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ABSTRACT
In this paper, we tackle the challenge of rapidly disseminat-
ing rare events through a multi-hop network, while achieving
unprecedented energy-efficiency. Contrary to state-of-the-
art approaches, we circumvent the undesirable trade-offs as-
sociated with low-power duty-cycled protocols and backscat-
ter technologies, and demonstrate a paradigm shift in low-
power protocol design. We present Zippy, an on-demand
flooding technique that provides robust asynchronous net-
work wake-up, fine-grained per-hop synchronization and effi-
cient data dissemination by leveraging low-complexity trans-
mitter and receiver hardware. We are the first to demon-
strate the on-demand flooding of rare events through a multi-
hop network with end-to-end latencies of tens of millisec-
onds, while dissipating less than 10 microwatts during pe-
riods of inactivity. We present a prototype implementation
of our proposed approach using a wireless sensor platform
constructed from commercially available components. We
extensively evaluate Zippy’s performance in a laboratory
setting and in an indoor testbed.

Categories and Subject Descriptors
C.2.1 [Computer-Communication Networks]: Network
Architecture and Design—wireless communication

General Terms
Design, Experimentation, Performance

Keywords
Asynchronous rendezvous; on-demand; network flooding; time
synchronization; wake-up radio; wake-up receiver; on-off key-
ing; wireless sensor networks; cyber-physical systems

1. INTRODUCTION
Motivation. The past decade of wireless sensor network
research has produced a plethora of robust and energy effi-
cient protocols for disseminating periodic events through a
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network of resource-constrained motes arranged in a multi-
hop topology. However, there are many real-world applica-
tions, such as industrial automation [13], structural health
monitoring [19], medical alert systems [35], surveillance sys-
tems [43], and environmental monitoring [12], where events
are not periodic, but occur only on rare occasions. Un-
der this premise, state-of-the-art duty-cycled protocols are
faced with an undesirable design trade-off between mote life-
time and end-to-end latency, and state-of-the-art backscat-
ter technologies are limited by either the availability of in-
frastructure or low communication range. In this paper, we
demonstrate a paradigm shift in low-power protocol design,
where the aforementioned trade-offs are circumvented, thus
enabling the rapid dissemination of rare events through a
multi-hop network with unprecedented energy-efficiency.
Challenge. The key challenge is the dissemination of a
rare event through a multi-hop network that is both rapid,
i.e., with low end-to-end latency, and energy efficient, i.e.,
maximizes mote lifetime.

In order to exemplify the design trade-offs encountered
when applying state-of-the-art techniques, we consider a con-
crete application scenario, whereby resource-constrained wire-
less gas sensors must rapidly alert a sink if the measured gas
concentration exceeds a safe level. One approach is to apply
a synchronous protocol, such as Glossy [8], to rapidly flood
the event through the network to a sink. However, since
the periodicity of the radio activity is directly linked to the
end-to-end latency of the event, all motes in the multi-hop
network must expend significant energy in order to achieve
a low reporting latency of the event.

An alternative is to employ a Low-Power Listening [34]
or Low-Power Probing [27] protocol. However, as demon-
strated in [7], these duty-cycled protocols and their variants
suffer the same undesirable design trade-off. That is, the
need for low end-to-end latency increases the radio activity
at each mote in the network, thereby reducing mote lifetime.

Yet another alternative is to employ backscatter technol-
ogy where a dedicated [44] or ambient [24] high-power infras-
tructure provides motes with a medium for communication.
However, such techniques are limited in their support for
multi-hop connectivity as either the high-power infrastruc-
ture must be generated, ambient infrastructure may not al-
ways be available, or the achievable per-hop communication
range is insufficient.
Proposed Approach. We present Zippy, a novel flood-
ing technique that circumvents the aforementioned design
trade-offs by leveraging low-complexity transmitter and re-
ceiver hardware. We exploit the ultra-low power dissipation



and unique timing properties of low-complexity radio hard-
ware to perform on-demand flooding of rare events featuring
end-to-end latencies on the order of milliseconds, while dis-
sipating less than 10 microwatts during periods of inactivity.
This level of energy efficiency makes it possible to support
rare event dissemination for multiple years with low-capacity
coin cell batteries.

Zippy combines four extensible components, which facil-
itate its adoption to a wide range of application domains.
First, a robust asynchronous network wake-up ensures that
all motes in the multi-hop network are awoken from a deep
sleep state. Second, a novel neighborhood synchronization
component achieves an average per-hop synchronization as
low as 34µs. Third, an efficient bit-level data propagation
component supports the dissemination of event packets with
near constant end-to-end latency. Finally, a carrier fre-
quency randomization component ensures that the destruc-
tive interference associated with concurrent transmissions
are mitigated during a Zippy flood.
Contributions. In this paper, we make the following con-
tributions:
• We present a robust scheme for performing on-demand

wake-up of a multi-hop network using low-complexity ra-
dio hardware.
• We introduce a novel technique for per-hop synchroniza-

tion and flooding of an event packet through a multi-hop
network.
• We introduce the design of an ultra-low power wireless

sensor platform supporting Zippy, while dissipating less
than 10 microwatts during periods of inactivity.
• We detail a prototype implementation of Zippy, and ex-

tensively evaluate its performance both with controlled
laboratory experiments and within an indoor testbed.

The paper is structured as follows: Sec. 2 presents on-
demand rendezvous using low-complexity radio hardware.
Sec. 3 presents an overview of Zippy, followed by a detailed
design and analysis of its operation in Sec. 4. A prototype
implementation of Zippy and its extensive evaluation is pro-
vided in Sec. 5. Finally, we conclude with a discussion of
related work in Sec. 6, and a summary of conclusions in
Sec. 7.

2. ASYNCHRONOUS RENDEZVOUS
Zippy exploits an asynchronous rendezvous mechanism to

facilitate on-demand network flooding. In this section, we
study how a mote can achieve on-demand rendezvous with
its one-hop neighbors using low-complexity radio hardware.

2.1 Background
One of the fundamental challenges of low-power wireless

communication is how to support energy-efficient packet ex-
change between single-hop neighbors, while minimizing the
energy consumed due to idle listening. Given two arbitrary
wireless motes within range, packet exchange is only facili-
tated when both motes have their radios turned on at the
same time, which is termed a rendezvous [23]. If a mote
does not know when its neighbor wants to send a packet, it
must expend energy by powering its wireless receiver in an-
ticipation of packet exchange. This behavior is termed idle
listening [5], and is a significant source of energy waste due
to the high power dissipation of commonly used receivers.

Wireless sensor network research has primarily addressed
the problem of idle listening in the time domain [39]. That

is, by duty cycling the radio at the appropriate time, ren-
dezvous between one-hop neighbors is supported, while also
reducing the mote’s average energy consumption. However,
under such duty-cycled schemes, there exists a fundamen-
tal trade-off between energy efficiency and how often the
motes rendezvous. Either the radio duty-cycle is increased
to achieve a high rendezvous rate at the cost of higher energy
consumption, or the radio duty-cycle is decreased to reduce
energy consumption at the cost of a low rendezvous rate.
In the case where on-demand rendezvous is desired, e.g., to
rapidly exchange a rare event, a design decision must be
made between the energy efficiency of the mote, and the
latency for the packet exchange.

An alternative approach is to address the problem of idle
listening in the power domain. Instead of duty cycling the
radio hardware, the power dissipation of the radio is such
that it becomes feasible to have it always turned on. There
are two variants of this approach, based on the dependency
on infrastructure, or not.

Backscatter technologies are an infrastructure-based ap-
proach, where a high-power signal source, i.e., either dedi-
cated in the case of RFID tags [44] or ambient in the case
of ambient backscatter [24], provides a medium in which
passive RFID tags or backscatter-enabled devices can com-
municate by reflecting the incident signal. Whilst there
has been significant advancements of this novel communica-
tion scheme [30], the infrastructure for dedicated backscatter
consumes significant energy resources, while realistic signal
powers of ambient sources, e.g., from TV transmissions, are
likely to constrain indoor non-line-of-sight communication
links to only a few meters.

