section II, we provide the system model and technical
preliminaries. The analysis of the crossover point is provided in
Section III. In Section IV, we present the optimization strategy
for the space–time coding of scalable sources. In Section V,
numerical results are provided, and we conclude this paper in
Section VI.
II. P RELIMINARIES
Consider a MIMO system with Nt transmit and Nr receive
antennas. A space–time codeword S = [s1 , . . . , sT ] of size Nt ×
T is transmitted over T symbol durations. The Nr × 1 received
signal vector yk after matched filtering and sampling can be
expressed as
yk = Hsk + nk ,

(1)

where sk is an Nt × 1 transmitted signal vector, and nk is
an Nr × 1 zero-mean complex additive white Gaussian noise
2
H
vector with E[nk nH
denotes
l ] = σn INr δ(k − l), where (·)
Hermitian operation. H denotes the Nr × Nt channel matrix,

whose entry hij represents the complex channel gain between
the jth transmit antenna and the ith receive antenna. The
channel matrix can be modeled as [21]


1
1
K
1
Rr2 Hw Rt2 ,
(2)
H=
H̄ +
K +1
K +1
where K > 0 is the Rician factor, and H̄ represents the channel
matrix related to line-of-sight (LOS) signal components. The
Frobenius norm of H̄ is normalized as (Nr Nt )1/2 , and H̄ is
assumed to be known to both the transmitter and the receiver.
Rt is an Nt × Nt transmit spatial correlation matrix, Rr is an
Nr × Nr receive spatial correlation matrix, and (·)1/2 represents the Hermitian square root of a matrix. We use the expo|i−j|
and (Rr )i,j =
nential correlation model with (Rt )i,j = ρt
|i−j|

ρr , where (·)i,j denotes the (i, j)th entry of a matrix; and
ρt and ρr are the transmit and receive spatial correlation coefficients between adjacent antennas, respectively. In (2), Hw is an
Nr × Nt channel matrix whose entries are i.i.d. ∼ CN (0, 1),
and Hw is assumed to be known at the receiver, but not known
at the transmitter (i.e., channel state information (CSI) is available only at the receiver). It is also assumed that Hw is random,
but constant over T symbol durations. Let γs denote the SNR
per symbol, which is defined as γs := E[|(sk )i |2 ]/σn2 , where
(·)i denotes the ith component of a vector. Let Ns denote
the number of symbols packed within a space–time codeword
S = [s1 , . . . , sT ]. Then, the spatial multiplexing rate of S is
defined as Ns /T .
Next, we briefly present the outage probability expression of
the space–time code, which is derived in [18], for any given
piecewise-linear DMT function [17]. We let r and d denote the
multiplexing and diversity gains defined in [17], respectively.
We consider a space–time code whose DMT characteristic
function is given by
d(r) = v − ur,

for α ≤ r ≤ β (α > 0),

(3)

where d(r) ≥ 0, and u ≥ 0 and v ≥ 0 are real constants. Let
Pout (γs ) denote the outage probability for the space–time code
whose DMT is given by (3). In [18], it is shown that, as γs →
∞, Pout (γs ) can be expressed as
 R  β1
 R  α1
 R u
2
2
2
1
Pout (γs ) = kd
, for
≤ γs ≤
, (4)
v
kr
γs
kr
kr
where kd is an arbitrary positive constant, R is the spectral
efficiency (bits/s/Hz), and kr is an arbitrary positive constant
subject to the constraint that 2R /kr is greater than unity. Consider two space–time codes that have linear DMT characteristics as follows:
d1 (r) = v1 − u1 r and d2 (r) = v2 − u2 r,
for α ≤ r ≤ β(α > 0),

(5)

where
ui > 0 and vi > 0

(i = 1, 2),

(6)

v1 − u1 α < v2 − u2 α,

(7)

v1 − u1 β > v2 − u2 β.

(8)
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That is, there exists a crossover in α < r < β for the two DMT
functions. Let Pout,1 (γs ) and Pout,2 (γs ) denote the outage
probabilities of the space–time codes whose DMT functions
are given by d1 (r) and d2 (r), respectively. Then, from (4), as
γs → ∞, we have
 R ui
2
1
(i = 1, 2),
(9)
Pout,i (γs ) = kd
kr
γsvi
1/β
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Eqs. (14) and (15) satisfy the conditions of (7) and (8), respectively, when setting α = ε and β = rs , where ε > 0 denotes
an arbitrarily small positive number. As a result, (11) holds,
which indicates that, in (2R /kr )1/rs ≤ γs < ∞, there exists
a crossover point of the outage probabilities for V-BLAST,
using either an MMSE or a ZF linear receiver, with OSTBC.
Furthermore, from (10), (12), and (13), it can be shown that the
∗
is given by
crossover point of the outage probabilities Pout

1/α

for (2R /kr )
≤ γs ≤ (2R /kr ) . From (9), for a given
∗
spectral efficiency R, we find the outage probability Pout
, for
which Pout,1 (γs ) and Pout,2 (γs ) are identical. In [18], it is
∗
shown that the crossover point in outage probabilities Pout
is
given by
−u2 v1
 R  u1 vv2 −v
2
1
2
∗
Pout = kd
.
(10)
kr

∗
Pout

for

Pout,1 (γs ) < Pout,2 (γs ),
Pout,1 (γs ) > Pout,2 (γs ),

for

γs∗

2R
kr

 β1

< γs ≤

2R
kr

 α1
,

∗
Pout

1
rs N r N t

r, for 0 ≤ r ≤ rs ,
for rs ≤ r < ∞,

(13)

where rs denotes the spatial multiplexing rate of the OSTBC.
For Nt = 2, the Alamouti scheme achieves rs = 1. On the other
hand, rs = 3/4 is the maximum achievable rate for Nt = 3 or
4 in the complex OSTBC, and rs = 1/2 is the maximum rate
for Nt > 4 [23]. To compare the preceding codes, it is assumed
that Nr ≥ Nt ≥ 2.
III. B EHAVIOR OF C ROSSOVER P OINT FOR V-BLAST
W ITH A L INEAR R ECEIVER AND O RTHOGONAL
S PACE T IME B LOCK C ODES IN T ERMS
OF THE N UMBER OF A NTENNAS
Using (12) and (13), we set d1 (r) = dV (r) and d2 (r) =
dO (r) in (5). From Nt ≥ 2 and rs ≤ 1, we have rs < Nt . Thus,
from (12) and (13), it is seen that, for the range of multiplexing
gain, i.e., 0 < r ≤ rs , the condition of (6) is satisfied. Furthermore, from Nr ≥ Nt ≥ 2, it can be shown that
dV (0) − dO (0) = (Nr + 1)(1 − Nt ) < 0,
dV (rs ) − dO (rs ) = (Nr − Nt + 1)(1 − rs /Nt ) > 0.


