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Significance-Aware Channel Power Allocation
for Wireless Multimedia Streaming

Sungwoo Hong, Youjip Won, and Dong In Kim, Senior Member, IEEE

Abstract—We develop a novel transmit power-allocation strat-
egy for wireless multimedia communications using cross-layer
optimization. Because the individual frames in a compressed video
carry different degrees of importance in terms of quality of service
(QoS), improving the packet-loss probability does not necessarily
coincide with perceivable improvements in QoS from a client’s
point of view. We propose a channel power-allocation scheme
that properly incorporates the importance of frames when allo-
cating transmit power. The system is modeled in terms of the
number of remaining packets to be sent, the interference level,
and the QoS importance of the packet that is being transmit-
ted. Dynamic programming formulation is developed to obtain
the optimal transmit power that simultaneously minimizes power
consumption and maximizes the user-perceivable QoS. Using dy-
namic programming, we establish a state transition equation in
discrete time intervals that incorporates the packet-loss proba-
bility. A simulation-based experiment is performed to test our
transmit power-allocation scheme. We use four publicly available
Motion Pictures Expert Group 4 (MPEG-4) video clips, compar-
ing the performance of three different channel power-allocation
strategies: constant power-allocation, interference-aware power-
allocation, and significance-aware power-allocation. Optimal
channel power under varying interference levels and the respec-
tive packet loss behaviors are examined. The results prove that
our significance-aware transmit power-allocation scheme exhibits
superior performance in terms of the loss ratio PSN R and
power-utilization efficiency. The total packet byte loss decreases
by 3%-8%. The loss rate of the I frame decreases from 24%
to 1%. Significance-aware power-allocation successfully provides
unequal protection to the more important packets. Total power
consumption is reduced by 18%-34% without loss of user-
perceivable QoS.

Index Terms—Channel power, cross-layer optimization (CLO),
dynamic programming, multimedia, packet semantics.
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Fig. 1. Evolution of wireless network technology.

I. INTRODUCTION
A. Motivation

DVANCES in network technology have brought not only

an abundance of bandwidth but a variety of bandwidth
choices as well (see Fig. 1). These advances in networking
technology have enabled clients to enjoy ubiquitous multi-
media streaming services. Despite spectacular advancements
in wireless communication technology, there still exist many
technical challenges. These include high bit-error rates (BERSs)
and channel interference. The packet loss rate for wireless
networks is much higher than that for wired networks due to the
physical characteristics of wireless networks such as channel
interference. To improve the BER in wireless networks, several
works have proposed increasing the transmit power. However,
it has been found that increasing the transmit power does not
necessarily result in a decrease in the BER [1], [2]. This is
because an increase in the transmit power can also increase the
channel interference, which may negatively affect the quality of
service (QoS) of the channel. If there is only one active channel,
increasing the channel power can improve the BER; however,
in reality, for the most part, there exist a number of channels. In-
creasing the channel power in one channel can entail an increase
in interference in the other channels. In a worst-case scenario,
it is possible that the other channels would also increase their
channel power in an attempt to improve the situation through a
power increase. In practice, the interference level will become
worse if all of the channels increase their transmit power. It
is, therefore, necessary to properly incorporate the relationship
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between the channel-interference level and the BER to max-
imize the channel-power utilization and the user-perceivable
QoS. Another important technical feature that is worth noting is
that an improving BER does not always result in improved user-
perceivable QoS. This is due to the fact that individual packets
in multimedia streaming have different degrees of importance
from the user QoS point of view. For example, in MPEG, there
are three types of frames: 1) intracoded frames (I frames),
2) predictive frames (P frames), and 3) interpolated frames
(B frames). I frames contain a coded image of a scene without
reference to any other frame. A P frame contains only the
difference between it and a preceding I or P frame. B frames
contain interpolated information from the previous I or P frame
to the following I or P frame. Therefore, the I frame is self-
contained, the P frame relies on the preceding I or P frame, and
the B frame is dependent on its preceding and following I or
P frames.

To effectively address this issue, we applied a cross-layer
approach. Adjusting the proper channel power level to transport
a real-time multimedia stream over a wireless channel needs to
be performed through a collaboration of a number of software
stacks. These software stacks include a physical layer, a data
link layer, a network layer, and other layers. Each layer shares
a minimal set of information with other layers. This modular
approach (e.g., the Open System Interconnection seven-layer
model) facilitates rapid technology advancement for each layer
because the individual layers do not have to understand all of
the other layers’ internal details. Frame-type information for the
packet is available at the session layer. Frame-type information
can be effectively exploited for flow control (the transport
layer), packet scheduling (the transport layer and the data link
layer), and channel power control (the physical layer). How-
ever, the layered structure of network protocol stacks makes the
design of flexible yet efficient protocols difficult. Recently, a
number of studies have proposed a control strategy design for
a layer that functions by exploiting the information in other
layers [3]-[8]. Channel power-allocation, packet scheduling,
and transmission control protocol (TCP) congestion control
strategies are issues in the physical layer, the media-access-
control (MAC) sublayer, and the transport layer, respectively.
If the packet-scheduling algorithm of the MAC sublayer is
made known to the transport layer, the TCP congestion control
algorithm of the transport layer can be elaborately customized
in light of its subordinate’s performance characteristics. To
exploit the underlying network resources and to maximize the
QoS of multimedia streaming service, it is mandatory that all of
these factors are properly addressed in a single context.

