
TFE4188 - Lecture 1

Analog design fundamentals
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Goal for today
Choosing transistor sizes is complicated

How to make state-of-the-art designs

Recommendations for transistor sizes
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Complicated
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Analog Design Process
• Define the problem, what are you trying to solve?

• Find a circuit that can solve the problem (papers, 
books)

• Find right transistor sizes. What transistors 
should be weak inversion, strong inversion, or 
don't care?

• Check operating region of transistors (.op)

• Check key parameters (.dc, .ac, .tran)

• Check function. Exercise all inputs. Check all control 
signals

• Check key parameters in all corners. Check 
mismatch (Monte-Carlo simulation)

• Do layout, and check it's error free. Run design rule 
checks (DRC). Check layout versus schematic (LVS)

• Extract parasitics from layout. Resistance, 
capacitance, and inductance if necessary.

• On extracted parasitic netlist, check key parameters 
in all corners and mismatch (if possible).

• If everything works, then your done.

On failure, go back as far as necessary
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Assume active (  in strong 
inversion, or  in weak inversion) 
For diode connected transistors, this is always true

Weak inversion 

 , 

Strong inversion 

 , 

Operating region for a diode connected 
transistor only depends on the current
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Flavors

Random 130 nm MOS technology

Parameter Min Max Unit

L 0.13 100 um

W 0.15 50 um

Assume 5n quantization. Permutations per transistor (P)
  

Typical ADC ~ 20 k transistors 
 

Too large solution space for exhaustive search
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Picking transistor size

Not possible with exhaustive search

Simplify as much as possible

Use brain
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State-of-the-art
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How to make state-of-the-art designs
Know what is known

Find a good problem to solve

Find an architecture that could work

Work through all important details

If publishing, have some luck

There is no magic in state-of-the-art designs

However, a fast brain might get there faster. A slow brain may never reach the end.
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My only published state-
of-the-art design
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Trigger

Carsten Wulff 2022 11



Problem
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Architecture

Carsten Wulff 2022 13



Question
Designing a SAR ADC from scratch takes times!

Could I design "once and for all" a process independent SAR 
architecture that is tolerant towards supply, temperature, process, 
mismatch and process technology?
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Plan
9-bit SAR ADC with 28 nm FDSOI transistors

9-bit SAR ADC with IO voltage (180 nm) FDSOI transistors
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Analog circuit design

Schematic Simulation

Layout
Simulation

LVS

DRC
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How to make multiple 
SAR ADCs with 

limited time?
Spend 50% of time for 6 
months to develop a tool to 
make SAR ADCs

Spend 50% of time for 6 
months to make the SAR 
ADCs

#include "core/layoutcell.h"

typedef QMap<QString,QList<cIcSpice::SubcktInstance*>>  SARgroup;

namespace cIcCells{

    class SAR : public cIcCore::LayoutCell
    {
        Q_OBJECT

    public:    
        virtual void place();

        virtual void route();

        int getCellWidth(SARgroup groups,QString group);

        cIcCore::Instance* placeAlternateMirror(SARgroup groups,QString group, 
            int i, int x ,int y, int xoffset);

        int addSarRouting(int y,int msw,int mw);

        static bool sortGraph(cIcCore::Graph* a, cIcCore:: Graph *b);

    private:
        Rect* sarn;
        Rect* sarp;
    };       
}
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Result: cnanokit & cnano

• cnanokit + cnano: All layout including generation of GDS2
• zoe: Extension to support cadence and PDK (SKILL, Virtuoso layers, PDK support)
• Demo: 

Netlist
[SPICE]

Object and layout 
description 

[JSON]

Technology file

SKILL

Cadence 
virtuoso

Technology independent & tool independent Technology dependent (28nm) & tool dependent

Perl script

16 k Perl lines. Ported to C++ for speed  ciccreator
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The transistor

{ "name" : "DMOS" ,
"class" : "Gds::GdsPatternTransistor",
"yoffset": -0.5,
"widthoffset" : -1,
"fillCoordinatesFromStrings" : [

[   "OD",
"------------------xxxx",
"----xCxC----------xCxC",
"----xxxx----------xxxx",
"----xCxC----------xCxC",
"------------------xxxx"