= kd

f (n) =

where
is the crossover point in SNR, which corresponds to
∗
Pout
in outage probability.
The DMT characteristics of V-BLAST, using either a minimum mean square error (MMSE) or a zero-forcing (ZF) linear
receiver, with OSTBC, which are denoted by dV (r) and dO (r),
respectively, are given by [22]
⎧
1
⎪
⎨Nr − Nt + 1 − Nt (Nr − Nt + 1)r,
(12)
dV (r) =
for 0 ≤ r ≤ Nt ,
⎪
⎩
0,
for Nt ≤ r < ∞,
Nr Nt −
0,

.

(11)

γs∗

dO (r) =

t +1)(1−Nt /rs )Nr
 (Nr −N
(Nt −1)(Nr +1)

(16)

2R
kr

2 /r
s
 n−n
n2 −1

.

(17)

∗
We will prove that Pout
, given by (17), is a strictly decreasing function in n, under the condition that n ≥ 2. We define
function f (n) as

≤ γs < γs∗ ,


= kd

2R
kr

∗
in
In the following, we will investigate the behavior of Pout
terms of the number of antennas. If we let Nt = Nr = n in (16),
we have

Moreover, it is shown that




(14)
(15)

n − n2 /rs
.
n2 − 1

(18)

Assuming that n is a real number, df (n)/dn can be expressed as
df (n)
−rs n2 + 2n − rs
=
.
dn
rs (n2 − 1)2

(19)

Let g(n) = −rs n2 + 2n − rs be the numerator of df (n)/dn.
Then, it can be shown that g(n) is a strictly decreasing function
in n for n ≥ 1/rs . To begin, suppose that n ≥ 4. Then, from
the fact that 1/2 ≤ rs ≤ 3/4 (i.e., 4/3 ≤ 1/rs ≤ 2) for Nt ≥ 4,
we have
g(n) ≤ g(4) = −17rs + 8 < 0.

(20)

From (19) and (20), it follows that
df (n)
< 0,
dn

for n ≥ 4.

(21)

If we substitute n = 2, 3, and 4 along with the corresponding
spatial multiplexing rates (i.e., rs = 1 for Nt = 2 and rs = 3/4
for Nt = 3 or 4) into (18), we have
f (2) = −2/3,

f (3) = −9/8,

f (4) = −52/45. (22)

From (21) and the inequality of f (2) > f (3) > f (4) in (22), it
follows that df (n)/dn < 0 for n ≥ 2. Thus, from (17), (18),
and kd > 0 and 2R /kr > 1 given below (4), it is seen that
∗
Pout
is a strictly decreasing function in n (≥ 2), regardless
of the given spectral efficiency R. That is, as the number of
antennas, i.e., Nt = Nr (≥ 2), increases, the crossover point in
the outage probability monotonically decreases for any fixed
spectral efficiency. We note that, in the preceding analysis,
the same spectral efficiency R is used for both V-BLAST and
OSTBC. Furthermore, R stays the same when the number of
∗
denote the crossover point when
antennas increases. Let Pout,1
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Fig. 1. Outage probabilities of V-BLAST with a linear receiver and OSTBC for the same given spectral efficiency of R. For the number of antennas n1 < n2 ≤
∗
∗
n3 , the outage probabilities have the property of Pout,1
> Pout,2
. This figure can be also used to qualitatively depict the results, which are given in Appendix A,
for V-BLAST with an ML receiver and OSTBC.

the number of antennas Nt = Nr = n1 is employed, and let
∗
denote the crossover point when Nt = Nr = n2 is used.
Pout,2
Then, from the results given earlier, we have
∗
∗
Pout,1
> Pout,2
,

for n1 < n2 .

(23)

We next analyze how the crossover point behaves as only the
number of receive antennas Nr increases, for any given number
of transmit antennas Nt (≤ Nr ). Substituting Nr = m into
(16), we have
t /rs )m
 R  (m−N(Nt +1)(1−N
t −1)(m+1)
2
∗
Pout = kd
.
(24)
kr
∗
It will be shown that Pout
, given by (24), is a strictly decreasing
function in m, under the condition that m ≥ Nt ≥ 2. We define
function h(m) as

h(m) =

(1 − Nt /rs ) m(m − Nt + 1)
·
.
Nt − 1
m+1

(25)

Let p(m) = m(m − Nt + 1)/(m + 1) be the second factor of
h(m). If we assume that m is a real number, dp(m)/dm can be
expressed as
m2 + 2m − Nt + 1
dp(m)
=
.
dm
(m + 1)2

(26)

If we let q(m) = m2 +2m− Nt +1 be the numerator of dp(m)/
dm, it can be shown that q(m) is a monotonically increasing
function in m for m ≥ 2. From this and m ≥ Nt ≥ 2, q(m)
satisfies
q(m) ≥ q(Nt ) = Nt2 + Nt + 1 > 0.

(27)

From (26) and (27), we have
dp(m)
> 0,
dm

for m ≥ Nt .

(28)

Furthermore, from Nt ≥ 2 and 1/2 ≤ rs ≤ 1, we have (1 −
Nt /rs )(Nt − 1) < 0. Hence, from (24), (25), (28), and kd > 0
∗
and 2R /kr > 1 given in Section II, it follows that Pout
is a
strictly decreasing function in m, regardless of the given spectral efficiency R and the given number of transmit antennas Nt .

In other words, for any fixed spectral efficiency and any fixed
number of transmit antennas, as the number of receive antennas, i.e., Nr (≥ Nt ≥ 2), increases, the crossover point in the
outage probability monotonically decreases.
Suppose that the number of transmit antennas Nt is fixed.
∗
Then, we let Pout,1
denote the crossover point when the number
∗
deof receive antennas Nr = m1 (≥ Nt ) is used and let Pout,2
note the crossover point when Nr = m2 (≥ Nt ) is used. Then,
from the previous results, we have
∗
∗
> Pout,2
,
Pout,1

for m1 < m2 .

