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ABSTRACT

Now, there are many blood glucose monitoring systems that fall into two main
kinds: blood glucose monitoring (invasive) and blood glucose monitoring (non-invasive).
The developers discover that the blood glucose monitoring (invasive) does the body
injury and the wound. Therefore, the developers want to develop the non-invasive
blood glucose monitoring because it doesn’t make the body injury. The developers
will use the impedance measurement method of blood without invading the body.

The measurement blood glucose level with the impedance measurement
method of blood in the body is uses base on electrical conduction of blood glucose
to be the variable to find the level of blood glucose. If the blood glucose level is low,
the impedance is going high. On the other hand, if the blood glucose level is high, the

impedance is going low.
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2.6 Regression Analysis
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U

ADC (analog-to-digital converter) sauagluranssiuddien

UM 2.1 AD5933

2.7.1 Features Y84 AD5933
- Programable output peak-to-peak excitation voltage to a maximum
frequency of 100 kHz

- Programmable frequency sweep capability with serial 12C interface



- Frequency resolution of 27 bits (<0.1 Hz) Impedance measurement
range from 1 kQ to 10 MQ

- Capable of measuring of 100 Q to 1 kQ with additional circuitry

- Internal temperature sensor (£2°C) Internal system clock option

- Phase measurement capability System accuracy of 0.5%

- 2.7 V to 5.5 V power supply operation Temperature range: -40°C to
+125°C 16-lead SSOP package

- Qualified for automotive applications

2.7.2 MAGNITUDE CALCULATION

o oA a A 6t i o aa ° [
‘UHWBULLiﬂIMﬁqﬁﬂSULwEJ‘U@?JWLLWU‘U‘LULLWagﬂﬂﬂﬂqﬂﬂﬂﬁﬂﬂqjﬂquqmﬂ'l

magnitude FeAnwaalaain

Magnitude = VR? + I? (2.1)
R = 1Juf real number ﬁgﬂLﬁUi’ﬂu AD5933 Register Address 0x94 gy Register Address
0x95
| = Judn imaginary number ﬁgmﬁulﬂu AD5933 Register Address 0x96 uaz Register

Address 0x97

2.7.3 GAIN FACTOR CALCULATION
naNTldAT magnitude uudrngannsafuImvnAIves gain ¢ lngae
USuiiteu ain witel AD5933 anunsadnen impedance l¥pgausiugrdeudazildouans
21 w3 sensor finu ins1agFesuFuLiivunnasinouas¥a impedance Taazduanld
9N

i
(Rcalibration)
Magnitude

Gain Factor =

198 Reaipration N0 lUNSTUSUTIBUIEM AN



1
R atibration = (Zmin & Zmax) X 3 (2.3)

Zonin W8E Zpnax ADY9YBY Impedance Agauavasganuaiuioglugasildau iy 1du

s

\ianuasywdil impedance agluta3 100K - 600KQ Aagle Z,, Way Z,,, Auaduil

2.7.4 IMPEDANCE CALCULATION USING GAIN FACTOR
W& n7liAT magnitude wae gain factor 11ud7 AazaunsasIuInmM

impedance lalae

1

Impedance = — , (2.4)
Gain Factor xMagnitude

2.8 Impedance and Reactance

2.8.1 Impedance
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R = ANAUNY (Q)

V = ussaulnih (volt)

| = nsualwsi (Amp)

fUSuamnalnidm i dudsimundufinaud (2) 99999580: ANEILTY (R), A (Q),

AT (L) way anud ()

2.8.2 Reactance (X)

3 Qs

SuoAuwnug (deyanval X) WuAisan y’l‘Uf‘l‘SuLLﬁ‘UBQﬂ’NﬁJ’i}LLﬁUﬂQWNL‘MUEJ’]U']

ANsuaALAUBAsULUawINAuBved Il wasiimhensiaduleiu dydnwal @

=l

Suenuavdiiaeciln Ao Suoauaudainug (X uariuenusudnmmioni

(X)) SUOALAUTVNINNA (X) ADNARNTENINSILOALALGTSERIRD X = X - X,
FueAuAudANg (X))

2nfC

X = SuwoAuaudiimihedulav (Q)
F = anudiiwdedussndg (H,)

C = anugiivihedunise (F)

i o ] ] ] | =t a d ¢ a1 2

X Anunniinudiuagatesnaudgs dmsuadamdsnnuiiduaug X, Tanduedud

v
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(AuAwianun) Wufinweangian daiiuuszqeanliied (AC) snuwalanu@d (DC)

