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Abstract

The IEEE 802.11 standard defines a power management algorithm for wireless LAN.
In the power management for Independent Basic Service Set (IBSS), time is divided
into Beacon Intervals (Bls) and each BI is divided into an Announcement Traffic
Indication Message (ATIM) window and a data window. The stations that have
successfully transmitted an ATIM frame within the ATIM window compete to
transmit data frames in the rest of the BI. This work analyzes the performance
of the IEEE 802.11 Power Save Mode (PSM) in single hop ad hoc networks
using a discrete-time Markov chain for a data frame transmission together with
the corresponding ATIM frame transmission. We present an analytical model to
compute the throughput, average delay and power consumption in IEEE 802.11
DCF PSM in IBSS under ideal channel and saturated traffic condition. The
impact of network size and beacon interval size on the throughput, delay and power
consumption of the IEEE 802.11 DCF in Power Save Mode is also analyzed.

An unsaturated traffic model is also considered where data is transmitted in a
burst. An analytical model of IEEE 802.11 DCF PSM in IBSS under unsaturated
traffic is then presented. The impact of data arrival rate, network size and size of
the BI on the performance of the IEEE 802.11 DCF in PSM is also analyzed. This
can be used to find an efficient scheme that can maximize the network throughput
while saving power consumption for resource constrained ad hoc wireless networks.
The analytical work for both saturated and unsaturated traffic condition is validated

with simulation results obtained from Qualnet 5.0.1 network simulator.
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Chapter 1
Introduction

Wireless communication is a key technology to design today’s smarter world. A
recent report [5] published in 2011 has identified wireless devices and technologies as
the fundamental backbone of the future network communication. Wireless Fidelity,
better known as ‘WiFi’ [6], is the most popular technology in the domain of wireless
communication, that allows an electronic device to exchange data or connect to the
Internet through wireless media using radio waves. The WiFi Alliance [7] defines
WiFi as any Wireless Local Area Network (WLAN) product that is based on the
Institute of Electrical and Electronics Engineers (IEEE) 802.11 standards [2].

The IEEE 802.11 standard [2] provides specifications for both medium access
control (MAC) and physical (PHY) layers for a WLAN device. The standard was
published in 1997 and elucidated in 1999. A number of IEEE 802.11 task groups
(assigned as ‘a’, ‘b’ ‘d’, ‘e’, ‘g’, ‘h’, etc.) have been created to amend the standard
in many aspects such as high data rates [8], quality of service (QoS) [9,10], etc. In
IEEE 802.11 WLAN, different coordination functions are introduced for accessing
the shared wireless medium. Among others, the distributed coordination function
(DCF) is a contention based MAC protocol on the basis of the conventional carrier
sense multiple access/collision avoidance (CSMA/CA) mechanism [11,12]. Another
contention free MAC protocol, called the point coordination function (PCF) is built
on the top of the DCF. A network can use the hybrid coordination function (HCF)
which is an amalgam of DCF and PCF, for the quality service between the two
extremes. WLAN supports two operating modes for wireless stations, infrastructure

basic service set [13] and independent basic service set (IBSS) [14], as presented in
1
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1 Introduction

Independent BSS (IBSS)

Infrastructure BSS (iBSS)

Extended Service Set (ESS)

Figure 1.1: IEEE 802.11 WLAN Networks

Figure 1.1. In the infrastructure network, the wireless stations communicate through
a central coordinator, called an access point (AP). The APs are connected to the
internet through a wired distribution system (DS). The IEEE 802.11 WLAN network
can be extended through interconnected APs and DS, called an extended service set
(ESS). IBSS is another communication mode of IEEE 802.11 WLAN network, where
the stations create ad hoc connections among themselves, without any centralized
control, and communicate with each other through the contention based channel
access mechanism.

Due to ease of deployment and maintenance for wireless communication media,
low cost handheld devices equipped with wireless communication interfaces are
widely used in the modern world, ranging from mobile phones, tablets, laptops,
wireless sensors and personal gadgets. Different variations of wireless networks have
emerged based on these small devices, like mobile ad-hoc networks (MANET) [15],
sensor network [16], vehicular networks [17] and so on. One of the major problems
in these networks is that the devices are battery operated, and therefore power
constrained. Efficient protocols need to be designed that utilize minimum power
during execution [18-20]. In wireless devices, maximum power is consumed during
communication, that is the transmission and reception. Even when the wireless
devices are not operating, i.e. they are not involved in active transmissions
or receptions, they may operate in promiscuous mode [21] where the devices

overhear the ongoing communications (also called idle-listening). This is a major
2
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source of unnecessary energy deviation from wireless interfaces. The IEEE 802.11
standard defines power save algorithms for both the infrastructure BSS and the
IBSS networks, where a wireless station goes to the sleep mode when no data
communication takes place. However, the power save algorithms for infrastructure
BSS [22,23] and IBSS [24-26] are different in nature. In infrastructure network,
the AP acts as the central coordinator, and uses polling based functionality to
instruct the wireless stations to go to the sleep mode when there is no active data
communications. However, as there is no central coordinator in IBSS, the wireless

stations should be synchronized for a sleep-wake up cycle.

Designing power saving algorithms for IBSS is more important, as most of
the battery constrained networks, as mentioned earlier, operate in IBSS mode.
The standard supports power save mode (PSM) operation along with distributed
coordination function (DCF) for MAC layer channel access in the IBSS mode of
operation. According to the PSM operation, if a station does not transmit or receive
data in a time slot, then it should go to the sleep mode to save battery power that
is wasted due to idle-listening. To enable this design, the standard divides the time
into beacon intervals (Bls), and every BI is divided into an announcement traffic
indication message (ATIM) window and a data window. A station that has data
frames to send, is only allowed to do so, if it can successfully transmit an ATIM
frame in the ATIM window. A station that neither transmits nor receives an ATIM

frame in the ATIM window, goes to the sleep mode in the data window.

The performance of PSM in IBSS depends on several factors. Jung et
al. [25] have shown that dynamic ATIM window size ! may provide better network
performance, in terms of overall network throughput, while conserving same amount
of power. Further, the authors in [24] have proposed a scheme where an extra
carrier sensing frame is transmitted before the ATIM frame transmission to save
more battery power. This thesis models the standard IEEE 802.11 DCF PSM
for IBSS in different network conditions to analyze the impact of different design
parameters, such as ATIM and data window size, the network size, as well as the
DCF parameters like the contention window (CW), over the performance metrics

like network throughput, delay and power consumption.

IThe standard defines fixed ATIM and data window size.
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1.1 Motivation of the Research Work

1.1 Motivation of the Research Work

Mathematical modeling of a communication protocol is important to analyze the
impact of the design parameters over the performance metrics. In [1], Bianchi
has presented a two dimensional Markov chain model of the IEEE 802.11 DCF
to analyze the saturation throughput? of the network. From the analysis, the
author has concluded that the throughput depends on the initial CW size, and
the optimal value of initial CW depends on the number of contending stations in
the network. Based on this analysis, a set of algorithms has been proposed in the
literature to dynamically tune the minimum CW for IEEE 802.11 DCF [27-31] to
optimize the network contention for providing better performance gain. A number
of papers [3,32-35] are built upon the original Bianchi’s model for handling error-
prone channels, non-ideal transmission channels and capture effects. However, all
these analytical models do not consider the power save mode operations of the
stations. Several analytical models are presented to analyze the performance of
the IEEE 802.11 power save mode in infrastructure BSS [36-39]. As discussed
earlier, modeling IEEE 802.11 DCF PSM in IBSS is essential for designing efficient
power saving options for low energy battery powered wireless devices. As the PSM
operation in IBSS significantly differs from the PSM of infrastructure BSS, a concrete
mathematical model for IBSS PSM is required for analyzing the pros and cons of
the standard algorithm.

Traffic characteristics play a crucial role in the design of any communication
protocol. In a general purpose community wireless network, every station does
not transmit or receive at all times. Further the traffic generation rate at every
station varies with time, depending on the application demand. In general, a
station gets saturated when it starts transmitting at the maximum supported data
rate. Further, a network gets saturated when the total traffic generation rate from
a set of contending stations overshoots the maximum network capacity. Most
of the analytical models presented in the literature consider network saturation.
Though modeling a protocol behavior in network saturation condition is necessary

to visualize the protocol performance at extreme scenarios, it does not reflect

2 A network is called saturated when the total transmission rate of the stations is more than the

maximum network capacity.
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1.2 Contributions of the Thesis

the performance statistics of the protocol in different real world scenarios. The
performance of a communication protocol may vary significantly in the unsaturated
network conditions, when different stations transmit traffic at different data rates.
For example, in a WLAN network which is based on IEEE 802.11 DCF, though
TCP traffic shows fairness in network saturation, severe unfairness is observed
when different stations have different number of TCP flows, and the network is
unsaturated [40]. Although there exists analytical modeling for IEEE 802.11 DCF
in unsaturated traffic conditions [41-43], the PSM is not analyzed till now in the
literature, neither for saturated nor for unsaturated traffic condition in IBSS.

The discussion till now reveals the requirement for designing an analytical
model for IEEE 802.11 DCF PSM in IBSS, for both saturated and unsaturated
network conditions. The model at network saturation gives the performance
overview of the protocol at the extreme scenario with the effect of network size
over the performance metrics. On the other hand, the model at unsaturated traffic
conditions helps to analyze the protocol performance in a real world scenario, with
variable traffic arrival rates. The analytical models can be used to evaluate the
effects of the design parameters over the network throughput, forwarding delay and
power consumption. The analytical models can work as a basis for designing efficient
power saving algorithms to maximize network performance, while minimizing the
average power consumption as well as the deviation in power consumption, that can

significantly increase the network lifetime.

1.2 Contributions of the Thesis

The objectives of this thesis are to design a mathematical model for IEEE 802.11
DCF PSM in IBSS under different traffic conditions, and analyze the results obtained
from the model to evaluate the effect of the design parameters over the network
performance. This analysis can serve as the basis for designing efficient algorithms
to improve network lifetime for the networks with power constrained devices. For
this purpose, the first contribution of this thesis models the IEEE 802.11 DCF
PSM in IBSS in saturated traffic condition using a discrete time three dimensional
Markov chain model to show the effect of the network size over performance metrics.

In the next contribution of this thesis, the model is extended for unsaturated traffic
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1.2 Contributions of the Thesis

conditions. The model is used to find out the impact of different performance
parameters, such as data arrival rate, the ratio of ATIM and data window, CW etc.,
over the network throughput, average MAC delay, variation in delay, average power
consumption, and the variation in power consumption. The thesis also compares
the performance parameters between DCF with PSM and DCF without PSM. The

following subsections give a brief description of the major contributions of this thesis.

1.2.1 Performance Analysis of IEEE 802.11 PSM in IBSS
for Saturated Traffic

In this contribution, an analytical model is designed to analyze the performance
of IEEE 802.11 DCF PSM in IBSS for saturated traffic conditions. For this
purpose, a discrete time Markov model is introduced for a data frame transmission
together with the corresponding ATIM frame transmission. The probability of
successful transmission of an ATIM frame has significant impact on the data frame
transmission. The model is used to calculate the probability that an ATIM frame
and a data frame are transmitted successfully. The analytical model is validated
by comparing the numerical results with simulation results, obtained from Qualnet
5.0.1 network simulator [44]. The throughput of the IEEE 802.11 DCF PSM in
IBSS is analyzed using the analytical model of the ATIM frame and data frame
transmissions. Further, the model is used for the analysis of delay and average
power consumption during a data frame transmission. The effect of network size
and the beacon interval over the network performance is also analyzed. Based on
the results from the analytical model, the throughput-power trade-off in PSM is also
discussed.

Based on this analytical model, a comparative study between IEEE 802.11
DCF with PSM and without PSM is reported for different beacon interval sizes.
In IEEE 802.11 DCF without PSM, the performance metrics do not depend on
the beacon interval size, whereas in PSM, the network throughput increases and
the power consumption decreases as the size of the beacon interval increases. The
model reveals that in IEEE 802.11 PSM, power saving comes at the cost of network
throughput and delay. The contention among the stations is less in the data window
for PSM, because some of the stations that fail to transmit ATIM frame in the ATIM

6
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1.2 Contributions of the Thesis

window go to the sleep mode in the data window. This makes the data window
throughput marginally higher. However, the ATIM transmission imposes an extra
control message overhead that reduces overall channel throughput. This analysis
gives the direction for designing an efficient power saving algorithm by dynamic
tuning of the beacon interval size. Such an algorithm would provide maximum

network performance while keeping the average power consumption constraint.

1.2.2 Performance Analysis of IEEE 802.11 PSM in IBSS
for Unsaturated Traffic

As discussed earlier, data frames come in a burst from users in a wireless network
that results in network unsaturation. In the first contribution of the thesis, the
analytical model is designed considering the saturated traffic only, which shows
the protocol performance at the extreme traffic load scenarios, and analyzes the
impact of the network size over performance metrics. However, it can not capture
the performance with different traffic arrival rates. For instance, when the network
traffic comes in a burst, some stations may not participate in the ATIM handshaking
procedure (if the station is neither a data transmitter nor a receiver), resulting in
the reduction of the effective network size for the ATIM window. Therefore, it is
important to extend the analytical model for unsaturated traffic condition.

In the next contribution of the thesis, a discrete time Markov model is
presented for the ATIM and data frame transmissions in the IEEE 802.11 IBSS
PSM for unsaturated traffic condition. The network throughput, delay and power
consumption for IEEE 802.11 DCF PSM is analyzed in this work considering
an unsaturated network. As earlier, the numerical results obtained from the
proposed analytical model are compared with the simulation results to validate
the proposed model. The effect of power saving over the network throughput, delay
and power consumption for unsaturated traffic is analyzed for different network
sizes and different beacon intervals. The performance of IEEE 802.11 IBSS PSM
is also analyzed and compared with the standard IEEE 802.11 IBSS without PSM.
From the results obtained through the analytical model of the unsaturated traffic
condition, it is observed that in PSM, as the number of stations increases the average

power consumption decreases. On the contrary, the average power consumption
7
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1.3 Organization of the Thesis

increases in IEEE 802.11 DCF without PSM. It is also observed from the analysis
that the effect of the power consumption is more in the case of network unsaturation,
compared to the saturated condition. The analysis for unsaturated traffic condition
shows that there is a trade-off among throughput, MAC delay and average power
consumption. Therefore, this contribution reveals that in a general community
network, where network unsaturation is common, a dynamic and adaptive BI can

provide better power saving with little compromise in delay and throughput.

1.3 Organization of the Thesis

This thesis is organized as follows.

Chapter 2 presents a brief overview of the IEEE 802.11 DCF with PSM in
IBSS and the literature survey related to the analytical model of IEEE 802.11 DCF.

In Chapter 3, a discrete time Markov model is proposed to analyze the
performance of the IEEE 802.11 PSM in IBSS for saturation traffic. The analytical
model is used to compute the normalized throughput, average delay and power
consumption under ideal channel condition for saturation traffic. The analytical
model is validated through the simulation results, and the numerical results obtained
from the model is used to evaluate the performance of the network under the PSM.

Chapter 4 presents an analytical model to compute the throughput, expected
delay and expected power consumption in IEEE 802.11 PSM in IBSS for unsaturated
traffic. The model is validated through the simulation results. The impact of the
data arrival rate, network size and the size of the beacon interval on the performance
of IEEE 802.11 DCF in PSM is also analyzed.

Finally, Chapter 5 summarizes the overall contribution of this thesis, and

presents some future research directions.
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Chapter 2
Background and Literature Survey

The IEEE 802.11 standard provides the design specifications for the physical layer
(PHY) and the medium access control (MAC) layer of a wireless local area network.
For the specifications of PHY layer, it extends the support for different versions
of physical layer technologies such as infrared, frequency hopping spread spectrum
(FHSS) and direct sequence spread spectrum (DSSS). The 802.11a specification uses
orthogonal frequency division multiplexing (OFDM), while 802.11b provides details
for a high rate direct sequence spread spectrum layer (HR/DSSS). The MAC layer
is responsible for controlling access to the wireless channel, where multiple users can
transmit at the same time over the same channel. MAC protocols have been broadly
grouped into two categories: distributed and centralized. In the centralized case,
every wireless station communicates through an AP connected with the distribution
system, whereas in the distributed case every station has the freedom to transmit or
receive a frame without any centralized control, and the stations coordinates with
each other for the decision of channel access.

The IEEE 802.11 standard [2] presents coordination functions that control
medium access for a station. It presents polling and contention based medium access
protocols know as point coordination function (PCF) and distributed coordination
function (DCF) respectively. The PCF and the DCF can coexist within one station.
The PCF interchanges between a contention free and a contention period in time,
where as DCF is based on contention. In PCF, the contention period is used to
give transmission facilities to new incoming stations to introduce themselves to the

network. The PCF is known as optional access method which is implemented in
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2.1 The IEEE 802.11 Distributed Coordination Function (DCF)

infrastructure basic service set to present a contention free period (CFP). The AP
acts as the point coordinator (PC) which eliminates the contention by polling the
stations for frame transmission.

The DCF is used in an ad hoc network! to access the channel without any
centralized coordination. The next section gives the detail design aspects of the
DCF.