In this paper, we turn our attention to an infrastructure-
less power domain solution to idle listening. Specifically, we
use low-complexity receivers to decode transmissions from
low-complexity transmitters. In contrast to backscatter tech-
nologies, the receiver is an always-on active circuit specifi-
cally designed for ultra-low power operation, while the trans-
mitter is only used when there is data to transmit.

This particular approach has been proposed in the litera-
ture [14] more than a decade ago, with the low-complexity
receivers referred to as wake-up radios or wake-up receivers.
However, recent advances in ultra-low power electronics and
the commercial availability of components have made it fea-
sible to achieve always-on idle listening while dissipating on
the order of a few microwatts. This is in stark contrast to
the order of tens of milliwatts dissipated by commodity radio
hardware typically integrated into wireless sensor platforms.

We next present how such ultra-low power receiver struc-
tures are realized in practice.

2.2 Asynchronous Mote Architecture
The key to achieving ultra-low power on-demand ren-

dezvous lies in the complexity of the radio hardware and
the modulation scheme. Embracing low-complexity digital
modulation schemes, such as On-Off Keying (OOK), drasti-
cally simplifies the receiver and transmitter circuitry, i.e., by
reducing the number and specificity of components, which
leads to a significant reduction in power dissipation. In par-
ticular, ultra-low power receiver designs, i.e., exhibiting sub-
microwatt power dissipation, have been demonstrated in the
literature for the acoustic [41], radio frequency [33], and op-
tical [18] spectra.



Participant B1

Participant CParticipant B2

Participant B6

.

.

.

Initiator A

Participant B1

Participant B2

Participant B6

.

.

.

Participant C

1

2

3

A

B1 B2 B6

C

. . .

OOK 
Receiver

OOK 
Transmitter

MCU
OOK 

Receiver

OOK 
Transmitter

MCU

B1 B2 B6

C

. . .

A

B

C

Initiator

Participant

Participant

TX

D

RXTX

TX

TX

RX

RX

RX

RX

TX

TX

RX

RX

RX RX

RX RX RX

RX

TX

RX

RX

RX

RX

TX

TX

RX

TX TX

TX

Participant

(a) (b) (c)

OOK Receiver Active @ ~10µW OOK Transmitter Active @ ~30mW

TX

Wake-up 
Preamble

S
Y
N
C

S
Y
N
C

Initiator

Participant
Wake-up 
Preamble

Tb

TDATATWAKE

Tsw1

DATA

time

time

Tpreamble

Tsync

Tsw2

Tx

(k+1)Tx

T0,1

Variable 
AttenuatorOOK 

Receiver

OOK 
Transmitter

MCU

OOK 
Transmitter

OOK 
Receiver

MCU

Logic Analyzer

Wake-up 
Preamble

S
Y
N
CA

B

C

Initiator

Participant

Participant

DATA

Wake-up 
Preamble

Wake-up 
Preamble

S
Y
N
C

S
Y
N
C

S
Y
N
C

Asynchronous Network Wake-up
Neighborhood Synchronization

OOK Receiver Active @ ~10µW OOK Transmitter Active @ ~30mW

OFF OFF . . .TX TX . . .

RX RX . . .. . . . . .

RX RX . . .. . . RX RX . . .

1-bit 0-bit

RX

. . .

Data Propagation

TX

DATA

Initiator

Participant T0,1

DATA

TX

Tb

TX

RX TX

Participant T1,2

DATA

RX RX

RX RX

RX RX

.  .  . TX TX

1-bit 0-bit 1-bit

RX TX

RX RX

λTb

Microcontroller
MSP430FR5969

Wake-up
Receiver

AS3930

OOK Transmitter
TI CC110L

Passive OOK 
Demodulator

OOK Receiver
DATA

50Ω

SPI

GPIO

SPI

GPIO

AGC
Envelope 
Detector

AS3930 125kHz ASK Receiver Passive Envelope Detector

DATA

OOK Receiver

Z0Data 
Slicer

Frequency 
Detector

Address 
Correlator

(disabled)

1 01 1 0 1 10

q

Tb
bT

Figure 1: Proposed mote architecture with a micro-
controller (MCU), OOK transmitter, and always-on
ultra-low power OOK receiver.
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Figure 2: Example OOK signal at the input to the
receiver and its corresponding demodulated output.

In this paper, we focus on low-complexity radio hard-
ware for the ISM radio frequency band using the OOK dig-
ital modulation scheme. Fig. 1 illustrates the mote archi-
tecture assumed throughout this paper, where each mote
consists of a microcontroller (MCU) provisioned with an
OOK transmitter and an always-on OOK receiver. An RF
switch controlled by the MCU selects the RF path from
the antenna to either the input of the receiver, or the out-
put of the transmitter. The OOK transmitter is designed
such that its power dissipation is less than that of typi-
cal transceivers used for higher-complexity digital modula-
tions, e.g., the MAX7044 features a current drain of 14 mA
compared to the CC430 which drains 29 mA with identical
output transmission power. The OOK receiver is designed
such that its power dissipation is on the order of microwatts,
i.e., several orders of magnitude below typical transceivers,
thereby allowing always-on operation.

On-Off Keying is attributed as being the simplest of digi-
tal modulation schemes, where a 1 bit is represented by the
presence of a carrier frequency over a bit period Tb, while
a 0 bit is represented by the absence of a carrier frequency
over a bit period Tb. Fig. 2 illustrates an example OOK-
modulated bit sequence, both in its analog representation
observed at the antenna of the OOK receiver, and its digital
representation after decoding. The OOK receiver provides
a single digital output, a DATA line, which is interfaced di-
rectly to the attached MCU for processing, which will be
discussed next.

As illustrated in Fig. 2, the OOK receiver manipulates the
digital level of the DATA line according to the envelope of
the received OOK signal. Since the mote’s MCU observes
the state of the DATA line, it can perform two important
functions, namely, (i) facilitate asynchronous rendezvous by
the detection of the first rising edge of the DATA line, and
(ii) decode an OOK modulated bit sequence by sampling
the state of the DATA line within each bit period Tb. As
discussed in Sec. 3, these two functions provided by the OOK
receiver are pivotal to the operation of Zippy.

Despite the superior power-efficiency of low-complexity
OOK receivers, they exhibit well-known practical limita-
tions, as surveyed in [6]. We systematically evaluate the
two most important limitations in Sec. 5.

We next describe how asynchronous rendezvous using low-
complexity radio hardware is applied to a multi-hop net-
work, while supporting tight per-hop time synchronization
and energy efficient bit-level data dissemination.
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Figure 3: Overview of Zippy in an example 2-hop
network, where the initiator mote has a rare event
to disseminate through the multi-hop network.

3. OVERVIEW OF ZIPPY
In this section, we present an overview of Zippy, the first

protocol to demonstrate the feasibility of on-demand multi-
hop flooding using low-complexity radio hardware. Fig. 3 ex-
emplifies the operation of Zippy, where an initiator, mote A,
disseminates a rare event through a 2-hop network consist-
ing of participant motes B and C. We next briefly describe
the function of Zippy’s four extensible components.
Asynchronous Network Wake-up. The initiator com-
mences a Zippy flood by transmitting a preamble, i.e., a
sequence of 1 bits, using its low-complexity OOK transmit-
ter. Since the OOK receiver at mote B is always on, the
reception of the preamble will assert the receiver’s DATA
line, awaking its MCU from deep sleep. Mote B will then
proceed to transmit a preamble so to wake-up its neighbor,
mote C. The relaying of the preamble continues until all
motes in the network are awake, and as a consequence, all
motes achieve coarse-grained time synchronization, i.e., on
the order of milliseconds, to their nearest one-hop neighbors.
Neighborhood Synchronization. Shortly after the com-
pletion of the preamble transmission, the initiator transmits
a single OOK 1 bit, termed the synchronization bit. Once
the receiver of mote B detects the beginning of this bit,
i.e., by the rising edge of the receiver’s DATA line, the mote
immediately transmits a synchronization bit. The same pro-
cess occurs at mote C. The time delay between the beginning
of the synchronization bit transmission, and the instant it
is detected at the MCU provides fine-grained per-hop time
synchronization, i.e., on the order of tens of microseconds.
Data Propagation. All motes now leverage the per-hop
time synchronization in order to propagate a packet through
the network with bit-level granularity. The packet is en-
coded using a repetition code, with the length of the code
equal to the maximum hop count of the network. In the
considered example, each bit of the packet is represented
by two sub-bits, i.e., a 1 is transmitted as 11 and a 0 is
transmitted as 00. The initiator transmits all packet sub-
bits, while each participant uses its OOK receiver to decode
each sub-bit in sequence. If a sub-bit is decoded as a 1, the
participant switches to its OOK transmitter and transmits
any remaining 1 sub-bits, thereby propagating each bit to
its neighbors.



