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AD VA N C E S I N WIRELESS V I D E O

INTRODUCTION
In an increasing number of applications, video is
transmitted to and from portable wireless devices
such as cellular phones, laptop computers con-
nected to wireless local area networks (WLANs),
and cameras in surveillance and environmental
tracking systems. For example, the dramatic
increase in bandwidth brought by new technolo-
gies, such as the present third-generation (3G)
and emerging fourth-generation (4G) wireless
systems, and the IEEE 802.11 WLAN standards,
is beginning to enable video streaming capability
in personal communications. Although wireless
video communications is highly desirable in
many applications, a major limitation in any
wireless system is the fact that mobile devices
typically depend on a battery with a limited
energy supply. Such a limitation is especially a
concern because of the high energy consumption
rate in encoding and transmitting video bit-
streams. Thus, efficient use of energy becomes
highly important, and sometimes the most criti-
cal part in the deployment of wireless video
applications.

To design an energy-efficient communica-
tions system, the first issue is to understand how

energy is consumed in mobile devices. Generally
speaking, energy in mobile devices is mainly
used for computation, transmission, display, and
driving speakers. Among those, computation
and transmission are the two largest energy con-
sumers. During computation, energy is used to
run the operating system software, and encode
and decode the audio and video signals. During
transmission, energy is used to transmit and
receive the radio frequency (RF) audio and
video signals. It should be acknowledged that
computation has always been a critical concern
in wireless communications. For example, ener-
gy-aware operating systems have been studied
to efficiently manage energy consumption by
adapting the system behavior and workload
based on the available energy, job priority, and
constraints. Computational energy consumption
is especially a concern for video transmission,
because motion estimation and compensation,
forward and inverse discrete cosine transforms
(DCTs), quantization, and other components in
a video encoder all require a significant number
of calculations. Energy consumption in compu-
tation was recently addressed in [1], where a
power rate distortion model is proposed to
study the optimal trade-off between computa-
tion power, transmission rate, and video distor-
tion. Nonetheless, advances in very large-scale
integration (VLSI) design and integrated circuit
(IC) manufacturing technologies have led to ICs
with higher and higher integration densities
using less and less power. According to Moore’s
Law, the number of transistors on an IC dou-
bles every 1.5 yr. As a consequence, the energy
consumed in computation is expected to become
a less significant fraction of the total energy
consumption. Therefore, in this article we con-
centrate primarily on transmission energy, focus-
ing on the problem of how to encode a video
source and send it to the base station in an ener-
gy-efficient way, as shown in Fig. 1. The goal is
to minimize the amount of distortion at the
receiver given a limited amount of transmission
energy, or vice versa, to minimize the energy
consumption while achieving a targeted video
delivery quality.
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ABSTRACT
Transmitting video over wireless channels

from mobile devices has gained increased popu-
larity in a wide range of applications. A major
obstacle in these types of applications is the lim-
ited energy supply in mobile device batteries.
For this reason, efficiently utilizing energy is a
critical issue in designing wireless video commu-
nication systems. This article highlights recent
advances in joint source coding and optimal
energy allocation. We present a general frame-
work that takes into account multiple factors,
including source coding, channel resource alloca-
tion, and error concealment, for the design of
energy-efficient wireless video communication
systems. This framework can take various forms
and be applied to achieve the optimal trade-off
between energy consumption and video delivery
quality during wireless video transmission.

ENERGY-EFFICIENT WIRELESS
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One difference between video transmission
and more traditional data communications is
that video packets are of different importance.
In order to efficiently utilize energy, unequal
error protection (UEP) is usually preferred (e.g.,
it is more efficient to use more power to provide
more protection when transmitting the more
important packets). This requires a “cross-layer”
perspective [2] where the source and network
layers are jointly considered. Specifically, the
lower layers in a protocol stack, which directly
control transmitter power, need to obtain knowl-
edge of the importance level of each video pack-
et from the video encoder, which is located at
the application layer. On the other hand, it can
also be beneficial if the source encoder is aware
of the estimated channel state information (CSI)
passed from the lower layers and which channel
parameters at the lower layers can be controlled,
so it can make smart decisions when selecting
the source coding parameters to achieve the best
video delivery quality. For this reason, joint con-
sideration of video encoding and power control
is a natural way to achieve the highest efficiency
in transmission energy consumption.

