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Background

N-bit
Comparator
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Vin N-bit
> SAR Loaqi —ﬁ}
CDAC ][ ogic

N-bit

Dout

NS Filter |«
v Pros of NS SAR ADC v Low OSR(<10), High SNR(>80 dB)
® SARADC: Low Power \ l

® Sigma-Delta ADC: High Resolution

|

v’ Process of Quantization NS Filter Order >3

® Conversion -V, Filtering—Signal Summation
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Background

VIN (Z) Vres(z)

Q(Zu DouT(2)

D

O CIFF :

» Integrator Composed IIR Filter
« Summed With Input Signal At The

Input of Comparator
« NTF=1/(1+1IR(2))

v" Stable and Robust

x Power Hungry and Complex

x More Active/Passive Integrator

Vin(zZ) o Q(i)é_) DOU.'ii)
Vres(z)l -—

FIR(2) [—@D
®EF:

e SC-Based FIR

« Summed with The Next Input Signal
Directly

. NTF=1-FIR(2)

v" Simple With Delay Cell
x Accurate Gain of Residue Amplifier
x Sensitive to PVT
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Proposed Hybrid Noise-Shaping SAR ADC

V||\|(Z) Q(Z)i DOUT(Z)

4,? >

CIFF Path

EF Path

1-FIR(z)

v' Combined NTF: NTF . =

1+ 1IR(z)

v' Realized EF And CIFF Together
v For a Third-Order NS SAR ADC, Filter Order <2 and Simplify The Design
v' More Stable Than Conventional Third-Order IIR/FIR
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Proposed Hybrid Noise-Shaping SAR ADC

CIFF-Path Q@Y b

_ | Residue | g7t | #71NPUt
Passive  Residue Sampling Latch
SC FIR Amplifier —T
FIR(z) 1IR(2) Passive

Integrator

v EF Path: Residue Sample (Ars), Residue Amplify (Gg,) and SC-Based FIR(As)
v NTF of EF Path: NTF. =1-Kg (2% -0.5z7)
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Proposed Hybrid Noise-Shaping SAR ADC

CIFF-Path  Qy p_

5 p
............ - 21 R(Z): 1

Charge | E A ¥ 4-1nput
Sharin : Residue| gz* | ™

’ 1 Passive  Residue Sam:oliun ) Latch

"""" SC FIR Amplifier “—T
FIR(z) 1R(2) Passive
Integrator

v CIFF Path: Passive Integrator and 4-input Comparator

v Gain Ratio of Signal Path and Integration Path: 1/g, C,, =%CDAC

¥ CIFF Path NTF: NTR: = giluR 8
S
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Proposed Hybrid Noise-Shaping SAR ADC

EF+CIFF Noise Transfer Function:

1-KerxFIR(z)  (1-Kerx(z1-0.522))%(1-(1-B)z"")
1+gArsz-'xlIR(z) 1-((1-B)-BgArs)z""

NTF=

v One Pole, Three Zeros

v Noise Shaping Capability is Dependent With The Positions of
Pole and Zeros

v Need to Optimize The Parameters of B, g, Ars, Kge For The
Optimal Dynamic Performance, Area and Power
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Proposed Hybrid Noise-Shaping SAR ADC

SQNR (dB)

1-KeexFIR(z)  (1-Kepx(z1-0.522))x(1-(1-B)z")

NTF= 1+gArsz'*lIR(z) 1-((1-B)-BgArs)z-1
N TV, el ke vOIf g= 5 le z=
oo e 173d59153d/; 1 N ) Arssp PO 0

| Sol N
88 o R RRRR It (LR LRI SRR, - S A N o . .
RTINS TN ¥ Zero Position(1-B) is Compromise
wl Wl Between Noise Shaping Capability
02 03 04 05 06 -0.8 -0.6 -0.4 0.2 0

(af (g'e and Capacitor Area of C

int

v' Left-Plane Pole is Good for Noise
Shaping
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Proposed Hybrid Noise-Shaping SAR ADC

