
 
 
 
 
 
 
 
 
 
 
 

Development of Application- Specific Integrated Circuits for Multi-modal, 
Closed-Loop Neural Prosthetic Devices 

 
 
 
 
 
 
 
 

Farah L. Laiwalla 
 
 

B.S. Electrical and Computer Engineering – 2003 
Lafayette College, Easton, PA 

 
M.D Doctor of Medicine – 2014 

Brown University, Providence, RI 
 
 
 
 
 
 

Dissertation submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Biomedical Engineering 

awarded jointly by the School of Engineering 
and the Division of Biology and Medicine 

 at Brown University  
 

Providence, Rhode Island 
May 2017 



 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

© Copyright 2017 by Farah L. Laiwalla 
 



This dissertation by Farah L Laiwalla is accepted in its present form 
by the Department of Biomedical Engineering in the Division of Biology and Medicine 

as satisfying the 
dissertation requirement for the degree of Doctor of Philosophy. 

 
 
 
 

Date _____________   _________________________________ 
Arto V. Nurmikko, Advisor 

 
 
 
 

Recommended to the Graduate Council 
 
 
 
 
Date _____________   _________________________________ 

Jacob Rosenstein, Reader 
 

 
 
Date _____________   _________________________________ 

David Sheinberg, Reader 
 
 

 
Date _____________   ________________________________ 

Anubhav Tripathi, Reader 
 
 
 

Date _____________   ________________________________ 
David Durfee, Reader 

 
 
 
 

Approved by the Graduate Council 
 
 
 

Date _____________   _________________________________ 
Andrew G. Campbell, Dean of the Graduate School 

mailto:dean-of-graduateschool@brown.edu


iv 
 

Abstract of “Development of Application- Specific Integrated 

Circuits for Multi-modal, Closed-Loop Neural Prosthetic Devices”, 

by Farah L Laiwalla, M.D. Ph.D.  Brown University, May 2017 
 

Neural Prosthetics are devices that are able to record brain activity and use it to 

manipulate the environment in a meaningful way. These devices have immense potential 

for use in patients suffering from neurological illnesses or injuries that have disrupted 

normal neural pathways. The success of a neural prosthetic device critically relies on the 

availability of robust long-term access to the brain. This is achieved through a 

combination of biocompatible sensing probes and integrated electronics platforms.  This 

dissertation addresses the latter by describing the design and testing of custom integrated 

circuits (ASICs) in three important arenas of implantable, wireless closed-loop 

neuroprosthetics. Iterative design of a multichannel, low-noise, low-power neural 

recording amplifier is described in the first part of this work, with special focus on the 

considerations for migration of the design initially implemented in AMI 1.5μm 1P2M 

CMOS process to ON-Semi 0.5μm 2P3M CMOS process. The second part of this work 

focuses on an ASIC approach for long-term interrogation of chronic implants through 

impedance spectroscopy. Implementation of an ASIC design utilizing a user-

programmable on-chip AC voltage source (operating in 1Hz- ~10 kHz range) with 

individual channel addressability is described, and wideband Impedance Spectroscopy 

data from benchtop, in-vitro and in vivo characterizations and validation are discussed. 

The final section of this thesis addresses the development of a closed-loop (bidirectional) 

neural prosthesis, focusing on the design of an 8-bit current-steering digital to analog 
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converter (DAC) for patterned Intracortical microstimulation. Simulation and benchtop 

test data is described, with particular focus on challenges to in-vivo translation.  
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Chapter 1: Introduction 

It has taken over two billion years of evolution to produce the masterpiece that 

is the brain.  It is postulated that this journey began when single-celled sponges 

figured out the basic electrochemical mechanism of inter-organism communication. 

Today, the 100 billion neurons in the brain work in organized groups with multi-

tiered, modulated feedback to sense stimuli, move muscles, perceive abstractions, 

form and manipulate memories and create the unique output that we call the human 

experience. That the brain motivates scientists to understand it and inspires engineers 

to emulate it is inevitable, and the field of brain-computer interfaces (BCI) is the 

culmination of these joint aspirations.  

Myriad approaches have been applied through history to study the brain [1], 

but it was the invention of the electroencephalogram (EEG) by Hans Berger in 1929 

[2] that was ultimately instrumental in enabling organized study of neural circuits.  

Single-operant conditioning experiments by Fetz and Kamiya [3] further 

demonstrated that neural modulation could be learned, thus setting the basis of BCI 

methodology.  Niels Birbaumer subsequently trained paralyzed people to self-regulate 

slow cortical potentials in EEG to control a cursor [3], demonstrating the first 

successful BCI. The recent development of high-density electrode arrays, 

microelectronic recording platforms and computational decoding techniques has 

provided significant impetus to the field, which has evolved into a multidisciplinary 
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hub of ideas from neuroscience, computer science and several branches of 

engineering. There are a few rudimentary principles, however, that have continued to 

persist and are outlined below. 

1.1 Brain-Computer Interfaces: Definitions and 

Descriptions 

The First International meeting of Brain-Computer Interface (BCI) 

Technology took place in 2000. This alludes to the relatively young nature of the 

field, yet one of the topics of extensive discussion during this meeting was the 

difficulty in comparing BCI literature due to the lack of standardization of 

terminology and protocols in the field [3,4]. This is perhaps a necessary evil of a field 

that has drawn researchers from so many different disciplines; it also makes it 

pertinent and important to start this section by defining the specific wordage used in 

this thesis. 

 Brain-Computer Interface: A communication system that does not 

rely on the brain’s normal output pathways of peripheral nerves and muscles. Used 

interchangeably with Neuro or Neural Prosthesis. This includes both afferent and 

efferent communication with the nervous system. 

 Neural Sensor: the physical interface with neural tissue, which 

typically constitutes a microelectronic device for transduction of neural activity and 

packaging it for transmission to the computer.  

 Decoder: Decoding is the task of determining the neural population 

dynamics through algorithmic processing on a computer.  
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 Effector or Actuator: Devices such as robotic arms, motorized 

wheelchairs, computer cursors or nerve-cuff-electrodes which may be driven by 

“decoded” neural data, where the latter is obtained as described above.  

A sensor, decoder and effector constitute an efferent Neuroprosthetic system, 

as demonstrated in Figure 1.1. 

 

Figure 1.1: Building Blocks of a Neural Prosthesis 

Experimental methodology is a crucial factor driving the demands on a 

neuroprosthetic device. Two common concepts in motor neuroprosthetics research 

are: 

 Cursor-Control paradigm: this is a commonly used experimental 

paradigm in motor neuroprosthetics research [5, 6, 13], including the BrainGate™ 

clinical trial which this research is anticipated to merge with. It relies on motor 

cortical neural output to control a computer cursor, as show in Figure 1.2. 

 Closed-loop control: this refers to the ultimate goal in BCI research to 

utilize both afferent and efferent neural pathways through a combination of neural 

recording and patterned microstimulation. The work described in Chapter 5 forays 
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into this arena.  It may also describe the closed-loop formed through visual or other 

sensory feedback.  

 
Figure 1.2: A Brain gate subject using spike-activity from motor cortex (M1) to 

manipulate a robotic arm carrying a water bottle to the appropriate position for 

the subject to drink from it [7].  

The properties of the physical device and the duration of implantation 

determine several engineering design considerations. As such, implants are described 

in the following terms: 

 Passive Implant: Functionality relies on the material properties alone. 

Does not usually need constant invasive monitoring, and degradation is related to 

material wear down. Isolated multi-electrode arrays and wire implants are examples 

of passive implants  

 Active Implant: Senses and/or modulation of physiologic activity 

continually. This requires integrated electronics, and thus poses challenges in power 

delivery, hermetic sealing [8-10], tissue heating and telemetry [11, 12]. Many modern 
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implants (cardiac, drug delivery etc) fall in this category, as do the devices that this 

work is contributing to.  

 Acute/Sub-acute Implant: This refers to implant duration. An acute 

implant refers to a short time period from minutes to hours (as in an intra-operative 

implant). The term “sub-acute” is reserved for short-term implants lasting up to 30 

days.  

 Chronic Implant: An implant designed to last for months to years (the 

constraints of device longevity are typically battery life; acceptable degradation rate 

for other components is on the order of decades).  Designs described in this work are 

aimed for chronic implants.  

Chronic Neural implants exploit certain features of Brain anatomy to facilitate 

meeting the specifications for active biomedical implants. Figure 2.3 shows a cross-

section diagram of the brain, and the various pertinent structures are discussed below.  

 The Dura and Subdural Space: Dura mater is the outermost 

meningeal covering of the brain. Neural sensor probes traverse this layer, resting in 

the subdural space (for planar electrodes) and penetrating into Cortex (for 

Penetrating electrodes). A good post-implant dural seal is important for minimization 

of infection risk. Additionally, shear forces on the dura can lead to intracranial 

hemorrhages [10,11] and should be carefully mitigated.  The sub-dural space, also 

referred to as “Epicortical space”, contains Cerebro-spinal Fluid (CSF) and acts to 

distributes load-forces through this fluid [13,14].  
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Figure 1.3: Diagrammatic representation of the anatomy of intracranial, extra-

cortical space.  

 Cranium (skull) and the Epi-cranial space: The skull serves as a 

rigid boundary for intracranial contents, and is usually also utilized for affixing the 

implant. An avascular structure with thickness ranging from 3-11 mm [15], it may at 

times be thinned to create an implant seating cavity. The potential space between the 

rigid skull and the flexible overlying skin is termed the epi-cranial space. Much of the 

implant bulk resides here, because skin provides easy access for both percutaneous 

(wires through skin) and transcutaneous (wireless optical or RF) telemetry. The high 

vascularization of skin is also helpful for implant heat dissipation.  
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1.2  Types of Neural Signals and Recording 

Electrodes 

All Cortical Neural signals can ultimately be traced by to cellular Action 

Potentials [16], and are thus defined in relation to their distance from the signal source 

(and hence their degree of spatial and temporal summation) [17-19]. Recording 

electrode geometry plays a critical role in defining spatial summation limits as 

summarized in Figure 1.2. Electrodes are either classified as planar (disc) or 

penetrating; biocompatible high-conductivity metals are the material of choice for 

both, and the latter may also avail microelectronics approaches for creating dense, 

integrated structures (such as the Utah MicroElectrode Array). 

Planar electrodes are widely used in research and clinical neuroscience (EEG 

and ECoG). A single EEG electrode performs volume summation over 6cm3 of 

cortex. Multichannel systems with overlapping “receptive fields” yield characteristic 

low frequency rhythms, referred to as EEG bands, (shown in Figure 1.3). Even though 

the bandwidth of EEG activity is < 50 Hz, self-regulation for control of BCIs has been 

demonstrated in several bands [20-23].  
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Figure 1.4: Spatial scales associated with different types of Neural Signals. From 

[28].  

 

ECoG electrodes operate on the same principles as EEG, but their smaller size, 

tighter pitch and placement location (surgical implant in the subdural space) affords 

then gains in both temporal and spatial resolution. Developed by Penfield 

predominantly used for seizure-focus localization, ECoG offer signal bandwidth up to 

500 Hz [22], and is becoming increasingly popular for BCI applications [24-26].  

Penetrating electrodes may either be integrated microelectrode arrays or 

microwires. The latter can use a variety of materials, but stainless steel, Pt-Ir, IrOx or 

Tungsten are the most popular. The tapered geometry enhances both proximity to the 

source as well as probe focality [27]. The obvious downside is invasiveness, and these 

probes have also been implicated in tissue inflammation due to brain micromotion-

associated shear forces. Figure 1.6 shows the major types of penetrating electrodes 

used in BCIs. 
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Figure 1.5: EEG bands. Alpha waves are associated with awake relaxation with 

closed eyes, Rhythmic “spikes” are characteristic of seizures.   

 
Figure 1.6: Types of Penetrating Electrodes. (a) Utah Microelectrode array, 

comprising micromachined silicon with Platinum tips.(b) Platinum- Iridium 

Microwires. (c and d) Michigan Probe with planar silicon shanks, each with 

multiple metal contacts. 

The types of signals obtained through these probes are classified according to 

the signal’s frequency content. Low frequency signals (up to 250 Hz) are termed 

Field Potentials (including Local Field Potentials obtained through penetrating 
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electrodes) while high-frequency signals (> 500 Hz ) are called Spikes (which could 

represent Single-Unit Activity (SUA) or Multi-Unit Activity (MUA)). The latter 

have the most information content, and are the signals of choice for BCI decoders 

[28,29]. The term “broadband” in this context contains both field potentials and 

spikes, and is in the mHz- 5 kHz range.  

 

1.3 Configurations for Wireless Implantable Neural 

Recording Systems 

This work describes the development of integrated electronics to be used in 

Wireless Implantable Neuroprosthetics. A brief overview of the platform technologies 

this research is targeted for is provided here, with references to particular subsystem 

components that were designed during this research.  

Three different but related topologies for implantable recording systems have 

been developed by our group in the last decade [28-32].  Figure 1.7 provides the 

shared block diagram of the components of each of these recording systems. 

Specifications and constraints for each sub-component were developed in accordance 

with biomedical implant regulatory guidelines (A formal document created for 

purposes of technology translation is included as Appendix IA).  
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Figure 1.7: A block diagram of the electronic components of a Neural Recording 

System 

 Polymer-Encapsulated “Brain- Implantable Chip” : This system uses 

inductive coupling for power delivery and utilizes optical transcutaneous telemetry 

(Vertical Cavity laser at 800 nm) . Redesign of the clock extraction circuitry (from RF 

carrier signal) and laser driver were completed during this research and are described 

in [28] and revisited in Chapter 2. Figure 1.8 demonstrate the two variants of this 

system: a single ADC 16-channel system [29, 30] and a dual-front-end system 

supporting 2 ADCs each with a separate electrode array [31]. Development of the 

latter required redesign of the data-handling Digital Controller Chip, also addressed in 

Chapter 2.  

 
Figure 1.8: Polymer-encapsulated RF-powered BIC systems with optical 

telemetry. 
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An important feature of the BIC systems was the direct integration of 

amplifier ASICs with the Utah MEA [29]. The 16-channel amplifier ASIC (shown in 

Figure 1.9) was expressly designed for this integration; redesign of this ASIC with 

CMOS process migration and participation in the subsequent scaling of the design 

from 16 to 100 channels is one of the major contributions of this work.  

 
Figure 1.9: Photomicrograph of the 16-channel amplifier ASIC 

 

 Full-Implantable, Battery-Powered, Hermetically-Sealed 

“Subcutaneous Brown Neuro-Card System (SBNC)”: This system features a 

rechargeable battery and active electronics in a Titanium enclosure placed in the epi-

cranial space. A passive microelectrode array is coupled through 100-feedthroughs in 

the Ti casing. A sapphire window provides RF transparency for battery recharge and 

data telemetry (RF) as shown in Figure 1.10. This is the primary platform that all IC 

development work described in this thesis is directly aimed for. The early 

development of this architecture was part of my research as has been the clinical 

translation of this device.  
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Figure 1.10: The fully implantable hermetically sealed wireless Neural Recording 

System. A passive Utah MEA is attached through a gold-wire bundle (Bottom 

Left) through ceramic feedthroughs (Bottom Right). From [32]. 

 External, Battery-Powered Wireless Neural Recording Systems with 

Custom RF Transmitter: This battery-powered head-mounted system (shown in 

Figure 1.11) is electronically identical to the SBNC with the exception of a custom 

RF ASIC (not part of this work, described in [33]). It is primarily targeted for research 

with free- moving animals, but also offers the capability to tap into the entire animal 

and human subject population with percutaneous Utah MEAs. The system design for 

this platform is utilized in testing the novel ASIC described in Chapters 3 and 4 of this 

work.  
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Figure 1.11 (a) (Left Top): An external head-mounted, battery powered, wireless 

neural recording system. (b) (Left Bottom) Passive Utah Electrode Array that 

the system mates with. (c) (Right) An exploded view of the system showing 

various components. From [33]. 

1.4 Organization of this Dissertation 

The rest of this document is organized as follows: Chapter 2 delves into the 

details of custom ASIC design for a broad-band, wireless neural recording platform, 

and identifies specific contributions made to the design of analog neural recording 

amplifiers as part of this work. Chapters 3, 4 and 5 discuss the major novel 

contributions of this work to the project at large. Chapter 3 introduces the concept of 

long-term monitoring of the tissue-electrode interface through use of impedance 

spectroscopy and describes integrated circuit approaches implemented as part of this 

dissertation. Chapter 4 focuses on the development and testing of a wired, external 

recording system incorporating impedance spectroscopy. Chapter 5 describes 

development of a bidirectional ASIC incorporating recording and programmable 

patterned microstimulation for closed-loop neural prosthetic applications. Finally, 
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Chapter 6 discusses current and future directions for novel ASIC development for 

neural prosthetics. Appendix I identifies contributions made in the realm of data 

collection, organization and documentation as part of a translational effort for the 

SBNC device described above. Appendix II provides details of the technology 

migration process for the amplifier ASIC. 

1.5 Specific Contributions  

This systems described in this dissertation are the product of a large team of 

engineers. This section outlines my specific focus and contributions to the group 

research: 

 Contributions to ASIC design 

The redesign of the Neural recording amplifier, from technology migration to 

iterative redesign of various sub-components was been completed by me. This 

includes transistor level design, simulations and bench top testing. This work is 

represented in [28] and [30], where I am co-author. 

 Design, simulation, layout and benchtop as well as in-vivo testing of the 

impedance spectroscopy ASIC was completed by me, which is the leading 

contribution of this work. This also involved PCB design and modifications the signal 

acquisition system. An FPGA-based command delivery system and de-novo signal 

analysis software were also developed for this purpose.  A subset of the bench top 

characterizations of the ASIC were completed by a collaborator, but the design and 

specific implementation of the tests were driven by me.  
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Contributions to the design of the 16-channel microstimulation ASIC were 

made as part of this work. This included transistor-level design of the current-steering 

DAC, layout and simulation of the design and bench-top testing described in Chapter 

5. 

Several ASIC redesign tasks (not included in this dissertation) were completed 

during this research, including a RF clock-extraction comparator and a low-drop out 

voltage regulator on digital controller ASIC. VHDL Synthesis, simulations and testing 

of the redesigned controller ASIC were also completed by me.  

