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# # 5570521021 : MAJOR BIOMEDICAL ENGINEERING

KEYWORDS: IMPEDANCE MEASUREMENT,IMPEDANCE,SOLUTION IMPEDANCE
CHATSIRIN JATAPAI: DEVELOPMENT OF VAGINAL IMPEDANCE MONITORING
SYSTEM FOR ESTROUS DETECTION IN ANIMALS. ADVISOR: DECHO THONG-
ARAM, CO-ADVISOR: PROF. DR. MONGKOL TECHAKUMPHU, 135 pp.

This work presented the development of vaginal impedance monitoring
system for estrous detection in female animals. The system is comprised of the
impedance measurement probe, the measurement and signal transciever circuit, and
the control and display data software. The measurement system was set for
measurement impedance range of 60 - 300 ohm. In this study showed that, Bluetooth
receive and transmit data works well on 10 meters plain distance. The measurement
system has been tested on resistor, capacitor, capacitor series with resister, and
capacitor parallel with resistor. The test has been compare between theory impedance
and developed measurement system’s impedance. The results of relative error of the
test of developed measurement system are 0.78, 1.06, 1.52, 1.66, and 1.98 respectivly.
The lowest correlation result of two times repeated measurement test on normal
saline solution 0.45 and 0.23 ¢ per 100 ml of developed measurement system is
0.9865. The phase angle of normal saline solution is similar to the phase of resistor
and capacitor series, the phase is increase as frequency increase. According the result

about our developed measurement system’s accuracy is in accepted range.
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= I a v ) [ a a [ 1 = lg =
\Wisy szuy proestrus Lusyeziiusuvesnisiludn wodAalusslvazdaunlngauiinig
Uaeggesluuealasiauainnedifaiingnssuaideniilvungnilaninnsoudmiunisdarios
Y 1 = & [ [ v & = = a £ =
wawlingszee estrous Buduszuzveinsiludn dndwadisasionsmanaiiaduilowin
Havesgasluwealasiau Felusserilazinisanluvie ovulation nTulaeinnnavedah
lugsgesluuainauess Inessuzilavaunasaininisanlaiindu sy metestrus 1 Uuszos
[ 12 1d 1 aa [ Y s = &
nasnnsanledadudianinisiauidivesneslagiien Tussesliasnunisanasved
gosluuealasiauuaznsiiuuvessasluulusiaamelsudgnasielaesily Wusaamelsudl
ARy sElshgeuiiinanMsiauiuguaiuungn wenanntvndndmeiiled
msduiiuguuudugigania w3e seasonal breeding wi Axiiniaidngszey anestrous
sruvdviugimeallgaglifinvihauauninasiisggnianauiug (Svendsen, 1974)
gosluumaniinnuineatosluisseumsiudaiuloun Tusanelsu oansilaosa
gfludfagesluy Wendnugiingnisdudn Usunueesluulunszuaidonaziinisdeuwlas
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S8n31 cornified layer wagiinsunsniidnanveadaidenyil leucocyte maiu%umau%u
Yosnann waziingazey metestrus laglussoriiagnuin comified layer anainnsvan
aoneenu Lengaasnaunua ieytesnasnaznduidiganiag diestrus dnafinis
(Westwood, 2008) é’m%’ﬂuqﬁfmﬁ?uwuiﬂmwg anestrous datfusyezafildinisineu
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fnsvundiliuuaeisuudufiatu Tutswes estrous uag metestrus wuinduuenanves
Hoytesnaoniinsarefiendudus Snwunu keratin uardinnsvigananues keratin
oanld Tutae diestrus nuinvadidoydesnasandediendudnumy pseudostratified
cuboidal to columnar epithelium 2 9 3 4u waziiwad leucocyte unsnogluiilaide
(Rehm, Stanislaus, & Williams, 2007)
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cornified cells mau?iamiamaam (Gunzel, Koivisto, & Fougner, 1986) wagA18uNLAUGYY
fAuiugetuiionglutas follicular phase uazazanasiledstasnatsvassey estrous 49
Pranaiirduiiuaudanasililunafmngautunsuamitevais lu Ta nszde uny

NUINNI5ana9U098951UUTUSLaLMB ]l SUAINAR DA DUN LA UT I UTDIARDATIAIANAY WAZIAN



WngaudmSun snaiulafeYsansuivaudlutesnaenianifnga (P. Rezae,

2008)

2.2 AUfunIunelWiln (Electrical resistance)

AMUAIUNIUNSINANADANIUIUDNTINSAIUNIUNIS AR UYRINSELAlAeTlauNIS

Gk
L
R =2 1
A
R Ao Aadusnuniu (lavia)
p Ao anmnisiununisliihvesian (eviu-wes)
L Ao enuemvesinginsvlalvatiu (wns)
A Ao unwihdafinszualvariu (wesd)

2.3 duniuaud (Impedance)
Budinaud Ao ArAusunIunsliianisadalaniglaisasliiinszuaadu
BUNUAUTTUYTZNOUMIBAIVBIAIUATUNIY SHOALAUTVBIUAAINAIUT (X)) THOALALTUDY

Faiudszy (Xo) Wedinst fduniu veaindidl wagduiulszquinowuuaynsuiuge

[

ANUTOVANDUN AU HIUAUN5F9T

Z=R+jX 2)
Z=R+jX.—Xc) 3)
1Z| = VR? + (Xi, — X)? &
Ao Aduiiuaud (leviw)
Ao Aanusunu (lovia)
X, A SusAwnuduesnaindlil (ovu)

Xc  fe Suseusudveswaiulszy (o)



SuoauaudvassiulszgUuansamAliInaunIs

1
Xc = oC (5)
Xc fe aanusiunu (loviv)
fo AudiBe (rad/s)
c Ao anenuguesdaiudszy (Win)

SLOALAUTUDIVAAIAFIUITUAILNTOMIAT LA NAUNTS
X, = ol ©

X, fe  awnusiunu (o)
w Ae AUDeYY (rad/s)
L fio  AAnumienhveswnaindiil (1eus)

Wanasananesrlsenasuniesludesnasn arsannasnielutesnasntuians
a & fa & & 4 o v ~ o P ) =
dldninslaranidussrlsznau fellaninedteadanuszuunisiunulniinsswaadunse
a a s % o8 v Y & O e i ] v I a o ¢ a
dufiuaud JuilinsinAasfanasiifintuegluguuuuvesnisinAduiiuaud lngaziinis
elndnszuaadun luluansAnraININanI@N INNISH19IUAA18 A UFIAIUNIUNYINIIUY
Sufuduiulszgiielininasenisnsainlageduaunisi 5 1uiuguluniseeniuuszuy

Tun15n579 AR DU NS

1Z| = \/R? + X2 @)

A a d‘ =2 d' < Y1 a A ¢ o A (Y]

HIaN5UNAINANNTTA 2 Beaunisi 6 auiuladnABuikaudiuAe 135N U4
i v v 1A ¢ 1 Y oA = v =i a
AIANATUMIUAUATSLEALAUS A1shaAwaudiwTuA LA NiIunIuTiA1udle
Audnils WesanIueauaudvesiiiuyssquazvnadnuienituinisuasunladlunny
pudvesdryg el Tnefidrmnuiiuniu Fududwwedaivasyyuiuasueaunuras
Wudrwauiunained 90 oen Wefein1sniA1dufiuaud axdesiinisniaivueg
(Magnitude) $1319ANUB9INUIUIT (Real) LazAIYIIIUIUTUANIN (Imaginary) A9auNIT
1 3 uananazlarBuiiLauduaIfiaunsaldaunisn 8 lun1svyusinamla (Phase Angle:
0) Fsanunsaldszylainluduiiuaudiiisvinmsiatuiduiulszausevaainmieanindy

9rUsEnauleanmle



Imaginar
tan@ = # ()
Real
Imaginary Ao ANIUIUAUANTNYDIDURLAUD
Real Ao ANINUIUDIIVBIDUNLAUD

2.4 MaNN1591N9IUVD 92995590138 +ed AD5933

A IS

lo® AD5933 Wursassiuiitddmiuussendlunisinadufinnudueisaslniig

'
o 1

o ] ﬁl 1 2 v ddgj U U dl o
AU130FINILaEEIURaN T IR UM WRNAEILUY IPCUd Tedilannsausumanudlunisin
lagsaniis 100 Alatdsind wavarursoinduiiunudlanue 1 Alalevinde 10 wnzloviy
uonntilloinsinsTitAwsolouraonadIuntn (Analog Front End: AFE) 1ilUazvin

1 a

Tanuns T duiaugniaIaInIn 1 Alaleviu eau1ndadu n1sdsaulea® AD5933 wuvinle

Insnisdedeya (Data) anarsueniiludsiiames (Register) flognisluraasvosled
AD5933 Wiavinn15usuwsaanee ifesnsldaudmsunisinadfiuaud wu n15usu
A1aud wsssulniinuasdnsinisvenssidnlusunsulé (Programmable Gain Amplifier:
PGA) 0en15in tHudu Tngandanisvhnusaululasreulnsamestitun 2Cia Wedinnsd
T390 29959vUdeedygadlniinainudsieg panuluIULUUYad I LaUzaRN
(Analog signal) wazvinnisudasdgyganeusasnidudygyiufineansglnsalulaiu
wouzasnJuRlnea (Analog to Digital Converter: ADC) vun 14 ﬁm‘ﬁ'agjmaiu T
nsUszananateyafmenszuIunsmeadamans msuvasyiSesuuuliseides (Discrete
Fourier Transform: DFT) lanadayanisineonunluardiuasaazdiuiunninvesdud
uaudluusazanud deteyamdrdazgriiuliininennusinneluled AD5933 Laslusuves
WUFIU 2 UU 2’s Complement 9uUR 16 bit ﬁawmmdm%’a;ﬂaaaﬂmLﬁaﬁwmv‘hmi
Ans1zikazAuIamAduTiuauduasinavesdygraldlalaeldmdaminunig PC Ua

nsldauled AD5933 T uenanardewinisieAvesaamesineg waadiing
AnUAA T UEIUYDIAIAIUNIUYDI9ToNFRIALALA Aadruntulaunay (Feedback
Resister) wae fafun1uusufisuan (Calibration Resister) el donga3n155nAn
Sufiunuduenieas Feiiummuiiavihanldouiuisesiuamusadnamenldnnaunisi

9 wag 10 MUAINU



(O.SVDD - 02) X ZMin y 1

Rpg = . ©)
Vpk + 0.5Vpp — Vpcoprser  Gain
Rear = (Zmin + ZMax)§ (10)

Vix Ao uswiulnihasanvesdayann (Tad)
Voo Ao wssnulnihvesrasanenias (Lan)
VocorrseT o wswsulwihSenidn (had)
GAIN Ao RIINTVLIUDINAT (1)
Zun Ae Adufiuaudigandeinisin (leviv)
Zax Ao A1duTiuAudganfidensin (leviu)
Rea Ae AeueuunlgUSuiisuesgiu (eviu)
Res Ao awesmmunutounau (leviu)

d‘ & v YV % v YV o % U =1 1 2 v :.’/ 1 2

WIaLaanmAUNUTaUNaU WarfIA UNIUEISUNISUSUBUAlaLa Tusaludad
#n1sUSusuAia AN BSUBIRNI W18 (Gain Factor) dwisunistnbuamiuiamn
AduLAuglaeltaunisi 11 A1UIUNT magnitude @UNT1SA 12 AIWIUNT gain factor

TunsTeau 1e% AD5933 dmsunisinandudesrinnisasuiiisuiianmaiwinmas

o | a & ot ¢ Y | a8 °

999951878 Tulfaraudneau etiANNmesvesens1vensluwsaudtuluA I uIm
ANDUNLAUTVDIFINLT11N15Y9 Tasnnninasvaednsivestuduatanizvaslunday
AR Mndeen1IANLLLugTluNTIngRzAeihnUTuigua WiealunnAudNIh

M50 PaunnmesveenIIve8d@1NTaLlAINENA1SAIL

Magnitude = /Real? + Imaginary? (11)
1
Gain factor =
Rcar X Magnitude (12)
Rea Ao mmmﬁ’mmuﬁwﬂ%’uLﬁaummgm (lavi)
Real fo Adiuusdeiienuldann AD5933 (lasiw)
Imaginary fo ardaudusnndienuldann AD5933 (Tavi)

Magnitude  fp  Anwuinvesduiinaugieuls festihluaiuiu
i (evi)
Gain factor A8 VUIAVBIIAMLNEIINTAIWIUMBUTUAUTNLNRTY

Qaviu?)



[

wazausaAuvalalaeldaunisaadl

91 Real > 0 uag Imaginary > 0 ka2

Imaginary_ 180
Phase = arctan( Real X - (13)

01 Real < 0 uag Imaginary > 0 ka2

Imaginary 180
Phase = arctan( ) X + 180 (14)
Real
01 Real < 0 uag Imaginary < 0 ka2
Imaginaryy 180
Phase = arctan( ) X + 180 (15)
Real
91 Real > 0 uag Imaginary < 0 ka2
Imaginaryy 180
Phase = arctan( > X + 360 (16)
Real i

d‘ Y 1 I3 [} U 14 o U = a 1 v
WL AP NN A5 U8997M5 19878 LA Wa VIR UL S UUSa UL g UATILAD
L5192@UN50U1A1M9@0 LTI UNTAUIALNDNIAT DUNLAUD LaziNAUDIBUNLAUDN bl

N31UA1 (Unknown Impedance) 161 Tagauniseal

1
I d = (17)
mpecance Gain factor X Magnitude

Phase = Measurement Phase — Calibration Phase (18)

Measurement Phase fg wanlaannnis3n Unknown Impedance

Calibration Phase R wafilédarnnisia R Calibration

USB Gain control

DDS }D}\C } AMP

MCU

gﬁﬁ" 1 N15YNIUYa9Y89 89 AD5933
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lo&% AD5933 wagn1shUu
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Fawesiingitesiunmsaunuled AD5933 a1unsadeuru I°C Protocol aedl S3awnes

33ame3 Address Name 39am95 Data Function
0x80 Control D15 - D8 Read/Write
0x81 D7 - DO

0x82 Start Frequency D23 - D16 Read/Write
0x83 D15 - D8

0x84 D7 - DO

0x85 Frequency D23 - D16 Read/Write
0x86 Increment D15 - D8

0x87 D7 - DO

0x88 Number of D15 - D8 Read/Write
0x89 Increments D7 - DO

Ox8A Number of Settle D15 - D8 Read/Write
0x8B time cycles D7 - DO

Ox8F Status D7 - DO Read

0x92 Temperature Data | D15 - D8 Read

0x93 D7 - DO

0x94 Real Data D15 -D8 Read

0x95 D7 - DO

0x96 Imaginary Data D15 - D8 Read

0x97 D7 - DO
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SFawasaauau (Control register) 0x80 , 0x81

Jusdawesdmiuaiuauaniugnisvitauves led AD5933 ludiaugiuaes 16

=

Un Ingdni D15 e D8 aglu F3amas 0x80 way Unw D7 fis DO aglu F3ames 0x81 MY

4

a o

Panunsalale Taad

AN5199 2 ANANEIwazn1slaantudn D15 89 D12 TuSdamas 0x80

D15 | D14 | D13 | D12 | Function
0 0 0 0 No Operation
0 0 0 1 Initializing with start frequency
0 0 1 0 Start Frequency Sweep
0 0 1 1 Increment Frequency
0 1 0 0 Repeat Frequency
1 0 0 0 No Operation
1 0 0 1 Measure Temperature
1 0 1 0 Power down mode
1 0 1 1 Standby mode
1 1 0 0 No operation
1 1 0 1 No operation

A15199 3 N151@BN Output voltage wazn15hdA D10 waz D9 Yas3aLnas 0x80

D10 D9 | Range No. | Output Voltage Range
0 0 1 20V p-p
0 1 4 200 mV p-p
1 0 3 400 mV P-P
1 1 2 1.0V pp

A15197 4 N15LaeN PGA gain wazn15ldA1 D8 ¥a933aLnas 0x80

D8 | Description

0 PGA gain = X5

1 PGA gain = X1
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A1519% 5 n1seanAdssianlaeldaideluun D4 va933a1ma3 0x81

D4 | Description

0 nothing

1 Reset

0
[

A1519% 6 NSLEBNAINMNUATYYIAUIRNIIAgBaNAIEINTN D3 VassaLnas O0x81

D3 | Description

0 Internal Clock Select

1 External Clock Select

Bit 71 D15 fiv D12 Fseglu $Fawmes 0x80 Wunsmuaun1sinauees led AD5933
UsENaumeAAs

Initializing with start frequency umddmsunisuszuudmnsurinnisinlaeyia

'
a

miﬂszﬁumﬁﬁadmiﬁ’lmii’@é’wé@mmﬁﬁmi&y’qmﬁ

Start Frequency Sweep Jufdsdmsududunisindienisiauaes ADC Faas
Budundsaninawiuluay settle time cycles Tisilgimsaels

Increment Frequency Husdadmsunisynisialuauaselufivinisaelily
33ama3 0x85 0x86 0x87

Repeat Frequency tHufddnsumsianude iy

Measure Temperature tHufdsdmiunsinionniserugumgivesiinemss
Tngamsaoulaluy 33awmes 0x92 0x93

Power down mode tJuaniugiSuduves lod AD5933 lavnsiUawedes Tngan
VIN wag VOUT azvhnisideusiediu Ground

Standby mode Juaauzdimsusenisdesuves lod AD5933 Tnean VIN was
VOUT 9zvhnsideuseiu Ground

Output Voltage Range 1dudadmsurimusavuisvatussduniiildlunisia

PGA gain \Junsimuasinaudmsunisvenedayaiadmiu ADC
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Bit 71 D7 &l DO Fsoeflu FFawmos 0x80 1umsmugumshaves led AD5933
Usenaudiemds

Set clock Tu Bit D3 d1usutdenld Clock @ nsuninuadygiuuiiing lagiden
5291374 Internal Clock 39ildn 16.777 MHz wieiden External Clock Fasmuaailélagnas
\donly Hardware vaagldau

Reset Lﬂuﬁwé’qé’m%’wqmmsv‘l’ﬂmuﬁgwmsum 0% AD5933 A1 Start Frequency,
Number of Increment wag Frequency Increment azlﬁQﬂLﬂﬁauLLan MNINABINITYIINIS
S CERLEAT CRICHLEE-C initializing with start frequency nau f9v1n1514/ & Start

Frequency sweep lun15in

Start Frequency 338Lm835 0x82 , 0x83 , Ox84

Judsamesdmduivunaiaes Start Frequency daduauainldlunisinnds
usnvesnsin TasvimsiAuanlilusuvesiaavgiuaes 24 bit Tasdnil D23 fa D16, D15
911 D8 uag D7 fi1 DO azeglu3qanas 0x82, 0x83 ,uay 0x84 ANUA1GU Tumsldanasluii

rAeEUNSAUIALae L TALNIS
Start Frequency

System Clock
T

A1 System Clock dufunistdonfininuadgygiaduiidnily S3amnes 0x81

x 227 (19)

Start Frequency Code =

dlovinisAunanasaduilia Code Mlduasuiuaugiu 2 udrussyiadlilu 3Fames

Ailazlaifinsasuwdasile Tod AD5933 agluanin Power Down Power UPuay Restart

Frequency Increment 0x85, 0x86, Ox87

Jusdawmesdnsuriviunaives Frequency Increment Anilliunnsuenfianisiiia

1 '
v )

et [ 1 o o [ [ ! Y
voaaudlumTinudaradutumuinmvue Inevinsiivenliluguvesiavgiuass 24
bit Inedni D23 fia D16, D15 s D8 wag D7 it DO Aragluidaimas 0x85, 0x86, uay 0x87

Anuaeu Tunistaanadlutuazdasiiunisamuialaglgaunig

Frequency Increment
(System Clock)

Frequency Increment Code = x 227 (20)

4
diovinisAwianasadudian Code Mldunuasuduaugiu 2 udrussyaadivlu S3awes

Allazlaifinsdsuudaniieled AD5933 egluanin Power Down Power UPUay Restart
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Number of Increments 0x88, 0x89

dl\ly = v

Justawesdmiunisivuardiuiuasdunisin Jaaligegafanisin 512 a5
Aranunsaldlalu3dawmesfie 0 8 511 iivagludn D8 ves S3ames 0x88 wavdn D7 &9
DO ves3Fawmas 0x89 Arlagkiiinisiuasuwdasile led AD5933 agluanin Power Down ,

Power UP , wa% Restart

Number of Settle time cycles 0x8A, 0x8B
3 () [y [ o o [d o . . =
\Juedmsuiinua Delay Tunsin lneivuadudiuiy Excitation cycle Msyuu
insnseAudfiviinisinneun Analog to Digital Converter azvinnuiiiavinisiiudeya

AN0150ANUAATLATINUA 512 1959V AaNNsalalalusSIamesAe 0 09 511 1nen95aU

'
o

igadmiumsintumuwnlalagaunis (@ilen1susuuss lod AD5933)

Delay = Maximum Frequency X 1 ms (21)

lunisiden settle time cycle awnsaldmgauiiaiiansseuly Delay laluiv D10 wag D9

(%
v

NU

M19199 7 M3AMuAIUINAIRn Cycle idmiudelisalunsinvasilamas 0x8A

D10 D9 | Number of Cycles

0 0 X1
0 1 X2
1 1 X4

= [ o

WaAUINIIUINTa Ul RARE LT aUNRRIN ST lun1sTaldasldludn D8 ves
334.m035 Ox8A hay U D7 04 DO v9953awmas 0x8B A1dazliiin1silasuntadiile 1ad

AD5933 agﬂuamw Power Down , Power UP ,ite¢ Restart
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FFamesanug (Status Register) Ox8F
3321995 Ox8F S3aLMaSANNSTULARIADIULNITNI9UVDY 0T AD5933 1agA?
aunsnanulaieadl

A15199 8 NSLUANAINNISBIUAIVDISELNDS OX8F

D3 D2 D1 DO Function

0 0 0 1 | Valid Temperature Reading

0 0 1 0 | Valid Real / Imaginary Data

a

win DO fandu 1 awnsasurgumngil

Y

a

a1 [ 1 1o a o a . A
110 D1 AUy 1 @1319981UARIUIUDST (Real) kag 91UIUIUANIN (Imaginary) V89 &4
sosnsinld mnludnifuansandu 0 nunedanisinluassddliaSanysalanols
91N3aMBS 0x94 0x95 0x96 waz 0x97 azdslyildArgnaesiiesainniseuaidelieasa

a1 = ) = = v )
1110 D2 dALdu 1 Wﬂqﬂﬂﬂﬂqiﬁﬂmqﬂﬂﬂ"]’]ﬂﬁq@vmEJSU'eNﬂ']TQG]

ToYaTNUIUITUALTIWIUTUANIN (Real and Imaginary Data) 0x94 , 0x95 , 0x96 , 0x97
33a109% 0x94 waz 0x95 LU FaLmasdnSULAUIIUIUISIWIBUNLAUD STamas

@ aAa § o o 13 1 o a a a s 1 I aa
0x96 WAy 0x97 +UUTIAMDIATUIULNUAIYDIDIUIUIUANTNYDIBUNLAUY NITDIUATTA

a0

Ao suaniandudeioiuatan uznon D1 ¥a333aLmas 0x8F ety 1 usely n1seu

'
o 1

A191N SAMDSIMATUNIN D1 U933aMS Ox8F 1 U 0 azvleNeulsiianumaInAdau

' (%
L4 oA Y

Lﬁaqmﬂmﬁﬂé’ﬂajLﬁ%fﬂamgim AmeulaINIIamesialfeduavgiu 2 Feegluzlves
B 1 I I~ a ) v (v ‘:24’
2’s complement n13587uAa 1t Tdutavgruauvialadad
tnandatavludn D15 Ay 0 wuasaratdutavgiu 10 Laiui
2. mnsavludn D15 fandu 1 Wndusiavrianuaain 0 1Wu 1 990t + 1 v11n1s

wlasanfuavgiudu Tnefianduinay
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MAUNIIVINIUYBY L% AD5933

