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LuXSensing Beacon: Batteryless IoT Sensor, Design
Methodology, and Field Test for Sustainable

Greenhouse Monitoring
Kang Eun Jeon , Tsz Ngai Lin, James She , Simon Wong, Rajesh Govindan, Tareq Al-Ansari,

and Bo Wang , Senior Member, IEEE

Abstract—Greenhouse farming is a trending practice to secure
food production in desert environments. Such a practice often
requires sensing systems to monitor the greenhouse microclimate.
However, traditional monitoring systems are often limited by their
feature size, energy consumption, and maintenance cost. To ad-
dress these issues, this article introduces a luXSensing beacon—
an energy harvesting sensing device empowered with Bluetooth
communication technology to perform continuous environmental
sensing. To enable long-lasting or even batteryless operation of the
sensing device, we propose a novel and generic design methodology
to suggest minimum energy harvesting hardware requirements,
namely the photovoltaic panel’s area and supercapacitor’s size
for energy storage. In addition, a lifetime model is also proposed
to calculate the extended lifetime of a hybrid energy harvesting
device if it is equipped with a backup battery. Based on the pro-
posed methodology, a prototype system is developed, deployed,
and tested in a desert greenhouse. The luXSensing beacon demon-
strated its capability of monitoring air temperature and illumi-
nance continuously in a 24/7 manner. The comparative compact-
ness and low-energy consumption of the system are advantageous
not only to its deployment in greenhouses but also to the reduc-
tion of energy budget and the maintenance cost of greenhouse
farming.

Index Terms—Bluetooth low energy (BLE) beacon, greenhouse
monitoring, Internet of Things (IoT) sensor, LuXSensing beacon,
self-powered wireless sensing.

I. INTRODUCTION

FARMING is a great challenge in desert climates due to
various limiting factors, such as low precipitation and
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high evaporation rates. Greenhouse technology, which helps
overcome climatic constraints by providing crops with a suitable
growing environment, is adopted in many arid countries for food
production (e.g., Qatar and UAE). Sensing systems are often
installed in greenhouses to monitor microclimatic conditions,
such as air temperature, solar radiation, and CO2 level in real
time. The collected data allow a smarter control of various
environmental parameters in greenhouses to maintain optimal
crop growth conditions [1], [2].

However, most of the existing greenhouse sensing systems
come with the limitations of bulkiness and high energy consump-
tion, which leads to a high life cycle cost (LCC) of greenhouse
operation, including the capital, operational, energy, mainte-
nance, and repair costs [3]. In particular, traditional battery-
powered sensors installed in greenhouses require batteries for
power supply, thereby incurring significant energy and mainte-
nance costs [4]. To reduce LCC, only a limited number of sensors
can be installed in a greenhouse. However, environmental condi-
tions in greenhouses can differ within a small spatial scale (e.g.,
within a few meters), and the absence of a wider grid of sensors
to produce microclimate map results in a narrow scope of spatial
observation of the target parameters, rendering the optimization
of greenhouse control difficult to achieve. This inevitably results
in reduced food production and water and energy wastage [5],
[6], [7].

The increasing availability of Bluetooth Low Energy (BLE)-
based wireless sensing technologies on the market reflects
the tremendous demand for a monitoring system that can be
made cost-effective, energy-efficient, and capable of providing
real-time supervision. For example, BeaconTrax [8] provides a
BLE module (Trax10127T) [9] for temperature and humidity
sensing along with cloud service, which has a 2.8-year life
span. However, the fact that the module is powered by batteries
still renders its capability to be deployed on a large scale. To
address issues such as the high cost of battery replacement,
data discontinuity during system maintenance, and disposal
problems, going batteryless is a more promising way for the
next-generation wireless sensing system.

Everactive [10] is one such provider of a batteryless and
always-on Internet of Things (IoT) sensing device (Eversen-
sor). However, Eversensor [11] is too bulky to be deployed
in existing plastic or glass greenhouses without renovation. In
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TABLE I
COMPARISON OF DIFFERENT ENERGY HARVESTING BLE BEACON DEVICES

comparison, Infineon [12] developed a compact batteryless solar
BLE sensor (CYALKIT-E02) [13] to transmit ambient temper-
ature and humidity data using the BLE broadcasting mode.
Being the smallest solar-powered BLE sensor currently available
on the market, its 0.2-F on-chip supercapacitor allows a 30-h
continuous operation without ambient light. However, the tight
power budget of the sensor limits its sampling rate, which is as
long as 5 min/sample when the supercapacitor is being charged.
In desert greenhouse farming, this is a significant drawback
as the desert environment exhibits rapid changes. The lack of
real-time data may result in over-/undershoot in the microcli-
mate control. A sensing system with a small sensing interval is
more favorable.To address these issues, this article presents a
lightweight, cost-effective, and self-powered luXSensing bea-
con sensing system for greenhouse applications. Two environ-
mental parameters, air temperature and illuminance, are chosen
among others in this study as proof of concept since they are the
key factors affecting crop growth [3], [14]. With a dimension
of 66.4×56.9×18.5 mm3 and a sensing interval of one sample
per minute, the proposed system is capable of large-scale de-
ployment in greenhouses to collect comprehensive spatial data
in a 24/7 manner, which could enable more precise monitoring
and microclimate control. The contributions of our article can
be summarized as follows:

1) developing a novel data-driven design methodology that
integrated the use of a supercapacitor as rechargeable
storage to maximize device lifetime/sustainability while
minimizing form factor;

2) constructing a luXSensing beacon to collect illuminance
and temperature data, optimizing it based on illuminance
data collected from a desert greenhouse in Qatar;

3) conducting real-world field tests using luXSensing bea-
cons to monitor illuminance and temperature data at a
desert greenhouse.