 Contributions to Systems Level Implementations 

Contributions to early versions of the in-house Neural Data Acquisition 

system were made by me. Initial work on the implementation of SBNC was 

spearheaded by me (yielding inventor status in the device patent [34].  This included 

board-level design and vendor selection for fabrication and packaging. More recently, 

I have made significant contributions in the translation effort (in the realm of ASIC 

design and documentation), as described in Appendices I A-C.  
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Chapter 2. Custom Integrated 

Circuits for a Wireless Broad-band 

Neural Recording System 

Extracellular neural signals, acquired either through penetrating 

microelectrodes or surface planar electrodes, are the most common source signals for 

Brain-Computer Interface applications due to their ability to provide the required 

spatiotemporal resolution for dynamic tasks. The magnitudes of these signals range 

from 10μV up to 1-2 mV [1, 2] and recording them with fidelity is a challenging task 

with unique constraints. This has led to the demand for custom neural signal 

acquisition amplifiers. Furthermore, broadband neural signal recordings generate data 

rates that are unprecedented in biomedical implantable devices, leading to the need 

for custom design for efficient data handling.  

This chapter describes a full wireless broadband neural recording system, 

comprising 3 custom ICs. Design of the neural amplifier ASIC including full analog 

redesign for technology migration from 1.5 μm CMOS to 0.5 μm CMOS, scaling 

from 16 to 100 channel designs, simulation as well as benchtop performance and 

noise characterizations were completed as part of this work. Redesign of the data-

handling digital controller chip involving changes to preexisting architecture to 

accommodate scaling from 16 to 100 channels as well as redesign of the RF clock 
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extraction comparator and design of a voltage regulator to support off-chip ADCs 

were also completed during this research. These design tasks are described in more 

detail in the next sections with the exception of the low-drop out voltage regulator 

design, which has been since been retired.  

2.1 Neural Signal Acquisition 

Signal-to-noise ratio (SNR) is a measure of the quality of a recorded signal, 

and is particularly important for robust decoding performance in neural sensing 

systems [3]. An SNR > 3 is the minimum performance specification for a recording 

system. Achieving this goal requires methodical optimization of system noise 

contributions, which are outlined below.  

2.1.1 Noise in neural recording systems 

 There are 3 major contributions to system noise in a neural recording system: 

i. Thermal (Johnson-Nyquist) Noise: This is the result of random 

movement of charge carriers in a conductor [4], and has a voltage spectral density 

given by 2.1:  

𝑣𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 =   4𝑘𝑇𝑅  V2/Hz               (2.1) 

where k is the Boltzmann constant, T is the absolute temperature, R is the equivalent 

resistance of the electrode and f is the frequency.  

Both microelectrodes and transistors (channel conductors) experience thermal 

noise [5,6] , where current spectral density in the latter is given by 2.2.  
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𝑖𝑛−𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 =

8

3
𝑘𝑇𝑔𝑚 A2/Hz  in strong inversion           (2.2) 

where gm is the transconductance, which in turn is dependent on size and gate over-

voltage VGS. When biased in weak inversion, however, the channel demonstrates shot 

noise instead (described below). 

Nominal RMS thermal noise in a platinum microelectrode (with R = 100 kΩ 

and at a bandwidth of 10 kHz) is  ~ 4μVRMS. Since electrode thermal noise is a basic 

physical property that may not be mitigated, it is used as the upper bound 

specification for overall system noise.  

ii. Shot Noise:  The finite (quantized) nature of electric charge makes current 

flow across a semiconductor junction a Poisson process. The gives rise to 

white noise with a spectral density given by 2.3: 

𝑖𝑠ℎ𝑜𝑡
2 = 2𝑞𝐼𝐷    A2/Hz              (2.3) 

 

This may generally be ignored in strong-inversion but becomes an important 

source of noise in sub-threshold MOSFET operation.  

iii. Flicker Noise: This is generally thought to be related to trapped charge 

carriers in the transistor gate oxide, and is inversely proportional to both transistor 

area and frequency (the latter leading to it being referred to as 1/f noise). The voltage 

spectral density of flicker noise is given by 2.4; this is a critical noise source for 

neural amplifiers, and drives the sizing of the input transistors.  

𝑣𝑛−1/𝑓
2 =

𝐾𝐹

𝐶𝑜𝑥𝑊𝐿𝑓𝛼
  V2/Hz               (2.4) 
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PMOS transistors in p+ bulk silicon reportedly have lower flicker noise due to a 

wider separation between gate oxide interface and the deeper p+ channel. P-channel 

input-transistors are thus favorable for amplifier noise optimization.  

2.1.2 Design of a multichannel Neural Signal Amplification ASIC 

The neural signal amplifier described in this section is designed for broadband 

signal acquisition. As such, it has a bandwidth from 1 mHz to 7.8 kHz (spanning both 

Local-Field Potential (LFP) and Single-Unit Activity (SUA) domains). Signal 

amplitudes are in ~20 μV to 2mV range, and this sets the amplifier’s maximal noise 

constraints.   

The overall ASIC architecture for a 100-channel system is shown in Figure 

2.1. Each channel has a dedicated low-noise amplifier, whose output is multiplexed 

into one of two unity-gain output buffers, each in turn driving a separate ADC. This 

architecture also allows for a single ASIC to interface with up to two microelectrode 

arrays providing for greater flexibility. 
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Figure 2.1: Overview Diagram of Amplifier ASIC 

  The low-noise, high-bandwidth neural signal amplifier is implemented using a 

folded-cascode operational transconductance amplifier (OTA) topology. This 

approach was first described by Harrison et al in [7] and its use is widely reported in 

neuroengineering literature [8]. Figure 2.2 shows the overview schematic of the 

preamplifier, which comprises the OTA, active feedback circuitry and a single-stage 

source follower output buffer.  
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Figure 2.2: Neural Signal Amplifier. Implemented as an OTA with active 

Feedback. 

Figure 2.3 demonstrates the transistor level details of the folded cascode OTA. 

Robust rejection of the electrode-tissue interface DC potential is a critical aspect of 

amplifier design, and is accomplished through an on-chip High-pass filter comprising 

the input capacitor and a tunable MOS “pseudoresistor” element for a very low 

cutoff- frequency in the mHz- Hz range. Amplifier gain is set by the ratio of feedback 

capacitor C3 and the input capacitor C1, which are sized to provide a mid-band gain 

AM of 46 dB as shown by the open-loop AC analysis results in Figure 2.4. Load 

capacitance CL sets the high-frequency cutoff and is selected to provide a high-

frequency pole at 7.8 kHz in this design.  



53 
 

 
Figure 2.3: Folded Cascode CMOS Operational Transconductance Amplifier.  

From [10]. 

The amplifier is designed to work off a single-ended power supply (a 3.7 V 

battery in this case). A pair of diode-connected PMOS (M4 and M5 in Figure 2.2) are 

used to set the DC bias point of the amplifier to ½ the power supply enabling 

bidirectional output swing. A large capacitor C4 is added in parallel to the source-bulk 

terminals of these PMOS to mitigate the impact of their parasitic capacitances on 

feedback capacitance and amplifier gain.  

Amplifier noise is optimized by using large (960 μm/1.5 μm) PMOS devices 

biased in weak-inversion. Total voltage noise spectral density for the amplifier in 

subthreshold operation is given 2.5:  

𝑣𝑛
2 =

4𝑘𝐵𝑇

𝜅𝑔𝑚3
 (1 + 

𝑔𝑚5

𝑔𝑚3
+ 

𝑔𝑚7

𝑔𝑚3
)   V2/Hz                        (2.5) 
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where kB is the Boltzmann constant, T is absolute temperature and κ is a process-

dependent subthreshold parameter, empirically determined to be ~0.7 in our process.   

gm3 is the transconductance of the input transistor, gm5 is the transconductance of the 

NMOS source and gm7 is the transconductance of the PMOS in the second stage 

cascode.  

 
Figure 2.4: Open-loop Gain response of Neural Signal Amplifier OTA. 

Design of a well-controlled tunable pseudoresistor is another crucial design 

component. This is a nominally off MOSFET, and several designs are reported in 

literature [7, 8, 11]. Non-linearities in pseudoresistor performance produce output 

distortion which is undesirable. Process-dependent variation in threshold voltage VTH 

is a one significant cause for non-linearity, since the current-voltage relationship of a 

MOSFET in subthreshold regime is exponential, as shown in (2.6) [12]: 

𝐼𝐷 =  𝐼𝑜𝑒
𝑉𝐺𝑆−𝑉𝑇𝐻

𝑛𝑉𝑇  (1 − 𝑒
−

𝑉𝐷𝑆
𝑉𝑇 )                        (2.6) 
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where Io is the subthreshold current constant, n is the subthreshold slope factor and VT 

is the thermal voltage.  

The effective resistance of a sub-threshold MOS is then given by (2.7), and 

depends on device VGS. If this VGS is set reliably (through use of active feedback in 

this case), it produces a well-controlled RM. 

𝑅𝑀 =  
𝑉𝑇

𝐼𝑜𝑒

𝑉𝐺𝑆−𝑉𝑇𝐻
𝑛𝑉𝑇

                         (2.7) 

The pseudoresistor implementation is shown in Figure 2.2. M1 and M2 are 

PMOS devices (with a size ratio of 1:4) driven by scaled copies of the same current 

source. Mp2 is diode-connected, and the gates of both devices are biased at a known 

sub-threshold voltage Vref. The feedback amplifier then sets the source voltage of 

Mp1 to satisfy 2.8 below:  

𝑉𝐺𝑆1 + 𝐼1𝑅 = 𝑉𝐺𝑆2                                       (2.8) 

The effective resistance of RM1 is then driven by the ratio of the sizes of 

M1:M2 and is independent of threshold voltage, as given by 2.9: 

𝑅𝑀1 =
4𝑉𝑇𝑒

𝐼1𝑅
𝑉𝑇  

𝐼1
                       (2.9) 

Implementing R on-chip makes it susceptible to process variations. It is thus 

implemented off-chip, which also allows it to be used to tune RM1 according to the 

desired high-pass frequency cut-off. The OTA output is fed into a source follower 

buffer stage, followed by a class AB unity gain buffer stage, which are described is 

detail in [10].  
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The Amplifier ASIC is implemented in ON-Semi 0.5 μm CMOS process. 

Tanner Design Suite is used for layout and SmartSpice™ is used for simulations. A 

single amplifier channel consumes 54 μW of power from a 3.3 V supply. It has a 

simulated common-mode rejection ratio (CMRR)> 60 dB and a power supply 

rejection ratio (PSRR) > 50 dB. 

Figure 2.5 shows a photomicrograph of the ASIC, which is implemented as a 

10x10 grid of preamplifiers with a 400 μm pitch to enable direct integration onto a 

substrate via flip chip or ball-grid array bonding.  

 
Figure 2.5: Photomicrograph of 100-channel Chip. 

2.1.3 Bench-top Performance Testing and Noise Analysis 

A packaged amplifier ASIC was used for benchtop characterizations of 

performance. Amplifier gain was characterized at different high-pass cutoff 

frequencies by sourcing a 1kHz sinusoidal waveform from a bench top function 
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generator (though a signal attenuator). Amplifier output was measured using a 

Tektronix oscilloscope. This is shown in Figure 2.6.  

 
Figure 2.6: Bench top gain characterization of Neural Signal Amplifier 

Input-referred amplifier noise was measured by grounding the amplifier input 

and measuring the amplifier output using a National Instruments DAQ. The chip was 

powered with a battery to minimize 60 Hz noise coupling. This setup and 

measurement are shown in Figure 2.7.  
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Figure 2.7: Input-referred Amplifier Noise. Inset shows measurement setup.  

2.2.3 CMOS Technology Migration: A Perspective 

 The amplifier chip described above has undergone extensive evolution 

over a 10 year span. The first design was implemented as a 16 channel system with a 

single ADC interface using the AMI 1.5 μm CMOS process [10]. Retirement of this 

fabrication process and the anticipated need for eventual upscaling to 100 channels 

were the primary driving factors leading to redesign of the amplifier in the 0.5 μm 

CMOS process (which is described above). While digital circuitry was easily scaled 

using synthesis tools with the new technology’s standard cell library, analog redesign 

required an in-depth analysis of transistor sizes, transconductances and drain currents. 

Analog scaling approaches have received some attention in literature [13-15], but are 

largely selected according to the application. Given the focus on low-power and low-

noise in our application, this redesign effort focused on maintaining VGS and ID for 
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each transistor. These were first determined through DC operating-point simulations, 

and redesigned with the assistance of foundry-furnished process parameter listings 

(such as oxide capacitance Cox, Threshold voltage VTH and device conductance β, 

sheet capacitance and resistivities). The full spreadsheet of this analysis is included as 

Appendix II. Devices were sized according to this analysis, and validated using 

simulation at the schematic level. Layout was manually updated, and verified using 

the Layout versus Schematic tool. 

In the 1.5 μm process, silicon real-estate was the limiting factor for amplifier 

gain and noise performance (due to area constraints on the input transistor and 

capacitor, given a 400 μm x 400 μm footprint). Area savings from scaling 

(approximately 50%) were used to optimize these parameters. Amplifier gain was in 

increased from 42 dB to 46 dB while input referred RMS voltage noise was reduced 

from 9 μV-rms to 4.5 μV-rms.  

2.2 Data Management and Digitization 

Data from the 100-channel amplifier ASIC is digitized using two off-the-shelf 

12-bit ADCs from Linear Technology. Digitized data is interleaved and Manchester-

coded prior to transmission. This data management is performed by the Digital 

Controller ASIC, which manages both Amplifier ASIC sampling and ADC timing.   

An overview of the Controller ASIC is shown in Figure 2.8, and its various functions 

are described in more details below: 
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Figure 2.8: Block Diagram of the Digital Controller ASIC 

: System clock may either be provided through an off-chip 48 MHz crystal 

oscillator or extracted from RF-coupled power. With the exception of the Manchester 

encoder, all other subsystems use ½ the oscillator frequency (24 MHz); this is 

generated using an on-chip clock division circuit. In the RF-powered scenario, system 

clock is extracted from a 200 mV sinusoidal (at the RF-carrier frequency) using an 

on-chip clock extraction comparator. The schematic of this Clock-extraction 

Comparator is shown in Figure 2.9. 
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Figure 2.9: Clock Extraction Comparator. From [10]. 

The clock comparator is a 2-stage differential amplifier followed by a 

conventional inverter. The input is capacitively coupled, and DC bias level is set at 

40-60% of power supply though the DC filtering network comprising M9, M10 and 

C2. These FETs source or sink current from the capacitor depending on output 

voltage, and their sizes may be chosen to design for a 50% duty cycle. The 

comparator’s frequency response sets the limiting clock rate to 30MHz; it is thus not 

usable with a Manchester Encoded data stream due to bandwidth limitation, but is 

used in both non-encoded and optical output systems. 

i. ADC Control: The 12-bit ADCs from Linear Technologies operate at 

1.5 Mbps and have a 2-clock-cycle lead time per conversion cycle (14 clock cycles 

per each 12-bit sample). The Controller ASIC manages the timing of channel 

multiplexing so as to eliminate this 2-cycle lag from ADC overhead by overlapping 

the ADC activation intervals.  

ii. Front-end-multiplexing: Amplifier channels are multiplexed through 2 

output buffer amplifiers. The Controller ASIC drives the amplifier multiplexor 
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switching to account for both amplifier follower stage settling times as well as ADC 

sample time. The frequency of this multiplexing clock is set at 1/24 of the ADC clock 

(set by the system specifications of 20ksamples/second/channel x 50 

channels/multiplexor).  

iii. Data-packet construction: A full data frame from the recording system 

comprises a single sample from each of the 100 amplifiers. A 24-bit identifier synch 

sequence is inserted into the data stream after transmission of each frame to enable 

alignment at the receiver. Synch is inserted in response to a signal from the amplifier 

chip which keeps track of when the last channel is sampled. Channel multiplexor 

clock is suspended for 24 clock-cycles while synch is being transmitted yielding an 

effective sampling rate of 19.6 kHz/channel.  

iv. Telemetry: The datastream may either be transmitted optically using a 

fast (> 1 Gbps) Vertical Cavity Laser (VCSEL) operating at 800 nm or through 3-5 

GHz modulated RF. Optical transmission of TTL data is facilitated by a laser-driver 

providing up to 3mA of current while an IEEE 802.3 Manchester encoder prepares the 

datastream for high-integrity RF transmission.  

The Digital Controller ASIC is designed in ON-SEMI- 0.5 μm CMOS. Figure 

2.10 Shows the top-level layout for the chip, which occupies 2 mm x 2 mm and 

consumes 1mW from a 3V supply.  ADC, amplifier channel multiplexing and 

Manchester encoder function is verified with bench-top testing on a packaged device.  
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Figure 2.10: Top level layout of the Digital Controller Chip 

2.3 Data Transmission 

The 48 Mbps Manchester encoded datastream is wirelessly transmitted using a 

custom RF ASIC which operates at a nominal frequency of 3.5 GHz. It is capable of 

using either On-Off Keying (OOK) or Binary-Phase-Shift-Keying (BPSK) for 

minimization of transmission bit-error rates (BER). Data rates up to 100 Mbps are 

supported with a nominal 35% efficiency. Output power is user-tunable from 4-16 

mW depending on desired transmission distance.  Details of this ASIC are described 

in [21].  

These three ASICs, along with the COTS ADCs, Crystal Oscillator and 

discrete passive components comprise fully wireless neural recording systems which 
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have been extensively tested in in-vivo work described in [20] and [21]. These are 

however “reporter” devices with neither the ability to interrogate the implant nor the 

capability to communicate information back to the system. Addition of such features 

is very desirable for the next-generation neuroprosthetic device. The next 3 chapters 

describes advances made in these arenas by research conducted for this thesis.  
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Chapter 3. Long-term Monitoring of 

Chronic Implants 

Chapter 2 described ASICS for active implantable sensors thatare part of 

Neural recording systems. Microelectrode array and microwire based platforms 

focusing on neural ensemble recordings have been validated in various animal models 

over the last two decades [1-7].  The long-term implantable BCIs reported in literature 

have been exclusively based on passive sensors with percutaneous connections to 

external electronics. Though infection risk through the skin opening remains the 

leading cause of complication in these devices, tethering-associated inflammation has 

also been implicated in long-term recording quality and reliability.  

One of the problems consistently reported by research groups using passive 

penetrating electrodes is the variability and degradation of signal quality over time. 

Suner et al have quantified this variation on the basis of channel SNR, and found that 

channel SNR can vary up to 30% from day to day, and is often associated with 

changes in electrode impedance [3]. This channel variability adds to the burden on 

decoder training in clinical BCIs [8].   

