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In this paper, we explore a new design paradigm of duty-cycling mechanism that supports low power devices to fully turn
channel contention into transmission opportunities. To achieve this goal, we propose Concurrent Low Power Listening
(CLPL) to enable contention-tolerant and concurrent media access control (MAC) for widely deployed low power devices. The
fundamental principle behind CLPL is that frequency modulated receiver can reliably demodulate the strongest signal even if
cochannel interference and noise exist. By using CLPL, a sender inserts a series of tailor-made signals (namely wake-up signal)
between adjacent data frames to awaken appointed receiver, making it capable to receive the next data frame. According to
system-deined maximum transmission power level, CLPL adopts an adaptive algorithm to adjust the transmission power
of wake-up signals so that its signal strength is above receiver sensitivity and will not interfere the other data frames in
transit. By exploiting the spatial-temporal correlation, we further develop a light-weight wake-up signal detection method
to enable a waiting sender to accurately identify the current channel condition. Then, it schedules the sender’s data frame
transmissions by overlapping with those wake-up signals, without conlicting with existing data frame transmissions. We
have implemented the prototype of CLPL and conducted extensive experiments on a real testbed. In comparison with the
state-of-the-art low power MAC schemes, such as ContikiMAC, A-MAC, BoX-MAC, and opportunistic scheme ORW, CLPL
can improve the throughput by 2-6 times and halve the end-to-end transmission delay.

Additional Key Words and Phrases: Internet of thing (IoT); Duty-cycled networks; Concurrent low power listening; Media
access control (MAC).

1 INTRODUCTION

Duty-cycling has emerged as the predominant method for optimizing power consumption of low-power radios in
Internet of Things (IoT) [2]. Nowadays, duty-cycled radios like LoRa [24], Zigbee [35] and Bluetooth LE [36] have
become the preferred choice for sensors that transmit sporadically in small bursts, for example, building sensors
[19], air quality sensors [22], smart home security alarm sensors [29], industry monitoring sensing devices [16],
and other IoT devices.
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However, sporadic traic for most of the network lifetime doesn’t mean that it has no need to consider the
data delivery capacity of duty-cycling IoT networks. Considering an event-driven network [29][16][40], upon
detecting the target event, a number of low power IoT devices (or called node for simplicity) have to report
the event immediately via multi-hop relay, bringing about sudden bursts of traic [19]. Note that this situation
is common in widely applied monitoring and alert IoT systems. Moreover, in duty-cycling mode, low power
nodes in IoT networks usually sleep for most of the time and are with asynchronous active-sleep schedule.
For communication between duty-cycled nodes, a data transmission may go on for a long time, resulting in
contenders having to postpone their data transmission for collision avoidance, as illustrated in Fig. 1(a). The
sudden bursts of monitoring data and duty-cycling mode bring great diiculty for fast and reliable data transfer
in duty-cycling IoT networks [21].

Existing methods are hopeless with a dilemma, that is, the conlict between the energy eiciency of duty-cycling
mode and ineicient utilization of the sharing channel resource [12][5]. But with the widely applied IoT, it is
urgent to explore a new design paradigm of duty-cycling channel access scheme that can guarantee both energy
eiciency and fast data transfer for sudden bursts of traic in reliable way. To achieve this goal, the central
challenge that we face is how to deal with the interference problem between potential contenders when they use
the shared channel at the same time. In other words, multiple contenders use the shared channel according to a
heuristic mechanism with no need of pre-schedule and without interfering each other.

(a) Traditional Media Access (b) Concurrent Media Access

Fig. 1. Utilization of shared channel in traditional media access vs concurrent media access.

Note that there are considerable gaps between received signal strength of data packets and receiver sensitivity
in diferent low power wireless techniques [33]. As demonstrated by capture efect [20], a receiver can reliably
demodulate the strongest signal even if cochannel interference and noise exist. Given a system-deined maximum
transmission power level, it is possible to construct an intentional signal with well-designed output power that
can not only be above receiver sensitivity but will not interfere other data packets (referred to as data frame) in
transit. In this situation, duty-cycled devices have great potential to turn channel contention to transmission
opportunities without incurring additional data packet collision.
In this paper, we propose a new design paradigm of duty-cycling MAC mechanism, Concurrent Low Power

Listening (referred to as CLPL), to enable contention-tolerant and concurrent media access for increasingly
widely deployed low power IoT nodes, as illustrated in Fig. 1(b). The basic idea of CLPL is that a sender inserts a
series of tailor-made signals (referred to as wake-up frame and denoted as WF) between adjacent data frames
to awaken appointed receiver and make it capable to receive the next data frame (see Section 4). The series
of wake-up frames are intentionally designed to rendezvous with receiver’s wake-up period. CLPL exploits a
well studied physical model (PRR-SINR) [37] and proposes an online measurement scheme to determine the
optimal transmission power of wake-up signals. Because the determined transmission power is limited to a
predetermined maximum power level, we can guarantee that its signal strength is above receiver sensitivity and
will not interfere potential data or acknowledgement (ACK) frames in transit (see Section 5). By exploiting the
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Fig. 2. The basic low power listening mechanism.

spatial-temporal correlation, even though wake-up signals may not be decoded properly, CLPL can accurately
identify the event of wake-up frame transmissions for accessing the shared channel resource (see Section 6).
Then, it schedules data frame transmissions by overlapping with those wake-up signals, without conlicting with
existing data frame transmissions.
Compared with existing media access schemes, CLPL can fully achieve concurrent and conlict-free data

transmission for multiple senders without compensating with other performance indicators. CLPL can not only
signiicantly reduce the data transmission delay caused by channel contention, but also improve network capacity
by up to 6.4 timescompared with the state-of-the-art media access mechanisms, e.g., BoX-MAC [23], A-MAC
[8], ContikiMAC [7], and the opportunistic scheme ORW [15], which could provide outstanding service for
time-critical applications.

The main contributions of this work are as follows:

‚ We propose CLPL to support concurrent and contention-tolerant data transmission for multiple senders.
CLPL can fundamentally eliminate the interference caused by concurrent senders in duty-cycling commu-
nication.

‚ We adopt a novel online measurement scheme to adaptively generate physical interference model for
computing the optimal output power of wake-up frames. The well-designed signals provide the fundamental
support for concurrent media access for multiple contenders.

‚ By using the spatial-temporal correlation, we can efectively identify wake-up frame transmissions. This
identiication scheme is a tailor-made channel situation assessment for CLPL.

‚ We have implemented a prototype of CLPL and conducted extensive experiments on a real testbed. In
comparison with the state-of-the-art low power communication approaches, CLPL can signiicantly improve
the throughput by 2-6 times and halve the end-to-end transmission delay.

This paper is organized as follows. In the next section, we introduce background and motivation of CLPL. By
giving an overview of CLPL in Section 3, the detailed design of CLPL is respectively presented in Section 4, 5,
and 6. The evaluation results are presented in Section 7. Section 8 introduces the related work. Finally, we
conclude this paper in Section 10.

2 BACKGROUND AND MOTIVATION

Low power listening: Low power listening [26] (LPL) is a well-accepted MAC-layer concept for reducing energy
consumption in duty-cycled wireless networks [27]. Because of high energy eiciency and small coordination
overhead, the state-of-the-art MAC techniques, such as BoX-MAC-2 [23] and ContikiMAC [7], for low power
communication are fundamentally built upon the design concept of LPL. With the LPL-based MAC mechanism
as illustrated in Fig. 2, a node periodically wakes up to perform CCA (Clear Channel Assessment), i.e., sampling
the energy of received signal. If energy is detected on the channel, the node extends its active phase to receive
potentially upcoming data packet. Otherwise, according to fast sleeping mechanism, the node quickly goes back to
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sleep as illustrated by Fig. 3(a). The minimal active period is referred to as Tidle_wakeup . Without synchronization, a
sender has to continuously transmit the same data frames until the receiver’s ACK is received or a pre-conigured
timer expires. When multiple senders access the media at the same time, except the one that has been occupying
the shared channel, the others have to wait for a long time for collision avoidance, which signiicantly degrades
channel utilization and causes serious transmission delay.

Wake up Fast sleep

Rx

Tx

Rx

Tx

Wake up

Corrupted data or noise

Extended active 
period TEAP

Go to

sleep

Minimal wake-up 
phase Tidle_wakeup

(a) Waking up and sleeping soon (b) Extending active phase

Fig. 3. The change of node’s active phase according to channel situation.

Motivation: Based on asynchronous LPL, when a duty-cycled node wakes up and detects a busy channel, it will
extend its active phase to receive potentially upcoming data packets as illustrated by Fig. 3(b). For simplicity, we
denote the period of the system-deined extension of active phase as TEAP . This mechanism also indicates that as
long as a sender can make its receiver to perceive the existence of a sender through any intentionally designed
wake-up signal when it wakes up, the receiver will stay in active state for at least TEAP period. Then, if the sender
can transmit a data frame during the following period of TEAP as illustrated by Fig. 4, it will not miss receiver’s
wake-up phase.
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Fig. 5. Gap between RSS and receiver sensitivity.

