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Executive Summary

I n order to realize OMEGAOd6s vision of a hybrid home
media content with high quality and reliability, the considered technologies have to be enharseshaadsly

converged into a transparent home network. For the seamless convergence, OMEGA is pioneering a new
approach by defining a technology independent layer called-Mw#e&® between technology dependent MAC

layer (layer 2) and network layer (IP). B#ss realizing convergence, the InMAC is responsible to ensure

endto-end QoS and to translate QoS requirements. It also performs admission control, path selection,
monitoring and signalling.

In this document the functional capabilities of the congidaradio technologieare assessed in terms of link
performance (BER), link budget, coverage range and achievable throughput. In combination with the
propagation characteristics, these data was used for a capacity analysis of each tecewkmptios.

All technologies will be interfaced to the IMBYAC by technology dependent InttfAC adapters. These
adapters are envisioned to be upgradeable software drivers, so that future technologies and devices can be easily
integraed into the OMEGA network by provision of an appropriate adapter by the manufacturer.

In this deliverable, we specify such an IAAC adapter in sectiod. The adapters will connect all the RF
communication standards withethnterMAC, using the technologgpecific semantics defined in sectidand
the common semantics definbgd WP5.

Impact on the other Work-packages

The work leading to this deliverable and the results are very importantfomptlite InterMAC of WP5. The

specification of the InteMAC adapters is essential for the functionality of the HM&C engines. From the

assessment of the functional capabilities of the radio technologies thMid€@engines, e.g. the path selection

engi ne, can derive recommendations for the use of OME

Furthermore, the InteMAC adapter specification can also serve as orientation for the two other technology
work packages WP3 (PLC) and WP4 (HWO).
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1 Introduction

I'n order to real i zyoriddhe G&viok providing gogabit thrbughput dnd delivering
media content with high quality and reliability, two complementary strategies have to be pursued, as illustrated
in Figure1-1.

On the one hand, the considered tecbgiels have to be enhanced so that they are capable of fulfilling the
requirements of their specific application area. On the other hand, the different technologies have to be
seamlessly converged into a transparent home network, because a single tecaloolegyannot efficiently

fulfil all transmission tasks of future home network¥. course, this does not mean that all three investigated
radio technologies (IEEE 802.11n, WiMedia and 60 GHz) have to be present on an OMEGA device or even in
anOMEGA netwak. Depending on the application area, a combination of a WLAN technology (IEEE 802.11n)
and a WPAN technology (e.g. short range 60 GHz communicatiay) be expedient. There might be cases,
when a single radio technology converged with PLC or Ethernie¢ibest solution. These aspects are subject to
further studies.

For the seamless convergence, OMEGA is pioneering a new approach by defining a technology independent
layer called IntetMAC between technology dependent MAC layer (layer 2) and network (#9¥rBesides
realizing convergence, the IMBIAC is responsible to ensure etmlend QoS and to translate QoS
requirements. It also performs admission control, path selection, monitoring and signalling.

Before the start of the project, we expected #ragecific convergence layer to be necessary, because a number
of the coexistence and interference issues are radio specific and need vaydedidecision making to resolve
them. During the project work, the ItBYAC architecture and functionality we specified and it became
obvious that an additional radio convergence layer is not efficdenagreed with WP5, all technologies will be
interfaced to the InteMAC by technology dependent IntBtAC adapters. These adapters are envisioned to be
upgradeble software drivers, so that future technologies and devices can be easily integrated into the OMEGA
network by provision of an appropriate adapter by the manufacturer.

In cooperation with WP5ye specify such an IntéMAC adapter in this document (sewti4). The adaptersill
connect all the RF communicatiostandards with the Inte/AC, using the technologgpecific semantics
defined insection4 and the common semantics defined in WP5.

Additiona | | vy, this document analyzes the capacity of OME
important for the technology enhancement. Furthermore, recommendations for tHdAepolicies can be
derived.

Section 2 explains the basis of the capyagnalysis. For each technology, section 3 provides an overview on the
functional capabilities in terms of link performance (BER), link budget, coverage range and achievable
throughput. Together with the propagation characteristics the input necessargpémity analysis is thus
provided. For each technology, the results of the capacity analysis are presented.

