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Abstract— ASTRALS is a project funded by the FP6 IST
program which focuses on the in-home delivery, adaptation and
processing of multiple audio/visual streams. One aspect of this
project focuses on the wirdess transmission of these streams
using the |EEE 802.16 standard. A premium Quality of Service
and IP based transmisson scheme is employed in this project
including MIMO and mesh extensions for increased throughput
and robustness. The MIMO architecture is based on a novel
technique which maximises the performance over both Line-of-
Sight and non-Line-of-Sight conditions. On the other hand, mesh
networking isresponsible for multi-hopping transmission when a
direct link is not available. This paper contains a number of
simulation results which imply the possibility towards fully
determinigtic wireless audio/visual transmission in the home
environment.
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available on their practical performance enhancemen¢rund
realistic propagation conditions.

The MIMO scheme proposed in this paper aims at
improving the system capacity especially in Line-mft$
(LoS) while maintaining an equivalent performance to
standard systems in non-LoS conditions. To achievg, thi
specifically designed antenna arrays are employed using a
novel array design method that orthogonalises the MIMO
channel response [2], [3]. A number of simulation results
validating the superiority of this architecture arespreed in
this paper.

Another technique which achieves link budget and
throughput improvements without sacrificing the wireless
robustness is also presented in this paper. This cormdspo
the IEEE 802.16-2004 mesh-mode which takes advantage of
the attractive features of mesh networking such as self-

for organization, self-configuration, and self-correctioretable

domestic Leisure and Security) is a project under ®@ IST flexible integration, quick deployment, and easy maintenance
programme focusing on personalized, scalable, Audio/Vidgpa low cost. With mesh networking, the wireless cayer
(A/V) encoding, trans-coding/trans-rating, storage ar@n be extended by multi-hop communication which involves
distribution in existing households via streaming optimiseguting through Remote Stations (RSs). Moreover, spatial
wireless links. A wireless platform that supports thbust reuse is also possible in mesh networking as the
and reliable audio-visual streaming based on the WiMAgommunication between RSs is allowed without the need fo
standard is proposed in this paper [1]. A novel platforgh Access Station (AS).
architecture comprising enhanced and optimised features ishe feasibility of the IEEE 802.16-2004 mesh-mode based
presented and its performance is evaluated via simulatig distributed coordinated scheduling in supporting real-time
results. audio-visual streaming applications is evaluated via a
The IEEE 802.16 standard was chosen as a viable splué@mmercial network simulator, i.e. QualNet [4]. Using
for the wireless video delivery due to its native Qyatf simulation data it is shown that, in the absence &HE
Service (QoS) capabilities. The central notion of emtions 802.16-2004 PMP-mode, the mesh-mode can be used to

allows for several levels of QoS differentiation whicle @ ensure viable wireless communication in home netsvor
turn implemented by a wireless network scheduler. This
notion of connections also allows direct source-tdidason II. ASTRALSARCHITECTURE

addressing between two Ethernet buses through witetgss ~ The ASTRALS optimized A/V wireless home network
These features clearly outperform the WiFi (IEEE 802.13)atform is based on the modern and powerful wireless
technology which is never QoS deterministic through theatures of the IEEE 802.16-2004 standard, and in particular
Wireless Multimedia Extensions (WME), and has limiteghe point-to-Multipoint (P-MP) mode. In detail, the
addressing capabilities. ASTRALS wireless A/V home network uses a complete

Add|t|0na”y to the baSiC WireleSS platform an inVeBtign Ethernet_based p|atf0rm prototype Comprising:
is also conducted on the enhancement of the above streamin

technology with MIMO and mesh networking extensions.
These technologies are well known to provide significant
improvements in the capacity and the link budget of lesse

systems; however, there is still very little infortina .

A_central node called the AS which manages the
wireless link connections

» Several RSs
A system configuration, control & monitoring module



A block diagram of the wireless network architecture is The Scheduler has been specifically designed to addeess th
shown in Fig. 1. The wireless subsystem can be cosshést home network requirements and is dimensioned by the
the Residential Gateway (RG), which operates as tBe Aransport of video and audio streams mainly locatedeafS.
Moreover, it can be connected to several other piecesQsf the other hand, the Classifier is both locatedeatdt® and
equipment such as peripheral Set Top Boxes (STB) for vidstathe RS sides and allows the classification follgwseveral
distribution or directly to an ASTRALS A/V extensionbsu criteria as the source and destination addresses,rateql
system. The optimized A/V streaming wireless platform tgpes, the port numbers etc. Finally, a highly efficient MAC
considered as an alternative communications network tkater has also been designed in the context of ASTRALS
may coexist with other wireless links (e.g. IEEE 802.11b/gjroviding an efficiency of approximately 90%.

