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Abstract—The paper presents a review on physics-based noisein circuit design, since measurement-based, partly empirical ap-
simulation techniques for RF semiconductor devices, starting with proaches developed in the field of microwave FETs (see e.g.,
the small-signal case but with greater stress on noise in large- [1], [2]) have been proposed since the late seventies on the as-

signal (quasi)-periodic operation. The nonautonomous (forced) op- : L
eration case will be considered, which is relevant to all RF appli- sumption that the short-channel FET physics is too complex to

cations apart from oscillators. Besides their importance in device Make a real, analytical compact model worth developing: such
design, physics-based noise models can also suggest viable and comodels have been successfully applied to MOSFETS, e.g., in
rect strategies to implement circuit-oriented models, e.g., compact [3]. On the other hand, although the search for predictive com-
models. From this standpoint, the connection between physics- pact MOS noise models has led to a great deal of work in the RF

based and circuit-oriented modeling will be discussed both in the ity i ircuit simulators th tual devi del
small-signal and in the large-signal case, with particular stress on community, In many circuit sSimuiators the actual device models

the treatment of colored noise in the large-signal periodic regime. aVa”ab|§‘ are legacy ones, Som_etimes even hardly correct (e.g.,
only valid for long-channel devices [4]).

A second example is a comparative lack of deep under-
standing of some of the device noise properties in the large-
signal regime. Since the pioneering paper of Dragone [5], it has
. INTRODUCTION been more or less widely understood that fast noise mechanisms

URING the last few years, dramatic progress has beéire-, those characterized by a white spectrum in small-signal
made in CAD tools for the noise analysis of RF and miperation) are modulated, in large-signal conditions, by the
crowave analog circuits. Noise simulation, formerly limited téStantaneous working point. Such a modulation enables to
linear circuits, was extended to the less widely understood larg&tract, somewhat empirically, from the small-signal power
signal regime, with direct application to analog RF subsysterfBeCtrum the statistical information on the frequency-converted
such as mixers and frequency multipliers. However, progresd@ge-signal noise (i.e., the so-called sideband correlation
circuit simulation tools was not entirely paralleled in the devefPatrix). Unfortunately, in many circuits the most important
opment of device noise models, although the final result of tf@ise mechanisms are those leading, in small-signal operation,
noise simulation is as good as the noise models implementedQn@ colored (e.g.1/f) spectrum. Several approaches have
the simulator. In many modeling areas involving noise oper€en proposed to model the frequency conversion of such slow
tion, controversial points remain. fluctuations [6], [7], but a satisfactory solution has not been
A first example concerning the apparently well-establishd@und yet. Thus, itis not well understood at present up to which
field of small-signal noise modeling is the quest for a satisfagXteént an accurate large-signal noise device model can be
tory compact MOS noise model relating in a simple way tnxtracted from information (also experimental) on small-signal

device noise performances to physical and technological pardRiSe-

eters. In a sense, compact noise FET models could be bypassétl'ysics-based numerical noise simulation can give, in the

long term, a satisfactory answer to many noise modeling

, _ _ _ roblems encountered in RF and microwave analog circuit
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way to test large-signal circuit-oriented noise models froproaches for physics-based noise analysis, again in linearity and
the standpoint of structure and consistency, thus providifigr large-signal excitations, are briefly reviewed, with partic-

a manageable test set whereon virtual measurements canulbeemphasis on frequency-domain Green'’s function-based ap-
readily made. proaches. A discussion on the application of physics-based sim-
The aim of the present paper is to provide a comprehensiyation to the development and validation of circuit-oriented
review of physics-based noise simulation of RF and microwaweise models is developed in Section IV, again with a greater
devices both in the linear and nonlinear (large-signal) regimemphasis on the large signal case. Finally, conclusions are sum-

The analysis will be confined to nonautonomous (i.e., forced)arized in Section V.

