OATAO

Open Archive Toulouse Archive Ouverta

This is an author-deposited version published in: http://oatao.univ-toulouse.fr/
Eprints ID: 4004

milar papers at core.ac.uk

provided by C

To cite this document: BOUABDALLAH Amine, PRADAS David, LACAN
Jerdme, VAZQUEZ CASTRO Maria Angeles, BOUSQUET Michel. Cross-layer
optimization of unequal protected layered video over hierarchical modulation. In:
IEEE Global Communcations Conference. Globecom 2009, 30 Nov - 04 Dec 2009,
Honolulu, Hawai, United States

Any correspondence concerning this service should be sent to the repository
administrator: staff-oatao@inp-toulouse.fr



https://core.ac.uk/display/12042040?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://oatao.univ-toulouse.fr/
http://oatao.univ-toulouse.fr/
mailto:staff-oatao@inp-toulouse.fr

Cross-layer Optimization of Unequal Protected
Layered Video over Hierarchical Modulation

Amine Bouabdallati$, David Pradas’, Jerome Lacan'$, M.A. Vazquez Castfoand Michel Bousquét
*Univ. of Toulouse: Institut Sugrieur de I'Aeronautique et de I'Espace (ISAE), 31055 Toulouse, France.
fTelecommunications for Space and Aeronautics§A), 31000 Toulouse, France.
1 Dpt. Telecom. and Systems Engineering, UniversitatbAoma de Barcelona (UAB), 08193 Bellaterra, Spain.
§ LAAS/CNRS, 31055 Toulouse, France
Email: amine.bouabdallah@isae.fr, david.pradas@ugjeesne.lacan@isae.fr, angeles.vazquez@uab.es anelhmhsquet@isae.fr

Abstract—Unequal protection mechanisms have been proposed network performance by taking advantage of the availalde fe
at several layers in order to improve the reliability of multimedia  tures of different layers. In wireless communication nekso

contents, especially for video data. The paper aims at implement- 1y efforts using cross-layer designs have been carried out
ing a multi-layer unequal protection scheme, which is based on a .

Physical-Transport-Application cross-layer design. Hierarchical [N Order to comply with the stringent QoS requirements [1],

Modulation, in the physical layer, has been demonstrated to [2], however cross-layer protection schemes has not yet bee
increase the overall user capacity of a wireless communications. exploited in depth, and even less using the above proposed

On the other hand, unequal erasure_ protection codes at the techniques_ In this paper, we propose a new Cross-|ay@|’desi
transport layer turned out to be an efficient method to protect which merges the use of Hierarchical Modulation (HM) at

video data generated by the application layer by exploiting . .
their intrinsic properties. In this paper, the two techniques are the physical layer, with unequal erasure codes at the toahsp

jointly optimized in order to enable recovering lost data in layer in order to optimize the protection of scalable multi-
case the protection is performed separately. We show that the layered video data generated at the application layer. iBhis

cross-layer design proposed herein outperforms the performare  particularly attractive since it allows following a jointrategy
of hierarchical modulation and unequal erasure codes taken i, order to fulfill QoS requirements in terms of lost packets f
independently. . . .
different types of users, which at the same time can be seen
Index Terms—Unequal erasure protection (UEP), Hierarchi- @S & multicast tranmission. Herein, multicasting is urtdeis
cal Modulation, cross-layer, data dependencies, multicast, video at system level instead of at networking level. Receivees ar
distorsion. organized in groups according to the channel conditiond, an
the transmission strategy is optimized for every group.
. INTRODUCTION Included in several standards, such as DVB-T, DVB-H,
Mobile multimedia services are one of the most promisingnd the recently standardized DVB-SH and WIMAX (IEEE
key applications for next wireless systems. On the mark92.16), in [3], we have demonstrated that HM is an efficient
side, users put pressure on service providers to add mt@nsmission mode achieving better system performance and
applications than the system was originally designed for. @ustomer experience than other solutions. Note that HM is
the technical side, new cost-efficient solutions have to lb@own as the practical implementation of the Superposition
developed not only to allow higher bit rate to be transmitte@oding (SC) scheme, where different receivers can decode at
through the same channel, but also to adapt to chandéferent rates within the same transmission over the egl
conditions in order to fulfil the QoS requirements of usershannel depending on the power allocation and channel-atten
However, this becomes a difficult issue due to the changiogtion. In such scenario different data streams are seng usi
nature of wireless channel, which has a great impact on ttiéferent power. Users with good reception can demodulate
system design. Specially relevant is the mobile scenatier&v  multiple layers, on the other hand, users with poor recaptio
multiple fading types need to be mitigated. Moreover, the irtondition are only able to demodulate the data stream embed-
trinsic problem of multi-user channel diversity among augro ded in the base layer, and it is affected by the interference
of wireless receivers makes it a huge challenge to determip@duced by the other streams. SC has been shown to be
an effective transmission strategy at a the transmitter. optimal [4] only for a degraded broadcast channel, where all
Exhaustive research has been carried out on protectiosers can be sort depending on the channel attenuation, and
schemes solutions for wireless communications by explpiti its practical implementation (i.e. HM) obviously outperfts
the protocol designs, bandwidth efficiency, etc. Howevarstmn many deployed systems with fixed modulation schemes. Note
of them follow the traditional layered architecture, whirey that physical layer adaptation could be applied to countera
achieve high performance but only according to each indading, however a disadvantage of such a solution is that it
vidual layer and its corresponding set of features. Cragetsl might require receivers with expensive and complex feature
designs have been demonstrated to jointly optimize theatlveMoreover, opposite to HM schemes, they are not usually back-



