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 ELECTRONIC NOISE: in France and at LAAS-CNRS

 LOW FREQUENCY NOISE (LFN) : metrological niche ? Not only !

 LFN EXPERIMENTAL SETUPS: a large variety of solutions from home-made to 

commercial solutions

 APPLICATIONS OF LFN MEASUREMENTS : defect detection, reliability analysis, non-

linear RF circuit design (VCOs, Mixers).

 CONCLUSIONS and QUESTIONS

OUTLINE
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ELECTRONIC NOISE: 
in France and at LAAS-CNRS

Toulouse
LAAS-CNRS & University Paul Sabatier

> LF Noise meas. in France

ELECTRONIC NOISE: 
in France and at LAAS-CNRS

LAAS-CNRS

European Center for
LFN and RTN measurement
Labelled by Keysight

XLIM
Université 
de Grenoble

IMS

Univ. de Caen

IES

> Electronic Noise exp. setups and 

related activities at LAAS-CNRS

HF noise
IEMN

HF noise param.

>HF Noise meas. in France

Cooperation with academic laboratories has often specialized in specific topics (for instance, 
IEMN on device processing,  simulation, and characterization; XLIM on microwave 
components and systems modelling and simulation; LAAS on noise; IMS on silicon devices 
and reliability; LabSTICC on filtering; and IETR on antenna design and characterization

LAAS : referenced as « European
Platform for LFN characterization » 

by KeysightFrom IEEE Microwave Magazine, 
“European Microwaves”, Sept-Oct 2012
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Measurements – models 
 Mastering the noise from device/circuit/system
Measurements – models 
 Mastering the noise from device/circuit/system
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Electronic Noise at LAAS-CNRS

Non-Linear LF & HF noise

time time

Transient representation at a frequency f0

fosc.

Spectral representation (at LF & at frequency f0)
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ELECTRONIC NOISE: 
Noise measurement facilities at LAAS-CNRS

LFN and RTN: the LAAS CNRS has been developing low 
frequency noise (LFN) metrology means for more than 
six decades, which allow it to claim very low levels of 
detectivity performance (10-28 A/Hz1/2) and up to 1 MHz. 

Labeled as a European Platform for LFN and RTN by Keysight since 2017

HF NF50 and 4 noise parameters: different (evolving and automated) 
worbenches for noise measurement from 10 MHz to 50 GHz. NFA and 
PNA-X option 029 from Keysight

Integration of LFN & HF noise measurements in situ - reliability 
testbench : The 4-channel RF and thermal test bench allows Full-
DC characterization, [S] parameter characterization, NL Pout-Pin
AND LFN (output) spectra, and NF50 measurement without 
removing connectors.

HF NF50 NL noise under pumping signal: evolution of NF50 under
aggressive EM signal (jamming, interferences)
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Electronic Noise at LAAS-CNRS

Main scientific fields :
> New devices :

 Modelling and noise sources identification  - process improvement

> Reliability :
 Reliability through noise measurement, at device and circuit level – process improvement

> Linear & Nonlinear circuits and noise :
 Noise sources modelling under nonlinear conditions
 Low Noise Amplifier design – harshness vs jamming (+ nonlinear noise figure)
 Phase noise modelling (oscillator, amplifier…)

> Noise in complex systems : 
 Noise in frequency synthesis, 
 Noise in Tx/Rx RF links…

> Noise metrology : 
 Low frequency noise (1/f – GR - RTN) 
 Microwave linear noise (NF50, 4 parameters) 
 Nonlinear HF noise 
 Phase noise (RF and microwave sources)
 additive phase noise
 Optical noise (ex : laser RIN, Dn)

Pr. JG TARTARIN

HF 4 noise parameters meas. 
0,01-50 GHz

LF noise measurement
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Main scientific fields :
> New devices :

 Modelling and noise sources identification  - process improvement

> Reliability :
 Reliability through noise measurement, at device and circuit level – process improvement

> Linear & Nonlinear circuits and noise :
 Noise sources modelling under nonlinear conditions
 Low Noise Amplifier design – harshness vs jamming (+ nonlinear noise figure)
 Phase noise modelling (oscillator, amplifier…)

> Noise in complex systems : 
 Noise in frequency synthesis, 
 Noise in Tx/Rx RF links…

> Noise metrology : 
 Low frequency noise (1/f – GR - RTN) 
 Microwave linear noise (NF50, 4 parameters) 
 Nonlinear HF noise 
 Phase noise (RF and microwave sources)
 additive phase noise
 Optical noise (ex : laser RIN, Dn)

Pr. JG TARTARIN
1 Pr; 1 Research Engineer, 2-3 Ph.D. students / year

NOISE IN ELECTRONIC DEVICES / CIRCUITS / SYSTEMS since 1998

5 International or European Programs on LF noise
1 PEPR and 10 ANR French National projects
32 projects with Leading Industries in Europe and North America
6 Int. Patents and 3 Software Releases
98 Int. Publications in Journals & Symposiums

HF 4 noise parameters meas. 
0,01-50 GHz

LF noise measurement

Electronic Noise at LAAS-CNRS
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Defect analysis prior to electrical degradation

Defect analysis for reliability and SOA boundaries

Models for Low Phase  noise behavior
(high purity / low phase noise oscillators)

Still (and more than ever) in the race as far as there will be new technologies 
and signal-detection noise floor !

LOW FREQUENCY NOISE (LFN) : 
metrological niche ? Not only !
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- International Conference on Fluctuation and Noise, since 1968 and still alive
(Fluctuation And Noise, and other noise-dedicated conferences are out now)

Where to find noise (and LFN) in Conferences or Journals:

- IMS: International Microwave Symposium (USA) – every year, sessions dedicated to low noise devices (EuMW), 
circuits (EuMiC) and systems (EuRAD)

- EuMW: European Microwave Week (Europe) – every year, almost the same format as for IMS

- ESREF: European Symposium on Reliability of Electron Devices – no dedicated session BUT LFN is used for 
fialure dedection and degradation analysis in (active) devices
- RADECS: RADiations and its Effects on Components and Systems Conference (Europe)
and many other

- Journals: IEEE (MTT, EDL, SSE), AIP publishing, Cambridge Univ. Press, Elsevier… ponctual publ.

Is LFN old fashioned?

International Conference on Fluctuation and Noise 2023, Grenoble, France:
-invited paper « Low frequency noise in qubits » by Mark Dykman - Theory
-quantum system and noise session - Theory
-quantum devices and noise – Electronic Devices & Material
-quantum transport and superconductivity session - Theory

LOW FREQUENCY NOISE (LFN) : 
metrological niche ? Not only !
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More general purpose (tool?) Specific research in the field (expert skills)

Research on data base from IEEE EXPLORE over different periods: from (1912 to) 1952 to 2023

1912-1952 : 75 journals (i.e. average of 1.8 publications/year)

1952-2023 : large increase in the use of LFN (theory/metrology/applied physics or technological assessment)

LOW FREQUENCY NOISE (LFN) : 
metrological niche ? Not only !

Clearly, those who claimed the LFN was dead were geniuses – the new Nostradamus

Some of them however come back to LFN! Quantic or whatever the technology, LFN is still in the race
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Bu
rn

-in

10 ps 1 ns 1 µs 1 ms 1 s 1 mn 1 h 1 day 1 year 10 years

[S] parameters (pulsed ?)

100 GHz 1 GHz 1 MHz 1 kHz 1 Hz 1 mHz

Pulsed I-V and DLTS 

Low Frequency Noise
spectral/time
investigation 
range

rapid traps and transients slow traps and transients device evolution
- lifetime -

Time scale

Frequency scale

Accelerated
stresses

Temperature, 
DC, 
RF,
…

 LFN within other frequency characterization. 
Discrimination between time constants / impact of the experimental setup ? 

