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Abstract—This paper presents an overview of MOS transistor transit frequency of a 0.13m gate length MOS transistor can
modeling for RF integrated circuit design. It starts with the de-  reach the 80-GHz region compared to the 50-70-GHz region
scription of a physical equivalent circuit that can easily be imple- obtained with a bipolar transistor from a SiGe process [4]. This

mented as a SPICE subcircuit. The MOS transistor is divided into . ) .
an intrinsic part, representing mainly the active part of the device, clearly opens the door to full CMOS highly integrated solutions

and an extrinsic part responsible for most of the parasitic elements. for wireless applications. Of course, highand f.,.x are not

A complete charge-based model of the intrinsic part is presented. enough. Good noise performance and low-power consumption
The main advantage of this new charge-based model is to provide are required as well. Since the noise figure is also decreasing
a simple and coherent description of the dc, ac, nonquasi-static when increasing the transit frequency [5]-[8], it also takes

(NQS), and noise behavior of the intrinsic MOS that is valid in . .
all regions of operation. It is based on the forward and reverse advantage of the down-scaling of the transistor length [8]. The

chargesqy and ¢, defined as the mobile charge densities, evalu- Power consumption is still larger than what you would get from
ated at the source and at the drain. This intrinsic model also in- bipolar implementation, but this is changing thanks to scaling.
cludes a new simplified NQS model that uses a bias and frequency The operating points are moving from strong inversion toward

normalization allowing one to describe the high-order frequency \yeak jnversion, improving the current efficiency and making it
behavior with only two simple functions. The extrinsic model in- | towh t', btained with a bipolar t it
cludes all the terminal access series resistances, and particularlyC oser 1o what Is obtained with a bipolar transistor.

the gate resistance, the overlap, and junction capacitances as well After several years of intensive research that has demon-
as a substrate network. The latter is required to account for the strated the feasibility of using CMOS technologies for RF

signal coupling occurring at RF from the drain to the source and  gpplications, real products using CMOS also for the RF portion
the bulk, through the junction capacitances. The bias dependence of a chip are now emerging. Several examples of single-chip

of these components is discussed, mainly focusing on the overlap . . . .
capacitances. The noise model is then presented, including the ef.Systems for Bluetooth, including the radio transceiver together

fect of the substrate resistances on the RF noise parameters. All the With the baseband digital processor, and fully integrated in
aspects of the model are validated for a 0.2m CMOS process. CMOS have been presented recently [9]-[11]. Other examples
The simulation results of theY -parameters, the transit frequency, of RF CMOS chips can be found in the literature [12].
the noise parameters, and.the RF large-signal characteristics show Nevertheless, the design of RF integrated circuits (ICs) for
an excellent agreement with the measured data. P .
_ _ real products remains a challenge due to the strong constraints
Index chermS—dMQde“”ga'V'lQS devices, MOSFETs, RF CMOS, on power consumption and noise that leave little margin for the
semiconductor device modeling. RF IC designer. It is, therefore, crucial to be able to accurately
predict the performance of CMOS RF circuits in order to im-
|. INTRODUCTION prove design efficiency and reduce the time-to-market. This re-
HE aggressive scaling of deep-submicrometer cmcyires MOS trapsstor compact models that are accurate over a
: : de range of bias, from dc to RF and for a large set of geome-
technologies that has been going on for more than Pos

years has allowed an increase in the number of transistor'gl_ . . . .
er chips and, hence, has extended the functionality while at his paper presents an overview of MOS transistor modeling
b ' ' for RF IC design. Section Il describes the equivalent circuit of an

"BE MOS transistor starting from its structure and layout. It also

[1]. Although these tremendous speed improvements ha(]}{i%cusses some practical issues related to the implementation of

been mainly driven by the requirements of very large SCafe complete RF MOST model in a simulator such as SPICE.

integration (VLSI) digital chips, they can also be exploited fo, . . |
analog RF circuits [2], [3]. Today, ultra deep-submicrometeérecnon [l briefly presents a very compact charge-based model

(UDSM) technologies have cached-up or even surpassed %1; the MOST valid in all modes of operation. This is required

€ : : ;

. . . . . since the down-scaling of the transistor geometry is accompa-
transit frequencies achieved by bipolar transistors [4]. The . g g y P

nied by a reduction of the supply voltage and of the overdrive
_ _ voltage that pushes the operating points more and more from
Manuscript received May 3, 2001. _ _ the usual strong inversion regime toward moderate or even weak
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CH-2007 Neuchatel, Switzerland (e-mail: christian.enz@csem.ch). .ver5|on: comp et? small-signal moael Is describe .'n_ e_c-
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Fig. 1. Layout of a typical RF MOS transistor. gi
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part of the MOST that accounts for nonquasi-static (NQS) op- si di
eration. Section V discusses the noise properties of the MOS at

HF and gives simple expressions for the four noise parameters.

Finally, the large-signal operation at RF is briefly presented in
Section VI. Substrate Network
BO 4 o8
II. MOS TRANSISTOREQUIVALENT CIRCUIT AT RF b
A. RF MOS Transistor Structure and Layout Fig. 2. MOS transistor equivalent circuit. (a) MOS transistor cross section.

. . . (b) Equivalent subcircuit.
RF MOS transistors are usually designed as large devices in

order to "’?Ch'eve the desired transconductanpe rgqulred o mf’ﬁlfﬁnsic and extrinsic models of the MOST will be described in
the transistor operate up to RF. As shown in Fig. 1, they a tails in the following sections

usually laid out as multiinger devices, because in deep-su ‘Note that the equivalent circuit of Fig. 2(b) does not include

m|crome_ter CMOS processes the maX'ml.Jm.ﬂnger Iength (C%'e parasitic components related to the test structure, such as
responding to the unit transistor wid;) is limited. This is

due to th lled * i froct’i ina the silicid the pad capacitances and the lead series resistances and induc-
ue to the so-called "harrow-iine efiect increasing the siict ef%nces.The latter will have to be carefully deembedded from the

polysilicon §heet resistance as the finger width (C.OrreSpond'H%asurements to bring the reference planes close to the useful
tothe transistor gate lenglty) decreases due to grain bounda%evice. For example, all the measurements presented afterwards

problems [13]. Typical devices have up to 10 or more finger : : _
The total transistor effective widt# . is then simplyN - W. Elaﬁ[ligjen cautiously deembedded using & two-step procedure
L .

A cross section of a single-finger MOS transistor is present

in Fig. 2(a) together with the corresponding simplified equivas practical Implementations Issues

lent circuit, which is discussed in the following section. ) .
The MOS compact models available in circuit simulator such

as SPICE have four terminals but do usually not include the
gate resistance nor the substrate network. In order to have ac-
Although it is always possible to have a detailed equivalengess to the internal nodes of the RF MOS transistor and im-
circuit that accounts for all the physical elements that are patement the equivalent circuit of Fig. 2(b) in a SPICE simu-
of the RF MOS transistor, it is often too complex to be impldator, most of the time a subcircuit approach is used. Note that
mented as a compact model or a subcircuit for circuit simulatiowt all the extrinsic components that are already available in
purposes. Moreover, many of the component values would thee compact model (i.e., source and drain resistances, overlap
difficult or even impossible to extract and the subcircuit wouldapacitances, and junction diodes) can be used. For example,
contain too many internal nodes, which would significantly rehe source and drain series resistors in most compact models
duce the simulation efficiency. As is often the case in modelingre only “soft” resistances embedded in the expression used
a tradeoff has to be found between accuracy and efficiencyt@calculate the drain current. They account for the dc voltage
good compromise is obtained when simplifying the completirop across the source and drain resistances and its effect on
detailed equivalent circuit to the one presented in Fig. 2(lihe static drain current, but they do not add any poles and are,
which from experience has shown to be sufficient for most RRerefore, invisible for ac simulation. Therefore, they have to be
circuit simulations. This equivalent circuit is made of the inadded outside of the compact model as “real” resistors. Also, the
trinsic part of the MOST, corresponding to the active part gource-to-bulk and drain-to-bulk diodes of the compact model
the device and represented in Fig. 2(b) by the MOST symbuhve their anodes connected to the same node. Depending on
M;. All the other elements are only parasitic components cdhe substrate network, their anodes have to be connected to two
responding to the extrinsic part of the device. They are madeparate nodes [as shown in Fig. 2(b)]. In this case, the diodes
essentially of capacitances and resistances that play an incr@atgrnal to the compact model have to be turned off and two ex-
ingly important role as the operating frequency rises. Both thernal dioded),, andD,, have to be added. The overlap capac-

B. Equivalent Circuit at RF
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Fig. 3. CMOS process supply voltage scaling [17].
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itancesC,,, andC,,, are usually also part of compact models, (log)

but not all provide good bias-dependent models. This bias -
pendence must be accounted for in order to obtain a RF MO
model that is valid over a large bias range. All these extr|n5|cIn this charge-based model, the drain curtgsts split into

components will be discussed in detail in Section IV. .
. o the difference between a forward currdptand a reverse cur-
Before looking at the RF operation, it is important to have a
. . rentIg [23]
good dc model, since all the small-signal parameters are derive
from it. A very compact charge-based dc model is summarized Ip =1Ip — Ig = Lpec - (if — i,) (1)

in the following section.

