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SIGNAL DISTRIBUTION FOR 
PATENTELECTRODE MEASUREMENTS 

RELATED APPLICATIONS 

This application is a U.S. National Phase under 35 U.S.C. 
S371 of the International Patent Application No. PCT/ 
AU2010/001552, filed Nov. 18, 2010, and published in 
English on May 5, 2011 as WO 2011/060497, which claims 
the benefit of Australian Patent Application No. 
2009905642, filed Nov. 18, 2009, both of which are incor 
porated by reference in their entirety. 
The section headings used herein are for organizational 

purposes only and are not to be construed as limiting the 
Subject matter described in any way. 

BACKGROUND OF THE INVENTION 

The present invention relates to apparatus for electrically 
connecting measurement apparatus to a biological Subject, 
and in particular, to a circuit for electrical impedance mea 
Surements, which in one example allows drive signal injec 
tion and signal amplitude and phase measurement. 

DESCRIPTION OF THE PRIOR ART 

The reference in this specification to any prior publication 
(or information derived from it), or to any matter which is 
known, is not, and should not be taken as an acknowledg 
ment or admission or any form of suggestion that the prior 
publication (or information derived from it) or known matter 
forms part of the common general knowledge in the field of 
endeavour to which this specification relates. 
One existing technique for determining biological indi 

cators relating to a subject, Such as cardiac function, body 
composition, and other health status indicators, such as the 
presence of oedema, involves the use of bioelectrical imped 
ance. This process typically involves using a measuring 
device to measure the electrical impedance of a subjects 
body using a series of electrodes placed on the skin Surface. 
Changes in electrical impedance measured at the body’s 
Surface are used to determine parameters, such as changes in 
fluid levels, associated with the cardiac cycle, oedema, or the 
like. 

Impedance measuring apparatus is sometimes sensitive to 
external factors, including stray capacitances between the 
Subject and the local environment and the measurement 
apparatus, variations in electrodeftissue interface imped 
ances, also known as electrode impedances, as well as Stray 
capacitances and inductive coupling between the leads used 
to connect the measuring device to the electrodes. 

It will be appreciated that similar issue also arise when 
making other electrical measurements relating to biological 
Subjects. 
WO2009/059351 describes apparatus for use in perform 

ing impedance measurements on a subject. The apparatus 
includes a processing system for causing a first signal to be 
applied to the Subject, determining an indication of a second 
signal measured across the Subject, using the indication of 
the second signal to determine any imbalance and if an 
imbalance exists, determining a modified first signal in 
accordance with the imbalance and causing the modified 
first signal to be applied to the subject to thereby allow at 
least one impedance measurement to be performed. 
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SUMMARY OF THE PRESENT INVENTION 

In a first broad form the present invention provides 
apparatus for electrically connecting measurement apparatus 
to a biological Subject, the apparatus including a signal 
delivery circuit including: 

a) a current buffer having: 
i) a current buffer input for receiving a signal from a 

signal source; and, 
ii) a current buffer output for Supplying a current to an 

electrode attached to the biological Subject; and, 
b) a voltage buffer having: 

i) a voltage buffer input coupled to the current buffer 
output; and, 

ii) a Voltage buffer output for providing a Voltage signal 
indicative of a Voltage at the electrode, to a sensor. 

Typically the current buffer is a current conveyor. 
Typically the voltage buffer is an amplifier connected as 

an output follower. 
Typically the apparatus includes an offset control circuit 

coupled between the voltage buffer output and the current 
buffer input. 

Typically the offset control circuit includes an integrator 
coupled between the voltage buffer output and the current 
buffer input. 

Typically the offset control circuit is used to control a DC 
offset at the electrode. 

Typically the signal delivery circuit includes a negative 
impedance circuit coupled between the voltage buffer output 
and the current buffer output. 

Typically the negative impedance circuit includes a nega 
tive impedance circuit amplifier and a compensation imped 
aCC. 

Typically at least one of again of the negative impedance 
circuit amplifier and a value of the compensation impedance 
is selected to compensate for parasitic impedance losses. 

Typically the negative impedance circuit includes: 
a) a compensation impedance having a compensation 

impedance value, a first terminal and a second terminal, 
the first terminal coupled to the current buffer output; 
and, 

b) a compensation amplifier having a compensation 
amplifier input, a compensation amplifier output and a 
gain, the compensation amplifier input coupled to the 
Voltage buffer output, the compensation amplifier out 
put coupled to the second terminal of the compensation 
impedance to provide a compensation current to flow 
through the impedance, and the gain and the compen 
sation impedance values are selected based on the 
parasitic impedance value So that the compensation 
current has a magnitude Substantially equal to the 
leakage current magnitude. 

Typically the apparatus includes: 
a) a plurality of signal delivery circuits, each signal 

delivery circuit being for Supplying a current to a 
respective electrode attached to the biological subject; 

b) at least one signal Source; and, 
c) at least one first multiplexer for selectively connecting 

the signal Source to one of the plurality of signal 
delivery circuits to thereby apply a current to the 
biological circuit via the respective electrode. 

Typically the apparatus includes: 
a) a plurality of signal delivery circuits, each signal 

delivery circuit being for providing a Voltage signal 
indicative of a voltage at the electrode, to a sensor; 

b) at least one sensor; and, 
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c) at least one second multiplexer for selectively connect 
ing the at least one sensor to one of the plurality of 
signal delivery circuits to thereby allow the sensor to 
sense the Voltage signal indicative of a Voltage at the 
respective electrode. 5 

Typically the apparatus includes, first and second signal 
Sources for generating respective first and second drive 
signals, the first and second signal sources being coupled to 
respective signal delivery circuits. 

Typically the first and second signal sources are for 10 
generating at least one of 

a) complementary signals; 
b) signals having a constant amplitude and phase; and, 
c) signals having a controlled amplitude and phase. 
Typically at least one signal source is coupled to ground. 15 
Typically the apparatus includes: 
a) at least one signal delivery circuit for Supplying a 

current to a drive electrode attached to the biological 
Subject; and, 

b) at least one signal delivery circuit for providing a 
Voltage signal indicative of a Voltage at a sense elec 
trode. 

Typically the measurement apparatus includes at least one 
signal source and at least one sensor. 

Typically the measurement apparatus is an impedance 25 
measurement apparatus. 

In a second broad form the present invention provides a 
current multiplexing system comprising: 

a) a plurality of current multiplexers having at least one 
input and a plurality of outputs; 

b) a first and second alternating-current current source 
each current source having a constant magnitude and 
frequency, wherein the second current source is com 
plimentary to the first current source, each of the first 
and second current sources is coupled to an input of a 
current multiplexer; 

c) a plurality of current delivery circuits, each current 
delivery circuit having an input, a current output and a 
Voltage output, wherein each current delivery circuit 
input is coupled to an output of a current multiplexer; 

d) a plurality of electrodes, each of the plurality of 
electrodes being coupled to a current output of one of 
the plurality of current delivery circuits; and 

e) at least one voltage multiplexer having a plurality of 
inputs and at least one output; 

f) wherein each current delivery circuit comprises: 
i) a current conveyor, having an input and an output, the 

current conveyor input being coupled to the current 
delivery circuit input and the current conveyor out 
put being coupled to the current delivery circuit 
current output; 

ii) a Voltage buffer, having an input and an output, the 
voltage buffer input being coupled to the current 
delivery circuit current output and the voltage buffer 
output being coupled to the current delivery circuit 
Voltage output; 

iii) an integrator coupled between the voltage buffer 
output and the current conveyor input; and, 

iv) a negative impedance circuit coupled between the 
voltage buffer output and the current conveyor out 
put, the negative impedance comprising: 
(1) a compensation impedance having a compensa 

tion impedance value, a first terminal and a second 
terminal, the first terminal coupled to the current 
conveyor output; 

(2) a compensation amplifier having a compensation 
amplifier input, a compensation amplifier output 
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and a gain, the compensation amplifier input 
coupled to the Voltage buffer output, the compen 
sation amplifier output coupled to the second 
terminal of the compensation impedance to pro 
vide a compensation current to flow through the 
impedance, and the gain and the compensation 
impedance values are selected based on the para 
sitic impedance value so that the compensation 
current has a magnitude Substantially equal to the 
leakage current magnitude. 

In a third broad form the present invention provides 
apparatus for electrically connecting measurement apparatus 
to a biological Subject, the apparatus including a signal 
delivery circuit including: 

a) a first buffer having: 
i) a first buffer input for receiving a signal from a signal 

Source; and, 
ii) a first buffer output for Supplying a drive signal to an 

electrode attached to the biological Subject; and, 
b) a second buffer having: 

i) a second buffer input coupled to the first buffer 
output; and, 

ii) a second buffer output for providing a sensed signal 
indicative of a signal at the electrode, to a sensor. 

