
Abstract— New research and clinical applications of 
broadband electrical bioimpedance spectroscopy arise; 
increasing the upper limit frequency used in the measurement 
systems. The current source, an essential block of an electrical 
bioimpedance impedance analyzer, must have a large-enough 
output impedance at any frequency of operation to keep the 
output current constant regardless of the value of working 
load. In this paper a novel approach to increase the output 
impedance of a common voltage controlled current source is 
proposed. The circuit is analyzed, implemented and tested. The 
results, remarking the significant effect of the circuit parasitic 
capacitances, show a clear increment of the output impedance, 
but smaller than the originally expected. 

I. INTRODUCTION

easurements of electrical bioimpedance is a well-
established practice in medicine for monitoring of 

physiological variables e.g. respiratory rate by impedance 
pneumography [1], or tissue state e.g. ischemia [2], or for  
assessment on body composition e.g. the BIA method [3]. In 
the past years new studies of electrical bioimpedance 
performing measurements at relative high frequencies, 
higher than the traditional 50 kHz, have arisen; areas of 
application are e.g. skin cancer [4 & 5], tumours [6], 
meningitis [7], brain cellular edema [8 & 9].  

The mentioned growth in wideband electrical 
bioimpedance applications has increased the upper limit of 
the measurements frequency band up to 1 MHz or above, 
demanding biomedical impedance instrumentation to 
appropriately operate at such high frequencies.  

Along with the development of these new applications 
several researchers have investigated design and 
implementation of electronic instrumentation for impedance 
measurement systems [10] operating around and above 1 
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MHz. A very important analog subsystem in an impedance 
meter is the current source and several design and 
approaches have been studied and implemented e.g. Current 
Conveyors [11], floating-mirrored transconductance 
amplifiers [12], Howland topologies [13] etc. Most of those 
implementations operate very well at frequencies in the 
order of kHz but their performance, output impedance 
mainly, degrades near 1 MHz falling below the 100 kHz. 

Recently we studied the performance of a Voltage 
Controlled Current Source (VCCS) based in a single-
operational inverting topology [14], see Fig. 1. In the study 

we focused in the interdependencies between the circuit 
elements and the performance of the VCCS with particular 
attention on the output impedance, Zout, expression in (1). 

From (1) and (2) it is possible to appreciate the role of the 
equivalent input impedance, Zin, of the VCCS in the Zo of 
the overall current source. An increment in Zi implies a 
proportionally direct increment in Zout and with this idea in 
mind we have modified the single-operational based VCCS 
topology from Fig.1 replacing the Thevenized source Vin by 
a Norton source. In other words driving the circuit in Fig. 1 
with current instead of voltage and therefore increasing Rin

to Rin + Zout_I, being Zout_I the output impedance of the 
Norton source. 

In this work, following an original approach, we propose 
and implement a novel design and test its performance with 
reference to the Zout. The results are analysed and the 
observed limitations are discussed providing new and useful 
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Fig.1. VCCS circuit based in a single Op-Amp in inverting configuration 
with the load in negative feedback 
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information for the design of current sources for wideband 
electrical bioimpedance spectroscopy systems. 

II. METHODOLOGY

A. Circuit Implementation 
The proposed approach to drive the VCCS with current 

instead than voltage, see Fig.2, has been implemented using 
AD844 current conveyor as the Norton source and the 
LMH6655 as Op-Amp of the original VCCS circuit on an 
eurocard single-sided prototyping board. 

B. Equivalent Model Analysis 
The proposed circuit has been analyzed using the 

equivalent model of a non-ideal Op-Amp and the model of 

the current conveyor AD844, Fig. 3. The common-mode 
input impedance, Zic, and the differential-mode input 
impedance, Zid, have been calculated following [15] and 
using the values provided by the manufacturer in the 
datasheet. The gain of the operational, G(f), is frequency 
dependent in the form Ad(s)Vd(s)+Acm(s)Vcm, therefore the 
CMRR(s)= Ad(s)⁄Acm(s), it is also frequency dependent. The 
resulting expression for the equivalent Zin and Zout have been 
developed and theirs values have been calculated 
introducing the values of the discrete components and the 
integrated circuit specifications of the Op-Amps used in the 
implementation. 

C. Output Impedance Measurements 
The output impedance of the current source has been 

measure using the impedance analyzer LCR HP4192A in 
Gain/Phase measurement mode following the technique used 
by Bertemes-Filho in [16]. 