Note that a suicient condition for extending receiver’s active phase is that the captured strength of wake-up
signal at receiver is larger than receiver’s sensitivity. Hence, as long as the intentionally designed signal can be
detected by receiver and has no inluence on the data/ACK frame decoding of neighboring nodes, it is rewarding
to schedule multiple contenders to simultaneously access the shared channel resource. Moreover, in practical
low power wireless networks, there are considerable gaps between received signal strength of data packets
and receiver sensitivity [33]. Fig. 5 illustrates this gap between RSS and receiver sensitivity during short-range
communication between a smartwatch and access point via Bluetooth by setting 0dBm output power. The capture
efect further provides basic theory support to exploit well-designed wake-up signal to awaken receiver with
weak output power, but contenders can completely treat them as background noise for media access. Based on
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these considerations, it is possible to fully turn channel contention to transmission opportunities in duty-cycling
communications.

Diference to LPL. Diferent to existing LPL-based media access schemes, this work explores a novel design
paradigm of low power communication that fully supports conlict-free concurrent media access for duty-cycling
IoT devices.

3 CLPL OVERVIEW

The main design concept of CLPL consists of ive components: frame transmission schedule module, media access
mechanism, wake-up frame generator and identiication module, and energy optimization module.

Frame transmission schedule. CLPL schedules data transmission by periodically alternating a data frame and
a series of wake-up frames (Section 4.1). As shown in Fig. 6, S1 and S2 are two neighboring senders, and R1 and
R2 are the corresponding receivers of them. To transmit a data packet, rather than continuously transmitting
the same data frame as LPL-based MAC schemes [23][7][15] do illustrated in Fig. 2, a sender completes a data
transmission by periodically alternating a data frame and a series of wake-up frames. The series of wake-up
frames are designed to rendezvous with receiver’s waking moment. As illustrated in the igure, the boxes marked
with łDataž denote data frames, and the łWFž represent wake-up frames.

Media access mechanism. CLPL adopts a heuristic method to schedule multiple senders to concurrently access
shared channel for data transmission (Section 4.2). Diferent to traditional channel access mechanism, CLPL
allows a sender to access shared channel for data transmission in two situations: i) the current channel is free;
or ii) through channel state assessment (see Section 6), sender can identify that during a period of time the
channel was only used for wake-up frame transmissions, and this period can accommodate the sender’s data
frame transmission. Because senders periodically transmit data frames with the same time interval, CLPL is fully
convinced that no other neighbors’ data frame transmission will be scheduled to this period after a data frame
transmission cycle. Hence, CLPL schedules the new sender to transmit in this period concurrent with neighbors’
WF transmissions.

Wake-up frame generator. Given a pre-deined maximum transmission power level, the output power of
wake-up frames must be carefully set. Wake-up frame generator guarantees that the signal strength of wake-up
frame is above receiver sensitivity. As receiver, once it wakes up, it can certainly detect a busy channel by
encountering/receiving either a wake-up frame transmission or a data frame transmission from the sender. Then,
the receiver immediately extends its active phase by TEAP ms, just like R1 and R2 do in Fig. 6. At the same time,
the signal of wake-up frames must not interfere the data/ACK frames decoding in transit. CLPL adopts an online
physical interference model (PRR-SINR) to optimize the output power of wake-up frame (Section 5).

Wake-up frame identiication. Besides to rendezvous with receiver’s wake-up period, wake-up frame is also
used to provide identiiable features for neighbor senders to schedule concurrent transmissions. CLPL exploits
the spatial-temporal correlation of wake-up frames to efectively identify their transmissions for assessing the
feasibility of accessing shared busy channel (Section 6). In the following sections, we introduce the detailed
design of these modules.

Energy optimization. CLPL adopts a fast sleep mechanism to guarantee the targeting receiver will stay awake
to receive a full data frame and transmit a link layer ACK. For the other neighboring nodes, by detecting the
frame, could ignore it and quickly go to sleep again. Moreover, by hearing a wake-up frame, the receiver also uses
fast acknowledgement mechanism to immediately inform sender to quickly transmit data frame (see Sec. 4.3).
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Fig. 6. Workflow of CLPL. Senders complete a data transmission by periodically transmiting a data frame followed by a
series of wake-up signals. In the figure, łDataž denotes data frame, and łWFž denotes wake-up signal.

4 CONCURRENT TRANSMISSION SCHEME

In this section, we irst introduce the concurrent transmission scheme which consists of frame transmission
scheduler and concurrent media access mechanism.

4.1 Frame Transmission Schedule

As illustrated in Fig. 6, to transmit a data packet, a sender periodically transmits data frame to appoint receiver,
and each data frame is followed by a series of wake-up frames. The time interval between two consecutive frames
(no matter data or wake-up frame) must be less than the minimum active duration (Tidle_wakeup ) to invalidate
receiver’s fast sleep (see Section 4.3) when it wakes up. Speciically, we refer to the interval between consecutive
frames as Tf rame_interval , which satisies the conditions:

#

Tf rame_interval ě Tack_waitinд ,

Tf rame_interval ă Tidle_wakeup .
(1)

Tack_waitinд denotes the mandatory idle-channel period for decoding potentially incoming ACK at sender side.
Because both data frame and wake-up frame are carefully scheduled to rendezvous with receiver’s wake-up
period, the receiver will certainly perceive the existence of a sender when it wakes up. Then, it immediately
extends the active phase to receive potentially incoming data frames. Moreover, in order for the appointed
receiver to decode at least one full data frame during the extended active period, the data frame cycle time, which
is referred to as Tf rame_cycle and illustrated in Fig. 6, must satisfy

Tf rame_cycle ` Tdataon_air ď TEAP ,

where Tdataon_air is transmission time of the scheduled data frame. In CLPL, we deine Tf rame_cycle as

Tf rame_cycle “ TEAP ´ Tdataon_air pmaxq, (2)
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where Tdataon_air pmaxq denotes the transmission time of the system-deined maximal data frame. As illustrated
by Fig. 6, Tf rame_cycle contains a data frame transmission and a series of wake-up frame transmissions. In this

formula, Tdataon_air pmaxq denotes the possibly maximum waiting time for decoding a full data frame. When receiver
wakes up right after the transmitting time of the start of frame delimiter (SFD) ield of a transmitted data frame,
receiver will fail to decode the data frame, even if the entire payload of the data frame is transmitted during the
receiver’s active period. In this worst-case situation, to guarantee there is at least one opportunity to decode a
full data frame, the receiver’s active period must be no less than the sum of sender’s Tdataon_air and Tf rame_cycle .

This organization of frame transmissions in CLPL can provide suicient channel access opportunities for
potential senders to access the shared channel for data transmissions. For each speciic pair of sender and receiver,
they access the shared channel as almost the same they would monopolize the channel resource. The frame
transmission organization could signiicantly reduce the idle-waiting time of data transmission.

4.2 Media Access Mechanism

If the current channel state is not free, as new sender, it must take three stages to schedule its data frame
transmission. As illustrated by Fig. 7, the three stages can be summed up as: i) Extract channel features to identify
wake-up frame transmission; ii) Detect the periodically appeared successive wake-up frame transmissions to
verify the capacity of scheduling its own data frame transmission in this period; and iii) Determine data frame
transmitting time and immediately schedule wake-up frame transmissions to avoid missing receiver’s waking
moment.

As above-mentioned, in CLPL, a sender can transmit its data frame when the shared wireless channel is free or
the assessed busy channel is caused by senders’ wake-up frame transmissions. Hence, in order to conirm the
feasibility of the new sender’s data frame transmission, CLPL should irst extract the features of shared channel
states. If the features indicate the shared channel is free and the assessed idle channel period, referred it to as
Tf r ee_span , satisies

Tf r ee_span ě Tdataon_air ` 2 ˆ Tack_waitinд ` Tmax
backof f , (3)

the sender can immediately schedule its data frame transmission. Tdataon_air is transmission time of scheduled data
frame and Tmax

backof f
is a system-deined maximum backof time for collision avoidance in CLPL. The intention

of two Tack_waitinдs is to guarantee that there are enough time gap before and after the scheduled data frame
transmission. We use t0 to denote the ending time of Tf r ee_span . Because there is a possibility that a neighboring
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node has completed a data frame transmission at the starting of Tf r ee_span , hence, to guarantee that there
are enough time gap before and after the scheduled data frame transmission for ACK receiving, we set two
Tack_waitinд here. In addition, in consideration of the robustness of data transmission schedule, we require an
extra duration of Tmax

backof f
to tolerate the backof time once detecting potential interference.

In addition, according to the continuously sampled channel states, if the frame identiication module (see
Section 6) indicates the current channel is just used for wake-up frame transmission1, it continues monitoring
the shared channel and calculates the duration of successive wake-up frame transmissions, which is referred to
as Twf _span . If Twf _span satisies

Twf _span ě Tdataon_air ` 2 ¨ Tack_waitinд ` Tmax
backof f , (4)

the sender is also permitted to schedule its data frame transmission. As above, we use t0 to denote the ending
time of the Twf _span .

