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1. EXECUTIVE SUMMARY

To meet an ever increasing demand to provide Metropolitan Area Network (MAN)
wireless internet access, with full triple play services (Data, Voice over IP and Video
over IP), many cities are considering the deployment of Wi-Fi wireless networks or
have announced plans to do so.

Most municipalities have chosen to deploy networks employing mesh topology -
simply because until recently there were no better alternatives. At first, wireless
networks utilizing mesh topology seemed to be a workable solution. However, a
deeper review indicates that mesh wireless networks are unable to provide the
performance levels users expect, mainly in the areas of real-time applications such
as, VolP, Video over IP, Skype, mobility and quality of service. This has been
illustrated by the removal of several deployments, such as those in New York City
and Tokyo. It has been found that once the mesh wireless networks are in place and
users start connecting, performance degrades rapidly.

Deployment and operational costs of mesh networks are both complex and very
expensive. Complications occur because meticulous channel planning is required,
similar to cell phone frequency reuse.

Capital expenditure (CAPEX) for initial deployment is very high. This is attributable to
the small coverage area (about 100-200m) for every mesh access point (AP) .
Operating expenditures (OPEX) are also very high due to the need to continually
rearrange the channel spacing. In addition, technicians must frequently service the
APs due to RF interference, software upgrades and other maintenance activities.
Even when a mesh network is perfectly tuned, its topology is its downfall; throughput
is severely limited, latency is both variable and high. In fact, data is the only
application which can be supported by mesh; voice and video performance will be
considered unacceptable by most users. Mesh performance cannot satisfy the
requirements for today's triple play vision. Further, Mesh service is limited to
stationary outdoor users. Mesh cannot support users in mobile environments, such
as highways, trains, etc.

It is important to note that these flaws are not vendor-specific but are inherent to
mesh network architecture. Although some vendors have devised different algorithms
to address some of the more painful issues (e.g. out of order packets), they are
typically accompanied by severe side effects, e.g. additional latency (the time span
from the moment connection is initiated to when it is achieved).

InspiAir's technology was originally designed for Metropolitan Area Networks (MAN),
to provide full triple play services: Data, VoIP and Video over IP. InspiAir's systems
do not suffer from the mesh limitations. Firstly, InspiAir powered APs offer an
extended range of up to 1 mile in urban areas (3 miles in open areas). Secondly,
InspiAir powered APs can operate on the same channel with no degradation, making
channel planning a thing of the past.
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InspiAir operates using a star topology - meaning that latency is kept under 7
milliseconds (ms) even during handoffs, and throughput is always close to the
theoretical limits of 802.11 b/g. InspiAir supports full triple play, in stationary, mobile,
outdoor and indoor environments.

InspiAir powered APs are cost effective in deployment . A one square mile area can
typically be covered with only 4-6 access points.

InspiAir systems operate on the same channel. The single channel approach results
in the lowest maintenance and operational costs since there is no need to perform
channel planning and recalibration caused by RF interference.

InspiAir offers Anything, Anytime, Anywhere 802.11b/g access using a small number
of InspiAir powered APs, each covering a large geographical area and delivering true
broadband performance. InspiAir can deliver, today, the promise of Metro wireless
Internet networking - delivering the best performance, best quality of service, simple
deployment - at a fraction of the cost.
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INSPIAIR SOLUTION - KEY BENEFITS & ADVANTAGES

Introduction to InspiAir

InspiAir's patented algorithm technology is called “VTM “(Virtual Transmission
Manager).

The major key benefits are:

2.2

Quality of service system performance allowing for true Anything, Anytime,
Anywhere triple play Video, VOIP and Data wireless communication.

Operation in the license-free 2.4 GHz band. InspiAir's VTM technology is fully
compliant with the IEEE 802.11 b/g standard. The networks supports any
802.11 CPE including laptops, desktops, PDA’s, VOIP phones and any other
Wi-Fi compliant wireless accessory or equipment.

InspiAir technology was developed for Metropolitan Area Networks (MAN)
applications.

Proven solution for large area and extended range, urban and mobile
environment, indoor / outdoor and transition between the two.

VTM Key Advantages

Significantly extended range, by order of magnitude 1:10, compared to other
802.11b/g solutions — without any increase in EIRP.

- Point to Point links of up to 40Km with standard power limits (ETSI/FCC)
while keeping compliancy with the 802.11 standard.

