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Abstract

A four-stage fully differential ring amplifier in 40 nm
CMOS improves gain to over 90 dB without compromising
speed. It is applied in a 15b, 100 MS/s calibration-free
SAR-assisted pipeline ADC. In addition, a new auto-zero noise
filtering method reduces noise without consuming additional
power. The ADC achieves 73.2 dB SNDR (11.9b) and 90.4 dB
SFDR with a 1.1 V supply. It consumes 2.3 mW resulting in a
SNDR based Schreier FoM of 176.6 dB.

Introduction

Ring amplifiers [1,2] are a compelling energy-efficient al-
ternative to OTAs in switched-capacitor (SC) circuits, and
offer several benefits over OTAs including slew-based
charging, near rail-to-rail output swing, and high gain from
three stages. However, because of the low intrinsic gain in
advanced CMOS [3], it is hard to get enough gain for high
resolution applications, even with three stages. Although in-
creasing the length of inverters or cascoding can increase ring
amplifier gain, a drawback is that the increased output re-
sistance reduces the speed of the ring amplifier, resulting in
limited performance. We present the first four-stage fully
differential ring amplifier, breaking the tradeoff between gain
and speed. We also introduce auto-zero noise filtering to re-
duce noise without consuming extra power. We verify the new
ring amplifier with a 15b 100 MS/s calibration-free
SAR-assisted pipeline ADC.

Four-Stage Fully Differential Ring Amplifier

Unlike the case with three-stage ring amplifiers, making a
dominate pole at the output of the final stage [1, 2] does not
properly stabilize a four-stage ring amplifier. This is because in
feedback, the common mode of a four-stage ring amplifier can
latch. Latching is the result of the main signal feedback to the
1%-stage forming positive feedback for common mode. This is
especially problematic during auto-zero as the feedback factor
is high. In theory, a CMFB circuit could prevent common
mode latching, however such a CMFB circuit would consume
almost as much power as the ring amplifier itself. To solve this
problem, we introduce an auto-zero method with passive only
CMFB that reliably keeps the common mode at the desired
common-mode metastable point.

Our four-stage ring amplifier (Fig. 1) avoids this common
mode latching by auto-zeroing at the 2"%-stage. The four-stage
ring amplifier consists of a 1%-stage differential pair, two
2md_stage differential pairs in parallel, two 3"-stage inverters
with dynamic biasing resistors, Rp, and two last-stages in-
verters. We divide the 2"-stage into two paths, one is the main
signal amplifier, and the other is an auxiliary amplifier for
auto-zero. The differential pairs reuse current in PMOS and
NMOS input devices. This reuse maximizes transconductance
for a given bias current and reduces thermal noise. NMOS
triode-device CMFBs set the common mode of the differential
pairs, which works as coarse CMFB for the entire ring ampli-
fier. A separate SC CMFB controls the tail current biases in the
2" stage to set the ring amplifier output common mode to Vem

C98

978-4-86348-606-5 ©2017 JSAP

during the residue amplification period. Enable switches con-
trolled by ®gn turn off the ring amplifier when it is not used to
save power. The simulated small-signal gain of the ring am-
plifier is higher than 90 dB over an output swing from 0.1 V to
1.0 Vwith a 1.1 V supply.
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Fig. 1: Four-stage fully differential ring amplifier and biasing.

The key to preventing common-mode latching during au-
to-zero is a new auto-zero technique that uses the 2"-stage
auxiliary amplifier, as shown in Fig. 2. This modified au-
to-zero avoids common-mode latching because it operates
through negative feedback. In the auto-zero phase (i.e. ®s is
high), the input of the 1%-stage is connected to the common
mode bias, Veum. Next, the three-stage feedback through the
auxiliary 2"-stage amplifier samples the output offset of the
I*t-stage and the input offsets of the 2"%-stages onto the au-
to-zero capacitor, Caz. In order to stabilize the feedback and
reduce the noise folding of the auto-zero, relatively big Caz
capacitors (4 pF) are used. However, the use of big Caz ca-
pacitors does not cause a significant area penalty. We can use
high density MOS capacitors, stacked with MOM capacitors to
minimize area since one node of Caz is always connected to
ground. After auto-zero, the common mode of a SC amplifier
using the four-stage ring amplifier does not latch because
amplification always starts from the desired common mode.
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Fig. 2: Simplified four-stage ring amplifier in auto-zero con-
figuration and timing diagram.

