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We propose a new systematic matrix approach, which is an alternative to the disordered
virtual ground technique, the Kirchhoff’s law, and traditional Thevenin approaches, of
designing the desired performance and simultaneously finding two Thevenin equivalent
parameters for general complicated operational amplifier systems. One cannot apply the
virtual ground method to non-ideal and partially ideal operational amplifier systems including
instrumentation and frequency sensors. There has been no matrix method for efficiently
solving a complicated operational amplifier circuit for conventional tedious approaches that
apply Kirchhoff’s law. We also propose a new method of finding Thevenin equivalent circuits
for general complicated operational amplifier systems that has significant merits over traditional
approaches including the open-circuit voltage and short-circuit current methods, the matrix
node voltage (mesh current) method, the modified nodal (mesh) analysis, the reference node
r model, the reflected impedance method, and the virtual ground method. To compare the
proposed and traditional approaches, one demonstrated example and one comparative example
are chosen. Moreover, we report a Bessel low-pass filter that is mainly made up of an AD8618
quad op-amp. Its transfer function for existing methods is incorrect in the non-ideal case, and
thus the important amplitude-frequency and phase-frequency characteristic curves will not be
exact. An online -electrocardiograph (ECG) device is an important tool for many industrial
medicine applications and is investigated in this study to demonstrate the practical value of the
proposed results.

1. Introduction

In general, sensors are specifically designed to sense changes in external conditions
and convert the changes into numerical values. The AD620 and AD8220 instrumentation
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sensors are used to sense the physiological signal change. Also, the frequency sensors are

applied to sense the environmental frequency signal change. The frequency sensors include

60 Hz notch, low-pass, and high-pass filters. In this study, we propose an innovative design

method for complex operational amplifier systems to develop the authors’ invented adder,

instrumentation amplifiers, notch filters, low-pass filters, and high-pass filters, and to replace
the traditional methods of using the disordered virtual ground property and Kirchhoff’s voltage
law (Kirchhoff’s current law). In particular, for more complicated interconnected operational
amplifier systems with some dependent elements, it is difficult for traditional approaches to
solve the desired function via Kirchhoff’s voltage law (Kirchhoff’s current law). To compare
the proposed complex operational amplifier method with traditional methods, a comparative
example is chosen to illustrate the theoretical points in detail. Note that up to now, there has
been no matrix method for efficiently solving complicated operational amplifier circuits using
conventional approaches. We also report a Bessel low-pass filter that is mainly made up of an

ADS8618 quad op-amp for comparison with other existing methods,'¥ as a practical example in

Sect. 3. The transfer function of the filter shown in Ref. 14 is incorrect in the non-ideal case.

Moreover, the transfer functions of the AD8220 instrumentation and main AD8618 amplifiers

are incorrect in the non-ideal case, and thus the important amplitude-frequency and phase-

frequency characteristic curves will not be exact.

An operational amplifier is a DC-coupled high-gain electric device with a differential input
pair and a single-ended output.(23) Operational amplifiers have important applications in analog
computers, where they are used to implement mathematical operations in many industrial
circuits. However, research using the virtual ground technique and Kirchhoff’s voltage
law (Kirchhoff’s current law) shows that for more complex operational amplifier systems
containing dependent sources and coupling elements, the derivations of the four amplifier
performance indexes, i.e., the Thevenin equivalent circuit, voltage gain, current gain, and
equivalent resistance, become rather tedious."!". Moreover, we cannot apply the virtual ground
property in non-ideal operational amplifier systems. To overcome these shortcomings, a simple
and systematic unifying approach is proposed in this study to extend our previous results in
Refs. 3—-5 to solve a complex operational amplifier.

The existing conventional approaches to designing the desired performance for general
complicated operational amplifier systems are summarized as follows:

(Method 1): Obtain the desired performance for general complicated operational amplifier
systems based on the virtual ground method. However, one cannot apply the virtual ground
method to non-ideal and partially ideal operational amplifier systems.(zo’m

(Method 2): Obtain the desired performance for general complicated operational amplifier
systems via Kirchhoff’s law. However, no matrix method has been proposed for efficiently
solving a complicated operational amplifier circuit for conventional approaches that apply
the tedious Kirchhoff’s law.1”)

(Method 3): Apply the Thevenin equivalent theorem to design the desired performance.(!%2?

The conventional standard methods of deriving the Thevenin equivalent circuit involve two

steps as follows: Step 1: Let the load device be open-circuited and the Thevenin voltage

parameter be calculated as the open-circuit voltage across the load device. As can be
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clearly seen in Refs. 1 and 17, the calculation of the open-circuit voltage using Kirchhoff’s

voltage law (Kirchhoff’s current law) is tedious when the network has complicated devices

with dependent sources and coupling devices. Step 2: The remaining task of finding the

Thevenin equivalent circuit requires the derivation of the Thevenin resistance parameter.

