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CURRENT SENSING MULTIPLE OUTPUT CURRENT STIMULATORS WITH FAST TURN ON TIME 

This application claims the benefit of U.S. Provisional Application No.  

61/788,871, filed on March 15, 2013. The subject matter of the aforementioned 

application is hereby incorporated by reference herein in its entirety.  

Field of the Invention 

The present invention relates to a current mirror circuit capable of a broad range 

of uses requiring controlled delivery of electrical current and finding particular utility in 

functional electrical stimulation (FES) applications.  

Background of the Invention 

Typically in FES applications, current stimulators are used for providing 

programmable current pulses directed through an electrode to stimulate targeted 

neuromuscular tissue. The amplitude and duration of the current pulses delivered 

through the electrode are usually programmed through a digital to analog converter 

(DAC). The current output from the DAC is normally amplified to the desired output 

current amplitude at the current stimulator. The current amplification is typically 

accomplished using a current mirror circuit and in particular for MOSFET devices, the 

current gain is achieved by controlling the device semiconductor die width (W) to length 

(L) ratio (W/L) of the input side and output side transistors of a current mirror. For 

example, in the prior art current mirror circuit of Fig. 1, the W/L ratios of the input side 

transistor M1 and the output side transistor M2 determine the overall current gain.  

Errors regarding the amplitudes of the current delivered arise mainly due to the 

finite output impedance of the stimulator and any mismatch errors between the input 

side transistor M1 and the output side transistor M2. One technique to compensate for 

the effects of the output impedance of the stimulator is to configure the circuit of Fig. 1 

to include transistors MC1 and MC2 in a cascode arrangement in order to increase the 

output impedance of the stimulator. Typically, to compensate for the mismatch in the 
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input side and output side transistors, the W's and/or L's of the transistors are usually 

increased. The negative effect however of increasing the device W and L is a marked 

slow down of the response time of stimulator between turn on to turn off and vice versa 

by virtue of increased transistor capacitances. This slow down is particularly realized 

when the stimulator current is programmed for low current amplitudes.  

In advanced applications it is contemplated that stimulator output current is to be 

individually and independently programmed through a plurality of electrodes rather than 

through just a single electrode. For a candidate circuit as is shown in Fig. 2A, it is 

contemplated that the cascode transistor may be split into a number of cascode 

transistors, that is transistors MC(2) to MC(n), supplying output current to respective 

"loads" and that the overall output current equals the input DAC current times a current 

gain K. The number of outputs OUT(2) to OUT(n) delivering output current is 

controllable by switching the gates of the individual cascode transistors to voltage 

source VBP for turning on a particular transistor and to VS for turning off the particular 

transistor. In such cases it is likely that individual output currents as well as the overall 

sum of individual output currents, will vary as a function of different electrode/tissue 

impedances and the voltages at each of the outputs.  

As shown in Fig. 2B, one technique to reduce these variations is to use 

differential amplifiers or operational amplifiers (op amps) in an attempt to regulate 

stimulator operation. In such case, one input to the op amp 20 designated as A is the 

common interconnection of the drains of the cascode transistors MC(2) to MC(n) while 

another input to the op amp 20 designated as B is a predetermined reference voltage.  

In operation, the regulated design of Fig. 2B strives to maintain the voltage at input A 

equal to the voltage at input B for a constant current ID2 flowing through transistor M2 

independent of the number of outputs being turned on or off. However this approach 

could be compromised due to the different loading capacitances and loads coupled to 

op amp 20 when a different number of electrodes are programmed for 

current/stimulation delivery. Additionally, long turn on and turn off times are expected 

especially when relatively small currents are programmed and a large number of 

electrodes are activated. The situation is compounded especially when using high 
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voltage transistors for the cascode transistors to accommodate high voltages at the outputs. The 

high voltage transistors usually have high threshold voltages and it normally requires a long time 

to charge up to the threshold voltage before the transistors turn on. In some instances, what is 

needed may be a circuit design to improve the output current accuracy for multiple electrode 

applications without the requirements of continual calibration and a design with less transistor 

die area. In establishing a current gain K, it may be desirable in at least some instances to avoid 

dependence on transistor die size to establish the gain and on a more reliable parameter such as 

resistors.  

Furthermore, a design may be helpful in some instances to ensure fast turn on time under 

different output current levels including small output current delivery conditions especially with 

a multiplicity of programmable stimulating electrodes that are capable of outputting large current 

levels. However, in many stimulator designs, the turn on times for delivering small output 

current levels are usually very long. This is mainly due to the fact that only small currents are 

available to flow through the transistors for small output current levels to charge the parasitic 

capacitances of the transistors, especially the gate-to-source capacitances. The turn on times are 

even longer, especially for high voltage stimulators that can be programmed to have large current 

outputs. For these high voltage stimulators, very large high voltage transistors are required for 

the required large output current levels due to the relatively low gain of 

these transistors. Also, due to the relatively high threshold voltages associated with these high 

voltage transistors, it will take longer time to have the small current outputs charging up the gate

to-source voltages to higher than the threshold voltages in order to turn on these high voltage 

transistors.  

Summary of the Invention 

It is an object of the present invention to substantially overcome or at least ameliorate one 

or more of the disadvantages of the prior art, or at least provide a useful alternative.  

According to one aspect of the present disclosure, there is provided a multiple output 

current stimulator circuit comprising: a voltage reference source to provide a reference voltage; a 

plurality of pairs of transistors, each of the pairs of transistors comprising: an input side transistor; 

an output side transistor current mirror coupled to the input side transistor, the output side 

transistor providing a common sensing voltage at an input terminal of the output side transistor, 

the output side transistor having a current output terminal for providing an output current; a 

supply transistor switchably coupled in cascode arrangement between a voltage port and the input 

side transistors of the plurality of pairs of transistors; a differential amplifier comprising: a first 

input coupled to the reference voltage; a second input coupled to the input terminal of the output



3a 

side transistor providing the common sensing voltage; and an output coupled to a gate of the 

supply transistor and arranged to drive the supply transistor as a function of the difference 

between the reference voltage and the common sensing voltage; and a switching control circuit 

configured to activate the input side transistor so as to cause the current mirrored output side 

transistor to provide an output current in accordance with the corresponding input side transistor 

current.  

According to another aspect of the present disclosure, there is provided a multiple output 

current stimulator circuit comprising: a voltage reference source to provide a reference voltage; 

at least one input side transistor; at least one output side transistor current mirror coupled to the 

at least one input side transistor, the at least one output side transistor providing a common 

sensing voltage, the at least one output side transistor having a current output terminal for 

providing an output current; a supply transistor switchably coupled in cascode arrangement 

between the at least one input side transistor and a voltage port; a differential amplifier 

comprising: a first input coupled to the reference voltage; a second input coupled to the common 

sensing voltage; and an output arranged to drive the supply transistor as a function of the 

difference between the reference voltage and the common sensing voltage; and a switching 

control circuit configured to activate the at least one input side transistor so as to cause the 

current mirrored at least one output side transistor to provide an output current in accordance 

with the corresponding at least one input side transistor current.  

