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Abstract: Emergency exit lights in public buildings are necessary for safety and evacuation. Inter-
national safety standards require such lighting in many public places, like airports, schools, malls,
hospitals, and other spaces, to prevent human casualties in emergencies. Emergency exit lights have
become an essential part of casualty reduction projects. They can pose several application problems,
including fire safety concerns. The issue of providing a safe way and operating emergency exit lights
along one side of a long path arises during an emergency. Many studies in this field consider the case
in which emergency exit lights’ battery or main power fails. Power failures in dangerous situations
such as fires or terrorist attacks make it difficult for people to escape. The lighting in open areas and
stairwells during an emergency should be at least 2 lux. This work proposes an innovative technique
for wirelessly powering emergency lights using microwave energy. Specifically, the study designed
and fabricated a new wirelessly powered emergency lighting prototype. This prototype’s wireless
power transfer (WPT) base comprises an RF/DC converter circuit and an RF microwave transmitter
station. The device can harvest RF microwave energy to energize the emergency light. This research
aimed to develop a compact device that captures maximum RF strength to power emergency lights.
As a prototype, the proposed device was designed to provide sufficient microwave energy to power
an emergency light at 3 W over a 62 m distance.

Keywords: microwave; radio frequency; rectenna; wireless energy transfer; emergency exit signs;
emergency exit lights

1. Introduction

A building’s emergency lighting is designed to provide sufficient illumination on the
exit path. An emergency exit light provides its average illumination level when the power
supply is active and works on battery energy at a low illumination level when there is a
primary power supply outage. This device permits the occupants to safely exit the building
in case of a mains power failure or emergency. In a fire, this feature can save many lives.
When a fire spreads in a building, people become terrified. As a result, households and
residents must follow fire safety protocols. Darkness only makes people feel disoriented
and increases their chances of getting injured or dying in such situations. Consequently,
buildings should have well-lit exit signs to reduce injuries and death. People can evacuate
buildings more easily with adequate exit signage when fires break out.

Under the Australian Building Code, emergency lighting must be provided for all
types of construction, except for non-habitable structures and single standalone resi-
dences [1]. Additionally, according to National Fire Protection Association (NFPA) Life
Safety Code 101, all commercial buildings must have emergency and exit path lighting [2].
The construction product directive specifies that prompt lighting in a specific area should
be provided automatically and appropriately when the regular power supply is lost. Light-
ing must conform to BS 5266-1 and BS EN 50172 [3]. Compared with other high-income
countries, the US experiences more long-lasting power failures. US citizens experience over
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seven hours of power interruptions each year [4], compared with only twenty-one minutes
in Japan each year [5]. It may be challenging for occupants to navigate a building safely
during a power outage. Navigating areas such as offices, warehouse areas, staircases, wash-
rooms, and other spaces with little or no natural illumination can be difficult, especially
when emergency lighting is unavailable or not working.

Typically, emergency signs have a battery life of three to five years [6]. Many issues
can cause a battery to fail during this period, such as excessive temperatures, storing
emergency lighting for an extended period before mounting it, and keeping emergency
batteries discharged for a long time [7]. Building occupants and guests are left in the dark
if these safety devices do not function when needed.

Many people die because of the failure of emergency lighting worldwide. On 9 June
2018, the death of an 80-year-old man at Aberdeen Market could have been prevented, had
the company running the site installed and maintained adequate emergency lighting [8].
Market Village Company Ltd., L34 5GA Prescot, UK, was prosecuted for violating the Fire
(Scotland) Act 2005. Such situations call for sufficient-intensity lighting in the event of
an emergency.

This research study aimed to manufacture an emergency exit light that can be powered
by an alternate source during a power outage if mainline power and backup batteries fail.

Figure 1 shows emergency exit signs placed near the exit door in schools and universities.

Figure 1. Use of emergency lighting in schools and universities [9].

If there is an emergency and the exit route runs through open areas, there should
be at least 1 lux of lighting, according to the BS 5266-1 standard [10]. A well-illuminated
emergency exit sign must have luminance greater than 2 cd/m2 or 2 lux for any 10 mm
patch area of the sign according to ISO 3864 standards [11]. A luminaire with LEDs
producing at least 2 lux requires a power of around 2 W. We developed a wireless system
that powers emergency luminaires from a distance of 62 m.

Power transmission without a wire or physical link is known as wireless power
transmission. WPT is mainly used where it is not easy to transfer energy using conventional
cables. Researchers encounter the same common challenges regarding microwave power
transmission, like antenna design, scattering, interference, budget, safety issues, and
environmental risks. For microwaves to be efficient, all the RF energy transmitted by the
RF source must be incident on the wave collection antenna [12]. When RF energy travels
across space, it must diffract because it must pass through an aperture, which, at a shorter
wavelength, gives a more focused beam. However, atmospheric disturbances also account
for losses in WPT [13]. Microwave transmissions are not generally hindered by significant
attenuation loss due to Rayleigh scattering, because the transmitted wavelengths tend to
be long enough to mitigate this effect. As a result, proposals for microwave transmission
over long distances, in both atmosphere and space, must account for large transmitting and
receiving antennas due to the Rayleigh criterion.

Research and development in the field of wireless power transfer (WPT) focus on
reviving devices and communicating wirelessly during crises. WPT is suitable for various
applications, including powering abandoned sensors, actuators, and microdevices with low
power consumption. MD Amanath Ullah and his team provided a well-rounded review
of recent advancements in receiving antennas for radio-frequency energy harvesting and
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WPT as two emerging alternative energy technologies [14]. Dr. Saeideh Pahlavan and her
team explored the use of star-shaped coils for free-moving WPT applications [15]. WPT
technology is beneficial in hazardous environments and transportation fields, especially in
aeronautics and space. In general, it is used to monitor certain functions on board drones
or flying objects.

The US Army recently implemented wireless chargers for devices that can be recharged
from fifteen meters away [16]. An announcement by the US Army states that the branches’
research and development centers will contribute over USD 6 million towards improving
wireless energy transmission efficiency. Chaari et al. developed a study regarding the
impact of wireless power charging on the future of the battlefield [17].

