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ABSTRACT With the development of microelectronics and sensor technologies, implantable electronic
devices are employed in many applications. These devices are distributed on or in the human bodies and
are used to transmit signals wirelessly to external equipment. In conventional wireless communications,
the antennas need a lot of space and power, and their strong electromagnetic interference limits the
available locations for implantable devices. In the more recently developed galvanic coupling intra-body
communication technology, human tissues are used as the media of signal transmission, and this method has
therefore been applied to resolve the spatial limitations of conventional wireless communications methods.
This paper presents a mathematical model of multi-layer galvanic coupling based on the volume conductor
theory to analyze the transmission mechanism of these implantable intra-body communication devices. The
proposed model is based on the quasi-static approximation conditions of Maxwell’s equations, the field and
potential are solved from Poisson’s equation, and an equation was obtained to model the channel attenuation.
The channel gain in a model of human limbs can be used to calculate within the frequency range of lesser
than 1 MHz. To verify the accuracy and applicability of the model, the computed results were compared with
the physiological saline and porcine tissue experimental results in the 100-kHz frequency.

INDEX TERMS Implantable communication, galvanic coupling intra-body communication, Poisson’s

equation, volume conductor theory, implantable medical device (IMD).

I. INTRODUCTION

Research on implantable medical electronic monitoring
and control devices has attracted much interest because
implantable medical electronic devices can be used not only
to monitor human health indicators, but also to treat cer-

tain diseases such as epilepsy and tetraplegia [1]-[3], and to
replicate the functions of some organs, as with the cardiac
pacemaker and the artificial cochlea. However, the signal
transmission efficiency of the implantable devices has been
an important research question. Although many communica-
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tion methods have been proposed in the past several decades,
the many restrictions associated with these methods have
made only very few of them available for use in cardiac
pacemakers, deep brain stimulators, gastric defibrillators, and
other medical electronics [4]—[8].

Communication systems can be classified as either
wired or wireless transmission. In wired communications,
the wires connecting the implantable and external devices
must pierce through biological tissues, which often cause
tissue infection or other complications. In addition, when
the living body moves, the connecting wire introduces some
noise that lowers the signal-to-noise ratio [9]. The wireless
communications (electromagnetic coupling [1], [10], [11],
and intra-body [12] communications) can help to solve some
problems by the wired communications. Because of the
higher bandwidths, electromagnetic coupling and radio fre-
quency communications have higher communication fre-
quencies; therefore, they can achieve higher communication
speeds. However, human tissues produce a strong shielding
effect against high-frequency signals, resulting in significant
signal attenuation. Furthermore, high-frequency radiation
may cause injury to human tissues, and a larger implantation
space is required to hold the communication antenna [5].
Therefore, the radio frequency communications are unsuit-
able for implantation in the brain, bone marrow, or thoracic
cavity.

In galvanic coupling intra-body communication, human
tissues become the signal transmission medium, avoiding
interference because no complicated connecting wires are
used. This method also avoids the need to implant a commu-
nication coil or antenna because the signal couples directly
with the human body. Furthermore, galvanic coupling intra-
body communication occurs at communication frequencies
of less than 1 MHz with little radiation [20]. For these rea-
sons, this communication method can be used for devices
implanted in almost any part of the body.

To facilitate the study of the signal transmission mech-
anism in galvanic coupling intra-body communication and
provide theoretical support for the communication channel,
several theoretical models have been proposed, including
simplified circuit [13]-[16], numerical solution [17]-[19],
and analytical solution [20] models. The simplified circuit
model is based on a simplified model in which human tis-
sues are considered to be electronic components [13]-[16].
This modeling method is easily implemented with simple
calculations; however, any variation in channel parameters
such as the communication frequency [13]-[15], implanted
depth [16] and communication distance, and then the prop-
erties of the electronic components must be redefined and
applied in a new derivation of the model, so the simplified
circuit model is poor repeatability. Therefore, the results of
this method are unsatisfactory for analysis of multi-frequency
implantable intra-body communication channels.

In channel modeling, numerical solutions model [17]-[19]
are often chosen because the subject’s portion used in channel
modeling (such as human body) cannot be approximated by
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a simple geometrical shape. As a consequence, numerical
techniques (such as Finite Element method (FEM)) are often
chosen for solving the channel modeling problem instead of
the analytical solution. This is especially true for the iterative
algorithms since they are very sensitive to the shape of the
object. However, analytical solutions can still be used with
good effect when noniterative algorithms are applied since
they are less sensitive to the shape of the object.