- Point to Multipoint networks that cover large areas (3-5 Km) with standard
power limits (ETSI/FCC) while keeping compliancy with the 802.11
standard.

RF Frame Latency is reduced to less than 7ms, enabling real-time latency
sensitive applications

RF Routing Protocol (RP) - Multiple Entry Point and Multiple Exit Point,
provides mobile users with constant data stream even when moving from one
AP to another, sending uplink to one AP and receiving downlink from the next
one.

Robust performance in dense RF environments - InspiAir devices can operate
on the same single channel, even while other networks are operating in the
area, without being affected. This keeps operational costs to minimum since
there is no need to recalibrate the system on a daily basis.

Full outdoor/indoor coverage on all building floors.

VTM Knowledge (“Spanning Tree” method) - represents the proximate
Access Points (AP) transmitting units to enable fast handovers between APs.
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e Mobility - Using InspiAir technology the network users can enjoy a fast,
reliable network that keeps you always connected using smart and fast
(<7ms) handovers while driving or commuting at a speed of up to 120 Km/h
(75 miles/hour). The network users will enjoy high bandwidth, secure
authentication process without a need for a special CPE.

2.3 InspiAir Network Topology

The following figure describes a typical system deployment plan.

Key

é Tower with 6 APs
@ Q Clients

....... Wireless Link
_______ Wireless connection

— Wired Link

As seen in the diagram above, InspiAir network uses a Star topology, where each
and every node of the system is connected directly to a central location with a Point
to Point (P2P) link. This connection can use a wired line such as an optic fiber or a
wireless P2P link.

Each node covers a much larger geographical area (about 10x) compared to Mesh
Access Points. In addition, InspiAir is able to operate the system by setting all Access
Points to a single channel, with overlapping coverage, without seeing any decrease
in bandwidth, speed or channel utilization. This is one of the major features
supported by the VTM algorithm.

Each user is connected directly to one access point, which in turn is connected
directly to the network gateway. This ensures a single hop, which keeps the network
latency to less than 7 ms. In addition, the user enjoys the fullest throughput possible
from the Access Point, since the AP does not exchange data with other APs such as
is the case with mesh.
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MESH TECHNOLOGY

Introduction

Mesh was developed as an extension to the hot spot concept, trying to "put many hot
spots" side by side, thus obtaining large area coverage. Since the hot spot was
designed to cover a single, small area, Mesh suffers from some inherent limitations.

3.2

3.3

MESH Facts

The proposed 802.11s standard, estimated to be ratified in 2007, will
standardize Wi-Fi Mesh networking.

Intel has unveiled its first proposals for 802.11s for Mesh networking.

The 802.11s standard will allow access points to become interconnected,
without depending on the wired net.

The proprietary technology of vendors is more appropriate for public safety
than a Wi-Fi only solution, because of their carrier grade technology and the
required reliability levels.

There are two types of MESH network topology:

o Infrastructure Mesh / Fixed Mesh — Stringing together access points.
Access points and wireless routers carry the traffic back to the wired
network.

o Client Mesh / Mobile Mesh - Every device in the network, including
laptops and PDAs, can pass along traffic for other devices, which let
users “hop” through neighboring devices/ routers to communicate with
each other and reach the wired network. Thus a user with a laptop
will have to share his computer resources with other users in the
network.

MESH Key Limitations

The capacity of the network is constrained by the number of hops in the
transmission path.

Wireless links used to connect 802.11 access points (AP) for inter AP
communication in mesh networking are usually vendor specific and not
standard protocols.

Mesh does NOT reliably support Voice over IP and Video over IP, due to high
and variable latency originating from multiple hops in the network.
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e The number of flows supported by the network is most heavily influenced by
the packet sending rate, not by the data rate or packet size, which will cause
the network to jam over VolP calls or inter network FTP sessions (fast packet
rate, small packets).

¢ Auto-rate adaptation does not always lead to capacity improvement when
burst traffic is present.

e Packet jitter increases significantly when multiple APs are used in a network
or in proximity to other neighboring APs. This will significantly decrease the
network performance.

e Mesh coverage is limited to the AP installation height. Thus only 1* floors are
covered.

e Mesh does not support mobility, due to the high amount of ongoing network
reporting.

The following figure describes the topology of a standard MESH network: as is
clearly illustrated, each user needs to perform several hops in order to receive
network services. Each user serves as an access point and shares his computer
resources with other network users. The result is clear-cut, it takes a longer period of
time for a user to receive a response from the WAN since his route is longer and his
resources are shared.