In this article we present a general frame-
work for the joint consideration of source coding
and transmission energy consumption in a wire-
less video transmission system. The allocation of
energy affects the quality or level of distortion of
the received video sequence, as well as the
required delay before the sequence may be dis-
played. In addition, it affects the level of inter-
ference in a multiple-user environment. In this
framework we discuss research efforts focused
on balancing energy efficiency with the above
considerations.

The framework presented here is general in
the sense that it can be used in a variety of dif-
ferent applications and network settings. Our
focus is on point-to-point or unicast communica-
tions, although some of these ideas also apply to
multicast scenarios. In addition to these
approaches, there has been significant research
on new video coding paradigms and network
protocols for multimedia communications. Those
approaches may provide additional directions
that can be incorporated into this framework.

WIRELESS VIDEO
COMMUNICATION SYSTEMS

We begin by providing a high-level overview of a
wireless video transmission system, followed by
our general problem formulation.

WIRELESS VIDEO COMMUNICATION SYSTEM
Figure 2 highlights some of the major conceptual
components in a wireless video communication
system. At the sender side, video packets are
first generated by a video encoder, which per-
forms compression by exploiting both temporal
and spatial redundancy. After passing through
the network protocol stack (e.g., RTP/UDP/IP),
transport packets are generated and then trans-
mitted over a wireless channel that is lossy in
nature. Therefore, the video sequence must be
encoded in an error-resilient way that minimizes
the effects of losses on the decoded video quali-

ty. Let S denote the set of source coding parame-
ters that directly control video delivery quality
(e.g., prediction mode and quantization step-
size).

In order to combat channel errors, forward
error correction (FEC) may be applied at the
lower layers such as the link and physical layers.
In addition, at the physical layer, modulation
modes and transmitter power may be able to be
adjusted according to the changing channel con-
ditions. Scheduling the transmission of each
packet may also be an adaptable parameter. In
Fig. 2, the functionality of these lower layer
adaptations is indicated by the “transmitter”
block. Let C represent the set of channel param-
eters that can be controlled at the transmitter.

At the receiver, the demodulated bitstream is
processed by the channel decoder, which per-
forms error detection and/or correction. This
functionality is represented by the “receiver”
block in Fig. 2. Corrupt packets are usually dis-
carded by the receiver, and are therefore consid-
ered lost. In addition, packets that arrive at the
receiver beyond their display deadlines are also
treated as lost. This strict delay constraint is
another important difference between video
communications and many other data transmis-
sion applications. The video decoder then
decompresses video packets and displays the
resulting video frames in real-time (i.e., the

n Figure 1. Video transmission from a mobile user to a base station.
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n Figure 2. Block diagram of wireless video communication systems.
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video is displayed continuously without interrup-
tion). The video decoder typically employs con-
cealment techniques to mitigate the effects of
packet loss.

Recall that our goal is to achieve the best
video delivery while using a minimum amount
of transmission energy. Wireless channels typi-
cally exhibit high variability in throughput,
delay, and packet loss. Providing acceptable
video quality in such an environment is a
demanding task for the video encoder and
decoder, as well as the communication and net-
working infrastructure. In each of these compo-
nents, a number of coding and transmission
parameters may be adapted based on source
content and available CSI. In addition, factors
affecting transmission energy consumption
include the power used for transmitting each
bit, the modulation mode, and channel coding
rate at the link layer or physical layer. In order
to save energy, those parameters should also be
adapted to the video content and the CSI. The
controller block in Fig. 2 indicates the compo-
nent of the video transmission system responsi-
ble for adapting the source coding parameters,
S, and the channel parameters, C, based on
knowledge of the concealment strategy, the
source content and any available CSI. As noted
in the introduction, we focus on cases where
these parameters are jointly adapted in a cross-
layer framework.

GENERAL PROBLEM FORMULATION

We consider techniques that efficiently adapt the
source parameters, S, and channel parameters,
C, in order to minimize the end-to-end distor-
tion while meeting the energy and delay con-
straints. This problem can be formally stated as

(1)

where E0 is the maximum allowable energy con-
sumption, and T0 is the end-to-end delay con-
straint imposed by the application. For streaming
applications, the delay constraint can be mod-
eled by taking into account the dynamics of the
encoder buffer and the playback buffer at the
receiver [3].