ward compatible, i.e. the upgraded system is not transparaocount. The joint cross-layer design is fully detailed lie t

to the already deployed receivers of the original systerd, afirst part of section IV. Next, the results will be analyzed

thus we do not consider it here. in depth, comparing the cross-layer design with the non
One major limitation of hierarchical modulation is that@sh cross-layer for different design parameters. Finally, fe t

been standardized only for a two layer scheme, which reduaesclusion, we identify the achievements and the issues to

the diversity of the transmission (only two quality levels)be addressed in the future.

In [5], it is showed that the 2-level SC achieves part of the

throughput gain in a quasi-static Rayleigh Channel, howeve Il. UNEQUAL PER-LAYER PROTECTIONMODELS

it might vary depending on channel conditions. Thus, in 0rd@  Hierarchical Modulation

to compensate this low granularity at the physical layer, we )
take advantage of the scalable video codes at higher layers. More than thirty years ago, [12] showed that one strategy to
At the Application layer, we consider Fine Granularipguarantee pasm communications in all conditions is todeivi
Scalability (FGS), a development in the design of video egdi the _transm|tted |nformat.|on into two or more cla}sses, e_md
mechanisms. The main goal of this solution is founded @ 9iv& every class a different degree of protection, which
video streaming, where its flexibility is increased [6]. Wit IS the principle of SC. The goal is that the most important
FGS coding, the video is encoded into a base layer aH‘tjormatlo_n (basic) can_be recovered by all receivers, avhil
one enhancement layer. Similar to conventional scalalleovi the 1ess important (refinement) can only be recovered by
coding, the base layer must be received completely in omder@eSt users. SC along with Dirty Paper Coding (DPC) are
decode and display basic quality video. However, in contrd§€ theoretical transmission configurations that achide t
to conventional scalable video coding, which requires tH@Pacity region of wireless communications systems.
reception of complete enhancement layers to improve on théone of the practical ways investigated to perform the
basic video quality, with FGS coding the enhancement |ay@p|n0|ple of SC is based on Hierarchical Modulatlpn, where
stream can be cut anywhere at the granularity of bits befdM° Separate data streams are modulated onto a single stream
transmission. The received part of the FGS enhancement laf#€ stream, called high priority stream is embedded within
stream can be successfully decoded and improves on oW priority stream. Receivers in good reception condgio
basic video quality. With the fine granularity property ofthcan receive both streams, while those with poorer reception
enhancement layer, FGS encoded videos can flexibly ad§gfditions may only receive the high priority stream. Eig.,
to changes in the available bandwidth in wired and wirele&2/B-SH standard, the hierarchical system maps the data onto
networks. As we will show in next sections, we will takdn® 16QAM in such a way that there is effectively a QPSK
advantage of the hybrid temporal-SNR scalability. In addit Stréam (high priority) buried within the 16QAM stream (low
to unequal protection at PHY and APP, we also considgfiority). The QPSK/64QAM is another common hierarchical
erasure codes at the Transport layer, which allows recuyerScheme used in DVB-T.
lost packets thanks to redundant information. These coales ¢ Although the concept of this paper may be applied to all
be adapted to the data properties by allocating more piotecttyPes of Hierarchical Modulation, we will focus on a typical
to specific parts of the data. Several works have addres§¥dSK/16QAM transmission scheme (as standardized in DVB-
this issue [7]-[10], based on Priority Encoding Transnuiasi SH [13]) as depicted in Fig. 1. We will focus on Bit Error Rate
(PET), which allows the sender to decompose the data iHBER) to evaluate the performance of this scheme and also to
classes of given importance. However we focus on a d#igtect the parameters to be optimized in the physical layer.
protection scheme that integrates the dependencies at ff¥eral approximate BER expression are available, suah as i
packet-level by keeping the data dependencies producduebyll4]: but they underestimates BER at low SNR, and for fading
source. In particular, we focus on Dependency-Aware Unleqgd@nnels, the performance is severely degradated. Therefo
Erasure Protection (DA-UEP) codes studied in [11], where ¢ Will use the exact expressions from [15].
is presented a different approach for protecting multssés ~ From the distanced; and d; defined in Fig. 1, we can
data by generating specific redundancy according to egistifbtain the average energy per symhbl), given by:
dependencies in MPEG4 streams. This solution integrates B. — 2 + 22 B
the data dependencies at data-level, in particular withan t s 2

