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ABSTRACT

Due to the fact that high datarate has shorter transmission
range, the benefit of using high datarate may be degraded
for IEEE 802.11 basethultihopad hoc networks. In this
paper, we evaluate the performance of multihop ad hoc net-
works at multirates, in terms of the number of hops between
source and destination, throughput, and end-to-end delay.
Through simulations carried out in chain topology, we find
that there is almost no benefit by applying the highest datar-
ate 11 Mbps in 802.11b when the chain length is 6 hops or
more. With node mobility in mesh topology, the benefit of
using high datarate diminishes at even fewer hops. In order
to better understand the reasons for this performance de-
gradation at high datarate, analyses on end-to-end through-
put in multihop networks and k-connectivity are carried out
later in the paper.
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1 Introduction

The IEEE 802.11 specification on Medium Access Con-
trol (MAC) and physical (PHY) layers has been used as
the de factostandard for ad hoc networking. In addition
to the basic daterates of 1 and 2 Mbps [1], the enhanced
802.11b standard can support higher raw daterates of 5.5
and 11 Mbps [2]. 802.11a or 802.11g can support even
higher datarate of 54 Mbps. However, the 802.11 stand-
ard is primarily targeted at single hop Wireless Local Area
Networks (WLANS), and the high datarate is achieved at a
price of shorter transmission range [3].

Much work has been done on rate adaptation in mul-
tirate WLANs. One may perform either a sender-based
algorithm that relies on counting the number of acknow-
ledgment received at the sender [4], or a receiver-based al-
gorithm which adjusts the datarate based on received signal
strength [5]. Whatever method to apply, the goal for rate
adaptation in WLAN is quite straightforward: identify the
highest possible datarate.

In multihop ad hoc networks, however, adopting high
datarate is somewhat paradoxical. On the one hand, trans-
mitting at higher datarate may achieve higher one-hop
throughput and shorter per-hop delay. On the other hand,

using higher datarate may lead to more hops, which in re-
turn may result in a throughput and delay degradation. This
dilemma motivates our study in this paper. We believe that
this problem has not yet been studied in-depth in the ad hoc
community.

Given the fact that a high datarate provides better
throughput and delay performance in one-hop WLANSs, we
are aiming to answer the question "Does a high datarate
achieve better performance alsormultihop ad hoc net-
works?”. Through extensive simulations carried on both
chain topology and mesh topology, we demonstrate that
the higher datarate does not necessarily perform better than
the lower datarate, in terms of end-to-end throughput and
delay. We further analyze the two main reasons, increased
path length and less connectivity, and their impact on this
performance degradation.

The rest of this paper is organized as follows. Some
background information and observations on 802.11b are
given in Sec. 2, and afterwards performance simulations
on two multihop ad hoc networks are carried out in Sec.
3. The analytical work is presented in Sec. 4, followed by
concluding remarks in Section 5.

2 Description of 802.11b and Observations
2.1 Background information

Raw datarates versus transmission rangesMore effi-
cient modulation schemes are employed to support higher
raw datarates at 5.5 and 11 Mbps in the 802.11b stand-
ard. However, these modulation schemes require higher
Signal-to-Interference-and-Noise Ratio (SINR) to achieve
the same Bit Error Rate (BER), given the same channel
condition. This fact results in a shorter transmission range
at a higher datarate.

Distributed Coordination Function (DCF). There exists
two channel access mechanisms for the DCF operation in
the 802.11 MAC specification, i.e., the basic Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA)
mechanism and the optional CSMA/CA plus Request to
Send/Clear to Send (RTS/CTS) mechanism. Furthermore,
to support the proper operation of the RTS/CTS and virtual
carrier sense, the RTS and CTS frames shall be transmit-
ted at one of the lowest datarates, normally at 1 Mbps, as
assumed in this study.
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PHY frame structure. The physical frame format defined
in 802.11b is depicted in Fig. 1, for long Physical Layer
Convergence Protocol (PLCP) preamble. The optional
short preamble frame structure is not shown here. As
we can see from the figure, the PLCP header is always
transmitted at 1 Mbps, while the MAC Protocol Data Unit
(MPDU) may be transmitted at 2, 5.5 or 11 Mbpss the
PLCP header is always appended to any MPDU fragment,
it means that datarate 1Mbps always exists as part of any
frame transmission, albeit whatever datarate the MPDU is
using. For instance, when a MAC frame is transmitted at
the highest datarate 11 Mbps, part of the frame is still trans-
mitted at 1 Mbps.

