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Abstract—This paper develops a cross-layer optimization
framework for video streaming from multiple sources to a central
proxy station over a wireless network. The proposed framework
manages the application rates and transmission opportunities of
various video sources based on the dynamic network conditions in
such a way that minimizes the overall distortion. The framework
utilizes a novel online approach for estimating the effective
airtime of the network. We demonstrate the effectiveness of the
proposed framework and effective airtime estimation approach
through extensive experiments.

Index Terms—Bandwidth allocation, cross-layer optimization,
effective airtime estimation, video streaming, wireless networks,
WLAN.

I. INTRODUCTION

The interest in video streaming over wireless networks
has grown dramatically. This paper considers video streaming
from multiple video sources (or stations) to a central station
over a single-hop IEEE 802.11 wireless LAN (WLAN) net-
work. This application is typical in video surveillance systems.
As shown in Figure 1, the wireless video sources (video
cameras or sensors) share the same medium and can be either
battery-powered or outlet-powered. The central proxy station
is connected with a high-bandwidth link to the access point,
and thus this link is not deemed as a bottleneck in the system.
Large systems may be composed of multiple such systems or
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Fig. 1: A Wireless Video Surveillance System

cells.
The main challenge in the considered system is that the

wireless network has limited available bandwidth, which
should be estimated accurately and distributed efficiently
among various video sources to maximize the quality of

the video streams received by the proxy station. Bandwidth
allocation in such systems has been addressed in only few
studies [1], [2] by using cross-layer optimization. As discussed
in Section II-B, these solutions are highly limited.

In this study, we propose a cross-layer optimization frame-
work for managing the network bandwidth. The framework
manages the application rates and transmission opportunities
of various video sources based on the dynamic network
conditions in such a way that minimizes the overall distortion.
The framework utilizes a novel online approach for estimating
the effective airtime of the network. To yield an accurate
estimation, the proposed approach computes the effective
airtime when the packet loss is below a specified threshold.

We evaluate the proposed solution by streaming real video
frames (and not just an abstract bit stream) over a simulated
network. The simulations are conducted using OPNET. Since
the sent video packets may be lost, we implement an error
concealment algorithm [3] at the proxy station to mitigate the
impact of packet loss on perceptual video quality.

The main contributions of this paper can be summarized as
follows. (1) We propose a complete cross-layer optimization
framework, including a new online and dynamic approach for
estimating the effective airtime of the network. (2) We develop
a new and accurate model that characterizes the relationship
between the video data rate and the distortion. (3) We develop
a new model for adapting the link layer parameters in the
video sources. (4) We test our framework by streaming real
video frames over a simulated network and incorporating an
error concealment algorithm to mitigate the impact of video
packet loss.

The results show that the proposed framework enhances
substantially the perceptual quality of received video streams
and that the proposed effective airtime estimation algorithm
is accurate and converges quickly. By sending and dropping
much less data, the proposed framework results in much less
power consumption, compared with existing solutions. Power
consumption is a primary concern, especially when the video
sources are battery-powered.

The rest of this paper is organized as follows. Section
II provides background information and discusses the re-
lated work. Subsequently, Section III presents the proposed
cross-layer optimization framework, and Section IV discusses
the performance evaluation methodology. Finally, Section V
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presents and analyzes the main results.

II. BACKGROUND INFORMATION AND RELATED WORK

A. IEEE 802.11e Standard

The 802.11e standard enables the provision of different
quality-of-service (QoS) levels among different access cate-
gories (AC) in the same station, thereby enhancing the support
of multimedia applications. These access categories include
Voice, Video, Best Effort, and Background. The IEEE 802.11e
MAC layer provides two methods for managing the access
to the wireless channel: Hybrid Coordination Function Con-
trolled Channel Access (HCCA) and Enhanced Distributed
Channel Access (EDCA). In contrast with HCCA, EDCA
provides reduced complexity and better flexibility by providing
a distributed coordination function [2], [4].

