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Abstract—Modern neuromodulation systems typically pro-
vide a large number of recording and stimulation channels,
which reduces the available power and area budget per channel.
To maintain the necessary input-referred noise performance
despite growingly rigorous area constraints, chopped neural
front-ends are often the modality of choice, as chopper-
stabilization allows to simultaneously improve (1/f) noise and
area consumption. The resulting issue of a drastically reduced
input impedance has been addressed in prior art by impedance
boosters based on voltage buffers at the input. These buffers
precharge the large input capacitors, reduce the charge drawn
from the electrodes and effectively boost the input impedance.
Offset on these buffers directly translates into charge-transfer
to the electrodes, which can accelerate electrode aging. To tackle
this issue, a voltage buffer with ultra-low time-averaged offset
is proposed, which cancels offset by periodic reconfiguration,
thereby minimizing unintended charge transfer. This article
explains the background and circuit design in detail and
presents measurement results of a prototype implemented in
a 180 nm HV CMOS process. The measurements confirm that
signal-independent, buffer offset induced charge transfer occurs
and can be mitigated by the presented buffer reconfiguration
without adversely affecting the operation of the input impedance
booster. The presented neural recorder front-end achieves state
of the art performance with an area consumption of 0.036mm

2,
an input referred noise of 1.32 µVrms (1Hz to 200Hz) and
3.36 µVrms (0.2 kHz to 10 kHz), power consumption of 13.7 µW
from 1.8V supply, as well as CMRR and PSRR ≥83 dB at
50Hz.

Index Terms—ASIC, Brain-Machine-Interfaces, BMI, Neural
Recording, Bio-sensing, Biomedical Implant, Brain Implant,
Impedance Boosting, Low-offset Buffer

I. INTRODUCTION

INTEGRATED circuits for implantable electronics have

greatly advanced over the last decade. Modern biomedical

implants feature large numbers of bidirectional channels,

combining both low noise recording and flexible, biphasic

stimulation [1], [2]. Adapting stimulation parameters ac-

cording to bio-markers extracted from the recorded neural

data stream results in closed-loop neuromodulation, which is

extensively researched for deployment in potential treatment
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options for neurological diseases like Parkinsons Disease

and Epilepsy [3]–[6]. Further applications for brain-machine-

interfaces (BMI) include brain research [7] and the develop-

ment of brain-controlled prosthetics [8], [9].

The growing demand for larger channel counts imposes

rigorous power and area constraints on the individual channel

and requires minimized electrode arrays. Area benefits due to

technology scaling are not always exploitable in neuromod-

ulation SoCs, as the implemented stimulator requires high-

voltage (HV) compliant devices for efficient charge delivery

into the tissue [10], [11], which are not readily available

in smaller technology nodes. The bio-signals of interest are

usually divided into two categories: Local field potentials

(LFPs, 0.2Hz to 200Hz) and action potentials (APs/Spikes,

200Hz to 5000Hz). The input-referred noise performance

is widely regarded a key metric for neural recording front-

ends, and is adversely affected by both the aggravating area

and power budgets. A decrease in available power results

in additional thermal noise contribution, while reductions

in the total area increase the 1/f noise. To overcome these

limitations, chopper-stabilized neural front-ends are popular

in recent state-of-the-art (SotA) designs [3], [12]–[15].

The chopper however comes with the disadvantage of

a significantly reduced input impedance [16], resulting in

increased charge transfer into the electrodes. This can ac-

celerate electrode aging, and attenuates the input signal

thereby degrading the SNR, which counteracts the initial

effort for improved noise performance. Numerous publica-

tions have addressed the issue and proposed solutions to

improve the input impedance in chopped neural front-ends.

In [12] and [17], a positive feedback loop was used to

boost the input impedance; [14] reported issues of feedback-

based impedance boosters in presence of a DSL, due to the

cancellation of low-frequency content at the output node.

Still, the DSL is crucial for suppression of electrode dc

offsets (EDO) towards the output. Therefore, an auxiliary

boosting path with voltage buffers was introduced in [14],

and refined in [15]. This input impedance boosting based on

the auxiliary paths effectively minimizes the charge drawn

from the electrodes by precharging the large input capacitors

for a short duration instantly after every edge of the chopping

clock. Disadvantageously, buffer offset results in unintended

charge-transfer to the electrodes, thus minimizing the buffer
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offset is crucial. To address this issue, a voltage buffer with

ultra-low, time-averaged offset was proposed in [18] and is

elaborated in this work including prototype implementation

and measurement results.