Lyhnsmvun Clock Tus3amas 0x81

2.9n15AuuA Output Voltage wag PGA gain Tu33aLnas 0x80

3.A7%UA Start Frequency, Frequency Increment, Number of Increments, agNumber
of Settle time cycles

4.99nfds Stand by Tu3dawmes 0x80

5.99nA1&4 Initializing frequency sweep lu33awnas 0x80

6.aaﬂﬁ1§ﬂ Start Frequency sweep Tu3damas 0x80

7.81ualusaanos 0xsF wnerludn D1 fan 1y 0 Ieumsauniiagldrludn D1 Ju
1

8.81UAIRINSIAABS 0x94 0x95 0x96 0x97 Literilumuaduiuaud

9 ¥msTngndefds Repeat Frequency Tud3awmed 0x80 ieviniseugiaunsuudals
¥musunausiold

10.00n#&1 Increment Frequency lusFamas 0x80

11.81uAlu33awmes 0xeF ludn D2 winilandy o Iihnsaselulnenduluvmutuneu
71 7 auninazeruen D2 liu 1

12.99nA&9 Power Down Tu33amas 0x80



Sy v
ATHUARIA WU UADUT 1 - 3
e, A
v
. B N’
99NFA1d4 Stand By
b A
v
i i '
28NA1T4 Initializing Frequency Sweep
b A
v
' , B '
PONFAEY L3NNI IA
L A
i ¢ N’
— > 27uA1 D1 11 0x8F .
e, A
DI=1 | DI=0
27U Real LAz Imaginary
¥
i ) Y
I LALRFREER Repeat Frequency
1‘1'1“H'IE|~311N'F'ITI'M \ b
v
' "

sonfmdalivimsianuaasly

) . \ D2=0
27uA1 D2 1u 0x8F
b, -
D2=] +
r . 5
2ONA1E4 Stand By
b #

5l 2 Flow Chart m15v/971%09 loF AD5933
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2.5 lulaspaulnsaiaas PIC18F4553 (auysal, 2547)

lalasroulnsaians PIC18FA553 Hufe Peripheral Interface Controller ifhugunsal
ffszuvdszanananazgunsaiidndudenisiinunuegludvdiiedu lasluiues
PIC18FA553 Hulusgunsaiiifioutnaimud 8 Bit fidruauen 40 91 sessumsidonsiafiy
AaNTINLABSK1L USB 5995Un 5ifousauuy RS-232 UART USART SPI °C uay MSSP
Aua1u15aLdu Analog To Digital Converter (ADC) Tagaiunsavinaruidu ADC 1a 13
Channel

TunuAdeiinmsldmadensonuueynsu RS-232 fuszuuiudsdngalimeuvuug
y5 Liledeusioiifunsuiinmes T¥nsifensauuy Inter-integrated Circuit w3 1°C e
Asdanisuazetudeyaain led AD5933 uazéslinisideusiouuy Serial Peripheral
Interface %30 SPI tlevnsauauAdnealmmudlefinesnsdldosnisuiuiudsudiniiy

¥ P 4 6 v Ia d ¢ 1 A 1 d' L3 v 14
WWUW?ULW@I’WQUﬂiﬂJ?ﬂﬁ’lﬂquﬂ?@ﬁW@NWLLWLJSU‘V]E]%U@ﬂLﬂu@"iﬂﬂ“lﬂﬂmﬁgﬂﬂim%’ﬂll’]iﬂ'lﬂlﬂ

MUUNG

2.6 Bluetooth (sunge, nug, & Toial, 2537)

waluladugys Wumaluladnisdeansuuulianesselngd [eduanuieglugie 2.4
- 2483 GHz fnsvheuduiaiedisdiuyaaa Tnsunftu ugys IWinsudseendu 3
Class lngldsy mqaﬂ’[,umil,%amimﬁuﬁaLL‘U'Q o

1. Class 1 353 mamagj 7 100 L4915

Y

2. Class 2 H5nilgeaneyil 10 wns

v

3. Class 3 i5rflgeamagil 1 was

A19¥9 s Bluetooth tudunisvaiunuuiadetieidng wie Piconet Tneil

Y =

@Uﬂim 1 69 ’]‘Vi‘le‘I/lLUL! Master soLU1fdu Slave 16 7 dawseaunu

U Ay ada v ¥ [ a o Y1 [ s
vaystuideanddnsinisldndeauna annsaldsudvlulasaeulnsaiaes
PIC18F4553 llagvinin il udadsdyaraniiosudadoyanas RS232 Protocol 551319
lulaspaulnsalaesiuinsesnauiiames nie Mdsdeyasenitslulasraulnsaiassiu

Insdniedaunle


https://en.wikipedia.org/wiki/Serial_Peripheral_Interface
https://en.wikipedia.org/wiki/Serial_Peripheral_Interface
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2.7 NaUIeTNeITD9

nsaansainesaunsiiudanaznnsiuananiivnzauiigalunisuauiies
Taan1sAnaudiaudumunielutesassaiiaiiieriuyssansnmuasnisiuiugly
gnsendadugnswusiesiuvaunizledunan (Yamauchi et al, 2009)

answug 010 WugnsUszdviesduveanizlodun dadmlundniususzdviesdu
ftymlufuvesszuvdviufidesandnmssauiusidondanidussesnaunsinlignslal
wanse1nsiludneanun wiaudnteyu n1sldisnisnsradamenisdunsanginssudall
annsaildfedndudeddinsduuenannsdaungwainssulunsnsaaniugissounns
Hudalngluiitidonnsldeanudumumsliiiesdesnaen Tnglunsidedinslinigia
mauiunungluresasasiunmsianzideniiensaszdvseslilaeidennsin sesluu
wwalnsiau sesluulusaanelsu way giludesesluu uaziinsmaasauisuifisunisnas
Jisusaenislddeyavainisnsivseunsiliudawuuunftunmsnaudieusienisldteyan
mnufuuresasaaeslumsinauladennarlumnaniion sailldfe Arpuduniy
meluresaoniinisiudusgidossddyudsniianmafinduvesiluieesluu uay
madenltamauiununegludesnasniiorvuanalumssauiionnuinnisldaam
drumuneludeseaoniidnsdinnisdeiosd 40.6 Woseud Turaediznisunatinisds

719991 20 LUBSIrUs

AMmdIUSsEIsAAudunuveaeiiisnneluvesraeniusziugasiuu
Tuwanaunsendneyanisiludavasgns (Dusza et al., 1996)

Tu¥ 1996 Dulsza wazamy lFvin1snaasuiioniauduiusszninanis
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KansEMUIINIIUILTesvauignIdaABuRuaudanelutasaasn(P. Rezac,
Kukla, & Péschl, 2002)

Rezac Wazanizlsvihnsmaasiiemannuunnsiisesadufiunudnielurosnasn
vosgnauileansegluannesietiastu vierunsaaioumndsiulng Snisthansviesdl 1-6
wvhnismaaesfiomenduiuaudanelureseseniiemanuuandeneluansiieedaios
WansingiunuABuiLaudngludesrneaunagiuSIIULANANTULATULUUTDINTT
Wasuuasmduiunudniglutianafiansuanseinadudmiuisuuuumiousu Taefinng

anaveAduiiunudidlognsidsninisueruntasiuundsainansuante1nisiiudn

HaIINALALIRTaTafUNIsABULUaswasAduRaudneludasnan
izw'jﬂqaasaunﬁﬁ]uﬁﬂiuqns (Petr ﬁezéé, Poschl, & K‘r'ivének, 2003)

Rezac warAmZyINITNAans WiemauduiussessiuiaiTndufiuaudiua
Sufiuaudiiale Tnevinnisiafiszesing 8, 10, 12, 14, 16, waz 18 LEURLATINNT0IAA0N
Tne wuinAdufiuausfialddanuunnssiuniusiundsiinlnedionTa Inouanslidiy
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3E1IN9naIUNRNUTILIaRN L NTULE Uy

AnwdIusYesMsasuLasBuiuaudanelutesnasafuAiBuiiuaudves
dasnaandruuandsinisiufsundasiiuanisiulussninasseunaidudavasans (.
Reza¢ & Oli¢, 2006)
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nsldinaiinvasrndufinudlutesaaeniumsiuiusvasdndifsagndsuume
i (P. Rezac, 2008)
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AEAUAZITATINIUIY

3.1 NANNIS9BNKUUIEUUIAAIDUNLLAUD

szuuindrduiiuaudfiazsinsiaunazdesfiannsaiauiiuszuulians uas
annsniaaldognesaludinumdmesinuauszuu Snsuansuateyansialdlugy
vosmasuansakarlugUrenund fdussuuinifssenoudeansdiundniio dauves
gunsaitafusniaung uardiuvesszuumuaumTiauazianssatudureninag feunsal
fdlumstaiuazusznaulude ididningn unnasinadufiunuddaiiled AD5933 v
wihiduilandnlunsihnu duusnassugumahaussuuinlililaseeulnsaiaes
PIC18FA553 Tunsidousieiudsdoyasenineled AD5933 Aupsufiames Hiumisfids
Fyanaldmeuuuugys (Bluetooth) Tudruvesweshinsihmsimuruusesiinmesazdu
TUsunsudmiuniuaunisvheuees led AD5933 lunsiudsdayaniouisdiuin waz

LanINataanviin1Tin

3.2 N150ONLUULKNINTINAIDUNLAUD

TavenuuUsaTinA1duiLaugIaunsasessunTinAduiuauglugag 60 89 300
Toviu Fafinasld dadumutoundu@aien 39 Tesiu wagddumudmduusuidiouan 120
Toiulnefignedeannnismuimaunisvesdsled AD5933 waziionisuuiiisudainisin
ufiunuddanuazdoanazgniowniuisliiledivhmidduiinealnmuilofines
(Digital Potentiometer) wa$ AD2570 ifleuasidunvasnisusumanuduniuld 1024
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3.5 n1seantuuluswnsudvsululasaaulnsataas PIC18F4553

Tusunsudwiutmuanisinureshilasaeulnsaaefifugnideulagldnm Basic
H1ulUsunsy Proton Basic Compiler laglusunsugneaniuuuazileguaanuilv
lulasaoulnsaaesimihiindnasusynng fe nilwihmihiiduifumdmineeufiunes
Mndudsidsluamuaunisiinuees Tod AD5933 wag nihiidndsenvisenissuds
TgrurdmiusTuardwiuiunamwesduiiuaudiigniivegluidamesues led AD5933

drudragueddusunsundnisdsuadilululasaeulnsaaesiasi

Declare Hserial Baud = 9600

Declare Hserial RCSTA = %10010000

Declare Hserial TXSTA = %00100100
Wsunsuildunsussnalilulasreulnsamesidnisdearsuuy Serial Tnedl baud rate 7

9600

Symbol SCK = PORTD.0

Symbol SI = PORTD.1

Symbol SO = PORTD.2

Symbol CS01 = PORTD.3

Symbol CS02 = PORTD.4

Output CS01

Output €502

Wsunsuiifunsusznanisidund Do 8 Da veslulaspoulnsaaesliimiiieafunis

\RUABLUU SPI

Declare SDA Pin PORTB.O
Declare SCL_Pin PORTB.1
TsunsuiiBunisusenidlsldanesn BO way Bl vedlulasreulnsaiaeslivimendidua

SDA uag SCL vaInsiyousaluu 1°C Bus



Dim PCToPIC As String *250
Dim Command As String *10
Dim ReadData As Byte

Dim AddR As String *2

Dim HEXAddR As Byte

Dim AddV As String *2

Dim HEXAddV As Byte

Dim AddPoT As String *5
Dim AddPTS As Byte
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TUsunsuasnarndulusunsunuseniadndndsaneg Anvuadutudududsifinsiau

Toyayiiale

CS01=1
CS02=1
MAIN:
PCToPIC =™
Command ="
ReadData = 0
AddR ="
HEXAddR = 0
Addv ="
HEXAddV = 0
AddPoT ="

AddPTS =0

HRSIn Wait("DINP"), PCToPIC
Command = LeftS(PCToPIC,2)
AddR = Mid$(PCToPIC ,3,2)
AddV = Right$(PCToPIC ,2)
AddPoT = Right$S(PCToPIC ,4)
HEXAddR = Val(AddR,Hex)
HEXAddV = Val(AddV,Hex)



If Command = "WI" Then

BStart

BusOut $1A , HEXAddR ,[HEXAddV]
BStop

DelayMS 1

GoTo MAIN

Else If Command = "RI" Then

BStart

Busin $1B , HEXAddR , [ReadData]

BStop

HRSOut Hex2 HEXAddR , Hex2 ReadData
DelayMsS 1

GoTo MAIN

Else If Command = "PF" Then
AddPTS = Val(AddPoT,Dec)
CS01=0

SHOut SI, SCK, MsbFirst, [$1C03]
CS01=1

DelayMsS 1

CS01=0

SHOut SI, SCK, MsbFirst, [AddPTS]
CS01=1

DelayMs 1

GoTo MAIN

Else If Command = "PC" Then
AddPTS = Val(AddPoT,Dec)
CS02=0

28
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SHOut SI, SCK, MsbFirst, [$1C03]
CS02=1
DelayMS 1
C502=0
SHOut SI, SCK, MsbFirst, [AddPTS]
CS02=1
DelayMsS 1
GoTo MAIN
Endif
GoTo MAIN
Tusunsuihfulusunsunisviaundn Sududonisldafudsiomniivsenidlill
fidegniglufudsnniulilasreulnsamosaryinnissesnddsdaiusiannaoufinnesi
damansdeansuuveynsu Tasgaddszuseneudiesiaaudiud siiauiavienun 10

LY

99NW5 AB “DINPCCXXYY”
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AddR = Mid$(PCTOPIC ,3,2) wag AddV = RightS(PCTOPIC ,2) wag AddPoT =
Right$(PCToPIC ,4)
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3.6 TUIWNTUAIVANNIT BI1UAT UATULAAIKE TUADUNIADS

poumesuazlusunsureuiamesiluszuunanildluniseuaunisieunaznis

[

AnRIURaN15YNIuYeIgUnsalin tnegeniwisnlasuniswauiduilgnimuiuu Visual

Y

Studio Ingldn1w Basic Wunwfildlunisiliousensiugg Insgenviuasiiiigneaniuuin

Tildiuasufinmesuseunudnildszuuuiifinig Windows 8.1 Insflauianthaslisingd

Y aAv v 1o

1280 x 720 finiwa fagunsalagrellfmsudedayainugysinainie

v

fvankIsiasrUsenausall

46

25 41
12
2 4 gg 43
3 5 44
8 47
6 29
7 30 45
8 31
9
10 11 12
13 14 32 3334 48 49 50 51 52
15 16 35 36 37
17 18 38
19 20 39
21 40 53
72
23
24
U1 7 mhaedumesinaveslusunsy
A1519% 9 BeAUIzNaUYRLIUSIATY
ID A5 UNE Bosnalu
Visual Studio
1 | nasstornudmiuld sagunsal e sWavosdidnd DevicelDTB
2 | nassdiden Port MYINN15LBURBNU Bluetooth ComPortCB
3 | nesdadeon Baud rate dmsuviinisitensionu Bluetooth BRateBox
4 | dudwiuisumsiwensiaiiugunsal Bluetooth ConnectButton
5 | dudwmiudanisweusieriugunsal Bluetooth DisconButton
6 | nassdwmiulden Start Frequency StartFTBox
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7 | napsdmsuldan Frequency Increment FrequencylTBox

8 | napsdmiulant Number of Increment MCycleTBox

9 | nassdmsuldan Number of Settle Time Cycles SetTCTB

10 | naosdmsulaan DDS Time cycle 1X DDSCheckBox1

11 | naesdmsuiaan DDS Time cycle 2X DDSCheckBox2

12 | naosdmsutaan DDS Time cycle 4X DDSCheckBox4

13 | naosdmiuLaan PGA Gain 1X PGAGain1XCB

14 | naosdmiutaan PGA Gain 5X PGAGain5XCB

15 | nassdmsuiaen External Clock ExtClcokCB

16 | nassdmsuidaen Internal Clock IntClcokCB

17 | naesdniutdaan Output Excitation 2V P-P VR1CB

18 | naesdmsulden Output Excitation 1V P-P VR2CB

19 | naesd@msulaan Output Excitation 0.4V P-P VR3CB

20 | napsdmsuldan Output Excitation 0.2V P-P VRA4CB

21 | nasstaanudmiuldmfisuniutiounay RFBValue

22 | naasteanudmsuldafmmunulsuiisuninsgiu RCALBox

23 | Yudmsusulusunsumsuiuifisuannsgiu CalMeaButton

24 | Yudmiusulusunsunsinduiiuaud MeasurementBut

25 | naesdemnudmsusmunaivas AD5270 At RFBSPISETTB
punutoundu

26 | ndesorudmiunanian AD5270 iviwmidishduniu RFBSPIVALTB
Uaunadu

27 | Yudwisunisiusunsun AD5270 Fvimthiishsuni RFBSPIBUT
Uounadu

28 | ndesorudmsufiviunaiues AD5270 fiviutindisn RCALSPISETTB
AUMUUSULTBUNINSF I

29 | naesdemnudmsunansan AD5270 fivhmididasuniu RCALSPIVALTB
YSuiiguansgiu

30 | YudwfunsTusunsudn AD5270 vt iidudadunu RCALSPIBUT

YFuiiguansgiu
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31 | napsveaudmiulandan a Jaglu ClockTB

32 | nasstormudmiusmunatdmiusumsIasaludaly ICHRTB
Wil

33 | ndesdanudmiusmuaadnsuBumsTnsmualy ICMINTB
NUIBUIN

34 | nasstornudmiusmunatdmiusumsIasaludily ICSSTB
NUIIUI

35 | naestemNUdmSUMUUALIANE S UNTInERLULR LuSaU TIHRTB
soluidudalug

36 | napsdamnudMsUAUALIAdEmMSUNTInonludRluseu TIMINTB
palUiuund

37 | naesteANUE S UMNUALIANE NS UNTTINER LULR LUSOU TISSTB
polUidudung

38 | naestomnulduaniantuoesndidmiunisiandeioldly | TimeRemainTB
NI

39 | YudmiuFulusunsunsinsnludia AutoMEAB

40 | Yudmsvenianlusunsunisingnluda AUTOMEACANB

41 | naestomnudmiunansnansuduiivinmsialusevd DTNTB

42 | naesternudmiuuanseudlunsin a dagiu CurrentFreqTB

43 | naastornudmiusanssiuiuseuiivislunisin o CurrentCycleTB
U

44 | Yudmsuuanawanisusuieuananasgiu uguansa CaliDataLoad

45 | a13UERINaNITUTUBUAILINIEIU CaliDGV

46 | Yudmsuuananansinduiiuaud Tugunisns MeaTabBut

47 | @1919uARIHANNTINDUAWALTY MeasurementDGV

48 | ndesennudmsumsdumanudndesnislunisuaniaa FrequencyFTB

49 | NaRUaANNAINIUNITAUN AIAIUNIUTBUNAY d1rSUNIS RFBFilterTB
QERNIRHEG

50 | N@BIURANAIMTUNIIAUMIAIAUNIUUTUE UL TF Y RCALFilterTB

dwsunisnsesteya
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51 | ndesidendwmsuiiondainesnisiansualuwnugil ChartSelectCB
52 | Yudwiduuanananaensiubaugil ChartLoadBut
53 | unufilwanadayaiiviinisifentiuiinsedaya MeasurementChart

FEUUNIITU TUSUNTUAIUAN 81UAT LazKandka Usenaunieni1sinaiu 10 fandundn
fapolull

Léudeusonie Serial Port Tuilsidunisviraudrudenseiduilsiduiiazgnld

I 'z A [ 5 @ v 1al A 1 [ &Y v

Nuduilenduusn iean ssvumsiananuegndealimnliiinsveuseiugunsalinuwas
azldaunsaldauy Heanvuilusenaumensnlsenau nasssLdand1nsuLden Port Naad
£ A o U A 1 o U QI 4‘ 1 1 o U % d' 1
Audendmiuiien Baud rate Yudnsuisunisiensie Yudmsudinnisiwouse laens
° & v ° = | S = ' ° o o o |
auliavdewiinisiien Port way Baud rate dou 3ntudanadudmsurinisgeuse win
) A 1 o @ 1 = 1 v v v [l o A 1 1 o [ a
insiweusiednse Jueusdeagldnislild waz Judnnisitieuse Yudwmsusuluswn sy
nsUsuiisuAunsgIududmnsusulusunsunisinduiiuaud Judmsunisiusunsuen
AD5270 vaaesly wa Yudwiusulusunsunisindnlul® azanunsaldanule

2. @ IUFINITMRUAANSIALABSVBY +aT AD5933 LarAISAINISIUAITIA daudInISH
Usgnaumediudifydiniuriinisialaenisldataznisidennassiifonaie Loyl
99AUITNOUAIT nasdmsuldan Start Frequency ,naesdmsuldnn Frequency Increment
,napsdnsuldan Number of Increment ,naasdnsuldat Number of Settle Time Cycles,
napsd1nsuLdan DDS Time cycle 1X, naasd1usutasan DDS Time cycle 2X, Naasd %5y
\d@an DDS Time cycle 4X, na@asd1nsuldan PGA Gain 1X, naasdmsuldon PGA Gain 5X,
nassdmsuLden External Clock, nassd1msulden Internal Clock, naesdusutdasn Output
Excitation 2V P-P, naasd11sulaon Output Excitation 1V P-P, naasd1usulaen Output
Excitation 0.4V P-P, naesduiuidan Output Excitation 0.2V P-P,naestaninudinsulan
msunudaunadu, nasstennudmsuldrmdsiunmuliufisuunsgiu

3 AUFINISIINUAAIUDT AD5270 USENaUMIE NABITANUEINSUNINUAAIYDY

a v Y

AD5270 fivhmtindi faduniutloundu, naesteninudmsunanial AD5270 Ivianiing &
aunutaundy, Yudmsunislusunsusn AD5270 Fviniind sagumuteundu, naes
YaANUE NS UNMUUAAIY89 AD5270 ﬁﬁmﬂwﬁéﬁé’mmuﬂ%’uLﬁsummgm, NABIVBAINY
dmfuuanadl AD5270 Mivivtidisadunuuiuidisuinasgiu, Yudmsunislusunsun

AD5270 fivhwmhidusiiuvuliuiisuansgiu nsvienusuannisldadmsudiuuss
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AD5270 asllundastonnu anduriinisnaly TWsunsuagyinsdsarlunsusuusdluss

AD5270 sy PIC18F4553 Aniildldenlunsusuussazuaniegiinaestomnudmsuuanae
4 drudsmsdmiumaimsiadalul@ Uszneusne ndesterudmiuuanina

u U299, ndestomnudmiuimuanardmiuizunsiadnlusi@luniedalus, ndeq

[ o

YBANUA NS UM AUALIAIEINTULIUNTIATATUTALUNUIUIT, NEBIUBAINUAINSU

[ o

fvuanad@vsusunsIasaludilumiaeiuni, naestennudmsuivuanadnsunis
Sasplusaluseuneluifudalus, naeonudmsuimuanatdmsunmsiadmudilusou
soluiduund, naestennudinsuiinuaiand msunisinenlud@luseussluiduiung,
naestorulduansnaniuassndsdmiunisinasedeluluniieiund, Judmiuidy
LUsunsunsindmlud®, JudmSuendnlusunsunsindnluda nisldnuaunsaldaulag
nsfmuanataslundestennudnduimuanaiie 42lus undt wagdundt 91nduriing
smunszeznanlunsinglundesdemnudmiunsiasnludiluseudell 91ntushnisne
Uuddaiasmlusi® lsunsnyiiuassvdsasuansiaivdenouinsindaluiiludes
wansatuaeends Wensiuaesndsavas TsunsuagynIsivunnadngunisings
SoadsielulundesdernudmiuiunnatdniuEunisinsnlui

