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Abstract
by José Luis Valtierra Sánchez de la Vega

Progress in microfabrication technology has opened the way for new possibilities in

neuroscience and medicine. Chronic, biocompatible brain implants with recording and

stimulation capabilities provided by embedded electronics have been successfully demon-

strated. However, more ambitious applications call for improvements in every aspect of

existing implementations. This thesis proposes two prototypes that advance the field in

significant ways. The first prototype is a neural recording front-end with spectral selec-

tivity capabilities that implements a design strategy that leads to the lowest reported

power consumption as compared to the state of the art. The second one is a bidirec-

tional front-end for closed-loop neuromodulation that accounts for self-interference and

impedance mismatch thus enabling simultaneous recording and stimulation. The design

process and experimental verification of both prototypes is presented herein.
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Chapter 1

Introduction and Background

Research in neural implants has significantly increased in the last few years owing to

parallel progress in the fields of microelectronic circuits, material science and neuro-

science. In its most basic form, an implant either reads (records) from the brain, writes

(stimulates) in it, or both. This operation is executed by a neural interface which is in

turn governed by some sort of digital controller. A neural implant is also known as a

neuroprosthesis or brain chip.

1.1 Electrode-Electrolyte interface

The definitions vary depending on the setup but in general a neural implant is comprised

by an electrode, which in practice is typically a microelectrode array (Fig. 1.1), and in-

situ integrated electronics where recording and/or stimulation takes place. The electrode

is the medium through which neural signals reach the electronics (recording) or the

current reaches the brain tissue (stimulation). When a metal (e.g. electrode) is put

in contact with an electrolyte (e.g. brain tissue) a double layer of charge modeled as

a capacitance (CDL) emerges from its unequal distribution across the interface [1]. In

addition, charge leaked across the interface experiences a faradaic resistance (RCT ) while

a diffusion current from the electrolyte experiences an impedance (ZW ). Finally, the

resistance of the electrolyte is modeled as resistance RS . These four elements constitute

the model for the electrode-electrolyte interface (Fig. 1.2).

The characteristics of the electrode drive fundamental specifications for recording and

stimulation. Although data regarding characterization of electrodes is generally avail-

able, their characteristics tend to change due to temperature, mechanical stress and
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Chapter 1. Introduction and Background 2

Figure 1.1: Micrograph of the Utah array (from [2])

RCT

CDL

RS

ZW

Figure 1.2: Electrode model

quality of the implant. In any case, taking into account the electrode from the very be-

ginning of the interface design is a must. It should be said that a single CDL is enough

to model the interface for electrical simulation purposes [3].

1.2 Neural Recording

Neural signals are typically recorded by an amplifier in direct contact with an the elec-

trode. This section covers the basics of said signals as well as the considerations to

record them.

1.2.1 Neural Signals

Extracellular electric fields in the brain cortex are the product of multiple cellular pro-

cesses [4]. At low frequencies (¡ 500 Hz), contributions mainly from synaptic events give

rise to an arrhythmic broadband field with narrow-band oscillations known as the local

field potential (LFP) [5]. Spectral power is concentrated at lower frequencies (Fig.1.3(a))

and exhibits several oscillation bands across the spectrum [6] (Fig. 1.3(b)). At higher

frequencies (¿ 500 Hz) and up to 5-10 kHz, action potentials (AP) or spikes are the main
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Chapter 1. Introduction and Background 3

(a) (b)
Figure 1.3: (a) LFP frequency spectrum (from [8]) (b) LFP oscillation bands (from

[6])

(a) (b)

Figure 1.4: Extracellular field recording from (a) 1 Hz to 5 kHz (b) 500 Hz to 5 kHz
(from [9])

contributors to the extracellular electric field [4]. Spikes fire across frequency as a white

spectrum [7] and each one of them represents the activity of a single neuron. Fig. 1.4

shows extracelullar action potential recordings from a 64-site array.

The extracellular electric field in the brain can be detected as a voltage signal at different

observational levels (Fig. 1.5). Each level is related to the anatomical place where the

detection takes place. Detection at each level differs from the others in neural signal
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Chapter 1. Introduction and Background 4

Scalp

Skull
Dura 

Matter

EEG

ECoG

Figure 1.5: Observational levels.

magnitude as well as environment-specific constraints to the point that each observa-

tional level is considered a unique technique. In general, detection requires an electrode

in addition to amplification electronics. Each technique offers different advantages in

terms of mobility, stability, invasiveness etc. Nonetheless, only a cortical implant of-

fers the possibility to detect the entire spectrum of brain activity. Moreover, cortical

recordings have been directly linked to biophysics in the brain from which mathematical

models related to the origins of the neural signal have been constructed [4].

Neural signals carry information fundamental for the understanding of the brain. For

instance, movement [10], sleep [11], speech [12] and aging [13] have been found to cor-

relate to neural signal patterns. They have also been shown to contain information

regarding diseases such as epilepsy [14], Parkinson’s [15], depression [16] and obsessive-

compulsive disorder [17]. Even the understanding of consciousness itself has been under

investigation through the analysis of neural signals [18].

1.2.2 Considerations for Neural Recorders

The requirements for neural recording stem from electrode properties, characteristics of

the neural signal and implant related needs. Fig. 1.6 shows the requirements of a neural

recording front-end.

The initial considerations for the neural recording interface come from electrode impedance

(ZE), electrode mismatch and electrode DC offset (EDO). Electrode impedance depends

on electrode material, surface area, frequency and environment [19]. As a rule of thumb,

a smaller area implies higher impedance, which in turn implies higher noise [20]. A

smaller surface area is necessary for recording of action potentials though, as it trans-

lates to higher spatial resolution. This means that the electrode arrays for intracortical

recording exhibit the highest impedance out of any other type of implantable electrode
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Chapter 1. Introduction and Background 5

Figure 1.6: Requirements for neural recording

array. ZE in intracortical arrays reaches as high as tens of MΩ at low frequencies.

Their surface area is typically ¡ 100 × 100 µm2. To avoid signal attenuation, the neural

recording interface requires an input impedance (ZIN ) at least 100 times that of ZE [20].

The electrode mismatch problem originates from the fact that electrode impedances are

not the same due to fabrication non-idealities. This increases the susceptibility of the

interface to common-mode interference that can only be counteracted by high common-

mode rejection (CMRR) [21].

The EDO is caused by polarization in the electrodes and it can reach tens of mV, which

might be enough to saturate the interface. An offset rejection mechanism such as a

high-pass filter or DC servo-loop should be employed to deal with this issue [22].

Low-noise is one of the fundamental specifications for the neural interface [23]. It is

necessary in order to obtain high signal-to-noise ratio (SNR) considering that the neural

signal is on the µV order and the extracellular neural background noise has a noise floor

of tens of nV order of magnitude. It is specially important in applications that include

detection of oscillations or spikes based on algorithms that rely on a recorded signal

with sufficient SNR. High gain is also required in order to relax the noise requirements

of subsequent stages.

Bandwidth is an obvious requirement for the interface. As seen in Section 1.2.1, it

has been shown that LFPs spread their energy up to 100 - 500 Hz, whereas spikes are

present up to 5 - 10 kHz. The choice of bandwidth in the recording interface depends on
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Chapter 1. Introduction and Background 6

the application. Electrode capabilities and power consumption should also inform this

decision.

Low power is probably the most important concern in an implant. This preoccupation

comes from the fact that the implant must operate at the lowest possible power con-

sumption since its energy source is typically implanted batteries or an energy harvesting

scheme. Power consumption is therefore directly related to the longevity of the device.

Its status as the most fundamental specification in an implant is increasing even more

as the field progresses into more ambitious applications such as all-cortex recording [24].

From this perspective, area is also a fundamental concern, not only with the aim to

reduce the footprint of the implant but also its cost.

From a medical safety point of view, low-power consumption is essential as its directly

related to the temperature of the implant. It has been shown that neural tissue can be

damaged due to excess heat [25]. DC current leakage from the interface inputs into the

tissue can also be a source of damage to tissue and electrodes. For instance, intracortical

electrodes tolerate a DC current up to 10 nA. [26] recommends at least ZE= 100 MΩ

assuming a worst case DC offset of 50 mV, which would yield an acceptable leakage

current of 0.5 nA.

Finally, considerations emerging from large environmental interference should also be

accounted for. It has been reported that coupling from the supply voltages generates

large common-mode interference [27]. Muscle activity can be a source of interference as

well [28]. As a consequence, the interface needs to be designed for common-mode and

power-supply rejection of large signals.

It is clear that the design of the neural recording interface represents an unique problem.

Achieving these specifications together is a significant challenge, specially considering

the existence of several trade-offs among them. It can be said that a proper design

involves meeting all of these specifications without significant penalty on each other.

Multidisciplinary teams can take advantage of their expertise in areas such as materials

science and neuroscience to take the load off the specifications of the recording interface

in order to avoid overdesign.

1.3 Neural Stimulation

Neural stimulation involves the delivery of charge to neural tissue for clinical purposes.

This section covers the basics and considerations of neural stimulation.
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Chapter 1. Introduction and Background 7

WE

CE

ISTIMTissue Stimulator

Figure 1.7: Basic setup for neural stimulation.

1.3.1 Basic concepts

The process by which neural activity is evoked via electrical stimulus is known as neural

stimulation. In order to trigger an action potential an artificial depolarization of neural

tissue must take place. This is achieved when the extracellular potential is more nega-

tive with respect to the intracellular potential [29]. The most basic setup requires two

electrodes located in neural tissue, as shown in Fig. 1.7. Current flows from the working

electrode (WE) to the counter electrode (CE) causing a change in the potential at the

tissue. A cathodic stimulus wave causes negative charge accumulation under the WE

which results in depolarization. Thus, action potentials are evoked away from WE. It

is also possible to initiate action potentials by an anodic stimulus wave at the cost of

higher amounts of charge.

Charge transfer from the stimulator to the tissue is a phase transition process between

electron and ion flow. This occurs as a result of different reactions at the electrode-

electrolyte interface [30]. Multiple mechanisms are involved in this process and the

predominant one depends on the type of electrode. For instance, platinum electrodes

transfer electrons across the electrode-electrolyte interface (faradaic process). This pro-

cess has been described as a pseudocapacitance [30].

A fundamental issue in stimulation is tissue safety. In general, it is required that the net

delivered charge is zero in order to avoid tissue damage. A way to achieve this is with a

biphasic waveform comprised by two phases that inject the same amount of current with

different polarity [31]. Fig. 1.8 shows traditional stimulation waveforms. The principle

behind them is the same: all injected charge must be recovered in order to avoid tissue

damage.