Carrier Frequency Randomization. It is evident that
transmissions during a Zippy flood will overlap. As shown
in [40], the packet reception rate reduces as the number of
concurrent transmissions increases. Furthermore, since we
use low-complexity OOK receivers, we are not able to lever-
age the capture effect [20], which is associated with high-
complexity receivers. Although it is shown in [2] that OOK
receivers may be designed to exhibit the capture effect, the
additional hardware increases the total power dissipation of
the receiver, potentially negating the benefits of using it for
asynchronous rendezvous. Therefore, during the execution
of all aforementioned components of Zippy, we mitigate the
impact of overlapping OOK transmissions by randomizing
the carrier frequency used to represent OOK 1 bits.

While the mote architecture assumed throughout this pa-
per targets the ultra-low power and low-complexity bound-
aries of the radio sub-system design space, we do not restrict
the adoption of Zippy’s four extensible components into ex-
isting motes and/or protocols. On the contrary, the fun-
damental components of Zippy may be combined to create
innovative mote architectures and/or energy efficient exten-
sions to established protocols. For example, asynchronous
network wake-up and carrier frequency randomization pro-
vide a widely applicable and robust multi-hop wake-up ser-
vice, while a state-of-the-art flooding protocol may bene-
fit from the integration of asynchronous network wake-up,
neighborhood synchronization and carrier frequency random-
ization components in order to reduce the energy footprint
of disseminating rare events.

4. DESIGN AND ANALYSIS
We next present the design and analysis of Zippy’s four

extensible components. Where applicable, we characterize
certain properties of the OOK receiver so to aid in the design
and analysis of each component.

4.1 Asynchronous Network Wake-up
A precondition for communicating with all motes in a net-

work is to ensure they are all turned on and listening, i.e.,
the mote’s MCU is active with a radio interface configured
in receive mode. With the assistance of an always-on low-
complexity OOK receiver integrated in each mote, the action
of remotely waking-up a mote is achieved by the transmis-
sion of a preamble, i.e., a fixed-length sequence of 1 bits. As
introduced in Sec. 2, the always-on ultra-low power OOK
receiver will detect the beginning of the preamble, activate
its DATA line, and bring the attached MCU out of deep
sleep using appropriate interrupt processing.

It follows that the fastest way to facilitate mote wake-up
throughout an entire multi-hop network is to simply relay
the preamble along each hop. That is, as soon as the DATA
line is asserted by the OOK receiver, the attached MCU
awakes from deep sleep, and proceeds to transmit the pream-
ble. The duration of the preamble Tpreamble must therefore
be longer than the time taken for the OOK receiver to de-
tect the preamble and assert its DATA line. Fig. 4 illustrates
the detailed timing relations between initiator and partici-
pant motes. In order to determine a suitable duration of
the preamble, we must measure the delay TWAKE from the
beginning of the initiator’s preamble transmission until the
rising edge of the participant’s DATA line. This timing char-
acteristic is dependent on two factors: the OOK receiver
hardware and the RF propagation effects. We next analyze
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Figure 4: Timing diagram for Zippy’s asynchronous
network wake-up and neighborhood synchroniza-
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Figure 5: Experimental setup for the timing anal-
ysis of the OOK receiver’s DATA line using a logic
analyzer.

the timing properties of the OOK receiver used throughout
this paper under ideal RF conditions in order to give a lower
bound on the preamble length.

Using the experimental setup illustrated in Fig. 5, we mea-
sure the time taken for the receiver to assert its DATA line,
TWAKE , across the operating range of the receiver as con-
trolled by a variable attenuator. A logic analyzer is used to
measure the time between the start of the preamble trans-
mission at the initiator’s MCU, and the rising edge of the
DATA line at the participant’s OOK receiver. Fig. 6 plots
the distribution of TWAKE as the channel attenuation is var-
ied such that the input signal power to the OOK receiver is
between −31 dBm and −51 dBm.

The results indicate a very stable time distribution for
TWAKE across the operational range of the receiver. This is
primarily due to the Automatic Gain Control (AGC) stage
integrated in the OOK receiver detailed in Sec. 5.1. The
AGC continuously adjusts a variable-gain amplifier to en-
sure that low input signals are able to be successfully de-
coded. Based on these experimental results, the preamble
must be at least as long as the maximum observed TWAKE ,
i.e., Tpreamble > 370µs.

Once the DATA line is asserted at a participant’s MCU,
the transmission of a preamble commences. The time taken
to start the data radio transmission, Tsw1, is determined
by the start-up time of the transmitter, and the software
execution time needed to configure the hardware and ap-
propriately fill the transmit buffer. This software delay can
be made approximately constant, e.g., the implementation
detailed in Sec. 5.1 exhibits a Tsw1 of approximately 350µs.

At the end of the asynchronous network wake-up, the
MCU of each wireless mote is awake, and has coarse-grained
time synchronization to their nearest neighbor. Specifically,
the per-hop synchronization, Tsync, is given by (1), where
Tprop is the propagation delay of the carrier signal.

Tsync ≥ TWAKE + Tsw1 + Tprop (1)
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Figure 6: Delay to trigger the rising edge of the
DATA line with respect to the receiver’s input signal
level.
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Figure 7: Delay to assert the DATA line in response
to a neighbor’s transmission of a 1 bit.

Based on the aforementioned characterization of the OOK
receiver, the per-hop synchronization will be on the order
of a millisecond. We next investigate how the per-hop time
synchronization can be improved by further leveraging the
timing properties of the low-complexity OOK receiver.

4.2 Neighborhood Synchronization
Since per-hop time synchronization is a prerequisite for

rapid data dissemination through a multi-hop network, we
aim to improve the per-hop time synchronization achieved
by the asynchronous network wake-up. We take advantage
of the fact that low-complexity OOK receivers decode on a
bit-level, as opposed to a byte-wise or packet-wise reception
offered by high-complexity receivers, e.g., 802.15.4 compat-
ible receivers. As introduced in Sec. 2, the OOK receiver
provides a digital DATA line that represents the envelope of
a received OOK signal. We now leverage the time it takes for
the DATA line to assert, TDATA, given that a neighboring
mote has transmitted a 1 bit, in order to tightly synchro-
nize motes to their neighbors. As indicated in Fig. 4, the
delay TDATA is expected to be smaller than TWAKE since
the receiver’s AGC has settled to a steady state after the
reception of the preamble.

Using the experimental setup illustrated in Fig. 5, we mea-
sure the time between the beginning of a 1 bit transmission
from the initiator, until the rising edge of the participants
DATA line using a logic analyzer. The time separating the
preamble and the 1 bit transmissions is chosen to be longer
than the receiver’s AGC settling time. Fig. 7 illustrates the
box plot of the delay TDATA, as the OOK receiver’s input
signal level varies between −31 dBm and −51 dBm. We ob-
serve a statistically stable delay with an average of approxi-
mately 13µs for low and medium signal strengths. The aver-
age increases by a factor of three as the input signal power
approaches the receiver’s sensitivity level of −52 dBm, as
evaluated in Sec. 5.1.1.