Therefore, in the existing numerical solution models, struc-
tural simplification is always reasonably used to reduce the
sensitivity of the models to geometric structures. The analytic
solution is feasible when the geometric structure is not very
sensitive. PUN’s [20] showed that when the human forearm
was simplified to a multi-layer cylinder, the result of the
analytical solution model approximates the experimentally
obtained result. Therefore, the analytical solution model can
be applied to the analysis of multi-frequency implantable
intra-body communication channels.

In addition, the analytical solution can also be used to
quickly and effectively analyze the influence of physical
quantities upon the model and analyze the intermediate pro-
cess of calculation; moreover, analytical solutions can pro-
vide the basis for both non-iterative and iterative algorithms.
They also have some significant advantages compared with a
numerical method.

The analytical solution model demonstrates better
repeatability than the simplified circuit model and, unlike the
numerical solution model, its calculation is independent of
the interpolation function and element resolver. Therefore,
the sensitivity matrix can be well constructed, and the calcu-
lation is not computationally expensive.

As mentioned above, every modeling method has its advan-
tages and disadvantages, and the realization of numerical
solution in the implantable channel modeling is very excel-
lent. However, in the case of relatively simple geometry
and complex parameter variations, the analytical solution is
more advantageous. Since we expect to analyze the effect
of every small parameter change on the signal transmission
in the channel, the numerical solution is difficult to be fast
in achieving the calculation due to the parameters change.
Therefore, in this study, we choose analytical solution.

In the case of signal transmission from the inner to outer
part of the body, the internal excitation signal may be con-
sidered to originate in the biological tissue. For the research
problem presented in this paper, most of the previous liter-
atures have focused on the simplified circuit and numerical
solution models, and therefore a simple mathematical model
is needed to explain this problem.

In this paper, the authors propose a multilayer mathemati-
cal model of an implantable intra-body communication chan-
nel based on the volume conductor theory. Section II presents
the proposed analytical solution model based on the volume
conductor theory under the quasi-static electromagnetic field
condition and the source field Poisson’s equation. Section III
validates the accuracy and reasonability of the model by com-
paring the mathematical solutions for a single-layer model
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FIGURE 1. Simplified implantable multi-layer volume conductor model
with the finite separation d and numerable layers, in which the signal
source and source electrodes can be implanted at any position in any
layer in the model.

and a multi-layer model with experiments in a physiological
saline and porcine tissues. Section IV discusses some of the
limitations affecting the results obtained in Section II and III,
and Section V presents conclusions.

Il. METHODS

A. MATHEMATICAL MODEL

As stated in [15]-[21], the geometric structure of a human
limbs can be considered as a multi-layer cylindrical volume
conductor formed by skin, fat, muscle, cortical and cancellous
bone. Therefore, the research object of a limb is considered
to be a multi-layer cylinder with length 4 and maximum
radius ry. This geometric structure is shown in Figure. 1.
In a cylindrical coordinate system; the research object can
be described as a cylinder (r, 6, z) that satisfies the vol-
ume conductor theory. Within this cylindrical coordinate sys-
tem, the signal source is a pair of electrodes with the size
s X § xdyorw X w X dy (dy is the source electrode
thickness) that are installed in any layer of the cylinder with
positions (rg, 6o, zo) and (rg, B8 + 0, 20), respectively, where
(r0, 60, zo) and (19, 6o + 6, zo) denotes the position of the sig-
nal source (Positive electrode or negative electrode locations).
The radii of the cylinder’s for different layers from inside
to outside are (ry, rp,---,ry—1, n),Where rq is the inner-
most layer, ry is the outermost layer. To simplify the model,
the electrical characteristics of the tissues are considered to
be isotropic, and the conductivity and relative permittivity
in the corresponding layers are (o1, 02, ---,0n—1,0n) and
(e1, €2, -+, EN—1, EN), TESpectively.

11936

Under the quasi-statics condition from [22], the elec-
tric potential distribution of the volume conductor may be
expressed as

V. J=-V.-GVp) =1 (1)

where J is the current density (A - m™2) applied to the limb

through the implantable device; &5 is the complex conductiv-

ity; ¢ represents the potential within the human limb; and 1

is the volume current density (A - m™>) in the signal source,

expressed as
5s=0x+jw808s, s=1,2,---,N-1,N 2

where oy is the conductivity of the s-layer tissue and &g is

the permittivity of the s-layer tissue. In the cylindrical coor-

dinate system, each layer of the cylinder r is a homogeneous

isotropic conductor [23]. Therefore,
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On the basis of the Fourier series expansion equation of the
8-function [23], [24], (3) can be expressed as
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where g, is the Radial function, / is the volume conductor
length.

