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NOVEL APPROACH OF MODULAR EIT ARCHITECTURE BASED
ON BALANCED CONTROLLED CURRENT SOURCE ARRAY

The article introduces a new approach to the architecture of impedance tomography devices based on
Howland current sources with grounded load for using in code division impedance tomography devices. For
maintaining the current balance in the circuit, a feedback loop was created, based on operational amplifiers.
Computer modeling of electrical circuits in the ORCAD PSPICE environment was used to study the proposed
approach. Modeling of circuits used models of real components. The Cole model was used as a phantom to sim-
ulate both the active component of the impedance, which described the conductivity of intracellular and extra-
cellular substances, and the reactive, which described the conductivity of cell membranes. Two approaches
have been modeled, the first of which is classic and transformer based, the second is a proposed approach
based on controlled current sources. Transfer characteristic of single current sources with different active
load were obtained. The classical approach has been considered in terms of the overall characteristics of the
device. The impedance of the simulated phantom of the patient is also estimated using ideal current sources
and real current sources. The two approaches have been compared in the paper using different methods of
estimating the accuracy of measuring the phantom impedance in a given frequency band. The rms value and
the maximum deviation from the real value were chosen to estimate accuracy. Also, for comparison of circuit
approaches, the operating frequency band for impedance measurement was determined. The proposed prin-
ciple can be used to create impedance tomography devices using code division channels. Also, the proposed
approach has a lower cost, is more compact and less expensive. This approach is modular, which allowed to
increase the number of tomograph channels.
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Introduction. Electrical Impedance Tomography
(EIT) is method of medical imaging using multi-
channel impedance measurements through electrodes
attached to body. Image of body part or organ in such
system is obtained by solving a mathematical prob-
lem. Estimated image represents impedance of tissue.
Invented in 1989 [1, p. 40], EIT has made significant
progress and is still developing.

EIT is a non-invasive, inexpensive, radiation-free
and portable medical imaging technique [2, p. 89].
Also, such instrument can be applied for real time
continuous patient monitoring, including Intensive
Care Unit (ICU) patients monitoring, and for diag-
nostics.

Because of such advantages, Impedance Tomog-
raphy has been successfully used in many areas of
medicine. EIT was used for breast cancer detection
[3], which can be used as primary screening for early
detection of cancer [4]. Also, EIT is used for non-in-
vasive hemodynamic monitoring [5], which is espe-
cially important for patients with heart disease. EIT
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has a wide range of applications of in lung monitor-
ing, as example for lung ventilation and perfusion
[6], lung recruitment monitoring [7], pneumothorax
detection [8] not only for adult, but also for infants,
especially after cardiac surgery [9]. EIT was applied
in neonatology for brain injuries detecting [10], and
brain activity imaging [11].

Electrical impedance measurements tech-
niques. Classic way of electrical impedance meas-
urements is applying single-frequency sinusoidal
current signal between pair of electrodes and meas-
uring resulting voltage [12]. The new generation of
EIT systems allows us to generate a wide range of
alternative currents. Using sinusoidal signal of more
than one frequency is called multi-frequency EIT
[13] [14], which is helpful to reveal more informa-
tion from image otherness on different frequencies
for study conductivities of various tissues [15]. Such
systems require multiplexor for high speed multi-
plexing between channels. Block-scheme is shown
on Fig. 1.
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Fig. 1. High-level architecture
of multiplexor-based EIT [13]

In past decade much research has focused on the
way of dividing channels without multiplexor, which
reduce power consumption and cost. The first way is
Frequency Division Multiplexing (FDM). In FDM-
based systems each current signal has unique frequency
[16]. Measured signal could be divided on independent
signals by Fast Fourier Transform (FFT) [17].

Another way is using unique orthogonal sym-
bol sequence for each channel — Code Division
Multiplexing (CDM) [18]. The principle is mod-
ulating signal of each channel using binary digi-
tal code. The codes which may be used are called
Gold Codes, also used in the Global Positioning
System (GPS) to encode the signals from the GPS
satellite constellation. Codes of this type are gen-
erally referred to as pseudorandom noise (PRN)
sequences, as they appear to be random and have
the characteristics of noise. The spectral character-
istics of the CDM input signal effectively interro-
gate the sample over a wide range of frequencies,
and the output signals can be transformed to pro-
duce a spectrum, giving us simultaneous wide-
band spectroscopy on all channels.