We leverage this advantageous timing property of the OOK
receiver to achieve per-hop synchronization on the order of
tens of microseconds. As illustrated in Fig. 4, once the asyn-

chronous network wake-up is complete, the initiator trans-
mits a synchronization bit, i.e., a single 1 bit of duration
Tb, using its OOK transmitter. The participant’s OOK re-
ceiver will detect this bit, and assert its DATA line after an
elapsed time of TDATA. The participant’s MCU then begins
to transmit a synchronization bit using its OOK transmit-
ter. The time to switch on the OOK transmitter, Tsw2, is
a combination of hardware and software delays which are
considered constant.

The relaying of the synchronization bit continues through-
out the multi-hop network. In an ideal RF propagation envi-
ronment, the time between the start of the synchronization
bit transmission at hop i, and the start of the synchroniza-
tion bit transmission at hop i+ 1 is at least Ti,i+1 seconds,
as given by (2). The constant Tprop represents the carrier
signal propagation time, which is considered negligible.

Ti,i+1 ≥ Tdata + Tsw2 + Tprop (2)

The aforementioned neighborhood synchronization scheme
has two caveats that necessitate further discussion. Firstly,
once a participant has completed its carrier burst transmis-
sion, it must wait a minimum of Tx seconds before turning
on its receiver in preparation for the relaying of the synchro-
nization bit. If the receiver is turned on too early, the DATA
line will activate in response to a neighbors preamble trans-
mission, causing erroneous synchronization. Therefore, each
participant must wait at least Tx = max(TWAKE) + Tsw1

seconds before reacting to the rising edge of its receiver’s
DATA line.

Secondly, the initiator must ensure that the synchroniza-
tion bit is not transmitted before all motes within the multi-
hop network have completed their preamble transmissions.
Therefore, the initiator must know in advance the maxi-
mum number of hops the flood must propagate through.
This poses no real practical limitation, as the maximum ex-
pected hop count can be estimated at the deployment time
of the network. It follows that given a multi-hop network
of k hops, the initiator must wait at least (k+ 1)Tx seconds
before transmitting the synchronization bit.

We show experimentally in Sec. 5 that a mean per-hop
synchronization as low as 34µs is achievable in a 2-hop net-
work, while only taking on the order of milliseconds to com-
plete the Zippy flood.

4.3 Data Propagation
We next leverage the per-hop time synchronization in or-

der to rapidly propagate a fixed length packet through a
given multi-hop network. Since the OOK receiver provides
bit-level granularity, we consider the bit-level propagation
of a packet between single-hop participants.

The simplest method to propagate a bit through a multi-
hop network is to transmit the bit as soon as it is received.
This scheme is exemplified in Fig. 8(a), where the initiator
transmits bit b0, participant mote B receives the bit and
transmits it in the next available bit period. This bit-level
relaying continues throughout the multi-hop topology. Un-
der this scheme, the initiator must know in advance the
maximum hop count k of the network in order to determine
when it can transmit the next bit b1.

We therefore impose a structure where each bit consists
of k sub-bits, where k is the maximum hop count of the
network. All participant motes maintain a local counter j,
which is initialized to zero. The counter represents the sub-
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Figure 8: Bit-level propagation schemes using k = 3
sub-bits (a) without, and (b) with repetition.

bit, i.e., between 0 and k− 1, currently decoded by the par-
ticipant. The counter is incremented by the participant at
the end of each symbol boundary according to the following
sequence:

j = (j + 1) mod k ∀j ∈ [0, k − 1] (3)

Once the sub-bit has been decoded, i.e., the DATA line has
been sampled and is deemed as either a 0 or a 1, the par-
ticipant makes a decision on how to propagate the sub-bit
based on the value of the counter j. If a sub-bit is decoded
as a 0, the participant continues to listen for the next sub-
bit. However, if a sub-bit is decoded as a 1, the participant
will transmit a 1 during the next sub-bit if its counter value
satisfies j < k − 1. This behavior is illustrated in Fig. 8(a),
where mote B decodes a 1 during sub-bit j = 0, and there-
fore transmits a 1 in the next sub-bit. Similarly, mote C de-
codes a 1 during sub-bit j = 1, and transmits a 1 in the next
sub-bit. This scheme of bit-level data propagation ensures
that all participants up to the kth hop have an opportunity
to receive each bit transmitted by the initiator.

The reliability of this scheme can be further improved by
(i) incorporating a repetition code for the initiator and al-
lowing participants to transmit during empty sub-bits, and
(ii) performing a majority vote sub-bit decoding at all par-
ticipants. We next detail these two techniques, which are
both incorporated into Zippy.

As illustrated in Fig. 8(b), the initiator of a Zippy flood
employs a k-repetition code, whereby a single bit is trans-
mitted repeated k− 1 times. In order to leverage the trans-
mission of the additional sub-bits from the initiator, each
participant may propagate all remaining 1 sub-bits. That
is, if a participant decodes the jth sub-bit as a 1, the re-
maining k − j − 1 sub-bits are then transmitted as 1 bits.
To exemplify the propagation scheme employed by Zippy,
consider the example illustrated in Fig. 9, where initiator A
transmits the first bit out of three, assuming a maximum
hop count of k = 2. Participant B will receive the first sub-
bit as a 1, and then transmit during the remaining sub-bit,
whereas participant C decodes the first sub-bit as a 0, and
therefore refrains from transmission, and instead decodes
the second sub-bit as a 1. This described scheme gives par-
ticipants residing up to k − 1 hops away from the initiator
more than one chance at successfully decoding each bit.

Majority vote decoding, a scheme originally proposed in
[37], is performed at each participant by sampling the DATA
line of its OOK receiver n times per bit period Tb, where
n is a positive odd integer. The sub-bit is decoded as a
1 if the DATA line was sampled high at least

⌈
n
2

⌉
times,

otherwise, the sub-bit is decoded as 0. Fig. 9 illustrates
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Figure 9: Bit-level propagation employed by Zippy
with n = 3 majority vote sub-bit decoding.

the timing diagram for majority vote sub-bit decoding, with
each sample per sub-bit separated by λTb, where λ = 1

n+1
.

In order for the majority vote sub-bit decoding to function
as intended, the sampling of the DATA line must not extend
past the sub-bit boundary. This is prevented by ensuring
the sub-bit period Tb is long enough, given the maximum
per-hop synchronization delay Ti,i+1 experienced through-
out the multi-hop network. This is analytically described
by selecting the sub-bit period Tb such that the following
inequality holds:

Tb >
Ti,i+1

λ
∀i ∈ [0, k − 1] (4)

It is evident that Zippy’s data propagation is inherently
biased toward 1 bits, since a 0 bit requires all k sub-bits to be
decoded as 0, while a 1 bit requires only one of the k sub-
bits to be decoded as 1. While this asymmetry may lead
to packet corruption due to erroneous 1 bit propagation,
Zippy leverages tight per-hop synchronization for aligning
sub-bit boundaries, and majority sub-bit decoding for im-
proved packet reception as evaluated in Sec. 4.4.

An important property of Zippy’s data propagation scheme
is that the end-to-end latency of a flood at each mote dif-
fers only by the small per-hop synchronization delays Ti,i+1.
Specifically, the minimum end-to-end latency L0,h from the
beginning of the initiator transmission until the participant
at hop count h decodes the Ndata bit packet, is given by:

L0,h ≥ Tpreamble+(k+1)Tx+

h−1∑
i=0

Ti,i+1+(kNdata+1)Tb (5)

We can therefore conclude that the theoretical minimum
end-to-end latency L0,h increases linearly with the maxi-
mum hop count k, and with the number of packet bits Ndata.

4.4 Carrier Frequency Randomization
We have so far only considered the operation of Zippy in

a network of motes arranged in a line topology. We now
extend its design to more realistic wireless networks where
each hop may contain several participating motes.

