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Cross-Layer Architecture for Adaptive Video
Multicast Streaming Over Multirate Wireless LANSs

José Villalén, Pedro Cuenca, Luis Orozco-Barbosa, Yongho Seok, and Thierry Turletti

Abstract— Multicast video streaming over multirate wireless
LANs imposes strong demands on video codecs and the under-
lying network. It is not sufficient that only the video codec or
only the underlying protocols adapt to changes in the wireless
link quality. Research efforts should be applied in both and in
a synchronized way. Cross layer design is a new paradigm that
addresses this challenge by optimizing communication network
architectures across traditional layer boundaries. In this paper
we present a cross-layer architecture for adaptive video multicast
streaming over multirate wireless LANs where layer-specific
information is passed in both directions, top-down and bottom-
up. We jointly consider three layers of the protocol stack:
the application, data link and physical layers. We analyze
the performance of the proposed architecture and extensively
evaluate it via simulations. Our results show that the real-time
video quality of the overall system can be greatly improved by
cross-layer signaling.

Index Terms— Cross-layer, rate adaptation, video adaptation,
wireless multicast transmission.

I. INTRODUCTION

NE of the major applications driving wireless LAN

services is video streaming, which is based on the ability
to simultaneously multicast the same video contents to a
group of users, thus reducing the bandwidth requirement.
However, multicast video streaming over wireless networks is
a challenging task due to the characteristics of the video data
and wireless channels. In wireless environments, the channel
conditions change rapidly over time due to noise, interference,
multipath and mobility of the mobile hosts.

IEEE 802.11 wireless LANs (WLANS) are one of the fastest
growing network technologies in the wireless communications
field. The IEEE 802.11a/b Media Access Control (MAC)
protocol provides a multirate-capable physical-layer [1], [2].
Multicast video streaming over multirate wireless LANs im-
poses strong demands on video codecs and the underlying
network. With respect to the underlying protocols, since the
multirate enhancements are implemented into the physical
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(PHY) layer, the MAC mechanisms should be adapted in order
to fully exploit them.

There are two main issues to be addressed to effectively
deploy reliable and scalable multicast services over IEEE
802.11 wireless LANs. First, in the IEEE 802.11 standards,
multicasting is specified as a simple broadcasting mechanism
that does not make use of Acknowledgement (ACK) frames.
The absence of a feedback mechanism has a strong impact
on the reliability of the service provided to the user. Second,
according to the IEEE 802.11a/b standards, all frames with
multicast and broadcast Receiver Address (RA) should be
transmitted at one of the rates included in the basic rate set.
However, the standards do not provide the guidelines on the
best rate to be used, and more important how to adapt the rate
accordingly to the wireless channel operating conditions vary
along the time. Some proposals for unicast communications
have been reported in the literature to adapt the PHY data
rate according to the channel conditions, such as the ARF
(Auto Rate Fallback) [3] or RBAR (Receiver Based Auto
Rate) mechanisms [4]. However, these mechanisms rely on the
estimation of individual channel states, and therefore they can
not be directly applied to the multicast service. The difficulty
comes from the fact that the channel conditions between the
Access Point (AP) and each one of the Mobile Terminals
(MTs) in the multicast group may differ and in the absence
of feedback, the AP does not have any means to get to know
the operating conditions of each individual MT.

In this paper, we first introduce a novel Auto Rate Selection
mechanism for Multicast in multirate wireless LAN, from now
on referred as the ARSM mechanism. Basically, the ARSM
mechanism dynamically selects the multicast data rate based
on the channel conditions perceived by the MTs. The main
idea behind our proposal is to identify the AP to MT channels
exhibiting the worst conditions, expressed in terms of the SNR
ratio. The channel rate is then set accordingly, i.e., by using
the highest possible channel rate enabling the provisioning
of reliable multicast services. Even though such mechanism
has proved to be effective as reported in one of our previous
works [5], such setting heavily penalizes those MTs exhibiting
better channel conditions. There is then not only a need of
a multicast mechanism capable of dynamically adapting to
the quick changes of the channel, but of a multicast service
also capable of serving an heterogeneous population of MTs
characterized by the quality of the AP to MT channel.

In [5], we have presented a preliminary evaluation of ARSM
which proved effective in adapting the channel rate taking
into account the varying channel conditions. In this paper,
we go a step further by enhancing the ARSM scheme to
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address the aforementioned issues. We focus our attention
to its use in multicast video services. For such setup, we
further consider the use of hierarchical video coders in order
to adapt the video transmission to the channel conditions.
In such devices, the video is encoded into two layers: the
base and the enhancement layers. In particular, we propose
the use of hierarchical video coders based on the new H.264
standard. The main idea is that the MTs exhibiting the worst
channel conditions will receive only the base layer of the
encoded H.264 video, while the MTs exhibiting better channel
conditions will receive both, the base and enhancement layers.
We evaluate the effectiveness of such approach via simulation.

The dependencies shown above between application, MAC
and physical layers are then solved following the principles
of cross-layer protocol engineering [6]-[8]. The multicast
protocol introduced herein is able to adapt the PHY data rate
by making use of the physical channel conditions, normally
not available to the MAC layer. In the ARSM scheme, the
PHY and MAC layers collaborate in the auto rate selection
process for multicast services. We then extend this approach to
the application layer, enabling the provisioning of a multicast
hierarchical video service over wireless networks.

The remainder of this paper is organized as follows. We start
in Section II by providing some background on the issues to be
addressed on the design of multicast services to be deployed
in a multirate wireless LAN and on the design of hierarchical
video codecs. The proposed ARSM mechanism adapted to
support hierarchical video services is described in Section III.
Section IV presents our simulation results. In Section V, we
summarize and outline our future work plans.