Continual degradation of recording performance has also been reported by 

several studies [4,5]. The mechanism of these phenomena are not well-understood, 

but have been attributed to a mix of electrode-surface electrochemical and 

physiological factors [9-12]. This is of interest to both neuroimmunologists and 
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material science researchers. Studies of tissue-electrode interface impedance changes 

in the post-implant period have offered some interesting insight [11, 12], suggesting 

that brain micromotion against a tethered rigid electrode may be responsible for some 

of the observed changes, and that complex impedance spectroscopy may be a useful 

technique to characterize this response.  

  Implanted Non-human and human primates are the best models for studying 

chronic post-implant processes. There is however currently a dearth of appropriate 

tools to interrogate these implants, with the exception of 1 kHz impedance 

measurements and postmortem histopathology. The possibility to continually 

interrogate the likely dynamic tissue-electrode interface thus offers an exciting 

opportunity. The characterization of the dielectric properties of biological systems via 

impedance spectroscopy has historic precedent in neuroscience [23-29], and 

particularly in in BCI research where it has yielded informative results.  

3.1 Electrode-Tissue Interface (ETI) 

The electrode-tissue interface is a dynamic entity which has contributions 

from metallic, ionic and cellular components. Figure 3.1 shows a proposed electrical 

model of the interface [30], and demonstrates  that the electrode and the cellular 

compartments  are each modeled has having both resistive and capacitive features.  

At the metal-electrode-electrolyte interface, capacitive contributions come 

from the “double layer capacitance”, which is a consequence of charge carriers lining 

up at the phase boundary [31-33] as demonstrated in Figure 3.2. Resistive  
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Figure 3.1: Electrical model of the Tissue Electrode Interface 

 

 
Figure 3.2: Cross Section view of a metal electrode-electrolyte interface. From 

[32] 

contributions come from Charge-transfer resistance RCT and Warburg impedance 

element, there the is a (associated with ion absorption into the interface) and is 

considered of particular important in frequencies of interest in biology. This gives rise 

to an overall electrode-electrolyte impedance given by 3.1:  

𝑍 =  
𝑅𝐶𝑇

1+𝑗𝜔𝛽𝐾/𝑅𝐶𝑇
       (3.1) 
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where K and β are measures of electrode surface smoothness. 

 Cellular components make contributions to Impedance through their volume 

conductor “resistive” properties. The cell membrane demonstrates capacitive features 

due to its hydrophobic core while ion channels contribute “leakage currents”.  

 Cellular components also make significant dynamic contributions to the 

interface impedance through inflammatory responses as part of the Foreign Body 

Reaction to implanted materials. Astrocytes and microglia, two types of neuro-

immune cells (shown in Figure 3.3) are implicated in this process [28, 34, 35]. These 

are thought to render the blood-brain barrier “leaky” as part of the chronic 

inflammation cascade[36].  

 

 

Figure 3.3: Glial cells in the brain at rest (Left) and after being activated in 

response to injury (Right)  
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Physiologic immune response has a well-characterized temporal course, 

leading to thick scar formation in ~ 3 weeks [34]. Significant changes in impedance 

are observed during this period, and the use of this technique has yielded prolific 

insight about tissue reaction. Its non-invasive nature makes it a good technique to use 

in a chronic implant. Furthermore, its standard use in a variety of disciplines means 

that there is already a large body of data that analysis of neural data may be able draw 

from. Recent studies are even beginning to unravel specific impedances signatures for 

parts of the foreign body reaction in the brain [38,39]. The next section describes the 

technique as well as our implementation of the technique.  

3.2 Impedance Spectroscopy: Theory and 

Application 

Electrochemical Impedance Spectroscopy (EIS) is a technique that was 

originally developed characterization of material dielectric properties by chemists but 

has found widespread utility in biological applications [23-25,41] including 

neuroscience [26,27]. The technique is based on using a small-signal measurement of 

the linear electrical response of a material of interest (including electrode effects) and 

the subsequent analysis of the response to yield useful information about the 

physicochemical properties of the system [40].  

The analysis of biological systems with this technique has shown that there are 

distinct identifiable signatures associated with various parts of the interface. Figure 

3.4 shows a plot of the implicated processes as a function of frequency. In the context 

of neural signal acquisition, this suggests that impedance spectra of the interface may 
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be able attribute the changing impedance to  specific components. The consequences 

of this, though, exceed the mere diagnostic value. The possible benefits of using 

impedance spectroscopy in the neural recording systems are outlined below: 

i. In the acute surgical setting, impedance spectral features may help 

characterize the success (and anatomical placing of the electrode 

array) by distinguishing between the predominantly resistive CSF 

from the more capacitive cortex. 

ii. It may provide a comprehensive picture of the interface, allowing 

for possible use in selection of signals for decoder 

implementations 

iii. By elucidating the cellular mechanisms at the interface, it may 

guide the development of electrode surface modification 

approaches as well provide insight into possible 

immunomodulatory solutions.  
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Figure 3.4: Electrochemical processes detected by impedance spectroscopy 

 3.2.1 Impedance Spectroscopy: Circuit Implementations 

Impedance is defined as the opposition to current flow under the influence of a 

changing electric field. Quantifying electrode impedances thus relies on the 

availability of a robust AC signal source of predetermined amplitude and frequency. 

This has been implemented in a finite way in current neurotechnology: commercial 

neural recording systems such as Blackrock Cerebus™ and Plexon NanoZ™ Data 

acquisition systems obtain impedance data at 1 kHz from their neural probes 

respectively. The accomplish this by applying a sinusoidal voltage of known 
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magnitude across the tissue interface through the reference electrode and measuring 

the frequency response of the unknown impedance Z(jω) at the recording amplifier 

input nodes. Figure 3.5 demonstrates the circuit configuration for making this 

measurement.  

 
Figure 3.5: Circuit diagram for impedance measurement 

where Vin(t) is the AC source of a predetermined voltage and frequency. Rdivider is a 

known calibration resistance and Z(jω) is the unknown impedance, which in this case 

is the electrode-tissue-interface. The transfer function of the circuit in Figure 3.9 is 

given by 3.4: 

𝑉𝑜𝑢𝑡(𝑡) =  
𝑍(𝑗𝜔)

𝑅𝑑𝑖𝑣𝑖𝑑𝑒𝑟+𝑍(𝑗𝜔)
𝑉𝑖𝑛(𝑡)     (3.2) 

The calibration resistance Rdivider forms a simple resistive divider with the 

unknown impedance Z(jω) , and the measured attenuation of the source voltage Vin(t) 

can be used to calculate Z(jω). Impedance is a complex quantity but it is typically the 

absolute magnitude |Z(jω)| which is computed in commercial systems (although the 

NanoZ does provide phase information). Capturing phase is important because data 

suggests that dynamic changes at the interface may be coded by the phase of the 
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impedance response. The resolution of capacitive vs resistive contributions may be an 

important tool  even at single frequencies, aiding  in attributing signal changes to 

cellular vs electrode-related processes.  

Incorporating multi-frequency impedance measurements on an ASIC offer 

promising prospects for data to understand interfacial changes. The implementation 

would rely an on-chip tunable voltage source to generate voltage stimuli with well-

characterized frequency content. This may be distributed to individual electrodes 

through a multiplexing system, allowing for focal characterization if needed. 

Furthermore, it would be integrated on to the neural recording amplifier ASIC 

platform minimizing the overheads of the design. This is the approach we have 

chosen, and it is described in further details in the sections below.  

The design of sub-megahertz sinusoidal voltage sources or “oscillator circuits” 

is well-described in literature. We have implemented an integrated Wien bridge 

oscillator to serve as the sinusoidal voltage source. The rest of the ASIC design is 

based on some systems level considerations, which are described below. 

3.3 Design considerations in developing an 

integrated impedance-spectrometry ASIC 

Implantable biomedical ASIC design tends to be a conservative endeavor. 

When any expansions are made to the capabilities of a system, special consideration 

must be given to the possible impact it may have on the existing system, and the 

design needs to carefully mitigate these interactions. The best approach to added 
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functionality is to design each function as an independent module, which may be 

turned off to essentially become invisible to the rest of the system. The major 

characteristics of this type of modular design are outlined in the following section 

3.3.1 Modular approach to ASIC design:  

The basic design principle for modularity is independent control of the module 

without any impact on the main purpose of the chip. In our case, this translates into 

the ability to continue recording neural data seamlessly in the event of a malfunction 

in the impedance spectroscopy module. Our design has ensured this as follows: 

i. Independent power supply: The impedance measurement module (IMM) 

receives power through a separate dedicated power line, which may be turned off 

to revert the ASIC to recording mode. This shut-off mechanism also allows for 

power-savings when the IMM functionality is not being used. 

ii. Emergency shut-off via Reset switch: The Impedance measurement 

module has a dedicated reset-line which can override any internal delays and 

allows for fast shutoff in case of malfunction. 

iii. The design should allow for probing intermediate signals, and have the 

capability to bypass sub-circuits if a partial dysfunction occurs in one of the sub-

circuits. This is implemented through routing these signals to chip pads where 

they are connected via jumpers (or alternatively routed to external signal 

sources).  
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3.4 Sine-wave based Impedance Measurement ASIC 

The Impedance measurement module is composed of a sine wave oscillator which 

generates a rail-to-rail signal. This output is fed into an on-chip attenuator which 

subsequently alters the amplitude of this signal to a magnitude appropriate for 

impedance spectroscopy. The design routes the intermediary inputs and output to chip 

pads, where they may either be connected using external “jumpers” (as described 

above) . If there is signal corruption at any stage, the input to the next stage can 

alternatively be provided from an external source, thus maintaining the ability for 

perform impedance measurements in spite of sub-circuit dysfunction. This scheme is 

summarized in Figure 3.10 below. 

 
Figure 3.6: Impedance Measurement Module. 

3.4.1 Implementation of a Sinusoidal Oscillator 

An oscillator is an electronic circuit that is able to produce AC signals without 

any external inputs. This is achieved by deliberately creating a persistent but 

predictable and controlled instability in a feedback system. A feedback system, 

depicted in Figure 3.11 is characterized by its forward gain A and its feedback 

quotient β.  
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Figure 3.7: A canonical model of a Feedback system 

The overall transfer function of this system is given by: 

𝑉𝑂𝑈𝑇

𝑉𝐼𝑁
=

𝐴

1+𝐴𝛽
        (3.3) 

An unstable feedback system is one that is unable to satisfy its transfer 

function. In the example above, this happens when the denominator of the transfer 

function equals zero, given by Aβ = -1.  This condition, known as Barkhausen’s 

criteria, is the fundamental requirement for forcing a circuit into oscillation, and 

requires that the loop gain be 1 and the phase shift be -180° [43]. When this occurs, 

the output heads to infinity, constrained only by power supply. If the system is 

composed of active elements, A dynamically changes its value to steer Aβ away from 

singularity by slowing and eventually halting its trajectory. If the system is designed 

to maintain linearity, this causes the output to reverse direction and head toward the 

opposite rail. This continues cyclically as long as a closed loop gain of one is 

maintained. A loop gain greater than 1 creates an incremental growth in oscillatory 

amplitude leading to eventual saturation, while a gain less than one leads to 

dampening of the oscillation amplitude. 

Feedback circuits employing RC elements for frequency tuning in 

combination with operational amplifiers for gain control have been a standard 

engineering approach for integrated oscillator design at frequencies less than 1 MHz 
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[43, 44]. They offer several advantages including low power consumption and simple 

implementation with a few on-chip components. An oscillator may be designed to 

provide square or sinusoidal signals, where the latter is accomplished by adding 

specific circuit components for pulse-shaping.  

The Wien Bridge Oscillator, demonstrated in Figure 3.8, is a popular 

sinusoidal oscillator design due to its simplicity and ease of implementation. It utilizes 

an opamp with high GBW to provide dynamic forward gain, and a combination of 

positive and negative feedback (with the positive slightly outweighing the negative) to 

achieve stable oscillations. Lead and lag RC networks are used in the positive 

feedback pathway to introduce the phase shift, while the negative feedback is 

achieved via resistors. Figure 3.8 also demonstrates the use of automatic gain control 

(AGC) elements which reduce signal distortion close to power rails. The use of non-

linear elements such as diodes in the AGC allows for selectively reducing the gain of 

the negative feedback close to the power-rails, allowing for pulse shaping.  
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Figure 3.8: Wien Bridge Oscillator 

A Wien Bridge uses an inverting amplifier with a forward gain A given by: 

 
𝑉𝑜𝑢𝑡

𝑉+
= 1 +

𝑅𝑓+𝑅𝐴𝐺𝐶

𝑅1
                                                 (3.4) 

The feedback gain β is given by:  

𝑉+ 𝑉𝑜𝑢𝑡 ∗ (
𝑍𝑅2||𝐶2

𝑍𝑅2||𝐶2+𝑍𝑅2+𝐶2
)                                     (3.5) 

where ZR2||C2 is the complex impedance of the parallel combination of C2 and R2 and 

ZR2+C2 is the impedance of the series combination of R2 and C2. This gives 

𝛽 =
𝑉+

𝑉𝑜𝑢𝑡
=  (

1

3+𝑗𝜔𝑅2𝐶2+1/𝑗𝜔𝑅2𝐶2
)                            (3.6) 

 

Barkhausen’s criteria for this circuit is satisfied when Aβ = -1 , or 
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 (
1

3+𝑗𝜔𝑅2𝐶2+
1

𝑗𝜔𝑅2𝐶2

)(1 +
𝑅𝐹+𝑅𝐴𝐺𝐶

𝑅1
) = -1   

This occurs at 𝑅2𝐶2 =
1

𝜔𝑅2𝐶2
 ,  making the circuit oscillate with the 

characteristic frequency f0  which is given by: 

𝑓0 =
1

2𝜋𝑅2𝐶2
                 (3.7)

   

The unity gain requirement at the resonant frequency is met by sizing the 

forward gain elements appropriately to offset the feedback gain. Since β = 1/3 at f0, A 

is set to be 3, which gives a 2:1 ratio of feedback resistors. The Automatic gain 

control is selected such that the forward gain may in drop down to sufficiently less 

than 3 close to the supply rails to prevent saturation and maintain pulse shape.  

3.4.2 Design of a Tunable Wien Bridge Oscillator 

Neural electrode impedance measurements have historically been made at 1 

kHz. While this has been useful in tracking the electrode interface, it only yields point 

data. We hypothesized that data across a range of frequencies would offer greater 

insight into the complex mechanisms at play at the electrode-tissue interface. Since 

signal frequencies of interest in broad-band neural data span 1 Hz – 8 kHz, a 

logarithmic Wien Bridge Oscillator with 5-bit control from 1 Hz to 10 kHz is chosen 

to be implemented.  

The oscillator comprises a 2-stage CMOS opamp designed for high gain-

bandwidth product. The AC response of the opamp is shown in Figure 3.9 
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Figure 3.9:  AC response of 2-stage operational amplifier used in Wien Bridge 

Oscillator 

 

 The forward gain elements are sized at Rf = 24 kΩ (implemented as 

two 12 kΩ resistors in series) and R1= 12 kΩ.  The Automatic gain control mechanism 

uses an additional 24 kΩ resistor in series with a diode. This combination is activated 

in parallel with one of the 12kΩ components of Rf to drop the total Rf  to 20 kΩ when 

the voltage across the diode exceeds the forward-junction voltage (~ 0.7V).  The 

reduction in gain then allows for the appropriate sinusoidal pulse shape to form at the 

output.  

Tunable frequency is achieved through a combination of fixed off-chip 

capacitor and 5 distinct on-chip resistors. This allows for minimization of chip area. 

In our current implementation, a 100 nF capacitor is used. The circuit may be driven 
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with +/- 1.65 V split supplies, or a 3.1 V single-ended supply by externally setting a 

bias on the mid-rail voltage. It yields rail-to-rail sinusoidal signals at 1 Hz, 10 Hz, 100 

Hz and 1 kHz with low distortion. The 10 kHz sinusoidal is slightly gain-limited and 

only approaches ~ 50% of the full voltage swing. Figure 3.10 shows transient 

simulations of the oscillator across the range of operation:  

The RC feedback elements in the bandpass essentially form a bandpass filter 

selecting for the resonant frequency. The AC simulation of the oscillator, shown in 

Figure 3.11 demonstrates the resonant transfer function of the circuit at each of the 

frequencies of operation:  
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Figure 3.10: Transient simulations of Wien Bridge Oscillator across the full 

range of operation 
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Figure 3.11: AC response of the Wien Bridge, showing a stable loop gain at each 

frequency 

The Wien Bridge Oscillator was designed and fabricated in the ON-SEMI 0.5 

μm CMOS technology. It was integrated with the 16-channel amplifier chip described 

in Chapter 3. The frequency control signals were supplied as a serial input to a digital 

controller block on-chip. This was described in hardware-description language and 

synthesized using Mentor Graphics Leonardo Spectrum™. The detailed function of 

the controller block is described in the context of stimulation in Chapter 5. For the 

purposes of impedance measurements, the controller enables the Wien bridge 

oscillator, provides the appropriate frequency selection and routes the oscillator 

output to the appropriate electrode site (the address of the site is part of the serial 

input).  
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Oscillator Layout is shown in Figure 3.12. It occupied 300 μm x 300 μm of 

space and consumes 460 μA from a 3.1V supply. 

 
Figure 3.12: Layout of the Tunable Wien Bridge Oscillator 

The post-fabrication testing of the Wein bridge showed significant signal 

distortion. This was thought to be associated with the deviation of the behavior of the 

gain control elements from simulation models. Circuit gain is also very sensitive to 

mismatch in resistor sizing, and difficult to design for run-to-run robustness. The 

decision was thus made to implement a full impedance spectroscopy functionality 

instead of a few finite probe frequencies in the next generation by utilizing a digital 

approach for square wave generation. The description of this Impedance Spectroscopy 

ASIC is described in the next section. 
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3.5 Impedance Spectroscopy using a Square Wave 

Generator 

Impedance spectroscopy is classically known as a technique using well-known 

sinusoidal excitation sources. The successful use of square wave voltage sources has 

however been recently reported in literature in widespread disciplines from battery 

engineering to bioimpedance monitoring [45-47]. This is an enticing prospect for BCI 

applications because it may be implemented digitally. This would allow for a 

compact, tunable signal source which can easily be integrated onto the same ASIC 

platform. Furthermore, it would take away the overhead and uncertainly associated 

with designing tuned analog circuitry. 

