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A New Model for Thermal Channel Noise of
Deep-Submicron MOSFETS and its Application in
RF-CMOS Design
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Abstract—in this paper, we present a simple analytical model g,, is the gate transconductangg, is the channel conductance,
for the thermal channel noise of deep-submicron MOS transistors andg,.. is the bulk transconductance.
including hot carrier effects. The model is verified by measure- ; : Sad-
ments and implemented in the standard BSIM3v3 SPICE model. In [7] the following formula is derived:
We show that the consideration of this additional noise caused by AkT,
hot carrier effects is essential for the correct simulation of the noise S; = 5
performance of a low noise amplifier in the gigahertz range. L

Index Terms—integrated circuit modeling, integrated circuit ~ @inv IS the inversion layer chargé, is the channel length, and
noise, MOSFETs, MOSFET amplifiers, semiconductor device i is the mobility.
modeling, semiconductor device noise. In general, an effective mobility:. is used in compact
models, taking into account the influence of vertical and lateral
electric fields, giving

NQinv . (2)

I. INTRODUCTION

UE TO continuous reduction of minimum channel length S; = % f1eit Qiny 3)
in CMOS technologies in the last years, CMOS has L
become a candidate for RF applications. For quarter and Loff = ps ViR (4)
subquarter micron technologies, transit frequen¢jgsin the Ex A\
range of 40-70 GHz and maximum oscillation frequencies 1+ <Ecm)

up to 40 GHz and more are possible for nMOS transistors

[1]. For these devices, the classical assumption of therm@k = V,,.q/Leq is the lateral electric fieldE i, = veat /i,
equilibrium in the calculation of the channel noise is questiony,, is the saturation velocity = 2 for electrons [8], is the
able. Additionally, so-called hot carrier noise is observed feurface mobility in the BSIM3v3 model, and
short-channel transistors [2]-[6].

The purpose of this work is to develop an analytical model Vil = { Vas ?n lin. regi_on
for thermal channel noise of extreme short-channel transistors Vissat  IN saturation.
and the implementation in the BSIM3v3 model. With this model
RF-CMOS designers are able to simulate the noise performap£eg, o ction of Thermal Channel Noise out of RF Noise
of their designs (e.qg., low noise amplifiers (LNAs), which are 8heasurements
essential part of system-on-a-chip solutions for wireless com-

munication), and to find the optimum between noise perfor- A commercial noise-figure measurement setup was used
mance and ac performance. (ATN) and on wafer measurements from 600 MHz up to

6 GHz have been performed. This frequency range is high
enough to clearly separate/ f and white noise. The noise
measurements are de-embedded with the noise de-embedding
A. Classical Models for Thermal Channel Noise method presented in [9]. Exact de-embedding of the noise

In most MOS SPICE models normally used, the followingneasurements is very important, because the influence of the
equation for the spectral noise density of the drain cureiig ~ Parasitics (pads and substrate resistors) on the NF50 (noise

Il. THERMAL CHANNEL NOISE MODEL

implemented and widely used in noise simulations: figure with 502 source resistance) value can be significant.
At the same structuresy parameters are also measured and
S; = %kTO(grn + Gas + Gmi)- (1) de-embedded with usual standard methods. For the exact

extraction of the thermal noise, all additional noise sources in
the small-signal equivalent circuit have to be considered. It is
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Fig. 1. Circuit for the calculation of the contribution of gate resistaﬁ(aqig)), source resistancg(v%,)), drain resistancé(v%,)), substrate resistance
({v%,.)) and the 50% resistancé (v%;,)) to the NF50 value. The intrinsic noiseless two-port represents the whole transistor except the substrate components
(separated withy parameter subtraction).
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Fig.2. Circuit for the calculation of the contribution of the channel n¢{gg)) to the NF50 value. The intrinsic noiseless two-port represents the whole transistor
except the substrate components (separatedynidrameter subtraction) and draid () and sourceR ;) resistors (separated withparameter subtraction).