From an electrical circuits perspective, there are three different stimulation schemes

(Fig. 1.9): voltage-controlled stimulation (VCS), current-controlled stimulation (CCS)

and switched-capacitor stimulation (SCS). VCS offers the highest energy efficiency out

of them, however, this scheme has no precise control over the injected charge since it

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-9

1d
1-

36
72

-2
7d

e-
40

48
-8

1b
b-

b0
c1

-f
14

4-
ac

0a
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-91d1-3672-27de-4048-81bb-b0c1-f144-ac0a 25/03/2020 17:47:32 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000017588 https://sede.administracionespublicas.gob.es/valida

GEISER-91d1-3672-27de-4048-81bb-b0c1-f144-ac0a

https://sede.administracionespublicas.gob.es/valida
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Figure 1.8: Waveforms for neural stimulation.

depends entirely on ZE . In contrast, CCS offers the best control of charge as it is

independent on electrode characteristics with minimal efficiency. SCS is a middlepoint

between the two: It depends on the electrode characteristics but is bounded by design

parameters while its efficiency is limited by the intrinsic loss in the capacitor charging

process [32]. From a safety perspective, CCS outperforms every other scheme purely

because it does not depend on electrode characteristics. As a consequence, CCS has

become the predominant technique in neural stimulators. From here on, all discussion

will be assuming current-controlled stimulators.

1.3.2 Considerations for Neural Stimulators

Safety is the utmost concern in a neural stimulator. As stated before, the injected net

charge to the tissue must be zero in order to avoid damage. However, due to circuit non-

idealities such pretense becomes only an approximation in practice. Nevertheless, chronic

neural stimulation can be made viable if safety margins in residual voltage, charge

mismatch and DC current error are established. These margins are highly dependent

on the electrode type as well as the amount of stimulation current. For example, charge

mismatch is a priority in platinum electrodes where the reaction products of the interface

can be recovered by a biphasic pulse as they remain on the surface of the electrode [21].

In contrast, residual voltage is the first consideration in electrodes where the reaction

products diffuse away from the surface. A voltage safety limit is set in in these cases in

order to avoid damage.
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Figure 1.9: Electrical stimulation schemes.

Figure 1.10: Requirements for neural stimulation.
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Figure 1.11: Bidirectional front-end for closed-loop neuromodulation.

Although CCS is known to be independent of ZE , this is only achieved if the circuit

topology and biasing conditions allows so. This is accomplished by approximating as

much as possible the output characteristics of the stimulator to those of an ideal current

source. In practice, a constant current can only be kept for a given load as long as there

is enough voltage compliance. The same goes for the output impedance of the neural

stimulator. The good news is that these specifications are not necessarily hard to meet,

as they do not involve any sort of crucial trade-off.

As opposed to neural recording, neural stimulation requires as much flexibility as pos-

sible. Not only are patients expected to respond differently from each other to varied

forms of neural stimulation but this response would probably change over time. As a re-

sult, the amount of injected charge (via current control) should be made programmable.

Similarly, the neural stimulator should allow for the programming of different waveforms

and their respective characteristics: pulse width, interphase delay, frequency etc.

1.4 Closed-Loop Neuromodulation

Neural recording and neural stimulation come together in a single concept known as

closed-loop neurmodulation or closed-loop neurostimulation. The idea behind it is pretty

straightforward: to establish closed-loop control of brain activity via stimulation in-

formed by recording. This scheme offers a more efficient use of stimulation in terms of

power consumption as the traditional periodic stimulation is replaced by one in which

stimulation occurs only when necessary. This is specially important in clinical applica-

tions for Parkinson’s disease and epilepsy [33]. It is also useful in applications where

prosthetics feed information back into the brain via stimulation [34]. In other cases,

it enables advanced applications. For example, in brain-spine interfaces the recorder is

placed in the cortex and its output is sent to stimulators that bypass a spine injury [35].
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Figure 1.12: Factors that contribute to artefacts.

A recording and stimulation interface placed in the same chip for reading and writing

purposes can be thought of as a bidirectional front-end. It can therefore be said that a

bidirectional front-end is the block in the chip in charge of closed-loop neuromodulation

(Fig. 1.11). This is not true for all applications though, such as those where the recorder

is far away from the stimulators (i.e. placed on different chips).

1.4.1 Self-Interference

The neuromodulation setup shown in Fig. 1.11 exhibits an inherent self-interference in

the form of stimulation artefacts that contaminate the recorded neural signal. Artefacts
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present themselves at the inputs of the recording front-end as large ac common-mode in-

terference occurring at the stimulation frequency, which generally falls inside the record-

ing bandwidth. Artefacts are also comprised by a differential component that is caused

by path mismatches as well as a ratcheting effect [36]. Their magnitude is proportional

to the residual charge in the electrodes [37] after stimulation, which is in turn propor-

tional to the amplitude of the stimulation pulses. Proximity between recording and

stimulation electrodes as well as a number of active stimulators are also contributors to

the magnitude of artefacts. Even unconnected electrodes are a contributor to artefacts

due to accumulated charge caused by current flow between nearby electrodes [38]. The

main factors that contribute to artefacts are depicted in Fig. 1.12.

The fact that residual charge in the electrodes from stimulation causes artefacts leads

us to consider the design of the stimulator. In a closed-loop neuromodulator, residual

voltage in the electrodes takes on an even greater importance. The same can be said

of charge mismatch, which is product of unbalanced stimulation pulses and as a conse-

quence, directly proportional to charge drops in the electrodes during stimulation. A

properly designed closed-loop neuromodulator should therefore implement design strate-

gies both in the stimulation and recording front-ends in order be able to operate in the

presence of self-interference.

1.4.2 Classification

Closed-loop neuromodulators can be classified by the manner in which they are con-

nected to the electrode array. Fig. 1.13 shows these classification. The electrode sharing

configuration offers double functionality for each electrode. However, this functionality is

not simultaneous due to the large artefact experienced. Indeed, a high-voltage switch is

necessary to isolate the recording front-end from the stimulator [39]. The same-electrode

array configuration places either a stimulator or a recorders per electrode. This config-

uration experiences artefacts of a manageable magnitude. As a result, this setup can

demonstrate simultaneous recording and stimulation if an appropriate artefact handling

scheme is included. Finally, simultaneous recording and stimulation can also be achieved

if the recorders and stimulators are placed in different brain regions. This scheme ex-

hibits artefacts of much lower magnitude or no artefact if they are placed in entirely

different parts of the nervous system. The result is that the established closed-loop

control is between different regions, which is a drawback in most applications.
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Figure 1.13: Classification of closed-loop neuromodulation schemes.

1.5 Contributions of this Work

This work introduces two different contributions to the field of implantable neural in-

terfaces.

The first one is a sub-µW ac-coupled reconfigurable front-end for multichannel invasive

wideband neural signal recording. The proposed topology embeds filtering capabilities

enabling the selection of different frequency bands inside the neural signal spectrum.

Power consumption was optimized by designing for proposed neural signal band-specific

noise targets. These noise targets are informed by the spectral characteristics of the

wideband neural signal. As seen in subsection 1.2.1, LFPs exhibit 1/fx magnitude

scaling while APs shows uniform magnitude across frequency. This work demonstrates

how significant power savings are obtained by exploiting the characteristics of the neural

signal. The proposed noise targets also take into account electrode noise as well as the

spectral distribution of the noise generators in the circuit.

The second contribution is a multichannel bidirectional front-end for closed-loop neuro-

modulation. The link between stimulation design parameters and artefact magnitude is

acknowledged. Stimulation artefacts are reduced by way of a 4-channel H-bridge current
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Chapter 1. Introduction and Background 14

sink sharing stimulator front-end that minimizes residual charge drops in the electrodes

via topology-inherent charge balancing. A 4-channel chopper front-end that is capable of

multichannel recording in the presence of artefacts is proposed. This is accomplished by

making the total common-mode rejection ratio (TCMRR) the centerpiece parameter in

the design process. This specification accounts for CMRR degradation due to electrode

mismatch in a multichannel recording interface.

Both contributions offer a unique perspective in the design of implantable neural inter-

faces.

1.6 Thesis Outline

The rest of this thesis is organized as follows. The state of the art is covered in Chapter 2.

Chapter 3 introduces the sub-µW ac-coupled reconfigurable front-end for multichannel

invasive wideband neural signal recording. Chapter 4 introduces the proposed multi-

channel bidirectional front-end for closed-loop neuromodulation. The work concludes in

Chapter 5.
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Chapter 2

Literature Review

This chapter presents a review on the state of the art of implantable neural interfaces.

The focus is on power consumption in neural recording front-ends and closed-loop neu-

romodulators in the same electrode array.

2.1 Power consumption in neural recording front-ends

Recent research in implantable neural front-ends has converged to a set of commonly

agreed requirements: an offset-rejection mechanism, low-noise, high input impedance,

high gain and minimal area impact. In addition, many front-ends include spectral selec-

tivity, which is normally done by subsequent filter stages either in the digital or analog

domain. As explained in Section 1.2.2, power consumption has emerged as the most

important concern in neural implants. Research has focused on reducing the front-end

consumption since it is typically one of the power-hungrier blocks in an implant.

Wideband neural recording front-ends can be classified as follows: conventional front-

ends, front-ends with spectral selectivity and sub-µW front-ends.

2.1.1 Conventional wideband neural front-ends

Conventional wideband neural front-ends are those that achieve a satisfactory trade-off

between all specifications while excluding any kind of special functionality.

The authors in [40] proposed a switched-capacitor front-end that obviates the need for

pseudoresistors and improves input impedance by employing a small input capacitor.

This front-end consumes 22 µW.
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Chapter 2. Literature Review 16

[27] introduced and architecture that enhances CMRR for environmental interference.

The base amplifier is a simple inverter and implements common-mode feedback through

rails. This front-end consumes 3.28 µW.

In [41], a chopper amplifier with digitally assisted offset calibration was introduced. The

front-end also includes a gain calibration mechanism as this front-end has an open loop

architecture. The power consumption is 9.1 µW including analog to digital conversion.

The authors in [26] proposed a chopper amplifier that features high-dynamic range to

amplify stimulation artefacts. It also introduces alternatives to the traditional pseurore-

sistors as well as novel schemes for input impedance boosting. The power consumption

in this work is 2 µW.

[42] introduced a novel stacked current mirror topology. This work improves heavily on

the efficiency between power and noise. The power consumption is 4.5 µW.

[28] introduced a DC coupled topology aimed at high CMRR performance. This work

shows a power consumption of 28 µW.

2.1.2 Sub-µW neural front-ends

Sub-µW neural front-ends are sparse in the literature and they generally involve the

penalization of a non-trivial circuit specification. In other words, the cost of sub-µW

operation is the degradation of another circuit specification, often to prohibitive levels.

The low-power consumption in [43] is achieved through the extreme reduction of the

supply voltage which comes at the cost of a limited input swing. The input swing of the

amplifier is 10 µV without clipping issues.

The front-end introduced by [44] omits large parts of the local field potential spectrum.

More specifically, the high-pass corner is 80 Hz. This means that no power is spent on

the amelioration of low-frequency noise, which is what enables low-power consumption.

The front-end in [45] omits large parts of the action potential band. This is because

the first stage, which is proportional to the bandwidth of the amplifier, is biased with a

smaller current than usual. Thus, the recording bandwidth is only 1 kHz.

