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OUTLOOK of the LESSON

▪ Low-level current measurements using 

CMOS amplifiers

▪On-chip LIAs

▪ Examples of sensor-electronics codesign
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Integrated instruments

Intan, RHA2000
Keithley

CMOS integration is difficult:

- Long development time (≈ 1 year)

- High cost of a prototype (≈10s-100sk€)
(but low cost for large numbers)

- High flicker (1/f) noise!

- No large RC for noise filtering!

An expert analog IC 

designer is required!

So, why make integrated instruments?
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Application Specific Integrated Circuit (ASIC)
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CMOS 

integration

Lower weight Smaller size

Lower cost

for large 

quantities

Lower noise

Lower power 

consumption

Acces to 

microelectronic 

technology 

Higher speed

Operation in 

extreme conditions

Tailoring of the electronics for a specific application

multichannels systems
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Improving the Signal-to-Noise ratio
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RF

Ccable

CDUT

+
Vbias

en

Camp

Current sensing

𝑖𝑒𝑞
2 ≈

4𝑘𝑇

𝑅𝐹
+ 𝑒𝑛

2 𝜔2 𝐶𝐷𝑈𝑇 + 𝐶𝑐𝑎𝑏𝑙𝑒 + 𝐶𝑎𝑚𝑝
2

10nm

100nm x 100nm
CDUT ≪ 1 pF

Ccable ≈ 80 pF/m

Camp ≈ 10pF discrete comp. amp.
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Amplified signal

or Digital output

Improving the Signal-to-Noise ratio
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Current sensing

𝑖𝑒𝑞
2 ≈

4𝑘𝑇

𝑅𝐹
+ 𝑒𝑛

2 𝜔2 𝐶𝐷𝑈𝑇 + 𝐶𝑐𝑎𝑏𝑙𝑒 + 𝐶𝑎𝑚𝑝
2

CDUT

+
Vbias

Short connection, ideally

without connector

Custom CMOS 

circuit

<1pF
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CMOS transimpedance amplifier
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RF

CDUT+Ccable

en

Camp

𝑖𝑒𝑞
2 ≈

4𝑘𝑇

𝑅𝐹
+ 𝑒𝑛

2 𝜔2 𝐶𝐷𝑈𝑇 + 𝐶𝑐𝑎𝑏𝑙𝑒 + 𝐶𝑎𝑚𝑝
2

VOUTIsensor

Camp

𝑖𝑒𝑞
2

Camp,opt=CDUT+Ccable

𝑒𝑛
2 =

4𝑘𝑇

𝜇

𝛾𝐿2

𝐶𝑎𝑚𝑝(𝑉𝐺 − 𝑉𝑇)

Tailoring of transistor size:

Camp∝ WL

Integrated resistors value < ≈1MW !
(BW≈ 10kHz, noise ≈ 13pA)

Size W  L
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Integrator-differentiator scheme

Ci =100f
Rd =100k

ACout
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See Sampietro’s lesson
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DC-1MHz Current Amplifier

 M1

M2

IOUT

IIN
VGS

VGS

VS

G. Ferrari, et al., Electron. Lett. 45 (2009) 1278-1280

Current amplification by matched MOSFETs

N replicas of M1

same bias condition

Iout= N x Iin
Cin≈ 0.6pF

9

≈ 0V
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Feedback stability and bidirectionality

VM

T2p

T1p

+

-

T2n

T1nIin
Iout

cin

𝑙𝑜𝑜𝑝 𝑔𝑎𝑖𝑛 ≈ 𝐴𝑂𝑃(𝑠)
𝑔𝑚
𝑠𝐶𝑖𝑛

1x
C1

N x C1

gain flatness

Iin>0  → n-MOS

Iin<0  → p-MOS
nMOS-pMOS matching better than 1%

(non-minimal transistor size)

C1 for feedback stability
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𝑙𝑜𝑜𝑝 𝑔𝑎𝑖𝑛 ≈ 𝐴𝑂𝑃(𝑠)
𝐶1

