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Analysis of I/ f Noise in Switched MOSFET Circuits

Hui Tian and Abbas El GamakFellow, IEEE

Abstract—Analysis of 1/ f noise in MOSFET circuits is typi- especially for switched circuits. An important class of such cir-
cally performed in the frequency domain using the standard sta- cuits is periodically switched circuits, which are widely used in
tionary 1/f noise model. Recent experimental results, however, pe 45lications, such as switched capacitor networks, modula-

have shown that the estimates using this model can be quite in-t dd dulat df " Inthe simplest
accurate especially for switched circuits. In the case of a periodi- Ors and demoduiators, and irequency converters. In the Simples

Ca”y switched transis’[or’ measured If noise power spectra| den- case of a periodically switched transistor, it was shown that the
sity (psd) was shown to be significantly lower than the estimate measured drain voltage/ I noise power spectral density (psd)

using the standard 1/ f noise model. For a ring oscillator, mea- [5]—[7] is much lower than the estimate using the standarfi 1
sured 1/ f-induced phase noise psd was shown to be significantly ,gise model. Another example that has recently been receiving

lower than the estimate using the standard 1 f noise model. For a S . L .
source follower reset circuit, measured } f noise power was also much attention is Af-induced phase noise in CMOS oscilla-

shown to be lower than the estimate using the standard/if model. tors [8]-[10]. Unlike the amplitude fluctuations, which can be
In analyzing noise in the follower reset circuit using frequency-do- practically eliminated by applying limiters to the output signal,

main analysis, a low cutoff frequency that is inversely proportional - phase noise cannot be reduced in the same manner. As a result,
to the circuit on-time is assumed. The choice of this low cutoff fre- phase noise limits the available channels in wireless commu-

quency is quite arbitrary and can cause significant inaccuracy in . . )
estimating noise power. Moreover, during reset, the circuit is notin nication. Recent measurements [7] show that thg-ibduced

Steady state, and thus frequency_domain ana|ysis does not app|y phase noise de in ring oscillators is much lower than the esti-
This paper proposes a nonstationary extension of the standard mate using the standard i noise model.

1/ f noise model, which allows us to analyze/If noise in switthed  Yet another example of a switched circuit is the source fol-
MOSFET circuits more accurately. Using our model, we analyze 1, e reset circuit, which is often used in the output stage of a
noise for the three aforementioned switched circuit examples and . - .
obtain results that are consistent with the reported measurements. Charge'COUp|Ed deVIce (C(_:D) image sensor [11] and _the pixel
o . . circuit of a CMOS active pixel sensor (APS) [12]. To find the
Index Terms—1/ f noise, CMOS image sensor, nonstationary - . .
noise model, periodically switched circuits, phase noise, ring os- ©UtPut noise power due to/F noise, frequency-domain anal-
cillator, time-domain noise analysis. ysis is typically performed using the standarty hoise model.
A low cutoff frequencyfy, that is inversely proportional to the
circuit on-time is used to obtain reasonable noise power es-
timates. The choice of this low cutoff frequency is quite ar-
ISTORICALLY, 1/ f noise in MOSFETSs was of concernbitrary, however, and can cause significant inaccuracy in esti-
mainly in the design of low-frequency linear analog cirmating noise power [13]. Moreover, during reset, the circuit is
cuits such as bias circuits, audio amplifiers, etc. [1]. As CMOSpot in steady state and thus frequency-domain analysis does not
technology scales down to the submicrometer reginyg, lapply.
noise has become of greater concern in a wider range of circuitn this paper, we propose a nonstationary extension of the
designs. Scaling has enabled the use of CMOS technologystandard 1f noise model. We show that using this model, more
many new applications such as radio-frequency (RF) circuascurate estimates of the effect gffInoise in switched circuits
and CMOS image sensors. These circuits have been foundtém be obtained. In particular, we consider the aforementioned
be quite sensitive to/If noise. Moreover, as mentioned in [2],three example circuits. For the reset circuit, we use our nonsta-
MOSFET 1/ f noise power increases rapidly with technologsionary model and time-domain analysis to find a more accurate
scaling. It is, therefore, becoming more important to accuratetgtimate of the output/lf noise power.
estimate the effect of /if noise for a wide variety of MOSFET  The rest of this paper is organized as follows. In Section II,
circuits. we describe the standard stationary MOSFET fioise model
Analysis of I/ f noise in MOSFET circuits is typically per- and our nonstationary extension. In Sections Ill-V, we use our
formed using the well-established stationayyf Inoise model nonstationary model to estimate the effect gff Inoise on a
[3], [4], which henceforth will be referred to as the standafd 1 periodically switched transistor, ring oscillator, and source-fol-
noise model. Recent experimental results, however, show thawer reset circuit, respectively. In all cases, we find that our
the estimates using this standard model can be quite inaccuragtimates are consistent with the reported measurement results.