. PLCP Preamble , PLCP Header
Sync SFD [ Signal [Service[Length [CRC |~ MPDU }
128 bits [16 bits| 8 bits | 8 bits | 16 bits| 16 bits (Variable) \
; "1 MbpsDBPSK ~
1 Mbps DBPSK 2 Mbps DQPSK
PPDU ' 11/5.5 Mbps CCK

Figure 1. Frame structure of the physical layer in 802.11b
(long preamble).

Theoretical throughput and MAC delay in 802.11
WLAN. Assuming a Direct Sequence Spread Spectrum
(DSSS) physical layer implementation, the Theoretical
Maximum Throughput (TMT) and the theoretical one-hop
delays used in this study are listed in Tab. 1, according to
[6]. These values are listed here as a reference when we
later compare the performance of the multihop ad hoc net-
works versus one-hop WLANS.

Table 1. Theoretical maximum throughput and one-hop
MAC delays.

Rate MPDU | TMT Delay
(Mbps) | (bytes) | (Kbps) | (ms)
CSMA/CA | 1 1500 | 913 13.138
RTS/CTS | 1 1500 | 869 13.814
CSMAJ/CA | 2 1500 1714 | 7.002
RTS/CTS | 2 1500 1570 | 7.678
CSMAJ/CA | 5.5 1500 | 3874 | 3.097
RTS/CTS | 5.5 1500 | 3180 | 3.773
CSMA/CA | 11 1500 | 6056 1.982
RTS/CTS | 11 1500 | 4515 | 2.658

2.2 Observation of three ranges in 802.11

Keeping this in mind that higher datarates result in shorter
transmission ranges, we can easily conclude, from the PHY
frame format in Fig. 1, that there always exists three ranges
Lin any frame transmission in 802.11. Fig. 2 illustrates
our observation of these three ranges, whefe and R/Z
denote the transmission ranges for low datarate and high
datarate respectively witRZ, > R!Z andR,, denotes the

tx

10nly two ranges at datarate 1 Mbps.
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sensing range witiR.; > RE. The interference range,
which is not shown in this figure, depends on the distance
between the inferencing node and the receiver, as well as
SINR for given BER. More discussions on the interference
range can be found later in Sec. 4.

\\\\ R_ Zonelll: Sensing Zone L
¥ Ry

Figure 2. Observation of three ranges in 802.11b networks.
RE. denotes the transmission range for low datar&tg,
denotes the transmission range for high datarate,/and
denotes the carrier sensing range. Zone |: area covered by
R, Zone II: area covered bRL,, Zone IlI: area covered

by R.s excluding Zone 1.

It is quite straightforward to refer tR~, as the trans-
mission range for RTS/CTS frames af. as the trans-
mission range for DATA frame when RTS/CTS is enabled.
With the basic CSMA/CA mechanisnk’, corresponds to
the larger transmission range for the PLCP header, while
R is the transmission range for the MPDU part of a DATA
frame. Furthermore, we observe that the sensing rahge
is the same for all transmission datarates.

3 Simulations and Numerical Results

3.1 Simulation Configuration

We use the ns2 simulator with CMU Monarch wireless ex-
tension [7] in this study. The three range observation men-
tioned above has been implemented in our ns2 codes. The
transmission ranges specified in the Proxim ORINOCO
Classic Gold PC Card [8] for outdoor environment are as-
sumed in our range configuration, as listed in Tab. 2. The
sensing range is set as 640 meters in this study. The trans-
mission power is set as 15 dBm, and the two-ray propaga-
tion model is used. We further assume that there is no
power control in this study. Other configurations follow
the default settings in ns2 [7].

The source traffic used is Constant Bit Rate (CBR)
running over User Datagram Protocol (UDP), with packet
size 1500 bytes. The Ad hoc On Demand Distance Vector
(AODV) protocol [9] is chosen as the routing protocol and
the simulation duration is 100 seconds for all scenarios.