2.1 The IEEE 802.11 Distributed Coordination
Function (DCF)

AIFSIj]
ARRRREN
AIFS[i]
ZTTTTTT T
DIES Contention Window
PIFS
DIFS/AIFS ‘ -
Busy Medlig Bac 01fs’ot|s l ‘ /| Next frame
| Defer Access >| |* Slottime

Selected slot and decrement backoff as medium busy

Figure 2.1: Inter Frame Spacing in IEEE 802.11

DCF is a contention based channel access protocol. In DCF, after a frame has
been transmitted by a station, a certain amount of waiting time is required before
any other station can further transmit another frame. This time interval is called
the interframe space (IFS). IFS is classified into five types according to the specific

purposes, as shown in Figure 2.1.

e Short Interframe Space (SIFS): The control frames are the highest priority
frames in DCF. The SIFS is used for the highest priority frame transmissions.

After the elapse of SIFS time interval, frame transmissions start.

LA wireless ad hoc network is a decentralized network where there is no AP to manage the
network. Each station voluntarily participates in routing and forwarding of data frames from

other stations.

10
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e PCF Interframe Space (PIFS): PIFS is used during contention free
operation. Stations start transmitting the frame after the elapse of the PIFS

time interval?.

e DCF Interframe Space (DIFS): A station starts to transmit data frames if
the channel is idle for a time interval more than the DIFS. This is the minimal

time in contention-based service.

e Extended Interframe Space (EIFS): This is not fixed in size and used when

there is error in frame transmissions.

e Arbitration Interframe Space (AIFS): The AIFS is used by Quality of

Service (QoS) stations to transmit the data and control frames.

DCEF utilizes the carrier sense multiple access with collision avoidance (CSMA /CA)
mechanism for channel access, with a binary exponential backoff for collision reso-

lution. These have been discussed in the following subsections in details.

2.1.1 Carrier Sense Mechanism

In the DCF access mechanism, the carrier sensing mechanism is responsible for
channel sensing and avoiding collisions. Both physical carrier sensing (PCS) and
virtual carrier sensing (VCS) are used in DCF. The PCS is a mechanism in physical
layer which notifies the MAC layer whether the medium is idle or not. The function
used in physical layer for channel sensing is called the clear channel assessment
(CCA). There is no literal sensing of the carrier in the VCS mechanism. Control
frames are used to exchange information about the state (idle or busy) of the channel.
These control frames are ‘Request to Send’ (RTS) and ‘Clear to Send’ (CTS) frames.
The VCS mechanism sets the ‘Network Allocation Vector’ (NAV) and updates it.
The NAV is a timer that shows the amount of time the station should stay idle
before the channel can be used. This NAV value counts down on a regular basis and

when it becomes zero, it indicates that the channel is free.

2As mentioned earlier, PCF and DCF can coexist in a station. All the stations under PCF uses
PIFS which is smaller than the DIFS. This implies that the point coordination traffic have priority

to access the channel over the stations under the DCF access method.

11
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Figure 2.2: Virtual Carrier Sensing in [EEE 802.11

Figure 2.2 presents the virtual carrier sensing mechanism. Let us assume that
station A and station B are in the same radio range. Station C is in the radio range
of the station A, and station D is in the radio range of station B, but not within the
radio range of station A. If station A wants to send a frame to station B, it sends
an RTS frame to station B, to reserve the channel. After station B receives the RTS
frame successfully, it sends a CTS frame to station A. Station C and station A are
in same radio range. When station C receives the RTS for station A it sets a virtual
channel busy for itself, as NAV. Similarly station D sets a NAV after receiving CTS
from station B. After that, station A sends the data frames to station B and starts
the Acknowledgement (ACK) timer. When station B receives the data frames it
sends back an ACK to the station A.

Based on the PCS and VCS, DCF defines two access mechanisms for frame
transmission: the default basic access mechanism which is a two-way handshake
scheme based on PCS, and an optional four-way handshake scheme based on VCS.
In the basic access mechanism which is depicted in Figure 2.3, before the frame
transmission the station monitors the channel until the channel becomes idle for
DIFS interval. To avoid channel capture, a station waits for a random backoff time
between two consecutive new frame transmissions, even if the channel is sensed
idle for DIFS time. A positive ACK is transmitted by the destination station after
successful reception of the frame. An optional four-way handshaking technique

(Figure 2.2) is know as RT'S/CTS mechanism. Before transmitting a data frame,
12

TH-1201_PSWAIN



2.1 The IEEE 802.11 Distributed Coordination Function (DCF)

Source Idle Slot
Station DIFS DATA 25 |
A i ACK R
| SIFS C
| 1
| |
| |
| |
Destination ! !
Staltgion ! !
i DIFS
DIFS | | | | //”///%%M///AA] NEEN
™ 1 1
ACK 876 5 43210
Time Slots Frozen Backoff Time Resumes Backoff Timer

Figure 2.3: Basic Access Mechanism

the station sends an RTS frame to reserve the channel. The destination station
acknowledges by a CTS frame after successful receipt of the RTS frame, after which
the normal data frame transmission and ACK response occurs. This RTS/CTS
mechanism is designed in the IEEE 802.11 protocol to avoid the hidden terminal

problem [45] when pair of stations are in different radio ranges.

2.1.2 Binary Exponential Backoff

DCF uses the Binary Exponential Backoff (BEB) algorithm to avoid collision in
the channel. If the channel is sensed busy, the station defers the channel access
until the channel is sensed free. If the channel is idle, the data frame is forwarded
according to the BEB algorithm. If the medium is sensed idle for an interval larger
than DIF'S period then the station starts to transmit frames; otherwise it defers the

transmission until the medium is free. The backoff time is chosen as follows;
Backoff Time = Random() x Slot Time

where the random value is uniformly distributed between [0, CW — 1] where CW
is the contention window size which satisfies CWpi; < CW < CWoax. CWhin
and CW.x are the minimum and maximum CW size. These values are based on
the physical modulation characteristics. As long as the channel is sensed idle the
backoff counter is decremented. The backoff value is frozen when the channel is
sensed busy. After each unsuccessful transmission the value of CW is doubled up
t0 CWiax = 2™(CWiin). The constant m is called maximum backoff stage. For

13

TH-1201_PSWAIN



2.2 The IEEE 802.11 DCF in Power Save Mode (PSM)
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Figure 2.4: FSM for Communication Component
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a successful transmission the C'W is reset to CWy,,. At every slot, the CW is
decreased by one. When the CW reaches zero, the station attempts to transmit
the frame. If the transmission is successful, CW is set to its minimum value,
otherwise, for every unsuccessful transmission attempts, CW is doubled. Once
the frame transmission remains unsuccessful till the last backoff stage, the frame
is dropped from the interface queue and the CW is set to its minimum value for a

new frame transmission.

2.2 The IEEE 802.11 DCF in Power Save Mode
(PSM)

In resource constrained wireless networks such as mobile ad hoc networks, sensor
networks, vehicular networks, etc. power is an important resource to be managed.
The design of energy efficient protocols for such networks is an important research
area. The IEEE 802.11 standard defines power save algorithm for both infrastructure
networks, where every wireless station communicates through an AP connected with
the distribution system and IBSS, where the stations create ad hoc connections
between themselves and communicate with each-other through a contention based
channel access mechanism. During power management, a station is in one of
these two states, namely, active mode (transmit, receive, idle) or sleep mode. A

finite state machine (FSM) for communication component in power save mode is
14
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presented in Figure 2.4. During active mode, the station is in awake state and may
transmit /receive frames at any time. At the time of power save mode, the station is
in doze or sleep state hence is not able to transmit or receive and consumes very low
power. A wireless station goes to sleep mode when no data communication takes
place. However, the power save algorithm for infrastructure and IBSS networks are

different in nature.

2.2.1 Power Management in Infrastructure Network

The IEEE 802.11 standard [2] has two different power modes, power on and power
save. In power on mode a station transmits or receives frames at any time, whereas
in power save mode a station goes to sleep state periodically to save battery power.
In infrastructure networks, the AP acts as the central coordinator, and uses polling
based functionality to facilitate the wireless stations to go to sleep mode when there
is no data communication. In the power save mode, the AP informs the stations
that frames are buffered. The AP periodically assembles a traffic indication map
(TIM) and transmits it in beacon frames, which indicates whether the AP has any
pending data frames destined to the station or not. If the AP broadcasts a beacon
indicating the presence of a buffered packet for the station, the station stays in awake
state and generates a PS-Poll frame to request the transmission of the packet until
all the buffered packets are received. When multiple stations have buffered frames,
all stations use the random backoff algorithm before transmitting the PS-Poll. If
the AP broadcasts a beacon indicating that the AP has no buffered packet for the
station, the station may enter the doze state immediately. The time interval after
which a station periodically wakes up is called listen interval. The listen interval is
a multiple of the beacon interval.

Figure 2.5 illustrates an example of the buffering and delivery process of frames
when the station is in power save mode in an IEEE 802.11 infrastructure network.
For every beacon interval, the AP transmits a beacon frame with a TIM information.
As depicted in Figure 2.5, Station A has listen interval 2 while station B has listen
interval 3. Station A wakes up every other beacon interval and station B wakes
up every third to listen to the TIM. At the first beacon interval, there are frames

for station A and no frame for station B thus station B immediately returns to
15
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Figure 2.5: Power Management in Infrastructure Network [2]

doze state. In the second beacon interval, the TIM indicates that there are frames
buffered for both station A and station B. Since station A is in awake state, it
sends a PS-Poll without any contention, receives the buffered frame in response and
returns to doze state. In the third beacon interval both the stations are in doze
state. At the fourth beacon interval both stations wake up to listen to the TIM
and there are frames buffered for both. Hence there is a contention to transmit the
PS-Poll frames. Station A wins, issues a PS-Poll and receives its buffered frame.
During the transmission, station B has to wait. If the AP discards the buffered
frames for station B due to buffer overflow, the TIM at the fifth beacon indicates

that no frames are buffered and station B can return to doze state.

2.2.2 Power Management in IBSS

In TEEE 802.11 DCF PSM for IBSS, time is divided into Beacon Intervals, and each
beacon interval is divided into an ATIM window and a data window, as illustrated in
Figure 2.6. If a station successfully transmits an ATIM frame in the ATIM window,

then it is allowed to transmit a data frame in the data window. Otherwise it goes
16
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Figure 2.6: Power Save Mode in IBSS [2]

to sleep mode in the data window.

In an IBSS, the stations in PSM wake up to listen to beacon messages and stay
awake for an ATIM window period. When the stations are in PSM, the transmitter
buffers all the frames and announces them in the ATIM window through an ATIM
frame. The ATIM frame is a control frame which is exchanged by the stations to
determine whether to go for sleep mode or stay awake for data transmission after
the end of the ATIM window. The transmission of ATIM frame and data frame are
according to CSMA /CA DCF specified in the IEEE 802.11 [2]. If a station is unable
to transmit an ATIM frame during the ATIM window, e.g., due to contention with
another station or ending of the ATIM window, the data frame is rebuffered and
an attempt is made to transmit an ATIM frame during the next ATIM window. A
station may enter the power save state at the end of the ATIM window if it does not
transmit or receive an ATIM frame successfully. The example of power save mode
is illustrated in Figure 2.6. Station A announces a frame destined for station C by
transmitting an ATIM frame during the ATIM window. Station C sends ATIM-
ACK to station A and remains awake for the rest of the beacon interval. Station B
goes to power save state at the end of the ATIM window, thus saving energy.

The stations that have successfully transmitted an ATIM frame within the
17
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ATIM window compete to transmit a data frame in the rest of the beacon interval.
If the station is unable to transmit the data frame in the beacon interval in which
it was announced, e.g., due to contention with other stations or ending of the data
window, the data frame is rebuffered and the station again transmits an ATIM
frame during the next ATIM window. A station may discard data frames which are
buffered for an excessive amount of time.

A number of works has been proposed in the literature to model the IEEE
802.11 DCF in different network conditions. The next section explores these works
to give a brief overview of the analytical models proposed in the literature for

performance analysis of wireless networks based on IEEE 802.11 standard.

2.3 Modeling of IEEE 802.11 DCF

There are a number of theoretical models that analyze the performance of the IEEE
802.11 DCF depending upon different network assumptions. Various mathematical
techniques are used to analyze the performance of the IEEE 802.11 DCF such as
queuing theory, Markov chain model and game theory. In IEEE 802.11 DCF, channel
access by a station has an influence on its neighboring stations, and therefore game
theory is an extremely useful tool to analyze such a network. In [46], the authors
have proposed a game model to represent the IEEE 802.11 DCF mechanism and
designed a simple Nash equilibrium backoff strategy for fairness. Several queuing
models have been designed using the uniqueness of the fixed point to analyze the
performance of the IEEE 802.11 DCF [41,47-50, 50, 51]. In [52], authors have
calculated the probability distribution of the MAC layer frame service time (i.e., the
interval between the time the frame starts to contend for transmission and the time
that the frame is either acknowledged for correct reception by the intended receiver
or is dropped). Based on this distribution model of the MAC layer frame service
time, they analyzed the queueing performance of the wireless LANs at different
traffic load.

Bianchi [1] is the pioneer in the modeling of IEEE 802.11 DCF using discrete
time Markov chain which is presented in Figure 2.7, assuming an ideal channel
condition with saturation network traffic. He uses a two dimensional Markov chain

to model the BEB mechanism and shows the effect of minimum CW over network
18
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Figure 2.7: Markov model for data frame transmission in IEEE 802.11 DCF [1]

throughput. His analysis considers both CSMA /CA based basic access mechanism
and RTS/CTS access mechanism for virtual carrier sensing. In CSMA/CA, the
stations change their state depending upon the condition of the wireless channel.
The wireless channel can either be in “busy” or “idle” state. The channel is
considered idle when there is no transmission and busy if there is at least one
transmission. If the channel is sensed busy then the station waits until the channel
becomes idle. This implies that the total behavior of the network depends on the
wireless channel condition. The probability p represents the collision probability that
a packet is transmitted by a station. The probability p is assumed to be a constant
and independent collision probability, irrespective of the number of retransmissions.
The collision probability p can be expressed as a function of the probability 7 (which
indicates the probability that a station transmits in a randomly chosen slot), as

follows:

p=1—(1- T)("_l).
19
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Let P, be the probability that there is at least one data frame transmission
in the considered slot time. The probability P, that a data frame transmission is

successful, is calculated in [1] as follows.

P, = 1-(1-7)"
nr(l — 7)1
Py '
As defined in [1], “throughput is the fraction of time the channel is used to

R \=

successfully transmit payload bits”. Let S denote the normalized system throughput

which is expressed as:

E[payload info. transmitted in a slot time]
Ellength of a slot time]
_ P, P, Ep]
(1 - Py)o+ PP, Ts + (1 — P,)P,T.

Let E[P] be the average packet payload size (in terms of time unit, e.g., us).

S:

It is assumed that all packets have the same size, so E[p] = P. Let Ty and T, be
the average time the channel is sensed busy because of a successful transmission or
a collision respectively, and o be the empty slot time. Let H = PHY}q, + MACpq,
be the size of the packet header and 0 the propagation delay. Then,

T, = H+ E[P]+ SIFS + 6 + ACK + DIFS + 6 (2.1)
T. = H+ E|P*]+ DIFS. (2.2)

Here P* is the maximum length of packets that are involved in a collision.
Bianchi has given a closed form solution for the network throughput in an
IEEE 802.11 DCF WLAN. Several works have extended Bianchi’s analysis for IEEE

802.11 DCF for saturation condition, as discussed in the following subsection.

2.3.1 Extensions of Bianchi’s [1] Model for Saturated Traffic

Condition

The drawback of the work by Bianchi [1] is that, if there is a failure to transmit a

frame there is no finite limit for the retransmission of the frame. In [53], the authors
20
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have presented a modified framework of the Bianchi’s model, which introduces a
fixed retry limit and analyzed the performance of Reliable Transport Protocol over
IEEE 802.11 DCF. After the maximum limit if there is any collision, the frame will
be dropped or the transmission will restart with a new backoff value. The backoff
counter is decremented only during idle slots. This idea was first adopted in [54]
and corrections of this paper have been addressed in [32]. According to [32], a slot is
either an empty slot or a transmission slot and hence there is a self loop in each state,
freezing the backoff counter with probability p when medium is busy; otherwise
the backoff counter is decremented with probability (1 — p). As the standard [2]
describes, each station maintains two retry limits for each new frame, station short
retry count (ssrc) and station long retry count (slrc). The maximum retry limit for
a data frame is represented by slrc and the maximum retry limit for RTS frame
transmission by ssrc. There is a three dimensional Markov model using ssrc and slrc
to compute the IEEE 802.11 DCF performance [33]. In the paper [55], the authors
have concluded that, under saturation conditions, the slot immediately following
a successful transmission can be accessed only by the station that has successfully
transmitted in the previous channel access. Moreover, due to the specific ACK
timeout setting adopted in the standard [2], the slot immediately following a collision
cannot be accessed by any station. Thus, the hypothesis of un-correlation between
consecutive channel slots and statistical homogeneity is not generally true. This
justifies why the backoff freezing model proposed in [54] does not provide accurate

results.