. INTRODUCTION
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[16], [17] and the equivalent/}f noise psd of the gate voltage
_I Gate | is given by

$_
— e & ® o | — o L o(a)? _ @PKTN, kg
T Ret e S0 =gz (3) S0 = sz 5 = sy ©

whereC, is the gate-oxide capacitance ahgd is the widely

1 used SPICE Af noise parameter.
(b) | I l l A unified number and mobility theory [3] can be used to ex-

0 tend these results to p-channel MOSFETS.

Fig. 1. (a) MOSFET with single trap in its gate oxide and (b) the resultin% . .
trapped electron numbé¥ () waveform. . Nonstationary 1f Noise Model
In this subsection, we present our nonstationary extension of

is active in the gate oxide. Capture and emission of channel cgfe standard A noise model discussed in the previous section.
riers by this trap are represented by the trapped electron numpge main purpose of the extension is to be able to accurately an-
N(¢), which takes a value of one if a carrier is captured anglyze 1/ f noise in switched circuits. We begin by considering
zero otherwise, as depicted in Fig. 1. The trap is active when e case of a single trap in an n-channel MOSFET. The key ob-
energy level is close to the Fermi level [14] in the bulk. In thigervation that led to our extension is that with very high proba-
case, the capture and emission rates must be nearly equal. Thiigy, the trap is empty when the transistor is off. The physical
N (t) can be modeled as a random telegraph signal (RTS) wighson can be explained via the MOSFET energy band diagram
rateA. In equilibrium, the autocovariance 6f(t) is given by in Fig. 2. The energy levelE? andE, represent the trap energy

Ca(r) =L o2 in the off and on states, respectively. Note that for the trap to be

4 active when the transistor is of; must be very close t&,

and the corresponding double-sided psd is i.e., By = Ey. When the transistor is turned on, the trap energy
shifts down by several hundred millivolts, which is the same as
S\(f) = 1 A the shift in the surface potential. This is the case since the differ-
AN+ (n f)? + () ence between the energy level of the trap and that of the oxide

In practical MOSFETS there can be many traps in the gat@nduction band is independent of the gate bias voltage. This
oxide. Since each trap captures and emits carriers indepBigans thaty — £, > ET'. Itis well known [14] that the ratio
dently, the psd of the total trapped electron number is the si@tfthe trap capture ratk. to its emission rat@. is exponentially
of the psds for the individual trapped electron numbers. Traﬁated to the difference between the trap energy and the Fermi
can have different rates depending on their location in the gag¥€l- When the transistor is off, this gives

oxide. The distribution of the rates is believed to obey a log \ — E?
uniform law [15] = =exp <F—> < 1.
Ae kT
4kT At Ny _ ) . )
g(A) = D (1)  Thus with very high probability, the trap is empty when the tran-
Alog )\—H sistor is off. If we lett = 0 denote the time when the transistor
L turns on, we get tha (0) ~ 0.
where Now let p; (¢) be the probability that the trap is occupied at
kKT thermal energy; timet > 0. To find p1 (¢), we note that
A channel area;
tx effective gate-oxide thickness; pi(t+ At) = pi(t)(1 — AAL) + (1 —pi())AAE. (4)

N, trap density (in eV'cm™3);

A fastest transition rate or high corner frequency;

Ar  slowest transition rate or low corner frequency. dp(t)
The corner frequencies are related: g through the equation dt
log Ay /AL = vtox, Wherey is the tunneling constant. The ps
of the total trapped electron number is thus given by

Thus in the limit
+ 2Ap1(t) = A (5)

%Solving forp,, we find that

Am p(t) =31 (1—eM). (6)

st = [ ssaan i o
Az The probability that the trap is occupied at timer, for = > 0,

TAN. . o . . .
~ k t for A\p < f < Ay @) given that it is occupied at timecan be similarly found to be

