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Abstract

Diagnostic value of electrical signals from human body and its interaction with
electrical stimulus in modern medicine is unquestionable. With advancements in
technology, theory and gathered experimental knowledge usage of electrical
phenomena is increasingly important and realistic in medical practice. Information
gathered can be used in monitoring of bodily parameters, monitoring of the state of
the tissue under investigation, and lately also in real time closed loop optimization
of parameters of electrical aids, such as pacemakers for example.

One of the most challenging tasks in medicine is evaluation of the condition of
the human heart. Cardiovascular disease is the number one cause of death globally:
more people die annually from cardiovascular diseases than from any other cause.
Main diagnostic tool has been so far 12-lead electrocardiography. Unfortunately
electrocardiography gives information mostly regarding electrical triggering pulses
of the heart and does not directly reflect the actual mechanical pumping function.
Main mechanical parameters, such as cardiac output, and stroke volume are hard to
estimate even today. There are invasive methods, which are costly, and potentially
dangerous. Among the most promising modern non invasive methods is ultrasound
imaging, but there is another well known method - impedance cardiography,
pioneered by Kubicek and Patterson for NASA in the 1960’s. That non invasive
method is theoretically ideal for estimation of cardiac parameters, unfortunately it
has traditionally been also remarkably unreliable, and has trouble producing
comparable quantitative results. Need for a cheap and noninvasive diagnostic tool
nonetheless warrants further investigation in this area.

Conceptual investigation has been carried out, and design of an instrument for
intracardiac spectroscopy proposed. Based on that conceptual design real instru-
ment is designed, built, and tested. While still invasive, electrodes are placed inside
heart, such an instrument allows further investigation in the area of impedance
based measurements for detecting cardiac parameters, and as such gives valuable
insight needed for construction of noninvasive devices, and allows also design
improvements for cardiac pacemakers. Currently different versions from said
device are in use in several leading laboratories worldwide.

Current thesis is concerned mostly with the design of the analog part of the
device from digital to analog converters to analog to digital conversion. Suitable
signals passing through tissue under investigation are discussed and some new
waveforms proposed, together with general signal processing aspects. While
constructed device fulfilled preliminary requirements it can be further improved.
Some improvements are introduced, and directions for future work given.
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Kokkuvote

Inimkeha poolt genereeritud elektriliste signaalide ja keha ning elektromagnet-
vilja vastasmoju tulemusena tekkivate signaalide diagnostilist véértust kaasaegses
meditsiinis on vdimatu alahinnata. Uhes teooria ja tehnoloogia arenguga, ning tinu
itha tdiuslikumale andmehulgale, mis on saadud labiviidud uuringutest, muutub
elektriliste signaalide kasutamine ja td6tlemine praktilises meditsiinis iiha téhtsa-
maks ja usaldatavamaks. Saadud andmed voimaldavad hinnata kudede olukorda ja
keha fiisioloogilisi parameetreid. Uha enam leiavad kaasaegsed signaalitddtlusmee-
todid kasutust elektriliste abivahendite t06 optimeerimisel reaalajas.

Uheks téhtsamaks iilesandeks meditsiinis on inimsiidame olukorra jélgimine ja
vajadusel ka tema t06 korrigeerimine. Stidame-veresoonkonna haigused pohjusta-
vad iilemaailmselt rohkem surmaga 16ppevaid haigusjuhtumeid kui tikski teine
tegur. Peamiseks diagnostikavahendiks on seni elektrokardiograafia. Kahjuks
annavad elektrokardiograafi signaalid informatsiooni peamiselt slidametegevust
kontrollivate elektriimpulsside kohta ja ei peegelda usaldusvéirselt siidame
tegelikku t66d vere pumpamisel. Peamised mehaanilised parameetrid, nagu siidame
voime verd viljutada ja tegelik 166gimaht, on ka tdnapédeval raskelt hinnatavad. On
olemas invasiivsed meetodid, kuid nad on kallid ja potentsiaalselt ohtlikud.
Vodimalike mitteinvasiivsete meetodite hulgas on iiks paljulubavamaid siidame
ultraheliuuring — ehhokardiograafia, kuid on ka iiks teine hastituntud voimalus —
impedantskardiograafia. Meetod tdotati vélja kuuekiimnendatel NASA tarbeks
Kubiceki ja Pattersoni poolt. Kuigi impedantskardiograafia on teoreetiliselt
ideaalne mitteinvasiivne meetod, on tema praktiline rakendamine olnud seni
raskendatud seoses modtetulemuste vidhese usaldusvddrsuse ja korratavusega.
Vajadus modduka hinnaga mitteinvasiivsete diagnostikavahendite jarele pShjendab
jétkuvaid uuringuid impedantskardiograafia vallas.

Labiviidud kontseptuaalsed uuringud vdoimaliku siidame impedantsspekt-
roskoopia seadme loomiseks on viinud disainilahenduseni. Lahtuvalt tulemustest
on valmistatud ja testitud ka reaalne instrument. Kuigi tegemist on invasiivse
seadmega, modteelektroodid asuvad siidame sees, voimaldab selline seade saada
vadrtuslikke andmeid, mis on vajalikud mitteinvasiivsete seadmete loomiseks ja
siidameriitmurite t06 parendamiseks. Kaiesoleval hetkel on seadme erinevad
variandid kasutusel mitmes juhtivas laboratooriumis {ile maailma.

Antud t66 keskendub peamiselt seadme analoogosaga seonduvale. Alates
digitaal-analoog muunduritest kuni analoog-digitaal muundamiseni. On kaalutud
signaalide sobivust kudede impedantsuuringute ldbiviimiseks ja pakutud vilja uusi
lahendusi koos sobivate signaalitootlusmeetoditega. Kuigi konstrueeritud seade
vastas algsetele noudmistele, on teda jitkuvalt vdimalik parendada. Moned
muudatustest on realiseeritud ja on hinnatud perspektiivseid suundi tuleviku
tarbeks.
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Frequent abbreviations, and acronyms

AC alternating current

ADC analog to digital converter
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LTI linear and time invariant (system)
LXI lan extensions for instrumentation
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NSD numerical synchronous detection
PAPR peak to average power ratio

PAR peak to average ratio

PCB printed circuit board

POR power on reset

PTP precision timing protocol

RMS root mean square

SAR successive approximation

SD synchronous detector

SNR signal to noise ratio

SPI serial peripheral interface

THD total harmonic distortion

USB universal serial bus

WHO World Health Organization
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1.1 Introduction

Exploration and admiration of the human being habably existed as long as the
human race. It is enough to look at the excitenoérihe small child when disco-

vering his own body. Therefore it is of no surpriget many breakthrough

discoveries are initiated by observing humans aei tnteractions with surround-

ing world. By popular myth Archimedes discoverechdamental relationship

between weight of the objects in the water andviiiame of water they displace

when taking bath himself. Eureka. Same applieghiergphenomena, among them
electricity. Experiments were largely inspired byeraction between electricity
and living tissue. From royal experiments with gaigl forming conductors and

jumping on applied electrical charge through Lu@alvani’'s experiments with

frog legs to modern day.

First known version of fundamental relationshipwesn applied voltage, body
resistance, and flowing current, later known as @Haw, was described by Henry
Cavendish in January 1781. Cavendish’s discovery b@an long before Georg
Ohm's work, while he was experimenting with Leydars and glass tubes of
varying diameter and length filled with salt sotuti He measured the current by
noting how strong was the shock he felt, when hapteted the circuit with his
body. Cavendish wrote that the "velocity" (currevdyied directly as the "degree
of electrification" (voltage). As it unfortunatelyappens he did not communicate
his results to other scientists at the time, arsl riesults were unknown until
Maxwell published them in 1879 (Bordeau, 1982).

Results from such experiments where threefoldt firay described effects of the
electrical current on living tissue, secondly tladlpwed description of the electric-
al properties of said tissue, and thirdly eledyigienerated and communicated by
the tissue were examined. While experiments in fiblel of electricity where
transferred to other areas, such as communicafionfarmation by means of
varying electrical signal parameters over the dista and became much more

-1 -



mathematical and theoretical, experiments detengieffects of the electricity on
human and animal subjects continued as well. Aetittof 1§ century Arthur E.
Kennelly (1861-1939) conducted study comparinga$f@f direct and alternating
currents (DC, AC) in the context of so-called “Batbf the systems” during his
work in Thomas Alva Edison’s West Orange laborat(@Bysh, 1940) (Brittain,
2006). In his textbook from 1895 written togethéttvEdwin J. Houston (Houston
& Kennelly, 1895) he states: “A marked differencgéses between the physiologi-
cal effects of an alternating and a continuousezuriVhen a continuous current is
sent through human body, chemical and physiologaféécts are produced,
entirely distinct from those which attend the pgssaf an alternating current under
similar circumstances. When passing through thel ditgans of the body, any
electric current, whether continuous or alternatimgy, if sufficiently powerful,
cause death. Alternating currents, however, at cercia frequencies and pres-
sures, are much more apt to produce fatal effettthe human body than conti-
nuous currents. In New York State, alternating telecurrents are used for the
execution of criminals, and, when properly emplgyeehduce absolute, instanta-
neous, and painless death”. The later passusadd\ckonnected with Edison’s war
against AC currents. Despite of he's contempt fapital punishment it was
Thomas Alva Edison who invented the electric chaifrighten people away from
the use of Nikola Tesla's (1856 — 1943) AC systéelexctricity (Vuji¢, 2006). The
public was shocked. Nevertheless Kennelly, sin@8%81 independent consultant,
continues (Houston & Kennelly, 1895) “The experitseof Tesla and others have
shown that at frequencies and pressures far hitfeen those employed for
ordinary commercial purposes, the physiologicab@# of alternating currents
become less severe, and that at extraordinarilly frigquencies, enormous pres-
sures may be handled with impunity”. It was Nikdlasla who discovered that
high voltage current could be made harmless bygusliternating current scheme at
very large frequencies and he predicted that itccba used for medical purposes.
He also experimented with X-rays from 1894 — 1886ically before and after the
Roentgen explained their nature and origin (uR006). Work in the same
direction was continued by Kennelly in 1910, togetwith E .F. W. Alexanderson
on the physiological tolerance of human subjectBigh-frequency currents up to
100 kHz The tolerance current was defined as ‘ith#ihg currents strength which
the subject could take through the arms and bodlgowt marked discomfort or
distress” (Brittain, 2006). Similarities can be eb&d with much earlier works of
Henry Cavendish. Results are actual even today.n&bnand Alexanderson
reported that a man could tolerate a current ofieb00 mA at 100 kHz, but only 5
mA at 60 Hz. Limits of allowable currents are lovweday, but their dependence on

-2-



frequency remains largely the same. Discussionleatreeal safety and physiolog-
ical effects can be found in (Webster, 1997). Stiteraction with living tissue
remained underexplored until the middle of twehtieentury. Partly because
living tissue is hard object to work with, parthedause it requires simultaneous
knowledge in many related areas of science, and afscourse because the
available technology was not yet up to the task.dxample Alexanderson’s radio-
frequency alternator used in aforementioned expErimmwas largely mechanical
heavy equipment. Another difficulty arises fromietth considerations. Gambling
with animal or even human lives during experimesigh as the ones performed in
US prisons during executions, not to mention waseticrimes, raises many moral
issues.

Nevertheless diagnostic value of electrical signatsn human body and its
interaction with electrical stimulus in modern n@de is unguestionable. With
advancements in technology, theory and gatheredrempntal knowledge, usage
of electrical phenomena is increasingly importamd eealistic in medical practice.
Information gathered can be used in monitoring adily parameters, monitoring
of the state of the tissue under investigation, lateldy also in real time closed loop
optimization of parameters of electrical aids, sastpacemakers for example. One
of the most challenging tasks in medicine is eu#dnaof the condition of the
human heart. Cardiovascular disease (CVD) is thmbeu one cause of death
globally: more people die annually from CVDs thaonfi any other cause (WHO,
2009). Main diagnostic tool has been so far 12-lelgtrocardiography (ECG).
Main problem with ECG is that it gives informatioggarding electrical triggering
pulses of the heart and does not directly reflaet dctual mechanical pumping
function. Main mechanical parameters, such as @ardutput, and stroke volume
are hard to estimate even today. There are invasetbods, which are costly, and
potentially dangerous. Among them measurement ef dkygen consumption
based on Fick principle is the best known. In 1880If Eugen Fick was the first
to devise a technique for measuring cardiac outpotong the most promising
modern non invasive methods is ultrasound imagng, there is another well
known method impedance cardiography (ICG) pionebyeldubicek and Patterson
for NASA in the 1960's (Patterson, Kubicek, KinnafNjtsoe, & Noren, 1964)
(Kubicek, Karnegis, & Patterson, Development andl@ation of an impedance
cardiac output system, 1966) (Kubicek, Patterson, L8lehei, Impedance
cardiography as a non-invasive method to monitadiaa function and other
parameters of the cardiovascular system, 1970)t fiba invasive method is
theoretically ideal for estimation of cardiac paedens, unfortunately it is also
remarkably unreliable, and has trouble producinggarable quantitative results.
-3-



Need for a cheap and noninvasive diagnostic tooletieless warrants further
investigation in this area.

Current thesis is concerned with practical impleragon of an impedance
cardiograph for clinical tests. General overviewgisen on various subjects
associated with the task. Design consideratiorth@fipparatus are discussed, and
some indications are given for further improvement.

1.2 Analog versus digital realm

When considering scientific experiments one carasgp object, interaction with
object, observation of results, conversion, sigmakcessing, reasoning and often
some form of feedback. It is generally assumed dhigitizing and digital signal
processing are relatively modern and recent phenapand it was preceded by its
purely analog counterpart. While there is somehtint that, closer examination
reveals also discrepancies. Considering Henry Ghskis (HC) experiment
leading to discovery of first known form of Ohm’aw it is possible to draw
following picture (Fig. 1.):

ty t; t3 t, ts

547 547 57 656 457

857 932 181 34 437

Fig. 1. Flow of the experiment data processing: from object under investigation through sensing, processing and
converting the data, to documentation of the results.

Whereas experimenter HC injects current into obf€t sensor HC reads results,
coverts them, processes data, and draws concludhimte at first glance such an
experiment has nothing to do with digital signabgassing it is not entirely true.
First an excitation. Since experiment was done Wwéyden jars it is safe to assume
that the delivered current was more like a sholdgyuthen long term stabile signal.
Secondly HC could not perform all the tasks entir@multaneously. Therefore
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again it is relatively safe to assume that sensiag not continuous in time, but at
discrete time intervals, likely somewhat synchranda introduced pain. Next
sensed signal is probably best described, eveoniew/hat fuzzily, as quantized.
For example: not really painful, painful and veairnful. And such a discrete, both
in time and in value, observations and conclusiares later converted back into
analog domain, by stating aforementioned law. Lat&periments replaced
excitation with more stable sources, starting withlvani elements, and voltaic
piles which still exhibited large changes in timmad made experiments difficult to
repeat. Major breakthrough came probably when Emte@German physicist
Thomas Johann Seebeck discovered thermoelectincit§21. Only after Seebeck
published his findings could Georg Simon Ohm usgrttocouples in his famous
experiments (Velmre, 1971), as they provided a nstable voltage source, and
formulate in 1827 his famous law (Ohm, 1827). Mleder sinusoidal generators,
first electromechanical, followed. Human body weglaced with either man made
or natural objects, indication of results with DepCarpentier voltmeter or similar
apparatus. All very analog in nature. Neverthelasssoon as reading of the results
happened digitalization took place. Up until thérdduction of analog signal
processing elements, and ultimately analog comgyibert at the end there was still
a human being reading and analyzing the resultsn Sime human being moved
right on the picture, but never disappeared emgtirep until very recently when
digital computers took over, and analog to digiahversion was introduced in
hardware. With advances in technology such a coewemit started to move
towards the left end of the picture, or closerhte bbject under investigation. In
another words it was never the question whetharsw analog or digital sensing
and signal processing, but at which point, and leaactly should the conversion
happen:

Signal processing chain

Fenomena Analog to digital Measurement
under conversion ? results

investigation

Fig. 2. Where to convert data from analog to digital domain.

To confuse matters further one could argue, thaeal world every signal, and
signal processing unit is analog in the naturép@ome extent vice versa digital, if
gquantum physics is involved. In fact both statemeare gaining even more field
when latest chip making technologies are involvadd transistors in digital
processors are starting to behave erratically.
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Still the question regarding where to digitize erywactual even today, when it is
possible to convert between analog and digital diesnat almost arbitrary position
within signal processing chain. Some of the reasarsanting investigation in that
area are need for more accurate measurements reatise of energy, and last but
not least cost of implementation. Optimization betw these parameters is mainly
empirical.

