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Influence of System Integration and Packaging
on Its Inductive Power Link for an Integrated
Wireless Neural Interface
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Abstract—In an integrated wireless neural interface based on
the Utah electrode array, the implanted electronics are supplied
with power through inductive coupling between two coils. This in-
ductive link is affected by conductive and dielectric materials and
media surrounding the implant coil. In this study, the influences of
the integration of an implant coil on a silicon-based IC and elec-
trode array, thin-film Parylene-C encapsulation, and physiological
medium surrounding the coil were investigated systematically and
quantitatively by empirical measurements. A few embodiments of
implant coils with different geometrical parameters were made
with a diameter of #5.5 mm by winding fine wire with a diame-
ter of approximately 50 //m. The parasitic influences affecting the
inductive link were empirically investigated by measuring the elec-
trical properties of coils in different configurations and in different
media. The distance of power transmission between the transmit
and receive coils was measured when the receive coil was in air
and immersed in phosphate buffered saline solution to simulate an
implanted physiological environment. The results from this study
quantitatively address the influences of factors such as device in-
tegration, encapsulation, and implantation on its inductive power
link, and suggest how to maximize the efficiency in power trans-
mission for such neural interface devices powered inductively.

Index Terms—Caoil, inductive coupling, integration, neural in-
terface, packaging, quality factor, resonance frequency, Utah elec-
trode array (UEA).

I. Introduction

T J ECENTLY, an integrated wireless neural interface device
M \. based on the Utah electrode array (UEA) has been de-
veloped, which is intended for chronic neural signal record-
ing [1]-f4], The implanted electronics in this device are supplied
with power through inductive coupling between two coils. The
power receive coil was previously micromachined in a flat spiral
configuration using thin-film technology [5] and integrated with
other active and passive components consisting of this neural
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interface [4], When such a neural interface is implanted in the
body, the inductive power link is affected by the conductive and
dielectric properties of the materials and media present between
an external power transmit coil and an implanted power receive
coil. The following factors would affect the inductive power link
due to the conductive and dielectric properties of the materials
and media surrounding the implant coil and present between
them:

1) the silicon substrate underneath the implant coil when the

coil is integrated with silicon-based IC and UEA [3], [4];

2) the coating materials used for device encapsulation

[638;

3) the surrounding biological medium in a physiological

environment.

Practically, tuning a power receive coil at a specific frequency
to maximize the voltage and power reception for such im-
plantable microdevices can be difficult because the presence
of conductive and/or dielectric media nearby the coil will af-
fect the coil’s electrical property, and as a result, its perfor-
mance in wireless power reception. Therefore, it is important
to predict changes in electrical properties of the coil caused by
device integration, encapsulation, and implantation in a phys-
iological environment in advance, in order to achieve a max-
imum power transmission distance. This paper presents the
quantitative investigation of these effects for an implantable
neural interface device on its wireless power link by empirical
measurements.

Fig. | presents an example of the integrated neural in-
terface device with an overall dimension of 7.6 x 8.0 x
2.5 mm, including the electrodes. For use in such neural in-
terfaces, two embodiments of flat spiral coils were built with
a diameter of up to 5.5 mm, by winding insulated Cu and Au
wires with a diameter of approximately 50 pm. To quantitatively
investigate the aforementioned influences of the materials and
media surrounding the coil on its power transmission, the elec-
trical properties of the coils such as inductance, series resistance,
and capacitance were measured with coils in different configura-
tions. By observing the change in impedance of coils in different
configurations and different media, the influence of each mate-
rial and medium surrounding the coil could be quantitatively
determined. The distance of power transmission between the
transmit and receive coils was measured and compared for coils
in different configurations.

Although there have been a body of publications investigat-
ing the material properties of polymeric encapsulants for im-
plantable devices including not only Parylene-C that is used in
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Fig. 1. Photograph of an integrated neural interface. The dimensions are
7.6 mm x 8.0 mm, with an overall height of 2.5 mm including the electrodes.

this study, but also epoxies, polyimides, silicones, or inorganic
materials such as silicon nitride and silicon carbide [6]—20],
most of these publications have not dealt with the effect of en-
capsulation materials on inductive link for a wirelessly operating
device. This study focuses on the influence of device encapsula-
tion on the resonance frequency and quality factor of the implant
coil, and its subsequent use in wireless power transmission by
systematic empirical measurements.