 Non invasive measurement techniques for failure analysis (LFN, pulsed electrical, DLTS, …)

 Investigation of technological defects at t0

 Evolution of the device’s perf. during stress

LOW FREQUENCY NOISE (LFN) : 
metrological niche ? Not only !

 towards DCSlow events and/or device
structural/chemical evolution
LFN for analysis
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 1/f noise
 Generation-recombinaison (G-R)

Internal noise in electronic devices:

Non-linear -Excess Noise (can be reducted):

Linear noise:

White Noise (thermal noise, shot noise, diffusion noise, …)
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

LFN measurements in 
ONE-PORT devices
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Configuration for diode measurement ; current-voltage or voltage-voltage  amplifier

Two possible arrangements for one-port LFN (SId) measurements; 
-Current-voltage amplifier (gain GA in V/A)
-Voltage amplifier (Gain GV) Simplified  SnA and SnV expressions

As long as RDUT >> Rinput A
and RDUT>> (SeA/SiA)1/2

As long as RDUT << Rinput V
and RDUT<< (SeV/SiV)1/2

D.U.T : Diode or photodiode

D.U.T : Diode or photodiode
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𝑆௩ି௦ 𝑓 =
𝐺ଶ𝑅ௗ

ଶ

𝑅ௗ + 𝑅
ଶ + 𝑅𝑅ௗ𝐶ௗ𝜔 ଶ

.
𝑆 1 + 𝑅ௗ𝐶ௗ𝜔 ଶ

𝑅ௗ
ଶ + 𝑆 +

2𝑅𝑒 𝑆.∗

𝑅ௗ
+ 2𝐼𝑚 𝑆.∗ . 𝐶ௗ𝜔 + 𝑺𝒊

DUT impedance is elevated  transimpedance ampl. ! All the elements are measured prior to 
LFN meas. Below is the full expression for Sn-meas

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Configuration for diode measurement ; current-voltage amplifier
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Experimental setups and measurement validation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Configuration for diode measurement ; voltage or current amplifier

After G(f), Zampli(f), Zdiode(f) and Sea(f), Sia(f) measurements  Si(f)

𝑺𝒊 𝒇 = 𝑺𝒗ି𝒎𝒆𝒂𝒔 𝒇
𝑅ௗ + 𝑅

ଶ + 𝑅𝑅ௗ𝐶ௗ𝜔 ଶ

𝐺ଶ𝑅ௗ
ଶ −

𝑆 1 + 𝑅ௗ𝐶ௗ𝜔 ଶ

𝑅ௗ
ଶ − 𝑆 −

2𝑅𝑒 𝑆.∗

𝑅ௗ
− 2𝐼𝑚 𝑆.∗ . 𝐶ௗ𝜔
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Experimental setups and measurement validation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Configuration for diode measurement ; voltage or current amplifier

TI
A 

in
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t i
m

pe
da

nc
e

(W
)

Frequency (Hz)

Zampli(f)
HP5182

After G(f), Zampli(f), Zdiode(f) and Sea(f), Sia(f) measurements  Si(f)

𝑺𝒊 𝒇 = 𝑺𝒗ି𝒎𝒆𝒂𝒔 𝒇
𝑅ௗ + 𝑅

ଶ + 𝑅𝑅ௗ𝐶ௗ𝜔 ଶ

𝐺ଶ𝑅ௗ
ଶ −

𝑆 1 + 𝑅ௗ𝐶ௗ𝜔 ଶ

𝑅ௗ
ଶ − 𝑆 −

2𝑅𝑒 𝑆.∗

𝑅ௗ
− 2𝐼𝑚 𝑆.∗ . 𝐶ௗ𝜔
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Configuration to improve the noise floor for diode measurement ; by cross-correlation technique 
SHOT NOISE SUPPRESSOR

Assuming paired amplifiers T1 and T2
SeA1 = SeA2 = SeA (average 10-17 V²/Hz)
SiA1 = SiA2 = SiA (average 10-23 A²/Hz)
SeA1. iA1* = SeA2 . iA2* = SeA . iA*   
G1 = G2 = G
Rin1 = Rin2 = Rin

SVs1. Vs2* = G². Si1 . i2*

𝟏
𝒅 

ଵ ଶ ଵ 𝒅  ଶ  𝒅

𝟐
𝒅 

ଵ ଶ ଵ  ଶ 𝒅  𝒅

𝒊
𝒓𝒅→ஶ SVs1. Vs2∗

 𝒅

ଶ  𝒅
ଶ SeA . iA∗  𝒅

ଶ SeA . iA∗ 𝒅

Sia noise contributor is negligible if Rd>>Rin and RinCdw<<1 
Correlation looses of its interest for higher LFN measurement
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

From this configuration, SeA (average 10-17 V²/Hz) 
associated to each of the 2 amplifiers (even if 

paired) will produce a current noise 
2.SeA(1+[rdCdw]²)/rd² (if neglecting Cp and Rin). This 

noise contributor will be amplified by G1 and G2, 
but will not be eliminated by correlation.

Once Rd high and RdCdw<<1, then this current noise is negligible and 
correlation technique is strongly efficient

Case 1 : when DUT (diode) is forward biased (even at low level !), Rd should reach 30 kW for example
(diode biased as low as Id=80 nA) and the parasitic noise becomes 2.10-17/9.108=2.2 10-26 A²/Hz 
 same as for a shot noise from a diode under 60 nA ! 

Case 2 : If such diode presents Cd=30 pF, at 100 kHz (1+[rdCdw]²)/rd² increases up to 10 9 : 
the parasitic noise now corresponds to a diode biased under 90 nA
 Higher than the current noise to be measured !!!

Configuration to improve the noise floor for diode measurement ; by cross-correlation technique 
SHOT NOISE SUPPRESSOR
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Experimental setups and measurement validation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Configuration for diode measurement ; voltage or current amplifier
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

LFN measurements in TWO-PORTS
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𝑵𝑭 = 𝑭𝒎𝒊𝒏 + 𝑹𝒏. 𝑹
1

𝑹
−

1

𝑹𝒐𝒑𝒕

ଶ

R

NF @f

0 ∞

Noisy
device

Noiseless
device

v
+

i
Ccor’

LOW FREQUENCY NOISE MEASUREMENTS: In/Out + correlation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Multi-impedance setup
(all noise sources at the input access)

Noiseless
device

v
+

i
Ccor’

Set of 
resistance

R

Also need ZDUT(bias) and Zin vs frequency of Ampli for all bias of the DUT
Extraction of v, i and correlation is a quite complex process

eA

iA

Voltage      
amp.
gain GV

Rin VOUT

Usually between 12-16 resistances

Post processing of noise parameters
for v, i, Ccor’
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R
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Noisy
device

Noiseless
device

v
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i
Ccor’

Noiseless
device

iG iD

Ccor

LOW FREQUENCY NOISE MEASUREMENTS: In/Out + correlation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

In/Out access characterization
(I-V or V-V low noise amplifiers)

Post processing of noise parameters
for v, i, Ccor’

Partition of IN/OUT noise 
sources

Easier to develop.

Our solution as presented in 
the next slides
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Multi-impedance setup
(all noise sources at the 
input access)

In/Out access characterization
(I-V or V-V low noise amplifiers)

Equivalence
relations
SI = SIG

SV = SID/gm²

FET
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LOW FREQUENCY NOISE MEASUREMENTS: In/Out + correlation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Multi-impedance setup
(all noise sources at the 
input access)

In/Out access characterization
(I-V or V-V low noise amplifiers)

Equivalence
relations
SI & SIB
SV & SIC
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LAAS-setup 
&

Keysight system

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

DUT
(HBT or HEMT)

Noiseless
device

Input 
Transimpedance

amplifier

Output 
Transimpedance

amplifier

Device Under 
Test

Still in a Faraday cage for 
preventing EM signals
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fréquence (Hz)

S
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H

z)
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S
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(A
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H
z)

General Setup for LF noise measurement

For most
cases of 
study
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Faraday shielded room (LF noise)

Non-Linear LF noise (1Hz-1MHz, 2 exp. Tools + Keysight LFNA) :
Siin – Siout & correlation

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

LOW FREQUENCY NOISE MEASUREMENTS: In/Out + correlation

A set of switches is used for the calibration of 
the different elements (amplifiers) and for :
- SIIN
- SIOUT
- IN-OUT correlation

FFT Analyser 
HP89410A

DUT
GT
D

Gate transimpedance
amplifier

GT
G

Biasing System

Drain transimpedance
amplifier

S6

S5

S3 S4RGain

White noise 
source

c

c

S2



31

IN OUT

௨௧
ଶ

்
ଶ

்
ଶ


ଶ 

ଶ

்
ଶ

 
∗

்

Signal Analyser 
HP89410A

FFT
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Voltage      
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gain GT
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iDUTZDUT
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ଶ ௨௧

ଶ
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்

Determination of DUT spectral density 
for a Dipole – (2x for a Quadripole ?)