5 AULAAIHAADUENNTIA UsEnouse naestennnudmsunanaasudufivang

Tolusevdl, naesdonrudmsunanianudlunisin s Jagdy, uag ndestaninudmsu

LanIIWIUTEUNIMABlUNTTIA o U930 naNNSYIUABNITAIAINSIiVLARENUEYDY

Aa o o

N30 imiaﬂLLamnmL‘%&Jﬁwﬂummamnmwmmaﬂﬁvﬁmﬁmhﬂasﬂugﬂﬁuaq yyyy-MM-
ddTHH:mm:ss+07:00 Faduguuuuvesiardmiugiudeyauvy XML dosuaninnuiay
LLamaﬂawmﬁﬁﬁwmﬁﬂagﬂumuzﬁu LAZ NABALANITIUINTOUILUARAIIAILTILIUTEUNIT IR
fisamdelumstnadedu mnlifingin anusweniaslignuandliiy

6.4UMANINANTITUSUTIBUAINIRNSFIULART LAZAIURARINANTINAIBUTILAUTG Tng
wananaluguveenise Usenaume Judwiuianananisusuimeuaunsgiuluguaiss,
M3 1UAAINANTTUTULTBUAINIASEY, JudmSunaninanisinduiiuaudlugunsns, uaz
MILAnINanNTInBuiiuaud MsvhauRenseudeyansUuiisurmsguTsgndniiv
lusUlld  CalibrationData.txt fiu Measurement Data.txt #vinisuuasinalvieglusuves
XML ‘-mﬂ‘ljl?u%ﬂﬁ\‘i“lgfaj;ljam’WT’]ﬂWiLLﬁ@QI‘IJEU‘UENG]’]iN

7 duuanamyinlaeuansnaluuveunugll Usenausig naesteriudmiunis
AunIAUATSoInsUNTLERIHE, NaDITEAINEINTUNITAUMT Fd1untudoundy

dmiunsnsesdeya, nasstenudmsunisaumdmauniuliuiiguinsgudmsung
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nsesloya, Nnaesdudend miudendsnfeinsuaninaluunundl, Judmiuianinaifenis
Tuwnugdl, uay urugiuansdayaiviinisideniiudinsesdeya unisiiendayauiwaniy

4

nsuanNAtUazfasry ddumudeundy Aldlutn uasssyfumududisuinasg 7
Tlunsinvnziufodunsiuiuideyaiilitoyafinsfunisinfidesnisvielsl aindy
yhmsfmuamuiiauls wagyihnsidendsidiosnisuandunund mﬂﬁ'uﬁqﬁwmiﬂmﬁm
uansra unupivesdayaivhnaidonazgnuanisanin uazmnimesiimesveaundludi
wiayavruansamasdoyatiuoanin Taeilsiduilusunaudd

8. yiauilouiuifisuannsgiu dinslasliudmuEulusunsunsuiuiieue
sy ovhnanaludl TWsunsuasvhnisdna3ameuasyhnisdaidamesangg
oonluifs lod AD5933 fievhninFeufisuannasgulneinsindluauiiduriads
roudsiniseruAduinaisagsauiunn mvesduiinaududinisduaud e
AeufimesFuAd LTI Az uIuIuan I azYiAsAualievAY Gain Factor
Lazsi1n1991 Calibration Phase 91nfedsA1Ranuaifiodrnduurvuiinlulg
CalibrationData.txt

9. mMeinABufinaud dinslalasliudmiuisulusunsunsinduiinaud n1sin
dufinaudlaendnnsuddimaianumiloutuiumsiadeusuiisuinasgu usinaiialy
drmveenslalusunsuiiloAumien Gain Factor way Calibration Phase Saml#a1nn1sin
devsuiisunasgunllunisduumdufiunud wag Phase Tnelusunsudumilvinny
Tnsnsnsesdeyasmenuiiiléin fadunuloundu M43 was Arvesindumudilily
M5U3ULBULINATEUL#EYINSAUMN Gain Factor Wag Calibration Phase finnsfifeniu
waztduAldiunisusuussgunsalinflouiilunisdua Insdmnaanaunislunguiun
Mndudehmstuiinenildaddulng MeasurementData.txt

10. mMs3andnlusunsy mnnsldnulusunsunuaufianainlunisdeainisin
wagdaanisvganisTaadsuliinnisdudandnilald “anarvdriainssudaung’
Tusunsuaenennsvhuavsauaysan it vadlaglifonisisesdusunsa

Tuns¥audaradsliinadunsusudisusnasgunsonisiaduiiuaug luszdu
yesmsdamsuazmsianuldnalnwmiloutuiie msdwanfiedmundadluluiiamnesues
lo@ AD5933 nnsenuAvesIIamesLansaniuy n1svhnisialuaudidutn n1seue
F1uauass Swrudunnmresdufivaud naiiuaudiviinisia lasaunsnesuiedu

Junaulanatl
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Lyihmsnsendeyaadluluiliituiiassvesweniuag mnnsnsenvilalinsuudiaey
findesdeanuduniieulinsenteyaliinsu

2 masudinsialiinsdunisusuifisuaunsgiunienisdsindufiunudozvinli

v '
(Y =

urmuafanansadadyauniuataunsalinliaunsaldauls wazagldaulilaauniinis

Toaziasaauysel
3. fedilinisindeyaminisnsenasiulugewsingnasgnussyadiududslaeiinng
% o dﬁl
UTIFINYIASY
ANUALSNAUNYIINTIA StrFreq = StartFTBox.Text
ANNDILLlULAaEASIVEINTIA Fregincre = FrequencylTBox.Text
PUIUTDUNINTIA Numinc = MCycleTBox.Text

Delay wasalunisiiudeya STCValue = SetTCTB.Text
AAUUdmIUNsUSUBULnS g Calibrationimpedance =
RCALBox.Text

v v v v

ANGIAIUNIU FeTUNUUBUNEaU RFBVal = RFBValue.Text

' '
IS € A A

YogUnsaivetedn] DevicelD = DevicelDTB.Text

SMuAATLERIEnTUEA1T A9 OpCounter =0

4.‘1/‘1’1miﬁﬂmmﬂawmﬁqaq@ﬁwuiuﬂﬂii’mﬂ%ﬂiﬁammaaudwmﬂﬂdwmmﬁﬁqﬂmai
annsavhaulivsely luitdie 100 Aladdng

ExceedFreq = StrFreq + (Fregincre * Numlnc)

S.ﬁmumﬂ'wmnmﬁ%’ﬂﬁﬁﬁmﬁmimLLﬂqaaﬂLﬁua’mgﬂLLw wazdsliuandnanas
lUTundesoanunandnugusnsin

MeasurementST = Format(Now, "yyyy-MM-ddTHH:mm:ss+07:00")

MeasurementDate = Format(Now, "yyyy-MM-dd")

MeasurementTime = Format(Now, "HH:mm:ss")

DTNTB.Text = MeasurementST

6 shmsuasanannaessadentioglusuvesiaian Tnelveasdendeil

PGA gain 9gni1luussqtudv DO vesiiawas 0x80 1n fieen1s Gain fdanlu 1X
ANBIRILUS PGAGain agdiAdu 1 usvin Gain dandu 5X PGAGain adiadu 0

If PGAGain1XCB.Checked = True Then

PGAGain =1

Elself PGAGain5XCB.Checked = True Then
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PGAGain =0
End If
fwun Output Voltage 7133anas 0x80 ludwii D2 D1 tneenfiwantlu OutPVolt 7
oeflulusunsudrsansd winiluuvasduargiu 2 udaslimanhiunsTusunsuasuudn
D2 uag D1 mugile %o dAIU 000, 110, 100, kag 010 AIUAGY
If VR1CB.Checked = True Then
OutPVolt = 0
Elself VR2CB.Checked = True Then
OutPVolt = 6
Elself VR3CB.Checked = True Then
OutPVolt = 4
Elself VR4ACB.Checked = True Then
OutPVolt = 2
End If
¥msidenldfaiunduanawiniluidamed 0x81 Ineaiilabeziteumiafy
1000 uaz 0000 TwavguaeInILaRy
If ExtClcokCB.Checked = True Then
SyXClock = 8
Elself IntClcokCB.Checked = True Then
SyXClock = 0
End If
7 hmsnsandeuAanuigen vindaunniiundt 100 Aladinduds axdundos
Fomuuiou wzdevinisivasunlaseuiliusanliwudulusunsuayldanunse
auselula
If ExceedFreq > 100000.0 Then

MsgBox("Maximum Frequency is over 100Alalgsvg")

g hmsiuwmanudiFusuildlunisin weswlasanduavgudunnndeusinvinli
aglusy 24 On

StrCal = StrFreq / (16000000.0 / 4) * 2 A 27

StartHex = Hex(Math.Floor(StrCal)).PadLeft(6, "0")
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9.1/?'1miﬁwmmmwuﬁﬁLﬁﬂw,wiazﬂ%gwaqmii’mazLmam"]LfluLaéugmﬁumw%fau
savtlsaglugy 24 S

FreglncreCal = Fregincre / (16000000.0 / 4) * 2 A 27

FregincreHex = Hex(Math.Floor(FreglncreCal)).PadLeft(6, "0")

10. ulasdmassuadilunsialmduavgudunnuaslodlugy 16 v

NumlincreHex = Hex(NumlInc).PadLeft(4, "0")

11.5MsfuIaAT Settle time cycle yndidianind1siindn auiigegaiivinnns

Sagauty 1ms TUsunsuagimsiasuudasaliudiniy audgeandivinnisiagaidiu
1ms Taesalusi@ uazvndnmsadifinnusiga 2X fu 4X azvhnsiiiuaias wazanvineyi
mMadguaildfuasguaunnuazeglugy 16 In

If STCValue < Math.Ceiling(ExceedFreq / 1000) Then

CycleSet = Math.Ceiling(ExceedFreq / 1000)

Else

CycleSet = STCValue

End If

If DDSCheckBox1.Checked = True Then

CycleSet = CycleSet

Elself DDSCheckBox2.Checked = True Then

CycleSet = CycleSet + 512

Elself DDSCheckBox4.Checked = True Then

CycleSet = CycleSet + 1536

End If

RegCycleSet = Hex(CycleSet).PadLeft(4, "0")

12 Snsuenavioundmiuiivldludsamesaenslsunsusolul

Reg0x82 = StartHex.Substring(0, 2)

Reg0x83 = StartHex.Substring(2, 2)

Reg0x84 = StartHex.Substring(4, 2)

Reg0x85 = FregincreHex.Substring(0, 2)

Reg0x86 = FregincreHex.Substring(2, 2)

Reg0x87 = FregincreHex.Substring(4, 2)

Reg0x88 = NumincreHex.Substring(0, 2)
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Reg0x89 = NumincreHex.Substring(2, 2)

RegOx8A = RegCycleSet.Substring(0, 2)

Reg0x8B = RegCycleSet.Substring(2, 2)

13 futsdeliifududsdmiunuaunisvieu led AD5933 dlasunfasziing
Uszmagaudshifausneudalusunsuntmdn wazuenanisadodld sub winiievili
annsaldeds Delay 16

Dim MSBOx80Ini As Integer = 16

Dim MSBOx80Start As Integer = 32

Dim MSBOx80IncrementFrequency As Integer = 48

Dim MSBOx80Repeat As Integer = 64

Dim MSBOx80Temperature As Integer = 144

Dim MSBOx80PDown As Integer = 160

Dim MSBO0x80StandBy As Integer = 176

Dim MSBOx80NoAction As Integer = 0 Dim

Dim RegOx81Restart As Integer = 16

&4 Delay

Sub Delay(ByVal dblSecs As Double)
Const OneSec As Double = 1.0# / (1440.0# * 60.0#)
Dim dblWaitTil As Date
Now.AddSeconds(OneSec)
dblWaitTil = Now.AddSeconds(OneSec).AddSeconds(dblSecs)
Do Until Now > dblWaitTil
Application.DoEvents() " Allow windows messages to be processed
Loop
End Sub

14 nsUsenedaudsssdmiuniseuns Ted AD5933 lnsudsvanuniies
auddun1sdsnnsvedled AD5933

SendREGout01 = "81" & Hex(RegOx81Restart).PadlLeft(2, "0")

SendREGout02 = "80" & Hex(MSBOx80NoAction + OutPVolt +

PGAGain).PadLeft(2, "0")



SendREGout03 = "81" & Hex(SyXClock).PadLeft(2, "0")

SendREGout04 =
SendREGout05 =
SendREGout06 =
SendREGout07 =
SendREGout08 =
SendREGout09 =
SendREGout10 =
SendREGoutll =
SendREGout12 =
SendREGout13 =
SendREGout14 =
SendREGout15 =
"0")

SendREGout16 =
SendREGoutl7 =

"82" & Reg0x82
"83" & Reg0x83
"84" & RegOx84
"85" & RegOx85
"86" & RegOx86
"87" & RegOx87
"'88" & Reg0x88
"89" & Reg0Ox89
"8B" & Reg0Ox8B
"8A" & RegOx8A

"81" & Hex(RegOx81Restart + SyXClock).PadlLeft(2, "0")
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"80" & Hex(MSBOx80PDown + OutPVolt + PGAGain).PadLeft(2,

"81" & Hex(SyXClock).PadLeft(2, "0")
"80" & Hex(MSB0Ox80StandBy + OutPVolt +

PGAGain).PadLeft(2, "0")
SendREGoutl18 = "80" & Hex(MSB0x80Ini + OutPVolt + PGAGain).PadLeft(2, "0")

SendREGout19 =
"0")

SendREGout20 =
SendREGout21 =
SendREGout22 =
SendREGout23 =
SendREGout24 =
SendREGout25 =
"0")

SendREGout26 = "80" & Hex(MSB0x80IncrementFrequency + OutPVolt +

"80" & Hex(MSBOx80Start + OutPVolt + PGAGain).PadLeft(2,

"8F" & RegOx8F
"95" & RegOx95
"94" & RegOx94
"97" & RegOx97
"96" & RegOx96

"80" & Hex(MSBOx80Repeat + OutPVolt + PGAGain).PadLeft(2,

PGAGain).PadLeft(2, "0")
SendREGout27 = "80" & Hex(MSBOx80PDown + OutPVolt + PGAGain).PadLeft(2,



"0")

Delay(0.001)

15. &anslvi Ted AD5933 Restart wagfiiad 0.002 ms
SerialPortCommunication.Write(WriteCommand & SendREGout01 & vbCr)
Delay(0.002)

16.00nMdWNIsAUAAT Output Voltage wag PGA gain
SerialPortCommunication.Write(WriteCommand & SendREGout02 & vbCr)
Delay(0.002)

17 senddadensafiindayaauiin
SerialPortCommunication.Write(WriteCommand & SendREGout03 & vbCr)
Delay(0.002)

18.00nMdsUsTgFuUsdmsumsinadly 33ames
SerialPortCommunication.Write(WriteCommand & SendREGout04 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout05 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout06 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout07 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout08 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout09 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout10 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout11 & vbCr)
Delay(0.002)

SerialPortCommunication.Write(WriteCommand & SendREGout12 & vbCr)
Delay(0.002)

42
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SerialPortCommunication.Write(WriteCommand & SendREGout13 & vbCr)

Delay(0.002)

19.90n&Fanmuaztmunnndendaruindyy oo

SerialPortCommunication.Write(WriteCommand & SendREGout14 & vbCr)

Delay(0.002)

20,880l 103 AD5933 agluaniuy Power Down wazimun Output Voltage

iU PGA Gain

SerialPortCommunication.Write(WriteCommand & SendREGout15 & vbCr)

Delay(0.002)

21.penfdadendiidindyanauiing

SerialPortCommunication.Write(WriteCommand & SendREGout16 & vbCr)

Delay(0.002)

22 senedslit led AD5933 ag/luanuy Stand By wagfimum Output Voltage fiu
PGA Gain

SerialPortCommunication.Write(WriteCommand & SendREGout17 & vbCr)

Delay(0.002)

23.90nfdslii lod AD5933 wissunsdviumsialaeisuaesdyaalniiesnly
fedaiideanisin

SerialPortCommunication.Write(WriteCommand & SendREGout18 & vbCr)

Delay(0.002)

2a.0nfdslik lod AD5933 13uriin1sTn warvesnddsliuaniaudiduduresnis
TalunassdonunansanIuznITin

SerialPortCommunication.Write(WriteCommand & SendREGout19 & vbCr)

Delay(0.002)

CurrentFrequency = StrFreq

25. {47 dun 91N T dUNITVIIULUUIUEIIUNIIZATUTDUNITIALABLS RN

[
v a o

vunlvdilaiduiio ReadCurFreq \ugaiiuduvesnising Tneflsrdusiiagsnisuans
AwespnuaTTnTTakarsuauseufimaelunis iavassdu
ReadCurFreq:
CurrentFreqTB.Text = CurrentFrequency
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CurrentCycleTB.Text = Numinc
Delay(0.001)

26. Slefusollfifunserurwesiaaneianiuy seAlaildannseuisames
0x8F w04lad AD5933 uay PIC18F4553 vinsdsdayanndwensinag Insazgniiulilusy
w5 ReadOx8FS daiimanuenvivun 4 fadnus Uszneusioaesdasnususniie “sF” &4
LansiaTinmesiisinseuawasfsnasassivdnduafendaduiuavgiudunn
wazdawn 8 un fMadduilutrsusnasifunisddaundedulsiioglundesfudiain
PIC18F4543 91niiu3sdadndesuarluidawnod oxsF Tneiidadn ChecksFol anduiaiu
Waﬁ%’uﬁm%’umaﬁlaaumi%’whsuawawmm%’j’l%’ummlﬁgﬂéfaw%iﬂmﬁ%adﬁ
ReadOX8FFNO1 yiatusenisiusisnysieglusiuus Readoxsrs nilasudmniolsl wn
faliasuagsniseugiauninagasy Wedeyansugndeaudaginisuenmitenaniza
anurresiiamesuhmauvasiiduavgiuaesniuiadrluasaaeuludn D1 il
Wil wnflanwindu 0 azviinisdeundulusSuiladdu ChecksFol Tnd mndanviafu 1 9
¥msiiuAuanssiuiunsinsiasiuu 1 adiuay Bunsvhenlusupeusioly

Check8F01:

RecieveDataBox.Text = "
SerialPortCommunication.Write(ReadCommand & SendREGout20 &
vbCr)
Delay(0.002)
ReadOx8FFNO1: ReadOx8FS = RecieveDataBox.Text
Delay(0.001)
If Len(ReadOx8FS) < 4 Then
ReadOx8FS = RecieveDataBox.Text
GoTo ReadOx8FFNO1
End If
RegOx8FValue = Read0x8FS.Substring(2, 2)
RegOx8FBin = Convert.Tolnt32(Reg0x8FValue, 16)
Reg0x8FAN = Convert. ToString(RegOx8FBin, 2).PadLeft(8, "0")
RegOx8FFBit = RegOx8FAN.Substring(6, 1)
If RegOx8FFBit = 0 Then
GoTo Check8F01
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Elself RegOx8FFBit = 1 Then
End If
OpCounter += 1
27. Hadusolufunsoenmdslfinslunnuinalnensnsavaeusuuadaes
A3 ¥anse OpCounter winsuauASIvaINITIARINgT 5 azeenddaldinnuisiuas
ndulurhmsaseaouanuznsiafiite iy Check8FO1 $18n winsiuaundwasnisiadlen
Wiy 5 vdefimsindnasuinsudanddiuneusely
RepeatFrequencyFN:
If OpCounter < 5 Then
SerialPortCommunication.Write(WriteCommand & SendREGout25 &
vbCr)
Delay(0.002)
GoTo Check8F01
Elself OpCounter = 5 Then
28. Wqﬁ%’uﬁiamﬁlﬂumsémﬁﬁwmuaﬁqLLasaﬁ’wmu%ummwmm@uﬁLLmu%?éagﬂLﬁU
ognelu3dames 0x94 0x95 0x96 0x97 Tnei3a8 11N 0x95 0x94 0x97 0x96 Tunnse LS
azasdliTBnsduRnafuniseuaniuznisvhau Taenisdsdeyaiilésuain PICI8FAs53
Mndudsidilvieiuluidamesitming PIC18FA553 axvhmsdsdeyanduidunaensiuag
"\]1ﬂﬁuﬁﬂﬁ%’u%ﬁﬁmiﬁli’sf\]ﬁ@Uﬁ’J’mQﬂﬁ@W@\iﬁﬁ@%aLLazﬁ]Sﬁ"ﬁ@f\]uﬂ’jﬂf\]ﬂﬁ%@%ﬁﬂiuﬁg\‘] 4
s Jnideyaluussqlusuusiegmasiamesidvun
RecieveDataBox.Text ="
SerialPortCommunication.Write(ReadCommand & SendREGout21 & vbCr)
Delay(0.002)
Read0x95FNO1: Read0x95S = RecieveDataBox.Text
Delay(0.001)
If Len(Read0x95S) < 4 Then
Read0x95S = RecieveDataBox.Text
GoTo Read0Ox95FNO1
End If

RecieveDataBox. Text =

SerialPortCommunication.Write(ReadCommand & SendREGout22 & vbCr)
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Delay(0.002)
Read0x94FNO1: Read0x94S = RecieveDataBox.Text
Delay(0.001)
If Len(Read0x94S) < 4 Then
Read0x94S = RecieveDataBox.Text
GoTo Read0x94FNO1
End If
RecieveDataBox.Text = "
SerialPortCommunication.Write(ReadCommand & "9700" & vbCr)
Delay(0.002)
Read0x97FNO1: Read0x97S = RecieveDataBox.Text
Delay(0.001)
If Len(Read0x97S) < 4 Then
Read0x97S = RecieveDataBox.Text
GoTo Read0x97FNO1
End If
RecieveDataBox.Text = "
SerialPortCommunication.Write(ReadCommand & "9600" & vbCr)
Delay(0.002)
Read0x96FNO1: Read0x96S = RecieveDataBox.Text
Delay(0.001)
If Len(Read0x96S) < 4 Then
Read0x96S = RecieveDataBox.Text
GoTo Read0x96FNO1
End If
29. flsftusieluifunisudasieyadiurusiauazsnuiuaninlaeizuainnisuen
Toualuusiazdameseanunyhnsidensioiu Ineidouse 0x94 fu 0x95 wag 0x96 Ay 0x97
mﬂﬁuﬁﬂmmﬂaﬁauﬂamﬂLaﬁugmﬁuwmﬂma%gmﬁuLLawﬁmaLLUaﬂﬁTazﬁaLﬂuLamgmam
Snit antusailumunadagldiinismuam 2’s Complement titeudasrnilalfoonun

Wulavduuduniiasaamune
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Reg0x94R = Read0x94S.Substring(2, 2)
Reg0x95R = Read0x95S.Substring(2, 2)
Reg0x96R = Read0x96S.Substring(2, 2)
Reg0x97R = Read0x97S.Substring(2, 2)
RealHEXCom = Reg0x94R & RegOx95R
ImaginaryHEXCom = Reg0x96R & RegOx97R
RealHex2Decl = Convert.ToInt32(RealHEXCom, 16)
ImaginaryHex2Dec1 = Convert.Tolnt32(ImaginaryHEXCom, 16)
RealDEC1to2Bin = Convert.ToString(RealHex2Dec1, 2).PadlLeft(16, "0")
Imaginary1to2Bin = Convert.ToString(lmaginaryHex2Dec1, 2).PadlLeft(16,
"0")
RealDEC = Convert.Tolnt16(RealDEC1t02Bin, 2)
ImaginaryDEC = Convert.Tolnt16(Imaginary1to2Bin, 2)
30.4n15Faiien Magnitude, Phase, ua Gain Factor Tnglunswn Phase v
azwenaunsluusiazQuadrant Tnelusunsulunisdiunaniounuansléeil
Magnitude = (RealDEC A 2 + ImaginaryDEC A 2) A 0.5
If ((RealDEC > 0) And (ImaginaryDEC > 0)) Then
theta = Math.Atan(ImaginaryDEC / RealDEC)
IMPhase = (theta * 180) / Math.P!
Quadrant = 1
Elself ((RealDEC > 0) And (ImaginaryDEC < 0)) Then
theta = Math.Atan(ImaginaryDEC / RealDEC)
IMPhase = ((theta * 180) / Math.PI) + 360
Quadrant = 4
Elself ((RealDEC < 0) And (ImaginaryDEC < 0)) Then
theta = Math.Atan(ImaginaryDEC / RealDEC)
IMPhase = ((theta * 180) / Math.PI) + 180
Quadrant = 3
Elself ((RealDEC < 0) And (ImaginaryDEC > 0)) Then
theta = Math.Atan(ImaginaryDEC / RealDEC)
IMPhase = ((theta * 180) / Math.PI) + 180
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Quadrant = 2
End If
GainFactor = 1 / (Calibrationlmpedance * Magnitude)

