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Objective

To estimate the electrode cell density only by its spectral impedance.
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Objective

To estimate the electrode cell density only by its spectral impedance.

Develop a numerical culture model for the contribution of \ -
each cell. E® 1 14

Reobtain analytical model estimation for the same parameters 2%
(GK model: [a, Rb & Cm]).

Simulate non-confluent culture states (Random placement
and Wound & Healing processes).

culture

Compare experimental data to every simulation finding the o e =
closest cell density. / S e

—

Bare electrode
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Designing a numerical model e

1. Tile the substrate surface.
a. Electrode tiles, current input.
b. Insulator tiles.

n, Zn i n
In: Electrode current
o a Zn: Electrode impedance
/ zn, zn IL: Lateral current

Im: Membrane current
Zm: Membrane impedance

2. Neighboring tiles connected via Ty
eletrolyte (p). conr R

culture

Irn: Tight junction current
2 Rb: Tight junction resistance

3. Each tile covered by membrane
(capacitive) or intercelular unién '/ =
(resistive).




-

Building a culture

Each cell is an n by n tile matrix of membrane tiles
surrounded by a ring of intecelular tiles.




-~
Building a culture

Each cell is an n by n tile matrix of membrane tiles
surrounded by a ring of intecelular tiles.

No Cell - Insulator B Tight junction
B Cell - Insulator T Electrode

No Cell - Electrode [ Cell
B Cell - Electrode

155:1

130.3

105.5

80.6

55.8

31.0

6.2
-6.2

Position [pm]

-31.0

-55.8

-80.6

-105.5

-130.3

-155.1

Position [um]
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Confluent cultures

No Cell - Insulator B Tight junction

mmm Cell - Insulator r 7 Electrode
Fixed parameters: == Nocal-Eectode £ ol
e Cellsize. 155.1 o
* Electrode size. 1303
* Electrode impedance Zn. —
80.6
Model parameters: zz
* o (~height culture). O
* RbD (Intercelular resistance). s 62
* Cm (membrane capacitance). |
-55.8
-80.6
-105.5
-130.3
-155.1 T T T W W WL O~ P I L P
S oPosition [um] Ny
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Confluent cultures

Fixed parameters:

* Cellsize.

* Electrode size.

* Electrode impedance Zn.

Model parameters:

* o (~height culture).

* Rb (Intercelular resistance).
 Cm (membrane capacitance).

Position [ym]

1zl [e]

108

10°

104

10°

= Cell - Insulator

No Cell - Insulator

No Cell - Electrode

B Cell - Electrode

Position [xm]

* 4 CPE Bare electrode
¢ Giaver & Keese Model
® Finite Diff. Model
+ Central cell Diff. Model

¢
*
A ®
*
+
A
?
A
®
A
A 2 9
10* 10 10° 10* 10° 10° 107

Frequency [Hz]

Phase [°]

7.3 Electrode
= Cell

B Tight junction

Voltage colormap at 4641.6 Hz. Voltage
155.09 11
Simulation parameters
130.28 1.0 « Culture size = 625 squares
@(@ »—QSS « Alive cells = 625 ( 100.0 %)
« Dead cells = 0 ( 0.0 %)
10540 [ 0.9 + Electrode cells = 303 ( 48.6 %)
« Elec. alive cells = 303 ( 100.0 %)
80.65 0.8 « Resolution param. = 20
« Matrix size = 7.7e+10
« NonZero Elements = 1381276 (0.002%)")
55.83 0.7
Geometry
31.02 « Medium resistivity p = 54 Q.cm
I 0.6 « Electrode diameter = 244 um
( « Square cell side = 12.4 ;m
6.20 6 0.5
-6.20 2 CPE parameters
[ «A=1.00e-08 Q.5
0.4 «n=0.90
-31.02 « Constr. res. = 720.0 Q
-55.83 0.3 | Model parameters
&) ca=10 yQ-cm
5 0.2 « Ry = 10 Q-cm®
8065 ) + Gy = 1.00e-06 Flem’®
-105.46 L 0.1 |Simulation
LA AL « Success = True
130.28 5@@@@ 0.0 « Simualtion time = 223 s
-155.09 ' ' ' ' . . Lo w v @ = = = =04
nowoe 3 B @ Ok 2w oo 8 W o
& 5 2 388 °° R 3% 553
o == (=) Q G Q
Position [um]
A | a
. @
i é
A
’ ‘ A
10°4 A A
¥ A
A
$ b 4 A
L 4 A
* A = A * a2 4
# =] =
’ -4 . O 10-°
104 !
*
A
+
4 +
* L]
* A
° A i
L 4 -
* A 103 A *
4 A A A i e @ $ 30
100 102 10° 10* 10° 10° 107 100 102 10° 10* 10° 10° 107 10! 102 10° 10* 10° 10° 1°

