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ABSTRACT

This paper addresses energy efficient packet scheduling
for the transmission of multiple video streams over a wire-
less LAN. By exploiting the temporal scalability present in
the prediction dependencies among video frames, a central-
ized cross-layer optimization solution is proposed, which is
built on the HCF Controlled Channel Access (HCCA) of the
IEEE 802.11¢ standard. Our performance study shows that
the proposed solution saves energy under good channel con-
ditions, and achieves quality gains more than 4.5dB on bad
channels or under heavily loaded network conditions.

1. INTRODUCTION

The increasingly fast integration of communication and com-
puting on cost cffective, low power, thumb-size devices, is
quickly enabling a surge of new nctwork applications. Trans-
mission of multiple video streams over a wireless local area
network (WLAN) is a typical example of this evolution. In
this context, Quality of Service (QoS) provision for real-time
applications is becoming more and morc critical, as wircless
networks arc affected by highly crror-prone and time-varying
conditions, especially when a lot of users interact. Besides
this QoS challenge, ensuring low-power consumption is im-
perative to enable the deployment of broadband wireless con-
nectivity in battery-operated portable devices.

Performing high-quality video transmission over such
wireless networks is a challenging task. The IEEE 802.11e
standard was proposed to enhance QoS support over WLAN.
In [1], a solution for scheduling transmission opportunitics
(TXOP) as function of the diffcrent traffic classes is pro-
posed. Some recent studics improve the performance by also
exploring the specificities of video traffic. For instance, dif-
ferent retransmission times are given according to data parti-
tion types provided by H.264/AVC encoding scheme[2].

Considering encrgy cfficiency, a substantial body of prior
work focuses on cnergy-cfficient wircless transmission. Dif-
ferent and sometime conflicling approaches cxist at Media
Access Control (MAC) and physical (PHY) layers. In [5, 6],
a cross-layer optimization methodology was proposed that
combines the two approaches for delay bounded data trans-
mission over non-congested network. The proposed solu-
tion consists of a two-phase systematic approach for opti-
mally allocating the network resources and controlling the
system configuration. There exist encrgy cfficient cross-layer
scheduling and resource allocation methods explicitly con-
sidering video transmission over wireless network [3, 4], but
they only exploited the trade-off brought by application layer
and PHY layer.

In [7], application awareness was introduced in the cross-
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quality metric relying on SNR scalability of the embedded
video bitstream as QoS constraint to obtain a protocol stack
wide cross-layer optimization. In this paper, we study the
temporal scalability of H.264/AVC video encoding and pro-
pose a cross-layer optimization for real-time video commu-
nication. Leveraging the MAC and PHY layer energy, delay
and packet error rate (PER) calibration in [5, 6], a solution to
solve network congestion under real-time delay constraints is
integrated into the problem formulation and access control.
The contribution of this work is to first develop a network
adaptive reference frame choice scheme, where the tempo-
ral dependencies among frames have been built according to
their playback deadline. Later on, the less important frames
will be transmitted with a strategy towards a less reliable re-
ceiving probability which also results in less bandwidth cost.
Following steps are involved in the proposed cross-layer op-
timization:

s Design-time phase: This phase consisting in the analysis
of the Packet Error Rate(PER), transmission Delay and
cnergy cost.

e Network-adaptive choice of the reference video frame.

e Expected quality-energy-delay trade-off calibration rely-
ing on temporal dependencies.

e Run-time phase: Basced on different delay requirements
of the data, the multi-constraints optimization problem is
formulated as a lincar programming problem and solved
at run time.

The resulting solution enables better energy performance
trade-off compared to SoA approach or link layer centric ap-
proach and achicves more than 8dB and 4.5dB quality gain
respectively when transmitting video over heavily overload
network.

The remainder of this paper is organized as follows. Sec-
tion IT briefly reviews the IEEE 802.11¢ WLAN standard
and the deployed referenced frame choice scheme.  Sce-
tion II introduces the proposed cross-layer cnergy-cfficient
vidco scheduling strategy with rate-distortion awarcness. In
Section V, we examine the performance of our framework
through simulations. Finally, concluding remarks are pro-
vided in Section VI.

