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Abstract— An ad hoc wireless network is an autonomous self-
organizing system of mobile nodes connected by wireless links
where nodes not in direct range communicate via intermediate
nodes. Modern wireless devices, such as those that implement the
802.11b, 802.11a, 802.11g, and HiperLAN2 standards, utilize mul-
tiple transmission rates in order to accommodate a wide range of
channel conditions. The use of multiple rates presents a signifi-
cantly more complex challenge to ad hoc routing protocols than
the traditional single rate model. The hop count routing metric,
which is traditionally used in single rate networks, is sub-optimal
in multi-rate networks as it tends to select short paths composed
of maximum length links. In a multi-rate network, these long dis-
tance links operate at the slowest available rate, thus achieving
low effective throughput and reduced reliability due to the low sig-
nal levels. In this work we explore the lower level medium access
control and physical phenomena that affect routing decisions in
multi-rate ad hoc networks. We provide simulation results which
illustrate the impact of these phenomena on effective throughput
and show how the traditional minimum hop routing strategy is
inappropriate for multi-rate networks. Our results motivate the
need for additional work in this area to fully develop rate aware
routing protocols, and stresses the importance of inter-layer com-
munication for optimal performance in wireless networks.

I. I NTRODUCTION

AD HOC wireless networks are self-organizing multi-hop
wireless networks where all nodes take part in the process

of forwarding packets. A current trend in wireless communica-
tion is to enable devices to operate using many different trans-
mission rates. Many current and proposed wireless network-
ing standards have this multi-rate capability. These include the
802.11b, 802.11a, 802.11g, and HiperLAN2 standards. The
reason for this multi-rate capability stems directly from the fun-
damental properties of wireless communication.

Due to the physical properties of communication channels,
there is a direct relationship between the rate of communication
and the quality of the channel required to support that commu-
nication reliably. Since distance is one of the primary factors
that determines wireless channel quality, there is an inherent
trade-off between high transmission rate and effective transmis-
sion range.

This range speed trade-off is what has driven the addition
of multi-rate capability to wireless devices. Consumer de-
mands for wireless devices always include both higher speed
and longer range. Unfortunately a single rate represents a sin-
gle trade-off point between these two conflicting goals. Since
multi-rate devices support several rates, they provide a wide va-
riety of trade-offs available for use. This gives them a great deal
of flexibility to meet the demands of consumers. This added
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flexibility is the primary driving force behind the adoption of
multi-rate capability. It is also reasonable to assume that this
type of capability will also be present in future wireless net-
working standards.

While multi-rate devices provide increased flexibility, they
cannot change the inherent trade-off between speed and range.
Both high speed and long range cannot be achieved simulta-
neously. Long range communication still must occur at low
rates, and high-rate communication must occur at short range.
This multi-rate capability merely provides a number of differ-
ent trade-off points. Multi-rate devices must have protocols that
select the appropriate rate for a given situation.

In infrastructure based networks, all communication takes
place between nodes and access points. In this case, an addi-
tional protocol required to support multi-rate is necessary only
at the medium access control (MAC) layer. Single rate nodes
already have the ability to select the best access point based
on the received signal strength. Thus the only additional task
necessary is that of selecting the actual rate used to communi-
cate. Since the distance between the user and the access point
is dictated by the physical geometry of the network, the rate
selection task must react to the existing channel conditions. In
other words, the only option available to a wireless device is to
select the fastest modulation scheme that works reliably.

However, this is no longer the case in ad hoc multi-hop wire-
less networks. In these networks, the routing protocol must se-
lect from the set of available links to form the path between
the source and the destination. While in single-rate networks
all links are equivalent, in multi-rate networks each available
link may operate at a different rate. Thus the routing protocol
is presented with a much more complex problem. Which set
of trade-offs does it choose? Long distance links can cover the
distance to the destination in few hops, but then the links would
be forced to operate at a low speed. Short links can operate at
high rates, but more hops are required to reach the destination.
In addition, the path selected by the routing protocol will not
only affect the packets moving along that path, but will affect
the level of congestion at every node within the interference
range of the path as well.