31 dlsituilifunstuiindeyaadlulusudsiaesudeyaiivhnistufinueanisia
YFuifiguansgiuiunisinduiiwaudaz lilideyalusuuuuieaiu lnensduiinteyanis
fausuiflouanmsguastufindoyadsd

CalRecData &= "<Data>" & "<DevicelD>" & DevicelD & "</DevicelD>" &
"<Date-Time>" & MeasurementST & "</Date-Time>" & "<Date>" & MeasurementDate &
"</Date>" & "<Time>" & MeasurementTime & "</Time>" & "<Frequency>" &
CurrentFrequency & "</Frequency>" & "<RFB>" & RFBVal & "</RFB>" & "<Clmpedance>"
& Calibrationimpedance & "</Cimpedance>" & "<Real>" & RealDEC & "</Real>" &
"<Imaginary>" & ImaginaryDEC & "</Imaginary>" & "<Magnitude>" & Magnitude &
"</Magnitude>" & "<GainFactor>" & GainFactor & "</GainFactor>" & "<CPhase>" &
IMPhase & "</CPhase>" & "</Data>" & vbCrLf

warmstufindeyanisiadufiuaudagyinnistufindeyasd

MeaRecData &= "<Data>" & "<DevicelD>" & DevicelD & "</DevicelD>" &
"<Date-Time>" & MeasurementST & "</Date-Time>" & "<Date>" & MeasurementDate &
'</Date>" & "<Time>" & MeasurementTime & "</Time>" & "<Frequency>" &
CurrentFrequency & "</Frequency>" & "<RFB>" & RFBVal & "</RFB>" & "<Clmpedance>"
& Calibrationimpedance & "</Clmpedance>" & "<Real>" & RealDEC & "</Real>" &
"<Imaginary>" & ImaginaryDEC & "</Imaginary>" & "<Magnitude>" & Magnitude &
"</Magnitude>" & "<CGainFactor>" & GFForMea & "</CGainFactor>" & "<CPhase>" &
IMPhase & "</CPhase>" & "<Impedance>" & MIimpedance & "</Impedance>" &
"<Phase>" & MPhase & "</Phase>" & "</Data>" & vbCrLf

32 n&anmaidsudeyaainisiadislusuds ssiinsandfunansnisinasls
wideAud Tnsfiunedivhinsinaduluiulsuanseud uazanduseunsindivde
atlunilaseu

OpCounter = 0

CurrentFrequency += Fregincre

Numinc -= 1
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33 9n13nsIvEeUAnTUETeITinlnus s dames Ox8F Snasilnansailvinng
asafienialudunis D2 winen D2 Sandu 0 agvinisesnddufinaudlunisia
ntunsiauargnasnduluiauiifladdy ReadCurfreq lutunoudl 24 dufiunisi
mutuneunsIngtaunine D2 azdruaildifu 1 asvinsdels led AD5933 iwawdly
M3¥0 wazvhmsTamsn Ted AD5933 Snaduitesemsiandsely
Check8F03: RecieveDataBox.Text = "

SerialPortCommunication.Write(ReadCommand & SendREGout20 &
vb(r)
Delay(0.002)
ReadOx8FFNO3: Read0x8FS = RecieveDataBox.Text
Delay(0.001)
If Len(ReadOx8FS) < 4 Then
ReadOx8FS = RecieveDataBox.Text
GoTo Read0x8FFNO3
End If
Reg0x8FValue = Read0x8FS.Substring(2, 2)
Reg0x8FBin = Convert.ToInt32(Reg0x8FValue, 16)
Reg0x8FAN = Convert.ToString(Reg0x8FBin, 2).PadlLeft(8, "0")
RegOx8FNBit = Reg0x8FAN.Substring(5, 1)
If RegOx8FNBit = 0 Then
SerialPortCommunication.Write(WriteCommand & SendREGout26 &

vbCr)
Delay(0.002)
GoTo ReadCurFreq
Elself RegOx8FNBit = 1 Then
SerialPortCommunication.Write(WriteCommand & SendREGout26 &
vbCr)

Delay(0.002)
SerialPortCommunication.Write(WriteCommand & SendREGout14 &
vbCr)
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Delay(0.002)
End If

3d.on15Inauas Wsknsuagihnistuiindeyanisinadulndlagviin1sduiinuuy

Ansaioglalenisduiingt TUswnsuntinadl

My.Computer.FileSystem.WriteAllText("..\..\CalibratingData.txt", CalRecData,
True)
My.Computer.FileSystem. WriteAllText("..\.\MeasurementData.txt",

MeaRecData, True)
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ASNAABY NANITNAABILAZNITIATIZHNANITNAADY

4.1 MINAFIUTTENTYBNADIENINTEUUIRfUABNNIMBTAtENTsHaa 1 suuUlTaNeUg

nd
v

msveaeuiilunsveasuiitenageunnugndeslunsivdsdoyaseninsszuuinfiu

ARNTIMEIAIENTITARATHULLgY s tuiladlnelist e n 1@ unT InenaaauAIenIsTey

LanwaAAtULiYIINSWeNse vinsdsdayaiingdsruuin wavvihnsderudeyandunidng

'
a1

TUsunsu shnsasaaeuaugndessninstoyafidieenluuazdeyaivinsindian doya
Adlunsdseenlunsmaassndsiiinnuen 250 snase fil
“1234567890abcdefghijkimnopgrstuvwxyzABCDEFGHIJKLMNOPQRSTUVWXYZ1234567
890abcdefghijkimnopgrstuvwxyzABCDEFGHIUKLMNOPQRSTUVWXYZ1234567890abcdef
ghijkltmnopagrstuvwxyzABCDEFGHIJKLMNOPQRSTUVWXYZ 123456789 0abcdefghijkimno
parstuvwxyzABCDEFGHIJKLMNOPQRSTUVWXYZ00”

TUsunsuaziidumaimanssy

o2 Bluetooth Rang.. — B
Seral Communication
COMB W
5600 w | | Disconnect
Send Data

123456789 0abcdefghijkimnoparstuvwegy A
rABCDEFGHIKLMNOPQRSTUNWWY
Z1234567850abodefghijkimnopgrstuvwe v

Send

Receive Data

Chechk

U 11 mi90d1m5UnITnadeulaigsnInged ugys
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Fupounsldaulusunsuiiduneudsl
1. yhasidien COM Port fiflmsideusefuszuuinfilgunsalugys
2 ¥n91den Baud Rate dmsunisidouss tneuniudrazldane 9600
3 nata Connect tiovhmadeuseneuiawmesidniuszuuin
4. Tasnuseiigesnisasiulunassdioninu Send Data
5 nau Send TUsunsuazyinsaoyanussuuuans wagseuuinaeyiinis

sanenulanduungaluswnsulunasataniny Receive Data

N

6. naly Check TUsunsuazyinn1snsIaaeudnsyndaumileuiuiusnuse
Minsdslunselal mnwmlleuiuynusenisazinaesdoninuudieudn “valid

Data” yinlilvasiinasatonnundaiouin “Error”

Bluetooth Range Test EX

Valid Data
U 12 naeedeniuuaniaan)snsandeudeyanuirdeyagniad

Bluetooth Range Test Ed

Error

U1 13 naestenaiuuaniuaniinsIsdevdeyanyuitveyalignie

Han1snaaeunlaeluszegnduns nsfudeyanauaiuliinisvianigves
Taya fmusaansaasuladnlunisinuinuilas sseeniduiuns ssuuiudadoya

anunsavinnulsegaliianesniw
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Tunsnaaeumsarimusinsseenlusunsaluns Samilousumaadsil
1. Start Frequency = 5000 Hz
. Frequency Increment = 180 Hz
. Number of Increment = 511
. Settle Time Cycles = 100 cycles
. PGA Gain = 1X

2

3

a

5

6. External Clock
7. Output Voltage = 2V

8. signunmulounau = 39 Ohm
9

. MFuUUUSUigUAT = 120 Ohm
Tangunsaldmiummeaeu

Luasanagou 1ed AD5933 ¥a4uSHEN Analog Device 1uuasading1an1svingu
904 Tod AD5933 yinnsideousenu Aeufiunesiiuans USB Tneviaudiulusunsudndu
muaulasianty Tufidldlusunsuiuaigauie Rev B lun1smunu dewesanaaeu lod
AD5933 83U Analog Deviceuanslilusud 8

2.820UNTUTUIA 62 68 75 82 92 100 120 160 180 220 240 270 287 300 Lo
ﬁaﬁmmuﬂy’wmﬁmmmmLﬂﬁauqaﬁqm 5%

3. fhadumuawin 220, 300, 399, 560 et devuufusEumIUATvLAReEY
AnfieuldFensdu 110, 150, 199.5 uag 280 levi

4.fLAuUsEuuIn 100 nF, 68 nF, 47 nF éhLﬁuﬂizgﬁmmﬁmmwmmﬂm?iau‘ﬁ'
10%

5.afnumuawn 75 Yo sieeunsuiuiuiulsey 100 nF, 68 nF, 47 nF

6.6suvnuYEn 300 losin sievunuiudafiuuszy 100 nF, 68 nF, 47 nF

7. asavansusneagladiidanududu 0.90 ¢/ml 0.45 ¢/ml 0.23 ¢/ml 0.12 ¢/ml



g S o
T
GND

' EVAL-AD5933EBZ

3 P
Cul’,ag}:”

Zn pieog-z

2
=P 174

U 15 vesaunaasiniiuuiu wieumsnelulasneulnsiaesuazlugavgys

gwAr oy s, e ==

FU7 16 N159A@aUNIsYINILYITY UUARG IAIDUTUALS
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4.2 NMSNAFIUNITAMULIUETUNITINABAITIARIRIUNIU

nseaeuAMLLuglunsIaE nsveaeulaensindufiunuduatoauanaus
5 Alaudsnd fa 97 Alawdsnd Tnevihnsfiuanualunisianday 180 15904 Tnevinisinnds
ag 512 @18 vinsiathanuads Taevinsadudy 1wﬁnﬂﬂ§’a lnglusunsudmsuiiv
foyavesueianaaeuiiuiniaiudsuwainmafumiiiiyanadon Wudwuduitnie
wenadoudilaannnssiuia

WRUNHLAAIANANNUTIZNIN

ANBNA wAUTNE L IFLUFAN N IUTLNNIT RSB LR AN WAL T

350
€ 300 Ak
= y =1.0037x - 0.0179 " .
S 250 : .
s R*=0.9996 Y
5 200 P
e 150 | e A
5 100 LS
& &
2 s0 amd
L 0
=
S 0 50 100 150 200 250 300 350
iz
@ AnduuaudnaulAanuesanwmunau(laviu)
«

JUTT 17 AIudunussenan
AIBUNUAUTTBTULA UL ITIUNIUAUNITIAN IS UD AT TY

WNUNH LA AN AN UTIZNING

AANAwANTNa U lFLNFAN U UL TRsNsLasanAaea

400
%
2 y = 1.0018x +0.1978
& 300
< R?=0.9996 o o ®?®
S 200 —o— 2
£ -
& 100 o0
E -
= 0
0 50 100 150 200 250 300 350

ol

ANBNWLANTNE1U

P A A calo vy <
Andnfiuautndnlaanuefanaaes

=

(Tavin)

U 18 MIIUAUNUTTEN I

AIBUTUAUTID U A UUF G 1N IUAUNITINA I UD TANAAD



57

wenantillelaveyangunsalinuatiuvimsawiaiiionAaioveinsinue

ArASILAIIYINISAIUIALNaAIRaTMAAUALTNS Taeldaunisaalul

|Impedance — Measurement|

%Error = x 100 % (22)
Impedance
%Error R ANMAIALAADUFUNNS
DUNWAUG R ANBUNLAUTNBNULADINFIAIUNIUY

Measurement #8

'
I I

I a o« cal 1 Y ¢
ﬂ']@uWLLﬂu%V]@qu‘lﬂﬂqﬂQUﬂim

v o ¢ Y & = o ! I a a Ry Y Y
ﬂqﬂaqﬁlﬁﬁE]uallW‘VlﬁLLﬁ@QIVLVUOQE]@?W&'JUGU@Q?QW@M‘WLL@U"?W]']G]DLG]LV]EJUﬂUﬂ']

()

a = 6

BUNLAUD FIAUNIUNLNUN T TUNITNAEADUTAIAIIUABINLATDUAILG +1% D9 +5% AT

1

PINANARIALARDUAUNNS

seRUNausagausule

ufiuaudiasaziduresdidiiuniu Ineuansliiiutennuuiugivesgunsallunisinen

[%

116131 5% aghedngunsalndnanldlunsindaiuudugily
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A15199 10 ABUNKAUT KaZ ANAAIALARBUAUNNSIINNITINDUNUAUTVDY

AIRIUNIUNTIVAT UBSAIANWAILITULAZUDSANAADY

Adufivaud | aeaaedeu | Adufiuaud | Aieaiapdeu
FAFUNIU Inuesaind fuinsves 20 fuivsves
(loviu) Wt vosnind UDIANARDY UDIANAADY
(lovia) WA (%) (lovia) (%)

62.00 60.83 1.89 61.00 1.61
68.00 68.79 1.16 69.00 1.47
75.00 75.59 0.79 76.00 1.33
82.00 82.43 0.52 82.05 0.06
92.00 91.83 0.19 92.00 0.00
100.00 101.46 1.46 101.09 1.09
120.00 119.81 0.16 120.00 0.00
120.00 120.14 0.12 120.00 0.00
160.00 161.54 0.96 161.40 0.88
180.00 179.55 0.25 179.68 0.18
220.00 223.29 1.49 222.99 1.36
240.00 240.36 0.15 240.00 0.02
270.00 268.44 0.58 268.03 0.73
287.00 291.58 1.60 291.34 1.51
300.00 298.92 0.36 298.65 0.45
\nde 0.78 0.71

(%
Y

Mndeyaimyinldn nunugivisaesuazAnnuAInRiouduRnS wanslmiuln

'
oA

&

I a ¢ al

ANINN5TALERNN UaSATWNRILITULALUBSANAaBdlaYINN1SUSsULRsUNUA1IDUALA LD

21Ul UUAIA UM UUTAIANUBANAIAL 370AT 1 = 0.9996 WALANAINUAAIALARDUALNNS

s

a a1 v ! Y & = o oA A 61 I ¢l
1RAY UAIUBYNIT 1% LLaﬂﬂIMLWUQQQQWNLLNUSWLLagﬂ'JqNuqLsﬁaﬂamaQQUﬂiquE]%FLULﬂm%V]

a1unsoeausule



59

4.3 NSNAFDUNITAMNLLUETUNTIARIENITIARRIUNULUUADIUIUY

NNSAOAINIUNTUEDIAUTIA B AULUUVUILILAUITOATUITUIAVDIANUATUN Y

ulameaNnNIsAIn

_Ri xR 23)
P7 R, +R,
Re = ANAIIUATUNIUTIY
R, = ANAIPUNIURITN 1
R, = ANAIPUNIUFIN 2

FaUUAIFIUNIUIUIA 220 , 300 , 399 ,uay 580 Lauy Li1unyinnsAevuIuilaf1veesa

funmusildu 110, 150, 199.5 | way 280 Ty
WRURUANIANNANNUETZNI
AnanALAuERAuanlaan

AANUNMUNARAULLLARIUALNNSIAAEUDS AN WA U

300

2 j5p | YT10093x-04754 e A

& RP=0.9989 ..

s 900 b A et

T e = A

2 150 e &

N

% 100 A

v% 100 150 200 250 300
ﬂg m‘w?ﬂmﬁmeﬁifrjﬂuiﬁmmmﬁmﬁﬁwmfu(‘iaﬁm)

«

U7 19 ANUSURUETENI
AIDUNUAUTIAIUIUIAAUNITIANIEUD TATINIUITY
LLNugﬁLmmmwﬁuﬁuéswdw

1 a a ca o 2 o a1 o
m’aNWLLmumwmmm"lmmnmmumuwmanuuuummu

AUNSIRAILLRTANARDY

300

= @

:% 250 | V= O.?932x +L027 e

< 00 R=09999 ...

2 L e

S 150 e o
i 100 &7

g 100 150 200 250 300
= '

= AnBnfwandninlisnauasanaaea(lavi)

«

JUTT 20 marudunussenan mauiuaueinaadaiunisindigvesamaasd
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A15199 11 DUNBLAUTHATAIAAIALARDUFUNNSAIN NITIADUNBAUTVDIAIAIUNIUNTIU

AR VUIUNY VBIUDSANANNAIUITULAZUDSANAADS

ANDUNLALD AAaaAdeu | Aduiiuaud
27N UG 27N AAaALAReY
AIAUNIU vosnind V94 UasANAaed dusing
(lovia) Wty vasaTainaunTy (lovia) RN

(lovia) (%) vasANAas (%)

110.00 111.23 1.11 111.00 0.91
110.00 111.37 1.25 111.00 0.91
110.00 111.37 1.24 111.00 0.91
150.00 149.30 0.47 149.02 0.65
150.00 149.39 0.41 149.03 0.65
150.00 149.51 0.33 149.17 0.55
199.50 194.50 2.51 194.70 0.15
199.50 194.61 2.45 194.45 0.28
199.50 194.77 2.37 194.94 0.03
280.00 279.24 0.27 279.44 0.20
280.00 279.44 0.20 279.17 0.30
280.00 279.87 0.05 279.45 0.20
\nde 1.06 0.48

ndeyanivhnsinldnnunugivsdosazAimnunainadouduing wandliiiui

I [%
1Al

Amvinsialaannueianeaesiiniuudugiaindiuesanviinsaieugn wansilenilans

goanuliAULANARAUNERRAUABNLAUI NN )
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4.4 nsvagauntsaaiudlunisindaenisiaiulsey

Tunsiadunulszgiumudfiasuluiinalaenseiuaduiiwaudvinnsinvinli

ABuRuaudgnUTINg luuerIsAudtuiiunnIYveBuiuaudNgUnsalausavinnig

o
Y v v X A

Tala deiudsnisidendeyaniunldlunisuananaziinseilaefiasuiisnainnig
AuABNiLauglunnauiieu MntuiadeontveyaluaiuddaAduiuaudegsening

60 Tasiy D9 300 Laviy UNNNNSTIASIZY

WHUYAUANIANANAUETENIN
P a a g o 3 v @
AdnRuautnAmuInlaandaiulszq

AUNNSIAAELBSATIWAUITY

a A

< 300

o=

& 250 y=1.0125x +0.0771
g 200 R2 = 0.9992

€ 150

£ 100

@

‘% 50

§ 50 100 150 200 250 300
2

&

faa o . .
ArduLauiainnein (Taviv)

JUT 21 ANUSURUETENTI
ABuRknuTvaTiFIalldvesT iU syadunIsindague sy
WHLDHUANIANNANNUETENI

a st o v v @
ﬂ'\’aN‘WLLﬂu’d‘V]ﬂ’luQm‘lﬂ‘i’lﬂﬁlﬂLﬂ‘iJ‘lJi‘éﬁ‘j!

AUNNSIAAEUBSANARDY

250YF 1.0191x - 0.229
R*=0.9993

15 (lavin)

150

FuNuAUTN AU

50

=
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Aufuaudndnlé (Taviu)

JUTT 22 mIuduniussenan

AduRAuTIeN A UYsE i A UNT IR I8 vesaYAas



62

M157199 12 ArpanaLARsudNnSIINNsInduTiuauduaRanuUsEy

TngUasAIANNAILITULAZUBSANAADY

PNV ANUUTY AaaLAReudLIMSYDs AAamLARDUdLTMEYDY
(nF) vesataitiauTu (9) vasanAaea (%)
ar 1.69 2.39
ar 1.73 2.09
ar 1.83 2.05
68 1.96 244
68 1.98 2.66
68 2.09 2.15
100 0.83 0.57
100 0.80 0.56
C100 0.73 0.70
Aade 1.52 1.73

wnugiiteyanisiniisuiudayanlaainnisaruiauansliiudswiliug,

Y

a A v v A v W

SunnaugnlaanniseulIakaznIsIntuilauduiusiudusdresunlagunuaziduan
a [y ¥ ¥ Y & = P [ P ) < A o [
Weafiu wazdeyananslduandriiiuisanuaaiandeulunisin Feaiudssamiunly

Ko 4' i = dl' ¢ & S a1 !
u&lﬂqﬂqqﬂﬂaqﬂlﬂa@uaﬁg 10% "Zfﬂﬂ'l']llﬁaq@LﬂaEJ‘LWJ@QQﬂﬂﬁmmﬂﬁ@ﬂuu&lﬂqmqﬂﬁq 2%
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4.5 nsnagauN1sAMALiNEluNTInAIENTInNuUsEBsdsaynsuAuRiunIY

nsnageuilvinnisageunuwiugInsdinfadldinnisinlasadadaddnnuusey

| v v o v a a A o A I3
m@@uﬂiuﬂ‘U@'ﬂmqquu I@EJW'JW']UV]']‘UV]QﬂLa@ﬂLW@u’]ﬂqusﬂUﬂqs‘Wﬂa@‘Uu A1 75 I@‘Vill

1
v

ANUSOANUIUAIDUNLAUT LA NALNITAIT

Impedance = _|R? + X¢? 24

[y

Tnenanladinadl

WHUDHUAAIANANA U TE U
| a A ol o P v @ ' o oy
AdufuautnAmanlfansaiulsyqseaynsuiusiafiumiu

o o ¥ s Ao <
NUNITIAAELDTANNENLNTL
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(Tavin)
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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 ’Cinterface

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%

2.7V to 5.5 V 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

C lex i dance ment

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
AD5934,22.7 V to 5.5 V, 250 kSPS, 12-bit impedance converter,
with an internal temperature sensor and is packaged in a 16-
lead SSOP.

FUNCTIONAL BLOCK DIAGRAM

MCLK AVDD DVDD

DDS
b CORE

OSCILLATOR .

(27 BITS)

scy c TEMPERATURE
SDA. INTERFACE SENSOR

REAL IMAGINARY |
REGISTER || REGISTER

VIN

VDD/2

omzennt

Figure 1.
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SPECIFICATIONS

VDD = 3.3V, MCLK = 16.776 MHz, 2 V p-p output excitation voltage @ 30 kHz, 200 k() connected between Pin 5 and Pin 6; feedback
resistor = 200 kQ) connected between Pin 4 and Pin 5; PGA gain = x1, unless otherwise noted.

