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ABSTRACT | Wireless data communication technology has

eliminated wired connections for data transfer to portable de-

vices. Wireless power technology offers the possibility of

eliminating the remaining wired connection: the power cord.

For ventricular assist devices (VADs), wireless power technol-

ogy will eliminate the complications and infections caused by

the percutaneous wired power connection. Integrating wireless

power technology into VADs will enable VAD implants to be-

come a more viable option for heart failure patients (of which

there are 80 000 in the United States each year) than heart

transplants. Previous transcutaneous energy transfer systems

(TETS) have attempted to wirelessly power VADs [1]; however,

TETS-based technologies are limited in range to a few milli-

meters, do not tolerate angular misalignment, and suffer from

poor efficiency. The free-range resonant electrical delivery

(FREE-D) wireless power system aims to use magnetically

coupled resonators to efficiently transfer power across a dis-

tance to a VAD implanted in the human body, and to provide

robustness to geometric changes. Multiple resonator config-

urations are implemented to improve the range and efficiency

of wireless power transmission to both a commercially avail-

able axial pump [2] and a VentrAssist centrifugal pump [3]. An

adaptive frequency tuning method allows for maximum power

transfer efficiency for nearly any angular orientation over a

range of separation distances. Additionally, laboratory results

show the continuous operation of both pumps using the

FREE-D system with a wireless power transfer efficiency up-

wards of 90%.

KEYWORDS | Magnetically coupled resonators; ventricular

assist device (VAD); wireless power

I . INTRODUCTION

Wireless power transfer using inductive coupling is be-

coming increasingly popular for consumer electronic de-

vices. Commercial applications include wireless charging

pads, electronic toothbrushes, induction cookers, and

electric car battery chargers. However, none of these ap-

plications enable the geometric freedom that the term

Bwireless power[ suggests. Charging pads and electric
toothbrushes require that the device be placed very close

by or directly on top of the charging pad. This is because

the efficiency for inductively coupled wireless power
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laboratory testing and prototype development, the clinical
application of TETS has been possible in only two systems

(Arrow LionHeart and AbioCor TAH) [17], [18]. The cli-

nical and laboratory experiments have demonstrated

several drawbacks with the current TETS technology.

Restrictions on misalignment between the transmitting

and receiving coils and the necessity for a close separation

distance between the coils limit the practicality of TETS.

The system also incurs significant wireless energy loss
beyond 10-cm separation. The proximity limitation

requires that the receiving coil be implanted just under

the skin and the external transmitting coil be secured in a

single position on the skin surface with adhesives. For

angular misalignments or excessive separation between

the coils, the transmitter will attempt to supply more

power to account for the reduced efficiency. This effect has

proven to cause skin irritability and thermal injury from
the increase in coil temperature due to greater power

transmission, which can result in burns and lead to in-

fection on the exterior surface of the skin. The TETS tech-

nology was first implemented with the Arrow LionHeart

VAD in 2001; however, it has since been withdrawn from

the market [18].

D. Improvements With Resonant Coupling
Using the FREE-D System

The FREE-D system provides wireless power to a VAD

using strong resonant coupling technology. FREE-D

affords seamless energy supply without compromising

mobility or requiring direct contact between the individual

and energy source as in TETS. The FREE-D wireless power

resonators efficiently transfer power across meter dis-

tances to a VAD implanted in the human body [20], [21].
The Tx and Rx resonators are coils of wire that are tuned to

resonate at a specific frequency. The resonator size and

shape can be modified to accommodate application specifi-

cations, such as room size and patient body geometry.

The key feature that distinguishes FREE-D from prior

inductive schemes is the use of high-quality factor (Q fac-

tor) resonators combined with an automatic tuning

scheme that keeps the system operating at maximum
efficiency. The FREE-D system is able to adapt to varia-

tions in Tx–Rx separation distances, Tx–Rx orientations,

and power requirements of the load. By actively control-

ling the frequency of the transmitted radio-frequency (RF)

signal, the FREE-D system can achieve high power transfer

efficiencyVupwards of 90%Vfor nearly any angular

orientation over a range of separation distances [4], [20],

[21]. Table 1 summarizes the advantages of the FREE-D
system over the previous TETS systems.

E. Grand Vision of the FREE-D System
The grand vision for implementing the FREE-D system

with a VAD will consist of installing multiple Tx resonators

throughout the household that are hidden inside walls,

floors, couches, tables, and beds. There will be two Rx

resonators: one will be installed in an exterior vest that

will be worn by the patient, and another smaller resonator

will be implanted in the human body. The larger size of the
Rx vest resonator will increase the working range of the

wireless power transfer. The implanted Rx resonator will

be situated at a fixed distance away from the Rx vest reso-

nator to ensure seamless energy transfer to the VAD.

