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ABSTRACT
The growth rate of Internet-of-Things (IoT) devices sold globally
is constantly lower than the forecast. This deceleration is caused
in part by the need for batteries and the scalability cost for their
replacement. Backscatter has attracted significant interest over the
past couple of years to enable sustainable sensing devices by eliminating batteries. IoT devices have been designed for transmitting
sensed data with backscatter, but the question of efficient reception of data with battery-free devices is still open. As shown in
this paper, classical low-power Radio Frequency (RF) envelope detectors are affected by low sensitivity, false detection alarms, and
low energy efficiency. We argue that Light Fidelity (LiFi) can provide downlink and harvesting medium as LED lights are becoming
pervasively deployed for illumination. We show, for the first time,
that the advantages of LiFi and RF backscatter can be combined
for battery-free communication. We design a low-power platform
that leverages the complementary nature of these two mediums.
We demonstrate that our platform removes energy-inefficiency in
the downlink reception typical of RF backscatter, and significantly
expands the deployment scenarios for battery-free tags when compared to conventional single-technology designs.
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· Computer systems organization → Sensor networks; · Hardware → Networking hardware; Sensor devices and platforms; Wireless devices.
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1

INTRODUCTION

Internet-of-Things (IoT) devices are entering into our life. However,
all forecasts in terms of number of sold IoT devices are constantly
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Figure 1: Battery-free LiFi and RF-Backscatter tag. The tag
operates on the energy harvested from ambient light. It supports uplink using RF-backscatter, and downlink using a
small solar cell-based LiFi/RF receiver.
below the expectations [40]. In 2012, IBM predicted a total of 1
trillion IoT devices sold by 2015. In 2017, Cisco predicted 50 billion devices by 2020. In 2018, GSMA predicted 25 billion devices
by 2025. But, in 2018 there have been 7 billion connected IoT devices [6]. Most likely, the need for batteries is playing a tremendous
role in this deceleration. Scalability issues caused by the replacement of batteries, the limited sensor functionality caused by the
physical dimension of batteries, and the environmental harm of
battery disposal [7, 50] make IoT systems heavily dependent on
batteries to operate.
While battery-free devices that operate on harvested energy
have long been touted as a panacea [30, 37, 48, 49, 56, 60] fundamental roadblocks impede this vision. In particular, the lack of
sufficiently powerful energy harvesting sources forces the batteryfree devices to work under extreme energy constraints. In fact,
battery-free devices largely rely on Radio Frequency (RF)-based
energy sources, but the RF energy harvesting works at a much
shorter range than communication [18]. The limited amount of
harvested energy means that battery-free devices operate under
extreme energy constraints and need to sacrifice functionality and
efficiency to achieve continuous operation. As shown in this work,
this, in turn, leads to low wireless performance across several dimensions including low spectral efficiency, uni-directional communication, and low receiver sensitivity. For instance, existing work
primarily uses backscatter for communication from the battery-free
device, but they are inefficient when downlink communication is
needed. We propose a different approach, where we leverage the
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Lighting Network

RF data. RF carrier generator for backscatter is outsourced to the
RF router, which can use current WiFi chipsets for this operation.
In a real deployment, the role of RF and LiFi may change, and it
might be beneficial to receive or harvest energy using RF carrier
instead of LiFi. We discuss such scenarios in Section 7.1.
We envision our system to enable application scenarios such as
greenhouses and smart-houses (Section 7.3). These environments
provide conditions suitable for our system, which at present may be
constrained due to limitations of LiFi or RF-backscatter as modality.
We take a step forward into enabling these applications through
our battery-free design.
Main contribution. We present the design and quantitative
assessment of EDISON, a bi-directional and passive communication
system that operates under overall consumption smaller than of
conventional RF designs. EDISON integrates LiFi and RF for passive
communication. The key technical contributions are the following:
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Figure 2: High-level view of the system. EDISON can make use
of the existing infrastructure, which includes smart bulbs
and RF router in order to support battery-free devices.
complementary properties of modulated light and radio for passive
communication. An example of our system is shown in Fig. 1.
Light fixtures densification. Dense lighting networks are emerging due to technology push driven by the need for providing uniform illumination for user comfort. In our view, this also provides
an opportunity to design dense networks that harvest energy for
battery-free devices with orders of magnitude better performance.
There will be no need anymore to stay close to the RF source to
harvest enough energy. Light bulbs are becoming also modulated
to transmit data through Visible Light Communication (VLC), and
networking solutions are commonly referred as LiFi (Light Fidelity)
systems. This opens the opportunity to communicate and harvest
through light. But visible light is not always better than radios ś
light suffers in non-line-of-sight and uplink transmissions [29, 64].
We find that LiFi and RF backscatter are individually incomplete.
LiFi and RF bottleneck. LiFi is an efficient downlink communication and energy delivery mechanism. However, LiFi devices
encounter challenges with supporting uplink capabilities. Uplink
transmissions achieved through LiFi are prohibitively energy expensive and can disturb the uniform illumination of the room. On the
other hand, RF-backscatter is an efficient transmission mechanism
and enables low-power wireless transmissions at orders of magnitude lower energy cost compared to conventional radios [27, 57, 65].
However, RF-backscatter devices suffer from challenges in reception due to limitations of the receiver employed on these devices,
i.e., an envelope detector. We present these challenges in Section 2.
Vision for the deployment. We tackle several challenges related to these mediums and demonstrate that, in fact, these are
complementary mediums, and design a system that we call EDISON. A high-level illustration of the envisioned deployment is
presented in Fig. 2. LED bulbs will be uniformly deployed for uniform illumination. In the same environment, we expect that the
RF router that provides Internet connection will operate as edge
device for passive communication. LED bulbs and RF router will
be retrofitted with realistic changes, yet large potential to enable
our passive communication system. Going beyond the transceiver
circuitry required by LiFi technology, LED bulbs will require an
RF receiver operating in the frequency of interest. Intelligent light
bulbs from major vendors already provide similar functionalities,
for instance, to control the hue and brightness of the bulb itself. Our
bulbs transmit LiFi data to the battery-free device and receive their

• This is the first paper that demonstrates that LiFi downlink
and RF backscatter uplink solve several bottlenecks of these
technologies when taken in isolation;
• Our tag is the first to integrate capabilities to harvest and
receive with solar cells in passive communication systems;
• We propose a low-power processing mechanism of symbols
with a microcontroller (MCU) triggered only by wake-up
mechanisms and low-power timers;
• We make other contributions, such as investigating the usage
of the LiFi transmitter as oscillator for RF backscatter.
Our experiments demonstrate that our system allows continuous
reception of LiFi data without any battery up to 250 bit/sec.

2

CHALLENGES

In this section, we discuss challenges in using LiFi and RF technologies on battery-free sensor platforms.

