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ABSTRACT To study the signal transmission mechanism in the human body, the channel characteristics are
generally analyzed by modeling. In current modeling methods, the human body is considered quasi-static
and the human tissues isotropic, for simplifying the model and its calculation; however, this does not consider
the effect of the human tissues on electric signal transmission, resulting in considerable deviations between
the calculated results and the measured values. To reduce model errors and improve precision, a channel
modeling method with human muscular-tissue characteristics is proposed in this study. In this method,
Maxwell’s equations is used as the governing equation and a galvanic-coupling intra-body communication
channel model with human-tissue characteristics is built in the cylindrical coordinate system. By building
a numerical model with the same parameters as in the analytical model, the analytical solution is proved
to be correct. By comparing the different-sample anisotropic models and the isotropic models with the
experimental results, it is concluded that the anisotropic model with muscular-tissue characteristics is
superior to the isotropic model without muscular-tissue characteristics, with respect to the curve variation
tendency and error between the model calculations and the experimental results. The precision of this
anisotropic model is enhanced by 200%; hence, it is more accurate. At last, in order to study the optimal
communication frequency of the channel, we select 50 healthy persons as the subjects of this experiment,
we find that the optimal communication frequency band of the human arm is 10 kHz to 50 kHz. Within this
frequency band, the channel gain is the largest, and the mean deviation of samples is less than 2dB, which
is very beneficial to signal transmission in human body.

INDEX TERMS Tissue characteristics, galvanic coupling, human-body communication, channel modeling.

I. INTRODUCTION
A Body area network (BAN) consists of node devices dis-

tributed on the surface of the human body or implanted in the

The associate editor coordinating the review of this article and approving
it for publication was Nuno Garcia.

human body; signals are transmitted around and inside the
human body through specific communication paths. Devices
distributed on the surface of the human body such as for
the electrocardiogram [1], temperature [2], heart rate [3]-[5],
and blood pressure [6], [7], are generally called wearable
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devices and are used to monitor human physiological sig-
nals by physical contact. The implantable sensors are called
implantable devices. Among the current implantable devices,
in addition to smart pills for precision drug delivery [8],
glucose monitoring [8] and eye pressure sensing systems [9],
the cardiac pacemaker is the most successful and most widely
used product [10]. For building a good BAN working environ-
ment, it is necessary to select an appropriate communication
method to achieve data communication. Currently, there are
two methods for data communication, wired and wireless.
In wired communication, connected wires are used to con-
nect all node equipment for data transmission. Although in
this method the communication is steady and fast, owing to
wiring, networking is complicated and human body move-
ment introduces noise easily. Particularly, in implantable
communication, wiring causes infection; hence, wire com-
munication is not generally used in networking. The other
method is wireless communication, which includes elec-
tromagnetic coupling [11], radio frequency communica-
tion [12], [13], and human-body communication [14]-[24].
Electromagnetic coupling and radio frequency methods have
wide bandwidths, fast communication speeds, and steady
communication but they require a high communication fre-
quency, have poor signal control, weak anti-interference per-
formance, and large signal attenuation; therefore, they are
unsuitable for networking. For implantable medical facilities
with communication frequencies below 1 MHz, in particular,
electromagnetic coupling and radio frequency methods have
no advantages.

Intra-body communication technology [14]-[24] is an
important data communication method in modern medical
monitoring and measuring. Human tissues are used as the
communication media and signals are transmitted through
them; hence, complicated wiring is avoided when establish-
ing the body area network. In addition, as a communication
antenna is not required for sending and receiving signals,
in the implantable-device design process, the signal antenna
need not be considered, reducing injury to human tissue.
Therefore, it is significant in future medical monitoring and
measurement [25].

Galvanic-coupling human-body communication is a
human-body communication method in which the human
body is regarded as a resistor; the signal is input to the
human tissues in the form of a current [26] and freely
transmitted through the human tissues. In this method, as it
is not necessary to form a loop with the environment ground,
it is more suitable for communication in implantable medical
equipment. Currently, research on galvanic-coupling human-
body communication technology is still nascent; there are few
studies on the effect of volume-conductor tissue characteris-
tics on the channel, in particular. In order to explain the signal
distribution in the human tissue, for model simplification,
human tissue (skeleton, muscle, fat and skin) is regarded as a
volume conductor [26]-[31] and considered to be isotropic;
the channel model is built based on the volume conductor
theory and Maxwell’s equations [20], [29]-[32]. However,

122770

this ignores the effect of the tissue characteristics on the chan-
nel. Several experiments demonstrate that human tissue is
not completely isotropic. Because of the difference between
the parallel and the transverse growth characteristics of some
tissues, the parallel electric characteristics differ considerably
from the transverse [32]-[35].