One non-limiting embodiment of the present invention includes pairs of transistors, 

preferably MOSFET transistors, each pair being connected in a current mirror configuration and 

coupled to a supply transistor in a cascade arrangement. Each pair of transistors has an input side 

transistor and an output side transistor, the output side transistor of each pair being electrically 

coupled to a respective and corresponding



WO 2014/146016 PCT/US2014/030886 

tissue stimulating electrode. The output side transistors therefore implement a circuit for 

providing multiple current stimulator capability. The present invention also includes an 

operational or differential amplifier having one input coupled to a reference voltage and 

another input coupled to the output side transistors and an output which drives the 

supply transistor. In steady state, the operational amplifier maintains the voltage at the 

output side transistor equal to the reference voltage.  

In some instances, a current source supplies constant current through a first 

resistor to establish the reference voltage and a voltage source supplies all the 

stimulation current through a second resistor to establish the voltage at the output side 

transistor. A current gain K which represents the factor that multiplies the value of the 

constant current to provide the total stimulation current is equal to the ratio of the values 

of the first resistor and the second resistor. In such a manner, the present invention 

avoids dependency on the MOSFET transistor's width and length values defined in a 

corresponding semiconductor chip but relies on the more dependable resistor values to 

achieve the required current gain.  

In some instances, advantageously, at circuit turn on, the output of the 

operational amplifier is very large due to the difference in amplifier input voltages and 

thus the supply transistor which is driven by the operational amplifier provides large 

initial currents to discharge the capacitances associated with the output side transistors 

which results in a major improvement (reduction) in stimulator turn on time almost 

independent of the number of stimulator outputs.  

One embodiment of the present disclosure relates to a peripherally-implantable 

neurostimulation system. The peripherally-implantable neurostimulation system can 

include a pulse generator including a reference current generator that generates a 

reference current, and a multiple output current stimulator circuit. In some 

embodiments, the multiple output current stimulator circuit can include a current source 

that can be, for example, connected to the reference current generator. The multiple 

output current stimulator circuit can include a first resistor coupled to the current source 

to provide a reference voltage, and at least one output side transistor having a current 

output terminal for providing an output current. In some embodiments, the multiple 
4
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output current stimulator circuit can include a second resistor coupled between a 

voltage source and the at least one output side transistor to thereby provide a common 

sensing voltage, and a differential amplifier. In some embodiments, the differential 

amplifier can include a first input coupled to the reference voltage, a second input 

coupled to the common sensing voltage, and an output arranged to drive the at least 

one output side transistor as a function of the difference between the reference voltage 

and the common sensing voltage.  

In some embodiments, the peripherally-implantable neurostimulation system can 

include a lead connected to the pulse generator. This lead can include a plurality of 

conductive electrodes and plurality of non-conductive regions. In some embodiments of 

the peripherally-implantable neurostimulation system, the pulse generator can include a 

plurality of electrical pulse programs that can, for example, affect the frequency and 

strength of electrical pulses generated by the pulse generator.  

In some embodiments, the peripherally-implantable neurostimulation system can 

include a controller that can communicate with the pulse generator to create one of the 

plurality of electrical pulse programs and/or a controller that can communicate with the 

pulse generator to select one of the plurality of electrical pulse programs. In some 

embodiments, the peripherally-implantable neurostimulation system can include a first 

switch located between the output of the differential amplifier and the output side 

transistor. This first switch can be closed according to one of the plurality of electrical 

pulse programs.  

One embodiment of the present disclosure relates to a peripherally-implantable 

neurostimulation system. The system includes a pulse generator that can generate one 

or several electrical pulses. The pulse generator can include a current generator that 

can generate a reference current, and a stimulator that includes a stimulator circuit. In 

some embodiments, the stimulator circuit amplifies the reference current according to a 

ratio of resistances of a first resistor and a second resistor. The system can include one 

or more leads connected to the pulse generator. In some embodiments, the one or 

more leads can include one or more electrodes and the one or more leads can conduct 

5
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the one or several electrical pulses from the pulse generator to the one or more 

electrodes.  

In some embodiments of the peripherally-implantable neurostimulation system 

the stimulator circuit can include a differential amplifier having a first input and a second 

input. In some embodiments, the first resistor can be coupled to the first input and the 

second resistor can be coupled to the second input.  

In some embodiments the peripherally-implantable neurostimulation system 

includes a plurality of outputs in electrical connection with the second resistor, and in 

some embodiments of the system, a stimulator output current flowing through the 

second resistor is equal to the sum of the current flowing through the outputs. In some 

embodiments of the peripherally-implantable neurostimulation system, one or both of 

the first resistor and the second resistor can be a plurality of resistors. In some 

embodiments of the peripherally-implantable neurostimulation system the plurality of 

resistors of the first resistor can be arranged in series, and/or in some embodiments, the 

plurality of resistors of the second resistor can be arranged in parallel.  

One embodiment of the present disclosure relates to a peripherally-implantable 

neurostimulation system. The system includes a pulse generator that can generate one 

or several electrical pulses. The pulse generator can include a current generator that 

can generate a reference current, and a stimulator including a stimulator circuit. In some 

embodiments, the stimulator circuit can include a supply transistor having an output 

connected to one or several gates of one or several output transistors. The system can 

include one or more leads connected to the pulse generator, which one or more leads 

can include one or more electrodes. In some embodiments, the one or more leads can 

conduct the one or several electrical pulses from the pulse generator to the one or more 

electrodes.  

In some embodiments of the peripherally-implantable neurostimulation system, 

the drain of the supply transistor can be connected to one or several gates of one or 

several output transistors. In some embodiments, the peripherally-implantable 

6
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neurostimulation system can include a differential amplifier. In some embodiments, the 

output of the differential amplifier can be arranged to drive the supply transistor.  

One embodiment of the present disclosure relates to a method of treating 

neuropathic pain. The method can include implanting a pulse generator in a peripheral 

portion of a body, which pulse generator can generate one or several electrical pulses.  

In some embodiments, the pulse generator can include a stimulator circuit that can 

amplify the reference current according to a ratio of resistances of a first resistor and a 

second resistor. In some embodiments, the method can include implanting a lead within 

the peripheral portion of the body, which lead can include one or more electrodes, 

positioning the one or more electrodes of the lead proximate to a peripheral nerve, and 

connecting the lead to the pulse generator.  