4. Different modes of operation of the MOST.

wherei; = Ig/Ig,e. andi, = Ig/I .. are the forward and
reverse current normalized to the specific curtkpt. = 2 -
ll. DC MODEL n - 3 - UZ [23] delimiting the regions of weak and strong in-
ersion withlU; = kT'/q being the thermodynamic voltage.

supply voltage had to be decreased progressively from the t gl_tctcirnblslkthelglveak |nc\j/(tar3|.on”slope, Wh;Ch dfp)ﬁepds onkt.he
ditional 5 V used for older CMOS technologies (typically Iargega e-to-bulk voltage and typically ranges rom 2.6 ih weak in-

than 0.5m), down to 1.2 V/ for more recent 0.1@n UDSM version to 1.3 in strong inversion for an n-channel transistor
technologies, in order to reduce high electrical fields WithiF\l'A'_l'2 for p-channel) [23]. Note thdl,... depends on the

H H = !
the device and, hence, avoid the related effects. The threshtéf@s'stor geome”Y accordlng/tb_ “e;ffcox WeH/Lef.[' The.
rmalized currents; andi,. characterize the state of inversion

voltage can unfortunately not be scaled in the same proporti'a . .

without strongly increasing the drain leakage current, which ar the channel at the source a_md a.t the drain, respectwely.'They
fects the static power consumption of digital chips. This resuﬁ?n’ therefore_, be used t_o dgfme dlfferent mode_,-s .Of opergnon as
in a decrease of the effective overdrive voltége- Vo, which, ! ustrated_m F|.g. 4. The I|ne§f - 1 andz,,b = 1delimitfour dif-
in turn, moves the operating point of analog transistors more afr?&em regions: weak inversion féf and:, much smaller than

more from strong inversion to moderate inversion and event e (typically smaller than .0'1)’ strong inversiondpand/or,
ally even into weak inversion. In this perspective, it is impor- uch larger than one (typically larger than ten), and moderate

tant to have models that accurately predict the behavior of t yersion fors; andfori,. close to unity (typically comprised

MOST in all regions of operation, from strong to weak inver- etween 0.1-10). The A3ine corresponds tdp = 0. Re-

sion, through moderate inversion. This motivates the followin\@erse safuration corresponds to the region above this line where

dc model description, which is valid in all modes of operation'f < i, and, therefore, the drain current is negative (it circulates

rom the source to the drain). RF MOST are usually biased in

The dc and ac operations as well as the noise model of t%?ward saturation corresponding to the region below the 45

MOST can be described in terms of the different charges storlffende wherei; > i, andIp > 0 and shown by the darker zone

in the device and more specifically of the inversion mobile "~ o . . .
In Fig. 4. In saturation;; is sometimes also called the inversion

iy .
gﬂg;gniﬁzgzlt&f’i:gglggedait;ga, som:éze:;ﬂ/glr a|[nlg]n_d[;20]f tqgctor. The upper right region corresponds to the triode region.

. i ip» 1OSP y . " The forward and reverse normalized currents can be expressed
This charge-based modeling approach has the following strolp]qerms of the normalized forward and reverse cha d

advantages:
o9 | i ¢r [18], [20]
1) itis grounded on the device physics;

As illustrated in Fig. 3 [17], due to technology scaling, th

2) it provides simple analytical formulations (at least for i = Ir =@ +q Q= Ig —F+q )
long-channel devices) that are valid in all modes of op- Lpec 7 Lipec 7
erations, from weak to strong inversion; - ,
o ’ ' with ¢, andg, defined as
3) it insures the coherence between the dc, ac and noise s @
models; —-Q Q'
QZS — QzD (3)

4) it covers a large frequency range. 4 = 2nUpC! &= 2nUrC! "
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Note that the first quadratic terms in (2) correspond to thend
drift current circulating in strong inversion, whereas the linear v, — v,
terms are the diffusion current dominating in weak inversion. In TUr 2gr + In(gr)

moderate inversion, both drift and diffusion currents are present 2 @1 (strong inversioh
and, therefore, both terms have to be accounted for. The nor- = { i . (10)
malized forward and reverse charges are also related to the dc In(g;) ¢ <1 (weakinversiol
small-signal parameters, namely the source and drain transcon-
ductanceg,,s andg,,. according to whereVp = (Vi — Vro)/n is the pinchoff voltage corre-
sponding to the value of the channel voltage for which the inver-
0 = gms/Yo @ = gma/Yo (4) sion charge density becomes zero. For a long-channel transistor,

Vp — Vs is also the drain-to-source saturation voltage above
which the transistor enters in forward saturation. This value is
then reduced by the effect of velocity saturation as described
below.

(5) Strictly speaking, the partitioning of the drain currentin a for-
ward and reverse mode is only valid as long as the mobility can
be considered as constant, which is the case at low electrical

The gate transconductance is then simply calculated from @)ids. Mobility does not affect the charg@4 and@’, ,,, which

as depend on the terminal voltages. However, mobility mainly af-

fects the relations between the charges and the current and be-

whereYy = Lpec/Ur andg,,s andgn,q are defined as

__ 9
Gms = 8VS

_ dip
'md — G177 -
g Vo v v,

Ve, Vo

a-[ ms — Ym
gm = ﬁ = %- tween the charges and the transconductances. The effects of mo-
s Vo bility reduction due to both the vertical electrical field and the
From (2) and (4), it is easy to find a relation between theelocity saturation of the carrier due to a large lateral field, can
transconductances and the current [20], [22] easily be incorporated into the specific current using the effec-
tive mobility defined as [21]
2i; Ir 2
gms =Yo g5 =Yo Vds+1+1 Ur \Jdy+1+1 T = e Ho . (11)
. BTT] Qz 2 UT
:y.q,:y.L:I_R.#' 1+54-E0-WH-L +L .Ut'(qf_q”)
gmd 0" 4 0 \/m +1 UT \/m +1 st e f f sa

()

wherey is the low-field mobility,Q g and@); are, respectively,
the total depletion and inversion charggss a parameter typ-
ically equal to one-halfEy is a parameter defining the field

In saturationj; >> i, and, thereforeg,,., >> ¢,.q resulting
a‘Bove which the effect of mobility reduction starts, ang is

the source transconductangg, = g,,s/n. In the I!_near re— the saturated velocity of the carriers.
gion, the gate transconductance becomes zero gince i,

d - Equati - Is0 b itten in t Since RF MOST are usually minimum length devices,
andgm, = gma. Equation (7) can also be written in terms Ozﬂother important effect that has to be accounted for is the

the t_;atmscor|1dutct?t?ce—to—c%rreﬁr_lt_ratlo, V\;h'%h 'S aggﬁd factor annel length modulation (CLM). At the onset of forward
meritto evaluate the current etliciency ota device. 1he NOrMagay ration,v,, = Vp and the channel is pinched off on the

ized g/ Ip relation in saturation is then given by [20], [22] drain side. A3/, increases aboViEp, the pinchoff point moves
U U 9 toward the source causing the channel length to be reduced by
Gms V1 _ Gm UL o _ . (8) anamountAL. The saturation effect is a very complex two-di-
Ip Ip VA +1+1 mensional (2-D) or even three-dimensional (3-D) phenomenon.
The channel reduction L can be estimated from a quasi-2-D