60 GHz
MUX
60 GHz 802.11n
MAC MAC WiMedia
MAC
FCSL: Frame Convergence Sub Layer
60 GHz 802.11n WiMedia LLC: Logical Link Control
PHY PHY PRY WLP: WiMedia LLC Protocol

Figure 1-1: Radio convergence
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2 Capacity Analysis

2.1 System Model

Our system model of the OMEGA d¢gm is partitioned into several layers, where each layer corresponds
roughly to one layer in the ISO/OSI reference model: the physitte medium access contiothe network

and the "traffic*layer which abstracts layers 4 to 7 by generating and ahgodiata traffic. Additionally, two

more layers are used to describe the propagation on the wireless channel ("layer 0") and the network topology
(layer-1").

2.1.1 Layer -1: Network Environment and Topology

The capacity of a wireless network is closelkéd to its environment and its topology. In the case of an indoor
wireless network, attenuation and multipaffects caused by the walls as well as interference from
neighbouring networks has a heavy impact on the network, for example.

Thenetwork enviromentdefines the surrounding objects in the scenario which are not part of the network itself,
but possibly influence wireless transmissions. Each object belonging to the network environment is completely
defined by its position, size and type. Due to lindtations of the capacity analysis model, objects of the
network environment cannot move.

The network topologydefines the position of objects which have possibly an active role in the network, i.e. are
able to transmit and/or receive data from otheivaaibjects. Each object belonging to the network topology is
defined by its position and type. Due to the limitations of the capacity analysis model, objects of the network
topology cannot move.

The internal deliverable ID1.1: Intermediate Usage Scend&epsort has identified the following use cases:
Family, Working from Home, Students working together, Single, Small Office / Home Office and Empty
Nesters. In the following, for each scenario the network environment and topology is given.
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2.1.1.1 Scenario 1Famiy

2.1.1.1.1. Network environment
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Figure 2-1: Network environment of the family scenario

Thefamily scenario displayghe network environment from the family use case of Deliverable 1.1.

For the attenuation of the wiless signal, the following walls exist (doors are assumed to be closed with the
same attenuation as the wall)

Table 2-1: Description of the walls in the family scenario

ID Xi(m) | Yi(m) | Xo(m) | Yz2(m) | Type

1 0 0 12.3 0 20 cm reinforced concrete lodxbaring wall
2 0 0 0 8.6 20 cm reinforced concrete lodxaring wall
3 12.3 0 12.3 8.6 20 cm reinforced concrete lodxbaring wall
4 0 8.6 12.3 8.6 20 cm reinforced concrete lodxaring wall
5 4.9 0 4.9 8.6 5 cm panel internal partition wall

6 7.0 0 7.0 3.4 15 cm alveolate brick

7 8.0 0 8.0 3.4 15 cm alveolate brick

8 8.0 4.4 8.0 8.6 5 cm panel internal partition wall

9 9.2 3.4 9.2 5.6 5 cm panel internal partition wall

10 0.0 2.7 4.9 2.7 5 cm panel intaral partition wall

11 4.9 4.4 9.2 4.4 5 cm panel internal partition wall

12 8.0 3.4 12.3 3.4 5 cm panel internal partition wall

13 9.2 5.6 12.3 5.6 5 cm panel internal partition wall
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2.1.1.1.2. Network topology

The positions of th©OMEGA devices are given in tHellowing figure, the detailed descriptions in the table.

© ®
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Figure 2-2: Network topology of the family scenario

Table 2-2: Description of the OMEGA devicesin the family scenario

ID X (m) Y (m) Description

1 0.1 8.5 Operator Home Gateway

2 0.1 2.8 NAS Media Server

3 2.2 2.8 Large screen

4 12.2 8.5 PC and screen

5 11.9 5.7 Large screen

6 115 2.3 IP Mobile Phone

7 0.1 11.6 Tactile screen, microphone, speike
8 0.2 9.0 Stereo Radio CD Player

2.1.2 Layer 0: Channel

The channel model determines the received signal quality of a packet transmitted from twble Mcated at
position pand p, respectively. Hence, for each scenario a function, ¢, t) must be given that is defined at

least for all positions of all nodes and for all OMEGA radio technologies t and useable frequencies that nodes N
and N have in common; it shall return the pathloss [in dB] from positiptopg when frequency f and
techndogy t is used. Two possible ways exist for this function:

