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Abstract

We evaluate the scalability of a new protocol,
named DS-SWAN, designed to support end-to-end QoS
in ad hoc networks connected to fixed networks that
use DiffServ. When congestion is excessive for the
correct functioning of real-time applications, DS-
SWAN determines the source of the problem and, if it
is the case, allocates more resources to high priority
traffic in the ad hoc network. The analysis includes the
scalability with respect to the number of real-time
traffic sources and node mobility in addition to the
impact of best-effort traffic load. Simulation results
show an improvement of end-to-end delays and jitter
for real-time flows without starvation of background

traffic.
1. Introduction

Providing QoS in wireless ad hoc networks is a
challenging research area. The network’s ability to
provide QoS depends on the characteristics of all
network components, from transmission links to the
MAC and network layers. In these networks, links
have a relatively low, highly variable capacity and high
loss rates. Besides, node mobility provokes frequent
link breakages and link layers typically use unlicensed
spectral bands. Therefore, present QoS architectures
for wired networks are unsuitable.

A recent overview on QoS support in wireless ad
hoc networks can be found in [14]. Important QoS
components include QoS aware medium access
control, QoS oriented routing and resource-reservation
signalling. Among numerous MAC protocols and
improvements that have been proposed, a protocol that
can provide QoS guarantees to real-time traffic in a
distributed wireless environment is Black-Burst (BB)
[16]. This protocol is built upon IEEE 802.11 DCF and
has good QoS characteristics as far as the traffic flows

have constant bit rates. An overview of proposed
modifications to IEEE 802.11 for QoS support at MAC
level, specifically providing traffic differentiation, can
be found in [2].

QoS routing refers to the discovery and maintenance
of routes that can satisfy QoS objectives under given
resource constraints, while QoS signalling is
responsible for flow admission control and resource
reservation along the established route. INSIGNIA is
the first QoS signalling protocol designed for resource
reservation in ad hoc environments [15]. It supports in-
band signalling by adding a new option field in the IP
header to carry the signalling control information. Like
RSVP, the service granularity supported by INSIGNIA
is per-flow. If the required resource is unavailable, the
flow will be degraded to best-effort service. QoS
reports are sent to the source node periodically to
report network topology changes, as well as QoS
statistics (loss rate, delay, and throughput).

SWAN is an alternative to INSIGNIA with
improved scalability properties. SWAN is a stateless
network scheme specifically designed for wireless ad
hoc networks employing a best-effort distributed
wireless MAC [3]. Intermediate nodes do not keep any
per-flow information and thus avoid complex
signalling and state control mechanisms and make the
system more simple and scalable.

There has been little research on the support of QoS
when a wireless ad hoc network is attached to a fixed
IP network. In this context, co-operation between the
ad hoc network and the fixed network can facilitate
end-to-end QoS support [1]. In [13], a new protocol,
named DS-SWAN (Differentiated Services-Stateless
Wireless Ad Hoc Networks), was presented. This
protocol comprises co-ordination actions between
Differentiated Services (DiffServ) [2] domains in the
fixed network and a QoS oriented resource-reservation
signalling scheme in the ad hoc network. The



signalling scheme is a modified version of SWAN with
adaptive parameters. The present work contains
performance evaluation results on the scalability of
DS-SWAN. We focus on the rather demanding case of
improving end-to-end QoS for VBR (Variable Bit
Rate) real-time traffic in the presence of background
traffic.

The paper is structured as follows: Section 2
describes SWAN, Section 3 presents DS-SWAN,
Section 4 shows the performance evaluation results
and Section 5 concludes the paper.

2. SWAN

SWAN distinguishes between two traffic classes:
real time and best effort. When best-effort packets
arrive at a node, they enter a leaky-bucket traffic
shaper that has a previously calculated rate, derived
from an AIMD (Additive Increase Multiplicative
Decrease) rate control algorithm. Every node measures
the MAC delays continuously and this information is
used as feedback for the rate controller. Every T
seconds, each device increases its transmission rate
gradually (increment rate of ¢ bit/s) until the packet
delays at the MAC layer become excessive. As soon as
the rate controller detects excessive delays, it reduces
the rate of the shaper with a decrement rate (decrease
of r %). Rate control restricts the bandwidth of best-
effort traffic so that real-time applications can use the
required bandwidth.

