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ABSTRACT For the first time, the design and implementation of a fully-integrated wireless information and
power transfer system, operating at 24 GHz and enabling battery-less sensor nodes, is presented in this paper.
The system consists of an RF power source, a receiver antenna array, a rectifier, and a battery-less sensor
node which communicates via backscatter modulation at 868 MHz. The rectifier circuits use commercially
available Schottky diodes to convert the RF power to DC with a measured efficiency of up to 35%,
an improvement of ten percentage points compared with previously reported results. The rectifiers and the
receive antenna arrays were jointly designed and optimised, thereby reducing the overall circuit size. The
battery-less sensor transmitted data to a base station realised as a GNU Radio flow running on a bladeRF
Software Defined Radio module. The whole system was tested in free-space in laboratory conditions and
was capable of providing sufficient energy to the sensor node in order to enable operation and wireless

communication at a distance of 0.15 metres.

INDEX TERMS Millimeter-wave engineering, rectifiers, wireless power transfer, battery-less, sensors.

I. INTRODUCTION
The research field of wireless power transfer (WPT) has
attracted considerable attention due to the novel battery-free
solutions it could enable in many emerging applications
across different domains such as infrastructure robotics, Inter-
net of Things (IoT) devices, and sensor networks [1], [2].
A lot of results have already been reported for WPT circuits
and systems operating in the sub-6 GHz frequency bands such
as 433 MHz, 868 MHz, and 2.4 GHz. Research and devel-
opment effort has now shifted towards higher frequencies
partially due to improved directivity achievable through the
use of antennas with electrically larger apertures [3]-[5].
The two major requirements of an efficient wireless power
transfer system are a high-gain directional antenna and a
rectifier circuit with high RF-DC conversion efficiency [2].
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A rectenna is the combination of a receive antenna and a
rectifier that together form a complete WPT receiver [1], [5].
The overall performance of a WPT system directly depends
on the overall efficiency of the rectenna [6]. In addition to
the RF-DC conversion efficiency, other relevant comparison
metrics of rectifiers are DC output voltage and required input
RF power level.

While traditionally rectifier and rectenna articles have
focused on using sub-6 GHz frequencies, those above 6 GHz
offer several advantages. One of the main benefits is the
reduction in the physical space occupied by the rectennas,
while retaining the high gain and narrow beamwidth [6].
The higher frequency WPT is suitable for applications where
there are constraints on the size of the antennas, such as
on board unmanned aerial vehicles (UAVs), infrastructure
pipe inspection robots, and small battery-less sensor nodes.
Higher frequency WPT may also be safer in terms of human
exposure, up to a reasonable power level, because the energy
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is primarily absorbed by the surface layers of the skin [7], [8].
WPT in the 24 GHz Industrial, Scientific, and Medical (ISM)
band has the major advantage that it will not interfere with
other frequency bands, which are widely used for commu-
nication purposes, such as millimetre-wave 5G frequencies.
The drawbacks of using 24 GHz include increased propaga-
tion and atmospheric losses, as well as less efficient semi-
conductor components. These can however be outweighed by
commensurate increase in directivity and gain of antennas,
in addition to other system requirements such as reduced
circuit footprint.

Various rectifier and rectenna designs have been proposed
in the existing literature. Bito et al. [9] demonstrated a flex-
ible, ink-jet printed millimetre-wave rectenna at 24 GHz for
wearable IoT applications. They reported 2.5 V DC voltage
at an input RF power of 18 dBm. Daskalakis et al. [10]
developed a 24 GHz rectenna on paper substrate with a con-
version efficiency of 32.5% at 15 dBm input power for RFID
applications. Shinohara and Hatano [11] designed a rectifier
circuit with a reported RF-DC conversion efficiency of 47.9%
at an input power of 23 dBm. Laden et al. [6] presented the
design and implementation of rectennas using substrate inte-
grated waveguide (SIW) technology at 24 GHz. Their results
showed that the rectification efficiency was 24% at an input
power density of 10 mW/cm?. Colado and Georgiadis [12]
proposed an SIW-based rectenna at 24 GHz having a max-
imum RF-DC conversion efficiency of 15% at 8 dBm of
input power. In [13] a 24 GHz rectenna was proposed for
fixed wireless access applications with an RF-DC conver-
sion efficiency of 43.6% at 27 dBm input power. In another
research work for a similar application, an energy harvester
at millimetre-wave frequencies was proposed [14]. It exhib-
ited a measured RF-DC conversion efficiency of 67% and a
maximum voltage of 2.18 V at 35.7 GHz.