construction of the Cauchy generator matrix, which is used fyhere the first term represents the average energy per symbol
encode the defined erasure code. of the QPSK modulation with symbols separated2dy. The
Thus, the cross-layer protection scheme proposed hergifi error probability for users decoding QPSK and 16QAM

will take profit not only of the granularity available at APPpodulations in a hierarchical system are defined as (2) and
level with FGS, but also at physical layer, allowing for nult (3) respectively.

cast groups differentiation. The paper is organized asvdl

A description of the techniques (SC and DA-UEP) is provided BERGpsk = 1
in section I, defining also the optimization parameters to 4
be considered per layer. Section Ill presents the cross-lay 1
architecture, including the channel suppositions takemw in ~ BERisoan = 7 (2U(0,1) +U(2,-1) -~ U(2,1))  (3)

U(1,-1)+U@1,1)) (2)



A classical type of such dependency is generated by FGS

100 Jma Q 0010 don encoder [6] (see Section 1) where the base layer must be first
- IZd2 received and decoded in order to use enhancement layers.
° ° o o A second type of dependencies occurs in "natural” video
1001 1011 0011 0001

streams €. g. MPEG/H.264) composed of I-frames (intra-

| coded pictures) and P and B inter-frames. The two last types

1101 nn 0111 010 of frames are encoded from the previous P or | frame, and

from the previous and the next frame respectively.
o o Dependency-Aware unequal erasure protection (DA-UEP)
1100 1110 0110 0100 introduced in [11] can be applied to any type of data contgjni
2d, dependencies between the data units to be protected. For the

sake of simplicity, we present this system only for streafns o

Fig. 1. QPSK/16QAM Hierarchical Modulation Scheme, wherdsao intra and inter-frames. . .

emulates the symbols received by QPSK users ’ DA-UEP codes are block codes that aim at protecting a set

of K data units by generatinfy — K redundancy packets. Its

originality is to integrate the intrinsic dependency relaships

where between the data units in the construction of the redundancy
Ula,b) = erfc (adl + bd2> (4) Packets. This integration is done by applying a simple set of
VN, rules to each generated redundancy packet. These rulegcan

N, I h d redund ket. Th I b

Several conclusions can be extracted from the equatig¥pressed as follows: a redundancy packet protecting apack
above. First of all, the first term of (2) and (3) are known agelonging to the frameé must :
the BER approximations of each type of receiver. Considerin 1) protect all the packets belonging to this frame

only the first term of (2) (i.e. the approximation), we cares  2) protect all the frames (i.e. all the packets belonging to
that the performance of QPSK users in a hierarchical system those frames) on which this frame depends.

is degraded in terms of BER hi, if we compare it with the  pgidering the dependency relationships that hold within
BER when they are placed in a non-hierarchical system (Sk4yp of Pictures (GOP) containing one I-frame and several