2. SYSTEM OVERVIEW: VIDEO TRANSMISSION
OVER QOS-ENABLED WLAN

We consider a setup consisting of multiple independent Mo-
bile Terminals (MT) who want to upstream real-time video
traffic to the Access Point (AP) of a Wireless Local Area
Network (WLAN). These terminals transmit their data over a
shared wireless channel, assumed to be slowly fading, which
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protocols considered here are: the IEEE 802.11a standard for
the physical layer (OFDM-based transmission in the SGHz
band), and the QoS-cnabled IEEE 802.11¢ standard is con-
sidered for the MAC layer. The considered video standard is
h.264/avc encoder, combined with a network adaptive choice
of the reference frame. This will be detailed in the sequel.

2.1 MAC and PHY LAYERS: IEEE 802.11a and IEEE
802.11e (HCCA)

For the physical layer, the IEEE 802.11a standard is consid-
ered. TEEE 802.11a standard is based on Orthogonal Fre-
quency Division Multiplexing (OFDM), and provides eight
different PHY modes offering Data transmission Rates (DR),
ranging from 6 Mbps to 54 Mbps. Our system modeling
is based on an 802.11a direct conversion transceiver imple-
mentation with turbo coding [9]. Four control parameters
have significant impacts on energy and performance for the
OFDM transceivers: the modulation order N4, the code
ralc B, the power amplifier (PA) transmit power P.x and the
back-off backoff characterizing the lincarity of the amplifi-
cation [10]. Let us represent a possible transmission config-
uration as a vector K (each specific transmission parameter
corresponds to an entry in this vector). For reliably transmit-
ting on a wirceless network, a long application layer packet
p is usually further {ragmented into smaller data units. In
this paper, we consider link layer fragmentation only. The
energy and time needed to send a Mac Service Data Units
(MSDU) is function of this configuration vector: Eyspn (K)
and TXOPyspy(K). The energy cost and time of trans-
mitling an application layer packet is defined as £,(K) and
TXOP,(K), and these values depend on the number of {rag-
ments that need to be transmitted or retransmitted for suc-
cessful packet transmission.

For the MAC layer, the IEEE 802.11¢ standard is con-
sidered. TEEE 802.11e¢ standard defines a set of enhance-
ments for WLAN targeting QoS enhancement for multime-
dia applications [8]. Rescarch of 802.11¢ HCF scheduling
has recently received a lot of attention. Initial contributions
were mainly concerned with the feasibility of the EDCA and
HCCA mechanisms, which both difine the traffic classcs.
HCCA was used in this paper, as it provides significant ben-
clits over EDCA for applications requiring strict QoS. In
this section, HCCA-Bascd channel scheduling is bricfly re-
viewed. With HCCA, there is a negotiation of QoS require-
ments between the QoS enhanced wirceless station (QSTA)
and the Hybrid Coordinator (HC). Once a strcam for a QSTA
is established, the HC allocates TXOPs via polling to the
QSTA in order to guarantee its QoS requirecments. The HC
cnjoys free access 1o the medium during the contention-free
period and uses the highest EDCA priority during the con-
tention period in order to 1) send polls to allocate TXOPs
and 2) send downlink parameterized traffic. Once the HC
has control of the medium, it starts to deliver parameterized
downlink traffic to stations and issues QoS contention-free
polls (QoS CF-Polls) to those stations that have requested pa-
rameterized services. The QoS CFE-Polls include the TXOP
duration granted to the QSTA. If the station being polled has
traffic to send, it may transmit several packets for each QoS
CF-poll received respecting the TXOP limit specified in the
poll. HCCA operates during both the contention-free period
and the contention period. The transmission strategy config-
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Figure 1: HCCA overview

We refer the interested reader to [5, 6] for delay bounded
rcliable data transmission over non-congested network. In
[6], it is shown how Lo obtain a schedule to optimize the com-
munication cnergy cost by leveraging MAC and PHY laycr
scaling and sleeping techniques, while working in the dimen-
sions of Energy, TXOP and PER.

2.2 Application Layer: H.264/AVC and network adap-
tive reference frame choice

We consider a H.264/AVC encoder here. In a conventional
encoding and transmission scheme without any awareness of
network losses or scheduling strategy, an I-frame is typically
followed by a scries of P-frames, which arc predicted {rom
their immediate predecessors. This scheme is vulnerable to
network errors since each P-frame depends on its predecessor
and any packet loss will break the prediction chain and affect
all subsequent P-frames.