On that basis, the new sender immediately starts its frame transmission at t0 beginning with successive wake-up
frame transmissions. At the same time, CLPL further computes the transmitting time, tdata , of the next data
frame. Because the time length of data transmission cycle is a constant Tf rame_cycle . Hence, CLPL can compute
the transmitting time of the next data frame according to

tdata “ pt0 ` Tf rame_cycle q ´ pTdataon_air ` Tack_waitinдq ´ Trandombackof f , (5)

where Trandom
backof f

is a random backof time between [0, Tmax
backof f

] to avoid data collision caused by concurrent

senders with exactly the same frame transmission schedule. Before the tdata comes, CLPL schedules successive
wake-up frame transmissions with ixed frame interval Tf rame_cycle to avoid missing receiver’s wake-up period.
When tdata arrives, CLPL immediately transmits the data frame. If an ACK is not received, CLPL continues to
transmit wake-up frames until the next data transmitting time, tnext , comes, where

tnext “ tdata ` Tf rame_cycle .

By this mean, CLPL can heuristically schedule multiple senders to simultaneously access the shared channel
for data frame transmissions in conlict-free way. Essentially, by applying CLPL, to concurrently transmit with
a neighboring node, the new sender has to synchronize with the ongoing transmissions and then schedule its
frame transmissions. However, diferent to existing works, the synchronizing process of CLPL is heuristic and
does not require any interaction to neighboring nodes. Hence, the maintenance overhead of CLPL is negligible
and without requiring any initialization phase.

The main process of concurrent channel access mechanism is explained by Algorithm 1 and summarized
as follows: Like LPL, if the sampled channel states indicate the shared channel is free, i.e. Eqn. (3) is satisied,
a new sender is authorized to transmit. Rather than immediately transmitting the data frame like LPL, CLPL
irst schedules a series of wake-up frame transmissions until the computed data transmitting time (tdata ) comes.
Diferent to traditional LPL, by perceiving a busy channel in CLPL, a sender should further igure out whether it
is caused by wake-up frame transmission (Line 9), rather than just giving up the chance of data transmission. If
the assessed Twf _span satisies Eqn. (4), CLPL immediately schedules the new sender to transmit wake-up frames
and data frame. On the other hand, if the busy channel is caused by senders’ data frame transmissions or external
interference, i.e. Eqn. (4) is not satisied (Line 15), CLPL continues to sample channel state until the channel
feature satisies the above requirements. In this way, CLPL can heuristically achieve concurrent channel access
for multiple senders.

1The wake-up frames can be transmitted by one or multiple senders.
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ALGORITHM 1: Concurrent media access mechanism
Input: Successively sampled channel states;
Output: Frame transmission schedule.

1 while Sampling channel state do

2 if Free channel then

3 Update Tf r ee_span ;

4 if Eqn. (3) is satisied then

5 Record t0;

6 Compute tdata according to Eqn. 5;

7 Return Schedule frame transmission;

8 else if Busy channel then

9 if Identify wake-up frame transmission then

10 Update Twf _span ;

11 if Eqn. 4 is satisied then

12 Record t0;

13 Compute tdata according to Eqn. 5;

14 Return Schedule frame transmission;

15 else if Identify other frame transmission or interference then

16 Twf _span = 0;

17 end

18 end

19 end

4.3 Energy Optimization at Receiver

4.3.1 Fast sleep. If a neighbor is transmitting a data/wake-up frame to the receiver, the receiver should stay
awake to receive the full data frame and transmit a link layer ACK. Other nodes, which detect the frame, could
quickly go to sleep again. Potential receivers cannot go to sleep quickly, however, as they must be able to receive
the full data frame. The naive way to determine how long to be awake when a CCA has detected radio activity is
to stay awake for TEAP . This ensures that the full data frame will be received by the receiver.

Data

Data

Fast ACK

RX

Data
TX

WF WF

Wake up

WF A

A

Fast ACK

A

A

Fast sleep

Receive a wake-

up frame

Immediately reschedule

data frame transmission

Fig. 8. Fast acknowledgement mechanism for informing sender to quickly transmit data frame.

The fast sleep optimization lets potential receivers go to sleep earlier if the CCA woke up due to spurious
radio noise. The fast sleep optimization leverages knowledge of the speciic pattern of CLPL frame transmissions
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as follows. First, if the CCA detects radio activity, but the radio activity has a duration that is longer than the
maximum frame length tdataon_air pmaxq and not caused by wake-up frame transmissions, the CCA has detected
noise and can go back to sleep. Second, if the radio activity is followed by a silence period that is longer than the
system-deined intervals, i.e., Tf rame_interval , the receiver can go back to sleep. Third, if the activity period is
caused by one sender’s wake-up frame transmissions which are transmitted to another receiver2, by overhearing
one of the wake-up frames, the receiver can go back to sleep.

4.3.2 Fast acknowledgement. Contrary to the third case of fast sleep mechanism, if a node overhears a wake-up
frame and it happens to be the appointed receiver, as illustrated in Fig. 8, CLPL immediately replies an ACK to
inform sender to quickly transmit data frame. By receiving the fast ACK, the sender can immediately reschedule its
data frame transmission if no concurrent neighboring sender has been detected. Otherwise, the sender transmits
its data frame according to its original schedule.

5 WAKE-UP FRAME GENERATOR

In this section, we irst introduce the well-studied measurement of PRR-SINR model, and then use the online
model to optimize the output power of wake-up frame.

5.1 Online PRR-SINR Model

In CLPL, the determination of wake-up frame’s output power is based on the widely-studied physical model,
i.e., a packet from the sender is lost at the receiver only if the signal-to-interference-plus-noise-ratio (SINR) falls
below a given threshold [37], referred it to as PRR-SINR model. CLPL adopts tailor-made power test beacon to
capture the received signal strength (RSS) of each beacon and the corresponding interference-plus-noise strength
for online measurement of PRR-SINR model.

NPB

L1

In addition to receiving/decoding potential power beacons,

Rx also samples the corresponding channel state.

Tx

Rx

LPB

L1

NPB

L2

LPB
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…. NPB

Ln
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Only NPB
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Both NPB and
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….

Wake up Go to sleep

Fig. 9. Schedule of power test beacon (PB) transmission. PBs are continuously transmited by seting a normal output power
(NPB) and a relatively low output power (LPB) alternately. L1, L2, and Ln denote the transmission output power of LPBs.

Power Test Beacon. In order to make all neighbor nodes accurately assess the RSS of wake-up frames by setting
diferent transmission output power, CLPL uses an additional type of beacon, referred to as power test beacon or
denoted as PB for short, as illustrated in Fig. 9. Diferent to the schedule of data frame transmission, all types of

2 Receiver information is speciied in wake-up frame.
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beacons in CLPL are continuously transmitted like Fig. 2. Hence, when a node transmits a network beacon, all
neighbor nodes are not allowed to access the shared channel.

Power test beacons are continuously transmitted by setting a normal output power and a relatively low output
power alternately. The normal output power is the same as data frame’s transmission output power, and we
express the kind of beacons transmitted by normal output power as NPB. The low output power is set between
the minimal output power and the normal output power in ascending order. The beacons transmitted by low
output power is expressed as LPB, and the power level i is marked as Li . The time interval between two adjacent
NPBs, referred to as TNPB_interval , should be less than the minimal active period Tidle_wakeup . Therefore, when
a neighbor wakes up, it will invalidate the fast sleep mechanism to hear more power test beacons. For each NPB,
it records the low output that is set for the following LPB. For example, Tx’s irst NPB in Fig. 9 records the power
level L1 in its payload, and L1 is the transmission power of the following LPB. Moreover, each PB (NPB and
LPB) also records its own transmission output power. Hence, by either extracting the recorded output power and
the embedded RSSI (measured during receiving process) from a decoded LPB or extracting the attached output
power from a NPB and assessing the RSSI of the following LPB that is not correctly received, the neighbor Rx
in Fig. 9 can exactly know the RSSI of a PB corresponding to a speciic transmission power Li , expressed as ăTx,
Li , RSSILi ą. In our experiment of CLPL, the power test beacon size is set to 15 Bytes, corresponding to 480µs
on-air time. The interval between two consecutive power test beacon is set to 128µs.

Online Measurement of PRR-SINR. Beyond the RSSI of PBs, CLPL also samples the channel states during
the time span between consecutive PBs. The detected energy can be used to express the strength of interference
and noise in the shared channel, which is referred to as RSSI IN. Hence, for a power test beacon transmitted by Tx,
a neighboring node Rx can exactly know whether it has been successfully received, the RSSI of the PB (referred
to as RSSIPB ), and the corresponding RSSI I N . For each RSSIPB and the corresponding RSSI I N , CLPL can compute
the corresponding SINR according to the formula

SINRpTx, Rxq “
RSSIPB

RSSII N
.