The article is organized as follows: Section 2 reviews

the analysis on the auxiliary path input impedance boosting

scheme, and derives equations and models. In Section 3, the

self-compensated voltage buffer is presented, alongside sim-

ulation results and implementation considerations. Section 4

presents the implementation of a chopped neural front-end

featuring the proposed architecture of the auxiliary path input

impedance boosting. Sections 5 and 6 present measurement

results and a state-of-the-art comparison, respectively. Section

7 concludes the paper.

II. ANALYSIS OF THE AUXILIARY PATH INPUT

IMPEDANCE BOOSTING SCHEME

A. Chopped neural front-ends and input impedance

When chopper-stabilization is utilized to improve the 1/f

noise performance of neural recording front-ends, the first

chopper is typically placed in front of the input capacitors.

This architecture can operate without large off-chip capac-

itors [19], which is crucial in implantable systems where

printed circuit board (PCB) area is very limited. Figure 1

shows an implementation of a conventional (black) chopper-

stabilized bio-signal recorder front-end.

Chopping the low noise amplifier (LNA) provides the first

amplification without superimposing 1/f noise in the band of

interest. The gain is set by the capacitor ratio A = Cin

Cfb
and is

typically in the range of 20 dB to 40 dB, constituting a trade-

off between noise performance and harmonic distortion. A dc

servo loop (DSL) is implemented to add a very low-frequency

(sub-hertz) high-pass corner (e.g. [15]) by feeding back the

low-frequency content of the signal, effectively canceling it

at the input node. This is required as electrode offset could

otherwise saturate the recorder stage. The range of allowable

electrode offsets can be controlled by the ratio Cdsl

Cin
. Extended

cancellation range is bought at the cost of increased noise

contribution of the DSL. Typically, the electrode dc offset

is in the range of ± 100mV, and is predominantly caused

by mismatches in the electrode-tissue interface, (geometrical)

differences between individual electrodes and varying rates

of electrode aging and degradation.

Following every edge of the chopping clock, the large input

capacitors Cin must be recharged by the connected electrodes,

resulting in a drastic reduction in input impedance [18]:

R∗

in =
1

2 · Cin · fchop

(1)

Eq. (1) describes a switched-capacitor equivalent resis-

tance. A large input impedance is though required to firstly

avoid SNR degradation due to the parasitic voltage divider

formed by electrode and the front-end circuitry, and to

secondly minimize electrode offset induced dc currents which
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Fig. 1: State of the art chopped neural recorder, without input

impedance boosting in black, with auxiliary path [14] in blue

and improved aux. path input impedance boosting [15] in red

could result in both tissue and electrode damage. Input

impedances reported in recent publications are in the range

of several tens or hundreds of MΩ and above [12], [20], [21].

B. Analysis of auxiliary path input impedance boosting

Figure 1 (blue) also depicts the auxiliary path input

impedance boosting scheme from [14]. The direct input

path between the electrodes and the input capacitors is

disconnected for a small fraction of every chopping cycle.

During this time, the large input capacitors are precharged

through the auxilliary path buffers, which drastically reduces

the charge drawn from the electrodes after the precharging

phase and thus boosts the effective input impedance. Due

to the exponential charging characteristic, a majority of

the total charge in Cin is transfered within a short time-

frame immediately after the clock edge, thus a significant

increase in input impedance can be achieved even with a

short precharge phase; measured results for this mechanism

report a 15x boost in input impedance in [14].

Any difference between the electrode voltage and the

buffer output at the end of the precharging phase decreases

the booster effectiveness as charge is now drawn from the

electrode to load Cin to the intended voltage. Therefore, the

most relevant buffer non-idealities are finite gain-bandwidth

and offset, and their influence is analyzed in the following.

1) Effect of Buffer Offset: Given the limited input range,

the buffer offset can be assumed to be constant and signal-

independent, with a deterministic (by design) and a ran-

dom (mismatch-induced) component. The operation of the

auxiliary path input impedance booster can be split into 4

repetitive phases, which are depicted in Figure 2, where the

excess charge induced by buffer offset is highlighted in red.

Phase a) shows the precharging of the capacitors, starting

on a chopping clock edge. The offset, which is w.l.o.g. only

modeled in buffer B2, results in excess charge on Cin,1, which

is given by Qex = Voffset · Cin. This charge is transfered

to the electrode connected to Vin once the precharging has
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Fig. 2: The 4 phases of aux. path input impedance boosting:

Precharging in a) and c), electrode connected in b) and d).

Offset-induced excess charge transfer is highlighted in red.

concluded, as is depicted in Fig. 2 b). The same procedure

of excess charge accumulation and transfer to the electrode

is observed for the other clock phase, which is illustrated in

c) and d). Please note that in this implementation the excess

charge introduced by the single-ended offset of buffer B2 is

always transfered to the same electrode Vin, regardless of the

chopper phase, and thus on average results in a dc current

into the electrode. As it is independent from the input signal,

it can be modeled as constant current source [18]

Idc-offset = Qex · 2 · fchop =
Voffset

R∗

in

(2)

where R∗

in is the non-boosted, chopper dominated input

impedance in Eq. (1).

