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An Auto-Zero-Stabilized Voltage Buffer
With a Quiet Chopping Scheme and
Constant Sub-pA Input Current

Thije Rooijers

Abstract— This article describes an auto-zero stabilized voltage
buffer that achieves low offset and low noise with sub-pA input
current. A high gain stabilization loop is used to periodically can-
cel the buffer’s offset. The loop itself is periodically disconnected
from the buffer and auto-zeroed, during which its bandwidth is
reduced to reduce the associated noise folding. However, this also
reduces its offset correction range, and so to avoid overloading,
its initial offset is digitally trimmed. To break up the correlation
between the residual low-frequency (LF) noise of the auto-zero
and stabilization phases, the loop is periodically chopped, which
significantly reduces the buffer’s LF noise. Finally, the duty-cycle
of the two phases is optimized to bring the buffer’s LF noise
density close to +/2 times its white noise density (14 nV/+/Hz),
which is the fundamental limit of an AZ amplifier. The buffer
also achieves a constant and low input current (0.8 pA), as well
as a state-of-the-art offset (0.4 pwV).

Index Terms— Auto-zero, digitally assisted AZ loop, low input
current, low offset, noise correlation, noise folding.

I. INTRODUCTION

AMPLED voltage references [1]-[4] (Fig. 1) can achieve
low-power operation by storing the output of a conven-
tional voltage reference on a hold capacitor (Cy). As shown
in Fig. 1, the voltage reference then only needs to be
briefly turned on (via SW;) to refresh the voltage on
Cy. To drive a load (Ry), however, this voltage must be
buffered. Since the power dissipation of a buffer will typ-
ically be lower than that of a voltage reference for the
same noise level, this approach delivers significant power
savings. This is especially true of band-gap voltage refer-
ences, which are generally not very noise efficient, because
their output voltage is generated by amplifying the difference
between two base—emitter voltages A Vpg, together with the
associated noise, and adding it to a base—emitter voltage
Vee [11-[4].
The buffer used in a sampled voltage reference must
achieve low noise, low offset, and low offset-drift. To achieve
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Fig. 1. Simplified block diagram of a sampled voltage reference
with the waveform of the output voltage over time and the sampling
switches.

this, dynamic offset compensation (DOC) techniques, such
as chopping and auto-zeroing can be used. However, they
require the use of input switches, whose activity gives rise to
significant input current, in the order of tens of pAs [5]-[7].
As shown in Fig. 1, this current will cause the voltage
stored on Cy to drift, thus limiting the allowable hold time
and thus the amount of power that can be saved by duty-
cycling. Furthermore, input switching activity typically causes
output-referred spikes, making it difficult to interface the
buffer to a subsequent ADC. Although the effect of such
spikes can be mitigated by synchronizing them to the ADC’s
sampling clock [8], this is not feasible in a stand-alone
reference.

Another application that requires low-offset amplifiers with
low input currents is the readout of high impedance sensors

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.
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Fig. 2.

High impedance sensor readout.

(Fig. 2). Such sensors, e.g., dry electrodes, photodiodes, and
pH probes, can have impedances of several MQs [9]-[10].
Input currents (fj,) of several pAs then lead to voltage errors
(AV) of several uVs, thus nullifying the benefits of DOC
techniques.

Previous amplifiers targeting a combination of low input
current and low offset have relied on trimming to avoid the
input current associated with DOC techniques. An op-amp
with a single-temperature trimming scheme that corrects both
Vry and £ mismatch of its MOSFET-based differential input
pair is presented in [11]. However, its offset (30 #V) and offset
drift (0.33 xV/°C) are still high compared to that of typical
chopper or auto-zero amplifiers (<10 4V and <10 nV/°C).
Moreover, unlike the use of chopping and auto-zeroing, the
use of trimming does not mitigate 1/f noise.

