
-1- ELECTRICAL STIMULATOR FOR BIOLOGICAL TISSUE UTILIZING LINEAR CURRENT
OUTPUT CIRCUIT Technical Field The present invention relates generally to
electrical 5 stimulators for biological tissue and more particularly to a
linear current output circuit for electrical stimulators of biological
tissue. Background Art Electrical stimulators providing an electrical 10
stimulus signal are useful for exciting biological tissue. One significant
use for electrical stimulators of this type is for transcutaneous
electrical nerve stimulation (TENS) which generate carefully controlled
electrical stimulus signals which are delivered via a suitable electrode
through 15   a patients' skin to underlying biological tissue. The
electrical stimulus signals can be utilized for the purpose of masking pain
signals within the nervous system, for example, the sensation of pain felt
by a patient after surgery. Because of a patient's response to
transcutaneous 20 electrical nerve stimulation may vary significantly, a
wide range of electrical stimulus parameters must be provided. A second use
of electrical stimulators is for neuromuscular stimulation (NMS) in order
to initiate or control muscular action in a patient. Since a wide variety
of muscular actions 25   are available, again a wide variety of electrical
stimulus signals can be provided. Recently, electrical stimulators for
biological tissue have utilized digital electronics. An example of such a
digital electrical stimulator internally generates 30 or provides a digital
output word or a series of digital output words indicative of an electrical
stimulus signal to be generated. However, while the electrical stimulator
generates digital output words indicitive of the electrical stimulus signal
to be generated, the actual electrical 35 stimulus signal to be output to
the biological tissue is 



2. analog in nature. Therefore, such a digital electrical stimulator must
convert the digital output word, or series of digital output words, to an
analog electrical stimulus signal.  Thus, such a digital elec- trical
stimulator must provide an output stage in which the digital 5 output word,
or series of digital output words, is converted to an analog electrical
signal. While the accuracy of the digital output words can be controlled
closely and depends upon the number of bits or digits utilized to represent
such digital output word, such accuracy is lost if that 10 accuracy cannot
be maintained during the conversion process from the digital output word to
the analog electrical stimulus signal. This need is contrasted to most
digital-to-analog output stages, or circuits, which are concerned with
achieving only the highest efficiency possible or in maintaining a constant
current output 15 without concern for linearity. Disclosure of Invention
The electrical stimulator of biological tissue has a need for a high degree
of accuracy and linearity of transformation from the digital output word,
or series of digital output words, to an analog 20 electrical stimulus
signal. This output circuit for the electrical stimulator must replicate
the desired electrical stimulus waveform with a high degree of accuracy.
The present invention provides a linear current output circuit for a
biological tissue stimulator, the circuit receiving a digital 25 output
word and being operable so as to drive said biological tissue as the load
for said circuit comprising a linear digital-to-analog converter for
receiving said output word, an operational amplifier coupled to said
digital-to-analog converter, said operational amplifier having a
non-inverting input, an inverting input and an output, said 30 inverting
input being operatively coupled to said digital-to-analog converter,
compensation circuit means operatively coupled between said inverting input
and said output of said operational amplifier for 



ensuring the high-frequency stability of said operational amplifier,
transistor network means operatively coupled to said output of said 35
operational amplifier and adapted to be coupled to said load for pro-
viding current amplification to said output of said operational amplifier,
reference resistor means operatively coupled to said    transistor network
for having a voltage across said reference resistor means which is
representative of the current being supplied to said load from said
transistor network means, and feedback path means coupled to said reference
resistor means 5 and to said non-inverting input of said operational
amplifier for supplying said voltage across said reference resistor means
to said operational amplifier. Brief Description of Drawings The foregoing
advantages, construction and operation of the 10 present invention will
become more readily apparant from the follow- ing description and
accompanying drawings in which: Figure 1 is a schematic diagram of a
preferred embodiment of the present invention; Figure 2 is a schematic
diagram of an alternative preferred 15 embodiment of the present invention;
Figure 3 is an alternative schematic diagram of the amplitude control
portion of the schematic diagram of Figure 2; and Figure 4 is a schematic
diagram of an alternative preferred embodiment for providing unipolar
output. 20 Detailed Description Figure 1 illustrates a preferred embodiment
of an electrical stimulator 10. The electrical
stimulator--------------------------    -4- 10 contains a microprocessor 12
based control portion which generates a series of digital output words 14.
The digital 



