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1. INTRODUCTION

Diversity is an effective method to mitigate multipath fading
in wireless communication systems. Diversity improves the
performance of communication systems by providing a
receiver with M independently faded copies of the trans-
mitted signal such that the probability that all these copies
are in a deep fade is low. The diversity gain is obtained
by combining the received copies at the receiver. The most
general diversity combining scheme is the generalized selec-
tion combining (GSC), which provides a tradeoff between
the high complexity of maximal-ratio combining (MRC)
and the poor performance of selection combining (SC). In
GSC, the largest Mc branches out of M diversity branches
are combined using MRC. The resulting signal-to-noise ratio
(SNR) at the output of the combiner is the sum of the SNRs
of the largest Mc branches.

A general statistical model for multipath fading is the
Nakagami distribution [1]. The error probability and the
cutoff rate of GSC over Rayleigh fading channels was
analyzed in [2, 3], respectively. In [4], the performance of
some special cases of GSC systems over Nakagami fading
channels was analyzed. A more general framework to the
analysis of GSC systems over Nakagami fading channels was
presented in [5] and more recently in [6]. In [7], the cutoff
rate and a union bound on the bit-error probability of coded
SC systems over Nakagami fading channels were derived.

The derivation is based on the transfer function of the code.
To the best of our knowledge, no analytical results on the
performance of coded GSC systems over Nakagami fading
channels exit yet.

In [8], a new approach to analyzing the performance
of GSC over Nakagami fading channels was presented.
The approach is based on converting the multidimensional
integral that appears in the error probability of GSC into a
single integral that can be evaluated efficiently. In this paper,
we generalize this approach to derive the cutoff rate and
a union bound on the bit-error probability of coded GSC
over Nakagami fading channels. The bound is based on the
transfer function of the code and is simple to evaluate using
the Gauss-Leguerre integration (GLI) rule [9]. Results show
that the proposed union bound is tight to simulation results
for a wide range of Nakagami parameter, SNR values, and
diversity orders.

The paper is organized as follows. The coded GSC system
is described in Section 2. In Section 3, the cutoff rate of coded
GSC systems is derived. In Section 4, the proposed union
bound on the bit-error probability is derived, and results are
discussed therein. Conclusions are discussed in Section 5.

2. SYSTEM MODEL

The transmitter in a coded system is generally composed of
an encoder, interleaver, and a modulator. The encoder might
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be convolutional, turbo, trellis-coded modulation (TCM), or
any other coding scheme. The encoder encodes a block of K
information bits into a codeword of L symbols. The code rate
is defined as Rc = K/L. For the lth symbol in the codeword,
the matched filter output of the ith diversity branch is given
by

yl,i =
√
Esal,i sl + zl,i, (1)

where Es is the received signal energy per diversity branch
and al = {al,i}Mi=1 are the fading amplitudes affecting the M
diversity branches, modeled as independent and identi-
cally distributed (i.i.d) Nakagami random variables. Here,
we assume ideal interleaving and independent diversity
branches. The noise samples zl = {zl,i}Mi=1 are i.i.d complex
Gaussian random variables with zero-mean and a variance
of N0/2 per dimension.

Signals received at different diversity branches are com-
bined such that the performance is improved. In MRC, the
received signals at different diversity branch are weighted
by the corresponding channel gain. The resulting SNR for
symbol l in the codeword is given by γl Es/N0, where γl =∑M

i=1 a
2
l,i. In GSC, the receiver selects the largest Mc diversity

branches among the M branches and combines them using
MRC. If we arrange the fading amplitudes al,1, . . . , al,M in a
descending order al,(1) ≥ al,(2) ≥ · · · ≥ al,(M), then the SNR
at the output of the GSC receiver is given by βlEs/N0, where
βl =

∑Mc
i=1a

2
l,(i).

