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ABSTRACT

This article deploys a 5-level shorten rectangular wave technique to measure
lock-in electrical impedance. The new shorten rectangular signal has better properties in
eliminating odd harmonics compared to the conventional 3-level shorten rectangular
wave technique. The results show that the measurement errors in the 3-component real
part (R), imaginary part (X), magnitude (Z) reduce about0.3% and Phase (@) reduce about
3% when the 5-level signal is used instead 3-level signal for excitation signal. The
components R and X can be measured from the voltage output of the Synchronous

Demodulator circuit. R and X is used to calculate Z and @.
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— C Qi’
,)j > 1
0 0 Q2—o -+ DI Ql |
1 C
1
1 83 oM D2 Q2 0
j@ : lock=360f =
Fclock= (3-87)
1 Q87 4| 0
Q89— D88 Q88 [—
L ¢
88
QOZS\ D89 Q89 |
0 — C
TR V) e el Q
g :
L8 C Qqs
1 115 Sl

gﬂﬁ 3.11 Lﬁa% State ﬁ 0 V899933 Reverse shift register

o T, 183U clock Qﬂﬁwﬁmaz input W 1 fﬂ’mg‘d‘ﬁl 3.10 T; 9% toggle output 370 0

Wy 1 fagui 3.11 ¥l XORA & output 1u 0 wag shift register ¥auluU forward
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1 0 |
R, DL Ti Qi
1 1) o b a |
. C
1 g; oM D2 Q2 0
j@ OFI k=360f =
clock= (3-87)
1 Q87 4| 0
_— D88 Q88 [—
Q L ¢
88
\] 0:8\ D89 Q89 |
0 — C
TR V) e el Y
e h
L4 C Qq7
1 115 Sl

gﬂﬁ 3.12 o9y State 1 1 ¥993933 Reverse shift register

e shift register lisudnyanauniinngnitaes Q, &I output 10w 1 uax shift register &

yIN91uULUU forward
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1 — 0 |
R, :}L Ti Qi
— | C Qi’
I’E 1) oo bpr |
-1 C
1 g; oM D2 Q2 1
j@ OFI k=360f -
clock= (3-87)
1 Q87 4| 0
_— D88 Q88
Q WG
88
\] 0:8\ D89 Q89 |
0 — C
R V) e el Y
A 1
14 ] C Qq7
1 110 Yl

gﬂﬁ 3.13 1loau State 1 2 ¥993933 Reverse shift register

Wle shift register lasudyanauniinigniianu Q, & output 1u 1 uax shift register £

yIN91uULUU forward
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1 —0 |
R, DL Ti Qi
— | C Qi?
I’E 1) oo b a |
| C
1 g; oM D2 Q2 1
j@ OFI k=360f L
1 clock= = (3-87)
Qgg:g\ D88 Q88 1
Q - C
88
\] 0:8\ D8Y Q89 |
L1 C
R YoV el Vg
— 1 0% Qq’
1 y 11 ¥ /

gﬂv“i 3.14 iflo9u State 1 89 1993995 Reverse shift register

\ile shift register lAsudaaauingniiingu Qg 3 output 1w 1 waw shift register

faviaunuu forward us T, 165U input «Ju 1
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:}L Ti QiJ

) =

1 O Q2—o Dl Ql

— C
1—o0 1
1 83_0 D2 Q2
:) XORA ) 1 — C
Fclock=360f (3-87)
0 ’ Q870 1
Q89 D88 Q88 —
— C
88—0
\j 0 D89 Q89 J

1 o e
—4>D073 Ol 1, Qq

0 = n 1% Qq’

1_

gﬂﬁ 3.15 Lﬁaﬁ]‘u State 171I 90 UB9T Reverse shift register

@

Wlo shift register lasudayanaiuinigniivitdudn Qg, &9l output U 1 usineas shift
register \SUIULUY reverse 4193970 output T, wWiesuan 1 48u 0 virliudeu output

289 XORA Fadusiaduiani1anisyinauguniu
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:}L Ti QJ

) =

1 O Q2—o D1 Ql

— C
1 1
1 83?; m Q@F
:) XORA ) 1 — C
Fclock=360f (3-87)
0 ’ Q87—0 1
Q89 D88 Q88 I
— C
88—0
\j 0 D89 Q89 J

0 G C

—4>D073 0f 1, Qq

0 = n 1% Qq’

1_

31]17; 3.16 §j09U State 1 91 VD435 Reverse shift register

al " . YY) a A v oA a i A
dla shift register lasudayayiauniinigniiimauass Qg I output tUu 0118931N2993
shift register ¥191ULUU reverse Lay shift register agviauaduiiAnanuUlsioly Weldsu

dyeyIuuIRNIASUYNPAFUEN
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Clk 0| 1| 2] 88 89 90 91 92

Reset

XORA

Q1

Q — |

Q88

Q89

; | |

Qq’ =1 } }
\

\ ‘

gﬂﬁ 3.17 timing diagram A13%1191UY893933 Reverse shift register wuy forward

JUA 3.17 UaAINI3INUYRINAT Reverse shift register deyey1ad Clk 9 0 1 92 1ny

o

wansdayeyIal output 7 XORA,QI,Q1,02,088,089 way Qg’ 10 XORA ¢5u input 910 Qi
way Qq’ dlo XORA # output tJu 1 2995999 ulUL forward unTER Qq’ Wasy
output 311 1 0 vl XORA WWaeu output 31N 0 Ju 1 waeSurinaIuwuy reverse 7i

doygy1ad Clk 90
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Clk 88 89 90 91 92 178/179 180181 182

Reset

XORA

Qi

Q1 ‘

Q2

Qs8

Q89 |

s
| |

[

Qq' | l
| |

;J‘Uﬁ 3.18 timing diagram N13%1191UY892933 Reverse shift register LUy reverse

E‘U‘ﬁ' 3.18 LARINITVILVAIINTT Reverse shift register fideyayrou Clk 71 88 fa 182
Tnauansdayaunas output 7 XORAQI,Q1,Q2,088,089 waz Qg 1 XORA i output tfu 1
MATILVIMNLRUY reverse NTEIa Qi WABY output 70 1 1Uu 0 %1% XORA wWasu

output 91 1101 0 wagEuviauLUY forward Nidwyaas Clk 180



Clk

Reset

XORA

Qi

Q1

Q2

Q88

Q89

Qq'

[
178‘179‘180 181
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182 268|269/ 270271 272

I
|
|
|
|
|

L

\
i
\
\
|

g‘U‘ﬁ 3,19 timing diagram N137191UY84995 Reverse shift register LUy forward

gﬂﬁ 3,19 LAAINITVNLTBIINAT Reverse shift register Aidayan Clk 7 178 s 272

Tneuansdayanal output 7 XORAQI,Q1,02,088,089 uaw Og’ 1ie XORA f output tHu 0

19359819ULUY forward AuUnsEIe Qg Wasu output 910 0 tJu 1 vl XORA Wasu

output 911 0 1 1 wazRUIULUY reverse fideysyins Clk 270



Clk

Reset

XORA

Qi

Q1

Q2

Q88

Q89

Qq'
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268 269|270 271|272 356/ 359 360

\ |

;J‘lJﬁ 3.20 timing diagram N13%1197114U8979935 Reverse shift register WUV reverse

gﬂﬁ 3.20 LanINITYIINUYB 99T Reverse shift register ﬁé{’fgcy,m Clk 71 268 &1 360
Insuansdeyaynal output i XORA,Qi,Q1,02,088,Q089 uag Qq’ ile XORA & output tJu 1

