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Abstract—We present a new methodology to discrim-
inate random telegraph noise (RTN) and flicker (1/f)
noise components from set-up noise. We illustrate it for
a strong RTN case (Alp/Ip ~ 30 %) measured on a 26 nm
gate length nMOS transistor. The approach is based
on high-accuracy time-domain measurements. An iter-
ative Schmitt trigger-like algorithm was developed to
properly identify and model the RTN and 1/f noise.
Statistical analysis allows to assess the accuracy of the
extraction. The power spectral densities (PSD) of the
different noise models accurately match the frequency
measurements.

I. INTRODUCTION

The minimal gate length transistors, favoured for the
design of digital integrated circuits, are very sensitive to all
types of variability. Among them, the low-frequency noise
(LFN), a time-dependent variability, has become a major
concern for the design of ultra-low power (ULP) circuits,
operating at downscaled supply voltage and hence at lower
signal-to-noise ratio (SNR).

One usual approach to characterize and model low-
frequency mnoise consists in measuring the noise power
spectral density (PSD) [1]-[3]. While requiring few post-
processing, this treats both random telegraph noise (RTN)
and flicker (1/f) noise sources together as "LFN”. Sepa-
ration of RTN and 1/f noise was performed in [4], but
the technique relied on rather complicated switched bias
conditions. The physical properties of RTN and related
traps are also widely studied from drain current time trace
measurements [5], [6].

However the very different relative impacts of RTN and
1/f noise components are rarely quantified and discussed
with regards to circuit applications, in terms of noise pow-
ers. This, in particular, relies on the rigorous realization,
processing and modelling of measurements of relevance
for circuit design, i.e. on minimal gate length transistors,
appropriate bias conditions, at ultra-low power, with a
very high accuracy in terms of time step and frequency
bandwidth. Our present work addresses this problem.

II. MEASUREMENT DETAILS

We have measured multiple short-channel nMOS tran-
sistors using a Keysight ALFNA noise analyzer [7]. One
transistor with W = 1pum and L = 26 nm, biased at fixed
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drain voltage Vps = 0.3V (in saturation) and normalized
drain current Ip/(W/L) = 1078 A (corresponding to the
weak inversion), was selected to illustrate our method-
ology. 5M samples per measurement were recorded with
a time step dt = 80ns. A representative portion of the
measured zero-mean drain current noise

ia (t) = ip (t) — Ip (1)

trace is shown in Fig. la.

The RTN is seen to be very strong, as Alp/Ip ~ 30 %,
and was chosen in purpose to illustrate that, even in this
case, the 1/f noise can be properly distinguished and
modelled. The time step has been selected according to
the observed RTN time constants and required frequency
bandwidth at circuit level. Here, the RTN time constants
are notably short and hence requires a much faster sam-
pling rate than usually used [6].

III. PROCESSING METHODOLOGY AND RESULTS

A. RTN and 1/f Noise Extraction

Toward accurate compact modelling of the different
intrinsic noise sources, careful separation of the individual
noise components is required. A robust algorithm is needed
to discriminate RTN from other noise sources. Ours is
based on a Schmitt trigger-like estimation of the two
RTN levels. The extraction procedure starts from a peak
detection algorithm applied to the histogram of iq4 (¢) and
is repeated in an iterative way, in order to capture the
shorter duration RTN events. The obtained RTN trace
iarrN (t) is illustrated in Fig. 1b. Our signal processing
also eliminates part of the set-up noise.

The residual noise, is computed as

id flicker (t) = %a (t) — ia,rTN () - (2)

It is denoted by 44 ficker (£) as it will be shown to be
dominated by the 1/f component. We observe in Fig. lc
the presence of few glitches or short-wing shapes which
can be attributed to remaining parasitics and artifacts of
the measurement and extraction procedure, yet to be fully
eliminated. However they do not alter our coming noise
power analyses.
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Fig. 1: (a) Measured drain current noise iq (t) = ip (t) —Ip
trace, (b) extracted RTN and (c) residual noise.

B. Statistics

1) RTN time constants: Given iq rrn (t) of Fig. 1b, the
capture and emission time constants are readily computed.
The experimental distributions of these two time constants
are available in Fig. 2a and 2b, respectively.

It can be shown from purely mathematical considera-
tion that the time constants are exponentially distributed
around their respective means, 7. and 7. [5], [8]:

frin) =z e (-Z). 3)

The means can be estimated empirically: 7. ~ 22us
and 7, ~ 9.5us. The theoretical distributions are also
represented in Fig. 2a and 2b. There is a fair agreement
between experience and theory for both time-constant
types, which supports the accuracy of our RTN extraction.