We introduce the key frame concept here in manipulating
the prediction dependency. Assume the QSTAs are aware of
the Beacon period of the AP. When the real-time video is cap-
tured, the frame arrived closest to the next scheduling point
will be encoded as a P-frame, which will also be denoted
as key picture during this Beacon period. For the remain-
ing frames that arrive within the same Beacon period, the
closer it arrives to the scheduling point, the more it will be
dependent on, as shown in Figure 2. After channel access
is granted to a certain user, it will first transmit the least re-
ferred frame. Only when the referred frames are correctly
received, the current frame will be transmitted, provided the
TXOP limit has not been reached. The reason for this manip-
ulation is that when network overload happens, we drop the
least depended frames to avoid as much as possible to break
the prediction dependencies.

Checking in Figure 2, frame By, Bp, P; arrives one after
another during the first Beacon period. Assume at time £xj,
the AP grants the channel access to this user, to successfully
display all these frames at receiver side, we need to trans-
mit all these 3 frames within the period between tx; and the
playback time B;. If the channel capacity is not enough, we
will have to discard some frames. By discarding By, both the
data size decreased, and the delay allowed for the remainning
2 frames also increased. Upon WLAN, most of the delay
comes from waiting the transmission opportunities when a
lot of users interact. With this scheme, the discarded frames
are those most delay stringent ones, which at the same time
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Figure 2: Deployed reference frame choice scheme

the most.

Assume whenever there is any frame loss happens, the
former correctly received frame will be displayed. It is pos-
sible to calculate the expected distortion of each frame based
on the prediction dependencies. A frame can be correctly
decoded provide v referred {rames have been correctly re-
ccived. Let D, denote the distortion corresponding to the re-
ception of the frame and D; denote the distortion associated
with losing the current frame. Denoting the error probability
of the referred frames v under configuration K, as PER, ., the
expected distortion of the current frame D, can be written as:

v v

De =[]0 =PERk)D,+ (1 =[[(1 = PERK)D; (1)
i=1 i=1

During one beacon period, once the key picture P frame
is decided for the current beacon period, the video encod-
ing process begins and the calibration of expected distortion,
energy cost, transmission delay for each possible configu-
ration also starts at the mecantime. In comparison with the
vidco coding, this overhead is negligible when the GOP size
is not big. A big GOP size is not suitable for rcal time com-
munication considering the delay brought by waiting for the
P-frames/key pictures to encode other frames. On the other
hand, it the GOP size is big (e.g more than 5), we can def-
initely separate them into several GOPs by increase the key
picture number.

3. PROBLEM FORMUATION OF CROSS-LAYER
OPTIMIZATION FOR ENERGY EFFICIENT
MULTI-USER VIDEO TRANSMISION

Denoting all the frames arriving during one Beacon period
as a group of picture (GOP), the transmission opportunities
of user i requires to transmit all the m {rames within current
GOP is: TXOP, =t;1 +tpp + - - - + timw. The distortion of that
GOPis givenas: Dy, =D, +D,, +---+ D, and thc cnergy
costas E; = £, +Ep, +--+ Ep, .

From the prediction design of the former section, we see
the least referred frames are also the most delay critical ones.
Thus by discarding framcs, the real-time playback delay re-
quircment will also be relaxed. Assume that most of the de-
lay comes from the waiting for channcl acccess, for n GOPs
waiting to be transmitted at the current scheduling point in-
side the network, the optimization problem is formulated as
a linear programming problem to find for the GOPs of each
user , the optimal configuration K7 such that:

€im

K = in(Y D, (K; 2
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Subject to:

TXOP(K) <T,,
TXOP](K1)+TXOP2(K2) < T,

TXOP|(K1) +TXOPy(K2) + -+ TXOPy(Ky) < Ty

(3
Where T,1,---, T, are the delay requirement of every GOP
from different users in ascending order!. The proposed solu-
tion consists in the solution of Linear programming problem,
which is characterized by a bounded complexity. Although
there is no simple analytical formula for the solution of a lin-
ear program, there are a variety of very effective methods for
solving them [11]. A greedy backward algorithm is used at
run-lime for the feasible bandwidth allocation to rcach the
best quality.

