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To facilitate sophisticated optogenetics research with minimal disruption to animal’s behavior, a fully
wireless optical stimulator module is desirable. This paper presents a compact wireless power transfer
(WPT) system for optogenetics applications that is adapted to work in implanted condition with unstable
and insufficient ambient RF energy field. The scope of this work is to design and implement a power
transfer system architecture that is able to: 1) work over long distance, 2) achieve high power conversion
efficiency and 3) provide stable output power for sufficient time duration. The designed WPT circuit
operates at 915 MHz and achieves maximum power conversion efficiency of 50% at —15 dBm input power.
With a compact circuitry design (12.20 x 13.22 mm), the obtained full power transmission efficiency was
0.329% at 20dBm (100 mW) transmission power. Ex-vivo experiments indicated that when the WPT
system was located 10cm from the source, it retrieved a maximum of 0.324mW in free space, and
0.112 mW if inserted inside porcine cadaver meat with 4 cm of thickness. At a distance of 1 m from the
source, the system retrieved 17 wW in free space, and 1 wW in porcine meat. Furthermore, to sufficiently
drive the LED, an advanced supercapacitor was utilized as an energy storage element. When fully charged,
the system can supply the LED over 75 s with a total power of 2.45 W. The developed WPT system can be
a viable solution to be applied in optogenetic experiments on laboratory animals for preclinical studies.
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1. Introduction

Wireless power transfer (WPT) technology provides seamless
power to drive low-power circuits and systems in scenarios such
as implantable devices where the periodic replacement of bat-
teries is difficult and the space is limited. A WPT system uses
electromagnetic waves at radio frequency (RF) to transfer energy
through space. The first demonstration of the WPT was performed
in the 1950s with a microwave-powered helicopter system [1].
Until recently, wireless power harvesting or transferring are con-
ceptualized as a system that reap the energy in the surrounding
environment (solar, thermal, vibration, etc.) and converts it into
usable electrical energy.

Abbreviations: WPT, wireless power transfer; RF, radio frequency; UHF, ultra
high frequency; SoC, system-on-chip; PCE, power conversion efficiency; IMN,
impedance matching network; EEG, electroencephalography; ECG, Electrocardio-
graphy.
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Electromagnetic wave with frequency at UHF band (spreading
from 300 MHz to 3 GHz) is widely used for communications and in
short range energy transfer. RF power transfer is suitable to power
a few W to less than 1 mW of power. Since the total efficiency of
the entire WPT system mainly depends on the performance of the
receiver module [2], many researchers focused on developing high
performance receiver modules. Song et al. designed broadband high
sensitivity antenna (-35 dBm) for energy harvesting [3]. Moreover,
antennas with optimized efficiency to minimize energy leakage
were introduced in [4-6]. Others worked on the optimization of
the voltage multiplier [7-10]. Furthermore, thanks to the develop-
ment of MEMS technology, low-power sensors and devices are now
available and can be integrated with RF power transfer chain for
sustainable operation. Table 1 lists some prospective system-on-
chip (SoC) sensors that consume less than or around 1 mW which
can be integrated with a WPT system. These SoCs can fully operate
in wireless setting with the help of WPT technology.

RF electromagnetic wave was demonstrated to be capable of
efficiently transferring energy through human tissue in many liter-
atures[11,12]. There are also researches and demonstrations which
assert the benefit of RF power transfer over conventional batteries
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Table 1

Published biosensor SOC devices with low power consumption.
Refs. Embedded sensors Minimum operation voltage (V) Power consumption (W) Size (mm)
[46] 3-channel ECG, bio-impedance 1.2 345 7x7
[47] ECG, EMG, EEG 0.3 19 25x3.3
[48] 3-channel ECG, electrode-tissue-impedance 1.2 32 5x4.7
[49] Thoracic impedance variance (TIV), ECG 1.2 3900 5x5
[50] 64-channel Electrocorticography (ECoG) - 225 24x24
[51] Piezoelectric sound sensor 1.5 10.25 3.6x3.6

[13,14]. Others tried to utilize WPT technology to provide seam-
less access to deep brain stimulation device [15], neurorecording
device [16], and optofluidic neural probe [17]. The aforementioned
work operated in the distance less than 20 cm from the source. As
the operation distance of the WPT system is improved, it would
provide the testing subject with more mobility.

