to conbgure, manage and troubleshoot such testbeds. Second,
such testbeds can have high maintenance costs. And third, it is
very time-consuming to gather network statistics and hence to
evaluate the performance of new protocols and architectures
in a timely manner.

To side-step some of these problems, researclegys|1],
[2], [6], have recently suggested experimentation on smaller-
scale testbed miniatures. They have accomplished to shrink
a wireless network testbed into a smaller space, by reducing
the communication range of nodes and the distance between
them, while maintaining link characteristics. However, these

studies have only considered downscaling sspecibc indoor
network realizations wittho mobility and remained mostly

I. INTRODUCTION

The popularity and scale of mobile ad hoc networks have
grown rapidly in recent years. The community has developed
many protocols tailored for such networks and deployments
with several hundreds of nodes over signibcantly sized regions
already exist.

Measuring the performance of such large-scale networks
and predicting their behavior under new protocols, architec-
tures and load conditions are important research problems.
These problems are made difpcult by the complex nature of
wireless channels, the increasing number of nodes, and the
growing size of the deployment area.

A commonly accepted practice in the research community is
to use simulations for testing and evaluating the performance
of such networks. However, it is very expensive and inefbcient
to accurately run large-scale simulatiorsg( with several
hundreds of nodes), which incorporate realistic models for the
wireless channel that faithfully capture radio propagation and
error characteristics.

effects. (i) Can we deploy the same net
aA (0 < a - 1) and yield the same
we perform space-downscaling)? (ii) W
and sufpbcient conditions? (iii) In what
preserved? (iv) How small can we go, i.e
(v) Can we speed-up the scaled replice
(or scale down the experimentation time
same performance (i.e. can we perform
Our theoretical analysis coupled witt
give concrete answers to all of these c
enough we bnd that both space anc
possible, under fairly general assumptic
« by which one can scale down the orig
depends on the carrier frequengy

C-

For some of these reasons, experimentation with wirelessThe organization of the paper is as follows: Section Il briel3y
network testbeds seems to be preferred by many researchissusses prior work on scaling down networks. Section Il
for performing high Pdelity testing and performance evalug@erforms space-downscaling, under the assumption that the
tion, e.g.[3], [4], [5]. But, at the same time, realistic experi-communication range is an ideal circle, and that the received
mentation with testbeds deployed on large-sized physical arsggnal power is a deterministic function of distance. Section
introduces another set of limitations. First, it is quite difecully extends the space-downscaling methodology for the case



distance from a transmitter is a random varialdgy. due to that thedistribution of the received signal power at distance
shadowing effects caused by obstructions in the environmen&d from the transmitter in the scaled system be the same
such as buildings, hills, etc. A realistic large-scale propagatiavith the distribution of the received signal power at distadice
model that incorporates randomness in the received sigfram the transmitter in the original systeny. As X¢g is the
power is the log-normal shadowing model [12], which we wilkame between the two systems, to accomplish this, we only
shortly study. need to scale down the average received podrl). Like

In many cases, the received signal power over very shbefore, we choose to do this by scaling down the transmission
travel distances (a few wavelengths) or short time duratiopswer P;. Letd, be equal in the two systems. Then, by looking
(on the order of seconds), may also exhibit rapid Buctuatioas Equations (1) and (3), it is easy to deduce tRatin the
and time-correlations. These phenomena are mainly due to recaled system should be multiplied by «)".
bility and to multipath propagation effects caused by reRectingWe can now state the following proposition, whose proof
objects and scatterers in the environment. These phenoméailows immediately from the above discussion.
can have a signibcant impact on systemOs performance. WhiRroposition 1: To construct a scaled-in-space by a factor
large-scale models can be used in this case for predicting tieelica under the log-normal shadowing propagation model,
local average signal strength over certain transmitter-receiy@rform steps (i).(iv) of Theorem 1, and (step (v)) multiply
separation distances, the Buctuations around the local averdmge transmission power of every node Wy o)". If the
as well as the time-correlations, are characterized via smallopagation delays are insignibcant and the same arbitrary
scale propagation models [12]. A realistic small-scale modafpc is applied in the original and scaled systems, then
that we study in this paper is the Ricean/Rayleigh fadingnder Assumption 1, the two systems will yield the same
model. performance irdistribution O0< a- 1.

