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Abstract 

The first prototype version of the current source for electrical impedance 

tomography was studied. Based upon its performance, a second version of the 

current source was built, including various improvements designed to address the 

issues of this first version. 

The frequency range was extended from 1kHz to 125kHz up to 1kHz to 1 

MHz, and additionally the new design allow the production of either sme, 

triangular or square waves. 

The DC offset from the DDS output voltage signal was removed and the 

voltage signal was amplified to ±lOV (peak to peak) from ±325mV (peak to peak) 

in two stages. A fixed gain of 5 was implemented in the first stage and a variable 

gain (from 0 to 6) was implemented in the second stage to provide more control of 

the injected current. 

The single-ended voltage signal from the variable gain stage was 

translated into double-ended signals by implementing two unity gain buffer 

operational amplifiers, one inverting and the other non-inverting. This double­

ended voltage signal then was applied to the voltage control current source. 
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Three voltage control current source circuits; current pump, improved 

Howland and Bi-polar were implemented on a PCB and a wire board. 

The following five quality indicators were used to assess the performance 

of both versions of the current source: (1) The stability, (2) the balance of the 

current injection, (3) the output impedance, (4) the variation in the output current 

due to changes in the impedance at a fixed frequency and (5) the variation in the 

output current due to changes in frequency at a fixed load. 

All three circuits in the second version were stable; however, the first 

version was not stable. Only in the second version - the improved Howland 

voltage control current source was the current injection balanced over the full 

range of frequencies. 

The output impedances of the second version current source circuits were 

25Kn (bi-polar), 256Kn (Howland) and 7Kn (current pump) at 100 KHz as 

compared to the first version 8Kn at 62.5 KHz. The output impedance for the 

second version Howland circuit was much higher than the other circuits. 

The maximum variations in the output current were 6.35% (bi-polar), 

22.44% (current pump) and 0.77% (Howland) due to variations in the load (150n 

- 2150n) at a fixed frequency (100 KHz). This is in comparison to the first 

version, which was 10.55% due changes in load (480n -1180n) at a fixed 
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frequency (62.5 KHz). Clearly the improved Howland circuit demonstrates the 

lowest current variation as a function of the load. 

The maximum variations of the output current due to changes in frequency 

(lkHz to 300kHz) was about 37% (bi-polar), 55% (Howland) and 89.83% 

(current pump) at a fixed maximum load 21500 for this second version of the 

McMaster EIT current source. This compares to the first version of the current 

source which was about 8.47% due changes in frequency range from 1 kHz to 

62.5 kHz at maximum load of 11800. In this case the bipolar current source 

demonstrated the lowest variation in output current with frequency. 

However based upon all of the test results, the improved Howland current 

source version II outperfonns the other circuits and the first version. 
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Chapter 1 

Introduction 

The motivation for this thesis is the improvement of our McMaster 

Electric Impedance Tomography (EIT) prototype. The most fundamental, and the 

most crucial, step in this development is the redesign of the current driver for this 

system. However to put this technology in perspective, this chapter will first 

introduce the utility of EIT in the detection of breast cancer, and discuss other 

competing modalities. 
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1.1 Cancer biology 

Cancer is an abnonnal growth of cells caused by multiple changes in gene 

expression leading to an unbalance regulation of cell proliferation and cell death 

(cell replication and cell death). This ultimately develops into a population of 

cells that can invade surrounding tissues and spread to other parts of the body by 

way of the blood or lymphatic vessels or membranous surfaces to distant sites, 

causing significant increased risk of disease and, if untreated may cause death of 

the host. The abnonnal growth of the cell population is called a tumor, which can 

be divided into two categories; benign or malignant. 

Benign tumors are usually encapsulated and expand locally meaning they 

do not invade the surrounding tissue. Even though benign tumors do not spread 

through regional lymph nodes, their location and size can cause severe problems 

for example; pinching a nerve or blood supplying vessel that might be vital for an 

organ or tissue. Other than their abnonnal growth, benign tumors closely resemble 

nonnal tissue as compared to malignant tumors. 

Malignant tumors are not localized they can invade surrounding tissues. 

They can also spread through regional lymph nodes to infiltrate and damage 

distant organs in the body. The location of the tumor will detennine its effect on 
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the vital function of the tissue or organ and the tumor name reflects the effected 

organ or tissue such as brain, lung, colon, prostatic, breast cancer etc. For 

additional information about cancer biology, see text "Cancer Biology" 4th edition 

by Raymond W. Ruddon. (Ruddon, 2007) 

1.2 Cancer cells vs normal cells 

Studies of the microscopic appearance of cells enable the differentiation of 

cancer cells from normal cells. Some of the findings are summarized (Ruddon, 

2007). 

1. The structure (morphology) of cancer cells is different from the normal cells 

when both, normal and cancer cells are taken from the same tissue. 

2. Cancer cells differ in size and shape from normal cells. 

3. Within the cancer population, the number of cell divisions (mitosis) is greater 

as compared to normal cell population. The number of divisions in the normal 

cell popUlation is about 1 per 1000 cells and it is about 20 division per 1000 

cells in cancer cell population. 

4. The nucleus of a cancer cell is larger than the nucleus in the normal cell and 

the ratio of the nucleus to cell substance is higher as compared to normal cells. 

Some time there are multiple nuclei present in the cancer cell. 

3 
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Using these differentiating features such as structure, size, population growth 

and ratio of nucleus to cell substance the cancerous and non-cancerous region can 

be detected. In electrical impedance tomography, the structural differences are 

used to identify cancerous from normal tissue. In the next section of the thesis, an 

overview of morphology of the breast cancer is presented. 

1.3 Breast morphology 

Tumours in breast are believed to arise from terminal ductal and lobular 

units and consist of two common 

morphological types: ductal and 

lobular neoplasia and rarer 

morphological types include 

tubuloductal, comedo, medullayr and 

mucinous (Kari Hemminki, 2002). 

F.nyCOnnttri .... ", ..... 

Figure 1.1 Basic morphological units of the breast 
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Basic morphological units of the breast are shown in Figures 1.1, 1.2 ( a) 

and 1.2 (b). These figures also shows the inner sections and non-structured and 

invasiveness of the tumor. 

(a) 

Lobules 

(b) 

Nornlal duct Ductal carcinonla Invasive ductal 
in situ (DCIS) carcinorna 

Normal lobule Lobular oaroinoma 
in situ (LeiS) 

o 

Invasive 
lobular 

caroinonlA 

Figure 1.2 Morphological units of the breast (a) normal and ductal (b) lobules carcinoma 
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The terminal duet lobular unit is composed of smaller branches of 

lactiferous ducts (ducts leads from the lobules of the mammary gland to the tip of 

the nipple), the extra-lobular terminal duct and the lobule. The lobule is composed 

of the intra-lobular duct and small channels (ductules). The ducts and the lobules 

are the sites where most breast abnormalities arise, both benign and malignant. 

The size of the ducts is approximately 1 to 2 mm in diameter (Ruddon, 2007). In 

the next section of this thesis, the Canadian cancer estimates for 2009 will be 

presented. 
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1.4 Cancer statistics 

Table 1.1 shows the estimated number of new cases and deaths for all 

types of cancers by sex for the year 2009. 

New Cases Deaths 
2009 Estimates 2009 Estimates 

Total· M F Total· M F 

All Cancers 171,000 89,300 81,700 75,300 39,600 35,700 

Prostate 25.500 25,500 4,400 4,400 

Lungt 23.400 12.800 10.700 20.500 11.200 9,400 

Breast 22,900 180 22.700 5,400 50 5,400 

Colorectal 22,000 12,100 9,900 9,100 4.900 4,200 

Non-Hodgkin Lymphoma 7,200 3,900 3,300 3.200 1.750 1,450 

Bladdert 6.900 5,100 1,750 1.850 1.300 550 

Melanoma 5.000 2,700 2,300 940 580 360 

Thyroid 4,700 990 3,700 190 70 120 

Leukemiat 4.700 2,700 1,950 2.500 1.450 1.050 

Kidneyt 4.600 2,800 1,800 1,600 1,000 610 

Body of Uterus 4.400 4,400 800 800 

Pancreas 3,900 1,900 2,000 3,900 1.850 2,000 

Oral 3,400 2,200 1,150 1,150 770 390 

Stomach 2.900 1,850 1,OSO 1.850 1.150 720 

Brain 2,600 1,450 1,150 1,750 1,000 750 

Ovary 2,500 2,500 1,750 1,750 

Multiple Myelomat 2,200 1,250 980 1,400 750 640 

Livert 1,700 1,300 410 700 540 160 

Esophagus 1,600 1,200 420 1,800 1.350 440 

Cervix 1,300 1,300 380 380 

Larvnx 1.150 940 220 510 410 95 

Testis 900 900 30 30 

All Other Cancers 14,500 7,000 7,600 9.400 5.000 4,500 

Non-melanoma skin 75.100 41,100 34,000 270 160 100 

Table 1.1 Estimated new cases and deaths for cancer by sex (Cancer Society, 2009) 

7 
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As per Canadian cancer statistics 2009 report, the mortality estimate due 

to lung cancer is higher for males and females for the year 2009. The leading 

cause of cancer death for man is prostate cancer where as for women it is breast 

cancer. The study also suggests that approximately 470 Canadians will be 

diagnosed each day with some form of cancer. For further information related to 

the statistic about cancer can be found in the Canadian cancer statistic report 

(Cancer Society, 2009) . 

Because the rapid growth and invasive nature of cancer cells, early 

detection will significantly improve the chance of survival. A subset of cancer 

detection modalities will be described in the following section. 

1.5 Cancer detection modalities 

Using the differentiating features between cancer cell population (tumor) 

and normal cell population, the breast cancer (tumor) in women can be detected. 

There are different breast cancer detecting modalities such as X-ray 

mammography, Ultrasound, MRI and PET etc. A brief overview of these 

modalities with reference to breast cancer is presented in the following section of 

the thesis. 
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1.5.1 X-ray mammography 

In X-ray mammography, the breast is irradiated. As the radiation passes 

through the breast in a straight line, attenuation differences in this radiation due to 

the normal and tumor (denser) 

tissue is detected. A Radiologist 

interprets these differences as 

tumor or normal tissue. A normal 

mammogram does not guarantee 

that a woman is free of breast 

cancer because some tumors are 

not detected by mammography. 

Photo Courtesy GE Healthcare 

Figure 1.3 Mammography screening equipment 

Mammograms are difficult to interpret for women with dense 

breast tissue, which is especially common in young women. Women's with dense 

breast tissue interferes with the identification of tumors, leading to a higher rate of 

false negative and false positive (Jane Wang, 2007 ) 

The false negative rate goes higher for smaller lesion size, denser breast, 

and deep retro-glandular location. Undetected calcification results in false 

9 
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negative as well. The rates of false negative for mammographic detection for 

breast cancers range from 4.3% to 34.2% (Jane Wang T. T.-F., 2000). 

A screening study was performed over 10 years (Joann G., 1998). This 

study suggests that the chances of a false-positive result, depending on the lesion 

and a women's risk, about 49.1 % after 10 mammogram. This study also estimated 

the cost; for every $100 spent for screening, an additional $33 was spent to 

evaluate the false positive results. This implies that a higher cost to overcome the 

false positive results and more subsequent mammogram to rectify the false 

positive results in breast cancer detection. 

Mammography is an efficient proven tool and a gold standard for 

diagnosing breast cancer in women over 50 years of age. However, for 40 to 50 

year old women, it is more controversial due to more denser Iglandular breast in 

younger women. 

The Sydney breast imaging accuracy study (Houssami, 2003) found that 

the sensitivity of mammogram is remain constant in women 45 years and young 

and increase in women older than 45 years and further increase in women 51-55 

years. They found that the sensitivity is 75.8% for 50 and older women and the 

specificity is approximately 88.0%. Another study by Kerige (Mieke Kriege, 

10 
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2004) in Netherlands for women's breast cancer (age of 25 to 70 years) the 

detected sensitivity of mammography was less than 50% and the specificity was 

95.0%. 

Thus, there is a need for an additional adjunct examination method for 

breast cancer, which should be, low-cost, comfortable, and non-invasive, which 

does not depend upon the density of the breast tissue. Although our lab is 

proposing that EIT may be developed to serve as an adjunct to mammography, 

some other techniques that are currently used in screening will also be presented. 

1.5.2 Ultrasound 

In Ultrasound, the acoustic properties of 

tissue are used to differentiate the 

normal tissue (fluid filled) from tumor 

(solid filled) tissue. 

The interpretation criteria are 

variable, and breast ultrasound does not 

consistently detect micro-calcifications 

... ..:: .. - - . 
::·-·-·~r t·: , --- -.....";,,.. j. I 
\ , -

I . - • 

Photo Courtesy GE Healthcare 

Figure 1.4 Ultrasound screening equipment 

(Elmore G.Joann, 2005). The sensitivity of ultrasound declines in detecting non-

11 
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palpable tumor such as micro-calcifications. (Torno Osaka, 2007). The overall 

accuracy of ultrasound depends on expertise of the physician conducting the 

procedure and interpreting the image. Breast ultrasound has been considered a 

useful tool in dense breasts and characterizing an abnonnality detected in 

mammograms (Pavel Crystal, 2003). 

1.5.3 Magnetic resonance imaging (MRI) 

As oppose to one parameter i.e., the liner X-ray attenuation coefficient in 

X-ray CT. MRI provides three (radiation 

free) parameters for contrast mechanisms i.e., 

free water density, longitudinal relaxation 

time T I, and transverse relaxation time, 72. 

(Chris Guy, 2005). 

MRI uses powerful magnets and radio 

waves to create detailed images of the interior 

of the body under investigation. It can be 

done with or without contrast. Contrast agent 

(Gadolinium) is a type of dye that is injected Figure 1.5 MRI screening equipment 

12 



MS Thesis - Dost M. Khan McMaster - Medical Physics 

intravenously either right before, or during MRI procedure. 

Certain abnormalities (tumors), will absorb the dye and show up very 

clearly on the MRI with contrast. 

MRI spectroscopy can be used to differentiate tumor from normal tissue. 

The variation in the resonance frequencies of different compounds are used to 

differentiate the normal and tumor tissue. The presence of Choline-containing 

compound in tumor can be detected by using MRI (Baekl, 2008 September 1). 

MRI brings the advantage of high resolutions of 3D imaging to breast cancer 

stage and it is based on the size and degree of tumour spread. The disadvantages 

of MRI are it cannot always accurately distinguish between cancer and benign 

breast condition, it cannot detect micro-calcifications and interpretation results in 

a high rate of false-positive detection, imperfect specificity and cost of the unit is 

an important factor. (Liberman, 2004) 

A study by Kerige (Mieke Kriege, 2004) in Netherlands for women's 

breast cancer (age of 25 to 70 years) the detected sensitivity of MRI was 79.5% 

and the specificity was 89.8%. 

13 



1.5.4 Positron emission tomography (PET) 

The cancer cells grow at much faster rate, consummg more sugars 

(glucose) as compared to normal cells and this higher consumption of glucose is 

detected in positron emission tomography. 

A small amount of radioactive tracer (Fluorine 18F) in combination with 

glucose (fluoro-de-oxy-glucose FDG) is injected into the body the radioactive 

tracer emits signals (positrons). 

As the radioisotope undergoes 

positron (an antiparticle of the electron 

with opposite charge) emission or 

positive /3 decay, it emits a positron. 

Mean range of these /3 particles is only 

0.5 mm and a maximum range of 2.4 

mm in water before annihilation 

(Burian, 2007), when positron 

encounters an electron. Photo Courtes GE Healthcare 

Figure 1.6 Positron emission tomography (PET) 
screenin2 eauipment 
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The encounter annihilates them both, producing a pair of annihilation 

photons (gamma) moving in opposite directions 180 degree apart. These are 

detected when they reach a scintillation detector in the scanning device, creating a 

burst of light, which is detected by photomultiplier tubes (PMT) or silicon 

avalanche photodiodes (SAPD). The technique depends on simultaneous or 

coincident detection of the pair of photons moving in approximately opposite 

direction. Photons that do not arrive in temporal "pairs" i.e. within a timing­

window of few nanoseconds are ignored. 

The most significant fraction of electron-positron decays result in two 511 

ke V gamma photons being emitted at almost 180 degrees to each other; hence it is 

possible to localize their source along a straight line of coincidence. As the 

radioactive tracer travel, and the signals get stronger near the tumor since the 

tumor will consume more glucose as compared to other tissue. 

The major disadvantages of the techniques are the images are of 

substantially lower resolution than MRI and CT and higher cost (Griffeth, 2005). 

A good source of information on positron emission tomography can be found in 

text "Positron Emission Tomography Basic Sciences" by Dale L Bailey (Dale L 

Bailey, 2005). 

15 
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1.5.5 Molecular imaging (MI) 

History of medical imaging started with bone (X-ray) then organ moved to 

tissue (CT), went to chemical compounds (MR!, PET), and now there is a further 

push is to image at molecular level (MRI, PET, SPECT) in vivo. The motivation 

behind this push to image at the molecular level and it came from, that the 

diseases can be defined as "abnormal processes as well as the abnormalities in 

molecular concentrations of different biological markers, the signalling molecules 

and receptors" (Vallabhajosula, 2009). 

The important advancement in the imaging instrumentation is the 

development of combined modalities. Multimodality image guided diagnosis 

means acquisition and interpretations of combined image in order to diagnose the 

diseases before they spreads. One of the multimodality is PET/CT, is considered 

to be a road map for the future diagnostic imaging in oncology studies, due to its 

low cost as compared to MR!. In multimodality, PET provides the functional 

details and the structure details added by CT, for exactly localization of the 

molecular abnormalities (Vallabhajosula, 2009). 