Typically the first buffer is a current buffer, the drive 
signal being a drive current. 

Typically the current buffer is a current conveyor. 
Typically the second buffer is a voltage buffer the sensed 

signal being a Voltage signal indicative of a Voltage at the 
electrode. 

Typically the second buffer is a current buffer the sensed 
signal being indicative of the drive current. 

In a fourth broad form the present invention provides 
apparatus for use in performing impedance measurements 
on a Subject, wherein the apparatus includes: 

a) a signal Source for applying a signal to a Subject; 
b) a sensor for sensing signals from the Subject; 
c) a processing system for controlling the signal source 

and receiving signals from the sensor, and, 
d) at least one signal delivery circuit, including: 

i) a first buffer having: 
(1) a first buffer input for receiving a signal from a 

signal source; and, 
(2) a first buffer output for Supplying a drive signal 

to an electrode attached to the biological subject; 
and, 

ii) a second buffer having: 
(1) a second buffer input coupled to the first buffer 

output; and, 
(2) a second buffer output for providing a sensed 

signal indicative of a signal at the electrode, to a 
SSO. 

Typically the apparatus includes: 
a) at least one signal delivery circuit for Supplying a 

current to a drive electrode attached to the biological 
Subject; and, 

b) at least one signal delivery circuit for providing a 
Voltage signal indicative of a Voltage at a sense elec 
trode. 

Typically the apparatus includes: 
a) a first signal delivery circuit coupled to a drive elec 

trode attached to the biological Subject, the first signal 
delivery circuit including: 
i) a first buffer having: 

(1) a first buffer input for receiving a signal from the 
signal source; and, 
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(2) a first buffer output for supplying the drive signal 
to the drive electrode; and, 

ii) a second buffer having: 
(1) a second buffer input coupled to the first buffer 

output; and, 
(2) a second buffer output for providing a sensed 

signal indicative of the drive signal at the drive 
electrode: 

b) a second signal delivery circuit coupled to a sense 
electrode attached to the biological subject, the second 
signal delivery circuit including, 
i) a first buffer having: 

(1) a first buffer input coupled to ground; and, 
(2) a first buffer output coupled to the sense elec 

trode; and, 
ii) a second buffer having: 

(1) a second buffer input coupled to the first buffer 
output; and, 

(2) a second buffer output for providing a sensed 
signal indicative of a sensed Voltage at the sense 
electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The skilled person in the art will understand that the 
drawings, described below, are for illustration purposes 
only. The drawings are not intended to limit the scope of the 
applicants teachings in any way. 
An example of the present invention will now be 

described with reference to the accompanying drawings, in 
which: 

FIG. 1 is a schematic diagram of a current multiplexing 
system; 

FIG. 2 is a schematic diagram of a current multiplexing 
system according to various embodiments of applicants 
teachings; 

FIG. 3 is a schematic diagram of the current multiplexing 
system of FIG. 2 showing additional components; 

FIG. 4 is a schematic diagram of the current multiplexing 
system of FIG. 2 showing the current delivery circuit in 
greater detail; 

FIG. 5 is a schematic diagram of the current multiplexing 
system of FIG. 4 showing additional components; 

FIG. 6 is a schematic diagram of the negative impedance 
of FIG. S. 

FIG. 7 is a schematic diagram of the current multiplexing 
system of FIG. 5 showing the DC bias control and negative 
impedance in greater detail; 

FIG. 8 is a schematic diagram of the negative impedance 
of FIG. 7; 

FIG. 9 is a schematic diagram of an example of an 
impedance measuring device; and, 

FIG. 10 is a flowchart of an example of a process for 
performing impedance measuring. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Electronic testing equipment or measuring apparatus may 
be electrically connected with a test subject through elec 
trodes. These electrodes may be used to, for example, 
deliver currents and measure Voltages at various points of 
contact between the test subject and the electrodes. An 
example of Such test equipment or measuring apparatus can 
include medical equipment, in which case the test Subject 
can be a biological Subject Such as a human patient. 
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6 
Regardless of the type of application, a signal source, 

Such as a current Source may be used to deliver a drive 
signal. Such as a current, to the electrodes. Often a single 
current source may be used for multiple electrodes by 
Switching the currents to the various electrodes as needed. 
FIG. 1 illustrates a current multiplexing system 100. Current 
multiplexing system 100 comprises a current source 102 
coupled to the input of multiplexer 104. Each of the outputs 
of multiplexer 104 can in turn be coupled to a plurality of 
electrodes 106. For clarity FIG. 1, only illustrates a single 
electrode. Each of electrodes 106 can be coupled to a patient 
108. 

Current source 102 is used to deliver a current I to the 
input of multiplexer 104. Multiplexer 104 is then used to 
Switch the input current to a particular output and thereby to 
a particular electrode 106. However, multiplexer 104 can 
cause a large parasitic impedance 110 to appear at each of 
the outputs. Consequently, Some of the current outputted by 
multiplexer 104 is lost to parasitic impedance 110 as a 
leakage current (AI). Therefore, only a portion (I-AI) of the 
current produced by current source 102 reaches the electrode 
106. The amount of current lost is proportional to the 
impedance of the interface between electrode 106 and 
patient 108. Each individual patient may have a different 
impedance associated with their skin and/or tissue. Conse 
quently, the proportion of the total current that is lost to 
parasitic impedance 110 may differ with each individual 
patient. Accordingly, the proportion of total current deliv 
ered to the patient may also differ with each individual 
patient. Thus, with current multiplexing system 100 it can be 
difficult to deliver a precise amount of current to a patient 
108 via an electrode 106. 

Reference is now made to FIG. 2, which illustrates 
various embodiments of current multiplexing system 200, 
according to various embodiments of applicants teachings. 
Current multiplexing system 200 comprises a current Source 
202, one or more multiplexers 204, a plurality of electrodes 
206 coupled to patient 208, one or more voltage multiplexers 
212, and a plurality of current delivery circuits 220. Node 
214, which is the output of multiplexer 212, can be used to 
obtain Voltage measurements. 

Each output of each multiplexer 204 can be connected to 
a current delivery circuit similar to current delivery circuit 
220, which in turn can be connected to the inputs of 
multiplexer 212. For clarity, FIG. 2 only illustrates a single 
connection to the output of multiplexer 204 and a single 
connection to multiplexer 212. The actual number of mul 
tiplexers 204, current delivery circuits 220, and multiplexers 
212 used depends on such factors as the number electrodes 
206 that are coupled to the patient, the number of outputs 
available on each multiplexer 204, and the number of inputs 
available on multiplexer 212. 

In various embodiments according to applicants teach 
ings, current delivery circuit 220 receives a current I at node 
222 and outputs a Substantially equal current at node 224. In 
addition, in various embodiments, current delivery circuit 
220 produces a voltage at node 226 that is substantially 
equal to the Voltage at node 224. As was explained above, 
node 226 is coupled to voltage multiplexer 212. However, it 
should be understood that Voltage measurements can be 
taken directly at node 226, which is the voltage output of 
delivery circuit 220. The use of voltage multiplexer 212 is 
optional and can be used to reduce the number of nodes to 
which Voltage measurement equipment is to be connected 
tO. 

As will be described in greater detail herein, in various 
embodiments, current multiplexing system 200 can utilize a 
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single controlled constant current source 202 to deliver a 
current that is multiplexed to numerous electrical loads. Such 
as electrodes 206. In some embodiments, constant current 
source 202 delivers an AC current with a constant amplitude 
and phase, which may for example be, but not limited to, a 
sinusoid of fixed frequency. 

In some embodiments, current multiplexing system 200 
can deliver a current to a load that is Substantially equal to 
the current outputted by 202. In various embodiments, 
current multiplexing system 200 can be utilized to deliver a 
controllable constant current to numerous locations and 
loads with a small transmission loss. In addition, in various 
embodiments, current multiplexing system 200 can be used 
without a calibration step prior to use. Furthermore, in 
various embodiments, the loads to which current multiplex 
ing system 200 connects need not be altered in any manner 
in order to utilize current multiplexing system 200. In some 
embodiments, current delivery circuit 200 can be utilized 
with any appropriate equipment including but not limited to 
measuring apparatus Such as medical instrumentation, bio 
metric instrumentation, electrocardiograph equipment, 
impedance measuring apparatus, and circuit testing equip 
ment. 