A. Space-downscaling under log-normal shadowing B. Space-downscaling under Ricean/Rayleigh fading

The shadowing propagation model consists of two parts.Under Ricean fading the received signal power at a certain
The brst part is known as the path loss model and predi€ti§tanced from the transmitter, is also dependent on time
the averagereceived signal power at distance from the [12] and is given as follows [13]:
transmitter, denoted by’.(d). It uses a close-in reference

distancedy. Pr(d) is computed relative t&r(dp) as follows: Is —
o- {15 comp i) Rt = oD G+ BRP 30 . ®)
P 2(K +1)
S 7N — 0
Pr(d) = Pr(do) a4 () where P)s(d) is the received signal power as predicted by

) . a large-scale model at distanckfrom the transmitter, '
where n is called the path loss exponent ad@(do) iS s the Riceank-factor that depends on the structure of
computed from Equation (1). , the environment and determined by measurement,zafit),

The second part of the shadowing model refSects the vaji- ;) are zero-mean Gaussian random variables with unit

ation of the received signal power around the average. [iance. (Forkk = 0 the model is the well-known Rayleigh
is a log-normal random variable, that is, it is of Gaussia@ging model.) The important difference here comparing to
fjlstrlbutlon if me_asured in dB. The overall shadowing modegj,, previous model we studied, is that the random variable
is represented (in dB) by: zi(t) (i = 1,2) can exhibittime-correlationsdue to Doppler
- spreading that is caused by the mobility of the nodes [12].
Pr(d)ag = Pr(d)gg + Xub, (4)  Hence, for a bxedl, P.(t,d),t O is now a stochastic
process.

Before proceeding, we brst state the following assumption,
é(}zllgich implies that the scaled system is deployed in an envi-
Qgment with similar structural properties.§.with respect to
r?gecting objects, scatterers, etc.) as the original environment.

Assumption 2:The scaled system is deployed in an envi-
Jonment that yields the same Rice&nfactor as the original
environment.

whereP,(d) is dePned by Equation (3) antyg is a Gaussian
random variable with zero mean and standard deviadigs,
called the shadowing deviation. Both the path loss expon
and the shadowing deviation, depend on the environment
are obtained by beld measurement [12]. Hence, its natural
make the following assumption:

Assumption 1:The scaled system is deployed in an enviro

ment that yields the same path loss exponeahd shadowin
Y P P ¢ Now, as before, we require that thdistribution of the

deviationogg, as the original environment. ved si | di 1 f h .
In the previous section we saw that in a scaled-in-spa.(L,Pece'Ve signal power at distancend from the transmitter

by a factora replica, the received signal power at distancd the scaled system be the same with the distribution of the

ad from the transmitter should be equal to the receiver(?.ce.'veld S|gtnal pczlweHr at distangdrom thel transm:jtt(;:r in the
signal power at distancé from the transmitter in the original tor'%'r;ﬁ s,tys em, | rowevgr, UTOW we ajo 'neel 0 ensu(;e
system, d. However, there, the received signal power was Qa € ltime-correlations in the received signal power, due
det_erm'n'St_'C function of Q'Stance whereas now it is a randf)mlFor simplicity, we assume that the motion of other objects in the environ-
variable (given by Equation (4)). Therefore, we now requir@ent is negligible compared to the motion of the mobile nodes.



to Doppler spreading, remain the same between the two sysAssumption 3:If « is the desired scaling factor, then scaling
tems. (This is important, as these time-correlations determitie original carrier frequency; by 1/ « is feasible, i.e.%
signibcant performance measures, such adebel crossing does not belong to another frequency band, and we can operate
rate, the average fade duratignand so on.) Mathematically the scaled system on this new frequency. (In this case the
speaking, we have to ensure that for any Pxethe Pnite- corresponding scaling facter is also called feasible.)
dimensional distributions of P.(¢,d),t 0 are the same We now scale down the transmission power in the scaled
between the two systems, i.e. the stochastic process remaiystem so that the value &3(.) (see Equation (5)) at distance
the same. To accomplish this for the model under study, it isad from the transmitter, is equal to the value Bf3(.) at
enough to ensure that the maximum Doppler shift remains tlistanced from the transmitter in the original system. (We
same [12]. have described earlier how this can be done depending on the
The maximum Doppler shift is debned Ag = % where large-scale model under consideration.) This ensures that for
v is the perceived relative velocity between the transmitter aad arbitrary time, the distribution of the received signal power
the receiverf. the carrier frequency, andthe speed of light. at distance «ad from the transmitter in the scaled system is
(Recall thatf. = ﬁ.) Since all node speeds in the scalethe same to the distribution of the received signal power at
system are multiplied by «, for f,, to remain the samef, distanced from the transmitter in the original systemy. And
must be divided by the same factor. since we have scaled the carrier frequencylpy «, we have
However, a scaling factoer that will cause a signibcant ensured similar time-correlations of the received signal power