The rest of the paper is organized as follows. We further de-
fine our multi-rate model and simulation environment in Sec-
tion II. We examine shortcomings of the traditional min hop
selection technique in Section III. In order to fully understand
the effects of the physical and MAC layers on network through-
put, we present a detailed analysis in Section IV. Finally we
discuss future research directions and conclude in Section V
and Section VI.
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II. M ULTI -RATE MODEL

The multi-rate model presented in this paper is based on the
802.11b standard [1]. The topics discussed here apply to other
multi-rate standards, but all examples, ranges, and rates shown
in this work are based on 802.11b.

Throughout the remainder of the paper we present the results
of a number of NS2 [2] simulations. In order to simulate multi-
rate 802.11b, we started with the ns-2.1b7a code base and the
multi-rate extensions available from the Rice Networks Group
[3] that contain implementations of the RBAR [4] and OAR [5]
auto rate protocols. The 802.11 MAC and physical wireless
parameters were further modified to match the published speci-
fications of a Lucent ORiNOCO PC Card [6], a commonly used
802.11b wireless adapter (see Table I). Since the carrier sense
(CS) threshold specification is not published, we provide an es-
timate. This estimate was produced by setting the difference be-
tween the carrier sense threshold estimate and the 1.0 Mbps re-
ceive threshold equal to the difference between the NS2 default
carrier sense threshold (-78 dBm) and default receive threshold
(-64 dBm).

Figure 1 and Table II show the ranges resulting from these
simulation parameters. Real world ranges are smaller due to
non-zero system loss, additional noise sources, obstructions,
and propagation effects beyond the simple two ray ground
model. The results presented here should be valid for any set of
ranges with similar proportions regardless of magnitude.

TABLE I
NS2 SIMULATION PARAMETERS

Parameter Value
Frequency 2.4 GHz
Transmit Power 15 dBm
11.0 Mbps Sensitivity -82 dBm
5.5 Mbps Sensitivity -87 dBm
2.0 Mbps Sensitivity -91 dBm
1.0 Mbps Sensitivity -94 dBm
Carrier Sense Threshold-108 dBm
Capture Threshold 10
Propagation Model Two Ray Ground
System Loss 0 dBm

TABLE II
L INK RATE RANGES AND EFFECTIVE THROUGHPUT

Rate (Mbps) Maximum Range Throughput (Mbps)
11.0 399 m 4.55
5.5 531 m 3.17
2.0 669 m 1.54
1.0 796 m 0.85
CS 1783 m -

III. M INIMUM HOP PATH

Most existing ad hoc routing protocols have utilized hop
count as their route selection criteria. This approach minimizes
the total number of transmissions required to send a packet on

1 Mbps
2 Mbps

5.5 Mbps
11 Mbps

Carrier Sense Range

Fig. 1. 802.11b Ranges

the selected path. This metric is appropriate in single-rate wire-
less networks because every transmission consumes the same
amount of resources. However, in multi-rate networks this tech-
nique has a tendency to pick paths with both low reliability and
low effective throughput.

A. Throughput Loss

In multi-rate wireless networks, the selection of minimum
hop paths typically results in paths where the links operate at
low rates. This is because the shortest path contains the fewest
number of nodes between the source and destination. Fewer in-
termediate nodes corresponds to longer links in order to cover
the same distance. Since distance is one of the primary factors
that determines channel quality, the long links have low qual-
ity, and thus operate at low rates. So given the opportunity, in
an effort to minimize the number of hops, shortest path selec-
tion protocols will pick paths composed of links close to their
maximum range that must operate at the minimum rate.

Not only do the low link rates produce a low effective path
throughput, but as a result of the shared wireless medium, this
path selection degrades the performance of other flows in the
network. This occurs due to the large amount of medium time
required to transmit a packet at a slow link speed. All nodes
within interference range of the transmission must defer while
it takes place. Thus, slow transmissions reduce the overall net-
work throughput by consuming a large amount of medium time.