In some embodiments, the method of treating neuropathic pain can further 

include generating an electrical pulse with the pulse generator; and conducting the 

electrical pulse to the peripheral nerve with the lead.  

One embodiment of the present disclosure relates to a method of treating 

neuropathic pain. The method can include implanting a pulse generator in a peripheral 

portion of a body, which pulse generator can generate one or several electrical pulses.  

In some embodiments, the pulse generator can include a stimulator circuit that can 

include a supply transistor having an output connected to one or several gates of one or 

several output transistors. In some embodiments, the method can include implanting a 

lead within the peripheral portion of the body, which lead can include one or more 

electrodes, positioning the one or more electrodes of the lead proximate to a peripheral 

nerve, and connecting the lead to the pulse generator.  

In some embodiments, the method of treating neuropathic pain can include 

generating an electrical pulse with the pulse generator, and conducting the electrical 

pulse to the peripheral nerve with the lead.  

One embodiment of the present disclosure relates to a peripherally-implantable 

neurostimulation system. The system includes a pulse generator that can generate one 

or several electrical pulses. The pulse generator can include a current generator that 
7
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can generate a reference current, and a stimulator that can include a stimulator circuit.  

In some embodiments, the stimulator circuit has a turn on time of less than 5 us for an 

output current of less than 50 mA. In some embodiments, the system can include one or 

more leads connected to the pulse generator. In some embodiments, the one or more 

leads can include one or more electrodes, which one or more leads can conduct the 

one or several electrical pulses from the pulse generator to the one or more electrodes.  

In some embodiments of the peripherally-implantable neurostimulation system, 

the turn on time is less than 2 us for an output current between 200 uA and 25 mA. In 

some embodiments of the peripherally-implantable neurostimulation system, the turn on 

time is between 0.5 and 2 us for an output current between 200 uA and 25 mA. In some 

embodiments of the peripherally-implantable neurostimulation system, the pulse 

generator can generate at least one electrical pulse having a pulse width of 50 us.  

One embodiment of the present disclosure relates to a neurostimulation system.  

The neurostimulation system includes an implantable pulse generator. In some 

embodiments, the implantable pulse generator includes a first resistance, a reference 

signal generator that can generate a reference signal, the reference signal being at 

least one of a reference voltage extending across, or a reference current flowing 

through the first resistance, and a second resistance. In some embodiments, the 

neurostimulation system can include a plurality of electrode outputs, and a multi-output 

stimulator that can amplify the reference signal to a total output signal. In some 

embodiments, the total output signal can be at least one of a total output voltage or a 

total output current extending across or flowing through the second resistance. In some 

embodiments, the multi-output stimulator can distribute the total output signal to at least 

some of the plurality of electrode outputs. In some embodiments, a gain value of the 

amplification by the multi-output stimulator is based on the first resistance and the 

second resistance. In some embodiments, the neurostimulation system can include one 

or more leads that include a plurality of electrodes that can be coupled to the plurality of 

electrode outputs.  

In some embodiments of the neurostimulation system, the gain value of the 

amplification by the multi-output stimulator is equal to the first resistance divided by the 
8
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second resistance. In some embodiments of the neurostimulation system, the first resistance can 

include a plurality of resistors in series, and in some embodiments, the second resistance can 

include a plurality of resistors in parallel. In some embodiments of the neurostimulation system, 

the implantable pulse generator is sized for implantation in a peripheral portion of a human body, 

and in some embodiments, the peripheral portion of the human body can be one of an arm, a leg, 

a hand, and a foot.  

Brief Description of the Drawings 

Preferred embodiments of the present invention will now be described, by way of 

examples only, with reference to the accompanying drawings.  

Fig. 1 is a single output stimulator circuit using a cascade current mirror configuration of 

the prior art; 

Fig. 2A is a multiple output stimulator circuit using a cascade current mirror; 

Fig 2B is a multiple output stimulator circuit using a regulated cascade current mirror; 

Fig. 3 is an overall block diagram of the multiple output current stimulator system of the 

present invention; and 

Fig. 4A is a current sensing multiple output stimulator circuit using an op amp and 

resistor ratios to produce a desired current gain; 

Fig. 4B is a detailed circuit diagram for a current sensing multiple output stimulator 

circuit of the present invention.  

Fig. 5 shows timing diagrams for a multiple output current stimulator with and without 

the fast turn on time of the present invention.  

Fig. 6 is a schematic illustration of one embodiment of a peripherally-implantable 

neurostimulation system.
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Detailed Description of the Invention 

Referring now to Fig. 3, there is shown an overall block diagram of one example 

of a multiple output current stimulator system, and specifically, one embodiment of a 

pulse generator. .The system includes both an anodic multiple output stimulator block 

1OA and a cathodic multiple output stimulator block 1OB. The system provides for 

selecting either an anodic or cathodic stimulator based upon tissue stimulation 

requirements determined by a clinician. The outputs of the anodic and cathodic 

stimulators are selected by setting the corresponding "bits" in digital registers 2. Digital 

registers 2 generate digital control signals DCS, which control the selection of the 

anodic and cathodic stimulators. Although Fig. 3 discloses two stimulators 1OA and 1OB, 

the discussion below with reference to Figs. 4A and 4B focuses solely on the anodic 

stimulator 10A. It is to be understood that in some embodiments a complementary 

circuit for the cathodic stimulator (not shown in Figs. 4A or 4B) functions in accordance 

with the same principles of operation as does the anodic stimulator and therefore is not 

included in the following discussion merely for purposes of brevity.  

Digital registers 2 also store information regarding stimulation pulse duration, 

amplitude and profile as well as other operational parameters. Based upon information 

stored in digital registers 2 and the CLOCK signal, stimulation controller 30 generates 

the desired stimulation pulse amplitude and triggers digital to analog converter DAC 4 to 

generate an output. Based upon the DAC 4 output, reference current source generator 

6 provides a sink for Isink current (shown as Isink PORT in Figs. 4A and 4B) for the 

anodic stimulator and provides a source current Isource for the cathodic stimulator.  

Stimulation controller 30 generates turn on signal ANO to turn on the anodic stimulator 

1 OA to output anodic current at the selected outputs (OUT(2) to OUT(n) in Fig. 4A and 

OUT(1) to OUT(n) in Fig. 4B) according to the programmed anodic pulse amplitude, 

duration and profile. Similarly, stimulation controller 30 also generates turn on signal 

CAT to turn on cathodic stimulator 1OB to output cathodic current at the selected 

outputs according to the programmed cathodic pulse amplitude, duration and profile.  