In various embodiments, current delivery circuit 220 can 
be integrated on a single integrated circuit. In some embodi 
ments, a plurality of current delivery circuit, Such as delivery 
circuit 220 can be integrated on a single integrated circuit 
and packaged in a single chip. In some embodiments, one or 
more current multiplexers, such as multiplexer 204, a plu 
rality of delivery circuits and one or more Voltage multi 
plexers, such as multiplexer 212, can be integrated on a 
Single integrated circuit and packaged in a single chip. 

Reference is now made to FIG. 3, which illustrates two 
current delivery circuits 220a and 220b of the current 
multiplexing system 200 of FIG. 2. As was mentioned above 
with reference to FIG. 2, in various embodiments, current 
multiplexing system 200 comprises a plurality of current 
delivery circuits 220 and a plurality of electrodes. FIG. 2 
illustrates only a single current delivery circuit and a single 
electrode for reasons of clarity. However, as mentioned 
above, in various embodiments, current multiplexing system 
200 comprises at least two current delivery circuits and at 
least two electrodes, where one electrode can be a current 
delivery electrode and the second electrode can be a current 
return electrode. 

FIG. 3 illustrates two current delivery circuits and two 
electrodes. It should be understood however that a greater 
number could be used. Nonetheless, in some embodiments, 
two current delivery circuits and two electrodes are suffi 
cient. For example, but not limited to, electrode 206a could 
be used as a current delivery electrode and electrode 206b 
could be used as a current return electrode. In such embodi 
ments, one of electrodes 206a and 206b could be used as a 
positive voltage measurement electrode and the other could 
be used as a negative voltage measurement electrode. The 
voltage at each of nodes 214a and 214b, which are the 
outputs of multiplexers 212a and 212b respectively, could be 
measured to obtain a differential Voltage measurement 
between electrodes 206a and 206b. This may be referred to 
as a two point measurement given that two electrodes are 
used (for both current injection/return and for Voltage mea 
surement) and therefore there are two points of contact 
between the current multiplexing system and the patient. 

FIG. 3, shows the input of multiplexer 204b connected to 
ground. In various other embodiments used for a two point 
measurement, the input of multiplexer can be, for example 
but not limited to, connected to a second current source (not 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
shown) that is complimentary to current source 202. More 
specifically, the second current source could have the second 
amplitude and opposite phase Such that when current Source 
202 “pushes' current into patient 208 through electrode 
206a, the second current source “pulls' current from the 
patient through electrode 206b. As will be apparent to those 
skilled in the art, this can provide a virtual ground in the 
patient. 

In various other embodiments, a greater number of elec 
trodes could be used for current injection/return and Voltage 
measurement. For example, but not limited to, a four point 
measurement could be used. A four point measurement can 
use four electrodes, where one electrode is used as a current 
injection electrode, a second electrode could be used as a 
current return electrode, a third electrode could be used as a 
positive Voltage measurement electrode, and a fourth elec 
trode could be used as a negative Voltage measurement 
electrode. 

Referring back to FIG. 3, electrode 206a could be used as 
a current injection electrode and electrode 2066 could be 
used as Voltage measurement electrode. Thus, it will be 
appreciated that in this example, the current delivery circuit 
220b is actually acting to deliver a sensed Voltage signal. It 
will be appreciated from this that the circuit can be more 
generally referred to as a signal delivery circuit. In this 
example, the apparatus of FIG. 3 can be combined with a 
current return electrode and a second Voltage measurement 
electrode so a four point measurement system would result, 
for example to allow tetrapolar impedance measurements to 
be performed. 

In various embodiments, an AC current such as sinusoidal 
waveform with no DC offset can be used and therefore in 
Such embodiments the application of the terms current 
injection and current return to an electrode is arbitrary. More 
specifically, in Such an embodiment, a given electrode will 
be conducting current in one direction half of the time and 
conducting it in the other direction for the other half. For 
similar reasons; the application of the terms positive and 
negative Voltage measurement to an electrode can also be 
arbitrary. 

In addition, when a four point measurement is used, a 
more accurate Voltage measurement may be obtained. Spe 
cifically, substantially no current will be moving through the 
Voltage measurement electrodes and therefore the imped 
ance of the electrodes and the interface between the elec 
trode and patient will not significantly distort the Voltage 
measurement. 

Reference is now made to FIG. 4, which a block diagram 
illustrating a portion of the current multiplexing system 200 
of FIG. 2 in greater detail. Multiplexer 204 causes a large 
parasitic impedance to appear at its outputs such as at node 
222. Electrode 206 is coupled to the current delivery circuit 
at node 224. Node 226, which is the output of current 
delivery circuit 220 can be used to measure the voltage that 
appears at electrode 206. Optionally, node 226 can be 
connected to the input of a multiplexer, which may be useful 
when there are many electrodes 206 and current delivery 
circuits 220 being used. 

In some embodiments, current delivery circuit 220 com 
prises a current buffer 430 and a voltage buffer 440. Current 
buffer 430 introduces parasitic impedance 438 to appear at 
node 224. In some embodiments, current buffer 430 can be 
a current conveyor as shown in FIG. 4. The input 432 of 
current buffer 430 is coupled to node 222. The output 434 of 
current buffer 430 is coupled to node 224. If a current 
conveyor is used as the current buffer then its other input 436 
can be connected to ground. 
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In various embodiments according to applicants teach 
ings, current buffer 430 is designed so as to have a low input 
impedance at input 432. Consequently, the leakage current 
(AI) lost to parasitic impedance 410 is minimal. In addition, 
current buffer 430 is designed so as to present only a small 
parasitic impedance to node 224. As a result most of the 
current that is outputted through output 434 passes through 
electrode 206 and only a minimal amount of leakage current 
(AI) is lost to parasitic impedance 438. In addition, in 
various embodiments, current buffer 430 is designed to have 
a high output impedance, which maximizes the amount of 
current delivered to the patient electrode. The combination 
of the above features can be achieved for example by 
implementing current buffer 430 as a current conveyor. 
However, in some other embodiments other appropriate 
current buffers with similar, features can also be used. 

In some embodiments, voltage buffer 440 can be selected 
to have a high input impedance so that the Voltage at node 
224 can be reproduced at node 226 without affecting the 
voltage at node 224. In various embodiments, this allows for 
standardized non-invasive Voltage measurements to be made 
at node 226. 

In various embodiments, current multiplexing system 200 
can be used without a calibration step even when the loads 
are changed. For example, a calibration step is not required 
when a electrodes 206 is coupled to a new, patient. In 
addition, in various embodiments, current multiplexing sys 
tem 200 can be used without modifying or otherwise 
manipulating the patient electrode interface. 

In various embodiments, current delivery circuit 220 can 
be integrated on a single integrated circuit. In some embodi 
ments, a plurality of current delivery circuit 220 can be 
integrated on a single integrated circuit and packaged in a 
single chip. 

It should be understood that in various embodiments any 
appropriate scheme could be used to Switch or multiplex 
various inputs to each current injection circuit 220. Regard 
less of the Switching or multiplexing scheme utilized a 
resulting parasitic capacitance 410 will result. Current buffer 
430 isolates the electrode patient interface from interfering 
effects caused by the switches and their parasitic elements. 
Similarly, voltage buffer 440 isolates electrode 206 (and 
thereby the patient electrode interface) from interfering 
effects that may otherwise becaused by components beyond 
the voltage buffer 440. 

Accordingly, in one example, the apparatus can be used to 
Supply a drive signal to an electrode attached to the biologi 
cal subject, and sense a signal at the electrode. Whilst the 
above example has focussed on the delivery of a current and 
measurement of a Voltage, this is not essential, and the drive 
signal could be a voltage signal, with a current signal being 
measured. Alternatively, the signal delivery circuit could be 
used to measure the drive signal applied to the Subject, 
allowing this to be used for example in calculating imped 
ance measurements or the like. This may be performed to 
ensure that the magnitude and phase of the drive signal 
which is used in impedance calculations is as accurate as 
possible. 

Accordingly, in general terms, the apparatus includes a 
signal delivery circuit including first and second buffers. The 
first buffer includes a first buffer input for receiving a signal 
from a signal source and a first buffer output for Supplying 
a drive signal to an electrode attached to the biological 
subject. Similarly, the second buffer includes a second buffer 
input coupled to the first buffer output and a second buffer 
output for providing a sensed signal indicative of a signal at 
the electrode, to a sensor. 
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In one example, the first buffer is a current buffer and the 

second buffer a voltage buffer, allowing a drive current to be 
applied to the Subject, and to allow a Voltage at the electrode 
to be sensed. However, in alternative examples, a Voltage 
signal may be applied to the Subject and a current flow 
through the Subject measured. 
The signal delivery circuit allows a drive signal to be 

applied to the Subject via an electrode and then a signal 
measured at the electrode. In one example, the measured 
signal is indicative of a signal. Such as a potential, across the 
biological Subject, with a single electrode is used as both a 
drive a sense electrode. However, this is not essential, and in 
another example, first and second current delivery circuits 
can be coupled to drive and sense electrodes respectively. 

