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Abstract—Diversity can be used to combat multipath fading
and improve the performance of wireless multimedia commu-
nication systems. In this work, by considering transmission of
an embedded bitstream over an orthogonal frequency division
multiplexing (OFDM) system in a slowly varying Rayleigh faded
environment, we develop a cross-layer diversity technique which
takes advantage of both multiple description coding and frequency
diversity techniques. More specifically, assuming a frequency-se-
lective channel, we study the packet loss behavior of an OFDM
system and construct multiple independent descriptions using an
FEC-based strategy. We provide some analysis of this cross-layer
approach and demonstrate its superior performance using the set
partitioning in hierarchical trees image coder.

Index Terms—Cross-layer design, diversity, frequency diversity,
multimedia communications, multiple description coding, orthog-
onal frequency division multiplexing (OFDM), progressive trans-
mission, wireless video.

I. INTRODUCTION

D IVERSITY is an important means to improve the per-
formance of mobile wireless systems over fading chan-

nels. The opportunity for diversity gain of a communication
system arises whenever there are multiple channels over which
the fading is not highly correlated. The opportunity can be ex-
ploited by channel coding across these parallel fading com-
ponents at the physical layer. Commonly used physical layer
techniques include temporal, spatial, and frequency diversity.
In temporal diversity, channel coding plus interleaving is used
in the time domain to transmit the signal. For the technique to
be effective, the time frame has to be greater than the coher-
ence time (time-selective channel). Frequency diversity can be
achieved by adding redundancy across multiple RF carriers in
a frequency-selective channel. In spatial diversity, multiple an-
tennas with spacing greater than the coherence distance are used
to transmit and receive multiple replicas of the signal.

Since physical layer diversity gain is achieved by introducing
redundancy across the independent parallel components, if all
the parallel components are used for transmitting independent
information bits, the opportunity for diversity gain is not being
exploited [1]. However, through source coding techniques,
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specifically, multiple description coding, it is possible for a
source coder at the application layer to take advantage of the
parallel independent components provided. Analogous to the
physical layer diversity techniques offered by channel coding,
this has sometimes been referred to as application layer diver-
sity [2] or source-based diversity [3].

Earlier studies of multiple description source coding concen-
trated on the fundamental information-theoretic bounds for spe-
cific input source models [4]–[6]. Recently, largely driven by
the explosive demand for multimedia services over both wired
and wireless networks, practical implementation of multiple de-
scription source coding has received a lot of attention (see [7] for
a review). A multiple description source coder generates mul-
tiple bitstreams (descriptions) of the source such that each de-
scription individually describes the source with a certain level
of fidelity. The multiple bitstreams are transmitted over the net-
work, and the correctly received descriptions are then individu-
ally decoded and synergistically combined to enhance the end-
user received quality. Due to the individually decodable nature
of the multiple descriptions, the loss of some of the descriptions
will not jeopardize the decoding of correctly received descrip-
tions, while the fidelity of the received information improves as
the number of received descriptions increases.

In order to achieve the best performance, multiple description
coding generally requires the existence of multiple independent
channels. Consider a simple example regarding the transmission
of two individually decodable descriptions. If both descriptions
are transmitted in highly correlated channels, then in most of
the cases, the two descriptions would either be both lost or both
received. Hence, relatively little advantage can be achieved by
using multiple description coding and making each description
individually decodable. Despite the importance of this funda-
mental concept, the construction of multiple descriptions is usu-
ally considered as a pure source coding technique in which the
existence of multiple independent channels, or equivalently the
order of diversity, is either presumed [3], [8]–[10] or neglected
[11], [12]. While the assumption of the existence of multiple in-
dependent channels is usually questionable, the lack of consid-
eration of the order of diversity available may sometimes lead
to unnecessarily tight constraints on the construction of mul-
tiple description coders. As stated previously, the construction
of a multiple description coder usually involves having each de-
scription individually decodable such that when only one of the
descriptions is available, a very low level of fidelity can still
be achieved. However, if the number of independent channels
is large, the probability of the simultaneous failure of all but
one of them will be very small. Hence, the unnecessarily tight
constraint that each description be individually decodable may
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eventually lead to inefficient overall system design. More im-
portantly, the construction of multiple descriptions usually in-
volves adding redundancy at the source coder. Typically, the
composite quality using multiple description coding is less than
that achievable with a single description at the same source
coding rate [3], [10], [11].

In fact, the necessity for the consideration of the order of
diversity for the transmission of multiple descriptions has
gradually been realized by some researchers when studying
the transmission of multiple descriptions over wired networks.
Hence, multiple independent paths are created at the network
layer through routing for the transmission of individually
decodable descriptions. This method is generally referred to as
path diversity [13], [14]. In wireless communications, the term
“path diversity” traditionally means the reception of multiple
replicas of the same signal due to the multiple resolvable paths
in the wireless environment [15]. However, the term “path
diversity” in [13], [14] refers to the transmission of the multiple
descriptions over separate routing paths. The use of separate
routing paths at the network layer was shown to be able to
improve the effectiveness of multiple description coding over
the wired networks due to more desirable packet loss charac-
teristics [13], [14].

In wireless communication systems, unlike wired networks,
multiple independent channels may sometimes exist at the phys-
ical layer due to the effect of multipath fading. Unfortunately,
this is usually neglected in the transmission schemes employing
multiple description coding. For example, the transmission of
multiple descriptions is considered in a single-carrier mobile
wireless system in [16] and in a MIMO-OFDM system in [17].
In particular, both works considered employing the FEC-based
multiple description coding proposed in [11], [18], [19]. How-
ever, neither [16] nor [17] took into consideration the order of
diversity at the physical layer and the use of physical layer di-
versity techniques.

