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An MOS Transistor Model for Analog Circuit Design
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Abstract—This paper presents a physically based model for As a consequence, our model allows the calculation of the
the m(_atal—oxide—semiconductor _(MOS) trans_isto_r suitab_le for nonreciprocal capacitances and is charge conserving.
analysis and design of analog integrated circuits. Static and  The mode| presented here does not include short-channel
dynamic characteristics of the MOS field-effect transistor are ffect the d d fth bilit the t |
accurately described by single-piece functions of two saturation e_ ects or _e ePe” ence or the mobility on the ran_sversa
currents in all regions of operation. Simple expressions for the field. The inclusion of such effects leads to complicated
transconductance-to-current ratio, the drain-to-source saturation expressions that are not suitable for discussion in this paper.
voltage, and the cutoff frequency in terms of the inversion level A computer-implemented version of our MOSFET model that
are given. The design of a common-source amplifier illustrates j,ciydes short-channel and field-dependent mobility already
the application of the proposed model. .

exists and can be found elsewhere [11].

Index Terms—Circuit modeling, integrated circuit design, MOS The basic principles used to derive our MOSFET model

analog integrated circuits, MOS devices. are presented in Section Il. The expression for the drain

current, based on the model of [5], is presented in order

I. INTRODUCTION to emphasize its decomposition into two components. In

ETAL - oxide — semiconductor field-effect-transistorSeCtlon i, we present Fh? expressions of the MOSFET static

. oo and dynamic characteristics in terms of the two components

(MOSFET) models for analog integrated circuit (IC) . : A

. . . : of the drain current. Simulated and measured characteristics
design should consist of simple, continuous, and accurate

. ; . o . . . are compared. Section IV shows some practical expressions
single-piece expressions valid in the whole inversion regn‘@e

of operation [1]. These models should verify fundamentﬁrpcwcu't dezgln. Sﬁcu(;m V prisents the application Ofl.]f.)ur
properties, such as charge conservation [2] and the MOSF SFET model to the design of a common-source amplifier.
source-to-drain intrinsic symmetry [3]. Moreover, they have

to be technology independent and correctly represent not only [l. FUNDAMENTALS

the weak and strong inversion regions but also the moderaterhe MOSFET model hereinafter is strongly based on two
inversion region, where the MOSFET often operates [4hhysical features of the MOSFET structure: the charge-sheet
Ideally, only a few parameters should be required to descriggydel [2], [12] and the incrementally linear relationship
the model, and a simple and consistent characterizatigtween the inversion charge density and the surface potential
procedure should be devised. Last, analog IC designers nggd [6]. Combined, these two approximations allow deriv-
simple expressions to compute transistor dimensions for gy a MOSFET model entirely formulated in terms of two
current level. components of the drain current [3].

In this work, the model of [5], which satisfies all the above- |5 [5], a physics-based model for the MOSFET, valid
mentioned requirements, is entirely rewritten in terms of tW the whole inversion regime, has been accomplished.
components of the transistor current: one associated with tige fundamental approximation of this model is the linear
source and the other with the drain. In this reformulatiogyependence of the inversion charge density on the surface

all the static and dynamic characteristics are expressedgential ¢s [5], [6] for a constant gate-to-bulk voltage
functions of these two components of the drain current. Therg:, over a range of¢s, which encompasses the weak,

fore, hand calculations for circuit design can be substantialijoderate, and strong inversion regions
simplified.

Our model uses the same basic physical variables as the dQ; = nC!_dps. (1a)
EKV model [3] but avoids the use of nhonphysical interpolating

curves to bridge the gap between weak and strong inversionln (1a), C¢, is the oxide capacitance per unit area anis
the slope factor, slightly dependent on the gate voltage, greater

than one and usually smaller than twois defined [3], [5] by
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Fig. 1. Output characteristic of a long-channel NMOS transistor for constant 0

Vs and V. All voltages are referred to the bulk terminal. 0 1 2 3 4 5
Ve (V)
by Fig. 2. Measured normalization current for an NMOS transistor & 280
2 AandW = L = 25 um).