The main contributions of this paper are given as follows:

o 1) The transverse and the parallel characteristics of mus-
cle fiber tissue are added into the analytical solution
model to make the model closer to the real experimental
environment;

o 2) The consistency between the model results and the
experimental results is verified by several sample exper-
iments;

o 3) The best communication range of the forearm is found
by analyzing the experimental sample data, this lays the
foundation for the design of the communication system.

In this paper, the authors propose an analytical model

with multilayer of anisotropic tissues, which is fast solving
and has high repeatability; but existing intra-body commu-
nication models don’t posses these properties. Meanwhile,
the performance of the model is verified by a large number
of experiments. Section I introduces the research background
and purpose. Section II presents the research method includ-
ing the structure of the fiber and the modeling methods.
Section IIT details the experimental verification, in which
a series of experiments are conducted to verify the accu-
racy and rationality of the model. Section IV presents the
best communication bandwidth for communication channel.
Section V discusses some of the limitations affecting the
results obtained in Sections II, IIT and IV, Section VI presents
some future works and Section VII concludes the work.

Il. METHODS
A. STRUCTURE OF THE FIBERS
On the basis of Gielen’s study [34], we know that muscle
tissue is made up of muscle fibers (Figure 1). In the growth
process of muscle fibers, due to difference growth charac-
teristics in parallel and transverse directions, they are also
significantly different in electrical characteristics:

o Conductivity parallel to the muscle fibres (o) [34]:

0.33 < 07 < 0.80(Q2m)~". 1)

Arm Muscle Fibers

FIGURE 1. The arm fibers structure.
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FIGURE 2. Equivalent multilayer geometric model of the human arms.

« Conductivity transverse to the muscle fibres (o;) [34]:
0.03 < 0; < 0.15(Qm)~". )
« Anisotropy ratio g—i [34]:

o]
2.04 < -L < 26.67. 3)

Ot
Because we mainly study the influence of the conductivity
on the channel along transverse and parallel directions of
muscle fibers, we obtain the matrix of the muscle layer with
the conductivity characteristics in the frequency domain:

o) O 0

af)y=| 0 a1 (f) 0 4)
0 0 a1(f)
Next, let’s do the coordinate transformation:
/ EI
x = X ®)]
kY% grUl
Y=y (6)
A/ g 1Ol
’ o]
7 = Z @)

A/ 010}
Therefore, in the new coordinate system, the potential distri-
bution can be expressed as follows:

Y, D)=, y,2) (®)
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Next we will continue to complete the channel modeling in
the new coordinate system.

B. MATHEMATICAL MODEL
Based on the previous research results, human limbs are
first abstracted as standard multilayer cylindrical structures
in galvanic coupling human-body communication; two pairs
of electrodes are used as the signal transmitting and receiving
terminals, respectively, as depicted in Figure 2. Human limbs
with lengths /£ is equivalent to a multilayered concentric cylin-
der with skeleton, muscle, fat, and skin structures. According
to the anatomical characteristics, (r1, r2, - -+, rN—1, FN) are
the circumscribed radii of all the tissues on the tangent plane,
where N is the outermost layer. (&1, &2, - -+, &N —1)> EN)
and (g1, €2, -+ -, €1(N—1), Einv) represent the transverse and
parallel dielectric constants, respectively, of all tissues, (071,
012, "+, Oy(N—1), o) and (01, 012, - - -, OY(N—1), OIN ), TESPEC-
tively, are the transverse and parallel conductivities of all the
tissues [36].

Under the quasi-static condition from [37], [38], the elec-
tric potential distribution of the volume conductor may be
expressed as

V.GVe~0, s=1,2,--- ,N—1,N )
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where ¢ is the interior electric potential in the human-limb
tissue. oy is the combination conductivity of the tissue
in the s-th layer at a frequency f and is expressed as
follows:

gs =V 8:ts(f)gls(f),

Note that o55(f) and 65(f) are, respectively, the parallel and
transverse composite electric conductivities of the tissue in
the s-th layer at a frequency f and is expressed as follows:

s=12,--- ,N—-1,N (10)

ats(f):ats(f)'i'ngts(f)gm s=1,2,--- ,N—1,N (1])
ois(f) = ois(f ) +jweis(feo,  s=1,2,--- ,N=1,N  (12)

where o45(f) and o5(f ) indicate the transverse and the parallel
conductivity of the tissue in the s-th layer at a frequency f,
respectively; &.(f) and e;(f) indicate the transverse and the
parallel relative dielectric constants of the tissue in the tissue
in the s-th layer at a frequency f, respectively and g is the
dielectric constant in vacuum.