The selection of S and C affects the end-to-
end distortion Dtot, the end-to-end delay Ttot,
and the total energy Etot for delivering the video
sequence to the receiver. We use Dtot(S,C),
Etot(S,C), and Ttot(S,C) to explicitly indicate
these dependencies. Distortion is caused by both
source coding artifacts and channel errors, and is
discussed in greater detail. The energy consump-
tion Etot is caused by a variety of channel param-
eters, and is discussed further. The end-to-end
delay Ttot is the time between when a video
frame is captured at the transmitter and when it
is displayed at the receiver. Ttot depends in part
on the number of bits used to encode the
sequence, the transmission rate, and any schedul-
ing decisions made by the transmitter.

To solve the problem in Eq. 1, we need to
characterize how each adaptation component
affects the video delivery quality and transmis-
sion energy. We discuss this in detail later.

SOURCE CODING ADAPTATION
For video coding, the mean squared error (MSE)
and peak signal-to-noise ratio (PSNR) are wide-
ly used in evaluating reconstruction quality,
where PSNR in dB is defined as 10log(2552/
MSE). For video delivery over a lossy channel,
the distortion at the receiver is a random vari-
able from the sender’s point of view. Thus, the
expected end-to-end distortion (averaged over
the probability of loss) is usually used to charac-
terize the received video quality, and guide the
source coding and transmission strategies at the
sender. The expected distortion for the kth pack-
et can be written as

E[Dk] = (1 – ρk) E[DR,k] + (ρk) E[DL,k], (2)

where ρk is the probability of loss for the kth
packet, E[DR,k] is the expected distortion if the
packet is received correctly, and E[DL,k] is the
expected distortion if the packet is lost. E[DR,k]
accounts for the distortion due to source coding
as well as error propagation caused by inter-
frame coding. E[DL,k] accounts for the distortion
due to concealment. The probability of packet
loss depends on the CSI, transmitter power, and
channel coding used, and is addressed later.

In addition to the expected value of the dis-
tortion, Eq. 2, the variance in distortion caused
by random channel errors directly impacts the
received video quality. In order to limit large
variations in quality between different channel
loss realizations, a novel approach called vari-
ance-aware per-pixel optimal resource allocation
(VAPOR) has recently been proposed [4]. This
approach aims to improve the reliability of video
transmission systems by making it more likely
that what the receiver sees closely resembles the
mean end-to-end distortion calculated at the
transmitter. Next, we discuss error-resilient
source coding and error concealment.

ERROR-RESILIENT VIDEO CODING
Here we focus on one of the most widely utilized
video coding techniques, block-based motion
compensated (BMC) video coding (e.g., as
applied in H.263 and MPEG-4). With this
approach, each frame is divided into mac-
roblocks (MBs) that can be either independently
encoded (intracoded) or predictively coded from
a reference MB in a previous frame (intercod-
ed). For intercoding, a motion vector describes
where the reference MB is located in the refer-
ence frame. Temporal prediction offers
increased coding efficiency over intracoding, but
is susceptible to error propagation. Transform
coding, followed by quantization and entropy
coding, completes the BMC coding process.

Error-resilient source coding refers to tech-
niques that add redundancy at the source coding
level to prevent error propagation and limit the
distortion caused by packet losses. Such tech-
niques are usually composed of resynchroniza-
tion marking, data partitioning, and reversible
variable-length coding (RVLC) for wireless
video. In packet-switched networks, they may
include prediction mode selection, scalable cod-
ing, and multiple description coding (MDC). In
addition, packet dependency control has been
recognized as a powerful tool to increase error
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robustness. Common methods for packet depen-
dency control are long-term memory (LTM) pre-
diction for MBs, reference picture selection
(RPS), intra-MB insertion, and video redundan-
cy coding (VRC) [4].

All the above-mentioned components can be
viewed as source coding parameters, S, in Eq. 1.
The selection of S affects the source bit rate (i.e.
the transmission delay) as well as the term
E[DR,k], in Eq. 2. Our focus is on BMC video
coding; furthermore, our attention is on packe-
tized video transmission. More specifically, the
source coding parameters considered here are
the prediction mode (intra or inter) and the
quantization step-size for each MB or packet.