To further decrcasce the complexity of the run time AP
scheduling algorithm, we rely on a similar two-phasce solu-
tion approach proposed in [5, 6]. At design time, for each
possible system state and packet size, the optimal operating
points are determined according to their minimal PER, en-
crgy cost and network resource (TXOP) consumption. To
that end, we introduce the Parcto concept for multi-objective
optimization from microeconomics [12]. Compared to a con-
vex hull approach, the Parcto Fronticr retains more fcasible
settings at run-time.

After the system state of all the users is known at runtime
and the key pictures are decided and encoded, the quality-
energy Pareto Frontiers will be calculated by each user before
the next scheduling period. According to the Parcto property,
for one GOP g, if there exist two configurations g; and g»,
cither they satisfy D.(g1) > D.(g2) and E(g)) < E(g2) or
they satisfy D,(g1) < D.(g2) and E(g1) > E(g2). By finding
the minimum distortion configuration settings in Eq. (3), we
know if there is any transmission strategy that cost the less
energy, it must also cause quality degradation.

A dual problem is that instead of allocating the band-
width and transmission strategies to achieve best quality with
minimum energy, the user can decrease the quality require-
ment for the sake of energy savings. In this approach, it is
assumed that the different users can require different video
quality levels. If the configurations achicve an expected qual-
ity better then required quality, only the minimum energy
cost configuration will be retained in the Parcto configuration
scltings and scnt to the AP. Each uscr cxperiences different
channel and application dynamics, resulting in different sys-
tem states over time. It is this important dynamic character-
istic which makes it possible to exploit multi-user diversity
for energy efficiency.

At start time of cvery Beacon period, the information of
quality-energy Pareto configuration, and the corresponding
required TXOP will be negotiated with AP as traffic specifi-
cation (TSPEC) [8]. The overhead caused by this turns out
to be very small compared to the amount of data.

"Notice that the delay requirement will be changed according (o whether
there is any frame to be discarded. And to discard a [rame can be regarded
as one of the configuration K which result 7X0P, =0, £, = 0 and PER, =
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4, NUMERICAL RESULTS
4.1 Simulation Setup

In the experiments, Foreman sequence at CIF (352x288,
4:2:0) resolution and with 30 frames per second is consid-
ered here. The sequence was encoded using ISVM software
under MVC mode. We encoded the sequence around 350
kbps with an average encoded quality of about 35 dB with-
out transmission crrors. The user number is incrcased until
30 to represent the network condition from no congestion
to heavily overload. MSDU size is set to 1000 Bytes. The
Beacon period is set to 100ms and the end-to-end delay re-
quircment of cach frame is sct to 200 ms according to video
conference requirement [13]. The mobile devices arc uni-
formly distributed around the AP with a radius of 10m. And
the transceiver energy consumption unit is shown in Joule.

To determine the channel impact on the loss probabil-
ity, the fading channel was discretized into 8 classes, cor-
responding to a 2dB difference in received SNIR (Signal-
to-Noise-and- Interference-Ratio) for reaching a given turbo
code block error rate target. In order to derive a time-varying
link-layer error model, we associate every channel class to
a Markov state, each with a probability of occurrence based
on the channel fading statistics [10]. The increasing channel
numbers are corresponding to worse channel conditions.

In order to evaluate the relative performance of the pro-
poscd approach, we provide results for the three following
transmission strategies:

e SoA reference point:The transceiver uscs the highest
fcasible modulation and codc rate that will successfully
deliver the packets. After that, it switches to sleep mode.
This approach is proposed by commercial 802.11 inter-
faces [14], which aims to maximize the sleep duration.

e Link centric XL:in this transmission strategy, we use
our approach to transmit every video packet with a con-
figuration resulting in a PER smaller than le-3 (by doing
S0, we assume an error free transmission).

s Application - aware XL, proposed method: in this
transmission strategy, we introduce the expected visual
distortion into the optimization {ramework. In this strat-
cgy, we show not only the approach targeting for best
quality (Optimal Quality approach) but also thc quality
compromise approach for the sake of bandwidth and en-
ergy efficiency (Quality Con = * dB).