In most of the above-mentioned research works the authors
only presented the simulated RF-DC conversion efficiencies,
which are generally higher than the actual measured results.
The experimental RF-DC conversion efficiency of rectifiers
and rectennas tends to be lower than the simulated one due to
multiple factors such as lower gain and radiation efficiency
of the antennas, lower than predicted input RF power to recti-
fiers, diode parasitic components, and the DC load resistance
deviating from the optimum [1].

In parallel to these advancements, IoT technology is
another still developing field which is expected to have a
lot of practical applications in many industries, including
agriculture, construction, manufacturing, healthcare, energy,
and transportation. However, the batteries present in these
devices have many drawbacks in terms of size, weight, and
cost, in addition to requiring replacement once depleted. This,
in turn, can make the installation of battery-powered devices
in remote and hard-to-reach places, such as bridge bearings
or along river beds, impractical. Hence, the battery life of an
IoT device is one of the challenges that needs to be addressed
before large-scale deployment is possible.
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The solution proposed in this paper is to use a physically
small energy storage element, e.g. a supercapacitor, which
can be charged through wireless power transfer at 24 GHz.
The motivation behind this research is to replace the need
for a battery in sensor nodes deployed in places with lim-
ited accessibility. The sensor nodes themselves will then be
able to wirelessly communicate with a base station using an
energy-efficient method such as backscatter modulation. The
block diagram of such a system is illustrated in Fig. 1.

Signal generator Tx. Transceiver Laptop to
to input RF antenna to for data receive data
power at 24GHz transmit communication
power at at 868MHz
24 GHz
Rx.
anv‘v?(tl,':qa Boost IoT sensor
i charger node
rectifier to BQ25570 for working

receive and
convert RF
toDC

DC power with WPT

management

FIGURE 1. System block diagram of wireless power transfer to a
battery-less sensor node.

In this paper, such a complete wireless information and
power transfer system, operating at 24 GHz, is experimen-
tally demonstrated for the purposes of charging a battery-less
sensor node. The sensor uses the lower frequency of 868 MHz
to wireless communicate data, as this is well suited for low-
power, long-range communications.

The design, simulation and implementation of shunt and
voltage-doubler rectifier circuits are presented, as well as a
suitable antenna array. Initially, the array and the rectifier
circuits are individually designed, optimised, fabricated, and
measured. To form a complete rectenna layout, the antenna
array and rectifier are integrated into one board, reducing the
overall size of the WPT receiver. A comprehensive perfor-
mance comparison of the different rectifier circuits follows,
with a final demonstration of a battery-less sensor node fully
powered by the rectenna completing this research work.

To the best of the authors’ knowledge, this is the first time
a complete wireless power transfer system for battery-less
sensor nodes, operating in the ISM band 24 GHz, has been
reported.

Il. RECTIFIER DESIGNS & SIMULATION RESULTS
Microwave and millimetre-wave rectifiers can be imple-
mented in various configurations, with the single-diode series
and shunt ones being the most common. To increase the DC
output voltage, one can also use a voltage-doubler, which
requires two diodes.

The general topology of a rectifier consists of a source
impedance matching network to match the power source to
the input impedance of the circuit, a non-linear element which
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converts the RF energy to DC energy, e.g. a Schottky diode,
and a low-pass filter with a load resistance.

In this research work these two different rectifier config-
urations, i.e. shunt and voltage-doubler, have been evaluated
with an input RF signal at 24 GHz, by using two different
commercially available low-barrier height Schottky diodes,
i.e. Macom MA4E2054A and Skyworks SMS7621. These
diodes were chosen due to their extensive documentation,
i.e. SPICE parameters for the intrinsic diode junctions and
equivalent circuit models for their packages, and their avail-
ability in small packages with reduced parasitics.

