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Abstract— Commonly used frame loss models for simulations rather than the specifics of the network cards or the protocol

over Wi-Fi channels assume a simple double regression modelConsequently the results are useful for a wide range of
with threshold. This model is widely accepted, but few mea- simulation applications.

surements are available in the literature that try to validate . . . . .
this commonly used model. As far as we know, none of them IN this paper we examine how ad hoc point-to-point Wi-

is based on field trials at the frame level. We present a series Fi behaves at the frame level, with both ARQ and dynamic
of measurements for relating transmission distance and packet rate switching disabled. As far as we know no results have
loss on a Wi-Fi network in rural areas and propose a model that peen published of analogous measurement campaigns. |n fact

relates distance with packet loss probability. We show that a o5q rement campaigns have usually been conducted on com-
simple double regression propagation model like the one used in

the ns-2 simulator can miss important transmission impairments P1€x network setups [1], or in simple scenarios where ARQ
that are apparent even at short transmitter-receiver distanes. algorithm was always used, hiding the underlying framererro
Measurements also show that packet loss at the frame level is aprocess details [2], [3], or else by aggregating many daers
packetloss probabilly 0 the received signal el using siandard <UL that sum up different propagation effects [4], 5]
ac ili , : :

Pnodels for a%ditive W}I;ite Gaussian noisg channels. Tr?e resulting W_e ﬂnd_ that a tWO-ray model is ade_quate to describe the
model is much more similar to the measured channels than the relationship between distance and received power. In asntr
simple models where all packets are received when the distancewith the so-calledwo-ray CMU Monarch model used in ns-2
is below a given threshold and all are lost when the threshold is [6], which is in fact an approximate double regression model
exceeded. in our measures we observed that the received power does not
monotonically decrease with distance, but has a significant
“hole” where the direct signal and the ground-reflected align

A fundamental issue in any MANET simulation is how tdnterfere destructively.
model the packet loss process as seen by the application anfihe second aspect we explore in detail is the relationship
routing software. between the received power level and the frame error process

Most MANET simulations assume a Wi-Fi rural networkye find that the frame error process is Bernoullian at time
scenario, where packet loss is the outcome of a three-staggles of few seconds, and that the error probability cjosel
process. The lowest-level stage is the frame error prodesss, follows the law for coherent PSK demodulation in AWGN
is, the statistical description of the occurrences of astratted  (Additive White Gaussian Noise) channel. This contrasté wit
IEEE 802.11 frame being received in error and discarded, gf'np|e models where all packets are lost if the distance
not received at all. Next comes the ARQ (Automatic Repeakceeds a given range.
reQuest) stage described by the MAC layer, whereby theThese results may prove useful for simulations of mobile

ACK. In this case, it retransmits the frame up to a configurabhs mopility.

number of times, typically set to 7. On top of this, Wi-Fi
interface; impleme.nt r_‘nulti-rate. switching usipg some kind Il. HARDWARE AND SOFTWARE
of dynamic rate switching algorithm, by choosing among the
available modulations and codings in order to better exthei ~ We performed our outdoor rural measurement campaign
instantaneous channel conditions. What applications ngnniusing two IBM Thinkpad R40e laptops (Celeron 2 GHz with
on a Wi-Fi network see is the outcome of all three stage256 MB ram running Debian Linux with a 2.6.8 kernel),
In this paper, we propose a simple yet effective model for tigguipped with CNet CNWLC-811 IEEE 802.11b wireless
frame error process, which is based on extensive measutemeards and standard drivers. The cards were put in ad hoc mode,
in a rural area using laptops with standard Wi-Fi interfacesso that it was not necessary to depend on an access point, and
The procedure used for the measurements is chosen in snghmanagement overhead was present except for the periodic
a way that the characteristics of the channel are measureéacon.
We disabled fragmentation, RTS/CTS, retransmissions
This work was supported by the CNR/MIUR program “Legge 449/9(ARQ) and dynamic rate switching. We used different fixed
(project 1S-Manet) and by the European Commission under thegdean ds of 1. 2 d 11 Mb/ ith a fixed f | h of
Satellite Communications NoE (SatNEx I, IST-27393) withie 5th Re- SPE€€US O 1, 2, 5-_5 an S_* with a _'Xe _rame ength o
search Framework Programme. 1000 bytes, for different transmitter-receiver distances