193598YURUY reverse auNTEN Qi LWABW output 370 01U 1 %l XORA Waeu

output 910 1 1 ¥ 0 waBENYaILUL forward N1 Clk 360
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3.3n1999NLUUNT Voltage control current source

2933 Voltage control current source Lﬂuaﬂ%%’UﬂizLLaImJQﬂmUQmmﬂ hay

A o o a = a A e A oAl A

AMURINAY LT UBUNRTIlUIne1INuSlAe Ref,, Inggunsalngnidenuildlunis
VAADUTEUUNTIAAIAUAIUUNSLWANAD DACO808 way LF351 ilaannilnnaudfly
f1UY84 Gain bandwidth M15895UAMUAVDY Ref,,, A4l 1-1,000 Hz maximum VCC, VEE
uaz Slew rate @usuldlunisvaaaun1sin impedance Tay DACO808 WM SULTIAU
. ' = = a s ' =
input wazdtenszualdu output eonly F9NTTUETIAINNTNIAVOSATHIUIMAA RL 130
impedance 10438UUN1330 wagluald1guail 4 4o DAC0808 Ae3UN 3.17 wazdlaunis
dmsuAuIunTELaAsaunIsy 5 vl Vo v9993siatfnautilodunndyyiaaag
Oscilloscope d@walnindusasld LF351 ianduinaves Vo iduuindneesgui 3.18

wazdlaun1TdIMSUAIIN Vo ASaunIsh 6

Vee
Icc
13 g
5 _
F Al 0—6 ' +VREF
A20 7 15 . 2'1:
A3 O_s \ -
DIGITAL A40-9- DAC0808
INPUTS ) A5 Om—d  SERIES -
A6 O—x J o—o0 V0
1 ouTPUT
A7 O -
12 16 lo R
. A8 s e O—— L
I E= y
+ 3 C e
Vv
' 33
- VEE

3UN 3.21 fegunsidauves DACOS08 Litedunsyuaag aied (6]

Al A2 A3 A4 A5 A6 A7 A8
o= K(—+—t+t—+—+—=+—Ft—+—
2 4 8 16 32 64 128 256

_ Vrer
R14

®)
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Vee =5V
13
5.000k
[ MSB A1 J &O_Wt_o 10.000V = Vggg
AzC : 15 5k Impedance
A30— w
DIGITAL A"O—g' DAC0808 —
INPUTS A5 O =
T 4
A7 O-m
12 16 Vo
| LS8 A8 O— —o]_ oUTPUT
3 p—— Y
Vee=-16V
Vgg = -15V
3UN 3.22 fhegenistdauues DACOS08 way LF351 LiveAminiuseiua1ing [6]
Al A2 A3 A4 A5 A6 A7 A8 (6)

=10V(—+—+—+—+t—=+—+t—+—
ML () 8 16 32 64 128 256

3.4n1399NLLUUNT Synchronous Demodulator

1993 Synchronous Demodulator [WuatasdmsunAissiuves impedance Tu
d1u759 warduiunnim dennslu Synchronous Demodulator Usznaulusieaeas 2 d@u
1% analog multiplexer As3uU7 3.19 Tngld IC lua9 DG403DY-T1-E3 Faidu IC Usziam
analog switch WUY single pole double throw ez RC LPF schldqjﬂaamw‘u frequency
cutoff Tiilddaenitanuivesdyaaildiad eBl lngldndnnsniinadiniedinmans
Wiauendiuaswasdiudunnmesnainiudaenasld analog multiplexer ngaunisi 7
Asin(ot+@) WNULIIFUUDT impedance FafiAnynTUNATINTEY a-sin(of) WA b-cos(ot) B9
a AoUsIAUlNANDC 909 impedance @934 way b Aoussiulni DC v8s impedance du

FUANIN
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DG403
Dual-In-Line and SOIC
D1 1 4 —v\,r{—m =
N =) ™
D3 |3 }_} 14| V-
Sa {1 T3] GND
Sy VL

5 12
D4 6}_—' 1 V+
NCY F—— 10} N
D2l g 4\]\: 9] S2

Top View

g‘lh?i 3.23 analog switch(analog multiplexer) [7]
Assin(ot+@)=a-sin(wt) + b-cos(wt) @)
11 (7) sueY sin(ot) a2 919
A-sin(ot+0)- sin(ot) =[a-sin(ot)- sin(ont) ] + b-cos(wt): sin(wt)

o

InsumaNnsesinadRagle

Y

A-sin(ot+@)- sin(ot) = [a-(1-cos*(ot)) ] +; sin(2mt) (8)

Wewhdmyaiuain (8) lUnsesw1uieas RC LPF agyinlisiuys sin 3o cos Tuaun1sdsfinen
o gnnseseenturivnunionin o wsiuassiuanudviliviownd a Adurusaiulnd

DC @1UATIVa9 V,



11 (7) AU cos (wt) 19 2 979 ;

[y

U

Y

A-sin(ot+0)- cos(wt) =[a-sin(wt)- cos(wt) ] +b-cos(mt) -cos(wt)

PUAUNTITASINUNRIL e

Assin(ot+)- sin(wt) = [%-sin(%)t) 1+ be(1-sin’(ot)

38

&)

Wit (9) WUn98ar11995 RC LPF 98y lidaus sin w50 cos luaun1siifindl w gnnses

ponluanuaiiownin w wusdunseiuanudvilivasue b il
a =~ [y v I a 19 Yaa
FJunnInves V, genisnuduvesdyyinluanuiiuaselildls

fa & a et & .,
gunsniBidnysetindauingias analog multiplexer 1nsonuuul

U7l 3.20

Amplitude

25

A5

2

|
I

|

0 04002 03 04 05 06 07 08 09 .1

time.

Vier bugUR 3.20 ununsle sin@ ienmusatulniih DC diuasaves v,

gﬂﬁ 3.24 N15V1191UU99 Synchronous Demodulation

ay,

w1 DC du
1AYATILALTNI5UN

Naanaalauaunulae

08

08

A

0 01 02 03 04

05_ 06 07308 09 1
time

N151797U984 Synchronous Demodulation ‘ZJENE‘Uﬁ 3.20 L'%umn%’uéuwmﬂ GV, bay V¢

wieuu 108 Ve Wudngraidneaiionivaunisduainges mux Wiy vilisuinves

1 1 LY o a = o & ¥ PN aa
aunad GV, lmgﬂqmﬂwmmmammm Vier B4 V1§94 9 NUUNDWANITVYNBNI

SNVEINTVIUINTY Viop Mamguilaned K 1Tufuys81989un009 Vp B5lugy 3.20

Wle K dAwvi1iv 1 agvilvaunnaveua1dnm mux deiiuuinvesdunnaniu
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3.5N1598NLUU995V818 Gain

29959818 Gain St dmsurees it agalaeA1vews st u LW DC 7
WasuwUaslusenineanszuauns Synchronous Demodulation 4 1U3 sutadiaunisi
dyaranauiulaeiinisdives G dnfueSurenisiua suulaanvuinresusadulngi
NEMANTY NUEALILilonTIuA G dsuwlathl sududesennuuuaisnsiveneves
2saspengliiAnvindu 1/G Serves G Gﬁyuaq'ﬁusumm A uazas B vesdynaudinldly
N3¥UIUNTS Synchronous Demodulation lagn1seaniuuieasaenslaidentsd IC op amp
\we$ LF351 iiiethundeiduisasueiewuu negative feedback Inaidonuasmuiamvess
FumUldA19nI 188U 1/G

