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SENSOR SYSTEM FOR MEASURING 
BOPOTENTIALS 

FIELD OF THE INVENTION 

The present invention pertains generally to Systems for 
measuring biopotentials. More particularly, the present 
invention pertains to Systems for non-invasively measuring 
biopotential signals emanating from a specific portion of a 
patient's body. The present invention is particularly, but not 
exclusively, useful for measuring biopotentials through a 
patient's clothing. 

BACKGROUND OF THE INVENTION 

There are many current and emerging technologies, 
including medical procedures, that benefit from the mea 
Surement of biopotentials. One of the most common proce 
dures using biopotential measurement is probably the elec 
trocardiogram (EKG), which is typically used to assess heart 
rhythms. While the capabilities of almost all aspects of the 
Systems used to implement these measurements continue to 
improve, the Somewhat limited performance of biopotential 
Sensors has limited the applications in which biopotential 
measurement can be Successfully performed. 

With this in mind, biopotential Sensors can generally be 
categorized as either invasive or non-invasive. Invasive 
Sensors are typically implanted Surgically and are generally 
used to isolate one or more specific potential Sources Such as 
the brain or the peripheral nervous System. Non-invasive 
Sensors, on the other hand, have heretofore been applied to 
a Surface Such as the patient’s skin or Scalp. One type of 
non-invasive Sensor, often referred to as a wet electrode, 
utilizes a conducting electrolyte, typically a gel, to electri 
cally connect the electrode to the skin of the patient. This 
technique is currently the Standard method used in clinical 
and research applications due to the relatively low cost of the 
electrode, its relatively long history of use, and the fact that 
the technique achieves a relatively good electrical contact 
between the electrode and the patient. There are, however, 
certain disadvantages with this technique. For Some appli 
cations (e.g. an EKG), the technique requires the patient to 
disrobe and may require the skin to be shaved and prepped. 
Because of these requirements, procedures using wet elec 
trodes are often time consuming, labor intensive and uncom 
fortable for the patient. 

Another type of non-invasive Sensor utilizes a Surface 
electrode that does not require an electrolyte gel. These 
electrodes are referred to as active electrodes and typically 
employ an impedance transformation using active electron 
ics. The active electrodes can be either insulated electrodes 
or dry electrodes (i.e. non-insulated). Typically, the active 
dry electrode is a conductive metal which is placed in direct 
contact with the skin and relies on a combination of resistive 
and capacitive coupling to the local skin potential to receive 
its Signal. On the other hand, the insulated electrode relies 
entirely on capacitive coupling for this purpose. 

Heretofore, active dry and insulated electrodes have not 
typically exhibited the Same consistency and Signal to noise 
ratio (SNR) as wet electrodes. Although considerable efforts 
have been made to improve insulated electrodes by using 
coatings with a high dielectric constant to improve the 
capacitance to the Skin, there are still Substantial limitations 
asSociated with currently available non-invasive Sensors, 
including those that use insulated electrodes. For example, 
currently available Sensors are Strongly affected by Small 
displacements away from the skin. In greater detail, as 
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2 
implied above, these Sensors must be positioned either 
directly in contact with, or extremely close to, the Skin. For 
dry electrodes, the Signal is completely lost if the electrode 
is moved away from the skin by only a few microns. For 
capacitive electrodes, the effect of electrode displacement 
can be estimated by first recognizing that the capacitive 
coupling is similar to that of a parallel plate capacitor in 
which the skin acts as one capacitor plate and the electrode 
acts as the other plate. Based on this model, the coupling is 
proportional to the inverse of the Separation distance 
between the Sensor and the skin. In numerical terms, the 
coupling is typically reduced by a factor of about 10 as the 
electrode moves from a position of contact with the skin to 
a stand-off distance of only about 100 um. 

Heretofore, efforts to reduce the effects of Small sensor 
displacements have involved using capacitive Sensors with 
multiple Sensing regions. Relatively complicated processing 
circuitry is then integrated with the active electronicS con 
nected to the electrode to Switch between Signals from 
Sensing regions having adequate electrode coupling and 
Signals from Sensing regions where the electrode coupling is 
insufficient. While in theory this approach can reduce the 
effect of Sensor motion in the final measurement, it has not 
been widely adopted. 

In contrast to the above-described techniques, the present 
invention contemplates a Sensor capable of measuring an 
electric potential in free Space. More specifically, the present 
invention contemplates the measurement of an electric 
potential with an electrode that is not necessarily in direct 
contact with, or even extremely close to, the biopotential 
Source. Unlike the Sensors described above, for an electrode 
that is spaced from the biopotential source, the effect of a 
Small displacement between the Sensor and biopotential 
Source is minimal. In greater detail, it is known that the 
electric potential, E, produced in a uniform medium by a 
Simple Source of electrical potential Such as a charge 
decreases in accordance with the relationship, EOC1/dis 
tancef. Thus, for a sensor having an electrode spaced at a 
distance of 2 cm from a dipole Source, the relative change in 
Signal for a 100 um displacement away from the Source is 
only about 1%. 