𝐶𝑖𝑛 + 𝐶1
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CMOS implementation

AMS 0.35μm, Area = 0.48mm2

G. Ferrari, et al., Electron. Lett. 45 (2009) 1278-1280
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• Linearity error < 1%

• Current offset of 12fA

• femtoAmpere capability

• Bandwidth: DC – 1MHz
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1st Stage

500μm

2nd Stage

N

P

C
N
C
P

Two stages: 

99x10 = 990 total gain

Vsupply = ±1.5V  Ibias = 20mA

→ battery
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𝑖𝑇𝑂𝑇
2 ≅

4𝑘𝑇

𝑅𝐹𝐺
2
+ 2𝑞𝐼𝐼𝑁 + 𝑒𝑛

2 ⋅ 2𝜋𝑓 2 ⋅ 𝐶𝐼𝑁 + 𝐶1
2

Noise Spectra

Equivalent to a 

100GW resistor!
Limited by the 

external 

transimpedance

(100kW)
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T1p

T1n

T2p

T2n

C2

C1

RIin

Vout
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Low-Noise Current Tracking

1pA rms &  5ms time resolution

(60 electrons) 

G

V

on-chip no input cable
iin G·iin

15fA rms & 0.5ms time resolution 
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The chip as high sensitivity add-on

Nanoscaled

device

current

Current-mode output 

↓
easy coupling to 

bench-top instruments
G

CMOS chip

iin G·iin

14
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The chip as high sensitivity add-on

100 1k 10k 100k 1M
100k
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Spectrum of a  0.5pF capacitor without and with the preamplifier. 

VAC=3mV, Tm = 0.4s, Agilent precision LCR meter (E4980a)

. 

Maximum impedance increased

by two orders of magnitude!

f = 100kHz
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Lesson of Sampietro

Is it possible to integrate a lock-in amplifier into a 

single chip?
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Multiplier

tcos

( ) +tcos
( ) ++ t2cos

2

1
cos

2

1

VB1+Vs1

Id=2·k·Vs1·Vs2+…

Ohmic regime:
Id=k(2· (VGS-VT)·VDS-VDS

2)

Saturation 

(follower)

VB2+Vs2
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- High 1/f noise of CMOS 

- Operate with small signals

“Small” SNR

17

Analog active multiplier
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Multiplier

tcos

( ) +tcos
( ) ++ t2cos

2

1
cos

2

1

Analog active multiplier

Avoid if possible 18

VB1+Vs1

Id=2·k·Vs1·Vs2+…

Ohmic regime:
Id=k(2· (VGS-VT)·VDS-

VDS
2)

Saturation 

(follower)

VB2+Vs2

Digital multiplier

ADC
Digital signal 

processing
digital 

output

I
Antialiasing

filter
Amplification

Silicon chip

+ flexibility

- high speed ADC

- high speed DSP
• Complexity

• Power consumption

• “Digital noise”

• Trade-off on the 

CMOS tech.Avoid if possible
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Passive multiplier

m

m

m

ms(t)

m(t)

out(t)

-1

+1
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Passive multiplier

20

m

m

m

ms(t)

m(t)

out(t)

Rail-to-rail multiplier 

MOSFET operating as switch, no (low) dc current bias

reduction of the flicker noise

-1

+1
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Frequency analysis - signal

m(t): square wave, frequency fm

-1

+1

fm 3fm 5fm-fm-3fm-5fm f
fm-fm f

s(t): sine, fm

2fm 4fm 6fm-2fm-4fm-6fm f

2/p

4/p

4/3p

4/5p

21
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Frequency analysis - noise

fm 3fm 5fm-fm-3fm-5fm f

fm 3fm 5fm-fm-3fm-5fm f

Ci Cd

Cfd

Rd

reset
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High frequency noise → DC! 
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Frequency analysis - noise

fm 3fm 5fm-fm-3fm-5fm f

fm 3fm 5fm-fm-3fm-5fm f

Ci Cd

Cfd

Rd

reset

≈ noise of ideal multiplier

23
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Simple integrated LIA

24

Ci

reset

Log(f)