Vp =

2
\/VG —Vro ( Vbo + 7/2) B 7/2] = o a symmetric device, the knowledge of the saturation current

Ve~ Vro I(Vg, V) for any Vi, Vs allows computing the drain current

" (1c) for any combination of source, drain, and gate voltages.

In (1c), Vo is the threshold voltage in equilibrium, cor-

responding to the value oF for which Vp is equal to IIl. M ODEL FORMULATION

zero. In this section, we show how to derive continuous, single-
The drain current in a long-channel transistor is given kgiece expressions for the large and small signal characteristics
the charge-sheet expression [2] of the MOSFET in terms of the forward and reverse satura-
L dps Q' tion currents. These expressions are very accurate in weak,
Ip = pW <—Qr% t ) (2) moderate, and strong inversion.

wherey, is the carrier mobility, W is the channel width, and
x is the coordinate along the channel length. _ _ _
Substituting (1a) into (2) and integrating along the channel Expression (3b) can be rewritten in the form

A. Current Normalization

length L [5], we obtain ’IS(D)
- = Jl+ipm—1 4a
Ip=1Ip—1Ig (3a) nC! Pt trer) (42)
Ipry =1(Va, Vspy) where ( )
2 . Irry I(Va, Vs

, W | [ Qs 2Q15(p) ipy = 8 &) (4b)

=CoT 5 \ncr o | ~ner | CP s s

ox 7t ox 7t is the forward (reverse) normalized current [3] and

where Ir(g) is the forward (reverse) saturation current and R

"s(myy 1S the inversion charge density evaluated at the source Is = pnCoxy 7 (4c)

(drain) end. Therefore, the forward (reverse) saturation cop- the normalization current, which is four times smaller
ponent of the current is associated with the source (draihn the homonym presented in [3]. The factonC’_¢? /2,
inversion charge density by a one-to-one relationship. which is herein denominated the sheet normalization current
Equation (3) emphasizes the source—drain symmetry of the is a technological parameter slightly dependentien
MOSFET. To exploit the intrinsic symmetry of the devicethrough; andn. Fig. 2 depicts the normalization current of
voltages are referred to the substrate [3] (Fig. 1). Let us nawlong-channel MOS transistor versus the gate voltage. The
explain how to determine the forward and reverse componenirmalization current variation around its average value is
of the drain current from the transistor output characteristic, about+30% for a gate voltage ranging from 0.6 to 5 V.
the one shown in Fig. 1 for along-channel MOSFET. Note thatIn [3], the forward normalized current; is also properly
there is a region, usually called the saturation region, whekgferred to as the inversion coefficient since it indicates the
the drain current is almost independent ¥6%. This means inversion level of the device, which depends on both the gate
that in this region,I(Vg, Vp) < I(Vg, Vs). Therefore, and source voltages. As a rule of thumb, values ofreater
I(V, Vs) can be interpreted as the drain current in forwarthan 100 characterize strong inversion. The transistor operates
saturation. Similarly, in reverse saturatidi, is independent in weak inversion up t@; = 1. Intermediate values ofy,
of the source voltage. Since the long-channel MOSFET fiom 1 to 100, indicate moderate inversion.



1512

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 33, NO. 10, OCTOBER 1998

TABLE |
ExPRESSIONS FOR THEMOSFET SaTIC AND DYNAMIC CHARACTERISTICS
Variable Expression
Ip Is (ig - i)
2 - - ,/1+1”/l+1
Q Cm(nqh%[,/lﬂf+,/1+1r —‘/l_:+‘/l_+_l_] }
nolo o1
QB QI Cox 2(n‘1)
Qs 3(,/1+1 ) HO(1+i i, a1+, (14, )+2(,/1+1 ) 1
ox ¢ .
t (,/1+1[+ 1+1,) 2
Qo Q-Qs
- o (V1+ie - 1)
oy Brms ~Bma
n
Cots c 2 [1 1 ] i
"3 \)H'if(r) (,[I-H + 1+1)
-1
Co =Cy _“(C -G 7de)
Conay {(n-1)Cpu
c. c. ﬂ(m ) 1+1 +9 1+1”/l+1 +81+1
15 (‘/ﬁ?ﬂllﬂr)
. —Cnxin(\/l_;f—l)zﬁf +3 l+if,ll+i,3+ir
15 (‘/1+ir+,[1+i,)
C.-Cy
Cq n
Cai (n—-1)C,
‘/1
Ve-Vsm) {,[Hlm) ,/l+1 +ln[ 1+1r<r) ”
+ip