Unfortunately, the measurement of the free-space electric 
potential (i.e. measurement with an electrode that is not 
necessarily in direct contact with, or extremely close to the 
biopotential source) cannot be performed effectively with 
currently available Sensors. Specifically, conventional insu 
lated electrodes typically rely on a relatively large mutual 
capacitance between the electrode Sensing area and the 
Surface of the skin. For an electrode pressed directly on the 
skin, the resulting capacitance can be as high as 0.1 uF/cm. 
With this relatively large capacitance, it is relatively simple 
to construct an amplifier using modern Semiconductor tech 
nology with Sufficiently high input impedance and input bias 
current path impedance to effectively amplify the Signal 
from Such an electrode. However, to measure a potential in 
free Space, one is limited to the free Space capacitance of the 
Sensing part of the electrode. This capacitance is typically 
about 1 pF multiplied by the average radius of the electrode 
measured in centimeters, thus the capacitance is only about 
1 pF for most practical applications. 

Typically, to measure the free Space potential with an 
adequate Sensitivity for most biopotential measurement 
applications, it is preferable that the Sensor electrode mea 
Sure the free Space electric potential with a noise floor of 
below approximately 20 uV/Hz" at 1 Hz. Further, to 
achieve a voltage noise of about 20 uV/Hz" at 1 Hz requires 
an input current noise on the order of about 1 fa/Hz" at 1 
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HZ. In addition, coupling to the Small free Space capacitance 
of the Sensor electrode (i.e. 1 pF) generally requires that the 
input impedance of the first Stage Sensor electronicS be of the 
Same order as the impedance of the Sensing layer. This 
translates to an input resistance of about 100 GS2 or higher, 
and an input capacitance of about 10 pF or less. Also, the 
circuit used to provide the input bias current to the first stage 
electronics should have an impedance to ground of the same 
order as the amplifier input impedance, and Stray capaci 
tances at the input to the System should be less than the 
amplifier input capacitance. These Specifications delineate a 
threshold Sensitivity for measuring a typical biopotential at 
a Standoff distance. To measure Smaller than average bio 
potential Signals, Such as those that arise in an electroen 
cephalogram (EEG), it is desirable that the amplifier input 
impedance be even higher, and the first Stage amplifier 
current noise be even lower. 

In light of the above, it is an object of the present 
invention to provide Systems and methods Suitable for 
effectively measuring a biopotential Signal that are operable 
with a relatively weak coupling between the Sensor electrode 
and the biopotential Source. It is yet another object of the 
present invention to provide Systems and methods for mea 
Suring biopotentials that minimize the effect of Small move 
ments between the Sensor electrode and the biopotential 
Source during measurement. It is another object of the 
present invention to provide Systems and methods for non 
invasively measuring biopotential signals through a 
patient's clothing. Yet another object of the present inven 
tion is to provide Systems and methods for measuring 
biopotentials which are easy to use, relatively simple to 
implement, and comparatively cost effective. 

SUMMARY OF THE INVENTION 

The present invention is directed to Systems and methods 
for measuring a biopotential Signal at a location adjacent to 
a patient. In one application, the System can be used to 
measure a biopotential Signal through a patient's clothing. 
For the present invention, the System includes a probe that 
can be positioned adjacent to the patient. The probe includes 
an electrode that is made of a conductive material, Such as 
a metal, to receive the biopotential Signal. Typically, the 
Surface of the electrode is covered with a resistive coating to 
Shield the electrode from Stray electrical currents. 

The probe further includes a conductor that is Spaced at a 
distance from the electrode. Typically, a material having a 
relatively low conductivity and dielectric constant is inter 
posed between the conductor and the electrode to prevent 
electrical interaction between the conductor and electrode. 
As detailed further below, in one embodiment of the present 
invention, the potential of the conductor is controlled to be 
Substantially equal to the potential of the electrode to 
effectively shield the electrode from electrical noise. Thus, 
in this embodiment, the conductor functions as a guard for 
the electrode. 

The System further includes a high impedance first stage 
amplifier that is incorporated into the probe and electrically 
connected to the electrode. With the first stage amplifier 
located proximate the electrode, a relatively short connector 
can be used which admits leSS noise into the System than 
would otherwise be admitted by a relatively long connector. 
For the present invention, the high impedance first stage 
amplifier can be constructed from an instrumentation ampli 
fier, an operational amplifier or from discrete transistors. 
Functionally, the first Stage amplifier compares the electrical 
potential of the electrode to a Second potential (described 

15 

25 

35 

40 

45 

50 

55 

60 

65 

4 
further below) and generates a signal in response. The 
System can further include Second Stage electronics to 
receive the Signal generated by the high impedance first 
Stage amplifier. Typically, the Second Stage electronics are 
remotely positioned from the probe and can be configured to 
Selectively filter, amplify, Store and display the Signal gen 
erated by the high impedance first Stage amplifier. 

In one embodiment of the System, the reference potential 
of the patient is used as the Second potential (i.e. the 
potential that is compared to the electrical potential at the 
electrode). In this embodiment, a reference electrode can be 
electrically connected to the patient to transmit the Second 
potential to the high impedance first Stage amplifier. In 
another embodiment, the probe includes a Second electrode 
that is spaced from the first electrode (i.e. the electrode 
described above). The Second electrode is exposed to a 
Second potential which is input to the high impedance first 
Stage amplifier for comparison with the first potential. In yet 
another embodiment, the electrical potential of the electrode 
is compared to a local ground at the high impedance first 
Stage amplifier to measure the biopotential Signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features of this invention, as well as the 
invention itself, both as to its structure and its operation, will 
be best understood from the accompanying drawings, taken 
in conjunction with the accompanying description, in which 
Similar reference characters refer to Similar parts, and in 
which: 

FIG. 1 is a perspective View of a System for measuring a 
biopotential signal shown operationally positioned to mea 
Sure a biopotential signal of a patient; 

FIG. 2 is a cross sectional view of a probe for use in the 
system shown in FIG. 1; 