Both chain topology with stationary nodes and mesh
topology with mobile nodes are considered in this paper.
The chain topology is shown in Fig. 3. There are 13 nodes
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Table 2. Transmission ranges at different datarates [8].

11 Mbps | 5.5 Mbps| 2 Mbps | 1 Mbps
Outdoor 160 m 270m 400 m | 550 m
Semi-open| 50 m 70m 90m 115m
Indoor 25m 35m 40m 50 m

in our chain topology simulation, with only one CBR/UDP
traffic flow in the network. The data flow initiates at node

0 and terminates at node 12. The distance between any two
immediate neighboring nodes, denoted ais identical for

all neighboring pair nodes and is set as 125 meters. With
this distance setting, the destination nodedsally, 12, 6,

4, or 3 hops away from the source node at datarate 11, 5.5,
2, or 1 Mbps, respectively.

interference

interference

Figure 3. Stationary nodes in chain topology. The distances
between any two neighboring nodes are identicad as
125 meters in our simulation.

With mesh topology, there are 50 mobile nodes in an
area of1500 x 300 m?2. The widely used random waypoint
mobility model is employed in our simulation.

3.2 Simulation Results for Chain Topology

Maximum chain throughput at various datarates. We

are going to show how high datarate suffers from multi-
hop performance degradation in this subsection, consid-
ering that a higher datarate normally needs more hops to
reach the destination.

The goal of this set of simulations is to find theax-
imumachieved throughput at the destination node, at each
datarate. Thus for the simulation results in Figs. 4 and
5, the source traffic bitrate is generated slightly higher
than the corresponding TMTs listed in Tab. 1. By doing
so, there are always packets ready for transmission at the
source node In other words, the throughput simulated in
these figures is theaturation throughput for multihop net-
works 2. Another point worthy noting here is that since
the source rate is generated higher than the one-hop TMT
and the obtained throughput at the destination node is much
lower than TMT, the overall packet loss ratio could be very
high (for example> 90% at 11 Mbps with RTS/CTS) in
this set of simulations.

The simulation results with both CSMA/CA and
RTS/CTS are shown in Figs. 4 and 5 respectively. The first

20f course the nodes closer to the destination may not be saturated,
but one cannot send higher bitrate at the source node. Or, higher source
rate would not result in a higher chain throughput at the destination.

impression we get from these figures is that even though
the one hop TMTs vary greatly as the daterate changes, the
difference between chain throughput shrinks rapidly as the
chain length grows. With CSMA/CA, Fig. 4 illustrates that
there is almost no difference in chain throughput between
daterates 5.5 and 11 Mbps when the chain length is more
than 6, and it is the same for the difference between rates 1
and 2 Mbps. Moreover in this case, the throughput for 11
Mbps data rate is at most twice as much as that for 1 Mbps.
However, when RTS/CTS is applied, the chain throughput
for all data rates is almost the same if the chain length is
over 6, as shown in Fig. 5. This is a remarkable contrast
with the difference between the nominated raw datarates
(11 Mbps vs. 1 Mbps) and the one-hop TM¥ ( times
difference). The results here show that the benefit of us-
ing high datarate diminishes since more hops are needed at
higher datarate. With the parameter settings in this study,
we conclude thathere is almost no gain by applying the
highest data rate in 802.11b based multihop ad hoc net-
works when the chain length is 6 hops or more
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Figure 4. Maximum chain throughput for multihop ad
hoc networks at different datarates. CBR/UDP traffic with
CSMA/CA.
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Figure 5. Maximum chain throughput for multihop ad
hoc networks at different datarates. CBR/UDP traffic with
RTS/CTS.

Moreover, this conclusion does not imply that using
11 Mbps is beneficial for chain length less than 6 hops
either. Let us take a look at the results in Figs. 4 and 5
again. The throughput for 11 Mbps drops so sharply that



5.5 Mbps has indeed higher throughput when chain length
is between 2 and 6 hops. This can easily be explained since
with our simulation configuration, 5.5 Mbps needs only one
half of the number of hops to destination, and at the same
time, provides a comparatively high per-hop link.
End-to-end (ETE) delay. Now let us investigate the per-
formance of the multihop network with respect to the ETE
delay. The corresponding results are illustrated in Fig. 6
with a logarithmic vertical axis. To observe the delay per-
formance at various network loads, the source bitrate for
CBR/UDP traffic in this set of simulations is generated at
200, 400, 600, 800, 1000 and 1200 Kbps respectively, the
same for all datarates.