The source (drain) transconductance, defined as the deriglansity with respect to the source (drain) voltage as a function
tive of the drain current with respect to the source (draimf the forward (reverse) normalized current

voltage, can be obtained either by differentiating (3)

4y Ol
grn,s(d) - aVS(D)

K L t 8V5(D) ﬂCéX(f)t

or from the general expression [3], [5]

w
grn,s(d) = _NTQIIS(D) (5b)

Kf/) aQiS(D) <Q/IS(D) _ 1) (5a

BQ}S(D) R 1+ if(,,) -1 ' (50)
8V5(D) x4+ if(,,)

In the model of [5], all the static (drain current and to-
tal charges) and dynamic [three transconductances and nine
independent (trans)capacitances] characteristics of the long-
channel MOS transistor are expressed as functions of the
source and drain inversion charge densities and their deriva-
tives with respect to the source and drain voltages. Expressions
(4a) and (5c¢) allow rewriting the charge model of [5] in terms

The combination of (4a), (5a), and (5b) allows one tof the normalized saturation currents and+,, as shown in
express the derivative of the source (drain) inversion chargable I.
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plotted for different gate voltages, technologies, and channel
2med; lengths. The accuracy of (6) is excellent for any of these cases.
In general, transistors are driven by the gate rather than

10 by the source. Therefore, the gate transconductance is a
more useful definition for design purposes. Fig. 5 shows the

8 ratio of the gate transconductance to current for both long-

p channel {L. = 8 um) and short-channell(= 0.8 um) MOS
transistors from a CMOS technology. The results have been

4 achieved afi’p, = V. According to the curves in Fig. 5, the
transconductance-to-current ratio for low and moderate current

P V=30V levels is fairly the same for both devices, while the short-

15 -mmfremere e -~ channel MOSFET exhibits lower transconductance-to-current
0 Do ratio for higher current levels. A discussion on short-channel
107 10 107 10 107 10¢  effects can be found elsewhere [11].
3l 8lg T (A)

C. Output Characteristics

Fig. 3. Determination of the normalization current from the measured cur- o: : ;
rent-to-transconductance ratio. (NMOS transistor with = 280 A and Since the source (dram) transcondUCtam(d) is the

W =1=25 um Vg = 3.0 V) derivative of —(+)Ip(g) With respect toVsp, the relation-
ship between source (drain) voltage and forward (reverse)

normalized current (last expression in Table 1) is determined

hTabIeI :jsynthefmzes thekoverall behavior of al"’%rge andklortl% integrating (6). In the last expression of Tabld’k p)y =
channel device from weak to strong inversion. Itis remarkable 1 Jlies that ijy = ip; thus, the assigned value of

that only three parameterds, C,x, and n) are enough to

h . h ll-sianal £ th MOSFEfarametez'p definesVp and should be chosen in the transition
characterize the small-signal parameters of the fom weak to strong inversion. In this work, we have adopted

Short and narrow channel effects can be modeled as in [LS -~ 3, which corresponds to the condition (D) = Vp»
The current-based expressions in Table | are useful foranalysisrhe’Choice of ! — —nC’_4 to define the pinch.off
IS(D) — ox

and design of current-hiased circuits, as is the case of alm%ftage is not occasional; rather, this point has been judiciously