FIG. 3 is a cross sectional view of another embodiment of 
a probe (shown with the probe housing removed) for use in 
the system shown in FIG. 1, in which the conductor partially 
extends around the electrode, 

FIG. 4 is a cross sectional view of yet another embodi 
ment of a probe (shown with the probe housing removed) for 
use in the system shown in FIG. 1, in which the electrode 
and conductor are both contoured to conform with a Surface 
from which a biopotential measurement is desired; 

FIG. 5 is a cross sectional view of another embodiment of 
a probe (shown with the probe housing removed) for use in 
the system shown in FIG. 1, in which the probe includes a 
plurality of electrodes, 

FIG. 6 is a cross sectional view of yet another embodi 
ment of a probe for use in the system shown in FIG. 1, in 
which the probe electronics are shared with a Secondary 
probe, 

FIG. 7 is a Schematic diagram of a high impedance first 
Stage amplifier for use in a System for measuring a biopo 
tential Signal; 

FIG. 8 is a schematic diagram of another embodiment of 
a high impedance first stage amplifier for use in a System for 
measuring a biopotential Signal; 

FIG. 9 is a schematic diagram of yet another embodiment 
of a high impedance first Stage amplifier for use in a System 
for measuring a biopotential Signal; 

FIG. 10 is a schematic diagram of yet another embodi 
ment of a high impedance first stage amplifier for use in a 
System for measuring a biopotential Signal; 

FIG. 11 is a cross sectional view of another embodiment 
of a probe for use in the system shown in FIG. 1, in which 
the conductor is positioned for placement between the 
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electrode and the biopotential Signal Source and the probe 
electronics are positioned inside the probe housing; 

FIG. 12 is a cross sectional view of still another embodi 
ment of a probe for use in the system shown in FIG. 1, in 
which the conductor is positioned for placement between the 
electrode and biopotential Signal Source and the probe 
electronics are positioned outside the probe housing, 

FIG. 13 is a cross sectional view of yet another embodi 
ment of a probe for use in the system shown in FIG. 1 having 
a pair of conductors that are interposed between a pair of 
electrodes and in which the probe electronics are positioned 
inside the probe housing, and 

FIG. 14 is a cross sectional view of another embodiment 
of a probe for use in the system shown in FIG. 1 having a 
pair of conductors that are interposed between a pair of 
electrodes and in which the probe electronics are positioned 
outside the probe housing. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring initially to FIG. 1, a Sensor System for measur 
ing a biopotential Signal is shown and generally designated 
11. As shown in FIG. 1, the sensor system 11 includes a 
probe 12 that can be positioned adjacent to a biopotential 
Source, in this case a patient 14. Although a human patient 
14 is shown, it is to be appreciated that the Sensor System 11 
can be used to measure a biopotential Signal from healthy 
humans, animals or other bodies that generate a biopotential 
Signal. If desired, the probe 12 can receive the biopotential 
Signal through the clothing of the patient 14, as shown in 
FIG. 1. In one implementation, the probe 12 is attached to 
or formed as an integral part of a piece of clothing that can 
be worn against the skin. For a biopotential Signal having a 
frequency, f, the clothing material preferably has an electri 
cal resistivity, p, and dielectric constant, 6 wherein p <5/ 
(2 fe). For the embodiment shown in FIG. 1, the biopo 
tential Signal is measured relative to the potential of the 
patient 14, which is input into the Sensor System 11 via the 
body strap 16. 
A more detailed appreciation of an embodiment of a probe 

12 for use in the sensor system 11 can be had with reference 
to FIG. 2. As shown there, the probe 12 includes a probe 
housing 18 which holds an electrode 20. The electrode 20, 
which is typically made of a conductive metal, is provided 
to Sense a biopotential Signal from a biopotential Source, 
such as the patient 14 shown in FIG. 1. Because the 
electrode 20 Senses the potential in free Space, a portion of 
the electrode 20 is typically prepared without any coatings 
with a high dielectric constant (i.e. a relative dielectric 
constant, eEr, greater than 3). The electrode 20 defines an 
electrode center 21 that is typically positioned between 
Approximately 0.5 cm and approximately 10 m from the 
patient 14. 
AS shown in FIG. 2, an insulating coating 22 of a material 

such as Paralene can be applied to overlay the electrode 20 
to prevent stray DC electrical currents from inadvertently 
flowing into the sensor system 11 via the electrode 20. 

Continuing with FIG. 2, it can be seen that the probe 12 
includes a conductor 24 that is spaced from the electrode 20. 
As further shown, a material 26 having relatively low 
electrical conductivity and dielectric constant is interposed 
between the conductor 24 and electrode 20 to minimize the 
electrical coupling between the conductor 24 and electrode 
20. As detailed further below, the potential of the conductor 
24 can be controlled using feedback from the measured 
potential of the electrode 20. The potential of the conductor 
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24 can be controlled to optimize the measurement SNR of 
the sensor system 11 and to shield the electrode 20 from 
electromagnetic noise from environmental Sources and noise 
from the remainder of the Sensor System 11. In one imple 
mentation, the potential of the conductor 24 is held to be 
Substantially equal to the measured potential of the electrode 
20 to serve as a guard surface for the electrode 20. Alter 
natively, the conductor 24 can be held at another potential to 
optimize Some other aspect of the Sensor System 11. 
With continued reference to FIG. 2, it can be seen that the 

