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Abstract
A model for RF CMOS circuit design is presented that is
capable of predicting drain and gate current noise without
adjusting any parameters. Additionally, the presence of
(i) noise associated to avalanche multiplication, and (i)
shot noise of the direct-tunneling gate current in leaky
dielectrics is revealed.

Introduction

Accurate compact modeling of noise is a prerequisite
for RF CMOS circuit design. Thermal noise of deep-
submicron MOSFETSs has received considerable attention
lately, mainly triggered by reports of severe enhancements,
up to a factor of 12, of the short-channel drain current noise
(S1a) with respect to long-channel theory [1,2]. Even more
dramatic enhancements of the gate current noise (Stg),
as large as a factor of 30, were reported for an 0.25 pum
n-channel MOSFET very recently [3]. Evidently, the re-
ported noise enhancements [1,2,3] would seriously limit the
viability of RE CMOS. In a previous study [4], we investi-
gated Siq at a relatively low frequency (248 MHz).

In this paper, we extend this work to RF frequencies
and perform a detailed study of both Sig, Stg, and their
correlation. We will present a model for RF CMOS circuit
design that is capable of predicting both Siq and Sig
without adjusting any parameters to fit the noise data.
Additionally, we show experiments that reveal (i) the
enhancement of Siq by avalanche multiplication, and (7)
the enhancement of Sy, by shot noise associated to the
direct-tunneling gate current in leaky dielectrics.

Experiments
Noise measurements are performed on 0.18 ym RF CMOS
technology with an fr of 70 GHz and an f.x as high
as 150 GHz [5]. All devices have common source-bulk
connection and consist of 64 fingers of 3 pum width,
based on the layout optimization of Fig. 1. RF noise
measurements were performed using a HP8970 noise
figure meter for a number of pre-characterized source
impedances. Using open and short dummy structures, the
MOSFET Y-parameters, measured using a HP8510C net-

0.5

L=0.18 um
0.4} Ves=1.0 V
. Vos=1.8 V
= 03} f=3 GHz
E .
ozl ..
....\
0.1 | ‘L
0.0 L L1 L1
10° 10' 10

folding factor

Fig. 1: Simulations of Fpin versus folding factor for a 0.18 pum
gate length n-channel device with a total width of 192 um.
The arrow indicates the folding factor of 64 that we selected,
corresponding to 3 pm finger width.

work analyzer, and noise current sources are de-embedded
to the DUT level along the lines of Ref. [6].

Model

The RF noise is modeled using the concept of channel seg-
mentation, see Fig. 2. The ability of this model to describe
the MOSFET RF behavior even in the non-quasi-static
(NQS) regime has been demonstrated previously [7,8].
Here, every channel segment is modeled with MM11 [9],
but the approach is applicable to any other compact model.
Although we equip every segment with a drain current
noise source only, calculated as in Ref. [4], the distributed
gate capacitance in our model leads to induced gate noise
naturally, as shown in Fig. 3. In contrast to expressions
for Stz currently used in circuit design models [9,10], our
model has the advantages that (i) it is not only valid in
saturation, but in all MOSFET operating regimes (i) it
does not need correlated noise sources (7i4) it automati-
cally accounts for short-channel effects in Stz through the
short-channel effects in Siq [4], and (i) it is valid even
in the NQS regime. Further note that there are no ad-
justable parameters to fit the noise data: all model pa-
rameters follow from DC and CV measurements, except
for the bulk resistance parameters, which follow from off-
state Y-parameters.
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Fig. 2: Non-quasi-static RF CMOS model, consisting of 5 chan-
nel segments, and parasitic resistances and capacitances. Every
channel segment is equipped with a drain current noise source
only. Induced gate noise comes out of the model naturally, as
shown in Fig. 3.

number of segments
Fig. 3: Effect of the number of channel segments on the mod-
eled Sig and Siz of a L=2 pm device without parasitics at
f=0.1 GHz. The correlation coefficient ¢ also converges rapidly
to its theoretical long-channel value 0.4j (not shown here).

Results

In Figs. 4 and 5 it is shown that the modeled Siq agrees
with the data very well, confirming our drain current ther-
mal noise model of Ref. [4]. For short channels, the exper-
imental white-noise v factor (Fig. 6) only shows a moder-
ate increase w.r.t. the classical long-channel value of 2/3,
as confirmed both by our model and by DD-MC simula-
tions [11]. The v enhancement for the longest channel is
due to the NQS effect, cf. Fig. 4a. For the shortest chan-
nel the intrinsic MOS contribution dominates the modeled
noise, see Fig. 7.