Based on the cylindrical coordinate transformation rela-
tionship between muscle-fiber anisotropy and tissue isotropy,
the following can be derived [36]:

V2p*(r*,0,7°) ~ 0 (13)
and
0*(r*,0,7°) = o(r, 0, 2) (14)

where r* = \/G5(f)/0s(f)r and z* = /555(F) /5 (f )z

C. BOUNDARY AND CONTINUITY CONDITIONS

In order to derive the model solution in a volume conduc-
tor, the model should satisfy the boundary conditions, (16)
and(18), presented in this section.

0 r,0,z) -

v D 0.0 (15)
nt(f’rSJer) = _'nt(fvrsivz) (16)
(ps(rx—i_’ 2) = @s(rs, 2) (7

- do(f,rst,0,2) - ap(f,rs,0,2)

G LB 0D G 2 00

ar ar
(18)
And assumption:

@(r,0,2) [:=0=¢(r,0,2) ;== 10 (19)

where jm (f, 0, z) depicts the normal component of the current
density applied to the limb through the side surfaces.

D. POTENTIAL DISTRIBUTION MODEL

In combination with the quasi-static approximation elec-
tromagnetic boundary conditions [37] and the Laplace’s
anisotropic tissue equation in the cylindrical coordinate sys-
tem [38]-[40], a variable separation approach is used to
derive the electric potential distribution of all the layers
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of human forearm tissue at a frequency f, which can be
expressed as follows [41]:

osL(f, 1,0, Z)Anisotropic
xS X X

-y Z[AsL(f)ln(?\/m)

s=1 m=1n=1
+ Bs . (F)K» (it \/Us(f)/ats(f NICsL(f)cos(nd)

+ Dy (f )Stn(n9)]Sln(T\/ as(f)/o15(f))
s=1,2,--- , N—1,N (20

where I,,( )is the n-th order modified Bessel function of the
first kind and K;,( ) is the n-th order modified Bessel function
of the second kind [20], [30], [31]; As..(f), Bsr(f), Csr.(f) and
Dy (f) indicate constant coefficients of the electric potential
equation concerning the tissue in the s-th layer at a fre-
quency f.

When oy = 04,(f) = 655(f) is true, the tissue characteristics
in all the directions are identical at a frequency f; hence,
the electric potential equation of the isotropic tissue in the
cylindrical coordinate system can be obtained as follows:

osL(f,r, 0, Z)Imtropic
00 00 00

= S Aa L

s=1 m=1 n=1

)+B

n

x[Cr (F)cos(nd) + DsL(f>sin<n9>]sin(mT”>
s=1,2,--- . N—1LLN (I

This corresponds to the conclusion drawn by X. M. CHEN
etc. [30], where the tissue is isotropic in the frequency
domain.

For better understanding of the proposed model, the model
calculation flow chart is summarized as in Figure 3.

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

G(f,r,0,z2) las
b 9 89
— 200810 orx(f,1,6,2)

erx(f, ro, 0, 20)
= 20log1o(R(f, 1)) + 20log10(P(f, 6))

+20log10(Z(f, 2)) — 20log10(@source(f 10, 0, 20)))
(22)

where

N oo oo

DD I P(p) s \/Gs(f)/azs(f )
s=1 m=1 n=1
+BSL«)KH(%\/&«%SV»]; (23)

O(f,0) = Y _[Co(f)cos(nd) + Dy (f)sin(nd)];  (24)

n=1

R(f.r) =
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Solution
ready

FIGURE 3. Flow chart of the proposed model.

2(f.2) = Y sin(==VE /G (25)

m=1

Ill. VERIFICATION OF THE PROPOSED MODEL
A. VERIFICATION OF THE SAMPLES
To verify the rationality of the model, we recruited four
volunteers (2 males, 2 females) aged 20-26 and measured the
signal path-gain in their bodies at various distances, d. These
volunteers were healthy and had no implantable electronic
devices. The limbs were selected as the effective area for
experimental verification. In order to demonstrate the experi-
ment, we chose 40 mm x 40 mm physiotherapeutic electrodes
for sending and detecting the signals. These electrodes are
generally used in clinical medicine experiments and therapy.
They can be stuck onto the human limbs and steadily transmit
the signals. Before placing the electrodes, for ensuring good
connectivity between the body surfaces and the detecting
electrodes, the dead skin and dust on the limbs must be
removed by wiping and cleaning several times with alco-
hol cotton paper. A calibrated network analyzer set (Agilent
4395A network/Spectrum/Impedance analyzer) was selected
for measuring the signal path-gain. To avoid inaccuracy due
to the common-ground of the instruments, we chose a set of
differential probes (Agilent Technologies 1141A Differential
Probe) for connection with the human limbs, as shown in
Figure 4 and Figure 9, then input the current signal with a
carrier signal of 1 kHz-1 MHz to measure the signal path-gain
within the range, 1 kHz-1 MHz.