output word 14 is to be converted by the linear current output circuit 16
to an analog electrical stimulus signal 5   to be provided to two or more
electrodes 18 (hereinafter simply "electrode") which in turn is adapted to
be coupled to biological tissue to provide a load for the linear current
output circuit 16 and the electrical stimulator 10. The digital output word
14 is provided to the 10   linear current output circuit 16 by a magnitude
portion 20 and a sign portion 22. In a preferred embodiment, digital output
word 14 consists of N + 2 bits. Magnitude portion 20 then consists of N + 1
bits, namely bits 0 through N and the sign portion 22 consists of the bit N
+ 1. 15              Magnitude portion 20 of digital output word 14 is
supplied to the data inputs of digital-to-analog converter 24.
Digital-to-analog converter 24 is also connected to a power supply and to
electrical ground. The output of digital-to-analog converter 24 is coupled
to the inverting 20   input of operational amplifier 26. The output of
operational amplifier 26 is used to control two current amplifiers
consisting of a first set of transistors 28 and 30 and a second set of
transistors 32 and 34. Each set of transistors (namely, transistors 28 and
30 and transistors 32 and 34) 25   act on one-half of the primary winding
36 of transformer 38 providing a push-pull configuration. The center tap of
primary winding 36 is connected to an electrical supply. Reference resistor
40 provides a reference voltage indicative of the current flowing through
the primary winding 36 of 30   transformer 38. The voltage across reference
resistor 40 is fed back to the non-inverting input 42 of operational
amplifier 26. The current amplifiers, consisting of transistors 28 and 30
and transistors 32 and 34, are enabled/disabled via transistors 44 and 46
utilizing the sign portion 22 35   of the digital output word 14.
Transistor 44 is coupled directly to the sign portion 22 of digital output
word 14 while transistor 46 is coupled indirectly to the sign portion 22 of
digital output word 14 through inverter 48. 



The secondary winding 50 of transformer 38 is coupled to    -5- electrode
18 to provide the output from the linear cur output circuit 16. An
alternative schematic representation of an electrical stimulator 10 of the
present invention is 5   illustrated in Figure 2. Again, a microprocessor
12 is utilized to provide a digital output word 14, or a series of digital
output words 14, to be converted by a linear current output circuit 16
which, in this case, consists of two separate channels. Again, digital
output word 14 10   is separated into a magnitude portion 20 and a sign
portion 22. In addition, a digital output word 14 contains a channel select
line 52 and a data control line 54. Magnitude portion 20, channel select
line 52 and data control line 54 are coupled to digital-to-analog converter
56. Channel select 15   line 52 is utilized to switch between two different
output stages contained within digital-to-analog converter 56. Data control
line 54 is provided to enable a latching of the magnitude portion 20 of the
digital output word 14 into the digital-to-analog converter 56 associated
with 20   each channel or stage. A separate latch within the
digital-to-analog converter 56 is provided for each of the two output
stages. Digital-to-analog converter 56, in addition to being coupled to a
power supply and an electrical ground, is coupled to
temperature-compensated 25   voltage reference 60. Voltage reference 60 is
also coupled to an electrical ground and to an electrical supply through
resistor 58. The output of one stage of the digital-to-analog converter 56
is coupled through resistor 62 and potentiometer 64 to a current amplifier
66. Similarly, the other stage 30   of digital-to-analog converter 56 is
coupled through a resistor 68 and potentiometer 70 to current amplifier 72.