Due to recent advances in information technology and electronics, as well as the
constant development of wireless communication protocols, the number of portable single-
purpose devices connected to the global network has increased dramatically. The above-
mentioned devices usually have a relatively simple electronics design and are designed
to perform one specific function, such as monitoring, detection, or alarm [18,19]. They are
commonly called Internet of Things (IoT) devices. IoT development and implementation
pose a few challenges. Power management stands out most prominently [20,21]. Compact
IoT devices do not require vast amounts of energy, are usually located in hard-to-reach
places, and may be dispersed over long distances, making it uneconomical to power them
with wires when combined. There are several ways to power IoT devices without direct
connection to the electricity grid [22–24] using different energy sources [25]. The present
paper focuses on wireless power transfer using electromagnetic radiation.

The multiband combined RF energy harvester developed by Kuhn is a practical exam-
ple of a device that relies exclusively on power harvested from ambient electromagnetic
fields [26]. The research study evaluates several topologies of RF energy harvesters, con-
sidering the need to convert electromagnetic energy into direct current at four different
frequencies. The resulting multiband antenna converts RF energy with up to 84% efficiency.
Kuhn, however, points out that DC interference among radio-frequency channel branches
can affect the results. Muncuk’s innovative approach combines signals from multiple input
antennas [27]. The author proposes an energy harvester topology based on a four-stage
Dickson voltage rectifier and two configurable capacitors as part of a tunable circuit.

According to experimental results, the converter was demonstrated to be capable
of achieving an efficiency rate of up to 24%. More conventional designs of impedance-
matching circuits provide better performance characteristics. Huang described a dynamic
impedance-matching circuit based on a series of capacitors [28]. The research study claimed
that it achieved a high and stable conversion efficiency rate of around 75%. A thorough
analysis of loss sources is the key to designing a highly efficient wireless power transfer
system. Chen stresses the fact that the insertion of a matching element in rectenna circuits
leads to a critical decrease in output power due to parasitic losses in capacitors, inductors,
and transmission lines [29]. Observed results show that up to 95% of power dissipates at
various frequencies due to the use of the components.

It should be noted that to avoid unexpected frequency shifting, the electrical parame-
ters of both rectifying and matching circuits should be considered in the stage of antenna
design. Farias proposed a novel rectenna design methodology [30]. The proposed design
method divides the system design process into several consecutive steps. Accurate results
were achieved by only using one intermediate sample for input power calibration. The
calculation results were validated with an experiment and showed a discrepancy rate as
low as 13%.

The present paper describes a microwave system and a rectenna designed to harvest
maximum microwave energy. The proposed system was fabricated and assembled, and its
performance was evaluated.

There are two main subsystems in the prototype design. The first subsystem comprises
a magnetron RF transmitter coupled with a pyramidal horn antenna. The second subsystem
is the emergency exit sign, which consists of an RF/DC convertor and a patch antenna. The
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subsystems are highlighted in Figure 2. A rectenna was placed inside an emergency exit
sign made of acrylic, as shown in Figure 3a. Figure 3b,c show the front view and back view
of the rectenna, respectively.

Figure 2. Powering emergency exit lights wirelessly.

(a) Two harvesting circuits inserted inside the emergency sign box.

(b) The front view of the rectenna. (c) The back view of the rectenna.

Figure 3. The new emergency lighting consists of an RF power harvesting circuit.

The remainder of the paper is organized as follows: The RF microwave transmitter station
design and RF power budget are presented in Section 2, followed by the power harvesting
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device simulation results and rectifier investigation in Section 3. Results and discussion of the
prototype are presented in Section 4. The paper’s conclusions are presented in Section 5.

2. RF Microwave Transmitter and Power Budget
2.1. RF Microwave Transmitter Station Design

In this application, 2.45 GHz was chosen because of the increase in antenna size at low
frequencies. The operating frequency of 2.45 GHz is suitable for radio signals and microwave
ovens, and 2.45 GHz WPT technology is also efficient. These bands are already allocated to
several radio services under the ITU-R radio regulation. Furthermore, they can be used for
industrial science and medicine (ISM applications). Currently, ISM is considered a local band.
High-energy waves, optical rays, and radio waves are all types of electromagnetic radiation.
We used low-priced, commercially available microwave magnetron tubes as sources for the
2.45 GHz transmitter. The microwave generator utilized in this experiment was a magnetron
with operating frequency of 2450 MHz and RF power of 500 W.

There were two power systems in the magnetron power supply circuit, one at low
voltage (3.2 V) and one at high voltage (4.5 kV), as shown in Figure 4 [31].

Figure 4. The electrical circuit of the magnetron.

As illustrated in Figure 5, these RF transmitter systems comprised a waveguide
launcher, a magnetron, an HV transformer, electrical supply, and a pyramidal horn antenna
in a compact enclosure. They are characterized by high gain and directivity and are easy to
manufacture locally.

In this prototype, we utilized a horn antenna, which can be widely applied to electro-
magnetic waves with wavelengths between centimeters and millimeters [32]. The radiation
pattern produced by antennas with horns can range between 100° and 140°, while that
produced by antennas with pyramidal horns can range between 10° and 20°. Increas-
ing the geometric dimension of the horn prevents the further narrowing of its directivity
pattern [33]. A wide spectrum of operating frequencies, high directivity, large limiting
power of the microwave signal, and ease of manufacturing are the main advantages of this
antenna. Before fabricating a prototype, CST software was utilized to simulate optimal
horn antenna specifications, as shown in Figure 6. For the modeled RF horn antenna,
the signal was excited through the magnetron antenna. Simulation-optimized designs
were obtained using time-domain analysis tools in CST, which provide a wide range of
time-domain signals. We optimized the horn antenna parameters according to magnetron
specifications, pin height, pin diameter, and the antenna metal wall thickness. We used
these characteristics to evaluate the proposed design.