Il. Materials and Methods

A. Design ofImplant Coils and Test Assemblies

In our application, an inductance of 20-30 4H was desirable
for the implant coil to match the input impedance of the implant
IC and to achieve a sufficient quality factor [21]. The quality
factor was desired to be greater than 14, including all parasitic
losses. The outer diameter of the coil was determined to be
within 5.5 mm to fitthe overall dimensions ofthe neural interface
[4]. After a series of numerical simulations using finite element
analysis (FEA) [23], optimized coil designs were derived and
sample coils were made by winding microwires at IEC Company
(Conway, SC). We made two embodiments of microwire wound
coils: one was made of insulated Cu wire with a diameter of
44.7 fim and the other was made of Au wire with a diameter of
55.9 pm. The wire insulation material was solderable polyester
(trade name: Terasod, MW-77) that has a temperature rating of
180 °C, and the insulation thickness was 5.1 “m minimum and
7.6 “m maximum. Due to the process to integrate the coils on the
UEA devices, which was a soldering or a wire bonding process,
a material providing solderability/bondability was preferred as
wire insulation. Both types of coils had three-layer flat spiral
shape. Cu coils had a coil diameter of 5.0 mm, 34 turns per
layer, and a coil thickness of 160 fim, while Au coils had a coil
diameter of 5.5 mm, 30 turns per layer, and a coil thickness
of 200 pm. Cu wire wound coils were intended for bench top,
in vitro, and acute in vivo tests of supplying the integrated neural
interface, while Au wire coils were to be integrated in the devices
for chronic implantation. The design parameters used for the
implant coils are listed in Table I.

The effects of coil integration on the IC/UEA, Parylene-C
encapsulation, and implantation in a physiological environment
were investigated by measuring the impedance of coils in dif-
ferent configurations. Each type of coil was prepared in three
different configurations, as depicted in Fig. 2: the coil in isolation
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TABLE |
Design Parameters of Two Types of Microwire Wound Coils

Cu-wire coil Au-wire coil
Outer diameter 5.0 mm 5.5 mm
Inner diameter 1.3 mm 1.3 mm
Wire diameter 44.7 jum 55.9 jum
Number of turns 34 per layer 30 per layer
Coating thickness 5 jam 5 jum

Thickness 165 jam (3 layers)

5.9 x 107S/m

200 jum (3 layers)

Electrical conductivity 4.5 x 107 S/m

Fig. 2. Coil assemblies to investigate the influence of conductive silicon-based
substrates, (a) Coil, (b) Coil on IC. (c) Coil on IC and array.

Fig. 3.  (Left) Photograph of a flat three-layer Au wire wound coil in isolation,
and (right) when mounted on the IC and the UEA.

(assembly A), the coil on an IC (assembly B), and the coil on an
IC and UEA (assembly C) by using adhesive glue. Fig. 3 shows
photographs of the sample assemblies. The IC used in this study
was referred to as “INI14” (INI for “integrated neural interface,”
4: version number), and includes circuits for 100 neural signal
amplifiers, data processing, power and clock recovery, and an RF
transmitter for data telemetry [24]-[27]. The INI4 chips were
fabricated by X-FAB Semiconductor (Erfurt, Germany) in a
0.6-"m 3M2P BiCMOS process, and had dimensions of 4.9 x
5.6 mm with a thickness of 380 pm. The impedance of coils in
assemblies A, B, and C was measured over a frequency range
of 75 kHz-30 MHz, by using a precision LCR meter (Agilent
4285A, Santa Clara, CA). The precision LCR meter was cali-
brated in open- and short-circuit configurations when an adapter
board was attached, prior to coil measurements. The coils were
modeled as a combination of series inductance (Ls) and series
resistance (R s).

Prior to assembling the coil with the IC and UEA, the coil
assembly A (see Fig. 2) was tuned to resonate at a specific
frequency by adding a capacitance in parallel to the coil. An op-
erating frequency of 2.765 MHz was chosen to transmit power,
clock and command data to the INI4 chip for our applica-
tion. This choice was made due to low tissue absorption in the
1-10 MHz range, the need for a 345.6 kHz clock on the chip,
which is easily achieved by dividing the power frequency by 8,
and a moderate quality factor at the chosen frequency that was
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anticipated for the dimension and design of the used coils. The
capacitance was optimized to tune the coil assembly A at 2.765
MHz + 5 kHz, and this optimized capacitance was used for all
other coil assemblies and configurations: assemblies B and C,
assembly C encapsulated with Parylene-C layer, and immersed
in physiological solution.

