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Abstract—This paper presents a novel chopping method allow-
ing suppression of 1/f flicker noise in continuous-time acquisition
systems without the need for a fixed-frequency clock, stochasti-
cally deriving the chopping signal from the input and hence
achieving completely signal-dependent power consumption. The
method is analysed, its basis of operation explained and a proof-
of-concept implementation presented alongside simulated results
demonstrating an increase in achieved SNR of more than 8 dB
during acquisition of ECG, EAP and EEG signals.

I. INTRODUCTION

Recent years have seen a significant amount of research
interest in electronic devices relying on processing and ac-
quisition of biological signals such as electrocardiographs
(ECG), electroencephalographs (EEG), local field potentials
(LFPs) or extracellular action potentials (EAPs) for purposes
of scientific research or construction of medical devices.
A common property of the acquired signals is their small
frequency - While EAPs can occupy a bandwidth as large as
10 kHz, LFPs occupy a bandwidth smaller than 300 Hz [1].
Similarly, EEG and ECG signals are considered to be of
frequencies smaller than 100-150 Hz [2]. Those signals are
thus typically affected by the presence of 1/f flicker noise
inherent to operation of CMOS circuits. To suppress its effects,
current systems presented in literature typically employ either
chopper-stabilised amplifiers [2], [3] up-modulating the input
signal to higher frequencies or auto-zeroing techniques [4]
exploiting autocorrelation properties of 1/f noise [5]. Those
techniques however typically rely on periodic switching action
requiring a fixed-frequency clock generator.

The stringent requirements imposed on power consumption
of many biomedical devices (e.g. 80 mW/cm2 maximal heat
dissipation in neural implants [6]) are however leading to
emergence of a new class of acquisition frontends such as [7]
called continuous-time (CT) (or level-crossing) analogue-to-
digital converters (ADCs) operating without a fixed clock.
Rather than obtaining samples of the input signal at a fixed
rate as is typical in conventional discrete-time (DT) ADCs, CT
ADCs record crossing time of subsequent quantisation levels
thus alleviating the need for a fixed-frequency clock generator
and paving a way to activity-dependent power consumption
achieved by their sampling rate being correlated with instan-
taneous spectral content of the input signal [7]. This allows
exploitation of the typical sparse nature of some biological
signals (especially EAPs and ECGs) containing long periods
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Fig. 1. Illustration of wideband input-dependent chopping signal and achieved
flicker noise shaping.

of small information content interrupted by sporadic spikes of
rich spectral content.

While it is in theory possible to use conventional au-
tozeroing or chopper stabilisation methods in CT ADCs, it
is undesirable due to the requirement of operating a fixed-
frequency clock leading to input-independent power con-
sumption wasting energy during quiet periods of the input
signal. As an alternative we are therefore presenting a novel
method aimed at use in CT ADCs termed sparse chopping
that leads to a reduction of flicker noise while permitting
a completely input-dependent power consumption. This is
achieved by replacing a fixed-frequency chopper by an input-
derived wideband chopping signal that stochastically changes
its state whenever the input signal crosses quantisation levels
as demonstrated in Fig. 1.

This paper is organised as follows: section II explores
behaviour of signal-derived chopping signals; Section III de-
scribes and quantises the achieved noise shaping; Section IV
presents a proof-of-concept implementation; Section VI con-
cludes this work demonstrating functionality of the scheme on
sample biological signals.

II. SIGNAL-DEPENDENT CHOPPERS

Conventional chopping techniques [5] rely on multiplication
of the input signal s(t) by a periodic rectangular signal c(t)
up-modulating the input above the system’s 1/f noise corner
fc thus allowing its processing without flicker noise. Another
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Fig. 2. Demonstration of flicker noise suppression using chopper d(t) (top)
changing states whenever the input signal crosses quantisation levels. s(t) -
input tone, n(t) added flicker noise, y(t) - output

multiplication of the output by the same signal c(t) leads to
demodulation and recovery of the original while at the same
time up-modulating the added flicker noise out of band of the
input signal. As an alternative to a fixed-frequency oscillator,
clock signals derived from the input signal can be employed.