probe 12 also includes probe electronics 28. For the sensor 
System 11, the probe electronics 28 includes a high imped 
ance first Stage amplifier, and may include filtering and gain 
Stages, batteries to provide power, and components to trans 
mit the Signal over wired/wireleSS links or to Store the data 
for later output. For the probe 12 shown in FIG. 2, the probe 
electronicS 28 and electrode 20 are located on opposite sides 
of the conductor 24. The spacing between the conductor 24 
and probe electronics 28 is generally made as Small as 
possible in order to minimize the overall size of the probe 
12. The probe housing 18 can also function as an electro 
magnetic shield in addition to its function as a mechanical 
housing. AS Such, the probe housing 18 can be made of a 
conducting material Such as a metal, or if electromagnetic 
Shielding is not required, the probe housing 18 can be made 
of an insulating material. Alternatively, the probe housing 18 
can be made of a composite Structure having conducting and 
non-conducting materials. 

In use, as best appreciated by cross-referencing FIGS. 1 
and 2, the probe 12 can be held or mounted on the patient 
14 to position the electrode 20 directly against the patient 14, 
against the clothing of the patient 14 or at any desired 
distance from the patient 14 that allows an adequate SNR in 
an acceptable measurement time. For example, for measur 
ing a signal from the heart, the electrode 20 may be located 
up to a meter from the patient 14. Typically, the electrode 20 
is located within several centimeters (i.e. about three centi 
meters) of the surface of the patient 14. The electrode 20 
couples capacitively to the biopotential Source (i.e. patient 
14) and Serves as the element that introduces the Signal into 
the high impedance first Stage amplifier in the probe elec 
tronics 28 via a short connector 30. For the case where the 
electrode 20 is immersed in a uniform electric field, the 
electrical potential of the electrode 20 will be equal to the 
free Space potential at the geometric center of the electrode 
20 multiplied by the impedance dividing network formed by 
the self capacitance of the electrode 20 and the input 
impedance of the first Stage amplifier in the probe electron 
ics 28. 
The high impedance first Stage amplifier performs an 

impedance transformation function and Sends the resulting 
Signal to Second Stage electronics 32 via connector 34. AS 
shown in FIG. 1, the Second Stage electronicS 32 can be 
located remotely from the probe 12 and can provide func 
tions Such as additional amplification, filtering, analog to 
digital conversion, and wireleSS transmission of data. AS 
further shown, the probe electronics 28 are electrically 
connected to the conductor 24 via connector 36 allowing the 
potential of the conductor 24 to be controlled as described 
above. The Sensor System 11 may also include a capacitive 
or inductive interface (not shown) to provide stimulation 
Signals to the biopotential Source or related parts of the 
biopotential Source. Alternatively, this interface may be 
provided as a separate, Stand-alone System. 
FIG.3 shows another embodiment of a probe (designated 

probe 112) for use in the Sensor System 11 having an 
electrode 120, conductor 124 and probe electronics 128. The 
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probe electronics 128 are electrically connected to the 
conductor 124 allowing the potential of the conductor 124 to 
be controlled as described above. As shown, for the probe 
112, the conductor 124 is formed with extensions 38a,b 
which extend around the electrode 120. AS further shown, a 
material 126 having a relatively low electrical conductivity 
and dielectric constant is interposed between the conductor 
124 and electrode 120 to minimize the electrical coupling 
between the conductor 124 and electrode 120. 

FIG. 4 shows an embodiment of a probe (designated 
probe 212) for use in the Sensor System 11 having an 
electrode 220, conductor 224 and probe electronics 228. As 
shown, for the probe 212, the electrode 220 and conductor 
224 are parallel and contoured to follow the shape of the 
Surface of the region to be measured. If desired, the probe 
electronics 228 may also be contoured. AS further shown, a 
material 226 having relatively low electrical conductivity 
and dielectric constant is interposed between the conductor 
224 and electrode 220 to minimize the electrical coupling 
between the conductor 224 and electrode 220. For the probe 
212, the materials used to construct the electrode 220 and 
conductor 224 may be flexible, or rigid materials can be 
fabricated to the desired contour. 

The compact, three dimensional design of the probes 12, 
112, 212 minimizes probe Size allowing a number of prac 
tical advances, Such as allowing a high density of probes 12, 
112, 212 to be used. The small probe size also provides 
improved comfort for a wearable implementation. Further, 
the probes 12, 112, 212 can be positioned side by Side, as is 
the case for conventional skin contacting electrodes, or in 
any position relative to each other. 

FIG. 5 shows an embodiment of a probe (designated 
probe 312) for use in the sensor system 11 having electrodes 
320a and 320b, conductors 324a, 324b and 324c and probe 
electronics 328. As shown, the electrodes 320a and 320b are 
arranged to measure the electric potential at two different 
Stand-off distances from the biopotential Source. The poten 
tial of each electrode 320a, b can be measured independently 
using two separate channels of electronics and provided as 
Separate outputs, or the difference in potentials can be taken 
using a differential first Stage amplifier and only the differ 
ence outputted. In a further embodiment, both the individual 
potentials and the differential potential can be provided. In 
addition, the conductors 324a, 324b and 324c can be driven 
to pre-Selected potentials to maximize the measurement 
SNR or reduce sensor size. As further shown in FIG. 5, a 
material 326 having relatively low electrical conductivity 
and dielectric constant is interposed between the conductors 
324a-c and electrodes 320a, b to minimize the electrical 
coupling between the conductors 324a–C and electrodes 
320a, b. 