By collecting enough of this kind of information, CLPL can quickly build the relationship between PRR and SINR.
For a speciic SINR value (e.g. idB), CLPL records and maintains all the PB reception results (successfully received
or lost). According to these results, CLPL can compute the averaged PRR (i.e., PRRpidBq) of each SINR. Then,
CLPL builds a PRR-SINR model and can update it through online measurement.

5.2 Determination of Wake-up Frame Output Power

To compute the optimal RF output power for wake-up frames, each node should accurately analyze the inluence
of wake-up frame transmission on all neighbors’ data and ACK frame receiving. For each nodeTx, all its neighbors
within one hop communication range can exactly know the received signal strength indicator (RSSI) of wake-up
frame transmitted by setting diferent output power. Note that CLPL is built upon the capacity of clear channel
assessment (CCA) component. Once the state of CCA Pin indicates the channel is busy, CLPL periodically reads
RSSI value by accessing the corresponding RSSI register.

We mark all neighbors of node Tx as NTx “ tn1,n2, ¨ ¨ ¨ ,nX u, where ni denotes a neighbor of node Tx. When
the output power of wake-up frame is set to Lj , the signal strength at neighbor ni is denoted as RSSITxni pLjq. In
large-scale IoT deployment, each node is in charge of generating, receiving, and forwarding data/ACK frames
for part of its neighbors, namely children/parent nodes. Hence, as neighbor of Tx, ni could receive data/ACK
from its children-parent set denoted as CPni=tcpni1 , cp

ni
2 , ¨ ¨ ¨ , cpnim u and the received signal strength of data/ACK

frames from children/parent nodes is denoted as RSSInipCPniq={RSSI
cp1
ni , RSSI

cp2
ni , ¨ ¨ ¨ , RSSIcpmni u. For each power

level Lj , the inluence of Tx’s wake-up frame transmission on ni ’s data/ACK frame decoding can be expressed as
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SINR(Tx, Lj , ni )={SINRpcp1,ni q, SINRpcp1,ni q ¨ ¨ ¨ SINRpcpm ,ni q}, where SINRpcpk ,ni q denotes the ratio between
RSSI

cpk
ni and RSSITxni pLjq. According to online PRR-SINR model, we can further obtain the corresponding expected

PRRs of the data/ACK frames transmitted from the neighbors in CPni . We mark these expected PRRs as PRR(Tx,
Lj ,ni )={PRR(cp1, ni ), PRR(cp2, ni ) ¨ ¨ ¨ PRR(cpm , ni )}, where PRR(cpk , ni ) denotes the expected PRR of data/ACK
transmission from cpk to ni inluenced by Tx’s wake-up frame transmission with power Lj . Then, the inluence
of wake-up frame transmission can be formalized as the averaged PRR of all neighbors in CPni

PRRTxni pLjq “

řm
k“1 PRRppcpk ,ni qq

m
.

For each neighbor in CPni , it feeds back averaged PRRs corresponding to diferent power level to Tx. For
each power level, Tx formalizes averaged PRRs as ăLj , PRRTxn1

pLjq, PRRTxn2
pLjq, ¨ ¨ ¨ , PRRTxnX pLjq ą, then it further

computes the overall inluence of Tx’s wake-up frame transmission with power Lj on all neighbors, referred to
as θ , through

θ “

řX
k“1 PRR

Tx
nk

pLjq

X
.

If θ is larger than a threshold value, the neighbor ni think that setting Tx’s wake-up frame power level to Lj has
little impact on receiving data/ACK frames from its children/parent nodes. According to the experimental results
plotted in Fig. 13(a), when θ is larger than 0.7, the actual relationship between SINR and averaged PRR closely
approximates the online PRR-SINR model. By selecting a minimal power level that guarantees θ is larger than
0.7 and Tx’s receiver can perceive its wake-up frame signal, CLPL can efectively schedule multiple senders to
access media in concurrent way. If this condition is not satisied, Tx is banned from accessing shared channel
when it is busy.

6 WAKE-UP FRAME IDENTIFICATION

The use of wake-up frame is also to provide identiiable features for neighbor nodes to assess the feasibility
of accessing shared busy channel. In this module, by continuously sampling channel states, CLPL exploits the
spatial-temporal features of wake-up frame transmissions to identify them. The features contain speciic on-air
time, frame interval, strict periodicity, and the change of received signal strength.

6.1 Features of Wake-up Frames

The intentionally designed wake-up frames have four key features for distinguishing them from all types of data
frames and interference signals.

On-air time: On-air time denotes the transmission period of an individual frame. Due to the diferent data rate
and maximum frame size of diferent techniques, their on-air time is usually diferent. In CLPL, wake-up frames
are intentionally generated by setting a speciic frame size to distinguish them from all types of data frames. Take
Zigbee as an example. The data frame size in CLPL is restricted to [30, 133]bytes, and the corresponding on-air
time is [960, 4256]µs. Diferent to data frame, CLPL sets the size of wake-up frame to 20 bytes with 640µs on-air
time. The repeatedly transmitted wake-up frames carry the same payload, hence a series of wake-up frames are
with the same on-air time, denoted as TW F

on_air .

Fixed inter-frame interval: In CLPL, consecutive wake-up frames are transmitted by setting a ixed time
interval, Tf rame_interval . In CLPL, Tidle_wakeup is set to 0.8ms, and Tf rame_interval is set to 0.4ms.

Peak to Average Power Ratio: Stability of signal strength is a signiicant feature of wireless signal. Peak to
Average Power Ratio (PAPR) is a common measure of the luctuation of signal power. As shown in Table ??,
ZigBee adopts Direct Sequence Spread Spectrum (DSSS) which utilizes the entire frequency range to transmit data
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Data frame features of common 2.4GHz technologies [39].

Wireless technology On-air time PAPR

ZigBee [576, 4256]µs ď1.3
WiFi [192, 542]µs ě 1.9
Bluetooth 366µs ď1.3
MWO 10ms ě2.9

(a) One sender:

On air

time

WF

interval

Wi+1

(b) Multiple senders:

Wi

Wi+1Wi

Fig. 10. Strict periodicity feature of wake-up frame transmission with diferent number of contenders.

so that its PAPR is relatively stable. PAPR can act as a supporting characteristics to identify external interference
and enhance the wake-up frame identiication.

Strict periodicity: Because the on-air time of wake-up frame and the interval between successive wake-up
frames are completely ixed in CLPL, if the current channel is accessed by neighbor nodes just for wake-up frame
transmissions for a period of time, it is certain that these states at this stage will occur with strict periodicity. The
cycle length is the sum of the on-air time of wake-up frame and the time interval between wake-up frames, i.e.
TW F
on_air+Tf rame_interval . For convenience, we refer it as Twf _cycle .

6.2 Identification Procedure

To determine whether a sender is permitted to access a busy channel for data frame transmission, CLPL must
continuously sample the RSSI of shared channel to igure out the current channel status. If the busy channel
was just used for transmission of wake-up frames and this period (Twf _span ) can accommodate the sender’s data
frame transmission by satisfying Eqn. (4), the sender can access the busy channel.

Note that if a busy channel is only caused by wake-up frame transmissions, the successively sampled channel
RSSIs are with strict periodicity, with a period of Twf _cycle as mentioned above. For each cycle, CLPL uses a
sampling windowW to record the continuously sampled RSSIs. The time span ofW is equal to Twf _cycle .W can
be denoted as:W=tR0,R1,R2, ¨ ¨ ¨ ,Rnu, where Ri denotes the ith sampled RSSI value. For two successive cycles of
RSSI sequences, they can be expressed as two uninterrupted samplingwindows {Wi ,W i`1} = { tRi0,R

i
1,R

i
2, ¨ ¨ ¨ ,Rinu,

tRi`1
0 ,R

i`1
1 ,R

i`1
2 , ¨ ¨ ¨ ,Ri`1

n u}. Because of the strict periodicity feature, the successive sampling windows are with
very similar changes of RSSI value. As illustrated in Fig. 10, regardless of how many senders are transmitting their
wake-up frames, the sampled RSSIs periodically have the same varying tendency. On the contrary, if successive
sampling windows are with diferent varying tendency of RSSI values, it is likely that the channel situation has
changed caused by external interference, the arrival or departure of a neighboring sender.

Based on this characteristic, by irst using the characteristics of on-air time and PAPR to distinguish data frame
transmission [39], CLPL adopts Pearson correlation coeicient (PCC) [25] to compute the correlation between
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two successive sampling windows. According to the property of PCC, if the successive two sampling windows
are with very high correlation, it can indicate the two sampling windows are with the same varying tendency
of RSSI values. Considering the strict periodicity of wake-up frame transmission, it is reliably to deem the two
sampling windows are used for wake-up transmissions.

PCC is the covariance of the two variables (Wiand W
i`1) divided by the product of their standard deviations.