device operation, thus excluding from the treatment the oscil-

lator case, which still is a matter of advanced research [8]. AS  ||. CIRCUIT REPRESENTATION OFNOISY DEVICES

in many other fields, also in noise simulation the whole devel- L .
opment of the underlying physical theory was largely complet Thg occurrence of noise, in t_he form tbtﬁctuatlpnso_f the

well before numerical noise simulations were attempted. Noi§ gtncal variables a_t the terminals of any device, 'S an un-
simulation in an engineering sense was perhaps founded by@{ idable feature stnc_tly related to carner transport in semi-
paper of Shocklegt al. of 1966 [9], which established as aVi_conductors. From a circuit perspective, the customary repre-

able analysis tool the so-called impedance field method, bagfntation is based on the assumption that fluctuations cause

cally a Green'’s function technique describing the device noi eoer;urbatlo_n of thebelec;trlcal tdedwce work||r|1g p0||r_1tt 3nd thst,
as the superposition of microscopic fluctuations properly pro \erelore, noise can be interpreted as a small-amplitude random
agated to the device terminals. The impedance field method al superimposed to fche currents and voltages at t_he device
related techniques were widely exploited for the small-sign pres. In ather words, noise I represented as a set of |mpres.sed
noise analysis of the most important classes of devices, ab \(,%Itgge or current) electrlgal Sources connecte_d (o the device
all bipolar, see, e.g., the papers by Van Vigtal. [10]{12]. terminals, namely the deviagoise generatorswhich are de-

Despite the several quasi-two-dimensional implementations%ﬁ'b.ed through zero-average Sto.c hastic Processes. Slncg, ata
circuit level, the physically meaningful quantity is the noise

the IFM, the first full two-dimensional (2-D) physics-based nu= . )
merical noise model was presented only in 1989 by Filicori a wer exchanged, the noise generators are usually characterized
their second-order statistical properties: these are sufficient

Ghione [13], [14] and was extended to the bipolar case by B der ¢ iented ¢ h as th e i
naniet al.[15], who also developed the first large-signal noisfO erive system-oriented parameters, such as the noise igure

analysis in the quasi-periodic regime [16]. Small- and larg or a two-port device [22].

signal physics-based FET noise analyses based on the so-callé:drom acireut s_tandpomt, the_ representation of noise depends
active line quasi-2-D approach were successfully developed %3/ device operatlor_1 that also mfluencgg ok statlst!cal proper-
the University of Lille (IEMN) group (see [17], [18] and refer-1€S of the stochasth processes describing fluctuatlons_. In th.|s
ences therein). paper, we shall consider only Fhe case of forced_ operat_lon; this
Although the small-signal noise analysis has been recen'ﬂ sically COVers all of the main apphcqﬂons, W'th the impor-
implemented in a few commercial device simulators (e.g., Int nt e_xclu5|on of autonomous systems, € oscillators. Wwe shall
LFthSlder separately two cases: 1) sineall-signal(SS) regime,
Device [20]), large-signal noise simulation, which requires orffeurnng i the_ forcing term is made of the_ superposmon.of
to analyze the active device together with the embedding ciraﬁt?ontmuous bias (DQ and of a .small_—amplltude t.|me-vary|ng
term and 2) théarge-signal, (quasi-)periodi¢LS) regime, cor-

still is a matter of research: both time- and frequency-domairr,

namely Harmonic Balance, methods are in principle feasiblré",Sponding fo a device excitation made of (quasi-)periodically

but up to now frequency-domain techniques only have been p%@?-var_ylng s!gnals. T_he st_eagy-s”tat? workmg p0|rt1rt1|n Lﬁ ?hp-
posed due to their efficiency in device analysis and to the faegon 1S agam.(quasr)perlq ically ime-varying, though the
that they are a direct extension of the small-signal treatmeHE.enIIrlear pehawor of thg device (and c.)f other nonlinear circit
Moreover, it should be stressed that numerical noise analysq ,ments, if any) r.esults n th_e ggneranqn (?f frequency.cpmpo-
already at the small-signal level, can show unexpected co 2nts at all of the linear combinations (with integer coefficients)

