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Abstract

Supporting voice traffic in existing WLANS results extremilefficient, given the large
overheads of the protocol operation and the need to paderttiis traffic over, e.g., bulky
transfers. In this thesis we propose a simple scheme to iraghe efficiency of WLANSs
when voice traffic is present. The mechanism is based on payyng voice frames from
one direction of the voice call over the acknowledgmentgtierframes on the other direc-
tion, which reduces both frame overheads and time spentiteations.

We evaluate its performance by means of analysis and in e-krale testbed consisting
on 30 commercial off-the-shelf devices. The experimemsiiits follow those from the ana-
lytical model, obtaining dramatic performance improvetsen both voice-only and mixed
voice-and-data scenarios.
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Chapter 1

Introduction

IEEE 802.11 [12] is one of the most commonly used wireleskrtelogies. It is being
commoditized for voice communication, with the proliféoat of smart phones with voice
applications, e.g., Viber and Skype. Given the short lergtioice framesi) the legacy
DCF operation results extremely inefficient afid) the voice quality is highly vulnerable
to data traffic. On the one hand, the inefficiency issue is abves by introducing higher
data rates, since they do not change the protocol overhehdanot significantly reduce
the fraction of time wasted due to the 802.11 backoff meamaniOn the other hand, voice
quality vulnerability can be reduced by means of EDCA [11dgitization mechanisms. As
a trade-off, the performance of data frame has to be reduresddtain a decent level of
quality for voice flows.

The impact of protocol overhead on VoIP has been extensieslgarched in the litera-
ture. The authors of [7] and [6] have investigated on the remalb VoIP calls that can be
supported in a WLAN with different 802.11 versions and dif& audio codecs. The degra-
dation of voice performance in presence of low-priorityadagffic has been analytically
tackled in [2]. In that work, the authors propose an ACK skigppolicy that optimizes
the performance of voice frames. Other papers also distissriportance of the MAC
parameter settings on the voice performance, e.g., [16]%nd

The literature also provides simulation results and expenital studies based on com-
mercial off-the-shelf (COTS) devices to measure the capatiWLANS when voice traffic
is present. For instance, the authors of [16] show that gpjate MAC tuning can improve
capacity ranging between 20% and 40%. Experiments repant€t] confirm that com-
mercial devices need non-trivial prioritization mechamssin order to guarantee the quality
of voice. Experiments in [6] show how voice conversatiorsnatically impair the perfor-
mance of UDP data traffic since it reduces the available batidw

Motivated by the limited efficiency of the standard openatid 802.11 under voice traf-
fic, we propose a simple mechanism to dramatically reducewbehead of the MAC oper-
ation, this resulting in a reduction of the number of contegahodes. Our proposal, named
VoIPiggy, consists in a mechanism that piggybacks voice frames oVt icknowledg-
ments (ACKs). Our approach allows VoIP traffic to be servethwiwer delay and jitter,
and, by embedding a significant part of voice frames into MACKA, it reduces the av-
erage number of nodes contending for the channel, whichtesiynimproves overall per-
formance. We implement VoIPiggy on COTS devices, and vidiita operation against the
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CHAPTER 1. INTRODUCTION

legacy 802.11 operation.
The main contributions of this thesis can be summarized |svis:

We propose a mechanism, VolPiggy, to improve the generdbimeance in the
WLAN when voice traffic is present.

We compare the performance of the legacy operation and §gyRising theoretical
models that are able to predict their performance in voidg-and mixed voice-and-
data scenarios.

We describe the implementation of VolPiggy using COTS devic

We present an extensive performance evaluation in a laggieeie of 30 nodes, con-
firming the results from the analysis. These experiments/ghat VolPiggy practi-
cally doubles the capacity of a WLAN in terms of voice calls.

The rest of the thesis is organized as follows. In Chapter 2niveduce the design
of VolPiggy and compare with respect to the legacy mechani€mapter 3 provides the
analytical tools to evaluate the performance of VolPiggthkin a voice-only scenario and
in a mixed scenario. In Chapter 4 we describe the implementdetails of VolPiggy over a
COTS platform. Chapter 5 presents an extensive performaraiaation. Finally, Chapter 6
summarizes the main results drawn from our study and pregetire lines of research.



Chapter 2

The VolPiggy Mechanism

The basic access mechanism of the 802.11 standard, nam@&\{Di§tributed Coordi-
nation Function), is not well-suited to support voice apgtions. Given the short length of
voice frames, DCF incurs a huge overhead, both in terms ddffadelay and MAC lay-
ers. In order to circumvent these limitations, we proposiengle modification to the MAC
operation, named VolPiggy, which basically consists irgglzacking the voice frames over
the MAC acknowledgments.

In this Chapter we first summarize the legacy operation aodige a simple model to
quantify its maximum achievable efficiency. Second, wegmesur proposed solution and
compare its performance to the legacy approach. Finallypresent the required changes to
the DCF state machine introduced by VoIPiggy.

2.1 Legacy operation

In this section we briefly summarize the 802.11 DCF mechafl®h With DCF, a sta-
tion with a new frame to transmit senses the channel. If #nigains idle for a period of time
equal to the DCF interframe space paramefef £'S), the station transmits. Otherwise, if
the channel is detected busy, the station monitors the ehamtil it is measured idle for
a DIFS time, and then executes a backoff process. When the bactaifégs starts, the
station computes a random number uniformly distributecha tange (OCW — 1), and
initializes its backoff time counter with this valu€' 1V is called the contention window and
for the first transmission attempt the minimum vala8X,,.;,,) is used. In case of a collision
CW is doubled, up to a maximum valueW,,.... As long as the channel is sensed idle,
the backoff time counter is decremented once every timeZsloWhen a transmission is
detected on the channel, the backoff time counter is froaet reactivated after the channel
is sensed idle. When the backoff time counter reaches Zeeastation transmits its frame
in the next time slot. A collision occurs when two or more istas start transmitting si-
multaneously. An acknowledgmemd( K') frame is used to notify the transmitting station
that the frame has been successfully received. IfAGEX is not received within a given
timeout, the station reschedules the transmission byegagtthe backoff process. After a
failed attempt, all the retransmissions of the same frameamnt with the retry flag set. If the
number of failed attempts reaches a predetermined retit; time frame is discarded. Once
the backoff process is completegd}V is set again t@'W, ..