I. INTRODUCTION: CONTEXT AND OBJECTIVES
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By disabling ARQ, the MAC layer transmits each packet \ ?E%%\é'a@) ,,,,,,,, |52"e(§%'\§% —

only once, rather than trying to retransmit a frame up to 8 I deciry o\ 40d

times after a loss. This means that we sampled the chann@'10 T
at a constant rate of 500 frames per second, thus accurate \
measuring the frame error process in the time domain, usm% ' \

200000 frames for each measure. (,9;
The rural environment was a wide uncultivated field with §'3°

an unobstructed line of sight. g
@ -40

We wrote Vbrsr [7], a pair of programs for sending and

receiving frames with the aim of collecting statistics abou

frame errors and power levels, which is released with a free >°1 10 100 10001 10 160 1000
. . . . Distance (m) Distance (m)

software copyright license and is available for download at

http://wnlab.isti.cnr.it/paolo/measurements/Sofvaiml. Fig. 1. Comparison between 2-ray propagation models at Wi @SM

[1l. TWO-RAY PROPAGATION MODEL frequencies for = f, =1 m.

Previous studies found that path loss characteristics i8 LO

0

(line of sight) environment are dominated by interference Do blezr'slg\;ﬂre_.-sgsi_olrg “g’_dg%':
between the direct path and the ground-reflected path [8], as ™ | ~\ "Measures —— |

in the two-ray model, in the following referred to 2RM. 20 | \ MDD oo

This model is characterised by taeak point that separates = 1Mbps threshold ---
the different properties of propagation in near and faraegi /

relative to the transmitter; before the break point, the mea3z - V

attenuation is close to the free-space path Ibs#?, while 50
after that point it decreases agd*.

A good approximation of this behaviour is tlieuble re-
gression model suggested by [9], where 2RM is approximated © 1
by two slopes meeting at the break polntwhose position is
to be chosen within a transition region:

’/Th,thr
<b< ,
A A
Fig. 2. Measured signal level, double regression model andrtyy model.
where#, is the transmitter antenna hEIngI,, is the receiver Error bars indicate 0.05, 0.50 and 0.95 quantiles of obsevedues.
antenna height, and is the wavelength of the radio signal.
The two-ray CMU Monarch model used in ns-2 [6] adopts the

double regression model, with the break point set to the same as that received at 160 m; the error with respectto th
hih, 2y double regression model is about 24 dB at that point. This is
A an important observation, because it means that, withcatrti
For frequencies in the hundreds of MHz, such as thogelarisation, connection can be lost at very short distarice
considered in [9], 2RM has a trend that is well-approximategtie transmission range of the card is less than about 160 m.
by a double regression model. However, in the case of Wi-F/hile, in our measurement, we observed transmission ranges
the double regression model is less suitable for approxmat of about 200 m at 11 Mb/s, any reduction in the transmission
2RM, as shown in Figure 1. range will make the effect of the hole apparent and break
Given the above considerations, we propose to substit@@nnectivity.
the two-ray CMU Monarch model used in ns-2 (in fact a A transmission range reduction may be consequent to one
double regression model) with 2RM. The main reason is that more different effects, such as a less sensitive regeiver
2RM correctly models the “hole” that we observed in oua speed higher than 11 Mb/s, a non-direct antenna orienta-
measurements at a distance of about 15 m. tion, a mismatch between transmitting and receiving argenn
Figure 2 shows the measured values superimposed over pibéarisation, or scattering due to obstacles very closéh¢o t
two-ray CMU Monarch model and on the proposed 2RM.transceivers. Such effects are probably very frequent; one
We computed the measured signal level in dB by fitting thexample are the transmission ranges observed in [2], which
observed values with a -40 dB/dec slope for distances greatary from 30 m to 120 m at different speeds compared to
thenb, and estimating that a tick on the received signal levéie ranges we measured, which vary from 190 m to 340 m.
provided by the card represents 0.6 dB. Another example is the horizontal radiation pattern messur
In our case, with nodes at 1 m height from the ground, 2RM [10] for two D-Link DWL 650 PCMCIA cards: signal
predicts a hole at 16 m where the received power with verticstrength variations in excess of 10 dB are possible, and
polarisation and an estimated relative permittivityof 15, is variations of 3 dB are normal when changing the orientation
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by 20°. Since this can happen for both the transmitter and the Fit of observed values with QPSK in AWGN
receiver, one can get signal strength variations in excéss o . ag%\ RS
9 REng