ERROR CONCEALMENT
Error concealment refers to post-processing
techniques employed by the decoder to conceal
lost information by exploiting the spatial and
temporal redundancy in the received video
sequence. These methods can be broadly classi-
fied into spatial and temporal domain approach-
es. With spatial approaches, missing data is
reconstructed using neighboring spatial informa-
tion, whereas with temporal approaches, lost pix-
els in the current frame are reconstructed from
received or concealed pixels in the previous
frame. More complex concealment strategies
may use both temporal and spatial information
[5]. The error concealment strategy used is
directly related to the calculation of E[DL,k].
Therefore, the sender needs to know the error
concealment strategy used by the receiver.

We emphasize that although error conceal-
ment may not appear to be directly related to
any source coding parameter and channel param-
eter, it has significant impact on the selection of
those parameters. For example, based on a given
error concealment strategy, if we know that a
certain packet is easily concealable at the receiv-
er once it is lost, we may want to simply not
transmit this packet, and use the saved bits and
energy for other packets that are difficult to con-
ceal once they are lost (we referred to this tech-
nique as generalized skip in [6]).

CHANNEL ADAPTATION

In this section we discuss the channel parame-
ters that can be manipulated for each video
packet in detail. We also discuss models to illus-
trate how these parameters affect the properties
of the communication channel as seen by the
video encoder, and thus determine the video
delivery quality and transmission energy.

TRANSMISSION ENERGY
The energy needed to send a packet of L bits
with transmission power P is given by E = PL/R,
where R is the transmission rate in source bits
per second. These three quantities can be adapt-
ed in a variety of ways in an actual system. For
example, power adaptation can be implemented
by power control at the physical layer. The
change of the transmission rate R can be imple-
mented by selecting different modulation modes
or channel rates, or allowing a waiting time for
each packet before transmission. In addition, it
can be implemented by selecting different rate

channel codes at the link or physical layers (e.g.,
as in an IEEE 802.11 system). Next, we discuss
channel models to show how these factors are
related to the quality of the delivered video.

CHANNEL MODELS
In wireless systems, one channel parameter that
can be specified is the transmission power used
to send each packet. For a fixed transmission
rate, increasing the transmission power will
increase the received signal-to-noise ratio (SNR)
and result in a smaller probability of packet loss.
This can be modeled by letting the packet loss
probability of the k-th packet be given by

ρk = f(Pk, θk), (3)

where Pk is the transmission power used for the
packet, and θk represents the available channel
state information (e.g., the fading level and aver-
age noise power). In many systems the transmit-
ter is able to estimate the channel state (e.g.,
using a pilot signal or feedback from the receiv-
er). The specific channel state information need-
ed to relate the effect of resource adaptation on
the probability of packet loss depends on which
channel model is used. The function f could be
determined empirically or modeled analytically.
For example, in [6] an analytical model based on
the notion of outage capacity [7] is used. In this
model a packet is lost whenever the fading real-
ization results in a channel with a capacity less
than the transmission rate. Another potential
way to determine f is to use bounds for the bit
error rate (BER) for a given modulation and
coding scheme; for example, in [8] a model
based on the error probability for binary phase
shift keying (BPSK) in a Rayleigh fading channel
is used.

In addition to transmission power, a second
channel parameter is the transmission rate. A
variety of rate adaptation techniques such as
variable rate spreading and adaptive modulation
and coding [9] may be used. In modern wireless
systems, including 3G cellular systems, these
parameters can be adapted on a fast timescale
(on the order of 10 ms). The probability of pack-
et loss for one packet can be written as

ρk = f(Pk, Rk, θk), (4)

where Rk denotes the transmission rate assigned
to the kth packet. For example, in [8] a model
was considered where the transmission rate was
adapted by changing the amount of FEC applied
to each packet using a rate-compatible convolu-
tion code (RCPC).