A. Deterministic Chopping

Let us therefore consider a chopping signal d(t) that sim-
ilarly to c(t) oscillates between values +1 and -1 but only
inverts its state whenever the input s(t) crosses the threshold
between one quantisation level and another. As demonstrated
by Fig. 2 such a signal contains a significant amount of spectral
content occupying the same bandwidth as the original signal
and its copies centered around f lk = fs×N×l where fs is the
center-frequency of s(t), N the oversampling ratio governed
by the amount of quantisation levels as described in [7] and
l an arbitrary integer. Due to d(t) having spectral content
occupying frequencies of the input signal, some flicker noise
is modulated on top of the input which is undesirable.

Since d(t)2 = 1 we know that the input signal passes
through the chopper unchanged while the output noise is
multiplied by d(t). This leads to the output noise power
spectral density (PSD) Sno(f) being a convolution of the input
noise PSD Sni(f) with Scc(f), the PSD of the chopping signal
such that Sno(f) = Sni(f) ∗Scc(f). Since the power of d(t),
Pd, must be equal to 1, the total noise power at the output
must be equal to the input and the noise is thus spread across
a wider frequency range.

Assuming that the oversampling ratio is large enough such
that the flicker noise modulated to f lk does not fall within the
bandwidth of the input signal, the amount of flicker noise at
the output is decreased by a factor of R which is at least

R ≥
∫ fBW

0
|Sdd(f)|2df∫∞

fBW
|Sdd(f)|2df

(1)

The precise number is difficult to estimate as the spectrum
of d(t) is dependent on stochastic properties of the input signal
and probability of its quantisation level crossings which is a
problem that still remains largely unsolved [8].

B. Stochastic Chopping

As it is necessary to ensure that the chopping signal has
as large a part of its spectral content at high frequencies as
possible, it is desirable to explore ways of modifying the chop-
per d(t) such that this is achieved. Let us therefore consider
an alternative chopping signal that only takes values of +1
and -1 and whenever the input signal crosses a quantisation
threshold either holds its current value or changes it with an
equal probability.

Assuming that the random process r(t) deciding whether
the value of the chopper is +1 or -1 has a white spectrum
and therefore its autocorrelation is Rrr(τ) = δ(τ), it can be
shown that the autocorrelation of a chopper g(t), Rgg(τ) is
equal to the probability of samples g(t) and g(t+τ) occurring
between two consecutive quantisation level changes and hence
being equal.

Assuming the simple case of fixed time period Ts between
taken samples, as would be the case in discrete-time sampling,
the resulting chopper signal g(t) is of a purely triangular
autocorrelation Rgg(τ) = Λ(τ/Ts). By the Wiener-Khinchin
theorem it is thus implied that the spectrum Sgg(f) of this
chopper has to be Sgg(f) = Ts× sinc2(f×Ts). As illustrated
by Fig. 3, it could therefore be said that Sgg(f) is approx-
imately white for small frequencies, completely vanishes at
multiples of average sampling rate fk1 and its lobes decay at a
rate of 20 dB/dec. Its 3-dB point, fggc can be found by solving
sinc2(fggc ×Ts) = 1/2 giving rise to fggc ≈ 0.44/Ts = 0.44fs

A typical CT sampling process however does not lead to
fixed Ts and the time between samples depends on instanta-
neous spectral activity in the acquired signal [7]. The resulting
chopper signal q(t) is therefore going to have different prop-
erties from g(t). As a realistic CT sampling process has a
limited maximal amount of samples that can be taken in a
period of time and hence has a minimal time Tmin

s between
samples, the autocorrelation of q(t), Rqq(τ) must be linear and
equal to Rgg(τ) for 0 ≤ τ ≤ Tmin

s . Its shape for τ > Tmin
s

however depends on stochastic properties of the input signal
and probability of period between samples. More precisely it
is equal to probability of the input signal s(t) not crossing
quantisation levels for a period τ .

