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�is paper aims to improve energy e	ciency of IEEE 802.11 wireless local area networks (WLANs) by e�ectively dealing with idle
listening (IL), which is required for channel sensing and is unavoidable in a contention-based channel accessmechanism. Firstly, we
show that IL is a dominant source of energy drain inWLANs and it cannot be e�ectively alleviated by the power saving mechanism
proposed in the IEEE 802.11 standard. To solve this problem, we propose an energy-e	cient mechanism that combines three
schemes in a systematic way: downclocking, frame aggregation, and contention window adjustment. �e downclocking scheme
lets a station remain in a semisleep state when overhearing frames destined to neighbor stations, whereby the station consumes
the minimal energy without impairing channel access capability. As well as decreasing the channel access overhead, the frame
aggregation scheme prolongs the period of semisleep time. Moreover, by controlling the size of contention window based on the
number of stations, the proposed mechanism decreases unnecessary IL time due to collision and retransmission. By deriving an
analysis model and performing extensive simulations, we con�rm that the proposed mechanism signi�cantly improves the energy
e	ciency and throughput, by up to 2.8 and 1.8 times, respectively, compared to the conventional power saving mechanisms.

1. Introduction

Nowadays, wireless local area networks (WLANs), also
referred to as Wi-Fi, are widely deployed almost everywhere
due to low installation cost and easy accessibility to the
Internet. At the same time, most mobile devices (e.g., smart
phones and tablets) and wearable devices (e.g., smart watches
and smart glasses) are equipped with Wi-Fi interface, and it
is expected thatWi-Fi will be increasingly installed in various
emerging consumer electronics and embedded systems by
keeping pace with the development of the Internet of�ings.
However, one of the most crucial problems faced in these
devices is the limited capacity of energy storage and the
signi�cant energy drain by the WLAN interface. �e radio
interface is a source of weighty energy drain inmobile devices
[1]; the WLAN interface card consumes almost half of the
total energy [2]. �us, it is imperative to manage the energy
consumption of WLAN interfaces for extending the battery
lifetime of mobile devices.

In order to limit the energy consumption at the radio
interface, the power saving mode (PSM) was introduced

in the IEEE 802.11 standard [3]. In PSM, a mobile station
(STA) periodically switches between sleep and active states,
where the radio interface is turned o� during the sleep state.
�e energy consumption of an STA deploying PSM can be
reduced by controlling the period or frequency of active and
sleep states. However, the PSM is e�ective only in the case
where STAs occasionally have frames to receive, and it does
not make any signi�cant contribution to energy conservation
in the active state. It was shown in [4] that if STAs have
a moderate amount of tra	c to send/receive, more than
80 percent of the time is spent in idle listening (IL), even
though the PSM is deployed. According to the channel access
mechanism of WLANs, that is, carrier sense multiple access
(CSMA), there are three states of STAs: frame transmission,
frame reception, and IL. In the IL state, an STA performs
channel sensing to determine whether the channel is idle or
busy. Before transmitting a frame, the STA should defer the
transmission during a random backo� time. �is procedure
of channel sensing and backo� is inevitable in the contention-
based channel access mechanism. Moreover, the STA spends
its time and energy when it receives frames that are not
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destined to itself, which comprises another part of IL. Let
us denote an intended (nonintended) frame as a frame whose
destination address is equal to (di�erent from) the address of
the STA listening to the channel. Due to the nature of carrier
sensing and broadcasting in WLANs, the energy consump-
tion in overhearing a nonintended frame is comparable to
that in receiving an intended frame. Hence, the amount of
energy consumption in the state of IL can be rather higher
than those in the states of transmission and/or reception,
especially when the number of STAs is large or their tra	c
loads are heavy. Meanwhile, a failure of frame transmission
due to collision leads to the increase of IL time (ILT) in the
STA su�ering from the failure, as well as in those of the other
STAs sensing the channel. In addition to the energy wastage
due to retransmission, a binary exponential backo� (BEB)
algorithm invoked by the transmission failure doubles the
size of the contention window and accordingly increases the
ILT due to backo�. As a result, the ILT is unavoidable due to
the nature of the channel access mechanism of WLAN, and
it is essential to e�ectively deal with IL for improving device’s
energy e	ciency.

�is paper aims to conserve the IL-related energy in
WLANs. For this purpose, we consider two approaches:
reducing the unnecessary energy consumption during ILT
and decreasing ILT. To realize these two approaches simul-
taneously, we propose a combination of three schemes: (i)
downclocking, (ii) frame aggregation, and (iii) contention
window control. With the downclocking scheme, the clock
frequency of the WLAN interface card is lowered from the
full operation clock frequency when receiving nonintended
frames (we refer to this state as semisleep), similar to [4,
5]. Once the receiving frame is identi�ed as a nonintended
frame, the STA switches to the semisleep state until the
end of transmission time of the nonintended frame. �e
gain of downclocking is ampli�ed by introducing the frame
aggregation scheme, which is the second component of the
proposed mechanism. Since the frame aggregation scheme
allows the STA to transmit multiple frames per channel
access, it prolongs the semisleep time in the neighbor STAs to
conservemore energy bymeans of downclocking. In addition
to improving the energy e	ciency, the frame aggregation is
e�ective to improve the transmission e	ciency by decreasing
channel access overhead per frame, for example, backo�
time and header overhead. �e third component, contention
window control, is designed to deal with the ILT resulting
from collision, which becomes severe as the number of STAs
competing for the channel access increases. By scaling the size
of contention window depending on the number of STAs,
the proposed mechanism can mitigate collision, and thus,
it can prevent the unnecessary energy consumption due to
collision and retransmission.We adopt the basic idea of frame
aggregation and contention window control in our previous
work [6].

Via rigorous analysis and extensive simulations, it is
shown that, compared to the conventional PSM, the proposed
mechanism reduces the energy per bit by up to about 2.8
times, whilemaintaining up to about 80% higher throughput.
�e following points summarize the notable features of the
proposed mechanism and the contributions of this study.

(i) �e proposed mechanism combines three schemes
(downclocking, frame aggregation, and contention
window control) in a systematic way without requir-
ing critical changes in the current IEEE 802.11 stan-
dard; therefore, it can be a feasible and practical
solution for diminishing the unnecessary energy con-
sumption due to IL in WLANs.

(ii) As well as improving energy e	ciency, the pro-
posed mechanism increases transmission e	ciency
by employing frame aggregation and contention
window control, which decrease the channel access
overhead and collision, respectively.

(iii) An e�ective analysis model is derived to evaluate
the e�ectiveness of each component of the proposed
mechanism in terms of energy per bit and through-
put. In addition, the analysis result con�rms that
the downclocking scheme alone cannot signi�cantly
decrease the energy consumption due to IL and that
the e�ect of downclocking can be quite magni�ed
when it is integrated with the schemes of frame
aggregation and contention window control.

�e rest of this paper is organized as follows. Section 2 gives
the background and motivation of this study and addresses
the related work. Section 3 provides details of the proposed
mechanism, and its analytical model is derived in Section 4.
Section 5 presents the simulation results of the proposed
mechanismunder various conditions.�e conclusion follows
in Section 6.