KEY
ACCESS
ACCE‘TSSS POINT L3
WREESS o
2OUTER
WIRELESS aens A8 m
ROUTERS o8
PEERTOPEER _ _ _ _
CONNECTION
CUENT NETWORE
DEVICES CONNECTION
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4. Costs Comparison

4.1 Installation & Operational Costs

InspiAir's system-wide coverage abilities allow the operator to deploy a significantly
smaller number of access points in order to cover a given area. A central installation
point with remote management to each and every network element reduces both the
installation and the operational costs.

The following diagrams describe three scenarios in which InspiAir equipment was
installed instead of a Mesh network.

350
300+
250
200+
150
100

50+

@ InspiAir
m MESH

Park City Center Large City
Center

As shown in chart above, the number of InspiAir APs in each scenario is significantly
smaller than the number of APs needed by a Mesh vendor.

A reduction in the number of APs results in a reduction in CAPEX as shown in the
chart below.

$800,000-
$700,000+
$600,000+
$500,000+
$400,000- @ InspiAir
$300,000+ m MESH
$200,000+
$100,000+
$0-

Park City Center Large City
Center
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We have taken GoogleFi latest news release about a wireless network deployed in
the city of Mountain View, California as an example to show CAPEX savings.

The network in Mountain View, CA covers 11.5 square miles and uses 380 access
points, where one of 6 access points is used as a gateway. There are three
bandwidth aggregation points in the network that are connected to Google
headquarters (GoogolPlex) using point-to-point gear. The network cost according to
what was published over the internet was $1,000,000.

To obtain identical coverage for a city such as Mountain View, InspiAir would require
24 Access points with 4 backhauling point to point links.
Overall cost for this InspiAir system would be under $200,000.

As for the OPEX of such a system, a mesh network will require ongoing adjustments

of channels, whereas InspiAir's single channel solution with high immunity to RF
interference from neighboring systems will require virtually no maintenance.
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5. MESH & INSPIAIR — TECHNOLOGY COMPARISON

Although both technologies use standard protocols to reach the end user (802.11b/qg)
and standard protocols to interconnect the system nodes (802.11a, wired links, etc)
there are major differences in system behavior, functions and capabilities.

The following section will describe these differences in detalil.

51 Real Time Applications in InspiAir Network

As noted earlier in this document, the InspiAir network is designed as a "one hop" or
a star topology. Without additional hops and with the improvement in the RF frame
latency by the VTM, InspiAir has the ability to transfer video transmission with
virtually no data loss while using high quality video streaming.

The failure of real-time applications in a mesh network is a consequence of the way
packets are transmitted and received at the destination. Since a mesh network
operates on the basis of "best route", or if you wish a "best effort”, each packet is
transmitted through a different route and therefore the order of packets received will
not be in the same order they were sent.

The following diagram presents the way packets are transmitted and received in a
mesh network.

As clearly can been seen from the diagram, each packet is transmitted through a
different route, the result will be that the packets will be received in the order of
1,4,3,2 instead of 1,2,3,4.
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In an InspiAir network deployment, since there is only one hop between the end user
(transmitting point) and the gateway (receiving point) the result will be as described in
the next diagram.

5.2 Real Time Applications in a Mesh Network

A study performed by the University of California (Appendix A - An Experimental
Study of Multimedia Traffic Performance in Mesh Networks — see link
http://www.cs.ucsb.edu/~ebelding/txt/witmemo05.pdf ) concludes that mesh networks
cannot support real-time applications such as VolP or Video.

As the number of transmissions or hops increases, the latency increases rapidly. A
combination of one hop and one video transmission will provide a latency of 30ms.
When increasing the number of hops to 4 with one transmission, the latency will
increase to 100ms. When the number of hops was set to four and number of video
streams was also set to four, the latency climbed to more than four seconds!

When repeating the tests with VolP applications the results were similar.

The following table was taken from the "An Experimental Study of Multimedia Traffic
Performance in Mesh Networks" study.
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The table below describes the number of supported, concurrent flows at acceptable
quality™.

Traffic Video Voice
hops 1 213 ] 4 1 213 ] 4
Auto 301 91 3 2 11 6 | 3] 2
Fixed (2M bps) 10 | 6 | 3 2 11 4 | 3| 2

! acceptable quality for video: less than 1% of packet loss. For voice data: 150ms as
the interactive voice delay threshold.