Attention :
-measurement of input/output/correlation
all together is a tricky problem (output 
current is that of the input current, 
amplified. Correlation is erroneous !

 Voltage amplifier at the input OR full 
characterization of the Zin(freq)

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions
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LOW FREQUENCY NOISE MEASUREMENTS:
In/Out + correlation

Switches configurations

SW1 SW2 SW3 SW4 SW5 SW6

Chain noise & gain ○ ○ ○ ○ ○ floating

Conversion gain of Input 
transimpedance GT_IN

❶ ○ ❸ ❹ ❺ ❻

Conversion gain of Output 
transimpedance GT_OUT

○ ❷ ❸ ○ floating ○

SI-IN measurement ❶ ○ ○ ❹ ❺ floating

SI-OUT measurement ○ ❷ ○ ○ ❻

SI-IN,I-OUT* cross-correlation
measurement

❶ ❷ ○ ○ ○ floating

Switch

Meas. config.

Nota : two more switches can be added to improve meas. on INPUT (between SW1 and 
Input amplifier-mainly Transimpedance) : using a transformer and a buffer amplifier.

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions
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D.U.T

HBT
or 

FET

LOW FREQUENCY NOISE
MEASUREMENTS:
In/Out + correlation

Rgain
calibration 
for Gain w/o DUT

White   
Noise  
source

Signal Analyser 
HP89410A

FFT

Switch #3

Switch #5

Switch #1
Switch #2

IN
IN

OUT
OUT

Switch #4

Output amplifier 
(drain or collector)
Transimpedance for 
HEMT & HBT

General 
configuration

HP5182

Biasing system (on battery) Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Switch #6

Input amplifier 
(gate or base)
Transimpedance for HEMT 
Transimpedance or Voltage for HBT 
(according to ZIN vs bias) 
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LOW FREQUENCY NOISE
MEASUREMENTS:
In/Out + correlation

Rgain
calibration 
for Gain w/o DUT

White   
Noise  
source

Signal Analyser 
HP89410A

FFT

Switch #3

Switch #5

Switch #1
Switch #2

IN
IN

OUT
OUT

Switch #4

Output amplifier 
(drain or collector)
Transimpedance for 
HEMT & HBT

Gain calibration 
Input amplifier

Biasing system (on battery) 

Input amplifier 
(gate or base)
Transimpedance for HEMT 
Transimpedance or Voltage for HBT 
(according to ZIN vs bias) 

Home-made setup

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Switch #6
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Input amplifier 
(gate or base)
Transimpedance for HEMT 
Transimpedance or Voltage for HBT 
(according to ZIN vs bias) 

LOW FREQUENCY NOISE
MEASUREMENTS:
In/Out + correlation

Rgain
calibration 
for Gain w/o DUT

White   
Noise  
source

Signal Analyser 
HP89410A

FFT

NO DUT

Switch #3

Switch #5

Switch #1
Switch #2

IN
IN

OUT
OUT

Switch #4

Output amplifier 
(drain or collector)
Transimpedance for 
HEMT & HBT

Gain calibration 
Output amplifier

Biasing system (on battery) 

Home-made setup

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Switch #6
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LOW FREQUENCY NOISE
MEASUREMENTS:
In/Out + correlation

Rgain
calibration 
for Gain w/o DUT

White   
Noise  
source

Signal Analyser 
HP89410A

FFT

Switch #3

Switch #5

Switch #1
Switch #2

IN
IN

OUT
OUT

Switch #4

Output amplifier 
(drain or collector)
Transimpedance for 
HEMT & HBT

SIIN DUT 
measurement

Biasing system (on battery) 

HP5182

Home-made setup

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Floating Switch #6

Input amplifier 
(gate or base)
Transimpedance for HEMT 
Transimpedance or Voltage for HBT 
(according to ZIN vs bias) 

HBT
or 

FET
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LOW FREQUENCY NOISE
MEASUREMENTS:
In/Out + correlation

Home-made setup

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

SIOUT DUT 
measurement

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

Rgain
calibration 
for Gain w/o DUT

White   
Noise  
source

Signal Analyser 
HP89410A

FFT

Switch #3

Switch #5
Switch #2

IN
IN

OUT
OUT

Switch #4

Output amplifier 
(drain or collector)
Transimpedance for 
HEMT & HBT

Biasing system (on battery) 

HP5182

Switch #1 HBT
or 

FET

Floating Switch #6

Input amplifier 
(gate or base)
Transimpedance for HEMT 
Transimpedance or Voltage for HBT 
(according to ZIN vs bias) 



40

SW1 SW2 SW3 SW4 SW5 SW6 SW7
Depending on 
configuration

SW8
Depending on 
configuration

Chain noise & gain ○ ○ ○ ○ ○ floating ❼ ❽

Conversion gain of Input 
transimpedance GT_IN

❶ ○ ❸ ❹ ❺ ❻ ❼ ○

Conversion gain of Output 
transimpedance GT_OUT

○ ❷ ❸ ○ floating ○ ○ ○

SI-IN TA measurement ❶ ❷ ○ ❹ ❺ floating ❼ ❽

SI-OUT TA measurement ○ ❷ ○ ❹ ○ floating ○ ○
SI-IN,I-OUT* cross-correlation
measurement

❶ ❷ ○ ○ ○ floating ○ ○

Switch
Meas. config.

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

Nota : two more switches can be added to improve meas. on INPUT 
(between SW1 and Input amplifier-mainly Transimpedance) :
using a transformer and a buffer amplifier. Lower input impedance as 

seen by the device at its input !
THIS ALLOWS FOR Siout and Correlation measurement

LOW FREQUENCY NOISE 
MEASUREMENTS:
In/Out + correlation

Switches configurations
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LFN EXPERIMENTAL SETUPS: many solutions to perform LFN 
and Impedance Measurement for noise correction

Also cf. to Integrated Method for Impedance and Low Frequency  Noise Measurements, 
G. Giusi, G. Scandurra and C. Ciofi IEEE Instrumentation and Measurement Society

Integrated method for LFN and Impedance Measurements (IMs) 
IMs are performed by means of cross-correlation LFN measurements. 
Three-channel measurement system for the automatic DC, Gate or Drain low frequency noise, and 
impedance characterization of electron devices

Used to generate
a noise current
accross Z DUT

Correlation between the noise current from NVS (channel A) 
and the applied noise source (channel B) is used to calculate Z

By taking the cross-spectrum SAB between xA and xB, 
and auto spectrum SBB from channel B (Noise Voltage 
Source)

NVS is selected to 
be noisier than en,B

Input connected to 
ground during LFN meas.

As low as possible to improve
detectivity for LFN meas.

