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Abstract: The Electrical impedance tomography (EIT) is a relatively new technical imaging method for industrial applications,
medical imaging and relative researches. The most important part of this system is an AC current source. Its characteristics have
efficient effects on the performance of EIT systems. The AC current source must have constant current amplitude over the load and
frequency ranges in related applications. In this paper, we could by designing a new topology of current source circuit achieving a
current source with higher output impedance in comparison with other current sources which are mostly used in EIT applications. In
the new designed current source, the output impedance of old current source will be multiplied by limited gain of second op-amp.
Also in new topology, the output voltage and current swing are doubled in comparison with modified Howland current source;
because, the load impedance seen from the output leg of second op-amp is decreased.
Keywords: AC current source, electrical impedance tomography (EIT), limited Gain of op-amp, new topology of current source,
output current and voltage swing.

I.

INTRODUCTION

Electrical impedance tomography, EIT, (also called applied potential tomography) is a novel imaging
technique with applications in medicine and process control [1]. Compared with techniques like computerised
x-ray tomography and positron emission tomography (PET), EIT is about a thousand times cheaper, a
thousand times smaller and requires no ionising radiation [2-4]. Further, EIT can in principle produce
thousands of images per second [1,4]. Its major limitations are its low spatial resolution, and - in the medical
field - large variability of images between subjects.
In the medical field, the most studied applications for EIT are measurement of gastric emptying and lung
function. In the industrial field typical applications are imaging the distribution of oil and water in a pipeline
and imaging the flow of substances in a mixing vessel. To measure resistivity, a current must be flow in the
tissue and the resulting voltages be measured. This applied current will be referred to as the excitation current.
In practice almost all EIT systems use an AC current sources, and measure voltage differences between
adjacent pairs of electrodes [8]. To obtain an image with good spatial resolution, a number of such
measurements are required. This can be achieved by applying different current distributions to the body, and
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repeating the voltage measurements. From the set of measurements, an image reconstruction technique
generates the tomographic image [1,4].
The most important part of EIT systems is the AC current source. For achieved high resolution images [2], we
need to generate stable and constant magnitude AC current among the wide range of load and frequency
domain [1,6] suitable for this applications. The current is applied to subject by electrodes connected to tissue
of body and measuring the voltages between different arrays of electrodes. Usually the current magnitude is
up to 500µA and the frequency range is between 100Hz up to 1MHz [2], [7], [8] and load resistance is
between 200Ω to 2kΩ in medicine applications [2].

A schematic of medical EIT system with electrode array attached to the patient’s body is shown in Fig.1.[5]

Figure 1. A schematic of medical EIT with electrode array attached to
the patient’s body.[5]

II.

THE CURRENT SOURCE

According to our previous paper [5], we obvious that for achieving high output impedance in high
frequencies from the modified Howland current source, which is shown in Fig.2, and by using output
impedance equation expressed by (1), the limited gain and gain-bandwidth of op-amp which is used in its
structure must be high.
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or instance in order to have output impedance equal to 1MΩ in 1MHz, the gain-bandwidth of op-amp,
according to (1), must be greater than 2.6GHz. It is very difficult to design of op-amp with GBW=2.6GHz.
Therefore, we by designing a new topology of current source circuit, could achieving to new AC current
source which prepares higher output impedance in compared with other AC current sources; also in new
design, we can obtain higher output current swing in compared with other current sources.
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III.

The modified Howland current source.[8]

THE NEW TOPOLOGY OF AC CURRENT SOURCE

The circuit diagram of new topology of AC current source designed is shown in Fig.3.
As shown in Fig.3, the current source consist of two sections, first section prepare current and injecting
current in the next section; the section2 cause increasing output impedance of current source totally.
We use the modified Howland current source in first portion; because it having high output impedance
compared with the other current sources [6].
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Section 1: current injection from current source

Figure 3.

Section 2

The new topology of current source designed.

Assuming the op-amps is ideal. In this case, the input legs of op-amp2 have same potentials; because the
positive input leg of second op-amp is connected to ground of circuit; therefore, we can express that the
negative input leg of second op-amp is connected to virtual ground. So, we can express that:

Vinopamp2  Vinopamp2  0 (volt)

Thus, we can observe that the load resistance seen from modified Howland current source is equal to zero.
Therefore we can express that the any change of load resistance (RL) will not have any effect on the output
current of modified Howland current source. In this case, the output current is independent from the load
resistance and we will have ideal AC current source from circuit shown in Fig.3.
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The Output Current

By assuming the ideal op-amps, the currents flow from the input legs of second op-amp will be zero, its mean
that I in opamp2  I in opamp2  0 . So, we can express that:

I L  I L'

(2)

According to our previous paper [5], in order for the circuit shown in Fig. 2 to acts as a current source, it is
necessary to meet the criterion expressed by Eq. 3.