By performing empirical experiments on samples of pre-
recorded ECG, EEG and neural (LFP+EAP) signals, such
a probability was found to be approximately exponentially
decaying for τ > Tmin

s thus implying that Rgg(τ) also shows
exponential decay for τ > Tmin

s . As illustrated in Fig. 3
this therefore leads to Sqq behaving similarly to a white
noise process filtered by a single-pole low-pass filter. The
position of the single pole is approximately the same as that
of the -3-dB point of Sgg(f) and can thus be approximated
as fqqc ≈ 0.44/Ts where Ts is the average sampling period.

III. FLICKER NOISE SHAPING

The establishment of the shape of the PSD Rgg(t) of a
stochastic chopper g(t) obtained from a typical biological
signal allows further investigation of its effects on flicker noise
shaping. It should be noted that using a wideband stochasting
chopping signal has previously been reported in [9] for a
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Fig. 3. Autocorrelation (left) and Power Spectral Density (PSD) (right) of a
stochastic chopping signal obtained in discrete-time (top) and continuous-time
(bottom) sampling process.

conventional discrete-time delta-sigma ADC as a method for
suppression of inter-modulation tones commonly present in
systems relying on conventional chopping schemes.

The chopper PSD can be estimated as

Sqq(f) =
ks

f2 + (fqqc )2
=

fqqc /π

f2 + (fqqc )2
(2)

where ks = fqqc /π is a constant chosen such that the power
of q(t) is equal to 1. The output noise PSD Sno(f) is equal to
Sno(f) = Sni(f)∗Sqq(f) and thus, as illustrated in Fig. 4, the
main effect of chopper q(t) is spreading the flicker noise power
over a larger range of frequencies (≈ 0− fqqc Hz) while also
decorrelating its samples and whitening its spectrum. This adds
the flicker noise power to the thermal noise floor and hence
leads to its increase while allowing a significant reduction of
noise power in small-frequency signals.

Assuming integrated flicker noise power is Pf , the output
noise PSD can be expressed as

Sno =
Pf

fqqc
+Nt ≈

Pf

0.44×N × fBW
+Nt (3)

where Nt is the thermal noise floor, N the oversampling
ratio and fBW the bandwidth of the input signal. As explained
in [7] the oversampling ratio in a CT sampling process
is tightly coupled to the acquisition resolution and can be
expressed as N = 2B where B is the ADC resolution in
bits. Its increase by one bit therefore leads to a decrease of
the up-modulated flicker noise floor by −3 dB.

Once chopping is applied to the input signal, its spectrum
is convoluted with the spectrum of the chopper and hence
becomes scrambled, spread to a frequency range between
≈ 0 − fqqc Hz and whitened. The original is however fully
recovered once chopping is applied again at the output.

IV. CIRCUIT IMPLEMENTATION

An example practical implementation of the proposed chop-
ping scheme based on circuit presented in [7] is illustrated
in Fig. 5. Potential of the last quantised sample is held at
capacitor CB which is compared to the current input using a
comparator. Once the calculated difference exceeds a certain
threshold Vthr2 or Vthr1 determined by inverter transistor sizes
a pulse is generated acting as an output of the circuit indicating
crossing of a quantisation level as well as a trigger of a current
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Fig. 4. Demonstration of flicker noise suppression using stochastic chopper
q(t). Top - PSD of q(t). Bottom - PSD of input noise Sni(f) (dashed) and
output noise Sno(f) (solid).
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Fig. 5. Example implementation of a CT-ADC employing clockless chopping.

source adding or removing charge packet from capacitor CB
bringing it back to the potential of the input and returning the
circuit back to its steady state.