Channel dividing is achieved by using cross-cor-
relation principle.

CDM principle requires appropriate solutions for
current injection circuit in the area of circuit design:
device should be low-cost, low-energy consumption,
wide-frequency range, high output impedance. Previ-
ous researchers proposed circle with transformer [19]
for current injecting and patient isolating, but this
approach requires more free space on the board.

Howland current sources with grounded load for
CDM EIT may be used for EIT. The schematic dia-
grams of enhanced Howland circuit are shown in
Fig. 2.
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Fig. 2. Enhanced Howland circuit [20]

The structure of enhanced Howland circuit uses
only one operational amplifier and some passive
components. Such scheme was used for multi-
frequency EIT [20][21]. The output current of this
circuit is computed by equation (1):

__NR
"ORyRC
The output current /, is controlled by signal 7,

and resistors, but independent of load. Ideal output
impedance is presented by equation (2):

)

RR,, (R3 + R4a)

out ° (2)
RR, - R (R, +R,)

When resistors ratio achieve balance according
to equation: R,R, = R (R,, + R,,), ideal output imped-
ance is equal to infinity.

Because of such wide range of applications, such
systems have special requirement to hardware. EIT
devices should be portal, low-cost, low-energy con-
sumption and patient-safe. The purpose of our study
is proposing solutions to this problem for nowel hard-
ware architecture of EIT, and also comparing differ-
ent approaches between them for describing advan-
tages and disadvantages each of them.

New EIT approach evaluation

Based on the shortcomings of existing devices,
new EIT techich with code division multiplexing
was proposed. New principle implements the meas-
urement of patient impedance using a grounded load
Howland current sources. For current balancing cur-
rent feedback circuit were used for proposed scheme.

Proposed module-based approach with Enhanced
Howland current source is represented on fig. 3.
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Fig. 3. New EIT technique block diagram

Each CURRENT SOURCE block on Fig. 3 is
Enhanced Howland circuit. All modules are connected
general ground. Each MODULE block consists four
Howland current sources, for all of them current offset
from current feedback is added for unbalanced current
compensating. Such modules can be combined in any
number for increasing channels number.

Feedback circuit is presented on figure 4.

Amplifier U; and resistor R,form feedback
amplifier, in which depth of current feedback depends
of resistance. Second part consists of amplifier U,
and resistors R,,, R;, , which is inverting amplifier.

Also, proposed approach for EIT was compared
with transformer scheme [18][19] to determine opti-
mal solution. One voltage-to-current converter based
on transformer is depicted on fig.5., where R, R, is
winging resistance, R is precision resistor for

‘measure

indirect impedance measurements.

a) Scheme modeling and evaluation;

Simulation of all three approaches were provided
in Orcad Pspice. As result of AC analysis, impedance
response were evaluated for technique comparison
with ideal current sources and real current sources
between two approaches. As a measure of the differ-
ence from the real impedance, the standard deviation
(3) and maximum deviation (4) were chosen.

1 % 2
72:‘: (Xf _Y’)
= 3)
Wzl':lxi
X-Y
8 e = Max ¥ ‘ 4)

Both equation (3) and (4) use the same values,
where X - measured phantom impedance with ideal
current sources, Y - measured phantom impedance
with real current sources.

b) Patient model;

As a patient model Single Cole Model [22] was
chosen. Commonly, equivalent circuit (fig. 6) with
parameters of the Cole bioimpedance model is widely
used to represent the electrical impedance of biolog-
ical tissues. The circuit parameters that represent the
impedance of a biological tissue and describe both the
magnitude and phase of the impedance.

The model parameters R, R are associated with
tissue fluids and C,o are associated with the cellu-
lar membranes of the tissues [23]. Parameters values
were chosen as R, = 2kOhm , R =20kOhm, C =35nF .