2

nv

1. Passive multiplier

2. Keep a low HF noise

maximum SNR reduced to 

20% respect to an ideal 

multiplier  OK

3. Integrator: phase shift of 90°, 

easily compensated

4. Simple digital control of the 

multiplier

5. Used to limit the effect of 1/f 

noise (chopper amplifier)

-1

+1
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A step further…

single chip combining sensor and electronics

Smart Sensor System: sensor+electronics co-design and co-packaging

sensor
Interface 

electronics

Robust digital 

interface to the 

outside world

• Light: CMOS imager

• Capacitance: fingerprint reader

• Temperature

single package

MEMS technology:

• Magnetic field: compass

• Force: accelerometer, 

gyroscope

25

Optimal sensor-electronics connection, multichannel
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Single chip Airborne PM Detector 

CMOS Particulate Matter detector:

• Compactness

• Low cost / mass production

• Scaled lithography for microelectrodes on chip

• Integrated electronics with ZeptoFarad resolution

CMOS ASIC

2mm

P. Ciccarella, et al.,  IEEE JSSC 2016

26

See the lesson

on differential

measurements

Cel(t)

DCel ≈ 1aF for 1μm

time
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On-chip electrodes  

AMS 0.35µm standard 

CMOS technology

Opening without post-processing steps

AFM Check

Top metal for 

electrodes 

fabrication  

27

1μm 1μm

Electrodes on chip: stray cap. fF range!
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Interdigitated Electrodes

Interdigitated 

structure 

Sensitive area ~ 1mm2

• Cel = 15pF

• ΔC = 700zF (1μm)

Δ𝐶𝑒𝑙
𝐶𝑒𝑙

=
700𝑧𝐹

15𝑝𝐹
~ 0.050𝑝𝑝𝑚!

Differential architecture

Multichannel architecture

Amplifier

28
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Area-Resolution tradeoff

𝑖𝑒𝑞
2 ≈ 𝑒𝑛

2 𝜔2𝐶𝑖𝑛𝑝𝑢𝑡
2

0.1aF resolution → Cinput <500fF

Multichannel x32

29

→
Δ𝐶𝑒𝑙

𝐶𝑒𝑙
≈ 1.5 𝑝𝑝𝑚

→ 32 diff. channels (Amp+LIA+Filters) for 1mm2 sensitive area

passive 

multiplier
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Low pass filter

30

R

C

Vin Vout

𝑁2 = න

0

+∞
4𝑘𝑇𝑅

1 + 𝜔2𝑅2𝐶2
𝑑𝜔 =

𝑘𝑇

𝐶

Noise of the RC filter:
C limited to few pF

CMOS filters are noisy!

( ≈ 60μV @ 1pF)

passive 

multiplier
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▪ High gain to reduce 

Gm-C (filter) noise

▪ Input dynamic 

range <1fF

▪ Resistor-string DAC

Electrodes Mismatch Compensation

31



G. Ferrari - Instrumentation-on-chip

▪ Resistor-string DAC

▪ LSB = 150aF

▪ 15aF DNL (0.1LSB)

▪ Automatic calibration

▪ Input dynamic 

range <1fF

DCC Characterization

-32 -24 -16 -8 0 8 16 24 32
-5.0

-2.5

0.0

2.5

5.0

D
C

C
 C

a
p

. 
[f

F
]

Code

LSB = 150 aF
Measured

32
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Measured Capacitive Noise

• 65zF rms Average Noise (BW = 40Hz)

Tmeas ~ 1min

• Noise ∝ 𝐵𝑊

33
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5µm

Exp. Results: PM Detection Examples

DCel = 1.7aF

DCel = 16.6aF

DCel = 27.3aF

▪ Single talc particle deposition (εr = 2.4)