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]
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Non-confluent cultures

Random cell placement

mmm Tight junction
£ Electrode
3 Cell

No Cell - Insulator
mmm Cell - Insulator

No Cell - Electrode
B Cell - Electrode

Voltage
9%,

Voltage colormap at 4641.6 Hz.
155.09 .

155.1

130.3 130.28

105.5 105.46

Position [xm]

-80.65 &

-105.5 -105.46

-130.3 -130.28

-155.09

-155.1
J \ | 1 . \ . : . : ; : [
G & 5 8 g g o3 B G 3 5 L& L £ 5 8 = s 2
a S & = @ S o oo o & w o o o o 'S N o
% ) & w w - 8 l&\ g v N o =] ©o
Position [xm] Position [xm]
* A CPE Bare electrode 0 i b 4
¢ Giaver & Keese Model *
106 L _10 6x
@ Finite Diff. Model A
* + Central cell Diff. Model o '
-20 10 A
]
* 4x
o 2 -30
10 - * 3x
= * & A — A -
= ¢ -40 (= =4
5 A o o« v
- * S 10¢
=50 e 2x
4 +
10 A be
*® -60 *
A
5 0 * A
° L] i e
10° * A 103 A &
2 2 0 —80 1Rk A A 2 & 0
10 102 10® 10* 10° 10° 107 10 102 10° 10* 10° 10° 107 10' 102 10® 10* 10° 10° 107

Frequency [Hz] Frequency [Hz] Frequency [Hz]

Position [pm]

Wound and Healing concentrical

B Cell - Electrode
77 Electrode

[ Cell

No Cell - Insulator
mmm Cell - Insulator
No Cell - Electrode

Voltage colormap at 4641.6 Hz. Voltagf1

155.1

130.3

105.5

e
210 - .dvv 1‘-:2%3
88000606
-55.8 £
-80.6
-105.5 &
-130.3
-155.1 R - - A -0.1
b & g 8 & & e 8 &
58 %565 5o f
Position [um] Position [um]
0 106
* A CPE Bare electrode A 3 *
. ¢ Giaver & Keese Model *
10 . ® Finite Diff. Model A 2 *
A 4 + Central cell Diff. Model L
20 'y
® 10° A
A
S
10 o - * : _
S g =40 g A I
N * g o« 8 o
. * 'y $ 10*
104 A A
—-60
2 2 A ¥
A 3 i A g
10° a2 -801a a4 a4 A i 103 Ay
A & @ L * ¢ @
10! 102 10® 10 10° 10° 107 10! 102 10° 10 10° 10° 107 10t 102 10® 10* 10° 10° 107

Frequency [Hz] Frequency [Hz] Frequency [Hz]
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Experimental data clasification

1. The algorithm finds the best a, Rb & Cm for each culture.

2. Later it searches from the best simulations from the
selected a, Rb & Cm for each experimental point.

ntal [Q]

Phaseexpenmenr

20 30 40 20
time [h] time [h]

() 4
¥




Experimental data clasification

1. The algorithm finds the best «, Rb & Cm for each culture.

2. Later it searches from the best simulations from the
selected a, Rb & Cm for each experimental point.
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-@- Cult. 3; (@ 10; Rb 70; Cm 5.00e-07)
- Cult. 4; (@ 10; Rb 70; Cm 5.00e-07)
-m- Cult. 5; (@ 10; Rb 70; Cm 5.00e-07)
-&- Cult. 6; (@ 10; Rb 70; Cm 5.00e-07)
-®- Cult. 7; (a 10; Rb 30; Cm 5.00e-07)
Cult. 10; (a 10; Rb 70; Cm 5.00e-07)

Cult. 11; (@ 10; Rb 70; Cm 5.00e-07)

Cult. 12; (a 10; Rb 70; Cm 5.00e-07)

Cult. 13; (@ 10; Rb 70; Cm 5.00e-07)

Cult. 14; (a 10; Rb 70; Cm 5.00e-07)

Cult. 15; (@ 10; Rb 70; Cm 5.00e-07)

Cult. 16; (@ 10; Rb 30; Cm 5.00e-07)