1-KeexFIR(z)  (1-Kepx(z1-0.522))x(1-(1-B)z")

NTF= 1+gArsz-'%lIR(z) 1-((7-B)-BgArs)z"

R T s 0, B~ NGO s e v’ A Pair of Real Zeros Are
b e et B < B e R pi=03 ) |
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N s R | o |
? Ez?gle' ______________________________ 37 asis N Foap N Adjusting K¢ for Better Dynamic
§ : 90 [ N 5
al o o 915808 Performance

02 03 04 05 06 -0.8 -0.6 -0.4 -0.2 0 1.8 1.9 2

o s - v' Close-loop Gain of RAis a Little

2.1 0.75

‘ ——Kpp
+ARS

| Larger to Compensate the Finite
- Gain of OTA

10.72

| 0.71

1.8 i
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(d)
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Proposed Hybrid Noise-Shaping SAR ADC

1-KeexFIR(z)  (1-Kerx(z1-0.522))%(1-(1-B)z"")
1+gARSZ'1XIIR(z) ) 1-((1-B)-BgArs)z!
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46 48 50 52 54 56
GRA g

(d) (€)

v’ Left-plane Pole z=-0.3 is
Realized When Comparator
Gain of 4

v" Notch is Found Around BW,
Shows Better Noise Shaping
Performance

[1] W. Guo. et.al, ESSCIRC 2016.
[2] Q. Zhang, 1EEE T-VLSI 2021,
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Proposed Hybrid Noise-Shaping SAR ADC

--------------------------------------------------------------------------------------

6Cy lGC l4C lZC 1C,

1C,

12 | |

Logic

& 0—o!
i Vem C'”I

+ Residue { Residue

Vsig

------- et +
- . o Dres :CDCIFFL\ Vi +j:
" PRrsT1 : CIFF—Pathn/

Pc

Cu:8 ﬂ:, CDAC:272>CU
Creszlozmu, C|nt=544>Cu
» Amplifier +  Sampling C81:CSZ:Cdelay:16xCu

v' 8+2b DAC, Cg, and Cy, Are Used to Compensate The Filtered

Residues From EF Path

v Cy is Used for Dither, Quantize 2 Times for Different Codes
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Proposed Hybrid Noise-Shaping SAR ADC

--------------------------------------------------------------------------------------

1 E SAR
1) l#‘ Logic [*]

6C, |4C, lZCu 1C, |1C, |4C,

......... K l\ Vsig +

Pres  {PCIFE V2 +:|:

: : int
s Pamp | ORsT1 E |FF-Path]
—C 0—o,
: Vewm? Cint —_
E Cres E = Oc
: Cu=8 fF, Cpac=272>C,

E Residue E Residue Cres=102>C,, Cin=544>C,
o Amplifier 3 Sampling 1 Cg;=Cgy=Celay=16>C,,

v' EF Path: Residue Sample Cap, RA, Passive SC-Based FIR
v" Close-Loop RA for Accurate Gain
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Proposed Hybrid Noise-Shaping SAR ADC

Cu=8 fF, Cpac=272>C,
Cres=102>C,;, Ci,;=544>C,

Y/Bc """"""""""""""""""""""" ettt
T o R ! E SAR
Uhs 1 lg ! e [
VCM lCu_ 1C, |4C, I
5 8 oy
E {PCIFE Vit :I:
; : |FF-Path| _
i Cint _:_
E = Oc

v CIFF Path is Composed by C.
v' Gm ratio of Multi-Input Comparator for gain

=
=

int
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C81:C82:Cdelay::|-6 xCu

and Comparator Integration Path

14



Proposed Hybrid Noise-Shaping SAR ADC

VB O ¢ \ ¢ E |-
V7 o= - E SAR > -| :
VN® E )9 l J: ;4_ Logic < Qc XX
EAAELABE LSS it _
v ) 1c, |4c, Per/PrsT1 D<R,:1>
C.M- RSP Co V + '
' o .. ' sig
: : : ; : FJ\ V2 + Dres i_
' Passive™s : : ' int :
' SCFIR : , : | FF-Path] ;
: | , ; : - PcCIFF ; B
: I : ) i Qc PRrRST2 i-
; ; 5 ' C =8 fF, Cpac=272>C, .
rd T T e | e | G, % 1
L = = s Amplifier j — Sampling 1 Cg;=Cep=Caelay=16>Cy DAmp :
Architecture Timing
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Proposed Hybrid Noise-Shaping SAR ADC