With reference to Fig. 4A, a schematic illustration of one non-limiting embodiment 

of the current sensing multiple output current stimulator circuit 11 A is shown. As 
10
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discussed above, Fig. 4A includes only the anodic multiple output stimulator circuit and 

it is to be understood that a complementary circuit for cathodic stimulation although not 

shown in Fig. 4A is to be considered as optionally included in the overall circuit and 

system. Furthermore, it is to be understood that the invention also contemplates the use 

of a single multiple output stimulator whether it be for anodic or cathodic stimulation.  

Upon issuance of signal ANO from stimulation controller 30, current, designated as Isink 

flows through resistor R1 from voltage source VS and a voltage VR1 is generated 

across resistor R1 by virtue of the current Isink flowing through R1. Reference voltage 

VREF 14 is generated as a function of current Isink flowing through resistor R1 and is 

coupled to the positive input of operational amplifier (op amp) 16. Although the voltage 

VREF is coupled to the positive input of op amp 16, it is to be understood that 

reconfiguring the circuit connections to apply VREF to the negative input of op amp 16 

is within the contemplation of the invention depending upon complementary circuit 

designs as may occur when using p channel MOSFET transistors in place of n channel 

transistors. The current Isink is coupled to reference current generator 6 shown in Fig. 3 

via Isink PORT, as shown in Fig.4A.  

Advantageously in some instances, in the embodiment depicted in Fig. 4A, 

instead of relying on transistor W/L ratios for achieving a desired current gain K, current 

sensing multiple output current stimulator circuit 11 A uses resistors R1 and R2 and 

opamp 16 to control the gate voltages of the cascode transistors MC(2) to MC(n) for 

achieving an accurate overall stimulator output current IR2.  

Circuit 11 A further includes at least one transistor. The source of transistor MC(2) 

is connected to voltage source VS through resistor R2. The source of transistor MC(2) 

is also connected to the negative input of op amp 16 and provides a sensing voltage to 

op amp 16. The drain of transistor MC(2), designated as OUT(2), is coupled to a 

respective electrode (not shown) for delivery of stimulation current to the tissue in 

contact with such respective electrode.  

As further seen, in Fig. 4A, the op amp 16 is directly connected to the gate 

terminals of MC(2) to MC(n) through a set of switches SA(1) to SA(n) and SB(1) to 

SB(n). In some embodiments, these switches can be, for example, "single pole single 
11
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throw switches." When any of the outputs OUT(2) to OUT(n) are selected to deliver 

current, the switches SA(1) to SA(n) connected between the op amp 16 output and the 

corresponding gate terminals of MC(2) to MC(n) are turned on (conducting). In addition, 

the corresponding switches SB(1) to SB(n) connecting the gate terminals of MC(2) to 

MC(n) and VS are turned off (not conducting). Switch SA(1) is controlled by logic 

circuits 35 such that when logic circuits 35 receive signal ANO from controller 30 and 

digital control signals DCS from digital registers 2, then logic circuits 35 actuate switch 

SA(1) (causes SA(1) to close) and stimulation current is delivered from output OUT(2) 

to its respective electrode. When logic circuits 35 de-activate switch SA(1) (causes 

SA(1) to open), current delivery from output OUT(2) is suspended.  

Furthermore, at the same time, to ensure suspension of current delivery from 

output OUT(2), logic circuits 35 cause switch SB(1) to be activated. Stimulation therapy 

may be wirelessly controlled by an auxiliary device, such as a remote control or smart 

phone, to control the timing and duration of the activation of switches SA(1) and SB(1) 

so as to provide the desired current delivery in accordance with a predetermined 

therapy protocol. Preferably, logic circuits 35 control the states of switches SA(1) and 

SB(1) in a complementary fashion such that when switch SA(1) is activated, switch 

SB(1) is de-activated and vice versa.  

Overall switching control can be accomplished by utilizing stimulation controller 

30, digital registers 2 and logic circuits 35, either singly or in combination depending 

upon functional considerations.  

In some embodiments, voltage VR1 is generated across resistor R1 when the 

current Isink flows from voltage source VS through resistor R1. In a like manner, voltage 

VR2 is generated across R2 when the overall stimulator output current IR2 flows 

through resistor R2 from voltage source VS. The voltage at the positive input of op amp 

16 is the voltage sensed at the sources of transistors MC(1) to MC(n) when the 

corresponding switches SA(1) to SA(n) are activated and may be considered a common 

sensing voltage. Uniquely, and due to the feedback loop associated with op amp 16, the 

voltages at the positive and negative inputs of op amp 16 will be equal in steady state, 

and therefore, voltage VR2 is forced to be equal to VR1. At steady state, the current IR2 
12
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is equal to the sum of the output currents being delivered at all of the outputs OUT(2) to 

OUT(n). Accordingly, since VR2 = IR2 - R2 and VR1 = Isink - R1, IR2 is equal to Isink 

R1/R2 and the required overall current gain K defined as IR2/Isink, is therefore equal to 

R1/R2. Accordingly, setting the required overall current gain K is a matter of selecting 

the values of R1 and R2.  

In some non-limiting applications, resistors may have better matched 

characteristics than MOSFETs in an integrated circuit as a function of area. For the 

same part to part matching accuracy, using resistors as described herein uses less area 

on an integrated circuit than using MOSFETs. An additional benefit in some instances 

may arise from the manner in which the resistors R1 and R2 may be constructed. For 

example, resistor R2 may be made from a number (Np) of parallel resistors and R1 may 

be made from a number (Ns) of series resistors. Accordingly, for a resistor value R, R1 

= R-Ns and R2 = R/Np and the current gain K = R1/R2 = Ns - Np. For the case when Ns 

= Np = N, the current gain K = N2 and with the total number of resistors equal to 2N (Ns 

+ Np = 2N), the total number of resistors as a function of current gain therefore is equal 

to 2-K 1 /2. For a current gain of 100, the number of resistors is 20, whereas a total of 101 

individual transistors are required for M1 and M2 (See Fig. 1) since transistors cannot 

be connected in series for matching transistors connected in parallel. This may be more 

profound when considering current gains greater than the example K = 100 where the 

saving in die area will be even greater. Still another advantage in some instances 

relates to the use of the disclosed current gain dependent resistor value technique 

because no calibration is typically required to achieve the required current gain 

accuracy and hence providing additional power and die area savings.  

With reference to Fig. 4B, there is shown another embodiment of the current 

sensing multiple output current stimulator circuit 11 B of the present invention. As 

discussed above, Fig. 4B includes only the anodic multiple output stimulator circuit and 

it is to be understood that a complementary circuit for cathodic stimulation although not 

shown in Fig. 4B is to be considered as optionally included in the overall circuit and 

system. Furthermore, it is to be understood that the invention also contemplates the use 

of a single multiple output stimulator whether it be for anodic or cathodic stimulation.  