We used CST microwave simulators to simulate and optimize the RF transmitting
antenna. The main focus was microwave radiation, S-parameters, gain, voltage standing
wave ratio (VSWR), and power transmission. Their radiation patterns determine the
maximum gain, directivity, and functional area of pyramidal horn antennas. Figure 7a,b
show a sketch of a pyramidal horn antenna.
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Figure 5. The microwave transmitter (0.5 kW).

Figure 6. The horn antenna structure developed with CST.
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(a) Side view. (b) Front and back view.

Figure 7. Pyramidal horn antenna sketches.

The gain of a horn antenna is [34]

G =
4π

λ2εapWg Hg
(1)

The waveguide dimensions were

Wg = 0.8382× λ = 96.05 mm (Waveguide width) (2)

Hg = 0.3925× λ = 48.02 mm (Waveguide length) (3)

The aperture dimensions were as follows:

Wa = 253.64 mm (Aperture width)
Ha = 183.18 mm (Aperture height)

The flare length was

L f = 76.78 mm

The metal wall thickness of the horn antenna was

Ts = 0.001× (λ) = 0.001× 124.913 = 0.1249 mm (4)

Table 1 presents parameters regarding the horn antenna, including waveguide length,
waveguide width, flare length, aperture height, aperture width, antenna wall thickness, and
other parameters. Initially, the pyramidal horn antenna had dimensions of Wa = 253.64 mm
aperture width, Ha = 183.18 mm aperture height, 76.78 mm flare length, Wg = 96.05 mm
waveguide width, and Hg = 48.02 mm waveguide height. We discuss and analyze the
results in the following sections.

An antenna’s reflection coefficient is one of the most important factors to consider
when determining its power output. An excellent antenna requires a return loss value of
less than −10 dB. Figure 8a demonstrates an ideal return loss of −22.69 dB at 2.45 GHz.
The VSWR value is recommended to fall between 1 and 2 for the best communication [35].
If the impedance-matching value is close to 1, it is optimal. The VSWR of the horn antenna
was 1.13, and the frequency range was 2.4119 GHz to 2.4913 GHz, as shown in Figure 8b.
A Smith chart highlighting S11 is illustrated in Figure 8c. The antenna bandwidth was
approximately 433 MHz (19.34%). Based on the 3D radiation pattern graphs, we concluded
that the antenna had a maximum gain of approximately 12.77 dBi and was very directive,
as shown in Figure 8d,e, correspondingly.
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Table 1. List of pyramidal horn antenna parameters.

Name Value Description

wavelength_centre 122.364 mm

waveguide_width 96.055 mm Waveguide width

waveguide_length 122.364 mm Waveguide length

waveguide_height 48.027 mm Waveguide height

pin_inset 22.989 mm Feed pin inset (distance from the back wall)

pin_height 27.661 mm Feed pin height

pin_diameter 1.223 mm

metal_thickness 0.124 mm Antenna metal thickness

frequency_centre 2.45 GHz Centre frequency

flare_length 76.78 mm Flare length

S 299.792458 m/s Speed of light (corrected for the model units)

aperture_width 253.645 mm Aperture width

aperture_height 183.183 mm Aperture height

(a) Return loss vs. frequency of the antenna. (b) VSWR.

(c) Smith chart.

Figure 8. Cont.
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(d) Gain.

(e) Directivity.

Figure 8. Simulation of the horn antennas.

The phase errors on the H-plane were

t =
W2

a
8λL1

= 0.1276 (5)

The phase errors on the E-plane were

s =
H2

a
8λL2

= 0.0714 (6)

The phase error (t) on the H-plane differs from the phase error (s) on the E-plane.
The electric field components are generated by the antenna and carried into space by

the waveguide. The magnetron feed pin is placed at the center of the “Ha” wall, parallel
to the “Hb” wall, and at a one-quarter wavelength distance from the short end of the
waveguide, as shown in Figure 9. There is a maximum E field in a dominant modem, so
there is also an optimal energy transfer (coupling).
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Figure 9. RF magnetron placement on the horn antenna.

In the above, the following apply:

Back short length = 26 mm;
Probe length = 16.36 mm.

The above simulation had to be modified by changing two parameters according to
the magnetron feed pin height and pin diameter. We also adjusted the thickness of the
metal antenna to 2 mm.

The magnetic antenna feed pin measured 26 mm in height and 16.36 mm in diameter,
as shown in Figure 10a,b, respectively. For an optimal simulation, we modified the three
parameters in the CST microwave: the feed pin height, the feed pin diameter, and the
antenna metal thickness. Table 2 presents the optimal parameter values of the horn antenna,
such as waveguide width, waveguide length, aperture width, and aperture length, where
the modified parameters are highlighted in red.

(a) Feed pin height measurement. (b) Feed pin diameter measurement.

Figure 10. Measurement of magnetron antenna (feed pin).

Figure 11 demonstrates the ideal return loss of −25.98 dB at 2.45 GHz. We concluded
from the 3D radiation pattern plots shown in Figure 12a,b that the antenna was very
directive, with a maximum gain of approximately 12.8 dBi. The horn antenna bandwidth
was approximately 433 MHz (19.34%), and the VSWR was 1.10, as illustrated in Figure 13.
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Table 2. Optimal antenna parameters.

Name Value Description

wavelength_centre 122.364 mm

waveguide_width 96.055 mm Waveguide width

waveguide_length 122.364 mm Waveguide length

waveguide_height 48.027 mm Waveguide height

pin_inset 22.989 mm Feed pin inset (distance from the back wall)

pin_height 26 Feed pin height

pin_diameter 16.36 Feed pin diameter

metal_thickness 2 Antenna metal thickness

frequency_centre 2.45 GHz Centre frequency

flare_length 76.78 mm Flare length

S 299.792458 m/s Speed of light (corrected for the model units)

aperture_width 253.645 mm Aperture width

aperture_height 183.183 mm Aperture height

Figure 11. An optimal horn antenna’s reflection coefficient.

(a) Radiation pattern. (b) Gain.

