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Abstract— This article presents an inductive power link for a
cortical implant. The link includes a Class-E power amplifier,
an inductive link, a matching network, and a rectifier. The coils
of the inductive link are designed and optimized for a distance
of 10mm (scalp thickness). The power amplifier is designed in
order to allow closed loop power control by controlling the
supply voltage. A new packaging topology is proposed in order to
position the implant in the skull, without occupying much area,
but still obtaining short distance between the remote powering
coils. The package is fabricated using biocompatible materials
such as PDMS and Parylene–C, and it includes the secondary
coil, the matching network, and the rectifier. The power efficiency
of the link is characterized for a wide range of load power (1-
20mW) and found to be 8.1% for nominal load of 10mW. The
matching network improves the power efficiency on the whole
range, compared to the link without the matching network.

I. INTRODUCTION

With the recent developments in the microelectronics and

MEMS technologies, it is possible to realize biomedical im-

plants, which can be used for several different applications

such as detection of blood glucose level, restoration of vision

(retinal implants), regulation of heart beat (pacemakers), etc.

Another application is to use a cortical implant for in vivo

recording of the neural activity in the brain, in order to

facilitate brain–machine interfaces [1], [2].

As in almost all types of biomedical implants, supplying

power to the cortical implants is a challenge. It is possible

to use direct transcutaneous wires or rechargeable batteries to

power the implant. However, using wires may cause infections;

whereas, batteries have limited recharge cycles and surgical

operations may be necessary to replace them at the end of

their lifetime. At last but not least, it is possible to supply

power to the implants remotely.

Inductive links are the most commonly used technique for

remote powering of biomedical implants [3]–[6]. External

reader located outside the body transforms the electrical en-

ergy supplied from an external battery to a magnetic field,

and then, the implant harvests energy from this magnetic

field, generating a power supply for the active devices in the

implant. As the external reader is operated from the battery,

the power transfer should be as efficient as possible, in order

to use a small and light–weight battery for patient mobility

and comfort.

A typical remote powering link consists of four main

parts: (1) power amplifier, (2) inductive link, (3) rectifier,

and (4) voltage regulator. With respect to power efficiency,

the bottleneck of the remote powering link is generally at

the inductive link because the coupling factor between the

power coils is usually very small. Therefore, the coils should

be designed properly to obtain high power efficiency.

As shown in previous studies, it is possible to improve the

power efficiency of the inductive link by properly designing

the geometry of the coils [5]–[7]. Nevertheless, the efficiency

is not only a function of the geometry of the coils but is

also a function of the distance between the coils. In order

to improve the power efficiency, this distance should also be

kept as small as possible. The minimum distance between

the two coils can be as high as 20mm for cortical implants,

due to the thicknesses of scalp and skull tissues [2], [8].

This distance can be decreased by changing the design of the

implant packaging [9]. However, the electrode array in [9] is

fixed to the skull, which may cause damage to the brain, if

the head is subject to a physical impact.

This study presents the design of an inductive power link

with a biocompatible package for a wireless cortical implant.

First, the functions of the building blocks of the link are ex-

plained. Then, a new packaging topology for cortical implants

is proposed, which decreases the distance between the power

transfer coils to achieve high efficiency without increasing the

surface area occupied by the implant. Finally, the simulation

and measurement results for the inductive power link are

presented to verify the operation of the proposed link.

II. INDUCTIVE POWER LINK

Fig. 1 shows the proposed remote powering link for a

wireless cortical implant. The link is composed of a Class–E

type power amplifier, an inductive link, a matching network, a

rectifier, and a regulator. The power amplifier and the external

part of the inductive link are located at the external reader,

which is positioned outside the body; whereas, the implanted

part of the inductive link, the matching network, the rectifier,

and the regulator are located at the cortical implant inside the

body.

A. Inductive link

The inductive link consists of a series resonance circuit at

the external reader (L1 and C1) and a parallel resonance tank

at the implant (L2 and C2). The geometries of the coils are
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Fig. 1. Proposed remote powering link for a wireless cortical implant.

optimized by using a modified version of the optimization

procedure presented in [6].

