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Abstract

In recent years, IEEE 802.11 wireless networks have become the most

upports multiple transmis-

sp ctral ciency.
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various routing algorithms has been studied extensively in the litera-
ture. However, little work has been done to evaluate the cross-layer
impact of rate adaptive algorithms in WMN environments. In this pa-
per, we compare the performance of several rate adaptive algorithms
to exploit the multi-hop performance in WMN environments. In ad-

dition, a novel rate adaptive algorithm is proposed via the machine



learning approach to robustly reflect the channel information. The
goal of our design is to maximize the spectral efficiency. Through
extensive computer simulations under different channel and topology
environments, experimental results demonstrate the proposed algo-

rithm outperforms other existing algorithms in WMN environments.
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Chapter 1

growth over the past few years. A mesh network consists three components:

Mesh Point (MP), Mesh Portal (MPP) and Mesh Access Point (MAP) according
to IEEE 802.11s mesh standard (in draft) [2]. MP supports the mesh services of
control, management, and operation of the mesh network. A mesh point which
connects mesh networks to other networks is called MPP. And if MP also func-

tions like an Access Point (AP), it is called MAP. The performance of WMNs



1. INTRODUCTION

depends on both the routing policy and the transmission rate. The routing policy
is a critical subject in mesh networks [3-5]. In mesh networks, the route for a sta-
tion to forward data may have a lot of options. In some sense, choosing a distinct
route to forward data would lead to different performances. The performances
of various routing policies have been studied extensively in the literature. How-

ever little work has been done to exploit the cross-layer impact of rate adaptive

algorithms in WMNs.

How to pick the most sui ‘fe_i_s *Ch&ll@%
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SNR and the transmission statistics in MAC layer. That is, it is difficult to derive
the reliable transmission rate based on the information of SNR. Recently, several
well-known algorithms, including Automatic RateFallback (ARF) [8], Adapta-
tive ARF (AARF) [12], Collision Aware Rate Adaptation (CARA) [13], Robust
Rate Adaptation Algorithm (RRAA) [9], Stochastic Automata Rate Adaptation

(SARA) [14], and SampleRate [11] are proposed using the statistics of the packet



1.1 Introduction

delivery in the MAC layer. Those solutions provide a practical design guideline
and report good throughput performances in some testing scenarios. However,
several studies [9,14] also point out the inadequacies of current rate adaptive al-
gorithms. The inadequacies include the predefined thresholds [8], probe packets
of accessing possible new rates [8,11,12], being unable to exploit the short-term

channel gain in a dynamic fading environment [11], and the inefficiency in terms
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acteristics. Experiments are performed usmg the commercially available simula-
tor QualNet [16]. As shown by the experimental results, the proposed algorithm

outperforms the existing algorithms.
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Chapter 2

formance in a stable environment. AARF reduces trials for a higher rate while

may degrade the system performance. ARF and AARF use consecutive ACKs
to raise the rate, but consecutive ACKs is not easy to achieve. Therefore those
algorithms tend to choose MCSs with lower transmission rate. Besides, consecu-
tive ACKs have less and less correlation with regard to the channel conditions in

a multi-station environment.



2. RELATED WORK

2.2 CARA

Collision-Aware Rate Adaptation (CARA) [13], another extention of ARF, adopts
RTS/CTS to effectively avoid collisions. If the first ACK is missed, RT'S is enabled
at the next frame. If the next transmission is still failed, the station will decrease

the current rate; otherwise, the station will continue the current rate and disable

RTS. The other operations of CARA are Just like ARF.

attains to the estimation ‘ 1 : 1 il , ‘ st%ﬂ%&lhes the

Mo i ge%@f MTL, the
O@ze li @@y the new rate.

te in the next window.

station decreases the rate 1 -";r: e next -vﬂi%ow..wh

If the ratio is less than ORI, the

The rate remains the same in other cases. nestimation window is renewed if the
timer expires because RRAA wants to keep the newest statistics in the record.
In addition, RRAA uses adaptive RTS to avoid collisions. The concept is similar
to CARA, but RRAA designs an RTS filter to turn on RTS filter. It can prevent
from the drawback of RTS oscillation, which means RTS alternates between on

and off.