2.1

LiFi Bottlenecks

The problem in using LiFi systems comes from the high power consumption for receptions and transmissions, which limits the use on
battery-free platforms. This is caused by the following bottlenecks:
• B1: LiFi front-ends employed in state-of-the-art systems
highly depend on power-hungry amplifiers to amplify the
weak signals received by photodiodes;
• B2: LiFi uses intensity modulation for transmission. However, sampling of light intensity for reception is energy
expensive. Current low-power solutions remove sampling
mechanisms but still consume significant energy;
• B3: uplink transmission with LED or retroreflected light is
power-hungry and/or cause disturbance to user comfort.
We discuss these issues in detail in what follows. In order to
address B1 and B2, we need a new design that is more energy
efficient in the whole chain of LiFi data reception. For B3, we explore
the usage of RF backscatter as alternative solution (Section 3).
LiFi Front-end. LiFi front-ends employed in state-of-the-art systems are energy expensive consuming few-to-tens of milliwatts
of power for their operation [31, 54]. A high power consumption
restricts the operation of such receivers on the energy harvested
from the ambient environment, which is commonly several orders

of magnitude lower. The reason for the high power consumption
is the use of photodiodes for their operation. Photodiodes have
a good responsivity but are fundamentally characterized by the
small reception area. As such, they always need energy-expensive
trans-impedance amplifiers to amplify the weak signals received.
Recent works such as RetroVLC [29] and PassiveVLC [64] design LiFi receivers increase the circuitry complexity in the analog
domain to reduce the power-hungry processing in the digital domain. However, they still rely on photodiodes and energy-expensive
trans-impedance amplifiers in the analog domain.
Data acquisition. Most existing LiFi systems employ a direct detection method to receive and process LiFi data [20]. It consists of
sampling the light intensity periodically using an analog-to-digital
converter (ADC) and interpreting the received bits to recover the
data. Periodic sampling with the ADC requires continuous operation of expensive energy timers and frequent waking up of
the microcontroller. Current low-power solutions for communication [29, 64] and sensing [59, 60] remove sampling mechanisms and
introduce a comparator. Visible light-sensing mechanisms operate
at a much lower frequency rate. Moreover, designs for data communication are dependent on access to timing information, which
depletes the scarce harvested energy.
Uplink transmissions. Generating light for uplink transmissions
is energy expensive. A VLC transmitter typically relies on LEDs
for transmission. However, even ultra-low-power LEDs consume
energy in the order of 50-80 mW for transmission. Similarly, a conventional radio transceiver is hugely energy expensive to operate
within the constraints of the harvested energy [27].
RetroVLC and PassiveVLC demonstrate uplink by reflecting light.
Their tags backscatter the light they receive. As impinging light
from LEDs in the ceiling is in the visible spectrum, reflected light
covers the visible spectrum as well. This brings practical issues: the
illumination of these tags can be distracting in a living environment,
they require larger tag size due to the need of LCD shutters for
modulating the light, and increase their uplink range at the cost of
high directionality and reduced communication reliability.

2.2

Backscatter Downlink Bottleneck

Ultra-low-power tags use simple receivers such as passive envelope
detectors as opposed to IQ receivers [34]. This causes the following
major bottlenecks:
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Figure 3: False triggers. Output signal from the RF envelope
detector at 868 MHz. We see significant channel activity due
to ambient wireless traffic. The top right corner of the graph
shows a magnified section of the graph.
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Figure 4: Channel occupancy. We experimented at different
locations within our campus (indoors and outdoors), and observed significant channel occupancy due to ambient traffic.
• B4: passive RF receivers are affected by false detections, as
any ambient traffic within the frequency band would trigger
simple envelope detectors;
• B5: the sensitivity of an energy-efficient passive receiver is
very low, in the order of -30 dBm [44]. This also limits the
amount of RF energy that can be harvested.
We discuss B4 and B5 in detail in this section to motivate our
choice for downlink LiFi (Section 3).
Ambient traffic. In recent years, wireless sensors and other wireless applications have seen significant growth. This has increased
the Cross-Technology Interference (CTI) significantly. While in traditional active communication systems CTI mainly causes packet
losses, CTI is particularly challenging in battery-free platforms. A
constant CTI level is beneficial for battery-free devices as energy
could be harvested for the operation of the tag. Nevertheless, any
changes in the CTI level is problematic, as it triggers the envelope
detectors commonly employed for receptions on these platforms.
The precious harvested energy collected over a significant period
is served to process false wake-up events.
We experimentally study this problem and observe that the trend
towards large scale deployments of low-power wide-area network
standards such as LoRa negatively affects our envelope detectors. To
demonstrate this phenomenon, we perform an experiment where
we collect energy measurements using a zero consumption envelope
detector and a logic analyzer at four different locations of our
campus and city, three indoor in different locations and heights
on the same building and one outdoors in front of our university
campus. We calculate the wake-up events encountered in these
experiments. Without powering the tag, we measure the output of
the envelope detector at each location for three minutes.
An example of the collected results can be seen in Fig. 3. In our
experience, we have found that the comparator of our design may
be triggered with voltage changes as low as 20 mV [41]. A low detection threshold improves the sensitivity of the RF receivers, but
also causes them detect the communication of other devices. In
turn, this may trigger the MCU causing an undesired increase in
the consumption of the tag as well as errors in the communication.
We quantify this problem by measuring the percentage of channel occupancy time caused by CTI. In Fig. 4, we can see that the
occupancy can already reach over 40%.
Density of Carrier Emitter. Battery-free devices mostly rely on
RF-based energy sources, but the RF energy harvesting works at
a much shorter range than communication. In fact, tags need to
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In the room, we measure light homogeneity factor
twelve times higher than RF.

Figure 5: Homogeneity comparison between light and RF carrier signal. In a typical indoor environment, we find that the light
is significantly more homogeneous compared to RF signals.
harvest a minimum amount of energy to turn on (harvesting threshold). A tag typically needs a few tens of 𝜇𝑊 to turn on and begin
operation [45]; hence the range is usually limited by whether such
energy can be obtained from the harvesting source. This presents a
scalability challenge: we need dense deployments of high-power RF
emitters for ubiquitous harvesting. While dense RFID deployments
have been touted as a solution, technology trends do not suggest
this as a viable solution, and facts show that there are only isolated
deployments such as industrial IoT (e.g. supply chain warehouses).
We instead expect a typical indoor deployment to have a single
device such as a WiFi router that provides the necessary carrier
signal to support downlink communication. However, such a scenario limits the operational range to proximity to the carrier emitter
device due to the RF effects mentioned above. In order to quantify
this problem, we place a carrier generator, which is a USRP Ettus
B200 at the corner of the room, an ideal location for a WiFi router
in a home, and we program it to generate a signal with a maximum
strength of 17 dBm. Next, we observe the signal strength of the
carrier signal across the room using an RF spectrum analyzer as a
receiver together with the light intensity measured with a luxmeter.
We measure the uniformity of RF and light strength samples at
different 2D positions inside the room. The values of RF and light
signal’s intensities have been normalized and plotted across the
diagonal of the room. We show the experiment room and setup in
Fig. 5a and Fig. 5b, respectively, showing the room’s dimensions.
The results are displayed in Fig. 5c. We observe that close to the
RF emitter, contrary to our expectation, the RF signal intensity is
weaker because we are close to the wall and a metallic stand, which
might have impacted the signal. However, overall, it can be seen
that the RF signal has a large peak to average ratios.
Key takeaways. Here we present the most important lessons
learned from the challenges and results presented in this section:
• LiFi systems suffer from challenges of energy-efficient reception
and limited uplink capabilities.
• RF backscatter tags are challenged due to the capabilities of the
envelope detector. We find that high channel occupancy leads to
false triggers due to ambient wireless traffic.
• Light conditions in the indoor environment are more uniform
and homogeneous when compared to RF carrier signal.