96 1 ‘ : 5
CF=2xCu, CNa=400 fF 894 _ ............. ............... Maxvalue
Cp=30 fF (post.layout) 392 .............. .............. SR vt s AUNNNE SO ................ ..............
CZ>' W0 /i e R e ................ ..............
86 i i i i i i i
50 55 60 65 70 75 80 85 90

Av (dB)

100

SQNR (dB)
S & 88

o o
T T T T

60 80 100 120 140 160
GBW (MHz)
(b)

v 10S is Used to Store the Offset of OTA and Prevent OTA/ADC Saturation

o

N | B .
o : :

=N

o

v Finite Gain Limits EF Path Gain, But not Degrades SONR

v" RA Works with DAC Sample and Quantize, Reduce the BW Demand
% 5, BFREAE
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Proposed Hybrid Noise-Shaping SAR ADC

o o |—|%Mg wr s e l
T—II:M1 szl—i—lt% Ml Vorog-mqngolo ‘ =
O —||:M1o —II:JM11 +
= : S T
il 63 : : : : : : : :
Cm 40 0 10 20 30 40 50 60 70 80
Mj%I—T—II: My —[_M; —II: Ms Temperature (°C)

SF —v—FS ——FF|

v' OTA Adopts Feedforward Architecture to
Generate Left-plane Zero for GBW Improvement

v' Gain and GBW Satisfy The Requirement under AN S SN N U S —
-10 0 10 20 30 40 50 60 70 80

Corners and Temperature Temper?lt;;re (°C)
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Proposed Hybrid Noise-Shaping SAR ADC

ni: DACKRAFBE
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Do (2) = (1-2A)xV,,(2) +£(2)

R +(1-2A0)xn,(2)

7 +Ho (2) %[ Ners (2) = Nera(2)]

F BT +Hn2(z)x[nm2(z)+ nEFz(z)]
_gﬁgﬂ;+Hn3(z)x[nmp(z)+ nresl(z)]
:m%%-*-HM(Z)X[ARSnCS(Z)+(1_ARS)xnrstl(Z)]
— g —Hos (2) X[ BNy (2) + 100 (2) ]

= Hus (2)%[Q(2) + Min (2) + V4 (7)]

Hos(2)=19 [1_ ArsGrahes (Z_1 B 0'52_2)]
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Foreground Capacitor Mismatch Calibration

Time-index
O 00 N O O & W MN —

INDEX ELEMENT Analog Digital
In 1 23 456 7 DAC Switching Weight Assembly
5|11 |0|0|0|0|0 +E(n)
6 |[6] [0[0[0]0] [0]0 Do) | Disae o
3|5 0|0|0 = i —E(n)
5111 O|10|0|0|0 DAC za(n) Diesaln) .|. E{l"l—1',ll._;
2|6 O[O Vi) J&_ _ _ Dgn)
3 1 O O =T+ * :w =W L% Py :T_ L
614 O O|0|0|0O
53 ololo|o]e OACread(n) Reverse ==
vl5] 1 ololo|lolo +_E{n-1]|_ Previous LSBs
DWAI1I MESI2]

N\

Calibration!3!

OO0 r

Get amplitude, phase, offset

Yy

—

FET | /\ %
? +
F 15 BFRIAFE

x DWA: The mismatch error has
been converted into white noise.

| * MES: The usable input range has

been greatly reduced.

