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SURVEY (OVERZICHT) 

SYNOPSIS 

The subject of this thesis is the design of a stimulation chain using a current source with 

programmable temporal waveforms. The application of this subject is the deep brain stimulation of 

neurons by means of an implantable stimulator. In a first stage, some general specifications 

concerning the stimulation chain will be discussed. In this section, the stimulation mode, waveforms, 

parameters and functionalities of the design will be specified. Next, the design method of the 

stimulation chain will be considered. The design method consists of three aspects: the generation of 

programmable stimulation waveforms, the analog design of a stimulator source and the post-

processing of the resulting waveforms. In order to coordinate and interface between these 

components, an automatic workflow by means of a test bench was set up. After some deeper 

insights into this test bench, the generation of the waveforms and the post-processing parameters, 

some particular test cases for the stimulator source will be derived from the earlier mentioned 

specifications. Now the analog design can begin. First, the overall stimulator architecture will be 

considered. Next, the state of the art micro-stimulator topologies for this application will be studied. 

After a study of the state of the art micro-stimulators, the implementation of the current circuit 

design of this thesis will be discussed. The general architecture will be discussed and operation will 

be explained. In a next stage, the operational transconductance amplifier that is used in the design 

will be examined and stability will be discussed and an important property of the stimulation source, 

the output resistance, will be examined. In a last phase, simulation results will be obtained and 

conclusions will be made.  
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Abstract A stimulation chain is proposed that acts as a 

current source with programmable temporal waveforms 

for in vivo stimulation of neurons. The stimulation 

waveforms are biphasic, charge balanced waves and 

have programmable parameters like frequency, pulse 

width and amplitude. The source is able to drive current 

signals ranging from 0.1µA to 50 µA through a real 

impedance model and an RC parallel model of the load 

with impedance amplitudes ranging from 10 kΩ to 1 

MΩ. Post-processing of the signal parameters is 

included in the stimulation chain. 

I. INTRODUCTION 

The Bioelectronic Systems Group at Imec works on 

implants for fine-grain stimulation in deep brain 

regions in order to advance therapies for neurological 

disorders, help pharmacological research and provide 

means for fundamental research in neuroscience. 

Today’s deep-brain stimulation probes use millimeter-

size electrodes. These stimulate, in a highly unfocused 

way, a large area of the brain and have significant 

unwanted side effects. [1] To have a more precise 

stimulation, the electrodes have to be as small as 

individual neurons. 

II. STIMULATION SPECIFICATIONS 

The general specifications of the stimulation chain 

are shortly described in this section. The stimulation 

mode is current controlled. The stimulation 

waveforms are biphasic with charge balance. A test 

bench coordinates the stimulation chain and the 

stimulation waveform parameters like amplitude and 

frequency are programmable. The frequency range of 

stimulation is 100 Hz to 130 Hz and puls widt ranges 

from 100 µs to 500 µs. The impedance of the load 

ranges from 10 kΩ to 2 MΩ for current amplitudes in 

the 0.1 A to 100 A range. The supply voltage is dual 

(Vdd=1.5V and –Vdd =-1.5V.) 

III. DESIGN METHOD 

A. Test Bench 

The stimulation chain consists of the generation of 

the programmable waveforms, the design of the actual 

stimulator and the post-processing of the resulting 

waveform. These components are coordinated by the 

test bench (fig. 1). First, the pulse generator generates 

the biphasic charge balanced pulse with adjustable 

parameters. This pulse is then sent to the actual 

digital-to-analog converter (DAC) circuit and post-

processing is done of the resulting waveform through 

the load of the DAC.  

 

 

                       Figure 1: Test bench. 

B. Test cases 

In order to test the DAC circuit, 10 test cases are 

specified. One test case consists of the amplitude of 

the current and the amplitude of the impedance of the 

load. Per test case, the model of the load is varied. 

First, a real impedance model and an RC parallel are 

being tested. If this works, the model of the probe 

(fig. 2) is being used to test the stimulator at the 

specified currents. Within the specification of the 

current and impedance amplitude, and the limitation 

of the supply voltage, 10 test cases were specified. 

  

                               Figure 2: Probe model [2]. 

IV. ARCHITECTURE 

A. Introduction 

The architecture of the current generator is depicted 

in fig. 3. The DAC is control by the input bits and 

converts the digital control signals to analog current 

signals. These signals flow via the output stage 

through the load of the stimulator. 

 

  

      Figure 3: Architecture of the stimulator with 4 control 

bits. 

A traditional output stage is depicted in fig. 4. The 

tissue sits between the anodic (A) and the cathodic 

(C) electrodes. The cathodic electrode is connected to 

ground. The programmable current sink and current 



          

 

source generate the cathodic and anodic currents 

respectively. The currents are sent through the load by 

the use of control switches. The blocking capacitor in 

the figure is a traditional way to achieve charge 

balance of the pulse. It guarantees that no net dc 

current is conducted into the electrode-tissue interface 

over time. 

 

 

                            Figure 4: Traditional output stage [3]. 

B. State of the art stimulators 

Current mirrors replicating and scaling the output 

current from a current-mode DAC are used in many 

microstimulation circuits. The output resistance of 

Simple Current Mirrors are however too small for this 

application. To boost the output resistance, Fully 

Cascode and Wide Swning Cascode current mirrors 

have been applied in many designs. This increased 

output resistance comes at the expense of a decreased 

voltage compliance and an increased dissipated 

power. [4] 

Another way to make an adjustable current source 

is by applying Active Feedback and the concept of 

Voltage Controlled Resistance (VCR) in the design. 

The ‘Improved VCR’ current source is depicted in 

fig. 5 for a 4-bit implementation. The output 

resistance is boosted by the gain of the high gain 

amplifier and the voltage controlled resistor is 

implemented by a transistor in triode region. [3] 

  

                           Figure 5: Improved VCR circuit [3]. 

 

V. CIRCUIT IMPLEMENTATION 

The current sink topology is depicted in fig. 6. The 

circuit can be operated in two modes: saturated or 

lineair.Setting the reference voltage (Vref) 

approximately, transistor M2 can be operated as a 

current source (saturation). Enabling more cells by 

means of B1 or B2 will lineairly control the current 

through these current mirrors. On the other hand, Vref 

can be chosen to push M2 in linear operation. 

Enabling more parallel cells by means of B2 is now 

linearly adapting M2’s output recistance and hence, 

linearly setting the current. Changing B1 though does 

not achieve linear tuning since M2 is not saturated 

and doesn’t act as a current mirror.  

 

 

              Figure 6: Current sink topology. 

VI. RESULTS 

The resulting current signal through the load was 

tested for offset, delay, charge imbalance and 

amplitude. The amplitude of the current at the 

specified impedance amplitudes is depicted in fig. 7 

for the real impedance model of the load. Fig. 8 

depicts the transient response of a 100 nA current. 

 

  

Figure 7: Achieved current amplitude at the specified 

impedance amplitudes for the real impedance model of the 

load. 



          

 

 

 
     Figure 8: Transient response of the current through a    

           resistor. 

 

VII. CONCLUSIONS 

The specifications for the current amplitudes at the 

impedance magnitude of the real impedance model 

and the RC parallel model were met. Expected 

programmable current waveforms were achieved. 

Results for the probe model are left out here, because 

strange transient behavior was obtained. 
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1 Introduction 
 

1.1 Motivation 
 

The Bioelectronic Systems Group at Imec works on implants for fine-grain stimulation and recording 

in deep brain regions in order to advance therapies for neurological disorders, help pharmacological 

research and provide means for fundamental research in neuroscience. They have been developing a 

passive multi-electrode probe technology with micrometer contact dimensions for implantation in 

rodents so far and they are now in the process of increasing the number of electrode contacts 

significantly (towards 64-128). Electronics functionality close to the electrodes allows for low-noise 

amplification, signal selection, filtering, and digitization in order to handle this large number of 

signals.  

Inversely, these electrodes can be used to electrically stimulate neurons using particular current or 

voltage waveform patterns. In an implantable neurostimulator, the goal is to pass electric charge in a 

precisely controlled fashion through the excitable tissue to initiate action potentials. Today’s deep-

brain stimulation probes use millimeter-size electrodes. These stimulate, in a highly unfocused way, a 

large area of the brain and have significant unwanted side effects. To have a more precise 

stimulation (and recording), the electrodes have to be as small as individual brain cells. Such small 

electrodes can be made with semiconductor process technology, appropriate design tools, and 

advanced electronic signal processing.  

 

Figure 1: A prototype multi-electrode stimulation and recording probe for deep-brain stimulation. 

This thesis focuses on the concept and IC design for a two-channel electrical stimulator able to act as 

a current or voltage source with programmable temporal waveforms. The source has to be able to 

drive a wide range of impedances reflecting the range of passive micro-electrodes (about 50 �� 

diameter, different materials like platinum, iridium oxide, titanium nitride) and the permittivity and 

conductivity differences of solutions and tissue in vitro and implanted in vivo condition. Current 

signals in the µA-to-mA range are required while voltage signals in the mV-to-V range are used. 

Stimulation frequencies are comparatively low (< 150 Hz) but typically used waveforms include 

pulses and ramps requiring decent transmission of higher harmonics into the 10-to-30 kHz range. 
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1.2 Context  

 

Deep Brain Stimulation (DBS) is being evaluated as an effective approach for the treatment of several 

neurologic and psychiatric disorders like Parkinson’s disease, essential tremor, dystonia, epilepsy, 

obsessive-compulsive disorder, etc. Despite its success, is has not become a standard therapeutic 

approach yet. The effects and mechanisms of DBS are not well understood and remain to be 

explored. Therefore, collaborate research in areas like DBS electrode design, modeling of the 

electrode-tissue interface, research on stimulation and recording waveforms and many others, need 

to be pursuit. [1][2] 

Current clinical DBS electrode design has been adapted from cardiac pacing technology without the 

exact understanding of the neurostimulation principles. With today’s small number and large surface 

area of the electrodes used for stimulation, it is not possible to selectively stimulate the desired 

anatomical target. This leads to unwanted stimulation of surrounding brain structures which can 

cause behavioral side effects. Moreover, inherent brain movements can result in displacement of the 

stimulation contacts in respect to the anatomic target. However, advances in computational 

capabilities, neural engineering design tools and microelectrode fabrication techniques, allow the 

design of optimal DBS electrodes, customized to the anatomy and morphology of the stimulation 

target. [1][2] 

Fig. 2 shows the micrograph of an implantable silicon-based neural probe conceived for both 

recording and stimulation of deep brain regions, fabricated at IMEC. The probe supports a 2D array 

of small electrodes for selective and targeted interaction on the level of single neurons. Each pixel of 

the 2D probe functions either as a stimulation or recording site with a geometric area as small as 

possible to allow selective and safe stimulation. [1] 

 

Figure 2: Optical micrographs of probe tips with different electrode sizes and configurations: tip with electrodes of 50 μm 

diameter (A), of 25 μm diameter (B) and with C-shaped electrodes (C). Picture of the whole probe (D) and the packaged 

probe (E). [1] 
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The accurate modeling of neurons, electrodes and the electrode-tissue interface is an important 

aspect in the study of neural signals. These models are of utmost importance in the design of 

electronic neural interfaces as they can provide a good characterization of the signal conditions like 

impedances, offsets, time-and frequency-variable parameters, etc. Many researchers have studied 

the electrode-tissue interface and several electrical circuit models have been developed.  

Fig. 3 shows the model of the electrode-electrolyte interface for the neural probes designed at the 

Bioelectronic Systems group of Imec. The model consists of several parts: the interconnect parasitics 

(��  , �� ), the constant-phase element (�	
� � 1 �� ��������, and the charge-transfer path 

(���  with parasitic interface-related �� , ��). [3] [4]  

 

Figure 3: 1-port equivalent circuit topology for a single 50 µm electrode representing the electrode-electrolyte interface 

(��� , ��, ��, CPE) and the parasitic interconnect network (�   , �! ). [3]  

A major challenge in the design of a neural stimulator is the high electrode-tissue/neural interface 

impedance, which can lead to very large output voltages for the required stimulation current levels.   

The stimulation parameters for DBS (stimulus shape, amplitude, pulse duration and frequency) have 

mainly been derived by trial and error. The generation of optimum stimulation waveforms is 

therefore also a current strong research issue. For this purpose, the electrical stimulator has to be 

able to program arbitrary-shaped signals.  An example of different stimulation signals that have been 

studied is shown in fig. 4. Generally in neural applications, a symmetrical or asymmetrical biphasic 

(that is, it consists of a cathodal and an anodal phase) waveform is used as electrical stimulus. [2] 

There are two distinct modes for stimulation; current-mode and voltage-mode. In current-mode 

stimulation, the current amplitude is directly controlled by a digital-to-analog converter and is not 

affected by changes in the tissue load. Therefore, the quantity of charge delivered per stimulus pulse 

is easily controlled. In voltage-mode stimulation, the stimulator output is a voltage, and therefore the 

magnitude of the current delivered to the tissue is dependent on the inter-electrode impedance 

(Ohm’s law). Thus, it is difficult to control the exact amount of charge supplied to the electrode and 

tissue because of the impedance variation. [5] 

 An important issue when generating the stimulation signals is the charge balance. That is, pulses are 

considered electrochemically safe when the charge injected during the first phase is totally recovered 

during a following counter phase. [1] Fig. 5 shows some examples of charge-balanced biphasic 

current pulses with different asymmetries in the cathodal and anodal phase widths.  
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Figure 4: Comparison of stimulation waveforms. [2] 

 

Figure 5: Examples of charge-balanced, biphasic current pulses with different asymmetries in the cathodal and anodal 

pulse widths. [7] 
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1.3 State of the art 

 

A typical example (fig. 6, 7) of most DBS devices used in clinical practice today is the Kinetra 

neurostimulator of the American company Medtronic. The Kinetra neurostimulator works through 

two channels to deliver bilateral intervention. It consists of three parts: the actual pulse generator, 

the lead and the extension. The pulse generator is a small, sealed device, similar to a cardiac 

pacemaker and contains a battery and a microelectronic circuitry to produce the electrical pulses 

needed for the stimulation. It is usually implanted into the patient’s chest or abdomen. The pulses 

can be adjusted wirelessly to check or change the neurostimulator settings. The electrical pulses are 

delivered to the targeted areas deep in the brain through the extension and the lead. Extensions are 

insulated wires that run subcutaneously along the shoulder, neck and head to connect the pulse 

generator to the lead. The lead is implanted in the brain and consists of four thin coiled insulated 

wires bundled within polyurethane insulation. Each lead has four electrodes at the lead tip. 

Stimulation by these quadripolar leads is delivered using either one electrode or a combination of 

electrodes. [8] 

 

Figure 6: Kinetra neurostimulator. [8]  
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Figure 7: DBS schematic. [9] 

 

This Medtronic neurostimulator is being used in today’s clinical practice. Nevertheless, it has some 

key features that need to be improved. The stimulator lacks stimulation flexibility and the capability 

of stimulating on the level of single neurons. 

In Belgium, a company called 3Win is also making DBS devices. Their deep brain stimulator is 

however not yet clinical. They want to differentiate from today’s neurostimulation devices with more 

flexible and accurate stimulation and less invasive electrodes. The Australian company Cochlear is 

famous for their multi-channel stimulator devices in the repairing deafness industry. Their devices 

however lack the application of stimulating the deep brain regions. The American company World 

Precision Instruments (WPI) is a leading global provider of laboratory solutions for the life sciences. 

Their stimulator devices however lack miniaturization and IC implementation. 

An overall important future technical advance of today’s clinical DBS devices is the development of a 

cranial implantable neurostimulator. At present, implantation of DBS systems is a two stage 

procedure because the infraclavicular or abdominal neurostimulation implant site is not accessible 

within the same sterile field as the cranial burr hole site for implantation of the DBS lead. Of 

necessity, the patient has to be re-prepared and draped in a different position to allow placement of 

the stimulator and tunneling of the lead extension wires between the scalp and the upper chest. 

Tunneling through the soft tissues of the neck, scalp, and upper chest wall is painful enough to 

require general anesthesia, even when minimally traumatic surgical instruments are used. Thus, the 

development of a cranial-mounted stimulator that would allow the entire procedure to be 

performed through a single incision at one sitting is desirable for a number of reasons: to eliminate 

the need for general anesthesia, to reduce the risk of infection, to reduce the number of electrical 

connections and thereby increase device reliability, and to lower costs linked to operative time. 

Barriers to the development of a cranial stimulator are surmountable. These include miniaturization 

of device components, especially the battery and lead connector block, and the elimination of 

seldom-used device components or features. [10] 
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1.4 Thesis outline 

 

The subject of this thesis is the design of a stimulation chain using a current or voltage source with 

programmable temporal waveforms. In chapter 2 of this thesis, some general specifications 

concerning the stimulation chain will be discussed. In this section, the stimulation mode, waveforms, 

parameters and functionalities of the design will be specified. In chapter 3, the design method of the 

stimulation chain will be discussed. The design method consists of three aspects: the generation of 

programmable stimulation waveforms, the analog design of a stimulator source and the post-

processing of the resulting waveforms. In order to coordinate and interface between these three 

components, an automatic workflow by means of a test bench was set up. After some deeper 

insights into this test bench, the generation of the waveforms and the post-processing parameters, 

some particular test cases for the stimulator source will be derived from the earlier mentioned 

specifications. Now the actual analog design can get started. In chapter 4, state of the art micro-

stimulator architectures for this application will be studied. In chapter 5, the implementation of the 

circuit of this thesis will be considered. First, the overall architecture will be discussed and operation 

will be explained. Then, the implementation of the operational transconductance amplifier that is 

used in the design will be considered and stability will be studied. In a last section of this chapter, an 

important property of the stimulation source, the output resistance will be examined. Subsequently, 

in chapter 6, the simulation results of the stimulation chain will be examined and in chapter 7, some 

general conclusions of this thesis will be considered. 
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2 Stimulation specifications  

 

This section gives a brief description of the general specifications that the stimulation chain should 

satisfy. The subject of this thesis is to design a stimulation chain that satisfies those specifications. 

The general specifications for the stimulation chain are the following: 

 Stimulation mode 

• The stimulation pulses can be either voltage-controlled or current controlled. 

However, because they offer some advantages like the knowledge of the injected 

charge and the more or less constant stimulation threshold, current pulses will be 

used in this thesis.   

 Stimulation waveforms 

• The stimulation waveforms are biphasic current signals with balance in charge. For 

charge balancing, one should ensure that the total amount of charge that is injected 

into the tissue is equal to zero. Quantitatively, according to fig. 8  "� � #$%�& '	 � #$%�(') � ") 

where "�  is the charge injected in the cathodic phase and ") is the charge injected 

during the anodic phase. 

 Functionalities of the stimulation chain 

• The design consists of a test bench for the stimulator circuitry. The stimulation 

waveform parameters like stimulus shape, amplitude, pulse duration, pulse 

frequency need to be adjustable. 

 Stimulation pulse repetition frequency range 

• 100 Hz to 130 Hz  

 Stimulation pulse width range 

• 100 µs to 500 µs 

 Stimulation amplitude range 

• 0.1 µA to 100 µA 

 Impedance range of the load to design the device for   

• The impedance of the electrode-tissue interface is highly variable because it differs 

from site to site and during lifetime. |�+$),| ranges from 10 k- to 2 M-. This 

implicates the design of a current source with an output impedance that is high 

enough (> 10 M-) in order to provide a constant current, irrespective of the load 

impedance. 

 Technology 

• The technology is ONSEMI C035M-D 5M/IP (Europractice). This is a 0.35 µm (3.3 V) 

silicon technology with a back-end consisting of 5 metal layers. Higher voltage 

technologies could be considered if needed. 

 Supply voltage 

• For a 3.3 V device, +/- 1.65V operation can be allowed without any risk of oxide 

breakdown. From this, an upper and lower bound 1.5V is derived which should not 

be exceeded by the current source (.// = 1.5V; -.// =-1.5V). 

 Low power consumption  
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Challenges for the stimulation chain are mainly related to two issues: first, the achievement of large 

output impedance within the provided power supply range. Second, the generation of arbitrary-

shape voltage-independent stimulus currents; this is a challenge because the stimulator load varies 

with more than two decades.  

 

Figure 8: Biphasic current waveform with charge balance. [6] 
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3 The design method of the stimulation chain 

3.1 Test bench 

 

The design method of this thesis consists of three aspects: the generation of programmable 

stimulation waveforms, the analog design of a stimulator source by means of a digital-to-analog 

converter (DAC) and the post-processing of the resulting waveforms. In order to coordinate and 

interface between these three components, an automatic workflow by means of a test bench was set 

up. This test bench (fig. 9) consists of three building blocks. First of all, the biphasic waveform is 

emulated in Matlab. The pulse generator programmes the waveform with the adjustable stimulation 

parameters like pulse width, frequency, etc. This pulse is now used in the actual DAC circuit. The DAC 

circuit is designed in the analog environment of Cadence. The DAC circuit consists of two paths (n 

and p) in order to produce the biphasic current waveform that flows into the load. The load is also 

modeled and simulated in Cadence and its model will be altered for different load impedances. At 

the end, the simulation results are post-processed in Matlab again. The resulting waveform through 

the load is tested for offset, delay, current amplitude, charge integration, etc.  With the creation of 

this automatic workflow, different DAC circuits can be easily tested with programmable stimulation 

waveforms in a reasonable time. 

 

 

Figure 9: Test bench building blocks. 
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3.2 Pulse generator 
 

The pulse is generated in Matlab. The pulse is biphasic and hence consists of 2 phases: the leading 

part and the trailing part of the pulse. A phase can be cathodal and anodal. A special case of a pulse 

is the monophasic case, when only one phase is present. The general stimulation waveform 

parameters of the pulse are the following: 

 0� : the number of pulses 

 f:  the pulse repetition frequency  

 1+2), : the amplitude of the leading part of the pulse  

 1�3)4+ : the amplitude trailing part of the pulse  

 '+2), : the pulse width of the leading part of the pulse 

 '�3)4+ : the pulse width of the trailing part of the pulse 

 The rank of the phases:  a cathodal first pulse or an anodal first pulse  

 1/	 : an arbitrary but fixed DC offset  

 
Figure 10: Pulse generator.  
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3.3 Post processing 

 

After simulation in Cadence of the DAC circuit, the current signal trough the load is post-processed in 

Matlab. The signal parameters that are examined are the following: 

 The charge imbalance of the pulse. To check the amount of charge that is residual in the 

tissue after stimulation, the discrete integral of the pulse is determined: 

5�#467 8 #4��9467 8 94�:�7
4;7  

where N is the number of data points.  

 

 The delay of the pulse. The delay is measured by comparing the output pulse through the 

load with the reference pulse in the DAC circuit. The time in point where 90% of the aimed 

output current is achieved is determined for the output pulse and the reference pulse. The 

delay is then defined as the difference between these two time points. The delay is 

calculated for the anodal part of the pulse and for the cathodal part of the pulse. 

 

 The offset of the pulse. The offset is measured by looking at the current values at the points 

of time where, according to the reference pulse, the aimed current value is zero. The mean 

of these current points is defined as the offset of the pulse. The offset is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse.  

 

 The amplitude of the pulse. The amplitude of the pulse is defined as the mean of the current 

values where at least 90% of the aimed value is achieved. The amplitude is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse. 

 

 The frequency spectrum. To check the frequency content of the current pulse, the Fast 

Fourier Transform of the current pulse is determined.  
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3.4 Test cases 

 

To test the DAC circuit, test cases have to be specified. One test case consists of the amplitude of the 

current signal and the amplitude of the load impedance. The model for the load is also varied per 

test case. From the specifications we know that the amplitude of the current ranges from 0.1 µA to 

100 µA and that this current has to source a load with an impedance |�+$),| ranging from 10 kΩ to 2 

MΩ. Here, some trade-offs have to be made with respect to the supply voltage |V//| of 1.5V. Using 

Ohm’s law, some feasible test cases can be derived. For example, a current amplitude |I| of 100 µA 

and an impedance amplitude |Z| of 2 MΩ leads to a voltage over the load of 100 V, which is not 

feasible with a supply voltage of only 1.5 V. Otherwise, a current amplitude of 0.1 µA and an 

impedance amplitude of 10 kΩ lead to a voltage over the load of 100 mV, which is feasible with a 

supply voltage of 1.5V.  

Fig. 11 shows the feasible current-impedance points (|I|, |Z|) within the specifications and with the 

limitation of the supply voltage.  

 

Figure 11: Feasible test points. (Note: the lines do not matter; the points are covered by the area below the curve) 

In order to mark out the test cases, ten particular points were chosen on the border of the field (red 

circles in fig. 11 and table 1). The goal is now to achieve these 10 current amplitudes at the specified 

impedance amplitudes of the load with the stimulation block. 
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|I| (µA) |Z|(kΩ) 

50 10 

  20 

10 50 

  100 

1 1000 

0.1 10 

  20 

  50 

  100 

  1000 

Table 1: The 10 test cases for the current and impedance amplitudes. 

Per test case, the load model is also being varied. Three models are being used to simulate the load 

in Cadence: A real impedance, a RC parallel and the actual probe model. The first model is the simple 

hypothesis of a real impedance. This resistance will take the value of |Z| in table 1. The second 

model is that of a RC parallel. The parallel impedance |��| takes the value of |Z| in table 1. The 

value of the resistance R and the capacitance C are easily derived from formula (1) for parallel 

impedances. 

                                        

Figure 12: Real impedance and parallel of real impedance and capacitor 

                             

|��| � = �> . �	�> @ �	= �1� 

Replacing �> and �	  in formula (1) by R and 7 AB	 respectively: 

|��| � C �. 1�ω�� @ 1�ω�C 
Resolving this equation to C: 

|��| � = ���ω� @ 1= 
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→ |��| � |�||��ω� @ 1| 
 

→ |��| � �√��ω��� @ 1 

 

→ G��GH��ω��� @ 1 � � 

→ H��ω��� @ 1 � �G��G 
→ ��ω��� @ 1 � ��

G��G� 

→ ��ω��� � ��
G��G� 8 1 

→ �� � � ��
G��G� 8 1� 1��ω� 

→ � � I� ��G��G� 8 1� 1��ω� 

The value of R is set to 1.5 MΩ (this is a relevant value for the R-element of the model [3]). The 

values of G��G are depicted in table 1. The value of ω is given by the formula 

ω =2πf 

where f=1kHz (which lies within stimulation frequency range). This leads to the values �4 in table2, 

related to the values of |�4| in table 1. 

C1 15,9nF 

C2 7,96nF 

C3 3,18nF 

C4 1,59nF 

C5 0,119nF 

Table 2: Capacitor values for RC parallel model. 

The last model of the load is the actual probe model (fig. 1). The values of the capacitors, resistors 

and the CPE element are defined in [3]. 
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4 Architecture of the stimulation chain 

4.1 Introduction 

 

In literature, neural stimulation circuits can be found as external/discrete systems or 

implantable/integrated systems. The former use discrete electronics or data acquisition cards, to 

generate the stimulation pulses, which are wire connected to the electrodes. The latter use 

integrated waveform generators receiving parameters by wireless telemetry from a remote 

controller. Wireless telemetry is usually implemented using RF transmission between two closely 

couple coils and has the challenges of transmitting sufficient power to deliver charge to the tissue 

and have enough bandwidth to manage all the stimulation sites. [2] 

A typical implantable stimulation probe working with 7 leads is depicted in fig. 13. The digital 

circuitry decodes digital commands containing stimulation pulse parameters and probe address 

information.  Digital-to-analog converters and analog multiplexers generate and send current signals 

to specific stimulation sites. Self-test circuitry is also provided. 

 

Figure 13: Typical active stimulation probe. [2] 

The current generator architecture, which is the subject of this thesis, is depicted in fig. 14. It consists 

of a digital-to-analog converter (DAC) and an output stage. The DAC input is controlled by the input 

bits (J4 in fig. 14). The DAC then converts the digital control signals into analog current signals. These 

analog signals source the load in the output stage of the stimulator.  
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Figure 14: Architecture of current generator circuit with 4 control bits.  

Fig. 15 shows a conventional stimulator output stage configuration for a two-electrode setup. Dual 

supplies are required for the biphasic waveforms. The nerve tissue sits between the anodic (A) and 

the cathodic (C) electrodes; this polarity refers to the stimulus pulse. The cathodic electrode is 

connected to a reference voltage, usually the midpoint of the two supply voltages (here: ground). 

The programmable current sink #��4K	  and current source #��4KL  generate the cathodic and anodic 

currents, respectively. These currents are driven through the load �M , representing the electrode-

tissue impedance, by the control of switches N7  and N�  . The configuration is ideally designed to be 

charge-balanced to avoid charge accumulation. However, achieving exactly zero net charge after 

each stimulation cycle is not possible due to mismatch in the current source and sink drivers or due 

to timing errors and leakage from adjacent stimulus sites. Therefore, periodic removal of the residual 

charge can be necessary using switch N&  which provides an extra passive discharging phase. During 

this extra phase the voltage on the blocking-capacitor drives current through the electrodes to fully 

discharge them. [11] The dc blocking capacitor (fig. 15) has an appropriate size and is put in series 

with the stimulation electrode. It guarantees that no net dc current is conducted into the electrode-

tissue interface over time. In multichannel functional electrical stimulation applications, however, dc 

blocking capacitors cannot be realized in the required number, mainly due to space limitations. 

Therefore, other techniques like the active charge-balancing techniques [15] can be used.  