Accordingly, in one example, the first signal delivery 
circuit can include a first buffer having a first buffer input for 
receiving a signal from the signal Source and a first buffer 
output for Supplying the drive signal to the drive electrode 
and a second buffer having a second buffer input coupled to 
the first buffer output and a second buffer output for pro 
viding a sensed signal indicative of the drive signal at the 
drive electrode. This allows the magnitude of the drive 
signal injected into the biological Subject to be measured, 
allowing this value to be used in performing impedance 
determination or the like. In this example, if the drive signal 
is a current signal, the second buffer is typically an amplifier 
having inputs in parallel with a resistor positioned between 
the first buffer output and the electrode, thereby allowing the 
current injected into the Subject to be measured. 

In this example, the second signal delivery circuit can 
include a first buffer having a first buffer input coupled to 
ground and a first buffer output coupled to the sense elec 
trode and a second buffer having a second buffer input 
coupled to the first buffer output and a second buffer output 
for providing a sensed signal indicative of a signal at the 
sense electrode. 

Reference is now made to FIG. 5, which is a schematic 
diagram of the current multiplexing system of FIG. 4 
showing additional components. In various embodiments, 
current delivery circuit 200 can also comprise a DC offset 
control circuit 550. In some embodiments, DC offset control 
circuit 550 is coupled in a feedback loop of the current buffer 
430. More specifically, DC offset control circuit 550 is 
connected between node 226 and node 222. In various 
embodiments, DC offset control circuit 550 is used to 
control the DC offset or DC bias at node 224. However, DC 
offset control circuit 550 is coupled to node 222 so as not to 
disturb the electrode-patient interface which exists between 
electrode 206 and patient 208. This use of DC offset control 
circuit 550 can increase the accuracy of the measurements 
made using current multiplexing system 200. 

In various embodiments, current delivery circuit 200 can 
also comprise a negative impedance circuit 570. Negative 
impedance circuit 570 can be used to compensate for 
parasitic impedance 438 introduced by current buffer 430 or 
other circuit elements at, for example, node 224. Negative 
impedance circuit 570 comprises an amplifier 571 and a 
compensation impedance 591. In various embodiments, 
Voltage amplifier 571 has a gain value greater than 1. 
Negative impedance circuit 570 can be used to provide a 
current to node 224 that is substantially equal to the leakage 
current (AI) that is lost from node 224 through parasitic 
impedance 438. The operation of negative impedance circuit 
570 will be discussed in greater detail below. 

It should be understood that the use of DC offset control 
circuit 550 is optional. It should also be understood that the 
use of negative impedance circuit 570 is optional. It should 
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be further understood that DC offset control circuit 550 and 
negative impedance circuit 570 can be used independently 
of each other. Therefore, various embodiments can utilize 
either of one DC offset control circuit 550 and negative 
impedance circuit 570, both DC offset control circuit 550 
and negative impedance circuit 570, or neither. 

It should further be understood that in various embodi 
ments, DC offset control circuit 550 and negative impedance 
circuit 570 can be integrated as part of current delivery 
circuit 220. In various other embodiments, either or both of 
DC offset control circuit 550 and negative impedance circuit 
570 can be separate circuits. For example, but not limited to, 
in Some embodiments, multiplexers could be used to couple 
either of these circuit to a particular current delivery circuit. 

Reference is now made to FIG. 6, which is a schematic 
diagram of a circuit 600 comprising a transmission channel 
601, a parasitic impedance 438 shunting the transmission 
line, and a negative impedance circuit 570. Transmission 
channel 601 can, for example, correspond to node 224. 
Negative impedance circuit 570 comprises a voltage ampli 
fier 571 and compensation impedance 591. The input of the 
amplifier 571 is coupled to the signal-transmission channel 
601 and the output is coupled to one terminal of the 
compensation impedance 591. The other terminal of the 
compensation impedance is coupled to the signal-transmis 
sion channel. 

Signal-transmission channel 601 may be used to transmit 
a current to a load (not shown), which may be any Suitable 
circuit or circuit component, such as for example an elec 
trode. The presence of a signal on signal-transmission chan 
nel 601 causes a Voltage to appear across parasitic imped 
ance 438. This causes a leakage current I, to flow 
through the parasitic impedance 438. The magnitude of the 
current flowing through parasitic impedance 438 depends on 
the value of the impedance as well as the magnitude of the 
Voltage appearing across its terminals. 

Amplifier 571 amplifies the signal appearing on the 
signal-transmission channel 601. In various embodiments, 
amplifier 571 has a gain that is greater than 1. This causes 
a Voltage to appear across compensation impedance 591 and 
a current I, to flow through compensation impedance 
591. 

In various embodiments, the gain of amplifier 571 and the 
value of the compensation impedance is selected Such that 
the current that flows through parasitic impedance 438 is 
compensated for by the current that flows through compen 
sation impedance 591. Specifically, given a signal Voltage of 
V a parasitic impedance of Z, the leakage current Signal 
can be said to be: 

i 

Equation (1) 
leakage = Vsignal X Z. 

para 

Similarly, given a compensation impedance of Z, and 
an amplifier gain of G, the compensation current flowing 
through the compensation current may be said to be: 

Equati 2 
Icomp = Vsignal X (G- 1)×( quation (2) Zcomp 

Equating equation (1) and equation (2) yields the follow 
ing: 
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comp = leakage Equation (3) 

(t)= 1 Zomp Zara 

Thus, by selecting G and Z., to satisfy equation (3) the 
compensation current will exactly match the leakage cur 
rent. The compensation impedance 591 effectively serves as 
a negative impedance that cancels the effect of the parasitic 
impedance 438. 

In various embodiments, the value of the parasitic imped 
ance may not be known and therefore it may not be possible 
to select again for the amplifier by simply using equation (3) 
above. In Such embodiments, the value of the gain can be 
estimated by using circuit 600 of FIG. 6. Specifically, circuit 
600 is implemented by selecting a compensation impedance 
and range of values of gain. The circuit is operated at the 
various values of gain and the output is monitored. For those 
values of gain that exceed the required value the output 
would oscillate. Thus, the correct value of the gain lies in a 
range of values that is bounded by (1) the lowest known 
value of the gain at which the output oscillates and (2) the 
highest known value of the gain at which the output does not 
oscillate. This process may be continued in an iterative 
manner until a suitable value of gain is selected. Once an 
appropriate value of gain is determined, the parasitic imped 
ance may be estimated by using equation (3) given above. 

In various embodiments, the parasitic impedance may be 
comprised of both capacitive and resistive elements. How 
ever, in some embodiments the effect of the capacitive 
loading can be significantly greater than the effect of the 
resistive loading. In Such cases, various embodiments of 
applicants teachings may be used to address the capacitive 
loading and not the resistive loading. Alternatively, appli 
cants teachings may be used to partially compensate for any 
portion of the parasitic impedance. Thus, in various embodi 
ments, circuits according to applicants teachings may be 
used to reduce and partially compensate for any leakage 
currents that may flow through any parasitic impedances 
coupled to a signal-transmission channel, but not necessarily 
to completely compensate for all the current that is lost due 
to leakage currents. 

Alternatively, the parasitic impedance may be measured 
or estimated according to known techniques. The value of 
the parasitic impendence obtained from this may then be 
used to select initial values for the compensation impedance 
and the range of values of gain. The gain can then be fine 
tuned according to the above-described method. 

Reference is now made to FIG. 7, which is a schematic 
diagram of the current multiplexing system of FIG. 5, 
showing the DC bias control and negative impedance in 
greater detail. In various embodiments, voltage buffer 440 
comprises an operational amplifier 742 connected as an 
output follower. More specifically, non-inverting input 744 
is coupled to node 224; while, inverting node 746 and output 
748 are coupled to node 226. 

In various embodiments, negative impedance circuit 570 
comprises an operational amplifier 772 with non-inverting 
input 774, inverting input 776 and output 778. Resistor 780 
is connected between node 226 and non-inverting input 774. 
Resistor 782 is coupled between inverting input 776 and 
ground. One terminal of resistor 784 is coupled to output 
778 and the other terminal of resistor 784 is coupled to 
resistor 786. Capacitor 788 and resistor 790 are each coupled 
between non-inverting input 776 and the common terminal 
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of resistors 784 and 786. Capacitor 792 and resistor 794 are 
coupled between node 224 and resistor 786. Negative 
impedance circuit will be discussed in greater detail below. 

