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Abstract—Ambient Internet of Things (A-IoT) devices, as a
critical enabler of future green IoT networks, have attracted
broad interest from both industry and academia due to their
ability to operate without batteries and with low maintenance
costs. To accommodate their dynamic and constrained energy
budget, an ultra-low-power connectivity protocol is required.
Due to the severely limited transmit power of A-IoT devices,
multi-hop connectivity is an interesting paradigm to extend
their range. However, commonly used protocols for multi-hop
communication may not be suitable for A-IoT due to excessive
overhead related to channel access procedures, coordinated
routing, and tight time synchronization requirements. This paper
presents a novel network connectivity protocol based on symbol-
synchronous transmissions, which allows battery-less relay nodes
to participate in the forwarding process in an ad-hoc manner,
without the need for synchronization or coordination. This
allows them to adapt their duty cycle to the available harvested
energy. Simulation results show that the proposed protocol can
ensure high reliability in data packet delivery while significantly
reducing the energy consumption of each relay node. We also
investigate the relationship between wake-up probability and
network density. For example, a 400-node network in a 625m2

area can achieve a packet error rate below 1% with an average
awake time of 6% per node, achieving an energy consumption
reduction of 88% compared to the baseline approach.

Index Terms—Ambient IoT, symbol-synchronous communica-
tion, ultra-low-power, multi-hop, wireless sensor network (WSN).

I. INTRODUCTION

According to forecasts [1], the number of Internet of Things
(IoT) connections will exceed 40 billion by 2030. Individual
IoT networks can consist of hundreds or even thousands of
connected devices, which are deployed in industrial facto-
ries, farms, buildings, forests, and other sites, depending on
the application [2]. Such large-scale deployments typically
require long-distance coverage and low-power operation, as
it is impossible to connect all IoT devices to a continuous
power source. To address these issues, the A-IoT concept
has been proposed, which considers maintenance-free devices
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powered by energy harvesting (EH), i.e., devices capable
of converting ambient energy (e.g., solar, thermal, RF) into
usable electrical energy for their electronic components [3].
To maintain connectivity for such systems, a suitable wireless
communications technology is needed. Low Power Wide Area
Networks (LPWANs) in a star topology are considered to be
a promising solution due to their low-power profile. It has
been shown that LPWANs can provide coverage in the range
of several kilometers in open areas without impediments.
However, current LPWAN solutions like LoRaWAN and NB-
IoT have an average power consumption on the order of
several 100mW during transmission [4], [5], which is often
infeasible for low-power A-IoT devices that rely on ambient
energy harvesting. Multi-hop networking is an alternative
solution to extended coverage, without the need for high trans-
mit power or complex modulation and coding schemes [6].
Multi-hop networks allow devices to act as relays, thereby
supporting communication between a distant initiator and sink
via intermediary nodes. Although existing wireless multi-hop
networks have proven to be a promising solution for many IoT
applications [7], they require complex coordination protocols,
like tight time synchronization, coordinated channel access,
and network-wide routing, which makes them challenging to
use with A-IoT devices.

Recently, symbol-synchronous communication has shown
promise as a low-latency alternative to store-and-forward
routing in multi-hop networks [8], [9]. It allows multiple
relay nodes to transmit the same signals concurrently as soon
as a single symbol is detected. The main advantage of this
approach is that it does not require additional procedures
for time synchronization, coordinated routing, and channel
access. While the concept was originally proposed to over-
come the high latency introduced by such procedures, we
hypothesize that this concept also makes it highly suitable for
A-IoT networks, as the intermittent nature of A-IoT devices
makes coordination and synchronization exceedingly hard.

Previously proposed symbol-synchronous transmission pro-
tocols assume relay nodes are always on, and participate in
the forwarding of each symbol [8], [9]. Keeping the radio in
reception mode at all times is infeasible for A-IoT devices,
which often need to sleep to recover their energy supply. Since
symbol-synchronous transmission relies on constructive inter-
ference among concurrent transmissions of multiple relays for
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signal detection, the sink node can still correctly detect the
transmitted symbol even if only a subset of relays forward
each symbol, provided that the received signal strength is
sufficiently high to be distinguished from noise. In other
words, the network can achieve reliable delivery if the node
density is sufficiently high. This property enables symbol-
synchronous transmission to naturally support adaptive relay
duty cycles, where each A-IoT relay forwards only a subset
of symbols according to its available harvested energy. As
a result, the overall energy consumption of the network can
be dynamically adjusted without compromising the reliability
of symbol delivery. To validate our hypothesis, we propose
a simple randomized procedure in which the relay nodes
sleep or wake up according to a fixed probability. Using
a MATLAB-based simulation framework, we evaluate the
network energy performance for varying network densities
and wake-up probabilities.