Single-ended front-ends also manage sub-µW operation [46]. Indeed, single ended topolo-

gies are less consuming than their differential counterparts, however, this comes at the

cost of insufficient CMRR (=40 dB) and PSRR (=45 dB).
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The topology introduced in [47] achieves significant power savings by employing and

extremely simple topology. This topology exhibits an inherently prohibitive PSRR= 5.5

dB!

2.1.3 Front-ends with spectral selectivity

Those front-ends that implement some form of spectral selectivity consume over 10 µW.

In [48–50], this consumption is to a large extent due to additional analog filter stages.

In [51], the power consumption is produced by a higher than average bandwidth (15

kHz) that ends up impacting its tuning flexibility. Finally, analog to digital conversion

integrated directly after the sensing electrodes has been proposed at the cost of a power

consumption of 5 µW [52].

2.1.4 NEF and Power consumption

The noise efficiency factor (NEF) was introduced in [53] to codify the efficiency of the

design in terms of the relationship between noise and current. The NEF is defined as

NEF = Vn

√
2I

πVT 4kTBW
. (2.1)

Where Vn is the integrated noise of the front-end, BW is the bandwidth and I is the

supply current. Fig. 2.1 shows a plot of the previously discussed works. The group in

orange is clearly favorable in terms of power consumption, however as noted in Section

2.1.2, this performance comes at the cost of the penalization of some other specification.

2.2 Same Electrode Array Closed-loop neuromodulators

As stated in Section 1.4.1, a bidirectional interface connected to the same electrode array

exhibits self-interference that should be managed in some form. Traditional designs of

closed-loop neuromodulators involve the unilateral placement of stimulators alongside

recording amplifiers with minimal to no regard for self-interference [54–59]. As a con-

sequence, these prototypes are unable to record during stimulation as their front-ends

saturate due to artefacts.

Commercial neuromodulators work around this issue by limiting the bandwidth of the

amplifiers to 100 - 200 Hz [60–63]. This strategy is somewhat successful since stimulation

frequencies are typically chosen at ¿ 200 Hz. However, this impedes the recording of
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Figure 2.1: Power consumption vs NEF of recording front-ends.

high frequency biomarkers. For example, it has been shown that the 250 - 600 Hz band

contains biomarkers for epilepsy [64] or Parkinson’s [65].

The work introduced by [66] employs input blanking in order to avoid saturation. This

consists in shutting down the inputs of the recording front-end during stimulation. A

different technique known as frequency pole shifting was employed in [49]. This boils

down to a change in the frequency response of the recording front-end during stimulation

in order filter the artefacts. In [67] a technique that forces a fast recovery was introduced.

This is achieved by setting the output of the front-end to a reference voltage to recover

its functionality immediately after stimulation. Although these works are successful in

dealing with self-interference, they entail loss of information during stimulation as they

are not capable of recording in the presence of artefacts.

As explained in Section 1.4.1, artefacts stem from residual charge drops in the electrodes

due to stimulation pulses. This suggests that artefacts should be accounted for in the

design of the neural stimulator as well. In the literature only [37, 63, 68] consider the

role of artefacts at their origin. These works minimize artefacts through charge balance

schemes in the stimulator.

Recent works have demonstrated tolerance to self-interference, still, they are not without

issues. For instance, [69] is vulnerable to large common-mode interference, mostly due

to the low supply voltage in the input stage. [70] employs a passive high-pass filter prior
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Chapter 2. Literature Review 19

Table 2.1: State of the art of closed-loop neuromodulators

[49] [63] [71] [69] [70] [68, 72] [67]

Year 2016 2018 2018 2018 2019 2019

Process 180 800 HV, 65 40,180 HV 180 HV 130
(nm) 250

Channels 16 / 16 4 / 16 64 / 16 64 / 8 64 / 4 32 / 4
Rec. / Stim.

BW 7k - 8.3 k 250 500 15k
(Hz)

Noise 4.57 100 8.2 2.2 68 3
µVrms nV/rtHz µVrms µVrms nV/rtHz µVrms

Input -61dB THD - 77dB DR 81dB SFDR 0.012% THD -
for 10mVpp for 200mVpp for 100mVpp for 100mVpp

CMRR 81 ¿80 12 - 85 -
(dB) unspecified unspecified for 100 mVpp unspecified

Self-interference input blanking input blanking analog/digital canceller high dynamic range digital canceller fast recovery
strategy tunable high-pass filter tunable low-pass filter high-dynamic range

high-dynamic range charge-balance
charge-balance

to the recording front-end which substantially degrades the CMRR while [68] features a

front-end with insufficient input impedance.

From this literature overview, it can be concluded that the field is leaning towards

achieving simultaneous recording and stimulation. Thus, an artefact-aware design of

the neuromodulator has become a fundamental necessity. The current state of the art

in closed-loop neuromodulation front-ends is shown in Table 2.1.
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Chapter 3

A Sub-µW Reconfigurable

Front-End for Invasive Neural

Recording that Exploits the

Spectral Characteristics of the

Wideband Neural Signal

This chapter introduces a front-end with reconfigurability that enables spectral selectiv-

ity. The idea was to produce a design that met the following conditions:

• Operation at state of the art sub-µW power consumption.

• Included bandwidth selectivity functionality that is only available at high (¿ 10

µW) power consumption.

• Did not compromise any other specification, thus achieving a satisfactory trade-off

among all specifications as in conventional front-ends.

The following discussion covers the design of such front-end.

3.1 Introduction

The proposed two-fold strategy for power reduction is as follows: first, instead of includ-

ing additional filters, filtering capabilities are embedded in the front-end. This is made

20C
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Chapter 3. Sub-µW Reconfigurable Front-End 21

possible by introducing a reconfigurable topology that produces different frequency re-

sponses in the same circuit. Second, a power-efficient low-noise design based on multiple

noise targets that depend on the type of neural signal is derived. This strategy takes the

place of the traditional single integrated noise target for the entire neural bandwidth.

The proposed noise targets are motivated by three main factors: 1) the bandwidths of

the noise generators in the front-end, 2) electrode noise distribution, and more impor-

tantly, 3) the spectral characteristics of the neural signal. It has been shown that LFPs,

extended to the HFO frequency range, exhibit a 1/fx magnitude scaling [73, 74] while

APs show an uniform magnitude [7]. A spot-noise target at the worst case signal-to-

noise ratio (SNR) is thus chosen for the low-frequency band [75] while the integrated

noise specification is kept for higher frequencies. This strategy translates directly to

power savings since the chosen spot-noise target is located at a frequency after the

front-end’s noise corner. At this frequency, the noise floor is mostly thermal and can be

efficiently controlled by the bias currents in the front-end without needing to compensate

for low-frequency noise contributions. Furthermore, since the power consumption is not

dependent on the topology, other fundamental specifications such as input swing, PSRR

or CMRR are not impacted. The basics of this work were originally introduced in [76].

3.2 Proposed reconfigurable front-end

Figure 3.1 shows the proposed capacitively-coupled wideband neural front-end with re-

configurable topology. The idea is that four different front-end configurations (modes),

each with its own frequency bandwidth, can be accessed through digitally-controlled

switching. Thus, the front-end can be tuned to a specific frequency band inside the neu-

ral signal spectrum with no impact on power consumption. The configuration modes

are named after the bandwidth they are set to: wideband (WB) neural signal, LFP, AP

and Fast Ripple (FR). The fast ripple is a form of high-frequency oscillation that rides

LFPs and appears above 100 Hz and extends up to 1 kHz [77].

The front-end is comprised by two OTAs in the forward path and one in the feedback

loop. OTA1 provides the first stage of amplification and sets the thermal noise floor of

the circuit. OTA2 acts as a low-pass filter [78] with a switchable high-frequency corner

(fH) [43]. OTA3 is an active feedback that biases the inputs of OTA1 and generates a

switchable low-frequency corner (fL) [79]. This corner is fundamental in biological front-

ends for electrode offset rejection and in this case, filters low-frequency noise in the AP

and FR modes. The use of pseudoresistors has been avoided since it has been suggested

that they exhibit much larger variability than active feedback [80]. The employed active

feedback thus allows for more robust topology reconfigurability and avoids the need
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OTA

OTAC1

C2

CL

1VIN
+
VOUT
-

+

-

CL

2

3

Figure 3.1: Proposed reconfigurable front-end

for external pseudoresistor tuning. The gain for all modes of operation is defined by

capacitor ratio C1/C2. The reconfigurable modes are as follows.

3.2.1 Wideband Mode

The circuit enters the WB mode that covers both the local field and action potential

frequency bands (Fig. 3.2(a)) at φ = 1 and θ = 1. The low-frequency corner is given by:

fL(WB) '
gm3

2πC2A2
. (3.1)

Here, A2 = gm2/gds2[81] while gm2 and gds2 are the transconductance and conductance

of OTA2, respectively; gm3 is the transconductance of OTA3. The high-frequency corner

is:

fH(WB) '
gm1C2

2πCB1C1
, (3.2)

where gm1 is the transconductance of OTA1.
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Figure 3.2: Reconfigurable Modes. (a) Wideband mode (b) Local field potential mode
(c) Action potential mode (d)Fast ripples mode.

3.2.2 Local Field Potential Mode

The LFP mode of operation is accessed at φ = 1 and θ = 0 (Fig. 3.2(b)). The low-

frequency corner fL(LFP ) is the same as the WB mode. The high-frequency corner is

given by:

fH(LFP ) '
gm1C2

2πCB2C1
. (3.3)

Thus, the bandwidth is reduced considering CB2 > CB1.
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Chapter 3. Sub-µW Reconfigurable Front-End 24

3.2.3 Action Potential Mode

The AP mode (Fig. 3.2(c)) reconfigures the feedback of the circuit at φ = 0 and θ = 1

meaning that OTA3 connects to the output of OTA2. This has the following effect on

the low-frequency corner:

fL(AP ) '
gm3

2πC2
. (3.4)

Equation (3.4) shows that by discarding A2, this corner is boosted to a higher frequency.

The high-frequency corner fH(AP ) is described by (3.2) as well, since CB1 is set as the

feedback capacitor.

3.2.4 Fast Ripple Mode

The amplifier enters FR mode (Fig. 3.2(d)) at φ = 0 and θ = 0. The bandwidth is

set by a combination of fL(AP ) and fH(LFP ) corner. The low-frequency corner fL(FR) is

thus described by (3.4) while (3.3) describes the high-frequency corner fH(FR).

3.3 Power-efficient low-noise design for neural signals

This section presents the proposed noise targets for the reconfigurable front-end. These

targets are independent from the proposed topology and can be employed in other

wideband neural front-ends. The main idea is that a power efficient design can be

achieved if the spectral characteristics of front-end noise, the input neural signal and

electrode noise are taken into account.

3.3.1 Noise analysis

Total noise in the front-end can be approximated by summing the contributions gener-

ated by OTA1 and OTA3. The noise contribution of OTA2 is negligible since the first

stage is designed for high gain. For the most part, reported neural front-ends also omit

the noise contribution by the feedback element (OTA3 in this case). The commonly used

feedback pseudoresistor is sized as large as possible to push the fL far enough from the

bandwidth of interest so that its noise contribution is minimized. This comes at the cost

of a larger OTA1 flicker noise contribution which is partially counteracted by a large

differential pair area (or chopper modulation if the noise requirement is too stringent).