all the analog circuits. chosen since it represents the transition from weak inversion,
. where the transport mechanism is dominated by diffusion, to
B. Current-to-Transconductance Ratio strong inversion, where the prevailing transport mechanism is
An important design parameter required in analog circuits @ift. Substituting (1a) into (2), one can readily verify that the
the current-to-transconductance ratio [4]. In the following, wérift and diffusion components are equal at pinch off.
will demonstrate that this design parameter can be expresseffig. 6 shows the measured and simulated “common-gate”
in terms of a normalized saturation current. characteristics for a saturateldf = V) N-channel (N) MOS
The substitution of (4a) into (5b) allows one to derive thtiofansistor of a 0.7%m technology (oxide thickness of 280
equation for the source (drain) transconductance in TabléA) with L = W = 25 um. The simulated curves have
Therefore, the ratio of the drain current in forward (reverséeen determined from the first and last expressions in Table |
saturation to the source (drain) transconductance is given ffgssuming that, in saturation, is equal to zero) and the
definitions ofi s ands in (4b) and (4c). An excellent matching
Ipwry — 1t+ipe+1 6) between the experimental results and the proposed model is
Pt Gms(a) 2 ) observed in all regions of operation.
) o _ Since the relationship between bias voltage and the nor-
_Expression (6) is independent of gate voltage, transisigfjized saturation current shown in Table | is not invertible
dimensions, technology, and temperature. Therefore, (B)ierms of elementary functions, approximations [11] of this
is a universal expression for MOS transistors, as thgpression where the current is an explicit function of the
transcoqductanpe-to-current ratio is for plpo_lar tr_an5|§tor§pp“ed voltages are very useful for transistors driven by
Expressmn (6) is a very powerful tool for circuit design SinCGoltage signals. The approximation of [11] for the current-
it allows deS|_gn_ers to computg the a_vallable transconductan&g:_—vo“age relationship in a MOSFET can be simplified to
to-current ratio in terms of the inversion level Moreover, (6) ) = [1+1In(1 4 Vr=Vam/ony)2 _ 1,
provides a strgightforward procedure for. extracting the vaIuJéThe MOSFET output characteristics described by the uni-
of the normalization current, the most important parametgg,ga) relationship
in our model. The value 3/2 for the rati@r/(gmsp:),
for instance, corresponds tg = 3, that is, Is = Ip/3. Vs . i Vid+ip—1
This very simple extraction procedure &§ is illustrated in oV l4ip—V1ti-+1n <ﬁ> (7
Fig. 3 for two different values (3/2 and 2) of the current-to-
transconductance ratio. are readily derived from the last expression in Table |. Expres-
The universality of (6) is confirmed in Fig. 4, where measion (7) demonstrates that the normalized output characteristics
sured and simulated current-to-transconductance ratios af@ long-channel MOSFET are independent of technology and
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Fig. 4. Forward current-to-transconductance ratidn /g,»s) versus inversion coefficient of NMOS transistors: (a) biased at different gate voltages, (b)
with different channel lengths, and (c) from different technologies.

transistor dimensions, corroborating again the universality abd Small Signal Parameters
consistency of our model. In Fig. 7, we compare the measured]-ame | shows the expressions for the sourgg.j, drain

optput characteristics, for several gate voltages, and thctgsld)’ and gate,,,) transconductances, defined in [3] and [5]
S|mula_ted by (7). _ : as the partial derivatives dfp(Vs, Vp, Vi) with respect to
. In Fig. 8, we present the theoretical draln-to-source_saturtﬁé source, drain, and gate voltages, respectively. Fig. 9 com-
tion Vo!tagfaVDss,at' defined herg as the vglue%s for which pares the measured and simulated values of the source and gate
the ratio@y, /s = e, wheree is an arbitrary number much ., seondyctances for the same device of Fig. 6, thus demon-
smaller than one. Therefore, from (4a) and (7) . : L
strating the satisfactory precision of the proposed model.
1 The expressions for the ten intrinsic (trans)capacitances
Vbssat = ¢t [111 <g> + 14— 1} (8) listed on Table | are obtained from the differentiation of the
inversion (0;), depletion @), source s), and drain @p)

The definition in (8) is extremely useful for circuit desigriotal charges with respect to the terminal voltages. One should
since it gives the boundary between the triode and saturatig&gall that only nine of the 16 possible (trans)capacitance def-
regions in terms of the inversion level. Note that in wealitions are independent [2]. In Fig. 10, we compare some of
inversion, Vps.a: is independent of the inversion level, whilethe intrinsic transcapacitances calculated from the expressions
in strong inversion)/ps.a; is proportional to the square root ofpresented in Table | and from the charge-shggformulated
the inversion level. Our definition of saturation is arbitrary bunodel of [7], which is already known to fit experiments very
gives designers a very good first-order approximation to theell.
minimum Vpg required to keep the MOSFET in the “constant It can be noticed that all small-signal parameters in Table |
current region.” approximate to their well-known asymptotic values in weak
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Fig. 7. Normalized output characteristics (NMOS transistgg, = 280 A

andW = L = 25 um). I;» has been measured fof, = Vi andVs = 0.