1.3 Black box

Before describing exact methods for signal proogssind apparatus it is relevant
to have reasonable description of the object umiestigation, and its parameters.
It is well known that linear, time invariant (LTBystems can be completely
described by their responkét) to excitation with Dirac delta:

=5 (! o

There is third rule the function must follow, itee area should be equal to 1:
J2 s®)dt =1 (1.2)

Dirac delta functiors (t) is a purely mathematical construct introducedhmotet-
ical physicistPaul Dirac. As such it is impossible to us€t) directly in real life
measurements. Fortunately based on the third tulse possible to create real
signals, which behave reasonably well. First ofifafixcitation pulse is relatively
short compared to time whekét) # 0, and its area is 1 then it can be viewed as
sufficiently similar toé(t). Secondly integral of thé(t) is very useful function
itself:

H(x) = [*_8(t)dt (1.3)

This Heaviside step function was introduced by &liMeaviside, and is relatively
easy to create and use, if ambiguitxa0 is resolved. If for an arbitrary excitation
X(t) the responsg(t) can be calculated as convolution betweé) and systems
impulse responsk(t), or y(t) = h(t) * x(t), whereh(t) is response of the system
in case of x(t) = §(t), then evolution function of the dynamical system
[ h(t)dt = h(t) = H(t), and form thah(t) can be easily determined. Second way
to used(t), is to consider that:



8(t) = limg_ % (sinc(t/a)) (1.4)

sinc(x) = sin(wx) /mx, or normalizedsinc function is often used in modern
signal processing.

That very powerful mathematics can be exploitettiéf system under investigation
is linear and time invariant. In real life it isve entirely true. In fact it is princi-
pally impossible to measure a system without imtizmg with it and involuntarily
changing its parameters due to that fact. All systeexhibit to certain extent
different behavior depending on the magnitude o Hpplied stimulus, and
parameters do change with time. In best casecialled aging and is usually very
slow process, in worst case fast random fluctuationparameters appear. Never-
theless LTI systems theory is widely used and wéty good results. Only way to
do it is to have certain knowledge regarding thetesy under investigation, and
apply some restrictions while performing measurdm®nin another words model
of the system should be created, and simplifiedmieg to certain rules. First of
all any non-linear system can be considered asgbpiacewise linear. If the
approximately linear region is reasonably narrotroisuced errors can be negligi-
ble. Secondly: even if the system under investigathanges its parameters in
time, it is usually possible to consider reasonablgrt time intervals, during which
changes are again negligible. Typical modulatiomsparameters of biological
tissues are well within frequency range on somedheth Hz, and therefore if the
measurement timeframe is shorter then some msrdseitting errors are accepta-
bly small.

Restrictions and simplifications are in fact esgih any model used by sciences,
as well as some a priori knowledge regarding thetesy under investigation. If
nothing is known about the object, then severelprob arise. First of all trying to
relate all possible inputs to the system to outfuatis the system is theoretically
impossible, because the set of possible input®ticountable. Secondly without
more knowledge then input signals and corresponalingut responses, even when
limiting examination to continuous systems, wheugpat responses are close to
each other when input signals are, it is generalpossibly difficult task to deduce
required rule between them. And furthermore thitigg humans do not expect to
see remain often unnoticed, automatically filteoatl by brain, therefore unknown
rule may remain undetected even if in plain viefathere is some useful know-
ledge beforehand, then not just the input sequeacebe limited, but also the
model simplified. Perfect model of any object ig thbject itself, and as such is
useless for system analysis, or in another worageithave full knowledge about
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the object, needed for the perfect model, thereti®no need to examine it at all.
Humans do not have an overwhelming knowledge, hecktore object as its own
model is not just useless, but also impossible.oAdiag to Albert Einstein only

God needs not play dice. From his letter to MaxrBdl; at any rate, am convinced
that He does not throw dice.” (Born, 1971). Perhiaps not strange that similar
concepts as in systems theory are also in usenimoies. Juri Lotman (Lotman,

2005) writes that for any meaningful communicati@iween two subjects to take
place these subjects must be dissimilar, and atsibas to certain extent, or in

another words their language spaces must intesectot coincide. Furthermore
any valuable, non trivial, information exchange dappen only between non
coinciding subspaces. This brings up unavoidalaeiadly valuable and enriching,
errors in translation. Much like Karl Poppers assent that hypothesis, proposi-
tion, or theory is scientific only if it is falsdble. Looking for optimal choice of the
models is directly linked to the understanding thaty inevitably introduce errors,
but also help in avoiding them. At the end any goudiel is inevitably falsifiable.

1.4 Impedance and admittance

Let’s consider Linear Time Invariant (LTE) systemth sinusoidal excitatioi(t),
impulse responsle(t), and outputi(t):

i o h() u(t)

\4

Fig. 3. LTI with excitation current i(t), and output voltage u(t).

And equivalent presentation of such a system iqueacy domain:

[(w) > H(a)) U(w)

>

Fig. 4. Same LTl as in Fig 3 presented in frequency domain.

Equationu(t) = i(t) * h(t) in time domain is transformed intw) = I(w) -
H(w), where frequency respondéw) = Fh(t), or Fourier transform of the
impulse response. Obviously it can be rewrittethanform:
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H(w) = % = Z(w) (1.5)

That equation for sinusoidal currents was firsirdget by Oliver Heaviside in July
1886: electrical impedance or simply impedancegtiless a measure of opposition
to a sinusoidal alternating current. Or in anotherds impedance impedes current
flow.

From modern point of view only small step was nmgsiusage of the complex
numbers. Complex numbers were first conceived aefineld by the Italian
mathematician Girolamo Cardano, who may have badosome of the concepts
from Niccolo Fontana Tartaglia, or perhaps becdtisglano found them rather
useless can be largely contributed to Rafael Bolirbklalgebra (Bombelli, 1569).
The term complex number was introduced by Carldfith Gauss nearly two
centuries later. It is safe to say that, introduced electrical calculations several
hundred years after Cardano, complex numbers reopiged perception of how
circuits work. In 1893 in his famous paper “Impedeh(Kennelly, 1893) Arthur
E. Kennelly wrote: “...the working theory of alterivaj currents can be made as
simple as working theory of continuous currentsbtigh the use of the impedance
concept and complex quantities. At the InternafioBéectrical Congress in
Chicago in 1893 Charles Proteus Steinmetz madebhes greatest contributions
to the Electrical Engineering community, a lectarel presentation describing the
mathematics of alternating current phenomena amdduaced the term phasor for
his simplified mathematical representation of aeckicity waveform (Brittain,
2006). Discussing Kennelly’'s paper Steinmetz citédny circuit whatever,
consisting of a combination of resistances, nori€fénductances and capacities,
carrying harmonically alternating currents, maytteated by the rules of unvary-
ing currents, if the impedances are expressed tmplex numbers:

a+ bj =r(cosp + jsing), (1.6)

the algebraical operations being then performedrdary to the laws controlling
complex quantities.”, and continues: “It is welldam that points of a plane can be
represented by complex quantities in their rectiargepresentation

a+ bj, (2.7)
or their polar representation

rel? = r(cosp + jsing), (1.8)
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And use has been made hereof repeatedly in the mathematical treatment of vector
quantities. It is, however, the first instance here, so far as [ know, that attention is
drawn by Mr. Kennelly to the correspondence between the electrical term
“impedance” and the complex numbers.

The importance hereof lies in the following: The analysis of the complex plane is
very well worked out, hence by reducing the electrical problems to the analysis of
complex quantities they are brought within the scope of a known and well
understood science.” (Kennelly, 1893)

So instead of rather “complex” functions usage of complex numbers results in
following equation, where Z is impedance, R resistance, and X reactance:

Z=R+jX=ReZ+jImZ (1.9)

Thus it is possible to divide impedance Z into real and imaginary parts. On the
complex plane arbitrary Z can be seen as vector with length | Z | , and phase angle ¢:

A
Im

ImZ

® Re 7

v

Fig. 5. The impedance vector and its real and imaginary parts.

Where ‘Z ‘ =+ReZ*+ImZ’ , and ¢ = arctan(ImZ/ReZ). Let’s consider two simple
circuits. First series connection of resistor R and capacitor C:

C R

4=

Fig. 6. The simplest RC circuit, a capacitor and a resistor are in series.

Impedance of the circuit can be expressed as Z = R + 1/jwC = R — j 1/wC.
When ReZ = R, and ImZ = —1/wC are known at one frequency it is possible to
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calculate them, and consequently also imped:Z at any arbitrary frequenc
since impedance values on complex plane draw &traiparallel to imaginary ax
at the distance dR from it, starting a—jco whenw = 0 and ending at real axis
R whenw = oo. Therefore the phase angle is negative. This mieatshe voltag
as dependent variable is lagging the current, whidaheneral rule in capacitive
behaving circuit, sinci = C(du/dt). When drawingohasor diagram for cagi-
tive circuit it is often convenient to mirror imageer real axis, and therefore mc
image into first quarter. It is denoted — sign near imaginary axis. Things ¢
somewhat more complicated when three element tiscuonsdered:

C R1

they

Fig. 7. Three element RC circuit, commonly used to discuss impedance of the tissue, also as Cole type A circuit.

In order to characterize circuit it is not enouglyraore to make one measurem
at single frequency. Ophasor diagram frequency dependent impedance vet
the series connection of resistor and capaciton pérallel resistor is drawing
semicircular line:

imZ 20)= R)+X @)
X (en) }
X (con) |

) |2

R@) R@) ReZ

Fig. 8. the phasor diagram of the Fig. 7 Fig. 8circuit at two frequencies, low wi and high wn .

Instead of impding one can also discuss that certain objectssabdtances a
admitting current. Admittance is therefore an iseerof the mpedancel =
1/(Z) = ReY +jImY = G + jB, whereG is conductance, anB susceptanc
Susceptance was first called permittance by Olesaviside who introduced mc
of the terms here at the end o™ century.
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1.5 Dielectrics

Objects can be roughly characterized as condudtwslators, or semiconductors
according to their electrical properties. A dietegta material that can be pene-
trated by electric field, is traditionally an inatdr. Arthur Robert von Hippel (1898
— 2003), one of the pioneers in the study of dieles; ferromagnetic and ferroe-
lectric materials, writes in (von Hippel, 1988):H& present great debate on the
structure of water and its changes with temperatpressure, and solutes has
produced a bewildering variety of models, all mordess supported by the same
thermodynamic, spectroscopic, conduction, and aliffon data.” Among great
names involved in study of polar dielectrics istaily Peter Debye (1884-1966),
teacher of von Hippel who formulated following redéion equation:

E(w) = € + (60 — €0) /(1 + jwTy) (1.10)

Whereé(w) is complex permittivity of a mediuna,, is permittivity at very high
frequency, ¢, is static permittivity at very low frequency, ang is the time
constant of the relaxation process. Under linearditmns and for the same
material, admittanceY, impedanceZ and permittivity ¢ all contain the same
information, differently presented, and are basedvaxwell equations. Maxwell
equations are extremely robust and valid also orlimear, non-homogenous and
anisotropic systems. James Clerk Maxwell (1831 91 8imself used the concept
of quaternions displaced later by vector analy®s, which Heaviside can be
largely credited. It was also Heaviside who compadhe equations to well known
modern form. In part Ill of "A dynamical theory ¢he electromagnetic field",
which is entitled "General equations of the elao@gnetic field", Maxwell
formulated twenty equations, which were in 1884Hwmaviside replaced by a set of
four simplified equations, known today as MaxwelBguations. Rewriting of
Debye’s relaxation equation in more familiar impece based form results in
following:

Z=Rp+—0— (1.11)

© 7 GptGpjwt

Wheret = C/G,. Resulting Debye circuit with ideal components (een &
Grimnes, 2005) can be seen in Fig. 9:
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Fig. 9. Three element RC circuit according to Debye model, also as Cole type B circuit.

In his 1928 pape(Cole, Electric Impedance of Suspensions of Sphei®28
Kenneth Stewart Cole (19(- 1984) argues that according to Otto Julius Zi
(1887 —190) “certain types of two terminal networks ... canrbade equivalel
both in impedance and in phase angle for all fraqigs. As a result of this su
circuits containing any number of resistances acdpacity, can be made eca-
lent to either one of to simple circuits” Cole continues, that “the numbera-
tion, and magnitude of the elements of such a itimannot be determined sole
by electrical measurements made at the terminats ttzat the number of circui
which can be made to fit a givent of data is probably limited only by tl
patience...”. In fact Debye circuit iFig. 9behaves exactly as circuit Fig. 7, or
in another words: circular line is drawn on the pter plane, with center at tl
real axis. That bringap more general problem. From that point it is obsgi tha
internal structure of the object under investigation cano®tguessed purely |
measurements, but requires deeper knowledge regaotiject, and its behavic
And battle for adequate equivalent schematics eftidsue goes on even today
iIs hard task to drava picture, which both behaves adequately, accorttir
measurement results, and also has a valid physieahing.The problem witt
Debye theory, which was originally developed fotgp@ases and dilute solutio
of polar liquids, was that “there is a siderable amount of experimental evide
to indicate that equations ... are not correct dpsori of the observed frequen
dependence of such proces: (Cole & Cole, Dispersion and Absorption
Dielectrics, 1941) Solutionproposed by Kenneth S. Cole, and Rc H. Cole in
their famous papewas an introduction of a parameter

(W) = € + (89 — €00) /(1 + jTx) ™™ (1.12)

The effect of parameter is that center of the circular line in phasor diayg is
shifted from the reahxis, resulting in fact in flatter line. Constariigse elemer
(CPE) was introduced instead of an ideal capasit@ebye’s model. And as the
write “The remarkable fact is that the experimenmtgdults are so generallx-
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pressed by an empirical formula involving a singgsv constant”. Unfortunately

it has been probably one of the most controveesjalations. Stress should be on
words empirical and experimental. Many works aneceoned with the meaning of
a, and resulting equivalent circuits. An interestangicism and alternative to Cole-
Cole model is proposed in recent paper by GrimmesMartinsen (Martinsen &
Grimnes, 2005). Nevertheless in the frames of tireeat work it is important to
note that within certain frequency limits andwy, Debye’s ideal model is behaving
very similarly to more complex representations. Theee-element equivalent is
roughly valid over few decades:

-Im 7

|Zl (wh)|

1 (@n

Rez

Fig. 10. the phasor diagram of the real impedance (dotted line) compared to simplified ideal model of Debye.

1.6 Impedance of the tissue

First explanation how the cellular structure oflbgical material can be connected
with equivalent circuits can be contributed to Hulgocke and Sterne Morse
(Fricke, 1925). As Kenneth Cole explains (Cole, ckle Impedance of
Suspensions of Spheres, 1928) “their measureménite sesistance and capacity
of suspensions of red blood cells at various fragigs could accurately fitted to a
circuit of type A (Fig. 7), where they thought Bf as due to the suspending
medium,R; to interiors of the corpuscles, a@do the capacities at their surfaces”.
Drawing wider picture Herman P. Schwan says (Schwa89) “Fricke, Cole and
Curtis laid the basis of our understanding of fhéispersion. They did this by
applying the relevant Maxwell equations to cell prsions surrounded by
membranes”.
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Fig. 11. Derivation of the impedance of the typical cellular tissue sample, where r; is an intracellular resistance, re
is an extracellular resistance, and Cq is capacitance between cellular membranes (Min, Parve, Ronk, Annus, &
Paavle, Synchronous Sampling and Demodulation in an Instrument for Multifrequency Bioimpedance
Measurement, 2007).