(29)

Recall that, as given by (23), when the number of antennas
increases such that an n1 × n1 system becomes an n2 × n2
system (n1 < n2 ), the crossover point in the outage probability monotonically decreases. In addition, as given by (29),
when the number of antennas increases such that an n2 × n2
system becomes an n2 × n3 system (n2 < n3 ), the crossover
point also monotonically decreases. Based on these, the outage
probabilities of V-BLAST with a linear receiver and OSTBC
∗
denotes the
are qualitatively depicted in Fig. 1, where Pout,1
∗
is the
crossover point for an n1 × n1 MIMO system, and Pout,2
crossover point for an n2 × n3 MIMO system (n1 < n2 ≤ n3 ).
Suppose that a target outage probability Pout,T is smaller than
∗
∗
but greater than Pout,2
. Then, from Fig. 1, it is seen
Pout,1
that OSTBC is preferable to V-BLAST for an n1 × n1 system,
whereas the latter is preferable to the former for an n2 × n3
system. In Appendix A, we prove that the crossover point for
V-BLAST with an ML receiver and OSTBC shows the same
behavior as given by (23) and (29).
We note that DMT characteristics are not influenced by
spatial correlation or LOS signal components at high SNR [24],
[25]. In other words, the DMT function for spatially correlated
Rayleigh or Rician fading is identical to that for i.i.d. Rayleigh
fading. This is because, as described in [24], when the SNR
approaches infinity, only the number of channel eigenmodes
determines the performance. Spatial correlation or LOS components primarily affect the condition number of the channel
matrix, and hence, the impact of such propagation on the
performance is not observed at high SNR. This indicates that
the analysis of the crossover points here is valid over correlated
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Fig. 2. Scalable source transmission system. Di , Pi , and Ci denote the transmission data rate, power, and space–time code assigned to the ith packet, respectively
(1 ≤ i ≤ Npkt ).

Rayleigh or Rician channels and i.i.d. Rayleigh channels at
high SNR.
IV. O PTIMAL S PACE –T IME C ODING OF S CALABLE
S OURCES FOR A L ARGE N UMBER OF A NTENNAS
The analysis in Section III can be exploited to optimally
design a MIMO system with a large number of antennas for
the transmission of multimedia scalable sources. To begin, we
briefly present the properties of scalable bitstreams described in
[18, Sec. IV]. Scalable codecs adopt progressive transmission
so that encoded data have gradual differences of importance in
their bitstreams. Suppose that the system takes the bitstream
from the scalable source encoder and transforms it into a
sequence of Npkt packets. Each of these Npkt scalable packets
can be encoded with different transmission data rates and powers, as well as different space–time codes, to achieve the best
end-to-end performance measured by the expected distortion of
the source. Such a system is depicted in Fig. 2. Note that the
error probability of an earlier packet in a sequence of scalable
packets should be lower than or equal to that of a later packet.
Let Nd and Np denote the numbers of candidate transmission
data rates and powers employed by a system, respectively. The
numbers of possible assignments of Nd data rates and Np
N
N
powers to a sequence of Npkt packets are Nd pkt and Np pkt ,
respectively, which exponentially grow as Npkt increases. Furthermore, in a MIMO system, if each packet can be encoded
with different space–time codes (e.g., V-BLAST or OSTBC),
the assignment of space–time codes and data rates and powers to Npkt packets yields a more complicated optimization
problem. Note that each source, e.g., an image, has its inherent
rate–distortion characteristic, from which the performance of
the expected distortion is computed. For example, when a series of images is transmitted, the aforementioned optimization
should be addressed in a real-time manner, considering which
specific image (i.e., rate–distortion characteristic) is transmitted
in the current time slot. To address this matter, for a singleinput–single-output system, there have been many studies about

the optimal assignment of data rates to a sequence of scalable
packets [26]–[28].
On the other hand, for a MIMO system with a large number
of antennas, we exploit the analysis in the previous section for
the optimal assignment of space–time codes to a sequence of
scalable packets. Suppose that the assignment of space–time
codes in an n1 × n1 MIMO system has been optimized, with
the result that the kth packet (1 ≤ k ≤ Npkt ), which has a data
rate Rk , has been encoded with V-BLAST. Then, our analysis
indicates that, in an n2 × n3 MIMO system (n1 < n2 ≤ n3 ),
the aforementioned kth packet, which has data rate Rk , should
be also encoded with V-BLAST rather than with OSTBC. This
is because we have proven that, for a fixed data rate (i.e.,
spectral efficiency times signal bandwidth), as the number of
antennas increases, the crossover point in the outage probability
monotonically decreases. In other words, if V-BLAST is preferable for a packet in an n1 × n1 system, then another packet
with the same data rate in an n2 × n3 system (n1 < n2 ≤ n3 )
should be also encoded with V-BLAST, as long as the target
error rates of the two packets are the same (see Fig. 1). Note
that the target error rates of scalable packets depend on their
application source (e.g., an embedded image with a specific
rate–distortion characteristic) and their positions in the scalable
bitstream, and that we evaluate the same application source,
which is packetized in the same way, for both n1 × n1 and
n2 × n3 systems.
Based on that, we further suppose that the k1 th,. . .,kNvb th
packets (1 ≤ k1 < · · · < kNvb ≤ Npkt ) have been encoded
with V-BLAST as a result of the optimization for an n1 × n1
system. Then, in an n2 × n3 system, the aforementioned Nvb
packets should be also encoded with V-BLAST, and only the
remaining Npkt − Nvb packets need to be optimized for their
space–time coding.
For the optimal assignment of space–time codes to Npkt
packets, the expected distortion of the source should be evaluated for each possible assignment. Note that each evaluation
includes the decoding of the packets encoded with V-BLAST.
An MMSE or a ZF linear receiver for V-BLAST incorporates
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an inversion operation of a channel matrix H, and the amount
of computation required for the inversion is in general O(n3 ),1
where n is the size of the channel matrix in an n × n MIMO
system. Thus, the computational complexity involved with the
decoding of V-BLAST exponentially grows as the number of
antennas increases, which indicates that the V-BLAST receiver
will be highly complex for a large number of antennas. Note
that the complexity of V-BLAST decoding for an n1 × n1 system becomes insignificant compared with that for an n2 × n3
system when n1 is chosen such that it is sufficiently smaller
than n2 . Based on the preceding statements, we propose an
optimization strategy for the space–time coding of scalable
sources in a MIMO system with a large number of antennas,
as follows.
Step 1) Optimize the assignment of the space–time codes
(i.e., OSTBC or V-BLAST) to a sequence of Npkt
scalable packets for an n1 × n1 system, which is
referred to as a pilot system.
Step 2) If the k1 th,. . .,kNvb th packets (1 ≤ k1 < · · · <
kNvb ≤ Npkt ) have been encoded with V-BLAST in
Step 1, then assign V-BLAST to the same Nvb packets in an n2 × n3 system (n1 < n2 ≤ n3 ), which is
referred to as a target system.
Step 3) Optimize the assignment of the space–time codes
to the remaining Npkt − Nvb packets for a target
system.
In Steps 1 and 3, we employ the same scalable source that
is packetized identically. In addition, we use the same system
parameters such as the sets of transmission data rates and
powers assigned to a sequence of Npkt packets.
Note that, in [18], it is assumed that a constant transmission
power is used for a sequence of Npkt scalable packets. Thus,
with constant transmission power, the earlier packet requires a
transmission data rate that is less than or equal to that of the
later packet, to provide the unequal error protection of scalable
packets. On the other hand, the work in this paper considers
a more general case where unequal transmission powers are
allowed for a sequence of scalable packets for the purpose of
unequal error protection. As a result, the earlier packet does not
necessarily have a data rate that is less than or equal to that
of the later packet. Without any such assumptions, the number
of possible assignments of two space–time codes (i.e., OSTBC
and V-BLAST) to a sequence of Npkt packets is 2Npkt .2 It
can be shown that, by exploiting the optimization results in
a pilot system, the number of possible assignments of two
space–time codes to Npkt scalable packets is reduced from
2Npkt to 2Npkt −Nvb .
Finally, in the following, we present the message operation between the transmitter and the receiver required for the
space–time coding of scalable packets, as depicted in Fig. 3.