Several other works exist that consider different network assumptions such as
constant CW [56], slow decrease of CW [57], prioritized traffic [58], different packet
length [59], finite load traffic [60-62], buffer size [63], etc. In [64], the authors
have considered multiple frame transmission after successful channel contention and
analyzed the performance of IEEE 802.11 DCF by calculating different conditional
collision probabilities for multiple consecutive frame transmissions. In [65], the
authors have modified the Bianchi’s model [1] using a hybrid of the basic and the
RTS/CTS access mechanisms with variable frame length. In a data rate switching
mechanism, if a station has U (U = 1) consecutive successful transmissions, it will
increase its data rate until the highest data rate has been reached. If the station

suffers D (D = 1) consecutive unsuccessful transmissions, it will decrease its data
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Figure 2.8: Markov model for data frame transmission in [EEE 802.11 DCF under
unsaturated traffic [3]

rate to a lower data rate until the lowest data rate has been reached. This idea has
been used in [66] to model the performance of IEEE 802.11 DCF. The paper [67]
has formally studied the impact of the distance on the behavior of the IEEE 802.11
DCF and presented an analytical model that accounts for distance.

The models discussed till now have considered saturated traffic conditions only.
However, as discussed in Chapter 1, modeling with saturated traffic conditions gives
an overview of the network performance only at the extreme scenario, and may
not always capture the real time traffic conditions. The next subsection discusses
about the theoretical models proposed in the literature that explores the network
performance in IEEE 802.11 DCF with variable traffic demands.

2.3.2 Performance Modeling of IEEE 802.11 DCF in Unsat-
urated Traffic Condition

Traffic in public wireless LANs follows self-similar characteristics [68] where data
frames from users arrive in a burst. In such scenarios, only the stations that have
frames to transmit contend for the channel access. Thus network unsaturation
is common for practical wireless channel access scenarios. There are a few
approaches for modeling IEEE 802.11 DCF in network unsaturation that provide
characterizations of IEEE 802.11 DCF in the presence of bursty network traffic,

such as error-prone channel condition [35], non ideal transmission channel and
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capture effect [3,32], hidden terminals [34, 69, 70], fading channel effect [71-73],
variable frame length [74], multi rate WLAN [75] and selfish station in the
network [76]. The extended versions of the model in [1] have been presented
in [77-81] under unsaturation condition for an error prone channel. Daneshgran
et al. [3] have proposed a discrete time Markov chain model of IEEE 802.11 DCF
under unsaturated traffic condition * which is presented in Figure 2.8. To represent
the unsaturated traffic condition, the authors have introduced a new state called idle
state which is labelled as I in Figure 2.8. There are two possible state transitions to
the state I;

e After a successful frame transmission, the buffer of the transmitting station
gets empty. This results in a transition to the state I with probability
(1—a)(1—p). Here p is the collision probability of the frame transmission and

« is the probability that a station has frame in the buffer for transmission.

e The station remains in the idle state with an empty buffer until a new packet
arrives at the buffer for transmission. In Figure 2.8, this transition is expressed

by a self loop in state I with probability (1 — «).

Alshanyour et al. [42] have presented a four dimensional discrete time Markov chain
that integrates the data and control frames retransmission limit, finite load and
finite buffer capacity into one model. This model provides Quality of Service (QoS)
performance and queuing behavior of the IEEE 802.11 DCF. Cao et al. [82] have
proposed a discrete time Markov model considering both saturated and unsaturated
system states. A system is saturated, if the MAC processing rate of the system
(p1) is less than the total frame arrival rate (\). Similarly, if the total frame arrival
rate (A) is less than the MAC process rate (us) then the system is unsaturated.
Whenever the traffic load satisfies the condition p; < A < ps then system enters a
dual state depending on the initial buffer condition. Hence, the throughput analysis
depends on the initial buffer states even for the same traffic load which is considered
in [82].

There are some literature that analyze the delay of IEEE 802.11 DCF in single
hop network [83-87]. In [54], the authors have presented delay analysis of IEEE

3Extension of the Bianchi model [1]
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802.11 protocol with no hidden terminals and of infinite retransmission attempts,
derivation in the case of finite retry limits has been given in [88]. Wang et al. [56] have
presented the access delay of DCF with constant contention window size. Xiao [58]
has presented the saturation throughput, delay and frame dropping probabilities
for IEEE 802.11e. To calculate the mean delay, Carvalho et al. [89] have found
approximate formulae for both the mean and variance of the inter-departure time
of frame by working with distributions. In [90], the authors have defined different
types of delays such as the delay in successful frame transmission, frame drop and

delay between two successful frame transmissions.

Researchers have tried to analyze the performance of IEEE 802.11 DCF in
multihop network for both saturated and unsaturated traffic conditions [91-93].
Alizadeh et al. [94] have assumed RTS/CTS access mechanism (Section 2.2) with
busy tone to eliminate the hidden terminal problem. In [95], only 3-node topology
has been considered whereas the string topology has been considered in [96] to
analyze the performance of IEEE 802.11 DCF in multihop network. Li et al. [97]
have proposed a Markov chain model to analyze the per-node throughput by
taking into consideration the important issues in multi hop networks, i.e., physical
carrier sensing threshold, signal-to-interference plus noise ratio threshold and hidden
terminal problems. In [98], the authors have presented a Parallel Space Time Markov
Chain to model the IEEE 802.11 DCF in multihop ad hoc network using hidden
terminal problem. Xiao textitet al. [99] have presented a four dimensional Markov
chain model to evaluate the performance of the RT'S/CTS scheme of the IEEE 802.11
protocol in multi hop ad hoc network. In [100], each station has been modeled as a
discrete time G/G/1 queue. The end-to-end delay, delay jitter and the packet loss
probability are derived from this model. Li et al. [101] have proposed a Markov chain
model to analyze the IEEE 802.11 that exhibits substantial short-term unfairness in
the presence of hidden terminals and concluded that the contention window (CW)
improves the short-term fairness. Aydogdu et al. [102] have presented an analytical
model of IEEE 802.11 DCF with hidden terminals and for various traffic loads in
different multihop topologies.
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2.4 Analytical Model of IEEE 802.11 DCF in
PSM

A few researchers have designed analytical models to analyze the performance of
the IEEE 802.11 Power Save Mode in infrastructure BSS [36-39, 103, 104] and in
IBSS mode [105-107]. However the power save algorithm for infrastructure and
IBSS networks are different in nature. This thesis focuses on IEEE 802.11 Power
Save Mode in IBSS mode.

The IEEE 802.11 standard [2] defines the PSM scheme in IBSS to manage
power by using the ATIM window in each beacon interval. However, several MAC
protocols are designed for wireless LANs to further improve the power consumption
over standard algorithms. Miller et al. [24] have proposed a scheme based on carrier
sensing window which is shorter than the ATIM window. In [25], the authors have
introduced a MAC protocol to improve power consumption in wireless LANs. The
idea behind this protocol is that different stations use different ATIM window sizes
and an adaptable ATIM window size is chosen dynamically. In [108], the authors
have proposed to send a time synchronization function (TSF) beacon at the end
of each ATIM window and add certain scheduling information in the beacon. This
information ensures the data frame transmission to be contention free, which can
help to achieve higher throughput and low energy consumption. Carvalho et al.
[105] have proposed an analytical study of the IEEE 802.11 ad hoc networks by
considering an active or passive state depending upon the channel state . In the
former a station may be in transmit or receive mode while in the latter the station
is in idle mode. The analytical model assumes a station is always in the active state

and not in sleep state. According to the paper [105], the total power consumption
ftotal iSa

gtotal = é-passive + gactivc‘ (23)

Here, &passive and Eactive denote the energy consumption in passive and active modes,
respectively.
In [107], the authors derive a formula to calculate the energy consumption of a

station. They divide the total energy into six different parts: successful transmission,

4There are three channel states: successful transmission, collision and idle.
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successful reception, unsuccessful transmissions because of collision, overhearing,
idle listening and reception of collision. The total energy consumption J(n) by

station [, in order to transmit 1 MB of data packet is given by,

Elenergy consumed by [ in one slot]
E[MB transmimitted by [ in one slot)]

J(n) = (2.4)
In [107], the authors have assumed that each station is saturated, i.e., the station
never enters to the sleep or off states. The calculation of power consumption thus
depends on the transmit, receive and idle states of the station and does not include
the sleep state.

Zheng et al. [106] have proposed an analytical study of the IEEE 802.11 in
power save mode using the transient analysis techniques to analyzed the delay
and power consumption. The analytical model of the ATIM frame transmission
is not described by authors. Moreover, they have not analyze the trade-off among
throughput, MAC delay and average power conservation of the station in IEEE
802.11 power save mode under different network traffic condition. Nevertheless,
according to the standard [2], the data frame transmission depend on the successful
transmission of ATIM frame. The effect of power consumption on network
throughput and delay is more in unsaturated traffic condition compared to the
saturated traffic condition. From the above discussions, the existing models have

two major limitations that can be summarized as follows,

1. The analytical models for energy consumption proposed in the literature have
assumed that the stations always remain in active mode. To the best of our
knowledge, the existing literature do not consider the sleep mode of the station,

due to which they have over estimated the power consumption.

2. According to the power save algorithm, as defined by the standard [2], the
stations go to sleep mode (power off) to save power. However, all the stations
in the network are required to be in active mode (power on) for the duration
of the ATIM window. The ATIM and data window concepts have not been

explored in the existing literature.

These suggest that a concrete analytical model for IEEE 802.11 IBSS PSM
is starkly missing. This thesis fills up the voids by providing an analytical model
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for IEEE 802.11 DCF PSM in IBSS according to the standard ATIM frame and
data frame transmission algorithms. This analytical model is used to evaluate the

protocol performance both in a saturated network and an unsaturated network.

2.5 Summary

This chapter briefly discusses the power management in IEEE 802.11 DCF in power
save mode for infrastructure BSS and IBSS . From the discussions, it can be inferred
that, though several mathematical models are designed for performance analysis of
IEEE 802.11 DCF for both saturation and unsaturation traffic conditions, considered
the power save mode operation of the wireless stations based on sleep-wake up
cycle. This thesis models the standard IEEE 802.11 IBSS PSM in different network
conditions to analyze the impact of different design parameters over the performance
metrics like network throughput, delay and power consumption.

In the subsequent chapter, we will discuss the performance modeling and
evaluation of IEEE 802.11 DCF PSM in IBSS considering the saturated traffic
conditions. The saturation analysis shows the impact of network size over the
performance metrics and the effect of beacon interval size over the network

performance at high traffic load.
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Chapter 3

Modeling IEEE 802.11 Power Save
Mode in IBSS for Saturated
Traffic

As discussed in Chapter 1 power is a critical resource for ad-hoc wireless networks.
The design of energy efficient protocols for such networks is an emerging research
area. The IEEE 802.11 standard defines power save algorithms for both infras-
tructure BSS and Independent BSS (as discussed in Chapter 2), where a wireless
station goes to the sleep mode when no data communication takes place. However,
the power save algorithms for infrastructure BSS and IBSS are different in nature.
In infrastructure BSS, the AP acts as the central coordinator and uses polling based
functionality to facilitate the wireless stations to go to sleep mode when there is
no data communication. In IBSS, as there is no central coordinator, the wireless
stations need to be synchronized through beacon messages for sleep-wake up cycles.
The synchronization mechanism used in IEEE 802.11 is out of the scope of this
thesis. In IEEE 802.11 DCF PSM for IBSS which is discussed in Section 2.2.2, time
is divided into beacon intervals (Bls) and each BI is divided into an announcement
traffic indication message (ATIM) window and a data window. If a station success-
fully transmits an ATIM frame in the ATIM window, then it is allowed to transmit
a data frame in the data window. Otherwise it goes to sleep mode in the data
window. This chapter proposes an analytical model for IEEE 802.11 DCF PSM in
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IBSS under saturated traffic condition.

In this chapter we are mostly interested in the performance modeling of IEEE
802.11 Power Save Mode in IBSS under saturation network traffic conditions. The
IEEE 802.11 standard [2] defines the PSM scheme to manage power using the
ATIM window. However, several MAC protocols have been designed for wireless
LANS to further improve the power consumption in IEEE 802.11 IBSS [24,25]. As
discussed in previous chapters, most of the analytical models do not consider the
power consumption for IEEE 802.11 DCF with PSM, where the stations goes to the
sleep state in the data window if it fails to transmit or receive an ATIM frame in
the ATIM window. This motivates us to look into the performance modeling and
evaluation of IEEE 802.11 IBSS in PSM. The probability of successful transmission
of an ATIM frame has a great impact over the data frame transmission of a node
in IBSS PSM. Therefore, the probability of a successful transmission of an ATIM
frame is required for the calculation of the throughput for IEEE 802.11 DCF PSM
in IBSS. The average MAC delay and the average power consumption depends on
the successful transmission of an ATIM frame transmission. Therefore, the model
is used to also analyze the MAC delay and average power consumption at saturated
network condition.

The rest of this chapter is organized as follows. Section 3.1 presents a brief
overview of the IEEE 802.11 PSM in IBSS. A discrete time Markov model is proposed
in Section 3.2 to calculate the throughput using the probability that an ATIM frame
is transmitted successfully. Sections 3.3 and 3.4 present an analytical model for delay
analysis and for power consumption, respectively. In Section 3.5, simulation results
are reported to validate the proposed theoretical model. This section also gives a
detailed analysis of the performance of IEEE 802.11 DCF in PSM for IBSS. Finally,

Section 3.6 concludes the chapter.

3.1 The IEEE 802.11 DCF in Power Save Mode

The IEEE 802.11 standard [2] defines a power save technique for IBSS. It is assumed
that all the stations are synchronized and awake at the beginning of each BI. The
stations in PSM wake up periodically to listen to the beacon messages and stay awake
for a period of time called the ATIM window. The ATIM frame is a control frame
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which is exchanged by the stations within the ATIM window to determine whether
to go for PSM or stay awake for data transmission after the end of the ATIM window.
When a station has a data frame to transmit, it transmits an ATIM frame to the
corresponding receiver during the ATIM window following the 802.11 CSMA/CA
DCF backoff mechanism specified in the IEEE 802.11 standard [2]. The standard
does not define the retry limit for ATIM frame transmission in IBSS. However, in
the paper [25], the authors have defined the retry limit of three for an ATIM frame
transmission within an ATIM window and up to three Bls. This paper assumes that
if the ATIM frame is not transmitted successfully the corresponding data frame is
rebuffered for the next BI. After the third ATIM window if the ATIM frame is not
transmitted successfully then the data frame is dropped. A similar assumption is
made in this chapter to model the ATIM frame transmission. The stations that
have successfully transmitted an ATIM frame within the ATIM window compete
to transmit a data frame in the rest of the BI. It can be noted that the standard
does not specify the number of Bls for data frame transmission. According to the
paper [106], there is a high probability of delivering a data frame successfully by the

end of the first data window. For this reason, it is assumed a single data window.

Algorithm 3.1 shows the transmission of an ATIM frame and data frame in
IBSS PSM. In Algorithm 3.1, the variable BeaconNumarry represents the number
of beacon intervals for ATIM frame. A station may be unable to transmit an
ATIM frame due to either contention with other stations or reaching the end
of the ATIM window at the time of ATIM frame transmission. Similarly, an
unsuccessful transmission of data frame can occur either due to contention with
other stations or reaching the end of the data window, before the ACK is received
successfully. According to Algorithm 3.1, the station sets the value of contention
window (CWarn) to CWyyy, for ATIM, where CW,y,;, is the minimum contention

a
max

window size. CWyrpy is doubled up to CW for an unsuccessful transmission

of an ATIM frame, where CW?2 _ is the maximum contention window size for an

ATIM frame transmission, CW? = 22 x (CW,,). An ATIM frame may collide
with another ATIM frame. In this case the station will retransmit the ATIM frame
with a retry limit of three within one ATIM window. If an ATIM-ACK is not
received within the same ATIM window or CWarmy = CW?2 then the ATIM

max’

frame is dropped and the corresponding data is rebuffered for another try in the
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Algorithm 3.1 Transmission of a data frame with ATIM frame in power save mode

1: BeaconNumamm < 0
2: CWarrym + CWhin
3: W « random integer from an uniform distribution over the interval [0, CWaprayr — 1]
4: while W > 0 do
5. if Channel = Idle then
6: W+«W-1
7. end if
8: end while
9: Transmit ATIM frame.
10: if ATIM window ends before ATIM-ACK is received then
11:  BeaconNumatv ¢ BeaconNumapv + 1
12:  if BeaconNumativy < 2 then
13: GOTO 2
14: else
15: DROP the ATIM frame.
16:  end if
17: else
18:  if ATIM-ACK is not received successfully then
19: CWarim < 2 X CWariym
20: if CWarry < CWE,, then
21: GOTO 3
22: else
23: BeaconNum v ¢ BeaconNum v + 1
24: if BeaconNumariv < 2 then
25: GOTO 2
26: else
27: DROP the ATIM frame.
28: end if
29: end if
30: else
31 Use Algorithm 3.2 to transmit the DATA frame
32:  end if
33: end if
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Algorithm 3.2 Data frame transmission in power save mode

1: CWiyata < CWiin
2: W <« random integer from an uniform distribution over the interval [0, CWyta — 1]
3: while W > 0 do
4:  if Channel = Idle then
5: W—W-1
6 end if
7: end while
8: Transmit DATA frame.
9: if data window ends before ACK is received then
10:  DROP the data frame.
11: else
12:  if ACK is not received after ACK time out then
13: CWaata — 2 X CWyata
14: if CWygta < C’nglax then
15: GOTO 2
16: else
17: DROP the DATA frame.
18: end if
19:  else
20: Success of data frame transmission
21: GOTO 1
22:  end if
23: end if

next ATIM window (reset CWarng = CWyin). An attempt is made to transmit the
ATIM frame up to three ATIM windows. After three ATIM windows if the ATIM

frame is not transmitted successfully then the data frame is dropped.