‘We then measured the geometric parameters of the human
body. As human limbs may be approximated by a multilayer
cylindrical volume conductor, to estimate each layer of the

VOLUME 7, 2019

Agient 995A NetworSpeciramTmpedanee Amayee (b)

FIGURE 4. Schematic of the parallel verification.

tissue radius more accurately, we precisely measured the
arm circumferences at the signal source and at testing point,
the wrist perimeters, and the body heights and weights. These
data were listed in Table 1 to Table 2.

TABLE 1. Samples body parameters.

Samples Gender Height Mass Wrist Cir BMI
ID (mm) (kg) (mm)
01 male 1710 64 206 21.9
02 male 1690 55 164 19.3
03 female 1620 49 151 18.7
04 female 1720 67 181 22.6

ID: Identity, Cir: Circumference, BMI: Body Mass Index

TABLE 2. Experiment point circumference.

Samples Cir[source] Cir[d=20 mm] Cir[d=60 mm]
1D (mm) (mm) (mm)
01 280 278 270
02 245 230 228
03 240 228 220
04 310 270 255

Cir: Circumference

B. TISSUE STRUCTURE PARAMETERS

In previous studies [30], [31], [42], the tissue parameters are
basically obtained by means of equal scaling. This method
is simple and easy to obtain. However, there are also some
problems. Due to individual differences, the data obtained by
standard scaling is inevitably too ideal, and it is difficult to
reflect the influence of individual differences. To solve this
problem, we propose to use CT technology to obtain human
tissue structure parameters.
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Source

10mm 20mm 40mm 60mm

FIGURE 5. Geometric data of one left arm by CT scan.

TABLE 3. Samples tissue geometric parameters abstracted (approximate
cylinder).

Tissue 01 02 03 04

Bone(20 mm) 21.8 1538 16.18  22.69
Muscle(20 mm) 3821 33.29 31.89 40.51
Fat(20 mm) 4343  36.88 36.68 4521
Skin(20 mm) 4441 3778 3726 46.15
Bone(60 mm) 2585 1678 17.68  23.99
Muscle(60 mm)  38.11  33.79 32.89 40.51
Fat(60 mm) 4278 36.66 35.62 43.98
Skin(60 mm) 43.77 37.64 36.60 44.96

First, we selected four healthy persons’ arms as the mea-
surement objects. After marked, the arms were scanned by
CT (Siemens Somatom Sensation16 CT Scanner) to obtain
the tissue geometric data (shown in Figure 5). By measuring
the area, we can get the overall area of the arm section, bone
area, muscle area and fat area. By abstracting each area into a
circle, we can get the radius of each sample and each kind of
tissue as shown in table 3. Using the parameters in Table 3,
we can verify the consistency of the model more accurately.

Because this paper focus on verifying the performances
of the two models with isotropic and anisotropic muscles
under the same geometric parameters, estimation difference
of the geometric parameters will not produce an effect on
verification of the contrast test. Besides, because bone, skin
and fat are all isotropic in the two models, they have the same
electrical parameter; only the muscle layer is given electrical
parameters in different forms.

From the above Geometric parameters, the radii (r;) of
the various organs in the multilayer volume conductor are
obtained; after r; and the human tissue parameters are sub-
stituted into equations (20) and (21), the signal path-gain
from the isotropic and anisotropic model calculations can be
derived within the range, 1 kHz - 1 MHz.

C. IN-VIVO EXPERIMENTS TO DETERMINE THE

TISSUE CHARACTERISTICS

As the electric property of muscular tissue is significantly dif-
ferent in the transverse and parallel directions [34], transverse
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FIGURE 6. Current distribution (current density is the total current over
the electrode area. The red and blue squares are for positive and negative
electrodes, respectively).

and parallel experiments need to be designed for model veri-
fication.