Fig. 3. Message protocol between the transmitter and the receiver required for
the space–time coding of scalable packets.

Step 1) Statistical characteristics of the fading channel, such
as average channel SNR, spatial correlation between
antennas, and Rician factor, are estimated at the
receiver side and fed back to the transmitter.
Step 2) At the transmitter side, based on the statistical CSI,
the optimal set of space–time codes is found for the
specific scalable source, which is to be transmitted in
the current time slot. Recall that the steps of finding
the optimal set were described earlier here.
Step 3) The scalable source is encoded by the optimal set of
space–time codes found in Step 2 and is transmitted
along with side information informing the receiver
of the optimal set of codes.
Note that statistical CSI is a long-term characteristic of the
channel, compared with the instantaneous CSI, such as instantaneous fading channel SNR. Thus, in Step 1, it is a natural
assumption that its estimation is easier and does not have to be
fed back to the transmitter frequently. In Step 3, the size of the
message is Npkt bits, since it indicates whether each of Npkt
packets is encoded by V-BLAST or OSTBC. As an example,
for the transmission of a 512 × 512 embedded image with a
rate of 1 bit per pixel (bpp), a sequence of 512 packets is considered in [27] (i.e., Npkt = 512). For this case, the size of the
image is 512 × 512 × 1 = 262 144 bits, whereas the size of the
message is 512 bits (i.e., the amount of overhead is 512/
262 144 = 0.195%).
V. N UMERICAL E VALUATION

1 The

use of Gaussian elimination is assumed [29].
2 Note that this differs from N
pkt + 1, which is derived in [18] based on the
assumption that the earlier packet has a data rate that is less than or equal to
that of the later packet.

First, we numerically evaluate the outage probabilities of
V-BLAST with an MMSE receiver and OSTBC for various
numbers of antennas.
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Fig. 4. Exact and high-SNR approximate outage probabilities for R =
12 bits/s/Hz in the spatially correlated Rayleigh fading channels with ρt =
ρr = 0.3. Solid curves denote the outage probabilities of OSTBC, and dotted
curves denote those of V-BLAST with an MMSE receiver. The crossover points
of outage probabilities are marked with circles. (a) 2 × 2, 6 × 6, and 10 ×
10 MIMO systems. (b) 4 × 4, 8 × 8, and 12 × 12 MIMO systems.

To begin, we consider spatially correlated Rayleigh fading
channels. The outage probabilities are evaluated, as an example, for spatial correlation coefficients of ρt = ρr = 0.3 and a
spectral efficiency of R = 12 bits/s/Hz. The results are shown
in Fig. 4, where the high-SNR approximate outage probabilities
are derived from (3), (4), (12), and (13). Note that the analyses
in Sections II and III are valid for any kr > 0, subject to the
constraint that 2R /kr > 1 and kd > 0 in the high-SNR approximate outage probabilities as given by (4) [18]. Let Pout,V (γs )
and Pout,O (γs ) denote the outage probabilities of V-BLAST
with an MMSE receiver and OSTBC, respectively. In Fig. 4,
we set the constant kd in (4) to unity such that, at low SNR,
we have Pout,V (γs ) = Pout,O (γs ) = kd = 1, where the second
equality follows from (3) and (4) and the last lines of (12)
and (13) (i.e., u = v = 0 are substituted into (4)) [18]. Another
constant, i.e., kr , is chosen such that, at high SNR, the SNR
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Fig. 5. Exact and high-SNR approximate outage probabilities for R =
12 bits/s/Hz in the spatially correlated Rayleigh fading channels with ρt =
ρr = 0.3. Solid curves denote the outage probabilities of OSTBC, and dotted
curves denote those of V-BLAST with an MMSE receiver. The crossover points
of outage probabilities are marked with circles. (a) High-SNR approximate
outage probabilities. (b) Exact outage probabilities.

gap between the high-SNR approximate outage probability and
the exact one is small. In Fig. 4, the exact outage probabilities
are obtained by numerically evaluating [30, Eqs. (6) and (9)]
and [31, Eq. (20)] for V-BLAST with an MMSE receiver and
OSTBC, respectively. Note that, in those equations, mutual
information is normalized by the time duration of a space–time
codeword (i.e., T as defined below (1)) for the computation
of the outage probabilities. The curves in Fig. 4 are repeated
in Fig. 5, which show that, when the number of transmit and
receive antennas increases, as stated in the last paragraph in
Section III, the crossover point of the outage probabilities in
the correlated Rayleigh fading channels behaves as predicted
by the analysis given by (23) (see Fig. 1).
As another example, Fig. 6 depicts the exact outage probabilities for spatial correlation coefficients of ρt = ρr = 0.7 and
a spectral efficiency of R = 12 bits/s/Hz. It is shown that the
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Fig. 6. Exact outage probabilities for R = 12 bits/s/Hz in the spatially
correlated Rayleigh fading channels with ρt = ρr = 0.7. Solid curves denote the outage probabilities of OSTBC, and dotted curves denote those of
V-BLAST with an MMSE receiver. The crossover points of outage probabilities
are marked with circles.