R2 R5  R1 ( R3  R4 )

(3)

Therefore, the output current of circuit shown in Fig.2 and Fig.3 can be calculated from:
I L  I L'  

B.

Vi
R4

(4)

The Output Impedance

By using op-amps in real case (limited gain, limited gain-bandwidth,…) The output impedance of new
designed AC current source which is shown in Fig.3 is expressed by (5).

Z O  Z OHowland  (1  aopamp2 )

(5)

As expressed in (5), we can see that the output impedance of modified howland current source is multiplied
by: ( 1  aopamp2 ).
As expressed in section (II), for achieving high output impedance from modified Howland current source, the
gain and also the gain-bandwidth of op-amp must be very high. Also, we know that, to achieving the op-amp
with high gain-bandwidth, the power consumption of op-amp must be high, therefore, the maximum gainbandwidth and also the maximum output impedance of howland current source is limited.
We by using new topology of current source could achieve high output impedance; while, its op-amps will not
to have very high GBW in comparison with modified Howland current source op-amp.
For instance, to have output impedance greater than 1MΩ at 1MHz of circuit in Fig.3, we need to have opamp with GBW greater than 51MHz, while in the same condition, the op-amp GBW of modified Howland
current source must be greater than 2.6GHZ.

C.

Output Current Swing

By assuming ideal op-amp and using circuit shown in Fig.4, the output resistance seen from output leg of
op-amp can be expressed as:
RO opamp1 

R2 R3 RL ( R1  R5 )
VT

I T ( R1 R3  R1 RL )( R2  R3 )  R2 RL ( R3  R1 )

(6)

Because the op-amp is ideal, so, positive and negative legs have same potential, therefore we can connect
these by wire.
Under Eq.3 and an input voltage with magnitude of Vi=1V, to have a load current of IL=1mA the resistors in
Fig.2 must be selected as R1= R3= R4= R5=1kΩ, R2=2kΩ. Therefore, in this case, the output resistor seen
from output leg of op-amp of circuit shown in Fig.2 is equal to 666Ω.
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by using circuit shown in Fig.2, the output impedance seen from op-amp1 is equal to zero, because, in this
case, the output load resistance of modified Howland current source is zero and connected to virtual ground (
RL  0 ); therefore, the output current swing from op-amp1 is increased. But, in the real case, the op-amp is
non-ideal and the gain of op-amp is limited. In this condition, the load seen from Howland current source can
be calculated as:
Z L' 

RL
1  aopamp2

(7)

For instance, based on the designed op-amp in 0.18µm standard CMOS technology, which is shown in Fig.5,
the GBW is equal to 107; therefore the gain of op-amp in 100 KHz is equal to 100. Now, if we suppose that
the load resistor is equal to 1kΩ, therefore, according to (7), the load impedance seen from Howland current
source will be equal to: 10Ω.
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Figure 4. Circuit for calculating output resistance seen from output
leg of op-amp1.
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Figure 5.

op-amp designed in 0.18μm standard Cmos technology.

According to designed op-amp which is shown in Fig.5, maximum voltage swing can be calculated as:
 VSS  2Von  Vth PMOS  Vout  VDD  2Von  VthNMOS

(8)
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We know that the maximum supply voltage in 0.18μm cmos technology is equal to  1.65v . Now, If we bias
the transistor M11, M15 in edge of ohmic and saturation region, therefore, the drain-source voltage of
transistors will be nearly VDS-Sat. Thus, according to these conditions the maximum output voltage swing of
op-amps is equal to:
Vth NMOS  Vth PMOS  0.65v 
  0.7  Vout MAX  0.7v
Von  VDS  Sat  0.15v


Now, we can see that the maximum output current of op-amp used in modified Howland current source
which is shown in Fig.2 is equal to:


Vout MAX
V
 I out MAX opamp1  out MAX
RO opamp1
RO opamp1

0.7v
0.7v
 I out MAX opamp1 
666
666
 1.05mA  I out MAX opamp1  1.05mA


(9)

While in the new topology, by replacing Ro-op-amp1=0 the maximum output current swing of op-amp1 will be
infinite; Of course, the maximum output current is restricted by the maximum output current which can be
crossed from the push-pull stage of designed op-amp.
In the modified Howland current source which is shown in Fig.2, and according to above conditions, the
maximum output current and delivered to load can be calculated as:
I R 4  I out  I R 5
I R 5 MAX



