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3.1 A Quiet Digitally Assisted Auto-Zero-Stabilized
Voltage Buffer with 0.6pA Input Current and 0.6pV
Offset

Thije Rooijers, Johan H. Huijsing, Kofi A. A. Makinwa
Delft University of Technology, Delft, The Netherlands

The readout of high impedance sensors and sampled voltage references [1]
requires amplifiers with both low offset and low input current. Chopper amplifiers
can achieve low offset, but the switching of their input chopper gives rise to
significant input current (40 to 110pA) [2-4]. Auto-zero (AZ) amplifiers require
less input switching, but exhibit more voltage noise. However, ping-pong
amplifiers continuously swap two auto-zeroed input stages, leading to more
switching [5,7]. In this work, an AZ stabilized topology is proposed, in which a
single amplifier is always present in the signal path. Only one input switch is
required, resulting in an input current of 0.6pA (max), a 66x improvement on the
state-of-the art [4]. Furthermore, a digitally assisted offset-reduction scheme
reduces its low-frequency (LF) noise to the theoretical y/5x limit. It also achieves
a state-of-the-art maximum offset of 0.6pV.

The AZ stabilized amplifier is shown in Fig. 3.1.1. It consists of a 3-stage unity-
gain buffer (BUF), whose offset (V) and 1/f noise are cancelled by an AZ
stabilization loop, which consists of an integrator (INT) and two OTAs: AZ1 and
AZ3. During phase ¢,, AZ1 is auto-zeroed. Its input is shorted and the resulting
output current is integrated on capacitors Ciypiine (10 pF each). AZ2 then
converts the result into a current that cancels V. The corresponding correction
voltage Vg is stored on the input capacitors C,y.,, (5pF each) of AZ2. During phase
¢q, AZ1 senses the buffer’s offset, which, due to feedback, appears between its
inputs. The output current of AZ1 is then integrated on capacitors Ciyay.ins2 (10pF
each), thus generating, via AZ3, an appropriate cancellation current. The
corresponding correction voltage Vg is stored on the input capacitors Cs.3, (5pF
each) of AZ3. To achieve pV-level offset, each stabilization loop should have
>120dB gain. This is achieved by a single gain-boosted integrator amplifier (INT),
which is multiplexed between the two loops.

The main drawback of auto-zeroing is increased LF noise due to the fold-back of
wideband thermal noise. In the chosen topology, the LF voltage-noise spectral
density is theoretically limited to y/5-e,, where e, is the thermal noise density of
AZ1 and BUF (Fig. 3.1.2). This can be understood as follows. During one AZ cycle,
AZ1 first auto-zeros itself before auto-zeroing BUF, thus contributing v/2-e, to the
total LF noise. Adding the contribution of BUF, this leads to a total of 3-¢,.
However, after AZ1 auto-zeros itself, its sampled noise is stored by C,.,, and so
reaches the output in both AZ phases. This means that its contribution to the total
LF noise is correlated, leading to a minimum LF noise density of vy5-e,.

To reduce noise folding, the ratio between the AZ loop bandwidth (BW,,) and the
auto-zeroing frequency f,, should be minimized. Reducing the former is
preferable, since increasing f,; increases the rate of switching spikes, and hence,
input current. This requires either large integration capacitors or a large ratio
between the transconductances of AZ1 & BUF and AZ2 & AZ3, respectively.
Simulations show that a ratio of about 500x is required to reach the v/5x limit
(Fig. 3.1.2). However, this limits the offset correction range of each loop to
~500pV. In order to handle the expected mV-range, a digitally-assisted coarse/fine
AZ scheme is proposed.

The digitally-assisted local (through AZ2) and overall AZ loops (through AZ3) are
shown in Fig. 3.1.3. A coarse (5-bit + Polarity-bit) current DAC (IDAC) is used in
parallel with each fine analog loop. The IDAC state is controlled by a SAR, which
is driven by a comparator that samples the integrator output. At startup, the coarse
loop minimizes the integrator swing; BW,; is temporarily increased for fast settling
after each bit trial. The SAR bits are then fixed, BW,; is decreased (via the end of
conversion (EOC) bit) and the analog loop turned on to cancel the remaining offset
and drift. With an IDAC LSB corresponding to 100pV of offset, this greatly relaxes
the job of the analog loop.