2. Motivation and Related Work

2.1. Background of PSM. We consider the PSM in an infras-
tructureWLANwhere STAs transmit/receive frames to/from
an access point (AP). According to the PSM, STAs alternate
active (or awake) state and sleep (or doze) state, and the AP
bu�ers frames for STAs in the sleep state. AP broadcasts a
tra�c indication map (TIM) periodically to inform the STAs
of the existence of pending frames destined to them, while
STAs wake up periodically to listen for the TIM. �e TIM is
embedded in a beacon frame, and the timedi�erence between
two consecutive beacon frame transmissions is called as
beacon interval (BI). In the active state, the STA can trans-
mit/receive its frames or sense the channel during backo� and
reception of nonintended frames, which accounts for the ILT.
�e energy consumption of STA in the active state depends
upon several factors like tra	c load, frame size, transmission
rate, and the length of ILT. On the contrary, in the sleep
state, the PSM-enabled STA turns its radio interface o� and
is not capable of transmitting/receiving any frames; thus, the
energy consumption in the sleep state can be signi�cantly
reduced. In addition to the BI, there is another interval, listen
interval (LI), which a�ects the period and length of active
and sleep states. �e LI indicates the period at which a PSM-
enabled STA wakes up to listen for the TIM. According to
the IEEE 802.11 PSM, the LI should be set to multiple of BI.
For example, if the LI is set to 3 BIs, the STA listens to the
TIM only at every third beacon frame and ignores the other
two TIMs. �e value of LI is determined by the negotiation
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between the STA and AP in the procedure of association. If
an STAhears the TIM indicating pending frames, it should be
in the active state until receiving the pending frames. In order
to retrieve the pending frames, the STA initiates a PS-Poll
message to the AP a�er a random backo� time. Once the AP
receives the PS-Poll message from the STA, it transmits the
data frame to the corresponding STA a�er a short interframe
space (SIFS). One PS-Poll message needs to be transmitted to
retrieve one data frame from the AP, followed by an acknowl-
edgment (ACK) from the STA. If there are multiple pending
frames that need to be delivered to the STA, the AP sets
“More data bit” �eld in the data frame. �en, the STA ini-
tiates another PS-Poll message to receive its additional frame
from the AP. A�er receiving all the pending frames, the STA
switches to the sleep state to conserve energy. If the STA hears
the TIM indicating no pending frame, it can sleep immedi-
ately a�er receiving the TIM. It is important to note that the
PS-Poll message is transmitted in a contention-basis manner;
that is, the PS-Poll message cannot be transmitted as soon
as the STA recognizes the existence of pending frames by
receiving the TIM, but it can be transmitted a�er competing
with other STAs (or APs) transmitting data frames or PS-Poll
messages. �erefore, this contention incurs an unavoidable
delay in transmitting the PS-Poll message, which increases
the ILT and degrades the energy e	ciency in the active state.

2.2. Motivation. �e PSM can save energy by allowing STAs
to remain in the sleep state, as explained in Section 2.1, and
there have been lots of studies in the literature to optimize the
performance of PSM by tuning parameters like BI and LI and
by enhancing bu�er management in the AP [7, 8]. However,
the PSM cannot make any contribution to energy e	ciency
when STAs in the active state retrieve the pending frames
and it cannot e�ectively deal with the ILT due to the nature
of contention-based channel access of IEEE 802.11 WLANs,
which becomes severer as the number STAs increases.

In order to quantify the amount of energy spent due to the
ILT, we perform a simple simulation. We consider that one
PSM-enabled STA coexists with several background (non-
PSM-enabled) STAs, whose number (denoted as �bg) varies
from2 to 20.We set BI andLI to 100ms and 2 BIs, respectively.
In the simulation, we assume that the background STAs
always have data frames to transmit, while the PSM-enabled
STA always has data frames to retrieve in the �rst BI within
the LI, but it has no frame to retrieve in the other BIwithin the
LI (with this arti�cial con�guration, we can make a balance
between active time and sleep time in the PSM-enabled STA.
In Section 5, we will investigate the e�ect of tra	c load via
various simulations). Details about simulation con�guration
can be found in Section 5. Note that the PSM-enabled STA
has three states: IL, sleep, and active (transmission and
reception) and that the power consumed due to transmission
is comparable to that due to reception [2, 4, 9]. Figure 1
compares the total energies consumed in these three states,
denoted as �IL, �SL, and �AC, respectively. From Figure 1, we
can observe that the STA, even with the PSM, consumes
most of its energy due to IL; for example, when�bg = 10, �IL
exceeds 7.1 J, which is higher than �AC by more than 6 times
and corresponds to about 80% of total energy consumption.
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Figure 1: Comparison of energy consumption in idle listening,
sleep, and active (transmission and reception) states.

In addition, as�bg increases, �IL increases but �AC decreases;
that is, the ILT increases and energy e	ciency degrades with
respect to the increase in the number of competing STAs.
On the other hand, �SL is almost constant, regardless of�bg, because �bg hardly a�ects the sleep time under this
simulation con�guration.

2.3. Related Work. Firstly, we address features of several
power saving mechanisms adopted in the IEEE 802.11 stan-
dards. �en, we focus on studies dealing with the IL energy.

To improve energy e	ciency and quality of service
(QoS), an enhanced power saving mechanism, Unscheduled
Automatic Power SaveDelivery (U-APSD),was introduced in
the standard of IEEE 802.11e [10]. Unlike PSM, an STA under
U-APSD does not have to wake up periodically to listen for
the TIM, but it transmits a trigger frame (QoS data frame or
null frame) at any time to retrieve the pending frames in the
AP bu�er. On receiving the trigger frame from the STA, the
AP �rstly acknowledges it, and then if the AP has pending
frames, the AP performs the channel access procedure and
transmits several pending frames to the STA successively
within the transmission opportunity (TXOP) limit. A�er
receiving all the frames from the AP, the STA can go back to
sleep. Since several frames can be retrieved by a single trigger
in U-APSD, the energy e	ciency can be improved compared
to the PSM. In determining the frequency of trigger frame
transmission, there occurs a trade-o�; the frequent triggering
can reduce the retrieval delay of pending data frame, but it
may increase collision and waste airtime or energy due to
unnecessarily frequent trigger frames [9, 11].

Recently, IEEE 802.11n introduced a scheduling-based
power saving mechanism, power save multipoll (PSMP)
[12]. �is mechanism allows an AP to schedule downlink
and uplink transmissions for multiple STAs by broadcasting
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a single PSMP frame. On receiving the PSMP frame, each
STA becomes aware of when to wake up to receive/transmit
data frames. �anks to the scheduling-based operation, the
PSMP mechanism can improve the energy e	ciency by
avoiding the ILT spent in sensing the channel and receiving
nonintended frames, and at the same time, it relieves the
overhead of individual polling or triggering by utilizing the
PSMP frame. However, the PSMP mechanism has a few
drawbacks. �e overhead of PSMP management frames and
the implementation complexity increase as the number of
STAs increases. Moreover, if the PSMP frame is corrupted
or misinterpreted due to any reason (e.g., wireless channel
error or interference), the scheduled airtimemay bewasted or
some STAs may remain awake throughout the whole PSMP
duration [13, 14].

Moreover, many mechanisms have been proposed to
reduce the energy dissipation in the ILT. Considering that the
energy is the product of power and time, they can be classi�ed
into two categories: (i) decreasing power in the ILT [4, 15–
17] and (ii) decreasing the ILT [18–22]. �e �rst approach
makes STAs switch to a low-power state (e.g., semisleep)
in the ILT, without attempting to decrease the ILT, whereas
the second approach aims to minimize ILT resulting from
channel access, collision, or reception of nonintended frames.