Amplifiers with JFET input stages have low 1/f noise
and relatively low input current [12]. However, compared
to amplifiers with MOS input stages, their input current is
still rather high (~10 pA), and increases exponentially with
temperature, making them unsuitable for high-temperature
applications. Furthermore, their offset (~150 xV) and offset
drift (1.5 #V/°C) are still quite high compared to that of typical
chopper or auto-zero amplifiers [13], [14].

To lower the input current of amplifiers using DOC tech-
niques: trimming [15] and nested chopping [16] have been
used. In [15], a high effective chopping frequency (4.8 MHz)
was used to achieve a large glitch-free signal bandwidth. This
requires trimming to lower the input current from 1.5 nA to
150 pA. Nested chopping [16] utilizes a second chopper to
chop the charge injection mismatch of the first chopper. The
input current of the second chopper is minimized by using
a much lower chopping frequency. This reduces the overall
input current, as well as the residual offset, at the expense of
reducing the ripple-free bandwidth.

This article presents an auto-zero stabilized voltage buffer
that achieves low input current, low offset, and low noise
[17], [18]. It has an input current of 0.8 pA, state-of-the-art
offset (0.4 uV), and a low-frequency (LF) noise density close
to 4/2x its white noise density (14 nV/v/Hz), which is the
fundamental limit of an AZ amplifier [20].

The rest of the article is organized as follows. The chosen
architecture and its design considerations are described in
Section II. Measurement results are shown and discussed in
Section III, and the article ends with conclusions.
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amplifier.

Comparison of the input current of an auto-zero and a chopper

II. ARCHITECTURE DESIGN
When the low input current is required, auto-zeroing is

preferred over chopping, since it requires less input switch-
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ing. This can be understood by considering the associated
switching sequences in Fig. 3. The switches introduce charge
injection (CI) when they open and charge absorption (CA)
when they close. Only the CI/CA into/from the parasitic
capacitors Cp,; and C,, are considered since the opening CI
into V;i, (and Vo) ideally cancels the closing CA. In the case
of auto-zeroing, the CI of the opening ¢; switches (¢g; and
q>) is stored on C,; and C,,. The ¢, switch has symmetric
impedances on both sides, so when it closes, its CA will
equally split (—g3/2) between the capacitors. The charge is
shared during ¢», resulting in 0.5(¢; + ¢» — ¢3) on each
capacitor. The CI of the opening ¢, switch (g3/2) will then
cancel —¢3/2, leaving 0.5(q; + ¢g») on each capacitor. When
the ¢; switches close again, the charge on C,; and Cp, is
combined with the CA (—¢; and —¢»), leading to an average
input current (fi,) of 0.5 f,,(¢1 — g2) and output current (1oy)
of 0.5 fi,(q2 — ¢q1). It is important to note that due to the
charge sharing in ¢, the CI and CA of the ¢; switches cannot
completely cancel.

In the case of chopping, the CI of the opening CH switches
(g1 and ¢@») is stored on C,; and Cp,. This is then combined
with the CA of the closing C H switches (—g3 and —gy4). This
results in an i, of fu,(g1 —¢3) and Iy of fun(g2—q4) in CH.
Similarly, the CI of the closing CH switches (—¢; and —g»)
gets stored and combined with the CI of the opening CH
switches (g3 and g4). This results in an I, of fon(gs — q2)
and Ioy of fen(gs — q1). After a complete chopping cycle,
the result is a total average I, of fun((q1 — q3) + (94 — ¢2))
and Iow Of fen((g3 — q1) + (g2 — g4)). Due to the chopping
action, CI mismatch ¢g; — g3 gets supplied by Vi, in CH and
the opposite g3 — g, gets supplied by V,, in CH, leading to
incomplete cancellation. Assuming the same CI/CA mismatch
for all switches and fo, = fa, the conclusion is that chopping
generates four times more input current than auto-zeroing.

A simplified schematic of the proposed auto-zero (AZ)
stabilized buffer is shown in Fig. 4. It consists of a three-stage
buffer with a folded-cascode input stage (G,,maIN), a folded-
cascode intermediate stage with Class AB output stage (Aour),
nested Miller compensation (30 and 7 pF, not shown), and
Miller-zero compensation resistors (6 and 8 k€, not shown).
The offset of the main amplifier (Vogman) and 1/f noise are
periodically canceled by an AZ stabilization loop consisting
of an active integrator (G,,,iNT, Cint11—12 and Cinp1-22) and two
OTAs: G,,1 and G,,3.