Table 1.
Y Version'
Parameter Min Typ Max Unit Test Conditions/Comments
SYSTEM
Impedance Range 1K oM Q 100 Q to 1 kQ requires extra buffer
circuitry, see the Measuring Small
Impedances section
Total System Accuracy 0.5 % 2V p-p output excitation voltage at
30 kHz, 200 kQ connected between
Pin 5 and Pin 6
System Impedance Error Drift 30 ppm/°C
TRANSMIT STAGE
Output Frequency Range? 1 100 kHz
Output Frequency Resolution 0.1 Hz <0.1 Hz resolution achievable using
DDS techniques
MCLK Frequency 16.776 MHz Maximum system clock frequency
Internal Oscillator Frequency? 16.776 MHz Frequency of internal clock
Internal Oscillator Temperature Coefficient 30 ppm/°C
TRANSMIT OUTPUT VOLTAGE
Range 1
AC Output Excitation Voltage* 1.98 Vp-p See Figure 4 for output voltage
distribution
DC Bias® 1.48 Vv DC bias of the ac excitation signal;
see Figure 5
DC Output Impedance 200 Q Ta=25°C
Short-Circuit Current to Ground at VOUT +5.8 mA Ta=25°C
Range 2
AC Output Excitation Voltage* 0.97 Vp-p See Figure 6
DC Bias® 0.76 Vv DC bias of output excitation signal;
see Figure 7
DC Output Impedance 24 kQ
Short-Circuit Current to Ground at VOUT +0.25 mA
Range 3
AC Output Excitation Voltage* 0.383 Vp-p See Figure 8
DC Bias® 0.31 Vv DC bias of output excitation signal;
see Figure 9
DC Output Impedance 1 kQ
Short-Circuit Current to Ground at VOUT +0.20 mA
Range 4
AC Output Excitation Voltage* 0.198 Vp-p See Figure 10
DC Bias® 0173 \ DC bias of output excitation signal.
See Figure 11
DC Output Impedance 600 Q
Short-Circuit Current to Ground at VOUT +0.15 mA
SYSTEM AC CHARACTERISTICS
Signal-to-Noise Ratio 60 dB
Total Harmonic Distortion =52 dB
Spurious-Free Dynamic Range
Wide Band (0 MHz to 1 MHz) -56 dB
Narrow Band (5 kHz) -85 dB
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Y Version'
Parameter Min Typ Max Unit Test Conditions/C
RECEIVE STAGE
Input Leakage Current 1 nA To VIN pin
Input Capacitance® 0.01 pF Pin capacitance between VIN and GND
Feedback Capacitance (Crs) 3 pF Feedback capacitance around current-
to-voltage amplifier; appears in
parallel with feedback resistor
ANALOG-TO-DIGITAL CONVERTER®
Resolution 12 Bits
Sampling Rate 1 MSPS ADC throughput rate
TEMPERATURE SENSOR
Accuracy +2.0 9E —40°C to +125°C temperature range
Resolution 0.03 (&
Temperature Conversion Time 800 Hs Conversion time of single temperature
measurement
LOGIC INPUTS
Input High Voltage (Vi) 0.7 xVDD
Input Low Voltage (Vi) 0.3 xVDD
Input Current’ 1 VA Ta=25°C
Input Capacitance 7 pF Ta=25°C
POWER REQUIREMENTS
VDD 2.7 5.5 \
IDD (Normal Mode ) 10 15 mA VDD =33V
17 25 mA VDD =55V
IDD (Standby Mode) 11 mA VDD = 3.3 V; see the Control Register
(Register Address 0X80, Register
Address 0X81) section
16 mA VDD =55V
IDD (Power-Down Mode) 0.7 5 A VDD =33V
1 8 HA VDD =55V

' Temperature range for Y version = -40°C to +125°C, typical at 25°C.
2The lower limit of the output excitation frequency can be lowered by scaling the clock supplied to the AD5933.
* Refer to Figure 14, Figure 15, and Figure 16 for the internal oscillator frequency distribution with temperature.
“The peak-to-peak value of the ac output excitation voltage scales with supply voltage according to the following formula:
Output Excitation Voltage (V p-p) = [2/3.3] x VDD
where VDD is the supply voltage.
5 The dc bias value of the output excitation voltage scales with supply voltage according to the following formula:
Output Excitation Bias Voltage (V) = [2/3.3] x VDD
where VDD is the supply voltage.
S Guaranteed by design or characterization, not production tested. Input capacitance at the VOUT pin is equal to pin capacitance divided by open-loop gain of current-
to-voltage amplifier.
7 The accumulation of the currents into Pin 8, Pin 15, and Pin 16.
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I>’C SERIAL INTERFACE TIMING CHARACTERISTICS
VDD =2.7 V to 5.5 V. All specifications Ty to Tyax, unless otherwise noted.!

Table 2.
Parameter? Limit at Tmi, Tmax Unit Description
fscu 400 kHz max SCL clock frequency
t 25 Us min SCL cycle time
t 0.6 Hs min tuen, SCL high time
t3 1.3 Hs min tiow, SCL low time
ta 0.6 Hs min tup, s1a, Start/repeated start condition hold time
ts 100 ns min tsu, oar, data setup time
te 0.9 Us max tuo, oar, data hold time
0 us min tHo, oar, data hold time
t7 0.6 Hs min tsu,sta, Setup time for repeated start
ts 0.6 Hs min tsu, s10, stop condition setup time
to 13 Hs min taur, bus free time between a stop and a start condition
tio 300 ns max tr, rise time of SDA when transmitting
0 ns min tg, rise time of SCL and SDA when receiving (CMOS compatible)
th 300 ns max te, fall time of SCL and SDA when transmitting
0 ns min te, fall time of SDA when receiving (CMOS compatible)
250 ns max tr, fall time of SDA when receiving
20+0.1C* ns min tr, fall time of SCL and SDA when transmitting
Co 400 pF max Capacitive load for each bus line
! See Figure 2.

? Guaranteed by design and characterization, not production tested.
* A master device must provide a hold time of at least 300 ns for the SDA signal (referred to Ve um of the SCL signal) to bridge the undefined falling edge of SCL.
“Cyis the total capacitance of one bus line in picofarads. Note that ts and tr are measured between 0.3 VDD and 0.7 VDD.

scL

—lly

START
CONDITION

REPEATED
STAI

STOP
CONDITION

05324002

RT
CONDITION

Figure 2. FC Interface Timing Diagram
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ABSOLUTE MAXIMUM RATINGS

Ta = 25°C, unless otherwise noted.

Stresses above those listed under Absolute Maximum Ratings

may cause permanent damage to the device. This is a stress

Table 3.
Parameter Rating
DVDD to GND -03Vto+7.0V
AVDD1 to GND -03Vto+7.0V
AVDD2 to GND -03Vto+7.0V
SDA/SCL to GND -0.3VtoVDD +0.3V
VOUT to GND -0.3VtoVDD +0.3V
VIN to GND -03VtoVDD + 0.3V
MCLK to GND -03VtoVDD + 0.3V
Operating Temperature Range
Extended Industrial (Y Grade) -40°C to +125°C
Storage Temperature Range —65°C to +160°C
Maximum Junction Temperature | 150°C
SSOP Package, Thermal Impedance
O 139°C/W
O 136°C/W
Reflow Soldering (Pb-Free)
Peak Temperature 260°C

Time at Peak Temperature

10 sec to 40 sec

rating only; functional operation of the device at these or any
other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute
maximum rating conditions for extended periods may affect
device reliability.

ESD CAUTION

ESD (electrostatic discharge) sensitive device.
Charged devices and circuit boards can discharge
A without detection. Although this product features
patented or proprietary protection circuitry, damage
‘EI\ may occur on devices subjected to high energy ESD.
Therefore, proper ESD precautions should be taken to

e d

4 |

avoid per 1 or loss of func
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PIN CONFIGURATION AND DESCRIPTIONS

Ne [T]fe [16] scL
Ne [Z] [15] sDA
Ne [3] [14] AGND2
rre[3]| ADS933 [ aanoi
— TOP VIEW
VINLSH (Not to Scale) [12] DGND
vouT &} [11] AvDD2
ne [7] [10] AvDD1
MCLK [7] 9] DVDD
NC = NO CONNECT
NOTES:

. IT IS RECOMMENDED TO TIE ALL SUPPLY
CONNECTIONS (PIN 9, PIN 10, AND PIN 11)
AND RUN FROM A SINGLE SUPPLY BETWEEN
2.7V AND 5.5V. IT ISALSO RECOMMENDED TO
CONNECT ALL GROUND SIGNALS TOGETHER
(PIN 12, PIN 13, AND PIN 14).

08324003

Figure 3. Pin Configuration

Table 4. Pin Function Descriptions

Pin No. Mnemonic | Description

1,237 NC No Connect.

4 RFB External Feedback Resistor. Connected from Pin 4 to Pin 5 and used to set the gain of the current-to-voltage
amplifier on the receive side.

5 VIN Input to Receive Transimpedance Amplifier. Presents a virtual earth voltage of VDD/2.

6 VOUT Excitation Voltage Signal Output.

8 MCLK The master clock for the system is supplied by the user.

9 DVDD Digital Supply Voltage.

10 AVDD1 Analog Supply Voltage 1.

1 AVDD2 Analog Supply Voltage 2.

12 DGND Digital Ground.

13 AGND1 Analog Ground 1.

14 AGND2 Analog Ground 2.

15 SDA I*C Data Input. Open-drain pins requiring 10 kQ pull-up resistors to VDD.

16 SCL I?C Clock Input. Open-drain pins requiring 10 kQ pull-up resistors to VDD.

Rev. E | Page 8 of 40
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TYPICAL PERFORMANCE CHARACTERISTICS
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Figure 6. Range 2 Output Excitation Voltage Distribution, VDD = 3.3 V
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TERMINOLOGY

Total System Accuracy

The AD5933 can accurately measure a range of impedance
values to less than 0.5% of the correct impedance value for
supply voltages between 2.7 V to 5.5 V.

Spurious-Free Dynamic Range (SFDR)

Along with the frequency of interest, harmonics of the funda-
mental frequency and images of these frequencies are present at
the output of a DDS device. The spurious-free dynamic range
refers to the largest spur or harmonic present in the band of
interest. The wideband SFDR gives the magnitude of the largest
harmonic or spur relative to the magnitude of the fundamental
frequency in the 0 Hz to Nyquist bandwidth. The narrow-band
SFDR gives the attenuation of the largest spur or harmonic in a
bandwidth of +200 kHz, about the fundamental frequency.

Signal-to-Noise Ratio (SNR)

SNR is the ratio of the rms value of the measured output signal
to the rms sum of all other spectral components below the
Nyquist frequency. The value for SNR is expressed in decibels.

Total Harmonic Distortion (THD)

THD is the ratio of the rms sum of harmonics to the funda-
mental, where V1 is the rms amplitude of the fundamental
and V2, V3, V4, V5, and V6 are the rms amplitudes of the
second through the sixth harmonics. For the AD5933, THD
is defined as

)sz +V32 + V4 + V52 V6?
Vi

THD (dB) =20 log

Rev.E |Page 12 of 40
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SYSTEM DESCRIPTION

MCLK
o
DDS
CORE DAC
OSCILLATOR (27 BITS)
R
cos[ [sin out
scL
ITEMPERATURE |
MICROCONTROLLER I:gj INTERFACE I SENSOR
SDA
REAL || IMAGINARY
neasren AD5933
MAC CORE L pes
(1024 DFT) O
PROGRAMMABLE
WINDOWING MCILK GAIN AMPLIFIER
OF DATA VIN
v 2
| acc 5 —
(12 BTS) / o bl .
VDD/2 8
8

Figure 17. Block Overview

The AD5933 is a high precision impedance converter system
solution that combines an on-board frequency generator with a
12-bit, 1 MSPS 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 DFT processed by an on-board DSP engine. The DFT
algorithm returns both a real (R) and imaginary (I) data-word at
each frequency point along the sweep. The impedance magnitude
and phase are easily calculated using the following equations:

Magnitude = "RZ +17
Phase = tan"'(I/R)

To characterize an impedance profile Z(®), generally a frequency
sweep is required, like that shown in Figure 18.

'
'
I
.
n
"
n
i
IR
/!
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Figure 18. Impedance vs. Frequency Profile

The AD5933 permits the user to perform a frequency sweep with
a user-defined start frequency, frequency resolution, and number
of points in the sweep. In addition, the device allows the user to
program the peak-to-peak value of the output sinusoidal signal as
an excitation to the external unknown impedance connected
between the VOUT and VIN pins.

Table 5 gives the four possible output peak-to-peak voltages and
the corresponding dc bias levels for each range for 3.3 V. These
values are ratiometric with VDD. So for a 5 V supply

Output Excitation Voltage for Range 1=1.98 x % =3Vp-p
3 5.0
Output DC Bias Voltage for Range 1=1.48 x T 224Vp-p

Table 5. Voltage Levels Respective Bias Levels for 3.3V

Output Excitation
Range Voltage Amplitude Output DC Bias Level
1 1.98Vp-p 1.48V
2 0.97V p-p 076V
3 383mV p-p 031V
4 198 mV p-p 0.173V

The excitation signal for the transmit stage is provided on-chip
using DDS techniques that permit subhertz resolution. The receive
stage receives the input signal current from the unknown impedance,
performs signal processing, and digitizes the result. The clock for
the DDS is generated from either an external reference clock,
which is provided by the user at MCLK, or by the internal
oscillator. The clock for the DDS is determined by the status of

Bit D3 in the control register (see Register Address 0x81 in the
Register Map section).

Rev. E | Page 13 of 40
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TRANSMIT STAGE

As shown in Figure 19, the transmit stage of the AD5933 is made
up of a 27-bit phase accumulator DDS core that provides the
output excitation signal at a particular frequency. The input to

the phase accumulator is taken from the contents of the start
frequency register (see Register Address 0x82, Register Address
0x83, and Register Address 0x84). Although the phase accumu-
lator offers 27 bits of resolution, the start frequency register has
the three most significant bits (MSBs) set to 0 internally; therefore,
the user has the ability to program only the lower 24 bits of the
start frequency register.

PHASE
ACCUMULATOR
(27 BITS)

osa24010

Figure 19. Transmit Stage

The AD5933 offers a frequency resolution programmable by the
user down to 0.1 Hz. The frequency resolution is programmed
via a 24-bit word loaded serially over the I’C interface to the
frequency increment register.

The frequency sweep is fully described by the programming of
three parameters: the start frequency, the frequency increment,
and the number of increments.

Start Frequency

This is a 24-bit word that is programmed to the on-board RAM

at Register Address 0x82, Register Address 0x83, and Register
Address 0x84 (see the Register Map section). The required code
loaded to the start frequency register is the result of the formula
shown in Equation 1, based on the master clock frequency and the
required start frequency output from the DDS.

Start Frequency Code =

Required Output Start Frequency o 1)
[MCLK ) *
4

For example, if the user requires the sweep to begin at 30 kHz and
has a 16 MHz clock signal connected to MCLK, the code that
needs to be programmed is given by

30kHz
16 MHz
4
The user programs the value of 0xOF to Register Address 0x82, the

value of 0x5C to Register Address 0x83, and the value of 0x28 to
Register Address 0x84.

Start Frequency Code = x2% =0x0F5C28

Frequency Increment

This is a 24-bit word that is programmed to the on-board RAM

at Register Address 0x85, Register Address 0x86, and Register
Address 0x87 (see the Register Map). The required code loaded

to the frequency increment register is the result of the formula
shown in Equation 2, based on the master clock frequency and the
required increment frequency output from the DDS.

Frequency Increment Code =

Required Frequency Increment
( MCLK j
4

x2% @

For example, if the user requires the sweep to have a resolution
of 10 Hz and has a 16 MHz clock signal connected to MCLK, the
code that needs to be programmed is given by

10Hz
16 MHz
4
The user programs the value of 0x00 to Register Address 0x85,

the value of 0x01 to Register Address 0x86, and the value of Ox4F
to Register Address 0x87.

Frequency Increment Code = =0x00014F

Number of Increments

This is a 9-bit word that represents the number of frequency
points in the sweep. The number is programmed to the on-board
RAM at Register Address 0x88 and Register Address 0x89 (see the
Register Map section). The maximum number of points that can
be programmed is 511.

For example, if the sweep needs 150 points, the user programs
the value of 0x00 to Register Address 0x88 and the value of 0x96
to Register Address 0x89.

Once the three parameter values have been programmed, the
sweep is initiated by issuing a start frequency sweep command to
the control register at Register Address 0x80 and Register Address
0x81 (see the Register Map section). Bit D2 in the status register
(Register Address 0x8F) indicates the completion of the frequency
measurement for each sweep point. Incrementing to the next
frequency sweep point is under the control of the user. The
measured result is stored in the two register groups that follow:
0x94, 0x95 (real data) and 0x96, 0x97 (imaginary data) that should
be read before issuing an increment frequency command to the
control register to move to the next sweep point. There is the
facility to repeat the current frequency point measurement by
issuing a repeat frequency command to the control register. This
has the benefit of allowing the user to average successive readings.
When the frequency sweep has completed all frequency points,
Bit D3 in the status register is set, indicating completion of the
sweep. Once this bit is set, further increments are disabled.
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FREQUENCY SWEEP COMMAND SEQUENCE

The following sequence must be followed to implement a
frequency sweep:

1. Enter standby mode. Prior to issuing a start frequency sweep
command, the device must be placed in a standby mode by
issuing an enter standby mode command to the control
register (Register Address 0x80 and Register Address 0x81).
In this mode, the VOUT and VIN pins are connected
internally to ground so there is no dc bias across the external
impedance or between the impedance and ground.

2. Enter initialize mode. In general, high Q complex circuits
require a long time to reach steady state. To facilitate the
measurement of such impedances, this mode allows the user
full control of the settling time requirement before entering
start frequency sweep mode where the impedance
measurement takes place.

An initialize with a start frequency command to the control
register enters initialize mode. In this mode the impedance

is excited with the programmed start frequency, but no meas-
urement takes place. The user times out the required settling
time before issuing a start frequency sweep command to the
control register to enter the start frequency sweep mode.

3.  Enter start frequency sweep mode. The user enters this mode
by issuing a start frequency sweep command to the control
register. In this mode, the ADC starts measuring after the
programmed number of settling time cycles has elapsed. The
user can program an integer number of output frequency
cycles (settling time cycles) to Register Address 0x8A and
Register Address 0x8B before beginning the measurement
at each frequency point (see Figure 28).

The DDS output signal is passed through a programmable gain
stage to generate the four ranges of peak-to-peak output excitation
signals listed in Table 5. The peak-to-peak output excitation volt-
age is selected by setting Bit D10 and Bit D9 in the control register
(see the Control Register (Register Address 0X80, Register
Address 0X81) section) and is made available at the VOUT pin.

RECEIVE STAGE

The receive stage comprises a current-to-voltage amplifier,
followed by a programmable gain amplifier (PGA), antialiasing
filter, and ADC. The receive stage schematic is shown in

Figure 20. The unknown impedance is connected between the
VOUT and VIN pins. The first stage current-to-voltage amplifier
configuration means that a voltage present at the VIN pin is a
virtual ground with a dc value set at VDD/2. The signal current
that is developed across the unknown impedance flows into the
VIN pin and develops a voltage signal at the output of the current-
to-voltage converter. The gain of the current-to voltage amplifier
is determined by a user-selectable feedback resistor connected
between Pin 4 (RFB) and Pin 5 (VIN). It is important for the user
to choose a feedback resistance value that, in conjunction with the
selected gain of the PGA stage, maintains the signal within the
linear range of the ADC (0 V to VDD).

The PGA allows the user to gain the output of the current-to-
voltage amplifier by a factor of 5 or 1, depending upon the status
of Bit D8 in the control register (see the Register Map section,
Register Address 0x80). The signal is then low-pass filtered and
presented to the input of the 12-bit, 1 MSPS ADC.

T\ Gooc]

05324020

Figure 20. Receive Stage

The digital data from the ADC is passed directly to the DSP core
of the AD5933, which performs a DFT on the sampled data.

DFT OPERATION

A DFT is calculated for each frequency point in the sweep. The
AD5933 DFT algorithm is represented by

1023
X(f) = 2 (x(n)(cos(n) — jsin(n)))
n=0
where:
X(f) is the power in the signal at the Frequency Point f.
x(n) is the ADC output.
cos(n) and sin(n) are the sampled test vectors provided by the
DDS core at the Frequency Point f.

The multiplication is accumulated over 1024 samples for each
frequency point. The result is stored in two, 16-bit registers
representing the real and imaginary components of the result.
The data is stored in twos complement format.

Rev. E | Page 15 of 40

96



AD5933

SYSTEM CLOCK

The system clock for the AD5933 can be provided in one of two
ways. The user can provide a highly accurate and stable system
clock at the external clock pin (MCLK). Alternatively, the AD5933
provides an internal clock with a typical frequency of 16.776 MHz
by means of an on-chip oscillator.

The user can select the preferred system clock by programming
Bit D3 in the control register (Register Address 0x81, see

Table 11). The default clock option on power-up is selected to
be the internal oscillator.

The frequency distribution of the internal clock with temperature
can be seen in Figure 14, Figure 15, and Figure 16.

TEMPERATURE SENSOR

The temperature sensor is a 13-bit digital temperature sensor with
a 14" bit that acts as a sign bit. The on-chip temperature sensor
allows an accurate measurement of the ambient device temper-
ature to be made.

The measurement range of the sensor is —40°C to +125°C. At
+150°C, the structural integrity of the device starts to deteriorate
when operated at voltage and temperature maximum specifica-
tions. The accuracy within the measurement range is +2°C.

TEMPERATURE CONVERSION DETAILS

The conversion clock for the part is internally generated; no
external clock is required except when reading from and writing
to the serial port. In normal mode, an internal clock oscillator
runs an automatic conversion sequence.

The temperature sensor block defaults to a power-down state.

To perform a measurement, a measure temperature command

is issued by the user to the control register (Register Address 0x80
and Register Address 0x81). After the temperature operation is
complete (typically 800 ps later), the block automatically

powers down until the next temperature command is issued.

The user can poll the status register (Register Address 0x8F) to see
if a valid temperature conversion has taken place, indicating that
valid temperature data is available to read at Register Address
0x92 and Register Address 0x93 (see the Register Map section).

TEMPERATURE VALUE REGISTER

The temperature value register is a 16-bit, read-only register that
stores the temperature reading from the ADC in 14-bit, twos
complement format. The two MSB bits are don't cares. D13 is the
sign bit. The internal temperature sensor is guaranteed to a low
value limit of -40°C and a high value limit of +150°C. The digital
output stored in Register Address 0x92 and Register Address 0x93
for the various temperatures is outlined in Table 6. The tempera-
ture sensor transfer characteristic is shown in Figure 21.

Table 6. Temperature Data Format

Temperature Digital Output D13...D0
—-40°C 11,1011, 0000, 0000
-30°C 11,1100, 0100, 0000
-25°C 11,1100, 1110, 0000
-10°C 11,1110, 1100, 0000
-0.03125°C 11,1111,1111, 1111
0°C 00, 0000, 0000, 0000
+0.03125°C 00, 0000, 0000, 0001
+10°C 00,0001, 0100, 0000
+25°C 00,0011, 0010, 0000
+50°C 00,0110, 0100, 0000
+75°C 00,1001, 0110, 0000
+100°C 00, 1100, 1000, 0000
+125°C 00,1111, 1010, 0000
+150°C 01,0010, 1100, 0000

TEMPERATURE CONVERSION FORMULA
Positive Temperature = ADC Code (D)/32
Negative Temperature = (ADC Code (D) - 16384)/32

where ADC Code uses all 14 bits of the data byte, including the
sign bit.

Negative Temperature = (ADC Code (D) - 8192)/32
where ADC Code (D) is D13, the sign bit, and is removed from the
ADC code.)

01, 0010, 1100, 0000 -1~

DIGITAL OUTPUT

00, 1001, 0110, 0000 —|

00, 0000, 0000, 0001

11,1111, 1111, 1111 TEMPERATURE (°C)

150°C

I-11, 1100, 0100, 0000

05324021

~L- 11, 1011, 0000, 0000
Figure 21. Temperature Sensor Transfer Function
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IMPEDANCE CALCULATION
MAGNITUDE CALCULATION

The first step in impedance calculation for each frequency point
is to calculate the magnitude of the DFT at that point.