13



WO 2014/146016 PCT/US2014/030886 

Upon issuance of signal ANO from stimulation controller 30, current, designated as Isink 

flows through resistor R1 from voltage source VS and a voltage VR1 is generated 

across resistor R1 by virtue of the current Isink flowing through R1. Reference voltage 

VREF 14 is generated as a function of current Isink flowing through resistor R1 and is 

coupled to the negative input of operational amplifier (op amp) 16. Although the voltage 

VREF is coupled to the negative input of op amp 16, it is to be understood that 

reconfiguring the circuit connections to apply VREF to the positive input of op amp 16 is 

within the contemplation of the invention depending upon complementary circuit designs 

as may occur when using n channel MOSFET transistors in place of p channel 

transistors. The current Isink is coupled to reference current generator 6 shown in Fig. 3 

via Isink PORT, as shown in Fig.4B.  

Circuit 11 B further includes at least one pair of transistors coupled in a current 

mirror connection arrangement. More specifically, the gate of input side transistor ML(1) 

is coupled to the gate of output side transistor MC(1) and the commonly connected gate 

32 is also connected to the drain of transistor ML(1). The source of transistor MC(1) is 

connected to voltage source VS through resistor R2 and the source of transistor ML(1) 

is connected to VS through resistor R3. The source of transistor MC(1) is also 

connected to the positive input of op amp 16 and provides a sensing voltage to op amp 

16. The drain of transistor MC(1), designated as OUT(1), is coupled to a respective 

electrode (not shown) for delivery of stimulation current to the tissue in contact with 

such respective electrode.  

The current mirror combination of transistors ML(1) and MC(1) is switchably 

coupled in a cascode arrangement to supply transistor MS through switch SA(1). More 

specifically, the drain of transistor ML(1) is coupled to one side of a "single pole single 

throw" switch SA(1) and the drain of transistor MS is coupled to the other side of switch 

SA(1). The source of transistor MS is coupled to voltage port 12, which for an anodic 

stimulator is ground and the gate of transistor MS is coupled to the output of op amp 16.  

For a cathodic stimulator, the voltage port is a voltage source such as VS. Switch SA(1) 

is controlled by logic circuits 35 such that when logic circuits 35 receive signal ANO 

from controller 30 and digital control signals DCS from digital registers 2, then logic 

14



WO 2014/146016 PCT/US2014/030886 

circuits 35 actuate switch SA(1) (causes SA(1) to close) and stimulation current is 

delivered from output OUT(1) to its respective electrode. When logic circuits 35 de

activate switch SA(1) (causes SA(1) to open), current delivery from output OUT(1) is 

suspended.  

Furthermore, at the same time, to ensure suspension of current delivery from 

output OUT(1), logic circuits 35 cause switch SB(1) to be activated. Stimulation therapy 

may be wirelessly controlled by an auxiliary device, such as a remote control or smart 

phone, to control the timing and duration of the activation of switches SA(1) and SB(1) 

so as to provide the desired current delivery in accordance with a predetermined 

therapy protocol. Preferably, logic circuits 35 control the states of switches SA(1) and 

SB(1) in a complementary fashion such that when switch SA(1) is activated, switch 

SB(1) is de-activated and vice versa.  

Overall switching control can be accomplished by utilizing stimulation controller 

30, digital registers 2 and logic circuits 35, either singly or in combination depending 

upon functional considerations.  

Although the foregoing description relates to a single current mirror combination 

comprising transistors ML(1) and MC(1), multiple current mirror combinations are 

contemplated by the present invention. In this regard, Fig. 4B discloses transistor 

combinations comprising transistors ML(1) to ML(n) and MC(1) to MC(n), where n is the 

number of the individual current mirror combinations to supply stimulation current to n 

respective electrodes. As shown in Fig. 4B, each current mirror combination comprising 

ML(1) and MC(1) to ML(n) and MC(n) is coupled to supply transistor MS through a 

respective switch SA(1) to SA(n). The commonly connected source of each output side 

transistor MC(i) provides a common sensing voltage applied to the positive input of op 

amp 16. The output current delivered from any one output OUT(i) of a respective 

current mirror combination ML(i) and MC(i) to a respective electrode i, is controlled by 

digital registers 2 and logic circuits 35 by activating a respective switch SA(i) in 

accordance with a therapy or stimulation protocol. The protocol may instruct the 

stimulator to cause any output OUT(i) to provide stimulation current one at a time, or 

simultaneously in any combination or in any sequence and for any period of time.  
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As is taught in the prior art for current mirror configurations, input side transistors 

will exactly mirror the current supplied to it by a current source to the output side 

transistor only when the transistors are accurately matched (See for example, U. S.  

Patent No. 8,575,971). Accordingly, in such cases transistor fabrication requirements 

place an undue burden on manufacturing and processing techniques resulting in lower 

device yields and higher device costs. Advantageously, some applications of the 

present invention obviate the necessity of strict manufacturing processes for 

establishing transistor width and length dimensions for establishing desired circuit 

current gain values. As will be discussed below, some embodiments of the present 

invention rely on selected circuit resistor values to dependably establish required 

current gain values. More specifically, resistors R1 and R2 in combination with op amp 

16 control the gate voltage of supply transistor MS for achieving an accurate overall 

stimulator output current IR2 flowing through resistor R2. As is to be noted in Fig. 4B, 

the overall stimulator output current IR2 flowing through resistor R2 is the sum of the 

currents flowing to outputs OUT(1) through OUT(n) when the corresponding switches 

SA(1) to SA(n) are activated.  

As further shown in Fig. 4B, the common gate connection (shown for example as 

32 for ML(1) and MC(1)) of each current mirror coupled pair of transistors ML(i) and 

MC(i) is connected to voltage source VS through corresponding and respective switch 

SB(i). The state of the switches SB(1) to SB(n) is determined by logic circuits 35, such 

that when stimulation current is directed to a specific output OUT(i), the logic circuits 35 

cause switch SA(i) to be activated and switch SB(i) to be de-activated, whereby current 

is delivered to OUT(i) through transistor MC(i). In a similar manner, when stimulation 

current is to be terminated from a specific output OUT(i), the logic circuits 35 cause 

switch SA(i) to be de-activated and switch SB(i) to be activated, whereby current 

delivery from OUT(i) is terminated (suspended).  