�e mechanism proposed in [15] employs the ready-to-
send/clear-to-send (RTS/CTS) control messages to limit the
energy expenditure due to overhearing nonintended frames.
If an STA overhears an RTS or CTS frame that is not destined
to it, the STA forces its radio interface to a low-power idling
state for the duration speci�ed in the RTS or CTS frame. In
addition, the mechanisms proposed in [4, 16] adopt a similar
approach to that of [15]. �e mechanism in [4] proposes a
new preamble where the destination address is embedded
and proposes a novel detection technique so that the STAs
can accurately detect nonintended frames even with the
reduced clock frequency. Similarly, the mechanism in [16]
detects nonintended frames based on the information of
MAC header and proposes adding a checksum �eld in the
MAC header to decrease the probability of false detection.
�e energy-e	cient distributed access mechanism proposed
in [17] aims to reduce energy consumption during the backo�
procedure, as while overhearing nonintended frames by
forcing the STA to remain in a low-power state during the
backo� procedure.

�e energy e	ciency can also be improved by decreasing
ILT. �e micropower management mechanism proposed in
[18] lets STAs sleep for a very short idle time (in the order
of microseconds) by leveraging a prediction mechanism of
frame arrival, so that the short ILT is transformed to sleep
time. Similar to PSMP, the studies in [19–22] propose a
scheduling-based or reservation-based approach to avoid
unnecessary ILT. �e mechanism in [19] proposes dividing
the frame into a control subframe for channel contention and
data subframe for data transmission, so that it can be free
from unnecessary energy dissipation for accessing the chan-
nel and for receiving nonintended or collided frames. In the
approaches of [20, 21], the time is slotted and reserved a�er
exchanging control frames between transmitter and receiver
[20], or the AP schedules the transmission order/duration

and assigns the slotted time to a speci�c STA [21]. In this
way, only STAs involved in communication wake up during
the designated time, and other STAs can go to sleep. �e
mechanism in [22] proposes a prioritized reservation scheme,
with which the contention among PS-Poll messages can be
avoided and STAs are allowed to retrieve data frames at the
reserved time.

Compared to these previous approaches, our mechanism
has several advantages and desirable properties as follows.

(i) �e approach of decreasing power in the ILT [4, 15–
17] has a limited e�ect on energy e	ciency, especially
when the transmission rate is high or frame size is
small. We validate the weakness of this approach
via analysis and simulation and propose an e�ective
and simple solution to magnify the bene�t of this
approach.

(ii) �e approach based on scheduling or reservation [19–
22] requires signi�cant modi�cations of the channel
accessmechanism in the current IEEE 802.11WLANs,
such that it cannot maintain a backward compatibil-
ity. Our mechanism can be practically implemented
without violating the compliance with the IEEE 802.11
standard.

(iii) None of the previously discussed approaches [4, 10, 12,
15–22] deal with collision and retransmission, which
is another primary source of energy dissipation and
performance degradation. Our mechanism incorpo-
rates an e�ective solution to collision for energy
e	ciency and performance enhancement.

3. Proposed Mechanism

In order to conserve energy consumption due to IL, the pro-
posedmechanism systematically combines three schemes: (i)
downclocking, (ii) frame aggregation, and (iii) contention
window control. �e �rst scheme, downclocking, lowers the
clock frequency of radio interface during the ILT. When
detecting nonintended frames, the STA switches to the semis-
leep state by decreasing the clock frequency without impair-
ing the function of carrier sensing.�e second scheme, frame
aggregation, is designed to boost the gain of downclocking
by prolonging the time of semisleep. �e frame aggregation
mechanism lets STAs transmit multiple frames per channel
access; thus, it extends the semisleep time of neighbor
STAs overhearing nonintended frames and decreases the ILT
required for channel sensing in the transmitting STAs. Lastly,
the third scheme, contention window control, contributes to
the decrease of collision among STAs. �erefore, it can avoid
unnecessary energy waste due to collision and retransmis-
sion. In this way, the proposed mechanism not only reduces
the power in the ILT but also decreases the length of ILT.
Moreover, the proposed mechanism does not require any
signi�cant changes in the current standard of IEEE 802.11.�e
following subsections explain the details of each scheme in
turn.

3.1. Downclocking in Idle Listening Time. �e objective of
downclocking is to curtail unnecessary expenditure of energy
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during the ILT. To explain the basic concept of downclocking,
the circuitry of the radio interface needs to be considered.
�e primary source of energy consumption in the wireless
interface card is the clock used for sampling of the incoming
signal.�e power consumption of the wireless interface card,�, follows � ∝ �2� [23], where� is the supplied voltage and� is the frequency of clock. Based on this equation, there is a
linear relationship between � and �. However, in a practical
system, the actual power is not exactly proportional to the
frequency, because of the power consumed by other parts of
the device. In [4, 5], the idea of reducing the clock frequency
of processor in the wireless interface card was introduced to
decrease the energy consumption during the ILT.�e authors
in [4] validated this idea via real experiments; the energy con-
sumption during ILT is reduced to almost half when the clock
frequency is reduced to 1/4 of the original clock frequency. In
addition, it was shown in [4] that the switching time between
full clock frequency and 1/4 clock frequency is about 130–150
microseconds.�ese results support the technical ground for
energy conservation in the ILT by means of downclocking.

In this work, we adopt the downclocking technique to
reduce energy consumption in the STA overhearing nonin-
tended frames. To perform the operation of downclocking,
the STA has two requirements: (i) distinguishing nonin-
tended frames from intended frames and (ii) obtaining the
information on the transmission duration of nonintended
frames. Whenever receiving (or overhearing) an incoming
frame, whether intended or not, an STA reads the PHY
header of the frame. �e transmission duration can be
calculated from “LENGTH” and “RATE” �elds in the PHY
header, which represent the frame size and transmission rate,
respectively. A�er determining the duration of the incoming
frame, the STA checks whether the frame is an intended
frame or nonintended frame by reading the “Address1” �eld
in the MAC header, which indicates the MAC address of the
receiver. �en, the STA makes a decision on downclocking.
Let us denote �rx and �tran as the duration of incoming frame
and the transition time required for switching receiving state
and semisleep state, respectively.�e STA switches its state to
semisleep state by lowering the clock frequency by 1/4 if the
following two conditions are satis�ed: (i) the receiver address
is neither its MAC address nor a broadcast/multicast address
and (ii)�rx is larger than 2�trans. Otherwise, the STA does not
change its clock frequency. �e semisleep state is terminated
(i.e., the clock frequency is returned to the original clock
frequency) earlier than the expiration time of �rx by the time
amount of �tran. As a result, the duration of semisleep state,
denoted as �ss, becomes

�ss = max (0, �rx − 2�trans − �h) , (1)

where�h is the time spent in reading the address �eld ofMAC
header. If the PHY or MAC header of an incoming frame is
corrupted, the STA cannot correctly obtain the information
required for semisleep, and it discards the incoming frame
and does not switch to the semisleep state. However, the
probability of PHY/MAC header corruption is insigni�cant
because its size is usually smaller than that of payload by three
orders of magnitude.�erefore, the corruption of PHY/MAC
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Figure 2: Operational example of downclocking combined with
frame aggregation.

header does not make any critical adverse e�ect on the oper-
ation of power saving and network performance. Figure 2
shows the operation of downclocking with frame aggrega-
tion, which will be explained in the following subsection.