The objective of this paper is to devise a channel power-
allocation scheme that minimizes power consumption and max-
imizes user-perceivable QoS. Previous literature has focused on
the allocation of channel power based on frame type (or layer
type) or frame size [3], [4]. We believe that user-perceivable
QoS can be more improved by considering the fact that frames
with the same type (or size) can have different effects on the
user-perceivable QoS. We applied the packet significance met-
ric to quantify the importance of each frame from the perspec-
tive of user-perceivable QoS [7]. Packet significance quantifies
frame importance based on the overall QoS degradation, which
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Fig. 2. System model.

can occur when the corresponding frame is lost. In determining
channel-transmit power, we developed a dynamic programming
model that properly incorporates packet significance, channel-
interference level, and noise. This dynamic programming for-
mulation and cross-layer approach enable us to find the optimal
channel power-allocation scheme while simultaneously max-
imizing the user-perceivable QoS and minimizing the power
consumption.

The remainder of this paper is organized as follows.
Section II introduces the concept of packet significance and the
system model. Section III describes the problem formulation
and optimal power-allocation strategies. Section IV examines
the overhead and the practicality of the proposed scheme.
Section V details the performance results of the experiment.
Section VI introduces related works. The conclusions of this
paper are described in Section VII.

II. PACKET SIGNIFICANCE
A. System Model

The system model is illustrated in Fig. 2. The sender and
the receiver each have a queue for their outgoing and incoming
packets, respectively. The sender can be a base station in a cel-
lular network or a wireless access point in a wireless local-area-
network environment. The receiver corresponds to the client
who receives a video streaming service in the wireless network.
We use p and ¢ to denote the packet-transmission power and
channel-interference levels, respectively. The sender transmits
the packet with transmit power p when the interference level
is 4. Throughout this paper, including the figures and the equa-
tions, the units of power and interference are considered to be
the minimum level of interference i,,;, = 1 (but not translated
to watts or decibels). This is due to the fact that the successful
transmission of a packet depends on the ratio p/i and not on the
absolute values of p and 7 [2].

B. Packet Significance

Many previous studies directed their efforts into improving
packet loss through transmit power control. We believe that
by properly incorporating the importance of a packet, we can
further improve a transmit power-allocation scheme’s effec-
tiveness. There are, however, two challenging issues. First,
we need to define the proper metric for packet importance.
Second, we need to develop the proper transmit power control
mechanism to achieve optimal user-perceivable QoS. Here, we
introduce the notion of “packet significance,” which quantifies
the importance of a frame [7].
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Fig. 3. GoP structure and dependence among frames.

The simple dependence among frame types is illustrated in
Fig. 3. In this figure, IV corresponds to the distance between the
I frames, and M corresponds to the distance between the I (or
P) and I (or P) frames, respectively. It is important to note that
each packet has different importance based on its frame type
and its position within the group of pictures (GoP).

A number of studies have used some notion of packet im-
portance to allocate network resources, such as channel rate
or transmit power. Zhu et al. [9] considered frame type and
interframe dependence, and Chou and Miao [5] used rate distor-
tion information to quantify the importance of a packet. Frame
type and interframe dependence do not properly represent the
importance of a packet, however, because the importance of the
same frame type can vary by an order of magnitude, depending
on its position within the GoP. For example, a P frame gets
more dependents as its position becomes closer to the preceding
I frame. Packet scheduling based on rate distortion can improve
the overall quality of video by allocating the optimal rate among
competing clients; however, this scheme requires rate-distortion
information for all of the clients within the same channel or cell.
In practice, therefore, it is not possible to collect rate distortion
information. One of the key components of channel power-
allocation for wireless multimedia streaming is to properly
quantify the degradation of user-perceivable QoS caused by
packet loss. Modern compression schemes exploit interframe
and intraframe redundancies along temporal, spatial, and SNR
axes. Individual packets contribute to user-perceivable QoS in
different degrees. One of the important features in modern
video compression is that the GoP structure has been built as
a way to preserve a degree of random access and to achieve a
high level of compression. Furthermore, in a layered encoding
scheme, each frame can consist of multiple layers, and there
exists dependence between layers. For example, enhancement
layers depend on the base layer to be properly decoded at the
receiver. Fig. 4 shows the dependencies among the frames and
the layers.

To describe packet significance through a brief description,
let f; .. denote the kth layer information for the jth frame of the
1th GoP. Table I further defines the notations that are used in this
paper. We define packet significance Q( ; &) as the significance
of f]Z - Packet significance is the sum of all QoS degradation
that can occur due to the loss of the respective data. The parents
of f;k are the set of packets that are required to properly
decode f; - For example, all of the lower layers of f; . (e,
Jiofia--- J k—1) are parents of f;)k. Furthermore, f]ak can
also depend on other frames.
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Fig. 4. Dependence of frames and layers [7].

TABLE 1

SUMMARY OF NOTATIONS

Symbol Explanation
f;k Kkt layer of 5% frame in it GoP
P( f]?y 5) Packets required to decode frame where f}y . belongs
C( f;‘,,k) Packets that have f;y L as its parent
D(f;k) Quality degradation with loss of f;.,k '
Q f; 5) Quality degradation metric with loss of C(f} ;)
z(f]?,k)l Size of f}, with exponential coefficient |
(n,i,b,f) System state
Hy.(n,i,b, f) Cost to transmit all n packets at time k
Popt Optimal transmit power
qij State transition probability from interference ¢ to j

The child of f;,, which is denoted as C(f] ), is a set of
packets that has f ;.1 as its parent. The notion of parent and child
provides an important foundation for determining the packet-
significance value. If f7, is lost, it affects not only f7, itself
but all of the other frames and layers in C(f} ;) as well and will
subsequently fail to be decoded properly. Let f; w(xj,y;) and

f; « (25, ;) be the pixel value of the (x,y) position at the jth
frame’s presentation time when f7, is properly decoded and
when f; ;. is not properly decoded, respectively. We define the
“contribution” of fj"f,k, ie., D( ;,ﬁ), as follows:

