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Abstract—1In chopper amplifiers, the interaction between the
input signal and the chopper clock can give rise to intermod-
ulation distortion (IMD). This chopper-induced IMD is mainly
due to amplifier delay, which causes large pulses at the output
of the amplifier’s output chopper. This article proposes the use
of a so-called fill-in technique to eliminate these pulses, and thus
the resulting IMD, by multiplexing the outputs of two identical
amplifiers that are chopped in quadrature. A prototype chopper-
stabilized amplifier was implemented in a 180-nm CMOS process.
Measurements show that the fill-in technique suppresses chopper-
induced IMD by 28 dB, resulting in an IMD of —126 dB for input
frequencies near 4 Fcy (=80 kHz). It also improves the amplifier’s
two-tone IMD (with 79 and 80 kHz inputs) from —97 to —107 dB,
which is the same as that obtained without chopping.

Index Terms— Auto-zeroing, chopping, dynamic offset compen-
sation (DOC), fill-in technique, intermodulation distortion (IMD),
offset.

I. INTRODUCTION

MOS amplifiers suffer from offset (several millivolts),

offset drift (several uV/°C), and 1/f noise corner (tens
of kilohertz). Dynamic offset compensation (DOC) techniques,
such as auto-zeroing and chopping, are often used to achieve
low offset (microvolt level), offset drift (<20 nV/°C), and 1/ f
noise corners (several hertz). However, these techniques also
have drawbacks. Some of these, such as the introduction of
glitches, increased input current, and residual offset due to
the charge-injection (mismatch) of switches, have been well
studied [1], [2] and can be effectively mitigated [3]-[8]. This
has led to precision CMOS amplifiers with no visible spectral
content at the auto-zero/chop frequencies [6]—[8], very low
input current (1 pA untrimmed, 0.2 pA trimmed [8]) and very
low residual offset (100 nV [3]). This article focuses on the
mitigation of a lesser-known drawback of DOC techniques:
the generation of intermodulation distortion (IMD). In the
presence of an ac input at a fixed input frequency (Fi,), IMD
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Fig. 1. Amplitude spectrum for: (a) traditional choice of Fcy (Fcy > Fin)

and (b) the choice in this work (Fcy < Fin), showing the resulting ripple,
spikes, and IMD tones.

will occur at the sum and difference of F;, and multiples of the
DOC frequency Fpoc, i.e., at Fiy, £ nFpoc and nFpoc £ Fin,
where n is integer. In the case of auto-zeroing, this is due
to its inherent sample and hold operation, which causes
noise folding and large odd-order (n = 1, 3, 5,...) IMD
tones [8], [17], [18]. In the case of chopping, the main cause
of even-order (n = 2, 4, 6, ...) IMD is amplifier delay, as will
be discussed later in more detail.

In many chopper amplifiers, the chopping frequency (Fcy)
is much higher than Fj,. The resulting input-referred amplitude
spectrum is shown in Fig. 1(a). It may be seen that the ripple
caused by the up-modulated offset and 1/f noise can then be
suppressed by a simple low-pass filter (LPF). The same filter
will also suppress the tones near 2 Fcy due to charge-injection

0018-9200 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 22,2022 at 10:30:44 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-3985-6351
https://orcid.org/0000-0001-5577-0297
https://orcid.org/0000-0003-2201-756X
https://orcid.org/0000-0002-2992-5467

3584

glitches and chopper-induced IMD. However, to achieve a
large tone-free signal bandwidth (BW), Fcy must be quite
high, and will certainly be higher than the amplifier’s original
1/f corner frequency. However, increasing Fcy results in
lower effective gain, higher input current, and residual offset.
For example, in [9], Fcy = 333 kHz, which results in 50
uV offset, 0.25 1 V/°C offset drift, and 550 pA input current.
n [10], inter-leaved 800 kHz clocks are used to achieve an
effective Fcy = 4.8 MHz. This results in 5 x4V offset and
0.02 uV/°C offset drift, but trimming is required to lower its
input current to acceptable levels (from 1.5 nA to 150 pA).

This work focuses on chopper amplifiers in which Fcy is
set only slightly higher than the 1/f corner frequency, and
so will typically be lower than Fj,. This choice results in
the lowest residual offset, lowest input current, and largest
effective gain, while still effectively suppressing 1/f noise.
For example, in [11], Fcy is 30 kHz, which results in 1 x4V
offset, 22.5 nV/°C offset drift and an input current of 110 pA.
However, as shown in Fig. 1(b), a simple LPF can no longer
be used to filter out chopper ripple, and so other techniques
are required, such as the use of a ripple-reduction loop [11],
trimming [12] or auto-zeroing [13]. In addition, chopper-
induced IMD tones will now be in-band and so cannot be
easily filtered out.