FIG. 6 shows an embodiment of a probe (designated 
probe 412) for use in the sensor system 11 that is electrically 
connected to a Secondary probe 512. AS shown, the probe 
412 includes a probe housing 418 and has an electrode 420, 
conductor 424 and probe electronics 428. Also shown, the 
secondary probe 512 includes a probe housing 518 and has 
an electrode 520 and conductor 524 that are electrically 
connected to the probe electronics 428 of the probe 412 
using a well shielded connector 40. The connector 40 may 
include a separate shielding layer that functions as a guard 
to minimize the capacitance to ground of the Signal part of 
the connector 40. Thus, the probe electronics 428 receive 
separate inputs from electrode 420 and electrode 520. The 
potential of each electrode 420, 520 can be measured 
independently using two Separate channels of electronics 
and provided as Separate outputs, or the difference in poten 
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tials can be taken using a differential first Stage amplifier and 
only the difference outputted. In a further embodiment, both 
the individual potentials and the differential potential can be 
provided. In addition, the conductors 424,524 can be driven 
to pre-Selected potentials to maximize the measurement 
SNR or reduce sensor size. Also shown in FIG. 6, a material 
426 having relatively low electrical conductivity and dielec 
tric constant is interposed between the conductor 424 and 
electrode 420 to minimize the electrical coupling between 
the conductor 424 and electrode 420. Similarly, a material 
526 having relatively low electrical conductivity and dielec 
tric constant is interposed between the conductor 524 and 
electrode 520 to minimize the electrical coupling between 
the conductor 524 and electrode 520. Although FIG. 6 shows 
only one Secondary probe 512 electrically connected to 
probe 412, it is to be appreciated by those skilled in the 
pertinent art that as many Secondary probes 512 as desired 
can be electrically connected to the probe electronics 428 of 
probe 412. 

FIG. 7 shows an embodiment of a high impedance first 
Stage amplifier (designated 42) for use in the probe elec 
tronics 28, 128, 228 of the probes 12, 112, 212 shown in 
FIGS. 2-4 to perform an impedance transformation from the 
electrode 20, 120,220 to the second stage electronics 32 (see 
FIG. 1). For the FIG. 7 embodiment, the high impedance 
first Stage amplifier 42 is a unity gain amplifier with the 
measurement made relative to circuit ground 44. CroSS 
referencing FIGS. 2 and 7, it can be seen that electrode 20 
is connected to the high impedance first stage amplifier 42 
via connector 30 and conductor 24 is connected to the high 
impedance first Stage amplifier 42 via connector 36. 

In greater detail, it can be seen that the high impedance 
first Stage amplifier 42 has an input port 46 and a guard 48 
of a type that is known to the skilled artisan. The guard 48 
provides a Voltage that can be used to minimize leakage of 
the Signal to the environment during passage to the input 
port 46 of the amplifier 42. Preferably, the input port 46 and 
the guard 48 will have substantially the same input potential. 

In accordance with the normal operation of the amplifier 
42, the amplifier 42 receives an input Signal, amplifies the 
input signal by a gain, G; and then provides the amplified 
input Signal as an output 50 to Second Stage electronics 32 
via connector 34 (See FIG. 1). However, the input signal is 
received from an electrode 20, 120, 220 having an ultrahigh 
impedance which can disrupt the normal operation of an 
amplifier 42. As is well known in the pertinent art, for the 
amplifier 42 to be operationally effective, the input imped 
ance of the amplifier 42 needs to be matched to the input 
impedance of the electrode 20, 120, 220. When an ultrahigh 
impedance is involved, however, the input bias current that 
is inherently generated by an amplifier 42 can cause a rapid 
saturation of the amplifier 42. The input potential at both the 
input port 46 and the guard 48 will be the same, and it will 
include both the input signal (an a.c. signal) and the input 
bias current of the amplifier 42 (essentially a d.c. signal). 
The Solution, then, is to Somehow remove the input bias 
current from the input potential at the input port 46. 

Still referring to FIG. 7, for one embodiment of the 
present invention, the amplifier 42 includes a guard line 52, 
which interconnects the guard 48 with an electronic device 
54. For the amplifier 42, the device 54 is preferably a 
capacitor having a capacitance. The device 54 may, how 
ever, be a filter. In either case, the purpose of the device 54 
is to isolate the input bias current (i.e. d.c. signal or very low 
frequency signal) and separate it from the input signal that 
is taken from the guard 48. Recall, the input potential at the 
guard 48, and at the input port 46, includes both the input 



US 6,961,601 B2 

Signal and the input bias current. The result is that the device 
54 creates a corrective signal which is essentially the a.c. 
input signal. Further, for this embodiment of the present 
invention, another electronic device 56 is interconnected 
between the device 54 and the connector 30 that is used to 
feed the input signal to the input port 46. The device 56 is 
preferably a diode of a type well known in the pertinent art. 
Specifically, the device 56 (diode) is connected so that the 
input potential at the input port 46 will interact with the 
corrective signal from the device 54 (i.e. the input signal). 
The diode of device 56 is connected to present a very high 
impedance to ground 44 at the input port 46. Conduction 
through device 56 (diode) occurs via the leakage current of 
the device 56. This leakage current may be very Small (e.g. 
a few pA). Alternatively the device 56 can be a resistor of 
value Sufficiently high to minimize conduction of the Signal 
away from the input port 46 due to imbalance in the 
potentials of the guard 48 and input line connector 30. The 
purpose here is for this interaction to block the input signal 
from passing through the device 56. On the other hand, the 
concerted operation of the devices 54 and 56 allows the 
input bias current in the input potential to pass through the 
device 56 and through a resistor 58 to ground 44. Conse 
quently, the input bias current is removed from the input 
potential at the input port 46. 