For patient phantom modeling Cole circuits were
connected between all electrodes with principle “one-
with-each-one”.
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Fig. 4. Current feedback circuit

Tom 30 (69) 4. 2 N2 6 2019
234



Enexkrponika

o)

RrR1 ™ R2 R_measure
ATy o Ay Ay O
0.5 0.5 2k

Fig. 5. Transformer-based circuit

¢) Materials;

The ADA4891-1, is CMOS, high speed amplifiers
that offer high performance at a low cost. The ampli-
fier feature is true single-supply capability, with an
input voltage range that extends 300 mV below the
negative rail. In spite of low cost, the ADA4891-1
provides high performance and versatility.

Single Cole

1
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Fig. 6. Single Cole equivalent circuit [23]

Results

a) Classic transformer-based solution ampli-
tude-frequency characteristic

Single transformer based circuit with active load
were simulated. Also, the current source transfer char-

acteristic was acquired depending on the load resist-
ance (fig. 8). The load resistance was varied from
1 kOhm (‘[J”) to 50 kOhm (“*’) with step 5kOhm.

According to figure 8 output current increases
with load resistance. Also, output current increases on
the frequency interval to 1kHz due to winding induct-
ance, and after that is stable.

Four transformer sources were simulated with
patient phantom. Impedance frequency response
were obtained from simulated data using formula (3)
for impedance divider according to figure 5. In equa-
tion 3 U,,, is amplitude frequency response, Z,,, is

load

load impedance, U, is secondary winding voltage.

Z load
R + Z load

‘measure

U[uad = Uz (3)

Impedance frequency response of patient phantom
was imposed on fig. 9 for comparing.

According to figure 9, two curves are superim-
posed, both of them have a decrease on frequency
response in the interval from 100 Hz to 1kHz due to
nature of patient model.
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Fig. 8. Controlled current source transfer characteristic of transformer scheme
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Fig. 10. Controlled current source transfer characteristic of Howland current source
6. 0K

- :....E """ \\ _______ 1 T O N N BN N

Impedance, Ohm

2.0M 1/
o i i i i i
1.8Hz 18Hz 100Kz 1. 08HHzZ 18KHZ 100KHz 1.0MHz 18MHz 108MHZ 1.0GHz 10GHz

a UV(R3I:2)/I(R_loadd) o U{I1:+)/I(R_122)

Frequency

Fig. 11. Impedance of Howland current sources
with feedback ( line with ‘(1) and patient phantom impedance with ideal current sources ( line with ‘0”)

b) New approach modeling result from 1 kOhm (‘0J’) to 100 kOhm (‘*’) with step
Single Howland current source with grounded 10kOhm.
active load were simulated for obtaining transfer Impedance frequency response were obtained

characteristic (fig. 10). Characteristic was acquired from simulated data of Howland current sources with
depending on the load resistance, which was varied feedback circuit and patient phantom. Impedance fre-
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quency response of patient phantom was imposed on Transformer-based approach | Proposed approach

fig. 11 for comparing. 0.0017
. . 0, 8.11E-6
According to figure 11, two curves are superim-

posed on frequency interval from 1 kHz to 5 MHz. 5 1.43E-5 0.0064
Impedance increasing after 10 kHz is affected by
amplitude response of non-ideal amplifiers. Sharp
decline and then peak impedance values is caused by
frequency dependence of feedback circuit due to real
amplifiers models.

Approaches were obtained with chosen norm (3)
and (4) in frequency band from 1 kHz to 5 MHz. The
results are presented in the table 1.