B. BOUNDARY AND CONTINUITY CONDITIONS

In order to derive the model solution in the volume conductor,
the model should also satisfy the boundary conditions [23],
[24] presented in this section.

V2gam(r | 1) = 0 )
¢(r,0,2)
—ar lr=ry =0 (6)
@s(rsT,2) = @5(rs ™, 2) @)
It 2) = Jy(ry™, 2) ®)
And assumption:
(p(ra 09 Z) |Z:0= (p(rs 97 Z) |Z:h: O (9)

In the cylindrical volume conductor, when the electrode cen-
ter ro # ry, The implanted electrode is not located on the
surface of volume conductor.
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C. RADIAL FUNCTION

The model solution can be derived on the basis of the
boundary conditions of the volume conductor represented
by (5)-(9). To simplify the calculation, the Radial Function
can be derived:

8sm(r | 10) = Agmli(kr) + BguKin(kr)
1
= Ko (kro)lu(kr),

0<r <rp
4 Usoitrce
= Ln(kro)K(kr), ro <r < ry;
Osource
(10)
where k = n/h,n = 1,2, -+, 00; Gsource 1S the complex

conductivity of the layer where the signal source was located.
Agn and By, denote the coefficients of the I,,,(kr) and K, (kr)
, divided by r = ry, respectively; I, is the modified Bessel
function of the first kind of order m and K, is the modified
Bessel function of the second kind of order m.

D. POTENTIAL DISTRIBUTION MODEL

By solving the mathematical model with (3)-(10), an analyti-
cal potential solution for the potential distribution model can
be expressed as:

7 N

oo
0s(r, 0,2) = —% 3
s=1
n

1
[—sin(mA)e™ =007
m=1 n=1 mn
1 2
X Sil’l% [;Sin nj;lzo Sin%][Asmlm(krs)

1

+ By K (kry) + = Y (kry)]
Osource

= J1,(r,0,72) (1D

where

Y (krs) = Kin(kro)lm(krs) 0 <75 < ro
Ln(kro)Km(krs)

ro <ryg <rn,

J is the current constant (current density), there J= —%;
¢s represents the potential within the human limb in
s-layer; t4(r, 0, z) is the volume conductor constants (include
geometric constants, electrical characteristic constants and
implantable constants), A = Wi /2rsurce and Wy is the
electrode width (s or w), rsource 1 the radii of the layer where

the signal source was located.

E. PATH-GAIN MODEL
From potential distribution model, the path gain PG model
can be expressed as:

G(r,0,2) lap = 20log10(prx (r, 0, 2)/1x (r0, 0, 20))
= 20l0g10(J TR (r. 0. 2)/T T1x (0, 0, 20))
= 20log10(R(r)) + 20log10(P(6))
+20log10(Z(2))
—20log10(trx (r0, 0, 20)) (12)
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where try is the receiver volume conductor constant, try is
the transmitter volume conductor constant,

N oo
1
R(r) = Z Z[Asmlm(krs)+Bsme(krs) + 5 Y (kry)l;
s=1 m=1 source
(13)
) | '
O) = Y _[—sin(mA)e™O=); (14)
m=1 m
> nrz 1  nmzg  now/2
7(7) — . nwz 1. . ) 1
() ;sm A [nsm sin W 1; (15)

Ill. VERIFICATION OF THE PROPOSED MODEL

In the experiment, we performed each set of experiment for
continuous four days, and every day three groups of data
were measured as the experimental results of this sample.
According to the variation property of the image, we selected
12 groups’ experimental data to fit the experimental results.
By fitting, we got the fitting (the distance and the depth
using the least square model (the highest second power),
the angle variation using the Lorentzian peak model) curve
of the experimental results.

Three parameters of the model will be verified, it is the
implantation depth & (§ = ry — rp) of the device, the dis-
tance d (d = z — 70 — HTW) of the implanted device in
z direction and the intersection angle 6y between the electrode
at the transmitting end and that at the receiving end on the
x — y section. In the experiment, two parameters were set as
constants, and the other one as variable. Meanwhile, in order
to facilitate calculation, the intersection angle between 6 the
positive electrode at the transmitter and the negative electrode
at the receiver is defined as a constant (6 = 180°).

