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High-Resolution SC Delta-Sigma ADC
for Space Applications
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for X-Ray Imagers
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Low-Power Potentiostatic CT Delta-Sigma ADC
for Electrochemical Integrated Sensors
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ESA Cosmic Vision JUICE  

Cosmic Vision is ESA 2015-2025
planning for space science missions
 
Jupiter Icy Moons Explorer (JUICE)
L-class mission launched in 2023
(7.6y cruise & 3.5y in the Jovian system)
 

 
 

Primary mission themes:
 

Jupiter system as an archetype for gas giants

Emergence of habitable worlds around gas giants

Science instrument payload:
 

MAJIS - Moons and Jupiter Imaging Spectrometer
JANUS - Optical camera system

RIME - Radar for Icy Moons Exploration
GALA - GAnymede Laser Altimeter

PRIDE - Planetary Radio Interferometer & Doppler Experiment
RPWI - Radio & Plasma Wave Investigation
J-MAG - A magnetometer for JUICE

Next generation of read-out
electronics is needed!

...

sci.esa.int/web/juice

https://sci.esa.int/web/juice
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Low-Power High-Res ADC  

Low-voltage vs low-current design?

Alternative supply sources
(battery, solar cell, scavenging)
Poor power scaling
Limited by technology
Circuit techniques: rail-to-rail,
inverter-base, supply multipliers,
back gate...

Strong power savings
Limited by noise and bandwidth

Circuit techniques: subthreshold
operation, Class-AB, dynamic biasing,
low duty cycle...
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Low-Power High-Res ADC  

Low-voltage vs low-current design? State-of-art extended-DR SC circuits for DSM ADCs [1-6]:

Alternative supply sources
(battery, solar cell, scavenging)
Poor power scaling
Limited by technology
Circuit techniques: rail-to-rail,
inverter-base, supply multipliers,
back gate...

Strong power savings
Limited by noise and bandwidth

Circuit techniques: subthreshold
operation, Class-AB, dynamic biasing,
low duty cycle...

Clock bootstrapping to reduce switch non-linearity [3-5]
High-voltage devices at input sampler
to increase signal full scale [1,6]

Multi-bit quantization with analog calibration
or digital post-processing due to mismatching [6]

Rad-Hard 1.8V 0.18μm 1P6M CMOS technology
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DSM Architecture  

4th-order single-loop 1-bit topology for >90dB-SNDR and 50kHz-bandwidth:

Multiple feedforward paths to relax signal headroom at OpAmps output [7]
Two-level quantization is intrinsically linear and allows passive adder [5]
High shaping order to compensate oversampling:
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DSM Architecture  

4th-order single-loop 1-bit topology for >90dB-SNDR and 50kHz-bandwidth:

Large capacitor sizing [pF]
according to kT/C specs
and optimal coefficients [8]:
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DSM Architecture  

4th-order single-loop 1-bit topology for >90dB-SNDR and 50kHz-bandwidth:

Feedback DAC shares capacitor with input sampler to reduce overall area
Switched-OpAmp (SOA) for replacing critical switches and 50% duty cycle [9]
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DSM Architecture  

4th-order single-loop 1-bit topology for >90dB-SNDR and 50kHz-bandwidth:

(4+1)-phase switching scheme to avoid
signal-dependent charge injections that
would cause distortion [8]

Quantizer
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Switched-OpAmp Circuit
 

Low-power Class-AB
single-stage design

Class-AB current in
output transistors only

Complementary non-linear
current mirrors with
partial positive feedback

No-need for Miller
compensation capacitor

Fast switched-OpAmp
on/off-power operation
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Switched-OpAmp Circuit

Low-power Class-AB
single-stage design

Class-AB current in
output transistors only

Complementary non-linear
current mirrors with
partial positive feedback

No-need for Miller
compensation capacitor

Fast switched-OpAmp
on/off-power operation

Simple analytic design
based on matching ratios

Low sensitivity to CMOS
technology deviations
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DSM CMOS Integration  

Metal-insulator-metal
(MIM) capacitors

Rad-Hard 1.8V 0.18μm
1P6M CMOS technology

1.8mm2 overall area
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Experimental Results  

Power spectral density
at -2dB full scale
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Experimental Results  

Power spectral density
at -2dB full scale

SNDRmax=96.6dB,
SFDRmax=105.3dB,
and DR=97dB
at 13.28kHz

2.4Vpp input full-scale

7.9mW at 1.8V

Non-bootstrapped supply
to avoide device stress

Calibration-free operation
to increase ADC robustness
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Comparison with High-Res ADCs  

Schreier FOM comparison:

S. Sutula, et al.
A Calibration-Free 96.6-dB-SNDR Non-Bootstrapped 1.8-V 7.9-mW Delta-Sigma Modulator with Class-AB Single-Stage Switched VMAs
IEEE International Symposium on Circuits and Systems (ISCAS), Montreal, Canada, May 2016
doi.org/10.1109/ISCAS.2016.7527170

https://doi.org/10.1109/ISCAS.2016.7527170
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Direct X-Ray Digital Imagers  

Low-energy (<20keV) medical
applications: e.g. Mammography

X-ray
tube

Compressing
plate

Sensing
array

High dynamic range (e.g. 10-bit) and
high spatial resolution (e.g. 50μm-pitch)
to identify microcalcifications
High-speed A/D conversion for
low-dose X-ray exposure
Low-power circuit consumption to
prevent heating X-ray detector
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Direct X-Ray Digital Imagers  

Low-energy (<20keV) medical
applications: e.g. Mammography

High filling factors
Expensive packaging

Pixel-by-pixel bump-bonding
(bump-growing + flip-chip):

Digital pixel sensor (DPS) = X-ray detector
(e.g. CdTe or Si) + CMOS read-out circuit

X-ray
tube

Compressing
plate

Sensing
array

Vcom
X-ray
particle
hit

CMOS
read-out
circuit cell

Digital
pixel
sensor
(DPS)

High-voltage
bias

e/h
cloud

- +

IsensBonding
bump

X-ray
detector

High dynamic range (e.g. 10-bit) and
high spatial resolution (e.g. 50μm-pitch)
to identify microcalcifications
High-speed A/D conversion for
low-dose X-ray exposure
Low-power circuit consumption to
prevent heating X-ray detector
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Photon Counting vs Charge Integration  

Single particle detection:
Less sensitive to circuit noise

Transient pile-up effects

Overall charge integration:

Vcom
X-ray
particle
hit

CMOS
read-out
circuit cell

Digital
pixel
sensor
(DPS)

High-voltage
bias

e/h
cloud
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IsensBonding
bump
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Charge-sharing between pixels

Possibility of photon classification
Less sensitive to pile-up effects

Circuit noise can corrupt data

Charge-sharing can be compensated
by digital post-processing
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Proposed DPS Architecture

Charge integration method

Vcom
X-ray
particle
hit

CMOS
read-out
circuit cell

Digital
pixel
sensor
(DPS)

High-voltage
bias

e/h
cloud

- +

IsensBonding
bump

X-ray
detector

 

Vcom  

Isens Serial
interface

A/D
conversion

bin

Dark
current

cancellation

Built-in
test Local bias

generation

D
ig

ita
l 

I/
O

Gain
programming

bout

IadcIdark

Itest

Vth
qadc

qdac

All with reduced pitch and low power

Self-biasing for digital-only I/O
and inter-pixel low crosstalk

Linear ADC for high-flux X-rays

Fixed-pattern noise (FPN)
cancellation for image equalization
Built-in test for pre-packaging screening
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Loss-Less A/D Conversion  

Classic asynchronous integrate-and-fire (IAF) modulator:

Saturation due to event reset time!
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Loss-Less A/D Conversion  

 

Double-capacitor area

Reset-time independent

Vpdm

binit

Tacq

Tpdm
1 2 3 4 5 6 7

1 2 3 4 5 6 7

Tres

1 2 3 4 5 6

Vint
V Vref th-

Vpdm

Vint

Vpdm

Vint

Vref

V Vref th-

Vref

V Vref th-

Vref

Iadc

Vpulse

binit

Vpulse Ideal

Classic

Proposal
Max fpdm close to 1/Tres

Tres

Classic asynchronous integrate-and-fire (IAF) modulator:
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Loss-Less A/D Conversion  

Compact CMOS circuit implementation:
 

Bidirectional e-/h+ charge collection

Vint

Cint

Vref

Creset CDS/

Iadc

Vpdm
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M3 M4

M2

Ibias

M8

M10

Ibias

M5 M6
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M11M13
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M15
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breset

breset

V Vref th+(-1)
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bh e/

Iadc
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Vpulse
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Dark-Current Cancellation  

Based on current-copiers:  

Auto-calibration

Isens

M3

Vref

M1

M8

M4

M5
M6

PDM

Cdark1

Cdark2

Vint

M9
M10

M11

M12
M2

M7
M13

M14

M15

M16

Cint

Vdark1

Vdark2

Á1

Á1

Á2

Á3

Á4

Á2

Á1

Á2

S1

S2
S3

S4

Vref

Isens

M3 M4

M5
M6

PDM

Cdark2

Vint

Cint

Vdark2

M1

Cdark1

M2

Vdark1

Coarse + fine for charge-injection compensation Composite switches for long retention times

Reuse of ADC CMOS circuit for compact area
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Individual-Pixel Gain Programmability  

In-pixel SC DAC circuit:  

Serially program-in during read-out (no speed reduction)

Reuse of ADC CMOS circuit for compact area

Á1

I >sens 0bh e/ I <sens 0

programming

Á2

Á3

sample

hold programming

sample

hold

bin

binit

init init

qdac B(0... -1) qdac B(0... -1)

Gain FPN compensation

Also for built-in test through input charge injection...