plexities in seemingly well-known cases; as an example, see dhe Input frequenmes_: such components will be denoteql as
GR noise in short uniform samples [21] or the thermal noise rmonicst Once the noise generators have been characterized,

low-doping resistor (see [22, ch. 4]). While many of the ph hey can be impleme_nted in_to circuit simulators in order to per-
nomena numerical simulation can help in unveiling were orm system-level noise estimations: as a matter of fact, almost

ready known, at least at a qualitative level, the availability cﬁ" commerC|a_I S|mulatqrs now aII_ow,_e|ther in the time or fre-
uency domain, for noise analysis, in some cases both in SS

this new tool has greatly widened the opportunities for andl: . .

ysis and understanding of the noise behavior. This is even m d If _Torldglggs.Alzepresedntl:;tlv_e ex;m?Ies a;% SCP:K;E [23],

true in large-signal noise analysis, where careful interpretati ]’. g|Sen S( vaT?c'S 26ei|3\r/]R nf em) [ ]é)ﬁ‘a e£17ce

of the frequency conversion of slow fluctuations can also le sign Systems Spectre [26], crowave Lce [27].
gd Avista Design Systems SP/XL-RF [28]. A recent review on

to a better insight into the possible structure of compact noieB® e .
models g P P circuit CAD tools for RF applications can be found in [29].

The paper is organized as follows. Section Il is devoted to _ . . . .
1These correspond, for strictly periodic operation, to integer multiple frequen-

the circuit r(_apresentat|on Of. noisy deV'C?S' both in small—&gn@és of the fundamental, while in quasi-periodic conditions the intermodulation
and large-signal forced regime. In Section Il the available aproducts are also taken into consideration.
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a7, +f\"' fii"” 3., scribed by the vectat, (¢) of short circuit noise current gener-
& % ators, leading to the parallel description [see Fig. 1(b)]
&, &,
8i(w) = Y(w) - 60(w) + (1b)
> Z(w) z
L“ en,'
O 4~ ~F Oy wherey = z=! and
N
&, By - .
i, = Y(w) - &,. 2
o—— b———————— 0
Equation (2) shows that the series and parallel noise represen-
(€Y tations are equivalent and that
N fun S Sensen (W) =Z(w) - Si, 4, () - 2 (W) (3a)
&, || | | Siy in (W) =Y(W) - Se, e, (w) - YT (w) (3b)
wheret denotes Hermitian conjugation.
57, 1, Y(©) 5 5 From the standpoint of circuit simulations, noise analysis is
o : = : a simple small-signal analysis which takes as inputs the noise
. l 1 B generators, whose power and correlation spectra are assumed
i &%y to be known as a function of frequency. The output is the cor-
relation matrix for the equivalent noise generators at the outer
ports of the whole circuit (see e.g., [31]): several techniques are

available to perform such calculations [32], [33], which laid the

() basis for efficient numerical physics-based noise analysis [22].
Circuit oriented models can be exploited to describe the corre-
lation spectra of the noise generators as a function of the de-
vice dc operating point: some of them have, to various degrees
of approximation, a connection to the physical device structure
A. SS Operation (the so-calledompact mode|see, e.g., [34]), others are based
. . . on experimental results only, e.g., the Pospieszalski two-tem-

) In .the simple case of _SS operating regime, Meport de- perature model [1], originally devised for noise analysis of mi-
vice is represented as a linesrport whose port voltage®(t) crowave FETs, and the so-called PRC model [2], [35]: see [36]
and currentsi(t) are the (small-change) variations of the coftor 5 comparison with reference to microwave FETSs. In any
responding total variables with respect to the dc working poindgse, linear RF applications mostly deal with white noise spectra
With e,(t) being the vector of open circuit noise voltage genthermal and shot noise), while in low-frequency operation col-
erators at theV ports, such stochastic processessdagionary gred noise becomes important, in particular generation-recom-
[22] and therefore are completely characterized in the frequengation (GR) andl/f noise. Notice, however, that linear fil-
domain by the correspondirgprrelation matrixSe, e, (w) (v  tering of white noise through circuit transfer functions can give
is the angular frequency). This implicitly assumes that the liar colored nature to the output noise generators, e.g., even for a
earized device can be represented by a small-signal impedasiegple RC low-pass filter the white thermal noise of the resis-
matrix Z(w), thus leading to the series representation shownti#ance may result in colored fluctuations on the load.
Fig. 1(a) as

Fig. 1. Equivalent circuit of a noisyV -port device in SS operation: (a) series
and (b) parallel representation.