— 2

w-1 H-11| g4 i
Zz:() Zy:() fj,k:(xj’ Z/j) - fj,k(l’j,yj)
10 . loglo W » H =+ 1

(D

where H and W are the screen height and width, respectively.
For the pixel value of ﬁk(:cj,yj) in (1), the previous frame
is copied so that the distortion can be reduced. The packet
contribution D( f; ) 1s a metric for quality degradation in f]2
when f ; i 1s lost. When f; i 1s lost, it causes quality degradation
not only in the frames and the layers it belongs to but in its child
frames and layers as well. The significance of f;k is the sum
of all QoS degradations that can occur due to the loss of fjZ 10
the ith GoP. The significance of f; 1€, 9 ]’ &), is defined in
(2), shown at the bottom of the next page, where n denotes the
index of child frames in f,, ie., C(f],) = {1,..., N}. Note
that the last term in (2) calculates the QoS degradation metric
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in child packets of f; . The significance of f,, i.e., Q(f] ),
gives the overall QoS degradation metric in the ith GoP from

the loss of corresponding data f; ;!

III. MODELING AND OPTIMAL POWER-ALLOCATION
A. Interference Modeling

Unlike a wired communication medium, a wireless phys-
ical channel cannot be abstracted using a few simple per-
link (nontime varying) parameters, such as propagation delay
or link capacity. In a wireless network, signal power from a
wireless transmitter is broadcast into space, rather than confined
within a wire. The transmitted signal is considerably attenuated
over a distance, depending on the combination of path loss,
shadowing, fading, etc.

In our modeling efforts, it was important to properly incor-
porate the interference into the wireless channel. There have
been a number of studies focusing on modeling the interfer-
ence of a wireless channel. One of the simplest models for
the wireless channel condition operations is that the wireless
channel functions on the assumption that all of the nodes are
able to communicate with, and to cause interference with,
one another [10]. The shared nature of the wireless medium
and the effect of hidden terminals in multicell wireless net-
works are modeled in their work. To model the hidden nodes,
Luo et al. [11] suggested using models with fixed communi-
cation and interference ranges. In their research, nodes within
a communication range can communicate with one another,
and any node within the interference range can cause a packet
collision. In reality, however, packet collision does not occur
merely due to the concurrence of signal transmissions within
a range, but depends as well on the relative signal strength of
the packet. Some of the network simulation packages use “cap-
ture threshold” models and generate collision based on signal
strength and interference levels [12]. For example, the capture
threshold model adopted in the network simulator 2 (NS2)
models the packet collisions based on the signal strength of
the received packet with interfering power from a single node.
In reality, packet collision is subject not only to the relative
signal strength of the packet being received but to the sum of
all the other ongoing signal transmissions as well. The packet
collision process can be abstracted as the signal-to-interference-
plus-noise ratio (SINR). Iyer et al. [13] compared wireless
channel interference models, such as the capture threshold and
the additive interference model. They suggested that the capture
threshold model overestimates the optimal throughput and that

'Note that packet significance still holds its applicability in single-layered
video; in this case, Q( f]l) denotes the packet significance of the jth frame in
the ith GoP.
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an additive interference model is the minimum level of detail
that should be modeled to obtain accurate results and insights.

The aim of this paper is to determine the right power for
the interference and noise levels. Our main focus is not on
modeling the interference on the wireless channel but rather on
the power-allocation scheme over the range of the interference
and noise levels. In this paper, we assume that the interference
level follows a linear addition of the Gaussian distribution of
interference values and different noise values at each time slot.
We model the channel state in a discrete time domain. As in
[14], we assume that the channel state is memoryless. Thus, g;;
denotes the state transition probability from interference level 7
to interference level j.

B. Probability of Successful Packet Reception

The probability of a packet being successfully delivered to
the destination is an important constituent of this problem for-
mulation. We define a successful packet reception Py as the
probability that a receiver gets a frame successfully. In addition,
a successful packet reception needs to properly incorporate the
transmit power p and the interference level ¢ in its formulation.
The probability of successful packet reception increases with
the transmit power and decreases with the interference level.
In addition, the packet size needs to be incorporated into the
probability calculations. The size of the individual packet varies
and is subject to the data payload that is carried by the packet.
In Ethernet, the size of the packet can be anywhere from 40 B
(header only) to 1500 B (Ethernet maximum transmission
unit). We assumed that larger packets have a higher probability
of corruption than smaller packets during the transmission over
the wireless network [15], [16]. The sizes of I, P, and B frames
vary subject to the scene nature, the compression algorithm,
and other factors. If the original video contains a lot of motion
dynamics and color changes, for example, a video of a sporting
event, the size difference between the I frame and the P (or
B) frame will be relatively small. On the other hand, if the
original video consists of less motion dynamics, for example,
a news video clip, the size difference between the I frame and
the P (or B) frame will be relatively larger [17]. If all of the
packets are of the same size, it is not necessary to incorporate
the packet size in Py,cc. When transmitting a compressed video,
a few video-streaming applications deliver more than one frame
in a packet. This is primarily to reduce the decoding overhead
and to improve the QoS degradation caused by the loss of the
respective packet. Since the size of the frame varies by an order
of magnitude subject to the frame type, the packet size can
vary widely. In this paper, we develop an elaborate model for
Pyycc as a function of the transmit power, the interference level,
and the size of a packet. In this case, f and z(f) represent the

W-1x~H-1| ¢
N > i=0 Zy:O ]Z‘k(xnayn)_

— 2

f;k(‘rnayn)

WK

Q( ;,k):D( ﬁ)* Z

10 * loglo

W H +1 )
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packet and the respective packet size, respectively. We define
s(p, i, z) as the probability that a given packet is successfully
delivered to the destination. Furthermore, p, ¢, and z denote the
transmit power level, the interference state, and the packet size
being transmitted, respectively. We enhanced the probability of
successful packet transmission building on the model suggested
by Li et al. [2] and defined it as follows:

pr 1
ap+ Bi z(f)

fora>1, > 0.
3)

Setting « > 1, B > 0 guarantees that p/ap + fi < 1, and [
is an exponential coefficient to compensate for the nonlinear
relationship between the packet size and the probability of
successful packet transmission.”