Impedance measurement circuits for BCIs rely on the ability of the neural 

signal amplifiers to also accurately record the impedance response of electrodes. 

Verifying that the amplifier’s performance, particularly slew rate, is compatible with 

recording the impedance source waveforms is an important preliminary task. Figure 

3.163shows the outcome of this test for our neural amplifier design.  
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Figure 3.13: Neural Amplifier Response to square pulses from 1 Hz to 1 kHz. 1 

Hz data demonstrates the effects of the DC filtering high-pass with a cutoff at 1 

Hz 

This data was obtained by setting up a benchtop test for neural recording 

amplifiers. 100 kΩ resistors were used to model the microelectrodes. A 1 mV square 

wave from a bench top pulse generator was then applied to the amplifiers through the 

dummy electrodes, and the output response was characterized for a range of 

frequencies between 1 Hz and 1 kHz. The signal distortion at the low-end of the 

frequency spectrum may be mitigated by selecting the (tunable) high-pass cutoff 

frequency to be lower than the frequency of interest for impedance spectroscopy. 

Similar distortion is seen at 10 kHz (data not shown) due to the 7.8 kHz low-pass 

cutoff for the amplifiers, but this is outside the frequency range of interest, and is 

therefore not a concern.  
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3.5.1 System Architecture:  

The overall architecture of the square-wave impedance spectroscopy system is 

identical to that described for the Wien bridge oscillator based approach with the 

exception that the sinusoidal source generator circuit is absorbed into the digital 

controller block, which is able to take in a serial data stream with the impedance 

spectroscopy parameters and provide a TTL level square wave of the desired 

frequency. This is subsequently divided using an on-chip resistive divider circuit and 

a fed through a unity gain buffer to reduce its output impedance. Multiplexing 

circuitry is implemented to direct the impedance signal to a specific channel in the 

amplifier array. This is demonstrated in Figure 3.14. Of note, this prototype system is 

integrated with a 100-channel amplifier ASIC.  

 
Figure 3.14: System architecture for 100-channel impedance spectroscopy ASIC 

 
The individual components of this system are described in detail below: 
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3.5.2 Digital Controller 

This is a crucial component of the system since it acts as the serial input 

interface, the square wave generator and the signal multiplexing decoder. Serial data 

is delivered in a 44-bit packet with a structure described in Table 3.1  

8 bit SYNCH Packet Start Identifier 

1 bit PARITY Parity Check (Even) 

3 bit MODE 

000 Record 

001 Nominal Impedance 

111 Impedance sweep 

8 bit ADDRESS Electrode Address 

16 bit FREQUENCY Square Wave Frequency 

8 bit SYNCH Packet End Identifier 

Table 3.1: Packet Structure for Serial data to the Impedance Spectroscopy ASIC 

There are 3 important parts to the data packet.  

i. Address bits: These determine which channel the spectroscopy 

signal is directed to. Additionally, there is a mechanism to allow 

parallel distribution of the impedance source signal to all channels 

by setting all 8 address bit to 1 (decimal 256).  
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ii. Mode bits: These may be set to record, impedance or sweep (as 

described above). In the nominal impedance mode, a single source 

frequency is generated. The maximum frequency that is possible 

to generate is ½ the clock provided to the controller. The sweep 

mode, on the other hand, generates a frequency sweep by 

sequentially generating signals of increasing frequencies (for 10 

signal cycles each). The upper bound for the sweep is always the 

highest possible frequency (1/2 clock) while the lower bound is set 

by the value of the frequency bits in the data packet.  

While exclusive recording is a mode that may be selected via 

the digital controller, the system is designed such that this is the default 

mode of operation. The system is able to record in the absence of any 

serial data input and even if the digital controller module is left 

powered off. 

iii. Frequency bits: These do exactly what their name suggests. The 

actual implemental waits the number of cycles indicated by these 

bits before toggling the state of the output signal. This means that 

the effective transfer function of 16bFrequency to output signal 

frequency is: 

𝑓𝑜𝑢𝑡𝑝𝑢𝑡 =
𝑓𝐶𝐿𝐾

2∗(16𝑏𝑖𝑡𝐹𝑟𝑒𝑞+1)
     (3.8) 

For example, if the fclk = 20 kHz and 16bitFreq = 3, foutput = fclk/8 = 2.5 
kHz. 
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The digital controller was developed as VHDL (VHSIC Hardware Description 

Language) using Active HDL Software. Once the digital decoder had been designed 

and verified through simulation, it was converted into transistor level layout by 

Mentor Graphics Leonardo Spectrum Synthesis tool. The design was optimized for 

area so as to minimize the overall footprint of the Impedance Spectroscopy ASIC. 

Total chip area is an important constraint since the 100-channel ASIC must remain 

compatible with direct integration approaches such as flip-chip bonding to the 4 mm x 

4 mm 100-channel Utah MEA. The top level layout of the controller is shown in 

Figure 3.15 while Figure 3.16 demonstrates the post-synthesis layout simulation.  

 
Figure 3.15: shows the synthesized layout of the digital decoder sub-circuit. 

Controller output frequencies as a function of digital input code were analyzed 

across the range of operation and are demonstrated in Figure 3.17. 
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Figure 3.16: Simulation data from digital decoder. The data packet is set to a 

mode of ‘001’, an address of 64 ‘0100 0000’ and a 16bFreq of 0 ‘0000 0000 0000 

0000’. Clk is set at 20 kHz. The blue waveform demonstrates the toggled address 

line and the pink waveform demonstrates a 10 kHz square wave as expected. 

  

 
Figure 3.17: Controller Frequency Output Versus Digital code. Calculated 

values are compared with Measured values to confirm Controller Frequency 

transfer function.  
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3.5.3 Analog Attenuator 

The purpose of the analog circuitry on the Impedance Spectroscopy ASIC is to 

attenuate the square wave generated by the Digital controller module. This is achieved 

by a 1:500 on-chip resistive divider. The latter produces a ~ 6mV signal (depending 

on VDD to the controller). The output of the divider is the buffered with a 2 stage 

CMOS opamp configured as a follower. The low output impedance of the opamp 

output stage allows for reliable application of the generated signal to the external test 

impedance. Figure 3.18 depicts the overall system diagram while Figure 3.22 shows 

the analog attenuator layout. It is important to note that the output of the analog 

attenuator goes through a second resistor Rdivider. This forms one half of a second 

resistive divider, while the other half is the test Impedance Zext. The input node of the 

amplifier senses the voltage at the node between the elements of the second divider, 

thus assessing the ratio of these 2 elements. The sense-amplifier input node voltage is 

given by 3.9: 

𝑉𝑖𝑛 =  
𝑍𝑒𝑥𝑡

𝑅𝑑𝑖𝑣𝑖𝑑𝑒𝑟+𝑍𝑒𝑥𝑡
      (3.9) 
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Figure 3.18: Schematic of the impedance Spectroscopy ASIC, highlight the 

Analog Attenuator. 

 
Figure 3.19  Layout of the Analog Attenuator. A guard rail is implemented to 

protect this analog circuitry from noise generated in the adjacent digital blocks. 
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CMOS Opamp Buffer 

 The design of the CMOS operational amplifier is crucial to the proper 

functioning of the impedance module. The buffer amplifier is implemented as a 

standard 9-transistor 2-stage opamp. It is self-biased and designed to for a gain-

bandwidth product > 1MHz. Figure 3.20 shows the schematic of the buffer amplifier. 

The AC response of the opamp is demonstrated in Figure 3.21 

 
Figure 3.20: Schematic of 2-stage CMOS opamp used as a unity gain follower 

 



99 
 

 
Figure 3.21: AC response of the CMOS opamp. The -3dB frequency is at 100 

kHz 

The operation of the analog attenuator is shown in Figure 3.22. 

 
Figure 3.22: Analog Attenuator Output. The top frame shows the digital decoder 

and its generation of a TTL square wave. The bottom frame shows the output 

from the attenuator, with a square wave of the same frequency, but smaller in 

voltage magnitude (6 mV).  
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3.5.4 Integration with 100-channel Preamplifier Array 

The Impedance Spectroscopy module was integrated with the existing 100-

channel amplifier array once its performance was verified with post-layout 

simulations. The top level circuit layout is shown in Figure 3.23 with the impedance 

spectroscopy module adjacent to the 10 x 10 grid of recording amplifiers. One of the 

most important things to verify at this top level is the maintenance of the recording 

capability of the amplifiers after the addition of the impedance spectroscopy circuitry. 

Figure 3.24 demonstrates the operation of the amplifiers when presented with 

sinusoidal waveforms of various different frequencies.  

 
Figure 3.23: Top level Impedance Spectroscopy Chip Layout. The IS module 

layout is added to the periphery of the preamp array. 
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Figure 3.24: Recording function of the preamplifiers. Each trace shows the 

multiplexed output from 1 bank of 50 amplifiers. Sinusoidal waveforms with 

frequencies from 1 – 5 kHz were used. Sampling clock was set at 160 Hz for 

improved visualization. 

 
The top-level functionality of the impedance spectroscopy module was 

verified, as demonstrated by Figure 3.25. For full operation of the module, the digital 

controller and the analog attenuator must produce 3V and 6 mV square waveforms 

respectively. The frequency of the signals must match that determined by equation 

3.8. The attenuated signal is then applied to a test impedance and must produce a 

further attenuated signal at the amplifier input node. For a 100 kΩ external impedance 

in this test case, this value is 1mV (based on the 2nd divider ratio of Zext /500 kΩ  + 

Zext).  
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Figure 3.25: Impedance Spectroscopy module (after integration with 100-

channel Preamplifier array) 

 The impedance spectroscopy module was designed with a safety 

override function in order to have the capability to turn the system off in case of an 

emergency. Figure 3.26 demonstrates use of this function. The reset signal must be 

asserted in order for the module to function; turning this signal off emergently shuts 

down the module and turns off its power supply until the signal is reasserted. This 

makes the chip revert back to recording mode as described earlier. 
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Figure 3.26: Emergency Shutdown through reset. The system is functional as 

demonstrated by the 6mV square wave signal output from the analog attenuator. 

When reset is deasserted, output turns off. System functionality returns when 

reset is turned on again. 

3.5.5 Layout Considerations 

The impedance spectroscopy module is composed of both analog and digital 

parts. The latter has an active clock which can compromise the performance of the 

analog counterparts. When laying out the circuitry, special care and attention was 

invested in ensuring that the analog and digital parts were isolated as much as 

possible. Separate and dedicated power supply pads were created for each sub-circuit. 

Fast-switching traces such as the clock line were routed distant to analog 

signals to prevent cross-coupling. When separation of the traces was not possible, the 

analog traces were routed on metal1 with a ground plane on metal2. The digital lines 

were then routed in metal 3 to provide shielding to the analog signals. The analog 

attenuator was enclosed in a guard rail for further protection from digital noise. Extra 

care was taken to reduce parasitics by minimizing trace lengths and layer to layer 

cross-overs and the path length from the smallest attenuated signal (1mV) to the 

electrode was minimized by placing the second resistive divider adjacent to the 

electrode bond pad. 
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3.6.6 Fabrication and Testing 

The ASIC was designed and fabricated in ON-SEMI 0.5 μm CMOS. Figure 

3.27 shows a photomicrograph of the fabricated chip.  

 
Figure 3.27: Photomicrograph of 100-channel Impedance Spectroscopy ASIC 

A testing matrix was developed for benchtop characterization and subsequent 

systems-level testing. Results from bench top testing of 40-pin DIP packaged device 

are described below while development and testing of an impedance spectroscopy 

system for in vitro and in-vivo experiments is discussed in Chapter 4.  

i. Recording function without impedance spectroscopy powered: 

This is the baseline operation mode of the 100-channel amplifier chip, and is 

basic verification test to ensure that the add-on circuit has not created any 

performance problems for the amplifiers. Figure 3.28 shows recording amplifier 

output in response to an external sine wave applied to its input node.  
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Figure 3.28: Amplifier Recording performance. The pink waveform shows a sine 

wave source which is applied to the amplifier input. The blue waveform is the 

channel addressing clock, while the yellow waveform shows the amplifier output, 

sampled at the multiplexor output 

ii. Recording tests with Impedance Spectroscopy module turned on: This allows for 

characterization of any cross-talk or added noise due to the presence of the 

impedance spectroscopy module. The extensive characterization of this mode is 

not possible in a bread-boarded bench top setup since it requires noise analysis 

best performed with an optimized systems approach. Figure 3.29 however, 

demonstrates the lack of any obvious difference in recording performance before and 

after turning on the impedance spectroscopy signal.  
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Figure 3.29: Recording performance with and without impedance spectroscopy 

signal. 

i. Testing of Impedance Spectroscopy Module in its fundamental modes of 

operation: This is to establish that each of the design features works as expected. 

A 100 kΩ resistor connected to the amplifier bond-pad is used to model the external 

impedance 

The first test was to verify operation in nominal impedance mode. A source 

frequency was selected and the signal was directed to a single amplifier channel. 

Figure 3. 30 shows the multiplexed amplifier output. After this was verified, the 

signal was directed to 2 different channels (with sequential data packets indicating the 

different addresses). The output from this test is shown in Figure 3.31 Next, the signal 

was then simultaneously directed to all 100 channels as shown in Figure 3.32  
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Figure 3.30: Impedance Spectroscopy in nominal impedance mode. The larger 

output waveform representing the 1mV square wave is evident on the 

multiplexed output line (yellow) for 1 clock period of the channel multiplexing 

clock (green). The original impedance signal is shown in pink. 

 

 
Figure 3.31: Impedance Spectroscopy in nominal impedance mode. Two data 

packets are sent sequentially. The first one has an address on Bank A and the 

second with an address on Bank B. 
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Figure 3.32: Impedance Spectroscopy in nominal impedance mode with signal 

directed to all channels on both Banks A & B.  

These tests verified both the signal generation and the addressing capabilities 

of the digital controller, and the appropriate function of the analog attenuator. The 

logic of the signal frequency generation was also verified by looking at the same data 

on a closer time scale. Figure 3.33 shows one example of a data packet and the 

corresponding output. 
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Figure 3.33: Serial data and output of Signal Generation Logic 

 

The final step in bench top verification was to check that the sweep mode was 

able to generate multiple freuencies according to the design criteria. Figure 3.34 

shows two examples of sweep frequencies—the trace on top show a sweep of 2 

frequencies while the botton demonstrates a thre frequency sweep. 

 
Figure 3.34: Performance in Sweep mode with 2 (top) and 3 (bottom) frequencies 

The ASIC was found to perform as expected in each of the bench top tests as 

described above. The next step was to incorporate the ASIC into a full recording 

system platform for further in-vitro and in-vivo testing. The design of a PCB system 
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and further characterizations obtained from systems level testing are described in 

Chapter 5.  
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Chapter 4. Evaluation of Impedance 

Spectroscopy in Benchtop, In-vitro and 

In-vivo Tests 

The design, simulation and basic benchtop characterizations using a bread-

board and packaged Impedance Spectroscopy ASIC are described in Chapter 3. This 

chapter addresses the systems level testing of the ASIC in more extensive bench top, 

in-vitro and in- vivo tests.  

4.1 A Prototype Test System, Data Acquisition and 

Command Delivery  

 The 100-channel Impedance Spectroscopy ASIC was used to build a 32-

channel wired prototype test system. The choice of a reduced channel count was made 

for quick assembly (the 100-channel system requires flip-chip bonding of the ASIC 

through a contractor while the 32-channel system may be assembled in-house through 

wire-bonding). Ease of use with rodents (which are the test platform of choice) was 

another reason for this choice. The PCB-based system was designed to use a 36-

channel Omnetics mating connector [1] to connect with a 6x6 Utah MEA.  
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Figure 4.1: Overview Block Diagram of the Impedance Spectroscopy ASIC 

Evaluation System. 

Figure 5.2 shows the PCB layout and the 1x1 inch fabricated board with a 

rodent-compatible Omnetics connector. The PCB was populated by MultiLab systems 

in Lawrence, MA (except the amplifier ASIC, which was populated and wire-bonded 

in-house). A second set of PCBs were populated and tested by a collaborating group, 

Swiss Center for Electronics and Microtechnology in Neuchatel, Switzerland as part 

of an ongoing collaboration described in Chapter 6 and Appendix I. 

 

 
Figure 4.2: 32-channel Impedance Spectroscopy Prototype System PCB layout 

and fabricated board.  
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Wired Manchester encoded digital data from the Impedance Spectroscopy 

proto board is routed to a custom designed Single-In Multiple Out (SIMO) 

distribution board. An OrangeTree Zest-ET1 Gigabit Ethernet board with a Spartan 

3A XCS1400A FPGA [2] is custom programmed to receive data, which involves 

decoding the Manchester stream and deserializing the data.  

  Impedance commands to be transmitted to the chip are done using a Xilinx 

Spartan 3E FPGA. Command delivery and data acquisition will eventually be merged 

to utilize the same FPGA, but are kept separate at this time due to easy of generating 

triggers (using the FPGA reset button on the Spartan 3E) without disrupting data 

capture.  

Figure 4.3: (a) (Left) Overview Block Diagram with external components added. 

(b) (Right Top) OrangeTree Zest ET1 Gigabit Ethernet Board (c) (Right 

Bottom) Impedance Spectroscopy Test system. 

 

Data is processed using MATLAB. Time domain data presented in the rest of 

this chapter is raw and unfiltered. Calculation of Impedance values relies on the ratio 



121 
 

of open and closed circuit signal magnitudes. In order to have minimal impact on 

phase information, data is not filtered or windowed. ADC output values are directly 

converted into the frequency domain using Discrete Fourier Transform A ratio of the 

spectral values at the frequency of interest then serves as a proxy for the test 

impedance (in comparison to an internal calibration resistance).  

4.2 Bench-top Calibration Testing with Passive 

Components 

4.2.1 Developing an Accurate Electrical Model of 

Microelectrode Array for Bench-top Testing 

A metal electrode immersed in electrolyte has an impedance given by 4.1:  

𝐻(𝑗𝜔) = 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 +
𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

1+𝑗𝜔𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝐶𝑑𝑜𝑢𝑏𝑙𝑒_𝑙𝑎𝑦𝑒𝑟
             (4.1) 

In order to obtain a reasonable electrical model of a typical implantable 

electrode, a commercial impedance testing system (NanoZ™ from White Matter 

LLC) was used to measure impedances of a 6x6 Utah MEA immersed in 0.9% normal 

saline. Figure 4.4 shows the impedances of 31 electrodes across a range of 

frequencies from 1Hz – 2 kHz. This data was then fitted using MATLAB as shown in 

Figure 4.5, and yielded values for an RC combination to use in bench top 

characterizations.  
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Figure 4.4: Impedance versus frequency measurements from 31 electrodes in a 

single Utah MEA using NanoZ™ 

 

 
Figure 4.5: Impedance data from Utah MEA, fitted using MATLAB. 

