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Abstract

The RF noise in 0.18 um CMOS technology has been
measured and modelled. Compared to long-channel the-
ory we find only a moderate enhancement of the drain
current noise for short-channel MOSFETSs and, due to
the gate resistance, a more significant enhancement of
the gate current noise. The experimental results are
accurately described by a non-quasi-static RF model,
based on channel segmentation. Experimental evidence
is shown for two additional noise mechanisms: (i) ava-
lanche noise associated with the avalanche current from
drain to bulk, and (ii) shot noise in the direct-tunneling
gate leakage current.

Keywords: noise, RF CMOS, MOSFET, compact mod-
elling, thermal noise, induced gate noise, avalanche noise,
shot noise.

1 Introduction

Thermal noise is due to the random thermal motion
of charge carriers. It not only manifests itself in the
drain current noise spectrum, but, due to the capaci-
tive coupling between channel and gate, also in the gate
current noise spectrum (‘induced gate noise’). Thermal
noise of deep-submicron MOSFETS has received consid-
erable attention lately, which is mainly triggered by pub-
lications that report a severe enhancement of the ther-
mal noise with respect to long-channel theory [1]-[5]. In
the earliest of these publications [1], thermal noise was
found to be a enhanced by a factor up to 12 and hot
electrons were proposed to explain these results. More
recently, Klein [2], [3] reported very similar enhance-
ments and proposed a model which invokes heating of
the charge carriers in the inversion channel to explain
the experiments. For the induced gate noise, an even
more dramatic enhancement factor as large as 30 was
found by Knoblinger [4]. In this paper, we perform an
extensive study of the RF noise in 0.18 um RF CMOS
technology. We will present a large number of experi-
mental results and an RF MOSFET model that is ca-
pable of predicting the drain current noise Sy, the gate
current noise Sy, as well as their correlation coefficient
¢ (for a precise definition of these quantities, please refer

to Refs. [6], [7]). This investigation has been published
in part [8] and more completely [9] elsewhere.

2 Drain Current Thermal Noise

The drain current thermal noise in MOSFETs is cal-
culated by the well-known Klaassen-Prins equation [10],
which is reproduced in Sect. 5.2b of Ref. [7] and which
was derived using the Langevin method. We evalu-
ate this equation using our compact MOS model, MOS
Model 11 (MM11) [11], [12]. The effects of (i) welocity
saturation in the channel region and (ii) channel length
modulation are included. A possible noise contribution
of the pinch-off region is neglected [13], which is corrob-
orated by our experiments (see Fig. 3)

3 Segmentation Model

Model Description — The analysis of our measure-
ments is based on a non-quasi-static (NQS) RF MOS-
FET model, which uses channel segmentation [14]-[17],
where every channel segment is modelled by MM11. In
order to describe the RF noise correctly, every quasi-
static channel segment is equipped with a drain cur-
rent noise source only, and does not have a gate current
noise source. The drain current noise of each channel
segment is given by the Klaassen-Prins equation and is
fully uncorrelated. The phenomenon of induced gate
noise originates from this segmentation model naturally
due to the distributed gate capacitance. Consequently,
we have explicitly turned off the induced gate noise of
the five MM11 segments used. Note that there are no
adjustable parameters to fit the noise data: all model
parameters follow from DC and CV measurements, ex-
cept for the bulk resistance, which follow from off-state
Y-parameters.

Resistance Noise — The thermal noise of the gate
resistance, Ry, may not be overlooked [18], [19]. First,
the voltage noise across R, is amplified to the drain,
leading to an additional drain current noise: S, =
4kpT Rgg? . What was not recognised in Refs. [18], [19]
is that the voltage noise across R, also gives rise to a
noise current in the gate: Sy, ~ 4kgT Ryw?CZ,. The
contributions of Ry to drain current and gate current
noise are fully correlated (¢ = 1.0j). The source/drain
series resistances also produce thermal noise. The role of
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thermal noise of the bulk resistance Ry, has been empha-
sised by Refs. [20] and [21]. Their relative importance
will be discussed below.

Parameter Extraction — MM11 parameters are
extracted from standard DC and low-frequency CV mea-
surements [11]. Extraction of R} requires S-parameter
measurements [22]. Note that there are no parameters
adjusted to fit the noise measurements. The MM11 pa-
rameter Nt is set to its theoretical value 4kgT'.