Algorithm 3.2 is the procedure for data frame transmission after successful

transmission of an ATIM frame. Here CWY__is the maximum contention window

size for a data frame transmission. Initially, the station sets the value of contention
window CWata t0 CWiin!. CWata is doubled up to CW< _ for each unsuccessful

max

transmission of a data frame.

1Tt is assumed that both ATIM and data frame transmissions use the same CW pin
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3.2 Modeling and Analysis

In this section, we will present the network assumptions that are required to model
the system of IEEE 802.11 DCF in IBSS. A discrete time Markov model is proposed
and analyzed to calculate the throughput using the probability that a station

transmits an ATIM frame and data frame in a randomly chosen slot.

3.2.1 Network Model Assumptions

To model and analyze the Power Save Mode of IEEE 802.11 DCF in IBSS, the
following assumptions have been made. A fixed network size of n stations with
basic access mechanism is considered. All stations are considered to be in saturation
condition, that is at all times each station has data packets to transmit. The ATIM
window size is fixed. If a station A successfully transmits an ATIM frame to station
B in an ATIM window, then it cannot transmit another ATIM frame to the same
station in the same ATIM window. After a successful transmission of an ATIM
frame from station A to station B within the ATIM window in a BI, the station A

can transmit multiple data frames to station B within the data window of that BI.

3.2.2 System Model

Consider stochastic processes s(t) representing the backoff stage, b(t) representing
the backoff counter and a(t) representing the backoff layer (the beacon interval
number counting from 0 to 2) at time ¢. The backoff stage s(t) counts number of
attempts (or retries) to transmit an ATIM or data frame within one beacon interval.
In the paper [32], the Markov chain model for IEEE 802.11 DCF takes freezing of
the backoff counter into account by a self loop in each state. However for simplicity
as in Bianchi’s model [1], in this chapter the backoff counter is decremented by
one at the beginning of each slot. The backoff layer a(t) represents the number
of beacon intervals used to successfully transmit an ATIM frame. A Discrete time
Markov model for data frame transmission in PSM is presented in Figure 3.1 with
3-tuple {s(t),b(t), a(t)}. The following notations are used to represent the transition
probabilities, where a single prime and a double prime are used to represent

transition probabilities for ATIM and data frame transmission respectively. The
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Figure 3.1: Markov model for data frame transmission in power save mode

state G is a dummy state introduced for ease of presentation and does not have any
impact on the solution of the Markov chain model. The following notations are used
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in presenting the Markov model:

P{(i1, 51, k1) [(io, jo, ko) } = P{s(t + 1) = i1, b(t +1) = ju,
a(t +1) = ki[s(t) = io, b(t) = jo, a(t) = ko}.
and
P{(iv, 1) | (G0, Jo)"} = P{s(t+ 1) = iy,
bt +1) = juls(t) = io, b(t) = Jo}-

Note that for data frame transmission there is no third component k, as one
data window is used for each successful ATIM frame transmission. In Figure 3.1 p,
and py are conditional collision probabilities in the ATTM window and data window,
respectively, where p, and p, are independent of the number of retransmissions and
are constant for a fixed network size?.

Assume that ¢, is the probability that the ATIM window ends when a station
is attempting to transmit an ATIM frame. Similarly g, is the probability that the
data window ends while transmitting a data frame. The value of g, depends on the
number of competing stations in the ATIM window as well as the ATIM window
size. Similarly gg is proportional to the the number of active stations in the data
window. The value of g4 also depends on the data window size. The analysis and
estimation of ¢, and gy will be discussed in the Section 3.2.4. The non zero one-
step transition probabilities of the Markov chain in Figure 3.1 are shown as set of
equations in equation (3.1). W; is the contention window size at the i’ backoff stage

and W; = 28 x Wy. Here Wy = CW in, the minimum contention window size.

e The first equation indicates that within the ATIM window, the ATIM frame
backoff counter decrements with probability (1 — g,).

e The second equation indicates that at any backoff stage and for any backoff
counter value if the ATIM window ends, the protocol tries to retransmit the
ATIM frame with backoff stage 0 in the next ATIM window.

e The third equation presents an unsuccessful transmission of an ATIM frame,
when the ATIM window ends at the third beacon interval (indicated by
a(t) = 0).
2the data ACK and ATIM-ACK are avoid because of the ideal channel condition and single hop
topology. The collision probability depends only on the transmission probability
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—

P{(i,j,kﬂ(i,jH k)'} =

- ie[072]7j€[07Wi71]7k€[072};
P{(O’Jvk+1) I(l .7 k)/} = \(/Zvi (&S [072]7.] € [07WO - 1]7k € [0’1]7.7'/ € [O’Wz - 1];

(1)
2)

(3)  P{(0,5,0)]G,5,2)} = ie[0,2]j €0,Wo —1],5 € [0,W; — 1];

@ PLCIGLOR ) = (0 —pa) X (—q)  i€[0,2ke0,2],

(5)  P{(0,5,0)'](2,0,2) } = LeXG=tad e [0, Wo — 1];

6)  P{(0,j,k+1)'1(2,0,k)'} = EeX=t) e [0,Wo — 1],k € [0, 1];

(7)) PAG+ L3, R)'[6,0K)'} = PXgted i€ [0,1], € [0,W: — 1],k € [0,2); (3.1)
® PG \(w+ ) }*l—qd, ie0,m],je0,W;—1];

(9 P{0,3,0)1(4o) "} = i i €[0,ml],j €[0,Wo — 1], jo € [0,W; — 1];

(10)  P{(0,7)"16,0)"} = % i € [0,m], j € [0,Wo — 1];

(1) P{G+10)" 160 = pxloa0 e fo,m],j e [o,W; ~ 1)

(12)  P{(0,5)"|(m,0)"} = Uzl qd> j €0, Wo—1]

The fourth equation indicates a successful transmission of an ATIM frame.

The fifth equation indicates that at the third ATIM window and at the last

retry limit the frame is either successfully transmitted or discarded.

The sixth equation indicates that there is a collision at the last try within an
ATIM window.

The seventh equation indicates that the station increases the backoff stage and

selects the backoff counter uniformly after an unsuccessful transmission of an
ATIM frame.

The eighth equation indicates that within the data window, the data frame
backoff counter decrements with probability (1 — qg).

The ninth equation indicates the end of data window has been reached at any

backoff stage or any backoff counter, resulting in dropping of the data frame.
The tenth equation models the successful transmission of a data frame.

The eleventh equation indicates that the station increases the backoff stage
and chooses the backoff counter uniformly after an unsuccessful transmission

of a data frame within the data window.

The twelfth equation models the unsuccessful transmission of a data frame at
the last backoff stage.
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3.2.3 Model Analysis

Let b;, ;. and b;’ ; be the stationary distributions of the Markov chain for the ATIM

and data windows, respectively. Here,
bi,j,k = tli)rg) P{S(t> = i? b(t> = j7 CL(t) = k}a
i€1[0,2],5€[0,W;—1],k € [0,2]
and

1"

by = lim P{s(t) = i,b(t) = j},

17]
i €[0,m],je€l0,W;—1]
To obtain a closed-form solutions for the Markov chain presented in Figure 3.1,

iterative equation (3.2) and equation (3.3) are used:

bigp = 2ol STV — go) by 0y 0 < i <2 (3.2)
by = 2elzaad SO (1 — )b, 0 <i<m (3.3)

The above equation 3.2 and equation 3.3 reflects that the state b;,O,k and b;:o
can be reached from the state b:),O’k and 58,07 respectively, Vi € [0,2] and k € [0, 2].

(#, i=0,5=Wy—1k=0;
e X (1 — g,) i=0,j€[0,Wy—2],k=0;
bk = M. i=0,j=Wy—1ke[1,2);
M x (1 - g, i=0,je0,Wy—2.kell,2;
| elita) o SOOIV — )by o 0 € [1,2],5 € [0,W; — 1],k € [0,2]
(3.4)
N, i=0,7=Wy—1;
biy = 4 Nx 01— q), i=0,j €0, Wo—2; (3.5)
]%:%) X Zlvzzb_(jﬂ)(l - Qd)lb;‘/—l,m i€ [1,m],j€[0,W; —1],

The Markov chain presented in Figure 3.1 is a regular chain. So for each
j €10,W;—1] and k € [0, 2], we have equation (3.4) and equation (3.5). The values
of M and N are
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2 Wi—
1
M:WO[a(l da) 20k 11 qa ZZ i k— 1}
i=0

7=0
1 m—1
N =g [ —p)L— ) > o+ (1= ab, o

Let 7, be the probability that a station transmits an ATIM frame in a randomly

chosen slot. This can be obtained as

Ta = ZZ 1,0,k (3.6)

Cxpa\ippL=C"1,
_ ( xz>) Ilil_ﬁg__‘oow

k=0 i=0 a j=1

here, C'= (1 — q,). From the equation (3.4), value of the bé),o,k can be written as

Wo—1
b =M X Z(l—%)l (3.7)
1=0
1 2 Wi—1 Wo—1
W(1—qa)b " b; 1—q,)
Wo[ ( Qa)b2o k-1 + ¢ ;]ZO i k1] ;( o)

The equation (3.7) shows the relation between béJ,O,k and bz),o,k—l for k € [1,2].
The value of 7, can be obtained by solving equation (3.2), equation (3.4) and

equation (3.7). The relation between p, and 7, is?

Pa = 1 - (1 - Ta)(nil)- (38)

where n is the number of stations in the network. The value of 7, and p, can be
solved numerically using fixed point iteration. Let P, denotes the probability that

an ATIM frame transmission is successful is given by the probability that exactly one

3The collision probability p, depends only on the transmission probability 7, because of the

ideal channel condition and single hop topology
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station transmits on the channel, conditioned on the fact that at least one station

transmits an ATIM frame. The P, can be calculated as follows:

nT,(1 — 7,)" Y

P, )
L—(1—=1,)"

(3.9)

Similarly, to find out the probability of success for a data frame transmission
after successfully transmitting an ATIM frame, let 7, be the probability that a
station transmits a data frame in a randomly chosen slot in the data window. So

the value of 7; depends on the value of 7,. The former can be represented as:

T o= Y by (3.10)

1-— (1 — Qd>Wi7‘j ”
1 —(1—gg)W: P

P 1-— q V ”
u Z (1- qd)lbi—l,()

From the above equation the value of the by can be written as

1"

1
b070 — Z (313)
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where

A:Z<pd1_Qd) H 1—C]d / Wi ‘_(1_Qd>’ (3.14)

i=0 j=1 ' 1—(1—qq)" qd

Now the value of 7; can be calculated from equation (3.10), equation (3.11) and

equation (3.13). The relation between py and 74 is*
pg = 1= (1 =7V, (3.15)

where n' = [n x P,;| and n is the number of stations in the network. The quantity
[n x P,s] denotes the expected number of active communication pairs in the data
window after the completion of the ATIM window. However, this quantity is not
equal to the number of active stations, as a sender may have multiple receivers.
For simplicity, it has been assumed that a sender can send data frames to a single
receiver in a data window. Thus the number of active stations in a data window
is proportional to n’. So at the beginning of each data window, the network with
n' number of stations are in saturation condition. Let P,. be the probability that
there is at least one data frame transmission in the considered slot. Let P, be the
joint probability that a data frame is transmitted successfully after the successful

transmission of an ATIM frame. The values of P, and P, are given by

’

Br = 1-(1—-1)" (3.16)

! 1— (nlfl)
p, - PTd) . (3.17)
tr

3.2.4 Analysis and Estimation of ¢, and ¢,

It has been assumed in the model in Figure 3.1 that ¢, is the probability of reaching
the end of an ATIM window and g is the probability of reaching the end of a
data window. The probability g, depends on the network size as well as ATIM
window size. We assume a fixed ATIM window size and that all stations satisfy the
saturation condition. For a fixed ATIM window size, the value of g, is constant.

In [24], the authors show that the performance of the network is maximum with

4The collision probability p; depends only on the transmission probability 74 because of the

ideal channel condition and single hop topology
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ATIM window size 20ms. From analysis of simulation results it has been observed
that the probability of success in ATIM window with ATIM window size = 20ms
agrees with the theoretical model for ¢, = 0.002. In this chapter, ATIM window
size is assumed to be fixed of size 20ms. Accordingly, in theoretical analysis g, is
assumed as 0.002.

However, the size of the data window is considerably larger than the size of
the ATIM window, and the network size has a large impact on the probability of
reaching the end of the data window. The probability value ¢4 is proportional to
the number of active stations in the data window and the data window size. From
the assumption that a station can send data to a single station only in a particular
data window, the quantity n’ denotes the expected number of active stations in a
data window. So,

qq o n/ (3.18)

This can be written as,
qa=cxn' (3.19)

where ¢ is the proportionality constant. For a fixed ATIM window size, the value of
¢ depends on the size of the data window. The impact of the parameter ¢ on beacon

interval is analyzed using simulation results.

3.2.5 Saturation Throughput Analysis

The fraction of time the channel is used to successfully transmit payload bits is
called the system throughput [1]. Let S denote the normalized system throughput
in the data window. The normalized saturation throughput at the data window is

given by
E[payload information transmitted in a slot]

S f—
DATA E[duration of a slot]

Let, E[p| be the average packet payload size (in terms of time unit, e.g., 1s). PysPiy
is the probability that payload information is transmitted successfully in a slot. The
average length of a slot in a data window is computed by considering three mutually
exclusive and exhaustive cases. (1 — P,.) is the probability that a slot is empty,
P,s P, is the probability of successful transmission of data and (1 — Py,) P, is the

collision probability for a data frame. Therefore,
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PdsPtrE[p]
(1 — Ptr)a + PdsPtrTs + (1 — Pds)RfrTc

Spata = (3.20)

Here T, and T, are the average time the channel is sensed busy because of a successful
transmission or a collision respectively, and o is the empty slot time. T and T, can

be calculated as follows,

T, = DIFS+ H + E[P]+ 20 + SIFS + ACK (3.21)
T. = DIFS+ H + E[P] + SIFS + ACKro

It has been assumed that all packets have the same size, so E[p] = P is
the average payload. The ACK timeout (ACKro) is added in T. according to
the standard [2] specification that a station waits for an EIFS time when the
channel is sensed busy because of collision. EIFS = SIFS + ACKto + DIFS. Let
H = PHYyq, + MAC,q, be the packet header and § the propagation delay.

Spata provides the channel throughput at the data window only. The overall
channel throughput has the ATIM overhead included with the data window channel
throughput. The overall normalized throughput (S) can be calculated as,

Data Window size
S=5 3.22
DATA X Duration of Beacon Interval ( )

This section provided an analytical model to calculate the network throughput
in IEEE 802.11 DCF power save mode. The next section provides the theoretical
model for delay analysis in IEEE 802.11 DCF PSM using the discrete time Markov
Model presented in Figure 3.1.

3.3 Analytical Model for Delay Analysis

A delay for a data frame transmission in MAC layer in PSM depends on the delay in
ATIM window to transmit an ATIM frame successfully. Let D denote the average
MAC delay. Then D can be written as:

D =D + DL, (3.23)
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Wher@ denotes the average delay in transmitting an ATIM frame successfully,
and D{%. denotes the average delay in transmitting the corresponding data frame
successfully.