The next graph describes the packet loss percentage in video transmission
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5.3 Mobility in InspiAir Network

InspiAir VTM technology allows the system to operate in single channel with
overlapping between the AP. When a mobile user travels within the coverage area of
the system, he is automatically handed over between the access points and towers.
The handover is seamless and takes no longer than 7ms. Even at high speeds of up
to 120 Km/hour (75 miles/hour) handover is a matter of ease, allowing the user to
maintain his Voice over IP or Video streaming session without interruptions.

InspiAir network does not use multiple announcements or notifications between the
APs when the user is leaving one AP and connecting to another. When a user leaves
an AP and connects to another AP, he is always in the same network, with
overlapping in the coverage area and the entire network is operating on a single
channel. Therefore there is no need for notification messages between the APs,
which significantly reduces the overheads in network traffic.

A mesh network must coordinate the mobility between the APs, thus whenever a
user "leaves" an access point there is a message sent to ALL of the access points
that the user disconnected. Once the user establishes connection with another AP
another message is immediately sent to all of the access points that he has
reconnected.
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Now, in reality there are many mobile users, especially in rush hours. So assuming a
few hundred users in a mobile environment are moving in the covered areas of the
mesh system, for each user the system is sending the above reporting. This
consumes about 50% of the network resources for reporting / useless information.

The following diagrams describe the difference in mobility between the two
technologies.

e i Sl T
an - MESH Topolo

g L

InspiAir: Only a single message is sent between the AP and the user.
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54 Channel Planning in InspiAir Network

InspiAir VTM technology improves the signal and Signal/Noise ratio and offers high
immunity from RF noise, even in the densest RF environments, thus eliminating the
need to perform channel planning when deploying the system or while operating it.

Each and every access point in an InspiAir network will operate on the exact same

channel as the neighboring one.

The following diagram shows a typical channel deployment in an InspiAir network.

InspiAir deployment

Inspilir
=
o =
CH7. Inspillir
1[_]gn| ” « Only a few acoess points needed
# No Channel planning requinged
About 1 mile
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5.6 Channel Planning in Mesh Network

Mesh systems require channel planning before and while the wireless system is
deployed. Since the RF environment is continuously changing (other systems are
deployed by individuals, companies, coffee shops, etc) there is a need to recalibrate
the system almost on a daily basis, resulting in high maintenance costs.

The following diagrams demonstrate the channel planning effort.

Typical Wireless Mesh deploymen

About 300 ft

Channel planning before installing the mesh network.
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Typical Wireless Mesh deployment

After deployment, another access point is deployed in the vicinity of the MESH
network AP (marked in red). The new AP will cause RF interference in the
surrounding Wireless mesh cells. The system operator will than have to calibrate the
neighboring cells, and probably those in the outer circle as well.
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An Experimental Study of Multimedia Traffic Performance
in Mesh Networks
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Abstract

Performance evaluation and analysis of wireless networks is
essential because testbed experiments facilitate a better under-
standing of network and application characteristics. This un-
derstanding of performance, in turn, results in robust protocol
design. In this paper, we present an experimental study of mul-
timedia traffic performance in mesh networks. We evaluate the
performance of video and voice traffic through multi-hop wire-
less paths and study the capacity of the mesh network. We also
investigate the impact of different traffic and network charac-
teristics on application performance. The impact of different
wireless network interface card configurations is examined, fol-
lowed by our suggestions for how to improve performance. We
believe our study is beneficial for both wireless network capac-
ity planning and robust protocol design for wireless applica-
tions and services. Other researchers can also draw upon our
traffic measurement experience for their own mesh testbed ex-
periments.

1 Introduction

The growing deployment of wireless technology and in-
frastructure is enabling a variety of new applications.
These applications require flexible and robust network
support. For instance, multimedia applications, which
include video streaming, VoIP and online gaming, often
demand seamless real-time data delivery. These require-
ments, in turn, necessitate that both the application and
the network be able to adapt to the highly variable na-
ture of wireless channels. Evaluation and analysis of the
performance of these applications on wireless networks
therefore becomes increasingly critical so that the net-
work and application characteristics can be better under-
stood. Such understanding also facilitates robust proto-
col design for the future wireless Internet.