1I. BACKGROUND
A. Multicast for Multirate Wireless LANs

Most research efforts on multicasting in IEEE 802.11
WLANS have focused on improving the service reliability by
integrating ARQ mechanisms into the protocol architecture. In
[9], the Leader-Based Protocol (LBP) ARQ mechanism has
been introduced to provide the multicast service with some
level of reliability. To address the ACK implosion problem,
LBP assigns the role of group leader to the multicast receiver
exhibiting the worst signal quality in the group. The group
leader holds the responsibility to acknowledge the multicast
packets on behalf of all the multicast group members, whereas
other MTs may issue Negative Acknowledgement (NACK)
frames when they detect errors in the transmission process.

The 802.11MX reliable multicast scheme described in [10]
uses an ARQ mechanism supplemented by a busy tone signal.
When an MT associated to a multicast group receives a
corrupted packet, it sends a NACK tone instead of actually
transmitting a NACK frame. Upon detecting the NACK tone,
the sender will retransmit the data packet. Since the 802.11MX
mechanism does not need a leader to operate, it performs
better than the LBP protocol in terms of both data throughput
and reliability. However, this mechanism is very costly since
it requires a signaling channel to send the NACK frames and
busy tones. Moreover, both LBP and 802.11MX schemes do
not adapt the multicast PHY rate to the state of receivers.

Very recently, the RAM scheme has been proposed in
[11] for reliable multicast delivery. Similar to the LBP and

802.11MX schemes, the transmitter has first to send a RTS
frame to indicate the beginning of a multicast transmission.
However, in RAM the RTS frame is used by all the multicast
receivers to measure the Receiver Signal Strength (RSS).
Then, each multicast receiver has to send a variable length
dummy CTS frame whose length depends on the selected
PHY transmission mode. Finally, the transmitter senses the
channel to measure the collision duration and can adapt the
PHY rate transmission of the multicast data frame accordingly.
This smart solution is more practical than 802.11 MX since
it does not require a signaling channel but still requires the
use of RTS/CTS mechanism and targets reliable transmission
applications.

In [12], SNR-based Auto Rate for Multicast (SARM) is
proposed for multimedia streaming applications. In SARM,
multicast receivers measure the SNR of periodically broadcast
beacon frames and transmit back this information to the AP.
To minimize feedback collision, the backoff time to send
this feedback increases linearly with the received SNR value.
Then, the AP selects the lowest received SNR to adapt the
PHY rate transmission. The main problem with this approach
is that the transmission mode cannot be adapted for each
multicast frame. The multicast PHY rate of SARM is adapted
at each beacon intervals. SARM does not make use of any
error recovery mechanism, such as, data retransmission.

Note that at the exception of RAM and SARM, the mecha-
nisms just described above only focus on solving the reliability
of the multicast service in WLANs. Only RAM and SARM
adapt the PHY transmission rate of the multicast data frames.
In this paper, we define an architecture by integrating the
following facilities: 1) the optimal channel rate adaptation
of the multicast service in IEEE 802.11 WLANSs, 2) a more
reliable transmission of the multicast data, 3) the limitation
on the overhead required by the signaling mechanism, and
4) the support of heterogeneity of receivers by using different
multicast groups and hierarchical video coding. The definition
of the proposed cross layer architecture is based on the
multirate capabilities present in the PHY layer of IEEE 802.11
WLAN:S.

B. Use of Hierarchical Video Coding

Hierarchical video coding has been proposed in the liter-
ature in order to improve the robustness of video commu-
nications applications [13], [14]. It has also been proposed
as a smart solution to handle the heterogeneity of receivers
in multimedia multicast transmission over the wired Internet,
such as in RLM-based schemes [15]-[17] and SARC [18].
Basically, in a hierarchical encoding scheme, the most relevant
elements of the video sequence are included in a base layer,
while less relevant pieces of information are put into a second
level, also denominated enhancement layer. According to
their relevance, the base layer usually receives a high-priority
treatment while the other layer is delegated to a second
plane. The base layer provides by itself a minimum acceptable
quality video image. Various implementation issues must be
considered when designing hierarchical video codecs, such
as, the amount of overhead required to implement it, the
definition of the breakpoint used when splitting the encoded
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video bitstream into the base and enhancement layers and
the ability of assigning different priorities to the underlying
network mechanisms [19].

One of the main advantages of hierarchical coding is that
this technique can be applied to all encoding schemes, such as,
H.261, H.263, MPEG-1, MPEG-2, MPEG-4, H.264, among
others. In this paper, we will consider the most recent H.264
video encoding standard, also known as MPEG-4 AVC [20],
which is highly efficient by offering perceptually equivalent
video quality at about 1/3 to 1/2 of the bitrates offered
by the MPEG-2 format. In a nutshell, H.264 consists of
two conceptually different layers. First, the Video Content
Layer (VCL) contains the specification of the core video
compression engines that achieve basic functions such as
motion compensation, transform coding and entropy coding.
This layer is transport-unaware, and its highest data structure
is the video slice, a collection of the coded Macroblocks (MBs)
in scan order. Second, the Network Abstraction Layer (NAL)
is responsible for the encapsulation of the coded slices into
transport entities of the underlying protocols. Additionally, this
standard introduces a set of error resilience techniques such as
data-partitioning that is an effective application-level framing
technique that divides the compressed data into separate units
of different importance. Data-partitioning creates more than
one bit string (partition) per slice, and allocates all symbols
of a slice into an individual partition with a close semantic
relationship. In H.264, the following three different partitions
types are used:

« Partition A, containing header information such as MB
types, quantization parameters and motion vectors. This
information is key to the system operation since the other
two partitions fully rely on it.

« Partition B (intra partition), carrying intra coded block
pattern and intra coefficients that can stop further drift
erTor.

« Partition C (inter partition), containing inter coded block
pattern and inter coefficients. This information is the least
relevant one.