For additional information about Molecular Imaging, see the texts 

"Molecular Imaging in Oncology" edited by Martin G. Pomper published by 

16 
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Informa Healthcare USA, Inc 2008. "Molecular and Cellular MR Imaging" Edited 

by Michel M. 1. Modo Jeff W. M. Bulte CRC Press Taylor & Francis Group FL 

2007 and another good source of information "Molecular Imaging for Integrated 

Medical Therapy and Drug Development" By N. Tamaki, Y. Kuge (Eds.) 

published by Springer 2010 Japan. 

All imaging methods under investigation i.e., mammography, ultrasound, 

MRI and PET, MRI offered by far the highest sensitivity. The lowest sensitivity 

was achieved by mammography / ultrasound. 

The sensitivity of mammography in women at increased risk of breast 

cancer, including BRCA gene mutation carriers, is substantially lower, in the 

range of 33%-56% (C.T.M. Brekelmans, 2001; IK Komenaka, 2004). This is due 

to multiple factors, such as the younger age at screening for these women, 

increased breast radio-density, as well as pathologic and imaging characteristics 

of breast cancers in this population. 

Recent studies indicate that breast magnetic resonance imaging (MRI) is 

highly sensitive and can detect breast cancers not seen on mammography, 

particularly in women at increased risk (F Sardanelli, 2007; CK Kuhl, 2005; M 

Kriege, 2004) 
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Further infonnation related to these detection modalities can be found in 

text, "An Introduction to The Principles of Medical Imaging" by Chris Guy 

published by Imperial College Press London (Chris Guy, 2005) and another good 

text Medical Imaging Physics by Hendee W.R. published by Wiley -liss (William 

R. Hendee, 2002). 

EIT is an alternate imaging modality that has shown promise as an adjunct 

imaging modality to improve the sensitivity of X-ray mammography (Tzu-Jen 

Kao, 2006). It is not currently approved clinically however it used at the research 

stage. To understand its application in the human body, one must first look at the 

electrical properties of tissues. 

1.6 Electrical properties of cells and tissues 

The conduction of electricity and dielectric behaviour in the human body 

is due to the presence of cells and the dielectric properties of tissue. The cell is 

the basic building block of the human body. The living cell is surrounded by a 

plasma membrane providing protection, firmness, allow different ions to enter or 

leave through channels and communication between cells, through gap junctions. 

A tissue is fonned by cells performing a similar function and an organ is a 
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structure containing several tissue types working together to carry out specific 

functions. In a tissue, the space between cells contains a conductive medium, the 

conductivity of which depends on the particular tissue, due to this reason 

(conductivity) the dielectric properties of body tissue are highly variable from one 

tissue to another. (Jossinet, 2008). 

Frick and Morse reported differences in the value of electrical capacitance 

between malignant breast tumors and normal tissue in the year 1926 (Y. Zou, 

2003). Small impedance variations are observed in normal breast and these 

variations can be used to differentiate various types of breast tissues. Zou and 

Jossinet reported that the malignant breast tumors have significantly increased 

capacitance and impedance than the normal tissues (Y. Zou, 2003) (J, 1998). 

These differences are due to the changes (1) in cellular water content, amount of 

extracellular fluid i.e., the surrounding of a tumor contain less water as compared 

to normal tissue. (2) Packing density i.e., higher number of cells are packed in 

tumor as compared to normal tissue. (3) Destruction of tight junctions, cell 

membranes and a changed orientation of malignant cells due to abnormal growth 

in tumor as compared to normal tissues (Matich, 2007). 
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1. 7 Cell electrical model 

The electrical properties of living tissues may be modelled as a group of 

electronic components (FRICKE, 1926). One of the simplest combinations uses 

three components. The intra-cellular space, and the membrane are modelled as a 

resistor Rs and a capacitor Cs. respectively and the extracellular space is modelled 

as resistor Rp as shown in the left side along with tissue on the right side of the 

Figure 1.7. 

Rs 

Rp < > 

c 

Figure 1.7 Tissue and Fricke equivalent electrical model of cell (RS and RP are the resistances of the 
Intracellular and extra-cellular and CS is the membrane capacitance conductive medium) 

The cell membrane contains lipids act as a capacitor since it separates 

intracellular and extra-cellular charges. The intracellular and extracellular spaces 

contain salt ions and are conductive. At lower frequencies all the current will flow 

though the RP since the reactance of the capacitor is high at zero frequency I.E., 
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at DC (zero frequency) no current flows though the intracellular space since, the 

capacitor acts as an open circuit and the total impedance (resistance + reactance) 

is due to the extracellular space. However, as the frequency increases the current 

can pass through the capacitance of the cell membrane and through the 

intracellular resistance. The relationship between resistance and reactance can be 

represented by Cole-Cole plot. The Cole-Cole plot in Figure 1.8 shows the 

relationship between extracellular resistance and reactance for low to high 

frequency (right to left). The total impedance of the tissue decreases as the 

frequency is increases. 

High f'requency. re.lstance 
Rp and Rs In p arall.1 

characteristic 
f""rcquency 

fc 

R •• lstance Rp 

Figure 1.8 Cole-Cole plot of the above electrical model. 

L.ow 'frequency r •• I.tanc. Rp 

The Cole equation characterizes tissue impedance at multiple frequencies 

is given by. 
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Where Z· is the complex impedance of the tissue at frequency f; Zo and 

Zoo are the limiting values of the impedance at low and high frequencies 

respectively; /0 is the characteristic frequency and P is an index (0< P < 1) 

representing the spread of relaxation times of the tissue (Cole, 1940). 

Breast cancer can be detected by usmg these differentiating features 

(electrical properties) of normal and cancer tissue and electrical impedance 

tomography is the modality that promises to differentiate these electrical 

properties of normal and cancerous tissue. 

As a potential imaging modality, EIT offers several advantages over 

existing medical imaging techniques such as X-ray Mammography (film-screen or 

digital) and Magnetic Resonance Imaging (MRI). The positive attributes of EIT 

are its ability to produce images non-invasively, its relatively inexpensive 

instrumentation requirements, physical ease of operation and portability. The 

technique has potential in medical and industrial application. 

For medical applications, EIT is being considered as a screening or a 

diagnostic tool such as; imaging of the thorax, brain function, breast cancer, 

gastrointestinal tract etc (Holder, 2005). 
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In industry, EIT has been used to image fluid (oil or gas) flows in 

pipelines, crack detection in pipelines, bubble column dynamics, density flow 

meter, nuclear waste site characterization etc. (Holder, 2005) 

Designing and developing a constant current source for EIT is motivated 

by the great potential of EIT to be used in clinical environments as a diagnostic 

and monitoring modality. However, EIT suffers from a low spatial resolution, and 

is susceptible to noise and electrode errors. The spatial resolution of EIT is 

relatively poor in comparison to other modalities, such as, magnetic resonance 

imaging (MRI) and computed X-ray Tomography (CT). In comparison however, 

EIT is a technique that does not use ionizing radiation, it is safe and non-invasive, 

inexpensive, and portable. 

An outline of the thesis contents is listed here: In chapter 2, the electrical 

impedance tomography detection technique including electric field patters in 

fluids due to electric current, various electric current injection techniques and 

image reconstruction process will be described. 

The EIT system can be divided into two sections i.e., hardware and 

software. The hardware section can be subdivided into electric current injection 

and electric potential measurement. Electric current injection can further be 
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subdivided into signal generator and electric potential to current conversion (the 

current source). Since the objective of this study is to improve the first version of 

the McMaster EIT system current source. The following chapters will describe the 

signal generator and current sources. 

In chapter 3, the various signal generator techniques, first prototype 

version of the McMaster EIT signal generator its limitation, solution to those 

limitation and implementation in the second version of the McMaster EIT signal 

generator will be described. In chapter 4, the various techniques to implement 

electrical current source and their advantages and disadvantages will be described. 

In chapter 5, the first version of the McMaster EIT current source, detected 

limitations and solution as implemented in the second version of the McMaster 

EIT current source are described. In chapter 6, the experimental methods and 

results related to the both versions of the McMaster EIT current sources are 

described. In chapter 7, conclusion and future goals are described. 

In the next chapter of this thesis, EIT detection and image reconstruction 

techniques will be describe. 
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Chapter 2 

Electrical impedance tomography detection technique 

In electric circuit, electric currents usually flow through in copper 

wires; on the other hand, electric current in fluids tend to spread out in all 

directions. If the flow of electric current in the circuit resembles water flow in 

pipes, then current in a fluid, is like air motion in the atmosphere, spread out in 

three dimensions. In a wire, electric potential depends upon many factors 

including the circuit components, frequency, and circuit design, however it is 

unchanged along a conducting path. In a fluid, or conducting object, there is an 

additional complication that the electric potential can be distributed in space. 
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The three dimensional electric potential distribution is often called the 

electric field. An electric field is a region where electric forces can be felt by 

charged objects, and the direction of the electric field is the one in which positive 

charges would move. In case of a fluid, a positive ion moves in the direction of 

the field and a negative ions moves in the opposite direction. 

2.1 Electric current and electric field patterns in fluids 

The Figure 2.1 shows the circular shape electric currents and electric fields 

lines orthogonal to the electric current. 

When electric current is applied to a fluid, circular electric current patterns 

are generated within the fluid. Due 

to the fluid conductivity; equal 

potential orthogonal electric fields 

lines are created, 1.e., each 

orthogonal line represents an equal 

potential however, the electric 

potential of each electric field line is 

different from the other. 
Figure 2.1 Current and Electric field lines in fluid 
(Rob Morrison) 
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If an insulator is introduced within the fluid, the electric field distribution 

will change as shown in the following Figures 2.2. 

Figure 2.2 Distortion of the field lines in the Figure 2.3 Distortion of the field lines in the 
presence of an insulator presence of a conductor 

Similarly, the presence of a more conductive object In the fluid, the 

electric field lines will change as shown in the Figure 2.3. 

The above figures (2 .2 and 2.3) show the distortion in the electric field 

lines in the presence of an insulator and a conductor. This distortion could be used 

in EIT to differentiate a less conductive (normal tissue) region from a more 

conductive (malignant tissue) one. 
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To measure the conductivity contrast of an object (fluid) an array of 

electrodes is attached to the periphery of the object. A known magnitude of 

electric current is applied to two or more 

electrodes and electric potential IS 

measured at the remaining electrodes. A 

ring of electrodes is attached to the 

boundary of the cylindrical volume as 

shown in Figure 2.4. 

Figure 1.4 A ring of electrodes for EIT 

2.2 Electric current injection and electric potential measurement 

strategies 

In EIT there are number of strategies for electric current/potential injection 

and electric potential/current measurements at the boundary of an object. Some of 

these strategies apply electric potential and measure electric current while other 

apply electric current and measure electric potentials and may use the same or 

different electrodes for these two purposes. Many EIT systems inject the electric 
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current into the object and measure the resulting electric potential, as this method 

is less sensitive to the degrading effects of contact impedance (Isaacson, 1986). 

An array of electrodes in the form of a ring is attached to the boundary of 

the object under observation as shown in Figure 2.4. A differential electric current 

source is used to inject current into a pair of electrodes and resulting electric 

potential differences are measured on the remaining electrodes. Subsequently, the 

electric current is applied to another pair of electrodes and the process of potential 

measurement repeats. The way in which the electric current pair is switched and 

the potential measurements are collected varies. Some of the most common 

configurations used in EIT (medical application) will be described in the 

following section of the thesis. 
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2.2.1 Adjacent method 

Brown and Segar (Brown, 1987) suggested a method in which the EIT 

system sequentially apply electrical currents to the body using a pair of adjacent 

electrodes. While current is applied to the body, electric potential between the 

adjacent remaining electrodes are measured. The procedure repeats, until electric 

current is applied on all electrodes and all resulting electric potentials are 

measured. Figure 2.5 shows the application of this method for a cylindrical 

volume with 16 equally spaced electrodes on a single plane of the cylindrical 

volume. 

B 16 

12 

Current now lines Isopotentiallines 

Figure 2.S Adjacent method for current injection and voltage measurements 

The electric current is first applied through electrodes 1 and 2 and the 

potential is measured using electrodes pairs 3-4, 4-5, 5-6, .. . , 15-16. The first four 
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out of 13 independent measurements are shown in Figure 2.5(A). The next sets of 

13 electric potential measurements are obtained by applying electric current 

through electrodes 2 and 3 as shown in Figure 2.5(B) etc. 

For an N electrode system, N x (N-3) electric potential measurements are 

obtained. Due to reciprocity i.e., those measurements in which the electric current 

electrodes and electric potential electrodes are interchanged will produce identical 

measurements results. For example, the electric potential on the electrodes 3-4 

while electrodes 1-2 are used for electric current injection will be equal to the 

electric potential on electrodes 1-2 while electrodes 3-4 are used for current 

injection. Thus, the number of independent electric potential measurements can be 

reduced to N x (N-3) 12. 

In the adjacent method, the electric current is driven mostly through the 

outer region of the object, so this method is very sensitive to conductivity 

contrasts near the boundary and almost insensitive to the central contrast of the 

object, making the ill-posedness of the inverse problem even worse (Malmivuo, 

1995). 
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2.2.2 Opposite method 

An alternative is the opposite method introduced by Hua (Hua P, 1987) as 

shown in Figure 2.6, again for a cylindrical object (single plane of cylinder). With 

opposite method, electric current is injected through two diagonally opposite 

electrodes (eg. electrode 16 and 8). The reference electric potential is measured 

from the electrode that is adjacent to the electric current injecting electrode, as 

shown in Figure 2.6 (A). 

A 

12 

11 

8 '--__ 7 _ ___ --' 

Figure 2.6 Opposite method for current injection and voltage measurements 

The electric potential is measured from all other electrodes except from 

the electric current injection electrodes; out of 13 measurements, the first four are 

show in Figure 2.6 (A). The next sets of 13 electric potential measurements are 

obtained by selecting electrodes 1 and 9 as electric current applying electrodes as 

shown in Figure 2.6 (B). 
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For N number of electrode system N x (N-3) electric potential 

measurements are obtained and due to reciprocity, the number of independent 

electric potential measurements can be reduced to N x (N-3) / 2. The electric 

current distribution in this method is more uniform in the middle as compared to 

adjacent method and, therefore, has a good sensitivity in the middle however, it is 

less sensitive to conductivity variations at the boundary as compared to adjacent 

method (Malmivuo, 1995). 

2.2.3 Cross method 

A more uniform electric current distribution is obtained when electric 

current is applied between a pair of electrodes which are farther separated from 

each other. Because of this, Hua and Webster (Hua P, 1987) suggested cross 

method. 

This method is similar to the opposite method in terms of electric potential 

measurements however, the electric current is not applied in opposite pairs of 

electrode. 
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In the cross method, first one chooses two adjacent electrodes one for 

electric current application and another for reference electric potential electrode 

16 and 1 respectively as shown in the Figure 2.7 (A). 

c 
15 \.--1_6~_..L 

D 16 
15 \..--'---..L 

11 

10 
9 

Figure 2.7 Cross method for current injection and voltage measurements 

The electric current is applied through electrode 16 and 2 and the electric 

potential is measured for all remaining 13 electrodes with electrode 1 as the 

reference. The first four electric potential measurements are shown in Figure 2.7 

(A). The electric current is then applied through electrode 16 and 4, and the 

electric potential is measured for all remaining 13 electrodes keeping electrode 1 

as the reference as shown in Figure 2.7 (B). This procedure is repeated keeping 

electrode 16 fixed and moving to every second electric current application 

electrode i.e., 6, 8, 10, ... 14. Thus, by this method, in total 7 x 13 = 91 
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measurements are acquired by keeping electrode 16 fixed for electric current 

application and electrode 1 fixed for electric potential reference. 

The measurement sequence is repeated again using electrodes 3 and 2 as 

electric current application and electric potential reference respectively as shown 

in Figure 2.7 (C). Applying electric current first to electrode 5 and measuring the 

electric potential for all other 13 electrode with electrode 2 as an electric potential 

reference. The procedure is repeated again by applying electric current to 

electrode 7 as shown in Figure 2.7 (D) on the previous page. Applying electric 

current through electrodes 9, 11, 13, ... 1 and measuring the electric potential for 

all remaining 13 electrodes with electrode 2 being electric potential reference, 

making 91 measurements. From these 182 measurements, only 104 are 

independent. 

The Cross method does not have as good sensitivity in the periphery as the 

Adjacent method, but has better sensitivity over the entire region (Malmivuo, 

1995). 

Each of the above-described method has a sensitivity advantage over the 

other. The Adjacent method is the least sensitive in the center as compared to 
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Opposite and Cross methods. The sensitivity values of Opposite and Cross 

methods do not vary largely (P Kauppinen, 2006). 

If the location of the expected impedance change is approximately known, 

then the most sensitive method in that region may be use to get best results. 

Another sensitivity feature pointed out by Isaacson is that the low (spatial) 

frequency electric currents produce electric potential that are the most sensitive to 

changes in conductivity far from the boundary (in the middle) and high frequency 

electric currents produce electric potential most sensitive to changes near the 

boundary (Isaacson, 1986). 

2.3.0 Electrical impedance imaging 

The impedance (conductivity, permittivity) can be imaged to differentiate 

the contrast in the impedance of the object. One technique is the absolute or static 

imaging that attempts to quantify the actual (absolute) value of the impedance 

inside the object. It requires an accurate calculation of the estimated electric 

potential for known impedance distributions and it assumes for the technique that 

the properties of the object do not change during the measurement procedure. A 

small change in the contact impedances, the electrode sizes, the electrode 
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locations and the object boundary shape can cause significant problems in static 

image reconstruction (V Kolehmainen, 1997). 