The DFT magnitude is given by

Magnitude:,,RZ +I*

where:

R s the real number stored at Register Address 0x94 and
Register Address 0x95.

I'is the imaginary number stored at Register Address 0x96 and
Register Address 0x97.

For example, assume the results in the real data and imaginary
data registers are as follows at a frequency point:

Real data register = 0x038B = 907 decimal
Imaginary data register = 0x0204 = 516 decimal

Magnitude = ,[(9072 +516%) =1043.506

To convert this number into impedance, it must be multiplied
by

a scaling factor called the gain factor. The gain factor is
calculated during the calibration of the system with a known
impedance connected between the VOUT and VIN pins.

Once the gain factor has been calculated, it can be used in the
calculation of any unknown impedance between the VOUT and
VIN pins.

GAIN FACTOR CALCULATION

An example of a gain factor calculation follows, with the
following assumptions:

Output excitation voltage =2 V p-p

Calibration impedance value, Zcausramion = 200 kQ)
PGA Gain = x1

Current-to-voltage amplifier gain resistor = 200 kQ
Calibration frequency = 30 kHz

Then typical contents of the real data and imaginary data
registers after a frequency point conversion are:

Real data register = 0xF064 = 3996 decimal
Imaginary data register = 0x227E = +8830 decimal

Magnitude = 1[(—3996)Z +(8830)* =9692.106

1
Admittancej _ [ ImPedance]
Code Magnitude

Gain Factor = [

1
200 kQ

————— |=515.819 x 107
9692.106

Gain Factor =

IMPEDANCE CALCULATION USING GAIN FACTOR

The next example illustrates how the calculated gain factor
derived previously is used to measure an unknown impedance.
For this example, assume that the unknown impedance = 510
kQ.
After measuring the unknown impedance at a frequency of
30 kHz, assume that the real data and imaginary data registers
contain the following data:

Real data register = 0xFA3F = —1473 decimal

Imaginary data register = 0x0DB3 = +3507 decimal

Magnitude :,[((—1473)2 +(3507)%) =3802.863

Then the measured impedance at the frequency point is given
by
1
Gain Factor x Magnitude
~ 1
" 515.819273x 10 7 x 3802.863

Impedance =

0Q=509.791kQ

GAIN FACTOR VARIATION WITH FREQUENCY

Because the AD5933 has a finite frequency response, the gain
factor also shows a variation with frequency. This variation in
gain factor results in an error in the impedance calculation over
a frequency range. Figure 22 shows an impedance profile based
on a single-point gain factor calculation. To minimize this error,
the frequency sweep should be limited to as small a frequency
range as possible.

1015 T . .
VDD = 3.3V
CALIBRATION FREQUENCY = 60kHz
1010 - Ta= 25°C
MEASURED CALIBRATION IMPEDANCE = 100kQ
g 105
= A
¢
100.0
8 =l
w
&
E
99.0
985 .
54 56 58 60 62 64 66 &
FREQUENCY (kHz) ]

Figure 22. Impedance Profile Using a Single-Point Gain Factor Calculation
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TWO-POINT CALIBRATION

Alternatively, it is possible to minimize this error by assuming
that the frequency variation is linear and adjusting the gain
factor with a two-point calibration. Figure 23 shows an
impedance profile based on a two-point gain factor calculation.

1015 . . ; .
VDD =3.3V
CALIBRATION FREQUENCY = 60kHz
101.0 |- Ta = 25°
MEASURED CALIBRATION IMPEDANCE = 100kQ)
g 1008
£
w
% 1000 TS PYrT | T -
o
2
&
2 g5
99.0
8.5 s
54 56 58 60 62 64 66 &
FREQUENCY (kHz) i

Figure 23. Impedance Profile Using a Two-Point Gain Factor Calculation

TWO-POINT GAIN FACTOR CALCULATION
This is an example of a two-point gain factor calculation
assuming the following:

Output excitation voltage = 2 V (p-p)

Calibration impedance value, Zunknowy = 100.0 kQ
PGA gain = x1

Supply voltage = 3.3 V

Current-to-voltage amplifier gain resistor = 100 kQ
Calibration frequencies = 55 kHz and 65 kHz

Typical values of the gain factor calculated at the two calibration
frequencies read

Gain factor calculated at 55 kHz is 1.031224E-09
Gain factor calculated at 65 kHz is 1.035682E-09

Difference in gain factor (AGF) is 1.035682E-09 —
1.031224E-09 = 4.458000E-12

Frequency span of sweep (AF) = 10 kHz
Therefore, the gain factor required at 60 kHz is given by

[% x5kHz [+1.031224 x10°°

10 kHz

The required gain factor is 1.033453E-9.

The impedance is calculated as previously described.

GAIN FACTOR SETUP CONFIGURATION

When calculating the gain factor, it is important that the receive
stage operate in its linear region. This requires careful selection
of the excitation signal range, current-to-voltage gain resistor,
and PGA gain.

CURRENT-TO-VOLTAGE
GAIN SETTING RESISTOR

05324024

PGA
VvDD/2 (x10R x5)
Figure 24. System Voitage Gain
The gain through the system shown in Figure 24 is given by
Ouput Excitation Voltage Range x

Gain Setting Resistor
————— x PGA Gain
Zuninown

For this example, assume the following system settings:

VDD=33V

Gain setting resistor = 200 kQ

Zunknown = 200 kQ

PGA setting = x1

The peak-to-peak voltage presented to the ADC input is
2V p-p. However, if a PGA gain of x5 was chose, the voltage
would saturate the ADC.

GAIN FACTOR RECALCULATION

The gain factor must be recalculated for a change in any of the
following parameters:

e  Current-to-voltage gain setting resistor

e Output excitation voltage
e PGA gain

Rev.E | Page 18 of 40



AD5933

GAIN FACTOR TEMPERATURE VARIATION

The typical impedance error variation with temperature is in
the order of 30 ppm/°C. Figure 25 shows an impedance profile
with a variation in temperature for 100 k2 impedance using a
two-point gain factor calibration.

1015

VDD = 3.3V
CALIBRATION FREQUENCY = 60kHz
{01.0 | MEASURED CALIBRATION IMPEDANCE = 100k
2 } 1 oh
Lot ik et 4 e
+125°C
& 1005
=
w
g {008 N P | T -
Q +25°C
[
Z s pam VPR AP "
-40°C
99.0
98.5
54 56 58 60 62 64 66
FREQUENCY (kHz) g
Figure 25. Impedance Profile Variation with Temp Using a Two-Point
Gain Factor Calibration
IMPEDANCE ERROR

It is important when reading the following section to note that
the output impedance associated with the excitation voltages
was actually measured and then calibrated out for each
impedance error measurement. This was done using a Keithley
current source/sink and measuring the voltage.

Rour (for example ,200 Q) specified fora 1.98 V p-p in the
specification table) is only a typical specification and can vary
from part to part. This method may not be achievable for large
volume applications and in such cases, it is advised to use an
extra low impedance output amplifier, as shown in Figure 4, to
improve accuracy.

Please refer to CN-0217 for impedance accuracy examples on
the AD5933 product web-page.

MEASURING THE PHASE ACROSS AN IMPEDANCE

The AD5933 returns a complex output code made up of sepa-
rate real and imaginary components. The real component is
stored at Register Address 0x94 and Register Address 0x95 and
the imaginary component is stored at Register Address 0x96
and Register Address 0x97 after each sweep measurement.
These correspond to the real and imaginary components of
the DFT and not the resistive and reactive components of the
impedance under test.

For example, it is a very common misconception to assume
that if a user is analyzing a series RC circuit, the real value
stored in Register Address 0x94 and Register Address 0x95

and the imaginary value stored at Register Address 0x96

and Register Address 0x97 correspond to the resistance and
capacitive reactance, respectfully. However, this is incorrect
because the magnitude of the impedance (|Z|) can be calculated

by calculating the magnitude of the real and imaginary compo-
nents of the DFT given by the following formula:

Magnitude = ,’RZ +I’

After each measurement, multiply it by the calibration term and
invert the product. The magnitude of the impedance is, therefore,
given by the following formula:
s 1

Gain Factor x Magnitude

I d,

‘P

Where gain factor is given by

1
Admittance J [ Impedance ]

Gain Factor = ( =
Code

Magnitude

The user must calibrate the AD5933 system for a known
impedance range to determine the gain factor before any valid
measurement can take place. Therefore, the user must know the
impedance limits of the complex impedance (Zuxivows) for the
sweep frequency range of interest. The gain factor is determined
by placing a known impedance between the input/output of the
AD5933 and measuring the resulting magnitude of the code.
The AD5933 system gain settings need to be chosen to place
the excitation signal in the linear region of the on-board ADC.

Because the AD5933 returns a complex output code made up of
real and imaginary components, the user can also calculate the
phase of the response signal through the AD5933 signal path.
The phase is given by the following formula:

Phase(rads) = tan"'(I/R) (3)

The phase measured by Equation 3 accounts for the phase shift
introduced to the DDS output signal as it passes through the
internal amplifiers on the transmit and receive side of the
AD5933 along with the low-pass filter and also the impedance
connected between the VOUT and VIN pins of the AD5933.

The parameters of interest for many users are the magnitude of
the impedance (| Zuwivown|) and the impedance phase (ZQ).
The measurement of the impedance phase (ZQ) is a two step
process.

The first step involves calculating the AD5933 system phase.
The AD5933 system phase can be calculated by placing a
resistor across the VOUT and VIN pins of the AD5933 and
calculating the phase (using Equation 3) after each measure-
ment point in the sweep. By placing a resistor across the
VOUT and VIN pins, there is no additional phase lead or lag
introduced to the AD5933 signal path and the resulting phase
is due entirely to the internal poles of the AD5933, that s, the
system phase.

Once the system phase has been calibrated using a resistor, the
second step involves calculating the phase of any unknown
impedance by inserting the unknown impedance between the
VIN and VOUT terminals of the AD5933 and recalculating the
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new phase (including the phase due to the impedance) using
the same formula. The phase of the unknown impedance (ZQ)
is given by the following formula:

7@ = (D unknown— Vsysten)

where:

Vsystem is the phase of the system with a calibration resistor
connected between VIN and VOUT.

®unknown is the phase of the system with the unknown
impedance connected between VIN and VOUT.

Z@ is the phase due to the impedance, that is, the impedance
phase.

Note that it is possible to calculate the gain factor and to
calibrate the system phase using the same real and imaginary
component values when a resistor is connected between the
VOUT and VIN pins of the AD5933, for example, measuring
the impedance phase (ZQ) of a capacitor.

The excitation signal current leads the excitation signal voltage
across a capacitor by —90 degrees. Therefore, an approximate
—90 degree phase difference exists between the system phase
responses measured with a resistor and that of the system phase
responses measured with a capacitive impedance.

As previously outlined, if the user would like to determine the
phase angle of capacitive impedance (Z@), the user first has to
determine the system phase response ( Vsystem ) and subtract
this from the phase calculated with the capacitor connected
between VOUT and VIN (®unknown).

A plot showing the AD5933 system phase response calculated
using a 220 kQ calibration resistor (Res = 220 k€, PGA = x1)
and the repeated phase measurement with a 10 pF capacitive
impedance is shown in Figure 26.

One important point to note about the phase formula used to
plot Figure 26 is that it uses the arctangent function that returns
a phase angle in radians and, therefore, it is necessary to convert
from radians to degrees.

L1

160 220k RESISTOR -~

80
o 10pF CAPACITOR | /
//
40
20
0

SYSTEM PHASE (Degrees)
8

]
=

-

0 15k 30k 45k 60k 75k 90k 105k 120k
FREQUENCY (Hz)

Figure 26. System Phase Response vs. Capacitive Phase

5224022

The phase difference (that is, ZQ®) between the phase response
of a capacitor and the system phase response using a resistor is
the impedance phase of the capacitor, Z@ (see Figure 27).
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&
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Figure 27. Phase Response of a Capacitor

05524093

Also when using the real and imaginary values to interpret

the phase at each measurement point, take care when using
the arctangent formula. The arctangent function returns the
correct standard phase angle only when the sign of the real and
imaginary values are positive, that is, when the coordinates lie

in the first quadrant. The standard angle is the angle taken
counterclockwise from the positive real x-axis. If the sign of the
real component is positive and the sign of the imaginary
component is negative, that is, the data lies in the second
quadrant, then the arctangent formula returns a negative angle
and it is necessary to add a further 180 degrees to calculate the
correct standard angle. Likewise, when the real and imaginary
components are both negative, that is, when the coordinates lie
in the third quadrant, then the arctangent formula returns a
positive angle and it is necessary to add 180 degrees from the
angle to return the correct standard phase. Finally, when the
real component is positive and the imaginary component is
negative, that is, the data lies in the fourth quadrant, then the
arctangent formula returns a negative angle. It is necessary to
add 360 degrees to the angle to calculate the correct phase
angle.

Therefore, the correct standard phase angle is dependent upon
the sign of the real and imaginary component and is summa-
rized in Table 7.
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Once the magnitude of the impedance (|Z|) and the impedance
phase angle (Z@, in radians) are correctly calculated, it is possible
to determine the magnitude of the real (resistive) and imaginary
(reactive) component of the impedance (Zuxivown) by the
vector projection of the impedance magnitude onto the real
and imaginary impedance axis using the following formulas:
The real component is given by

|Zreat| = |Z| x cos (Z©)
The imaginary component is given by

| Zmasg| = |Z| x sin (ZO)

Table 7. Phase Angle

Real Imaginary | Quadrant | Phase Angle
Positive | Positive First 180°
tan"'(1/R)x
T
Negative | Positive Second o
180° +(lan "(I/R)x ﬂ}
T
Negative | Negative | Third 180°
1so°+(tan" (I/R)x —J
7
Positive | Negative Fourth

o
360°+[:an"(1/R)x 150 )
k4
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PERFORMING A FREQUENCY SWEEP

PROGRAM FREQUENCY SWEEP PARAMETERS
INTO RELEVANT REGISTERS
(1) START FREQUENCY REGISTER
(2) NUMBER OF INCREMENTS REGISTER
(3) FREQUENCY INCREMENT REGISTER

[ PLACE THE AD5933 INTO STANDBY MODE. ]

CONTROL REGISTER THE DEVICE IS PLACED

RESET: BY ISSUING A RESET COMMAND TO
IN STANDBY MODE.

]7.

FREQUENCY COMMAND TO THE CONTROL

PROGRAM INITIALIZE WITH START
REGISTER.

AFTER A SUFFICIENT AMOUNT OF SETTLING
TIME HAS ELAPSED, PROGRAM START
FREQUENCY SWEEP COMMAND IN THE

CONTROL REGISTER.

POLL STATUS REGISTER TO CHECK IF
‘THE DFT CONVERSION IS COMPLETE.

e
)

[ POLL STATUS REGISTER TO CHECK IF J_ N

L

[ READ VALUES FROM REAL AND

IMAGINARY DATA REGISTER.

Y

¥

FREQUENCY SWEEP IS COMPLETE.

I

Y

PROGRAM THE AD5933

INTO POWER-DOWN MODE.

Figure 28. Frequency Sweep Flow Chart
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REGISTER MAP

Table 8.

Register Name Register Data Function
0x80 Control D15 to D8 Read/write
0x81 D7 to DO Read/write
0x82 Start frequency D23to D16 Read/write
0x83 D15 to D8 Read/write
0x84 D7 to DO Read/write
0x85 Frequency increment D23to D16 Read/write
0x86 D15to D8 Read/write
0x87 D7 to DO Read/write
0x88 Number of increments D15to D8 Read/write
0x89 D7 to DO Read/write
O0x8A Number of settling time cycles D15 to D8 Read/write
0x8B D7 to DO Read/write
Ox8F Status D7 to DO Read only
0x92 Temperature data D15to D8 Read only
0x93 D7 to DO Read only
0x94 Real data D15to D8 Read only
0x95 D7 to DO Read only
0x96 Imaginary data D15to D8 Read only
0x97 D7 to DO Read only

CONTROL REGISTER (REGISTER ADDRESS 0x80,
REGISTER ADDRESS 0x81)

The AD5933 has a 16-bit control register (Register Address 0x80
and Register Address 0x81) that sets the AD5933 control
modes. The default value of the control register upon reset is
as follows: D15 to DO reset to 0xA000 upon power-up.

The four MSBs of the control register are decoded to provide
control functions, such as performing a frequency sweep,
powering down the part, and controlling various other
functions defined in the control register map.

The user may choose to write only to Register Address 0x80 and
not to alter the contents of Register Address 0x81. Note that the
control register should not be written to as part of a block write
command. The control register also allows the user to program
the excitation voltage and set the system clock. A reset command
to the control register does not reset any programmed values
associated with the sweep (that is, start frequency, number of
increments, frequency increment). After a reset command, an
initialize with start frequency command must be issued to the
control register to restart the frequency sweep sequence (see
Figure 28).

Table 9. Control Register Ma

p (D15 to D12)

D15 | D14 [ D13 | D12 | Function

0 0 0 0 No operation

0 0 0 1 Initialize with start frequency
0 0 1 0 Start frequency sweep
0 0 1 1 Increment frequency
0 1 0 0 Repeat frequency

1 0 0 0 No operation

1 0 0 1 Measure temperature
1 0 1 0 Power-down mode

1 0 1 1 Standby mode

1 1 0 0 No operation

1 1 0 1 No operation

Table 10. Control Register Map (D10 to D9)

D10 D9 Range No. Output Voltage Range
0 0 1 2.0V p-p typical

0 1 4 200 mV p-p typical

1 0 3 400 mV p-p typical

1 1 2 1.0V p-p typical
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Table 11. Control Register Map (D11, D8 to D0)

Bits Description

D11 No operation

D8 PGA gain; 0= x5, 1= x1

D7 Reserved; setto 0

D6 Reserved; setto 0

D5 Reserved; setto 0

D4 Reset

D3 External system clock; set to 1
Internal system clock; set to 0

D2 Reserved; setto 0

D1 Reserved; setto 0

Do Reserved; setto 0

Control Register Decode
Initialize with Start Frequency

This command enables the DDS to output the programmed
start frequency for an indefinite time. It is used to excite the
unknown impedance initially. When the output unknown
impedance has settled after a time determined by the user, the
user must initiate a start frequency sweep command to begin
the frequency sweep.

Start Frequency Sweep

In this mode the ADC starts measuring after the programmed
number of settling time cycles has elapsed. The user has the
ability to program an integer number of output frequency cycles
(settling time cycles) to Register Address 0x8A and Register
Address 0x8B before the commencement of the measurement

at each frequency point (see Figure 28).

Increment Frequency

The increment frequency command is used to step to the next
frequency point in the sweep. This usually happens after data
from the previous step has been transferred and verified by the
DSP. When the AD5933 receives this command, it waits for the
programmed number of settling time cycles before beginning
the ADC conversion process.

Repeat Frequency

The AD5933 has the facility to repeat the current frequency
point measurement by issuing a repeat frequency command to
the control register. This has the benefit of allowing the user to
average successive readings.

Measure Temperature

The measure temperature command initiates a temperature
reading from the part. The part does not need to be in power-
up mode to perform a temperature reading. The block powers
itself up, takes the reading, and then powers down again. The
temperature reading is stored in a 14-bit, twos complement
format at Register Address 0x92 and Register Address 0x93.

Power-Down Mode

The default state on power-up of the AD5933 is power-down
mode. The control register contains the code 1010,0000,0000,0000
(0xA000). In this mode, both the VOUT and VIN pins are
connected internally to GND.

Standby Mode

This mode powers up the part for general operation; in standby
mode the VIN and VOUT pins are internally connected to ground.

Output Voltage Range

The output voltage range allows the user to program the
excitation voltage range at VOUT.

PGA Gain

The PGA gain allows the user to amplify the response signal
into the ADC by a multiplication factor of x5 or x1.

Reset

A reset command allows the user to interrupt a sweep. The start
frequency, number of increments, and frequency increment
register contents are not overwritten. An initialize with start
frequency command is required to restart the frequency sweep
command sequence.

START FREQUENCY REGISTER (REGISTER
ADDRESS 0x82, REGISTER ADDRESS 0x83,
REGISTER ADDRESS 0x84)

The default value of the start frequency register upon reset is
as follows: D23 to DO are not reset on power-up. After a reset
command, the contents of this register are not reset.

The start frequency register contains the 24-bit digital represen-
tation of the frequency from where the subsequent frequency
sweep is initiated. For example, if the user requires the sweep to
start from frequency 30 kHz (using a 16.0 MHz clock), then the
user programs the value of 0xOF to Register Address 0x82, the
value of 0x5C to Register Address 0x83, and the value of 0x28 to
Register Address 0x84. This ensures the output frequency starts
at 30 kHz.

The code to be programmed to the start frequency register is

30 kHz

TTe ML x 2% =0x0F5C28
4

Start Frequency Code =

Rev.E | Page 24 of 40



AD5933

FREQUENCY INCREMENT REGISTER (REGISTER
ADDRESS 0x85, REGISTER ADDRESS 0x86,
REGISTER ADDRESS 0x87)

The default value upon reset is as follows: D23 to DO are not reset
on power-up. After a reset command, the contents of this register
are not reset.

The frequency increment register contains a 24-bit represen-
tation of the frequency increment between consecutive frequency
points along the sweep. For example, if the user requires an
increment step of 10 Hz using a 16.0 MHz clock, the user
should program the value of 0x00 to Register Address 0x85, the
value of 0x01 to Register Address 0x86m, and the value of 0x4F
to Register Address 0x87.

The formula for calculating the increment frequency is given by

10 Hz

16 MHz
4

The user programs the value 0x00 to Register Address 0x85, the
value 0x01 to Register Address 0x86, and the value 0x4F to
Register Address 0x87.

NUMBER OF INCREMENTS REGISTER (REGISTER
ADDRESS 0x88, REGISTER ADDRESS 0x89)
The default value upon reset is as follows: D8 to DO are not reset

on power-up. After a reset command, the contents of this
register are not reset.

Frequency Increment Code = x 2% =0x00014 F

Table 12. Number of Increments Register

Reg | Bits Description | Function | Format
0x88 | D15toD9 | Don't care Read or Integer number
write stored in binary
D8 Number of Read or format
increments write
0x89 | D8to DO Number of Read or Integer number
increments write stored in binary
format

Table 13. Number of Settling Times Cycles Register

This register determines the number of frequency points in the
frequency sweep. The number of points is represented by a 9-bit
word, D8 to D0. D15 to D9 are don’t care bits. This register, in
conjunction with the start frequency register and the increment
frequency register, determines the frequency sweep range for
the sweep operation. The maximum number of increments that
can be programmed is 511.

NUMBER OF SETTLING TIME CYCLES
REGISTER (REGISTER ADDRESS 0x8A,
REGISTER ADDRESS 0x8B)

The default value upon reset is as follows: D10 to DO are not
reset on power-up. After a reset command, the contents of this
register are not reset (see Table 13).

This register determines the number of output excitation cycles
that are allowed to pass through the unknown impedance, after
receipt of a start frequency sweep, increment frequency, or
repeat frequency command, before the ADC is triggered to
perform a conversion of the response signal. The number of
settling time cycles register value determines the delay between
a start frequency sweep/increment frequency /repeat frequency
command and the time an ADC conversion commences. The
number of cycles is represented by a 9-bit word, D8 to D0. The
value programmed into the number of settling time cycles
register can be increased by a factor of 2 or 4 depending upon
the status of bits D10 to D9. The five most significant bits, D15
to D11, are don't care bits. The maximum number of output
cycles that can be programmed is 511 x 4 = 2044 cycles. For
example, consider an excitation signal of 30 kHz. The
maximum delay between the programming of this frequency
and the time that this signal is first sampled by the ADC is =
511 x 4 x 33.33 us = 68.126 ms. The ADC takes 1024 samples,
and the result is stored as real data and imaginary data in
Register Address 0x94 to Register Address 0x97. The conversion
process takes approximately 1 ms using a 16.777 MHz clock.