FIG. 8 shows another embodiment of a high impedance 
first stage amplifier (designated 60) for use in the probe 
electronics 28, 128, 228 of the probes 12, 112, 212 shown in 
FIGS. 2-4 to perform an impedance transformation from the 
electrode 20, 120,220 to the second stage electronics 32 (see 
FIG. 1). Amplifier 60 is similar to the amplifier 42 shown in 
FIG. 7 with the exception that the device 54 has been 
removed and the device 56 and resistor 58 have been 
combined as a pure resistive element 62. High impedance 
first stage amplifiers 42 and 60 can be used in probe 
electronics 28, 128, 228 of respective probes 12, 112,212 or 
two Such high impedance first Stage amplifiers 42 and 60 can 
be used in probe electronics 328, 428 of respective probes 
312, 412. 

FIG. 9 shows another embodiment of a high impedance 
first stage amplifier (designated 64) for use in the probe 
electronics 28, 128, 228, 328, 428 of respective probes 12, 
112, 212, 312, 412 shown in FIGS. 2-6 to perform an 
impedance transformation from the electrodes 20, 120, 220, 
320a, b, 420, 520 to the second stage electronics 32 (see FIG. 
1). As shown, a feedback circuit containing an amplifier 66 
and a capacitor 68 is used to implement a negative capaci 
tance function that eliminates or reduces the input capaci 
tance of the input amplifier 42, 60 which can be either the 
high impedance first stage amplifier 42 shown in FIG. 7 or 
the high impedance first stage amplifier 60 shown in FIG.8. 

FIG. 10 shows another embodiment of a high impedance 
first stage amplifier (designated 70) for use in the probe 
electronics 328, 428 of respective probes 312, 412 shown in 
FIGS. 5 and 6 to perform an impedance transformation from 
either electrodes 320a, b or electrodes 420,520 to the second 
stage electronics 32 (see FIG. 1). When used in probe 
electronics 328, the high impedance first stage amplifier 70 
measures the signal from electrode 320a relative to electrode 
320b without direct reference to a circuit ground and con 
trols the potential of conductors 324a-cas shown. Similarly, 
when used in probe electronics 428, the high impedance first 
stage amplifier 70 measures the signal from electrode 420 
relative to electrode 520 without direct reference to a circuit 
ground and controls the potential of conductor 424 and 
conductor 524, as shown. Also shown, the high impedance 
first stage amplifier 70 includes a differential amplifier 72 
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10 
and two amplifiers 42, 60, 64, each of which can be either 
the high impedance first stage amplifier 42 shown in FIG. 7, 
the high impedance first stage amplifier 60 shown in FIG. 8 
or the high impedance first stage amplifier 64 shown in FIG. 
9. For the Sensor System 11, the high impedance first Stage 
amplifiers 42, 60, 64 and 70 can be constructed from 
operational amplifiers, discrete transistors, or a pre-pack 
aged instrumentation amplifier. 

FIG. 11 shows an embodiment of a probe (designated 
probe 612) for use in the sensor system 11 that includes a 
probe housing 618 and has an electrode 620, conductor 624 
and probe electronics 628. FIG. 11 shows the probe housing 
618 positioned against a surface 74 which is typically a 
patient's skin or clothing. AS shown, for the probe 612, the 
conductor 624 is positioned for placement between the 
electrode 620 and the surface 74, and the probe electronics 
628 are positioned inside the probe housing 618 to interpose 
the conductor 624 between the electrode 620 and probe 
electronics 628. For the system 11, the conductor 624 can be 
driven to a pre-Selected potential to maximize the measure 
ment SNR or reduce sensor size. The probe 612 positions the 
electrode 620 at a distance from the Surface 74 and reduces 
artifact signals that would be caused if the electrode 620 was 
placed against the Surface 74 and held with preSSure. The 
mutual capacitance between the electrode 620 and Surface 
74 is reduced, and in Some cases eliminated by the conductor 
624, allowing the electrode 620 to sense only the free space 
potential. 

FIG. 12 shows an embodiment of a probe (designated 
probe 712) for use in the sensor system 11 that includes a 
probe housing 718 and has an electrode 720, conductor 724 
and probe electronics 728. The probe 712 shown in FIG. 12 
is somewhat similar to the probe 612 shown in FIG. 11 
except the probe electronics 728 are positioned outside the 
probe housing 718. 

FIG. 13 shows an embodiment of a probe (designated 
probe 812) for use in the sensor system 11 that includes a 
probe housing 818 and has electrodes 820a, b, conductors 
824a, b and probe electronics 828. As shown, for the probe 
812, the conductors 824a, b are interposed between elec 
trodes 820a, b and the probe electronics 828 are positioned 
outside the probe housing 818. For the system 11, the 
conductorS 824a,b can be driven to pre-Selected potentials to 
maximize the measurement SNR or reduce sensor size. The 
probe 812 distances the electrodes 820a, b from the surface 
874 and reduces artifact signals that would be caused if one 
of the electrodes 820a, b was placed against the surface 874 
and held with pressure. The mutual capacitance between the 
electrodes 820a, b and Surface 874 is reduced, and in Some 
cases eliminated by the conductor 824, allowing the elec 
trode 820 to sense only the free space potential. The probe 
electronics 828 receive separate inputs from electrode 820a 
and electrode 820b. The potential of each electrode 820a,b 
can be measured independently using two separate channels 
of electronics and provided as Separate outputs, or the 
difference in potentials can be taken using a differential first 
Stage amplifier and only the difference outputted. In a further 
embodiment, both the individual potentials and the differ 
ential potential can be provided. 