P and B inter-frames, by applying the above defined rules

1 E, 1 dq to these data, it is possible to generate several kinds of
BER =_|erf = |erfe—==] (5
erskr = o \ N oN, | T\ YN redundancy packets.

dy andd, are the parameters to be considered when design—' The rddcel type : Packet protecting the | frame

: . : . . o e Th P : Pack i P f Il
ing a hierarchical modulation scheme. More interestindnés t theepr)?gcfgaeniygiramics itr?ti?rtﬁf(ffitrlggliram?me and a
ratio A - da/dy, WhiCh .a”OWS us to characterize the system » Therddce IPB type : Packets protecting a B .frame the
for a given E,, which is hlerarchlcgl wherd < )‘ < 1/2. corresponding pair of reference frames and all frames on
For high values of\, 16QAM receivers experience better which they depend

BER performance, opposite to QPSK users, which are clearly y )

affected by the hierarchical distorsion. Note thatif= 1/2, 1Nhe parameters_I andr_P respectively denotes the num-
it is the uniform hierarchical modulation, and if= 0, it is P€r of packets of typesidce | andrddce IP. The number of

the fixed modulation QPSK system. packets ofddce IPB type is then equal ta — &k —r_I —r_P.
Therefore, although the hierarchical scheme can increasé* Simple way of implementation is to encode data on a GOP
the system capacity, it degradates QPSK users in terms of IS, i-€. it is assigned a certain amount of redundant data
error probability, and thus it is necessary to find a trade-dP €ach GOP. Moreover, the shape of the generator matrix is

between PER and overall throughput capacity. closely related to the size of each frame of the GOP. Hence, by
knowing that the size of a frame varies from GOP to GOP, the
B. DA-UEP for Transport Layer use of this code with real video data requires to dynamically

Video data have specific properties and constraints that mbsild the generator matrix for each GOP. The first step of this
be taken into account in the design of reliability systemse O process consists in determining the values:ef k£, r_ and
example of these properties is that video decoder can supporP.

a low packet erasure rate (up 5) by implementing error  Once these variables are set or calculated, the encoder first
concealment mechanisms. On the other hand, these strelwikl a classical systematic MDS generator matrix. For each
often require constraints in terms of delay, g. for video column corresponding to a redundancy packet, it computes
conferencing or video streaming. the information data packet that must not be protected sy thi

The internal structure of the stream generated by a videzdundancy repair packet and putzierothe coefficient of the
encoder has particular properties leading to unequal impeprresponding row.
tance of packets carrying the video frames and to depeneenci At the receiver side, like for most of erasure codes, the
between these packets. decoding simply performs an inversion of the sub-matrix of



GoP Then, Class 2 layers are used to improve the video quality.
T Each type of layer are jointly treated in the DA-UEP coding

block, and decomposed iR packets of the same size. Next,
s o> _ FGS the unequal protection scheme is applied in order to create
E Lol 2o B2 ] the N — K redundant packets according to the dependencies
g N e between packets, their importance and the code rate spgecifie
7%, Encapsulation protocols are not considered in the Net-
2 z work/Link layers. In order to simplify, the link between DA-
§ : ] ¥ DAUEP UEP and the Modulator is seen as a data unit, which includes
[k ]| an erasure code representing the physical layer forwant err
— Qg correction. ThePER = 1 — P, of the data unit is computed
_ g'g considering randomly error bits, thereforg, (i.e. packets
- correctly received) can be computed using the binomial (6),
c N2 packets NiZ packets . . . . . . i
£ / \ and simplified using the normal approximation in (7):
§ FEC Data unit FEC Data unit t
"i P.=Y Crpm(l—p)n (6)
T
o - - - + 0.0 —n
oo s (e (Gmay) @
Hierarchical where k is the size of info bitsm — k is the number of
Modulation

redundant bits¢ is the number of errors that the code is
ﬂ Transmitted signal capable of correctingt(= (n — k)/2 in case of MDS codes).
Note thatn > 30 andnp(1 — p) > 5 conditions must be
accomplished in order to allow the approximation.
Finally, the two streams\/2 packets go to each stream) are
modulated according to the SC QPSK/16QAM scheme, one as