20 dB due to the horizontal radiation pattern alone; comide

the vertical radiation pattern would increase these number
As a consequence, rural area simulations for mobile network no
(MANETS) should consider transceivers whose performanceé
is generally less than the declared one, that is variable t§

keep taking the changing orientation into account, and thag 11 Mbls 500 B »
may show a hole in the transmission range at about 15 nf g |11 Mb/s 10008 - N
for transceivers at 1 m height from the ground, especialty fo 55Mb/s500B0 \ ) .
(5.5 Mb/s 1000 B o X o
speeds greater than 11 Mb/s. 5.5 Mb/s 1500 B B o,
The 2RM in Figure 2 is the signal strength at a distaice e e - e

relative to the signal strength at 1 m; it is expressed in dB by 0.001 5 2 Mb/s 25003 . L . : DQ@ 9

84 |2 RSSI scaled to dB

1 eg27r7'
Lq = 101og;g d +T d+o |’ ®) Fig. 3. Fit of Equation 4 with measured values.

where 64 = \/(ht 4+ h)2 + d2 — \/(hy — h,)? + d2 _ _
We considered the autocorrelation of the samples, the burst
is the path difference between the direct and the reflectedd raand gap length distribution, the coefficient of variatiorbafst
I" is the reflection coefficient, which for non-conductive, nonand gap lengths (that is, the ratio of variance over mear), an
ferromagnetic materials is a real number between -1 andfdund out that all are consistent with a Bernoulli procebaf t
different for parallel (horizontal) and perpendicular ifi@al) is a process where frame errors are independent and idéntica

polarisations: distributed over time spans of a few seconds.
ersin(6) — k sin(6) — k We further .tested this conclusion by using a chi-square
Lhor = o sm(@) Tk’ Lper = sin(0) - k goodness-of-fit test to test the null hypothesis that thestour
" and gap lengths are geometrically distributed, by sptjttime
where k = \/e, — cos(0)2, 6 = arccos d traces into equal length segments, with lengths varyinghfro

V/(hi + h.)2 +d2 100 to 80000. We verified that the null hypothesis is not
rejected 90% of times at significance level 5% with a window

Typical values for the ground relative permittivity. are 4, length of 1000, which is consistent with the Mann-Kendal.tes
15, 25, while polarisation of the radio wave may change ' '

significantly due to reflection or scattering process [11]. B. AWGN model

The most commonly used type of antennas are vertically
or horizontally polarised [12]. In the following, we consid
vertical polarisation because it is more widespread anduse
the hole is significantly deeper in this case, making it a wo
case scenario.

We found out that modelling the propagation channel as
a simple additive white Gaussian noise channel with perfect
rsynchronisation provides a good fit with observed resulis, a
ghown in Figure 3, where observed frame error rate is plotted
versus received signal strength indicator (RSSI) plus a con
IV. LOSS PROBABILITY VERSUS POWER LEVEL stant value found by minimisation of squared log difference
eSrgecifically, the law relating frame error probabilitywith

In [4] a series of measurements is presented that Wreceived power is well approximated [13] by

obtained while comparing simulation results with experitaé
ones in MANETSs. While interesting and compatible with our =1 — [1 — erp(R + gp)]8lp [1—erp(R+ga), (4)
own results, data are aggregated over many positions, and
cannot be directly compared with our limited but precisely with erp(z) = lerfc(l()%%
controlled scenario. 2

Our aim is to find a statistical relationship between framaherel, andl, are the lengths in bytes of the PLCP header

errors and received power level. and of the MAC data part, respectively; andg, are the rate
gains in dB for the PLCP header and the payload, respectively
A. Frame error process which depend on the transmission rafjs the ratio of chip
First of all, we made a series of statistical tests aimed amergy over noise at the receiver in dB, relative to 11 Mb/s
characterising the frame error process. rate.