The paper is structured as follows. In Section II, we
review the connectivity protocols used in A-IoT networks
and analyze their limitations. In Section III, we describe
the protocol design comprising symbol-synchronous trans-
missions, modulation, detection, and a randomized wake-
up procedure. In Section IV, we evaluate the performance
of the proposed network in terms of reliability and energy
consumption. Finally, in Section V, we outline the main
conclusions along with the future work.

II. RELATED WORK

Wireless connectivity protocols for A-IoT networks cur-
rently rely on commercially mature network protocols, such
as LPWANs (e.g., LoRaWAN or NB-IoT), Bluetooth Low En-
ergy (BLE), IEEE 802.15.4 varieties (e.g., ZigBee, 6TiSCH,
or WirelessHART) [10], [11]. All of them allow commu-
nication at a low energy budget due to simple modulation
schemes, the use of narrowband spectrum, low transmission
power, and especially due to duty cycling, which keeps the
devices inactive most of the time. Some of these technologies,
e.g., LoRaWAN, operate in the sub-GHz band, thus providing
extended coverage of up to several kilometers. However, the
required power, especially peak power higher than 100mW,
is not suitable for A-IoT devices with low EH efficiency.

To guarantee reliable coverage and lower power consump-
tion, multi-hop networks can be leveraged. In such networks,
some of the nodes operate as relay nodes, which help the
destination node receive data by forwarding the packets over-
heard from other nodes. Although multi-hop networks have
been proven highly efficient in IoT deployments, their applica-
bility is very limited when it comes to A-IoT networks. This is
due to the fact that the need for accurate time synchronization
and the coordination overhead among relays significantly limit
the ability of A-IoT devices to act as relays. For example, the
procedures of network joining and periodic synchronization,
highlighted in [12], are too energy-intensive for intermittent
A-IoT devices. To avoid packet collisions, routing procedures
are required, which should account for situations when one or
multiple nodes on the path have insufficient energy for data

forwarding [13]. Finally, conventional multi-hop networks
use a store-and-forward routing approach, where the nodes
forward the packet only after they receive all of its bits and
verify the correct reception, usually using a checksum. Under
this pattern, additional power is wasted due to listening to the
channel, coordination, and routing.

As an alternative, the Low-power wireless bus (LWB) [14]
was proposed to replace the standard IoT network stack.
Specifically, routing is eliminated by leveraging concurrent
transmissions among relay nodes. The basis of LWB is
Glossy [15], a protocol based on IEEE 802.15.4, which ex-
ploits constructive interference from concurrent transmissions
of the same packets. However, Glossy imposes a very strict
requirement on the time synchronization of 0.5 µs among the
nodes, which is challenging for A-IoT networks.

Further building on the idea of concurrent transmissions,
the concept of symbol-synchronous transmission, dubbed
Zero-Wire, was proposed for wireless optical communica-
tions [8]. It breaks the paradigm of store-and-forward routing
and demonstrates that the end-to-end latency can be further
reduced to sub-millisecond levels by forwarding the informa-
tion symbol by symbol. In Zero-Wire, the overlapping signals
from multiple relays strengthen the resulting signal, as the
interference in the optical domain is always constructive. Our
own recent works [9], [16] explored the latency performance
of Zero-Wire in the radio frequency (RF) bands at 2.4 and 60
GHz. Simulation results showed that the Zero-Wire approach
can be successfully applied to these bands, providing low
latency, high scalability over multiple hops, and reliable
data delivery. Given that symbol-synchronous transmission
does not require tight time synchronization and coordination
among relays, and relays can participate in the forwarding in
an ad-hoc manner, it is naturally well-suited for intermittently
powered A-IoT devices. This paper extends our prior research
by investigating and optimizing the energy consumption of
multi-hop networks using symbol-synchronous transmissions,
which is crucial for the connectivity of A-IoT devices.