The majority of wireless research has been conducted
using simulations which offer an efficient and flexible
means to evaluate new protocols using fine-grained con-
trol. However, in simulations, MAC protocol models
are often simplified, ideal wireless channels are assumed

without consideration of background noise and random
interference, and unrealistic traffic traces are utilized.
Consequently, evaluation through simulation may not re-
flect the performance obtained in real networks.

As a result of the inaccuracy of simulations, many
researchers have begun deploying multi-hop mesh net-
works for use in wireless network protocol development
and testing. Testbed experiments can be challenging due
to the effort required to install, configure and manage the
hardware [5]. In addition, performance results are of-
ten affected by the specific configurations and protocol
settings. Given the significant number of possible pa-
rameters that can affect results, finding a representative
set of parameter values is non-trivial. Furthermore, the
highly varying characteristics of wireless links often lead
to unstable and unrepeatable results. Significant effort is
necessary to enable repeatable tests and to establish ad-
equate methods for collecting and analyzing the testbed
data.

In this paper, we present our experimental study of
multimedia traffic performance in mesh networks. Mul-
timedia applications are examined because they repre-
sent a growing percentage of Internet traffic and ap-
plications. These applications demand more stringent
service quality with low delay and jitter.  Specifi-
cally, we perform tests consisting of video streams
and voice traffic over the UCSB MeshNet testbed
(http://moment.cs.ucsh.edu/meshnet). We evaluate the
performance of the delivery of the multimedia data
through multi-hop wireless paths and study the capacity
of the mesh network. We also examine the impact of dif-
ferent traffic and network characteristics on application
performance. Specifically, we compare the performance
of bursty video traffic with constant bit rate voice traffic.
We also investigate the impact of different wireless net-
work interface card configurations. We believe our study
is beneficial in both wireless network capacity planning
and protocol design. We describe our analysis methodol-
ogy and utilities so that other researchers can draw upon
our experience for their own mesh testbed experiments.



The remainder of this paper is organized as follows.
Section 2 briefly introduces the UCSB MeshNet testbed
and describes the set of tools we used for our experi-
ments. Section 3 describes the experimental setup and
the evaluation metrics. Section 4 presents the experimen-
tal results and performance analysis. Finally, Section 5
discusses our observation and concludes the paper.

2 UCSB MeshNet Testbed

The UCSB MeshNet testbed is a wireless mesh network
deployed on the campus of UC Santa Barbara. The net-
work consists of 25 nodes equipped with IEEE 802.11b
wireless radios. The nodes are distributed on five floors
of the Engineering | building. The purpose of the testbed
is to evaluate protocols and systems designed for the ro-
bust operation of multi-hop wireless networks.

The UCSB MeshNet testbed consists of two different
types of nodes. Our experiments are conducted on one
type of node, called Mesh Gateways, which are off-the-
shelf Intel Celeron 2.4GHz machines running Linux ver-
sion 2.4.20. The machines use wireless utilities version
16 and the hostap driver for communicating with the Net-
gate 2511 PCMCIA 802.11b radios. The 802.11b radios
operate in ad hoc mode and connect the wireless mesh
nodes. Each node is also equipped with an Ethernet inter-
face to provide Internet access to the mesh devices and to
allow out-of-band management of the mesh gateway [5].

We utilize existing tools such as i wpriv to set
the pseudo BSSID and lock the cell because otherwise
BSSID changes occur frequently in the tests and signif-
icantly impact the results. i pt abl es is also used for
packet filtering and route configurations. To facilitate re-
peatable experiments and accurate data analysis, we also
developed two utilities for network monitoring and diag-
nosis.

Link reliability test tool: We perform link reliability
tests between node pairs. The goals are to 1) measure
the link quality of individual hops, and 2) identify any
asymmetric links. To test reliability, the packet delivery
rate in both the forward and backward direction of a link
are measured. The measurements are done by sending
periodic broadcast packets and recording the number of
packets successfully received at each neighbor during a
given period of time. Broadcast packets are used because
MAC layer retransmissions do not occur for broadcast
packets and thus these packets can be used to estimate
the raw packet delivery rate. A link is considered sym-
metric if the packet delivery rate on both the forward and
reverse path is above 70%. We perform each test mul-
tiple times and identify node pairs that have reliable bi-
directional links. We use these node pairs for our exper-
iments. We also verify the reliability of the links before

and after each test run to ensure that the link quality is
consistent with our long term measurements.

