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A Compact Model for Flicker Noise in MOS Transistors 17 andL are transistor dimensions, s the effective mobility, an,
for Analog Circuit Design is the thermal voltage.
Because the derivative of the channel charge density with respect to
Alfredo Arnaud and Carlos Galup-Montoro the channel potentidly (Vs < Vi < Vi) in [8]is nC'L, Q' /(Q} —

nC. ), the drain current is also given by

Abstract—Designers need accurate models to estimate 1/f noise in MOS I, = w W 3b
transistors as a function of their size, bias point, and technology. Conven- L= _"@QI TaAVXx. (3b)
tional models present limitations; they usually do not consistently represent . . . . . .
the series-parallel associations of transistors and may not provide adequate Conse.quently, th? model in [8] IS fully consistent with the quasi-Fermi
results for all the operating regions, particularly moderate inversion. In ~ potential formulation for the drain current [9, Annex J].
this brief, we present a consistent, physics-based, one-equation-all-regions
model for flicker noise developed with the aid of a one-equation-all-regions
dc model of the MOS transistor.

Index Terms—4/f noise, compact modeling, flicker noise, MOSFET,  Tointegrate the elementary noise contributions along the channel we
noise. split the transistor into three series elements: the upper transistor, the
lower transistor, and a small channel element of lenythand area
AA =W - Az [Fig. 1(a)]. Small-signal analysis can be carried out,
considering the general expression for the source (drain) transconduc-
Flicker noise or simply 1/f noise is such that its power spectral det&ncey,,,.(s) defined as the derivative of the drain current with respect

Il. COMPACT MODEL FORFLICKER NOISE

. INTRODUCTION

sity (P.S.D.) varies with frequency in the form [1]-[7] to the source (drain) voltage [8], [9]
K W , 7 W,
S(f) = f_Y (l) Imsu — _NEQT,\' Imdl = _IU’?QTX (4)
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that the P.S.D. of the fluctuatiorsV of the AA carrier density in the
channel area can be written as
Not - (@) 1
Sw(f) = e (@)1 @)
AA(Q) —nClooe) f
whereN,, is the effective number of traps [7], a technology parameter
to be adjusted.
We obtain an expression of the P.S.D. of the drain current using (6)
and (7) to calculat& 4 4 (x, f), and inserting the result into (5). With
the aid of (3a) the integration over the channel length in (5) is changed

into the integration over the channel charge density
Nulo 11
q " NotfllD /
Si,=—&%—F = ———dQ)7. 8
W= eI f / nCho— ;19 ®)
Qrs
It follows

Sty @ Not 1 ["031?‘ "QIIS} - ©)
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An expression similar to (9) is used in BSIM [10] to model strong in-
version noise due to charge trapping, but we must emphasize that (9)
is valid for any inversion level, including moderate inversion.
« In weak inversion@7s, Qp < nC,,¢:. Making a first order
series expansion, it is possible to rewrite (9) in a more concise
manner

ira

Sty _ Ne 1
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d) (10)

iaa.(L-AX)/L
AAAA
yyvy

Ald =isa.AXIL

whereN* = nC,¢./q. Equation (10) is the same expression
Fig. 1. (a) MOS transistor channel. (b) The transistor is separated into three USed in BSIM3 and 4 [10] to model flicker noise in weak inversion
series components. (c) Small signal analysis to calculate the noise contribution (N,, = A - kgT/~ in [3]) and, is equivalent to the formula

to the drain current of the noisy elemeklti. (d) Small signal equivalent circuit proposed by Reimbold in 1984 [2].

showing current division. « In strong inversion and in the linear regio;s =~ Qip =

—C! (V& — V) and the first-order expansion of (9) leads to

the noise current produced by the channel elengnt [Fig. 1(c)], 9y
; . . ) S1y 4" Not 1
small-signal analysis allows one to calculate the resulting effect of 1_2 = WIcR (Ve v F
on the drain current noise. As shown in Fig. 1(d), current division be- _ P ' ‘UI(_ a—Vr)* f _ _
tween the channel element and the equivalent small signal resistance of In this case also, the result is the same as that obtained by Reim-

(11

the rest of the channel giveSI; = (Az/L)-iaa. Thus, ifSaa(z, f) bold in [2]. . . .
is the P.S.D. of A4 multiplied by Az, then the total noise current of Summarizing the bias dependence of the drain current P.S.D., in sub-
the transistor is threshold,S;, increases witl%, following (10) while in saturation in

L strong inversioryr, increases witp as predicted by (9) if we neglect

. 1 . the variation of the logarithmic term.
= — x, f) - dx. . . . . .
S1a(f) L? /S“(T' F)-du ©) Finally, let us remark that the model in (9) is consistent when applied
0

to the parallel or series association of transistors. Effectively suppose
Note that since. 4 is related to the average of the local fluctuations ofve do a virtual cut of a transistor, splicing it in two series elements
the carrier densityV in the channel in the ared A, its P.S.D. must be quite similar to those in Fig. 1. Suppose the upper transistor introduces
proportional tol /AA = 1/(W - Ax). Equation (5) is widely general a noise current with a P.S.[5, ,, and the lower transistor a noise cur-
and could be employed with any model for the noise of a single rentS; . Small signal analysis allows the calculation the noise current
channel element such as the thermal noise model, Hooge’s model ], _ of the series-composed transistor:
or the carrier number fluctuation model usually employed for the de- 2 2
duction of physical based flicker noise models [3], [11]. We willem- 5, () =S;, (f)- [L] + S8, (f)- {7} . (12)
ploy the latter so we must relate the carrier number fluctuation to the L+# 1+k
noise current » 4. Following [2], [3], and [11] The coefficientk is defined ask = (gmsu/gmar). Equation (12) is
SN satisfied in all operation regions using the flicker noise model of (9) for
iaa=1Ip- N (6) the calculation ofthe P.S.[3,,, , S:,,, S:, . and the transconductance

