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Abstract

Presently, there are great differences between the performance
of Mobile Ad Hoc Networks (MANETS) predicted by network
simulators and actual field experience. One cause is that,
although fine-grained variation in received signal strength
greatly impacts the effectiveness of MANET routing
protocols, it is almost never currently modeled. Although
precise modeling of this variation is not feasible, it can be
represented by rather simple stochastic models. This paper
describes the impact of considering this variation in MANET
models by means of modifications to the OPNET transceiver
pipeline that portray fine-grained variation. This approach is
highly efficient, requires little additional modeling
information, and provides simulated data researchers may use
to better predict actual field perfomance in order to better
optimize OPNET routing protocols and their parameters.

Introduction

Recently, a number of researchers have attempted to
implement Mobile Ad Hoc Networks (MANETS) in the field
[1-6]. In general, performance differed greatly from that
predicted by network simulations. These differences are very
large and the result is that protocols must be heavily modified
in order to perform at even a fraction of the predicted level.
This gap in results means that simulation is not as good a tool
to design MANET routing protocols as in could be. This
presents a significant problem in that virtually all MANET
protocol development is carried out on network simulators.

In [7-9], the authors identified differences in physical layer
modeling as a fundamental cause of differences between the
performance of physical and simulated MANETS. Reducing
this difference would improve the ability of network
simulators to guide the design of physical tests and
implementations.

This paper demonstrates the value of an improved wireless
link model by means of a simple modification to OPNET ®?
that vastly improves its ability to model physical MANETS.
This modification does not add significantly to either
modeling effort or execution time. While certainly not a
perfect model, this increased fidelity improves the researcher's
ability to predict field performance through simulation,
improving the value of both approaches.
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This paper is organized as follows. First, it describes fine-
grained variations in signal strength and their impact on
MANET routing protocol performance. Then, it develops a
simple stochastic model of this variation and implements it in
OPNET. Next, it validates the model through comparisons to
field tests. After that, it uses this model to demonstrate some
insights into basic MANET routing behavior. Next is a
demonstration using a 25 node scenario. Finally, it
summarizes, draws conclusions, and outlines future work.

The primary purpose of this work is to demonstrate the
feasibility of this approach. For that reason, unless otherwise
noted, default values were used in each example. While each
protocol was checked for its main functions, no attempt was
made to certify that the protocols, as implemented in OPNET,
were exactly the same as those reported in other works.
Therefore, while this paper outlines the need to consider fine
grained signal variability and demonstrates the feasibility and
utility of a method, it makes no claims for the strengths and
weaknesses of any particular protocol.
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Figure 1: Actual Field Strength Measurements [10]



Multipath Fading and its Impact on MANETs
There are a variety of mathematical models that may be used
to predict received power as a function of distance,
obstructions, radio carrier frequency, etc. [10, 11]. Such
predictive models are the basis of almost all simulations of
MANET routing protocols [7]. However, these models predict
only the expectation of received power and do not take into
account fine-grained variations in that signal strength due to
shadowing, multipath fading, and other causes. These effects
can easily cause the signal to vary from the predicted value by
up to £30dB [11, 12]. An example of this variation is
illustrated in Figure 1. Clearly, this signal exhibits a very high
level of fine granularity variability.
Key Impact: This high-magnitude fine-grained variation has
two important effects on wireless digital systems.

1. Even at close range, a packet may be dropped, and

2. Even at great distances, a packet may be received.
In point-to-point and stub networks, Effect 1 is a serious
consideration, but Effect 2 is usually a much less serious
concern. However, this is not the case in MANETS. In this
case, these effects can lead to two detrimental events:

1. Occasionally, packets are lost on a good link, and

2. Occasionally, packets are received on a poor link.
Ina MANET, Event 1 is likely to trigger an unnecessary route
search, significantly reducing performance. If Event 2 occurs
during a route search, a poor link might appear to be reliable.
If this happens in protocols that seek routes with fewer hops,
the one-hop, but unreliable, link with be selected over a
multihop, but reliable, alternative. When this route fails, a new
search is initiated, reducing performance. Finally, whether a
search is initiated by Event 1 or by an actual need to find a
new route, it generates a chance for Event 2 to cause a poor
route to be selected again. This has proven to be a very serious
problem in the field [1, 2].