 The data from the 31 channels was averaged (after removal of outliers) to 

yield a 55 MΩ resistance in parallel with a 680 pF capacitance as the nominal silicon 

microelectrode model. Equation 4.1 can thus be rewritten as 4.2 for a Utah MEA 

electrode.  
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𝑍(𝑗𝜔) = 55 𝑀𝛺 +
1

(𝑗𝜔) 680 𝑝𝐹
      (4.2) 

4.2.2 Bench top calibration testing: 

The first functional test was to measure the open circuit voltages in impedance 

spectroscopy mode across all 100 channels (all channels are simultaneously tied to the 

impedance source and the output data stream samples across the entire chip, even in 

the 32-channel system). This is the shown in Figure 4.6 with a 1 kHz source 

frequency. The amplifiers of channels 21, 41 and 61 in this figure are connected to an 

on-board accelerometer, and hence do not demonstrate the square wave. Each channel 

was then grounded to obtain a connector pin to channel number map, demonstrated in 

Table 4.1.  

Omnetics 
Amp 
ch   Omnetics 

Amp 
ch 

1 GND  19 REF 
2 71  20 91 
3 61  21 82 
4 51  22 92 
5 -  23 93 
6 -  24 94 
7 -  25 95 
8 13  26 96 
9 3  27 97 

10 4  28 98 
11 5  29 99 
12 7  30 89 
13 17  31 79 
14 8  32 69 
15 9  33 20 
16 50  34 30 
17 60  35 39 
18 REF  36 GND 

 

Table 4.1: Amplifier channel to Omnetics Pin number map built through use of 

direct impedance source signal to individual amplifiers. 
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Figure 4.6: Impedance Signal Across 100-channels. Inputs of channels 21, 41 and 

61 are connected to an accelerometer, and hence appear “grounded”. 
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Figure 4.7 shows simultaneous grounding of all 32 connected channels. This is 

used as an calibration test prior to each system use to ensure continued access to all 

presumed channels.  

 
Figure 4.7: The 32 channel connector is grounded, showing attenuated signals on 

connected channels only. 

4.2.3 Bench top and in-vitro testing 

 The RC model derived in 4.2.1 was used for measurements described 

in this section. Impedance source signals of various frequencies were applied to a 

single electrode loaded with a parallel combination of 55 MΩ and 680 pF, and 

channel response was measured. Figure 4.8 shows a representative Time and 

Frequency Domain output pair for a 1 kHz source signal. 
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Figure 4.8: (a) (Top) Transient signal with impedance source selected to be 1 

kHz. (b) (Bottom) The windowed DFT of the time series in (a) with a signal 

amplitude of -16.95 dBFS. 

 

Characterization of the ASIC’s range and resolution was pursued next. 

Measurements were done at 1 kHz. RC load impedance was swept from 1kΩ to 5MΩ 

(by varying capacitance), and recorded ADC output was measured. A linear response 

is expected as demonstrated in Figure 4.9. At ~750kΩ however, the load capacitance 

(C = 328pF) forms a low-pass filter with the 500kΩ internal calibration resistor, and 

an attenuated AC signal can no longer be detected at the output due to this low-pass 

filter.  
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Figure 4.9 : Logarithmic impedance sweep from 1 kΩ to 5MΩ at 1 kHz. 

The resolution of the system was characterized next. This is defined as the 

minimum impedance change that may be reliably detected at the system output, and 

depends on the signal to noise ratio of the impedance signal to the recording amplifier 

noise (the latter is described in Chapter 2, and is known from bench top measurements 

to be ~2.83 μVRMS at 1 kHz). According to these 12-bit ADCs running at 3.3 V, the 

ADC step correlates with a ΔV of 4 μV at the amplifier input node. An SNR>2 then 

requires a ΔV > 8 μV (2 ADC steps). At 1 kHz and a nominal 100 kΩ impedance, this 

yields a resolution of 1 kΩ. This is verified experimentally using a parallel 

combination of a 55 MΩ resistor and a 1.3 nF capacitor to serve as a base impedance 

of 104 kΩ. Total impedance is linearly swept in 1kΩ increments between 1kΩ – 18kΩ 

using a second parallel capacitor. Figure 4.10 shows the recorded ADC output for this 

linear sweep.  
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Figure 4.10: Impedance Spectroscopy ASIC Output for a linear impedance 

sweep from 104 – 122 kΩ at 1 kHz.  

The system was then used to characterize the frequency response at a single 

channel between 40 Hz – 2 kHz. Figure 4.11 summarizes this measurement; the open 

circuit voltage remains stable across frequencies while the closed system reacts to the 

increasing capacitive contributions to impedances with increasing frequency. Coupled 

60 Hz noise is a significant issue when making bench top measurements with this 

system, and this is evident in the open circuit response at very low frequencies.  
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Figure 4.11: Impedance Response to Frequency Sweep from 40 Hz to 2 kHz in 

open (Left) and closed circuit (Right) configurations.  

Finally, the system was tested with a saline-immersed 6x6 Utah MEA. 

Measurements from the system were compared against vendor-provided values. 

Figure 4.12 shows the measurement setup.  The Utah MEA has 2 Pt-IR reference 

wires. One is internally grounded through the Impedance Spectroscopy test system 

while the other is left floating. The measured Time domain impedance response 

across the 32 connected channels is shown in Figure 4.13. Table 4.2 shows vendor-

furnished and measured impedance values.  

 
Figure 4.12: Impedance Measurement setup for in-vitro measurements with 

Utah Array in Saline.  
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Figure 4.13: Transient response to 1 kHz signal across 32 connected channels.  

  

Omnetics 

Vendor 
Values 
(kΩ) 

Measured 
Values 
(kΩ)  Omnetics 

Vandor 
Values 
(kΩ) 

Measured 
Values 
(kΩ) 

1 GND GND  19 REF REF 

2 457 167  20 234 156 

3 437 223  21 195 287 

4 262 155  22 270 165 

5 278 NC  23 202 268 

6 355 NC  24 220 185 

7 514 NC  25 202 170 

8 207 167  26 340 187 

9 221 1000  27 185 160 

10 215 765  28 212 179 

11 435 135  29 186 166 

12 154 1231  30 247 177 

13 154 161  31 237 203 

14 160 288  32 186 141 

15 202 1000  33 185 1000 

16 143 136  34 240 152 

17 174 142  35 270 1000 

18 REF REF  36 GND GND 

Table 4.2: Impedance values of 6x6 Utah MEA in saline.  

Table 4.2 demonstrates that several impedance values are in the same ballpark 

as vendor supplied values but are not identical. Some of this error could be associated 

with resistor sizing variability (we use a standard calibration value for all 
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computations). This needs to be investigated further and addressed appropriately. The 

larger deviations from vendor-supplied values are likely either due to post-calibration 

electrode damage (causing increase in impedance) or previous use debris on electrode 

(causing decrease in impedance). The latter is likely to happen since this acute array 

has been used several times for acute animal experiments.  

The saline data does nonetheless demonstrate that the attenuated signals can 

be processed and that the impedance values generated are close in magnitude to the 

expected numbers. Since vendor-provided values only included a magnitude for 

impedance, the data processing approach did not focus on extraction of phase 

information, which is discussed in the next section. 

4.3 animal Testing with the Impedance Spectroscopy 

ASIC 

In-vivo testing of the impedance spectroscopy system was conducted in a 

Long-Evan rat with a 6x6 implanted Utah MEA. The animal has been implanted for 

>6 months and has had stable recordings during this time.  
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Figure 4.14: Animal experimental setup with Utah MEA connected to 

Impedance Spectroscopy Test syste   m through a multi-channel cable connector. 

Figure 4.15 shows a comparison between the open and closed circuit Time and 

Frequency domain signals at one channel. 

 
Figure 4.15: Open and Closed Circuit Impedance Signals at one channel in an 

animal with Utah MEA 

In order for these signals to be used effectively for extraction of phase 

information, they need to be temporally aligned appropriately. The latter highlights a 

limitation of the current data acquisition system, which is unable to process an 

external synchronization trigger along with the Manchester-encoded output data 
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stream. For the purposes of this experiment, the signals were aligned manually by 

matching the phase of the unconnected open channels. Figure 4.16 demonstrates the 

transient signals of the 6x6 array. It can be seen that the closed circuit phase of 

different channels varies in comparison to the open circuit calibration signal, 

indicating that phase information may be decoded from the signals.  

 
Figure 4.16: Open and Closed Circuit Transient signals from a 6x6 Utah MEA 

implanted in a rodent. 

The impedance values obtained from the test system were then compared with 

measurements made using a NanoZ™ impedance measurement system for validation. 

Comparison of these values is shown in Table 4.2.  When the measured values are 

close to expected, they are highlighted in green.  

This experiment, along with its in-vitro precursor suggests that the cause of 

the impedance value mismatch is intrinsic to the test system or data processing 

software. Only 1 test system was available for use in generating the data presenting in 

this chapter, and repeating these tests with multiple systems is the first step toward 

determining the cause of these discrepancies. These experiments have however 
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validated the basic function of the system and highlighted some issues which are 

summarized in the next section.  

Omnetics 
Amp 
channel 

NanoZ 
 (kΩ) ASIC  Omnetics 

Amp 
channel 

NanoZ 
 (kΩ) 

ASIC  
(kΩ) 

1 GND GND GND  19 81 REF REF 

2 71 262 234  20 91 332 374 

3 61 176 188  21 82 286 211 

4 51 172 146  22 92 304 382 

5 - OPEN NC  23 93 251 OPEN 

6 - 416 NC  24 94 599 548 

7 - 488 NC  25 95 382 OPEN 

8 13 441 326  26 96 373 538 

9 3 457 422  27 97 333 488 

10 4 268 234  28 98 334 OPEN 

11 5 OPEN 297  29 99 571 419 

12 7 199 OPEN  30 89 261 256 

13 17 371 217  31 79 OPEN OPEN 

14 8 356 OPEN  32 69 OPEN 443 

15 9 130 117  33 20 OPEN 343 

16 50 124 144  34 30 430 519 

17 60 128 OPEN  35 39 262 OPEN 

18 REF REF REF  36 GND GND GND 

Table 4.2: Impedance Measurements in implanted Utah MEA. NanoZ values 

compared with measure values from Impedance Spectroscopy Test system.  

4.3.1 Current System Limitations and Next Steps 

The range of operation for the amplifiers capturing impedance data is +/- 2 

mV. The impedance source signal is +/- 3 mV this was chosen to have +/-  0.5 mV at 

the amplifier input with a nominal 100 kΩ impedance). Full-scale open circuit 

voltages are thus at clipped by the amplifier rail, and cannot be used in complex 

impedance calculations.  This is, however, a problem that can be easily fixed by 

adding a board-level resistive divider to tune this full-scale voltage to be within the 

measurable range.   
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Another challenge for phase information processing is alignment of signals (as 

discussed above). This can also be addressed by changing the data acquisition system 

to incorporate a trigger. An updated board design has already allowed for these 

changes; these assembled systems will be tested next, both to replicate this data and 

identify the cause of the noted discrepancies as well as to enable processing of phase 

information.  

Once these tests have been completed, we may consider incorporating a short-

range solution for wireless command delivery range IEEE 802.15.4 (Zigbee protocol). 

Data out can be made wireless by using already designed RF ASIC for a fully 

wireless system once reliable functionality has been demonstrated.  

4.4 References 

1. Omnetics 36 channel Nano-Strip connector datasheet. Accessed March 31st, 

2016.  http://www.omnetics.com/neuro/nano-strip/ 

2. OrangeTree ZestET1 Gigabit Ethernet Board datasheet. Accessed April 24th, 

2016. http://www.orangetreetech.com/zestet1.php.  

3. NanoZ Impedance Tester Specs. http://www.white-matter.com/nanoz/. 

Accessed Mar 30th ,2016. 
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Chapter 5: “Writing” back to the 

Brain using Stimulation 

5.1 Introduction 

Electrical stimulation of the nervous system has a long, rich history and has 

enjoyed widespread therapeutic use in medicine. Non-focal and non-specific targeting 

of tissue has been a persistent challenge for this technique, and this has only recently 

begun to be mitigated by the development of focal probes and IC-based stimulators.  

Two devices that have been particularly instructive in understanding the principles of 

CNS stimulation are the Epiretinal and Cochlear Implants, which are shown in 

Figures 5.1 and 5.2 respectively.  Both technologies rely on their respective anatomic 

(retinotopic/tonotopic) sensory mapping, and effectively demonstrate that even simple 

sensory commands may be rendered functionally significant through use of patterned 

stimulation.  

The lessons learned from these devices set precedent for patterned intracortical 

microstimulation as part of a closed-loop neuroprosthesis. Providing meaningful input 

to the sensorimotor system is not a trivial task, complicated both by the density of 

sensorimotor representation in cortex as well as the multifocal distribution of neural 

processing pathways. The latter, however, also offers the possibility to intercept motor 

pathways at higher level of integration, which is utilized by technologies such as Deep 
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Brain Stimulators (DBS), Vagus Nerve Stimulators (VNS) and the Neuropace™ 

Responsive Stimulation System (RNS) as shown in Figure 5.3.   

 
Figure 5.1: The Argus II ® Epiretinal Implant. Targeted for patients with 

damage and/or loss of retinal photoreceptors as with Retinitis Pigmentosa (RP). 

The device uses patterned stimulation of retinal ganglion cells driven by images 

captured by a camera on the eye glasses, processed by a wearable embedded-

system computer (termed the Visual Processing Unit (VPU) and transmitted 

wirelessly to the epiretinal electrode array. Patients are able to perceive spots of 

light called “phosphenes” and learn to interpret them to use as a visual 

navigational aid.  

 
Figure 5.2: Cochlear Implant. Developed for congenital profound sensorineural 

hearing loss but now also used for acquired age-related sensorineural deafness. 

Similar to the epiretinal implant with implanted electrodes and wireless 

telemetry to an external microphone and speech processor.  
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  Figure 5.3: (a) (Top) The Neuropace RNS™ system. The system uses a 

combination of subdural strip and Depth electrodes for sensing and responsive 

deep brain stimulation (b) (Bottom) Vagus Nerve Stimulator (VNS). A cuff of 

electrodes is placed around the Vagus nerve in the neck. Continuous low 

frequency stimulation theoretically inhibits seizures through modulation of 

brainstem nuclei.  

Studies of the therapeutic utility of Intracortical microstimulation (high-

frequency continuous and patterned multi-channel) for numerous neurological 

conditions from epilepsy to stroke and dementia have recently been reported in 

literature [3-4], indicating that this is a burgeoning opportunity for neuroengineers. 

Understanding stimulation biophysics is the first step in this direction, and is reviewed 

briefly below.  
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5.1.1 Stimulation Electrochemistry and Approaches 

The Action Potential (AP), characterized by a stereotypical ~100mV voltage 

change over ~1ms (shown in Figure 5.4), is the fundamental currency of neural 

communication [5-6]. It is the result of a vast degree of intra-neural dendritic 

integration up to the neuron’s “depolarization threshold”. This threshold is also 

important from the perspective of stimulator design; the corresponding term is 

“stimulation threshold” and defines the parameters of efficient coupling between an 

external electrical stimulus and the effector neuron.  

 

 
Figure 5.4: The Neural Cell membrane is a functional capacitor with a resting 

potential across it. This is maintained by the passive diffusion and active 

transport of ion species across the membrane by ion channels. The membrane 

may depolarize due to a variety of spatially and temporally summated stimuli; 

once the collective depolarization crosses the “threshold voltage”, it sets into 

motion the generation of an action potential 

Successful electrical stimulation relies on charge transfer across the metallo-

ionic electrode-tissue interface described in Chapter 4, as highlighted in Figure 5.5. 

This may occur through one of two mechanisms: non-Faradaic or Faradaic, where the 

former relies on charge redistribution while the latter involves actual charge transfer 
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utilizing redox chemistry at the interface [8-11]. The respective electrochemical 

changes are reflected in Figure 5.6.  

 
Figure 5.5: A circuit model of the tissue-electrode Interface and its relationship 

to the excitable Neural Elements. During stimulation, charge is injected into (or 

removed from) the metal electrode, and couples to tissue through the Faradaic 

Impedance. 

Faradaic processes degrade the interface, and should be minimized in 

biological stimulation. Faradaic current density is proportional to the interface 

potential, and electrode materials have to be chosen carefully to minimize 

contributions from Faradaic processes. Water can also undergo Faradaic 

oxidation/reduction as demonstrated by 5.1 and 5.2. The interfacial potentials that 

cause these reactions are termed the “water window” and set the ultimate limits on 

acceptable interface potentials for biological stimulation.  

2𝐻2𝑂 + 2𝑒− →  𝐻2 ↑  +2𝑂𝐻− (reduction of water)   (5.1) 

2𝐻2𝑂 + 2𝑒− →  𝑂2 ↑  +4𝐻+ + 4𝑒−  (oxidation of water)  (5.2) 
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Figure 5.6: Faradaic versus non-Faradaic charge transfer. Faradaic mechanisms 

causing redox reactions causing the creation of new chemical species. Non-

Faradaic mechanisms utilize capacitive coupling and movement of charge 

carrier species already present in the system.  

 The charge transfer described above may be accomplished in one of two ways: 

applying a constant voltage or a constant current. The temporal dynamics of these 

charge delivery mechanisms is demonstrated in Figure 5.7. Constant voltage 

stimulation is easy to implement and used in technologies such as DBS. Current 

magnitude, however, decreases exponentially with time. Moreover, there is no control 

over its temporal dynamics making it less desirable for high-resolution patterned 

microstimulation [8, 9, 11]. Hybrid schemes using switched capacitors with constant-

voltage stimulation for improved pulse-shaping have been reported in literature [8, 12, 

13], but this research is still in early stages, and constant-current stimulation remains 

the remains the technique of choice for Intracortical microstimulation.  
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Figure 5.7: Constant Voltage Versus Constant Current Stimulation. (a) (Left) In 

Constant Voltage Stimulation, current flow decreases exponentially with (b) 

(Right) In Constant Current Stimulation (right), current amplitude is 

maintained and the voltage across the interface increases as it “charges up” 

 

5.1.3 Design Considerations for a Patterned Microstimulation 

Current Source 

The goal of a microstimulation source is to deliver adequate charge for a 

neuron to cross the stimulation threshold. This must be accomplished within a time 

frame compatible with patterned stimuli and occur within the “water window”. 