In an energy-efficient wireless video transmis-
sion system, transmission power needs to be bal-
anced against delay to achieve the best video
quality. For example, for a fixed transmission
power, increasing the transmission rate will
increase the BER but decrease the transmission
delay needed for a given amount of data (or
allow more data to be sent within a given time-
period). Furthermore, the amount of transmis-
sion energy required to achieve a certain level of
distortion typically decreases with increased
delay. For example, in a wireless system, the
transmission energy required to maintain a fixed
probability of error can be reduced by increasing
the transmission time and decreasing the trans-
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mission power [10]. This observation is used in
[11] to provide energy efficient packet transmis-
sion over wireless links. Therefore, in order to
efficiently utilize resources such as energy and
bandwidth, those two adaptation components
should be jointly designed.

ENERGY-EFFICIENT
VIDEO CODING AND TRANSMISSION

In this section we use several examples to show
how the source coding and channel parameters
can be jointly selected to achieve energy-efficient
video coding and transmission.

JOINT SOURCE CODING AND POWER ADAPTATION
Joint source coding and power allocation tech-
niques deal with the varying error sensitivity of
video packets by adapting the transmission
power per packet based on the source content
and the CSI. In other words, these techniques
use transmission power as part of a UEP mecha-
nism. In this case, the channel coding parameter
is the power level for each video packet. Video
transmission over code-division multiple access
(CDMA) networks using a scalable source coder
(3-D SPIHT) along with error control and power
allocation is considered in [12]. A scheme for
allocating source rate and transmission power
under bandwidth constraints is considered in
[13]. In [6] optimal mode and quantizer selection
are considered jointly with transmission power
allocation.

To illustrate some advantages of joint adapta-
tion of the source coding and transmission
parameters in wireless video transmission sys-
tems, we present some experimental results,
which are discussed in detail in [6]. We compare
a joint source coding and transmission power
allocation (JSCPA) approach with an indepen-
dent source coding and power allocation
(ISCPA) approach in which S and C are inde-
pendently adapted. Figure 3 shows an expected
reconstructed frame from the “Foreman”
sequence when the same amount of energy is
consumed in the two approaches. Clearly, the
JSCPA approach achieves much better delivery
quality than the ISCPA approach.

Figures 4a and 4b show frames 42 and 43 of
the “Foreman” sequence, respectively. For frame
43, the two approaches can achieve the same
expected video quality, but the JSCPA approach

needs nearly 60 percent less energy to transmit
this frame than the ISCPA approach. Figures 4c
and 4d show the probability of loss for each
packet in frame 43 for the JSCPA and ISCPA
approach, respectively. Darker MBs correspond
to a smaller probability of packet loss; MBs that
are not transmitted are marked by white. As
seen in Fig. 4c, more protection is given to the
region of the frame that corresponds to the fore-
man’s head. Therefore, more power is used to
transmit this region as opposed to the back-
ground. As shown in Fig. 4d, however, the
ISCPA approach has fixed probability of loss,
which means that the power used to transmit the
region corresponding to the foreman’s head is
the same as the power used to transmit the back-
ground. Therefore, the ISCPA approach wastes
energy by transmitting MBs in the background
with the same power as MBs in the high activity
region.

As for the source coding, in the ISCPA
approach the video encoder may allocate more
bits to packets in high activity regions, as shown
in Fig. 4f. Because the transmission power is
fixed in this approach, more energy is used to
transmit packets with more bits, as shown in Fig.
4h. Therefore, in the ISCPA approach, more
energy may be allocated to high activity regions,
but the likelihood of these regions being correct-
ly received is the same as the background. In the
JSCPA approach, the bit and power allocations
are done jointly. Thus, the JSCPA approach is
able to adapt the power per packet, making the
probability of loss dependent on the relative
importance of each packet, as shown in Figs. 4e
and 4g.

JOINT SOURCE-CHANNEL
CODING AND POWER ADAPTATION

In an energy-efficient wireless video system,
transmission power needs to be balanced against
delay to achieve the best video quality. The
authors in [8] studied the problem of joint
source-channel coding and power adaptation,
when the channel parameters consist of both
channel coding and power allocation. Error-
resilient source coding is achieved by mode
selection and the use of RCPC channel codes,
with the power assumed to be adjustable in a
discrete set at the physical layer.