2.4 SampleRate

2.4 SampleRate

SampleRate [11] is introduced by Bicket in his master thesis at MIT. SampleRate
calculates the average transmission time of a packet for each rate, and switches
the rate by choosing the rate with the minimum average time. SampleRate
counts the transmission time in the packet level according to the retries. Per

10th packet, SampleRate will randomly choose a rate which has the transmission

time less than the currentate: (o gat] of different rates. SampleRate
I (G
gathers statistics in'the past-@lﬁed 0 seconds). If there are
Au) =
four successive led S

SARA ?

of each r fe. A { i hare 3al bﬂ:ﬁlﬁ : ::- then pick one
rate accor o >babif ] : %@1@ .".n"a‘l e chosen rate is
successful, S tydﬂ:d':ifr ‘rate and decrease

the others. If the ch: i an d SLA will converge into
- . HoLe
the best rate. However eeha is ti aryir 1, the best solution is changed

depending on the channel dyﬁamlc t may take time to find the new suitable

rate while using the approach of learning-automata.
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Chapter 3

Proposed Algorithm

In this paper ; ion algorithm. The

goal of our hput is defined
as the a upper-layer of
the destiftation coimunicafiof. system. Mgt b |y PHY layer but,also MAC layer
= e , ' * :
has an ortant e cross-layer correlation
betweer 4y litﬁ%pe nsidered. To
, O
achieve t , ised to have the following
characteristies: . 0106 irelods nnels; 2) to avoid
improper adjustmeént ﬁ%. ﬁ?t y, to be compatible

with IEEE 802.11 st 50U -algor.lithm'fs ased approach.

3.1 Cross-layer performance between MAC and
PHY layers

Wireless channel conditions change in time creating random fluctuations of
the received power level, or fading. Packets transmitted using Modulation and

Coding Scheme (MCS) of high data rate may fail due to the corruption from



3. PROPOSED ALGORITHM

bad channel conditions. If the number of failed transmissions is within the retry
count, the packet will be retransmitted again. If the number of failed transmission
is larger than the retry count, the packet will be dropped. And the packet drop
probability Py, is given as:

Pirop = P (3.1)

where P, is the packet failed probability (which means a packet encounters either

doubling the wit
culation is sum _.. i

The average pack

'1 yE
by:

L0 . g LT
E[N,], the average number of slot tlm F ST “transmitting a packet, is

given by:
Pm+ 1 ) Wi+1

Z 1_Pm+1 : ’ (33)

=0
where W; is the contention window size at the backoff stage 7. The average length

of a slot time E[Ty,| is equal to:

ETgn) = (1= Pyo) + Py x PsxTs + Pyox (1 — Py) T, (3.4)

10



3.2 Algorithm Description

Where o is the duration of an empty slot time, P, is the probability that at least
one station will transmit a packet and P; is the probability for a packet which is
successfully delivered. Ty and T, denote the average times the medium is sensed
busy because of a successful transmission or collision.

Therefore, the average transmission time to deliver a packet should be cal-

culated as the total delays of the successfully transmitted packets plus the time

3.2 Algorithm Description

Our algorithm can be denoted by R,,(C, P(C)) where R,, is the chosen trans-
mission rate, C' denotes an estimator of channel states, which is to predict the

likelihood of success for each MCS promptly, and Ps denotes the decision policy

11



3. PROPOSED ALGORITHM

to choose the rate. The devised mechanism is to maximize the spectral efficiency.
That is to find the minimum average system transmission time t,, for a given
MCS given the estimated channel information. In other words, our strategy of

selecting MCSs can be described as:

R,, = argmint,, (3.8)

estimate the channel

- :. -
state. A maximum likeliho Gﬁ_ﬁiev d;%t
i ==
packet being transmitf W Tespec i

transmission is tr 0 c 8t 4 event in §

process is either u ture
of the channel can be, estin as Elefcribed plow. | | :':,
Y - Y oy @

The pseudo codeo the prop 2 vt : na in Table 3.1

._'t

parameters

-" REDCF = | ;
Tx_rate the chosen transmission rat CHIr e [0 (ol B
Tx_time; The transmission delay using rate i;
Numli] the number of using rate i in the past 100 frames;
ACKTi] the successful transmission of using rate i in the

past 100 frames;

count determine when to chooses the rate;

enableRT'S record whether the RT'S/CTS opened;

12
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3.3 Maximum Likelihood Estimator

recACK
recCTS

record whether ACK is missed;

record whether CTS is received;

T T
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—o—2Mbps
——5.5Mbps
——11Mbps

508
0000 00005

...........

Figure 3.1: The av
for different MCSs.

3.3 Maximum Likelihood Estimator

There are two possible outcomes of a frame transmission, success s and failure
f. The sample space contains two events, s and f. Let X be a random variable

defined by X(s) =1 and X(f) = 0. The frame success probability is defined as

13
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3. PROPOSED ALGORITHM

Table 3.1: Main Steps of the proposed rate adaptive algorithm

Summary of the proposed algorithm
initialize: Numli]=0,count=9,recACK=1,recCTS=0

1. repeat

2. if ACK is missed then
3. recACK = 0;

4.

5.

6.

7.

8.

9.

22. else

23. Tx_rate =1+ 1;
24. count = 9;

25. end

26.end repeat

14



3.3 Maximum Likelihood Estimator

the conditional probability that a frame transmission would be successful given
a modulation and coding scheme MC'S;. It is denoted as p; = P(X = 1|MCS;).

Suppose that there are m MCSs. When a station has a frame to transmit,
we are interested in the frame success probabilities of this frame for all m MCSs.
Although this frame is not transmitted yet, an estimated frame success probability

p; for i = 1,...,m could be obtained by a mazimum likelihood estimation method.

The collected samples of X areseparated according to each individual MCS,

(3.9)
We defi
(3.10)
The maxi nt p; that max-
imizes the log
(3.11)

15
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Chapter 4

N 3 |
1) . d .
We evaluate. 3, 1 1 g d § . extensive computer
: s

thtio .ﬂ ols and channel

. . Chee
simulations s@ﬁ al

models.

"as AARF [12],

A algorlt ms, such

CARA (12
19/,

=i
802.11b ¢ »:

—
(

\g 1rel  channel mod-

) Iﬁﬂh’(}l -the large scale

orf

els are con

fading mode el \ with'R “k"'r factor of 3) as

l-

the small sca e fadi 0K , R i reedy mode, which

means a station alway of 100sec and the pay-

il

load size is 1500 bytes o - S enarios are ed to xp101t the characteristics
of rate adaptive algorithms: 1) single transmission link with the fixed distance
2) single transmission link with different distances; 3) several transmission links
with the same distance in a infrastructure mode; 4) several transmission links
with different distances and mobilities in an infrastructure mode. And then we
evaluate the performance of each algorithms in 802.11-based mesh network. The

topology of the wireless mesh network is shown in Fig. 4.1. Mesh Portal Point is

17



4. SIMULATION SET-UP

placed at the black node (in the center of the leftmost stations). Three different
distances between stations are chosen in order to evaluate the decision flexibil-
ity of various algorithms. Since the transmission range of 11 Mbps is about 340
meters, the experiments are performed in three scenarios of (1) 250 meters (the
best fixed transmission rate is 11 Mbps), (2) 370 meters (the best fixed rate is
5.5 Mbps), and (3) the mixed distances of 250 and 370 meters. The distances

are chosen because, for a single transmi; ' o .:_ 11 Mbps performs the best

in 250 meters and 5.5 Mbp ,,~ -'?v" 111 37 e% “”’;1-1';&_ a static channel
"-' ' 5
S

