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Abstract

Conventional approaches for wireless power transfer rely on the mutual coupling (near-field or far-

field) between the transmitter and receiver transducers. As a result, the power-transfer efficiency of 

these approaches scales non-linearly with the cross-sectional area of the transducers and with the 

relative distance and respective alignment between the transducers. In this paper we show that 

when the operational power-budget requirements are in the order of microwatts, a self-capacitance 

(SC) based power delivery has significant advantages in terms of power transfer-efficiency (PTE), 

receiver form-factor and system scalability when compared to other modes of wireless power 

transfer (WPT) methods. We present a simple and a tractable equivalent circuit model that can be 

used to study the effect of different parameters on the SC-based WPT. In this paper we have 

experimentally verified the validity of the circuit using a cadaver mouse model. We also 

demonstrate the feasibility of a hybrid telemetry system where the microwatts of power that can be 

harvested from SC-based WPT approach is used for back-scattering a radio-frequency signal and 

is used for remote sensing of in-vivo physiological parameters like temperature. The functionality 

of the hybrid system has also been verified using a cadaver mouse model housed in a cage that was 

retrofitted with 915 MHz RF back-scattering antennas. We believe that the proposed remote 

power-delivery and hybrid telemetry approach would be useful in remote activation of wearable 

devices and in the design of energy-efficient animal cages used for long-term monitoring 

applications.
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I. INTRODUCTION

SELF-CAPACITANCE is an intrinsic property of any electrically isolated body which arises 

because there always exists fringe electrostatic fields between the body and a theoretical but 

omni-present, infinitely-large ground plane. In practice, self-capacitances manifest 

themselves as parasitic elements that either serve as a nuisance during system design or 

could be exploited for sensing applications [1]. However, self-capacitances can also serve as 

a return path for displacement currents emanating from a power-source through the external 

ground back to the source, as illustrated in Figure 1 (a) using an electrically isolated sphere. 

Since the path traversed by the displacement currents could be long, this attribute has been 

exploited in literature for designing communication links in wireless body-area-network 

(WBAN) [2]–[8]. In this work, we explore the feasibility and limitations of using self-

capacitances for wireless power transfer (WPT). Conventional wireless power-delivery 

techniques [9], [10] rely on the mutual coupling between the source and receiver 

transducers, as illustrated in Figure 1 (b), and therefore the system power-transfer efficiency 

(PTE) is determined by the cross-sectional area, the relative alignment and the distance 

between the transducers. As shown in Figure 1 (b), the return path for the source transducer 

current (Is) is separated from the return path of the load transducer current (IL), as a result, 

the source dissipates a fixed amount of power and only a fraction of the source power gets 

coupled to the load. In the case of self-capacitance, the return path for the source current 

only exists through the load and through the parasitic elements, which should lead to a high 

power-transfer efficiency (PTE). Also, since self-capacitances scale linearly with 

dimensions, we will show in this paper the maximum received power also scales linearly 

with the receiver form-factor. This is in comparison to inductive WPT approach [11]–[14], 

PTE scales as a cube of the source/receiver coil dimensions. For ultrasound-based and other 

far-field WPT approaches [15]–[18], the transfer-efficiency scales as the square of the 

transducer dimensions. Specifically, we show in this paper, that for power-budgets less than 

10 μW, SC-based WPT offers significant advantages compared to other WPT methods, in 

terms of powering distances, transducer form-factor and system scalability. Additionally, the 

SC-based approach is robust to transducer alignment artifacts, which presents a significant 

challenge for other WPT modalities. The key contributions of this paper can be summarized 

as follows:

• A self-capacitance based simple and tractable wireless power-delivery model that 

can be used for system optimization and comparison with other WPT methods. 

Compared to the previously reported finite-element approaches [5], [7] to model 

body-capacitance, the self-capacitance based approach is analytic and can be 

applied to complex geometries and substrates.

• Experimental verification of the self-capacitance based power-delivery using a 

cadaver mouse model.
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• Experimental demonstration of a hybrid telemetry system based on RF back-

scattering that is energized using the self-capacitance based wireless power 

transfer.