There are three main techniques for deriving the Thevenin resistance parameter used in

recent research as follows. Technique 1:Set all independent sources to zero with the load

device disconnected. Then, the equivalent resistance of the zero-energy circuit at the load
device is the desired Thevenin resistance parameter obtained via the conventional node-
voltage matrix method.” Technique 1 cannot be utilized when a voltage (current) source
is not in series (parallel) with a resistor owing to the intrinsic properties of the conventional
node-voltage (mesh-current) matrix method. Technique 2: Find the open-circuit voltage Voc
and short-circuit current /gc across the load device, then the Thevenin resistance parameter
is equal to Zry = VOC/ISC.(S’”) Technique 2 is not only impractical but also has the risk of
encountering the indeterminate case of 0/0. For some circuits consisting of only dependent
sources and resistors, one needs to apply an alternative method because the ratio of V¢ to

Isc has the indeterminate form 0/0. Technique 3: Firstly, set all independent sources to zero

with the load device disconnected. Then, apply an additional independent current (voltage)

source I(V;) to the load device, then find the load voltage (current) Vi(Iy) using Zry = Vi/l;

Zre = V).V Technique 3 is restricted to certain conditions owing to the requirement of

setting all independent sources to zero. Moreover, it is also obvious that using conventional

Technique 3 with Kirchhoff’s voltage law (Kirchhoff’s current law) is very tedious.

To solve all the above shortcomings of the conventional approaches, we propose an efficient
method of designing the desired performance for general complicated operational amplifier
systems in a straightforward manner. The significant novel features of this proposed approach
includes the following. (1) It can easily be applied to electrical operational amplifier circuits
in which the voltage (current) source is not in series (parallel) with a resistor or a dependent
source element without using tedious Kirchhoff’s law. (2) In this paper, we also propose a
new method of finding the Thevenin equivalent circuits for general complicated operational
amplifier systems that has systematic solving processes over traditional approaches including
the open-circuit voltage and short-circuit current methods, the matrix node voltage (mesh
current) method, the modified nodal (mesh) analysis, the reference node r model, the reflected
impedance method, and the virtual ground method. (3) This model is applicable to both non-
ideal and partially ideal operational amplifier systems. (4) It is conceptually simpler than other
methods since it uses systematic matrix operations.

An online electrocardiograph (ECG) device is a diagnostic instrument that is generally
utilized to evaluate the electrical and muscular performance characteristics of the heart.!?) The
interpretation of ECG traces needs a considerable amount of training. The heart is basically a
two-stage electrical pump and its electrical behavior can be gauged by electrodes located on the
skin. An ECG can gauge the frequency and rhythm of the heartbeat, as well as indirectly show
the blood flow to the heart muscle. A standardized model has been created for the electrode
placement of an ECG. A heart monitor generally requires three electrode leads that are on the
left chest, left arm, and right arm. The signals collected from each electrode are summarized
and printed as an electrocardiograph.
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The heart is the pump responsible for blood circulation, and cardiovascular disease has
become the most severe disease affecting human health worldwide. The diagnosis and
treatment of cardiovascular disease is a major medical problem. An ECG containing a
biological electric signal with amplitude, frequency, and phase is important for clarifying heart
activity. The ECG signal shows the working status of the heart from different viewpoints using
fundamental body physiological parameters. Measuring these physiological parameters has
high clinical significance for the treatment of cardiovascular disease.'> The ECG thus plays an
important role in the clinical treatment of cardiovascular disease. Our online electrocardiograph
device has been designed with a single chip and has high performance and low power
consumption. The system utilizes high-performance AD620 instrumentation amplifier chips
together with an AD0804 A/D chip to implement ECG measurement and communication
conveniently. The proposed online monitoring system has the advantages of simple structure,
low power consumption, high performance, and easy use. An online electrocardiograph device
is an important tool for many industrial medicine applications and our proposed system is
investigated in this study to demonstrate the practical application of the proposed results.

2. New Method of Solving Complicated Operational Amplifier Systems.

The newly proposed method of solving complicated operational amplifier systems is
demonstrated using the example shown in Fig. 1. By utilizing the L’Hospital rule and the simple
matrix operations developed by the authors, an innovative complicated operational amplifier
approach is proposed as follows:

(Step 1) Draw the s-domain operational amplifier equivalent circuit of Fig. 1 and use a technique
to transform all voltage sources to current sources, where R, = kR, R, = 2kR. If the voltage
source is not in series with a resistor, we can place a zero resistor R .. in series with the
voltage source, and thus the matrix node voltage method can be applied.

(Remark 1) The useful technique of adding a zero resistor R, has not been proposed in
research on the traditional matrix node voltage method.