Schwan himself laid the foundations for understagdif ana-dispersion, ang-
dispersion. Mativation behind existence of sevdisiinct dispersions is based on a
fact that different mechanisms are behind the hehanf biological material
impedance at vastly different frequencies. Appeptietween frequencies from
mHz to roughly some hundred Hz andispersion being probably the most
controversial, and needing further research antboeddion. As explained by
Grimnes and Martinsen (Grimnes & Martinsen, Bioicigrece and Bioelectricity
Basics, 2008) it is mostly due to counterion eBggerpendicular or lateral) near
the membrane surfaces, active cell membrane effectggated channels, intracel-
lular structures (e.g. sarcotubular system.), iaiifitision, and dielectric losses (at
lower frequencies the lower the conductivity). MaiWw\Wagner effects appearing
in B-dispersion deal with processes at the interfacbgden different dielectrics. If
Fricke’s model is extended towards increasing feeqy smaller and smaller
entities have their impact on the distribution frpassive cell membrane capacit-
ance, to intracellular organelle membranes, antepranolecule response. Whole
B-dispersion can be observed from kilohertz to c@ MHz, and as explained is
tightly related cellular and sub cellular structofethe biological materials. Lastly
y-dispersion from 100 MHz to 100 GHz is mostly doedipolar mechanisms in
polar media such as water, salts and proteins.
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Fig. 12. Classical picture illustrating a, 8, and y dispersions of inphase conductivity and permittivity, as clearly
separated Cole-Cole-like systems. Permittivity in biological materials typically diminishing with increasing
frequency (Grimnes & Martinsen, Bioimpedance and Bioelectricity Basics, 2008),

In spite of the long study of electrical propertidghe biological materials Schwan
while describing advanced methods for measuremehtngkes an important
statement (Schwan, 1999): “The problem with mosthefse techniques is the
complexity of the human body and its distributidrtissues of varying conductivi-
ty and permittivity, anisotropic properties at thaven with sophisticated numeri-
cal technigues, it is almost impossible to do fstd this situation. The impedance
signals received depend critically on this commerangement and simple models
will not suffice”. In any case impedance of the lamitissue varies largely both in
frequency, and also depending which tissue and isomeasured. Some indica-
tions for expected parameters can be found inaliee, like (Gabriel, Lau, &
Gabriel, 1996). Electrical impedance of biological objects or electrical bio-
impedance (EBI) is measured with the aim to gedrimftion about the biological
processes taking place inside the living organisrom the general point of view
of the measurement, there is no significant difieeebetween the EBI and other
impedances, like the impedance of chemical ceits,BRut as biological objects are
structurally complicated, the bioimpedance has etsoplicated equivalent circuit.
Situation is further complicated by the fact, tiias possible to measure directly
only the active and reactive componeRtandX of the complex impedance (&
andB of the complex admittance), which are mutuallygiradrature. To be used
for mathematical conversiori® and X must be measured with required accuracy.
For test purposes equivalent schematics was caetstido mimic heart muscle
behavior in frequency range from 100 Hz to 10 MBomplexity and frequency
characteristics can be observed on Fig. 13:
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Fig. 13. Test circuit for modeling and testing heart muscle tissue impedance measurement solutions.

Reasons causing specifics in the means for EBI uneagnt come from the fact,
that in medical devices for specific applicationfetdent biological processes are
of interest. So also the demands to the measurepnec¢ss and to the results of
this process can differ significantly. Consideringart tissue in frequency range
from kilohertz to megahertz, results are expectede less than 1000 ohm.
Simulation results of the heart tissue impedanesesaiown on Fig. 14 (Gordon,

2007).
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Fig. 14. Cross-section of the first frame of 3D dynamic model. Numbers 1-12 represent electrodes in the
simulation inside heart. Electrodes 1 and 4 are used for excitation. Impedance variation is shown for electrodes
1,2 and 3 in reference to electrode 4 (Gordon, 2007).

There is another factor which is rarely mentioneddnnection with impedance of
biological objects, but nevertheless affects maeamant results — temperature. Any
and all materials and substances change theirielgbarameters as a function of
temperature, and even though subject under inaigtigis ultimately a human,
and therefore homoeothermic, keeping more or l&edsle temperature, tempera-
ture still varies, and will influence measuremezduits. Even more when patient in
unhealthy state is investigated. It warrants siamdbus temperature measurements
in order to make comparison between different tests

1.7 Measurement of EBI, basic considerations

Let’s start with object under investigation, andeections to it. Simplest way to
make the measurements is on Fig. 15:
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response

Fig. 15. Basics of the bioimpedance measurement: current injected, and voltage at the terminals is measured.

Unfortunately it is rather useless for practical asirements. In addition to
problems mentioned above there are additionalcdiffes to be dealt with. First of
all connections to the object. In case of biolobitssue connection is achieved
with electrodes. Even without considering electragastruction in detail it is
apparent that they have their own contribution teasured impedance, further
complicated by the complex interface between eabeetrand the object. Not
surprisingly a typical linear equivalent circuitrfelectrode on skin surface is Cole
type B circuit (Fig. 9) (Northrop, 2004). To certagxtent their impact can be
minimized with method traditionally contributed Milliam Thomson, better
known as Lord Kelvin (1824 —1907). While Kelvin dgee, invented the in 1861 to
measure very low resistances, was certainly an ritapbstep, first true tetrapolar
(Fig. 16) measurements of electrolytic resistivitiere probably conducted by
Jonas Ferdinand Gabriel Lippmann in 1873 (Gedd886)1 Friedrich Wilhelm
Georg Kohlrausch should also be credited for histridmution in the area of
precision measurements of electrolytes (Gedde$)199

Excitation current
I'source \

*——>
' Voltage
Z response

o—>

Fig. 16. Measurement of the bioimpedance with Kelvin type electrodes.

If current source can be considered near idegl,{, > Z), and if voltage
response is picked up by an ideal voltmeggy, & o), then electrode impedances
will have negligible effect on measured result.’setxamine four lead measure-
ment configurations in more detail (Fig. 17):
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Fig. 17. Impedance measurement setup with unwanted parasitics shown.

Current sourcé has its internal impedance, which even if high @aod) design, i:
certainly not absent, and furthermdit is frequency dependent. In good curr
source £; and Z%; are equal, and very high relative to impedancédefttiological
object under examinationy, , and current sources ground connection is at
symmetrical to output leads. Ideally floating cmtreource should be used, but i
technically very challenging. Next impedances & kbads , and electrodese
are canected in series with current source, which iradoht reduce the maximu
output swing of the real source, and if not calgfyglanned could also ha
considerable effect on the magnitude and phaseeobttput current. Biologic:
object 4, adds to pssible error sources several parasitic impedane. They do
depend on the electrode placement, constructiod, wiimately on an objec
composition itself. Current injected into complaexdausually anisotropic biologic
object will have, besides inteed current path through part of interest Z, se\
current paths which could render results uselessatoleast very difficult t
interpret, if not considered very carefully. Impadas of the voltage pickt
electrodes ¢ and leads ¢, in conjunction wih input impedance of the volta
measurement unit,Zwill further distort measurement rest

Separate ring of problems is formed by ground cotimes, and associat
connecting impedancess. Partly because of the possible common mode \exd
appeamg in case of asymmetries, partly because outsideaament will inevia-
bly inject into measurement setup noise, and dishwres. In symmetrical circ,
sources of outside signals between separate growildsadd common mod
voltage which can be reduced with well designedudry, but certainly no
eliminated, if however circuit is not symmetricédrgals became differential, a
will pass through tohe signal processing unit, possibly making havodhia
measured results due to idealities of the signal processing chain. It ipartant
to note thatwhile all these sources of errors can be considexed their effect
reasonably minimized, theyill be inherently present in any measurement s¢

-20 -



Using four lead or Kelvin type tetrapolar connegtio object does not eliminate
impedance of the leads, impedance of the connediegtirodes, and problems
related to the complexity of the biological matksjait will only reduce error
contribution of these factors if carefully plannéchere are many good sources
discussing these effects such as (Grimnes & MaminsSources of Error in
Tetrapolar Impedance Measurements on BiomatenmlsCGther lonic Conductors,
2006). Therefore achievement of high accuracy, ranst importantly repeatabili-
ty, of impedance measurements is very hard if nggossible task to handle in
wide frequency band. Fortunately long term averafy&, or base impedance is
rarely interesting in itself. Instead relative aions inZ have often a diagnostic
value, either shorter time modulations or longemtevander.

e Z=MRAR {(UXX) =2 +42
i Zo R+AR
: | :> time
\“‘AZ - ]': tlme)%‘l‘dx
a) b)
-iX Z(t
X(t) /()
AZ(t)
Xo :
20l 7"
o]
D()
ROR) R

Fig. 18. Time varying impedance and its phasor diagram.

These variations in Z can be contributed to manyces in living tissue, such as
mechanical movements in body parts, including, ot limited to, heartbeat,
blood flow, breathing, and movement of limbs. Settgpislower variations in tissue
should be considered. It can happen because oflaagyprocesses, like aging, but
also due to various abnormalities in operatiore Bppearance of tumors, blockage
of blood flow, or ultimately because of disintegpatof the cellular structure of the
biological material.
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Fig. 19. Typical picture of biomodulation of the impedance, mostly cased by breathing, and heartbeat.

If heart tissue is considered then two main couatdis to changes in EBI are heart
beating, and breathing. In connection with measergsit is important to note that
separation of these two processes by signal priogess not an easy task. If an
healthy subject’s heartbeat is usually faster thiagathing, then when examining
pathologies they can have overlapping frequencyctsppeand in severe cases
breathing can be even faster than heartbeat. Saeetmiques are proposed to
tackle the problem. One of the most promising iagesof the adaptive shape
locked filtering of these two highly varying sigealKrivoshei, 2009). Formation
of the resulting waveform, and resulting currenthpain case of impedance
measurements for aiding pacing process can beisegmplified image Fig. 19,
and Fig. 20.

Pacemaker

S

Bio-Impedarice
Measurerent
Unit ¢

Fig. 20. Path of the current through lungs and heart for bioimpedance measurement (Min, et al., 2007).

One of the biggest challenges warranting intraeardinpedance measurements is
estimation of the hearts stroke volume. It is tgfic multiclectrode invasive
measurement. Electrode placement inside the haartbe seen schematically in
Fig. 21.
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catheter
electrodes

Fig. 21. Electrode placement for measurement of the intracardiac impedance (Min, et al., 2007).

Conducting invasive measurements inside heart @lesiging task. Due to
intricate nature of heart tissue it is generally anough to use one set of elec-
trodes, and one measurement channel. In certa@s egsmany as 16 electrodes are
used, and furthermore impedances between arbsegs/from these 16 electrodes
are measured in order to get eligible picture efuhderlying biological processes.
Task is further complicated by fact that measureniiself should not interfere
with the normal heart operation in any way. Allonadrent levels should be kept
at very low safe levels. Typically some microampgedepending on measurement
frequency. In case of pacing aids severe energst@nts should be considered as
well. Fortunately the last problem is not so impattif impedance is measured
during open chest surgery, where outside apparednsbe used. Nevertheless
security and dependability requirements for suchgaratus are very high.

1.8 Voltage pickup basics

Simplified measurement setup from Fig. 16 is com®d again, and additional
components are added for further discussion FigCR2rent is transmitted through
the tissue, it seeks path of least resistance |aje»® response voltage is measured,
and impedance to this current is estimated. Voltagponse from voltage pickup
electrodes is first conditioned by amplifi@r In order to minimize adverse effects
from the surrounding environment it is strongly fpreed to use instrumentation
amplifier with fully differential high impedance pat. It is familiar from other
bioelectricity measurement systems, such as ECGumeent, but similarity is
only apparent. Usual frequency range for ECG measent is well below 1kHz.
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Fig. 22. Measurement of the bioimpedance with Kelvin type electrodes, and with synchronous signal processing.

In case of EBI measurement, that range is typioaended to several hundred
kilohertz, and preferably even further, up to samegahertz. There are no off the
self instrumentation amplifiers available for suclvide frequency range. Further,
since the input signal is typically very low, inari- and millivolt range, noise
parameters of such an amplifier should be exemplanorder to comply with
possibly large disturbances at the input it shd@dble to work linearly also when
common mode signals in volt range are presenteatngput. While high common
mode rejection ratio (CMRR) is relatively easy thiave at lower frequencies,
problems became apparent in kilohertz, and megafrequencies. Design of such
an amplifier is not a trivial task, but it is ey possible to achieve good results.

Bigger problems become apparent when multielectrmmidiguration with arbi-
trary electrode selection is considered. It is possible to introduce switching
matrix between electrodes and voltage pickup arepliexcept when switching is
done manually, which is not an option for fully ammatic modern device. In
modern electronics fast and reliable switchingdbi@ved with CMOS switching
elements. Unfortunately they do introduce seveeahgitic elements into mea-
surement path. Most notably inherent capacitantggchwfrom one side prevents
ideal decoupling between switch sides, when swikhdisengaged, and also
reduces higher frequency components, by forrii@jow pass filter. It is apparent
that when very high input impedance of the amplifg&considered, then parallel
capacitance destroys it immediately. On the otteerdh if the switch is behind
amplifier, where low impedance coupling to the sWitan be achieved, differen-
tial configuration of the input stage is almost oapible. One compromise is to use
low noise, highly linear voltage followers at thesf stage, and fully differential
channel after the switch matrix.
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In order to achieve best signal to noise ratio (phRRximum amplification should
generally be at the beginning of the signal pathth& same time wide range of
input voltages should be considered, and theredoree gain control should be
applied. In case of 16 electrodes, it means thagaié controlled wideband, low
noise amplifiers should be used, which is not vecgnomical, and also affects
energy consumption of the system. Even bigger probk that these amplifiers
would amplify both the differential signal of ingst, and possibly much stronger
common mode signal. Therefore amplification shdwdlimited to comply with
larger signal, in order to stay within linear range

These controversial requirements dictate that divgion at the first stage should
be kept minimal even if it is not favorable when Bl considered, and main
contribution to gain will come after switching matm fully differential channel.

1.9 Aspects of the signal processing

After preliminary conditioning, impedance conversiewitching, and amplifica-
tion, signals are introduced into processing endfrtbe current waveform is taken
for reference, and therefore the phase angle= 0, then calculations are very
simpleZ = V/I = Re(V/I) + jIm(V/I). It gets even simpler if is normalized,
and division with 1 can be omitted. Impedance aameasured in two ways, either
by detecting its magnitude and finding voltage ghasgle with current, or by
measuring directlyRe and Im parts of response voltage, by finding correlation
coefficients with reference sinusoid, and referecasinusoid 90 degrees apart. It
can be easily achieved by multiplying response viiphase, and quadrature
sinusoids to excitation signal, and by low pagserithg (LPF) the result. If response
signal with amplitude A, and phase anglg is considered, and reference signal
amplitude is unity, then from elementary trigonomédor Rechannel:

Asin(wt + ¢,) * sin(wt) = %* cos(¢py) — 2 * cos(2wt + @y) (1.13)

And after ideal LPF double frequency componentosgletely removed and DC
result will beA/2 = cos (¢,,), and consequently for tHen channel result will be

A/2 * sin(@,).

In real world things are more complicated than .tl&hce the excitation signal
passes through various schematic components aretianpes, the reference phase
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angle is not 0 degrees anymore. So first of allaierfrequency and setup depen-
dent correctiom@ # 0 should be introduced and used during calculatitinsan
be roughly estimated by analysis, but better yeait be measured during calibra-
tion phase, when know, usually suitableR, is placed into circuit. With same
calibration procedure also an inherent amplitud®recan be corrected. It is
important to bear in mind that these corrections faequency dependent, and
should be calculated for all frequencies of impactaseparately.

One of the questions needing an answer during niggigse is placement of an
analog to digital converter (ADC) within signal pessing chain. If ideal or
arbitrarily good components could be used thengptent of the ADC is arbitrary,
when considering real components restrictions afmy's start first with analog
synchronous demodulation, following analog low p#i$sring, and then conver-
sion into digital domain following outpu® andX on Fig. 22. Usually biomodula-
tion of the impedance signal can be in the rangm0,1%, or even lower, when
noninvasive measurements are considered on thecsusf the object, to some tens
of percent from whole signal if invasive local measnents are considered, such
as measurement of the heart functions during opestsurgery. Frequency range
of these modulations is well below some hundredzhemd therefore sampling
frequency of let's say 1kHz is fully satisfactony & view of Nyquist—Shannon
criterion, and even with modest filtering. Thereasiple of good quality AD
converters from many different manufacturers a thlatively low frequency. 24
bit low distortion converters will allow measuremerf 0,1% modulation, even if
some dynamic margin is left, with 10-12 bit resmof which is usually more than
enough. Low frequency low pass analog filtering obef converter will also
considerably reduce disturbances from surroundmgrenment. There are still
some drawbacks. One of which is that correct anadolgiplication is difficult task
to handle. Real multipliers have linearity problenasd their accuracy is not
sufficiently good. Therefore multiplication of twanusoids is often replaced with
multiplication of the response sinusoid with squamese signals. It can be easily
accomplished with CMOS switches, and with very goeslilts. Problem with such
a multiplier is in the frequency composition of teguare wave signal. Such a
multiplier is sensitive not only to the fundamenkarmonic, but also to higher
harmonics, and allows also noise leakage into reSd very clean sine wave
excitation signal should be used, and non-linearfithe object under investigation
should not cause significant higher harmonics ie tesponse signal. Biggest
problem however comes from different angle. In camsdtichannel measurement
of the impedance is needed, like with multiple &lmes in living heart, amount of
analog multipliers needed is multiplied by channember. If at the same time
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simultaneous measurement at several different éegjas is required, amount of
multipliers needed is further increased (Fig. 2ultNtequency analyzer with
massively parallel synchronous demodulator circuit$our channel measurement
at eight different frequencies simultaneously igfqgrened, then required amount of
multipliers is 4*8*2=64 (two multipliers for eacthannel and at each frequency for
Im and Re values), which is at least not trivial anymore.d&d to that also low
pass filters are required for each channel, and suoprisingly separate AD
converters, or multiplexing of the inputs to corteer
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Fig. 23. Multifrequency analyzer with massively parallel synchronous demodulator circuits.