Potentiometers 64 and 70 act as amplitude controls for the respective
output channels of digital-to-analog converter 56. Resistor pair 62 and
potentiometer 64 act as a voltage 35   divider which matches the maximum
output voltage of the digital-to-analog converter 56 to the maximum voltage
desired across reference resistor 40. Current amplifier 66 is similar to
the current amplifier illustrated in Figure 1 but has been expanded    -6-
upon for more detail. Current amplifier 66 is exemplary of current
amplifier 72 which is not illustrated in detail. The sign portion 22 of
digital output word 14 is complemented by an inverter consisting of
transistor 74 and resistors 5   76 and 78. Resistor 76 acts as a pull up
resistor resistor 78 limits the base current of transistor 74. Note that
the inverter consisting of transistor 74 and resistor 76 and 78 are shared
by multiple output stages, in this case as exemplified by current
amplifiers 66 and 72. Resistors 10   80 and 82 limit the base drive to
current amplifiers 66 and 72. The output of potentiometer 64 is supplied to
the inverting input of operational amplifier 84. Preferably operational
amplifier 84 is a high-gain operational amplifier. 15   Still preferably,
operational amplifier 84 has a high slew rate and its output stage does not
become deeply saturated for output voltages near ground or near power
supply potential. Capacitor 86 augments the internal frequency compensation
of operational amplifier 84. Voltage offsets at the 20   non-inverting
input of operational amplifier 84 can be nulled by voltage divider
consisting of resistors 88, 90 and reference resistor 40. The value of
resistor 88 can be adjusted, for example by a potentiometer or by trimming,
or it may be left at a constant value which reflects the 



25   worst case offset for operational amplifier 84. Output of operational
amplifier 84 is supplied via resistor 92 to transistors 28, 30, 32 and 34
which operate as in Figure 1 on the primary winding 36 of transformer 38.
Again as in Figure 1, transistors 44 and 46 enable transistor pairs 30   28
and 30 and 32 and 34 depending upon the state of the sign portion 22 of
digital output word 14. Diodes 94, 96 and 98 connected to electrical power
supply ensure that the output of operational amplifier 84 can swing high
enough to cut off transistors 30 and 34. Secondary winding 50 35   of
transformer 38 is coupled to electrode 18 and to an exemplary load 100
which is schematically represented by resistance 102, resistance 104 and
capacitor 106. Similarly, the output of current amplifier 72 is provided to
a load impedance 107.    -7- The path from transistor pairs 28 and 30 and
32 and 34 to reference resistor 40 and through resistor 90 to the
non-inverting input of operational amplifier 84 provides a negative
feedback path for the current of 5 being applied to the primary winding 36
of transformer 38. An alternative connection between digital-to-analog
converter 56 an operational amplifier 84 is illustrated in Figure 3. An
operational amplifier 108 has its non-inverting 10   input connected to the
output of digital-to-analog converter 56. Operational amplifier 108 is
biased with resistors 110 and 112. Potentiometer 114 and resistors 116 and
118 provide an amplitude control for the signal coupled to the inverting
input of operational amplifier 84. The 15   alternative connection
illustrated in Figure 3 may be used advantageously where higher signal
levels are required, for example, to overcome noise problems associated
with 