2.9 HC-06 Bluetooth Module

Bluetooth HC 06 fe Tuga Bluetooth flasnsnindatugunsalldvans « ju viegu
iuazguly foanuiidu bluetooth 2.0 Jusada fieenuuuud ansodedsuuy
Serial Uart T¥anedynyios 1o 2 1du fio Rx, Tx Mlvidse 3.3-5v vineululnun Slave

ﬁw%’u‘lﬁqﬂmrﬁﬁﬁuﬁwm
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2.2 HC-06 Bluetooth Module
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3.2 AD5933
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Ui 3.2 ATMEGA328P

3.3 ATMEGA328P

Wululaseeulnsaiaasnanlduu Arduino UNO siaifuy NNFIAYIILATIURILY Uase

Y

Arduino UNO #lififmeulnsaiaesifususunsulénasly ATMEGA328P udq3eastiienun

Ty Pce lsignasnuuull

nanwA ATMEGA328P 114/

ARDUINO

sUit 3.3 msldan ATMEGA328P



14

3.4 Bluetooth Serial Module : HC-06
< = = [ 14 ] & ' ! i
HC 06 #p luga Bluetooth nanunsaiaseiugunsallavane 4 qu Meguiiuazgulm
v - U a4 v - :
Area1udu Bluetooth 2.0 JUAAANYIBDNNTUIULAD FIUNTOEDEITUUU UART Serial

Communication Ineldaedyan ties 2 1du Ao Rx, Tx wazldlides 3.3 - 5v vl

i |
e =N [ 1

Inua Slave dwiuligunsalidudeu uasdsirsziuinnadiléann ATMEGA328P LUl

ausMuR UL UNALATY Blynk

SRRRCRNNZCLCE x[Ol[w]
1] # =

e ;
L W
FIITTITI19138

-—)sSTATE®
QXD #
el

TXD &

LEVEL:3. 3V

=GND *
—_CC *
e N

POUER: 3. 6U-6V

U7l 3.4 HC-06

3.5 N99NLUUNITNAABY
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3.5.1 mmaaesinABuiuaudluisasauya RC Parallel

lumsinismaaesinaassasléiasauyavesiaiuniunasiiivusey uay
o v & A ] = < < < DY
fmualinsvageutuinsdenszuai 800 pA finIud 10 - 100 kHz wietleulviiuieas

RC Parallel ATIA® 3 1K//5nF , 1K//10nF , 1.5K//5nF 1.5K//10nF , 2K//5nF way
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3.5.2 A1 Impedance aifisuiu insasinthaaludenive GlucoSure
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iU Neural Network wag Linear Regression Analysis tiieldlunisvuneaisesuiinnaly

anlusaneuywd

fg‘d‘ﬁl 3.5 GlucoSure

3.5.3 WU UNAaNSVR9AISEAULInIavasluma Neural Network ag Linear

Regression Analysis
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3.6 Flowchart
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unil 4

NIINAADILLASTHANTITINAAD

4.1 NSVINARINATDUNLAUDY WI935 RC Equivalent

4.1.1 wan1maaesnIsinABuNuauglueasauya RC AA21u0 10 - 100 kHz

A1597 4.1 AduRiuaives R = 1K//C = 5 nF , R = 1K//C = 10 nF

R1K C5nf R1K C10nf
Frequency Y%Error %Error

Z(Cal) Z{Meas.) Z(Cal) Z{Meas.) —

10000 954,029 919.574 3.61154 846,737 821.552 2.97434
20000 846.737 823.811 270759 622.678 627.61 0.79211
30000 727.727 725.599 0.29245 468.651 459.819 1.88452
40000 622.678 619.983 0.4327 369.703 371.335 0.44122
50000 537.03 539.832 0.52168 303.309 304.644 0.43988
60000 468.651 479.537 2.323 256.391 260.425 1.57324
70000 413.94 423976 2.42448 221.707 223.247 0.69491
80000 369.703 380.156 2.82736 195.12 194.795 0.16649
90000 333.441 343.806 3.10832 174.14 176.34 1.26343
100000 303.309 313.27 3.28385 157.173 152,549 2.94167

1599 4.2 ABuiumves R = 1.5K//C = 5 nF , R = 1.5K//C = 10 nF
R1.5K C5nf R1.5K C10nf
Frequency Y%Error %Error