The rest of this article is organized as follows. Section II
provides a brief discussion of IoT technologies for greenhouse
applications. Section III presents the proposed luXSensing bea-
con. Section IV presents the design methodology with special
consideration on its power budget. Section V describes the
sensor deployment and the measurement results obtained from
our field test. Finally, Section VI concludes this article.

II. BACKGROUNDS AND RELATED WORKS

In this section, we present the background knowledge on en-
ergy harvesting devices and greenhouse applications empowered
by IoT technologies. We first present existing energy harvesting
BLE beacon designs and their shortcomings. Then, we review
various enabling IoT and communication technologies with
real-life application examples.

A. Energy Harvesting BLE Beacons

To enable self-sustainable and maintenance-free IoT
applications, several solar-powered BLE beacons from the
industries have been proposed, as shown in Table I. GCell Solar
iBeacon [15] and TIDA Indoor Light Harvest [16] have large
form factors, which make them unsuitable for deployment in
greenhouses. On the other hand, Cypress SolarBeacon [13] has
slow energy harvesting speeds to support the energy consump-
tion of the sensors. Most BLE beacons rely on disposable coin
cell batteries as their main power source. The lifetime and form
factor of the beacon may vary depending on the cell used. A
review of battery-powered BLE beacons can be found in [31].
Shih et al. [17] used a combination of RF and light harvesting to
operate a BLE beacon system with a long advertising interval of
45 s. HKUST SolarBeacon X1, the first prototype developed by
the authors, also has similar drawbacks. The device was designed
to operate in low-light environments; however, it was found
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that the rechargeable Li-ion battery could not be recharged with
such a small current source. Existing devices have insufficient
energy harvesting capabilities to support the required advertising
interval of 1000 ms, and lack of energy storage capacity restricts
them to short life spans if there is no ambient light energy.
This makes direct conversion of existing battery-powered
infrastructure to a batteryless one unreliable, considering that
most interactive applications require an advertising interval
below 1000 ms. In response to this, numerous attempts have
been made to realize batteryless IoT infrastructure. Mekikis et
al. [18] analyze connectivity in a batteryless sensor network
under different routing schemes. Huang et al. [19] investigate
deployment schemes for IoT applications and propose a general
framework, optimization model, and low-power-consuming
optimization algorithm to support green IoT.

B. IoT Technologies for Greenhouses

The utilization of IoT in smart farming has boomed in recent
years [20], [21]. Mobile monitoring/manipulating systems have
been regularly adopted in precision agriculture applications
such as spatial imaging, pest detection, and on-field sensing
for crop and soil monitoring (i.e., soil moisture, conductivity,
salinity, etc.) [22], [23], [24]. Since mobility and precision are
the main concerns for precision agriculture applications, satellite
navigation systems for positioning and laser/infrared tracking
for localization are very popular among mobile systems. Mean-
while, perceptual layers of IoT devices need to be integrated
into the mobile system when environmental information from
different spaces needs to be collected.

Previously, some IoT platforms used predefined values or
hard-coded models to handle specific tasks in the greenhouse.
Now, these tasks can be managed individually and simultane-
ously to boost crop productivity by taking advantage of the
real-time measurement of IoT devices and the adaptive control
from cloud computing services. The following are three of the
many developed schemes that reach their individual goal using
IoT sensing devices. FarmBeats, an IoT platform developed
by Microsoft Research for data-driven agriculture, uses drone
videos and sensor data to generate a precision map for the farm
and monitor solar radiation with the weather-aware IoT base
station. With FarmBeats gateway connected to IoT base station
and Azure cloud via Wi-Fi, a duty cycling approach is also
deployed for the sensor module to achieve energy neutrality and
data continuity [25]. AgriSens, a dynamic irrigation scheduling
system for water management, monitors the water level using
IoT devices and performs irrigation based on the crop’s life
cycle phases. With the help of ZigBee, the sensor node, actu-
ators, and weather station can be linked to the farmer’s side
for monitoring and remote control [26]. Greenhouse models
as a service (GMaaS), a cloud-based service model that can
forecast the following 48-h climate change, crop production,
and irrigation values inside a greenhouse, is proposed to build a
platform for crop production. A single-page application, iVeg,
is also developed as a graphical front end for the user to call the
GMaaS directly instead of requesting it via HTTP protocol [28].
Yıldırım et al. [29] employed RFID temperature sensors along

with wireless power transfer techniques to enable sustainable
and reliable greenhouse monitoring. The deployment cost, es-
pecially the reader cost, hinders its applicability in standard
greenhouses.

The fundamental IoT revolution in the greenhouse depends
on communication technologies that can fulfill energy efficiency,
broad coverage, and scalability. Different communication tech-
nologies distinguish the speed of the range, power consumption,
and operating (uploading and downloading) [30]. Table II sum-
marizes the distinct choices of protocols. First, good connectiv-
ity/bandwidth can ensure the correctness and timeliness of the
data. Second, encrypted/secured information can prevent hack-
ing and exclusive the data to specific users. Last but not least,
minimal sufficient communication can avoid battery depletion
and allow the usage of self-sufficient power sources. While hav-
ing the lowest power consumption among other IoT technolo-
gies, BLE-empowered infrastructure can support multiple appli-
cations simultaneously. Namely, BLE infrastructure can serve
as both perceptual and also localization layers. Moreover, the
infrastructure’s robustness and energy efficiency eliminate the
hassle of deploying and managing power-hungry heterogeneous
infrastructure, leading to accelerated deployment/development
of BLE-beacon-based infrastructure for smart farming applica-
tions.