Finally, there should be zero net charge delivery to tissue in order to prevent long-

term damage.  

Stimulation electrode shape plays an important role in determining the current 

source specifications through its impact on delivered charge density, which in turn 

determines both current source focality and current magnitudes for crossing the 

stimulation threshold. Table 5.1 provides a useful reference to the electrical 

characteristics of various types of implantable stimulation electrodes. Two key 

observations from table are that electrodes with higher charge densities are able to 

cross the stimulation threshold quicker and with lower charge per phase. Secondly, 

the above mentioned tasks are more readily accomplished by penetrating electrodes. 
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Their curved geometry is also responsible for their focality (with stimulus radii in 

100-200 μm range for a Utah MEA type microelectrode [5]).  

 
Table 5.1: A survey of currently available implantable stimulatory Neural 

Prostheses [10]. 

There are two important biological considerations for selecting a stimulation 

source architecture. Firstly, the large degree of non-linearity in biological systems 

warrants a stimulator with a large dynamic range to ensure crossing the highly 

variable stimulation threshold (numbers reported in literature range from a few μA up 

to a few mA! [5,14-16]).  Secondly, the need for a robust mechanism for charge 

balance warrants the a biphasic, cathode leading stimulus pulse architecture with a 

well-defined charge recovery period (as demonstrated in Figure 5.8) [14]. The ideal 

biological stimulator allows control over each of the aspect of the biphasic stimulation 

pulse highlighted in Figure 5.8 [15-18]. While charge-imbalanced and triphasic 

stimulation pulses have been reported in literature [18,19] and a stimulator that 

supports these pulse architectures as well would be desirable, cathode-leading 

biphasic pulses are the predominant mode of charge delivery in biological systems 

and thus part of the bare minimum stimulator requirements.  
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Figure 5.8: The anatomy of a Biphasic Stimulation Pulse. The cathodic phase 

delivers charge and the anodic phase (which may have a longer phase-width) 

recovers charge. The inter-phase delay is an important parameter which defines 

the duration of time the charge imbalance is allowed to persist in the brain.  

Current source matching is an important consideration for charge balance. 

Since well-matched current sources require large silicon area, stimulator architectures 

typically need to involve a single well-matched source multiplexed between multiple 

channels. For memoryless stimulators, this sets a latency between patterned stimuli, 

which is given by 5.3:  

𝑇𝑝𝑢𝑙𝑠𝑒=𝑇𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟_𝑙𝑜𝑎𝑑 + 𝑇𝑐ℎ𝑎𝑟𝑔𝑒 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦                       (5.3) 

This latency also sets the maximum number of channels that can be 

multiplexed to a single stimulation source, and can be calculated to be on the order of 

~ 100 channels at a stimulation frequency of 20 Hz.  
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Finally, in the context of closed-loop BCIs, the stimulator design must be 

compatible with the recording modality. The most significant consideration here is the 

stimulus artifact, which can saturate recording amplifiers. Hardware and software 

approaches for artifact cancellation are an active area of research [20-23], but the 

integrated microstimulator must at minimum be able to decouple the electrodes from 

the recording amplifier for the duration of stimulation.   

5.2 An Integrated Circuit Approach for 

Simultaneous Intracortical Neural Recording and 

Microstimulation.  

This section describes the IC design for a closed loop recording-patterned 

microstimulation system constituting a single stimulation engine (composed of a 

current source and sink for biphasic pulses). The stimulator is integrated with a 16-

channel recording amplifier array, as shown in Figure 5.9 The stimulator is designed 

to be capacitive coupled to the electrode array in order to accomplish charge balance. 

Furthermore, the switching circuitry at this interface grounds the amplifier at the 

stimulation site per the requirements outlined in the previous section.  

The stimulation engine is implemented as an 8-bit current steering DAC 

(separate source and sink DACs are designed for biphasic pulse generation). The 

dynamic range for current amplitude is 20 µA – 3.3 mA. 
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Figure 5.9: Simultaneous multichannel Neural Recording and Stimulation ASIC 

configuration 

A Voltage-controlled resistor (VCR) current-source topology, first described 

in [26] is implemented. .The number of phases per pulse, pulse frequency and number 

of pulses (for a pulse train) are user-programmable. Pulse width is set to be a multiple 

of system clock (with the latter number being user-programmable). Integration with a 

recording amplifier array is facilitiated through low-resistance (~50Ω) switches.  

5.2.1 Bandgap Reference 

A dedicated band-gap reference is designed to provide a temperature-

independent bias voltage source for the stimulator. Design of a band-gap reference 

relies on using the negative temperature coefficient of a PN junction in combination 

with the positive temperature coefficient of thermal voltage Vt to yield a temperature 

stable reference as shown in Figure 5.10. In CMOS processes, vertical PNP bipolar 
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transistors are used to create the Proportional-to-Absolute-Temperature (PTAT) 

element.   

 
 

Figure 5.10: A bandgap Reference. The PN junction voltage is Complementary 

to Absolute Temperature (CTAT) while Thermal Voltage is Proportional to 

Absolute Temperature (PTAT). 

The bandgap reference uses cascoded current sources, and also generates the 

bias voltages used in the reference current source. Figure 5.11 shows the schematic of 

the bandgap reference and Figure 5.12 shows the results of transient analysis. Vref  is 

designed to be ~ 2x VBE for this design, and is found to be 1.15V in simulations with 

a 3.1V supply. The compliance voltages for the source and sink DACs, designed to be 

100 mV from supply rails, are found to be 3.02V and 96.73 mV in simulation.  
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Figure 5.11: Schematic of a Bandgap voltage reference 

 

 
Figure 5.12: Transient analysis of startup and DC stead state Bandgap voltage 

outputs 

5.2.2 DAC programming module 

The user-programmable features of the stimulator include pulse parameters as 

well as stimulus address. These are extracted from a 64-bit serial data packet 

(described in Table 5.2) by an on-chip logic module. The latter was designed in 
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VHDL and synthesized using Mentor Graphics Leonardo Spectrum. Power lines for 

the logic block are isolated from the rest of the chip to conserve power when 

stimulation is not being used. An 8-bit synch sequence is used to flag the beginning 

and end of each packet; this provides added security when commands are delivered 

wirelessly. The DAC programmer does not have any on-chip memory for predefined 

stimulation parameters. Commands must be provided each time, and there is a 64-bit 

delay from the start of command to generation of stimulation current. 

8 bit SYNCH Predefined bit sequence determines start of a data packet 

3 bit MODE This indicates whether the system remain in recording mode or 
switches to stimulator mode.  

8 bit address This is decoded to provide multiplexing of the stimulator output to 
1 of 16 channels in this design (but scalable up to 128 channels) 

10 bit Stim+ This provides the Digital input to the Current Source DAC 

10 bit Stim- This provides the Digital input to the Current Sink DAC 

12 bit 

Frequency 

This provides stimulation frequency (time between pulses). 
Individual pulse widths are set by incoming clock frequency and 

not modulated. 
5 bit Pulse 

Count 

This allows for programming up to 16 biphasic pulses to be 
delivered as a burst to a single electrodes site 

8 bit SYNCH This signifies the end of the data packet 

Table 5.2: Serial Data packet to DAC programming module 

The function of the DAC programmer was tested in simulation; Figure 5.13 

shows delivery of a data packet requesting bipolar stimulation, and the ensuing source 

and sink DAC enable signals at the end of data packet receipt.  
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Figure 5.13: A single data packet instructing biphasic stimulation pulses. Source 

and sink DAC enable signals are generated at the end of data packet delivery. 

5.2.3 Source and Sink DAC Design 

The Current-steering DAC design relies on a voltage-to-current conversion 

circuit. Typical implementations of current DACs employ scaled current mirrors. 

These devices in these standard mirrors have to remain in saturation for operation and 

the VDS voltage drop across the device reduces its voltage compliance limit. A high 

compliance voltage is desirable in implantable stimulation sources in order to 

optimize the supply voltage versus stimulation current ratio. In this implementation, 

we use a MOS transistor biased in deep-triode region (defined as VGS – VTH > 2 VDS). 

This functions as a linearized voltage-controlled resistor and acts as a voltage to 

current conversion element. This implementation has the benefit of very high voltage-

compliance, nearly up to the power supply rails. A cascoded current sources is used as 
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the reference current generator, and is shown in Figure 5.14. The current source also 

employs a gain-boosted cascode to increase output impedance (given by 5.4). This 

allows Vcompliance to be maintained across a range of currents. The source output 

impedance is given by 5.4,  

𝑅𝑂𝑢𝑡 =  𝐴𝑣𝑔𝑚_𝑐𝑎𝑠𝑐𝑜𝑑𝑒𝑟𝑜_𝑐𝑎𝑠𝑐𝑜𝑑𝑒𝑅𝑇𝑟𝑖𝑜𝑑𝑒_𝐹𝐸𝑇            (5.4) 

In this design, the compliance voltage is set to VDD – 100 mV, and is generated 

by the bandgap reference circuit described above. In order to keep the VCR in deep 

triode region, a VGS > Vth +200 mV. This is verified in simulation analysis, which 

yields a VVCR-PMOS = 800mV (VDD = 3.1V, giving V|SG|= 2.3V). 

 

Figure 5.14: DAC Reference Current Source.  

The gain-boosted cascode uses a 2-stage opamp shown in Figure 5.15. The 

opamp’s AC response is shown in Figure 5.16. Mid-band Av is 48 dB, which (along 
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with the  96 /1.5 µm cascode maintain Vcompliance for source currents across the 

dynamic range of the source (20 µA – 3.3 mA).  

 
Figure 5.15: Amplifier for gain-boosting cascode circuit. 

 
Figure 5.16: AC Response of Gain-boosting Cascode Operational Amplifier. 

Mid-band gain is 48 dB with 3 dB roll-off at 400 kHz.  

The design of the current sink follows identical principles. Vcompliance is 892 

mV from simulation and VVCR-NMOS  is 2.1 V. Transient simulations of the Current 
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source and sink DACs across their range of operation are shown in Figures 5.17 (a) 

and (b) respectively. Figure 5.18 shows the overall DAC transfer function.  

 
Figure 5.17 (a). Current Source output. Each current pulse is 100 μs wide and 

corresponds to an individual current-steering branch. 

 
Figure 5.17 (b) Current Sink output. Each current pulse is 100 μs wide and 

corresponds to the digital code in the same way as described for 5.17(a).  
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Figure 5.18: The Transfer function of 8-bit current source and sinks. The gain 

function source and sink are slightly mismatched, but this may be corrected 

through the digital code.  

5.2.4 DAC Linearity 

Both current source and sink DACs were found to be monotonic in simulation. 

While DAC linearity is not very important in the context of biological stimulation, a 

segmented DAC topology is particularly prone to non-linearities, which may impact 

the ability to charge-balance. Expected DAC non-linearity was thus characterized 

from simulation results 29]. The results are summarized in Table 5.3 

SIMULATION Current Source DAC Current Sink DAC 

LSB 23.81 µA 21.75 µA 

Offset Error 101 nA 19 pA 

Gain Error 0.86% 18.8% 

DNL Worst at I64 (-1.09 LSB) Worst at I64  (+ 4.02 LSB) 

INL (+0.7, -0.45) LSB (-2.35, +2.67) LSB 

Table 5.3: Current Source and Sink Linearity from simulation 

1.00E+01

1.00E+02

1.00E+03

0 2 4 6 8 10

C
u

rr
en

t 
O

u
to

u
t 

(μ
A

)

Digital bits

Current Output Vs Digital Code

Current Sink

Current Source



155 
 

5.3 Fabrication and Testing 

The microstimulation system was designed and fabricated in ON-SEMI 0.5μm 

CMOS process. Top level layout is shown in Figure 5.20. The full current source and 

sink occupied 400 μm x 350 μm, making it feasible to integrate them with a 16-

channel amplifier chip. Control signals were issued by the digital controller 

implementation shown in Figure 5.21. The controller occupies 1500 μm x 350 μm. 

The entire chip is shown in Figure 5.22, and has a footprint of 2.5 mm x 3 mm. 

 
Figure 5.20: Current-Source and Sink Layout 

 

 
Figure 5.21: Digital Controller for 16-channel Stimulation Chip 
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Figure  5.22: 16 channel- amplifier chip with 8-bit stimulation source 

 

The current source transistors were designed with multiple fingers to im prove 

matching and dummy transistors were added to shield from edge effects. All p-

transistors were laid out in the same n-well and the DAC was provided an isolated 

power supply lime to prevent coupling from the clock line.  A photomicrograph of the 

fabricated ASIC is shown in Figure 5.23.  

The ASIC was testing on benchtop, and Figure 5.24 demonstrates a 

representative biphasic current pulse.    
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Figure 5.23: Photomicrograph of 16-channel amplifier chip with Current source 

The dynamic range of the DACs were tested and a linearity analysis of the 

bench top measurements was completed. The transfer function of the source and sink 

DACs are shown in Figure 5.24. Linearity Analysis results are summarized in Table 

5.6. 
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Figure 5.24: Oscilloscope capture from bench top testing of 16-channel 

stimulation chips showing bipolar pulses with ramping current magnitude.  

 

  
Figure 5.25: Source and Sink DAC Transfer function from bench top tests 
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BENCHTOP Current Source DAC Current Sink DAC 

LSB 20.8 µA 24.3 µA 

Offset Error Not measurable Not measurable 

Gain Error 17.45% 31.68%% 

DNL Worst at I64 (+5.0 LSB) Worst at I32  (+ 9.97 LSB) 

INL (+2.3,-1.9) LSB (+4, -4.2) LSB 

Table 5.6: Linearity Analysis from Benchtop Data 

Bench top testing of the stimulation source was able to verify its dynamic 

range. Generation of biphasic current sources with user-programmed features was 

also validated. Linearity testing has revealed moderate non-linearities, worse with the  

Sink DAC than the Source DAC. The stimulation ASIC could nonetheless be utilized 

as a current source after linearity calibrations. Next steps will involve building a test 

system the stimulation system for more thorough testing and verification in bench-top 

and in-vitro tests.  
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Chapter 6. Future Directions and 

Conclusion 

The ASIC implementations of the Impedance Spectroscopy and Stimulation 

functionalities described in this work are incremental steps toward the realization  of a 

multi-modal, closed-loop, implantable neuroprosthetic device. The neural recording 

platform that these features are integrated on to are described in detail in Chapter 2, 

and comprise three ASICs (for signal amplification, digitization and transmission 

respectively as described in Chapter 3). Analog to Digital signal conversion on these 

systems, however, is still performed using off-the-shelf ADCs from Linear 

Technologies. The natural next step toward large-scale integration is the incorporation 

of the ASICs described above long with custom ADCs onto a single IC platform. This 

offers many benefits from the perspective of area and power savings, and would 

optimize signal to noise ratio.  An engineering analysis of the scope of this redesign 

exercise, as a first step toward pursuance of this SoC endeavor, is outlined in the first 

part of this Chapter.  

The vision of a neural prosthesis that extends beyond the constraints of a rigid 

multielectrode array are being increasingly discussed in BCI literature [1]. The 

implementation of such a distributed network of self-sufficient, independent nodes is 

a major paradigm shift, and requires an in-depth analysis of the design space and 

limitations. This is described in the latter half of this chapter. 
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The design discussions highlighted in this chapter provide a summary of the 

major lessons learned from the development of these devices. Finally, I conclude this 

Chapter with reflections on the contributions of the novel elements of this work on 

these device projects as well as the greater field of implantable neural prosthetic 

systems.  

6.1 System on Chip (SoC) Approach for a Multi-

modal ASIC for a Closed- Loop Neural Prosthetic 

System 

The neural recording platforms described in Chapter 2 are presently 

undergoing translational efforts into the clinical domain. ASIC characterizations, 

verifications and documentation as they pertain to this exercise are addressed in 

Appendix I. An integral part of the future development plan for these systems is the 

implementation of a System on Chip (SoC) ASIC, integrating signal amplification and 

digitization (including Analog to Digital Conversion) on the same silicon chip. The 

performance specifications for this SoC ASIC are derived from both personal 

experience at Brown, as well as a survey of reports and strategies described in recent 

electronics and neuroengineering literature. This mandates careful consideration of 

the step-wise evolution of the current design and architecture, and the lessons learned 

therein. Figure 6.1 provides an overview of the multimodal functionality to be 

integrated on the SoC ASIC.  
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Figure 6.1: Overall Multimodal Architecture of the SoC Analog-Front End with 

Recording, Impedance Spectroscopy and Biphasic Stimulation functionalities. 

Figure 6.2 (a- d) further elaborates on each of these individual functions to be 

accomplished by this ASIC. This architecture and design, conceived at Brown, is 

expected to be implemented through a collaborative endeavor with industry partners, 

and a comprehensive analysis of the approach is described below:  
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Figure 6.2: System Configurations for the multi-modal SoC. (a) (Top Left) 

Recording mode: All other subsystems disabled. (b) (Top Right) Impedance 

Spectroscopy mode: AC Voltage Source enabled while amplifier measures 

impedance response. (c) (Bottom Left) Stimulation mode: Current Source/Sink 

enabled and amplifier at stimulation site connected to ground. (d) Discharge 

mode: may be used between stimulation pulses or for System Noise calibration 

mode. All Amplifiers are connected to ground. 

 

6.1.1 Power, Area and CMOS Process 

The current CMOS technology of choice for the implementation of the neural 

amplifier and digitization Controller ASIC is ON-Semiconductors’ 0.5μm C5F/N 

process. The RF transmitter is implemented using the IBM 7WL BiCMOS process, 

but since the latter is not part of the first generation SoC design, it will be left out of 

further discussions in this Chapter. The original choice of CMOS process for the 

amplifier and controller ASICs was driven by a number of factors, not trivial among 

a) b) 

c) d) 
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which were ease of access to academic multi-project run wafers through MOSIS as 

well as optimized silicon cost per area given the particular system topology. For 

example, the architectural choice for the Amplifier ASIC is a design with a 400 μm x 

400 μm footprint for each individual channel to allow for direct integration with the 

microelectrode array. A large fraction of the amplifier’s area (approximately 60%) is 

occupied by the input transistors and the feedback capacitors to optimize for low-

frequency noise and amplifier mid-band gain respectively. Nonetheless, an optimized 

design readily fits into the assigned area budget, even in the rather dated 0.5 μm 

process. The latter, due to its age, happens to also be the most economical fabrication 

option, and is thus chosen for this work.  