The higher they,,, /I, the more efficient the device is. Theanalysis of the velocity saturation region near the drain [24]
maximum of (8) equals one and is reached in weak inversion (for

if < 1), whereas it decrease_s likg /2 in strong inver_sion Vo — Vioaur
(fori; > 1). Theg,,/Ip curve is very useful for the designers AL -In( 1+ v (12)
pp

since it helps to choose the appropriate operating point of the

device by selecting the right inversion facigt o
The current and transconductances are related to the termi{gfre! depends on the depth of the diffusion of the source and

voltages through the forward and reverse chargeandg, ac- drain extension (SDE) regions according to [24]

cording to [21], [22]

P

7 -
C(OX

I= (13)

Vp—Vs
T =2q; +In(gy)
T
[ 25 qr > 1 (strong inversioh 9 Vpp is a parameter proportional fo E. ande; is the silicon

B {ln(qf) qr <1 (weak inversion © dielectric constant. The saturation voltaige... corresponding
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to the drain voltage at which the output conductance becomes 9O
zero is given by [44] Ygbi I_J] Ygsi[]] E]Ygdi

Vbsat — Vs 9 Vp—Vs

= =411 14
Ec'Leff Ec'Leff + ( )

Ims
.
L

§iO @ Odi
Imd

whereFL., is the critical electrical field above which the carrier
velocity starts to saturate. As can be seen from (14), the satura- _<,_>_4_
tion voltageVpg,, — Vs is equal toVp — Vs when velocity satu-
ration can be neglected (i.e., f@- (Vp—Vs)/(E.-Leg)) < 1) gds
and becomes smaller than the pinchoff voltage— Vs when —
velocity saturation appears. The CLM effect strongly impacts Ybsi[l] [Jdei

the output conductance in saturation. bi O Ob

i
Additional effects such as drain induced barrier lowering

(DIBL), reverse short-channel effect (RSCE) can be included 9

in the expression of the threshold voltage. The description of gi O—

these effects are beyond the scope of this paper and will not be Cgbi_L Cgsi_L J_ngi

discussed here. The interested reader can refer to [25]. e i m T
As mentioned earlier, the above equations are valid in all —<—><—

modes of operation from weak to strong inversion. They will

be used below to describe the small-signal circuit. ' Ims A .

si O > <P -Qdi

IV. SMALL -SIGNAL MODELING AT RF Imd

A. Intrinsic Part —<<—>—<—
ds

A very general small-signal equivalent circuit of the intrinsic

part of the MOST valid in all regions of operation, including AWy
NQS mode, is presented in Fig. 5(a) [26], [28]. The currents of Csbi —— == Cdbi
the voltage-controlled current sources (VCCSs) are defined by b0 T T Obi
Ly =Y, - (V(gi) — V(b)) b)
Lins =Yoms - (V(SL) - V(bi)) Fig. 5. Small-signal equivalent circuit of the intrinsic part of the MOST in
Ig =Y - (V(di) — V(b)) (15) NQS and QS operation.

where the gate transadmittant, depends on the source and® the frequency limit between quasi-static (QS) and NQS oper-
drain transadmittances,., andY,,; according to ation: for frequencies below, the intrinsic transistor operates
1S m

in QS mode, whereas far > wqs NQS effects appear due to
Ys — Yo the distributed nature of the oxide capacitance and the resistive
Y= — (16) channel belowé,, is plotted versus - 7. in Fig. 6(a) together
with the first- and second-order approximations. The time con-

The source and drain transadmittances can be expressed #82{7qs is bias-dependent according to
product of a bias-dependent term corresponding to the low-fre-
quency transconductances, andg,,. and a functior¢,, that Tes _ 1 4q7 4 10gy + 5+ 12¢5q, + 10g, + 4q; (19)
accounts for NQS effects and, hence, for the frequency depen-7o 30 (gr+1+4+¢)3
dence [28]

with 70 = L2;;/(fieqUr). In saturation ¢; > ¢,), (19) re-
Yo & 9ms * Srn Yina = 9md * Srn (17) duces to

Tas 1 4q2 + 10gs + 5
with [28] e %
0 30 (gr +1)

A 1 2 1 4
= for: w.7mqs <1 (18) — —

bm = sinh(A) T 1+ jw- Tqs

nUT . .
: : = e > 1 (strong inversio
whereA = (1 + j) - \/3w7ys is a function of the frequency, Va—Vro—nVs 1 ( g n
which is normalized taw,s = 1/745. As indicated in (18), for 1 1 Ki .
w - Tqs € 1, &, reduces to a first-order function having a pole 6 4 < (weak inversioi.

equal tow,s. The cutoff frequency,, corresponds, therefore, (20)
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Fig. 6. Transadmittancg,, and admittancé. NQS functions. (a) Transadmittangg, NQS function. (b) Admittancé. NQS function.

In strong inversionr,, decreases as the inverse of the square
root of the drain current (or equivalently inversely to the gate
overdrive voltage), whereas in weak inversion, it becomes bias-
independent. Note that it is identical to what is obtained for the
diffusion time constant in the bipolar transistor.

The transadmittance NQS functigp, has been verified ex-
perimentally on a long-channel NMOS transistor for different
operating points in saturation and is plotted in Fig. 7. The fact
that all the measured curves fall close to each other and are in ex-
cellent agreement with the theory clearly validates the transad-
mittance normalizatiol,,.. /g.ms = &, aswell as the frequency
normalization withry. Similar results have been obtained on
shorter channel devices at different biases [28].

The admittancé’,,; can also be decomposed into a product

Y;zsi = jwcoac s Ce - Sc (21)
whereC,x = Wer - Ly - Cl is the total gate oxide capacitance,
¢. is a normalized capacitance that depends only on the bias
condition according to

1 ) qf -(Zch—i-4q,,+3)

S 3 (et 1)

Ce

(22)

Fig. 7.
ﬁ\ccounting for NQS effects.

and¢, is a transfer function that accounts for NQS effects.
general expression valid in all regions of operation is given in
[28]. In saturation, it simplifies to

10

— theory E
~~ measurements ]
£ ]
o
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= :
> 4
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= T FE L=10pum
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Forward transadmittance.; illustrating the analytical model

&. is plotted versus - 74 in Fig. 6(b) together with the first- and

second-order approximations. It clearly shows-t#&° asymp-

cosh(\) =1 1

cg2 B — B 3
¢ A-sinh(A) 14 jw - 74s/2

forw- 74 < 1.
(23)

tote of the phase reached for 7,5 >> 1, which is characteristic
of NQS effects. In order to verify the NQS functign exper-
imentally, a very long channel PMOS transistor was chosen in

As shown in (23), fow - 74 < 1, & reduces to a first-order order to bring the NQS frequency down to sufficiently low fre-
function having a cutoff frequency equal to twice that of thquency and keep the effect of parasitic extrinsic components as
transadmittance functiaf),, given by (18) [25]. NQS function small as possible in order to make the measurement easier and
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Haif
\\ F-Ryia
y salicide
Lait source and drain extension (SDE) regions
z PMOS in the linear region
[ W=300pum Fig. 9. Source and drain resistances.
L =300 um
0.1 1 10 100 the forward and reverse normalized currentands, extracted
0 from the operating point bias information. The transconduc-
— Theory tancesy,,,s andg,,,q and the forward and reverse chargesind
O Vg-Vro=025V g, can then be computed frofm ands,. using (7). Knowingg
L g xe:yo N ?gx andg, allows for the calculation ofs and), &,,,, & andc. and
N o vg_vlg =25V all the transadmittances and admittances of the small-signal cir-
S 30 cuit of Fig. 5(a).
< For frequencies much belowyg, the NQS function can be
45 further simplified to its QS approximatiof), = 1 — jw - 7ys
resulting in [26]
60 el el R
0.1 1 10 100

ans g.grns : (1 - jw ' qu) = Gms — jw ' Orns
(l)‘TqS and ggnw{ N (1 - 70.) N qu) = Omd — 70.) N Crnd (27)