3.2. Frame Aggregation. We devise the frame aggregation
scheme to amplify the gain of downclocking by prolonging
the semisleep time. As shown in (1), the semisleep time, �ss,
is determined by the receiving time of the nonintended frame,�rx, which depends on the frame size and transmission rate.
�erefore, if the frame size is small or the transmission rate
is high, the gain of downclocking becomes insigni�cant.�is
de�ciency can be overcome by the frame aggregation. Frame
aggregation inWLANs was originally introduced to enhance
the channel e	ciency by reducing several MAC layer over-
heads including backo� time, header overhead, and ACK
transmission time. According to the IEEE 802.11n standard
[12], there are two types of frame aggregation: aggregation of
MAC service data unit (A-MSDU) and aggregation of MAC
protocol data unit (A-MPDU). When aggregating multiple
frames, A-MSDU causes less header overhead (i.e., a single
PHY/MAC header for all the frames) than A-MPDU (i.e., a
common PHY header for all the frames and individual MAC
header for each frame). However, A-MPDU outperforms A-
MSDU in an error-pronewireless channel because the former
selectively retransmits only the corrupted frames, while the
latter has to unnecessarily retransmit all the frames even
though only a frame is corrupted. Both schemes, as well as the
combination of A-MSDU and A-MPDU or any other frame
aggregation scheme like [24], can be easily integrated with
the downclocking mechanism, but we consider A-MPDU in
this paper due to its robustness to channel error and simple
implementation.

We propose that the number of frames to be aggregated
and transmitted per channel access (called as aggregation
factor (AF)) should be proportional to the transmission rate
of each STA. De�ning the transmission rate as �tx, AF can be
simply calculated as

AF = min([� �tx�min

] ,�q) . (2)

Here, � is a positive scaling factor, [�] represents the round-
o� value of �, �min is the minimum value of transmission
rate de�ned in the IEEE 802.11 standard (e.g., 6Mb/s for IEEE
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802.11a/g), and�q is the number of frames backlogged in the
transmission queue when it gets the chance of channel access.
�e underlying rationale behind (2) is as follows:

(1) To increase the semisleep time for downclocking, the
frame aggregation scheme aims to increase the net-
work throughput and to maintain per-STA temporal
fairness. By setting AF in proportion to �tx, each STA
occupies a comparable amount of airtime, regardless
of its transmission rate, and the network throughput
can be increased in multirate WLANs [6].

(2) If the STA does not have a su	cient number of frames
to aggregate, that is, �q < [�(�tx/�min)], the STA
just constructs the aggregated frame with �q frames
without waiting for additional frame arrivals. �is
approach avoids an unnecessary delay due to frame
aggregation.

We need to discuss the e�ect of � on the performance
of the proposed mechanism. As the value of � increases,
the downclocking scheme conserves more energy due to
IL, and at the same time, the frame aggregation scheme
further improves the channel e	ciency. However, the longer
transmission time due to larger value of � makes the trans-
mission of the aggregated frame liable to be failed due to
time-varying channel quality, and it degrades the short-term
fairness among STAs. In addition, there exists a limit on
the maximum size of aggregated frame as per IEEE 802.11
standard (e.g., 64 KB). Taking this trade-o� into account, the
recommended value of � ranges between one and three.

3.3. Contention Window Control. In addition to the down-
clocking and frame aggregation schemes,we propose control-
ling the contention window size of STAs, in order to reduce
the ILTunnecessarily spent due to the collision.�e ILT in the
IEEE 802.11WLANs is comprised of three parts: (i) time spent
in receiving nonintended frame, (ii) time spent in sensing
the channel for frame transmission, and (iii) time spent in
receiving any collided frame. �e �rst part of ILT can be
dealt with the downclocking scheme proposed in Section 3.1,
while the second part of ILT can be decreased by the frame
aggregation scheme proposed in Section 3.2. If a collision
happens between nonintended frames, an overhearing STA
cannot switch its state to semisleep because the information
required for downclocking cannot be correctly decoded.
Otherwise, if an intended frame is involved in the collision,
the frame cannot be successfully delivered to the receiving
STA and the STA has to sense the channel until the end
of collision. Furthermore, the collided frame should be
retransmitted, which results in a decrease of throughput and
energy e	ciency. �erefore, we propose a control scheme of
contention window to decrease the ILT due to collision.

�e key idea of contention window control is that the
collision probability mostly depends on the number of
competing STAs and that it can be controlled by the size of
the contention window. Note that the IEEE 802.11 standard
proposes a minimum value of contention window (CWmin)
that is not scalable to the number of competing STAs. �e
IEEE 802.11 standard also proposes the BEB mechanism to

compensate for the weakness of static and �xed value of
CWmin; with the BEB mechanism, the value of CWmin is
doubled ondetecting the transmission failure so as tomitigate
the possible collision in the retransmitted frame. However,
the BEB mechanism is reactive to the transmission failure,
so it is not e�ective to prevent collisions as the number of
STAs increases. In addition, it was shown in [25, 26] that the
optimal value of CWmin minimizing the collision probability
is proportional to the number of STAs. Based on these
insights, we propose a proactive approach for controlling the
contention window as follows. �e AP keeps track of the
number of associated STAs, de�ned as �sta, and advertises
this information by periodically broadcasting the beacon
frames containing it in the “station count” sub�eld of
“BSS Load” element. A�er being informed of�sta, each STA
sets its contention window, CWs, as

CWs = �CWmin�sta. (3)

In (3), � (> 0) is a scaling factor that can be used to control
the trade-o� between collision probability and channel access
delay. �e larger value of � leads to the decrease in collision
probability at the cost of increase in channel access delay.Note
that the STA maintains the BEB mechanism; that is, CWs is
doubled on detecting a transmission failure, which plays as a
subsidiary function to deal with collisions.

4. Analysis Model

We derive an analysis model to evaluate and compare the
performance of the proposed mechanism with those of
two conventional approaches, PSM and downclocking. We
consider that PSM-enabled STAs (herea�er, the term of
“PSM-enabled STA” indicates the STA that implements any
type of power saving schemes, for example, IEEE 802.11
PSM, downclocking, or the proposed mechanism) coexist
with non-PSM-enabled STAs (background STAs) and that
the PSM-enabled STAs receive frames from the AP while
background STAs transmit frames to the AP. We consider
two performance indices for PSM-enabled STAs, energy per
bit and throughput. �e former is introduced to measure
the energy e	ciency and is de�ned as the amount of energy
consumed to successfully retrieve a single bit of data frame,
while the latter evaluates the transmission e	ciency and is
de�ned as the number of bits successfully delivered during
a given time. For the purpose of clarity and tractability, we
make the following reasonable assumptions: (i) each STA can
sense the transmission of other STAs, such that there is no
hidden STA, (ii) the probability of transmission failure result-
ing from channel error is negligible thanks to an appropriate
link adaptation mechanism, (iii) the LI is properly set such
that the PSM-enabled STA has data frames to retrieve in the
�rst active BI but goes to sleep during the remaining BIs
within the LI, (iv) the background STAs always have data
frames to transmit, and (v) the transmission rate of each STA
does not change butmay be di�erent from that of other STAs.
For the tractability of analysis, we consider that the PSM-
enabled STA always has data frames to retrieve in the active
BIs, but no data frame to retrieve in the sleeping BIs. Also, we
consider that STAs that have the same transmission rate of ��
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belong to the �th group (1 ≤ � ≤ �, where � is the number of
total groups) and that the �th group consists of �� STAs.