3

EDISON

We advocate a design that uses LiFi downlink and RF backscatter
uplink. Our solution is called EDISON. We design the system with
the objective of being able to communicate using hybrid RF-light
medium while having a very low-power consumption to support
the operation on the harvested energy.
In Section 3.1, we first show that LiFi downlink offers the opportunity to solve the bottlenecks in backscatter downlink, and then
explore our main design choices to address the LiFi bottlenecks.
The main components of our system are then presented in Section 3.2, and the details of the main components are then presented
in Section 3.3.

3.1

Design principles

Light infrastructure is getting denser at a higher pace than RF infrastructure, and RF alone is not deployed so pervasively. This has
consequences on the intensity level measured with RF and light.
To illustrate this point, in the same setting as for the RF experiments conducted in Fig. 5c, we also measure the light levels using
a sensor tag light meter. The room uses standard light fixtures
for illumination. As for RF, we collect light strength at different
locations in the room and plot the normalized values across the diagonal of the room. The results are displayed in Fig. 5c. We measure
light homogeneity factor twelve times higher than RF (0.502 versus
0.040). Our experiments have been performed in a relatively old
office environment. We expect that new rooms will have a factor of
illuminance uniformity above 0.6 [14]. In conclusion, dense deployments of LED bulbs allows to address bottleneck B5 and provide
denser infrastructural elements for energy harvesting.
Downlink LiFi addresses bottleneck B4. First, in indoor environments with uniform lighting, any changes in ambient light caused
by human activity will cause infrequent changes in a small area,
avoiding to trigger the low-power receiver if unnecessary. Second,
human activity such as walking, which can disturb the ambient
light environment, occurs at a much slower rate when compared to
traffic from ambient signals. Finally, because of the directionality
of LiFi downlink, LiFi receivers are also significantly less sensitive
to changes caused by other LiFi communication in the area.
In order to solve bottleneck B1, we propose to leverage solar
cells both to harvest energy and receive LiFi data at very low power.
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Figure 6: Overview of EDISON tag. It can be divided into four
functional blocks; a microcontroller which runs the baseband processing logic, a power management unit, LiFi/RF
receiver to support downlink communication, and a RF
backscatter modulator for uplink transmissions.
RF backscatter provides a solution to B3, but it requires careful
design of the elements in the system and their interaction. Our
approach to addressing B2 is finally presented in Section 4.

3.2
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Figure 7: Performance of commercially-available solar cells.
Distinguishing between the ON and OFF states of a LiFi
transmitter becomes difficult at higher symbol rates since
the peak-to-peak voltage difference becomes small.
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Overview

In this section, we provide an overview of our system and describe
the three major components of our system.
Tag. The tag is the key component of the system. It harvests energy
from the ambient light using solar cell and stores this energy on a
small capacitor using a harvester circuit. The tag uses this energy
to power a low-power microcontroller, the VLC receiver, the RF
envelope detector and the backscatter transmitter. While operating on this harvested energy, the tag does baseband processing to
receive transmissions using light, and can also transmit messages
such as uplink transmissions using RF backscatter mechanism.
LED bulb. LiFi bulbs jointly provide the energy required by the tag
to operate and downlink communication data. We also integrate
an RF-transceiver in the bulb to support reception of backscatter
messages. We note that most smart LED bulbs already have radio
transceivers integrated and we might require minimal changes in
the hardware to support the reception of RF backscatter signals.
Edge Device. The final component of our system is an edge device
that is responsible for coordinating the downlink transmissions
from the LiFi Transmitter. Further, the edge device is also equipped
with a carrier generating device to provide necessary external carrier signal to enable uplink transmissions through the backscatter
mechanism.

3.3
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Tag

In this section, we discuss the design of the tag. We provide a highlevel overview of the tag in the Fig. 6. It consists of four main components - LiFi front-end, backscatter modulator, a power management
unit, and a processor. We present the first three components in
this section, while the baseband processing logic and processor is
presented in Section 4.
3.3.1 LiFi Front-end.
Instead of power-hungry amplifiers and photodiodes (bottleneck
B1), in our system, we have a solar panel operating in photovoltaic
mode. This allows having a zero power consumption for the LiFi
front-end in our tags. Solar cells have larger reception areas than
photodiodes. This is an advantage for harvesting but reduces the
response time with respect to photodiodes. However, this does not