To this end, we propose a novel design methodology for
energy harvesting BLE sensor devices, which determines the
solar panel area and supercapacitor size to maximize the chance
of self-sustainable operation while minimizing the cost and
form factor. The proposed methodology is employed to develop
luXSensing beacons which are later deployed for a field test at
a desert greenhouse in Qatar. The field-test results demonstrate
that the prototyped luXSensing beacon can collect various sen-
sor data reliably in a 24/7 self-sustainable manner.

III. PROPOSED GREENHOUSE SENSING SYSTEM

An overview of the proposed luXSensing beacon is shown in
Fig. 1. The device is equipped with two sensors for measuring air
temperature and illuminance. The system also contains a small
solar panel for energy harvesting, a supercapacitor for energy
storage, and a Bluetooth module for communication. A simpli-
fied schematic of the device is shown in Fig. 2, which highlights
the sensing module, luXSensing beacon, and communication
module. The details of the design of this device are as follows.

A. Air Temperature and Illuminance Sensing

The sensing module consists of a low-dropout linear regulator
(LDO) TPS782, a temperature sensor TMP36, a photoresistor
(PR) CDS-55, and a bias resistor (Rb). The LDO regulates
the output from the solar energy harvester, supplying a stable
3.3 V output to the temperature sensor and the PR. Note that
the sensing module requires are dedicated voltage regulator as
it requires stable 3.3 V for accurate and reliable sensing mea-
surements, whereas the microcontroller unit (MCU) can accept
a wide range of voltage from 1.8 to 3.6 V, thanks to its internal
regulator. The temperature sensor has an accuracy of ±1 ◦C at
+25 ◦C. The PR is able to respond to both indoor (∼20 kΩ) and
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TABLE II
COMPARISON OF DIFFERENT COMMUNICATION TECHNOLOGY FOR GREENHOUSE APPLICATION

Fig. 1. Hardware components and packaging of the proposed sensing system
for greenhouse application—the luXSensing beacon.

outdoor (∼100 Ω) light conditions. The voltage divider formed
by the PR and a 497-Ω resistor Rb provides an output voltage
that ranges between 15 mV (low illuminance end) and 3.29 V
(high illuminance end). With a supply of 3.3 V, the total current
consumption of the sensing module is less than 6.7 mA, which is
equivalent to the usage of 4% energy storage per hour. The low
power consumption of the sensing module relaxes the energy

Fig. 2. Schematic of the proposed system with the integration of the sensing
module (photoresistor and temperature sensor), luXSensing beacon, and com-
munication module (BLE receiver, data collection, processing, and visualization
in cloud).

budget of the energy harvester, allowing the sensing module to
operate 24 h continuously.

In this design, a PR is used for illuminance sensing instead of
a photodiode based on the comparative advantage of the former
reflected by experimental results, which are shown in Fig. 3.
Although a photodiode offers better signal linearity, it is not
applicable for wide-range sensing (100–105 lx) because of its
large current consumption under direct sunlight (>200 mA at
105 lx). Such a large current consumption will drain the capacitor
rapidly, causing the whole module to shut down within 1 h
(estimated by discharging a 1.5-F capacitor with 200 mA). In
contrast, the voltage divider formed by a PR limits the maximum
current consumption and, in turn, attenuates the voltage change
at high illuminance (e.g., lower sensing resolution is needed
when illuminance is high). Overall speaking, a PR is a better
candidate for illuminance sensing as it offers a good tradeoff
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Fig. 3. Experimental results of the current consumption of photodiode and
photoresistor versus illuminance in the range of 100–105 lx.

between power consumption and linearity. The adopted PR is
calibrated using the lux meter, and the percentage error of the
current consumption is ±2.2% for >5000 lx.

B. Energy Harvesting and Communication

The second component of the proposed sensing system is a
luXbeacon, which is used for sensor signal quantization and data
transmission. LuXbeacon, the primary version of luXSensing
beacon, first introduced in 2019 for location-based applications,
is an energy harvesting BLE device that broadcasts short ad-
vertisement packets to its surrounding. BLE beacons are often
employed in smart and interactive applications, such as local-
ization and proximity detection [31]. Together with a sensing
module, BLE devices are equipped with nRF52832 chipset,
which supports Bluetooth 5 and is also backward compatible
with previous versions, such as Bluetooth 4.2 and 4.1. The device
can support an advertising interval ranging from 20 to 10 240 ms
and transmission power from −20 to +4 dBm. This allows the
luXSensing beacon to support a maximum broadcasting distance
of up to 100 m. In this design, considering the requirements of
the sensing application, the luXSensing beacon was configured
with a less frequent advertising interval, Ta, of 1000 ms and
transmission power of 0 dBm to support a maximum broadcast-
ing range of up to 50 m, which meets the requirement of many
modern greenhouses [32]. An overview of the BLE beacon’s
operation behavior is shown in Fig. 4(a). We can see that the
BLE beacon spends most of its time in an idle state and only
wakes up every Ta to conserve its energy. On the other hand,
sensor measurements are taken every sensing interval, Tσ . It
should be noticed that the sensing task happens right before the
advertising task such that the latest sensing measurements are
broadcasted. The selection of the advertisement configurations
supports the required data advertisement to the nodes that report
the data. Besides, short advertisement intervals lead to more
energy consumed, e.g., the energy consumption will be almost
doubled if the advertisement interval is half.