4 Experiments

Noise measurements are performed on an RF CMOS
technology with 0.18 ym minimum feature size. This
technology shows an fr of 70 GHz and an fy,.x as high
as 150 GHz [23]. This world-record fmax was achieved by
careful layout optimisation, reducing the effective gate
resistance to a minimum using folding and double-sided
connection of the gate. This same layout optimisation
also leads to attractive noise figures [23]. We have cho-
sen for a folding factor of 64, corresponding to a finger
width of 3 pm. Details of our experimental set-up can
be found elsewhere [8].

5 Results

Drain Current Noise — The measured and mod-
elled drain current noise of various n-channel geometries
is plotted as a function of frequency in Fig. 1, while re-
sults for p-channel devices can be found elsewhere [9].
It is observed that our model gives an excellent pre-
diction of the drain current noise both for the long and
short-channel geometries, confirming our conclusions in
Ref. [24]: in sharp contrast to Refs. [1]-[3] we do not
observe large enhancements of thermal noise in short-
channel MOSFETSs. Drain current thermal noise is often
represented using the so-called ‘white noise gamma fac-
tor’ v (defined by S, = 4kpT gaoy [9]; see Fig. 2). The
theoretical long-channel value of v is % At intermediate
channel lengths, « is close to this value. Shorter channels
show a small enhancement of -, which is due to para-
sitic resistances and short channel effects. The increase
of 7 for longer channel lengths is due to NQS effects
(cf. Fig. 1, where the quasi-static results at L = 2 um
have been obtained with a one-segment model).

Avalanche Noise — In Fig. 3 the drain current
noise and multiplication factor M = Ip/Is are plotted
versus drain voltage. Note that below the supply volt-
age, Vaqa = 1.8 V, there is hardly any dependence of the
noise on Vpg. This is an experimental confirmation that
the noise contribution of the pinch-off region may be
neglected. The situation changes when we increase the
drain voltage far above the supply voltage. In that case,
weak avalanche comes into play. At Vps = 3 V, the mul-
tiplication factor has increased from 1.00 to 1.03. The
corresponding increase in drain current noise is much
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Figure 1: Drain current thermal noise versus frequency for
n-channel devices with different channel lenghts (Vgs =1V,
Vbs = 1.8 V). Solid lines are model predictions. Dashed line
is the result of a quasi-static model for the L = 2 ym device.
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Figure 2: White noise gamma factor versus gate length at
3 GHz, at a bias of Vgs = 1 V, and Vps = 1.8 V. Markers
represent measured values, solid lines are model predictions.
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Figure 3: Multiplication factor M and drain current ther-
mal noise versus Vps, for an L = 0.18 mum n-channel device
(Vas = 1.0 V). Dashed lines: model without avalanche mul-
tiplication. Solid lines: model with avalanche multiplication,
and the noise associated to it.
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Figure 4: Induced gate current noise versus frequency for
a series of n-channel devices with different channel lengths

(Vas =1V, Vps = 1.8 V). Solid lines are model predictions
with noisy gate resistance.
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Figure 5: Contributions to simulated drain (left/upper) and
gate (right/lower) current thermal noise of L = 0.18 ym de-
vice at f =3 GHz (Vgs =1V, Vps = 1.8 V). ‘IFN’ stands
for ‘induced flicker noise’, which gives a minor contribution
to the total noise.

Figure 6: Minimum noise figure versus frequency for a num-
ber of n-channel geometries. The bias is Vgs = 1 V, and
Vpbs = 1.8 V. Symbols represent measurements, lines repre-
sent model predictions.

more spectacular, and amounts to a factor of ~ 2. This
sharp increase current noise is modelled by including
the noise associated with the weak avalanche current
from drain to bulk [25]. This effect partly explains the
anomalous results that were reported by Abidi [1], [9].

Gate Current Noise — The measured and mod-
elled gate current noise of various n-channel geometries
is plotted as a function of frequency in Fig. 4, while re-
sults for p-channel devices can be found elsewhere [9].
Excellent agreement between measurements and model
is observed. Anomalously large gate current noise, as
reported in Ref. [4], is not found. The various contribu-
tions to the modelled gate current noise at f = 3 GHz of
the 0.18 pum transistor are indicated in Fig. 5. Whereas
the drain current noise is dominated by thermal noise
of the intrinsic MOSFET, the induced gate noise of the
intrinsic MOSFET only contributes 30 % to the to-
tal gate current noise. In spite of careful layout opti-
malisation the main contribution, 65 %, stems from a
parasitic resistance, namely the gate resistance. The
layout-dependent part of the gate resistance is propor-
tional to the silicide sheet resistance, while the layout-
independent part, which contributes 40 % to the gate
current thermal noise, is proportional to the often-over-
looked silicide-to-polysilicon specific contact resistance
(see Refs. [9], [26]).