LFN measurement
on chanel A

Ref: Giusi, IEEE International Instrumentation and Measurement Technology Conference (I2MTC), 2017

Nota : correlation of 
In/out LFN sources are 
not accounted for here
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Rfeedback

Cfeedback

-
+

D.U.T

Dipole
or 

Transistor +
- Vbias

collector or drain

AC

Cd

DC

AC input

DC input

X20

amplifier Acquisition 
card

Software 
and data 
analysis

,=𝑺𝑽ష𝑫𝑼𝑻

𝑹𝒇
𝟐






Current to voltage
converter

Acquisition 
card

Extraction 
algorithm

V=Rf . I

Vbias
base or gate Transistor

D.U.T

+
-

NOISYS description
(simplified schematic)

 Programmable Gain from 1 x 10³ to 1 x 108 V/A
 Bandwith DC / 1 Hz… 500 kHz
 Two Programmable Voltage Outputs for Biasing

Equ. Input Noise Voltage : 4 nV / Hz ( @ 100 Hz )
Input Bias Current : 1 pA typ. ( maximum 3 pA )
Output Voltage: ± 10 V ( @ 10 k Load )
Output Voltage for Biasing ± 5 V ( 0.1% Precision )
Output Impedance : 50 Ref: http://www.synergie-concept.fr/index_fichiers/Page1212.htm

ூି 𝑰ି𝑫𝑼𝑻




ିିௗ


ଶூି

𝑽ି𝑫𝑼𝑻

𝒇
𝟐





ିିௗ


ଶ

Noise of the Acquisition card :
𝑆ିିௗ = 2.10-16 V²/Hz

i.e. VCA =4,5nV/Hz1/2 Sensitivity (gain selector) A/V

System (measured)

Thermal noise Rf

Acquisition Card

Ref : From C. Wulles, Univ. Grenoble
Ph.D. graduate, 2023

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
NOISYS from Synergie-Concept
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What is said by Keysight
 LNA for better sensitivity in low 
current biasing conditions
 High power device noise 
measurement even in the high current 
like 1A (wide bandgap technologies at 
open channel operating modes)

DCP-HTR Series Probe 
DCP 100 Series Probe

- Grounded probes closer to the device (limit ground loops from EMI/FRI)  
(GSG for RF devices for example, or dedicated probes with 1 contact)

- Shielded Environment Faraday or Probe station  FormFactor’s CM300xi-
ULN probe station to addresse these measurements with low noise floor 
level (-190 dBVrms/Hz0,5 spectral noise)

Ref: https://www.formfactor.com/applications/semiconductor-r-d-test/low-frequency-noise/

E4727B Advanced Low-Frequency Noise Analyzer

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727B from Keysight

Ref: htts://www.keysight.com/us/en/product/E4727B/e4727b-advanced-low-frequency-noise-analyzer.html
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DC

Noise

DC

Noise

SG

Module de Grille (Input Module)

SMU1
(IN)

GRILLE

RF
AMP

Analyzer
(Digitizer)

SMU2
(IN)

DC

Noise

SOURCE

DRAIN

CAMP

VAMP

VA

CA

DC

Noise

VA

CA

RLOAD

Module de Drain (Output Module)

Substrat Module
SMU3

(IN)

BG

RSOURCE

Test
set

DUT

E4727A or B Advanced Low-Frequency Noise Analyzer

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A or B from Keysight

- LFNA as it is ! Commercialized version
- Development for Extended measurements – limits and confidence interval - studies by LAAS-CNRS
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Noise voltage 
DUT

Keysight Equation – V-AMP

With modified equations (consideration of all noise sources of the setup)
Calibration using a large set of Resistors and Diodes

SMU2
(IN)Noise

SOURCE

DRAIN

AMP Analyzer
(Digitizer)

VAMP
Noise

RLOAD

Drain module (Output Module)

Test
set

VA

VA

irSir

vrSvr

𝒗𝑴𝑬𝑨𝑺𝒗𝑴𝑬𝑨𝑺

𝑺𝒗𝒓 𝑽𝟐/𝑯𝒛 =
𝑵𝑽𝑴𝑬𝑨𝑺 𝑽/ 𝑯𝒛

𝑮𝑽𝑽𝑨𝑴𝑷

𝟐

− 𝟒𝒌𝑻𝑹𝑳𝑶𝑨𝑫 ȉ

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝟏𝑴

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝟏𝑴

+ 𝑹𝑳𝑶𝑨𝑫

𝟐

− 𝟒𝒌𝑻 ȉ 𝟏𝑴 ȉ

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝑹𝑳𝑶𝑨𝑫

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝑹𝑳𝑶𝑨𝑫

+ 𝟏𝑴

𝟐

𝒓𝑫𝑼𝑻 +
𝟏

𝟏
𝑹𝑳𝑶𝑨𝑫

+
𝟏

𝟏𝑴
𝟏

𝟏
𝑹𝑳𝑶𝑨𝑫

+
𝟏

𝟏𝑴

𝟐

rDUT

E1/f

RLOAD

ELOAD

1MΩ
(VAMP)

E1MΩ

+

−

Noisy resistor
DUT

for calibrating
SI=4kT/RDUT

Frequency (Hz)

Thermal noise of a R=200 W resistance

S V
R

(d
BV

²/H
z)

All the considered noise sources are thermal noise

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS



46

rDUT

E1/f

RLOAD

ELOAD

1MΩ
(VAMP)

E1MΩ

+

−

𝒆𝒕 and 𝒊𝒕 : noise sources voltage/current for VAMP
𝒆𝑹 et 𝒆𝑳𝑶𝑨𝑫 : voltage noise sources for the noisy resistors RDUT and  RLOAD

𝒆𝑳𝑷𝑭 : voltage noise source for the resistor of the LPF

Noisy resistor
DUT

for calibrating
SI=4kT/RDUT

With modified equations (consideration of all noise sources of the setup)
Calibration using a large set of Resistors and Diodes

RDUT

eR

RLOAD

eLOAD

1MΩ

et+

−

RLPF

CLPF

eLPF

it

CVAMP

VAMP_IN

LPF

Noisy 
resistor
LOAD

Noisy 
resistor

DUT
For 

calibrating

Keysight equivalent model Our complete chain representation using VAMP with noise sources at the input, 
and with RDUT

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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Keysight equivalent model

Our complete chain representation using VAMP with noise sources at the input, and with RDUT

𝑺𝒗𝒓 𝑽𝟐/𝑯𝒛 =
𝑵𝑽𝑴𝑬𝑨𝑺 𝑽/ 𝑯𝒛

𝑮𝑽𝑽𝑨𝑴𝑷

𝟐

− 𝟒𝒌𝑻𝑹𝑳𝑶𝑨𝑫 ȉ

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝟏𝑴

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝟏𝑴

+ 𝑹𝑳𝑶𝑨𝑫

𝟐

− 𝟒𝒌𝑻 ȉ 𝟏𝑴 ȉ

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝑹𝑳𝑶𝑨𝑫

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝑹𝑳𝑶𝑨𝑫

+ 𝟏𝑴

𝟐

𝒓𝑫𝑼𝑻 +
𝟏

𝟏
𝑹𝑳𝑶𝑨𝑫

+
𝟏

𝟏𝑴
𝟏

𝟏
𝑹𝑳𝑶𝑨𝑫

+
𝟏

𝟏𝑴

𝟐

𝑺𝒗𝒓

𝑽𝟐

𝑯𝒛
=

൦
𝑵𝒗𝒎𝒆𝒂𝒔

𝟐 𝑽𝟐

𝑯𝒛

𝑮𝒗
𝟐

ȉ 𝟏 +
𝟏

|𝒁𝒊𝒏|
ȉ

𝑹𝑳𝒐𝒂𝒅 ȉ |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝟐

− (𝒆𝑹𝑳𝒐𝒂𝒅
𝟐 + 𝒆𝑺𝑴𝑼

𝟐 ) ȉ
|𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝟐

       − 𝒆𝒗
𝟐 − 𝒊𝒗

𝟐 ȉ
𝑹𝑳𝒐𝒂𝒅 ȉ |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝟐

− 𝟐𝑹𝒆 𝒆𝒗 ȉ 𝒊𝒗
∗ ȉ

𝑹𝑳𝒐𝒂𝒅 ȉ |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|
൩ ȉ

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅

𝟐

With modified equations (consideration of all noise sources of the setup)
Calibration a large set of Resistors and Diodes

VAMP noise sources should be determined for VAMP configuration (also with 𝒗 𝒗
∗ )

Noise sources of SMU can be managed with Rload configuration in a certain limit ( 𝑳𝒐𝒂𝒅 >> 𝑫𝑼𝑻 )

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration a large set of Resistors and Diodes

𝑺𝒗𝒓

𝑽𝟐

𝑯𝒛
=

൦
𝑵𝒗𝒎𝒆𝒂𝒔

𝟐 𝑽𝟐

𝑯𝒛

𝑮𝒗
𝟐

ȉ 𝟏 +
𝟏

|𝒁𝒊𝒏|
ȉ

𝑹𝑳𝒐𝒂𝒅 ȉ |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝟐

− (𝒆𝑹𝑳𝒐𝒂𝒅
𝟐 + 𝒆𝑺𝑴𝑼

𝟐 ) ȉ
|𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝟐

       − 𝒆𝒗
𝟐 − 𝒊𝒗

𝟐 ȉ
𝑹𝑳𝒐𝒂𝒅 ȉ |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝟐

− 𝟐𝑹𝒆 𝒆𝒗 ȉ 𝒊𝒗
∗ ȉ

𝑹𝑳𝒐𝒂𝒅 ȉ |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|
൩ ȉ

𝑹𝑳𝒐𝒂𝒅 + |𝒁𝑫𝑼𝑻|

𝑹𝑳𝒐𝒂𝒅

𝟐

Our full equation :