2) Effect of finite Gain-Bandwidth: Finite gain-bandwidth

(GBW) of the auxiliary path buffers leads to incomplete

settling, which is aggravated when very short precharging

phases and large input capacitors are used. At the end of a

precharging phase of the auxiliary path, the resulting signal-

dependent error is compensated by the electrode, which

leads again to charge transfer. The time-averaged current is

proportional to the input signal, and can thus be modeled as

equivalent resistance. Let the voltage over the input capacitor

after the precharging be given by Vbuf, then the relative

settling error is x = 1−Vbuf

Vin
. This x depends on several system

parameters, namely the transconductance of the buffer, the

capacitance of Cin and the duration tpre of the precharging

phase, resulting in x = exp(− tpre·gm
Cin

) for a single-pole

buffer amplifier; the relative settling error x is thus used

as an intuitive abbreviation in the following. This yields the

effective signal-dependent current and the equivalent input

impedance [18] as

Cdl
Rs

Rct

Rin,boost

IDC-offset

RANDLES MODEL INPUT MODEL

Iin

Fig. 3: Simple electrode and input impedance model

IRin,boost
= Vin · x · 2 · Cin · fchop (3)

Rin,boost =
1

x · 2 · Cin · fchop

=
1

x
·R∗

in (4)

with R∗

in from Eq. (1).

It is important to keep in mind that the voltage Vin and

in extension the current IRin,boost
are dominated by the large

electrode dc offset and not by the comparatively tiny neural

signal amplitude.

Note that an offset and bandwidth limitation of buffer B1

has the same effect on the second electrode Vref.

C. Input Impedance Model

This analysis of the non-ideal auxiliary path input

impedance booster yields a simple model of the resulting

boosted input impedance, consisting of an equivalent resis-

tance, limited by the GBW-induced relative settling error

x of the auxilliary path boosters, and a parallel current

source modelling the signal-independent charge transfer due

to buffer offsets. The total input current Iin is then the

sum of the currents through both parallel devices, thus

Iin = Idc-offset + IRin,boost
. The model is depicted in Fig. 3 [18].

D. Improved auxiliary path input impedance booster

In order to counteract these non-idealities, the auxiliary

path input impedance booster was improved in [15], which

is shown in Fig. 1 (red). The additional choppers around the

buffer stage are clocked with a slower clock, which is an

integer fraction 1

n
of fchop. As a result, the auxiliary buffers

switch position every n cycles, and the buffer offset induced

current Idc-offset is determined by the average offset of both

buffers. Unfortunately, deterministic offsets in both buffers

will not be reduced at all, and the standard deviation of

stochastic offsets will be statistically reduced only by
√
2

through averaging.

The additional capacitors Caux in Fig. 1 are used in [15]

to aid the voltage settling by providing an additional charge

reservoir for a very fast initial settling. This is bought at a

large area penalty, with Caux = 8 · Cin, but is successful in

providing an additional boost of 2.66-fold, thereby improving

the total impedance boost from 29x to 76x [15].
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Fig. 4: Proposed Buffer Amplifier Architecture

III. SELF-COMPENSATED VOLTAGE BUFFER

The method from [15], described in Sec. II-D, significantly

improves the buffer settling and thereby increases Rin,boost as

compared to the groups prior work in [14], but the buffer

offset is only slightly improved resulting in minor reductions

of Idc-offset. Therefore, the proposed implementation focuses

on minimizing buffer offset, and addresses the issue by

utilizing a buffer architecture for ultra-low time-averaged

offset [18].

When chopping the two auxiliary path buffers in Fig.

1 (red part), the resulting averaged buffer offset is still a

random variable, and thus the effectiveness of the averaging is

unpredictable: If both buffers happen to have identical offsets,

then permuting their position produces no benefit at all. If,

however, the buffers have offsets of equal magnitude but

opposite sign, then averaging results in optimal cancellation.

Eventually, any constellation between these borderline cases

is possible, and as random mismatch-induced offsets are

unknown prior to fabrication, the effectiveness of the offset

reduction can vary.

A deterministic and reliable way of compensating buffer

offset is therefore favorable. Inferring from the above consid-

erations, optimal cancellation is achieved by averaging any

random offset with its own negative. This can be achieved

by periodic reconfiguration of a single buffer: Periodically in-

verting the offset results in its ideal cancellation, regardless of

the random offset’s magnitude. Following this idea, a buffer

featuring self-compensation through periodic reconfiguration,

resulting in ultra-low time-averaged offset, was introduced in

[18] and is depicted in Figure 4.