alteration of the carrier frequency may not be desirable Bt the two systems. We now state the following proposition
possible in practice. For example, a facterthat will shift Whose proof immediately follows from the above arguments.
the carrier frequency to another frequency band may alter théroposition 2: To construct a scaled-in-space by a faetor
propagation characteristics of the signal signibcartis a replica under Ricean/Rayleigh fading, perform steps.(®)

rule of thumb, we believe that the scaled carrier frequen& Theorem 1, and (step (v)) multiply the transmission power
should, at least, belong to the same frequency band as @&very node as described earlier according to the large-scale
original carrier frequency. This is based on the well-knowfodel assumed, and (step (vi)) multiply the carrier frequency
fact that in practice, propagation characteristics of frequenci®¥ 1/ «. If the propagation delays are insignibcant and the
belonging to the same band are simikag.see [14] and refer- same arbitrary trafPc is applied in the original and scaled
ences therein. Given the original frequency band of operatisistems, then under Assumptions 2 and 3, the two systems will
and carrier frequency, this requirement provides a lower bouyig!d the same performance distribution, for every feasible

on the scaling facton that we can have, and hence an answér< « - 1.

to the question oOHow small can we go?0 V. TIME-DOWNSCALING OF MOBILE AD HOC NETWORKS

However, since a change of the carrier frequency may Caus§ye now present the time-downscaling methodology. The

problems, one might also think th"?‘t it may be preferable n ethod can be used in conjunction with space-downscaling in
to scale down the speed of nodes in the scaled system, so

Id maintain th ! ler shift. with 8kr to expedite experimentation.
we could maintain the same maximum Doppler shift, without ~qnqiqer an original system under either a deterministic

the need of altering the carrier frequency. However, this eropagation model, or the log-normal shadowing model, and
cause the topology of the scaled system to change at a fa§[ﬁ5pose that we have built a scaled-in-space by a factor
speed comparing to the topology of the original system. ThiS e pjica according to the procedures we have described
in turn, will cause proactive routing protocol_e,g. DSDV' earier. Also, suppose that some arbitrary routing protocol is
[15], to perform poorer in the scaled system, since they Woré(mployed, and let > 1 be a scaling factor.

be updating the routing tables fast enough to compensate fo[n order to perform time-downscaling, we perform the fol-

the more dynamic topology. This, for example, may caus§ying operations to the scaled-in-space replica: (i) Multiply
more packet drops in the scaled system, as a larger numbers o< + 0 at which nodes willinitiate a trip by %

of stale routing table entries will direct them to be forwardegi) multiply all node speeds by (and hence the duration
over more broken links. And, reactive routing protoC@®sJ. o each trip by1), (iii) multiply the inter-arrival times of the
DSR [16], will impose a larger routing overhead to the scaled ormainetwork arrivals byz, (iv) multiply the transmission

system in order to keep up with the more dynamic topologianqgwidth bys (and hence the packet transmission time by
This implies a larger number of routing packets, which in turrL)’ (v) speed-up all the operations of the routing protocol by

could increase the probability of packet collisions and del%/ 3 and (vi) speed-up all the MAC layer operations &y
data packets in network interface transmission queues, makiﬁg—he result of the above operations is a scaled-in-time

again the scaled system performing worse. replica, by a factor oft. It is easy to see that since both the
Hence, to avoid the above issues, we prefer to scale down

the speed of nodes (by &), and hence scale the carrier 3For example if the DSDV routing protocol is used, multiply all protocol

: PR timeouts,e.g.the periodic update time-interval, the minimum triggered update
frequency (byl/ «), under the following assumption: period, etc., byl.