 

Figure 15:  Conventional stimulator output stage configuration for two-electrode setup with dual supplies with active 

and anodic phases. [11]  
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4.2 State of the art 

 

Integrated current-pulse stimulator circuits can be designed using several techniques. There are 

however a few desirable features for this application. An ideal current source is a two-terminal 

element with a parallel resistance which is ideally infinite. Traditional current sources however suffer 

from a tradeoff between the output resistance and the compliance voltage. A large compliance 

voltage is required because of the low voltage operation in this application. A large output 

impedance is needed to properly get all the charge into the tissue. Part of the power out of the 

stimulator energy source produces the useful voltage across the stimulating electrodes and the 

stimulus current passing through the tissue. The rest of the power, however, is dissipated as heat in 

the microstimulator circuitry and should be minimized in order to improve the stimulation efficiency 

and limit the temperature rise within the implant. For this reason, low power consumption is also a 

desirable feature to keep in mind when designing the current source. A last logical feature is keeping 

the silicon area as low as possible. 
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4.2.1 Simple, Fully Cascode and Wide Swing Cascode current mirros 

 

Current mirrors replicating and scaling the output current #/L	 of the current-mode digital-to-analog 

converter (DAC) to the output current #$%�, have been widely used for microstimulation circuits for 

their straightforward design, linearity, and little need for decoding the digital inputs. These circuits 

work properly only as long as all transistors are kept in the saturation region, which means that they 

need a minimum voltage of ./�)� across their drain-source terminals (even though the following 

discussion is based on the nMOS transistors, it also applies to the duals of these circuits with pMOS 

transistors) 

./�)� � I2#/PQ�R 

where #/ is the drain current, Q� is the intrinsic transconductance, and W and L are the MOS 

transistor width and length, respectively. Obviously, ./�)� increases with higher stimulation currents, 

even though it can be reduced by increasing the width of the MOS transistor at the expense of more 

area consumption. If a simple current mirror (fig. 16) is used for stimulation, the maximum voltage 

that could be built up across the tissue (which is referred to as the voltage compliance of a simple 

current mirror) is 

.		 8 ./�)� 

The power dissipated by the circuit in transistor S7 is 

./�)� T#/ @ ./�)�U( V 

where U( is the output resistance of  S7 as well as of the entire current source and W is the channel 

length modulation factor of S7. The output resistance  U( of the simple current mirror is 

U( � 1W#/ 

 

This is not high enough for biomedical microstimulation applications (especially because it decreases 

at high currents) and causes the stimulus current to vary considerably with output voltage variations. 

[6]  
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Figure 16: Simple current mirror, controlled by current-mode DAC. [6] 

To increase this output impedance, fully cascode (FC) (fig. 17) and wide swing cascode (WSC) (fig. 18) 

current mirrors are used in many designs. These current mirrors increase the output resistance by a 

factor of 

 XKU( 

where XK is the cascode transistor (S&) transconductance and is given by  

XK � I2#/Q
RP  

Increased output resistance, however, comes at the expense of reduced voltage compliance to 

.		 8 ./�)� 8 .YZ[  
in the FC current source and to 

.		 8 2./�)� 
in the WSC current source. It also increases the power dissipation in saturated transistors to  

#/�./�)� @ .YZ[� 
and 

 2#/./�)� 
 where  .YZ[ is the nMOS threshold voltage. [6] 
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Figure 17: Fully cascode current mirror, controlled by current-mode DAC. [6] 

 

Figure 18: Wide swing cascode current mirror, controlled by current-mode DAC. [6] 
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4.2.2 Active Feedback and Voltage Controlled Resistor current source 

 

It is also possible to increase the output impedance by biasing the cascode transistor with active 

feedback. In fig. 19, the high-gain amplifier locks the drain voltage of S� to be equal to the drain 

voltage of S7 (i.e. the amplifier acts as a voltage follower). The same biasing conditions make the 

drain current of S�, n times the current of S7, the same as their aspect ratio difference. The output 

impedance of the active feedback current generator is given by  

�$%� � 1XK\U(\U(� 

where A is the amplifier gain, U(� is the output resistance of S� and XK\ and U(\ are the 

transconductance and output resistance of S\, respectively. The output impedance is 1XK\U(\  
times larger than that of S� only. 

 

Figure 19: Stimulation with a current mirror employing active feedback to boost the output impedance. The input current 

is controlled by the current-mode DAC. [11] 

Another way to achieve an adjustable current generator is by using a voltage follower to bias a fixed 

resistor, as shown in (fig. 20). The input of the voltage follower, which is also the bias voltage across 

the resistor, is programmed by the DAC. The output current is given by 

#$%� � ./L	�  

where ./L	  is the output voltage of the DAC and R is the fixed resistance. However, controlling #$%� 
by changing ./L	  is not desirable because it changes the voltage compliance of the current generator 

circuit.  
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Figure 20: Stimulation with a voltage-to-current conversion circuit employing active feedback. The output current is the 

ratio of the DAC output voltage over the fixed resistance. [11] 

It is known from the previous formula that the output current is also reciprocally proportional to the 

resistance. Thus, a voltage-controlled resistor (VCR) with a constant bias will also make a current 

generator. The voltage-controlled resistor is usually implemented by a MOS transistor in the triode 

region, as shown in fig. 21. This configuration yields a current generator circuit with small voltage 

compliance. When the bias voltage .32] is small, in the order of several hundred millivolts, S7operates in deep triode region and its drain current may be given by (in model level 1 [12]) 

#/7 � ��$^ R7P7 �./L	 8 .Y�.32] �2� 
which represents a linear resistor between the drain-source terminals equal to 

�/_7 � 1��$^R7P7 �./L	 8 .Y� 

where � is the mobility, �$^ is the oxide capacitance per unit area, .Y is the threshold voltage and R7 

and P7 are the width and length of transistor  S7, respectively. However, at large gate-source 

voltages (i.e. for large ./L	), mobility degradation due to the high vertical field cannot be neglected. 

To model this effect, the effective mobility is changed to: 

�2]] � �(1 @ `�./L	 8 .Y� a �(b1 8 `�./L	 8 .Y�c 
�2]] a �(b1 8 `�./L	 8 .Y�c�3� 

where �( is the low-field mobility and ` is a fitting parameter roughly equal to 10�f 9$^.�7⁄  [12] 

(9$^ is the oxide thickness); for the approximation in (3) only the first two terms of the Taylor series 

expansion were retained. Because of the mobility degradation, the drain current will not be very 

linear to the overdrive voltage �./L	 8 .Y�, especially for ./L	 values controlled by the most 
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significant bits (MSBs) of the DAC. To reduce non-linearity, an extra current compensation circuit 

operating in the saturation region was employed in fig. 21 at the expense of higher complexity and 

power consumption.  

 

Figure 21: Stimulation with a current sink implemented by a voltage-controlled MOS resistor. The active resistance is 

controlled by the voltage-mode DAC output. [11] 

 

All the current generator circuits described here need at least two steps to translate the digital input 

bits into the output current. The digital input bits control the gates of the DAC current source or sink 

transistors to be either a fixed bias voltage or 0 V. The bias voltages then drive the DAC transistors to 

generate the output current. For the implementations of active feedback, voltage follower and 

voltage-controlled resistor (VCR), the digital input bits are first translated into an analog voltage 

which is subsequently used to bias a resistor or a transistor in order to generate the output current.  

Subsequently, another current generator circuit has been proposed, which only requires one step to 

translate the digital input bits into the output current. The circuit schematic is shown in fig. 22 for a 

4-bit implementation. The circuit is based on the topology of the voltage-controlled resistor and is 

still implemented by MOS transistors in the deep triode region for small voltage compliance. The 

main difference between this circuit and previous works is that the digital input bits are loaded 

directly onto the corresponding binary-weighted current sink transistors (implemented as unit 

transistors). Therefore, unlike the voltage-controlled MOS resistor implementation in fig. 21 where 

the gate voltages of the current sink transistors are analog, sweeping from .Y to the full-swing 

of ./L	, the gate voltages of all current sink transistors �S7 8S\� in this circuit are 1-bit digital; .// 
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(positive digital supply rail) for hard on and 0 V (negative digital supply rail) for hard off. Therefore, 

the digital input bits are not only the enable/disable signals, but also the driving signals for current 

generation.  

When the circuit is on, the transistor gate-source voltage is .//, which will cause maximum mobility 

degradation. Since .// is the exclusive option in order to generate any output current, all current 

sink transistors exhibit the same mobility degradation (this is not the case with the circuit in fig. 21). 

The drain current of each unit transistor (of aspect ratio R P�  ) may be calculated using (2) and (3) by  

#/ � �(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32] 

and for a 4-bit implementation, the output current may be expressed by 

#$%� � �J(2(@J727 @ J�2� @ J&2&� h i�(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32]j �4� 

Where J4  equals 1 or 0; J( is the least-significant-bit (LSB) and J& is the MSB. From (4) it can be seen 

that unlike the analog-based DAC in fig. 21, mobility degradation does not affect the linearity 

performance of the improved DAC implementation; it only causes a small gain error which is 

insignificant for this application. An additional advantage of the proposed circuit is that no analog 

biasing or linearity compensation circuits are required. This greatly reduces complexity, which in turn 

minimizes silicon area and power consumption. [11] 

 

Figure 22: Improved VCR circuit: The binary-weighted transistors of the current-mode DAC are voltage-controlled 

resistors. The latter are controlled directly by the digital input bits lm . A 4-bit implementation is shown. [11] 
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5 Circuit implementation 

5.1 Chosen architecture 

 

The concept of the improved VCR circuit (fig. 22) is used as basic idea in this thesis design. The design 

however provides some expansions and adjustments. The output current ranges from 0.1 µA to 100 

µA. This means a factor 1000 exists between the smallest and largest output current. For this reason, 

a 10-bit DAC is used (27( – 1 = 1023). In a first phase, the current sink topology was implemented (fig. 

23). 

Figure 23: Current sink topology 

The circuit can be operated in two modes: saturated or linear. Setting .>�n(fig. 23) appropriately, S� can be operated as a current source (saturation). Therefore, S� mirrors the current from #>�n . 
Enabling more cells by means of o7 or o� will linearly control the current through these current 

mirrors. The advantage of this operational mode is linearity. On the other hand,  .>�n  can be chosen 

to push S� in linear operation. Now, the current is determined by pqrstu�vw�. Enabling more parallel cells 

by means of o� is now linearly adapting S�’s output resistance, and hence, linearly setting the 

current. Changing o7 though, does not achieve linear tuning. Indeed, S� is not saturated and doesn’t 

act as a current mirror. The current sink in S& generates a voltage, nonlinearly depending on the 

current. This nonlinear voltage transfer controls the gate of S�. The latter depends approximately 

linearly on this voltage. Overall, no linear tuning is thus achieved through o7. While this may seem as 

a disadvantage, the following considerations are relevant. First, in order to achieve a large voltage 

compliance, S�’s ./_ should be kept as low as possible. This is achieved in the linear region. Further, 

a linear tuning across the full DAC’s range isn’t all that important. Therefore, a rough (nonlinear) 

coarse tuning through  o7 can set the order of magnitude of the DAC’s output current correct, while o� then offers linear fine tuning.  
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In conclusion the DAC offers two modes of operation. In one mode, S� operates in saturation, to be 

preferred when very linear steering is desired. In saturation, S� also exhibits a higher output 

impedance, which yields a larger output impedance of the overall current source.  In the other mode, S� operates in its linear region, to be preferred when very large voltage compliance is targeted. In all 

the following simulations and calculations, .>�n was set to put S� in saturation mode. 

It can be seen that this DAC is a coarse-fine DAC. Its elegancy is easily seen. Though achieving a 10 bit 

architecture, only 64 (2x2
5
) elements are required, instead of 1024. In a standard DAC, the coarse-

fine gain, or ratio between coarse and fine elements would be important, and difficult to control. 

However, for this application, the high number of bits is just required to increase the dynamic range 

of the output current, while linearity over the whole range of the DAC is fairly irrelevant. Hence, this 

architecture can be freely used, without the linearity worries of a typical 10b converter.  

For simulations, the DAC is chosen to work in linear operation. The smallest step size is set on 0.1 µA, 

because it is the smallest targeted current amplitude. With 10 bits, the maximum current of 1000 µA 

is then feasible. Enabling 1 cell equals an output current of 0.1 µA. Enabling 2 cells, by means of o7or o� leads to 0.2 µA. The maximum output current is then (when all bits are on) 

0.1 µA * (2
5
-1)* (2

5
-1) = 96.1 µA.  

This is more than the specified highest current amplitude of 5O µA. 

In a second phase, the pmos version (fig. 24) of the first design is implemented for the current 

source. A schematic of the final design where the current source and current sink are brought 

together to source and sink respectively the current through the load, is depicted in fig. 25. 

 

Figure 24: Current source topology 
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Figure 25: Current source and sink brought together in the final design. 
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5.2 Operational Transconductance Amplifier 

 

In the circuit topologies (fig. 23, 24), an operational amplifier is used as a buffer to set the voltage at 

the gate of transistor S�. This amplifier is implemented as a simple Miller-compensated Operational 

Transconductance Amplifier (OTA). In a first stage, the OTA for the current sink (fig. 23) was 

implemented. The Miller-compensated OTA (fig. 26) is a two-stage amplifier. The first stage consists 

of a p-channel differential pair S7L 8S7x with an n-channel current mirror load S�L 8S�x, and a 

p-channel tail current source Syx. The second stage consists of an n-channel common-source 

amplifier S& with a p-channel current-source load S\. Because the OTA inputs are connected to the 

gates of MOS transistors, the input resistance is essentially infinite when the opamp is used in 

internal applications. For the same reason, the input resistance of the second stage of the OTA is also 

essentially infinite and the voltage gain of the amplifier can be found by considering the two stages 

separately.  

 

Figure 26: Miller OTA for sink circuit [13] 

The small-signal voltage gain of the first stage (from .4[ to node 2) is given by [13]: 

1z7 � 8 XK7X(7 @ X(� 

The gain of the second stage (from node 2 to the output) is given by: 

1z� � 8 XK&X(& @ X(\ 
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As a result, the overall gain of the amplifier is given by: 

1z � 1z71z� � 8 XK7XK&�X(7 @ X(���X(& @ X(\� �5� 

For the source circuit (fig. 24), another OTA had to be designed because the voltage at the positive 

gate of the OTA has now a different sign as the in the case of the current sink.  When the OTA’s were 

designed, a maximum DC gain was emulated. This leaded to a DC gain for the OTA of the sink circuit 

(using formula (5) and table 3) of: 

Av=  407,22 =52,2 dB 

The open-loop gain in function of the frequency for the sink circuit and the source circuit are 

depicted in fig. 27 and 28 respectively. For the OTA of the source circuit, a DC gain of approximately 

54 dB was established.  

 

gm1 1,421 mS 

gm3 1,847 mS 

g01 90,07 µS 

g02 72,68 µS 

g03 35,26 µS 

g04 4,341 µS 

Table 3: small signal parameters of Miller OTA for sink circuit (fig. 26) 

 

 

Figure 27:  Open loop gain in function of frequency of OTA for sink circuit. 



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  31 

 

 

Figure 28: Open loop gain in function of frequency of OTA for source circuit. 

 

5.2.1 Frequency response and stability 

In this section, the closed stability of the OTA will be studied. In order to study stability over the 

frequency signal range, the different poles and zeros in closed loop and their influence on the 

dominant pole will be examined. This analysis will be done for the current sink circuit which is 

depicted here again in fig. 29 with different notations for transistors S7 and S�. 

5.2.1.1 The dominant pole 

First of all, the dominant pole at node 2 (fig. 26) will be computed. The capacitor �	  is placed 

between the input and the output of the second stage. Since �	 is large (we neglect �t,& compared 

to  �	) and since the gain of the second stage is considerable, there is an important Miller effect. This 

causes the pole at the input and output of the second stage to split apart. De dominant pole is given 

by [13]: 

|, � 8 X(7 @ X(��	 XK&X(& @ X(\  |, � 1163159 �� 
≅ 1.2 S�� 

 

where the values of table 3 were used and �	 was chosen 3 |�. 
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Figure 29: Current sink circuit with notation of node 5 and 6. 

5.2.1.2 Other poles and zeros 

We will now examine if other poles or zeros in the circuit may affect the dominant pole. The second 

pole of the OTA is located at the output node (node 5 in fig. 29 and fig. 30) of the OTA. Figure 30 

depicts a part of the circuit of fig. 29 that is of interest for this calculation. The gate voltage of S7( is 

noted .�7( and the gate voltage of S� is noted .4[. The pole at node 5 is given by: 

|[y � 8 XK&�	�	�y @ �	�[� @ �y�[� �6� 

in which: 

�[� � �,�7x @ �,��x @ �t,7x @ �t,�x @ �t�& @ �t�& 

and 

�y � �M @ �,�& @ �,�\ @ �t,\�7� 
Using the simulated values in table 4, �[� can be found: 

�[� � 93.85 �� 

Cdb1B 4.015 �� 

Cdb2B 2.314 �� 

Cgd1B 28.67 �� 

Cgd2B 28.91 �� 

Cgs3 19.53 �� 

Cgb3 10.41 fF 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 4: Capacitor values for the calculation of the pole at node 5. 
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To calculate �y we need to define �M. �M is the capacitance when looking into the gate of 

transistor S� . Because of the Miller effect, �M is given by: 

�M � �t,��1 8 1,� @ �t���1 8 1���8� 
in which 1,  is the gain from gate to drain of transistor S� and 1� is the gain from gate to source of 

transistor  S� (Fig. 30). To calculate 1, and 1� , we use the small signal schematic of the sub circuit 

(fig. 30) that is depicted in figure 31. In this schematic, transistors S�  and  S7(  are replaced by their 

small signal equivalent. 

 

 

Figure 30: Sub circuit of fig. 29. 

 

Figure 31: Small signal equivalent schematic of fig. 30. 
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Using the Kirchhoff Current law at node D (fig. 31): 

./�M @ XK��.4[ 8 ._� @ �./ 8 ._�U(� � 0 

→ ./��M @ X(�� @ XK�.4[ 8 ._�XK� @ X(�� � 0 

→ ./ � ._�XK� @ X(��  8 XK�.4[ �M @ X(� �9� 

The current through U(7( equals the current through �M: 

._U(7( � 8./�M  

→ ._ � 8U(7(./�M �10� 
Replacing ._ in (9) by (10): 

./ � 8U(7( ./�M �XK� @ X(��  8 XK�.4[ �M @ X(�  

./ ���M @ X(� @ U(7(�M �XK� @ X(��� � 8XK�.4[  
 

→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M �XK� @ X(�� 
→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M�XK� @ X(�� 

Now we have found 1/, we can use the same method to find 1�. 

Using the Kirchhoff current law at node S: 

XK��.4[ 8 ._� @ �./ 8 ._�U(� � ._U(7( 

XK�.4[ @ ./X(� 8 ._�XK� @ X(� @ X(7(� � 0 

→ ._ � XK�.4[ @ ./X(�XK� @  X(� @ X(7( �11� 

Using (10): 

./ � 8._ �MU(7( �12� 
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Replacing ./  in (11) by (12): 

._ � XK�.4[ 8 ._ �MU(7( X(�XK� @  X(� @ X(7(  

._�XK� @  X(� @ X(7( @ �MU(7( X(�� � XK�.4[ 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MU(7( X(� 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MX(7(X(� 

Replacing 1/ and 1� in (8) 

�M � �t,� T1 8 8XK��M @ X(� @ U(7(�M�XK� @ X(��V @ �t�� T1 8 XK�XK� @  X(� @ X(7( @ �MX(7(X(�V 

Using table 5 where �M  is chosen 1 MΩ, we find: 

�M �  97.6 �� 

 

�M  1 MΩ �M 1 μS 

Cgd9 74.81 �� 

Cgs9 75.05 �� 
Table 5: Simulated values for the calculation of �� 

Replacing �M in (7) and using table 6: 

�y �  4.65 �� 

 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 6: Simulated values to calculate�� 

Replacing �y and �M in (6) we find: 

|[y � 818.5 ����13� 
 

In de feedback lope of the OTA at node 6 (fig. 30) there also appears a pole. To calculate this pole we 

use the following definition of a pole node n: 

Pole at node n = 8 32�4��4z2 �)3� $] ),4��)[�2 �2��22[ [$,2  [ )[, L	 t3$%[,�)�)�4�4z2 �)3� $] ),K4��)[�2 �2��22[ [$,2 [ )[, L	 t3$%[, 
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The resistive part of the impedance between node 6 and AC ground is given by 

U(� // 1X�9 // U(7( 

� 1X(� @ XK�@ X(7( 

The resistive part of the admittance between node 6 and AC ground hence is given by 

X(� @ XK� @ X(7( 

The capacitive part of the admittance between node 6 and AC ground is given by 

�,�v7( @ ���v� @ �$�)K� 

in which 

�$�)K� � �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L 

This leads to the expression of the pole at node 6: 

|� � X(� @ XK�@ X(7(�,�v7( @ ���v� @ �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L
 

Using table 7 we find: 

|� � 135516374.2 Hz a 135.5 MHz �14� 
CgdM1A 28.61 �� 

CgsM1A 56.21 �� 

CgbM1A 10.71 �� 

CgdM10 1.64 �� 

CdbM10 0.39 �� 

CsbM9 0.04 �� 
Table 7: Simulated values to calculate the pole at node 6. 

Finally, at node 5 there appears a zero. At this node a capacitor (�t��v��) in series with a resistor 

(U(7( of transistor S�) can be seen. This is however a high pass filter and this zero will consequently 

only be seen at very high frequencies since (�t��v�� and U(7( are both very small so 1/U(7(�t��v�� is 

big).  

We can conclude by saying that both the poles at node 5 and node 6 and the zero at node 5 appear 

at much higher frequencies compared to the dominant pole. The stability of the OTA in closed loop at 

the frequency stimulation range is hence assured. However, the parasitic are not included in these 

calculations. 
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5.3 Output resistance 

 

In this section the output resistance of the current sink will be calculated. The same formula can be 

applied for the current source and the overall output resistance of the stimulator is the parallel of 

these two output resistances.  Fig. 32 depicts the small signal equivalent of the current sink (fig. 23).  

 

Figure 32: Small signal equivalent of fig. 23 

 

Calculation of the output resistance R��� : 
 

.$� � 81.,�� .t�7 � .$� 8 .,�� � 8.,���1 @ 1� 

#$%� � �V� 8 V����g(7 @ g�7V��7 #$%� � �V� 8 V����g(7 8 g�7.,���1 @ 1� 
#$%� � V�g(7 8 .,��bg(7 @ g�7�1 @ 1�c 

g�7�1 @ A� ≫ g(7 #$%� � V(g(7 8 V���g�7�1 @ A� 
V��� � r(�#$%� #$%� � .$X(7 8 U(�#$%�XK7�1 @ 1� 

I���b1 @ r(�g�7�1 @ A�c � V�g(7 
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U(�XK7�1 @ 1� ≫ 1 
R��� � V�I��� � br(7r(�g�7�1 @ A�c b14c 

Using values of table 7 and 8, this leads to an output resistance of   
R� = 82.3 TΩ 

for the current sink and  

R� = 28.2 TΩ 

for the current source. 

gm1 0.27 μS 

gds1 4.62 nS 

gds2 0.29 nS 

A 407.22 
Table 8: Simulated values to calculate ´µof the current sink    

gm1 0.27 μS 

gds1 3.48 nS 

gds2 1.38 nS 

A 501.19 
Table 9: Simulated values to calculate ´µof the current source 

When we simulate in Cadence the output resistance in function of the frequency we find for the 

current sink an output resistance of approximately 75 TΩ at DC (fig. 33). For the current source we 

find approximately 21 TΩ as output resistance at DC (fig. 34). At stimulation frequencies in the order 

of kHz, still hundreds of GΩ’s are achieved. 

 

 

Figure 33: Output resistance in function of the frequency of the current sink. 
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Figure 34: Output resistance in function of the frequency of the current source. 
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6 Simulation results 

6.1 Specifications  

In paragraph 3.4 the 10 test cases for the current source were specified and visualized by the red 

circles in fig. 11. One test case consisted of the current amplitude that had to be achieved through 

the load for a particular impedance amplitude of this load. Every test case had to be tested for the 

real impedance model and for the RC parallel model of the load. Afterwards, the model of the load 

was replaced by the actual probe model in order to see whether the test case currents could be 

achieved. Fig. 35 and 36 show the simulation results for the current amplitudes at the specified 

impedance values for the real impedance model and the RC parallel model of the load respectively. 

Referring to fig. 11 we can say that specifications are met. The amplitude of the cathodal pulse and 

the anodal pulse are indicated on the graphs. The DAC inputs for the four current cases of 0.1µ, 1µ, 

10 µ and 50µ were (00001 - 00001), (00001 - 01010), (01010 - 01010), (10100 - 11001) respectively. 

 

Figure 15: Simulation results for the 10 test cases in case of a real impedance 
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Figure 36: Simulation results for the 10 test cases in case of an RC parallel  

6.2 Post-process parameters 

As mentioned in paragraph 3.3, the current pulse through the load is post-processed in Matlab in 

order to check for charge imbalance, offset, delay, amplitude and frequency spectrum. This section is 

subdivided in four paragraphs according to the post-process parameter. For each parameter, the 

simulation results for the 10 test cases are represented for the real impedance model and for the RC 

parallel model of the load. For the probe model, the post processing parameters are conceived at the 

4 test case current amplitudes, namely at: 0.1µA, 1µA, 10µA, 50µA. 

The simulation results can be found in the appendix of this thesis. 

6.2.1 Charge imbalance 

The charge imbalance is calculated per test case current amplitude as (¶)[$,)+ 8 ¶�)�·$,)+) and is 

normalized in respect with the current amplitude. 

For each test case current #4: 
¸¹U��º»�¼J ½¾�UX¼ »�¿�º�¸½¼4 � ¶)[$,)+ 8 ¶�)�·$,)+#4  
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6.2.1.1 Real  impedance 

 

 

Figure 37: Normalized charge imbalance for the real impedance model for the 10 test cases 

 

6.2.1.2 RC  parallel 

 

 

 

 

Figure 38: Normalized charge imbalance for the RC parallel model for the 10 test cases 
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6.2.1.3 Probe model 

 

 

Figure 39: Normalized charge imbalance for the probe model at the 4 test case current amplitudes 

 

We can roughly see constant trend for the normalized charge imbalance in function of the current. 

The relative charge imbalance is constant in function of the current amplitude, but the absolute 

charge imbalance increases with the current amplitude. This charge imbalance could be explained by 

the mismatch between the current source and the current sink. In practice, measures to achieve 

charge balancing are typically implemented. The most common solution is to insert a dc blocking 

capacitor of appropriate size in series with the stimulation electrode. This guarantees that no net dc 

current is conducted into the electrode-tissue interface over time. These capacitors are however to 

big and need to be put off chip. Consequently, active charge-balancing techniques can be used for 

implantable multichannel applications. 

 

 

6.2.2 Offset 

The offset of the pulse before the anodal pulse (Offset pre) and the offset of the pulse after the 

cathodal pulse (Offset after) is calculated and normalized with respect to the current amplitude. The 

offset imbalance is calculated as the difference between Offset after and Offset pre and is 

normalized with respect to the current amplitude.  

For each current #4: 
 

0¹U��º»�¼J ¹��À¼9 »�¿�º�¸½¼4 � Á��À¼9 ��9¼U 8 Á��À¼9 |U¼#4  
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The normalized offset before the anodal pulse (Offset pre) and the normalized offset imbalance are 

represented in the following paragraphs for the three impedance models. 

6.2.2.1 Real impedance 

 

 

 

Figure 40: Normalized offset pre for the real impedance model for the 10 test cases  

 

 

 

 

 

Figure 41: Normalized offset imbalance for the real impedance model for the 10 test cases  
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6.2.2.2 RC parallel 

 

 

Figure 42: Normalized offset pre for the RC parallel model for the 10 test cases  

 

 

 

Figure 43: Normalized offset imbalance for the RC parallel model for the 10 test cases  

 

6.2.2.3 Probe model 
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Figure 44: Normalized offset pre for the probe model at the 4 test case current amplitudes 

 

 

 

 

Figure 45: Normalized offset imbalance for the probe model at the 4 test case current amplitudes 

No clear trend can be seen for the normalized Offset pre and the normalized Offset imbalance.  

6.2.3 Amplitude 

The amplitude of the anodal and the cathodal pulse is calculated and normalized with respect to the 

current amplitude. The amplitude imbalance is also calculated as the difference between the 

amplitude of the anodal pulse and the amplitude of the cathodal pulse and is normalized with 

respect to the current amplitude.  
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0¹U��º»�¼J ��|º»9ÂJ¼ »�¿�º�¸½¼4 � 1�|º»9ÂJ¼)[,)+ 8 1�|º»9ÂJ¼�)�·$,)+#4  

The normalized amplitude imbalance is represented in the following paragraphs for the three load 

models. 

6.2.3.1 Real impedance 

 

 

Figure 46: Normalized amplitude imbalance for the real impedance model for the 10 test cases  

 

6.2.3.2 RC  parallel 

 

 

 

Figure 47: Normalized amplitude imbalance for the RC parallel model for the 10 test cases  
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A roughly constant trend (except of the 1MΩ/1µA case) of the normalized amplitude imbalance in 

function of the current amplitude can be seen for the real impedance model and the RC parallel 

model.  

6.2.3.3 Probe model 

 

 

 

Figure 48: Normalized amplitude imbalance for the probe model at the 4 test case current amplitudes 

 

For the probe model, the normalized amplitude imbalance for the probe model is again roughly 

constant in function of the current amplitude. The relative amplitude imbalance is constant but the 

absolute imbalance increases with the current amplitude. This can be attributed to the mismatch 

between the current source and the current source. 

 

6.2.4 Frequency spectrum 

In this section the frequency spectra of the current pulses through the load are depicted for the real 

impedance model, the RC parallel model and the probe model. The frequency spectrum is 

normalized with respect to the current amplitudes.  
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6.2.4.1 Real impedance 

 

Figure 49: Frequency spectrum of the current pulse for the real impedance model at the four current cases  

It can be seen that the normalized frequency spectrum spreads out with increasing current 

amplitudes. Hence, increasing the current amplitude leads to the presence of higher frequency 

spikes in the spectrum. 
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6.2.4.2 RC parallel 

 

Figure 50: Frequency spectrum of the current pulse for the RC parallel model at the four current cases  
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Figure 51: Frequency spectrum of the current pulse for the probe model at the four current cases  

For the probe model it can be seen that the normalized frequency spectrum of the current pulse 

becomes narrower with increasing current amplitude, in contrast to the normalized frequency 

spectrum of the current for the real impedance. Hence, decreasing the current amplitude leads to 

the presence of higher frequency spikes in the spectrum. 