This strategy is understandable if the circuit is designed under an integrated noise spec-

ification. In our case, the feedback element will be accounted for in the analysis in order
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Chapter 3. Sub-µW Reconfigurable Front-End 25

to visualize its frequency-dependent impact on the front-end. This will lead us to the

generation of power-efficient noise targets that will be introduced in later sections. The

following noise analysis is valid for every reconfigurable mode.

For noise analysis OTA1 and OTA3 are assumed as single transistors operating in sub-

threshold region. The idea is to employ simple noise terms defined by bias currents (IB)

and areas (W × L) that can be linked to any other OTA topology with the addition

of a few proportional factors. The open-loop noise related to OTA1 (v2n,1) is comprised

by thermal (v2n,th,1) and flicker noise (v2n,1/f,1) contributions. The thermal component is

defined as:

v2n,th,1 =
4kTγηVt
IB1

∆f, (3.5)

where k is the Boltzmann constant and T is the temperature. The process parameters

η and Vt describe the sub-threshold slope and thermal voltage respectively, while γ=1/2

in the sub-threshold region. IB1 is the current flowing through OTA1. The flicker

component is given by:

v2n,1/f,1 =
KF

W1L1Coxf
∆f, (3.6)

where KF is a process dependent parameter, Cox is the gate oxide capacitance and W1

and L1 are the width and length of OTA1. v
2
n,1 can then be referred to the input of the

front-end by way of:

IRN2
1 = v2n,1

(
C1 + C2 + CIN

C1

)2

∆f, (3.7)

where CIN is the input parasitic capacitance of the transconductor and ∆f is approx-

imated to (π/2)fH . A similar procedure can be deployed for OTA3. Considering that

OTA3 needs to be biased by a very low current in order to set fL, the thermal noise

contribution will be predominant over the flicker one [82]. As a result, noise in OTA3

(v2n,3) can be approximated as follows:

v2n,th,3 =
4kTγηV t

IB3
∆f, (3.8)

where IB3 is the current flowing through OTA3. The input-referred noise of OTA3 is:
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Figure 3.3: Input referred noise of the proposed front-end.

IRN2
3 = v2n,3

(
1

G

)2∣∣∣∣ 1

1 + j(f/fL)

∣∣∣∣2. (3.9)

where G = C1/C2 in the AP and FR modes and G = C1/C2A2 in the WB and LFP

modes. The two noise generators can be summed to obtain the total input-referred noise

as follows:

IRN2
Total = IRN2

1 + IRN2
3 . (3.10)

Fig. 3.3 shows a sketch of (3.10). The noise at lower frequencies (i.e. the LFP band)

is mostly v2n,1/f,1 and v2n,th,3, while v2n,th,1 dominates at higher frequencies (i.e. the AP

band). At lower frequencies, v2n,th,3 masks v2n,1/f,1 due to the use of an active feedback.

This effect causes a deviation from a 1/f slope in the front-end’s noise [23] and is

exacerbated in the WB and LFP modes (see Appendix A).

The main implication in the noise analysis is that, for a fixed gain, the only circuit

parameters through which a particular noise target can be reached are IB3, W1, L1

and IB1. Moreover, the first three parameters cannot be adjusted unilaterally since

IB3 = gm3/ηV t, which is directly related to fL by way of (3.1) and (3.4); while W1

and L1 heavily impact the area of the circuit and cause a potential gain drop due to

CIN loading. Thus, the only parameter left is IB1 which necessarily compensates for

v2n,1/f,1 and v2n,th,3 if an integrated noise target covering the entire front-end bandwidth

is used. As a result, the traditional design strategy inevitably leads to inefficient power

consumption considering that IB1 is the largest current in the front-end. Therefore,

the ideal noise efficiency factor (NEF) [53] can never be reached, especially in limited

bandwidth front-ends where NEF>3 [83] even with chopper modulation schemes [78].
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Figure 3.4: Spectral characteristic of the wideband neural signal.

3.3.2 Spectral density of neural signals

Traditionally, neural front-ends are designed without any knowledge of the frequency

characteristics of the input signal. Doing so necessarily leads to design the front-end

under an integrated noise target since the input wideband neural signal is considered

only in the time domain. However, research in neuroscience has shed light on previously

underexplored details of neural signals that must be considered in the design of neural

front-ends. On the one hand, it has been shown in Chapter 1 that the LFP obeys a

power law up to 500 Hz. More specifically, the LFP takes a 1/f2 form for f ¡80 Hz and

transitions beyond it to a ∼ 1/f4 form. On the other hand, the AP signal displays

statistics that translate as a white power spectrum. This characteristic is illustrated

in Fig. 3.4 and placed in the context of the front-end’s input-referred noise spectrum

developed in the previous subsection. The neural signal exhibits higher magnitude at

low frequencies where the noise in the front-end is higher while it reaches a flat power

spectrum after the front-end’s noise corner. As a consequence, the SNR is higher at low

frequencies.

The spectral characteristics of neural signals have been exploited in few works. In [84]

the authors place a low-frequency corner at a much larger value than usual (fL ∼100Hz)

that flattens the LFP power spectrum before further processing. [40] implements the

same concept with a switched-capacitor front-end to avoid some of the pitfalls of the

previous implementation. In [75], the authors present an electrocorticography (ECoG)

front-end that is designed under a spot-noise specification. The signal is then high-

passed to reduce the required analog-to-digital converter (ADC) resolution. Similarly,

[85][86] take advantage of the low-frequency slope by performing delta-conversion.
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Chapter 3. Sub-µW Reconfigurable Front-End 28

Figure 3.5: Noise density of an utah electrode array measured in-vivo (from [19]).

3.3.3 Electrode noise density

Full characterization of microelectrode arrays has become recently available in the liter-

ature [87] [19]. In these works the authors characterize multiple sets of microelectrodes

both in-vitro and in-vivo and end up reaching some key findings in common: electrode

noise is higher in-vivo than in-vitro and it increases significantly at lower frequencies

due to background noise. The spectrum for a sputtered iridium oxide film (SIROF)

Utah Electrode Array (UEA) measured in-vivo is plotted in Fig. 3.5 with the previously

discussed PSDs as a backdrop. Electrode noise is flat for high frequencies but at ¡ 1

kHz picks up background noise from far-apart neural activity [88]. This is an interesting

result since background noise is usually quoted at 10 µVrms [89] [22] with no regard for

its spectral density. More importantly, the convention is to design for an integrated noise

target below the background and electrode noise [26], however, since even the in-vivo

noise density (noise floor at 25 nV/
√

Hz or 7.5 µVrms from 100 to 150 kHz [19]) is lower

than common estimates, actually reaching that target would require significant amounts

of power consumption. For instance, the work presented in [89] features a noise floor at

21 nV/
√

Hz which requires a supply current of 16 µA.

3.3.4 Proposed noise targets

Fig. 3.6(a) shows the noise model that includes the observations made in the previous

subsections. VA is the amplifier noise magnitude, VS is the magnitude of the input neural

signal and VE models the electrode thermal noise and the background contribution. The

core of the proposed design strategy is to consider a spot noise target at the frequency

where the input signal abandons its 1/fx decay and reaches its lowest magnitude (∼500

Hz). This frequency can be considered the worst case SNR. Setting the front-end noise

at it guarantees an accurate recording at lower frequencies where the SNR is always

higher. Power consumption reduction is obtained as a direct consequence since IB1
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f
f

f

VS

RE

CE

VA

VE

Figure 3.6: Noise model of the front-end and electrode interface. RE is the metal-
electrolyte leakage resistor and CE is the electric double layer capacitor. The model is
valid under the assumption that the input impedance of the front-end is several times

larger than the electrode impedance.

needs to compensate for lower amounts of v2n,1/f,1 and v2n,3 at 500 Hz meaning it has a

more efficient control over the noise floor. The targeted sub-µW operation can there-

fore be reached without penalizing other characteristics of the front-end. The proposed

spot noise target also obviates the need for low-frequency noise removal by way of chop-

per modulation which brings about a degradation in other specifications such as input

impedance and electrode offset rejection that require additional circuitry to compensate

for. The proposed design strategy can be generalized to capacitively coupled front-ends

with highly resistive feedback elements.

Quantitatively, the spot noise target can be estimated according to the SNR requirements

as follows [90]:

SNRspot =
VS√

V 2
E

2
+ V 2

A

. (3.11)

For an SNRspot¿40 dB at 500 Hz target, a spot-noise target of at least 80 nV/
√

Hz

is required in the LFP and WB modes assuming a VS=20 µV/
√

Hz signal and in-

vivo electrode noise VE=25 nV/
√

Hz. In addition, a worst case (spatially far-apart) 1

µV/
√

Hz LFP can be recorded with at least SNRspot¿20 dB at the proposed noise target.

A spot-noise target at 150 Hz was considered by [75] for an ECoG front-end. This idea

can be exploited further in this front-end since it is focused on intracortical signals that

are larger in magnitude, hence, allowing for an even greater power reduction. Moreover,

[75] made no consideration for the electrode noise in their SNR calculations. The spot

noise target is useful for the LFP and WB modes of operation since they cover the

frequency band where the input signal maintains a 1/fx characteristic. The AP and FR

modes should keep the traditional integrated noise target since in those frequency bands

the input signal is mostly white. As a result, the noise target for these modes is ¡ 5

µVrms. The proposed noise target requirements are shown in Fig. 3.6(b).
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V

V

Figure 3.7: (a) OTA1 and OTA2. (b) OTA3 (c) Common mode feedback.

It should be said that the 1/fx slope might collapse in some situations [91]. This would

effectively cause the low-frequency neural signal to momentarily exhibit a flat PSD,

leading to SNR reduction under the proposed design strategy. Considering a worst

case low-frequency magnitude at VS=50 µV/
√

Hz, electrode noise at VE=1 µV/
√

Hz

and front-end noise at VA=5 µV/
√

Hz, the recording would show an SNRspot=20 dB.

Another aspect to be considered is that the slope in the input neural signal might vary

depending on the electrode type [74]. In this case, the proposed design strategy can be

modified by choosing a different worst case SNR frequency. The electrode setup also

influences the slope of the neural signal. It has been shown that using a single electrode

reference enhances the 1/fx slope, thus favoring the application of the proposed design

strategy [92].

3.4 Transistor level implementation

Current reuse amplifiers biased in weak inversion were used for OTA1 and OTA2 (Fig.

3.7(a)). These OTAs generate the transconductance of a complementary input pair from

half the current as they are biased by the same source. Thermal noise for the current

reuse amplifier is defined as follows:

v2n,th =
16

3

kT

gmn + gmp
∆f, (3.12)
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Chapter 3. Sub-µW Reconfigurable Front-End 31

where gmn (gmp) is the transconductance of the N (P) input transistor and gmn=gmp=
IBIAS

2ηVt
.

