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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.

Key words: Electrical Impedance Tomography, Howland current source, code channels dividing, modeling, 
patient phantom model.

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 

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. 

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):
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The output current IL  is controlled by signal V1

and resistors, but independent of load. Ideal output 
impedance is presented by equation (2):
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When resistors ratio achieve balance according 
to equation: R R R R Ra a2 3 1 4 4= +( ) , 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 5  and resistor R29 form feedback 

amplifier, in which depth of current feedback depends 
of resistance. Second part consists of amplifier U 6  
and resistors R30 , R31  , 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 R1 , R2  is 
winging resistance, Rmeasure � is precision resistor for 

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.
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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 R0 1, are associated with 
tissue fluids and C, �α are associated with the cellu-
lar membranes of the tissues [23]. Parameters values 
were chosen as R kOhm0 2= , R kOhm1 20= , C nF= 35 .

For patient phantom modeling Cole circuits were 
connected between all electrodes with principle “one-
with-each-one”.

Fig. 4. Current feedback circuit



235

Електроніка

c) 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.

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 (‘☐’) 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 Uload  is amplitude frequency response, Zload  is 
load impedance, U 2  is secondary winding voltage.

U U
Z

R Zload
load

measure load

=
+2                    (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.

Fig. 5. Transformer-based circuit 

Fig. 8. Controlled current source transfer characteristic of transformer scheme 
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b)	 New approach modeling result
Single Howland current source with grounded 

active load were simulated for obtaining transfer 
characteristic (fig. 10). Characteristic was acquired 
depending on the load resistance, which was varied 

from 1 kOhm (‘☐’) to 100 kOhm (‘*’) with step 
10kOhm.

Impedance frequency response were obtained 
from simulated data of Howland current sources with 
feedback circuit and patient phantom. Impedance fre-

Fig. 9. Impedance response of patient phantom  
with ideal current sources (x) and transformer based current circuit (o) 

Fig. 10. Controlled current source transfer characteristic of Howland current source

Fig. 11. Impedance of Howland current sources  
with feedback ( line with ‘☐’) and patient phantom impedance with ideal current sources ( line with ‘o’)
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quency response of patient phantom was imposed on 
fig. 11 for comparing. 

According to figure 11, two curves are superim-
posed on frequency interval from 1 kHz to 5 MHz. 
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.

Transformer-based approach Proposed approach

δ2 8.11E-6  0.0017

δmax 1.43E-5 0.0064

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 (5MHz) is equal to some 
researchers proposed in other publications [18, p. 200].
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Яненко М.В., Карплюк Є.С. НОВИЙ ПІДХІД ДО МОДУЛЬНОЇ  
АРХІТЕКТУРИ ІМПЕДАНСНОЇ ТОМОГРАФІЇ, ЗАСНОВАНИЙ  
НА КОНТРОЛЬОВАНОМУ ДЖЕРЕЛІ СТРУМУ

У статті наведено новий підхід до модульної архітектури пристрою імпедансної томографії на 
основі керованих джерел струму Хоуланда із заземленим навантаженням для застосування в приладах 
імпедансної томографії із кодовим розділенням каналів. Для підтримання балансу струму в схемі було 
використано коло зворотного зв’язку, що створено на основі операційних підсилювачів. Для дослідження 
запропонованого підходу було використано комп’ютерне моделювання електричних схем у середовищі 
ORCAD PSPICE. Під час моделювання схем було використано моделі реальних компонентів. Як фантом 
було використано модель, засновану на моделі Коула, що імітує як активний складник імпеданса, 
який своєю чергою імітує як провідність клітинної та позаклітинної речовини, так і реактивну, що 
імітує провідність клітинних мембран. Було промодельовано два підходи, перший із них є класичним 
і заснований на використанні трансформаторів, другий – запропонований підхід на основі керованих 
джерел струму. Класичний підхід було розглянуто з точки зору габаритних характеристик приладу. 
Також досліджується імпеданс змодельованого фантому пацієнта із використанням ідеальних 
джерел струму і реальних джерел струму. Два підходи було порівняно в статті за допомогою різних 
методів оцінки точності вимірювання імпедансу фантому в визначеній смузі частот. Було отримано 
функції передачі окремих джерел струму за різного активного навантаження. Для оцінки точності 
було обрано середньоквадратичне значення та максимальне відхилення від реального значення. Також 
для порівняння схемних підходів було визначено смугу робочих частот для вимірювання імпедансу. 
Запропонований принцип може бути використаний для створення пристроїв імпедансної томографії 
із використанням кодового розділення каналів. Також запропонований підхід має нижчу вартість, 
є більш компактним та мало споживаючим. Такий підхід є модульним, що дозволяє збільшувати 
кількість каналів томографа.

Ключові слова: імпедансна томографія, джерело струму Хоуланда, Кодове розділення каналів, 
моделювання, модель фантому пацієнта.