Optogenetics is an integration of genetics and optical technol-
ogy to precisely control the activity of a specific cell in living tissue
[18] which is a new approach to investigate neurological disorders
[19]. This method is a branch of neuroscience in which using opti-
cal signal as stimulus to gain or lose some well-defined functions
of targeted cells. Gradinaru et al. applied optogenetics to interpret
the effects of deep brain stimulation device on Parkinson’s disease
[20]. Thus, the current developments of optogenetics combined
with advanced WPT technology are imperative to be realized for
medical applications.

In optogenetics, the input optical stimulus is generated by a light
source (e.g. LED) that emits the appropriate light beam. Once the
subject is triggered by optical stimulus, the behavior of the subject
changes according to functions of the triggered cell. The subject’s
behavior is recorded for further analysis [21]. Therefore, experi-
ment setup uniquely requires the subject (usually mice) to freely
move in an enclosed space. The ideal solution for this condition
is to have a small size wireless optogenetic device. As reported in
[22], a wireless powered optogenetic microneedle was fabricated
and tested in mice. The WPT system in this previous work was able
to produce 4.08 mW of electrical power from a 7.9 W source at a
distance of 1 m. Despite the reported low efficiency, the system suf-
ficiently supported the optogenetic microneedle while providing
the mice freedom in movement. However, this work encountered
unstable working condition due to the disturbance of input energy
while the mice was moving.

In terms of light intensity, optogenetics requires lower light
intensity than typical display applications. Channelrhodopsin
(ChR2) and halorhodopsin (VChR1) cells can be activated by a light
intensity of 1.2 mW/mm? for 406 nm wavelength or 2.3 mW/mm?
for 589 nm wavelength [23]. And for safety considerations, light
intensity be should always less than 100 mW/mm? to prevent
tissue damage [24]. Recently, the development of micro-LED
technology allowed fabrications of ultra-low power consump-
tion LEDs. For example, the flexible vertical micro-light-emitting
diodes (f-VLED) induced light intensity of 2.7 mW/mm? at 0.8 mW
input power, which is sufficient for optogenetic applications [25].
The micro-LED presented by Wu et al. induced light intensity
of 67mW/mm? at 0.114mW input power [26]. The micro-LED
technology is a promising illumination solution for optogenetics
because of their small size, high efficiency and low-power con-
sumption.

This paper presents the design of a long-range, highly efficient
RF power transfer system targeting low-power implanted LED for
optogenetics applications. An RFWPT receiving module is proposed
which harnesses electromagnetic waves at 915 MHz to transfer
energy over the distance of 1m. The novelty of this work lies
on the long working distance with high power transfer efficiency
even in an energy insufficient zone. This work targets applications
such as optogenetics that require around 1 mW of electrical power.

Using WPT, the physical boundary can be eliminated, allowing the
experiment subjects to have freedom in movement. The system is
expected to eliminate geographical boundary for applications such
as health indexes monitoring and support treatments for chronic
diseases.

Regarding the safety issue, the specific absorption rate (SAR)
of RF transmitter must be controlled. According to the Federal
Communication Commission (FCC) for transmitter using external
antennas for indoor or outdoor operation must have output power
lower or equal to 2.5 W at 915 MHz to ensure compliance for spread
spectrum transmitters [27]. In this work, we utilized the 915 MHz
electromagnetic wave, which is generated by a RF signal genera-
tor connected to a panel antenna. Since the maximum generated
power was 0.1 W at 915 MHz, due to device limit, which is 25 times
lower than the FCC regulation, we considered the SAR level in the
experiment area was lower than the limits.

The article is organized as follows. Section I discusses the overall
WPT system architecture and general design considerations. Sec-
tion III narrates the essential steps and method to design a WPT
system. Section IV describes the experiments to verify the per-
formance of the WPT circuit in different conditions. This section
also covers the discussion following each experiment result. A brief
conclusion notice is given in Section V.