The main challenge in extending Zippy into a dense net-
work is interference. For example, when two motes simulta-
neously transmit an OOK-modulated 1 bit, the correspond-
ing sinusoidal signals may constructively or destructively in-
terfere at the antenna of the OOK receiver residing at the
next hop. If the interference is constructive, then the re-
ceiver will decode the bit successfully without any adverse
side effects. However, if the interference is destructive, the
received signal level may be too low to be detected.

During a Zippy flood, destructive interference is unde-
sirable as all aforementioned components may be affected.
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Figure 10: Example OOK transmission incorporat-
ing carrier frequency randomization with q = 4.

For example, destructive interference may result in a missed
preamble reception, erroneous per-hop synchronization due
to the late reception of the synchronization bit, or packet
corruption due to erroneous decoding of sub-bits.

One solution to this problem is to avoid the interference
by employing a collision avoidance mechanism, e.g., Clear
Channel Assessment (CCA) with random back-off. How-
ever, there are two severe problems that arise, making such
mechanisms infeasible for Zippy. Firstly, the use of a ran-
dom back-off would induce long delays between the relaying
of each preamble. This will make it impossible to tightly
bound the delay Tx, which is used by the initiator and all
participants to correctly sequence the synchronization bit.
Secondly, the induced delays of relaying the synchroniza-
tion bit will drastically extend the per-hop synchronization
bounds Ti,i+1, leading to an excessively long OOK bit period
Tb in order to satisfy inequality (4) derived in Sec. 4.3.

Therefore, rather than trying to avoid collisions, Zippy
embraces overlapping transmissions, but mitigates their ef-
fects by randomizing the carrier frequency used to gener-
ate OOK 1 sub-bits. Instead of transmitting each OOK 1
sub-bit using a single carrier frequency of duration Tb, each
sub-bit is transmitted using a random sequence of q > 1
carrier frequencies, as depicted in Fig. 10. Since each mote
randomly selects a different set of carrier frequencies per
sub-bit, the probability of destructive interference during
the entire sub-bit reduces.

In particular, each mote selects a carrier frequency f =
fc + β∆, at least q times per sub-bit period Tb, where fc is
the center carrier frequency, β is a discrete random variable
uniformly distributed over a set of integers of size M ≥ 2,
and ∆ is a minimum frequency offset. The parametrization
of q, M , and ∆ are dependent on the hardware of the OOK
receiver, OOK transmitter, and the MCU used to control the
two devices. Based on the developed prototype detailed in
Sec. 5.1, together with extensive practical experiments, we
support carrier frequency randomization with q = 8 random
frequencies per sub-bit, with M = 4 random frequencies
to choose from, centered about fc = 446.8 MHz, with each
having a minimum offset of ∆ = 135.41 kHz.

We next experimentally evaluate the effectiveness of car-
rier frequency randomization based on the aforementioned
parameterization using the cabled setup as illustrated in
Fig. 11(a). Using a 6-way RF power combiner, we com-
bine the simultaneous transmissions of up to six partici-
pants, with the resultant signal cabled to an independent
participant for decoding using its OOK receiver. An ex-
ternal signal generator is used to trigger the transmission
of a randomly generated 32-bit packet from each of the at-
tached participants. All participants share the same random

Participant B1

Participant CParticipant B2

Participant B6

.

.

.

Initiator A

Participant B1

Participant B2

Participant B6

.

.

.

Participant C

1

2

3

A

B1 B2 B6

C

. . .

OOK 
Receiver

OOK 
Transmitter

MCU
OOK 

Receiver

OOK 
Transmitter

MCU

B1 B2 B6

C

. . .

A

B

C

Initiator

Participant

Participant

TX

D

RXTX

TX

TX

RX

RX

RX

RX

TX

TX

RX

RX

RX RX

RX RX RX

RX

TX

RX

RX

RX

RX

TX

TX

RX

TX TX

TX

Participant

(a) (b) (c)

OOK Receiver Active @ ~10µW OOK Transmitter Active @ ~30mW

TX

Wake-up 
Preamble

S
Y
N
C

S
Y
N
C

Initiator

Participant
Wake-up 
Preamble

Tb

TDATATWAKE

Tsw1

DATA

time

time

Tpreamble

Tsync

Tsw2

Tx

(k+1)Tx

T0,1

Variable 
AttenuatorOOK 

Receiver

OOK 
Transmitter

MCU

OOK 
Transmitter

OOK 
Receiver

MCU

Logic Analyzer

Wake-up 
Preamble

S
Y
N
CA

B

C

Initiator

Participant

Participant

DATA

Wake-up 
Preamble

Wake-up 
Preamble

S
Y
N
C

S
Y
N
C

S
Y
N
C

Asynchronous Network Wake-up
Neighborhood Synchronization

OOK Receiver Active @ ~10µW OOK Transmitter Active @ ~30mW

OFF OFF . . .TX TX . . .

RX RX . . .. . . . . .

RX RX . . .. . . RX RX . . .

1-bit 0-bit

RX

. . .

Data Propagation

TX

DATA

Initiator

Participant T0,1

DATA

TX

Tb

TX

RX TX

Participant T1,2

DATA

RX RX

RX RX

RX RX

.  .  . TX TX

1-bit 0-bit 1-bit

RX TX

RX RX

λTb

Microcontroller
MSP430FR5969

Wake-up
Receiver

AS3930

OOK Transmitter
TI CC110L

Passive OOK 
Demodulator

OOK Receiver
DATA

50Ω

SPI

GPIO

SPI

GPIO

AGC
Envelope 
Detector

AS3930 125kHz ASK Receiver Passive Envelope Detector

DATA

OOK Receiver

Z0Data 
Slicer

Frequency 
Detector

Address 
Correlator

(disabled)

1 01 1 0 1 10

q

Tb
bT

(a)

1 2 3 4 5 6
0

50

100

P
R

R
 [

%
]

5 samples per sub-bit

 

Randomized Carrier Frequency 
Constant Carrier Frequency

1 2 3 4 5 6
0

50

100

P
R

R
 [

%
]

3 samples per sub-bit

1 2 3 4 5 6
0

50

100

Number of OOK Transmitters

P
R

R
 [

%
]

1 sample per sub-bit

(b)

Figure 11: (a) Logical and physical experimental
setup, and (b) results of evaluating carrier frequency
randomization and majority vote sub-bit decoding.

seed, ensuring the packet is identical during each simultane-
ous transmission. Each participant randomly selects its own
carrier frequency using a unique seed. An embedded CRC-8
within each packet is used to calculate the packet reception
rate (PRR), with and without carrier frequency randomiza-
tion enabled, and with and without majority vote sub-bit de-
coding. A total of a 1000 packets are generated for each test
configuration. The transmission power of all participants is
fixed at −30 dBm. Shielded SMA cables interconnect all RF
devices so to remove non-deterministic propagation effects.

The results of the experiment are illustrated in Fig. 11(b).
As expected, a 100% PRR is achieved for a single transmit-
ter, irrespective of the carrier frequency and majority decod-
ing configuration. As the number of simultaneous transmit-
ters is increased, the PRR drastically reduces when using a
constant carrier frequency. This effect is slightly mitigated
by increasing the number of samples per sub-bit from 1 to
5. In the case of only two simultaneous transmitters, we ob-
served a slight reduction of PRR when using a randomized
carrier frequency. Since it is a random process, we would ex-
pect the occasional bit error due to destructive interference.
Nevertheless, the PRR remains higher than that achieved
using a constant carrier frequency. In summary, carrier fre-
quency randomization achieves almost 100% PRR with up
to six simultaneous transmitters, thus making it a robust
mechanism for Zippy to operate in dense networks.

5. EXPERIMENTAL EVALUATION
In this section, we present the design of a custom wireless

sensor platform for the evaluation of Zippy. We first present
the platform design, evaluate the sensitivity and false wake-
up rate of its OOK receiver, and measure its total power
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Figure 12: Prototype (a) and block diagram (b) of a
wireless sensor platform supporting Zippy flooding.

dissipation. We then evaluate the performance of Zippy in
a controlled laboratory setting and in an indoor testbed.

