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Measurement and Evaluation of the Bioelectrical Impedance of the
Human Body by Deconvolution of a Square Wave

Yuhwai TSENG'®, Chauchin SU', Nonmembers, and Chien-Nan Jimmy LIUT, Member

SUMMARY In this study, we use the deconvolution of a square test
stimulus to replace a series of sinusoidal test waveforms with different fre-
quencies to simplify the measurement of human body impedance. The av-
erage biological impedance of body parts is evaluated by constructing a fre-
quency response of the equivalent human body system. Only two stainless-
steel electrodes are employed in the measurement and evaluation.
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1. Introduction

The electrical impedance of body parts significantly af-
fects the techniques for the measurement of physiological
events and the investigation of tissue structures such as Elec-
troencephalography (EEQG), Electrocardiography (ECQG),
Electromyography (EMG), Electronystagmography (ENG),
impedance cardiography, and electrical impedance tomog-
raphy. Understanding the impedance characteristic of body
parts has received considerable attention recently, especially
for the development of a wideband intrabody communica-
tion (IBC) system ([1],[2]) in which the human body func-
tions as a transmission medium to integrate electronic prod-
ucts discretely located in individuals such as mobile and
ear phones, PDAs, wearable personal computers, as well as
biomedical sensors and actuators. Elucidating the average
electrical impedance of human body parts in the frequency
band below several tens of megahertz facilitates the design
of medical instruments and a wideband IBC system, which
will ultimately benefit users of electronic equipment.
Conventional methods of measuring the bioelectric
impedance of the human body are divided into two cate-
gories. Methods in one category measure the impedance
of skin and body parts using a series of sinusoidal test
waveforms with various frequency inputs into the measured
human body; the bioelectrical impedance of the human body
is then evaluated using the output voltage and current of
the measured human body ([3]-[7]). The methods in the
other category input a square waveform into the measured
human body to differentiate the transient response of the re-
sulting current in order to estimate bioelectrical impedance
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([81-{10]).

In this study, we describe a simplified model of the
human body made from living tissues of body parts. Based
on the deconvolution of a square test waveform, the fre-
quency responses of the high-pass and low-pass systems of
the human body are constructed and the measurement pro-
cedures are simplified as well. Then, the average bioelectric
impedance of the human body is determined in a straight-
forward manner.

2. Materials and Methods
2.1 Model of the Human Body System

Figure 1 shows a simplified human body system designed
by applying an equivalent circuit model of the skin and body
impedance. The human body is modeled as a simplified cir-
cuit consisting of the skin resistances Rx; and Ry, the skin
capacitances Cx; and Cyx», and body impedance; it is com-
posed of living tissues of body parts ([11], [12]). R, is the re-
sistance of extracellular fluid. C,, and R,, are the membrane
capacitance and intracellular fluid resistance of muscle tis-
sues, respectively. Cj, and Rj, represent the membrane ca-
pacitance and intracellular fluid resistance of red blood cells,
respectively. C, is the capacitance of tissues of body parts.
Notably, Cp represents the capacitor between the body and

Fig.1 Simplified equivalent circuit model of the human body.
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the ground. In this study, we add a test signal vy (f) and
a load resistance R, on both sides of the body; additionally,
vi(¢) is the voltage across the load resistance R;. We as-
sume that RXI = RXZ = RX and CXl = sz = Cx. The
typical Ry of dry skin is in the range of several hundreds of
kQ, and Cy is in the range of several tens of nf. Rx > Xcy
(where X¢, = |ﬁ|) Accordingly, the contribution of the
skin resistance Ry is neglected. Various load resistances can
transform the system into a high- or low-pass system. Skin
and body impedances are estimated in a specified frequency
range.

2.2 High-Pass System for Determining Body Part Imped-
ance and Skin Capacitance

A specific frequency band and the load resistance R; are
selected, such that Xcp > R; (where Xcp = |ﬁ| and
Cp is typically in the range of several tens of pF.). Thus,
Cu, Ry, Cp, Rp, C; and Cp can be eliminated from Fig. 1.
Figure 1 becomes a simplified high-pass system with trans-
fer function

R
|H(s)| = L

R, +R; +

(D

sCx

When R; and the measured |H(s)| are known, R, and
Cyx are derived from Eq. (1) by interpolation from the mea-
sured |H(s)| versus frequency. Then, after a frequency band
is selected and Cp, Rp, C; and Cp are eliminated, Eq. (1)
becomes