The shunt configuration was chosen for two reasons. First,
it is requires very few components and therefore occupies lit-
tle board space. Second, it contains a natural closed DC loop
independent of the input power source, whereas the series
configuration requires additional elements to achieve that.
The voltage-doubler was has similar properties to the shunt
configuration, however it also exhibits higher DC output
voltage, which is beneficial when the rectifier is connected
to a power management circuit.

The Schottky diodes selected have both got low barrier
height meaning they will exhibit non-linear behaviour at
lower input power, have been successfully demonstrated in
rectifier circuits at lower frequencies, and most importantly,
are available in small packages. The last property makes them
particularly suitable, due to decreased parasitics and physical
size.

The main figure of merit for the performance of rectifiers
is the RF-DC conversion efficiency defined as:

POM[

Pin
where P,,; is the DC output power and P;, is the input
RF power. Circuit parameters such as DC load resistance,
smoothing and decoupling capacitors, source impedance
matching networks and higher-order harmonic suppres-
sion radial stubs were optimised, using Keysight Advanced
Design System (ADS), to obtain the maximum RF-DC con-
version efficiency. The design of the rectifier circuits fol-
lowed a well-established procedure, where the value of the
DC load was swept, and a source-pull was performed for
every value of DC resistance. This way optimal conditions
were identified, and impedance matching networks were
designed.

Following experimental measurements of the designed rec-
tifiers, the circuit with highest RF-DC conversion efficiency
was chosen to demonstrate the full wireless information and
power transfer system.

n= ey

A. RECTIFYING DIODES

In order to successfully design the rectifiers, the diodes need
to be represented in the Keysight ADS Harmonic Balance
simulator using their SPICE parameters. Furthermore, due
to the high frequency of operation, i.e. 24 GHz, it is also
important to include the circuit model of their respective
packages.
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These parameters are readily available from their respec-
tive datasheets [15], [16]. The final simulation models of
these diodes and their packages are shown in Fig. 2a and
Fig. 2b, and the most relevant SPICE parameters are included
for reference in Table 1.

I
I\

€ 0.05 pF

L 0.47 uH

L 0.47 uH

L 150 pH
R0.8Q

Diode

(b)
FIGURE 2. Diode package model a) SOD-323, b) 0201.

TABLE 1. Schottky diode SPICE parameters.

Parameter MA4E2054A SMS7621
Package SOD-323 0201
Rs, 10.5 10.3
Cjo, pF 0.13 0.13
VBr, V 3.0 3.0
Ve, mV 250 260
Ir, mA | 1

Impedance
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Network

DC Block
Capacitor

Resistance
Rectifying Smoothing
Diofle Capacitor

FIGURE 3. Rectifier circuit in shunt configuration.
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[
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B. SHUNT CONFIGURATION

The design of a rectifier in shunt configuration is shown
in Fig. 3. In this configuration, the diode is mounted in
parallel to the DC load resistance. The same circuit topology
was used with the two different Schottky diodes to compare
their performance in shunt configuration. Fig. 4 presents their
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TABLE 2. Performance comparison of proposed rectifiers.

Shunt Voltage-doubler Diode
RF-DC Conversion Efficiency (%) 46 36 MA4E2054A
25 20 SMS7621
DC Output Voltage (V) 1.5 1.9 MA4E2054A
1.1 1.4 SMS7621
Output Power (mW) 11.0 7.0 MA4E2054A
5.5 3.5 SMS7621
Optimal Load Resistance () 200 400 MA4E2054A
200 400 SMS7621

50 4
40
§ 304
5 2 " load = 200 ohm
R _load = 300 ohm
®1T——R _load = 400 ohm
|=—R_load = 500 ohm
°5 ; o s
Input Power (dBm)
(a)
50
|/ R _load = 200 ohm
»{— R _load = 300 ohm
. {—R_load =400 ohm
5 ®{——R_load = 500 ohm
é’(:i 20
10
°s : o e
Input Power (dBm)
(b)

FIGURE 4. Simulated RF-DC conversion efficiency of shunt rectifiers as a
function of input power and DC load resistance: a) MA4E2054A b)
SMS7621.

simulated RF to DC conversion efficiency as a function of
the DC load resistance Rpc and RF input power Ppy. It can
be seen that the rectifier utilising the MA4E2054A diode
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achieves a maximum efficiency of 46% as compared to 25%
for the one with the SMS7621 diode. In both cases, a 200 2
DC load resistance was found to be the optimal one.