The paper is organized as follows: In Section II, we present the self-capacitance power 

delivery model and using a simple case-study we examine different factors that determine 

the system PTE and compare the results with other WPT methods. In Section III we present 

experimental results using a mouse cadaver which has been used to verify the SC model and 

we also demonstrate the feasibility of a hybrid telemetry system for continuous monitoring 

in-vivo temperature variations. In Section IV we conclude the paper with a discussion of 

limitations and extensions of the SC-based WPT method.

II. SELF-CAPACITANCE BASED POWER-TRANSFER MODEL

Before presenting a more general SC-based WPT model that could be applied to complex 

geometries and substrates, we present a simple lumped-parameter model that can be used for 

optimization and for comparison with other WPT techniques. The model as shown in Figure. 

2 (a)–(c) uses a homogeneous sphere of diameter d as a transmission substrate or as a 

waveguide, as described in [19]. In each of these cases, the objective is to transfer power 

from the source connected at one end of the substrate, to the load resistance RL connected to 

the other end of the substrate. The power-transfer efficiency (PTE) η that has been used for 

comparison is defined as:

η =
Pr
Ps

(1)

where Pr is the power dissipated at the resistor RL and Ps is power dissipated at the source.

In the SC-based WPT model, as shown in Figure 2 (a), the self-capacitance of the substrate 

is modeled as Cb. The coupling capacitance Cc and the resistance Rs is used to model the 

interface between the power-source to the load RL. As shown in Figure 2 (a), the respective 

displacement currents flow-back to the power source through Cb and through the self-

capacitance of the load, modeled using a sphere of radius ar. If d ≫ ar, then the self-

capacitance of the load Cs can be approximated as [20]:

Cs = 4πϵar ∑
n = 1

∞ sinh ln D + D2 − 1
sinh nln D + D2 − 1

≥ 4πϵar (2)

In the expression, the ε is the dielectric constant of the medium and D = (d/ar) where d is the 

distance between the load and the substrate. Irrespective of the magnitude of the ratio D, the 

self-capacitance Cs can be lower-bounded, as shown in equation 1, which represents the 

worst-case self-capacitance. We will use this simpler, worst-case expression to estimate the 

minimum power that can be delivered to RL.
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Applying standard circuit analysis technique to Figure 2 (a), the efficiency of power transfer 

is

η = 1

1 + RLRs 4π2ϵ0 f d 2 +
Rs
RL

1 + d
2ar

2 (3)

The detailed derivation of equation 3 can be found in the Appendix A which also presents a 

derivation for the power Pr dissipated at the load. Figure 3 plots the efficiency (η) and 

received power (Pr) for different values of RL, Rs, ar, d and f. The results show that η and Pr 

vary monotonically with respect to Rs, ar, d and f, except for the load resistance RL. Thus, 

the expression in equation 3 can be maximized with respect to RL, in which case the 

maximum power transfer efficiency ηmax is obtained as:

ηmax = 1

1 + 8π2ϵ0 f Rs ar + d + d2
2ar

(4)

This maximum efficiency is achieved for the condition RL = 1
Csω  and the corresponding 

power dissipated by the load RL is given by:

Pr, max =
CsωVs

2

2
Cc + Cb

Cc

2 =
4π2ϵ0 f arVs

2

1 +
2πϵ0d

Cc

2 (5)

Note that in equation 5 we have assumed Rs = 0 since Pr is monotonic with respect to Rs.

The expressions in equations 4 and 5 have been used for comparing the PTE of the SC-based 

approach with other WPT approaches, and is summarized in Figures 4 and 5. For other WPT 

methods, we have used standard mathematical models as reported in literature [21]–[27]. 

Note that in the case of RF-based WPT, as shown in Figure 2 (b), the energy is delivered 

over the air, rather than through the substrate, where as in the case of inductive and 

ultrasound based WPT the power is delivered through the medium, as shown in Figure 2 (b) 

and (c). The expressions for the power transfer efficiency η for each of the WPT approaches 

(Ind: inductive, RF: far-field radiofrequency and US: ultrasound) are given by:
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η =

QrQtηrηt
ar

2at
3π2

d2 + at2 3  Ind 

GrGt
4

2ar
πd

2
RF

ar
2

at
2 e−2α f βd US,

(6)

Where

Qt = Quality factor of the transmitter coil.

Qr = Quality factor of the receiver coil.

ηt = efficiency of the transmitter coil.