2vf 7

1 —2AT
For f < Ar, S(f) is constant, and fof > Mg, itisoc 1/f2. pralt 1) =pua(n) =5 (1+e )- @)
The MOSFET charge-control analysis can then be used ftherefore, the autocovariance function/éf¢) is given by
gether with the derived psd of the total trapped electron number
to find the 1/ f noise psd of the gate voltage. For a submicrom- Ca(t, 7) =p1(Op1,1(7) —p1(B)p(t+7)
eter n-channel MOSFET, carrier number fluctuations dominate =17 (1—em™M), (8)
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Gate Oxide Substrate in [18]-[20], low-pass filtering or bandpass filtering of a wide
/ sense cyclostationary process results in a wide sense stationary
Lo process when the filter bandwidth is less than half the switching

s

frequency ¥7'. Spectrum analyzers normally perform this con-
7 version before the spectrum is determined. Therefore, the auto-

— 1.’ covariance of the resulting stationary process can be obtained

E;_ A ——— by averaging the time-varying autocovariance over one cycle
________ 17 11—\ 1
’ Gy == Ct,ndt={2 - | eV,
M) T/O Mt 7) <2 ANT ) 1°

Fig. 2. Energy-band diagram for MOSFET, with an active trap inside its gate
oxide. Solid lines are used when the transistor is off, and dashed lines are . . _
o e traneretor 1o o Rite that theAstandard/;f noise model givesC3(r) =
(1/2) (1/4) e=2* and thus predicts the psd curve to be 3 dB
oa o ) lower at all frequencies than a dc-biased transistor.
—_ T . . .
Ast — o0, CA(t, 7) — 1/4¢7>"7, which is the stationary  Now performing Fourier transform of (), and summing

autocovariance function derived in the previous subsection. oyer the contributions of all active traps, we find the drajrf 1
The autocovariance of the total trapped electron numbergise voltage psd

simply the sum of the autocovariances for the individual traps
in the gate oxide, i.e.,
’ Svu(f) =&vS()

Py "AH 1 1—e 22T\ 1 A
et.n) = [ RGO ISV/AL 9“)(5— T >§>\2+(7rf)2 ‘“
(11)

Applying charge-control analysis, the equivalent gate voltage

autocovariance function can be numerically evaluated. whereéy relates the trapped electron number psd to the drain
For the examples in the following sections, we assumengise voltage psd.

0.354:m CMOS technology witfto = 7 nm,y = 10° cm™", Fig. 4 plots the simulated drairy f noise voltage psd for both

Ag = 109 s~ and N, = 10'" eV_'em™?. Using these the standard and the nonstationagyf hoise models assuming

parameter values, we g&t = 4 x 107%, Cox = 5 fF um™,  switching frequency of 2 MHz. For comparison, we also plot the

andkr = 5 x 107** VZF atT = 300K, drain 1/ f noise voltage psd for the dc-biased transistor. Note

that for f much higher than the switching frequency, the two

lll. 1/f NOISE IN A PERIODICALLY SWITCHED TRANSISTOR  models yield the same result, which, as pointed out, is 3 dB

Periodically switched circuits are widely used in RF applil—OWer than the noise psd in the dc biased case fHower than

cations, such as switched capacitor networks, modulators AHS switching frequency, the t\_NO mo‘?'e's deviate significantly.
demodulators, and frequency converters. In this section, WA€ Standard model still predicts noise psd to be 3 dB lower
use our nonstationary/¥ noise model to analyze the simplesf1an the dc-biased case, while the nonstationary model predicts
example of such circuits, the periodically switched transistdHther noise psd reduction that increases atecreases. This
Fig. 3 depicts a typical setup for measuringf1noise psd Is consistent with the behavior of the measured psd.

for a transistor. In the periodically switched case, the gate of

the transistor is driven by a square wave voltage source thatlV. 1/f-INDUCED PHASE NOISE IN A RING OSCILLATOR

tsrgttcrgicsj':tce)trwﬁiﬁeos\a{c T;?fé ’nv;':".:gn'sl\;'é%z ernouﬂ?ohsf bslgs The phase noise in CMOS oscillators has recently been re-
' ! uratl gion. urgd oise p cejving much attention [8]-[10] since it sets a limit on the avail-

using this setup was reported in [5]-{7]. These papers COMMEWe channels in wireless communication. It is typically repre-

on the fact that the measured psd is significantly lower th : : .
the psd estimated using the standafd inodel. We now show Tented by sideband noise power spectral density

that the psds estimated using our nonstationary model are more
P g y Pwo + Aw, 1 Hz)

consistent with the measurement results. L(Aw) = 10log
We first consider a single active trap. Using (8), we can write P(wo)
the autocovariance function of the trapped electron number %vshereP(wo + Aw, 1 Hy) represents the sideband power at fre-
% o= 2AT (1 _ 6—4)\(t—nT)) . aT <t guency offset oAw from the carrier frequenay, with a mea-
- surement bandwidth of 1 Hz. Computing this number requires
CA(t, 7) = t+7<nl+ 5 knowledge of how the device noise current is converted into
0 otherwise. oscillator output voltage. In [9], this is done in two steps. The