Impedance
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Smoothing
Capacitor

Rectifying
Diodes

RF Source
Smogthing Lo
Capgcitor Resistance

FIGURE 5. Rectifier circuit in voltage-doubler configuration.

C. VOLTAGE-DOUBLER CONFIGURATION

In the circuit topology illustrated in Fig. 5, two diodes are
used to increase the output voltage and provide full-wave
rectification [9]. The voltage doubler rectifier exhibits lower
conversion efficiency for the same level of input RF power,
when compared to the shunt configuration, due to twice
the diode loss. Simulation results, presented in Fig. 6,
show that the voltage-doubler provides a maximum rectifi-
cation efficiency of 36% or 22% with the MA4E2054A or
SMS7621 diode, respectively, for a 400 2 DC load resistance
and 12.5 dBm input power.

D. COMPARISON OF RECTIFIER CONFIGURATIONS

In this section we present a performance comparison in terms
of simulated RF-DC conversion efficiency of the two rectifier
configurations using the two different diodes. It is evident
that the rectifier in shunt configuration using a MA4E2054A
Schottky diode performs best, yielding a maximum efficiency
of 46% for a load resistance of 200 2 and RF input power
of 14 dBm.

However, the voltage-doubler circuits have a higher DC
output voltage compared to the shunt ones, for both diodes.
A trade-off decision might be necessary depending on the
minimum input voltage requirements of the next stage in a
system, which is normally a power management circuit.

A full performance comparison and design parameters
along with the values of the proposed rectifiers are sum-
marised in Table 2.
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FIGURE 6. Simulated RF-DC conversion efficiency of voltage-doubler
rectifiers as a function of input power and DC load resistance: a)
MA4E2054A b) SMS7621.

Ill. ANTENNA ARRAY DESIGN FOR WPT

A 4 x 4 microstrip patch antenna (MPA) array was designed,
to receive the RF power and transfer it to the rectifier circuit.
This configuration was chosen as a compromise between
expected gain, aperture size, and minimum operating distance
as required by the far-field region relationship:

2D?
R > o )

where D is the largest linear dimension of the antenna array
and A is the free-space wavelength of the frequency of
operation.

The proposed MPA array layout with main dimensions and
a fabricated sample are shown in Fig. 7. A combination of
corporate and series feed network was designed to connect
the patches. Rogers 3003 substrate material with thickness
0.51 mm, €, = 3.0 and loss tangent tan § = 0.001 was used.
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(@)

FIGURE 7. Planar 4 x 4 MPA array, a). Array layout with dimensions
L1=L4=3.5 mm, L2=L3=4 mm, d1=d2=6 mm, S1=13.4 mm, $S2=7.5 mm,
$3=2.7 mm, S4=8.55 mm, b). Fabricated array.

The input match of the fabricated arrays was measured
in laboratory conditions using a Keysight N5247A PNA-X
with 1-port Short, Open, Load (SOL) calibration, bringing
the S-parameter reference plane to the end of the coaxial
cable. Data was taken over the frequency range of interest,
i.e. 22 GHz - 26 GHz, with 1001 frequency points. The radi-
ation pattern and realised gain were measured in an anechoic
chamber using the gain transfer method and two standard gain
pyramidal horn antennas.

A comparison between the measured and simulated
S-parameters and radiation pattern of the proposed MPA
array are presented in Fig. 8 and Fig. 9, respectively. The
results show a maximum realised gain of 13.8 dBi and a
fractional bandwidth of more than 9% at 24 GHz.

IV. EXPERIMENTAL RESULTS

A. STANDALONE RECTIFIERS

After analysing the simulation results of the different rec-
tifiers, the shunt and voltage-doubler configurations with a
MAA4E2054A Schottky diode were selected for fabrication,
with samples shown in Fig. 10. The circuits were fabricated
on a 0.51 mm thick Rogers 3003 substrate, the same one that
was used for the antenna arrays.