3



4 CHAPTER 2. THE VOIPIGGY MECHANISM

The standard operation of 802.11 introduces a large ovefioethe case of voice traffic,
given its small frame sizes. To quantify it, let us consider éxchange of two voice frames
between two nodes, namely the Access Point (AP) and onerstgdiTA). Neglecting the
impact of the backoff operation for simplicity, the frameckange will follow the one illus-
trated in upper part of Fig.2.1. According to the figure, thilttimeT; required to perform
this simplified two-frame exchange using DCF is given by:

H+ L ACK>

+ SIFS + 2.1)

C

T, =2 <DIFS + 2T +

whereT),., represents the duration of the preamiilés the payload lengthi/ is the layer-2
headerACK is the length of the acknowledgment aRcand R, are the transmission rates
for data and control traffic, respectively.

Standard exchange (simplified)

! [tpicp [ H [ voice | ! ! ! U [1pcp [ Ack |
| | | | | | | |
STA | | | |
| | | Tpicp | ACK Tpicp | H [ voice | _
| | | | i
DIFS SIFS DIES SIFS
VolPiggy exchange
AP | |
| ! Tplcp | H I Voice ! | >
| | | |
STA | I I
| | | | 7picp | Ack: | voice | ‘
| | | i
DIFS SIFS

Figure 2.1: Simplified frame exchange (top) and VolPiggyppsal (bottom).

In Table 2.1 we compute the value'tif for different configurations of the physical layer,
for a voice frame of 60 bytes transported over UDP. The reshibw that the total exchange
Ty is significantly larger than the time actually devoted foylpad transmission2L /R, and
the efficiencyns, computed as
~ 2L/R
=~
worsens as the transmission rdteincreases. In particular, for 2 Mbp%} is more than
twice than the value dfL/R, while for 54 Mbps is almost 8 times larger.

Tls

2.2 \VolPiggy

2.2.1 Overview

In this section we detail the operation of our proposal. tFis® note that there are two
sources of inefficiencies, inherent to the bi-directioretiune of voice conversationsi) the
station (STA) sends an ACK frame immediately after its vdieene. Even neglecting the
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impact of the backoff, this basically doubles the introdliogerhead (header and preamble)
if a voice frame is immediately transmitted afterwards. rEf@re, “merging” the upcoming
voice frame with the precedent ACK frame seems an obviougeho improve the effi-
ciency; () furthermore, if a voice frame is sent in reply to a receiveit® frame aSIF'S
time after the reception, it will not need to contend for almaraccess, thus preventing re-
source wastage.

These two observations motivate the design of our mechamibimse operation is illus-
trated in the bottom part of Fig.2.1. As the figure shows,/&"S time after the reception
of the first voice frame, the STA sends in the same frame batiA@K and its voice frame
towards the AP, which no further acknowledges its receptidn addition, the VolPiggy
mechanism increases the free airtime, that is, more staiocess to the medium, hence the
number of voice calls allocated per infrastructure getsstexh

In this way, we address the two sources of inefficiency idiedtiabove. Indeed, in this
case the total time required for the two-frame exchange eartomputed as:

H+ ACK' + 2L

R )
whereAC K’ is the length of the modified acknowledgment header. As coeap® theT’,
values provided in Table 2.1;, provides time savings between 55% and 75%. Similarly to
the previous case, we also compute the efficiency of VolPiggylhe table shows that the
efficiency improvements of our scheme, denotec\gsreaches almost 90%.

T, = DIFS + SIFS + 2T}, + (2.2)

Table 2.1: Total lengths of the frame exchanges of Fig.2.1

Mode | s or/R 1) | Tulus) | Tolis] | o | | Au D]
602.110] 1 1 1408| 2968| 2236| 0.47] 0.63 33
2 2 704| 1928| 1340| 0.37| 053 44
55| 2 256| 1338| 770| 0.19]0.33 74
1] 2 128| 785| 415/ 0.16| 0.30 89
6 6 235 503| 377] 0.47| 0.62 33
802.11g) 4 6 156| 400| 277|0.40]| 0.56 44
12| 6 117| 348| 227|034 052 53
18] 6 78| 272| 177/ 0.29] 0.44 53
24| 18 50| 246| 153|0.24]|0.38 61
36| 18 39| 220| 127|0.18|031 72
54| 18 26| 203| 111|0.13|0.24 82

It should be noted that the voice frame from the STA to the Afbisacknowledged. We
argue that this is not very critical, given that the main setfor frame losses are collisions,
and this frame is protected from them as it is seft/&'S time after the medium was buys.

YOur approach might resemble the one proposed in the 802fdasd [12] for the PCF protocol. However,
in our case the stations are the ones piggybacking the ddtassed to the AP
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2.2.2 Specification

We next specify the changes introduced by VoIPiggy to thedsted DCF state machine
in the AP and the STA.

AP modifications

For the case of the AP, although the first transmission falthe standard exchange,
the node should be able to decode the subsequent frame feoB8iTH, that includes both
the acknowledgment for the frame (which triggers its rerhraan the transmission queue)
and a new frame to be delivered to the upper layer. Furthenthis frame shall not be
acknowledged. Then, in this case we just modify the standpedation for the reception.

In Fig. 2.2 we illustrate with a dashed line the modificatiottoduced by VolPiggy over
the state machine for DCF. As the figure shows, the main matiific is after the AP waits
for the ACK; if the length of the received ACK is larger tharettiefault one, implying that
it is a modified one, the AP needs to pass the embedded voioe fiathe upper layers.

MED_DATA_CONF
WAIT ACK «— Switch_RX TX DCF —
- set_timer(ACK_TIMEOUT)

T
: VolPiggy modications ====«
’
' END_TIMER

RCV_PIGGYACK L

& RCV_OTHER END_BK
: update_cw() [queue == empty]
: REC_ACK
.
'
]
4 END_TIMER
teee [backoff == 0} »
set_backol END_TIMER BACKOFF
y [backoff !=0] ————
resume_backoff()
WAIT_DIFS_BK | —
END_BK
A [queue == empty]
CH_UP
freeze_bk() A

QUEUE_OUT_UP

g ,7 IDLE {medium == busy)
stop_tmen) set_timer(DIFS)
CH_DOWN [QUEUE_OUT_UP
set_timer(DIFS) medium == busy]

| |

WAIT_MED < sop Tmer ‘ WAIT_DIFS_NO_B

Figure 2.2: Changes introduced by VolPiggy to the DCF TXeStaachine (AP).

STA

For the case of the STA, when a new frame from the AP is recdivedstandard ac-
knowledgment should be sent only if there are no pendingevpackets towards the AP.
Furthermore, to maximize the probability of piggybackimgoming voice frames from the
application layer will be queued until a timeout expiresattdition to these modifications, in
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order to prioritize voice traffic we will set the minimum cention window toC' Wi, = 2,
which is the minimum allowed by the standard.