Fig. 5. Simulated gate transconductance-to-current ratio of long- affi measured data, —: calculated from (7). {z)= 4.5 x 10 (Vo =07

short-channel MOS transistors in saturation,(= V¢) versus normalized Y)- (B) ir = 65(V; = 1.2 V). (c) iy = 9.5 x 10%(Vz = 2.0 V). (d)

drain current. if = 3.1x10%(Ve = 2.8 V). (e) iy = 6.8 x 10°(Vg = 3.6 V). ()
iy = 1.2 x 10%(Ve = 4.4 V).

id = [D/IS

107 VDSsat/ ¢t
10°
< 08
5|
o
5 10?
£ .
s 107
B
08V
10!
10®
-1.0 0 1.0 2.0 3.0 4.0
source voltage (V)

Fig. 6. Common-gate characteristics of an NMOS transistor in saturation, 1¢° a—

with tox = 280 Aand W = L = 25 um (Vg = 0.8,1.2,1.6,2.0, 107 103 10! 10" 10° 10°
2.4,3.0,3.6,4.2, and4.8 V). (—) simulated curves calculated from Table [; R
(o) measured curves. I

Fig. 8. Saturation drain-to-source voltage computedefes 0.01 ande =
0.1 versus inversion coefficient.

and strong inversion [3]. For instance, deep in weak inversion,

thatis, foriy <1, /144y can be approximated biy+:7/2.  The substitution of (4b) into (6) allows writing
Therefore,g,,,s (Table I) tends to its expected valuBs/¢;.

On the other hand, in very strong inversigg,s is proportional _ Ir
. . Is = . (9)
to +/Ir sinceiy is much greater than one. 4 Ir Ip .
The small-signal parameters in Table | describe the MOS- DtGms \ Prgms

FET behavior in quasi-static operation, being suitable for

low- and medium-frequency analysis. The frequency limits The substitution of (4c) into (9) allows expressing the
of validity for this quasi-static approach are discussed in th@nsistor aspect ratiod(/L) as

Appendix, where a nonquasi-static model is presented.

w Iims 1
IV. TRANSISTOR SIZING FOR CIRCUIT DESIGN Fboxli | _ %
F

Analog circuit designers need to determine bias current and
transistor dimensions in order to satisfy design specificationsThe term outside the parentheses in the right-hand side of
such as gain and cutoff frequency. (10a) corresponds to the approximation used to determine the
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10°
(Vo-Vr1o)/y
f Fig. 10. Intrinsic capacitances simulated from (—) our quasi-static model
v described in Table I; (o) the s-formulated model of [7]. (NMOS transistor
= 10° With tox = 250 A, N4 = 2 x 1022 m=2 and Vg = 0.7 V.)
g
E
S of a MOSFET in saturation is [2] given by
g
B 107 Img Oms
2 Jr= = . (11a)
53 2n(Cyo + Cgp)  2mn(Cyhe + Cy)
From the expressions @f,,s, Cys, and Cy, presented in
10°? Table I, fr can be readily written in terms of the inversion
0 1.0 20 3.0 40 50

coefficient as

gate voltage (V) oy

Ir= 2nL?
Fig. 9. (@) Source transconductande;(=0.8, 1.2, 1.6, 2.0, 2.4, 3.0, 3.6, . _
4.2, and4.8 V) and (b) gate transconductancEs(=0, 0.5, 1.0, 2.0, 2.5, 'Lf(\/ 144+ 1)
and3.0 V) of an NMOS transistor witht,, = 280 AandW = L = 25 pm. : _ 2 5. - :
(—) simulated curves calculated from Table I; (0) measured curves. (” - 1)(\/ 1+ 1y + 1) + 3 ('Lf + v 1+ ty — 1)