2. Wireless power transfer design architecture and general
considerations

The block diagram of the WPT system is depicted in Fig. 1. The
RF power generator is used to produce a RF signal at 915 MHz with
amagnitude of + 20 dBm. The following 12.5 dBi gain panel antenna
emits RF waves in the horizontal direction. The receiving module
starts with the antenna connected with an impedance match-
ing network. This is followed by a rectifier/voltage multiplier, a
power management unit, an energy storage element and an output
load. The impedance matching network ensures maximum power
transmission from the receiving antenna to the rectifier/voltage
multiplier and the load. The rectifier converts the RF signal into
DC voltage. Converted DC voltage is also amplified if the voltage
multiplier is used instead of the rectifier. The power management
module in this work is used to provide a stable current to charge
the supercapacitor and drive the load.

In order to efficiently frame the challenges to design the WPT
circuit, it is critical to understand the electromagnetic conditions
of the environment which the circuit is working in before design-
ing the electrical parts. The electromagnetic wave is comprised of
the electric field and magnetic field components. As the electro-
magnetic wave propagates in space, the magnitude of the electric
and magnetic field fluctuates at a certain frequency. The region
of the electromagnetic wave is classified into the near-field and
far-field. In the near-field, the electric and magnetic field exits inde-
pendently. However, in the far-field, the two components oscillate
in phase. These two fields are separated by a value called the Fraun-
hofer’s distance, which is defined as:

df = 2D% /% (1)
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Fig. 1. Block diagram of the wireless power transfer system.

Table 2

Designed parameters of the WPT transmission conditions.
Transmitter Symbol Unit Value
Transmitted power Pr dBm 20
Transmitter antenna gain Gr dBi 12.5
Transmitter feeding loss Gy dB 0
Frequency f MHz 915
Receiver
Receiver antenna gain Gr dBi -2
Receiver mismatch loss Ger dB 0
Wave propagation
Distance D m 1
Free space loss P dB 31.7
Air propagation loss P,y dB 0
Received power Pr dBm -1.2

where D is the largest dimension of the radiator (in this case the
diameter of the antenna) and X is the wavelength of the electro-
magnetic wave. A

In this work, the D value of the transmitter panel antenna was
0.55m. Thus, from (1), the calculated dy is 1.84 m at 915 MHz. Since
the targeted operation range of the WPT system was 1 m from the
source, this work deals with the near-field of the electromagnetic
waves.

The free space path loss P; is calculated as follows:

P, = 10log;o (47d/2)* )

where d is the distance between the transmitter and receiver.

Assuming the ideal condition with the transmission and receiv-
ing was as provided in Table 2, the received power Pg can be
calculated from the formula adopted from [28]:

PR=PT+GT—GTf+GR—GGf—PL—Pa (3)

As the path loss Py is a function of distance, the received power
was computed as a function of distance as shown in Fig. 2. Notice
that Pg is the power received by the receiver antenna, the real power
delivered to the load is always less than Pg.

The received power at the antenna drops rapidly as the distance
between the transmitter and receiver increases. At 1 m distance
from the transmitter source, the received power was -1.17dBm
(~0.76 mW). It is inferred from Fig. 2 that the WPT circuit will
work with very low power (< 1mW). Therefore, a voltage multi-
plier rather than a rectifier should be used in order to provide a
suitable level of voltage.
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Fig. 2. The degrading of the received power to distance.

Dickson voltage multiplier

Fig. 3. Schematic diagram of Dickson voltage multiplier.

3. Wireless power transfer system design
3.1. Voltage multiplier

The voltage multiplier is a critical module in the WPT system
which boosts the output voltage to sufficiently drive the applica-
tion. By connecting multiple rectifier circuits in series, the voltage
builds up after each rectifier stage [29]. Adding more stages in the
voltage multiplier would increase the output voltage. On the con-
trary, due to the diode voltage drop, adding more stages lead to
degradation in efficiency. Thus, there is a tradeoff between ampli-
fied output voltage and power conversion efficiency (PCE). This
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tradeoff feature was discussed in some studies [8,30]. For a high
PCE circuit, it is recommended to design a 3-5 stages voltage multi-
plier, while the higher number of stages retrieves more sustainable
output.