During phase ¢», G, is auto-zeroed. Its input is shorted,
and so its offset is converted by its transconductance
(~230 uS) into an output current. This is integrated on
capacitors Cinpj-in22(10 pF each), leading to a correction
voltage across nodes E and F. G, then converts this into
a correction current that cancels V.

Due to negative feedback, the buffer’s offset appears
across its input terminals. During phase ¢, this is sensed
by G1. Its output current is then integrated on capacitors
Cint11-int12(10 pF each), resulting in a correction voltage across
nodes G and H, and a corresponding cancellation current
generated by G,,3. To achieve sub-uV offset, while generating
correction voltages of several hundred millivolts, each stabi-
lization loop should have a high (> 120 dB) gain. In this work,
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Fig. 4. Simplified block diagram of an auto-zero stabilized voltage buffer.

this is realized by multiplexing a single gain-boosted OTA
(Gnint) between the two loops, each with its own integration
capacitors.

A. Noise Folding in Auto-Zero Amplifiers

The main drawback of auto-zeroing is that it causes under-
sampled thermal noise to fold back to low frequencies [19].
As aresult, the LF noise density after auto-zeroing is typically
larger than the original thermal noise density. The amount of
noise folding is determined by the ratio of the bandwidth of
the auto-zeroing loop (BWjaz) and the auto-zeroing frequency
(faz)- To achieve low input current, faz should be as low as
possible, i.e., somewhat higher than the 1/ f corner frequencies
of Gml and GmMAIN-

During the AZ phase ¢,, BW4z is given by [20]

BWay =~ ()
27 Cine21-in22

where G,,, is the transconductance of G, and Ciyoi_in22
are the individual values of the corresponding integration
capacitors. During phase ¢;, BW4z is determined by the
transconductances of G,mamn, Gni, and G,3. To equalize
their noise contributions, the transconductances of G,,man and
G,,1 are made the same, as are the transconductances of G,,»
and G,;3. In this case, the bandwidth of the AZ loop can be
expressed as

BWz = " @
27 Cint11-in12

where G,,3 is the transconductance of G,,3 and Ciy1_in12 are

the values of the corresponding integration capacitors.
Limiting the bandwidth of the stabilization loop, therefore,
requires either large integration capacitors or small transcon-
ductances (G,» and G,3). The latter approach is the most
attractive since it has the least impact on the chip area. In a
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Fig. 5. Simulated voltage noise densities for a fixed faz = 15 kHz and

different transconductance (G,,) ratios of G,;; & GymaN and G & Gp3,
respectively (50x, 100x, 250, and 500x).

well-optimized design, the buffer’s input-referred voltage noise
density will then be determined by G,mam (=Gn1), and
so for a given integration capacitance, the LF noise density
due to folding will be inversely proportional to the G,, ratio
a = GumMaN/Gm3 (= Gt/ Guo).

Fig. 5 shows the simulated input-referred voltage noise den-
sity of the buffer for a fixed G,,main (=230 u«S), integration
capacitors (10 pF), and faz = 15 kHz but different gm ratios.
As the gm ratio increases, the bandwidth BW, decreases,
the noise folding decreases, as does the voltage noise density
at low frequencies. At large G,, ratios, however, the voltage
noise density eventually stops decreasing and converges to a
limit. As will be shown later, this limit is equal to V35 x e,
where e, is the voltage noise density associated with G,mAIN-
From Fig. 5, it can be seen that the gm ratio has to be at least
500x to reach this limit.