],
[   "PO",

"-mmmmmmmmmmmmm--------",
"----------------------",
"-mmmmmmmmmmcxc--------",
"----------------------",
"-mmmmmmmmmmmmm--------"

],
[   "M1",

"------------------xxxx",
"----wDww----------xxxx",
"-----------wGww---xBxx",
"----wSww----------xxxx",
"------------------xxxx"

]
]

}

• Structure and any other property is described in 
JSON (JavaScript Object Notation)

• “name” is the name of the cell
• “class” defines which object to use
• All other classes in the JSON object refer to 

object methods (there are some special functions, but more on that 
later) 

• Convert a text string into a layout drawing
• c = contact
• C = center contact on rectangle left edge
• x = fill rectangle
• m = use minimum length poly
• w = use “width” from techfile
• DGSB = add ports
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Simple circuits: Inverter

{ "name": "IVX1_CV" ,
"symbol" : "inv",

"class" : "Layout::LayoutDigitalCell",
"spice" : [

".subckt IVX1_CV A Y AVDD AVSS" ,
"MN0 Y A AVSS AVSS NCHDL",
"MP0 Y A AVDD AVSS PCHDL",
".ends IVX1_CV”],

"addSchematicCoordinates" : {
"MN0" : [ 0.25, 0, "R0"],
"MP0" : [0.25, 0.5, "R0”] 

}, 
"beforeRoute" : {

"addDirectedRoutes" : [ ["M1","Y","MN:D-|--MP:D"], ["PO","A","MN:G-MP:G"] ]
}, 
"afterRoute"  : {

"addPortOnRects" : [  ["A","M1", "MN0:G"] , ["Y", "M1", "MN0:D"]]
}

}

What symbol to use, defaults to templates/skill/<name>.il

LayoutDigitalCell has extra functions for digital cells, and will add 
power rails.

Connectivity defined by SPICE. SPICE subcircuit can be read from a 
separate file

Help the schematic generator to place transistors so it’s easier to 
read schematics

Find rectangle on device MN:D, and route in M1 to rectangle MP:D 
using a left, up or down, left pattern. 

Add port for A on the gate of MN0
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ADCs

10-bit Prototype 14-08-2014
10-bit second order compensated CDAC

10-bit common centroid CDAC

10-bit f**k recommended DRC rules

11-bit second order compensated CDAC

11-bit common centroid CDAC

9-bit 

8-bit 

9-bit IO voltage 
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A Compiled 9-bit 20-MS/s 3.5-fJ/conv.step SAR ADC in 28-nm FDSOI for Bluetooth Low Energy 
Receivers

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

Harald Garvik∗, Carsten Wulff† and Trond Ytterdal∗
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Abstract—This paper1 presents a noise-shaping SAR ADC
with an on-chip, foreground capacitive DAC (CDAC) calibration
system. At start-up, the ADC uses the LSBs in the CDAC to
measure and digitize the errors of the MSBs. A synthesized digital
module accumulates the noise-shaped measurements, computes
calibration coefficients, and corrects ADC codes at run-time. The
loop filter implements two optimal zeros and two poles, and
achieves 27.8 dB in-band attenuation at an oversampling rate
(OSR) of 4. The prototype is implemented in 28 nm FDSOI, and
achieves 68.2 dB SNDR at 5 MHz bandwidth, while consuming
108.7 µW from a 0.8 V supply. The Walden FOM is 5.2 fJ/conv.-
step. The layout of the ADC is compiled from a netlist, a rule
file, and an object definition file.

Index Terms—Noise-shaping, SAR, ADC, Noise-shaping SAR,
CDAC calibration, analog layout synthesis.

I. INTRODUCTION

Noise-shaping SAR ADCs (NS-SARs) have a loop filter
that shapes quantization noise and comparator noise [1]–[5].
This enables energy-efficient operation at 10-12 bits ENOB,
but mismatch in the CDAC usually limits the overall accuracy.
This work introduces an on-chip CDAC calibration system for
NS-SARs. At start-up, the ADC is run in a low-range mode
with only the LSB part of the DAC, and the errors of the MSBs
are measured. The measurements are repeated with the loop
filter engaged, and the results are averaged in a synthesized
digital module, which then corrects ADC codes at run-time.