In this work, the Dickson configuration is employed in the volt-
age multiplier design. In Dickson configuration, the stage capacitors
are shunted to eliminate parasitic effects. These features are impor-
tant for low-power circuit. The schematic of the Dickson voltage
multiplier is depicted in Fig. 3. At the first half cycle, capacitor C; is
charged through diode D4 to a voltage level that equals to Vj,. In the
next half cycle, capacitor C; is charged through diode D, to a volt-
age level which is a sum of V;, and the charged voltage at C; (which
results in twice the value of Vy, ). Therefore, the voltage across C; is
doubled in comparison with V;,. Consequently, the voltage across
Cy is n x Vj,, theoretically.

In order to evaluate the performance of the voltage multiplier,
we analyzed the output voltage and PCE. The PCE is calculated from
the following formula:

ne = Poc/Pin = (Vi /R1).(1/Pin) (4)

where Ppc is the output measured power consumed by the load
resistor Ry, and Py, is the input RF power to the rectifier.

The rectifying element was the main factor that dictated the
PCE of the voltage multiplier. As we work in the with the low-
power condition, we selected the Schottky diode (HSMS 2850) for
the voltage multiplier. HSMS 2850 has high signal sensitivity up
to 50 mV/wW at 915 MHz. Since the application required a supply
voltage slightly greater than the forward voltage of the LED only,
we tried to implement the least number of multiplying stages. Min-
imizing the number of stages of the voltage multiplier not only

Top view
113.22 mm :

A_ 12.20 mm

12.20 mm

'13.22 mm"'

Bottom view

improved the PCE but also reduced the circuit size and weight.
In addition to the PCE value, the power transmission efficiency
(PTE), which is the ratio between the receiving power over the
transmitting power in percentage [31], was also used to evaluate
the performance of the system. The PTE value counted include the
free space loss, PCE of the circuit and antenna gain, therefore, pro-
vides a general parameter to compare a wireless power transferring
system.

3.2. Impedance matching network

Ensuring maximum power to be transferred from the receiving
antenna to the load is important since the amount of power is lim-
ited. At WW power level, every bit of energy is counted for the total
efficiency of the system. The impedance matching network (IMN)
was used to improve the efficiency of transmission in the circuit.

Itis well known in DC circuits that transmission loss in the circuit
is minimized when resistance of the source and load are identi-
cal. Thus, the IMN is added in-between the receiving antenna and
the voltage multiplier to match the impedance of the two blocks.
The IMN comprises of inductors and capacitors. In this work, we
designed the IMN following the T and 7 network as previously
reported in [32]. Lump components were used to build the IMN.
The resonance frequency of the matching was tuned at 915 MHz.

3.3. Power management and supercapacitor
In scenarios where available RF source is insufficient for the

application, the power transferring system may not be able to pro-
vide sufficient power to the load. As the incident RF power is low,

Transmitter Antenna

WPT Circuit

/

Oscilloscope

[

Fig. 4. Photo of the WPT circuit (a) and basic experiment setup (b). The RF generator was directly connected to the panel antenna via a SMA cable. Oscilloscope was used to

measure the output voltage (a multimeter was alternatively used sometime).
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Table 3

Comparison with state-of-the-art works.
References [31] [33] [44] [45] This work
Technology RF radiation RF radiation RF radiation RF radiation RF radiation
Frequency 433 MHz 2.51 GHz 2.4 GHz 915 MHz 915 MHz
Receiving antenna area 100 mm? 24 mm? Whip type 546 mm? 57.6 mm?
Transmitting power 251W 027 W 0.02WwW 3W 0.1W
Max PCE 86% @ 11 dBm NA 34.7% @ 0dBm 78% @ -5dBm 50% @ -15dBm

Max PTE

0.04% (minced pork)