1) PARALLEL VERIFICATION

For the parallel direction verification of the model, two posi-
tive electrodes were placed on the same side of the arm for
signal transmitting and receiving while two negative elec-
trodes were placed on the other side of the arm. The dis-
tance between the internal flanges of the two electrodes of
the same side, d, was 20 mm. The transmitting electrodes
were distributed symmetrically relative to the central point.
See Figure 4 for the detailed design. The current signal,
jm(f , 0, 7), inputting to the transmitting electrodes, can be
expressed as follows:

7 if 50mm <z <90 mm
Tu(f.0,2)=140  otherwise (26)
—J if 110 mm < z < 150 mm
0<6<2m

where J =1 /S, S is the area of the electrode and / is the input
current intensity (A) (shown in Figure 6).

In the experiment, after a sinusoidal current signal
of 0 dBm is input to the transmitting electrode, a poten-
tial difference is produced due to the coupling between the
electrodes and the human tissues; the coupling potential dif-
ference is called the coupling potential on the electrodes,
indicated by @ .(f,r,0,2), where @u.(f, r, 0, 2anisotropic
and @y (f, 7, 6, Disorropic are the Anisotropic and Isotropic,
respectively. As the frequency, f, changes, the human-tissue
conductivity properties between the positive and negative
electrodes at the transmitting and receiving terminals vary
accordingly; the coupling potential between the transmitting
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FIGURE 7. Parallel verification results (the transmitting electrodes and receiving electrodes are symmetrical, relative to the center).

and receiving terminals can be expressed as ¢, (f, 7, 6, 2)Tx
and ¢z (f, 7, 0, 2)grx, respectively. The path-gain expression
can be derived as (22).

When d is constant, Gain(f, r, 6, z) can be obtained for
a different frequency, f. In order to verify the rationality of
the model, we selected four experimental samples to conduct
the same experiment and verified the rationality of the model
by comparing the Gain(f, r, 0, z) from the experiments and
the Gain(f, r, 0, z) from the analytical solution model cal-
culation. In the process of verification, to demonstrate the
accuracy of the model solution, we utilized the geometrical
and electric parameters applied in the analytical solution
model to build a numerical solution model; we then verified
the accuracy of the analytical solution model by computing
the signal gain, Gain(f, r, 6, z), when the distance, d, was the
same as that in the analytical solution model. The results are
shown in Figure 7.

Figure 7 shows the results of the numerical and analytical
solution models for different experimental samples, at dif-
ferent carrier frequencies, f. By contrasting the calculation
result of the analytical solution model based on the sample
parameters, with the simulation result of the numerical solu-
tion model, it is concluded that the result of the analytical
solution is consistent with that of the numerical solution;
therefore, the analytical solution is correct. By comparing the

VOLUME 7, 2019

analytical solution, the numerical solution, and the experi-
mental results, it was determined that although there is certain
error between the variation tendencies of the experimental
results and the calculation results of the model solution,
the overall variation tendency of the model is consistent.
The variation tendency is also shown in Figure 7. Based on
the research results of S. Gabriel [35], as the frequency, f,
increases, the conductivity (Table 4 and Table 5) of the
human tissues, og(f), increases, whereas, the Relative per-
mittivity (Table 4 and Table 5), ,(f), decreases. Therefore,
the resistance between the transmitting and receiving elec-
trodes continuously decreases and the capacitance constantly
increases. As the electrical conductivity of a channel continu-
ously improves, the capacitance effect becomes increasingly
obvious.

Figure 8 shows the error between the analytical or numer-
ical solution calculation results and experimental results, for
different samples within the range, 1 kHz-1 MHz. It can be
seen that the error between the numerical solution model cal-
culation results and the experimental results and that between
the analytical solution model calculation results are almost
the same. This is because the parameters used in the numeri-
cal solution model and in the analytical solution model are the
same and the calculation results of the two models are almost
consistent; hence, the errors of the two models are nearly
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FIGURE 8. Parallel verification errors(the transmitting electrodes and receiving electrodes are symmetrical, relative to the center).

the same. As the sample tissue structures are different, in the
model calculation, the sample parameters of the models can
be obtained only by estimation; thus, the sample and model
results vary to a certain extent.

2) TRANSVERSE VERIFICATION

For the transverse verification of the models, we placed
the positive and negative signal-transmitting electrodes on
both sides of the arm. The electrode configuration is the
same as that in the parallel verification, the only change
is in the transmitting and receiving methods. The detailed
design is shown in Figure 9. The current signal, jm(f ,0,2),
input to the transmitting electrodes, can be expressed as
follows:

J if —A<0<A
jn;(f,0,2)= 0  otherwise 27
—J frn—-—A<O<m+A

50 mm < z < 90 mm

where J = I /S, S is the area of an electrode and / is the input
current intensity (A), A = W/2ry and W is the electrode
width.