Furthermore, luXSensing beacon as a self-sustainable device
addresses the issues of energy consumption and maintenance of
sensing systems, which have been the bottleneck of large-scale

Fig. 4. (a) and (b) Timing diagram presenting the communication and sensing
operation of a luXSensing beacon. Idle 1, 2, and 3 represent the idle state of the
beacon but only with different duration.

deployment of sensor nodes in greenhouses [33]. It uses pho-
tovoltaic (PV) cells as the energy harvester to capture readily
available light energy and employs a supercapacitor (Cs) for
energy storage [34], thereby enabling long-lasting and battery-
less operation of the device. The voltage generated by the PV
cell ranges from 1.8 to 3.6 V, which matches the operating
voltage of the BLE IC employed in our proposed design. Since
the BLE IC is already equipped with efficient dc–dc switching
and LDO regulators, we exploited the existing regulator rather
than adding an external dedicated one so as to achieve reduced
manufacturing cost and better efficiency. To cater to constrained
environments where the harvestable ambient light energy is
insufficient to support energy-neutral operation, the proposed
luXSensing beacon design can be equipped with a backup energy
storage or battery. That is, the luXSensing beacon can draw
power from the backup battery when the supercapacitor is fully
discharged or when it is not harvesting enough energy. With the
advantage of reduced or even eliminated energy consumption,
the use of a luXSensing beacon is conducive to the reduction
in associated maintenance and repair costs. In addition, the
small size of a luXSensing beacon facilitates its installation on
various horizontal and vertical surfaces. By avoiding the hassle
of bulky power supply, the deployment of luXSensing beacon
in greenhouses is more convenient and scalable compared to its
widely employed counterparts [20].

In this proposed sensing system, the luXSensing beacon con-
sists of one power management IC (S6AE103A) and one BLE IC
(nRF52832). The device can monitor the internal energy storage
status and regularly transmit the energy information along with
its unique identity via Bluetooth. The on-chip analog-to-digital
converter (ADC) is used to quantize the sensor signal with 8-bit
resolution, corresponding to 1.3 ◦C temperature sensing resolu-
tion and an average illuminance sensing resolution of 38 lx for
<5000 lx and 1668 lx for>5000 lx. A voltage detection function
is implemented in the device to prevent any sudden power-down
caused by empty energy storage. After each power-ON operation
(e.g., sensing request), the device checks the energy status, and
the ADC only quantizes the sensor output when the threshold is
reached.
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A small sensing interval is desired in desert greenhouses
where environmental conditions exhibit rapid changes. Con-
sidering the adverse impact that rapid environmental changes
may have on plant growth [35], the sensing interval of this
device is selected to be 1 min. Meanwhile, a shutdown capability
is provided for the sensors to reduce the power supply drain.
During the shutdown, the output of the sensors becomes high
impedance such that the output potential is only determined
by the external circuitry and the current draw is minimum.
However, a start-up process is needed for the sensors to switch
from shutdown to normal operation. During the start-up, data are
not available, and this appears as a delay to the whole system.
The longer the start-up process, the larger the delay added to the
sensing system and as well as the amount of energy wasted. Thus,
limited by the LDO settling time, the evaluation time is set to
10 ms (5 ms for the LDO start-up and settling, and 5 ms for ADC
quantization as shown in Fig. 4), after which the power supply
to the sensors is immediately cut off [36]. A timing diagram
that details the sensor operation is shown in Fig. 4(b). We can
see that the sensor is started and the device goes to an idle state
to wait for the LDO to settle. Once the voltage of LDO can
support reliable sensor measurement, the device acquires the
sensor measurement through its ADC. After that, the sensor is
shut down to minimize its energy consumption.

C. Data Collection and Processing

To record and analyze the collected data, a cloud server,
the third component of the proposed system, is employed. The
packet of the luXSensing beacon is structured as 29 bytes such
that two sensor readings (8-bit each) can fit in. After collecting
the packets, the BLE receiver groups all the packets and sends
them to the cloud server for real-time processing. To reduce the
required bandwidth, the grouped data are sent to the server every
5 min from the BLE receiver. Any outliers that may occur due
to quantization errors on the ADC of the luXSensing beacon
are filtered out. Moreover, the cloud server provides various
postprocessing functions, such as moving average filter with
configurable window size, and visualizations for easier data
analysis and comparison. The sensed data can be used to opti-
mize crop yield and/or reduce maintenance costs by controlling
ventilation, humidity, and lighting inside the greenhouse. For
example, based on the sensed illuminance, automated curtains
can be controlled to precisely allow the optimal amount of
sunlight to the crops. On the other hand, the temperature can be
controlled energy efficiently through automated windows, find-
ing the equilibrium with the temperature outside the greenhouse.
In the future, additional sensors, such as humidity sensors, can
be added to support other control mechanisms. The humidity
sensor can help to control the amount of moisture delivered to
the crops, thereby boosting the crop yield rate.

IV. DESIGN METHODOLOGY FOR LUXSENSING BEACON

To enable 24/7 operation, the energy budget of the luXSens-
ing beacon has to be carefully modeled before prototyping
and deployment. To achieve this, we propose a novel design
methodology that optimizes energy harvesting hardware design,

Fig. 5. Overview of the proposed design methodology.

namely PV panel area and supercapacitor capacitance, to enable
long-lasting and even self-sustainable operation based on col-
lected environmental sensor information, such as illuminance.
Moreover, the methodology also enables accurate lifetime eval-
uation of an energy harvesting device equipped with a backup
battery through the calculation of the supercapacitor’s charging
and discharging behavior.