®- Cult. 17; (@ 10; Rb 70; Cm 5.00e-07)
—#- Cult. 18; (a 10; Rb 70; Cm 5.00e-07)
-M- Cult. 19; (@ 10; Rb 70; Cm 5.00e-07)
&= Cult. 20; (@ 10: Rb 70; Cm 5.00e-07)

i
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~@- Cult. 3; (a 18; Rb 10; Cm 1.00e-06)
—&- Cult. 4; (@ 10; Rb 55; Cm 1.00e-06)
~@- Cult. 5; (a 18; Rb 10; Cm 1.00e-06)
~A&- Cult. 6; (a 14; Rb 10; Cm 1.00e-06)
~®- Cult. 7; (a 14; Rb 10; Cm 1.00e-06)
Cult. 10; (@ 10; Rb 30; Cm 1.00e-06)
Cult. 11; (a 10; Rb 55; Cm 1.00e-06)
Cult. 12; (& 18; Rb 10; Cm 1.00e-06)
Cult. 13; (a 10; Rb 55; Cm 1.00e-06)
Cult. 14; (a 10; Rb 50; Cm 1.00e-06)
Cult. 15; (@ 10; Rb 30; Cm 1.00e-06)
Cult. 16; (a 14; Rb 10; Cm 1.00e-06)
~®- Cult. 17; (a 10; Rb 30; Cm 1.00e-06)
~®- Cult. 18; (a 10; Rb 30; Cm 1.00e-06)
~M- Cult. 19; (@ 10; Rb 30; Cm 1.00e-06)
~&- Cult. 20; (a 14; Rb 30; Cm 1.00e-06)
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Continuation

Test different electrode arrays

No Cell - Insulator B Tight junction
I Cell - Insulator Electrode

No Cell - Electrode [ Cell
I Cell - Electrode

155.1 Voltage colormap at 1291.5 Hz. Voltag?l

130.3 130.28
105.5 105.46
80.6 80.65
55.8 55.83
— 310 31.02
£
- 62 6.20
S 62 6.20
[
o
& 310 31.02
-55.8 -55.83
-80.6 -80.65
105.5 -105.46
1303 -130.28
155.1 -155.09 4 . . P ' ‘ 01
T R I~ T T - R G gz 5 & 4 & &3 B U 8 5 & &
bk 5 8 nos TN S22 R 8 7 ¢ 5 & 5 5 5 8o g3 o= oa § S 2
J N o o =] o [ w = 8 g g o w N ~ w v g g 8
Position [um] Position [um]
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Continuation

Test different electrode arrays Simulate cell divition evolution

- - No Cell - Insulator W Cell - Electrode T Electrode
No Cell - Insulator B Tight junction

mmm Cell - Insulator mEm Tight junction 3 Cell
B Cell - Insulator ™7 Electrode No Cell - Electrode
No Cell - Electrode [ Cell 155.1
Cell - Electrode
Voltage
1551 155.09 i 1303 "
130.3 P i
130.28 T ,,¢ \\\\
s
’ N
105.5 105.46 P s,
80.6 R g
80.6 80.65 Y. N
7 \
\
55.8 55.83 55.8 / .
/ \
— 310 — 31.02 310 ! Y
E E s ) iR il !
Z 62 T 6.20 £ : |
= 6.2 1
g 62 £ .20 < I D i
I3 z 2 62 { ;
a a 3 1 !
31.0 -31.02 & \ ous )
-31.0 \ % /
55.8 -55.83 k, 4
\ y
- on cc 55.8 ki 7
\ i
N /
N, /
-80.6 b /
N\ L
| % i
7’
-105.5 N 'm . of
~ ’4
Sea _—”‘
1303
-155.1
" - - i vl H O w o @ = -
s & &8 § & § S~ 5 0 o B B
- @ o

Position [um]
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Test different electrode arrays \X

— S¢/®
Continuation S —

B Cell - Insulator T~ Electrode Simu1ate CEII diVition

No Cell - Electrode 3 Cell
[ Cell - Electrode No Cell - Insulator ~ mmm Cell - Electrode =1 Elex