B. LS Operation

09(w) = Z(w) - 6%(w) + én (1) Operating the device under quasi-periodic large-signal con-

ditions means that a periodic forcing signal is applied to at least
where the Fourier transformation of the time-domain sigiial  one of the device ports, thus making quasi-periodic in time, in
is denoted ag(w), and we have assumed to Fourier-transforgfeady-state conditions, all of the device electrical (port voltages
even the noise generators, although this is a mathematically c&d currents) and physical (carrier densities and electric field)
ical procedure [30] based on the hypothesis that the dc workikgfiables. This means that any variable) can be expanded in
point is a stable equilibrium of the dynamic model with respe&OUrier series
to small variations. oo

_With the ass_umption that 'ghe Iine_arized device a(_jmits an ad- o(t) = Z Xpelwrt ()

mittance matrix representation, noise can be equivalently de-

k=—o00
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wherew;, are the harmonic (angular) frequenéiesd X, are &/, +E“"i,.\'5 B SI;
. . K . . Ns M\ M\t Ny
the corresponding complex (harmonic) amplitudes, satisfyir o N\
X_r = X} (x denotes complex conjugate). In practice, the p_— v
. d 7 : v g
Fourier series has to be truncated to a finite harmonic ord s s
Ny, so tha2 Ny, + 1 independent real numbers are required tt o—— | "
characterize completely the truncated Fourier series [22], [1€ L g Z(®) £
According to the usual assumption that noise is a small-chan /.y, N conversion matrix Ny TA
variation of the steady state, a linear perturbation analys N ~
around the time-varying periodic working point (the so-callec SV Vi
small-signal large-signahnalysis [37]) can be carried out [22)]. o o
As a consequence, the linearized device (and circuit) beconr O —©°
a linear periodically time-varying (LPTV) system [6]. From
a circuit standpoint, the consequence of the LPTV nature of (a)
the linearized device is that the variations of the port voltage<
and currents with respect to the steady state can be expres _ | . . N
through a phasor-like analysis as [37], [16] LN o Doiox Laoxg O xg
oViv| | Vol
§z(t) = { S axjed t} (5)
k=—Ng Y ()
I Lo conversion matrix AT 81y
wherew;” = w;, + w corresponds to thepper sidebanaf the
kth harmonic, i.e., a frequency displaced by an amaufibom 5V n l l 5Vsx,
the kth harmonic itself. A truncated representation has been ¢ )
ready usedin (5), whem¥;, = 2Ng (see [37] for details). Notice

that each port voltage and current is thus represented as a vel
with 2Ng 4+ 1 complex components, the variosigleband am- ()

plitudes[22]. The linear relationship between the voltage and _ - : o . .
Fig. 2. Equivalent circuit of a noisy two-port device in LS operation: (a) series

current variations is expre_ssed throumversmn matrix37] and (b) parallel representation. The left part of the linear multifrequency
(z or Y) that relates the sideband amplitudes, thus accountirgresentation is the sideband expansion of physical port 1, and the right part

for frequency conversion effects among the sidebands (see [4®]esponds to physical port 2.

for further details)
the series and parallel representations of a noisy device in LS

operation as a linear, multifrequency multiport

SVt =Z(w) - 61T, It =Y(w) - 6VT. (6)
VT =z(w)- oIt + Ef (7a)

In the previous equation, we have assumed that both the It =Y(w)-6V*T + I, (7b)
impedance and admittance representations are possible, an%{eD

we . . . .