Another technique is the dynamic (time difference, multi-frequency) or 

difference imaging, which reconstructs changes in the impedance of the object. In 

this technique, the object impedance is measured twice (at different frequencies or 

times) and the difference between these two impedance distributions is 

reconstructed as an image, which enhances the difference and reduces the error 

and geometrical uncertainties. 

2.3.1 Image reconstruction process 

Image reconstruction in EIT is the process of converting the electrical 

potential measurements and corresponding injected electric currents into images. 

The reconstruction process makes use of the relationship between electric 

potential, electric current, and resistance (impedance). 

The EIT image reconstruction is a non-linear, ill posed and an inverse 

problem. The conductivity of the object is not homogenous (non-linear), since the 

electric current in the object (fluid) is three-dimensional and it does not follow a 

straight path as electric current in a wire or high-energy radiation. 
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A problem is called well posed, if the solution must exists ( existence), has 

a unique solution (uniqueness) and if the solution continuously depends on the 

data (stability), i.e., solution must not be unstable if there are small changes in the 

data. If anyone of these three conditions (existence, uniqueness, stability) is 

violated then the problem is called ill posed. Therefore, the EIT image 

reconstruction is categorized as an ill-posed problem (Holder, 2005). 

EIT is an inverse problem since from the boundary injected electric 

current and measured electric potentials the conductivity of the object is estimated 

(J=(1 E). Where E is the electrical field, J is the electric current density and u is 

the conductivity. 

Since the conductivity inside the object volume is non-linear, 

discretization is used to linearize the non-linear conductivity, conductivity IS 

treated as liner within these discrete regions, and further-more to overcome the ill­

posed problem regularization is implemented. 

There are many proposed methods for solving the inverse nonlinear 

problem of EIT. These methods fall into two broad categories i.e., non-iterative 

and iterative methods. The non-iterative (single-step) methods are based on linear 

approximations. The basic assumption of these methods is that the conductivity 
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distribution is approximately homogeneous. Examples of these linear 

approximation methods include the Barber-Brown back-projection (D. C. Barber, 

1983; Avis, 1995) and sensitivity matrix (R. Gadd, 1992; P. Morucci, 1994) 

methods. Single-step methods produce an image by using the mathematical 

operation once (Boone, 1997). The sensitivity matrix uses a theorem derived by 

Geselowitz (Geselowitz, 1971). 

The above mention linear non-iterative methods are very attractive due to 

their mathematical simplicity and computational speed, but they pay no attention 

to the non-linearity of the EIT. Furthermore, there are number of undesirable 

features such as, the recovered images of a centrally-placed object appears 

physically larger than that of a peripheral one of equivalent size, and 

underestimation of overall difference in the resistivity is normally greatest for 

centrally-placed objects (Boone, 1997). 

Iterative methods are used to (try to) solve the 'static' reconstruction 

problem, i.e., find the actual conductivity in the body rather than a change in 

conductivity such as Wexler double constraint algorithm (Wexler A. , 1988). 

These methods generally solve a series of linear problems via solution of the 

Laplace equation (V ·U V qJ = 0 ) in an attempt to solve the full nonlinear 
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problem. Most of these methods acknowledge the non-linearity and ill posedness 

of ElT and still attempt to treat it without linearization, unlike non-iterative 

methods 

Construction of an image in EIT has two parts i.e., the forward solution 

and the implementation of the forward solution to solve the inverse problem. 

Solution of the forward problem allows the calculation of electric potential at any 

point on the surface of an object under investigation, using a given (assume) 

approximate conductivity distribution and boundary electrical current density. The 

calculation of the conductivity distribution is the inverse problem, which often 

requires multiple iterations of the forward problem, in order to optimize a specific 

criterion of fit between measured and calculated values. 

2.3.2 Forward problem 

The objective of the forward problem is to estimate the electric potential 

distribution within and at the surface object volume. An accurate model is used to 

estimate the electric potential distribution of the physical system. The physical 

model should include the circumference geometry, structure, electrodes and 
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practical boundary conditions, such as electrode location, shape and contact 

impedance. 

Several electrode models has been developed for use in EIT such as; 

Complete Model (Cheng K S, 1989), Shunt Model (Holder, 2005), Gap Model 

(Cheng K S, 1989), Continuum Model (Cheng K S, 1989) etc. 

In order to solve the forward part of the problem one of the above physical 

model is usually implemented in finite element method (FEM, the FEM 

approximate the variations in a process) (Holder, 2005). In FEM the geometry of 

the object volume is divided into finite number of discrete elements (tetrahedral or 

hexahedra) and the unknown functions can be approximated by linear or higher 

order polynomials. 
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Figure 2.8 A 3D mesh representation of a cylindrical volume (NETGEN mesh generator) 
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The 3D mesh is constructed using NETGN (NETGN is an open source, 

automatic 3d tetrahedral mesh generator) as shown in Figure 2.8 on the next page, 

each element in the mesh consists of nodes and faces. 

2.3.3 Inverse problem 

The electrical field E in terms of the electrical potential f/J(x, y) can be 

expressed as E= - V f/J(x, y) and general form of Ohm's law for a point within a 

volume conductor can be expressed as J(x, y) = (1 (x, y) E(x, y), where J is the 

electric current density, (1 is the conductivity. If the electric current source is 

absent within the volume conductor ( V· J =0) then by combining above two 

equation one gets 

V· ((1 (x, y) V f/J(x, y)) = 0 (2.1) 

Conductivity distribution image can be reconstructed by solving equation 

2.1 for conductivity (1 (x, y). The simple (linear) conductivity distribution can be 

solved analytically however, analytical solutions are unable to solve for arbitrary 

(non-linear) distributions. Many EIT systems solve (2.1) for conductivity by 
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dividing the region of interest into a finite number of elements in which the 

conductivity may be specified simply (liner). A relationship is obtained between 

the electric potential measurements made on the boundary and the conductivities 

of such regions. 

If there are N such regions, then N simultaneous equations can be made to 

define the dependence of the conductivity values on the boundary measurements. 

This may be expressed as: 

V= T· u (2.2) 

Where u is a vector of conductivity values, V is the vector of electric 

potential measurements and T is the transformation relating V to u. If T and u are 

the known then it is easy to solve the above equation and is known as the forward 

problem discussed in the previous section. EIT seeks the solution of the 

relationship: u = rl . V (2.3) 

Hence, values of V measured at the boundary are formed into a vector and 

applied to (2.3) to obtain (J and this is known as the inverse problem. However, 

simple inversion of T is not possible because T is a non-linear transformation and 

cannot be inverted by standard matrix methods. One solution is to assume that, for 
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small variations from the unifonn case, T may be approximated as linear and may 

then be inverted. The inversion of T is however error-prone. 

To solve the inverse problem the conductivity of the object volume is 

linearized and regularized. For linearization, most commonly used methods are 

probabilistic approaches, back-projection (Natterer, 1982), Newton-Raphson and 

variant of Newton-Raphson methods (Holder, 2005). For regularization 

techniques such as singular value decomposition (SVD), truncated singular value 

decomposition (TSVD), total variation (TV) (Holder, 2005), Tikhonov 

regularization (Phillips, 1962; N. Tikhonov, 1963) and others are used. Detailed 

theory and examples of liner ill posed problems can be found in text (Richard 

Aster, 2005; Bertero M, 1998; Bertero M, 1998; Heinz W. Engl, 2000; Higham, 

1996; Tarantola, 2004; Vogel, 2002) 

To reconstruct, the impedance images from measured data, a Matlab 

developed package called the EIDORS (Electrical Impedance and Diffuse Optical 

Reconstruction Software) project is available; a review of the software package is 

presented by Andy Adler (Andy Adler, 2006). The objective of EIDORS project 

is to develop free software that can deal with the non-linear and ill-posed problem 

from boundary measurements. Such software facilitates research and development 
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in EIT field by providing a reference implementation against which new 

developments can be compared and by providing a functioning software base 

from which new ideas may be built and tested. 

The EIT system can be divided into two sections i.e., hardware and 

software. The hardware section can be subdivided into electric current injection 

and electric potential measurement. Electric current injection can further be 

subdivided into signal generator and electric potential to current conversion (the 

current source). In the next two chapters of this thesis the signal generator and 

subsequently the current source, using various techniques will be described. 
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Chapter 3 

Signal generators 

A device (circuit) which generates signal (voltage or current) is called a 

signal generator. The signal generator is used as a stimulus for electronic 

measurements, for instance in EIT the current signal is use to stimulate the subject 

and the response is measured as the boundary voltage. The signal may be a true 

bipolar AC signal (with peaks oscillating above and below a ground reference 

point) or it may vary over a range of DC offset voltages, either positive or 

negative. It may be a sine wave or other analog function, a digital pulse, a binary 

pattern or a purely arbitrary wave shape. 
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There are many techniques to generate signals, however only a small set of 

them will be explained in this chapter. For additional information about signal 

generator, some good references are "Analysis and design of quadrature 

oscillators" by Oliveira, Luis B. RF (Oliveira, 2008) and "Microwave Transistor 

Oscillator Design" By Grebennikov, Andrei (Grebennikov, 2007) 

This chapter also covers the first version of the McMaster EIT signal 

generator and its limitations. To address the limitations in the first version, a 

second version of the McMaster EIT signal generator was build and this will be 

described as well. 

3.1 Signal generator using RC network 

A signal generator can be constructed simply using a combination of 

resistors (R), capacitors (C) and a device (an operational amplifier or transistor). 

A signal generator is shown in Figure 3.1 which includes an operational amplifier 

and three RC networks. In this signal generator circuit, multiple resistor/capacitor 

(RC) networks are connected in parallel to each other and the last network is 

connected to the device. 
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The operation of the RC network is simple: assume that when power is 

first applied, the operational amplifier output goes into saturation positive V+. 

Since the output is fed back to the input of the RC network, the first capacitor 

begins charging up toward V+ with time constant Re. When it reaches half the 

supply voltage, the operational amplifier switches into negative saturation (device 

acts as a Schmitt trigger), and the first capacitor begins discharging toward V-

with the same time constant. The cycle repeats indefinitely and it is independent 

of supply voltage. Each RC network will translate the signal 60 degrees out of 

phase with respect to the input signal (John C West, 1951). 

ftec!bGck loop 

ompfifiQf 

Figure 3.1 Signal generator circuit diagram using RC network. 
-... 

The frequency of oscillation depends on the value of time constant (RC). 

Frequency of the above circuit is given by f = 27rR~v'6' Where f is the output 

frequency in Hz, R is the resistance in Ohms, C is the capacitance in Farads. The 
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phase angle is given by <p = tan-I.!!.... where Xc = _1_. The perfonnance of this 
Xc 2rrre 

type of signal generator will degrade over time and temperature. 

3.2 Signal generator using lookup table 

Another commonly used technique for a signal generator as shown in the 

following Figure 3.2. 

Variable 
Cl o(~ 

Counter Waveform 

Memory 

DAC 

Figure 3.2 Block diagram of signal generator using lookup table 

Analog 
Filter 

A variable clock is used to control the time between two 

consecutive voltage amplitudes (specified in a look-up table) of a cycle of the 

wavefonn, thus allowing the control of the frequency of the wavefonn. Discrete 

successive amplitude values of signals are stored in consecutive memory locations 

(the look-up table). A counter provides the address of the locations where the next 

amplitude value is stored in memory. The digital to analog converter (DAC), 

converts the digital values into corresponding voltages. An analog filter smooth's 

out the discrete voltage values to remove unwanted frequencies and approximates 

a continuous signal. 
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This type of arrangement provides the flexibility to produce any type of 

waveform i.e., sine, triangular, sum of two or more sine wave or any desired 

waveform. However, it has some disadvantages such as: the propagation delay 

time and the settling time. Plus, in order to change the shape, phase and/or number 

of amplitudes, the entire waveform memory must be reprogrammed each time. 

3.3 Signal generator using field programmable gate array (FPGA) 

Variable 
Clock 

FPGA DAC 

Figure 3.3 Block diagram of a waveform generator using FPGA 

Analog 
Filter 

Another technique is to combine the counter and waveform memory in a 

field programmable gate array (FPGA) as shown in Figure 3.3 . 

3.3.1 Field programmable gate array (FPGA) 

Before the invention of the programmable logic gate array, the board level 

circuits were built using standard components or chips. If discrete chips were used 

in a high-speed communications system, the main bottleneck came from the data 

transmission from one chip to another. To overcome the communication 

bottleneck, application specific chips were designed and built by the manufacturer 
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in custom integrated circuits however, the circuit designer was unable to change 

or modify the function of the application specific chip ( electronic device) at the 

design time. 

In contrast to the application specific electronic devices, there are other 

types of devices which allow the circuit designers to define (program) the 

function of the electronic device rather than the device manufacturer. This type of 

electronic device is called a field programmable gate array (FPGA). This user 

programmability gives the circuit designer access to the complex integrated 

designs without requiring manufacturer collaboration for application specific 

integrated circuits. This results in savings in terms of the design time and lowers 

the cost for components. 

The FPGA is an integrated circuit that contains over 10,000 identical 

standard logic components (www.xilinx.com). In FPGA terminology, these 

components are called logic cells. 

The architecture of a logic cell varies between different device families. 

Generally, each logic cell combines inputs and one or two outputs as specified by 

the user program. The user program also specifies the individual cell Boolean 

operation or function that acts on these logical inputs to produce the desired 
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output. These individual cells are interconnected by a matrix of wires and 

selectively programmable open/close switches. 

A user's circuit design is implemented by specifying a simple logic 

function for each cell. The information or outcome of one cell is routed through 

the interconnecting wire matrix by selectively opening or closing the switches to 

another cell or out of the FPGA. The interconnected arrays of logic cells form a 

matrix of basic building blocks for logic circuits. Complex designs can be 

implemented by combining these basic building blocks to create the desired 

circuit operation. 

To translate the user's schematic diagrams (circuits) a textual hardware 

description language (THDL) or software is used. Software packages come with 

libraries of more complex optimized functions and those functions can be 

implemented as macros which simplify the design process by providing common 

optimized circuits. Depending on the particular device type, the program can be 

"burned" permanently as in Programmable Read Only Memory (PROM), or semi 

permanently (as in Erasable PROM or EPROM) or it can be loaded from an 

external memory each time the device powers up (boot sector loading source 

code). 
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3.3.2 FPGA signal generation 

This FPGA logic structure can be utilized synchronously to generate any 

arbitrary wavefonn. The advantage of using a FPGA is to overcome the 

propagation time delay of the counter and programmable memory. It is much 

faster than the previous technique and any functional shape such as sine, 

triangular, sum of two or more sine, etc, can be generated. However, there is still 

an issue with the digital to analog converter settling time, thus for higher 

frequencies a faster DAC is required. For a more comprehensive review of signal 

generation, and how to use an FPGA for signal generation, see the text FPGA­

based Implementation of Signal Processing Systems by Roger Woods (Woods, 

2008). 

3.4 Direct digital synthesis (DDS) 

Direct digital synthesis (DDS) is a new signal generation technology. 

About a decade ago, this technique was a novelty used in a very limited number 

of applications. Since then there has been an enonnous evolution in the digital 

technology resulting in increased speed, lower power consumption, lower cost, 

improved digital signal processing (DSP), and more precise data conversion 
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devices. The DDS is becoming increasingly popular and its performance is 

improving constantly. The signal in the DDS devices is generated, manipulated 

digitally from "the ground up," and converted into an analog signal, using a 

digital to analog converter (DAC). The DDS is a computing machine where 

analog waveform signals can be generated using a representation of numbers 

generated digitally. 

There are many compelling reasons to generate signals using a DDS since; 

reducibility, repeatability, reliability and very high accuracy and precision can be 

obtained in the digital regime. 

By programming the DDS, adaptive channel bandwidths, modulation 

formats and frequency hopping are easily achieved. This has opened up the 

possibility of software control waveforms generation that can be used in various 

systems. 

In this thesis, a DDS system was used for signal generation, for all of the 

reasons outlined above. The specifics of the methodology will be outlined below, 

however to put this section into the context of current work in the field, a brief 

literature survey of the similar usage of signal generation will be presented. Note 

that as this topic is broad in scope, this review will be limited to relevant 
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applications in medical physics, with a particular interest in EIT. For 

comprehensive details about DDS see text "Digital Frequency Synthesis 

Demystified" by Bar-Giora Goldberg. (Goldberg, Digital Frequency Synthesis 

Demystified, 1999 ) 

3.5 Signal generator literature review 

Tong In Oh and David Holder (Oh1, 2007) for their signal generator used 

a FPGA and a 16bit digital to analog converter. Their system was able to generate 

frequencies in the range of 10 Hz to 500 kHz of either a single sinusoidal 

waveform or a sum of multiple frequencies. Their study shows that there is no 

advantage in using sum of multiple frequency waveforms higher than 10kHz 

instead of single frequency. They also used a FPGA to synchronize the injection 

and measurement events. 