B. Digitally Assisted Auto-Zero-Stabilized Loop

Using a gm ratio of 500x means that the combined offset
of GmaNy and G, will be amplified by 500x at the output
of the integrator. The maximum offset voltage that can be
corrected by the stabilization loop is then limited to Viying/500,
where Viying is the integrator’s maximum output swing. In this
work, Viwing ~ £0.6 V, which corresponds to a maximum
correctable offset voltage of £1.2 mV. From Monte-Carlo
simulations, however, the expected offsets of G,,; and G, maN
are about 1.8 mV (60). On top of this, offset drifts of several
hundreds of xVs may be expected over the intended operating
temperature range (—40 to 85 °C) [11].

In prior work [20], an additional g, stage driven by a
voltage derived from an on-chip bandgap reference was used
in order to trim the initial offset. In [21], a digitally assisted
calibration loop is used to lower the ripple of a chopper
amplifier. In this work a similar approach is used, where the
initial offset of both G,man and G,,; is trimmed at startup
by a digital AZ loop, to handle worst-case offset and drift
levels. As shown in Fig. 6, this consists of a comparator,
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Fig. 6. Digitally assisted auto-zero-stabilized loop.

a successive approximation register (SAR), and two current
DACs (IDACs) in parallel with the outputs of G, and G ;3.
At startup, G, is first auto-zeroed by shorting its inputs and
using a comparator to sample the integrator output and thus
detect its offset polarity. This information is used to update the
SAR, whose output drives the IDAC. Next, G,,maN 1S auto-
zeroed in the same way by sensing its offset at the input of G,,;
due to the feedback. As a result, the stabilization loop only has
to cancel the offset drift and the residual offset corresponding
to the LSB of the IDAC.

To ensure fast settling after each bit trial, the auto-zeroing
bandwidth BW,z is temporarily increased. This is achieved
by increasing the transconductances of G, and G,,;3 by ~4x
during the operation of the digital AZ loop. This is imple-
mented by switching both the bias current and the degeneration
of G, and G35 (Fig. 7). After the SAR bits are fixed, BWxz
is decreased (via the end of conversion (EOC) bit) and the
analog stabilization loop is enabled.

For robustness, the 5 bit IDAC is slightly over-designed,
with the maximum current of 1 uA corresponding to an offset
of 4.3 mV. Its MSB then corresponds to an offset of 2.5 mV,
while its LSB corresponds to roughly 150 #V. A polarity bit
is used to steer the DAC current to the appropriate output, and
thus compensate for both positive and negative offsets.

Since the offsets of G,;; and G, mamn are amplified by the
G, ratio, the offset of the comparator can be quite relaxed.
During startup, the G, ratio is about 120, which means that
the LSB of the IDAC corresponds to an integrator output of

Authorized licensed use limited to: TU Delft Library. Downloaded on August 22,2022 at 07:45:30 UTC from IEEE Xplore. Restrictions apply.
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18 mV. This is much greater than the simulated comparator
offset (5 mV).

A further benefit of the digital AZ loop is that it reduces
the amplitude of the switching spikes associated with the
multiplexed operation of the integrator. It does this by reducing
the integrator’s output swing, which in turn, reduces the charge
injection mismatch of its output switches. It also reduces
the transient currents required to drive the integrator’s load
capacitors to the two different offset levels of G,; and
GmaN- Due to the 500 x G, ratio, any spikes that still
appear on nodes G and H will be attenuated by 500x when
referred to the output.

C. Low-Frequency Noise Analysis

As shown in Fig. 5, even after minimizing BW,z, the
LF noise density is still limited to about +/5x the white
noise level, which is higher than the /2 x fundamental limit.
To understand the reasons for this, in this section, the proposed
amplifier’s LF noise performance will be analyzed. At first,
it will be assumed that all noise sources are uncorrelated. All
noise sources refer to voltage noise densities, and capitaliza-
tion will be used to denote sampled sources, while lowercases
will be used for time-varying sources.

In phase ¢,(Fig. 8), the input of G, is shorted and the
voltage across nodes E and F tracks the (500x amplified)
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offset. It also tracks the noise of G,,; (v,1). At the end of
phase ¢, this noise will be sampled across E and F (V,1gFr)
and held there during the following ¢, phase.