In order to ensure the quasi-static characteristics of the
system, in the two groups of experiments, we input a current

122776
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FIGURE 9. Schematic of the transverse verification.

signal of 0 dBm within the range 1 kHz-1 MHz, through the
transmitting electrodes.

Figure 10 depicts the results of the different sample
anisotropic models, the isotropic model with muscular tissue
characteristics, and the experiment. From the figure, it can
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FIGURE 10. Transverse verification results (the transmitting electrodes are in parallel with the receiving electrodes).

be determined that when the communication frequency is
within the range, 1 kHz-20 kHz, as the frequency increases,
the path-gain of the channel continuously increases; the chan-
nel path-gain curve exhibits an increasing tendency with the
increase in frequency; this characteristic exists both in the
calculation result of the anisotropic model with muscular
tissue characteristics and in that of the isotropic model, but
the characteristics of the former model are closer to the
experimental result. When the communication frequency is
within the range, 20 kHz-1 MHz, as the frequency increases,
the path-gain of the channel decrease; the channel path-gain
curve shows a declining tendency as the frequency increases.
This characteristic of the calculation result of the anisotropic
model with muscular tissue characteristics is almost the same
as that of the experimental result; the isotropic model calcu-
lation result shows an increasing tendency, opposite to the
experimental result and it conflicts with the actual variation
tendency. It is obvious that the anisotropic model with mus-
cular tissue characteristics better coincides with the actual
situation.

Figure 11 shows the error between the calculation results
of different-sample anisotropic models with muscular tis-
sue characteristics or that between the isotropic model
and the experimental results within the frequency range,
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1 kHz-1 MHz. It can be seen from the figure that the error
between the calculation result of the isotropic model without
muscular tissue characteristics and the experimental result is
obviously larger than the error between the calculation result
of the anisotropic model with muscular tissue characteristics
and the experimental result. From the overall analysis of the
four samples, it can be concluded that the latter error may
be controlled within 30%, whereas the former error may
reach 90%; hence, the latter is an unsuccessful modeling.
Therefore, the anisotropic model with muscular tissue char-
acteristics is superior to the isotropic model without muscular
tissue characteristics.

To further analyze the performance of the model,
we obtained the average error and the maximum error
between the calculated result and the experimental result
within the frequency range of 1 kHz to 1 MHz, so as to
analyze the performance of the model (Figure 12). The data
shown by pillar without grids in Figure 12 are the error
analysis of isotropic model and experimental results, while
the data shown by pillar with grids is the error analysis of
anisotropic model and experimental results. It can be seen
from the Figure 12 that, in the comparison analysis of the four
samples, the anisotropic model with tissue characteristics are
better than the isotropic model in terms of both the average

122777



IEEE Access

S. Zhang et al.: Experimental Verification of Human Body Communication Path Gain Channel Modeling

~v— Sample 1 anisotropic model
—— Sample 1 isotropic model

Error(dB)
[

J¢— Sample 2 anisotropic model
—k— Sample 2 isotropic model

T T T
10k Frequency (Hz)

Frequency (Hz)

10 T T
—fc— Sample 3 anisotropic model
9 - —k— Sample 3 isotropic model

Error(dB)

T
—fc— Sample 4 anisotropic model
9 - —k— Sample 4 isotropic model

T i —
1k 10k 100k
Frequency (Hz)

Frequency (Hz)

FIGURE 11. Transverse verification errors (the transmitting electrodes are in parallel with the receiving electrodes).

error and the maximum error between the model result and
the experimental result.

IV. BEST COMMUNICATION BANDWIDTH

In the wearable medical communication system, the optimal
communication band will directly determine the communi-
cation performance of the channel. In order to study the
optimal communication frequency of the galvanic coupling
human-body communication within the frequency range
of 1 kHz to 1 MHz, we selected 50 healthy persons (25 males,
25 females) aged between 16 to 65 years old as the subjects
of this experiment. They were voluntary, and the experiments
were introduced to them in detail before the experiment. They
were fully familiar with the experiment process and safety
issues.

Since the actual communication is mainly the transverse
communication, this experiment aims to measure channel
gain when the z-axial distance changes. In the first measure-
ment, the communication distance between the electrodes
is 20 mm; afterwards the communication distance between
electrodes is increased by an electrode width (40 mm) in each
measurement. Because the effect of the human joints on chan-
nel communication has not yet been analyzed in this study,
in this measurement, the maximum communication distance
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between electrodes was set as 100 mm. Among 25 sam-
ples, the channel gain with the communication distances
of 20 mm (Figure 13(a)), 60 mm (Figure 13(b)) and 100 mm
(Figure 13(c)) were measured. By analyzing three sets of
experiments, we found that the optimal communication fre-
quency band of human arm was 10 kHz to 50 kHz. Within this
frequency band, the channel gain is the largest, and the mean
deviation of samples is less than 2dB (Figure 13(d)), which
is very beneficial to signal transmission in human body.