have collected all of the port sideband amplitudes into a sin dtlge tgat, |n|_?n;l%g+y nghIErhe frter:nark Iln ?et(_:tlon II-A, the

vector ¢V for voltages andI™ for currents), each having \deband amplitudes,, and., ot the cyciostationary hoise
processes require mathematical care to be consistently defined:

N x (2Ng + 1) rows for anN-port circuit. 1 the basi tionis the stability of the limit cvcl
Concerning noise, the stochastic processes representing ffigaIn. the basic assumption Is the stability ot the imit cycle cor-

tuations, both at a circuit and microscopic level, are amplitucﬁ SPO”dif‘g to the time—vqrying noi;eless operating point 9f the
modulated by the time-varying noiseless working point, an vice. Fig. 2 shows the linear multifrequency equivalent circuit

therefore they are converted intgclostationaryrocesses [6], ofanoisy two-portin LS operation. The relationship between the

[16]: the most important feature is that, being nonstationar%‘?rasnsel and SF”%S_ re;iresentatlon IS defnved IIT f!JO"' art1_alo|g?[y V\gth
such processes have correlated frequency components. Cy % . case,l eading lo a_rt1 egpress_lorlisormad){_l entical to fj ):
stationarity implies that such correlation takes place only for OIS€ analysis In Circuits driven In LS conditions received a

those frequencies having the same distance from a harmoni<;gE)"3fat deal of attention for several decades because of its impor-

: C ce in RF applications; in particular, noise in mixers has been
the noiseless steady state. The second order statistical proper-. ) o .
ties are thus described through the so-cadlieléband correla- tudied since the 1940s [39], [40], [41], and noise in switched

tion matrix (SCM) s [16], [38] that represents the correlationcapacItor networks has been analyzed, e.g., in [42], where a

spectra between the various sidebands. By denotirg and time-domain algorithm is presented. Only recently, however,

E the sideband (stochastic) amplitudes of the noise generat r’leral purpost?c C'?hD techlnlquesf ;n the freqluer_my gorggln sze
a formal generalization of (1) is easily derived, thus leading y o proposedior the analysis ot large-scaie circurts [38], [43]
n open research issue is the development of reliable compact

2In the simplest case of periodic operatian, = kuw, wherek is a positve d€ViC€ noise mo_dels in LS Cond't'on_s @ydosmﬂonafy noise
integer andv, = 27/7, T being the period of the excitation. generators): a quite common assumption is based on the work by
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Dragone [5], who derived an expression for the LS noise spectuather research is definitely needed in this area, unavoidably
in a memoryless (resistive) one-port as a result of the instantaguiring experimental verifications. A partial solution can be
neous amplitude modulation of SS white noise spectra by tfraind if 1/ f noise is assumed to derive from the superposition
device time-varying working point, based on the hypothesis thét GR fluctuations with a proper distribution of time constants,
fundamental fluctuations are due to scattering events faster tRce in this case the previous remarks on the fundamental white
the electrical variable dynamics. Clearly, this assumption ceassigroscopic noise source apply; this should be a viable solution
to hold whenever the SS spectra are not white, e.g., for GR afdeast for certain classes of devices whetgifi noise seems
1/f noise: a general discussion of this can be found in [6]. to be related to number fluctuations.

Complex device structures are typically analyzed through

[ll. PHYSICS-BASED NOISE ANALYSIS “classical” PB models making use of a partial differential

The aim of physics-based (PB) noise analysis is to evaluﬁ%uation (PDE)-based description of carrier transport and of the

the second-order statistical properties of the device noise gerfgfctrostatic potential (Poisson’s equation): in the simplest case,
ators (including their correlation) from the elementary, micrdn€ standard drift-diffusion (DD) model is considered, made of

scopic fluctuations (thenicroscopic noise sourcesccurring e €arrier continuity equations complemented by Poisson’s
within the device volume, given the noiseless working poirﬁquatlon (see, e.g., [48]). Nonstationary, more advanced carrier