 

6.3 Transient response 

In this section, some transient responses of the current and voltage signals will be shown for the 

three load models. 
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6.3.1 Real impedance 

 

 

Figure 52: Transient response of the current through a 10 kΩ resistor for the I=0.1µA current amplitude case 

 

Figure 53: Transient response of the voltage over a 10 kΩ resistor for the I=0.1µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a real 

impedance model of the load. There are neglectable transients with respect to the falling/rising 

edges. 
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6.3.2 RC parallel 

 

 

Figure 54: Transient response of the current through a 20 kΩ RC parallel for the I=50 µA current amplitude case 

 

Figure 55: Transient response of the voltage over a 20 kΩ RC parallel for the I=50 µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a RC model 

of the load. The expected voltage waveform with capacitive behavior can be seen. There are more 

transients with respect to the falling/rising edges than for the real impedance case but within 

approximately 10 µs, the targeted current amplitude is reached. 
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6.3.3 Probe model 

 

 

Figure 56: Transient response of the current through the probe model for the I=0.1 µA current amplitude case 

 

Figure 57: Transient response of the voltage over the probe model for the I=0.1 µA current amplitude case 

An expected transient response of the current signal can be seen. However, a strange behavior of the 

transient response of the voltage signal turns up. The voltage amplitude is not zero at the beginning 

and at the end of the signal. The voltage amplitude starts already at approximately 37 mV.  Another 

noticeable aspect is the slow rise of the voltage signal at the end of the current pulse (around 300 

µs). This strange behavior could be attributed to already existing charge at the start of simulation and 

the slowly rising of the voltage signal at the end could then be attributed to the self-discharging of 

the probe model. It also seems as if the falling edge of the voltage signal is steeper than the rising 

edge. This could be related to the amplitude imbalance between the anodal pulse and the cathodal 

pulse. In paragraph 6.2.3, a higher current amplitude could be found for the anodal phase with 
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respect of the cathodal phase, which resulted in an amplitude imbalance. This difference in high and 

low flank can roughly be seen in fig. 56.  

 

Figure 58: Transient response of the current through the probe model for the I=1 µA current amplitude case 

 

Figure 59: Transient response of the voltage over the probe model for the I=µA current amplitude case 
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Figure 60: Transient response of the current through the probe model for the I=10 µA current amplitude case 

 

Figure 61: Transient response of the voltage over the probe model for the I=10 µA current amplitude case 

It can be seen that for the 10 µA current amplitude, the current is no longer held constant but goes 

to zero again after some 20 µs. At the same time it can be seen that the voltage saturates at +.// 

and -.//, which explains the current drop. With this technology, the current amplitudes through the 

probe model can simply not be achieved. Higher voltages technologies should be considered. 
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Figure 62: Transient response of the current through the probe model for the I=20uA current case 

 

Figure 63: Transient response of the voltage over the probe model for the I=20uA current case 
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7 Conclusions 

 

The goal of this thesis was to design a stimulation chain using a current source with programmable 

temporal waveforms. First of all, some general specifications concerning this stimulation chain were 

imposed. Three components of this stimulation chain were of importance: the generation of 

programmable stimulation waveforms, the analog design of the actual current source and the post-

processing of the resulting waveform. To coordinate these three components, it has been decided to 

organize them in a test bench. The elegancy of this approach is that any kind of current source can be 

designed and immediately be tested with different waveforms and for different post-possessing 

parameters. The importance of the programmability attributes to the fact that there is still little 

known about the optimum stimulation waveforms. In this way, with trial and error, different 

waveforms can be used to assess stimulation of the tissue. Commercial stimulators often don’t 

provide a lot of characteristic parameters. This is however a critical aspect for the user. With the use 

of these post-processing parameters, exceptional behaviors of the current source could be 

discovered which could be overlooked with transient responses only.   

After setting up the test bench, some test cases were specified in order to be able to test the current 

source with the real impedance model and the RC parallel model of the load. In this way, a first 

glance can be shot at the working of the current source. In a third phase, the load could then be 

replaced by the probe model in order to see if the specified current amplitudes can be achieved for 

an actual electrode-tissue interface load. 

Now that the test bench was all set with specified test cases, some research into current sources was 

done. The basic concept for this stimulator was found in the ‘Improved VCR current source’. The 

entire implementation and design of the current source with n- and p-path were done and analysis of 

stability the OTA and output resistance were investigated. A high output resistance in the order of 

GΩ’s was found at stimulation frequencies.  

In a last phase, simulation results were obtained. We found that for a real impedance model and an 

RC parallel model of the load with specified impedance amplitude, specifications were met. The 

expected transient current signals were achieved for the 0.1 µA, 1 µA, 10 µA and 50 µA current 

amplitudes. For the probe model however, some strange behavior turned up for the voltage signal at 

all current amplitude cases. Expected transient signals of the currents were achieved at 0.1 µA and 1 

µA. At 10 µA however, the current amplitude drops after some 20 µs due to saturation of the 

voltage. For these current amplitudes, higher voltage technology should be considered.  

We can conclude by saying that an efficient coarse-fine DAC for this application was designed. A 

compact architecture of only 64 elements is required instead of 1024 with a 10 bit architecture. With 

the R and RC model of the load, the DAC meets the specifications. The impedance amplitude of the 

probe model is however too big to source the specified currents with this low voltage technology, so 

higher voltages should be considered. 
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9 Appendix 

9.1 Delay  
 

 

Figure 1: Delay of the cathodal pulse for the real impedance model for the 10 test cases 

 

 

 

 

Figure 2: Delay of the anodal pulse for the real impedance model for the 10 test cases 
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Figure 3: Delay of the cathodal pulse for the RC parallel model for the 10 test cases 

 

 

Figure 4: Delay of the anodal pulse for the RC parallel model for the 10 test cases 
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Figure 5: Delay of the cathodal pulse for the probe model for the 4 test case current amplitudes 

 

 

Figure 6: Delay of the anodal pulse for the probe model for the 4 test case current amplitudes 
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1 Introduction 
 

1.1 Motivation 
 

The Bioelectronic Systems Group at Imec works on implants for fine-grain stimulation and recording 

in deep brain regions in order to advance therapies for neurological disorders, help pharmacological 

research and provide means for fundamental research in neuroscience. They have been developing a 

passive multi-electrode probe technology with micrometer contact dimensions for implantation in 

rodents so far and they are now in the process of increasing the number of electrode contacts 

significantly (towards 64-128). Electronics functionality close to the electrodes allows for low-noise 

amplification, signal selection, filtering, and digitization in order to handle this large number of 

signals.  

Inversely, these electrodes can be used to electrically stimulate neurons using particular current or 

voltage waveform patterns. In an implantable neurostimulator, the goal is to pass electric charge in a 

precisely controlled fashion through the excitable tissue to initiate action potentials. Today’s deep-

brain stimulation probes use millimeter-size electrodes. These stimulate, in a highly unfocused way, a 

large area of the brain and have significant unwanted side effects. To have a more precise 

stimulation (and recording), the electrodes have to be as small as individual brain cells. Such small 

electrodes can be made with semiconductor process technology, appropriate design tools, and 

advanced electronic signal processing.  

 

Figure 1: A prototype multi-electrode stimulation and recording probe for deep-brain stimulation. 

This thesis focuses on the concept and IC design for a two-channel electrical stimulator able to act as 

a current or voltage source with programmable temporal waveforms. The source has to be able to 

drive a wide range of impedances reflecting the range of passive micro-electrodes (about 50 �� 

diameter, different materials like platinum, iridium oxide, titanium nitride) and the permittivity and 

conductivity differences of solutions and tissue in vitro and implanted in vivo condition. Current 

signals in the µA-to-mA range are required while voltage signals in the mV-to-V range are used. 

Stimulation frequencies are comparatively low (< 150 Hz) but typically used waveforms include 

pulses and ramps requiring decent transmission of higher harmonics into the 10-to-30 kHz range. 
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1.2 Context  

 

Deep Brain Stimulation (DBS) is being evaluated as an effective approach for the treatment of several 

neurologic and psychiatric disorders like Parkinson’s disease, essential tremor, dystonia, epilepsy, 

obsessive-compulsive disorder, etc. Despite its success, is has not become a standard therapeutic 

approach yet. The effects and mechanisms of DBS are not well understood and remain to be 

explored. Therefore, collaborate research in areas like DBS electrode design, modeling of the 

electrode-tissue interface, research on stimulation and recording waveforms and many others, need 

to be pursuit. [1][2] 

Current clinical DBS electrode design has been adapted from cardiac pacing technology without the 

exact understanding of the neurostimulation principles. With today’s small number and large surface 

area of the electrodes used for stimulation, it is not possible to selectively stimulate the desired 

anatomical target. This leads to unwanted stimulation of surrounding brain structures which can 

cause behavioral side effects. Moreover, inherent brain movements can result in displacement of the 

stimulation contacts in respect to the anatomic target. However, advances in computational 

capabilities, neural engineering design tools and microelectrode fabrication techniques, allow the 

design of optimal DBS electrodes, customized to the anatomy and morphology of the stimulation 

target. [1][2] 

Fig. 2 shows the micrograph of an implantable silicon-based neural probe conceived for both 

recording and stimulation of deep brain regions, fabricated at IMEC. The probe supports a 2D array 

of small electrodes for selective and targeted interaction on the level of single neurons. Each pixel of 

the 2D probe functions either as a stimulation or recording site with a geometric area as small as 

possible to allow selective and safe stimulation. [1] 

 

Figure 2: Optical micrographs of probe tips with different electrode sizes and configurations: tip with electrodes of 50 μm 

diameter (A), of 25 μm diameter (B) and with C-shaped electrodes (C). Picture of the whole probe (D) and the packaged 

probe (E). [1] 
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The accurate modeling of neurons, electrodes and the electrode-tissue interface is an important 

aspect in the study of neural signals. These models are of utmost importance in the design of 

electronic neural interfaces as they can provide a good characterization of the signal conditions like 

impedances, offsets, time-and frequency-variable parameters, etc. Many researchers have studied 

the electrode-tissue interface and several electrical circuit models have been developed.  

Fig. 3 shows the model of the electrode-electrolyte interface for the neural probes designed at the 

Bioelectronic Systems group of Imec. The model consists of several parts: the interconnect parasitics 

(��  , �� ), the constant-phase element (�	
� � 1 �� ��������, and the charge-transfer path 

(���  with parasitic interface-related �� , ��). [3] [4]  

 

Figure 3: 1-port equivalent circuit topology for a single 50 µm electrode representing the electrode-electrolyte interface 

(��� , ��, ��, CPE) and the parasitic interconnect network (�   , �! ). [3]  

A major challenge in the design of a neural stimulator is the high electrode-tissue/neural interface 

impedance, which can lead to very large output voltages for the required stimulation current levels.   

The stimulation parameters for DBS (stimulus shape, amplitude, pulse duration and frequency) have 

mainly been derived by trial and error. The generation of optimum stimulation waveforms is 

therefore also a current strong research issue. For this purpose, the electrical stimulator has to be 

able to program arbitrary-shaped signals.  An example of different stimulation signals that have been 

studied is shown in fig. 4. Generally in neural applications, a symmetrical or asymmetrical biphasic 

(that is, it consists of a cathodal and an anodal phase) waveform is used as electrical stimulus. [2] 

There are two distinct modes for stimulation; current-mode and voltage-mode. In current-mode 

stimulation, the current amplitude is directly controlled by a digital-to-analog converter and is not 

affected by changes in the tissue load. Therefore, the quantity of charge delivered per stimulus pulse 

is easily controlled. In voltage-mode stimulation, the stimulator output is a voltage, and therefore the 

magnitude of the current delivered to the tissue is dependent on the inter-electrode impedance 

(Ohm’s law). Thus, it is difficult to control the exact amount of charge supplied to the electrode and 

tissue because of the impedance variation. [5] 

 An important issue when generating the stimulation signals is the charge balance. That is, pulses are 

considered electrochemically safe when the charge injected during the first phase is totally recovered 

during a following counter phase. [1] Fig. 5 shows some examples of charge-balanced biphasic 

current pulses with different asymmetries in the cathodal and anodal phase widths.  
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Figure 4: Comparison of stimulation waveforms. [2] 

 

Figure 5: Examples of charge-balanced, biphasic current pulses with different asymmetries in the cathodal and anodal 

pulse widths. [7] 
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1.3 State of the art 

 

A typical example (fig. 6, 7) of most DBS devices used in clinical practice today is the Kinetra 

neurostimulator of the American company Medtronic. The Kinetra neurostimulator works through 

two channels to deliver bilateral intervention. It consists of three parts: the actual pulse generator, 

the lead and the extension. The pulse generator is a small, sealed device, similar to a cardiac 

pacemaker and contains a battery and a microelectronic circuitry to produce the electrical pulses 

needed for the stimulation. It is usually implanted into the patient’s chest or abdomen. The pulses 

can be adjusted wirelessly to check or change the neurostimulator settings. The electrical pulses are 

delivered to the targeted areas deep in the brain through the extension and the lead. Extensions are 

insulated wires that run subcutaneously along the shoulder, neck and head to connect the pulse 

generator to the lead. The lead is implanted in the brain and consists of four thin coiled insulated 

wires bundled within polyurethane insulation. Each lead has four electrodes at the lead tip. 

Stimulation by these quadripolar leads is delivered using either one electrode or a combination of 

electrodes. [8] 

 

Figure 6: Kinetra neurostimulator. [8]  
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Figure 7: DBS schematic. [9] 

 

This Medtronic neurostimulator is being used in today’s clinical practice. Nevertheless, it has some 

key features that need to be improved. The stimulator lacks stimulation flexibility and the capability 

of stimulating on the level of single neurons. 

In Belgium, a company called 3Win is also making DBS devices. Their deep brain stimulator is 

however not yet clinical. They want to differentiate from today’s neurostimulation devices with more 

flexible and accurate stimulation and less invasive electrodes. The Australian company Cochlear is 

famous for their multi-channel stimulator devices in the repairing deafness industry. Their devices 

however lack the application of stimulating the deep brain regions. The American company World 

Precision Instruments (WPI) is a leading global provider of laboratory solutions for the life sciences. 

Their stimulator devices however lack miniaturization and IC implementation. 

An overall important future technical advance of today’s clinical DBS devices is the development of a 

cranial implantable neurostimulator. At present, implantation of DBS systems is a two stage 

procedure because the infraclavicular or abdominal neurostimulation implant site is not accessible 

within the same sterile field as the cranial burr hole site for implantation of the DBS lead. Of 

necessity, the patient has to be re-prepared and draped in a different position to allow placement of 

the stimulator and tunneling of the lead extension wires between the scalp and the upper chest. 

Tunneling through the soft tissues of the neck, scalp, and upper chest wall is painful enough to 

require general anesthesia, even when minimally traumatic surgical instruments are used. Thus, the 

development of a cranial-mounted stimulator that would allow the entire procedure to be 

performed through a single incision at one sitting is desirable for a number of reasons: to eliminate 

the need for general anesthesia, to reduce the risk of infection, to reduce the number of electrical 

connections and thereby increase device reliability, and to lower costs linked to operative time. 

Barriers to the development of a cranial stimulator are surmountable. These include miniaturization 

of device components, especially the battery and lead connector block, and the elimination of 

seldom-used device components or features. [10] 
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1.4 Thesis outline 

 

The subject of this thesis is the design of a stimulation chain using a current or voltage source with 

programmable temporal waveforms. In chapter 2 of this thesis, some general specifications 

concerning the stimulation chain will be discussed. In this section, the stimulation mode, waveforms, 

parameters and functionalities of the design will be specified. In chapter 3, the design method of the 

stimulation chain will be discussed. The design method consists of three aspects: the generation of 

programmable stimulation waveforms, the analog design of a stimulator source and the post-

processing of the resulting waveforms. In order to coordinate and interface between these three 

components, an automatic workflow by means of a test bench was set up. After some deeper 

insights into this test bench, the generation of the waveforms and the post-processing parameters, 

some particular test cases for the stimulator source will be derived from the earlier mentioned 

specifications. Now the actual analog design can get started. In chapter 4, state of the art micro-

stimulator architectures for this application will be studied. In chapter 5, the implementation of the 

circuit of this thesis will be considered. First, the overall architecture will be discussed and operation 

will be explained. Then, the implementation of the operational transconductance amplifier that is 

used in the design will be considered and stability will be studied. In a last section of this chapter, an 

important property of the stimulation source, the output resistance will be examined. Subsequently, 

in chapter 6, the simulation results of the stimulation chain will be examined and in chapter 7, some 

general conclusions of this thesis will be considered. 
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2 Stimulation specifications  

 

This section gives a brief description of the general specifications that the stimulation chain should 

satisfy. The subject of this thesis is to design a stimulation chain that satisfies those specifications. 

The general specifications for the stimulation chain are the following: 

 Stimulation mode 

• The stimulation pulses can be either voltage-controlled or current controlled. 

However, because they offer some advantages like the knowledge of the injected 

charge and the more or less constant stimulation threshold, current pulses will be 

used in this thesis.   

 Stimulation waveforms 

• The stimulation waveforms are biphasic current signals with balance in charge. For 

charge balancing, one should ensure that the total amount of charge that is injected 

into the tissue is equal to zero. Quantitatively, according to fig. 8  "� � #$%�& '	 � #$%�(') � ") 

where "�  is the charge injected in the cathodic phase and ") is the charge injected 

during the anodic phase. 

 Functionalities of the stimulation chain 

• The design consists of a test bench for the stimulator circuitry. The stimulation 

waveform parameters like stimulus shape, amplitude, pulse duration, pulse 

frequency need to be adjustable. 

 Stimulation pulse repetition frequency range 

• 100 Hz to 130 Hz  

 Stimulation pulse width range 

• 100 µs to 500 µs 

 Stimulation amplitude range 

• 0.1 µA to 100 µA 

 Impedance range of the load to design the device for   

• The impedance of the electrode-tissue interface is highly variable because it differs 

from site to site and during lifetime. |�+$),| ranges from 10 k- to 2 M-. This 

implicates the design of a current source with an output impedance that is high 

enough (> 10 M-) in order to provide a constant current, irrespective of the load 

impedance. 

 Technology 

• The technology is ONSEMI C035M-D 5M/IP (Europractice). This is a 0.35 µm (3.3 V) 

silicon technology with a back-end consisting of 5 metal layers. Higher voltage 

technologies could be considered if needed. 

 Supply voltage 

• For a 3.3 V device, +/- 1.65V operation can be allowed without any risk of oxide 

breakdown. From this, an upper and lower bound 1.5V is derived which should not 

be exceeded by the current source (.// = 1.5V; -.// =-1.5V). 

 Low power consumption  
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Challenges for the stimulation chain are mainly related to two issues: first, the achievement of large 

output impedance within the provided power supply range. Second, the generation of arbitrary-

shape voltage-independent stimulus currents; this is a challenge because the stimulator load varies 

with more than two decades.  

 

Figure 8: Biphasic current waveform with charge balance. [6] 
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3 The design method of the stimulation chain 

3.1 Test bench 

 

The design method of this thesis consists of three aspects: the generation of programmable 

stimulation waveforms, the analog design of a stimulator source by means of a digital-to-analog 

converter (DAC) and the post-processing of the resulting waveforms. In order to coordinate and 

interface between these three components, an automatic workflow by means of a test bench was set 

up. This test bench (fig. 9) consists of three building blocks. First of all, the biphasic waveform is 

emulated in Matlab. The pulse generator programmes the waveform with the adjustable stimulation 

parameters like pulse width, frequency, etc. This pulse is now used in the actual DAC circuit. The DAC 

circuit is designed in the analog environment of Cadence. The DAC circuit consists of two paths (n 

and p) in order to produce the biphasic current waveform that flows into the load. The load is also 

modeled and simulated in Cadence and its model will be altered for different load impedances. At 

the end, the simulation results are post-processed in Matlab again. The resulting waveform through 

the load is tested for offset, delay, current amplitude, charge integration, etc.  With the creation of 

this automatic workflow, different DAC circuits can be easily tested with programmable stimulation 

waveforms in a reasonable time. 

 

 

Figure 9: Test bench building blocks. 
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3.2 Pulse generator 
 

The pulse is generated in Matlab. The pulse is biphasic and hence consists of 2 phases: the leading 

part and the trailing part of the pulse. A phase can be cathodal and anodal. A special case of a pulse 

is the monophasic case, when only one phase is present. The general stimulation waveform 

parameters of the pulse are the following: 

 0� : the number of pulses 

 f:  the pulse repetition frequency  

 1+2), : the amplitude of the leading part of the pulse  

 1�3)4+ : the amplitude trailing part of the pulse  

 '+2), : the pulse width of the leading part of the pulse 

 '�3)4+ : the pulse width of the trailing part of the pulse 

 The rank of the phases:  a cathodal first pulse or an anodal first pulse  

 1/	 : an arbitrary but fixed DC offset  

 
Figure 10: Pulse generator.  
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3.3 Post processing 

 

After simulation in Cadence of the DAC circuit, the current signal trough the load is post-processed in 

Matlab. The signal parameters that are examined are the following: 

 The charge imbalance of the pulse. To check the amount of charge that is residual in the 

tissue after stimulation, the discrete integral of the pulse is determined: 

5�#467 8 #4��9467 8 94�:�7
4;7

 

where N is the number of data points.  

 

 The delay of the pulse. The delay is measured by comparing the output pulse through the 

load with the reference pulse in the DAC circuit. The time in point where 90% of the aimed 

output current is achieved is determined for the output pulse and the reference pulse. The 

delay is then defined as the difference between these two time points. The delay is 

calculated for the anodal part of the pulse and for the cathodal part of the pulse. 

 

 The offset of the pulse. The offset is measured by looking at the current values at the points 

of time where, according to the reference pulse, the aimed current value is zero. The mean 

of these current points is defined as the offset of the pulse. The offset is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse.  

 

 The amplitude of the pulse. The amplitude of the pulse is defined as the mean of the current 

values where at least 90% of the aimed value is achieved. The amplitude is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse. 

 

 The frequency spectrum. To check the frequency content of the current pulse, the Fast 

Fourier Transform of the current pulse is determined.  
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3.4 Test cases 

 

To test the DAC circuit, test cases have to be specified. One test case consists of the amplitude of the 

current signal and the amplitude of the load impedance. The model for the load is also varied per 

test case. From the specifications we know that the amplitude of the current ranges from 0.1 µA to 

100 µA and that this current has to source a load with an impedance |�+$),| ranging from 10 kΩ to 2 

MΩ. Here, some trade-offs have to be made with respect to the supply voltage |V//| of 1.5V. Using 

Ohm’s law, some feasible test cases can be derived. For example, a current amplitude |I| of 100 µA 

and an impedance amplitude |Z| of 2 MΩ leads to a voltage over the load of 100 V, which is not 

feasible with a supply voltage of only 1.5 V. Otherwise, a current amplitude of 0.1 µA and an 

impedance amplitude of 10 kΩ lead to a voltage over the load of 100 mV, which is feasible with a 

supply voltage of 1.5V.  

Fig. 11 shows the feasible current-impedance points (|I|, |Z|) within the specifications and with the 

limitation of the supply voltage.  

 

Figure 11: Feasible test points. (Note: the lines do not matter; the points are covered by the area below the curve) 

In order to mark out the test cases, ten particular points were chosen on the border of the field (red 

circles in fig. 11 and table 1). The goal is now to achieve these 10 current amplitudes at the specified 

impedance amplitudes of the load with the stimulation block. 
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|I| (µA) |Z|(kΩ) 

50 10 

  20 

10 50 

  100 

1 1000 

0.1 10 

  20 

  50 

  100 

  1000 

Table 1: The 10 test cases for the current and impedance amplitudes. 

Per test case, the load model is also being varied. Three models are being used to simulate the load 

in Cadence: A real impedance, a RC parallel and the actual probe model. The first model is the simple 

hypothesis of a real impedance. This resistance will take the value of |Z| in table 1. The second 

model is that of a RC parallel. The parallel impedance |��| takes the value of |Z| in table 1. The 

value of the resistance R and the capacitance C are easily derived from formula (1) for parallel 

impedances. 

                                        

Figure 12: Real impedance and parallel of real impedance and capacitor 

                             

|��| � = �> . �	�> @ �	= �1� 

Replacing �> and �	  in formula (1) by R and 7 AB	 respectively: 

|��| � C �. 1�ω�� @ 1�ω�C 
Resolving this equation to C: 

|��| � = ���ω� @ 1= 
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→ |��| � |�||��ω� @ 1| 
 

→ |��| � �√��ω��� @ 1 

 

→ G��GH��ω��� @ 1 � � 

→ H��ω��� @ 1 � �G��G 
→ ��ω��� @ 1 � ��

G��G� 

→ ��ω��� � ��
G��G� 8 1 

→ �� � � ��
G��G� 8 1� 1��ω� 

→ � � I� ��
G��G� 8 1� 1��ω� 

The value of R is set to 1.5 MΩ (this is a relevant value for the R-element of the model [3]). The 

values of G��G are depicted in table 1. The value of ω is given by the formula 

ω =2πf 

where f=1kHz (which lies within stimulation frequency range). This leads to the values �4 in table2, 

related to the values of |�4| in table 1. 

C1 15,9nF 

C2 7,96nF 

C3 3,18nF 

C4 1,59nF 

C5 0,119nF 

Table 2: Capacitor values for RC parallel model. 

The last model of the load is the actual probe model (fig. 1). The values of the capacitors, resistors 

and the CPE element are defined in [3]. 
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4 Architecture of the stimulation chain 

4.1 Introduction 

 

In literature, neural stimulation circuits can be found as external/discrete systems or 

implantable/integrated systems. The former use discrete electronics or data acquisition cards, to 

generate the stimulation pulses, which are wire connected to the electrodes. The latter use 

integrated waveform generators receiving parameters by wireless telemetry from a remote 

controller. Wireless telemetry is usually implemented using RF transmission between two closely 

couple coils and has the challenges of transmitting sufficient power to deliver charge to the tissue 

and have enough bandwidth to manage all the stimulation sites. [2] 

A typical implantable stimulation probe working with 7 leads is depicted in fig. 13. The digital 

circuitry decodes digital commands containing stimulation pulse parameters and probe address 

information.  Digital-to-analog converters and analog multiplexers generate and send current signals 

to specific stimulation sites. Self-test circuitry is also provided. 

 

Figure 13: Typical active stimulation probe. [2] 

The current generator architecture, which is the subject of this thesis, is depicted in fig. 14. It consists 

of a digital-to-analog converter (DAC) and an output stage. The DAC input is controlled by the input 

bits (J4 in fig. 14). The DAC then converts the digital control signals into analog current signals. These 

analog signals source the load in the output stage of the stimulator.  
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Figure 14: Architecture of current generator circuit with 4 control bits.  

Fig. 15 shows a conventional stimulator output stage configuration for a two-electrode setup. Dual 

supplies are required for the biphasic waveforms. The nerve tissue sits between the anodic (A) and 

the cathodic (C) electrodes; this polarity refers to the stimulus pulse. The cathodic electrode is 

connected to a reference voltage, usually the midpoint of the two supply voltages (here: ground). 

The programmable current sink #��4K	  and current source #��4KL  generate the cathodic and anodic 

currents, respectively. These currents are driven through the load �M , representing the electrode-

tissue impedance, by the control of switches N7  and N�  . The configuration is ideally designed to be 

charge-balanced to avoid charge accumulation. However, achieving exactly zero net charge after 

each stimulation cycle is not possible due to mismatch in the current source and sink drivers or due 

to timing errors and leakage from adjacent stimulus sites. Therefore, periodic removal of the residual 

charge can be necessary using switch N&  which provides an extra passive discharging phase. During 

this extra phase the voltage on the blocking-capacitor drives current through the electrodes to fully 

discharge them. [11] The dc blocking capacitor (fig. 15) has an appropriate size and is put in series 

with the stimulation electrode. It guarantees that no net dc current is conducted into the electrode-

tissue interface over time. In multichannel functional electrical stimulation applications, however, dc 

blocking capacitors cannot be realized in the required number, mainly due to space limitations. 

Therefore, other techniques like the active charge-balancing techniques [15] can be used.  

 

Figure 15:  Conventional stimulator output stage configuration for two-electrode setup with dual supplies with active 

and anodic phases. [11]  



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  18 

 

4.2 State of the art 

 

Integrated current-pulse stimulator circuits can be designed using several techniques. There are 

however a few desirable features for this application. An ideal current source is a two-terminal 

element with a parallel resistance which is ideally infinite. Traditional current sources however suffer 

from a tradeoff between the output resistance and the compliance voltage. A large compliance 

voltage is required because of the low voltage operation in this application. A large output 

impedance is needed to properly get all the charge into the tissue. Part of the power out of the 

stimulator energy source produces the useful voltage across the stimulating electrodes and the 

stimulus current passing through the tissue. The rest of the power, however, is dissipated as heat in 

the microstimulator circuitry and should be minimized in order to improve the stimulation efficiency 

and limit the temperature rise within the implant. For this reason, low power consumption is also a 

desirable feature to keep in mind when designing the current source. A last logical feature is keeping 

the silicon area as low as possible. 
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4.2.1 Simple, Fully Cascode and Wide Swing Cascode current mirros 

 

Current mirrors replicating and scaling the output current #/L	 of the current-mode digital-to-analog 

converter (DAC) to the output current #$%�, have been widely used for microstimulation circuits for 

their straightforward design, linearity, and little need for decoding the digital inputs. These circuits 

work properly only as long as all transistors are kept in the saturation region, which means that they 

need a minimum voltage of ./�)� across their drain-source terminals (even though the following 

discussion is based on the nMOS transistors, it also applies to the duals of these circuits with pMOS 

transistors) 

./�)� � I2#/PQ�R 

where #/ is the drain current, Q� is the intrinsic transconductance, and W and L are the MOS 

transistor width and length, respectively. Obviously, ./�)� increases with higher stimulation currents, 

even though it can be reduced by increasing the width of the MOS transistor at the expense of more 

area consumption. If a simple current mirror (fig. 16) is used for stimulation, the maximum voltage 

that could be built up across the tissue (which is referred to as the voltage compliance of a simple 

current mirror) is 

.		 8 ./�)� 

The power dissipated by the circuit in transistor S7 is 

./�)� T#/ @ ./�)�U( V 

where U( is the output resistance of  S7 as well as of the entire current source and W is the channel 

length modulation factor of S7. The output resistance  U( of the simple current mirror is 

U( � 1W#/ 

 

This is not high enough for biomedical microstimulation applications (especially because it decreases 

at high currents) and causes the stimulus current to vary considerably with output voltage variations. 