Conclusion. Proposed approach can be used for EIT
applications. Despite a narrower band and slightly low
accuracy than moduled transformer based design, such
approach has advantages. Impedance measurement
error of proposed scheme is not higher than 0.64%. The
upper frequency of the band (SMHz) is equal to some
researchers proposed in other publications [18, p. 200].
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SInenxo M.B., Kapnmok €.C. HOBHM X1 10O MOJIYJIbHOI
APXITEKTYPH IMIIEJAHCHOI TOMOT PA®I1, 3BACHOBAHUI
HA KOHTPOJIbOBAHOMY JIZKEPEJII CTPYMY

Y cmammi nagedeno nosuii nioxio 0o mooynvHOI apximekmypu npucmpoiro imnedancHoi momozpadii na
OCHO8I KeposaHux dxcepen cmpymy Xoyianoa i3 3a3emMileHUM HaBAHMANCeHHAM 018 3ACMOCYB8AHH 8 NPULA0ax
imneoancroi momoepaghii iz K0008UM pO30ieHHAM Kananis. [ niompumanis 6aiancy cmpymy 6 cxemi OVio
BUKOPUCIAHO KOJI0 360POMHO20 38 513KV, U0 CIBOPEHO HA OCHOBI ONepayiinux niocuntoeadis. /s 00caiodceHus
3anpoONnOHOBAH020 NIOX0JY OVII0 BUKOPUCTNAHO KOMN TOMepHe MOOENO8AHHA eLeKMPUYHUX CXeM ) CepedOosUulli
ORCAD PSPICE. 11i0 uac modentogants cxem 6y10 UKOPUCHIAHO MOOEL peabHUX KOMROHeHmie. Ak ¢hanmom
0Y10 BUKOPUCMAHO MOOelb, 3acH08any Ha mooeni Koyna, wo imimye ax akmusHull CKIAOHUK imneoawcad,
SAKULL CBOCIO Uep2010 IMIMYy€e K NPOGIOHICb KAIMUHHOL Ma NO3AKIIMUHHOL PeYOBUHU, MAK | PeaKmueHy, uo
iMimye npogioHicme KiimurHuUx Membpan. byno npomoodenvosano 0ea nioxoou, nepuiuti i3 HUX € K1ACUYHUM
i 3aCHOBAHULL HA BUKOPUCAHHI mpanchopmamopis, opyautl — 3anponoHosanuli nioxXio Ha 0CHOBI KePOBAHUX
Oorcepen cmpymy. Knacuunuii nioxio 6y1o pos3enanymo 3 mouku 30py eabapumuux xapaxmepucmux npuiaoy.
Takootc Oocnioxncyemvpcsi iMneOanc 3M00elIbo8aH020 (anmomy nayienma i3 GUKOPUCHIAHHAM [0eaibHUX
ooicepen cmpymy i pedvHux 0dxcepenr cmpymy. /lea nioxoou 6yno nopieusaHo 6 cmamnii 3a 00NOMO20I0 PI3HUX
Memooie OYiHKU MOYHOCHT BUMIDIOBAHHS IMNEOAHCY (hanmomy 6 8usHaueHitl cmysi uacmom. byno ompumarno
@yuKyii nepedayi okpemux Odxcepen cmpymy 3d pi3HO20 AKMUBHO20 HABAHMANCEHHA. [ OYIHKU MOYHOCI
0710 06paHo cepedHbOKBAOpAMUYHE 3HAYEHHS A MAKCUMAIbHE 8I0XUIEeHHs 8I0 pealibHo20 3HauenHs. Takooc
0Jisl NOPIGHAHHA CXeMHUX NIOX00i8 010 BUSHAYEHO CMY2y pOOOHUX Yacmom OJid BUMIDIOBAHHS IMNEOAHC).
3anponornosaruti npuHyun Modxce OymMu GUKOPUCMAHULL ]I CIBOPEHHS NPUCMPOI8 IMNedarHcHoi momozpaghii
i3 BUKOPUCMAHHAM KOO08020 pO30ilenHs Kananis. Taxoxc 3anponoHo8anuti nioxXio Mae HUxdC4y 8apmicmo,
€ OinbUl KOMNAKMHUM Ma MAno cnoxcusarouum. Taxutl nioxio € MoOyIbHUM, WO 00380A€ 30L1bULY8AMU
KLIbKICMb KaHaiie momoepaga.

Knrouosi cnosa: imneoancua momoepaghia, oacepeno cmpymy Xoynawmoa, Kooose po3zdineHus Kawaiis,
MOOeNo8anHs, Mooelb hanmomy nayieHma.
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