Fig. 8. NQS functiort. measurements. and

an ggrn " (1 - 70.) " qu) = 0m — 70.) " Crn (28)

avoid deembedding. The magnitude and phasg afe plotted
in Fig. 8, where the symbols correspond to the data measureﬂ]i%aturationc = g - Taes Cond = Gnd - Taer ANAC,, =
ms T ms qs» m - m qs» mooT

the linear region¥ps = 0) for several gate voltages. It shows . - 7, are the source, drain and gate transcapacitances ac-

an excellent agreement with theory for a broad range of g%&unting for the nonreciprocity of the capacitances [25]. The
voltages and over three decades O.f frequency. cher measyisadmittances given by (27) and (28) correspond to the re-
ments madepn shortgrchapnel dev!ces gave'S|m|.Iar results [% It obtained from a simple QS analysis by partitioning the

Note that in strong Inversion and In saturation (i.e. dpr> channel charge linearly between the source and drain [30]. It is
1 andg, < 1), the normallzed_capac_ltance (2.2) re_duces to tr\'/9orth mentioning that any charge-based compact model, such
well-knqw 2/3 value, whereas in the Ime_ar region (i-e.dpe= as BSIM3v3, MOS Model 9 or EKYV, are inherently QS models
gr > 1) itreducesto 1/2: In weak inversion (i.e., for bql‘;h.<< and, therefore, have transcapacitances given by (27) and (28).
landg, < 1), the c_apa(_:ltance fur_lct|01;1 re_du9es tay, W.h'Ch As illustrated in Fig. 6(a), although the phase of the transadmit-
corresponds tc_) a dlﬁu§|on cgpamtance sipgés proportional tances given by (27) are equal to that of the first-order model,
to the qurrent n Weak inversion. . their magnitude increases with frequency aboyeinstead of

Adm_|ttancngdi IS Obta'ﬂed by symmetry by permuting decreasing as the first-order and higher order models predict.
andg, in (22), whereag},,; is related tdr,; according to [23], This difference has to be accounted for when implementing an
[26] NQS model on top of a charge-based model to avoid wrong
magnitude and phase characteristics.

In QS operation, the admittance NQS function simply reduces
to unity and, hence, the admittancgs;, Y,ai, Ys:, Yss:, and
Y,q; become simple capacitof,.;, Cyai, Cgpi, Crsi, aNAChq;.
The general NQS circuit of Fig. 5(a), therefore, reduces to the
Yioai = (n— 1) - Y. (25)  simple QS small-signal circuit shown in Fig. 5(b).

SymmetricallyY;q; is linked toY, 4 by [23], [26]

AdmittanceY,,; can be computed fron,,; andY,q; ac- B. Extrinsic Part

cording to [28] At RF, the extrinsic part of the MOST plays an increasingly
important role. It is mainly made of the series resistanggs
_n—-1 ‘ ‘ R4, and R, accessing, respectively, the source, drain, and gate
You = n (7 Clox = Yyai = Yus). (26) intrinsic nodes. As shown in Fig. 9, the source and drain resis-

tances are made of different parts including the via resistance
The above formulation is very compact although it coverRB,,, the salicide resistandg;,;, the salicide-to-silicon contact
a wide range of bias and frequency range. It requires to kneesistance?.,,, and the SDE region resistanég,.. The total
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resistance is usually dominated by the contact and SDE resimpedance when looking into thiatrinsic gate terminal of

tances [13], [26], [27] Fig. 5(a) is given by

Rs it dee + R(‘,on + Rsal + Rvia = dee + R(‘,on (29) Rzn = RE{Zzn} =~ Re { ;}

Ygsi + Ygai
with ~_ 4
53n — 1% g
Lais Haie o~ 1
Rs e — . Rs e-sh Rsa it . Rsa -sh 30 - (33)
de = gy, Tt T -sn - (30) S m

wheren = 1.3 has been usedz;,, decreases inversely propor-
jonal to the overdrive voltag&®;—Vro, as observed in [32].
values of the sheet resistances are 0.9-Q/$duare folRge-s7. his bias dep_endence can strongly _aff_e ct the maximum avail-
: . able power gain and cause large deviations resulting in an over-
and 2—-4Q/square forR,,-5,. The total via resistanca,;, de- T ) . .
’ - . . . estimation off,.x [32]. Itis, therefore, interesting to note that,
pends on the number of via per finger with typically 328esis- .
. ven though NQS effects may not show up inghgparameter,
tance per via. As can be seen from the above numbers, the t t% have to be accounted for in. to correctly capture the
resistance is usually dominated by the contact and the SDE re Y Y y cap

sistances. Note that the contact resistaRice, does not scale bias dependence of the input |mpedan_ce. This is currently not
; oy ST the case of most compact models, which only offer very poor
with the length of the salicide above a certain minimum val

. o Ul\e]QS models.
(typically Hq;r). This is due to the fact that most of the cur- 7, parts of the gate electrode that are not directly on

rent flows within the salicide instead of going to the diffusion ; . .
. o : .~ “top of an active part of the device contribute to the overlap
because of the latter higher resistivity. Therefore, increasing t . A o
e X - capacitances. As shown in Fig. 9, the source and drain dif-
salicide width above the minimuiid,;; does not reduce the con-, . .
. fusion extensions under the gate create the gate-to-source
tactresistance even though the bottom contact area between $AY yate-to-drain overlap capacitana@s.. and C and
cide and silicon is increased. Since the SDE region leigth 9 b cap o gdo»

. . . the extensions of the gate over the substrate corresponds
is almost constant, the total source and drain resistalicasd {0 the gate-to-bulk overlap capacitancd,,. Capacitances
R4 only scale with the finger width and the number of finger g b cap bo: P

according to %gs_o and Cyq4, are strongly bi‘_';\s-dependent due _to the SDE
regions [33]. The overlap portion of the SDE regions behave
similarly to a MOS capacitor of the opposite type than the
(31) channel. Therefore, when the transistor is biased in inversion,
the overlap SDE regions may be in accumulation [33]. The
parasitic capacitances due to fringing electrical fields also
whereRs,, is the drain-to-source resistance, which is typicalljgnificantly contribute to the overlap capacitances (typically
ranging from 0.8—1 #.:m for a 0.25xm process and may be-more than 20%). This is particularly true for UDSM processes
come much less for more advanced UDSM processes. where the vertical dimensions become larger than the lateral
The gate resistance is made of the salicide and polysilicgfinensions and, hence, favor the fringing capacitances. The
resistances and is given by [6], [27] bias dependence is, therefore, very difficult to model since
it involves 3-D effects. Good results have been obtained in
.1 saturation by using the following simple empirical relations
Rg — N N N Rg-sh ( ) 3
[34], [35], [27]:

whereLy;s is the length of the SDE region atd,;; is the half
width of the diffusion regions as shown in Fig. 9. The typic

0-5Rdsw
RGZR gRQe Rcongi
: d sde T N W,

whereR,-, is the gate salicide sheet resistance. RF MOS tran- C.. —C A
. g . gso gsoT 1min
sistor are usually very wide and the factor 1/3 accounts for the 2
distributed nature of thRCline across the channel (in the width ) <1 4 tauh <VG — Vs — AVyso ))
direction) [31], [27]. It is well known that, if the gate is con-
nected by metal lines on both the source and drain sides, the c. _C - ACy4,
gate resistance is four times smaller than what is obtained for a gdo = gdo-min 2
I ide [25]. F for thi Vo —Vp — AV,
gate connected only on one side [25]. Faet@ccounts for this . <1 + tanh < c—Vp yd )) (34)

‘/QSO'TLO’I’TR

and is equal to unity for a gate contacted on one side and to 1/4
for a two-side contacted gate.

Note that the real part of the input impedance when lookinghereCy,o- min, ACys0r AVgsor Vysomnorm Cgdo- mins ACydo,
into the gate of a common-source transistor in saturation is my¥,q,, and Vygs-norm, are all parameters. Fig. 10 shows the
constant over bias as (32) would predict. Measurements ha@ate-to-source and gate-to-drain capacitances extracted from
shown a strong bias dependence [32], which cannot come fram.S-parameter measurement made at 1 GHz (symbols of the
the gate nor from the source series resistances, but is dueipper plots). The overlap capacitances are then obtained by
the NQS behavior of,,; andYy,;. Indeed, in saturation and subtracting the intrinsic capacitance obtained from simulations
in strong inversion, it can be shown that the real part of thesing a compact model (EKV v2.6 in this case) (symbols of

‘/gdo-norrn
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N=10, Wi=12um, L=0.36pm, Vp=0.5, 1, 1.5V, f, =1 GHz N=10, Wi=12um, L=0.36um, Vp=0.5, 1, 1.5V, f,_ =1 GHz
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Fig. 10. Overlap capacitances bias dependence. (a) Total gate-to-source capacitance (top) and extracted overlap capacitance (bottorabe-tb)draial g
capacitance (top) and extracted overlap capacitance (bottom).