The proposed design methodology is presented in Fig. 5.
First, the minimum PV panel area to sustain the operation
of a sensor device is calculated based on power requirements
and the deployment environment’s illuminance conditions. The
calculated area is then utilized to generate the power output of
the panel. The power output of the PV panel is combined with
the power requirements of the sensor to calculate the net power
consumption/harvested of the device. Second, the net power is
used to calculate the minimum supercapacitor capacitance to
guarantee reliable device operation in the absence of ambient
light. The calculated capacitance is then utilized to calculate the
charging and discharging behavior of the supercapacitor. Finally,
the calculated behavior is used to calculate the portion of sensor
operation time powered by a backup battery and evaluate the
extended lifetime. The luXSensing beacon can support most
types of coin cells, and we use CR2477 [38] in our experiments.
The proposed design methodology may not necessarily achieve
self-sustainable operation due to limited illuminance at the de-
ployment environment, high power requirements, and weights,
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TABLE III
COMPARISON OF SUPERCAPACITOR CAPACITANCE AND CORRESPONDING

DIMENSIONS AND WEIGHTS

size, and cost limitations of PV panels and supercapacitors.
Such tradeoff in capacitance and its physical specifications are
detailed in Table III. However, given these restrictions, the
proposed methodology aims to minimize the area of the PV panel
and supercapacitor capacitance while maximizing the extended
lifetime.

In order to design a long-lasting energy harvesting device,
it is imperative to model the power consumption of a sensing
beacon given some application requirements. The average power
consumption of a sensing beacon, Pb(Ta, Tσ) ∈ R>0, is given
by

Pb(Tσ, Ta) =
Eσ

Tσ
+

Ea

Ta
+ Pi (1)

where R>0 is a set of positive real numbers excluding 0
defined as R>0 = {x ∈ R|x > 0}; Tσ ∈ R>0 is the time in-
terval between two sensing samples, which is bounded by
Tmin
σ ≤ Tσ ≤ Tmax

σ , representing the hardware limitation and
application requirements for the sensing interval. Ta ∈ R>0 is
the time interval between two advertising events (in seconds),
which is bounded by Tl ≤ Ta ≤ Tu, where Tu = 10 s and Tl

= 0.1 s are, respectively, the upper and lower bounds of the
advertising interval specified by the Bluetooth specification.
Eσ ∈ R>0 is the energy consumption during the sensing task,
Ea ∈ R>0 is the energy consumption during the advertisement
event, and Pi ∈ R>0 is the power consumption during the
idle state of the beacon. Parameters Eσ , Ea, Pi, and Pm are
obtained empirically and may vary depending on the hardware
and firmware specifications.

In order for the energy harvesting beacon to be self-
sustainable, the energy harvested must be always greater than
or equal to its consumption. Therefore, the minimum area of
the solar panel, A ∈ R>0, to enable self-sustainability can be
derived from the above constraint:

A
N∑
t=1

Pp(L(t))

N
= Pb(Ta, Tσ)

⇒ A = N
Pb(Ta, Tσ)∑N
t=1 Pp(L(t))

(2)

where R≥0 is a set of nonnegative real numbers including all
positive numbers and zero defined as R≥0 = {x ∈ R|x ≥ 0},
Pp(L(t)) ∈ R≥0 is a power output density of a PV panel, R≥0 is
a set of nonnegative real numbers including all positive numbers
and zero defined as R≥0 = {x ∈ R|x ≥ 0}, and L(t) ∈ R≥0 is
a illuminance of the ambient light at timeslot t ∈ {1, 2, . . . , N},
where each timeslot has a timeslot duration, TL, of 1 h. The
number of timeslots, N , is given by mNmin and bounded by

Nmin ≤ N ≤ Nmax, whereNmin ∈ N is the number of timeslots
in a single cycle of the illuminance data andm ∈ N is the number
of cycles in the entire collected data of L(t). Therefore, the
number of cycles, m, is given by m = {1, 2, . . . , N/Nmin}. N
is lower bounded by the number of timeslots in a single cycle
of the data, K, such that the collected data can describe at least
one cycle of the illuminance behavior to identify power surplus
and deficit. On the other hand, N is upper bounded by Nmax,
as the bound will help to reduce the computation/optimization
cost. In this article, we have used 30 days as the upper bound.

Now that we have determined the area of the solar panel, A,
the net power harvested/consumed at timeslot t, Pn(L(t)) ∈ R,
is given by

Pn(L(t), Ta, Tσ) = APp(L(t))− Pb(Ta, Tσ). (3)

Since Pn(L(t)) represents the sum of the harvested power
and consumed power, Pn(L(t)) is always less than the
total harvested energy and upper bounded by it, i.e.,
Pn(L(t)) < APp(L(t)). Note that the power of the superca-
pacitor, Pn(L(t)), can be negative if the power consumption is
larger than the power harvested. Therefore, whenPn(L(t)) > 0,
the supercapacitor is being charged with the harvested ambient
light energy, when Pn(L(t)) < 0, the power is drawn from the
supercapacitor, and when Pn(L(t)) = 0, the supercapacitor is
neither being charged nor discharged, as the amount of harvested
energy perfectly meets the energy requirements.