Register Bits Description Function Format
0x8A D15to D11 Don't care Read or write Integer number stored in
D10to D9 2-bit decode binary format
D10 D9 Description
0 0 Default
0 1 No. of cycles x 2
1 0 Reserved
1 1 No. of cycles x 4
D8 MSB number of settling time cycles
0x8B D7 to DO Number of settling time cycles Read or write
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STATUS REGISTER (REGISTER ADDRESS 0x8F)

The status register is used to confirm that particular measure-
ment tests have been successfully completed. Each of the bits
from D7 to DO indicates the status of a specific functionality of
the AD5933.

Bit DO and Bit D4 to Bit D7 are treated as don’t care bits These
bits do not indicate the status of any measurement.

The status of Bit D1 indicates the status of a frequency point
impedance measurement. This bit is set when the AD5933 has
completed the current frequency point impedance measurement.
This bit indicates that there is valid real data and imaginary data
in Register Address 0x94 to Register Address 0x97. This bit is
reset on receipt of a start frequency sweep, increment frequency,
repeat frequency, or reset command. This bit is also reset on
power-up.

The status of Bit D2 indicates the status of the programmed
frequency sweep. This bit is set when all programmed incre-
ments to the number of increments register are complete. This
bit is reset on power-up and on receipt of a reset command.

Table 14. Status Register (Register Address 0x8F)
Control Word Function

0000 0001 Valid temperature measurement
0000 0010 Valid real/imaginary data
00000100 Frequency sweep complete
0000 1000 Reserved

0001 0000 Reserved

0010 0000 Reserved

0100 0000 Reserved

1000 0000 Reserved

Valid Temperature Measurement

The valid temperature measurement control word is set when a
valid temperature conversion is complete indicating that valid
temperature data is available for reading at Register Address
0x92 and Register Address 0x93. It is reset when a temperature
measurement takes place as a result of a measure temperature
command having been issued to the control register (Register
Address 0x80 and Register Address 0x81) by the user.

Valid Real/Imaginary Data

D1 is set when data processing for the current frequency point
is finished, indicating real/imaginary data available for reading.
D1 is reset when a start frequency sweep/increment frequency/
repeat frequency DDS start/increment/repeat command is
issued. D1 is reset to 0 when a reset command is issued to the
control register.

Frequency Sweep Compl

D2 is set when data processing for the last frequency point in the
sweep is complete. This bit is reset when a start frequency sweep
command is issued to the control register. This bit is also reset
when a reset command is issued to the control register.

TEMPERATURE DATA REGISTER
(16 BITS—REGISTER ADDRESS 0x92,
REGISTER ADDRESS 0x93)

These registers contain a digital representation of the temper-
ature of the AD5933. The values are stored in 16-bit, twos
complement format. Bit D15 and Bit D14 are don't care bits.
Bit 13 is the sign bit. To convert this number to an actual
temperature, refer to the Temperature Conversion Formula
section.

REAL AND IMAGINARY DATA REGISTERS (16
BITS—REGISTER ADDRESS 0x94, REGISTER
ADDRESS 0x95, REGISTER ADDRESS 0x96,
REGISTER ADDRESS 0x97)

The default value upon reset is as follows: these registers are not
reset on power-up or on receipt of a reset command. Note that
the data in these registers is valid only if Bit D1 in the status
register is set, indicating that the processing at the current
frequency point is complete.

These registers contain a digital representation of the real

and imaginary components of the impedance measured for

the current frequency point. The values are stored in 16-bit,
twos complement format. To convert this number to an actual
impedance value, the magnitude—V(Real® + Imaginary’)—must
be multiplied by an admittance/code number (called a gain
factor) to give the admittance, and the result inverted to give
impedance. The gain factor varies for each ac excitation
voltage/gain combination.
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SERIAL BUS INTERFACE

Control of the AD5933 is carried out via the *C-compliant
serial interface protocol. The AD5933 is connected to this bus
as a slave device under the control of a master device. The
ADS5933 has a 7-bit serial bus slave address. When the device is
powered up, it has a default serial bus address, 0001101 (0x0D).

GENERAL I°’C TIMING

Figure 29 shows the timing diagram for general read and write
operations using the I’C-compliant interface.

The master initiates data transfer by establishing a start condition,
defined as a high-to-low transition on the serial data line
(SDA), while the serial clock line (SCL) remains high. This
indicates that a data stream follows. The slave responds to the
start condition and shifts in the next 8 bits, consisting of a 7-bit
slave address (MSB first) plus an R/W bit that determines

the direction of the data transfer—that is, whether data is
written to or read from the slave device (0 = write, 1 = read).

The slave responds by pulling the data line low during the low
period before the ninth clock pulse, known as the acknowledge
bit, and holding it low during the high period of this clock
pulse. All other devices on the bus remain idle while the
selected device waits for data to be read from or written to it.
If the R/W bit is 0, then the master writes to the slave device.

If the R/W bit is 1, the master reads from the slave device.

Data is sent over the serial bus in sequences of nine clock
pulses, eight bits of data followed by an acknowledge bit, which
can be from the master or slave device. Data transitions on the
data line must occur during the low period of the clock signal
and remain stable during the high period, because a low-to-
high transition when the clock is high may be interpreted as a
stop signal. If the operation is a write operation, the first data
byte after the slave address is a command byte. This tells the
slave device what to expect next. It may be an instruction telling
the slave device to expect a block write, or it may be a register
address that tells the slave where subsequent data is to be
written. Because data can flow in only one direction as defined
by the R/W bit, it is not possible to send a command to a slave
device during a read operation. Before performing a read
operation, it is sometimes necessary to perform a write
operation to tell the slave what sort of read operation to

expect and/or the address from which data is to be read.

When all data bytes have been read or written, stop conditions
are established. In write mode, the master pulls the data line
high during the 10" clock pulse to assert a stop condition. In
read mode, the master device releases the SDA line during the
low period before the ninth clock pulse, but the slave device
does not pull it low. This is known as a no acknowledge. The
master then takes the data line low during the low period
before the 10* clock pulse, then high during the 10* clock
pulse to assert a stop condition.

oA o o of v a\oft \aw Jor X(oe)os X(oa Xos X (o2 X o1 X 00\
START CONDITION SLAVE ADDRESS BYTE ACKNOWLEDGE BY REGISTER ADDRESS ACKNOWLEDGE BY 2
BY MASTER AD5933 MASTER/SLAVE £

Figure 29. Timing Diagram
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WRITING/READING TO THE AD5933

The interface specification defines several different protocols
for different types of read and write operations. This section
describes the protocols used in the AD5933. The figures in this
section use the abbreviations shown in Table 15.

Table 15. I*C Abbreviation Table

Abbreviation | Condition

Start

Stop

Read

Write

Acknowledge

No acknowledge write byte/command byte

»l>»=s > 0Own

User Command Codes

The command codes in Table 16 are used for reading/writing to
the interface. They are further explained in this section, but are
grouped here for easy reference.

Table 16. Command Codes

Command | Code
Code Name Code Description
10100000 | Block This command is used when writing
write multiple bytes to the RAM; see the
Block Write section.
10100001 | Block This command is used when reading
read multiple bytes from RAM/memory;
see the Block Read section.
10110000 | Address | This command enables the user to set
pointer | the address pointer to any location in
the memory. The data contains the
address of the register to which the
pointer should be pointing reworded

Write Byte/Command Byte

In this operation, the master device sends a byte of data to the
slave device. The write byte can either be a data byte write to a
register address or can be a command operation. To write data
to a register, the command sequence is as follows (see Figure 30):

1. The master device asserts a start condition on SDA.

2. The master sends the 7-bit slave address followed by the
write bit (low).

The addressed slave device asserts an acknowledge on SDA.
The master sends a register address.

The slave asserts an acknowledge on SDA.

The master sends a data byte.

The slave asserts an acknowledge on SDA.

The master asserts a stop condition on SDA to end the
transaction.

PN W W

SLAVE REGISTER REGISTER
|5|Aumass|w|A|Amness|A| DATA |“|"|

08324036

Figure 30. Writing Register Data to Register Address

The write byte protocol is also used to set a pointer to an
address (see Figure 31). This is used for a subsequent single-
byte read from the same address or block read or block write
starting at that address.

To set a register pointer, the following sequence is applied:

1. The master device asserts a start condition on SDA.

2. The master sends the 7-bit slave address followed by the
write bit (low).

3. The addressed slave device asserts an acknowledge on
SDA.

4. The master sends a pointer command code (see Table 16;
a pointer command = 1011 0000).

5. The slave asserts an acknowledge on SDA.

6. The master sends a data byte (a register address to where
the pointer is to point).

7. The slave asserts an acknowledge on SDA.

8. The master asserts a stop condition on SDA to end the

transaction.
POINTER REGISTER s
S | ASLBVE. | w commanp | A | ApbRess | a P|§
1011 0000 TO POINTTO ]

Figure 31. Setting Address Pointer to Register Address
BLOCK WRITE

In this operation, the master device writes a block of data to a
slave device (see Figure 32). The start address for a block write
must previously have been set. In the case of the AD5933 this is
done by setting a pointer to set the register address.

1. The master device asserts a start condition on SDA.

2. The master sends the 7-bit slave address followed by the
write bit (low).

3. Theaddressed slave device asserts an acknowledge on SDA.

4. The master sends an 8-bit command code (1010 0000) that
tells the slave device to expect a block write.

5. The slave asserts an acknowledge on SDA.

6. The master sends a data byte that tells the slave device the
number of data bytes to be sent to it.

7. The slave asserts an acknowledge on SDA.

8. The master sends the data bytes.

9. The slave asserts an acknowledge on SDA after each
data byte.

10. The master asserts a stop condition on SDA to end the
transaction.

NUMBER

s SLAVE
WRITE BYTES WRITE

BLOCK
Aonnsss|w|‘ |‘|

|A|8VTEO|A|BVTE1|A|BVTE2|A|P|

osm240%0

Figure 32. Writing a Block Write
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READ OPERATIONS

The AD5933 uses two I*C read protocols: receive byte and
block read.

Receive Byte

In the AD5933, the receive byte protocol is used to read a single
byte of data from a register address whose address has previously
been set by setting the address pointer.

In this operation, the master device receives a single byte from a
slave device as follows (see Figure 33):

1. The master device asserts a start condition on SDA.

2. The master sends the 7-bit slave address followed by the
read bit (high).

3. Theaddressed slave device asserts an acknowledge on SDA.

4. The master receives a data byte.

5. The master asserts a no acknowledge on SDA (the slave
needs to check that master has received data).

6. The master asserts a stop condition on SDA and the
transaction ends.

SLAVE REGISTER | 7
|S|ADDRESS|R|A| DATA |A|P|

Figure 33. Reading Register Data

08324039

Block Read

In this operation, the master device reads a block of data from a
slave device (see Figure 34). The start address for a block read
must previously have been set by setting the address pointer.

1. The master device asserts a start condition on SDA.

2. The master sends the 7-bit slave address followed by the
write bit (low).

3. Theaddressed slave device asserts an acknowledge on SDA.

4. The master sends a command code (1010 0001) that tells
the slave device to expect a block read.

5. The slave asserts an acknowledge on SDA.

6. The master sends a byte-count data byte that tells the slave
how many data bytes to expect.

7. The slave asserts an acknowledge on SDA.

8. The master asserts a repeat start condition on SDA. This is
required to set the read bit high.

9.  The master sends the 7-bit slave address followed by the
read bit (high).

10. The slave asserts an acknowledge on SDA.

11. The master receives the data bytes.

12. The master asserts an acknowledge on SDA after each
data byte.

13. A no acknowledge is generated after the last byte to signal
the end of the read.

14. The master asserts a stop condition on SDA to end the
transaction.

SLAVE BLOCK NUMBER
I IADDRESS WIA| READ ]AI

SLAVE -
BnESREADIAlSlADDRESS'HlAlBVTEUlAlBVTEIIAlBVTEZlAIPl

08324040

Figure 34. Performing a Block Read
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TYPICAL APPLICATIONS

MEASURING SMALL IMPEDANCES

The AD5933 is capable of measuring impedance values up to
10 MQ if the system gain settings are chosen correctly for the
impedance subrange of interest.

If the user places a small impedance value (<500 Q over the
sweep frequency of interest) between the VOUT and VIN pins,
it results in an increase in signal current flowing through the
impedance for a fixed excitation voltage in accordance with
Ohm’s law. The output stage of the transmit side amplifier
available at the VOUT pin may not be able to provide the
required increase in current through the impedance. To have a
unity gain condition about the receive side I-V amplifier, the
user needs to have a similar small value of feedback resistance
for system calibration as outlined in the Gain Factor Setup
Conlfiguration section. The voltage presented at the VIN pin is
hard biased at VDD/2 due to the virtual earth on the receive
side I-V amplifier. The increased current sink/source
requirement placed on the output of the receive side [-V
amplifier may also cause the amplifier to operate outside of
the linear region. This causes significant errors in subsequent
impedance measurements.

The value of the output series resistance, Rour, (see Figure 35)
at the VOUT pin must be taken into account when measuring
small impedances (Zuwxvown), specifically when the value of
the output series resistance is comparable to the value of the
impedance under test (Zuxwown). If the Rour value is unac-
counted for in the system calibration (that is, the gain factor
calculation) when measuring small impedances, there is an
introduced error into any subsequent impedance measurement
that takes place. The introduced error depends on the relative
magnitude of the impedance being tested compared to the value
of the output series resistance.

Vpp
TRANSMIT SIDE
OUTPUT AMPLIFIER ,\/ R1

os24.048

VDD/2

Figure 35. Additional External Amplifier Circuit for Measuring Small
Impedances

The value of the output series resistance depends upon the
selected output excitation range at VOUT and has a tolerance
from device to device like all discrete resistors manufactured in
assilicon fabrication process. Typical values of the output series
resistance are outlined in Table 17.

Table 17. Qutput Series Resistance (Rour) vs. Excitation Range

Parameter | Value (Typ) | Output Series Resistance Value
Range 1 2Vp-p 200 Q typ
Range 2 1Vp-p 24kQtyp
Range 3 0.4V p-p 1.0 kQ typ
Range 4 0.2V p-p 600 Q typ

Therefore, to accurately calibrate the AD5933 to measure small
impedances, it is necessary to reduce the signal current by
attenuating the excitation voltage sufficiently and also account
for the Rour value and factor it into the gain factor calculation
(see the Gain Factor Calculation section).

Measuring the Rour value during device characterization is
achieved by selecting the appropriate output excitation range at
VOUT and sinking and sourcing a known current at the pin
(for example, +2 mA) and measuring the change in dc voltage.
The output series resistance can be calculated by measuring the
inverse of the slope (that is, 1/slope) of the resultant I-V plot.

A circuit that helps to minimize the effects of the issues
previously outlined is shown in Figure 35. The aim of this
circuit is to place the AD5933 system gain within its linear
range when measuring small impedances by using an additional
external amplifier circuit along the signal path. The external
amplifier attenuates the peak-to-peak excitation voltage at
VOUT by a suitable choice of resistors (R1 and R2), thereby
reducing the signal current flowing through the impedance and
minimizing the effect of the output series resistance in the
impedance calculations.

In the circuit shown in Figure 35, Zunkvowy recognizes the
output series resistance of the external amplifier which is
typically much less than 1 Q with feedback applied depending
upon the op amp device used (for example, AD820, AD8641,
ADB8531) as well as the load current, bandwidth, and gain.
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The key point is that the output impedance of the external
amplifier in Figure 35 (which is also in series with Zuinown)
has a far less significant effect on gain factor calibration and
subsequent impedance readings in comparison to connecting
the small impedance directly to the VOUT pin (and directly in
series with Rour). The external amplifier buffers the unknown
impedance from the effects of Rour and introduces a smaller
output impedance in series with Zunowow.

For example, if the user measures Zuyxiwoww that is known to
have a small impedance value within the range of 90 Q to

110 © over the frequency range of 30 kHz to 32 kHz, the

user may not be in a position to measure Rour directly in

the factory/lab. Therefore, the user may choose to add on

an extra amplifier circuit like that shown in Figure 35 to the
signal path of the AD5933. The user must ensure that the
chosen external amplifier has a sufficiently low output series
resistance over the bandwidth of interest in comparison to the
impedance range under test (for an op amp selection guide, see
www.analog.com/opamps). Most amplifiers from Analog
Devices have a curve of closed loop output impedance vs.
frequency at different amplifier gains to determine the output
series impedance at the frequency of interest.

The system settings are
VDD =33V
VOUT =2V p-p
R2=20kQ
R1=4kQ
Gain setting resistor = 500 Q
Zungvown = 100 Q
PGA setting = x1

To attenuate the excitation voltage at VOUT, choose a ratio

of R1/R2. With the values of R1 = 4 k() and R2 = 20 kQ,
attenuate the signal by 1/5" of 2 V p-p = 400 mV. The
maximum current flowing through the impedance is 400 mV/
90 Q =4.4 mA.

The system is subsequently calibrated using the usual method
with a midpoint impedance value of 100 €, a calibration
resistor, and a feedback resistor at a midfrequency point in the
sweep. The dynamic range of the input signal to the receive side
of the AD5933 can be improved by increasing the value of the
I-V gain resistor at the RFB pin. For example, increasing the I-V
gain setting resistor at the REB pin increases the peak-to-peak
signal presented to the ADC input from 400 mV (RFB = 100 )
to 2 V p-p (RFB = 500 Q).

The gain factor calculated is for a 100 Q resistor connected
between VOUT and VIN, assuming the output series resistance
of the external amplifier is small enough to be ignored.

‘When biasing the circuit shown in Figure 35, note that the
receive side of the AD5933 is hard-biased about VDD/2 by
design. Therefore, to prevent the output of the external
amplifier (attenuated AD5933 Range 1 excitation signal) from
saturating the receive side amplifiers of the AD5933, a voltage
equal to VDD/2 must be applied to the noninverting terminal
of the external amplifier.

Rev. E | Page 31 of 40

112



AD5933

BIOMEDICAL: NONINVASIVE BLOOD IMPEDANCE
MEASUREMENT

When a known strain of a virus is added to a blood sample
that already contains a virus, a chemical reaction takes place
whereby the impedance of the blood under certain conditions
changes. By characterizing this effect across different frequencies,
it is possible to detect a specific strain of virus. For example, a
strain of the disease exhibits a certain characteristic impedance
at one frequency but not at another; therefore, the requirement
is to sweep different frequencies to check for different viruses.
The AD5933, with its 27-bit phase accumulator, allows for
subhertz frequency tuning.

The AD5933 can be used to inject a stimulus signal through
the blood sample via a probe. The response signal is analyzed,
and the effective impedance of the blood is tabulated. The
AD5933 is ideal for this application because it allows the user
to tune to the specific frequency required for each test.

ADuC702x
TOP VIEW
(Not to Scale)

05324041

Figure 36. Measuring a Blood Sample for a Strain of Virus

SENSOR/COMPLEX IMPEDANCE MEASUREMENT
The operational principle of a capacitive proximity sensor is
based on the change of a capacitance in an RLC resonant
circuit. This leads to changes in the resonant frequency of the
RLC circuit, which can be evaluated as shown Figure 37.

It is first required to tune the RLC circuit to the area of
resonance. At the resonant frequency, the impedance of the
RLC circuit is at a maximum. Therefore, a programmable
frequency sweep and tuning capability is required, which is
provided by the AD5933.

RESONANT (1 ' CHANGE IN

FREQUENCY RESONANCE DUE
TO APPROACHING
BJECT

PROXIMITY IMPEDANCE (Q)

FREQUENCY (Hz)
Figure 37. Detecting a Change in Resonant Frequency

05324.042

An example of the use of this type of sensor is for a train
proximity measurement system. The magnetic fields of the
train approaching on the track change the resonant frequency
to an extent that can be characterized. This information can be
sent back to a mainframe system to show the train location

on the network.

Another application for the AD5933 is in parked vehicle detec-
tion. The AD5933 is placed in an embedded unit connected to

a coil of wire underneath the parking location. The AD5933
outputs a single frequency within the 80 kHz to 100 kHz
frequency range, depending upon the wire composition. The
wire can be modeled as a resonant circuit. The coil is calibrated
with a known impedance value and at a known frequency. The
impedance of the loop is monitored constantly. If a car is parked
over the coil, the impedance of the coil changes and the
ADS5933 detects the presence of the car.
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ELECTRO-IMPEDANCE SPECTROSCOPY

The AD5933 has found use in the area of corrosion monitoring.
Corrosion of metals, such as aluminum and steel, can damage
industrial infrastructures and vehicles such as aircraft, ships,
and cars. This damage, if left unattended, may lead to premature
failure requiring expensive repairs and/or replacement. In
many cases, if the onset of corrosion can be detected, it can

be arrested or slowed, negating the requirement for repairs or
replacement. At present, visual inspection is employed to detect
corrosion; however, this is time consuming, expensive, and
cannot be employed in hard-to-access areas.

An alternative to visual inspection is automated monitoring
using corrosion sensors. Monitoring is cheaper, less time
consuming, and can be deployed where visual inspections are
impossible. Electrochemical impedance spectroscopy (EIS) has
been used to interrogate corrosion sensors, but at present large
laboratory test instruments are required. The AD5933 offers an
accurate and compact solution for this type of measurement,
enabling the development of field deployable sensor systems
that can measure corrosion rates autonomously.

Mathematically, the corrosion of aluminum is modeled using an
RC network that typically consists of a resistance, Rs, in series
with a parallel resistor and capacitor, Re and Cp. A system metal
would typically have values as follows: Rs is 10 Q) to 10 kQ,

Re 1 is kQ) to 1 MQ, and Cp is 5 pF to 70 pF. Figure 38 shows

a typical Bode plot, impedance modulus, and phase angle vs.
frequency, for an aluminum corrosion sensor.

MODULUS
PHASE ANGLE

08324043

FREQUENCY (Hz)

Figure 38. Bode Plot for Aluminum Corrosion Sensor

To make accurate measurements of these values, the impedance
needs to be measured over a frequency range of 0.1 Hz to 100 kHz.
To ensure that the measurement itself does not introduce a
corrosive effect, the metal needs to be excited with minimal
voltage, typically in the £20 mV range. A nearby processor

or control unit such as the ADuC702x would log a single
impedance sweep from 0.1 kHz to 100 kHz every 10 minutes
and download the results back to a control unit. To achieve
system accuracy from the 0.1 kHz to 1 kHz range, the system
clock needs to be scaled down from the 16.776 MHz nominal
clock frequency to 500 kHz, typically. The clock scaling can be
achieved digitally using an external direct digital synthesizer
like the AD9834 as a programmable divider, which supplies a
clock signal to MCLK and which can be controlled digitally by
the nearby microprocessor.
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LAYOUT AND CONFIGURATION
POWER SUPPLY BYPASSING AND GROUNDING

When accuracy is important in a circuit, carefully consider the
power supply and ground return layout on the board. The
printed circuit board containing the AD5933 should have
separate analog and digital sections, each having its own area
of the board. If the AD5933 is in a system where other devices
require an AGND-to-DGND connection, the connection
should be made at one point only. This ground point should
be as close as possible to the AD5933.

The power supply to the AD5933 should be bypassed with

10 pF and 0.1 pF capacitors. The capacitors should be physically
as close as possible to the device, with the 0.1 uF capacitor
ideally right up against the device. The 10 pF capacitors are

the tantalum bead type. It is important that the 0.1 pF capacitor
have low effective series resistance (ESR) and effective series
inductance (ESI); common ceramic types of capacitors are
suitable. The 0.1 uF capacitor provides a low impedance path

to ground for high frequencies caused by transient currents

due to internal logic switching.