Assume that Déﬁlc(k:) be the delay experienced up to the k* ATIM window to
transmit an ATIM frame successfully. ATIMg,. represents the ATIM window size,
which is fixed. Therefore,

D (k) = k x BI + ATIMjje (3.24)

succ

Assume that Déﬁzx(z’, b) is the delay to transmit a data frame successfully in
the i"" backoff stage of the data window when the sum of the backoff values up to
stage ¢ is b. Assume that b is the average value of the CW. Since (W; — 1) is the
maximum CW size at the i** backoff stage, the average value of b is % The value
of Déﬁ%c(i, b) is given by:

DD (i,0) = b x Tyyg +i x T, + T, (3.25)

succ

Here T, and T, are the average time the channel is sensed busy because of a successful
transmission or a collision, respectively, of the data frame in the data window.
Now, the average delay in transmitting an ATIM frame successfully is equal to
the total delay up to the k& ATIM window, given that the ATIM success occurs at
the k£ ATIM window. Let the probability Ps(fgé(i, k) be the conditional probability
that the backoff process of an ATIM frame transmission ends at the i stage of the
k" ATIM window, given that the ATIM frame is transmitted successfully. Then,

the value of Déﬁ%c is calculated as:

2 2
Dite =y~ Plii(i-k) x DGd(k) (3.26)

Assume that Ps(fc)c(z', k) is the probability that an ATIM frame is transmitted
successfully at the " backoff stage of the k* ATIM window, and Péfgp denotes
the probability that an ATIM frame is dropped because of the retry limit being
exceeded in the last ATIM window. Since Déﬁ?zc(k,‘) represents the delay of an ATIM
frame that is successfully transmitted, we should only consider the packets that are

successfully transmitted while excluding the packets that are dropped. Therefore,
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we define the following conditional probability Ps(fgé(i, k) is calculated as follows:

P.(i, k)

P (i k) = (3.27
el |

PLY.(i, k) is given by:
Psucc(Z k) Xllﬂ(l B pa)(]- - qll) (328)

where X is the probability that a station will try to send an ATIM frame in the it
backoff stage of the k* ATIM window. We have
¥ k==Y,
Xi = & LB 4 g, x L, k=1 (3.29)
L2 £ 2 % g x L) + g2 x L, k=2

Here, L = p,(1 — q,). Consequently, P s calculated as:

drop

2
drop =l = Z Z Ps(u c (330)

k=0 =0
From equation (4.32) and equation (4.29), the average delay in transmitting an
ATIM frame successfully (Dsugc) is calculated using equation (4.31).

Similarly, the value of the average delay in transmitting a data frame

successfully within the data window (Déﬁlc) is calculated in a similar way. Let,

B(i) is the total backoff value up to i backoff stage, and B(4)max is the summation

7
of maximum contention window sizes up to the backoft stage i | > (CW; — 1))
i=0

Then, D). is calculated as:

m B(Z)max

‘Dgfllcc - Z Z Ps(lilcc Déﬁce(% b) (331)
=0 b=0

The value Ps(fgé(i,b) denotes the conditional probability that the backoff process

of a data frame transmission ends at the i" stage of the data window, with total

backoff value b up to the i*" backoff stage, given that the data frame is transmitted

successfully. Ps(fc)é(z', b) is given by:

 PY(3,b)
1- P

drop

(3.32)
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3.3 Analytical Model for Delay Analysis

Here P(

arop 1S the probability of dropping a data frame that exceeds the retry limit

in the data window. PSUCC(@7 b) is the probability that a data frame is transmitted
at the i"" stage and b is the the sum of backoff values up to the " backoff stage.

Therefore,

P (i,b) = P9 (i)Pr(B(i) = b)

d i
P, =1~ (1= pa)(1 - 20> {pall = a0}
i=0
where m is the maximum retry limit to transmit a data frame in the data window.
Assume, Ps(fgc(i) is the probability of transmitting a data frame successfully in the
i" backoff stage of the data window, and pg(1 — g4) is the probability that there is

a collision within the data window. Therefore,

Pie(i) = {pa(l = @)} {(1 = pa)(1 — qa)} (3.33)

Let Pifﬁl, Pc(ffl and P, are the probability that a randomly chosen slot in the data
window is idle, leads to a collision and results in successful transmission, respectively.

Then,
d
PiEil?a = (1-m)
Ps(lilgc = n/Td<1 i Td)(n b

PY = q_ (1—14) — TLITd<1 — Td)("/_l)

col

Here 7,4, calculated according to equation (3.10), represents the probability that a
station transmits a data frame in the randomly chosen slot in the data window and

/

n = [n X P,] is the number of station in active mode in the data window. Then,

Ty = P20 + PO T, + PT, (3.34)

succ col

where o is the empty slot time. From equation (4.37) and equation (4.30) the value
of Dgf?cc is calculated. Therefore, the average delay, calculated using equation (4.28),

and is given by:

’

D= (gﬂmme@@»+

I
o

WE
-

[en]

k

7=

( (3.35)

oo
S

mazx

succ succ

M

s
Il
=)

@@@mxpwum)

b=0
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3.4 Analytical Model for Power Consumption

3.3.1 Analytical Model for Standard Deviation of Delay

Let X be a random variable and E[X]| denotes the expected value of X. Then the
standard deviation (SD) of X is the quantity

SD = \/E[X2] — E[X]?

Using equation (4.31), equation (4.36) and equation (3.35), the standard deviation

(SD) of the delay to successfully transmit a data frame can be calculated. Therefore

2 B(j)mar

SD = | Y 3" Plik(i k) x (D@(k))* +

2 m
2
k=0 =0 =0 b=0

PDGib) x (DDe(i, b)) — (D)

(3.36)

3.4 Analytical Model for Power Consumption

Let PW be the average power consumed by a station. The station may be in one of
the radio modes viz. transmit, receive, idle and sleep. It is assumed that the same
power is consumed in transmit and receive mode. Let PWigqe, PWiy /i and PWee,
be the power consumed per unit time in idle, transmit/ receive and sleep modes

respectively. PW can be written as

— A 5
PW = —. )
W= (3.37)

Here P is the total energy consumed in an interval of size T" time units which includes

transmit /receive time, idle time and sleep time. P can be represented as
P :,-Ttx/rx X PVVtx/rx + ﬂdle X PVVidle + Tsleep X PWsleep

Similarly 7" can be represented as

T = T‘tx/rx + Tiaqle + Tsleep (338)

Here Tiy/ix is the expected time spent in transmit mode by a station (a station

is in transmit mode when it transmits ATIM frame or data frame). Tige and Tyeep
are the expected time spent in idle and sleep mode respectively.

Tix/rx has following components:
47

TH-1201_PSWAIN
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e Average time spent to transmit an ATIM frame in the ATIM window (7% /rx)

and
e Average time spent to transmit data frame in the data window (thf( /) after
successful transmission of ATIM frame in the ATIM window.
Therefore,
RX/TX » T&/rx m" Tytilc/rx (339)

— Z Z PS(SCC (@ X Tacol + Tasuce) +

k=0 =0
m

> PW (i) x (i x T.+ T.)

i=0
The values of Ps(fc)c(i,k) and Ps(fc)c(z') are presented in equations (4.33) and equa-
tion (4.38) respectively®. The value of T, and Ts are presented in equation (3.21).
Tsuce and T, are the average time for which the channel is sensed busy because of

a successful transmission and a collision of an ATIM frame respectively. Therefore,

Tosuce = ATIMgamesize + 0 + SIFS + ATIMACKro + 4.
7 o — ATIMframesize + SIFS + ATIMACKTO

Here ATIMgamesize 18 the size of an ATIM frame and ATIMACKto is the timeout
interval for ATIMACK .
A station can be in idle mode either in the ATIM window or in the data window.

So Tigie can be calculated as,
7ﬂldle T’ldle = Tvltéle (340)

In the " backoff stage the station chooses a uniformly distributed backoff counter
W, where W € {0, W; — 1}. The station waits for W time units before sending a
frame and decrements the backoff counter after each slot time (assuming that each

slot is an empty slot). The station transmits the frame when the backoff counter

51 did not use the conditional probability because this represents that the backoff process of an
ATIM/data frame transmission ends at a particular backoff stage, given that the ATIM frame is

transmitted successfully.
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reaches zero. When a station chooses W as the backoff counter in the i** backoff
stage then the idle period in that stage is W. As W is uniformly distributed in
{0, W; — 1} the station spends =
average. After a successful transmission of ATIM frame the station will remain in
the idle mode for the rest of the ATIM window. Therefore, E can be written as

Wi slots in idle mode in the i*" backoff stage on an

T = Yioo Lo PR H) x (1 X 0) + o T PG ) =
(ATIMsize - (Z X Tacol 5 Tasucc)) (341)

Here ATIMg;,. is the time duration of an ATIM window and ¢ is the duration of one
slot time.

For the data window, the idle time can be calculated as,

Wi
T;?lle Z Ps(ttlicc ( X 0) (342)

According to the PSM algorithm given in the TEEE 802.11 standard [2], a
station can send multiple data frames in the data window. So after one successful
data transmission the station may be in transmit mode to transmit the remaining
data frames to the same receiver in that data window.

If a station fails to transmit the ATIM frame in the ATIM window then it goes

to the sleep mode in the following data window. Then

2 2
Taep = D _ Yk x DATAg,e x (1= P9, (i,k)) (3.43)
k=0 =0

Here, DATA,. represents the time duration of the data window. From equa-
tion (3.37), equation (3.39), equation (3.40) and equation (3.43) the average power

consumed by a station per unit time can be calculated.

3.5 Model Validation and Performance Evalua-
tion

The proposed theoretical model is validated using simulation results obtained from

the Qualnet 5.0.1 network simulator [44]. In the analytical model, it is assumed
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that channel is ideal and a all stations are within the communication range (single-
hop network). To satisfy this condition, the simulation parameters are, transmit
power 15dBm, receive sensitivity —87dBm, antenna gain 15dB, noise factor 10dB,
communication range 100ft (approx), interference range 250ft (approx). For
simulation in IBSS power save mode, the size of the ATIM window is taken to
be 20ms. The beacon interval size is varied in simulation to study the behavior of
the model. The throughput for the basic access in power save mode is calculated
under the DSSS physical layer [2]. The power consumption in different states are
taken from the data-sheet of CISCO Aironet 350 Series Client Adapters [109]. The
system parameters used in the calculation are listed in Table 3.1. CWy,, is the

minimum contention window, CW¢  and CW¢

. Sax are maximum contention window

for ATIM and data window respectively. The simulation is done for 10 different

cases with randomly generated seed values and the average is plotted.

Table 3.1: Parameters used in the simulation

Parameter value
Payload size 1024 bytes
ATIM 28 bytes + PHY header
ACK 14 bytes + PHY header
PHY header 192us
MAC header 28 bytes
Basic rate 1Mbps
Data rate 2Mbps
Slot time 20us
SIFS 10us
DIFS o50us
CWinin 32
CWe. . 128
cwe . 1024
PWiy/rx 2.25W (Watt)
PWiae 1.35W (Watt)
PWieep 0.07W (Watt)
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Figure 3.2: Overall Normalized Throughput (DATA window + ATIM Overhead)

3.5.1 Analysis of the Proportional Constant c

It has been discussed in Subsection 3.2.4 that for a fixed ATIM window size, the value
of the parameter ¢ depends on the size of the data window. Figure 3.2 shows the
overall normalized throughput calculated for different ¢ values using the theoretical
analysis presented in this chapter. The figure also shows the overall normalized
throughput obtained from simulations for different beacon interval sizes with ATIM
window fixed at 20ms. It can be observed from the figure that for a particular beacon
interval size in simulation and different values for ¢ are tried in order to find the value
that provides the best matches between the theoretical results and the simulation
results. For ¢ = 0.008, the theoretical result matches with the simulation result for
beacon interval size 100ms. Similarly, for ¢ = 0.005, the theoretical result matches
with the simulation result for beacon interval size 200ms, and for ¢ = 0.004, the
theoretical result matches with the simulation result for beacon interval size 300ms.

Recall that g4 is the probability that the data window ends while transmitting
a data frame. For a fixed number of stations and for a fixed ATIM window size,

qq should decrease with the increase of data window size. Furthermore, for a fixed
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Figure 3.3: Normalized Throughput in the Data Window vs Overall Throughput
(According to Theory)

ATIM window size, the number of nodes that compete in the data window for data
frame transmission, i.e., [n X P,], is independent of data window size. So the value
of ¢ should decrease with the increase of data window size. This is also reflected in
Figure 3.2. For a fixed ATIM window size of 20ms, the values of ¢ are 0.008, 0.005
and 0.004 for beacon interval sizes 100ms, 200ms and 300ms, respectively. This is
consistent with equation (3.19).

Unless stated otherwise, the value of ¢ is taken to be 0.005 for the rest of the
analysis in this chapter. This ¢ value is equivalent to ATIM window size of 20ms

and data window size of 180ms.

3.5.2 Saturation Throughput

Figure 3.3 shows the normalized data window throughput and overall throughput®
for different beacon interval sizes, calculated using different ¢ values as stated in the

previous subsection. The ATIM window size is kept fixed at 20ms. Two important

6The results obtained from the analytical model (not simulation)
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observations can be drawn out from this figure. First, the overall throughput is
less than the data window throughput because of ATIM overhead. For BI=200ms
and ATIM window size=20ms, there is an ATIM overhead that reduces overall
throughput by 10%. The second observation is that the data window throughput is
almost the same for different beacon interval sizes. If the ATIM window size is fixed,
the number of stations competing for channel access in the data window, given by
[n x P,], is almost constant, and so the data window throughput remain close to
each other for all the beacon interval sizes. However, as the beacon interval size
increases, the overall throughput tends to increase. With the increase of beacon
interval size, the ATIM overhead decreases (since the ATIM window size is kept
fixed). The overall throughput reduction for BI=100ms is 20%, whereas with
BI=300ms, the throughput reduction due to ATIM overhead is 6.67%.

3.5.3 Delay Analysis
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Figure 3.4: Average Delay for Data Frame Transmission

Figure 3.4 presents average delay against different network sizes. The figure

shows that the theoretical and simulation results are close. Figure 3.5 shows the
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Figure 3.5: Average Delay for Different Beacon Intervals (According to Theory)

impact of the beacon interval size on the average delay for different network sizes.
As the beacon interval size increases, the average delay increases. The MAC delay
is the time period between the instant that the frame is at the head of the queue
to the instant when it is successfully transmitted”. The waiting time is due to the
backoff mechanism and size of the beacon interval.

The stations that fail to transmit an ATIM frame successfully in the ATIM
window have to wait for the rest of the beacon interval to get the next chance to
transmit another ATIM frame in the next ATIM interval. This increases the average
waiting time to get a chance to transmit data frames. As the beacon interval size
increases, the average waiting time also increases. For this reason, the average delay
increases with the increase of beacon interval size.

Figure 3.6 presents the standard deviation of the delay to successfully transmit
a data frame as calculated from the analytical model for delay analysis. From
Figure 3.6, it can be observed that the standard deviation is very high. For example

for a network size of 30 and BI=200ms, the average delay is 186ms and standard

“There is no consideration of queuing delay.
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Figure 3.6: Standard Deviation for Delay (According to Theory)

deviation is 153ms. To verify the above result, the simulation result in Figure 3.7
presents the observed delay to transmit a data frame for (BI=200ms) with 30
wireless stations. From Figure 3.7, it can be concluded that there is unfairness
in data frame transmission and the delay distribution is not a uniform distribution.
This results in a very high value for the standard deviation of the delay.

It is worth mentioning that the average delay and jitter (i.e., standard deviation
of delay) increase with increase in duration of the beacon interval. For example, with
BI=300ms and network size of 30 nodes, delay and jitter are 226.6ms and 200ms
respectively. Obviously, they will be significantly high for larger BI duration, which
is impractical from an application point-of-view. Considering this, the simulation

and theoretical results up to BI=300ms are reported in this chapter.

3.5.4 Power Consumption

Figure 3.8 shows the average power consumption with respect to the number of
stations in IEEE 802.11 IBSS power save mode. The result obtained from the

analytical model for power consumption in Section 3.4 has been verified through
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Figure 3.7: Delay per Packet (ms), Simulation Results for Number of Wireless
Stations = 30

simulation. Figure 3.9 gives a comparison of the average power consumption for
packet transmission for different beacon intervals as obtained from the analytical
model. It can be seen from the figure that as the size of beacon interval increases,
average power consumption decreases. This is because, with a large beacon interval

the stations remain in sleep mode for large amounts of time, and thus save power.

Furthermore, the figure shows that the average power consumption for a
network of size 10 is more than the average power consumption for a network of
size 20. This is because for small network sizes, contention is less, and so most of
the stations are in transmit or receive state, leading to higher power consumption.
However, as the network size increases, contention becomes high, and on average
n—mn’ stations go to sleep mode in the data window. This reduces the average power

consumption.
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Figure 3.8: Average power consumed for data frame transmission
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Figure 3.9: Average power consumed for different beacon intervals

o7

TH-1201_PSWAIN



3.5 Model Validation and Performance Evaluation

3.5.5 Comparison between DCF with and without Power
Save Mode

A comparison between IEEE 802.11 DCF with Power Save Mode (PSM) and without
Power Save Mode (WPSM) is given in Table 3.2. The performance for IEEE 802.11
DCF without PSM is obtained from the models given in [53], [90], [105] which are
generalizations of Bianchi’s model [1]. For WPSM, the values do not depend on BI.

However, for the ease of presentation these values are given in the table.

It can be noted from the table that the overall throughput obtained for the
proposed model for power save mode (PSM) is marginally less than the one obtained
for WPSM, whereas in PSM the data window throughput is very high. The loss in
overall throughput is because of the ATIM window overhead. On the other hand,
the contention is less in the data window as some of the nodes that fail to transmit
ATIM frame successfully in the ATIM window, go to sleep mode in the data window.
This makes the data window throughput marginally higher. However, the ATIM
transmission imposes an extra control message overhead that reduces overall channel
throughput.

From Table 3.2, it can also be observed that the average delay is more in case of
PSM compared to WPSM. The delay is more because of the extra time introduced
due to ATIM frame transmission. If a station fails to transmit an ATIM frame in
the ATIM window, then it has to wait for rest of the beacon interval to get the next
chance to transmit another ATIM frame. That is why, as the size of the beacon
interval increases (with a fixed ATIM window size), the average delay increases, as
shown in Table 3.2 and Figure 3.5.