of the device. The microscopic noise sources, assumed tol1SPOrt models are also possible, with the obvious drawback
known from physical first principles, can be associated witff increased computational cost. Concerning noise analysis,
three phenomena [44], [22]: fluctuations of the velocity of freBPPropriate stochastic forcing terms are added to the model
carriers (leading taliffusion noisewhich, in thermal equilib- PPES: thus converting the system into a seftothastid®DEs,

rium, corresponds tthermal noisg fluctuations of the number that is, t,he Lgngevm approach to noise analy5|§ [22]: the mi-
of free carriers (leading t6R noisg, and1/ f noise. The latter croscopic noise sources are also called Langevin sources. The

has been widely studied from an experimental standpoint d%croscop!c noise sourcesare reasonably well knowp forthe DD
to its great importance in circuit applications, in particular fomodel, Wr_"le for nonstationary transport the .matt.e.r Is a current
LS systems and oscillators where upconversion transfers g&gearch issue [49], [50]. For the sake of simplicity, we shall
of the low-frequency noise to RF. Unfortunately, the physic&Pnfine our discussion to the case of the DD model with direct
origin of 1/ f noise is still an open issue; several competing th&R Mechanisms, since the extension of numerically efficient
ories have been proposed [45], [46], but experimental verific30!S€ analysis to higher order transport models [51] and to the
tions have shown controversial results. Basicallyf noise can ¢35 of trap-assisted transitions is straightforward [21].
be interpreted either as a superposition of surface or bulk GR-&t US denote as.(r, ) the microscopic noise source to
noise spectra with a proper distribution of time constants or 8§ included as a forcing term in equatian(e = ¢, n, p de-
the result of mobility fluctuations. Finally, a more fundamenta[1°té Poisson’s, electron, and hole continuity equations, respec-
quantum origin oft/ f noise has been also proposed [46]. tively): for white noise sourceg, = 0, and the various forcmg
From a practical standpoint, diffusion noise is described, [frMS are assumed to be spatially uncorrelated [22]. For diffu-

SS conditions, by means of a white stochastic process [44], [2§_|]on noise, the microscopic sources are current density fluctua-

resulting from fast microscopic intraband scattering processi@MS€a (1), thereforey, oc V- £, (a = n, p) [15], [22]. For

Also, the GR noise source, at least in a fundamental descrfiféct GR noise they, forcing terms appear in the continuity
tion [44], [21], can be described by a white process, althougfduations only (i.e, = 0), andvy, andv, are correlated.

in the literature, a colored Lorentzian source is often used [4 ]he basic assumption (in nonautonomous devices) is that such

in [21], the limits of applicability of the Lorentzian source ardoreing terms are small enough to linearly perturb the PB model

discussed, and it is pointed out that the white source only h%@und the noiseless working point: .this means that the effect
general validity. Since the spectra of the microscopic diffusidf the sources propagated to the device terminals, expressed as
and GR noise sources are white, assuming that the LS steQQEN circuit voltage or short-circuit current fluctuations, can be
state is much slower then the microscopic intraband and intdp€arly related toy, by means of Green's functions [22]. The

band scattering processethe microscopic noise sources in LSSHOI Circuit noise currents are

operation are derived through instantaneous amplitude modula- .

tion of the SS ones, as discussed in [16]. The cad¢ phoise  ; (1) = Z / / G i(r, t, t1)Va(r, t1) dt; dr
is much more involved: in fact, up to now no widely accepted amgrmp IS0

theory has been developed tracing back such fluctuations to an (8)

SS white microscopic noise source; actually, a source direc\”ﬁerez‘ is the terminal index is the device volume, and

including al/ f frequency dependence is suggested in [47]. Th {(r. £, 1) is the Green's function Corresponding,to o

means that the instantaneous amplitude modulation approa ‘Eil L
0

) ) on in equationy at pointr and timet;, and observation
at least questionable, and more general techniques such a ?the short-circuit current of) terminal By definition, the

ones described in Section IV should be explaited. In any Careen’s functions are calculated by linearizing the PB model

equations around the noiseless working point, which can be

3The time constants of the scattering events are of the order of less theth tatic (for SS noi Ivsi iodicallv ti .
1 ps, therefore the instantaneous modulation is expected to hold up to mgfE1€r static (for SS noise analysis) or periodically time-varying

then 100 GHz. (for LS noise analysis).
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A. SS Physics-Based Noise Analysis [16], thus giving rise to the frequency conversion effect. For this