Z(Cal) Z[Meas.) ——— Z(Cal) Z(Meas.) ——

10000 1350.96 1292.7 4.31241 1088.5 1061.05 2.52108
20000 1088.5 1042.8 4.19867 702.146 708.235 0.86718
30000 864.68 875.514 1.25295 499.858 505.083 1.04541
40000 702.15 704.847 0.38408 384.451 389.437 1.29678
50000 585.54 595.265 1.66085 311.304 317.024 1.83728
60000 499.86 512 2.42876 261.163 265.245 1.56316
70000 434,97 444464 2.18267 224.769 228.859 1.81953
80000 384.45 392.037 1.97355 197.198 200.576 1.71266
90000 344,14 351.865 2.24473 175.61 179.77 2.36937
100000 311.301 318.433 2.29117 158.257 161.071 1.7783




A5 4.3 AduRiumtives R = 2K//C = 5 nF , R = 2K//C = 10 nF

Frequency

R2K C5nf

16000
20000
30000
40000
50000
60000
70000
80000
90000
100000

Z(Cal)

Z{Meas.)

1693.46
1245.35
937.306
739.394
606.628

al12.78
443.416

390.24
348.272
314.357

1594.93
1267.47
858,526
757.589
625.536
532.168
460.265
405.228
364.134
328.651

%Error

5.81838
1.77641
2.37063

2.4609
3.11693
3.78109
3.79996
3.84084
4.55452
4.54704

R2K C10nf

Z(Cal}

Z(Meas.)

1212.85
729.023
509.503
396.198
319.775
259.562
228.7
201.409
179.77
$41.19

1245.35
735.394

512.78
400.053
314.357
262.952
225.906
197.963
176.154

158.65

%Error

2.60967
1.40254
0.63509

0.9636
1.72332

1.2894
1.23679
1.74066
2.05278

2.9435

18
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1800 T T T T T T T T

R2K C10nf(Meas)

R1.5K C5nf(Cal)

1a00F  \ i - R1.5K Chnf(Meas)

R1.5K C10nf(Cal)
——— R2K C5nf(Cal}

~— R2K C5nf(Meas)

R2K C10nf(Cal)

R1K C5nf(Cal)

R1K C5nf(Meas)

R1K C10nf(Cal)

R1K C10nf(Meas)

——— R1.5K C10nf(Meas)

0 | | L | | I I 1
10 20 30 40 50 60 70 80 90 100

Frequency(kHz)

o n;v( | al 1 o € & o &
UM 4.1 ANUFLNUGTENINALALAEABNNLAUD TaeliunuuauADAUAIND LaglAURa

AounuduRuAud
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Impedance with Error bar
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UM 4.2 Amnuaainefoussning avinlauagAfisiuinle

INNANITNAABILUNITIAAIDUNLAUGIIN2995 RC Parallel Q’wmam%wudﬂm
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4.2 WadAA1 Impedance [WaMIAIAINGUNUSAUSEAULNRTaluldaalae Y

WA3BINUIRNAIULARAYWE GlucoSure Wulnausilunisnngau

4.2.1 wansmaseunsinssauinnia Tneld3insmasauainamusetinaia (Oral
Glucose Tolerance Test %38 OGTT)

TunisneaeumaAuduRusseninagi Impedance fussduiimaluidenlnnis
naaaufuUsEIInsfathatanun 3 au lnUszannsmegnslunisnaaeuasdosfulseniy
pwnsauundsundnlnruinisiluedudos 3 uuazianiseandidenisedamin sngu
'qwéquﬂéaaﬁuuaaﬂaaaé wagusuUsEvuemasiiiiunaasieeetion 8 - 12 41luq
(@nnsavmuiiuals) Wudu wasdssrnnsivhamedeusssuaalunsaaesiilaany

LABRBAIBUINIIY



Glucose Level (mg/dL)
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4.3 Han15tUSuULIUNAaNSV99ANSEAUEINIAINN1T I IULAa Neural
Network (Fitting) wag Linear Regression Analysis lun15vinunelagldiniasdn

Impedance

4.3.1 WAANWSAINATLEIULAANIIAMAAIEATUWUY Multiple Linear Regression
Analysis

Mnnmsfiginsnaassldvhnsdunguiogsuessernsuniiioadnlunanis

adaemansiiielimanuduiussenine Impedance Tuden fudisziutinanaluden 9z

enanIsneannatl

M15199 4.4 ATUNBANAENENEGR

Regression Statistics
Multiple R 0.963318381
R Square 0.927982304
Adjusted R Square | 0.912326283
Standard Error 4.680761704
Observations 5¢