On the other hand, while the importance of multiple indepen-
dent components for employing physical diversity techniques
is well-studied and understood in wireless communications, the
employing of channel coding across multiple independently
faded components generally requires a reduction in information
rate. In other words, a higher diversity gain is typically achieved
at the expense of a reduced information rate. Although the bit
error rate of a wireless communication system is generally a
strictly decreasing function of the order of diversity, the gain
diminishes with increasing order of diversity [15]. Hence,
even though bit error performance can be improved due to
higher diversity gain by employing lower channel coding
rates, the overall system performance may be degraded due to
the reduction in source coding rate. Hence, for better system
performance, the information rate and diversity gain tradeoff
becomes an important issue and requires detailed investigation.

Inspired by a recent paper [2] in which the relative effective-
ness of application layer diversity techniques and physical layer
diversity techniques are compared, we argue that the concept
of channel coding across multiple independent components and
the use of multiple description coding can sometimes be seam-
lessly combined to achieve a better system performance. In par-
ticular, by considering transmission of a progressive bitstream

using an orthogonal frequency division multiplexing (OFDM)1

system, we develop a cross-layer diversity technique taking ad-
vantage of both the application layer and the physical layer di-
versities. More specifically, based on the order of diversity, we
combine the concept of channel coding across independently
faded components with the construction of multiple indepen-
dent descriptions using an FEC-based strategy [11], [18], [19].
As will be demonstrated subsequently, the proposed approach
not only gives an improved overall system design, but also pro-
vides better insight into the relative effectiveness of transmis-
sion schemes using multiple description coding. We provide an
analysis of this cross-layer technique and demonstrate the supe-
rior performance of this approach using the set partitioning in
hierarchical trees (SPIHT) [20] image coder. In this paper, each
description is a single packet, so we shall use the terms “descrip-
tion” and “packet” interchangeably throughout the paper.

Some earlier works on multimedia transmission over OFDM
networks include Ho and Kahn [21], who studied multimedia
transmission over asymmetric digital subscriber lines (ADSL)
using a water-filling based technique. However, water-filling
based techniques generally result in a large overhead for channel
state information (CSI) feedback (as they require feedback of
the entire multipath intensity profile) making them most suit-
able for slowly varying channels. Hence, FEC-based approaches
using channel coding across subcarriers are common alterna-
tives in mobile wireless environments [22]. Song and Liu [23]
considered progressive image transmission over OFDM sys-
tems with multiple antennas using space time block codes. The
authors assumed all subcarriers to be independently fading and
proposed a joint source-channel rate allocation scheme based
on the average signal-to-noise ratio of the wireless channel.
Video transmission over space-time coded OFDM systems was
also discussed in [17] and [24]. In [25], Xu et al. studied the
optimal bit allocation method for transmission of an MPEG-4
compressed video stream. Also, Cherriman et al. investigated
video telephony over an OFDM system employing turbo coding
and adaptive modulation [26].

The remainder of this paper is organized as follows: In
Section II, we describe some technical preliminaries, including
some basics of OFDM systems and FEC-based multiple
description coding. In Section III, we give a description of
the channel model. In Section IV, we describe the proposed
cross-layer diversity approach and discuss some of the asso-
ciated tradeoff issues. In Section V, we study the packet loss
probability mass function for an OFDM system used over a
frequency-selective fading channel. In Section VI, we provide
some simulation results and discussion. Finally, Section VII
gives a summary and conclusions.

II. PRELIMINARIES

A. Orthogonal Frequency Division Multiplexing (OFDM)

Fig. 1 shows the baseband model of a typical OFDM system.
The basic principle of OFDM is to split a high-rate data stream
into a number of lower rate streams that are transmitted over

1The acronym OFDM here refers to coded OFDM systems.
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Fig. 1. Baseband OFDM system.

overlapped but orthogonal subcarriers. Since the symbol dura-
tion increases for the lower rate parallel subcarriers, the relative
amount of dispersion in time caused by multipath delay spread
is decreased. By inserting a guard interval between successive
symbols, the problem of intersymbol interference (ISI) can then
be reduced. In practice, this means that symbols are transmitted
in parallel over a number of frequency-nonselective (flat-fading)
channels. To maintain the orthogonality of the subcarriers and
avoid intercarrier interference (ICI), a cyclic extension (cyclic
prefix) is appended to the beginning of the OFDM symbols. The
cyclic prefix is removed at the receiver.

In general, the baseband form of the transmitted signal can be
written as

(1)

where is the symbol duration including the guard time
is the total number of subcarriers, is the th

constellation point for the th symbol on the th subcarrier,
and

if
otherwise

(2)

Due to the frequency-selectivity of the multiple parallel chan-
nels, frequency diversity can be exploited by adding redundancy
across the subcarriers to combat channel errors due to multipath
fading. This can be achieved, for example, by sending signals
that carry the same information through different channels so
that multiple independently faded replicas of the information
symbol can be obtained and a more reliable reception can be
achieved. However, in essence, this comes at the expense of a re-
duced information rate. On the other hand, by transmitting inde-
pendent data streams in parallel through the independent spec-
tral channels, the information rate can be increased at a price
of sacrificing frequency diversity. Hence, there is a tradeoff be-
tween the information rate and the diversity gain, which is es-
sentially a tradeoff between the error probability and the data
rate of the system. Generally, the maximum achievable diversity
gain of an OFDM system is proportional to the number of in-
dependently fading channels, . Note that corresponds
to a flat-fading environment, while corresponds to a

Fig. 2. Illustration of the FEC-based multiple description coding technique
for an embedded bitstream with n = 4 descriptions. (a) An embedded
description from the source coder partitioned into five quality levels of Rate
R and distortion D(R ) = D ; g = 0; 1; . . . ; 4. (b) N = 4 independent
and equally important descriptions.

frequency-selective environment. For a flat-fading environment,
frequency diversity techniques such as channel coding across
the subcarriers are ineffective.