In prior art [14]-[19], spread-spectrum chopper clocks were
used to lower the magnitude of IMD tones by dithering Fpoc.
This turns IMD tones, as well as chopper ripple, into noise-
like signals, thus suppressing IMD tones (by ~10-20 dB) but
increasing the noise floor around Fpoc. However, since this
approach does not solve the underlying problem, the IMD is
still visible in the time domain [15].

In this article, a novel fill-in technique is proposed to address
the underlying cause of chopper-induced IMD [20]. When
used in a prototype chopper-stabilized amplifier, it decreases
IMD tones by 28 dB and results in a two-tone IMD of
—107 dB for input frequencies near 4 Fcy (=80 kHz), which
is the same as that obtained without chopping.

The rest of the article is organized as follows. The origin of
chopper-induced IMD is discussed in Section II. The operation
of the proposed fill-in technique and the resulting amplifier
architecture are discussed in Section III. Measurement results
are shown and discussed in Section IV, and the article ends
with the conclusions.

II. ORIGIN OF CHOPPER-INDUCED IMD

The cause of chopper-induced IMD can be understood by
examining the signals in a chopped operational transconduc-
tance amplifier (OTA) in the presence of a sine-wave input
signal Vi, (Fig. 2). Due to the action of the input chopper
(CHjp), the OTA’s input V; will be an up-modulated version
of Vi,. Without loss of generality, the worst case scenario is
shown, in which the chopping transition coincides with the
peak of the input signal (Vi,). At this point, CHj, changes the
polarity of the input signal, causing a 2V;, step in V;. This is
converted into a current (/;) by the OTA’s transconductance
G, and delayed by its finite BW (here modeled as a pure
delay Tgelay). As a result, the edges of the chopping clock (CH)
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Fig. 2. Chopped OTA with a pure amplifier delay (7gelny) and the
corresponding time-domain signals. The large pulses in the output current
(Iout) result in chopper-induced IMD.

will no longer be aligned with the corresponding transitions
in I;. The demodulated current (/) produced by the output
chopper (CHgy) will then contain large pulses around the
chopping transitions. The amplitude of these pulses (2G, Vin)
is equal to the instantaneous amplitude of the input signal and
so can be a significant source of distortion. These pulses are
the main cause of chopper-induced IMD.

In the frequency domain, the effect of these pulses can be
better understood by considering the simplified model of the
chopped OTA shown in Fig. 3. This consists of a delay-free
OTA with an extra input path, shown in red, that models the
IMD pulses. In this path, Vj, is multiplied by a sequence
of rectangular pulses (p) with an amplitude of 2, a width
of Tyelay, and a period of 0.5/Fcy. The result (pViy) is then
subtracted from Vi, to model the pulses generated at the
chopping transitions.

In the frequency domain, it can be seen that the
multiplication in the extra path will fold input signals near
multiples of 2Fcy back to dc. The spectra of the various
signals in Fig. 3 are shown in Fig. 4, where the input is
assumed to have a narrow-band spectrum (Vi,(f)) centered
on 4Fcy. At low frequencies, the spectrum of the rectangular
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Fig. 4. Amplitude spectra of the different signals in the simplified model of
a chopped OTA for a narrow-band triangular input spectrum.

pulses (p(f)) consists of impulses at multiples of 2 Fcy with
an amplitude of 47yeay Fon (see Appendix). As a result, the
convolution Vi, * p(f) consists of scaled and frequency-shifted
versions of the input spectrum, which are subtracted from Vj,
and applied to the ideal OTA. The amplitude of the IMD tones
in the resulting output current I, (f) are then given by

IMD = 2010g(4Tdelay FCH) . (1)
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Fig. 6.  Simplified model for a chopped OTA with limited BW and the

resulting waveform.

For a fixed Fcpy of 20 kHz, the IMD predicted by (1) is
plotted in Fig. 5 for various values of Tgepy. It can be seen
that a delay of only 1 ns results in a chopper-induced IMD
of 82 dB. Decreasing the delay causes the amplitude of the
IMD tones to roll-off at the rate of 20 dB/decade.