Figure 8: LiFi receiver schematic. A solar cell coupled with
a thresholding circuit enables LiFi reception at sub-µW of
power consumption
impact us, as the baseband processing on low-power microcontroller limits our ability to support high bitrate transmissions.
Selecting solar cells. We evaluate the responsiveness to changes
in light levels of several existing solar cells. As a transmitter device,
we use a controllable LED connected to a pulse-wave generator
that creates an alternating sequence of 1s (LED on) and 0s (LED
off). We test seven solar cells with a form factor suitable for wearable applications. Five of these are monocrystalline with different
dimensions and parameters, while two are amorphous silicon cells.
We connect all solar cells to the ADC of a logic analyzer to find the
peak-to-peak difference in the signal amplitude.
Fig. 7 demonstrates that all seven solar cells have similar patterns.
As the sending symbol rate increases, the solar cells’ ability to
distinguish between the two LED states diminishes. We choose the
SLMD121H04L [23] (< $6) cell for our tag. This solar cell allows us
to detect transmissions at a frequency as high as 180 ksymbol/s. It
is also small and generates high short-circuit currents.
Digitizing solar cell output. The output of the solar cell is an
analog signal representing the light conditions. This needs to be
digitalized, and on active LiFi receivers, this step is performed using
an analog to digital (ADC) converter.
We overcome this challenge by building on recent low-power
visible light systems that have used a comparator coupled with a
low pass filter as thresholding circuit for communication [29, 64]
and sensing [59, 60]. We build on these designs and demonstrate
it can enable downlink LiFi communication even while receiving
communication data with the solar cell. The schematic is illustrated
in Fig. 8. Fig. 9 compares the energy efficiency of our receiver to conventional radio transceivers and also to a LiFi receiver implemented
using transimpedance amplifier. We are orders of magnitude more
energy-efficient when compared to these designs.
3.3.2 Backscatter Modulator.
To support up-link transmissions, we use the backscatter mechanism. Backscatter enables transmissions at significantly lower
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Figure 9: LiFi receiver comparison. Energy consumption/throughput comparison among LiFi receivers and
modern RF chips. The ultra-low power receiver meets its
performance goals of large energy saving while providing a
sufficient data rate for downlink passive communication.
energy cost compared to the conventional transceivers by reflecting or absorbing ambient wireless signals [34, 57].
The ability to harvest a small amount of energy with dense LED
bulbs deployment can allow us to avoid relying purely on energy
from the RF router for harvesting. We exploit this energy budget for
performing RF backscatter with frequency shifting for increased RF
communication range [27]. Using frequency shifting, the range of
such a transmitter can be quite high; for example, recent work has
shown that the backscattered signal can be received across several
walls in a home [47, 57]. Thus, we do not need dense edge devices
deployed as RF carrier generators, and we demonstrate in Sec. 5
that only one device per home (e.g., integrated in a WiFi router)
can suffice for uplink.
At a high level, the modulator works using two low-power oscillators, that generates frequency representing the two symbols
0 and 1, generating FSK modulation similarly to [57]. We select
these symbols depending on the payload to be transmitted using
a low-power multiplexer chip. This signal is used to control the
backscatter frontend, which reflects or absorbs the incident carrier signal. We can support operation both in the 868 MHz and the
2.4 GHz band, while consuming a peak power of 70 µW and 650 µW,
respectively. Our bit-rate in this work has been restricted to 2.9
kbps building on LoRea [57]. However, LoRea also supports higher
bit-rate without significantly increasing the energy cost at the expense of reduced range. The tag also integrates an RF envelope
detector that consumes up to 20 𝜇𝑊 at a sensitivity of about -30
dBm.
LiFi as Oscillator. On tags, the generation of the clock signal using
oscillators is essential and commonly the most energy-expensive
operation [2, 65]. In the design of the EDISON tag, among the components used in the communication blocks, the oscillator consumes
the most energy. Further, the energy consumption of the oscillator
increases with the oscillating frequency. Commonly a significant
frequency shift is required, as this influences the self-interference
from the carrier signal [57]. However, this increases the power
consumption of the oscillator.
Through LiFi as Oscillator, we explore eliminating oscillators
from the design of the tag and delegating this necessary task to
external infrastructure, the LiFi transmitter. Eliminating oscillators
from the design of the tag can enable us to reduce the power consumption of the tag. This is because we may be able to configure the
magnitude of frequency shifts through LiFi, and support schemes
such as frequency division multiplexing [58].

At a high level, this mechanism works as follows. The LiFi transmitter modulates the light with the clock signal. This signal is
received by the solar cell and results in corresponding changes in
the output of the cell. As we had seen in Fig. 7, these changes could
be seen across a diverse set of solar cells. Next, the analog changes
are digitized using a comparator to square signal, which could be
used as a clock source for the RF-backscatter baseband processing.
In our tag, this signal could be used instead of the signal generated
from the local oscillator. Overall the power consumption is dictated
by the comparator and is within a few µWs. The use of LiFi as an
oscillator does not restrict the modulation scheme.
3.3.3 Power Management.
Power management is a crucial operation of the tag due to the
battery-free nature. Our tag harvest energy from ambient light,
stores the energy onto a small capacitor, and provides it to the
components on the board for their operation. The fluctuations in
voltage due to change in the voltage of the capacitor is challenging
for battery-free systems [12, 35]. We overcome this by using a lowpower regulator and operate the entire board at a low-voltage of
2.2 V to minimize the power consumption.

4

PROTOCOL

Design of protocol to leverage the hybrid medium while operating
under the constraints of the harvested energy is one of the contributions that we make in this paper. We design the protocol to
achieve meagre power consumption which, as an example, in our
experiments, even allows continuous reception of LiFi data without
intermittent behavior typical to battery-free systems. We discuss
the design of the protocol next.

4.1

Energy-efficient LiFi Reception

Most existing LiFi systems use energy-expensive mechanisms to
perform the necessary baseband processing to receive LiFi transmissions [16]. This involves sensing the light signal using a photodiode
coupled with a transimpedance amplifier. The light signal is digitized and processed using ADCs. However, this is a prohibitively
expensive operation when operating on harvested energy as it
requires continuously polling and processing from the MCU.
Recent low-power LiFi systems overcome this limitation by using
an event-based mechanism [29, 64]. These systems react to an
external event such as interrupts instead of periodically sampling
the channel to detect changes in the light intensity levels. These
interrupts are generated using low-power comparators, which, as
we had discussed in Section 3.3.1, help us to avoid the energyexpensive ADCs. Our protocol also uses event-based design. We
keep the energy-expensive MCU to be in a low-power state for a
vast majority of the time. The MCU awakens only when there is
an external event caused by changes in the light intensity levels.
However, we overcome limitations of existing event-based LiFi
receivers that perform significant processing to measure the symbol
period. Instead of keeping track of time by involving the MCU to
measure clock cycle count, our system simplifies this design by
using a low-power timer. This allows to place the energy-expensive
MCU to low-power state in between processing of the symbol.
At a high level, our LiFi receiver mechanism works as follows:
We monitor the output of the comparator in the LiFi receiver. Next,
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Preamble
32

SFD
16

Src. address
8

Dst. Address
8

Frame Length
32

Payload
0-MAX

Table 1: Frame structure and size (symbols)
Figure 10: Behavior of the timer. The timer resets each time
a rising or falling edge is found. If it triggers, it means that
there is no edge between two symbols, and thus, two consecutive symbols with the same value have been received.
the change in the light level due to LiFi transmission causes the
MCU to be woken out of the sleep state. MCU’s low-power timer is
compared against the symbol period and interprets the incoming
symbol. Finally, once the symbols are received, the MCU constructs
the frame and processes the data.
To prevent flickering and support uniform illuminance during
the downlink communication, we use Manchester coding. This
ensures that even if data is transmitted, the LED bulb has a constant
DC value of 50% of the high level of the signal. This encoding has
another feature that we exploit: It ensures that irrespective of the
content of the bitstream, the maximum consecutive symbols with
the same value can be only two.
The reception logic operates as follows: As the tag switches on,
it places the MCU to the low-power state to preserve the scarce harvested energy. Next, it waits for interrupts from the LiFi receiver’s
comparator to receive ongoing LiFi transmission. Due to the inherent 1-bit nature of the comparator, we are limited to only the
information about the transitions between high and low states. We
precisely encode LiFi data within the timing information when the
transition happens. This, however, requires us to maintain a notion
of time at the tag which we achieve using a 32 kHz timer. This helps
us consume a much lower power consumption to maintain time
as compared to state-of-the-art works [29, 64] enabling us to sleep
between the reception of symbols. A question we may ask is: What
should be the period of the timer event to aid in symbol detection ?
The duration of the timer has to be such that is between the
symbol duration and twice the symbol duration. In order to avoid
problems such as frequency offset of the oscillator, we set a conservative value of 1.5 times the symbol duration for the timer event. We
illustrate the behavior in Fig. 10. From an implementation point of
view, we detect symbols in the following way. We set the timer once
the interrupt due to a rising or falling edge is found. Next, we distinguish if we have received a single symbol or contiguous symbols
in the following way. If we receive the timer event before receiving
an interrupt from the comparator, we know contiguous symbols
have been received, and vice-versa. We end the transmission when
we receive two continuous timer events without the comparator
being triggered. This is because due to Manchester encoding, it is
not possible to receive two symbols with similar value. An event
with timer firing twice means that three contiguous symbols have
been received, which cannot be possible unless transmission has
concluded or there is an error which results in the case that we
discard the LiFi frame.
We have two key advantage when using the aforementioned
approach when compared to traditional sampling method: (i) There
are hardly any synchronization related issues between transmitter
and receiver which is common to sampling-based state-of-the-art