3. CUTOFF RATE

The cutoff rate R0 has been generally referred to as the
practical channel capacity. Reliable communication beyond
this rate would become very expensive to achieve. Even after
the discovery of near-Shannon limit achieving codes such
as turbo and LDPC codes [10, 11], the required large block
size and inherent delays would make the cutoff rate a valid
figure-of-merit to compare different modulation schemes.
The cutoff rate for discrete-alphabet modulation schemes
[12] is defined as

R0 = 2 log2|S| − log2

(∑

si∈S

∑

s j∈S

C
(
si, s j

))
, (2)

where |S| is the size of the modulation alphabet S and
C(si, s j) is the Chernoff factor defined as

C
(
si, s j

) = Eβ
[
e−βd

]
, (3)

where β =∑Mc
i=1a

2
(i) and d = Es|si− s j|2/4N0. Recognizing (3)

as the moment generating function (MGF) of the random
variable β and using the result of [8], the Chernoff factor can
be written as

C
(
si, s j

)

=Mc

(
M

Mc

)∫∞
0
e−dx fa2 (x)

[
Fa2 (x)

]M−Mc
[
φa2 (d, x)

]Mc−1
dx,

(4)

where fa2 (x) and Fa2 (x) are, respectively, the probability
density function (pdf) and cumulative distribution function
(CDF) of the SNR of each diversity branch, and φa2 (d, x) is
the marginal MGF [8] defined as

φa2 (d, x) =
∫∞
x
e−dt fa2 (t)dt. (5)

For Nakagami fading channels, the pdf and CDF are given,
respectively, by

fa2 (x) = mm

Γ(m)
xm−1e−mx, x ≥ 0, m ≥ 0.5, (6)

Fa2 (x) = γ(m,mx), x ≥ 0, m ≥ 0.5, (7)

where γ(a, y) = (1/Γ(a))
∫ y

0 e
−tta−1dt is the incomplete

Gamma function and Γ(·) is the Gamma function. The
marginal MGF for Nakagami fading [8] is given by

φa2 (d, x) = 1
Γ(m)

1
(1 + d/m)m

[
1− γ(m,mx(1 + d/m)

)]
.

(8)

Substituting (6)–(8) into (4), we obtain

C
(
si, s j

) =Mc

(
M

Mc

)
mm

Γ(m)Mc

1

(1 + d/m)m(Mc−1)

×
∫∞

0
exp

(−mx(1+d/m)
)
xm−1[γ(m,mx)

]M−Mc

×[1− γ(m,mx(1 + d/m)
)]Mc−1

dx.
(9)

Making the change of variable y = mx(1 + d/m) and
simplifying, (9) can be written as

C(si, s j) =
(
M

Mc

)
Mc[

Γ(m)(1 + d/m)m
]Mc

∫∞
0
e−y ym−1g(y)dy,

(10)

where g(y) is given by

g(y) =
[
γ
(
m,

y

1 + d/m

)]M−Mc[
1− γ(m, y)

]Mc−1
. (11)

Using the GLI rule from [9], the integral in (10) can be
evaluated efficiently as

∫∞
0
e−y ym−1g(y)dy ≈ P

∑

p=1

wm(p) g
(
ym(p)

)
, (12)

where {wm(p)} are the weights of the GLI rule for a specific
m and ym(p) is the pth abscissa. Both {wm(p)} and {ym(p)}
are computed according to the GLI rule as in [9]. It was
found through our simulations that P = 20 is enough to get
the required accuracy in the bound.

The cutoff rate of GSC systems with M = 4 over
Nakagami fading channels with m = 2 is shown in Figure 1.
In the figure, GSC systems employing 8PSK, QPSK, and
BPSK are considered. We observe in the figure that as the
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Figure 1: Cutoff rate of coded GSC with M = 4 and different
number of selected diversity branches in Nakagami fading with
m = 2.

number of combined diversity branches increases, the cutoff
rate increases. This is expected since combining more diver-
sity branches increases the reliability of the communication
system allowing higher transmission rate at the same SNR.
Figure 2 shows the cutoff rates of an 8PSK GSC system with
different combinations of M and Mc. Note that the proposed
evaluation method of the cutoff rate is very simple and
efficient as compared with the integral method of [5].