The presented ADC has an active, OTA-based loop filter
that provides high noise suppression at low OSR. This is an
interesting contrast to the current trend of using simpler loop
filters [2]–[4] that only consume dynamic power. Higher OSR
is needed for the same performance in many of these filters.

II. NOISE-SHAPING SAR ARCHITECTURE

The proposed NS-SAR architecture is shown in Fig. 1, and
consists of a 9-bit MOM CDAC, a bootstrapped sampling
switch, a dual input strong-arm comparator, a loop filter, and
multiple digital modules: The asynchronous SAR logic and
calibration logic control the CDAC through the multiplexer
DAC driver. The synthesized code correction module runs
at the sample clock. The CDAC is divided in an MSB part
which uses split monotonic switching, and an LSB part that
uses monotonic switching. The actual ADC implementation is
differential.

1This work has been supported by the Centre for Innovative Ultrasound So-
lutions (CIUS), a Norwegian Research Council appointed Centre for Research
Based Innovation. Research Council of Norway grant number 237887.
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Fig. 1. Proposed noise-shaping SAR architecture. Blue blocks and paths are
only active in calibration mode.

A. Calibration system
In calibration mode, the 5-bit LSB NS-SAR formed with

C3 -0 and C4cal is used to measure the errors of the five MSB
capacitors C8 -4 (a–b capacitor pairs are merged in calibration
mode). The code correction module runs the main calibration
state machine, and asserts ENcal at start-up. The calibration
logic now controls the CDAC, and produces measurements
of the MSB error ∆C8 at the digital bus DSEQ. When a
specified number of measurements (2048 in this paper) have
been accumulated by the correction module, the operation is
switched to measure ∆C7, and so forth. The switching algo-
rithm used by the calibration logic is similar to the classical
SAR calibration algorithm [6]. For instance, to measure ∆C6,
C6 is first connected to ground while C5 -0 are connected to
Vref . The ADC then samples common mode, before C6 is
flipped to Vref , and C5 -0 to ground (C8 -7 are held at Vref

all the time). ∆C6 is now at the top plates, and digitized
with C3 -0 and C4cal . This extra capacitor enables bidirectional
DAC operation, and is normally connected to Vref . If the first
SAR comparison is positive, it is switched to ground.

B. Loop filter
The positive branch of the loop filter is shown in Fig. 2,

together with the implemented noise transfer function (NTF).
The filter realizes two optimally placed zeros and two poles,
through the use of two integrators, a passive summer, and
a local feedback path. The coefficient g is set by the local
feedback, and a1 -2 by the summer together with the gain
of the first integrator. The current mirror OTAs only need
to transfer charge and provide valid output in φ1, and are
therefore shut down in φ2 to save power. The loop filter input
transfers SAR residue charge directly from the CDAC to the
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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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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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Result
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SUN_SAR9B_GF130N

├── SAR9B_CV.json
├── SAR9B_CV.spi
├── capacitor.json
├── dmos_gf130nm_core.json
└── gf_130bcdlite.tech

9-bit is not the energy optimum for 
GF130N. The power consumption of the 
digital is too high. The energy optimum is 
more like 13-bit, however, the CDAC 
matching limits performance to about 
10/11-bit
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Recommendations
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https://github.com/wulffern/aicex
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Typical
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Temperature
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Process
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Process and temperature
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What  would you pick?
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Temperature and BINN 0 N1_0 i=i(VREF) tc1={0.3/100}
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Process, Temperature and BINN 0 N1_0 i=i(VREF) tc1={0.3/100}
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(P|N)CHDL (P|N)CHDLA (P|N)CHDLCM (P|N)CHDLCM2 C(P|N)CHDLCM2

General 
Purpose

Amplifiers Current 
Mirror

Cascode Current MirrorCurrent 
Mirror

N

P
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sun_tr_sky130nm
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Use a few transistors that you know well. 
Know all important details

Use M factor to scale current and . Bus 
notation M1<9:0> on instance name

Pick the right bias current for your circuit 
(constant, constant gm, proportional to 

temperature)
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Thanks!
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