The architecture is based on a symmetrical operational

amplifier in order to minimize deterministic offsets. In a

single-ended configuration, one of the two outer branches has

a diode-connection and the other one is the output. Switching

the diode connection allows to redefine this assignment,

while simultaneously changing the signs of the amplifier

inputs. During a reconfiguration, the diode branch becomes

Fig. 5: MC Analysis of self-compensated buffer offset, with

and without reconfiguration

the output and vice versa. The new output is fed back to

what is now the negative input to preserve the unity-gain

operation. The input voltage Vin is then connected to the new

positive input, which completes the reconfiguration. In this

way, the whole architecture is virtually mirrored, except for

random mismatch based differences of the individual devices.

While normal buffer operation resumes unaltered, the random

offset is inverted and can thus be mitigated by time-averaging.

The reconfiguration can take place during a low-power idle

phase, as the application requires active operation with large

gain-bandwidth only during the short precharging phase. This

way, significant reductions in total power consumption are

possible.

Figure 5 shows a histogram of buffer offsets extracted

from 500 Monte Carlo simulation runs of the circuit in

Fig. 4, which was implemented in a 180 nm HV-CMOS

technology with a 1.8V supply. Plotted in the top plot is

the proposed buffer architecture with disabled reconfigura-

tion, while the bottom plot depicts the same setup with

periodic reconfiguration enabled. The 3σ range of 9.5mV
for the reconfiguration-less buffer setup (top half) could be

improved by
√
2 via averaging of two buffers (see Sec. II-D

[15]), resulting in a minor improvement of 3σ = 6.7mV.

However, by employing the self-compensation method for

periodic offset inversion detailed above, the 3σ range of

time-averaged buffer offsets can be reduced by approximately

three orders of magnitude, from 9.5mV to 9.9 µV (bottom

half). Superposing any mismatch-induced random offset, also

a deterministic offset e.g. from finite common mode rejection

ration (CMRR) has to be expected. As the same amplifier

is used in both simulations and the resulting deterministic

offset is not affected by the self-compensation (and neither by

averaging), it is visible as the same mean in both simulation

results. The expected total offset, consisting of deterministic

and random part, and with it the corresponding current
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Fig. 6: Implemented neural recording front-end, featuring the

presented buffer in a novel input impedance booster

Idc-offset, is thus reduced approximately 500x, from <10mV
to <20 µV.

IV. NEURAL RECORDER IMPLEMENTATION

The self-compensated buffer was incorporated in the de-

sign of a neural front-end in a 180 nm HV CMOS technology.

The overall architecture is depicted in Fig. 6 and was

inspired by [15]. The implementation features an enhanced

auxiliary path input impedance booster, which is simpler

compared to [15] as it does not require mingling chopper

control signals and precharging switch functionality. Instead,

a separate clock signal for the buffer reconfiguration is used.

Also, placing the buffers in the up-modulated signal domain

prevents their 1/f noise from superposing the signal in the

band of interest. The down-side is a slight decrease in input

impedance, since the tiny parasitic input capacitor of the

buffers Cp is behind the chopper, thus adding a rather large

resistance Rp = 1

2·fchop·Cp
in parallel to Rin,boost. The self-

compensated buffer does not rely on low intrinsic offset, but

instead cancels mismatch-based offset dynamically. There-

fore, the input devices do not require large area for matching

and their parasitic gate-capacitance can be negligibly small

(simulated: Cp ≈ 15.4 fF), especially when compared to

the large input capacitor of Cin = 4pF. The total input

impedance is then given by Rin,total = Rin,boost||Rp. With

fchop = 20 kHz and a realistic assumption of the settling

error, e.g. x ≈ 1 to 3 %, Rin,boost ≈ 200 to 600 MΩ is

expected according to Eq. (4). This is significantly smaller

than the limitation due to the chopped buffer (Rp = 1.62GΩ)

and therefore Rin,total ≈ Rin,boost. Thus, placing the chopper

in front of the buffers has negligible adverse effect on the

input impedance for the given system parameters.

Using an approach similar to that illustrated in Fig. 2

provides an intuitive insight into the functionality of the

architecture by tracing offset-induced excess charge from the

buffers to the electrodes. Each buffer is always associated

with a specific input capacitor, but the connected electrode

changes on each chopping cycle. Thus, the total charge per

time transfered to the electrode is affected by both buffers.

Each of the buffers uses the presented self-compensation to

periodically invert its own offset, such that it cancels on the

electrode on time-average, preventing charge accumulation.

Therefore, the effective Idc-offset is proportional to the av-

eraged residual buffer offset, which is minimal due to the

reconfiguration.