Usually, partitions A and B can provide by themselves a
minimum acceptable video quality in situations in which the
partition C is completely lost. Note that the H.264 video
coding standard does not specify any hierarchical coding
scheme. In this paper, rather than using hierarchical coding, we
favor more interaction between, on one hand, the H.264’s VCL
layer that divides the original stream through data-partitioning
and, on the other hand, the MAC layer that treats video
streams differently. In particular, the application layer passes
its traffic information (the priority of the stream) with their
QoS requirements to the MAC layer, which maps these parti-
tions to different traffic categories to improve the perceived
video quality. In our case, the base layer will contain the
partitions A and B (and other important control information
at the beginning of the sequence such as picture size, display
window, MB allocation map, ...), and the enhancement layer
will contain the partition C.

III. AUTO RATE SELECTION FOR MULTICAST (ARSM)

The ultimate goals of the ARSM mechanism to be in-
troduced herein is: 1) to enable the deployment of a more
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Fig. 1. Special multicast control frames of MCPO.

reliable and efficient multicast protocol than the one defined
by the IEEE 802.11 standard; and 2) to integrate the multicast
service into the cross-layer architecture proposed for multirate
wireless networks. By efficient, we mean that the overhead
required by the ARSM to operate should be kept to minimum
levels. In the following sections, we introduce the various
mechanisms making part of ARSM.

A. Design of ARSM

ARSM is an adaptive mechanism in which the AP selects
the PHY data rate to be used for the multicast service.
The PHY data rate to be used is determined by taking into
account the channel conditions perceived by each and every
MT belonging to a given multicast group. Under the proposed
scheme, the AP starts by multicasting a control frame, namely
the Multicast Probe (MP) frame, to the multicast group mem-
bers. Upon receiving the MP frame, each multicast member
estimates the SNR of the channel, i.e., the quality of the
wireless medium. Based on the SNR, each MT will determine
the point in time for replying to the AP. According to the
proposed mechanism, an MT having sensed the lowest SNR
will be the one in charge of first replying to the AP, by
issuing a Multicast Response (MR) frame. Upon detecting the
transmission of the reply and in the absence of errors, all the
other group members should normally refrain from replying to
the AP. The AP assigns the role of group leader to this MT.
The group leader holds the responsibility of acknowledging
the multicast packets on behalf of all the multicast group
members, whereas other MTs may issue NACK frames when
they detect errors in the transmission process, in that case the
AP retransmit the frame. The AP will select its PHY data rate
using the SNR value contained in the received ACKs coming
from the leader.

Fig. 1(a) shows the format of the MP frame. The duration
field of the MP frame is initially set to CW,,, x SlotTime,
where C'W,,, is the length of the contention window, expressed
in slots, during which the group members may attempt to
transmit the MR frame back to the AP. The destination address
field of the MP frame represents the address of the multicast
group being addressed by the AP, and the SNRye.qer field is
set to the SNR received in the most recently ACK received
by the AP.

After having sent the MP frame, the AP will wait for a
period whose length is given by the Short Inter Frame Space
(SIFS). At the time of sending the MP frame, the AP starts a
timer, namely the MP_timer, initially set to CW,, slots. The
timer is then decremented by one slot whenever the channel
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has been sensed idle for a period of time equal to one time slot
(SlotT'ime). On the contrary, whenever the AP detects activity
in the channel by means of the Clear Channel Assessment
(CCA) mechanism, it immediately freezes the MP_timer.

When an MT receives the MP frame, it checks whether it
is a member of this multicast group. If it is not, it sets the
NAV parameter to CW,, x SlotT'ime by using the duration
field included in the MP frame. Fig. 1(b) depicts the format
of the MR frame. In the MR frame, the SNRy,, field contains
the SNR value of the previously received MP frame. When
an MT replies to the AP with an MR frame, the MT uses
a BackoffTimer in order to reduce the collision probability of
the MR frames. This backoff timer is set based on the channel
quality of the MTs. The MTs exhibiting the worst SNR choose
the lowest backoff timer enabling them to transmit the MR
frame earlier than all other MTs. In the absence of collision, all
the other MTs to the one having successfully replied detect the
transmission of the MR frame and refrain from transmitting.
In this way, ARSM avoids the MP frame implosion problem.

According to the received information, and the value of the
MP_timer, the AP could get to know the outcome of its query
by three different means: Explicit Feedback, Implicit Feedback
and No Feedback.

« Explicit Feedback: the AP receives the MR frame from
an MT within the multicast group. In this case, the AP
determines the SNR value of the MT with worse channel
quality than the one of the current group leader. Then, it
transmits the multicast data frames accordingly.

o Implicit Feedback: the AP receives a corrupted MR
frame and the MP timer of the AP has not expired.
This condition occurs when several MTs reply to the
MP frame simultaneously and the MR frames have col-
lided. In this case, the AP can predict the SNR value
(SNR,,p) of the MTs having sensed the worst channel
quality. Through the current MP_timer of the AP, the AP
identifies the lowest backoff timer among all the MTs in
the multicast group. It must be mentioned that the MT
with the lowest backoff timer first replies to the AP using
an MR frame. The AP should already know the value of
the backoff timer chosen by the MT to send the MR
frame.

o No Feedback: The AP does not receive an MR frame and
the MP_timer of the AP expires. This condition occurs
when either all the MTs in this group have left or that
the MP frame has been corrupted during its transmission.
In this case, the AP will retransmit the MP frame after
waiting for a period of time defined by the DCF backoff
mechanism. The number of retransmission attempts for
a given MP frame is limited to 4. When the number of
retransmission attempts is reached, the AP assumes that
there are no more MTs in the multicast group.

From the description above, it should be clear that the AP
can determine the SNR as well as the identity of the MT to
become the group leader in the first case: Explicit Feedback.
However, if the MR frame collides (Implicit Feedback), the
AP is unable to identify the MT to become the new leader.
In this case, the AP will have to send a second MP frame
before sending the following multicast data frame. The new
MP frame to be sent out will set the SNRcaqer field set to a

negative value. When the MTs in the multicast group receive
the MP frame with the SNR¢,4¢; field equal to a negative value,
only those MTs having previously replied to the AP send a
new MR frame. In this second round, these MTs do not use
the backoff timer based on the SNR of the received signal, but
a random value between [0, CW,, — 1]. This different backoff
timer is used to further reduce the probability of collision of
the MR frames.