Therefore, the patient will be free to maneuver throughout

their home while receiving wireless power from the

nearest Tx resonator. Alternatively, if the patient needs to

leave the home, a portable battery can temporarily provide
power to the external Rx vest resonator, which will wire-

lessly provide power to the implanted Rx resonator and

the VAD.

III . OVERVIEW OF THE FREE-D SYSTEM

Unlike some of the existing inductively coupled wireless

power technologies currently available for consumer elec-
tronics, the FREE-D system requires dynamic power

management control to operate at its full potential for

improved efficiency over larger distances. The following

sections outline the FREE-D wireless power circuit model

as well as the additional power management circuitry. An

extended analysis of the basic circuit model for magnet-

ically coupled resonators is shown in [4].

A. Wireless Power Circuit Model
Fig. 2 shows a diagram of the basic FREE-D wireless

power system. The two-element transmitter consists of a

single-turn drive resonator and multiturn resonator that

wirelessly transmits power to a two-element receiver.

These two resonant systems efficiently exchange energy by

sharing nonradiative magnetic fields that oscillate at a

Table 1 Comparison of Proposed FREE-D System Versus
Existing TETS System
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which corresponds to the in-phase mode of the resonant

system.

In the undercoupled regime, the shared flux falls below

a threshold such that maximum efficiency cannot be

achieved. Critical coupling is the point of transition be-

tween these two regimes, and corresponds to the greatest

range at which maximum efficiency can be achieved.
Similar to inductive coupling, the undercoupled regime is

still capable of wireless power transfer, but the maximum

achievable efficiency is limited and falls rapidly with

distance.

B. Power Management Circuit Model
Power management control systems are required at

both the Tx and Rx sides of the FREE-D system. The full
block diagram for the FREE-D system is shown in Fig. 5.

In order to generate the alternating current (ac) wave-

form oscillating at a specific and controllable frequency, a

directional coupler, and microcontroller unit (MCU) have

been implemented with the power amplifier at the Tx side.
The power amplifier delivers an RF signal through the

direction coupler to the Tx resonator. The directional

coupler measures the magnitude of the forward and re-

flected waves, which can be used to approximate the

transmission power gain S21 of the resonators. The MCU is

able to minimize the reflected power by adjusting the

amplitude and frequency of the signal delivered to the Tx

resonator so that maximum power transfer will occur be-
tween the Tx and Rx resonators.

At the Rx side, an RF-dc bridge rectifier is implemen-

ted to convert the oscillating RF signal to a direct current

(dc) voltage. Next, a dc–dc voltage regulator steps down

this rectified voltage to a constant 13.1 Vdc, which is re-

quired for the system controller and all VADs tested with

the FREE-D system. The regulated dc voltage is delivered

to the system controller, which powers the motor con-
troller for the heart pump and monitors VAD conditions

such as flow rate, pump speed, and pump power. Finally, a

diode switch activates or deactivates a backup battery that

can provide power to the system controller intermittently

in case the FREE-D system temporarily fails. This battery

will be rechargeable so that it can be charged by the

FREE-D system without requiring direct access to the im-

planted battery itself, which requires rehospitalization.

IV. TECHNIQUES TO IMPROVE
WIRELESS POWER EFFICIENCY
OVER DISTANCE

There are regulatory and practical requirements that pre-

sent technical challenges in integrating the FREE-D system

into the homes for VAD patients. The two most significant

difficulties are increasing the range at which highly

efficient wireless power transfer can occur, and operating

within the allowable bandwidth of the ISM bands defined

by the Federal Communications Commission (FCC). Two
techniques are outlined in the following sections to ad-

dress these challenges including the addition of relay

resonators to increase the working range of wireless power

transfer, and a dynamic impedance matching network to

Fig. 5. Block diagram of the complete FREE-D system showing relay resonator and implanted components.

Fig. 4. Efficiency curve for the FREE-D wireless power system
resonators as a function of the coupling coefficient between the
Tx and Rx multiturn resonators and frequency [4] � 2011 IEEE.
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enable single-frequency operation in the overcoupled
regime.

A. Relay Resonators
Implementing the grand vision for the application of

the FREE-D system with a VAD will require several Tx

resonators installed throughout the patient’s home. Every

Tx resonator will require its own power supply and power

management system to ensure that the VAD constantly
receives sufficient power as the distance between the Tx

and Rx resonators increases. However, for central loca-

tions in the household away from walls and accessible

electrical outlets, it will be difficult to provide the neces-

sary equipment for each Tx resonator.

One way to avoid these potential dead zones in the

center of a room would be to increase the range of the

FREE-D system by increasing the size of the Tx and Rx
resonators. However, for use with a VAD, the size of the

Rx resonator is limited because it will be implanted in the

body. Therefore, another technique using a relay resonator

as in Fig. 5 can be implemented to accommodate greater

separation distances between Tx and Rx resonators.