ηr = efficiency of the receiver coil.

at = radius of the transmitter.

ar = radius of the receiver.

d = Distance between transmitter and receiver.

Gt = Gain of transmitter antenna.

Gr = Gain of receiver antenna.

f = frequency of US wave (Hz).

α = Attenuation Parameter (neper/mMHz−β).

β = Attenuation Coefficient.

The respective parameters used for this comparitive study is summarized in Table I. Figure 4 

shows that as the transmission distance increases, the SC-based WPT demonstrates a 

superior PTE compared to the other WPT techniques. In this comparison, the diameter of the 

receiver transducer (coil or antenna size) was chosen to be ar = 10 mm. In Figure 5 we 

compare the PTE for different WPT approaches as the transducer form-factor is varied while 

keeping the delivery distance constant at d = 0.1 m. The results again show SC-based WPT 

demonstrates a superior PTE compared to other approaches. Note that for the other WPT 

approaches, the transfer frequency needs to be adjusted to ensure ideal impedance matching 

between the antenna/transducer to the substrate. Whereas, SC-based WPT is broad-band in 

nature (as will be verified in our experimental results), and therefore does not require any 

frequency adjustment when the transducer size or alignment changes.
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A. Generalization of Self-capacitance based Model

Using the self-capacitance based modeling, we can extend the framework to substrates with 

arbitrary shapes and comprising of heterogeneous materials. The approach is illustrated here 

using a mouse model as a substrate and is shown in Figure 6 (a). However, the approach can 

be easily extended to other animal models as well. As shown in Figure 6 (a), the power 

source is capacitively coupled (through capacitance Cc) to the tail of the mouse and the 

energy harvester is connected to one of the fore-limbs. The harvester in this example 

comprises of a rectifying diode bridge which drives the load resistance RL and the reference 

terminal is connected to a floating-electrode. The self-capacitance of the mouse body is 

estimated by first segmenting different regions of the substrate and approximating each 

region using a simple shape, for example a sphere or a cylinder, as shown in Figure 6 (b). 

The closed-form expressions for self-capacitances in each of these simple 3-dimensional 

shapes are well documented in literature [20] and can be estimated as a function of their 

respective dimensions. For instance, the self-capacitance of a cylindrical shape is estimated 

as Ccylinder  = 2πϵh

ln
r2
r1

 where h is the length of cylinder, r1 and r2 are the inner and outer radius 

of the cylinder and ε is the permittivity of the substrate. Similarly, for a spherical shape 

(modeling the head), the self-capacitance is given by Cspherical = 4πεr1. With respect to the 

energy-harvester, each of these self-capacitances (Cb1, Cb2, Cb3, Cb4, Cb5 and Cb6) can be 

considered to be in parallel to each other (independent path for displacement currents to 

flow-back to the source). If we ignore the capacitive cross-coupling between these different 

shapes, all of these elements could be lumped together into a single capacitance Cb to form 

the equivalent circuit shown in Figure 6 (c). Figure 6 (c) also shows a cross-coupling 

capacitance between the floating-electrode and the body self-capacitance. For all practical 

purposes if the size of the floating-electrode is small, the coupling capacitance could be 

ignored. The equivalent circuit in Figure 6 (c) also shows a lumped resistance Rs that models 

the resistivity between the coupling electrode and the harvester. In its exact form, Rs and Cb 

would comprise of distributed elements, but as we will show in our experimental results, Rs 

≈ 0, leading to the lumped equivalent circuit shown in Figure 6 (c).

III. EXPERIMENTAL RESULTS

A. Characterization of SC-based power delivery

In the first set of experiments, we used a mouse cadaver model to characterize the SC-based 

power delivery. The experimental setup is shown in Figure 7 (a) where the cadaver is kept 

electrically insulated from environmental factors to ensure a capacitive coupling between the 

body and return path (external ground in this case). The material and methods for storing 

and reviving the cadaver in this experiment is described in Appendix B. First, we used an 

impedance analyzer (Omics Bode 100 vector network analyzer) to measure the equivalent 

impedance between the source and the harvester. The resulting smith-chart corresponding to 

the frequency of 10 MHz is shown in Figure 7 (b) which shows that the substrate impedance 

is predominantly capacitive. This is true even when a resistive load is connected to the 

energy-harvester, as the body self-capacitance is much larger than the self-capacitance of the 