 Vi
1
  I R 4  0.05mA


 1mA
R1
1k


VL MAX  Vout MAX  R4 I R 4  0.7  1  0.05  0.65v 

V
 Vin

I L MAX  I R 4  L MAX

R3

  I L MAX  383A
R2
2

Vin 
VL  V

R2  R3
3


RL  1k


Therefore, the maximum output current delivered to load of modified Howland current source,
approximately is equal to 380μA.
While, in the same conditions, the maximum output current of new designed current source which is shown
in Fig.3 can be calculated as:
 VSS  2Von  Vth PMOS
RL

 I LMAX 

VDD  2Von  VthNMOS
RL

(10)

In the same conditions of recently example, maximum output current of new designed current source will be
equal to:

Mehran Zanganeh: A new high output impedance wideband AC current source...

211

VDD  VSS  1.65v,Von  0.15v,Vth  0.65v, RL  1K 

 VSS  2Von  Vth PMOS
V  2Von  VthNMOS   700A  I LMAX  700A
 I LMAX  DD

RL
RL


Therefore, According to recently examples, we observe that, the maximum output current and delivered to
load in the new current source is higher than the modified Howland current source (it is approximately
doubled).
Thus, we can express that the new topology of current source which is shown in Fig.3 has higher output
current swing in comparison with other ac current source which is mostly used.(for example, modified
Howland current source).

IV.

SIMULATION RESULTS

We using from the Cadence IC design tools software to designing and simulating circuits. The results of
simulations are shown in current sections.
By using of designed op-amp in modified Howland current source which is shown in Fig.2, we can observe
form Fig.6.a, the maximum output current and delivered to load is restricted to 350μA, while the load
connected is equal to 1kΩ, in 100 KHz frequency and input sinusoidal voltage signal amplitude is equal to
1v. While, in the same conditions, we can observe that from Fig.6.b, the maximum output current of new
designed current source is restricted to 800μA.
Therefore, we can express that, the new designed current source have higher output current swing in
comparison with modified Howland current source.

(a)

(b)
Figure 6. Output current in 100KHz frequency and RL=1kΩ for a)
modified Howland current source. b) new designed current source.
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With applying 750mv sinusoidal input voltage signal, 1kΩ load resistance connected to new designed current
source and frequency of 100 KHz, 1 MHz, the output current wave crossed from the load is shown in
figure.7.

(a)

(b)
Figure 7. Output current of new designed current source while
Vi=750mv, RL= 1KΩ. a) in 100KHz frequency, b)in 1MHz frequency

As shown in Fig.7.a and Fig.7.b, we can observe that, the output current amplitude is equal to 750mA; also
we can observe that the output current is stable in low frequency (100KHz) and high frequency (1MHz).
By Ac analysis of output impedance for modified Howland current source and new designed current source
in frequency ranges from 1Hz to 1MHz which is shown in Fig.8; we can express that, the output impedance
of new designed current source is very higher in comparison with the modified Howland current source.

Figure 8. Output impedance of modified Howland current source and
new designed ac current source. from 1Hz to 1MHz.
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According to Fig.8 we can observe that the output impedance of two current source is enough high in low
frequencies and we not have any problem in low frequencies, but, in high frequencies the output impedance
of current sources is very low (3.3kΩ at 1MHz for modified Howland current source and 33kΩ for new
designed current source); so, we have problem in high frequency. This problem can be solved by using new
designed current source which have higher output impedance in comparison with modified Howland current
source. If we design and use an op-amp with high enough GBW, so, we can achieve to high enough output
impedance in high frequencies. For instance, if we want to have loads current with 0.1% tolerance in the
frequency and load ranges [9], therefore, the output impedance of current source must be more than 1MΩ.
So, in this condition, two op-amps, which are used in new designed current source, must be having the GBW
more than 51MHz. while, in the same condition, the op-amp used in the modified Howland current source,
must be have GBW greater than 2.6GHz.
CONCLUSION
We by designing and simulating of new topology of AC current source could achieve an AC current source
with high output impedance and high current swing capability in comparison with other current sources
which are mostly used in EIT applications (for example: modified Howland current source). Also, we
observed that in the new designed current source, we can use op-amps with very lower GBW in comparison
with op-amp used in modified Howland current source; this is important and causing to design op-amp with
lower power consumption and easier design of op-amp circuits.
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