Figure 12. Three-dimensional far-field radiation pattern simulation results of the optimal
horn antenna.
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Figure 13. Frequency vs. VSWR based on simulations.

Figure 14a highlights flare length L f and slant height ρe on the e-plane, while Figure 14b
highlights flare length ph and slant height ρh on the h-plane. The gain of the pyramidal
horn antenna is shown in Equation (7) [36]:

G =
4π

2λ2 Wa Ha (7)

We can calculate the aperture height using Equation (8) and the aperture width with
Equation (9):

Ha =
√

2λρe (8)

Wa =
√

3λρh (9)

The flare length on the E-plane and H-plane can be calculated as

L f = (Ha − Hg)[(
ρe

Ha
)2 − 1

4
]

1
2 (10)

ph = (Wa −Wg)[(
ρe

Wa
)2 − 1

4
]

1
2 (11)

Equations (10) and (11) show that the flare lengths on both planes are directly pro-
portional to the slant heights. The slant heights, in turn, are proportional to the aperture
widths and heights, as seen in Equations (8) and (9). Hence, increasing the flare length of
the RF transmitting antenna increases its gain.

The directivity of a pyramidal horn antenna is given by

D =
4π

λ2 εtε
E
phεH

ph AB (12)

Using the data in Table 2, we designed an optimum horn to provide low return loss at
2.45 GHz. We changed the flare length to 207 mm from 76.78 mm and kept the aperture dimen-
sions of Wa = 253.64 mm and Ha = 183.18 mm. As seen in Figure 15a,b, the gain of the proposed
design increased to 14.64 dBi at 2.45 GHz, and S11 was equal to −23.38 dB, respectively.
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(a) E-plane (side view). (b) H-plane (top view).

Figure 14. Pyramidal horn antenna parameters.

(a) Increase in gain.

(b) S11.

Figure 15. The reflection coefficient and gain of the horn antenna after increasing its flare length.
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Figure 16a shows the design of the pyramidal horn antenna, while the photo in
Figure 16b shows a lab-built pyramidal horn antenna. The antenna was fabricated us-
ing A1110 aluminum and had dimensions of Wa = 253.64 mm and Ha = 183.18 mm, with
metal thickness of 2 mm.

(a) Design of horn antenna.

(b) Horn antenna made by welding aluminum sheets of 2 mm in thickness.

Figure 16. Design and fabrication of pyramidal horn antenna.

After the simulation and fabrication of the antenna, we tested it using Tektronix
TTR506A. The setup for the measurement is illustrated in Figure 17a. The reflection
coefficient (S11) of the horn antenna was −14.83 dB at 2.45 GHz, as illustrated in Figure 17b.
Figure 17c highlights a respectable VSWR of 1.42. The input impedance at resonant
frequency was Z = Z0(1.015 + i0.34) = 49.25 + i17.12 Ω, as observed in Figure 17d.
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(a) Setup.

(b) S11.

(c) VSWR.

Figure 17. Cont.
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(d) Smith chart.

Figure 17. Measuring the pyramidal horn antenna.

A comparison of the transmitting horn antenna parameters between simulated and
measured values can be found in Table 3. We fabricated the horn antenna using a waterjet
cutting machine and a laser welding machine. Welding errors may have led to differing
simulated and measured values of the horn antenna since welding was performed by hand.

Table 3. Comparison of horn antenna parameters.

S11 in dB VSWR Gain in dB

Simulated Measured Simulated Measured Simulated Measured

Horn antenna −23.28 −14.82 1.10 1.41 14.5 12.33

Following the tests, we injected microwave energy into the waveguide by coupling it
to the magnetron. In general, the waveguide carries the electric field lines generated by
the antenna into space when attached to a horn antenna. At a given location in space, the
resultant electric fields are

E =
√

E2
Y + E2

Z (13)

During RF transmission, magnetrons require a cooling system to increase efficiency.
In the following subsection, we will explore the RF power budget. By estimating and
calculating wireless transmission power loss, the Tx parameters can be calculated.

2.2. RF Power Budget

A transmitting antenna (TX) emits power density Wt(θt, φt) in direction (θt, φt). Power
density is related to the transmitting horn antenna gain (G(θt, φt)), the power of the trans-
mitter (Pt) fed to it, and the distance (D) between the transmitter point and the harvester
circuit as follows [37]:

Wt =
Pt

4πR2 Gt(θt, φt) (14)

FSPL = 20log10( f ) + 20log10(D) + 20log10(
4π

c
)− Gt − Gr (15)

FSPL = 58.07 dB

where the following apply:

D = distance between emitter and receiver;
Pt = transmitter power;
FSPL = free space path loss;
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Gt = gain of the transmitting horn antenna;
Gr = gain of the receiving horn antenna.

The effective receiving and transmitting antenna area is used in this section to calculate
the required transmitter power, as shown in Figure 18.

Figure 18. Diagram of a transmitting antenna and receiving antenna.

A twin-patch antenna’s effective area on an ideal ground plane can be calculated using
the following formula [38]:

Aer =
Grλ2

4π
(16)

where the wavelength is

λ =
c
f
=

3× 108

2.45× 109 = 0.1223 m (17)

where Gr is the patch antenna gain and λ is the wavelength at 2.45 GHz. Based on Table 4,
the gain was G = 3.55 dBi. Based on Equation (16), the patch antenna had an effective
area of 0.0023 m2. When a horn antenna transmits power over a distance (D), Wi can be
expressed as follows [39]:

Wi =
PtGr

4πD2 =
Pt Aet

λ2D2 (18)

where the following apply:

Pt represents the transmission power;
Aet represents the effective area of the pyramidal transmitting horn antenna;
D is the distance between transmitters and receivers.