Let P, be the probability of Event 1 and P, that of Event 2. In
stub networks, one can increase transmitter power, increase
the number of retries, and use other methods to reduce P;. In
cellular networks, similar approaches can be used, though
Event 2 can be a problem. However, P, is reduced by use of
the basic seven-cell honeycomb pattern which places the
distant users of the common frequency at least four cell radii
apart. Also, since there is no multi-hop routing in either
system, even if a packet is received over a poor link, its impact
is fairly small.

In MANETS, however, all nodes share a common channel, at
least for signaling and routing. “Distant” users may be barely
further away than “close” ones. In addition, the occurrence of
Event 2 during a route search can lead to a very significant
reduction in performance. Thus, in a MANET, effectiveness of
any strategy to reduce P, is limited by the fact that as P,
decreases, it is likely that P, will increase. Unless this trade-
off is considered in MANET modeling, the results can be
significantly unrealistic and lead to poor decisions for
parameter selection and protocol design.

Multipath Fading: While there are numerous reasons that
received power may rapidly fluctuate, usually the most
significant in MANETS is that due to multipath fading [11,
12]. This fading is the consequence of receiving multiple
copies of the same transmission two or more paths of different
lengths. The different copies can either reinforce or partially
cancel each other out, depending on the difference in path
lengths. As a consequence, the received signal may vary from
the expectation by +30dB [11, 12].

It is the nature of MANETS, with most transmissions from
small, low antennas, especially in a reflection-rich settings,
such as a convention center or urban environment, to have
ample opportunities for multipath reception. It is the ability of
the signal to be vastly stronger than expected that leads to
Event two. Unless this multipath fading is considered, P, may
be vastly underestimated and results will present an overly
optimistic estimate of MANET performance.

A Simple Model of Multipath Fading
The main idea is to construct a practical model of a wireless
link that takes more fully into account the random effects of
multipath fading. Here, practical, means a model that:
1. predicts possible variations in received power,
2. without requiring inordinate modeling detail or
excessive execution time, and
3. also makes available to the modeler such values as
BER and SNR, so that methods to cope with this
variability may also be modeled.
The model presented here satisfies all three requirements.

Detailed Fading Models: While methods exist to closely
model multipath fading [13], these require an immense
amount of detailed information about the site and, as a result,
have limited general application. For a MANET, in which the
nodes may be in a reflection-rich environment in which many
elements are in motion, such an approach would consume
immense amounts of CPU time and memory. In addition, if
there's any change in the length of any of these paths, or if
paths are either created or destroyed, the received power will
change. Nearly complete cancellation can cause the signal to
drop below the receiver's threshold at virtually any distance.
On the other hand, nearly complete reinforcement can cause
the received signal to be many times its predicted level. As a
consequence, 1) in most situations, multipath fading has the
greatest impact on received power at greater distances, and 2)
for all practical purposes, it cannot be modeled explicitly in
even a simple RF environment [10-12].

Stochastic Fading Models: An alternate approach is to
characterize the fading as a stochastic process. This allows
one to more faithfully model the nature of wireless signals
without additional modeling detail or simulation effort.
Although the result is not a precise prediction of every
communications result, it does predict performance that is



typical of the modeled situation. As shown below, this is
usually adequate to predict MANET performance in the field,
especially considering the fact that the ultimate aim is to
design protocols that work in a wider variety of situations.

Three common stochastic models of multipath fading are the
Rayleigh, Ricean, and Nakagami [10-12]. In this paper, the
Rayleigh model is used because 1) it is sufficient to illustrate
the basic concepts, 2) it is simple to implement, and 3) the
results can be compared to field results reported in [1] in
which Rayleigh fading seemed to be in effect.