(11b)

aspect ratio in the strong inversion region. The factor in paren-The first term in the right-hand side of (11b) shows the
theses provides a correction in weak and moderate inversigependence off; on the channel length and on the slope
which allows (10a) to be valid in the entire inversion regimgactor and mobility, both slightly dependent on technology and
Foriy = 100 (transition from moderate to strong inversion), &n gate voltage. The second term represents the dependence of
significant error of 20% results for the determinationV®fL  the cutoff frequency on the inversion level. Usually, due to the

if the term in parentheses in (10a) is not taken into accoumdck of adequate models, designers employ transistors whose
An alternative expression for the geometric ratio is obtainegd. js much higher than that required for a specific application,

by substituting (6) into (10a) thus leading to an unnecessary increase in power consumption.
Assuming the slope factat in the denominator of (11b)
w ___9ms 1 (10b) to be equal to 4/3, a typical valuef;r can be roughly
L pnClige JT+if—1 approximated to
~ b =
Introducing iy as a design variable is very useful. The Jr= 27rL22(V Lty - 1) (11c)

designer can readily sketch the area consumption, (10b), e%np any inversion level
the bias current, (6), in terms of the inversion level and decide '
on a satisfactory solution to his specific design.

Even though it is possible to choose the inversion lev
the designer should be aware of the frequency capability
the transistor, which is most often specified in practice by the
intrinsic cutoff frequencyfr. The intrinsic cutoff frequency V. APPLICATION TO THE DESIGN
of an MOS transistor is defined as the frequency value at OF A COMMON-SOURCE AMPLIFIER
which the short-circuit current gain in the common-source Let us illustrate the application of our model to the de-
configuration drops to one [2]. The intrinsic cutoff frequencgign of the basic common-source amplifier in Fig. 12. The

Fig. 11 shows the intrinsic cutoff frequency calculated from
éfllb), forn =4/3 andn = 5/3, and from (11c), for a large
ré)fnge of values of the inversion coefficient.
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© Fig. 13. Bias current and aspect ratio versus inversion coefficient for the
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inversion is power consuming owing to the low value of the
transconductance-to-current ratio (6), which also results in a
small value for the voltage gain.

By assuming that the intrinsic cutoff frequency of the
transistor must be greater than, say, three GBW, we can
Toias () determine a lower limit for the inversion level. In fact, for

frequencies abovefr/3, the quasi-static considerations in
Vo deriving the model of Table | may be no longer valid [2]
in moderate and strong inversion. Moreover, the extrinsic
capacitance due to drain diffusion can be prohibitively large
for low inversion levels (large areas). From (115}, > 300
MHz for ¢; > 0.94. This means that, in this example, the bias
current () should be greater than 244A and the aspect

[ ratio (W/L) should be smaller than 9600.
The lower limit for the output voltage can be assumed to be
Fig. 12. Basic MOSFET common-source amplifier. equal to the drain-to-source saturation voltage [8]. From Fig. 8,
VDssar = 9¢ results foriy = 0.94, assuming: = 0.01.

Fig. 11. Normalized intrinsic cutoff frequency. (—) with=4/3; (— ——)
with n = 5/3; and (0) expression (11c).

Ve

Vo T

specifications for this design are: a gain-bandwidth product
(GBW) equal to 100 MHz and a capacitive load)(of 10 VI. CONCLUSIONS

pF. The channel length of the transistor is equal to 0.75An accurate MOSFET model valid in weak, moderate, and
pm, the minimum allowable value for the technology undestrong inversion has been presented. All the device character-
consideration (oxide thickness, = 280 A). We assume that stics are expressed as single-piece functions of the saturation
the electron mobility and the slope factor are equal to 528 crgomponents of the drain current. A physics-based law for the
VIs and 1.25, respectively. One should determine the size ®frrent-to-transconductance ratio in the MOSFET has been