It is represented by ρ. The formula for ρ is:

ρpWi
,W

i`1q “
covpWi

,W
i`1q

σWiσWi`1
,

where cov(W i ,W i`1)) is the covariance of two variablesW i andW i`1, and σWi is the standard deviation ofWi .
The formula for ρ can be expressed in terms of mean and expectation,

ρpWi
,W

i`1q “
ErpWi ´ µWi qppWi`1 ´ µWi`1qs

σWiσWi`1
,

where E is the expectation, and µWi is the mean ofWi .
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Fig. 11. Determination of the value of ρ̄ and the identification accuracy.

The correlation coeicient ranges from -1 to 1. A value of 1 implies that a linear equation describes the
relationship betweenW

i andWi`1 perfectly, with all data points lying on a line for whichW
i`1 increases asWi

increases. A value of 0 implies that there is no linear correlation between the variables. IfWiandW
i`1 are two

successive sampling windows and ρpWi
,W

i`1q is above a threshold ρ̄ which is larger than 0, we can credibly
deem that the sampling windows Wi and W

i`1 are just used for wake-up frame transmission. In the indoor
testbed we conduct experiments to evaluate the relation between ρ̄ and the accuracy of identiication. For each
value of ρ̄, we schedule network nodes to transmit data frame, wake-up frame, and network beacon with diferent
manner. All network nodes work in the 19th channel which sufers from the coexisting WiFi interference. Then,
we adopts PCC to identify the wake-up frame transmission according to the strict periodicity and compute the
accuracy. Experimental results plotted in Fig. 11(a) show that by setting ρ̄ to 0.7, the accuracy of identiication
reaches up to 96.5%. In our implementation of CLPL, ρ̄ is set to 0.7. Moreover, we also compute the probability
of correct identiication, false positive rate (denoted as FP) and false negative rate (FN), respectively. The false
positive denotes that channel activity caused by other signals is falsely identiied as wake-up frame transmission,
and the false negative denotes that CLPL fails to identify wake-up frame transmission. As illustrated by Fig. 11(b),
CLPL can accurately identify more than 92.8% wake-up frame transmissions no matter testbed networks sufer
from (92.8%) or are free of the coexisting WiFi interference (95.6%). The results indicate that CLPL can efectively
harness potential concurrency opportunities especially when networks are free of external interference. The false
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Fig. 12. Indoor testbed with 40 Telosb nodes deployed on our 40ˆ70m2 ofice. The red node denotes sink node.

positive rate is lower than 0.5% in this experiment, hence the probability that CLPL makes an incorrect decision
for concurrent channel access is extremely low. Because of complex network state, the false negative of CLPL is
respectively 6.7% (with WiFi interference) and 4% (without WiFi interference).

7 EVALUATION RESULTS

In this section, we conduct experiments to evaluate the performance of CLPL. We irst introduce the experimental
testbed and performance indicators (Section 7.1). We demonstrate the feasibility of online PRR-SINR model in
Section 7.2. Then, we conduct experiments to qualitatively demonstrate the improvement of network capacity
under diferent experimental scenarios (Section 7.3). After that, we respectively evaluate the data collection
performance of CLPL from diferent aspects and compare it with the state-of-the-art LPL-based protocols,
low power probe-based protocols [8], and opportunistic data forwarding protocol [15] (Section 7.4). The main
parameter settings of CLPL are listed in Table ??. Note that this set of parameters can make CLPL workable, but
we can’t guarantee the optimality of them.

7.1 Experimental Testbed and Performance Indicator

Experimental testbed. Our experiments are conducted in indoor testbeds with 40 Telosb nodes which is
deployed on our 40ˆ70m2 oice as illustrated in Fig. 12. By setting diferent transmission power levels (RF
output power) to testbed networks, nodes automatically form multi-hop networks with diferent densities. All
experiments are conducted in the 19th Zigbee wireless channel which is overlapped with part of WiFi operating
frequency used by the oice APs. Unless mentioned otherwise, the packet size transmitted by all network nodes
is randomly set between [40, 80] Bytes. Network nodes work in duty-cycled mode except sink node and the
wake-up interval is set to 512ms.

Baseline protocols. In the evaluation of network capacity and the performance of data collection, we conducted
extensive experiments on the testbed by comparing with the state-of-the-art low power MAC schemes, such as
ContikiMAC, A-MAC, BoX-MAC, and opportunistic scheme ORW. (1) BoX-MAC is an enhanced CSMA-based
protocol for duty-cycled networks, which means nodes in the interference range of current transmitters defer
to send packets. The performance of BoX-MAC is regarded as a baseline in this work to measure how much
improvement can be taken from concurrent channel access. (2) ORW is a traditional opportunistic forwarding
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Practicable Values of Key Parameters of CLPL.

System parameters Value Descriptions

TEAP 23ms Extended active period;
Tf rame_interval 0.4ms Inter-frame interval;
Tidle_wakeup 0.8ms Minimal active period ;
Tack_waitinд 0.4ms ACK waiting time;
Tf rame_cycle 18ms Data frame cycle time;
TW F
on_air 0.64ms Wake-up frame transmission time;

TPBon_air 0.64ms Power test beacon transmission
time;

Twf _cycle 1.04ms Wake-up cycle time;
ρ̄ 0.7 Threshold of PCC;
TNPB_interval 0.74ms Interval of normal power test bea-

con;
Tmax
backof f

0.3ms Maximum backof time.

protocol by exploiting candidate forwarders to forward data packets. ORW is built upon BoX-MAC and it
ignores all potential concurrency opportunities. (3) A-MAC is the state-of-the-art receiver-initiated link layer
protocol for low-power wireless networks. A-MAC can provide the most energy eiciency compared with other
receiver-initiated link layer protocols, because A-MAC adopts phase-lock mechanism for energy saving. (4)
ContikiMAC was proposed to provide extremely outstanding energy eiciency by adopting a fast sleep and
phase lock mechanism. Compared with the current implementation of BoX-MAC, ContikiMAC can provide better
energy eiciency performance.

Metrics. In the following sections, we use packet delivery ratio as the indicator of network reliability. The
energy consumption is measured as duty cycle, the portion of radio-on time, as a platform-independent metric
for energy eiciency. Besides, we use single-hop transmission time to approximate delivery latency, and use
single-hop transmission count to indicate data collision caused by concurrent transmission because aggressively
exploiting concurrency opportunities could bring about more serious network interference. The delivery latency
is deined as the time duration from the time when a packet is put into the sender’s transmission bufer to the
time when the sender receives an ACK.

7.2 Performance of Online PRR-SINR Model

In this section, we conduct experiments to demonstrate the accuracy of online PRR-SINR model.

We irst run CLPL in our indoor testbed for two hours, which is a long enough period for generating a stable
online PRR-SINR model by exploiting power test beacons. Then, we randomly select two pairs of sender-receiver
from the testbed network by guaranteeing each receiver is in the communication range of the two sender. Hence,
each receiver can accurately measure the RSSI of both its sender and the other sender. If the two sender transmit
in concurrent way, it is easy for each receiver to compute the actual SINR, which is marked as SINR to distinguish
its online SINR. Then, through wire cables, we reconigure the selected senders to work in CSMA-disabled mode
which means senders can access shared channel without any limitation, and reconigure the receivers’s radio
state to be always on. The senders will continuously generate data packets and transmit them to corresponding
receivers. Receiver will report the sequence number of received packet to central computer. Then we can compute
the actual PRR (marked as PRR) of each pair of sender-receiver under the inluence of the other sender. In addition,
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according to online PRR-SINR model, we can get the theoretical PRR corresponding to the given SINR. We form
them as ăSINR, PRR, PRRą triple. By adjusting senders’ transmitting power level and selecting diferent pairs of
sender-receiver to repeat this experiment, we get a total of 538 ăSINR, PRR, PRRą triples. We further compute
the gap between the actual PRR and the theoretical PRR according to

GappSINRq “ |PRR ´ PRR|.

For each SINR ranging from 0 to 10dB, the minimum, 25th percentile, median, 75th percentile, and maximum of
gaps are plotted in Fig. 13(a). We also plot the relationship between an actual SINR and the averaged value of
corresponding PRRs in these triples in the igure. As illustrated by the igure, when SINR is larger than 4dB, the
averaged PRR gap stabilizes around 2.4%, which is comprehensively demonstrated by the cumulative distribution
of all PRR gaps plotted in Fig. 13(b). The experimental results demonstrate that the actual relationship between
SINR and PRR closely approximates the online PRR-SINR model. CLPL can use the online PRR-SINR to accurately
compute an optimal power level for wake-up frame transmission.
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Fig. 13. Accuracy of online PRR-SINR model.

7.3 Network Capacity

In this section, we conduct experiments to quantify the expected beneit of concurrent transmission in contention-
tolerant way by using CLPL. The performance of CLPL is evaluated by two ways: i) the instantaneous throughput
of multiple senders locating within one-hop communication range; ii) network-wide capacity that denotes the
instantaneous throughput of all network nodes.