floating-electrode. Next, a modulating energy source (an earth-grounded Tektronix DG4102 
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function generator) is capacitively coupled to the tail of the cadaver. The power source is 

programmed to generate a sinusoidal wave at a potential of 20 Vpk−pk and at variable 

frequencies. The harvester comprised of a single-stage diode bridge shown in Figure 7 (a) 

constructed using two Schottky diodes. The output of the diode bridge was measured using a 

battery-powered voltmeter with no direct conductive path to ground. Also, connected to the 

diode-bridge is a load resistor whose magnitude could be varied. Note that the other end of 

the diode bridge forms the floating-electrode providing a return path for the load-current to 

the source.

Figure 7 (c) shows the measured voltage across different the load-resistance as the resistance 

value is varied. For this experiment the source voltage was programmed to 20 Vpk−pk with 

an operating frequency of 10 MHz. Based on the plot in Figure 7 (c), one can estimate the 

delivered power to be approximately 45 μW. As described in equation 5, the delivered power 

could be increased by increasing the size of the coupling capacitance or by increasing the 

size of the floating-electrode’s self-capacitance. In the next experiment, the voltage across 

the load RL = 1 MΩ was measured for different operating frequencies. The result is shown in 

Figure 7 (d), which shows a broadband response within the frequency range of 1 − 15 MHz. 

This result can be understood using the equivalent circuit model shown in Figure 6 (c). The 

input coupling capacitor Cc blocks low-frequencies where as the coupling capacitor Cp 

bypasses high-frequencies to the load RL. Also, at higher frequencies the substrate itself acts 

as an antenna [3] and hence manifests as a radiation resistance in parallel with the load 

resistance RL. environment.

B. Mouse-cage and Hybrid Telemetry Experiments

In this section, we demonstrate that the beneficial features of the SC-based WPT can be 

exploited for designing power-efficient animal cages for long-term and ambulatory 

monitoring applications. Previous designs of smart animal cages have used inductive coils 

embedded inside the flooring of the cage [28]. Since the SC-based WPT operates by 

capacitively coupling an energy source through the body of the animal, the insulated base of 

the cage can be directly used as the coupling capacitor. This is shown in Figure 8 (a), where 

the power is coupled through different body segments as the animal is moving around in the 

cage. Note that the series resistance of a thick conductive underlay Rs could be very small 

(in the orders of 2.65 * 10−8 Ω.m), which implies that the PTE according to equation 4 could 

be close to 100%. However, due to the size limitations on the floating-electrode self-

capacitance, only microwatts of power could be delivered to any ex-vivo part of the animal 

body. Here, we show that this limitation could be overcome by using a hybrid telemetry 

approach as shown in Figures 8. The power harvested from the SC-based WPT approach is 

used to modulate the impedance of an RF antenna on the device S, in Figure 8 (a). This 

modulation is then received as a backscattered RF signal emitted by the transmitter antenna 

Tx and received by the receiver antenna Rx. In literature, this approach has been effectively 

used for backscattering WiFi signals [29], [30] and for biotelemetry applications [31]. Two 

examples of the biotelemetry interface is shown in Figures 8 (b) and (c). In both the designs, 

a low-power oscillator T is used to switch the impedance of the antenna B. The frequency of 

the oscillator and hence the modulation frequency of the antenna is determined by a resistor 

RL whose value changes according to the sensor signal being sensed. Thus, the sensor signal 
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is effectively backscattered on the signal received by the receiver Rx. Figure 8 (b) represents 

a battery powered variant of the telemetry interface and has been used for control 

experiments, where as Figure 8 (c) represents the variant that is powered using SC-based 

WPT approach.

The experimental setup used to verify the operation of the hybrid telemetry system is shown 

in Figure 9 (a). Similar to the previous experiments, a mouse cadaver has been used to 

emulate the animal in a diagnostic cage. The bottom overlay of the cage, as shown in Figure 

9 (b) is designed using an Aluminum sheet (6 Ω) that is sandwiched between two plexiglass 

insulators. The sheet is then connected to one of the outputs of a power source, as shown in 

Figure 9 (c). Two 915 MHz ultra-high-frequency (UHF) antennas, Tx and Rx were used for 

backscattering. Both the antennas were controlled by a Software Defined Radio (Ettus 