Voltage VR1 is generated across resistor R1 when the current Isink flows from 

voltage source VS through resistor R1. In a like manner, voltage VR2 is generated 

across R2 when the overall stimulator output current IR2 flows through resistor R2 from 

voltage source VS. The voltage at the positive input of op amp 16 is the voltage sensed 
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at the sources of transistors MC(1) to MC(n) when the corresponding switches SA(1) to 

SA(n) are activated and may be considered a common sensing voltage. Due to the 

feedback loop associated with op amp 16, the voltages at the positive and negative 

inputs of op amp 16 will be equal in steady state, and therefore, voltage VR2 is forced to 

be equal to VR1. At steady state, the current IR2 is equal to the sum of the output 

currents being delivered at all of the outputs OUT(1) to OUT(n). Accordingly, since VR2 

= IR2 - R2 and VR1 = Isink - R1, IR2 is equal to Isink - R1/R2 and the required overall 

current gain K defined as IR2/Isink, is therefore equal to R1/R2. Accordingly, setting the 

required overall current gain K is a matter of selecting the values of R1 and R2.  

It is well known that resistors have better matched characteristics than MOSFETs 

in an integrated circuit for the same area. For the same part to part matching accuracy, 

using resistors in some applications of the present invention require less area on an 

integrated circuit than using MOSFETs. An additional benefit arising out of some 

applications of the present invention, relates to the manner in which the resistors R1 

and R2 may be constructed. For example, resistor R2 may be made from a number 

(Np) of parallel resistors and R1 may be made from a number (Ns) of series resistors.  

Accordingly, for a resistor value R, R1 = R-Ns and R2 = R/Np and the current gain K = 

R1/R2 = Ns - Np. For the case when Ns = Np = N, the current gain K = N2 and with the 

total number of resistors equal to 2N (Ns + Np = 2N), the total number of required 

resistors as a function of current gain therefore is equal to 2-K 1 /2 . For a required current 

gain of 100, the number of required resistors is 20, whereas a total of 101 individual 

transistors are required for M1 and M2 (See Fig. 1) since transistors cannot be 

connected in series for matching transistors connected in parallel. This may be more 

profound when considering current gains greater than the example K = 100 where the 

saving in die area will be even greater. Still another advantage of some applications of 

the present invention relates to the use of the disclosed current gain dependent resistor 

value technique because no calibration is typically required to achieve the required 

current gain accuracy and hence providing additional power and die area savings.  

In practice, transistors ML(1) and MC(1) are set to have a width (W) to length (L) 

or W/L ratio of 1:L and the ratio of R3 to R2 is set to L:1. As a result the current IR3 
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flowing through resistor R3 and hence the current ID4 flowing through transistor MS is 

approximately equal to the current flowing through resistor R2 (IR2) divided by L or 

equivalently ID4 = Isink - K/L at steady state as the op amp 16 forces VR2 to equal VR1.  

In this case, the current ID4 is well defined and substantially independent of process 

and temperature variations.  

A further novel advantage of the implementation of op amp 16 in the stimulator 

circuit 11 B in some applications is that during circuit activation, that is, when stimulation 

controller 30 issues the ANO signal which causes Isink to flow to thereby provide VREF 

and with IR2 equal to zero amps, the voltage difference between VR1 and VR2 is large 

such that the output voltage of op amp 16 is very large. It is to be noted however, that 

logic circuits 35, timed whether it be just prior to or concurrent with the providing of 

VREF, activate at least one or more preselected switches SA(i) corresponding to the 

outputs OUT(i) through which current is selected to be delivered. As a consequence, op 

amp 16 drives supply transistor MS to have a large initial gate to source voltage to 

thereby produce a large initial drain current ID4. In turn, the gate voltages of the 

selected transistors MC(i) corresponding to the selected switches SA(i), are drawn 

down quickly for turning these transistors on quickly. In other words, a large initial 

current ID4 occurs to discharge the large gate capacitances of selected transistors 

MC(i) quickly, resulting in a very short stimulator turn on time. The large initial current 

ID4 is designed to discharge all of the gate capacitances of the selected transistors 

MC(i).  

This novel advantage may be very important in some applications, especially for 

short output current pulses in some instances. As illustrated in Fig. 5, when the 

stimulation controller 30 in Fig. 3 generates the signal ANO as shown in waveform 51 

with the current Isink output as shown in waveform 52 into reference current generator 

6, there will be a significant delay time TD1 as shown in waveform 53 from the rising 

edge Ton of ANO to one of the stimulator output currents lout(i) for a stimulator, such as 

the stimulator of Fig. 2B, that does not have a short turn on time. Nevertheless, as 

shown in waveform 53, the turn off time for a typical stimulator is almost instantaneous 

after the falling edge Toff of ANO. As a result, the output current pulse produced by 
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lout(i) will be significantly shortened from the pulse width defined by the pulse width of 

ANO as illustrated in waveform 53 of Fig. 5. If the pulse width of ANO is shorter than 

TD1, lout(i) will completely disappear. For a typical stimulator design with 8 outputs and 

a total current output of about 200uA, TD1 will be over 1 00us for a stimulator design 

based on Fig. 2A that utilizes high voltage transistors for realizing MC(1) to MC(n). In 

this case, it is assumed that the width-to-length ratio between M(1) and M(2) is 1:100 

and the maximum output current of individual outputs (OUT(2) to OUT(n)) is over 25mA.  

To support this maximum current at each output, high voltage transistors MC(2) to 

MC(n) are very large and have very large gate to source capacitances. For typical 

current stimulators, the shortest pulse is usually longer than 50 us.  

Waveform 54 in Fig. 5 shows the benefit of the fast turn on characteristic of one 

non-limiting application of the present invention in that the time delay TD2 between Ton 

and the midpoint of the rising edge of current lout(i) is very short, compared to the much 

longer time delay TD1 shown in waveform 53 of Fig. 5.  

Although it is possible to compensate for the shortening of the current pulses by 

adjusting the pulse width of ANO to be TD1 longer than the desired pulse width, the 

delay time TD1 is often dependent on the amplitudes (or levels) of lout(i) and/or the total 

output current IR2 into all the stimulation electrodes. Furthermore, there will be 

variations in TD1 between different stimulators implemented in different ICs due to 

process variations. Therefore, it is very difficult to correctly compensate for the delay 

time TD1 by adjusting the pulse width of ANO. In some embodiments, it may be 

advantageous to have a pulse generator that is capable of short turn on time over a 

range of output currents. In one embodiment, for example, the pulse generator may 

have turn on times less than 10 us, 5 us, 2 us, 1 us or any other or intermediate value 

and/or between, approximately 0.1 and 2 us, 0.1 and 4 us, 0.1 and 10 us, 0.1 and 20 

us, 0.2 and 16 us, 0.3 and 12 us, 0.4 and 8 us, 0.5 and 6 us, 0.5 and 4 us, 0.5 and 2 us, 

0.5 and 1 us, or any other or intermediate turn on time. In some embodiments, these 

turn on times can be achieved for output currents of less than 100 mA, 75 mA, 50 mA, 

25 mA, or any other or intermediate current, and/or between 50 uA and 100 mA, 100 uA 

and 75 mA, 150 uA and 50 mA, 200 uA and 25 mA, 500 uA and 10 mA, or any other or 
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intermediate current. In some embodiments, and as used above, approximately can 

comprise 10 percent of the defined range. Figure 4B depicts on embodiment of a circuit 

11 B with a short turn on time. In Fig. 4B, circuit 11 B has a turn on time in the range of 

0.5 - 2 us for a total output current IR2 ranging between 200uA and 25mA for the 

number of working outputs being between 1 and 8. Even without any compensation of 

the pulse width of ANO, this short turn on time is quite tolerable even for the shortest 

pulse width of 50 us.  