2) Histogram of iq(t): The histogram of the drain
current noise, after the removal of instrumentation noise,
is presented in Fig. 3. Two Gaussians are centered on each
RTN level. The distance between the two peaks yields the
RTN amplitude, Alp ~ 100nA. The ratio between the
peak occurrences, here about 2.3, is consistent with the
calculated 7. /7T, ratio.

C. Power Spectral Densities and Noise Powers

1) PSD and the 1/f Nature of the Residual Noise: To
obtain the second-order statistics of the residual noise,
and confirm that this noise can be unambiguously re-
lated to the intrinsic 1/f noise of the transistor, its PSD
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Fig. 2: Time-constant distributions: (a) 7. and (b) Te.
Solid lines represent the theoretical distributions (3).
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Fig. 3: Histogram of iq4 (t).

S; ameeer (f) 18 estimated from the realization ig ficker (),
using a spectral estimation method [9] (Fig. 4). Re-
markably, we observe a very clean 1/f behaviour in the
[102 Hz, 103 HZ] band. The deviation for frequencies be-
yond 103 Hz can be attributed to the set-up and processing
related parasitics still observed in Fig. 1c. A mathematical
flicker noise model

Sisr (1) = 2 (4)
is fairly fitted to the estimated PSD (Fig. 4), yielding
Si1, ~ 8 x 10718 A% /Hz and a ~ 0.95.

To assess the accuracy of our estimated 1/f PSD, we
compare it with an accurate measurement performed with
the same equipment. As shown in Fig. 4, our model closely
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Fig. 4: Power spectral densities.

: 2 2 2 2 2 2
Noise powers o7 [A?] Lr— [A?] T ficker [AZ]
Time domain (7) 2.165 x 1071%  1.949 x 10~® 6.4 x 10717
Frequency domain (8)  2.468 x 10715  2.037 x 10~ 1.7 x 1017

TABLE I: Noise powers.

matches experiments for frequencies below 10 Hz where the
flicker noise is dominant and therefore clearly visible.

2) PSD of the RTN: In Fig. 4, S;, (f) denotes the
estimation of the actual total drain current noise PSD.
It is strongly dominated by the RTN Lorentzian [5]:

472 1
F0 + Fc 1 + (27Tf?)2

Sid,RTN (f) = AI]% (5)

with

_ 1 1
T:_—+_—.
Tec Te

(6)

The previously calculated empirical means have been
plugged into the model (5). The resulting plateau ampli-
tude and corner frequency are consistent with the ones of
Siq (f), as illustrated in Fig. 4.

3) RTN and 1/ f Noise Powers: The total drain current
noise power is computed as

1" >
2 .
ol == lig (¢)]” dt,
N T/o

and similarly for extracted iqrrn (t) and 44 ficker (f).
These three noise powers can also be computed by inte-
grating the respective PSD over the measurement band-
width

(7)

10° Hz
o2 = - )
2 / S, (H)df (8)

Hz
The power of iq (t) has been computed, using either ap-
proaches (7) or (8), after set-up effects have been removed
from the signal. For both RTN and flicker noise, (8) is eval-
uated for the extracted models (5) and (4), respectively.
The results are summarized in Table I.

The 1/f noise power is overestimated with (7) due to
the presence of set-up related and signal processing noise
in the trace of Fig. 1c. For the RTN, the relative difference
between the two approaches remains below 10 %. In terms
of noise powers, the major result is that, although the 1/ f
noise contributes to less than 1% of the total noise power,
here dominated by the RTN, our method allows to extract
it from the time-domain measurements.

IV. CONCLUSION

A rigourous signal-processing methodology aiming at
studying the RTN and the flicker noise separately was de-
veloped and illustrated for a RTN as strong as Alp/Ip ~
30 % on a short nMOSFET in weak inversion and satura-
tion. The noise added on top of RTN traces was soundly
related to the 1/f noise although some background noise
still needs to be eliminated. Our methodology was demon-
strated to be able to retrieve the 1/f component from
measured iq () traces even though its PSD and noise
power lie two orders of magnitude below the dominant
RTN. Power analysis reveals to be a promising approach
to quantitatively assess, model and simulate the exact
impact of LFN on oscillators, amplifiers and ultra-low
power circuits.
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