Before this experiment, we use CTP [10] to repeatedly construct tree-based topology in the indoor testbed in
which all nodes send data to sink node. Note that testbed nodes are all controlled by a central computer through
wire cables. We can control each node and collect logging information through central computer. Then, according
to the statistical tree-based topologies, we adopt a ixed routing strategy by setting an łoptimumž (most frequently
used) receiver to each node. The packet size is randomly set between [40, 80]Bytes.

7.3.1 One-hop Instantaneous Throughput . We construct single hop networks from the testbed by selecting
multiple senders to transmit data packets to their receivers. The wake-up interval is set to 512ms, and the
inter-packet interval (IPI) of each sender is also set to 512ms to ensure the occurrence of burst traic load. The
number of senders is selected from 3 to 10 in the testbed. Some selected senders may share the same receiver. By
respectively adopting BoX-MAC, A-MAC, ContikiMAC, ORW and CLPL, we record the number of data packets
that are successfully transmitted by the selected senders. Then, we quantify the instantaneous throughputs of
these senders located within one-hop communication range by counting the total packets received by their
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Fig. 14. Increase rate of instantaneous throughput compared with LPL-based BoX-MAC, ContikiMAC, LPP-based A-MAC,
and opportunistic ORW.

Performance of network-wide capacity.

Protocols Network Capacity Average Delay Average Retransmission

BoX-MAC 134 241 16.4%
A-MAC 113 398 6.54%
ContikiMAC 117 392 9.63%
ORW 205 143 11.9%
CLPL 387 126 9.5%

receivers during a period of 5 seconds windows. We have eliminated all duplicate packets before computing the
instantaneous throughput. The theoretical maximum throughput of each window ranges between [30, 100]packets
(corresponding to [3, 10] senders) in this experiment. Each evaluation is run for 10 minutes and repeated no less
than 10 times. We respectively compute the instantaneous throughput of BoX-MAC, A-MAC, ContikiMAC, ORW
and CLPL, and further compute the ratio of the instantaneous throughput of CLPL to that of BoX-MAC, A-MAC,
ContikiMAC, and ORW. We refer to the ratio as increase rate. We plot the distribution of increase rate in Fig. 14.
The instantaneous throughput of CLPL is averagely 3-5 times of Box-MAC, 1.8-3.9 times of ORW, 2-6.4 times of
ContiMAC, and 2.2-6.1 times of A-MAC under one-hop scenarios. Due to the data frame transmission cycle is
limited to 18ms, the maximum increase rate is limited to 7.

7.3.2 Network-wide Capacity. Besides the one-hop instantaneous throughput, we also evaluate the network-wide
capacity of all network nodes. In this experiments, all network nodes are selected as both sender and receiver.
The parameters on data transmission are the same as above experiment. According to the collected information
through wire cable, we further compute the number of packets successfully transmitted by all network nodes
and received by the corresponding receivers during a period of 5 seconds windows. In addition, we also compute
the average retransmission count, and single-hop delay of each packet. The experimental results are listed in
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Fig. 15. Data forwarding performance of CLPL and BoX-MAC in tested networks with diferent trafic load. Each node has
about 6 neighbors on average.

Table ??. The network capacity of CLPL is almost 3 times of BoX-MAC, A-MAC, and ContikiMAC, 1.8 times of
opportunistic forwarding protocol ORW, and the average transmission delay can be signiicantly reduced.

7.4 Performance of Data Collection Networks

In this section, we further conduct experiments to evaluate the data forwarding performance of CLPL in terms
of delivery ratio, network retransmission eiciency, latency, and energy eiciency in testbed networks with
diferent traic load. Besides, we also compare CLPL with BoX-MAC, A-MAC, ContikiMAC, and ORW by setting
the same network coniguration.

To evaluate the efects of network load on performance, we construct testbed networks with CTP+BoX-MAC,
CTP+CLPL, CTP+A-MAC, CTP+ContikiMAC and CTP+CLPL by setting diferent traic patterns. For each
protocol, we respectively set all network nodes’ IPI to 16 seconds (s), 32s, 64s, 128s, and 256s. Besides, we also
construct burst traic load by selecting 10 senders in testbed network to continuously produce data packets
lasting for 5 minutes. In this case, the IPI of selected 10 nodes is respectively set to 2s, 4s, and 8s. When a new
data packet is generated and the previous data packet hasn’t been successfully delivered, the new packet is put
into sending bufer. In this experiments, nodes’ wake-up interval is set to 512ms and RF output power is set to
level 5 [11]. Then, the average number of neighbors of each network node is about 9. For each traic load, we
respectively run experiments with the two suits of protocols, and compute the average performance of the 10
times of running as result.
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Delivery ratio. Fig. 15(a) compares the delivery ratio of the two protocols with diferent traic load. Note
that the values 2, 4, and 8 on horizontal axis denote testbed networks with burst traic pattern. We can see that
in all scenarios with burst traic load, the delivery ratio of CLPL signiicantly outperforms BoX-MAC, A-MAC,
ContikiMAC. By increasing traic load (the IPI of selected neighboring nodes decreases from 8s to 2s), the delivery
ratio of BoX-MAC decreases from 98% to 73%, and similar improvement for other protocols. In contrast, the delivery
ratio of CLPL has always been kept over 99.4%. The outperformed delivery ratio of CLPL is mainly attributed
to the supporting of concurrent and contention-tolerant transmission mode. The exploiting of concurrency
opportunities can reduce the blind waiting time when neighboring nodes are transmitting in asynchronous
duty-cycled networks. The signiicant decreasing of delivery ratio of BoX-MAC, A-MAC, ContikiMAC, and ORW
in high traic load is due to the ineicient channel utilization. Compared with them, the advantage of supporting
concurrent channel access in CLPL can signiicantly improve channel utilization.

Delivery latency and transmission count. With the increasing of pending data packets in the network, it
brings about more serious intra-network interference and directly results in more data collisions and retrans-
missions. Fig. 15(b) compares the average one-hop transmission count of each packet. We can see that in the
scenarios with bursty traic load (i.e., IPI less than 16s), CLPL has transmission count of 8.7ś20.4 percent lower
than BoX-MAC, A-MAC, ContikiMAC, and ORW, which indicates that CLPL can eiciently empty the in-network
data packet compared with other baseline protocols. Howerver, with the decreasing of traic load, due to the
inherent intra-network interference caused by wakeup frame transmission, the average transmission count of
CLPL is slightly higher than the ORW and BoX-MAC.

The averaged delivery latency of CLPL and other protocols under the scenarios with diferent traic loads are
illustrated in Fig. 15(c). From this igure, we can see that the average one-hop delivery latency of CLPL is always
smaller than BoX-MAC, A-MAC, ContikiMAC, and ORW when the network is with burst traic load (IPI less
than 16s). BoX-MAC and CLPL have decreasing latency as traic load become high because it may increase the
probability that a senderâĂŹs receiver could be awake during the senderâĂŹs transmission phase. Compared
with the increasing of receiver’s active period, the increasing of channel contention resulting from burst traic
has a greater impact on delivery latency. By adopting lock-phase mechanism, although A-MAC and ContikiMAC
can achieve extreme energy eiciency, they can’t harness the potential opportunities of extended active period
at receivers. Hence, with the increasing of traic load, the increasing channel contention makes the one-hop
transmission latency signiicantly increasing.

On the other hand, with the decreasing of traic load (the IPI is no less than 16 seconds), the probability that
the busy traic makes potential receivers in active period declines gradually. Even though, the harnessing of
concurrency also makes the delivery latency of CLPL lower than the other protocols (i.e., BoX-MAC, A-MAC,
ContikiMAC) without harnessing the opportunistic forwarders. The delivery latency of ORW is far superior to
all other protocols because it can fully exploit the potential forwarders to reduce transmission latency.

Energy consumption. Fig. 15(d) illustrates the duty cycle of BoX-MAC, A-MAC, ContikiMAC, ORW and
CLPL. We can see that CLPL signiicantly outperforms them in energy eiciency when unexpected surge of
traic occurs (i.e., IPI of selected nodes is less than 16s). This mainly results from full utilization of shared
channel. Both of them can signiicantly reduce data delivery latency and then reduce the radio on time. With the
decrease of traic load (the IPI of network nodes increases from 16s to 256s), ContikeMAC and A-MAC is much
more energy-eicient because they adopt the phase-lock mechanism to avoid unnecessary active period and
quickly go to sleep for extremely energy saving. They work well in low data traic networks. However, in burst
traic network, the failure of the phase-lock mechanism and the using of fast sleeping make the performance of
ContikiMAC signiicantly lower than that of CLPL. Even though, CLPL is very close to ContikiMAC and A-MAC
on energy eiciency with low traic load.
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In short, CLPL has an advantage over the well-applied BoX-MAC, A-MAC, ContikiMAC, and ORW in networks
with diferent traic loads.With increase of traic load, CLPL signiicantly outperforms it by supporting concurrent
and contention-tolerant transmission mode.