B. Parvlene Encapsulation

A thin-film Parylene-C layer was used to provide conformal
encapsulation for the entire neural interface device, since the
device contains electronic components such as very large-scale
integrated (VLSI) INI4 chip and a few discrete components
that are exposed to the physiological environment, and there-
fore, requires insulation from the environment. An adhesion
promoter, 0.5% Silquest A-174 silane (GE Silicones, Friendly,
WV), was applied to the coil assembly C (see Fig. 2) prior to
Parylene-C deposition. Parylene-C film was deposited using a
Paratech 3000 Labtop Deposition System (Paratech Coating,
Inc., Aliso Viejo, CA) by chemical vapor deposition (CVD).
Parylene-C dimer precursor was acquired from Cookson Elec-
tronics Equipment, USA. The dimer sublimation temperature
was controlled between 120 °C and 170 °C to keep the vapor
pressure constant until the dimer sublimated completely. The
sublimation rate was estimated from the vapor pressure curve to
be ~0.03 g/min. The dimer vapor was subsequently pyrolyzed
into reactive monomers at 670 °C. The devices were placed in
the deposition chamber at room temperature and pumped down
to a base pressure <10 mtorr before sublimation of the Paiylene
dimer. The Parylene-C acts as a biocompatible layer that pro-
tects the device from ions in physiological environments. The
detailed material properties and encapsulation characteristics
of Parylene-C are described elsewhere [7], [8] and will not be
discussed in this paper.

To investigate the influence of Paiylene encapsulation for the
entire device (assembly C, see Fig. 2) and the surrounding phys-
iological medium on the electrical properties of the coils, the
coils* impedance, series inductance, and resistance were mea-
sured and compared for assembly C in different configurations:
before Paiylene coating, after Paiylene coating, and when im-
mersed in phosphate buffered saline (PBS) solution. Two Cu
wire coils were used to investigate the influence of Paiylene
encapsulation layer over the power receive coil. One Cu coil
(assembly C) was coated with Paiylene and the other was not
coated. The impedance of both coils was measured in the air
and when immersed in PBS solution. For the latter, the coil was
immersed in PBS filled in a Petri dish with a diameter of 10 cm.
The thickness of the PBS solution present above the coil was
5 nun.

C. Power Transmission

The power transmit coil used in this study was a planar spiral
coil printed on a circuit board [26], which had an outer diameter
of 5.8 cm, an inner diameter of 0.9 cm, and 28 turns, as shown in
Fig. 4, resulting in an inductance of 21 pH and series resistance
of 5.1 O. Previous simulation studies indicated that a coil of this
size optimizes the coil coupling coefficient k for an implantable
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Fig. 4. Power and command transmitter with an integrated PCB coil in a
diameter of 5.8 cm. The coil is driven at 2.765 MHz to provide power and a
clock signal to the INI14 chip, and the amplitude of this signal is modulated to
send commands to the chip.

IC (PQFP INI4 chip)

Fig.5. Schematic of the experimental setup to measure the power transmission
distance between the transmit and receive coils. The distance between the two
coils is adjustable using glass slides.

coil with a 5.5 nuu diameter and a coil-to-coil spacing in the
range of 1.5-2.0 cm, as we expect in implanted cortical applica-
tions [21], [22], The intended application targets at the distance
between the external transmit coil and implanted receive coil to
be greater than the thickness of the tissue in between. This min-
imum coil distance was determined based on the consultation
with a neurosurgeon [22], Also, the distance between the coils
needs to be limited so that exposing the implanted tissue to an
unnecessarily large magnetic field can be avoided. The power
board used a class E power amplifier to create a 2.765-MHz ac
waveform of up to 80 Vnns from a 10 V dc supply. The resulting
ac magnetic field was received at the implant coil and supplied
the IC connected to the coil. Techniques described in [21] were
used to optimize the power link. The power transmitter board
drew a current of 220 1A from the 10 V dc supply, resulting
in a power consumption in the entire transmitter circuitry of
2.2 W. The voltage and current measured at the transmit coil
were up to 80V nns and 0.39 Anns, respectively. The setup to
measure the received voltage at the implant coil is depicted in
Fig. 5. The receive coil was placed above the transmit coil,
with center points aligned. The distance between the two coils
was adjusted using 1 uuu-thick glass slides. The receive coil
was connected to a surface mount device (SMD) packaged IN14
chip that was mounted on a printed circuitboard (PCB), through
lead wires in a length of about 4 cm for testing convenience,
as shown in Fig. 5. The distance of power transmission was
measured for both Cu wire and Au wire coils by measuring the
received voltage at the INI4 chip using an oscilloscope (Tek-
tronix TDS 3054B, Beaverton, OR). Because the additional re-
sistances present in the lead wires connecting the coil to the IN14
chip and in the interconnection lines sputter deposited with a
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Fig. 6. Measured impedance of a Cu wire coil in assemblies A, B, and C
(top) when no external capacitance was used and (bottom) when an external
capacitance of 114.6 pF was used to tune the assembly A at 2.765 MHz. This
capacitance was used for all other assemblies.