Auto-Zero Noise Filtering
Another benefit of this auto-zero configuration is that we
further reduce auto-zero noise by filtering the 1%-stage noise,
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which is the dominant noise source. We add additional
1%-stage loading capacitors, Cr in Fig. 2, to reduce the band-
width of the 1%-stage during auto-zero, thus filtering the
1¥-stage noise during the auto-zero phase. Cr is connected
some delay after the beginning of the auto-zero phase (using
®r) to prevent slow initial settling of the 1%'-stage. This insures
that the output of the 1%-stage always settles to its output offset
even with a low bandwidth. Transient noise simulations (Fig. 3)
show that this 1*-stage noise filtering with an 8 pF Cr reduces
RMS auto-zero noise by 89%. In contrast, increasing Caz by 8
pF reduces auto-zero noise folding by only 52%. This proves
that the auto-zero noise filtering reduces noise more efficiently
with the same additional capacitance when compared with
conventional auto-zero noise folding reduction using a larger
Caz[4].
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Fig. 3: Auto-zero noise filtering transient noise simulation.
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ADC Implementation

The four-stage ring amplifier is used in a SAR-assisted
pipeline ADC (Fig. 4) comprising of a 7b 1%-stage SAR ADC,
a 64x residue gain stage, and a 9b 2"-stage SAR ADC. With
one bit of stage redundancy, the ADC resolves 15b after digital
correction. The 1%-stage CDAC is divided into separate big
and small CDACs [2, 5] to reduce switching energy and to
improve linearity through floated-detect and skip (FDAS)
switching [2]. The two CDACs sample the same input, then the
small (128 fF) CDAC performs high-speed SAR conversion.
The big (4 pF) CDAC, with FDAS encoding, generates a low
noise residue voltage, applying the decision of the small
CDAC SAR ADC. FDAS switching reduces the big CDAC
mismatch by half avoiding need for calibration. The SAR
CDACs are implemented with fully symmetric (including
bottom plate routing) encapsulated MOM capacitors, laid out
in common centroid to minimize systematic mismatch. The
SAR ADCs use merged capacitor switching (MCS) [6] and
asynchronously generated clocks.
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Fig. 4: Block diagram and timing of the ADC (Actual imple-
mentation is fully differential).
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Measured Results

The ADC is implemented in 1P10M 40 nm CMOS and runs
from a 1.1 V supply voltage. The ADC occupies 0.068 mm?
(Fig. 5). Thanks to the wide output swing of the ring amplifier,
the maximum input swing is a rail-to-rail 2.2 Vi even with
the 64x full residue gain. Without calibration, the measured
DNL and INL are -0.56/+0.67 LSB and -2.31/42.19 LSB,
respectively (Fig. 6), and the measured SNDR, SNR and
SFDR are 73.2 dB (11.9b), 73.3 dB, and 90.4 dB, respectively
at 100 MS/s (Fig.7). The auto-zero noise filtering improves
SNDR by 1.2 dB (13% noise reduction) without extra power
consumption. The measured power consumption is 2.3 mW at
100 MS/s which yields a state-of-the-art SNDR based Schreier
FoM of 176.6 dB. Table I summaries the ADC performance.
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Fig. 6: Measured Linearity.

E‘ O --------------------- { ------------ | Spmp——— P S —————

oy SR § . ) - ,=100MHz  SNDR:73.2 dB

5 i f,=59MHz  SNR:73.3dB

g W11 : F Decimated by 2 SFDR:90.4 dB ||

e T (R 1

® -80

N

0 e e S T

£ -120

[*]

Z 140
0 5 10 15 20 25

Frequency [MHz]
Fig. 7: Measured Spectrum (22° point FFT).

TABLE I
Performance Summary
Resolution 15 bits SNDR 73.2dB
Supply Voltage | 1.1V SNR 73.3dB
Input Range 2.2 Ve diff. SNDR 90.4 dB
Sampling Rate | 100 MHz ENoB 11.9 bits
Technology 40 nm CMOS Total Power 2.3mW
Active Area 0.068 mm?2 Schreier FoM 176.6 dB

References
[17Y. Lim and M.P. Flynn, ISSCC, pp. 202-203, Feb. 2014.
[2] Y. Lim and M.P. Flynn, ISSCC, pp. 458-459, Feb. 2015.
[3] B. Murmann, et al., /EEE TED, pp. 2160-2167, Sep. 2006.
[4]Y. Chae, et al., JSSC, pp. 3019-3027, Dec. 2013.
[5] V. Tripathi and B. Murmann, CICC, Sep. 2014
[6] V. Hariprasath, et al., Electronics Letters, Apr. 2010.

C99




<<
  /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