Table 3.2 shows that the average power consumption is less in PSM compared
to WPSM. For PSM, the average power consumption is calculated for different
beacon interval, with fixed ATIM window size of 20ms. From the table, it can be
observed, that with BI=100ms at PSM, average power consumption is 60.71% of
average power consumption at WPSM. With BI=300ms at PSM, average power

consumption is 27.14% of average power consumption at WPSM.

The above analysis shows that in IEEE 802.11 PSM, power saving comes at
the cost of network throughput and delay. The network throughput for IEEE
802.11 DCF in PSM is marginally less than the throughput obtained in IEEE 802.11

o8
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Table 3.2: Comparison between WPSM and PSM with 30 Nodes
Data Window Throughput

WPSM PSM
BI=100ms | 0.712 0.73583
BI=200ms | 0.712 0.72822
BI=300ms | 0.712 0.72315

Overall Normalized Throughput
WPSM PSM

BI=100ms | 0.712 0.58867
BI=200ms | 0.712 0.65540
BI=300ms | 0.712 0.67494

Average Delay
WPSM PSM

BI=100ms | 140 ms 139.845 ms
BI=200ms | 140 ms 186.165 ms
BI=300ms | 140 ms 226.612 ms

Average Power Consumption
WPSM PSM
BI=100ms | 1.4 Watt 0.84139 Watt
BI=200ms | 1.4 Watt 0.53326 Watt
BI=300ms | 1.4 Watt 0.39072 Watt

DCF. For a fixed ATIM window size with saturation condition, as the size of the
BI increases, the network throughput increases and power consumption decreases.
However, the network delay increases considerably. Therefore, it can be said that
by tuning the size of beacon interval based on the number of active stations in
the data window, the network lifetime can be increased while keeping the network

performance at par without power save mode.
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3.6 Summary

In this chapter a discrete time Markov chain model is presented for the transmission
of ATIM and data frames in IEEE 802.11 DCF power save mode. The model is
used to calculate the probability of successful packet transmissions, the data window
throughput as well as the overall network throughput. The model for throughput
calculation is validated using the simulation results. The analytical model shows
the impact of the network size over the overall network throughput at saturated
traffic conditions. Further, the model is used to calculate the average MAC delay
and power consumption. An analysis is done between IEEE 802.11 DCF with PSM
and without PSM for different performance metrics, with respect to the beacon
interval size. This analysis indicates a trade-off among throughput, delay and power
consumptions at different beacon interval sizes.

The saturation analysis gives a performance overview of the IEEE 802.11 DCF
PSM algorithm at one extreme traffic condition, when every node have data to
send, and all node contends with each other to gain access to the channel. As all the
nodes participate in contention at the ATIM window when the network is saturated,
this analysis gives a clear idea of the protocol behavior with the increase in the
network size. However, as discussed in Chapter 1 and Chapter 2, the performance
of a communication protocol may vary significantly in the unsaturated network
conditions, when different stations transmit traffic at different data rates. The next
chapter provides a discrete time Markov model of the IEEE 802.11 DCF in PSM for

unsaturated traffic condition.

60

TH-1201_PSWAIN



Chapter 4

Modeling IEEE 802.11 IBSS
Power Save Mode for Unsaturated
Traffic

As discussed in the previous chapter, the saturation modeling gives an overview of
the protocol performance at extreme traffic conditions. However, these models do
not reflect the actual performance of public wireless networks due to their restriction
to saturated traffic conditions. Traffic in public wireless LANs follow self-similar
characteristics [68] where data frames from users come in a burst. Therefore, only
the stations that have frames to transmit contend for the channel access. Thus
network unsaturation is common for practical wireless channel access scenarios. This
chapter analyzes network throughput, delay and power consumption for IEEE 802.11
DCF PSM considering an unsaturated network. The proposed analysis is based on
a Markov chain model, which is an extension of the model presented in Chapter 3

for the ATIM window along with the data window.

This chapter contains the following sections. Section 4.1 presents a discrete
time Markov model of the IEEE 802.11 DCF in PSM for unsaturated traffic and
the analytical model for network throughput is presented. Section 4.2 presents
an analytical model for average MAC delay and Section 4.3 presents an analytical
model for power consumption. In Section 4.4, the proposed theoretical model is

validated through simulation results. This section also gives a detailed analysis
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of the performance of IEEE 802.11 DCF in PSM for IBSS for unsaturated traffic.

Section 4.5 concludes the chapter.

4.1 Modeling and Analysis of IEEE 802.11 PSM
for Unsaturated Traffic

In this section we will present the assumptions on the network architecture for
the modeling of a discrete time Markov model of the IEEE 802.11 DCF in PSM
for unsaturated traffic condition. The given model is analyzed and calculated the

network throughput.

4.1.1 Network Model Assumption

The following assumptions are made to model and analyze the performance of IEEE
802.11 PSM having unsaturated traffic.

1. The network consists of n stations with basic access mechanism enabled for

data frame communication.

2. Every station generates data traffic (per time slot) with probability o (0 < o <
1). The value of « is derived from the frame generation rate at the application

layer.
3. The retry limit for an ATIM frame is three within one beacon interval. [25]

4. A station can try at most three beacon intervals for successful transmission of
one ATIM frame [25].

5. One data window is sufficient to successfully transmit a data frame, after
transmitting an ATIM frame successfully in the ATIM window [110].

6. There is no higher layer buffering of data frames. When a data frame is
generated, it is forwarded to the MAC layer. This point is assumed to isolate

the higher layer effects over the MAC layer modeling.
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4.1.2 Modeling and Analysis

Assume that the random process s(t) counts the number of attempts (retries) to
transmit an ATIM or a data frame within one BI. The second random process
b(t) is used to represent the backoff counter. Assume that the backoff counter is
decremented by one at the beginning of each slot. The value of b(t) depends on
the backoff stage s(t). In the i backoff stage (s(t) = i), the backoff counter value
is within [0, W; — 1] where W; = 2'W, and W, is the initial CW (CWy,). From
the assumption (point 3) in Subsection 4.1.1, the value of the backoff stage s(t) is
within {0, 1,2}. The third random process a(t) represents the backoff layer. From
the assumption in Subsection 4.1.1 (point 4), the value of the backoff layer a(t) is
within {0, 1,2} at time ¢. The number of active stations that participate in the
channel access during the data window are effected based on the probability of the
successful transmission of an ATIM frame. This phenomenon is modeled using two
discrete time Markov models, one for the ATIM frame transmission and another
for the data frame transmission, as shown in Figure 4.1, where the state G is a
dummy state to connect between the two models. Another state I is introduced
in the combined model to represent the unsaturated traffic conditions at a station.

State I considers the following two situations;

e After a successful frame transmission, there is another frame in the buffer,

with probability a,

e The buffer is empty, and the station waits for the next frame at state I with

probability 1 — a.

Let p, denote the conditional collision probability in the ATIM window and p, the
same for the data window. The quantities ¢, and g4 are the probabilities that the
ATIM and data window end, when a station is attempting to transmit an ATIM
frame and a data frame respectively. The one-step non zero transition probabilities
of the Markov chain in Figure 4.1 are presented in equation (4.1), where a single
prime (') represents the transition probabilities in the ATIM window and a double
prime (”) represents transition probabilities in the data window. These transition

probabilities are summarized as follows;
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Figure 4.1: Markov model for IEEE 802.11 IBSS PSM with unsaturated traffic
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(1) P{I}=1-a
(2)  P{(0,5,0) 11} = 4, j €10, Wo —1];
(3) P{(i,j,k)'\(ivwrl k) }—1—qa, i€0,2],j€0,W; —1],ke0,2];
@ P{OGE+1) G5 k) } = & W i€1[0,2],5 €[0,Wo — 1],k €[0,1],5 € [0,W; —1];
(5)  P{I|(i,4, 2)'/} = da, ie0,2],§ €0,W; — 1J;
(6)  P{I](2,0,2) } = pa x (1~ qa),
(1) P{(0,5,k+1)'[(2,0,k)'} = Paxg=ta) - j € [0, Wy — 1],k € [0, 1];
®)  P{i+1,5,k)1(,0,k)'} = 2aXU4a) (0,1, € [0,W; — 1],k € [0, 2]; (4.1)
©  P{GN) 165 +1)" =1 —q4 i €10,m),j € [0,W; —1];
(10)  P{I|(i,5)"} = qa, i€ [0,m],j € [0, W; — 1J;
(1)  P{(0,)"1(,0)"} = 2=pdl=sa) ;€ [0,m],j € [0, Wo — 1];
(12)  P{II(,0)"} = (1 —a)(1 —pa)(1 — ga), i € [0,m];
(13) P{G+1,5)"1(,0)} = W i€0,m],j€0,W;—1];
(14)  P{(0,5)"|(m,0)"} = a4, j €0, Wo —1;
(15)  P{Il(m,0)"} = (1 = a)(1 = qa),
Wlobb Z:()aj:WO_Lk:Oa
bigk = 8 1=br x S U1 — q,), i=0,5€[0,Wo — 2],k =0 (4.2)
M, i=0,j=Wy—1,ke€[l,2]
" N, i=0,j=W—1;
bij = Wo—(j-+1) . j ] (4-3)
’ N x>0 (1 —qa), i=0,7€[0,Wy—2]

. The first equation indicates the probability that the station has no frame in

the buffer to transmit, (1 — «).

. The second equation shows probability a that a station has a data frame in

the buffer to transmit.

. The third equation indicates that within the ATIM window, the ATIM frame

back-off counter decrements with probability (1 — g,).

The fourth equation indicates that at any back-off stage and for any back-off
counter value, if the ATIM window ends, the system tries to retransmit the
ATIM frame with back-off stage 0 in the next ATIM window.

. The fifth equation presents an unsuccessful transmission of an ATIM frame,

when the ATIM window ends at the third BI (indicated by a(t) = 2).
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6.

10.

11.

12.

13.

14.

15.

The sixth equation indicates that at the third ATIM window and at the last
retry limit, the ATIM frame is discarded, and check the buffer for new data

frame.

The seventh equation indicates that there is a collision at the last attempt
within an ATIM window.

. The eighth equation indicates that the station increases the back-off stage,

and selects the back-off counter uniformly after an unsuccessful transmission
of an ATIM frame.

. The ninth equation indicates that within the data window, the data frame

back-off counter decrements with probability (1 — gq).

The tenth equation indicates the end of data window has been reached at any

back-off stage or any back-off counter, resulting in dropping of the data frame.

The eleventh equation models the successful transmission of a data frame, and

the station has a next frame in the buffer to transmit with probability a.

The twelfth equation indicates that after a successful transmission of data

frame the station goes to the idle state with probability (1 — «).

The thirteenth equation indicates that the station increases the back-off stage
and chooses the back-off counter uniformly after an unsuccessful transmission

of a data frame within the data window.

The fourteenth equation models that there may be a successful or an
unsuccessful transmission of a data frame at the last back-off stage, and the

station has another frame in the buffer to be send.

The fifteenth equation indicates that at the last back-off stage, it may be a
successful or an unsuccessful transmission of a data frame and the buffer is

empty. So the station goes to the idle state.
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4.1.3 Model Analysis

Let b;’ ., and b;’ ; be the stationary distributions of the Markov chain for the ATIM

and the data windows, respectively. Here,

']

igge = Mm P{s(t) =, b(t) = j, a(t) = k},

S [072]7.] € [07VV1 - 1]7k = [072]

b

and
12;

by = lim P{s(t) = i,b(t) = j}.i € [0,m], j € [0, W; = 1]

To obtain a closed-form solutions for the Markov chain presented in Fig. 4.1, iterative

equation (4.4) and equation (4.5) are used:

Digp = 220ted ST — go)bi_y gy 0 < <2 (4.4)
b;I,O = 1%:%) l‘/zzb—l(l - Qd)lb;‘/—m 0<i<m (4.5)

The stationary probabilities for each state of the Markov models presented in Fig. 4.1

are derived in equation (4.6) and equation (4.7).

W&Obla ZZO,j:WO—l,k:O,

i?j -

bijk = My, i=0,j€[0,W,—2],k=0; (4.6)
MQ, ZZO,]:WO—l,k€[1,2]
" N :O :W _1
b = { b tE I (4.7)

NyNs, i=0,j€[0,Wy—2]
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The values of My, M, N; and N, are

Wo—(j+1)
M, = Wobl X lZ:; (1 _Qa)l
1 , 2 Wil
M,y = Wo [Pa(l = Qa)b2,0,k—1 1 da Z Z bz‘,j,k—l]
i=0 j=0
Pa

N, =211 +a<(1 —pa)(1 — qq)

Wo
m—1
Z bz’,o 1 (1 - Qd)bm,o)]
=0
Wo— (J+1)

Ny = Z (1 _Qd)l

=0

Let P,s be the probability of successful transmission of an ATIM frame. The
derivation of P,; will be discussed later in the section. The stationary probability

in the state [ is,

by b202+QaZW2 i 2J2+Zz oz 132
—i—(l—Oé)b[

[(1 = Qa)b;,og + ¢a Zz 0 ZW - bzg 2 (4.8)

Q=

A normalization condition is required to compute the value of 667070. It can be noted
that the normalization condition for the ATIM frame transmission is independent

of the data frame model. The normalization equation is represented as,

Zkz OZ’L OZW 1bz]k+bI (49)

From equation (4.4), equation (4.5), equation (4.8) and equation (4.9) the value of

/ . .
bo 0,0 1s Written as,

/

1
bopo = XTvIveD (4.10)
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where,
2 W;—1
X=) > 4
i=0 j=0
1 Wo—1
Y =— [C +qX 1—q,)
Wo[ +3.X] > (1-qa)

Let 7, be the probability that a station transmits an ATIM frame in a randomly

chosen slot. Hence,

2 2
Ta = Zzb;707k (411)

k=0 =0

The value of 7, is obtained by solving equation (4.4), equation (4.6) and equa-

tion (4.10). The relation between p, and 7, is,
Pa = 1—(1—7,)" L. (4.12)

where n' is the number of active stations participating in the contention at the ATIM
window. As ATIM frames are generated instantaneously at the MAC layer in the
ATIM window, if a station has a data frame to transmit, n’ can be approximated
as, n’ = [na] where n is the total number of stations in a network. The values of
To and p, are solved numerically using fixed point iteration. P, is the probability

of successful transmission of an ATIM frame. P,, is calculated as follows:

n'7,(1 — 7,) ™1
P, = _ 413
1—(1—7,)" (4.13)
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Similarly, we find out the probability of success for a data frame transmission
after successfully transmitting an ATIM frame. Let 7, be the probability that a
station transmits a data frame in a randomly chosen slot in the data window. So

the value of 7; depends on the value of 7,. The 74 is represented as:
T, = Z b;io (4.14)
i=0

From equation (4.5), the value of b;io is expressed in terms of b&o as follows:

> o= 30 B (0.15)
=0 =0

where,

F, = (Pd(lq; Qd))lﬁ <{1 - <1M;de)Wj}>

j=1
Similarly, from equation (4.7), bg,o = % where,
Wi
R— 09d _
a(l = (1 — qa)"0)
m—1

{1=pa)(1—q0) Y_Fi+ (1 — qa)Fu} (4.16)
The relation between pg and 7 is
pa = 1—(1—79)™" V. (4.17)

where n” is the number of active stations participating in the contention at the data
window. For simplicity, we assume that a sender can send multiple data frames
only to a single receiver in a data window. Further according to assumption (6)
as stated earlier, there is no higher layer buffering of data packets, and therefore
n” can be approximated as, n” = [(na x P,s)| where n is the total number of
stations in the network. Let P, be the probability that there is at least one data
frame transmission in the considered slot. Let Py be the joint probability that a
data frame is transmitted successfully after the successful transmission of an ATIM

frame. The values of P, and Py, are given by,

"

Pp = 1—(1—1)" (4.18)
n“Td(l — Td)n”_l
P, = . 4.19
d B (4.19)
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4.1.4 Estimation of probability a, q., qq

Let A be the frame arrival rate of a source that follows a Poisson distribution
with parameter A\. Assuming the data traffic is generated according to a Poisson
distribution!, the probability o that a station has a data frame to send, is computed
as;

o =1— e bl (4.20)

Here sq is the duration of a slot and E[sq] is the expected slot time in the data
window. E[sq] is governed by the Markov model discussed earlier, and can be
computed as follows. The average length of a slot in a data window is computed by
considering three mutually exclusive and exhaustive cases. (1— FP;,.) is the probability
that a slot is empty, Py, P, is the probability of successful transmission of data, and

(1 — Pys) P, is the collision probability for a data frame. Therefore,
Elsa] = (1 = Pyy)o + Pas Py Te + (1 — Pys) P, T (4.21)

Here T and T, are the average time the channel is sensed busy because of a successful
transmission or a collision in the data window, respectively and o is the empty slot

time. Ty and T, are calculated as follows,

T, = DIFS+ H + E[P] + 20 + SIFS + ACK
T. = DIFS+ H + E[P] + SIFS + ACKro (4.22)

According to the assumption in Subsection 4.1.1 (point 1), every station accesses
the channel using the basic access mechanism. Here DIFS and SIFS denote DCF
inter-frame space time (in slots), and short interface space time (SIFS) respectively.
ACK is the acknowledgement duration in slots. It has been assumed that all packets
have the same size, so E[P] = P is the average payload. The ACK timeout
(ACKro) is included in T, according to the standard [2] specification, and a station

!The Poisson assumption of traffic generation is only a representative case used in this thesis
for modeling the effect of the traffic arrival on the MAC layer performance. Any other traffic
distributions can be used depending on the specific scenarios, and the probability «, g, and gg can
be calculated according to that distribution, following a similar procedure. The objective of this
analysis is to analyze the MAC layer protocol performance with different data generation rates,

and therefore, the assumption for a specific distribution of data generation suffices for the purpose.
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age x(t) excess y(t)

»
S >

t

A
\ 4

Sn < =Sn+1
spread (T)

Figure 4.2: The age and excess time of a renewal process [4]

waits for an EIFS time when the channel is sensed busy because of collision. Let
EIFS = SIFS + ACKto + DIFS. H = PHY .4 + MAC,4; be the packet header, and
0 the propagation delay.