In order to derive the analysis model, we employ the two-
dimensionalMarkov chain process similarly to the traditional
Bianchi’s model [25] and its variants [27–29]. Firstly, we
calculate the probabilities of channel access, collision, and
transmission success. From our previous work in [6], the
probability of transmission attempt (�tx,�) by an STA in the�th group is given by

�tx,� = 1 − (�coll,�)
(��,�+1)

1 − �coll,�
× [
[
��,�∑
�=0
(�coll,�)�(1 + ��,� − 12 (1 − �busy,�))]]

−1

.
(4)

Here, �busy,� and �coll,� are the probabilities of busy channel
and collisions, respectively,��,� is the contentionwindow size
at backo� stage ! of group-� STA, and "�,� is the maximum
retry limit of group-� STA. Since the group-� STA �nds the
channel busy if there is at least one ongoing transmission
except for itself, �busy,� can be represented as

�busy,� = 1 − (1 − �tx,�)��−1 �∏
�=1,� ̸=�

(1 − �tx,�)�� . (5)

In a similar way, the transmission of the group-� STA collides
if more than one STA is transmitting at the same time. �us,�coll,� is given as

�coll,� = 1 − (1 − �tx,�)��−1 �∏
�=1,� ̸=�

(1 − �tx,�)�� . (6)

It is noteworthy that both �busy,� and �coll,� have the same
formula, as shown in (5) and (6). However, they occur in
di�erent conditions;�busy,� is the probability under the condi-
tion that the group-� STA is not involved in transmission but
senses the channel, whereas �coll,� is the probability under the
condition that the group-� STA is transmitting. Let us de�ne�succ,� as the probability of successful transmission by the
group-� STA. If there is exactly one transmission by the group-� STA, its transmission is successful, and thus, �succ,� becomes

�succ,� = ���tx,� (1 − �tx,�)��−1 �∏
�=1,� ̸=�

(1 − �tx,�)�� . (7)

Finally, �tx,�, �busy,�, �coll,�, and �succ,� can be numerically
obtained from (4)–(7).

Now, we focus on the performance of power saving
mechanisms. A PSM-enabled STA can be in any of the
following six states:

(S1) When the channel is idle, all the STAs decrease their
backo� counters. �is state takes up a small portion
of ILT.

(S2) �e PSM-enabled STA successfully transmits a PS-
Poll message and retrieves its data frame from the AP,
and then it sends the corresponding ACK frame.

(S3) �e PSM-enabled STA overhears nonintended data
frames transmitted by background STAs. �is state
accounts for the major part of ILT.

(S4) �ere occurs a collision in which the PSM-enabled
STA is involved (i.e., the PS-Pollmessage collides with
data frame or other PS-Poll messages).

(S5) �ere occurs a collision among background STAs.
During this state, the PSM-enabled STA unnecessar-
ily consumes its energy in sensing the channel.

(S6) �e PSM-enabled STA remains in the sleep state.

By considering these six states, we can obtain the perfor-
mances of several power savingmechanisms. In the following
subsections, we derive the formula of energy per bit and
throughput in the cases of the conventional IEEE 802.11 PSM,
the downclocking scheme combined with the PSM, and the
proposed mechanism.

4.1. Analysis of IEEE 802.11 PSM. Here, we calculate the
probability, time, and energy of each state addressed above
when the IEEE 802.11 PSM is implemented. Let us denote�ps and �bg as the numbers of PSM-enabled STAs and
background STAs, respectively, and we denote the total
number of STAs as�sta = �ps + �bg.

(S1) �e probability of backo� state, �bo,�, is given by

�bo,� = (1 − �tx,�)	sta . (8)

We de�ne �slot as the slot time de�ned in the IEEE 802.11

standard and �IL

 as the power spent during the ILT. �en,

energy consumed during the backo� state, $bo,�, becomes

$bo,� = �bo,��IL

 �slot. (9)

(S2)�e probability of successful data retrieval by the group-�
PSM-enabled STA, ��,�, is calculated as

��,� = �ps�tx,� (1 − �tx,�)	sta−1 . (10)

In this state, the PSM-enabled STA transmits a PS-Poll
message and ACK frame, as well as receiving data frame from
the AP. �us, the transmission time, �tx, becomes

�tx = �PS + �ACK. (11)

Here, �PS and �ACK are the time spent in transmitting the PS-
Poll message and ACK frame, respectively, and they can be
represented as

�PS = �PHY + "MAC + "PS�basic

,
�ACK = �PHY + "MAC + "ACK�basic

,
(12)

where �PHY is the constant time to transmit PHY header,"MAC, "PS, and "ACK are the sizes of MAC header, PS-Poll
message, and ACK frame in bits, respectively, and �basic is
the transmission rate of ACK frame and PS-Poll message.
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(�e transmission rate of ACK frame and PS-Poll message
(�basic) is usually smaller than the transmission rate of data
frame (��) for reliable transmission, and it depends on the
implementation. In this work, we assume that �basic is equal
to the minimum transmission rate, �min.) In the same way,
the time spent in receiving the data frame from the AP, �rx,�,
is represented as

�rx,� = �DIFS + 2�SIFS + �PHY + "MAC + " frm�� , (13)

where " frm is the size of frame transmitted by the AP.

De�ning �RX

 and �TX


 as the receiving and transmitting
power, respectively, the total energy consumed in this state,$�,�, becomes

$�,� = ��,� (�TX

 �tx + �RX


 �rx,�) . (14)

(S3) �is state is identical to the case where a background
STA successfully transmits its frame without any collision.

�e probability of this state, �bg
�,� , can be represented as

�bg
�,� = �bg�tx,� (1 − �tx,�)	sta−1 . (15)

�e duration of this state, denoted as �bg, is
�bg = �DIFS + �PHY + "MAC + " frm�bg

+ �SIFS + �ACK, (16)

where �bg is the transmission rate of the background
STA. �e energy consumption of the PSM-enabled STA in

overhearing the nonintended frame, $bg
�,� , is

$bg
�,� = �bg

�,� �RX

 �bg. (17)

(S4) �ere are two substates of collision where the PSM-
enabled STA is involved.�e �rst one is the collision between
two or more PS-Poll messages; the second one is the collision
between PS-Poll message and data frame.�e corresponding

probabilities of these two substates, denoted as �1�,� and �2�,�,
respectively, can be obtained as

�1�,� = (1 − (1 − �tx,�)	ps − �ps�tx,� (1 − �tx,�)	ps−1)
× (1 − �tx,�)	bg ,

�2�,� = (1 − (1 − �tx,�)	ps) (1 − (1 − �tx,�)	bg) .
(18)

In the �rst case, the PSM-enabled STA consumes energy
in transmitting the PS-Poll message; in the second case,
it consumes additional energy in overhearing the collided
data frame. �erefore, the e�ective energy consumed by the
PSM-enabled STA during this state can be represented as

$�,� = �1�,��TX

 �PS

+ �2�,� (�TX

 �PS + �RX


 (�bg − �PS − �ACK)) . (19)

(S5) �e probability of collision between background STAs,�bg
�,� , is

�bg
�,� = (1 − (1 − �tx,�)	bg − �bg�tx,� (1 − �tx,�)	bg−1)

× (1 − �tx,�)	ps ,
(20)

and the energy consumption of PSM-enabled STA in

overhearing the collided data frame, $bg
�,� , becomes

$bg
�,� = �bg

�,� �RX

 (�bg − �ACK) . (21)

It is important to note that all the probabilities of active states
in (8), (10), (15), (18), and (20) are calculated for those BIs
where all the PSM-enabled STAs are active and that these
probabilities of group-� STAs are characterized by �tx,�, which
can be obtained numerically from (4) to (7) by considering
the probabilities of all the other groups.