B©&

lower plots). The result is then fitted with (34). The fitted
capacitances are shown in Fig. 10 by the lines. In the scalat
model, parameters’; o- min, ACys0, Cydo- min, aNd AC,4,
are scaled with geometry.

The substrate network shown in Fig. 2(b) will be discussed i

the following section. e ~_e S

C. Intra-Device Substrate Coupling Fig. 11. Intra-device substrate coupling.

Athighfrequency, theimpedances of the junction capacitances
become small enough so that the RF signal at the drains coup$éi§ case where the substrate contact partly surrounds the diffu-
to the nearby source diffusions and to the bulk contact througl®ns [‘horse shoe” substrate contact of Fig. 12(b)]. In this case,
the junction capacitances and the substrate. The doping levelg@t of1/ R, scales with the finger width and part depends on
UDSM CMOS processes are sufficiently high sothatthe substréi€ length of the lateral substrate contact, which is proportional
canbe considered as purely resistive and, hence, this coupling€dhe number of fingers. The substrate resistances are in principle
be modeled by a resistive network. Depending on the technolodf§0 bias-dependent due to changes of the depletion width around
and on the frequency range to be covered, this network can tﬂaﬁ‘ diffusions, which affect the Iength of the resistive path. Itis
duce to a simple resistance or may need to be more complex§izown in [40] that, for frequencies typically below 10 GHz, the
good compromise is to use thikresistive circuit made of resis- L1 resistive circuit can be replaced by a single substrate resistance
tancesRy,;, R,, andRyy, as shown in Fig. 11 [26], [27]. Resis- Lsun cOrresponding to the parallel connectionfaf, and Ry, in
tanceRy,, represents all the coupling occurring from drains t#e circuit of Fig. 11 withizy;, = 0. This substrate resistance
sources, whereas,, and Ry, correspond to the coupling from Hsu, Shows only a weak bias dependence [40]. Other substrate
source anddrainto bulk. Since all the source (drain) diffusions drétworks have been published in the literature [36]—{41].
connected together via metal layers (assumed to have negligible )
resistances comparedtothe substrateresistances), thejunctioRca: -Parameters Analysis and Measurements
pacitances’;,, andC};q, aswellasthe substrate resistankgs,, Since the capacitances are all approximately proportional to
Ry, andRRy, canreasonably be approximated as the parallel cahe total gate widthV, - W, and since the terminal resistances
nection of all individual source and drain junction capacitancesse inversely proportional t&; - W, the time constant due to
source-to-drain, source-to-bulk and, respectively, drain-to-bulke terminal resistances depend only on the gate lehgtlhe
resistances. Resistandeg, andRy;, are basically dominated by overlap lengti..,, or the diffusion widthH 4;¢. The latter dimen-
the source (drain) diffusions, which are the closestto the substrsitens are usually taken as minimum to achieve the highest cutoff
contact. Their scaling strongly depends on the geometry of thiequency. Therefore, the poles due to the terminal resistances
bulk contact. For example, if there are only bulk contacts at eaafe typically at a much higher frequency than the transit fre-
end of the device as shown in Fig. 12(&), andRy, are deter- quency, so that they basically can be neglected when calculating
mined mainly by the source and drain diffusions that are closesth® Y -parameters and the related quantities. Neglecting also the
the substrate contact, resulting in a scaling with the finger widtbubstrate resistances in the small-signal circuit of Fig. 2(b) (i.e.,
The scaling law becomes much more complex in the more reaksuming that they are zero) allows one to derive the following
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Fig. 12. Substrate contact and approximative scaling of the substrate resistances.

N=10, W=12um, L =0.36um, V=1V VD=1V
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Fig. 13. Comparison between the measured, simulated, and analytigatameters (n-channéV, = 10, W, = 12 ym, L, = 0.36 um, andVs = Vp =

1V).

analytical expressions for thé-parameters [26]:
o JwCqg

1+ jwR,Cyy
szRgng + jwCy,

Y11

~ _jwcgd
W2 =75 ~
1+ jwR,Cyy
~ W R,CyyCoa — jwCya
~ m — jw(Cm + ng)
Ya1 =

1+ jwR,Cyy
= gm — WQRgOgg(Om + Cga)
— jw(Cm + Cga + gmByCyg)
Yoz = gas + jwb(cbd + Cya)
1+ jwR,Cyy
> gas + W Ry Coy(Cha + Cya)
+ jw(Cha + Cya — gasFgCyq)

(35)

whereC,, = U, + C,q+ Cy is the total gate capacitance and
all capacitances in (35) include both the intrinsic and extrinsic
parts

ng = Cgsi + C(gso
Cya =Cyai + Cyao
Cgb = Cgbi + Cgbo
Csp = Cspi + Cjap
Cap =Capi + Ciap (36)

with Cjs;, C;a1, being the source-to-bulk and drain-to-bulk junc-
tion capacitances, respectively. The right-hand side approxima-
tions of (35) are obtained by assuming thdt,C,, < 1. One

of the advantage of having the simple analytical expressions for
theY -parameters given by (35) is that they can be used for a di-
rect extraction of the RF model parameters from measurements
as presented in [42] and [43]. For examglg, can be extracted
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Fig. 14. Comparison between the measured and simulatpdrameters versus inversion facter= Ip/Ip.c (n-channelN; = 10, W, = 12 um,L; =
0.36 pm).

from |lm{y12 }/w| andC,, from [Im{111 }/w|. In the linear re- having the simulated -parameters fit the measurements over a
gion, Cys = Cyg and Oy, = Cyy — Cys — Cyq, Whereas in wide range of bias at a given frequency is much more difficult
saturationCy;, < Cy,, Cyq and, therefore¢’,, = C,y — Cyq.  to achieve. It not only requires an accurate intrinsic compact
The gate resistance can be extractedka$y:1 }/(Im{y11})?. model but also accurate bias-dependent models for the extrinsic
The extraction of the substrate resistances requires a more coomponents as discussed above. The bias dependence of the de-
plicated procedure described in [42] and [43]. scribed model has been checked at 1 GHz over a wide bias range
The equations comprising (35) have been verified experimdy sweeping the gate voltage. Theparameters measured and
tally in Fig. 13, which shows a comparison between the mesimulated for the same device are plotted versus the inversion
sured (after a two-step deembedding process), the simulatedtor:, in Fig. 14. An excellent fit is obtained over more than
and the analytical’-parameters for an n-channel transistor witthree decades of currents, which validates the bias-dependent
Ny = 10, Wy = 12 pm, andL; = 0.36 pm. The simu- model presented above.
lations have been performed with the complete QS model ofAnother way to evaluate the bias dependence of a model
Fig. 2(b) using the EKV v2.6 compact model. As can be se@n by looking at the transit frequency;. It is defined as
from Fig. 13, the analytical expressions (dashed lines in Fig. 1tBe frequency for which the extrapolated small-signal cur-
match the measurements very well even up to 10 GHz, excepit gainhz; = y21/y11 drops to unity, which results in
for Re{y22}. This discrepancy is due to the intra-device subf = g,../(2w - Cy,). Sinceg,, is proportional toV.x /L, and
strate coupling effect, which was not accounted for in the abo@g,, is proportional toW.g - L¢, f is inversely proportional
analysis. Note that Fig. 13 also shows that there may be a tmgLfc Note that this is only true at low lateral electrical field
discrepancy ihin{y», } if the transcapacitandg,, in (35) isne- where there is no velocity saturation. If the carriers’ velocity
glected. The simulations with the complete QS model (straigist saturated, they,, is proportional toW.z, but becomes
lines in Fig. 13) show a very good match with measurements imdependent ofL.x and, thereforef, then roughly scales as
cluding the output admittanag.. Note that the discrepanciesl/L instead ofl/Lfc as would be expected.
in Re{y12} are not critical since» is dominated by its imagi- The f; measured for two n-channel transistors having dif-
nary part corresponding approximatelyi¢,,. Similar results ferent gate lengths are plotted in Fig. 15 versus the inversion
have been obtained for other operating points and other deviaetori;. The simulation results agree well with the measured
geometries using the same scalable model [26], [27]. Good d&ta over a wide bias range. Note that the peakinfy & due to
sults have also been achieved when using the compact matiel transistor leaving saturation and entering the triode region.
BSIM3v3 instead of EKV v2.6 [26], [27]. At this point, the transconductance starts to saturate or even de-
A good fit of theY -parameters over frequency at a particulasrease, while the gate-to-drain intrinsic capacitance starts to in-
operating point is not to difficult to achieve. On the other handrease, making th& reach a maximum and then decrease.
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100 =