B. Reliability Loss

Several recent publications have noted the reliability prob-
lems that minimum hop paths are prone to, even in single rate
networks, and work has begun on designing protocols that at-
tempt to address this problem [7][8][9]. The origin of this re-
liability loss, is that the long links in a minimum hop path are
near the maximum range a link can be established. As a result
these long range links can have very high bit error rates (BER)
causing many packets to be undecipherable. A high BER is par-
ticularly damaging to most routing protocols, because they use
small broadcast packets to establish/maintain routing, but then
full RTS/CTS/DATA/ACK exchanges for the real traffic. In this
case the small single broadcast has a much higher probability
of being delivered than any data traffic, so a routing protocol
can be continually fooled into using an unreliable link.
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Multi-rate wireless devices are inherently designed to deal
with changes in channel quality due to mobility and interfer-
ence. In 802.11b, as the channel quality degrades, for exam-
ple when two nodes move in opposite directions, the auto rate
protocol will gracefully reduce their link speeds from 11 Mbps
down through 1 Mbps before the nodes are finally disconnected.
Thus no reliability problems are encountered until reaching the
limits of the slowest rate, at which time the exact same high
BER problems are encountered in multi-rate networks as in sin-
gle rate networks. Since a minimum hop path tends to select
maximum range links, it can not take advantage of the multi-
rate capability of downshifting to a lower rate because links
already operate at the lowest rate.

IV. T HROUGHPUTPHENOMENA IN MULTI -RATE AD HOC

WIRELESSNETWORKS

The total network throughput attainable in multi-rate ad hoc
wireless networks is a result of the combined behavior of the
medium access control protocol, routing protocol, and physi-
cal properties of a wireless network. In order to provide an
understanding of how this combined behavior affects network
throughput, we examine several different phenomena.

A. Medium Access Control

Ad hoc wireless networks by nature use a broadcast medium.
This means that any transmission made by a node simultane-
ously propagates to all other nodes in range. The downside of
this property is that even if a node is sending packets to only
one of its neighbors, those packets affect every other node in
range. Furthermore, if two nodes transmit simultaneously, both
transmissions will overlap and become garbled on the medium
causing a receiver to be unable to successfully receive either
packet. As a result, only a single transmission can occur at a
time within range of the intended receiver.

The Medium Access Control (MAC) protocol is responsi-
ble for providing channel access arbitration and ensuring that
nodes defer sending to avoid interfering with a transmission in
progress. The 802.11 MAC protocol uses two mechanisms for
deferral. The first mechanism used is carrier sensing, which
means that the node listens to the medium in order to detect
when another transmission is in progress. If it hears a trans-
mission it defers until the medium is idle. Only nodes that are
within carrier sense range of a sender will be able to success-
fully use this method to avoid collisions. The second mecha-
nism is referred to as virtual carrier sense, and it is provided by
a control frame exchange. A Request To Send (RTS) control
frame is transmitted by the sender when it has a data packet to
deliver. If the receiver is not already deferring, it responds with
a Clear To Send (CTS) control frame. Any node that overhears
an RTS or CTS is notified of the packet transmission, and will
then defer for the duration of the transmission. This additional
mechanism is particularly useful in cases where nodes near the
receiver cannot carrier sense the transmission because of obsta-
cles or other propagation effects. Figure 2 illustrates the ranges
of these two mechanisms according to the specified communi-
cation model.

Receiver Carrier Sense RangeSender Carrier Sense Range

CTS Range

Sender Receiver

RTS Range

Fig. 2. 802.11 Range

In addition to providing medium reservation, the RTS and
CTS frames also serve other purposes. The first is fast collision
resolution, which is necessary because of the lack of collision
detection hardware in wireless devices. The second is that the
RBAR and OAR rate selection protocols use the RTS frame
to provide a direct measurement of the current channel quality.
The receiver can then select the most appropriate rate and notify
the sender using the CTS frame. Since the receiver is able to
select the rate every time it receives an RTS frame, it is able to
respond quickly to variations in channel conditions.

The MAC protocol is responsible for providing channel ac-
cess, which incurs a significant amount of overhead. In 802.11
this overhead is composed of three primary components: time
spent transmitting control frames, random back-off time during
contention resolution, and time wasted as a result of collisions.

Collision detection, which is used in Ethernet networks is
impossible in wireless networks. In an effort to reduce the total
overhead, 802.11 spends a significant amount of medium time
sending control frames that are designed to help avoid costly
data packet collisions. As a result, medium access control is
more expensive in the wireless environment than in the wired
environment.