While space, unwanted leakage of the signals betwi#éerent parts and energy
consuming in analog domain is critical in many dasi multiplication, and

filtering in digital domain is just a question adraputing power, cleverness of the
signal processing methods and algorithms and amliedser extent also power
consumption. More importantly digital signal prosieg is relatively easily

scalable. By moving digitalization of the signalverds the beginning of the signal
processing channel new problems emerge. Letscfirssider speed issues. Digita-
lization at 1 kHz is rather trivial task with modezomponent base. When millions,
or even billions, of samples per second are reduiteen digitalization becomes
considerably more problematic. While digitizers séxat gigasample per second
speeds, they are far from the precision of theirelofrequency counterparts, and
resolution is usually limited with 8 bits. Addedttee problem of the reduction of
precision and resolution is the need to digitizmahe so called carrier signal. Not
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the near DC result of multiplication, as it is wihalog multipliers followed by the

low pass filters, but the full response sinusoidl w&ppear at the input of the

converter. Further all the possible disturbancesifsurrounding environment will

add to the problem, and reduce available dynanmnigaalmpact of the carrier can
be minimized by the usage of so called compensatiethod. Practical work in

that area (Annus, Lamp, Min, & Paavle, 2005) hasghthat 6-8 bit improvement

can be achieved, by subtracting carrier from tlspoase signal. Method requires
knowledge of the amplitude and phase of the respsigmal.

An interesting digitalization option is so callegnshronous sampling (Pallas
Areny & Webster, 1993) . It is possible to adjusmpling positions according to
the known excitation signal. If samples are takemfthe points where excitation
signal has zero and maximum values, real and iraagiparts of the response
signal can be calculated by simple addition andraation of the relevant samples.
In addition the additive component can be foundhwimilar mathematics, which
may be beneficial for simultaneous ECG/ ICG measere (Min, Parve, Ronk,

Annus, & Paavle, Synchronous Sampling and Demoidunlah an Instrument for

Multifrequency Bioimpedance Measurement, 2007).
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Fig. 24. Measurement of the bioimpedance with digital synchronous undersampling and signal processing.

Restrictions posed by fundamental Nyquist—-Shanmoit (Jerri, 1977) can be

reduced with synchronous undersampling (Fig. 24)@reful choice of excitation

frequencies (Min, Land, Martens, Parve, & Ronk, £20@&nd further by applying
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more complicated digital alias free signal proaagsiDASP) (Bilinskis, 2007)
methods. However there is another fundamental.li@dnal to noise ratio achiev-
able after digitizing depends, among other thimgspumber of samples available.
It can be roughly estimated that SNR will improvighw/n, where n is number of
available samples for calculation.

1.10 Impact of noise and disturbances

While conducting real impedance, or in broader viawact any measurements
unwanted side effects do occur. Some of them amsechby very fundamental
physical effects, some of them sneakily leak invoigably from surrounding
environment, and some are just plainly caused Ioyisheal apparatus and methods.
There is something common in all of these: thepaot can be minimized accord-
ing to some criterion, but it is not possible tangetely avoid errors caused by
unwanted side effects. Johnson—Nyquist noise,evntll noise, is generated by the
random thermal agitation of the charge carrierddasny electrical conductor at
equilibrium, and it happens regardless of any appiroltage. Thermal noise is
approximately white, meaning that the power spedensity is nearly equal
throughout the frequency spectrum. Additionallye #implitude of the signal has
very nearly a Gaussian probability density functitbrwas first measured by John
Bertrand Johnson at Bell Labs in 1928 (Johnson,JL¥8), and later explained in
detail by Harry Theodor Nyquist (Nyquist, 1928)hdsons coworker at the time.
Thermal noise is distinct from shot noise, whicmsists of additional current
fluctuations that occur when a voltage is appliad a macroscopic current starts
to flow. For the general case, the above definitipplies to charge carriers in any
type of conducting medium, like ions in an electte) not just resistors, however it
is usually modeled as a voltage source represetitiagnoise of the non-ideal
resistor in series with an ideal noise free resistoa way known today as Théve-
nin equivalent circuit.

In reality such a circuit was first derived by Hemm von Helmholtz in his 1853
paper and its application was illustrated. Thirgaks later Léon Charles Thévenin
working for France’s Postes et Télégraphes, pubtithe same result (Johnson D.
H., 2001) apparently unaware of Helmholtz’'s workthe context of this thesis it
is interesting to note that in 1853 Helmholtz, wHikeing an associate professor of
physiology at Kénigsburg, published in Poggendofffgialen a paper “Some laws
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concerning the distribution of electric currentscionductors with applications to
experiments on animal electricity.” It was basedh@note published year before.
In this paper, Helmholtz described how locationglettromotive force generators
can be determined form measurements of currentsvaltages in muscle tissue.
He described how the recent works of Kirchhoff, &auOhm and others can help
to determine how the “animal electricity” flows.

For practical measurement tasks is useful to vegeation describing root mean
square (RMS) value of the voltage generated by @hiéwmnoise source:

v, = JAksTRAS (1.14)

Wherekg is Boltzmann's constant in joules per Kelvinis the resistor's absolute
temperature in degrees of KelvR s the resistor value in ohm&), andAf is the
bandwidth in hertz over which the noise is measufé@ noise source can also be
modeled by a current source in parallel with trester, called the Norton equiva-
lent circuit. As it was with Thévenin's equivaletitere is certain amount of
controversy involved in who actually describediristt Hause-Siemens researcher
Hans Ferdinand Mayer published in November 192&rtale "On the equivalent-
circuit scheme of the amplifier tube.”, in which Hbescribes the transformation
between Thévenin and an equivalent current souased circuit. At the same
month Edward Lawry Norton, an accomplished Bell 4 &mgineer wrote internal
technical report at Bell Labs called “Design of iE@nNetworks for Uniform
Frequency Characteristic”, where a short paragdgscribing the current-source
equivalent appears (Johnson D. H., 2001).

The RMS value of the noise current of the Nortooieglent circuit based noise
generator can be simply written as:

L, = /@ (1.15)

Thermal noise in aRC integrating circuit is referred to &3 C noise, and has an
unusually simple expression, as the value of tsestance drops out of the equa-
tion. This is because highBrcontributes to more filtering as well as to moogse.
The noise is not caused by the capacitor itself,biyuthe thermodynamic equili-
brium of the amount of charge on the capacitohsanherent Johnson noise of an
RC circuit can be seen as an effect of the thermaaymalistribution of the
number of electrons on the capacitor, even withbetinvolvement of a resistor.
Formula for the RMS noise voltage generated in sufiher is:
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v, = JkgT/C (1.16)

Typically these low pasRC circuits appear in many places during synchronous
demodulation (Karvonen, Riley, & Kostamovaara, 200Thermal noise is
intrinsic to all objects and as such it manifesself at every step of impedance
measurement. Starting with the noise of the cumgenerator, through impedances
of the cables, electrodes, bio-object itself, ® tloise generating input impedance
of the voltage pickup amplifier. While it may beraist impossible to calculate the
actual value of the resulting noise of all conttibg elements it is important to
note its wide frequency band, omnipresence, andsemprences on signal
processing.

Another category of signals disturbing measurerpentess are generated outside
of the measurement setup. Some of them are manrmeade,as mains leakage,
high energy signals from defibrillators, and eleetr knives, some are not.
Common to them is that measures can be taken iom&them. Invented in 1836
by Michael Faraday, Faraday cage or Faraday skdetth enclosure formed by
conducting material, or by a mesh of such matefiath an enclosure blocks out
external static electric fields. A Faraday cagg@sration depends on the fact that
an external static electrical field will cause tectrical charges within the cage's
conducting material to redistribute themselves stoacancel the field's effects in
the cage's interior. This phenomenon is used, famgle, to protect electronic
equipment from lightning strikes and other eledatis discharges. Faraday cages
can't block static and slowly varying magneticdiebuch as Earth's magnetic field.
To a large degree though, they also shield theianttrom external electromagnet-
ic radiation if the conductor is thick enough amy &oles are significantly smaller
than the radiation's wavelength. While effectivaniay prove difficult to place a
patient inside such an enclosure, and it does unartdgfrom disturbances generated
inside enclosure during medical procedures, anthdégical apparatus.

There are still measures to minimize the effectthefexternal disturbing electro-
magnetic fields on the measurement result. Firsllaheasurement apparatus itself
and all the connections to and from it can, andepably should, be shielded.
Unavoidable connections to other equipment canuiialdy filtered, and in some
cases replaced by the optical cables, not suste(itib electromagnetical pickup.
Later would also serve as a safety precautionHerdbject under measurement.
Signals picked up by the object under investigationld be reduced by suitably
placed low impedance ground connections. Unforelpaiften these connections
are forbidden by other rules and regulations, mahik to safety issues.

-31 -



Another way to reduce capacitively coupled pertodies is extensive usage of
differential measurement methods. In case of diffgally coupled amplifier
chances are that most of the coupled signals aggeasmmon mode voltage at the
input. Problems with such an approach are linketi Vimnited linear range of the
amplifier input, as well as with low common modgeotion ratio (CMMR) at
higher frequencies of interest. Situation still tenimproved when amplifier units
ground is connected with patient in three electnoidkup scheme, or if the patient
Is actively driven in phase with the disturbing ecoon mode voltage. It is dis-
cussed in many papers over the time, and used iy matruments. Good over-
view can be found in (Boone & Holder, 1996). If theplifier unit is suitably
isolated, safety restrictions may not apply, addaily safety resistors could be
inserted.

1.11 Multifrequency and multisite measurement considerabns

As stated above biological material can be highis@tropic, and not homogen-
ous. Therefore measurement between certain dissiectof electrodes can be
highly misleading. Often it is counterbalanced bynducting measurements
between many different electrodes. Such a measuteca® be done sequentially
in time, but if biomodulation of the signals is iofiportance simultaneous mea-
surements are needed. One way to achieve this é®riduct measurements at
several slightly differing frequencies. In this easpedances between different
points can be separated, and values will not vamghhdue to almost identical
frequencies:

Visp 4
Z f,
2

Fig. 25. Impedance measurement in case of two currents with slightly differing frequencies f1, and f2, injected
from different points.

Similar but different task is accomplished when éu@nce variations at vastly

different frequencies are measured. From discussiothe impedance of the

biological tissues is evident that different pramss can be characterized at
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different frequencies. Current path depending aritatton frequency will result in
iImpedance measured having different informatiortexn

vt My
Z

Fig. 26 Impedance measurement in case of two currents with highly differing frequencies f1, and f2, injected from
the same point.

In even more complex cases multisite and multifeeqy measurement are needed
simultaneously. One of the difficulties associatdth such a measurement setup,
namely multiplication of the amount of requiredr&g processing units, is briefly
discussed already. Question arises whether it ssiple to optimize such a
complex measurement by applying different signats @grocessing methods.

1.12 Signals and processing revisited

According to definition electrical impedane or simply impedance, describes a
measure of opposition to a sinusoidal alternatinmgent (AC). In its complex form
Z=V/I=R+jX, and it is frequency dependent. It is thereforedaw from
definition that impedance can be, and in fact sthdid, measured with sinusoidal
excitation current. Are there at all other pos#tibs when choosing excitation
signals? Fortunately the question here is answale@dy by Johann Carl Frie-
drich Gauss in 1805 and Jean Baptiste Joseph Fauid807 (Heideman, Johnson,
& Burrus, 1984). Gauss did discover what is esaéytiknown today as fast
Fourier transform (FFT), and is generally contrdzlito James William Cooley and
John Wilder Tukey. Famous paper, published in 18¢5Cooley and Tukey,
describes very similar FFT algorithm, which ledato explosion in digital signal
processing (Duhamel & Vetterli, 1990). So in facauss’'s work preceded even
Fourier's own groundbreaking theories, and as terofhappens was almost
forgotten for coming hundred and fifty years. Irithinvited paper P. Duhamel,
and M. Vetterli note quite rightfully: “Considerindpis history, one may wonder
how many other algorithms or ideas are just slegpirsome notebook or obscure
publication...” (Duhamel & Vetterli, 1990). Gauss eé&ped his computationally
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efficient method for interpolation of the orbits cdlestial bodies. Fourier in turn
was interested in heat propagation, and claimednéisfly that any continuous
periodic signal could be represented as the supnagferly chosen sinusoids. That
claim proved to be both bold and revolutionary, aather controversial as well. It
ignited dispute between the reviewers of his payérile Pierre-Simon Laplace,
who in turn formulated Laplace's equation, and @@ad the Laplace transform
which appears in many branches of mathematicalipgyand is more general then
Fourier's counterpart, was voting for publishing tiffe paper, Joseph-Louis
Lagrange adamantly protested against it. Proteste Wwased on the fact that such
an approach could not be used to represent sigiilsharp corners, or in another
words with discontinuous slopes, such as squaresvdlispute lasted up to 1898,
when Josiah Willard Gibbs published a paper on iEoweries in which he
discussed the example of what today would be callesawtooth wave, and
described the graph obtained as a limit of the lggagf the partial sums of the
Fourier series. Interestingly in this paper heeféito notice the phenomenon that
bears his name, and the limit he described wasreco In 1899 he published a
correction to his paper in which he describes thenpmenon and points out the
important distinction between the limit of the gnapand the graph of the function
that is the limit of the partial sums of the Fourseries. Maxime Bbcher gave a
detailed mathematical analysis of the phenomend®@6 and named it the Gibbs
phenomenon. In essence both Lagrange and Fourier mght. While it is not
possible to construct signals with sharp cornemsfsinusoids it is possible to get
so close that the difference in energy betweeretsegmals is zero. If real signals
from nature are concerned instead of exact andlypunathematical curiosities
problem is even smaller. So for all practical sigmacessing tasks it is indeed
possible to state that any real signal can be naistd from sinusoids. In signal
processing terms all non sinusoidal signals withdamental frequency do have
higher sinusoidal harmonics. It apparently alsowems the question regarding
measurement of the impedance: any real signal earséd for measurement of the
impedance, provided that its spectral compositsoronsidered.

But before going any further is probably good tewer the question why it is
useful to consider other then sinusoidal excitatidror a single frequency mea-
surement simpler hardware and simpler signal psicgs and ultimately lower
cost and energy consumption can be the moving facWhile sinusoidal excita-
tion is best by definition several alternative wlaves can be considered with
acceptable results. Simplest alternative is squaee signal or signal which can
be described by the Rademacher function (Fig. Qg of the possible definitions
of the Rademacher functidg(x) is the sign o6in(2'zx), for a non-negative integer
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n. For n=1 thereforeR(t) = sign(sin(2rt)), whereR(t) denotes here a Rade-
macher function.
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Fig. 27. the Rademacher function of n=1, or just simply an odd square wave.