Integrated formula : LFNA from Keysight 𝑺𝒗𝒓 𝑽𝟐/𝑯𝒛 =
𝑵𝑽𝑴𝑬𝑨𝑺 𝑽/ 𝑯𝒛

𝑮𝑽𝑽𝑨𝑴𝑷

𝟐

− 𝟒𝒌𝑻𝑹𝑳𝒐𝒂𝒅 ȉ

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝟏𝑴

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝟏𝑴

+ 𝑹𝑳𝒐𝒂𝒅

𝟐

− 𝟒𝒌𝑻 ȉ 𝟏𝑴 ȉ

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝑹𝑳𝑶𝑨𝑫

𝟏
𝟏

𝒓𝑫𝑼𝑻
+

𝟏
𝑹𝑳𝑶𝑨𝑫

+ 𝟏𝑴

𝟐

𝒓𝑫𝑼𝑻 +
𝟏

𝟏
𝑹𝑳𝒐𝒂𝒅

+
𝟏

𝟏𝑴
𝟏

𝟏
𝑹𝑳𝒐𝒂𝒅

+
𝟏

𝟏𝑴

𝟐

Correction for V-AMP

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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𝑺𝒊𝑫𝑼𝑻

𝑨𝟐

𝑯𝒛
=

𝑵𝒗𝒎𝒆𝒂𝒔
𝟐 𝑽𝟐

𝑯𝒛

𝑹𝒇
𝟐

ȉ
𝒁𝒊𝒏 + 𝒁𝑫𝑼𝑻

𝒁𝑫𝑼𝑻

𝟐

−
𝒆𝑺𝑴𝑼

𝟐

𝒁𝑫𝑼𝑻
𝟐

− 𝒊𝑨
𝟐 −

𝒆𝑨
𝟐

𝒁𝑫𝑼𝑻
𝟐

− 𝟐𝑹𝒆 𝒊𝑨
∗ ȉ

𝒆𝑨

𝒁𝑫𝑼𝑻

With modified equations (consideration of all noise sources of the setup)
Calibration a large set of Resistors and Diodes

Our full equation :

Integrated formula : LFNA from Keysight

Correction for C-AMP

𝑺𝒊𝒂 𝑨𝟐/𝑯𝒛 =
𝑵𝒗𝒎𝒆𝒂𝒔

𝟐 𝑽ଶ/𝑯𝒛

𝑹𝒇
𝟐

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration of noise sources of V-AMP and C-AMP (needed for the extraction of the DUT noise source)
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Voltage noise source characterization for
VAMP-ULF,  VAMP-LF & VAMP-HF
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Comparison of current noise of 
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Current noise source characterization for
CAMP-LF,  CAMP-ULF
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Open Circuit
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ea

eSMU
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CAMP

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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Interval of confidence for LFN measurements with E4727A

Calibration for thermal noise versus R,bias for V-AMP configurations

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS

Sv
r(

dB
V²

/H
z)

Frequency (Hz)

Noise floor Svr-theoretical = 4kTR
Noise floor Svr-theoretical = 4kTR Noise floor Svr-theoretical = 4kTR

V-AMP-ULF: thermal noise for I=140 µA

V-AMP-ULF: thermal noise (R=1 kW) V-AMP-LF: thermal noise (R=1 kW) V-AMP-HF: thermal noise (R=1 kW)

Sv
r(

dB
V²

/H
z)

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Sv
r(

dB
V²

/H
z)

Sv
r(

dB
V²

/H
z)

definition of a reliable data exploitation zone 
with template(Df, noise floor) : 

Detection limit and DUT biasing impact on 
data post-processing
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Interval of confidence for LFN measurements with E4727A

Example for V-AMP LF configuration

-measurements made with 2 SMUs : HP4142 and HP4156C
-Resistance ranging from 100W, 470W,…, 100kW, 470kW, 1MW
- 2 Diodes : PH4148 & 1N 4007
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Setup VAMP-ULF               
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0,01 1 100 10000
S

vr
(d

B
V

²/
H

z)
Frequency (Hz)

Setup VAMP-ULF - RDUT 1kW and 
bias current variable

Set  the interpretable and reliable measurement limits

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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Interval of confidence for LFN measurements with E4727A

Example for V-AMP LF configuration

-measurements made with 2 SMUs : HP4142 and HP4156C
-Resistance ranging from 100W, 470W,…, 100kW, 470kW, 1MW
- 2 Diodes : PH4148 & 1N 4007
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-100

-80
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-40

-20

0,01 1 100 10000

S
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V
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Setup VAMP-ULF               

Set  the interpretable and reliable measurement limits

Interval of 
confidence for 

R=1kW and 
I=10µA

LFN EXPERIMENTAL SETUPS: a large variety of solutions 
E4727A from Keysight – with developments at LAAS
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x

FET, HBT (BJT), Diode, circuit (depending on RF-DC decoupling)

1 Hz

100 MHz

Windows – C++

GP-IB interface

Home made setup LAAS-CNRS
(batteries)

3
Limited by batteries (60 V) - SMUs can be used with degraded perf.

250  mA
SI : typ 1E -24 A²/Hz, down to 2E -28 A²/Hz  

1 Hz – 100 MHz

FFT on with Signal Analyzer (Takeda

According to 
the gain of 
each V or I 
amplifier 
(feedback)

Noise floor must be carefully interpreted ! This is without DUT / biasing systems

SI
SV : typ 1E -17 V²/Hz
Downto 1E-19V²/Hz

LFN EXPERIMENTAL SETUPS: a large variety of solutions from
home-made to commercial solutions

SRS preamplifier SR570 gives SI as low as 25 10-30 A²/Hz (limited to 1-60 Hz bandwidth!)



55

 ELECTRONIC NOISE: in France and at LAAS-CNRS

 LOW FREQUENCY NOISE (LFN) : metrological niche ? Not only !

 LFN EXPERIMENTAL SETUPS: a large variety of solutions from home-made to 

commercial solutions

 APPLICATIONS OF LFN MEASUREMENTS : defect detection, reliability analysis, 

non-linear RF circuit design (VCOs, Mixers).

OUTLINE



56

 Emerging Technologies / Defect detection & Reliability Analysis

 LFN for non-linear RF circuit design (VCOs, Mixers).

#1 : Noise Theory, is there some new ‘hot’ topics ?

#2 :Defect Detection for Technological development (TRL 2-4) 

#3 : Failure Analysis in RF Devices (TRL 3-7)

#4 : Failure Analysis in RF Devices (part 2)

APPLICATIONS OF LFN MEASUREMENTS 
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J.G Tartarin,

Professeur Université de Toulouse III

Electrical improvement by frequency & power increase
various technologies (III-V, SiGe, GaN, ...) 
various active devices (HBT, LDMOS, MESFET, HEMT, m/pHEMT, FinFET, nanoFET…) 

NOISE REVEALS EVENTS (DEFECTS) THAT :

-SET THE LIMIT OF ELECTRICAL PERF.
-REVEAL WEAKNESSES OF A DEVICE

MEASUREMENTS TOOLS 

NON-INVASIVE DETECTION TOOLS OF 
MICROSCOPIC DEFECTS

STARTING POINT OF OUR STUDIES ! 
… and opportunities to play with the 
latest technologies !

EMERGING TECHNOLOGIES / DEFECT DETECTION / RELIABILITY
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J.G Tartarin,

Professeur Université de Toulouse III

Electrical improvement by frequency & power increase
various technologies (III-V, SiGe, GaN, ...) 
various active devices (HBT, LDMOS, MESFET, HEMT, m/pHEMT, FinFET, nanoFET…) 

NOISE REVEALS EVENTS (DEFECTS) THAT :

-SET THE LIMIT OF ELECTRICAL PERF.
-REVEAL WEAKNESSES OF A DEVICE

MEASUREMENTS TOOLS 

NON-INVASIVE DETECTION TOOLS OF 
MICROSCOPIC DEFECTS

STARTING POINT OF OUR STUDIES ! 
… and opportunities to play with the 
latest technologies !