With EDCA, priorities are implemented using four EDCA
parameters: Arbitration Inter Frame Space (AIFS), Minimum
Contention Window (CWmin), Maximum Contention Window
(CWmax), and Transmission Opportunity Time (TXOP). AIFS
controls the waiting time before an AC starts the transmission
when the medium is not busy. In case of a collision, the AC
will backoff for a random time between 0 and CW , where
CW is a variable that is initialized to CWmin, is incremented
after every transmission failure until it reaches CWmax, and is
reset to CWmin after a successful transmission. The backoff
timer is decremented every time the medium is sensed to be
idle for at least AIFS seconds. Finally, the TXOP limit con-
trols the time period during which the AC keeps transmitting
after it gains access to the medium.

B. Cross-Layer Optimization for Video Streaming

Numerous studies have discussed cross-layer optimization
in video streaming over wireless networks. Studies [5], [6],
[7] (and references within) consider a system in which only
one station streams a video at a time, whereas studies [8],
[9], [10] (and references within) consider a system in which
multiple stations receive video streams form a central video
server, and studies [1], [2] consider systems in which multiple
stations deliver video streams to a central station. The latter
studies are more related to this work.

Study [1] optimizes video streaming over 2G wireless
network. The solution proposed in this study adapts the video
streams by using video summarization techniques, such as
frame skipping, which are not applicable to video surveillance
because of the system’s sensitivity for losing video frames.

Study [2] formulates and solves an optimization problem
that minimizes the sum of distortion in all video streams.
That paper used the formulation in [11] to develop an ana-
lytical model for the effective airtime. The model, however, is
incorrect as will be discussed in Subsection II-C. In addition,
that paper assumes p-persistent EDCA, which differs from the
standard EDCA in the backoff timer selection process. More-
over, it ignored the packetization overhead of the transport and
application layers when determining the optimal application
rate and link layer parameters. In this paper, we address the
problems of that study, and we also improve its link-layer

adaptation model, which was based on the formulation in [12],
[4].

C. Effective Airtime Estimation

The effective airtime is the fraction of the network time that
is used for delivering useful data. As will be discussed later,
solving the optimization problem requires an accurate estima-
tion of the effective airtime. In [4], the effective airtime for ad-
hoc networks was simply determined as the total throughput
divided by the physical rate, assuming that all stations in the
network have the same physical rate. Study [2] developed an
analytical model for the effective airtime for video streaming
from multiple stations to a proxy, based on the formulation in
[11]. These two studies involve significant simplifications, ap-
proximations, and assumptions. The developed airtime model
was simply given in terms of only CWmin and the number of
stations in the network. Furthermore, according to the model,
the effective airtime increases with the number of nodes and
yields a value close to 1 (i.e., 100%) in networks with 30
stations or more. Such behavior is logically and empirically
incorrect. As will be shown in Section V, this model leads to
significant dropping after the optimization and gives relatively
high distortion.

Other studies [13], [14], [15], [16], [17], [18] sought to
determine other related parameters, such as the saturation
bandwidth and network capacity for ad-hoc networks. None
of these studies is directly applicable to finding the effective
airtime in our considered system.

III. PROPOSED CROSS-LAYER OPTIMIZATION

FRAMEWORK

This paper considers a system of video streaming from
multiple video sources (or stations) to a central station over a
single-hop IEEE 802.11 WLAN network in EDCA mode. As
shown in Figure 1, the system has S ≥ 1 video sources and
each source s streams a different encoded video at rate Rs.
Each video source s may have a different physical rate (ys).

The ultimate goal of this study is to provide an optimal
solution that dynamically distributes and allocates the avail-
able network bandwidth among various video sources. This
solution should consider all system, video, network, and envi-
ronmental aspects, which may change dynamically. Therefore,
the proposed cross-layer optimization solution utilizes and
dynamically controls parameters in three layers in the network
stack: Application, Link, and Physical.

A. Cross-Layer Optimization Problem Formulation

As in [2], we formulate the problem as a cross-layer
optimization problem of the sum of the distortion of all video
streams received by the central proxy station. We follow the
formulation in [2], but adapt it to include the packetization
overhead of the transport and application layers. Since all
video sources share the same medium, the bandwidth allo-
cation solution should determine the fraction of airtime that
each video source receives in the system. Obviously, the total
airtime cannot exceed the effective airtime of the medium.