(S6) We de�ne �SL

 as the amount of power consumed in

the sleep state and " as a positive integer value such that LI =" × BI. We de�ne a virtual cycle as the time interval between
the time at which a certain PSM-enabled STA starts a backo�
procedure to retrieve a frame from the AP and the time at
which it starts the next backo� procedure within an active BI.
�us, the virtual cycle consists of several times spent in each
active state (S1)–(S5) except for the sleep state (S6), and its
average value for the group-� STA, �vc,�, can be represented as
�vc,� = �bo,��slot + ��,� (�tx + �rx,�) + �bg

�,� �bg + �1�,��PS
+ (�2�,� + �bg

�,� ) (�bg − �ACK) .
(22)

Note that the PSM-enabled STA can retrieve frames from
the AP several times within one active BI and the ratio of
time required for retrieving one frame to the whole active BI
is �vc,�/BI. �en, the e�ective sleep time spent in retrieving
one frame by the group-� PSM-enabled STA, �slp,�, and the
corresponding energy consumption in the sleep state, $slp,�,
become

�slp,� = �vc,�BI
(" − 1)BI = (" − 1) �vc,�,

$slp,� = �slp,��SL

 .

(23)

Now, we de�ne the energy per bit ($b,�) as the e�ective
amount of energy consumed to successfully retrieve a single
bit of data frame; that is,

$b,� = $total,���,�" frm

, (24)

where $total,� is the total energy consumed for the PSM-
enabled STA to retrieve one frame from the AP; that is,

$total,� = $bo,� + $�,� + $bg
�,� + $�,� + $bg

�,� + $slp,�. (25)

We denote �th,� as the throughput achieved by the group-�
PSM-enabled STA, which is the number of bits successfully
transmitted during a virtual cycle including sleep state, that
is, " ⋅ �vc,�. �en, �th,� can be represented as

�th,� = 1�� (
��,�" frm" ⋅ �vc,� ) . (26)
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4.2. Analysis of Downclocking Scheme. From the view point
of energy e	ciency, the downclocking scheme is identical
to the IEEE 802.11 PSM, except for the reduced power in
overhearing nonintended frames destined to the background
STAs.�e probabilities of each of the six states do not change
from those of IEEE 802.11 PSM; the only di�erence happens
in the energy consumption at the state (S3). Similar to (1), the
semisleep time at the state (S3) is given as �ss = �bg − 2�tran −�h. Here, we assume that �bg is large enough such that �ss has
a positive value. Let us denote �SS


 as the power during the

semisleep time, which is less than �RX

 due to downclocking.

�en, the energy consumption at state (S3), $bg
�,� in (17), is

changed as

$bg
�,� = �bg

�,� (�RX

 (�bg − �ss) + �SS


 �ss) . (27)

It is important to note that the throughput of downclocking
scheme does not change from that of IEEE 802.11 PSM.

4.3. Analysis of the Proposed Mechanism. Compared to the
downclocking scheme, the proposed mechanism maintains
two additional features of frame aggregation and contention
window control. Note that the frame aggregation and con-
tention window control are applied to all the STAs, regardless
of the capability of PSM. In order to get the analysis results for
the proposedmechanism, several probabilities represented in
(4)–(7) need to be obtained numerically by considering the
change in the minimum contention value (��,�) as given in
(3). �is leads to the di�erent probabilities of all the six states
from those of IEEE 802.11 PSM and downclocking.Moreover,
we should consider the frame aggregation as given in (2)
when calculating the transmission time of aggregated frame.
Let us de�ne AF� as the number of aggregated frames that are
delivered to a group-� PSM-enabled STA a�er it successfully
transmits a PS-Poll message to the AP. With the tra	c model
considered in this analysis model, AF� at state (S2) becomes
AF� = [�(��/�min)] and�rx,� needs to be changed from (13) to

�rx,� = �DIFS + 2�SIFS + �PHY + AF� ("MAC + Lfrm)��
= �DIFS + 2�SIFS + �PHY

+ [� ���min

] "MAC + " frm�� .
(28)

In the same way, the transmission time of background STAs
at states (S3), (S4), and (S5) is also changed due to frame
aggregation as

�bg = �DIFS + �PHY + AFbg ("MAC + " frm)�bg

+ �SIFS
+ �BACK.

(29)

Here, AFbg is the number of aggregated frames for a
background STA to transmit; that is, AFbg = [�(�bg/�min)];

Table 1: IEEE 802.11 PHY/MAC parameters used in simulations.

Parameters Value

Idle listening power (�IL

 ) 0.9W

Receiving power (�RX

 ) 0.9W

Transmission power (�TX

 ) 1.4W

Semisleep power (�SS

 ) 0.45W

Sleep power (�SL

 ) 0.06W

frame size (" frm) 1500 bytes

Size of MAC header with MPDU
subframe header ("MAC)

28 bytes
Size of block ACK frame ("BACK) 30 bytes

Size of ACK frame ("ACK) 14 bytes

Minimum transmission rate (�min) 6Mb/s

Transmission time of PHY preamble and
header (�PHY)

20 *s
�DIFS, �SIFS 28, 10*s
Slot time (�slot) 9*s
Minimum/maximum size of contention
window (CWmin/CWmax)

16/1024

�BACK is the time required for transmitting the block ACK
frame; that is,

�BACK = �PHY + "MAC + "BACK�basic

, (30)

where "BACK is the size of block ACK frame. In addition to�rx,� and �bg, �ACK in (11), (19), (21), and (22) needs to be
replaced with �BACK. Also, " frm in (24) and (26) is replaced
with AF� ⋅ " frm to account for the frame aggregation. �e
e�ect of downclocking can also be considered from (27)
with the extended semisleep time, �ss, due to the change
of �bg in (29). �e remaining equations can be calculated
straightforwardly, as in Section 4.1.

5. Simulation Results and Discussion

5.1. Simulation Con�guration. In this section, we validate the
analysismodel and compare the performance of the proposed
mechanism with those of the conventional power saving
mechanisms. We developed our simulator using MATLAB,
which implements the IEEE 802.11gMAC/PHY layers. Table 1
lists the parameters and their values used in the simulations.
�e values of power consumption in Table 1 were set based
on the real measurements of the WLAN interface card [30]
(we performed the simulations with a di�erent set of power
consumption parameters given in a recent paper [31] and
found that the relative performance is hardly a�ected by these
parameters). In the proposed mechanism, we set two scaling
factors, � and �, as 1. In order to focus on the e	ciency
of power saving mechanisms, we consider only downlink
tra	c for the PSM-enabled STAs and uplink tra	c for the
background STAs. If we consider uplink tra	c in the PSM-
enabled STAs, as well as downlink tra	c, we expect that
the energy e	ciency will decrease with respect to the load
of uplink tra	c; however, the relative performance among
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Figure 3: Comparison of analysis and simulation results for BASE, DC, and TRIPL (Scenario 1).

all the comparative mechanisms will be mostly maintained
because the PSM-enabled STAs work in the same way
to transmit the uplink tra	c, regardless of power saving
schemes. Also, the e�ect of uplink tra	c in the PSM-enabled
STAs can be indirectly inferred from the e�ect of increasing in
the number of background STAs. We set the beacon interval
to 100ms, which is the default value recommended by the
IEEE 802.11 standard, and set the simulation time to 1 million
time slots. We consider the following four scenarios in terms
of the number of STAs, transmission rate, and tra	c load, to
evaluate the performance of the proposed mechanism under
diverse con�gurations.

Scenario 1. We �x �ps as 1 while varying �bg from 2 to 20.
All the STAs have the same transmission rate of 48Mb/s.
In addition, we set LI of PSM-enabled STA to two beacon
intervals and consider that the PSM-enabled STA attempts to
retrieve as many frames as possible during the �rst beacon
interval within the LI and goes to sleep during the next
beacon interval, while background STAs always have data
frame to transmit.