crossover points in Fig. 6 exhibit the same behavior as those
in Fig. 5. If we focus on an outage probability of 10−3 , in
Fig. 6, OSTBC outperforms V-BLAST for Nt = Nr = 2 or 4,
whereas the latter outperforms the former for Nt = Nr = 6,
8, 10, or 12. Note that this preference is a function of the
target outage probability of the application. For example, if
the target is 10−6 , OSTBC outperforms V-BLAST for Nt =
Nr = 2, 4, 6, 8, or 10, and the latter outperforms the former
only for Nt = Nr = 12. In addition, from Figs. 5 and 6, it is
observed that the outage probability performance of V-BLAST
tends to be more sensitive to the spatial correlation of MIMO
channels than that of OSTBC. This is because, as stated in
[32], spatial correlation leads to a disparity in the distribution of
the spatial eigenmodes, which reduces the spatial multiplexing
capability; spatial correlation in general leads to much less
performance degradation for spatial diversity schemes than for
spatial multiplexing [15], [19].
We next consider Rician fading channels. The outage probabilities are evaluated, as an example, for the Rician factor
of K = 2 and a spectral efficiency of R = 12 bits/s/Hz. The
numerical results are depicted in Fig. 7, where the high-SNR
approximate and exact outage probabilities are derived in the
same way as that for Fig. 4. The curves in Fig. 7 are repeated in
Fig. 8, which indicate that the crossover points also exhibit the
behavior as given by (23). Fig. 9 depicts the exact outage probabilities, as another example, for the Rician factor of K = 5
and a spectral efficiency of R = 12 bits/s/Hz. It is also shown
that the crossover points in Fig. 9 behave as given by (23).
Furthermore, in Figs. 8 and 9, it is shown that OSTBC works
better in a channel with a stronger LOS, whereas V-BLAST
fails to work well in the LOS case [15], [16].
The outage probabilities in i.i.d. Rayleigh fading channels
for a spectral efficiency of R = 4 bits/s/Hz are shown in
Figs. 10 and 11. It is again observed that the crossover points
behave as given by (23). Fig. 12 depicts the outage probabilities
for the number of antennas taken to be larger than those in

Fig. 7. Exact and high-SNR approximate outage probabilities for R =
12 bits/s/Hz in the Rician fading channels with K = 2. Solid curves denote the outage probabilities of OSTBC, and dotted curves denote those
of V-BLAST with an MMSE receiver. The crossover points of outage probabilities are marked with circles. (a) 2 × 2, 6 × 6, and 10 × 10 MIMO systems.
(b) 4 × 4, 8 × 8, and 12 × 12 MIMO systems.

Fig. 6, for spatial correlation coefficients of ρt = ρr = 0.7 and
a spectral efficiency of R = 12 bits/s/Hz. It is shown that the
crossover points also behave as predicted by (23).
Next, we evaluate the behavior of the crossover points for
the case when the number of receive antennas increases, but
the number of transmit antennas remains fixed. Figs. 13 and 14
depict the results of such a case for correlated Rayleigh fading channels having ρt = ρr = 0.7 and for the Rician fading channels with K = 5, when a spectral efficiency of R =
12 bits/s/Hz is used, respectively. When only the number of
receive antennas increases, as described in the last paragraph
in Section III, the crossover point of the outage probabilities in
the correlated Rayleigh or Rician channels behaves as predicted
by the analysis given by (29).
In Section IV, we presented the optimal space–time coding
for the transmission of scalable sources. In the following,
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Fig. 9. Exact outage probabilities for R = 12 bits/s/Hz in the Rician fading
channels with K = 5. Solid curves denote the outage probabilities of OSTBC,
and dotted curves denote those of V-BLAST with an MMSE receiver. The
crossover points of outage probabilities are marked with circles.

correctly decoded packets. We assume a slow-fading channel
such that channel coefficients are nearly constant over an image,
which consists of a sequence of Npkt scalable packets, and
the channel estimation at the receiver is perfect. Let Pi (γ̇s,i )
denote the conditional probability of a decoding error of the
ith packet (1 ≤ i ≤ Npkt ), conditioned on γ̇s,i , where γ̇s,i is
the instantaneous postprocessing SNR per symbol for the ith
packet. Then, the probability that no decoding errors occur in
the first n packets with an error in the next one, i.e., Pc,n , is
given by
n

(1 − Pi (γ̇s,i )) ,

Pc,n = Pn+1 (γ̇s,n+1 )

1 ≤ n ≤ Npkt −1.

i=1

Fig. 8. Exact and high-SNR approximate outage probabilities for R =
12 bits/s/Hz in the Rician fading channels with K = 2. Solid curves denote the outage probabilities of OSTBC, and dotted curves denote those
of V-BLAST with an MMSE receiver. The crossover points of outage probabilities are marked with circles. (a) High-SNR approximate outage probabilities.
(b) Exact outage probabilities.

we will compare the performance of the optimal space–time
coding and the suboptimal ones for scalable transmission. We
evaluate the end-to-end performance measured by the expected
distortion of the image for 8 × 8 MIMO systems using the
source coder SPIHT [33] as an example and provide results for
the standard 8 bpp 512 × 512 Lena image with a transmission
rate of 0.5 bpp.
To begin, we summarize the evaluation of the expected distortion as stated in [18, Sec. V]. The system takes a compressed
scalable bitstream from the source encoder and transforms
it into a sequence of Npkt packets with error detection and
correction capability. Then, as shown in Fig. 2, the packets are encoded by the space–time codes. At the receiver,
if a received packet is correctly decoded, the next packet is
considered by the source decoder. Otherwise, the decoding
is terminated, and the source is reconstructed from only the

(30)
Pc,0 = P1 (γ̇s,1 ) is the conditional probability of an error in the
Npkt
(1 − Pi (γ̇s,i )) is the condifirst packet, and Pc,Npkt = i=1
tional probability that all Npkt packets are correctly decoded.
Let dn denote the distortion of the source using the first n
packets for the source decoder (0 ≤ n ≤ Npkt ). Then, dn can
be expressed as dn = D( ni=1 ri ), where ri is the number
of source bits in the ith packet, D(x) denotes the operational
distortion-rate function of the source, and d0 = D(0) refers to
the distortion when the decoder reconstructs the source without
any of the received information. The expected distortion of
the source, i.e., E[D], can be expressed as (31), shown at the
bottom of the next page, where p(γ̇s,i ) is the probability density
function of the instantaneous postprocessing SNR for the ith
packet, i.e., γ̇s,i . Note that p(γ̇s,i ) is a function of the average
SNR per symbol γs , which is defined below (2), as well as the
transmission data rate, power, and space–time code assigned to
the ith packet. Thus, E[D] is also a function of those system
parameters.
Let Di , Pi , and Ci denote the transmission data rate, power,
and space–time code assigned to the ith packet, respectively.
For given sets of {D1 , . . . , DNpkt } and {P1 , . . . , PNpkt } assigned to a sequence of Npkt packets, one can find the optimal set of space–time codes Copt = [C1 , . . . , CNpkt ]opt , which
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Fig. 10. Exact and high-SNR approximate outage probabilities for R =
4 bits/s/Hz in i.i.d. Rayleigh fading channels. Solid curves denote the outage
probabilities of OSTBC, and dotted curves denote those of V-BLAST with an
MMSE receiver. The crossover points of outage probabilities are marked with
circles. (a) 2 × 2, 6 × 6, and 10 × 10 MIMO systems. (b) 4 × 4, 8 × 8, and
12 × 12 MIMO systems.