Component

Name

Price ($)

Solar Cell 6 cm2 (Receiver)
Energy Harvester (Power Management)
Solar Cell 42.18 cm2 (Harvester)
Comparator (VLC/RF Receiver)
Microcontroller
Oscillator (Backscatter Modulator)
Multiplexer (Backscatter Modulator)
Regulator (Energy Management)
RF Switch (Backscatter Modulator)
RF Envelope Detector (Receiver)
Backscatter Receiver
VLC Transmitter (Platform)
Carrier Generator

SLMD121H04L [23]
Texas Instruments BQ25570 [53]
MP3-37 [42]
NCS2200 [41]
MSP430FR5969 [52]
Linear Technology LTC 6906 [33]
ADG904 multiplexer [5]
S-1313 [3]
HMC190BMS8[4]
HSMS286C[11]
CC1310 [51]
BeagleBone Black [8]
B200 USRP [13]

4,70
3,13
4,77
0,13
2,34
1,63
2,48
0,32
2,59
0,723
34,22
63,75
888,16

Table 2: Main components used in the design of EDISON
LiFi systems, and (ii) Baseband processing is minimized due to timerbased events which helps to conserve scarce energy and maintain
low power mode.
Frame structure. We show the frame structure in the Table 1.
We store the received symbols into a circular memory structure.
Our protocol detects a valid frame by comparing the preamble and
Start Frame Delimiter (SFD). To support deployments with a dense
number of tags, we also maintain space for TX and RX ID.

4.2

Backscatter Uplink

Our protocol also takes care of the uplink needed to have a bidirectional system. We achieve this using the backscatter mechanism. We implement the uplink baseband processing using timers
similar to LiFi downlink logic. The timer generates interrupts at the
symbol rate of uplink transmission. During these timer events, we
select the oscillator that corresponds to the bit to be transmitted.

5

EVALUATION

We evaluate different aspects of our system. The highlights of the
results presented in this section are as follows:
• We extensively evaluate EDISON in a range of conditions. Our experiment shows the ability to receive using LiFi up to 5 kbps and
uplink transmissions using RF backscatter at 20 meters in NLOS
conditions while operating battery-free on harvested energy.
• We demonstrate the ability to achieve continuous LiFi reception
without duty cycling on the harvested energy at 250 bps under
500 Lux light. This is due to the low-power consumption of the
LiFi receiver and baseband processing logic.
• EDISON introduces the concept of LiFi as an oscillator. This enables us to delegate the functionality of energy-expensive oscillator to the LiFi transmitter infrastructure. Our results demonstrate
the ability to support a frequency as high as 90 kHz.

5.1

Experiments setup

EDISON has been designed with the components shown in Table 2.
On the infrastructure’s side we use a BeagleBone Black (BBB) and
the software and firmware of OpenVLC [15], transmitting LiFi data
using On-Off keying (OOK) modulation. This translates to 1 bit
every two symbols. We modulate the data to a GPIO. Then, we use
an external driver to power up the voltage and connect it to a LED
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Figure 11: Solar cell voltage swing. We measure the maximum voltage swing at the output of the solar cell of different
sizes. We see a larger size increases the capacitance. Capacitance effects reduce the swing at high symbol rates.
bulb of 4.3 W. The BBB is also connected to a Texas Instruments
CC1310 that has been configured as a FSK receiver. This allows the
bulb to directly control the handshake of communication with the
tag. Both are connected through serial. Unless otherwise stated, we
perform measurements at approx 500 lux, which is similar to levels
commonly found in the indoor environment.
For the RF carrier generator, we use a B200 USRP generating
a carrier at 868 MHz and transmitting with a power of 17 dBm.
In the future, this element could also be designed and integrated
with the edge device to minimize the cost of it. For instance, RF
carrier generator at 2.4 GHz for backscatter could use current WiFi
chipsets, that already support this operation.
Our tag harvests energy from a small credit card-sized solar
cell (Powerfilm MP3-37 [42]), which is combined with an energy
harvester circuit based on Texas Instruments BQ25570 [53]. The
harvested energy is stored in a supercapacitor of up to few-mF in
capacity. Next, as the charge on the capacitor varies due to the
charging or discharging cycle, we use a low-power regulator (S1313 [3]) to stabilize the voltage and keep it at a constant level. Once
enough energy is harvested for the operation of the microcontroller
MSP430FR5949 [52], it performs local processing, uplink transmissions or downlink receptions. To perform uplink transmission, we
use the backscatter modulator designed using low-power oscillator LTC 6906 [33], ADG704 multiplexer [5], and HMC190BMS8 RF
switch [4]. We perform downlink reception using a LiFi receiver
or RF envelope detector depending on the experiment. The RF envelope detector is implemented using diode HSMS286C, which is
also used in envelope detectors used in related systems. Further,
we receive through LiFi using a solar cell SLMD121H04L [23]. We
digitize the analog signal through a thresholding circuit designed
using a comparator NCS2200 [41].
5.1.1 Cost.
In this section, we discuss the cost of designing the EDISON tag
and LiFi transmitter. We note that, as we have designed only a few
prototypes, the cost is significantly higher.
Tag. We list the cost of the components from a popular online store
and show them in Table 2. The cost of PCB is 15 USD (excluding the
cost of the components), which can be significantly lowered when
done at scale. Overall, a single PCB, together with the components
costs approx 38$. The cost of components for an RF only version
of the board would be 18.11$, and a LiFi only would be 15.39$. We
note that the cost difference to integrate the LiFi receiver on a
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Figure 12: Packet loss rate and light levels As we increase the
light intensity levels, the packet loss rate decreases. At low
light levels, we encounter high packet loss rate, as the light
intensity is smal to trigger the comparator.
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Figure 13: Received symbol rate and LiFi communication
frequency. Increasing the LiFi communication frequency,
causes the voltage swing to become progressively smaller.
At 150 ksamples/s it is insufficient to trigger the comparator, thus preventing successful reception.
standard backscatter tag is nominal (≈ 2.72$) when compared to
the advantages gained in functionality.
LiFi Transmitter. The cost of the used LED is 3$, and the BeagleBlone Black we use is 64$. The OpenVLC platform is a versatile
research board and its code could be ported in the future into other
embedded platforms to significantly lower the cost.
Next, we evaluate our system in a range of conditions that applications might encounter.