 The integration of ADCs onto a SoC platform is area intensive and mandates 

revisiting the CMOS process discussion. Bulk CMOS processes at 180 and 350 nm 

have been staples in the biomedical ASIC industry over the last decade with many 

reports of successful ADC designs with 12-14 bit resolution [4, 5]. The potential to 

operate at lower supply power (1.1V, 1.5 V and 1.8 V being some options) is also an 

enticing option for an implantable device. SoC design in a process technology 

different from our current implementation would involve the translation of current 

ASICs to the new process (in a scaling exercise similar to that described in Chapter 

3). The relative difference between the device parameters in these two processes 

determines the amount of effort expended in the translation (versus complete 

redesign) to maintain matching chip performance specs.  The argument for power and 

area savings for a System on Chip are however extremely compelling, leading to the 

choice of  the 180 nm bulk CMOS process for the SoC implementation.  
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6.1.2 Neural Probe for Bidirectional Neuroprosthetic 

Applications.  

The Intracortical microelectrode array platform utilized in our implantable 

systems comprises micromachined silicon probes with platinized tips. Probe 

impedances typically range from 100-600 kΩ, with nominal values of 100 kΩ. 

Physiologically significant electrical stimulation requires 10s-100s μA to be delivered 

to tissue. This is a task fundamentally incompatible with the above-mentioned probes 

if compliance voltages are to be kept within reasonable range. An alternative, lower 

impedance neural probe is thus an essential requirement for a closed-loop 

neuroprosthetic system. Activated or Sputtered Iridium Oxide (AIROF and SIROF 

respectively) based microelectrodes are one such option, and will likely be the probe 

of choice for the next generation closed loop devices. Figure 6.3 depicts the 

impedance response of the IrOx Utah MEA. Impedances at 1 kHz are at least one 

order of magnitude smaller when compared with corresponding Platinum electrodes. 

Probe impedance is a direct determinant of electrode thermal noise, which in 

turn is a critical specification for system electronic design. A lower-impedance, less- 

noisy probe thus impacts the overall design in the several ways, which are 

individually addressed in their respective sub-sections below.  
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Figure 6.3: Impedances (Magnitude and Phase) of Iridium Oxide Electrodes. 

Sputtered Iridium Oxide (SIROF) devices at 1 kHz have impedances in the 10-50 

kΩ range. From [2]. 

6.1.2A Neural Amplifiers 

The numbers of publications describing neural recording ICs has steadily 

increased over the last decade [5-10]. The basic design topology of the neural 

amplifier has remained largely unchanged and is characterized by: 

i. High-gain operational transconductance amplifier 

ii. Low-pass cutoff frequency between 7-10 kHz. 

iii. AC coupled inputs with DC rejection achieved through implementation of a     

feedback RC high-pass filter.  

iv. A pseudo-resistor implementation (with resistances in GΩ range) to push the 

high pass cutoff frequency described by (iii) in the 0.1-100 Hz.range. 

v. Low-noise, ideally limited by the thermal noise of the neural probe. 
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While the over-arching principles of amplifier design remain unchanged for the 

SoC, the 10x reduction in probe impedance would lead to a corresponding reduction 

in RMS thermal noise, which sets the upper bound for amplifier electronic noise. This 

in turn, would directly impact transistor sizing (particularly input transistor size) for a 

proportionally lower amplifier noise. 

6.1.2B Analog to Digital Conversion 

The commercial 12-bit ADCs utilized in the current device have a sampling 

rate of 1.5 MSamples/second and an SNR of 73 dB [11]. Power consumption from a 

3.0 V supply is 4.8 mW each (making the ADC the most power-hungry component on 

the entire system). A custom ADC design would enable speed vs power consumption 

optimization, and is thus a desirable goal for a neural prosthetic SoC ASIC. This 

trade-off depends on ADC architecture and is extensively discussed in literature and 

the depicted in Figure 6.4 below. 

 
Figure 6.4: ADC Sampling Rate vs Resolution for major well-established 

architectures. 
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 The numbers for a neural recording application are mid- spectrum in Figure 

6.4. ADC bit resolution specification for neural recordings, driven by the quantization 

noise limit, is adequate in the 12-14 bit range even after taking into account the 

thermal noise reduction from IrOx electrodes. A channel sampling rate of 

20kSamples/second based on Nyquist theory, and a total channel count is in the 100-

128 range is chosen for compatibility with the Utah MEA. A single ADC for the 

above-described system thus needs to have a sampling rate of approximately 

3MSamples/second. Based on Figure 6.4 above, Successive Approximation Register 

(SAR) and Sigma-Delta Converters (σΔ) are the two optimal ADC architectures 

choices in the identified performance range. SAR ADCs are significantly more 

power-efficient, and this would thus be the architecture of choice for SoC 

implementation.  

6.1.2C Digital Control 

 The current Digital Controller chip addresses the data multiplexing and 

packaging needs for the recording system. The impedance spectroscopy and 

stimulation ASICs have their own digital modules to address their data processing 

needs. Each of these is implemented in Hardware Description Language (HDL) and 

can seemlesslybe ported into the 180 nm technology via re-synthesis. The SoC 

Controller block would integrate all digital processing needs of these modules onto a 

single digital engine.  
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6.1.2D Stimulation and Impedance Spectroscopy Analog 

Modules 

The impedance spectroscopy module relies on a digital source waveform, and 

may thus be migrated with relative ease. The stimulation current sources and sinks 

DACs, however, would have to undergo extensive changes in the scaling exercise 

(similar to the amplifiers). The final specifications for stimulation circuitry design, 

derived from the design exercise and matching considerations described at the end of 

Chapter 6 are: 

i. Single Current Source with switchable directionality, as described in    

Figure 6.5 for improved charge balance. 

ii.         Current Amplitudes from 1 μA to 1mA 

iii. Biphasic Stimulation, with independent control over pulse width in each                                        

phase 

iv. Control over a programmable inter-phase interval between the cathodic 

and anodic pulse phases 

v.           Programmable frequency and pulse trains. 

The SoC project, guided by the design principles described above, is expected 

to deliverable over the next 12-18 months.  
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Figure 6.5: A single source biphasic pulse generator for improved matching 

    6.2 Single Channel ASIC Pay-load for a 

Distributed Sensor Network Node 

 Multi-channel neural recording platforms of the type described in this 

thesis have advanced our scientific understanding of neural population dynamics in 

many profound ways. These bulky implants however face several challenges due to 

their size and tethering constraints. It is also difficult to access certain anatomical 

locations such as deep gyri in a meaningful way. The brain performs multi-

dimensional integration; a realistic neuroprosthetic device should have the capacity to 
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the same. This is a daunting task, which becomes rapidly unattainable given current 

technology paradigms focusing on single-platform implants. Truly “wireless” front-

end units with distributed data acquisition and processing need to be envisioned if we 

are to push past the technological limits posed by the current bulky implants. An 

approach to the design of such units is described below: 

6.2.1  System Specifications 

The migration from a single-platform integrated system to a distributed sensor 

network approach may be achieved by developing extremely miniaturized (100-200 

μm) individual sensors that are self-reliant in terms of power and telemetry. At this 

size, these individual units may be deployed to various brain foci using injection 

delivery mechanisms. From a materials perspective, the hermeticity requirement is 

still the same (which may be satisfied using glass-based packaging for active 

electronics). The electronics payload within each unit needsto fulfil the same 

specifications as an individual channel on the integrated platform described earlier in 

this document, and summarized below: 

i. RF power: For this topology and at the above-mentioned scale, each 

sensor unit needs to rely on harvested RF power from a remote RF transmission 

source for full operation.  

ii. Neural Signal Probe and Amplifiers: Pure, highly-conductive metals 

such as gold may be used to serve as a miniature, biocompatible neural probes. 

MicroElectroMechanical Systems (MEMS) techniques enabling gold feedthroughs in 

ceramic/glass packages have been described in literature and would be an appropriate 
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to use here.  Each sensor needs its own ASIC—the signal acquisition and 

amplification performance needs would remain unchanged from the present system. 

iii. Signal processing and Digitization: Power and data bandwidth needs 

make it impractical to perform broadband signal acquisition. Data compression 

through spike detection is thus a necessity for this type of sensor implementation, and 

is discussed in greater detail below. A standard approach of spike counting and bin-

count transmission at a low frequency (20 ms bins with 50Hz transmission as a typical 

example) could be implemented. Each packet would additionally need one full 

digitized sample for calibration of spike detection thresholds, requiring the 

implementation of a 6-10 bit ADC.  

iv. Telemetry: This is an important consideration. Data compression from 

(iii) would mitigate the power needs for outgoing telemetry in an individual node. A 

passive RF backscatter modulation scheme may provide further power savings. The 

ability to have reliable incoming telemetry (to enable stimulation, for example) is very 

important. This requires the implementation of a receiver/decoder module. 

Additionally, it poses an important systems level constraint mandating that each node 

be individually and statically addressable. The latter is also a crucial requirement from 

the perspective of longitudinal learning in the extra-cortical signal processing 

modules.  

v. Stimulation: Harvesting adequate ambient RF power to produce the 

voltages needed for effective stimulation is not a feasible option, thus mandating 

implementation of a charge pump for voltage augmentation. Stimulation current 
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delivery may be further optimized through adiabatic charge balancing approaches [13, 

14]. 

Most critically, the features outlined above need to be implemented in100 μm x 

100 μm area of silicon real-estate. Power dissipation of an individual sensor must also 

remain firmly within the guidelines for prevention of tissue damage, which sets the 

limits at 10s of μW at this scale. The realization of a sensor node meeting these specs 

is highly ambitious, requiring exploration of cutting-edge FDSOI or FINFET 

technologies optimized for RF performance. The area constraints for the device may 

additionally require three-dimensional stacking of ICs, as demonstrated in the 

overview diagram of a single-channel sensor in Figure 6.6. 

 
Figure 6.6: An individual hermetically sealed glass-packaged neural sensor with 

stacked ICs and RF power harvesting/telemetry 

6.2.2 Power-Efficient ADCs and Spike Detection Approaches 

Implementing a system with the stringent power-consumption specs described 

above cannot be achieved without detailed attention to the most power-intensive 

blocks. Optimizing ADC power is of particular importance and is thus discussed here. 

Figure 6.7 shows a sampling of low-power ADCs reported in literature: 
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Figure 6.7: ADC power consumption vs Effective bit resolution. From [15] 

The most important thing to note in Figure 6.7 is that ADCs with high Figure 

of merit (10-100 fJ/conversion-step) and ENOB between 7-9 bits with sub microwatt 

single channel power-consumption have been described in literature, and are possible 

to implement for the neural sensor node with careful CMOS process selection and 

design.  

All previous prototype systems developed in our group have utilized 

broadband data transmission. While we have limited experience with data 

compression schemes, a wide variety of analog and digital data compression strategies 

have been reported in literature [15-26]. Digital and hybrid schemes using on-chip 

logic circuitry such as multipliers and large buffers are precluded from consideration 

due to the tight space constraints of a 100 μm sensor footprint. Analog spike detection 

strategies employ fewer components and are thus more compatible with the 

microminiaturized single node specifications. A basic spike detection circuit is 
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depicted in Figure 6.8 (and originally described in [15]).  This spike detector design 

relies on 2 components: an RMS noise calculator a thresholding comparator (where 

the latter may be user-programmable). Threshold crossings are then simply 

aggregated and reported as a bin-count.Such latched comparator-based absolute-

voltage thresholding implementations have been reported in literature [24] with power 

consumptions <1uW and areas between 0.021-0.24 mm2 and are thus feasible 

approaches for our single-channel implementation.  

 
Figure 6.8: Latched Comparator-based Analog Spike Detection Circuit. 

Comparator A forms part of a proportional feedback controller, which is able to 

determine the V1σ , the RMS value of Vin (assuming a Gaussian distribution with 

zero mean).  N serves as a User-programmable multiplier for adaptive 

thresholding. Comparator B is then triggered each time Vin crosses the spike 

detection threshold.  
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6.3 Conclusion 

This works described in this thesis span a range of neuroengineering 

contributions from individual integrated circuit design to wireless implantable system 

design and testing. Major novel contributions from the works highlighted herein are 

the development of a multimodal system with the addition of impedance spectroscopy 

and patterned biphasic current stimulation to a low-power, low-noise neural sensing 

platform. This type of multi-channel recording platform incorporating both impedance 

spectroscopy and stimulation has not been described in literature yet, and offers a 

tremendous opportunity to both better probe the dynamic characteristics of implant 

biophysics and provide a mechanism for closed loop feedback control of neural 

prosthetics.  

Characterization of the impedance spectroscopy module in bench top settings 

has yielded preliminary results suggesting a linear response in the impedance range of 

interest  (100- 700 kΩ) with a resolution for impedance changes in the sub-kΩ range. 

In-vitro and Early animal work has demonstrated some discrepancies from 

comparative data, and this troubleshooting this needs to be the next item on the 

research agenda. The data generated so far, however, appears promising that once the 

immediate issues are solved, impedance spectroscopy will be successfully 

implemented as part of a recording device, and data from this module will provide the 

first in depth look into the mechanism of signal variability and device failure in 

chronic implants.  
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The bipolar stimulation engine described in this work provides a unique 

opportunity for integrated patterned microstimulation for a closed-loop neural 

prostheses. Benchtop testing has validated system functionality and dynamic range. 

The DACs are however highly significantly non-linear and susceptible to some 

significant process variations, and need to be evaluated further to understand if they 

can be utilized in animal experiments when coupled with appropriate with charge-

balance techniques.. Future work in this arena will focus both on utilization of this 

chip for animal experiments as well as an expanded 100-channel redesign with larger 

dynamic range (1 μA – 1mA) for a self-reliant charge-balanced stimulation system.  

The horizons of the BCI field are constantly expanding. The overarching goal 

of this work was to provide additional access and information about the nature of the 

brain-implant interface through impedance spectroscopy and patterned cortical 

microstimulation. Development of these tools thus serves as the next set of tangible 

advances toward the ultimate goal of a smart, efficient implantable neural prosthetic 

sensor system.  
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Appendix I 

Design for Translation 

The field of Neural Prosthetics is a vibrant and dynamic one. Several groups 

are developing cutting edge technologies, yet the commercial space for implantable 

systems is not expanding at a commensurate pace. There are numerous challenges to 

translation of an academic endeavor, and the need for extensive testing and 

documentation to meet biomedical regulatory requirements is at the forefront of the 

list. The fully implantable, hermetically-sealed, wireless recording system described 

in Chapter 2 is currently on the pathway for translation to a human-grade device for 

clinical trials (referred to as NeuroComm in this Appendix).  A significant amount of 

effort was expended in the first phase of the translation activity to bring the ASIC 

documentation up to regulatory standards. The purpose of this document is to serve as 

an overview of appropriate documentation approaches during ASIC development, 

geared toward minimizing the overhead associated with the translation process.  

The list of documentation described in this appendix was generated in 

collaboration with a CSEM (Swiss Center for Electronics and Microtechnology). 

They served as a 3rd party reviewer, and guided the filling of gaps in ASIC 

documentation andtest data. This process, termed the “ASIC Gap Analysis” here, was 

undertaken with the goal to yield full data sheets for each of the ASICs in the 

NeuroComm device.  



189 
 

ASIC Documentation 

There are three key constituents of a comprehensive engineering 

documentation repository for an ASIC, as outlined below: 

i. System Requirements Document: This document describes the 

basic engineering specifications for the overall system that the ASIC is 

part of. It is the first piece of documentation to be created (prior to 

design initiation). This includes derivations of all values used as upper 

and lower bounds of design parameters. For the NeuroComm system, 

there is a single system requirements document, which covers the 

specs pertaining to the Amplifier, Controller and Transmitter ASICs, 

and is included as Appendix I-A. 

ii. Design File Directories:  A full list of documents to be included in the 

design directory is shown in Table A1.1. A design directory for each 

ASIC should be created at the time of initial design. The design 

database is the most extensive constituent of the design directory. It is 

important to save design files and standard cell libraries from Cadence 

(or alternative ASIC-design software) such that a 3rd party reviewer 

may be able to easily import the design into their computer for review. 

It is good practice to save all simulation test platforms as well, so 

simulation data may readily be re-generated for verification. 

Furthermore, it is crucial to save a copy of the design schematics in a 

multi-platform file format such as pdf (for access by reviewers who 

may not have the appropriate ASIC design-software package).  
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ASIC design description 

Circuit description 

Describes basic functionality of ASIC (This 
should agree with the System Requirements 
document). 

Block diagram Top-level diagram with main sub blocks 
I/O description ASIC pinout with description of each pin 
Bonding diagram Includes Package description 

Electrical specifications 

Electrical parameters and performance 
(derived from simulation and testing): All 
data should be saved in report format 

- Simulations: Transient, AC, noise 
(when appropriate), process corners 

- bench top testing results  
Digital Interface 

Control interface description 
Description how to access chip's registers, if 
any 

Control register description 
Description of control and status registers, if 
any 

Application diagram 

Shows ASIC in application context 
- If there is more than one ASIC, an 

interface communication protocol and 
timing diagram should be furnished 

Test specification 

Specifies ASIC production tests 
- List of benchtop tests to validate that 

the fabricated ASIC functions as 
described by the documents above 

Design data base 

All 

Block specifications 
Functional description and specifications of 
each block 

Schematics 
 Transistor level schematics (hierarchical to 
top level) 

Block design reports Simulation results on block level (optional). 

ASIC design report 
Short design description and simulation 
results 

Design review results Meeting minutes or filled in checklist form 
Digital Blocks 

RTL code Verilog / VHDL sources of digital block(s) 
Gate level netlist Netlist resulting from place & route 
STA timing report Results of static timing analysis 
Formal verification 

report Results of RTL vs netlist check 
Test patterns only if scan test implemented 

Layout 
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DRC/LVS/ERC/Antenna 
report 

Check of design rules and layout vs 
schematic 

Characterization 

Test board schematics 
 PCB board layout/schematics for system-
level testing 

Verification plan 

 Listing of test-points and associated tests 
conducted on the system to verify 
performance 

ASIC characterization report 

 Report from characterization tests conducted 
(as described by the documents in this 
section) 

Latch up/ESD report 
ESD and Latch-up testing on fabricated 
devices 

 

Table A1.1: Constituents of Document Repository 
 

 

Figure A1.1 shows one approach to organizing the information for a given 

ASIC (the amplifier ASIC in this particular case). The block diagram, pinout, design 

database and communication protocols are all available pre-fabrication, whereas 

electrical specifications and characterization require pre-and-post fabrication data.  