Specifically, the problem is formulated as: find the optimal
fraction of the airtime allocation F ∗ = {f∗

s |s = 1, 2, 3, ..., S}
for various video sources that minimizes the total distortion
(
∑S

s=1 Distortions(rs)), where rs is the application layer
transfer rate for video source s, and S is the number of
video sources. This optimization is subject to the following
constraints. (1) The total airtime of all video sources is less
than the effective airtime of the medium (Aeff ). (2) The
application layer transfer rate of source s is the product of
the its airtime (fs) and the physical layer transfer rate (ys) for
video source s. (3) The airtime of each source is between 0
and 1 (inclusive).

Mathematically, the problem can be stated as follows:

Find F ∗ = arg min
F

S∑

s=1

Distortion(rs) (1a)

s.t.

S∑

s=1

fs = Aeff (1b)

rs = fs × ys (1c)

0 ≤ fs ≤ 1 (1d)

s = 1, 2, 3, ..., S, (1e)

where F ∗ is the set of optimal fractions (f∗
s ) of the airtime of

all sources, r∗s is the optimal application-layer rate of video
source s, ys is the physical-layer rate of video source s, and
Aeff is the total effective airtime.

To solve the problem formulated in Equation (1), we need
to characterize the distortion function and assess the effective
airtime of the network.

B. Distortion Function Characterization

We seek to find a model of the relationship between the size
of a JPEG snapshot (or alternatively the rate of an MJPEG
video) and the distortion of the snapshot. We determine the
size-distortion relationship based on the following image data
sets: CMU/MIT [19], Georgia Tech [20], FERET [21], and
SCFace [22]. For each image set, we use the IJG JPEG library
to compress each picture in the set with quality factors from 1
to 100, with 1 being the lowest, and then assess the distortion
of each image against the original image using the Root Mean
Square Error (RMSE) metric. Finally, we find the average size
and the average distortion of all images with the same quality
factor. The results are shown in Figure 2. These results indicate
that the model formulated in [23] (identified as “Existing
Model”) is not accurate. We determine that the distortion can
be better characterized as follows:

Distortion(RMSE) = a × Zb + c, (2)

where Z is the image size and a, b, c are constants. This model
is referred to as “New Model” in Figure 2. For MJPEG videos,
image size Z can be calculated as Z = R/τ , where R is the
video playback rate and τ is the video frame rate.

C. Effective Airtime Estimation

As finding an accurate value for the effective airtime of
the medium is necessary for solving the formulated opti-
mization problem, we propose a novel online and dynamic
effective airtime estimation algorithm for wireless networks in
infrastructure configuration. In contrast with existing analytical
models, the algorithm uses complete information about the
network and involves the cooperation of the access point and
all video sources as well as various layers in each source. The
algorithm does not incur additional network traffic and can be
executed only when significant changes in the network (such
as variations in the physical rates) happen.

As shown in Figure 3, the algorithm proceeds as follows.
First, for each video source s, it finds the throughput (ts)
of its video stream as received by the application layer of
the proxy station, when all sources stream videos, each at
a rate that is equal to the maximum physical rate of the
network divided by the number of sources [24]. The algorithm
then uses this throughput to determine the initial value of
the effective airtime (Aeff ) as follows: Aeff =

∑S
s=1 ts/ys.

Our experiments indicate that this initial value significantly
overestimates the effective airtime, causing the actual received
video rates to not conform to the cross-layer optimization
solution because of the high level of packet packet dropping
in the network. Thus, this value has to be adjusted based
on the experienced level of packet dropping. Subsequently,
during a period of time, called estimation period, each video
source s assesses its own data dropping rate (ds) while sending
its video stream, and then sends this information to the
access point (AP). Meanwhile, the AP determines the overall
average dropping ratio as follows: AΔ =

∑S
s=1 ds/ys. AΔ

is used to adjust the current value of Aeff at the end of
the current estimation period. If AΔ is greater than some
threshold Athresh, the AP reduces Aeff by AΔ − Athresh.
Athresh controls the allowable dropping in the network. If
AΔ, however, is less than Athresh, the AP increases Aeff by
a value I , which set as half the last increment or decrement
value, depending on whether the last operation is increment
or decrement, respectively. Guided by extensive experiments,
we set I to half the last decrement/increment to ensure better
convergence and stability. The algorithm terminates when
the increments become less than a threshold Ithresh. The
estimation period and Ithresh should be chosen based on the
best tradeoff between convergence and stability.