155.1 Voltage mm Cell - Insulator mm Tightjunction =1 Cell
g No Cell - Electrode
130.3 155.1
105.5 1303
80.6 e T |
B ’f
1055 2o \\\\
s
55.8 e —R
\
80.6 2 g
) _ ; :
£ £ £
=2 = 55.8
g 6.2 g II
g2 62 = &
S 3 31.0 1
£ o . _ ‘m m
€ 1
= I
55.8 1= c 62 1 D
S 1
. = S 621 1
Adapt software for filter experime { e
-31.01 Y
No Cell - Pore  mmm Cell - Filter \\
. Cell - Pore mmm Tight junction \
No Cell - Filter [ Cell 55.8 1 \\
\\
-80.61 NS /i
N\, i
s
| S - -
105.5 1 ~o e
NSE _—“

Position [ym]

Bare filter

Position [ym] Position [um]

Confluent
culture
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W&H Dynamic

T‘YV?'-'?'V'f’fffee.—im *
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[
of the measurement.
No Cell - Insulator W Cell - Electrode
= Cell - Insulator £ Electrode
No Cell - Electrode =1 Cell
Voltage colormap at 4641.6 Hz. Voltage
155.29 11
130.44
105.60 - . R + + i
1 Lot y
0.8 4 [‘
!
1
- Q )
€ T
2 ()] i
5 © !
2 jt H
8 r g !
80002 S 061 ree
R oY !
AR o |
e he] !
-105.60 E ¢
)
-130.44 |
Q
i T T T T S e 8 8 58 B & v
G w5 8 u B g
227 38 g Rt 8 83 gk oy 45 0.4 1
- 8 & 8 v ° ° S » © o
Position [pm] Position [um] Q ’,
(o)} Bl g
10° B N ]
* A CPE Bare electrode 0 A s * c :l. ::
4 Giaver & Keese Model * [} [}
10°1 4 e Finite Diff. Model & s [v] iy
& + Central cell Diff. Model \— [N
-8 L 0.2 4 s
10° o 1N}
10 o
= * = 4 - W
) 9 g Iy L1
= -8 ]
N 8 « 9] L
® = 5 -
'Y 10 L
10* A LT
: 4
. 5 »
A sy 0.0 €
10% A A 5 s 103 Ly
A e e . * e 0
10° 10* 10° 10° 107 10° 10* 10° 104 10° 10° 107
Frequency [Hz] Frequency [Hz] Frequency [Hz]

20
time [h]

40

-9-
_‘_
-N-
B

The number of cells above the electrode and insulator can be estimated at any moment

Cult. 3; (@ 18; Rb 10; Cm 1.00e-06)
Cult. 4; (@ 10; Rb 55; Cm 1.00e-06)
Cult. 5; (a 18; Rb 10; Cm 1.00e-06)
Cult. 6; (a 14; Rb 10; Cm 1.00e-06)
Cult. 7; (a 14; Rb 10; Cm 1.00e-06)
Cult. 10; (a 10; Rb 30; Cm 1.00e-06)
Cult. 11; (@ 10; Rb 55; Cm 1.00e-06)

Cult.
Cult.
Cult.
Cult.
Cult.
Cult.
Cult.
Cult.
Cult.

12; (a 18; Rb 10; Cm 1.00e-06)
13; (a 10; Rb 55; Cm 1.00e-06)
14; (@ 10; Rb 50; Cm 1.00e-06)
15; (a 10; Rb 30; Cm 1.00e-06)
16; (@ 14; Rb 10; Cm 1.00e-06)
17; (@ 10; Rb 30; Cm 1.00e-06)
18; (@ 10; Rb 30; Cm 1.00e-06)
19; (@ 10; Rb 30; Cm 1.00e-06)
20; (a 14; Rb 30; Cm 1.00e-06)

10



Resume up to the moment

The number of cells above the electrode and insulator can be estimated at any moment

of the measurement.

Simulations are determined by the cell line and electrode in use and made in
anticipation.

Position [um]

== Cell - Insulator

No Cell - Insulator

No Cell - Electrode 3 Cell

Cell - Electrode
5 Electrode

155.29

130.44

105.60

Voltage colormap at 4641.6 Hz

Vol
oltage

Simulation parameters
« Number of cell

« Resolution param

- Matrix size = 3

Geometry
« Electrode radius =

ters
1.00e-08 Q' -«
“n = 0.99

Model parameters
“p =54

« Total Dead cells =
« Cells over Elec. = 333 (53.3%)
« Dead cells over Elec. = O (6.0% )

eell
« NonZero Elements = 3007776 (0.001%)")