4. BIT-ERROR PROBABILITY

The conditional pairwise error probability (PEP) for coded
GSC can be written as

P(S −→ Ŝ | A)

= P

( L∑

l=1

∑Mc

i=1

(∣∣yl,(i)−al,(i)sl
∣∣2−∣∣yl,(i)−al,(i)ŝl

∣∣2
)
≥0 | A

)
,

(13)

where yl,(i) is the matched filter output corresponding to the
diversity branch with fading gain al,(i), S and Ŝ are the length-
L vectors representing the correct and decoded codewords,
respectively, and A is an L×M matrix containing the fading
amplitudes affecting a codeword. The conditional PEP [12]
can be simplified as

P(S −→ Ŝ | A) = P

(
ξ ≥

L∑

l=1

Mc∑

i=1

a2
l,(i)

∣∣sl − ŝl
∣∣2 | A

)
, (14)

where ξ is a zero-mean Gaussian random variable with
variance 2LEs

∑L
l=1

∑Mc
i=1a

2
l,(i)|sl − ŝl|2. This probability [12]

can be further simplified as

P(S −→ Ŝ | A) = Q
(√

2
∑L

l=1
βldl

)
, (15)
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Figure 2: Cutoff rate of 8PSK-coded GSC with different number of
diversity orders in Nakagami fading with m = 4.

where dl = Es|sl − ŝl|2/4N0 and βl =
∑Mc

i=1a
2
l,(i) is the

normalized SNR at the output of the GSC combiner for
symbol l in the codeword. Using the the integral expression
of the Q-function, Q(x) = (1/π)

∫ π/2
0 e(−x2/2sin2θ)dθ [13], the

unconditional PEP is written as

P(S −→ Ŝ) = 1
π

∫ π/2
0

L∏

l=1

Eβl
[
e−βldlαθ

]
dθ, (16)

where αθ = 1/sin2θ, and the product is due to the
independence of the fading variables affecting different
symbols. Note that the expectation in (16) is the same as (3).
Thus starting from (9), and making the change of variable
y = mx(1+βαθ/m), the unconditional PEP can be simplified
to

P(S −→ Ŝ)

= 1
π

⎡
⎣Mc

( M
Mc

)

Γ(m)Mc

⎤
⎦
Lη ∫ π/2

0

Ln∏

l=1

{
1

(
1+dl/m

)m(Mc−1)(
1+dlαθ/m

)m

×
∫∞

0
e−y ym−1h(y)dy

}
dθ,

(17)

where h(y) is given by

h(y)=
[
γ
(
m,

y

1+d/m

)]M−Mc
[

1−γ
(
m,

y
(
1+dl/m

)
(
1+dlαθ/m

)
)]Mc−1

,

(18)

and Lη = |η| represents the minimum time diversity of the
code, where η = {l : sl /= ŝl}. Using the transfer function
of the code, the union bound on the bit-error probability is
finally given by

Pb≤ 1
π

[
Mc
( M
Mc

)

Γ(m)Mc

]Lη ∫ π/2
0

{
∂T
(
D(θ), I

)

∂I

∣∣∣∣
I=1,D=e−Es/4N0

}
dθ,

(19)
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Figure 3: Bit-error probability of convolutionally coded GSC with
M = 4 in Nakagami fading with m = 2 (solid: bound, dashed:
simulation).

where D is a variable whose exponent represents the distance
from the all-zero codewords, I is a variable whose exponent
represents the number of information bits to the encoder,
and T(D(θ), I) is the transfer function of the code evaluated
at D(θ) that is given by

D(θ)|D=e−Es/4N0 = 1
(
1 + dl/m

)m(Mc−1)(
1 + dlαθ/m

)m

×
∫∞

0
e−y ym−1h(y)dy,

(20)

where h(y) is defined in (18). The expression in (20) is
evaluated using the GLI rule defined in (12) with P = 20,
as discussed in Section 3. Once (20) is evaluated for every
value of the argument θ, (19) is evaluated using a simple
trapezoidal numerical integration [9] since it is a definite
integral. It was found that 10 steps are enough to evaluate
(19) with a good accuracy.