The gain (G) of a pyramidal horn antenna is expressed as follows:

G = (
πD f

λ
)2 Aer (19)

The aperture efficiency (Aer) is calculated as follows:

Aer = (
λ2

4π
)G (20)

Aer = 0.0314 m2 (Horn Antenna)
Aer = 0.0026 m2 (Patch Antenna)

The effective area of a horn antenna equals its physical area (A) times its efficiency (E).
A patch antenna receives power (Pr) as follows:

Pr = Wi Aer =
Pt Aet Aer

λ2R2 (21)
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For maximum strength at the receiving point, Equation (21) shows the power de-
manded to transmit versus the distance gap between transmitting and receiving antennas.
We assume that distance (D) lies within the antenna’s far field. At close-in (reference)
distances, the received power is expressed as follows:

Prx = PtxGtxGrx(
c

4πD f
)2 (22)

This subsection investigates how RF harvested power is influenced by the distance
gap between an RF station and an emergency exit sign. The evaluation and comparison of
simulation performance were performed using MATLAB. We used the MATLAB calculation
platform to prove the above mathematical equations. Figure 19 shows the attenuation of
RF energy versus the distance gap. Considering the range of the system is also important.
The system should be able to transmit power over the desired distance.

Figure 19. RF power received (W) vs. distance (m).

Based on Equation (22), the reflection-free propagation where the far field depends
on the distance gap is (1/D), while the power density decreases as (1/D2). The received
power in dBm at close range is

Prx = 10log
Pr

0.001
(23)

while the close-in received power in dBW is

Prx (dBW) = 10log
Pr

1W
= Prx − 30 (24)

Figure 20a–c depict received power (dBm), received power (dBW), and path loss,
respectively, as functions of the distance (m). The increase in gap distance negatively
impacts the received power.
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(a) RF power received (dBm) vs. distance (m). (b) RF power received (dBW) vs. distance (m).

(c) Path loss vs. distance.

Figure 20. MATLAB simulation.

The reference power in dBm used to calculate the received power is

Prx = Pr(dBm) + 20log
(

d0

d

)
(25)

The received power calculated using the reference power in dBW is

Pr (dBW) = Pr(dBW) + 20log10

(
d0

d

)
(26)

Equation (27) represents the path loss:

PL =
Pt

Pr
(27)

3. Power Harvester Device

The RF rectifier circuit converts microwave energy into DC power. The circuit has
four elements: a twin-patch antenna, a matching circuit, a rectifier circuit, and a voltage
regulator. This subsection discusses each component of the RF harvesting system, as shown
in Figure 21.
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Figure 21. RF harvesting circuit block diagram.

3.1. Twin-Patch Antenna

The twin-patch antenna was engraved on an FR-4 substrate with thickness
h = 1.6 mm, dielectric constant εr = 4.6, and loss tangent δ = 0.02. This structure was
influenced by the twin-patch antenna published in our previous work [40,41] and similar
works [42]. This work aims to increase the bandwidth of this antenna without increasing its
occupied area or fabrication costs. The application requires a small, thin, cheap, and very
compact RF energy harvester circuit with emergency exit lighting. Array patch antennas
are ideal for this application due to their flexibility and size [43], and radiation strength
determines the feed efficiency of harvester patch antennas. As presented in this section,
we aimed to design, simulate, fabricate, and analyze a twin-patch antenna operating at
2.45 GHz. The proposed twin-patch antenna layout is illustrated in Figure 22a, while its
substrate design is highlighted in Figure 22b.

The width of the patch antenna, W, is determined using Equation (28):

W =
c

2 fr(
√

εr+1
2 )

(28)

According to Equation (28), εr reduces the dimension of the antenna patch. We can
calculate the actual patch length using Equation (29):

L =
c

2 fr
√

εre f f
− 2∆L (29)

Based on Equation (29), the effective dielectric constant, εre f f , is expressed as in
Equation (30):

εre f f = (
εr + 1

2
) + (

εr − 1
2

) + (1 +
12h
W

)−1/2 (30)

Furthermore, the length extension, ∆L, is calculated as described in Equation (31):

∆L = 0.412h[
εre f f + 0.3

εre f f − 0.258
][

W
h + 0.264
W
h + 0.8

] (31)

Then, the patch synthesis, H, with characteristic impedance Z0 equal to 50 Ω is
generated using Equation (32):

H = [
Z0
√

2(εr + 1)
119.9

] +
1
2
[
εr − 1
εr + 1

][ln(
π

2
) +

1
εr

ln(
4
π
)] (32)

Based on Equation (32), the width of the microstrip line feed, W f , is computed as in
Equation (33):

W f = [(
eH

8
− 1

4eH )−1]× 1.60 mm (33)

Moreover, the length of the microstrip line feed, L f , is determined with Equation (34):

L f = θ ×
λg

360o (34)
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where
λg =

c
f√εre f f

(35)

(a) Dimensions of the twin-patch antenna.

(b) Substrate of the twin-patch antenna.

Figure 22. Proposed twin-patch antenna design.

The ground plane dimensions of this patch antenna are as follows:

Lg = 6h + l (36)

Wg = 6h + w (37)

Therefore, the calculated Lg and Wg are 89.36 mm and 70.80 mm, respectively. As illus-
trated in Figure 23a,b, the twin-patch antenna dimensions were calculated and simulated
with Advanced Design System (ADS) software. EEsof EDA, a unit of Agilent Technologies,
produces Agilent Design System (ADS).
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(a) Twin-patch antenna design in ADS layout.

(b) Twin-patch antenna design in ADS schematic.

Figure 23. Twin-patch antenna design.
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At 2.453 GHz, the designed patch antenna has gain of 3.437 dBi and directivity of
7.814 dBi, as illustrated in Figure 24a,b, respectively. The relative bandwidth is greater than
1%. At an operating frequency of 2.453 GHz, the return loss is acceptable, S11 = −19.69 dB,
as illustrated in Figure 25. At 2.453 GHz, the designed patch has a VSWR equal to 1.056
with a bandwidth of approximately 43 MHz. The frequency of 2.453 GHz shows high
match impedance between the antenna and signal source without an imaginary impedance
part. This results in accurate signal transmission. Z = Z0 × (0.98 + i0.01) = 49 + i0.5 Ω.