BLIND TEST ON TECHNOLOGY

EMERGING TECHNOLOGIES / DEFECT DETECTION / RELIABILITY
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Shot noise is massively used for noise design in (complex) solid state 
devices, and very easy to formulate if frequency is not very high

Id increases 
from 

10µA to 10mA 

Id

Nota: graphics are not extracted from measurements in this slide

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory
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Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019
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…and once 1/f contributor is corrected, the plateau matches with theory

Id

Nota: graphics are not extracted from measurements in this slide

SI-shot= 2qId
related freq. band

Generalized Van der Ziel’s expression
Sid= 4.k.T/Rd - 2qId = 2qId if using constant Rd

G=1/Rd ??

Id increases 
from 

10µA to 10mA 

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory
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Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019
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2N2222 Rd=1,61MW Id=0,67 µA
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ffu
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Before 1/f removal
After 1/f correction

Here 1/f has 
no impact 

over 200 Hz 
and 

disappears at 
lower 

current (as in 
our study 

case)

1,0

𝐢𝐝

𝐝
= 2.Ut.G/Id – 1 = 1 @ LF

G=1/Rd ??

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory

…and once 1/f contributor is corrected, the plateau matches with theory
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Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019

But under specific very low biasing conditions, an enhancement occurs 
vs frequency ! Using the normalized form

Nota: saturation current 
is considered as in 

Van der Ziel’ expression

0
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  n
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2N2222 transistor - EB junction

Id increases

Frequency (Hz)

d.c current of 0.18 nA, 
1.2 nA, 6 nA, 12 nA, 

27 nA,  100 nA

1

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory
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Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019

Evolution of the plateau magnitude and corner frequency with Id

d.c current of 
0.18 nA, 1.2 
nA, 6 nA, 12 

nA, 
27 nA,  100 nA

d.c current of 
0.54 nA, 2.6 nA, 

7,7 nA, 103 nA, 669 nA

d.c current of 0.46 nA, 
0.63 nA, 1.2 nA, 6.2 
nA

𝒊

𝒅

S ୟୢୢ = 4kTRୟୢୢ

S୧ ୟୢୢ = 4kT/Rୟୢୢ

A noise model can be developed 
to satisfy the LFN measurements
with noisy Radd in parallel with Cadd

Measurement of various diodes; model of the noise floor enhancement phenomenon

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory
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Expression of Si

୧ ୧ୢ
ୟୢୢ

ଶ
୧ ୟୢୢ

ୟୢୢ ୟୢୢ
ଶ

୧ ୧ୢ ୧ ୟୢୢ ୧ୢ ୟୢୢ

୧ ୧ୢ

Radd is noisy and associated in a serial representation with Cadd
So Radd-Cadd cannot be attributed to a (deep) trap phenomenon (Veddel 1997, Jensen 2006)

Measurement of various diodes; model of the noise floor enhancement phenomenon

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019

S ୟୢୢ = 4kTRୟୢୢ

S୧ ୟୢୢ = 4kT/Rୟୢୢ

A noise model can be developed 
to satisfy the LFN measurements
with noisy Radd in parallel with Cadd
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Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019

This model is fully compatible with the Van Der Ziel expression

R(f) stands for the frequency behavior of the Rd, Cd, Radd, Cadd network
But is not used neither in the CAD soft. (noise models of diodes), nor in the usual 
models (-it was not necessary to use it till then-) where Sid =2qId applies

Generalized Van der Ziel’s expression
SI(f)= 4.k.T./R(f) - 2qId

G(f)=1 / R(f)

Van der Ziel This study

#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory

This model allowed interpretation about such signature: 
consistent with impedance(freq) spectroscopy with temperature
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Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019

1 1

Experimental setups and measurement validation
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#1 : Noise Theory (part 1)
Evidence of the noise floor enhancement:  deviation from the Schottky theory
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Ref: Tartarin, IEEE ICNF 2015

#1 : Noise Theory (part 2)
GR centers for traps spectroscopy: energy and location of traps
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• Gate access : charges distribution under the gated zone affects IDS (and IGS)
• Transient and harmonic evaluation of charges , GR centers and RTN (not discussed here).

LFN on gate terminal: the command of the HEMT GaN high frequency transistors
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#1 : Noise Theory (part 2)
GR centers for traps spectroscopy: energy and location of traps

• GR centers tracking : identification of bias dependant time constants ranging between 10 µs 
and 10 ms (also using C-V measurements to extract E-field)
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(s

)
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ଷ

 ௦

Here evidencing Poole-Frenkel effect
with dependency

S୍ୋ = 
A୧τ୧

1 + (2πfτ୧)
ଶ

୬

୧ୀଵ

+ 
B୨ Arctg 2πfτ୨ଵ − Arctg(2πfτ୨)

fLn(τ୨ଵ τ୨⁄ )

୫

୨ୀଵ

LFN on gate terminal : the command of the HEMT GaN high frequency transistors
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#1 : Noise Theory (part 2)
GR centers for traps spectroscopy: energy and location of traps

LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?
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SID/ID decreases when IDS increases
 monotoneous behaviorNeither a 1/f trend, nor 1/fg frequency dependency

• SID vs VGS and VDS also reveals the presence of distributed GR centers : which impact ? 



70

#1 : Noise Theory (part 2)
GR centers for traps spectroscopy: energy and location of traps

LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?

• SID vs VGS and VDS also reveals the presence of distributed GR centers : which impact ? 
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VGS ‘near pinch-off’
IDS ≈ 0

case #1

case #1

SID increases when IDS increases
But SID/ID decreases (effects of ‘defects’ on carriers in the 2DEG are less effective !)

WHY ?

e-

EFi

EC
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#1 : Noise Theory (part 2)
GR centers for traps spectroscopy: energy and location of traps

LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?

• SID vs VGS and VDS also reveals the presence of distributed GR centers : which impact ? 
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VGS ‘open channel’
IDS ≈ IDSS

VGS ‘near pinch-off’
IDS ≈ 0

Large number of traps at the 
interlayer interface (distributed GR)
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Traps are less sensitive when ni
distribution is more in the ‘bulk’ of GaN
under open channel conditions (case #2)

VGS : Vth0V
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Ref: Tartarin, Fluctuation And Noise 2004

#2 : Defect Detection
Index factor 1/fg and anomalies in conduction path

First generation of GaN HEMTs: Thales Research Technologies

Also strongly 
noticeable by LFN 

measurements
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The carriers 
can’t go through 
this thin layer…

what is 
their 
path?

GaN

AlGaN

GateSource Drain

Sapphire substrate

Quantum well

Defect?
Independant from VGS

SCR

GaN

AlGaN

GateSource Drain

Sapphire substrate

Quantum well

Defect?
Independant from VGS

SCR

Techn. anomaly ?
Independent of VGSEuropean funding ESA AO/1-3916/01/NL/CK 

@1 kHz
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Ref: Tartarin, Fluctuation And Noise 2004

First generation of GaN HEMTs: Thales Research Technologies

European funding ESA AO/1-3916/01/NL/CK 

Index factor g (1/fg) lower than 1 (noticed for the first time)
Study on mechanisms of conduction in parallel layers

#2 : Defect Detection
Index factor 1/fg and anomalies in conduction path
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GaN

Al                  GaN

Gate Drain

Substrate (Sapphire)

2DEG

Z.C.E

1

2 & 3

e- path

Ohmic Contact Interface Layer
highly resistive Ga+

(+ TiN formation)

Models developped with TCAD software
 Process correction 

Ref: Tartarin, Fluctuation And Noise 2004
European funding ESA AO/1-3916/01/NL/CK 

Example for LFN for defect detection and technological development
Also used for HBT (GaInP/GaAs, GaAlAs/GaAs, SiGe, CMOS…), and FET (GaN HEMT) 

3 European Programs and 10 National Programs
Cooperations with foundries from the United States, Canada and Taiwan

#2 : Defect Detection
Index factor 1/fg and anomalies in conduction path
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First generation of GaN HEMTs: Thales Research Technologies
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#2 : Defect Detection
Index factor 1/fg and anomalies in conduction path
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GATE

GaN (1.7 µm)

2DEG (few nm)

SOURCE DRAIN

Al0,235Ga0,765N (22nm)

SixNy SixNy (50 nm)

GaN cap
(3 nm)

Nucleation layers

SiC substrate

0,8 µm 1,7 µm
0,25 µm

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020

STRESSED DEVICES :
- 105 h HTOL  8 stressed devices at 175 °C

ambient temperature (Tj=320°C) and under
VDS=30V, IDS=180mA/mm. 2 witness devices.