CBR/UDP traffic, CSMAICA

13 nodes in chain topology, d = 125 m

=
%
T

End-to-end delay (sec)

._.
o,
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—=— datarate = 5.5 Mbps, 6 hop}
—4— datarate = 2 Mbps, 4 hops
. Lo datarate = 1 Mbps, 3 hops
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20 4-50 Sgﬁsce Bitrate (BKDbOps)
Figure 6. End-to-end delay for multihop ad hoc networks
at different datarates for moderate traffic. CBR/UDP traffic
with CSMA/CA.

As shown in Tab. 1, the ideal one-hop delay for 11
Mbps datarate is around 2 ms, while around 7 times longer
delay is expected for 1 Mbps. However, the difference in
ETE delay becomes smaller as the chain length increases,
since the packets must pass through more hops at higher
datarate. Once the channel becomes saturated, the ETE
delays jump dramatically to second-level, for all datarates.

The figure also shows what we can gain by adopting
high datarate for delay-sensitive applications. The bene-
fit is achieved when the source rate is somewhat between
400 Kbps and 800 Kbps, where datarates 5.5/11 Mbps can
provide a bounded ETE delay while datarates 1 and 2 Mbps
have very poor delay performance.

In summary of this subsection, we have investigated
the performance of an 802.11b based multihop ad hoc net-
work in chain topology with full connectivity, in terms of
obtained chain throughput and end-to-end delay. We ex-
perience that a higher datarate does not necessarily provide
better performance than a lower datarate in multihop ad hoc
networks. With specific parameter settings and node pos-
itioning in this study, 5.5 Mbps outperforms other datar-
ates. In general, a tradeoff between path length in hops and
end-to-end throughput/delay must be found when selecting
a most appropriate datarate for 802.11 based ad hoc net-
working. In certain cases, especially when the traffic load
is very low, one would probably prefer to choose low datar-
ate (1 or 2 Mbps) instead, when path reliability (which is
related to path length) is jointly taken into account.

3.3 Simulation Results with Node Mobility

To make a statistically reasonable observation on the per-
formance of the network, a set of 10 diverse mobility pat-

terns is generated, for each mobility configuration. Each
configuration corresponds to an identical setting of max-

imum speed, pause time etc. For instance, for maximum
velocity of 10 m/s used in our simulations, the nodes move
according to 10 different trajectories. The simulation res-

ults to be illustrated below are the average values from 10
mobility patterns.

In addition to the pure CBR/UDP traffic mentioned
above, we have also simulated with a mixture of CBR/UDP
and FTP/TCP traffic in this study, based on either the
RTS/CTS or the CSMA/CA mechanism. However, due to
page limitation, we only report results for pure CBR/UDP
traffic with RTS/CTS enabled. For this set of simulations,

4 UDP flows are generated, each at source bitrate of 200
Kbps or 800 Kbps. Other nodes in the network act only as
relays when necessary.

Average and maximum numbers of hopsTab. 3 lists the
experienced average and maximum number of hops at each
datarate, wherev;°. and N;70¢ denote the average and
the maximum numbers of hops respectively. As expected,
higher datarate generally leads to higher number of hops.
Even though the average number of hops is quite low, some
paths may be very long.

Table 3. Average and maximum number of hops at different
datarates.

11 Mbps | 5.5 Mbps| 2 Mbps | 1 Mbps
Nioos 3.6 2.6 1.7 1.3
Nios 11.8 8.7 6.4 5.2

We have mentioned earlier that the number of hops
between source and destination nodes in the chain topo-
logy is only an 'ideal’ value. In practice, the number of
hops in AODV is decided by how Route Request (RREQ)
messages reach the destination, and the selected path may
be longer than the ideal value. Therefore, it is of great in-
terest to illustrate how the number of hops may vary at dif-
ferent datarate, especially when nodes are moving. As an
example, Fig. 7 depicts the distributions of the number of
hops at 11 Mbps for source rate 200 Kbps.