2KR KR 2KR

2KR

Fig. 1.  Demonstrated example of solving complicated operational amplifier system.
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(Step 2) List the node-voltage matrix equations in the following format:

i) —Yals) - =Ky || Vi(s) g () Lgp(s) £
“%1(s)  Yo(s) - =Dn(s) || Vals) _ o1 (8) £ Lgpn(s) -+ 0
—Yyi(s) —Yyo(s) -+ Yy () |[Vy(s) | [ Elgni(s)E gy (s) £+

where associated with V;, i=1, 2, ---, N, are called the node voltages. The node-voltage
matrix equations of Fig. 2 are given as

1 1 1 1 1 1 Vg1
—_—t—t—t+— e R 0
R, Ry R R R, R R;
L 2, b L o Ve | | Aava
Ry R Ry Ry Vi2 _ R, @)
1 UL S S S SRS S % Vo
R Ry R R Ry, R R, v, R;»
0 0 _L L + L Av2vi2
L R2 R2 RGZ i L R02 i

(Step 3) Apply the L’Hospital rule to reduce the R, terms. Since Fig. 2 does not have
additional R
(Step 4) If the dependent current (voltage) variables are involved in the node-voltage matrix
equations, the dependent variables must be transformed to node-voltage variables and
moving-term operations are immediately executed. In general, an electrical system with

e terms, this step can be omitted here.

a dependent source will have increased complexity in network analysis.(l’”’]()) On the
other hand, this problem is easily solved by our proposed approach based on the moving-

Fig. 2. Equivalent circuit of Fig. 1.
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term operations in this study. Substituting v;; =v;; —v, and v;; =v3 —v,, into Eq. (2)
and moving the node-voltage variables to the other side of the equation yield the following

expression:
1 1 1 1 1 1
R, Ry R R R R
A 2 1
Rl Rol Rl Rol Rl
1 1 1 1 1 1
R R, R R R, R
0 0 _L AV2
L RZ R02

Vi1
V2

Vi3

Av2vs2

R02

)

(Step 5) Applying the special characteristics R; =o,R, =0, and 4, = —oo of the ideal operational

amplifier reduces the equation to

1 1 1 1 1
—4+0+—+—= —— o
R, R R R R
o_ﬂ 0+L _1
Rol Rol Rl
1 1 1 1 1
- -— —+—+0+—
R R R R R,
A
0 0 0——2
L R02

Vs1
Ry
Vit || Anva
Viz |_| Ro
Vi3 Vs2
Vo Ri2
A2Vs2
L Ro2 i

@

(Step 6) Multiplying rows 2 and 4 of Eq. (4) by R,/ A4,; and R, /A, , respectively, and applying

L’Hospital’s rule give the following simplified result:

11 11 1

R, R R R R
-1 0 0
1 1 1 1 1
'R R R R R

i 0 0 -1

Vk1
V2
Vk3

®)

(Remark 2) A significant feature of this study is the use of L’Hospital’s rule and the moving-

term techniques to solve complicated operational amplifier systems with a dependent

source,"® where
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Ay [R—j LLR_]O L[R_jo
Rol Avl Rol Avl Rl AVl
_Av2v32 X(E\J =V, Lx(ﬁ] =0,
R, A, Ry (A

(Step 7) Utilizing our previously invented simple matrix operations simplifies the derivation
process.®) Multiplying rows 1 and 2 of Eq. (5) by —R, and —Vg, /vy, Tespectively, give the
following simplified result:

1 1 1 1 1
—t—+—= — -—— 0
R, R R R, R
Vkl O
-1 0 0 0
% -y
2 1 1 2 1 11| =] ©)
————— — 0 St —— |V 0
R R R, R R R R,
v, 0
Vio 0 -1 0
L Vsi |

(Remark 3) To reduce the difficulty in solving complicated operational amplifier systems, we
newly propose the above useful matrix operations for use in existing approaches.!>2
(Step 8) Apply Cramer’s rule to obtain the following desired function:

1 1 2
Vo =R2(R_2+E+E](Vsz—vs1)=("s2_"sl)[4k+3]' )

(Step 9) To find the Thevenin equivalent circuit between nodes vy, and v;,, place a current (voltage)
source ,(v,) of the desired terminal pair as shown in Fig. 3.