For the second version of the McMaster EIT signal generator the FPGA 

technique was not implemented to avoid the digital to analog converter settling 

time issue and requirement of reprogramming the FPGA for every new frequency 

waveform generation. The sum of multiple frequency waveform signal generation 

is avoided as well. 
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Ning Liu (Liu, 2003) implemented a direct digital synthesizer within a 

FPGA with a complex modulator to generate a sinusoidal waveform with 

controllable amplitude, phase and frequency as shown in Figure 3.4. Their system 

was able to generate discrete frequencies of a sinusoidal waveform in the range of 

300Hz to IMHz through a 16bit DAC. Their system showed the effects of timing-

jitter, high frequency digital noise, truncation errors, and other sources of noise. 
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Figure 3.4 a direct Digital synthesizer implemented in FPGA (Liu, 2003) 

For our second version of the McMaster EIT signal generator, a 

standalone DDS was used instead of implementing a DDS within a FPGA to 

minimize the above mentioned sources of error and be able to enhance the 

frequency resolution. 

Ryan Halter (Halter, 2004) implemented a signal generator in a FPGA as 

well. For the FPGA clock input, they use the output of the DDS and a DSP was 

used to control/program the output of the DDS. Their signal generator system 

block diagram is shown in Figure 3.5. 
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HoDS H'PGA H DAG H ~~~"g )=1 
Figure 3.5 Signal generator implemented in FPGA using DDS and DSP 

The FPGA can output frequencies in the range of 10kHz to 10 MHz. In 

their design, they used a 14 bit DAC. This was a good design, since the FPGA 

output frequency was controlled through a DDS clock and the DDS output clock 

can be manipulated by software. The issues (reprogramming for new frequencies, 

DAC settling time) related to the FPGA and DAC are still exists and therefore this 

technique was not implemented in the second version of the McMaster BIT 

system signal generator. 

3.6 Signal generator of McMaster EIT system 

In this section, the two versions of McMaster EIT system signal generator 

of will be described. 

3.6.1 Signal generator version I of McMaster EIT system 

The first verSIOn of the McMaster EIT system signal generator was 

designed using a DSP and a 16bit DAC. The clock for the DSP was provided 

through an 80 MHz oscillator. The signal patterns for the waveform were 
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programmed into the DSP, allowing for the generation of any arbitrary waveform. 

A Seventh-order Taylor series expansion was selected for the data set for 

waveform signal approximation, due to its accuracy over other simulation 

methods (Jegatheesan, 2008). 

The DSP was interfaced to the PC through a serial communication port. 

On the PC, a Graphical User Interface was written in LabView (National 

Instrument) to control the signal generation of frequency and amplitude through 

the DSP. The signal generator was able to produce signal waveforms in the 

preselected frequency range from 100 Hz to 125 KHz. 

Two limitations and an issue were identified in the first version of the 

McMaster EIT signal generator. The restrictions were that the maximum 

frequency was limited to 125 KHz and only preselected frequencies could be 

generated. The issue was that the digital to analog converter (DAC) inputs were 

updated less than the DAC settling time i.e., the inputs of the DAC were updated 

ever 21lsec however, the settling time was 2.5 -13llsec. 

Jossinet showed in his study that there are significant differences between 

the phase angle of carcinoma and normal tissue at the frequencies at 125KHz, 

150KHz, 250KHz, 500KHz and IMHz (Jacques Jossinet, 1999). 
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To use this variation in the frequency with McMaster EIT system it was 

decided to increase the maximum frequency up to 1 MHz and instead of 

generating only preselected frequencies, the frequencies can be increase or 

decrease is steps of 1Hz. To meet these requirements and DAC settling time issue 

the second version of McMaster EIT signal generator was initiated. 

3.6.2 Signal generator version II of McMaster EIT system 

The major EIT research groups have designed their signal generation 

using a DSP based look-up table or field programmable gate array (FPGA) for 

high bandwidth frequency synthesizers. However, for this second version of the 

McMaster EIT system, a direct digital synthesizer (DDS) was selected since it 

provides many significant advantages over the FPGA approach, such as, the fast 

settling time, its sub-hertz frequency resolution, its continuous-phase switching 

response and its low phase noise. These features are easily obtainable in a DDS as 

compared to a FPGA based design. 

Although the principles of DDS have been known for many years, the 

DDS did not playa dominant role in wideband frequency generation until more 

recently. Earlier DDSs were limited to produce narrow bands of closely spaced 

frequencies, due to limitations of digital logic and DAC technologies. Recent 
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advances in integrated circuit technologies have brought a remarkable progress in 

this area (Eva Murphy, 2004). 

For this prototype, a DDS (AD9833) was selected. This DDS is a low 

power (20mW at 3V) waveform signal (sine, triangular, square) generator. The 

output phase and frequency are programmable through software and there is no 

need for external components except an oscillator. A 25 MHz oscillator was 

interfaced as the input clock to the DDS. A frequency resolution of 0.1 Hz can be 

achieved by programming the 28 bit registers. The DDS can be controlled via a 3-

wire serial peripheral interface (SPI) interface, which can operate at clock rates up 

to 40MHz. (Analog Devices AD9833) 

In this design, the DDS was controlled through an A Tmega162 

microcontroller. The ATmega162 is a low-power CMOS 8-bit microcontroller 

based on the reduced instruction set computers (RISC) architecture manufactured 

by ATMEL. Through RISC architecture a powerful instruction is executed in a 

single clock cycle that gives a throughput approaching 1 million instructions per 

second (MIPS) per MHz clock frequency. 

Other reasons for this microcontroller selection were due to its internal 

programmable clock, in-system programmable (ISP) flash with read-while write 
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capabilities, on-chip debugging support, RAM and programming via JT AG 

interface. 

For the second version of the McMaster EIT system, there was no need for 

improved communication between the microcontroller and the DDS, as the 

microcontroller only communicates with the DDS to change the shape or 

frequency output. 

No external oscillator (clock) was interfaced to the microcontroller. The 

internal programmable clock of the microcontroller was programmed to produce 

the timing sequence since, for lower frequency applications, the internal 

programmable clock is sufficient and this microcontroller application is a low 

frequency application. 

The on-chip ISP flash allows the program memory to be reprogrammed in­

system through an SPI interface, by a conventional non-volatile memory 

programmer, or by an on-chip Boot program running on the A VR core. The boot 

program can use the JT AG interface to download the application program into the 

application flash memory. Software in the boot flash section will continue to run 

while the application flash section is updated providing true read-while-write 

operation (ATMEL 162). This capability of the microcontroller was utilised to 
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program and test the application program at various stages. In this design, the on-

chip debugging support helped to identify and correct the programming bugs and 

reduce the programming time significantly. 

Microcontroller ~----~~~_D_D_S __ ~~=o==ut=n=u=t ~·· 

DIP Switch 
Frequency / Wave Shape 
Selection 

Figure 3.6 McMaster EIT system version II signal generator block diagram 

Port C of the microcontroller was implemented as the human interface 

through the 8 bit dual in-line package (DIP) switches. Through these 8 DIP 

switches the frequency and wave shape can be selected. The lower six bits select 

the frequency and the upper two bits select the wave shape i.e., sine wave, 

triangular wave or square wave (see appendix C for frequency and shape selection 

details). The selected frequency, wave shape and other DDS control information 

is sent through the serial peripheral interface (SPI) to the DDS from the 

microcontroller. The block diagram of the micro controller and DDS circuit is 

shown in Figure 3.6. 
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The microcontroller software was written in assembly language. The 

program was divided into subroutines for better management, readability and 

debugging. Assembly subroutines were tested separately, after verifying the 

functionality of each subroutine the whole program (collectively all subroutines) 

was tested again and this confirmed the correct functionality. The final test was 

conducted using the dipswitches, the microcontroller and the DDS. Using 

dipswitches the shape and frequency of the signal was selected. This information 

(from dipswitches) was translated into control commands by the microcontroller 

and sent to the DDS. The DDS output shape and frequency were observed with a 

digital oscilloscope and this confirmed that the system was working according to 

specifications. 

Initially it was decided that the output signal from the DDS would be fed 

through a low pass filter to remove any unwanted frequencies however, 

observations with and without the filter revealed that the unfiltered waveform did 

not have a significant noise contribution within the desired measurement 

precision. The amplitudes at various frequencies with and without the filter are 

very similar as shown in Figure 3.7. 
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The output waveform from the DDS was uni-polar, positive and about 

650mV (peak-to-peak) at 1 KHz, It increases slightly with frequency, and as the 

frequency increases above about 200 KHz, its magnitude decreases. 
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Figure 3.7 Amplitude vs Frequency with and without filter 

There were two issues with the output amplitude of the DDS with 

reference to use in an EIT system, namely DC offset and fixed amplitude. 

The output frequency was oscillating above zero volts (DC offset) and output 

amplitude was fixed (650mV below 200 KHz). 

To overcome these two issues, two stages using operational amplifiers 

were implemented. The first stage corrects the DC offset making the waveform 
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oscillate above and below a ground (0 V) reference point, not just above ground, 

so the ground reference is same for the entire equipment. The second stage acts as 

an amplifier to regulate the output gain by means of a variable potentiometer. This 

stage was implemented to increase or decrease the fixed voltage to control the 

injected current magnitude as required by EIT system. 

The DDS voltage signal was converted into a bi-polar signal of ±325m V 

(peak-to-peak) after adjusting the DC shift. It was estimated that a voltage signal 

of ±lOV (peak to peak) is required as input to the voltage control current source. 

To translate the ±325mV (peak-to-peak) voltage signal into a ±10V (peak-to­

peak) voltage signal a gain of about 30 was required. The gain of 30 for an 

operational amplifier could be achieved if the frequency is low; however, for 

higher frequencies the slew rate becomes a problem. The slew rate is the 

maximum rate of change of voltage at the operational amplifier output. The output 

of an ideal operational amplifier can change as quickly as the input voltage 

(waveform signal) however, a real operational amplifier has a practical limit to 

this rate of change and therefore the gain of the operational amplifier is frequency 

dependent. To avoid this slew rate issue of the operational amplifiers, the gain of 

30 was divided into two steps using two operational amplifiers instead of one. 
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A gain of 5 was introduced at the first stage using the same operational 

amplifier where the signal DC offset was removed (uni-polar to bi-polar voltage 

signal) and the remaining gain was achieved through a second operational 

amplifier. This combination of splitting the gain in two stages gave very stable 

results, not only the desired gain was achieved at higher frequency the higher 

signal to noise ratio was achieved as well. Stage one (DC offset + gain) and stage 

two (gain) of the circuit were tested and verified for said gain where the output 

voltage swings up to ±1 OV (peak-to-peak). 
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Figure 3.8 Circuit diagram for (a) DC shift and (b) variable voltage gain stage 

Output 

The fixed gain + DC offset and variable gain circuitry is shown in Figure 

3.8 (a) and (b) respectively. Another requirement for the McMaster EIT signal 

generator was to have differential signals as opposed to a single-ended signal. 
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Differential signals use two complementary paths carrying copies of the 

same signal in equal and opposite polarity (relative to ground). As the signal' s 

cycle proceeds one path becomes more positive, the other becomes more negative 

to the same degree. For 

example, if the signal's value 

at some instant in time was 

+ 1 OV on one of the paths, then 

the value on the other path 

would be exactly -10V at that 

instant in time, assuming the 

two signals were perfectly in 

phase. 

Input 

Output Non-Inverting Output Inverting 

Figure 3.9 Single ended to double ended conversion 

The differential architecture is good for floating loads, better for rejecting 

cross talk and noise rejection where as the single-ended injection is more common 

for a grounded load configuration. 

To convert the single ended signal into differential signals two unity gain 

inverting and non-inverting operational amplifiers were employed. The amplitude 

67 



MS Thesis - Dost M. Khan McMaster - Medical Physics 

and phase differences for the inverting and non-inverting operational amplifiers 

were calibrated to a unity gain and a 180 degrees phase difference. 

The differential amplitude and phase was also tested and verified for its 

accuracy i.e., the differential signals were an exact replica of the input signal 180 

degrees out of phase with each others. The circuit diagram for inverting and non­

inverting operational amplifier is shown in Figure 3.9. 

The second version of McMaster EIT signal generator can produce any 

programmed differential voltage output frequency from 1 Hz to IMHz a with 

frequency resolution of 1Hz and the signal shape can be sine wave, triangular 

wave or square wave. 

In the next chapter of this thesis, the stimulating probe i.e., electric current 

and various techniques to convert electric potential into electric current along with 

perfonnance related parameters will be described. 
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Chapter 4 

Current source 

Object impedance can be measured accurately by injecting an accurate 

constant magnitude of electric current through the object and measuring 

accurately the electric potential at the surface. There are two main devices 

(circuits) involved in this procedure i.e., electric current application (current 

source) and electric potential measurements. 

The current source is very critical in this type of measuring system, it must 

inject a constant magnitude of electric current otherwise any change in the electric 

current will be interpreted as a change in impedance. 
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The goal of this study is to construct a constant current source, which can 

be use to image, the conductivity distribution at multiple frequencies. In the 

following sections, the current sources and various performance related 

parameters will be described. 

Current sources are part of the basic electronic building blocks that are 

used extensively in the architecture of analog ICs, as well as in measuring the 

response of a circuit by injecting current. In both cases, current sources are 

created by combining resistors, diodes and bipolar junction transistors (BJTs) or 

field effect transistors (FETs). They can also be created at the circuit board level 

using discrete, matched pairs of transistor arrays, or by combining operational 

amplifiers with precision voltage references. 

Although most forms of instrumentation today use either voltage or 

current references, the voltage sources are more widespread than current. The 

circuits are frequently designed to use a voltage reference together with precision 

resistors, so that a stable reference voltage is converted into a precise current. The 

current source applications range from biasing, stabilizing the reference and for a 

stimulus response measurement. 
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Current sources are not novel. They predated the integrated circuit by at 

least a couple of decades. Before their implementation in integrated circuits, they 

were used in vacuum tube-based circuits (triodes and pentodes) . In 1960s both 

NPN and PNP silicon transistors became available and in the late 60s the analog 

designers were able to build current sources that connected to either a positive or 

a negative supply. Then, when the silicon bipolar integrated circuit (lC) became a 

practical reality, the current source became an integral part of the internal 

architecture for the purposes of biasing and stability. 

Simple current injection devices can be divided into following three 

categories; 

4.0.1 Current source 

A current source (usually comprising P-type BJT or FET device) connects 

between the positive supply voltage (+V) and the load as shown in Figure 4.1(a) 

on the next page. 
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load 

VB -----f 

(a) 

Figure 4.1 Current (a) source (b) sink using bipolar junction transistor 

4.0.1 Current sink 

The current sink (usually compnsmg N-type BIT or FET devices) 

connects between the load and a negative supply voltage (-V) or ground (OV) 

potential as shown in Figure 4.1 (b). 

4.0.2 Current mirror 

A current mirror can connect to either supply and usually provides 

multiple current sources/sinks that either mirror (1-1 match) or are arranged in 

preset current ratios. The circuit shown in Figure 4.2 is a basic PNP current source 
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circuit. In this circuit the base to emitter biasing (V BEl=V BE2) is same for both 

transistors and by programming the IREF current through resistor R the IC2 current 

is controlled (mirror). A monolithic dual transistor is ideal for this type of 

function. The Current IC2 is controlled (mirror) by IREF (VccI/R) . 

.... VCC2 

' 82 

C2 load 

Basic PH P Current source 

Figure 4.2 Basic bipolar junction current mirrors 
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4.1 Current source parameters 

For impedance measuring systems, the output of the signal generator is a 

voltage waveform, which must be converted into a current waveform and 

furthermore the magnitude of the converted current must be unaffected by the 

variation in the impedance. If the current magnitude remains constant under 

variable impedance then by measuring the voltage drop across the impedance and 

using the value of current magnitude the value of impedance can be accurately 

calculated. Typically, the function of voltage to current conversion performed by 

voltage controlled current source (VCCS). An important parameter of a current 

source is its output impedance Zo which appears in parallel to the load ZL. As 

noted by Alexander, a high precision current source requires that the output 

impedance be very high compared to the load (Alexander S Ross, 2003). The 

circuit model for the current source is shown in Figure 4.3. 

10 

Figure 4.3 Current Source circuit model 
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For an ideal current source the output impedance Zo will be infinite, which 

means the current k will remain constant with variation in load impedance ZL. 

For real (non-ideal) current sources finite output impedances causes a discrepancy 

to exist between the current that is soured (10) and the current injected into the 

load (k). 

To minimize this error, Zo must be sufficiently large. From Figure 4.3, an 

equation for injected current (lL) can be derived. 

Zo h = --10 (1) 
ZO+ZL 

The minimum desired value of output impedance Zo for which the load 

current IL changes within the limits of predetermined error (say 0.1%) over the 

possible range of load impedances can be calculated as follows. 

Equation 1 can be written for max Z Lmax and min Z Lmin load impedance 

which yields two different load currents hmax and hmin 

ILmax Zo 10 
ZO+ZLm.ax 

1 Zo 10 
Lmin = ZO+ZLmln 
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Combining these two (2 & 3) equations and solving for Zogives us 

Z - ILmax x ZLmax -hmin XZLmin 
0-

1 Lmin -I Lmax 
(4) 

Using equation 4 we can calculate the minimum value of Zo which will 

meet the accuracy requirements of the injected current with load variation. For 

example to the measure variation in the impedance from ZLmin =0 to ZLmax = 2k 

and for the accuracy limit of 0.1% (lObits of ADC) hmax = 'Lmin +0.1%, 

substituting these values in equation 4 give us the required output impedance 

Zo = 2Mfl of current source. 