For the real-time traffic, SWAN uses sender-based
admission control. This mechanism works by sending
an end-to-end request/response probe along the
constructed route to estimate the bandwidth
availability at each node and then determines whether
a new real-time session should be admitted or not.

3. DS-SWAN

Section 3.1 describes the functioning of DS SWAN
for upstream traffic and Section 3.2 describes the
functioning of the protocol for downstream traffic.

3.1. DS-SWAN for upstream traffic

We consider a scenario where background traffic
and real-time VBR traffic is sent from mobile nodes in
the ad hoc network to hosts located in the fixed
network (see Fig. 1).

For the real-time traffic, the DiffServ service class
is the EF (Expedited Forwarding) PHB (Per-Hop
Behaviour).

The number of dropped packets at the ingress edge
router and the end-to-end delay of the real-time
connections are associated with the QoS parameters of
the SWAN model in the ad hoc network. We observe
that if the rate of the best-effort leaky bucket traffic
shaper is lower, then best-effort traffic is more
efficiently restricted and real-time traffic is not so
much influenced by best-effort traffic, thereby
maintaining the required QoS.
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Fig. 1. Considered scenario.

We have selected a relevant real-time application
that implies burstiness and that contains end-to-end
delay information: VBR Voice-over-IP (VoIP) [4].
The ITU-T recommends in its standard G.114 that the
end-to-end delay should be kept below 150 ms to
maintain an acceptable conversation quality [5]. Also,
for Pulse Code Modulation encoding with the G.711
codec, the packet loss rate should never be larger than
5% [6].

In DS-SWAN, the ingress edge router monitors the
number of EF packets that are dropped by its token
bucket meter. On the other hand, the corresponding
nodes in the fixed IP network periodically monitor the
average end-to-end delays of the real-time flows.
When a destination node detects that the end-to-end
delay of one VoIP flow approached the threshold (i.e.
becomes greater than 140 ms), it sends a QoS _LOST
warning message to the ingress edge route (see Fig. 2).

We have observed from initial simulation runs that
the number of dropped VoIP packets in the ad hoc
network is usually well below 1% when DS-SWAN is
used. Therefore, we establish that if the number of
dropped VoIP packets at the ingress edge router is less
than 4% and this router has received a QoS LOST
message, then it sends the QoS _LOST message to the
ad-hoc network to inform that the system is too
congested to maintain the desired QoS (in this case, it
is due to excessive delays at the ad hoc network). On
the other hand, when the number of lost packets at this
edge router is higher than 4%, it does not make any
sense to send QoS _LOST messages to reduce the end-
to-end delays.



When the edge router sends a QoS_LOST message
to the ad hoc network, it sends the message only to the
VoIP sources generating flows that have problems to
keep their end-to-end delays under 150 ms, which will
obviously also arrive at the intermediate nodes along
the routes. All these nodes forward the QoS LOST
message to all their neighbours because they may be
contending with them for medium access.

— QoS5_LOST messages sent

Fig. 2. QoS_LOST messages sent for
upstream traffic control.

The nodes in the ad hoc network use priority
scheduling at the MAC layer to prioritize routing
packets and QoS _LOST packets. When a node in the
ad hoc network receives the QoS _LOST message, it
will react by modifying the parameter values in the
AIMD rate control algorithm. In DS-SWAN, every
time that a QoS _LOST message is received, the node
decreases the value of ¢ by Ac- bit/s with a certain
minimum value. When no QoS LOST message is
received during T seconds, the node increases the
value of ¢ by Ac+ bits/s unless the initial value of ¢ has
been reached. When a wireless node receives a
QoS _LOST message, it also increases the value of r by
Ar+ up to a maximum value. When no QoS _LOST
message has been received in the period 7, the value of
r is decreased by Ar- until the initial value of r is
reached.

SWAN has a minimum rate m for the best-effort
leaky bucket traffic shaper. In DS-SWAN, nodes are
allowed to reduce m. When a node receives a
QoS _LOST message, it reduces m by Am- bit/s.
However, this parameter value is kept above a
minimum value of m, bit/s and is increased Am+ bits/s
every T seconds up to the initial value when the mobile
nodes do not receive a warning message during T
seconds. Therefore, we change the parameter values of
SWAN dynamically according to the traffic conditions
existing not only in the ad hoc network but also in the
fixed network.

Table 1 shows the specific parameter values that we
have selected in the simulations presented in Section 5.