Through the Multicast Channel Probe Operation (MCPO)
described above, the AP can estimate the SNR value of the
group leader. In order to reduce the amount of processing to be
carried out by the MTs, we propose a Dynamic Multicast Data
Transmission procedure by making use of several multicast
PHY data rates. Under this scheme, the AP can be found in
one of two different states depending on the feedback received.

« While the AP successfully delivers multicast data frame,
the MCPO is deactivated. In this state, the AP will adapt
its PHY data rate using the SNR value contained in the
received ACK coming from the group leader.

o If the AP shows a failure of Ny, consecutive multi-
cast transmissions (detected via NACKSs), it initiates the
MCPO.

B. Throughput Analysis of ARSM

The main goal of the analysis presented herein is to de-
termine the PHY rate in order to maximize the throughput
performance in a multicast scenario with the ARSM mecha-
nism. Towards this end, we make the following assumptions
to simplify our analysis; (1) there is only one AP sender and a
group of multicast receivers from which an MT group leader
has been previously selected, therefore we neglect the MCPO
frames, (2) the AP generates L-byte long data frame and its
queue is never empty, i.e., it is never idle for a period longer
than the required by the DCF medium access rules to initiate
the following transmission, (3) the L-byte long data frame is
not fragmented, (4) the retry limit iS Ny, (5) we neglect the
air propagation delays, (6) the ACK frame is transmitted at the
lowest PHY mode as defined by the IEEE 802.11 standards,
and (7) we assume an IEEE 802.11b PHY specification.'

Under the aforementioned assumptions, a transmission cy-
cle is composed of the following phases that are repeated
over time: (1) DIFS deferral phase; (2) Backoff/Contention;
(3) Data transmission phase; (4) SIFS deferral phase; and (5)
ACK transmission phase. The time length for items (1) and (4)
are defined by the standards. We need then to derive items (2),
(3) and (5). We assume that an L-byte long frame has to be
transmitted using PHY mode m, where, for the IEEE 802.11b,
m=1, 2, 3, and 4 for 1, 2, 5.5, and 11 Mbps, respectively.

For estimating the length of the Backoff/Contention phase,
in accordance with the IEEE 802.11 standard, and due to the
fact that the AP is unable to detect collisions under a multicast
transmission, the CW is always set to CW,;,. Under these
conditions, the average backoff interval T;,ack,,ﬁc in usec, can
be simply expressed by:

CWmin

T backoff = -aSlotTime (1)

I'This analysis could be easily extended to other PHY specifications, such
as 802.11 a/g.
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The time length of the Data and ACK transmission phases,
taking into account the PLCP Protocol Data Unit format
described in the standard [1], are given by the following
expressions

Tégm = tPCLPpreamble + tPLCPheader
(M ACoverheadgaiqa + L) - 8

2
tz_rate (m) @
;Tclk = tPCLPpreamble
MA ack *
CAPLCPrugr + Coverheadgey, - 8 3)

tz_rate (m = 1)

where M ACoverheadgqi, and M ACoverhead, ;. are the
overhead bytes corresponding to a Data and ACK MAC
Protocol Data Unit, respectively (i.e. MAC header plus FCS
fields), the transmission rate tx_rate(m) for PHY mode m is
given by tz_rate(m)=1, 2, 5.5, 11 Mbps for m=1, 2, 3, 4,
respectively.

Each successful data transmission duration is equal to the
data frame transmission time, plus the ACK transmission time,
plus one SIFS. However, if the data transmission fails, the
station has to wait for an ACK timeout period (for ARSM is
defined in the same way that in the IEEE 802.11 standard,
i.e., by adding up the time lengths of a SIFS period, the ACK
transmission time and a slot time), the backoff period and the
frame retransmission time. Therefore, the average transmission
time for a single frame is given by (4) (see next page), where
P[n = i] is the probability of successful transmission at i
transmission attempts and is given by:

P [n = Z] = [1 - Psmuccess (L)]i71 ’ Psmuccess (L) (5)

where P!, (L) is the probability of a successful transmis-

sion and it can be calculated by:

PsTchess (L) = [1 - erfdata (L)} ' [1 - eyilack} (6)

where P, . (L) and P[™ . are the error probabilities for an
L-byte long data frame and ACK frame, respectively. Note that
an ACK frame is much shorter than a data frame. Therefore,
the error probability of the ACK frame is very low compared
to the error probability of the data frame, and hence we can
approximate the probability of a successful transmission as:
P’ln

sSuccess

(L) ~1-— PTdata (L) (7)

€

Now we can derive the probability of error for an L-bytes
long data frame transmitted at PHY mode m in the following
way:

Fildata (L) =1- [1 - Pgn:1 (PLCPpreamble/header)}
-[1 = P (MACoverheadgata + L)) 8)

where Pm=1 (PLCPpmamble/hmder) is the probability of
error of the PLCP preamble/header transmitted using PHY
mode 1, and P! (M ACoverheadgqt, + L) is the probability
of error of the MPDU including the MAC overhead. Fur-
thermore, in [21] an upper bound has been derived on the
packet error probability, under the assumption of using binary

convolutional coding and hard-decision Viterbi decoding with

Throughput (Mbps)
7 T T T T
6 BPSK —— T
QPSK - ,
5 | CCK55 .
CCK1l - - - - ‘

Throughput (Mbps)
w

15 20

v
Th 12

Fig. 2. 1EEE 802.11b throughput vs. SNR for ARSM mechanism.

independent errors at the channel input. For an L-byte long
packet to be transmitted using PHY mode this bound is:
P (L) <1 [1—PB*F ©

€

i.e. the P™ (L) can be expressed in terms of BER, where
P can be estimated for each PHY mode m using BER vs
SNR curves for the IEEE 802.11b PHY modes. These curves
could be derived theoretically [22], however for the purpose
of this paper and to achieve a solution close to the reality,
we have used empirical curves provided by Intersil for its
chip called HFA3861B [23] measured in an Additive White
Gaussian Noise Channel (AWGN) environment. These curves
have been used to estimate the BER in both the analysis and
the simulation results shown in the following sections.