The Rayleigh fading model specifies that P(d), the random
received power at distance d has the following distribution:

Pr{P(d) < p}=1-exp{-[p/m.(d)]} (1)
where my(d) is the expectation of received power at distance d.
The model used to predict mp(d) may be any one of several
predictive models and may be arbitrarily detailed to include
antenna gain or loss, bandwidth, RF frequency, obstructions,
etc. Use of the inverse transformation method [14] leads to:

P(d) =-m,(d)In(l-r) (2)
where P(d) is the pseudorandom received power level at

distance d and r is a pseudorandom number uniformly
distributed on the open interval (0,1).

Implementation in OPNET is straight-forward. First, the
line computing rcvd_power in the wylan_power stage of the
OPNET transceiver pipeline is modified so that it computes
mean_rcvd_power. Then, it is immediately followed by:

rcvd_power = op_dist_exponential(mean_rcvd_power);

The modified code was saved as a fading version of
wylan_power stage and modules using this model similarly
renamed to allow comparisons of the default (non-fading) and
modified (fading) models. With this modification, subsequent
code in this stage, as well as following stages in the pipeline,
react to this random power level, more realistically portraying
link behavior, as well as multipath effects on interference.
This also satisfies Objective 3 by making the random power
levels available to modules that compute SNR, BER, etc.

From limited testing in OPNET 9.1, 10.1, and 10.5, it appears
that the modified modules can replace their equivalent
unmodified forms without any other changes. Also, in most
scenarios, there was little or no direct impact on execution
speed. In those that did have execution time differences, they
were moderate and should be considered in light of the higher
fidelity. That is, without the fading model, the only alternative
would be field tests, which would be far more expensive and
time consuming.
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Figure 2: First Scenario Layout

Validation: The first check was to employ a simple test that
compared simulated received power predicted by default and
fading models to the trace noted in Figure 1. As depicted in
Figure 2, A mobile transmitter sent one 1024 bit packet each
second to a stationary receiver. The mobile node traveled
along a straight line at a rate of 0.5 m/s along a path that ran
from 5 to 100m away from the receiver. In both runs, default
OPNET settings were used, except that transmit power was set
to 5uW and the Short Retry Limit (SRL) was set to one.

The smooth black trace in Figure 3 is mp(d), as predicted by
the unmodified wylan_power stage in OPNET. The red
erratic trace is an instance of simulated received power using
the fading version. Note the similarity of the variation in P(d)
to that of the field measurements in Figure 1.
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Figure 3: Simulated Received Power

Scenario 2: A second layout, adopted from [1], was designed
to measure the basic ability of a MANET protocol to select
and manage multihop routes. The layout is depicted in Figure
4. In this figure and the following description, all distances are
in meters. All message traffic is generated by the mobile node
(MH2) and is addressed to MH 1, which is stationary, as are.
potential relay nodes N1 through N3. MH 2 starts at (0,40)*
and moves to the right at a rate of 0.5m/s until it reaches
(100,40). The transmit power is 5uW, yielding an effective
range of 39m. Thus, at all times, there is a viable route from

® In OPNET, the positive y direction is downward.



MH 2 to MH 1, but not always a one-hop route. This test
requires routing for one through four hops, as well as effective
detection of broken links and searches for new routes. In this
scenario, the transmission rate was fixed at ten 1024 packets
per second.
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Figure 4: Second Scenario Layout

Figure 5 illustrates the packet throughput in two simulations.
The red trace is that predicted by the standard, non-fading,
model and the blue is that predicted by the Rayleigh fading
model. Note that the two sets of results are radically different.
The results with the fading model are consistent with the
observations in [1] and [5] that AODV could not reliably
maintain a path more than two hops long. The intermediate
performance is also similar to that in [15] where only paths up
to two hops in length were considered. Thus, it appears that in
this test, the fading model more realistically predicts the real-
world performance of AODV.

@MANET.Trafﬁ: Received (packets/sec) E]

B jpm_OPNETWORK_2004-A0DWTestFading] lppsSRL=7
B jprm_OPMNETWORK_2004-A00% TestNoFading1pps
MANET Traffic Received (packets/sec)

R VIS

0 50 100 150 200
time (sec)
—

Figure 5: Simulated AODV Throughput

Demonstrations in Simple Scenarios

The models in this section employ either Scenario 1 or
Scenario 2. Although these tests are very simple, they isolate
the main effects of multipath fading on link throughput and
routing. The next section demonstrates the use of the model in
a larger, more complicated, model.
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Figure 6: Effect of SRL on Throughput in Scenario 1.