In some embodiments DC-offset control circuit 550 com 
prises an operational amplifier 752 connected as an integra 
tor. Specifically, operational amplifier 752 has non-inverting 
input 754, inverting input 756 and output 758. Capacitor 760 
is connected between inverting input 756 and output 758. 
Resistor 762 is connected between inverting input 756 and 
node 226. Resistor 764 is connected between the non 
inverting input 754 and ground. Resistor 766 is connected 
between output 758 and node 222. 

Reference is now made to FIG. 8, which is a schematic 
diagram of negative impedance circuit 570 of FIG. 7. For 
greater clarity FIG. 8 illustrates negative impedance circuit 
570 apart from the rest of current multiplexing system 200. 

Negative impedance circuit 570 comprises an amplifier 
portion 571 having an operational amplifier 772 with a 
non-inverting input 774, an inverting input 776, an output 
node 778. Operational amplifier 772 also comprises power 
rails 895 and 896. 

Referring again to the amplifier portion 571, amplifier 
portion 571 further comprises an input balancing portion 
897, a gain control portion 898, and a stability control 
portion 899. Input balancing portion 897 comprises resistor 
780, which is connected between node 226 and non-invert 
ing input 774. Gain control portion 898 comprises resistor 
782 and resistor 790. By adjusting the values of resistors 782 
and 790, one is able to adjust the gain G of the overall 
amplifier portion 771. In various embodiments, the values of 
resistors 782 and 790 may be set to a value that is greater 
than 1. Stability control portion 899 comprises capacitor 
788, resistor 784, and resistor 794. By adjusting the values 
of capacitor 788, resistor 784, and resistor 794 one is able to 
alter the stability of the overall amplifier circuit. 

In various embodiments, negative impedance circuit 570 
also comprises compensation impedance 591. Compensa 
tion impedance 591 is in turn comprised of resistor 794 and 
capacitor 792, both of which are connected between node 
224 and stability control portion 899. Compensation imped 
ance 591 is used to compensate for parasitic impedance 438 
of FIG. 7. By adjusting gain control portion 898 and 
compensation impedance 591, one may adjust the compen 
sation current that is provided to the signal-transmission 
channel, and thereby match the compensation current mag 
nitude to the magnitude of the leakage current. This may be 
done according to equation (3) given above. 

Whilst the above examples have focussed on the use of a 
current Source, this is not essential, and alternatively the 
system may use a Voltage source, with the generated Voltage 
being used to inject a drive signal in the form of a current 
into a subject, with the magnitude of the drive signal being 
measured using a sensor at node 214. 

From this, it will be appreciated that the current delivery 
circuit 220 can be referred to more generally as a signal 
delivery circuit. Similarly, the current and voltage buffers 
can be first and second buffers for Supplying a drive signal 
to an electrode attached to the biological subject, and for 
providing a signal indicative of a signal at the electrode. 
As mentioned above, the signal delivery circuit can be 

used in a variety of different systems. In one example, the 
signal delivery circuit can be incorporated into apparatus 
Suitable for performing an analysis of a Subject's bioelectric 
impedance, an example of which will now be described with 
reference to FIG. 9. 
As shown the apparatus includes a measuring device 900 

including a processing system 902, connected to one or more 
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signal generators 917A, 917B, via respective first leads 
923A, 923B, and to one or more sensors 918A, 918B, via 
respective second leads 925A, 925B. 

In use, the signal generators 917A, 917B are coupled to 
two first electrodes 913A, 913B, via drive signal delivery 
circuits 919A,919B, which therefore act as drive electrodes 
to allow signals to be applied to the subject S, whilst the one 
or more sensors 918A, 918B are coupled to the second 
electrodes 915A, 915B, via sensed signal delivery circuits 
920A, 920B, which act as sense electrodes, allowing signals 
across the subject S to be sensed. It will be appreciated that 
the drive and sensed signal delivery circuits are similar to the 
delivery circuits described above in FIGS. 1 to 8. 

In one example, a single signal generator 917 may be 
provided, coupled to the drive signal delivery circuits 919A, 
919B and hence the drive electrodes 913A, 913B, via 
multiplexers 204a from the example of FIG. 3. Similarly a 
single sensor 918 can be coupled to the sensed signal 
delivery circuits 920A, 920B and hence the sense electrodes 
915A,915B, via multiplexers, such as the multiplexers 212b 
from the example of FIG. 3. 

However, this is not essential, and alternatively first and 
second signal generators 917A, 917B and sensors 918A, 
918B can be used, each being coupled to the corresponding 
electrodes 913A, 913B, 914A, 914B via respective signal 
delivery circuits. This is particularly useful if the arrange 
ment is used to perform balancing, as will be described in 
more detail below. 

Accordingly, this provides apparatus for use in perform 
ing impedance measurements on a Subject which includes a 
signal Source for applying a signal to a subject, a sensor for 
sensing signals from the Subject, a processing System for 
controlling the signal source and receiving signals from the 
sensor and at least one signal delivery circuit, including a 
first buffer having: a first buffer input for receiving a signal 
from a signal Source and a first buffer output for Supplying 
a drive signal to an electrode attached to the biological 
Subject and a second buffer having a second buffer input 
coupled to the first buffer output and a second buffer output 
for providing a sensed signal indicative of a signal at the 
electrode, to a sensor. 

In one example, at least one signal delivery circuit is used 
for Supplying a current to a drive electrode attached to the 
biological Subject and at least one signal delivery circuit for 
providing a voltage signal indicative of a Voltage at a sense 
electrode. 

Additional features of the impedance measurement appa 
ratus will now be described. 
The signal generators 917A,917B and the sensors 918A, 

918B may be provided at any position between the process 
ing system 902 and the electrodes 913A, 913B, 915A,915B, 
and may be integrated into the measuring device 900. 
However, in one example, the signal generators 917A,917B 
and the sensors 918A, 918B are integrated into an electrode 
system, or another unit provided near the subject S, with the 
leads 923A, 923B, 925A, 925B connecting the signal gen 
erators 917A, 917B and the sensors 918A, 918B to the 
processing system 902. 

It will be appreciated that the above described system is 
a two channel device, used to perform a classical four 
terminal impedance measurement, with, each channel being 
designated by the suffixes A, B respectively. The use of a two 
channel device is for the purpose of example only, as will be 
described in more detail below. 
An optional external interface 903 can be used to couple 

the measuring device 900, via wired, wireless or network 
connections, to one or more peripheral devices 904. Such as 
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an external database or computer system, barcode scanner, 
or the like. The processing system 902 will also typically 
include an I/O device 905, which may be of any suitable 
form such as a touch screen, a keypad and display, or the 
like. 

In use, the processing system 902 is adapted to generate 
control signals, which cause the signal generators 917A, 
917B to generate one or more alternating signals, such as 
Voltage or current signals of an appropriate waveform, 
which can be applied to a subject S, via the first electrodes 
913A, 913B. The sensors 918A, 918B then determine the 
Voltage across or current through the Subject S, using the 
second electrodes 915A, 915B and transfer appropriate 
signals to the processing system 902, for analysis. In the 
event that the apparatus includes multiplexers for coupling 
signal generators or sensors to respective signal delivery 
circuits, the processing system would also typically act to 
control the multiplexers allowing signals to be delivered to 
and measured across the Subject as required. 

Accordingly, it will be appreciated that the processing 
system 902 may be any form of processing system which is 
Suitable for generating appropriate control signals and at 
least partially interpreting the measured signals to thereby 
determine the Subject's bioelectrical impedance, and option 
ally determine other information such as relative fluid levels, 
or the presence, absence or degree of conditions, such as 
oedema, lymphoedema, measures of body composition, 
cardiac function, or the like. 
The processing system 902 may therefore be a suitably 

programmed computer system, Such as a laptop, desktop, 
PDA, smart phone or the like. Alternatively the processing 
system 902 may be formed from specialised hardware, such 
as an FPGA (field programmable gate array), or a combi 
nation of a programmed computer system and specialised 
hardware, or the like, as will be described in more detail 
below. 

In use, the first electrodes 913A, 913B are positioned on 
the Subject to allow one or more signals to be injected into 
the subject S. The location of the first electrodes will depend 
on the segment of the subject S under study. Thus, for 
example, the first electrodes 913A, 913B can be placed on 
the thoracic and neck region of the subject S to allow the 
impedance of the chest cavity to be determined for use in 
cardiac function analysis. Alternatively, positioning elec 
trodes on the wrist and ankles of a subject allows the 
impedance of limbs and/or the entire body to be determined, 
for use in oedema analysis, or the like. 
Once the electrodes are positioned, one or more alternat 

ing signals are applied to the Subject S, via the first leads 
923A, 923B and the first electrodes 913A, 913B. The nature 
of the alternating signal will vary depending on the nature of 
the measuring device and the Subsequent analysis being 
performed. 