The result of this MAC overhead is that the effective through-
put is less than the link rate. Table II shows the results of a
simple NS2 experiment where 1472 byte UDP packets were
flooded across a single link. The time spent for data and over-
head in 802.11b are shown in Figure 3. The 802.11 MAC over-
head is significant, particularly for the higher rate links. The
effective throughput of an 11 Mbps link is less than half the
link rate. Only the contents of the DATA and ACK frames are
transmitted at the selected link rate, the rest of the exchange oc-
curs at the 1 Mbps base rate. As a result, the MAC overhead
is almost constant per packet. Therefore, the effective link rate
is determined by the amount of time spent transmitting the data
contents of each packet. We see a greater reduction in effec-
tive throughput for faster links because the time necessary to
send a packet is inversely proportional to the rate of link. In
other words, the data transmission time is small for fast links,
the proportion of time consumed by the fixed overhead is large.

When considering the total throughput in the wireless net-
work, it is important to consider the number of non-interfering
transmissions that can simultaneously exist as well as the rate at
which each transmission is occurring. Unfortunately, the num-
ber of simultaneous transmissions is determined by the phys-
ical network topology and the transmission power level. The
greater the geographic size of the network the greater the num-
ber of possible simultaneous transmissions. A protocol cannot
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control the physical configuration of nodes in the network, but
it can control the rate at which the nodes transmit data.

Given a network where three simultaneous transmissions can
occur, if these transmissions are sent at 1 Mbps, which is the
lowest 802.11b transmission rate, a maximum of 3 Mbps of
total network throughput could be obtained. Consider the same
network, but with transmissions occurring at 11 Mbps. This
would result in a total network throughput of 33 Mbps, which
is significantly greater.

B. Hops vs. Throughput Trade-Off

One approach to increasing throughput would be to config-
ure all the nodes in the network to operate only at the highest
transmission speed. This would ensure that the network would
always operate at the maximum combined simultaneous rate.
This approach may run into problems because of the inherent
trade-off between the transmission rate and effective transmis-
sion range (see Figure 1).

In multi-hop ad hoc networks, packets must frequently tra-
verse several hops to travel from the source to the destination.
By using slow links that have high effective range, the distance
between the source and destination can be covered using a small
number of hops. If we avoid using all but the fastest links, we
reduce the effective range of every node. One major drawback
of this approach is that we run the risk of disconnecting compo-
nents of the network. Even if we do not disconnect the network,
we increase the number of hops required to cover the distance
from the source to the destination.

Consider the following example where the source and desti-
nation are barely within range of one another (see Figure 4-A).

TABLE III
TWO HOP PATH THROUGHPUT

Link Rate (Mbps) Path Throughput
1st Hop 2nd Hop (Mbps)

11.0 11.0 2.38
11.0 5.5 1.86
11.0 2.0 1.15
5.5 5.5 1.59
5.5 2.0 1.04
2.0 2.0 0.77

In this configuration the source can reach the destination in one
transmission at the lowest rate. A single link is by definition
the minimum hop path between the source and the destination
since no other path can be shorter. While sending the packet
directly to the destination would result in the least number of
transmissions, the transmission would occur at the slowest pos-
sible speed, requiring all of the other nodes in this neighbor-
hood to defer transmitting for the longest possible time. As
we previously discussed, transmitting at this rate will limit the
overall throughput attainable in the network.

Now consider the same situation except an additional node
is located between the source and the destination (see Figure
4-B). The source and destination can still communicate directly
through one low speed transmission, but now an additional op-
tion exists. The traditional minimum hop path algorithm would
not consider this configuration any differently from the previ-
ous, since routing through the intermediary node would only
increase the hop count. The speed of each of the two transmis-
sions would be 11 Mbps as opposed to the single 1 Mbps trans-
mission selected by the minimum hop approach. This would
provide an effective bandwidth along the path of 2.38 Mbps by
utilizing two 11 Mbps hops as opposed to 0.85 Mbps across the
single 1 Mbps link. This represents almost a three fold increase
in throughput (see Tables II and III).

The previous example suggests that choosing routes that use
high-rate links is strictly better then those that use low-rate
links. While this is true in many individual situations (including
the one above), there are other factors to consider. In the previ-
ous example, two 11 Mbps links were used to provide increased
throughput over the single 1 Mbps link. Despite the fact that all
of the links in the path operate at 11 Mbps, the throughput of the
path is only a fraction of 11 Mbps. This is because only a single
transmission can occur at a time in the same area. For the pack-
ets to traverse the two 11 Mbps hops, the source would have to
alternate with the forwarding node. In other words, the nodes
need to take turns transmitting. This coordination is handled by
the medium access control layer.