R
|H(s)| = L

n 2

1
5Crn sCx
With knowledge of R, and Cy, R, and C,, can be similarly
determined.
Next, Ry, is eliminated by selecting a specific frequency
band, which allows |YLC1;| > Rj,. Equation (2) thus becomes
SCX

Ry
) //
3)

1
S(Cp+Cy)
(Cp + Cy) is obtained using the method mentioned
above. Then, increasing the test signal frequency band to
several tens of megahertz transforms Eq. (3) into

Ry

R. /I (Rm +

)+RL+

|H(s)| =

1
sCp

R.// (Rm+ +R; +

|H(s)| =
Rg + R, +

“)

sCx

where Rp denotes R, // (Rm + |$|) // (Rb + |%|) // |s%”,|
Since 2 fR,Cp, > 1 under a specific test frequency band,
R;, is eliminated from Eq. (4); in addition, C;, and C, are ob-
tained from Eqgs. (3) and (4), respectively. Finally, by select-
ing a reasonable test frequency band and with knowledge
of R, Cx, Ry, Cyy, Cp, and Cy, R;, is derived from Eq. (4).
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2.3 Low-Pass System for Determining Cp

Similarly, a specific frequency range and the load resis-
tance Ry can be derived such that X¢cp < R;. The system
model then becomes a low-pass system. Cp is derived as

1 « Vel Vi)l
w X |VL(s)| Rp Ry /| Rg|

IR

&)

Cp

2.4 Deconvolution on Square Test Stimulus

A square waveform consists of multiple odd harmonics that
facilitates the acquisition of information in an expanded fre-
quency range within a single measurement. The amplitude
of the n™ harmonic of a square waveform with amplitude A,
and 50% duty cycle can be represented as
A
V)| = — n=13,57... (6)
nm
The output signal v, () of the system shown in Fig.1 is

a convolution operation of the input signal v7(¢) and the sys-
tem impulse response A(t).

vi(t) = vr() ® (D). )

In the frequency domain, the output is the product of
the input and the transfer function. With the circuit model
shown in Fig. 1, the output is

Vi(s) = Vr(s) X H(s). ()

To obtain the system transfer function H(s), the output V;(s)
is divided by the input Vr(s). Such an operation in the time
domain is called deconvolution [13].

3. Experimental Setup

The measurement evaluates the bioelectrical impedance of
body parts from the left wrist to either the left arm 40 cm
away or the right wrist 1.5 m away from the left wrist. The
measured human body is that of a male 1.75 m in height and
70kg in weight.

Figure 2 shows the experimental setup. An Agilent
33250A wave generator and an Agilent 54382D oscillo-
scope were employed to generate and receive the test square
stimulus, respectively. In the measurement, we apply two
stainless-steel electrodes with a surface area of 6 cm? to con-
nect the measured human body directly to the waveform
generator and oscilloscope. The test stimulus is a +1V
square wave with a 50% duty cycle. The Matlab tool is
utilized to transfer the stimulus signals v7(¢) and the body
output signals v (7) from the time domain to the frequency
domain V7(s) and V;(s). Then, the deconvolution of V;(s)
by Vr(s) is performed to obtain the system transfer function
H(s) in Eq. (8).

On the basis of Eq.(1)-(5), 5 and 100kHz square
waves with load resistances R; of 25Q and 10k are



1658

Oscilloscope Load
Resistor
Switch

Agilent
33250A

Fig.2  Block diagram of experimental setup.

selected to construct the frequency response of a high-
pass (frequency range from 5SkHz to 3.5 MHz with spac-
ing frequency 10kHz) and low-pass (frequency range from
100kHz to 8.3 MHz with a spacing frequency of 200 kHz)
systems of the human body to evaluate the body part
impedance, respectively. To obtain C;, and C,, a 2MHz
square wave with R; of 25Q is selected to realize a high-
pass system for the human body with a frequency rang from
18 MHz to 24 MHz and a spacing frequency of 4 MHz.

4. Results and Discussion

Figure 3 and Table 1 show a summary of the evaluation re-
sults of the average bioelectric impedance of related body
parts from the left wrist to the left arm and right wrist versus
a specified frequency range. Due to the circuit approxima-
tion and simplification of Fig. 1 and Eq. (1)—(5), the evalua-
tion results except C, and R, vary slightly and approximate
to a constant in a specific frequency range. Table 1 shows
a list of the measurement parameters and values of the eval-
uation results. Figure 3 (c) reveals that when the specified
frequency is > 15kHz, the evaluation results of the R, do
not approximate a constant since a series combination of re-
actance C,, and resistance R,, is no longer larger than R,;
in addition, C,, and R, cannot be eliminated. The specified
frequency range of C, and R, is below 15 kHz.