III. SYSTEM MODEL

We consider a wireless multi-hop network operating in an
RF band. Every node in the network can transmit data either
periodically or triggered by some event, e.g., an abnormally
high temperature or humidity rise. For each data packet, one
node acts as the source and aims to deliver its packet to
the sink node, which acts as a gateway (e.g., connected to
an edge server). As the sink node is likely to be outside
the direct communication range of the source node, multiple
relay nodes cooperatively forward the data packet to the sink
node based on the symbol-synchronous principle. All nodes
in the network, except for the sink node, are considered low-
power A-IoT devices relying on EH, and may not always have
enough energy to be active. The sink node is assumed to have
a stable power supply (e.g., a primary battery or connected
to an external power supply), and it is always on.

Fig. 1 shows a schematic example of the transmission of
a small 2-bit packet based on our system design. In Fig. 1,
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Fig. 1. System model

the packet, consisting of 2 1-bits, is transmitted and relayed
symbol by symbol over multiple hops, which is the core
idea of the symbol-synchronous transmission protocol (cf.,
Section III-A). As shown in the figure, relay nodes may
individually decide to only forward a subset of bits, in order
to save energy by going into sleep mode (cf., Section III-B).

A. Symbol-synchronous transmission

The symbol-synchronous transmission paradigm is the core
component of the system. It allows relay nodes to forward
the information symbol by symbol. Specifically, every re-
lay node immediately relays the symbol upon successful
detection, without waiting for the reception of the whole
packet and coordination with other nodes. This protocol
exploits concurrent transmissions of multiple relay nodes,
which means that multiple nodes are allowed to transmit the
same symbol simultaneously. This is motivated by the fact that
the interference from signal collisions is constructive under
specific circumstances, which makes concurrent transmissions
naturally advantageous, especially in denser deployments. Im-
portantly, symbol-synchronous transmission does not require
any complicated routing or collision avoidance procedures. In
previous work, we have shown that even without explicit time
synchronization across relays, the concurrent transmission of
symbols still works [9]. These factors make the symbol-
synchronous paradigm naturally suited for multi-hop commu-
nication with A-IoT devices, which, due to their limited and
intermittent energy, have trouble maintaining synchronization,
and cannot handle complex routing and channel access meth-
ods. Below, we briefly describe the modulation, relaying, and
symbol detection procedures. For a more detailed description,
the reader is referred to our previous work [9].

An on-off keying (OOK) modulation is often used for
energy-constrained IoT devices due to its low complexity and
high robustness even for very low transmission power [17].
Moreover, OOK modulation can more effectively demodulate
non-synchronized, overlapping pulses from concurrent trans-
missions. Motivated by those, we apply short-pulse-based on-
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Fig. 2. Symbol-synchronous transmission

off keying (POOK) modulation. As illustrated in Fig. 2, for
the symbol 1, a short pulse with pulse duration Tp is sent
at the start of the symbol period Ts ≫ Tp, followed by
a silent guard to avoid inter-symbol interference (ISI). For
the symbol 0, the transmitter remains silent during the entire
symbol period.

Fig. 2 schematically shows how symbol-synchronous trans-
mission is performed in a simple 4-node network. The net-
work consists of a source node, a sink node, and 2 relay
nodes, so that the data packet passes through 2 hops. For
the symbol 1, the source node first sends the short pulse
to the nearest relay node R1. After some propagation and
processing delay, the node R1 receives the pulse and detects
it. After that, R1 retransmits the POOK-modulated symbol
to its neighboring node R2 and the source node. However,
the source node operates only as a transmitter and therefore
does not receive any signals. Then, relay node R2 follows
the same procedure to detect and forward the symbol to
the nodes close to R2, nodes R1 and D (sink). In symbol-
synchronous communication, the symbol period Ts is required
to be long enough so that all active nodes within mutual
communication range manage to detect the symbol before
the start of transmission of the next symbol, thus avoiding
the relayed version of the current symbol from interfering
with the detection of the next symbol. For symbol 0, all
transmitters remain silent, unless relay nodes accidentally
misdetect symbol 0 as symbol 1 due to noise. As shown
in Fig. 2, the symbol period for each node starts when the
symbol first arrives at that node, thus avoiding complicated
synchronization with the source node.