minimizes the expected distortion over a range of average SNRs
using the weighted cost function as follows:
arg min
C1 ,...,CNpkt

∞
0

w(γs )E[D]dγs
,
∞
0 w(γs )dγs

Npkt −1 

∞
···

E[D] =

∞
0

D(0)P1 (γ̇s,1 ) +
0



Fig. 11. Exact and high-SNR approximate outage probabilities for R =
4 bits/s/Hz in i.i.d. Rayleigh fading channels. Solid curves denote the outage
probabilities of OSTBC, and dotted curves denote those of V-BLAST with
an MMSE receiver. The crossover points of outage probabilities are marked
with circles. (a) High-SNR approximate outage probabilities. (b) Exact outage
probabilities.

where w(γs ) in [0, 1] is the weight function. For example,
w(γs ) can be chosen such that

(32)



D

n=1

n



ri

+D⎝



Npkt

i=1

1,
0,

for γs,1 ≤ γs ≤ γs,2 ,
otherwise.

(33)



n

(1 − Pi (γ̇s,i ))

Pn+1 (γ̇s,n+1 )

i=1

⎛

w(γs ) =

i=1

⎞
ri ⎠

Npkt


(1 − Pi (γ̇s,i )) p(γ̇s,1 ), . . . , p(γ̇s,Npkt )dγ̇s,1, , . . . , dγ̇s,Npkt . (31)

i=1
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Fig. 12. Exact and high-SNR approximate outage probabilities for R =
12 bits/s/Hz in the spatially correlated Rayleigh fading channels with ρt =
ρr = 0.7. Solid curves denote the outage probabilities of OSTBC, and dotted
curves denote those of V-BLAST with an MMSE receiver. The crossover points
of outage probabilities are marked with circles.

Fig. 13. Exact and high-SNR approximate outage probabilities for R =
12 bits/s/Hz in the spatially correlated Rayleigh fading channels with ρt =
ρr = 0.7. Solid curves denote the outage probabilities of OSTBC, and dotted
curves denote those of V-BLAST with an MMSE receiver. The crossover points
of outage probabilities are marked with circles.

In broadcast systems, the weight function in (33) indicates
that SNRs of multiple receivers are uniformly distributed in
the range of γs,1 ≤ γs ≤ γs,2 . Eq. (32) indicates that the
{C1 , . . . , CNpkt } are chosen such that the total sum of the
expected distortion of the receivers distributed in the range of
γs,1 ≤ γs ≤ γs,2 is minimized. Note that the amount of computation involved in (32) exponentially grows as Npkt increases.
Alternatively, as presented in Section IV, we may choose the set
of codes {C1 , . . . , CNpkt }, with the constraint that V-BLAST
should be assigned to the kth packet (i.e., OSTBC is excluded)
if the packet has been encoded with V-BLAST in a pilot system
as a result of the optimization.
To compare the image quality, we use the PSNR, which is
defined as 10 log10 (2552 /E[D]) (dB). The PSNR performance
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Fig. 14. Exact outage probabilities for R = 12 bits/s/Hz in the Rician fading
channels with K = 5. Solid curves denote the outage probabilities of OSTBC,
and dotted curves denote those of V-BLAST with an MMSE receiver. The
crossover points of outage probabilities are marked with circles.

is evaluated as follows: We compute (32) using the expected
distortion E[D], given by (31), and the weight function w(γs ),
given by (33). Next, with the optimal set of codes Copt =
[C1 , . . . , CNpkt ]opt obtained from (32), we evaluate the PSNR
over a range of SNRs given by (33).
The performance is evaluated, as an example, when a sequence of 12 scalable packets is transmitted (i.e., Npkt = 12)
in 8 × 8 MIMO systems, and we assume that the transmission
data rates and powers are assigned to scalable packets in a
manner that R = [12 10 8 7 6 5 4.5 4 3.5 3 2.5 2] (bits/s/Hz)
and P = [0 − 1 − 2 − 3 − 4 − 5 − 6 − 7 − 8 − 9 − 10 −
11] (dB), where the ith component of R is the spectral efficiency employed by the ith packet, and the ith component of
P is the ratio of the transmission power of the ith packet to
that of the first packet. With this specific setup, the optimal set
of space–time codes, which is computed from (32), is given
by C1 = · · · = C4 = V-BLAST, C5 = C6 = OSTBC, C7 =
C8 = C9 = V-BLAST, and C10 = C11 = C12 = OSTBC in
the correlated Rayleigh fading channel of ρt = ρr = 0.7.
Fig. 15 shows the PSNR of such an optimal set of space–time
codes, in addition to showing the PSNRs of other suboptimal
sets of codes, such as the sets at the 75th and 50th percentiles
among the sets of codes,3 and the worst set of codes, which
has the poorest performance. Fig. 15 also shows the PSNR
corresponding to the expected distortion that is averaged over
all the possible sets of space–time codes. From this example,
it is seen that the PSNR performance of the scalable source
is sensitive to the way space–time codes are assigned to a
sequence of Npkt packets, in part due to their unequal target
error rates in the bitstream. Fig. 15 also depicts the PSNR performance when (32) is computed with the constraint presented
in Section IV. A 2 × 2 MIMO system has been employed as
a pilot system. With the same setup used for an 8 × 8 target
system, the optimal set of codes in a 2 × 2 pilot system,
3 The number of possible sets of space–time codes is 2Npkt = 4096 in
this case.
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Fig. 15. PSNR performances of the optimal set of space–time codes and
suboptimal ones for the transmission of the embedded 512 × 512 Lena image
for 8 × 8 MIMO systems in spatially correlated Rayleigh fading channels with
ρt = ρr = 0.7.