B. FEC-Based Multiple Description Coding

We first provide a brief overview of the FEC-based multiple
description coding [11], [18], [27] in which maximum distance
separable (MDS) erasure codes are used to construct
multiple independent bitstreams under a joint source-channel
coding framework. An erasure code with minimum dis-
tance refers to a construction where information symbols
belonging to a finite field are encoded into channel symbols
(belonging to the same finite field) such that the reception of
any of the channel symbols allows the original

information symbols to be recovered. Channel codes with
are referred to as MDS codes. This implies that

the information symbols can be recovered if any channel
symbols are correctly received. The class of Reed–Solomon
(RS) codes is a popular class of codes possessing this property.
Based on this property, Mohr et al. [11] presented an unequal
loss protection framework in which unequal amounts of RS
parity symbols are applied to embedded descriptions, and
showed that the approach can provide a graceful degradation
of delivered image quality as packet losses increase. Later, Puri
et al. [19] presented a sub-optimal algorithm using Lagrangian
optimization principles for the FEC-based multiple description
coding. Both papers considered using this approach for multi-
media delivery over the Internet. Pradhan et al. [28] provided
some information-theoretic studies for a Gaussian source.

Fig. 2(a) shows a typical embedded bitstream, in which the
source can be reconstructed progressively from the prefixes of
the bitstream, while an error generally renders the subsequent
bits useless. In Fig. 2(b), we illustrate the general mechanism for
converting an embedded bitstream from a source encoder into
multiple descriptions in which contiguous information symbols
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Fig. 3. Subcarrier spectrum assignment.

are spread across the multiple descriptions. The information
symbols are protected against channel errors using systematic

MDS codes, with the level of protection depending
on the relative importance of the information symbols. Gener-
ally, an MDS erasure code can correct up to era-
sures. Hence, if any out of descriptions are received, those
codewords with minimum distance can be
decoded. As a result, decoding is guaranteed at least up to distor-
tion where refers to the distortion achieved with

information symbols. For example, in Fig. 2(b), we show
the construction of a (4, 1) systematic MDS code (codeword 1)
in which erasure of any three descriptions still allows us to re-
construct information symbol 1 and achieve a delivered quality
equal to . Note that when the source is encoded in a pro-
gressive way, using the conventional systematic MDS codes, it
is sometimes possible to achieve a fidelity higher than
based on the reception of descriptions. Thus, the distortion
measure based on the number of correctly received descriptions
essentially represents a lower performance bound on the recep-
tion of any descriptions. However, the extra fidelity gain as-
sociated with the transmission using an embedded bitstream re-
quires simultaneous successful reception of a small number of
particular combinations, rather than any arbitrary combination,
of the received descriptions. If the number of descriptions is
large, the probability of a particular combination becomes rela-
tively small. As a result, the lower bound gives a good approx-
imation to the overall system performance. Therefore, in this
work, we shall use this approach to evaluate the overall system
performance.

III. CHANNEL MODEL

Consider an OFDM system with spectrum assignment shown
in Fig. 3. As illustrated in the figure, we assume a frequency-se-
lective environment, with overall system bandwidth such
that we can define independent channels. Each of the in-
dependent channels consists of correlated subcarriers span-
ning a total bandwidth approximately equal to coherence band-
width, . As a result, the total number of subcarriers in the
OFDM system considered here is equal to . Since

is greater than or equal to the signal bandwidth of an in-
dividual subcarrier, each subcarrier is assumed to experience
flat-fading. In the time domain, we assume the channel experi-
ences slow Rayleigh fading (i.e., the channel symbol duration is
much smaller than the coherence time) such that the fading co-
efficients are nearly constant over a packet. Since the Doppler

spread and delay spread for each subcarrier are approximately
the same, we can further assume that the individual channels
are independent and identically distributed (i.i.d.).

Let be the th input modulated symbol of a descrip-
tion at the th subcarrier in the th channel. Let the block length
of a description be denoted as , in terms of the number of mod-
ulated symbols. At the receiver end, the output signal
can be expressed as

(3)

where is a zero-mean complex Gaussian random vari-
able with independent in-phase and quadrature-phase compo-
nents and identical variance . We also assume that
is independent for different ’s, ’s and ’s. Due to the highly
correlated nature of the subcarriers within a channel, we have

(4)

where is a zero-mean complex valued Gaussian random vari-
able with Rayleigh-distributed envelope. This corresponds to
the widely used block fading approximation in the frequency do-
main [29]–[32]. This model is widely used to study the behavior
of mobile wireless communication systems due to its simplicity
and its ability to provide a good approximation to actual phys-
ical channels.