It is important to notice that some nodes might
receive the QoS LOST message more than once
because they are neighbours of two intermediate nodes
so that they will act over the Leaky Bucket parameters
several times. This is justified because this node is
contending for medium access with several nodes
congestion problems.

Table 1. Parameter values (upstream traffic).

Initial value of ¢ 41 Kbit/s

Ac- 10 Kbit/s

Ac+ 50 bit/s
Minimum value of ¢ 11 Kbit/s

Initial value of r 50 %

Ar+ 10 %

Ar- 1%
Maximum value of r 90 %
Initial minimum rate 31 Kbit/s

Am- 10 Kbit/s

Am+ 50 bit/s
m0 11 Kbit/s

3.2. DS-SWAN for downstream traffic

The control of traffic sent in this direction is
especially interesting because now the gateway, which
is carrying all the flows, is contending for medium
access with nodes in the ad hoc network under the
same conditions and it could easily become a
bottleneck.

The main difference of the functioning of DS-
SWAN in this case is the role assigned to certain
network elements. The following differences should be
emphasized:

e The ingress edge router is now the nearest to the
hosts located in the fixed network.

e The destination nodes in the ad hoc network are
now responsible for measuring the end-to-end
delays of the packets.

If the end-to-end delays measured by the destination
nodes are excessive, these nodes will send a
QoS_LOST message to the egress edge router (the
nearest to the gateway), which will forward it to the
ingress edge router. This router will check whether the
VolIP traffic losses are lower than 5% (see Fig. 3); if it
is the case, the ingress edge router will inform nodes in
the ad hoc network by sending them a QoS LOST
message across the DS domain (see Fig. 4).

With the aim that the QoS _LOST messages do not
increase the end-to-end delays of VoIP traffic, now the
QoS _LOST messages are sent in both directions and



more spaced in time. Furthermore, the parameters of
the DS-SWAN protocol are also different in this
context, as given in Table 2.
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Fig. 3. QoS_LOST messages sent by the
destination nodes.
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Fig. 4. QoS_LOST messages sent by the ingress
edge router.

Table 2. Parameter values
(downstream traffic).

Initial value of ¢ 41 Kbit/s

Ac- 15 Kbit/s

Ac+ 50 bit/s
Minimum value of ¢ 11 Kbit/s

Initial value of r 50 %

Ar+ 20 %

Ar- 1%
Maximum value of r 90 %
Initial minimum rate 31 Kbit/s

Am- 20 Kbit/s

Am+ 50 bit/s
mO0 11 Kbit/s

4. DS-SWAN performance evaluation

To investigate the performance of DS-SWAN with
a relatively realistic physical-layer model, simulations
were carried out with the NS-2 tool [9].

We consider a single DiffServ domain (DS-domain)
between the corresponding hosts and two wireless
gateways. The basic scenario consists of 20 mobile
nodes, 2 gateways, 3 fixed routers and 3 corresponding
hosts. We consider a hybrid gateway discovery method
[10] for gateway selection. The mobile nodes are
uniformly distributed in a rectangular region of 700 m
by 500 m. Each mobile node selects a random
destination within the area and moves toward it at a
velocity uniformly distributed between 0 and 3 m/s.
Upon reaching the destination, the node pauses for 20
s, selects another destination and repeats the process.
The links are IEEE 802.11b.

For upstream traffic, background CBR (Constant
Bit Rate) traffic is generated by 13 of the mobile
nodes, while VBR VoIP traffic is generated by 15 of
the mobile nodes. The destinations of each of the
background and VoIP flows are chosen randomly
among the three hosts in the wired network.

We consider CBR as background traffic instead of
TCP. The reason is that TCP performs poorly in ad-
hoc networks [11]. On the contrary, many authors
(e.g., [6] and [12]) use CBR as background traffic.
However, we have carried out complementary
simulations which prove the good performance of DS-
SWAN using TCP as best-effort traffic.

The VoIP traffic is modelled as a source with
exponentially distributed on and off periods with
1.004 s and 1.587 s average each. Packets have a
constant size and are generated at a constant inter-
arrival time during the on period. The VolP
connections are activated at a starting time chosen
from a uniform distribution in [10 s, 15 s].

Background traffic has a rate of 48 Kbit/s and a
packet size of 120 bytes. To avoid synchronization, the
CBR flows have starting times chosen randomly from
the interval [15 s, 20 s] for the first source, [20 s, 25 s]
for the second source and so on.