(9) first step involves the conversion of excess injected current into
Note thatC,(t, 7) is periodic int and that the trapped elec-excess phase, which is done via a linear time-varying system
tron number is a wide sense cyclostationary process. As proe@VS). The second step is phase modulation, where the excess
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Fig. 3. Spectrum analysis of a periodically switched nMOS transistor.
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Fig. 4. Simulated 1 noise psd for switched and dc biased transistors.

Amplifier Analyzer

much smaller area than the rest, and thusft&-thduced phase
noise dominates. To study the noise due to this transistor, we
first consider the case where there is only one active trap in-
side its gate oxide. Using the periodic autocovariance function
of the trapped electron number as expressed in (9), we can find
the time-varying psd [21]

1 A
2N+ (nf)?
_ ,—4AN(t—nT)
st =4 @-e ), nTst, (13)
t+7<nl+ 3
0, otherwise

whereT = (27)/wo. Note that the functiorf(t, f) is sepa-
rable and can thus be expressedég)«(wot), whereS(f) =
1/2X/(A% + (7 f)?) anda(wot) is a periodic function. For this
class of cyclostationary noise sources, it is shown in [9] that
phase noise can still be calculated using (12), Wiglf) repre-

phase is converted into voltage. The LTVS is characterized bgnting a stationary noise source that is associated with an ef-

its impulse response
[{wor)

(.ZIH ax

h(t, 7) =

u(t — 1)

where
dmax Maximum charge displacement;
u unit step function;

r periodic impulse sensitivity function (ISF).

Expanding

D(wer) = %0 + Z ¢ cos(nwoT + 6y,
n=1

and assuming excess injected current due A6 doise with
single-sided psdg?, 7k r)/(Cox AAw), it can be shown that

2 2 k 1
£(Aw) = 101og <M )

8¢21:Cox A Aw3

(12)

fective ISFI'er = I'(wot)a(wot). In [9], it is also shown that
for independent noise sources, the total phase noise is simply
the sum of the phase noise due to each source. We can use this
fact to find the ¥ f-induced phase noise psd in the case of many
traps, since their trapped electron numbers are independent.

To demonstrate that our nonstationaryfInoise model can
be used to explain the reduction in phase noise, consider a ring
oscillator with the ISF shown in Fig. 5. The figure also plots the
gate voltage for the transistor under consideration. Fig. 6 plots
the simulated phase noise psd using both the nonstationary and
the standard Af noise models at 2 MHz switching frequency.
We also plot the phase noise psd of a nonswitching ring oscil-
lator, where the transistor is always on. As can be seen, the stan-
dard ¥ f noise model reports phase noise that is 6 dBc lower
than the nonswitching case, at all frequencies. The 6 dBc reduc-
tion, however, is too small when compared to the reported mea-
surements [7], which show over 10 dBc reduction in the 1-10
kHz range. By comparison, the plot using our nonstationary

This approach, however, cannot be used to explain the abedel shows 10-20 dBc reduction in this frequency range. The
normal reduction in phase noise when the transistors in a rirggluction is the result of the decrease jfy Inoise due to the
oscillator are periodically turned on and off [7]. We now showwitching of the transistor, as discussed in the previous section.
that using our nonstationary/ f noise model, we can explain Note that our model predicts an increase jif induced phase
this reduction. In these experiments, one transistor typically hagise above 100 kHz relative to the estimates of the standard
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Fig. 5. (a) The gate voltage of the dominant nMOS transistor in a ring
oscillator and (b) the associated ISF, andt) for A = 31.6 kHz.
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Fig. 6. Simulated Af-induced phase noise psd for a ring oscillator.

model. This, we believe, is due to the nonflat shape ofdfagt)
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In this section, we use our nonstationapyf hoise model and
time-domain analysis to obtain more accurate noise power esti-
mates. First note that at the beginning of reset, the transistor is
operating either in the saturation region or in subthreshold de-
pending on the value af,,;. Even if the transistor is first in
saturation, it quickly goes into subthreshold and does not reach
steady state. This was explained in detail in [22], where we ana-
lyzed reset noise due to thermal and shot noise sources. The cir-
cuit noise model during reset is shown in Fig. 7(b). The current
sourcel;(t) models the transistor/¥ noise, andy,, is the tran-
sistor transconductance in subthreshold, which is time varying.
The output noise voltage at the end of reset is given by [22]