A. PHYSIOLOGICAL SALINE EXPERIMENT
In order to verify the accuracy of the model, physiological
saline was selected as the medium for preliminary verifica-
tion. First, we used a transparent plastic cylindrical bottle with
a diameter of 80mm and a height of 170mm as the experimen-
tal sample vessel. At a height position of 10mm, two square
openings of 20 x 20mm? were cut, with centers symmetrical in
relation to the center of the cylinder, and these openings were
used to set the receiving electrodes. Two square copper elec-
trodes subjected to a glass insulation treatment were inserted
in the bottle’s neck for use as the signal electrode. The copper
electrode size was length x width x thickness:20x 20 x 1mm3;
The signal cable wick glass tube cladding of thickness
0.25 mm, and its overall length was 150mm, which was open
at two ends to input the current signal and fix the signal
electrode. This experimental layout was shown in Figure.2.
In the experiment, we injected physiological saline with
the conductivity and permittivity of ¢ = 1.75 §/m and
e = 80.4 at the frequency of 100 kHz [19], respectively,
into the cylindrical plastic bottle. Because the electric con-
ductance property was the same throughout the physiolog-
ical saline, the liquid in the bottle may be regarded as an
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FIGURE 2. Schematic of the physiological saline experiment.

TABLE 1. Physiological saline experiment parameters.

ro[mm] Ooldeg] z[mm] results
Distance 15 0 0~80  Figure. 3
Depth 5~20 0 30 Figure. 4
Angel 15 0~180 30 Figure. 5

ry =40mm, 0 = 180°, £ =rn — 1o

FIGURE 3. Physiological saline experiment results and models results
(distance as variable).

isotropic single layer. The conductivity and the permittivity of
the physiological saline were substituted into the established
analytical solution model.

In the system, two copper electrodes were used as the
transmitter (signal source) and recelver the transmitter
input current density was J and J may be expressed as
follows:

jmurce if Bb—A<6<6+A
J=10 other wise
_jsource lf T+60—A<bO<m+6)+ A

(16)

In which jwurce = 1/S; I is the injected current (A), S is the
electrode area (m?).
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FIGURE 4. Physiological saline experiment results and models results
(depth as variable).

FIGURE 5. Physiological saline experiment results and models results
(angle as variable).

In the experiment, the transmission distance (d),
the implantation depth (£) and the transmitter and receiver
angle (0p), assuming that two parameters were set as con-
stants, and the other one was varied. (shown in Table 1),
we analyzed the path gain characteristics of the channel.
Figure. 3 to Figure.5 show the experimental results and PG
model results with those from the proposed model when the
signal transmits from inside to outside (ITO) and from outside
to inside (OTI).

According to the experimental bottle geometrical param-
eters and physiological saline conductivity and permittivity,
equation (12) was used to gain the calculated result; from
the controlled experimental results (ER) of single layer vol-
ume conductor and the model calculation results (MR) in
Figure. 3 to in Figure. 5, we found that, difference between
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MR and ER are usually lower than 5dB at the same position
in the same repeated experiments. However, it was found
from these figures that, the overall variation tendency of the
experimental result, are consistent. It is concluded from the
fitting experimental and model result that, whether the signal
was transmitted from outside to inside (OTI) or from inside
to outside (ITO), R-squares of the experimental result and
the fitting curve were larger than 0.977 (the R-squares of
the experimental result and the fitting curve with respect to
distance and depth were larger than 0.995). This was shown
that the fitting result is identical with the experiment result in
the single-layer volume conductor controlled experiment, and
the fitting curve result can explicate the experimental result
effectively.

ERROR

In order to verify accuracy of the fitting curve of the
experimental results compared with the PG model results,
we selected the error of two curves for contrast, it is
expressed as:

Gerror = Gmodel — Gfitting (17)

where Go4e; is the computed result of the PG model; Gyring
is the computed result of the fitting curve derived from the
experimental results.

From the error between the model result and the fitting
result, we found that the error between the two results in
the single-layer volume conductor experiment is —6dB to
2dB (only —2.5dB to —0.5dB in the distance experiment)
and the absolute error is smaller than 6dB. Furthermore,
the variation tendency of the curve is approximate consis-
tent. Therefore, in the distance model of the single-layer
experiment, the model which we propose can explain the
channel transmission characteristics of the implantable intra-
body communication effectively.