When considering the grand vision, this relay resonator

configuration will allow several Tx resonators and the

necessary power management circuitry to be installed in
locations that have concealed access to electrical outlets

(walls and floors), while freestanding relay resonators can

be installed in centralized furniture (chairs, tables, and

desks). These relay resonators will be able to link the

wireless power transferred from the Tx resonators to the

Rx vest resonator worn by the patient.

Adding a relay resonator to the basic resonator model

from Fig. 2 will introduce a third resonant mode to the
system in the overcoupled regime. The third mode will be

centered at the resonant frequency of the system. Adding

more relay resonators will continue to increase the work-

ing range of the wireless power transfer; however, the

maximum achievable efficiency will decrease and the

number of modes will continue to increase as more relay

resonators are introduced to the system. Nonetheless, the

same power management and frequency tuning algorithms
will be capable of accommodating multiple-mode resonant

systems.

B. Dynamic Frequency Tuning Versus
Single-Frequency Operation

Unlike far-field antennas in which the input impedance

of the antenna is constant, near-field antennas like the

resonators in the FREE-D system have strong electromag-
netic field interaction, thus the input impedance of the

resonators is constantly changing as a function of the

coupling or mutual inductance between the Tx and Rx

resonators. As the distance between the Tx and Rx resona-

tors increases, the coupling coefficient between the multi-

turn resonators decreases because the mutual inductance

decreases from (2). The rectifier at the Rx side also has a

complex input impedance that is changing as a function of

the input power and load conditions. As a result, the im-

pedance looking into the Tx resonator is constantly chang-

ing, making it difficult to design an impedance matching

network.

The ideal solution would be to use active frequency

tuning to track the maximum power transfer peaks. How-
ever, given the narrow bandwidth requirements for the

ISM bands, frequency tuning will not be possible from a

regulatory standpoint.

Another solution using a dynamic impedance matching

network at the Tx side can be implemented to ensure that

maximum power is transferred to the load at a single

frequency within the ISM band. To demonstrate how this

impedance matching system will work, recall the basic
transformer model in Fig. 6 in which maximum power

transfer is achieved when the source and load impedance

are matched according to (4), where N1 and N2 are the

number of turns of the primary and secondary coils,

respectively

Zs ¼
N1

N2

� �2

ZL (4)

The FREE-D Tx and Rx resonators can be thought of as

an air-core transformer with complex source and load
impedances. Therefore, a � -match filter can be imple-

mented as in Fig. 7 to perform conjugate impedance

matching. Similar to changing the turns ratio in the basic

transformer model to perform real impedance matching,

the � -match filter can perform conjugate impedance

matching when proper values of L; Cs, and CL are chosen.

Fig. 6. Basic air-core transformer model with source impedance
Zs and load impedance ZL.

Fig. 7. Basic � -match two-port network to match source impedance
Zs to load impedance ZL.
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Since the source and load impedances vary as the distance

between the Tx and Rx resonators changes, by dynamically

selecting the capacitor values Cs and CL in the � -match
filter, the source and load impedances will always be

matched.

Rather than using frequency tracking, this impedance

matching technique will deliver maximum power to the

load while operating at a single frequency. Fig. 8 shows

how the � -match filter can be implemented with the

FREE-D system.

A Matlab model has been developed that uses S-
parameter data collected from a vector network analyzer

(VNA) for any set of magnetically coupled resonators.

Fig. 9 shows a basic block diagram of how the Matlab

model is implemented.

The input impedance of the resonators Zres can be

calculated from the S-parameter data using S11. By

defining the resonant frequency and the � -match

inductor value L, the Matlab model calculates the values
of Cs and CL that match the source impedance Rsource and

the load impedance Zres. The parasitic resistances of the

capacitors RPS and RPL and the inductor in the � -match

filter can be defined in the Matlab model for improved

accuracy.

As a proof of concept, this dynamic impedance

matching model has been tested with the set of coils

shown in Fig. 10.
The PCB coils were tuned to resonate at 13.56 MHz.

The same sized drive loop and multiturn coil were used

for both the Tx and the Rx. The loop-coil distance was

fixed at 1 cm and the Tx coil to Rx coil distance was

Fig. 8. Block diagram of the � -match filter implemented with the
FREE-D system for use with a VAD.

Fig. 9. Block diagram of the � -match filter Matlab model showing
the � -match filter, the FREE-D resonators, and the complex rectifier
impedance indicated by R þ jX.

Fig. 10. PCB coils used for Matlab model proof of concept. The drive
loop (left) is 4.3 cm in diameter, and the multiturn coil (right) is
4.0 cm in diameter.