Psucc = S(paiaz> =

C. Problem Formulation

The state of the system at time ¢ is defined by the following.

Definition 1: The system state was defined by the vector
(n,i,b, f). In this case, n, i, b, and f denote the number
of packets in the sender’s outgoing queue, the channel-
interference level, the number of packets in the receiver’s
buffer, and the corresponding packet f at each time the sender
transmits, respectively.

We formulated the problem using a dynamic programming
approach in which (n + 1,4, b, f) is the current state at time k.
The sender transmits packet f, which has a packet significance
value of Q(f). We used the notion of amortized cost Hy(n +
1,4,b, f). Thus, Hy, represents the total cost when transmitting
all of the (n + 1) packets in the sender’s outgoing queue. The
cost in this context can be regarded as the sum of the transmis-
sion power and the QoS degradation involved in transmitting
the packets in the server’s outgoing queue. Hence, reducing the
cost is equivalent to minimizing the QoS degradation and
the aggregate channel-power consumption. The objective of
dynamic programming formulation is to obtain channel power
at time k£ to minimize the aggregate power consumption and
the QoS degradation. Assuming that the channel interference
level changes from i at time k to j at time k + 1, f and f’ can
denote the current and the next packet in the sender’s outgoing
queue, respectively. From the current state (n + 1,4,b, f), the
next state can be either (n,j,b+1—r, f') or (n,5,0 —r, f),
depending on whether the packet f has successfully delivered,
as illustrated by

Hi(n+1,4,b, f) = Psuce - Hix1(n, 7,0+ 1 —1, f/)

+(1_Psucc)'Hk:+1(n7j7b+1_r7f/)' (4)

The player’s playback rate is denoted by r and is dependent
on the encoding rate of the system. If the packet is lost, then the
quality degradation cost Q( f) is incurred. To continue, it is nec-
essary to provide a detailed explanation of cost. Cost consists
of the transmit power consumption and the QoS degradation.

2In this paper, we define cv and 3 as 1 and [ as 0.1; however, these parameters
can be changed, depending on the test environment, such as the channel state,
the moving speed, the bandwidth availability, and the system state.
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To reduce the packet-loss probability, the transmit power level
of a given channel is usually increased. On the other hand, if
the transmit power level is decreased, then the packet error rate
usually increases. The relationship between transmit power and
interference makes the problem more complicated. If we were
to increase the transmit power beyond a certain level, then the
packet-loss probability would increase due to the increase in
the channel interference. One of the key components of the
problem formulation is the proper quantification of the QoS
degradation caused by the loss of a given packet. Q(f) is the
QoS degradation metric that is caused by the loss of packet f.
We assumed that the state transition probability of a channel
interference level follows the Markov property. We denote the
cost to send all of the packets in the sender’s outgoing queue as
‘H}., where k represents the current time. Then, we define Hy,
as follows:

Hk(n+1ai7ba f)

:min{p+Psucc Z qink+1(n7ja b+1 -, fl)

peT
J

+(1_Psucc)(ZQink+l(na Jyb—r, f’)"‘Q(f))}

J
®)

The current system state is, thus, (n+ 1,4,b, ), and the
current transmit power level is denoted by p. T denotes a set
of possible transmit power levels, i.e., T = {0, ..., Pmax }-

D. Determining the Optimal Power Level

Increasing the transmit power does not necessarily improve
the user-perceivable QoS since it can increase the interference
level. Special care needs to be taken to properly determine the
transmit power at each time slot. We solve (5) with respect to p.
Rearranging (5), we conceive

Hk(n + laiaba f)
= gg;l{p —s(p,i,2) - JEE; i

X (H]H_l(n,i, b, f)*Hk—&-l(na i, b+1*71a f)+Q(f))

+Zqij (Q(f)+Hk+1(n7i7b_r7f))}' (6)

jel
We define X'(n) and Y (n), respectively, as follows:

X(n) = Z Qij{HkJrl(nvja b—r)

jel
— His1(n, 5,0+ 1=7)+ Q(f)} (D)

Y(n) = Z%’j {Q(f) + Hi4a(n, j,b— 1)} ®)

jel
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With X (n) and Y (n), we are able to simplify (6) to

F(p)

The minimum cost Hj, was obtained by differentiating F(p)
with p and finding the value of p, which satisfies the condition
(0/0p)F(p) = 0. This complete process is described in the
following lemma.

Lemma 1: Given the system state (n,4,b, f) with transmit
power p, interference level i, the number of packets in the
receiver’s buffer b, and the corresponding packet f, the optimal
transmit power that minimizes the total cost of a streaming
service can be represented as follows:

Y Bi-X(n)

Pty =r L x(m)
— o 1= B-z(f)!
0, otherwise.