Rather than the rectangular pulses considered so far,
finite OTA BW will cause exponentially settling pulses
at the output of CH,y. This can be incorporated in the
chopped OTA model (Fig. 3) by modifying the shape of
the pulse sequence p(t), as shown in Fig. 6. Noting that
Tgelay = 1/(2r BW), (1) can be rewritten in terms of amplifier
BW

IMD = 20log . 2)
2rBW

This equation predicts that the IMD can be reduced by

increasing the OTA’s BW. However, this comes at the expense

of significantly higher OTA power dissipation. In this work,

an OTA with a noise density of 11 nV/Hz and a 15 MHz

BW is employed, which corresponds to a delay of ~10 ns.
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Fig. 7. Simplified block diagram of the chopper-stabilized amplifier.

To achieve the 28 dB reduction in chopper- induced IMD
reported in this work, a 25x increase in BW, and thus power
would be required.

III. PROPOSED AMPLIFIER TOPOLOGY WITH
FI1LL-IN TECHNIQUE

A simplified block diagram of the proposed chopper-
stabilized amplifier is shown in Fig. 7. It consists of a
two-stage main amplifier with a folded-cascode input stage
(Gmman) and a Class AB output stage (Gmout) With Miller
compensation capacitors (Cp,; and Cpp, 10 pF each), and
Miller-zero compensation resistor (not shown, 5.4 kQ). The
offset and 1/f noise of the main amplifier (Voguan) are
suppressed by a three-stage auxiliary amplifier. To minimize
its own offset (Vo) and 1/f noise, the auxiliary amplifier
employs a chopped OTA (G, folded-cascode Fig. 8), fol-
lowed by an integrator (G T, folded-cascode, and Ciygj—ine2,
each 36 pF), and a correction OTA (G cor, telescopic).

When used in a negative feedback configuration, the offset
of the main amplifier (Vogman) appears at the input of the
chopped Gp,;, whose output current is integrated (GmNt)
to generate, via Gpcor, an offset-correcting signal for the
main amplifier (Gpmam). Due to the amplifier’s finite gain,
the application of an ac input signal will give rise to a finite
swing at the input of the chopped auxiliary OTA, whose finite
BW then causes chopper-induced IMD in its output current
(Iout). The resulting tones will be somewhat suppressed by the
active integrator. However, input frequencies close to 2 Fcy (or
4Fcy, 6 Fcy, etc.,) will cause IMD tones near dc, and so will
not be suppressed.

To reduce the effect of near-dc IMD tones, the magnitude of
the pulses in Iy, should be reduced. One possibility would be
to introduce a dead-band, as is sometimes done to mitigate the
effect of chopping glitches [21]. In other words, make /o, = 0
for the duration of the pulses (Fig. 9). However, this will only
reduce the amplitude of the pulses by about half: to G, Vi,
from 2G, Vin. In the case of exponential settling, simulations
show that the IMD reduction is limited to about 2 dB for
the optimal dead-band, which ends at the zero-crossing of Iy,
(Fig. 9). Another solution would be to delay the clock of the
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Fig. 10. Fill-in technique for the chopped auxiliary OTA.

output chopper to compensate for the OTA delay. However,
simulations show that the IMD reduction is then limited to
about 4 dB for the optimal delay, which again ends at the
zero-crossing of I,y (Fig. 9). The limited effectiveness of these
techniques can be attributed to their inability to compensate
for the long settling tail of I,y after the zero-crossing.

The goal of the proposed fill-in technique is to suppress
chopper-induced IMD by eliminating the pulses in Zoy.
As shown in Fig. 10, this can be done by using two iden-
tical auxiliary OTAs (G and Gpp), which are chopped
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Fig. 13. Die micrograph.

in quadrature (CH; and CH,). Although the output current
of each channel (I,y; and I,yp) will still contain pulses
around the chopping transitions, these will only occur in
one channel at a time. The OTAs’ output currents (Zou,2)
are nominally identical, and so, by selecting the appropriate
current slightly before each chopping transition, a combined
output current can be generated that is free of pulses and,
therefore, free of IMD. In other words, the pulses of one

Bias & Clock gen.
3%

Grman & Grour
27%

Channel1
24%

Channel2
24%

Fig. 14.  Power breakdown of the most important blocks.

OTA are filled in by the output current of the other. The
key insight is that the required switches can select the OTA’s
output currents much faster than the OTAs themselves can
settle.