In this simple example, the two 11 Mbps hops are strictly
better than the single 1 Mbps hop, but this might not be the
case if the choice is between ten 11 Mbps hops and a single 1
Mbps hop. There are several reasons why this is true. When
packets are sent along a path in a multi-hop network, the ad-
jacent transmissions are competing for access to the medium.
By sending across many hops, the throughput along the path
becomes a fraction of the capacity of the links. In Figure 5
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nodes 1 and 8 are communicating along a path. The diagram
shows the nodes that are affected by the transmission of node
4 while it is forwarding the packet on to node 5 along the path.
In this example all eight nodes are being affected by the single
transmission that is taking place and they all must defer from
sending until the transmission completes.

In this example, nodes 2 through 6 are all in carrier sense
range of node 4, which is transmitting. These nodes all defer
until the transmission completes. Node 7 on the other hand is
in carrier sense range of the receiver but not the sender. Node 7
can carrier sense the receiver’s CTS packet, but will not be able
to carrier sense the actual transmission. This will cause node 7
to defer for an extended inter-frame spacing, which may not be
long enough for the transmission from node 4 to 5 to complete.
If node 7 begins transmitting it could potentially cause a colli-
sion. This example shows that the 802.11 MAC protocol has not
solved the hidden terminal problem [10]. Another interesting
aspect of this example is the effect of the transmission on nodes
1 and 8. Both of these nodes are out of the carrier sense ranges
of both the sender and the receiver (nodes 4 and 5 respectively).
As a result they appear to be unaffected by the transmission that
is taking place. While it is true that these nodes could commu-
nicate with any other node outside of the current transmission
neighborhood, in this particular example they are attempting to
communicate along the path between node 1 and 8. Since nodes
2 and and 7 are currently deferring as a result of the transmis-
sion, any RTS initiated by nodes 1 or 8 would receive no reply.
As a result nodes 1 and 8 will also need to defer until the trans-
mission from node 4 to 5 completes. This example shows the
broad impact that a single transmission has on nodes along the
path as well as on other nodes in the immediate vicinity.

C. Quantitative Evaluation of Path Throughput Loss

An additional example shows a more quantitative evaluation
of the throughput loss along a path. Figure 6 contains the results
of a simulation that was conducted to explore the throughput
loss of a single TCP connection along a path where each link
operates at the same rate. Simulations were conducted for each
of the four 802.11b link rates. The results show the throughput
across the path vs. the distance (or length) of the path. As
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the length of the path increases the number of hops required to
traverse the distance also increases. Since the throughput drops
as the number of hops increases, the throughput drops in steps.
The width of each step is equal to the effective transmission
range at the given rate.

Since high-rate links have a shorter effective range, a greater
number of hops is required to cover the same distance as a
smaller number of lower rate hops. This is indicated in the
graph since the high-rate throughput drops multiple times for
each decrease in the low-rate throughput. There are a couple of
interesting observations that are evident in this graph. The first
observation is that the lines intersect. This means that at certain
distances more throughput can be obtained using lower speed
links then higher speed links. A specific example of this occurs
at 0.4 km. Notice the throughput obtained by the 5.5 Mbps path
is greater than that of the 11 Mbps path. This occurs because the
11 Mbps path needed to traverse 2 hops at this distance, while
the 5.5 Mbps path still consists of a single hop. This shows that
traversing high speed links does not always achieve the highest
throughput in all cases. Another interesting observation is that
after approximately 2.2 km the speeds seems to plateau. This is
due to spatial reuse. As the path becomes longer, multiple trans-
missions can take place simultaneously along the path. This
allows the throughput to reach a steady state, where additional
distance does not cause any significant decrease in throughput.
It is also important to notice that at this distance the throughput
of the links increases as the link speed increases. This suggests
that even though high link rate paths must traverse more links
to reach the same distance, they still provide more throughput.