which is computed from (32), is given by C1 = C2 = C3 =
V-BLAST, C4 = C5 = C6 = OSTBC, C7 = C8 = V-BLAST,
and C9 = · · · = C12 = OSTBC (i.e., Nvb = 5). Recall that,
with the constraint in Section IV, the number of possible sets
of space–time codes in a target system is reduced from 2Npkt to
2Npkt −Nvb (i.e., from 4096 to 128 in this example).
We note that the same optimal set of space–time codes has
been obtained when (32) is computed with and without the
constraint. That is, without losing any PSNR performance,
the computational complexity involved with the optimization
can be reduced by exploiting the monotonic behavior of the
crossover point, as shown in Fig. 1. It is further seen that the
PSNR, which corresponds to the expected distortion averaged
over all the possible sets of codes, becomes much better when
the constraint in Section IV is introduced, which shows that,
on average, the constraint is a good strategy for the space–time
coding of scalable sources.
Fig. 16 shows the PSNR performances in the Rician fading
channel of K = 5, where we use the same system parameters
as those for the correlated Rayleigh channel whose results are
shown in Fig. 15. We also note that, in Fig. 16, the same
optimal set of space–time codes has been obtained when (32)
is computed with and without the constraint. Furthermore, like
the case in Fig. 15, the PSNR corresponding to the expected
distortion averaged over all the possible sets of space–time
codes becomes better when the constraint in Section IV is used.
This indicates that the constraint is also a good optimization
strategy in Rician fading channels.
We note that, in addition to embedded images, our analysis
in Sections III and IV can be also applied to scalable video.
In scalable video, the base layer is more important than the
enhancement layer. If we split the base layer into multiple
packets, those packets often have a similar level of importance.
However, the enhancement layer, for example, with mediumgrain scalability, can usually be split into multiple packets with
successively decreasing importance. Hence, for real-time scalable video, we can apply our analytical results to the sequence
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Fig. 16. PSNR performances of the optimal set of space–time codes and
suboptimal ones for the transmission of the embedded 512 × 512 Lena image
for 8 × 8 MIMO systems in Rician fading channels with K = 5.

of high-importance base layer packets and successively less
important enhancement layer packets.
Finally, we note that, when selecting the optimal space–time
code in an 8 × 8 MIMO system, in addition to the OSTBC that
uses all the eight transmit antennas with the spatial multiplexing
rate of rs = 1/2, we also consider the OSTBC that uses only
two or four transmit antennas with rs = 1 or 3/4, respectively.
That is, for an 8 × 8 MIMO system, the OSTBC scheme that
uses either a 2 × 8 or a 4 × 8 antenna configuration is also
considered. The motivation for considering such an OSTBC
scheme is as follows: The OSTBCs can be classified into three
groups, according to their maximum achievable spatial multiplexing rates: 1) rs = 1/2 for Nt ≥ 5; 2) rs = 3/4 for Nt = 3
or 4; and 3) rs = 1 for Nt = 2. In Appendix B, we show that,
for two OSTBCs, which belong to distinct groups earlier, there
exists a crossover point of their outage probabilities; furthermore, the crossover point in outage probability is a strictly
decreasing function in spectral efficiency. This indicates that,
as an example, for a 3 × Nr MIMO system, it is possible that
the OSTBC that uses only two transmit antennas with rs = 1
(i.e., OSTBC that uses a 2 × Nr configuration) outperforms the
OSTBC that uses all the three transmit antennas with rs = 3/4
(i.e., OSTBC using a 3 × Nr configuration). Note that which
OSTBC scheme performs better depends on the target error
rate of the application and the spectral efficiency employed
by the system. For this reason, in 8 × 8 MIMO systems, we
consider the OSTBC scheme that uses only two or four transmit
antennas and the one that uses all the eight transmit antennas as
a candidate space–time code.
VI. C ONCLUSION
Because of increasing use of higher carrier frequencies and
the advances in the computational capability of hardware, a
MIMO system is capable of employing a large number of
antennas. When a series of scalable sources is transmitted
over MIMO channels, space–time coding should be optimized
for each individual rate–distortion characteristic. For a large
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number of antennas, however, the optimization is complex.
To address this matter, we suggested an efficient method to
optimize the space–time coding of scalable sources.
To begin, we analyzed the crossover point of the outage
probabilities of V-BLAST, using either a linear or an ML
receiver, with OSTBC, in terms of the number of antennas. The
results showed that, as the number of antennas increases, the
crossover point in outage probability monotonically decreases,
which were proven for arbitrary spectral efficiency employed
by the system. These results are conceptually depicted in Fig. 1,
and we are unaware of any other literature that either states
or proves them. The results are valid in spatially correlated
Rayleigh or Rician fading channels, as well as in i.i.d. Rayleigh
fading channels.
Based on the analysis, we suggested a method to optimally
assign V-BLAST or OSTBC to a sequence of scalable packets
over spatially correlated Rayleigh or Rician channels with a
large number of antennas. It was shown that, without any PSNR
degradation, the computational complexity involved with optimal space–time coding is exponentially reduced by the use
of the suggested method. Furthermore, the PSNR performance
averaged over all the possible sets of space–time codes becomes
better when our method is used, which indicates that, on the
average, it is a good strategy for the space–time coding of multimedia scalable sources. The technical approach in this paper,
which was used to analyze the tradeoff between space–time
codes in terms of their target error rates and the number of
antennas, may be used for other space–time codes such as
quasi-OSTBC or Golden codes as future work.
A PPENDIX A
C ROSSOVER P OINT FOR V-BLAST W ITH A M AXIMUM
L IKELIHOOD R ECEIVER AND O RTHOGONAL
S PACE T IME B LOCK C ODES
The DMT characteristic of V-BLAST with an ML receiver,
i.e., dV,ML (r), is given by [22]
dV,ML (r) =

Nr − Nr r/Nt , for 0 ≤ r ≤ Nt ,
0,
for Nt ≤ r < ∞.

(34)

Using (13) and (34), we set d1 (r) = dV,ML (r) and d2 (r) =
dO (r) in (5). Then, from (13), (34), and Nt > rs , it follows that,
for the range of 0 < r ≤ rs , the condition of (6) is satisfied.
Moreover, from Nr ≥ Nt ≥ 2, we have
dV,ML (0) − dO (0) = Nr (1 − Nt ) < 0,
dV,ML (rs ) − dO (rs ) = Nr (1 − rs /Nt ) > 0.

(35)
(36)

Eqs. (35) and (36) meet the conditions of (7) and (8), respectively, when we set α = ε and β = rs , where ε > 0 is
an arbitrarily small positive number. Hence, (11) holds, and
this tells us that there exists a crossover point of the outage
probabilities for V-BLAST with an ML receiver and OSTBC
in the range of (2R /kr )1/rs ≤ γs < ∞. In addition, from (10),
∗
is given by
(13), and (34), Pout
∗
Pout
= kd



R

2
kr

(1−Nt /rs )Nr
Nt −1

.

(37)
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Letting Nt = Nr = n in (37), we have
∗
Pout


= kd

2R
kr

2 /r
s
 n−n
n−1

.