IV. CROSS-LAYER DIVERSITY TECHNIQUE

AND SOME TRADEOFF ISSUES

A. System Description and Problem Formulation

In this section, we describe the proposed coding scheme
using the adaptive cross-layer approach combining application
layer and physical layer diversity techniques. In order to il-
lustrate the basic ideas, we only consider frequency diversity
techniques achieved by coding across the subcarriers using the
class of MDS Reed-Solomon (RS) codes, without considering
time diversity or space diversity techniques. Generally, due to
the bursty nature of the errors associated with a slow-fading
environment [33] (as considered in this paper), time diversity
techniques using channel coding plus intra-packet interleaving
become less effective [34].

As illustrated in Fig. 4, based on the total number of subcar-
riers of an OFDM system, an embedded bitstream is first
converted into approximately equally important
descriptions using the FEC-based multiple description coder
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Fig. 4. Proposed cross-layer diversity coding scheme.

[11], [18], [19], where is the total number of independent
channels and is the number of correlated subcarriers. As
discussed in the last paragraph in Section II-B, the descrip-
tions are not exactly equally important, but by treating them
as such, we will get a tight lower bound on the overall system
performance. The multiple description image/video encoder
chooses unequal error protection using the RS codes based on
the rate-distortion curve of the source, the channel conditions,
and the degree of diversity available at the physical layer. In this
work, each code symbol consists of 8 bits or, equivalently, four
QPSK symbols. Two bytes of a cyclic redundancy check (CRC)
code are appended to each description for error detection. The

independent descriptions are then mapped to the
subcarriers and transmitted through the OFDM system. Due

to the individually decodable nature of multiple description
coding techniques, if any of the subcarriers/channels are under
deep fades and lost, the source can still be recovered from other
correctly received subcarriers with a fidelity depending on the
number of correctly received descriptions.

Following the standard formulation of the FEC-based mul-
tiple description coding [11], [19], [35]–[37], the optimization
problem can be described as follows. Given i.i.d. channels,
each with subcarriers and packet size equal to code sym-
bols,2 we assume that for codeword code symbols are as-
signed to information symbols. Hence, the number of parity
symbols assigned to codeword is

(5)

2Since each code symbol contains 4 modulated symbols, the packet size in
terms of modulated symbols is V = 4� L.

Fig. 5. Block diagram for the proposed OFDM system.

Let be the minimum number of descriptions that a de-
coder needs to reconstruct the source and be the number of cor-
rectly received packets. The reception of any number of packets

leads to improving image/video quality where
is the information rate, in terms of the number of MDS

symbols

(6)

Hence, the overall channel coding rate equals
, where is the bit budget, in terms of

the number of MDS symbols, for CRC codes. Given the oper-
ational rate-distortion curve and the packet loss prob-
ability mass function , where is the number of lost
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Fig. 6. Tradeoff issues associated with the cross-layer diversity technique. (a) Parity level and (b) degree of unequal error protection.

packets such that , we can then minimize the ex-
pected distortion

(7)

where corresponds to the distortion when less than de-
scriptions are received and so the decoder must reconstruct the
source without being able to use any of the transmitted infor-
mation. For a still image, this typically means reconstructing
the entire image at the mean pixel value.

Fig. 5 shows the block diagram for the proposed OFDM
system using the cross-layer diversity transmission scheme. It
should be noted that while the rate-distortion function
is readily available at the transmitter, only the receiver has the
knowledge of and . Nevertheless, we assume that
the information can be passed from the receiver to the trans-
mitter through a reliable feedback channel. The transmitter uses

together with these three parameters to compute the
values. We also assume that the side information regarding
can be transmitted reliably to the receiver.

Different algorithms can be used to find the allocation of
parity symbols for the optimization problem. A local iterative
search algorithm was introduced in [11] by Mohr et al. with
the quality of the solution depending on a search parameter
in which different possible assignments were examined
in each iteration. Hence, the running time is per itera-
tion. In [38], Mohr et al. proposed a faster, approximately op-
timal, assignment algorithm with complexity ,
where is the number of vertices on the convex hull of the
operational rate-distortion function. Puri et al. [27] provided a
Lagrangian multiplier-based suboptimal solution. The running
time of the Lagrangian optimizer is per Lagrangian mul-
tiplier tested. In [37], Stockhammer et al. presented an optimal
solution with complexity using a dynamic program-
ming algorithm, provided the operational rate-distortion func-
tion is convex and the packet loss probability is a monotonically

decreasing function of the number of lost packets. Dumitrescu
et al. [36] gave an algorithm that is optimal in the
general case. However, they showed that the optimization algo-
rithm can be reduced to , provided that the operational
rate-distortion function is convex. A simpler local search algo-
rithm with complexity was presented in [35]. The algo-
rithm supports realtime optimization and produces good results
in general. For the cases of approximately 100–200 packets,
all of the above approaches give approximately the same re-
sults [35]. In this paper, we are interested in the construction
of FEC-based multiple description coding taking into consider-
ation the order of diversity at the physical layer. Therefore, we
use the approach proposed in [11] due to its simplicity. We set

for a full search.

B. Some Tradeoff Issues

As we have mentioned previously, for an OFDM system em-
ploying frequency diversity techniques, there is a tradeoff be-
tween the information rate and the diversity gain. In essence,
this is the tradeoff between the error probability and the data rate
of the system. As illustrated in Fig. 6(a), the symbols above the
boundary (dashed line) are the information symbols, while those
symbols below the boundary are parity symbols. Hence, the
boundary corresponds to the level of parity used. By moving the
boundary upwards, more redundancy is added across the sub-
carriers. As a result, a higher diversity gain, and hence smaller
error probability, is achieved at a reduced information rate. This
tradeoff is particularly important for certain image/video trans-
mission methods, as the output bitstream after compression may
be extremely sensitive to channel errors and sometimes a single
bit error may render the entire source unrecoverable.