Based on the total power harvested/consumed, Pn(L(t)),
the minimum capacitance of a supercapacitor can be found
by comparing the amount of energy that could be stored on a
supercapacitor and the total amount of negativePn(L(t)) during
which the energy harvesting device cannot self-sustain with the
ambient light energy and must rely on the stored energy. Based
on this constraint, the minimum capacitance of a supercapacitor,
C ∈ R≥0, is given by

CEc =

{
E+, if E+ ≤ E−
E−, otherwise

⇒ C = min

(
E+

Ec
,
E−
Ec

)
(4)

where Ec ∈ R>0 is the energy density of a supercapacitor,
E+ is the average energy that could be used to charge the
supercapacitor, and E− is the average energy that is required
for self-sustainable operation when there is not enough ambient
light energy to support its operation. An illustration of E+ and
E− is shown in Fig. 6, which is derived based on net power for-
mulation. It should be noted that the supercapacitor capacitance
is chosen between E+ and E− depending on which is smaller.
If E+ < E−, E+ is chosen since the average harvested energy
will usually be less than E−, and therefore, the supercapacitor
will not be fully utilized, and it is unnecessary to choose a
larger capacitance. By adopting such a design philosophy, the
manufacturing cost of the beacon can be minimized along with
its format factor and weight.

To calculate the lifetime of an energy harvesting device pow-
ered by both supercapacitor and a backup battery, the superca-
pacitor voltage behavior must be simulated based on the given
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Fig. 6. Calculated net power of the energy harvesting device is plotted to show
the harvestable amount of energy, E+, and the required amount of energy in the
absence of ambient light, E−.

Fig. 7. Calculated voltage of the supercapacitor is plotted to show the time of
operation supported by harvested energy,Th, and the time of operation supported
by a backup battery, Tβ .

environmental data. With the simulated supercapacitor voltage,
the time period being powered by the ambient light and by the
backup battery can be identified. The supercapacitor voltage
behavior is given by

Vc(t+1)=

⎧⎨
⎩
V max
c , if Vc(t) + ΔVc(t) ≥ V max

c

V min
c , if Vc(t) + ΔVc(t) ≤ V min

c

Vc(t) + ΔVc(t), otherwise
(5)

where Vc(t+ 1) is the voltage of the supercapacitor at timeslot
t+ 1, Vc(t) is the voltage of the supercapacitor at timeslot t,
t ∈ {1, 2, . . . , N} is a timeslot synchronized with that of the
illuminance data, and ΔVc(t) ∈ R is the increment in su-
percapacitor voltage at timeslot t and is given by ΔVc(t) =

TL
Pn(L(t),Ta,Tσ)

CVc(t)
. Note that the equation assumes that the initial

supercapacitor voltage level is V min
c , i.e., Vc(1) = V min

c .
Based on the simulated supercapacitor voltage, the time dura-

tion powered by the backup battery,Tβ , can be found as shown in
Fig. 7, which is plotted based on previous supercapacitor voltage
formulation. DuringTβ , the voltage of the supercapacitor, Vc(t),
is less than its minimum requirement, V min

c . Therefore, since the
harvested and stored energy is depleted, a backup battery must
be used to power the application. A portion of time-powered by

Fig. 8. Calculated voltage of the supercapacitor is plotted against a ground
truth to demonstrate the accuracy of the proposed formulations.

TABLE IV
EXTENDED LIFETIME OF AN ENERGY HARVESTING SENSOR FOR VARYING

CAPACITANCE OF SUPERCAPACITOR

the backup battery, pβ is given by

pβ =
T β

TLNmin
(6)

where T β ∈ R≥0 is the time duration powered by the backup
battery, Nmin is the number of timeslots in a single cycle, and
TL is the timeslot duration. Based on this insight of pβ , the
extended lifetime, tl, is given by

tl =
Eβ

pβPb(Ta, Tσ)
(7)

where Eβ ∈ R≥0 is an energy stored in a backup battery, and
the denominator represents the reduced hybrid power consump-
tion with the contributions from energy harvesting hardware.
The proposed methodology and formulations are verified with
real-life data collected in a greenhouse, as shown in Fig. 8. The
extended lifetime of the energy harvesting device in compari-
son to that of the traditional battery-powered one is shown in
Table IV. It shows that the different capacitance values can be
chosen to support self-sustainable operation based on the power
requirement of the sensing application.

V. FIELD-TEST RESULTS AND DISCUSSION

Based on the developed prototype of the luXSensing bea-
con, the following section details the field-test setup and re-
sults. We first present our deployment environment, namely the
desert greenhouse in Qatar, and the deployment methodology
and locations of four units of luXSensing beacon around the
greenhouse. Our field-test experience also hints at the tedious
nature of deployment and management of a battery-powered
sensing system and also the benefits the proposed batteryless
system can induce. Then, the data collected with the luXSensing
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beacons from the desert greenhouse are presented. The results
unveil various insights related to the greenhouse environment
and further highlight the importance of the dense deployment of
a sensing system.