5.2

Data acquisition

Our LiFi front-end has two key components, the solar cell and the
comparator. We measure the swing (difference between high and
low symbols) obtained at different transmission rates for 3 different
solar cells. The sizes are between the ones found in Table 2. The
swing is necessary for the comparator to be triggered.
The results are presented in Fig. 11. At low frequencies, no matter the size, the solar cell is able to fully transition. This means that
bigger areas can collect more energy and thus, show bigger swings.
Nevertheless, the solar cells have capacitance effects that increase
with the reception area. The capacitance limits its frequency response. In Fig. 11, we observe that, at higher frequencies, smaller
solar cells show better behavior for communication as they transit
faster. For the rest of the experiments with solar cells, we will use
the smallest one, as its behavior is the best at high frequencies.
Fig. 12 shows the packet loss rate as a function of the light intensity impinging on the solar cell. For very low light intensity, there
is no enough voltage change to trigger the wake-up mechanism
and the communication is affected by a high packet loss. However,
this occurs at very low light level (in the order of 100 Lux), much
smaller than typical suggested indoor illumination (≈ 500 Lux).
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Figure 14: Baseband processing ability with LiFi bit rate.
Packet loss rate increases at lower MCU frequency (f) and
higher LiFi bit rate, as the processing time is greater than
the incoming symbol duration.
Another parameter affecting the data acquisition is the relation
between the percentage of correctly received symbols and the LiFi
communication rate, with results presented in Fig. 13. At frequencies above 150 ksymbol per second, the sensitivity of the comparator
is not large enough to sense the difference between high and low
symbols received with the solar cell.
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Figure 15: Capacitor charging time with LiFi symbol rate. Increasing the LiFi symbol rate does not cause appreciable increase in the energy harvesting rate when compared to harvesting energy from a un modulated light (DC signal).
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LiFi Reception ability

The performance of the tag as a LiFi receiver will depend not only
on the before mentioned data acquisition but also on the capacity
of the tag to process the data. The latter depends on the clock
frequency of the MCU. Nevertheless, as the MCU is the main source
of consumption on our system, it is desired to have a clock frequency
as low as possible, in order to reduce the overall consumption. We
evaluate the tag under different transmission rates and different
MCU clock frequencies. The frequencies selected are the ones given
by the manufacturer. The results are presented in Fig. 14. Below
3.33 MHz the maximum rate at which no packet is lost is 250 bps,
between 3.33 MHz and 6.66 MHz at 500 bps, 2.5 kbps at 6.66 MHz
and 5 kbps at 8 MHz. At each rate, from some point on, the tag is
unable to receive anymore. This is the result of the MCU taking
more time to process a symbol than the symbol duration.

5.4

Energy Harvesting

The operation of our tag on the energy harvested from the ambient
environment is an essential functionality for our system. In this
section, we present our experiments to evaluate this ability of our
system under varied energy harvesting conditions.
LiFi Transmission Rate. We explore how the LiFi transmission
rate impacts the energy harvesting ability. We measure the energy
harvesting time as we vary the symbol rate, which impacts the
incident light intensity. Fig. 15 shows the result of the experiment.
We observe that varying the symbol transmission rate does not
significantly impact the energy harvesting rate when compared to
an unmodulated LiFi transmission. We believe this is because the
amount of energy incident on the solar cell changes negligibly with
the LiFi transmission rate. The high capacitance effects of the solar
cell and the harvester chip further mitigate this problem.
Light Intensity. Next, we evaluate the ability of our system to harvest energy under different light intensity conditions. The incident
light levels impact the energy available to harvest impacting the
harvesting time. In this experiment, we explore the time taken to
charge a capacitor of size 2.2 mF as we change the light intensity
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Figure 16: Charging time with capacitor sizes. We find that
the energy harvesting time increases with the capacitor size.
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Figure 17: Packet loss rate. Due to the intermittent behavior
of the tag, the packet loss rate increases with the LiFi bit rate.
levels. As shown in Fig. 16, the charging time decreases significantly
with the increase in the light intensity levels.
Capacitor Size. In this experiment, we evaluate the impact of capacitor size on the energy harvesting time. A larger capacitor size
can sustain the operation of the tag for a longer time duration but
also takes a much longer time to charge. We experiment with similar conditions as the last experiment. We evaluate three different
capacitor sizes, 100 µF, 2.2 mF and 6.8 mF. Fig. 16 shows the results
of the experiment. As expected, a small capacitor or brighter light
conditions result in faster charging time. We also note that, even
under normal indoor illumination, we can harvest sufficient energy to sustain the operation of our tag during reception for a few
minutes with the biggest capacitor.
LiFi Reception. We evaluate the ability of our system to receive
LiFi transmissions under the harvested modulated light. We configure the LiFi transmitter to transmit at different bit rates. We set
the MCU at the lowest clock frequency for each transmission rate.
Fig. 17 shows the result of the experiment. We observe that under
such conditions, our system can continuously receive data up to
250 bps without intermittent behavior commonly shown by batteryfree systems. As we increase the LiFi transmission rate, the energy
harvested and used becomes asymmetric impacting the reception
ability, as the tag starts to lose energy during the reception.
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Figure 18: Power consumption and LiFi bit rate. Higher MCU
clock rate are required to support base band processing at
higher LiFi bit rates. We require the MCU to operate at 8 MHz
to support LiFi bit rate of 5 kbps, while consuming 2 mW.
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Figure 19: LiFi as Oscillator. Modulating light with a signal
of frequency required for frequency shift backscatter (BCK)
transmissions helps us to eliminate on board oscillators.

Power Consumption

In this experiment, we measure the power consumption of the
tag. Two main contributors influence the power consumption of
the tag: the MCU; and the consumption of the other units of the
circuit. Its operating state influences the power consumption of
MCU itself. We measure the power consumption using a highly
sensitive Keysight E36313A power supply [28].
First, we measure the power consumption of the tag with the
MCU in the lowest power state, and find that it consumes a peak
power of 224𝜇𝑊 , independent from the MCU’s clock rate (as it is
turned off in low power mode). This consumption is due to all the
units, such as, backscatter modulator and LiFi receiver, being active.
Next, when receiving and processing LiFi data, the power consumption of the tag scales with the symbol rate and clock frequency.
The amount of processing required is fixed per symbol. This means
that the higher the transmission rate, the more processing MCU
needs to perform, which increases the power consumption. We
illustrate these results in Fig. 18. As we increase the LiFi bit rate,
we need higher MCU frequency to be able to process symbols fast
enough before the next symbol is received. Further, a higher transmission rate also prevents MCU from transiting to a low-power
state, which also pushes the power consumption. We can achieve
communication of 250 bps at 620 𝜇W by setting the MCU frequency
at 1 MHz and 5 kbps at 2 mW when the MCU frequency is 8 MHz
(lower clock rates would result in packet losses because of our
energy-efficient LiFi reception, see Section 4.1).