In phase ¢; (Fig. 9) the voltage across node G and H tracks
and cancels the noise of G,,maN (VxMaIN), in the same way
as its offset. This is done by G,,;, whose offset is still being
nulled by the voltage across E and F. This means that the
voltage across G and H is the sum of the voltage needed to
track the time-varying noise sources v,maN and vy, and the
sampled noise from E and F (V,1gr), which are both amplified
by a. As a result, the noise density across G and H during
phase ¢; can be expressed as

— 2 2 2
UGH_¢1 = a\/vnMAIN + v+ Viier 3)

Assuming that the AZ stabilized loop has enough gain,
it will completely cancel the LF noise of G,maNn, and so
during ¢, the buffer’s output-referred noise density, referred
to Vour, Will be given by

Dout_ g1 = /021 + Vier = V2e,. 4)

This shows that in phase ¢; the buffer’s LF output-referred
noise density is fully determined by the noise of G,
which is also in good agreement with the results of Pnoise
simulations.

In phase ¢, (Fig. 8), the noise across G and H due to the
contributions of v,maIN, Un1, and V,gr will be frozen. This
leads to a total noise density across G and H during phase ¢,
of

Von_¢g2 = av/ Vamang® + Vaigr? + Vales? (5)

where V,mamwcu and V,gy are the sampled noise sources
across G and H from v,main and v,;, respectively. Referred
to the buffer’s output, these contributions across G and H add
to the noise v,maN, and so the buffer’s output-referred noise
density in phase ¢, is given by

Dout_¢2 = \/ Vavia VnZMAINGH + VnzlGH + Vigr = 2€,. (6)

Authorized licensed use limited to: TU Delft Library. Downloaded on August 22,2022 at 07:45:30 UTC from IEEE Xplore. Restrictions apply.
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This result shows that in phase ¢, the buffer’s LF output-
referred noise is equally determined by G,,; and G,maIN,
which is also supported by the result of Pnoise simulations.

If phase ¢; and ¢, have a 50% duty-cycle, then the buffer’s
output noise over the two phases is the average of their
respective noise contributions. The buffer’s output noise is
therefore determined by the average of (4) and (6) and is given
by

1
Dout = \/E (Uout7¢12 + Uout,¢22)~ (7

Filling-in the earlier expressions for the output noise in
phase ¢; (4) and ¢, (6) gives an output noise of

1
Dout = \/ 5 (02ma + Vivaes + 0m + Vs + 2Viee)-
(8

Removing the distinction between sampled and time-
varying noise, this can be simplified to

Vout = /02yam + 202 = V3e,. ®)

The final result in (9) shows that without correlation,
the output noise will be +/3e,. However, V,igr Vaigy, and
Vumainga in (8) are sampled versions of v, and v,maN, Which
leads to a partial correlation. Pnoise simulations show that
these correlations increase the noise to +/Se,,.

Based on this LF analysis, there are two possible ways
to further reduce the total LF noise. One is to remove the
dominant V,,gr term in (7), the other is to extend phase ¢;
relative to phase ¢, noting that the output noise in phase ¢;
(4) is much lower than phase ¢, (6). These two approaches
will be further explored in Sections II-D and II-E.

D. Chopped Stabilization Loop

To remove the V,gr term in (7), V,igr should not be
allowed to propagate to G & H, and eventually to the output,
in the same way during the two phases. To achieve this,
a chopper placed between nodes £ & F and G & H (CHgy
in Fig. 10) is used to periodically invert the polarity of the
V.1er on its way to nodes G and H in phase ¢;. In this way,
V.ier will reach the output with opposite polarities and thus
cancel over one chopping period. In this case, the output noise
would be given by

1
Pout = \/E (02vam + VAiamen + 021 + Vign) = V2en
(10)

where the partial correlation still exists between V, gy and v,
as well as V,mamngu and v,maw. Pnoise simulations show that
for a 50% duty-cycle, the partial correlation limits the noise
floor to about ,/3e,. To preserve the correct loop polarity,
a second Chopper CHj, is inserted at the input of G,,;. This
chopper is switched in phase ¢, when it is disconnected from
the input by the AZ switches. This prevents its switching
activity from generating transients, and thus introducing spikes
in the amplifier’s input current.
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Fig. 11. Voltage noise density simulation for different configurations (AZ,

AZ, & CH without and with ¢3).