In addition to the tradeoff between the information rate and
diversity gain, the degree of unequal error protection (UEP) is
another important issue associated with multimedia transmis-
sion over the OFDM system. Generally, as the compressed bit-
stream from an image/video encoder has different sensitivities
toward channel errors, it is expected that the overall system
performance can be significantly improved by employing UEP
techniques. In particular, by adding additional redundancy to the
more important bits and less redundancy to the less important
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Fig. 7. Packet loss probability mass function (PMF) P (m) for a single channel with different coherence bandwidths and hence different numbers of correlated
subcarriers, M . (a) M = 4; SNR = 16:0 dB. (b) M = 32;SNR = 16:0 dB.

bits, subject to a constraint on the overall bit budget, the perfor-
mance of the system can be greatly enhanced. For the system
considered here, since the relative importance of an embedded
bitstream is strictly decreasing, this results in a tilted boundary
across the subcarriers, as illustrated in Fig. 6(b), which corre-
sponds to a decreasing level of parity protection for the code-
words on the right. The gradient of the boundary indicates the
degree of UEP required for optimal performance. A horizontal
boundary represents an equal error protection (EEP) strategy.

It should be noted that, for an EEP transmission scheme, we
can also optimize the number of parity symbols by raising or
lowering the horizontal parity boundary based on the degree of
diversity at the physical layer. We refer to this as adaptive EEP.
Regardless of what level one picks, however, the EEP transmis-
sion schemes can be considered to correspond to the transmis-
sion of a single description over an OFDM system. If
MDS erasure codes are used, the reception of any out
of packets allows the decoder to reconstruct the source at the
same particular distortion level , while the reception of
packets renders the entire source unrecoverable (distortion ).
As there is only one possible distortion level that can be achieved
(other than the zero-information quality level ), we do not
consider this as multiple description coding. Hence, our study
of the EEP transmission is useful from two points of view. First
of all, it is of interest to optimally trade off diversity gain and in-
formation rate by choosing the level of EEP coding. Secondly,
our UEP approach is a cross-layer diversity scheme in which
both the physical layer diversity and application level diversity
(multiple description coding) are being jointly exploited. The
EEP system serves as a comparison system in which the phys-
ical layer diversity is still being exploited, but the application
layer diversity has been removed.

V. PACKET LOSS PROBABILITY MASS FUNCTION

As indicated in (7), the optimal allocation of the and
, and hence the delivered image/video quality, depends on

the packet loss probability mass function (PMF) , where
is the number of packets lost. Although the PMF

can be found analytically for uncorrelated fading channels, due
to the correlated fading in both the time and frequency domains
of the wireless environment considered here [39], we use simu-
lation to find the packet loss PMF. Specifically, we use the mod-
ified Jakes’ model which has been shown to yield accurate re-
sults for Rayleigh fading channels [40] to simulate the fading
coefficient in (3). We assume ideal coherent detection
in our simulations. In Fig. 7(a), we show the packet loss PMF

for a single channel in which the co-
herence bandwidth spans a bandwidth equal to
correlated subcarriers. The size of the packet is equal to
256 QPSK symbols (i.e., 512 bits). The normalized Doppler
spread (i.e., the Doppler spread normalized by the channel
symbol rate) is set to be , and the signal-to-noise ratio
(SNR) is set to 16.0 dB. As shown in the figure, for a single
channel, the packets are likely to be either all correctly received

or corrupted simultaneously . The results
can briefly be explained by considering the 2-state Gilbert-Elliot
channel model, which was shown to be accurate for data trans-
mission over fading channels for a broad range of parameters
[33]. In the good state, the fading coefficients are en-
hanced by constructive addition. Therefore, all the packets are
likely to be correctly received. In the bad state, the correlated
carriers suffer deep fades at the same time. Hence, the packets
are likely to be corrupted simultaneously. Similarly, in Fig. 7(b),
we show the packet loss PMF for a single channel with .
As expected, we have or being the most prob-
able events. We provide a more detailed analysis in Appendix A.

To obtain a better understanding of the effects of the coher-
ence bandwidth and the order of diversity on the system per-
formance, we show some simulation results on using
the block fading channel model. It should be noted that the
block fading channel model is a simplified model. In reality, the
channel responses may fluctuate across the subcarriers in a more
random manner. Nevertheless, the model has been shown to
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Fig. 8. Packet loss PMF for the OFDM system (N = 128) with different coherence bandwidths and hence different numbers of independent channels N and
correlated carriers M . (a) N = 128;M = 1. (b) N = 32;M = 4. (c) N = 4;M = 32. (d) N = 1;M = 128.

provide a good approximation to the physical channel, while
simultaneously maintaining its analytic tractability [29]–[32].
Here, we consider an OFDM system with .
Again, we have , and the packet size
QPSK symbols. The SNR is set equal to 20.0 dB. In Fig. 8, we
illustrate the effects of and on the packet loss PMF .
Note that, except for the coherence bandwidth , all the
other parameters used in the simulations are the same. Thus, the
average packet loss probabilities are the same in all the cases
considered. Fig. 8(a)–8(d) shows for the systems with

, and , respectively.
Due to the effect of correlated fading across the subcarriers,
the PMF shows local maxima at integral multiples of when
the number of independent channels is relatively small. For ex-
ample, in Fig. 8(c), we show a system with and .
As can be seen, is relatively high at ,
and . In the extreme case, as presented in Fig. 8(d), we have

and , which represents a flat-fading environ-
ment. In such a circumstance, it is likely that either all of the 128
subcarriers are received correctly or lost simultaneously. It can

also be noticed that the variance of the number of packet losses,
, decreases as increases. In particular, the packet loss PMF

for the system with [Fig. 8(a)], having the
largest number of independent channels, has the smallest vari-
ance. Further discussion can be found in Appendix B. We thus
see that the physical layer diversity has a tremendous impact on
the PMF . Hence, any efficient coding schemes should
take it into consideration for better system performance.