In the case of OTA1, IBIAS is equivalent to the transconductor bias current IB1 described

in (3.5). As a consequence, IBIAS sets the noise floor of the front-end at the worst case

SNR frequency.

Flicker noise in the current reuse amplifier is:

v2n,1/f =
1

4Cox∆f

(
Kn

An
+
Kp

Ap

)
. (3.13)

Here, An and Ap are the areas of the input n and p transistors, respectively. For OTA1,

these areas are directly related to the W1 × L1 area described by (3.6). Thus, flicker

noise in the front-end is minimized by increasing the input transistor area. The idea is

to reduce flicker impact at the worst case SNR frequency to make valid the assumptions

of the previous section. Total power consumption is kept low by biasing OTA2 with

the least amount of current possible while keeping stability and high enough open-loop

gain. Its impact on (3.1) should also be considered. Capacitors CB1 and CB2 are sized

according to (3.2) and (3.3), respectively. OTA3 (Fig. 3.7(b)) is biased with a current

in the order of picoamperes and sized with large transistors in order to set fL(WB)=

fL(LFP )= 1 Hz. The common-mode feedback circuit used for every OTA is shown in

Fig. 3.7(c). The sizing of C1/C2 should consider the gain target (40 dB) and its impact

on area and input impedance (ZIN=
1

j2πfC1
). A ratio of 28 pF / 255 fF was chosen

to counter a plausible process variation induced gain drop. The possibility to fine-tune

fL via external control of IB3 was included. This procedure only represents a few nW

increase in power consumption. Table 3.1 shows relevant sizing information and Table

3.2 shows the simulated power consumption.

3.5 Measurements

The front-end was designed in a standard 180 nm process. It occupies a non-optimized

area of 0.192 mm2 (Fig 3.8). The relatively large area is due to the capacitors that

enable reconfigurability. It is nevertheless on range with other front-ends with spectral

selectivity. The area can be reduced by placing the active circuits underneath the ca-

pacitors. This would significantly improve the prospects of the circuit for multichannel

implementation. The following measurements were performed at 1 V supply.
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Chapter 3. Sub-µW Reconfigurable Front-End 32

Table 3.1: Sizing information.

Device Size

MP(OTA1) 300/4 µm

MN(OTA1) 200/4 µm

MP(OTA2) 210/0.5 µm

MN(OTA2) 70/0.5 µm

MP(OTA3) 38/31 µm

C1 28 pF

C2 255 fF

CB1 2 pF

CB2 20 pF

CL 2.5 pF

Table 3.2: Simulated power consumption at VDD=1 V.

Current Value (nA)

IBIAS(OTA1/CMFB1) 424 / 140

IBIAS(OTA2/CMFB2) 47 / 26

IBIAS(OTA3/CMFB3) (WB,LFP) 0.004 / 0.323

IBIAS(OTA3/CMFB3) (AP,FR) 0.026 / 2

Overall (WB,LFP) / (AP,FR) 803.7 / 807

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-9

1d
1-

36
72

-2
7d

e-
40

48
-8

1b
b-

b0
c1

-f
14

4-
ac

0a
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-91d1-3672-27de-4048-81bb-b0c1-f144-ac0a 25/03/2020 17:47:32 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000017588 https://sede.administracionespublicas.gob.es/valida

GEISER-91d1-3672-27de-4048-81bb-b0c1-f144-ac0a

https://sede.administracionespublicas.gob.es/valida


Chapter 3. Sub-µW Reconfigurable Front-End 33

Figure 3.8: Die micrograph of the proposed front-end.

3.5.1 Electrical measurements

Results from electrical verification are presented in this section. Measured power con-

sumption was 803 nW in LFP and WB modes and 815 nW in AP and FR modes, which

is on range with the expected variation. The four selectable bandwidths are shown in

Fig. 3.9. The WB mode covers the 1 Hz - 5 kHz band, AP mode covers 200 Hz - 5 kHz,

LFP mode 1 Hz - 700 Hz and the FR 200 Hz - 950 Hz. The input-referred spot noise at

500 Hz is 75 nV/
√

Hz (Fig. 3.10(a)) in WB mode and 55 nV/
√

Hz in LFP mode (Fig.

3.10(b)). The integrated noise in AP mode is 4.1 µVrms (Fig. 3.11(a)). The integrated

noise in FR mode is 2.8 µVrms (Fig. 3.11(b)). CMRR and PSRR were measured for

large inputs to account for environmental interference that is present during real-world

neural recording scenarios [27, 28]. The measured CMRR for 100 mVpp sine inputs at

50 Hz in LFP and WB modes was 58 dB. This test was repeated at 400 Hz and 1 kHz

in FR and AP modes respectively yielding 68 dB in both cases. PSRR was measured

by introducing a 100 mVpp sinusoid to the supply input. The measured PSRR was 54

dB at WB and LFP modes at 50 Hz. This same test revealed that the PSRR in AP and

FR modes was 64 dB at 1kHz and 65 dB at 400 Hz, respectively. The total harmonic

distortion (THD) was found to be ¡1 % for a 1 mVp input for all modes of operation.

3.5.2 In-vitro measurements

The front-end was tested in an emulated real-world environment by means of a prere-

corded neural signal loaded to an arbitrary function generator that was injected into a

beaker filled with phosphate-buffered saline (PBS). The signal was sensed via titanium

nitride surface microelectrodes connected to the chip inputs. The chip was powered by

a battery to minimize the impact of power-line interference. The idea was, then, to

visualize the raw outputs of the front-end at all operation modes in the time domain

for the same neural signal. The output of the front-end in WB mode (Fig. 3.13(a))

shows a number of high-frequency components riding a 1 mVpp local field potential. In
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Figure 3.9: Frequency Response.
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Figure 3.10: Input referred noise in WB (a) and LFP (b) mode.
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Figure 3.11: Input referred noise in AP (a) and FR (b) mode.

contrast, the output in LFP mode (Fig. 3.13(b)) shows a cleaner signal since these high

frequency components have been filtered off. Dashed boxes indicate the presence of large

high-frequency components in the WB mode that are not present in the LFP mode. A

noticeable qualitative change in the neural signal is seen in the AP (Fig. 3.14(a)) mode

where the peak-to-peak amplitude drops to that of the action potential after filtering

away the much larger in magnitude local field potential. A similar situation was seen in

FR mode (Fig. 3.14(b)).

3.5.3 Comparison with previous work

The specifications are summarized in Table 3.3 and compared with the state of the art.

This front-end improves by almost an order of magnitude the lowest reported power

consumption while keeping comparable performance in all specifications. This work is

also the first one to include an specific bandwidth for the observation of fast-ripples.

Table 3.4 shows a comparison against reported sub-µW front-ends. In terms of power

consumption, this front-end performs on range with the state of the art. However, this

work does not incur in any major trade-off such as a degraded CMRR [46] or PSRR [47],
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Figure 3.12: In vitro test setup.
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Figure 3.13: In-vitro measurements in the WB (a) and LFP (b) modes for a prere-
corded neural signal.
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Figure 3.14: In-vitro measurements in the AP (a) and FR (b) modes for a prerecorded
neural signal.

limited input swing [43] or action potential band omission [45]. Additionally, it includes

spectral selectivity functionality which is not present in any other sub-µW front-end.

A comparison with conventional wideband front-ends can be made via NEFSpot[75] de-

fined as follows,

NEFSpot = Vn,Spot

√
2Isupply

πVT4kT
. (3.14)

This figure of merit is a modification of the classic NEF [53] that codifies noise efficiency

in terms of supply current and spot noise. SNR is calculated by way of (3.11) at 500 Hz

for a worst case VS=1 µV/
√

Hz, with VE being omitted to provide some generality. Fig.

3.15(a) shows that the proposed front-end exhibits the lowest NEF while maintaining

sufficient SNR, meaning that the proposed design strategy is the most efficient and it

does not imply significant loss of information. It therefore follows one of the principles

of low-power design pointed out by [93] which calls for a reduction in the amount of

information that needs to be processed. Finally, Fig. 3.15(b) reveals that the supply
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Chapter 3. Sub-µW Reconfigurable Front-End 38

Table 3.3: Comparison with front-ends with spectral selectivity.

[52] [49] [50] [48] This work

Process / Year 65 nm / 2012 180 nm / 2017 350 nm / 2017 130 nm SOI / 2017 180 nm / 2019

VDD (V) 0.5 1.8 3-3.3 1.2 1

Power (µW) 2)5.04 1)9 22 2)23.4 0.803 (LFP,WB) / 0.815 (AP,FR)

Area (mm2) 2)0.013 - 2)0.17 2)0.12 0.192

fL (Hz) DC / 300 0.3 / 3)300 0.02 / 74-750 0.5 / 300 / 500 / 1 k 1 / 200

fH (Hz) 300 / 10 k 3)300 / 7 k 200-330 / 6.34 k - 9.4 k 1 k / 10 k 700 / 950 / 5 k

Offset rejection (mV) ±50 mV AC-coupled AC-coupled AC-coupled AC-coupled

Noise 4)100 nV/
√

Hz (LFP) - 1.16 µVrms (LFP) 4)70 nV/
√

Hz (LFP) 55 nV/
√

Hz (LFP)
4.9 µVrms (AP) - 2.12 µVrms (AP) 6.36 µVrms (AP) 4.1 µVrms (AP)

- 4.57 µVrms (WB) 4)30 nV/
√

Hz (WB) - 75 nV/
√

Hz (WB)

CMRR (dB) 75 dB 81 dB 69 dB (LFP) / 70 dB (AP) ¿60 dB 58 dB (LFP/WB) / 68 dB (AP/FR)

PSRR (dB) 64 dB 71 dB 72 dB (LFP/AP) ¿70 dB 54 dB (LFP/WB) / ¿64 dB (AP/FR)

THD 2 % at max. gain -61 dB at 10mVpp ¡-39 dB 0.4 % at 10 mVpp ¡1 % for 1 mVp

1) Power consumption does not include subsequent filters. 2) Includes ADC. 3) Tunable
around 300 Hz. 4) Estimated at 500 Hz.

Table 3.4: Comparison with sub-µW front-ends.

[47] [45] [43] [46] [85] This work

Process / Year 500 nm / 2012 350 nm / 2014 180 nm / 2013 180 nm / 2018 180 nm / 2018 180 nm / 2019

VDD (V) 1 2.5 0.45 0.5 3)0.5 1

Power (µW) 0.8 0.87 0.73 0.7 0.8 0.803 (WB)

Gain (dB) 36 40.7 52 39.5 38.5 40.4

fL (Hz) 0.3 0.5 0.25 1 0.4 1 / 200

fH (Hz) 4.7 k 1 k 2.5 k - 10 k 6.8 k 10.9 k 700 / 950 / 5 k

Spot Noise at 500 Hz (nV/
√

Hz) 1)50 1)50 1)30 1)40 1)30 75 (WB)

CMRR (dB) - ¿ 70 dB 73 dB 40 dB ¿60 ¿58 dB

PSRR (dB) 5.5 dB ¿ 70 dB 80 dB 45 dB - ¿54 dB

THD 7.1 % at 1mVpp 1 % at 2.5 mVp 2)0.53% at 90% output 2.2% at 92 mV Output -74 dB at 3 mVpp input ¡1 % for 1 mVp

Spectral selectivity No No No No No Yes

1) Estimated, 2) Reported an input swing of 10 µV with no clipping issues, 3) Requires
additional DC bias circuit for input PMOS due to low VDD.

current in the proposed front-end is the lowest, thus confirming the efficiency of the

design.