One issue is that the AZ loop is still active in between
the two chopping phases. Therefore, V,,;gr will slowly change
during chopping and so will not be perfectly canceled. The
amount of change depends on the duration of the chopping
period and hence on the AZ frequency faz. Setting faz =
15 kHz, which is enough to cancel the buffer’s 1/f noise,
only reduces the LF noise floor slightly (Fig. 11). To approach
the /3 x e, limit, simulations show that faz would have
to be some 3x higher, resulting in significantly more input
switching, and hence, more input current.

To preserve the noise across nodes E and F during a chop-
ping period, extra capacitors Cipsi—in32(1 pF each) are used
to implement a modified ¢, phase, denoted by ¢3 (Fig. 10).
During ¢35, the output of G, Nt is not connected to either AZ
loop. Also, resistors Rj_p (2 MQ) limit the gain of G N,
preventing it from clipping due to the residual output current
of G,,1. V,1er can then be fully chopped-out without changing
faz (Fig. 11). The chopping transitions are arranged to occur
in phase ¢», when the input chopper is disconnected from the
input by the AZ switches. With these two measures, the AZ
stabilization loop can be chopped, lowering the LF noise to
/3e,, without introducing extra spikes or input current.

Authorized licensed use limited to: TU Delft Library. Downloaded on August 22,2022 at 07:45:30 UTC from IEEE Xplore. Restrictions apply.



2444

&
- Vout
V,',—, Avan —
@ + c
D
01 Vos2
1 O Stabil
tabilization
01 { o2 Loop
b2 04
ey Cszi
. 02_boost T T 91_boost
CP1f )—><—‘ fCPz
r—% — 4
| | Mn+ Mpz2
I I p
-5+ | | rE=
01 ol L

Transmission gate  NMOS with constantV

Fig. 12.  Two implementations of the AZ switches. Transmission gates and
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Another issue is the integrator’s own offset, which, via the
chopper at its input, gives rise to a square-wave ripple voltage
at the output of G,,;. This will be translated into a ripple
voltage at the input of the buffer ripple voltage by dividing
it by the transconductance and finite output impedance at fo,
of G,,;. With an expected integrator offset of about 2 mV,
the output impedance of G, then needs to be quite high
(> 150 MQ) to ensure that the resulting ripple is negligible
(<100 nV). This requirement is met by implementing G,,; as
a folded cascode OTA.

E. Duty-Cycling the AZ Clock

With the V,gr term removed, the buffer’s LF noise level
can be further reduced by adjusting the ¢;: ¢, duty-cycle.
From the noise analysis, we can note that the output noise
in phase ¢, (v/2 x e,) is less than the noise in phase ¢,
(2 x e,). The correlation will also be affected by the duty-
cycle, and the more time the buffer spends in phase ¢, the
lower the noise gets. Since some settling time is required for
¢, the resulting noise level in Pnoise simulations will then be
somewhere between \/§ X e, and fz X e,.

F. Implementation of the AZ Switches

The input current of the AZ amplifier is determined by the
charge injection mismatch of the two input switches driven
by ¢; (Fig. 12). Two implementations of the AZ switches
were tested and compared: transmission gate switches [17]
and NMOS switches with a constant Vg drive [18].

The constant Vg drive consists of two latching transistors
My and My, which pre-charges boosting capacitors C; and
Cp» to the input voltage. A fraction of the clock signal is then
boosted on top of this to get a Vg driving the switches that
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Fig. 13.  Chip micrograph of the auto-zero-stabilized voltage buffer.
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Fig. 14. Low-leakage S&H used to evaluate the input current.

are independent of the input voltage. The amplitude of the
resulting clock signal @ 5 p, is determined by the ratio of the
boosting capacitor (Cpi-p2) to the parasitic capacitance to the
ground (Cpj_p2). A simple buffer is used to make sure that
the constant Vg drive switching is not loading the input.