Finally, to compute the throughput we need to consider the
average time space between two successful frame transmis-
sions, which will be given by aDIFSTime + Tbackaﬁ'. The
average throughput can then be derived by:

N — . L
Throughput = = 8 : _
T trame + aDIFSTime + Tpackosy

(10)

Using the IEEE 802.11b PHY layer values specified in [2]
in the equations derived above and for a frame size of L=1000
bytes, we obtain the optimal throughput as a function of the
SNR, for every PHY mode, as shown in Fig. 2.

From Fig. 2, it is clear that in order to determine the best
reliable transmission rate at a given time for all multicast group
members, the ARSM mechanism needs to know in advance:
(1) the values for the thresholds Th;..,, Thy..55 and Thss.,1;
(see Fig. 2) and (2) the SNR feedback from one of the MT
exhibiting the worst channel conditions. The thresholds (item
1 above) can be derived from the previous analysis. For the
best estimation possible of the value for item (2) is crucial
the election of the MT assuming the role of group leader.
This latter task is done by means of the MCPO mechanism
of ARSM. According to the design of MCPO, one of the MT
having detected the lowest SNR interval will be the one in
charge of first replying to the AP, by issuing an MR frame.
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Nmax i—1 |:

Tframe: ZP[’R:Z]Z

= j=1

aSIFSTime +T™
+aSlotTime + Thactog + T2, (L)

ack

+ T (L) + aSIFSTime + Tony. 4)

In order to comply with the standard specifications, the
value for CW,, has to be set to the Extended IFS parameter,
i.e. equal to 8. This setup will enable the smooth integration
of our proposal into the architecture of IEEE 802.11 WLANSs
systems concurrently supporting unicast and multicast ser-
vices. Under this same scenario, an MT belonging to the
multicast group could send its reply by randomly selecting a
slot from the interval [0, CW,, — 1]. However, we propose
to divide the window into three sub-window in order to
segregate the stations into three groups according to their
channel conditions. We have then divided the backoff window
[0,7] of the standard in the following three intervals [7,6],
[5,3] and [2,0]. Since much likely the MCPO will be invoked
to reduce the PHY mode being used, the main issue is to
identify if the new leader will force the channel rate of the
multicast group one or two modes down. For instance, the
channel rate may be dropped from 11 to 5.5 or even down to 2
Mbps. We have then mapped the backoff window subintervals
into the SNR levels sensed by the MTs having been sensed:

0,2] SNRuy < Thes
BackoffTimer = ¢ [3,5] Th—a <SNR,,, <Th_
6,7 Th—1 <SNR,,

(1)
where Th_; € {TthQ,Th2H5.5,Th5.5H11} for =1 and 2,
are the thresholds of the channel rates corresponding to one
or two modes down of the mode being currently used by
the AP and having been previously fixed by the current
value of the SNR of the multicast leader, SNRjcaqer. That
is to say if Ths5.,11 <SNRjeager then Th_1=Ths5..1; and
Th. 5=Ths._.5 5. Otherwise if Tho..5.5 <SNRjeager <Ths 5,11
then Th.;=Ths.55 and Th.o= Th;.5. A special case
is when Thi.o <SNRjader <Ths 55, in this case
Th.1=Thy.,2 and Th._9=Th. 1 /2. From this expression, one
of the MTs classified as belonging to the group of MTs having
sensed the worst SNR chooses the shortest backoff window.
In this way, such MT will be able to place its reply before the
stations having sensed much better channel conditions.

For the Implicit Feedback case, using equation 12, the AP
can inversely estimate the SNR range with the shortest backoff
window, where BT,,, is the current MP_timer value known
by the AP and SN R, is the estimated worst SNR value.

0 BT, >6
Th sy 6> BTy >3
Th_ 1 3> BTmp >1

SNRpyp = (12)

C. H-ARSM: Adaptation of ARSM to Hierarchical Video Com-
munications

As described in the previous sub-section, the ARSM mech-
anism adapts the PHY data rate of the multicast group taking
into account the receiver whose SNR lies in the lowest range.
In this way, the mechanism guarantees that all members of the
multicast group properly receive all packets while transmitting

the packets at the highest possible PHY data rate. However, the
use of this mechanism under certain scenarios, such as video
services, heavy penalizes those users capable of receiving
data at higher rates. Furthermore, as shown in [24], the
performance of an IEEE 802.11 WLAN is severely affected
when operating at such low PHY data rates. It is for this reason
that we propose enhancing the ARSM to support services
capable of accommodating users with different capabilities, in
particular hierarchical video communications. We will refer to
our proposal as hierarchical ARSM or simply by H-ARSM.

