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OUTPUT CIRCU T Technical Field The present invention relate éTe? \yf;o
electrical 5 stimulators for biological tissue and nore parficu 1"yt
inear current output circuit for electydcal stinulators of biol ogical L
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use for electrical stimulators,efeifi Sy bbb EfREPLENUt aneous LN
el ectrical nerve stinulation ( ly controlled
el ectrical stimnulus S|gnals which are delivered via a suitable electrode -

.t hrough 15 a patients' skin to underlying biological tissue. The :

‘el ectrical stipulis;signdleggcan be utilized for the purpose of masking pain
signal s mnthin—f%e—nervous—sy stem for exanple, the sensation of pain felt .
by a patient after surgery. Because of a patient's response to
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of muscul ar acéf mfoyicadr eiad¥akel able, again a wide variety of electrical
stinmulus signals can be provided. Recently, electrical stinulators for

bi ol ogi cal tissue have utilized digital electronics. An exanple of such a

digital electrBaokgmundiAsttor internally generates 30 or provides a digital
out put word or a series of digital output mnrds indicative of an electrical

stinulus signal to be geperated. e el ectri,cal stigulator
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- the bi0|09ica|0ﬁés§$§hﬂficant 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.
L/} 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 stinulator nust
convert the digital output word, or series of digital output words,- to an
anal og el ectrical stinulus signal. Thus, such a digital elec- trical °
stimul ator nust ‘provi de an out put stage in which the digital, 5 output <word,
ries of dl g| taI out put words, -is conve¥éted to an anal og el ectrical
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conpensation circuit neans operatively coupled between said inverting input
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The e]ectricél stimulator of biological tissue has a need for a
high degree of acturacy'and Tinearity 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. R

The present invention provides a linear current output c1rcu1t_

for a biological tissue stimulator, the circuit rece1v1ng a digital L_/

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 1inverting input being operatively coupled to said digital-to-analog
converter, compensation circuit means operatively coupled between said
inverting .input and said Qutput 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



‘ensuri-ng the high-frequency stability of said operational amplifier,
transi stor network. means operatively coupled to said output of said
operatlonal anplifier and adapted to be coupled to said |oad for pr
viding current anplification to said output of said operational a
ref egence resistor neans.operatively cougted to said transi stor
for having a voltage across said referente resistor neans which is
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output. 20 Detailed Description Figure 1 illustrates a preferred enbodi nent
of an electrical 3he Molragaminglédvafibegesl,econstrattion and operat1on of the

sti mul ator ------------------- -4- 0 C 9 Sor
ba\s§d controlp'&??”‘ ‘""\‘R}AF‘ ] 81e];1]-e;bgf°e"§e gogeerrleégﬂﬁ'f gél gi taf%téu f8ﬁa S 14
The digital 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 Fiqure 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-------- mmmmemmeem— -



output word 14 is to be converted by the linear current output circuit 16
to an anal og el ectrical stinulus signal 5 to be provided to two or nore
el ectrodes 18 (hereinafter sinply "electrode") which in turnis adapted t.o
y ed to biological tissue to prﬁﬂrde a load for the |inear current
ouf put ¢(txcuit 16 and the electrical - stinmulator 10. The digital output wgrd
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Erlcal 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 bn 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 referenée 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



The secondary wi ndi ng-50 of transfornmer 38 is coupled to -5- el ectrede
18 to provide the eutput fromthe |inear cur output circuit 16. An |,
alternatlve schematic representation of_gan electrical stinulator 10/ of
present i nvention is 5 illustrated in igure 2. Again, a mcropr or
12 isyutilized to provide a digital output word 14, or a series of
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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 portiqn 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
iv) 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 matchés the maximum output voltage of the
digital-to-analeg 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



Potentioneters 64 and 70 act as anplitude controls for the respective
out put channels of digital-to-analog converter 56. Resistor pair 62 ,and
potentioneter 64 act as a voltage 35 di vi der whi ch mat ches the nmaxi num "
.out put voltage of the digital-to-anal 06 converter 56 to t he maxi num vol-tage
oesired across reference resistor 40. Current anplifier 66 is simlar te
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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 6perationa1 amplifier 84 is supplied via resistor 92 >
to transistors.28, 30, 32 and 34 which operate as in Figure
1 on the primafy 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 fo‘a load

impedance 107.