Time synchronization tool: In our performance anal-
ysis, time synchronization between the mesh nodes is
needed for delay and bandwidth calculations. The multi-
media traffic cannot be utilized itself because it uses UDP
as the transport layer protocol. It is thus one-way, i.e., no
ACKSs are provided. Therefore, the packet transmission
delay needs to be measured by the destination. Further,
because asymmetric links frequently occur in wireless
networks, round trip latency does not provide a consis-
tent, accurate measurement of one-way delay. Therefore,
time synchronization is critical for mesh testbed experi-
ments.

We initially applied the Network Time Protocol
(NTP) [4] to eliminate the clock skew among the mesh
nodes. However, our results show that the NTP synchro-
nization precision is tens of milliseconds. This level of
accuracy is not sufficient for our data analysis. Thus,
we developed a tool to calculate the time difference of
two machines by utilizing the wired management links
of the mesh nodes. These links connect to the local area
network in the Engineering | building. Specifically, our
tool transmits consecutive 4-byte probe packets that in-
clude the timestamp of the source node. Upon reception
of these probing packets, the destination node records
the timestamp and echos a 4-byte packet containing the
time difference between the two timestamps. At the same
time, the source also sends 4-byte probe packets to mea-
sure the round trip latency. The real clock difference be-
tween the two nodes is the difference transmitted by the
destination minus half of the round trip latency. We re-
peat the tests ten times. Our measurements indicate that,
in the local area wired network, the average round trip
latency and the time difference calculation have less than
10 psec error.

3 Experimental Setup

In this section, we describe our experimental setup, in-
cluding the network configuration and traffic characteris
tics of both video and voice applications. We also explain
the set of experiments we performed and the evaluation
metrics.

3.1 Network Topology

We utilize the reliability test tools described in Sec-
tion 2 to identify the node pairs with the most reliable
bi-directional connections. From the results, we select a
sequence of five nodes that form a four-hop path. Two of
the selected nodes are located in neighboring labs on the
second floor and a third node is across the hallway. The



other two nodes are located on the third floor. We then
update the routing tables of these nodes with static route
entries to form paths from one to four hops.

3.2 Application Traffic

We examine the performance of multimedia traffic over
the mesh network. Specifically, we use UDP video
and voice streams recorded with RTPt ool s [1]. We
use rt ppl ay for streaming at the source node and
rt pdunp to record the packets received at the destina-
tion. Voice traffic follows a constant bit rate (CBR) with
an 80-byte voice packet transmitted every 10ms using
G.711 codec, resulting in a data rate of 64kbps. Video
traffic, on the other hand, tends to be more bursty. Fig-
ure 1 plots a 10-second sample trace of a video source.
The source transmits between two and three frames of
data every second, where each frame consists of between
three and seven 1K B packets. These packets are typi-
cally sent within a couple of milliseconds. H.261 codec
is used for the video traffic and the average bit rate is
128kbps.
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Figure 1: Sample video packet sizes transmitted by the source.

3.3 MAC Layer Configurations

In our experiments, all nodes operate in ad hoc mode on
Channel 6 and use a static routing topology. The primary
configuration parameters that we vary during the exper-
iments focus on the wireless network interface cards.
Specifically, we perform tests with the card operating at
a fixed data rate (2 M bps) and auto rate (auto-rate adapta-
tion at 1, 2, 5.5 and 11 M bps). In the auto-rate tests, the
date rate increases as the number of successfully deliv-
ered packets increases. Conversely, the transmission rate
decreases when the number of packet errors increases.
This mechanism is called Auto Rate Fallback (ARF) and
is specified in the IEEE 802.11b standard [6]. We also
investigate the impact of both the Request To Send/Clear
To Send (RTS/CTS) mechanism and the maximum num-
ber of retransmissions. By default, the maximum num-
ber of retransmissions per packet is set to seven for small
packets and four for large packets. RTS/CTS is recom-
mended for large data packets?.

1There is no specific RTS/CTS threshold value indicated in the
IEEE 802.11b standard.

3.4 Experiment Scenarios and Metrics

Our tests are performed at night so that the impact of
random interference (e.g., background noise, people and
traffic on other wireless networks) is minimized. We also
collect results during the day to examine the impact of
these factors.

We conduct the following set of experiments:

1. We examine the impact of auto-rate adaptation of
the wireless card by varying the data rate setting to
be either fixed or auto-rate. In this scenario, the
RTS/CTS is disabled and the maximum MAC re-
transmission number is set to seven.