Similar to [9], we use a window-based detector to receive
POOK-modulated symbols. As shown in Fig. 2, relay nodes
are likely to receive multiple copies of the same signals
in a single symbol period. These duplicates arrive at the
node at different moments, causing the risk of detecting the
same symbol multiple times. Additionally, repeated detection
consumes more energy. Considering this problem, we apply a
detection window whose duration is shorter than the symbol
period to filter out these duplicates and save energy. Every
node is only allowed to receive and detect signals in this
window while remaining asleep outside of it. Once detection
occurs, the window immediately slides to the start of the next
symbol period. In every detection window, a voting method
is utilized to make the decision. Specifically, symbol 1 is
detected if the majority of the samples’ amplitudes exceed



the predefined threshold. Otherwise, the symbol 0 is detected.
The threshold value is set to 9 dB higher than the noise
floor. Note that the described procedure does not require time
synchronization, and the position of the window may vary
from node to node. Since this paper focuses mainly on the
energy efficiency of symbol-synchronous transmission, more
details about the detector logic can be found in our previous
work [9]. A preamble byte consisting of multiple (in this paper
fixed to 8) symbols 1 is applied to resynchronize the window
position of relay nodes and sink node at the start of every
packet transmission. Also, the preamble byte allows the sink
node to detect the start of a new packet transmission. The
positions of initial detection windows for all nodes are defined
once those nodes wake up and detect the symbol 1. This
long preamble offers sufficient observation opportunities for
all nodes, thereby guaranteeing a reliable window positioning
and detection of a new packet transmission.

B. Relay operation workflow

For A-IoT deployments, it is not efficient to make all of
the relay nodes participate in every symbol transmission, as
A-IoT devices may not be able to harvest enough energy to
forward all symbols of a packet. Therefore, we assume that
every relay node in the network is configured to randomly
wake up with a probability P during each symbol period to
participate in relaying the symbol. In other words, every relay
node remains in a sleep state with probability 1−P for energy
saving and potential EH. In this initial study, the wake-up
probability P is assumed to be identical for every relay node.
In future work, we will study how to dynamically adapt the
probability P , based on the remaining energy of the node
and EH conditions. Note that the sink node remains active
for every transmission.

Fig. 3 depicts different states of a relay before and during
the packet transmission. As there is no packet transmission
schedule and no time synchronization, relay nodes do not
have information on when a new packet transmission starts.
To save energy, relay nodes do not listen all the time. Instead,
they wake up with probability P and listen during a single
symbol period Ts. Once symbol 1 is detected, the relay
resynchronizes its detection window to the time the symbol
was detected (shown in the figure as “resync”). After that, this
relay starts participating in the forwarding of each symbol
with probability P . When symbol 1 is relayed, the relay
remains in the listening state until the successful detection,
and then switches to transmission state to forward the pulse.
Once forwarding is finished, it switches to the sleep state.
When the symbol 0 is relayed, the relay remains in the
listening state for the entire duration of the detection window.
After that, it directly switches to sleep.

IV. PERFORMANCE EVALUATION

To evaluate the performance of the system, we conduct
experiments using MATLAB. We study how the reliability of
packet delivery depends on wake-up probability and network
density, and estimate the energy consumption of the relays.

Fig. 3. States of relay node during: (1) listening and failing to detect the
start of a new packet (listen-empty); (2) sleeping to save energy (sleep); (3)
listening and managing to detect a new packet (listen-detect); (4) relaying of
symbol 1 (1-bit relay); (5) relaying of symbol 0 (0-bit relay).