25 worst case offset” for operational anplifier 84. Qutput of operati
anplifier 84 is supplied via resistor 92 to transistors 28, 30, 32 an
whi ch-operate as in Figure 1 on the prinary wi ndi ng 36 of transforne
Again.as in Figure 1, transistors 44 and 46 enable transistor pairs 80
and 38=~and 32 and 34 dependlng upon the state of the sign portion 22\of
digital output word 14. Di odes 94, 96 and 98 connected to electrical po
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w th the 1nvert1ng 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 operationai amplifier 84. In this circuit, resistors

20 110 and 112 should be selected such that:

1+ Resistor 110)' .(Resistor 118 ) =
Resistor 112 Resistor 116 + Resistor 118
Resistor 64
Resistor 62 + Resistor 64

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 éign selection transistors

44 and 46 and one-half of the primary winding 36 of transformer
38.



a long physical path between the digital-to-anal og converter 56 and the
110 and 112
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r ansf or mer 'ﬁ?e'ﬁré%'gg%d?%s Bgﬁcgnqoqprmormndw@%tilﬁggdomBFl%lHﬁsr
ucted 5

1S C

can be driv _into '
supply vol t:ge o afe 1seastified unl ti5e q(;ll'gﬁ%%f %rﬁzr 38
so that the secondary current faithfully tracks tRe®pfimary current for

wave forms gfregurati gns less than 350 m cr oseconds. The preferred val ues
E'I’Trs—uh—%-t—z-gd' i v Iype Hoaremspgeadigl,ln the follow ng
No. WNanufacturer 12

-

and conponeTts '
table I: Feference NOéM 2Value o Ty287528 iﬂalo Devi ces 26
oA 3z Pyecare w1520, o, et
2N3906 o Nat i OW15285 SRt naleg pebhERR” -
Feranti 34 26 - 2N390@a3240a '\l""tla'c?!xmjﬁ
28 ZTXGSO ' Feranti
30 - 2N3906 National
15 32 2TX650 Feranti
34 2N3906 _ National
38 Zr;gfgzssecondary Precision
o _ :: 0.24 Kilohms
- 2N3906 National
46 2N3906 National
48 - |
56
2 o :?:SifIOhms Analog Devices o
5 : 60 | |
e | fg3;:fzgis Nationél Semiconductor S~J
64 10 Kilohms
68 12 Kilobms
70 10 Kilohms
30 74 2N2222 ' Moto. 1 |
76 100 Kilohms o
78 51 Kilohms
80 7.5 Kilohmsg
82 7.5 Kilohms
35 84 _ CA3240a RCA
86 100 Picofarads

88 100 Kilohms



38 : . Primary: Secondary Precision = 32:640 40 0.24

Ki | ohns 20 44 2N3906 , Nat i onal 46
2N3906 Nat i onal 48 56 -9-  AD7528 _ Anal og -
Devi ces 58 4.7 Ki'lohnms 25 60 LMB36Z2. 5 .
hbtlénal Senlcqnductor 62 12 Ki |l ohns 64 10 Ki | ohns 6é
12 Kil ohns 70 90 10 Ki LéAneh8s 74 2N2222 ‘
Mot orol a 76 100 Kil ghgs 51 Kil ohns 80 7.5
Ki | ohms 82 7.5 K.lo% ééﬁms 84 CA3240A
RCA 86 196 Pi cof ar ad¥4348 100 Motemeda -9- 90
100 Ohns 92 96 1 Kilohyrs94s 1N41ﬁ§torola ' Mot orol a 96
1N4148 Mot orol a_5 98 1N4148
Mot or ol a 202 98 500 Ohm} 4848 2.7 kMP&RFS1e06 0.1
- Mcrofarads 108 102 LM358500 Ohms Nat i onal Sem conductor 10
110 112 104 ' 2.7 Kilohms
106 0.1 Microfarads
108 LM358 National Semiconductor
10 110
112
| 114
o/ 116