III. MEASUREMENT RESULTS

The auto-zero-stabilized buffer was realized in a 0.18 um
CMOS technology (Fig. 13). It draws 210 ¢A froma 1.8 V
supply and has an active area of 0.55 mm?, 0.12 mm? of which
is occupied by the low-leakage S&H circuit.

A. Measuring the Input Current

To evaluate the extremely low input current of the buffer,
a circuit similar to the sampled voltage reference is used
(Fig. 14). An on-chip hold capacitor Cy (36 pF) is pre-charged
to an input voltage through a low-leakage sampling network
consisting of switches SW; ». The input is then disconnected
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Fig. 16.  Measured voltage noise density versus frequency for different

scenarios.

and the voltage drift over time of the hold capacitor is observed
to deduce the input current.

To minimize the leakage of the sampling switch, extra hold
capacitors Cr (3 pF) and, via SW3, Cp (36 pF) ensure that
the channel and body-diodes of SW, are operated at zero
reverse bias. The same technique is applied to G,,;’s input
switches SWy_g, as the body diode leakage of these switches
would cause the hold capacitor to discharge. All capacitors are
implemented with custom MOM capacitors to minimize their
leakage.

The voltage drift across Cg is shown for a typical sample
with a 1 V input (Fig. 15). With AZ off, there is negligible
leakage, illustrating the effectiveness of the low-leakage tech-
niques.

The voltage drift across CH is an accurate measure of the
buffer’s input current. In a general-purpose buffer, another
challenge, when interfacing off-chip sensors, is the leakage
of the ESD devices, which is usually >1 pA. To suppress this
leakage, special bootstrapped ESD structures can be used [22].
These protection devices are outside the scope of this work.
Instead, this article focuses on showing that the input current
of an AZ amplifier can be reduced to the sub-pA level.

B. Voltage Noise Density

With all dynamic techniques turned off, at low frequen-
cies, the 1/f noise can be seen with a corner frequency of
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Fig. 17. Histograms (15 samples) of the measured offset (without and with

AZ) and input current with AZ & CH and ¢3 (faz = 15 kHz, Vin =1 V).

about 700 Hz (Fig. 16). At higher frequencies, the white noise
level can be seen with a level of 14 nV/y/Hz. With auto-
zeroing only, an LF noise density of 31 nV/+/Hz is achieved,
which equals the earlier discussed /5x white noise. When
chopping with the extra @3 phase enabled, the LF noise drops
to 25 nV/+/Hz, which equals the /3% white noise. Finally,
when a 75% duty-cycle is used, an LF noise of 20 nV/y/Hz
is achieved, which is very close to the 4/2x noise limit.
This reduction from +/5x to +/2x noise corresponds to a
2.5x power saving in the input stages. All the noise reduction
techniques lead to a competitive NEF of 7.3, due to the low
increase in noise floor over a small bandwidth, which leads
to an NEF that outperforms even many chopper amplifiers.
No tones at faz or fcp can be seen, demonstrating that the
use of auto-zeroing and chopping does not add spikes and a
quiet output is achieved.

C. Offset and Input Current

To evaluate the offset and the input current of the buffer,
measurements were done on 15 samples (Fig. 17). Without any
dynamic techniques, the offset is below 200 xV. When all the
dynamic techniques are switched on, the offset is reduced to
a maximum value of 0.4 uV. Finally, the input current with
all dynamic techniques and the NMOS input switches with
a constant Vgs drive has a maximum value of 0.8 pA. The
75% duty-cycle of the AZ clock does not change the offset
or input current performance. The low input current of this
design can be attributed to several design choices. First, auto-
zeroing is used instead of chopping, so that the input current
only depends on the CI mismatch of one pair of switches.
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Fig. 19. Input current versus input voltage for NMOS with constant V gs.
Making faz low (15 kHz) also lowers the input current. The
additional chopping is done during auto-zeroing phases, and
so does not increase the input current. Finally, compared to
most prior art [5]-[7], the use of finer technology (180 nm)
allows the use of smaller switches with less CI. In general,
for a given minimum dimension L, CI scales with L2, while
CI mismatch scales with L [23].