However, human tissues are unlike normal saline which has
only single ingredient and structure. It is known that main
tissues composing human geometric construction include
skin, fat, muscle and skeleton, and they form human body
through the complex envelope structure. In order to study the
property of the model with complicated tissue characteristics,
we design the Muscle with Bone Effect Experiment.

B. MUSCLE WITH BONE EFFECT EXPERIMENT

1) SINGLE-LAYER EXPERIMENT

In order to study transmission characteristics of signals in
animal body tissues, on the basis of the physiological saline
experiment, we replaced experimental samples with minced
porcine muscle tissue. To avoid the influence of the fat
on the communication channel, in selecting the samples,
we selected muscle tissues from the same part (e.g., buttock)
of a pig as the experimental samples. Prior to this experi-
ment, some enmeshed fat in the muscle was first removed
so that the entire sample consisted of muscle (muscle: 95%).
After the fat removal, the muscle was minced in a meat
grinder and then filled in the empty bottle (diameter: 100mm,
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FIGURE 6. Experiment schematic of the Single-layer experiment.

height: 235mm). At a position 40mm away from the bottom,
two square openings of 20x20mm? were cut, with centers
that were symmetrical in relation to the center of the cylinder,
and these openings were used to set the receiving electrodes.
At the bottom of the bottle, the 30 mm high blue part is the
hollow base; in filling, it is filled up with minced muscle
tissue. Because all of the filler was the minced muscle tissue,
the transmission channel could be considered to be a single-
layer isotropic communication channel (muscle) (see Fig.6).
The experimental method was the same as that of the physi-
ological saline experiment.

A 0 dBm sinusoidal signal of 100 kHz was input to the
implantable signal electrode and surface electrode. The con-
ductivity and permittivity of the minced muscle we selected
were 0 = 0.25 §/m and &, = 9900 at the frequency
of 100 kHz [29]-[32], respectively. When the signal transmit-
ted from inside to outside (ITO) the tissue, the source elec-
trode radius was equal to 10 mm (r9 = 10 mm), the receiver
electrode radius is equal to located at 50 mm.

In the experiment, the transmitter and receiver angle is a
constant (6p = 0), assuming that the transmission distance (d)
(or the implantation depth (£)) as a constant, and the other
one was varied. (shown in Table 2) we analyzed the path gain
characteristics of the channel.

TABLE 2. Single-layer experiment parameters.

ro[mm] Ooldeg] z[mm] results
Distance 15 0 50~130  Figure. 7
Depth 5~35 0 60 Figure. 8

ry = 50mm, 0 = 180°, € = rn — 10

Comparisons of the experimental result and the model cal-
culation result of single-layer volume conductor with muscle
characteristics are shown in Figure. 7 and Figure. 8. Although
we try to reduce the gap by re-filling, the electrodes in two dif-
ferent experiments inevitably have some differences and this
certainly causes larger error than in the salt-water experiment.
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FIGURE 7. Single-layer experiment results and models results (distance
as variable).

FIGURE 8. Single-layer experiment results and models results (depth as
variable).

According to the fitting experiment result, it is concluded that,
whether the signal is transmitted OTI or ITO, R-squares of the
experiment and the fitting curve are larger than 0.996. Almost
all points are close to the fitting curve. The overall change
curve of the experiment result is nearly consistent with that of
the fitting curve, so the fitting curve can show fully variation
tendency of the channel in the experiment. By comparing,
the error between the model result and the fitting result ranges
from 1.1dB to 5.3dB, so the model is valid. However, in the
depth experiment, although R-squares of experimental result
and the fitting curve are also larger than 0.963, the exper-
imental result at some positions deviate seriously from the
fitting result. Although the overall changing curves in the two
groups of results are nearly consistent with the fitting curve,
the fitting curve can also explain variation tendency of the
channel in the experiment. By comparing the model result

11940

FIGURE 9. Experiment schematic of the Bi-layer experiment.

we proposed with the fitting result, the error between two
groups of results ranges from —0.5dB to 6.2dB. This model
is available. By contrast, the result of the distance experiment
is more consistent with the model calculation result.