thin-film stack of Ti/Pt/Au on the UEA [4] were not negligi-
ble compared to the resistance of the coil itself, the distance
of power transmission was measured and compared when these
additional resistances were inserted between the coil and the
INI4 chip, to model such resistive effects.

1. Results and Discussion

A. System Integration and Electrical Properties of Coils

The measured impedance of a Cu wire coil is shown in Fig. 6
for assemblies A, B, and C, and the series resistance and in-
ductance for each coil configuration are listed in Table Il. The
measured impedance of an Au wire coil in different configura-
tions is shown in Fig. 7, and the series resistance and inductance
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TABLE Il
Electrical Properties of Curwire Wound Coil
Gl Gil+IC ~ Gil+IC+UEA
(assebly Ay (essenblyB)  (asserbly §
A BKH 2890 291 2891
v A2TEMH BB 015 214
R«(@) AtBKH 23 1267 1266
At276ME 153 1628 1631
Qoil corededw TEMD) 2761 272 22

acapacitance (0% (03] 04 11 11
(ﬁ%ﬂ% 0 210 N N

Fig. 7. Measured impedance of a Au wire coil in assemblies A, B, and C
(top) when no external capacitance was used and (bottom) when an external
capacitance of 140.7 pF was used to tune the assembly A at 2.765 MHz. This
capacitance was used for all other assemblies.

are listed in Table I1l. By comparing the results for assemblies A
and B, the integration of the Cu coil on the silicon IC increased
the resistance by 6.4% at 2.765 MHz, while it increased the
inductance by 0.6%. For the Au coil, the changes in resistance
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TABLE Il
Electrical Properties of Aurwire Wound Coil
Gl @il +IC il +IC+LEA
(eserblyA)  (esserblyB)  (essebly O
ABKH 28B40 841 B4
A2TBME 2346 285 285
R ABKH 1306 3@ 130
@ A2TBEME 1543 1623 168
ol comected W/ s 2789 2763 2763
acaeditance. Cul@P) 05 11 11
@=14070)  n 564 A5 %44
Fig. 8. Equivalent circuit model of a coil in assemblies A, B, and C when

(a) no external capacitance was used, (b) an external capacitance was used
for resonance, and (c) the coil assemblies were immersed in a physiological
solution.

and inductance due to the integration of the coil with the IC
were 5.2% and 0.4% at 2.765 MHz, respectively. On the other
hand, the influence of the integration of the UEA underneath the
IC (compare the results for assemblies B and C) was negligible
with changes less than 0.3% in resistance and 0.05% in induc-
tance at 2.765 MHz for both Cu and Au coils. This negligible
effect of the integration of highly doped silicon-based UEA on
the electrical properties of the coil is due to the fact that the coil
is apart from the UEA by the IC in between, with a separation
distance of about 430 ~m that is sufficiently large so that the
coil is not affected by the conductive and dielectric properties
of the UEA.