The architecture outlined above is used as the baseriecena

for MIMO and mesh networking studies, presented in the IV. ASTRALSMIMO EXTENSION
following paragraphs. Given the increasing demand for higher spectral
efficiencies, MIMO technology is expected to be incorfema
Video Servers  [_j Ml i P = in IEEE 802.16 systems as a method for providing additional
o » 'j ten o o capacity. The MIMO extension employed in ASTRALS is
Elzs rems ) \ based on a Spatial Multiplexing (SM) scheme that relies on
o e transmitting independent data streams from each transmit
CoreMetro Eth antenna. Under specific propagation conditions, the
Network ||w throughput in a MIMO system employing this scheme
’\4 . . . . . .
o increases linearly with the minimum number of traitsmd
Eih receive antenna elements [5]. One example where this
U‘feé iy I > increase can occur is a (non-LoS) rich-scatteringremment,
Recording Residential o where a large number of independent communications paths
Gateway & . e L.
exists between the transmitting and receiving antenna
) _ elements.
Fig. 1 ASTRALS home network architecture When a LoS signal is present however, the performafce
. ASTRALSMAIN WIRELESSPLATFORM SM-MIMO systems is limited due to the high correlation

_ ) ) . . between received signals [6]. Since the probability @foS
The following figure (Fig. 2) shows, in more detail, the;

e §ignal is very high in a home environment, specifiteana
wireless network as implemented within the context gtg y g P

) . . rays are employed in ASTRALS so that the orthogonality
ASTRALS. The AS is connected to the Residential Gagew, ; : :
and each RS is connected to home devices. The trar$p0$ etWeen the received signals is preserved [2], [3].
video streams are mapped on a single connection each, baseFyll-Rank LoS Communications

on strict QoS parameters such as latency, data rat® AR Th ; -
. e aforementioned LoS-optimised antenna arrays not onl
(Automatic Request Query), etc. Therefore, should, for P 4 y

example, an FTP transmission start from a PC, theovi fvercome the problem of excessive correlation but @soltr

stream from the surveillance video camera and theovioig]Capac't'es higher than that of rich-scattering emments

, [3]. For the special case of Uniform Linear Arsay
stream from the A/V server would not be affected. [ : o
(ULAS) at both ends of a MIMO system a simple critetiars

been derived that defines a number of array architectuith

ideo surveillance
& Y Gamera full-rank LoS responses. This is expressed by the follpwin
equation for a system with; transmit elements arid receive
Eh | elements
Eth Eth
= [ 1 D .
Wireless Box 1l SlSZ ~ A — 47 . . T 0Z (1)
== "Rrc  Avbox N, sinwsin @
ireless Box
i ° In (1), Z" corresponds to the set of positive integers and the
B | i‘ anglesw» andé correspond to the geometry of Fig. 3.
£ o—,‘\l/%tho =

Wireless Box

Fig. 2 ASTRALS wireless network architecture

The platform can be considered as a combination of a
wireless and wired Ethernet networks where the wiseles
network remains a P-MP centralised topology. The hysi
layer originates from the IEEE 802.16d standard with
proprietary add-ons in order to improve the robustneskeof ~Fig.3  Uniform Linear Array orientations
wireless link.




B. Channel Model

In order to investigate the performance of MIMO systerr

in LoS a suitable channel model is required. It is comifoo
the MIMO channel response matrix to be modelled as

K
K+1

1

K+1

H ()

= LOS H \ios

where Hos is the matrix containing the free-space respons &
between all elements,\bs accounts for the scattered signal:

andK (i.e. the RicearK-factor) is equal to the ratio of the
powers of the free-space and the scattered signals.

In free-space, the complex response between a trans

elementg and a receive elemepis equal to 'té‘“’""‘;’d,qu (where
k is the wavenumber (equal ta/2) andd,q is the distance
between the two elements). Thusekis totally deterministic

and depends only on the distances between each tramghmit

receive element. On the other hand, the response eof
scattered signals is not deterministic and is usumtidelled
as a stochastic process. In this studyddis modelled as a
cN" X N matrix with normally distributed, zero mean i.i.d
elements of unit variance.
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Fig.5 PER vs SNR for the standard system as a
function of the RiciarK-factor
- On the extreme of a very loW-factor the channel
approaches the i.i.d. Rayleigh model that corresponds to

C. PER Performance of the Proposed and Standard Systergn_scattering environment. This is also reflectedFig. 4-5
For this study a Monte-Carlo simulation was performaghere the PER curves for the cas&cf -10 dB are identical

using a physical layer 802.16 MIMO model based on [7], [8br both systems (PER = @&t SNR = 22.5 dB).