Impact of Short Retry Limit (SRL): Figure 6 shows the
packet throughput in Scenario 1 with the Short Retry Limit
(SRL) set to 1 (blue), 3 (green), and 7 (black). The red trace is
the result in the non-fading model, which is unaffected by the
setting of SRL. In the fading model, as the SRL is increased,
throughput within the nominal range, (39m) improves
significantly. However, at the same time, the probability of
Event 2 also increases. This would imply that large values of
SRL could be counter-productive in a MANET. This point
was explored further in [16].

AODV vs. DSR: In[6, 17, 18] the authors found in field tests
significant differences between AODV and DSR. Although
the non-fading model predicts no differences in either
Scenario 1 or 2, the fading model does so. Figure 7 shows that
the fading model predicted significant differences between the
throughput of DSR and AODV in Scenario 2. Once again, the
fading model presents results that are more consistent with
field experience than the default model
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Figure 7: Simulated AODV and DSR Throughput

While this does not mean that DSR is superior to AODV in
this situation, it does imply that 1) the non-fading model is not




adequate to predict this difference in performance and 2) at the
least, AODV parameters need to be adjusted.
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Figure 8: Number of Hops pre Route in Scenario 2.

Figure 8 illustrates a probable explanation for the difference in
behavior. This is a plot of the number of hops per route for
AODV (blue) and DSR (red) with SRL set to three. Note that
as MH 2 moves further to the right, DSR attempts to use an
appropriate number of hops, but AODV repeatedly attempts to
use a one-hop route.

A Demonstration in a Larger Scenario

While the demonstrations above show differences at the link
level and in a specific routing problem, the question arises,
“How much difference does this make in a more realistic
scenario.” In addition, a load of one 1024 bit packet per
second is a very light load on a 1Mb/s channel. The difficulty
due to Event 2 is present at all loads. So, another question is,
“Would Event 2 still be a problem at higher loads?” This
section attempts to answer that question.

The scenarios used in this section are slightly modified
versions of the DSR and AODV station_mobility scenarios
the OPNET MANET example model. Each basic scenario was
run in three versions:
1. Using the existing non-fading power stage, unmodified,
2. Using the fading power stage in the existing model, and
3. Using the fading power stage in the existing model, but
with the range for transmitter exclusion set to 5km.

The first set of simulations established a baseline for the
current non-fading model. The second simulated a situation in
which receivers are GPS enabled and exclude transmissions
from transmitters more than one km away and the third a
situation in which receivers do not use GPS data.

In addition, tests were repeated with the mean packet
generation rate set to 1, 4, and 10 packets per node per second.
Since there are 25 transmitting nodes, these loads are far
higher than the ones of Scenario one and two. Also, using
three levels provides insight into how the protocols behave at

different loads. Of course, this leads to differences in the non-
fading, as well as the fading, models. For that reason, the non-
fading case is shown in each figure, as a baseline. Finally,
rather than traces of network behavior, the results in this
section are the average packet throughput and delay.
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Figure 9: AODV vs. DSR: Mean Throughput, No GPS

AODV vs. DSR, no GPS: Figure 9 illustrates the mean
throughput as a function of offered load in data packets per
second (P/s), with GPS not enabled. Note that the non-fading
models are very optimistic. Also, while the non-fading
models show AODV is uniformly superior to DSR, the fading
model indicates a more mixed situation.
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Figure 10: AODV vs. DSR: Mean Delay, No GPS

Figure 10 shows the mean delay for both protocols as a
function of the mean number of packets sent per node per
second. Here, a logarithmic scale is used because of the great
differences in values. Note the delay predicted by the fading
and non-fading models for DSR can differ by a ratio of 20:1
while those for AODV can differ by up to two orders of
magnitude.