of lepeo = 184.36 pA for Ly = 0.36 um /,\,/ ] B. Channel Thermal Noise
F F lspec=11882pAforlg=056um -7 BT Although all the noise sources contribute to the total noise at
% 2 For both devices: high- frequency, the dominant contribution still comes from the
% 106;“ Ne =10, W =12 pm channel thermal noise having a PSD given by
c F ,
% 4[ Snch =4KT - Gnch (37)
] r
s O O A measured (Li=0.36pm) H
: 1 3 ¢ ® A measured (L=0.56um) with
@ sE —— simulation (EKV v2.6)
E 4: = - - asymptotes with 1/(2~n-rqs)=GGHz Gnch =7 " Oms (38)
| 2k, weak inv. | strong inv.
N . S T I T R wherek = 1.38 x 10723J/K is the Boltzman constant and
0.01 0.1 1 10 100 1000 T the absolute temperatur@., ., is the channel thermal noise
Ip /spec conductance anglis a bias-dependent noise excess factor [44],
defined as
Fig. 15. Transit frequency, versus inversion factal; = Ip/ I for two G ]
different transistors. v = nek o M (39)
9Ims 2. qf
;93 . , whereg; is the total channel charge?; normalized tow U C,x
cO @ ‘v‘v‘v‘v‘v _L _L _J_ o _Qi _ 1 4qJ20+3Qf+4Qf Q1+3Q1+4Q12 (40)
Cgb == ingt_ Cgs | == Cgd b= UrCox 3 qy+1+q, '
C For long-channel devices biased in the linear region (i.e., for
o Rs fims qi Rd iy =i, andgy = ¢,), ¢ = 2¢ and, therefore, the noise excess
s e ° factor is equal to unity, whereas in saturatigrsimplifies to
inrs ind inrd 4/3 41
4
%G =qf- —_:1 (41)
ods ar
MWW which reduces tg;, in weak inversion and/3 - ¢, in strong
Cbs == L. = Cbd inversion. The value of the noise excess factor in saturation,
W— defined asy,,;, varies from 1/2 in weak inversion to 2/3 in strong
Inrdsb inversion.v., is related to another factor defined as [44]

bi
inrsb - - inrdb G
@9 RSb% %-R;b—@ Qsat = —nch = Jma * Ysat = T Vsat- (42)
BO . OB m m

(sat 1S @ good figure of merit to compare the thermal noise per-

Fig. 16. Noise sources in the MOS transistor in saturation. formance of different transconductor implementationg, is
proportional toys,; and is typically equal to unity in strong in-
version.

V. NOISE MODELING AT RF For short-channel devices biased in strong inversion and in

saturation, the lateral electrical field might become larger than
the critical field E. resulting in the carrier velocity to saturate

The different noise sources in the MOS transistor are showlose to the drain and eventually even all along the channel.
in Fig. 16. They include: the noise at the drain having a pow&ince the carrier velocity is limited, an additional charge builds
spectral density (PSD§;.q4, constituted by the channel thermalup in the saturation region close to the drain resulting in addi-
noiseS,..;, = 4kT - G,..;, and the flicker noiseSg;a.: = g2, - tional thermal noise and, therefore, in an increase of the noise
K /(Cl WenLen f¢), the terminal resistances thermal noisexcess factofys.; (csa;) compared to the long-channel value
Sonrg = 4KT - Ry, Siprs = 4KT/Rs, Sinra = 4KT/Rq, 2/3(n-2/3). For electrical fields that are above some threshold
and the substrate resistances thermal n8jsg,, = 4k7T/R,,, field E,, often taken equal t&,, the cinetic energy of the car-
Sinvas = 4kT/Ray, and S;nras0 = 4kT/Raq,. The flicker riers increases and the collisions with the lattice become more
noise mainly affects the low-frequency performance of the dgequent. The thermal equilibrium existing between the mobile
vice and can be ignored at high frequendy addition to the carriers and the lattice is then perturbed, giving rise to hot car-
channel thermal noise at the drain, at high frequency the locgdrs. This effect can be modeled by a carrier effective tempera-
noise sources within the channel are capacitively coupled to tiuee larger than the lattice temperature [45] resulting in a higher
gate and generate an induced gate nbigg. thermal noise and a larger noise excess factor than at low elec-

trical field.
Itis still not clear whether the increasef,; is mainly due to

. o , o _velocity saturation or hot carriers or both. Measurements made

Flicker noise is nevertheless important for some RF circuits such as mixers . .
or oscillators that up-convert the low-frequency noise around the carrier A &N old process have shown a noise excess factor as high as
deteriorate the phase noise or the signal-to-noise ratio. five, attributing these high values mainly to hot carriers [46].

A. Noise Sources in the MOS Transistor
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noisy piece of channel

induced gate noise ind @ndi,, are partially correlated with a correlation factor [5],
= in

g [44], [54]

Sing,ind ~ (45)

o
1l
|

<
o

<

s where Sing ina IS the cross-power spectral density [25]. For a

v Ind long-channel transistor in strong inversiep,= 0.4 in satura-

tion [5], [44], [54]. The frequency dependence and scaling of
Fig. 17. Channel thermal noise capacitive coupling to the gate resultingtme porrelgtlon .Coefﬂ(.:'ent has receptly been investigated using
induced gate noise. device noise simulations. Contradictory results have been re-
ported. In [52], it is shown that both the imaginary and real

s ofc are frequency-dependent. The real partisfnegative
More recent measurements have been made on several Cl\ﬁcﬁlg ¢ q y-aep P 9

Fechnolog|es and have shgwn that the NOISE Excess faqtor ind o ncy, its value tends to decrease when reducing the channel
increases for deep-submicrometer devices but remains be

two [47]. It is also shown in [47] that usually the contribution Wgth [52]. On the other hand, the imaginary part isfpositive

of the hot carriers can be neglected and that the increagésof and tends to increase when reducing the channel length [52].

mainlv due to velocity saturation. A more recent work [48 fol:rhe results published in [53] show that the correlation factor
inly au M Ity saturation. work [48], ¢, remains mainly imaginary (the real part is about ten times

lowing the analysis initially made in [49], presents an analyticgh]a"er than the imaginary part) and that its value is slightly

model for noise J.[hat include both the effect of velocity Sl'fltur%'maller than the long-channel value of 0.4 for short-channel de-
tion and hot carriers. Measurements show that the contributi

i i . . < <0.5
of hot carriers in the saturated part of the channel on the dr\%E?S'gtrtzg;ga:gcg:tg:ig)cl)?aossfotr?]Sas;égﬂth—e J: é sf th_s Oogzaine d
becomes equal to the cgntrlbutlon due to thermal noise in B8 m drift-diffusion (DD) and hydro-dynamic (HD) simulations
part of the channel that is not saturated and where the Ca”'fg&] It is shown that only the HD formulation give rise to an
are at thermal equilibrium [48]. )

A recent work [51] claims that the traditional approach usi crease of bothy andé when reducing the gate length [S0].

it . i the ch It del th rib ?galues as high as two and four were obtainedyfandé, respec-
a voltage naise source in the channet to modet the contribu 'R\Qely, fora 0.25um length n-channel MOST. Note that the ratio
of an elementary noisy piece of channel is incorrect due to spa-