[6]  
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Figure 16: Simple current mirror, controlled by current-mode DAC. [6] 

To increase this output impedance, fully cascode (FC) (fig. 17) and wide swing cascode (WSC) (fig. 18) 

current mirrors are used in many designs. These current mirrors increase the output resistance by a 

factor of 

 XKU( 

where XK is the cascode transistor (S&) transconductance and is given by  

XK � I2#/Q
RP  

Increased output resistance, however, comes at the expense of reduced voltage compliance to 

.		 8 ./�)� 8 .YZ[  
in the FC current source and to 

.		 8 2./�)� 
in the WSC current source. It also increases the power dissipation in saturated transistors to  

#/�./�)� @ .YZ[� 
and 

 2#/./�)� 
 where  .YZ[ is the nMOS threshold voltage. [6] 
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Figure 17: Fully cascode current mirror, controlled by current-mode DAC. [6] 

 

Figure 18: Wide swing cascode current mirror, controlled by current-mode DAC. [6] 
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4.2.2 Active Feedback and Voltage Controlled Resistor current source 

 

It is also possible to increase the output impedance by biasing the cascode transistor with active 

feedback. In fig. 19, the high-gain amplifier locks the drain voltage of S� to be equal to the drain 

voltage of S7 (i.e. the amplifier acts as a voltage follower). The same biasing conditions make the 

drain current of S�, n times the current of S7, the same as their aspect ratio difference. The output 

impedance of the active feedback current generator is given by  

�$%� � 1XK\U(\U(� 

where A is the amplifier gain, U(� is the output resistance of S� and XK\ and U(\ are the 

transconductance and output resistance of S\, respectively. The output impedance is 1XK\U(\  
times larger than that of S� only. 

 

Figure 19: Stimulation with a current mirror employing active feedback to boost the output impedance. The input current 

is controlled by the current-mode DAC. [11] 

Another way to achieve an adjustable current generator is by using a voltage follower to bias a fixed 

resistor, as shown in (fig. 20). The input of the voltage follower, which is also the bias voltage across 

the resistor, is programmed by the DAC. The output current is given by 

#$%� � ./L	�  

where ./L	  is the output voltage of the DAC and R is the fixed resistance. However, controlling #$%� 

by changing ./L	  is not desirable because it changes the voltage compliance of the current generator 

circuit.  
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Figure 20: Stimulation with a voltage-to-current conversion circuit employing active feedback. The output current is the 

ratio of the DAC output voltage over the fixed resistance. [11] 

It is known from the previous formula that the output current is also reciprocally proportional to the 

resistance. Thus, a voltage-controlled resistor (VCR) with a constant bias will also make a current 

generator. The voltage-controlled resistor is usually implemented by a MOS transistor in the triode 

region, as shown in fig. 21. This configuration yields a current generator circuit with small voltage 

compliance. When the bias voltage .32] is small, in the order of several hundred millivolts, S7operates in deep triode region and its drain current may be given by (in model level 1 [12]) 

#/7 � ��$^ R7P7 �./L	 8 .Y�.32] �2� 
which represents a linear resistor between the drain-source terminals equal to 

�/_7 � 1��$^R7P7 �./L	 8 .Y� 

where � is the mobility, �$^ is the oxide capacitance per unit area, .Y is the threshold voltage and R7 

and P7 are the width and length of transistor  S7, respectively. However, at large gate-source 

voltages (i.e. for large ./L	), mobility degradation due to the high vertical field cannot be neglected. 

To model this effect, the effective mobility is changed to: 

�2]] � �(1 @ `�./L	 8 .Y� a �(b1 8 `�./L	 8 .Y�c 
�2]] a �(b1 8 `�./L	 8 .Y�c�3� 

where �( is the low-field mobility and ` is a fitting parameter roughly equal to 10�f 9$^.�7⁄  [12] 

(9$^ is the oxide thickness); for the approximation in (3) only the first two terms of the Taylor series 

expansion were retained. Because of the mobility degradation, the drain current will not be very 

linear to the overdrive voltage �./L	 8 .Y�, especially for ./L	 values controlled by the most 
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significant bits (MSBs) of the DAC. To reduce non-linearity, an extra current compensation circuit 

operating in the saturation region was employed in fig. 21 at the expense of higher complexity and 

power consumption.  

 

Figure 21: Stimulation with a current sink implemented by a voltage-controlled MOS resistor. The active resistance is 

controlled by the voltage-mode DAC output. [11] 

 

All the current generator circuits described here need at least two steps to translate the digital input 

bits into the output current. The digital input bits control the gates of the DAC current source or sink 

transistors to be either a fixed bias voltage or 0 V. The bias voltages then drive the DAC transistors to 

generate the output current. For the implementations of active feedback, voltage follower and 

voltage-controlled resistor (VCR), the digital input bits are first translated into an analog voltage 

which is subsequently used to bias a resistor or a transistor in order to generate the output current.  

Subsequently, another current generator circuit has been proposed, which only requires one step to 

translate the digital input bits into the output current. The circuit schematic is shown in fig. 22 for a 

4-bit implementation. The circuit is based on the topology of the voltage-controlled resistor and is 

still implemented by MOS transistors in the deep triode region for small voltage compliance. The 

main difference between this circuit and previous works is that the digital input bits are loaded 

directly onto the corresponding binary-weighted current sink transistors (implemented as unit 

transistors). Therefore, unlike the voltage-controlled MOS resistor implementation in fig. 21 where 

the gate voltages of the current sink transistors are analog, sweeping from .Y to the full-swing 

of ./L	, the gate voltages of all current sink transistors �S7 8S\� in this circuit are 1-bit digital; .// 
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(positive digital supply rail) for hard on and 0 V (negative digital supply rail) for hard off. Therefore, 

the digital input bits are not only the enable/disable signals, but also the driving signals for current 

generation.  

When the circuit is on, the transistor gate-source voltage is .//, which will cause maximum mobility 

degradation. Since .// is the exclusive option in order to generate any output current, all current 

sink transistors exhibit the same mobility degradation (this is not the case with the circuit in fig. 21). 

The drain current of each unit transistor (of aspect ratio R P�  ) may be calculated using (2) and (3) by  

#/ � �(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32] 

and for a 4-bit implementation, the output current may be expressed by 

#$%� � �J(2(@J727 @ J�2� @ J&2&� h i�(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32]j �4� 

Where J4  equals 1 or 0; J( is the least-significant-bit (LSB) and J& is the MSB. From (4) it can be seen 

that unlike the analog-based DAC in fig. 21, mobility degradation does not affect the linearity 

performance of the improved DAC implementation; it only causes a small gain error which is 

insignificant for this application. An additional advantage of the proposed circuit is that no analog 

biasing or linearity compensation circuits are required. This greatly reduces complexity, which in turn 

minimizes silicon area and power consumption. [11] 

 

Figure 22: Improved VCR circuit: The binary-weighted transistors of the current-mode DAC are voltage-controlled 

resistors. The latter are controlled directly by the digital input bits lm . A 4-bit implementation is shown. [11] 
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5 Circuit implementation 

5.1 Chosen architecture 

 

The concept of the improved VCR circuit (fig. 22) is used as basic idea in this thesis design. The design 

however provides some expansions and adjustments. The output current ranges from 0.1 µA to 100 

µA. This means a factor 1000 exists between the smallest and largest output current. For this reason, 

a 10-bit DAC is used (27( – 1 = 1023). In a first phase, the current sink topology was implemented (fig. 

23). 

Figure 23: Current sink topology 

The circuit can be operated in two modes: saturated or linear. Setting .>�n(fig. 23) appropriately, S� can be operated as a current source (saturation). Therefore, S� mirrors the current from #>�n . 
Enabling more cells by means of o7 or o� will linearly control the current through these current 

mirrors. The advantage of this operational mode is linearity. On the other hand,  .>�n  can be chosen 

to push S� in linear operation. Now, the current is determined by pqrstu�vw�. Enabling more parallel cells 

by means of o� is now linearly adapting S�’s output resistance, and hence, linearly setting the 

current. Changing o7 though, does not achieve linear tuning. Indeed, S� is not saturated and doesn’t 

act as a current mirror. The current sink in S& generates a voltage, nonlinearly depending on the 

current. This nonlinear voltage transfer controls the gate of S�. The latter depends approximately 

linearly on this voltage. Overall, no linear tuning is thus achieved through o7. While this may seem as 

a disadvantage, the following considerations are relevant. First, in order to achieve a large voltage 

compliance, S�’s ./_ should be kept as low as possible. This is achieved in the linear region. Further, 

a linear tuning across the full DAC’s range isn’t all that important. Therefore, a rough (nonlinear) 

coarse tuning through  o7 can set the order of magnitude of the DAC’s output current correct, while o� then offers linear fine tuning.  
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In conclusion the DAC offers two modes of operation. In one mode, S� operates in saturation, to be 

preferred when very linear steering is desired. In saturation, S� also exhibits a higher output 

impedance, which yields a larger output impedance of the overall current source.  In the other mode, S� operates in its linear region, to be preferred when very large voltage compliance is targeted. In all 

the following simulations and calculations, .>�n was set to put S� in saturation mode. 

It can be seen that this DAC is a coarse-fine DAC. Its elegancy is easily seen. Though achieving a 10 bit 

architecture, only 64 (2x2
5
) elements are required, instead of 1024. In a standard DAC, the coarse-

fine gain, or ratio between coarse and fine elements would be important, and difficult to control. 

However, for this application, the high number of bits is just required to increase the dynamic range 

of the output current, while linearity over the whole range of the DAC is fairly irrelevant. Hence, this 

architecture can be freely used, without the linearity worries of a typical 10b converter.  

For simulations, the DAC is chosen to work in linear operation. The smallest step size is set on 0.1 µA, 

because it is the smallest targeted current amplitude. With 10 bits, the maximum current of 1000 µA 

is then feasible. Enabling 1 cell equals an output current of 0.1 µA. Enabling 2 cells, by means of o7or o� leads to 0.2 µA. The maximum output current is then (when all bits are on) 

0.1 µA * (2
5
-1)* (2

5
-1) = 96.1 µA.  

This is more than the specified highest current amplitude of 5O µA. 

In a second phase, the pmos version (fig. 24) of the first design is implemented for the current 

source. A schematic of the final design where the current source and current sink are brought 

together to source and sink respectively the current through the load, is depicted in fig. 25. 

 

Figure 24: Current source topology 
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Figure 25: Current source and sink brought together in the final design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  29 

 

5.2 Operational Transconductance Amplifier 

 

In the circuit topologies (fig. 23, 24), an operational amplifier is used as a buffer to set the voltage at 

the gate of transistor S�. This amplifier is implemented as a simple Miller-compensated Operational 

Transconductance Amplifier (OTA). In a first stage, the OTA for the current sink (fig. 23) was 

implemented. The Miller-compensated OTA (fig. 26) is a two-stage amplifier. The first stage consists 

of a p-channel differential pair S7L 8S7x with an n-channel current mirror load S�L 8S�x, and a 

p-channel tail current source Syx. The second stage consists of an n-channel common-source 

amplifier S& with a p-channel current-source load S\. Because the OTA inputs are connected to the 

gates of MOS transistors, the input resistance is essentially infinite when the opamp is used in 

internal applications. For the same reason, the input resistance of the second stage of the OTA is also 

essentially infinite and the voltage gain of the amplifier can be found by considering the two stages 

separately.  

 

Figure 26: Miller OTA for sink circuit [13] 

The small-signal voltage gain of the first stage (from .4[ to node 2) is given by [13]: 

1z7 � 8 XK7X(7 @  X(� 

The gain of the second stage (from node 2 to the output) is given by: 

1z� � 8 XK&X(& @ X(\ 
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As a result, the overall gain of the amplifier is given by: 

1z � 1z71z� �  8 XK7XK&�X(7 @ X(���X(& @ X(\� �5� 

For the source circuit (fig. 24), another OTA had to be designed because the voltage at the positive 

gate of the OTA has now a different sign as the in the case of the current sink.  When the OTA’s were 

designed, a maximum DC gain was emulated. This leaded to a DC gain for the OTA of the sink circuit 

(using formula (5) and table 3) of: 

Av=  407,22 =52,2 dB 

The open-loop gain in function of the frequency for the sink circuit and the source circuit are 

depicted in fig. 27 and 28 respectively. For the OTA of the source circuit, a DC gain of approximately 

54 dB was established.  

 

gm1 1,421 mS 

gm3 1,847 mS 

g01 90,07 µS 

g02 72,68 µS 

g03 35,26 µS 

g04 4,341 µS 

Table 3: small signal parameters of Miller OTA for sink circuit (fig. 26) 

 

 

Figure 27:  Open loop gain in function of frequency of OTA for sink circuit. 
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Figure 28: Open loop gain in function of frequency of OTA for source circuit. 

 

5.2.1 Frequency response and stability 

In this section, the closed stability of the OTA will be studied. In order to study stability over the 

frequency signal range, the different poles and zeros in closed loop and their influence on the 

dominant pole will be examined. This analysis will be done for the current sink circuit which is 

depicted here again in fig. 29 with different notations for transistors S7 and S�. 

5.2.1.1 The dominant pole 

First of all, the dominant pole at node 2 (fig. 26) will be computed. The capacitor �	  is placed 

between the input and the output of the second stage. Since �	 is large (we neglect �t,& compared 

to  �	) and since the gain of the second stage is considerable, there is an important Miller effect. This 

causes the pole at the input and output of the second stage to split apart. De dominant pole is given 

by [13]: 

|, � 8 X(7 @ X(��	 XK&X(& @ X(\  |, � 1163159 �� 
≅ 1.2 S�� 

 

where the values of table 3 were used and �	 was chosen 3 |�. 
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Figure 29: Current sink circuit with notation of node 5 and 6. 

5.2.1.2 Other poles and zeros 

We will now examine if other poles or zeros in the circuit may affect the dominant pole. The second 

pole of the OTA is located at the output node (node 5 in fig. 29 and fig. 30) of the OTA. Figure 30 

depicts a part of the circuit of fig. 29 that is of interest for this calculation. The gate voltage of S7( is 

noted .�7( and the gate voltage of S� is noted .4[. The pole at node 5 is given by: 

|[y � 8 XK&�	�	�y @ �	�[� @ �y�[� �6� 

in which: 

�[� � �,�7x @ �,��x @ �t,7x @ �t,�x @ �t�& @ �t�& 

and 

�y � �M @ �,�& @ �,�\ @ �t,\�7� 
Using the simulated values in table 4, �[� can be found: 

�[� � 93.85 �� 

Cdb1B 4.015 �� 

Cdb2B 2.314 �� 

Cgd1B 28.67 �� 

Cgd2B 28.91 �� 

Cgs3 19.53 �� 

Cgb3 10.41 fF 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 4: Capacitor values for the calculation of the pole at node 5. 
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To calculate �y we need to define �M. �M is the capacitance when looking into the gate of 

transistor S� . Because of the Miller effect, �M is given by: 

�M � �t,��1 8 1,� @ �t���1 8 1���8� 
in which 1,  is the gain from gate to drain of transistor S� and 1� is the gain from gate to source of 

transistor  S� (Fig. 30). To calculate 1, and 1� , we use the small signal schematic of the sub circuit 

(fig. 30) that is depicted in figure 31. In this schematic, transistors S�  and  S7(  are replaced by their 

small signal equivalent. 

 

 

Figure 30: Sub circuit of fig. 29. 

 

Figure 31: Small signal equivalent schematic of fig. 30. 
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Using the Kirchhoff Current law at node D (fig. 31): 

./�M @ XK��.4[ 8 ._� @ �./ 8 ._�U(� � 0 

→ ./��M @ X(�� @ XK�.4[ 8 ._�XK� @ X(�� � 0 

→ ./ � ._�XK� @ X(��  8 XK�.4[ �M @ X(� �9� 

The current through U(7( equals the current through �M: 

._U(7( � 8./�M  

→ ._ � 8U(7(./�M �10� 
Replacing ._ in (9) by (10): 

./ � 8U(7( ./�M �XK� @ X(��  8 XK�.4[ �M @ X(�  

./ ���M @ X(� @ U(7(�M �XK� @ X(��� � 8XK�.4[  
 

→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M �XK� @ X(�� 
→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M�XK� @ X(�� 

Now we have found 1/, we can use the same method to find 1�. 

Using the Kirchhoff current law at node S: 

XK��.4[ 8 ._� @ �./ 8 ._�U(� � ._U(7( 

XK�.4[ @ ./X(� 8 ._�XK� @ X(� @ X(7(� � 0 

→ ._ � XK�.4[ @ ./X(�XK� @  X(� @ X(7( �11� 

Using (10): 

./ � 8._ �MU(7( �12� 
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Replacing ./  in (11) by (12): 

._ � XK�.4[ 8 ._ �MU(7( X(�XK� @  X(� @ X(7(  

._�XK� @  X(� @ X(7( @ �MU(7( X(�� � XK�.4[ 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MU(7( X(� 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MX(7(X(� 

Replacing 1/ and 1� in (8) 

�M � �t,� T1 8 8XK��M @ X(� @ U(7(�M�XK� @ X(��V @ �t�� T1 8 XK�XK� @  X(� @ X(7( @ �MX(7(X(�V 

Using table 5 where �M  is chosen 1 MΩ, we find: 

�M �  97.6 �� 

 

�M  1 MΩ �M 1 μS 

Cgd9 74.81 �� 

Cgs9 75.05 �� 
Table 5: Simulated values for the calculation of �� 

Replacing �M in (7) and using table 6: 

�y �  4.65 �� 

 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 6: Simulated values to calculate�� 

Replacing �y and �M in (6) we find: 

|[y �  818.5 ����13� 
 

In de feedback lope of the OTA at node 6 (fig. 30) there also appears a pole. To calculate this pole we 

use the following definition of a pole node n: 

Pole at node n = 8 32�4��4z2 �)3� $] ),4��)[�2 �2��22[ [$,2  [ )[, L	 t3$%[,�)�)�4�4z2 �)3� $] ),K4��)[�2 �2��22[ [$,2 [ )[, L	 t3$%[, 
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The resistive part of the impedance between node 6 and AC ground is given by 

U(� // 1X�9 // U(7( 

� 1X(� @ XK�@ X(7( 

The resistive part of the admittance between node 6 and AC ground hence is given by 

X(� @ XK� @ X(7( 

The capacitive part of the admittance between node 6 and AC ground is given by 

�,�v7( @ ���v� @ �$�)K� 

in which 

�$�)K� � �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L 

This leads to the expression of the pole at node 6: 

|� � X(� @ XK�@ X(7(�,�v7( @ ���v� @ �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L
 

Using table 7 we find: 

|� � 135516374.2 Hz a 135.5 MHz �14� 
CgdM1A 28.61 �� 

CgsM1A 56.21 �� 

CgbM1A 10.71 �� 

CgdM10 1.64 �� 

CdbM10 0.39 �� 

CsbM9 0.04 �� 
Table 7: Simulated values to calculate the pole at node 6. 

Finally, at node 5 there appears a zero. At this node a capacitor (�t��v��) in series with a resistor 

(U(7( of transistor S�) can be seen. This is however a high pass filter and this zero will consequently 

only be seen at very high frequencies since (�t��v�� and U(7( are both very small so 1/U(7(�t��v�� is 

big).  

We can conclude by saying that both the poles at node 5 and node 6 and the zero at node 5 appear 

at much higher frequencies compared to the dominant pole. The stability of the OTA in closed loop at 

the frequency stimulation range is hence assured. However, the parasitic are not included in these 

calculations. 
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5.3 Output resistance 

 

In this section the output resistance of the current sink will be calculated. The same formula can be 

applied for the current source and the overall output resistance of the stimulator is the parallel of 

these two output resistances.  Fig. 32 depicts the small signal equivalent of the current sink (fig. 23).  

 

Figure 32: Small signal equivalent of fig. 23 

 

Calculation of the output resistance R��� : 
 

.$� �  81.,�� .t�7 � .$� 8 .,�� � 8.,���1 @ 1� 

#$%� � �V� 8 V����g(7 @ g�7V��7 #$%� � �V� 8 V����g(7 8 g�7.,���1 @ 1� 
#$%� � V�g(7 8 .,��bg(7 @ g�7�1 @ 1�c 

g�7�1 @ A� ≫ g(7 #$%� � V(g(7 8 V���g�7�1 @ A� 
V��� � r(�#$%� #$%� � .$X(7 8 U(�#$%�XK7�1 @ 1� 

I���b1 @ r(�g�7�1 @ A�c � V�g(7 
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U(�XK7�1 @ 1� ≫ 1 
R��� � V�I��� � br(7r(�g�7�1 @ A�c b14c 

Using values of table 7 and 8, this leads to an output resistance of   
R� = 82.3 TΩ 

for the current sink and  

R� = 28.2 TΩ 

for the current source. 

gm1 0.27 μS 

gds1 4.62 nS 

gds2 0.29 nS 

A 407.22 
Table 8: Simulated values to calculate ´µof the current sink    

gm1 0.27 μS 

gds1 3.48 nS 

gds2 1.38 nS 

A 501.19 
Table 9: Simulated values to calculate ´µof the current source 

When we simulate in Cadence the output resistance in function of the frequency we find for the 

current sink an output resistance of approximately 75 TΩ at DC (fig. 33). For the current source we 

find approximately 21 TΩ as output resistance at DC (fig. 34). At stimulation frequencies in the order 

of kHz, still hundreds of GΩ’s are achieved. 

 

 

Figure 33: Output resistance in function of the frequency of the current sink. 
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Figure 34: Output resistance in function of the frequency of the current source. 
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6 Simulation results 

6.1 Specifications  

In paragraph 3.4 the 10 test cases for the current source were specified and visualized by the red 

circles in fig. 11. One test case consisted of the current amplitude that had to be achieved through 

the load for a particular impedance amplitude of this load. Every test case had to be tested for the 

real impedance model and for the RC parallel model of the load. Afterwards, the model of the load 

was replaced by the actual probe model in order to see whether the test case currents could be 

achieved. Fig. 35 and 36 show the simulation results for the current amplitudes at the specified 

impedance values for the real impedance model and the RC parallel model of the load respectively. 

Referring to fig. 11 we can say that specifications are met. The amplitude of the cathodal pulse and 

the anodal pulse are indicated on the graphs. The DAC inputs for the four current cases of 0.1µ, 1µ, 

10 µ and 50µ were (00001 - 00001), (00001 - 01010), (01010 - 01010), (10100 - 11001) respectively. 

 

Figure 15: Simulation results for the 10 test cases in case of a real impedance 
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Figure 36: Simulation results for the 10 test cases in case of an RC parallel  

6.2 Post-process parameters 

As mentioned in paragraph 3.3, the current pulse through the load is post-processed in Matlab in 

order to check for charge imbalance, offset, delay, amplitude and frequency spectrum. This section is 

subdivided in four paragraphs according to the post-process parameter. For each parameter, the 

simulation results for the 10 test cases are represented for the real impedance model and for the RC 

parallel model of the load. For the probe model, the post processing parameters are conceived at the 

4 test case current amplitudes, namely at: 0.1µA, 1µA, 10µA, 50µA. 

The simulation results can be found in the appendix of this thesis. 

6.2.1 Charge imbalance 

The charge imbalance is calculated per test case current amplitude as (¶)[$,)+ 8 ¶�)�·$,)+) and is 

normalized in respect with the current amplitude. 

For each test case current #4: 
¸¹U��º»�¼J ½¾�UX¼ »�¿�º�¸½¼4 � ¶)[$,)+ 8 ¶�)�·$,)+#4  
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6.2.1.1 Real  impedance 

 

 

Figure 37: Normalized charge imbalance for the real impedance model for the 10 test cases 

 

6.2.1.2 RC  parallel 

 

 

 

 

Figure 38: Normalized charge imbalance for the RC parallel model for the 10 test cases 
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6.2.1.3 Probe model 

 

 

Figure 39: Normalized charge imbalance for the probe model at the 4 test case current amplitudes 

 

We can roughly see constant trend for the normalized charge imbalance in function of the current. 

The relative charge imbalance is constant in function of the current amplitude, but the absolute 

charge imbalance increases with the current amplitude. This charge imbalance could be explained by 

the mismatch between the current source and the current sink. In practice, measures to achieve 

charge balancing are typically implemented. The most common solution is to insert a dc blocking 

capacitor of appropriate size in series with the stimulation electrode. This guarantees that no net dc 

current is conducted into the electrode-tissue interface over time. These capacitors are however to 

big and need to be put off chip. Consequently, active charge-balancing techniques can be used for 

implantable multichannel applications. 

 

 

6.2.2 Offset 

The offset of the pulse before the anodal pulse (Offset pre) and the offset of the pulse after the 

cathodal pulse (Offset after) is calculated and normalized with respect to the current amplitude. The 

offset imbalance is calculated as the difference between Offset after and Offset pre and is 

normalized with respect to the current amplitude.  

For each current #4: 
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The normalized offset before the anodal pulse (Offset pre) and the normalized offset imbalance are 

represented in the following paragraphs for the three impedance models. 

6.2.2.1 Real impedance 

 

 

 

Figure 40: Normalized offset pre for the real impedance model for the 10 test cases  

 

 

 

 

 

Figure 41: Normalized offset imbalance for the real impedance model for the 10 test cases  
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6.2.2.2 RC parallel 

 

 

Figure 42: Normalized offset pre for the RC parallel model for the 10 test cases  

 

 

 

Figure 43: Normalized offset imbalance for the RC parallel model for the 10 test cases  
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Figure 44: Normalized offset pre for the probe model at the 4 test case current amplitudes 

 

 

 

 

Figure 45: Normalized offset imbalance for the probe model at the 4 test case current amplitudes 

No clear trend can be seen for the normalized Offset pre and the normalized Offset imbalance.  

6.2.3 Amplitude 

The amplitude of the anodal and the cathodal pulse is calculated and normalized with respect to the 

current amplitude. The amplitude imbalance is also calculated as the difference between the 
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0¹U��º»�¼J ��|º»9ÂJ¼ »�¿�º�¸½¼4 � 1�|º»9ÂJ¼)[,)+ 8 1�|º»9ÂJ¼�)�·$,)+#4  

The normalized amplitude imbalance is represented in the following paragraphs for the three load 

models. 

6.2.3.1 Real impedance 

 

 

Figure 46: Normalized amplitude imbalance for the real impedance model for the 10 test cases  

 

6.2.3.2 RC  parallel 

 

 

 

Figure 47: Normalized amplitude imbalance for the RC parallel model for the 10 test cases  
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A roughly constant trend (except of the 1MΩ/1µA case) of the normalized amplitude imbalance in 

function of the current amplitude can be seen for the real impedance model and the RC parallel 

model.  

6.2.3.3 Probe model 

 

 

 

Figure 48: Normalized amplitude imbalance for the probe model at the 4 test case current amplitudes 

 

For the probe model, the normalized amplitude imbalance for the probe model is again roughly 

constant in function of the current amplitude. The relative amplitude imbalance is constant but the 

absolute imbalance increases with the current amplitude. This can be attributed to the mismatch 

between the current source and the current source. 

 

6.2.4 Frequency spectrum 

In this section the frequency spectra of the current pulses through the load are depicted for the real 

impedance model, the RC parallel model and the probe model. The frequency spectrum is 

normalized with respect to the current amplitudes.  
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6.2.4.1 Real impedance 

 

Figure 49: Frequency spectrum of the current pulse for the real impedance model at the four current cases  

It can be seen that the normalized frequency spectrum spreads out with increasing current 

amplitudes. Hence, increasing the current amplitude leads to the presence of higher frequency 

spikes in the spectrum. 
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6.2.4.2 RC parallel 

 

Figure 50: Frequency spectrum of the current pulse for the RC parallel model at the four current cases  
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Figure 51: Frequency spectrum of the current pulse for the probe model at the four current cases  

For the probe model it can be seen that the normalized frequency spectrum of the current pulse 

becomes narrower with increasing current amplitude, in contrast to the normalized frequency 

spectrum of the current for the real impedance. Hence, decreasing the current amplitude leads to 

the presence of higher frequency spikes in the spectrum. 

 

6.3 Transient response 

In this section, some transient responses of the current and voltage signals will be shown for the 

three load models. 
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6.3.1 Real impedance 

 

 

Figure 52: Transient response of the current through a 10 kΩ resistor for the I=0.1µA current amplitude case 

 

Figure 53: Transient response of the voltage over a 10 kΩ resistor for the I=0.1µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a real 

impedance model of the load. There are neglectable transients with respect to the falling/rising 

edges. 
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6.3.2 RC parallel 

 

 

Figure 54: Transient response of the current through a 20 kΩ RC parallel for the I=50 µA current amplitude case 

 

Figure 55: Transient response of the voltage over a 20 kΩ RC parallel for the I=50 µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a RC model 

of the load. The expected voltage waveform with capacitive behavior can be seen. There are more 

transients with respect to the falling/rising edges than for the real impedance case but within 

approximately 10 µs, the targeted current amplitude is reached. 
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6.3.3 Probe model 

 

 

Figure 56: Transient response of the current through the probe model for the I=0.1 µA current amplitude case 

 

Figure 57: Transient response of the voltage over the probe model for the I=0.1 µA current amplitude case 

An expected transient response of the current signal can be seen. However, a strange behavior of the 

transient response of the voltage signal turns up. The voltage amplitude is not zero at the beginning 

and at the end of the signal. The voltage amplitude starts already at approximately 37 mV.  Another 

noticeable aspect is the slow rise of the voltage signal at the end of the current pulse (around 300 

µs). This strange behavior could be attributed to already existing charge at the start of simulation and 

the slowly rising of the voltage signal at the end could then be attributed to the self-discharging of 

the probe model. It also seems as if the falling edge of the voltage signal is steeper than the rising 

edge. This could be related to the amplitude imbalance between the anodal pulse and the cathodal 

pulse. In paragraph 6.2.3, a higher current amplitude could be found for the anodal phase with 
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respect of the cathodal phase, which resulted in an amplitude imbalance. This difference in high and 

low flank can roughly be seen in fig. 56.  

 

Figure 58: Transient response of the current through the probe model for the I=1 µA current amplitude case 

 

Figure 59: Transient response of the voltage over the probe model for the I=µA current amplitude case 
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Figure 60: Transient response of the current through the probe model for the I=10 µA current amplitude case 

 

Figure 61: Transient response of the voltage over the probe model for the I=10 µA current amplitude case 

It can be seen that for the 10 µA current amplitude, the current is no longer held constant but goes 

to zero again after some 20 µs. At the same time it can be seen that the voltage saturates at +.// 

and -.//, which explains the current drop. With this technology, the current amplitudes through the 

probe model can simply not be achieved. Higher voltages technologies should be considered. 