4This can be accomplished by multiplying all the time constants that are
20ther reasons may include the need for signibcant hardware changes ntlaéntained by the MAC layee.g. the slot time duration, etc., by the factor

unavailability of the requested frequencies, etc. %.



external arrival process and all network operations are scaled he original network consists &0 nodes and it is deployed

in time by the same factor, the only difference between tlie an area of some sizd. Each node has an omnidirectional
scaled-in-time replica and the original system, is that, whatevamtenna with gainG = 1 and heighth = 1.5m. The
happens in the latter at timeg happens in the former at timetransmission power i = 0.2818N\, the carrier frequency

L fec = 914MHz, and the system losk = 1. Under these values
Now, suppose that the scaled-in-space replica was cdhe receiving threshold at the physical layer is set such that the
structed assuming the Ricean/Rayleigh fading model, and thransmission range as predicted by a deterministic large-scale
we have performed the operations..({vi) in order to build model €.g.see Equations (1) and (2)) 250m. The interface

the scaled-in-time replica. Also, recall that under small-scafpieue length is set tB50 packets, the packet size 8gbytes,
fading, the received signal power exhibits time-correlationand the wireless bandwidth Bvibps.

Since the scaled-in-time replica runs on a different time-scaleHalf of the nodes are sources generating trafbc according
compared to the original system, we have to ensure that similara Poisson process at a rate @Ppackets/sec, destined
time-correlations exist in theewtime-scale. In other words, to a randomly selected destination. The nodes are moving
if the received signal power is correlated for a time duraticaéccording to the Random Waypoint mobility model [18]. The
7 in the original system, it should be correlated for a timéme that each node pauses after a trip is uniformly distributed
duration of § in the scaled-in-time replica. To check this, weévetweerOsec andlOsec. And the speed of each node during a
consider theeoherence timé@y, which is the time domain dual trip is uniformly distributed betweebm/s and19m/s. Finally,

to Doppler spread [12]. the routing protocol used is the DSDV protocol [15].

The coherence time represents the time duration over whichThe scaled-in-space replica is deployed in an area of size
two signals have strong potential for amplitude correlationA, according to the procedure of the propagation model
and it is approximately given byt % whereC' > 0 under consideration, as described earlier. Wexset0 .01 For
a constant, ang,, the maximum Doppler shift [12]. (Recall performing time-downscaling to the scaled-in-space replica,
that f, = ":° .) Hence, to have similar time-correlations, wave useds = 10, and followed the procedure described in the
have to check thal; in the scaled-in-time replica is dividedprevious section.
by 4. For the shadowing propagation model we haye= 10m,

Recall from the previous section thd, in the original n = 4 and ogg = 6dB, for both the original and scaled
system is equal to that of the scaled-in-space system. N&ystems. This setting simulates a shadowed outdoor urban
since we are multiplying all node speeds by fi is also area. For the Ricean fading model we gét= 6 in both
multiplied by 6. Thus, T, is divided by the same factor, assystems, and for Rayleigh fadidg = 0. We brst show results
required. We can now state our Pnal theorem. Its proof followghere we have performed space-downscabinty.
immediately from our discussion.

Theorem 2:Under a deterministic propagation model, thé. Simulation results with space-downscaling only

scaled-in-time replica preserves the performance of the origi-gq the experiments presented here, geulationtime for

nal system as a function of time. Under log-normal shadowirgiy the original and scaled systems v2@0Gec. Figure 2

or Ricean/Rayleigh fading, performance is preserved in disttinoys the distribution of the end-to-end packet delays (up to a

bution. These results hold § > 1. delay of40ms), under the aforementioned propagation models,
Hence, rather than performing experiments with the origingd, gn original area sizel = 1400x1400m2. (Similar results

system for some time duratidh, one can perform experimentsyq(d for other area sizes.)