Evaluation results indicate that the R,, R,,, and R, of
body parts are proportional to the distance between the mea-
surement point and the cross-sectional area covered by the
measured body. Components of the upper body consist
mainly of a chest cavity in which the main direction of blood
flow in the main blood vessel is longitudinal, explaining why
R;, evaluated from the transverse direction of the upper body
is eight times higher than R;, from the longitudinal direction
of only the right or the left arm. Additionally, C,,, Cj, Ci,
and Cp are inversely proportional to the distance between
the measurement points. The skin capacitance Cx evaluated
at the right arm is the same as the value evaluated at the left
wrist.

The equivalent circuit model of the simplified human
body system shown in Fig. 1 and the related parameters in
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Fig.3  Evaluation results of bioelectric impedance of body parts (a) Skin
capacitance. (b) Membrane capacitance of muscle tissues. (c) Resistance
of extracellular fluid. (d) Intracellular fluid resistance of muscle tissues.
(e) Membrane capacitance of red blood cells. (f) Capacitance of tissue of
the body parts. (g) Intracellular fluid resistance of red blood cells. (h) Ca-
pacitance between the body and the ground.

Table 1  Evaluation results of average bioelectric impedance of body
parts and corresponding measurement parameters.

Ry |Specific Frequency | Test Square Left Wrist To
()] Range Wave Left Arm |Right Wrist
Cx 38nF 38nF
SkHz
R. 305Q 613Q
SkHz
Cin 1.93nF 1.58nF
55kHz~145kHz
Rin 25 462Q 2.05kQ
Cy 205kHz~295kHz 5kHz 65pF 19pF
C, 18MHz~24MHz 2 MHz 8.4pF 7.9pF
Ry 605kHz~695kHz 5 kHz 320Q 3.12kQ
(Y 10k 3MHz~7MHz 100 kHz 161pF 79pF

Table 1 are simulated using the Hspice circuit simulator. To
verify the accuracy of the body impedance measurement by
deconvolution of a square test waveform, in this work, we
compare the results obtained using the Hspice circuit simu-
lator and the proposed measuring method. Three male sub-
jects were evaluated in the verification procedures with their
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s S N Rate | System Cx R, Cin Ry Cy R, C Cp
High Pass 0.02% | 0.11% | 0.11% | 0.57% | 0.01% | 0.11% | 0.11% | 0.8%
0 ‘ 0 ‘ +10%
10° (b) 10° Low Pass 0.01% 1% 1.7% | 0.8% | 1.3% 1% 0.9% | 0.8%
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Fig.4  Results of simulation and proposed evaluation method for simpli-
fied low-pass system: (a) Subject A, (b) Subject B, and (c) Subject C.
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Fig.5  Results of simulation and proposed evaluation method for simpli-
fied high-pass system: (a) Subject A, (b) Subject B, and (c) Subject C.

ages ranging from 24 to 45 years old, heights ranging from
1.64 to 1.8 m, and weights ranging from 66 to 82kg. Fig-
ures 4 and 5 show a summary of the results of the simulation
and the proposed evaluating method from the left wrist to the
left arm and right wrist. According to the figures, the simu-
lation results closely resemble the measurement results. The
maximum difference between the simulation and measure-
ment results is < 0.2dB, with a system relative error less
than 2.3%.

Each of the evaluated average body impedances in
Table 1 is manipulated separately with a variation of +10%
to calculate system relative error. Table 2 shows the cal-
culation results with the corresponding maximum errors.
The maximum system relative error of 2.8% occurs when
R, (from left wrist to left arm) decreases by 10% under the
condition of the low-pass system. The accuracy is sufficient
for evaluating the average electrical impedance of human
body parts under a maximum measurement frequency of
8.3 MHz.

5. Conclusions

In this study, we utilize the deconvolution of square test
waves to simplify the measurement procedure of human
body impedance. By properly selecting load resistance and
test square signal frequency, the band-pass system of the
human body can be transformed into a high- or low-pass
system; in addition, the average bioelectric impedance of
the human body can be determined straightforwardly. The
reliability of the proposed evaluation method is verified by
deconvoluting square waves of 5 kHz and 100 kHz with load
resistances Ry of 25 Q and 10kQ, respectively. Results of
this study demonstrate that the proposed evaluation method
differs from practical measurements and simulation by less
than 0.25dB and a maximum relative error of 2.8% under
a maximum measurement frequency of 8.3 MHz.
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