34
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A step further…

single chip combining sensor and electronics

Smart Sensor System: sensor+electronics co-design

sensor
Interface 

electronics

Robust digital 

interface to the 

outside world

• Light: CMOS imager

• Capacitance: fingerprint reader

• Temperature

single package

MEMS technology:

• Magnetic field: compass

• Force: accelerometer, 

gyroscope

35Biosensor ?
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CMOS biochip

Si

10 - 100µm

Capture
Probe

Target 
Molecule

Si

10 - 100µm
CMOS Chip Design

(Analog/Mixed-Mode IC Design)

2+1 major components in a CMOS biochip

Hassibi, SiNano 2012

Graham et al., Sensors p.4943, 2011

Aluminium

▪ oxide

▪ corrosion (Cl−)

▪ biocompatibility?

36
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CMOS biochip

Si

10 - 100µm

Capture
Probe

Target 
Molecule

Si

10 - 100µm

Si

10 - 100µm

CMOS Chip Design
(Analog/Mixed-Mode IC Design)

Post-CMOS
Processing

(clean room)

Bio-functionalization
(Surface Chemistry/
Spotting Procedures)

2+1 major components in a CMOS biochip

Hassibi, SiNano 2012

U. Frey, MEMS 2007

37

Avoided if:

- Voltage meas.

- Impedance meas
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High-density MicroElectrode Array (MEA)

CMOS chip as active substrate for neural stimulation

and recording

J. Dragas, V. Viswam, A. Shadmani, Y. Chen, R. Bounik, A. Stettler, M. Radivojevic, S. Geissler, M. E. J. Obien, J.

Müller, and A. Hierlemann, “In Vitro Multi-Functional Microelectrode Array Featuring 59760 Electrodes, 2048

Electrophysiology Channels, Stimulation, Impedance Measurement, and Neurotransmitter Detection Channels,”

IEEE J. Solid-State Circuits, vol. 52, no. 6, pp. 1576–1590, 2017

38

X. Yuan, A. Hierlemann, and U. Frey, “Extracellular Recording of Entire Neural Networks Using a Dual-Mode Microelectrode Array

With 19,584 Electrodes and High SNR,” IEEE J. Solid-State Circuits, pp. 1–10, 2021

D. Tsai, D. Sawyer, A. Bradd, R. Yuste, and K. L. Shepard, “A very large-scale microelectrode array for cellular-resolution

electrophysiology,” Nat. Commun., vol. 8, no. 1, 2017

C. Laborde, F. Pittino, H. A. Verhoeven, S. G. Lemay, L. Selmi, M. A. Jongsma, and F. P. Widdershoven, “Real-time imaging of

microparticles and living cells with CMOS nanocapacitor arrays.,” Nat. Nanotechnol., vol. 10, no. 9, pp. 791–5, 2015.
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High-density MicroElectrode Array

M. Ballini, et al. IEEE J. Solid-State Circuits, vol. 49, no. 11, pp. 2705–2719, 2014.

- Electrical stimulation

- Action potential recording

- Neurotransmitter detection 

(fast scan voltammetry)

- Impedance Spetroscopy 

39
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High-density MicroElectrode Array

40
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High-density MicroElectrode Array

Chip: 12 x 8.9 mm2; sensing area: 2.43 x 4.48 mm2; power dissipation: 86mW

7.5 x 3 mm2

41

180nm CMOS technology + post processing
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High-density MicroElectrode Array

A. Hierlemann, Tech. Dig. - Int. Electron 

Devices Meet. IEDM, 2016
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Conclusions

43

• High sensitivity instruments on a chip are feasible

• They enable new applications thanks to:
• Improved performance (noise and/or power and/or speed) 

• Multichannel capability

• Compactness

• Access to microelectronic technology (some post-

processing could be required)

• Co-design of sensor and electronics: no general-

purpose chip! 
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