Under H-ARSM, the video is expected to be encoded into
two layers, namely the base and enhancement layers. The
packets containing the base layer of the video are sent to
all the members of the multicast group following the rules
as established by ARSM. In this way, the mechanism should
guarantee a minimum video quality to all users. In the case
of the enhancement layer, the operating mode is quite similar
to the one used by the ARSM scheme, i.e., the AP has to
first select a group leader for the enhancement layer, whose
main mission is to acknowledge (ACK) the packets sent to the
group. The other MTs may issue NACK frames when they
detect errors in the transmission process, in that case the AP
retransmit the frame. The main difference for enhancement
layer comes from the fact that instead of selecting one of
the members with the lowest SNR as the group leader, this
new mechanism selects one of the members with the highest
SNR. The rate of the enhancement layer is then selected by
H-ARSM taking into account the rate channel at which the
base layer is being transmitted, in the following way:

e Once that the ARSM has decided that the base layer
should be transmitted at 1 or 2 Mbps, then H-ARSM de-
cides that the enhancement layer should be transmitted at
5.5 Mbps if there is one (or more) MT capable of receiv-
ing the enhancement layer (MTs with SNR>Ths. 5 5). In
this case, an MT belonging to enhancement layer should
leave the enhancement layer multicast group whenever
its SNR falls below Thsy..5 5.

o If the ARSM has decided that the base-layer should be
transmitted at 5.5 Mbps, then H-ARSM decides that the
enhancement layer should be transmitted at 11 Mbps if
there is one (or more) MT belonging to the enhancement
layer (MTs with SNR>Thg 5..11) multicast group. In this
case, an MT belonging to the enhancement layer should
leave this group whenever its SNR<Ths 5..1;.

o If ARSM has decided that the base layer should be
transmitted at 11 Mbps, then H-ARSM decides that the
enhancement layer should also be transmitted at 11 Mbps.

The format for the MP and MR frames used by this
mechanism is the same that the one used by the original
ARSM. However, in the case of the enhancement layer,
the SNRyeager field of the MP contains the maximum SNR
(SNR,,,4z) known by the AP (from the feedback of the
leaders) measured during all time. Because we want to
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)

=~

[0
Backof fTimer = E’

CWhy,

] SNRmp > Thenhancement +FM1

] Thenhancement +FM1 > SNRmp > Thcnhancement + M2
77] Thenhancement + FM2 > SNRmp > Thcnhancement
Thenhancement > SNRmp

(13)

know the member with the highest SNR possible, a member
of the enhancement layer multicast group which receives
an MP frame, will use the following rule to adapt its
backoff timer for transmitting its MR frame (13), where
Thenhancement=Thaos5, F'M2 =Thss.11—Thas5 and
FM1 =Thss5.11—Thaess + (SNRmax — Thss011) /2
when ARSM has decided that base layer is transmitted
to 1 or 2 MbPS, or Thenhancement=Th5.5<—>11,
FM1=2 (SNRmax — Ths 5.11) /3 and FM2 =
(SNRpmax — Ths5,11) /3 when ARSM  has  decided
that base layer is transmitted to 5.5 or 11 Mbps.

From this expression, one of the MTs classified with the
best SNR chooses the lowest backoff timer and has a chance
to transmit the MR frame earlier than all other MTs. We have
selected four backoff intervals following the same reasoning as
for (11), in order to better identify the MT exhibiting the best
operating conditions. The BackoffTimer will choose a random
value inside the selected interval.

IV. PERFORMANCE EVALUATION

In this section, we carry out a performance evaluation
on the effectiveness of our cross-layer architecture proposed.
Throughout our study, we have made use of the OPNET
Modeler tool 11.5 [25], which already integrates the IEEE
802.11 simulator. We have integrated into it the LBP, RAM,
ARSM and H-ARSM mechanisms.

A. Scenarios

Our performance evaluation has been structured in the
following way: first we evaluate and compare the ARSM,
RAM and LBP schemes when hierarchical video coding is
not applied. This should allow us to show the benefits of
using an auto rate selection multicast mechanism over a
multirate wireless LAN. Then, we present the comparative
performance evaluation of the RAM, H-ARSM and ARSM
schemes when hierarchical video coding is applied in order
to show the benefits of an adaptive video multicast streaming
over multirate wireless LANs. To this end, we have conducted
an exhaustive campaign of simulations.

In our simulations, we model an IEEE 802.11b WLAN
consisting of an AP, nine or eighteen multicast wireless MTs,
and five unicast wireless MTs. We have varied the network size
expressed in terms of the area covered by the AP and MTs.
The network size has been initially set to a geographical area
of 50m x 50m. We have then increased the network size in
both dimensions by 10m x 10m to a maximum network size
of 140m x 140m. The access point is located in the center of
the BSS. The cell size is changed throughout the different
scenarios under study. The multicast MTs move randomly
within the BSS at a constant speed of 5 km/h, whereas the
unicast MTs are static and placed close to the access point.
We assume that the unicast packets are always transmitted

at 11 Mbps. For the ARSM and H-ARSM schemes we have
found that setting Nth = 3, is a good compromise to limit
the number of MP frames to be sent and the time to react to a
change on the network operating conditions. Similar findings
have been reported in [26].

In our scenarios, we have assumed the use of two types
of traffic flows: multicast traffic downlink flows and unicast
traffic uplink flows. For the downlink traffic, the access point
transmits a video stream to the multicast MTs. For the video
streaming source, we have used traces generated from a vari-
able bit-rate H.264 video encoder [27]. We generate two types
of traces corresponding to the use or not of the hierarchical
video coding scheme presented in Section II-B. We have used
the sequence Mobile Calendar encoded on CIF format at
a video frame rate of 25 frames/s. When the hierarchical
coding is used, the base layer accounts approximately for
30% of the total video data. Throughout our experiments,
we have confirmed that an acceptable video quality in the
base layer can be obtained while the amount of data traffic
pertaining to the enhancement layer is in the order of 70%.
We have used two average video transmission rates (around
400 kbps and 700 kbps) using different quantization factors
with a packet size equal to 1000 bytes (including RTP/UDP/IP
headers). This video application is randomly activated within
the interval [1,1.5] seconds from the start of the simulation.
In order to limit the delay experienced by the video streaming
application, the maximum time that a video packet may
remain in the transmission buffer has been set to 2 seconds.
Whenever a video packet exceeds these upper bounds, it is
dropped. For the unicast traffic, we assume greedy sources.
The unicast packet size is equal to 1000 bytes (including the
RTP/UDP/IP headers). The unicast sources are also randomly
activated within the interval [1, 1.5] seconds from the start of
the simulation. Throughout our study, we have simulated two
minutes of operation of each particular scenario.