5.1 Prototype Wireless Sensor Platform
A prototype wireless sensor platform supporting Zippy

is shown in Fig. 12(a), with its block diagram depicted in
Fig. 12(b). The platform consists of a 16-bit MSP430FR5969
MCU interfaced to a CC110L transceiver, and an ultra-low
power OOK receiver based on the AS3930 receiver. The
antenna of the platform is connected to an ADG904 RF
switch, which is controlled by the MCU. The antenna path
can be fed into the OOK transmitter, the OOK receiver, or
a 50Ω resistor. The components of the platform were se-
lected based on their ultra-low quiescent supply current or
ultra-low current drain during deep sleep mode.
OOK Receiver. The receiver is an adaptation of [11],
where the impedance matching circuitry has been tuned for
the 434 MHz ISM frequency band. The receiver consists of
a passive OOK demodulator coupled with a commercially
available AS3930 ASK receiver. We leveraged the WAKE
line from the AS3930 to indicate the reception of a preamble,
while the DATA line is used for detecting the synchroniza-
tion bit and decoding packets. The OOK receiver supports a
maximum data rate of 8.192 kbps, and features an ultra-low
current drain of 2.7µA measured at 3.0 V.
OOK Transmitter. In order to design a flexible wire-
less sensor platform for future research opportunities, we
incorporated a multi-purpose wireless transceiver instead of
a dedicated OOK transmitter module. Carrier frequency
randomization is supported on the CC110L transceiver by
configuring it for transmission using FSK-4 modulation. An
OOK signal is produced by continuously generating random
FSK-4 symbols, and using the antenna switch to generate
either a 1 or a 0 sub-bit, as required. An OOK 1 sub-bit
is produced by switching the antenna port to the CC110L
transceiver for a period of Tb, while an OOK 0 sub-bit is
produced by switching the antenna port to the 50Ω resistor
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Figure 13: Sensitivity of the OOK receiver as mea-
sured experimentally with a variable attenuator.
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Figure 14: Sporadic false wake-ups observed during
a 24 hour experiment on an indoor testbed.

for a period of Tb. A software-based pseudo-random number
generator [26] is used to randomly select each FSK symbol
from a uniform distribution, thus producing the desired ran-
domization of the carrier frequency.

5.1.1 Receiver Sensitivity
The sensitivity of a wireless receiver is defined as the min-

imum input signal power that supports successful decoding.
While the receiver sensitivity has an influence on the overall
reception range of the receiver, care must be taken not to
infer reception range only from receiver sensitivity, as vari-
ous techniques can be used to improve the RF link budget,
e.g., increasing the power of the transmitted signal and the
use of high-gain antennas.

We measured the sensitivity of the OOK receiver using
the setup described in Sec. 4.1, and illustrated in Fig. 5. By
varying the attenuation between OOK transmitter and re-
ceiver, the sensitivity is determined by the minimum input
signal level upon which the DATA line no longer asserts in
the presence of an OOK 1 sub-bit transmission. As shown
in Fig. 13, the receiver sensitivity of the OOK receiver is
approximately −52 dBm. This sensitivity level is considered
state-of-the-art compared to existing prototypes with a sim-
ilar architectural design [10].

It is important to clarify that despite the apparent low
sensitivity compared to high-complexity receivers, practi-
cal experiments have demonstrated ranges up to 15 meters
non-line-of-sight in an office hallway, and up to 30 meters
line-of-sight in an outdoor sports field. These experiments
were carried out using quarter-wavelength omnidirectional
monopole antennas with a ground plane of 25 cm2, while
being fixed 1.5 m above the ground.

5.1.2 False Wake-up Rate
Due to the low-complexity design of the OOK receiver, it

is susceptible to external interference. In particular, we are
interested in how often a false wake-up occurs, i.e., when the
DATA line asserts without an OOK preamble being trans-
mitted. The receiver used in this work operates using sub-
carrier modulation [29], where a 434 MHz carrier produces
the envelope of a 125 kHz carrier. While this design achieves
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Figure 15: Power profile of initiator and participant
motes during a Zippy flood.

ultra-low power dissipation, it is susceptible to strong noise
sources operating around the 125 kHz frequency, e.g., from
switch-mode power supplies, and devices operating in the
434 MHz ISM band, e.g., other wireless modules.

In order to quantify the false wake-up rate of our proto-
type, we deployed 13 motes into an indoor office environ-
ment, as described in Sec. 5.3. During a period of 24 hours,
we recorded each time a false wake-up occurred. The re-
sults of the experiment are shown in Fig. 14, where a cross
indicates a false wake-up. In summary, four motes did not
exhibit any false wake-ups, while mote 28 experienced the
maximum of 3166 false wake-ups. With the exception of
mote 27, the false wake-ups were predominantly recorded
during office hours. The root cause for all the false wake-
ups are not yet known, however, it is anticipated that RF
shielding and common mode noise rejection circuitry may
reduce some false wake-ups.

5.1.3 Active and Idle Power Dissipation
The power profiles of an initiator and a participant mote

are depicted in Fig. 15, as measured using an Agilent N6705A
DC Power Analyzer. The two platforms were supplied with
3.0 V, while having their on-board low-dropout regulators
bypassed. The power profile begins with both motes in an
idle listening mode, whereby the MCU resides in a deep sleep
mode, i.e., LPM4. During this time, the CC110L transceiver
is in standby mode, the antenna switch is active, and the
OOK receiver is active. The initiator and participant mea-
sured a total idle power dissipation of 9.6µW during periods
of inactivity.

Once the initiator is triggered to begin a Zippy flood (pa-
rameterized with a maximum of k = 2 hops), i.e., at approx-
imately 2 ms into the power profile, the initiator begins to
transmit the preamble, followed by the synchronization bit,
and an 8-bit packet containing the bit sequence 0x55. The
power dissipation during all OOK transmissions is approxi-
mately 70 mW, which concurs with the CC110L datasheet.

5.2 Controlled Multi-hop Experiments
We first evaluate Zippy in controlled laboratory experi-

ments before extending the evaluation to an indoor testbed.
The motivation for controlled experiments is two-fold, firstly,
to provide a baseline timing analysis of the per-hop syn-
chronization achieved by Zippy, and secondly to evaluate
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Figure 16: Logical (left) and physical (right) setup
for the controlled laboratory experiments.
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Figure 17: Packet reception rate and per-hop time
synchronization of the cabled multi-hop network.

the robustness of Zippy in large, dense networks that would
otherwise be infeasible to replicate in a testbed.
Experimental Setup. As illustrated in Fig. 16, a cabled
2-hop network is used to evaluate the timing and robust-
ness of Zippy using a circulator. A circulator is a passive
3-port device that passes an RF signal between ports 1 and
2, but isolates the signal from port 3. Similarly, a signal
may pass between port 2 and 3, but is isolated from port
1. Connecting a 6-port RF combiner at port 2 of the cir-
culator enables the construction of sparse and dense 2-hop
network topologies. A logic analyzer is connected to initia-
tor A, and participants B1 and C for the measurement of
the per-hop time synchronization and evaluation of packet
reception rate.

The initiator A starts the transmission of each Zippy flood
according the the frequency of an external square-wave sig-
nal generator. Each flood consists of a 32-bit packet contain-
ing 24 randomly generated bits and an 8-bit CRC. Zippy
is configured with k = 3 maximum hops, majority decod-
ing with n = 3 samples per bit, and with carrier frequency
randomization as described in Sec. 4.4. The transmission
power of all motes is fixed at −30 dBm. The experiment
begins with a single 1-hop participant, B1, with all other
combiner ports terminated with 50Ω SMA terminators. Af-
ter the transmission of 1000 Zippy floods by initiator A, an
additional 1-hop participant, up to a maximum of six, is
connected to the cabled multi-hop network before restarting
the experiment.
Results. The results of the controlled laboratory exper-
iment are shown in Fig. 17. The robustness of Zippy is
determined by the packet reception rate as measured at par-
ticipant C. As more 1-hop participants are added, it is vital
that the packet reception rate does not decrease. As we can
see from Fig. 17, the packet reception rate remains at ap-
proximately 100% with up to six first-hop participants. This
remarkable behavior is primarily attributed to the use of car-



Table 1: Zippy configuration used throughout all
indoor testbed experiments.