For the two implementations of the AZ switches, the input
current versus input voltage was measured for up to 15 sam-
ples. The implementation with transmission gates shows a
large variation of the input current versus input voltage chang-
ing up to 0.9 pA over the full range of the buffer (0.1 to 1.3 V)
(Fig. 18).

This change in input current can be attributed to the PMOS
and NMOS being active for the different input voltages. For
low input voltages, the charge injection of the NMOS is only
contributing to the input current and for higher input voltages,
the PMOS is contributing. Around halfway the supply, both
switches will contribute which leads to a partial cancellation
of the charge injection and therefore the lowest input current.

The implementation of the NMOS switches with a constant
Vs drive shows a much more constant input current over
input voltage, where the worst-case sample changes around
0.2 pA (Fig. 19).
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A measurement of the input current versus faz shows a
linear relationship (Fig. 20), which extrapolates to zero, which
indicates that charge injection is the dominant source of input
current.

The input current drift over temperature (from
5 °C to 85 °C) was characterized for two typical samples at a
fixed input voltage of 1 V (Fig. 21). The input current drifts
around 0.3 pA over 80 °C. This input current is still well below
the expected ESD leakage. At higher temperatures, a part of
this drift can be attributed to the increased leakage of the S&H
circuit.

The input current versus input voltage is also measured for
the case of AZ and AZ & CH for a typical sample (Fig. 22).
For both cases the input current is similar, showing that the
chopping can be done without adding input current.

D. Comparison With the Prior Art

In Table I, the performance of the AZ Stabilized Voltage
Buffer is summarized and compared with the state of the
art. A 50x reduction in input current is achieved, while also
achieving state-of-the-art offset (0.4 V) and competitive LF
voltage noise (20 nV/+/Hz). The NEF of this AZ design is
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH THE STATE OF THE ART
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This work Q. Fan [5] Y. Kusuda [6] A.T.K Tang [7] [ M. A. P. Pertijs [20] ADS8551 [24] S. Sakunia [25]
. Auto-zeroing . . .
Dyn.amlc and Chopped Chopping Chopping Chopping gnd Chopping qnd Auto- Auto-zeroing Chopping e}nd
technique(s) e Auto-zeroing zeroing Auto-zeroing
Stabilization
Input current
(Max) 0.8 pA 110 pA 72 pA 40 pA - 50 pA -
Offset (Max) 0.4 pv 1pv 0.78 uv 3uv 2.8 uvV Suv 40V
. 31 (AZ)
Voltage noise 38 (AZ) 140 (AZ)
25 (AZ&CH) 10.5 5.9 20 75
(nVAHz) 20 (75% AZ&CH) 27 (CH&AZ) 28 (CH&AZ)
GBW (MHz) 145 1.8 4 2.5 0.8 1 -
NEF 7.3 4.8 8.7 21.8 435 - -
PSRR (dB) 125 120 142 138 130 128
15 (faz) / 15 (fen) / 28 (faz)/ 11 (fen) /
Frequency (kHz) 7.5 (fcu) 30 200 7.5 (fa2) 14 (fox) 4 7.33 (f12)
Supply current 210 pA 143 pA 1.47 mA 800 pA 1.7 mA 750 pA 480 nA
Supply voltage 1.8V 5V 25-55V 5V 27-55V 27V 33-55V
Technology 0.18 pm 0.7 um 0.35 pm 0.6 pm 0.5 um - 0.5 pm
Die area (mm?) 14 1.8 1.26 0.67 2.5 - 1.48
0.9 T T T T T — offset correction techniques can be used to realize a buffer
08l with both sub-pA input current and sub-uV offset.
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