with the scaled-in-time replica for a much smaller time dura- ¢ js evident from the plots that the scaled-in-space system

tion 3 T (for § large), hence reaching to conclusions aboylan predict the distribution of the end-to-end delays of the

the network behavior much faster. original system with a high accuracy. For the cases of Ricean

and Rayleigh fading, we also present the distributions of the

. . . . end-to-end packet delays when the carrier frequency is not
In this section we use the rissimulator [17] to Verity gcajed according our procedure (i.e. not multiplied Hy),

our theoretical _arguments a_nd to demonstrate how accu_re_ltﬁll}f instead retained equal to that of the original system. As we
the scaled replica can predict the performance of the original, see in these cases performance prediction is less accurate

ngtwork .under reallstl_c settings. We show results with a expected, since the received signal power does not exhibit
without time-downscaling. We compare the end-to-end paclﬂal;e same time-correlations between the two systems.

delays, the systemOs throughput, and the drop ratio (dEDn‘?—qgure 3 shows how accurately the scaled-in-space replica

as the ratio of the total number of packets rece ved over t & predict the packet drop ratio of the original system for
total numberc?f par(]:kelts sent), bfmﬁe; th_e ongmgl land Sc‘jc ious area sizes. And Figure 4 does the same for the systemOs
systems, under the log-normal shadowing model, an oughput. For the cases of Ricean and Rayleigh fading, we

R|cear1/Raer|gh fading model. Current ﬁsmplementatlons Present again the results when the carrier frequency of the
only simulate the large-scale log-normal shadowing model. To

simulate small-scale Ricean/Rayleigh fading we have appliedsimijar results hold for non-Poisson arrival processes, other mobility
the ns2 extension described in [13]. models, and other routing protocols.

5

VI. SIMULATIONS
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original system is not scaled according to our procedure. Algmresent those due to space limitations.). Recall that now, the
notice that the plots show theormalizedarea size for the scaled replica runé times faster than the original system. For
scaled system, where the normalization is done as followstlife results presented here, we have run the original system for
aA is the area size of the scaled system, t%ﬁ: Ais its 2000sec of simulation time, and the scaled replica 200sec

normalized area size. only, sinced = 10.
It is again evident from the plots that the scaled system can
predict the performance of the original system quite accurately *

and that if the carrier frequency is not scaled accordingc °
to our procedure, performance prediction is inaccurate, a ges
expected. Next, we show results, where in addition to space ..
downscaling, we have also performed time-downscaling.

Drop Ratio
o
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B. Simulation results with space- and time-downscaling 5
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Normalized Area Size (Km?)

Figures 5..7 show how accurately the scaled system (in both ()
space and time) can predict the performance of the original
system, under the log-normal shadowing and the Ricean fadﬁ%e;'] fa
models. (The results for Rayleigh fading are similar. We do not
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Packet drop ratio (i) under log-normal shadowing, and (ii) under

ding. (Space- and Time- downscaling.)
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Third, we plan to perform experiments on actual testbeds
to further validate our Pndings under more realistic settings.

And Pnally, note that in this study the number of nodes
between the original and scaled systems was left unaltered.
This made it feasible to build scaled-down replicas having
the same connectivity properties and carry the same amount
> of trafbc, as the original network. Another interesting, yet
challenging, future work direction is to investigate whether

could build scaled-down replicas consisting of only a

fraction of nodes from the original network. In this case, it

is unclear how one can maintain the same connectivity and
trafbc between the original and scaled systems. However, this
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Fig. 7. Normalized average end-to-end packet delays (i) under log-normal
shadowing, and (ii) under Ricean fading. (Space- and Time- downscaling.)

kind of downscaling could be used to reduce the computational
requirements of simulations and expedite experiments, since

would need to work with fewer nodes. While this has

been done for the case of wireline networks that resemble

Internet [8], no such study exists for the case of mobile

wireless networks.

REFERENCES

P. De, A. Raniwala, S. Sharma, and T. Chiueh,, OMIiNT: A miniaturized
network testbed for mobile wireless research,®rioc. of INFOCOM
2005.