Since, in SS conditions, the device noiseless working point/f§aSon. the matrix Green’s functions have been tercoedter-
constant, the linearized model equations define a time-invarigf" Green’s functionfCGFs). According to these remarks, (8)
linear system [22], [15]: as a consequence, the output noise d,sor_ewntten as a linear relationship between sideband amplitudes
cesses are stationary a8 ;(r, t, t1) = Ga.i(r, t —t1). This (wherew is now the sideband angular frequency)

means that (8) can be written in the frequency domain as Irw= Y / Goi(r, w) - TE(r, w)dr  (11)
- = N a=p,n,p 7
In,i(w) = Z / Goi(r,w)Ya(r,w) dr 9)
a=p,n,p J 0 wherel'} (r, w) is the vector of sideband amplitudes of the mi-

croscopic noise source added to equatiorThe SCM of the
Hbirt circuit noise generators connected to terminatelj can
therefore be derived as [16]:

Sinisins (@) = Y /Q Gloilr,w) Sivoin, (@)= S /Q Gai(r, w)

a,B=¢,n,p

and therefore the correlation spectra of the noise generators
given by [22], [15]

a,B=¢,n,p
X Ky, s (r,w)é?}d(r? w)dr (10) Ky, s (1, 0) - G:f,’j('r,w) dr (12)
where K, ... is the local noise sourcef47] for spatially wherek is the SCM of the local noise source for spatially un-
uncorrelated microscopic noise sourcés; ., (r, ry; w) = correlated microscopic fluctuations. _
Koy (1, w)8(r — 11). Noise simulation is based on the knowledge of the noise-

Since the local noise source is known as a function of tt@ss device working point, which can be evaluated either in the
noiseless operating point, either analytically or numericalyme or frequency domain. In RF and microwave applications,
[49], [52], the most intensive task is the numerical estimation 8t Particular for multitone excitation, frequency-domain tech-
the Green’s functions. In the frequency domain,gbeeralized niques based on the solution of the discretized PB model by
adjoint technique[22] proposed in [15] and implemented inmeans of the Harmonic Balance approach are well suited for LS
several commercial [19], [20] and academic (e.g., PADRS$teady-state analysis: the first implementation in a 2-D model
of Bell Labs [15], FLOODS of University of Florida [53]) Was proposed by Duttoet al. with the PISCES-HB simulator
simulators allows for a frequency-domain evaluation with tH&71, [58], [59]. A one-dimensional (1-D) implementation, in-
same computational cost of a standard small-signal analy$§#iding noise analysis, was proposed by the present authors in
An alternative time-domain method for the evaluation of th€0] and [16]. Once the LS steady-state has been evaluated, an
Green's functions has been proposed in [54]. extension of the generalized adjoint technique can be applied

The SS PB noise modeling approach has been checkedffyrthe efficient computation of the CGFs [16]. A similar im-
several classes of devices against available analytical and Rigmentation was proposed by the University of Florida group
perimental results [15]. Concerning RF applications, most of tf@1]. Noise analysis in LS conditions was also studied by the
recent work has been devoted to a detailed analysis of the nd@gearch group at the University of Lille [17], [18] by extending
properties of MOSFETS, the first full 2-D simulations, with faithe active line model for the analysis of FETs [62].
agreement with measurements, being proposed in [55] and [54]One of the (many) open problems in LS PB noise analysis is
An open problem is the excess drain noise as the gate lengtf@ best way to include in the simulation noise sources whose
reduced, often experimentally observed: simulations perform@@ectra are not white in SS conditions, i.e., equivalent GR and
with advanced nonstationary transport models [52], [56] sud/. noise. A preliminary study, at least for the case of GR noise,
gest that this can be traced back to nonstationary effects at i@ been presented in [63] and [64].