Fig. 2.3 illustrates the modified state machine for the sieshdeception mechanism. As
before, the dashed lines show the main changes introducedn the reception of a voice
frame from the AP, the STA checks if it has pending voice tadtidressed to the AP; if that
is the case, the station piggybacks the voice frame over G€. A

DCF —

VolPiggy modications eeeee
END_SIFS ‘

itch_TX() » TX REPLY

TX_start()

MED_DATA_CONF
----------- switch_RX()

i REPLY

e 4 FORGING
WAIT_SIFS €= METADATA END  beccogecead

HEADER_end
[QUEUEI=EMPTY && dst_addr === myaddr]
Prepare_PIGGYACK()

[

A

[
.
r

CH_UP —— RX €———MED_DATA_START
stop_timer()
CH_DOWN COLLISION
set_timer(DIFS)
MED_DATA_END
[dst_addr!=myaddr]]

\ 4
<
<

RX_FAILED < OLLISION IDLE <«

H_DOWN > ‘

Figure 2.3: Changes introduced by VolPiggy to the DCF RXeStadchine (STA).

A detailed description of the required changes to impleméiPiggy over a COTS
platform is provided in Chapter 4.






Chapter 3

Performance Analysis

In this chapter we present a theoretical analysis of VolPjggrformance. More specif-
ically, first we compute the maximum number of conversatithat can be supported in a
voice-only scenario, following a simple bandwidth-baseztel. Next we present the model
for the distribution of the delay in the WLAN, which suppoésdiner call admission control
based on, e.g., guaranteeing the 90th-percentile of tlay.déhen we analyze throughput
and delay in the case of a mixed voice-and-data scenario.

3.1 Voice-only scenario

3.1.1 Maximum number of conversations

Let us assume an 802.11 WLAN with one Access Pointiasthtions, where all con-
versations are destined outside the WLAN. The VoIP apjptingperiodically generates a
packet of L, bytes everyl'; seconds, and each packet is served:jrseconds, according
to (2.2). Following a similar model to the one of [7], the gystwill not be congested as
long as the total traffic arrival = n/T is below the service rate = 1/7;,. Therefore the
maximum number of voice conversation$is given by:

w= || (3.1)

3.1.2 Delay performance

We next analyze the delay performance of a WLAN using VolRigdh n stations. We
focus on the downlink direction, i.e., traffic from the AP t@etSTAS, as it constitutes the
“bottleneck” in our scenarios. Indeed, the downlink is gladoyn flows, while the uplink is
ideally contention-free, since all voice frames are trattsoh piggybacked within ACKs.

Given the setting ofC'W,,;, = 2, our system is a single server queue with periodic
arrival process and deterministic service times, illusttan Fig. 3.1. With this model, the
survivor functionF"~1(¢) for the queuing delay is given by [4]:

Po_1(t, Ty, T,

i = DG In ) (32)
Tn 1
/

9



10 CHAPTER 3. PERFORMANCE ANALYSIS

n unidirectional Deterministic service
voice flows time Ts=TV 1
\ 2
—( O andE
n
Access Point Stations

Figure 3.1: Queuing model for VoIPiggy, voice-only sceoari

Py (t,u,€) is computed fot,e > 0 andk > 1 as:
k—1
Pk(ta u, 6) = Z Qk7l(t> E)(u — ke + t)l>

=0

with the coefficientsy;, ;(¢, ¢) computed recursively as follows:

qO,l (t7 6) - 07

aro(t,€) = ((ke — t)Jr)k;

N

—2

k i\ -
aralt,€) = 7 (l i 1>63 Hgr14(t ©);
j=l-1

wherey™ = max(0,y). In this way, the cumulative distribution function (CDF) thfe
queuing delay can be obtained A¢t) = 1 — F~'(t), and its numerical derivative (¢)
supports the computation of any other statistic, e.g., Weeage or the standard deviation of
the total delay.

For the computation of the total delay in the system, it sthdnd noted that the time,
(including the piggyback) determines the minimum time et consecutive queue depar-
tures, but the actual transmission time of a voice frame ftbenAP to the STA is given
by:

H+L
R
which does not include the ACK and the piggyback.

Therefore, the CDF for the total deldy for the delivery of downlink voice frames is a
shifted version ofF'(z):

T! = DIFS + Ty + (3.3)

Dt)=Ft-T)) , x>1T), (3.4)

which terminates the delay analysis of VolPiggy in a voiog¢scenario.
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3.2 Mixed voice and data scenario

Here we want to evaluate the performance of one fully bagéddgdata flow (i.e., satu-
rated) in presence of one or more voice flows. We consider thetltase of legacy 802.11
operation and VolPiggy.

We assume that there is only one voice flow originating at eaite station, and the
data station attempts to transmit a data frame as soon akdheal gets idle, following the
legacy 802.11 MAC operation.

Note that the contention windows adopted by the AP for vaiames is set ta'W i, =
2, while for the case of data is given B¥;. For the case of VolPiggy, we will assume that
all upstream voice frames are piggybacked within MAC ACKstlsat the WLAN can be
described in terms of two transmitters only, namely the AéPthie data station.

3.2.1 Maximum number of conversations

Considering the case of VolPiggy operation andctive voice flows, we can model
the system serving voice frames as a queue wi®BR inputs, yielding a periodic arrival
process, and a random service time which depends on thé&yofithe data station. In par-
ticular, the distribution of the service time of a voice fram a function of the channel access
probability of the data stationy;, whose computation will be detailed in Section 3.2.3.

Let T, be the fixed time needed for the transmission of a completeevekchange
(downstream frame plus the corresponding piggybackedregst frame), and’,. be the
fixed duration of a collision, determined by the length of taga frame. Like [3], we as-
sume that the collision probability is constant and indeleeih among transmission attempts.
Furthermore we assume that the length of backoff procesgifgible since we assume that
voice frames are transmitted with small contention windawsl collisions with data frames
are much longer than the average backoff interval.

With the above, the distribution for the service tiffigof a voice frame is given by:

(3.5)

Pr(Ty =T, + kT,) = (1 —75), 0<k<m;
Pr(Ts =mT.) =1,

wherem is the maximum MAC retry limit. For largen > 1 or 7; < 1, the resulting
average service time can be approximated by:

BT, =T, + —¢

Te. (3.6)
1—74

Since the voice arrival rate at the APJsp = n/T}, the system is stable if and only
if the number of VoIP pairs is < Ty/E[Ts], yieldingp = A, E[Ts] < 1. Therefore,
the maximum number of conversation$ that can be supported in presence of a data flow

is given by:
Ty Ty
: {Tﬁ—l—%TcJ {WJ &0

The inequality in (3.7) is obtained by considering that< ﬁ which is the value

achieved when no retransmission occurs. Comparing (3.03.%), and considering that
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typical values fol/,; are 16 or 32, and thereforg << 1, we conclude that the presence of a
data flow has a negligible impact on the maximum number oasuedble conversations in the
WLAN. As an illustrative example, Table 3.1 reports the maxim number of conversations
that can be supported in 802.11b WLANS, for the legacy casewdth and without data
transmissions for the VolPiggy solution, as computed vid)(@and (3.7) foriV, = 32.