However, the chopped offset of Gy and Gy (Vo1 and
Vos2) will still cause ripple. To suppress this, the proposed fill-
in technique is combined with auto-zeroing (Fig. 11). An AZ
loop is added, which is used to AZ the OTA when it is not
connected to Gynt. To prevent input common-mode (CM)
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transients, which would cause additional IMD, the OTA inputs
are shorted to one of the input pins during the AZ phase
(via S1). Dummy always-closed and always-open switches
(in gray) ensure that the input network formed by the switch
resistances and the parasitic capacitance is symmetric. During
the AZ phase, Caz (25 pF) acts as a passive integrator whose
output drives Gyaz) (Telescopic) to cancel the OTA’s offset.
The resulting voltage is held by C;» (1.8 pF each) during the
amplification phase. To minimize noise folding, the noise BW
during the AZ phase should be limited by minimizing Gyazi,
but this increases the OTA’s worst case output swing. As a
compromise, Gpaz is chosen to be ~50x smaller than Gy .

At the start of the AZ phase, the output current of the OTA
needs to transition from a level that depends on the input
signal to a level that is nearly zero. To prevent these transients
from reaching the AZ loop and thus causing additional IMD,
shorting switch Ss allows the OTA current to settle before
it is connected via switches Sgg7 to the integration capaci-
tor Caz [22]. Ses7 are controlled by the AZ;g signal, which
includes a dead-band that disconnects Caz during this settling
time. The width of the dead-band is set to 100 ns, which
guarantees OTA settling in the worst case corner. Similarly,
the AZ phase is ended roughly 100 ns before the next chopping
phase, allowing G » to settle before it is connected to G miNT-
To further minimize the voltage transient that occurs when the
OTA is connected to Gnt, the shorting switch (S4) resistance
is set to ~1/Gpnt (6.8 kQ). The remaining voltage transients
are then mainly due to the charge-injection of the multiplexing
switches (S3 and Ss).

The effectiveness of the fill-in technique is limited by the
G, matching of the two input OTAs, as any mismatch will
cause additional transients in their composite output current.
With a 1 Vis 81 kHz input signal, the results of simulations
with various degrees of intentional G, mismatch are shown
in Fig. 12. Without mismatch, the simulated chopper-induced
IMD is —133 dB, increasing only slightly to —131 dB for

1% mismatch, which is readily achievable. Even with 5%
mismatch, —120 dB IMD can still be achieved, showing that
in practice, Gy, mismatch is not an important limiting factor.

IV. MEASUREMENT RESULTS

The prototype chopper-stabilized amplifier with fill-in tech-
nique was realized in a 0.18 yum CMOS BCD process. The
die micrograph is shown in Fig. 13, with the most important
blocks highlighted. It occupies an active area of 0.54 mm? and
draws 550 pA from a 5 V supply. The opamp has a 0-4.5 V
input CM range, a 15.4 noise efficiency factor (NEF), and a
4.2 MHz gain bandwidth product (GBW). A power breakdown
is shown in Fig. 14. It is equally split between the main
amplifier, Channel 1, Channel 2, and the rest of the stabi-
lization loop. The first three all have low noise input stages
and so dissipate significant power. Furthermore, at high input
frequencies, the signal entering the stabilization loop increases
due to the roll-off of amplifier gain. To handle the resulting
high current levels output by the input OTAs, the stabilization
loop also dissipates significant power.

With the prototype amplifier configured as a buffer,
a one-tone test was performed using an Audio Precision
APx555 analyzer, which provides a 1 Vi 79 kHz input
tone at an input CM level of 2.2 V. To ensure that the
IMD tones are well above the ~134 dB noise floor, an input
tone near 4Fcy (79 kHz) was used rather than one near
2Fcy (39 kHz). The resulting output amplitude spectrum is
shown in Fig. 15. The 79 kHz input tone, together with the
chopping frequency of 20 kHz, leads to an IMD tone at 1 kHz
(4 Fcp—Fin). Without the fill-in technique, a large (—97.7 dB)
IMD tone is present. With the fill-in technique enabled, this
drops by 28 to —125.9 dB. Some power-line interference is
also visible below 1 kHz. This is present even in the absence
of the prototype chip and is thus caused by the measurement
setup. Higher-order IMD tones (>1 kHz) are also partly
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Fig. 16. Measured amplitude spectrum (ten averages) for a two-tone test of 79 and 80 kHz tone 0.5 Vips each, for the case of the un-chopped amplifier,

chopped without fill-in, and with fill-in.
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Fig. 17. Histogram of the offset voltage and input current for 15 samples.

suppressed by the fill-in technique. Some residual ripple is
also present at multiples of Fcy.