D. Cross-Layer Optimization Solution

Now that we have a distortion function and a value for
the effective airtime, we can solve the problem formulated in
Equation (1). The problem solution can be summarized as
follows:

Step 1: We first prove that the formulated problem is a convex
programming problem by determining that all constraints
((1b)-(1e)) in the problem are linear and thus convex and that
the optimization function (

∑S
s=1(as(fsys/τ)bs + cs)) is also
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Fig. 2: Size-Distortion Models

if this is the first time to run the algorithm
Aeff =

∑S
s=1 ts/ys;

At the end of each estimation period{
AΔ =

∑S
s=1 ds/ys;

if (AΔ < Athresh){
if (last operation was decrement){

I = 0.5 ∗ lastDecrement;
Aeff = Aeff + I;}

else if (last operation was increment){
I = 0.5 ∗ I;
Aeff = Aeff + I;}

else //no decrements happened before
//keep increasing Aeff to cause the first decrement
Aeff = Aeff+ 0.05 ;

if (lastIncrement < Ithresh)
Stop the estimation algorithm;

}
else if (AΔ ≥ Athresh){

Aeff = Aeff − (AΔ − Athresh);
lastDecrement = AΔ − Athresh;}

}
Fig. 3: Simplified Algorithm for Dynamically Estimating the
Effective Airtime

convex. The latter is valid since the derivative of the sum term
is monotonically non-decreasing and convex.
Step 2: Since the problem is a budget constrained convex
programming problem, it can be solved using the Lagrangian
relaxation technique [25]. Thus, we can write the following
Lagrangian-relaxed formula:

L(F ∗, λ) =
S∑

s=1

(as(fsys/τs)bs +cs)+λ(
S∑

s=1

fs−Aeff ), (3)

where 0 ≤ fs ≤ 1, and s = 1, 2, 3, ..., S. Next, the Lagrangian
conditions are formulated as follows:

∂L

∂fs
= 0 and

∂L

∂λ
= 0. (4)

Assuming that all video sources have the same bs, which
is empirically valid, solving these two equations yields the

following solution:

f∗
s = (

−λ∗τs

asbsys(ys/τs)(bs−1)
)(1/(bs−1)), (5)

where

λ∗ = (
Aeff∑S

s=1(
−τs

asbsys(ys/τs)(bs−1) )(1/(bs−1))
)(bs−1). (6)

E. Enforcing the Optimization Results

With the aforementioned solution, the AP determines λ∗

and then each video source s determines its fraction of the
airtime f∗

s after receiving λ∗ from the AP. Subsequently,
each video source s should change the application data rate,
which is the video encoding rate in this case, as follows:
r∗s = f∗

s ×ys. Finally, the link-layer parameters are determined
based on the allocated airtime for each source. The link-
layer parameters can either be the transmission opportunity
duration limit (TXOP limit) or alternatively the frequency of
the transmission opportunity. The control of the TXOP limit
is more preferred since it is only one parameter, whereas
the transmission frequency involves three parameters (AIFS,
CWmin, and CWmax), which complicates the control process
design.

In [2], the TXOP limit (x∗
s) for source s is determined

as the time required to transmit the number of MAC data
frames that source s can transmit during one beacon interval
time (tb). As discussed in Section V-C, our results show that
choosing intervals other the beacon interval can achieve better
performance. In particular, the received video quality improves
with the chosen time interval up to a certain point, and then
it starts to worsen. In addition, the time interval that achieves
the best results varies with the network size. Furthermore, the
model in [2] does not incorporate the packetization overhead
of the transport and application layers.