After measuring the impedance of the coil assembly A (see
Fig. 2), it was tuned to the frequency at which power, command,
and clock signals are transferred to the INI4 chip, by using an
external capacitance (Cext), as depicted in Fig. 8. The resonance
capacitance Cext was chosen in such a way that the resonance
occurred in the range of 2.765 b 0.005 MHz using different
capacitor values. The resonance capacitances used for each coil
assembly A were 114.6 pF for Cu coil and 140.7 pF for Au coil.
The impedance and resonance frequency of the coil assembly
A were measured with this optimized capacitance connected in
parallel, and compared to those for the assemblies B and C, as
shown in Table Il for Cu coil and Table Il for Au coil. The
integration of the coil on the IC shifted the resonance frequency
to the lower side by 0.3% (0.009 MHz) for Cu coil and 0.2%
(0.006 MHz) for Au coil. The shiftinresonance frequency can be
explained by the increase in coil capacitance (CGJi in Fig. 8) due
to the integration of the semiconductive IC underneath the coil.
The coil capacitance CQJi was calculated using the equation of

1
~Ce 1
(2tt/res) Ls ( )

Ccaoil
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where /res is the measured resonance frequency, Ls is the mea-
sured inductance, and Cext is the external capacitance used to
tune the coil assembly A. The calculated coil capacitance CGi
is listed in Table Il for Cu coil and Table Il for Au coil. This
indicates that the integration of the coil and IC increased the
coil capacitance by about 0.7 pF for both Cu and Au coils. On
the other hand, the integration of the coil on the IC decreased
the coil’s quality factor Q by 6.1% for Cu coil and 4.6% for Au
coil.

From the results of Figs. 6 and 7, or Tables Il and IlI, the
integration of the UEA underneath the coil/IC assembly did
not affect the electrical properties of the coil, the resonance
frequency, or the Q.

B. Polymer Encapsulation and Surrounding Medium on
Electrical Properties of Coils

Next, we investigated the influence of Parylene encapsulation
of the assembly C (see Fig. 2) and the surrounding physiological
medium on the electrical properties of the coil. The impedance,
inductance, and resistance of the coils were measured and com-
pared in different configurations: before Parylene coating, after
Parylene coating, and when immersed in PBS solution. Here,
two Cu wire coils were used to investigate the influence of Pary-
lene encapsulation over the characteristics of the power receive
coil. One Cu coil (assembly C) was coated with 6.3 “m Pary-
lene and the other was not coated. Impedances of both coils
were measured in air and when immersed in PBS solution, and
the results are presented in Fig. 9.

From the results in Fig. 9(a), the encapsulation with Parylene
layer decreased the resonance frequency by 0.004 MHz (0.15%)
and increased the coil capacitance by 0.4 pF. The coil capac-
itance in assembly C in different media was calculated from
the measured resonance frequency /res, inductance Ls, and the
used external capacitance Cext, as shown in (1). When the coil
assembly encapsulated with Parylene was immersed in solution,
the resonance frequency was further decreased by 0.029 MHz
(1.1%), resulting in an increase in coil capacitance by 2.5 pF. The
influence of the Parylene encapsulation and immersion in PBS
solution on the coil’s Q was negligible, with a variation in Q less
than 0.2%. On the other hand, the results in Fig. 9(b) for the coil
assembly that was not encapsulated with Parylene presented that
the immersion in solution decreased the resonance frequency by
0.334 MHz (12.1%), increasing the coil capacitance by 33.4 pF.
The Q decreased by 56.7% when the coil assembly was im-
mersed in solution. The results in Fig. 9 demonstrate that the
Parylene encapsulated coil is significantly less affected by the
surrounding dielectric and conductive medium than the coil that
was not coated, which indicates that the thin-film polymer en-
capsulation helps lessen the effect of the surrounding medium
on the electrical property of the coil.

The influence of the thickness of Parylene encapsulation was
also investigated. Here, Au coil assembly C was used and encap-
sulated with Parylene in a thickness of 2.9 “m. The measured
impedance is shown in Fig. 10. The change in coil’s electrical
properties due to the 2.9-"m Parylene encapsulation was neg-
ligible, while the immersion of the encapsulated coil assembly
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(a)
No Parylene Parylene
coating, coated, coated,
in air in air in solution
Frequency (Hz) fres ‘MH/) 2.752 2.748 2.719
Ccoil (PF) 11 1.5 4.0
Q 30.14 30.20 30.18
Frequency (Hz)
(b)
No coating, No coating,
in air in solution
Frequency (Hz) /., (MHz) 2.752 2.418
CC,,APF) 12 34.6
Q 30.48 13.19

Frequency (Hz)

Fig. 9. Measured impedance of a Cu wire coil in assembly C (a) when it was encapsulated with Parylene in a thickness of 6.3 /im and (b) not coated with
Parylene. Both coils were measured in air and in PBS solution with the thickness of solution above the coil of 5 mm.