D. Temporal Fairness

In addition to low path throughput, there are other detrimen-
tal effects of sending packets at slow transmission speeds. The
standard 802.11 MAC protocol attempts to provide fairness to
individual senders on a per packet basis. This means that if
there are two senders near each other and they are continuously
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TABLE IV
TEMPORAL FAIRNESSTHROUGHPUTRESULTS

Packet Fairness Temporal Fairness
RBAR (Mbps) OAR (Mbps)

11.0 Mbps Link 0.896 3.533
1.0 Mbps Link 0.713 0.450

Total 1.609 3.983

trying to send packets, they should end up sending approxi-
mately the same number of packets. In multi-rate networks,
there is no guarantee that these two senders are sending at the
same rate. Since the MAC protocol is only attempting to be
fair with regard to the number of transmissions, slow senders
dominate the medium time. One technique for dealing with this
problem involves redefining the MAC fairness model. Tempo-
ral fairness would provide an equal share of medium time be-
tween senders independently of their transmission rate. There
has already been work which explores this option.

The Opportunistic Auto Rate (OAR) protocol provides tem-
poral fairness with regard to medium time by allowing senders
who send at a high-rate to send as many packets as required to
equal the transmission time of a single packet at a low-rate. Ba-
sically, this results in every sender having an equal opportunity
to transmit and for each sender to be able to transmit for the
same amount of medium time. This is a dramatic improvement
in efficiency over the existing 802.11 fairness model.

A simulation was run in the NS2 network simulator with
nodes arranged as indicated in Figure 7. The simulation con-
sisted of two nodes flooding packets to their destination. One
sender was sending at 1 Mbps and the other was sending at 11
Mbps. All nodes in the simulation were within range of each
other and were contending for access to the medium. The sim-
ulation was conducted with both the OAR and RBAR protocols
and the average results are shown in Table IV.

As seen in the results, the OAR provides almost two and a
half times the total throughput of RBAR. This indicates that
temporal fairness is extremely important for achieving high
throughput in ad hoc networks. The RBAR results, which are
representative of the current 802.11 MAC, indicate that even
if some of the routes in the network are operating at high link
speeds, the total network throughput will still be low as a re-
sult of low speed links dominating network medium time. We
conclude that in order to achieve high throughput, not only will
the routing protocol need to be selecting high speed links, but
the medium access control protocol will have to provide tempo-
ral fairness to ensure that low speed links do not gain an unfair
share of the medium time.

V. RESEARCHAGENDA

In order to enable high network throughput in multi-rate net-
works, a routing protocol must take into account all the above
phenomena when making routing decisions. It is the purpose
of this paper to bring these multi-rate issues to the attention of
the ad hoc wireless networking community in order to foster
the development of such routing protocols and routing metrics.
Due to the fact that nearly all wireless devices on the market
today employ multi-rate capabilities, the development of rout-
ing protocols that are capable of extracting the full performance
capabilities of these devices is of great importance to the edu-
cational, commercial, and government sectors.

In an attempt to take a step forward in this proposed research
direction, we have developed the Medium Time Metric (MTM)
as described in [11]. The MTM selects paths such that the
sum of the medium time consumed by transmitting a packet
over each link along the path is minimized. This metric cap-
tures many of the phenomena described above, is simple in na-
ture (additive metric), easy to implement in pro-active proto-
cols, shown to be optimal for small networks (with a diameter
less than the interference range), and has good performance for
larger networks. However much work remains to be done in
the development of multi-rate aware routing protocols. Specif-
ically, comparative simulation with modern proactive routing
protocols, development of multi-rate aware on-demand proto-
cols, more complete theoretical analysis of larger networks, and
the development of new and unique approaches to the multi-rate
aware routing problem.

VI. CONCLUSION

In this work we have discussed many of the medium access
control and physical layer phenomena that affect routing per-
formance in multi-rate wireless networks. We have shown how
these phenomena cause routing decisions to be significantly
more complex than in single rate networks, resulting in the tra-
ditional single rate hop count metric achieving sub-optimal per-
formance. The results of our analysis show that a throughput
increase of up to several hundred percent may be possible by
an optimal multi-rate routing protocol. Due to the widespread
deployment of multi-rate capable devices, and the importance
of throughput in a shared medium environment, we advocate a
new thrust by the research community to develop new routing
protocols that are multi-rate aware.
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