In Figs. 8 and 9 it is shown that our model also pre-
dicts the experimental gate current noise very well. Gate
current noise is often quantified using the [-factor, see
Fig. 10. A significant increase of § w.r.t. the classical
long-channel value of 4/3 is observed, which we attribute
(see Fig. 11) mainly to the effects of the gate resistance,
giving an additional Sty = 4kpT Ry(27 f)*>Cg, contribution
to the f2 part of the noise. This overwhelming effect of Ry
may help to explain the enhancements of St reported by
Ref. [3]. Further reduction of finger width will reduce the

effect of R, only slightly since R, is already dominated by
the silicide-to-poly contact resistance [12], which is inde-
pendent of device layout.

In Fig. 12 the correlation coefficient ¢ between drain
current and gate current noise is plotted versus frequency.
For the long channel the agreement is excellent, while for
short channels some deviation is found. However, this
hardly affects the prediction of minimum and 50-2 noise
figures, as seen in Fig. 13. Note the attractive minimum
noise figures (< 1 dB) and 50-Q noise figures (< 2 dB) for
the 0.18 pum devices in the measured frequency range.

Additional noise sources

(i) Avalanche multiplication comes into play when the
drain voltage is swept far beyond the supply voltage.
Whereas in Fig. 14 the drain current only rises 3 % due
to avalanche, the noise rises a factor of 2. This is in ex-
cellent agreement with the model in Ref. [13]. Although
the effect is fairly unimportant in today’s CMOS technolo-
gies, it explains at least part of the often-cited results by
Abidi [1].

(ii) Gate leakage current due to direct tunneling, which
is becoming increasingly important, exhibits shot noise
2qlg, as evidenced by Figs. 15 and 16. The simulations
in Fig. 17 show that this mainly affects analog design
below ~1 GHz, whereas at RF frequencies the shot noise
is overwhelmed by the noise contributions proportional to
f? discussed above.

Conclusions

We have presented an extensive study of RF noise in
0.18 yum RF CMOS technology. Whereas drain current
noise is only moderately enhanced for short channels, gate
current noise is enhanced much more significantly, owing
to the gate resistance. Experimental evidence is given for
two additional noise mechanisms: noise associated with
avalanche multiplication and shot noise from the direct-
tunneling gate current. Our model gives an accurate de-
scription of all the data without adjusting compact model
parameters to fit the data.
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Fig. 4: Drain current noise versus frequency (a), Vas (b), and Vps (c), for a series of n-channel devices with different
channel length. Markers represent the measurements, solid lines are model predictions. Dashed line in (a) represents the
quasi-static (QS) result for the L=2 pm device.
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Fig. 5: Drain current noise versus Vgas,
and Vpg, for a p-channel device with
0.18 pm channel length. Markers rep-
resent the measurements, solid lines are
model predictions.
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Fig. 6: White-noise gamma factor ver-
sus channel length. Markers: measured;
solid line: compact model prediction;
dash-dotted line: DD-MC simulation.
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Fig. 7: Contributions to modeled drain
current noise at f=3 GHz and a bias of
Ves=1.0 V, Vps=1.8 V. The intrinsic
MOSFET contribution dominates.
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Fig. 8: Gate current noise versus frequency (a), Vas (b), and Vpg (c¢), for a series of n-channel devices with different channel
length (the L=0.24 pym device is skipped here for clarity of the figure). Markers represent the measurements, solid lines are

model predictions.
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Fig. 10: The S factor, representing the
amount of gate current noise, versus
gate length.
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Fig. 12: Real and imaginary parts of the
correlation coefficient for a 1 pm and
an 0.18 pum long n-channel. Markers:
measurements; solid lines: model pre-
diction.
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Fig. 15: Low-frequency gate current

noise spectrum of a 10/10 pm MOS-
FET processed in 100-nm technology
with a 1.5 nm EOT. Markers:
surements; solid line: fit with LF-noise
and white contribution; dashed line: ex-
pected shot noise level.
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Fig. 13: Minimum and 50-{2 noise fig-
ure versus frequency for a series of n-
channel devices, biased at Vgs=1 V and
Vps=1.8 V. Markers: measurements;
solid lines: model prediction.
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Fig. 11: Contributions to gate current
noise at Vgs=1.0 V, Vps=1.8 V, and
f=3 GHz. The noise from the gate re-
sistance dominates.
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drain current noise versus Vpg (NMOS,
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versus frequency for 100-nm technology,
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without gate current shot noise. Solid
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