The further components in the front-end architecture

shown in Fig. 6 include an LNA, which is implemented as an

inverter-based amplifier. This allows for very favorable gm
ID

,

as both the NMOS and the PMOS contribute to the overall

gm, thereby improving thermal noise performance while

respecting the tight power restrictions. The disadvantage

of worse 1/f noise performance due to the NMOS input

device is mitigated through the chopper-stabilization. The

Cb capacitors are used to reduce chopping ripples [22], as

LNA offset is prevented from up-modulation in the following

chopper. In contrast to prior work [15], these capacitors are

tunable in the presented implementation which allows for a

programmable low-pass corner defined by fLPC = Cb

Cf
· fchop.

The implementation is optimized for noise, thus a larger

gain of 40 dB was used as compared to 26 dB [15]. As

matching of the capacitors is crucial in this architecture to

avoid CMRR degradation [23], the smallest capacitors Cfb

in the design were chosen to be 40 fF, which improves

robustness to mismatch, but also requires a large Cin =
4pF for the targeted signal amplification, thereby adversely

affecting R∗

in from Eq. (1). This highlights a trade-off between

CMRR, which benefits from improved matching [23] in

non-minimum sized capacitors, and the input impedance

Rin,boost, which depends more than proportionally on the input

capacitor, as both R∗

in and the settling error x in Eq. (4)

improve for decreasing Cin.

The dc operating points of the amplifiers are defined

by pseudo-resistor paths to the input node; pseudo-resistors

are also used for the DSL integrator. The problems with

distortion due to the non-linearity of the pseudo-resistors

were relaxed as a target spurious free dynamic range of ≥
65 dB for a 5mVpp input signal is acceptable. The precharge

assist capacitors Caux = 8 · Cin from prior work [15] were

not used to keep the design area small. Instead, proper

buffer settling and in extension sufficient Rin,boost is achieved

through longer precharging time and increased buffer GBW.

The auxiliary path buffers each consume 1.1 µW in idle mode

and 4 µW in active mode. With the 4 pF input capacitor

loading the buffer in active mode, a −3 dB corner at 70 kHz
was simulated for the buffer.

V. MEASUREMENT RESULTS

The circuit was prototyped in a 180nm HV CMOS tech-

nology, as it is intended to be incorporated in an existing

stimulator for a neuromodulator. A chip photo is shown in

Fig. 7. The prototype allows to deactivate the impedance
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Fig. 7: Chip photograph with partial layout overlay and

detailed neurorecorder layout

booster and the offset compensation in the auxiliary path

buffers and also allows to vary the precharging time for

evaluation purposes. The chopping frequency fchop was set

to 20 kHz for all presented measurements, which is a com-

promise between input impedance (Rin,boost ∝ 1

fchop
) and the

desired suppression of residual out-of-band chopping ripples

(e.g. prior to sampling/digitization) with low-order filters

which requires sufficient spectral distance from the signal

band edge.

A. Input Impedance Booster

The auxiliary path boosted input impedance is measured

over various voltages, as the model is resistive with current

source. The input impedance Rin is then given by the slope

of the best fit line through the measured points according to

Rin = ( ∆I
∆U

)−1.

Fig. 8 shows the measured input current over the in-

put voltage with (red) and without (blue) input impedance

boosting for a single device under test. For the unboosted

case, the input impedance R∗

in ≈ 5.9MΩ, which is in fair

accordance to the 6.25MΩ that were expected nominally

according to Eg. (1). The deviation of ≈ 6% is attributed

to absolute capacitance process variation. Measurements of 3

additional samples revealed fairly constant results, with R∗

in ∈
[5.82, 5.92] MΩ. Activating the impedance booster results in

a significantly reduced slope Rin,boost ≈ 175MΩ, which is

a 30x increase over the unboosted dc input impedance for

the plotted device. The measurements of the boosted input

impedance for all 4 samples resulted in Rin,boost ∈ [175, 183]
MΩ.

Considering only Rin,boost, which corresponds to the slope

of the regression line, will however result in a faulty es-

timation of the total input current Iin (see Fig. 3), as the

buffer offset induced constant current component Idc-offset in

the derived model is ignored. While this additional constant

current is irrelevant for the signal attenuation issue, Idc-offset

can be a major factor for the rate of electrode decay and

must therefore be carefully considered. The effect of the

offset induced constant current is significant as soon as

Idc-offset ≈ IRin
, which is generally the case if Voffset ≈ VEDO ·x

according to Eqs. (2) and (4). Assuming typical values, e.g.

an electrode offset of up to ±100mV and a settling error of

∆I

∆U

R∗

in ≈ 5.9MΩ

Rin,boost ≈ 175MΩ

Fig. 8: Input current over voltage, showing the effect of the

aux. path input impedance booster

x = 3%, reveals that the offset induced constant current can

be the dominant contributor of unintended charge transfer

into the electrode in cases where the buffer offset exceeds

±3mV.