The power supply line itself should have as large a trace as
possible to provide a low impedance path and reduce glitch
effects on the supply line. Clocks and other fast switching
digital signals should be shielded from other parts of the board
by digital ground. Avoid crossover of digital and analog signals
if possible. When traces cross on opposite sides of the board,
ensure that they run at right angles to each other to reduce
feedthrough effects on the board. The best board layout
technique is the microstrip technique where the component
side of the board is dedicated to the ground plane only, and the
signal traces are placed on the solder side. However, this is not
always possible with a two-layer board.
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EVALUATION BOARD

The AD5933 evaluation board allows designers to evaluate
the high performance AD5933 impedance converter with
minimum effort.

The evaluation board interfaces to the USB port of a PC. It is
possible to power the entire board from the USB port.

The impedance converter evaluation kit includes a populated
and tested AD5933 printed circuit board. The EVAL-AD5933EB
kit is shipped with a CD-ROM that includes self-installing
software. Connect the PC to the evaluation board using the
supplied cable.

The software is compatible with Microsoft” Windows® 2000 and
Windows XP and Windows 7.

A schematic of the evaluation board is shown in Figure 39 and
Figure 40.

USING THE EVALUATION BOARD

The AD5933 evaluation board is a test system designed to
simplify the evaluation of the AD5933. The evaluation board
data sheet is also available with the evaluation board that gives
full information on operating the evaluation board. Further
evaluation information is available from www.analog.com.

PROTOTYPING AREA

An area is available on the evaluation board for the user to add
additional circuits to the evaluation test set. Users may want to
include switches for multiple calibration use.

CRYSTAL OSCILLATOR (XO) vs. EXTERNAL CLOCK

A 16 MHz oscillator is included on the evaluation board.
However, this oscillator can be removed and, if required,
an external CMOS clock can be connected to the part.
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SCHEMATICS
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Figure 39. EVAL-AD5933EBZ USB Schematic
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Figure 40. EVAL-AD5933EBZ Schematic
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Figure 41. Linear Regulator on the EVAL-AD5933EB Evaluation Board
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OUTLINE DIMENSIONS
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Figure 43. 16-Lead Shrink Small Outline Package [SSOP]

(RS-16)

Dimensions shown in millimeters
ORDERING GUIDE
Model'? Temperature Range Package Description Package Option
AD5933YRSZ -40°Cto +125°C 16-Lead Shrink Small Outline Package (SSOP) RS-16
AD5933YRSZ-REEL7 -40°C to +125°C 16-Lead Shrink Small Outline Package (SSOP) RS-16
AD5933WYRSZ-REEL7 | —40°Cto +125°C 16-Lead Shrink Small Outline Package (SSOP) RS-16
EVAL-AD5933EBZ —40°C to +125°C Evaluation Board

' Z = RoHS Compliant Part.
? W = Qualified for Automotive Applications.

AUTOMOTIVE PRODUCTS

The AD5933W models are available with controlled manufacturing to support the quality and reliability requirements of automotive
applications. Note that these automotive models may have specifications that differ from the commercial models; therefore, designers
should review the Specifications section of this data sheet carefully. Only the automotive grade products shown are available for use in
automotive applications. Contact your local Analog Devices account representative for specific product ordering information and to

obtain the specific Automotive Reliability reports for these models.

I’C refers to a communications protocol originally developed by Philips Semiconductors (now NXP Semiconductors).

©2005-2013 Analog Devices, Inc. All rights reserved. Trademarks and
registered trademarks are the property of their respective owners.
D05324-0-5/13(E)
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AN-1252
APPLICATION NOTE

One Technology Way - P.O. Box 9106 - Norwood, MA 02062-9106, U.S.A. « Tel: 781.329.4700 . Fax: 781.461.3113 - www.analog.com

How to Configure the AD5933/AD5934
by Miguel Usach

INTRODUCTION

The AD5933 and AD5934 are high precision impedance
converter system solutions. The main difference between
these two solutions is the maximum measurable frequency.
This application note applies to both parts. The main blocks
of the AD5933 and AD5934 are shown in Figure 1.

The impedance converter is a finite system and has some
limitations. This application note only aims to explain the
optimum setup for measurements.

IMPEDANCE MEASUREMENT BLOCKS

Impedance converters can be divided into three different
blocks: a transmit stage, a receive stage, and a discrete Fourier
transform (DFT) engine.

Transmit Stage

The DDS core and the high speed DAC generate a sine wave
signal used to excite the impedance.

The output programmable gain amplifier (PGA) is used for
conditioning the output signal. It can be configured in four user
selectable excitation voltages.

Receive Stage

The receive stage consists of

e The transimpedance amplifier (TTA) that converts the
current that crosses the impedance into voltage

e The input PGA that amplifies the TIA signal x1 or x5

e The ADC that samples the signal and fills the internal
buffer (1024 points)

DFT Engine

The DFT engine processes the data and generates real (R) and
imaginary (I) number components.

MCLK
Py
DDS + DAC QUTEUT
OSCILLATOR * PGA
ADS5933/AD5934
1024-POINT
DFT ENGINE

1834001

Figure 1. AD5933/AD5934 Block Diagram
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GETTING STARTED

BENEFITS OF ADDING AN EXTERNAL AFE

CN-217 describes an external analog front end (AFE) designed
to improve measurements.

This AFE has two main benefits: to reduce the output
impedance of the signal source and to rebias the excitation
voltage signal.

REBIASING THE DC LEVEL

When connecting the impedance between Viy and Vour, as
shown in Figure 2, notice that the dc bias voltage is slightly
different in the transmit stage and receive stage.

Rour

LA VY

neas002

VDD2
Figure 2. AD5933 Without External AFE

The receiver dc offset is set to the ADC midscale, noninverting
pin of the TIA, Vpp/2, while the dc offset in the transmitter
depends on the selected output voltage shown in Table 1.

Table 1. DC Offset Voltage vs. Output Range for 3.3 V

An example of the different dc bias voltages is shown Figure 3
for Range 1 where Vop =5 V.

5.00V T
374V T
1.24v
2,50V /
3V p-
224V 1 L
1.76V
0.74v T g

Figure 3. Excitation Output Voltage Without AFE

Due to this mismatch, the dc level difference is amplified by the
R, or, in other words, the ADC dynamic range is reduced.

Additionally, a dc voltage across a sensor can polarize it and/or
degrade it over the sensor lifetime.

REDUCING THE OUTPUT IMPEDANCE

The internal output impedance depends on the amplitude
voltage range selected and this may be as high as 2.4 kQ.
Therefore, since impedance cannot be considered negligible, it
needs to be added into the equation. Typical values are shown
in Table 2.

Table 2. System Output Impedance

Range No. DC Offset Voltage Vp-p
1 1.48 1.98
2 0.76 0.97
3 031 0.383
4 0.173 0.173

Range No. Typical Output Impedance, Zour
1to4 >100Q

(Adding external op amp)

1 2000

2 24kQ

3 1kQ

4 600 Q

Rev.0|Page 3 of 12
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The total measurable impedance is the unknown impedance
and the system output impedance. To measure small
impedances, adding the system output impedance may
dramatically increase the range thus increasing the total
measurable impedance. Consequently, this reduces the output
current. To compensate, the value of Res needs to increase. In
other words, a high Res value means worse SNR and lower
sensitivity in your system.

Implementing these suggestions is relatively easy. Rebiasing the
dclevel is straightforward; just add a high-pass filter. If you

are planning to design the high-pass filter, refer to AN-581
Application Note, Biasing and Decoupling Op Amps in Single
Supply Applications.

To reduce the output impedance and have the ability to measure
low impedances, the recommended op amp of choice is the
ADB8606 (Zour = 1 ). You may consider the AD8602 as a lower
cost alternative. Figure 4 shows the AFE implementation in the
EVAL-AD5933EBZ, Rev. C1.

The second AD8606 is used as a TIA due to the lower leakage
and noise; the internal receive stage TIA is operating as a
voltage follower.

Rev. 0| Page 4 of 12
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Figure 4. AD5933 with AFE
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CONFIGURING THE PART

Correctly configuring the AD5933/AD5934 is key to getting
the most accurate measurement from the part.

SELECTING THE EXCITATION VOLTAGE

The recommendation is to use the maximum output voltage
because the SNR is degraded with lower amplitudes.

IDENTIFYING THE IMPEDANCE RANGE

The ratio between the maximum and minimum impedance
is limited by the ADC resolution, supply, and dc offset for the
selected range. The maximum ratio, Zusx/Zum, is shown in
Table 3.

Table 3. Maximum Ratio Allowable

DC Level Range No. Ratio
Rebiasing 1to4 x45
No Rebiasing 1 x40
2 x15
3 x5
4 x2

Remember to add the system output impedance into the
impedance range. This depends on the selected range as shown
in Table 2.

If the unknown impedance range does not fit within the maxi-
mum range, split your impedance range into subgroups. If this
is the case, your system should be capable of changing the TIA
gain. This can be done by adding an external mux or switch
(that is, ADG1419) with different Res values as shown in
Figure 5.

Vour
Rrs

AD5933

1834005

Figure 5. Variable TIA Gain
CHOOSING AN APPROPRIATE VALUE FOR Rss

The internal ADC reference is Voo. It is important to guarantee
that, in the worst case, the voltage generated by the TIA does
not saturate the converter. The Res value is defined as

v,
BB =T Wars e N BAIN:
(VPK + % - VDCOFFSFT) GaALy
where:
Vi is the peak voltage of the selected output range.
Zumx is the minimum impedance.
GAIN is the selected PGA gain, x1 or x5.
Voo is the supply.
Vicorsser is the dc offset voltage for the selected range shown in
Table 1.

Note that if you are rebiasing, the signal Vocoreser is Von/2.

At this point, it is important to clarify that the equations are
based on a headroom of 200 mV below Vop.

CHOOSING AN APPROPRIATE SETTLING TIME

The part allows preexcitation of the impedance before begin-
ning measurements. This is reccommended if the imaginary part
of the load is bigger than the real part or if the distance sensor
load is high. The settling time is referred to as the actual output
frequency. Therefore, if you are generating a frequency sweep,
the delay is different for each excitation frequency.

CALCULATING THE GAIN FACTOR

To calculate the gain factor, it is always recommended to use a
discrete resistor rather than a complex impedance.

The reason for calibrating the system with a discrete resistor is
simple. The algorithm to calculate the phase is relative, in other
words, the unknown impedance phase is the difference between
the calibrated phase minus the unknown measured phase.
Therefore, to avoid confusion, it is necessary to calibrate the
part using a zero phase delay impedance. The recommended
impedance value for calibration is

1
Rea, = (Zuiw + Zuax) X 3
Recommendation
Regardless of how one wants to calculate the gain factor, it is
always recommended to measure the system phase for each

frequency because a typical op amp phase is not constant for
some frequencies as shown in the example in Figure 6.

0 — - -
Vg = 25V
—45 [— 1 H H H
7 | al il il H
g oM i L L H
pre N
2 || L] Hl ]
-3
o
-135 [ H H H H
-180 L] L1 L L] || L
10 ik 10k 100k 1M iOM  100M

1836005

FREQUENCY (Hz)
Figure 6. Phase Linearity Example

There are different ways to calculate the gain factor depending
on the frequency range and memory space constrains.

Rev.0|Page 5 of 12
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Calculating the Gain Factor Using Single Impedance and
Single Frequency

The impedance is excited with a single frequency. Typically,
this is a frequency in the middle of your frequency sweep.

This type of calibration is fast and requires minimum space
in memory, but offers less precision than other methods.

Specifically, the AD5933 DFT engine uses a method called
single point DFT. Rather than analyze the entire spectrum
and calculate the energy for a given frequency, the algorithm
returns a single bin that contains multiple frequencies, at
approximately 976.56 Hz at IMSPS.

For example, when configuring a measurement for a 1 kHz
excitation signal, the bin will contain the energy stored from
976 Hz to 1952 Hz.

On the board, there are many devices generating noise at
different frequencies, such as an SMPS regulator; this could add
more energy to the bin that the energy measured only in the
impedance.

Calculating the Gain Factor Using Multipoint
Frequencies, Single Impedance

In this case, calculate the gain factor for each frequency.

This method is preferred if your frequency span is wide because
it helps to reduce errors related to the op amp bandwidth as well
as reducing bin errors.

There are two different ways to implement this method. The
first way is to generate a look-up table in your controller for the
gain factor. The second way is to calculate the gain factor on-
the-fly by adding an external mux/switch as shown in Figure 7.

It is necessary to generate a sweep and repeat the measurement
twice, once with Rear and a second time with the impedance

(Z(w)).

11834007

Figure 7. AD5933 for On-the-Fly Calibration

Best Fit Equati
This is a method to correct offset and gain errors in the system,
in other words, to linearize the system within a range.
First, the gain factor is calculated using one of the methods
described in this application note.
Once the gain factor is calculated, measure the impedance in
the extremes of the range as shown in Table 7.
The equations to correct the measured value are
Z=MxX+C
(ZMAX o ZMIN)
(Xnax = Xoan)
€= Zyiy — (M X Xyiy)
where:
Zuax is the real maximum impedance.
Zaav is the real minimum impedance.

Xwax is the maximum measured impedance.
Xav is the minimum measured impedance.

M=

The best fit equation for each frequency can be calculated, but
this increases memory requirements.

Y=Mx+C

MEASURED IMPEDANCE

Zuin Zmax
REAL IMPEDANCE
Figure 8. AD5933 with AFE

1836008
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WHEN THE IMPEDANCE IS OUTSIDE THE
MAXIMUM AD5933/AD5934 MEASURABLE
RANGE

There are some limitations in terms of maximum and
minimum measurable impedance. In this case, the easy way
to overcome the limitation is by adding a series or parallel
resistance to decrease or increase the impedance as needed.
This method decreases the accuracy because the unknown
impedance is measured artificially in a different range.

EXAMPLE

Consider a simple example that works for several scenarios,
where Vop =3.3 V.

In this case condition, the unknown impedance range is from
4.7 kQ) to 47 kQ). Because the AD5933 measures impedance, not
capacitance or inductance, calculate the equivalent impedance
for your maximum and minimum excitation frequency (see
Table 7).

As shown in Table 4, only Range 1 and Range 2 can be used for
the measurements; all four ranges can be used if an external

buffer is added. For this example, the selected op amp is the
ADB8606 as shown in CN-217.

Table 4. Selecting Ranges

AFE Range No. Within Ratio
Using AD8606 1to4 Yes
Without AFE 1 Yes

2 Yes

3 No

4 No

Calculate Zviy and Zyiax according to Table 5.

Table 5. Maximum and Minimum Impedance to Measure

With AFE Without AFE
AD8606 Range 1 Range 2
Zwin, 4.7 kQ Zui, 4.9 kQ Zmin, 7.1 kQ
Zunx, 47 kQ Zwnx, 47.2 kQ Zwinx, 49.4 kQ

Calculate Rep according to Table 6.

Table 6. Rrs Values for Different PGA Configurations

With AFE Without AFE
Range 1 Range 1 Range 2
x1,6.8 kQ x1,6.1kQ x1,7.4kQ
x5,1.4 kQ x5,1.2kQ x5,1.5kQ

Calibrate the system, using
1
Rea, = ain + Zuax) X 3=17kQ
To analyze the results, note the performance results using
multipoint calibration.

As shown in Figure 9 through Figure 12, the results without the
AFE are slightly worse than those with an AFE. In all cases, the
results are below the 1% except for Range 2 at low impedance.

In this case, the error is due to an assumption; the output
impedance is 2.4. Figure 10 shows the error assuming that the
output impedance is 2.4 + 5%. To be considered negligible, the
error added by the output impedance tolerance, Zyi, should be
at least 10 times larger than the amplifier output impedance.

14
12
] [ ~f—t—
1.0
— 4TKQNOAFE{Vpp == 47kQ NO AFE 1V p-p
Fos|. — 4TKANOAFEVpp — 4TKONOAFENpp _|
& —— 4.7kQ AFE 1V p-p ~— 47kQ AFE 1V p-p
] — 4.7kQ AFE 2V p-p ~—— 4TkQ AFE 2V p-p
& o8 = ] =
-~ I I~
\ L~~~
0.4 |—== g
0.2
—
0
1950 3900 5850 7800 9750 11700 &
FREQUENCY (Hz) g
Figure 9. Experimental Results Error
18
16 —
|
14
12 o e  — —
z = 4.7kQ, NO AFE 1V p-p = 47k, NO AFE 1V p-p
::5 1.0 | = 4.7kQ, 2.4kQ 5% - 4TKQ, 2.4kQ -5%
1 - 4.7kQ, 2.4kQ +5% = 47KQ, 2.4kQ +5%
o«
£ 08 —
w
__// \\ B Bovacem
06 -
- 1 \\ L~
” f—
= L~ ™~ |~ -
0

31 32 33 34 35 36 37 38 39 40 4
FREQUENCY (kHz)

1814010

Figure 10. Error with Output Impedance Tolerance

If the system adds an external buffer, there are not big
differences using gain x1 or x5 as shown in Figure 11.

0.25
— 4.7kQ AFE 1V p-p — 47kQ AFE 1V p-p
e 4.7kQ AFE 2V p-p ~ 47kQ AFE 2V p-p
— 4TKQAFE2Vp-p x5 = 47kQ AFE 2V p-p x5
0.20 | ~— 4.7kQ AFE 1V p-p x5 == 47kQ AFE 1V p-p x5
g 0.15 !
s A
3
w010 Y et e V —
~A1 \xx ‘ v
0.05 > .4 v - /J‘
Q 7 Ml\“‘\/] - :“jf §
NA [V \

31 32 33 34 35 36 37 38 39 40 41
FREQUENCY (kHz)

Figure 11. Error With and Without PGA Stage Enabled for System
with External AFE

neasan
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If the system does not add an external buffer, there is a slight
improvement using x5 gain as shown in Figure 12.

14
1.2
| | A e . o N
1.0
— 47KQNO AFE 2V p-p x5 = 4.7KQ NO AFE 2V p-p x5
2 — 47kQ NO AFE 2V p-p Q NO AFE 2V p-p
£ 08 | 47kQ NO AFE 1V p-p Q NO AFE 1V p-p
& ~— 47KQNO AFE 1V p-p x5 ~— 4.7kQ NO AFE 1V p-p x5
&
& 06 [
i VAR N 7aN e
: -
NP\
02 L be
- g N N A
0

31 32 33 34 35 3% 37 38 39 40 4
FREQUENCY (kHz)
Figure 12. Error With and Without Gain Stage Enabled

83012

The difference is appreciable using Range 2 for 4.7 k(). The
reason behind this surprising result is the noise. The amplifier
noise is roughly estimated as

Nrora, = Nria + Neay

Nra = J(ZUNKNOWN X GAIN)? + Rg?

The equations intentionally omit the bandwidth contribution
and other noise sources added by the op amp itself.

The PGA stage noise is constant while the TIA noise depends
directly on the TIA gain. The worst case scenario is at
maximum gain, Zioap = Zyiv.

MEASURING A COMPLEX IMPEDANCE

To measure complex impedance, refer to the conversion

table (see Table 7) to calculate the maximum and minimum
impedance based on the excitation frequency. This section
describes three points to keep in mind.

Do Not Calibrate the System with a Complex Impedance
Otherwise, phase results will be not as expected. This is
explained in the Calculating the Gain Factor section.

There is a Minimum Excitation Frequency

The ADC samples at MCLK/16 with a 1 MSPS maximum data
rate. For an excitation frequency below 1 kHz sampling at the

maximum data rate, the internal 1024-point buffer cannot store
a full period; this adds a considerable error to the final result.

If you need to measure below 1 kHz, the recommendation is

to reduce the MCLK frequency. This increases the calculation
time; the DFT engine clock is MCLK and requires an external
filter to attenuate harmonics. Keep the Nyquist theorem in
mind since the internal filters are optimized for the maximum
sample rate of 1 MSPS. For example, to measure the impedance
at 10 Hz, MCLK =16 MHz/100 =160 kHz

Inductance Can Be Measured
The examples found in the data sheet are based on capacitors,

but there are no restrictions or reasons why you cannot measure
an inductor.

MEASURING LIQUID

To measure liquid, buy a commercial sensor or design your
own. A sensor for this purpose typically has one or more
parallel plates, rings, or nets as shown in Figure 13.

RING

LiQuip
CONNECTORS

11834012

Figure 13. Example of Sensor to Measure Liquids

The measured impedance is defined by

Z= % p
where:
Lis the distance between plates (or traces).
A is the area of the plates.
pis the electric resistivity.

The conductivity of a liquid is defined as

The parameters of the sensor are constant, thus the impedance
changes are driven by the electric conductivity.

Rev.0 | Page 8 of 12
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SETTING UP AND PROGRAMMING
SETTING UP THE PART

Programming the part is a multistep process. Begin by setting
up the part as follows:

¢ Internal oscillator: MCLK = 16.776 MHz
o fomrr = 1950 Hz

e Af=975Hz

e Increments =10

e PGA gain=x1

e OQutput range =2V p-p

e Settling time = 1 ms worst case
PROGRAMMING THE PART

Once the part is set up, follow Step 1 through Step 7 to program
the part.

1. Reset the part.
e Write 0x10 to Register Address 0x81

2. Program the start frequency.

= ( L ) x 2%7 = 0x00F3C5
“\16776 MHz = 4 =

e Write 0x00 to Register Address 0x82
e Write 0xF3 to Register Address 0x83
e Write 0xCS5 to Register Address 0x84

Rev.0 | Page 9 of 12

Program Af.
_ ( 975 Hz

o 27 =
16.776 MHz = 4) x 2% = 0x0079E2

e Write 0x00 to Register Address 0x85
e Write 0x79 to Register Address 0x86
e Write 0xE2 to Register Address 0x87
Program the number of increments.

e Write 0x00 to Register Address 0x88
e Write 0x0A to Register Address 0x89

Program the delay in the measurements. The worst case is
at maximum frequency,

fuax=1950 + (975 x 10) = 11700 Hz

D=1msx 11700 = 12

e Write 0x00 to Register Address 0x8A

e Write 0x0C to Register Address 0x8B

Initialize the system.

e Write 0x11 to Register Address: 0x80

e Wait several milliseconds.

Follow the flowchart in Figure 14 to sweep the frequency.

If you need a new sweep, it is not necessary to reset the
part again. Simply place the part in standby mode and
program the registers again.

e Write 0x30 to Register Address: 0x80
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START
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Figure 14. Flowchart
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Table 7. Example of Impedance Conversion

Schematic | Impedance Phase Notes
% Zz=R o g Constant impedance
R n~l— =
I l _1 (Cw b4 Use higher capacitance to calculate the
c Ze= C_W] —tan (T) =73 lowest impedance and minimum
I T 180 capacitance value to calculate highest
1Z | = —_——X—=—=90° impedance
CMAX Zn,fM’NC 2
Z =
I L‘MINI Z”fMAxC
Z, = Lwj tan~1(lw) = b Use lower inductor to calculate the
L 7 =9 L 2 lowest impedance and maximum
1Zimax] = 2 fuax T 180 inductor value to calculate highest
Zoin] = 21wl sX—=190° impedance
1_1+1_Y tar t_1RCW
et n Ty By Zg. T 1 My
Y 1+C _ 1+RCwj = —tan"' RCw
TSR = R
70 = R
"7 1+ RCwj
\Zru] = 2
T T+ ZnRC fg) 2
P = 2
THINE T2+ 27RC fogn) 2
g Zy=1Zp+Zc - e IR i O
1 1+ RCwj 0
c Z;=R 4= ———— T
I Cwj Cwj = —tan"'RCw — 5
% _ JT2+ @rRCfiun) 2
|Zrmax| = 27RC fon
7 _ 1?2+ (2rRC fuax) *
I TMINI = anCfMAX
. Zy=Zx+2, tan“L—W
Zy =R+ Lwj R
b |Zrmax| = VR? + QrLfyax)?
|Zrmin| = VR? + CaLfyn)?
Zr=Zwio + 2 Y Row [y
¢ R R ) R — RLCw? j2=-1
4= T Row T
‘ ;. _ RLCW! & Lwj +R
L 1+ RCwj
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