- 1000 h HTRB  3 stressed devices at a junction
temperature of 200 °C (quiescent biasing point:
VDS=30 V, VGS=Vpinchoff). 3 virgin devices.

> GaN HEMT structure

Process during development phase (Now qualified & commercially available) 

> The devices feature 8 gate fingers  of

125 µm width (gate length 0.25 µm)  grown 

on SiC substrate, and with 25%  of Al content.

#3 : Failure Analysis in RF Devices

ANR Funding, French DoD funding
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IDS current constant (VGS constant)  vs variable electrical field
Drain-source electrical field constant vs variable electron density (VGS variable)
Mixed biasing : constant VDS (variable VDG and VGS – thus IDS)

#3 : Failure Analysis in RF Devices

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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● Vth also depends on the sweeping conditions for VGS  (increasing/decreasing VGS)

HTOL

Virgin

Thermal characterization: Vth drift (increasing and  decreasing VGS sweeps)

#3 : Failure Analysis in RF Devices

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

● LFN & RTN characterizations on Drain and Gate ports

Presence of traps in the 2DEG but no major influence of the HTOL stress on their evolution

#3 : Failure Analysis in RF Devices

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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Activation of traps (normalized spectral density) in the 2DEG with electrical field distribution G-D (& G-S)
BUT no major difference between VIRGIN & STRESSED devices 

V
D

S
c

st

VGS cst

IDS current constant (VGS constant)  vs variable electrical field
Drain-source electrical field constant vs variable electron density (VGS variable)
Mixed biasing : constant VDS (variable VDG and VGS – thus IDS)

Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

● LFN & RTN characterizations on Drain and Gate ports

#3 : Failure Analysis in RF Devices

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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#3 : Failure Analysis in RF Devices

Normalized  SIG LFN spectral density features almost stable signature on VIRGIN devices vs VGS

Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices).

● LFN & RTN characterizations on Drain and Gate ports

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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Normalized  SIG LFN spectral density features scattered signature on STRESSED devices vs VGS
Evidence of new traps activated on the G-S path, with various act. mode (diode/transistor)

#3 : Failure Analysis in RF Devices

Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

● LFN & RTN characterizations on Drain and Gate ports

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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RTN time constants (noise corner frequency) delimitation between VIRGIN and STRESSED devices

#3 : Failure Analysis in RF Devices

Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

● LFN & RTN characterizations on Drain and Gate ports

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
ANR Funding, French DoD funding
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#3 : Failure Analysis in RF Devices

ANR Funding, French DoD funding

Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.)

passivated 
Interface 
and border
donor-
traps

Ionized 
Interface 
and border
donor-
traps

Increasing VGS from -6V to +3V:
Donor are ionized (ND

+) at very low VGS. These positive charges  act as an internal generator which field is 
opposite to the applied voltage VGS , and Vth-incr. > Vth-decr. (thus ni-incr. < ni-decr. ), till Vth-incr. . When the 2DEG starts 
to conduct electrons,  ionized donor-traps recombine with electrons from the 2DEG (few electrons that do not 
change ni), and become passivated. The internal generator disappears and Vth changes to a lower value as for 
the decreasing sweep)

0
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I D
S

(A
)

VGS (V)

VGS increase

1
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Temperature 175K

DVth EC
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EFi

EF

1

2

Decreasing VGS 

Increasing VGS

AlGaN GaNDecreasing VGS from +3V to -6V:
Donor remain passivated till the 2DEG is 
fully depleted 
 Vth-decr. is not modified during VGS sweep  

(so ni-decr. in the 2DEG)

Donor becomes ionized under reverse VGS !

1

2

donor-traps are passivated at positive VGS

donor-traps are ionized at very negative VGS

EF
Vth-decrease Vth-increase

EF

@ reverse VGS, 
donors are ionized

DVth=0,1V @ 200 K
DVth=0,5 @ 100 K

VGS

Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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#4 : Failure Analysis in RF Devices –Case of study 2

ANR Funding, French DoD funding

HTRB stress @
VGS=-7V
VDS=50V
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²/

H
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Frequency (Hz)

Virgin device

HTRB stressed devices

▶ CASE STUDY: AlGaN/GaN GH50 & GH25-10 (UMS) under HTRB stresses

Leakage current as marker of failure events ! Sig also gives a finest signature of carrier’s path/interactions 
in the control zone and lateral/vertical leakage zones 

Ref: Int. Conference on Noise and Fluctuation (ICNF) 2011, Toronto, invited paper

-diode alone

-transistor mode
Ref : Tartarin et al. IEEE ICNF 2017noise spectroscopy
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#4 : Failure Analysis in RF Devices –Case of study 2

ANR Funding, French DoD funding

▶ CASE STUDY: AlGaN/GaN GH50 & GH25-10 (UMS) under HTRB stresses

Ref: Tartarin, invited paper IEEE ICNF 2010
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(#Leaky and #NonLeaky) 

dim.  0,5x4x400µm²

-diode alone

-transistor (saturated) mode

i.e. same leakage mechanisms, same defects in 
Transistor and Diode biasing mode

SIG/IG1.7

-diode alone

-transistor mode
Ref : Tartarin et al. IEEE ICNF 2017noise spectroscopy
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#4 : Failure Analysis in RF Devices –Case of study 2

ANR Funding, French DoD funding

▶ CASE STUDY: AlGaN/GaN GH50 & GH25-10 (UMS) under HTRB stresses

noise spectroscopy

Ref: Int. Conference on Noise and Fluctuation (ICNF) 2011, Toronto, invited paper
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► The magnitude of SID x frequency is constant
► Extraction of GR1 and GR2 from each GR ‘bulge’ (T°) 
► Extraction of EA from Arrhenius plots

Ref : Soubercaze IEEE MTTS 2006
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 Emerging Technologies / Defect detection & Reliability Analysis

 LFN for non-linear RF circuit design (VCOs, Mixers).

APPLICATIONS OF LFN MEASUREMENTS 

- LFN for Sampling Phase Detectors

- LFN conversion for Low Phase Noise Frequency Synthetizers (VCOs)
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LFN conversion for Sampling Phase Detectors

Low phase noise systems

Heterogen systems, with embedded RF and Optic carriers, 
and/or digital / analog functions, 
and/or high number of harmonics or non-linearities
and/or  new generation/high performances (reliable ?) devices
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OCXO Measured Noise,
then Multiplied up to 1.7 GHz

Global Noise Simulated 1.7GHz

Measurement 1.7 GHz

SRD Simulated Additive Noise 1.7GHz
Example : Noise simulation 

around harmonic 17th

of a sampling phase detector

Ref: Proc. of the 2009 European Microwave Conf., Rome, 
oct. 2009, pp. 480-483, J. Graffeuil. 

Ref: Cyclostationary shot noise measurements in RF Schottky 
barrier diode detectors, IEEE Electron Devices Letters, Vol.31, 
N°1, pp.74-76, Janvier 2010. 
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PLL 20 GHz, Tournier-Tartarin

10GHz VCO with divider, Wong-Tartarin

LFN conversion for Low Phase Noise Freq. Synth.
(BiCMOS and GaN HEMT VCOs)

10GHz Hybrid GaN oscillators
Soubercaze-Tartarin
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LFN conversion for Low Phase Noise Freq. Synth.
(BiCMOS and GaN HEMT VCOs)

Ref: Tartarin, invited talk, Univ. Of Chalmers, 2014
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LFN conversion for Low Phase Noise Freq. Synth.
(BiCMOS and GaN HEMT VCOs)

Design of low phase noise VCOs on BiCMOS technology (ST microelectronics)
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Ref: Tartarin, invited talk, Univ. Of Chalmers, 2014
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LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS

First Fully integrated MMIC PLL @ 20 GHz

VCO

Divider

PFD

Filter

N
oi

se
 sp

ec
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al
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en
si

ty
  (

dB
c/

H
z)

Distance fm to the carrier (Hz) (SSB)

USO white noise floor

noise floor of the RF free oscillator

Synthesized source

some 10th Hz 1 kHz to 1 MHz Log (fm)

USO (ultra stable osc.)