(a) Gain of the designed antenna. (b) Directivity of the designed antenna.

Figure 24. Gain and directivity of the designed antenna.

Figure 25. Simulated patch antenna reflection coefficients.

The twin-patch antenna current distribution graph is shown in Figure 26; we see
that at and near the feed, the magnitude of the current distribution is minimized due to a
change in antenna impedance. Variations in the current distribution contribute to antenna
performance parameters.
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Figure 26. Simulation of the current distribution.

Figure 27 illustrates the radiation pattern of the twin-patch antenna derived from the
simulation. Both the E-plane and H-plane are shown. The gain of 3.7 dB is achieved by the
patch antenna at 2.45 GHz.

Figure 27. Gain plot of the twin-patch antenna.

This antenna was simulated with ADS keysight software and fabricated using the
engraving CNC technique, as shown in Figure 28a. The top view of the realized antenna is
illustrated in Figure 28b, and the bottom view is illustrated in Figure 28c.
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(a) Fabrication of twin antenna.

(b) Top view. (c) Bottom view.

Figure 28. Fabricated microstrip twin-patch antenna.

There is no doubt that this antenna has acceptable performance in theory. We tested
the antenna using (VNA) TTR506A. The setup for the measurement is shown in Figure 29a,
and the results are shown in Figure 29b. The antenna resonated at 2.45 GHz with a reflection
coefficient (S11) of −21.66 dB, while the theoretical simulation value was −19.69 dB. At
2.45 GHz, this antenna is highly efficient. Thus, the patch antenna has a bandwidth from
2.43 GHz to 2.57 GHz at S11 < −10 dB.

Figure 30 shows the VSWR of the fabricated twin antenna. The VSWR is 1.17, which is
an acceptable value. The VSWR and return loss of the fabricated antenna are lower, which
means that the patch antenna has low return loss.

The tested value of the twin-patch antenna input impedance at resonant frequency
was 50.21 + i2.35. The tested and simulated input impedance values are close, as shown in
Figure 31a,b.
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(a) Setup.

(b) Results.

Figure 29. Measuring twin-patch antenna parameters.
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Figure 30. VSWR measurement value.

(a) Smith measurement value. (b) ADS Smith chart.

Figure 31. Twin-patch antenna impedance.

So, this antenna provides a much better match at 2.45 GHz, with minor reflection. The
maximum gain of a receiving antenna is 3.210 dB. A comparison of the harvester patch
antenna parameters between simulated and measured values can be found in Table 4.

Table 4. Comparison of patch antenna parameters.

S11 in dB VSWR Gain in dB

Simulated Measured Simulated Measured Simulated Measured

Patch antenna −19.65 −21.66 1.21 1.17 3.437 3.55

The patch antenna is highly omnidirectional and has a small BW, low return loss,
and a low VSWR close to one. The slight differences between the measured value and
the simulated values are probably due to the fabrication process. We used a CNC router
machine for PCB etching. The slightest errors in alignment can lead to unintended changes
in the final design and to the VSWR and S11 parameter being inaccurate. Our next step was
to examine the rectifier harvester circuit after the twin-patch antenna had been simulated,
fabricated, and validated.
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3.2. Rectifier Investigation

The construction of RF/DC converters is discussed here, beginning with selecting
and analyzing the components according to the output voltage and current desired. This
paper presents the performance of a high-frequency rectifier harvesting circuit composed
of Schottky diodes with varying characteristics.

Most researchers in this field look for a reflection coefficient of less than −10 dB in the
prototype to evaluate whether the matching impedance is acceptable and reasonable [44].
We aimed to reduce reflection loss by matching impedance and converting an external
power. The first step to improving RF harvesting circuit performance is to reduce reflection
loss [45,46]. Agilent ADS includes a Smith chart matching tool to synthesize a CL filter for
matching impedance. Figure 32 shows the matching network topology, with inductance
L in series (L = 1.10 nH) and capacitor C in shunt (C = 9.31 pF). The tuning procedure is
complex. In order to find the real part of the impedance equal to 50 Ω, the ADS Smith chart
simulator was used to tune the LC filter values, as shown in Figure 33a.

Figure 32. An RF harvesting circuit using a five-stage voltage multiplier (Agilent ADS).

(a) Smith chart utility. (b) Real and imaginary impedance at 2.45 GHz.

Figure 33. Cont.
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(c) S11 parameter. (d) S11 Smith chart simulation measurement.

Figure 33. Impedance matching.

The RF rectifier was matched to 2.45 GHZ with the real part at 49.64 Ω and the
imaginary part at 0.485, as shown in Figure 33b. The matching network overcame the
approximately 4% power loss in the model due to an impedance mismatch between the
antenna and rectifier. The S-parameter (SP) simulator is highly recommended for simulating
reflection coefficient S11 and input impedance. This rectenna resonated at 2.45 GHZ with a
reflection coefficient (S11) of −34.36 dB, as shown in Figure 33c. As shown in Figure 33d,
the measured impedance is

Z = Z0(0.993 + i0.01) = 49.65 + i0.5Ω. (38)

Figure 34a highlights the setup for rectifier impedance measurement. Figure 34b
illustrates the measured return loss response of the converter circuit. The twin-patch
antenna and rectifier were impedance-matched using a CL impedance-matching circuit.
The CL section consisted of a 1.10 nH inductor and a 9.31 pF capacitor in a parallel–series
configuration. At 2.45 GHz, this CL circuit matches the twin-patch antenna impedance of
49.5–i18.20 Ω to the rectifier circuit impedance of 3.03–i16.808 Ω. In addition to passing RF
energy at 2.45 GHz, the CL filter circuit eliminates unnecessary higher-order harmonics
and reduces reflection loss.

(a) Setup. (b) Results.

Figure 34. RF/DC rectifier circuit impedance measurement.

Diode selection in this type of application is critical because the circuit requires a
2.45 GHz RF frequency. Diodes should operate within the frequency band; otherwise, the
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circuit does not work correctly. For the rectifier circuit, four different RF Schottky diodes
were used (HSMS2820, HSMS2810, HSMS2810, and BAS40-04). The electrical specifications
of these diodes are highlighted in Table 5.