Research USRP N210) and was programed to transmit a carrier frequency and to receive the 

backscattered signal. The mouse cadaver was implanted with a device that can monitor 

variations in temperature at target locations in-vivo and then backscattering the 

measurements to the receiver Rx. The surgical set up is shown in Figure 10 (a) and the 

surgical protocol is described in Appendix B. The two types of implants (powered using a 

battery and powered using SC-based WPT) is shown in Figure 10 (b) and (c). The 

temperature sensor was implemented using a (NCP15WM474E03RC) thermistor whose 

temperature sensitivity is given by (5.1 kOhm/°C). The tip of the thermistor was surgically 

implanted at a depth of 3 cm. The output of the thermistor was used to bias a TS3006 timer 

that implemented the backscatter according to the schematic described in Figure 8. The 

backscatter was designed to operate on a single-supply voltage range between 1.55 V and 

5.25 V with typical supply currents remaining below 2.4 μA. Figure 11 (a) shows the 

spectrum of the backscattered signal received at Rx, when centered around the 915MHz RF 

carrier. To locally heat the tissue we used another piece of wire was inserted in proximity to 

the area where the tip of the thermistor was located. Heat was applied to the other end of the 

wire externally which would lead to change in resistance at the output of the thermistor. This 

in turn would change the modulation frequency (labeled as A) in the received spectrum. 

Figure 11 (b) plots the change in the modulation frequency as a function of the temperature, 

measured using the SC-based implant. The result shows a monotonic response in the 

frequency shift with respect to temperature with less than 1% variance between the three 

trials. Thus, by measuring the frequency shift one could accurately infer the magnitude of 

the in-vivo temperature. The average measured response is compared against the average 

response measured from the battery-powered implant. The result shows that the error 

between the two outputs Δf is negligible.

IV. CONCLUSION AND DISCUSSIONS

In this paper we presented a wireless power transfer approach based on the intrinsic self-

capacitances of substrates. Compared to other WPT approaches, SC-based WPT 

demonstrates higher PTE, when the target power-budgets are in the order of microwatts. In 

this paper we also presented a tractable, lumped-parameter model for SC-based WPT that 

could be used for system optimization and comparison. This model has been validated using 

experimental results which demonstrate a broad-band response (1 − 15 MHz) for harvestable 

power budgets of 20 − 200 μW. Furthermore, SC-based WPT can demonstrate PTE (η > 
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90%) for distances greater than 10 cm which makes it attractive for large-scale power 

delivery. It can be envisioned that the diagnostic cage, as shown in Figure 9 (b) could be 

scaled to larger dimensions, housing multiple ambulatory animals. Also, the power source is 

capacitively connected to the body, which will obviate the initiation of any electrochemical 

reactions at the electrode surface [32]. Using the lumped-parameter model, we also showed 

in this paper that the maximum harvestable power for SC-based WPT scales linearly with 

the dimensions of the receiver transducer. As a result, the size of the wearable or implant 

antenna could be reduced significantly. Note that the FDA limits on power dissipation for 

SC-based WPT is estimated to be 2.5 mW/mm2 [33]–[35] which is significantly higher than 

the microwatts power-budget reported in this paper. In Table II we compare the self-

capacitance based WPT with the most recent related WPT technologies. Note that the 

inductive and ultrasound WPT are used for delivering power in-vivo, and hence the 

powering distances are relatively small. However, as the table shows, that the key advantage 

of the self-capacitance based WPT is its power transfer efficiency.

While in this work, we have only focused on delivering microwatts of power, there could be 

several approaches to boost the power that can be delivered to the load using the proposed 

SC-based WPT. Increasing the coupling capacitance Cc in the equivalent model in Figure 6 

(c) is one possible approach, however, this might require modifying the dielectric property of 

the substrate or the body. The power could be boosted by increasing the open-load voltage of 

the source as described by equation 5. Note that this is viable option as long as the voltage is 

within the limits of the dielectric breakdown of the material forming Cc. The last option to 

boost the delivered power would be to increase the size of the self-capacitance of the energy 

harvester Cs, described by the equation 5. However, the received power only scales linearly 

with the dimensions of the receiver transducer/antenna, as a result beyond a certain form-

factor other WPT approaches might be more attractive compared to the proposed SC-based 

approach. It is worth mentioning that self-capacitance Cs is a parasitic element that will 

change based on the distribution of the fringe electric-field. However, given a specific form-

factor ar and the shape of the floating-electrode, one could lower-bound the size of Cs using 

a close-form expression as shown in equation 2 for a spherical geometry. This therefore 

signifies the worst-case Cs for which the load resistance RL and minimum delivered power 

could be estimated. However, to further enhance the delivered power, we would need to do a 

post-deployment calibration and adjust RL according to the actual self-capacitance value. 