VI. RESULTS AND DISCUSSION

We carried out simulations on the 512 512 gray-scale im-
ages Lena, Peppers, and Goldhill. Similar results were obtained
for all three. Hence, in this paper, we only present the results
using the Lena image. The image was encoded using the SPIHT
[20] algorithm to produce an embedded bitstream. The serial
bitstream was converted to 128 parallel bitstreams using the
FEC-based multiple description encoder. The 128 descriptions
were mapped to the OFDM system with 128 subcarriers. We
used RS codes for error protection, and there were 8 bits per RS
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Fig. 9. Optimized PSNR versus Number of independent channels (N) for the
adaptive cross-layer OFDM system employing EEP techniques under different
SNRs.

symbol. The packet size was set equal to 512 bits, corresponding
to 64 RS symbols.

In Fig. 9, we illustrate the importance of the information rate
and diversity gain tradeoff. In particular, we show the optimal
peak-signal-to-noise ratio (PSNR)3 performance versus the
number of independent channels, , employing the adaptive
EEP techniques. The performance is optimized by raising
or lowering the parity line based on . We show the results
for 16.0, 20.0, 24.0, and 28.0 dB, corresponding
to average packet loss rate 36%, 21%, 11%, and
6%, respectively. As expected, for a fixed total number of
subcarriers , as increases, there is a significant
improvement in overall system performance measured in terms
of PSNR, even though the average PLRs are the same. Note
that the PSNR increases monotonically as increases. Note
also the relatively poor performance for the frequency diversity
technique in a flat-fading environment . In Fig. 9
we also plot the PSNR performance for systems without em-
ploying the adaptive strategy. In particular, we fix the coding
levels at and (corresponding
to overall channel coding rates and ),
respectively, without taking into consideration the number of
independent channels available at the physical layer. It can be
noticed that the PSNR performances of both systems improve
as the number of independent channels increases due to higher
diversity gains. However, the rate of improvement diminishes
quickly. As shown in the figure, only marginal improvement
can be achieved beyond for , while no further
practical gain can obtained for beyond . For the
purpose of comparison, in the figure, we also include a plot of
the PSNR performance for error-free channel conditions.

In Fig. 10, we show the optimal PSNR versus the number of
independent channels for the adaptive cross-layer diversity ap-
proach employing UEP techniques for different SNRs. Again,
we show the results for 16.0, 20.0, 24.0, and 28.0 dB,
corresponding to average 36%, 21%, 11%, and 6%,
respectively. For a fixed number of total subcarriers ,

3PSNR 10 log :

Fig. 10. Optimized PSNR versus Number of independent channels (N) for the
adaptive cross-layer OFDM system employing UEP techniques under different
SNRs.

Fig. 11. Difference in optimized PSNR performance between unequal error
protection (UEP) and equal error protection (EEP) versus the number of
independent channels N .

the overall system performance measured in terms of PSNR im-
proves monotonically as the number of independent channels
increases. For comparison, we also include plots of the PSNR
performance for error free channel conditions, as well as for the
systems using fixed parity levels with and . Ob-
serve, in particular, the optimized UEP schemes generally give
a larger performance gain than the optimized EEP schemes.

In Fig. 11, we show the difference in the PSNR performance
between the optimized UEP and optimized EEP strategies
versus . As can be seen, there is a significant improve-
ment in the PSNR performance by employing the optimized
UEP technique, in particular, when is small. Generally,
a larger performance gain is achieved at the lower SNRs,
corresponding to poorer channel conditions. Note that the
advantage of the optimized UEP strategy relative to EEP
diminishes with increasing . As discussed previously, the
variance of packet losses, , decreases with increasing , thus
reducing the need and hence the relative advantages of the
UEP techniques. Nevertheless, in some OFDM systems, the
number of independent channels might be limited. Hence,
there is a significant advantage in employing our proposed
cross-layer diversity and UEP techniques. In Fig. 12, we show
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Fig. 12. Profiles showing the optimal allocation of source and channel symbols
for systems with different numbers of independent channels N .

TABLE I
STATISTICS FOR THE OPTIMUM PARITY LEVEL f FOR SNR = 20:0 dB

the optimal allocation of the information symbols and parity
symbols for dB, with average PLR approximately
equal to 21%. In particular, we present the boundaries, given
by in (5), for systems with different , and hence different
potential diversity gains. The symbols above the boundaries
are the information symbols, while those below the boundaries
are the RS parity symbols. As can be seen, since the relative
importance of an embedded bitstream is strictly decreasing,
less redundancy is added across the subcarriers as we move
to the right. Further analysis of the boundaries is provided in
Table I, where we show the mean and standard deviation of .
Generally, as increases, the average parity level decreases.
(There is an exception for , mainly due
to the ineffectiveness of frequency diversity techniques in a
flat-fading channel.) This indicates that as increases, less
redundancy needs to be added across the subcarriers for optimal
system performance.