As we can see from the figure, while many nodes are
only one-hop away from the source, some paths could be as
long as 11 hops. Although only a small minority of packets
experiences long paths, those 'misbehaved’ packets deteri-
orate the overall performance, e.g. average delay, signific-
antly.

Average throughput. The simulation results on average
throughput of 4 UDP flows are listed Tab. 4, where a
successfully received packet may need to travel from 1 to
Niops hops to reach the destination.

As shown in the table, the achieved average through-
put is really not satisfactory at any datarate, for both traffic
loads. At light traffic of 200 Kbps, a UDP flow can basic-
ally obtain most of its required bandwidth. However, when
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Figure 7. Histogram showing the distribution of the num-
ber of hops at datarate 11 Mbps. 50 nodes in an area of
1500 x 300 m?2.

traffic load becomes heavier at 800 Kbps, no datarates can
guarantee more than half of the user desired throughput.
This is because the injected traffic load in the latter case,
4 x 800 Kbps source rate, is too heavy, making the network
often congested. Even though 11 Mbps can support high
per-hop source rate, the 11 Mbps channel may also be con-
gested when several source or forwarding nodes are close
to each other. In addition to more number of hops at 11
Mbps, the mobility of the nodes makes congestion happen
more often than in the static topology.

Table 4. Average throughput at different datarates.

11 Mbps | 5.5Mbps| 2 Mbps 1 Mbps
Source rate
200 Kbps | 162 Kbps| 181 Kbps| 155 Kbps| 132 Kbps
800 Kbps | 343 Kbps| 345 Kbps| 255 Kbps| 172 Kbps

The results here also show that, with mesh topology,
especially with node mobility, the benefit of using 11 Mbps
may diminish as early as around 4 hops. For both traffic
loads, the highest throughput is achieved at the datarate of
5.5 Mbps. The reason for this is that, at 5.5 Mbps, pack-
ets experience fewer number of hops than at 11 Mbps, and
at the same time provides wider bandwidth than 1 and 2
Mbps. This indicates that, with the parameters settings
used in this study, the tradeoff between the number of hops
and chain throughput is optimally achieved at a datarate of
5.5 Mbps.

End-to-end delays The average, minimum and maximal
ETE delays simulated are tabulated in Tab. 5, denoted by
Dyve, Din, and D, respectively. The ETE delays in
the context include also accumulated queueing delays at all
intermediate node(s).

Looking at the results in the table, one may notice
there is a huge difference between the maximum and the
minimum values of the ETE delay, leading to a very large
delay variance. The values of the minimum delays are very
close to the theoretical per-hop delays listed in Tab. 1.
This represents the situation where the destination node is
only one hop away from the source node, and the pack-
ets 'luckily’ acquire the channel immediately when ready.
However, even in the one-hop case, a packet may have to

wait in the queue at the source node before it is transmitted.
Furthermore, in the multihop case, especially due to node
mobility, some packets have to transfer many hops before
they reach the destination. In extreme cases, packets may
have to wait up to several hundred of milliseconds or even
seconds in the buffers at various nodes on their way to des-
tinations. Even though there are not so many packets with
second-level delay (e.8% packets have ETE delay larger
than 1 second in the 800 Kbps case at 11 Mbps), these ex-
tremely long delays contribute significantly to quite pess-
imistic average delays in Tab. 5. We have also observed
from the simulation results that, compared with the backoff
and transmission delays, the queueing delay dominates the
end-to-end delay in multihop ad hoc networks.

Table 5. End-to-end delays at different datarates.

200 Kbps | 11 Mbps | 5.5 Mbps| 2 Mbps 1 Mbps
Dave 223.5ms| 72.6ms | 1349 ms | 539.9 ms
Doin 281ms| 3.19ms| 7.08ms | 13.18 ms
Doz 7.40sec| 3.57sec| 3.98sec | 7.33sec

Pp <500ms 93% 98% 95% 75%

800 Kbps | 11 Mbps | 5.5 Mbps| 2 Mbps 1 Mbps
Dve 670.5ms| 899.7 ms| 1238.8 ms| 1990.7 ms
Din 256ms | 488ms | 31.99ms | 21.75ms
Dias 14.15 sec| 13.87 sec| 8.20sec | 8.35sec

Pps500ms 64% 52% 36% 18%

To further study the delay performance, we have also
calculated the percentage of the successfully received pack-
ets that have ETE delays shorter than 500 ms, as also listed
in Tab. 5. At light traffic load 4 x 200 Kbps), over90%
of the received packets at all datarates, except at 1 Mbps,
have achieved satisfactory ETE delays. However, 11 Mbps
does not show any advantage over other datarates. At heavy
traffic load ¢ x 800 Kbps), neither datarate can achieve sat-
isfactory delay performance.

