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TFE4188 - Lecture 6
Oversampling and Sigma-Delta ADCs
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Goal for today

Understand why there are different ADCs
Introduction to oversampling and delta-sigma modulators

A few examples
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1999, R. Walden Analog -to- dlgltal converter survey and analysis
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Fig. 7. Signal-to-noise ratio according to SNR-bits = (SNR(dB) — 1.76)/6.02. Three sets of curves show performance limiters due to thermal noise, aperture
uncertainty, and comparator ambiguity. The Heisenberg limit is also displayed.
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=761034
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B. Murmann, ADC Performance Survey
1997-2023

P

Below 10 fJ/conv.step is good.

Below 1 fJ/conv.step is extreme.


https://github.com/bmurmann/ADC-survey
https://github.com/bmurmann/ADC-survey

FOMy, ¢ [fJ/conv-step]
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People from NTNU have made some of
the worlds best ADCs

[1] A Compiled 9-bit 20-MS/s 3.5-1J/
conv.step SAR ADC in 28-nm FDSOI for
Bluetooth Low Energy Receivers

[2] A 68 dB SNDR Compiled Noise-
Shaping SAR ADC With On-Chip CDAC
Calibration


https://ieeexplore.ieee.org/document/7906479
https://ieeexplore.ieee.org/document/7906479
https://ieeexplore.ieee.org/document/7906479
https://ieeexplore.ieee.org/document/9056925
https://ieeexplore.ieee.org/document/9056925
https://ieeexplore.ieee.org/document/9056925

What makes a state-of-the-art ADC
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Weaver [5] Harpe [9] Patil [10] Liu [11] This work
Technology (nm) 90 90 28 FDSOI 28 28 FDSOI
Fsample (MS/s) 21 2 No sampling 100 2 20
Core area (mm?) 0.18 0.047 0.0032 0.0047 0.00312
SNDR (dB) 34.61 57.79 40 64.43 46.43 48.84
SFDR (dBc) 40.81 72.33 30 75.42 61.72 63.11
ENOB (bits) 5.45 6.7-94 6.35 10.41 7.42 7.82
Supply (V) 0.7 0.7 0.65 0.9 0.47 0.69
Pwr (uW) 1110 1.64 -3.56 24 350 0.94  15.87
Compiled Yes No No No Yes
FoM (1J/c.step) 838 2.8 - 6.6 3.7 2.6 2.7 3.5
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.SUBCKT SAREMX1_CV P N EI EO CK_N AVDD AVSS

MNO N3 ET A AVSS NCHDL
MN1 N3 P AVSS AVSS NCHDL
MN2 AVSS N N3 AVSS NCHDL
MN3 EO A AVSS AVSS NCHDL
MPO AVDD CK_N A AVSS PCHDL
MP1 N2 P EO AVSS PCHDL
MP2 N1 N N2 AVSS PCHDL
MP3 AVDD A N1 AVSS PCHDL
.ENDS
(b)
{ "name": "SAREMX1_cCV",
"class" : "Layout::LayoutDigitalCell",
"addConnectivityRoutes": [
["Ml","NllNZ","l|",""], l
["Ml","N3"’"_|"’""]’ 2
["Ml ", "EO", "w____ | _", "OHTOPR"] 3
1,

"addDirectedRoutes" : [
[("PO","P", "MN1:G-MP1:G"], 4
["PO", "N", "MN2:G-MP2:G"], 5
["PO", "A", "MN3:G-MP3:G"], 6
["M1","A","MNO:S-MP0:S"], 7
["M1","A","MP0:S—|--MP3:G"] 8

]

oD coO PO M1 M2 M3 M4

(d)
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Architecture Implementation
E Hand Analysis : SPICE netlist
! v ,
: Schematic \  Initial 1_19:t1_is_t) Object definition file
E Testbench E Technology file
: Simulation /
D e it ’ 3 Y /Y
[ e . yd
% E Physu:al Simulation
31 |verification i .
= Visual
= Testbench LVS DRC : ,
=5 - A inspection
= | ]
o Parasitic netlist
I A