AN5799 4.5 MIURTIEHAIAILLUTUTIV (Analysis of Variance Table : ANOVA)

df Ly MS F Significance F
Regression 10 12986.4774 | 1298.648 | 59.27319 6.937E-23
Residual 46 1007.838386 | 21.90953

Total 56 13994.31579
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A19199 4.6 ﬂﬂﬁmi’wﬁﬂ’liﬂﬂﬂ’aﬂwuﬂm (Multiple Linear Regression Table)

Coefficients ~ Standard Error Lower 95% Upper 95%
Intercept 1072.404618 | 46.64037056 978.522421 1166.286814
Impedance (10 kHz) -0.2854999 0.1650869 -0.617802597 | 0.046802793
Impedance (20 kHz) -0.03115028 0.057017303 -0.14592016 | 0.083619596
Impedance (30 kHz) -0.27125759 0.367320552 -1.010635514 | 0.468120333
Impedance (40 kHz) -0.1821279 0.262501749 -0.710516513 | 0.346260717
Impedance (50 kHz) -0.2409984 0.361761087 -0.969185703 | 0.487188897
Impedance (60 kHz) -1.32060521 0.670392547 -2.670035414 | 0.028825001
Impedance (70 kHz) 0.54411874 0.509386358 -0.481222817 | 1.569460298
Impedance (80 kHz) -0.56178358 0.746790651 -2.064995192 | 0.941428038
Impedance (90 kHz) -0.11294904 0.461402105 -1.041703309 | 0.815805224
Impedance (100 kHz) | -0.44298966 0.813206144 -2.079888732 | 1.193909405

ANNIOANDTATULUUNY AN

Y = 1072.40-0.2855X1-0.0312X2-0.2713X3-0.1821X4-0.2410X5-1.3206X6+0.544 1X7-

0.5618X8-0.1129X9-0.4430X10

zLulsi11An RSquare nSeA duUszAnsuansnasanaula (Coefficient of

Determination)

nn1si1daya Impedance UagArsEAulInIaluEDANIIATIEN AAlnaLAeA i1y

“17 FananlmAuindnuuatinatansnlauituaiuisaasuisanudunlsuaaafiuys

A | = v o -] i w o | Y a ¢
ARUdAUEY W']\‘l‘l/]ﬂigﬂ']EﬁE]Uﬂ']LﬂaEIIWLUU'EJEJ']\WI LLWENIN“LWWNWEJF]’J'TNT'ILUHW?LLUUF]NWﬂ’]ﬂmi

Mmnzaudsdulunsdinserrelagldununmirunge wazAmnsabiaou q Saume
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HAANSNITUATILRAIIUNNLFUVDIFIUUUATAFERS Inelinauand® 4 Usenns Ao

Normality, Independence, Homoscedasticity ag Residual Output

1. Normality
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3. Homoscedasticity

Impedance(10 kHz) Residual Plot
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Impedance(40 kHz) Residual Plot
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Impedance(70 kHz) Residual Plot
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Impedance(100 kHz) Residual Plot
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4. Residual Output