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  57 

 

 

Figure 62: Transient response of the current through the probe model for the I=20uA current case 

 

Figure 63: Transient response of the voltage over the probe model for the I=20uA current case 
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7 Conclusions 

 

The goal of this thesis was to design a stimulation chain using a current source with programmable 

temporal waveforms. First of all, some general specifications concerning this stimulation chain were 

imposed. Three components of this stimulation chain were of importance: the generation of 

programmable stimulation waveforms, the analog design of the actual current source and the post-

processing of the resulting waveform. To coordinate these three components, it has been decided to 

organize them in a test bench. The elegancy of this approach is that any kind of current source can be 

designed and immediately be tested with different waveforms and for different post-possessing 

parameters. The importance of the programmability attributes to the fact that there is still little 

known about the optimum stimulation waveforms. In this way, with trial and error, different 

waveforms can be used to assess stimulation of the tissue. Commercial stimulators often don’t 

provide a lot of characteristic parameters. This is however a critical aspect for the user. With the use 

of these post-processing parameters, exceptional behaviors of the current source could be 

discovered which could be overlooked with transient responses only.   

After setting up the test bench, some test cases were specified in order to be able to test the current 

source with the real impedance model and the RC parallel model of the load. In this way, a first 

glance can be shot at the working of the current source. In a third phase, the load could then be 

replaced by the probe model in order to see if the specified current amplitudes can be achieved for 

an actual electrode-tissue interface load. 

Now that the test bench was all set with specified test cases, some research into current sources was 

done. The basic concept for this stimulator was found in the ‘Improved VCR current source’. The 

entire implementation and design of the current source with n- and p-path were done and analysis of 

stability the OTA and output resistance were investigated. A high output resistance in the order of 

GΩ’s was found at stimulation frequencies.  

In a last phase, simulation results were obtained. We found that for a real impedance model and an 

RC parallel model of the load with specified impedance amplitude, specifications were met. The 

expected transient current signals were achieved for the 0.1 µA, 1 µA, 10 µA and 50 µA current 

amplitudes. For the probe model however, some strange behavior turned up for the voltage signal at 

all current amplitude cases. Expected transient signals of the currents were achieved at 0.1 µA and 1 

µA. At 10 µA however, the current amplitude drops after some 20 µs due to saturation of the 

voltage. For these current amplitudes, higher voltage technology should be considered.  

We can conclude by saying that an efficient coarse-fine DAC for this application was designed. A 

compact architecture of only 64 elements is required instead of 1024 with a 10 bit architecture. With 

the R and RC model of the load, the DAC meets the specifications. The impedance amplitude of the 

probe model is however too big to source the specified currents with this low voltage technology, so 

higher voltages should be considered. 
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9 Appendix 

9.1 Delay  
 

 

Figure 1: Delay of the cathodal pulse for the real impedance model for the 10 test cases 

 

 

 

 

Figure 2: Delay of the anodal pulse for the real impedance model for the 10 test cases 
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Figure 3: Delay of the cathodal pulse for the RC parallel model for the 10 test cases 

 

 

Figure 4: Delay of the anodal pulse for the RC parallel model for the 10 test cases 
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Figure 5: Delay of the cathodal pulse for the probe model for the 4 test case current amplitudes 

 

 

Figure 6: Delay of the anodal pulse for the probe model for the 4 test case current amplitudes 
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1 Introduction 
 

1.1 Motivation 
 

The Bioelectronic Systems Group at Imec works on implants for fine-grain stimulation and recording 

in deep brain regions in order to advance therapies for neurological disorders, help pharmacological 

research and provide means for fundamental research in neuroscience. They have been developing a 

passive multi-electrode probe technology with micrometer contact dimensions for implantation in 

rodents so far and they are now in the process of increasing the number of electrode contacts 

significantly (towards 64-128). Electronics functionality close to the electrodes allows for low-noise 

amplification, signal selection, filtering, and digitization in order to handle this large number of 

signals.  

Inversely, these electrodes can be used to electrically stimulate neurons using particular current or 

voltage waveform patterns. In an implantable neurostimulator, the goal is to pass electric charge in a 

precisely controlled fashion through the excitable tissue to initiate action potentials. Today’s deep-

brain stimulation probes use millimeter-size electrodes. These stimulate, in a highly unfocused way, a 

large area of the brain and have significant unwanted side effects. To have a more precise 

stimulation (and recording), the electrodes have to be as small as individual brain cells. Such small 

electrodes can be made with semiconductor process technology, appropriate design tools, and 

advanced electronic signal processing.  

 

Figure 1: A prototype multi-electrode stimulation and recording probe for deep-brain stimulation. 

This thesis focuses on the concept and IC design for a two-channel electrical stimulator able to act as 

a current or voltage source with programmable temporal waveforms. The source has to be able to 

drive a wide range of impedances reflecting the range of passive micro-electrodes (about 50 �� 

diameter, different materials like platinum, iridium oxide, titanium nitride) and the permittivity and 

conductivity differences of solutions and tissue in vitro and implanted in vivo condition. Current 

signals in the µA-to-mA range are required while voltage signals in the mV-to-V range are used. 

Stimulation frequencies are comparatively low (< 150 Hz) but typically used waveforms include 

pulses and ramps requiring decent transmission of higher harmonics into the 10-to-30 kHz range. 
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1.2 Context  

 

Deep Brain Stimulation (DBS) is being evaluated as an effective approach for the treatment of several 

neurologic and psychiatric disorders like Parkinson’s disease, essential tremor, dystonia, epilepsy, 

obsessive-compulsive disorder, etc. Despite its success, is has not become a standard therapeutic 

approach yet. The effects and mechanisms of DBS are not well understood and remain to be 

explored. Therefore, collaborate research in areas like DBS electrode design, modeling of the 

electrode-tissue interface, research on stimulation and recording waveforms and many others, need 

to be pursuit. [1][2] 

Current clinical DBS electrode design has been adapted from cardiac pacing technology without the 

exact understanding of the neurostimulation principles. With today’s small number and large surface 

area of the electrodes used for stimulation, it is not possible to selectively stimulate the desired 

anatomical target. This leads to unwanted stimulation of surrounding brain structures which can 

cause behavioral side effects. Moreover, inherent brain movements can result in displacement of the 

stimulation contacts in respect to the anatomic target. However, advances in computational 

capabilities, neural engineering design tools and microelectrode fabrication techniques, allow the 

design of optimal DBS electrodes, customized to the anatomy and morphology of the stimulation 

target. [1][2] 

Fig. 2 shows the micrograph of an implantable silicon-based neural probe conceived for both 

recording and stimulation of deep brain regions, fabricated at IMEC. The probe supports a 2D array 

of small electrodes for selective and targeted interaction on the level of single neurons. Each pixel of 

the 2D probe functions either as a stimulation or recording site with a geometric area as small as 

possible to allow selective and safe stimulation. [1] 

 

Figure 2: Optical micrographs of probe tips with different electrode sizes and configurations: tip with electrodes of 50 μm 

diameter (A), of 25 μm diameter (B) and with C-shaped electrodes (C). Picture of the whole probe (D) and the packaged 

probe (E). [1] 
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The accurate modeling of neurons, electrodes and the electrode-tissue interface is an important 

aspect in the study of neural signals. These models are of utmost importance in the design of 

electronic neural interfaces as they can provide a good characterization of the signal conditions like 

impedances, offsets, time-and frequency-variable parameters, etc. Many researchers have studied 

the electrode-tissue interface and several electrical circuit models have been developed.  

Fig. 3 shows the model of the electrode-electrolyte interface for the neural probes designed at the 

Bioelectronic Systems group of Imec. The model consists of several parts: the interconnect parasitics 

(��  , �� ), the constant-phase element (�	
� � 1 �� ��������, and the charge-transfer path 

(���  with parasitic interface-related �� , ��). [3] [4]  

 

Figure 3: 1-port equivalent circuit topology for a single 50 µm electrode representing the electrode-electrolyte interface 

(��� , ��, ��, CPE) and the parasitic interconnect network (�   , �! ). [3]  

A major challenge in the design of a neural stimulator is the high electrode-tissue/neural interface 

impedance, which can lead to very large output voltages for the required stimulation current levels.   

The stimulation parameters for DBS (stimulus shape, amplitude, pulse duration and frequency) have 

mainly been derived by trial and error. The generation of optimum stimulation waveforms is 

therefore also a current strong research issue. For this purpose, the electrical stimulator has to be 

able to program arbitrary-shaped signals.  An example of different stimulation signals that have been 

studied is shown in fig. 4. Generally in neural applications, a symmetrical or asymmetrical biphasic 

(that is, it consists of a cathodal and an anodal phase) waveform is used as electrical stimulus. [2] 

There are two distinct modes for stimulation; current-mode and voltage-mode. In current-mode 

stimulation, the current amplitude is directly controlled by a digital-to-analog converter and is not 

affected by changes in the tissue load. Therefore, the quantity of charge delivered per stimulus pulse 

is easily controlled. In voltage-mode stimulation, the stimulator output is a voltage, and therefore the 

magnitude of the current delivered to the tissue is dependent on the inter-electrode impedance 

(Ohm’s law). Thus, it is difficult to control the exact amount of charge supplied to the electrode and 

tissue because of the impedance variation. [5] 

 An important issue when generating the stimulation signals is the charge balance. That is, pulses are 

considered electrochemically safe when the charge injected during the first phase is totally recovered 

during a following counter phase. [1] Fig. 5 shows some examples of charge-balanced biphasic 

current pulses with different asymmetries in the cathodal and anodal phase widths.  
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Figure 4: Comparison of stimulation waveforms. [2] 

 

Figure 5: Examples of charge-balanced, biphasic current pulses with different asymmetries in the cathodal and anodal 

pulse widths. [7] 
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1.3 State of the art 

 

A typical example (fig. 6, 7) of most DBS devices used in clinical practice today is the Kinetra 

neurostimulator of the American company Medtronic. The Kinetra neurostimulator works through 

two channels to deliver bilateral intervention. It consists of three parts: the actual pulse generator, 

the lead and the extension. The pulse generator is a small, sealed device, similar to a cardiac 

pacemaker and contains a battery and a microelectronic circuitry to produce the electrical pulses 

needed for the stimulation. It is usually implanted into the patient’s chest or abdomen. The pulses 

can be adjusted wirelessly to check or change the neurostimulator settings. The electrical pulses are 

delivered to the targeted areas deep in the brain through the extension and the lead. Extensions are 

insulated wires that run subcutaneously along the shoulder, neck and head to connect the pulse 

generator to the lead. The lead is implanted in the brain and consists of four thin coiled insulated 

wires bundled within polyurethane insulation. Each lead has four electrodes at the lead tip. 

Stimulation by these quadripolar leads is delivered using either one electrode or a combination of 

electrodes. [8] 

 

Figure 6: Kinetra neurostimulator. [8]  
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Figure 7: DBS schematic. [9] 

 

This Medtronic neurostimulator is being used in today’s clinical practice. Nevertheless, it has some 

key features that need to be improved. The stimulator lacks stimulation flexibility and the capability 

of stimulating on the level of single neurons. 

In Belgium, a company called 3Win is also making DBS devices. Their deep brain stimulator is 

however not yet clinical. They want to differentiate from today’s neurostimulation devices with more 

flexible and accurate stimulation and less invasive electrodes. The Australian company Cochlear is 

famous for their multi-channel stimulator devices in the repairing deafness industry. Their devices 

however lack the application of stimulating the deep brain regions. The American company World 

Precision Instruments (WPI) is a leading global provider of laboratory solutions for the life sciences. 

Their stimulator devices however lack miniaturization and IC implementation. 

An overall important future technical advance of today’s clinical DBS devices is the development of a 

cranial implantable neurostimulator. At present, implantation of DBS systems is a two stage 

procedure because the infraclavicular or abdominal neurostimulation implant site is not accessible 

within the same sterile field as the cranial burr hole site for implantation of the DBS lead. Of 

necessity, the patient has to be re-prepared and draped in a different position to allow placement of 

the stimulator and tunneling of the lead extension wires between the scalp and the upper chest. 

Tunneling through the soft tissues of the neck, scalp, and upper chest wall is painful enough to 

require general anesthesia, even when minimally traumatic surgical instruments are used. Thus, the 

development of a cranial-mounted stimulator that would allow the entire procedure to be 

performed through a single incision at one sitting is desirable for a number of reasons: to eliminate 

the need for general anesthesia, to reduce the risk of infection, to reduce the number of electrical 

connections and thereby increase device reliability, and to lower costs linked to operative time. 

Barriers to the development of a cranial stimulator are surmountable. These include miniaturization 

of device components, especially the battery and lead connector block, and the elimination of 

seldom-used device components or features. [10] 
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1.4 Thesis outline 

 

The subject of this thesis is the design of a stimulation chain using a current or voltage source with 

programmable temporal waveforms. In chapter 2 of this thesis, some general specifications 

concerning the stimulation chain will be discussed. In this section, the stimulation mode, waveforms, 

parameters and functionalities of the design will be specified. In chapter 3, the design method of the 

stimulation chain will be discussed. The design method consists of three aspects: the generation of 

programmable stimulation waveforms, the analog design of a stimulator source and the post-

processing of the resulting waveforms. In order to coordinate and interface between these three 

components, an automatic workflow by means of a test bench was set up. After some deeper 

insights into this test bench, the generation of the waveforms and the post-processing parameters, 

some particular test cases for the stimulator source will be derived from the earlier mentioned 

specifications. Now the actual analog design can get started. In chapter 4, state of the art micro-

stimulator architectures for this application will be studied. In chapter 5, the implementation of the 

circuit of this thesis will be considered. First, the overall architecture will be discussed and operation 

will be explained. Then, the implementation of the operational transconductance amplifier that is 

used in the design will be considered and stability will be studied. In a last section of this chapter, an 

important property of the stimulation source, the output resistance will be examined. Subsequently, 

in chapter 6, the simulation results of the stimulation chain will be examined and in chapter 7, some 

general conclusions of this thesis will be considered. 
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2 Stimulation specifications  

 

This section gives a brief description of the general specifications that the stimulation chain should 

satisfy. The subject of this thesis is to design a stimulation chain that satisfies those specifications. 

The general specifications for the stimulation chain are the following: 

 Stimulation mode 

• The stimulation pulses can be either voltage-controlled or current controlled. 

However, because they offer some advantages like the knowledge of the injected 

charge and the more or less constant stimulation threshold, current pulses will be 

used in this thesis.   

 Stimulation waveforms 

• The stimulation waveforms are biphasic current signals with balance in charge. For 

charge balancing, one should ensure that the total amount of charge that is injected 

into the tissue is equal to zero. Quantitatively, according to fig. 8  "� � #$%�& '	 � #$%�(') � ") 

where "�  is the charge injected in the cathodic phase and ") is the charge injected 

during the anodic phase. 

 Functionalities of the stimulation chain 

• The design consists of a test bench for the stimulator circuitry. The stimulation 

waveform parameters like stimulus shape, amplitude, pulse duration, pulse 

frequency need to be adjustable. 

 Stimulation pulse repetition frequency range 

• 100 Hz to 130 Hz  

 Stimulation pulse width range 

• 100 µs to 500 µs 

 Stimulation amplitude range 

• 0.1 µA to 100 µA 

 Impedance range of the load to design the device for   

• The impedance of the electrode-tissue interface is highly variable because it differs 

from site to site and during lifetime. |�+$),| ranges from 10 k- to 2 M-. This 

implicates the design of a current source with an output impedance that is high 

enough (> 10 M-) in order to provide a constant current, irrespective of the load 

impedance. 

 Technology 

• The technology is ONSEMI C035M-D 5M/IP (Europractice). This is a 0.35 µm (3.3 V) 

silicon technology with a back-end consisting of 5 metal layers. Higher voltage 

technologies could be considered if needed. 

 Supply voltage 

• For a 3.3 V device, +/- 1.65V operation can be allowed without any risk of oxide 

breakdown. From this, an upper and lower bound 1.5V is derived which should not 

be exceeded by the current source (.// = 1.5V; -.// =-1.5V). 

 Low power consumption  
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Challenges for the stimulation chain are mainly related to two issues: first, the achievement of large 

output impedance within the provided power supply range. Second, the generation of arbitrary-

shape voltage-independent stimulus currents; this is a challenge because the stimulator load varies 

with more than two decades.  

 

Figure 8: Biphasic current waveform with charge balance. [6] 
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3 The design method of the stimulation chain 

3.1 Test bench 

 

The design method of this thesis consists of three aspects: the generation of programmable 

stimulation waveforms, the analog design of a stimulator source by means of a digital-to-analog 

converter (DAC) and the post-processing of the resulting waveforms. In order to coordinate and 

interface between these three components, an automatic workflow by means of a test bench was set 

up. This test bench (fig. 9) consists of three building blocks. First of all, the biphasic waveform is 

emulated in Matlab. The pulse generator programmes the waveform with the adjustable stimulation 

parameters like pulse width, frequency, etc. This pulse is now used in the actual DAC circuit. The DAC 

circuit is designed in the analog environment of Cadence. The DAC circuit consists of two paths (n 

and p) in order to produce the biphasic current waveform that flows into the load. The load is also 

modeled and simulated in Cadence and its model will be altered for different load impedances. At 

the end, the simulation results are post-processed in Matlab again. The resulting waveform through 

the load is tested for offset, delay, current amplitude, charge integration, etc.  With the creation of 

this automatic workflow, different DAC circuits can be easily tested with programmable stimulation 

waveforms in a reasonable time. 

 

 

Figure 9: Test bench building blocks. 
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3.2 Pulse generator 
 

The pulse is generated in Matlab. The pulse is biphasic and hence consists of 2 phases: the leading 

part and the trailing part of the pulse. A phase can be cathodal and anodal. A special case of a pulse 

is the monophasic case, when only one phase is present. The general stimulation waveform 

parameters of the pulse are the following: 

 0� : the number of pulses 

 f:  the pulse repetition frequency  

 1+2), : the amplitude of the leading part of the pulse  

 1�3)4+ : the amplitude trailing part of the pulse  

 '+2), : the pulse width of the leading part of the pulse 

 '�3)4+ : the pulse width of the trailing part of the pulse 

 The rank of the phases:  a cathodal first pulse or an anodal first pulse  

 1/	 : an arbitrary but fixed DC offset  

 
Figure 10: Pulse generator.  
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3.3 Post processing 

 

After simulation in Cadence of the DAC circuit, the current signal trough the load is post-processed in 

Matlab. The signal parameters that are examined are the following: 

 The charge imbalance of the pulse. To check the amount of charge that is residual in the 

tissue after stimulation, the discrete integral of the pulse is determined: 

5�#467 8 #4��9467 8 94�:�7
4;7

 

where N is the number of data points.  

 

 The delay of the pulse. The delay is measured by comparing the output pulse through the 

load with the reference pulse in the DAC circuit. The time in point where 90% of the aimed 

output current is achieved is determined for the output pulse and the reference pulse. The 

delay is then defined as the difference between these two time points. The delay is 

calculated for the anodal part of the pulse and for the cathodal part of the pulse. 

 

 The offset of the pulse. The offset is measured by looking at the current values at the points 

of time where, according to the reference pulse, the aimed current value is zero. The mean 

of these current points is defined as the offset of the pulse. The offset is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse.  

 

 The amplitude of the pulse. The amplitude of the pulse is defined as the mean of the current 

values where at least 90% of the aimed value is achieved. The amplitude is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse. 

 

 The frequency spectrum. To check the frequency content of the current pulse, the Fast 

Fourier Transform of the current pulse is determined.  
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3.4 Test cases 

 

To test the DAC circuit, test cases have to be specified. One test case consists of the amplitude of the 

current signal and the amplitude of the load impedance. The model for the load is also varied per 

test case. From the specifications we know that the amplitude of the current ranges from 0.1 µA to 

100 µA and that this current has to source a load with an impedance |�+$),| ranging from 10 kΩ to 2 

MΩ. Here, some trade-offs have to be made with respect to the supply voltage |V//| of 1.5V. Using 

Ohm’s law, some feasible test cases can be derived. For example, a current amplitude |I| of 100 µA 

and an impedance amplitude |Z| of 2 MΩ leads to a voltage over the load of 100 V, which is not 

feasible with a supply voltage of only 1.5 V. Otherwise, a current amplitude of 0.1 µA and an 

impedance amplitude of 10 kΩ lead to a voltage over the load of 100 mV, which is feasible with a 

supply voltage of 1.5V.  

Fig. 11 shows the feasible current-impedance points (|I|, |Z|) within the specifications and with the 

limitation of the supply voltage.  

 

Figure 11: Feasible test points. (Note: the lines do not matter; the points are covered by the area below the curve) 

In order to mark out the test cases, ten particular points were chosen on the border of the field (red 

circles in fig. 11 and table 1). The goal is now to achieve these 10 current amplitudes at the specified 

impedance amplitudes of the load with the stimulation block. 
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|I| (µA) |Z|(kΩ) 

50 10 

  20 

10 50 

  100 

1 1000 

0.1 10 

  20 

  50 

  100 

  1000 

Table 1: The 10 test cases for the current and impedance amplitudes. 

Per test case, the load model is also being varied. Three models are being used to simulate the load 

in Cadence: A real impedance, a RC parallel and the actual probe model. The first model is the simple 

hypothesis of a real impedance. This resistance will take the value of |Z| in table 1. The second 

model is that of a RC parallel. The parallel impedance |��| takes the value of |Z| in table 1. The 

value of the resistance R and the capacitance C are easily derived from formula (1) for parallel 

impedances. 

                                        

Figure 12: Real impedance and parallel of real impedance and capacitor 

                             

|��| � = �> . �	�> @ �	= �1� 

Replacing �> and �	  in formula (1) by R and 7 AB	 respectively: 

|��| � C �. 1�ω�� @ 1�ω�C 
Resolving this equation to C: 

|��| � = ���ω� @ 1= 
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→ |��| � |�||��ω� @ 1| 
 

→ |��| � �√��ω��� @ 1 

 

→ G��GH��ω��� @ 1 � � 

→ H��ω��� @ 1 � �G��G 
→ ��ω��� @ 1 � ��

G��G� 

→ ��ω��� � ��
G��G� 8 1 

→ �� � � ��
G��G� 8 1� 1��ω� 

→ � � I� ��
G��G� 8 1� 1��ω� 

The value of R is set to 1.5 MΩ (this is a relevant value for the R-element of the model [3]). The 

values of G��G are depicted in table 1. The value of ω is given by the formula 

ω =2πf 

where f=1kHz (which lies within stimulation frequency range). This leads to the values �4 in table2, 

related to the values of |�4| in table 1. 

C1 15,9nF 

C2 7,96nF 

C3 3,18nF 

C4 1,59nF 

C5 0,119nF 

Table 2: Capacitor values for RC parallel model. 

The last model of the load is the actual probe model (fig. 1). The values of the capacitors, resistors 

and the CPE element are defined in [3]. 
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4 Architecture of the stimulation chain 

4.1 Introduction 

 

In literature, neural stimulation circuits can be found as external/discrete systems or 

implantable/integrated systems. The former use discrete electronics or data acquisition cards, to 

generate the stimulation pulses, which are wire connected to the electrodes. The latter use 

integrated waveform generators receiving parameters by wireless telemetry from a remote 

controller. Wireless telemetry is usually implemented using RF transmission between two closely 

couple coils and has the challenges of transmitting sufficient power to deliver charge to the tissue 

and have enough bandwidth to manage all the stimulation sites. [2] 

A typical implantable stimulation probe working with 7 leads is depicted in fig. 13. The digital 

circuitry decodes digital commands containing stimulation pulse parameters and probe address 

information.  Digital-to-analog converters and analog multiplexers generate and send current signals 

to specific stimulation sites. Self-test circuitry is also provided. 

 

Figure 13: Typical active stimulation probe. [2] 

The current generator architecture, which is the subject of this thesis, is depicted in fig. 14. It consists 

of a digital-to-analog converter (DAC) and an output stage. The DAC input is controlled by the input 

bits (J4 in fig. 14). The DAC then converts the digital control signals into analog current signals. These 

analog signals source the load in the output stage of the stimulator.  
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Figure 14: Architecture of current generator circuit with 4 control bits.  

Fig. 15 shows a conventional stimulator output stage configuration for a two-electrode setup. Dual 

supplies are required for the biphasic waveforms. The nerve tissue sits between the anodic (A) and 

the cathodic (C) electrodes; this polarity refers to the stimulus pulse. The cathodic electrode is 

connected to a reference voltage, usually the midpoint of the two supply voltages (here: ground). 

The programmable current sink #��4K	  and current source #��4KL  generate the cathodic and anodic 

currents, respectively. These currents are driven through the load �M , representing the electrode-

tissue impedance, by the control of switches N7  and N�  . The configuration is ideally designed to be 

charge-balanced to avoid charge accumulation. However, achieving exactly zero net charge after 

each stimulation cycle is not possible due to mismatch in the current source and sink drivers or due 

to timing errors and leakage from adjacent stimulus sites. Therefore, periodic removal of the residual 

charge can be necessary using switch N&  which provides an extra passive discharging phase. During 

this extra phase the voltage on the blocking-capacitor drives current through the electrodes to fully 

discharge them. [11] The dc blocking capacitor (fig. 15) has an appropriate size and is put in series 

with the stimulation electrode. It guarantees that no net dc current is conducted into the electrode-

tissue interface over time. In multichannel functional electrical stimulation applications, however, dc 

blocking capacitors cannot be realized in the required number, mainly due to space limitations. 

Therefore, other techniques like the active charge-balancing techniques [15] can be used.  

 

Figure 15:  Conventional stimulator output stage configuration for two-electrode setup with dual supplies with active 

and anodic phases. [11]  
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4.2 State of the art 

 

Integrated current-pulse stimulator circuits can be designed using several techniques. There are 

however a few desirable features for this application. An ideal current source is a two-terminal 

element with a parallel resistance which is ideally infinite. Traditional current sources however suffer 

from a tradeoff between the output resistance and the compliance voltage. A large compliance 

voltage is required because of the low voltage operation in this application. A large output 

impedance is needed to properly get all the charge into the tissue. Part of the power out of the 

stimulator energy source produces the useful voltage across the stimulating electrodes and the 

stimulus current passing through the tissue. The rest of the power, however, is dissipated as heat in 

the microstimulator circuitry and should be minimized in order to improve the stimulation efficiency 

and limit the temperature rise within the implant. For this reason, low power consumption is also a 

desirable feature to keep in mind when designing the current source. A last logical feature is keeping 

the silicon area as low as possible. 
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4.2.1 Simple, Fully Cascode and Wide Swing Cascode current mirros 

 

Current mirrors replicating and scaling the output current #/L	 of the current-mode digital-to-analog 

converter (DAC) to the output current #$%�, have been widely used for microstimulation circuits for 

their straightforward design, linearity, and little need for decoding the digital inputs. These circuits 

work properly only as long as all transistors are kept in the saturation region, which means that they 

need a minimum voltage of ./�)� across their drain-source terminals (even though the following 

discussion is based on the nMOS transistors, it also applies to the duals of these circuits with pMOS 

transistors) 

./�)� � I2#/PQ�R 

where #/ is the drain current, Q� is the intrinsic transconductance, and W and L are the MOS 

transistor width and length, respectively. Obviously, ./�)� increases with higher stimulation currents, 

even though it can be reduced by increasing the width of the MOS transistor at the expense of more 

area consumption. If a simple current mirror (fig. 16) is used for stimulation, the maximum voltage 

that could be built up across the tissue (which is referred to as the voltage compliance of a simple 

current mirror) is 

.		 8 ./�)� 

The power dissipated by the circuit in transistor S7 is 

./�)� T#/ @ ./�)�U( V 

where U( is the output resistance of  S7 as well as of the entire current source and W is the channel 

length modulation factor of S7. The output resistance  U( of the simple current mirror is 

U( � 1W#/ 

 

This is not high enough for biomedical microstimulation applications (especially because it decreases 

at high currents) and causes the stimulus current to vary considerably with output voltage variations. 

[6]  
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Figure 16: Simple current mirror, controlled by current-mode DAC. [6] 

To increase this output impedance, fully cascode (FC) (fig. 17) and wide swing cascode (WSC) (fig. 18) 

current mirrors are used in many designs. These current mirrors increase the output resistance by a 

factor of 

 XKU( 

where XK is the cascode transistor (S&) transconductance and is given by  

XK � I2#/Q
RP  

Increased output resistance, however, comes at the expense of reduced voltage compliance to 

.		 8 ./�)� 8 .YZ[  
in the FC current source and to 

.		 8 2./�)� 
in the WSC current source. It also increases the power dissipation in saturated transistors to  

#/�./�)� @ .YZ[� 
and 

 2#/./�)� 
 where  .YZ[ is the nMOS threshold voltage. [6] 
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Figure 17: Fully cascode current mirror, controlled by current-mode DAC. [6] 

 

Figure 18: Wide swing cascode current mirror, controlled by current-mode DAC. [6] 
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4.2.2 Active Feedback and Voltage Controlled Resistor current source 

 

It is also possible to increase the output impedance by biasing the cascode transistor with active 

feedback. In fig. 19, the high-gain amplifier locks the drain voltage of S� to be equal to the drain 

voltage of S7 (i.e. the amplifier acts as a voltage follower). The same biasing conditions make the 

drain current of S�, n times the current of S7, the same as their aspect ratio difference. The output 

impedance of the active feedback current generator is given by  

�$%� � 1XK\U(\U(� 

where A is the amplifier gain, U(� is the output resistance of S� and XK\ and U(\ are the 

transconductance and output resistance of S\, respectively. The output impedance is 1XK\U(\  
times larger than that of S� only. 

 

Figure 19: Stimulation with a current mirror employing active feedback to boost the output impedance. The input current 

is controlled by the current-mode DAC. [11] 

Another way to achieve an adjustable current generator is by using a voltage follower to bias a fixed 

resistor, as shown in (fig. 20). The input of the voltage follower, which is also the bias voltage across 

the resistor, is programmed by the DAC. The output current is given by 

#$%� � ./L	�  

where ./L	  is the output voltage of the DAC and R is the fixed resistance. However, controlling #$%� 

by changing ./L	  is not desirable because it changes the voltage compliance of the current generator 

circuit.  
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Figure 20: Stimulation with a voltage-to-current conversion circuit employing active feedback. The output current is the 

ratio of the DAC output voltage over the fixed resistance. [11] 

It is known from the previous formula that the output current is also reciprocally proportional to the 

resistance. Thus, a voltage-controlled resistor (VCR) with a constant bias will also make a current 

generator. The voltage-controlled resistor is usually implemented by a MOS transistor in the triode 

region, as shown in fig. 21. This configuration yields a current generator circuit with small voltage 

compliance. When the bias voltage .32] is small, in the order of several hundred millivolts, S7operates in deep triode region and its drain current may be given by (in model level 1 [12]) 

#/7 � ��$^ R7P7 �./L	 8 .Y�.32] �2� 
which represents a linear resistor between the drain-source terminals equal to 

�/_7 � 1��$^R7P7 �./L	 8 .Y� 

where � is the mobility, �$^ is the oxide capacitance per unit area, .Y is the threshold voltage and R7 

and P7 are the width and length of transistor  S7, respectively. However, at large gate-source 

voltages (i.e. for large ./L	), mobility degradation due to the high vertical field cannot be neglected. 