Let Z(t) be a renewal process. The spread T', of a renewal process, is defined as
the time interval after which the renewal occurs. The age of a renewal process, z(t),
is defined as the time interval since the last renewal. The ezcess (or residual time)
of a renewal process, y(t), is the time to the next renewal after ¢ [4]. The spread,
age and excess of a renewal process are shown in Fig. 4.2. Let S; denote the time
of the i"" renewal. It can be noted that z(t) and y(¢) are independently distributed.
As the traffic arrival is assumed to be Poisson, the time from ¢ to the next renewal is
exponentially distributed, and independent of all previously occurred renewals [111].
Therefore, {Z(t),t > 0,t < T} be a Poisson process with rate A. Hence,

P{y(t) <slt<T}=1—e?7T V¥s>0 (4.23)

where s is a generic slot time (either in the ATIM or in the data window).

As discussed earlier, g, and ¢4 denote the probability of the end of ATIM
window and the data window respectively. The size of the ATIM window and data
window is assumed to be fixed as mentioned in Section 4.1.1. The probabilities ¢,
and g; depends on A which is the packet arrival rate. That means they depend on
network load. It is obvious that if the number of packets increases, the probability
of ¢, and g4 should increase. Let Z,(t) denote the number of transmissions within
an ATIM window, and Z,(t) the number of transmissions within a data window.
Then Z,(t) and Z4(t) are two counting processes with inter-arrival time s, and sy
respectively, where s, and s; are the duration of an ATIM slot and a data slot,
respectively. The counting process of each state eventually reaches its steady state.
Let e4(t) be the excess time in an ATIM window. In the ATIM window, every

station waits for SIFS interval before accessing the channel. Then for an ATIM
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window, the probability of the ATIM window end is expressed as the probability
that excess time is less than the SIFS interval plus the mean slot duration in the
ATIM window. Let Tatny be the size of the ATIM window. From equation (4.23),

Qo — P(Ga(t) S SIFS =+ E[Sa]lt S TATIM)
£ o= e*/\ (SIFS+E[sa])/TaTIM (424)

where Els,] is the expected slot duration in an ATIM window, calculated in a similar
way as of equation (4.21) using the success and failure probabilities of the ATIM
window, the average channel busy time and the average collision time for an ATIM
frame transmission. Similarly let e4(t) be the excess time for the data window. In
a data window, every station waits for the DIF'S interval for accessing the channel.
Then for a data window, the probability that the data window ends can be expressed
as the probability that the excess time is less than the DIF'S interval plus the mean
slot duration in the data window. Let Tpata be the size of the DATA window. So,

qa = P(ed(t) S DIFS + E[Sd]lt S TDATA)
— 1 — ¢ (DIFS+E[sq])/ToaTa (4.25)

With the value of a, ¢, and ¢4 in hand, the data window throughput and overall

normalized throughput is derived, as presented in the next section.

4.1.5 Throughput Analysis

Let Spara denote the normalized system throughput in the data window for a

network with unsaturated traffic.

E[payload information transmitted in a slot]
E[duration of a slot]

Spata =

Let, E[p| be the average frame payload size (in terms of time unit, e.g., us).

Therefore,

Py P E
SpATA = d#s][ﬂ (4.26)

Spata provides the channel throughput at the data window only and the value

of E[s] is presented in equation (4.21). The overall channel throughput has the
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ATIM overhead included with the data window throughput. The overall normalized
throughput, S, is calculated as,

Data Window size
5 = Spara Duration of BI (4.27)

4.2 Analytical model for Average MAC Delay

The MAC layer channel access delay is an important parameter to analyze the
performance of IEEE 802.11 IBSS. The average MAC delay is defined as the time
between the arrival of a frame at the interface queue and the time it is delivered

successfully. Let D denote the average MAC delay. Then D can be written as:
E = Déﬁ%a = Déﬁgc (428>

Where_Déﬁlc denotes the average delay in transmitting an ATIM frame successfully,
and D{%. denotes the average delay in transmitting the corresponding data frame
successfully.

Let Déﬁlc(k) be the delay experienced up to the k* ATIM window to transmit
an ATIM frame successfully. ATIMgy,. represents the fixed ATIM window size.
Therefore,

D (k) = k x BI + ATIMj,. (4.29)

succ

Assume that Déff?;c(i, b) is the delay to transmit a data frame successfully in the
i" backoff stage of the data window. The sum of the backoff values up to stage i is
b. Assume that b is the average value of the CW. Since (W; — 1) is the maximum
CW size at the i backoff stage, the average value of b is % The value of Déggc(i, b)
is given by:

D (i,b) = b X Tyyg +1i x To + T, (4.30)

succ

Here T and T, are the average time the channel is sensed busy because of a successful
transmission or a collision, respectively, of the data frame in the data window.
Now, the average delay in transmitting an ATIM frame successfully is equal to
the total delay upto the & ATIM window, given that the ATIM success occurs at
the k" ATIM window. Let the probability Ps(fc)é(z', k) be the conditional probability

that the backoff process of an ATIM frame transmission ends at the i*" stage of the
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k" ATIM window, given that the ATIM frame is transmitted successfully. Then,

the value of Déﬁgc is calculated as:

2

succ - ZZ s(u (,: Z k X Déﬁ&c(l{) (431)

=0 =0

Assume that Ps(fc)c(i,k) is the probability that an ATIM frame is transmitted
successfully at the " backoff stage of the k* ATIM window, and Pérgp denotes
the probability that an ATIM frame is dropped because of the retry limit being

exceeded in the last ATIM window. Ps(fgé(i, k) is calculated as follows:

P.(i, k)

P9 (i k 4.32
R =1 (432)

PLY.(i, k) is given by:
Psucc(l k) Xllc(l - pa)(l - q(l) (433)

where X} is the probability that a station is unsuccessful in transmitting an ATIM
frame till the (i — 1) backoff stage of the k" ATIM window, and is given by:

i, k=0;
Xi = ¢ LB 4 g, x L, k=1; (4.34)
L2 12 % g x L) + 2 x I, k=2
Here, L = p,(1 — q,). Consequently, P s caleulated as:

drop
2 2
P =1=>"% P (i k) (4.35)

From equation (4.32) and equation (4.29), the average delay in transmitting an
ATIM frame successfully (D)) is calculated using equation (4.31).

Similarly, the value of the average delay in transmitting a data frame

successfully within the data window (Dgf'f?;c) is calculated in a similar way. Let,

B(i) is the total backoff value up to i** backoff stage, and B(4)max is the summation

(2
of maximum contention window sizes up to the backoft stage ¢ | > (CW; — 1))
j=0
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Then, Déffz;c is calculated as:

m B l)max

Die=3" 3" PW.(i.b) x D (i,b). (4.36)

=0 b=0

The value Ps(fc);(i,b) denotes the conditional probability that the backoff process
of a data frame transmission ends at the i*" stage of the data window, with total
backoff value b up to the i*" backoff stage, given that the data frame is transmitted

successfully. Ps(fgé(i, b) is given by:

P.(i,b)

P (i, b) = (4.37)
succ d
il— iz
Here Pérgp is the probability of dropping a data frame that exceeds the retry limit

in the data window. Ps(ggc(z', b) is the probability that a data frame is transmitted
at the i*" stage and b is the the sum of backoff values up to the i** backoff stage.
Therefore,

Piec(i,0) = PS(1) Pr(B(i) = b)

d i
P, = 1= (1= p)(L -0 3 (pull - 20}
i=0
where m is the maximum retry limit to transmit a data frame in the data window.
Assume, Ps(fc)c(z') is the probability of transmitting a data frame successfully in the

i" backoff stage of the data window, and pg(1 — g,) is the probability that there is

a collision within the data window. Therefore,

Pie(i) = {pa(l = @)} {(1 = pa) (1 — aa)} (4.38)

Let Pifﬁl, Pc(ffl and P\Y. are the probability that a randomly chosen slot in the data
window is idle, leads to a collision and results in successful transmission, respectively.

Then,

d
Pie = (1=7)
P9 = n'r,(1—1) Y

succ

pY — q_ (1—m14) — TL”Td<1 — Td)("”_l)

col
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Here 74, calculated according to equation (4.14), represents the probability that a
station transmits a data frame in the randomly chosen slot in the data window and

n” is the number of station in active mode in the data window. Then,

Tavg = Pl(d(?eo- + Ps(tilc)cTS + Pc((ill)TC (439)
where ¢ is the empty slot time. From equation (4.37) and equation (4.30) the value
of Dgi)cc is calculated. Therefore, the average delay, calculated using equation (4.28),

and is given by:

WE
E

D= (Pl (i k) x DOw)) +
k=0 =0
m  B(j)maz
> Y (PUG.b) x DELGb)
=0 b=0

4.3 Analytical Model for Average Power Consump-

tion

In TEEE 802.11 IBSS PSM, the stations save critical battery power by going to the
sleep mode whenever they do not have data to transmit as well as receive. Let PW,,
PW,y, PW;q. and PWge., denote the power consumed for data frame transmission,
data frame reception, channel sensing and station in sleep mode respectively. E[Ti],
E[T.], E[Tiae] and E[Tyeep are the expected time spent in transmit mode, receive
mode, idle mode and sleep mode for per data frame transmission, respectively. The

power consumed at a station can be classified into the following cases:

e Transmit Power: If a station is a transmitter then the expected energy

consumption in successful data frame transmission (&) is given by:

o = E[T] X PWiy (4.40)
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Here,
2 2
ﬂx = Z Z (Z X Tacol + Tasucc)) +
k=0 =0
S (PO.G6) x (i x T, + 1)) (4.41)

N
Il
o

Let Ps(fc)c(z', k) be the probability that an ATIM frame is transmitted success-
fully at the i backoff stage of the & ATIM window. Similarly, let P (i)
denote the probability of transmitting a data frame successfully in the 7
backoff stage of the data window. The values of Ps(ggc(z', k) and Ps(fgc(i) are
presented in equations (4.33) and equation (4.38) respectively.

Tosuee and T, are the average time for which the channel is sensed busy
because of a successful transmission and a collision of an ATIM frame

respectively. Therefore,

Tasucc :ATIMframesize + 6 + SIFS + ATIMACKTO +4
Tocol =ATIMgamesize + SIFS + ATIMACK 1o

Here ATIMgamesize 18 the size of an ATIM frame in number of slots and
ATIMACKq is the timeout interval for ATIM acknowledgement. The value
of T, and Ty are presented in equation (4.22).

e Receive Power: If a station does not have any data frame to transmit or has
not successfully transmitted an ATIM frame, then there are two possibilities
- if the station has successfully received an ATIM frame, then it acts as
the receiver, otherwise it goes into sleep mode. Let the expected energy

consumption in successful frame reception be &,,. Then,
57":1: = [ rx] X PWrx (442)

It can be noted that the duration of reception of a packet is equivalent to the

duration of successful transmission of a packet (in case of collision, the receiver
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remains in the idle state). Therefore,

> (P.) < ) (449

Idle Power: A station remains in idle mode for two reasons;

1. The station is in the back-off stage, and so it remains idle for the back-off

period.

2. The station has transmitted an ATIM frame successfully, and so it has to
remain awake in the data window according to the standard. However it
does not have sufficient data in its interface buffer, and it has transmitted
all frames queued in its interface buffer before the data window ends. So,
it has to remain in idle state either for the rest of the data window, or
for the time before the next data arrives in its interface buffer, whichever

is earlier.
Let the expected energy consumption in idle state be &ge. Then,
Gidie = E[Tiaie] X PWiae (4.44)

Here,
B(Tiae) = B[] + E[Tia] (4.45)

According to the standard, if a station transmits one ATIM frame successfully,
then it cannot send another ATIM frame in the same ATIM window. However,
the station has to remain awake for the entire ATIM window. Thus the idle
time in ATIM window has two components - expected idle time during back-
off period at the ATIM window (E[T{ 4 _.g)) and expected idle time after
transmitting one ATIM frame successfully, for the rest of the ATIM interval
(E[TS,, ). Thus,

E[T’i(ille] = E[Tl;zack—off] + E[ﬂ((lilend] (446)
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E[TY o) 18 given by:

2 2
Tback off Z Z ( succ (% X 0))

k=0 i=0
In an IBSS, the transceiver of an station that is in awake state, remains idle
only when it neither transmits nor receives a packet. Further, the transceiver
remains in the receive state for all the ongoing communication in the network,
may it be intended for that station or an overheard communication. In the
ATIM window, on average na stations transmit ATIM frames, and therefore
every station receives nat ATIM frames on average. Consequently, E[Tjg,, ] is

1

computed as,

2 2
1dlend Z Z <P5(1(11CC

k=0 i=0
(TATIM - (Z X Tacol a4 (1 = na)Tasucc>)>

In the above equation, the quality (1 + na)T,sue. denotes time for one ATIM
frame transmission and na ATIM frames reception, the transmission and the
reception times being equal as discussed earlier. As mentioned earlier, T sty
represents the time duration of an ATIM window and o is the duration of one

slot time.

For the data window, the idle time is calculated as,

E[Tg = BT o) + El 1d1end] (4.47)

where E[T ., ] denotes the expected idle time in back-off period in data

window and E[T,, | denotes the expected idle time. E[T{, 4] is given by:

— Wi
Tback off Z Psucc ( 2 X U)
=0

In the DATA window, a station remains in the idle state after a successful

transmission if all of these conditions hold;

(i) The station is not a transmitter: This indicates that the station does not

have any data transmit. The probability for this is (1 — «).
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(ii) The station is not a receiver: In the DATA window, a station is not
a receiver, when neither of the n x P, stations, that are in the awake

state, have a data frame to transmit. The probability of this event is

(1 - O[)nXPaS‘

Therefore, after a successful data transmission, the average idle time is

computed as
E[Tg, == ) T Fas) 5 T ara

Here Tpara represents the time duration of an data window. It can be noted
that in the DATA window, there are na P, number of data frame reception
with respect to a single data frame transmission, as naP,s numbers of nodes
are in the awake state. The quality (1 + naPas)Tasuce denotes time for one
DATA frame transmission and naP,s DATA frame reception, the transmission

and the reception times being equal as discussed earlier.

Sleep Power: A station can go into the sleep mode if it neither transmits
nor receives an ATIM frame in the ATIM window. Let .., be the expected

energy consumption during sleep mode. Then,
gsleep - E[Tsleep] X PWsleep (448)

where E[Tyecep) is the expected time duration of the sleep mode, which is given
by:

2

2
sleep Z ( Z Ps(u C > Xk
=0

k= (4.49)
X ( ) x DAT Ag;..
Here P, is the probability of successful transmission of ATIM frame.
Let PW be the average power consumed by a station. Therefore,
W _ ftx + frx + gidle + fsleep (450)

E[ﬂx] + E[Trx] + E[ﬂdle] + E[Tsleep]

PW shows the average power consumption by all the stations in a network.

However, it does not reflect the distribution of power consumption among the
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stations. To analyze the power distribution among the stations, the standard
deviation of power consumption is required along with the average power

consumption which is presented in the next subsection.

4.3.1 Standard Deviation of Power Consumption

The standard deviation is the square root of variance. Assume that V' is the variance
in power consumption. Vix, Vix, Vidie, Vaeep are variances of power consumption in

transmit mode, receive mode, idle mode and sleep mode respectively. Then,
V= Vt-',X + ‘/rx + ‘/idle + ‘/sleep (451>
The ‘/txa V;"Xa Vidlea and ‘/;leep are given by

e The variance of power consumption in transmit mode (V%) is expressed as ?;

(Blr2) x PWer - (&2))

VoS BT

(4.52)

Here, Tix represents the time spent in transmit mode. The value of E[Ti,]
and E[T?2] are calculated using an approach similar to equation (4.41).
The quantity &, is the expected energy consumption in successful frame

transmission.

e The variance of energy consumption in receive mode ( Vi) is given by:

<E[Tr2x] X PWyy — (5)2)
(E[T])?