3.6 Conclusions

This work presented a wideband reconfigurable front-end that consumes up to 815 nW.

This power consumption represents a 6.1x reduction compared against previously re-

ported works with similar aim. This is then, the first front-end with spectral selectivity

in the sub-µW range. Unlike other sub-µW front-ends, the power consumption in the

proposed front-end is achieved without penalizing input swing, CMRR or PSRR. To the

best of my knowledge, the use of multiple signal-specific noise targets that take advan-

tage of the spectral characteristics of the LFP an AP with the goal of reducing power

consumption has not been reported previously. This front-end is also the first one to
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Figure 3.15: NEFSpot of conventional front-ends against worst case SNR (a) and
supply current (b).

include an specific bandwidth for fast ripples. Moreover, the proposed power-efficient

low-noise design strategy can be easily mapped to other front-end topologies. Taking

into account recent advances in power-efficient analog to digital converters, this work

opens the way for the first sub-µW wideband reconfigurable neural recording channel.
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Chapter 4

A High TCMRR, Inherently

Charge Balanced Bidirectional

Front-End for Multichannel

Closed-Loop Neuromodulation

This chapter introduces a bidirectional front-end for simultaneous multichannel record-

ing and stimulation. This is achieved by acknowledging the following points:

• The role the design of the stimulators play in artefact generation

• The impact large stimulation artefacts have on the multichannel recording front-

end when impedance mismatch between electrodes and amplifiers is accounted

for.

Indeed, recent works have already pointed out the importance of stimulator design in

artefact mitigation [94] while single-channel recording front-ends with high tolerance to

common-mode interference have being recently reported [95, 96]. The initial assumptions

naturally lead us to design the proposed bidirectional front-end with charge balance and

TCMRR as the main specifications.

4.1 Introduction

Residual charge in the electrodes due to mismatch in stimulation phases contributes to

the increase of artefact magnitude over time. Fig. 4.1 shows a frequency domain view of
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m
V
/H
z

f(Hz)fstim

Figure 4.1: Frequency domain (Log scale) view of artefacts and their input-referred
magnitude increase due to residual charge accumulation over time.

artefacts that reveals the presence of harmonics that can reach considerable magnitude.

As covered in Sections 1.4.1, it is possible to picture an scenario in which closed-loop

neuromodulation is successful for the first few stimulation pulses, however due to residual

charge accumulation over time, artefacts become large enough to saturate the recording

front-end.

As covered in Section 2.2, few works are designed for tolerance to self-interference.

However, none of them consider the problem of multichannel recording in the presence

of artefacts. Additional considerations have to be made in the design of the multichannel

recording front-end so that it is able to sense in the presence of artefacts. Ng and Xu

[27] described an scenario in which the common-mode rejection of the amplifiers in a

multichannel recording front-end is degraded by impedance mismatch between input

and reference electrodes (Fig. 4.2(a)). This effect is captured by the concept of total

common-mode rejection ratio (TMCRR) as follows[27]:

TCMRR =
( 1

ICMRR
+
(1 + 2(|ZIN/Ze|+Nε)

2(Nε− 1)

)−1)−1
, (4.1)

where N is the number of channels sharing a single reference electrode, ε is the mismatch

factor between reference and signal electrodes (ε=1 when both electrodes are matched),

|ZIN/Ze| is the impedance ratio between input and electrode impedances and ICMRR is

the intrinsic common-mode rejection ratio (i.e. the CMRR of a single channel). In order

to maintain a sufficiently high TCMRR, |ZIN/Ze| should be high, ICMRR high and N

should be modest. TCMRR emerged originally as a way to account for common-mode

interference from capacitive coupling of electrical supply voltages in mind (as high as

100 mVpp). Evidently, it acquires greater importance in the presence of large common-

mode stimulation artefacts (as high as 1 Vpp). A model for a single recording channel

in a closed-loop neuromodulator is shown in Fig. 4.2(b).
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VS

VCMA

VOUT

VDMA

�500mVpp

�25mVpp

�1mVpp

Reference

Ze

Ze

Ze

Ze

4

3

2

1

ZIN

ZIN

ZIN

ZIN

ZIN

ZIN

ZIN

ZIN
V

OUT1

V
OUT2

V
OUT3

V
OUT4

Microlectrode 

      Array
Multichannel 

   Front-end

VEDO

VR

�±50mV

�±5mV

IN

REF

Ze

�Ze

ZIN
ZIN

N

(b)

(a)

Figure 4.2: (a) Configuration for multichannel recording (b) Model for a single chan-
nel in a multichannel recording interface in the presence of self-interference (extended
from [27]). VS is the neural signal of interest, VDMA is the differential-mode arte-
fact, VCMA is the common-mode artefact, VR is the ratcheting effect and VEDO is the
electrode DC offset. Amplitudes for VDMA, VCMA, VR will increase over time if the

stimulation pulses are not balanced.

4.2 Bidirectional front-end for multichannel closed-loop neu-

romodulation

Figure 4.3 shows the block diagram of the proposed 8-channel bidirectional front-end.

The circuit is comprised by a 4-channel stimulator front-end and a 4-channel record-

ing front-end. The system is powered by VDDH=3.3 V (stimulator) and VDDL=1.8 V

(recording) supply. The stimulation front-end includes input terminals to control stim-

ulation waveform and amplitude. The recording front-end is driven by externally set
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Chapter 4. Bidirectional Front-End 43

Figure 4.3: Proposed bidirectional front-end.

Tissue
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t
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DDHV

Figure 4.4: H-bridge operation.

clocks.

4.2.1 H-Bridge Inherently Charge-Balanced Stimulator

The design of a neural stimulator in a closed-loop neuromodulator differs slightly from

its open-loop counterpart in that some specifications become more stringent. The design

of such a stimulator is introduced herein.

4.2.1.1 Considerations for neural stimulation in a closed-loop system

Ideally, the biphasic stimulus pulse would be enough to guarantee charge balance. How-

ever, this scheme is susceptible to path and current source or sink mismatches that cause

a significant deviation from the ideal in the form of residual charge. This deviation is

usually corrected with additional strategies such as dynamic current mirror matching
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Figure 4.5: Proposed Stimulator.

[97, 98], active feedback [98, 99] or current calibration [100, 101]. These solutions do

satisfy the requirements for tissue and microelectrode safety, however, since they op-

erate in open-loop fashion (i.e. no amplifiers connected to the same electrode array),

they make no consideration for artefacts. As explained before, residual charge accumu-

lation is a fundamental contributor to artefact magnitude and becomes even more so

in a multichannel system in which multiple stimulators operate. Although completely

eliminating artefacts is not a feasible solution, it is nonetheless possible to conceive a

stimulation system that generates non-saturating artefacts that allow for simultaneous

recording and stimulation. These non-saturating artefacts can then be either filtered

post-amplification [102] or cancelled post-digitization [103, 104]. Evidently, the defini-

tion of a non-saturating artefact depends on the recording setup, which in a multichannel

system should consider common-mode interferer rejection degradation due to microelec-

trode mismatch. Considering that a priori artefact magnitude estimates via modeling

are unreliable, we are forced to design a stimulator system with the highest possible

charge balance in order to minimize residual charge as much as possible.

Fig. 4.4 shows the employed stimulation scheme. It involves an H-bridge operation

to produce a biphasic pulse from a single current sink. Since the same current sink is

shared in both phases, mismatch between stimulation pulses is practically non-existent.

As a consequence, this scheme is inherently charge balanced and requires no additional

circuitry. The residual charge due to path mismatches and electrode non-idealities can

be easily removed by an additional shorting phase. This scheme has been demonstrated

in proprioceptive and cochlear prosthesis [105, 106], peripheral nerve stimulation [107]

and general purpose neural stimulation [108, 109]. To the best of the authors knowledge,

this scheme was first proposed in [110].
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Figure 4.6: Stimulator time diagram.

Figure 4.7: Stimulator operation.

4.2.1.2 Proposed neural stimulator

The proposed neural stimulator is shown in Fig. 4.5. The 4-channel stimulation front-

end uses a single current reference while each channel is comprised by a 4-bit digital

to analog converter (DAC), a high-impedance current sink (HICS) and an H-bridge. In

fact, the combination of an HICS with an H-bridge was first proposed in [111], however,

the focus of [111] is on output impedance and current efficiency. Indeed, the authors

of [111] do not mention stimulation artefacts and fail to recognize the advantages of

an output H-bridge in terms of charge balance. The focus of this work is mainly on

charge balance and non-saturating artefact generation as the stimulation system is part

of a bidirectional interface. The proposed stimulator is comprised entirely by 3.3 V

devices. The stimulation current (ISTIM ) flows through the H-bridge built by wide P

(600 µm / 350 nm) and N (600 µm / 300 nm) transistors to minimize mismatch. An

additional transistor is added to the H-bridge to short the output electrodes to ground

after each biphasic pulse (passive discharge). ISTIM then sinks into the proposed HICS

that exhibits an output impedance defined at node X as:

Rout ' Agm2ro2ro1. (4.2)

where A is the gain of the output OTA, gm2 and ro2 are the transconductance and

output resistance of M2 and is ro1 the output resistance of M1. A high-gain telescopic

cascode is used as the output OTA. The DAC is implemented by a binary weighted
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Figure 4.8: Proposed CCIA.

current mirror that is fed from a reference current implemented as a current conveyor.

A single current conveyor distributes current to each stimulation channel. The reference

current is defined as Iref = Vref/Rext, where Vref and Rext are externally set.

The timing diagram of the stimulator is shown in Fig. 4.6 and its operation is shown

in Fig. 4.7. The stimulator is turned off in State 1. In State 2, switches swp1 and

swn1 are turned on. This causes ISTIM to flow from B to A, thus creating the cathodic

pulse. In State 3 all switches are off. This creates an interphase delay which is usually

much shorter than the width of each pulse. The anodic pulse is created in State 4 when

switches swp2 and swn2 are turned on. ISTIM thus flows from A to B, creating the anodic

pulse. State 5 shorts the outputs by closing sws off. This discharges the electrodes after

each biphasic pulse, thus providing a DC current error that is safe for both the neural

tissue and microelectrodes. The stimulator can be programmed to produce different

waveforms such as monophasic or high-frequency chopped pulses.