A. Simulation setup

In this paper, we simulate a wireless sensor network where
the nodes are arranged in a square grid with a fixed grid
distance d (i.e., the distance between horizontal and vertical
neighbors), as shown in Fig. 1. The sink node is located in the
upper-right corner and is fixed. The source node is selected
randomly and varies from packet to packet. In addition, the
TGac channel model [18] is selected to simulate the signal
propagation, which provides a realistic and sophisticated
representation of multipath and delay-spread characteristics
in practical environments. The transmission power of ev-
ery node is fixed at 0 dBm, which is a typical value for
low-power IoT devices [19]. The selected carrier frequency
corresponds to the last channel of the 2.4GHz ISM band,
2483.5-2500MHz. To account for hardware impairments, we
add a random carrier frequency offset (CFO) in the range
of ±10 kHz, which is inevitably introduced by an imperfect
local oscillator [20]. We limit the channel bandwidth B to
around 3MHz, which is consistent with the well-established
wireless standards in multi-hop sensor network applications,
such as IEEE 802.15.4 [11]. A raised-cosine filter with a roll-
off factor α = 0.5 is applied to limit the signal bandwidth
to 3MHz. The pulse duration before filtering can be derived
via 1+α

B = 0.5 µs. Accordingly, the pulse duration Tp after
filter is 3 µs. Given the Tp of 3 µs, the sampling rate is set to
20MHz to guarantee a sufficient number of received samples
for voting. The window length is set to 3 µs. To meet the
requirement of Tp ≪ Ts in the symbol-synchronous protocol,
Ts is selected to be 25 µs (data rate is 1/Ts = 40 kbps).
Our experiments showed that this value ensures ISI does
not occur. In order to estimate the energy consumption, we
use the power draw values of a commercial IEEE 802.15.4-
compliant Chipcon CC2538 transceiver [21], whose transmit
power and bandwidth are comparable to those of our design.
All significant parameters used in the simulation are listed
in Table I. It should be noted that, on practical deployments,
network topologies and transmission power may deviate from
the above assumptions due to the dynamic and complicated
IoT environment. However, the proposed protocol remains
valid under irregular multi-hop networks. In addition, the pro-
tocol leverages the constructive interference generated from



TABLE I
LIST OF PARAMETERS USED IN SIMULATION

Parameter Value
Transmission power 0dBm

The center frequency of the carrier 2491MHz
CFO range ±10 kHz
Bandwidth 3MHz

Roll-off factor of the raised-cosine filter 0.5
Pulse duration Tp 3 µs

Window length 10 µs
Sampling rate 20MHz

Data rate 40 kbps
Noise floor −60dBm

Power consumption when transmitting 94.41mW
Power consumption when receiving 80.82mW
Power consumption in sleep state 1.8mW

concurrent transmission to recover the signals. Therefore,
moderate variations in the transmission power of individual
nodes do not affect the symbol detection.

We consider three grid-patterned wireless sensor networks
with different node densities deployed in a fixed area of
625m2 (25m × 25m). Specifically, {25, 100, 400} nodes
are deployed with a grid distance d of {5, 2.5, 1.25} meters,
respectively. At the same time, a series of different wake-
up probabilities P is considered to evaluate the energy con-
sumption reduction that can be achieved while providing the
required network reliability for different network densities.
For every network with fixed P and node density, 20000 128-
bit packets are transmitted. In this paper, the packet error
rate (PER) and preamble loss rate (PrLR) are adopted to
indicate network reliability. To reduce the number of packets
with bit errors, we apply error-correcting Bose-Chaudhuri-
Hocquenghem (BCH) code [22] with a code rate of 80%.
If the sink node fails to detect the start of a new packet
transmission, we consider the transmitted packet lost and
calculate the PrLR. For each experiment, we also calculate the
average energy consumption of the relay nodes spent during
the transmission of a 128-bit packet.

B. Analysis of simulation results

Fig. 4 shows the network reliability for different node
densities as a function of wake-up probability. For a sparse
25-node network (Fig. 4a), the PER gradually decreases
with the increase of wake-up probability P , reaching values
below 10−2 when P > 0.6. Similarly, denser 100-node and
400-node networks show a similar descending trend as P
rises. However, with higher density, the network can achieve a
similar PER with a smaller wake-up probability. Specifically,
for the 100-node network, only P higher than 0.2 is needed
to reach the PER < 10−2. For the 400-node network, the
lowest required P is further decreased to 0.06. This can be
attributed to the fact that with higher density, more relay
nodes participate in symbol forwarding, thereby increasing the
probability of successful reception of the packet by the sink
node. Similarly, under the same node density, a higher wake-
up probability P increases the number of active relay nodes in
the symbol period, further boosting cooperative forwarding.