Ricean fading wit ..'I‘-‘E
;
stant Bit Rate traffic of a
Ly 5| i

in the experime
._"

fl
pted
nd the

routing protocol;

o

External
Network

Figure 4.1: The simulation topology of a WMN.
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Chapter 5

Simulation Re i
Tq{:.uL? f?.{r.::r

& 2 E @@T '~
5.1 S:é?fe’?fa—n sion M \@‘thqg Fixed Dis-

=

tance o
.‘ LT, ] i' : " i u-'!ﬁ‘.u H'E ! -:'
& p ' | et 8
Table 'k{{ The gthroughptit Pﬁf h algog 5 in Fig.bi1, Fig. 5‘5_'; Fig.5.5, and
Fig.5. T | : ﬂ -
g.5. :__'E" . - 7 " wi
Algoriﬁ?hs (4) L::_._’f (5 (6)
AARE ~1,3:8 1M ps 850 bps || 0.83 Mbps | 0.39 Mbps
CAR}P 3.69 Mbps 0,56 Mbps || 0.35 Mbps | 0.23 Mbps

RRAA o 255 Dps. [ 35 Vibps | 0.29 Mbps | 0.07 Mbps

SampleRate-q%é}S Mb:pghj uo M mfﬁ;;all&ﬁ&‘éﬁ'gps 0.25 Mbps | 0.14 Mbps
Proposed %M 1:89:Mbps || & EMB" S '_;WTMbps 2.04 Mbps | 0.78 Mbps
SARA | 3.07"Mbps.| T-18 Mbps || 3:84 Mbps | 2:27 Mbps | 0.30 Mbps | 0.20 Mbps

SLA_ || 2.93 Mbps | LATMBpSIBE7 Mbps | 2.26 Mbps || 0.30 Mbps | 020 Mbps

a. (1) (2) is the throughput of Fig.5.1 and Fig.5.2.
b. (4) is the throughput of Fig.5.4 with 15 nodes and (3) is (4) without Ricean fading.
c. (6) is the throughput of Fig.5.6 with 15 nodes and (5) is (6) without Rayleigh fading.

In this scenario, two stations are placed with the distance of 280 meters. In
this situation, the rate 5.5 Mbps is the best choice. In this experiment, we want

to investigate the rates chosen by different algorithms when only the large scale

19



. SIMULATION RESULTS

%

100 ‘ ‘
Il 11Mbps
90+ B 5.5Mbps
[ 2Mbps
80~ | |1Mbps
70+
60 ff_-,,
=
501 T
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401 b=
30 ;:w-‘j.
& =
20 : ;{'__‘;\
10 )
0 ]
SLA

-J
-|:-| _.IF

Figure 5.1: The percentage {%ﬁ e chose ﬁr#‘gﬂ ms Wlthout small
Siciol

scale fading.
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5.1 Single Transmission Link with the Fixed Distance

100 \

%

Proposed  SARA

O or%é q,fv

'—ﬁ:}._ _—{; % i)
Figure 5.2: ?ﬁ% l__,every i K ly algorlthms with Rayleigh
fading. " ':bjfj

SLA
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5. SIMULATION RESULTS

fading, without the small scale fading, is used. Fig.5.1 shows the result of the
percentage. It can be observed that the proposed algorithm and SampleRate can
select 5.5 Mbps above 90%, and the proposed algorithm is even a little higher
than SampleRate. SARA and SLA use stochastic automata, so both of them
rarely choose 2Mbps and 1Mbps. One thing worth mentioning is that the rate
chosen by RRAA would oscillate between 5.5 Mbps and 11 Mbps and that is the