(38)

∗
Let s(n) = (n − n2 /rs )/(n − 1) be the exponent of Pout
given
by (38). If we assume that n is a real number, ds(n)/dn can be
expressed as

ds(n)
−n2 + 2n − rs
=
.
dn
rs (n − 1)2

(39)

Let w(n) = −n2 + 2n − rs be the numerator of ds(n)/dn. It
can be shown that w(n) is a strictly decreasing function in n for
n ≥ 2. From this and n (= Nt = Nr ) ≥ 2, w(n) satisfies
w(n) ≤ w(2) = −rs < 0.

(40)

Eqs. (39) and (40) show that
ds(n)
< 0,
dn

for n ≥ 2.

(41)

From (38), (41), and kd > 0 and 2R /kr > 1 given in Section II,
∗
it is seen that Pout
is a strictly decreasing function in n (≥ 2),
regardless of a given spectral efficiency R. In other words, for
any fixed spectral efficiency, as the number of antennas, i.e.,
Nr = Nt (≥ 2), increases, the crossover point in the outage
probability monotonically decreases. Thus, the same argument
given by (23) can be also made for V-BLAST with an ML
receiver and OSTBC.
In addition, from Nt ≥ 2 and 1/2 ≤ rs ≤ 1, it follows that
∗
Pout
, given by (37), is a strictly decreasing function in Nr (≥
Nt ≥ 2), regardless of a given spectral efficiency R, as well as
a given number of transmit antennas Nt . That is, for any fixed
spectral efficiency and any fixed number of transmit antennas,
as only the number of receive antennas increases, the crossover
point in the outage probability monotonically decreases. Hence,
the results given by (29) also hold for V-BLAST with an ML
receiver and OSTBC.
A PPENDIX B
C ROSSOVER P OINT FOR O RTHOGONAL S PACE T IME
B LOCK C ODES W ITH D ISTINCT S PATIAL
M ULTIPLEXING R ATES
Let dxO (r), dyO (r), and dzO (r) denote the DMT characteristics
of the OSTBCs with spatial multiplexing rates rs = 1/2, 3/4,
and 1, respectively. Then, from (13), we have
dxO (r) =

Nr Ntx − 2Nr Ntx r, for 0 ≤ r ≤ 12 ,
0,
for 12 ≤ r < ∞,

(42)

dyO (r) =

Nr Nty − 43 Nr Nty r,
0,

(43)

dzO (r) =

2Nr − 2Nr r, for 0 ≤ r ≤ 1,
0,
for 1 ≤ r < ∞,

for 0 ≤ r ≤ 34 ,
for 34 ≤ r < ∞,

(44)

where Ntx ≥ 5, and Nty = 3 or 4. In the following, we analyze
the crossover point of the outage probabilities of the OSTBCs,
which have different spatial multiplexing rates.
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1) The OSTBCs with rs = 1/2 and rs = 3/4: From (42)
and (43), it follows that, for the range of 0 < r ≤ 1/2,
the condition of (6) is met if we set d1 (r) = dyO (r) and
d2 (r) = dxO (r) in (5). In addition, from Ntx ≥ 5 and
Nty = 3 or 4, it can be shown that
dyO (0)

dyO

Nr (Nty

−
=
−
< 0,
 

1
1
1
− dxO
= Nr Nty > 0.
2
2
3
dxO (0)

Ntx )



y
Pout,O
(γs ),

(45)

z
(γs )
Pout,O

(46)

y
z
Pout,O
(γs ) > Pout,O
(γs ),

Eqs. (45) and (46) meet the conditions of (7) and (8),
respectively, when we set α = ε and β = 1/2, where
ε > 0 is an arbitrarily small positive number. Hence, from
(11), we have
 R 2
2
y
x
Pout,O (γs ) < Pout,O (γs ), for
< γs < γs∗ ,
kr
y
x
Pout,O
(γs ) > Pout,O
(γs ), for γs∗ < γs < ∞,
(47)
y
x
where Pout,O
(γs ) and Pout,O
(γs ) denote the outage
probabilities of the OSTBCs with rs = 1/2 and 3/4,
respectively. That is, there exists a crossover point of the
outage probabilities of the OSTBCs with rs = 1/2 and
3/4, and this holds for any number of receive antennas
Nr and any spectral efficiency R. In addition, from
(10), (42), and (43), it can be shown that the crossover
∗
=
point of the outage probabilities is given by Pout
−2Nr N x N y /3(N x −N y )

t
t
t
t
. For Ntx ≥ 5 and Nty =
kd (2R /kr )
x y
x
3 or 4, we have Nr Nt Nt /(Nt − Nty ) > 0. From this
and kd > 0 and 2R /kr > 1 given in Section II, it is seen
∗
is a strictly decreasing function in R.
that Pout
2) The OSTBCs with rs = 1/2 and rs = 1: From (42) and
(44), it is seen that, for the range of multiplexing gain,
i.e., 0 < r ≤ 1/2, the condition of (6) is satisfied if we
set d1 (r) = dzO (r) and d2 (r) = dxO (r) in (5). In addition,
from Ntz ≥ 5, it can be shown that

dzO (0) − dxO (0) = Nr (2 − Ntz ) < 0,
 
 
1
1
z
x
dO
− dO
= Nr > 0.
2
2

∗
is a strictly decreasing
Section II, it follows that Pout
function in R.
3) OSTBCs with rs = 3/4 and rs = 1: In a similar manner,
it can be shown that

(48)
(49)

Eqs. (48) and (49) satisfy the conditions of (7) and (8),
respectively, when setting α = ε and β = 1/2, where ε >
0 denotes an arbitrarily small positive number. Thus, from
(11), we have
 R 2
2
z
x
< γs < γs∗ ,
Pout,O (γs ) < Pout,O (γs ), for
kr
z
x
Pout,O
(γs ) > Pout,O
(γs ), for γs∗ < γs < ∞,
(50)
z
where Pout,O
(γs ) is the outage probability of the OSTBC
with rs = 1. This indicates that there exists a crossover
point of the outage probabilities of the OSTBCs with
rs = 1/2 and 1, which is valid for any number of receive
antennas Nr and any spectral efficiency R. Furthermore,
from (10), (42), and (44), it can be shown that the
crossover point of the outage probabilities is given by
−2Ntx Nr /(Ntx −2)
∗
Pout
= kd (2R /kr )
. Since Ntx Nr /(Ntx −
x
2) > 0 for Nt ≥ 5 and from 2R /kr > 1 given in

<

4
2R 3
for
< γs < γs∗ ,
kr
for γs∗ < γs < ∞.
(51)

In addition, the crossover point of the outage probabilities
−2Nty Nr /3(Nty −2)
∗
Pout
= kd (2R /kr )
is a strictly decreasing function in R.
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