For example, the system can use Bioimpedance Analysis 
(BIA) in which a single low frequency signal (typically <50 
kHz) is injected into the subject S, with the measured 
impedance being used directly in the assessment of relative 
intracellular and extracellular fluid levels. In contrast 
Bioimpedance Spectroscopy (BIS) devices utilise frequen 
cies ranging from very low frequencies (4 kHz) to higher 
frequencies (1000kHz), and can use as many as 256 or more 
different frequencies within this range, to allow multiple 
impedance measurements to be made within this range. 

Thus, the measuring device 900 may either apply an 
alternating signal at a single frequency, at a plurality of 
frequencies simultaneously, or a number of alternating sig 
nals at different frequencies sequentially, depending on the 
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16 
preferred implementation. The frequency or frequency range 
of the applied signals may also depend on the analysis being 
performed. 

In one example, the applied signal is generated by a 
Voltage generator, which applies an alternating Voltage to the 
Subject S, although alternatively current signals may be 
applied. In one example, the Voltage source is typically 
symmetrically arranged, with each of the signal generators 
917A, 917B being independently controllable, to allow the 
signal Voltage across the Subject to be varied. 
A voltage difference and/or current is measured between 

the second electrodes 915A, 915B. In one example, the 
Voltage is measured differentially, meaning that each sensor 
918A, 918B is used to measure the voltage at each second 
electrode 915A,915B and therefore need only measure half 
of the Voltage as compared to a single ended system. 
The acquired signal and the measured signal will be a 

Superposition of Voltages generated by the human body, such 
as the ECG (electrocardiogram), Voltages generated by the 
applied signal, and other signals caused by environmental 
electromagnetic interference. Accordingly, filtering or other 
Suitable analysis may be employed to remove unwanted 
components. 
The acquired signal is typically demodulated to obtain the 

impedance of the system at the applied frequencies. One 
Suitable method for demodulation of Superposed frequencies 
is to use a Fast Fourier Transform (FFT) algorithm to 
transform the time domain data to the frequency domain. 
This is typically used when the applied current signal is a 
Superposition of applied frequencies. Another technique not 
requiring windowing of the measured signal is a sliding 
window FFT. 

In the event that the applied current signals are formed 
from a Sweep of different frequencies, then it is more typical 
to use a signal processing technique Such as multiplying the 
measured signal with a reference sine wave and cosine wave 
derived from the signal generator, or with measured sine and 
cosine waves, and integrating over a whole number of 
cycles. This process, known variously as quadrature 
demodulation or synchronous detection, rejects all uncorre 
lated or asynchronous signals and significantly reduces 
random noise. 

Other Suitable digital and analogue demodulation tech 
niques will be known to persons skilled in the field. 

In the case of BIS, impedance or admittance measure 
ments are determined from the signals at each frequency by 
comparing the recorded Voltage and the current through the 
Subject. The demodulation algorithm can then produce 
amplitude and phase signals at each frequency. 
As part of the above described process, the distance 

between the second electrodes 915A, 915B may be mea 
Sured and recorded. Similarly, other parameters relating to 
the Subject may be recorded. Such as the height, weight, age, 
sex, health status, any interventions and the date and time on 
which they occurred. Other information, such as current 
medication, may also be recorded. This can then be used in 
performing further analysis of the impedance measurements, 
So as to allow determination of the presence, absence or 
degree of oedema, to assess body composition, or the like. 
The accuracy of the measurement of impedance can be 

Subject to a number of external factors. These can include, 
for example, the effect of capacitive coupling between the 
Subject and the Surrounding environment, the leads and the 
subject, the electrodes, or the like, which will vary based on 
factors such as lead construction, lead configuration, Subject 
position, or the like. Additionally, there are typically varia 
tions in the impedance of the electrical connection between 
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the electrode surface and the skin (known as the “electrode 
impedance'), which can depend on factors such as skin 
moisture levels, melatonin levels, or the like. A further 
Source of error is the presence of inductive coupling between 
different electrical conductors within the leads, or between 
the leads themselves. 

Such external factors can lead to inaccuracies in the 
measurement process and Subsequent analysis and accord 
ingly, it is desirable to be able to reduce the impact of 
external factors on the measurement process. 
One form of inaccuracy that can arise is caused by the 

Voltages across the Subject being unsymmetrical, a situation 
referred to as an “imbalance'. Such a situation results in a 
significant signal Voltage at the Subject's body centre, which 
in turn results in Stray currents arising from parasitic capaci 
tances between the Subjects torso and the Support Surface on 
which the subject is provided. 

The presence of an imbalance, where the Voltage across 
the subject is not symmetrical with respect to the effective 
centre of the Subject, leads to a “common mode” signal, 
which is effectively a measure of the signal at the subject S 
that is unrelated to the Subjects impedance. 

To help reduce this effect, it is therefore desirable for 
signals to be applied to the subject S that they result in a 
symmetrical Voltage about the Subject's body centre. As a 
result, a reference voltage within the subject S, which is 
equal to a reference Voltage of the measurement apparatus, 
will be close to the effective body centre of the subject, as 
considered relative to the electrode placement. As the mea 
Suring device reference Voltage is typically ground, this 
results in the body centre of the subject S being as close to 
ground as possible, which minimises the overall signal 
magnitude across the Subjects torso, thereby minimising 
Stray currents. 

In one example, a symmetrical Voltage about the sensing 
electrodes can be achieved by using a symmetrical voltage 
source, such as a differential bidirectional voltage drive 
scheme, which applies a symmetrical Voltage to each of the 
drive electrodes 913A, 913B. However, this is not always 
effective if the contact impedances for the two drive elec 
trodes 913A, 913B are unmatched, or if the impedance of the 
subject S varies along the length of the subject S, which is 
typical in a practical environment. 

In one example, the apparatus overcomes this by adjust 
ing the differential Voltage drive signals applied to each of 
the drive electrodes 913A, 913B, to compensate for the 
different electrode impedances, and thereby restore the 
desired symmetry of the voltages across the subject S. This 
process is referred to herein as balancing and in one 
example, helps reduce the magnitude of the common mode 
signal, and hence reduce current losses caused by parasitic 
capacitances associated with the Subject. 
The degree of imbalance, and hence the amount of 

balancing required, can be determined by monitoring the 
signals at the sense electrodes 915A, 915B, and then using 
these signals to control the signal applied to the Subject via 
the drive electrodes 913A, 913B. In particular, the degree of 
imbalance can be calculated by determining an additive 
Voltage from the Voltages detected at the sense electrodes 
915A, 915B. 

In one example process, the Voltages sensed at each of the 
sense electrodes 915A, 915B are used to calculate a first 
Voltage, which is achieved by combining or adding the 
measured Voltages. Thus, the first voltage can be an additive 
Voltage (commonly referred to as a common mode Voltage 
or signal) which can be determined using a differential 
amplifier. 
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In this regard, a differential amplifier is typically used to 

combine two sensed voltage signals V, V, to determine a 
second Voltage, which in one example is a voltage differ 
ential V-V, across the points of interest on the subject S. 
The Voltage differential is used in conjunction with a mea 
surement of the current flow through the subject to derive 
impedance values. However, differential amplifiers typically 
also provide a "common mode” signal (V+V)/2, which is 
a measure of the common mode signal. 

Whilst differential amplifiers include a common mode 
rejection capability, this is generally of only finite effect and 
typically reduces in effectiveness at higher frequencies, so a 
large common mode signal will produce an error signal 
Superimposed on the differential signal. 
The error caused by common mode signals can be mini 

mised by calibration of each sensing channel. In the ideal 
case where both inputs of a differential amplifier are per 
fectly matched in gain and phase characteristics and behave 
linearly with signal amplitude, the common mode error will 
be Zero. In one example, the two sensing channels of the 
differential amplifier are digitised before differential pro 
cessing. It is therefore straightforward to apply calibration 
factors independently to each channel to allow the charac 
teristics to be matched to a high degree of accuracy, thereby 
achieving a low common mode error. 