A%y
i/
I
%
2KR KR
A% NN

2KR

Fig. 3. Demonstrated example of finding the Thevenin equivalent circuit.
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Apply the above processes to derive the variables v, (i,) and then rearrange the variables v, (i,)
in the form

Ve =1 (RTH ) +Vry - ®)

Hence, we obtain two Thevenin equivalent parameters simultaneously. The node-voltage
matrix equations corresponding to Fig. 3 are given as

1 1 1 1 1 1 Vo1
—_—t—t—+— - - 0 —+i
R, Ry R R R R il
_ L 2,1 _ L 0 Vel | A,
R R Ry R Vi2 _ Ry ©)
1 LSS SR SR SIS D S R F Vs
R R, R R Ry R R, v, R;y
0 0 _L L + L Av2vi2
L R2 R2 ROZ B | RoZ B

Substituting v;; = vy, — vy and v;, = Vi3 —V,, into Eq. (9) and moving the node-voltage variables
to the other side of the equation yield the following expression:

1 1 1 1 1 1 Vg
—t—t—+— -—— -—— 0 —+i
R, R, R R R, R Ry
14y 2. 1 L 0 i || A
R R, R R, Ry Viz | _ R, .(10)
1 oot ot s Vs2.
R R, R R Ry R R, v, R
0 0 1A 1 n RS Ay
L R, R, R, Ry L Rn ]

Multiplying rows 2 and 4 of Eq. (10) by R, /4, and R,,/A,,, respectively, and applying
L’Hospital’s rule give the following simplified result:

1 1 1 1 1
—_—t—t—= —— -—— 0
Rz Rl R Rl R Vkl ll
-1 0 0 0 \ —v
k2 _ sl ' (11)
1 I 1 1 1 1 |vs| |0
N —_— Y ——
R Rl R Rl R2 R2 VO _VS2
0 0 -1 0 |
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Applying our previously invented reduced-order operations simplifies the derivation process.®)

P R i
Ry RR ROR| )
-1 0 0 k2 sl
v 4

Utilizing our previously invented column operations simplifies the derivation process.”)
Adding column 1 to column 2 of the above equation gives the following simplified result:

1 1 1 1 1 1
t—+— —+—

R, R R R, R R|M R
) 3 0 Via =] Vst |- (13)

I

Multiply row 1 of the above equation by —R. Adding row 1 to row 3 gives the following
simplified result:

R, RR R R, R R || Vi1 = Vi A
_i_ﬁ_l _i_l 0 Vi3 _VSZ_iIR
RZ Rl RZ

Applying our previously invented reduced-order operations simplifies the derivation process.(3)

Vil — Via (e v -V
R R R avlen | (15)
_____ I ——-1 Vi2 —Vso — Ry
Ry R R,
Cramer’s rule is applied to obtain the desired function
. R R R
v =z,(—R1)+(—;1vsz +(R—;+;lvsln, (16)

1.e.,
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It is also worth mentioning that, so far, we have never seen a systematically solved matrix

solution for operational amplifier circuits to our best knowledge. To exploit the fact that

the proposed complicated operational amplifier approach is more useful than the traditional
approach of using the disorganized virtual ground technique and Kirchhoff’s voltage law

(Kirchhoff’s current law), the traditional approach is outlined as follows.

We redrew Fig. 1 as Fig. 4 with all node voltages and branch currents. Applying the virtual

ground technique and Ohm’s law yields

and

From Kirchhoff’s current and Kirchhoff’s voltage laws, we obtain

L=l—1 =l Y2~V Y (2K +1)-2Kv,,

2KR R 2KR

and

Vg1 (2K + 1) -2Kv,

V'=v,+L,KR=v,+
s1 2 s1 2KR

=vy (K + (3/2)) +Vg, (—K).

(KR)

Ohm’s law is used to obtain

. = Vio — V! _ Vs2 _I:Vsl (K +(3/2))+V52 (_K)}
3T KR KR

SR 2kR) 2\R KR/

V

Fig. 4. Demonstrated example of a complicated operational amplifier system.

Vo

a7

(18)

(19)

(20)

1y
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Thus, we obtain the following equation via Kirchhoff’s current law:

I'=]1+I3=—VS2_VS1+ VS‘] _l_i +VS'2 l'|'L
R ’ R 2KR "\R KR

(22)
SV S VN (I
'R 2kR) 2\R KRS
Finally, applying Kirchhoff’s voltage law gives
Vozl'(ZKR)+v52= vsl(—g—i +Vyy £+Lj +vy,
R 2KR R KR 23)

= (4K + 3)(vs2 —Vy )

3. Comparative Example

To show the significant merits of our method over traditional approaches, a comparative
example is given in this section.

Consider the complicated operational amplifier system shown in Fig. 5. Firstly, applying the
traditional approach of using the disorganized virtual ground technique and Kirchhoff’s voltage
law (Kirchhoff’s current law) solves the above system. Utilizing the virtual ground technique
with 7 =0 gives

y
I =1, :K;?' (24)

The virtual ground technique with V., =V_ =0 is applied to obtain

KR
A"
—
I
— Vs

Fig. 5. Complicated operational amplifier system used for comparison.
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V.
I =1,=—3
1 2 KR
and

Equations (24)—(26) are combined to give
Vi =V_—1,(KR)=-V

and

Kirchhoft’s voltage and Kirchhoff’s current laws are respectively used to obtain
V, = I,KR—I,KR
and
I, +1;=—1,.
Thus,
V,=1,KR—1,KR=(—1, —I3)KR - I,KR =—I;KR — 21, KR.