FIG. 14 shows an embodiment of a probe (designated 
probe 912) for use in the sensor system 11 that includes a 
probe housing 918 and has electrodes 920a, b, conductors 
924a, b and probe electronics 928. The probe 912 shown in 
FIG. 14 is somewhat similar to the probe 812 shown in FIG. 
13 except the probe electronics 928 are positioned between 
the conductors 924a,b in the probe housing 918. 
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While the particular Sensor System for measuring biopo 
tentials as herein shown and disclosed in detail is fully 
capable of obtaining the objects and providing the advan 
tages herein before Stated, it is to be understood that it is 
merely illustrative of the presently preferred embodiments 
of the invention and that no limitations are intended to the 
details of construction or design herein shown other than as 
described in the appended claims. 
What is claimed is: 
1. A System for measuring a biopotential Signal produced 

by a body in free Space, Said System comprising: 
an electrode made of a conducting material, Said electrode 

being positionable at a location adjacent the body to 
place Said electrode at a first potential, 

a conductor located at a fixed distance from Said elec 
trode, 

a means for generating a reference potential; and 
a high impedance amplifier connected to Said reference 

potential generating means, with Said amplifier having 
an input port electrically connected to Said electrode to 
compare Said first electrical potential of Said electrode 
with Said reference potential to generate a signal indica 
tive of the biopotential signal, and wherein Said con 
ductor is located to Shield Said electrode from electrical 
noise wherein Said conductor is interposed between 
Said electrode and Said amplifier to Shield Said electrode 
from electric Signals of Said amplifier. 

2. A System as recited in claim 1 further comprising a 
means for mounting Said electrode on the body. 

3. A System as recited in claim 1 wherein Said electrode 
is a first electrode and Said means for generating a reference 
potential comprises a second electrode and said system 
further comprises a means for coupling Said first electrode 
with said second electrode for movement therewith. 

4. A System as recited in claim 1 wherein Said electrode 
is a first electrode and Said means for generating a reference 
potential comprises a Second electrode that is placed in 
electrical contact with the body. 

5. A System as recited in claim 1 wherein Said means for 
generating a reference potential comprises a wire that is 
electrically connected to a local ground. 

6. A System as recited in claim 1 further comprising a 
means for placing Said conductor at a predetermined poten 
tial to shield Said electrode from electrical Signals of Said 
amplifier. 

7. A System as recited in claim 6 wherein Said predeter 
mined potential is Substantially equal to Said first electrical 
potential. 

8. A System as recited in claim 1 wherein Said high 
impedance amplifier comprises an instrumentation ampli 
fier. 

9. A System as recited in claim 1 wherein Said high 
impedance amplifier comprises an operational amplifier. 

10. A system as recited in claim 1 wherein said high 
impedance amplifier comprises at least one transistor. 

11. A System as recited in claim 1 wherein Said electrode 
is formed with a Surface and at least a portion of Said Surface 
is coated with a resistive coating to Shield Said electrode 
from Stray electrical currents. 

12. A System as recited in claim 1 wherein Said System 
further comprises a low-conductivity material interposed 
between said electrode and Said conductor to minimize 
electrical coupling between Said electrode and Said conduc 
tor. 

13. A System as recited in claim 1 wherein Said amplifier 
is positioned to interpose said electrode between Said body 
and Said amplifier. 
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14. A System as recited in claim 1 wherein Said electrode 

is attached to a material that can be worn against the skin. 
15. A system as recited in claim 14 wherein said biopo 

tential signal has a frequency, f, Said material has an elec 
trical resistivity, p, and dielectric constant, 6 and wherein 
p-5/(2tfe). 

16. A System for measuring a biopotential Signal produced 
by a body in free Space, Said System comprising: 

an electrode made of a conducting material, Said electrode 
being positionable at a location adjacent the body to 
place Said electrode at a first potential, 

a conductor located at a fixed distance from Said elec 
trode, 

a means for generating a reference potential; and 
a high impedance amplifier connected to Said reference 

potential generating means, with Said amplifier having 
an input port electrically connected to Said electrode to 
compare Said first electrical potential of Said electrode 
with Said reference potential to generate a signal indica 
tive of the biopotential signal, and wherein Said con 
ductor is located to Shield Said electrode from electrical 
noise wherein Said conductor is adapted to be inter 
posed between Said electrode and Said body. 

17. A System for measuring a biopotential Signal at a 
location adjacent to a patient, Said System comprising: 
means for generating a reference electrical potential; 
a probe having an electrode positionable at Said location 

to place Said electrode at a first electrical potential, a 
conductor Spaced from Said electrode, and a 
highimpedance amplifier positioned to interpose Said 
conductor between Said amplifier and Said electrode, 
Said amplifier electrically connected to Said generating 
means and Said electrode to compare Said first electrical 
potential to Said reference electrical potential and gen 
erate a signal that is indicative of the biopotential Signal 
in response thereto, and 

means for controlling the electrical potential of Said 
conductor to Shield Said electrode from electrical noise. 

18. A system as recited in claim 17 wherein said electrode 
is a first electrode and Said means for generating a reference 
electrical potential comprises a Second electrode that is 
incorporated in Said probe. 

19. A system as recited in claim 17 wherein said electrode 
is a first electrode and Said means for generating a reference 
electrical potential comprises a Second electrode that is 
placed in electrical contact with the patient. 