2] V. Naik, E. Ertin, H. Zhang, and A. Arora, OWireless testbed Bonsai,0

Notice that the plots show theormalizedthroughput and (3]
delay for the scaled system, where the normalization is done g
follows: (normalized throughput)(throughput)é, and (nor-
malized delayy (delay)é. These normalizations can be easily[ |
justibed by the construction of the scaled-in-time system, as aﬁ
time-intervals were multiplied b)%. Also, the normalization [6]
of the area size is performed as described earlier. From t
plots we observe again that the scaled replica can predic

performance quite accurately.
(8]
VII. CONCLUSION AND FUTURE WORK

In this paper we have studied ways of constructing suitf]
ably scaled-down replicas for efpcient performance prediction
of large-scale mobile ad hoc networks. We have identiPed)
necessary and sufpcient conditions for the downscaling to
be possible, and we have supported our results using both
theoretical arguments and realistic simulations. [11]

We have several interesting directions for future work. First,
we believe that it is very interesting to investigate Whethtf*zfz
one could build a suitable scaled-in-space replica, under small-
scale fading, without the need of scaling the carrier frequendigl
If such a downscaling is possible, it would alleviate the
problems that may arise when attempting to scale the carrnies
frequency, and hence would allow us to build even smaller
replicas. [15]

Second, we are planning to investigate whether one can
build scaled-down replicas for the case of ad hoc networks
with signibcant propagation delays, and in such cases to std
the impact of downscaling on trafbc with feedbaelg. such [17]
as TCP trafbc. The downscaling in this case could be used®
facilitate efpcient testbed experimentation for emerging classes
of such kind of networkse.g.such as underwater networks.

in Proc. of WiNMee 2006.

D. Maltz, J. Broch, and D. Johnson, OExperiences designing and building
a multi-hop wireless ad-hoc network testbe@fU TR99-116 1999.

H. Lunndgren, D. Lundberg, J. Nielsen, E. Nordstrom, and C. Tscudin,
OA large-scale testbed for reproducible ad hoc protocol evaluations,O in
Proc. of WCNGC 2002.

B. A. Chambers, OThe grid roofnet: A rooftop ad hoc wireless network,0
MIT Masters Thesis, Tech. Reg002.

J . Lei, R. Yates, L. Greenstein, and H. Liu, OWireless link snr mapping
onto an indoor testbed,0 Mroc. of Tridentcom2005.

K. Psounis, R. Pan, B. Prabhakar, and D. Wischik, OThe scaling
hypothesis: Simplifying the prediction of network performance using
scaled-down simulations,0 roc. of ACM HOTNETS2002.

F. Papadopoulos, K. Psounis, and R. Govindan, OPerformance preserving
topological downscaling of internet-like networks)BEE Journal on
Selected Areas in Communicationsl. 24, no. 12, 2006.

E. Ertin, A. Arora, R. Ramnath, M. Nesterenko, V. Naik, S. Bapat,
V. Kulathumani, M. Sridharan, Hongwei Zhang, and H. Cao, OKansei:
A testbed for sensing at scale,OPioc. of IPSN/SPOT,S0086.

N. H. Vaidya, J. Bernhard, V. Veeravalli, P. R. Kumar, and R. lyer,
Olllinois wireless wind tunnel: A testbed for experimental evaluation of
wireless networks,0 iRroc. of ACM SIGCOMM E-wind Workshop
2005.

J. Kong, J. Cui, D. Wu, and M. Gerla, OBuilding Underwater Ad-
hoc Networks and Sensor Networks for Large Scale Real-time Aquatic
Applications,O irProc. of MILCOM 2005.

] T. S. Rappaport, Wireless Communications: Principles and Practice

(2nd Edition) Prentice Hall PTR, 2001.

R. J. Punnoose, P. V. Nikitin, and D. D. Stancil, OEfbcient Simulation
of Ricean Fading within a Packet Simulator,0 Pioc. of Vehicular
Technology Conferenc000.

OIEEE 802 LAN/MAN standards committee,O http://www.ieee802.
org/22/Meetingdocuments/2009uly/22-05-0048-00-0000VRAN_
Multipath_Channel Considerations.doc.

Charles E. Perkins and Pravin Bhagwat, OHighly dynamic destination-
sequenced distance-vector routing (DSDV) for mobile computers,0 in
Proc. of SIGCOMM 1994.

David B. Johnson and David A. Maltz, ODynamic source routing in ad
hoc wireless networks,0 Mobile Computing 1996.

ONetwork simulator,0 http://www.isi.edu/nsnam/ns.

J. Broch, D. A. Maltz, D. B. Johnson, Y.-C. Hu, and J. Jetcheva, OA
performance comparison of multi-hop wireless ad hoc network routing
protocols,O iMobile Computing and Networking 998.