1. Either, an Atimesn matrix can be given for each technology t and frequency f (or frequency domain)
which contains the pathloss.
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2. Or, an approximate pathloss model function can be given in thedbtine function parameters,A3;,
C; and W, such that the pathloss is compute using the following formula:

pl(p. Py 1) = Alogeld,  [ml)+B +C log,,(f[MHZ)+Ww

Where d is the distance betweenapd p, f. the used centre frequency and w the number of walls
between pand p. A, B, G and W shall be obtained from leastuare error fits of the function to
measurement campaigns in typi€MEGA network environments.

When taking antenna gaina N and gat N into account, a transmission from nodewith transmission power
P isreceived at node j\vith power

Po(N Nt f)=P+g +g; - pl(p, p;, f.)

2.1.3 Layer 1. Physical Layer

The Physical Layer model serves to decide whether or not a packet is receivddeerror our model, the
probability of successful packet reception is calculated from twanpeters: First, the Received Signal Strength,
determined by the channel model, must be high enough for correct synchronization of the receiver to the signal.
Second, if simultaneous transmissions occur, mutual interference is modelled by thetdSipisd-plus
Interference Ratio (SINR) at the receiver.

Let T be the set of transmitting nodes at a given time instance. If noaéih does not belong to T, receives
from node N which is in T, the SINR at;Ns

P (NI, N)
Noiset g P(N,,N,)

KTk, i

SINRN,,N,,T) =

For a successful padkeansmission from No N; three conditions must be fulfilled:
T Neither N nor N can transmit and receive at the same time
1 The received power must exceed a threshold F{vE3S) dependent on the MCS selected hy N
1 The SINR must exceed a threshold Thig$MCS) dependent on the MCS.

If all three conditions are met, the Bit Error Rate (BER) is calculated for the selected MCS and the given SINR.
For each considered radio technology and MCSs of this radio technology, the relation SINR to BER is given in
sedion 3. From the BER, the PER can be calculated under the assumption of a fixed packet length. Thus, the
resulting user data rate can be calculated.

2.1.4 Layer 2: Medium Access Control

While the Physical Layer model abstracts the characteristics of a link inetfivork (when, where, with what

MCS can be used, what is its PER and the resulting throughput), the Medium Access Control (MAC) model is
aimed to represent the operation of the whole network. Since the wireless channehises@ni throughout the
network, transmissions have to be scheduled colli§iea. In a real network, a decentralized or centralized
protocol is responsible for this. The protocol introduces overhead, for example by idle channel intervals (backoff
slots, interframe spaces, etc.), &gcess collisions and collisions of packets owing to hidden stations wasting
channel capacity or by selecting an inefficient MCS, and thus occupying the channel unnecessarily long.

Our goal is to calculate the capacity bound of a wireless network. Foptihgose we assume an optimal
scheduler that

1 has full knowledge about the capabilities of the Physical Layer technology for each link,

1 controls the traffic load to each link, such that the-tend flow requirements are met,

1 generates a schedule for gattransmissions taking all links and flow requirements into account and
1 disseminates this schedule to the nodes without any costs.

As a consequence, all nodes operate under the control of an optimal scheduler that does not cause the mentioned
protocol oerhead.Hence, it is possible to compute an optimal schedule for carrying the traffic load in the
wireless network in the minimum duration possible. Thus, this schedule maximizes the network capacity. How

to find an optimal schedule is describedétion2.2.
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2.15

Layer 3: Wireless Network Path Selection

OMEGA nodes will have a path selection entity in thie-MAC. It serves to find a suitable (muhibp) link
t o i & ©O®MEGA nelwork appearsas ene brdadcasm | a y e

from the datads
domain where any node, virtually, can be reached in one hop.

sour ce

In the following, we abstract the capabilities of the path selection protocol by taking its effects oniemed

traffic flows into account. We assenthat the path selection process optimizes the@edd cost, measured in

the total duration for a typical transmission. Since the Physical Layer model provides information what links
may operate at which data rate, we use the Flgalshall allipairsshortestpath algorithm to find the cheapest
routes for the flows. This algorithm operates on a graph representation of the network topology, where edges

between the nodes are weighted with the data rate possible with the MCS chosen.