B. Metrics

For the purpose of our performance study, the seven metrics
of interest are: multicast throughput, unicast throughput, mul-
ticast packet loss rate, overhead, delay, jitter and the video
quality perceived by the end user.

The multicast throughput is given by the successfully re-
ceived average data rate by all the multicast MTs. To be
able to better evaluate the various schemes with respect to
the optimum case, we plot the normalized throughput which
is calculated with respect to the multicast downlink traffic
generated by the AP.

The unicast throughput is given by the total throughput
received by the AP from all the unicast MTs. This metric
should allow us to estimate the bandwidth not being used
(made available to the unicast sources) by each one of the
multicast schemes under consideration. If the multicast traffic
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TABLE I
VIDEO QUALITY SCALE

RATING IMPAIRMENT QUALITY
5 Imperceptible Excellent
4 Perceptible, not annoying Good
3 Slightly Fair
2 Annoying Poor
1 Very annoying Bad

is transmitted at the higher PHY rate, the unicast MTs can
receive the higher throughput. Recall that the goal of the
multicast PHY rate adaptation mechanism is to choose the
highest PHY rate guaranteeing transmission reliability.

The multicast packet loss rate is defined by the ratio
between the packets not having been received by at least a
member MT of the multicast group over the total number of
packets transmitted to the network.

The overhead is defined as the ratio between the number of
control bits (Pconiror) and the total number of bits having been
transmitted (Pcontrol + PMulticastData); it can be simply stated as:

PCOTL T0
Overhead (%) = 2 frol

= x 100
Z Pcontrol + Z PmulticastData

(14
where (Peonyrol) Will be dependent on the mechanism being
used.

The average delay defines the time elapsed from the time
instant when the data packet is inserted into the channel and
the time when the packet actually reaches the MT. In the case
of the video traffic, we also evaluate the jitfer between two
consecutive video frames. Both metrics, delay and jitter, are
key in the evaluation of QoS provided to video services.

Finally, we will present a quantitative assessment of video
quality perceived using the Moving Pictures Quality Metric
(MPQM) [28]. The MPQM video quality metric has been
proved to behave consistently with human judgments accord-
ing to the quality scale that is often used for subjective testing
in the engineering community (see Table I) [29], [30].

Our measurements started after a warm-up period (about
three seconds) allowing us to collect the statistics under
steady-state conditions. Each point in our plots is an average
over thirty simulation runs, and the error bars indicate 95%
confidence interval.

C. Results

Figs. 3 and 4 show the results for the comparative analysis
between ARSM, RAM and LBP schemes for a multicast
load of 400 kbps, for 9 and 18 multicast wireless MTs,
respectively. The results depicted in Fig. 3(a) show that the
ARSM, RAM and LBP (1Mbps) schemes are able to provide
a reliable multicast for all network sizes. For other rates,
the performance of LBP decreases as the network size is
increased. This is expected since adapting the PHY data rate
helps to compensate for the signal impairments due to the
distance to be covered by the signal. The results clearly show
the benefits of adapting the PHY data rates taking into account
the channel conditions.

While Figs. 3(a) and 3(c) show that the LBP is unable to
provide good support to the multicast service even at rates as
low as 5.5 Mbps, the ARSM and RAM schemes, are capable
of effectively transmitting all the multicast traffic.

For the case of the unicast traffic, Fig. 3(b) shows that
ARSM outperforms the RAM and LBP at 1Mbps for all net-
work sizes. Furthermore, in the case of small-sized network,
ARSM is even able to deliver twice the load carried by the
LBP operating at 1Mbps. The figure also shows that ARSM
outperforms the RAM and LBP schemes when this latter is
able to fully deliver the multicast traffic. This is due to the
fact that the ARSM scheme introduces less overhead than the
RAM (see Fig. 3(d)), and LBP use a fixed PHY data rate.

Fig. 3(d) shows the overhead for all schemes under study.
As seen form the figure, ARSM outperforms the RAM
scheme. By requiring the exchange of RTS/CTS control
frames for every multicast data frame to be sent, the RAM
scheme introduces as much as twice the overhead required
by ARSM. On the contrary, the MCPO mechanism of ARSM
is invoked when needed. Fig. 3(d) also shows that ARSM
requires less overhead to properly operate than LBP, except for
LBP at 1 Mbps. From the results, it is clear that at high PHY
data rates, the AP is forced to retransmit a large number of
frames due to the high error rate. The overhead then increases
due to the ACK/NACK control frames sent to overcome this
anomaly.

Fig. 3(e) shows the delay for the multicast traffic. Fig. 3(e)
shows that ARSM and RAM schemes outperform the LBP for
all network sizes. Once again, this is due to the inadequacy of
the PHY data rate being used. LBP is then forced to retransmit
most of the frames due to the error transmissions, increasing
the delay. The same reasoning can be applied to explain the
results obtained for the jitter (Fig. 3(f)). These results clearly
show the benefits of adapting the PHY data rates taking into
account the channel conditions.

Finally, Fig. 4 shows that the ARSM scheme is able to cope
with large multicast group sizes.

Figs. 5 and 6 show the results for the ARSM, RAM and
H-ARSM (ARSM Hierar) mechanisms for a multicast load of
700 kbps, for 9 and 18 multicast wireless MTs, respectively.
From the results shown in Fig. 5(a), it is clear that the H-
ARSM scheme is capable of sending all the traffic associated
to the base layer (ARSM Hierar.HP) independently of the
network size. However, the throughput of the enhancement
layer (ARSM Hierar.LP) decreases as the network size is
increased. The reduction experienced by the enhancement
layer is due to the decrease of the MTs pertaining to the
enhancement layer as the network size increases.