N\

Compilation
>
> Compiler
>
GDSII SKILL
Y Y
Initial Loading
visual SKILL into
inspection Cadence
(seconds) Virtuoso
(minutes)

Compiled schematics and layout (OpenAccess database)
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SUN_SAR9B_SKY130NM

Carsten Wulff 2024

( X layout1

“File | Eait | Cell | window | Layers | Drc | Options | Devices 1 | Devices 2 |
2|

EEN
Zu 7
NN
RS

X tran1: cicsimgen tran

V. — sarn sarp.
2.0 7 0mR. o

: ¢k sariple [svg]
1.5

Nt .

. il

[ WO I LLr‘
—4 T
[

0.5

0.0
-0.5

0.0 50.0 100.0 150.0 200.0 250.0
time ns

vsarn#branch .41887e-12
vsarp#branch .41887e-12
vem#branch .48377e-11
vclk#branch e
vref#branch .95701e-06
4 vdd#branch .09345e-05

=l vss#branch .35429e-11

Reference value : 2.45178e-07
No. of Data Rows : 768

Measurements for Transient Analysis
* tpd_done = 7.022126e-08 targ= 7.067355e-08 trig= 4.522900e-10

jJ Error: no block to end.
| Warnin. ignoring previous error

| The file "tran_debuglaygtmttrtctttvtdtbt.spi.ps" may be printed on a postscript printer.
ngspice 292 -> plot allv

Warning: Unable to load any usable fontset

ngspice 293 ->

000
File Console Edit Interp Prefs History Help

X! tkcon 2.3 Main

% box -
flRoot cell hox:
width x height ( 11x, 1y ), ( urx, wury ) area {units"2)

microns: 159.020 x 299.500 (-18.500, -9.990), ( 140.520, 289.510) 47626.488

lambda: 15902. 00 x 29950.00 (-1850.00, -999.00), ( 14052.00, 28951.00) 476264896.00
internal: 31804 x 59900  ( -3700, -1998 ), ( 28104, 57902) 1905059600

=
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https://github.com/wulffern/sun_sar9b_sky130nm/
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B. Murmann, ADC Performance Survey
1997-2022 (ISSCC & VLS| Symposium)

FOMg = SNDR + 101log

Above 180 dB is extreme

Carsten Wulff 2024
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https://web.stanford.edu/~murmann/adcsurvey.html
https://web.stanford.edu/~murmann/adcsurvey.html

Quantization
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See The intermodulation and distortion due to
guantization of sinusoids for details

o0
en(t) = Z A, sin pwt
p=1

where p is the harmonic index, and

4 — {5p1A+E;;;’:1 2 J,(2mmA) ,p= odd
, =

0 ,p = even

and J, () is a Bessel function of the first kind, A
IS the amplitude of the input signal.

Carsten Wulff 2024

If we approximate the amplitude of the input
signal as

where n is the number of bits, we can rewrite as

23


https://ieeexplore.ieee.org/document/1164729
https://ieeexplore.ieee.org/document/1164729
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o0
= Z A, sin pwt
p=1

A, =0,12" 1—|—Z— »(2mm2" 1), p = odd

24
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2 2
SQNR = 10log< A°/2 ) = 1Olog(6A )

A2 /12 A?
2A
AZZ_B
SQNR = 10lo ( 64 — 20Blog2 + 101og 6/4
= 10log{ T om ) = og og

SONR ~ 6.02B + 1.76

Carsten Wulff 2024
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Frequency Domain
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Frequency Domain
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Oversampling



in-band quantization noise for a oversampling ratio (OSR)

Az
~ 120SR

€n (t)z

6A2 6A°
SQNR = 10log AZ/OSR = 101log 7z )t 101og(OSR)