A. Design Considerations and Prototyping

Based on the previously presented luXSensing beacon archi-
tecture, its hardware specifications, namely supercapacitor ca-
pacity and PV panel area, are determined based on the provided
illuminance data and other qualitative design considerations.
Here, we showcase three scenarios where each scenario has
a different design consideration. The implementation of the
proposed design methodology can be found on our GitHub
page.1

In the first design, we compute the PV panel size only with
the assumed power consumption of the luXSensing beacon and
the collected illuminance data. In other words, we are strictly
following the data and power consumption to guide our design
process. Here, we assume that the luXSensing beacon consumes
30µA of current. The calculated PV panel size of the first
design is 65 mm2, and the supercapacitor capacitance is 0.74
F. Although the first design minimizes the PV panel size and
may work perfectly for an identical environment, it is not robust
to dynamic changes in the environment, namely weather, season,
and deployment locations. In the second design, we preprocess
the illuminance data such that it will have an average of 1000 lx
during noon time. We tune the illuminance data down such that
we can support various deployment locations, especially those
overcast environments. In other words, the second design should
be able to harvest enough energy even when it is not exposed to
direct sunlight. The PV panel size was calculated to be 900 mm2

and the supercapacitor capacitance is 1.11 F in the second design.
In the third design, we fine-tune the design with the objective

of minimizing the form factor of the device while maximizing
its sustainability. For the supercapacitor, we found that 1.0- and
1.5-F supercapacitors generally share the same packaging and,
therefore, have the same form factor. Naturally, we chose the
1.5-F supercapacitor over the 1.0-F one for a higher chance of
self-sustainability. For the PV panel, we found that our printed
circuit board (PCB) could not be smaller than 50×60 mm2 if
we wanted to host all the electronic components including the
supercapacitor, backup battery, and RF antenna. That is, the form
factor of the luXSensing beacon is lower-bounded by the size of
the PCB. Therefore, the PV panel size can be increased to cover
a similar area to improve the sustainability of the device while
keeping its form factor more or less the same. Hence, we chose
a PV panel with a size of 58×65 mm2. Based on these chosen
components, the luXSensing beacons are prototyped as shown
in Fig. 10.

We have also compared the performance of the optimized
design of the luXSensing beacon with other energy harvest-
ing beacon devices, as shown in Table V. Since existing en-
ergy harvesting beacons are equipped with different chipsets
and sensors, it would not be fair to directly compare their

1https://github.com/sbeacon/luXSensing-Beacon

TABLE V
PERFORMANCE COMPARISONS BETWEEN THE PROPOSED LUXSENSING

BEACON AND EXISTING ENERGY HARVESTING BEACONS WITH SENSORS

sustainability and energy performance. Therefore, we have
conducted numerical experiments only using their solar panel
size and supercapacitor capacitance. Here, we assume that the
beacons are consuming 30 µA of current and are equipped with
120-mAh backup batteries. The performance of the beacons is
measured in terms of sustainable time and extended lifetime.
Sustainable time refers to the average duration of time in a day
during which the beacon was operating solely with the harvested
energy. For example, 8.57 h of sustainable time reported for the
GCell beacon indicates that the beacon was only able to operate,
on average, 8.57 h out of 24 h with the harvested energy. In the
remaining 15.43 h, it would not be able to operate unless it is
equipped with a backup battery. On the other hand, extended
lifetime simply refers to the battery lifetime that is now extended
thanks to the use of energy harvesting hardware.

From Table V, we can see that the proposed luXSensing
beacon can achieve a sustainable time of 23.14 h, while other
beacons are achieving a maximum of 9.5 h. We are not achiev-
ing 24 h of sustainable time due to certain extreme weather
conditions during which the supercapacitor may not get fully
charged to support self-sustainable operation in the nighttime.
The sustainable time can be translated to extended lifetime
which amounts to around 13 years, which is ×28 extended
compared to the original lifetime. Noting that the size of the
luXSensing beacon device is similar to or even smaller than
the GCell or TIDA beacon, the performance demonstrated by
the proposed luXSensing beacon is even more impressive. The
experimental result demonstrates the importance of choosing the
proper hardware specifications for self-sustainable operation.

B. Deployment Environment and Setup

The prototype sensing system has been deployed in a self-
sufficient greenhouse, named QTFA farm, which is located at
(25°22′29.1′′N, 51°14′37.7′′E). Before prototyping and deploy-
ing the luXSensing beacons, we have collected the illuminance
data at our deployment location over 40 days starting from early
January to mid February. During our data collection period, we
observed around 8 h of sunlight. Of course, there may be some
performance deviation due to the changes in the environment
over the year, namely the average length of day. However,
we want to highlight that the proposed design methodology
is generic to various scenarios because it is data driven. In
other words, the performance variation due to change of season
or location can be easily attenuated with collection of more
environmental data and subsequent fine-tuning of the hardware
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Fig. 9. Desert greenhouse located in Qatar (Al Shaniya Farm, 96FX+FWR,
Ash-Shahaniyah).

Fig. 10. Experimental setup of (a) Sen1 at 1 m high without shade, (b) Sen2
at 1 m high with shade, (c) Sen3 at 3 m high without shade, and (d) Sen4 at 3 m
high outside the greenhouse.

specifications. The test site has a high annual temperature (mean
monthly temperatures between 16 ◦C and 38 ◦C), extremely low
rainfall (mean annual precipitation below 100 mm), and strong
solar radiation (maximum 116 klx) [37]. The greenhouse has an
area of 2500 m2 and a height of 8 m with the exterior covered
entirely in silica glass (see Fig. 9). Crops including cucumber
and tomato are grown at the 1-m level, below which water
recycling tubes and cooling ducts are installed. As demonstrated
in Fig. 10, a total of four batteryless luXSensing beacons have
been installed at different locations at the test site. They are,
respectively, Sen1 (at 1 m high inside the greenhouse without
shade), Sen2 (at 1 m high shaded by crops), Sen3 (at 3 m high
above crops), and Sen4 (at 3 m high outside the greenhouse).