a long physical path between the digital-to-analog converter 56 and the
operational amplifier 84. In this circuit, resistors 20   110 and 112
should be selected such that: [ERR] 25   and such that resistors 116 and
118 be much larger than the value of potentiometer 114. Figure 4 represents
a schematic diagram of an alternative embodiment of the present invention.
The circuit illustrated in Figure 4 is identical to the circuit illustrated
30  in Figure 2 with the exception that a unipolar output stage has been
constructed utilizing a unipolar current amplifier 66. Also, digital output
word 14 need not have a sign portion 22. Current amplifier 66 in Figure 4
is very similar to current amplifier 66 in Figure 2 but with the
elimination 35  of transistor set 32 and 34 sign selection transistors 44
and 46 and one-half of the primary winding 36 of transformer 38.
Transformer 38 is selected so that a current of at least 100 milliamperes
can be driven into load impedence 100 of at least 500 ohms assuming a power
supply voltage of at least 4.5 volts DC. Transformer 38 is constructed 5
so that the secondary current faithfully tracks the primary current for
wave forms of durations less than 350 microseconds. The preferred values
and components utilized in Figures 1 - 4 are specified in the following
table I: Reference No.   Value or Type No.  Manufacturer 10        12
Myocare Plus         3M 24          AD7528               Analog Devices 26
CA3240A              RCA 28          ZTX650               Feranti 30
2N3906               National 15        32          ZTX650
Feranti 34          2N3906               National 



38          Primary: Secondary  Precision = 32:640 40          0.24
Kilohms 20        44          2N3906               National 46
2N3906               National 48 56          AD7528               Analog
Devices 58          4.7 Kilohms 25        60          LM336Z2.5
National Semiconductor 62          12 Kilohms 64          10 Kilohms 68
12 Kilohms 70          10 Kilohms 30        74          2N2222
Motorola 76          100 Kilohms 78          51 Kilohms 80          7.5
Kilohms 82          7.5 Kilohms 35        84          CA3240A
RCA 86          100 Picofarads 88          100 Kilohms    -9- 90
100 Ohms 92          1 Kilohms 94          1N4148              Motorola 96
1N4148              Motorola 5       98          1N4148
Motorola 102         500 Ohms 104         2.7 Kilohms 106         0.1
Microfarads 108        LM358                National Semiconductor 10
110 112 



114 116 118    10 CLAIMS 1.  A linear current output circuit for a
biological tissue stimulator, the circuit receiving a digital output word
and being operable   so as to drive said biological tissue as the load for
said circuit, comprising: 5        a linear digital-to-analog converter for
receiving said output word; an operational amplifier coupled to said
digital-to-analog converter, said operational amplifier having a
non-inverting input, an inverting input and an output, said inverting input
10 being operatively coupled to said digital-to-analog converter;
compensation circuit means operatively coupled between said inverting input
and said output of said operational amplifier for ensuring the
high-frequency stability of said operational amplifier; 15
transistor network means operatively coupled to said output of said
operational amplifier and adapted to be coupled to said load for providing
current amplification to said output of said operational amplifier;
reference resistor means operatively coupled to said 20 transistor network
for having a voltage across said reference resistor means which is
representative of the current being supplied to said load from said
transistor network means; and feedback path means coupled to said reference
resistor means and to said non-inverting input of said operational
amplifier for 25 supplying said voltage across said reference resistor
means to said operational amplifier. 2. A linear current output circuit as
in Claim 1 which further comprises offset circuit means operatively coupled
to said operational 



amplifier for compensating for any input voltage offset of said 30
operational amplifier. 3. A linear current output circuit according to
Claim 1 or Claim 2 further comprising a precision voltage reference source
operatively coupled to said digital-to-analog converter which supplies a
precision voltage to said digital-to-analog converter.    4.  A linear
current output circuit according to any of Claims 1-3 wherein said
transistor network means has a bipolar output to said load. 5. A linear
current output circuit as in Claim 4 wherein said 5 transistor network
means comprises a pair of transistors coupled in push-pull arrangements, a
center tapped transformer adapted to be coupled to said load, wherein said
pair of transistors are coupled to said center-tapped transformer. 6. A
biological tissue stimulator having an output circuit 10 according to any
of Claims 1-5 and incorporating means providing a digital output word
thereto, the stimulator further comprising electrode means for application
to biological tissue which is to be stimulated and which serves as a load
to said biological tissue stimulator. 15 7. An output circuit substantially
as described herein with reference to the accompanying drawings. 8. A
biological tissue stimulator incorporating an output circuit as claimed in
Claim 7.    