% Calibration: FFT processor
requires a lot of multipliers, which
Increases the complexity of on-
chip integration.

[1] D. Lee and T. Kuo, IEEE TCASII, 2007.
[2] Y. Shu, et al., IEEE JSSC, 2016.
[3] S. M. Chen and R. W. Brodersen, IEEE JSSC, 2006.
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Foreground Capacitor Mismatch Calibration

Q1(z)+e1(z)
D 1(2) dout1(Z)
@ > PD—O— = e, _
Vinl2) A ’9 pYe— v' LMS Based Algorithm, Each
AT Wi | Averaging |
FIR(z) |« IIR(z) — ’ fiter | | Analog Sample Should Be
Wi 1 Engine Ta | Digitized Twice During The
P—D+— Adaptive | L
ot = ?_:Z(Z)v . LMS filtor «<==  Foreground Calibration Phase.
£ D) 2l e v' Averaging Filter Used to
Q(z)+€2(z) Suppress The Interference
FIR(z)+IIR(z) L :
o (2) = Vi (2) + Q(2) - Q2= ey =+ (2): From Quantization Noise.
- FIR(2) W,.[n+1]=Vl/,[n]—ywerror[n](D“[n]—Dz,,[n]),
— x - z M—1 A / . .
0oz (2) =V, (2) + Q,(2) 1= IR(2) +6(2) S [n+1-1] —_— No Multiplier Needed, Low
error =(Q,(2)-@,(2))+(&(2)-&(2)) Wla+1]==—p *Quantization noise Hardware Cost .

Quantization noise Mismatch
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Foreground Capacitor Mismatch Calibration

RMS Voltage (uV)

‘ 120 Before Calibr[ation I After DW,i\ After]CaIibration
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‘pres i H 70 ' —=—w/ Cal . ............. R . ............. R . ............ 0
' : 0 01 02 03 04 05 06 07 08 09 60 70 80 Simulat ;gFDR(dB)WO 110 120
QciFF E —I_ Capacnto;‘alv)llsmatch (%) . @)
PrsT2 i | » : ; : : 1 F l ! I © After DWA;\ - After Calibration
* 00 [ NG N U, e - B w 150 - . Mean=79.14 Mean=89.28
: : : : N ' = : : : 2 .| Sigma=1.5 Sigma=1.94
(0] E E E E E E 5,85 = £ 00 Beft;lgza(;:al;l;r:ﬂon : \ ;
; ; ; ; i _i_ % 80 —a—wiocal | ; ; g Sigma=4.1
Pame i P i b Csle—wiowa o T L g 5l
el =
Sampling 1stconversion Reset 2nd conversion NS PN B etoramateny e e 0 75 s 8 9% 95
P (b) ’ Simulated SNDR (dB)
500 F ol
ol v The capacitor mismatch will directly appear in digital output
300 - and can not be shaped by NS loop.
200 - v" The guantization noise generated at twice conversion shows
100 - a strong correlation. As mismatch error increase, this
0

dependence becomes weaker.
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Measurement Results

No_ise_ Noise Percentage
Contribution power

Input Sampling (22.6 pV)? 10%
Quantization (15.2 pV)?2 4.5%
Comparator (3.1 pV)? 0.2%
Residue Sampling (54.1 yVv)? 57.6%
Residue Amplifier (35.5 pV)?2 24.8%
SC FIR (11.6 pV)? 2.65%
SCIIR (3.6 uV)? 0.25%

v Fabricated in 0.13um CMOS Process. v Foreground Calibration Performed on FPGA.
v' Core Area 485x340 um?. v' Power Consumption 96uW Under 1.2-V supply.

v MOM Capacitors are Adopted. v Operating at 2-MHz With an Oversampling
Ratio (OSR) of 8 and BW 125kHz.
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Measurement Results

Amplitude (dB)

Amplitude (dB)

100 ! ! ! ! !