5.6

RSSI measurements(dBm)

Power Consumption (uW)
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LiFi as Oscillator

In this experiment, we evaluate the ability of LiFi transmitter to
eliminate onboard oscillators and support frequency shift backscatter with the objective of significantly help to lower the power
consumption of the tag.
We program the LiFi transmitter to generate an unmodulated
carrier signal up to the frequency of 90 kHz (corresponding to 180
ksymbol/sec), which is the maximum frequency up to which we
see a noticeable voltage swing across solar cell output to enable
digitization operation (cf. Section 3.3.1). Next, we connect the output
of the digitization mechanism to the backscatter modulator. Thus,
the overall power consumption is dictated by the comparator, which
results in approximately 20 µW. We generate a carrier signal with
a strength of 17 dBm located several meters away. We locate an RF
spectrum analyzer close to our battery-free tag. We keep track of
the noise floor and the backscattered signal strength as we change
the frequency of unmodulated carrier transmitted from LiFi emitter.

Fig. 19 shows the Received Signal Strenght Indicator (RSSI) as a
function of LiFi clock rate. For comparison, we measure the noise
floor by finding the minimum level of the signal analyzer at the
frequency band of 868 MHz. As we change the clock frequency of
the LiFi transmitter, we observe a high backscattered signal strength
which implies we can support frequency shift backscatter without
requiring onboard oscillators.

5.7

Communication Range

In this experiment, we evaluate the communication range of our
system. Due to the hybrid design, the communication range includes light based downlink communication, and uplink through
backscatter mechanism.
LiFi Downlink. The range of the LiFi downlink system depends
mainly on the intensity of the light and the sensitivity of the LiFi
receiver. Our system can communicate with light intensity as small
as 100 Lux. We use a 4.3 W LED in the transmitter that allows
communication distance of up to 3 meters.
A low-power envelope detector has a sensitivity of around -30
dBm, as we discussed in Section 2.2. As we discussed earlier, RF
signals suffer from many unintended effects and also make dense
deployment challenging.
Backscatter Uplink. In the case of the backscattering communication, the communication distance depends on the relative distance
between the carrier generator and tag, tag and receiver in the LED
bulb, and carrier generator’s intensity. To measure the capabilities
of our system as a backscatter under real deployment conditions,
we place the tag in the same room as the receiver, and place the
carrier generator at different locations. The sensitivity of the RF
receiver in the LED bulb is around -110 dBm. The kitchen, corridor 1, room 1, room 2 and corridor 2 are located at a distance of
6, 4.5, 8.5, 15 and 20 meters, respectively, and we collect the RSSI
measurements of the received packets. The kitchen has direct Lineof-Sight (LOS) with the room where the tag is located. The rest of
the measurements are taken in the corridor with no LOS with the
tag or in offices in the same corridor.
At each measurement point, we take measurements for 1 minute.
The results of this experiment are shown in Fig. 20. The further we
are from the tag the smaller the RSSI is. Nevertheless, here we show
that our system can communicate at tens of meters even when
objects such as walls are blocking the direct LOS of the system.
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Figure 20: Received signal measurement. Backscatter signal
strength for varied location of the carrier generator.
Power Consumption Downlink Frontend (𝜇W)
Power Consumption Uplink Frontend (𝜇W)
Uplink rate (kbps)
Downlink distance per LED consumption (m/W)
max. uplink distance (m)
Non-disturbing uplink light for user
Suffers from directionality

EDISON
20
70 (2.9 kbps)
2.9
0.7
>20
Yes
No

RetroVLC
N/A
90 (0.5 kbps)
0.125
0.16
2.4
No
Yes

PassiveVLC
N/A
90 (0.5 kbps)
1
N/A
4.5
No
Yes

Table 3: Comparison of EDISON with battery-free works using LiFi both for downlink and uplink. For fairness, we use
LEDs as transmitters in all cases (PassiveVLC did not report
the results with LEDs but only with flash lights). These systems use one of the variant of MSP430 MCU. For the variant
we use we have optimized it to consume ≈ 200 µW operating
at 1 MHz. Because of the MCU, all these systems may achieve
similar downlink rate under sufficient power budget.

5.8

Comparison with RF/LiFi systems

To better understand the benefits of our solution, we emphasize
the advantages of using it versus single technology solutions.
LiFi systems. Uplink capability restricts battery-free LiFi systems.
Recent systems have leveraged VLC backscatter mechanisms to support uplink transmissions [29, 64], using retro reflectors to backscatter and modulate incident light. We compare EDISON to these systems in Table 3. EDISON supports a significantly higher range, bit
rate, and does not suffer from directional issues. Comparing the
energy cost for performing up link transmissions, EDISON uses RF
backscatter mechanism based on LoRea [57], and consumes 70 µW
at an rate of 2.9 kbps. LoRea demonstrates significantly higher
bitrates with similar modulator design, which may enable us to
increase this rate without incurring additional energy [57]. We
find that retro reflectors based VLC backscatter systems consume
higher power, and are restricted due to slow switching speed (approx. 1 KHz) and high peak power consumption of the LCD screen.
RetroVLC consumes approx. 90 µW at a switching rate of 0.5 KHz.
PassiveVLC [64] would consume similar power, as it also based on
circuit designs of RetroVLC [29].
RF backscatter systems. We find that EDISON LiFi frontend and
RF envelope detector consume similar energy for reception. This
is because the only active and energy-consuming component in
both these systems is a comparator. However, RF envelope detector
is limited by the challenges introduced in Section 2.2, that largely
increase the energy consumption of the MCU in real setting at a
reduced power budget.