III. CIRCUIT ANALYSIS

A. General Circuits Considerations 
From (1) and (2) we can see that the output impedance of 

such VCCS depends mainly of the specifications of the Op-
Amp integrated circuit, Ad, CMRR and Zi, and the discrete 
external resistors, Rf and Rin, used for its implementation. At 
low frequency the value of Zout it is dominated by the 
resistor Rf with an approximate value of 400 kOhms and at 
high frequencies the dominating factor is the frequency 
dependent term Ad(s)x Zin.

In order to increase the Zout of the VCCS, after selecting 
the Op-Amp with the best set of specifications for the 
application, the next option is to deal with Rf and Rin.

Since in a bioimpedance application the input of the 
VCCS is uncoupled from DC through an uncoupling 
capacitor in series with Rin, as well as is the load by the 
electrodes, the only path for the bias current to ground is 
through Rf. Therefore in this case Rf cannot be remove and it 
can be increase only up to a certain value restricted by the 
bias current and the operation power supply of the Op-Amp. 

The role of Rin in this circuit is twofold; it contributes to 

Fig. 2. Proposed design. A Current source based in a single Op-Amp 
circuit in inverting configuration driven by current. Note that the new 
Rin equivalent is Rin in series with Zout_I.

Fig. 3.  Equivalent models. (A) Equivalent model of a non-ideal 
Operational Amplifier and (B) the equivalent model of the AD844
current conveyor. 
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Fig. 4.  The proposed current source. A single Op-Amp VCCS circuit 
driven by current conveyor 
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the Zout plus it also determines the input & output currents, 
see (3). Therefore due to such a relationship with the voltage 
at the input, Vin, and the current at the output, Rin cannot be 
increased freely. The way to be able to increase Rin with 
certain freedom is to remove the relationship in (3). 

By driving the VCCS by current the output current will be 
totally independent from the value of Rin. The current will be 
generated by the current conveyor AD844 in a previous 
stage, see Fig.4. This way Rin can be increased considerably 
without affecting the output current. Regarding the 
equivalent circuit for the calculation of Zout in Fig. 5, a new 
corresponding Rin is obtained, Rin = Rin_b + Rt Ct.

B. New Current Source Specifications 
1) Output current. The value of the output current in the 

current source circuit proposed in Fig. 4 is determined by the 

relationship between Vin and Riref at the input of the AD844 
as defined in (4). This way the output current is generated 

independently from Rin_b, previous Rin in Fig.1. 
2) Output impedance. The obtained expression for the 

output impedance in (5) is similar to the expression in (1) 
with the difference that the term Rin is now replace by the 
term Rin_b + Rt Ct. In the original circuit the value of Rin set 
the value of the parallel connection Zin in (2), typically the 
value of Rin is smaller than Zi in the operation frequency 
range. In the proposed circuit this time the limiting term is 
the value of Zi.

All the values used in the calculations and in the circuit 
implementation are found in Table 1. Zid is the differential 

input impedance, Rid Cid, and Zic is the common mode input 
impedance, Ric Cic, of the LMH6655 Op-Amp circuit, see 
(6), while Rt Ct is the output impedance of the terminal Tz

of the AD844 current conveyor circuit. These values are 
extracted from the respective datasheets. 

IV. RESULTS

In Fig. 6 it is possible to see from the calculated Zout, the 
effect of driving the original VCCS with currents instead 
than voltage. The calculated Zout of the circuit, continuous 
trace, in Fig. 4 is larger than the Zout of the original circuit, 
discontinuous trace, However the expected and calculated 
large increment it is not shown in the experimental 
measurements, also in Fig. 6. At the frequency of interest, 1 
MHz, the measured Zout of the proposed circuit, filled-dot 
trace, is slightly larger than the Zout of the original VCCS, 
hollow-dot trace. 

Fig. 7 contains the measured Zout for each of the circuits 
and the calculated Zout, this time including the effect of 
parasitic capacitances. Ci_p is the parasitic capacitance 
associated in parallel to the input of the LMH6655, Ct_p is 
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Fig. 5.  Equivalent circuit model used to calculate the output 
impedance of the proposed current source in Fig.4. 

TABLE I
VALUES AND EXPRESSIONS FOR THE ELECTRICAL PARAMETERS

Symbol Value/Expression Frequency Dependency  
& Notes 

Rf 390 kOhms  
Rsafe 390 Ohms  
Rin 6.2 kOhms  
Zo 0.08 Ohms  
Rid 20 kOhms  
Cid 0.55 pF  
Ric 4 Mohms  
Cic 0.9 pF  
Rin_b 6.2 kOhms  
Rt 3 MOhms  
Ct 4.5 pF  
Ci_p 10 pF parasitic

Ct_p 10 pF parasitic

Cf_p 0.25 pF parasitic

Ad( )
0

1doA
Ad0 = 67dB 

0=2 125000 radxs-1

CMRR( )
0

1oCMRR CMRR0 = 90dB 
0=2 9000 radxs-1

Only values related to Zout and Zin.