2) BI-LAYER EXPERIMENT

On the basis of the Single-layer experiment, we use a
polyvinyl chloride (PVC 235-mm-long) Water pipe as the
bone (see Figure.9). The experimental method was the same
as that of the Single-layer experiment. In the experiment,
because all of the filler was the minced muscle tissue,
the transmission channel could be considered to be a bi-layer
isotropic communication channel (Hollow).

In this experiment, assuming that the transmission distance
(d) (or the implantation depth (£)) as constants, by changing
the implantation depth (£)(or the transmission distance (d))
(shown in Table 3), we analyzed the path gain characteristics
of the channel.

TABLE 3. Bi-layer experiment parameters.

ro[mm] Ooldeg] z[mm] results
Distance 15 0 50~130  Figure. 10
Depth 5~35 0 60 Figure. 11

“rn = 50mm, 6 = 180°, € = ry — 10

Compared with the experimental result and the model
calculation result of the bi-layers of volume conductor with
skeleton effect are shown in Figure. 10 and Figure. 11,
the experimental result is not changed significantly because
the conductive medium is still muscle. Although we find the
data in the depth experiment result are close to the fitting
curve, in each repeated experiment, the electrode is difficult
to occupy the electrode position in the previous experiment;
therefore, the experiment result has a large error (about 2dB),
and R-square of the fitting curve becomes relatively smaller
(less than 0.91). However, the model result we proposed
and the fitting result have a basically consistent variation
tendency.
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FIGURE 10. Bi-layer experiment results and models results (distance as
variable).

FIGURE 11. Bi-layer experiment results and models results (depth as
variable).

3) MULTI-LAYER EXPERIMENT

In order to study the path loss characteristics of the model
in a complex channel, we used porcine tissues to construct a
cylindrical phantom (Figure. 12). In this experiment, we first
selected a piece (230mm x 360mm) of rectangular pigskin
with fat, and then a uniform thickness of Smm was achieved
through surgical dissection. Measurements showed that the
skin thickness was 2mm and the fat thickness was 3mm in
the rectangular pigskin, and these were considered to be
the dimensions of the skin layer and the fat layer of the
phantom. The pigskin was rolled into a circular ring with a
height of 215mm, and stitched together with surgical sutures
to form a barrel shape (Figure. 12). The three-layer prosthe-
sis was fabricated by filling the gap between the bone and
muscle with 2500 g of minced muscle tissue. The conduc-
tivity and permittivity of the skin and fat we selected were
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FIGURE 12. Experiment schematic of the multi-layer experiment.

TABLE 4. Multi-layer experiment parameters.

ro[mm] Opldeg] z[mm] results
Distance 15 0 50~130  Figure. 13
Depth 5~35 0 60 Figure. 14

“ry = 50mm,0 = 180°£ =ry — 1o

FIGURE 13. Multi-layer experiment results and models results (distance
as variable).

o =0.00016 S/m, e, = 965 and o = 0.003S/m, &, = 98 at
the frequency of 100 kHz [29]-[31], respectively.

The square copper electrodes used in the single-layer
experiment and the two-layer experiment were inserted in
the phantom to replace the implantable device. In this experi-
ment, when the transmission distance (d) (or the implantation
depth (£)) as constants, the implantation depth (&) (or the
transmission distance (d)) was varied to analyze channel path
gain characteristics. (show in Table 4).

According to the single-layer conductor experiment and
the bi-layer conductor experiment with skeleton effect, com-
pared with the experimental result and the model calcula-
tion result of the multilayer volume conductor in Figure. 13
and Figure. 14, because skin and fat are taken into account,
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TABLE 5. Physiological saline experiment fitting parameters.

Fitting Distance experiment (Figure. 3)
Equation y=bg + by *xl + by x a2
Mode ITO OTI
RSS 10.87215 17.5869
R-Square 0.99885 0.99795
Value SE Value SE
bo -19.56335 0.0755 -28.2622 0.09602
b1 -0.38606 0.0044 -0.38849 0.0056
bo 2.59408E-4 | 5.29294E-5 | 5.07832E-4 6.73184E-5
Fitting Depth experiment (Figure. 4)
Equation y =bg + by * L + by * 22
Mode ITO OTI
RSS 3.93563 4.0323
R-Square 0.99516 0.99536
Value SE Value SE
bo -40.96171 1.25629 -47.0644 1.27162
b1 1.10361 0.09422 0.95996 0.09537
bo -0.03344 0.00171 -0.03134 0.00173
Fitting Angle experiment (Figure. 5)
. . Equation y:yO‘l‘(%)(m)
FIG_URE 14. Multi-layer experiment results and models results (depth as Mode O OTI
variable). RSS 144734 189268
R-Square 0.9787 0.97714
Value SE Value SE
channel attenuation is greatly changed (averagely increased I 352501 0.14599 44.08814 0.1634
by —5dB). Meanwhile, because complexity of channel tissues Te 90.07807 0.1841 90.96593 0.18473
is heightened, this causes the error (up to 4dB) of the repeated w 20.55902 049573 1861137 047489
’ A -854.95061 19.94384 -873.82676 21.04128
experiment at the same position which is further increased i 6.47395 0.3628 759.89008 0.43567