Moreover, the degree of UEP, represented by the tilt of the
boundary, also increases as decreases. To provide a specific
comparison, consider the cases when and .
The numbers of correlated subcarriers per channel are
and , respectively. For , the standard deviation
of equals 2.64 and the number of parity symbols ranges from

for the most important information symbol to
for the least important information symbol. For , the

standard deviation of is 25.32 and the number of parity sym-
bols ranges from for the most important informa-
tion symbol to for the least important information
symbol. As indicated in the plots and discussions for the packet
loss PMF, , in the previous section, as increases, the
variance of the number of packet losses, , decreases and thus re-
duces the degree of UEP. It can also be noticed that the boundary
exhibits a stepwise behavior when is small. This is mainly
due to the highly correlated fading within a channel, which re-
sults in the loss of correlated subcarriers simultaneously when
a channel is under a deep fade. For example, consider the case
when . The corresponding packet loss PMF

is shown in Fig. 8(c), and exhibits local maxima at inte-
gral multiples of , i.e., . From the plot
of the boundary in Fig. 12 for , we notice that the most
important information symbols are protected against
with . The relatively less important information sym-
bols are protected against and , with and

, respectively.
Generally, frequency diversity techniques that add redun-

dancy across spectral subcarriers are ineffective in flat-fading
channels . This is because it is highly probable that
all the subcarriers are either correctly received or corrupted
at the same time, as seen previously in Fig. 8(d). This is also
indicated by the relatively poor performance in terms of PSNR
for the system, as shown in the subsequent plots. As can be
seen from the boundary for in Fig. 12, except for the
relatively strong protection against channel errors for the first
few important symbols, there is very little protection for most
of the subsequent, less important, symbols.

We compare the performance of this cross-layer diversity ap-
proach with the progressive approach proposed in [23]. In [23],
the authors consider the progressive transmission of digitally
compressed images over an OFDM based system. Just as with
the cross-layer approach discussed in this paper, the authors use
SPIHT as the source coder. At the system level, the authors also
consider an OFDM system with 128 subcarriers4 using QPSK
modulation. For channel coding, both approaches consider RS
coding across subcarriers with each RS code symbol consisting
of 4 QPSK symbols.5 However, while both approaches consider
spreading the contiguous information bits across the subcarriers,
and both use 16-bit CRC codes for error detection, the packets
are constructed in a different manner. In particular, in [23], each
packet contains one RS codeword in conjunction with a CRC
outer code. Hence, the progressive scheme is similar to the ap-
proach studied in [41], in which the delivered performance de-
pends on the number of the correctly received packets before the
first erroneous packet. The optimal allocation of RS information
symbols and parity symbols is solved by the dynamic program-
ming approach developed in [41], based on the assumption that
each subchannel is independently faded. Furthermore, the au-
thors of [23] use the expected number of successfully received

4In [23], eight subcarriers are used as guard tones. Here, for the purpose of
comparison, all 128 subcarriers are used for transmission.

5In [23], the 4 QPSK symbols of the same RS code symbol are spread across 4
subcarriers. Hence, for a total of 128 subcarriers, there are 32 RS code symbols
per RS codeword.
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Fig. 13. Optimized PSNR performance for the cross-layer diversity scheme
versus the progressive transmission scheme with different numbers of
independent channels, N .

Fig. 14. Profile showing the optimal allocation of RS information and parity
symbols for the progressive transmission scheme at SNR = 16:0 dB.

information bits as the optimization criterion. Here, for the pur-
pose of comparison, we use the mean-square error as the crite-
rion for the optimization problem, since it gives better results
than maximizing the expected number of successfully received
information bits [41].

In Fig. 13, we show the PSNR performance for the proposed
adaptive cross-layer diversity approach versus the progressive
transmission scheme studied in [23] at SNR of 12.0 and 16.0 dB.
As shown in the figure, the cross-layer diversity approach out-
performs the progressive approach except when the order of di-
versity available at the physical layer is small. Intuitively, as
stated previously, in order to achieve a satisfactory performance,
the use of multiple description coding techniques requires chan-
nels which are not highly correlated. Hence, without the avail-
ability of independent channels at the physical layer, the perfor-
mance of multiple description coding could be unsatisfactory.

As can also be observed from the figure, the systems with
higher order of diversity generally outperform the systems with
lower order of diversity in both approaches, except when the

number of independent channels , which is worse than
expected. This can be explained as follows. In Fig. 14, we show
the optimal assignment of RS information symbols and parity
symbols at dB. As indicated in the figure, the
number of parity symbols for the most important codewords is
24. Hence, the error correcting capability of the RS codewords
is 12. For , the coherence bandwidth spans approximately
64 subcarriers, corresponding to 16 RS code symbols. Hence, if
either one of the two correlated channels is experiencing a deep
fade, the number of erroneous symbols would be approximately
16, which is greater than the error correcting capability of the RS
codewords carrying the most important information. As a con-
sequence, the codewords cannot be corrected in such circum-
stances. Assume is the probability that a channel is in the
good state. For , the probability that the channel is in the
good state is . For , the probability that both channels
are in the good state is , which is smaller than . Hence, the
delivered PSNR performance of is worse than .
For , the coherence bandwidth spans approximately 32
subcarriers, corresponding to 8 RS code symbols. Hence, if one
of the channels is experiencing a deep fade, the most impor-
tant codewords can still be recovered using the particular coding
scheme shown in Fig. 14. In fact, with the same approximation
as shown above, it can be shown that if , the PSNR
performance of will always better be than that of