0.157% @ 0.3 m
(minced pork)

0.885x 1076 % @
0.01m

1.77 x 10710 W

0.337% @ 0.1 m (free
space)

10.1 mW @ 0.01 m (free
space)

0.329% (free space),
0.11% (porcine meat) @
0.1m

0.329 mW (free space),
0.11 mW (porcine

Max output power 10.86 mW @ 0.5 m, 0.424mW @ 0.3 m,
44 dB m input 24.3dBm input
Application Implanting NA

meat) @ 0.1 m, 20dBm
input
Charging of mobile Optogenetic

devices

Deep brain simulation

the voltage multiplier may not provide enough voltage to drive
the LED. Furthermore, the WPT receiver can be as far as 1 m from
the RF source and implanted under the skin, thus, the received
power is expected to be unstable and low. To address this chal-
lenge, many other works tried to increase the RF radiation power
so receiver ca retrieve more power [33-35]. However, the RF power
density degrade drastically as it is moving away from the source.
To overcome this challenge, a power management system with a
supercapacitor as an energy storage element was implemented.
The expected outcome is improvement in delivering more stable
current. While the WPT receiver circuit retrieves RF energy, the
supercapacitor is steadily being charged. The LED draws power
from the supercapacitor, so the system can work even in insufficient
RF power transmission.

The supercapacitor offers quick charging, unlimited cycle time,
and much smaller in size than conventional LiPo and NiMH
batteries. The power-to-weight ratio of supercapacitor is up to
10,000 W/kg while it is around 3000W/kg for LiPo batteries
and around 1000W/kg for NiMH batteries [36]. The charg-
ing/discharging time of super capacitor is 360 times faster than
lead acid battery [37]. Supercapacitors can have more than 1 x 103
recharge cycles, which is 100 times higher than Li-ion batteries [38].
Supercapacitors are also suitable for peak power and short-term
storage applications [39]. In this work, we implement the BQ25570
power management IC (Texas Instruments) with 100 m F superca-
pacitor. The limit voltage of this supercapacitor was 5.5V, which
was capable of storing 1.5] energy when fully charged.

4. Experiments and results

Fig. 4(a) shows the implemented WPT circuit with 3-stage volt-
age multiplier designed on the 2-layer custom printed circuit board.
On the top layer, the receiving antenna and IMN is placed while the
voltage multiplier and LED were implemented on the bottom layer.

In the experiment section, in order to collect reliable and
interpretable data, we utilized different versions of the voltage mul-
tiplier for each experiment based on the nature of the experiment.
In the experiment to electrically characterize the performance of
the voltage multiplier and the power management unit with the
supercapacitor, we used the simple 3-stage voltage multiplier.

In the wireless experiments, additional number of stages for the
voltage multiplier was used. To resemble the porcine skin implant-
ing scheme, a thick porcine meat blocks the RF waves, thus, the
receiving module only received a limited amount of energy. There-
fore, we used higher number of stages for the voltage multiplier
to boost the DC voltage. Furthermore, the output voltage is more
stable at high stages voltage multiplier. Higher number of stages
for the voltage multiplier was used also in the experiment with the
LED.

4.1. Voltage multiplier characterization

The experiment was setup as shown in Fig. 4(b). In this exper-
iment, the RF signal generator was Keysight N9310A RF. The
transmitting antenna was a panel antenna ARC-PCA0913B01 (ARC
Wireless LLC), 902-928 MHz, 12.5dBi. The panel antenna was
directly connected to the output of the RF signal generator. For the
receiving antenna, we used the W3012 ceramic antenna (Pulse-
Lasen Electronics), 902-928 MHz, 2 dBi. The area of the receiving
antenna was 100 mm2. To measure output voltage of the receiver
module, the oscilloscope was connected in parallel with the load
resistor. From this output voltage, the output power and PCE was
calculated. To validate the performance of the voltage multiplier,
the input power was tuned from -15 to+20dBm with 5dB steps.
The load resistance R; was fixed at 10 k2. In addition, the 1 m space
in front of the transmitting antenna was left empty with no obsta-
cles. The WPT circuit was located in the middle of the transmitting
antenna.