A two-tone test was also performed using tones at 79 and
80 kHz, both with an amplitude of 0.5 V. The resulting
amplitude spectrum is shown in Fig. 16. As a baseline, the two-
tone IMD was first measured with chopping disabled. Due to
the amplifier’s own non-linearity, an IMD tone of —107 dB
can be seen at 1 kHz. When chopping is enabled, but without
the fill-in technique, this tone increases to —97 dB, which is
mainly due to chopper-induced IMD. With the fill-in technique
enabled, the IMD drops back to —107 dB, demonstrating the
effective suppression of chopper-induced IMD.

With a 2.5 V input CM voltage and Fcy = 20 kHz,
measurements on 15 samples show that the offset is less
than 0.8 uV, while the input current is less than 600 pA
(Fig. 17). The input current was measured by a Keithley
6514 electrometer, and guarding was used to minimize printed
circuit board (PCB) leakage. The input current is a linear
function of Fcy (Fig. 18), indicating that it is mainly due to the
charge-injection (mismatch) of the chopper and AZ switches.

(0]«
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-200 1

Ibias [PA]

-300 1

-400 1

500
0 25 5 7.5 10 125 15 17.5 20 225

Fon [kHZ]

Fig. 18. Input current for different chopping frequencies.

The opamp’s voltage noise density is shown in Fig. 19. With
chopping disabled, its white-noise level is 16 nV,/Hz and its
1/ f corner frequency is ~6 kHz. With chopping, auto-zeroing
and fill-in enabled, the 1/f corner frequency is less than a
few Hertz. The noise folding associated with auto-zeroing
each OTA at 20 kHz causes a slight noise bump around this
frequency. Some tones can also be seen at the chopping/auto-
zeroing frequencies, which is due to PCB-mediated crosstalk
between the 5 V reference clock (80 kHz) and the prototype
chip.

To verify the amplifier’s ability to handle rapidly changing
signals, its slew rate was measured by applying a 4 V input
step (Fig. 20). For both rising and falling steps, the speed at
which the amplifier’s output transitions from 10% to 90% of
its final value corresponds to a slew rate of 1.7 V/us.

Fig. 21 shows the measured power supply rejection ratio
(PSRR) of the amplifier using a 1 V;ns disturbance added to
the 5 V supply at different frequencies. At low frequencies,
the PSRR is 124 dB, rolling off at higher frequencies.

Table I summarizes the performance of the amplifier and
compares it to other DOC amplifiers using chopping, auto-
zeroing, or a combination of the two. Table I reports the
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 56, NO. 12, DECEMBER 2021

This work AD8551[17] | AD8571[18] Ivanonv [19] Rooijers [8]
Dynamic technique(s) Cl!opper Stahi]i.zed Autq—gero Autq—gero ChoV[:/[i)tfl:lrrSiIt;:;;l_lzed Auto-zero.a.nd Chopped
with Auto-zeroing Stabilized Stabilized . Stabilization
reduction
fin:79 kHz fin:().s kHz fin:().s kHz finzl kHz finzl kHz fin:16 kHz
Chopper-induced -97.7 (No Fill-in) -80 (Single)* - -103 (Single)™ |-91 (Single)|  -44 (Single)
IMD tone (dB @ fimp) -125.9 (Fill-in) - -90 (Spread)” | -122.7 (Spread)™ - -
@ 1 kHz @ 4.5 kHz @ 4.5 kHz @ 156 kHz @ 14 kHz @ 1 kHz
Offset (Max) 0.8 uv*™" 5uv 5uv 3.5V 0.6 uV*™
Input current (Max) 600 pA™ 50 pA 50 pA 200 pA hg’z Sﬁiﬁlnn::éi))
V"ltag(ﬁ\‘}j’jf}‘zz‘iem“y 16 ) 51 6.5 20
CH/AZ frequency (kHz) 20 4 2-4 50-150 15
GBW (MHz) 4.2 1.5 1.5 10 1.45
Slew rate (V/us) 1.7 0.4 0.4 5 -
PSRR (dB) 124 130 130 135 125
Supply voltage 5V 5V 5V 1.8-55V 1.8V
Supply current 0.55 mA 0.85 mA 0.85 mA 1.65 mA 0.21 mA
Technology 0.18 pum - - 0.6 um 0.18 um
Die Area (mm?) 1.25 1.626 1.4

Vou=1 Vins@500 Hz (A=40 dB) [14]
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Fig. 19. Voltage noise density versus frequency for the case without any

dynamic techniques and with CH, AZ, and fill-in.