Fig. 6.  Plots of the output impedance, measurements and calculations,
for each of the circuits. 
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associated to the output of the AD844 and Cf_p is associated 
to the output of the VCCS in parallel with Rf. As it is 
possible to observe in the figure the plots, especially at high 
frequencies, fit relatively well. Therefore at the frequency of 
interest, around 1 MHz and above, the Zout is highly 
influenced by the parasitic capacitances. 

V. DISCUSSION

Studying the Zout resulting from the calculations we could 
say that the initial approach of increasing Zin in (2) to 
enlarge the overall Zout was valid up to certain extend; The 
Op-Amp impedance factor opz is derivate from (1) and 
defined in (7) as: 
this factor is the total contribution of the Op-Amp to the 
overall output impedance of the current source and its 
influence it is a key element. The role the opz factor in the 
total output impedance is to enlarge the contribution of the 
input resistance and attenuate the effect of the capacitances 
at the input. See Figure 8. As the opz factor is frequency 
dependent and its value decrease with increasing frequency 
the enlargement and attenuation effects decrease as well. 

At frequencies of 1 MHz and above, the effect of the 
circuit and parasitic capacitances, otherwise negligible, is 
determinant. In this case, connecting the Tz output of the 
AD844 at the input of the VCCS has introduced a new 
parasitic capacitance. This capacitance contributes to the 
already present input capacitance at the inversor input of the 
Op-Amp partially canceling the increasing input impedance 
effect obtained by introducing the current conveyor. This 
resulting input capacitance, approximately >90% parasitic, 
attenuated by the factor opz, is the main contributor to the 
output capacitance of the current source; it is like propagated 
to the output, see Fig. 8.  

Probably with a careful circuit implementation, i.e. use of 
only SMD components, short connections, avoid parallel 
tracks, etc, the effect of the parasitic capacitance could be 
minimized significantly and as a consequence allowing 

output impedances in the range of 200 KOhms over 1 MHz. 
The limiting effect of the output capacitance, circuit 

intrinsic and parasitic, on the output impedance of current 

sources has been studied for sometime and there is a method 
able to cancel this capacitance; the use of Generalized 
Impedance Converters (GICs) or Negative Impedance 
Converters (NICs) to generate an inductance able to 
compensate the value of the output capacitance.

This way, it is possible to achieve spectacularly high 
values for Zout [18], but only at a single selectable frequency. 
This solution is not very efficient for multifrequency 
measurements systems. GICs & NICs must be trimmed for a 
specific frequency at the time, therefore needing a large 
number of adjustable and switchable components. 
Consequently, it is suitable only for frequency sweeping 
systems and not for multisine systems. On top of that using 
GIC & NICs increases the instability of the current source. 

Regarding the output current, with the proposed circuit 
the value of the current is basically set by the relationship 
between the Voltage at the input Vin and the value of Riref,
the resistor at the inverting input of the current conveyor. 
N.B. The value of RIN844 is very small and can be neglected. 
See (4). This way, the value of the output current is 
completely independent of any parameter related to the 
output specifications and that is always and advantage in a 
current source. 

Fig. 7.  Plots of the output impedance, measurements and calculations, 
for proposed circuit, including parasitic capacitances. 

Fig. 8.  Equivalent circuits for the output impedance of the proposed 
current source circuit. In (a) the equivalent circuit of the ideal VCCS, in 
(b) including parasitic capacitances, indicated with a discontinuous 
trace, and (c) a simplified circuit equivalent. N.B. Rsafe and Zo are very 
small and can be neglected. 
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VI. CONCLUSION

As we have shown here and in [14], it is possible to 
design efficient and practical current sources circuits with 
large enough output impedances for multifrequency 
broadband electrical bioimpedance, above 100 kOhms at 1 
MHz. 

The developments in electronic design in the past years 
have made available wide-bandwidth Op-Amps that allow 
us the use of basic structures, like the implemented here, to 
obtain a current source with good performance at high 
frequencies without the need of making use of complex 
structures.

A key factor to obtain a current source with high output 
impedance is to relate the features of the current-source with 
the Op-Amp parameters in order to select the correct device. 
An appropriate Op-Amp circuit is one with the following 
specifications: high input impedance, low bias current and 
differential gain with the first pole in the frequency range of 
hundreds of KHz. However in order to truly make use of the 
good specifications of any wideband Op-Amp at such high 
frequencies, the main obstacle to overcome is no the circuit 
design as such, if not to deal with the always-present 
parasitic capacitances. 
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