Substituting Eqgs. (25) and (28) into Eq. (31) gives

N

V,=—11KR-2I,KR=— Vs KR-2 Vs KR=-3V,.
KR KR

Thus,

S
Il
L

25)

(26)

27)

28)

29)

(30)

€2

(32)

(33)

As a comparison with the above traditional approach, we use the proposed complicated

operational amplifier approach to easily solve the above comparative example in only three

steps as follows. Firstly, an equivalent circuit of Fig. 5 is drawn in Fig. 6.
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KR
W2
KR éKR
Wi
A L Vo
VsIKR KR ri AVVIRo §Rﬂ
o
Fig. 6.  Equivalent circuit of Fig. 5.

The node voltage equations are directly listed as follows via the proposed complicated

operational amplifier approach:

2 1 1 ] S
—t = — 0 v
kR R kR , s
—L i —L v1 = k(f 34
kR KR KR ) G4
1 l 1 VO Vvl
0 _— —+— R
kR kR R, L "o
Multiplying the third row by R,/ 4, and applying the L’Hospital rule give
2 L ]
kR kR Vi kR
L3 Lml|=]o 65)
kR kR kR || v, 0
| -1 0 0 | L]
Finally, Cramer’s rule is applied to obtain the desired function
v,
lo__3
v (36)

(Remark 4) From the above comparative example, it is clear that the use of the traditional
approach is very confusing. In particular, for more complicated operational amplifier

systems with two dependent elements such as the demonstrated example (Fig. 1), it is
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difficult to solve the desired function. In contrast, the use of the proposed complicated
operational amplifier approach is very simple and efficient. A system can even be solved in
only three steps.

4. Implementation of Proposed Approach of an Online ECG Device

To demonstrate the practical applicability of our proposed approach, we investigate its
implementation in an online ECG system.

4.1 AD620 instrumentation amplifier

Consider the well-known instrumentation amplifier with the operational amplifier shown
in Fig. 7). The AD620 instrumentation amplifier is a low-cost and high-accuracy device that
requires only one external resistor to adjust voltage gains. Furthermore, the characteristics of
the AD620 instrumentation amplifier including the low input bias current, low disturbance, and
low power make it well suited for biomedical devices such as ECG and blood pressure monitors.
We will separate the input part from the output part in the analysis in the following derivations.
The procedures of the proposed effective approach are used to obtain the desired performance
as follows, where Figs. 8 and 9 are the equivalent circuits for the input and output parts of the
AD620 instrumentation amplifier, respectively.

Vi Stage2

Stagel

Fig. 7. ADG620 instrumentation amplifier.



Sensors and Materials, Vol. 31, No. 6 (2019)

(Input part of AD620 instrumentation amplifier)

(Step 1)

(Step 2)

ol

=

RoZ

R02

1987

(37)

(39)
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(Step 5)
0 + L + l _l _L 0 _ _
AR Z VA 0
4 ek o 0|
p | k2| _| _Arn (39)
_n 0 — 0 || Va R,
Ron Ry Vor Ay,
0 _ AV2 0 L L ROZ _
L R02 R02 B
(Step 6)
zZ+7' -Z' -7 0]V, 0
-Z' Z+Z' 0 -Z|| Vi, 0
= (40)
-1 0 0 0 ||V, -V
0 -1 0 0 ||V, -V,
(Step 7)
(z+z2' -7' -Z 0]
Viq 0
7' Z+Z' 0 -Z
-1 0 0 0 = @1
V VOl _I/l
2 -1 0 0|V, 0
LN |
(Step 8)
Z+Z Z
V.=V, +V,| —— 42
ol =N [ Z j 2( Z ) “42)
and

V4 Z+7
V02=V1(—7J+V2[ ; j 43)
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(Output part of AD620 instrumentation amplifier)

(Step 1)
z,
® 7
A ™ © .
Z,
N Ré :—/ A,
i Vi
CERAE" N
® i U
\A
Z,
N
Fig. 9. Equivalent circuit for output part of AD620 instrumentation amplifier.
(Step 2)
11 1 1] ]
Zl Ri Ri ZZ Zl
1 111 | |y,
- bt 0 |V, |2 2
Ri Z3 Ri Z4 v Z3
o
b 0 . AV
L Z2 Z2 Ro L Ro i
(Step 3) and (Step 4)
L It
1 l'1 | | 1 1 2 Vkl Z]
—-— —t—+— 0 Vio 1= Vs
1 P |t |
T 4 1,1 0
Z2 Ro ZZ Ro B -
(Step 5)
I 1] -
—+0+— 0 -— 14
Zl ZZ Vkl Z
1 1
0 —+0+— 0 Vio |=| V>
Z 2
1 11 ’
LA 4 1T 0
Z2 Ro ZZ Ro B h