Also self-capacitance might lead to an electrostatic charge build up due to floating-

electrodes. However, note that the WPT method using 1MHz-15MHz AC and the DC 

potentials at the source and the remote device are decoupled from each other. So, the change 

in DC potential will not affect the WPT. In terms of safety, the self-capacitance of the 

floating-electrode is in the order picofarads or less. Therefore, the charge build-up at the 

device should be relatively small. Safety related to electrostatic charge buildup on the body 

self-capacitance is similar to ESD safety, a topic that has been extensively studied in 

literature [36]. The proposed method is expected to apply to ambulatory animal or human 

body, however and as a proof of concept the study has been made on mouse cadavers 

because they are easy to work with to verify the concept. Also, the cadaver accurately 

models the electrical characteristics of a live animal, provided they have been stored and 

revived properly. Since the live animal and the cadaver will both have capacitive coupling to 
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the floor of the mouse cage, the WPT mechanism should translate between the two set ups. 

Motion artifacts or intermittent brown-outs is generally not an issue for energy harvesting as 

long as the voltage on the harvester is regulated or filtered, and on an average the harvester 

is receiving microwatts of power. Furthermore, the beauty of the self-capacitance based 

WPT is that the efficiency degrades only linearly with distance (as shown in Figure 4), so the 

approach should be robust to ambulatory artifacts. The worst-case configuration would be 

when only the tail of the mouse is in contact with the floor and experimental setup in Figure 

7 verified the WPT for that configuration. Note that in all other ambulatory states, there will 

always be additional capacitive coupling path to the body (unless the animal is in the air). 

Also, any energy fluctuations due to motion artifacts can be filtered out by the energy 

regulation unit on the harvester.
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Appendix A:: Derivation of PTE and received power for SC-based WPT

For the circuit shown in Figure 2 (a) denote:

Zs = 1
jωCs

Zb = 1
jωCb

Zc = 1
jωCc

Then,

Vo = Vs
RL

RL + Zs

RL + Zs Zb
RL + Zs Zb + Zc + Rs

=
RLZbVs

Zc + Rs RL + Zb + Zs + Zb RL + Zs
(7)

which leads to
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Pr =
Vo

2

RL
=

RLVs
2

Cb
Cc

+ jRsCbω RL − j
Cs + Cb
CsCbω + RL − j 1

Csω

2

=
RLVs

2

RL 1 +
Cb
Cc

+ Rs 1 +
Cb
Cs

2
+ RLRsCbω −

Cc + Cb + Cs
CcCsω

2

(8)

Zin = Zc + Rs +
Zb RL + Zs
RL + Zb + Zs

(9)

Ps =
Vs

2

Zin
=

Vs
2

Zc + Rs +
Zb RL + Zs
RL + Zb + Zs

=
Vs

2 RL + RL
2Rs Cbω 2 + Rs 1 +

Cb
Cs

2

RL 1 +
Cb
Cc

+ Rs 1 +
Cb
Cs

2
+ RLRsCbω −

Cc + Cb + Cs
CcCsω

2

(10)

The PTE (η) can then be estimated according to equation 1 as

η =
RL

RL + RL
2Rs Cbω 2 + Rs 1 +

Cb
Cs

2

η = 1

1 + RLRs 4π2ϵ0 f d 2 +
Rs
RL

1 + d
2ar

2 (11)

The PTE can be maximized with respect to RL by setting:

∂η
∂RL

= 0, RL ≈ 1
8π2ϵ0 f ar

= 1
Csω

which leads to
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ηmax = 1

1 + 8π2ϵ0 f Rs ar + d + d2
2ar

(12)