To model this effect, the effective mobility is changed to: 

�2]] � �(1 @ `�./L	 8 .Y� a �(b1 8 `�./L	 8 .Y�c 
�2]] a �(b1 8 `�./L	 8 .Y�c�3� 

where �( is the low-field mobility and ` is a fitting parameter roughly equal to 10�f 9$^.�7⁄  [12] 

(9$^ is the oxide thickness); for the approximation in (3) only the first two terms of the Taylor series 

expansion were retained. Because of the mobility degradation, the drain current will not be very 

linear to the overdrive voltage �./L	 8 .Y�, especially for ./L	 values controlled by the most 
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significant bits (MSBs) of the DAC. To reduce non-linearity, an extra current compensation circuit 

operating in the saturation region was employed in fig. 21 at the expense of higher complexity and 

power consumption.  

 

Figure 21: Stimulation with a current sink implemented by a voltage-controlled MOS resistor. The active resistance is 

controlled by the voltage-mode DAC output. [11] 

 

All the current generator circuits described here need at least two steps to translate the digital input 

bits into the output current. The digital input bits control the gates of the DAC current source or sink 

transistors to be either a fixed bias voltage or 0 V. The bias voltages then drive the DAC transistors to 

generate the output current. For the implementations of active feedback, voltage follower and 

voltage-controlled resistor (VCR), the digital input bits are first translated into an analog voltage 

which is subsequently used to bias a resistor or a transistor in order to generate the output current.  

Subsequently, another current generator circuit has been proposed, which only requires one step to 

translate the digital input bits into the output current. The circuit schematic is shown in fig. 22 for a 

4-bit implementation. The circuit is based on the topology of the voltage-controlled resistor and is 

still implemented by MOS transistors in the deep triode region for small voltage compliance. The 

main difference between this circuit and previous works is that the digital input bits are loaded 

directly onto the corresponding binary-weighted current sink transistors (implemented as unit 

transistors). Therefore, unlike the voltage-controlled MOS resistor implementation in fig. 21 where 

the gate voltages of the current sink transistors are analog, sweeping from .Y to the full-swing 

of ./L	, the gate voltages of all current sink transistors �S7 8S\� in this circuit are 1-bit digital; .// 
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(positive digital supply rail) for hard on and 0 V (negative digital supply rail) for hard off. Therefore, 

the digital input bits are not only the enable/disable signals, but also the driving signals for current 

generation.  

When the circuit is on, the transistor gate-source voltage is .//, which will cause maximum mobility 

degradation. Since .// is the exclusive option in order to generate any output current, all current 

sink transistors exhibit the same mobility degradation (this is not the case with the circuit in fig. 21). 

The drain current of each unit transistor (of aspect ratio R P�  ) may be calculated using (2) and (3) by  

#/ � �(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32] 

and for a 4-bit implementation, the output current may be expressed by 

#$%� � �J(2(@J727 @ J�2� @ J&2&� h i�(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32]j �4� 

Where J4  equals 1 or 0; J( is the least-significant-bit (LSB) and J& is the MSB. From (4) it can be seen 

that unlike the analog-based DAC in fig. 21, mobility degradation does not affect the linearity 

performance of the improved DAC implementation; it only causes a small gain error which is 

insignificant for this application. An additional advantage of the proposed circuit is that no analog 

biasing or linearity compensation circuits are required. This greatly reduces complexity, which in turn 

minimizes silicon area and power consumption. [11] 

 

Figure 22: Improved VCR circuit: The binary-weighted transistors of the current-mode DAC are voltage-controlled 

resistors. The latter are controlled directly by the digital input bits lm . A 4-bit implementation is shown. [11] 
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5 Circuit implementation 

5.1 Chosen architecture 

 

The concept of the improved VCR circuit (fig. 22) is used as basic idea in this thesis design. The design 

however provides some expansions and adjustments. The output current ranges from 0.1 µA to 100 

µA. This means a factor 1000 exists between the smallest and largest output current. For this reason, 

a 10-bit DAC is used (27( – 1 = 1023). In a first phase, the current sink topology was implemented (fig. 

23). 

Figure 23: Current sink topology 

The circuit can be operated in two modes: saturated or linear. Setting .>�n(fig. 23) appropriately, S� can be operated as a current source (saturation). Therefore, S� mirrors the current from #>�n . 
Enabling more cells by means of o7 or o� will linearly control the current through these current 

mirrors. The advantage of this operational mode is linearity. On the other hand,  .>�n  can be chosen 

to push S� in linear operation. Now, the current is determined by pqrstu�vw�. Enabling more parallel cells 

by means of o� is now linearly adapting S�’s output resistance, and hence, linearly setting the 

current. Changing o7 though, does not achieve linear tuning. Indeed, S� is not saturated and doesn’t 

act as a current mirror. The current sink in S& generates a voltage, nonlinearly depending on the 

current. This nonlinear voltage transfer controls the gate of S�. The latter depends approximately 

linearly on this voltage. Overall, no linear tuning is thus achieved through o7. While this may seem as 

a disadvantage, the following considerations are relevant. First, in order to achieve a large voltage 

compliance, S�’s ./_ should be kept as low as possible. This is achieved in the linear region. Further, 

a linear tuning across the full DAC’s range isn’t all that important. Therefore, a rough (nonlinear) 

coarse tuning through  o7 can set the order of magnitude of the DAC’s output current correct, while o� then offers linear fine tuning.  
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In conclusion the DAC offers two modes of operation. In one mode, S� operates in saturation, to be 

preferred when very linear steering is desired. In saturation, S� also exhibits a higher output 

impedance, which yields a larger output impedance of the overall current source.  In the other mode, S� operates in its linear region, to be preferred when very large voltage compliance is targeted. In all 

the following simulations and calculations, .>�n was set to put S� in saturation mode. 

It can be seen that this DAC is a coarse-fine DAC. Its elegancy is easily seen. Though achieving a 10 bit 

architecture, only 64 (2x2
5
) elements are required, instead of 1024. In a standard DAC, the coarse-

fine gain, or ratio between coarse and fine elements would be important, and difficult to control. 

However, for this application, the high number of bits is just required to increase the dynamic range 

of the output current, while linearity over the whole range of the DAC is fairly irrelevant. Hence, this 

architecture can be freely used, without the linearity worries of a typical 10b converter.  

For simulations, the DAC is chosen to work in linear operation. The smallest step size is set on 0.1 µA, 

because it is the smallest targeted current amplitude. With 10 bits, the maximum current of 1000 µA 

is then feasible. Enabling 1 cell equals an output current of 0.1 µA. Enabling 2 cells, by means of o7or o� leads to 0.2 µA. The maximum output current is then (when all bits are on) 

0.1 µA * (2
5
-1)* (2

5
-1) = 96.1 µA.  

This is more than the specified highest current amplitude of 5O µA. 

In a second phase, the pmos version (fig. 24) of the first design is implemented for the current 

source. A schematic of the final design where the current source and current sink are brought 

together to source and sink respectively the current through the load, is depicted in fig. 25. 

 

Figure 24: Current source topology 
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Figure 25: Current source and sink brought together in the final design. 
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5.2 Operational Transconductance Amplifier 

 

In the circuit topologies (fig. 23, 24), an operational amplifier is used as a buffer to set the voltage at 

the gate of transistor S�. This amplifier is implemented as a simple Miller-compensated Operational 

Transconductance Amplifier (OTA). In a first stage, the OTA for the current sink (fig. 23) was 

implemented. The Miller-compensated OTA (fig. 26) is a two-stage amplifier. The first stage consists 

of a p-channel differential pair S7L 8S7x with an n-channel current mirror load S�L 8S�x, and a 

p-channel tail current source Syx. The second stage consists of an n-channel common-source 

amplifier S& with a p-channel current-source load S\. Because the OTA inputs are connected to the 

gates of MOS transistors, the input resistance is essentially infinite when the opamp is used in 

internal applications. For the same reason, the input resistance of the second stage of the OTA is also 

essentially infinite and the voltage gain of the amplifier can be found by considering the two stages 

separately.  

 

Figure 26: Miller OTA for sink circuit [13] 

The small-signal voltage gain of the first stage (from .4[ to node 2) is given by [13]: 

1z7 � 8 XK7X(7 @  X(� 

The gain of the second stage (from node 2 to the output) is given by: 

1z� � 8 XK&X(& @ X(\ 
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As a result, the overall gain of the amplifier is given by: 

1z � 1z71z� �  8 XK7XK&�X(7 @ X(���X(& @ X(\� �5� 

For the source circuit (fig. 24), another OTA had to be designed because the voltage at the positive 

gate of the OTA has now a different sign as the in the case of the current sink.  When the OTA’s were 

designed, a maximum DC gain was emulated. This leaded to a DC gain for the OTA of the sink circuit 

(using formula (5) and table 3) of: 

Av=  407,22 =52,2 dB 

The open-loop gain in function of the frequency for the sink circuit and the source circuit are 

depicted in fig. 27 and 28 respectively. For the OTA of the source circuit, a DC gain of approximately 

54 dB was established.  

 

gm1 1,421 mS 

gm3 1,847 mS 

g01 90,07 µS 

g02 72,68 µS 

g03 35,26 µS 

g04 4,341 µS 

Table 3: small signal parameters of Miller OTA for sink circuit (fig. 26) 

 

 

Figure 27:  Open loop gain in function of frequency of OTA for sink circuit. 
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Figure 28: Open loop gain in function of frequency of OTA for source circuit. 

 

5.2.1 Frequency response and stability 

In this section, the closed stability of the OTA will be studied. In order to study stability over the 

frequency signal range, the different poles and zeros in closed loop and their influence on the 

dominant pole will be examined. This analysis will be done for the current sink circuit which is 

depicted here again in fig. 29 with different notations for transistors S7 and S�. 

5.2.1.1 The dominant pole 

First of all, the dominant pole at node 2 (fig. 26) will be computed. The capacitor �	  is placed 

between the input and the output of the second stage. Since �	 is large (we neglect �t,& compared 

to  �	) and since the gain of the second stage is considerable, there is an important Miller effect. This 

causes the pole at the input and output of the second stage to split apart. De dominant pole is given 

by [13]: 

|, � 8 X(7 @ X(��	 XK&X(& @ X(\  |, � 1163159 �� 
≅ 1.2 S�� 

 

where the values of table 3 were used and �	 was chosen 3 |�. 
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Figure 29: Current sink circuit with notation of node 5 and 6. 

5.2.1.2 Other poles and zeros 

We will now examine if other poles or zeros in the circuit may affect the dominant pole. The second 

pole of the OTA is located at the output node (node 5 in fig. 29 and fig. 30) of the OTA. Figure 30 

depicts a part of the circuit of fig. 29 that is of interest for this calculation. The gate voltage of S7( is 

noted .�7( and the gate voltage of S� is noted .4[. The pole at node 5 is given by: 

|[y � 8 XK&�	�	�y @ �	�[� @ �y�[� �6� 

in which: 

�[� � �,�7x @ �,��x @ �t,7x @ �t,�x @ �t�& @ �t�& 

and 

�y � �M @ �,�& @ �,�\ @ �t,\�7� 
Using the simulated values in table 4, �[� can be found: 

�[� � 93.85 �� 

Cdb1B 4.015 �� 

Cdb2B 2.314 �� 

Cgd1B 28.67 �� 

Cgd2B 28.91 �� 

Cgs3 19.53 �� 

Cgb3 10.41 fF 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 4: Capacitor values for the calculation of the pole at node 5. 
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To calculate �y we need to define �M. �M is the capacitance when looking into the gate of 

transistor S� . Because of the Miller effect, �M is given by: 

�M � �t,��1 8 1,� @ �t���1 8 1���8� 
in which 1,  is the gain from gate to drain of transistor S� and 1� is the gain from gate to source of 

transistor  S� (Fig. 30). To calculate 1, and 1� , we use the small signal schematic of the sub circuit 

(fig. 30) that is depicted in figure 31. In this schematic, transistors S�  and  S7(  are replaced by their 

small signal equivalent. 

 

 

Figure 30: Sub circuit of fig. 29. 

 

Figure 31: Small signal equivalent schematic of fig. 30. 

 



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  34 

 

Using the Kirchhoff Current law at node D (fig. 31): 

./�M @ XK��.4[ 8 ._� @ �./ 8 ._�U(� � 0 

→ ./��M @ X(�� @ XK�.4[ 8 ._�XK� @ X(�� � 0 

→ ./ � ._�XK� @ X(��  8 XK�.4[ �M @ X(� �9� 

The current through U(7( equals the current through �M: 

._U(7( � 8./�M  

→ ._ � 8U(7(./�M �10� 
Replacing ._ in (9) by (10): 

./ � 8U(7( ./�M �XK� @ X(��  8 XK�.4[ �M @ X(�  

./ ���M @ X(� @ U(7(�M �XK� @ X(��� � 8XK�.4[  
 

→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M �XK� @ X(�� 
→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M�XK� @ X(�� 

Now we have found 1/, we can use the same method to find 1�. 

Using the Kirchhoff current law at node S: 

XK��.4[ 8 ._� @ �./ 8 ._�U(� � ._U(7( 

XK�.4[ @ ./X(� 8 ._�XK� @ X(� @ X(7(� � 0 

→ ._ � XK�.4[ @ ./X(�XK� @  X(� @ X(7( �11� 

Using (10): 

./ � 8._ �MU(7( �12� 
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Replacing ./  in (11) by (12): 

._ � XK�.4[ 8 ._ �MU(7( X(�XK� @  X(� @ X(7(  

._�XK� @  X(� @ X(7( @ �MU(7( X(�� � XK�.4[ 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MU(7( X(� 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MX(7(X(� 

Replacing 1/ and 1� in (8) 

�M � �t,� T1 8 8XK��M @ X(� @ U(7(�M�XK� @ X(��V @ �t�� T1 8 XK�XK� @  X(� @ X(7( @ �MX(7(X(�V 

Using table 5 where �M  is chosen 1 MΩ, we find: 

�M �  97.6 �� 

 

�M  1 MΩ �M 1 μS 

Cgd9 74.81 �� 

Cgs9 75.05 �� 
Table 5: Simulated values for the calculation of �� 

Replacing �M in (7) and using table 6: 

�y �  4.65 �� 

 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 6: Simulated values to calculate�� 

Replacing �y and �M in (6) we find: 

|[y �  818.5 ����13� 
 

In de feedback lope of the OTA at node 6 (fig. 30) there also appears a pole. To calculate this pole we 

use the following definition of a pole node n: 

Pole at node n = 8 32�4��4z2 �)3� $] ),4��)[�2 �2��22[ [$,2  [ )[, L	 t3$%[,�)�)�4�4z2 �)3� $] ),K4��)[�2 �2��22[ [$,2 [ )[, L	 t3$%[, 
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The resistive part of the impedance between node 6 and AC ground is given by 

U(� // 1X�9 // U(7( 

� 1X(� @ XK�@ X(7( 

The resistive part of the admittance between node 6 and AC ground hence is given by 

X(� @ XK� @ X(7( 

The capacitive part of the admittance between node 6 and AC ground is given by 

�,�v7( @ ���v� @ �$�)K� 

in which 

�$�)K� � �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L 

This leads to the expression of the pole at node 6: 

|� � X(� @ XK�@ X(7(�,�v7( @ ���v� @ �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L
 

Using table 7 we find: 

|� � 135516374.2 Hz a 135.5 MHz �14� 
CgdM1A 28.61 �� 

CgsM1A 56.21 �� 

CgbM1A 10.71 �� 

CgdM10 1.64 �� 

CdbM10 0.39 �� 

CsbM9 0.04 �� 
Table 7: Simulated values to calculate the pole at node 6. 

Finally, at node 5 there appears a zero. At this node a capacitor (�t��v��) in series with a resistor 

(U(7( of transistor S�) can be seen. This is however a high pass filter and this zero will consequently 

only be seen at very high frequencies since (�t��v�� and U(7( are both very small so 1/U(7(�t��v�� is 

big).  

We can conclude by saying that both the poles at node 5 and node 6 and the zero at node 5 appear 

at much higher frequencies compared to the dominant pole. The stability of the OTA in closed loop at 

the frequency stimulation range is hence assured. However, the parasitic are not included in these 

calculations. 
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5.3 Output resistance 

 

In this section the output resistance of the current sink will be calculated. The same formula can be 

applied for the current source and the overall output resistance of the stimulator is the parallel of 

these two output resistances.  Fig. 32 depicts the small signal equivalent of the current sink (fig. 23).  

 

Figure 32: Small signal equivalent of fig. 23 

 

Calculation of the output resistance R��� : 
 

.$� �  81.,�� .t�7 � .$� 8 .,�� � 8.,���1 @ 1� 

#$%� � �V� 8 V����g(7 @ g�7V��7 #$%� � �V� 8 V����g(7 8 g�7.,���1 @ 1� 
#$%� � V�g(7 8 .,��bg(7 @ g�7�1 @ 1�c 

g�7�1 @ A� ≫ g(7 #$%� � V(g(7 8 V���g�7�1 @ A� 
V��� � r(�#$%� #$%� � .$X(7 8 U(�#$%�XK7�1 @ 1� 

I���b1 @ r(�g�7�1 @ A�c � V�g(7 
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U(�XK7�1 @ 1� ≫ 1 
R��� � V�I��� � br(7r(�g�7�1 @ A�c b14c 

Using values of table 7 and 8, this leads to an output resistance of   
R� = 82.3 TΩ 

for the current sink and  

R� = 28.2 TΩ 

for the current source. 

gm1 0.27 μS 

gds1 4.62 nS 

gds2 0.29 nS 

A 407.22 
Table 8: Simulated values to calculate ´µof the current sink    

gm1 0.27 μS 

gds1 3.48 nS 

gds2 1.38 nS 

A 501.19 
Table 9: Simulated values to calculate ´µof the current source 

When we simulate in Cadence the output resistance in function of the frequency we find for the 

current sink an output resistance of approximately 75 TΩ at DC (fig. 33). For the current source we 

find approximately 21 TΩ as output resistance at DC (fig. 34). At stimulation frequencies in the order 

of kHz, still hundreds of GΩ’s are achieved. 

 

 

Figure 33: Output resistance in function of the frequency of the current sink. 
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Figure 34: Output resistance in function of the frequency of the current source. 
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6 Simulation results 

6.1 Specifications  

In paragraph 3.4 the 10 test cases for the current source were specified and visualized by the red 

circles in fig. 11. One test case consisted of the current amplitude that had to be achieved through 

the load for a particular impedance amplitude of this load. Every test case had to be tested for the 

real impedance model and for the RC parallel model of the load. Afterwards, the model of the load 

was replaced by the actual probe model in order to see whether the test case currents could be 

achieved. Fig. 35 and 36 show the simulation results for the current amplitudes at the specified 

impedance values for the real impedance model and the RC parallel model of the load respectively. 

Referring to fig. 11 we can say that specifications are met. The amplitude of the cathodal pulse and 

the anodal pulse are indicated on the graphs. The DAC inputs for the four current cases of 0.1µ, 1µ, 

10 µ and 50µ were (00001 - 00001), (00001 - 01010), (01010 - 01010), (10100 - 11001) respectively. 

 

Figure 15: Simulation results for the 10 test cases in case of a real impedance 
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Figure 36: Simulation results for the 10 test cases in case of an RC parallel  

6.2 Post-process parameters 

As mentioned in paragraph 3.3, the current pulse through the load is post-processed in Matlab in 

order to check for charge imbalance, offset, delay, amplitude and frequency spectrum. This section is 

subdivided in four paragraphs according to the post-process parameter. For each parameter, the 

simulation results for the 10 test cases are represented for the real impedance model and for the RC 

parallel model of the load. For the probe model, the post processing parameters are conceived at the 

4 test case current amplitudes, namely at: 0.1µA, 1µA, 10µA, 50µA. 

The simulation results can be found in the appendix of this thesis. 

6.2.1 Charge imbalance 

The charge imbalance is calculated per test case current amplitude as (¶)[$,)+ 8 ¶�)�·$,)+) and is 

normalized in respect with the current amplitude. 

For each test case current #4: 
¸¹U��º»�¼J ½¾�UX¼ »�¿�º�¸½¼4 � ¶)[$,)+ 8 ¶�)�·$,)+#4  
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6.2.1.1 Real  impedance 

 

 

Figure 37: Normalized charge imbalance for the real impedance model for the 10 test cases 

 

6.2.1.2 RC  parallel 

 

 

 

 

Figure 38: Normalized charge imbalance for the RC parallel model for the 10 test cases 
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6.2.1.3 Probe model 

 

 

Figure 39: Normalized charge imbalance for the probe model at the 4 test case current amplitudes 

 

We can roughly see constant trend for the normalized charge imbalance in function of the current. 

The relative charge imbalance is constant in function of the current amplitude, but the absolute 

charge imbalance increases with the current amplitude. This charge imbalance could be explained by 

the mismatch between the current source and the current sink. In practice, measures to achieve 

charge balancing are typically implemented. The most common solution is to insert a dc blocking 

capacitor of appropriate size in series with the stimulation electrode. This guarantees that no net dc 

current is conducted into the electrode-tissue interface over time. These capacitors are however to 

big and need to be put off chip. Consequently, active charge-balancing techniques can be used for 

implantable multichannel applications. 

 

 

6.2.2 Offset 

The offset of the pulse before the anodal pulse (Offset pre) and the offset of the pulse after the 

cathodal pulse (Offset after) is calculated and normalized with respect to the current amplitude. The 

offset imbalance is calculated as the difference between Offset after and Offset pre and is 

normalized with respect to the current amplitude.  

For each current #4: 
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The normalized offset before the anodal pulse (Offset pre) and the normalized offset imbalance are 

represented in the following paragraphs for the three impedance models. 

6.2.2.1 Real impedance 

 

 

 

Figure 40: Normalized offset pre for the real impedance model for the 10 test cases  

 

 

 

 

 

Figure 41: Normalized offset imbalance for the real impedance model for the 10 test cases  
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6.2.2.2 RC parallel 

 

 

Figure 42: Normalized offset pre for the RC parallel model for the 10 test cases  

 

 

 

Figure 43: Normalized offset imbalance for the RC parallel model for the 10 test cases  

 

6.2.2.3 Probe model 
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Figure 44: Normalized offset pre for the probe model at the 4 test case current amplitudes 

 

 

 

 

Figure 45: Normalized offset imbalance for the probe model at the 4 test case current amplitudes 

No clear trend can be seen for the normalized Offset pre and the normalized Offset imbalance.  
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0¹U��º»�¼J ��|º»9ÂJ¼ »�¿�º�¸½¼4 � 1�|º»9ÂJ¼)[,)+ 8 1�|º»9ÂJ¼�)�·$,)+#4  

The normalized amplitude imbalance is represented in the following paragraphs for the three load 

models. 

6.2.3.1 Real impedance 

 

 

Figure 46: Normalized amplitude imbalance for the real impedance model for the 10 test cases  

 

6.2.3.2 RC  parallel 

 

 

 

Figure 47: Normalized amplitude imbalance for the RC parallel model for the 10 test cases  
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A roughly constant trend (except of the 1MΩ/1µA case) of the normalized amplitude imbalance in 

function of the current amplitude can be seen for the real impedance model and the RC parallel 

model.  

6.2.3.3 Probe model 

 

 

 

Figure 48: Normalized amplitude imbalance for the probe model at the 4 test case current amplitudes 

 

For the probe model, the normalized amplitude imbalance for the probe model is again roughly 

constant in function of the current amplitude. The relative amplitude imbalance is constant but the 

absolute imbalance increases with the current amplitude. This can be attributed to the mismatch 

between the current source and the current source. 

 

6.2.4 Frequency spectrum 

In this section the frequency spectra of the current pulses through the load are depicted for the real 

impedance model, the RC parallel model and the probe model. The frequency spectrum is 

normalized with respect to the current amplitudes.  

0,00E+00

1,00E-02

2,00E-02

3,00E-02

4,00E-02

5,00E-02

6,00E-02

0,1 1 10 100

A
m

p
li

tu
d

e
 i

m
b

a
la

n
ce

Current (µA)

Amplitude imbalance



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  49 

 

6.2.4.1 Real impedance 

 

Figure 49: Frequency spectrum of the current pulse for the real impedance model at the four current cases  

It can be seen that the normalized frequency spectrum spreads out with increasing current 

amplitudes. Hence, increasing the current amplitude leads to the presence of higher frequency 

spikes in the spectrum. 
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6.2.4.2 RC parallel 

 

Figure 50: Frequency spectrum of the current pulse for the RC parallel model at the four current cases  
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Figure 51: Frequency spectrum of the current pulse for the probe model at the four current cases  

For the probe model it can be seen that the normalized frequency spectrum of the current pulse 

becomes narrower with increasing current amplitude, in contrast to the normalized frequency 

spectrum of the current for the real impedance. Hence, decreasing the current amplitude leads to 

the presence of higher frequency spikes in the spectrum. 

 

6.3 Transient response 

In this section, some transient responses of the current and voltage signals will be shown for the 

three load models. 
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6.3.1 Real impedance 

 

 

Figure 52: Transient response of the current through a 10 kΩ resistor for the I=0.1µA current amplitude case 

 

Figure 53: Transient response of the voltage over a 10 kΩ resistor for the I=0.1µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a real 

impedance model of the load. There are neglectable transients with respect to the falling/rising 

edges. 
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6.3.2 RC parallel 

 

 

Figure 54: Transient response of the current through a 20 kΩ RC parallel for the I=50 µA current amplitude case 

 

Figure 55: Transient response of the voltage over a 20 kΩ RC parallel for the I=50 µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a RC model 

of the load. The expected voltage waveform with capacitive behavior can be seen. There are more 

transients with respect to the falling/rising edges than for the real impedance case but within 

approximately 10 µs, the targeted current amplitude is reached. 
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6.3.3 Probe model 

 

 

Figure 56: Transient response of the current through the probe model for the I=0.1 µA current amplitude case 

 

Figure 57: Transient response of the voltage over the probe model for the I=0.1 µA current amplitude case 

An expected transient response of the current signal can be seen. However, a strange behavior of the 

transient response of the voltage signal turns up. The voltage amplitude is not zero at the beginning 

and at the end of the signal. The voltage amplitude starts already at approximately 37 mV.  Another 

noticeable aspect is the slow rise of the voltage signal at the end of the current pulse (around 300 

µs). This strange behavior could be attributed to already existing charge at the start of simulation and 

the slowly rising of the voltage signal at the end could then be attributed to the self-discharging of 

the probe model. It also seems as if the falling edge of the voltage signal is steeper than the rising 

edge. This could be related to the amplitude imbalance between the anodal pulse and the cathodal 

pulse. In paragraph 6.2.3, a higher current amplitude could be found for the anodal phase with 
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respect of the cathodal phase, which resulted in an amplitude imbalance. This difference in high and 

low flank can roughly be seen in fig. 56.  

 

Figure 58: Transient response of the current through the probe model for the I=1 µA current amplitude case 

 

Figure 59: Transient response of the voltage over the probe model for the I=µA current amplitude case 
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Figure 60: Transient response of the current through the probe model for the I=10 µA current amplitude case 

 

Figure 61: Transient response of the voltage over the probe model for the I=10 µA current amplitude case 

It can be seen that for the 10 µA current amplitude, the current is no longer held constant but goes 

to zero again after some 20 µs. At the same time it can be seen that the voltage saturates at +.// 

and -.//, which explains the current drop. With this technology, the current amplitudes through the 

probe model can simply not be achieved. Higher voltages technologies should be considered. 
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Figure 62: Transient response of the current through the probe model for the I=20uA current case 

 

Figure 63: Transient response of the voltage over the probe model for the I=20uA current case 
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7 Conclusions 

 

The goal of this thesis was to design a stimulation chain using a current source with programmable 

temporal waveforms. First of all, some general specifications concerning this stimulation chain were 

imposed. Three components of this stimulation chain were of importance: the generation of 

programmable stimulation waveforms, the analog design of the actual current source and the post-

processing of the resulting waveform. To coordinate these three components, it has been decided to 

organize them in a test bench. The elegancy of this approach is that any kind of current source can be 

designed and immediately be tested with different waveforms and for different post-possessing 

parameters. The importance of the programmability attributes to the fact that there is still little 

known about the optimum stimulation waveforms. In this way, with trial and error, different 

waveforms can be used to assess stimulation of the tissue. Commercial stimulators often don’t 

provide a lot of characteristic parameters. This is however a critical aspect for the user. With the use 

of these post-processing parameters, exceptional behaviors of the current source could be 

discovered which could be overlooked with transient responses only.   

After setting up the test bench, some test cases were specified in order to be able to test the current 

source with the real impedance model and the RC parallel model of the load. In this way, a first 

glance can be shot at the working of the current source. In a third phase, the load could then be 

replaced by the probe model in order to see if the specified current amplitudes can be achieved for 

an actual electrode-tissue interface load. 

Now that the test bench was all set with specified test cases, some research into current sources was 

done. The basic concept for this stimulator was found in the ‘Improved VCR current source’. The 

entire implementation and design of the current source with n- and p-path were done and analysis of 

stability the OTA and output resistance were investigated. A high output resistance in the order of 

GΩ’s was found at stimulation frequencies.  

In a last phase, simulation results were obtained. We found that for a real impedance model and an 

RC parallel model of the load with specified impedance amplitude, specifications were met. The 

expected transient current signals were achieved for the 0.1 µA, 1 µA, 10 µA and 50 µA current 

amplitudes. For the probe model however, some strange behavior turned up for the voltage signal at 

all current amplitude cases. Expected transient signals of the currents were achieved at 0.1 µA and 1 

µA. At 10 µA however, the current amplitude drops after some 20 µs due to saturation of the 

voltage. For these current amplitudes, higher voltage technology should be considered.  