As predicted, the values of* andn}; are very similar, a result further confirmed by the
experimental evaluation in Section 5.

Table 3.1: Maximum number of conversations in 802.11b usmi§iggy

\ Rate | 1 Mbps| 2 Mbps| 5.5 Mbps| 11 Mbps|
npcr (without data) 6 10 14 25
n* (without data) 8 14 33 47
n’; (with data) 8 13 32 45

3.2.2 Delay performance

With the above computation for the average service time, arveproceed with the ap-
proximated analysis of the delay of voice frames. Obsertag the distribution (3.5) of
T, resembles in a geometric distribution, we assume it can peogimated by a random
exponential variable with the same average of the origirstidution, i.e.,u™! = E[T}].
With this assumption our system becomes d//1 queue with periodic arrivals.

InaG/M/1 system, the distribution of the queue size found by an drisvgeometric,
and the cumulative distribution of the time spent waitinghie queue is given by [14]:

Q(t)=1—ce 19yt >, (3.8)
whereo is the unique solution in the range, 1) of the following equation:
o= A"(p— po), (3.9)

where A*(s) is the LST transform of the interarrival time process. Thieitsan exists and
is unique in the rang@, 1) if the system is stable [14]. The cumulative distributiBp ()
has a step of amplitude — o) in the origin, so that the associatpdf is:

po(t) = po(1 — o)e 1= 4 (1 — 0)5(t), Vt>0. (3.10)

For the case of periodic arrivals fer VoIP connections, let us denote with, i =
1,2, ..n, the offset time in between the activation of a voice flow amel next. Due to the
periodicity of the arrivals, the; represents the interarrival times at the AP, and each of the
possible interarrival values has a probabiﬁgytherefore exhibiting the following probability
density function:

palt) = 3 (¢ — a); (3.11)
=1
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whose LST transform is given by:
1 n
A*(s) = — s 3.12
(s) =~ ;:1: ¢ (3.12)

Therefore, we can compute the distribution of the waitimgetiof a VolP frame by nu-
merically solvinge = 1 37 | e=(#=r9)ai and replacingr in (3.8).

The total per-frame voice delay in presence of data trafimely D, can be computed
by performing the convolution of the distributions of seyitime (3.5) and waiting time
(3.10). After some manipulations, the cumulative distiitiu of the delay can be expressed
as follows:

t—Ty
|75

Gt) = (1=7a) > 7 |1 = gemr1m) (=TT (3.13)
k=0
Recalling thatD,; has been computed as the delay incurred in completing a esice
change (a downstream frame plus an uplink frame, carriedgigypack), the actual delay
incurred by the downstream frames is obtained by subtgdtom D, the duration of a
SIFS plus an ACK with piggyback. i.e., by shifting backwa¥¢) by T, — T:

Dy(t) =Gt +T,-1T)), (3.14)
with T, andT}, given, respectively by (2.2) and (3.3).

3.2.3 Data Throughput

Our model for voice and data targets the computation of treutihput achieved by the
data station when all active voice flows can be fit in the charfeecompute the throughput,
we assume that, apart from MAC ACKs carrying piggybackedn&s, the transmission
activities of stations and AP are all independent.

Legacy operation. Using results from renewal theory, withactive voice flows, and
with no piggyback adopted, the throughput of the data statam be expressed as follows:

PyLq

Pde+PAPTU+PVSTU+PiE+Pchcd+PCUch7
where L4 and L, represent the size of a data packet and a voice packet, tiegpgcthe
termsP,, P4p, and Py g represent the success probability of a transmission frendéta,
AP, and voice station, respectively; the length of a datestrassion is given b¥;, including
the MAC ACK, while the AP and the voice stations transmit feenof lengthT, < T,
including the MAC ACK; P; is the probability of an empty slot, whose length is given by
T; (e.g., 20us in 802.11Q);P.4 is the probability that a collision with a data transmission
occurs, lastingl.; > T4, andP,, is the probability that a collision between voice stations
occurs, lastind’,,,.

Similarly, the throughput of AP and voice stations is expegsby means of the same
parameters:

(3.15)

X4

PAPL'U .
Pde+PAPTv+PVST1)+P1'T’2“|’Pchcd+Pchcv ’
_ PysLy,
~ PyTy+PapTy+PysTy+PT+ PegToa+ PouTey

Xap= (3.16)

Xys

(3.17)
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ProbabilitiesF in (3.15) to (3.17) depend on the channel access probabijlitef the
different nodes and can be computed as:

Pap = 1ap(1—7a)(1 —1v8)"™; (3.18)
Pys = nrvs(1—7ap)(1 —7a)(1 — 7v5)" (3.19)
Py = 14(1 —7ap)(1 —7vs)"™; (3.20)
Po= (1=7g)(1=7ap)(1 —1v8)"; (3.21)
Py = (1—=Pap—Pys—Pj—P;) 1y (3.22)
Pey = (1= Pap—Pys—Py—P;)(1—14). (3.23)

The transmission attempt probability of a fully backloggtations is given by [3]:

2
4+ W+ Wapa 70 (2 pa)t

whereW, is the minimum contention window of the data statiemdetermines the maxi-
mum contention window, angl; = 1 — (1 — 74p)(1 — 7y 5)™ is the collision probability of
the data station, given that the data station attemptsnarird a frame.

In order to compute the access probabilities, and hencétbeghputs, for a given value
of n, note that there are basically two possibilities for theeaafsvoice traffic:

Td

(3.24)

e All traffic is served, and therefore the throughput obtaibgdhe AP isn times the
throughput obtained by a station. In this case, the equatiequired to computes p
andry g are derived from

nl,

Xap=n-Xyg= T;

whereT'; represents the voice interarrival time.

e Not all voice traffic is served. In this case, voice stationd the AP become saturated,
and therefore their transmission probabilities are coegbuising a equation similar
to (3.24).