1989

(44)

45)

(46)
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(Step 6)
L R . n
Zy, Z, Zy | Vi Z
0 L_i_i 0 Vk2 = ﬁ (47)
-1 1 0 | | 0 |
(Step 7)
., L n
Z, 7, Zy | Vi Z
Ly o |2 @)
Zy Z, v, Z3
| -1 1 0 | | 0
(Step 8)
Z
AR
Voz(—?JVl+ — |V (49)
1 1+_3
Zy

4.2 60 Hz notch filter

After the analog ECG signal is measured and transferred into the digital mode, the notch
filter can be used to reduce the power of the 60 Hz embedded noise.”) Consider the well-
known 60 Hz notch filter with the operator amplifier shown in Fig. 10, where R, = R, =10kQ,

Fig. 10. 60 Hz notch filter.
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Ry=R,=R=22kQ,and C; =C, =C=110nF. The procedures of the proposed effective
approach are applied to obtain the notch filter property as follows, where Fig. 11 is the
equivalent circuit of the 60 Hz notch filter in Fig. 10.

(Step 1)
R,
R
s L
R, + V, 1
Vi AV <C
e e R
@ _
(T) R, sC, R,
\A
R
A4
Fig. 11. Equivalent circuit of the 60 Hz notch filter in Fig. 10.
(Step 2)
! 1 1 I
—+—+5C +— -sC, - 0 -
cce 1 4 Rl R4
1 1 -
—-sC, —+—+5C - 0 0 14
R; 3 R;
V2
1 1 1 1 1
-— -— —t—+— -— 0 Vs
R R, R, R R, R,
1 11 Vs
0 0 — —+—+5C, —sC, Vs
R, o R -
1 1
-—— 0 0 —sC, —+5C,
L R4 R4 _
(Step 3)
! 0 0 0 0 |
1
—sC, —+—+5C, —— 0 0 |
< R; 4
1 1 1 1 1 1 V.
-— - —t—t— -— 0 2
Rl Rl Ri Rl R2 RZ V3
1 1 1 v,
0 0 -— —+—+5C,  —sC, 4
R2 Ro 2 L VS
1 1
—— 0 0 —sC, — +5C,
L R’y Ry ]

(50)

1)
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(Step 4)
! 0 0 0 0 |
-sC;, —+—+sC L 0 0 -
i 3 Ri Vl Vv
_L _L LJ’_L_FL _L 0 V2 0
R, R, R, R, R, V5] O]
—L 0 O —SC2 L'|'S612
L Ry Ry ]
(Step 5)
! 0 0 0 0 i
—sC, O+L+SC1 0 0 0 o
R, s
V- 0
_r 0 0+L+L 1 0 2
A A v,
0 0+~ 0-X —+0 —sC, sl |0
Ro Ro 0 _V5_ _O_
1 1
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(Step 7)
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@ =po 0 > (67

4.3 Low-pass filter

A low-pass filter is an electronic filtering element that passes low-frequency signals
and attenuates the amplitudes of signals with frequencies higher than a cutoff frequency.!?
Consider the well-known low-pass filter with the operational amplifier(ls) shown in Fig. 12.
The low-pass filter property can be easily obtained by the procedures of the proposed effective
approach as follows, where Fig. 13 is the equivalent circuit of the filter in Fig. 12.

Fig. 12. Low-pass filter.
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Fig. 13. Equivalent circuit of the filter in Fig. 12
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4.4 High-pass filter

1995

Q)

(62)

(63)

64)

(65)

(66)

A high-pass filter is an electronic filtering device that passes high-frequency signals but

attenuates the amplitudes of signals with frequencies lower than a cutoff frequency.’) Consider

the well-known high-pass filter with the operational amplifier shown in Fig. 14.?) The

procedures of the proposed effective approach are utilized to obtain the high-pass filter property

as follows, where Fig. 15 is the equivalent circuit of the high-pass filter in Fig. 14.
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Fig. 14. High-pass filter.
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Fig. 15. Equivalent circuit of the high-pass filter in Fig. 14.
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2xRC 73)

0=1/2 (74)
4.5 Non-inverting amplifier

A non-inverting amplifier is a useful device that allows us to change the scale of a signal
to any voltage range by adjusting the external resistors accordingly.?? Consider the well-
known non-inverting amplifier with the operational amplifier shown in Fig. 16. Applying
the procedures of the proposed effective approach gives the desired non-inverting amplifier
characteristics as follows, where Fig. 17 is the equivalent circuit of the non-inverting amplifier.