[

N3ATUINAT G V09N ITA I 3 2RU 2

5 As7

yeyrausnAiulaedeyyruusnd
=1

'
[

&
VUINAD Ay Uazyy B NNU 18T 83MAIaunIST 2 dygaiassduuinfe A, wavyy B

Wity 30° sarndaunisi 3 Wiswwsdesauni sunaaiulalunsaesiuiens RC LPF ay

Allgaunisdusunansadnsivensnilasuwdasld feaunisi 10

8
3] [A18° COS(le°) Az COS(Bso°)] (10)

@

n1sAMINAT G Yesnistidyain 5 sedulasdy i 3 sedviiganulaedygyiausnd
YUAFD A, 50 WY Agge 1 B iy 13 uaz 397 faunish 4 dyyenmaesdiauinfe Ay
wagyyl B wirdu 307 admeann1sil 2 WisiisEasaun1sAniukE N lUNTBINILI9es

RC LPF agylnlsaunisdinsukansansnsivetsmuasuwasiy fsaunisn 11

8
$S 2 Asycos(Bz) [A13° cos(f5) + Ay cos(ﬁ”o)] )

o Y] .
3.6 NstaanlyvuInvYal impedance
nsiaentiauInued impedance M4 3 89AUTENBU Ripg, Rexe $8% C 13131003
nuAnNansatunisassdygrialunistadususunsn dedunuidedamnsaadna
o Aa A o v al' o & A . P
dyraindanudfaunsaldnuldgeand 1 kHz ndwndudsuaunis impedance e
wionnivnsneuausInudresalaezunI @IS, Funnn wundiyn waz wila d
JUM 3.21 918 3.24 1N908NKUUAIY0909AUTENBUNY 3 dIulAgnI NUBINITHaUALDIALA

voulalaezunsudndunagdeniugnigaveinisnevaussmiuddmsvauiunninuag
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daunals] degun 3.22 waz 3.24 lneAfiuvangaudmsuinulinegeudyiaiisyauiuy

ndlfio Ript W8¥ Rey HAWVNAU 4kQ taz C JANi1AU 0.2 uF/25V

4000 S
3500

S 3000

(04

2500+

2000 e U ) AR R ‘
10° 10’ 10° 10° 10*
Frequency (Hz)

JUTN 3.25 NSRAUAUBIANDAINTTIVEY Vy,

-200 - N ]

-400 - i _ 1

X (Q)

-600 - N : i

-800 - ‘ -

-1000 e el L I . !
10° 10" 102 10° 10*
Frequency (Hz)

5UN 3.26 MIneuauInUddIUNN YR Vy



4000 S

3500

3000

Z(Q)

2500

2000 e e c
10° 10" 10° 10°
Frequency (Hz)

5UN 3.27 MmIneuausInnudduLiniynves v,

10

41

Phase (Degree)
>

L
o

-y ' ' cal

10° 10°
Frequency (Hz)

5UN 3.28 MIneuausInnudduuiniynves v,

20 I
100 10

10
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3.7 AN5AB9TAMSUITZTUUNISINAIAMUATUNIUNILWAN

¥ _
= R,
—

v ! : us —=—_I—
vshi,: -~ : I

Rint

—>  8080DVd

Cmod A7-35T
(Reference
synthesizer)

gﬂﬁ 3.29 schematic 99952UUN5IAAT impedance

JUN 3.25 udpd schematic Y843¥UUMTINAT EBI LilatudazesAUseneuveImsoaniuy

YOILARLIIATUIT U8
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unn 4

NANTISANLUUIIUIY

v '
o =

TUUNTALNA1INNANIIANLTLN TR LRIUN A Sﬁ\‘imromﬁiii‘]’ﬂﬁ]ggﬂaﬁuwﬁuamdau

o
(9 (3 v

Ml wan1TITpaInNN Tl AL TE AU Q1N TR ULAEE 19D NAN1TIVBAINATTIY

o L]

@ [

dyaunIEAUinsEAuLardYIME19BIENTEAU Nan ST UgUUTEAVTAINRINTISARY

NANITINAADN
4.1 HaN133ABANNTS IEF Y IUENTZAUNIT Y QY IUNTEAULELI9D

nslddyanaaussivnsdyaranssfuuassade i nmsfigniauedigals] dwsu

9

v
=] 1Y [y

n153nen impedance FaduiiugiuvessiuisouaziaudygyrunseguiuinivdiioTaad

impedance ¥ INgiNus waznaansvoInstudumINaNTEA U I anTEd ues

v
@ Y @ a

Weneuniu JanmmedeulunisinuranIsneaesan1eiu deluisnslady gy

N

e

sedvdmsudgaunseiuneunt {ideddndunisgsenhuldlunmageunasiunanis
naaaufia.dudiindeidoidevesdyyrmnsyduisenusuulmingidedtiausluenans

'
[ a

o & o = ) o ) ] L q
FUUU I@Uiﬂﬂﬂﬂuaﬂaﬂﬁ@mﬂmﬂizﬁluua:ﬁﬁiyiy,’lmE)NQWNLLWU’NF]'J'W&IZ] 1- 1,000 Hz way

v
Y v a

nEeans A uAananvealnesLnTuvats st ulinssuan sluuiaza AT AVeE
du
1aEN1TAIUAMATANLEANAIRd M s AILIAlA 9 AN ITUIAUNTBURUAUGIINGD
éfmmuuazﬁaLﬁmhsqﬁi&ﬂumwmaaué’mmmmLLzJﬂa'auﬁﬁﬂ WAZEIUTUANINVDIAT
Impedance N19auAISAG AFEAS TaBaNnIsh 12 AeaunisdufinauddIuasavesnn

impedance @M 13 AodUN1TNALAUTAILIUNNINYDIAT impedance

R= RexeRint (Rexe FRin) FRexc (Xc )2 ( 1 2)
(RexetRind +(Xc)®
2
_ (Rexc) ZXC . ( 1 3)
(Rexc +Rint) +(XC)

WolAgunsaiuaswazduiuanin Mn1SunuA Ry, Rey , Chay fasluluaunisi
12 Ay @Un1si 13 9uaAudRttlunIsnagay vasanuuazlaansesului DC vosdu
3euazdIuIuUaNINYeIA EBI TunsazanudNldiiunanisnaaaumiiaIsuiisuiunanis

NAFDUBALUILIATUIAIAINURANANG
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= = o Y} ' ! 1 = Vo Y}
JUN 4.1 uansfadyaraussiunnasaumauituniune i wdelddyyimu sy

NILAUANTEAURe Ly JTYY B=18" Aa3UN 2.15 TAUD 1 Hz iededyanaluguiuuves

nszuandvung 1 mA Tifukuudiaesmanudmunumsliindagun 2.1

~'
’ Cycle Mean 2 e
(g 200y JM10ms N Ch1/000V  <10H2
| Jun 15, 2023, 11:03

UM 4.1 usewiunnasesl impedance (V)

B Minimum ?
j Cycle Mean ?
‘(@@ 200v. = JIM100ms N Ch1/000V __ <10Hz
Jun 15, 2023, 11:04

5UM 4.2 usaiumnasen impedance @334 (Re V,)
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sUM 4.2 wansdedyunsanud1uaievey V, (Re V)l a1l V, 6112995 analog

v oY

multiplexer M; @slddyana Ref; lunisaauay M; lne Ref; dyu g = 30° ﬁﬂg‘dﬁ 2.13

o

U 4.3 uansBadaynyinl Re V, (ilosi112995 RC LPF Lilonsesmussduliiiinssuanss
druaseves V, Ingidondaduniui daiannuduniu 10 kQ wasdaduuszguun
1000 pF vl 990nWUY frequency cutoff LAy 0.015 Wi ensoaniwsesulii
n3TUAN3997n Re V, ity wagld Oscilloscope Tumsausadulniinssuansediuaseves
V, 910 oscilloscope fiAud 1 Hz wuaniald 2.66 v arnnsldilas duriade(Mean)
it uiusedui Yaldluguiy 1/61f svniasauseduil msluannszuiunis
Synchronous Demodulation %ﬂLﬁmﬁuﬁ M;

NNAUNTNA 10 wnum A, o=1, - = 18", Age=1, B, = 30

8
G:p [A18° COS(B13°) Az COS(B3O°)]

8
35 [1x0.95x1x0.87]
i
G=0.667

pdsanldi G ¥ 1/6 lgaiiunssiuliihnszuanssdiinleain Oscilloscope
VDC(RC Z):266 V*1.499

VDC(Re Z)=3 99V

' '
U

JUN 4.4 LansfedayaaduswuduIunnINYeg V, (Im V)laun V, #1995 analog

o o

multiplexer Mg % dl9dnyaas Refo Tun1saauas Mg Tne Refo daja B = 30" wiloudy

A7)

Ref; unilinanuvds Ref; og 90°
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' Frequency 5.000kHz? e : . -
@ Maximum 27V Minimum 2.60V
Mean 2.66V ) Cycle Mean 2.64V?