Fig. 9 shows the effect of the proposed buffer reconfigura-

tion on the dc input current Iin. With periodic reconfiguration

disabled, a significant input current is measured even for

zero input voltage for this device under test, corresponding to

the constant current Idc-offset ≈ 0.5 nA for this device. This

is depicted in the blue trace. The magnitude of Idc-offset is

proportional to the buffer offset, which is dominated by the

mismatch-induced random offset component when the buffer

self-compensation is disabled (see Fig. 5). Thus, the constant

current component was different for all 4 measured devices,

with Idc-offset ∈ [0.1, 0.5] nA. Eq. (2) allows to estimate the

non-compensated aux. path buffer offset Voffset = 2.6mV of

the plotted instance, which is within the 1σ range according

to the MC simulation (see Fig. 5). Activating the self-

compensation of the buffer mitigates its time-averaged offset,

and accordingly the constant current Idc-offset is minimized

as well, which can be seen in the red trace. This was

reliably achieved for all 4 measured samples. The buffer

reconfiguration occurs every n cycles of fchop, similar to

the slower clock faux in Sec. II-D [15]. This integer fraction
1

n
is programmable in the presented prototype, and n = 2

was selected for this measurement. As the buffer settling is

unaltered, the resistive part of the input circuit model remains

unchanged. But the offset induced dc current is reduced to a

non-measurably small value. Accordingly, the slope and thus

Rin,boost are identical. These measurements prove both the

derived model and the effectiveness of the self-compensation.

Reproducing the results with multiple samples highlights the

reliability.

Without offset compensation, an interesting constellation

occurs at Vin ≈ −80mV for this particular device, as

Vin = Rin,boost · Idc-offset, resulting in near-zero input current

despite a considerable input voltage (see Fig. 9). Conducting

measurements in this sweet spot would thus yield an almost

infinite input impedance, which is however unrealistic as

electrode dc offset is unknown and changes over time.

In order to see the effect of buffer settling accuracy on the

boosted input impedance, the prototype allows to define a

reconfigurable precharging phase. According to Eq. (4), the
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IDC-offsetRin,boost ≈ 175MΩ

∆I

∆U

Fig. 9: Input current over voltage, showing the effect of buffer

reconfiguration

Rin,boost ≈ 175MΩ

Fig. 10: Boosted input impedance over the relative duration

of the precharge time

input impedance is proportional to the relative settling error

x, which is itself a function of the gm of the buffer, the input

capacitor Cin and the precharging duration.

Fig. 10 shows the measured input impedance over the

duration of the precharging phase in percent of the cycle

time. The shape of the exponential best fit curve meets the

expectations according to Eq. (4): Large improvements of the

input impedance Rin,boost are gained for any increment of the

precharging time at first, but the benefit soon decreases once

the settling improves. The voltage settling on the capacitor

follows an exponential characteristic, and so does the settling

error dependent Rin,boost. Therefore the precharging phase can

be limited in this implementation to around 30%, as after-

wards the settling does not yield considerable improvements.

Keeping this phase as short as possible is beneficial for power

consumption, as the buffers are idling; in [15] the buffer

settling was limited to only 3.1%, however with a much

smaller Cin and additional support by the huge Caux, which

led to higher area consumption in a much smaller CMOS

technology. Thus, the optimum precharging strongly depends

on the chosen parameters and implementation goals like Cin,

power and area.

According to Fig. 10, saturation of the input impedance

occurs at 175MΩ, which is significantly smaller than the 200

to 600 MΩ range derived in Sec. IV. The limitation is due to

an additional effect which is independent of the buffers: Due

to dc servo loop settling, the potential at the capacitive input

node of the LNA, to which Cin is connected, is still unsteady

when the precharging phase concludes. Therefore, charge is

drawn from the electrodes to Cin after the precharging phase,

even if ideal precharge was possible. This effect scales with

Cin and fchop, and thus results in a limit of the boosting factor,

Fig. 11: Output spectrum of the neural front-end, displaying

a spurious free range of 68.8 dB, and simulated noise floor

Amidband = 39.3dB

Fig. 12: Recorder transfer function, showing the DSL corner

and the adaptable high-frequency cut-off

and not in a limit of the absolute input impedance Rin,boost.

In the given implementation, the boosting factor is limited

to 30x, which was consistently achieved for all measured

samples.

B. Neural Recorder

Figure 11 shows the spectrum of the chopped neural

recorder in presence of a 5mVpp sinusoidal input with

f = 250Hz. The measured spurious free dynamic range is

68.8 dB. Besides harmonic bins and a small 50Hz peak, the

influence of residual 1/f noise is clearly visible for smaller

frequencies, while thermal noise is the dominant noise source

for frequencies exceeding the 1/f noise corner at approxi-

mately fnc = 45Hz. The input-referred noise was measured

at 1.32 µVrms (LFPs, 1Hz to 200Hz) and 3.36 µVrms (APs,

200Hz to 10 000Hz), which slightly exceeds the simulated

noise levels (blue trace, Fig. 11).