under the same condition. According to curve fitting, we con-
clude that the R-square of the fitting curve is larger than
0.989 in measurement of the distance experiment and the
R-square is larger than 0.937 in measurement of the depth

*SE:Standard Error,RSS:Residual Sum of Squares, RCS:Reduced Chi-Sqr

TABLE 6. Single-layer experiment fitting parameters.

experiment. The data of the experimental results are close to Fitting Distance experiment(Figure. 7))
. . .. N — T 2
the fitting curve. This shows that the variation tendency of Equation y=botbrxa +byxz
he fitti full lain th . 1 ! Mode 1TO OTI
the fitting curve can fully explain the experimenta resul ts. RSS 64373 762152
By comparing the fitting result and the model calculation R-Square 0.9975 0.99677
result, we find that the error (—1dB to 2.2dB) between two Value SE Value SE
. . . . . bo -16.55678 0.50308 -27.21662 0.5209
groups of curves is 0bv19usly reduced.ln the distance experi B 031717 001181 0303 001253
ment, but curve 1ntersection Ooccurs, thlS ShOWS that the varia- ba 6.9075E-5 6.50811E-5 1.43950E-4 6.73852E-5
tion tendency has changed. This phenomenon becomes more Fitting Depth experiment(Figure. 8)
distinct in the depth experiment, in which there is evident E‘i‘/}ag"“ - Cl)/ =bo+bixal +byx xsm
. . ode
curve intersection an‘d the .error (—7.5dB to 4.2dB) l?etween RSS 5543816 5187700
two groups of curves is obviously raised. By contrast, it can be R-Square 0.97809 0.96344
seen that the result of the distance experiment and the model Value SE Value SE
calculation result have better consistency. bo -35.61177 0.5701 ~43.31211 0.87688
y b1 0.07341 0.0428 0.00975 0.06287
ba -0.00734 7.06041E-4 -0.00709 0.00104

IV. DISCUSSION

In the Section III of the paper, accuracy and performance of
the mathematical model were analyzed through the in vitro
experiment . In the in vitro experiment, we selected physi-
ological saline for initial validation (Figure. 3 to Figure.5).
By comparing the measured result and the calculated result,
it was concluded that the model’s calculated result was highly
identical to the experimental data.

In the Muscle with Bone Effect Experiment (from single-
layer experiment to multi-layer experiments), it can be seen
that the distance experiment obviously has better consistency
with model calculation than the depth experiment. This is
because distance setting of the electrode is controlled more
easily than depth setting. As a whole, the errors between many
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"SE:Standard Error, RSS:Residual Sum of Squares

experiments at the same position also remain in the acceptable
range (less than 5dB). The experimental result, the fitting
result and the model calculation result change at the same
order of magnitude, and their curves coincide well.

In the multi-layer experiment, because both the fat layer
and the skin layer are thin (skin layer: 2mm; fat layer: 3mm),
it is difficult to place electrodes on them to carry experiments.
Therefore, in the depth experiment, the minimum skin depth
we designed is 15mm. Meanwhile, in the single-layer and
bi-layer experiments, the rigid plastic housing is used for
shaping. In the multi-layer experiment, the soft skin with fat
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is used for shaping. Obviously, in the multi-layer experiment,
deformation arises more easily. The more the number of
experiments is, the more obvious deformation is. Meanwhile,
as the experiment time is prolonged, dehydration will occur
in the flexible skin experiment. This causes data of similar
multiple experiments at the same position in three consecu-
tive days (twenty-hour interval) to have larger error than those
in the single-layer experiment and the bi-layer experiment
(about 4dB). For this reason, in future research, the effect of
deformation should be taken into account.