Precision field-replaceable 2.4 mm Southwest Microwave
connectors were used to connect the circuits to the
coaxial-based measurement equipment. The circuits were
measured using a Keysight E8267D Signal Generator set at
24 GHz. The output voltage of the rectifier was measured
using a digital multimetre at the optimal load resistances
of 200 2 and 400 2 for shunt and voltage-doubler con-
figurations, respectively. The comparison of measured and
simulated RF-DC conversion efficiency with respect to the
level of RF input power is depicted in Fig. 11 and Fig. 12.
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FIGURE 8. Simulated and measured return loss performance.

w Simulated H-Plane
=== Simulated E-Plane
= = Measured H-Plane
== = Measured E-Plane

Gain (dBi)

T T T
-90 -60 -30 0 30 60 90
Theta (Degree)

FIGURE 9. Simulated and measured E-plane and H-plane radiation
pattern.

The differences between the simulated and measured
results are attributed to the following reasons: (i) The sim-
ulation results were obtained from Keysight ADS and the
end-launch connector was not included in the simulation
model; (ii) Fabrication tolerances, imperfect manual place-
ment of parts, and soldering effects have shifted the optimum
input impedance and DC load requirements.

In any case, the experimentally obtained maximum rec-
tification efficiencies, 35% at 18 dBm input power for the
shunt rectifier, and 30% at 16 dBm input power for the
voltage-doubler version, are between six and ten percent-
age points better than the state-of-the-art, as summarised
in Table 3.

B. COMBINED RECTIFIERS AND ANTENNAS (Rectennas)

In this section the measurements of rectifier circuits inte-
grated with antenna arrays to form a complete rectenna for
WPT at 24 GHz are presented and discussed. An exam-
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FIGURE 10. Fabricated rectifier circuits a) voltage-doubler, b) shunt.
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FIGURE 11. Measured RF-DC conversion efficiency of rectifier in shunt
configuration as a function of input power.

ple of a fabricated rectenna, along with an illustration of
the measurement setup are shown in Fig. 13 and Fig. 14,
respectively.

A transmitter antenna, in this case a WR-28 standard
gain pyramidal horn, was connected to the signal genera-
tor, the output power of which was varied between 0 dBm
and 20 dBm in 2 dBm steps at the frequency of interest,
i.e. 24 GHz. The maximum output power was limited to
20 dBm due to the capabilities of the signal generator. On the
receiver side, the proposed rectenna was mounted at a dis-
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TABLE 3. Summary of published rectenna performance at or above 24 GHz.

Ref Efficiency (%) DC Output (V) Frequency (GHz) Input Power (dBm)
[6] 24 0.6 24 18
[10] - 0.29 24 18
[11] 35 (sim) - 24 15
[12] 43.6 (sim) - 24 27
[13] 16.2 i " 2
[18] 40 (sim) - 24 35
[15] 67 (sim) 2.2 35 7
This Work 35 2.5 24 18
%07 Signal
o 454 Generator
>
& 40+
c
[}
G 351
E 7 ° N\
30 .
E
@ 25
[
= 20 4 FIGURE 14. lllustration of the measurement setup for rectennas.
3
O 154 0.6 T T T 0.6
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FIGURE 12. Measured RF-DC conversion efficiency of rectifier in o " %
voltage-doubler configuration as a function of input power. & 02 F0.2
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X g I 0.0 P N N P 0.0
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[ I |
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FIGURE 13. Fabricated rectenna sample.

tance of 0.15 m, which was chosen as it is greater than the
minimum far-field distance (0.14 m) of both the pyramidal
horn and the microstrip patch array. Fig. 15 shows the experi-
mental results of the rectenna, i.e. the obtained DC power and
efficiency as a function of the RF power at the output of the
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Tx. Power (dBm)

FIGURE 15. Measured output power and RF-DC conversion efficiency of
proposed rectenna at 24 GHz as a function of input power at a distance
of 0.15 m.

signal generator. A maximum DC output power of 0.51 mW
was achieved for a RF transmit power of 20 dBm (100 mW)
at the specified distance of 0.15 m.