Chopping is applied before the comparator such that the
input signal is spread before any flicker noise is added. The
signal then passes through inverters adding additional gain and
acting as threshold crossing detectors. The effect of chopping
at the input to the comparator is equal to switching polarity
of its inputs and output signals UP and DOWN indicating
respectively whether a higher or lower quantisation level was
entered. The reconstruction (demodulation) chopping circuit is
therefore operating completely in digital domain and can be
implemented using digital gates such that

UP = S CHOP ·A+ S CHOP ·B (4)

DOWN = S CHOP ·B + S CHOP ·A (5)

A. Comparator
In order to ensure efficient operation of the circuit it

is critical to make sure that the used comparator has as
small input offset as possible. While, similarly to traditional
chopping schemes, stochastic chopping upmodulates any DC
offset to out-of-band frequencies, doing so leads to generation
of additional output pulses detrimental to the overall power
consumption of the circuit.
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Fig. 6. Spectrum of a chopper obtained using an LFSR-generated pseudo-
random m-sequence of length 2NSR .

This can be solved by employing an autozeroing compara-
tor. To save power this can be constructed such that the offset
is sampled only when an output pulse is generated hence
obtaining activity-dependent autozeroing. This unfortunately
comes at a price of increasing the bandwidth of the input
comparator and hence its power consumption. If the circuit
is designed for a minimal time between samples Tmin

s , the
comparator’s output must be able to settle twice per period
- once during the offset sampling phase and once during the
amplification phase. The required bandwidth is thus doubled.

B. Pseudo-Random Sequence Generator

As the operation of the chopper is dependent on obtaining
a random bitstream it is necessary to employ a circuit that
allows its generation. While one possibility is using a noise-
based random bit generator such as described in [10], this
requires use of circuits dissipating static power consumption
which is not desirable.

An alternative is using a linear feedback shift register
(LFSR) as illustrated in Fig. 5. This has an advantage of having
purely dynamic power consumption. Since it is desirable to
achieve minimal correlation between chopper samples, the
LFSR should be configured to generate a maximal length code
(m-sequence).

Using NSR shift registers generates a code which has an
autocorrelation of 1 for multiples of 2NSR samples and 0 for
all other delays. Thus the autocorrelation of the generated time
signal m(s) is Rmm(τ) =

∑∞
l=−∞ δ(τ − l × 2NSR/fk) and

its spectrum Smm(f) =
∑∞

l=−∞ δ(f − l× fk/2NSR) - a train
of pulses separated by a frequency of ∆f = fk/2

NSR .
Since the spectrum of the newly created chopper r(t),

Srr(t) is a convolution of the earlier introduced Scc and Smm,
as illustrated in Fig. 6, it is composed of images of the input
signal dominated by images derived from f1k . Since those
images are separated by ∆f = fk/2

NSR and it is desirable to
obtain a near-white spectrum of Srr(f) it should be ensured
that ∆f = 2fBW where fBW is the input signal bandwidth.
However, since fk = N × fBW = 2B × fBW we obtain
NSR = B and therefore the LFSR length should be chosen to
match the bit resolution of the ADC.

V. SIMULATED RESULTS

To assess the functionality and performance improvement
of the proposed chooping scheme, its functional model was
implemented in Matlab and Verilog-A. The amount of noise
at the output was then quantised using a signal to noise ratio
(SNR) defined as SNR = E(sq(t))/E(sq(t) − s(t)) where
E(·) is the energy operator and s(t) and sq(t) the input and
quantised signal respectively. The CT-ADC was configured

to quantise the input signal with an 8-bit precision and the
LFSR composed of 8 registers was used in accordance with
findings of subsection IV-B. The comparator was modeled
such that it added a combination of white and flicker noise
of fc=1 kHz of power leading to SNR of ≈6 dB without a
chopping scheme employed. To remove noise upmodulated to
higher frequencies, the output was filtered using a sharp cut-
off digital low-pass filter of a corner frequency of 10 kHz.
Once the chopper was enabled, an increase in SNR by ≈7-
8 dB was observed during simulated acquisition of prerecorded
LFP+EAP, ECG as well as EEG signals. ECG and EEG
samples were obtained from [11] and [12] using [13].

VI. CONCLUSION

A novel method allowing suppression of flicker noise
in CT-ADCs while preserving fully signal-dependent power
consumption was presented. To the best knowledge of the
authors this is currently the only method presented in literature
to do so. Simulated results show a typical achieved SNR
improvement of the order of 10 dB during acquisition of
typical biological signals.