(@ 100v__ I MS00ms N Ch1 000V __ <10Hz

Jun 15, 2023, 11:05

35U 4.3 uswiunnAsey impedance d@uasauuu DC

Frequency 0 e Joritan s AN R
& Ve ; T TR
Mean ?

[@20v — Y Mioome o000V <ioH: ]

Jun 15, 2023, 11:09

sUN 4.4 ussiunnAsell impedance @UAUAAMN (Im V,)

SUT 4.5 uansfisdnyaa Im V, desuasas RC LPF illensasmnusaduluiiinssuanss
dauduanimves V, lngidendaduniudifaianudiuniy 10 kQ wazdufiuuszquuin
1000 pF vl 98nuuy frequency cutoff WAy 0.015 Wil ensoaniwsesulnii
n3vuans991n Im V, Wiy uagld Oscilloscope Tuntsfaussiuliiinszuansediuaiwes
V, 910 oscilloscope #1138 1 Hz nuindald -12.2 mv 9annsldiledduaiads(Mean)

Pnudussruiinldluguiu 1/G 9naunish 10 unuen A o=1, B¢ = 18", Agpe=1,
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By = 307 AR G=0.667L pvaLauA IR U n18lUaInNIZUINNIT Synchronous

Demodulation #ufinduin Mq

Vbcamzy = -(12.6mV)*1.499

VDC(Im Z) =-18.89 mV

dFrequencv 2.004Hz
@ Maximum 15.2mV ® Minimum -46.4mV :
D Mean -12.2mV )| @B Cycle Mean -12.1mV kb

P oo I Msooms —— Yom/000v__<iohz
Jun 15, 2023, 11:09

UM 4.5 usaiunnasen bio-impedance d@yudunnmniuy DC

1189970l w5l DC N9AIUATATAIUIUANIN W19 9@DIAT LANIAIUIUAN
a a & 1 a ' a a o | a ' '
duiiuaud d7u33(R) UazdruTuan ) wetldmdmuunigauazdina n1svien
DUNLAULTAD NITUIALSIPUNTIALAUIVISAIBNTLUANEY FIT2UUNITINAT EBI @unsavinle
7NIUANYBILTINY DC #IUISILALIUNNIN dudIUVBINSLHd DC NIazdnun by lun1sAuIn
duilauddiainAuruinvesdygrunszuaniglunisane iy impedance

[ a a

FatudNALAUTAIUITIRIMADN:
R = Vrez/Inc

R=399V/1mA

R = 3990Q
SufiwaudaruIuan N laain;

X = Vgez/Inc

X=-18.89 mV/ 1 mA
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X=-18.89 Q

vaanntwiwuuieaiuiunnanudnldlunsmegeuudwindunsed 4.1 U 4.6 8 4.10
Jugurdunanisvaassnnnslédyaiaussiunssiuuasdygiausaiuiedafiand 10
Hz

Y o
U

a ) ¢ a Yo I |
A15190 4.1 wan1sinanUsEnaumaansddiuliolddyyinaussiuil Refo,, waz

Ref] g
Frequency R (Q) X (Q) Z(Q) Phase (degree)
(Hz)
1 3997 -19 3997 -0.270
4 3982 -78 3983 -1.119
5 3982 97 3983 -1.397
8 3967 -153 3970 -2.204
10 3967 -198 3972 -2.851
40 3698 -675 3759 -10.347
50 3563 =772 3646 -12.232
80 3189 -961 3330 -16.773
100 3009 -969 3161 -17.842
400 2126 -479 2179 -12.699
500 2081 -407 2120 -11.071
800 2036 -244 2050 -6.834
1000 2021 -201 2031 -5.668
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Minimum
C\ Vied -436uV

S I'mtooms — Yon‘oow

5UN 4.6 usatuAnATeN impedance 91A113@ 10 Hz

Minimum : -ao.o:n\}
Cycle Mean 2.66V

a2ov __________________JMS0oms Fan‘ooov

JUN 4.7 ussiumnAsen impedance @1Ua39NANNA 10 Hz




[ Frequency 714.2Hz7? :
@& vaximum 2.68V Minimum 2.60V
Mean 2.64V v cle Mean 2.63V?
[ S O = CEXTT
[ ———————

5UM 4.8 usaiumnAsen impedance @masaluy DC N1A1D 10 Hz

o

Minimum
le Mean

sl@p2oov __________ JMS0Oms T onsooov |

3UM 4.9 uswiunnAsay impedance @1uAUAAINAANA 10 Hz
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@D 100mY (MB0Oms N cnt 000V

5UN 4.10 UseRuAnAsey impedance d3uTunn mwuy DC 1A13A 10 Hz

4.2 HaN153NT A YUIUAI TEAUNT YU IUNTEAULATFINTEAUNF YU 1M
1% a
71989

199979 UTIBUAI AU VDA N UE A N Ll U TIRAIAIUA UMY
mslinTusuduiiszdeddosdusznevvesaanusuniudnisiiduiowseudieu

FAUUANNTAMSUAIUIUAIYBY R X,Z kae Phase 3aduannisiiy

o = o 1y |

JUN 4.11 uansdsdrymiusssiuanaseudiauduniualidndelydyaousaiu

o

N3eAUMSEAU(Ref, TN B=13",39" Aa3U# 3.5 NIAud 1 Hz wednedyanadulwuy

7]

vaansewanivun 0.7,1 mA Wiiuwuudnassdpnuaumunislninvesun 2.1
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?
7
?