reason why RRAA has large percenta 3 heese 11 Mbps. This phenomenon

is consistent with the problem of ping Y ‘ RAA: s reported in the

literature [19]. r
19 @4_53,‘

¥ ; f I‘ih-

Then the Chaﬁ
s

is considered. Th
i)
ness of various

dynamics. Because the cha

rate of 5.5 Mbps%; alwa’
is getting better, 1 ; ‘bpﬁ?u G
[

. onseé'.;aﬁhorlihm

-gh annel is

‘ ‘%ﬁ%m Fig.5.2,

. A@‘fbps |

“the rate of 5.5

90%. When the channel is better, the proposed algorithm would choose 11 Mbps,
and select 2 Mbps or 1 Mbps instead while the channel is bad. This can explain
why, in Fig.5.3, it shows that the performance the proposed algorithm does ac-
tually better than SampleRate does. AARF and CARA take 1Mbps for most of
the time because it is difficult for their mechanism to select a high data rate in a

noisy environment.

22



5.2 Single Transmission Link with Different Distances

5.2 Single Transmission Link with Different Dis-

tances

4. ‘

—+— AARF

--0-- CARA

--+-- RRAA

~+ SampleRate

Throughput(Mbps)

strates the throughput performance; In general, the throughput of every rate
adaptive algorithm decreases as the distance increases . Among existing algo-
rithms, RRAA performs the best. Similar observations has been reported [9)].
We observe that the proposed algorithm performs almost the same as RRAA
does in this scenario, better than SampleRate does. Because Rayleigh fading is

a violent dynamic model, the timely and robust statistics is necessary in order

23
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5. SIMULATION RESULTS

to make the decision of choosing the appropriate MCS promptly in such chan-
nel conditions. The proposed algorithm exhibits such a characteristic and this
is why it always produces better performance than others when the distance is
below 330m. AARF and CARA are little higher than the proposed algorithm and
RRAA when the distance is longer than 330m. 1 Mbps may be the best choice

when the distance gets longer and longer; when the distance is longer than 330m,

1 Mbps would become the only possible ke a successful transmission.
AARF and CARA choose th@ﬁio ™ ¥bps u1re consecutive

successful transmlssmns-"}_%rd to c]hdf%;"b the he proposed
i 0sé o i

algorithm and RRAA" ould

not doing as goodﬁ

5.3 Mul

In the experiment, %ﬁu‘

-
in an extensive contenﬁ@

5%y
V{@en
Point (AP) stays statlcaﬁ';%a'ﬁhe cen-‘;;g.tr' andgwe }@ llmé'!g‘?r ;)f contending

L&
hosts around AP with the same D.m,._:. ‘L;% performed with two

distances (200m and 300m) and different fading channels. Fig.5.4 presents the
aggregate throughput performances with respect to different numbers of hosts
at the distance of 200m with the small-scale Ricean fading model. It should be
noticed that the best MCS should be 11Mbps at this distance. It can be observed
that the proposed algorithm, RRAA, and SampleRate produce comparable results

when the number of contending hosts is small (less than 8). When the number

24



5.3 Multiple Static Stations in an Infrastructure Mode

Throughput (Mbps)
w

—— AARF
--o-- CARA
==+ - RRAA
-+ Sample
—— Proposed
--8-- SARA
-0~ - SLA

Figure 5.4: Mult
200m

25


MultiNodeRicean200m.eps

%

100

90

80

70

60

50

40

30

20

10

5. SIMULATION RESULTS
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Figure 5.5: The percentage of"'ratg.aseleqtion of each alg?ritﬂms with 15 stations
in fig.5.4. (1) is no small scale fading an'é (2)is with Ricean fading.
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5.3 Multiple Static Stations in an Infrastructure Mode
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300m.
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5. SIMULATION RESULTS

100 L [
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Figure 5.7: The percentage of"feh(?lﬁeq ?tes in an envir'(in-niént of 15 contending
stations in Fig.5.6. (1) is no small scale a&ifg-an‘d (21) is with Rayleigh fading.
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5.4 Multiple Mobile Stations in an Infrastructure Mode

of contending hosts is large, RRAA breaks down quickly. The original paper of
RRAA [9] also reports the weakness of the design. To further investigate the
detailed behavior, we plot the percentage of the rate selection for every algorithm
with 15 stations in Fig.5.4 experiment. The results are shown in Fig. 5.5. There
are two bars for each algorithm. The left bar is the experimental result when only

the large-scale fading is assumed, and is displayed for the purpose of comparison.