The PER performance of the proposed and standard dsetho

was investigated for a number of values of the Ri¢&sarctor
using MIMO channels generated from

V. ASTRALS MESHEXTENSION

the  combined \=e 645 162004 Mesh Mode

stochastic/geometric channel model described in the prvio

section. The results for the LoS-optimised (ASTRALSY a
standard MIMO systems are presented in Fig. 4-5 ragphct

Fig. 4 PER vs SNR for the ASTRALS MIMO
system as a function of the Riciknfactor

It is obvious that when a strong LoS signal exists {oe.

large values ofK-factor) there is a huge performancslot

enhancement associated with arrays designed following

In the IEEE 802.16 mesh-mode the mesh AS plays a very
important role in the network entry process. Mesh Network
Configuration (MSH-NCFG) and Mesh Network Entry
(MSH-NENT) messages are used for the advertisemeheof t
mesh network, for assisting new nodes to establishseoar
synchronisation and in subsequently joining the mesh network.
The IEEE 802.16 standard proposes two scheduling
mechanisms for facilitating TDMA-based communications
a mesh-mode; i.e. the centralized scheduling and the
distributed scheduling. In the former, the mesh AS detesmine
the resource (bandwidth) allocation for all mesh RSs in a
centralised manner as in PMP-mode whereas trafficbean
relayed by RSs through a multi-hop route. Overall, the
centralised scheduling can be characterised as a simple
method which however is usually associated with long
connection setup delays [9].

In distributed scheduling, the allocation of data siotthe
data sub-frame is performed by the RSs through the exchange
of scheduling messages (i.e. MSH-DSCH) in the contriol su
frame. MSH-DSCH messages are used for the coordination of
the data slot requests and the allocation betweenhtypo
neighbours. Request-Grant-Grant Confirmation is a ttwae
handshaking mechanism proposed to setup a connection with
neighbouring RSs. Each node must first compete for taton
access using a pseudo-random election-based
tramsmission timing (EBTT) algorithm. Based on this

ASTRALS architecture over standard systems. For el@mpglistributed EBTT algorithm and the scheduling information of

in the case of thK-factor being equal to 15 dB the differencéls two-hop neighbours,

in the required SNR at a PER of4i8 more than 30 dB.

each node can determine its
transmission opportunities in the control sub frame
independently and then periodically broadcast an MSH-DSCH.



The performance of the EBTT algorithm has bedhe south-west corner of the house. Real-time vidaffiar
investigated by Cao et al [9] and Bayer et al [10]. Twtdf, from a public library of video traces was used as th#idr
i.e. the demand level and the demand persistence finedde input [11]. Video traces of surveillance video were used in
in an MSH-DSCH message for resource allocation purposthese simulations encoded using a H.263 codec with tadtget b
However, there is no detailed information given on hioesé rate of 256Kbps. The indoor path loss has been previously
parameters should be set. Although the IEEE 802.16 sthnddrown to obey the following distance power law [12]:
defines signalling messages for distributed scheduling, the
details of scheduling algorithm and data slot assignment
scheme are left un-standardised. So far, no work has been
performed on the evaluation of mesh-mode performance in
supporting real-time audio-visual applications. where the value ofh depends on the surroundings and
. . . building type, andX, corresponds to a normally distributed
B. Simulation Model and Environment random variable with a standard deviatiorralB. Based on

In this paper, the IEEE 802.16-2004 mesh-mode wagasurement data and suggestions by [13], different values of
implemented in a QualNet network simulator. Even thougmawere used for representing different indoor environment
wide range of MAC protocols (including IEEE 802.11 anHor an indoor environment with unobstructed LoS path o th
|[EEE 802.16-PMP mode) are modelled in this software, pgceiver,n was suggested to be between 2 and 3. For the case
IEEE 802.16-mesh mode is not yet available so a new MAhere the transmitter and the receiver are at time $avel but
module was implemented as part of this project. This neeparated by brick walls (obstructed pathjyas found to be
module implements the control message exchange for netwigstiveen 4 and 5. In these simulations, all stationse wer
configuration (MSH-NCFG) procedure, node entry (MSHransmitting at 17 dBm of power and a carrier frequency of
NENT) procedure, and the distributed scheduling (MSH:2GHz. The path loss exponent was varied from 1.5 to 5,
DSCH). The EBTT algorithm, three-way handshakinghile the shadowing deviation; was set to 5 dB in all
mechanism and data channel allocation were alsinulations.
implemented in the model. In detail, a simple first-cdirss-
served resource allocation scheme was implemented, anwhi
the receiver grants the bandwidth allocation to the regues :

according to their arrival sequence and based on

PL(dB) = PL(d,) +10n Iog[diJ +X,

0

availability of resources. &% o @ @ ©
Demand persistence of one and seven are supported in this | secondary o,

model where a demand persistence of one corresponks to t System .