TABLE II
POWER CONSUMPTION OF A RELAY NODE IN VARIOUS STATES

State Power Energy per symbol period
1-bit relay 36.54± 11.18 mW 0.91± 0.28 µJ
0-bit relay 33.41mW 0.84 µJ

Sleep 1.80mW 45nJ
Listen-empty 80.82mW 2 µJ
Listen-detect 52.14± 17.38 mW 1.30± 0.43 µJ

Conversely, a very small P like 0.01 in the 400-node network
sometimes causes failed detection of the preamble at the sink
node, resulting in the packet loss (Fig. 4c).

We also evaluate the average energy consumption of a relay
node for various wake-up probabilities for the transmission
of a single 128-bit packet. Fig. 5 respectively shows the
energy consumption in the transmission, reception, and sleep
state. As illustrated in Fig. 5, the transmission and reception
energy increase with P , while the energy consumption of
the sleep status decreases as the P increases. The underlying
reason is that, as the wake-up probability rises, the relay
node spends more time in transmission and reception mode,
while its sleep duration is reduced. Jointly analyzing Figs. 4
and 5, it can be derived that, to maintain reliable packet
delivery (PER < 10−2) over the multi-hop network, every
relay node in a sparse network (25 nodes) consumes at least
62 µJ per 128-bit packet. However, in a denser network, such
as those with 100 nodes and 400 nodes, the corresponding
energy consumption per 128-bit packet is reduced to 25 µJ
and 12 µJ.

We also evaluate the power consumption of a relay node
in different states shown in Fig. 3. Table II lists the average
required power for each of the five states and the correspond-
ing average energy consumption in a single symbol period.
For the state listen-detect, we mathematically derive the mean
power consumption assuming that the moment when the node
detects the new packet is uniformly distributed over the whole
symbol period. As shown in Table II, the 1-bit and 0-bit
relays have similar average power consumption of around
30mW. The average power consumption for the states of
0-bit relay, 1-bit relay, and listen-empty is deterministic. The
highest power consumption of 80.83mW is seen in the state
of listen-empty, since the node has to keep listening in the
whole symbol period. Even in the worst-case state (listen-
empty), the maximum power consumption of 80.83mW is
still below the average power consumption of several 100mW
in current LPWAN networks [4], [5].

V. CONCLUSION AND OUTLOOK

In this paper, we analyze and optimize the energy consump-
tion of a symbol-synchronous transmission protocol to enable
energy-constrained A-IoT devices to operate as relays in
wireless multi-hop networks. We investigate how to adapt the
proposed protocol to support low-power A-IoT devices, allow-
ing them to participate in the forwarding of only some of the
symbols, while others can remain in sleep mode to save and/or
harvest energy. This allows A-IoT devices to participate in the



(a) 25 nodes (b) 100 nodes (c) 400 nodes

Fig. 4. Network reliability, expressed as PER, as a function of wake-up probability for different network densities

Fig. 5. The average energy consumption for transmitting one packet of 128
bits

forwarding process as relays. This is generally not the case in
classical multi-hop store-and-forward protocols, due to their
need for coordinated listening and channel access, as well as
time synchronization. Our simulation results show the trade-
off between the optimal wake-up probability and node density.
For example, a 400-node network deployed over 625m2

can achieve reliable transmission (i.e., PER < 10−2) with
a wake-up probability of just over 0.06 and corresponding
energy consumption of 12 µJ per 128-bit packet, which saves
around 88% energy compared to a node that is continuously
on [8], [9].

Our future work will focus on a more realistic wake-up
strategy, which will dynamically adjust the wake-up prob-
ability P according to the available energy at each node.
In addition, we will also consider the actual, dynamic EH
process on nodes. Moreover, a more complicated modulation
scheme will be considered to improve the network data rate.

REFERENCES

[1] “IoT market forecast to 2030: connections by re-
gion and vertical,” Tech. Rep., 2024. [Online]. Avail-
able: https://www.gsmaintelligence.com/research/iot-market-forecast-
to-2030-connections-by-region-and-vertical

[2] M. Jouhari et al., “A Survey on Scalable LoRaWAN for Massive IoT:
Recent Advances, Potentials, and Challenges,” IEEE Communications
Surveys & Tutorials, vol. 25, no. 3, pp. 1841–1876, 2023.
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