The above constitutes a system of non-linear equationg#émelbe solved using numeri-
cal techniques. We first assume that voice traffic is not atdr and check if the numerical
solution is inline with the assumptioN 4p = nL,/Ty. If this is the case, the analysis is
completed; if not, we then assume that voice traffic is s&tdraand solve the system of
equations correspondingly. Note that in the latter caseamelade that the WLAN does not
support the given number of voice flows

VolPiggy operation. Using VolPiggy, we assume that all uplink voice transmissio
are piggybacked, so that the only contending nodes in theonktare the AP and the data
station. Therefore, the throughput of the data station haahe of the AP can be expressed
as follows:

X/ — PyLy
Y Pde+PAPTAP+PiE+PcTc7
wherey = {d, AP}, Lap = L,, andT'4p is the time needed to transmit a voice frame and
receive the corresponding MAC ACK containing a piggybackeide frame. Eq. (3.25) is

(3.25)
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similar to (3.15) and (3.16), but for the fact that there avevoice stations to be accounted
for, and there is only one type of collision which involvesace frame and a data frame.
The probabilitiesP4p, P;, and P; in (3.25) can be derived from (3.18), (3.20), and (3.21)
forn = 0andrys = 0, while P, = (1 — P, — Pap — Py).

In this case, assuming that voice traffic is always servedcfwls the scenario most
interesting, as it supports the provision of QoS guarajteeshave the following a system
of two equations fof4 p andry:

2
Td = m—1 z';
L+ Wi+ Watap) 2y (27ap) (3.26)
nL, '
Xap(1q,Tap) =TAP = T,
f

Like in the previous case, the assumption on the non-saaraannot be accepted if
the resultingr4 p is higher than the value imposed by the adopted contentiowlaw in
a fully backlogged scenario, and therefore we conclude tttetVLAN cannot support
voice connections.






Chapter 4

Implementation Details

In this chapter we detail the implementation of the mostvaeié features of VoIPiggy.
We first briefly describe the platform used for our implem&ata namely the Broadcom
chipset with the b43 driver and the OpenFWWF firmware. Sulseily, we describe the
overall architecture and the modifications to the Linux kérnd the device firmware to
implement the VolPiggy mechanism.

4.1 Linux and 802.11

The 802.11 network stack in Linux, depicted in Fig. 4.1, spaver three layets

e The hardware agnostic interface modubac80211 This module takes care of all
operations required to handle 802.11 traffic, from packeegstion and rate control
to authorization and BSS setup.

e The device driver which is a wrapper between the Linux internal 802.11 packet
buffers and the physical device. It adapts packets to therigtary device layout by
translating payload, abstracts access parameters (like aad number of attempts),
and pushes/pulls packets to/from the device through Dvexhory Access transac-
tions. It also accesses device registers to tune radio an@ pkameters according
to upper layers indications.

e The device internal logic commonly referred to aBrmware controls time critical
operations such as the ACK sending or the packet retranemis$hese operations
are offloaded within the hardware and hidden to botc80211and device drivers,
due to the unpredictable latency and jitter that affect Wware interfaces like PCI bus.

Since this is a proof-of-concept implementation, we opt toknat both the device driver
and internal logic levels leavingiac8021lunchanged.

Linux Wireless:ht t p: / /1 i nuxwi r el ess. or g/

17
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userspace

cfg80211

|
1T
mac80211

&

iwlwifi ‘ b4a3 ‘ athsk athok

’ OpenFWWF

Figure 4.1: Framework of mac80211 module.

4.2 The Broadcom chipset

The Broadcom chipset, whose architecture is depicted imtEAgis based on a MAC

processor (MP) that coordinates the data exchange amongjfteeent device blocks by
running a binary firmware (FW) code. This code drives theditaons of the protocol state
machine by reacting on external conditions, such as theahof a new frame or the expira-
tion of programmable timers. The main blocks that composettipset are:

Direct Memory Access(DMA) Controller and MMIO A programmable DMA Con-
troller controls the data traffic from/to the host. It inaés the MP to the host kernel
and the access to all device registers is MMIO-based.

TX FIFO queues:. These queues are driven by the DMA controller and deliver ou
going packets composed by the host kernel.

TX Engine: Given a sequence of bytes from a selected source (e.g., au€Mey,
the TXE prepares a frame for transmission adding the PLCHeneand the CRC
coefficient. Then, it waits for a transmission opportunityhin a selected InterFrame
Space (IFS) time. As soon as an empty slot is detected, theefradelivered to the
air medium.

Template RAM Here the MP forges arbitrary packets to be transmitted, Acr.
knowledgments and Beacons.

RX Engine and FIFO queue The RXE decodes the signal received from the air,
checks the validity of the CRC coefficient and reports thgtleiof the received packet.

SHared Memory (SHM): The MP maintains the state variables and may copy portion
of TX and RX packets for inspection.
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e Hardware registers and External Conditions (EC)Y The MP sets these hardware
registers in response to changes in the EC to program the irstdiface and set up
timers.

Template

q RAM I
XE CPU

memory
=

Figure 4.2: Architecture of a Broadcom chipset.

The Broadcom chipset is supported in the Linux kernel by {henosource drivey43
The b43 driver passes each outgoing packet to the devicthrgeith a long block of data
to setup the hardware on a per packet transmission bas@daug tomac80211decisions.
New private data can be passed to the device logic by simpgnding this data structure.

The b43 driver loads the firmware at Stuart’s, therefore faidiht non-official firmware
can be used replacing the original one. Thus, we use the Q@péf-firmware that enables
avery flexible customization of time critical operation$igfirmware has already been used
to implement some MAC customizations, e.g., a Block BasetbiRey (BBR) algorithms
[8] or TCP ACK-piggybacking [5].

4.3 Implementation of the VolPiggy

The VolPiggy exchange described in Section 2.2 involvegadg data frame from the
Access Point followed by a Data+ACK frame sent by the cowadmg station after a SIFS.
For simplicity we decide to implement our VolPiggy reply bytending a legacy ACK. To
accomplish this, we append the VoIP payload together wihRrand UDP headers skipping
part of the data-type MAC header, as we are just interestsénding the payload and the
MAC header is already provided by the acknowledgment. Euntiore, the MAC address
of the sending station is added between the legacy ACK frarddte appended IP packet,
so that the AP can recognize it.

The legacy mode is used by the AP for any kind of packets istrats. Meanwhile,
VolPiggy mode is used by the station whenever it receivesiB packet incoming from the
AP and the Head-of-Line (HOL) packet in its TX FIFO queue i$R/lata. This is identified
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by checking the data stored in the structafe buf f , which handles the network packets
that are received or to be transmitted:

Listing 4.1: HOL packet checking at driver level

if(data[0] == 0x08 && /*No QoS dat a*/
fragnent _len >= 32 + 28 && /*At | east an | P+UDP header*/
data[ 32] == 0x45 && /*1 P header =20 byt es*/
data[32 + 9] == |IPPROTO UDP) { /=*L4 proto is UDP=0x11x/

i f (LEN < MAX_PI GGYBACK_PACKET LENGTH &&
(ntohs(*udpdst) == PI GGY_BACK_PORT | |
nt ohs(*udpsrc) == Pl GGY_BACK_PORT)) {
is_voip = 1; /+*HOL packet marked as Vol Px/

In case the queue is empty or the HOL packet is not VolP-typestation will use the
legacy mode.