IMD of amplifiers that use both fixed DOC frequencies
(Single) [8], [17] and spread-spectrum DOC frequencies
(Spread) [18], [19]. For the latter, the IMD with a fixed DOC
frequency is also reported (Single), where it should be noted
that [17] and [18] describe the same amplifier. Although the
reported IMD of the proposed amplifier is obtained from a
single sample, the variation between five samples has been
measured. Without the fill-in technique, the single-tone IMD
varies between —97.2 and —98.2 dB. With the fill-in technique
enabled, the IMD varies between —125 and —131 dB. The
amplifier achieves the lowest IMD (125.9 dB) at a much

“"Vourrl Vims@1 kHz (A=1) “*Maximum value of 15 sample

5 5

4 4 1
s s |
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Fig. 20. Slew-rate measurement for a step-up and step-down.
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Fig. 21. Measured PSRR versus frequency.

higher input frequency (79 kHz), which is more difficult to
achieve due to the roll-off of amplifier gain with frequency.
Furthermore, at worst case input frequencies ( fi, = nfaz with
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n=1,3,5,...0r fip = nfcy withn = 2,4, 6, ...), which will
cause near-dc IMD tones, an 81.9 dB improvement is obtained.
For low input frequencies (<1 kHz), the IMD tones are below
the —134 dB noise floor. Even though an additional low-
noise input stage is required to implement the fill-in technique,
the amplifier’s total supply current (0.55 mA) is comparable
with that of other designs. Each fill-in channel uses 24% of
the power and 10% of the total active area.

V. CONCLUSION

In chopper amplifiers, finite amplifier delay gives rise to
short pulses around the chopping transitions, which in turn
give rise to significant amounts of chopper-induced IMD.
To address this problem, a novel fill-in technique is proposed,
in which two identical amplifiers are chopped in quadrature
such that a pulse-free output signal can be obtained by
selecting the output of the appropriate amplifier. As a proof of
concept, the fill-in technique was used in a chopper-stabilized
amplifier, resulting in a 28 dB reduction of its chopper-
induced IMD. This corresponds to less than —125 dB of
chopper-induced IMD for a single-tone near 4 Fcy (=80 kHz),
while the two-tone IMD (with 79 and 80 kHz tones) is less
than —105 dB, mainly limited by the amplifier’s own linearity.
In addition, the amplifier achieves low offset (<1 V) and low
noise (16 nV,/Hz), while its supply current (0.55 mA from a
5 V supply) is comparable with that of other state-of-the-art
precision amplifiers.

APPENDIX

In this appendix, the amplitude spectra for the different
signals in Fig. 3 are determined.

The sequence of rectangular pulses (p) can be described by
the convolution

p(t)=2rect(Tyelay?) * Z 5(t - Z;CH) ©

n=—00

where the rectangular function represents the short pulse
caused by amplifier delay and the impulse train represents its
repetition rate (every 0.5/Fcy). The Fourier transform of the
first term is

2Tdelay SinC(Tdelay ) 4)

and the Fourier transform of the second term is

2Fcn Y. 3(f —n2Fcn). )

n=—00

The convolution in the time-domain leads to a multiplication
in the frequency-domain, which results in

P(f) = 4T4elay Fensine (Taetay f) Z o(f —n2Fcu). (6)

n=—00

The notches of sinc(Tyelay /) occur at n/Tyeay With n =1,
2, 3,.... At low frequencies, the effect of the sinc function is
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negligible for a small Tyelay. The multiplication pVj, leads to
the convolution

p* Vin(f)
o0
= 4T4elay Fensine (Tgelay f) Z O(f —n2Fcn) * Vin(f)
n=—0oQ
o0
= 4Ty Fensine(Taeray f) D, Vin(f —n2Fcu). )
n=—0oQ

The frequency shifted versions of the input spectrum lead
to the IMD tones. pVj, is subtracted from Vi, and multiplied
by Gn, leading to an output current spectrum (Zou(f)) of

TIow(f) = GuVin — 4TdelayFCHSinC(Tdelayf)

X Gu D Vi(f —n2Fcu). (8)

n=—0o0
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