We can conclude by saying that an efficient coarse-fine DAC for this application was designed. A 

compact architecture of only 64 elements is required instead of 1024 with a 10 bit architecture. With 

the R and RC model of the load, the DAC meets the specifications. The impedance amplitude of the 

probe model is however too big to source the specified currents with this low voltage technology, so 

higher voltages should be considered. 
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9 Appendix 

9.1 Delay  
 

 

Figure 1: Delay of the cathodal pulse for the real impedance model for the 10 test cases 

 

 

 

 

Figure 2: Delay of the anodal pulse for the real impedance model for the 10 test cases 
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Figure 3: Delay of the cathodal pulse for the RC parallel model for the 10 test cases 

 

 

Figure 4: Delay of the anodal pulse for the RC parallel model for the 10 test cases 
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Figure 5: Delay of the cathodal pulse for the probe model for the 4 test case current amplitudes 

 

 

Figure 6: Delay of the anodal pulse for the probe model for the 4 test case current amplitudes 
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1 Introduction 
 

1.1 Motivation 
 

The Bioelectronic Systems Group at Imec works on implants for fine-grain stimulation and recording 

in deep brain regions in order to advance therapies for neurological disorders, help pharmacological 

research and provide means for fundamental research in neuroscience. They have been developing a 

passive multi-electrode probe technology with micrometer contact dimensions for implantation in 

rodents so far and they are now in the process of increasing the number of electrode contacts 

significantly (towards 64-128). Electronics functionality close to the electrodes allows for low-noise 

amplification, signal selection, filtering, and digitization in order to handle this large number of 

signals.  

Inversely, these electrodes can be used to electrically stimulate neurons using particular current or 

voltage waveform patterns. In an implantable neurostimulator, the goal is to pass electric charge in a 

precisely controlled fashion through the excitable tissue to initiate action potentials. Today’s deep-

brain stimulation probes use millimeter-size electrodes. These stimulate, in a highly unfocused way, a 

large area of the brain and have significant unwanted side effects. To have a more precise 

stimulation (and recording), the electrodes have to be as small as individual brain cells. Such small 

electrodes can be made with semiconductor process technology, appropriate design tools, and 

advanced electronic signal processing.  

 

Figure 1: A prototype multi-electrode stimulation and recording probe for deep-brain stimulation. 

This thesis focuses on the concept and IC design for a two-channel electrical stimulator able to act as 

a current or voltage source with programmable temporal waveforms. The source has to be able to 

drive a wide range of impedances reflecting the range of passive micro-electrodes (about 50 �� 

diameter, different materials like platinum, iridium oxide, titanium nitride) and the permittivity and 

conductivity differences of solutions and tissue in vitro and implanted in vivo condition. Current 

signals in the µA-to-mA range are required while voltage signals in the mV-to-V range are used. 

Stimulation frequencies are comparatively low (< 150 Hz) but typically used waveforms include 

pulses and ramps requiring decent transmission of higher harmonics into the 10-to-30 kHz range. 
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1.2 Context  

 

Deep Brain Stimulation (DBS) is being evaluated as an effective approach for the treatment of several 

neurologic and psychiatric disorders like Parkinson’s disease, essential tremor, dystonia, epilepsy, 

obsessive-compulsive disorder, etc. Despite its success, is has not become a standard therapeutic 

approach yet. The effects and mechanisms of DBS are not well understood and remain to be 

explored. Therefore, collaborate research in areas like DBS electrode design, modeling of the 

electrode-tissue interface, research on stimulation and recording waveforms and many others, need 

to be pursuit. [1][2] 

Current clinical DBS electrode design has been adapted from cardiac pacing technology without the 

exact understanding of the neurostimulation principles. With today’s small number and large surface 

area of the electrodes used for stimulation, it is not possible to selectively stimulate the desired 

anatomical target. This leads to unwanted stimulation of surrounding brain structures which can 

cause behavioral side effects. Moreover, inherent brain movements can result in displacement of the 

stimulation contacts in respect to the anatomic target. However, advances in computational 

capabilities, neural engineering design tools and microelectrode fabrication techniques, allow the 

design of optimal DBS electrodes, customized to the anatomy and morphology of the stimulation 

target. [1][2] 

Fig. 2 shows the micrograph of an implantable silicon-based neural probe conceived for both 

recording and stimulation of deep brain regions, fabricated at IMEC. The probe supports a 2D array 

of small electrodes for selective and targeted interaction on the level of single neurons. Each pixel of 

the 2D probe functions either as a stimulation or recording site with a geometric area as small as 

possible to allow selective and safe stimulation. [1] 

 

Figure 2: Optical micrographs of probe tips with different electrode sizes and configurations: tip with electrodes of 50 μm 

diameter (A), of 25 μm diameter (B) and with C-shaped electrodes (C). Picture of the whole probe (D) and the packaged 

probe (E). [1] 
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The accurate modeling of neurons, electrodes and the electrode-tissue interface is an important 

aspect in the study of neural signals. These models are of utmost importance in the design of 

electronic neural interfaces as they can provide a good characterization of the signal conditions like 

impedances, offsets, time-and frequency-variable parameters, etc. Many researchers have studied 

the electrode-tissue interface and several electrical circuit models have been developed.  

Fig. 3 shows the model of the electrode-electrolyte interface for the neural probes designed at the 

Bioelectronic Systems group of Imec. The model consists of several parts: the interconnect parasitics 

(��  , �� ), the constant-phase element (�	
� � 1 �� ��������, and the charge-transfer path 

(���  with parasitic interface-related �� , ��). [3] [4]  

 

Figure 3: 1-port equivalent circuit topology for a single 50 µm electrode representing the electrode-electrolyte interface 

(��� , ��, ��, CPE) and the parasitic interconnect network (�   , �! ). [3]  

A major challenge in the design of a neural stimulator is the high electrode-tissue/neural interface 

impedance, which can lead to very large output voltages for the required stimulation current levels.   

The stimulation parameters for DBS (stimulus shape, amplitude, pulse duration and frequency) have 

mainly been derived by trial and error. The generation of optimum stimulation waveforms is 

therefore also a current strong research issue. For this purpose, the electrical stimulator has to be 

able to program arbitrary-shaped signals.  An example of different stimulation signals that have been 

studied is shown in fig. 4. Generally in neural applications, a symmetrical or asymmetrical biphasic 

(that is, it consists of a cathodal and an anodal phase) waveform is used as electrical stimulus. [2] 

There are two distinct modes for stimulation; current-mode and voltage-mode. In current-mode 

stimulation, the current amplitude is directly controlled by a digital-to-analog converter and is not 

affected by changes in the tissue load. Therefore, the quantity of charge delivered per stimulus pulse 

is easily controlled. In voltage-mode stimulation, the stimulator output is a voltage, and therefore the 

magnitude of the current delivered to the tissue is dependent on the inter-electrode impedance 

(Ohm’s law). Thus, it is difficult to control the exact amount of charge supplied to the electrode and 

tissue because of the impedance variation. [5] 

 An important issue when generating the stimulation signals is the charge balance. That is, pulses are 

considered electrochemically safe when the charge injected during the first phase is totally recovered 

during a following counter phase. [1] Fig. 5 shows some examples of charge-balanced biphasic 

current pulses with different asymmetries in the cathodal and anodal phase widths.  
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Figure 4: Comparison of stimulation waveforms. [2] 

 

Figure 5: Examples of charge-balanced, biphasic current pulses with different asymmetries in the cathodal and anodal 

pulse widths. [7] 
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1.3 State of the art 

 

A typical example (fig. 6, 7) of most DBS devices used in clinical practice today is the Kinetra 

neurostimulator of the American company Medtronic. The Kinetra neurostimulator works through 

two channels to deliver bilateral intervention. It consists of three parts: the actual pulse generator, 

the lead and the extension. The pulse generator is a small, sealed device, similar to a cardiac 

pacemaker and contains a battery and a microelectronic circuitry to produce the electrical pulses 

needed for the stimulation. It is usually implanted into the patient’s chest or abdomen. The pulses 

can be adjusted wirelessly to check or change the neurostimulator settings. The electrical pulses are 

delivered to the targeted areas deep in the brain through the extension and the lead. Extensions are 

insulated wires that run subcutaneously along the shoulder, neck and head to connect the pulse 

generator to the lead. The lead is implanted in the brain and consists of four thin coiled insulated 

wires bundled within polyurethane insulation. Each lead has four electrodes at the lead tip. 

Stimulation by these quadripolar leads is delivered using either one electrode or a combination of 

electrodes. [8] 

 

Figure 6: Kinetra neurostimulator. [8]  
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Figure 7: DBS schematic. [9] 

 

This Medtronic neurostimulator is being used in today’s clinical practice. Nevertheless, it has some 

key features that need to be improved. The stimulator lacks stimulation flexibility and the capability 

of stimulating on the level of single neurons. 

In Belgium, a company called 3Win is also making DBS devices. Their deep brain stimulator is 

however not yet clinical. They want to differentiate from today’s neurostimulation devices with more 

flexible and accurate stimulation and less invasive electrodes. The Australian company Cochlear is 

famous for their multi-channel stimulator devices in the repairing deafness industry. Their devices 

however lack the application of stimulating the deep brain regions. The American company World 

Precision Instruments (WPI) is a leading global provider of laboratory solutions for the life sciences. 

Their stimulator devices however lack miniaturization and IC implementation. 

An overall important future technical advance of today’s clinical DBS devices is the development of a 

cranial implantable neurostimulator. At present, implantation of DBS systems is a two stage 

procedure because the infraclavicular or abdominal neurostimulation implant site is not accessible 

within the same sterile field as the cranial burr hole site for implantation of the DBS lead. Of 

necessity, the patient has to be re-prepared and draped in a different position to allow placement of 

the stimulator and tunneling of the lead extension wires between the scalp and the upper chest. 

Tunneling through the soft tissues of the neck, scalp, and upper chest wall is painful enough to 

require general anesthesia, even when minimally traumatic surgical instruments are used. Thus, the 

development of a cranial-mounted stimulator that would allow the entire procedure to be 

performed through a single incision at one sitting is desirable for a number of reasons: to eliminate 

the need for general anesthesia, to reduce the risk of infection, to reduce the number of electrical 

connections and thereby increase device reliability, and to lower costs linked to operative time. 

Barriers to the development of a cranial stimulator are surmountable. These include miniaturization 

of device components, especially the battery and lead connector block, and the elimination of 

seldom-used device components or features. [10] 
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1.4 Thesis outline 

 

The subject of this thesis is the design of a stimulation chain using a current or voltage source with 

programmable temporal waveforms. In chapter 2 of this thesis, some general specifications 

concerning the stimulation chain will be discussed. In this section, the stimulation mode, waveforms, 

parameters and functionalities of the design will be specified. In chapter 3, the design method of the 

stimulation chain will be discussed. The design method consists of three aspects: the generation of 

programmable stimulation waveforms, the analog design of a stimulator source and the post-

processing of the resulting waveforms. In order to coordinate and interface between these three 

components, an automatic workflow by means of a test bench was set up. After some deeper 

insights into this test bench, the generation of the waveforms and the post-processing parameters, 

some particular test cases for the stimulator source will be derived from the earlier mentioned 

specifications. Now the actual analog design can get started. In chapter 4, state of the art micro-

stimulator architectures for this application will be studied. In chapter 5, the implementation of the 

circuit of this thesis will be considered. First, the overall architecture will be discussed and operation 

will be explained. Then, the implementation of the operational transconductance amplifier that is 

used in the design will be considered and stability will be studied. In a last section of this chapter, an 

important property of the stimulation source, the output resistance will be examined. Subsequently, 

in chapter 6, the simulation results of the stimulation chain will be examined and in chapter 7, some 

general conclusions of this thesis will be considered. 
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2 Stimulation specifications  

 

This section gives a brief description of the general specifications that the stimulation chain should 

satisfy. The subject of this thesis is to design a stimulation chain that satisfies those specifications. 

The general specifications for the stimulation chain are the following: 

 Stimulation mode 

• The stimulation pulses can be either voltage-controlled or current controlled. 

However, because they offer some advantages like the knowledge of the injected 

charge and the more or less constant stimulation threshold, current pulses will be 

used in this thesis.   

 Stimulation waveforms 

• The stimulation waveforms are biphasic current signals with balance in charge. For 

charge balancing, one should ensure that the total amount of charge that is injected 

into the tissue is equal to zero. Quantitatively, according to fig. 8  "� � #$%�& '	 � #$%�(') � ") 

where "�  is the charge injected in the cathodic phase and ") is the charge injected 

during the anodic phase. 

 Functionalities of the stimulation chain 

• The design consists of a test bench for the stimulator circuitry. The stimulation 

waveform parameters like stimulus shape, amplitude, pulse duration, pulse 

frequency need to be adjustable. 

 Stimulation pulse repetition frequency range 

• 100 Hz to 130 Hz  

 Stimulation pulse width range 

• 100 µs to 500 µs 

 Stimulation amplitude range 

• 0.1 µA to 100 µA 

 Impedance range of the load to design the device for   

• The impedance of the electrode-tissue interface is highly variable because it differs 

from site to site and during lifetime. |�+$),| ranges from 10 k- to 2 M-. This 

implicates the design of a current source with an output impedance that is high 

enough (> 10 M-) in order to provide a constant current, irrespective of the load 

impedance. 

 Technology 

• The technology is ONSEMI C035M-D 5M/IP (Europractice). This is a 0.35 µm (3.3 V) 

silicon technology with a back-end consisting of 5 metal layers. Higher voltage 

technologies could be considered if needed. 

 Supply voltage 

• For a 3.3 V device, +/- 1.65V operation can be allowed without any risk of oxide 

breakdown. From this, an upper and lower bound 1.5V is derived which should not 

be exceeded by the current source (.// = 1.5V; -.// =-1.5V). 

 Low power consumption  



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  9 

 

Challenges for the stimulation chain are mainly related to two issues: first, the achievement of large 

output impedance within the provided power supply range. Second, the generation of arbitrary-

shape voltage-independent stimulus currents; this is a challenge because the stimulator load varies 

with more than two decades.  

 

Figure 8: Biphasic current waveform with charge balance. [6] 
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3 The design method of the stimulation chain 

3.1 Test bench 

 

The design method of this thesis consists of three aspects: the generation of programmable 

stimulation waveforms, the analog design of a stimulator source by means of a digital-to-analog 

converter (DAC) and the post-processing of the resulting waveforms. In order to coordinate and 

interface between these three components, an automatic workflow by means of a test bench was set 

up. This test bench (fig. 9) consists of three building blocks. First of all, the biphasic waveform is 

emulated in Matlab. The pulse generator programmes the waveform with the adjustable stimulation 

parameters like pulse width, frequency, etc. This pulse is now used in the actual DAC circuit. The DAC 

circuit is designed in the analog environment of Cadence. The DAC circuit consists of two paths (n 

and p) in order to produce the biphasic current waveform that flows into the load. The load is also 

modeled and simulated in Cadence and its model will be altered for different load impedances. At 

the end, the simulation results are post-processed in Matlab again. The resulting waveform through 

the load is tested for offset, delay, current amplitude, charge integration, etc.  With the creation of 

this automatic workflow, different DAC circuits can be easily tested with programmable stimulation 

waveforms in a reasonable time. 

 

 

Figure 9: Test bench building blocks. 
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3.2 Pulse generator 
 

The pulse is generated in Matlab. The pulse is biphasic and hence consists of 2 phases: the leading 

part and the trailing part of the pulse. A phase can be cathodal and anodal. A special case of a pulse 

is the monophasic case, when only one phase is present. The general stimulation waveform 

parameters of the pulse are the following: 

 0� : the number of pulses 

 f:  the pulse repetition frequency  

 1+2), : the amplitude of the leading part of the pulse  

 1�3)4+ : the amplitude trailing part of the pulse  

 '+2), : the pulse width of the leading part of the pulse 

 '�3)4+ : the pulse width of the trailing part of the pulse 

 The rank of the phases:  a cathodal first pulse or an anodal first pulse  

 1/	 : an arbitrary but fixed DC offset  

 
Figure 10: Pulse generator.  
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3.3 Post processing 

 

After simulation in Cadence of the DAC circuit, the current signal trough the load is post-processed in 

Matlab. The signal parameters that are examined are the following: 

 The charge imbalance of the pulse. To check the amount of charge that is residual in the 

tissue after stimulation, the discrete integral of the pulse is determined: 

5�#467 8 #4��9467 8 94�:�7
4;7

 

where N is the number of data points.  

 

 The delay of the pulse. The delay is measured by comparing the output pulse through the 

load with the reference pulse in the DAC circuit. The time in point where 90% of the aimed 

output current is achieved is determined for the output pulse and the reference pulse. The 

delay is then defined as the difference between these two time points. The delay is 

calculated for the anodal part of the pulse and for the cathodal part of the pulse. 

 

 The offset of the pulse. The offset is measured by looking at the current values at the points 

of time where, according to the reference pulse, the aimed current value is zero. The mean 

of these current points is defined as the offset of the pulse. The offset is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse.  

 

 The amplitude of the pulse. The amplitude of the pulse is defined as the mean of the current 

values where at least 90% of the aimed value is achieved. The amplitude is calculated for the 

cathodal part of the pulse and for the anodal part of the pulse. 

 

 The frequency spectrum. To check the frequency content of the current pulse, the Fast 

Fourier Transform of the current pulse is determined.  
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3.4 Test cases 

 

To test the DAC circuit, test cases have to be specified. One test case consists of the amplitude of the 

current signal and the amplitude of the load impedance. The model for the load is also varied per 

test case. From the specifications we know that the amplitude of the current ranges from 0.1 µA to 

100 µA and that this current has to source a load with an impedance |�+$),| ranging from 10 kΩ to 2 

MΩ. Here, some trade-offs have to be made with respect to the supply voltage |V//| of 1.5V. Using 

Ohm’s law, some feasible test cases can be derived. For example, a current amplitude |I| of 100 µA 

and an impedance amplitude |Z| of 2 MΩ leads to a voltage over the load of 100 V, which is not 

feasible with a supply voltage of only 1.5 V. Otherwise, a current amplitude of 0.1 µA and an 

impedance amplitude of 10 kΩ lead to a voltage over the load of 100 mV, which is feasible with a 

supply voltage of 1.5V.  

Fig. 11 shows the feasible current-impedance points (|I|, |Z|) within the specifications and with the 

limitation of the supply voltage.  

 

Figure 11: Feasible test points. (Note: the lines do not matter; the points are covered by the area below the curve) 

In order to mark out the test cases, ten particular points were chosen on the border of the field (red 

circles in fig. 11 and table 1). The goal is now to achieve these 10 current amplitudes at the specified 

impedance amplitudes of the load with the stimulation block. 
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|I| (µA) |Z|(kΩ) 

50 10 

  20 

10 50 

  100 

1 1000 

0.1 10 

  20 

  50 

  100 

  1000 

Table 1: The 10 test cases for the current and impedance amplitudes. 

Per test case, the load model is also being varied. Three models are being used to simulate the load 

in Cadence: A real impedance, a RC parallel and the actual probe model. The first model is the simple 

hypothesis of a real impedance. This resistance will take the value of |Z| in table 1. The second 

model is that of a RC parallel. The parallel impedance |��| takes the value of |Z| in table 1. The 

value of the resistance R and the capacitance C are easily derived from formula (1) for parallel 

impedances. 

                                        

Figure 12: Real impedance and parallel of real impedance and capacitor 

                             

|��| � = �> . �	�> @ �	= �1� 

Replacing �> and �	  in formula (1) by R and 7 AB	 respectively: 

|��| � C �. 1�ω�� @ 1�ω�C 
Resolving this equation to C: 

|��| � = ���ω� @ 1= 
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→ |��| � |�||��ω� @ 1| 
 

→ |��| � �√��ω��� @ 1 

 

→ G��GH��ω��� @ 1 � � 

→ H��ω��� @ 1 � �G��G 
→ ��ω��� @ 1 � ��

G��G� 

→ ��ω��� � ��
G��G� 8 1 

→ �� � � ��
G��G� 8 1� 1��ω� 

→ � � I� ��
G��G� 8 1� 1��ω� 

The value of R is set to 1.5 MΩ (this is a relevant value for the R-element of the model [3]). The 

values of G��G are depicted in table 1. The value of ω is given by the formula 

ω =2πf 

where f=1kHz (which lies within stimulation frequency range). This leads to the values �4 in table2, 

related to the values of |�4| in table 1. 

C1 15,9nF 

C2 7,96nF 

C3 3,18nF 

C4 1,59nF 

C5 0,119nF 

Table 2: Capacitor values for RC parallel model. 

The last model of the load is the actual probe model (fig. 1). The values of the capacitors, resistors 

and the CPE element are defined in [3]. 
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4 Architecture of the stimulation chain 

4.1 Introduction 

 

In literature, neural stimulation circuits can be found as external/discrete systems or 

implantable/integrated systems. The former use discrete electronics or data acquisition cards, to 

generate the stimulation pulses, which are wire connected to the electrodes. The latter use 

integrated waveform generators receiving parameters by wireless telemetry from a remote 

controller. Wireless telemetry is usually implemented using RF transmission between two closely 

couple coils and has the challenges of transmitting sufficient power to deliver charge to the tissue 

and have enough bandwidth to manage all the stimulation sites. [2] 

A typical implantable stimulation probe working with 7 leads is depicted in fig. 13. The digital 

circuitry decodes digital commands containing stimulation pulse parameters and probe address 

information.  Digital-to-analog converters and analog multiplexers generate and send current signals 

to specific stimulation sites. Self-test circuitry is also provided. 

 

Figure 13: Typical active stimulation probe. [2] 

The current generator architecture, which is the subject of this thesis, is depicted in fig. 14. It consists 

of a digital-to-analog converter (DAC) and an output stage. The DAC input is controlled by the input 

bits (J4 in fig. 14). The DAC then converts the digital control signals into analog current signals. These 

analog signals source the load in the output stage of the stimulator.  
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Figure 14: Architecture of current generator circuit with 4 control bits.  

Fig. 15 shows a conventional stimulator output stage configuration for a two-electrode setup. Dual 

supplies are required for the biphasic waveforms. The nerve tissue sits between the anodic (A) and 

the cathodic (C) electrodes; this polarity refers to the stimulus pulse. The cathodic electrode is 

connected to a reference voltage, usually the midpoint of the two supply voltages (here: ground). 

The programmable current sink #��4K	  and current source #��4KL  generate the cathodic and anodic 

currents, respectively. These currents are driven through the load �M , representing the electrode-

tissue impedance, by the control of switches N7  and N�  . The configuration is ideally designed to be 

charge-balanced to avoid charge accumulation. However, achieving exactly zero net charge after 

each stimulation cycle is not possible due to mismatch in the current source and sink drivers or due 

to timing errors and leakage from adjacent stimulus sites. Therefore, periodic removal of the residual 

charge can be necessary using switch N&  which provides an extra passive discharging phase. During 

this extra phase the voltage on the blocking-capacitor drives current through the electrodes to fully 

discharge them. [11] The dc blocking capacitor (fig. 15) has an appropriate size and is put in series 

with the stimulation electrode. It guarantees that no net dc current is conducted into the electrode-

tissue interface over time. In multichannel functional electrical stimulation applications, however, dc 

blocking capacitors cannot be realized in the required number, mainly due to space limitations. 

Therefore, other techniques like the active charge-balancing techniques [15] can be used.  

 

Figure 15:  Conventional stimulator output stage configuration for two-electrode setup with dual supplies with active 

and anodic phases. [11]  
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4.2 State of the art 

 

Integrated current-pulse stimulator circuits can be designed using several techniques. There are 

however a few desirable features for this application. An ideal current source is a two-terminal 

element with a parallel resistance which is ideally infinite. Traditional current sources however suffer 

from a tradeoff between the output resistance and the compliance voltage. A large compliance 

voltage is required because of the low voltage operation in this application. A large output 

impedance is needed to properly get all the charge into the tissue. Part of the power out of the 

stimulator energy source produces the useful voltage across the stimulating electrodes and the 

stimulus current passing through the tissue. The rest of the power, however, is dissipated as heat in 

the microstimulator circuitry and should be minimized in order to improve the stimulation efficiency 

and limit the temperature rise within the implant. For this reason, low power consumption is also a 

desirable feature to keep in mind when designing the current source. A last logical feature is keeping 

the silicon area as low as possible. 
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4.2.1 Simple, Fully Cascode and Wide Swing Cascode current mirros 

 

Current mirrors replicating and scaling the output current #/L	 of the current-mode digital-to-analog 

converter (DAC) to the output current #$%�, have been widely used for microstimulation circuits for 

their straightforward design, linearity, and little need for decoding the digital inputs. These circuits 

work properly only as long as all transistors are kept in the saturation region, which means that they 

need a minimum voltage of ./�)� across their drain-source terminals (even though the following 

discussion is based on the nMOS transistors, it also applies to the duals of these circuits with pMOS 

transistors) 

./�)� � I2#/PQ�R 

where #/ is the drain current, Q� is the intrinsic transconductance, and W and L are the MOS 

transistor width and length, respectively. Obviously, ./�)� increases with higher stimulation currents, 

even though it can be reduced by increasing the width of the MOS transistor at the expense of more 

area consumption. If a simple current mirror (fig. 16) is used for stimulation, the maximum voltage 

that could be built up across the tissue (which is referred to as the voltage compliance of a simple 

current mirror) is 

.		 8 ./�)� 

The power dissipated by the circuit in transistor S7 is 

./�)� T#/ @ ./�)�U( V 

where U( is the output resistance of  S7 as well as of the entire current source and W is the channel 

length modulation factor of S7. The output resistance  U( of the simple current mirror is 

U( � 1W#/ 

 

This is not high enough for biomedical microstimulation applications (especially because it decreases 

at high currents) and causes the stimulus current to vary considerably with output voltage variations. 

[6]  
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Figure 16: Simple current mirror, controlled by current-mode DAC. [6] 

To increase this output impedance, fully cascode (FC) (fig. 17) and wide swing cascode (WSC) (fig. 18) 

current mirrors are used in many designs. These current mirrors increase the output resistance by a 

factor of 

 XKU( 

where XK is the cascode transistor (S&) transconductance and is given by  

XK � I2#/Q
RP  

Increased output resistance, however, comes at the expense of reduced voltage compliance to 

.		 8 ./�)� 8 .YZ[  
in the FC current source and to 

.		 8 2./�)� 
in the WSC current source. It also increases the power dissipation in saturated transistors to  

#/�./�)� @ .YZ[� 
and 

 2#/./�)� 
 where  .YZ[ is the nMOS threshold voltage. [6] 
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Figure 17: Fully cascode current mirror, controlled by current-mode DAC. [6] 

 

Figure 18: Wide swing cascode current mirror, controlled by current-mode DAC. [6] 
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4.2.2 Active Feedback and Voltage Controlled Resistor current source 

 

It is also possible to increase the output impedance by biasing the cascode transistor with active 

feedback. In fig. 19, the high-gain amplifier locks the drain voltage of S� to be equal to the drain 

voltage of S7 (i.e. the amplifier acts as a voltage follower). The same biasing conditions make the 

drain current of S�, n times the current of S7, the same as their aspect ratio difference. The output 

impedance of the active feedback current generator is given by  

�$%� � 1XK\U(\U(� 

where A is the amplifier gain, U(� is the output resistance of S� and XK\ and U(\ are the 

transconductance and output resistance of S\, respectively. The output impedance is 1XK\U(\  
times larger than that of S� only. 

 

Figure 19: Stimulation with a current mirror employing active feedback to boost the output impedance. The input current 

is controlled by the current-mode DAC. [11] 

Another way to achieve an adjustable current generator is by using a voltage follower to bias a fixed 

resistor, as shown in (fig. 20). The input of the voltage follower, which is also the bias voltage across 

the resistor, is programmed by the DAC. The output current is given by 

#$%� � ./L	�  

where ./L	  is the output voltage of the DAC and R is the fixed resistance. However, controlling #$%� 

by changing ./L	  is not desirable because it changes the voltage compliance of the current generator 

circuit.  
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Figure 20: Stimulation with a voltage-to-current conversion circuit employing active feedback. The output current is the 

ratio of the DAC output voltage over the fixed resistance. [11] 

It is known from the previous formula that the output current is also reciprocally proportional to the 

resistance. Thus, a voltage-controlled resistor (VCR) with a constant bias will also make a current 

generator. The voltage-controlled resistor is usually implemented by a MOS transistor in the triode 

region, as shown in fig. 21. This configuration yields a current generator circuit with small voltage 

compliance. When the bias voltage .32] is small, in the order of several hundred millivolts, S7operates in deep triode region and its drain current may be given by (in model level 1 [12]) 

#/7 � ��$^ R7P7 �./L	 8 .Y�.32] �2� 
which represents a linear resistor between the drain-source terminals equal to 

�/_7 � 1��$^R7P7 �./L	 8 .Y� 

where � is the mobility, �$^ is the oxide capacitance per unit area, .Y is the threshold voltage and R7 

and P7 are the width and length of transistor  S7, respectively. However, at large gate-source 

voltages (i.e. for large ./L	), mobility degradation due to the high vertical field cannot be neglected. 

To model this effect, the effective mobility is changed to: 

�2]] � �(1 @ `�./L	 8 .Y� a �(b1 8 `�./L	 8 .Y�c 
�2]] a �(b1 8 `�./L	 8 .Y�c�3� 

where �( is the low-field mobility and ` is a fitting parameter roughly equal to 10�f 9$^.�7⁄  [12] 

(9$^ is the oxide thickness); for the approximation in (3) only the first two terms of the Taylor series 

expansion were retained. Because of the mobility degradation, the drain current will not be very 

linear to the overdrive voltage �./L	 8 .Y�, especially for ./L	 values controlled by the most 
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significant bits (MSBs) of the DAC. To reduce non-linearity, an extra current compensation circuit 

operating in the saturation region was employed in fig. 21 at the expense of higher complexity and 

power consumption.  

 

Figure 21: Stimulation with a current sink implemented by a voltage-controlled MOS resistor. The active resistance is 

controlled by the voltage-mode DAC output. [11] 

 

All the current generator circuits described here need at least two steps to translate the digital input 

bits into the output current. The digital input bits control the gates of the DAC current source or sink 

transistors to be either a fixed bias voltage or 0 V. The bias voltages then drive the DAC transistors to 

generate the output current. For the implementations of active feedback, voltage follower and 

voltage-controlled resistor (VCR), the digital input bits are first translated into an analog voltage 

which is subsequently used to bias a resistor or a transistor in order to generate the output current.  