Accordingly, by determining the common mode signal, 
the applied Voltage signals can be adjusted, for example by 
adjusting the relative magnitude and/or phase of the applied 
signals, to thereby minimise the common mode signal and 
Substantially eliminate any imbalance. 
An example of the operation of the apparatus of FIG.9 to 

perform this will now be described with reference to FIG. 
10. 
At step 1000, a first signal is applied to the subject S, with 

a second signal measured across the Subject S being deter 
mined at step 1010. This will typically be achieved using the 
techniques outlined above. Accordingly, the processing sys 
tem 902 will cause the signal generators 917A, 917B to 
generate the first signal, which is typically applied to the 
subject S via the first electrodes 913A, 913B. Similarly the 
second signal will be sensed by the sensors 918A,918B, via 
the second electrodes 915A, 915B, with an indication of the 
second signal being provided to the processing system 902. 
At step 1020, an imbalance is determined by the process 

ing system 902 using the second signal sensed at the second 
electrodes 915A, 915B, which in one example represents a 
common mode signal. 
At step 1030, the measuring device optionally adjusts the 

first signal applied to the Subject S. So as to reduce the 
imbalance and hence the magnitude of the common mode 
signal. Thus, the magnitude of the signal applied at either 
one of the first electrodes 913A, 913B can be adjusted, for 
example by increasing or decreasing the relative signal 
magnitudes and/or altering the relative signal phases, so as 
to balance the signal within the Subject and centralise the 
position of the reference voltage within the subject relative 
to the electrode positioning. 
At step 1040, the measuring device can then determine the 

signal applied to the Subject and the Voltages measured at the 
electrodes 913A, 913B, thereby allowing an impedance to 
be determined at step 1050. 
As the position of the reference voltage within the subject 

S is impedance dependent, the imbalance will typically vary 
depending on the frequency of the applied signal. Accord 
ingly, in one example, it is typical to determine the imbal 
ance and adjust the applied signal at each applied frequency. 
However, this may depend on the preferred implementation. 
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An example of balancing procedure and operation of an 
impedance measuring device is described in more detail in 
the copending patent application number WO2009/059351, 
and this will not therefore be described in any further detail 
herein. 

In various examples, applicants teachings relate to a 
current delivery circuit. In various examples, the current 
delivery circuit comprises an input, a current output and a 
Voltage output. In some examples, the current delivery 
circuit accepts a current at its input and produces a propor 
tional output current at the current output. In various 
examples, current delivery circuit produces an output Volt 
age signal at the Voltage output that is proportional to an 
input Voltage signal appearing at the current delivery circuit 
current output. 

In various examples according to applicants teachings, 
the current delivery circuit comprises a current buffer and a 
voltage buffer. The current buffer and voltage buffer each 
have an input and an output. The current delivery circuit 
input is coupled to the current buffer input. The current 
buffer output is coupled to the current delivery circuit 
current output. The voltage buffer input is coupled to the 
current delivery circuit current output. The voltage buffer 
output is coupled to the current delivery circuit Voltage 
output. 

In some examples, the output current is substantially 
equal to the input current. In various examples, the output 
Voltage signal is Substantially equal to the input Voltage 
signal. 

In some examples, the current buffer is a current con 
veyor. In various examples, the voltage buffer is a voltage 
follower. 

In various examples, the current delivery circuit further 
comprises a parasitic impedance coupled to the current 
buffer output. In some examples, the current delivery circuit 
further comprises a negative impedance coupled between, 
the voltage buffer output and the current buffer output for 
compensating for the parasitic impedance. In some 
examples, the negative impedance comprises: a compensa 
tion impedance having a compensation impedance value, a 
first terminal and a second terminal, the first terminal 
coupled to the Voltage buffer input; a compensation ampli 
fier having a compensation amplifier input, a compensation 
amplifier output and a gain, the compensation amplifier 
input coupled to the Voltage buffer output, the compensation 
amplifier output coupled to the second terminal of the 
compensation impedance to provide a compensation current 
to flow through the impedance, and the gain and the com 
pensation impedance values are selected based on the para 
sitic impedance value So that the compensation current has 
a magnitude Substantially equal to the leakage current mag 
nitude. 

In various examples, current delivery circuit further com 
prises a DC offset control circuit coupled between the 
voltage buffer output and the current buffer input. In some 
examples according to applicants teachings, the DC offset 
control comprises an integrator coupled between the Voltage 
buffer output and the current buffer input. 

In various examples, applicants teachings relate to a 
current multiplexing circuit comprising one or more current 
multiplexers, each having an input and a plurality of outputs, 
and one or more current delivery circuits. In various 
examples, the outputs of the one or more current multiplex 
ers are coupled to the input of each of the one or more 
current delivery circuits. In some examples, the current 
multiplexing circuit further comprises one or more Voltage 
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multiplexers. The voltage output of each of the one or more 
current delivery circuits is coupled to an input of the one or 
more Voltage multiplexers. 

In various examples, the circuit further comprises one or 
more current sources. In various examples, each current 
Source is coupled to the input of the one or more current 
multiplexers. 

In various examples, applicants teachings relate to a 
current multiplexing system. In various examples, current 
multiplexing system comprises a first current delivery circuit 
and a second current delivery circuit. Current multiplexing 
system further comprises a first electrode coupled to the first 
current delivery circuit current output and a second electrode 
coupled to the second current delivery circuit current output. 

In various examples, the Voltage output of the first current 
delivery circuit is coupled to an input of a first voltage 
multiplexer and the Voltage output of the second current 
delivery circuit is coupled to an input of a second Voltage 
multiplexer. In various examples, the outputs of the first and 
second Voltage multiplexers are adapted to provide first and 
second Voltage measurement signals for allowing a differ 
ential Voltage measurement. 

In some examples, a first current Source is coupled to the 
input of the first current delivery circuit. In some examples, 
the first current source is controllable to provide a constant 
alternating current. In some examples, the constant alternat 
ing current has a constant amplitude and constant phase. In 
various examples, the amplitude and phase are controllably 
variable. 

In some examples, the input of the second current delivery 
circuit is coupled to ground. In various other examples, the 
input of the second current delivery circuit is coupled to a 
second current source. In various examples the second 
current source is complimentary to the first current source. 
As used herein, the term complimentary current Source 
refers to a current source providing a current of equal 
magnitude with a 180° phase shift. 

In some examples, the current multiplexing system fur 
ther comprises one or more current multiplexers. Each 
current multiplexer has a first output coupled to the first 
current delivery circuit and a second output coupled to the 
second current delivery circuit. In some examples, the input 
of at least one of the current multiplexers is coupled to a first 
current source. In some examples, the input of at least one 
of the current multiplexers is coupled to a second current 
Source. In some examples, the input of at least one of the 
current multiplexers is coupled to ground. 

In some examples, the current multiplexing system fur 
ther comprises a third and fourth current delivery circuit as 
well as a third and fourth electrode. The third electrode is 
coupled to the third current delivery circuit current output. 
The fourth electrode is coupled to the fourth current delivery 
circuit current output. 

In some examples, the third current delivery circuit volt 
age output is coupled a first Voltage multiplexer and the 
fourth current delivery circuit Voltage output is coupled a 
second Voltage multiplexer. In various examples, the outputs 
of the first and second Voltage multiplexers are adapted to 
provide first and second Voltage measurement signals for 
allowing a differential Voltage measurement. 

In some examples, the third and forth current delivery 
circuit inputs are coupled to ground. 

In some examples of applicants teachings, current mul 
tiplexing system comprises a current source, a current mul 
tiplexer, a current delivery circuit, an electrode, and an 
Voltage multiplexer. The current source is coupled to an 
input of the current multiplexer. An output of the current 
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multiplexer is coupled to the input of the current delivery 
circuits. A current output of the current delivery circuit is 
coupled to the electrode. A voltage output of the current 
delivery circuit is coupled to an input of the Voltage multi 
plexer. In various examples the current multiplexing system 
further comprises an electrode coupled to the current output 
of the current delivery circuit. 

Persons skilled in the art will appreciate that numerous 
variations and modifications will become apparent. All Such 
variations and modifications which become apparent to 
persons skilled in the art, should be considered to fall within 
the spirit and scope that the invention broadly appearing 
before described. 

Features from different examples above may be used 
interchangeably or in conjunction, where appropriate. Thus, 
for example, a range of different techniques are described for 
minimising errors and these can be used independently of 
each other, or in conjunction, depending on the particular 
implementation. 

Furthermore, whilst the above examples have focussed on 
a biological Subject Such as a human, it will be appreciated 
that the measuring device and techniques described above 
can be used with any animal, including but not limited to, 
primates, livestock, performance animals, such as race 
horses, or the like. 

The above described processes can be used for diagnosing 
the presence, absence or degree of a range of conditions and 
illnesses, including, but not limited to oedema, lymphoe 
dema, body composition, or the like. 