Vint

Cint

Vref

binit

V Vref th+(-1)
bh e/

Csamp

Cmem

Á2 Á2Á3

bin

Á1

Á1 Á1

Á2 3+Á

Vprog

IAF
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Individual-Pixel Gain Programmability  

In-pixel SC DAC circuit:  

1p 10p 100p 10n 100n1n
1k

10k

100k

1M
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DPS CMOS Integration
 

 

1.8V 0.18μm 1P6M CMOS technology

Gen-3
55μm pitch
30% area

Gen-1
100μm pitch
100% area

Gen-2
70μm pitch

49% area

Pitch evolution:
100μm (Gen-1),
70μm (Gen-2)
and 55μm(Gen-3)
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DPS CMOS Integration
 

 

1.8V 0.18μm 1P6M CMOS technology

Pitch evolution:
100μm (Gen-1),
70μm (Gen-2)
and 55μm(Gen-3)

Local biasAnalog integrator

Control logicCounter / Shift register DAC

Comparator

MIM capacitorsX-ray detector bump-pad
Threshold storage

5  mμ
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DPS CMOS Integration  

Pitch evolution:
100μm (Gen-1),
70μm (Gen-2)
and 55μm(Gen-3)

 1.8V 0.18μm 1P6M CMOS technology
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X-Ray Test ICs  

 Small arrays of DPS cells in standard 
UMC 0.18μm 1P6M MIM CMOS technology

Si pixelated detectors in inexpensive 
IMB-CNM(CSIC) 2.5μm 2P1M PIP CMOS technology

100 mμ

Si X-ray direct detectorROIC
Bumps

Glob-top

Wire-bonding

PCB
Radiation window X-ray photons
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Good DPS results in terms of maximum SNDR, FPN reduction, spatial resolution, crosstalk...
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True 2D Modular X-Ray Imagers  

 Array of read-out ICs attached to seamless pixelated detector substrate:

Final goal is to reduce CMOS costs for large area imagers...
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True 2D Modular X-Ray Imagers  

 

Pixel detector-to-circuit rerouting

Inter-pixel crosstalk?

Array of read-out ICs attached to seamless pixelated detector substrate:
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True 2D Modular X-Ray Imagers  

 

94x94 pixel (5mmx 5mm)

52μm-pitch

CMOS ROIC module

6μW/pix at 1.8V
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True 2D Modular X-Ray Imagers  

 

55μm-pitch seamless arrays of pixelated Si detectors in 4-inch wafers:

3x3
ROICs 

3x33x3

3x3 2x2

2x2

1x1 1x11x1

1x1

R. Figueras et al.
A 70-um Pitch 8-uW Self-Biased Charge-Integration Active Pixel for Digital Mammography
IEEE Transactions on Biomedical Circuits and Systems, 5:5(481-489), Oct 2011
doi.org/10.1109/TBCAS.2011.2151192
R. Figueras et al.
Experimental Characterization of a 10uW 55um-pitch FPN-Compensated CMOS Digital Pixel Sensor
for X-ray Imagers, Elsevier Nuclear Instruments and Methods in Physics Research A, 761(19–27), Oct 2014
doi.org/10.1016/j.nima.2014.05.085

https://doi.org/10.1109/TBCAS.2011.2151192
https://doi.org/10.1016/j.nima.2014.05.085
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High-Resolution SC Delta-Sigma ADC
for Space Applications

1

Compact Pixel Integrating ADC
for X-Ray Imagers

2

Low-Power Potentiostatic CT Delta-Sigma ADC
for Electrochemical Integrated Sensors

3
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Smart Electrochemical Sensors  

Integrated chemical sensors:
Interaction with microorganisms

Speed limitation
Selectivity by functionalization

Reduced life time
Packaging costs

Electrochemical family:
CMOS compatible
Potentiostatic biasing
Amperometric reading

Classic circuit interfaces require
multiple OpAmps + resistors + ADC

Low-power MOS-only circuit proposal
based on mixed electronic and chemical
domain potentiostatic ΔΣ modulator
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Sensor Modeling  

Reuse of sensor dynamics for circuit
design needs accurate device modeling!