Subsequently, another current generator circuit has been proposed, which only requires one step to 

translate the digital input bits into the output current. The circuit schematic is shown in fig. 22 for a 

4-bit implementation. The circuit is based on the topology of the voltage-controlled resistor and is 

still implemented by MOS transistors in the deep triode region for small voltage compliance. The 

main difference between this circuit and previous works is that the digital input bits are loaded 

directly onto the corresponding binary-weighted current sink transistors (implemented as unit 

transistors). Therefore, unlike the voltage-controlled MOS resistor implementation in fig. 21 where 

the gate voltages of the current sink transistors are analog, sweeping from .Y to the full-swing 

of ./L	, the gate voltages of all current sink transistors �S7 8S\� in this circuit are 1-bit digital; .// 
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(positive digital supply rail) for hard on and 0 V (negative digital supply rail) for hard off. Therefore, 

the digital input bits are not only the enable/disable signals, but also the driving signals for current 

generation.  

When the circuit is on, the transistor gate-source voltage is .//, which will cause maximum mobility 

degradation. Since .// is the exclusive option in order to generate any output current, all current 

sink transistors exhibit the same mobility degradation (this is not the case with the circuit in fig. 21). 

The drain current of each unit transistor (of aspect ratio R P�  ) may be calculated using (2) and (3) by  

#/ � �(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32] 

and for a 4-bit implementation, the output current may be expressed by 

#$%� � �J(2(@J727 @ J�2� @ J&2&� h i�(�$^ RP b�.// 8 .Y� 8 `�.// 8 .Y��c.32]j �4� 

Where J4  equals 1 or 0; J( is the least-significant-bit (LSB) and J& is the MSB. From (4) it can be seen 

that unlike the analog-based DAC in fig. 21, mobility degradation does not affect the linearity 

performance of the improved DAC implementation; it only causes a small gain error which is 

insignificant for this application. An additional advantage of the proposed circuit is that no analog 

biasing or linearity compensation circuits are required. This greatly reduces complexity, which in turn 

minimizes silicon area and power consumption. [11] 

 

Figure 22: Improved VCR circuit: The binary-weighted transistors of the current-mode DAC are voltage-controlled 

resistors. The latter are controlled directly by the digital input bits lm . A 4-bit implementation is shown. [11] 
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5 Circuit implementation 

5.1 Chosen architecture 

 

The concept of the improved VCR circuit (fig. 22) is used as basic idea in this thesis design. The design 

however provides some expansions and adjustments. The output current ranges from 0.1 µA to 100 

µA. This means a factor 1000 exists between the smallest and largest output current. For this reason, 

a 10-bit DAC is used (27( – 1 = 1023). In a first phase, the current sink topology was implemented (fig. 

23). 

Figure 23: Current sink topology 

The circuit can be operated in two modes: saturated or linear. Setting .>�n(fig. 23) appropriately, S� can be operated as a current source (saturation). Therefore, S� mirrors the current from #>�n . 
Enabling more cells by means of o7 or o� will linearly control the current through these current 

mirrors. The advantage of this operational mode is linearity. On the other hand,  .>�n  can be chosen 

to push S� in linear operation. Now, the current is determined by pqrstu�vw�. Enabling more parallel cells 

by means of o� is now linearly adapting S�’s output resistance, and hence, linearly setting the 

current. Changing o7 though, does not achieve linear tuning. Indeed, S� is not saturated and doesn’t 

act as a current mirror. The current sink in S& generates a voltage, nonlinearly depending on the 

current. This nonlinear voltage transfer controls the gate of S�. The latter depends approximately 

linearly on this voltage. Overall, no linear tuning is thus achieved through o7. While this may seem as 

a disadvantage, the following considerations are relevant. First, in order to achieve a large voltage 

compliance, S�’s ./_ should be kept as low as possible. This is achieved in the linear region. Further, 

a linear tuning across the full DAC’s range isn’t all that important. Therefore, a rough (nonlinear) 

coarse tuning through  o7 can set the order of magnitude of the DAC’s output current correct, while o� then offers linear fine tuning.  
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In conclusion the DAC offers two modes of operation. In one mode, S� operates in saturation, to be 

preferred when very linear steering is desired. In saturation, S� also exhibits a higher output 

impedance, which yields a larger output impedance of the overall current source.  In the other mode, S� operates in its linear region, to be preferred when very large voltage compliance is targeted. In all 

the following simulations and calculations, .>�n was set to put S� in saturation mode. 

It can be seen that this DAC is a coarse-fine DAC. Its elegancy is easily seen. Though achieving a 10 bit 

architecture, only 64 (2x2
5
) elements are required, instead of 1024. In a standard DAC, the coarse-

fine gain, or ratio between coarse and fine elements would be important, and difficult to control. 

However, for this application, the high number of bits is just required to increase the dynamic range 

of the output current, while linearity over the whole range of the DAC is fairly irrelevant. Hence, this 

architecture can be freely used, without the linearity worries of a typical 10b converter.  

For simulations, the DAC is chosen to work in linear operation. The smallest step size is set on 0.1 µA, 

because it is the smallest targeted current amplitude. With 10 bits, the maximum current of 1000 µA 

is then feasible. Enabling 1 cell equals an output current of 0.1 µA. Enabling 2 cells, by means of o7or o� leads to 0.2 µA. The maximum output current is then (when all bits are on) 

0.1 µA * (2
5
-1)* (2

5
-1) = 96.1 µA.  

This is more than the specified highest current amplitude of 5O µA. 

In a second phase, the pmos version (fig. 24) of the first design is implemented for the current 

source. A schematic of the final design where the current source and current sink are brought 

together to source and sink respectively the current through the load, is depicted in fig. 25. 

 

Figure 24: Current source topology 
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Figure 25: Current source and sink brought together in the final design. 
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5.2 Operational Transconductance Amplifier 

 

In the circuit topologies (fig. 23, 24), an operational amplifier is used as a buffer to set the voltage at 

the gate of transistor S�. This amplifier is implemented as a simple Miller-compensated Operational 

Transconductance Amplifier (OTA). In a first stage, the OTA for the current sink (fig. 23) was 

implemented. The Miller-compensated OTA (fig. 26) is a two-stage amplifier. The first stage consists 

of a p-channel differential pair S7L 8S7x with an n-channel current mirror load S�L 8S�x, and a 

p-channel tail current source Syx. The second stage consists of an n-channel common-source 

amplifier S& with a p-channel current-source load S\. Because the OTA inputs are connected to the 

gates of MOS transistors, the input resistance is essentially infinite when the opamp is used in 

internal applications. For the same reason, the input resistance of the second stage of the OTA is also 

essentially infinite and the voltage gain of the amplifier can be found by considering the two stages 

separately.  

 

Figure 26: Miller OTA for sink circuit [13] 

The small-signal voltage gain of the first stage (from .4[ to node 2) is given by [13]: 

1z7 � 8 XK7X(7 @  X(� 

The gain of the second stage (from node 2 to the output) is given by: 

1z� � 8 XK&X(& @ X(\ 
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As a result, the overall gain of the amplifier is given by: 

1z � 1z71z� �  8 XK7XK&�X(7 @ X(���X(& @ X(\� �5� 

For the source circuit (fig. 24), another OTA had to be designed because the voltage at the positive 

gate of the OTA has now a different sign as the in the case of the current sink.  When the OTA’s were 

designed, a maximum DC gain was emulated. This leaded to a DC gain for the OTA of the sink circuit 

(using formula (5) and table 3) of: 

Av=  407,22 =52,2 dB 

The open-loop gain in function of the frequency for the sink circuit and the source circuit are 

depicted in fig. 27 and 28 respectively. For the OTA of the source circuit, a DC gain of approximately 

54 dB was established.  

 

gm1 1,421 mS 

gm3 1,847 mS 

g01 90,07 µS 

g02 72,68 µS 

g03 35,26 µS 

g04 4,341 µS 

Table 3: small signal parameters of Miller OTA for sink circuit (fig. 26) 

 

 

Figure 27:  Open loop gain in function of frequency of OTA for sink circuit. 
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Figure 28: Open loop gain in function of frequency of OTA for source circuit. 

 

5.2.1 Frequency response and stability 

In this section, the closed stability of the OTA will be studied. In order to study stability over the 

frequency signal range, the different poles and zeros in closed loop and their influence on the 

dominant pole will be examined. This analysis will be done for the current sink circuit which is 

depicted here again in fig. 29 with different notations for transistors S7 and S�. 

5.2.1.1 The dominant pole 

First of all, the dominant pole at node 2 (fig. 26) will be computed. The capacitor �	  is placed 

between the input and the output of the second stage. Since �	 is large (we neglect �t,& compared 

to  �	) and since the gain of the second stage is considerable, there is an important Miller effect. This 

causes the pole at the input and output of the second stage to split apart. De dominant pole is given 

by [13]: 

|, � 8 X(7 @ X(��	 XK&X(& @ X(\  |, � 1163159 �� 
≅ 1.2 S�� 

 

where the values of table 3 were used and �	 was chosen 3 |�. 
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Figure 29: Current sink circuit with notation of node 5 and 6. 

5.2.1.2 Other poles and zeros 

We will now examine if other poles or zeros in the circuit may affect the dominant pole. The second 

pole of the OTA is located at the output node (node 5 in fig. 29 and fig. 30) of the OTA. Figure 30 

depicts a part of the circuit of fig. 29 that is of interest for this calculation. The gate voltage of S7( is 

noted .�7( and the gate voltage of S� is noted .4[. The pole at node 5 is given by: 

|[y � 8 XK&�	�	�y @ �	�[� @ �y�[� �6� 

in which: 

�[� � �,�7x @ �,��x @ �t,7x @ �t,�x @ �t�& @ �t�& 

and 

�y � �M @ �,�& @ �,�\ @ �t,\�7� 
Using the simulated values in table 4, �[� can be found: 

�[� � 93.85 �� 

Cdb1B 4.015 �� 

Cdb2B 2.314 �� 

Cgd1B 28.67 �� 

Cgd2B 28.91 �� 

Cgs3 19.53 �� 

Cgb3 10.41 fF 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 4: Capacitor values for the calculation of the pole at node 5. 
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To calculate �y we need to define �M. �M is the capacitance when looking into the gate of 

transistor S� . Because of the Miller effect, �M is given by: 

�M � �t,��1 8 1,� @ �t���1 8 1���8� 
in which 1,  is the gain from gate to drain of transistor S� and 1� is the gain from gate to source of 

transistor  S� (Fig. 30). To calculate 1, and 1� , we use the small signal schematic of the sub circuit 

(fig. 30) that is depicted in figure 31. In this schematic, transistors S�  and  S7(  are replaced by their 

small signal equivalent. 

 

 

Figure 30: Sub circuit of fig. 29. 

 

Figure 31: Small signal equivalent schematic of fig. 30. 
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Using the Kirchhoff Current law at node D (fig. 31): 

./�M @ XK��.4[ 8 ._� @ �./ 8 ._�U(� � 0 

→ ./��M @ X(�� @ XK�.4[ 8 ._�XK� @ X(�� � 0 

→ ./ � ._�XK� @ X(��  8 XK�.4[ �M @ X(� �9� 

The current through U(7( equals the current through �M: 

._U(7( � 8./�M  

→ ._ � 8U(7(./�M �10� 
Replacing ._ in (9) by (10): 

./ � 8U(7( ./�M �XK� @ X(��  8 XK�.4[ �M @ X(�  

./ ���M @ X(� @ U(7(�M �XK� @ X(��� � 8XK�.4[  
 

→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M �XK� @ X(�� 
→ ./.4[ � 1/ � 8XK��M @ X(� @ U(7(�M�XK� @ X(�� 

Now we have found 1/, we can use the same method to find 1�. 

Using the Kirchhoff current law at node S: 

XK��.4[ 8 ._� @ �./ 8 ._�U(� � ._U(7( 

XK�.4[ @ ./X(� 8 ._�XK� @ X(� @ X(7(� � 0 

→ ._ � XK�.4[ @ ./X(�XK� @  X(� @ X(7( �11� 

Using (10): 

./ � 8._ �MU(7( �12� 
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Replacing ./  in (11) by (12): 

._ � XK�.4[ 8 ._ �MU(7( X(�XK� @  X(� @ X(7(  

._�XK� @  X(� @ X(7( @ �MU(7( X(�� � XK�.4[ 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MU(7( X(� 

→ ._.4[ � 1_ � XK�XK� @  X(� @ X(7( @ �MX(7(X(� 

Replacing 1/ and 1� in (8) 

�M � �t,� T1 8 8XK��M @ X(� @ U(7(�M�XK� @ X(��V @ �t�� T1 8 XK�XK� @  X(� @ X(7( @ �MX(7(X(�V 

Using table 5 where �M  is chosen 1 MΩ, we find: 

�M �  97.6 �� 

 

�M  1 MΩ �M 1 μS 

Cgd9 74.81 �� 

Cgs9 75.05 �� 
Table 5: Simulated values for the calculation of �� 

Replacing �M in (7) and using table 6: 

�y �  4.65 �� 

 

Cdb3 1.16 �� 

Cdb4 0.74 �� 

Cgd4 2.66 �� 
Table 6: Simulated values to calculate�� 

Replacing �y and �M in (6) we find: 

|[y �  818.5 ����13� 
 

In de feedback lope of the OTA at node 6 (fig. 30) there also appears a pole. To calculate this pole we 

use the following definition of a pole node n: 

Pole at node n = 8 32�4��4z2 �)3� $] ),4��)[�2 �2��22[ [$,2  [ )[, L	 t3$%[,�)�)�4�4z2 �)3� $] ),K4��)[�2 �2��22[ [$,2 [ )[, L	 t3$%[, 
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The resistive part of the impedance between node 6 and AC ground is given by 

U(� // 1X�9 // U(7( 

� 1X(� @ XK�@ X(7( 

The resistive part of the admittance between node 6 and AC ground hence is given by 

X(� @ XK� @ X(7( 

The capacitive part of the admittance between node 6 and AC ground is given by 

�,�v7( @ ���v� @ �$�)K� 

in which 

�$�)K� � �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L 

This leads to the expression of the pole at node 6: 

|� � X(� @ XK�@ X(7(�,�v7( @ ���v� @ �t,v7(�t,v7L @ �t�v7L @ �t�v7L��t,v7( @ �t,v7L @ �t�v7L @ �t�v7L
 

Using table 7 we find: 

|� � 135516374.2 Hz a 135.5 MHz �14� 
CgdM1A 28.61 �� 

CgsM1A 56.21 �� 

CgbM1A 10.71 �� 

CgdM10 1.64 �� 

CdbM10 0.39 �� 

CsbM9 0.04 �� 
Table 7: Simulated values to calculate the pole at node 6. 

Finally, at node 5 there appears a zero. At this node a capacitor (�t��v��) in series with a resistor 

(U(7( of transistor S�) can be seen. This is however a high pass filter and this zero will consequently 

only be seen at very high frequencies since (�t��v�� and U(7( are both very small so 1/U(7(�t��v�� is 

big).  

We can conclude by saying that both the poles at node 5 and node 6 and the zero at node 5 appear 

at much higher frequencies compared to the dominant pole. The stability of the OTA in closed loop at 

the frequency stimulation range is hence assured. However, the parasitic are not included in these 

calculations. 
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5.3 Output resistance 

 

In this section the output resistance of the current sink will be calculated. The same formula can be 

applied for the current source and the overall output resistance of the stimulator is the parallel of 

these two output resistances.  Fig. 32 depicts the small signal equivalent of the current sink (fig. 23).  

 

Figure 32: Small signal equivalent of fig. 23 

 

Calculation of the output resistance R��� : 
 

.$� �  81.,�� .t�7 � .$� 8 .,�� � 8.,���1 @ 1� 

#$%� � �V� 8 V����g(7 @ g�7V��7 #$%� � �V� 8 V����g(7 8 g�7.,���1 @ 1� 
#$%� � V�g(7 8 .,��bg(7 @ g�7�1 @ 1�c 

g�7�1 @ A� ≫ g(7 #$%� � V(g(7 8 V���g�7�1 @ A� 
V��� � r(�#$%� #$%� � .$X(7 8 U(�#$%�XK7�1 @ 1� 

I���b1 @ r(�g�7�1 @ A�c � V�g(7 
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U(�XK7�1 @ 1� ≫ 1 
R��� � V�I��� � br(7r(�g�7�1 @ A�c b14c 

Using values of table 7 and 8, this leads to an output resistance of   
R� = 82.3 TΩ 

for the current sink and  

R� = 28.2 TΩ 

for the current source. 

gm1 0.27 μS 

gds1 4.62 nS 

gds2 0.29 nS 

A 407.22 
Table 8: Simulated values to calculate ´µof the current sink    

gm1 0.27 μS 

gds1 3.48 nS 

gds2 1.38 nS 

A 501.19 
Table 9: Simulated values to calculate ´µof the current source 

When we simulate in Cadence the output resistance in function of the frequency we find for the 

current sink an output resistance of approximately 75 TΩ at DC (fig. 33). For the current source we 

find approximately 21 TΩ as output resistance at DC (fig. 34). At stimulation frequencies in the order 

of kHz, still hundreds of GΩ’s are achieved. 

 

 

Figure 33: Output resistance in function of the frequency of the current sink. 
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Figure 34: Output resistance in function of the frequency of the current source. 
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6 Simulation results 

6.1 Specifications  

In paragraph 3.4 the 10 test cases for the current source were specified and visualized by the red 

circles in fig. 11. One test case consisted of the current amplitude that had to be achieved through 

the load for a particular impedance amplitude of this load. Every test case had to be tested for the 

real impedance model and for the RC parallel model of the load. Afterwards, the model of the load 

was replaced by the actual probe model in order to see whether the test case currents could be 

achieved. Fig. 35 and 36 show the simulation results for the current amplitudes at the specified 

impedance values for the real impedance model and the RC parallel model of the load respectively. 

Referring to fig. 11 we can say that specifications are met. The amplitude of the cathodal pulse and 

the anodal pulse are indicated on the graphs. The DAC inputs for the four current cases of 0.1µ, 1µ, 

10 µ and 50µ were (00001 - 00001), (00001 - 01010), (01010 - 01010), (10100 - 11001) respectively. 

 

Figure 15: Simulation results for the 10 test cases in case of a real impedance 
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Figure 36: Simulation results for the 10 test cases in case of an RC parallel  

6.2 Post-process parameters 

As mentioned in paragraph 3.3, the current pulse through the load is post-processed in Matlab in 

order to check for charge imbalance, offset, delay, amplitude and frequency spectrum. This section is 

subdivided in four paragraphs according to the post-process parameter. For each parameter, the 

simulation results for the 10 test cases are represented for the real impedance model and for the RC 

parallel model of the load. For the probe model, the post processing parameters are conceived at the 

4 test case current amplitudes, namely at: 0.1µA, 1µA, 10µA, 50µA. 

The simulation results can be found in the appendix of this thesis. 

6.2.1 Charge imbalance 

The charge imbalance is calculated per test case current amplitude as (¶)[$,)+ 8 ¶�)�·$,)+) and is 

normalized in respect with the current amplitude. 

For each test case current #4: 
¸¹U��º»�¼J ½¾�UX¼ »�¿�º�¸½¼4 � ¶)[$,)+ 8 ¶�)�·$,)+#4  
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6.2.1.1 Real  impedance 

 

 

Figure 37: Normalized charge imbalance for the real impedance model for the 10 test cases 

 

6.2.1.2 RC  parallel 

 

 

 

 

Figure 38: Normalized charge imbalance for the RC parallel model for the 10 test cases 

 

0,00E+00

1,00E-04

2,00E-04

3,00E-04

4,00E-04

5,00E-04

6,00E-04

7,00E-04

8,00E-04

9,00E-04

0,1 1 10 100

N
o

rm
a

li
ze

d
 c

h
a

rg
e

 (
C

/I
)

Current (μA)

Charge imbalance

10k

20k

50k

100k

1M

0,00E+00

5,00E-06

1,00E-05

1,50E-05

2,00E-05

2,50E-05

3,00E-05

3,50E-05

4,00E-05

4,50E-05

0,1 1 10 100

N
o

rm
a

li
ze

d
 c

h
a

rg
e

 (
C

/I
)

Current (µA)

Charge imbalance

10k

20k

50k

100k

1M



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  43 

 

6.2.1.3 Probe model 

 

 

Figure 39: Normalized charge imbalance for the probe model at the 4 test case current amplitudes 

 

We can roughly see constant trend for the normalized charge imbalance in function of the current. 

The relative charge imbalance is constant in function of the current amplitude, but the absolute 

charge imbalance increases with the current amplitude. This charge imbalance could be explained by 

the mismatch between the current source and the current sink. In practice, measures to achieve 

charge balancing are typically implemented. The most common solution is to insert a dc blocking 

capacitor of appropriate size in series with the stimulation electrode. This guarantees that no net dc 

current is conducted into the electrode-tissue interface over time. These capacitors are however to 

big and need to be put off chip. Consequently, active charge-balancing techniques can be used for 

implantable multichannel applications. 

 

 

6.2.2 Offset 

The offset of the pulse before the anodal pulse (Offset pre) and the offset of the pulse after the 

cathodal pulse (Offset after) is calculated and normalized with respect to the current amplitude. The 

offset imbalance is calculated as the difference between Offset after and Offset pre and is 

normalized with respect to the current amplitude.  

For each current #4: 
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The normalized offset before the anodal pulse (Offset pre) and the normalized offset imbalance are 

represented in the following paragraphs for the three impedance models. 

6.2.2.1 Real impedance 

 

 

 

Figure 40: Normalized offset pre for the real impedance model for the 10 test cases  

 

 

 

 

 

Figure 41: Normalized offset imbalance for the real impedance model for the 10 test cases  
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6.2.2.2 RC parallel 

 

 

Figure 42: Normalized offset pre for the RC parallel model for the 10 test cases  

 

 

 

Figure 43: Normalized offset imbalance for the RC parallel model for the 10 test cases  

 

6.2.2.3 Probe model 
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Figure 44: Normalized offset pre for the probe model at the 4 test case current amplitudes 

 

 

 

 

Figure 45: Normalized offset imbalance for the probe model at the 4 test case current amplitudes 

No clear trend can be seen for the normalized Offset pre and the normalized Offset imbalance.  
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The amplitude of the anodal and the cathodal pulse is calculated and normalized with respect to the 

current amplitude. The amplitude imbalance is also calculated as the difference between the 

amplitude of the anodal pulse and the amplitude of the cathodal pulse and is normalized with 

respect to the current amplitude.  
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The normalized amplitude imbalance is represented in the following paragraphs for the three load 

models. 

6.2.3.1 Real impedance 

 

 

Figure 46: Normalized amplitude imbalance for the real impedance model for the 10 test cases  

 

6.2.3.2 RC  parallel 

 

 

 

Figure 47: Normalized amplitude imbalance for the RC parallel model for the 10 test cases  
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A roughly constant trend (except of the 1MΩ/1µA case) of the normalized amplitude imbalance in 

function of the current amplitude can be seen for the real impedance model and the RC parallel 

model.  

6.2.3.3 Probe model 

 

 

 

Figure 48: Normalized amplitude imbalance for the probe model at the 4 test case current amplitudes 

 

For the probe model, the normalized amplitude imbalance for the probe model is again roughly 

constant in function of the current amplitude. The relative amplitude imbalance is constant but the 

absolute imbalance increases with the current amplitude. This can be attributed to the mismatch 

between the current source and the current source. 

 

6.2.4 Frequency spectrum 

In this section the frequency spectra of the current pulses through the load are depicted for the real 

impedance model, the RC parallel model and the probe model. The frequency spectrum is 

normalized with respect to the current amplitudes.  
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6.2.4.1 Real impedance 

 

Figure 49: Frequency spectrum of the current pulse for the real impedance model at the four current cases  

It can be seen that the normalized frequency spectrum spreads out with increasing current 

amplitudes. Hence, increasing the current amplitude leads to the presence of higher frequency 

spikes in the spectrum. 
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6.2.4.2 RC parallel 

 

Figure 50: Frequency spectrum of the current pulse for the RC parallel model at the four current cases  
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Figure 51: Frequency spectrum of the current pulse for the probe model at the four current cases  

For the probe model it can be seen that the normalized frequency spectrum of the current pulse 

becomes narrower with increasing current amplitude, in contrast to the normalized frequency 

spectrum of the current for the real impedance. Hence, decreasing the current amplitude leads to 

the presence of higher frequency spikes in the spectrum. 

 

6.3 Transient response 

In this section, some transient responses of the current and voltage signals will be shown for the 

three load models. 
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6.3.1 Real impedance 

 

 

Figure 52: Transient response of the current through a 10 kΩ resistor for the I=0.1µA current amplitude case 

 

Figure 53: Transient response of the voltage over a 10 kΩ resistor for the I=0.1µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a real 

impedance model of the load. There are neglectable transients with respect to the falling/rising 

edges. 
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6.3.2 RC parallel 

 

 

Figure 54: Transient response of the current through a 20 kΩ RC parallel for the I=50 µA current amplitude case 

 

Figure 55: Transient response of the voltage over a 20 kΩ RC parallel for the I=50 µA current amplitude case 

It can be seen that the expected current and voltage transient responses are achieved for a RC model 

of the load. The expected voltage waveform with capacitive behavior can be seen. There are more 

transients with respect to the falling/rising edges than for the real impedance case but within 

approximately 10 µs, the targeted current amplitude is reached. 
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6.3.3 Probe model 

 

 

Figure 56: Transient response of the current through the probe model for the I=0.1 µA current amplitude case 

 

Figure 57: Transient response of the voltage over the probe model for the I=0.1 µA current amplitude case 

An expected transient response of the current signal can be seen. However, a strange behavior of the 

transient response of the voltage signal turns up. The voltage amplitude is not zero at the beginning 

and at the end of the signal. The voltage amplitude starts already at approximately 37 mV.  Another 

noticeable aspect is the slow rise of the voltage signal at the end of the current pulse (around 300 

µs). This strange behavior could be attributed to already existing charge at the start of simulation and 

the slowly rising of the voltage signal at the end could then be attributed to the self-discharging of 

the probe model. It also seems as if the falling edge of the voltage signal is steeper than the rising 

edge. This could be related to the amplitude imbalance between the anodal pulse and the cathodal 

pulse. In paragraph 6.2.3, a higher current amplitude could be found for the anodal phase with 
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respect of the cathodal phase, which resulted in an amplitude imbalance. This difference in high and 

low flank can roughly be seen in fig. 56.  

 

Figure 58: Transient response of the current through the probe model for the I=1 µA current amplitude case 

 

Figure 59: Transient response of the voltage over the probe model for the I=µA current amplitude case 
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Figure 60: Transient response of the current through the probe model for the I=10 µA current amplitude case 

 

Figure 61: Transient response of the voltage over the probe model for the I=10 µA current amplitude case 

It can be seen that for the 10 µA current amplitude, the current is no longer held constant but goes 

to zero again after some 20 µs. At the same time it can be seen that the voltage saturates at +.// 

and -.//, which explains the current drop. With this technology, the current amplitudes through the 

probe model can simply not be achieved. Higher voltages technologies should be considered. 
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Figure 62: Transient response of the current through the probe model for the I=20uA current case 

 

Figure 63: Transient response of the voltage over the probe model for the I=20uA current case 

 

 

 

 

 

 

 



__________________________________________________________________________________
Programmable current source for in vivo electrical stimulation of neurons                                                                Page  58 

 

7 Conclusions 

 

The goal of this thesis was to design a stimulation chain using a current source with programmable 

temporal waveforms. First of all, some general specifications concerning this stimulation chain were 

imposed. Three components of this stimulation chain were of importance: the generation of 

programmable stimulation waveforms, the analog design of the actual current source and the post-

processing of the resulting waveform. To coordinate these three components, it has been decided to 

organize them in a test bench. The elegancy of this approach is that any kind of current source can be 

designed and immediately be tested with different waveforms and for different post-possessing 

parameters. The importance of the programmability attributes to the fact that there is still little 

known about the optimum stimulation waveforms. In this way, with trial and error, different 

waveforms can be used to assess stimulation of the tissue. Commercial stimulators often don’t 

provide a lot of characteristic parameters. This is however a critical aspect for the user. With the use 

of these post-processing parameters, exceptional behaviors of the current source could be 

discovered which could be overlooked with transient responses only.   

After setting up the test bench, some test cases were specified in order to be able to test the current 

source with the real impedance model and the RC parallel model of the load. In this way, a first 

glance can be shot at the working of the current source. In a third phase, the load could then be 

replaced by the probe model in order to see if the specified current amplitudes can be achieved for 

an actual electrode-tissue interface load. 

Now that the test bench was all set with specified test cases, some research into current sources was 

done. The basic concept for this stimulator was found in the ‘Improved VCR current source’. The 

entire implementation and design of the current source with n- and p-path were done and analysis of 

stability the OTA and output resistance were investigated. A high output resistance in the order of 

GΩ’s was found at stimulation frequencies.  

In a last phase, simulation results were obtained. We found that for a real impedance model and an 

RC parallel model of the load with specified impedance amplitude, specifications were met. The 

expected transient current signals were achieved for the 0.1 µA, 1 µA, 10 µA and 50 µA current 

amplitudes. For the probe model however, some strange behavior turned up for the voltage signal at 

all current amplitude cases. Expected transient signals of the currents were achieved at 0.1 µA and 1 

µA. At 10 µA however, the current amplitude drops after some 20 µs due to saturation of the 

voltage. For these current amplitudes, higher voltage technology should be considered.  

We can conclude by saying that an efficient coarse-fine DAC for this application was designed. A 

compact architecture of only 64 elements is required instead of 1024 with a 10 bit architecture. With 

the R and RC model of the load, the DAC meets the specifications. The impedance amplitude of the 

probe model is however too big to source the specified currents with this low voltage technology, so 

higher voltages should be considered. 
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9 Appendix 

9.1 Delay  
 

 

Figure 1: Delay of the cathodal pulse for the real impedance model for the 10 test cases 

 

 

 

 

Figure 2: Delay of the anodal pulse for the real impedance model for the 10 test cases 
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Figure 3: Delay of the cathodal pulse for the RC parallel model for the 10 test cases 

 

 

Figure 4: Delay of the anodal pulse for the RC parallel model for the 10 test cases 
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Figure 5: Delay of the cathodal pulse for the probe model for the 4 test case current amplitudes 

 

 

Figure 6: Delay of the anodal pulse for the probe model for the 4 test case current amplitudes 
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