Scenario 2. We set both �ps and �bg to 4 and set the
transmission rate of each STA di�erently, to 6, 12, 24, and
48Mb/s. We consider the same tra	c model as Scenario 1.
�e LI is set to two beacon intervals for all four PSM-enabled
STAs, but the active beacon intervals for frame retrieval are
set di�erently among them.

Scenario 3. We set the interarrival time of frames for all the
STAs randomly according to an exponential distributionwith
the mean value of 50ms. Here, we set LI as three beacon
intervals and set�ps as 1 while increasing�bg from 2 to 20.

Scenario 4. We consider a con�guration of light tra	c load
where the frame arrivals per beacon interval follow a Poisson

distribution with the mean value ranging from 1 to 10. We �x�ps as 1 and consider several values of�bg, such as 4, 6, and 10.

As the performance indices, we consider energy per
bit and throughput, which represent the energy e	ciency
and transmission e	ciency, respectively. All the values of
performance indices given at tables and �gures in this section
represent the averaged value with 30 instances of simulations.

5.2. Validation of Analysis Model. In the �rst simulation, we
validate the analysis model derived in Section 4, by compar-
ing the analysis results with simulation results. We consider
three power saving mechanisms in Section 4; herea�er, we
refer to them as BASE (IEEE 802.11 PSM), DC (downclocking),
and TRIPL (proposed mechanism). �e simulations were
conducted for Scenario 1. Figure 3(a) con�rms the accuracy
of analysis models; that is, the energy per bit ($b) attained
from simulations closely coincides with that obtained from
analysis. As shown in Figure 3(a), $b increases with respect
to the increase of�bg due to the increase of ILT and collision.
As �bg increases from 2 to 20, $b values of BASE, DC, and
TRIPL, increases from 0.13, 0.12, and 0.05, to 0.93, 0.85, and
0.33 in *J/bit, respectively. It is worthwhile to note that the
e�ect of downclocking on energy e	ciency is not drastic.
Compared to BASE, DC lowers $b by about 8%. However,
TRIPL signi�cantly decreases$b 2.6- and 2.4-fold on average,
compared to BASE and DC, respectively.

Moreover, we validate the analysis results in terms of per-
STA throughput of PSM-enabled STA (THSTA) in Figure 3(b).
We observe from Figure 3(b) that there is no signi�cant
deviation between simulation results and analysis results.
Recall that the analysis model gives absolutely no di�erence
in THSTA of BASE and DC. Figure 3(b) shows that THSTA

decreases as �bg increases for all the mechanisms. �is is
because all the STAs share the channel, and the probability of
collision increases as�bg increases. TRIPLmaintains a higher
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Table 2: Simulation results in terms of energy per bit ($b) and the
fraction of energy consumption due to idle listening (-IL) under
multirate environment (Scenario 2).

STA ID �tx (Mb/s)
BASE TRIPL$b (*J/bit) -IL (%) $b (*J/bit) -IL (%)

STA1 6 0.82 63.35 0.80 64.69

STA2 12 0.83 75.19 0.40 64.77

STA3 24 0.59 77.03 0.20 64.66

STA4 48 0.58 80.56 0.10 64.59

value of THSTA than BASE and DC by about 65–85%, which
results from the decrease of collision and channel access
overhead.

5.3. Performance Validation of the Proposed Mechanism. �e
goal of this simulation is to compare the performance of
TRIPL with BASE when several PSM-enabled STAs coexist
with background STAs and STAs have di�erent transmission
rates. Table 2 lists energy per bit ($b) and the fraction of
energy consumption due to IL (-IL) for four PSM-enabled
STAs (STA1–STA4) under Scenario 2. �e transmission rate
given in Table 2 indicates the transmission rate of data frame
from the AP to each PSM-enabled STA. Note that STA1 and
STA2 retrieve data frames at the odd beacon intervals and
sleep at the even beacon intervals, while STA3 and STA4
alternate data retrieval and sleep in di�erent beacon intervals
as compared to STA1 and STA2.

First, we investigate the performance of BASE. In terms
of $b, all four STAs have similar performance in spite of
the di�erence in the transmission rate as long as they share
the same beacon intervals for the active state: $b of STA1
and STA2 is about 0.82 *J/bit while $b of STA3 and STA4 is
about 0.59 *J/bit. �ese results can be explained as follows.
According to the operation of CSMA in multirate WLANs,
the PSM-enabled STAs with the same active beacon interval
receive a comparable amount of data frames, regardless of
the transmission rates. Meanwhile, they have the same power
in receiving intended frames or in overhearing nonintended
frames. On the other hand, $b of STA3 and STA4 is decreased
compared to that of STA1 and STA2; that is, the energy
e	ciency is improved in high-rate STAs because they can
retrieve more data in a given time. However, it is important
to note in Table 2 that even though $b of BASE decreases
in high-rate STAs, -IL rather increases with respect to the
increase of transmission rate.�is means that high-rate STAs
dissipate more energy due to the ILT. When high-rate STAs
coexist with low-rate STAs, high-rate STAs spendmore ILT in
overhearing nonintended frames destined to low-rate STAs
that occupy more airtime to receive a data frame than those
destined to high-rate STAs.

Next, we focus on the performance of TRIPL. �e results
of TRIPL are quite di�erent from those of BASE and are
summarized as follows:

(1) While $b of BASE is independent of transmission rate
for STAs sharing the same active beacon intervals, $b

of TRIPL is inversely proportional to the transmission
rate, regardless of STA’s active beacon interval.

(2) �e increase of transmission rate increases -IL of
BASE, but it hardly a�ects -IL of TRIPL.

(3) Compared to BASE, TRIPL decreases $b by up to
almost 6 times and decreases -IL by up to 16%.

�ese results mainly stem from the frame aggregation imple-
mented in TRIPL, which makes all the STAs occupy the
comparable amount of airtime, regardless of their trans-
mission rates. Each STA consumes a comparable amount
of energy in overhearing nonintended frames, regardless
of transmission rate, but the amount of bits delivered per
channel access is proportional to the transmission rate.
�erefore,$b becomes inversely proportional to transmission
rate but -IL becomes immune to transmission rate. As well
as the frame aggregation, the downclocking and contention
window control in TRIPL contribute to decreasing$b and -IL.
5.4. Performance Comparison. In this section, we compare
the performance of TRIPL with several mechanisms via
simulations. As well as BASE and DC, we consider another
two mechanisms, FA and DUAL. �e former implements only
the frame aggregation scheme as described in Section 3.2,
whereas the latter integrates two schemes of downclocking
and frame aggregation as proposed in Sections 3.1 and 3.2,
respectively. By comparing the performances of DC, FA, and
DUAL, we can quantitatively evaluate how large a contribution
the downclocking or frame aggregation makes to improving
energy/transmission e	ciency. In the same way, we can
observe the e�ect of contention window control by compar-
ing the performances of DUAL and TRIPL. In this section,
we consider two types of tra	c models. With the �rst tra	c
model, all the PSM-enabled STAs always have data frames to
retrieve in the active beacon intervals and all the background
STAs always have data frames to transmit. Meanwhile, with
the second tra	c model, the PSM-enabled STAs sometimes
do not have data frames to retrieve, even in the active beacon
intervals, and switch to the sleep state, and the background
STAs do not always have data frames to transmit. We refer
to these two types of tra	c as heavy tra	c and light tra	c
and consider them in the subsequent Sections 5.4.1 and 5.4.2,
respectively.