4.2.2 Chopper Amplifier for High TCMRR Recording

High TCMRR recording systems are necessary to tolerate self-interference and thus al-

low for simultaneous multichannel recording during stimulation. This is valid even if said

self-interference comes from a stimulator system that generates non-saturating artefacts

as they are still larger in magnitude than what the conventional neural recording systems

can handle. High TCMRR systems for wideband neural recording have been previously
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Figure 4.9: (a) OTA1 and CMFB (b) OTA2 and CMFB (c) OTA3 and CMFB.

reported in [27] and [112]. However, these works are not optimal for closed-loop neu-

romodulators since they are designed for tolerance to environmental and power-supply

interference that is much lower in magnitude than stimulation artefacts. For instance,

the ac common mode range in [27] is limited to 220 mVpp while [112] exhibits a total

harmonic distortion (THD) of 0.37 % for 4 mVpp differential input signals.

In this work we propose a capacitively-coupled chopper instrumentation amplifier (CCIA)

as the basis for a high TCMRR recording system. The CCIA upmodulates the input

signal to a chopping frequency before amplification. The input signal is then modulated

back into the baseband frequency while 1/f noise and amplifier DC offset are upmod-

ulated to the chopping frequency. An output low-pass filter then restores the input

signal while filtering away the upmodulated noise and offset. More importantly, this

technique has shown excellent common-mode rejection characteristics [113] [78] along

with low-power consumption (¡ 5 µW). Besides, it is possible to obtain low distortion for

differential signals by setting a moderate gain [95]. Input impedance is lowered in inverse

proportion to the chopping frequency, however, this can be compensated by impedance

boosting techniques [78] [95].

The proposed CCIA is shown in Fig. 4.8. The gain is set to 20 V/V by way of the

ratio between input (CIN=1 pF) and feedback (CFB=50 fF) capacitors. In this way,

VS and VDMA are amplified without risk of saturation. A current mirror amplifier with
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partial positive feedback [114] has been chosen for OTA1 (Fig. 4.9(a)). This OTA

features rail-to-rail output and boosts bandwidth and open-loop gain so that a second

OTA in the forward path can be obviated. Moreover, it offers high input common-mode

range as its input stage requires only ∼ 0.6 V to operate assuming weak inversion in all

transistors [114]. The employed common-mode feedback (CMFB) monitors the output

common-mode voltage of OTA1 and compensates it by sinking currents from the very

same output [83]. The bandwidth of the CCIA is set by a passive low-pass filter to about

600 Hz. The input impedance (ZIN = 1
2fcCIN

) is controlled by setting a modest chopping

clock frequency (fc) of 2.5 kHz. In practice, this value is expected to be degraded due

to pad parasitics, nevertheless, a positive feedback impedance boosting loop has been

included to obtain higher input impedance [78].

The input chopping switches cancel the ac coupling, requiring the use of a DC servoloop

(DCSL) to reject VEDO and VR. The DCSL introduces a high-pass frequency corner to

the transfer function of the CCIA by feedbacking an integrator with a very large time

constant. The high-pass frequency corner is defined as follows [115]:

fHP =
CHP

CFB

1

2πPRCINT
, (4.3)

where PR is a switched capacitor pseudoresistor [116] defined as:

PR =
10

Cfs
. (4.4)

where fs = fc The maximum VEDO and VR that the DCSL can handle can be estimated

according to:

VINDC =
CHP

CIN
VDCSL, (4.5)

where VINDC=VEDO+VR and VDCSL is the maximum voltage at the DCSL output

approximated to the supply voltage VDDL. Thus, for a CHP=100 fF, CFB=50 fF and

CIN=1 pF, the high-pass frequency corner is fHP=0.28 Hz while the maximum offset

rejection is VINDC=±180 mV. In this circuit we employed a current mirror amplifier

for OTA2 (Fig. 4.9(b)) due to its rail-to-rail output swing while implementing the same

common-mode feedback strategy as in OTA1.

Chopper modulation introduces an output ripple whose magnitude is proportional to the

amplifier offset. This ripple can be attenuated by a ripple-reduction loop (RRL) that

senses the ripple and compensates it in the input stage [117]. In this work we employ
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the auto-zeroed switched capacitor integrator introduced in [78]. The RRL is driven by

a clock at half of the chopping frequency. In phase φ1, the circuit senses the output

ripple voltage with capacitors CS and produces and output voltage via CI . This voltage

is then converted into a proportional current by way of the auxiliary differential pair

(ADP) in OTA1 (Fig. 4.9(a). During phase φ2, no ripple is sensed and the integrator

samples and stores the offset voltage of OTA3 in Caz while CI holds the voltage of the

previous phase. The RRL acts as a notch in the transfer function of the CCIA at the

chopping frequency whose width is [117]:

fRRL =
GmACS

2πCLCI
, (4.6)

where GmA is the transconductance of the ADP. Assuming a GmA=400µS, CS=1pF,

CL=40pF and CI=500fF, yields an fRRL=795 Hz, which falls outside the CCIA band-

width assuming fc=2.5 kHz. The gain in the RRL is given by:

ARRL =
A3GmA

CLfc
, (4.7)

where A3 is the gain of OTA3. ARRL is directly related to ripple suppression which ne-

cessitates A3 to be as high as possible. OTA3 is therefore implemented with a telescopic

topology as show in 4.9(c).

The input-referred noise in the CCIA can be expressed as follows:

IRN2
CCIA = v2n,1

(
CIN + CFB + CIB + +CHP

CIN

)2

∆f, (4.8)

where ∆f is the bandwidth of the CCIA (defined by the output filter) and v2n,1 is the

noise spectral density of OTA1. Assuming negligible 1/f contribution due to chopper

modulation, v2n,1 is approximated as follows [83]:

v2n,1 =
8kTγ

GmM1

(
1 +

2GmM2

GmM1

)
. (4.9)

where k is the Boltzmann constant, T is the temperature and γ is a process dependent

parameter. The noise contribution by the RRL can be made negligible by making GmA

much smaller than GmM1 [78].
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Figure 4.10: Die micrograph.

4.3 Measurement Results

Fig. 4.10 shows a photo of the fabricated prototype. The circuit was fabricated in a

standard CMOS 0.18 µm process. The sub-blocks were spread out over the available area

in order to ease routing for experimental testing. A single recording channel occupies 0.21

mm2. The area can be reduced by placing the active circuits underneath capacitors. A

single stimulation channel occupies 0.026 mm2. The total effective area of the 8-channel

front-end is calculated to be 0.94 mm2.

4.3.1 Stimulation front-end characterization

Benchtop testing for the stimulator was carried out emulating and electrode load with

a discrete capacitor and resistor included in the test board. DIP switches were used to

control the DAC inputs. An off-chip variable resistor was used to set the less significant

bit (via IREF ) such that the maximum current (DAC=1111) was 300 µA. The stimulator

front-end was powered by a 3.3 V external supply. The stimulation waveforms were

configured by a USB Logic Analyzer. Residual voltage was measured with a 6 1/2 digit

resolution multimeter.

Fig. 4.11(a) shows a biphasic stimulation pulse of 600 µs per phase for a R=5 kΩ C=100

nF load. The DAC functionality was tested for a R=5 kΩ load, showing a maximum

current of 300 µA (Fig. 4.11(b)). Charge balance was characterized by stimulating 10

biphasic pulses of 600 µs. The residual voltage was measured right after the last pulse.

The final shorting phase was removed for this test. Fig. 4.12(a) shows the residual

voltage for each stimulator after 10 biphasic pulses for each stimulator. The worst case

residual charge is about 106 pC (Fig. 4.12(b)) while the total injected charge can be

calculated from the stimulation current and the pulse width as follows: 300 µA × 600 µs

= 180 nC. The worst case charge mismatch is therefore residual/injected × 100, which

is 0.059%.
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Figure 4.11: Stimulator front-end. (a) Waveform for an R+C load (b) Waveform for
an R load.

DC current error is calculated by activating the shorting phase (via sws) after the anodic

pulse. This creates a passive discharge described as follows:

q(t) = q(0) · e(−t/RC) (4.10)

where q(0) is the residual charge right after the anodic pulse, q(t) is the residual charge

after the shorting time t, R and C are the electrode time constant. Assuming time

periods for cathodic, anodic and inter phases to be 1.4 ms and a total pulse interval of

3 ms, the available shorting time is t=1.6 ms. The electrode time constant for the test

load is 5 kΩ × 100 nF = 500 µs. Thus, for a worst case q(0)=106 pC, the residual charge

after shorting is q(t)=4.3 pC. The DC current error can then be calculated by dividing

q(t) over the pulse interval i.e., 4.3 pC / 3 ms = 1.4 nA, which complies with tissue and

electrode safety specifications. It should be noted that this is not a fixed result and the

DC current error can be made smaller by increasing the shorting phase.

4.3.2 Recording front-end characterization

The recording front-end was powered by an external 1.8 V supply. The 4-channel front-

end draws 12.96 uW. The following tests were made on a single recording channel.
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Figure 4.12: Stimulator front-end. (a) Residual voltage after 10 biphasic pulses (b)
Charge error.

Fig. 4.13(a) shows the frequency response. The recording front-end shows a 600 Hz

bandwidth and a ∼ 1 dB gain drop from the original target due to parasitics. This drop

is within the expected variation. Fig. 4.13(b) shows the input-referred noise. The noise

integrated from 1 - 600 Hz is 7.5 µVrms. The following tests are related to artefact

tolerance for a single recording channel. THD is shown in Fig. 4.14(a). The recording

front-end shows 2.85% THD for a 120 mVpp differential input. Fig. 4.14(b) shows

the input ac common-mode range. The front-end exhibits a 5% gain drop for 1 Vpp

common-mode inputs at 200 Hz. We should expect this variation to hold true for input

signals within the recording bandwidth. ICMRR measured for 500 mVpp inputs is kept

above 80 dB (Fig. 4.15(a)) in the recording bandwidth while PSRR hovers over 63 dB

(Fig. 4.15(b))

Input impedance was measured by coupling a known external capacitor with the front-

end’s inputs. This creates a high-pass frequency corner where the time-constant is

related to the input impedance [118]. This procedure was performed for each chan-

nel. ICMRR at 200 Hz for 500 mVpp was measured for each channel as well. These

measurements are shown in Table 4.1. The calculated TCMRR assuming an electrode

impedance = 100 kΩ [27] is above 66 dB for all channels.
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Figure 4.13: Recording front-end. (a) Noise (b) Gain.
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Figure 4.14: Recording front-end. (a) Total Harmonic Distortion (b) Input ac
common-mode range.
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Figure 4.15: Recording front-end. (a) Intrinsic common-mode rejection ratio (b)
Power-supply rejection ratio.

Table 4.1: Total common-mode rejection ratio at 200 Hz.

Recording channel Zin (MΩ) ICMRR (dB) TCMRR (dB)

A 826 81 66.9

B 816 83 67.1

C 795 80 66.4

D 884 88 68.4

4.3.3 Self-interference characterization

Closed-loop experiments were performed in a beaker filled with saline solution. The

stimulator outputs and recording inputs were connected to the same microelectrode

array, which was then submerged in the solution. A diagram of the experimental setup

is shown in Fig. 4.16. A multichannel array of surface microelectrodes was used for this

test (FlexMEA36, Multichannel systems).