The operation frequency is chosen to be 1MHz in order to

decrease absorption at the tissues [10]. Moreover, the distance

between the reader and implant coils is chosen to be 10mm

to improve the power transfer efficiency (see Sec. III).

B. Class–E power amplifier

A Class–E type power amplifier is chosen for this ap-

plication as the drain efficiency of this amplifier is usually

very high [11]. When switching transistor (M1) in Fig. 1

is turned on, a flux is generated on the RF–choke inductor

(LE). When the switch is turned off, the energy stored in the

inductor will be transferred to the load of the amplifier. As

the current through and voltage across the transistor are never

high simultaneously, the power consumption on the transistor

is very low. Therefore, the drain efficiency of the amplifier

can be increased significantly, by careful adjusting of the load

network of the amplifier.

A load network is necessary for Class–E amplifiers in

order to remove harmonics generated from switching of the

transistor M1. This network is inherently present for the

inductive power link as the primary coil (L1) and the capacitor

(C1) acts as a bandpass filter at the operation frequency.

Therefore, no additional component is required in order to

filter the harmonics of the drain voltage. Moreover, the implant

side resonance tank will further reject the harmonics as it is

also a bandpass network around the operation frequency.

C. Rectifier

A simple half–wave rectifier topology is used in this study

in order to rectify the ac signal generated at the implanted coil

(Vsec). The matching network between the inductive link and

the rectifier transforms the input impedance of the rectifier at

a certain load to the optimum load resistance of the inductive

link [12]. This method improves the power efficiency of the

overall link around the specified power consumption.

The output of the rectifier should always be larger than a

certain potential, in order to satisfy the operation of the voltage

regulator following the rectifier. Therefore, it is essential to

keep track of the rectifier output voltage (Vrect), to ensure

that the voltage regulator generates the desired supply voltage

for the implant (VDD,imp). This can be achieved by using

a power control feedback network from the output of the

rectifier to the power supply of the amplifier outside. The

feedback information can be added to the recorded neural

data at the implant and sent through the uplink, which is used

for transferring information from the implant to the external

reader. The power control feedback structure is currently under

study and is not included in this article.

D. Voltage regulator

The voltage regulator is connected to the output of the

rectifier to suppress the ripples and generate a clean supply

voltage. The regulator topology will be based on the architec-

ture proposed in [13] and is not presented in this study.

III. PACKAGING

Packaging is another challenge in the design of biomedical

implants. The package should be biocompatible to prevent

toxic and/or injurious effects to the patient, and also be

hermetically sealed to separate the active parts from the fluidic

environment in the body. Moreover, the package should be

compact and small, in order not to occupy large surface area

in the body.

A recent study proposes a compact assembly concept for a

neural interface using Utah Microelectrode Arrays (MEA) [2].

The assembly concept includes all parts of the implant, includ-

ing MEA, readout integrated circuit (IC), power receiving coil,

etc. Although the implant occupies compact space, this type

of assembly should be located under the skull, which causes

the implanted coil to be far from the external reader coil. The

distance between the two coils can be as large as 20mm, the

total thicknesses of the scalp and the skull tissues [8].

Another conceptual cortical implant is proposed in [9]. In

this type of packaging assembly, the implant is fixed in a

cavity on the cranial bone. This allows the implanted power

receiving coil (downlink coil) to be placed just under the scalp.

Therefore, the distance between the external reader and the

implant coils can be decreased by the thickness of the skull;

hence, increasing the power efficiency. Moreover, with this

type of packaging, another coil can be placed vertically, in

order to send the recorded information to the outside (uplink

coil). The cross–coupling between the downlink coil and the
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Fig. 2. Proposed packaging for a wireless cortical implant (a) Components of the package, (b) Position of the package inside the cranial bone, and (c)
Photograph of the fabricated package with remote powering link.

uplink coil is small, as the coils are orthogonal to each

other [9]. Finally, this type of packaging allows distributing

the heat dissipation to a larger volume; hence, allowing more

power consumption in the implant without damaging the

surrounding tissues [14].