Popt = ( 10)

Proof: The probability of successful packet transmis-
sion s(p,i,z) is defined as follows, in which X(n) is
defined as > ;c; qij{Hr+1(n,5,0 — 1) = Hy1(n, 5,0+ 1~
r)+Q(f)} and Y(n) as 3 jc; 4i{ Q(f) + Hipa(n, 5,0 -

r)}, respectively:

p_ 1
ap+Bi z(f)

Then, the cost to send all of the packets in the sender’s
outgoing queue Hy, is defined as

s(p,i,2) = fora>1, >0. (11)

We obtain the following from (11) and (12):
Fp)=p @ p+5 0 207 X(n)+Y(n). (13

s(pyi,z)

We assume that «, 8, X(n), and Y(n) are constant, which
makes them 0 after differentiation. By differentiating (13) with
p, we are able to obtain the following:

L Fp) = o*p? + 200pi + B3 — Bi - g - X ().
(ap + 3i)?

(14)

Equation (14) indicates the slope of (13). Since (14) is a
quadratic equation, the minimum value of p that minimizes
(13) is the value of p, which makes (d/dp)F(p) = 0. The
denominator of (14) cannot be 0 since «, 3, p, and 7 > 0. Hence,
the optimal p value is the one that makes a?p? + 2a83pi +
B%i% — Bi- (1/2(f)") - X(n) = 0. Applying a quadratic for-
mula on the numerator from (14) about p, we obtain p as

follows:
*ﬁi + \/57; ' Z(})l : X(n)

«

b= (15)
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The transmit power level p cannot be negative. Hence, the
optimal power level P, can be calculated as

—Bi+ /Bi‘f\’(l")
£ ]
Popt = - *(n)

= , ifi < (/)
0, otherwise.

(16)

|

The optimal transmit power is a function of the interference
level i, the packet size z(f), and X'(n). It is then necessary
to take a closer look at X'(n). The difference between two
system states, i.e., Hg+1(n, 7,0 — r, f) and Hi41(n, 5,0 — r +
1, f), is that the latter state has one more packet on the client
side. Recall that Hj; denotes the cost to transmit all of the
remaining packets in the sender. We can then safely assume
that Hi41(n,J,b — 7, f) and Hiy1(n,j,b —r+ 1, f) are the
same in terms of cost. As a result, this leaves only Q(f) and
X(n) = un Q(f) on the right-hand side of (7). Now, we
can see that X'(n) is linearly proportional to the packet signi-
ficance Q(f).

Fig. 5(a) illustrates the relationship between X' (n) and the
optimal transmit power P, We observed that X' (n) is propor-
tional to the packet significance. Based on this relationship, it
is necessary to allocate more channel power when transmitting
a more significant packet.

We computed the optimal transmit power subject to the
channel interference level based on (10). Fig. 5(b) illustrates
the results. When the channel interference level is relatively
low, increasing the transmit power actually improves the user-
perceivable QoS. When the channel interference level is higher
than a certain threshold value, the optimal transmit power
decreases as the interference level increases. As can be seen
in Fig. 5(b), increasing the channel power can negatively affect
the user-perceivable QoS when the interference level is beyond
a certain threshold.

E. Channel Power and Interference Distribution

The next step is to examine the channel power subject
to the distribution of the channel interference. Li et al. [2]
assumed that channel interferences are independent and iden-
tically distributed (i.i.d.) with a uniform distribution. In this
paper, we assume that interference levels follow a Gaussian
distribution (2, 02) and are i.i.d. We let ®(z) = e~ (=—#)*/20
and € = (X(n)/B - z(f)"). Then, the expected optimal power
consumption over the whole set of interference values, i.e.,
P,.g, could be formulated as follows:

I
—BI £/ B-X(n) ; . o %
20/ 210 + \/ﬂa%(f)l J\ﬂ(l)(x)d% it S €
35, ) B-A(n)
ml?a{f J i~ e@)di+ 17
I
x [Vi- @(m)di}, otherwise.

We subsequently examined the effects of the channel interfer-
ence model on power consumption. We computed the average
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level versus optimal power X' (n) = (100, 200, 300, 700, 1000, 1400, 2000). (c) Average transmit power consumption over interference.

power consumption under different channel interference mod-
els: a uniform distribution and a normal distribution with a
standard deviation of o = 10,100, and 500. Fig. 5 illustrates
the results. The X - and Y-axes denote the average interference
and the expected power consumption, respectively. The packet
significance is set as 900, i.e., X(n) =900 in (17). As will
be further elaborated upon in Section V, the average packet
significance value is 1160 for the Grandmother video clip and
668 for the Akiyo video clip. A uniform distribution tends to
underestimate the expected optimal power consumption when
the average interference level is low. On the other hand, as the
interference variance increases, the average power consumption
obtained from the uniform distribution and from the normal
distribution of the interference become similar.

IV. PRACTICAL ISSUES
A. Overhead of Computing Packet Significance

In real-time multimedia streaming applications, video frames
are generated online, and the packet significance needs to be
computed in real time. The overhead associated with computing
the packet significance is subject to the GoP structure and
length. We examine the overhead to compute the packet signif-
icance. We run a physical experiment to examine the feasibility
of computing the packet significance online. We use four video
traces with a 176 x 144 resolution, with compression schemes
in the MS MPEG-4 version 3 (MP43) and H.264/MPEG-4
Advanced Video Coding (AVC) [18]. As defined in (2), the
packet significance is the addition of its own packet contribution
value D(f}) and the sum of the QoS degradation of all of its
children. The QoS degradation on its children has the same
form of equation as the packet contribution. Hence, the packet
significance is composed of the packet contribution values of
its own frame and its reference frames. Therefore, the overhead
that is associated with calculating the packet significance is
equivalent to the overhead for calculating the packet contribu-
tion because the packet significance is the sum of the packet
contribution values. Packet contribution D( f;) is defined as

D( ;k‘) =
W—15~H-1| i Fi
Zz:ol z:y:O1 ‘fj,k(xja y]) - fj7k(x]ay])|2

1
W x H +

].O : loglo

with H and W denoting the pixel resolution in height and
width, respectively. The calculated packet contribution over-
head is the overhead for the decoding of each frame. Decoding
each frame involves several steps: parsing, inverse discrete
cosine transformation, reconstruction, and dithering [19]. The
decoding speed for the Foreman video clip (355 x 288;
326 kb/s encoded with H.264 baseline) measured on the
600-MHz Pentium 3 hardware platform is 67 frames/s [20].
Given that most of the video contents have less than 30 frames/s
as a frame rate, we carefully argue that the proposed scheme’s
computational overhead is within a practically feasible range.
We assume that the computing packet significance overhead did
not affect the real-time constraints of the real-time multimedia
streaming application.