20. A method for measuring a biopotential Signal at a 
location adjacent to a patient, Said method comprising the 
Steps of 

providing an electrode made of a conductive material; 
maintaining a conductor Spaced at a fixed distance from 

Said electrode, 
controlling the electrical potential of Said conductor to 

shield Said electrode from electrical noise; 
coupling a high impedance amplifier to Said electrode for 

movement therewith; 
positioning Said electrode at Said location to place Said 

electrode at a first electrical potential; 
placing the conductor between the electrode and Said high 

impedance amplifier; 
generating a reference electrical potential; 
inputting Said first electrical potential and Said reference 

electrical potential into Said high impedance amplifier; 
and 

using Said high impedance amplifier to compare Said first 
electrical potential to Said reference electrical potential 
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and generate an output Signal that is indicative of the 
biopotential signal in response thereto. 

21. A method as recited in claim 20 wherein said electrode 
is positioned at Said location to interpose at least one article 
of clothing between Said electrode and Said patient. 

22. A method as recited in claim 20 wherein said electrode 
is a first electrode and Said Step of generating a reference 
electrical potential comprises the Step of coupling a Second 
electrode to said first electrode for movement therewith, said 
Second electrode being Spaced from Said first electrode to 
generate a Second electrical potential. 

23. A method as recited in claim 20 wherein said electrode 
is a first electrode and Said Step of generating a reference 
electrical potential comprises the Step of contacting the 
patient with a Second electrode to generate a Second elec 
trical potential. 

24. A method as recited in claim 20 wherein said steps of 
generating a reference electrical potential and inputting Said 
first electrical potential and Said reference electrical poten 
tial into Said high impedance amplifier comprises the Step of 
connecting Said high impedance amplifier to ground. 

25. A method as recited in claim 20 wherein said step of 
controlling the electrical potential of Said conductor to Shield 
Said electrode from electrical noise is accomplished using 
feedback generated by Said high impedance amplifier. 

26. A method as recited in claim 25 wherein said electrical 
potential of Said conductor is held Substantially equal to the 
electrical potential of Said electrode. 

27. A method as recited in claim 20 wherein said electrode 
defines an electrode center and Said positioning Step places 
Said electrode center between approximately 0.5 cm and 
approximately 10 m from said patient. 

28. A method as recited in claim 20 wherein said electrode 
defines an electrode center and is formed with a Surface and 
Said positioning Step places Said electrode center at Said 
location and places said Surface in contact with Said patient. 

29. A probe for measuring a biopotential signal produced 
by a body in free Space comprising: 

a first electrode made of a conducting material, the first 
electrode being adapted to be positioned adjacent the 
body to place the first electrode at a first potential; 

a first conductor Spaced from the first electrode, 
System electronics for reviewing input from the first 

electrode located near the first electrode and Separated 
from the first electrode by the first conductor; and 

a material having a relatively low electrical conductivity 
and dielectric constant interposed between the first 
conductor and the first electrode thus minimizing elec 
trical coupling between the first conductor and the first 
electrode. 

30. The probe as recited in claim 29 further comprising, 
in combination, a Second electrode made of a conducting 
material and a Second conductor Spaced from Said Second 
electrode, Said Second electrode being positionable, Separate 
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from Said first electrode, at a location adjacent the body to 
place the Second electrode at a Second potential whereby the 
System electronics receive input from the Second electrode. 

31. The probe as recited in claim 29 further comprising: 
a housing, wherein the first electrode is adapted to be located 
closer to the body than the first conductor and the system 
electronics are located outside the housing. 

32. The probe as recited in claim 29 further comprising: 
a Second electrode made of a conducting material Spaced 
from the first electrode, and a Second conductor Spaced from 
the first electrode, the Second conductor being located 
between the Second electrode and the first conductor 
whereby the System electronics receive input from the 
Second electrode. 

33. The probe as recited in claim 29, further comprising: 
a conducting housing establishing an environmental noise 
Shield, Said conducting housing enclosing the first electrode, 
the first conductor and the System electronics, while main 
taining exposure of a probe Side portion for measuring the 
biopotential signal. 

34. The probe as recited in claim 32 wherein the first 
electrode, the first conductor, the Second electrode and the 
Second conductor are arranged in a Stacked configuration. 

35. The probe as recited in claim 32 further comprising: 
a third conductor located at a fixed distance from the first 
electrode and being located between the System electronics 
and the Second electrode. 

36. The probe as recited in claim 32 wherein said system 
electronics are located a fixed distance from the first elec 
trode so as to be located farther away from the body than 
each of the first and Second conductors and the first and 
second electrodes. 

37. The probe as recited in claim 32 wherein said system 
electronics are located between the first and Second conduc 
torS. 

38. The probe as recited in claim 37 further comprising: 
a housing Surrounding the first and Second electrodes, first 
and Second conductors and the electronics. 

39. The probe as recited in claim 32 further comprising: 
a housing, wherein the System electronics are located out 
Side the housing, the Second electrode is located between the 
first electrode and the housing, and the first and Second 
conductors are located at fixed distances from the first 
electrode, between the first electrode and the Second elec 
trode and within the housing. 

40. The probe as recited in claim 32 wherein the system 
electronics are adapted to be located further away from the 
body than each of the first electrode and the first conductor, 
the Second electrode is adapted to be located further away 
from the body than the System electronics, and the Second 
conductor is located between the System electronics and the 
Second electrode. 
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