(@ 200v ________________ JM20ms _______JCni/0oov |

51J1/| 4.11 U399UANATANAIAINILUN AV, e Refaye LUuammmmmu

(@D Frequency

?
@ Maximum ? . Mlnlmwn
@D Mean g || @D Cycle Mean
'ﬂE‘i_ Ch1 7 0.00V

JUN 4.12 ussdiunnasaudtauduun1aiii(Vv,) diuasadle Refey dudygak

S¥eU

SUR 4.12 uansfsdayyaussdudIuasawes V, (Re V,uilew V, #1udses analog

multiplexer M; @l4ddyaunas Ref; Tunspauan M; lne Ref; fsu g = 30°
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U7 4.13 uansdedyeyiau Re V, WWor112995 RC LPF tisnsasmusssulniinszuans

3 Y
dr1ua3eves V, lngidondadumiui da1anuduniu 10 kQ wazdaduuszquun
1000 pF vl 990nWwUU frequency cutoff LAy 0.015 Wi ansoaniwsesuldi
NIguan 399N Re V, iy wagld Oscilloscope TumsTaussdulwinnssuanseduaieves
V, 911 oscilloscope fiAud 1 Hz wuiniald 2.57 V aannstdifadduaiads(Mean)

YY) a

ntuhussiunialaluaniu 1/G dmsudyanansgiusuumssauiaaunisi 11 1ieva

= a

weAussuRelyannseuIunis Synchronous Demodulation &LARTUN My

ANAUNITT 11 WNUAT Ay = 0.7, Aggr = 0.3,B,3= 13", Byo= 39", Ay = 1 Uz By=30";

8
GZ; [A18° COS(Blg") Az Cos(ﬁm")]

G=

8
— [1x0.95x1x0.87]

T

G=0.6147
nasonlaa G WA 1/G 1‘1J@mf°fuLmﬁ’u"LWﬂ’mszLLamqﬁi'm"Lé’mﬂ Oscilloscope
Vocre =257 V*1.6267
Vbcwe 27418 V

JUN 4.14 Uanaf @y el seiudIuduanmees Vv, (Im Vet V, #1193s analog
multiplexer Mo @sl¥dnyaau Refq Tun1saiunu Mg Ine Refq digar B =30 mdlouriu

Ref; ustlianumea Ref; og 90°
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Minimum -4.08v
i cle Mean ?
ilep2oov JM20ms N Cn/00O0V

UM 4.14 ussdunnasey impedance @uAuUAAMNAIILD 1 Hz Wald Ref,, \Judyayin

LAY

SUN 4.5 uansdedyains Im V, Weok112935 RC LPF Wienseamusenuluinnssuanse

Y

drudunninues V, lnaidendisiuniufifiaianudiuniu 10 kQ wazdauiulszquuin
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1000 WF vl 90nKBUY frequency cutoff WA U 0.015 il enseaniwsesuliin
nszuansaan Im V, whiy wasgld Oscilloscope Tumsiaussdulalihnssuansidiuases
V, 971 oscilloscope #A1ud 1 Hz wuirdald -12.7 mv aannmsTéilsiduaiaie(Mean)
Mnuiusstuiialdlugaiu 1/G Ssfidwintu 1.6267 ievaasAussiuiimeluan

N5¥UIUNNS Synchronous Demodulation #4LAATUN Mg

Vpemzy=-(12.7mV)*1.6267

VDC(Im Z):'20659 mV

VRIS |

@ Frequency
€ Maximum
B Moan

-~ ~ Py Py E— ‘ I - ~

@00y TMzom— _ Towzoow 2

8990 LS IPU TN T ULERSIIAIUITIUATAIUTUA AN PagpIAlaun
o 1 a = 6 | a 1 a dl o 1 a 1
AuINABUILALTEINASIR) wardmuAunninX) dethlumdiununigauazdinuna uag
MnrannsedInuly 4.1 yilraunsamulnsewalifliuuunseuansalan 1mA wunu

duRLaUdEINATIR)IM AN,

R = Vgez/Inc

R= 418V/1mA
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R =41800Q

a a & 1 a %
BUNLAUTAILIURN W)WM AN,

X = Vimz/Ipc
X = —20.659mV/ 1 mA

X'= —-20.659 0

waanniuhiuuieatuiunnanudfildlunsveageundavindunisei 4.2 5 4.16 s
4.20 \Juguaiunansnaaeainns kd aus Wunszdukasdyy s iius198einiud
10 Hz

A137199 4.2 Nan17INaAYIENaUNIEANSE Iy INiIEAUN Refy, wazd

sEAUEMIU Refq

Freq (Hz) R(Q) X (Q) Z(Q) Phase (degree)
1 4181 -21 4181 -0.283

4 4181 -84 4181 -1.156

5) 4181 -103 4181 -1.411

8 4172 -169 4176 -2.321

10 4148 -203 4153 -2.806

40 3904 -742 3974 -10.758

50 3758 -849 3852 -12.733

80 3384 -1020 3534 -16.775

100 3156 -1056 3328 -18.496

400 2229 -508 2286 -12.829

aNT197i4.2(st0)

Freq (Hz) R () X (Q) Z(Q) Phase (degree0
500 2180 -412 2218 -10.692

800 2115 -249 2129 -6.712

1000 2098 -211 2109 -5.755
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mum -4.16V.
Cycle Mea -161uV

ilapa2ov _________ _________JM20ms _______FCh 000V |

f
i j Cycle Mean 245V
iI(@p200/ = KIM280ms N Ch/000V

q '
a

U 4.17 usadiupnaAsen impedance d@a3siieaud 10 Hz Wiold Ref,,, {udqyaami



( _um—rmm-
e, - e iR S < 0 W

JUN 4.19 usaiunnAsen impedance d@ndunn Al 10 Hz Wald Ref,, +Ju

P5TAU
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P Minimum -152mV
Cycle Mean ~135mV?

4.3 nan15FauUssansninvasmsidd g Iaa LA EIsSAUNS NS

v v 9

NENNSN 12 1ag 13 INIAEILNSAAIUIUAIDLNRALGEIUDITI LazdIUIUAN N

v Y

99971 impedance 1@ waganiiade 4.1 wag 4.2 lamnsawseuiisulssdnsnines

'
[

nshdyaaamnaginsyaundyaunszduld Taguidiainaunisi 12 was 13 Faduan

1 a 1

YDIDUNLAUTAIUISI WATAIUIUNAINUDIA EBI 91NNI1SAIUIUUIILATIE AN AIAINY

'
v o o o A

AanaInduRnsianae dalddyyiuriseAuunudyyinauseAundyaIunsedu N3

A7

FLATILRAIANURANAINVDIDUNLAUTN TALPA1U150MN LA INNNAR 19V BIANDUA WAUTIINNNS

719a9NUANDNNLAUTINNAITAIUIUAIANNTN 14

ABufiwaugaINNINAGes — A1duiiuaudainngul

)-100% (14)

ArNuRANaAENIVSYRBURLAWE = ( . -
M Zg 3nngui]

AIAIUIUAIAINE AN AVD I NN LAUT AU Wl ol T d g rauanusavd T ud ey
NFEAUNANMUT 1 Hz ITUANLNUAIAINNITNARBIINAITIN 4.1 UaTAIINNEINAUNTT
= & a a a 6 6 ax ' = 19
12 g Z, AoAwuniignvesduiivaudnaiudanuing Inedsv Z, iefianaiunsagle

9n3Ui 3.23 Fadidvindu 4000 (Q)
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Re Z vinminaaes - Re Z vinngud)
4000

AMNUAANAIATIUIG = (

)-100%

4000-3997
4000

ﬂ'wmmﬁﬂwmﬂ:( ) -100%

Annuiana1n=0.07%

N13AMUINAIANNEANAINYBIBUNkAUTE LT Ll LIy v sEAUA S US N SERu

AU 1 Hz BSUINUNUAIAINNITNARBININANTIN 4.2 LagA1RINNEUAIINANNTTA 13

Rez swnmsnaaes-Rez vnngu]

4000

ﬂ'wmmﬁﬂwamdauﬁq=(

)-100%

4181-4000 vy
4000 ) y

MANNAANAIA= (

annurana1n=0.31%

WRIINU VU B uA U nAT D kazy NesAUsTNaUN LN dwaz I N aANS LD

'
(Y o

WiguieuysednsamuesnisiddaaumseiuunuauseAundy ananssAuasgun 4.21

| .(0.8%)
0.8

06 «(0.5%)

0.2 . f .

Frequency (Hz)

' o
o

sU# 4.21 Jeliananalunisin AR/Z0 TnaldulssAonaansiiilidayqIaaNssAUuny Ref,,,

Y
WAz Refi o BniduAanasnsiilalddnayuissdudmsu Ref, oy dyaaauseaudmsy
RCfLQ
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0.8- . (0.7%) ]

*®
§ (0.4%)
o4 i .