For the embodiment shown in Fig. 4B, the op amp frequency response is 

independent of the overall current IR2 and the number of outputs being turned on since 

the output of the op amp is only connected to the gate terminal of the supply transistor 

MS. Furthermore, due to the large initial current ID4 on the supply transistor as 

mentioned above, MC(1) to MC(n) are drawn down quickly for turning these transistors 

on quickly without using a high current driving capability op amp. Therefore, the turn on 

time of the present invention of Fig. 4B will be much shorter than that of the stimulator 

based on the circuit topology of Fig. 4A.  

Circuit 11 A, 11 B can be used in a variety of stimulation devices. In one 

embodiment, the above mentioned advantages of circuit 11 A, 11 B enable use of circuit 

11 A, 11 B in a peripherally-implantable neurostimulation system for treating neuropathic 

pain or for other uses.  

Approximately 8% of the Western (EU and US) population is affected by 

Neuropathic pain (chronic intractable pain due to nerve damage). In about 5% of 

people, this pain is severe. There are at least 200,000 patients that have chronic 

intractable pain involving a nerve. Neuropathic pain can be very difficult to treat with 

only half of patients achieving partial relief. Thus, determining the best treatment for 

individual patients remains challenging. Conventional treatments include certain 

antidepressants, anti-epileptic drugs and opioids. However, side effects from these 

drugs can be detrimental. In some of these cases, electrical stimulation, including FES, 

can provide effect treatment of this pain without the drug-related side effects.  
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A spinal cord stimulator, which is one type of FES device, is a device used to 

deliver pulsed electrical signals to the spinal cord to control chronic pain. Because 

electrical stimulation is a purely electrical treatment and does not cause side effects 

similar to those caused by drugs, an increasing number of physicians and patients favor 

the use of electrical stimulation over drugs as a treatment for pain. The exact 

mechanisms of pain relief by spinal cord stimulation (SCS) are unknown. The scientific 

background of the SCS trials was based initially on the Gate Control Theory of pain that 

was first described by Melzack and Wall in 1965. The theory posits that pain is 

transmitted by two kinds of afferent nerve fibers. One is the larger myelinated A5 fiber, 

which carries quick, intense-pain messages. The other is the smaller, unmyelinated "C" 

fiber, which transmits throbbing, chronic pain messages. A third type of nerve fiber, 

called AD, is "non-nociceptive," meaning it does not transmit pain stimuli. The gate 

control theory asserts that signals transmitted by the A5 and C pain fibers can be 

thwarted by the activation/stimulation of the non-nociceptive AP fibers and thus inhibit 

an individual's perception of pain. Thus, neurostimulation provides pain relief by 

blocking the pain messages before they reach the brain.  

At the present time, SCS is used mostly in the treatment of failed back surgery 

syndrome, a complex regional pain syndrome that has refractory pain due to ischemia.  

SCS complications have been reported in 30% to 40% of all SCS patients. This 

increases the overall costs of patient pain management and decreases the efficacy of 

SCS. Common complications include: infection, hemorrhaging, injury of nerve tissue, 

placing device into the wrong compartment, hardware malfunction, lead migration, lead 

breakage, lead disconnection, lead erosion, pain at the implant site, generator 

overheating, and charger overheating. The occurrence rates of common complications 

are surprisingly high: 9.5% are accounted for lead extension connection issues, 6% are 

due to lead breakage, 22.6% of cases are associated with lead migration and 4.5% 

experienced infection.  

Peripheral neuropathy may be either inherited or acquired. Causes of acquired 

peripheral neuropathy include physical injury (trauma) to a nerve, viruses, tumors, 

toxins, autoimmune responses, nutritional deficiencies, alcoholism, diabetes, and 
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vascular and metabolic disorders. Acquired peripheral neuropathies are grouped into 

three broad categories: those caused by systemic disease, those caused by trauma, 

and those caused by infections or autoimmune disorders affecting nerve tissue. One 

example of an acquired peripheral neuropathy is trigeminal neuralgia, in which damage 

to the trigeminal nerve (the large nerve of the head and face) causes episodic attacks of 

excruciating, lightning-like pain on one side of the face.  

A high percentage of patients with peripheral neuropathic pain do not benefit 

from SCS for various reasons. However, many of these patients can receive acceptable 

levels of pain relief via direct electrical stimulation to the corresponding peripheral 

nerves. This therapy is called peripheral nerve stimulation (PNS). There is, however, no 

FDA approved PNS devices in the US market. Standard spinal cord stimulator (SCS) 

devices are often used off label by pain physicians to treat this condition. It is estimated 

that about 15% of SCS devices have been used off-label for PNS.  

As current commercially-available SCS systems were designed for stimulating 

the spinal cord and not for peripheral nerve stimulation, there are more device 

complications associated with the use of SCS systems for PNS than for SCS. Current 

SCS devices (generators) are large and bulky. In the event that an SCS is used for 

PNS, the SCS generator is typically implanted in the abdominal or in the lower back 

above the buttocks and long leads are tunneled across multiple joints to reach the target 

peripheral nerves in the arms, legs or face. The excessive tunneling and the crossing of 

joints leads to increased post-surgical pain and higher device failure rates. Additionally, 

rigid leads can lead to skin erosion and penetration, with lead failure rates nearing 

100% within 3 years of implantation. Most complications result in replacement surgery 

and even multiple replacement surgeries in some cases.  