In order to study the change of channel gain with the
increase of the communication distance, the average gain
value at 20 kHz in Figure 13(d) was selected as the research
object. The variation trend curve of path gain (Figure 13(e))
and fitting parameters of the fitting curve (Figure 13(f)) were
obtained by linear fitting. It can be seen from Figure 13(e)
that the fitting curve is consistent with the measured value.
Meanwhile, by analyzing the fitting curve, we can also con-
clude that channel gain shows a linear decreasing trend with
the increase of the channel distance.

V. DISCUSSION

In this study, after the simplification of the human limb
tissue distribution, a multilayer analytical model is obtained.
The simplified cylinder has a simple geometrical structure;
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TABLE 4. Channel model tissue parameters (isotropic).

Frequency | Conductivity Relative
(HZ) o(S/m) permittivity ¢,
Bone 1k 2.00e-2 2.70e3
10k 2.00e-2 5.20e2
100k 2.10e-2 2.30e2
IM 2.40e-2 1.4e2
Bone Cortical 1k 2.02e-3 2.70e3
10k 2.04e-3 5.22e2
100k 2.08e-3 2.27e2
IM 2.44e-3 1.45¢2
Muscle 1k 3.20e-1 4.30e5
10k 3.40e-1 2.60e4
100k 3.60e-1 8.10e3
IM 5.00e-1 1.80e3
Fat 1k 2.24e-2 241e4
10k 2.38e-2 1.09e3
100k 2.44e-2 9.29¢1
IM 2.51e-2 2.72el
Dry Skin 1k 2.00e-4 1.14e3
10k 2.04e-4 1.13e3
100k 4.51e-4 1.12e3
IM 1.32e-2 9.91e2

TABLE 5. Muscle tissue parameters (anisotropic).

Frequency Conductivity Relative permittivity
HZ) ot(S/m) | oy(S/m) Etr Elr
Bone 1k 2.00e-2 | 2.00e-2 | 2.70e3 2.70e3
10k 2.00e-2 | 2.00e-2 | 5.20e2 5.20e2
100k 2.10e-2 | 2.10e-2 | 2.30e2 2.30e2
IM 2.40e-2 | 2.40e-2 1.4e2 1.4e2
Bone 1k 2.02e-3 | 2.02e-3 | 2.70e3 2.70e3
Cortical 10k 2.04e-3 | 2.04e-3 | 5.22¢2 5.22e2
100k 2.08e-3 | 2.08e-3 | 2.27e2 2.27e2
IM 2.44e-3 | 2.44e-3 | 1.45e2 1.45e2
Muscle 1k 3.50e-2 5.54e-2 | 5.58e5 1.37e6
10k 3.69e-2 | 5.75e-2 | 3.24e4 2.73e4
100k 4.03e-2 | 5.8le-2 | 8.83e3 1.96e3
IM 5.21e-2 | 5.87e-2 | 1.78¢3 4.06e2
Fat 1k 2.24e-2 | 2.24e-2 | 24led 2.41e4
10k 2.38e-2 | 2.38e-2 | 1.09¢3 1.09e3
100k 2.44e-2 | 2.44e-2 | 9.29%1 9.2%1
IM 2.51e-2 | 2.51e-2 | 2.72el 2.72el
Dry Skin 1k 2.00e-4 | 2.00e-4 | 1.14e3 1.14e3
10k 2.04e-4 | 2.04e-4 | 1.13e3 1.13e3
100k 45le-4 | 451e-4 | 1.12e3 1.12e3
IM 1.32e-2 1.32e-2 | 9.91e2 9.91e2

therefore, it is suitable for building an analytical solution
model. However, some of the geometrical properties of the
human organs will be inevitably lost due to the simplification,
causing inaccurate results (Figure 5). In future research work,
we intend to reduce the error due to the geometrical simplifi-
cation by repeating multiple times the same circumference
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Error(dB)

Samples

FIGURE 12. Model performance of anisotropic and isotropic models
through transverse verification errors.

and then, averaging the measured values. From Figures
(Figure 7, Figure 8, Figure 10, Figure 11 and Figure 12),
it can be concluded that the anisotropic model with muscular
tissue characteristics is better than the isotropic model with-
out muscular tissue characteristics with respect to the curve
variation tendency and the error between the model calcu-
lation results and the experimental results; the anisotropic
model with muscular tissue characteristics is more accurate
than the isotropic model without muscular tissue characteris-
tics. The model precision is considerably improved by up to
200%, which is a significant breakthrough. However, there
still exist errors in this model, with the maximum being
30%. This is caused by a series of modeling assumptions
such as the geometric simplification and the quasi-static
approximation.