4 Why Does 11 Mbps Perform So Poorly?

In the above section, we have experienced disappointing
system performance for 11 Mbps based multihop networks.
Let us now analyze the reasons for this behavior. There
are a number of factors that affect the throughput of an
ad hoc network, for example, channel condition, sensing
range, protocol overhead, and so on. However, increased
path length and less connectivity, are, among others, two
major reasons for this performance degradation.

4.1 Multihop End-to-end Throughput

To make an approximation of the multihop throughput, we
first calculate the transmitter separation distang€; 7,
based on the chain network shown in Fig. 3. HEfe ™™
denotes the distance in hops between two immediate trans-
mitters that can transmit simultaneously. Apparently, a
smallerST—7 indicates a better achievable spatial reuse.



Given the two-ray propagation model used in this
study, the received signal strength at the receiver can be
simply expressed as
P,GG,hih? _ g’ B

d* d*
whered is the distance between the transmitter and the re-
ceiver, and” represents a constant containing transmission
power P;, antenna gain&';, GG,., and antenna heights of the
transmitter and the receivery, h.., respectively.

Different from the interference analysis in [10], we
consider interference from transmitters thatew® (m >
2) hops away from the receiver as negligible and thus ig-
nored. Therefore, the accumulated interference at receiver
R, from two simultaneous transmitters which &/¢ — 1)
and(H + 1) hops away fromR respectively, can be calcu-
lated as

P, =

c . ¢
(H—1)%* " (H+1)%d*

Symmetrically, the interference @twhile R is trans-
. i c c
mitting an ACK to TisI, = I]% = =Syagr + s nyran-
Moreover, the background noise can be ignored given an
interference limited environment. We can thus use SIR to

approximate SINR, as

R _
Irw_

)

P, (H? —1)*

SIR'P = = :
IR +IT  4(H*+6H?+1)

®3)

In the 2-D case, we adopt the worst case SIR approx-
imation in [11], as

1

SIR*P = 2 1 1 1 T
o P X e T o
4)
= Is the ratio between the sensing range
and the transmission range. It correspondSto” in this
case and defines the minimum distance where simultaneous
transmissions may occur.

Furthermore, to decode the packet correctly, we
should haveSIR > ., wheren,,, is the required SIR
threshold for each datarate. Now we can obtain the trans-
mitter separation distanc®’ ~7' asST~T = min(H) sub-
jecttoSIR > ny, andHd > Re,.

Finally, the end-to-end throughput for multihop net-
works has an upper bound as [12]

where X = He
t

Throughputp”_’ vop

Throughput®TF = ST T

(®)

Numerically, Tab. 6 lists the calculatetf —7 for this
study, where they,;, values are obtained based on Tab. 2
and the two-ray propagation model. Note the values for
ST=T used here are for illustration purpose only. In prac-
tice, these values should be integers.

The numerical results in Tab. 6 clearly indicate that
the spatial reuse at 11 Mbps is much less than that of low
datarates. Using Eq. (5), it is not surprising that the end-to-
end throughput at 11 Mbps is only twice as high as that of

Table 6. Transmitter separation distarfée="" at different
datarates.

Datarate| 11 Mbps | 5.5 Mbps| 2 Mbps | 1 Mbps
Nth 20.1dB | 15.0dB | 8.2dB | 1.8dB

ST 5.1 3.9 2.9 2.4

SioT 5.6 4.2 3.1 2.5

1 Mbps, since the 6-time TMT difference has been largely
counteracted by more than 2 times spatial reuse difference
between them.

4.2 k-Connectivity

Given identical node density, the number of one-hop neigh-
bors for each node becomes fewer with shorter transmis-
sion range, making the network less connected. In the fol-
lowing, we first deduce a formula for calculating the min-
imum node degree by assuming an ideal uniform node dis-
tribution, and then discuss its effect on average throughput.