Fig. 11. Efficiency curve for PCB coils shown in Fig. 10 as a function of
separation distance between Tx and Rx coils and frequency.

Fig. 12. Efficiency comparisons of the 50- termination impedance
data and the � -match simulation model at a single frequency.

��
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FREE-D wireless power system with both the commer-

cially available axial pump and VentrAssist VADs shown in

Figs. 14 and 15, respectively.

Two separate experiments have been conducted to

monitor various components of the FREE-D system

including the consistency of power delivery to the VAD

and the efficiency of the FREE-D resonators, rectifier, and
regulator. The resonator configuration for both experi-

ments is shown in Fig. 16, and the resonator sizes are

shown in Table 2. Relay resonators are included to enable

wireless power transfer over meter distances.

A. Axial VAD Experiment
The resonator configuration for the first experiment

using the FREE-D system to wirelessly power the axial

VAD can be seen in Fig. 17.
An 8-h continuous time experiment was conducted

with the FREE-D resonators separated by a 1-m distance.

Power of 8.1 W was required to power the axial VAD

operating at a typical pump speed of 2400 r/min. Voltage

and current measurements were taken every 15 s both

before and after the FREE-D resonators, the RF-dc rectifier

and the dc–dc regulator to calculate the efficiency of each

component. Fig. 18 shows the constant power delivery to

the VAD over the entire 8-h time period, verifying the

successful implementation of the FREE-D system. Fig. 19

shows the coil efficiency, the RF-dc rectifier efficiency, and
the dc–dc regulator efficiency over the 8-h time period. The

FREE-D system efficiency is approximately 56% for this

experiment. This efficiency can be improved in future

experiments by optimizing the resonator efficiency and

implementing the dynamic impedance matching system.

B. VentrAssist VAD Experiment
The goal of this experiment is to demonstrate a

successful implementation of the FREE-D system with the

Ventracor VentrAssist centrifugal VAD for an extended

two-week time period over the entire range of pump
speeds. The VentrAssist computer software allows for

quick changes to the pump conditions. Pump speeds were

increased periodically by 200 r/min from the minimum

speed (1800 r/min) to the maximum speed (3000 r/min)

over the course of two weeks. The VentrAssist software

logs VAD pump power, speed, and flow rate data every

second. The resonator configuration for this experiment

with the centrifugal VAD is shown in Fig. 20. The backup
battery that can be used for temporary faults in wireless

power transfer is also shown in Fig. 20; however, it

Table 2 Resonator Sizes for FREE-D Experimental Configuration

Fig. 17. Configuration for the axial VAD experiment showing the VAD
being wirelessly powered via the FREE-D system, which is connected to
the RF-dc rectifier and dc–dc regulator circuit and the HeartMate II
System Controller.

Fig. 18. Plot showing a constant output power of 8.1 W delivered
to the axial VAD for the entire 8-h time period for a pump speed of
2400 r/min.

Fig. 19. Efficiency of the FREE-D components over the 8-h time period
for a pump speed of 2400 r/min with the axial VAD.
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remained unplugged for the entire duration of this

experiment.

As the pump speed increases over the course of the

two-weeks, the power demanded by the pump increases.

Fig. 21 shows the VAD pump speed and corresponding

pump power over the entire two-week duration. This plot

verifies that the FREE-D system can wirelessly power the

centrigual VAD for an extended period of time without a
single fault.

The efficiencies of the FREE-D components are shown

in Fig. 22. For this experiment, the resonator efficiency

was maximized by slightly changing the position of the

relay resonator for the static resonator configuration in
Fig. 20. Although the resonator efficiency is upwards of

90% for every pump speed, the rectifier efficiencyV
which also accounts for the regulator efficiency in this

experimentVsignificantly reduces the system efficiency.

This inefficiency is primarily due to an impedance mis-

match between the rectifier and the impedance of the

VAD, and can be improved in future experiments by im-

plementing the impedance matching system.

VI. CONCLUSION AND FUTURE WORK

FREE-D technology could be applied in other medical

applications that require unobtrusive recharging of im-

planted batteries, such as pacemakers, implanted defi-

brillators, cochlear implants, or retinal implants. Outside

medicine, some ideal consumer electronic applications

include mobile phone charging, electric car charging, and
kitchen appliance operation.

Future work for the FREE-D system to power VADs

includes a full characterization of relay resonators

presented here, and a study on the effects that conductive

materials (human body tissues, batteries, and implanted

circuitry) have on power transfer efficiency. Also, the

dynamic impedance matching model will be integrated

with the FREE-D resonators to improve the system
efficiency and enable single-frequency operation. To

progress towards clinical deployment, animal trials with

our next generation FREE-D system are planned. h
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