Besides the output impedance, there are additional requirements for EIT 

current source such as; stability, voltage compliance: A current source can 

provide a constant current to the load only over some finite range of load voltage 

(non infinite load) and to do otherwise would be equivalent to providing infinite 

power (P = RIZ), drive current capability (Alexander S Ross, 2003). The 

balanced current injection: The current source must inject and sink equal quantity 

of current, temporal stability: The current source can provide constant current 

over time and temperature and be able to handle loads that include the capacitive 

components over the working frequency range. Another important parameter for 

current source is the signal to noise ratio (SNR). Noise is an unwanted signal that 
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is superimposed on the signal of interest. If the noise is higher than the signal of 

interest then they may become indistinguishable i.e., when the signal-to noise 

ratio (SNR) is low; the noise has severe consequences on the system response. 

There are different techniques to implement the voltage controlled current 

source VCCS for impedance measuring systems. The simplest version of a current 

source is to add a resistor in series with a voltage source and choose a very large 

value of resistor compared to the load impedance (Baker, 1973). The disadvantage 

of this design is the necessity to use a high voltage source with a high value 

resistor in order to achieve accurate voltage to current conversion. 

4.2 Voltage control current sources (VCCS) 

A subset of the possible techniques for designing voltage control current 

sources will be reviewed in this chapter of the thesis, however a good source of 

knowledge can be found in the text "Current sources & Voltage References" by 

Linden T. Harrison (Harrison, 2005) . 
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4.2.1 Floating load current source 

A simple version of a VCCS is an inverting operational amplifier with the 

load in the feedback path, as shown in Figure 4.4. 

The output impedance 

IS given by Zo = (1 + A)R t . 

Where A is the open loop gain 

of the operational amplifier and 

is a function of the frequency. 

The value of Ri is limited by 

the input voltage Vi and the 

InputVi 

vee 
12V 

o -12V 

VSS 

Current 

Load \~ 

Figure 4.4 Inverting op amps configuration with load in 
feedback path 

required output current I L. The gain is limited, and the output impedance 

Zodecreases at higher frequencies. 

The disadvantage of this circuit is that the load must be floating, so it 

cannot be connected to the reference ground in a mUltiple current source system 

(Webster, 1990). The contact impedance of the two current electrodes delivers a 

high common mode voltage to the input of the voltage measurements part of the 

system, so it can be difficult to achieve sufficient accuracy and the common mode 
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rejection ratio (CMMR) of the instrumentation amplifier, at unity differential gain 

must be high enough at the operating frequency (Lidgey(a), 1990). 

4.2.2 Transformer coupled current source 

To avoid the high common mode voltage with the above design, a 

transformer coupled current 

source can be used as shown in 

Figure 4.5. 

The disadvantage of 

this circuit is that it cannot 

provide high output impedance 

Input Vi 

vee 
12V 

~ -1 2V 

=- vss 

over a wide range of Figure 4.5 Transformer coupled current source 

frequencies, because of the properties of the transformer, resulting from the stray 

capacitance and the limited trans-inductivity of the transformer. The operational 

amplifier's current source design suffers from performance degradation caused by 

phase shift at high frequencies as well (Newell, 1988) however, this circuit 

provides a good DC isolation of the load from the operational amplifier 

(Skidmore, 1987 ). 
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4.2.3 Current mirror source 

A current mirror is an element with at least three terminals (i.e., Input, 

Output and power supply) as shown in Figure 4.6. The common terminal is 

connected to a power supply, and the input current source is connected to the 

input terminal. Ideally, the output current is equal to the input current multiplied 

by a desired current gain. If the gain is unity, the input current is reflected to the 

output, leading to the name current mirror. 

POW-D .. supply '$lW 

I npuL Out-put 

(a (b) 

Figure 4.6 Current mirror (a) symbol (b) block diagram 

Under ideal conditions, the current-mirror gain is independent of the input 

frequency, and the output current is independent of the voltage between the output 

and common terminals. The voltage between the input and common terminals is 

ideally zero because this condition allows the entire supply voltage to appear 

across the input current source, simplifying its transistor-level design. Sometimes 

more than one input and/or output terminals are used. 
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In practice, real transistor-level current mirrors suffer many deviations 

from this ideal behaviour. For example, the gain of a real current mirror is never 

independent of the input gain, output resistance and frequency (Harrison, 2005). 

The problem with simple current mirror is that the output current varies 

(±20%) with the changes in the output voltage compliance range. An improved 

current mirror designed by Widlar (WIDLAR, 1965) is described in the next 

section. 

4.2.3.1 Widlar current mirror 

The simple current mirror is modified by a resistor R2 inserted (as shown 

in Figure 4.7) at the emitter of Q2, so that the transistors Ql and Q2 operate with 

unequal base-emitter voltages. 

The output current is less dependent on the input current and the power 

supply voltage than the simple current mirror. 
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Figure 4.7 Wildar's current source (Harrison, 2005). 

However, the accuracy of the current gain A is affected by the uneven 

distribution of the base currents, since both the base currents are supplied from 

controlling the input. This accuracy issue was improved by Wilson (WILSON, 

1968), as described in the next section. 

4.2.3.2 Wilson current mirror 

The accuracy of the base current was improved by the addition of a third 

transistor. This design is known as Wilson current mirror and is shown in Figure 

4.8. 

The QI and Q2 are in the usual simple mirror configuration, Q3 is added to 

the design and Q3 now keeps the Q/s collector fixed at two diode drops (np-pn) 

below Vee. This overcomes the early effect in QI, whose collector is now the 
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programming terminal with Ql now sourcing the output current. Q3 does not 

affect the balance of the currents, since its base current is negligible; its only 

function is to pin Q/s collector. 

.v +Vcc 

I _ 1'. - "81; - \Il.r...~ 
lao" H 

I . - I . [ I - ,2 1 
2 ~"I' (/1- .. 1/l + 2) 

R -~ 
tl 2 

A. B. 
The basic Wilson PNP current mirror. The basic Wilson NPN current mirror. 

Figure 4.8 Wilson current mirrors (Harrison, 2005) 

The result is that both current determining transistors (Ql and Ql) have 

fixed collector-emitter drops; the Q3 is simply passing the output current through 

to a variable voltage load. The distribution of the base currents is more even with 

this circuit and a feedback effect within the current mirror results in raised output 

impedance in comparison with the Widlar current mirror design. However, the 

gain A is now affected by the differences in the collector to emitter voltage of the 

lower two transistors. 

The Ql and Ql are in the usual simple mirror configuration, Q3 is added to 

the design and ili now keeps the Q/s collector fixed at two diode drops (np-pn) 
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below Vee. This overcomes the early effect in Ql, whose collector is now the 

programming terminal with Q2 now sourcing the output current. (b does not 

affect the balance of the currents, since its base current is negligible; its only 

function is to pin Q/s collector. The result is that both current determining 

transistors (Ql and Q2) have fixed collector-emitter drops; the Q3 is simply 

passing the output current through to a variable voltage load. The distribution of 

the base currents is more even with this circuit and a feedback effect within the 

current mirror results in raised output impedance in comparison with the Widlar 

current mirror design. However, the gain A is now affected by the differences in 

the collector to emitter voltage of the lower two transistors. 

4.2.3.3 Wyatt cascade peaking current 

For still greater precision, a fourth transistor may be added. This design, 

the modified Wilson current mirror as shown in Figure 4.9 is known as the Wyatt 

current source (Harrison, 2005). 
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Figure 4.9 The Wyatt Cascade Peaking Current Source. 

It has a negligible differences in VeE between the lower two transistors 

and, therefore gain A is close to unity within 1 %. This design reduces the input 

current to a lower level, and combines high accuracy with a constant output, and 

temperature compensation. 

One of the most important deviations from ideality is the variation of the 

current mirror output current with changes in voltage at the output terminal. The 

small-signal output resistance R of the current mirror characterizes the deviation 

effect. The current mirrors described in the previous section are uni-polar circuits 

and hence may only sink or source current. However EIT requires AC signals 

(bipolar). Bipolar current sources are described in the following section. 
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4.2.3.4 Current mirror using operational amplifiers 

Another design of VCCS with a high output impedance is based upon 

operational amplifiers supply current sensing i.e., current mirror technique 

(Lidgey(a), 1990) (Denyer, 1994). 

The current mirror circuit is shown in Figure 4.10. The operational 

amplifier power supply terminals are connected to the power supplies (+Vcc , -

VEE) via current mirrors, here CM] is a current mirror which connects the 

operational amplifiers positive supply to +Vcc via the low input impedance 

current mirror. CM2 is a current mirror, which connects the operational amplifiers 

negative supply to -VEE via the low input impedance current mirror. The resistor 

ZL, which is the load of the operational amplifier, R; is the current 

determining/sense resistor. The operational amplifier is connected as a unity gain 

buffer with the supply voltage connections providing the input current control to 

the current mirrors. The inverting and non-inverting inputs have a very high 

impedance (typically > IMQ) and hence the current from the output of the 

operational amplifier must closely match the difference between the positive and 

negative supply currents if no other connections are used. 
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Each current mirror (CM ] & CM2) will have a gain of close to unity and 

hence if the current mirror outputs are summed by connecting them to the same 

node, then the net output current will be equal the difference between the supply 

currents. 

/ 
j 

----..// .--------t-----, 

Figure 4.10 Current mirror using operational amplifier 

It is equal to IR = V; / R;, which is the input current and hence the output 

current will closely matched to the input current. Since the operational amplifier is 

in a voltage follower configuration and it supplies a current h to the resistor ZL. 

Thus the output current his determined by the input voltage Vi (ohm's 

law h = V; / Zd. The current provided by the output stage of the operational 

amplifier has to be drawn from its power supplies. It is equal to h and it IS 

dependent upon the input voltage and independent of the load Z L' 
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The load current for a full cycle of the voltage signal can be analyzed 

using the circuit shown in figure 4.10. 

ANI,.V= AN(IB+ J/i/ RJ 
I;v"= Ig+ ~/ Ri 

Figure 4.11 Current flow paths for positive input voltage 

ApIp 

AN fIB - V;./ RiJ 

\ /1 
"-'-"_--"/ 

Figure 4.12 Current flow paths for positive input voltage 
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The current path (indicated by arrows) for the positive half cycle is show 

in the Figure 4.11 and the current path (indicated by arrows) for the negative half 

cycle is show in the Figure 4.12. 

Let IB be the quiescent bias current (This is the non-signal power supply 

current that the operational amplifier will consume within a specified power 

supply voltage operating range) taken from both supplies and Ip be the positive 

supply current and IN be the negative supply current and IR the (Instantaneous) 

output current. The current gain for the current mirror is given by~ Ap current gain 

for positive current mirror, AN current gain for negative current mirror. The 

current drawn from the positive supply during positive input half cycles IrlB and 

during negative input half cycles Ip= IR +IB. The current drawn from the negative 

supply during positive input half cycles IftF -IR -IB and during negative input half 

cycles IftF -lB. 

The load current with reference to a complete cycle of the input voltage; 

for the positive half-cycle the current sink by the lower current mirror CM2 and for 

the negative half-cycle the current is sourced by the upper current mirror eM]. 
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For the positive half cycles 

IN = IB + IR and IR = V; / Ri since the input impedance of the operational 

amplifier is very high therefore the operational amplifier input current is 

neglected. 

Therefore the load current h = - AN IN + Ap Ip 

Similarly, for negative half cycles 

Therefore the load current h = - AN IB + Ap Ip 

The term (Ap - AN) IB is present in both cycles and represent a DC offset 

current at the output. 
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If the current gains Ap and AN differ in value then distortion may be 

present in the output waveform, hence it is important that the positive and 

negative current mirrors are well matched, if distortion is to be minimized. 

For a stable operation the above circuit has a limitation, it requires a DC 

path at the output for the bias current term (Ap - AN,) lB. In the case of EIT it is 

necessary to ensure that no DC current flows in the load and hence the output of 

the circuit must be AC coupled through a DC blocking capacitor. However, if the 

node connecting the current mirror outputs is to be within the operating region, 

then the DC currents flowing through each current mirror ?utput must be very 

close. If the upper current mirror has an output impedance of Zp and a bias current 

of IpB and the lower current mirror has ZN and INB for the same parameters then 

the voltage at the connecting node is given by: 

The current mirrors can be matched, to within approximately 1 % and 

hence, for a quiescent output current such as SmA, Ip - IN = 5OpA. Therefore, the 

output stages must be well matched for higher precision. 
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The advantages of this type of current source circuit are high stability, 

high output impedance and wide-band operation. The disadvantage of this type of 

circuit arises from non-idealities of the current mirrors and the operational 

amplifiers. 

4.2.3.5 Current source using current pump 

Another implementation of a VCCS is known as a current pump, as shown 

in the circuit diagram in Figure 4.l3. This circuit regulates the load current by 

feeding back to the input, a voltage signal, which is proportional to the differential 

voltage across a current sense resistor in series with the load. For the circuit to 

have high output impedance, it is important that both inputs of amplifiers OAr and 

OA1 have high impedance. The output of the operational amplifiers OAr is VOl 

and OAI is VOl is shown in the Figure 4.l3. 
R3 

v. 
-

I.l - f 2 

RI 

J'x 
"2 

-

Figure 4.13 Current pump circuit 
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The output current 10 is given by: (see appendix A for derivation): 

V L is the voltage across the load, and V bV 2 are the input applied voltages. 

To make Ro -+ 00 the ratios Rz and R4 must be equal that is Rz = R4 
Rl R3 Rl R3 

Therefore, A1 = A2 =....!!:L; 10 = AVi - 2:.. VL where Vi = V2 - V 1 
RsRl Ro 

To have very high output impedance the ratios of the resistors must be 

matched and the gains of the amplifiers must be equal in the operating frequency 

and the operational voltage range. Since the output of the circuit is the voltage 

difference, the input differential signal must be equal in magnitude and 180 

degree out of phase and the CMRR must be high over the entire frequency range. 

4.2.3.6 Howland current source 

Another implementation of a VCCS is known as the Howland current 

source, and is depicted in Figure 4.14. Prof. Bradford Howland of MIT in 1962 
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invented this circuit and first published III the January 1964 in Lightning 

Empiricist (Howland, 1964). 

The negative and positive inputs of an operational amplifier can be used to 

make a high impedance current source using a conventional operational amplifier. 

This basic circuit can supply both positive (current source) and negative (current 

sink) output currents into various loads. The theory of the circuit is very simple 

however; the practical problems involved are neither simple nor obvious. 

The output impedance of the circuit shown in Figure 4.14(a) on the 

previous page is infinite provided the ratio of the resistors R4 = Rz. Which impose 
R3 Rl 

a condition, i.e., that the ratios ofthe resistors values must be matched precisely. 

That can be achieved by using 0.01 % tolerance resistors and trimming 

(instead of fixed value resistor a potentiometer i.e. , variable resistor is used and 

the value is adjusted) one of the resistors until the desired precision is achieved. 

However, the output impedance degrades as the frequency increases when 

reactive effects increase. 

The output impedance degrades as well due to the reduction in the gain of 

the operational amplifier as the frequency is increased (Franco, 2002). 

94 



MS Tbesi - Dost M. Khan McMaster - Medical Physics 

12V 

Input Vl 

R -' R2 

(a) 

r Lo\.ra-d--t~l RJ--
L
- _-

l

-

2V

---II---A, 

R3A 4 R3B 2 
v--"":""-.J\ 

Input Vi 

R1A 1 

(b) 

vss 

vee 
12V 

-12V 

vss 
Figure 4.14 Howland current Source; (a) basic (b) Improved 
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The basic Howland current source can be unnecessarily wasteful of power 

as pointed out by Franco (Franco, 2002). This inefficient use of power can be 

avoided with the modification as shown in Figure 4.14(b), where the resistance R2 

is split into two R2A and R2B. 

For differential current injection, the most important factor is to keep the 

balance between the two current sources connected in series with the load. Any 

imbalance in the parameters of the two Howland type VCCS's will result in a 

non-minimum value of the current injected through the load and a common mode 

signal. 

Equations for output impedance Ro current 10 can be given by (see 

appendix B for derivation) 

R4 R2 For - = - ~ Ro ~ infinity (9) 
R3 Rl 

(10) 
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The gain of the circuit detennined by the ratio of the resistors R2 and the 
Rl 

output current by _1_ V1 . The output current 10 of the Howland current source is 
R2B 

controlled by the input voltage since the circuit gain and R2B are kept constant. 

Equation 9 shows that the output impedance approaches infinity if the 

ratios of both feedbacks are equal. However, equation 9 does not indicate how 

important it is to have precisely matched resistors. For example, if all 4 resistors 

were 10ill with a I % tolerance, the error in the output impedance might be as 

much as 250k!l. For some applications, it might be acceptable however, it is not 

acceptable for EIT, which requires an output current variation of 0.1 % or better. 

Another parameter relevant to the precision of the Howland current source 

is the CMRR of the operational amplifiers. Fortunately, an amplifier CMRR of 

60dB would cause the output impedance to degrade only to 10M!l, which is better 

for low impedance load (2Kn). However, the CMRR of an operational amplifier 

is not always linear with reference to frequency, as the frequency increases the 

CMRR decreases (Franco, 2002) in case of EIT a constant CMMR is required 

over the entire frequency range. 

This circuit can be use as a base structure for implementation of a 

differential constant current source. The improved Howland current source was 
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used in the both versions of McMaster EIT system which will be describe in the 

next chapter of this thesis. For the remainder of this chapter, a brief review will be 

provided of how other groups have implemented current source in their EIT 

systems. 

4.3 Literature review 

Several groups have also developed EIT systems a very brief review of 

current sources will be given in the following section. 