4.3.1 Driver modifications

In order to develop our mechanism we modify b#3driver so that outgoing UDP traffic
toward or from a specific port are markedRISGGYBACK_ENABLED (PE), by extending the
private data structure43_t xhdr used by the driver to push outgoing packets to the device.
Besides this flag, we add some fields to tell the firmware howynbgtes to skip from the
MAC header and the exact length of the resulting packet whiveded the VolPiggy mode.
Other parameters concerning the set up of the resultingriresion and that turn out to be
infeasible to be computed by the MP are included as well.

We adjust thén43driver to optionally force the transmission of the VoIP fi@ét a given
modulation coding scheme configured by the user, which madssible a better assessment
of the VoIPiggy efficiency. Finally, we add a hook in the reegicode to intercept long ACK
frames from the device. The driver must transform them batkfull featured data packets
by moving the IP section, inserting the missing MAC parts findlly sending them to the
mac8021Imodule.

At the receiving process, we must handle the reception oDBBA+ACK frames that
are placed in the buffeskb_buf f . The functionb43_r x is the one responsible for passing
a frame to themac80211Imodule. Here we reconstruct the data frame by adding the-corr
spondent data-type MAC header, consequently upper lagersiecode the packet as UDP
type. In addition, we add here some statistics in order téegeha better understanding
of performance and to support a better debugging. Thesst&tmtinclude the number of
piggyback packets received or the number of legacy ACKSs.tlkatr purpose, we define a
struct namedroi pi ggy_t within the structb43_wl dev for the wireless device, formed
by variables dedicated to monitor transmission and rece stiatistics.

At the transmission side, we need to prepare the headerddirthware when a piggy-
backed frame is required. To this aim, we modify the functié3_gener at e_t xhdr by
adding the number of bytes to be skipp&d GGY_BACK_SKI P_BYTES) and tagging the
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packet as voipiggy eligibleMO P_TO_PI GGYBACK TYPE). Besides, we add some statis-
tics dev- >voi pi ggy. t x packet s_ni ght pi ggyback and set up the rate and the
fallback rate to speed up the process at the firmware level.

4.3.2 Firmware modifications

In this section we detail the changes at the firmware levalireq for the AP and the
STA.

Access Point

The code to be run in the AP is modified so that it can recogiag dcknowledgments
(i.e., VolPiggy replies) by checking the received packegta as reported by the RXE en-
gine. When such packets are received they are pushed ditethle host kernel. In addition,
the AP is prevented from acknowledging VoIP packets if theyenpiggybacked.

Listing 4.2: ACK-type checking at the AP

nov SPR_RXE_FRAMELEN, GP_REGL3;
je GP_REGL3, LEGACY_ACK RX _LEN discard_| egacy;
nov 1, VO P_PI GGY_RECEI VED,

Station

The firmware at the stations required a significant amounhahges, such as:

e Prevent STA from waiting for an ACK for the piggybacked voitame. This is
achieved by removing the HOL packet in the queue immediatidy its transmission
under VolPiggy mode. To this aim, we set the following:

Listing 4.3: STA modification

/1l Renobve the packet fromthe FIFO by
/1 calling report_tx_status_to_host.
jzx 0, 1, [TXHDR _HK4, of f0], 0x000, skip_voi p_piggyback_ work;

/'l Toggl e acked bit
orx 0, 0, 0x001, [TXHDR_STAT, off0], [TXHDR_STAT, of f0];

/1 Informkernel only 1 tx attenpt was done
orx 3, 12, 0x01, [TXHDR_STAT, of f0], [ TXHDR_STAT, of f0];
jext COND _TRUE, report_tx_status_to_host;

e Tuning the ACK transmission. Before transmitting the packee firmware
overwrites the first ten bytes to mimic a legacy ACK frame leead Then,
our modification properly sets up the TXE enginBPR.TXEO_CTL) when the
PE flag is set by using the values precomputed by the kernel, lytes to
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skip, packet length§PR.RXE_FRAMELEN) and timing to use to build the PLCP
(extrafall back. nfo_for_pb).

e Delay outgoing packets when PE flag is set until a voice frameeceived or a
maximum thresholdl” is reached. By delaying VoIP frames (through the registers
VO P_PI GGY_TI ME_LL and VO P_PI GGY_TI ME_H) it is more likely that a voice
frame from the AP will arrive and therefore the HOL frame cangdiggybacked —
otherwise, voice traffic might not benefit from our mechanism

Figs. 4.3 and 4.4 illustrate the flow diagram for the VolPigggchanism both for trans-
mission and reception. We highlight the firmware modificadi@arried out to implement
the solution. For the transmission state, these changesubject to the AP that needs to
wait for the ACK. The access point checks if the length of theeived ACK is larger than
the legacy one. In that case, the AP needs to send the voioe fupg to the host. While,
for the reception state, we modify the behavior of the statldpon the reception of a voice
frame from the AP, the STA checks if it has pending voice traffidressed to the AP. In that
situation, the station piggybacks the voice frame to theaskedgment.

‘ Must | compute

Check TX DATA ’—> backoff time? ——Yes—» Update backoff
I [

No

'

Wait until
TX frame now <€——— backoff time has
elapsed |

A 4

TX End, wait 10 ﬁbes frame

TXinfo update ———— Update TX status ———> — » ~——No—> Report TX status
[ us ~need ACK? T T TR EEEEE ,
| |
Send Frame
| P toHost I
Yes | —_—— _l |
i | -
. - - 4 ~ Stop timeout . A
_-Did I rxshort-_ Contention _gOidiecetvelie, ~ves < sita S noyp ClearTXPMQ FINISHED
Sretry limit2 update D e e ™ longer ACK2 7 Report TX status )
e N N7 Flush FIFO - -
l . )

Figure 4.3: Flow diagram of the OpenFWWF TX operation suppgrvoipiggy.
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Chapter 5

Performance Evaluation

In this chapter we experimentally validate our VolPiggy lerpentation by means of
a real testbed deployment. Additionally, we compare expental results and analytical
results, obtained by running the models of Chapter 3 withhigle of Matlab and Maple
software. We show that our experimental results closelycimabtained those analytically,
confirming that our solution improves the performance wheicertraffic is present in the
WLAN.