In the aforementioned strategies, when congestion hap-
pens, the most delay stringent packets will be discarded until
the bandwidth is enough for the remaining data.

4.2 Result analysis

In this part, we not only show the best quality approach, but
also analyze the influence of lowering the quality require-
ment. From the results, we see that without congestion, both
the energy gains and quality gains can be achieved under
good channel conditions. When simulating on bad channels
or under heavy overloaded network conditions, significant
quality gains can be observed.

Figure 3 shows the average quality observed at the AP
side and the energy cost with five users upstreaming the video
bitstream on different channel types, where hardly any con-
gestion happens.

Under most of the channel states, we observe the end-to-
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Figure 3: Average Quality and Energy cost of Susers on dif-
ferent channcls

betler or equal to Link Centric, while the cnergy cost is the
similar or less. Except under the worst channel (channel 7),
with 30% more energy cost, the Optimal Quality approach
increcascs the average user visual quality with 2.3dB. The rca-
son for this is that: to achicve a small enough PER, the Link
Centric approach requires more bandwidth for each packet.
When bandwidth is not sufficient, the user has to discard
packets. Since they discard too many packets, the energy
cost also decrcascs. But this is accompanied with the scvere
degradation of vidco quality. Even though they discard the
less important packets, it still results in a much lower quality.
The Optimal Quality approach, does not simply discard the
less important packets, but also configures the less important
packets with a less reliable setting which results in less band-
width cost. By doing so, an optimal avecrage quality can be
achieved and the energy cost is the minimum onc to achicve
this quality.

Lowering the expected quality requirement can be used
to save the cenergy in cxpected quality approach. From the
result we sce, by lowering the expected quality to 35dB, with
18.6% morc cnergy, we can achieve 1.6 dB in video quality
increase. If lowering the quality expectation to 33 dB, with
actually slightly less cnergy, we still achicve 0.3 dB quality
increase compared to Link Centric approach.

We check the results for a moderate congestion in Fig-
urc 4, where 10 users want to upstrecam the video to AP.
Graceful degradation of quality can always be achieved by
expected quality approaches. While considering the same
channel states, to achieve the similar video quality, the en-
ergy cost is actually lowered for expected quality approaches.
E.g. by lowering the quality requirement to 33dB, on channel
5, the energy saves 6.6% with same end-to-end video quality.

The results of heavily congested environments are shown
in Figure 5. In this setup, 20 users tried to upstream the video
to AP. From the results, we sce the AP alrcady begins to
refuse users on worst channels for Link Centric approach. By
lowering the reliability of less important packets, hence pro-
viding more bandwidth for all the users, the expected quality
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nels, while at meantime supporting more users.

The impacts of the time variant channel’s influence to dif-
ferent scheduling schemes are shown in Figure 6 and Figure
7 respectively. To simulate a time varying channel, we as-
sume the channel will change to another state every Beacon
period with a probability obtained in [10]. The user number
incrcased until 30. If a uscr was rcfused to access the chan-
nel becausc of the congestion on a bad channel and the delay
requirement is expired, the key pictures will be kept in the
waiting queue until better channel states.

From the results, we observe, in the environment of little
congestion (less than 5 users), the Optimal Quality approach
gains both energy and quality. The quality constraint ap-
proach meets the quality requirement well and achieves more
cnergy gains. Compared to the SoA approach, cnergy gains
of 200% to 70% arc achicved. And compare to Link Centric
approach, the energy gains can reach up to 45%. When con-
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Figure 7: Energy cost comparison of scheduling schemes

approaches have been observed with stable quality. Com-
pared to SoA and Link Centric approaches, quality gains
more than 10 dB and 4.5 dB are respectively observed when
30 users interact.

5. CONCLUSIONS

We have introduced an energy efficient packet schedul-
ing mechanism for the transmission of multiple H264/AVC
vidco streams over a wircless LAN. By cxploiting the tempo-
ral scalability brought by the prediction dependencics among
video frames, a centralized cross-layer optimization solution
is proposed, which is built upon the HCCA in the TEEE
802.11e standard. Our performance study shows that the pro-
poscd solution saves cnergy on good channel conditions, and
achieves significant quality gains on bad channcls or under
heavily overloaded network conditions.
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