0 —— U UUU T ORI 1 DUUTURROOS SUUUNS SO SO : ' T : : : : :
0 |[wro Cal S S A4 95
-|SFDR=70.16 dB 90 :
-40 FISNDR=67.16 dB | i |
-60 |- w/ DWA o 85
|SFDR=88.06 dB = 80 ;
-80 FISNDR=73.12 dB
-100 _:55555.:::5555.::55:5::5'::;'.:;5::;'.:5':2':5 Ny L itlay GOdB/D | 75 5
ec ; 4 5
120 " 70

-140 UL A D L2 R A L il SR . . 1 | | | |

103 10* 10° 106 0 2.5 5 7.5 10 12.5 15

Frequency (Hz) Conversion Index % 10°

N v" 3rd-Order Shaping of 60 dB/dec.
220 :WO a
e SNDRo o db v DWA Suppresses The Distortions and Spurs, but
60 DR94.75 dB Increases The Noise Floor.
-80 FISNDR=79.57 dB | i i i@ : : . . : : :
q00 LT v With Digital Foreground Calibration, Harmonics Across
120 RUOORIORRIO O I e I 3 LB i B b | LA ¢ LR The BW Are Suppressed to -90 dB WIthOUt NOISe
e w1 Deterioration.

Freq?;;' v v The Convergence Speed is Strongly Related to The

Averaging Filter.
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Measurement Results

80
2 60 7 1 T ] T
)
% QO Fomgl M EPT
Z 5 | :
= 20 e | —m—SNDR |
= : |
R -— E— RS
f | DR =79.8dB |
=20 1 1 1 I
-100 -80 -60 -40 =20 0
Input Level (dBFS)
~79.5 , Sl a
% - SRR SRS SRS S 0 R0 0 SEAS S 7193 %
ﬂé 192 ¢
=== SNDR [ IR NG a
% - 191 B
T8S [ b RN
7g b S S e g
10° 10 10°
Input Frequency (Hz)
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o T
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Power Supply Variation

v DR =79.8dB v SNDR > 78dB vs f,,

v All Measured Chips Keep Performance Over
Supply and Temperature Variation
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Architecture
NTF Order
Insensitive PVT
Mismatch Cal.

Complexity
Amplifier
CMOS (nm)
Supply
Resolution (bit)
Fs (MS/s)
OSR
BW (kHz)
DR (dB)
SNDR (dB)
ENOB (bit)
SFDR (dB)
Power (uW)
FoMs # (dB)

Measurement Results

JSSC'18 JSSC’'19
S. Li H. Zhuang
EF CIFF
2 2
No Yes
Hard Hard
Dynamic Passive
40 40
1.1 1.1
9 9
10 8.4
8 16
625 262
80.5 N/A
79 78.4
12.83 12.73
89 90
84 107
178 171

JSSC’'20 JSSC’20
L. Jie X. Tang
Cascade-EF CIFF
4 2
Yes Yes
Hard Hard
Op-amp Dynamic
28 40
1 1.1
8 10
2 10
10 8
100 625
89 85.5
87.6 83.8
14.25 13.62
102.8 94.3
120 107
176.8 181.5
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TVLSI'21
Q. Zhang
CIFF
2
Yes

DWA

Passive
130
1.2

N O

125
79.1
78.69
12.78
92.9
59.9
171.9

JSSC’21
T. Wang
EF-CIFF
3
Yes

Hard

Dynamic
65
1.1
10
10

8
625

84.8
13.79
103
119
182

This Work

EF-CIFF
3
Yes

Simple

Op-amp
130
1.2

o N 00

125
79.8
79.57
12.93
94.75
96
170.7
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Conclusions

v" A Third-Order NS-SAR ADC That Leverages a Hybrid Error Control

Scheme was Proposed.
v The Prototype Achieved 13bit ENOB With FoMs of 170dB.

v Dither-Based Foreground Capacitor Calibration is Proposed and
Realized for NS-SAR ADC in This Paper.

Z 5, BFRRKE
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