AODV vs. DSR, with GPS: Figure 11 displays the mean
throughput with GPS enabled. Note that the non-fading
throughput is identical to that of the first case, while the fading
model indicates a significant improvement for both protocols.



Also, it appears that by ignoring the long, unreliable, routes,
AODV’s performance is very much improved by this strategy.
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Figure 11: AODV vs. DSR: Mean Throughput, with GPS

Figure 12 shows the mean delay for both protocols with GPS
enabled. Again, the non-fading model predicts no
improvement, while the fading model predicts a significant
decrease in delay. However, it appears that DSR can still have
some very long delays.
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Figure 12: AODV vs. DSR: Mean Delay, with GPS

Impact of SRL on DSR: There is some indication that
reducing the short retry limit (SRL) can be beneficial in DSR
[16]. Figure 13 shows the mean throughput of DSR with SRL
set to 7 (the default) and to 3. For reference, the figure also
shows the prediction of the non-fading model, which is the
same for both SRL values. Note that throughput is greatly
improved and even approaches that predicted by the non-
fading model at the highest offered load.

Figure 14 shows the mean delay for DSR at the two levels of
SRL, as well as with the non-fading model. Note that when
SRL is equal to 3, the actually delay can be less than that
predicted by the non fading model. However, it should be
borne in mind that this reduction in delay occurs because the
older packets are being dropped. In a given situation, this may
or may not be as beneficial as this plot implies. Nevertheless,

it does seem that reducing SRL to 3 has a significant impact
on DSR performance that the fading model would not predict.
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Figure 13: DSR: Throughput vs. SRL

While changing SRL to 3 in the DSR model can make the
fading and non-fading models predict similar values of
throughput and delay at high loads, because the non-fading
model is insensitive to this parameter, the non-fading model
could not be used to reach this conclusion. Also, since SRL
has a much smaller effect on AODV, selecting SRL to have a
default value of 3 is not likely to improve the fidelity of all
simulations with the non-fading model.
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Figure 14: DSR: Delay vs. SRL

Impact on Execution Time: In Scenarios 1 and 2, there was
no significant difference in execution times. However, in
Scenario 3, there were. Table 1 shows the execution times for
the models described above. In some cases, the execution
times were two to four times as great. However, bear in mind
that 1) these results may be far more consistent with field
results than current ones and 2) even a 400% increase in
execution time is a small price to pay when the alternative is a
field test.



Table 1: Execution times in seconds

Load Fading No Fading
GPS? | (Pkts/s) | AODV | DSR | AODV DSR
Yes 1 180 493 144 351
4 502 1833 345 1670
10 681 2160 702 2303
No 1 638 726
4 931 2696
10 1312 | 3221

Note: Because GPS had no effect on the results in the non-
fading model, those models were not run and no times are
available.

Summary and Conclusions

This paper demonstrates that multipath fading causes
significant effects in MANETS that might not arise in other
types of wireless networks. It also presents a simple stochastic
model of multipath fading and demonstrates its use in

OPNET. After validating the simulated results against those
of several field tests, the paper presents number of examples in
three different settings. Finally, the paper explores the impact
of protocol, GPS elimination, and Short Retry Limit. In each
case, the default non-fading model predicted little or no
difference between the options, while the fading model
showed that significant differences in performance exist.

Recommendations: This technique has promise, but to use it
with confidence, more validation would be required. If itis
used in conjunction with field tests, it has the potential to
improve the efficiency of those tests while also improving its
own validity. However, by whatever means, if simulation is to
continue to be a useful tool in the design of MANET
protocols, this and others methods of significantly improving
fidelity, even if inexact, need to be explored.

Future work: While Rayleigh fading is a good first
approximation to received power, Ricean, and Nakagami
fading may be more appropriate. Hence, these models,
together with a suitable interface to select the type of fading
and its parameters would be needed. In addition, this
approach ignores some factors, such as packet size, which
affect both P, and P,. If these effects play a significant role in
analysis, other changes may be needed in the transceiver
pipeline. Finally, since this approach opens up more possible
modes of comparison, it may be advisable to augment the
existing statistics package and other modules to consider more
factors.
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