In order to see the difference between square wagesinusoid it is convenient to
consider the Fourier series of the square wave avitplitude 1. Since function is
odd, i.e.- f(x) = f(—x), Fourier series of the function will contain orsliynusoid-
al members (frequendy w/2x):

_ 4 % sin((2n-Dwt) 4. . 1. 1.
f) = ﬂzn=1—2n_1 = (sin(wt) + 3 sin(Bwt) + - sin(5wt) + -++)
(1.17)

Unfortunately severe problems appear if measuresnesith square waves are
conducted. The measurement is no longer conductedimgle well defined
frequency, but instead produces results also ohehignarmonics. It could be
largely ignored if during signal processing mulgption is conducted with
sinusoidal signals, unfortunately as it was disedssbove, often it is accomplished
with same rectangular signal instead, and energy fal the higher harmonics is
summed to the fundamental, and becomes undistimgiis. Also spectral impact
from non linearity’s of the object (or apparatuahoot be separated from desired
response signal. Spectra resulting from such aipliaition can be seen on Fig. 31
with dotted line. There is another way of looking feow the errors appear
(Kuhlberg, Land, Min, & Parve, 2003). Let’s consigdhase sensitivity characteris-
tics of the synchronous demodulator (SD):
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Fig. 28. Quality of synchronous demodulation in case of different signal waveform. From left to right sine wave,
square wave, and modified square wave.

From Fig. 28 it is clear that synchronous demodaulptoduces different results in
case of fully square wave system and in case afseidal system. Fortunately
there is very simple method for reducing errorsoiiticed by higher harmonics.
Let's consider sum of two square waves with sarequency and amplitude, one
of them shifted in phase lydegrees, and anothep degrees. Such a double shift
is preferable, since resulting function is agaird.oth signal processing odd
functions are more natural, because negative tenasually meaningless, and
signals start at t=0. Care must be taken that inynmathematical textbooks, and
more importantly in different programs, even fuaons are considered instead.
Should the summary phase shift 2e equal to the half period or odd multiply of
half periods of any higher harmonic such a harmaviicbe eliminated from the
signal, since sum of to equal sinusoids with 18@rele shift is zero. Main differ-
ence with simple square wave is in appearing tleivel with zero value, so it is
reasonable to call them shortened square wavese Bmerally spectra of these
signals can be derived from Fourier series:

f) = iz cos(@n-hp)sin(@n-Dwt) _ 4 (cos B sin(wt) + cos3p sin(3wt) +
T n=1 2n—1 T 3

@sin(sfm) + o) (1.18)
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Two of these shortened square waves are of spetgaést. In order to remové’3
and %" harmonics from the signal (as they cause mostfiignt errors) 18 degree
and 30 degree shifts are useful. First of themoisl of 5", 15" , etc harmonics,
and second 8, 9" 15" etc. harmonics. Both of these three level signdth
amplitude A are shown on Fig. 29. The third leveésl not introduce much added
complexity from signal processing view. Both getiera with digital logic, and
also synchronous rectification with CMOS switchestraightforward (Min, Kink,
Land, & Parve, 2006).

A
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Fig. 29. 18, and 30 degree shortened signals with amplitude A (Min, Kink, Land, & Parve, 2006).

If one of them is used as excitation signal anckiotds rectifying reference result
will be much cleaner spectrally then it was witmgie square waves, Fig. 31 white
rectangles. These two waveforms were chosen, beaamaplete elimination of

certain harmonics was desired. One possible opdiiniz approach would be to
find shortened square wave with lowest summary ggnef higher harmonics.

Relative dependence of the energy of the highanbaics from shortening angle
can be seen on Fig. 30:

Fig. 30. Relative dependence of the energy of the higher harmonics from shortening angle.

If shortened square wave is used only in synchrem@modulator, then choice of
22,5 degree of shortening is obvious. Comparediqusly discussed shortened
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square waves generation of such a signal requiteh nower clock frequency, at

least 30 times higher than resulting signal vegstises higher, and consequently
is more energy efficient, or alternatively allowsage of higher frequency signals
at the same clock rate.

]l

impact of the harmonic n in dB
n
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1 3 5 7 9 11131517 1921 232527 29 31

order of the harmonic

Fig. 31. Impact of the harmonics, in case of ordinary square wave (dotted line), simple shortened square wave
(white boxes), and multilevel shortened square wave (black boxes) (Annus, Min, & Ojarand, 2009).

If 18 degree and 30 degree shortened signals astdsoed, then apparently there
are still coinciding higher harmonics in both silgneCould the same summing
procedure produce further improvement without madided complexity, if more
square waves are added together? The answer i jf@sd summed waveform is
added into palette, namely 42 degrees shifted ¢berbination of these three gives
very promising results. Three interesting and stithple signals are considered as
combinations of previously mentioned summed sigrfalst and most obvious is
sum of 18, 30, and 42 degrees shortened signatssigihs 1,-1, and 1. Resulting
waveform is on Fig. 32, and spectra of the resuttn Fig. 33. Spectra of the signal
on Fig. 32 . Result is already remarkably cleamengared to simple square wave.
It could be one of the candidates for use in derdatdis, besides simpler 22,5
degree shortened square wave, when excitationusaidal.
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Fig. 32. Resulting waveform from summing of three shortened signals with weights 1, -1, and 1 (Annus, Min, &
Ojarand, 2009).

25

N
o

-
(5]

-
o

magnitude of the harmonic -
% from fundamental frequency
[6,]

|

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Fig. 33. Spectra of the signal on Fig. 32 (Annus, Min, & Ojarand, 2009).

If on the other hand excitation is also shorterspehse wave, then following pair of
signals is suggested (Annus, Min, & Ojarand, Smatiesquare wave waveforms in
synchronous signal processing, 2008). First of tieesum of all three components
with coefficients 1,1, and 1, Fig. 34. Spectraloé summed signal is on Fig. 35.
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Fig. 34. Sum of three shortened waveforms with coefficients 1, 1, and 1 (Annus, Min, & Ojarand, 2009).
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Fig. 35. Spectra of the signal on Fig. 34 (Annus, Min, & Ojarand, 2009).

Suitable counterpart summed with coefficients 2,afd 1 is on Fig. 36, and
spectra on Fig. 37:

-40 -



B,=nn0

B,=mnl6 A

A

B =7n1/30
o

2A

Fig. 36. Sum of three shortened waveforms with coefficients 2, -1, and 1 (Annus, Min, & Ojarand, 2009).
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Fig. 37. Spectra of the signal on Fig. 36 (Annus, Min, & Ojarand, 2009).

Comparison of the multiplication results (Fig. 3hows significant improvement
over previous result. Nevertheless same clock speedilty still applies as with
simpler solution.

Entirely different approach for elimination of higthharmonics by summing square
waves is based on fact, that as square wave cagpbesented by sum of indefi-
nitely many sinuses according to Fourier serigapat same is true also in reverse

-41 -



order, i.e. sine wave can be approximated with nmaquare waves with different
frequencies added together.

One way of achieving it is described in (Min, Par&eRonk, Design Concepts of
Instruments for Vector Parameter Identification92P Simple piecewise (over
number of system clock periods) constant approxonaif the sine wave values is
used. Waveforms with relatively small number ofeatiént levels (3,4,5) are used,
and as with already described shortened square mateod different waveforms
are suggested for multiplication, resulting in deamultiplication product. Values
of separate discrete levels are determined acaptdin

ag = sin((ﬁ (2g - 1) (1.19)

Wherem is the total number of approximation levels, and 0, 1, 2, ..., nis the
approximation level number. Spectral compositiothese approximated harmonic
functions can be found according to the followingi&tion:

Wherek,, is the number of the higher harmonic, which ekisthe spectra, and
i =1,2,3... If two such signals with number of levels, andm, are multiplied,
then coinciding harmonids. can be found according to:

Wherej = 1,2,3 ... If two waveforms with m=3, and m=4 are considetbdn first
coinciding harmonics are #749" 95" 97" 143" 145" etc. As with shortened
square waves clock frequency should be relativédyr,hand furthermore these
waveforms are relatively sensitive to level erravhjch prohibits usage of higher
mvalues, and manifests itself in reappearing hidfa@monics.

There is another more mathematical approach (W&hé&ng, 2000). It involves
Mdbius functionu(n), which is 1 ifn=1, (—=1)", if nis the product of distinct
primes, and O if is divisible by prime square. If Fourier coefficie A(n), and
B(n) of an even and odd functions with perizyxd are completely multiplicative, as
it is true for square wavesd(n) = (-=1)®™Y/21/n, and B(n) = 1/n for
n=1,3,5,..., then for sinusoidal function it is pddsito write:

sinx = N5, p(mBM)Y (nx) = Y (x) = 1Y (3x) + ++ + L2 Dy ((2n - 1)x) + ..
(1.21)
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WhereY (x) = Y-, B(n)sinnx, or odd square wave. It is interesting to noté tha
many common waveforms in electronics have completalltiplicative Fourier
coefficients, and can be used to construct sinees/avsimilar manner.

Most practical sine wave approximation in electesnis achieved by method
called direct digital synthesis (DDS) (Cushing, 9p9t involves lookup table of
sine values for one period, or simply addressatdmany, and is based on rotating
phase vector pointing to that table, which doeateobased on value of the phase
register, and certain constant M describing howyntats should the phase register
increment on each step. Output of the phase to itumel converter can drive
digital to analog converters, or can be used foitali processing. Frequency of the
output sine wave of such a DDS unit is:

fout = Mfeu /2", (1.22)

wheref,;is system clock frequency used to increment phasanaulator, n is a
width of the phase accumulator in bits, and M é&xjfrency control word. Practical
limit for the output frequency is roughly 40% ofettsystem clock frequency.
Nyquist—Shannon sampling theorem would allow 50%t #epending on the
output filter design it can only be lower for reldvices. Another practical consid-
eration to bear in mind is that output amplitud®&fS is frequency dependent due
to sampling, and followsin(x) /x curve, or more precisely:

: (Tfou
— Sm( fclkt) 1 23
A(fout) = —Ffpy (1.23)

feik

1.13 Spectroscopy considerations

First of all impedance of real objects can rarety donsidered purely resistive.
Furthermore when measuring purely resistive loddis ipossible to use even
simpler excitation signals then sinusoidal, nandihgect current (DC). If on the

other hand impedance varies with frequency, asugally does, single frequency
measurement is not enough to fully describe ohjeder test. In complex cases,
like measuring electrical properties of biologisglecimens, sweeping over entire
frequency band may be warranted with our sinusadaitation. Sweeping on the
other hand is usually slow, and prohibits examoraf faster changes in object
under investigation. So sweeping does not workaiseoof the investigation of the
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biomodulation. In that case different signals can be used, from simpler sum of
many sinusoids, to more exotic waveforms.

Generally speaking the method for investigating simultaneously both the frequency
characteristics of the impedance and time characteristics of the same impedance is
called joint time-frequency analysis. There is a fundamenta limit when highest
resolution in both domainsis required: Gabor-Heisenberg uncertainty principle:

AtAw = 1/2 (1.24)

Accuracy in both time and frequency domains cannot be arbitrarily high simulta-
neoudly. As it turns out the eigenfunctions of the Fourier operator give the best
resolution in both domains (Soares, Oliveira, Cintra, & Campello de Souza, 2003)
(Gabor, 1946). Best known of them being Gaussian. Entire new field for investiga-
tions opens up with joint time-frequency analysis for finding optimal signals to
conduct it. Very interesting practical uncertainty limits can be found in (Udal,
Kukk, & Velmre, 2009). Promising, but not discussed here in detail, are different
wavelets, chirplets, and other signals suitable for time-frequency joint optimization.

Let's consider spectroscopy with sinusoidal excitation signals. Single sinusoid is
technically feasible signal, and can be reproduced quite accurately, however it
becomes increasingly costly to use simultaneously many sinusoidal signals. There
is another drawback associated with simultaneous use of multiple sinusoidal
signals — crest factor. The crest factor or peak-to-average ratio (PAR) or peak-to-
average power ratio (PAPR) is equal to the peak amplitude of a waveform divided
by its root mean square (RMS) value:

_ Ixlpeak
¢= "'ped /x rms (1.25)

With single sinusoid crest factor is V2 ~ 1,414. By summing two or more sinu-
soidal signals together the crest factor can take many different values, generally
bigger then 1,414.

Why is crest factor so important? Two reasons worth considering are: nonlinear
behavior of the object under investigation, and dynamic range of the measurement
apparatus itself. Real objects can rarely be described as linear. It means that
different excitation levels do not produce linearly dependent responses. For
practical purposes measurement signals are usually kept within narrow range of
amplitudes where object behaves approximately linearly. It is clear that such an
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approximation is better the narrower the rangeeistkin worst case high energy
pulses can even permanently alter or destroy tlecblinder investigation, and
that is certainly not acceptable when performingasseements for example on
living human tissue.

Also dynamic diapason of the apparatus is limite@m the lower side by omni-
present noise signal. If the measurement signabiigpletely buried in the noise
and cannot be restored any more the measurememitlisUpper limit is ultimately
determined by breakdown of the circuitry, or asteaith the level when measure-
ment apparatus itself becomes non linear. Formithatclear that large peaks in
excitation signal should be avoided, as well ay Vew level components which
get lost in noise. Fig. 38 is to give an impressbrvhat happens when just eight
sinusoidal signals, one octave apart from eachr athigequency, each with equal
amplitude 1, and with the same initial phase amrsad together. The crest factor
of this signal is 2,26538, and it is clearly worban crest factor of a single
sinusoid. For comparison Gaussian white noise esvehon Fig. 39. Crest factor
can be optimized, but it is not a trivial task.

I .
A A
R L i
. | L\

Time

Fig. 38. Sum of eight sinusoidal signals with different frequency.
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Fig. 39 Gaussian white noise as signal.

When performing short time computations over lormggiodic signals the signal is
measured only for a limited time. Generally it  possible to tell what happens
outside of this timeframe, or window. Assumptiomttimost algorithms make, is
that signal repeats itself exactly as it appearsuch a window, which poses a
number of problems. If sinusoidal signal is sampied time interval not equal to
exact number of periods then sharp discontinuiippear, and consequently
spectra of such a signal appears not only on sifigtgiency but in much wider
area, which is commonly called spectral leakagéhdfe are many sinusoids, with
different frequencies, leakage can interfere with ability to distinguish them
spectrally. In another words smaller components lwarhidden completely, or
distinction between separate components can jubtuseed. One way to fight this
problem is to apply smoothly diminishing windowsistead of sharply edged
rectangular window. There are many known functiatsch behave reasonably
well as windowing functions, such as Blackman, Hamgnand Hann functions for
example. However two problems do appear when smaiitiowing is used. First
of all it takes more computing power due to thetiplitation of the response with
the window function, and secondly frequency resotuis lowered. Later means
also that noise leakage into the result is higf@rtunately problem largely
disappears if rectangular widow is exactly as lasgsome exact number of full
periods of the signal, provided of course that dieturbing signals are not too
large. From one side it is easy to achieve in cAsgynchronous measurements, on
the other it poses strict restrictions on the ah@itthe measurement frequencies.
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There is additional benefit in using excitation reitp with integer number of
periods in sampling window. Number of samples candiastically reduced by
applying non uniform synchronous undersampling wa@$h(Min, Land, Méartens,

Parve, & Ronk, 2004) resulting lowered energy camstion, among other things.
The drawback is that certain samples can be vesedh time, and therefore hard
to digitize, and aliasing effects should be considevery carefully. Also noise

level will increase compared to uniform, non undempling techniques.

What are the alternatives to sinusoidal excitafiorwideband analysis? Among
simplest waveforms, signals derived from squareenare of great interest, such as
maximum length sequences (MLS). Good overview ofSvliechniques can be
found in (Cohn & Lempel, 1977). From crest factain of view they have the
best crest factor achievable namely 1. Secondly Hre very easy to generate
keeping in mind today’'s digital realm. There arengnather alternatives (Min,
Pliquett, Nacke, Barthel, Annus, & Land, 2008) .@h¢he most promising signals
Is square wave chirp, and its modifications (Miaafle, Annus, & Land, 2009).

1.14 Sourcing current

As it was mentioned previously sourcing a curremntrheasurement of impedance
is preferable over sourcing voltage, or at leasti@al world. Real circuitry has its
limits. It is important to distinguish between ltations in the current source
circuitry itself, and limiting parasitic outside tife current source. Looking back at
the Fig. 17. Impedance measurement setup with uedgparasitics shown.only
Zsi, Zsy, Zgr, andl are directly related to the current source. Frasigh point of
view alsoZ.;, andZ., could be added, as they form part of the circuityd to
some extent measures can be taken to eliminatassededfects caused by these
impedances. Electrode impedances and parasitic jratine object under investi-
gation however form a totally different group obplems. Not shown on Fig. 17
are leakage impedances from electrode wires th,eamtd also from entire current
source circuitry to noise sources which to somerxare part of the circuitry. So
in real life current source is far from being jasid ideall. Added to the complex
of problems are limitations due to active compogesftthe circuitry, and limits
imposed by supply lines.