6

RELATED WORK

Our system is related to works that devise mechanisms to support
passive communication and their applications.
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Applications of passive communication. There is a growing
number of applications that have been recently investigated for
passive communication, that use backscatter or visible light as
a communication medium. These applications include a batteryfree eye-tracker for augmented reality [30], wristband for hand
gesture recognition [56], the first phone to make calls without
batteries [48], and battery-free cameras and HD video streaming [37,
38]. However, all these works share the limitations that devices
mainly transmit data, or the reception of data at the device is at
very low rate or constrained. Further they face challenges such as
those we mentioned in the Section 2.
Network densification. Networks are getting more densely deployed to increase capacity and reduce latency, rather than for
communicating to battery-free devices. The underlying radio technologies, mm-wave and Massive MIMO, are power-hungry and use
high frequencies to optimize the spectrum reuse [21, 25]. There has
been work to make battery-free devices talking to current architectures and exploiting existing RF waves [9, 26, 34, 43], rather than
relying on isolated, costly and low-performance deployments of
RFID readers. However, all these works are affected by fundamental
limitations, such as (i) they can not scavenge enough RF energy as
legacy transmissions are typically wideband, while peak power of
energy harvested occurs for narrowband transmissions; (ii) they all
work only for uplink communication from the battery-free device.
Receptions on low-power visible light systems. In the last
years, we have seen an increasing interest in energy-efficient designs for VLC and Visible Light Sensing systems. They optimize
the sensing circuitry and processing logic for energy-efficient operations. [32] operates photodiodes in a photovoltaic mode, which
eliminates the need for energy-expensive trans-impedance amplifiers. They detect slow changes in the light conditions to design
a self-powered hand gesture detection system. [36, 59] leverage
solar cells instead of photodiodes for detecting changes in the light
conditions caused due to the hand gestures. However, [32, 36] used
an energy-expensive ADCs for digitization, and further, all of these
systems detect slow changes (few tens of Hz) caused due to gestures. Solar cells have also been used to support high-speed LiFi
communication [63]. However, such systems use energy-expensive
mechanisms (ADCs, Oscilloscope) and are infeasible for low-power
systems such as those we target that operate on harvested energy.
Overheads of high rate sampling using an energy-expensive
ADCs are prominent for LiFi systems. Consequently, recent systems eliminate ADCs using an energy inexpensive thresholding
circuits. RetroVLC [29] and PassiveVLC [64] use a thresholding
circuit to digitize light readings. However, these systems use an
energy-expensive photodiode coupled with an amplifier, we overcome this using a solar cell. Further, to overcome the overhead of
energy-expensive digitization, we combine the solar cell with the
shareholding circuit. As compared to [59] who used such a design
of gesture sensing, we demonstrate the ability to receive LiFi transmission. Further, we also tackle the challenges of energy-efficient
and necessary baseband processing.
Passive VLC Uplink. Another body of work has explored passive
uplink communication for VLC where the receiver replies using
an LCD shutter to change the reflected signal in time and sends
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the signal in the direction of the transmitter (LED) using a retroreflector [29, 64]. An alternative scheme proposed in [10] uses the
mobility and the reflective properties of materials to send data to
the receive. Table 3 we provide a comparison between our system
and these related systems. We overcome their limitations through
the use of RF backscatter to support uplink transmissions.
Intersection of different technologies. There has been limited
investigation on the study of the interface between different technologies. A low-power transceiver called Morpho was presented
in [45] to integrate active radio components with passive radio components. Similar interest has emerged to understand the interaction
between radio and acoustic [55]. Yet, these works do not operate
in battery-free regime. There has also been limited research to integrate visible light and radio-based communication. [39, 62] did
not consider battery-free devices and purely aimed at optimizing
the throughput. Related work has investigated how to sense coarse
light variations in order to modulate the RF backscatter signal [59].
The proposed solution did not allow to send data to the IoT tag.
[19] proposed to retrofit LEDs with an RFID reader to communicate to battery-free device. Their design is cost prohibitive (≈ $300)
and subjected to low sensitivity and high transmit power beyond
regulatory compliance. This paper is inspired by our preliminary
work [17], where an RF carrier generator is integrated in each LED
bulb. This increases the complexity in coordinating RF emitters.

7

DISCUSSION

We discuss potential improvements in our design, scalability issues
and application scenarios enabled by our system.

7.1

Role of LiFi and RF in Deployments

Our system only uses RF backscatter for uplink transmissions. However, it can either use light or RF signals for receptions and energy
harvesting. The usage of these mediums depends on the application
scenario and deployment conditions. For most scenarios, as we
had discussed earlier, indoor light is homogeneous in space, and
EDISON uses light as a medium. But RF energy is more homogeneous in time, while the ambient light could be unavailable or low
depending on the time of the day and night. Under low ambient
light EDISON may solely use RF envelope detector for harvesting
and reception. We might also prefer to use a RF envelope detector
over light when operating in proximity to edge device where the
carrier signal might be stronger. Moreover, our design could use
RF and light to harvest, as demostrated in [46].

7.2

Scaling deployment

We have presented the design of our system and micro-benchmarked
the performance of a single tag. We can support a large number
of tags with little or no modification. The scalability of our system depends on the uplink, downlink, harvesting ability and cost
per device. We had seen that the light levels indoors are uniform
through space (harvesting and link quality). We can identify individual tags using the address field in the frame structure as presented
in Table 1 from a single LED. We can use this together with our
wake-up mechanism to trigger the desired tag. The uplink ability
depends on the RF-backscatter mechanism. Recent systems have
demonstrated a large number of concurrently backscatter tags [22].
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We implement the RF-uplink similarly to LoRea [57]. Its frequency
division multiplexing (FDM) mechanisms was presented in [58],
reusable in our design. RF backscatter signals are received by our
LED bulbs. In our case, we receive a FSK modulated signal received
using a commodity radio transceiver. Such a transceiver can be
easily integrated in existing LED bulbs. In addition, the upcoming
802.11bb Light Communication [1] (completed in 2021) addresses
mass market requirements for LiFi, and will allow a single chipset
with 802.11bb to transmit and receive with light and RF.

7.3

Application Scenarios

We find that many deployments offer favorable conditions for our
system. We list some of these in this section.
Sensors in homes. Sensors deployed in home enable scenarios
such as occupancy detection. Consequently, their energy-efficient
operation has attracted interest, and backscatter has emerged as
a promising technology. However, such a possibility is restricted
due to challenges such as those we discussed in Section 2. Homes
provide necessary conditions for our system. The lighting infrastructure is pervasive, and commonly provides homogeneous light
levels. Further, WiFi and other router devices can function as an
edge device for our system.
Greenhouses. Sensors are being increasingly used in farming applications to improve their yield [61]. However, at present deploying and maintaining sensors at a large scale is cumbersome due
to overhead associated with batteries. Backscatter based sensors
are attractive for these applications [24]. Greenhouses could provide the necessary conditions for our system. Greenhouses are well
illuminated with controlled lighting. These lights could help us
coordinate the deployment of a large number of sensors.
Outdoors. Our system could also enable outdoor sensor applications. In these applications, artificial lighting for illumination, such
as street lights which are usually bright, could provide necessary
LiFi downlink capability. Thanks to RF backscatter, deployments
can be at a reasonable distance away from the lighting source.
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CONCLUSION

In this paper, we have proposed a novel LiFi-RF communication
system that addresses some of the fundamental roadblocks that
impede the vision of battery-free communication. We envision that
the ability to operate battery-free will allow to deploy a massive
number of IoT devices. The system exploits the advantages of LiFi
and RF to provide battery-free communication and addresses technical solutions to solve their bottlenecks. We have presented several
contributions to communicate at very low power, and have shown
that EDISON can allow continuous reception of LiFi data up to 250
bit/s using only energy harvested from the LiFi transmitter.
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