15000 i i i i i
————— in air, before coating i i i i i
»»»»» in air, after coating | | | |
0100 - in solution J- 1- \ -
<< ,
5000 RS SN
B No Parylene Parylene
- i i i i i i b coating, coated, coated,
24 245 25 26 266 27 & 285 29 in air in air in solution
Frequency (Hz) X1®  fres (MH2) 2.773 2771 2.635
10
1 1 1 1 t 1 1 Cam, (pF) 0.65 0.83 14.0
50 . 20Tttt g 26.31 26.31 23.53
T mr— = ——
O~ 1-- 1 T - |
————— in air, before coating N» 1 X . i
R p— in air, after coating — A>4'—11—
-----in solution
24 245 25 2% 26 266 27 275 286 29
Frequency (Hz) X 106

Fig. 10. Measured impedance of a Au wire coil in assembly C encapsulated with Parylene in a thickness of 2.9 //m. The coil assembly was measured in air and
in PBS solution with the thickness of solution above the coil of 5 mm.
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in PBS solution decreased the resonance frequency by 4.9%,
decreased the Q by 10.6%, and increased the coil capacitance
by 13.2 pF. By comparing the results for 6.3 pm Parylene coat-
ing in Fig. 9(a) and for 2.9 pm Parylene coating in Fig. 10,
the changes in resonance frequency, coil capacitance, and Q
were greater with the coil coated with thinner Parylene layer,
although the two coils used in each measurement were not iden-
tical geometrically or electrically (see Table 1). From the com-
parison of the results using different Parylene thicknesses (see
Figs. 9(a) and 10), the variations due to the presence of phys-
iological medium was about 5% in resonance frequency for
a coil coated with 3 pm Parylene, resulting in a decrease in
coil impedance to one-third of the value when no physiological
medium is present (see Fig. 10), while 1% decrease in resonance
frequency for a coil coated with 6 pm Parylene, resulting in a
decrease in coil impedance at the intended resonance frequency
around 2.76 MHz by 20% [see Fig. 9(a)], which is well within
a tolerable range. To minimize such effects of physiological
medium on inductive links, the following approaches can be
considered: 1) select the SMD capacitor for coil resonance to
be smaller than the derived capacitance value when no effect of
surrounding medium is taken into account, by the amount cor-
responding to the predicted change in resonance frequency (for
example, about 10% smaller capacitance is needed correspond-
ing to 5% change in resonance frequency for the coil coated
with 3 fim Parylene and 3% smaller capacitance corresponding
to 1% decrease in resonance frequency for the coil coated with
6 fim Parylene) or 2) increase the Parylene thickness so that the
effect of surrounding medium is less significant or negligible.
As the former approach is more challenging to convey variations
in properties of implanted tissue, which varies implantation to
implantation, and therefore, can easily cause slight variations in
resonance frequency, we took the latter approach of coating with
a sufficiently thick Parylene that can mitigate the influence of
the surrounding medium on the inductive link. For this reason,
a Parylene thickness of 6 fim or greater was chosen.

The results in Fig. 9(b) present that the immediate contact of
the coil with physiological medium (PBS) significantly detunes
the resonance frequency and decreases the Q. Fig. 8(c) shows
the equivalent circuit model of a coil in a physiological medium,
which adds additional capacitance Cso\ to the coil capacitance
Ceil. This is largely due to the capacitive effect of the dielectric
surrounding medium, for example, the dielectric constant is
80 for water at 20 °C while it is 2.9 for Parylene. The high
dielectric constant of PBS solution affects the capacitance of
the coil by concentrating the electric field near the coil, and
therefore, increasing the coil capacitance, resulting in a lower
resonance frequency as well as lower quality factor [23],

To confirm the validity of using PBS solution as an implanted
physiological model, additional measurements using dead tis-
sue were performed. The coil assembly was placed in a piece of
meat with a thickness of 1 cm on top and 1 cm underneath the
coil assembly. The lead wires from the coil for connection to the
LCR meter were not covered by the tissue in order to prevent
additional capacitive effects to the capacitance formed by the
two lead wires. The measured impedance of the coil surrounded
by tissue showed that the resonance frequency and quality fac-
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tor of the coil were similar to those when surrounded by PBS
solution, within a difference in resonance frequency of less than
1% and in quality factor of less than 5%. This confirms that us-
ing PBS solution approximated the biological tissue reasonably
well. In addition, in all measurements using biological tissue,
the change in resonance frequency due to the surrounding tissue
was slightly smaller than due to the immersion in PBS, which
suggests that using PBS solution as implanted model can be
considered more conservative.