Let's first examine problems outside of the currsotirce itself. Research in the
field of long lines is one of the first issues gaddopters of electricity, and
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especially communications had to deal with. Mathiabanalysis of the behavior
of electrical transmission lines grew out of therkvof James Clerk Maxwell, Lord
Kelvin and Oliver Heaviside. In 1855 Lord Kelvinrfoulated a diffusion model of
the current in a submarine cable. The model cdyrgxedicted the poor perfor-
mance of the 1858 trans-Atlantic submarine teldgregble. In 1885 Heaviside
published the first papers that described his a&imlgf propagation in cables and
the modern form of the telegrapher's equations @v&bNebeker, 1994). Without
going into detail of this well know issue the, ggpher's equations, like all other
equations describing electrical phenomena, resrdctty from Maxwell's equa-
tions. In a more practical approach, one assunsghbk conductors are composed
of an infinite series of two-port elementary comeots, each representing an
infinitesimally short segment of the transmissiorel From impedance measure-
ment point of view the most important component,ngresent in all types of
cabling is capacitance between two wires. In typétaelded wires (to minimize
external disturbances) it can easily reach hundoégscofarads, and by forming
RC integrator together with high output impedan€e¢he current source is very
serious obstacle. Fortunately there is a long knmemmedy called active driving of
the shield (Graeme, 1973). Problem with active idgvis that it can be very
complicated when multielectrode system is consitienehere each electrode can
assume the role of both the excitation source atdge pickup. Practical experi-
ments show that instability is often very difficati tackle with. Nevertheless in
simpler systems actively driven shield, often tbgetwith another outer shield for
noise reduction, is useful solution.

Different set of problems and solutions is conngdtecurrent source itself. From
modeling point of view real current source can éensas Thévenin circuit, where
ideal voltage source is connected series with highedance, and as Norton
circuit, where ideal current source is connectedalfd to high impedance.
Thévenin type of presentation leads to currentcowhich is probably easiest to
construct. Good quality voltage sources can be nrasdde range of frequencies
and voltages, and by adding series resistor simplesent source is derived. Still
several problems are apparent. Voltage sourceniteli by supply range. It can be
doubled in bridged connection, but achieving vatagver some tens of volts is
usually not feasible in embedded electronics. Ras the other hand needs to be
much larger then impedance under examination. The®e requirements are
contradictory if arbitrary current levels need drhieved. Large resistors do also
add rather large thermal noise contribution whielvéry unfortunate when small
signals need to be measured. In reality comprowasebe achieved by using load
dependent correction. It can be achieved by meaagueal transfer characteristics
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with known loads, or alternatively by continuousaserement othe excitatior
current(Wang, Xu, & Wang, 200! One strong benefit is related to safety. Si
the resistor is connectedtheworst case to the supply line, then strong upmeit
exists for generated current. If frequerdependent current limitation is requir
then that is similarly easy to achi, as shown on Fig. 4Annus, Lamp, Min, &
Paavle, 2005).

| S |
J_ R1 Vamp lexc limited
GND =
— 1 of R2
Vexc R3 —"—.
— 11 1+—
R4 RS Viim

Fig. 40. Frequency dependent current limitation in current source circuitry (Annus, Lamp, Min, & Paavle, 2005).

It is evidentthat at lower frequenciethe impedance of the parallel connection
the capacitolC;, and resistoRs is mostly due to resistivity of thBs, and outpu
voltageVin, is limited by resistive divide

MaX 0 Viim = Maxyo VampRa/(Rs + Rs), (1.26)

Vamp being limited by supply rails. t higher frequencieslivision lessens, ar
output voltage caswinc near the supply rails. Cleverness of the circyis lim fact
that, while the limitation is frequency dependdhg transfer functioiVi,/Vex.= -
R4/R; is almostfrequency independe.

There aremany different active current source des. Usually they are bad on
operational amplifiers, and consequently appeavgdther with the first devic.
One of the known designs from early sixties is Howd curent source. It wa
invented by Bradford Howland from MIT around 1S(Pease, 2008Historically
it has been described as very clever circuit wiscalmost uselesgHorowitz &
Hill, 1989). Nevertheless several modifications of Howlanduwiirhave been use
successfully for impedance measurem(Chen, Lu, Huang, & Cheng, 20
(Hong, Rahal, Demosthenous, & Bayford, 2(, (Bertemed-ilho, Brown, &
Wilson, 2000) andnanyothers. Second common type is gwcalled load in th
loop circuit, where impedance under measuremerdsgentially placed in tt
feedback loop of an inverting amplifier, athe current in the load jsroportional
with the inputvoltage ¢ the amplifier (Boone & Holder, 1996)Annus, Krivoshei
Min, & Parve, 2008) etc. Third design is center«on current mirroring, and i
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mostly used in chip design (Kasemaa & Annus, 2008jact there are many other
possibilities, such as supply current sensing bassdent sources, different
multiamplifier designs, circuits based on so caltidmond structures, current
conveyors, and finally already mentioned currenasoging and correction circuits
(Wang, Xu, & Wang, 2005), auto-balancing bridge moelt (Agilent Technologies,

Inc, 2009) and others. General discussions on \e@edwidth current source
parameters can found foe example in (Seoane, Br&gbsdecrantz, 2006), and
discussions of the load in the loop circuits in 48, Krivoshei, Min, & Parve,

2008).

Form practical point of view two active current emes have been extensively
investigated. Designs based on Analog Devices APE&IRdifferential-to-single-
ended amplifiers with extremely high CMRR at highguency, largely based on
(Birkett, 2005), and simple four transistor bridgeiicuits (Annus & Kipper,
Summeetriline vooluallikas, 2007). Simplest fowansistor circuit has been tested
and implemented with good results (Paavle, Annugjdik, Land, & Min, 2007).
Such a circuit (Fig. 41 Simplified schematics oé ttour transistor bridged V/I
converter) is well suited for measurements with #fierementioned shortened
square waves.

+5V

DRIVING_1 DRIVING_2
1k 1k
R1 R2
+REE| , K01 a2
KBcs60 220 kBC560 220
n n
N 0.1k | iy 0.1k |
ZSE R3 Cc1 ZSS R4 C2
-REF Fas | el
KaBC550B kaBC5508
Z1 z2
Rb RS
DRIVING_3 DRIVING_4
GND

Fig. 41 Simplified schematics of the four transistor bridged V/I converter (Annus & Kipper, Stimmeetriline
vooluallikas, 2007)

Inputs Driving 1-4 are connected to digital outputs of processorutircand

impedance under investigation between electrod8s ahdZ,. Practical tests have
shown, that even this simplest common base desigkswat excitation frequencies
from some tens of hertz up to 100 kHz, and withitation currents from 1uA to
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1mA. CapacitorsC;, and C, effectively block DC component at the output,
resistorsR; andR, together withD,, andD, protect the output, andef+ together
with Refare connected to low impedance stabile voltagecesur

Common to active current sources is that the maxaciaievable upper frequency
limit is around 10MHz in case of better circuitsutfut impedance while very
good at lower frequencies, and can reach tens gfaotens, will fall into few
kiloohm range, and the phase is shifted. Typicabmpeters can be even worse.
Form safety point of view a failure in active ciittnay result in increased output
current, which should be considered with great.daseems reasonable that when
lower impedances, below 1X are expected, and lower currents, in the radevef
microamperes, are used, then simplest resistiveertie circuit is preferred. Many
current source errors can be modeled and measamedreverse calculations can
be performed to compensate them. Main target @sture by design, that these
errors will not vary much during operation of timstrument, otherwise compensa-
tion can be either difficult, or impossible. Onetb& most important factors is the
temperature dependence of the values of the comgmrie can be minimized by
usage of high quality components, but temperatorepensation is important as
well.

1.15 Safety and reliability

Safety of the patient and surrounding medical persbis of utmost importance,
when using electrical devices in healthcare enwiram. Electrical currents can
enter the body in various ways. In case of bioingpeg measurement they are
deliberately injected into the body of the patiaarid therefore great care must be
taken to keep them within safe limits. Even moreg#sous situation can arise,
when circuit is completed through the mains. Inhbcaises at least double protec-
tion is required, so that any single fault cannatise harm to humans. Several
standards deal with requirements for medical appsravodern devices should
usually comply with IEC60601-1 safety standard rfieedical instruments (IEC).
Most important aspects include verification of piive earth, dielectric strength,
insulation resistance, and leakage current. Laarle subdivided between earth
leakage, patient leakage, and enclosure leakag#y Blbantom circuit is defined
by IEC60601-1 for simulation of the body’s impedarturing tests. It consists of
1kQ resistor in parallel with serial connection of thekQ resistor and 15nF
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capacitor. Typical requirements for placement @& igplation barriers, and their
limiting values for intracardiac impedance measu@ets are shown on Fig. 42.

4000 V AC RMS
50-60 Hz
1 minute duration

IEC 60601-1

AC Mains : .
compliant medical 500 V AC RMS
grade power supply 50-60 Hz

N UsSB 1 minute duration
= between PCB and box

--

Complex Impedance | Measurement Device

\ Isolation barriers ————

Fig. 42. Electrical Isolation Diagram.

IEC 60601-1
compliant medical
grade power supply

I I I I weped o

Complying with double isolation requirements twolagion barriers are connected
in series between AC mains and patient. First {S6E501-1 compliant isolation
inside medical grade power supply, and it is fokkoMmby internal barrier inside
measurement instrument. All the components insiggriment should be well
isolated from enclosure as well. It is clear frone tpicture that any additional
directly connected apparatus, such as PC and ri@dialevices connected to PC,
should use medical grade power supplies as wellor®kary isolation within
device, between analog and digital signals champaments, is serving also as a
measure against noise leakage. Secondary isolation can also be ségrd®n F
showing main printed circuit board, together withalng signal processing
modules.

Leakage current limits, and their dependence oriahk conditions are also given
in table 1. Fig. 43 shows a graph of the currenitéition versus frequency from
IEC 60601-1, complemented with the curve of curdaniting by the electronic
circuit of forming the excitation signal.

During normal operation device is subjected toaasidisturbances form operation
theatre. Among them probably the most destructveoinnected with occasional
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defibrillation process. None of them should be dbldestroy the device. Further-
more operation of the device should resume wheh audisturbance is removed,
and occurrence of the disturbance should be cleaaiked in the resulting dataset.
Device must be able to identify and remove alsangasignals. For protection
from outside high energy surges gas surge arresterssed at the patient connect-
ing leads. For doubled protection they are follonaddo by current limiting
resistors, and clamping diodes.

Current Normal Condition’ Single Fault Condition”
Patient Leakage Current (individual electrodes) 0.01 mA 0.05mA
Patient Auxiliary (total for all electrodes) 0.01mA dc. 0.05mA d.c.

0.01mA ac 0.05mA ac.
Enclosure Leakage 0.1mA 0.5mA
Mains Voltage on Patient or on Applied Part N/A 0.05mA

* all current limitations refer to root-mean-squéiRMS) value of the current

Table. 1. Safe leakage currents.

Current
rms valu
1 mA RGRRGRLLELELELELE
Allowable
Current Rt
according to K
IEC 60601-: R
Single fault limit
for current K
—~ ,according to R
IEC 60601-1 R

Current Limiting
by Signal Circuit
(in the case of fault)

10 uA

Current Limiting
by Virtual Instrument
(normal operating mode)

T
1 kHz 10 kH:z 100 kH:

Frequency

Fig. 43. Maximum allowable measurement current versus frequency. (blue line shows actual physical limiting in
the instrument).
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2.1 Description of the design task and general solution

For improvement of the pacing devices set of expents was planned in one of
the leading laboratories in the field. It requidklice for invasive measurement of
heart tissue impedance variations at differenttiona, and at different frequencies
simultaneously. Several design constraints wereoge@ by the laboratory. The
instrument had to be fully contained within a ssgubstantially rectangular
enclosure no greater than 10000cm3, with no sidgdo than 300 mm. The
instrument had to be connected by universal sktial(USB) to personal computer
(PC). If USB power supply, limited by standardfsttime to max 500mA, would
have been inadequate, then connection to additsepdrate medical grade power
supply (certified to IEC 60601-1) was required. gbén patient connector was
mandatory, and instrument had to fully containth# components within said
single enclosure. 16 leads to electrodes were negyjueach of them arbitrarily
connectable to any of the four differential curreatirce outputs or four differential
voltage pickup inputs. Excitation on at least 8adi#nt frequencies simultaneously
was required, and furthermore grouping of the eticih sources was envisaged.
Grouping should allow injection of 2 excitation is&ds into each current source, 4
signals into two arbitrary sources or all 8 of thamo single excitation channel.
Excitation range from 1 kHz to at least 1 MHz waanalatory. In addition to that
safety restrictions applied. The complex-valued spblpgical impedance instru-
ment had to be classified as a Class Il Type Chcdeper IEC 60601-1. IEC
60601-1 specifies the minimum dielectric withstaraitage for the device to be
4000 VAC (RMS) at 60 Hz for duration of 1 minutEQd 60601-1 and AAMI ES1
also specify the allowable safe leakage currerit®ngin table 1, in mA RMS.
Leakage currents also applied to intended currgelisered as part of the opera-
tion of the device. For frequencies above 1 kHe, mheasurement current limit
value had to be multiplied by the numerical valfi¢he frequency in kilohertz up
to 100 kHz. For currents at frequencies above 189 $&ame limits applied as at
100 kHz. Fig. 43 shows a graph of the current &tigh versus frequency from
IEC 60601-1. Fig. 42 depicts the required electigxaation.
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Simplified general architecture of the requiredidecan seen on Fig. 44 and more
detailed picture on Fig. 45.
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DSP / Digital 1/0
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Fig. 44. Simplified general architecture of the EBI spectroscope for intracardiac measurements (Annus, Kuusik,
Land, Mértens, & Ronk, 2006).

Device consists of four excitation signal sourceach incorporating two DDS
circuits with low pass filters, and grouping switatatrix. Excitation sources are
followed by signal conditioning differential ampéfs, and resulting waveforms
are output to crosspoint switch matrix. Voltage smtected outputs is thereafter
converted into current. Current sources with freqyedependent current limiting
(Fig. 40) are completing the output channel.

Input signal is picked up by high input impedancephfiers, right channels are
selected with next crosspoint switch, signals amdiioned with fully differential

amplifiers, and simultaneously converted into @igilomain by four parallel
analog to digital converters (ADC).
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Fig. 45. Detailed block diagram of the EBI spectroscope for intracardiac measurements.
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Given a selected RMS excitation currdnty uA, the full-scale impedance in ohms
had to be selectable fro6#0/1, 1280/1, 2560/I, 5120/Bnd 10240/l This equates
to 64, 128, 256, 512, and 1(24at 1QuA and to 640, 1280, 2560, 5120, and
1024@2 at uA excitation current. The instrument's impedanceasueements
accuracy was required to be within 1% of the setkdtll-scale range for each of
the full-scale input impedance ranges, and thelutisn of the impedance mea-
surements at least 1% of the full-scale for althef operable full-scale ranges of
the device. Digitalization in measurement channas required with at least 16 bit
resolution, and RMS noise at digitization had tonlithin 4 ADC bits for any input
gain setting.

2.2 Practical design decisions

Since 4000VAC isolation barrier was required indgrdgrument, decision had to be
made as where should it be. In order to minimizgtali noise leakage to sensitive
analog electronics isolation barrier was placedvbeh signal processing unit, and
analog mainboard. Such a leakage could potentiaiye devastating effect on the
measurement results, since many digital signalssyanehronous to the measure-
ment signals. Isolation barrier is comprised of Goupler® digital isolators
ADuM2402 from Analog Devices. These relatively lpawer, bidirectional, 3 and
5V compliant, high data rate: dc to 90 Mbps (NR&)lators with precise timing
characteristics are also compliant with IEC 6060&duirements. The ADuM2402
iCoupler digital isolators are ideally suited foedical applications that require
IEC 60601-1-certified isolation to protect patieatsd equipment. These products
are available in wide-body, surface-mount packagéh 8 mm creepage and
clearance distances as required per IEC 60601yvfeiPipom the unprotected side
is supplied through four TRACOPOWER THP-3 seriedDC converters. These
converter modules provide reinforced insulationpuinto output isolation voltages
are rated for 4000 VAC. The products come with stdal and medical safety
approvals, and provide ultra-wide input rangesudtig appropriate 18-36 VDC
range. Placement of isolation barrier and isolatorsmainboard can be seen on
Fig. 46.
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Fig. 46. Main board of the realized impedance analyzer: D 1/O - Digital Input/Output module connector, ISO —
Isolation barrier, ADC — Analog to Digital Converter module, PGA- Programmable Gain Amplifier module, DDS -
Direct Digital Synthesizer module, A 1/0 — Analog Input/Output module connector (Annus, Kuusik, Land,
Martens, & Ronk, 2006)

Single patient connector, as required, has to daotly the input and output signals
for all four channels. Front end switching had &éfdrovided to permit multiplex-

ing between different available electrodes, to miakmssible to map each of the
16 impedance input-output conductors to any amyisat of pins on the impedance
connector. Further is desirable to perform the iplelting as rapidly as possible,
in order to enable “simultaneous” measurements awany electrode configura-
tions. It was desired to be able to program autmmatiltiplexing sequences for
use within an experiment. The goal was to be abkxtite current on any set of 2
or more of the 16 electrodes, and to measure wlbagany set of 2 or more of the
16 electrodes. The system has to be designed timinénthe crosstalk between
frequency signals encoded on a single channelbetdeen signals on different
measurement channels. If signal frequencies ape @djusted for minimization of
crosstalk, the system shall select appropriatauéregies automatically.