Fig. 5(b) shows the throughput obtained for the unicast
traffic being sent when one of each of the three multicast
schemes is also being used for the multicast service. From the
results, it is clear that H-ARSM offers better results than the
RAM and ARSM schemes. In the case of large networks, the
throughput obtained by the unicast services is 50% higher (3
Mbps) when H-ARSM is preferred over the RAM and ARSM
(2 Mbps). In this case, the base layer is sent at low rates while
the enhancement layer is sent at a rate no lower than 5.5Mbps.

Fig. 5(c) shows the packet loss rate for the three schemes.
In the case of H-ARSM, the only packets being lost belong
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Fig. 3.

to those carrying the enhancement layer and being addressed
to the stations not belonging to the enhancement multicast
group. The H-ARSM scheme guarantees the correct delivery
of all the packets containing the base layer to all the members
of the multicast group (see ARSM Hierar.HP). The scheme
also guarantees the correct delivery of all the packets of the
enhancement layer to all the members of the enhancement
group. In the case of the ARSM and RAM schemes, all the
packet losses are due to excessive delay by the packets while
waiting to be transmitted. H-ARSM limits the packet losses
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Comparative Performance Evaluation (ARSM, RAM and LBP schemes). Multicast Group Size = 9.

conveying the enhancement layer to those stations exhibiting
the worst channel conditions, i.e., those stations belonging
only to the base layer multicast group. With RAM and ARSM,
all the members of the multicast group are affected.

Fig. 5(d) shows once again that the H-ARSM scheme
introduces lower overhead than the RAM scheme. This is ex-
pected since H-ARSM shares close similarities, in terms of the
signaling procedure, to the ARSM mechanism. This translates
into higher bandwidth available to the unicast services when
H-ARSM is applied (see Fig. 5(b)). Fig. 5(e) shows the delay
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Fig. 4. Comparative performance evaluation (ARSM, RAM, and LBP schemes). Multicast group size=18.

for the multicast traffic. The H-ARSM scheme outperforms the
ARSM and RAM schemes. This is due to the excessive delay
encountered by the packets while waiting to be transmitted
when using the ARSM and RAM schemes.

Fig. 5(f) shows the quality of the video being received. In
the case of the ARSM and RAM schemes, the video quality
is rated around 4.4 (corresponding a quantization factor equal
to 17) as long as no packet losses are reported. However, the
video quality drastically falls as the packet loss rate increases
(network sizes beyond 70 m) as a result of missing the packet

delivery deadlines. In the case of the H-ARSM, a minimum
video quality is always guaranteed since the base layer is
always delivered.

The results depicted in Fig. 5(f) also show that the video
quality decreases as the network size increases. This results
from the increasing number of stations switching exclusively
to the base layer multicast group. The fact of using a hier-
archical transmission scheme clearly helps out; the multicast
members are able to receive the packets according to the most
up-to-date channel conditions.



VILLALON et al.: CROSS-LAYER ARCHITECTURE FOR ADAPTIVE VIDEO MULTICAST STREAMING OVER MULTIRATE WIRELESS LANS 11

9 Multicast Receivers

0.8

0.6

0.4

Normalized Multicast Throughput

ARSM
RAM —s—
02+ ARSM Hierar —>— ]
ARSM Hierar.HP —&—
ARSM Hierar.LP —+—
0 L L L L L L L L L i

50 60 70 8 9 100 110 120 130 140

Network Size

(a) Throughput of Multicast Traffic

9 Multicast Receivers

1F 4
08 | RAM —<s— ]

. ARSM Hierar —<—
2 ARSM Hierar. HP —e&—
f 0.6 ARSM Hierar.LP
é
—
g 04
g
A

0.2
0
50 60 70 80 90 100 110 120 130 140
Network Size
(c) Packet Loss Rate of Multicast Traffic
9 Multicast Receivers
2 T
RAM +—v—
L ARSM Hierar —<—

=
=
o)
[a)

50 60 70 80 90 100 110 120 130 140

Network Size

(e) Delay of Multicast Traffic

Fig. 5.

Fig. 6 shows that the H-ARSM can still provide a better
service for a larger number of multicast wireless MTs. Similar
to the previous scenario, the H-ARSM scheme exhibits better
results than the ARSM and RAM schemes. On the contrary,
ARSM and RAM exhibit worst results than those obtained in
the previous scenario. In particular, they are unable to cope
with larger group sizes. This is mainly due to the higher
probability that one of the member of the multicast group
will require to receive the data at a lower rate. Since the AP
is required to send to all the members according to the rate
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H-ARSM performance evaluation (multicast load=700kbps, 9 multicast receivers).

setup taking into account the worst channel conditions, all the
members of the multicast group are penalized. Fig. 6(f) clearly
shows that the quality of the video signal degrades starting
at network sizes of 60 m and falling to minimum levels for
network sizes of 90 m.

V. CONCLUSIONS

We have proposed a cross-layer architecture for adaptive
video multicast streaming over multirate wireless LANs where
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Fig. 6. H-ARSM performance evaluation (multicast load=700kbps, 18 multicast receivers).

layer-specific information is passed in both directions, top-
down and bottom-up. This architecture requires knowing
the operating conditions of the channel as perceived by
the multicast members. The PHY data rate to be used for
the multicast traffic is determined based on the feedback
received by the group leader. We have also paid particular
attention to limit the overhead introduced by the multicast
rate adaptation mechanism. We have then proposed to use an
H.264 hierarchical video coder in order to adapt the video
transmission to the channel conditions perceived by the MTs.

Therefore, we have considered jointly three layers of the
protocol stack: the application, data link and physical layers.
An extensive campaign of simulations has been carried out in
order to analyze the impact of various key parameters over
the performance of the proposed architecture, specifically the
network size and the size of multicast receivers. Our results
show that the real-time video streaming quality of the total
system can be drastically improved by cross-layer signalling.
Our cross layer architecture allows graceful video degradation
while maximizing the available resources for background
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(unicast) traffic.

Our future plans will focus on extending the H-ARSM
scheme to work with more than two layers for multirate [EEE
802.11a/g WLAN:S.
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