Table 5. Electrical specifications of the diodes.

Diode
Minimum

Breakdown
Voltage VBR (V)

Maximum
Forward Voltage

VF (mV)

Maximum
Reverse Leakage
Current IR (nA)

Maximum
Capacitance

CT (pF)

HSMS2820 15 @ IR = 100 µA 340 @ IF = 1 mA 100 @ VR = 1 V 1.0 @ VF = 0 V,
f = 1.0 MHz

HSMS2810 20 @ IR = 10 mA 410 @ IF = 1 mA 200 @ VR = 15 V 1.2 @ VF = 0 V,
f = 1.0 MHz

HSMS2804 70 @ IR = 10 mA 410 @ IF = 1 mA 200 @ VR = 50 V 2.0 @ VF = 0 V,
f = 1.0 MHz

BAS40-04 40 @ IR = 10 µA 380 @ IF = 1 mA 200 @ VR = 30 V 5.0 @ VR = 0 V,
f = 1.0 MHz

From 0.1 to 9 GHz is the frequency range of these diodes. Table 6 shows the impedance-
matching measurements with different diodes for an RF/DC rectifier circuit.

Table 6. Measurement of the RF/DC rectifier circuit impedance matching.

RF/DC Rectifier Diode Types S11 Return Loss (dB) at 2.45 GHz

HSMS2820 −9.03
HSMS2810 −7.43
HSMS2804 −3.41
BAS40-04 −5.45

A five-stage voltage multiplier with the HSMS-2820 diode was used in this work to
harvest RF signals. The second stage of a single doubler circuit receives only the noise of
the first stage. This noise is doubled and added to the DC voltage of the first stage in the
second stage. The system should produce more voltage regardless of the input by adding
more stages [47]. A voltage multiplier circuit dedicated to each independent stage consists
of a micro cell with open circuit output voltage V0, load resistance RL, internal resistance
R0, number of voltage multiplier stages n, and output voltage Vout. Based on this variation
in RL, Vsout is calculated with Equation (39):

Vout = V0[
1

R0
RL

+ 1
n

] (39)

Using different Schottky diodes (HSMS2820, HSMS2810, BAS40-04, and HSMS804),
we simulated a five-stage voltage multiplier until we reached the highest output voltage
and current. The circuit used HSMS2820 Schottky diodes to harvest RF energy. The voltage
gain decreased as the number of steps increased, whereas higher voltage was obtained as
the number of steps increased. Further, 50 Ω load resistance was applied to the parallel
connection for the maximum output power test. Using HSMS2820 diodes, the DC output
voltage obtained in a five-stage voltage multiplier simulation was 8.401 V, as shown in
Figure 35a. The HSMS2820 family has high output voltages because of their low flicker
noise and low junction capacitance. Figure 35b reports the output current of 0.169 A from
the simulation.
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(a) Simulation output voltage. (b) Simulation output current.

Figure 35. The simulation results after optimization (HSMS2820).

According to the simulation, the output power was equal to 1.422 W, as shown in
Figure 36.

Figure 36. Output power of the rectifier circuit.

We used an RF frequency generator (the SMC100A, by Rohde & Shwarz, Munich,
Germany) to test the efficiency of the rectifier at the operating frequency by coupling the
RF/DC circuit to it. RF harvesting circuits operate in the 2.4 GHz to 2.6 GHz range, as
illustrated in Figure 37.

Figure 37. Frequency range measurement for rectifier circuit (HSMS2820).
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Table 7 shows how the Schottky diodes changed the efficiency of the rectifier circuits.

Table 7. Measurement of RF/DC rectifier efficiency.

Diode Pin (dBm) Load
Resistance Ω

Vout (V) Iout (mA) Pout (W)
Efficiency

ν = (Vout ·
Iout)/Pin (%)

HSMS2804 33 50 9.75 20 0.19 5.91
BAS40-04 33 50 2.00 4.12 0.0081 0.25

HSMS2820 33 50 3.86 8 0.03 0.93
HSMS2810 33 50 11.60 23 0.27 8.09

As a result of its low series resistance, low forward voltage at current levels, and
superior RF characteristics, the HSMS28XX series is an excellent choice for RF scavenging.
HSMS2820 detector diodes are zero-bias detectors designed for small-signal applications.
HSMS2810 Schottky diodes, despite their apparent high series resistance, provide low RF
rectifier power levels. Compared with HSMS2804, HSMS2810 diodes are approximately
11.6 times more efficient. HSMS2820 provided high output voltage in this test. Figure 38
shows the schematic circuit of an RF rectifier on a PCB.

Figure 38. Rectifier PCB schematic circuit.

We constructed four rectifier circuit PCBs, each one had different Schottky diode
parameters (HSMS2820, HSMS2810, HSMS2804, and BAS40-04), to evaluate the entire RF
harvester circuit, as shown in Figure 39a,b. The prototype used was a red of 60 mW with
high luminosity of 70 mcd manufactured by everlight, electronics, New Taipei City, Taiwan.
These diodes require 2.4 V and 20 mA current to achieve high brightness.

(a) Top view. (b) Bottom view.

Figure 39. Fabricated four RF power harvesting PCBs with different Schottky diode types.
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4. Prototype Results and Discussion

Portable microwave radiation stations operate at a frequency of 2.45 GHz and have
a power output range of 500 W. RF energy converters calculate DC output levels using
equations and assuming a direct line of sight between the patch and horn antennas. The
wireless power efficiency determines the gain values of the Rx and Tx antennas. The patch
length, width, ground length, width, substrate depth, thickness, and other parameters all
contribute to the efficiency of wireless powering emergency lighting. Table 8 presents a
summary of the simulation results.

Table 8. Parameters of receiving and transmitting antennas.