02- ; .

01— - ’ B - : N )
10° 10 10?
Frequency(Hz)
5UN 4.22 Jefiananalunisin Ax/Z0 leeidudsshenaansidlalidaysiamuseauna Ref,,

3"
v &

108

VAN EAUF MU

]

Wag Refi o dniduAanadngilalddauminssAudmsu Ref, 18
RefLQ

" (0.9%)

0.6- +(0:6%) 1

AZIZ0 %

0 . n F— 1 L ' ' " ' i L L
10° 10’ 10° 10°
Frequency(Hz)

5UN 4.23 Jefiananlunsin Az/20 Inewdudssfenadnslislidyninaussduny Ref,,,

wag Refy o dnidufonaansilolidyyuinssqudmsu Ref. 4o dygiaauseivdmiv
RCfLQ
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& (-3%)

8
L (-6%)
_9 L i y il 1 " ! i 1 ! 1 L
10° 10" 102 108
Frequency(Hz)

UM 4.24 doRanannlunsln AQ/Q naidudssionadniiiiolddyauausziunia Ref,
waw Refl o Bnsdufenadnillelidyanauvinsedudingy Ref, mas dyanaaussivdmsu
RefLQ

ANFUN 4.21-4.24 uamsieanuianaIndnssuunsiniielidya aauseRuiiey

o o o

dygraminseaunaud 1,4,5,8,10,40,..,1000 Hz Wud1AIRLRANAINE AR INNTLY

<

de

Y o o/ U 1 a

QIUTLAUNUAYYIAINIEAU @INITNAAAIAIURANAINAIUTY, dIUTUANIN LA

2

druuanfignues v, adlulauszanm 0.3% wiganiiaulafieaunsoanAinuianainin

mMyinvesasnlssnavdialulane 3%
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umn 5

e =

unaguiazuatauauy

5.1 unasd

AIngrdnusaduildiaue n13UTuUTInIsinaMuaunIunsliiine3Fnras
dyaraunidnslddygranvulndluszuunsiauaziinuanisalunisinanuduniunig
I lAlauustdugiunnniniSmsneunin Tnelassadawesszuumsinaunsautseandu 3
dlun 19asasedyaas, 1933TUNSELA wavIRsANeAALan Laglsasaiiedynyradld
NaNN13904 shift register MSUAT A YYIUNTEH W OTUNTEUAVIITTUNTEUA 1ng
o d' 1% & o o @ ¢ a a9 lo o o
dyaaignasitesnuity danuaunsalumsmisensusdnARuAduauN 3,57 waz 9

astunszuadusasdmiudunssuaifioTaussiunnAson impedance Tngdnenszuaniu

'
o v [t

é’zyq;mﬁLﬁﬁwmmu@u%aﬁﬁaa@@mmimumgﬂﬁwLauaﬁﬁuuﬂmj Nﬁ]iﬁuaﬂgmmﬁmﬁwﬁ
dsunenesrUsyneunIunadIuas Azl una nesna nfuand g ausiduiinnasox
impedance tngléndnnisaslnaudfvnndnemansiionondiuase wardunnwasnainiu
Tnpfdunmdudyyrausiiunnasey impedance kazdyaas198491n299585 198y 10

$% ° U 1

Taeasisanualutulagnimamaaaunisinai impedance fagAsnsludyauauszau

Y

o v

ﬁaa@mwmﬂizqu wardaanadnde WewSsudisusumstdduaraisesudmsudyau
n3ed U wazlidyainanssavuuuaNd s Uiy 181984 Wudwé’zgnpmﬁﬁxﬁuﬁgﬂ
dnaueluinerinugaduldl aunsolianuuduglunisinen impedance lafni1nasld
dyaaauszaudmsudygianiziu lnga1nnuRanaInagaveteAusEnaum a1
334 (R), dadunnin (X) wazdruuniiyn (Qaaldld 0.3% uagauwla (9) anteiianain

loanan 3%

5.2 UDLaUDIUL

szuumsiad impedance dsgninanldlunisiamamanasedluineinusi Ssned
voiduludiuvesisasaiedya il Lﬁmmﬂgﬂaammﬂﬁﬁﬁﬁmu flip-flop Tiunduds
6 wh wiflarudululivierldrnnsludnvazaes delay line wisadndyaamszaulagl
Rodl1993 reverse shift register uaﬂmﬂﬁmﬂﬁﬂg‘uLLUUﬁuaqé’zyapmﬁgﬂﬁ@ﬁu‘[,uiwmﬁwuﬁ‘ﬁ
Wivwieveanssud  uazA1wes  impedance  wiodmusnauduquessznuunisin
impedance TWaannaadd1m3u bio-impedance wagH1ULIASFIY IEC azaunsainlunosen

Tusguun19in electrical bio-impedance lagnse
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NBUNISNAABUA 8 hardware & 3 38la vin15Maaey simulation ¥8452UUN15TA

impedance TulUuunsy Matlab&Simulink 1ielU3suiB UAINLLUE VDI Y 1UEIUTEAURUY

1 1% 1%

M wagdyaanseausuunindesdyaansedu

SynchronousBemodulator

Current Controll and Impedance.

>

Ly Multiplexer I R,C LPF

RC Low Pass Filler2

T‘g& ok ]
Multlpiexer s —

e ‘SCopeTOBAGNgSA

RC Low Pass Fitter]

O L R,C LPF

Reference =™
Synthesizer

g'ﬂﬁ 5.1 Function block diagram 835zuun1530 impedance Tulusunsu

Matlab&Simulink

SUN 5.1 wans function block diagram U9432UUN133% impedance WUU simulation A2y

TUsunsu Matlab&Simulink Ingasrusznauvas function block diagram gnasanlvivilouriuns
NAFOUAIY hardware YNag1e ko A1 impedance, A1 R,C LPF, nsvuadlvak1u impedance,
A1 Gain wazANudnlilunmsveaaurenwsvene Tnenanisageuidulunugui 5.2 1 5.5 g

widlluvesns i@y uvinseAUNR I TERU WnudaIaEusEauluueY Suwilduiling

ansugninludinas uazuuniiyn udludindunnin uazia Tuwildunlvinadnslannii
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AR/Z,%

Real part when use signal 5-Level

0.9
0.8
0.7
0.6
0.5
0.4

Real part when use signal 3-Level

0.3

02

|
0.1

|

0 et 9 | (" M hdam7  J Ul \ i F R 1§ W . W ¥

1 10 100 1000

JUN 5.2 HANTNAERUTZUUMTINAIUFUBS V;, WUU simulation

AX/Z%

035

Imag part when use signal5-Level

0.3
0.25 |
0.2
0.15
0.1

0.05

1 10 100 1000

JUN 5.3 NaNINAARUTTUUNMTINEIUTUANINYDY Vz WUU simulation

AZ/7,%
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0 Z part when use signal 5-Level

0.8
0.7
0.6

0.5

0.4

03 Z part-when'use signal-3-Leyel

i 10 100 1000

1 10 100 1000

UM 5.5 HaN1snAaeUsEUUNISIndIuma ¥8d V; WuU simulation



AANUIIN U,

HaUIeT e SUNSERNN

69



Internatignal Steering Committee:
Puttisak Puttawibul, Thailand
Chuchart Pintavirooj, Thailand
Somkiat Wattanasirichaigoon, Thailand
Wibool Piyawattanametha, Thailand
Kasin Chancngthai, Thailand
Kazuhiko Hamamoto, Japan
Shinichiro Kanoh, Japan
Kohji Masuda, Japan
Keiji Iramina, Japan
Manfred Glesner, Germany
Michael Kheo, USA
Sunu Wibirama, Indonesia
Viet Dung Nguyen, Vietnam