The proposed bound was evaluated for a rate-1/2 (5,
7) convolutional code and an 8-state 8PSK TCM system
presented in [12, Section 5.3]. Nevertheless, the bound is
applicable to any coding scheme with a known transfer
function such as turbo codes and product codes. Figures 3–5
show the simulation and analytical results for convolution-
ally and 8PSK TCM-coded systems over different Nakagami
fading channels and with different selected diversity branches
out of M = 4. We observe that the bound is tight to
simulation results for a wide range of SNR values, diversity
orders, and Nakagami parameters. It is also noted that the
bound is appropriate for Nakagami fading channels with
noninteger fading parameters. In addition, we note that the
bound is simple to evaluate using the GLI rule. Figures 6
and 7 show the performance of convolutional and 8PSK
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Figure 4: Bit-error probability of convolutionally coded GSC with
M = 4 in Nakagami fading with m = 0.75 (solid: bound, dashed:
simulation).
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Figure 5: Bit-error probability of 8PSK TCM-coded GSC with
M = 4 in Nakagami fading with m = 4 (solid: bound, dashed:
simulation).

TCM with SC over Nakagami fading channels, respectively.
From the figures, we observe that the bound is tight to
simulation results for a wide range of Nakagami parameters
and diversity orders. It is worth noting that the union bound
becomes less tight to simulation results as the SNR decreases,
which is a well-known property of the union bounding
technique [12].
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Figure 6: Bit-error probability of convolutionally coded SC with
different number of diversity branches in Nakagami fading wihm =
2 (solid: bound, dashed: simulation).
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Figure 7: Bit-error probability of 8PSK TCM-coded SC with
different number of diversity branches in Nakagami fading wih
m = 4 (solid: bound, dashed: simulation).

5. CONCLUSIONS

In this paper, we presented a new evaluation method for
the cutoff rate of coded GSC systems. In addition, we
derived a new union bound on the error probability of
coded coherent GSC systems over Nakagami fading channels.
Results show that the new bound is tight to simulation
results. Furthermore, the bound is general to any coded
system with a known transfer function, Nakagami fading

with a general Nakagami parameterm and any combinations
of diversity order, M, and selected diversity branches, Mc.
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home receivers to video coding for mobile handheld devices.
Encoder profiles and levels need to be tuned and properly
configured to get the best trade-off between resulting quality
and data rate, in such a way as to address the specific require-
ments of the delivery infrastructure. As a consequence, it is
possible to choose from the entire set of functionalities of the
same video coding standard in order to provide the best per-
formance for a specified service.

This special issue aims at promoting state-of-the-art re-
search contributions from all research areas either directly
involved in or contributing to improving the issues related
to video coding technologies for broadcast applications.
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• Video codec design methodology and architecture for
broadcast applications

• Advanced video compression techniques for mobile
broadcasting

• Content-based and object-based video coding
• Layered and scalable video coding for fixed and mobile

broadcasting
• Mobile and wireless video coding
• Video trans-coding/trans-rating methods for broad-

cast applications
• Video rate control techniques
• Human visual system in distortion metrics, activity

measure methods in video sequences
• High definition video coding
• Distributed video coding in broadcast applications
• Multi-view coding-/-3D video coding

• Service enhancement through “cross-layer” optimisa-
tion

• Error resilience, intelligent robustness enhancement,
and error concealment for broadcast applications
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The performance of image and video analysis algorithms
for content understanding has improved considerably over
the last decade and their practical applications are already
appearing in large-scale professional multimedia databases.
However, the emergence and growing popularity of social
networks and Web 2.0 applications, coupled with the ubiq-
uity of affordable media capture, has recently stimulated
huge growth in the amount of personal content available.
This content brings very different challenges compared to
professionally authored content: it is unstructured (i.e., it
needs not conform to a generally accepted high-level syntax),
typically complementary sources are available when it is cap-
tured or published, and it features the Şuser-in-the-loopŤ at
all stages of the content life-cycle (capture, editing, publish-
ing, and sharing). To date, user provided metadata, tagging,
rating and so on are typically used to index content in such
environments. Automated analysis has not been widely de-
ployed yet, as research is needed to adapt existing approaches
to address these new challenges.