The system is proven to be able to work continuously for 24 h,
as the supercapacitors can be fully charged during the daytime
(6 A.M. to 5 P.M.) and supply energy to the beacons during the
nighttime (5 P.M. to 6 A.M.). Fig. 11(a) (top) shows the three-
point moving average of the four-week accumulated changes
of the internal energy storage of the four luXSensing beacons.
Fig. 11(b) shows the zoom-in measurements of day 4, while
Fig. 11(c) shows those of day 25. As shown in the figure, during
the daytime, the PV cells began to harvest energy at around 6

A.M., the time of sunrise, and restored energy storage of the
beacons to 100%, sustaining their operation throughout the day.
The time required for all luXSensing beacons to be fully charged
was between 1.5 and 3 h. In particular, on day 25, although Sen2

charged less quickly compared with the other sensors as it was
shaded by crops and the amount of sunlight received was limited,
the charging process could still be completed within just 3 h.

C. Results and Discussion

As the beacons were placed at different heights and locations,
the measurement results verify their capability to capture micro-
climatic differences across the greenhouse. Fig. 11(a) (middle
and bottom) shows that both the levels of illuminance and air
temperature rose sharply at sunrise and reached a maximum
approximately at noon before descending to a minimum at
sunset. However, on a closer look at Fig. 11(b) and (c), the
luXSensing beacons have captured the microclimatic differ-
ences in the greenhouse, which are demonstrated in both spatial
and temporal terms.

Spatially speaking, the distributions of sunlight and heat vary
according to the locational characteristics of where the beacons
are placed. Take day 25 shown in Fig. 11(c) as an example.
Sen1 and Sen4, which were placed in open areas, received more
sunlight and, hence, recorded a higher level of illuminance when
compared with Sen2, which was shaded by plants. Similarly,
among the four luXSensing beacons, Sen2 recorded compara-
tively lower temperatures in the daytime due to the placement
of cooling ducts below the crops as well as the shading effect of
plants.

Temporally speaking, the trends of illuminance and air tem-
perature readings change over time, reflecting changes in plant
growth. In the initial stage of the crop growing cycle where
the plant shading effect was not strong, readings of illuminance
and air temperature recorded by the luXSensing beacons placed
inside the greenhouse (Sen1, Sen2, and Sen3) were close, as
shown in Fig. 11(b). As time went by, Sen2 and Sen3 recorded
increasingly lower levels of illuminance and air temperature, as
shown in Fig. 11(c). This is due to the strengthening effect of
plant shading as crops grew and their leaves covered larger areas,
thus blocking more sunlight and reducing the air temperature.

These spatial and temporal differences observed in the read-
ings taken by the four luXSensing beacons demonstrate the
importance of a wide sensor grid to detect subtle environmental
differences within the greenhouse. Compared with traditional
greenhouse monitoring systems, which can only give an overall
measurement of environmental conditions, the installation of a
wide sensor grid is made possible by the batteryless luXSensing
beacons due to their ease of deployment and cost-effectiveness.
By providing a more comprehensive and detailed spatial and
temporal observation of environmental conditions, the luXSens-
ing beacons allow microclimate mapping of the greenhouse,
which is particularly crucial to the feasibility of precision agri-
culture.

The energy headroom opens up the possibility for integrating
more sensors (e.g., humidity and CO2 concentration sensors)
into the system to realize a more powerful sensor node, which
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Fig. 11. Accumulated measurements of (a) (top) energy storage, (middle) illuminance, and (bottom) air temperature of the four luXSensing beacons for 28 days,
(b) zoom-in measurements of day 4, and (c) zoom-in measurements of day 25.

is conducive to more thorough data collection and monitoring.
Feedback from sensor readings to the control system can be uti-
lized to achieve the homogenization of physical conditions and
autonomous environmental control in greenhouses, for example,
by regulating airflow in cooling ducts and manipulating rooftop
shading systems.

The limitation of the proposed method, which is prevalent in
all solar-cell-powered devices, is the dust that gradually deposits
on the solar cell surface, which can degrade energy harvesting
efficiency. To address this limitation, various hybrid energy
harvesting methods integrating thermal or RF energy can be
investigated in the greenhouse setting. The second limitation of
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this work is that our package design is still not 100% compatible
with the plant support pole inside the greenhouse. Currently,
our device can be handily deployed on the greenhouse glass
wall. Different package designs that can hang on top of the plant
should be investigated and developed in the future.

VI. CONCLUSION

This article presented: 1) a novel design methodology for
energy harvesting devices; 2) a prototype of luXSensing beacon,
a compact, cost-effective, and self-powered sensing system;
and 3) field-test results of luXSensing beacon deployed for
monitoring microclimatic conditions in greenhouses. Provided
the illuminance data of the deployment environment, the pro-
posed design methodology enabled quick and easy selection
of component specifications, namely the PV panel’s area, and
the supercapacitor’s capacitance. Such a design methodology is
generic to all the energy harvesting devices and easily adapt-
able for different communication and harvesting technologies.
Furthermore, we presented an extended lifetime formulation
of a hybrid energy harvesting device equipped with a backup
battery. Based on the proposed design methodology, a prototype
of the luXSensing beacon was developed and the capability of
the sensing system was verified via a deployment in a desert
greenhouse in Qatar. As a proof of concept, the system achieved
batteryless operation while continuously providing measure-
ments of air temperature and illuminance at specific locations
in a 24/7 manner. The proposed sensing system overcomes the
limitations of bulkiness, high energy consumption, and high
maintenance cost of conventional battery-powered sensors, en-
abling its large-scale deployment in greenhouses. The system is
applicable and beneficial to the reduction of energy consumption
and associated LCCs, maintenance of the homogeneity of the
growing environment of crops, and the optimization of food
production.
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