Organizing Committee
Henorary Chair
Samiiat Wattanasirichaigoon,
SrifokhaginTharawirat University
General Chair
Tohru Yagi,
Tokye nstitute.of Technalogy.
General Co-Chair
Kazuhiko Hamamoto,
Tokai University:
Technical Program Chair
Supan Tungjtkusolmun,
King Mengkut's institute of Technology, Ladkrebang
Chuchart Pintavirooj,
King Mongkut's Institute'of Technalogy, L bang
Chanchal Thaijiam, Srinokarin Tharaviroj University
Supaporn Kiatsin, Mahidol University
Kohzoh Yoshino, Kwansei Gakuin University
Publications Chair
Adisorn Leelasantitham, Mahidol University
Publicity Chair
Kohji Masuda,
Tokyo University of Agriculture ond Technolagy.
Finance Chair
Sarinporn Visitsattapongse,
King Mongkut's Institute of Technology. Ladkrabang
Local Arrangement Chairs
Hiroki Kurashige,
Tokaf Univerisity
General Secretary
Tohru Yagi,
Takyo Institute of Technology

ganized by

RRIEARF

Tokyo Institute of Technology

The 15" Biomedical Engineering International Conference (BMEICON2023) is intended to
provide an international forum where researchers, practitioners, and professionals interested
in the advances in, and applications of, biomedical engineering can exchange the latest
research, results, and ideas in these areas through presentation and discussion. All accepted
papers are expected to be included in IEEE ¥plore and indexed by El.

The BMEICON2023 will be held in Tokyo, Japan on October 28-31, 2023. Tokyo is the capital
city of Japan and one of the largest metropolitan areas in the werld. It is located on the
eastern coast of the island of Honshu and has a population of ever 13 million people. Tokyo
is known far its bustling streets, modern architecture, advanced technology, and rich culture.

The organizing committee is pleased to invite all researchers, engineers, physicians, scientists,
technicians, and technologists to attend and help shaping the future of biomedical
engineering. The topics for regular sessions include, but are not limited to, the followings:

*» Biomedical signal processing

» Biomedical imaging and image processing

» Bioinstrumentation

» Bio-robotics and biemechanics

» Biosensors and biomaterials

» Cardiovascular and respiratory systems
engineering

» Cellular and tissue engineering

» Healthcare information systems

* Human maching/computer interface

» Medical device design

» Neural and rehabilitation engineering

» Technology commercialization, industry,
education, and society

» Telemedicine

* Therapeutic and diagnostics systems

* Recent advancements in biomedical
engineering

Submission of Papers
Prospective authors are invited to submit full-length papers including figures, tables, and
references via our website at www.bmeicon.org/bmeicon2023. All papers will be peer
reviewed and handled electronically. All papers submitted must be previously unpublished
and may not be censidered for publication elsewhere at any time during the review period.
Any accepted paper included in the final program is expected to have at least one author or
qualified proxy attend and present the paper at the conference. For additional information
and submission guidelines, please visit our website at www.bmeicon.org/bmeicon2023.

Important Dates

* Regular paper submission deadline: July 31, 2023

» Notification of regular paper acceptance: August 30, 2023

» Camera-ready submission: September 15, 2023

» Early-bird registration: September 20, 2023

» Late registration: After September 20, 2023

» Conference date: October 28-31, 2023

Technical Sponsors

¢IEEE ¢, ete

i — :
timay  Thaltand Chapter

Supported
Organizations

IFMBE

Contacts
» Chuchart Pintavireo], KMITL, Thailand
E-mail: chuchart.pi@kmitl.ac.th

70




71

I'he 2023 Biemedical Engineering International Conference (BMEICON-2023)

Improvement of Electrical Bio-Impedance
Measurement: Mixed Signal Approach

Phongpiteh Sribua Sumek Wisayataksin* Apinunt Thanachayanont
Department of Electronics Engineering Department of Flectronics Engineering Department of Electronics Engineering
School of Fngineering Scheol of Engineering School of Tingineering
King Mongkut’s Tnstitute of King Mongkut’s Institute of King Mongkut’s Institute of’
Technology Ladkrabang Teehnology Ladkrabang Technology Ladkrabang
Bangkok. Thailand Bangkok, Thailand Bangkok, Thailand

2023 15th Biomedical Engincering International Conference (BMEICON) 979-8-3503-4524-7:23/$31.00 ©2023 IECE | DOL: 10.1109/BMEiCONG0347.2023.10321977

64601094/@kmitl.ac.th sumek w

Abstracr— This article deploys a S-level shorten rectangular
wave technique to measure lock-in electrical bio-impedance
(EBI) in medical diagnosis. The new shorten rectangular EBL
signal has better properties in eliminating odd harmonics
compared to the conventional 3-level shorten rectangular wave
technique: The results show that the measurement errors in the
3-componcent EBI are reduced about 0.3% for R, X, Z and 3%
for Phasc(®) when the S-level signal is used instead 3-level
signal,

Keywords— Impedance, bio-impedance, measurement, pulse
wave signal, synchronous demodulation

I INTRODUCTION

The most appropriate method for examining the state of
tissues and organ function in the bedy is through electrical
biological impedance (EBI) measurement. This techmque
assesses ssue stalus by determiming the eleetrical impedance
(Z) denved [rom an cleetrical model as shown in Figure 1.
When an excitation cwrent (I,..) is applied to the tissue, as
shown m Figure. la, the tissue ¢ell can be modeled as an
extracellular resistance (7). when a portion of the current
flows outside the eell. Simultaneously, another pertion of the
current passes through the cell. The current through the cell
can be divaded mto two parts: the first parl mvolves the cell
membrane, which forms the capacitance (C). The second part,
which 1s the § inside the cell, produces the intracellular
resistance (¥, ). To model the tissues, the impedance is
represented by the combmaton of rand ¢ as illustrated n
Figure 1b, which 1s the widely unulized model for testing
purposes.

Fleetrical bio-impedance (HBI) can be shaped in terms of
Z =R+ )X, when R is the real part of Z (Re Z), and X is the
imaginary part of Z (Im Z) as shown in Figure lc, Lock-in
clectrical bio-impedance (EBI) measurement devices olien
use a square wave signal pulse instead of a pure sine wave
hecause a circuit can be easily generated and consume less
power. However, there is a limitation of high odd harmenie,
since it causes a large measurement error especially an error
in diagnosis. The popular methods that have been invented for
gettng rid of such errors are excitation filtering with bandpass
[1], even stepwise sine wave approximation [2], and even
methods based on square wave modulation unfiltered [3]
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Fig.1. Rio-impedance. (a) BRI of tissuc. (b) a threc-clement equivalent
cirenit of the tissue, and (¢} a phasor diagram of mpedance [5].

However, there 1s a disadvantage since circuils look very
complicated. Reeently, a 3-Level shorten rectangular pulse
signal [5] 18 a better method, but there is sull a pemt that can
be further developed to reduce errors.

In this paper, a new lechmique, the 5-Level shorten
reclangular pulses signal will be discussed, wlich 15 like the
sine wave approximation. The improvement over the 3-Level
shorten rectangular pulses signal will be also stated

I'he remaining part of this document has been organized
as follows: Part II describes the system for measurement, the
generation of measurement signals, and actual cquipment for
testing metho sction 1T explams the expernimental results
and the conclusion will be in Part [V
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Fig.2. Lock-in system for measurement of EBI [5].