Vour(fr) = /Ot” Idés) exp <— /:ﬂ gné«T)

The output reset noise power is thus given by

2 t, tr
2 _ q
Vvout(tT) - <AOOXO> /0 /0 gm(sl)gm(SQ)
tr

1
-C(s1, |s2 — s1]) exp <—5 / gm(n)d71>

e<1
cexp [ —=
C

Using the MOS transistor subthreshdldV” characteristics,
we get thaty,,,(7) = C/(r + &), whereé is the thermal time
[22]. Thus

1 [t S
exp <—5/ gr(7) dT) ~ 2T

ey 3
Substituting this and (1) and (8) into (15), we get that

2 1 t,. t,. g
o () o [
ACOX (tr + 6)2 0 0 AL

-Cx(s1, |s2 — s1])g(A) dA dsy dss.

d’r) ds. (14)

tr
/ gm(72) d’f’g) dsy dss. (15)

52

(16)

Note that this result is virtually independent of the capaci-
tance. This of course is very different from the fama®@s/C

as shown in Fig. 5, which can cause significant asymmetry in tFeS€t noise due to thermal and shot noise sources. The reason is

effective ISFI'.g, and thus can increase phase noise.

V. 1/f NOISE IN SOURCE FOLLOWER RESETCIRCUIT

that 1/ f noise power is concentrated on low frequencies, and
thus is less sensitive to circuit bandwidth and hefice

In Fig. 8, we compare the results using our method to the
results using conventional frequency-domain analysis. To per-

The source follower reset circuit is commonly used in theym the frequency-domain analysis, we need to decide on the
output stage of a CCQ image sensor ar_1d the pixel circuit gf e ofg,, to use. In that figure, we plot the results of the fre-
a CMOS APS. As depicted in Fig. 7 during reset, the gate gf,ency-domain analysis for two valuesgaf, one at the begin-
the transistor is set to a high voltages.. for a short period of ing and the other at the end of the reset time. Note the enor-
timet,.. To find the output noise power due to the transistof 1 mous difference between the curves for the gwpvalues. De-
noise, frequency-d_omain analysis is typically performed us"ﬂﬂending on whichy,., value is used, the results can vary from
the standard Af noise model to get 3.2t0 68V att, = 10 ps. This presents yet another serious

TENC o S(f) shortqoming of using frequer!cy-domain analysis.
out () /mT 2(6) + 42 f2C2 To isolate the effect of using the standard versus the non-

stationary noise models, in Fig. 9 we plot the curves for both
whereg,, is the transistor transconductance &hdis the tran- models using the same time-varying circuit model. In calcu-
sistor drain current Af noise psd. The choice of/1,. as a low lating the noise assuming the standard model, we simply replace
cutoff frequency is quite arbitrary, however. Moreover, the cithe C»(s1, |s2 — s1]) in (16) by the stationary autocovariance
cuit is not in steady state [22], and thus it is not appropriate & (|s2 — s1|). As can be seen from the two curves, the root

use frequency-domain analysis. mean square (rms) noise voltage using the standard model is

df
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Fig. 7. (a) Source follower reset circuit and (b) its noise model during reset.
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Fig.8. Simulated output referred rmgjireset noise using frequency-domainFig. 9. Simulated output referred rmgAreset noise using standargiflnoise
analysis versus using our method. model versus using the nonstationary extension, both assuming time-varying
circuit model.

much higher, e.g., 222 versus 37.% att,. = 10 us. The noise

due to reset transistor shot noise is also plotted and is arow@ply. We used our nonstationary extension of the standgfd 1

276 pV. Note that the rms Af noise voltage predicted by thenoise model to analyze the effect of flnoise in these three

standard model is comparable to the effect of the shot noisaitched circuit examples. In all cases, we obtained results that

Measurement results [22], [23] show, however, that shot noigee more consistent with reported measurements than those

dominates the reset noise, which corroborates the analysis usihtpined using the standard f1 noise model. This not only

our method. validates our model but also means that accurate estimates
of the effect of ¥f noise on MOSFET circuits can now be

VI. CONCLUSION obtained for a wider range of applications.

Recent experimental results showed that the estimates of
the effect of ¥ f noise obtained using the standardfInoise
model can be quite inaccurate, especially for switched circuits.The authors would like to thank T. Chen, S. H. Lim, X. Liu,
In the case of a periodically switched transistor, measuygd 1and K. Salama for the helpful discussions.
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