B. Overhead of Adjusting the Power Level

Adjusting the transmit power entails a certain amount of time
delay, occurring until the transmit power reaches a specified
level. In the Global System for Mobile Communications, the
transmitter power is controlled by the network conveying mes-
sages over the slow associated control channel. After receiving
a power control command, the system adjusts its transmit power
to the requested power level at a maximum rate of 2 dB for
every 60 ms [21]. The operator has the option of using either up-
link or downlink power control, and this may be independently
applied on either link. The power control in the CDMA attempts
to adjust the transmitted power of each mobile every 1.25 ms
(i.e., 800 times per second) to increase or decrease the power
level by up to 1 dB [21]. In this paper, we propose adjusting
the channel power level at the frame granularity. The highest
quality video content is encoded at 30 frames/s (Advanced
Television Systems Committee Standard). Furthermore, most
of the video contents for mobile wireless streaming adopt a
10- or 15-frames/s encoding rate. Given these factors, the
proposed channel power control can be used in existing wireless
network environments.

V. EXPERIMENT
A. Experiment Setup

We examined the effectiveness of the proposed transmit
power-allocation strategy in an IEEE 802.11 wireless network
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TABLE II
SINR THRESHOLD OVER RATE

Rate Default SINR threshold
9 Mbps 7.78
18 Mbps 10.79
36 Mbps 18.80
54 Mbps 24.56

using NS2 [12]. The sender transmitted video packets using
carrier sense multiple access with collision avoidance over
the TCP. The success transmission probability at the client
is determined by the SINR. The default SINR threshold is
described in Table II. We set enough bandwidth for the receiver
(954 Mb/s) and the queue size (10000) for the transmitter’s
buffer so that the proposed scheme could be properly exam-
ined without limiting factors such as insufficient bandwidth
or queue depth. The length of the video session was 60 min.
We measured the user-perceivable QoS (PSNR) for each
frame. We examined three different transmit power-allocation
strategies: the constant transmit power-allocation (CPA), the
interference-aware transmit power-allocation (IAPA) [2], and
the significance-aware transmit power-allocation (SAPA). In
the CPA scheme, the sender maintains the same level of trans-
mit power when sending all types of frames. In the TAPA
scheme, the sender determines the transmit power based on the
interference level of the communication channel. In the SAPA
scheme, transmit power is determined based on the interference
level and the significance of the packet that is being transmitted.
Our performance experiment consisted of three steps. First,
we measured the power consumption and the respective QoS
under the three-channel power-allocation schemes. Second, we
examined the packet loss behavior under the three channel
power-allocation schemes and identified the cause for QoS
differences in the three schemes. Third, we analyzed the power
efficiency under the three schemes. Our experiment used four
publicly available video clips: “Grandmother,” “Akiyo,” “Fore-
man,” and “Salesman” [22]. Fig. 6(a), (d), (g), and (j) illustrates
screenshots from the four video clips that are used in this
experiment. Table III summarizes the basic statistics of the four
video clips. We assumed that the interference levels followed a
Gaussian distribution with ;1 = 50 and o = 20. We limited the
maximum channel power level to 500 so that the power-control
scheme could adapt its power level within a certain range.
The average frame sizes and variances of the Grandmother,
Akiyo, Foreman, and Salesman video clips were (1166 B,
481239 B), (879 B, 638571 B), (1540 B, 2791651 B), and
(1498 B, 5659 811 B), respectively. The frames per second was
set to 30 with a 176 x 144 resolution. The distance between the
adjacent I frames was 250 frames, and the P frames were filled
between the I frames (IP?4?) for the Grandmother and Akiyo
video clips, respectively. For the Foreman and Salesman video
clips, the distance between the I frames was set at 15, and the
distance between the P frames was 2, with the B frames filled
between the P or I frames. If one or more packets consisting
a frame are not delivered and the client is not able to recover
the original frame, all the packets in the corresponding frame
are discarded. If a frame is lost during the transmission or
arrives later than the deadline, the previous frame concealment
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scheme, which is done by previous frame repetition, is used at
the decoder [23].

B. Packet Significance

Fig. 6 illustrates the frame size sequence and the packet
significance of each frame in the four video clips. Fig. 6(b),
(e), (h), and (k) illustrates the frame size sequences in the
Grandmother, Akiyo, Foreman, and Salesman video clips, re-
spectively. Fig. 6(c), (f), (i), and (1) illustrate the packet sig-
nificance in the Grandmother, Akiyo, Foreman, and Salesman
video clips, respectively. The X -axis denotes the frame number
in the figure. As can be observed from the figure, the I frame has
a large significance value compared with the P frame because
the I frame contains the entire picture information, whereas the
P frame contains only the changes that are made with respect
to the previous I or P frame. The significance of each P frame
depends on its position within the GoP. When appearing earlier
within the GoP, a greater number of subsequent P frames refer
to the P frame, and thus, it has a higher packet significance
value. The B frames illustrate very low values. The packet
significance in Fig. 6(c) and (f) illustrates much higher values
compared with the ones in Fig. 6(i) and (I). This is because
the GoP sizes of the Grandmother and Akiyo clips were 250
compared with 15 for the Foreman and Salesman clips. The
packet significance is higher with a larger GoP.