2. We study the impact of RTS/CTS by comparing the
performance with the RTS/CTS feature either en-
abled or disabled. In this scenario, the data rate is
fixed at 2Mbps and the maximum number of re-
transmissions is seven.

3. We investigate the impact of the number of trans-
missions by varying the maximum retransmission
value. In this scenario, the RTS/CTS is disabled and
the data rate is fixed.

The metrics used to evaluate performance are:

1. Packet latency: the end-to-end packet transmission
latency.

2. Packet loss rate: the percentage of packets that are
not successfully received at the destination.

3. Inter-flow fairness: indicated by the variation of
delay or loss among competing flows.

4. Packet jitter: indicated by the variation of inter-
arrival latency for packets of individual flows.

4 Experiment Results

In this section, we evaluate the performance of video and
audio traffic through multi-hop wireless paths and study
the capacity of the mesh network. We also examine the
impact of different traffic and network characteristics on
the application performance. Further, we show the im-
pact of different wireless network interface card config-
urations.

4.1 Capacity

Table 1 shows the number of video and voice flows that
the mesh network supports as the number of hops in-
creases. For video data, we consider less than 1% packet
loss acceptable. If a more resilient coding scheme is uti-
lized, it is possible that a higher loss rate will be toler-
able. For voice data, we consider 150ms as the interac-
tive voice delay threshold [3]. We tested the performance
with the the NIC set to a fixed data rate (2 bps) and with
auto-rate adaptation.
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Figure 2: performance with increasing number of video streams.

Table 1: Number of supported, concurrent flows at acceptable
quality.

Traffic Video \oice

hops 1|2|3|4 1|2|3|4

Auto 30 (9|32 11632
Fixed (2Mbps) 10[(6]3]2 11432

Intuitively, the network should support more voice
traffic flows than video traffic because voice uses a lower
date rate. However, as can be seen in Table 1, this is not
the case. Instead, the packet sending rate plays a more
important role in determining the capacity. Specifically,
voice traffic has a higher packet generation rate of 100
pkts/second, while the bursty video traffic has an aver-
age rate of about 16 pkts/second. The higher sending
rate leads to network congestion, while the packet size
has negligible impact on the number of supportable flows
in the network. To verify the impact of packet sizes, we
also performed experiments with 200 byte voice packets.
This results in a bit rate of 160kbps. The results indicate
that the same number of flows are supported regardless
of whether the rate is 64kbps or 160kbps.

Figure 2 shows the average packet delivery latency and
loss rate for video traffic with a fixed 2M bps data rate
(Figures 2(a) and (d)) and auto-rate (Figures 2(b) and
(e)). We do not include the results for voice traffic be-
cause they are similar except that voice traffic in general
incurs low delivery latency due to small packet sizes.

We observe that as the length of the transmission
path increases, the performance degrades and the latency
and loss rate increase. However, the increase is non-
linear due to the increased interference from neighbor-
ing nodes. The network capacity is constrained by the
number of hops. From the results, we also observe that
increasing the transmission rate of the card does not nec-
essarily increase the capacity. For instance, the num-
ber of flows supported with the auto-rate feature (with
maximum rate = 11Mbps) is close to that of the fixed
data rate (2M bps) in multi-hop scenarios, especially for
voice flows with a large hop count. This result occurs
because of the increased contention from neighboring
nodes when the path length increases. With more packet
contention and subsequent packet loss, the card will au-
tomatically fall back to a lower transmission rate.

In our experiments, we notice that the auto-rate adap-
tation follows a slow-start-like process. All nodes oper-
ate at the lowest data rate initially. We also occasionally
observe a surprisingly low video flow delivery rate for a
small number of flows in the auto-rate scenario. This is
because auto-rate does not always succeed in adapting to
a higher transmission rate when traffic is bursty. How-
ever, once the card succeeds in adaptation, a close-to-
optimal throughput of about 6 M bps can be achieved [2].

Figures 2(c) and (f) compares the performance ob-
tained during the day and at night for video flows travers-
ing two hops with auto-rate. Interestingly, although our
test nodes operate on a different channel than the other
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Figure 3: Performance with increasing number of video streams.

wireless networks in the building, we notice random in-
terference and background noise during the day that sig-
nificantly impacts the results.