8 RELATED WORKS

Concurrent transmission is a well-known concept employed in wireless communications to enhance channel
utilization by improving spatial reuse. It is crucial to performance of data forwarding protocols, concerning
both traditional unicast protocols or opportunistic protocols. Researchers have proposed a lot of methods and
mechanisms to exploit concurrency in wireless networks. Here we have a brief discussion on the existing methods
in three aspects respectively.

Collision tolerance: In wireless communication community, capture efect has been a well known phenomenon
[32][20] for collision tolerance and various capture models have been proposed. Diferent from collision avoidance,
the idea of capture efect allows collisions. Glossy [9], Chase [3], Chase [3], and Pando [6] were subsequently
proposed for eicient data transmission exploiting capture efect in looding scenarios. They detect and recover
packets from collisions taking advantage of capture efect, whereby a packet with the strongest signal strength
can be received in spite of a collision. These techniques using capture efect are heavily dependent on high precise
time synchronization. In resource-restricted and duty-cycled wireless networks, considering network dynamics,
it is not cost-efective to achieve this level time synchronization by paying considerable energy consumption.

PRR-SINR model: Physical interference model is another efective way for improving channel utilization in
wireless networks. Son et al. [37] and Sha et al. [34] studied the PRR-SINR model in sensor networks and showed
the modeling accuracies and impacts on link scheduling performance. In particular, it is shown that adopting the
PRR-SINR model can lead to signiicant link throughput improvement. Reis et al. [30] presented interference and
packet delivery models that can be instantiated by packet transmission traces. Qiu et al. [28] proposed a general
interference model to characterize the interference among arbitrary number of 802.11 senders and predict the
resultant throughput. In [14], a measurement-based approach is proposed to model the interference and link
capacity in 802.11 networks. Aguayo et al. [1] experimentally studied the efect of SINR on the causes of packet
loss in a 802.11 mesh network (Roofnet). Diferent to existing techniques, CLPL proposes tailor-made beacon to
generate PRR-SINR model through online measurement in resource-restricted ad-hoc networks.

Conlict relationship: Conlict graph has been used to model wireless interference between neighboring nodes.
Conlict graph provides a simpliied description of the interference status, which greatly eases the design of
channel assignment/spectrum allocation algorithms, and consequently gives birth to a series of highly eicient
wireless network optimization algorithms [13][17].

Existing works can be divided into two categories based on the type of conlict graphs they use. The irst
category uses per-link signal measurements to capture interference conditions among individual links, using
either active measurements [18][38] or passive measurements [38][4]. These link-based conlict graphs are for
immobile networks where transmission links are known a priori. The second category of works builds coverage-
based conlict graphs based on propagation models [31][41]. Zhou et al. [41] used real-world measurements to
evaluate the conlict graph accuracy of coverage-based conlict graph. In resource-restricted ad-hoc networks,
CMAP [38], NoPSM [4], and COF [17] use conlict relationship to exploit concurrency opportunities for improving
network performance.

ACM Trans. Sensor Netw.



22 • Daibo Liu, Zhichao Cao, Hongbo Jiang, Siwang Zhou, Zhu Xiao, and Fanzi Zeng

9 DISSCUSSIONS

Impact of node diversity. The diference of node models may bring about the diference of receiving sensitivity
and hence lead to asymmetry of bidirectional links. Even so, the inluence of node diversity is not serious, because
this physical characteristics will act on the quality of wireless links that connect diferent nodes. By dynamically
adjusting the link quality, the network layer protocol (e.g., CTP) for maintaining network topology will update
the connection relationship between each pair of nodes. Through this cross-layer interactions and updates, the
negative efects of node diversity can be eliminated. Furthermore, the self-adjustment capability of CLPL can also
directly resolve the inluence of node diversity. For instance, if a node’s receiving sensitivity is extremely low, it
may may not be aware of its neighboring nodes’ wake-up frame transmissions and even data transmissions. As a
result, it will immediately schedule the transmission of data frame and wake-up frame, which could interfere the
neighbor’s transmissions. In this case, the neighbor can detect the chaotic transmission patterns and suspend its
current transmission, and then it reattempts to transmit by sensing the channel situation.

Setting of network parameters. CLPL is built upon TinyOS, an open source, BSD-licensed operating system
designed for low-power wireless devices. The parameters listed in Table ?? are a suite of achievable parameters
for Telosb nodes to run CLPL. The setting of these parameters depends on the lying time of data frame (variable),
ACK turnaround time, backof time, and the maximum possible number of senders allowed to run concurrently,
etc. Acutally, we haven’t proved that it is the optimal. To avoid misunderstanding, we explicitly state that this set
of parameters are not the only one that works, but it really can make CLPL workable.

Side efect. CLPL is proposed to fully turn exposed terminals into transmission opportunities. Although CLPL
can address data collision problem very well between concurrent senders. However, the signiicantly increased
transmission opportunities in whole network could also increase hidden terminal problems, which could further
impact both data forwarding and ACK reception. Hidden terminal is an inherent problem in wireless networks,
which is left for future work.

10 CONCLUSION

In this paper, we propose a generic concurrent low power listening mechanism CLPL supporting concurrent
and contention-tolerant data transmission service for multiple senders. The basic idea of CLPL is that rather
than continuously and repeatedly transmitting the same data frame, a sender completes a data transmission by
periodically alternating a data frame and a series of intentionally constructed signals. The series of intentional
signals are designed to rendezvous with receiver’s waking moment and transmitted by setting a well-designed
low output power so that they won’t interfere neighbors’ data frame transmission. On that basis, as new sender,
if the captured channel state indicates the channel is free or only used for the transmission of intentional signals,
it immediately schedules data frame transmission over the free channel or overlapping with the identiied
intentional signals, rather than repeating the same carrier sense-defer process. In this way, CLPL can easily
realize concurrent data transmission for multiple neighboring senders without compensating with any other
performance indicators.

Extensive testbed experiments demonstrate that CLPL can signiicantly improve network capacity by supporting
the concurrent channel access mechanism. Compared with the state-of-the-art LPL-based protocols, CLPL can
improve the one-hop data delivery performance by 2-6 times.

ACKNOWLEDGMENTS

We sincerely thank the editor and anonymous reviewers for insightful comments to improve our work. This
work was partially supported by NSFC with Nos. 61902122, U20A20181, U19A2067, 61732017, 62172153, 62072167,

ACM Trans. Sensor Netw.



Concurrent Low Power Listening: A New Design Paradigm for Duty-Cycling Communication • 23

Hunan Provincial Natural Science Foundation of China (Nos. 2020JJ5089 and 2020JJ5082), Key Research and
Development Project of Hunan Province of China (Nos. 2022GK2020 and 2021WK2001), Changsha Municipal
Natural Science Foundation (No. KQ2014057), and Zhejiang lab (No. 2021LC0AB05).

REFERENCES

[1] Daniel Aguayo, John Bicket, Sanjit Biswas, Glenn Judd, and Robert Morris. 2004. Link-level measurements from an 802.11 b mesh
network. In Proceedings of the 2004 conference on Applications, technologies, architectures, and protocols for computer communications.
121ś132.

[2] Luigi Atzori, Antonio Iera, and Giacomo Morabito. 2010. The internet of things: A survey. Computer networks 54, 15 (2010), 2787ś2805.
[3] Zhichao Cao, Jiliang Wang, Daibo Liu, Qiang Ma, Xin Miao, and Xufei Mao. 2020. Chase++: Fountain-enabled fast looding in

asynchronous duty cycle networks. IEEE/ACM Transactions on Networking 29, 1 (2020), 410ś422.
[4] Haiming Chen, Zhaoliang Zhang, Li Cui, and Changcheng Huang. 2016. NoPSM: A concurrent MAC protocol over low-data-rate

low-power wireless channel without PRR-SINR model. IEEE Transactions on Mobile Computing 16, 2 (2016), 435ś452.
[5] Yongrui Chen, Shuai Wang, Zhijun Li, and Tian He. 2020. Reliable physical-layer cross-technology communication with emulation error

correction. IEEE/ACM Transactions on Networking 28, 2 (2020), 612ś624.
[6] Wan Du, Jansen Christian Liando, Huanle Zhang, and Mo Li. 2016. Pando: Fountain-enabled fast data dissemination with constructive

interference. IEEE/ACM Transactions on Networking 25, 2 (2016), 820ś833.
[7] Adam Dunkels. 2011. The contikimac radio duty cycling protocol. (2011).
[8] Prabal Dutta, Stephen Dawson-Haggerty, Yin Chen, Chieh-Jan Mike Liang, and Andreas Terzis. 2012. A-MAC: A versatile and eicient

receiver-initiated link layer for low-power wireless. ACM Transactions on Sensor Networks (TOSN) 8, 4 (2012), 1ś29.
[9] Federico Ferrari, Marco Zimmerling, Lothar Thiele, and Olga Saukh. 2011. Eicient network looding and time synchronization with

glossy. In Proceedings of the 10th ACM/IEEE International Conference on Information Processing in Sensor Networks. IEEE, 73ś84.
[10] Omprakash Gnawali, Rodrigo Fonseca, Kyle Jamieson, David Moss, and Philip Levis. 2009. Collection tree protocol. In Proceedings of the