118



114 116 118 10 CLAIMS 1. A linear current out circuit for a
bi ol ogi cal tissue stimulator, the circuit receiving a digital ou .word

g~bei ng operabl e so as to drive said biologicgu ' | oad for
hi d{C\rcuit, conprising: 5 ali nlgé\r digit muﬂmﬁﬁlﬂmg Eﬂerter\«&pr
i n oupl ed id A

recei g said output word; an operadtio anplifiér € d

di gi t o-anal og converter, said opeg IngnaI anplifier having a ' ,
noQ- itnverting input, an inverting in an output, said invertrng input
10

Rei g openrat i yal; | L Qistkaksd Q- | r, _
conpensatign]éir%ﬁﬂ%eﬁggﬁgﬁggéggﬁﬁggfsh%gﬁphgggbetmé@%cgg?§§$%§erting I nput

- and sai d out séimgrater; dhepetraul sneaceaming pi digital utput iwerdt and being

hi gh- f requengpesdbalei | idoy adf tes dirfiveopal athienagi Tptidsueras the load for

transi stor. netmgrk ne%§§ oper.atively coupled to said output of said
operational afpFiFIrEFT LenGOBYESRE t o be coupled to said | oad for providing
current anplificata dindar dégitadutqgranaddg sanverdper fdr eacdivdnylsafider ;
reference reahgﬁqgv’ qNs operatively coupled. to said 20 transi stor network
for having a“voltage across said reference resistor means which is '
representative of anhepenatienal peplifisnpupted tte saidi di glalf toransiogl

transistor nebNtePEaNSd GPttat PoiNaGK AT Br TATISg GORBH-SRvEPL R d Teference
resistor neans and to, said, non-inverting input of. said operati onal

i | . )
anplifier forhPtssappinyvertingiipPyboapdT Uty 8314 TP¥EIBECHIRUES] st or
means to BRi debpeiopérariablprpuplédto aidAdi giadrtoanadey contettergi rcuit as

0 Claim 1 whi ch (4LIRHeROTE 28 GLARCbogH Vel "TEBMTe PBELALN Eh cOUP! o

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 opera;ive1y 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 meéns; 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 Tinear 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 digita]-to-éna]og converter which
supplies a precision voltage to said digital-to-analog converter.



anplifier for conpensating for any input vol said 30
operational anplificer. 3. Alinear current output circuit according to
Caim1l or aim2 further conprising a prec!} ﬁumwﬂnﬂ erence source °
_ opera,t—lvel y coupled to said digital-to-analo mm’ supplies a-
precigion voltage to said digital-to-aal og convert'er. ™ s 4* A |inear
current output ‘circuit according to any of Cainms 1-3 wherein said

transi stor “eﬁV‘DW]chﬁ%n% &iﬂij@'ta&r‘éuwlﬂccbpdﬁ\g € 199 T1afid HOgar

current output circuit t ransi st or petwork
means conpri sE2erRiB43314 ?rqqsacgq t"SF‘%aA@oW'EdﬁP?\ % §P1°]|5’L'fl puthutatyenent s,
center tappedsaidnséds mer adapted to be coupled to said | oad, wherein sai
pair of transistors are coupled to said center-tapped transformer. 6. A
bi ol ogi cal ti5sué 3inenar avorentiamitpyt aci roui puats & r@eim 4 ehecxior siatdy to any
of Gaims b StplHlik B hBRkd maaﬂ“geela.ﬁnngeylaﬂ' 39r el faris3s 1! Bihp e d

t her et o, the st nmul at or rther nprising e ec rode neans a ['i cation
t o bi ol ogi cal 10 iP#shePUiHi ehrqngewqge %tqeﬁMéttéﬁp%drMﬁf@W"‘%'éNéBt a | oad

to said biol ogh Cb%' céupﬂ%uetétslaﬁrulwaar -whk¥eTn sé"i'dcﬁhtﬂ?uéf Qrkfdistopsibigkantial Iy
as described her reference to the nEanyl ng draw ngs. 8. A

bi ol ogi cal ti§% Bt?%@é‘?oﬁe"tﬁﬁ&r’aﬂ%%tﬁrﬁ@s ™0t put circuit as clained in

Gaim7. 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 bio]dgical tissue stimulator incorporating an output circuit
as claimed in Claim 7.