The claims defining the invention are as follows: 
1. Apparatus for electrically connecting measurement 

apparatus to a biological Subject, the apparatus including a 
signal delivery circuit including: 

a current buffer having: 
a current buffer input for receiving a signal from a 

signal source; and, 
a current buffer output for Supplying a current to an 

electrode attached to the biological subject; 
a Voltage buffer having: 

a voltage buffer input coupled to the current buffer 
output; and, 

a voltage buffer output for providing a voltage signal 
indicative of a voltage at the electrode, to a sensor; 
and 

a DC offset control circuit coupled between the voltage 
buffer output and the current buffer input. 

2. Apparatus according to claim 1, wherein the current 
buffer is a current conveyor. 

3. Apparatus according to claim 1, wherein the Voltage 
buffer is an amplifier connected as an output follower. 

4. Apparatus according to claim 1, wherein the DC offset 
control circuit includes an integrator coupled between the 
voltage buffer output and the current buffer input. 

5. Apparatus according to claim 1, wherein the DC offset 
control circuit is used to control a DC offset at the electrode. 

6. Apparatus according to claim 1, wherein the signal 
delivery circuit includes a negative impedance circuit 
coupled between the voltage buffer output and the current 
buffer output. 

7. Apparatus according to claim 6, wherein the negative 
impedance circuit includes a negative impedance circuit 
amplifier and a compensation impedance. 

8. Apparatus according to claim 7, wherein at least one of 
a gain of the negative impedance circuit amplifier and a 
value of the compensation impedance is selected to com 
pensate for parasitic impedance losses. 
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9. Apparatus according to claim 6, wherein the negative 

impedance circuit includes: 
a compensation impedance having a compensation 

impedance value, a first terminal and a second terminal, 
the first terminal coupled to the current buffer output; 
and, 

a compensation amplifier having a compensation ampli 
fier input, a compensation amplifier output and again, 
the compensation amplifier input coupled to the Voltage 
buffer output, the compensation amplifier output 
coupled to the second terminal of the compensation 
impedance to provide a compensation current to flow 
through the impedance, and the gain and the compen 
sation impedance values are selected based on a para 
sitic impedance value So that the compensation current 
has a magnitude Substantially equal to a leakage current 
magnitude. 

10. Apparatus according to claim 1, wherein the apparatus 
includes: 

a plurality of signal delivery circuits, each signal delivery 
circuit being for Supplying a current to a respective 
electrode attached to the biological subject; 

at least one signal source; and, 
at least one first multiplexer for selectively connecting the 

signal source to one of the plurality of signal delivery 
circuits to thereby apply a current to the biological 
circuit via the respective electrode. 

11. Apparatus according claim 1, wherein the apparatus 
includes: 

a plurality of signal delivery circuits, each signal delivery 
circuit being for providing a voltage signal indicative of 
a voltage at the electrode, to a sensor; 

at least one sensor; and, 
at least one multiplexer for selectively connecting the at 

least one sensor to one of the plurality of signal delivery 
circuits to thereby allow the sensor to sense the voltage 
signal indicative of a Voltage at the respective elec 
trode. 

12. Apparatus according to claim 1, wherein the apparatus 
includes, first and second signal sources for generating 
respective first and second drive signals, the first and second 
signal sources being coupled to respective signal delivery 
circuits. 

13. Apparatus according to claim 12, wherein the first and 
second signal sources are for generating at least one of 

complementary signals; 
signals having a constant amplitude and phase; and, 
signals having a controlled amplitude and phase. 
14. Apparatus according to claim 1, wherein at least one 

signal source is coupled to ground. 
15. Apparatus according to claim 1, wherein the measure 

ment apparatus includes at least one signal Source and at 
least one sensor. 

16. Apparatus according to claim 15, wherein the mea 
Surement apparatus is an impedance measurement appara 
tuS. 

17. A current multiplexing system comprising: 
a plurality of current multiplexers having at least one 

input and a plurality of outputs; 
a first and second alternating-current current source, each 

current source having a constant magnitude and fre 
quency, wherein the second current Source is compli 
mentary to the first current source, and wherein each of 
the first and second current sources is coupled to an 
input of a current multiplexer; 

a plurality of current delivery circuits, each current deliv 
ery circuit having an input, a current output and a 
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Voltage output, wherein each current delivery circuit 
input is coupled to an output of a current multiplexer; 

a plurality of electrodes, each of the plurality of electrodes 
being coupled to a current output of one of the plurality 
of current delivery circuits; and 

at least one voltage multiplexer having a plurality of 
inputs and at least one output; 

wherein each current delivery circuit comprises: 
a current conveyor, having an input and an output, the 

current conveyor input being coupled to the current 
delivery circuit input and the current conveyor out 
put being coupled to the current delivery circuit 
current output; and 

a first buffer having: 
a Voltage buffer, having an input and an output, the 

voltage buffer input being coupled to the current 
delivery circuit current output and the voltage 
buffer output being coupled to the current delivery 
circuit Voltage output; 

a DC offset control circuit including an integrator 
coupled between the voltage buffer output and the 
current conveyor input; and, 

a negative impedance circuit coupled between the 
voltage buffer output and the current conveyor 
output, the negative impedance circuit compris 
ing: 
a compensation impedance having a compensa 

tion impedance value, a first terminal and a 
second terminal, the first terminal coupled to 
the current conveyor output; and 

a compensation amplifier having a compensation 
amplifier input, a compensation amplifier out 
put and again, the compensation amplifier input 
coupled to the voltage buffer output, the com 
pensation amplifier output coupled to the sec 
ond terminal of the compensation impedance to 
provide a compensation current to flow through 
the impedance, and the gain and the compen 
sation impedance values are selected based on 
the parasitic impedance value so that the com 
pensation current has a magnitude substantially 
equal to the leakage current magnitude. 

18. Apparatus for electrically connecting measurement 
apparatus to a biological subject, the apparatus including a 
signal delivery circuit including: 

a first buffer having: 
a first buffer input for receiving a signal from a signal 

Source; and, 
a first buffer output for supplying a drive signal to an 

electrode attached to the biological subject; 
a second buffer having: 

a second buffer input coupled to the first buffer output: 
and, 

a second buffer output for providing a sensed signal 
indicative of a signal at the electrode, to a sensor; 
and, 

a DC offset control circuit coupled between the second 
buffer output and the first buffer input. 

19. Apparatus according to claim 18, wherein the first 
buffer is a current buffer, the drive signal being a drive 
Current. 
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20. Apparatus according to claim 19, wherein the current 

buffer is a current conveyor. 
21. Apparatus according to claim 18, wherein the second 

buffer is a Voltage buffer, the sensed signal being a voltage 
signal indicative of a voltage at the electrode. 

22. Apparatus according to claim 18, wherein the second 
buffer is a current buffer, the sensed signal being indicative 
of a drive current. 

23. Apparatus for use in performing impedance measure 
ments on a subject, wherein the apparatus includes: 

a signal source for applying a signal to a subject; 
a sensor for sensing signals from the subject; 
a processing system for controlling the signal source and 

receiving signals from the sensor; and, 
at least one signal delivery circuit, including: 

a first buffer having: 
a first buffer input for receiving a signal from a signal 

Source; and, 
a first buffer output for supplying a drive signal to an 

electrode attached to the biological subject; 
a second buffer having: 

a second buffer input coupled to the first buffer 
output; and, 

a second buffer output for providing a sensed signal 
indicative of a signal at the electrode, to a sensor: 
and 

a DC offset control circuit coupled between the second 
buffer output and the first buffer input. 

24. Apparatus according to claim 23, wherein the appa 
ratus includes: 

a first signal delivery circuit coupled to a drive electrode 
attached to the biological subject, the first signal deliv 
ery circuit including: 
a first buffer having: 

a first buffer input for receiving a signal from the 
signal source; and, 

a first buffer output for supplying the drive signal to 
the drive electrode: 

a second buffer having: 
a second buffer input coupled to the first buffer 

output; and, 
a second buffer output for providing a sensed signal 

indicative of the drive signal at the drive electrode: 
and 

a DC offset control circuit coupled between the second 
buffer output and the first buffer input; and 

a second signal delivery circuit coupled to a sense 
electrode attached to the biological subject, the sec 
ond signal delivery circuit including: 

a first buffer having: 
a first buffer input coupled to ground; and, 
a first buffer output coupled to the sense electrode: 

and, 
a second buffer having: 

a second buffer input coupled to the first buffer 
output; 

a second buffer output for providing a sensed signal 
indicative of a sensed voltage at the sense elec 
trode; and 

a DC offset control circuit coupled between the second 
buffer output and the first buffer input. 
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