Output spikes can occur at the transitions between the two operating phases of
the AZ scheme. These are mainly due to the charge injection of the input switches
of AZ1 (SW,,) and the finite time needed for the integrator's output to settle to
the different voltages (Vg Vgy) required to cancel the offsets of AZ1 and BUF,

respectively. The digitally-assisted AZ loop greatly relaxes the swing and settling
time of the integrator, minimizing its contribution to the output spikes. To
minimize spikes due to on-chip crosstalk, the AZ clock is applied to the chip as a
differential current via low-impedance inputs. The transitions of the resulting
differential voltage are then re-synchronized by on-chip current-steering SR-
latches.

Most of the buffer’s input current is due to the charge injection and clock
feedthrough of SW¢. Being a transmission gate, this depends on the mismatch
between its PMOS and NMOS switches, which, in turn, depends on the input
voltage, and so cannot be completely cancelled. Capacitors Cy1.4, (1 pF) minimize
the common-mode transient (due to leakage) at the input of AZ1 during phase
¢y, Since this also causes output spikes. However, due to the buffer’s residual
offset Vs s, these capacitors are also a source of input current. During ¢y, Gy,
samples Vi, + Vs s, While Gy, samples Vin. The associated charge is then shared
during ¢,, which means that C,; must be charged from V;, + Vs /2 back to V;,
during the next ¢, phase. This results in an average input current
lin = C11Vis_resfaz/2. FOr Vs s = 0.6pV, I, = 5TA, which is quite negligible.

The buffer’s extremely low input current is evaluated by reading out the voltage
across an on-chip hold capacitor Gy, (36pF). This can be set to an external voltage
via a low-leakage sampling switch SW, ,. To minimize the leakage of the sampling
switch, extra hold capacitors Cy (3 pF) and, via SW,, Cg (36 pF) ensure that the
channel and body-diodes of SW, are operated at zero reverse bias. The same
technique is applied to AZ1’s input switches SW,, as their leakage will otherwise
discharge Cy.;, and cause CM transients. The S&H switches SW,.; are
simultaneously closed to sample the external voltage and opened to start the hold
phase. The voltage drift across Gy is then an accurate measure of the buffer’s
input current, avoiding the need for low-leakage bootstrapped ESD diodes.

The digitally-assisted AZ stabilized voltage buffer was realized in a 0.18ym CMOS
process (Fig. 3.1.7). It has an active area of 0.55mm?, 0.12mm? of which is taken
by the S&H circuit and draws 210pA from a 1.8V supply. With a 1V input and
faz = 15kHz, measurements show that its input current is below 0.6pA
(15 samples), and that its offset does not exceed 0.6pV (Fig. 3.1.4). In Fig. 3.1.5,
the buffer’s voltage noise spectral density is shown. Over BW,; a LF noise density
of 29nV/y/Hz is achieved, which equals the v/5x noise limit. No tones at f,; can be
seen, demonstrating the effectiveness of the spike reduction techniques. The
voltage drift across Gy is also shown (typical sample, 1V input). With AZ off, there
is negligible leakage, illustrating the effectiveness of the low-leakage techniques.
With AZ on, the variation in input current over the buffer’s input range (0.110 1.3
V) indicates that it is indeed mainly due to the charge injection of SW;. In Fig.
3.1.6 the performance of the auto-zeroed voltage buffer is summarized and
compared with the state-of-the-art. It achieves 66x less input current (0.6pA), as
well as state-of-the-art offset (0.6pV) and competitive LF voltage noise
(29nV/Hz).
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Figure 3.1.2: Simulated voltage noise density for different transconductance
(9,,) ratios of AZ1 & BUF and AZ2 & AZ3, respectively (50x, 100x, 250x and
Figure 3.1.1: Block diagram of an auto-zero stabilized voltage buffer. 500x).
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Figure 3.1.5: Measured voltage noise density: with and without AZ (Top left).
The input current (I,;) vs the input voltage for a typical sample (Top right). The
capacitor voltage drift of a typical sample with and without AZ (Bottom). Figure 3.1.6: Performance summary and comparison with previous works.

DIGEST OF TECHNICAL PAPERS e 51

Authorized licensed use limited to: TU Delft Library. Downloaded on May 27,2020 at 05:51:09 UTC from IEEE Xplore. Restrictions apply.



ISSCC 2018 PAPER CONTINUATIONS

HH
i

EES S0

!

e 2018 IEEE International Solid-State Circuits Conference 978-1-5090-4940-0/18/$31.00 ©2018 IEEE

Authorized licensed use limited to: TU Delft Library. Downloaded on May 27,2020 at 05:51:09 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