Noise Figure — In Fig. 6 the minimum noise figure
is plotted versus frequency for a number of n-channel
geometries. As expected, a close agreement between
data and model prediction is seen. Further note that
for the 0.18 um device, very attractive noise figures are
encountered: in the 1-10 GHz range, the minimum noise
figure remains below 1 dB.

6 Additional Noise Sources for Leaky
Gate Oxides

Introduction — In technologies beyond 0.18 um,
gate leakage becomes important due to direct tunneling
of charge carriers through the gate dielectric. In this
section, we will investigate the impact of gate leakage
on noise in a 100 nm CMOS technology. In this inves-
tigation, we use a set of DC-structures, for which MOS
Model 11 parameters have been determined. Since gate
leakage is covered by MOS Model 11 [11],[27], this al-
lows us to explore its effects on the noise behaviour of
MOSFETSs with leaky gate dielectrics. Here we discuss
the effects of shot noise. A discussion on 1/f noise of the
gate current can be found elsewhere [9].

Shot Noise of the Gate Leakage Current —
Since gate leakage current is the result of quantum-
mechanical direct tunneling process, it is expected [7]
that MOSFETs with a leaky gate dielectric will show
a shot noise contribution in the gate current: S;, =
2-q-Ig. In order to verify this experimentally, we have
performed low-frequency noise measurements on a large-
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Figure 7: Markers: white noise contribution to the gate
current noise as a function of measured gate current.
Vbs =1V and Vg is varied. Solid line: expected shot
noise 2qlg.

area transistor in 100-nm technology using a BTA low-
frequency noise measurement system. Apart from low-
frequency noise, the spectrum also exhibits a white noise
contribution. For a number of bias conditions, we de-
termined this white noise contribution using a curve fit
to the data, with both low-frequency noise and a white
contribution. Subsequently, the fitted white noise level
is plotted against the DC gate current in Fig. 7. The
theoretical expression is seen to give an excellent predic-
tion of the observed white noise levels, clearly demon-
strating the presence of shot noise in the gate leakage
current. This shot noise will not affect RF design in this
technology, but may have some impact on more tradi-
tional analog design. When the MOSFET is used as a
capacitor, the source and drain are tied together, and
the shot noise of the gate current will be the dominant
noise source [9].

7 Discussion and Conclusions

Thermal Noise — Based on extensive measure-
ments and analysis on both n- and p-channel devices,
we find that there is only a moderate enhancement of
drain current noise in 0.18 um CMOS technology. This
observation is in contrast with the severe enhancements
of drain current noise reported in some other publica-
tions [1]-[3],[5]. We do find an enhancement of gate cur-
rent noise, though not as dramatic as in Ref. [4]. The
enhancement we find is explained by the gate current
noise associated with the gate resistance. This effect
is present even in optimised device layouts, leading to
the conclusion that the gate current noise in present-day
short-channel MOSFETSs is dominated by the noise as-
sociated with the parasitic gate resistance.

We have presented an RF model for circuit simulation,
based on channel segmentation, which accurately pre-
dicts both drain and gate current noise at RF frequen-
cies, even in the non-quasi-static regime. The classi-

cal noise modelling approach [7], [10] is still valid, if
short-channel effects (e.g. velocity saturation, channel
length modulation) and parasitic resistances that sur-
round the intrinsic MOSFET, are properly accounted
for. Therefore, it is very unlikely that carrier heating,
invoked by several authors to explain their anomalous
results [1]-[3], plays a significant role. This conclusion is
well in line with other recent work (see e.g. [13],[28]). As
far as this can be traced, the anomalous enhancements
in thermal noise mentioned before may most likely be
explained by avalanche noise ([1]; see below) and incom-
plete de-embedding of the gate resistance [4].
Avalanche Noise — When the drain-source voltage
is raised far beyond the supply voltage, effects of weak
avalanche become visible in the drain current as well as
in the drain current noise. This behaviour is well pre-
dicted by the avalanche noise equation developed by van
der Ziel [25].

Shot Noise due to Gate Leakage — We have ex-
perimentally demonstrated the presence of shot noise in
the direct-tunneling gate current in a 100-nm CMOS
technology.
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