Parameter Receiving Patch Antenna (Rx) Value Horn Antenna (Tx) Value

Return loss −21.66 dB −14.82 dB
BW (GHz) 2.43 GHz to 2.58 GHz 2.33 GHz to 2.62 GHz
Gain (dB) 3.55 12.33

Directivity (dB) 7.9 11.03
VSWR 1.17 1.41

In this investigation, we used FR-4 substrate materials. We performed simulations
for wireless applications at a 2.45 GHz operating frequency. According to the simulations,
the receiving antenna gain was 3.55 dB; the directivity was 7.471 dBi; the return loss was
−21.66 dB; the BW was 0.0746 GHz; the bear loss was 1.17; and the efficiency was 34.69%.
The results were−12.542 dB return loss, gain of 8.09 dB, directivity of 8.587 dBi, accuracy of
0.0349 GHz, a VSWR of 1.617, and efficiency of 94.24% for the horn antenna, respectively. A
patch antenna and HSMS2820 generated a maximum DC voltage of 8.401 V, with a current
of 0.167 A. The antennas were in the line of sight (LOS) during lab testing from 1 m to 62 m.
According to Table 9, power harvesting appeared to vary significantly with the distance
from the microwave power station Pin = 500 W to the receiver circuit.

Table 9. Energy harvesting range vs. distance.

RF Transmitter Power (Pr) Distance between RF Transmitter and
Observation Point (m) Harvested Energy (W)

500 W 5 4.19
500 W 15 2.79
500 W 25 2.3
500 W 45 1.2
500 W 60 0.483

We added a mini LED lens convex acrylic reflector with a 120-degree angle, as shown
in Figure 40a,b, to better view the glow of the LEDs from a distance.

(a) Lenses added to the LEDs. (b) Prepared circuit placed in the emergency exit sign.

Figure 40. Convex lens added to the exit sign.
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Figure 41a shows the position and orientation of the transmitter and receiver at a
distance of 5 m. The rectenna successfully harvested energy. Figure 41b,c highlight the
same test at 10 and 25 m, respectively.

(a) Test at 5 m. (b) Test at 10 m.

(c) Test at 25 m.

Figure 41. Energy harvesting tests at various distances.

Figure 42a,b show the setup for harvesting energy at a distance of 62 m at 1× and
100× zoom levels, respectively. This application should be mounted and installed at a
higher level near the building ceiling, along with exit signs for safety precautions. It is a
directed wave, so it would not affect people while evacuating.
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(a) 1× zoom. (b) 100× zoom.

Figure 42. Photographs of the RF energy harvesting setup at a 62 m distance.

We could mount this solution in a building provided that there is no obstruction
between the signs and the RF transmitter station, or we could make a portable RF power
station that the building security team or civilian defense can use if the emergency signs
fail. This device can only be used with signs within range so that it can charge many signs
simultaneously without any obstacles.

Safety is one of the biggest challenges facing the system. A key component of this
is ensuring that the system’s power output is not too high. Our transmitter operates at
2.4 GHz. Microwaves are an example of non-ionizing radiation that do not directly affect
the structure of atoms or damage DNA; however, they do cause atoms to vibrate, which
can cause them to heat up [48]. The ability to heat up atoms is the reason microwaves are
used for cooking in microwave ovens, which also operate at 2.4 GHz. The United States
Food and Drug Administration (FDA) limits the amount of microwaves that can leak from
an oven throughout its lifetime to 5 mW/cm2 or 50,000 mW/m2 of microwave radiation at
approximately 2 inches from the oven surface [49]. This limit is far below the level known to
harm people. We measured the radiation from our transmitter at a distance of 8 m using a
Tektronix Real-Time Spectrum Analyzer and found it to be 155 mW/m2, as shown in Figure 43.
This is much lower than the limit set by the FDA for microwave oven radiation leakage. Hence,
unless someone is standing right in front of the transmitter or is exposed to the radiation for an
extremely long time, the transmitter should be safe to use for emergency evacuations. More
information can be found in Supplementary Materials Video S2.



Energies 2023, 16, 5080 36 of 39

Figure 43. Analysis of transmitter radiation using a spectrum analyzer.

5. Conclusions and Perspectives

This study investigated the possibility of using an RF energy harvesting gadget to
wirelessly power an emergency exit sign in case of emergency. An emergency exit sign
was equipped with an RF harvester device. During a real experiment, the receiving patch
antenna had a reflection coefficient of −22.66 dB and gain of 3.55 dB. This result is accept-
able for actual impedance-matching magnitude, close to the predefined value of 50 Ω. For
this application, the harvesting antenna meets all specifications. The microwave trans-
mitter station had return loss of −14.86 dB and gain of −10.3 dB. This prototype uses a
five-stage voltage multiplier based on the HSMS2820 Schottky semiconductor. It produces
a high DC voltage and provides electricity conversion. For each patch antenna surface
(89.36 mm × 70.80 mm), we achieved 0.483 W at 60 m. Using wireless power technology
for emergency exit signs and other emergency systems can be an excellent alternative to
direct connections to the primary power grid. Achieving longer distances of wireless power
transfer could improve the chances of preventing power outages of emergency lighting,
reducing injuries and casualties. The antenna radiation performance using different sub-
strates, such as fabrics and dielectric materials, could be evaluated in future studies. This
design could also be extended to include many microstrip patch antennas arranged in
specific geometric configurations. As wireless power transfer technology and techniques
improve with time, using such emergency exit signs and lighting on a commercial scale
will become more feasible.

Supplementary Materials: Video S1: Experimental phase for RF harvester technology (https://
www.youtube.com/watch?v=u96Yyfk3WDY) (accessed on 21 June 2023), Video S2: Magnetron field
strength measurements (https://www.youtube.com/watch?v=kAN25QFh3Xg&t=68s) (accessed on
21 June 2023).
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Abbreviations
WPT Wireless power transfer
RF Radio frequency
LED Light-emitting diode
DC Direct current
VSWR Voltage standing wave ratio
CNC Computer numerical control
Tx Transmitter
Rx Receiver
VNA Vector network analyzer
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