Appendix B:: Cadaver Material and Methods

As described in Section III, two different experiments have been conducted on the mouse 

cadaver; one the first by surgically subcutaneously implanting a battery-based electronic 

circuit within the mouse body. The battery and circuit were placed subcutaneously along the 

dorsum of the back. The thermistor was implanted underneath the interscapular adipose 

tissue. The incision was closed with glue to prevent exposing the implant in order to do the 

measurements. We used the measured temperature data of the mouse tissue as a reference 

for the next second experiment in which the battery-less wearable electronic circuit that 

harvests the energy through the self-capacitance proposed was implemented. Three dead 

mice cadavers have were used to statistically verify the results and compare that with the 

reference data. There was no direct contact between the mouse body and the electric power 

source, but instead we used an insulated wire and wrapped it around the mouse tail to form a 

coupling capacitor.
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Figure 1. 
Different WPT approaches based on: (a) self-capacitance where the displacement current ID 

flows back to the source through a fictitious ground; and (b) mutual coupling where the 

return path for the source IS and the load IL currents are separated from each other.
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Figure 2. 
A simple case study used for comparing different WPT approaches based on: (a) Self-

Capacitances; (b) near and far-field radio-frequency coupling; and (c) ultrasonic/acoustic 

coupling.
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Figure 3. 
Estimated PTE (a)-(d) and received power Pr (e)-(f) as a function of delivery distance d, 

form factor ar, frequency f and source resistance Rs respectively; (a) and (e) when f = 10 

MHz, ar = 10 mm and Rs = 5 Ω, (b) and (f) when f = 10 MHz, d = 0.1 m and Rs = 5 Ω, (c) 

and (g) when d = 0.1 m, ar = 10 mm and Rs = 5 Ω, and (d) and (h) when f = 10 MHz, ar = 10 

mm and d = 0.1 m.
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Figure 4. 
Comparison of PTE and received power Pr for different WPT methods when the receiver 

transducer dimension is chosen to be ar = 10 mm, f = 5 MHz and Rs = 5 Ω.
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Figure 5. 
Comparison of PTE for different WPT methods when the transmission distance n is chosen 

to be d = 0.1 m, f = 5 MHz and Rs = 5 Ω.
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Figure 6. 
Generalization of self-capacitance modeling to substrates with complex geometries: (a) Case 

study based on a mouse cadaver model; (b) Approximation of the self-capacitance by 

decomposing different segment of the substrate into simple shapes; and (c) lumped-

parameter equivalent circuit for SC-based WPT to a simple harvester circuit
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Figure 7. 
Experimental characterization of the cadaver mouse as a substrate: (a) Experimental setup; 

(b) Measured Smith-chart showing that the substrate is predominantly capacitive; (c) 

Measured voltage at the output of the harverster at an input frequency of f = 10 MHz; and 

(d) Broad-band response of the SC-based WPT for a load RL = 1 MΩ.
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Figure 8. 
Hybrid telemetry experimental setup: (a) The insulated underlay of the cage is powered and 

delivers power to an implant or a head-stage that communicates with the receiver using RF-

backscattering; (b) Schematic of a battery-based backscattering interface used as a control; 

and (c) Schematic of the sensing/telemetry interface powered using SC-based WPT.
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Figure 9. 
Experimental setup using a cadaver mouse housed in a diagnostic cage retrofitted with the 

backscattering RF antennas; (a) Setup for measuring the backscattering signal; (b) wireless 

diagnostic cage; (c) schematic for SC-based WPT.
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Figure 10. 
Assembly and surgical implantation of the sensor/energy-harvester/back-scattering circuit in 

the cadaver mouse model: (a) implantation of the temperature sensor at a specific location 

in-vivo; (b) Battery-powered control prototype; (c) Proof-of-concept prototype powered 

using SC-based WPT.
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Figure 11. 
Measured results demonstrating the proposed hybrid telemetry approach; (a) Backscattered 

spectrum showing the data modulation peak corresponding to a specific in-vivo temperature; 

(b) Measured change in frequency as a function of temperature and the comparison of the 

measured result with the output of the control (battery-powered prototype).
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Table I

PARAMETERS USED FOR COMPARING DIFFERENT WPT METHODS [17].

Property Description Value

Cc Source coupling capacitance 10 pF

α Attenuation parameter 0.086 (neper/mMHz−β)

β Attenuation Coefficient 1.5

Gt Gain of Tx antenna 7.5 dB

Gr Gain of Rx antenna 7.5 dB
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