of the parasitics andi;o contribution, and Fig. 2 is used for of the mean value for each bias point. Details of the extraction
the calculation of the channel noise contribution. The gapgocedure of the channel noise are described in [10].
resistance is extracted from the layout and the source and draiin Fig. 4, simulation results with (1) and (3) are compared
resistors are extracted from dc measurements. The substveite values of the spectral noise density of the drain current ex-
resistor and the junction substrate capacitor are extracted froacted from NF50 measurements for differépi and constant
the two-port parametee22. The NF50 value of the whole V,,. Depending on the bias point and the model which is used,
circuit is calculated using (5). In this equation, all values atée simulation could be up to a factor 4 smaller than the mea-
known except the contribution of the channel ndige, ).« as surement.
shown in (5), at the bottom of the page. . ) )

With the help of Fig. 2 and (5), the channel noiges cal- C- New Model Including Hot Carrier Effects
culated. In Fig. 3 the extracted channel noise is plotted for twoAccording to [7], the contribution of a small element of the
different bias points versus frequency. To make sure, the gateghannellz to the spectral noise density of the current is
duced noise is negligible for all test structures, only frequencies ARTW (@) Qi ()

up to 2 GHz( < f,/10) are taken into account for the calculation ds; 12 dz (6)

(ig“t)Rso i (igUt)Rg + (igUt)Rs i (igUt)Rd i (igUt)Rsub i (igm)id

®)
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Fig. 3. Extracted thermal channel noise versus frequency for two different
operating points of a 96/0.35m nMOS transistor. X
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Fig. 4. Comparison between noise model (1) and (3) and measurement ressiiiere.S;; is the spectral noise density of region | asig; the
for a 0.254m nMOS transistor. density of region Il. The whole spectral noise density is the sum
of these two valuesS; = S;; + S;z7.
With the use of u(z) = w(z)/E(z) and Ip =

whereT, is the electron temperature. In [7]. = 1y is as-

sumed, althoughi. depends on the electric fieli(z) [11] Wu(x)Qinv(x) [Where v(z) is the velocity andlp is the

dc drain current] and the relation for the electric field in region
[l from [12]

E(x)?
E2

crit

Te = TO + 6T0 (7)

E(z) = Eqit cosh(ax) 9)

with 6 being a parameter to adjust the simulation to the megye formula for the spectral noise density of the thermal channel
surement. _ _ ~ noise including hot carrier effects is [for see (14)]
For the calculations, the transistor channel is divided into a

gradual channel region (I) and a velocity saturation region (ll) 4kTy 4kTolp
[6]; see Fig. 5. 5= pp tenQn O op - Viser
.. . . ~— cry
Combining (6) and (7) and integrating over the channel length Ta T’
olves 4kToIp 2
ﬁon — {arctan [exp(a AL)] — arctan(1)}
crit &
4k Legr ( ) ( ) T‘Tra
Sir =— Wom(z)Qinv(z) dz AkToIn 1
L2 | Jo 5 +0 2 = sinh(a AL). (10)
Ia crit
he
et E(x)* In Fig. 6, the four parts of (10) are plotted for a 0.8t nMOS
+ 6 W —5— 1(x)Qinv(x) dz | (8a) g5, P P :
0 B transistor versu¥, atVy, = 1.8 V. It can be seen that Part Ib

T (hot carrier effects in region I) and lla (thermal equilibrium part
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Fig. 6. Contribution of the different parts of (10) to the spectral noise densigfg_ 8. Comparison between thermal channel noise extracted from NF50

of the drain current of a 0.18m nMOS transistor.
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Fig. 7. Comparison between thermal channel noise extracted from NF

measurements and simulation with (11) for a :@8-nMOS in linear region
versusVy,.

measurements and simulation with (11) for a u268-nMOS atV,, = 2.5 V
versusV, (6 = 0.4).
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Fig. 9. Comparison between thermal channel noise extracted from NF50
measurements and simulation with (11) for a t08-nMOS atV,, = 2.5 V
versusV,.

of region Il) are relatively small compared to la (thermal equi-

librium part of region 1) and Ilb (contribution of the hot carriers

in the saturation region ).