In only large scale fading chan SampleRate, and the proposed can
2 5 m

easily make the corriwslon .‘___HMb};g%maﬂ—scale Ricean fading
is applied, RRA.&‘}%%% E lots]d?%ron jons a

E%lef{ate can not make
the flexible On the othd he pr@&ed algorithm can

félon pro 1pt

well explﬁ',@h

the perfd@ﬁance r‘
model 1$H;ed At Bhis distz N : Mlgps.%e percentage

results f%’both lat

Fig. 57 'E‘t"

5.4 Mu 1%‘)1@{ .
ture 1\7?'3%
‘fﬂj’%ﬁﬂfﬁ

>4

In this scenario, an 800m*800m area is created, AP is statically placed in the cen-

ter, and the small scale fading model is Rayleigh. Twenty stations are randomly
placed in the area, and they move randomly at speeds from 1m/s to 10m/s.
We generate the same traffic, saturated CBR traffic, from each station to AP.
Small-scale Rayleigh fading channels are used in the experiment. The aggregate

throughputs of different algorithms are shown in Fig.5.8. And the Fig.5.9 shows
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the throughput of each node.

We observe that our mechanism can achieve the

performance gain over the others more than 200%.
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5.5 Topologies of Equal Distances

In the experiments, we compare the performances in two topologies of equal

distances (250 meters and 370 meters). Fig. 5.10 and Fig. 5.12 show the aggre-

gate throughputs respectively with different rate adaptation algorithms, in which

”Path loss” means two-ray ground reflection in the channel condition (large scale
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fading) is adopted and the line acroses the graph means the performance of the
best fixed-rate for the comparison purpose.

Both results show the performances of all algorithms degrade when the channel
fluctuations become severe. ARF-based algorithms use consecutive transmission
success or failure to determine the rate. From both results, it can be observed

the performances of such algorithms do not perform well since the characteristics

of such a design make it difficult to cl ) rect rate in a wireless mesh

environment. Those algorlth iﬂ‘; a‘q’ u.tq.Fall tra res to corruption
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tion that the performance of .r RAA suffers. in Wndﬂnons in a mesh

environment. As [9] indicates that, when the channel condition becomes worse

(i.e. SNR is low or contention level is high), RRAA can not deal with collision
problem, the phenomenon can be easily observed from Fig. 5.12. In such a harsh
environment, ARF-like algorithms even perform better than RRAA. From the
rate-percentage results of Fig. 5.11 and Fig. 5.13 , the likelihood of chosen the

correct data rate is not high in ”Path loss” channel model. One of the reasons
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can be attributed to that RRAA sets the threshold of each data rate in advance,
then calculate MTL and ORI according to the estimation window [9] of each data
rate. The determined threshold does not show enough flexility to sudden changes
in channel conditions during the multi-hop transmission.

SARA reports better performance than RRAA in both distances. How-

ever, the rate-percentage results (Fig. 5.11 and Fig. 5.13) for ”Path loss” and
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5.6 Topology of xed T istances

In this experiment, the distances between stations are mixed with 250 meters
and 370 meters in order to create a heterogeneous environment. Fig. 5.14 shows
the aggregate throughput with different fading models. The best fixed-rate is 11

Mbps and is plotted for a reference. Fig. 5.15 shows the percentage
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Chapter 6

Conclusions

wireless mes j ‘ irgfimhts. Thaftru¥of the prohlé ist6 determine the
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to achieve the maximu 3 'performances of the

ulations. The scenarios we consides ifferent topologies, fading channels,
mobility, and various contending nodes. Experimental results show the proposed
algorithm outperforms exiting algorithms in all scenarios and various wireless

mesh network topologies.
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