Parameter Description
k = 2 and 3 hops Maximum hop count

D = 1
Tb

= 1.364 kbps OOK receiver data rate

Ndata = 8 and 16 bits Packet length
n = 3 samples per sub-bit Majority vote sub-bit decoding

Tpreamble = 1.4ms Preamble duration
Tx = 1.25ms Participant wait delay
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Figure 18: Indoor testbed deployment map, featur-
ing large (left) and small (right) network topologies.

rier frequency randomization. As discussed in Sec. 4.4, the
use of majority vote decoding slightly increases the packet
reception rate under overlapping transmissions. This exper-
imental result demonstrates an improvement on the packet
reception rate achievable during concurrent OOK transmis-
sions compared to using high-complexity receivers as pre-
sented in [40](Fig. 6), where simulations show that approx-
imately 10% of all packets are corrupt when there is more
than one concurrent transmission.

The per-hop time synchronization is determined by mea-
suring the Ti,i+1 delay, as introduced in Sec. 4.2. The first-
hop synchronization between the initiator A and participant
B1 is given by T0,1, while the second-hop synchronization
between participants B1 and C is given by T1,2. As shown
in Fig. 17, the mean of the first-hop time synchronization
is approximately 31µs, and exhibits a very narrow distribu-
tion, irrespective of the number of additional participants.
This result is not surprising, since the reception of the syn-
chronization bit at B1 is not affected by the reception of
the synchronization bit by all other participants residing at
the same hop. However, the mean of the second-hop time
synchronization is slightly increased to approximately 33µs,
and has a wider distribution due to the colliding synchro-
nization bit transmissions. As the number of 1-hop partic-
ipants increases, the percentiles of the time distribution in-
crease accordingly, however, the mean remains below 35µs.
This demonstrates that, under ideal conditions, Zippy pro-
vides fine-grained per-hop time synchronization, while also
exhibiting robustness in sparse and dense network topologies
due to carrier frequency randomization.

5.3 Testbed Multi-hop Experiments
We next evaluate Zippy’s performance in an indoor testbed.

Experimental Setup. We deployed a total of 13 proto-
type wireless sensor platforms into the FlockLab [21] indoor
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Figure 19: Results from indoor testbed experiments.

testbed, which is configured with fine-grained tracing capa-
bilities [22]. The location of each deployed mote is depicted
in Fig. 18. We configured the motes into two independent
networks, a 2-hop network with a topology having more than
one participant at the first hop, and a 3-hop network offer-
ing substantial spatial coverage. All motes were configured
with carrier frequency randomization, as detailed in Sec. 4.4.
Motes 8 and 6 were configured as the initiators for the small
and large networks, respectively. All experiments were per-
formed with 8- and 16-bit randomly generated packets. As
discussed in Sec. 5.4, support for longer packets with Zippy
is indeed feasible.

The experimental evaluation is based on the following
four metrics: (i) wake-up reception rate (WRR) is the ra-
tio of the number of motes that wake-up compared to the
number of Zippy floods initiated, (ii) packet reception rate
(PRR) is the ratio of the number of correctly received pack-
ets compared to the number of Zippy floods initiated, (iii)
transmission time is the duration each mote had their OOK
transmitter active per Zippy flood, (iv) end-to-end latency
is the elapsed time between the start of the Zippy flood at
the initiator until the end of the flood at each participant,
and (v) per-hop synchronization is the mean time delay be-
tween the motes’ nearest neighbor during all Zippy floods.
We compute all metrics based on 500 Zippy floods using a
static configuration, as listed in Table 1.
Results. The results of the testbed experiments are shown
in Fig. 19, and are summarized as follows:

• We first observe a wake-up reception rate (WRR) of 100%
for all motes deployed in the testbed. This is a remarkable
result, given the challenging RF propagation environment



imposed by the testbed: motes are separated by physical
obstacles including thick concrete walls reinforced with
steel, and metal piping affixed to the ceiling for plumbing,
heating and ventilation. No false wake-ups were observed
during the experiments.
• The packet reception rate (PRR) of the motes residing

in the large network range from 1.8% (mote 27) up to
100% (motes 16, 3, and 33), while all motes residing in
the small network exhibited a PPR exceeding 94.6%. The
higher PRR in the small network is attributed to the im-
proved link quality between motes, which exhibit shorter
link distances and less physical obstruction compared to
the large network topology.
• The transmission times are approximately equal for all

motes having the same hop count. This is due to the way
in which Zippy propagates each sub-bit of the packet. In
addition to the preamble and synchronization bit trans-
missions, each initiator (motes 6 and 8) transmit all packet
bits using a repetition code, as detailed in Sec. 4.3. As the
hop count increases, the number of sub-bits to be prop-
agated decreases, resulting in a decrease in transmission
time per hop. For example, in the small network, mote
8 initiates the Zippy flood and takes 7.3 ms to transmit
the preamble, synchronization bit, and an 8-bit packet,
while motes 2 and 4, residing at the first hop, experi-
ence a transmission time of approximately 5.0 ms for the
preamble, synchronization bit and only half of the packet
sub-bits. Finally, the leaf motes, i.e., motes 1 and 15, re-
quire a transmission time of only 2.0 ms, as they transmit
only the preamble and synchronization bit. A maximum
of 19.8 ms was observed by the initiator of the large net-
work for the transmission of a 16-bit packet.
• The end-to-end latency is nearly constant for each network

topology and evaluated packet length. Due to the way in
which Zippy propagates sub-bits through the network, all
participant motes complete a flood at approximately the
same time, with small differences attributed to the per-
hop time synchronization to their neighbors. The small
and large networks exhibit average end-to-end latencies of
17.8 ms and 24.4 ms for the 8-bit packet, and 29.8 ms and
41.6 ms for the 16-bit packet, respectively.
• The mean per-hop synchronization ranges from 21.9µs

between motes 18 and 27, and 143.5µs between motes 8
and 2. Apart from the link between motes 6 and 33, there
are only slight differences between the 8-bit and 16-bit
packet experiments. This is to be expected as the per-
hop time synchronization is dependent on the reception
of the synchronization bit and not on the length of the
packet. It is important to highlight that the minimum
per-hop synchronization observed is less than what was
measured in the cabled experiments in Sec. 5.2. This is
indeed feasible, as all links in the testbed are not perfectly
isolated. For example, mote 27 may on occasion receive
the synchronization bit transmitted from mote 28, while
the data propagation is decoded from mote 18.

Comparative Analysis. We next compare the energy ef-
ficiency of Zippy in flooding on-demand events compared to
state-of-the-art flooding protocols, such as Glossy [8]. We
consider a static network topology with a maximum of k = 3
hops and with a packet length of 16-bits. As we have shown
in the testbed experiments, Zippy can disseminate an event
through a 3-hop network with an end-to-end latency of ap-
proximately 41.6 ms. If instead Glossy was used to dissemi-

nate on-demand events with a reporting latency comparable
to Zippy, all motes must perform periodic Glossy floods each
separated by at most 41.6 ms. Assuming the Glossy parame-
terization presented in [45] for the TelosB and CC2420 radio
with a maximum number of transmissions N = 2, this cor-
responds to maximum transmission time of 1.9 ms per flood
every 41.6 ms. In contrast, the Zippy prototype only needs
a maximum transmission time of 19.8 ms once per event.
Despite the specific radio-on time depending greatly on the
specific mote hardware and the protocol software implemen-
tation, we can conclude that Zippy will consume less energy
than periodic Glossy floods provided the average event inter-
arrival time is greater than approximately 434 ms.