In the first test, every stimulator was set to fstim=200 Hz at their maximum current

capability. Initially, only one stimulator was active while the others were progressively

activated one by one. The measurements were taken after a few minutes to allow for some

charge accumulation in the electrodes. Fig. 4.17 shows the output of a single recording
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Figure 4.16: Test setup for closed-loop characterization.
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Figure 4.17: Artefact Magnitude.

channel. The results confirm the relationship between the number of active stimulators

and the magnitude of the artefact. The magnitude of the first harmonic increases from

8 mV with a single active stimulator to 23 mV with four active stimulators. However,

it should be noted that this relationship does not hold true for the 3rd harmonic. More

importantly, the results show that the stimulator front-end generates non-saturating

artefacts that fall within the lineal range of the recording front-end.

4.3.4 Comparison with the state of the art

The specifications are summarized and compared with previous art in Table 4.2. The

comparison is made only with those works that have demonstrated simultaneous record-

ing and stimulation. The proposed bidirectional front-end is the only one to account

for electrode mismatch and its effect on the recorder. Expanding on this, [69] exhibits

only ICMRR = 12 dB for 100 mVpp common-mode inputs. This would translate to

about TCMRR = 11.7 dB per channel in the 64 channel recording system. Moreover,
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Table 4.2: Comparison with closed-loop neuromodulators

[69] [70] [68, 72] This work

Process 65 40,180 HV 180 HV 180
(nm)

Ch. 1)64 / 16 64 / 8 64 / 4 4 / 4
Rec. / Stim.

Power (Rec.) 5)2.7 5)8.2 5)8 3.24
(µW/Ch.)

BW 8.3 k 250 500 600
(Hz)

Noise 8.2 2.2 68 7.5
µVrms µVrms nV/rtHz µVrms

Offset ac-coupled - ± 200 mV ±180
Rejection mV

THD 2)- 4)- 0.012% 2.85%
at 100mVpp at 120 mVpp

AC CMI - - - 1 Vpp
Range

ICMRR 12 - 85 ¿ 80
(dB) for 100 mVpp for unspecified for 500 mVpp

input

TCMRR 3)11.7 - 6)14.44 ¿ 66
(dB)

Charge - - ¡ 1% 0.059%
Balance

DC - - - 1.4 nA
error

1) Only 8 out of the 64 channels are differential artefact tolerant. 2) Dynamic range =
77 dB for 200 mVpp inputs. 3) Calculated for 64 channels and ZIN=1/(j2πfCS), f= 200
Hz, CS=1pF. 4) SFDR = 81 dB for 100 mVpp differential input. 5) Includes ADC. 6)
Calculated for ZIN= 30MΩ as estimated by [70].

this work does not demonstrate any particular preoccupation for artefact mitigation in

the stimulator design. Similarly, [68, 72] features an estimated ZIN= 30 MΩ [70], which

in turn yields a TCMRR of only 14.44 dB.

Unfortunately, TCMRR cannot be estimated for [70] as this work does not publish

ICMRR. However, a qualitative estimate can be made: the mismatch between the input

high-pass filters degrades the CMRR substantially. An ICMRR = 66 dB was reported

in [119] for a similar front-end, which in combination with the number of recording

channels points to a degraded TCMRR.
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4.4 Conclusions

This work presented an 8-channel bidirectional front-end for closed-loop neuromodula-

tion. The proposed dual design strategy focuses on mitigating artefacts at their origin

via stimulation charge balance and tolerating them at their end via TCMRR. As a re-

sult, the stimulation front-end produces programmable biphasic pulses that generate

non-saturating artefacts while the recording front-end is able to reject large common-

mode interference in the presence of degradation due to electrode mismatch. To the

best of the authors knowledge, this is the first demonstration of such a design approach

to implantable closed-loop neuromodulators.
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Chapter 5

Conclusions and Future

Directions

5.1 Conclusions

This thesis presented two different prototypes for implantable neural interfacing appli-

cations.

The first prototype is in many ways a proposal to escape the ever-present noise and power

trade-off. Due to physical laws, the power consumption in optimally designed recording

front-ends had settled to about 2 µW in the last few years. The only exit route to this

conundrum was to re-evaluate the traditional noise specifications that had been set in

stone for twenty years. This was made possible by recent research in neuroscience and

materials. The result was a front-end that reduced by 2.5x the power consumption of

conventional front-ends and 6.1x those with spectral selectivity.

The second prototype proposes a solution to the problem of simultaneous recording

and stimulation in a bidirectional interface. The proposal involves, on one hand, the

design of the stimulator front-end aimed at minimizing artefacts via charge balance. On

the other hand, the recording front-end designed for tolerance to large common-mode

interference and also acknowledgement of the electrode mismatch problem. The result

was a stimulation front-end that generates non-saturating artefacts and a recording

front-end that tolerates them.

Each front-end offers specifications not available in any other work. They are a step

towards more advanced applications in the field of implantable neural interfaces. The

underlying conclusion of this work is that electrodes significantly impact the performance
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Figure 5.1: Artefact free recording channel.

of the interface which leads to the revelation of trade-offs in the front-end + amplifier

system.

5.2 Future Directions

There is room for incremental improvement in both front-ends. For instance, further

power reduction can be achieved in the first prototype by reducing the voltage supply.

This would of course come with the trade-off of lower input and output swing, but a

modest reduction to about 0.6 V would still yield significant savings (489 nW). Also,

an additional ADC stage can be added in order to complete a neural recording channel.

It is expected that power consumption would still be sub-µW since nanowatt ADCs for

neural recording applications have been reported in the literature.

The second prototype can be benefited by additional experimental testing. Multichannel

sensing in the presence of artefacts is a must to fully validate the aim of this work. The

characteristics of this prototype also enable it as a sort of test chip in which artefact

modeling (from design parameters) can be verified. For example, artefact modeling in a

multichannel bidirectional array is missing in the literature.

The second prototype can be improved in a few significant ways. For instance, a higher

voltage compliance and a full power management unit can be implemented on-chip. Fig.

5.1 shows a possible back-end for the recording front-end. It involves the addition of

tunable notch filters to produce an artefact-free output and an equalization stage to

reduce the requirements of the ADC stage.
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Appendix A

Verification of noise model

The noise model for the prototype introduced in Chapter 3 is verified against the mea-

sured noise. Fig. A.1 shows the measured noise spectrum for the WB mode. This

figure also plots the models for the individual noise contributions and the complete

noise model. The modeled spectra plot stems from the noise analysis in Sections 3.3.1

and 3.4. The low-frequency slope in the noise spectral density is verified via (3.9).

Afterwards, (3.7) was employed to calculate the total noise power spectral density as

described by (3.10). The model plot used the following parameter values: A2=25, T=

300 K, COX=9 fF/µm2, Kn=10 x 10−25 J and Kp=5 x 10−25 J. Capacitor and transistor

sizes were obtained from Table 3.1. For OTA3 gm3=60 pS was assumed and for OTA1,

gmn=7 µS and gmp=5.5 µS were assumed. This result confirms that the low-frequency

slope is due to the thermal noise introduced by OTA3. The LFP mode also shows this

characteristic. The deviation in noise spectral density between model and measurements

comes from a model overestimation of thermal noise sources.
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Figure A.1: Measured noise and model in the WB mode.
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Range, 1.6-GΩ Input Impedance, Low-Power Chopper Amplifier for Closed-Loop

Neural Recording That Is Tolerant to 650-mVpp Common-Mode Interference.

IEEE Journal of Solid-State Circuits, 52(11):2811–2828, 2017.

[96] Antonios Nikas, Sreenivas Jambunathan, Leonhard Klein, Matthias Voelker, and

Maurits Ortmanns. A continuous-time delta-sigma modulator using a modified in-

strumentation amplifier and current reuse dac for neural recording. IEEE Journal

of Solid-State Circuits, 2019.

[97] Ji-Jon Sit and Rahul Sarpeshkar. A low-power blocking-capacitor-free charge-

balanced electrode-stimulator chip with less than 6 na dc error for 1-ma full-scale

stimulation. IEEE Transactions on Biomedical Circuits and Systems, 1(3):172–

183, 2007.

[98] Hosung Chun, Yuanyuan Yang, and Torsten Lehmann. Safety ensuring retinal

prosthesis with precise charge balance and low power consumption. IEEE trans-

actions on biomedical circuits and systems, 8(1):108–118, 2013.

[99] Natalie Butz, Armin Taschwer, Sebastian Nessler, Yiannos Manoli, and Matthias

Kuhl. A 22 v compliant 56µw twin-track active charge balancing enabling 100%

charge compensation even in monophasic and 36% amplitude correction in biphasic

neural stimulators. IEEE Journal of Solid-State Circuits, 53(8):2298–2310, 2018.

[100] Zhicong Luo and Ming-Dou Ker. A high-voltage-tolerant and precise charge-

balanced neuro-stimulator in low voltage cmos process. IEEE transactions on

biomedical circuits and systems, 10(6):1087–1099, 2016.

[101] Elliot Greenwald, Christoph Maier, Qihong Wang, Robert Beaulieu, Ralph

Etienne-Cummings, Gert Cauwenberghs, and Nitish Thakor. A cmos current steer-

ing neurostimulation array with integrated dac calibration and charge balancing.

IEEE transactions on biomedical circuits and systems, 11(2):324–335, 2017.

[102] Konstantinos Petkos, Thomas Guiho, Patrick Degenaar, Andrew Jackson, Peter

Brown, Timothy J Denison, and Emmanuel M Drakakis. A high-performance

4 nv/
√
Hz analog front-end architecture for artefact suppression in local field

potential recordings during deep brain stimulation. Journal of neural engineering,

2019.

C
ód

ig
o 

se
gu

ro
 d

e 
V

er
ifi

ca
ci

ón
 : 

G
E

IS
E

R
-9

1d
1-

36
72

-2
7d

e-
40

48
-8

1b
b-

b0
c1

-f
14

4-
ac

0a
 | 

P
ue

de
 v

er
ifi

ca
r 

la
 in

te
gr

id
ad

 d
e 

es
te

 d
oc

um
en

to
 e

n 
la

 s
ig

ui
en

te
 d

ire
cc

ió
n 

: h
ttp

s:
//s

ed
e.

ad
m

in
is

tr
ac

io
ne

sp
ub

lic
as

.g
ob

.e
s/

va
lid

a

ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO

GEISER GEISER-91d1-3672-27de-4048-81bb-b0c1-f144-ac0a 25/03/2020 17:47:32 Horario peninsular

Nº registro DIRECCIÓN DE VALIDACIÓN

O00008744e2000017588 https://sede.administracionespublicas.gob.es/valida

GEISER-91d1-3672-27de-4048-81bb-b0c1-f144-ac0a

https://sede.administracionespublicas.gob.es/valida


Bibliography 72

[103] Sina Basir-Kazeruni, Stefan Vlaski, Hawraa Salami, Ali H Sayed, and Dejan
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