II. SYSTEM ARCHITECTURE

The lock-in measurement technology [4] is a technology
that allows the measurement of the impedance parameters Z.

Figure 2 illustrates the process of measuring the values of
R and X. Firstly, the reference excitation signal (Ref,,.) is
applied to control the excitation current source (/,,..) through
bio-impedance Z to create voltage V.

In addition, the DC gain (1/G) is multiplied to Vz in order
to compensate for the average voltage before driving to the
Synchronous Demodulator (SD). The reference synthesizer
creates reference inphase (Ref;) and quadrature (Ref,) signal
to demodulate the signal from DC gain output. Finally, both
signals pass LPF as shown in Figure 2 to generate the output
impedance (R and X) of the cell membrane.

A. Conventional Approach

The conventional technique [5] deploys a shortened
rectangular Ref, .. pulse, which is a 3-Level signal by 8 =
18", which can remove 5 harmonic order. The Ref; and
Ref, signals have § = 30°, which can remove 3™ and O
harmonic order as shown in Figure 3. The results of the
original article demonstrate a significant reduction in
measurement error when using a 3-Level signal compared to
a square wave signal with a full duty cycle across all four
components of impedance: R, X, Z, and Phase (¢). This
solution effectively eliminates orders 3',5%, and 9. However,
the 7™ harmonics order still remain. Therefore, our method is
proposed to reduce such an error.

B. Proposed Approach
A new method is proposed in this paper. It is possible to
reduce the Phase (¢p) error by generate a 5-Level signal as

shown in Figure 4. A shorten rectangular Ref,,. pulsc is
modified to be 5-Level by 8 = 13° (green) and § = 39°(red).

1

05 "A1s" \l\
30°
0
-
Py

05 Pig

1 —_—

0 0.2 0.4 0.6 0.8 1

Fig.3. 3-Level shorten rectangular waveform when 8 = 18° is using
for reference excitation, § = 30° is using for reference inphase.

Furthermore, the amplitude ratio of both signals is 0.7:0.3
respectively. The combination of two signals creates 5-Level
Ref, . pulse (blue). This waveform can further reduce the 7%
harmonic order from the conventional approach [5].

C. Spectrum of shorten rectangular signal

To explain the elimination of odd harmonics,
mathematical equation of shorten rectangular spectrum can be
described as follows (1)[5]:

sin(wt) +

3
[colsﬂ g Bsin(Emt) +

4
facLevar(ot) = RA 3

cos 58

sin(5wt) + ...] (1

Where A is an amplitude of the shorten signal, f is value
of phase angle. When we select £=30°, 3¢ and 9™ harmonics
order will be removed as follows (2). Since harmonics order
that higher than 9" (11%,13%,...) have very little effect in SD,
therefore they are not written in (2).

4 cos(Ba°)
Famtevelp, (@8 = =Agy 2=

cos (5B54°) €08 (7Ps0°)
5 7

sin(wt) +

sin(5wt) + sin(7wt) ] 2

For 5-Level signal equation. It can be derived from the
combination of (1) at $=13"and 39°. The substitution of two
different values of A and 8 is shown in (3).

4 cosfys .
Fomtew (@8) = —Agg [—sin(wt) +

56,

cos
sin(3wt) + N

38 -
% 2 sin(Swt) + -]

4 €0S Pagr
—Asd 1
4 T[ 39 [ 1

sin(wt) +

5Bs0 sin(Sot) +] (3

€05 3,9 cos
VE™ sin(3wt) + — A

When we select Ayp2= 0.7, f;;-= 13" and Azy =0.3,
Baer=39", 5" and 7" harmonics order will be removed as
shown (4).

fs-tever(0t) = %Aly [—COS (1ﬁ13 ) sin(ot) +
cos (3f137) cos (9Bug7)
3 9

sin(3wt) + sin(9wt) |

+ %Asga[msin(mt) +

cos (3B30°)
3

sin(3wt) +

§os (‘;ﬁ”') sin(9wt)]  (4)

Fig.4. 5-Level shorten rectangular waveform which is generated from
combine 3-Level at § = 13" and 8 = 39" reference excitation.
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Fig .5 Principal schematic of measurement system

Gain of demodulator for 5-Level is the multiplication
result of (2) and (4). Due to harmonics order that be removed
in (2) are 3" and 9" and in (4) are 5™ and 7™ Therefore, the
calculation remains only 1st harmonics order as follows in(5)

8
= p'ASO' c05(B3q°) - [Aqs c0s(Byg7) + Ager cos(B30)] (5)

D. Circuit diagram

This section describes a circuit in the system of Figure 2.
Our circuit implementation is as shown in Figure 5.
DACO0808 is the cumrent source DAC. Ul-U4 are an
operational amplifier (LF351). U5 is an analog switch SPDT
(DG403DY-T1-E3).

DACO0808 and Ul are used to drive current excitation
(I.c) by digital input signal, which is sent from the FPGA
CMOD A7-35T (Reference synthesizer as shown in Figure 6).
However, DAC0808 cannot produce differential current. For
this problem, it can be solved by injecting Vy,;f; for shifting
the amplitude (V) at non-inverting input of U1. U2 is used to
amplify Vz by 1+[R;/R;,,]. U3, U4 and US are an amplifier
using as multipliers in Figure 2. Furthermore, U5 is a
multiplexer (M; ) by using analog switch, which is controlled
by Ref; or Ref, The reference synthesizer is a digital circuit.

Tt generates Ref,,., Ref; and Ref, which is programmed in
FPGA (CMOD A7-35T) as shown in Figure 6).

In this experiment, frequencies(f) of the reference
synthesizer are swept from 1-1000 Hz. Therefore, the value of
RC forbio-impedance is selected as Ry, = R, = 4000 O and
C = 0.2 uF respectively. Since we need to measure the DC
voltage of the bio-impedance (V;), the RC low pass filter is
employed to filter the DC signal. Because the lowest
frequency is 1 hz, the frequency cutoff of this LPF is designed
to be 0.01 Hz (R;pr=10 k. C; pz=100 uF).

III. RESULT AND ANALYSIS

The proposed solution uses 5-Level signal in Figure 4 for
reference excitation and 3-Level signal by f = 30° for
reference inphase signal. It was tested in a circuit shown in
Figure 5 to compare with the conventional 3-Level solution.
The results in Figure 7 show a reduction in the relative error
of the real part AR/Z0, the imaginary part AX/Z0, and the
magnitude AZ/Z0. The errors of AR/Z0, AX/Z0, and AZ/Z0
are decreased in maximum 0.3% as shown in Figure 7 (A-C).
Moreover, the result shows a significant improvement in
phase error A®/P by 3% as shown in Figure 7(D).

| [ e ‘ or—orot Ql
\ 1 1%
| -
| D2 Q-
N o 2
P e e — M [ .
% ) Fclock%GOfW (3-87)
. 3% D8S Q88
89 °
‘ l ] ot
| Q88 -1 |
| om0~ D89 QBIIF
[ L c
| N il N ~
| R L) | " | M Bq
! b ‘ F b H0l
|

2vTia NN SIS A ¥ — ¥ |

Fig 6. Reference synthesizer in FPGA CMOD A7-35T [6].

Figure 8 is the actual waveform of at 1 kHz. Figures 9 and 10
show the voltage of output impedance from the circuit.

V. CONSLUSION

This paper presents a method for using a 5-level signal as
shown in Figure 4 instead of a 3-level signal at the reference
excitation signal, Since the new method can remove
harmonic order 3rd, 5th, 7th, and 9th, it results in better
measurement outcomes compared to the conventional
method by 0.3% for R, X, Z and 3% for Phase (®). This
reduction error is used to find accurately value of EBI
component ¥,y s, Tines Ce
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