 
Figure A1.1: Design File Repository Organization  

 

iii. ASIC Data sheet: Once pre-and-post fabrication testing is completed, 

a full data sheet should be generated for each ASIC incorporating 

simulation and test data. Appendix I-B demonstrates a copy of the 
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Amplifier ASIC data sheet, as generated from the ASIC documentation 

in Figure A1.1.  

Risk Analysis 

The data sheets generated in (iii) above are then used for the final step of the 

ASIC Gap Analysis. This is to conduct a risk analysis of the system identifying the 

device’s failure mechanisms as well as approaches to mitigate the impact of those 

failures on device performance and safety. The risk analysis of the NeuroComm 

device is provided as an example in Appendix I-C. 

The approach to documentation outlined in this Appendix is modeled after the 

process followed in commercial ASIC-design houses. For the NeuroComm device, we 

had to conduct a retrospective analysis to generate many of the above-mentioned 

items. This endeavor took several months, thus impacting overall project timelines. 

Furthermore, some items, such as STA timing reports could not be generated 

retrospectively. That data was thus lost, and associated risks could not be mitigated. 

Pursuing a well-organized documentation approach from the get-go would not ensure 

timely completion of translational goals, but would allow for design reuse in the 

context of a different application.  
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Appendix I-A 

NeuroComm System Requirements Document 

System Objectives: 

1. Capture broadband Neural data (100 mHz – 5-7 kHz) through an array of 100 

micro-machined silicon-based microelectrodes with electrode impedances in 100-500 

kΩ range (“Utah array”). 

2. Analog to Digital conversion of multichannel neural data using commercially 

available ADCs (off-chip, but part of overall system). 

3. Encryption of digital data for data security. 

4. Transmission of encrypted data with adequate output power for a receiver ~ 1 

m away. 

5. Minimize system power consumption to limit ambient temperature increase 

<2°C and to maximize time between battery recharges to >4 hours 

6. Minimize transistor level electronic noise for improved signal-to-noise ratio in 

recordings. 
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Requirements for the Amplifier ASIC: 

1. Preamplifiers:  The considerations in preamplifier design are as follows: 

a. Amplitude and Frequency: 

Neural data spans a frequency range from a few Hz- 5 kHz. Signal sources 

contributing to data are broadly classified in 2 classes:  

i.Single and Multiunit activity (SUA/MUA) at the level of individual neural cell action 

potentials (100µV- 1mV at 300Hz- 5kHz) 

ii.Local Field potentials (LFPs) or cumulative electrical activity from larger populations 

of neurons (50µV- 1mV at 10Hz- 300Hz) 

Thus, the amplitude ranges of detection are ~50µV- 1mV. Frequencies of interest 

are 10 Hz- 5kHz. Collectively, measurement of these are referred to as “extracellular 

neural recordings”.  

b. Signal to Noise Ratio and total System Noise:  

The Amplifier ASIC must be able to record the signals described above with a signal 

to noise ratio of at least 3. Given that ~50 µV is the smallest voltage of interest, total 

electronic system noise must be < ~15 µV. The two largest sources of noise in the 

system are: 

i.Johnson noise in the neural electrodes (impedances 100-500 kΩ) and df =5kHz 
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𝑉𝑛2 = 4𝑘𝑇𝑅𝑑𝑓 

For the Utah array, VnRMS= 

√4 ∗ 1.38 ∗ 10−23 ∗ 300 ∗ (100 − 500) ∗ 103 ∗ 5 ∗ 103 

=  2.8 -6.4 µVRMS 

ii.CMOS transistor noise: There are several sources of transistor noise, and the 

predominant ones to be considered are shot and flicker (1/f ) noise. These have to be 

minimized so electronic noise from transistors is less than or equal to Johnson noise 

contribution from (i) above. 

c. DC rejection: 

There are large DC offsets due in extracellular recordings due to the electrochemical 

interface between neural tissue and metallic electrodes. Neural signal amplifiers must 

reject the DC offset while preserving capability to record the very low frequencies 

that are part of LFP with adequate SNR. The amplifier design, therefore, needs to 

implement a high-pass filter with a 3dB cut-off frequency <10 Hz, best achieved by a 

“MOFET pseudo-resistor” feedback structure. 

2. Analog to Digital Conversion: 

Conversion of the analog signal recorded by the preamplifiers must be achieved by a 

synchronized multiplexing by amplifier ASIC and sampling by the off-chip ADC, 
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under the command of the controller ASIC.  Sampling rates per channel must satisfy 

the Nyquist criteria:  

fsample> 2* fmax where fmax is the maximum recorded frequency of interest. 

 For neural data, fmax is ~ 7 kHz, sampling rate must thus be >15 kHz per 

channel. 

a. Multiplexing: 

The system is implemented using commercial 12-bit ADCs for digitization of signals 

from a 100-channel system. This translates into one ADC per 50 channels. The 

amplifier ASIC must have: 

i.the ability to individually address each of the 100 channels 

ii.provide a low output impedance pathway for sampling by ADC (Buffer amplifier) 

iii.Enable power savings by allowing maximal number of amplifier to be in “standby 

mode” when their output is not being actively digitized 

Requirements for the Controller Chip 

 The Controller chip must function as the command center for the implantable 

system. The following lists the tasks to be managed by the Controller chip:  

1. System clock generation/recovery:  
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The implantable system may receive RF power/clock or both. In either case, the 

Controller Chip must have a mechanism to recover a clock for use on-board the 

implant, both within the controller chip itself as well as the Amplifier chip (for 

multiplexing) and the ADCs (for sampling).  

2. Interface management for Analog to Digital Conversion and Data 

Transmission: 

The Controller Chip must interface with the off-chip ADCs and the amplifier chip to 

enable coordinated multiplexing, sampling and digitization. It must then capture the 

digitized stream and interface with the transmitter chip for transmission of digitized 

data. 

a. Amplifier Chip:  

i.The Controller must set the frequency for multiplexing operations. 

ii.The Controller must receive any end-of-frame signal from the amplifier and reflect his 

in the transmitted data to facilitate appropriate data decoding (SYNCH word 

generation). 

b. Analog to Digital Converters: 

i.The Controller Chip must issue a clock signal for sampling, synchronized with 

multiplexing signal from the amplifier ASIC.   
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With a sampling rate of >15 kSamples/second/channel and 50 channels/ADC in a 

100-channel system, a 12-bit ADC must operate at >750 kSamples/second 

ii.In order for low-power operation, the Controller chip should manage enable/disable 

functionality of the ADCs to minimize power consumption when not in use.  

c. Transmitter Chip: 

i.The Controller chip must provide a digitized data stream for transmission. 

3. Data Encoding for transmission:  

  Data must be encoded for wireless transmission using an encoding 

scheme that allows for data recover without clock. The Controller Chip must 

coordinate G. E. Thomas Manchester Encoding for this purpose.  

Requirements for Transmitter Chip 

 The Transmitter Chip must be able to receive the Manchester-encoded data 

from the controller chip, and transmit is wirelessly to a receiver a short distance away. 

In this current system, the transmitter chip only needs to have 1 dedicated channel for 

neural data output. 

1. Data Rate: 

The datastream from the controller chip is composed of 100-channels of sequential 

amplifier data at 20 ksamples/second (with possible increase to 30 ksamples/second) 
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and 12-bits/sample (with possibility of expansion to 16 bits/channel). This sets a 

minimum transmission data rate requirement of  48 MBps . The initial transmitter 

design should have a data rate of at 48MBps, and ideally have data rate > 100MBps. 

2. Transmission Frequency:  

The transmitter should be designed for operation in short-range communication 

frequency band (few GigaHertz). Additionally, the frequency range should be an FCC 

non-medical band to prevent issues of interference with other biomedical 

devices/security. Given these considerations, 2.9 – 3.8 GHz frequency range is 

selected as appropriate for this application. 

3. Transmission distance: 

The wireless system is designed to enable free movement of the subject. The 

transmitter must thus be able to work with an omnidirectional remote receiver 

antenna. This design for high-data-rate short range communication should have 

adequate output power for a receiver at least 1 m away, and ideally 2-3 meters away. 

4. Power consumption and output power optimization: 

The transmitter chip design must optimize for low-power consumption and efficiency 

to allow for longer battery life between recharges. These specifications are best met 

by using phase-shift keying approaches such as BPSK or OOK. The transmitter 

design should this employ this approach. Figure 1 demonstrates the relationship 

between bit-error-rate and signal-to-noise ratios for various modulation schemes. 
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Based on this figure, SNR for an OOK-approach to work reliably requires SNR > 

12.5 dB. 

 

The overall power consumption for the transmitter must be minimized to extend 

battery life and minimize local heat dissipation. In accordance with FDA regulations 

for class 3 devices, power consumption for a safe implant must cause <2°C increase 

in local temperature. As such, the transmitter must be designed to have <10 mW total 

power dissipation.  
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Appendix I-B 

BigPearl Amplifier ASIC Datasheet 
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Figure 1 Microphotograph of the 100-ch preamplifier ASIC  
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2. Chip Description 

BigPearl is a custom Application Specific Integrated Circuit with 100 parallel 

broadband neural recording channels of preamplifiers arranged in a 10 by 10 array and 

two fifty channel analog multiplexers. 

The incoming neural signal on each channel is conditioned and amplified by a 

low-noise low-power preamplifier implemented in the ASIC. The preamplifier uses a 

capacitive-feedback, folded cascade Operational Transconductance Amplifier 

configuration with a source follower output buffer. The closed-loop gain of the OTA is 

46dB and the bandwidth is 1 mHz(tunable)-7.8kHz.  

A 10pF internal capacitor completely rejects any DC offset voltage at the input 

electrode, eliminating problems with built-in potential at electrode-tissue interface. 

 

Figure 2 Simplified Chip Diagram 
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3. I/O Description 

3.1 Pinout  
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3.2 Pin description 

 

Pin Type Function 
A00-A49 Analog 

inputs 
Amplifier input pads for Bank A.  

B00-B49 Analog 
inputs 

Amplifier input pads for Bank B. 

VDD  Power Supply for chip. 

GND  Ground. 
Connect to reference electrode. 

AOUTA Analog 
output 

Multiplexed analog output for Bank A 
amplifiers. 

AOUTB Analog 
output 

Multiplexed analog output for Bank B 
amplifiers. 

LEVELSETDC  Not connected. 

PCASC Output Test pad for bias circuitry PMOS cascode 
voltage. 

NCASC Output Test pad for bias circuitry NMOS cascode 
voltage. 

SYNCHOUTA Output Signal completion of one cycle of sampling  
(50 amplifiers for Bank A). 

SYNCHOUTB Output Signal completion of one cycle of sampling  
(50 amplifiers for Bank B). 

MASTER Input Master/Slave configuration signal. Respectively 
hard-wired high or low. In Master mode, internal 
sampling clock is phase-shifted by 180° for bank 
B. In Slave configuration, clock is shifted for 
bank A. 

TAP1-3 Output Test pads for bias source resistor voltage. 

GATEADJUST Analog Tunes high-pass filter frequency.  

THRESHADJUST  Tunes bias current for appropriate amplifier 
gain. 

IBIAS Output Test pad for bias current. 

BASEVPNP  Not connected. 

Figure 3 Pin Designation 
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EMITTERVPNP  Not connected. 

MCLK Input Master clock input for multiplexing. When 
MASTER is high, Bank A is incremented on a 
rising edge, Bank B is incremented on a falling 
edge. 

RESA/RESB  Not connected. 

TAIN Analog 
input 

Test amplifier input. 

Connect to ground if this function is not used. 

TAOUT Analog 
output 

Test amplifier output. 

Do not connect if unused. 

DISCHARGE  Connect to ground. 

VRESGATE  Do not connect. 

Table 1 Pin Description  
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4. Electrical Characteristics 

4.1 Typical Values 

 
TA = 27°C, VDD = 3V unless otherwise noted 
Symb

ol Parameter Conditions Min Typ Max Unit
s Comments 

        
VDD Supply 

voltage 
 2.8 3.3 3.6 V A 0.1µF power 

supply bypass 
capacitor should 
be used. 

AM Amplifier 
differential 
gain 

Mid-band 
gain between 
fL and fH  

199.9 
46  

V/V 
dB 

 

fL Amplifier 
low-
frequency 
3dB cut-off 
frequency 

Set by off-
chip RC 

0.00
1 

 100 Hz 1-pole roll-off 
below fL 

 

fH Amplifier high-frequency 
3dB cut-off frequency 

 7.8  kHz 1-pole roll-off 
above fH 

fMCLK Sampling clock  1  MH
z 

 

VAMP-

AC 

Amplifier input voltage 
range 

-2  2 mV  

VAMP-

DC 

Amplifier voltage allowable 
DC offset 

-0.7  0.7 V ESD diodes 
conduct to 
ground as DC 
offset increases 

CMR
R 

Amplifier Common Mode 
Rejection Ratio 

60   dB  

PSRR Amplifier Power Supply 
Rejection Ratio 

50   dB  

CIN Amplifier input capacitance  10  pF  

|Zin| Amplifier 
input 
Impedance 

fL = 1Hz  16  GΩ Depends on high-
pass cut-off 
frequency  

VNOISE Amplifier 
input-
referred 
noise 

1Hz to 
10kHz 

 2.83  µVr

ms 
Varies slightly 
with amplifier 
bandwidth 

Table 2 Typical values 
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The noise spectrum density of the preamplifier shows an input referred noise of 

2.83µVRMS over a frequency range of 1 Hz to 10 kHz and a Noise Efficiency Factor of 

3.3. 

  

Figure 4 Noise spectrum density 
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4.2 Absolute Maximum Ratings 

 
Parameter Min Max Units 
Supply voltage -0.3 5.5 V 
Analog Inputs DC -0.7 0.7 V 

Digital Inputs -0.3 5.5 V 

Digital Outputs -0.3 5.5 V 
Electrostatic Discharge (Analog 
Inputs)  2.0 kV 

Table 3 Absolute Maximum Ratings 

4.3 Electrostatic Discharge  

 

Figure 5 ESD protection circuits for the preamplifier input on the preamplifier ASIC 

The ESD human-body model used for testing this device followed the 

internationally widely use JEDEC standard: JESD22-A114D. The circuit uses two large 

NMOS transistors each consisting of six parallel devices having width to length ratios 

of 30 × 0.9μm as the voltage limiting and energy absorbing elements. The gate and 

drain of each transistor are connected together to the signal line while the source and 

substrate connections are tied to ground. The two transistors form a pi-network between 

the input pad and the input to the preamplifier. A 1kΩ resistor, the third element of the 

pi-network, connects the two transistors. For a positive overvoltage input, the 

transistors act as diode-connected MOSFETs, turning on at the threshold voltage of 
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0.7V. For a negative input, the drain to substrate junction is forward biased and the 

local substrate connections assure a low forward voltage even at high current. This 

design guarantees that even if the surge voltage seen by the first stage NMOS exceeds 

the break down voltage of the input capacitor and input PMOS gate oxide, the voltage 

applied to those elements will not. One advantage of this protection circuit is that it 

does not provide any path from the I/O pad to the supply voltage even after failure of 

either junctions or gate oxide.  
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5. Timing Diagram 

 
The entire 100 preamplifiers are divided into two groups of 50 preamplifiers 

each. The outputs from the preamplifiers in each group are multiplexed onto one of two 

analog outputs (AOUT_A and AOUT_B). This is run at a 1MHz clock. The clock is 

180° phase shifted for B bank when MASTER input pad is wired to VDD, and 180° 

phase shifted for A bank when it is wired to GND. The two multiplexed analog neural 

signals are buffered with unity gain buffers. When an entire cycle of sampling is 

complete, the corresponding SYNCHOUT_x signal is asserted by the amplifier. This 

signal allows the controller to delay the next sampling cycle by holding the clock. At 

this time, the AOUT_x signal is still putting out the valid voltage of the last channel. 

 

Figure 6 Timing Diagram - First channels 
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Figure 7 Timing Diagram - Last channels 

With a 1MHz main clock, an entire cycle of sampling is completed in 50µs 

which leads to a maximum sampling rate of 20 kSps/ch. 

6. Typical Application 

 

REF DEVICE 
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Figure 8 Low-power low-noise sensor for neural interface applications 
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R1 

RES SMD 2.2K OHM 1% 

1/10W 0402 0402 2.2kΩ ERJ-2RKF2201X 

Table 4 Bill of Materials 

The Amplifier ASIC relies on the controller ASIC to provide a sampling clock 

signal which is used as the switching clock for sampling from individual amplifiers by 

MUX A and B. The digital controller provides a Chip Select signal (/CS_A and /CS_B) 

to each ADC respectively to initiate the 14-cycle conversion cycle for ADC. There is a 

2 cycle “enable” overlap between the 2 ADCs to enable consecutive read out from each 

ADC. When one entire cycle of sampling is complete (50 channels on MUX A and 50 

channels on MUX B), the SYNCHOUTB signal is asserted by the amplifier chip, which 

triggers the insertion of a synch word into the output data stream by the digital 

controller. The Controller ASIC holds the sampling clock during this 1µs operation 

which leads to a sampling rate of 19.6 kSps/ch. 
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MCLK [1MHz]

MASTER

AOUTA [ analog]

SYNCHOUTA

AOUTB[ analog]

SYNCHOUTB
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A00 A01 A02 A49 A00

B00 B01 B02 B48 B49

A00 A01 A02 A49 A49 A00

B00 B01 B02 B48 B49 B49

A00-12 bits B00 A01 B01 A02 B02 B48 A49 B49 SYNCH WORD - 24  bits A00

Figure 9 Timing diagram of a neural interface application 
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7. Footprint dimensions 

 

Figure 10 Footprint dimensions (mil) 

 

 

Figure 11 Chip dimensions (µm)  
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Appendix I-C 

NeuroComm Risk Analysis Matrix 
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Appendix II 

This appendix demonstrates the parameters and analysis for technology scaling of 

the amplifier ASIC 
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