Where to optimize 
(phase) noise in RF 

free oscillator?

Where to focus on 
model accuracy ?
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Ref: Ph. D. Thesis W. Wong, University of Toulouse, France, 2003

Design of low phase noise VCOs on BiCMOS technology (ST microelectronics)

a) b)

c) d)

- Device LFN modeling

- Analysis of noise conversion.

- Topology selection prior to design: 
according to which metrics or FoM?

- Design of the resonator (Q) and of the 
amplifier (LFN) : reflection or  transmission

- Measurement and refinement of the 
model (if necessary)

LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS
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All noise models were developed from our LFN measurement campaigns

SPICE model
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evolutive according to parallel partition 
of Ibc –imapct on correlation between
In-Out noise sources)

HBTs

LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS

SS model with associated LF noise sources
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Ref: Ph. D. Thesis L. Bary, University of Toulouse, France, 2001
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LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS

All noise models were developed from our LFN measurement campaigns

LAASr model
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MAPPING OF THE:
-biasing conditions
-sizing conditions

LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS

All noise models were developed from our LFN measurement campaigns
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Ref: Ph. D. Thesis W. Wong, University of Toulouse, France, 2003

Design of low phase noise VCOs on BiCMOS technology (ST microelectronics)

a) b)

c) d)

- Device LFN modeling

- Analysis of noise conversion.

- Topology selection prior to design: 
according to which metrics or FoM?

- Design of the resonator (Q) and of the 
amplifier (LFN) : reflection or  
transmission

- Measurement and refinement of the 
model (if necessary)
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Ref: Tartarin et al. Journal of MDPI, 2022, Evolution Trends and Paradigms of Low Noise Frequency Synthesis and Signal Conversion Using Silicon Technologies

LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS
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State of the Art of BiCMOS MMIC VCOs
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LFN conversion for Low Phase Noise Freq. Synth.
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Ref: Ph. D. Thesis W. Wong, University of Toulouse, France, 2003
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Ref: Tartarin et al. Journal of MDPI, 2022, Evolution Trends and Paradigms of Low Noise Frequency Synthesis and Signal Conversion Using Silicon Technologies

State of the Art of BiCMOS MMIC VCOs : 
HOW TO DEFINE IT ?    Figure of Merit
ACCORDING TO WHICH METRICS ?   real use conditions AND easy to figure it out

Leeson: the fundamental !
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Adding PDC. Not enough realistic
(lower PDC will lead to low output power, need
of buffer amplifier  residual phase noise)

ோி 




ଶ
௨௧



ோி&் 




ଶ ଶ
௨௧



Adding PRF. Not enough realistic (does not account for 
controlled oscillator Q factor largely impacts Leeson formula !

Adding Dtune & PRF. 
It seems quite realistic and not too elaborate

LFN conversion for Low Phase Noise Freq. Synth.
BiCMOS
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Ref: Tartarin et al. Journal of MDPI, 2022, Evolution Trends and Paradigms of Low Noise Frequency Synthesis and Signal Conversion Using Silicon Technologies
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Voltage Controlled Oscillator (9.2 GHz ) 
(Tartarin 2008)

Pout=23dBm
L(100kHz)= -92dBc/Hz
2.5% tuning around f0

Fixed Oscillator (10 GHz ) 
(Soubercaze 2006)

Pout=20dBm
L(100kHz)= -115dBc/Hz

Based on the same GaN HEMT chip:2x75µm gate width devices from Thales - TRT

LFN conversion for Low Phase Noise Freq. Synth.
GaN HEMT (VC)Os
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LFN conversion for Low Phase Noise Freq. Synth.
GaN HEMT (VC)Os

The LS, SS and Noise model was developed from our LFN measurement campaigns

Specific LS & SS model (multi-bias)
developed at LAAS-CNRS

Also with integrated LFN 
SIG, SID and correlation

S11

S22

S21

S12
Rmax=4

Rmax=0.4

S11

S22

S11

S22

S21

S12
Rmax=4

Rmax=0.4

S11

S22

S21

S12

Rmax=2.5

Rmax=0.25

S11

S22

S11

S22

S21

S12

Rmax=2.5

Rmax=0.25

S21

S12

Rmax=2.5

Rmax=0.25

S11

S22

S21

Rmax=4

S12

Rmax=0.4

S11

S22

S21

Rmax=4

S12

Rmax=0.4

-3V,10V0V,10V -4V,10V



108

LFN conversion for Low Phase Noise Freq. Synth.
GaN HEMT (VC)Os

 High output power(19 dBm), no buffer amplifier (Radar)
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LFN conversion for Low Phase Noise Freq. Synth.
GaN HEMT (VC)Os

GaN oscillators @ 10 GHz (till 2016) 

 State of the art

OCT fixed frequency
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LFN, Phase Noise, long term instabilities…
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Phase noise spectrum in harmonic
domain representation

Root-Allan variance plot in time 
domain representation

Ranging from some Hz to MHz

Short-long term stability : more than 1s 
(1Hz and under), to days-months…

drift, aging…
Phase noise, jitter

Frequency instabilities can be represented in harmonic domain or time domain

CONCLUSIONS & PERSPECTIVES
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Q1 JGT : How has low-frequency noise metrology been an 
accelerator in microelectronics research?

This was my first question for Chat GPT !!!

Low-frequency noise metrology has played a crucial role in microelectronics
research by providing insights into the behavior of electronic devices at a

fundamental level. It has helped researchers understand the origin and mechanisms of
low-frequency noise in semiconductor devices, leading to improvements in device
performance, reliability, and design. By characterizing and quantifying low-frequency
noise, researchers have been able to identify and address issues related to device
miniaturization, process variations, and material defects, ultimately driving advancements
in microelectronics technology. Additionally, low-frequency noise metrology has
contributed to the development of new materials, device structures, and fabrication
techniques, further accelerating progress in microelectronics research. For more in-depth
information on this topic, I recommend consulting specialized sources or experts in the field.

CONCLUSIONS & PERSPECTIVES
Lets ask Chap GPT !
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Low-frequency electronic noise has many potential applications in applied research
for the coming decades. It is used in fields such as spectroscopy, wireless

communication, weak signal detection, environmental monitoring and fundamental physics
research.

Q2 JGT : Tell me about Low Frequency electronic noise, for what use in 
applied research in the decades to come?

Additionally, it could be leveraged for emerging applications such as quantum
technology, biotechnology and quantum communications. However, for more detailed
information on this topic, I recommend consulting specialized sources or experts in the field.

This was my second question for Chat GPT !!!

For sure, if Chat GPT exists, and when it evolves in the future – it will 
be partly thanks to LFN studies on quantum electronics.

CONCLUSIONS & PERSPECTIVES
Lets ask Chap GPT !
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Time for questions
LAAS soft. 

for LFN spectra extraction 

LFN still in the race from low to high TRL contexts
(2/3-5)

- Case of study
- Physics and Theory
- Technology exploration

(6-8)
- Industry quality
- Device selection
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Reliability studies; example of an academic methodology 
and tools for non destructive defect analysis

LAAS soft. 
for LFN 
spectra extraction 

Extracted 
parameters

Measurement + model

1/f and GR contributors
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Tracking 1/f and GR centers (RTN ?) 
versus biasing and geometry with
NO IMPACT ON DEVICE INTEGRITY

Low Freq. Noise spectroscopy for the detection and tracking of defects –
degradation mechanisms
-SiGe HBT technologies Stmicro / IBM / SiGeMicrosystems
-GaN HEMT UMS GH50-GH25, TRT III-V Lab, IEMN, Ommic

LAAS : labelled by KEYSIGHT as European platform for LF Noise and RT Noise measurement