In our framework, we address these problems as follows.
Each video source determines its TXOP limit as the time
required to transmit the packets that belong to a single video
frame along with all associated overhead. Because of the cross-
layer approach, the MAC layer in source s can know the
frame rate τs of the video sent by the application layer in
that source. The MAC layer can also determine the maximum
load rate Rs coming from the source’s upper layers. Using this



information, we can determine the maximum video frame size
Ls (with overhead) as Rs/τ and the number of MAC layer
data frames per maximum video frame Ns as Ls/ls, where
ls is the average data load per MAC layer data frame. Given
that Os is the average MAC and physical layers overhead,
ts is Short Interframe Space (SIFS) time, and ta is the time
required to send an acknowledgment, TXOP limit can be found
as follows:

x∗
s = [

Ls

ys
] + [

OsNs

ys
] + [(2Ns − 1)ts] + [Nsta], (7)

where Ls

ys
is the time required for transmitting the data of

a single video frame and the overhead of the upper layers
associated with that video frame, OsNs

ys
is the time required for

transmitting the associated MAC and physical layers overhead,
(2Ns − 1)ts is the sum of the SIFS periods needed for
transmitting all the packets of the video frame, and Nsta is the
time required for receiving all the acknowledgment packets of
the video frame packets.

IV. PERFORMANCE EVALUATION METHODOLOGY

We use the OPNET simulator to conduct various experi-
ments. In contrast with prior studies, which deal with video
streams as abstract data streams with certain bitrates, we im-
plement a traffic source in OPNET that streams MJPEG videos
as Real-time Transport Protocol (RTP) packets. Moreover, we
implement a realistic video streaming client at the application
layer of the proxy station. This client receives and reassembles
the RTP packets from various video streams, and then carries
out error concealment to mitigate the impact of packet loss.
The use of MJPEG enables the use of standard image data
sets that are suitable for surveillance applications because the
MJPEG video stream is a set of JPEG images. We use the
CMU/MIT image database to assemble the video streams. The
frames are chosen randomly from this database. The streamer
at each source takes a bitrate, a frame rate, and an image set
as inputs and produces a corresponding MJPEG video stream.

The implementation of the proposed framework is dis-
tributed between the video sources and the AP.

For comparison purposes, we implement the cross-layer
algorithm proposed in [2], referred to here as Distortion
Optimization (DO). Our proposed solution is referred to as
Enhanced Distortion Optimization (EDO). We also compare
the results with standard EDCA. In addition, we implement
a variation of the standard EDCA, called Adaptive EDCA, in
which the application layer in each video source adapts its
video rate according to the physical rate of that source, and
thus the rate is set as ys/S.

Table I summarizes the main simulation parameters.

V. RESULTS PRESENTATION AND ANALYSIS

A. Effectiveness of Using the Cross-Layer Approach in Band-
width Allocation

Let us start by demonstrating the benefits of utilizing infor-
mation from different network layers in bandwidth allocation.
Figure 4 compares standard EDCA and adaptive EDCA in

TABLE I: Summary of Simulation Parameters
Parameter Model/Value(s)
Number of video sources 6, 10, 16, 20, 24, 28, 32
Simulation Time 10 min
Packet Size 1024 byte
Application Rate Optimized,

Default = Max Physical Rate / S
Video Frame Rate 20 frame/sec
Physical characteristics Extended Rate (802.11g)
Physical Data Rate Random from [18Mbpr 54Mbps]
Buffer size 256 Kbit
Video TXOP limit Optimized, Default = 3008µs
Video CWmin 15
Video CWmax 31
Video AIFS 2
Short Retry Limit 7
Long Retry Limit 4
Beacon Interval 0.02 second

terms of perceptual video quality, as measured by the overall
Peak Signal to Noise Ratio (PSNR). These results indicate that
adapting the application rate according to the physical rate in
each video source (as done in Adaptive EDCA) improves the
PSNR by at least 50%!

B. Analysis of the Proposed Effective Airtime Estimation
Algorithm

Extensive analysis of various design parameters in the effec-
tive airtime estimation algorithm indicates that their values are
best set as follows to enhance the performance in terms of sta-
bility and convergence: Athresh = 0.0075, Ithresh = 0.0005,
and Estimation Period = 5 seconds.

Figure 5 shows that the effective airtime over the whole
time of running the EDO solution. The algorithm converges
quickly in all studied network sizes.

Let us now discuss the impact of Athresh, which determines
the allowable dropping in the network, on perceptual video
quality. Figure 6 shows the results of running the proposed
EDO solution for two different network sizes. The results show
that the quality of the received video streams improves with
Athresh up to a point and then the quality starts to worsen. The
peak happens when Athresh is smaller than 0.01, suggesting
that that optimal perceptual video quality is achieved when the
dropping is very small.