4.2

Figures 3(a) and (d) show the fairness between com-
peting video traffic flows when the network is operated
in auto-rate mode. We notice that the latency variation
among competing flows is significant when the network
is not saturated. Flows started a couple of seconds af-
ter the first flows experience up to three times more la-
tency than earlier flows. When the network is congested,
the loss rate of the flows exhibits similar trends. As the
path length increases, the variation becomes more signif-
icant due to the inter-flow contention between neighbor-
ing nodes. The same patterns with voice data are also
observed during our experiments. These results indicate
the phenomena of “channel capture” by earlier admitted
flows resulting in unfairness to later flows [7].

Inter-flow Variation

4.3

Figure 4 illustrates the per packet delay for one individ-
ual flow on a 2-hop connection. The gray line indicates
the delay when the network is lightly loaded with four
concurrent flows. The delay variation is in the range
of 5ms to 200ms with an average of 48ms. The black
line indicates the delay when the network is more heavily

Intra-flow Variation

loaded with eight concurrent flows. Hence there are more
significant variations in the range of 6ms and 1200ms
with an average of 412ms. This indicates that with dif-
ferent channel conditions, traffic jitter could severely im-
pact the received video/voice quality.
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Figure 4: Intra-flow packet variation.
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4.4 Impact of RTS/CTS

RTS/CTS is recommended in the IEEE 802.11 standard
to eliminate the hidden terminal problem. The standard
also suggests that for small packets RTS/CTS should not
be utilized because of its extra overhead. For larger pack-
ets, RTS/CTS should be beneficial as a collision avoid-
ance mechanism. Figures 3(b) and (e) show the impact of
RTS/CTS by comparing the performance of video traffic
with RTS/CTS enabled and disabled. The results indi-
cate that even with large video packets, RTS/CTS does
not usually offer a performance improvement in terms of



reducing latency and loss. On the contrary, it may actu-
ally limit the capacity of the network. For instance, Fig-
ures 3(b) and (e) show that in the 2-hop scenario, only
four flows achieve satisfactory quality when RTS/CTS is
enabled, while the network can support up to six flows
when this feature is disabled. Our results suggest that
RTS/CTS should not be used for multimedia traffic.

4.5 Impact of MAC Retransmissions

Figures 3(c) and (f) indicate the effect of changing the
maximum number of MAC layer retransmissions on the
delay and loss rate of the video traffic. A small maxi-
mum retransmission value reduces the transmission la-
tency over each hop, as shown in Figure 3(c). Such re-
duction subsequently increases the capacity of the net-
work if latency is the primary metric in consideration.
The introduction of MAC retransmissions also signifi-
cantly improves the packet delivery rate. As seen in the
one hop scenario in Figure 3(f), the loss rate when no re-
transmissions are enabled is constant, indicating possible
background noise and interference. When retransmission
is enabled, the loss rate significantly drops. However,
there is no one ideal value for the maximum number of
retransmissions. When the network becomes congested,
the loss rate with no retransmissions is actually no more
than that with a maximum of seven retransmissions. The
difference also varies with the number of hops. Hence,
investigation of the relationship between the maximum
number of retransmissions and the number of hops of the
path would help to find an optimal value to achieve better
performance.

5 Conclusions

In this paper, we have presented our experimental study
of multimedia traffic delivery in the UCSB MeshNet
testbed. We have evaluated the performance of video and
voice traffic through multi-hop wireless paths and stud-
ied the network’s capacity. We also examined the impact
of different traffic and network characteristics on the per-
formance. To summarize, we have made the following

observations: ) )
e The capacity of the network is constrained by the

number of hops in the transmission path.

e The number of flows supported by the network is
mostly heavily influenced by the packet sending
rate, not by the data rate or packet size.

e Auto-rate adaptation does not always lead to capac-
ity improvement when bursty traffic is present.

e Channel capture can result in unfairness among
competing flows.

e Packet jitter variations can be significant in current
802.11b networks. Solutions are needed to dampen
the variation for real-time traffic delivery.

e RTS/CTS does not typically help in improving per-
formance of real-time traffic.
e Finding an optimal value for the maximum retrans-
mission number may help improve performance.
We believe our study is beneficial for both wireless
network capacity planning and protocol design. We have
described our analysis methodology and utilities so that
other researchers can draw upon our experience for their
own mesh testbed experiments. We plan to continue our
work studying experimental results obtained through our
testbed. Specifically, we want to explore the techniques
of reducing packet jitter in multimedia delivery and apply
more advanced codec schemes and subjective evaluation
methods to our traffic analysis.
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