slots in one upcoming frame being reserved for data @j / LﬂJ’ g

transmission whereas, a demand persistence of seven |€ M/ € & o=

corresponds to the bandwidth being reserved for all up@pmin 1-hop path for /

frames until an explicit MSH-DSCH message is transuhiibe
cancel the reservation. All data transmissions asamsd to

/ Example of a
/ multi-hop path

video stream

| de _ L Optimized '3 for video stream
take place based on the distributed coordinated scheduling. ‘Sﬁ'rfjéiﬁsng
TABLE | (@) \&‘g - ’@—I &@-/ &
SIMULATION PARAMETERS FOR MESH SIMULATION & 2 @J
Par ameter Value ) ) _ )
Smulation Area 50 mx50m Fig. 6 Mesh simulation scenario
Number of Nodes 15 C. Simulation Results
Number of Mesh AS : Two sets of simulations were conducted. The first
Channel Rate 54 Mbps corresponded to one-hop communications between the mesh

10 milliseconds
0.04 milliseconds

Frame Duration
Minidot Duration

AS and RSs whereas the second corresponded to multi-hop
communications following the distributed mesh-mode

NCFG Hold-off Exponent 0 described earlier. A video stream of 256 Kbps was tratesmi
DSCH Hold-off Exponent 0 from a surveillance camera located at the north-easier of
Demand Perssence 7 the house to the mesh AS as shown in Fig. 6. The diomula

was repeated with 100 different seed values whereas the path
loss exponenty, in the Path Loss model was varied from 1.5
to 5 to represent different indoor propagation envirorimen

The results are shown in Fig. 7 and demonstrate theat on

hop communication was only feasible in indoor environments

The main objective of this simulation study was to evaluggy, 5 path loss exponent of less than three.rFequal to 3
the performance of mesh networks in supporting audio-vis routing protocol could only manage to successfully

streaming application. The simulation parameters amallist ogtaplish a route in 22 out of the 100 simulation trialsekivi

Table I. An area of 25m x 15m was simulated and 15 s&tiQ{ s raised to more than three. the signal loss was\ees
were deployed in the area as shown in Fig. 4, with rA&sht ’

37 metres

Path Loss with Log-
Normal Shadowing

Transmisson Range
Propagation Model




that it was almost impossible to form a one-hop rbeteveen The project involved work on MIMO with domestic channel
the RS and the mesh AS. profiles, and in particular with the unfavourable caséa

In mesh mode, although the RS could not communicg®pagation as an inevitable propagation situation irrt sho
directly with the mesh AS it could still route the romguest indoor communications. Simulation results have showearga
to its peer RSs. The route request would be routed vidpheult significant SNR performance enhancement of the proposed
hops and eventually reach the mesh AS. The path could thechitecture over standard MIMO systems on the order of
be set up and multi-hop wireless communication enabled 8@ dB in strong LoS condition& (= 15 dB). Another drastic
video stream to be transmitted to the mesh AS. In Idétai improvement was also presented for mesh networking using
was found that the communication was feasible in tkehm values of the path-loss exponent common to a home
mode where multi-hop routes could be formed even at lagygvironment. In detail, mesh networking has been shimwvn
values of the path loss exponent 5). This result clearly significantly improve the chance of communicatioriwesen
demonstrates that the IEEE 802.16-2004 mesh-mode tan nodes via multi-hopping. Future work will focus in
successfully complement the PMP-mode in coveragealuating the performance of mesh-based home networks
extension or in cases where the PMP-mode is not alaitab terms of throughput, end-to-end delay and jitter, which are
not accessible. important QoS parameters to support multiple video-streams

Fig. 8 shows the average length of the routes formed by &sshown in this paper, there is already a consensasyerg
routing protocol based on the distributed coordinated meshggesting that the an IEEE 802.16 baseline system
mode. As the propagation conditions became worse, oirlgorporating MIMO and mesh extensions can allow the
short-range wireless communications were feasiblehm tdeployment of a fully deterministic wireless in-homeweek
home environment resulting in an increased average pstipporting QoS-guaranteed delivery of multiple video-

length with increased in path-loss exponent. streams.
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