C. Analysis of Link-Layer Adaptation

As discussed in Subsection III-E, study [2] determines the
TXOP limit (x∗

s) for source s as the time required to transmit
the number of MAC data frames that source s can transmit
during one beacon interval time (tb). Let us know discuss
the impact of choosing time intervals other than the beacon
interval. Table II shows the perceptual video quality results
(measured in PSNR) when running the solution proposed in
[2] (DO) for different time intervals and network sizes. These
results indicate that perceptual video quality improves with
increasing the chosen time interval until a peak is reached,
and then it starts to worsen. Furthermore, the best value of
the time interval varies with the network size.
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TABLE II: Impact of the Time Interval Selected to Determine
TXOP Limit on Perceptual Video Quality [PSNR (dB)]

Time
Interval

Network Size
10 16 20 24

0.02 19.15 12.30 10.25 8.81
0.5 24.46 18.77 16.17 15.69
1 24.46 19.00 16.40 15.66
2 24.46 19.00 16.46 15.66
3 24.46 19.00 16.46 15.65

D. Comparing Various Bandwidth Allocation Solutions

Figure 7 compare the performance of various solutions
(EDCA, DO, EDO) in terms of the following metrics: (a)
perceptual video quality, (b) average video packet delay, (c)
overall data rate received by the application layer of the
proxy from all video sources, (d) percentage of received
complete video frames, (e) percentage of received incomplete
video frames, (f) percentage of missed video frames, (g)
overall network load (defined as the total load sent from the
application layers of all sources), (h) overall dropping rate
due to buffer overflow, and (i) overall dropping rate due to
reaching the retransmission limit.

The perceptual video quality is the main metric and is
measured in PSNR. This metric also considers the impacts of
all other metrics. We set the PSNR of missed frames to 0. The
results show that the proposed solution (EDO) significantly
outperforms exiting solutions. In particular, it improves PSNR
by more than 100% compared with standard EDCA and by
20% to 100% compared with DO. Interestingly, the overall
received data rate is not always consistent with perceptual
video quality. The average video packet delay is an essential
metric due to the real-time playback requirement. The result
show that EDO reduces the average packet delay significantly
compared with EDCA and DO. In addition, EDO yields the
highest percentage of completely received video frames and
the least percentage of missed frames. This behavior is due to
the effective airtime estimation algorithm, which minimizes
packet dropping and to the effective link-layer adaptation
model used. Accordingly, the EDO reduces significantly the
last three metrics: overall network load, buffer dropping rate,
and retransmission dropping rate. These results indicate that

EDO consumes much less power by sending and dropping
much less data.

VI. CONCLUSIONS

We have proposed a cross-layer video optimization frame-
work that manages the network bandwidth to minimize the
total distortion in video streams. The proposed framework
utilizes a new online network effective airtime estimation
algorithm. Moreover, we have developed a new and accurate
model for characterizing the video data rate and distortion
relationship as well as a new model for adapting the link-layer
parameters. We have evaluated our framework by streaming
real video frames over an OPNET-simulated wireless network.

The main results can be summarized as follows. (1) The
proposed framework enhances substantially the perceptual
quality of received video streams. (2) The proposed effective
airtime estimation algorithm is accurate and converges quickly.
(3) Optimal perceptual video quality is achieved when the
packet dropping is very small. (4) The transmission oppor-
tunity adaptation model works effectively. (5) The proposed
framework results in much less power consumption, compared
with existing solutions. This behavior is due to sending and
dropping much less data. Power consumption is a primary con-
cern, especially when the video sources are battery-powered.
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(b) Overall Received Data Rate
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(c) Packet Delay
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(d) Complete Video Frames
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(e) Incomplete Video Frames
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(f) Missed Video Frames
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(g) Overall Network Load

5 10 15 20 25 30
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

7

 T
o

ta
l B

u
ff

er
 D

ro
p

p
in

g
 (

b
p

s)

 Network Size

 

 

  EDO
  EDCA
  DO

(h) Overall Buffer Dropping Rate
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Fig. 7: Comparing Various Bandwidth Allocation Solutions
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