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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-digital converter survey and analysis
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=761034
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Below 10 fJ/conv.step is good.

Below 1 fJ/conv.step is extreme.
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https://github.com/bmurmann/ADC-survey
https://github.com/bmurmann/ADC-survey


People from NTNU have made some of 
the worlds best ADCs

[1] A Compiled 9-bit 20-MS/s 3.5-fJ/
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
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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 (mm2) 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 - 9.4 6.35 10.41 7.42 7.82

Supply (V) 0.7 0.7 0.65 0.9 0.47 0.69
Pwr (µW) 1110 1.64 -3.56 24 350 0.94 15.87

Compiled Yes No No No Yes
FoM (fJ/c.step) 838 2.8 - 6.6 3.7 2.6 2.7 3.5
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{ "name": "SAREMX1_CV",
"class" : "Layout::LayoutDigitalCell",
"addConnectivityRoutes": [

["M1","N1|N2","||",""], 1

["M1","N3","-|",""], 2

["M1","EO","--|-","onTopR"] 3
],

"addDirectedRoutes" : [
["PO","P","MN1:G-MP1:G"], 4
["PO","N","MN2:G-MP2:G"], 5
["PO","A","MN3:G-MP3:G"], 6
["M1","A","MN0:S-MP0:S"], 7

["M1","A","MP0:S-|--MP3:G"] 8
]

}
}

(b)

.SUBCKT SAREMX1_CV P N EI EO CK_N AVDD AVSS
MN0 N3 EI A AVSS NCHDL
MN1 N3 P AVSS AVSS NCHDL
MN2 AVSS N N3 AVSS NCHDL
MN3 EO A AVSS AVSS NCHDL
MP0 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

COOD PO M1 M2 M3 M4

Carsten Wulff 2024 13



Architecture

Hand Analysis

Schematic

Testbench

Simulation

Implementation

SPICE netlist

Object definition file

Technology file

Compilation

Compiler

GDSII SKILL

Loading
SKILL into

Cadence

Virtuoso
(minutes)

Initial
visual

inspection

(seconds)

Physical

verification
Simulation

Testbench

Parasitic netlist

LVS DRC
Visual

inspection

Compiled schematics and layout (OpenAccess database)

Initial netlist
C

o
m

p
il

ed
ce

ll
s

Carsten Wulff 2024 14



SUN_SAR9B_SKY130NM
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https://github.com/wulffern/sun_sar9b_sky130nm/
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Fig. 2. Loop filter implementation and noise transfer function.

first integrator [5]. This is a noise-effective solution because
the residue is neither attenuated, buffered or resampled.

III. MEASUREMENT RESULTS

The prototype is implemented in 28 nm FDSOI, and Fig. 3
shows the die photo, layout and dimensions. The entire region
marked ”ADC core” is compiled from a netlist, rule file, and
object definition file using the layout compiler presented in [7].
Fig. 4a shows a measured power spectrum with on-chip code
correction. Because the correction module cannot be disabled,
uncorrected and offline corrected spectrums from another ADC
instance are shown in Fig. 4b.2 On eight measured chips, mean
uncalibrated/calibrated SNDR and SFDR are 65.6 dB/67.3 dB,
and 74.4 dB/83.1 dB, respectively. The ADC is compared
to prior NS-SARs in Table I. To the best of the authors’
knowledge, the Walden FOM of 5.2 fJ/conv.step is currently
the lowest reported for a noise-shaping SAR.
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2The ADC instance only contains the ADC core, and is marked in Fig. 3.
Accumulation/calculation of capacitor measurements and code correction are
performed on a PC using the same algorithms as in the correction module.
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Fig. 4. Measured results and power spectrums: (a): On-chip correction, (b):
offline correction. The power spectra have 212 bins from DC to fs/2.

TABLE I
COMPARISON TO PRIOR STATE-OF-THE-ART NOISE-SHAPING SARS.