5.1 Testbed Description

In this section we describe the testbed deployed to valitiatproposed VolPiggy mech-
anism. Our testbed is composed of 33 Alix 2d2 devices from R@ire! as depicted in
Fig. 5.1. These embedded devices are popular low-cost denspequipped with a Geode
LX800 AMD 500 MHz CPU, 256 MB DDR DRAM, 2 Mini-PCI sockets andGompact
Flash socket, to which we attached a 4 GB card to make roonhéoinstallation of a cur-
rent Linux distribution. As a wireless interface we ingdlla Broadcom BCM94318MPG
802.11b/g MiniPCI card, while as software platform we ilsthUbuntu 9.10 Linux (ker-
nel 2.6.29), using the modified b43 WLAN driver describedha previous sections. The
selection of the wireless card is driven by the need to@penFWWIE-an “Open source
FirmWare for WiFi networks” [15], which supports large flbiity.

One of the devices acts as AP, while the rest are stationsiagsito the AP, distributed
as Fig. 5.1 shows. All nodes are equipped with a 5-dBi omaddional antenna and use
a transmission power of 27 dBm. Nodes that act as stationspaeed a few meters from
each other (squares in Fig. 5.1 repredintm x 60 cm floor units), and the link quality is
excellent for all nodes to communicate with each other.

The deployment is set up under a raised floor, which proteetices from physical
harm and provides some radio shielding to some extent [L@nfiQuration and control
of the experiments is centralized in a single terminal, eated via wired Ethernet to all
devices, which allows for automated execution of the expenis.

For traffic generation we usagen? which supports the computation of relevant voice

'PC Enginesht t p: / / www. pcengi nes. ch/
2The Multi-Generator Toolseht t p: // ¢s. i td. nrl . navy. nmi |/ wor k/ mgen/
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(a) Testbed scenario (b) Detailed view of a node

Figure 5.1: Deployed testbed with 33 wireless nodes.

traffic metrics, such as delay, jitter, and loss rate. Inipaldr, latencies can be evaluated at
the receiver side, by means of the timestamps insertaddsnin all packets, provided that
all nodes are synchronized. We run #&P° daemorover the wired interfaces of the nodes,
achieving synchronization withs accuracy.

We emulate the voice behavior by running independent ins&wof themgentraffic
generation tool, each transmitting a 60-byte voice framene¥; = 20 ms. These are
the characteristics of G.726 codec (ITU-T ADPENpeech codec standard) [13]. In the
case of data emulation, we use an instancen@énrun on a single station under saturation
conditions with a packet length of 1472 bytes. The timeorgshold during which stations
wait for a voice packet from the AP is set to 25 msec, this vakieg obtained after some
calibration process.

5.2 Validation of the implementation

The first test consists of validating the proper operatiorthef VolPiggy mechanism.
For that purpose, we use the packet analyzer software wairesto verify that the voice
packets transmitted by the stations are indeed piggybaskexh expected, i.e., there are
voice frames in the queue addressed towards the sendeb.Z@aptures the format of a
piggybacked voice frame and compares it to a legacy ACK frarhe figure shows how the
piggybacked frame contains the voice packet, highlightiveyIP header, UDP header and
UDP payload.

Upon receiving the acknowledgment which embeds the voarads; the firmware passes

SPrecision Time Protocolht t p: / / pt pd. sour cef or ge. net/
4ADPCM: Adaptive Differential Pulse-Code Modulation
SWireshark Projectht t p: / / www. wi r eshar k. or g/
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No. . Time Source Destination Protocol Info
vav weverwwe PO —— avaravveoviava o wvuien puise Twave  wvssamwsavi pwnse asusn
611 8.669699 192.168.98.100 192.168.98.161 uoP Source port: 45103 Destination port: italk
612 8.670164 GemtekTe ba:0f:ee (RA) IEEE 802 Acknowledgement, Flags=........ C
613 8.674442 192.168.98.100 192.168.98.162 UDP Source port: 36914 Destination port: italk
614 8.675566 B
615 8.691026 192.168.98.100 192.168.98.161 UDP Source port: 45103 Destination port: italk
616 8.692776 192.168.98.100 192.168.98.101 uoP Source port: 45163 Destination port: italk
617 8.694330 192.168.98.100 192.168.98.161 uoP Source port: 45103 Destination port: italk
618 8.698283 192.168.98.100 192.168.98.161 uoP Source port: 45103 Destination port: italk
619 8.700022 192.168.98.100 192.168.98.162 uoP Source port: 36914 Destination port: italk
620 8.701083 GemtekTe ba:0f:ee (RA) IEEE 802 Acknowledgement, Flags=........ C
621 8.764118 192,168.98.101 92.168.98. : 5783 : italk
622 8.704428 GemtekTe ba:0f:d1 (RA) IEEE 802 Acknowledgement
623 8.705182 GemtekTe ba:0f:ee Broadcast 802 rame, SN=3775, FN=0, Flags=........ C, BI=168,
624 8.706517 192.168.98.100 192.168.98.101 uop Source port: 45103 Destination port: italk
625 8.707580 GemtekTe ba:0f:ee (RA) IEEE 802 Acknowledgement, Flags=........ C
626 8.720720 v 192.168.98.100 192.168.98.162 y UDP Source port: 36914 Destination port: italk
Frame 614 (140 bytes on wire, 140 bytes captured) > Frame 622 (46 bytes on wire, 46 bytes captured)
Radiotap Header v, Length 32 » Radiotap Header v@, Length 32
IEEE 802.11 Acknowledgement, Flags: ........ C v IEEE 802.11 Acknowledgement, Flags: ........ (v
Type/Subtype: Acknowledgement (@x1d) Type/Subtype: Acknowledgement (@x1d)
¥ Frame Control: ©x66D4 (Normal) ¥ Frame Control: 6x66D4 (Normal)
Version: @ version:
Type: Control frame (1) Type: Control frame (1)
Subtype: 13 Subtype: 13
» Flags: 6x0 » Flags: ©x@
Duration: 192 Duration: &
Receiver address: GemtekTe ba:0f:ee (00:14:a5:ba:0f:ee) Receiver address: GemtekTe ba:0f:d1 (00:14:a5:ba:ef:d1)
¥ Frame check sequence: ©x0ed2b464 [correct] ¥ Frame check sequence: ©x7bla2@e4 [correct]
[Good: True] JDP header [Good: True]
[Bad: False] o ks IEEE802.11 header [Bad: False]

06000 00 00 26 00 6f 48 00 66 74 63 ea 05 bf 60 00 00
0010 10 62 b4 69 a6 60 bb b8 60 00 00 00 60 60 00 00
0020 d4 00 00 00 00 14 a5 ba Of dl 7b 1la 20 e4

00 00 08
00 00 00
ba
EL

00 60 5d co ff
34 35 36 37 38

00 00 30 39 66 06 00 3c
36 37 38 39 36 31 32 33
32 33 34 35 36 37 38 39

23456789 ...d

Figure 5.2: Comparison of a piggybacked ACK frame and a ed@K.

it up to the host. Once at the driver level, we reconstrucfrédm@e according to a data frame
type. Fig.5.3 depicts the typical frame exchange betweeamPSTA.