Fig. 16. Non-inverting amplifier.

(Step 1)
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Fig. 17. Equivalent circuit of the non-inverting amplifier.
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(Step 7) and (Step 8)
VO = V3 = (MJ Vs (80)

4.6 Voltage follower amplifier

If the signal is transferred without any changes, the amplifier is a unity gain buffer known
as a voltage follower because the output voltage follows the input signal.(16) Consider the well-
known voltage follower amplifier with an operational amplifier shown in Fig. 18. The property
of the voltage follower amplifier can be obtained by the procedures of the proposed effective
algorithm as follows, where Fig. 19 is the equivalent circuit of Fig. 18.

1KHz Sin Wave
AC1V

Fig. 18. Voltage follower.

(Step 1)

Fig. 19. Equivalent circuit of Fig. 18.
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(Step 7) and (Step 8)

v

— L=V, (86)

)

4.7 DC-level adjusting amplifier

Consider the well-known DC-level adjusting amplifier with an operational amplifier shown
in Fig. 202 Using the procedures of the proposed effective approach yields the DC-level
adjusting amplifier performance as follows, where Fig. 21 is the equivalent circuit of Fig. 20.

\A
R, =4.7K

R, =4.7K

Fig. 20. DC-level adjusting amplifier.

(Step 1)

Q |
@D i

Fig. 21.  Equivalent circuit of Fig. 20.



Sensors and Materials, Vol. 31, No. 6 (2019)

(Step 2)
I 1 1]
R4 R12 Ri Ri Rl2 v,
| 111 M
-—— —+—+— 0 Via |=
R R R R .,
| I
. 0 - 4 —
i Ry, R, R,
(Step 3) and (Step 4)
111 1 1]
Ry Ry R R; Ry, Ve,
1 1 1 1
-—— —t—+— 0 Vi |=
R Ry Ry R v
14 4, 1 1P
RIZ Ro Ro RIZ Ro
(Step 5)
L+L+O 0 _L "Vl
s Ry Ry, Ve R_4
Ry R v Ry
| 4 4 k3 8
——= +—= 0+— | 0
L R12 Ro Ro 0 |
(Step 6)
ool
4 12 1 1 12 Vi, R,
0 R_+E 0 [V |=| ¥,
) 72
| e Ry
-1 +1 — 0
L RO i B i

2003

@&7)

(88)

(89)

©0)



2004 Sensors and Materials, Vol. 31, No. 6 (2019)

(Step 7) and (Step 8)
V,=Vis =W [—ij +7; . o1
Ry 1+ By
Ry

4.8 Authors’ invented adder

Consider the authors’ newly invented adder with the significant advantage of arbitrary
numbers of inverting ends and non-inverting ends as shown in Fig. 22. The procedures of the
proposed effective approach are employed to obtain the performance of the authors’ invented
adder as follows, where Fig. 23 is the equivalent circuit of the authors’ invented adder in Fig. 22.

~ 000

~

VHO_'\M—

~

vllm»l)( ) WY

Fig. 22. Authors’ invented adder.

(Step 1)

=

Vl(m+1) ( )

Fig. 23. Equivalent circuit of the authors’ invented adder in Fig. 22.
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5. Experiments on the Online Electrocardiograph Device

(96)

O7)

This block diagram and hardware implementation of the online electrocardiograph device

are shown in Figs. 24 and 25, respectively.

instrumentatlion amplifier

notch filter

low-pass filter

— > > >

e 60H e 50H
ADEZD = 2 1

high- filt i . s

- el Dpz:i TAEER s non-inverting amplifier | —* | voltage follower
. 48Hz —‘

AD i £ i hi USB interf = Ty

g inverter _, | microchip interface| | computes
RE232 Client

_y | Gomputer

Server

Fig. 24. (Color online) Block diagram of the online electrocardiograph device.

(b)

Fig. 25. Hardware implementation of the online electrocardiograph device.
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The first observation of the original ECG signal through the first-zone AD620
instrumentation amplifier is shown in Fig. 26. Figure 26 shows that the original ECG signal
contains all low-frequency and high-frequency noises and power noise. In general, the
electronic device is connected to a power source and thus the 60 Hz noise is inevitable. Thus,
the original signal will generate the 60 Hz noise impact. Figure 27 clearly shows that the impact
of the 60 Hz noise is completely eliminated by the second-zone 60 Hz notch filter. In general,
the frequency of an ECG signal is approximately 50 Hz. Therefore, in addition to the 60 Hz
noise, many high-frequency noises need to be filtered, and so we include a third-zone low-pass
filter to reduce high-frequency noises. The observation of the ECG signal after passing through
the low-pass filter is shown in Fig. 28. As we take an ECG signal with a frequency of about 50
Hz, the fourth-zone high-pass filter is designed with a cutoff frequency of 40 Hz. The output
wave of the ECG signal after passing through the high-pass filter is shown in Fig. 29. To cancel
the general load effect of the ECG circuit, we should add a voltage follower to the overall circuit.
The signal is then passed through the fifth-zone non-inverting amplifier and voltage follower. It
is clear that the amplitude is significantly increased as a result from Figs. 30 and 31. To enable
the utilization of internet transmission technology, we should transform the analog signal to a