Consider a homogeneous Poisson point problem in
one dimension. A number efnodes where > 1 are ran-
domly uniformly positioned in an interval0, z,,q.]. The
probability thatk of n nodes are placed in the interval
[z1, 23], where0 < 21 < 22 < Zpaz, IS given by [13]

n

P(p=k) = <k>p’“(1 —p)" "

wherey is a random variable denoting the number of nodes
within the given interval, angis the probability that a node
is placed within the intervalr1, z»], asp = 22— in the
one-dimension case.

With two dimensions, the problem becomes what is
the probability that there adeof n nodes distributed within
a certain area ofly, given the total system area ds As-
sume omnidirectional antenna with transmission range
and a rectangular system areax@f.. X Ymaz. We have
Ag = mr3 and A = Z,42Ymaz- The probability that there

is one node within the area df is simplyp = wm:;ﬁnw .

Analogous to the one dimension case, the probability
that there aré nodes distributed withidly can be obtained
by substitutingy = — ’”’3 — into Eq. (6) [13]. Therefore,
the probability that éach hode has at Idaseighbors, i.e.,
the network has a minimum node degyeg;,, > k, or the
network is k-connected, can be calculated by

(6)

k
P(ptmin 2 k) =1=Y P(u=j) 7
7=0
Sy (n) Ty T
j xmawymai xmamymai .

Jj=0

Having lifted the assumption thg#—"* < 1in [13],
Eq. (7) gives a general expression for the probability of
minimum node degree in an ad hoc network with ideal uni-
form node distribution. As an indicator to network con-



nectivity in this study, Tab. 7 lists the probability of min-
imum node degree of 6, 10, 15 for each datarate, based
on (7). Note that the actual node degrees in our simula-
tion with mobility would be biased due to the border effect
and velocity instability problems in the random waypoint
model [14] [15].

Table 7. Ideal minimum node degree at different datarates,
wheren = 50, Zimae X Ymaz = 1500 x 300 m?2.

Datarate| 11 Mbps | 5.5 Mbps| 2 Mbps | 1 Mbps

0 160 m 270 m 400m | 550m
k=6 81.39% 100% 100% | 100%
k=10 | 27.31% | 99.99% | 100% | 100%
k=15 | 11.25% | 99.78% | 100% | 100%

The results in the table indicate that the probability
that the studied network is k-connected for> 10 or
k > 15 at 11 Mbps is too low?. With too few number
of neighbors, the probability that an end-to-end path can
be established becomes very low, especially when nodes
are moving. On the other hand, the UDP traffic is gen-
erated constantly at the application layer, regardless of net-
work connectivity. As a consequence, more packets are dis-
carded due to buffer overflow or lack of paths. For example,
during 100 sec simulation period, one or more UDP flows
may suffer various length of duration with zero throughput,
and those zero-throughput intervals contribute negatively to
the average throughput, which is averaged over the whole
simulation time.

5 Conclusions and Future Work

The conclusions we can draw from this study is multi-fold.
First of all, we claim that there always exigtgeeranges

in any frame transmission in 802.11, insteadved ranges

as commonly understood in the literature, e.g., in [18].
Secondly, as a major finding of this paper, we conclude
that there is almost no benefit by adopting 11 Mbps datar-
ate when the number of hops is 6 or more in an 802.11b-
based static multihop ad hoc network. For mesh topology,
especially with node mobility, the benefit of using high
datarate diminishes with even smaller number of hops. We
further argue that this conclusion also applies to 802.11a
or 802.11g based multihop ad hoc networks, although not
exactly after 6 or 4 hops. Thirdly, through analysis on
multihop end-to-end throughput and k-connectivity, we are
able to show quantitatively how these two main reasons,
increased path length and less connectivity, affect the per-
formance degradation at high datarate.

Finally as future work, a 'smart’ rate adaptation al-
gorithm considering the pros and cons of using high dat-
rate would surely enhance routing performance in multir-
ate, multihop ad hoc networks, compared with traditional
shortest path (i.e., minimum number of hops) routing pro-
tocols.

3The discussion on optimum number of neighbors is beyond the scope
of this paper. However, 6-neighbors is a well-known number [16], and 10,
15 or more neighbors are required with node mobility [17].
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