The advantage of the high gain antenna is that it can focus the RF
wave into a single direction, thus, creating a sufficient environment
of RF energy along that direction. On the other hand, if the receiving
antenna was not in the main direction of the transmitting antenna,
the retrieved energy was significantly reduced.

As shown in Fig. 5(a), the graph shows that the output voltage
in three different versions of the rectifier/voltage multiplier are in
agreement with the theory where the output voltage is a multipli-
cation of the stages. For instance, at+10 dBm input RF power, the
3-stage voltage multiplier produced 4.8V while the 2-stage and
single-stage full-rectifier produced 3.0V and 1.5V, respectively.

Even though the voltage builds up in each stage of the volt-
age multiplier, with the more stages added, the efficiency dropped
further due to the added voltage drop in the diodes as shown in
Fig. 5(b). On the other hand, addition of further stages helped sta-
bilize the output voltage since capacitors in each stage worked as
local storage of energy. Therefore, for wireless application where
incident power is unstable and random, multiple stages of voltage
multiplier is preferred.

Another parameter to evaluate the performance of the voltage
multiplier is the PCE: .. The 7, of the circuit is calculated as (4). As
shown in Fig. 5(c), the maximum PCE achieved by the 3-stage volt-
age multiplier is 50% at —15 dBm input power. As the input power
increases, the transfer voltage and delivered power increases while
the overall PCE decreases. It is apparent from the graph that the
PCE is inversely proportional to the input RF power. Z. Hameed
et al. reported maximum PCE of 22.6% and they also recorded the
unpredictable variation of the PCE to the input power [40]. In com-
parison with inductive coupling power transfer, the RF radiative
power transfer had lower PCE and PTE but the trade-off was longer
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Fig. 6. (a) Setup of the measurement of the WPT performance in porcine cadaver
meat. (b) The oscilloscope output of the WPT circuit at distance 0.5m from the
Input Power (dBm) transmitting antenna. (c) Graph showing the output voltage received at different

(C) distances.

Fig. 5. Output voltage, power and PCE of the three versions of the rectifier/voltage
multiplier circuit. (a) The output voltage measured across the load resistance versus
input RF power. From the output voltage, the calculated power (b) and PCE (c) are
shown.
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Fig. 8. Charging the supercapacitor at 20 dB m incident RF power input. The 3 stages
voltage multiplier was used to boost the charging unit.

operation distance [41-43]. Table 3 provides the comparison of the
PCE with other literatures.

4.2. Measurement in porcine meat

The whole WPT circuit was attached to the back side of a 4cm
thick porcine cadaver meat which is depicted in Fig. 6(a). This setup
resembles the actual implant condition in human body where the
WPT module is inserted under the skin. In this experiment, trans-
mitting RF power was+20dBm at 915MHz, and output voltage
was measured through a 10 k€2 load resistor. A 15-stage voltage
multiplier was used in this experiment. As shown in Fig. 6(b), the
observed output voltage was stable over time. When the circuit was
inserted behind the porcine meat, the received voltage dropped by
almost 50% in comparison to the condition in free space (Fig. 6(c)).
The average output voltage of the measurement in porcine meat at
0.5 m distance was 0.54V while without meat is 0.97 V. As would
be expected, the porcine meat attenuated considerable amount of
RF energy. At a distance of 0.1 m from the transmitting antenna and
inserted behind the porcine meat, the WPT circuit retrieved 1.07 V,
corresponding to 0.11 mW power. Considering the operation volt-
age and power consumption of the sensors reported in Table 1,
the proposed WPT circuits can possibly support most of the listed
sensors at distance from 10 cm to 50 cm from the source.
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Fig. 9. Energy charged in 1 min with different incident RF input power. Data mea-
sured on the 3 stages Dickson voltage multiplier.
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Fig. 10. Forward voltage of the LED. The circuit was charged to 4V in the supper
capacitor, it was capable to drive a LED for 75.2s.