122 m

« Square cell side = 12.4 m

- Constr. res. = 720.8 @

Q.cn
ca=23 yoem
i K= 130 Qoo
8073 + Co = 2.000-06 Fiem
105.60 Stmulation
..... -
B 0 [ Sinualtion time =842 - ]
155.29 rnay -01
G G 8 8 % & 2 2 &6 g8 8
H E H s g = & 8 & g = w
N a2 @ & 8 8 e s B
2 2 8
Position (sm] Position [um]
| 1089 I
* 4 CPE Bare electrode o U3 {* |4
* Glaver & Keese Model | e lErie
10° . ® Finite Diff. Model N €3 ¢’ A
s +  Central cell Diff. Model L | A
-20 * s
. s 4
0% a - A
s | s
10 & - 1 _ a
2 g g N E s
= . s < s o
@
* ¢ . s 1044 10-]
10* N i { N | "
- | o
B A | .
[ B | A3
Y "
’ P ¢
10° o -801 a4 A A 2 104 4 t "
A e ® | L EE B ‘AheB AL
10° 107 10° 10* 10° 10° 107 100 107 10° 10° 10° 10° 107 100 102 10° 10 10° 10 107 100 10 10° 10° 10° 10° 107
Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

Frequency [Hz)
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anticipation.

No Cell - Pore W Cell - Filter
= Cell - Pore . Tight junction
No Cell - Filter 3 Cell

155.09
130.28
105.46
80.65
55.83
31.02

6.20
-6.20

Position [ym]

-31.02

-55.83

-105.46

-130.28

o
N

Position [um]

-~

-80.65
O

-155.09 '

Voltage colormap at 187.4 Hz. Voltaglevl
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59'08
8Z0ET
60°SST,

Position [gum]

1.0

Position [um]

Resume up to the moment

 The number of cells above the electrode and insulator can be estimated at any moment
of the measurement.

155.1

130.3

105.5

No Cell - Insulator
I Cell - Insulator

No Cell - Electrode
- Cell - Electrode

BN Tight junction

773 Electrode

[ cCell

Position [pm]

 Simulations are determined by the cell line and electrode in use and made in

 The simulation can be adapted to different electrode shapes or substrates.

Voltage colo
155.09

130.28
105.46
80.65 b
55.83
31.02

6.20 £
6.20 =%

-31.02 §
-55.83 §

-80.65
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Validation

Qucs

/4

Quite universal circuit simulator

e = = =
A Y il d | . E[ Y A
Y ] I v AN
e ' o S — O l
e T e HT e T
|- 07 AN
= i f
P A X 0
= = 1306 "__-.: = 1361 =
= | a N =
_"D = - = J —r = — @ }_
= = ‘““‘:L_ - | ““‘1?
W = A | ] |
i e T e T
—a 5T, = [,
( " = [ i
= ' - ' - :
Y 1} Y
e T e B2 e
—Dvx Eﬂ I |t Ik '_‘ ™ [E . 1
i . s — I U
= 1300 = = 1355 =
= =] h = |
—{¥ - ¥ +—
i — T
= ‘-1-_[ VL ;_: | Y H E —W\'j
1354

Position [#m]

121191

108

10°

10¢

10°

. Cell - Insulator

No Cell - Insulator W= Cell - Electrode
= Tight junction

No Cell - Electrode [ Cell

Position [gm]

Finite diff. simulation
Voltage surface at 1842 Hz

Qucs simulation
Voltage surface at 1842 Hz

AERRE

CPE Bare electrode
Giaver & Keese Model
Finite Diff. Model

QUCS Simulation
Converged n = 30

Bigger culture, 27x27 cells

Phase [°]

Simulation parameters

Culture size = 81 squares

Alive cells = 2025 (2500.6%)

Dead cells = 6 (0.0%)

Electrode cells = 81 (100.6%)
Resolution param. = 5

Matrix size = 9.2e+06

NonZero Elements = 14905 (©.163%)")

Geometry
« Medium resistivity p = 54 Q-cm
+ Square electrode side = 9 um
« Square cell side = 1.0 um

CPE parameters
« A= 1.00e-08 Q-5
0.90

en=0.
« Constr. res. = 720.0 @

Model parameters
sa=25/Qcm
* Ry = 250 Q-cm®

= 1.00e-06 Fem®

10! 102 10° 104 10° 108 107 108
Frequency [Hz]

10 10 102 10° 10¢ 10°

Frequency [Hz]