31

A1517 4.7 Wisuisuaseiutinanaludenszwinamsinaseiunisldaunisannss

ey
Observation Predicted Glucose Level (mg/dL) | Measured Glucose Level (me/dL) Residuals
1 140.1384514 142 1.861548573
2 136.6027567 136 -0.602756697
3 141.41434 138 -3.414340015
4 140.4905944 140 -0.490594413
5 137.9069913 139 1.09300869
6 134.9434628 133 -1.943462826
i 136.9688209 137 0.031179088
8 138.0350876 136 -2.035087628
9 134.3969819 135 0.603018133
10 136.1175182 133 -3.117518209
11 107.976879 112 4023121003
12 106.1701689 115 8.829831146
13 1059908419 109 3.009158056
14 107.1767538 109 1.823246192
15 108.0579537 112 3.942046262
16 108.1451897 113 4.854810308
17 111.2975949 114 2.702405147
18 112.5380467 118 5.461953322
19 111.1703381 118 6.829661943
20 108.8798307 115 6.120169318
21 108.8356468 109 0.164353204
22 95.20228147 91 -4.202281471
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Observation Predicted Glucose Level (mg/dL) | Measured Glucose Level (meg/dL) Residuals
23 96.42635456 93 -3.426354564
24 92.27545733 92 -0.275457334
25 99.47641552 92 -7.47641552
26 95.14234981 86 -9.142349814
27 93.95413861 90 -3.95413861
28 101.0853896 93 -8.085389626
29 97.89386513 93 -4.893865127
30 98.68316284 93 -5.683162842
31 99.33274212 93 -6.332742124
32 94.87499389 89 -5.874993892
33 98.08045453 93 -5.080454534
34 108.2249315 109 0.775068479
35 112.2211988 109 -3.22119877
36 110.8810158 109 -1.881015785
ar 105.796648 109 3.20335198
38 108.5855352 115 6.414464807
39 110.4925781 109 -1.492578079
40 105.7354858 112 6.264514206
41 109.3496244 117 7.650375572
a2 107.0522659 111 3947734111
a3 107.7570751 109 1.242924892
aaq 103.635752 108 4364247979
45 104.7056477 109 4.294352328
46 114.783658 117 2216342044
a7 114,5739711 117 2.426028945
48 115.5683809 117, 1431619111
49 116.1192757 117 0.880724269
50 113.695474 117 3.304526003
Sl 117.4830917 117 -0.483091705
52 133.8090547 133 -0.809054735
53 135.028223 133 -2.028223043
54 135.6080562 135 -2.608056211
55 137.1097859 133 -4.109785868
56 136.9855518 133 -3.985551789
57 136.1158639 133 -3.115863882
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Impedance(10 kHz) Line Fit Plot
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Impedance(40 kHz) Line Fit Plot
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Impedance(60 kHz) Line Fit Plot ‘
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Impedance(70 kHz) Line Fit Plot
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Impedance(100 kHz) Line Fit Plot
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Best Validation Performance is 0.0023761 at epoch 10
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a0

82 85.22 93.23 3.926829 16.13415
84 84.9 89.89 1.071429 7.011905
85 87.02 90.11 2376471 6.011765
89 88.97 91.58 0.03371 2.898876
90 90.01 110.21 0.011111 22.45556
96 98.27 100 2.364583 4.65625
99 100.89 120.87 1.909091 22.09091
108 107.79 128.57 0.19444 19.0463
120 123.25 128.86 5708353 7.383333
126 126.78 168 0.619048 29.19048
146 143,52 152.22 1 69863 4.260274
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ANALOG
DEVICES

1 MSPS, 12-Bit Impedance
Converter, Network Analyzer

AD5933

FEATURES

Programmable output peak-to-peak excitation voltage
to a maximum frequency of 100 kHz

Programmable frequency sweep capability with
serial 1?C interface

Frequency resolution of 27 bits (<0.1 Hz)

Impedance measurement range from 1 kQ to 10 MQ

Capable of measuring of 100 Q to 1 kQ with additional
circuitry

Internal temperature sensor (+2°C)

Internal system clock option

Phase measurement capability

System accuracy of 0.5%

2.7 Vto 5.5V power supply operation

Temperature range: —40°C to +125°C

16-lead SSOP package

Qualified for automotive applications

APPLICATIONS

Electrochemical analysis

Bioelectrical impedance analysis

Impedance spectroscopy

Complex impedance measurement

Corrosion monitoring and protection equipment
Biomedical and automotive sensors

Proximity sensing

Nondestructive testing

Material property analysis

Fuel/battery cell condition monitoring

GENERAL DESCRIPTION

The AD5933 is a high precision impedance converter system
solution that combines an on-board frequency generator with
a 12-bit, 1 MSPS, analog-to-digital converter (ADC). The
frequency generator allows an external complex impedance to
be excited with a known frequency. The response signal from
the impedance is sampled by the on-board ADC and a discrete
Fourier transform (DFT) is processed by an on-board DSP
engine. The DFT algorithm returns a real (R) and imaginary (I)
data-word at each output frequency.

Once calibrated, the magnitude of the impedance and relative
phase of the impedance at each frequency point along the sweep
is easily calculated. This is done off chip using the real and
imaginary register contents, which can be read from the serial
I*C interface.

A similar device, also available from Analog Devices, Inc., is the
AD5934,a 2.7 V to 5.5V, 250 kSPS, 12-bit impedance converter,
with an internal temperature sensor and is packaged in a 16-
lead SSOP.
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