Fig. 5 shows the end-to-end delay for VolIP traffic
with SWAN and DS-SWAN for upstream traffic.
Using SWAN, the end-to-end delays increase
progressively because the system becomes congested
with an increasing amount of background traffic. With
SWAN, end-to-end delays are too high for an
acceptable conversation quality [5]. In DS-SWAN, the
end-to-end delays of the VoIP flows are kept below the
required 150 ms.

The aggregate throughput of background traffic in
DS-SWAN was reduced with respect to SWAN by
30% at most. The packet loss rate for VoIP was well
below the required 5% in all simulations.

In order to analyze the scalability of the DS-SWAN
protocol with respect to the number of VoIP sources,



we carried out simulations with two different

networks:

e A network of small size (20 nodes) that has 13
CBR sources within an area of 700 m x 500 m.
The gateways are located at co-ordinates (100 m,
250 m) and (600 m, 250 m). This case is denoted
as “DS-SWAN-20 nodes”.

e A network of larger size (40 nodes) that has 26
CBR sources and double area (990 m by 707 m).
The gateways are located at (141 m, 354 m) and
(849 m, 354 m). This is denoted as “DS-SWAN-
40 nodes”.

300
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End-to-end delay for VolP traffic (ms)

Time (s)

Fig. 5. End-to-end delay for VolP traffic: SWAN
vs. DS-SWAN.

The results, shown in Fig. 6, represent the
maximum end-to-end delay for VoIP traffic for both
networks with respect to the number of VoIP sources.
These parameter values have been measured from the
second 80 on, when all best-effort and VoIP sources
are active (stationary conditions.

In the smaller network, we can observe that when
the number of VoIP sources becomes larger than 4, the
DS-SWAN protocol start to act, reducing the end-to-
end delays of the VoIP flows. In both cases, the
maximum end-to-end delays for VoIP traffic were
below than 150 ms and best-effort traffic did not
undergo starvation. In all simulation runs the total
number of VoIP traffic losses was around 1 % at most.

To analyze the scalability of DS-SWAN with
respect to mobility, we have run simulations with
different pause times. We consider two different
networks:

e A network of small size (20 nodes) that has 13
CBR sources in the ad-hoc network and an area of
700 m x 500m. The gateways are located at (100
m, 250 m) and (600 m, 250 m).

e A network of larger size (40 nodes) that has 26
CBR sources (of best-effort traffic) in the ad-hoc

network and an area of 990 m x 707 m. The
gateways are located at (141 m, 354 m) and (849
m, 354 m).
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Fig. 6. Maximum end-to-end delay for VolP traffic

as a function of network size and number of real-
time sources.

Fig. 7 and Fig. 8 show the maximum end-to-end
delay for VoIP traffic and the throughput of best-effort
traffic for both networks with respect to mobility
(pause time). We observe that the maximum end-to-
end delays are always kept very stable and low in the
smaller network. In the larger network, the maximum
end-to-end delays are not significantly influenced by
mobility, and they are kept below 150 ms in all cases.
On the other hand, we notice that the throughput of
best-effort traffic is not sensitive to mobility. In all
simulation runs, the maximum packet loss rate of VoIP
traffic was below 1 % [6].
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Fig. 7. Maximum end-to-end delay for VolP traffic
as a function of network size and mobility.
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Due to space restrictions, we do not show figures
on the scalability of DS-SWAN for downstream
traffic. The most important results were that the
maximum end-to-end delay is below 150 ms for the



network sizes and number of VoIP sources employed
in the simulation results shown.
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Fig. 8. Throughput of best-effort traffic as a
function of network size and mobility.

5. Conclusions

DS-SWAN reduces the average end-to-end delays
of VoIP flows and improves the average throughput
for best-effort traffic. DS-SWAN is scalable with
respect to network size, traffic load and mobility.

If we incorporate the proposed solutions, it will be
possible offer better support for real-time application
requirements when co-existing with background traffic
in the context of ad hoc networks connected to wired
IP networks.

Further work is needed for the co-existence of more
traffic priorities and traffic with different QoS
constraints. Also, the author believes that the co-
operation of the presented scheme with suited dynamic
routing protocols and already proposed service
differentiation schemes at MAC level can yield further
performance improvements and, although it will not
guarantee QoS levels, it will imply more efficient
resource utilization and provide satisfactory service
levels with high probability.
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