Research directions such as multimodal fusion, collabora-
tive computing, using location or acquisition metadata, per-
sonal and social context, tags, and other contextual informa-
tion, are currently being explored in such environments. As
the Web has become a massive source of multimedia content,
the research community responded by developing automated
methods that collect and organize ground truth collections
of content, vocabularies, and so on, and similar initiatives
are now required for social content. The challenge will be to
demonstrate that such methods can provide a more powerful
experience for the user, generate awareness, and pave the way
for innovative future applications.

This issue calls for high quality, original contributions fo-
cusing on image and video analysis in large scale, distributed,
social networking, and web environments. We particularly
welcome papers that explore information fusion, collabora-
tive techniques, or context analysis.

Topics of interest include, but are not limited to:

• Image and video analysis using acquisition, location,
and contextual metadata

• Using collection contextual cues to constrain segmen-
tation and classification

• Fusion of textual, audio, and numeric data in visual
content analysis

• Knowledge-driven analysis and reasoning in social
network environments

• Classification, structuring, and abstraction of large-
scale, heterogeneous visual content

• Multimodal person detection and behavior analysis for
individuals and groups

• Collaborative visual content annotation and ground
truth generation using analysis tools

• User profile modeling in social network environments
and personalized visual search

• Visual content analysis employing social interaction
and community behavior models

• Using folksonomies, tagging, and social navigation for
visual analysis

Authors should follow the EURASIP Journal on Im-
age and Video Processing manuscript format described
at http://www.hindawi.com/journals/ivp/. Prospective au-
thors should submit an electronic copy of their complete
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After many years of exciting research, the field of multimedia
information retrieval (MIR) has become mature enough to
enter a new development phase—the phase in which MIR
technology is made ready to get adopted in practical so-
lutions and realistic application scenarios. High users’ ex-
pectations in such scenarios require high dependability of
MIR systems. For example, in view of the paradigm “get-
ting the content I like, anytime and anyplace” the service
of consumer-oriented MIR solutions (e.g., a PVR, mobile
video, music retrieval, web search) will need to be at least
as dependable as turning a TV set on and off. Dependability
plays even a more critical role in automated surveillance so-
lutions relying on MIR technology to analyze recorded scenes
and events and alert the authorities when necessary.

This special issue addresses the dependability of those crit-
ical parts of MIR systems dealing with semantic inference.
Semantic inference stands for the theories and algorithms de-
signed to relate multimedia data to semantic-level descrip-
tors to allow content-based search, retrieval, and manage-
ment of data. An increase in semantic inference dependabil-
ity could be achieved in several ways. For instance, better
understanding of the processes underlying semantic concept
detection could help forecast, prevent, or correct possible se-
mantic inference errors. Furthermore, the theory of using re-
dundancy for building reliable structures from less reliable
components could be applied to integrate “isolated” seman-
tic inference algorithms into a network characterized by dis-
tributed and collaborative intelligence (e.g., a social/P2P net-
work) and let them benefit from the processes taking place in
such a network (e.g., tagging, collaborative filtering).

The goal of this special issue is to gather high-quality and
original contributions that reach beyond conventional ideas
and approaches and make substantial steps towards depend-
able, practically deployable semantic inference theories and
algorithms.

Topics of interest include (but are not limited to):

• Theory and algorithms of robust, generic, and scalable
semantic inference

• Self-learning and interactive learning for online adapt-
able semantic inference

• Exploration of applicability scope and theoretical per-
formance limits of semantic inference algorithms

• Modeling of system confidence in its semantic infer-
ence performance

• Evaluation of semantic inference dependability using
standard dependability criteria

• Matching user/context requirements to dependability
criteria (e.g., mobile user, user at home, etc.)

• Modeling synergies between different semantic in-
ference mechanisms (e.g., content analysis, indexing
through user interaction, collaborative filtering)

• Synergetic integration of content analysis, user ac-
tions (e.g., tagging, interaction with content) and
user/device collaboration (e.g., in social/P2P net-
works)
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