308 3.184514 192.168.98.100 192.168.98.101 upP Source port: 36072 Destination port: italk

{ No. . Time Source Destination Protocol Info
\
| 309 3.184573 192.168.98.100 192.168.98.162 ubP Source port: 55603 Destination italk

312 3.205020 192.168.98.100 192.168.98.102 uopP Source port: 55603 Destination
313 3.205681 192.168.98.100 192.168.98.101 UDP Source port: 36072 Destination

316 3.225523 192.168.98.160 192.168.98.101 uopP Source port: 36072 Destination
317 3.225582 192.168.98.100 192.168.98.102 UDP Source port: 55603 Destination

320 3.245946 192.168.98.160 192.168.98.102 uopP Source port: 55603 Destination
321 3.246014 192.168.98.160 192.168.98.161 uDP Source port: 36072 Destination

+ Frame 157 (102 bytes on wire, 102 bytes captured)

+ Ethernet II, Src: GemtekTe ba:0f:cb (00:14:a5:ba:0f:cb), Dst: GemtekTe ba:0f:ee (00:14:a5:ba:0f:ee)
+

+ User Datagram Protocol, Src Port: 58374 (58374), Dst Port: italk (12345)
+ Data (60 bytes)

Figure 5.3: Voice frame exchange between AP-STA.
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Figure 5.4: Throughput delay for downlink and uplink casesde only).

5.3 Voice-only scenario

We start our performance evaluation with a scenario in wbidi voice traffic is present.
In all considered cases, we will assume that a voice calltiseabetween a station in the
WLAN and a node outside the WLAN, which is translated into efdlink” (DL) flow from
the AP to the wireless station, and a corresponding “upl{tk’) flow in the other direction.

We first analyze the maximum number of flows that can be addnitt¢he WLAN. To
this aim, we compute the obtainedgenthroughput in each direction as a function of the
number of voice flows in the WLAN. The obtained results for the worst performingw$o
are depicted in Fig. 5.4 for the DL (top of the figure) and ULt{bm part of the figure)
directions, for the case of standard DCF operation (deredé&dgacy and for our VolPiggy
mechanism, for two modulation coding scheni&s of 802.11b, namely? = 1 Mbps and
R = 2 Mbps.

The results show that the use of VoIPiggy is able to signiflgancrease the number of
voice conversations supported in the WLAN. Indeed, whitelie legacy case the maximum
n values before losses become very largerare 5 for R = 1, andn = 6 for R = 2, for
the case of VoIPiggy these values growite= 8 andn = 13, respectively. These results are
in line with the model predictions reported in Table 3.1. Rissshow that VolPiggy almost
doubles the voice capacity in the WLAN.

Although these throughput results validate the perforraamprovements of VolPiggy,
they do not support more sophisticated QoS guarantees. iSTaith, we next analyze the
CDF of the DL delay using VolPiggy, as this direction is thegnlkely to become the
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Figure 5.5: CDF of the delay for the voice model (voice only).

bottleneck in QoS provisioning scenarios (as the UL traffit mot have to contend for
channel access). In Fig. 5.5 we plot the obtained CDFs foexperimental results (dotted
line) and the analytical model given in Section 3.1.2 (gtnaline), for the case ofn(* — 2)
voice conversations. According to the Fig.5.5, both witle 7”2 = 1 Mbps andR = 2 Mbps,
the results show a good match between analytical and expetainvalues, which confirms
the accuracy of the model. Furthermore, Fig.5.5 shows beavoice delay rarely exceeds
10 ms, and the delay dispersion is very limited. Therefor canfirm the good properties
of VoIPiggy, which is well suited to provide voice traffic WiQoS guarantees.

5.4 Mixed voice-and-data scenario

The performance evaluation of this scenario includes tlduation of the maximum
number of conversations in presence of a data flow, the ei@uaf the data throughput
performance, and the evaluation of the voice delay perfooma

The upper part of Fig. 5.6 considers the legacy 802.11 MA®, @epicts the data
throughput achieved by the data flow for an increased nunfhaice conversations, show-
ing a good match between experimental and analytical seslille system cannot tolerate
the presence of 2 voice flows with = 1 Mbps, and no more than 3 flows with = 2 Mbps.
Therefore, legacy MAC turns out to be highly inefficient ailsahis scenario

The bottom part of Fig. 5.6 reports the results obtained WitPiggy. Results show
that:
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b) Data throughput for the VolPiggy case

Figure 5.6: Data throughput for data plus voice scenario.

e The model can predict experimental results with high aagura

e The maximum number of possible conversations with VolPiggggual to 8 and 13,
respectively withR = 1Mbps and R = 2Mbps, which coincides with the model
predictions. reported in Table 3.1

e The data throughput, for a given valuerafis higher when using VolPiggy as com-
pared to DCF. This result shows that VolPiggy incrementsvifiee capacity of the
WLAN and frees more resources for data flows.

Finally, let us consider the delay performance of voice is fitenario. Fig. 5.7 sketches
the behavior of the delay CDF fdk = 1 Mbps andR = 2 Mbps. The model is able to
capture the behavior of the experiments, although it resydtimistic.
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Chapter 6

Summary and Future Work

In this thesis we have designed, analyzed, implemented aidated a mechanism to
dramatically improve the efficiency of MAC operation whenoatraffic is presentin 802.11
WLANS. In contrast to legacy operation, which spends largewnts of time in contention
and overhead transmissions, VolPiggy extends the comainids sent from the stations to
the AP with user data, thus practically halving the time regplito transmit voice frames.
Indeed, the analytical models presented confirm the goddnpeaince figures of VolPiggy
in voice-only and voice-and-data scenarios.

We have described the modifications required by VolPiggyciwiare supported by ex-
isting COTS devices. To validate VolPiggy and assess iectifieness, we have deployed a
large-scale testbed consisting of 33 devices. Throughmsixie performance evaluation we
have demonstrated the performance improvements yieldedibsnechanism, these results
being in a good match with analytical results.

As future work we envision the following tasks:

e Assessing the performance when using real VoIP clients,Sleype, Ekiga or Viber.
We have already carried out some preliminary tests with&laftaining good results.

e Implementing different MAC mechanisms apart from VolPiggych as e.g. the AP
piggybacks the packets addressed to the station. Notehisasmore difficult since
it requires analyzing the transmission queue to searcleiietls a packet addressed to
a given station.

e Testing with higher modulation coding schemes and numbdatf stations.
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