. . . remains approximately independent of the channel length
tial correlation of the different voltage sources that have to 7 PP y P 9

dt t the total noise due to the ch LN 8/~ = 2) [60]. On the other hand, both DD and HD models
summed to get fhe fotal noise due 1o the channel. BUMETIER 4 an increase of the correlation factgrup to a value com-
noise simulations using local current noise sources [50] h

shown that the physical origin of the excess noise is cau %rsed between 0.7 and 0.8 for the same device [50]. Today, it is
|

tends to zero at low frequency [52]. At a given positive fre-

bv a higher local ac resistance near the source iunction I5 d to draw any conclusions from these simulation results. The
N};'se ng lations resulted in 2 NOISe excess facto]r 'ncreas[e observation that can be made from these different results is
! imuatl u : ' X : that for frequencies far below the cutoff frequency (typically ten

short-channel devices, reaching a typical value of two for dg- . - : T -
vices having a 0.25m channel length [50], [51]. fimes lower), the correlation coefficient remains mainly imagi

nary.
. The induced gate noise is not implemented in all compact
C. Induced Gate Noise models yet (except for MOS Model 9 that includes the induced

As illustrated in Fig. 17, at high frequency, the local chann@gte noise but without the correlation and BSIM4 [55]).
voltage fluctuations due to thermal noise couple to the gateBy symmetry, there is also a substrate induced noise due to
through the oxide capacitance and cause an induced gate n#i€ecoupling of the channel thermal noise to the substrate [56],
current to flow [5], [25], [44], [54]. In saturation, most of thebut its effect seems to be negligible due to the smaller substrate
channel charge is located on the source side and, hence, ti@gsconductance and the contribution of the substrate resistance
noise current can be modeled by a single noisy current souteéhermal noise.
in, CcONNected in parallel with, ;,, as shown in Fig. 16, with a

PSD given by [5] D. HF Noise Parameters
It is well known that a noisy two-port can be represented by
Sing = 4kT - Gpy(w) (43) the same noiseless two-port and an input noise voltage source
having a PSC¥,, = 4kT R, together with an input noise current
where [5] sourcei,, having a PSDs; = 4kTG; [5]. S, andS; depend on

the internal physical noise sources and are, therefore, generally

o (W) (wCys)? correlated. This correlation is accounted for by the correlation
Cng(w) =6 Sgme et (44)  admittancey,, defined as [5]
whereé is a bias-dependent factor that is equal to 4/3 for a long- Y. = Z’g”’ =G.+jB.. (46)
channel device in saturation afigh, = 6/(5n) [5], [54]. Since Yn

the physical origin of the induced gate noise is the same as folA complete description of the noise always requires the fol-
the channel thermal noise at the drain, the two noise souréewsing four parametersk,,, G;, G. andB... The noise param-
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Fig. 18. Simplified small-signal schematic used for noise calculation.

eters can be evaluated from the simplified small-signal circit0% of i, whereask,, typically contributes to about 5% [26],
shown in Fig. 18, where it has been assumed th&t, < R,  [27].

andRg,, < Ry, leading to a single substrate resistaicg, = The HF noise is often characterized by a set of four other
R.,//Ra. The capacitance§), and C,, have also been ne- parameters, namely, the minimum noise fadky,, [or min-
glected. After simplification, the following noise parameters aienum noise figureV F,,,;, = 10log(Ly,n)], the input referred

obtained [26], [27]: noise resistanca,,, and the optimum source admittari(g; =
et Gopt, + JBopt, for which the minimum noise figure is obtained
R, = p - D, [5]. Parameters,in, Gopt, andB,, can be expressed in terms
N Oé:zt y of the two-port noise parametely,, GG;, G, andB,.. according
Gi=— (WCys)™ 9 to [26], [27]
Gc gWQRQC.gS : ”(/}/Dc -Fmin =1+ 2Rb . (Gopt + Gc)
B. =wCys - x/D. (47) Gopt =/ Gi/R, — B2
whereD,. = 1 + «, + asy accounts for the noise of the gate Bopt =—B.. (51)

and substrate_ resistancez_@. is the noise PSD of the gate resis- Gop: aNd By, Can written in terms of device parameters as
tance normalized to the input referred channel noise@nd

is the ratio of the output referred substrate resistance noise PSD G =uc. .Y Dep —x* wC - 0AT
normalized to the output referred channel noise [26], [27] opt =g D, oo
~ X ~
m B 2 Ben Bope = —wCo - 157 = —w o
ag = u Qsub = M. (48) ! g DC g
sat “satgm where the right-hand-side values have been obtained assuming
Parameterg andy in (47) account for the induced gate nois¢hatn = 1.3, oy = 0.06, aew, = 0.21, andD, = 1.27. From

11 (52)

and its correlation to the drain noise [26], [27] (52), it is seen that the source susceptance required for noise
matching is about 1.1 times larger than that required for power
21+ g, + Prat +2¢, Prar matching. Fow R,C,;; < 1, Fiui, simplifies to
asa. asa.
t /3 ¢ t Enin =1+ 2Rb : Gopt
=]+ gy +C = 49 s
X b ¢ Mgat ( ) =1+ wc{]' . 2asat V D(f(/) - X2
9m
Note that both variableg andy reduce to unity when the sub- ~yy Y (53)
strate noise and the induced gate noise are both ignored. Equa- =it wy
tion (49) can be simplified by using the long-channel values Where the transit frequency; has been approximated by
Xgat andﬁsat g /C
m gs-*
Paat 6 1 2 The noise parameters of an n-channel device have been mea-
P v 5n2 T 5n2 0.24 (50)  sured and carefully deembedded using the methodology pre-

) sented in [57], [58]. They are plotted in Fig. 19 and compared to
wheren = 1.3 has been assumed. As already mentioned aboyge results obtained from simulation using the complete subcir-
to the first-order, the simplificatioi/ ~ 2 may even hold for ¢jit of Fig. 2 with the additional induced gate noise source added
short-channel devices since bath,; and (... are affected the tq the subcircuit (but not accounting for the correlation between
same way by the short-channel effects. Using the above simplifiyuced gate noise and drain thermal noise). Also plotted in
cation,)» andy reduce ta) = 1.62+au, andy = 1.19+w.ub-  Fig. 19 are the results obtained from (47) and (51). The discrep-
Equation (47) shows that the induced gate noise does not affggties between the analytical and the measured results mainly
R,, but contributes t@;, G, andB. through the factorg and  come from a wrong frequency behavior due to the simple equiv-
x- Onthe other hand, substrate noise may typically contributed@unt circuit used for the analytical derivation. Nevertheless, the

°Notice the signs of,,, andi,,,, which are important for getting the corrects'm_pIe .approxmathn-glven by_ (53? already gives a reasonable
sign for the correlation factor. The sign convention is the same asin [5].  estimation of the minimum noise figure. It can also be shown
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N¢= 10, We=12 pm, L= 0.36 pm, V5 =0.743V,Vp =1V, Vg =0V, |5 = 1.038 mA
EKV v2.6 model Z,=50 Ohms, f, = 12.5 GHz

O measure :
|— simulation (with ing) [...--.....
— = analytic s

Fig. 19. Comparison between measured and simulated noise parameters.

that the effect of the correlation factey on Fi,iy, is negligible erating in the gigahertz frequency range. This can be done by
for the long-channel values of the parameters used above. moving the operating point from strong inversion to moderate or
even weak inversion, in order to spend just the required power to

VI. LARGE-SIGNAL MODELING achieve the desired performance. There are several advantages

. : . . . to bias the transistor in moderate or weak inversion. The first ad-
The previous sections mainly described the small-signal be- . . -
. ._vantageisthe increase of the current efficiency (measured by the
havior, but a good model should also account for the large-signa

operation not only at low frequencies but also at RF. The Iov@f"'/‘rD ratio), which results in a further reduction of the power

frequency large-signal behavior is mainly captured by the Staﬁgnsumpnon. Secondly, the decrease of the bias voltages results

: e . ... 1IN lower electrical fields within the device. This avoids velocity
nonlinear/—V characteristics, whereas at RF the nonlinearities . ; .
. . - turation and hot electron effects. Having no velocity satura-
of the capacitances may also contribute. The subcircuit mode . : 2
. o 10N results inf, scaling asl /L7 compared to onlyt /L when
given in Fig. 2(b) has been evaluated and compared to mea- S fo o
. : Velocity saturation is present. This means that scaling is more
surements performed at 900 MHz. The simulations have be . . } : 4 .
) .~~~ _effective for devices biased in the weak and moderate inversion
performed with the BSIM3v3 compact model for the mtrmsug ion than in strong inversion. Thirdly, having no hot electron
MOS using a harmonic balanced simulator. Note that the su J 9 ’ Y, 9