Additionally, the pathselection itself can easily be a part of the optimization process descrigetion2.2 In
this way, not only the scheduling decisions in the MAC are idealized, but the result is a joint optimization of the
MAC and path selction.

2.1.6
The

Layer 4+: Traffic Characteristics

orientation

of

t he

traffic fl ows

has a significal

start at a single node, for example the OMEGA home gateway, this node becomes the bottlenbidhwith
probability.

The traffic characteristics are given for each of the scenarios defined in Section as a set of flows, consisting of
source, destination and the required traffic lower and upper bound (if existing).

2.1.6.1 Scenario 1Family

The family scenarioas described in sectiold.1.1 for the network environment and

following flows:

Table 2-3: Description of the flows in the family scenario

topologyontains the

ID From (ID) To (ID) Type Description

1 1 2 HDTYV stream 20 Mb/s

2 4 3 Video 50 Mb/s

3 2 5 HDTYV stream 20 Mb/s

4 2 8 Music 5 Mb/s

5 1 6 VolP 0.1 Mb/s
D2.5Radio Convergence Page20 (100
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2.2 Optimization of the Wireless Network Capacity: The Shortest
Schedule

The wireless network system model considers ¢s&ictions and opportunities a node is constrained by and able
to exploit, respectively. To find the capacity bound, we apply an optimal scheduler as introduced above.

Time is assumed to be divided into fixed intervals of one second duration. Duringetiied, each node
generates a load ofger second. Combined with the computed paths through the network, this results in a load
for each link. This is expressed by the traffic matrix T of size n times n (where n is the number of nodes), with
entries

t,if nodeN; hastotransmitt Mb/sof traffic originating from nodeN;
t,if nodeN, hastoreceivet Mb/sof traffic originating from nodeN,
0,otherwise

]
Tl il=1-
.‘

The optimal scheduler is applied to calculate the sequence of transmissions such that this load is transported.
This sequence is represented as a schedulg, (NSNS, U) é ; U))(oNnBtwork states N&nd related
dur at;,i oln sO Ui O s.

Each network state represents a possible combination of active links, given by transmitter, receiver, MCS, source
and destination of the packet flow. A network statefeasible if each transmission contained is possible
according to the Physical Layer model. A feasible schedule must contain feasible network states only;
furthermore, it must fulfil the offered traffic matrix requirements. A schedule is called optinmal dther

feasible schedule exists that has a smaller duration.

The sumofthey, 1 O i O s, gives the duration of the compl
second, more traffic is generated than what can be transported by the schedule; hence, the network is overloaded.

The calculation of the optimal schedule isfpe@rr med i n two steps. I n step one,
feasi ble network states is computed. T héosprising alld one i r
feasible network states with exactly one transmission. Then, we succgeggrelate the set of feasible network
stafsy Bombining the ‘fwttwbrkhet atéewbo Htesitbdemplis’s out of
all network states with c+1 simultaneous transmissions. The process is repeated until nobete cmonew
feasible network states are Ycodrd canymor e Set E is t

I n the second step set F is used to compute the opti
transformed into a matrix ns with entries

¢ r,if nodeN; transmitslatawith rater M b/soriginating from nodeN;
ns[i, j] :‘: - 1,if nodeN; receivesdatawith rater Mb/soriginating from nodeN;
b 0,otherwise

The combination of the traffic matrix T and the set
finding the optimal schedule as an instance of Linear Programming:

min & W
i=1.]$'
suchthat & p ONS =

i=1.] ' !

This task can be solved by any optimizationlitoa, e.g. the one included MATLAB . The resulting output
vectorti’ = ,(, U &) asisigns durations to feasible network states. The minimum channel occupancy duration
to carry the traffic given in T is

RUGST)= & d.
i=1.]s|

The capacityftheavigeless netwsra ip deffnpd as the convex hull of all traffic settings which can
be carried by a schedule created from E without over
second.
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The dimension of the capacity region is the nundfestreams in the network, as each can have a different load.
To reduce the number of dimensions, we compute only a single point of the capacity region, defined by the
traffic requirements.