According to experimental results, we find that the path
attenuation of the ITO channel is greater than that of the
OTI channel. When the signal is transmitted from inside to
outside, there is electric current distributed on the six surfaces
of the implantable device; while current distribution only
exists on the surface (contacting with the electrode) of the
surface device when the signal is transmitted from outside to
inside. The signal intensity of the ITO channel is significantly
higher than that of the OTI channel, and the path attenuation
of the ITO channel is inevitably greater than that of the OTI
channel.

In the modeling, because we assume that the potentials on
the top and the bottom surfaces are 0, so in the process of
model calculation, the closer it gets to the bottom surface,
the closer to 0 the model result is; this is somewhat different
from the boundary of the physical field in this experiment.
For this reason, so we will further improve the boundary
condition in the next step.

Additionally, in the experimental verification, whether in
physiological saline experiment or in Muscle with Bone
Effect Experiment, we construct an isotropic volume con-
ductor, so this has some difference with actual structure of
human tissues. In future research, we will do further research
on anisotropic aspect.

V. CONCLUSION

This paper presents a mathematical model of a multi-layer
volume conductor for analyzing signal path gain characteris-
tics that affect implantable electronic devices at any location
in the human body. Within the operational frequency range
that satisfies the quasi-static standard approximation, we used
the volume conductor theory, Maxwell’s equations, and the
Poisson’s equation to derive a governing equation of the
electric potential distribution of the implantable communi-
cation carrier’s surface. To enhance the model’s accuracy,
the permittivity is used at the initial stage of modeling. Thus,
the model also reflects the capacitance effect.

Because experimental verification of the model on a human
body was not possible due to procedural challenges, phys-
iological saline and Muscle with Bone effect experiment
were used to verify the model. In the physiological saline
experiment, when we input a sinusoidal signal of 0 dBm at
100 kHz, the difference between the calculated and experi-
mental results was less than 2 dB. In the Muscle with Bone
effect experiment, when we input a sinusoidal signal of 0 dBm
at 100 kHz, the path loss difference between the calculated

VOLUME 7, 2019

TABLE 7. Bi-layer experiment fitting parameters.

Fitting Distance experiment(Figure. 10)
Equation y = bo + by x ! + by * x2
Mode ITO OTI
RSS 11.41234 17.9382
R-Square 0.99776 0.99602
Value SE Value SE
bo -17.78997 0.41919 -25.12285 0.52555
b1 -0.24475 0.00984 -0.29718 0.01223
ba -1.31739E-4 | 5.42284E-5 | 2.51035E-4 | 6.79875E-5
Fitting Depth experiment(Figure. 11)
Equation y = bg + by *xL + by * 2
Mode 1ITO OTI
RSS 7.80666 9.58973
R-Square 0.9059 0.89941
Value SE Value SE
bo -33.33119 0.67976 -41.49326 0.7534
b1 0.09299 0.0575 -0.15137 0.06373
ba -0.00136 0.00114 -4.18769E-4 0.00127
"SE:Standard Error, RSS:Residual Sum of Squares
TABLE 8. Multi-layer experiment fitting parameters.
Fitting Distance experiment(Figure. 13)
Equation y=bg+ by xxl + bo * 22
Mode ITO OTI
RSS 71.87678 57.67706
R-Square 0.98919 0.98956
Value SE Value SE
bo -20.65352 1.05201 -30.86277 0.94238
by -0.30943 0.02469 -0.30882 0.02212
ba 2.42411E-5 | 1.36092E-4 | 1.70221E-4 | 1.2191E-4
Fitting Depth experiment( Figure. 14)
Equation y=bg+ by xxl + b * 22
Mode ITO OTI
RSS 60.77927 94.13252
R-Square 0.9489 0.9378
Value SE Value SE
bo -39.83441 0.92282 -47.20141 1.14844
by 0.07672 0.06616 -0.0209 0.08234
bo -0.00737 0.00109 -0.00653 0.00136

*SE:Standard Error, RSS:Residual Sum of Squares

and experimental results was less than 1.6 dB and 4 dB,
respectively. Therefore, the proposed model is considered
sufficiently accurate to be practically applicable.

In the model, the tissues were considered to be isotropic for
simplicity. This assumption is only an approximation of the
real tissues, especially because of the differences between the
transverse and parallel properties of muscle tissues. For this
reason, in the future, we will further analyze the effects of
tissue characteristics and geometries on the model to improve
its precision.

APPENDIX
See Tables 5-8.
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