106 107 10®
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Modelo de Giaver & Keese
* Mediante un modelo es posible estimar parametros
biofisicos subcelulares.
 Se modela un cultivo infinito sobre un electrodo
infinito Cell-Impedance Current Current
elements pathways balance
th A A A 4 \(m i
el - » =
o ° . Il - o 0 I ®
e Iy, Vo
Infinite electrode Vn
1 A
Zcov Zn(Zn + Zm) YTe IO(WTC) + Rb ( 1 + 1
- 2 I (’YTC) Zin Zim




y

Cell-Impedance Current Current
elements pathways balance
=0
Cm + A A A A Vi
\ﬁ \ % ﬁ} o o ﬁ
. |@
. ] lm
p K (\/ I' “n MC
Infinite electrode 'Vn

v,

Zcov =7 (Znapy TC,Cm,Rb,Oé)

— ZCOU -

(Cm,Rb,Oé)

k. B Datos sin células —101 /
‘ @ Datos en confluencia J
6 RCC"TSE"CC‘C"T —20 < ‘f
10 -—- Fiteo CPE A
-~ Fiteo GK L
R -30 1
Ry, I
LN F,
§§ .._ {.*
y, e —40 i
— Y A3
SRS - 7
m —
T [ 2% —50 L
N LN = . /
\i &« e n/
N P B
i . '3 E
LN - ] 4 o
10° X . K ] .t Fg
N o ~70 1 g Ko 8
3 . b B
LN g a o S
L -804+ é
‘".-....,.__' ______________ I“"
10! 10? 103 10* 10° 10! 102 103 104 10°
frecuencia [Hz] frecuencia [Hz] J

Modelo de Giaver & Keese

o =22+8 [v/Qcm]
Rb = 21+5 [Qcm?]

Cm = 4.79+0.04 [puF/cm?]
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—— Bare simulation
m  MDCK Il simulation

104 - B A=10uFs"1: a=(18.8+0.9)(Qcm)?;
B A=20uFs"" 1 a=(23.8+1.2)(Qcm)?;
B A=30uFs" L a=(21.4x1.1)(Qcm)?;
B A=40uFs"" 1 a=(20.2+1.0)(Qcm)*?; R
A = 50uFs"~ 1 a=(19.4+1.0)(Qcm)¥?; R
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‘Dependencia del modelo al
sistema de bioimpedancia

Rp=(88+4)Q & C,=(2.17%0.02)uF
Rp=(63%6)Q & Cp,=(2.12%0.03)uF
Rp=(76£5)Q & C,=(2.15%0.02)uF
p=(82%+4)Q & C,=(2.16+0.02)uF
Rp=(86*4)Q & C;,=(2.17%+0.02)uF

Para comparar parametros biofisicos de

cultivos monitoreados en distintos sistemas,

la impedancia basal (sin células) debe ser

igual

Bare system parameters: A = 12.4 uFs" "lecm~2%; n = 0.904; Rf = 33 Qcm?; Cs=5 uFem ™2 & Reopst = 71 Q.

}+} B fud bl + fk*k++ N

N TR T b
___________ * H%:-i-ki_H_H_H M* | PHRT u------.*.H né P
] |

Bare par. variation [%]

Bare par. variation [%]

Bare par. variation [%] //
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g S ®Q
e Se desarroll6 un modelo considerando informaciéon
i ; Cell-Impedance Current Current
de los filtros usados agregando 3 parametros. elements pathways balance
v F=O
) Cm‘\ 'y A A A m
* Esnecesario conocer los parametros del filtro e d b o o
previamente a realizar la estimacion del cultivo. . . @ || . ]oo ®
'rpl__Filter DI\ DO Rl
— / \ Aln_
Infinite electrode it it Vi /
Y B S L Ne ] e i
Z":m“' e Zl + Zm Zl’)l ZIZI + Zm
2 Cs . .
;Tj [reli(vare) — rpli(y2rp)] + ZTS [reKi(yare) — f'pkl(”fﬂp)]] } .

where a = ‘,,(:—I\m ) Ko(vorp)yadi (varp) + To(ya2rp) v K (yary)
1 C (Vm - j)) Ko(yorp)midi(yirp) + To(yirp) v I (yary)
(‘t _ —Io(varp)nili(yimp) + To(irp)ye i (y >’p)

(“_; {10( Yare) + Zhn' SR ] (are )} (Lo(yirp)v2 K1 (varp) + Ko(varp)yidi(mirp))

+ {I‘h(%"‘r) - ZhIi"sz (Yare )} (—Lo(yerp)yili(mry) + -’0(“/1"11)?211(72"9
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