A comparison of the PCE and PTE is shown in Table 3. There were
two cases: The maximum PTE in reached 0.329% in free space and
0.11%in 4 cm of porcine meat and skin. The low PTE was expected as
the RF wave propagates in the atmosphere and penetrates through
4cm of tissues. Notice that even with the lower PCE, this work
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archived good PTE in comparison with other literature in Table 3.
One explanation for this is that the receiver usually works at the
low RF power conditions, therefore, a system with high PCE at low
input power would probably produces higher PTE. Conventionally,
reducing of the receiving antenna size and transmitting power can
likely lower the PTE of the system [33,44]. On the contrary, the
achieved PTE of this work was similar to the system presented by
Hosen et al. [45] while utilizing thirty-fold less transmitting power.
The receiving antenna size reported in this work were smaller than
in other relative literatures [31,44,45] while still reached similar or
even higher PTE.

4.3. Powering the LED for optogenetics application

The retrieved energy was directly supplied to an LED for opto-
genetics application. No obstacles were placed in between the
transmiter antenna and the WPT circuit. By measuring the for-
ward current across the LED and comparing it with the bias current
provided in the datasheet, we evaluated whether the WPT circuit
supply suffcient power to the LED or not. Data showed that the LED
was powered at the distance 0.8 m from the transmiter antenna
(Fig. 7).

To better supply the LED for optogenetics application, a superca-
pacitor was added as an energy storage element. In this experiment,
the 100mF, 5.5V supercapacitor was used. The input of the IMN
was supplied by + 20 dBm RF power while the charged voltage and
energy across the supercapacitor were recorded and calculated
respectively (Fig. 8). After 5min, the supercapacitor was charged
to 3.3V (corresponding to 60% of fully charged), and reached 4.0V,
72% charged in 7 min.

Considering the in-vivo applications, in scenario when the inci-
dent RF power is unstable and relatively weak, the retrieved voltage
and power are therefore expected to be weak. The amount of energy
retrieved by the WPT in 1 min is shown in Fig. 9. From -25 dBm
(3.17 wW) RF power input to the IMN, the system begins to charge
the supercapacitor. At maximum + 20 dBm input power, the super-
capacitor was charged to 1.1V, corresponding to 60 m] of energy.
The energy stored in the 4V charged 100 m F supercapacitor cor-
responded to 0.8]. Data indicated that if supercapacitor is fully
charged, it can supply blue LED for 75.2 s continuously (Fig. 10).

In optogenetics applications, the LED is usually used in pulse
mode with frequency ranging from 3 to 20 Hz [22]. The pulse mode
reduces the power consumption rate of the LED and thermal effect.
Therefore, 0.8] of energy can sufficiently supply the pulse mode
LED.

The scope of this work was to design a wireless power transfer
system that is able to: 1) work over long distance, 2) achieve high
PCE and 3) provide stable output power for sufficient time dura-
tion. The overall performance of the system is shown in Table 3. In
comparison to similar works using inductive coupling to transfer
energy, the proposed system achieved lower PCE and power but
was able to deliver stable power over a longer distance. Our work
achieved 50% PCE at -15dBm input power, which is an improve-
ment over other similar works [12,44]. Because of the nature of the
electromagnetic waves, the power density drops dramatically over
distance, therefore, we also expected the low PCE in the ex-vivo.

5. Conclusions

In this paper, a guideline to design a WPT system specified for the
target application is provided. In order to balance the parameters
of the circuit, it is necessary to determine the required operat-
ing voltage, power and space. The system worked on a+20dBm
RF supply through a 12 dBi panel antenna. Having the operation
range expanded to 1 m, the system was demonstrated to success-

fully power the LED for optogenetics applications. Experiments
with porcine meat was conducted to validate performance of the
designed WPT system in in-vivo applications. Furthermore, for
applications consuming less energy than the LED (around 50 uW)
such as EEG, ECG, the proposed WPT system can supply the device
at distances 1 m or even more from the source. Depending on the
criteria of the application, the proposed WPT can be implemented
to independently power the application or charge and prolong the
battery life.
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