C. Connection ofLoad to Coil

The influence ofthe connection of a load, i.e., 1N14 chip, to the
coil was investigated by measuring the distance of power trans-
mission. The received voltage on the 1N14 chip was measured
using an oscilloscope, as a function of coil separation. When the
unregulated voltage was greater than 4.3 V, the 1N14 circuitry
was functioning properly, and the on-chip regulator was able
to supply the chip with a regulated dc voltage of greater than
3.0 V. The distance of power transmission was measured using
Cu and Au coils in assembly C when they were connected to
the SMD-packaged 1N14 chip through lead wires in a length of
about 4 cm, as shown in Fig. 5. Due to the input capacitance
of the voltage regulation circuitry of the IN14 chip, the reso-
nance of the coil was detuned when connected to the 1C. Fig. 11
presents the measured voltage received on the chip through a
Au coil when the coil was tuned without considering the input
impedance of the chip and when tuned taking it into account.
The transmission distance increased from 12 to 18 mm when
the coil was tuned with the load connected to it. The received
voltage was maximized using a trimmable capacitor, and the
optimized capacitance to tune the coil with the load was 92.0 pF
for Au coil and 69.2 pF for Cu coil. This indicates that the con-
nection to the 1N14 chip adds a capacitance of 40-50 pF parallel
to the coil, which needs to be taken into account when selecting
the external capacitance (Cext) for coil resonance. This capaci-
tance value closely matches the calculated and simulated values
for the chip.

In the recently demonstrated wireless UEA neural interface,
thin-film metal traces sputter deposited with Ti/Pt/Au on the
UEA are used to interconnect the coil to the INI chip [4], These
interconnection traces were designed to be as short and wide
as possible, in order to achieve as small resistance in them as
possible. The resistance R in these interconnection traces was
calculated using

2__ tTjw + tptw + tAuw

R PtJ PPtl Pal

where p is the electrical resistivity of the used metals (pxi =
5.54 x ICT70-m, pPi = 1.06 x 10_7fi-m, and pkxi = 2.20 x
107'0-m), t is the thickness of each metal (tj\ =50nm,
tpt = 150 nm, and tkxi = 300 nm), and w and 1 are the width
and length of the sputter deposited traces (w = 250 pm and
I = 2500 pm). The resistance R was estimated to be 5 O. As
this additional resistance decreases the quality factor of the coil,
minimizing this resistance is desired for a high efficiency in
power transmission. The equivalent circuit model of the coil
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lig. 11.  Measured voltages received at the INI4 chip through (top) Au coil
and (bottom) Cu coil when the coils were tuned without considering the load
(noted “not tuned” in the plots) and tuned considering the load connected to the
coil (noted “tuned” in the plots).

Coil assembly

ilig. 12.  Equivalent circuit model of a coil including an additional resistance
that models the thin-film metallization deposited on the UEA for component
interconnection.

including all parasitic effects such as this additional resistance
is depicted in Fig. 12. The unregulated voltage at the IC con-
nected to a Au wire coil (assembly C) was measured using the
setup as shown in Fig. 5. Fig. 13 presents the measured unreg-
ulated voltage received at the IC as a function of coil-to-coil
distance and the additional resistance inserted between the coil

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING. VOL. 56. NO. 12.DECEMBER 2009

ilig. 13. Measured voltage at the INI4 chip received through Au coil as a
function of coil separation, when various resistances R modeling the thin-film
interconnection metallization wsere used. The 1C worked properly when the
unregulated voltage wses greater than 4.3 V.

and the input of the TNT4 chip. When the additional resistance
R was smaller than 10 O, which is double the resistance in
the thin film deposited interconnections, the variation in trans-
mission distance was less than about 5%. As R increased, the
transmission distance decreased.