We evaluated the stationarity of the errored frame seqeenceHeader and data lengths are summarised in Table |. Rate
using the Mann-Kendall on the traces split into equal lengtiains relative to the 11 Mb/s data rate are obtained from
segments. We found that, at 0.05 significance level, all tfi#4], [15], [16]. Header lengths include 8 bytes of LLC+SNAP
traces pass the stationarity test with a segment length @ 1theadersg,, for rates of 2, 5.5 and 11 Mb/s are given for long
samples, i.e., 5 seconds. (short) preambles.



RATE-DEPENDENT PARAMETERS OFEQUATION 4.

TABLE |

[ Bitrate [ I, [byte] Iy [oyte] [ gp [dB] [ gq [dB] |
1 Mb/s 6 36 + payload +7.9 +7.9
2 Mb/s 6 36 + payload| +7.9 (+4.9) +4.9
5.5 Mb/s 6 36 + payload| +7.9 (+4.9) +3.0
11 Mb/s 6 36 + payload| +7.9 (+4.9) 0

6 Mb/s 3 44 + payload +5 +5.0

9 Mb/s 3 38 + payload +5 +3.5
12 Mb/s 3 38 + payload +5 +1.9
18 Mb/s 3 38 + payload +5 -0.6
24 Mbls 3 38 + payload +5 -3.8
36 Mb/s 3 38 + payload +5 -7.1
48 Mb/s 3 38 + payload +5 -11.5
54 Mbl/s 3 38 + payload +5 -12.8

computed as in Equations (5) and (3). kEprwe recommend

a value of 15, and the use of vertical polarisation, which
is both commonly used and the worst case. A value pf

set to 0 dB means a range of 200 m at 11 Mb/s. If one
wants to simulate a receiver with a better/worse sengitivit
dr should be increased/decreased by the corresponding dB
value. Alternatively, if one wants to increase the range by a
factor«, they should seR = 40log;,(«). As shown in ([10]),
attenuations up to 10 dB for each antenna due to pointing are
reasonable assumptions. This means that each node should
define a suitable attenuation value with respect to eachr bthe
decreasingR for anything but a perfect pointing. For moving
nodes, this attenuation should be made a random variable

changing over time.

C. Practical usage

As far as the value oR in (4) is concerned, it must account
for the path loss computed using (3), plus an offset accognti
for transmission power, antenna gain depending on orientat 1
and type, internal noise of the receiver, and other possible
sources of noise like scattering due to obstacles near the
antennas. Let us define a reference scenario, consistamt wit
our measurements and the receiver sensitivity as defined (i)
IEEE 802.11. We consider two stations placed at 1 m height
from ground that transmit a sequence of frames containing!
1024 bytes of data at 11 Mb/s, with a frame error rate of 8%
at 200 m. Given the frame length, the rate and the frame error
rate, from (4) we obtai? = 9.6 dB. (4]

2RM is practically coincident with the -40 dB/dec asymp-
tote for distances greater than the break point defined in (2)
200 m is farther than the break point when the height from
the ground of equal-height nodes is less than 1.4 m, whi
is consistent with our previous assumptions. We can thus
approximateL, given by (3) with

47 hih, [6]
A d? )
which, ford = 200 m, givesL,; = -51.9 dB. This gives us the
relationship in dBR = Ly + 61.5. [7]

More generally, the value aR in Equation (4) should be
set to

Lg = 201log

R=L;+61.5+0g (5) (8l

where dr is a value in dB that accounts for different trans-
mission power, receiver sensitivity, gain of transmittiagd (]
receiving antennas, long-term instability of the receised [,
possibly near-field scattering. In our experiments, theieal
of 6 we observed varies between -2.3 dB and +3.4 dB. We
attribute this variability to small changes in antenna pom
from one measurement to the next, to slightly different posgiz)
tioning of the laptop on the small table we used, leading to
different scattering in the vicinity of antennas, and to asl
oscillation of received power level that we can observe for g
period of about 20 minutes, which may be the effect of thermal
instability within the PCMCIA cards. (14]
For a generic simulation, then, we recommend using (4),
using the parameters listed in Table (I) and a value Kor

11] T. S. RappaportWreless Communications, 2nd ed.
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