5.4.1. Performance Comparison under Heavy Tra�c. Fig-
ure 4(a) compares energy per bit ($b) of several mechanisms
under Scenario 1. As shown in Figure 4(a),$b of all themech-
anisms linearly increases as�bg increases. �e increase of $b

is primarily due to the aggravation of contention, collision,
and IL with respect to the increase of �bg. We observe the
following results from Figure 4(a):

(1) When �bg is small, $b of DC is not much decreased
from that of BASE; that is, the downclocking cannot
e�ectively improve energy e	ciency. �is is because
the gain of downclocking is realized when the PSM-
enabled STA overhears nonintended frames.

(2) For the entire range of�bg, $b of FA is lower than that
of BASE and DC by about 33% and 28%, respectively.
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Figure 4: Performance comparison of TRIPL with di�erent mech-
anisms (Scenario 1).

�ismeans that the frame aggregationwithout down-
clocking saves more energy than the downclocking
without frame aggregation, recon�rming the limited
gain of the downclocking.

(3) �e combination of downclocking and frame aggre-
gation ampli�es the synergy in improving energy
e	ciency; on average, $b of DC and FA is lower than
that of BASE by about 8% and 33%, respectively, but$b of DUAL is lower than that of BASE by at least 61%.

(4) As �bg increases, the gain of contention window
control increases. As long as �bg < 10, $b of TRIPL
is smaller than that of DUAL by about 16%; however,
it becomes smaller by up to 33% when�bg = 20. �is
con�rms that the contention window control is e�ec-
tive in mitigating collision and avoiding unnecessary
retransmission, which become severe when �sta is
large.

(5) TRIPL signi�cantly outperforms the other mecha-
nisms; compared to BASE, DC, and FA, it reduces$b by
up to 2.9, 2.6, and 2.0 times, respectively. TRIPL sys-
tematically combines three individual mechanisms
of downclocking, frame aggregation, and contention
window control, each of which e�ectively handles
energy wastage due to nonintended frame, channel
access, and collision, respectively.

Next, we observe and compare per-STA throughput
of PSM-enabled STA (THSTA) of several mechanisms in
Figure 4(b). As expected, DC achieves almost the same
throughput as BASE because the downclocking hardly a�ects
throughput. For the same reason, there is little di�erence
between THSTA of FA and THSTA of DUAL. Figure 4(b) shows
that THSTA of FA (or DUAL) is higher than that of BASE (or
DC) by about 31%; this increase results from the decrease of
channel access overhead (i.e., backo�, header overhead, and
ACK transmission) due to frame aggregation. In Figure 4(b),
it is interesting to observe that (i) when �bg is small, THSTA

of DUAL is quite larger than that of BASE but slightly smaller
than that of TRIPL; (ii) as�bg increases, TRIPL further out-
performs DUAL in terms of THSTA; that is, the ratio of THSTA

of TRIPL to that of DUAL increases from 1.03 to 1.33 when�bg increases from 2 to 20.�ese results imply that the frame
aggregation plays an important role in increasing throughput
when there are few STAs, whereas the contention window
control does so when there are many STAs. Since TRIPL

adopts both schemes, it maintains the outstanding perform-
ance of THSTA, regardless of�bg; TRIPL attains THSTA higher
than BASE (DC) and FA (DUAL) by up to 85% (81%) and 30%
(33%), respectively.

We can observe an interesting result in Figure 4(c) that
the total throughput (THTOTAL) of TRIPL is almost immune
to the increase of�bg, but other mechanisms su�er from the
decrease of total throughput with respect to the increase of�bg. �e robust performance of TRIPL in response to the
change of�bg stems from the fact that TRIPL e�ectivelymiti-
gates collision by adjusting theminimum contention window
with respect to the number of STAs.
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Figure 5: Energy e	ciency of several mechanisms with light tra	c
load (Scenario 3).

5.4.2. Performance Comparison under Light Tra�c. Up to
now, we have investigated the performance of several mech-
anisms with heavy tra	c under Scenarios 1 and 2. Now, we
will consider light tra	c under Scenarios 3 and 4.

Figure 5 shows the results of $b for several mechanisms
under Scenario 3. Here, the average interarrival time of
frames is set to 50ms according to an exponential distribu-
tion; that is, two frames arrive during a beacon interval on
average. As shown in Figure 5, the increase of �bg mostly
increases $b for all the mechanisms. Compared to the values
of $b in Figure 4(a), the values of $b in Figure 5 are reduced
as a whole, because the PSM-enabled STA can switch to the
sleep state when there is no frame to retrieve from the AP
and the energy consumption due to IL is decreased. Among
all the mechanisms, TRIPLmaintains the lowest value of $b,
less than that of BASE, DC, FA, and DUAL by up to 31%, 28%,
17%, and 13%, respectively. Although TRIPL still outperforms
the othermechanisms notably, the relative gain of TRIPL over
othermechanisms is slightly reduced, compared to the case of
heavy tra	c (see Figure 4(a)). �is is because the advantage
of frame aggregation cannot be fully obtainedwhen the tra	c
load is light; that is, the semisleep time decreases but the ILT
due to channel access increases accordingly.

We further investigate the e�ect of tra	c load on the
performance by changing the average number of frame

arrivals per beacon frame, denoted as �arr. We introduce a
new performance index, �
b , to evaluate the relative gain
of TRIPL over BASE in terms of energy e	ciency; that is,�
b = ($b(BASE) −$b(TRIPL))/$b(BASE). Figure 6 shows�
b
obtained under Scenario 4 where the value of �arr ranges
between 1 and 10 according to a Poisson distribution, and�bg has di�erent values of 4, 6, and 10. As �arr increases,�
b increases due to su	cient number of frames to aggregate
and the increase of semisleep time. Recall that the proposed
mechanism aims to improve energy e	ciency during the
active states by e�ectively dealing with the ILT, whereas there
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Figure 6: Relative gain of TRIPL over BASE in terms of$b (Scenario
4).

is no way to improve it during the sleep states. In addition,
TRIPL attains higher �
b when there are many background
STAs, because its gain is boosted by e�ectively decreasing

collision. When �bg = 10 and �arr = 10, �
b achieves the

maximum value of 0.48. When �arr = 2, �
b is about 0.13,
0.15, and 0.21 in the cases of �bg = 4, 6, and 10, respectively.
�e results in Figure 6 indicate that TRIPL further improves
energy e	ciencywhen the tra	c load is high and the network
is dense with many STAs, which is a clearly increasing trend
in the current and future WLANs.

6. Conclusion

In this paper, we focused on the problem of energy loss due to
IL in IEEE 802.11 WLANs and veri�ed that the IL is the pri-
mary obstacle to improving energy e	ciency of WLANs. We
also identi�ed three sources of IL: overhearing nonintended
frames, channel sensing and accessing based on backo�, and
collision among STAs. As a solution to this problem, we
proposed the energy-e	cient mechanism consisting of three
schemes: downclocking, frame aggregation, and contention
window control. Each of these schemes is designed to
alleviate a cause of IL. Firstly, the downclocking scheme
allows the STA overhearing nonintended frames to remain
in the semisleep state. Secondly, the frame aggregation
scheme extends the semisleep time, as well as decreasing the
channel sensing and accessing overhead per frame. Lastly, the
contention window control scheme decreases collisions and
avoids unnecessary retransmissions.�erefore, the proposed
mechanism not only signi�cantly improves energy e	ciency
but also increases total throughput. By deriving the analysis
model and comparing the analysis results with simulation
results, we validated the outstanding performance of the pro-
posed mechanism in terms of energy per bit and throughput.
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