The maximum experimental overall efficiency of this WPT
system is 0.5%. Compared to the individual efficiencies of
the transmit and receive antennas and the rectifiers, this
is quite low. However, it is dominated by propagation and
atmospheric losses, meaning that the RF power reaching the
rectifier would be much lower than its optimal conditions.

To illustrate the above point, a simplified link budget cal-
culation is presented next. In addition to the Pty of 20 dBm
and the Ggy of 13.8 dBi, the gain of the horn antenna (Gry)
is 17.1 dBi per its datasheet, and all cable and connector
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losses are assumed to add to 1 dB. The free-space path loss at
24 GHz for a distance of 0.15 m is calculated to be 43.6 dB.
Putting all these together yields:

Prx = Prx — Lyisc + Grx — Lrspr + Grx
=20—1+17.1-43.6 +13.8
= 6.3dBm 3)

Looking at the measured performance of the shunt rectifier
(Fig. 11), for the rectification efficiency for that input RF
power level is expected to be around 15%, meaning a DC
power of 4.27 x 0.15 = 0.64 mW will be expected at the
output of the rectenna. Instead, the measured DC power is
0.51 mW, which corresponds to a received RF power level of
between 5.5 dBm and 5.8 dBm, again looking at the measured
rectification performance. This difference of 0.5 dB — 0.8 dB
can collectively be attributed to additional losses, including
in the DC measurement equipment and uncertainties in mea-
surement results. In any case, the system measurement results
correlate well with this quick modelling.

One approach to address this would be to increase the
power at the transmitter, provided the equipment to do so is
available. An alternative approach, and the one adopted in the
next section, would be to transmit power for a longer duration,
which would still achieve the goal of providing sufficient
energy to the battery-less sensor node.

V. DEMONSTRATION OF A COMPLETE WPT SYSTEM

FOR loT SENSOR NODES

In this section the proposed rectennas are used for the prac-
tical demonstration of wireless power transfer to a battery-
less sensor node which can communicate sensor data via
backscatter modulation. The measurement setup is shown
in Fig. 16. It consists of an RF source transmitting power to
the node at 24 GHz in order to provide enough energy for it
to activate and take a single measurement. This way, the need
for batteries can be eliminated.

The rest of the system modules used in this demonstration
are: (i) the proposed rectifier in shunt configuration with a
4 x 4 planar microstrip patch antenna array, as illustrated
in Fig. 13; (ii) power management module (Texas Instruments
BQ25570), which uses a 4.7 mF capacitor to store the DC
energy; (iii) a sensor node that uses a low-power microcon-
troller to implement backscatter communication at 868 MHz;
and (iv) a Nuand BladeRF Software Defined Radio (SDR)
module which acts as a receiver for the sensor node data.
It was experimentally determined that the sensor node board
requires 5 J of energy to wake up and transmit a data packet
to the SDR base station, a task that takes approximately
2 seconds. Given the characteristics of the rectenna subsys-
tem, 10 seconds were needed before that amount of energy
was transferred to the 4.7 mF capacitor.

In our sensor node design, the backscatter modulation is
driven by the payload data packets generated by an ultra-low
power microcontroller unit (MCU), such as Texas Instru-
ments MSP430 or an ST Microelectronics ARM MO+. These
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FIGURE 16. Measurement setup for WPT to a battery-less sensor node,
containing all the system components. The sensor node is outlined as the
figure has been edited for compactness.

MCUs are suitable as their active mode current requirements
can be as low as several yA. For the purposes of the system
demonstration and evaluation, the MCU generated a stream
of random bits which were subsequently transmitted using
backscatter modulation.

However, in a future system, sensors could be incorporated,
connecting with the MCU using interfaces such as [2C or SPI.
For example, a widely-used temperature sensor such as Texas
Instruments TMP117, operates at 3.3 V, requires 135 A
supply current, and takes 16 ms to complete one measure-
ment [18]. Supplying enough energy for such a sensor would
require an additional 60-70 ms long transmission, using the
current combination of WPT transmitter and receiver.