L etfects avoids the increase of the noise excess factor. Finally,
circuit parameters have been extracted from doapdrameter

o o ; . he reduction of the bias voltages better accommodates the use
measurements and no additional fitting was required. Fig. 20 : )

. ; ow supply voltages that are imposed by the scaling of UDSM
shows the fundamental, second, and third harmonics versus

. : . ; achnologies.

input power for a given bias, whereas Fig. 20(b) presents t¥1eOnthegotherhand moving toward weak inversion changes the

same frequency components as a function of the bias drain cpr-" o - . .
. . Ve characteristic from a quasi-quadratic to an exponential

rent for a given input power. The match between measurem%fft

X . . pction, which clearly degrades the device linearity. Moderate
and simulation is good. The model even captures the different =
version, therefore, represents a good tradeoff between power

nulls appearing in the second and third harmonics of Fig. 20(t|) . . . ; .
; . . - *cgnsumption, noise and linearity.
The discrepancy observed in Fig. 20(a) for the third harmonic & . ) . -
. : o Part of the power is just used to fight against the extrinsic
low input power is due to a measurement limitation. The match : : .
) . : . _tomponents such as overlap and junction capacitances. There
slightly degrades at low bias (moderate and weak inversion).,

Additional results for the MOS Model 9 compact model can beIght _be a concemn that the time constapts in moderate and
found in [59]. weak inversion might be completely dominated by these ex-

trinsic components and, therefore, counterbalance the advan-
tage of the current efficiency increase. A way to investigate
this issue is by looking at the total transit time defined as

The high transit frequency of UDSM CMOS processes canbe = 1/(2 f;), which can be decomposed intp = 7; + 7,
traded with power consumption to implement RF circuits opvherer; corresponds to the transit time of the intrinsic part

VII. M ODERATE AND WEAK INVERSION FORRF QRCUITS
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Ni=10, We=12 um, L= 0.36 um, Vg = 1V, Vpg = 1V, fyper= 900 MHz GHz. This makes CMOS a real challenger for realizing systems
20 : , : ; , l . that include also the RF front-ends of integrated transceivers.
100 0 S reas) ] The design of such RF CMOS integrated circuits requires MOS
S v ) transistor models that are accurate up to and even beyond the
5 10l GHz frequency range. In addition, to model all the physical ef-
Em fects that are affecting their dc characteristics, the models also
3 20 :
o have to account for a number of effects that become predomi-
) 30 nant at higher frequency. The latter include a NQS description of
Cf; -40 the intrinsic part of the MOS transistor as well as all the extrinsic
a° -50 components, such as the gate, source, and drain resistances, the
-60 substrate coupling resistances, the overlap and junction capac-
-70 itances, that all play an increasingly important role at high fre-
80 guency. The downscaling of the technology is also combined

-40 with a decrease of the supply voltage that results in a reduction
Pin [dBm] of the overdrive voltag&;—Vro and consequently in a shift of
a9 the operating points from the traditional strong inversion region,

into moderate or even weak inversion. In this perspective, it is

Ny =10, Wr= 12 um, L = 0.36 wm, Pip = -4 dBm, Vg =1V, fypor= 900 MHz important that the model accurately predicts the behavior of the

10 MOST in all regions of operation, from strong to weak inver-
ot sion, through moderate inversion.
T This paper presents a complete charge-based model of the in-
@ -10r trinsic part of the MOST that include a new simplified NQS
2 20 model. The main advantage of this new charge-based model is
o to provide a simple and coherent description of the dc, ac, and
D‘_g -30 noise behavior of the intrinsic part of the MOS transistor. It ba-
S sically uses the forward and reverse chargeandg, defined
a 40 fund (mess) as the mobile charge densities, evaluated at the source and at the
B0} o o imess) ] drain, to describe the current, the small-signal components, and
— BSIM3v3 (sim.) the noise in all regions of operation. The new NQS model uses
-600_3 1 3 1'0 30 a bias and frequency normalization that allows one to describe

the high-order frequency behavior of all the intrinsic transad-
mittances and admittances by only two functigpsandé,.. At
lower frequency, this model simplifies to the well-known QS

Ip [mA]
b)

Fig. 20. Large-signal behavior. (a) Fundamental, second, and third harmor{iggdel' o ) . . .
versus the input power. (b) Fundamental, second, and third harmonics versud\ll the extrinsic components are described in detail, partic-

the bias current. ularly the important resistive substrate network. The latter ac-
counts for the ac coupling of the high-frequency signal from
Clai/gm With C,,; being the total gate intrinsic capacitancéhe drain d|ffu3|qns, _through the junction capacitances, to the
C,gi = Cysi+Clai +Cyp;. The time constant; represents ulti- nearby source diffusions and to the substrate contacts. This ef-
mately the lower time constant the device can achieve for a givi§igt mainly affects the output admittangs; and can be mod-
operating point. The time constant corresponds to the addi- €l€d by a simpldl resistive network. Although all these ex-
tional delay introduced by the extrinsic part of the device dJgnSIC components show a bias dependence, it is generally suf-
mainly to the overlap capacitances= C,, /g, whereC,g, ficient to account for the bias dependence of the junction and
is the total gate overlap Capacitar(épgo :gg ‘s50+Cldo +ngbgo. overlap capacitances, leaving the resistances bias-independent.
It is shown in [7] that the extrinsic parasitics typically accourft Simple model for the bias dependence of the overlap capaci-
for about 40% of the total transit time in strong inversion angNce valid in saturation is also proposed. o
about 50% in moderate inversion. This means that the increasd N€ different noise sources in the transistor are described, in-
of parasitic to intrinsic time constant ratio does not degrade df@uding the induced gate noise due to the capacitive coupling
matically when moving the operating point from strong to mod?§ the local noise source within the channel to the gate ter-
erate inversion. This is another good reason for moderate inv8linal- The increase of the thermal noise excess factoshort-
sion to be considered for RF operation with deep-submicrorﬁhanm:"l devices is mainly due to velocity saturation and eventu-

eter devices in order to meet the low-voltage and low-power raly to hot carriers. The noise at high frequency is characterized
quirements. by four parameters, namely the input referred noise resistance

R,, the minimum noise factof},;,,, and the real and imagi-
nary parts,,, andB,y, of the optimum source admittance for
which the noise factor is minimum. These parameters can be
The scaling of deep-submicrometer CMOS technologies haansformed into the power spectral densities of the voltage and
pushed the transit frequency to frequencies typically beyond 80rrent noise sources and the correlation admittance of the cor-

VIII. CONCLUSION
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responding noisy two-pottt BC' D-parameters representation. [14] M. C. A. M. Koolen, J. A. M. Geelen, and M. P. J. G. Versleijen, “An
The noise parameters of a simplified MOS transistor model in-
cluding the induced gate noise, the correlation between the in-
duced gate noise and the drain thermal noise, the substrate regisj

tance noise, and the gate resistance noise are derived. The ana-

lytical results as well as the simulation results obtained from the, g
complete subcircuit model are favorably compared to measure-

ments. This analysis also shows that the contribution of the su

strate resistance may be significant and should, therefore, not
neglected, as is often the case. An example shows that the suibs]
strate and gate resistances can typically contribute to about 20%
and 5%, respectively, to the total input referred noise resistanCﬁ.g]
The complete RF MOS model has been implemented in a
SPICE simulator as a scalable subcircuit. It has been succe
fully validated over frequency up to 10 GHz, over geometry an
over a wide bias range on a 0.2a CMOS process for both n- [21]
and p-channel devices.
For some RF applications in the gigahertz range using ex-
isting or future UDSM processes, it may be advantageous tf2]
move the operating point of the RF devices from strong in-
version to moderate inversion to take advantage of the highes
gm/Ip ratio and, therefore, of the higher current efficiency and

benefit from the lower electrical fields within the transistor. This

i

j%é]

avoids velocity saturation and hot carrier effects, resulting in Fo4]
smaller excess noise factar,;. It also allows one to take full
advantage of the/L?%; scaling of the transit frequency com-

pared to thel /L.¢ scaling when velocity saturation is present.

(25]

Finally, moderate inversion also better accommodates the inz6]
creasingly stringent low-voltage constraint.
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