The Rensselaer group used the improved Howland circuit for their BIT 

current source and added a generalized impedance converter (OIC) in parallel to 

increase the output impedance and to cancel the capacitive effects. Reported 

simulated output impedance is in excess of 20Q for the frequency range from 

100HZ to IMHz. Their experimentally measured output impedance was 143MQ 

at 1 KHz, 67MQ at 20 KHz and 37MQ at 100 KHz (Alexander S Ross, 2003). 

The Kyung Hee University group did a similar implementation of the 

basic Howland current source. They placed a digital potentiometer at the inverting 

input to calibrate the output impedance at various frequencies and added a 

negative impedance converter (NIC) at the output to cancel out the capacitive 
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effects of the load impedance. The voltage signal out from the signal generator 

was applied to the non-inverting input. The operating frequency range is 

selectable from 1 kHz to 1 MHz. They reported an output impedance of the 

current source greater than 64Mn at DC however, the impedance degrade to 50 

Kn at 500 kHz (Jeong Whan Lee, 2003). 

The basic Howland current source can be unnecessarily wasteful of power 

as pointed out by Franco (Franco, 2002). This inefficient use of power can be 

avoided with the modification as shown in Figure 4.14(b), where the resistance R2 

is split into two R2A and R2B. 

Ca!;QS et al t\lod ifiedHowland 

Zout (n) Zout (Q) Zout (Q) Zout (Q, 

Frequenc. ( Hz) PSPICE Iv ensured PSPICE tv ensured 

lk 3,m.,! 1.0~I 610.0k 540,Ok 
10k LOM >- 1.0M ~,5M 750.0k 

lOOk ~88,Ok 700.0k 409.0k 670,Ok 
300k 96,Ok 400.0k 136.0k 330.0k 

1M _9.0k 70,Ok 41.0k 70,Ok 

Table 4.1 Comparison of output impedance for current mirror and modified Howland current 
source by load variation from 200n to soon 

The group at the University of Sheffield (Bertemes-Filho P, 2000), 

compared the performance of a mirror current source and enhanced Howland 
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current source through simulation and experiments, the results are shown in table 

4.1. 

The output impedance degraded from 1 Mn to 70kO as the frequency is 

increased from 1 KHz to 1 MHz, the author suggest that the output impedance 

reduced due to the output resistance having a parallel output capacitance which 

reduces the output impedance at high frequency. 

The topology of the supply-current sensing VCCS circuit is simple, no 

positive feedback arrangement exists and thus they are very stable (Wilson, 1981). 

Because of the operational amplifier, feedback arrangement they operate over a 

wide bandwidth and the circuit exhibits an excellent slew rate, but the current 

mirrors are slightly weak links in the designs i.e., it is very difficult to exactly 

match the gain for both current mirrors, and therefore determine the ultimate 

limitation on the accuracy (Lidgey(a), 1990; Toumazou, 1990). See section 

4.2.3.4 for more details. 

A constant current source, based on the current mirror technique is 

presented by (Leung, 1990). Practical measurements show changes in current with 

load between soon and SK!l: 0.832 - 0.830mA at 10 KHz and 0.811 - 0.800mA 

at 100 KHz. The Leung system, which includes a constant current generator, 

100 



MS Thesis - Dost M. Khan McMaster - Medical Physics 

realized by measuring the current and controlling the output voltage to constant 

current, suffers from the limitation of speed. A stable output current has to be 

generated after switching current carrying electrodes (Blad, 1991). 

There are two commonly used approaches to implement a VCCS i.e., 

current mirror and Howland current source. As mentioned earlier, for current 

mirror implementation the characteristics of two current mirrors must be exactly 

matched otherwise a slight mismatch will not produce a constant and balanced 

current injection and there are no external component to precisely matCh/adjust 

the current mirror characteristics. Due to these reasons the current mirror circuit 

was not implemented in the second version of the McMaster current source .. 

The improved Howland current source is a better approach however, 

matching the resistor ratio is not easy. Constant current could be produced, by 

using resistors of higher tolerance like 0.01% or better and by resistance trimming 

(a technique use to match the resistance ratio). The gain of the operational 

amplifier reduces as the frequency increases this could be addressed by increasing 

the input voltage. The differential voltage application to the VCCS would reduce 

the problem associated with unbalance current injection. 
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This thesis is devoted to changes to the initial prototype of the McMaster 

EIT current source. These changes were implemented to address the know issue 

of the resistance ratio mismatch, current variation due changes in load and 

frequencies, reduction in gain, unbalance current injection. In the next chapter of 

this thesis, the first version of the McMaster EIT prototype system is described 

also the proposed modifications will be outlined. 
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Chapter 5 

McMaster EIT system voltage control current sources 

In this section of the thesis, the first prototype version of the voltage 

control current source (VCCS) its limitations, the solution to those limitations, 

and the implementation in the second version of the McMaster EIT system VCCS 

will be described. 

5.1 McMaster EIT system VCCS version I 

For the flrSt prototype of the VCCS, the current source used a DSP, 

interfaced to a PC through a serial communication port. The DSP was interfaced 

to the 16bit DAC using parallel communication as shown in Figure 5.1. A 
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Lab View program on the PC was used to send command to control the frequency 

and amplitude of the current via the DSP. The DSP was programmed to update 

the input of the DAC every 2J..lsec for analog conversioIL The 16bit DAC was 

used to convert the digital data to the corresponding analog signal. The maximum 

amplitude of the output analog signal was ±1OV. The analog signal was then 

passed through a low pass filter to remove the unwanted frequencies. 

Figure 5.1. Block diagram of the McMaster EIT current source version I 

The voltage output from this signal generator was applied to the inverting 

and non-inverting inputs of two power operational amplifiers in order to get two 

current signals, 180 degrees out of phase, for differential current injection. The 

power operational amplifiers were configured as an improved Howland VCCS as 

shown in Figure 5.2. The configuration of this type of improved Howland VCCS 

is called a single ended input current source, since the voltage is applied at one 

terminal of the operational amplifier and the other terminal is grounded. 
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Figure 5.2 McMaster EIT voltage control current source version I 

A power operational amplifier LM675 (http://www.national.com) was 

used as a voltage to current converter in an improved Howland circuit 

configuration with a gain of 1.1 as shown in Figure 5.2. 

The output current of the improved Howland VCCS is controlled through 

the input voltage and it is given by the equation: 10 = RRR
Z Vi- Since the resistors 

1 ZB 

ratio 2L is constant, only the input voltage Vi controls the output current. This 
RIRzB 

improved Howland VCCS was able to inject currents up to 7mA over the 

preselected frequency range from 1 KHz to 125 KHz. 
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There were five disadvantages with this version VCCS. (1) The VCCS 

was not very stable. This instability will be exemplified in the tests on the initial 

prototype in chapter 6 of this thesis. The outcomes of these measurements 

indicates that this instability is probably due to the non-recommended gain setting 

of the operational amplifier that is the recommend gain is about 10, whereas the 

operational amplifier was operated with a gam of about 1.1 

(http://www.national.comlds/LMILM675.pdf). National Instruments clearly 

indicate that this device is internally compensated for gains of 1 0 or more, and 

therefore "the LM675 is designed to be stable when operated at a closed-loop gain 

of 10 or greater". This flaw could be address by changing the gain of the power 

operational amplifier to 10. However, changing the gain would not solve the 

issues of the previous stage that is within the signal generator (chapter 3). (2) The 

injected current in the load was not balanced i.e., the negative current (current 

sink) was more than the positive current (current source). An unbalanced injected 

current would produce a non-nominal value of current within the object (under 

test) that would results in a common mode signal. Since the object under test 

would be floating, the measurements would be influence by this common mode 

signal in tenns of elevated noise or shifted conductivity. (3) The output 

impedance was very low (constant current source must have a very high output 

impedance so, the output current remains constant under changes in load and 
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frequency) due to resistor ratios those were not precisely matched and 

furthermore, due to this imprecise resistance matching. The accuracy of the 

current source was below the required accuracy by EIT that is, (4) a higher 

variations in the injected current due to changes in load at fixed frequencies and 

(5) a higher variations in the injected current due to changes in frequency at fixed 

loads. 

Test performed on the initial prototype, which demonstrates these 

limitations are presented in chapter 6. 

In the following section, the design of the new current source which 

overcomes these issues is presented. 

5.2 Voltage control current source version II 

To address the above-mentioned issues of Version I of the McMaster EIT 

VCCS, it was decided to test three different VCCS circuits to identify the circuit 

with the overall best performance. The three circuits selected are (1) the Current 

Pump, (2) the Improved Howland VCCS and (3) a Bipolar VCCS. These circuits 

were designed, then built on wire-board and printed circuit board (PCB) 

The improvements proposed and implemented (chapter 3) in the signal 

generator second version of the McMaster EIT system are; (1) the frequency 
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range is extended to cover the range from 1KHz to 1MHz instead of a maximum 

of 125 KHz. (2) The frequency resolution of the DDS in the signal generator 

circuit is 1Hz instead of preselected a few frequencies and (3) the issue of the 

DAC settling time was avoided by using a DDS. 

The three VCCS circuits are described in the following sections. 

5.2.1 Current pump voltage control current source (VCCS) 

The current pump circuit was selected due to its high output impedance, 

accuracy and linearity over the operating range. The circuit is shown in Figure 

5.3. The second operational amplifier (U1) in the feedback loop of the first 

operational amplifier (U) is used as a buffer and this should help to increase the 

circuit output impedance by more than a couple of mega ohms (Harrison, 

CURRENT SOURCES & VOLTAGE REFERENCES, 2005). 

The differential voltage signals from a signal generator as described in 

chapter 3 (3.7.2) were applied to the inverting inputs of two operational amplifiers 

(UA i.e., UNV1A) as shown in Figure 5.3. These operational amplifiers produced 

two current signals 180 degrees out of phase. Another two operational amplifiers 

(UB i.e., UBIU1B) were implemented as unity gain buffers. The voltage drop 

across the current sense resistor (Rs / R SA ) was applied to the non-inverting 
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tenninal of the operational amplifier (UB). Since the input impedance of an 

operational amplifier is very high, no current will be shunted away by the 

operational amplifier. The output of these operational amplifiers was fed back to 

non-inverting input of the operational amplifiers (UA). The current sense resistor 

Rs was placed between the operational amplifier output and the load. The output 

current (10) depends on V; the input voltage and it is given by: 

(5.1) 

The operational amplifiers (UA) are operating as difference amplifiers. 

For unity gain, the output voltage will be equal to the difference between the input 

voltage and the voltage drop across the current sense resistor (Rs). 

R 4 

____ ~~ ____ ~R~3~~------~~ UA 
R S 

Input Vi Non- Inverted sine ""ave 

1 2V v ee ~ ad 

R4A. 

R 3 A 

Input Vi 'nverted stne '\Nave 

IA 

Figure 5.3 Current pump circuits diagram for floating load 
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It is very critical to match the resistance ratios (R4 = R2). If this ratio is not 
R3 Rl 

matched then the output impedance will significantly degrade and the operational 

amplifier will no longer be a true difference amplifier and the output current will 

no longer be constant as well (Sergio, 2002). To minimize the resistors 

mismatching effects resistors having a 0.1 % tolerance were used. 

This circuit was implemented on a wire-o-board and configured for 

optimal performance. To obtain (1) greater stability and (2) to avoid unbalance 

current injection, dual operational amplifier IC (containing two operational 

amplifiers in a single integrated circuit) and manufacturer recommended gain 

settings were used. A dual operational amplifier IC provides better characteristics 

matching of both operational amplifiers as compared to using two, single 

operational amplifier packages. In this circuit two dual IC were used as shown in 

the Figure 5.3. The experimental tests performed on this circuit are outlined and 

results are presented in the next chapter of this thesis. 

5.2.2 Improved Howland voltage control current source (VCCS) 

The improved Howland VCCS circuit was selected due to its higher 

accuracy, lower drift and having the output current proportional to the input 

voltage. Two versions of an improved Howland VCCS circuits were built, i.e., 
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single ended improved Howland VCCS as shown in the following Figure 5.4 and 

a differential ended improved Howland VCCS as shown in Figure 5.5. 

In a single ended VCCS, the voltage signal is applied to one terminal of 

the operational amplifier and the other terminal is grounded. 

,ZV vee 

R3A R4A 

213 

R2A 

-,zv "vss 

L 

'2'V 'V-cc 

3C R4C 

Input VI 
R4 

R2D 

R"lC R2C 

- .:;zv V'SS 

Figure 5.4 Improved Howland current source circuits diagram for single ended input 

The output current signal is given by: 10 = ....!!L Vi 1 (5.2). 
RIR3 

In a differential ended or double-ended VCCS the voltage signals are 

applied to both terminals of the operational amplifier. The output current signal is 

INote:RIA + RIB = RJ. R2A+R2B = R2• R3A +R3B =R3B and ~A+~B=~ 
RIC+RID=RI, R2C+R2D = R2, R3C+R3D=R3 and ~A+RIB =~ 
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12VVCC 

.R3A 4 R3B? R4Al§ 

1 
R4B 

-f> 

-b- 7 

R1B .J R2B 

R1A 1 R2A s 

S -12V vss 
-~ 

Input Vi' ,.. o . -I nvertad sine wave 

12VVCC 
Load ~RL 

Input Vi2 n e rte d s in e wave 
R3C 19 R3D ~1C ~o 
v 
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vV' 

6 ~ R4D 
-r::--
1- 11 

I ~R2D 
~lC is R I D 2 1 R2C :;tL 

- 1 2V V SS - - -

Figure 5.5 Improved Howland current source circuit diagram with differential input voltage 

The gain of the operational amplifier in both above-mentioned circuits 

(improved Howland VCCS Figure 5.4 & 5.5) could be adjusted by the external 

resistors rati~ or by changing the input voltage Vj •
2 

Rl 

Adjusting the gam by changing the resistors ratio (Rz _R4) is very 
Rl R3 

difficult, since the ratios must be precisely matched and furthermore there are four 

ratios that have to be adjusted and precisely matched (two ratios from each 

operational amplifier). 

2 See Equation 5.2 and Equation 5.3 
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It is easier to just change the input voltage of the operational amplifier in 

order to change the output current, since the output current lois proportional to 

the input voltage V l keeping the resistors ratio RRz constant. The gain adjustment 
l R3 

by this method i.e., increasing the input voltage whenever the gain degrades, gives 

the ability to keep electric current constant over a wide frequency range. 

As indicated in chapter 4, EIT researchers have implemented basic and 

improved Howland VCCS circuits for their EIT systems (Alexander S Ross, 

2003; Jeong Whan Lee, 2003). In the first version of the McMaster EIT system, 

an improved Howland VCCS circuit was implemented. In the second version of 

the system, two (as shown in Figures 5.4 and 5.5.) variations of the improved 

Howland VCCS circuits are implemented as well. 

These two versions of improved Howland VCCS were built on the PCB, 

configured for optimal performance. As in the previous example, to obtain (1) 

greater stability and (2) to avoid unbalanced current injection, a dual IC of 

operation amplifier was used with manufacturer recommended gain settings, and 

resistors of 0.1 % tolerance were used to increase the output impedance of the 

circuit. The experimental tests performed on this circuit are outlined and results 

are presented in the next chapter of this thesis. 
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5.2.3 Bi-Polar voltage control current source (VCCS) 

This circuit is similar to the current pump circuit; a differential amplifier 

was used instead of conventional operational amplifier. The underlying 

architectures of both devices are very different. 

The differential amplifier uses active feedback architecture. An obvious 

difference is the presence of two separate pairs of differential inputs as compared 

with conventional operational amplifiers that have a single pair. In the active 

feedback architecture, one of the two input pairs is driven by a differential input 

voltage signal while the other is used for feedback. 

There are several advantages in the active feedback architecture over a 

conventional operational amplifier such as; excellent common-mode rejection; A 

higher common mode rejection ratio (CMRR) will ensure that the output signal 

(voltage/current) remains constant over a wide frequency range. That is in 

contrast to a conventional operational amplifier where the output signal 

(voltage/current) will degrade as the frequency is increased. Wide input common­

mode range in the active feedback architecture, significantly minimizes the input 

noise transmission to the output. In addition, while an external feedback network 

establishes the gain response as in a conventional operational amplifier, its 

separate path makes it completely independent of the input signal. This eliminates 
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any interaction between the feedback and input circuits, in conventional 

amplifiers that causes problems with CMRR and output current/voltage. 

Due to these enhanced characteristics, a differential amplifier (AD8103) 

with extremely high common mode rejection ratio (CMRR), above 100dB @ 800 

KHz and 70dB at 10 MHz was used in the third test circuit for the second version 

of the McMaster EIT system VCCS. 

'--.. , ..... , ... -.-
..... -I-a.L ... aL_ w-

Fi2ure 5.6 Bi-polar differential current pump circuit dia2ram. 

The voltage signals (inverted and non-inverted) from the signal generator 

was applied to both inputs of the differential amplifier as shown in Figure 5.6. 

The differential amplifier converts the double-ended signal into a single-ended 

signal. 
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Another set of two conventional operational amplifiers are implemented as 

unity gain amplifiers which feedback the voltage drop across the current sense 

resistor RJ to the input of the differential amplifier. These current sense resistors 

RJ were placed between operational amplifiers output and the load. The output 

current lois controlled by the input voltage Vi and is given by 

V, 
10 = Rt" 5.4 

The advantage of this design is that only two external components one 

passive (resistor) and another active (operational amplifier) are required for 

voltage to current conversion. 