[1] [2] [3] [4] This work

CDAC correction None DWA Off-chip cal None On-chip cal
NTF type 1z, 2p 1z, 2p 2z opt 1z, 1p 2z opt, 2p
OSR 4 13.2 8 4 4

Technology (nm) 65 28 40 14 28
Area (mm2) 0.03 0.0049 0.024 0.0021 0.0234
Supply (V) 1.2 1 1.1 0.9 0.8
Bandwidth (MHz) 11 5 0.625 40 5

SNDR (dB) 62.0 79.7 79.0 66.6 68.2
SFDR (dB) 72.5 92.6 89.0 77.4 84.6
Power (µW) 806 .0 460.0 84.0 1250.0 108.7

FOMw (fJ/c.step) 35.8 5.8 9.2 8.9 5.2
FOMs (dB) 163.3 180.1 177.7 171.7 174.8
FOMw = P/(2(SNDR−1.76)/6.02 · 2 BW), FOMs = SNDR + 10 log (BW/P)

[5] K. Obata, K. Matsukawa, T. Miki, Y. Tsukamoto, and K. Sushihara, “A
97.99 db sndr, 2 khz bw, 37.1 µw noise-shaping sar adc with dynamic
element matching and modulation dither effect,” in 2016 IEEE Symposium
on VLSI Circuits (VLSI-Circuits), Jun. 2016, pp. 1–2.

[6] H. S. Lee, D. A. Hodges, and P. R. Gray, “A self-calibrating 15 bit CMOS
A/D converter,” IEEE Journal of Solid-State Circuits, vol. 19, no. 6, pp.
813–819, Dec. 1984.

[7] C. Wulff and T. Ytterdal, “A Compiled 9-bit 20-MS/s 3.5-fJ/conv.step
SAR ADC in 28-nm FDSOI for Bluetooth Low Energy Receivers,” IEEE
Journal of Solid-State Circuits, vol. 52, no. 7, pp. 1915–1926, Jul. 2017.
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Above 180 dB is extreme
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Quantization
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 See The intermodulation and distortion due to 
quantization of sinusoids for details

where p is the harmonic index, and

 

 

and  is a Bessel function of the first kind, A 
is the amplitude of the input signal.

If we approximate the amplitude of the input 
signal as 

where n is the number of bits, we can rewrite as 
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Oversampling
Carsten Wulff 2024 30



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

 

0.5-bit per doubling of OSR
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def oversample(x,OSR):
    N = len(x)
    y = np.zeros(N)

    for n in range(0,N):
        for k in range(0,OSR):
            m = n+k
            if (m < N):
                y[n] += x[m]
    return y
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Noise Shaping
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Signal transfer function
Assume U and E are 
uncorrelated, and E is zero

 

Noise transfer function
Assume U is zero 
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Combined transfer function
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First-Order Noise-Shaping
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SQNR and ENOB
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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
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Examples
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# u is discrete time, continuous value input
M = len(u)
y_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])
    y_sd[n] = np.round(x[n]*2**bits  
    + dither*np.random.randn()/4)/2**bits
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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
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https://ieeexplore.ieee.org/document/9056925/
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Design Considerations for a Low-Power Control-Bounded A/D ConverterHigh-Level Architecture
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Figure 3.1: The general structure of the Leapfrog ADC

by A0i = �i/⇢i.

The Leapfrog ADC di↵ers from the Chain-of-integrators by the addi-
tional feedback paths between neighboring states. The feedback from xi

to xi�1 is achieved through ↵i, feeding a portion of xi back to the input of
integrator (i� 1). Each integrator is stabilized by a local digital control,
which is represented by a clocked comparator in figure 3.1. The output of
comparator i is the control-contribution si(t) which is scaled by a factor
i before entering the integrator input.

3.2 Parametrization

The evolution of the state vector is described by

ẋ(t) = Ax(t) +Bu(t) + �s(t), (3.1)

where

A =

0

BBBBB@
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�
�1 · · · 0

�T
, (3.3)

and

� =

0

B@
1�1

. . .
N�N

1

CA . (3.4)

For this local digital control, the control observation s̃(t) coincides with
the state vector x(t) meaning that the control observation matrix �̃T =

22
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Design Considerations
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Figure 5.6: Estimated PSD of û(t) plotted together with corresponding
theoretical NTF. Obtained from an ideal circuit simulation of a 4th order
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voltage summation
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A 56 mW Continuous-Time Quadrature Cascaded Sigma-Delta Modulator With 77 dB DR in a Near Zero-IF
20 MHz Band
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4381437
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Analogue-to-digital converter
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Thanks!
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