Non-linear electrical impedance model
under potentiostatic operation:

Rs = electrolyte solution resistance

Solution resistance smaller than
electrode-solution counterparts (102kΩ)

Reference, Working and Counter
planar microelectrodes

Rctx = charge-transfer resistance
Cdlx = double-layer capacitance

Similar impedance results with internal (micro)
and external (macro) counter microelectrodes

Simplified linear dynamic model
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ΔΣ Modulator Architecture  

Behavior similar to low-pass first-order
single-bit CT ΔΣ A/D modulator

Quantization, S/H and DAC feedback
in electronic domain

Amperometric read-out through the
ΔΣ modulation of output bit stream qmod
by chemical input Iin

Error current is converted into voltage
and shaped in frequency by the
electrochemical sensor itself

Overall negative feedback ensures
potentiostatic operation by keeping
Vrw biased closed to Vref potential

High oversampling ratios (OSR>100)
can be easily obtained with kHz-range
clock frequencies fs

Class-A full scale:

Electrochemical time constant:
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ΔΣ Modulator Optimization  

e.g. ΔΣM behavioral simulation for Rctw=500kΩ, τch=0.16s, Vref=1V and IFS=2μA

Typical tonal components of first-order ΔΣ modulation
are attenuated through thermal noise dithering at DAC
Fractal staircase DC transfer function due to DT losses
of CT electrochemical integrator is improved by increasing OSR

-80dBFS white noise dithering
fS=1024Hz (OSR=512) fS=1024Hz

(OSR=512)

fS=32Hz
(OSR=16)
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Low-Power MOS-Only Circuits  

Technology mismatching does not cause
distortion but DC offset at Vrw

Two analog blocks only

If Vref is chosen higher than redox potential,
electrochemical signals can tolerate comparator
offsets as large as ±10mV

Latched comparator for
1-bit quantization:
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Low-Power MOS-Only Circuits  

Latched comparator for
1-bit quantization:

Programmable full scale for different
integrated sensor designs

Two analog blocks only

Power in/off instead of current steering
operation to reset all MOSFETs and
reduce flicker noise

Compact reference generator
for current DAC:

RTZ signaling in order to avoid typical
waveform asymmetries issues of CT ΔΣMs 

Technology mismatching does not cause
distortion but DC offset at Vrw

If Vref is chosen higher than redox potential,
electrochemical signals can tolerate comparator
offsets as large as ±10mV

F. Serra-Graells and J. L. Huertas
Sub-1V CMOS Proportional-to-Absolute-Temperature References
IEEE J. Solid-State Circuits, 38:1(84-88), Jan 2003
doi.org/10.1109/JSSC.2002.806258

https://doi.org/10.1109/JSSC.2002.806258
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Monolithic CMOS Integration  

2.3mm x 2.8mm (6.4mm2)

Inexpensive 2.5µm 1M CMOS
technology (CNM25)

Low-area overhead of proposed ΔΣM

In-house sensor post-processing at
wafer level consisting on sputtering of
Ti(15nm)+Au(150nm) thin films
and lithographic patterning by lift-off
Sensor layout design: Din=390µm,
Dout=830µm and S=30µm
Sensor electrical model: Rctw=500kΩ
and τch=0.16s
ΔΣM design parameters: Vref=1V,
IFS=2µA and fS=1024Hz (OSR=512)
 

Digital-only interface for low-pass
filtering + Vref and IFS programming
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Electrical Tests  

Although dithering noise at DAC
should be increased, PSD returns
good robustness against tones

Sensor emulation with external
network (Rctw=500kΩ, Cdlw=330nF)
and SRS DS360 generator in
equivalent Thévenin configuration
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Electrical Tests
 

Although dithering noise at DAC
should be increased, PSD returns
good robustness against tones

Sensor emulation with external
network (Rctw=500kΩ, Cdlw=330nF)
and SRS DS360 generator in
equivalent Thévenin configuration
 

Quasi-static response shows high
enough SNDR to not limit
electrochemical sensor resolution

Statistical analysis on 9 samples
returns DR deviations below ±0.5bit

Experimental comparison between
power-on/off and current steering
DAC operation points to 3dB flicker
noise reduction

2Hz noise bandwidth (OSR=256)

Current
steering

Power
on/off
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Electrochemical Tests  

Electrochemical time constant
as expected...

Standard experiment based on
ferrocyanide ion oxidation into ferricyanide:
 10µL reservoir with ferrocyanide dissolved
in Phosphate buffer solution (PBS) at pH=7
 Ion concentration swept from 0.1mM to
1mM and potentiostatic Vref=0.7V
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Electrochemical Tests

 

Remarkable linearity below 1mM

Comparable to lab desktop equipment
Good performance for sensing applications

Very low-power operation compared to sensor consumption itself
(can improve with low-voltage CMOS technologies)

(with same microelectrode structure)

ΔΣM

CH Instruments
1030B MultipotentiostatS. Sutula, et al.

A 25-µW All-MOS Potentiostatic Delta-Sigma ADC
for Smart Electrochemical Sensors
IEEE Transactions on Circuits and Systems-I, 61:3(671-679), Mar 2014
doi.org/10.1109/TCSI.2013.2284179

https://doi.org/10.1109/TCSI.2013.2284179