Here, E[T,] and E[T2] are calculated using using an approach similar to
equation (4.43). &, is the expected energy consumption in successful frame

reception.
e The variance of energy consumption in idle mode ( Vige) is expressed as;
2
(E [Tiae] X PWigie — (fidle) )
V;dle =

(E[Tiaie])?
Var(X) )

2Let Y = £, X is a random variable and T is a constant. Var(Y) = Var(3) =~

(4.54)

82

TH-1201_PSWAIN



4.4 Model Validation and Performance Evaluation

Here, E[Tiq] and E[T?3,.] are calculated using using an approach similar to
equation (4.45). The quantity &5 is the expected energy consumption in idle

state.

e The variance of energy consumption in sleep mode (Vieep) is given by:

(E [Ts2leep] X PWileep — (gsleep> 2)
(E [Tsleep] )2

‘/;leep - (455)

Here, F[Tyeep] and E[T3

ileep) are calculated using using an approach similar to

equation (4.49). The quantity &, is the expected energy consumption during

sleep mode.

All the theoretical estimations presented till now have been validated using
simulation results. The validation of the theoretical model along with the analysis
of network performance in IEEE 802.11 IBSS PSM in terms of throughput, MAC

delay and average power consumption are presented in the next section.

4.4 Model Validation and Performance Evalua-
tion

The proposed analytical model has been validated using the network simulator
Qualnet 5.0.1 [44]. The system parameters are listed in Table 4.1. CWyy, is
the minimum CW, CW¢,. and CW2,  are maximum CW for the ATIM and the
data window respectively. The power consumption in different states are taken
from the data-sheet of CISCO Aironet 350 Series Client Adapters [109]. In the
analytical model, it is assumed that channel is ideal and a all stations are within the
communication range (single-hop network). To satisfy this condition, the simulation
parameters are, transmit power 15dBm, receive sensitivity —87dBm, antenna gain
15dB, noise factor 10dB, communication range 100t (approx), interference range
250t (approx). For simulation in IBSS power save mode, the size of the ATIM
window is taken to be 20ms. The beacon interval size is varied in simulation to
study the behavior of the model. The simulation is executed for 10 different cases

with randomly generated seed values, and the average values are plotted.
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Table 4.1: Parameters used in the simulation

Parameter value
Payload size 1024 bytes
ATIM 28 bytes + PHY header
ACK 14 bytes + PHY header
PHY header 192us
MAC header 28 bytes
Basic rate 1Mbps
Data rate 2Mbps
Slot time 20us
SIFS 10us
DIFS 50us
CWinin 32
CWE. .« 128
cwé 1024
PWix/rx 2.25W (Watt)
PWiae 1.35W (Watt)
PWsieep 0.07W (Watt)

Figure 4.3 presents the normalized throughput against different arrival rates
having a fixed network with n = 20 and BI = 200ms (with fixed ATIM window at 20
ms). The figure shows that there is a good agreement between the theoretical and
the simulation results. For the unsaturation case, Figure 4.4 and Figure 4.5 (results
obtained from analytical model) show how the normalized throughput depends on
network size and the size of the BI. The observations from Figure 4.3, Figure 4.4

and Figure 4.5 are summarized as follows.

e In the unsaturation case, the throughput increases at an exponential rate where
data arrival rate varies from 1 frames/second to 10 frames/second. After 10
frames/seconds, the network becomes saturated. For frame arrival rate 10
frames/second to 40 frames/second, throughput decreases in a linear fashion.
During this period, the network throughput decreases because of the increasing

contention among stations in the saturated network.

e The network throughput stabilizes when the data arrival rate is more than 40
84
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Figure 4.3: Overall Throughput (.S) for n = 20
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Figure 4.4: Overall Throughput () for n = 20
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Figure 4.5: Overall Throughput (S) for BI = 200ms

frames/second. Normalized throughput remains almost fixed when the data

arrival rate is beyond 40 frames/second (network size n = 20).

e [t can be seen from Figure 4.4 that as the size of the BI increases with a fixed

ATIM window at 20 ms, the normalized network throughput increases. The
reason behind this is that, for a fixed ATIM window size at 20 ms, the size

of the data window increases with the increase of the BI. Thus the ATIM

overhead becomes low which increases the overall network throughput.

e Figure 4.5 shows the effect of the number of stations over the network
throughput for fixed BI size at 200 ms. The ATIM window size is also fixed

at 20 ms. As the number of stations increases, the overall throughput also

increases.

Figure 4.6 shows the average MAC delay against the frame arrival rate. Though

both the curves follow similar trends, there is a slight gap between the theoretical

and the simulation results (simulation result is approximately 30% more than the

theoretical result). The difference between the theoretical result and simulation

TH-1201_PSWAIN
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Figure 4.6: D for n = 20

result is because of the practical wireless channel properties such as: channel quality,
fading, queue size and distance between stations, which significantly affects the MAC
layer channel access delay, although less impact over the throughput and the power.
It can be noted that these properties vary with time and are difficult to incorporate

in the present model.

However, the present model gives a good approximation of the MAC delay that
can be used effectively for comparison purpose, as described next. All the results
presented in Figure 4.7 and Figure 4.8 are obtained from the analytical model.
Figure 4.7 presents the impact of the BI size (with fixed ATIM window at 20 ms)
on the average MAC delay for different frame arrival rate. Average MAC delay
is the sum of two components - the channel access time, plus the average waiting
time in a BI. The stations that fail to transmit an ATIM frame successfully in the
ATIM window, have to wait for the rest of the BI to get next chance in the next
ATIM window. This increases the average waiting time to get a chance to transmit
data frames. For this reason, average delay increases with the increase of BI size.

Figure 4.8 shows the impact of the network size over the MAC delay for different
87
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Figure 4.9: PW for n = 20

data arrival rates. When data arrival rate is low and the network is unsaturated,
the end to end MAC delay does not differ too much for different network sizes. For
higher data arrival rates, the MAC delay increases as the network size increases.
Further, increasing the data arrival rate also prolongs the MAC delay. Therefore,
the MAC delay mainly depends on the network contention. During unsaturation,
traffic in the network is low and so increasing the network size does not have an
impact on the network contention and the MAC delay. In a saturated network,
the contention among stations increases as the network size increases. The network
contention increases even further as the data arrival rate increases. Thus the MAC
delay increases significantly with the increase in the network size and the data arrival

rate.

Figure 4.9 shows the average power consumption with respect to data arrival
rate for beacon interval (BI) size 200ms. The result obtained from the analytical
model for power consumption in Section 4.3 has been verified through simulation.

Figure 4.9 shows that the simulation result matches with the theoretical analysis.

The impact of the network size and the BI size on the power consumption is
89

TH-1201_PSWAIN



4.4 Model Validation and Performance Evaluation

2 BI=100ms —&—
BI=200ms —e—
18 BI=300ms —&—

Average Power Consumption (Watt)

0.2

0 10 20 30 40 50 60 70 80 90 100
Data arival rate (frame/sec)

Figure 4.10: PW for n = 20

presented in Figure 4.10 and Figure 4.11. Figure 4.10 gives a comparison of average
power consumption for different BI (for fixed ATIM window) against the data arrival
rate. It can be observed from the figure that as the size of the BI increases, the
average power consumption decreases. A station that neither transmits an ATIM
frame successfully nor receives an ATIM frame remains in sleep mode for a long
time when the Bl is large. It is also observed that as the data arrival rate increases,
the amount of power consumption decreases. A higher data arrival rate implies
more number of stations contend at the ATIM window for successfully transmitting
ATIM frames. This increased contention reduces the percentage of stations that get
a chance to participate in the data communication. The remaining stations go to
the sleep state in the data window. Thus the average power consumption decreases.
During unsaturation, the average power consumption decreases linearly and then
becomes constant at the saturation state. Figure 4.11 presents the average power
consumption for different network sizes. It can be observed from the figure that the
average power consumption for a network of size 10 is more than the average power

consumption for a network of size 20. This is because contention is less for small
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Figure 4.11: PW for BI = 200ms

network size, and so, most of the stations are in transmit or receive state, leading to
higher power consumption. Figure 4.9 to Figure 4.11 show that IEEE 802.11 PSM
saves significant amount of power by letting stations go to the sleep mode when

there is no data to transmit or receive.

However, the power consumption is not local for a set of stations, rather it
is evenly distributed in the network, as shown through the standard deviation
of power in the network. The theoretical model for the standard deviation of
power consumption is first validated through simulation. Figure 4.12 compares
the theoretical model for standard deviation of power with simulation results, for
20 number of nodes. The standard deviation of the power distribution among the
stations is shown in Fig. 4.13, as derived from the theoretical model presented in this
thesis. It can be seen from the figure that the value of the standard deviation is very
low. The deviation of power among the stations is less than 10%. This indicates
that the power consumption is uniformly distributed among all the stations in the
network. Henceforth, no station in the network dissipates considerably high power

compared to others, which in turn increases the network lifetime.
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Figure 4.14: Total Power Consumption in PSM
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Figure 4.15: Total Power Consumption in without PSM
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Figure 4.14 to Figure 4.17 give a comparative study of the power consumption
between IEEE 802.11 with and without power save mode. The results for
IEEE 802.11 DCF without PSM analysis is obtained from simulation with similar
parameters as shown in Table 4.1. The packet generation probability is calculated
from the traffic generation rate according to equation (4.20). Figure 4.14 shows
the total power consumption in IEEE 802.11 PSM with respect to the number of
stations and the packet generation probability. Figure 4.15 shows the same for IEEE
802.11 running without PSM enabled. These two figures clearly indicate that total
power consumption in PSM is significantly less compared to IEEE 802.11 without
PSM. Further in PSM (as well as without PSM) total power consumption increases
as the packet generation probability decreases. This is because, in PSM a station
needs to remain in the power on mode if it successfully transmits an ATIM frame in
the ATIM window. Thus at a low data rate, even if the station does not have data
to transmit, it needs to remain in the power on mode in the entire data window,

after transmitting the data from its interface buffer.

Total Power Consumption (in Watt)

25

Number of Nodes 30

Figure 4.16: Average Power Consumption in PSM

Figure 4.16 and Figure 4.17 show the comparison of average power consump-
tion per station in PSM and without PSM. It can be seen from the figures, that

as the number of station increases, the average power consumption decreases in
94
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Total Power Consumption (in Watt)

25

Number of Nodes =0

Figure 4.17: Average Power Consumption in without PSM

PSM, whereas, the average power consumption increases without PSM. In PSM,
the stations that do not have any data to transmit go to the sleep state to save
power. Thus with a large number of stations, the stations that can not transmit
or receive an ATIM frame successfully, go to the sleep mode. This reduces average
power consumption with a large number of nodes. Again with a higher data rate,
contention among stations increases, and thus the stations that fail to transmit or
receive an ATIM frame, go to the sleep mode. This further reduces average power

consumption.

4.5 Summary

This chapter proposes an analytical model for IEEE 802.11 IBSS PSM with
unsaturated traffic. The data frame transmission along with the corresponding
ATIM frame transmission is modeled using a discrete time Markov chain. The
network performance parameters, such as overall normalized throughput, average

MAC delay and average power consumption is calculated from the Markov chain
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model. The proposed theoretical model is validated using simulation results. The
performance of IEEE 802.11 IBSS PSM is also analyzed and compared with standard
IEEE 802.11 IBSS without PSM. The analysis shows that there is a trade-off among
throughput, MAC delay and average power consumption. A dynamic and adaptive
BI can provide better power saving with little compromise in delay and throughput,

that can open several directions for future research.
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Chapter 5

Conclusions and scope of Future

Work

This thesis provides analytical models to aid in the performance analysis and
evaluation of the standard IEEE 802.11 IBSS in Power Save Mode. These analytical
models are designed based on discrete time Markov chains for both saturated and
unsaturated traffic conditions in wireless ad hoc networks. This chapter sums up

the major contributions of this thesis along with the future directions of research.

5.1 Summary of Contributions

The modeling and analysis of the throughput, delay and power consumption in
IEEE 802.11 DCF PSM for IBSS networks is very challenging because of the
unique characteristics of data frame transmission along with the corresponding
ATIM frame transmission. Hence in this thesis, our focus is on the analytical
modeling and performance evaluation of IEEE 802.11 IBSS PSM. A novel analytical
model with saturated traffic condition has been developed to provide an overview
of the protocol performance at extreme traffic scenarios. The model is used to
establish the relationship of the impact of network size and beacon interval size
on the performance. The saturation model is further extended for unsaturated
traffic conditions that represents real world traffic scenarios. The main research

contributions of this thesis can be summarized as follows:
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e Performance Modeling of IEEE 802.11 PSM in IBSS for Saturated
Traffic: In Chapter 3, we have proposed a discrete time Markov chain model
for the transmission of ATIM and data frame in IEEE 802.11 IBSS power
save mode for saturated traffic. Thereafter, analytical models for normalized
network throughput, average MAC delay and average power consumption in
the IEEE 802.11 IBSS PSM are presented. Using the proposed model, an
extensive and insightful performance evaluation of IEEE 802.11 IBSS in power
save mode system parameters is carried out. Our results show the dependance
of the throughput, delay, and power consumption on system parameters such
as network size and beacon interval size. The conclusive result of our analysis
establishes the fact that in IEEE 802.11 PSM, power can be saved at the cost of
network throughput and delay. It has also been found that the dynamic tuning
of the system parameters have great impact in achieving optimal performance
in IEEE 802.11 IBSS in power save mode. Moreover, the analysis reveals that
there exists a trade-off among overall network throughput, MAC delay and
average power consumption, that can be explored to design a beacon window

tuning mechanism for efficient usage of the power save option in an IEEE
802.11 IBSS network.

e Performance Modeling of IEEE 802.11 PSM in IBSS for Unsaturated
Traffic: In practice, wireless networks do not operate in saturated traffic
conditions. The characteristics of such networks get altered according to the
application in use, such as web browsing, e-mail, voice over internet protocols
(VoIP) etc. To capture the network performances in such unsaturated traffic
conditions, it becomes imperative to design a more rigorous and generalized
model that includes the details of traffic arrival with 802.11 MAC operation in
power save mode. Chapter 4 elucidates a discrete time Markov chain model of
IEEE 802.11 IBSS PSM for unsaturated traffic along with analytical models
to compute the throughput, expected delay and expected power consumption.
The impact of data arrival rate, network size and the Beacon Interval size
on the performance of the IEEE 802.11 DCF in PSM is also analyzed. The
analytical results are validated using simulation studies. Several important

observations that are gathered from our analysis are as follows:
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— An increase in the size of the beacon interval and network size enhances
the network throughput while decreasing the average power consumption.
This also results in an increase in average MAC delay due to the longer
waiting times. However, for delay sensitive applications, beacon interval

should be chosen based on the requirements of the application.

— As the number of stations increases in the network, it results the
increment of the network throughput and the decrement of the average

power consumption, while the MAC delay increases.

— According to IEEE 802.11 DCF PSM , the stations transit to the sleep
mode to save the battery power. From our observations, we have learned
that the transitions to sleep mode occur due to the higher contention in
the ATIM window for transmitting or receiving the ATIM frames. This
leads to the reduction of average power consumption as well as contention

in the data window.

The modeling and analysis of IEEE 802.11 DCF power save mode in IBSS
provides fruitful insights to set up an optimized wireless ad hoc network in power save
mode. This thesis facilitates the system designer to take into account the trade-off
among the throughput, delay and power consumption according to different network
sizes and beacon interval sizes. Though the saturated traffic model is targeted
towards specific application scenarios, the unsaturated traffic model inherently
captures a broader category of network applications. In the succeeding section,

we will point out the plausible areas of research to further the present work.

5.2 Scope of Future Work

This thesis gives a theoretical analysis of impact on the design parameters on
the performance metrics in a IEEE 802.11 DCF PSM in IBSS network. The
contributions of this thesis can be extended in several ways to analyze the impact of
power save options on different network types as well as considering various network
dynamics. We outline some of the possible future research works in this field of

research.
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5.2 Scope of Future Work

e The model can be extended to analyze the performance of M-group heteroge-
neous IEEE 802.11 DCF PSM in IBSS with distinct arrival rates, network sizes
and beacon interval sizes in each group. Fairness can be measured in terms
of throughput, delay and power consumption with respect to the number of

stations and offer load in each group.

e The model can be further extended to develop an analytical model of
IEEE 802.11 DCF power save mode under saturated and unsaturated traffic
conditions in multi-hop ad hoc networks. In a multi-hop ad hoc network
the behavior of a station not only depends on it’s neighbor’s behavior but
also the behavior of other hidden stations, thus increasing the complexity of
the performance analysis of such networks. The problems that can arise in
the IEEE 802.11 DCF power save mode when operating in a multi-hop ad hoc
network in the presence of hidden nodes can be investigated. The performance
of the IEEE 802.11 DCF in multi-hop ad hoc networks for different traffic loads,

packet sizes and carrier sense ranges can be analyzed.

e An analytical model of IEEE 802.11 DCF power save mode in multi-hop ad
hoc networks based on queuing theory can be designed to study the average
throughput share among the different priority classes. By modeling each node
as a discrete time G/G/1 queue, the throughput, end-to-end delay and power

consumption for different circumstances can be derived.
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