o . ) . . expression (4) to evaluate
where$ N is the fluctuation of the number of carriers per unit aféa P @

in the channel element of areA. For the sake of simplicity we will
consider only fluctuation in the number of carriers, but the analysis
could be extended to include fluctuation in the mobility [3]. Some noise measurements have been performed in MOS transis-
To compute the total drain noise produced by the carrier numbters covering all the regions of operation. Noise spectra were recorded
fluctuation, we use the same hypothesis as Reimbold [2] and the modeith the aid of a Stanford Research SR560 low noise amplifier, and
of inversion and depletion capacitance per unit area of [8]. It follons Hewlett Packard HP3582A spectrum analyzer. To measure the drain
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Fig. 2. Measured flicker noise spectra for a saturated NMOS transisteig. 4. Normalized P.S.DS;,/IZ, atf = 1 Hz for a NMOS transistor
fabricated in a 2.4« process. WL = 40 gm/12 ym. (W/L = 200 pm/5 pm) in the linear region. Gate voltagé; ranging up to
3 V with drain-to-source voltag¥ s fixed at 200 mV.
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Fig. 3. Flicker noise P.S.D., and normalized P.SSD, /I3, atf = 1 Hz for i ) .
a saturated NMOS transistoW /L = 200 gym/5 pm). Fig. 5. Normalized P.S.DS;,/I7, atf = 1 Hz for a saturated PMOS
transisto{ W/L = 200 pm/5 pm).

current and fix the node voltages, a Hewlett Packard HP4155 Semi- . WiLeso2
conductor Parameter Analyzer with the additiorR@ filters for noise o simulate’; N. =2 6x107cm™
reduction was employed. In all cases the P.S.D. closely follolysfa Lk I °'

. e measured
dependence. This is consistent with the assumptien 1 associated e .
with a uniform spatial distribution of the traps inside the oxide [4]. For 1E-10 4

the adjustment of the noise model, the measured noise spectra were

acquired from 0.3 to 30 Hz because in this region, the P.S.D. is high -

enough to measure flicker noise particularly in weak inversion; we also e

avoid the effect of the ac line and its harmonics. Once acquired, every 1 M, WiL=48016,

measured spectruthir, (f) is adjusted by means of least squares to 1E-12 5

(1) to obtain the value off” with v = 1. Each estimated K value is

used to a single point in Figs. 3—6; so in spite of the graphs show either B3 [ R . e

Sy, or Sr,/I? at afrequency of 1 Hz, each point in the graphs rep- 10n 100n T 1ou 1004 1m 10m

resents information obtained over the whole frequency range of mea- Drain Current I, [A]

surement. In Fig. 2 several measured frequency spectra are shown; each )

dashed line fits a measured spectrum, and corresponds to a single fdfhtS: Normalized P.S.DSy, /13 atf = 1 Hz for two saturated NMOS

in Fig. 6. For the calculation of the theoretical model, the charge denif"SiStors fabricated in a 2;an process.

tiesQ’,sm) were estimated with the aid of a circuit simulator and the

ACM model [8] with typical parameters for the MOS transistor. Thating in strong inversion and in the linear region. In Fig. 5 the flicker

parametetV,, of the model in (9) is adjusted to best fit the measuraioise is shown for a saturated p-channel transistor of the same tech-

ments in the logarithmic domain. nology and with the same aspect ratio. As in Fig. 3, is still possible to
Figs. 3—4 show the simulation and measurements of flicker noise farserve the plateau in weak inversion.

an n-channel MOSFET of a 0/8n CMOS process. The transistor has Finally in Fig. 6, measurements and simulations of flicker noise for

an aspect ratio WL = 200 pm/5 pm. We chose a wide transistor inaLwin = 2.4 um technology are also presented. In this case the mea-

order to be able to comfortably characterize weak inversion operati@urements were performed for two NMOS transistors of different size.

Fig. 3 covers all the operation regions for the saturated transistor, fr@nce again the measurements show a good agreement with the model

weak to strong inversion; note here the plateau of the normalized P.Sadd the extracted,: value is similar to the values determined for the

Sr,/I# in weak inversion. Fig. 4 was obtained for the transistor ope®-8+: process.

simulated, N,;=2.3x10’cm™
O measured
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IV. CONCLUSION

A flicker noise model for long channel CMOS transistors, contin- 1]
uous in all the operation regions from weak to strong inversion has beery]
developed. The new model is based on common physics hypotheses but
we use a procedure to integrate the contribution to the transistor noise
current of all the noisy elements in the channel that inherently pre- 3]
serves the series association properties of the model. With the aid of aﬁ
advanced compact transistor model, this integration procedure results
in a simple, single piece, and consistent model for flicker noise in MOS [4]
transistors.

Some measurements confirm that the presented model accurately
represents the behavior of flicker noise under various bias conditionsys]
Particularly, it has been observed that the normalized P.S.D. remains
approximately constant in weak inversion and decays with the pre-[e]
dicted slope as the transistor enters the strong inversion region, for both
saturated PMOS and NMOS devices. [7

Although a compact model could hardly fit every transistor situa-
tion, we expect this work could help predict accurately and in a simple
manner, the behavior of flicker noise from weak to strong inversion of (8
nonminimum size transistors usually found in analog design.

9]
(10]
(11]
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