The complexity of both parts of the algorithm, namely the creaifadhe network states and the solving of the

LP instance, depends on the number of network states to be considered. This number is expected to increase
exponentially with the number of nodes. Thus, this optimization is not suited fetimeaschedulingn a real

wireless network, but for theoretical analysis only.
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3 Reference Evaluation

3.1 WLAN

3.1.1 Selection of Modulation and Coding schemes to assess

Data rates of the IEEB02.11n system depend on the number of spatial streaggs he channel bandwidth
and further MCS parametersPSDU data rates are illustratedFigure 3-1 considering 20 MHzand 40 MHz
bandwidths

IEEE802.11n PSDU Data Rat
Tcp=800 ns/400 ns

700.0
8- 20 MHz, Nss=1

—=— 20 MHz, Nss=1
—x— 20 MHz, Nss=2 N
600.091 ... 20 MHZ Nss=4
—*— 20 MHz, Nss=4
---+-- 40 MHz, Nss=1
500.0 —e— 40 MHz, Nss=1
---a-- 40 MHz, Nss=2
—— 40 MHz, Nss=2
400.0 ---e--- 40 MHz, Nss=4

o3 —=— 40 MHz, Nss=4
o
2300.0
2000 o ’
1000 ciziil -5+
0.0

BPSK QPSK QPSK 16-QAM 16-QAM 64-QAM 64-QAM 64-QAM
1/2 3/4 1/2 3/4 213 3/4 5/6

Figure 3-1: IEEE 802.11nPSDUdata rate for Nss<5, @ 20 MHz and @ 4MHz

Among these configurations, Orange labs @MJEGA partners selected reference transmission modes foreseen
as reference link level cases to be used in benchmarking assessments. This selection has been performed based
on the first results such as thgeesented in that show that:

- 2 spatial streams MCSs arsefulonly above 8Mb/s (40MHz) or 39Mb/s (20 MHz),
- 3 spatial streams MCSs arsefulonly above 300Mb/s (40MHz) or 150Mb/s (20 MHz),
- 4 spatial streams MCSs arsefulonly above 400Mb/s (40MHz) or 200Mb/s (20 MHz).
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Figure 3-2: Throughput vs range for different antenna configurations
(Direct mapping, 40 MHz, channel BNLOS)

Based on that, the selected MCSs are presented in theifadl talle or more detailed iable3-2.
Table 3-1: MCSsselected forlEEE 802.11n standard assessment

MCS Indices 20MHz data rate in Mb/s 40MHz data rate in Mb/s
for 1/2/3/4
Spatial Code
Streams Modulation Rate for 1/2/3/4 Spatial Streams | for 1/2/3/4 Spatial Streams

0/8/16/24 BPSK 1/2 6.5/13/19.5/26 13.5/27/40.5/54

1/9/17125 QPSK 1/2 13/26/39/52 27/54/81/108
2/10/18/ 26 QPSK 3/4 19.5/39/585/78 40.5/81/121.5/ 162
3/11/19/27 16 QAM 1/2 26 /52/ 78 /104 547108/ 162/ 216
4112720/ 28 16 QAM 3/4 39/78/117 /156 81/162/ 243/ 324
5/13/21/29 64 QAM 2/3 52 /104 /156 /208 108 /216 /324 /432
6/14/22 30 64 QAM 3/4 58.5/117 /175.5/234 121.5/ 243/ 364.5/ 486
7115/23/31 64 QAM 5/6 65/130/195/ 260 135/270/ 405 /540

Table 3-2: MCSs selected forlEEE 802.11n standard assessment
Rate in Mb/s
Number of (GI'= 800 ns)