C. Power-Allocation Schemes and User-Perceivable QoS

We examined the channel power consumption under the
TAPA and SAPA schemes. In the IAPA scheme, the chan-
nel power is controlled subject to the interference level [see
Fig. 7(a) and (d)]. In the SAPA scheme, the channel power also
depends on the packet significance [see Fig. 7(b) and (e)]. Given
that the I frame appears at every 250th frame, the channel power
level graph bears a strong correlation to the packet significance
value. This is due to the fact that the SAPA scheme incorpo-
rates packet significance when allocating channel power. We
compared the user-perceivable QoS under three channel power-
allocation schemes: the CPA, the IAPA, and the SAPA. We
examined the PSN R values for each frame in the three power-
allocation schemes. Fig. 7(c) and (f) illustrates the results. The
X- and Y-axes denote the frame number and the respective
user-perceivable QoS in terms of the PSN R, respectively. In
both video clips, the SAPA yielded the best user-perceivable
QoS. There is an interesting phenomenon in Fig. 7(c), wherein
the PSNR is unusually low in the 250th of playback for the
CPA. This is because the I frame packet was lost. The loss of
the I frame affects all of the subsequent P frames until the new
I frame arrives. However, when the channel power-allocation
module is able to incorporate the interference level (IAPA)
or the interference level and packet significance (SAPA), the
I frame (frame 250) can be properly delivered. For a fair
comparison, we used the same amount of transmit power for
the CPA scheme when transmitting all of the packets so that the
SAPA and IAPA schemes consumed the same amount of energy
when transmitting the packets. Fig. 8 illustrates the results of
the proposed scheme under H.264/AVC encoded video clips
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TABLE III
FRAME STATISTICS

File Grandma | Akiyo | Foreman | Salesman
Compression MS MPEG-4 v3 H.264/MPEG-4 AVC
Pixel 176 * 144
Elements 870 300 360 405
Time (sec) 29 10 24 27
Bit-rate 280 211 476 361
Encoder MEncoder [18]

GoP GoP(250,1) | GoP(15,3)

with short GoP sizes. As can be seen in this figure, the SAPA
resulted in the best quality when compared with the IAPA and
CPA schemes. This is due to the fact that the SAPA scheme

successfully transmitted more important packets by considering
the packet significance and the interference level. The TAPA
scheme had a slightly higher PSNNR value than that of the
CPA scheme. The CPA illustrates the worst behavior in both
MPEG-4 and H.264/AVC encoded video clips.

D. Packet Loss versus User-Perceivable QoS

We examined the amount of lost information for each of the
three transmission schemes. The SAPA yielded the best PSN R
value for all of the video clips. Fig. 9 illustrates the fraction of
lost packets in terms of the number of packets [see Fig. 9(a)
and (c)] and the amount of data [see Fig. 9(b) and (d)],
respectively.
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percent). (d) Akiyo: byte loss (in percent).

In terms of the packet loss, for the total number of lost
packets, the TAPA yielded the best results for both the Grand-
mother and Akiyo video clips. The CPA and the SAPA yielded
the worst packet loss results (the total number of lost packets)
for the Grandmother and Akiyo clips, respectively. However,
in terms of the packet loss statistics for the I frame, the
situation was different. In this case, the CPA yielded the worst

Information loss for the MPEG-4 video clips. (a) Grandmother: count loss (in percent). (b) Grandmother: byte loss (in percent). (c) Akiyo: count loss (in

packet loss for both the Grandmother (28%) and Akiyo (27%)
clips. The IAPA yielded the second worst packet loss behavior
for the Grandmother (25%) and Akiyo (23%) video clips.
Differing from the CPA and IAPA schemes, which yielded
more than 20% of the packet loss for the I frame, the SAPA
scheme exhibited less than 1% packet loss when considering the
I frames. The SAPA scheme properly incorporated the packet
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Fig. 11. Power efficiency. (a) MPEG-4 encoded video clips with GoP IP?49.
(b) H.264/AVC encoded video clips with GoP(15, 3).

significance information when allocating transmit channel
power. Fig. 10 illustrates the fraction of lost packets in terms
of the number of packets and the amount of data under the
H.264/AVC encoded video clips with short GoP sizes. As
can be seen in the figures, there are three types of frame
loss: the I frame, the P frame, and the B frame. Fig. 11(a)
and (b) illustrates the number of lost packets for the three types
of frames. Fig. 10(b) and (d) illustrates the amount of lost
packets for the three types of frames. As can be seen in the
aforementioned figures, the SAPA had the lowest lost number
(and amount) of I frames, with the highest lost number (and
amount) of B frames. This is because the SAPA prioritizes
more important frames, such as I frames, so that the user-
perceivable QoS can be maximized. Compared with the SAPA,
the TAPA and CPA schemes illustrated higher loss rates in terms
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of I frames and lower loss rates for B frames. By elaborately
incorporating packet significance in channel power-allocation,
the SAPA scheme successfully provided unequal protection to
individual packets and achieved higher user-perceivable QoS.