5.4 Protocol Limitations and Challenges
We next discuss limitations and challenges associated with

the operation, implementation and evaluation of Zippy.
False Wake-up Detection. As discussed in Sec. 5.1.2,
the always-on low-complexity OOK receiver is susceptible
to false wake-ups. Zippy is designed such that a preamble is
always transmitted once a wake-up is detected. Therefore in
the worst-case scenario, if a false wake-up is detected at one
mote, all motes in the network will erroneously participate
in a Zippy flood. After the preamble has been erroneously
relayed, two scenarios are possible, namely, (i) a synchro-
nization bit is detected and an erroneous packet is decoded
and delivered to a higher-layer application, or (ii) a syn-
chronization bit is not detected causing a protocol timeout
after an inactivity timer expires. Erroneous packets can be
filtered at higher-layers using forward error correction, how-
ever, in either case, a false preamble detection results in
the misuse of energy reserves, the impact of which depends
greatly on the specific parameterization of Zippy.
Erroneous Synchronization. If a participant mote re-
ceives the synchronization bit too early due to a false wake-
up, or too late due to poor RF propagation, subsequent
transmissions may corrupt the reception of all other partic-
ipants within its 1-hop neighborhood. The quantitative im-
pact of erroneous synchronization has yet to be investigated,
however, extensive tests suggest an adequate parameteriza-
tion of the preamble length Tpreamble and participant wait
delay Tx reduce the occurrence of this erroneous behavior.
Noise Resilience. The performance of modulation schemes
in the presence of noise are characterized analytically by
their bit error vs. signal to noise ratio (SNR) curve [31]. It
is well known that higher-order modulation schemes, such
as BPSK, exhibit a lower bit error probability for the same
SNR compared to OOK modulation. Based on this analyti-
cal result, there are two approaches to improve the operation
of Zippy’s data propagation with respect to noise, namely,
(i) increase the SNR at the input of the OOK receiver’s
decoder, or (ii) reduce the bit error by employing a higher-
order modulation scheme.

The first approach seeks to increase the SNR of the re-
ceiver, thereby reducing the probability of bit error. This
is achieved in practice by selecting an advanced OOK re-
ceiver incorporating a low noise amplifier, which is directly
associated with an increase in power dissipation of the ra-
dio hardware. However, if the advanced receiver supports
a sufficiently high data rate, Zippy’s data propagation can
operate with higher energy efficiency.

An alternative approach is to adopt a new modulation
scheme that is more robust against noise, i.e., where a lower



SNR is needed for the same probability of bit error. How-
ever, the challenge is to manage the adverse effects of simul-
taneous transmissions using a modulation scheme other than
OOK. As introduced in Glossy [8], constructive interference
can be leveraged to reliably disseminate packets through si-
multaneous transmissions using O-QPSK modulation.
Data Rate Reduction. The data rate of the OOK receiver
had to be reduced to 1.364 kbps for the implementation of
Zippy due to instability of the OOK demodulator output.
We suspect that this is due to the dynamic operation of the
AS3930’s integrated AGC. Since the design of the AGC is
not in the public domain, it is difficult to identify the root
cause of this behavior. However, in principle, there are no
limitations in operating Zippy at higher data rates using an
appropriately designed AGC.
Packet Length Support. The packet length supported by
Zippy is primarily dependent on the quality of the RF links
between motes. As exemplified in Sec. 5.3, motes with poor
RF connectivity, e.g., motes 18 and 27 in the large network,
will experience higher bit errors, resulting in a lower PRR as
the packet length is increased. However, when motes have
good RF connectivity, longer packet lengths may be sup-
ported with a high PRR. For example, in the small testbed
network, Zippy has been shown to support a packet length
of 64-bits with an average PRR of 96.7%.
Network Scalability. As shown in the experiments pre-
sented in Sec. 5.3, Zippy’s end-to-end latency is approxi-
mately constant for a given network configuration, and in-
creases linearly with respect to the maximum hop count
k, and the number of packet bits Ndata. Furthermore, the
transmission time of the initiator is determined by the max-
imum hop count k, while the transmission time of partic-
ipants decreases linearly with respect to its hop count. It
is anticipated that the advantageous properties of carrier
frequency randomization, as validated in Sec. 4.4, will also
apply in large network deployments with appropriate param-
eterization. The validation of these network scaling proper-
ties remain a future research opportunity.
Antenna Ground Plane. The ground plane and place-
ment of the antenna adversely impacted the range of the
low-complexity OOK receiver. Since each FlockLab target
slot has a defined physical footprint, the size of the antenna
ground plane is therefore limited. Furthermore, by affixing
the antennas close to thick reinforced concrete walls, as is
the case for all indoor FlockLab targets, the antenna radi-
ation pattern of each mote is altered. These two combined
effects reduced the operation range of some links within the
testbed deployment, necessitating the installation of larger
antenna ground planes at selected FlockLab observers.

6. RELATED WORK
Asynchronous network wake-up was first proposed as part

of the PTW [42] protocol, where each mote immediately
transmits a preamble as soon as it is woken up by the re-
ception of a preamble. The relaying of preambles has been
recently extended in FLOOD-WUP [32] by leveraging the
addressable wake-up mode supported by modern ultra-low
power receivers. Zippy builds on their work by addressing
the problem of motes simultaneously transmitting. Lever-
aging carrier frequency randomization, as introduced in this
paper, provides a robust, rapid, and topology-independent

asynchronous network wake-up. In addition, Zippy provides
tight per-hop synchronization and data dissemination.

Several protocols employing ultra-low power receivers have
been proposed in the literature, for example E2RMAC [15],
WUR-MAC [25], and RTWAC [1], which provide single-hop
packet transfer by leveraging an asynchronous rendezvous.
While these protocols achieve improved end-to-end latency
and energy efficiency compared to synchronous and pseudo-
asynchronous protocols, they do not support asynchronous
multi-hop data dissemination as demonstrated by Zippy.
Furthermore, the aforementioned protocols have only been
evaluated empirically through simulation, in contrast to the
extensive indoor testbed deployment of Zippy.

RFID tags for asynchronous rendezvous in wireless sensor
networks have been proposed in [16] using active tags, and in
[3] using passive WISP [38] platforms. While simulations of
RFID-enabled multi-hop communication indicate promising
energy efficiencies [17], it is unclear if the power dissipation
of the RFID reader, coupled with limited operational range,
prohibits the realization of energy-efficient multi-hop data
dissemination using RFID tags.

Ambient backscatter [24] is a novel communication para-
digm, however, despite recent advancements of these passive
receivers [30], the communication range of ambient backscat-
ter devices is constrained by the power of the ambient sig-
nal source. Realistic signal powers of ambient sources, e.g.,
from TV transmissions, are likely to constrain the commu-
nication range to only a few meters. In this work, we have
demonstrated Zippy operating in an indoor testbed with
challenging RF propagation conditions, achieving multi-hop
connectivity with per-hop links of up to 10 meters.

Dual-radio wireless sensor platforms incorporating a high-
powered transceiver and an ultra-low power receiver have
been proposed in [4], [36], [28] and [9]. Although these
prototype platforms support asynchronous rendezvous and
single-hop data dissemination, they do not support carrier
frequency randomization, and have not been experimentally
evaluated in a testbed. We have shown experimentally us-
ing our prototype wireless sensor platform that carrier fre-
quency randomization is a prerequisite for robust multi-hop
data dissemination using low-complexity OOK receivers.

7. CONCLUSIONS
This paper is motivated by the need for rapid and energy

efficient dissemination of rare events through multi-hop wire-
less networks. We present Zippy, a paradigm shift in proto-
col design, where the fundamental design trade-off between
mote life-time and end-to-end latency is decoupled. Zippy
supports on-demand multi-hop flooding with end-to-end la-
tencies of tens of milliseconds, while dissipating less than ten
microwatts during periods of inactivity. We detail the de-
sign, analysis and prototype implementation of Zippy, and
extensively evaluate its performance in a laboratory setting
and in an indoor testbed.
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