Matching these two resistors R1(one for the upper section and another for 

the lower as shown in Figure 5.6) was much easier as compared to matching the 

resistor ratio (z _R4) as in the improved Howland VCCS and the current pump 
Rl R] 

circuits. As in the previous voltage control current source circuits, in this circuit 

for the two buffers amplifies a dual operational amplifier IC was used as well. The 

bipolar current source was built on wire-o-board, configured, tested and the 

experimental tests performed on this circuit are outlined and results are presented 

in the next chapter of this thesis. 
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Chapter 6 

Testing methods and experimental results 

In this chapter of the thesis, the following measurements were performed 

on two versions of the McMaster EIT system current source. (1) The stability, (2) 

the balance of the current injection, (3) the output impedance, and the variation in 

the output current due to both (4) prescribed changes in the impedance at a fixed 

frequency and (5) changes in the frequencies at a fixed load. The experimental 

circuit, procedure and results are described in the following sections. 
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6.1 Test circuit and experimental setup 

The following test circuit was used to measure the various parameters of 

the two versions of the current source circuits. 

Figure 6.1 Test circuit to measure various parameters of the current source 

For the first version of the McMaster EIT system current source, a digital 

oscilloscope! was used to measure the voltage drop across a fixed resistor ZR of 

value 4800 and a variable load resistor ZL of value 0-7000. 

For the second version of the McMaster EIT system current source, the 

same digital oscilloscope was used to measure the voltage drop across a fixed 

resistor ZR of value 1500 and a variable load resistor ZL of value 0 - 2kO. The 

two different values fixed resistor ZR of both versions will not effect, the 

I Tektronix TDS 220 lOOMHz, dual channel, real-time oscilloscope 
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measured current. The value of ZL was increased to observed the current variation 

at higher load. 

Since these two resistors (ZR, ZL) are in series, the current through these 

resistors is equal in magnitude. The magnitude of the output (injected) current was 

calculated using Ohm's law by measuring the voltage drop across the fixed 

resistor ZR. 

Before testing each circuit performance the oscilloscope was calibrated 

using the built in calibration procedure. In order to avoid the loading effects of the 

oscilloscope, the input impedance of the oscilloscope probe was set to 10M!}. To 

establish a common ground voltage between the oscilloscope and the circuit under 

test, the ground terminal of the oscilloscope was connected to the ground terminal 

of the circuit and power supply. Oscilloscope voltage and time scales were 

adjusted before each measurement to avoid any error due to voltage/time scale 

offset. The channel 1 of the oscilloscope was set to measure the voltage drop 

across ZR (OA figure 6.1) and channel 2 was set to measure the voltage drop 

across the total load Z= ZR + ZL (OB). 

All circuits under test were calibrated before the experiment. The 

calibration consisted of: (1) DC offset adjustment, (2) gain adjustment of the 2nd 
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stage operational amplifier. The DC offset was removed to ensure a balanced 

bipolar signal. The gain was adjusted in order to avoid any positive or negative 

saturation of the VCCS under maximum load. 

Three sets of experimental measurements were conducted for both 

versions of the current source and the average of these measurements was used in 

the results. A diagram of the test circuit and oscilloscope is shown in Figure 6.1 . 

To calculate the output impedance and the output current variation of the 

current source circuits the following equations were used (see appendix D for 

derivation). 

(1) 

I - Vmin/ Lmin - Z i mn 
(2) 

I - Vmax/ Lmax - Z max 
(3) 

6.2 Experimental methods: 

To measure the various parameters of the current source circuits the 

following procedure was performed. 
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6.2.1 Stability of the circuits 

In the first version of the McMaster EIT system current source, the 

stability was observed by measuring the fluctuation in the injected current through 

the fixed resistor ZR. While the variable resistance ZL was increased from on to 

700n in steps of 50n, with a fixed frequency of 10KHz. The measurements were 

repeated for frequencies 20 KHz, 25 KHz, 50 KHz and 62.5 KHz. 

For the second version of the McMaster EIT system current source, the 

stability was observed by measuring the fluctuation in the injected current through 

the fixed resistor ZR. While the variable resistance ZL was increased from on to 

2000n in steps of 50n, with a fixed frequency of 1 KHz. The measurements were 

repeated for frequencies from 1 KHz to 300 KHz in steps of 50 KHz. 

6.2.2 Balance current injection test 

The balanced nature of the current injection for the two versions of the 

McMaster ElT system current source circuits was observed. Instead of using fixed 

and variable resistances, as in Figure 6.1, two equal resistances with 0.1% 

tolerance were used. The voltage at both terminals with reference to the middle 

terminal A (AO and AB) was measured (see Figure 6.1). Two measurements were 
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made. First, the resistance was increased from 50n to 500n, in steps of 50n, on 

both sides of terminal A using fixed frequencies (50 KHz and 100 KHz) and the 

injected current was measured. Second, the frequency was increased from 1 KHz 

to 100 KHz, at a fixed load of 500n, on both sides of terminal A and the injected 

current was measured. 

6.2.3 Output impedance 

To measure the output impedance, the following procedure was 

performed: 

1. The frequency of the injected current was set to 62.5 KHz for the first version 

and in the second version the frequency was extended to lOOKHz. 

2. The variable resistance ZL was set to O. 

3. The voltage across the resistors (Z=ZR + ZL) was measured. 

4. The variable resistance ZL was set to maximum, 700n for first version and for 

the second version the load was increased to2Kn. 

5. The voltage across the resistors (Z=ZR + ZL) was measured. 

Equation 1 was the implemented to calculate the output impedance of the 

circuit under test. 
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6.2.4 Current vs load variations 

To measure the variation in the output current, due to changes in the load 

at fixed frequencies the following procedure was followed: 

1. The frequency of the injected current was set to 10 KHz for the first version 

and for the second version since our frequency interest range was higher 

therefore, 50KHz was selected. 

2. The variable resistance ZL was set to O. 

3. The voltage across the resistor ZR was measured, ZR was set to 4800 for the 

first version and 1500 for the second version. The different values of ZR will 

not effect, the current measurements. 

4. The variable resistance ZL was set to Y4, Yl, % or maximum. The maximum ZL 

was 7000 for the first version and for the second version current dependence 

on load was measured at higher load of 2Kn. 

5. The voltage across the resistor ZR was measured. 

6. Steps 4 and 5 were repeated until ZL reached the maximum value 

Equations 2 and 3 were used to calculate the variation in the output current 

due to changes in the loads at a fixed frequency. To calculate the variation in the 

output current at different frequencies the above procedure was repeated (step 4-
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6) after changing the frequency. The frequency upper limit for the first version 

was 62.5 KHz and for the second version the current dependence was measured at 

much higher frequency 300 KHz. 

6.2.5 Current vs frequency variations 

To measure the variation in the output current, due to changes in the 

frequency at a fixed load the following procedure was followed: 

1. The frequency of the injected current was set to 10KHz for first version and 

for the second version frequency limit was lowered to 1KHz. 

2. The variable resistance ZL was set to maximum. ZR was set to 480n for the 

first version and 150n for the second version. The maximum value of ZL was 

700n for the first version and 2Kn for the second version. Different values of 

ZR will not effect, the current measurements. 

3. The voltage across the resistors (Z=ZR + ZL) was measured. 

4. The frequency of the injected current was incremented (25 KHz, 50 KHz and 

62.5 KHz for the first version and 50 KHz, 100 KHz, 200KHz and 300 KHz 

for the second version). 
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5. Steps 2 through 5 were repeated until the frequency reached the maximum 

62.5 KHz for the first version and extended frequency range dependence up to 

300KHz for the second version 

Equation 2 and 3 were used to calculate the variation in the output current 

due to changes in frequency at a fixed load. 

6.3 Experimental results of the McMaster EIT system current 

source version I 

The resultant magnitudes of the output (injected) current due to variable 

loads at fixed frequencies (10 KHz, 25 KHz, 50 KHz and 62.5 KHz) were 

measured. The results are shown in the following Figures 6.2, and 6.3. 

It was observed that the circuit is not stable at lower values of load 

changes (below 600Q and frequencies higher than 62.5 KHz). The current source 

was not balanced. 

The output impedance of the circuit was estimated to be 8KJ2 at 62.5 KHz, 

using equation 1. 
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Under the load fluctuations (480Il - 1180Il), the magnitude of the injected 

current is not constant and stable as shown in Figure 6.2 and 6.3. The magnitude 

of the injected current signal varies comparatively more at 10 KHz than at higher 

frequencies. The overall fluctuation in the magnitude of the injected current is 

approximately 0.9mA. The overall variation in the injected current is 

approximately O.86mA (12.5%) and O.65mA (10.55%) due to the same changes in 

the loads at frequencies 10 KHz and 62.5 KHz respectively. These output current 

magnitude slopes can be divided into three regions. In the first region where the 

load changes from 480Il to 524Il, the output current increases as the load is 

increased for frequencies 20 KHz, 25 KHz and 50 KHz. 

7.00 
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Figure 6.2 Current vs variable load at fixed frequencies (10KHz, 20KHz and 25KHz) 
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However, at 10KHz in the first region, the magnitude of the injected 

current remains approximately constant as compared to other frequencies. For the 

second region where the load changes from 524!l to 568!l the magnitude of the 

injected current drops more quickly than the third region where the load changes 

from 568!l to 1180!l of the current slope. 
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Figure 6.3 Current vs variable load at fixed frequencies (50KHz and 62.5KHz). 

Figure 6.4 shows the variation in the magnitude of the injected current 

when frequency is increased keeping the load fixed (1180!l). The magnitude of 

the injected current decreases, approximately O.51mA (8.47%) at the maximum 

fixed load 1180!l as the frequency is increased from 10 KHz to 62.5 KHz. 
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Figure 6.4 Current vs Frequency at fixed load (1180fl). 
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6.4 Experimental results of the McMaster EIT system current 

source version II 

For the second version of the McMaster EIT system current source, three 

different voltage control current sources (VCCS) circuits (Current pump, 

Howland and Bi-polar) were implemented on a printed circuit and a wire-board. 

These circuits were configured and the above-mentioned parameters were 

measured. The next sections of the thesis described the experimental results of 

these circuits. 

128 



6.4.1 Current pump VCCS results 

It was observed that the circuit is stable, however the injected current was not 

balance. The output impedance of the current pump circuit was estimated using 

equation 1, to be 7Kfl at 100 KHz 

The experimental results for the current pump circuit show the variation in the 

injected current due to changes in the load resistance (150fl-2150fl) at fixed 

frequencies as shown in Figure 6.5. 
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Figure 6.5 Current as a function ofload at various fixed frequencies 

These injected current were calculated at 50 KHz, 100 KHz 200 KHz and 

300 KHz. The minimum variation in the injected current is approximately 0.58mA 

(22.44%) at 100 KHz and the maximum variation in the injected current is 
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approximately J.15mA (79.35%) at 300 KHz. The variation in the injected current 

due to changes in loads is approximately the same for 50 KHz and 100 KHz 

frequencies. There is more variation in the injected current due to changes in load, 

at higher frequencies such as 200 KHz and 300 KHz. 

The magnitude of the injected current decreases as the frequency increases 

as shown in Figure 6.6. The magnitude of injected current decreases more quickly 

for frequencies below 100KHz as compared to above 100 KHz. The magnitude of 

the injected current decreased approximately 2.65mA (89.83%) at the maximum 

load (2150!l) over the frequency range from 50 KHz-300 KHz. 
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Figure 6.6 Current as a function offrequency at a fixed maximum load 
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6.4.2 Improved Howland VCCS results 

Two versions, single-ended and double-ended injection of the improved 

Howland current source circuits were tested. 

Both versions were stable. However only the double-ended current source 

was balanced. The output impedance of these improved Howland circuits was 

estimated to be 256KO at 100 KHz, using equation 1. 

Both circuits produced identical results for the output current variations. 

3 

2.5 

<' 2 e 
~ 1.5 
1:1 

t 
::I 
U 0.5 

o 
o 

Current vs. Load 

500 1000 1500 

Load (ohm) 

Figure 6.7 Current as a function of load at fixed frequency 100 KHz. 
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The experimental results for the improved Howland current source show 

the variation in the magnitude of the injected current due to changes in the load 

resistance (1500-21500) at a fixed frequency of 100 KHz as shown in Figure 6.7. 
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The variation in the magnitude of the injected current due to changes in the loads 

(1500-21500) was estimated to be approximately about 0.021mA (0.77%) at 100 

KHz. 

As shown in Figure 6.8, the magnitude of the injected current for a fixed 

maximum load of 2150n changes approximately 1. 74mA (55%) for frequency 

range from 1 KHz to 300 KHz as shown in Figure 6.8. 
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Figure 6.8 Current as a function of frequency at a fixed maximum load 

132 

-., 

350 400 



MS Thesis - Dost M. Khan McMaster - Medical Physics 

6.4.3 Hi-Polar VCCS results 

The experimental results for Bi-Polar voltage control current source are 

shown in the following figures 6.9 and 6.10. 

The voltage control current source (bi-polar) circuit was stable however 

not balanced. The output impedance of this circuit was estimated to be 25K!J at 

100 KHz, using equation 1. 
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Figure 6.9 Current as a function of load at fixed frequencies 

Figure 6.9 shows the variations in the magnitude of the injected current 

due to changes in the load resistance (1500-21500). These outputs current were 

measured at 100 KHz, 200 KHz and 300 KHz frequencies. As the frequency was 
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increased, the variation in the output current due to changes in load was increased 

as well. The variations in the output current are approximately 0.6mA at 100 

KHz, 1.4mA at 200 KHz and 2.4mA at 300 KHz. The variation in the output 

current is a minimum approximately O.42mA (6.35%) at 100 KHz and maximum 

approximately 1.78mA (26.35%) at 300 KHz due to changes in loads. 

Figure 6.10 shows the variation in the magnitude of the injected current 

due to changes in the frequency at fixed maximum load. The magnitude of the 

injected current for fixed load (2150fl) changes approximately 2.57mA (37%) for 

frequency range from 1 KHz to 300 KHz. 
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Figure 6. t 0 Current as a function of frequency at fixed mini mum load 
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6.5 Discussion 

In this thesis, both the previous and the new versions of the McMaster EIT 

system current source circuits, configuration, testing procedure and experimental 

perfonnance are described. 

In the second version of the signal generator, a different approach was 

adopted to avoid issues associated with the first version i.e., limited resolution, 

small set of frequency generation, lookup table and DAC settling time. A DDS 

was selected for the signal generator. 

To overcome the issues of stability and the balanced nature of the current 

injection, a voltage controlled current source (VCCS) was implemented. This will 

further improve the output impedance and output current variation due to changes 

in loads and frequencies. Three different versions of VCCS circuits, including the 

first version the improved Howland assembled configured and tested in the 

second version. 

The perfonnance of the improved Howland current source circuit with 

differential input voltage outperfonns the first version and other two current 

source circuits in the second version of the McMaster current source. 
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The following table summarise the results: 

Current Source IL (rnA) IL (rnA) Output 

Stability Balanced 
(Due to load) (Due to Frequency) Impedance 

Zo 

Parameters 

Imp. Howland 10.55% 8.47% 8KQ No No 4BOQ -llBOQ 10KHz to 62.5KHz 
(first version) @,62.5 KHz (a)//BOQ @62.5KHz 

Imp. Howland 0.77% 55% 156Kfl Yes Yes J50n-2J50n I KHz to 300KHz (second version) 
riiJ]OOKHz @2150Q @lOOKHz 

Bi-Polar 6.35% 37% 25KQ 
Yes No /50Q-2150Q I KHz to 300KHz 

(second version) 
(a) 100KHz @ 2150Q 

@100KHz 

Current Pump 22.44% 89.83% 7KQ 
Yes No /50Q-2150Q 50KHz-300 KHz (second version) 

@ 100KHz @2150Q 
@ 100KHz 

Table 6.1 Current source parameters (Stability, Balance, Output Impedance, and Current Variations) 

The operational amplifier should be operated in the manufacturer 

recommended stable gain region since these components are optimized for that; 

otherwise, there would be variations in the stability of the operational amplifier as 

observed in the first version. 

Another factor with the VCCS was observed, namely that the current 

injected into an object was not balanced in all circuits except for the improved 

Howland current (source second) version. 

The current was injected more in the negative phase as compared to the 

positive phase therefore the center point of the injected current within the object 

was shifted towards negative, rather than the origin, as required by the EIT 
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system. This issue was solved by applying a differential voltage to the improve 

Howland current source instead of single-ended voltage application. 

The output impedance of the second version was improved from 8K!1 to 

256K!1 by using resistors of 0.1 % tolerance were used. Higher precision 

components could further improve the output impedance. 

Two types of variations in the magnitude of the injected current were 

observed; the variation due to changes in loads while the frequency was fixed and 

the variation due changes in frequencies while the load was fixed. These 

variations in the magnitude of the injected currents were to some extent due to the 

incorporated components, resistors precision and operational amplifier 

characteristics. 

The variation in the magnitude of the injected current due to changes in 

the load at fixed frequency was reduced over 13 fold i.e., from 10.55% to 0.77%. 

However; the variation in the injected current is still higher since, 0.10% of 

variation in the output current is required for 10-bit precision measurement and 

this could be achieve by automatic gain adjustment in the 2nd stage of the 

operational amplifier. 
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The gain of the operational amplifier drops as the frequency is increased; 

an operational amplifier with very high CMRR (over lOOdB) over frequency of 

interest could minimize the gain reduction issue. 

The above-mentioned current source circuits are voltage control current 

sources (VCCS) meaning that the output current is control through the input 

voltage. Both types of variations (due to loads and frequencies) in the injected 

current could be minimized further by precisely adjusting the input voltage of the 

VCCS. 