the transistor and the biasing current. derived and experimentally verified. A compact expression
An approximate expression for the GBW of the capacitivelior sizing MOSFET'’s has been derived from this law. The
loaded amplifier in Fig. 12 is model presented is a powerful tool that can be used for both
GBW =~ Ima o Gms (12) hand caIcuIa’Fions and co_mp_uter-assisted analysis and design
2rC  2mnC of MOSFET integrated circuits.
From (12) and the specified values 6f and GBW, we
obtain g,,s = 7.9 mS. By introducing this value of,,s into APPENDIX
(6) and (10b), we obtain the curves in Fig. 13, which show the NON-QUASI-STATIC OPERATION
Irequlired bias current and aspect ratio in terms of the inversionThe small-signal parameters listed in Table | are valid for
evel.

The choi f lue fars in th derate i _ .__low and medium frequency analysis. A complete nonquasi-
€ choice ot a value fafy in th€ moderate INVErsIon regiong ;. model, suitable for high-frequency operation, can be

represents a tradeqﬁ betV\_/een area and power consumMpHaeq by taking into account the continuity equation [2], [9]
[4]. Small values ofi; require large aspect ratios, as shown

in Fig. 13. Thus, operation in weak inversion is expensive dig(z, t) _ 0z, t)
L o =W (A-1a)
in silicon real estate. On the other hand, operation in strong ox ot
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TABLE 1l
EXPRESSIONS FOR THEMOSFET NONQUASKHSTATIC MODEL
Variable Expression
1+ jot,
Yes 0% I+ jorT,
1+jor,
-10C, ,—
Yed M 1+ jor,
oC 1+jor,
Yeb = Yo 1% 1+jor,
Ybs) (n-1)¥esay
__Bm
Yus 1+ jor,
gmd _ ny
Yaa 1+jot, ¥
Y +Ya
Ydg n
C, LI* 42+i +3J1+i/T+i, +i,
T T =T e 3
! Baa WIS (14, +141)
I’ 1 2(1+if(,))+8,/1+i“/1+ir +5(1+1,)
T2@3) Y - —\2 - -
b, 15(\/1+1f +\/1+1[) (\/Hlm) +2‘/1+1r(f))
Coxrl - CgsTZ - ng‘CS
T4 Cox - Cgs - ng
C,, =WLC!,

wherei;(x, t) is the time-varying inversion channel current, The first-order time constant, the coefficient ofjw in the

no longer supposed to be constant along the channel lengtenominator of the transadmittances in Table I, for a saturated
andg’ is the time-varying inversion charge density. The timeMlOSFET is given by

varying version of (2) together with approximation (1a) leads

to L? 4 24145+ 3/1+15 (A-2)
L= — =% -
, oI5 (T +1)°
p o ouWw , ¢ (z, )
iz, t) = ——=—(qr(z, t) = nClud)—2— (A-1b) _ _
nCox a which can be approximated to
The set of expressions (A-1) can be solved either numer- L? 1 1

71

ically or by an iterative procedure such as the one proposed (A-3)

ppr 5 /144
in [10] and applied in [9]. The method of [10] allows de- !
riving approximate expressions of the (trans)admittances foith maximum deviations of 25 and 20% in strong and in very
any desired order (highest exponent of the frequency Wweak inversion, respectively. Fig. 14 illustrates the variation of
the denominator). For instance, by applying this method tbe time constant; in saturation, with the forward normalized
solve (A-1) up to first order, we obtain the nine independentirrent. Since the intrinsic cutoff frequency is proportional
(trans)admittances presented in Table Il. The expressionstof,/1 +; — 1, the nonquasi-static correction is significant
this table are similar to the corresponding ones derived in [@nly for moderate and strong inversion. In weak inversion,
However, the nonquasi-static parameters shown in Table Il dhe quasi-static model presented in Table | predicts dynamic
expressed in terms of the forward and reverse normalizederation with satisfactory precision at frequencies up to the
currents, while the parameters in [9] are functions of thatrinsic cutoff frequency. In moderate and strong inversion,
surface potentials at source and drain. the applicability of the quasi-static model should be restricted
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Fig. 14. Normalized first-order time constant in saturation.

to frequency values up to one-third of the intrinsic cutol

frequency [2].
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