the generator matrix corresponding to the received paekets High Priority (HP) stream (or basic information) and theesth
multiplies the obtained matrix by the received packets. ~ @S Low Priority (LP) stream (or enhancement information).
The analytical evaluation of the performance of this codde assume Rayleigh channels, future works will contemplate

can be done by considering this code as several nested MB&'e complex channels, such as Loo and real time series. Note

distribution features (multipath, line of sight, shadowietc),
lll. CROSSLAYER ARCHITECTURE it can be seen not only as a receiver affected by different
Our objective is to analyse the interest of jointly optimigi channel conditions, but also as a group of multicast users,
unequal protection schemes implemented at different sayeeach of one served with a different transmission strategg. T
We then integrate all the main reliability mechanisms uged last assumption will be fully explored in future works.
the different layers: hierarchical modulation and errarect- In the Fig. 2, it is also highlighted the cross-layer informa
ing code at the physical layer, erasure code at the transp@wt used in order to proceed with the joint optimizationolrr
layer and video FGS coding at the application layer. In ordepproach, a global performance parameter (video distorio
to understand and to evaluate the interactions betwee theglected and the intervening protocols in PHY/Transp&FA
mechanisms, we intentionally choose generic instances lafers are reviewed in order to identify how their behavian c
these mechanisms whose the performance can be easily nfzelimproved so as the distorsion is minimized. In partigular
elled and integrated in an optimization system. Furtheemothis approach would design an efficient information flow
we choose to not consider additional layering mechanisragiong layers from the APP level down to the PHY level.
(segmentation/re-assembly, protocol header, etc..ichnre It can be essentially seen as an application-centric approa
specific of each protocol stack and that can modify thghere the APP layer optimizes the lower layer parameters.
evaluation of the set of reliability mechanisms. d, and d, are sent to the PHY layer, the redundancy to be
Fig. 2 depicts the considered cross-layer architecture. allocated to each video layer is used in the DA-UEP block,
Group of Pictures (GOP) containing the three frame typesid the optimal video layer length distribution is compued
(I, P and B) is encoded into different scalable video layetbe FGS block of the APP layer.
following FGS coding, and considering both SNR and tem-
poral scalability. Two types of layers are differentiat€ass o
1 and Class 2. Class 1 layers contain the base layers thatOPtimization Problem
must be received for decoding basic video quality, howeverThe analytical evaluation of the different reliability niec
not necessary meaning that all Class 1 layers are base.layaisms is presented in the last part of this section. To eval-

Fig. 2. Cross-layer Unequal Protection Scheme

IV. CROSSLAYER OPTIMIZATION



uate their interactions, we have expressed the set of thes&he high priority stream is then mapped onto the two most
analytical expressions as an optimization problem whick wparotected bits of the hierarchical modulation and the low
implemented in Matlab. The objective of this implementatiopriority stream is mapped onto the two least protected bits.
is to evaluate the optimal configuration of the parametetinder these assumptions, the variable parameters of the sys
of the unequal protection schemes in order to minimize ttiem are the value of = d»/d; characterizing the hierarchical
video distortion ;) for a givenE, /N, and a fixed Rayleigh modulation, and the number of redundancy packets allocated
channel at the PHY layer. The distorsion depends on theeach "layer” of DA-UEP.
probability of decoding up to the layer by DA-UEP (f;), An interesting point is that the set of possible parameters
and on the video distorsion achieveD([R;)) if we decode includes the cases "HM only” and "unequal erasure protactio
up to this layer. ThusD, can be defined as: only”. It follows that the resolution of this optimization

M problem allows to evaluate the interest of jointly optimigi

D, = Zfi(ki,ri,PfP(A),PcLP(A)) x D(R;)  (8) hierarchical modulation and unequal erasure protection-co
i=1 pared to non cross-layer solutions.

wheref; depends on the number of information packgtand C. Simulation Results

the redundancy added to each anelt is also affected by the ) )

probability of correct packets received of HP and LP streams! this section, we analyze the performance of the cross-

(PHP and PP respectively), which are obtained from (7). Atayer optimized de5|gr_1 and the non-cross-laye_:r des_|gnl§' (on

the same timeP, depends on the BER of each receiver typéDA-UEI? or HM) for d|fferen_t _parameters configurations and