o  30-May’11 12:01 Auto 1 il

i((

o b O {.1
-

WCHI EDGE 7 240
u

Fig. 26. (Color online) Measured wave at the output Fig. 27. (Color online) Measured wave after passing
part for the AD620 instrumentation amplifier. through the 60 Hz notch filter.

WCHI EDGE 7 <20Hz T L “WCH EDGE 7
oM

=2

Fig. 28. (Color online) Measured wave after passing Fig. 29. (Color online) Measured wave after passing
through the low-pass filter. through the high-pass filter.
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Fig. 30. (Color online) Measured wave after passing Fig. 31.  (Color online) Measured wave after passing
through the non-inverting amplifier. through the voltage-follower amplifier.

A []
B | CH1 =S@8mU CH2

Fig. 32. (Color online) Measured wave after passing through the DC-level adjusting amplifier.

digital signal via an analog/digital (A/D) converter. To match the rated input voltage level of the
A/D converter, we use an ADC0804 converter with a conversion range 0—5 V, and so we need
to increase the ECG signal flow level by utilizing the sixth-zone DC-level adjusting amplifier
with the authors’ invented adder. From the comparison of Figs. 31 and 32, the ECG signal flow
level is increased by 0.75 V and thus the ECG signal can pass through the A/D converter to
the client computer shown in Fig. 33. Subsequently, we can pass the client’s ECG signal to the
hospital server shown in Fig. 33 by exploring internet transmission technology.

As a comparison with other existing methods, we demonstrate a Bessel low-pass filter that
is mainly made up of an AD8618 quad op-amp.!¥ The transfer function shown in Ref. 14
is clearly incorrect in the non-ideal case with 4, =—10* o, R, =0, and R, =0. Moreover,
the transfer functions of the AD8220 instrumentation and main AD8618 amplifers are
incorrect in a non-ideal case, and thus the important amplitude-frequency and phase-frequency
characteristic curves will not be exact. We show all the processes for deriving the transfer
function for the Bessel low-pass filter in Fig. 34.
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Fig. 33. Measured waves of client computer and Fig. 34. Bessel low-pass filter.

hospital server used for the ECG signal.

(Step 1) The Bessel low-pass filter can be replaced with the operational amplifier equivalent
circuit (Fig. 35).

L
sC,
| |
I

Rig

—M—
Uib Ry U, Y OUOb
o—/W\——
* AV,
7y
Ri ( R, Ro

Fig. 35. Equivalent circuit of Fig. 24.

(Step 2) List the matrix node-voltage equations.

L+—+SC7 -———s5C; Ui
Rll R12 R12 |:U1 } _ Rll (98)
12 0 12 Ro

Solve the dependent source element by performing simple moving-term operations based on

the equation V; =U;.
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L+L+SC7 —L—SC7 Uy
Ry Ry Ry Uy |_ R 99
{ A1 u. |7 B 99)
———5Cy L —+—+5C; |- 2 0 [« xR,
R12 Ro Ro RIZ

Use our invented simple matrix operations and the L'Hospital rule to reduce the matrix
equation.

e e T [
Ry Ry Ry, =| Ry (100)
—4 1 2 0

14

(Step 3) Apply Cramer’s rule to derive the transfer function.

Uy (s)=U,,(s)= 101

2(8)=Upp(s) 1 4 (101)
—— = |+5(C - 4,C)
Ry Ry Ry

Thus, the frequency-domain transfer function is given by
U J@) _ Ry (102)
Uy (joo 4 '
S A
Ry Ry Ry

It is clear that this equation is not equal to Eq. (7) of Ref. 14.
6. Conclusions

The proposed efficient algorithm, which is an alternative to using the virtual ground
technique, Kirchhoff’s voltage/current law, and traditional Thevenin approaches, of a
complicated operational amplifier system combines the L’Hospital rule, fundamental circuit
theory, and the simple matrix operations developed by the authors, enabling us to easily design
an online electrocardiograph device. A theoretical investigation of the complicated operational
amplifier system including instrumentation and frequency sensors has been presented and
finally an online electrocardiograph device has been implemented using the proposed simple
approach. Note that so far, the existing approaches have not provided a systematic matrix
solution for complicated operational amplifier circuit systems. In the future, we will extend
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the complicated operational amplifier approach to the design of electronic measuring circuits,

robust control systems, robotics control, and industrial applications.
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