The bladeRF module is used to generate a continuous
wave (CW) signal at 868 MHz, with an output power
of 14 dBm, which is modulated by the sensor node. The
energy harvested by the rectenna is then used to power the
MCU of the sensor node, which is responsible for modulating
the 868 MHz by switching between two different RF loads,
thereby changing the amount of reflected RF energy.

In a nutshell, our load modulation scheme translates to
amplitude shift keying (ASK), with binary 0 associated with
high reflection and binary 1 with low reflection. The modu-
lated signal is also received and decoded by the SDR module.
The achieved data rate using this setup was 2400 bps.

Fig. 17 shows an example of data received from the
battery-less sensor node that was energised by wireless power
transfer at 24 GHz. The unipolar signal is the received mod-
ulated data and the bipolar one represents the decoded data
after level detection.

This approach combines the advantages of 24 GHz for
WPT with the low-cost, low-power wireless communications
off-the-shelf hardware at 868 MHz for data transfer.
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FIGURE 17. Data received from the wirelessly powered sensor node,
showing both raw signal and decoded digital data.

It is important at this stage to discuss the potential limits
and parameters within which this system can operate. For
example, the maximum distance between the RF power trans-
mitter and WPT receiver that could be achieved depends on
many factors. The first and main one is the maximum RF Tx
EIRP, which is normally fixed by individual countries’ regu-
lators. In the case of the UK, at 24 GHz the maximum EIRP
is 100 mW, or 20 dBm, as per Ofcom Interface Requirement
2030 [19].

Whilst this limit cannot be currently exceeded, the size,
and thereby gain, of the receive antenna can be controlled.
Another approach to increasing the range will be the use
of dielectric lens to increase the directivity of the receive
antennas. Unfortunately, doing that will also increase the
minimum link distance. This discussion forms part of a work
in progress by the authors.

A further aspect is the duration for which power can be
transmitted. A sensor node could require two seconds of
power transmission to wake up and take a single measure-
ment, or it might require 10 seconds. For example, in the
case of a UAV-based platform, the former case will be prefer-
able, whereas if the system is integrated with a land robot
the latter might still be acceptable. The end applications
that the authors have presented that would be enabled are
still the same, i.e. battery-less sensor nodes. More precise
modelling and calculations will be included in the previously
mentioned work in progress.

VI. CONCLUSION
A complete wireless power transfer system for battery-less
sensor nodes at 24 GHz has been presented. The RF-DC
conversion efficiency of two different rectifier topologies
using two different Schottky diodes was examined. Based
on the simulation results, the rectifier circuit with maximum
RF-DC conversion efficiency was chosen as the rectifying
component in the WPT system. A 4 x 4 MPA array and the
rectifier circuits were fabricated and measured separately to
verify the performance of the individual components.

For the standalone rectifier, a maximum output DC voltage
of 2.5 V with an RF-DC conversion efficiency of 35% was
observed at 200 2 load resistance with 16 dBm input power
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at 24 GHz, which is a significant improvement on the state-of-
the-art. The 4 x 4 MPA array had a measured gain of 13.8 dBi
and good return loss at the frequency of interest.

The designed antenna and rectifier were integrated together
and fabricated on a single board to validate the rectenna per-
formance. The obtained results present a significant enhance-
ment in the design of high-efficiency WPT rectennas. Finally,
the application of the system to low-power battery-less sensor
nodes was demonstrated by wirelessly charging a custom
sensor that communicates useful information via backscatter
modulation.

In principle, the proposed system is well-suited for
millimetre-wave far-field wireless power transfer for sensor
nodes, robotics, and healthcare applications. The proposed
rectennas have high RF-DC conversion efficiency as well as a
highly directional radiation pattern with a corresponding high
gain and low side lobe levels, helping reduce interference.

Example applications include using a UAV to transmit RF
power to sensor nodes and then receive the sensor data in
a few seconds. Additional applications for the range-limited
version demonstrated in this paper could be using land robots
or robotic arms for short-distance, contactless interrogation
of sensor nodes.

To summarise, both simulation and measurement results
of a complete wireless power transfer system for battery-less
sensor nodes have been presented and discussed here. To the
best of the authors’ knowledge, this is the first such system
operating in the 24 GHz ISM frequency band.
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