E. Power Efficiency

Fig. 11 illustrates the different manifestations of our pro-
posed transmit power-allocation scheme, i.e., the efficiency of
power utilization, detailing the QoS per transmit power. We
divided the PSN R by the total transmit power consumption.
For the CPA, TAPA, and SAPA schemes, the power efficiency
corresponded to (13.7, 13.94, 16.32) and (22.83, 23.27, 30.58)
in the Grandmother and Akiyo video clips, respectively. In
terms of the Foreman and Salesman video clips, the power
efficiency corresponded to (6.08, 6.9, 8.7) and (8.2, 9.8, 14.77),
respectively.> As can be seen in the figures, the IAPA scheme
showed no significant improvement against the CPA scheme.
The PSNR gain was less than 1 dB. When we incorpo-
rated the packet significance, the power efficiency improved
by 15%-30% against the IAPA. We subsequently examined
the power savings for the SAPA strategy. Fig. 12(a) and (c)
illustrates the average channel power that is needed to achieve
the same level of user-perceivable QoS for the (Grandmother,
Akiyo) and (Foreman, Salesman) video clips, respectively.
They are (38 dB, 40 dB) for the Grandmother and Akiyo clips
and (32 dB, 38 dB) for the Foreman and Salesman clips, re-
spectively. We normalized the power consumption of the SAPA
strategy with the CPA and the IAPA, as illustrated in Fig. 12(b)
and (d). The SAPA strategy consumed 76%—78% of the power
by the CPA and the IAPA in the Grandmother video clip. In
the Akiyo video clip, the SAPA used 82%-85% of the channel
power consumed by the CPA and the IAPA. The SAPA was
able to decrease the channel power consumption by 18%—-24%
by incorporating packet significance in its channel power-
allocation in MPEG-4 encoded video clips with longer GoP
sizes. In H.264/AVC encoded video clips with a short GoP, the
SAPA strategy consumed only 80%—85% of the power by the
CPA and the TAPA in the Foreman video clip. In the Salesman
video clip, the SAPA used only 65%—71% of the channel power

3Power efficiency values in the Grandmother and Akiyo clips were relatively
higher than those in the Foreman and Salesman clips. This is because the bit
rates of the Foreman and Salesman clips were much higher than those of the
Grandmother and Akiyo segments. Hence, to achieve the same level of QoS
(PSNR) for the Foreman and Salesman video clips, it is necessary to send
more (or bigger) frames by using more power.
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consumed by the CPA and the IAPA. Therefore, the SAPA
can decrease the channel power consumption by 20%—-34% by
incorporating packet significance in channel power-allocation
in H.264/AVC encoded video clips with a short GoP size.

VI. RELATED WORKS

Multimedia streaming services over wireless networks in-
cur several technical challenges. These include channel inter-
ference, multipath fading, path loss, and network bandwidth
variability. There have been a number of efforts to maximize
the quality of multimedia streaming. Researchers have sug-
gested the following adaptation schemes to available bandwidth
variation: a scalable encoding scheme [24], a distortion-based
optimal rate allocation [5], and a selective frame-discarding
scheme [7]. To overcome channel interference and a high
BER, several works have proposed controlling transmit power
[2], [3], [25] or the use of different modulation schemes [8].
Kang er al. [25] proposed an optimal power-allocation strat-
egy that incorporated interference and power constraints for
fading channels. Increasing the transmit power level, however,
can incur an increase in channel interference and noise for
other nodes. To effectively incorporate these features, Li et al.
[2] suggested the use of the SINR rather than the signal-
to-interference ratio. They proposed controlling the transmit
power level of the wireless channel and the playback rate of
the video based on interference variations. In this paper, we
propose a consideration of not only the SINR but of the packet
significance to maximize user-perceivable QoS as well.

Ahmad er al. [3] proposed an unequal power-allocation
scheme over Worldwide Interoperability for Microwave Ac-
cess. Their proposal was to allocate more power when transmit-
ting base layer information than when sending enhanced layer
information. Wu et al. [4] suggested a cross-layer scheduling
scheme that jointly considers the video coding and transmis-
sion in wireless mesh networks. To maximize the QoS of the
streaming, their model incorporated video-coding parameters
at the application layer, network path selection at the transport
layer, the frame size and modulation at the network and MAC
layers, and a coding scheme at the physical layer. To incorporate
the importance of packets that are being transmitted, they used
frame type and size to quantify the packet importance. Delgado
et al. [26] proposed three levels of unequal protection in a
scheme for mobile ad hoc networks using cross-layer optimiza-
tion. They assigned the highest priority to I frames, medium
priority to P frames, and low priority to B frames. In practice,
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however, the same frame type can have different effect on the
user-perceivable QoS. For example, the importance of a P frame
can vary by an order of magnitude, depending on its position
within a GoP. Frame size alone is not always proportional to
the packet importance either. For example, an I frame is usually
considered to be much more important than a P frame; however,
sometimes, a P frame can be as big as an I frame.

In this paper, we used packet significance that quantifies the
importance of a packet from the perspective of user-perceivable
QoS. We successfully developed a unified transmit power-
allocation framework that maximizes QoS while minimizing
power consumption. The optimal transmit power is determined
based on the importance of the packet that is being transmitted
and the interference and noise level of the current system state.

VII. CONCLUSION

In this paper, we have developed a new transmit power-
allocation strategy for wireless multimedia communication.
Modern video compression technology exploits various types
of information redundancies in the original video clips, in-
cluding spatial, temporal, and SNR redundancies. Due to these
characteristics, video packets in multimedia streaming environ-
ments have different levels of QoS importance. In this paper,
we have quantified a video packet’s QoS importance using
“packet significance.” Packet significance elaborately captures
the transitive dependence among packets in modern video com-
pression schemes. We have incorporated packet significance
when determining the optimal channel power level. Dynamic
programming formulation has been used to model the total
cost that is necessary to transmit the multimedia information
using minimized power while maximizing user-perceivable
QoS. Four publicly available video clips have been used to
examine the effectiveness of the proposed transmit power-
allocation scheme. Experiments have been repeated more than
30 times for each video clip. Throughout the simulation-
based experiments, for the existing transmit power-allocation
strategies, despite an improvement in packet loss, 