7th ACM conference on embedded networked sensor systems. 1ś14.
[11] T. Instruments. 2007. CC2420 data sheet, [online] https://www.ti.com/lit/ds/symlink/cc2420.pdf. (2007).
[12] Kamal Jain, Jitendra Padhye, Venkata N Padmanabhan, and Lili Qiu. 2005. Impact of interference on multi-hop wireless network

performance. Wireless networks 11, 4 (2005), 471ś487.
[13] Changhee Joo, Xiaojun Lin, Jiho Ryu, and Ness B Shrof. 2015. Distributed greedy approximation to maximum weighted independent

set for scheduling with fading channels. IEEE/ACM Transactions on Networking 24, 3 (2015), 1476ś1488.
[14] Anand Kashyap, Samrat Ganguly, and Samir R Das. 2007. A measurement-based approach to modeling link capacity in 802.11-based

wireless networks. In Proceedings of the 13th annual ACM international conference on Mobile computing and networking. 242ś253.
[15] Olaf Landsiedel, Euhanna Ghadimi, Simon Duquennoy, and Mikael Johansson. 2012. Low power, low delay: opportunistic routing meets

duty cycling. In 2012 ACM/IEEE 11th International Conference on Information Processing in Sensor Networks (IPSN). IEEE, 185ś196.
[16] Zonghui Li, Hai Wan, Zaiyu Pang, Qiubo Chen, Yangdong Deng, Xibin Zhao, Yue Gao, Xiaoyu Song, and Ming Gu. 2019. An enhanced

reconiguration for deterministic transmission in time-triggered networks. IEEE/ACM Transactions on Networking 27, 3 (2019), 1124ś1137.
[17] Daibo Liu, Zhichao Cao, Yuan He, Xiaoyu Ji, Mengshu Hou, and Hongbo Jiang. 2019. Exploiting concurrency for opportunistic forwarding

in duty-cycled IoT networks. ACM Transactions on Sensor Networks (TOSN) 15, 3 (2019), 1ś33.
[18] Xi Liu, Anmol Sheth, Michael Kaminsky, Konstantina Papagiannaki, Srinivasan Seshan, and Peter Steenkiste. 2009. DIRC: Increasing

indoor wireless capacity using directional antennas. In Proceedings of the ACM SIGCOMM 2009 conference on Data communication.
171ś182.

[19] Premesh S Lowe, Timo Scholehwar, Jimmy Yau, Jamil Kanfoud, Tat-Hean Gan, and Cem Selcuk. 2017. Flexible shear mode transducer
for structural health monitoring using ultrasonic guided waves. IEEE Transactions on Industrial Informatics 14, 7 (2017), 2984ś2993.

[20] Jiakang Lu and Kamin Whitehouse. 2009. Flash looding: Exploiting the capture efect for rapid looding in wireless sensor networks. IEEE.
[21] Xiaoyuan Ma, Peilin Zhang, Ye Liu, Carlo Alberto Boano, Hyung-Sin Kim, Jianming Wei, and Jun Huang. 2020. Harmony: Saving

concurrent transmissions from Harsh RF interference. In IEEE INFOCOM 2020-IEEE Conference on Computer Communications. IEEE,
1024ś1033.

[22] Xufei Mao, Xin Miao, Yuan He, Xiang-Yang Li, and Yunhao Liu. 2012. CitySee: Urban CO 2 monitoring with sensors. In 2012 Proceedings

IEEE INFOCOM. IEEE, 1611ś1619.
[23] David Moss and Philip Levis. 2008. BoX-MACs: Exploiting physical and link layer boundaries in low-power networking. Computer

Systems Laboratory Stanford University 64, 66 (2008), 120.
[24] T. Eirich et. al. N. Sornin, M. Luis. 2015. LoRa Speciication 1.0. (2015).
[25] K Pearson. 1895. Notes on Regression and Inheritance in the Case of Two Parents Proceedings of the Royal Society of London, 58,

240-242. (1895).

ACM Trans. Sensor Netw.



24 • Daibo Liu, Zhichao Cao, Hongbo Jiang, Siwang Zhou, Zhu Xiao, and Fanzi Zeng

[26] Joseph Polastre, Jason Hill, and David Culler. 2004a. Versatile low power media access for wireless sensor networks. In Proceedings of

the 2nd international conference on Embedded networked sensor systems. 95ś107.
[27] Joseph Polastre, Jason Hill, and David Culler. 2004b. Versatile low power media access for wireless sensor networks. In Proceedings of

the 2nd international conference on Embedded networked sensor systems. 95ś107.
[28] Lili Qiu, Yin Zhang, Feng Wang, Mi Kyung Han, and Ratul Mahajan. 2007. A general model of wireless interference. In Proceedings of the

13th annual ACM international conference on Mobile computing and networking. 171ś182.
[29] Hannes Raddatz, Arne Wall, and Dirk Timmermann. 2018. SafeBase: A Security Framework for Smart Home Systems Based on Smart

Metering Infrastructure.. In EWSN. 276ś277.
[30] Charles Reis, Ratul Mahajan, Maya Rodrig, David Wetherall, and John Zahorjan. 2006. Measurement-based models of delivery and

interference in static wireless networks. ACM SIGCOMM Computer Communication Review 36, 4 (2006), 51ś62.
[31] Injong Rhee, Ajit Warrier, Jeongki Min, and Lisong Xu. 2009. DRAND: Distributed randomized TDMA scheduling for wireless ad hoc

networks. IEEE Transactions on Mobile Computing 8, 10 (2009), 1384ś1396.
[32] Lawrence G Roberts. 1975. ALOHA packet system with and without slots and capture. ACM SIGCOMM Computer Communication

Review 5, 2 (1975), 28ś42.
[33] Mohammad Rostami, Jeremy Gummeson, Ali Kiaghadi, and Deepak Ganesan. 2018. Polymorphic radios: A new design paradigm

for ultra-low power communication. In Proceedings of the 2018 Conference of the ACM Special Interest Group on Data Communication.
446ś460.

[34] Mo Sha, Guoliang Xing, Gang Zhou, Shucheng Liu, and Xiaorui Wang. 2009. C-mac: Model-driven concurrent medium access control
for wireless sensor networks. In IEEE INFOCOM 2009. IEEE, 1845ś1853.

[35] IEEE Computer Society. 2003. IEEE Standard 802.15.4. (2003). https://standards.ieee.org/indstds/standard/802.15.4-2015.html. (2003).
[36] IEEE Computer Society. 2005. IEEE Standard 802.15.1. (2005). https://standards.ieee.org/indstds/standard/802.15.1-2005.html. (2005).
[37] Dongjin Son, Bhaskar Krishnamachari, and John Heidemann. 2006. Experimental study of concurrent transmission in wireless sensor

networks. In Proceedings of the 4th international conference on Embedded networked sensor systems. 237ś250.
[38] Mythili Vutukuru, Kyle Jamieson, and Hari Balakrishnan. 2008. Harnessing exposed terminals in wireless networks. USENIX Association.
[39] Xiaolong Zheng, Zhichao Cao, Jiliang Wang, Yuan He, and Yunhao Liu. 2017. Interference resilient duty cycling for sensor networks

under co-existing environments. IEEE Transactions on Communications 65, 7 (2017), 2971ś2984.
[40] Siwang Zhou, Yi Lian, Daibo Liu, Hongbo Jiang, Yonghe Liu, and Keqin Li. 2022. Compressive Sensing Based Distributed Data Storage

for Mobile Crowdsensing. ACM Transactions on Sensor Networks (TOSN) 18, 2 (2022), 1ś21.
[41] Xia Zhou, Zengbin Zhang, Gang Wang, Xiaoxiao Yu, Ben Y Zhao, and Haitao Zheng. 2013. Practical conlict graphs for dynamic

spectrum distribution. In Proceedings of the ACM SIGMETRICS/international conference on Measurement and modeling of computer systems.
5ś16.

ACM Trans. Sensor Netw.

https://standards.ieee.org/findstds/standard/ 802.15.4-2015.html
https://standards.ieee.org/findstds/standard/ 802.15.1-2005.html

	Abstract
	1 Introduction
	2 Background and Motivation
	3  CLPL Overview
	4 Concurrent Transmission Scheme
	4.1 Frame Transmission Schedule
	4.2 Media Access Mechanism
	4.3 Energy Optimization at Receiver

	5 Wake-up Frame Generator
	5.1 Online PRR-SINR Model
	5.2 Determination of Wake-up Frame Output Power

	6 Wake-up Frame Identification
	6.1 Features of Wake-up Frames
	6.2 Identification Procedure

	7 Evaluation Results
	7.1 Experimental Testbed and Performance Indicator
	7.2 Performance of Online PRR-SINR Model
	7.3 Network Capacity
	7.4 Performance of Data Collection Networks

	8 Related Works
	9 Disscussions
	10 Conclusion
	Acknowledgments
	References