While reasonable requirements from usage pointiefv\they are probably the
most controversial ones. Arbitrary multiplexing Wween electrodes implies that
both the input amplifiers and current generatoil dbe inside the device, since
each lead can assume a role of both the currentesoand voltage pickup.
Together with single connector requirement it forrmsomplex of problems. First
reason is simply mechanical. Since device shale gt/ lead wires to electrodes,
cable becomes bulky and not flexible enough. Wpreblem is associated with
close placement of leads. If operating on frequeneip to some megahertz is
considered, then cross coupling and capacitive ingadrom leads is almost
unavoidable, and could potentially destroy measarenNevertheless Lemo Redel
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2P series CKBM19GLNA 19-pin connector was usedgagsired, and two Intersil
CD22M3494 16x8x1 BIMOS-E Crosspoint Switches introed (Fig. 47).
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Fig. 47. Block diagram of the Intersil CD22M3494 16x8x1 BiIMOS-E Crosspoint Switch from manufacturers
datasheet.

One for mapping of the four differential output nhals to the arbitrary current
source, and one for selecting the signal from Jutirvoltage pickups arbitrarily
into four differential measurement channels. CD22BBis an array of 128 analog
switches capable of handling signals from DC toMi8z (-3dB 14V), with low
ron, guaranteedoy matching, and with analog signal input voltage atdo the
supply voltage. Most importantly CD22M3494 has vieny crosstalk. Because of
the switch structure, input signals may swing tigfouhe total supply voltage
range. Any number or combination of connections rhayactive at one time.
However each connection must be made or brokenichdilly. All switches may
be reset by taking the reset input from a zere dtaf one state and then returning
it to its normal low state.

Four fully independent excitation and response ohEnwere implemented, as
required. On the excitation side eight DDS circéi39834 from Analog Devices
were chosen as excitation sources. Two in eachnethaAD9834 is a 75 MHz low
power DDS device capable of producing high perfaroeasine outputs. AD9834
consumes only 20 mW of power at 3 V, and is an atriteal candidate for power-
sensitive applications. Block diagram of the AD9&34n Fig. 48. Each channel in
the instrument has two DDS sources with followiffydsder low pass filter with
18 MHz cutoff frequency, and switching circuitryorFeach channel, the excitation
signal amplitude is independently selectable in rituege of 1-1p0A RMS. At
higher frequencies, the current may be increasealies above 1A\ RMS and
still satisfy the electrical safety requirementgy(FB3). Excitation signal amplitude
is selected by two means.
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Fig. 48. Block diagram of AD9834 DDS chip from manufacturers datasheet.

In each channel one dual digital to analog convéB&AC) MAX5721 (Fig. 49)
from Maxim Integrated Products is driving full seahputs (FS Adjust) of the
AD9834 DDS circuits.

The MAX5721 is 10-bit, low-power, buffered voltagatput, digital-to-analog
converter with 20MHz serial peripheral interfac&()Scompatible serial interface.
DAC outputs employ on-chip precision output amplifi that swing rail-to-rail.
The MAX5721's reference input accepts any voltagi#e range from 0V to VDD.
In power-down the reference input is at high impeda further reducing the
system's total power consumption. The MAX5721 oip-gfower-on reset (POR)
circuit resets the DAC outputs to zero and loadsoiltput with a 10QR resistor to
ground. This provides additional safety since theasurement current is off on
power-up. Ultra-low power (supply current 135 A\@DD = +5.5V) MAX5721
has guaranteed 10-Bit monotonicity (+1 LSB DNL). dienally the output
current setting is achieved by controlling the gafiran amplifier stage following
DDS module. It has digital 3 bit gain control.
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Fig. 49. Block diagram of the MAX5721 digital to analog converter from manufacturers datasheet.

An AD7621 (Fig. 50) from Analog Devices PUulSAR féynbf successive approx-
imation (SAR) converters was chosen for digitalaabf the response signals. The
AD7621 is a 16-bit, 3 MSPS, charge redistributidkRS fully differential analog-
to-digital converter. It offers £2 LSB (x30 ppm fuill scale) integral and differen-
tial linearity errors (INL/DNL), no missing codeand at least 87,5 dB signal-to-
noise ratio (including distortion). Typical totahtmonic distortion (THD) of the
AD7621 is below -103 dB @ 100 kHz, and it operdtesm a single 2,5 V power
supply. This combination of speed and accuracyligeaed while consuming just
70 mW at 3 MSPS. The SAR architecture ensureslieat are no pipeline delays.
The part contains a high speed, 16-bit sampling A®Cinternal conversion clock,
an internal reference buffer, error correction wits; and both serial and parallel
system interface ports.
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Fig. 50. Block diagram of the AD7621 converter from manufacturers datasheet.

Real sampling rate achieved in final device was Ril® samples per second. It
was limited by the computing power of the used telgsignal processor. Since
maximum required measurement frequency is 1MHz tihe sample rate may
look at the first glance inadequate. According tggiNst—-Shannon sampling
criterion a bandlimited analog signal that has beampled can be perfectly
reconstructed from an infinite sequence of samplely if the sampling rate

exceed2B samples per second, whaBes the highest frequency in the original
signal. In fact additional margin is required deenbn ideal antialiasing filters.

Fortunately when sampling known signals, which geaerated on site, an under-
sampling can be used, provided that aliasing effacé accounted for. Limiting

factor in case of the undersampling is the inputdisdadth of the converter, which

in case of AD7621 is 50 MHz (-3 dB), more than egiotor 1 MHz signal.

2.3 Instrument Control

As described previously several components in ptetearea of the instrument
require digital programming. Two crosspoint switeheeed information regarding
the electrode configuration in the front end mod&ach of them having 4 digital
lines for setting switches. There are eight angiifion the mainboard, four in each
direction. Amplification of the amplifier module et by four bit parallel digital
word. Further down the line four DDS modules have DDS circuits, one DAC
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circuit, and two switches each. DAC and DDS cicuite programmed over SPI
interface, and two switches share common digitatrod line. All in all it would
imply usage of 4+4+8*4+8*3+4*3+4= 80 digital contrines. It is clearly not
feasible to pass all of them separately over tbkation barrier. Decision has been
made to include several microprocessors at relelations to adjust settings
over common Inter-Integrated Circuif@) control bus.iC has many advantages.
It requires only two bidirectional digital linesefal Data Line (SDL) and Serial
Clock (SCL), to control all the aspects of the deviSecondly:*C is addressable
bus and carries its own clock. It makes possiblselectively freeze and wake up
relevant microcontrollers, thus effectively elimiimg digital noise from them
during the operation of the device. Connectiondrighy inside the device is on
Fig. 51. There are 5 physicaCl devices:

a. Atmel AVR based slave controller to manage inpupat crosspoint
switches

b. Atmel AVR based slave controller to manage gainsusput amplifiers

Atmel AVR based slave controller to manage gainspfit amplifiers

d. Atmel AVR based slave controller to manage freqieof DDS’es and
output voltages of DAC'’s

e. DSP based master controller

o

Four physical AVR controllers are divided into t@jical subsystems with separate
I°C Addresses (write address). Eight logicéal $laves for each of the DDS, output
amplifier manager, output crosspoint switch configar, input crosspoint switch
configurator, and input amplifier manager. DEIFAC, manager conveys code
words to determine phase, frequency, and ampliaidie individual signals. It
also selects outputs from the individual DDS-DACdules — differential output of
the DDS is either connected to summing bus or thirdo an output amplifier
input. Amplifier manager sets gains of the indiatléully differential amplifiers,
and enables or disables individual amplifiers. €paint switch commutator
ensures that right input and output channels anaexdied. Maximum 4 differential
connections per switch. Each time new data is vedebld connections are all
disconnected.

In current version data to and from tH€ Isubsystem is directly pipelined to the
LabVIEW based user interface. Two main tasks tpdédormed are reading and
writing internal registers of théQ@ slaves. Current version supports writing in fix
format packets, and reading from addressed inteegidters.
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Fig. 51. Data path to interconnected objects inside measurement unit.
Information regarding masters success or fg, while doingdescribe operations,

is pipelined directly to LablEW. User intervention is required if 10 repea
attempts did not succe:
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2.4 Sampling, signal processing and communications

As discussed earlier sampling in all four ADC chelans parallel. Sampling points
are generated in the digital side with the aid BfGA circuit. There are several
tasks performed by the FPGA. First of all it getesathe sample rate for the
impedance measurement. In all of the measuremeantnels it is set to be 1kHz. It
is crucial to synchronize all tasks performed iasidstrument to this 1 ms sam-
pling period. For synchronization with outside dm& separate digital output is
provided. Secondly ADC sampling clock is neededjetber with serial data
communication with each of the four ADC’s. Next faerial streams are desteri-
lized, and passed over to digital signal processor.

Step by step following happens: From main 48MHzcklams reset pulses are
derived initiating measurement cycles. It reseltsha excitation generating DDS
circuits each time, in order to guarantee full $ypaization of all the signals.
Sampling signal, generated with the aid of the citéd DDS circuit on digital

side, initiates the conversion cycle for all AD werters. At the end of all of the
conversion cycles, 16 bits of the ADC serial outpata is simultaneously clocked
into FPGA registers, using 24MHz clock, and anringet output is set. After

receiving an interrupt signal DSP initiates 4 rgauses for retrieving ADC

measurement data over the 16 bit parallel bus rstbbuode. Interrupt signal will

be reset at the beginning of the next ADC measuneryele when any of the four
busy signals goes high.

From that it is clear that most of the clockingdasignaling is generated on the
digital side of the instrument. To pass it overAidC, and DDS circuits on the

analog side they have to pass isolator circuiteeaidy not the best jitter parameters
of the signals, due to relatively high jitter inbiet to FPGA circuits (33 to 50 ps)

(Brannon & Barlow, 2006), degrade even furtherisltrather unfortunate, since

sampling performance is degraded as well. Genesidigal to noise ratio of the

sampling circuits depends heavily on the phaseenaidd jitter of the sampling

signal:

SNR = —20log(2mft,), (2.1)

Wheref is the frequency of the signal to be sampledtgrid the so called aperture
jitter in RMS. If 10 MHz input sinusoid is sampledth ideal ADC, then for SNR

of ca 96 dB, corresponding to 16 bit resolutiomat®MS aperture jitter should be
below roughly 250 fs. There are other contributitm$SNR, such as quantization
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noise and thermal noise. For more adequate pi¢che@se noise sources can be
combined into single equation:

SNR = —ZOIOgJ[(anta)Z + (%)2] (2.2)

Wheref is the analog input frequency, is the combined aperture uncertainty for
the ADC and the clock oscillator (jitterg, here is the composite RMS DNL in
LSBs, including thermal noise, ardl is the resolution in number of bits. So in
reality even better clock source is required fa #ame performance in terms of
SNR. Given aforementioned parameters and congraattition for the problem is
not a trivial one. Nevertheless relatively goodutesscan be achieved by placing
good quality clock oscillator near the convertars] using as few as possible gates
between the oscillator and converters. Solutionptetb was to place main low
RMS jitter 48 MHz clock source on the analog sied synchronize signals from
digital side with two low jitter D triggers. Two nmasignals need cleaning: namely
ADC sampling clock, and 1 ms impedance samplingopeDigital side clock is
coming from analog circuitry over the isolation tbar, and is then used to generate
all the clocking signals needed.

Form one side ADC sampling rate is limited by tlapabilities of the converter
itself, from another by the signal processing powafethe DSP circuitry. By using

TMS320F2811 DSP chip from Texas Instruments maxinaghievable rate to

calculate four times eight (four channels, eiglggtrencies) complex discrete
Fourier transforms (DFT) was limited to 100 poipex each millisecond. There-
fore full capability of the ADCs was unfortunatetypt utilized, and maximum

sampling rate was only 100 kHz.

All aspects of the instrument operation are colddolia an integrated graphical
software application on the host computer. Appiicatsoftware was created in
National Instruments LabVIEW graphical programmiagvironment. It allows
required flexibility, and easy redesign. Later meded due to the experimental
nature of the device. USB connection to host PC pvasided by FTDI's popular
USB UART/FIFO family member FT2232. This devicetteas two multi-purpose
UART/FIFO controllers which can be configured indivally in several different
modes. Each measurement channel did simultaneanslyautomatically decode
the real & imaginary parts of the frequency compdseof the corresponding
excitation signal. In reality it gives roughly 3 gabit per second data stream
through USB interface, and that is unfortunatelytiba very limit of the FTDIs
circuitry.
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2.5 Full boxed device and subassemblies

Standard plastic EURO CASE 3HE from OKW was chosgeéth outer dimensions
260*250*143mm, and internal metallization layer &irielding. For easy testing
and occasional redesign all the subcomponents wateon separate PCB's.
Analog mainboard subassembly is shown on Fig. 4ditatl signal processing
module on Fig. 52, and analog front end subassembllyig. 53. Outside view is
on Fig. 54, and operator screen fragments are qrbbi

sescsamena .
mmmonsmame - .

Fig. 53. Analog front end module. On the left side front view with protecting surge arresters is shown, and on the
right side back view of the module with two crosspoint switches, and microcontroller.
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Fig. 55. Operator interface on PC. On the left picture is the measurement window, and on the right configuration
window is shown.

2.6 Test fixture and test result:

Electricd components do vary in their parameters, and cpresgly each an
every device will have somewhat different paransetéiso ambient temperatu
and temperature insicthe instrument will have an effect on the parameters
achieve precision measurerrs, and avoid troublesome manual tuning of
instrument, an automatic test procedure was deviaed special st fixture
designed. Inside shielded enclosure of the tesir#(Fig. 56 ring of 16 precisiol
resistors is formed and attachecthe connector with 100 mm wires.
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Fig. 56. Instrument with test fixture (aluminum enclosure on the right) attached.

Three purely resistive rings (with three differealues1@, 10Q2, and 1K2) can
be used. Arbitrary resistor in the ring can be niakgal by connecting in parallel
100, and 1000 times bigger resistors. After coringdhe test fixture to the device
an automatic test cycle is initiated in LabVIEW gomment. Real gain values of
the amplifiers, output parameters of the current@es and frequency characteris-
tics of the appearing filter elements are autorafificmeasured, and correcting
values are stored. Two main contributors in fregqyedomain are coupling
capacitors together with related impedances, amdfdass filter in front of the
ADC. Analog circuitry will add certain summary dgleo the signal, which should
be taken into account as well. Measured and un-eosgied magnitude and phase
characteristics of the instrument can be seen gurds Fig. 57, and Fig. 59.
Measurements were taken with precision 100 ohnstasi in test fixture. Same
magnitude and phase characteristics after compendatthe LabVIEW software
is applied can be seen on Fig. 58, and Fig. 6 Worth noting good similarity
between different measurement channels shown on F8g Considerable im-
provement both in magnitude and phase characteyisiclearly visible. Magni-
tude is well within 1% of the ideal 100 ohm valamd phase deviation has been
reduced from tens of degrees to under 1 degreeirieaipcompensation coeffi-
cient for summary delay is 632 ns. Filter with -3d8int at 95 Hz is inserted for
compensating the low pass filter formed by the dogapacitors. To compensate
for low pass filter in front of the ADC a 160 kHaverse filter is employed, and
compensation for apparent 6,8 MHz low pass filseapplied. Arbitrary automatic
gain compensation is performed as well.
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Fig. 57. Measured and un-compensated magnitude characteristics of the instrument.
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Fig. 58. Compensated magnitude characteristics of the instrument.
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Fig. 59. Measured and un-compensated phase characteristics of the instrument.
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Fig. 60. Compensated phase characteristics of the instrument.