The disadvantage of the packaging concept in [9] is that

the implant is a single piece block. When fixed to the skull,

the electrodes may damage the brain, if the head is subject

to a physical impact. To prevent this from happening, the

electrodes should be mechanically decoupled from the skull.

This can be achieved by using a flexible cable to connect the

fixed part with the electrode array.

Fig. 2 shows the proposed packaging for a wireless cortical

implant. The implant package has two parts: the readout part

and the transceiver part. The transceiver part of the implant,

which includes the coils and the transceiver IC, is fixed in

a cavity on the cranial bone (see Fig. 2(b)). On the other

hand, the readout part, which includes the readout IC and

the electrodes, is connected to the transceiver part with a

flexible cable. This flexible cable is used for transferring power

and information between the two parts and it decouples the

movable readout part from the fixed transceiver part.

For this type of packaging concept, as the implanted coil is

separated from the external reader coil by only the thickness of

the scalp, which is around 10mm, the coupling factor between

the coils can be increased, resulting higher power efficiency.

The transceiver part of the package in Fig. 2(a) is fabricated

by using a biocompatible silicone elastomer (Sylgard 184

PDMS). The fabricated package is coated conformally with

2µm Parylene C to improve its biocompatibility. Fig. 2(c)

shows the photograph of the fabricated package with remote

powering link. The transceiver part measures 13mm x 13mm

x 8.8mm and it includes the implant side of the inductive link,

the matching network, and the rectifier.

IV. CHARACTERIZATION RESULTS

Table I presents the fixed system parameters used during

optimization of the inductive link. The optimal load resistance

TABLE I

FIXED SYSTEM PARAMETERS FOR THE REMOTE POWERING LINK

Parameter Value Explanation

f0 1 MHz Operation frequency

Rsrc 0.5 Ω Modeled amplifier resistance

h 25 µm Conductor thickness

smin 100 µm Minimum conductor spacing

wmin 100 µm Minimum conductor width

odi,max 10 mm Max. outer dimension of implanted coil

d 10 mm Distance between the coils

during optimization is chosen to be 27Ω, considering the com-

promise between the power efficiency and the susceptibility of

the coils to parasitics [12]. The designed coils are fabricated

on printed circuit boards.

Fig. 3 shows the simulated and measured power efficiency

of the inductive link vs. load resistance of the inductive link.

As expected, the optimum load for this design is around 27Ω.

The maximum measured inductive link efficiency is 14.85%

at 1MHz.

The gate of the switching transistor of the Class–E power

amplifier is driven from a function generator with a square

wave of 3.3V peak–to–peak and 1.65V DC offset at 1MHz.

In order to improve the drain efficiency, the Class–E power

amplifier is tuned to have the desired drain voltage waveform,

by changing the tuning capacitor (CE in Fig. 1). The drain

efficiency of the power amplifier is measured to be around

85%. The losses in the amplifier are due to the finite quality

factor of the RF–choke inductor and non–zero voltage drop

across the switching transistor when it is turned on. The losses

at the gate of the amplifier are not considered in this study.

The rectifier output voltage should not be less than 1.5V,

for proper operation of the voltage regulator. Therefore, the

desired rectifier output voltage is chosen to be 1.6V, leaving

some margin for the ripples. The input impedance of the

rectifier is simulated at its nominal load of 10mW at 1.6V,
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Fig. 3. Simulated and measured power efficiency of the inductive link vs.
load resistance of the inductive link.

which approximately corresponds to a 253Ω load resistor.

Then, the matching network is designed to transform the

simulated input impedance of the rectifier at the operation

frequency of 1MHz, to the optimum load of the inductive link,

which was set as 27Ω for this study.