Beside these factors, there are other factors to consider as observed in the 

first version such as; connecting shielded coaxial cables; these should be 

grounded or opposite signal should be injected to minimize the stray capacitance 

(tri-axial cables perhaps). The lengths of different electrode wires or copper tracks 

on the PCB should be equal, otherwise different impedance might be offered. 

There are several advantages with the new current source (Howland 

differential) as compared to the first version; 

1. The current source was more stable. 

2. The current injection is now balanced. 
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3. Increased output impedance 256K instead of 8K 

4. The frequency range was increased from 1 Hz to 1 MHz instead of 1 KHz to 

125 KHz. The second version of the current source was only tested over 

frequency range from 1 KHz to 300 KHz due to the gain degradation of the 

operational amplifier. The reduction in the gain at higher frequencies could be 

readjusted by increasing the input voltage however; in this experiment, the 

input voltage was kept constant for all circuits to avoid any discrepancies in 

the input voltage and the resultant output current. 

5. Increased frequency resolution 1Hz is available instead of limited preselected 

frequencies 

6. Reduced output current variation due to loads i.e., 0.77% @100 KHz (2150 

n) instead of 10.55% @62.5KHz (lI80n). 

In the next chapter of the thesis, the conclusions and future goals will be 

described. 
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Chapter 7 

Conclusion and future goals 

This chapter of the thesis lists the improvements made and highlights 

future recommendations for the current source. For the McMaster EIT current 

source version II the following features were implemented. 

The human interface for McMaster EIT system current source version II is 

now through DIP switches. Using these DIP switches a predefmed set of 
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frequencies (IKHz- IMHz) and shapes (Sine, Triangular and Square wave) can be 

selected (see Appendix C). 

The voltage output signal from the DDS has a DC offset. In order to 

remove this DC offset and to translate it to a bi-polar signal as required, the DC 

offset is removed through the use of an operational amplifier using a 

potentiometer I . 

The magnitude of the output voltage from the DDS was 650 m V uni-polar. 

It was translated into a bi-polar signal of ±325 mV (peak-to-peak) and a gain 

(amplification) of about 30 was required to translate into ±1O V (peak-to-peak). 

The amplitude was amplified in two stages using operational amplifiers. The first 

stage amplification was fixed and it was implemented within the DC offset stage, 

the second stage amplification was made variable (to control the injected current 

magnitude) and it was implemented using a potentiometer in the feedback path of 

the operational amplifie~. 

The output after the variable gain stage was a single-ended signal. In order 

to translate into double-ended signals, two unity gain operational amplifiers (one 

I See chapter 3 Signal Generator Version II (V.2) of McMaster EIT System Figure 3.8(a) 

2 See chapter 3 Signal Generator Version II (V.2) of McMaster EIT System Figure 3.8(b) 
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inverting, one non-inverting as shown in Figure 3.9 chapter 3), were implemented 

to translate the voltage signal 180 degrees out of phase. 

It was observed that the magnitude of the injected current degrades with 

increasing frequency. It was readjusted using the second stage gain potentiometer, 

to maintain a constant current magnitude. 

For maXlmum flexibility and future designs considerations, the three 

different voltage control current source circuits discussed in this thesis (chapter 

5.2), were all fully implemented on the printed circuit board and wire-board. 

However, the second version Howland circuit performance was better than the 

other circuits including the ftrst version. 

For the second version of the McMaster EIT system signal generator (ch 

3), the improvements implemented (separate from the signal generator 

improvements above) are; (1) the frequency range is extended to cover the range 

from 1KHz to IMHz instead of 1KHz to 125 KHz, (2) the frequency resolution 

of the DDS in the signal generator circuit is 1Hz instead of a few preselected 

frequencies and (3) the issue of the DAC settling time was avoided by using a 

DDS. 
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The following five parameters measurements were performed on both 

versions of EIT system voltage control current source (VCCS). (1) The stability, 

(2) the balance of the current injection, (3) the output impedance, and the 

variation in the output current due to both (4) prescribed changes in the 

impedance at a fixed frequency and (5) changes in the frequencies at a fixed load. 

The experimental circuit, procedure and results are described in the following 

sections. 

All the circuits in second version were stable; the first version was not 

stable due to DA settling time and gain settings design flaw. 

The injected current was balanced only for Howland current in the source 

second version. Under balanced current injection, the center point of the injected 

current within the object conductivity will not shift. 

The output impedance of the second version current source circuits was 

25KQ (bi-polar), 256KQ (Howland) and 7KQ (current pump) at 100 KHz as 

compared to first version 8KQ at 62.5 KHz. The output impedance for second 

version (Howland circuit) was much higher than the other circuits. 
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For EIT current source, it is required to have very high output impedance 

(at least few mega Ohm). The second version was unable to achieve, a very high 

output impedance, due to the mismatch in the components, temperature and 

capacitive effects of the circuit. However, the output impedance could be further 

increased by incorporating a generalized impedance converter (OIC). A OIC 

contains two operational amplifiers and five passive elements that is, four 

resistors and a capacitor. This type of OIC will synthesize an inductance, and in 

an ideal compensation scheme, the effects of the capacitance are completely 

cancelled. This prevents reduction in the output impedance due to stray 

capacitance. (Analog Devices). The OIC was not implemented in either version of 

the McMaster BIT system current sources. 

The maXimum variation in the output current was 6.35% (bi-polar), 

22.44% (current pump) and 0.77% (Howland) due to variation in load (I50n -

2150n) at a fixed frequency (100 KHz). This is in comparison to the first version, 

which was 10.55% due changes in load (480n -1180n) at a fixed frequency (62.5 

KHz). 

Clearly, in the second version (Howland circuit) the variation in the output 

current is reduced by approximately 12 times with respect to the first prototype 
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version, despite the fact, that the load changes from 1500- 21500 at fixed 

frequency 100 KHz instead of 1480 -11800 at frequency 62.5 KHz for the first 

version. 

The maximum variation of the output current due to changes in frequency 

range from 1 KHz to 300 KHz was about 37% (bi-polar), 55% (Howland) and 

89.83% (current pump) at a fixed maximum load 21500 for this second version of 

the McMaster EIT current source. This compares to the first version of the 

current source that was about 8.47% due changes in frequency range from 1 KHz 

to 62.5 KHz at maximum load 11800. 

The first version (Howland circuit) current variations due to changes in 

frequency (1 KHz to 62.5 KHz) at fixed maximum load (11800) are better than 

the other circuits. However, in the first version, the frequency range under test 

was 1KHz to 62.5KHz whereas for the second version the it was much higher up 

to 300 KHz. Also, the maximum load at the time of testing for the first version 

was 11800 and for the second version, it was 21500. 

The variation in the output current (8.47%) for the first version could be 

much higher, if the frequency range was increased to 300 KHz at a fixed load 

(21500). The first version however became very unstable for frequencies above 
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62.5 KHz, and therefore it was not possible to test it reliably. Furthermore, the 

voltage control current source was implemented using operational amplifiers and 

their output gain (output current) degrades, as the frequency is increased (ch 5). 

The performance parameters: stability, balanced current injection, 

high output impedance, and low output current variations due to changes in load, 

of the improved Howland voltage control current source out-perform the other 

voltage control current source circuits. The variation in the injected current, due to 

changes in frequencies at fixed maximum load could be further adjusted by 

increasing the input voltage (ch 5). 

After review of these experimental results, it is evident that there are some 

practical limitations such as; matching the resistance ratios, operational amplifier 

characteristics, noise due to elevated temperature (components used in the circuit 

will behave minutely different), while components are in operation and stray 

capacitive effects. These practical limitations prevent the current source In 

achieving a high accuracy over changes in the loads and frequencies. 

The second version of Howland voltage control current source circuit 

performance was better than the other voltage control current source circuits. In 

Howland circuit, all resistances were quoted to a tolerance 0.1 %, a dual Ie for 

146 



MS Thesis - Dost M. Khan McMaster -Medical Physics 

operational amplifiers, and to further minimize the stray capacitive effects, all 

components used were surface mount miniature versions. However, there were 

still variations (0.77%) in the output current, due to changes in loads at fixed 

frequency of 100 KHz. 

There is an alternative way to inject a constant current of lesser variations 

(better precision 0.01 %) and to be able to have a less accurate (about 1 %) current 

source with the addition a very precise known value (±0.001% tolerance) resistor 

in series with the load. Measure the voltage drop across this series resistor with a 

differential amplifier that has a very high CMRR (about 100dB) over all 

frequencies of interest. Monitor and keep the voltage drop precisely constant 

across this resistor by readjusting the input voltage to the VCCS, over output 

current changes (0.1 % or better) due to loads and frequencies. 

The voltage drop across i.e., current through the series resistor, can be 

adjusted by changing the input applied voltage to the voltage control current 

source. The applied voltage is coming from an operational amplifier and it could 

be adjusted by adjusting the gain of this operational amplifier. The manual gain 

adjustment was implemented in the second version (ch 5). 
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Based upon this experimental experience, a number of improvements and 

enhancements could be implemented in this system, but were not performed in the 

interest of time. The major suggestions are outlined here. 

1. Human interface through a PC instead of DIP switches. 

1.1 PC software could allow the user to select any single frequency from 

frequency range of OHz to IMHz with increment of 1Hz. No hardware 

changes are required, but provide greater flexibility to user with no loss in 

speed. 

2. Automatic adjustment of the DC offset instead of manual. This will speed up 

the calibration process by eliminating the time consuming calibration process, 

i.e., measure and adjust the DC offset each time the current source is used. 

3. Automatic gain adjustment of the output current i.e., to inject a constant 

magnitude of current under both, load and frequencies changes. Currently the 

gain is adjustment is manual. 

4. Use single IC instead of two unity gain buffer operational amplifiers ICs for 

single-ended signal to double-ended signals translation. To avoid the 

unbalanced current injection in a floating load, due to any mismatch in the 

operational characteristics of these two separate units. 
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5. The output impedance of the VCCS could be further improved by 

implementing a generalized impedance converter (GIC). The GIC will cancel 

the effects of the capacitance and this will prevents reduction in the output 

impedance due to stray capacitance. 

6. Current source should be operated through a battery power not through a 

socket power for patient safety and noise propagation from power line to the 

current source and furthermore PC and current source circuit should be 

isolated i.e., both systems should have their own power. 

To implement the above modifications, the following hardware changes 

are required. Note that both PC software and microcontroller software 

modifications would be required as well. 

1. Serial interface between PC and micro controller 

2. Digital potentiometer instead of manual DC offset potentiometer (stage 13
). 

2.1 DC offset detection circuit I.e., feeding back the voltage polarity 

information to the microcontroller and the microcontroller control a digital 

potentiometer for DC offset adjustment. 

3. Digital potentiometer instead of manual gain potentiometer (stage 23
) 

3 See chapter 4 for stage I description 
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3.1 Circuit for voltage drop detection across current sense resistor 

3.2 A fast analog to digital converter to digitize the detected voltage drop 

3.3 Interfacing ADC to microcontroller where the magnitude of the injected 

current can be calculated 

3.4 Interfacing microcontroller to a digital potentiometer for injected current 

magnitude adjustment 

4. Single-ended to double-ended operational amplifier interfacing between stage 

two and voltage control current source. 

5. A generalized impedance converter (GIC) circuit added in parallel to current 

source and before load under test. 

6. Battery operated power supply with DC outputs OV,+5V, ±12V, which will 

operate the microcontroller, current source and voltage measurement circuit. 

6.1 The serial interface between PC and microcontroller should be optically 

isolated. 
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Appendix A: 

The current pump voltage control current source 

Figure A.I Current pump circuit 

The output of the operational amplifiers OA] is VOl and OAl is VOl is 

shown in the Figure A.I The output VOl = VL due to the unity gain of the 

operational amplifier OA1. Since the open loop gain of the operational amplifier is 

infinite therefore V x = Vy • 
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The load current is given by 

VOl - Vt 
10 =--­

Rs 
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Assume 
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Appendix B: 

Voltage control current source using improved Howland current 

source 
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Figure B.llmproved Howland Current Source Circuit 

Equations for output impedance and source/sink current can be derived 

as follows: 

Vo = (1 + R4) V. (5) 
R3 p 
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I - Vl 
0-

Rl+R2A 
(7) 

Substituting the value of v" from equation 6 into equation 5 

Substituting the value ofVofrom equation 8 into equation 7 

After simplification 
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For R4 __ R2 

R3 Rl 

Therefore 

McMaster -Medical Physics 

-. Ro -+ infinity (9) 

Or 

156 

R = R1R2B 

Rz 



MS Thesis - Do t M. Khan M Master -Medical Phy ics 

Appendix C: 

DIP switch settings for waveform shape and frequency selection 

The following table list the DIP switch setting for wavefonn shape 

selection 0= Low, 1 = High 

DIP Switch Position Waveform Shape Selection 
Binary 

D7 D6 
0 0 Sine Waveform 
0 1 NC 
1 0 Triangulate Waveform 
1 1 Square Waveform .. 

Table C.l DIP sWitch posItion for wavefonn shape selectIOn 

The following table list the DIP switch setting for Frequency selection 

DIP Switch (Binary) 
Hex Selected Frequency (KHz) 

05 04 03 02 Dl DO 
0 0 0 0 0 0 0 1 
0 0 0 0 0 1 1 2 
0 0 0 0 1 0 2 4 
0 0 0 0 1 1 3 8 
0 0 0 1 0 0 4 12 
0 0 0 1 0 1 5 16 
0 0 0 1 1 0 6 20 
0 0 0 1 1 1 7 25 
0 0 1 0 0 0 8 30 
0 0 1 0 0 1 9 35 
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DIP Switch (Binary: 
Hex Selected Frequency 

D5 04 03 02 Dl DO 
0 0 1 0 1 0 A 40 
0 0 1 0 1 1 B 45 
0 0 1 1 0 0 C 50 
0 0 1 1 0 1 0 60 
0 0 1 1 1 0 E 70 
0 0 1 1 1 1 F 80 
0 1 0 0 0 0 10 90 
0 1 0 0 0 1 11 100 
0 1 0 0 1 0 12 125 
0 1 0 0 1 1 13 150 

0 1 0 1 0 0 14 175 
0 1 0 1 0 1 15 200 
0 1 0 1 1 0 16 225 
0 1 0 1 1 1 17 250 
0 1 1 0 0 0 18 275 
0 1 1 0 0 1 19 300 
0 1 1 0 1 0 lA 325 
0 I I 0 1 I IB 350 
0 I I I 0 0 IC 375 
0 1 I I 0 I 10 400 
0 1 I 1 1 0 IE 425 
0 I 1 1 1 1 IF 450 
1 0 0 0 0 0 20 475 
1 0 0 0 0 1 21 500 
1 0 0 0 1 0 22 525 
I 0 0 0 I 1 23 550 
1 0 0 1 0 0 24 575 
1 0 0 I 0 1 25 600 
1 0 0 I 1 0 26 625 
1 0 0 1 1 1 27 650 
1 0 1 0 0 0 28 675 
1 0 1 0 0 1 29 700 
1 0 1 0 1 0 2A 725 
1 0 1 0 1 1 2B 750 
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DIP Switch (Bina!y~ 
Hex Selected Frequency 

D5 04 03 02 01 00 
1 0 1 1 0 0 2C 775 
1 0 1 1 0 I 20 800 
1 0 1 I 1 0 2E 825 
1 0 1 1 I 1 2F 850 
I I 0 0 0 0 30 875 
I 1 0 0 0 I 31 900 
1 1 0 0 1 0 32 925 
1 1 0 0 1 I 33 950 
1 I 0 1 0 0 34 975 
1 1 0 1 0 1 35 1024 
1 1 0 1 1 0 36 1024 
1 1 0 1 1 1 37 1024 
1 1 1 0 0 0 38 1024 
1 1 1 0 0 1 39 1024 
1 I 1 0 I 0 3A 1024 
1 1 1 0 I 1 3B 1024 
I I 1 1 0 0 3C 1024 
I 1 1 1 0 1 3D 1024 . . 

Table C.2 DIP sWltch posltIon for frequency selectlOn 
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Appendix D: 

Output impedance calculation 

I, 

O1Q'as(o~ 

Figure 0.1. Output impedance, current variations measurement circuit 

To calculate the output impedance of the current source circuits the 

following equation was used (see appendix Impedance Equation for derivation). 

Where lois the output current from the current source, Isis the shunt 

away current by the internal output resistance Zo and I L is the current provided to 

the load (ZR + ZL). ZR and ZL are two series resistors and the voltages across them 

are VR and VL respectively, the resistor ZL is a variable resistor, this combined 

impedance (ZR + Zt) is connected in parallel to the internal resistor Zo as shown 

in the Figure 0.1. 
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The current provided by the current source is given by 10 = Is + h. The 

output impedance can be calculated by measuring the voltages VR and VL for 

minimum (Zmin = ZR ZL =0) and maximum (Zmax = (ZR + ZrJ) load conditions. 

For minimum load condition the equation 10 = Is + I L can be written as 

10 = I smin + hmin and for maximum impedance: 10 = I smax + hmax. By 

combining these two equations and solving for output impedance Zoo Since the 

current source is constant therefore 10 remains constant under minimum and 

maximum load. I Smin + hmin = I Smax + hmax 

I Smax - I Smin = I Lmin - I Lmax 

Vmax Vmln I I d Z Vmax-Vmln -zo - -zo = Lmin- Lmax an 0 = I Lmln -1 Lmax 

z - V max-V min 
o - Vmln/ _ Vmax/ 

Zmln Zmax 

(1) 

I - Vm in j 
Lmill - Z l mn 

(2) 

1 - V ntaxj Lm ax - Z 
max 

(3) 
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