The adaptable low-pass filtering is shown in Figure 12. The

3 dB cut-off corners are at 1.25, 2.5, 3.75 and 5 kHz, and

scale with the chopping frequency, which allows adaptive

anti-aliasing filtering (AAF). The definition of the cut-off

frequency through a capacitor ratio provides very decent pre-

cision, but parasitic capacitances must be taken into account

through analog-extracted design verification. Fig. 12 also

shows the high-pass corner introduced by the DSL at fhp =
25mHz, which is required to allow low-frequency recording

while suppressing electrode dc offset to prevent amplifier

saturation. The DSL integrator is implemented using pseudo-

resistors, therefore measuring the high-pass corner allows to

determine the resistance Rps = 50TΩ. The implemented

DSL manages to suppress electrode offsets of up to ±100mV
before linearity is adversely affected.
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Fig. 13: Measured CMRR and PSRR of the neural recorder

front-end (4 samples)

4

4.9

2.9
1.1

0.8

Aux. path buffers

LNA

DSL integrator

2nd amplifier

Ref. Current

Fig. 14: Power consumption of individual components in µW;

total power P = 13.7 µW

Figure 13 shows the measured common mode rejection

ratio and the power supply rejection ratio (PSRR). As both

ratios depend strongly on random mismatch, data from 4

available samples is given. The PSRR degrades at frequencies

lower than approximately 5Hz, resulting in a worst-case

PSRR of 60 dB (0.2Hz). At the upper band-edge (5 kHz),

CMRR decreases due to the roll-off of the signal gain. Still,

a worst case CMRR of 77 dB is measured. Both quantities

are better than these worst-case value throughout most of

the signal band, with PSRR = 83 dB and CMRR = 84 dB at

50Hz.

The pie chart in Fig. 14 details how the total power P =
13.7 µW is shared by the individual components. The low-

power idle phases of the aux. path buffers allow to decrease

the average power consumption, as a 30% active precharge

phase is sufficient. Thus, with 30% ·Pbuf,act+70% ·Pbuf,idle =
30% · 4 µW+ 70% · 1.1 µW = 1.97 µW, the average buffer

power consumption is cut in half by the low-power mode.

The other main power consumers are the LNA and the DSL

integrator, both for thermal noise reasons.

C. Verification by Electrode Measurement

In order to validate the benchtop measurements, an elec-

trode experiment was conducted and the results are depicted

in Fig. 15. For this experiment, a 16-channel PtIr-electrode

array of 4 diameters (0.5, 1.0, 1.7 and 2.7 mm) was used

(Courtesy of our industrial partners CorTec GmbH, Freiburg,

Germany). Similar electrodes are typically used in LFP

recordings, therefore the input signal was chosen as a 20Hz,

1mVpp sinewave. The electrodes were placed in phosphate-

Fig. 15: Input-referred electrode measurement of a 20Hz,

1mVpp input sinewave, and 16-channel PtIr-electrode array

with diameters of 0.5 to 2.7mm. The plotted recording was

obtained with 1.7mm electrode in PBS.

buffered saline (PBS) solution and the signal was applied

by a separate, large (for low impedance) Pt-electrode. The

recorded waveform was first-order low-pass filtered with fc =
250Hz post-recording, in order to restrict the in-band to

the desired LFP domain. The plotted signal was divided

by the measured mid-band gain of A = 39.3 dB for an

input-referred perspective. Measurements were successfully

conducted for all electrode diameters; the plotted waveform

was extracted using a 1.7mm electrode.

VI. STATE-OF-THE-ART COMPARISON

Table I summarizes the measured performance of the pre-

sented neural recorder including the novel input impedance

boosting scheme and allows a comparison against the state of

the art. The input impedance boosting factor of 30-fold is well

comparable with what is achieved using similar precharge-

based methods [14], [15]. Further improvements are possible

with the Caux precharge assist, which is fully compatible to

the herein presented architecture such that the same benefits

to Rin,boost are exploitable at increased area cost.

The presented recorder has comparably larger power con-

sumption per channel, which is due to the fact that full-band

recording, low noise and low area consumption were targeted

simultaneously. In [14] and [15], power is optimized at the

cost of increased thermal noise, resulting in larger input-

referred noise especially in the thermal noise dominated AP

range. The design reported in [25] combines very good area

and power consumption with low noise, but does not feature

full-band recording. The direct conversion architectures in

[21], [24] allow to have infinite dc input impedance without

a booster, but the area consumption is larger (however with

the ADC already included) despite using a smaller CMOS

node in [21] and furthermore the input referred noise is

significantly larger.