TV. Summary and Conclusion

In this study, the conductive and dielectric effects of the ma-
terials and media surrounding an implant coil on the inductive
power link were investigated empirically and quantitatively. The
integration of the coil on the silicon-based IC had little effect in
increasing the resistance and inductance by about 6% and about
0.5% at 2.765 MHz, respectively, while the integration with the
UEA did not affect the electrical property of the coil due to the
separation between the coil and the UEA. The encapsulation of
the device with Parylene had little effect on the electrical prop-
erty of coils, with changes in both resonance frequency and Q
of less than 0.2%.

On the other hand, the immersion of the coil in physiological
solution changed the coil characteristics. When the coil was not
encapsulated with Parylene and physiological solution was in
immediate contact with the coil, the immersion in the solution
added a capacitance of up to 33 pF, and as a result, decreased
the resonance frequency by up to 12% and Q by up to 70%,
which results in a significantly decreased transmission distance.
When the coil was encapsulated with Parylene, the immersion
in PBS solution affected the coil’s electrical properties clearly
less than the coil that was not encapsulated, depending on the
thickness of Parylene. When a thicker Parylene encapsulation
was used, the influence of surrounding physiological medium
was less significant. When the Parylene encapsulation was 6.3
pm thick, the changes in resonance frequency and Q due to the
physiological medium were only 1.1% and 0.07%, respectively.
Thus, the Parylene encapsulation not only protects electronic
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components for the neural interface device, but also keeps
the electrical properties of the coil unaffected by surrounding
medium in a physiological environment.

In our previous study [7], [8], Parylene as encapsulation for
active implants was characterized including long-term material
stability, showing that Parylene encapsulation was stable over
about one-and-half years by measuring leakage current and
impedance spectroscopy using planar interdigitated electrode
(IDE) test structures. On the other hand, this paper focuses on the
influence of physiological medium on inductive coupling and
wireless transmission, which has remained unexplored before
this study although there have been many implantable devices
developed employing inductive transmission. For the long-term
effects of biological medium on inductive coupling are certainly
of greatest interest in ultimate applications of such devices, in-
vestigations on this issue are currently being conducted by the
authors’ group. This set of studies includes long-term data of
changes in electrical properties of the coil due to the exposure
to a simulated physiological environment, changes in resonance
frequency and quality factor of the coil when it is connected
with an SMD capacitor and when it is integrated with IC and
UEA. In all cases, the coil assemblies are coated with Parylene
in various thicknesses of 1to 20 fim. This study will provide
information on long-term influences of soaking the encapsu-
lated device in physiological medium in a systematic manner,
enabling to identify potential failure modes of the device. Paral-
lel to the neural interface device presented in this paper, which
consists of individual components stacking on each other [4],
we are pursuing an alternative design employing a lid made of
silicon to protect electronic components inside, and therefore,
provide a better protection and hermetic sealing to the device.
The concept of this approach was presented in [28] and [29].

Another factor that needs to be accounted for in achieving
an optimized inductive power link is the electrical connection
of the coil to the load. The additional capacitance and resis-
tance involved in the connection of the coil and the load have to
be considered. The IN14 chip added an additional capacitance
of about 40-50 pF parallel to the coil, and the thin-film inter-
connection traces deposited on the UEA added an additional
resistive loss in the coil connection, resulting in a decreased
Q for the coil. The Au and Cu coils optimized taking all these
factors into account demonstrated a maximum transmission dis-
tance of 17 mm for Cu coil and 18 mm for Au coil in the air.
From the results of this study, it is predicted that the resonance
frequency and Q of the coil will not be affected even if the coil
is immersed in PBS solution, when a Parylene encapsulation of
greater than 6 fim is used. In this case, the transmission distance
achieved through air would also be achievable in an implanted
physiological environment.

Although we investigated the influence of system packaging
and Parylene encapsulation for a specific type of neural interface
based on the UEA, the results reported here can be useful for
other types of implantable devices that are powered wirelessly
through inductive coupling or contain integrated electronic cir-
cuitry. This paper will provide information on the effect of not
only Parylene but also other polymeric encapsulants such as
silicones, polyimides, or epoxies on inductively coupled power
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link as they have similar electrical conductivities and dielectric
constants that affect the electrical characteristics of the implant
coil. A current on-going study by the authors’ group includes
measurements of changes in electrical properties of the coil
coated with Parylene and other polymeric materials that can
potentially be used as device encapsulation, which will give a
more general set of knowledge on the effects of encapsulation
materials and wireless transmission for different materials and
different environmental conditions.
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