(2) and (3), which depend ok and the channel conditions. depgndlng on channel conditions. o
Therefore, considering the variable parametersand ), F_'Q: 3 _ShOW_S our goal by comparing t_he_ crqss-layer joint

together with their defined constraints in HM and DA-UE@Ptimization with the non-cross-layer optimizations, M

sections, the optimization problem can be formulated as f&" DA-UEP independently optimized. In the non-cross-layer

lows: scheme, when SC is optimized, DA-UEP is set to equal
protection code, and inversely, when DA-UEP is optimized,

argmin Dy (7, A) (9 HMis set (A = 0.5) to uniform hierarchical modulation. It can
’ M be observed that our cross-layer design obtains betteltsesu

s.t. Z” — Fmazs 0 <A< 0.5 than the other designs in terms of video distortion, sphcial

for lower values ofE; /Ny, i.e. for worst channel conditions. In
Since it is a complex problem due to the non-convexity, arm"j casg, the cros;—lﬁ\yer solution oc;Jtpehrformhs DA':JEP?F.) t

thus the solution is complex to find, we propose an iterati\?eO/0 and SC up to 0/0,' A_‘S gxpecte » When channel con Itions

solution in order to optimally allocate the needed protecth are favourable, _all_ opymlzatlons obtain similar valuestdN

the HM scheme and at DA-UEP. Moreover, in order to redu@éso that H_M opt|m|zat|on performs_clear_ly better than the D

complexity, we fixe the FGS coding (video layers distribajio DEF Solution, which obtains big distortion for lowéf, /No

i=1

as explained next. values. _
o Fig. 4 will be very useful in order to know the way the
B. Parameters Definition optimization is performed and how the parameters evolve

Following classical approximations of video distortione wdepending on channel conditions. In particular, we focus on
consider that the video rate distortion curve can be modeltdw® redundancy allocated to each video layer as DA-UEP
by a decreasing exponential function of bitrate R whose forparameter (left axis), and thewhich defines the SC scheme
is D(R) = S, x exp(—aR), whereS, is the source variance (right axis). We can observe that, when users are affected by
set to 100 andy is a constant. We consider that the FG$®ad channel conditions = 0, which means that only QPSK
video encoder produces a stream of one base layer andn@dulation is transmitted in order to avoid increasing tB®P
enhancement layers with a maximum rate ®f,.. = 384 At higher layers, the redundancy allocated to the corredpon
kbps. ing 16QAM data is simply set to zeross(= r4, = 0) and the

Considering the packets size equal to 500 bytes, the Dwhole redundancy is allocated to the first two layers of the
UEP code then proteck’ = 96 data packets containing theDA-UEP codes %; andrz). In this state, the DA-UEP favors
video frames by generatiny — K = 32 redundancy packets. the first layer over the second one (> r3) when the channel
Among the K data packetsk’/4 packets comes from eachis too bad. This state holds untl; /Ny, = 22 dB, then at
layer. The fist two layers and their associated redundangy/N, = 23 dB the channel is better enough for DA-UEP to
packets are considered as the high priority stream and the farotect both first layers equivalentlyy(> ).
other layers are the low priority stream. On the other hand, for values greater than 23 dB, the

These two streams are protected (independently) at thehavior changes, and higher valuesofare optimally al-
physical layer by the samf. = 2256,k = 1504] error- located, which makes the overall throughput increase due to
correcting code. The codeword length corresponds to ttiee hierarchical transmission with QPSK and 16QAM users.
length of MPEG2-TS packets and allows to recover from 378 DA-UEP, the code provides unequal protection for both
errors at most. layers of HM schemes( > r, andrs > r4). As the channel



adapts in order to find the optimal solution for each channel

100 e - xe = xm —6— Cross~layer Optimization

70

N - % - DA-UEP Optimization State.
ook S, - 8 - HM Optimization . .
A4 X | Future work includes the increase of system model com-
plexity by using different Rice/Loo channel distributiomeal

video coding, and studied in terms of PSNR/MOS. Moreover,
since both techniques allow for users diversity with dfer
channel conditions, the multicast scenario will be studied
depth, as in [3] but considering the joint cross-layer desig
In particular, the case where different types of QoS will be
e ] served to different groups of users by using the layerglstre
e differentiation at PHY and APP level.
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Fig. 4. Evolution of DA-UEP (redundancy allocated to eadathed layer, left
axis) and HM @, right axis) parameters for the cross-layer optimisation.