The measured CMRR and PSRR compare well against the

state of the art in the in-band region where the most dominant

disturbers, i.e. power supply tones at multiples of 50/60Hz,

are expected. Slight degradations at the band-edges are less

critical, but are nevertheless included in the table.
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TBioCAS’18 ISSCC’16 JSSC’17 CICC’18 JSSC’19 JSSC’20 JSSC’20 This

[3] [14] [15] [12] [24] [21] [25] work

Tech. [nm] 180 40 40 180 180 110 130 180

Chopped Arch. Yes Yes Yes Yes Yes* No No‡‡ Yes
Analog Supply [V] 1.8 1.2 1.2 1.8 1.8 1 1.2 1.8

Area/Ch. [mm2] 0.22 0.071 0.069 0.201 0.088 0.078 0.023 0.036

Power/Ch. [µW] 3.26 2 2.8 3.24 23** 6.5** 1.7 13.7
Bandwidth [Hz] 0.59 - 117 0.2 - 5000 0.12 - 5000 0.35 - 5400 5000 10000 <1 - 1000 <0.1 - 5000

Inp. Imp. (dc) [MΩ] — 300 1600 440 ∞ ∞ 1465 175
Imp. Boost Arch. — aux. path aux. path pos. fb. — — — aux. path

Imp. Boost [x-fold] — 15 76 (29‡) 88 — — — 30

LFP Inp.-ref. Noise [µVrms] 2.02 2 1.8 0.65 3.5 — 1.6 1.32
NIB [Hz] 0.59 - 117 1 - 200 1 - 200 0.3 - 200 1-1250 — 1 - 500 1 - 200

AP Inp.-ref. Noise [µVrms] — 7 5.3 2.14 7.3 9.3† — 3.36
NIB [kHz] — 0.2 - 5 0.2 - 5 0.2 - 5 0.001 - 5 0 - 10 — 0.2 - 10

NEF 3.36 4.9 (AP) 4.4 (AP) 1.56 (AP) 14.2** 9.3** 2.86 (9.8**) 4.77 (AP)
THD [dB] -41.7 -74 -76 -61 -77 <-90 -70 -65

CMRR [dB] 67.1 — ≥78 — 90 76 ≥70 77 (84 @ 50Hz)
PSRR [dB] 69.6 — ≥76 — 92 — — 60 (83 @50Hz)

Max. EDO [mV] — ±50 ±50 ±50 ±100 ±150†† ±500 ±100††

‡ without Caux precharge assist ‡‡ ∆-Sampling † calc. from NEF †† linear input range * chopped amp./ no input chopping ** incl. ADC

TABLE I: State of the Art comparison table

For better comparability, the noise efficiency factor (NEF,

[26]) is a popular metric, as it contains the mutually con-

tradicting design parameters (thermal) noise, power and

bandwidth. However, the area consumption is not included

thus limiting the expressiveness of NEF alone, given that

trade-offs between noise and area are possible especially

in the 1/f noise dominated LFP domain. In the table, the

bandwidth (BW) of each system is included alongside the

noise integration bandwidth (NIB), where NIB>BW should

be fulfilled to obtain realistic values for the input referred

noise and in extension the NEF. Keeping this in mind, and

comparing the NEF of the listed recorders reveals that the

presented design is well comparable to the state of the art in

the AP range, indicating that the large power consumption

produces similar benefit in the thermal noise performance.

As NEF is defined for thermal noise, and noise performance

is limited by 1/f noise in the LFP domain, only the AP NEF

is presented if specified in the respective publication. While

this design’s total integrated LFP noise compares very well

against prior art, [12] achieves superior noise performance in

the LFP range, however at the cost of a significantly larger (6-

fold) area consumption, where more than half of the total area

is required for the DSL, which is typcially a main residual

1/f noise contributor.

VII. CONCLUSION

This article revised and extended the analysis of auxiliary

path input impedance boosting schemes for chopped neural

recorders and derived a simple model taking into account the

most pronounced buffer non-idealities. This models predicts

the presence of constant current that is independent of input

signals and is instead proportional to time-averaged buffer

offset. Measurement results confirm that this current can be

mitigated by using the presented buffer architecture which

employs reconfiguration to self-compensate its mismatch-

based offset. This buffer architecture is advantageous in

bio-sensing, as electrode aging due to continuous charge

transfer is significantly reduced; furthermore, the periodic

reconfiguration mechanism can be used to minimize buffer

offset in various applications, as long as time-averaging of

the output is acceptable. This is typically given when the

buffer output is integrated on a capacitor, as is the case in

many sensor applications.
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