In this paper, the characteristics of tissue anisotropy in
the surface communication channel are discussed, and the
consistency of the model is verified by experimentation.
In the implantable communication channel, tissue character-
istics also exist, but due to the limitations of current exper-
imental conditions, this has not been verified. In the future,
we will further design the implantable communication chan-
nel to verify the consistency of the model.

Figure 13 shows the measurement results of the human
arm, the optimal communication frequency band and the
fitting path gain model. In the actual communication sys-
tem, wearable devices are more commonly used in the chest
cavity and human legs. Whether these parts have the same
properties and whether the fitting model is effective still need
to be further verified. In addition, all measurement in this
experiment was carried out in the static state of human body.
In the dynamic state of human body, the effects of channel
properties and motion noise on the channel need to be further
studied.

The galvanic coupling intra-body communication is widely
concerned in modern medicine because of its low commu-
nication frequency, very small radiation, stable transmission
and long transmission distance, which can avoid signal leak-
age and lays a foundation for the security of signal trans-
mission. In the research of channel transmission, in order
to understand the transmission mechanism of signal in
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channel more accurately, researchers usually analyze its neglected. This will inevitably lead to the difference between
characteristics by establishing channel models. In modeling, the model result and the experimental result, especially the
human tissues are usually reduced to isotropy in order to meet difference caused by tissue characteristics. In future research,
the needs of the model and simplify the solution. In this way, we will continue to analyze the influence of other tissue
the influence of tissue characteristics on the channel will be characteristics on the channel.
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VI. FUTURE WORKS

Although the muscle fiber tissue characteristics were added
to the model, the model results are in good agreement with
the experimental results. Meanwhile, the optimal communi-
cation frequency band of the system is found by analyzing
the sample data. However, the following problems still need
further study.

o 1) When the model was established, only the axial con-
nectivity was considered, and the influence of joint on
the model was not considered. In the future, we will
further consider establishing the channel model with
joint characteristics.

o 2) In the verification of the channel model introduced
in this paper, we only considered verifying the simple
cylinders such as limbs. As the human thoracic cavity is
a more complex geometry, whether such simplification
is reasonable or not will be verified by further experi-
mentation and the model will also be modified in the
future.

« 3) In the verification experiment, only quasi-static sce-
narios were considered. In the motion state, the consis-
tency of the model needs further study.

e 4) By designing an actual communication system,
the channel characteristics (such as channel capacity,
signal-to-noise ratio, and bit error rate) of this method
in the biomedical engineering will be verified.

VII. CONCLUSION

To reduce the model error and improve its precision, a channel
modeling method with human muscular tissue characteristics
was proposed in this study. In this method, Maxwell’s equa-
tions were the governing equation and a galvanic-coupling
human-body communication channel model with human tis-
sue characteristics was built in the cylindrical coordinate
system. By establishing a numerical solution model with
the same parameters and deriving its solution, the solution
was proved to be correct. The result verifies the modeling
method effectively. By comparing the calculation results and
experimental data, we found that the maximum error of the
channel model with muscular tissue characteristics in the
sample experiment was controlled below 30%, whereas the
error of the isotropic model without muscular tissue char-
acteristics reached 90%; hence, the precision of the channel
model with human muscular tissue characteristics is signifi-
cantly improved. The calculation result of the channel model
with human muscular tissue characteristics was consistent
with the experimental result, with respect to the variation
tendency. Although the isotropic model without human mus-
cular tissue has the same characteristics within the range,
1-10 kHz, it is opposite to the experimental result in the
frequency range, 20 kHz-1 MHz and does not conform with
the experimental result. Therefore, the channel model with
human muscular tissue characteristics can present the signal
path-gain in the frequency domain more accurately. At last,
in order to study the optimal communication frequency of
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the galvanic coupling human-body communication within the
frequency range of 1 kHz to 1 MHz, we selected 50 healthy
persons (25 males, 25 females) aged between 16 to 65 years
old as the subjects of this experiment. By the experiments,
we found that the optimal communication frequency band of
the human arm is 10 kHz to 50 kHz. Within this frequency
band, the channel gain is the largest, and the mean deviation
of samples is less than 2dB.
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