Later when calculating values of the real and imagi parts of the impedance

these correcting values are automatically appked.comparison on Fig. 61, and
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Fig. 62 magnitude and phase characteristics ofrdimary 1% resistor are shown.
They were measured with Wayne Kerr Electronics ipir@t impedance analyzer
6500P. It can be clearly seen that even an ordiesigtor behaves reasonably well
for calibration within frequency range from 1kHztMHz.
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Fig. 61. Magnitude characteristics of the 100 Q resistor.
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Fig. 62. Phase characteristics of the100 Q resistor.

Therefore it can be concluded, that measuremenm¢s dfe calibration are well

within required accuracy limits (within 1% of thelscted full-scale range for each

of the full-scale input impedance ranges) at déiferfrequencies from kilohertz to

megahertz. By modulating values of the test resistowas confirmed that the
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resolution of the impedance measurements of at 18af the full-scale range, for
all of the operable full-scale ranges of the devisachieved. Clearly distinguisha-
ble modulation could be observed above the noigel len the measured imped-
ance components even at higher operating frequeramg without additional

filtering (Fig. 63).
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Fig. 63. Fragment of the operator screen showing noise level and 1 % modulation at 1 MHz excitation frequency.
Re and Im values are in ohms.
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3.1 Results, conclusions, and first improvements

Tests carried on with the apparatus allow to calelinat main requirements were
fulfilled, and in some cases even surpassed. Nesleds optimization is warranted
in many areas. As the device is rather complex,véititd demanding requirements,
design decision was made not to optimize for povegrsumption, but for perfor-
mance. Resulting average power consumption of gwcd is in roughly 25W.
While it is rather large number in itself, adveeféects from the raising tempera-
ture inside the device worsen the situation furtlievarranted multipoint tempera-
ture measurement inside the device in order to emsgte for changing parame-
ters.

Second problem associated with power supplies late to noise of the free
running DC-DC converters. While it was hoped thiavould not interfere much
with the measurement results due to its asynchroatare, reality showed that
measurements at frequencies higher than some hikitiveertz were increasingly
noisy. Simple solution was proposed to enhancesitireal to noise ratio at higher
frequencies. It is well known in analog FM commuation area, and is called there
pre-emphasis, and de-emphasis. In essence higbgueinicy components are
increased in excitation part of the device, andespondinglyRC low pass filter
just before the analog to digital converters ipoesible for the reciprocal conver-
sion. In context of the impedance measurements guite natural, since higher
signal levels are allowed at higher frequencieg.(BB). Also increase in ampli-
tude, and corresponding phase characteristicsame te realize just by program-
ming the DDS circuits accordingly. The biggest draek is in the temperature
dependence of the anal®g filter. In order for the pre-emphasis, and de-eagih
idea to work flawlessly both should be matched witgh precision. Smallest
errors in magnitude and phase are immediately appan impedance measure-
ment results. Fortunately usage of high quality ponents, and aforementioned
temperature compensation, together with automatfibration procedure, reduced
these errors to negligible level.
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Third problem is related to the original specifioatof the device. It is certainly
user friendly to have everything in one single bamd it is tempting to have full
freedom when choosing electrodes, frequenciesseymal levels. And the device
was working as expected when the testing was dotleeaterminals, and by the
professionals. Sad truth is, that as soon as locgjeles are used, high frequency
parameters will degrade. Furthermore level of fomednh configuring of the device
appeared to be one of the major obstacles in usiagd often resulted in miscon-
figuration.

And last but not the least of the problems weredsselated to the usage of the
USB interface. The driver supplied by the FTDI v up to the task of guaran-
teeing sustained 3 megabit per second data tratsfttie PC. Low level system
programming was required, in order to improve theasion, but during longer
periods, working for days during experiments, gyststill ultimately could
collapse at the end.

3.2 Lessons learned from design of similar devices

Two devices for multifrequency impedance measurénviéhbe briefly discussed.
First of them is combined multichannel ECG/ICG meament unit (Min, Parve,
Ronk, Annus, & Paavle, Synchronous Sampling and dedation in an
Instrument for Multifrequency Bioimpedance Measueem 2007). Upper fre-
quency limit at 1 MHz is similar to previously debed device. However there are
also major differences. First only one analog w@itdi converter assembly is used
for all channels. It requires fast multiplexingween different inputs. Secondly all
the excitation, sampling, signal processing androanication tasks are handled
by single FPGA. Thirdly optical Ethernet connectisrused instead of the USB.
And finally active current sources, based on Anddayices AD8129/30 differen-
tial-to-single-ended amplifiers, were used. Fun@idblock diagram of the unit is
shown on the Fig. 64. Since the resolution of tkeyvfast AD converter (160
Msps, used at half speed) did not fully satisfyiglegequirements also sample
based compensation was employed. Together with ifggit multiplexing it
required very high bandwidth amplifiers. By usingtical Ethernet most of the
safety concerns vanished, and at the same time wooioation speed was in-
creased manyfold compared to USB1.1. In comparisdh previous design
following can be stated. Sample based compensatigather with fast input
multiplexing, while tempting, complicates designnsmerably. Usage of the
-75 -



multiple analog to digital converters, one for egtlysical input channel, seems to
be more preferable.

Isolation
barrier

To excitation DACs
MUX ADC <
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Fig. 64. Functional block diagram and picture of the ICG/ECG measurement unit. (Min, Parve, Annus, & Paavle,
2006)

Ethernet is preferable connection medium in muétioiel devices. Together with
optical cabling it will provide for speed, isolaticand also for the reliability of the
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communication link. Usage of the single FPGA indte& the multichip solution
seems to be viable. When printed circuit boardasighed correctly, then noise
leakage to analog side is not very dangerous, sueertainly less disturbing then
noise impact from nearby DC-DC converters. Whensugag impedances under
kiloohm, and with microampere range currents, thetive current sources have
very little advantage over much simpler resistiverent source. Problems with
capacitive loading from cabling were evident aslyshce the multiplexed active
current sources were inside the device. Activeldhdeving, while useful, can be
source of severe stability issues.

Second device of interest is battery powered tigsaaitor with Bluetooth inter-
face (Fig. 65).

Input selector Instrumentation AID Cumulative )
i Amplifier converter adder Microcontroller
e j .
J— AVR ATmega88
AD8251 )
f} CPLD XC2C512 {}
Output selector Timing and management
- Bluetooth
—o ¢ module —
—o LMX9820ASM
VIl converter {fa

Fig. 65. Functional block diagram and picture of the tissue monitor unit.
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Shortened square waves were utilized for measurgiand simple four transist
current source (Figdl) used. Communication task was handle by Atmel /
microcontroller, sampling and signal processinghwibw power FPGA. Fout
parallel channels had separate front end amplifaard were multiplexed to sinc
analog to digital converter. It was deliberatelgvgr than previously describ
devices, completing one measurement cycle in 10@imes Maximum frequenc
for measurement was limited to 100 kHz. It is possiblplace the unit close to tl
electrodes due to the compact size, and cablie§festively reduced to very shc
leads. Battery power and RF interface togethemafldl isolation from surroud-
ing equpment. Therefore safety concerns are greatly redlugnd are focused or
on input and output stage design of the unit. linieresting to see the curre
consumption of this battery powered | (Fig. 66).

Device start | communication start | measure
Stop e ——— |

et ‘ |
i T NPT ) PP
d

(@ 50.0mA & ‘ 1(5005/s
— J 10k points |

13:24:20 |

Fig. 66. Current consumption of the tissue monitor. Measured with Tektronix TCP0030 120 MHz current probe
on the accumulator wire.

Average power consumption is well within 100 mA iswed with Agilent
34410A multimeter. From thathe Bluetoothcommunication consumes abc15
mA, Atmel AVR based communications controller ab10 mA 12 MHz systen
oscillator about2 mA, four instrumentation amplifiers AD825ftom Analog

Devices about 4x820 mA, power supply circuits about 10 mAgesign error:
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count for roughly 10 mA, and only approximately 8@\ can be contributed to
signal processing. It suggests that, even when lgagnpat higher frequency,
parallel signal processing in FPGA circuit can ledmreasonably efficient.

3.3 Revisions and directions for future development

All in all following shortcomings need addressimgconsequent models:

Signal processing capability of the used singletaligignal processor should be
enhanced, in order to utilize analog to digital wanters capabilities. Among the
possibilities is development of the dedicated digmacessor based on the FPGA,
currently in process (Ellervee, Annus, & Min, 200®Iso signal processing
algorithm needs revisiting in this context. The muical synchronous detection
(NSD) based approach (Annus, Kuusik, Land, Mart&iRpnk, 2006) needs more
complicated sampling but less computation thanDRE based approach. It is
important that NSD enables to obtain the desirexlilt® at every sample more
easily. By applying averaging methods, also theagex results with lower noise
level can be achieved. The NSD based approachitsipecial sampling system
can be easily applied in a system with M simultarsép working SISO (single
input — single output) tissue impedance measurerobahnels and eliminates
interference between these channels. It suitsfalsalternating (cyclic) measure-
ment of the responses to the excitations from Mpuatst at every input. NSD
approach based parallel signal-processing chamfidlee MIMO (multiple input-
multiple output) system can be efficiently realizan the FPGA. Sampling based
synchronous demodulation with shortened square vsaam interesting alternative.
Simple sorting, occasional shifting and summingrapens are fast, and can be
also massively parallel in FPGA.

At the highest possible sampling frequencies thisensuppression achieved by
means of the discrete Fourier transformation wasexcellent with the current
sample rate. The noise was largely caused by DG:@@erters and masked the
small (fraction of the %) modulations caused bywhgeying bioimpedance. It was
improved by introduction of the first order anallegv pass filters in front of the
converters, and sufficiently low noise level wakiaged at the output. As a result
1% modulation of the 100-ohm base impedance has bkarly distinguished.
Nevertheless it is not the best possible solutarthe future. One possible way to
reduce the problem is usage of accumulators instEBE-DC converters.
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Major drawback of the analyzer's current realizatis its high current consump-
tion (due to parallel multichannel and non optindizgructure in the analog part
and also due to power consumed by digital signatessing). The goal is to
reduce the analyzer's power consumption of at lé@stimes, which makes it
possible to supply it entirely from USB port of thennected PC or form small
battery. Appealing solution is to reduce channehbber in single device, and to
make the design more modular, each module (chanae§uming less power, and
also delivering less data.

It is also quite clear that active probing hasedriroduced. Adverse effects from
cabling, including noise pickup, attenuation andggherrors at higher frequencies
can be drastically reduced by placing at leasttireent source and voltage pickup
amplifier in the close vicinity to the electrodd®ossibility to multiplex signals
arbitrarily is lost by doing so, but increased perfance and ease of operation
overweight that manyfold. For testing purposes inpwdule with crosspoint
switches has been replaced with active probestheaglectrodes. This implemen-
tation was tested with encouraging results.

By using accumulators isolation barrier can betstlibutside the device. Highly
appealing solution is usage of optical Ethernegemd of USB (Min, Parve, Annus,
& Paavle, 2006). Ethernet is both more reliable antti overall higher sustained
throughoutput. By moving to the Ethernet whole e solid TCP IP based
solutions becomes usable. Some advantages of lieenét include: UPnP, SNMP,
DHCP, etc. enabled automatic discovery, addressisget management, and
network management; serving up web pages, Ul, nignhaad support; unlimited
range, unlimited number of nodes; multiple mediaices, from CAT5 cable to
wireless to glass, giving integrators unprecedertednectivity and isolation
options and more. Among them is also LAN eXtensimndnstrumentation (LXI).
By introducing LXI protocol, and boundary clock sys together with IEEE 1588
Precision Timing Protocol (PTP), very good syncliwation of many devices
becomes possible, even worldwide if required (TKé Consortium, 2009). Some
performance data regarding maximum resolution ofcByonization capabilities
can be found in (Benetazzo, Narduzzi, & Stelliri02). Second viable solution is
to use Bluetooth based RF link instead. It is ayeeertified for usage in medical
instruments, and suggested in Continua health naltiaVersion One Design
Guidelines. Third possibility to be explored is gsaof recently introduced USB
3.0 standard. It is both much faster than previousnterparts, and allows much
higher current to be drawn from the host device.
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3.4 Modular bioimpedance spectroscopy device

Based on previous experience following structura ba suggested for single
channel multifrequency bioimpedance measuremertt(&ig. 67). On excitation
side single four channel DDS chip AD9959 from Armpdevices is suggested. It
allows simultaneous excitation at four frequenciasjplitude regulation, and
allows experimentation with chirp pulses as wdllisl followed by filter, signal
conditioning, and resistive current source. Onitipait side signal is amplified by
instrumentation amplifier and then synchronousipgied by AD764 from Analog
Devices. It is 18-bit, 2 MSPS, charge redistribut®AR with fully differential
input, and operates from a single 2.5 V power suppkntral to the unit is low
phase noise clock generation and distribution imnifose vicinity to the DDS and
AD converter. Parallel signal processing on eigbfjiencies simultaneously is
handled by dedicated FPGA based structure (ElleAmeus, & Min, 2009). It can
be encapsulated in small enclosure, battery powened used directly near the
electrodes. To use many of these modules in ph@lleommon external 1 ms
synchronization should be available.

Signal conditioning
and —

analog to digital ——
conversion

synchro

Jaydwe
ndu|

FPGA
based
multichannel
signal processor
and
communication
provider

Clock generation
and
distribution

Multichannel
DDS module .

VI
converter

and —
signal conditioning isolation
barrier

Fig. 67. Functional block diagram of the suggested multifrequency unit.
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3.5 Towards thefuture

Research continues in several directions. Firstlbfboth time duration, an
frequency band optimized signals dnvestigated. Starting with different chir
(Fig. 68 up to more exotic custom designed waveforms. &igrocessing can |
based on of the correlation and FIFig. 69, or ultimately also customize

AN

WATRTHIAH

I
L

i

Fig. 68. Different chirp signals (Min, Pliquett, Nacke, Barthel, Annus, & Land, 2008).
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Fig. 69. Simplified block diagram of the suggested chirp based measurement unit.

Totally new andinteresting approach is based on DASP techno(Bilinskis,
2007). DirectAnalog to DigitalEvent converter (DADEC)utilizing input signa
comparison with sine wav, is very promising for distributed measurem

systems.
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Fig. 70. Possible functional block diagram of the multichannel DADEC system.
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3.6 Conclusions

Methods for fast and efficient measurements haes lrevestigated by author, and
new solutions proposed, including specific wavefariNew methods and algo-
rithms have been investigated and proposed forfgsgnous sampling and signal
processing. Efficient partition between analog aigital signal processing has
been investigated, and solutions suggested. Matiglegr have been published
internationally, including participation in writingf the article which received the
best paper award of TUT in engineering in 2007 (MParve, Ronk, Annus, &
Paavle, Synchronous Sampling and Demodulation in lastrument for
Multifrequency Bioimpedance Measurement, 2007)

Author has participated in design and developmédnthe device for multisite,
multifrequency intracardiac impedance spectroscdpgw methods have been
successfully applied, and are partly waiting toifiteoduced in coming designs.
Based on achieved results several internationaénpatpplications have been
published, and one national patent has been gramathor has introduced
contemporary design solutions into the analog phthe measurement system, as
well as into sampling and signal processing. Theesliged instrument suits well
for research in laboratory conditions, and has tmmcessfully applied in several
high profile locations worldwide.

Main contributions by the author:

¢ New synchronous sampling patterns;

o New waveforms for energy efficient synchronous algmocessing;
e Several tested current source designs;

o Development of the frequency dependent currentadiioin circuitry;
e Circuit for speedy DDS amplitude changes;

e Design of the analog side circuitry for the desediloevice.

Considering acquired experience new solutions Hzen proposed and tested.
Further development of the low-power versatile idg®ce spectroscopy devices
continues. Design of an application specific inédgd circuit (ASIC) based current
source (Kasemaa & Annus, 2008) for efficient geti@naof the above described
shortened square wave signals is currently in pesyr

Achieved results should ultimately advance theodtynchronous measurements,
enhance medical diagnostics and lower the cogtealthcare sector.
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