SQNR ~ 6.02B + 1.76 + 101og(OSR)
10log(2) ~ 3dB
10log(4) ~ 6dB

0.5-bit per doubling of OSR

Carsten Wulff 2024
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def oversample(x,0SR):
N = Len(x)
Y np.zeros(N)

for n in range(9,N):
for k in range(0,0SR):

m = n+k
if (m < N):
y[n] += x[m]

return y

Carsten Wulff 2024
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Frequency Domain
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Noise Shaping
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Sample domain

yln| = e[n| + h * (u[n] — y[n|)

Z-Domain

Y(z) = E(2) + H(2) [U(z2) — Y(2)]

38



Signal transfer function

Assume U and E are
uncorrelated, and E Is zero

Y =HU - HY

Carsten Wulff 2024

Noise transfer function

Assume U Is zero

1
Y=FE+HY - NITF =

14+ H

39



Carsten Wulff 2024

Combined transfer function

Y(2) = STF(2)U(z) + NTF(z)E(z)

40



First-Order Noise-Shaping



Carsten Wulff 2024

H -
(2) = ——
orp_ _Y-1) 1
1+1/(z—1) =z
1 z—1
111 = 7

42



, — ST °IY juT _ j2nf/],
NTF(f) =1 — e 91/,

jﬂ-f/fs — _Jﬂ-f/fs
_ € 2.6 X 27 X e~ I7f/fs
J

— Sin ﬂ-_f X 2j X e_jﬂ-f/fs

S

INFT(f)| = ZSin(%f>

Carsten Wulff 2024
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P, = A*/2

fo A2 1T f\1°
Pn:/ 23in(—> dt
—fo 12 fs i fs ]

SOQNR = 6.02B + 1.76 — 5.17 + 301log(OSR)

44
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SQNR and ENOB

SQN Roversampie ~ 6.02B + 1.76 + 10log(OSR)

SQNRsp1 ~ 6.02B +1.76 — 5.17 + 30log(OSR)

SQNREAQ ~ 6.028

1.76 — 12.9

50 log(OSR)

ENOB = (SQNR — 1.76) /6.02

45



Assume 1-bit quantizer, what would be the maximum ENOB?

OSR Oversampling First-Order Second Order
4 2 3.1 3.9
64 4 9.1 13.9

1024 6 15.1 23.9

Carsten Wulff 2024



Examples



# u 1s discrete time, continuous value input
M= Len(u)
vy sd = np.zeros(M)
X = np.zeros(M)
for n in range(1,M):
x[n] = x[n-1] + (u[n]-y_sd[n-1])
vy _sd[n] = np.round(x[n]*2*¥*bits
+ dither*np.random.randn()/4)/2**bits

Carsten Wulff 2024
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Frequency Domain
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Frequency Domain
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Resonators in Open-Loop Sigma-Delta Modulators
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A 68 dB SNDR Compiled Noise-Shaping SAR ADC With On-Chip CDAC Calibration

SWeaL

SW
V_ ) b‘z\l{
cee DR AW
.
logic

Jm Csp C4b
Cow 11 10ral; 10 ?’
—l— . —l— Cal. COI‘I‘

| = ._
V.o MUX ENcal = logic |1 12
ref — Do = CAI
SW o SEQ
SWgar EN cal

Carsten Wulff 2024 53


https://ieeexplore.ieee.org/document/9056925/

Carsten Wulff 2024

¢/2 ’Ulf
GJ—X N T (*
Db -
of)
(=) means
SAR act.: | SMP connection
¢1 I [ | [ I o negatlve
b | I I I l branch.
P1a | |
@10 [ |
20 1

-

INTF|opw -27.8 dB

Magnitue [dB]
)
S

14+ (g—2)z"1 4272
l+(g+a1 —2)+ (az —a; +1)z—2

0 BW=5M 10M 1I5M 20M
Frequency [Hz]

-40 1 NTF(z) =

54



Design Considerations for a Low-Power Control-Bounded A/D Converter
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Figure 3.1: The general structure of the Leaptrog ADC
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A 56 mW Continuous-Time Quadrature Cascaded Sigma-Delta Modulator With 77 dB DR in a Near Zero-IF
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Analogue-to-digital converter
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