In order to see the dependence of the DC voltage at the

output of the rectifier with respect to the DC supply voltage

of the power amplifier, the amplifier supply voltage (VDD,ext)

is swept for a certain load, and the rectifier output voltage

is monitored (Vrect). Fig. 4 shows the rectifier output voltage

vs. Class–E supply voltage for 253Ω load resistance at the

output of the rectifier. As seen from this figure, the relation

of Vrect with respect to VDD,ext is quite linear, due to the

linearity of the Class–E power amplifier. The rectifier also does

not affect the linearity much, as the drop across the diode is

fairly constant for different currents drawn from the load. The

linearity of the rectifier output voltage with respect to power

amplifier supply voltage simplifies the aforementioned power

control feedback.

Fig. 5 displays the measured power efficiency of the overall

remote powering link with and without the matching network.

The losses at the voltage regulator and the gate of the power

amplifier are not included in these results. The load power in

Fig. 5 is defined as the power delivered to a resistive load at

the output of the rectifier for Vrect=1.6V. As seen from this

figure, the use of the matching network between the inductive

link and the rectifier increases the overall power efficiency, as

the inductive link is operated near its optimum load condition.

For nominal load of 10mW, the power efficiency of the remote

powering link is increased to 8.1% by using matching network,

compared to 4.5% efficiency measured without the matching

network. The maximum measured power efficiency of the link

with the matching network is 8.3% at 7mW, which is 2.4 times

the power efficiency without the matching network. Similarly,

the efficiency is improved by 5.8 times for 1mW by using the

matching network topology.
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Fig. 5. Measured power efficiency of the overall remote powering link with
and without the matching network (regulator and gate losses not included).

Fig. 6 shows the measured waveforms of the remote pow-

ering link for 10mW delivered from the rectifier at 1.6V

(Rload = 253Ω). As seen from the drain waveform of the

power amplifier, the voltage across the transistor is close to

zero, when the gate signal is high (M1 is on). When the gate

signal is low (M1 is off), there is no current flowing through

the drain of the transistor. Therefore, the power consumption

at the transistor is very small, resulting in a highly efficient

power amplifier.

V. CONCLUSION

In this study, an inductive remote powering link for a

wireless cortical implant is presented. The remote powering

link consists of a Class–E power amplifier, an inductive link,

a matching network, and a rectifier. The operation of each

block of the link is summarized and methods for increasing

the power efficiency of the overall link are explained.
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Fig. 6. Measured waveforms of the remote powering link for 10mW delivered
from the rectifier at 1.6V (yellow = Vgate, green = Vdrain, pink = Vrect).

A new type of biocompatible packaging concept for cortical

implants is introduced, which allows the power receiving coil

of the implant to be placed to a closer distance of the external

reader coil. As the coils can be placed closer, the power

efficiency of the inductive link can be increased.

The fixed part of the proposed package, which is used for

generating the power supply and communicating with outside,

can be positioned inside a cavity on the skull. On the other

hand, the movable part is placed on the brain for recording the

neural activity. The two parts can be connected together with

a flexible cable for transferring power and information. This

allows the readout part to move with the brain, in order not to

damage the neurons, if the head is subject to a physical impact.

The transceiver part of the package, which will be fixed to the

cranial bone, is fabricated by using a biocompatible silicone

elastomer and covering it with Parylene C.

The performance of the remote powering link is character-

ized by measuring the power efficiency from the supply of

the power amplifier to the output of the rectifier, excluding

the gate losses at the amplifier. When a matching network is

used between the inductive link and the rectifier, the power

efficiency is measured to be 8.1% for 10mW power delivered

from the rectifier, compared to 4.5% efficiency without the

matching network. The maximum measured efficiency is 8.3%

with the matching network, 2.4 times the efficiency without

the matching network. Moreover, the efficiency is increased to

5.8 times the efficiency of the link without matching, for 1mW

power consumption at the rectifier load. The matching network

improves the power efficiency between 1mW and 20mW, the

desired power consumption range for the implant.

The dependence of the rectifier output voltage with respect

to power amplifier supply voltage is also characterized. As

expected, the relation is linear, which simplifies the design of

a power control loop.

The realization of the remote powering link with the regu-

lator is under progress. The effect of the tissues on the power

efficiency should also be investigated and is currently under

study.
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