REFERENCES

[1] R. Muller, S. Gambini, and J. M. Rabaey, “A 0.013 mm2, 5 µW , DC-
Coupled neural signal acquisition ic with 0.5 v supply,” IEEE Journal
of Solid-State Circuits, vol. 47, no. 1, pp. 232–243, Jan 2012, [Online].

[2] K. A. Ng and P. K. Chan, “A CMOS analog front-end ic for portable
EEG/ECG monitoring applications,” IEEE Transactions on Circuits and
Systems I: Regular Papers, vol. 52, no. 11, pp. 2335–2347, Nov 2005,
[Online].

[3] Y. Tseng et al., “A 0.09 µW low power front-end biopotential amplifier
for biosignal recording,” IEEE Transactions on Biomedical Circuits and
Systems, vol. 6, no. 5, pp. 508–516, Oct 2012, [Online].

[4] P. Sun et al., “A capacitively-coupled biomedical instrumentation ampli-
fier employing chopping and auto-zeroing,” in 2012 IEEE Biomedical
Circuits and Systems Conference (BioCAS), Nov 2012, pp. 61–64,
[Online].

[5] C. C. Enz and G. C. Temes, “Circuit techniques for reducing the effects
of op-amp imperfections: autozeroing, correlated double sampling, and
chopper stabilization,” Proceedings of the IEEE, vol. 84, no. 11, pp.
1584–1614, Nov 1996, [Online].

[6] M. D. Linderman et al., “Signal processing challenges for neural
prostheses,” IEEE Signal Processing Magazine, vol. 25, no. 1, pp. 18–
28, 2008, [Online].

[7] M. Maslik et al., “Continuous-time acquisition of biosignals using a
charge-based adc topology,” IEEE Transactions on Biomedical Circuits
and Systems, vol. 12, no. 3, pp. 471–482, June 2018, [Online].

[8] F. Marvasti, Nonuniform sampling: theory and practice. Springer
Science & Business Media, 2012, pg. 394.

[9] C. B. Wang, “A 20 bit 25 kHz delta sigma A/D converter uti-
lizing frequency-shaped chopper stabilization scheme,” in Proceed-
ings of the IEEE 2000 Custom Integrated Circuits Conference (Cat.
No.00CH37044), 2000, pp. 9–12, [Online].

[10] C. S. Petrie and J. A. Connelly, “A noise-based IC random number
generator for applications in cryptography,” IEEE Transactions on
Circuits and Systems I: Fundamental Theory and Applications, vol. 47,
no. 5, pp. 615–621, May 2000, [Online].

[11] R. Bousseljot, D. Kreiseler, and A. Schnabel, “Nutzung der EKG-
signaldatenbank CARDIODAT der PTB über das internet,” Biomedi-
zinische Technik/Biomedical Engineering, vol. 40, no. s1, pp. 317–318,
1995, [Online].

[12] G. Schalk et al., “BCI2000: a general-purpose brain-computer interface
(BCI) system,” IEEE Transactions on Biomedical Engineering, vol. 51,
no. 6, pp. 1034–1043, 2004, [Online].

[13] A. L. Goldberger et al., “Components of a new research resource for
complex physiologic signals, physiobank, physiotoolkit, and physionet,
American heart association journals,” Circulation, vol. 101, no. 23, pp.
1–9, 2000, [Online].

https://dx.doi.org/10.1109/JSSC.2011.2163552
https://dx.doi.org/10.1109/TCSI.2005.854141
https://dx.doi.org/10.1109/TBCAS.2012.2188029
https://dx.doi.org/10.1109/BioCAS.2012.6418510
https://dx.doi.org/10.1109/5.542410
http://dx.doi.org/10.1109/MSP.2008.4408439
https://dx.doi.org/10.1109/TBCAS.2018.2817180
https://dx.doi.org/10.1109/CICC.2000.852607
https://dx.doi.org/10.1109/81.847868
https://doi.org/10.1515/bmte.1995.40.s1.317
https://doi.org/10.1109/TBME.2004.827072
https://doi.org/10.1161/01.CIR.101.23.e215