One embodiment of a peripherally-implantable neurostimulation system 600 is 

shown in Fig. 6. In some embodiments, the peripherally-implantable neurostimulation 

system 600 can be used in treating patients with, for example, chronic, severe, 

refractory neuropathic pain originating from peripheral nerves. In some embodiments, 

the peripherally-implantable neurostimulation system 600 can be used to either 

stimulate a target peripheral nerve or the posterior epidural space of the spine.  
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The peripherally-implantable neurostimulation system 600 can include one or 

several pulse generators. The pulse generators can comprise a variety of shapes and 

sizes, and can be made from a variety of materials. In some embodiments, the one or 

several pulse generators can generate electrical pulses that are delivered to the nerve 

to control pain. In some embodiments, a pulse generator can be an external pulse 

generator 602 or an implantable pulse generator 604. In some embodiments, an 

external pulse generator 602 can be used to evaluate the suitability of a patient for 

treatment with the peripherally-implantable neurostimulation system 600 and/or for 

implantation of an implantable pulse generator 604.  

The implantable pulse generator 604 can be sized and shaped, and made of 

material so as to allow implantation of the implantable pulse generator 604 inside of a 

body. In some embodiments, the implantable pulse generator 604 can be sized and 

shaped so as to allow placement of the implantable pulse generator 604 at any desired 

location in a body, and in some embodiments, placed proximate to peripheral nerve 

such that leads (discussed below) are not tunneled across joints and/or such that 

extension cables are not needed. In some embodiments, the pulse generator, and 

specifically the implantable pulse generator 604 and/or the external pulse generator 602 

can incorporate one of the circuits 11 A, 11 B, as shown in either or both of the 

embodiments of Figs. 4A and 4B.  

In some embodiments, the electrical pulses generated by the pulse generator 

can be delivered to one or several nerves 610 and/or to tissue proximate to one or 

several nerves 610 via one or several leads. The leads can include conductive portions, 

referred to as electrodes, and non-conductive portions. The leads can have a variety of 

shapes, be a variety of sizes, and be made from a variety of materials, which size, 

shape, and materials can be dictated by the application or other factors.  

In some embodiments, the leads can include an anodic lead 606 and/or a 

cathodic lead 608. In some embodiments, the anodic lead 606 and the cathodic lead 

608 can be identical leads, but can receive pulses of different polarity from the pulse 

generator.  
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In some embodiments, the leads can connect directly to the pulse generator, and 

in some embodiments, the leads can be connected to the pulse generator via a 

connector 612 and a connector cable 614. The connector 612 can comprise any device 

that is able to electrically connect the leads to the connector cable 614. Likewise, the 

connector cable can be any device capable of transmitting distinct electrical pulses to 

the anodic lead 606 and the cathodic lead 608.  

In some embodiments, the peripherally-implantable neurostimulation system 600 

can include a charger 616 that can be configured to recharge the implantable pulse 

generator 604 when the implantable pulse generator 604 is implanted within a body.  

The charger 616 can comprise a variety of shapes, sizes, and features, and can be 

made from a variety of materials. In some embodiments, the charger 616 can recharge 

the implantable pulse generator 604 via an inductive coupling.  

In some embodiments, details of the electrical pulses can be controlled via a 

controller. In some embodiments, these details can include, for example, the frequency, 

strength, pattern, duration, or other aspects of the timing and magnitude of the electrical 

pulses. This control of the electrical pulses can include the creation of one or several 

electrical pulse programs, plans, or patterns, and in some embodiments, this can 

include the selection of one or several pre-existing electrical pulse programs, plans, or 

patterns. In the embodiment depicted in Fig. 6, the peripherally-implantable 

neurostimulation system 600 includes a controller that is a clinician programmer 618.  

The clinician programmer 618 can be used to create one or several pulse programs, 

plans, or patterns and/or to select one or several of the created pulse programs, plans, 

or patterns. In some embodiments, the clinician programmer 618 can be used to 

program the operation of the pulse generators including, for example, one or both of the 

external pulse generator 602 and the implantable pulse generator 604. The clinician 

programmer 618 can comprise a computing device that can wiredly and/or wirelessly 

communicate with the pulse generators. In some embodiments, the clinician 

programmer 618 can be further configured to receive information from the pulse 

generators indicative of the operation and/or effectiveness of the pulse generators and 

the leads.  
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In some embodiments, the controller of the peripherally-implantable 

neurostimulation system 600 can include a patient remote 620. The patient remote 620 

can comprise a computing device that can communicate with the pulse generators via a 

wired or wireless connection. The patient remote 620 can be used to program the pulse 

generator, and in some embodiments, the patient remote 620 can include one or 

several pulse generation programs, plans, or patterns created by the clinician 

programmer 618. In some embodiments, the patient remote 620 can be used to select 

one or several of the pre-existing pulse generation programs, plans, or patterns and to 

select, for example, the duration of the selected one of the one or several pulse 

generation programs, plans, or patterns.  

Advantageously, the above outlined components of the peripherally-implantable 

neurostimulation system 600 can be used to control and provide the generation of 

electrical pulses to mitigate patient pain.  

While the invention has been described by means of specific embodiments and 

applications thereof, it is understood that numerous modifications and variations could be 

made thereto by those skilled in the art without departing from the spirit and scope of the 

invention. It is therefore to be understood that within the scope of the claims, the invention 

may be practiced otherwise than as specifically described herein.  
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CLAIMS: 

1. A multiple output current stimulator circuit comprising: 

a voltage reference source to provide a reference voltage; 

a plurality of pairs of transistors, each of the pairs of transistors comprising: 

an input side transistor; 

an output side transistor current mirror coupled to the input side 

transistor, the output side transistor providing a common sensing voltage at an input 

terminal of the output side transistor, the output side transistor having a current output 

terminal for providing an output current; 

a supply transistor switchably coupled in cascode arrangement between a 

voltage port and the input side transistors of the plurality of pairs of transistors; 

a differential amplifier comprising: a first input coupled to the reference voltage; 

a second input coupled to the input terminal of the output side transistor providing the common 

sensing voltage; and an output coupled to a gate of the supply transistor and arranged to drive 

the supply transistor as a function of the difference between the reference voltage and the 

common sensing voltage; and 

a switching control circuit configured to activate the input side transistor so 

as to cause the current mirrored output side transistor to provide an output current in 

accordance with the corresponding input side transistor current.  

2. The stimulator of claim 1 wherein the voltage port is ground.  

3. The stimulator of claim 1 wherein the voltage port is a voltage source.  

4. The multiple output stimulator circuit of claim 1, wherein the switching control 

circuit comprises a plurality of electrical pulse programs.  

5. The multiple output current stimulator circuit of claim 4, wherein the plurality of 

electrical pulse programs affect the frequency and strength of electrical pulses generated by the 

multiple output current stimulator circuit.
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6. The multiple output current stimulator circuit of claim 4 further comprising a first 

switch located between the output of the differential amplifier and the output side transistor, 

wherein the first switch is closed according to one of the plurality of electrical pulse programs.  
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