To get a simple analytical model, Parts Ib and lla are n

glected and we obtain

_ARTy 4kTolp 1

Si = 12 Heft Qinv +<jm o sinh(a AL) (11)
Ia ;Irb

where AL is the length of the velocity saturation region [13 'V 510"

(Fig. 5).
AL=11m [O‘(V‘“ = Vassat) + ED} (12)
(87 Ecrit
2
Ep = Eaiy[1+ [—O‘(Vds - Vd““)} (13)
E(‘,rit
(14)

z; I1s the junction depth of the source and drain regiog, is
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Fig. 10. Comparison between thermal channel noise extracted from NF50
measurements and simulation with (11) for a O &8-nMOS atV,;; = 1.8 V
versusV,; (6 = 1.0).

adjust the channel length modulation (in this wokks= 3). As
it can be seen from (119),is the only noise parameter to adjust

the gate—oxide capacitance, ahé an additional parameter tothe noise simulation to the measurement results.
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Fig. 11. (a) Schematic and (b) chip photo of the transimpedance LNA.
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Fig. 12. (a) Layout and (b) RF subcircuit model of the;4@/0.25u:m standard nMOS cell.

[ll. EXPERIMENTAL RESULTS In Fig. 10 measurement and simulation of a O i8-tran-
sistor in the saturation regiol¥{; = 1.8 V) are compared.

In Fig. 7, measurement and simulation are compared for @A comparison of Figs. 8 and 10 shows that the part from the
0.25m nMOS in the linear region. In this region, the contrilot carriers in saturation region is rising in comparison to the
bution of Part Ilb is zerd AL = 0). classical@iny part.

In Fig. 8, measurement and simulation are compared for the
same transistor dt;, = 2.5 V. It can be seen that at this bias V- APPLICATION OF THENEW MODEL IN RF-CMOS [ESIGN
condition the contribution of the saturation region is no longer To verify the noise model, an LNA was designed (Fig. 11)
negligible. using a set of well-characterized nMOS cells. The nMOS tran-

With the adjusted from the short-channel transistor (Fig. 8)istors are modeled by the RF subcircuit presented in Fig. 12.
the noise of a long-channel transistor was simulated and plotfEhis figure also shows that the layout of the A2+wide tran-
in Fig. 9 to show the scalability of the model. sistors was folded to reduce gate resistance and drain area. For
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TABLE |
MEASURED AND SIMULATED NF50 VALUES OF THELNA AT VDD = 2.0V
Frequency Measured Simulation Simulation
NF50 with simple Qi with new

Model (3) Model (10)
[GHz] [dB] [dB] [dB]
1 2.46 1.75 2.42
4.20 3.10 4.00

the LNA, a transimpedance topology was chosen for the fol- REFERENCES

lowing reasons:

 Inputimpedance can be set to nearly530 noise can be
measured accurately using a noise-figure meter in 2 50- 2]
system.

* Gain|Ss;]? and inputimpedancs;; fit well between sim-
ulation and measurement, the first condition to be met be-
fore comparing simulated and measured ngj$g; |* at
1 GHz: measureé-10 dB, simulated~11 dB)

 Output noise is dominated by the MOS transistess(%
of the spectral noise density of the LNA is from the tran- [5]
sistors).

(1]

(3]

(4]

Inductors were not used in order to avoid extra modeling uncer{s]
tainties in the inductor model.

This LNA was fabricated and measured in Infineon standard,
0.25¢:m CMOS technology. Measured and simulated NF50
values are presented in Table I. (8l

[0l
V. CONCLUSION
[10]

We have shown that the conventional models do not accu-
rately predict the thermal channel noise of deep-submicrop )
MOS transistors. Depending on the operating point, the stan-
dardg,, model (1) gives spectral noise densities up to a factO[lz]
4 lower than the measurement and g, model up to a
factor 2.

A new model for thermal channel noise including hot carrier?!
effects has been developed. This new model has been verified
with measured data on single transistors and was implemented
in the standard BSIM3v3 model.

Furthermore this model has been verified on a RF-CMOS test
circuit (LNA) in 0.25+:m technology at 1 and 2 GHz. An excel-
lent agreement between measured and simulated noise perfor-
mance was achieved.

It was found that considering hot carrier effects is essential
a correct simulation of the noise performance of this RF-CMC*
design.
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