Source-channel coding and power adaptation
can also be used in a hybrid wireless/wireline

n Figure 3. Frame 92 in the “Foreman” sequence: a) original frame; b) expected frame at the decoder using
the JSCPA approach; c) expected frame at the decoder using the ISCPA approach.

(a) (b) (c)
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network, which consists of both wireless and
wired links, as shown in Fig. 5. In this case, dif-
ferent channel codes can be used to combat dif-
ferent types of channel errors: packet dropping
in the wire-line network and bit errors in the
wireless link. In [14] Reed-Solomon codes are
used to perform interpacket protection at the
link layer and RCPC codes to perform intra-
packet protection at the physical layer. The
selection of channel codes is jointly considered
with source coding parameter selection and
power adaptation to achieve energy-efficient
communication. As we see, cross-layer design is
a powerful approach for dealing with different
types of channel errors in such a hybrid wire-
less/wireline network.

JOINT SOURCE CODING AND
DATA RATE ADAPTATION

Joint source coding and transmission rate
adaptation has also been studied as a means to
provide energy efficient video communica-
tions. In order to maintain a certain probabili-
ty of loss, the energy consumption increases as
the transmission rate increases. Therefore, in
order to reduce energy consumption,  i t  is
advantageous to transmit at the lowest rate
possible [11]. In addition to affecting energy
consumption, the transmission rate also deter-
mines the number of bits that can be transmit-
ted within a given period of time. Thus, as the
transmission rate decreases, the distortion
from source coding increases. Joint source
coding and transmission rate adaptation tech-
niques adapt the source coding parameters
and the transmission rate in order to balance
energy consumption against end-to-end video
quality. In [3] the authors consider optimal
source coding and transmission rate adapta-
tion. Stochastic dynamic programming is used
to find an optimal source coding and transmis-
sion policy based on a Markov chain channel
model. A key idea in this work is that the per-
formance can be improved by allowing the
transmitter to suspend or slow down transmis-
sions during periods of poor channel condi-
tions, as long as the delay constraints are not
violated.

CONCLUSIONS AND FUTURE DIRECTIONS

A key factor determining the effectiveness of a
mobile device for wireless video transmission is
its energy management strategy. This article pre-
sents an overview of energy-efficient system
design for video transmission over an uplink
wireless channel. A general framework for study-
ing this problem has been presented, where the
goal is to achieve the best video delivery quality
with the minimum energy consumption. We first
discussed the key adaptation components that
affect video delivery quality and energy con-
sumption in a wireless video communications
system. We further analyzed in detail how these
adaptation components can be manipulated to
achieve energy efficiency. Several examples from
recent research studies were used to clearly illus-
trate the advantages of jointly considering error-
resilient source coding and channel adaptation

parameters including power, FEC, and rate
adaptation.

Jointly adapting components from different
communication layers requires more effective
communications between those layers. In the
traditional layered protocol stack, each layer is
independently optimized or adapted to the
changing network conditions. The adaptation,
however, is very limited due to the limited inter-
actions between layers. Therefore, more effi-
cient adaptation requires cross-layer design, not

n Figure 4. Frames a) 42 and b) 43 in the original “Foreman” sequence. Proba-
bility of packet loss per MB for frame 43 using c) the JSCPA approach; d) the
ISCPA approach. Darker MBs correspond to a lower probability of packet
loss. Macroblocks that are not transmitted are shown in white. Bits per MB
using e) the JSCPA approach; (f) the ISCPA approach. Darker MBs corre-
spond to more bits. Transmission energy per MB using (g) the JSCPA
approach; (h) the ISCPA approach. Darker MBs correspond to more trans-
mission energy.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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only from the video applications’ side [2], but
also from the network protocol’s side [15]. As
illustrated in this article, cross-layer design for
video transmission aims to improve the overall
performance and energy efficiency of the system
by jointly considering the video encoder and
multiple protocol layers. In this article we
assume that the required channel state informa-
tion is available at the controller that performs
joint source-channel adaptation. Another impor-
tant design issue that is outside the scope of this
article is managing the cost of acquiring and
transmitting the necessary channel state infor-
mation between various network layers. In the
future, cross-layer design is expected to play an
important role in the development of new wire-
less video communication systems, including 4G
wireless networks.
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n Figure 5. Video transmission over a hybrid wireless/wireline network.
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