. Finally, in order to further illustrate the advantages of this
cross-layer diversity technique, in Fig. 15, we plot the cumula-
tive distribution functions (CDF) of the PSNR performance for
systems with different numbers of independent channels, using
both the optimized UEP and the optimized EEP approaches. In
Fig. 15(a)–(d), we show the CDFs for systems with

dB and , re-
spectively. To provide a specific performance comparison, con-
sider, for example, Fig. 15(a). It can be noticed that the opti-
mized UEP approach provides approximately a 2.3 dB gain over
the optimized EEP approach with a probability equal to 0.71.
Although there are regions over which the optimized UEP ap-
proach performs worse than the optimized EEP approach, the
probability of that amount is relatively small (about 0.09). The
UEP technique also enables the source to be reconstructed under
noisier channel conditions than the EEP technique, even though
at a low fidelity. From the figure, it can be noticed that the prob-
ability that the source cannot be recovered is 0.20 when the op-
timized EEP technique is used, while the corresponding proba-
bility is only 0.14 using the UEP approach.

Similar observations can be found in other systems. Consider,
for example, Fig. 15(c), where we illustrate the CDF of a system
with at dB. As can be seen, a
performance gain of about 2.1 dB can be achieved 94% of the
time, while only sacrificing a little performance loss 6% of the
time. As stated previously, generally, a higher performance gain
can be achieved at lower SNRs, as shown in Fig. 11. This is fur-
ther illustrated in Fig. 15(e) and (f). In these figures, we show the
CDFs of the system at dB with
and (2,64), respectively. A 3.1- and a 1.7-dB improvement can
be achieved with probabilities 0.57 and 0.79, respectively.
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Fig. 15. Cumulative distributions of the optimized PSNR performance for the systems employing UEP and EEP techniques, respectively. (a) N = 1;M =

128;SNR = 20:0 dB. (b) N = 2;M = 64;SNR = 20:0 dB. (c) N = 4;M = 32;SNR = 20:0 dB. (d) N = 8;M = 16;SNR = 20:0 dB. (e) N =

1;M = 128;SNR = 16:0 dB. (f) N = 2;M = 64;SNR = 16:0 dB.
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VII. CONCLUSION

We studied an OFDM system supporting multimedia com-
munications. In particular, assuming a slowly varying Rayleigh
fading environment, we investigated the packet loss probability
mass function for an OFDM system with different coherence
bandwidths, and hence different numbers of correlated subcar-
riers. We then proposed a cross-layer diversity transmission
scheme incorporating both physical layer and application layer
diversity. More specifically, based on the frequency selectivity
of the OFDM system, we constructed multiple descriptions em-
ploying an FEC-based approach. We demonstrated the superior
performance of this adaptive cross-layer approach using the
SPIHT image coder. We compared the performance against an
OFDM system that does not use multiple description coding.
Results indicate improvement can be achieved by constructing
multiple independent bitstreams using UEP techniques.

APPENDIX

A. Packet Loss PMF of a Single Channel

In [33], Zorzi et al. show that at the block/packet level, the
binary process which describes the success or failure of packet
transmissions in a fading channel can be well-modeled by a two-
state Markov chain for a broad range of parameters. A two-state
Markov model, which corresponds to a Gilbert–Elliot channel,
characterizes the channel by a “good” state and a “bad”
state. Let denote the event that a packet is correctly received,
and denote the event that an erroneous packet is received. In
the good state, packets are always successfully received

(8)

while in the bad state, packets are always corrupted

(9)

To explain the convexity shown in Fig. 7, instead of assuming
and in the classical 2-state model,

we consider a more general 2-state model

(10)

(11)

for some small finite positive numbers and . Notice that
when both and are zero, the modified model is the same as
the classical model. Let denote the probability that
packets are corrupted for a channel with correlated subcar-
riers. Based on the modified model, we shall show that
is convex if and only if .

Using Bayes’ rule, we have

(12)

where

(13)

and

(14)

Fig. 16. Packet loss PMF plot for a nonselective fading channel consisting of
M correlated subcarriers.

Since and are binomially distributed, we
must have both and monotonic, as illus-
trated in Fig. 16.

Consider the ratio

(15)

For to be strictly decreasing with

(16)

Similarly, by considering the monotonically increasing prop-
erty of , we have

(17)

Hence, is convex with a global minimum as shown if
and only if .

B. Packet Loss PMF for Independent Channels

In this section, we provide a brief explanation for the simula-
tion results presented in Fig. 8. In the figure, we show the joint
PMF of the number of packet losses, , for independent
channels, each consisting of correlated subcarriers. When
is small, exhibits local maxima at integral multiples of

, and the variance of decreases as increases.
Let be the PMF of the packet losses of channel

, where . The joint PMF can be ob-
tained by standard approaches using the characteristic function
for , or through convolution [42]. Alternatively, the joint
PMF can be found by exhausting all possibilities that the sum
of positive integers can equal value . Hence, we have

(18)

Therefore, is determined by the number of combina-
tions for and . As , by the Central Limit
Theorem, approaches a normal distribution, as illustrated
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in Fig. 8. However, for small , due to the limited number of
combinations for is predominately determined by the
PMFs of the individual channels. Since ex-
hibits local maxima at and shows local
maxima at integral multiples of for small , as illustrated in
Fig. 8.
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