MCS Spatial Streams Modulation Code Rate 20 MHz 40 MHz

1 1 QPSK 1/2 13 27

2 1 QPSK 3/4 19.5 40.5

3 1 16-:QAM 1/2 26 54

4 1 16-:QAM 3/4 39 81

5 1 64-QAM 2/3 52 108

6 1 64-QAM 3/4 58.5 121.5

7 1 64-QAM 5/6 65 135

9 2 QPSK 1/2 26 54

10 2 QPSK 3/4 39 81

11 2 16:QAM 1/2 52 108

12 2 16:QAM 3/4 78 162

13 2 64-QAM 2/3 104 216

14 2 64-QAM 3/4 117 243
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15 2 64-QAM 5/6 130 270
17 3 QPSK 1/2 39 81
18 3 QPSK 3/4 58.5 121.5
19 3 16-QAM 1/2 78 162
20 3 16-QAM 3/4 117 243
21 3 64-QAM 2/3 156 324
22 3 64-QAM 3/4 175.5 364.5
23 3 64-QAM 5/6 195 405
25 4 QPSK 1/2 52 108
26 4 QPSK 3/4 78 162
27 4 16-QAM 1/2 104 216
28 4 16-QAM 3/4 156 324
29 4 64-QAM 2/3 208 432
30 4 64-QAM 3/4 234 486
31 4 64-QAM 5/6 260 540

Note that for more advanced studies on improvements of 11n, new Wi@¢Sa bandwidth of 80MHz will be
defined.

3.1.2 Selection ofchannel models

We consider different MIMO techniques and channel propagation conditions covering indoor WPAN and
WLAN environments. Propagation conditions and associated models issued from TGn are summarized in the
next table

Table 3-3: WPAN/WLAN propagation scenario and models

Environment Condition Model Angular Rice factor K RMS delay

spreads og(°) (dB) spreads pg
Residential LOS Bi LOS 23.1 0 15 ns
WPAN NLOS B - NLOS 23.1 - o 15 ns
Residential/ LOS B-LOS 23.1 0 15 ns
Small Office NLOS C-NLOS 28.9 -0 30 ns

WPAN

Typical Office LOS Ci LOS 28.9 0 30 ns
WLAN NLOS Di NLOS 34.0 - o 50 ns
Large Office LOS Di LOS 34.0 3 50 ns
WLAN NLOS Ei NLOS 425 - a 100 ns

The channel B will allow a comparison between dedicated UMABAN techniques and WLAN MIMO
techniques deployed in WPAN environmeriannes C and D areonnected to WLAN scenarios. The channel
E isnot in the focu®f OMEGA scenaris.

3.1.3 Link Performance
Concerning MIMO techniques evaluation, we have decided to compare the following techniques:

- Direct mapping, also called spatial division multiplexing (SDM)
- Spatial spreadin@with Hadamard spreading codes) with CSD

- Spatial expansiowith CSD

- STBC

We assume in the following that these techniques are known by the reader. A quick presentation of these
techniques is presentedtire annex.

The direct mapping andpatial spreading techniques are presented jointly as they M@f@twith the same
number of spatial streams (more or equal to 2).
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The spatial expansion and STBC are presented jointly as they target MCS with only one spatial stream. (Note
that STBC can® used with multiple spatial streams but hasbeen simulated)

The following tables present PER vs SNR results for some of the selected configurations.

3.1.3.1 Direct mapping (SDM) and spatial spreading
The results are presented fiftannel B and E at 40 MHzf®CS 9, 11, 13 and 15 with the following antenna
configurations:

- 2 transmit and 23 and 4 receive antennas
- 3 transmit and 3 and 4 receive antennas

- 4 transmit and 4 receive antennas

ChanB 40MHz (black:SDM, red:SSP) ChanE 40MHz (black:SDM, red:SSP)

PER

10"..._.._........

105 10 15 20 25 30 35 40 10 5 10 20 25 30 T35 40
SNR SNR
Figure 3-3: Direct mapping (black curves)versusspatial spreading with CSD (red curves)
2 transmit and 2 receive antennas Channel B-NLOS (left) and E-NLOS (right) , 40 MHz

Figure 3-4: Direct mapping (black curves)versusspatial spreading with CSD (red curves)
2 transmit and 4 receive antennas Channel B-NLOS (left) and E-NLOS (right), 40 MHz
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