source side of the channel and not to hot electrons at the drain
end as very often assumed. IV. FROM PB MODELS TO CIRCUIT-ORIENTED

REPRESENTATIONS

B. LS Physics-Based Noise Analysis From an application standpoint, PB noise analysis is impor-

From a formal standpoint, the only difference between S8nt at two levels. The first is to assist the design and optimiza-
and LS operation is the time-varying nature of the LS devid®n of the device: the approach outlined in Section Il allows
operating point: the Langevin approach is still valid, and thuss to express the noise spectra as a superposition integral ex-
(8) can be applied. In practice, however, SS and LS operatitamded to the whole device volume. This means that inspection
lead to quite different formulations. In fact, the linear systerof the integrand function in (10) and (12), the so-cakpdtial
propagating the microscopic noise sources to the device termdise densitymakes it possible to identify the physical regions
nals becomegeriodically time varyindLPTV) [16], in contrast of the device wherein noise is generated. In this way, an opti-
to the time-invariant system discussed in Section IlI-A. Thimization of the device structure and doping is, at least in prin-
has two main consequences: 1) as discussed in Section lielple, possible.
the stochastic processes describing fluctuations become cyclofhe second level concerns compact models, for which even
stationary and 2) the Green'’s functions become matrix opethe comparatively simple case of SS noise still poses severe
tors linking the various sideband amplitudes of the microscopicoblems, at least for RF and microwave applications: a repre-
noise sources to the sideband amplitudes of the output variatdestative example is the case of high-frequency MOSFET noise



BONANI et al. PHYSICS-BASED SIMULATION TECHNIQUES 639

analysis (see, e.g., [65], [66] and references therein). Under v

this respect, PB SS noise analysis has a great potential as a

means to develop and validate physically sound and reliable n() 1(?)
compact models, either in the form of equivalent circuit-based N/ (0) h(®) —
approaches or dlack-boxmodels.

Similar remarks apply also to the case of LS noise analysis.
In this regime, circuit designers very often exploit the following (@
noise analysis technique: the device noise is described by the 1)
same models derived for SS operation as a function of the device
(static) working point; since in LS conditions this becomes pe-

> : ) . : n()
riodically time-varying, the stationary noise processes are mod- KXJ h(?)
ulated and transformed into cyclostationary fluctuations. This Yue(D)
assumption, clearly, has to be proved by measurements and/or
by PB LS simulations. The very process of modulation poses se- ()
vere problems when nonwhite SS noise spectra are involved: as
discussed in [6], [63], and [64], two interpretations are possible.
Let us consider, for simplicity, a stationary SS noise process
~(t) with power spectrun®., (w) = f2|h(w)|?, wheref is n® h(o) X Yew(?)
a working point-dependent factor arfmjw) is the impulse re- Vem(®) &/
sponse of a properly defined linear time-invariant system taking
into account the frequency dependence of the spectrum: for a ©
white processh(w) = 1. Processy(t) can be interpreted as
the output of the linear filtering of a unit white Gaussian noisgld- 3. System interpretation of a noise process. (a) Stationary process for S

. . . noise analysis. (b) Cyclostationary MF process for LS noise analysis. (c) Cyclo-
processy(t) according to the scheme in Fig. 3(a). In LS CONstationary FM process for LS noise analysis.

ditions, the working point becomes periodically time-varying,
and therefore factof = f(t) periodically modulates the noise
process. Unfortunately, such a modulation can be performe
least in two different ways.

n the other hand, the case of colored SS noise requires
cﬁoosing between the two possible approaches. According to
L . theliterature, the FM approach is probably the most commonly
o 7)(t) is first _modulated byf(t) and t_hus converted into applied in circuit simulators (see, e.g., [7], [38], and [67]),

a cyclostationary process, then filtered Mtz [s?e but the MF approach has been exploited as well, at least for

Fig. 3(b)]: this mechan|§m will be denoted as “MF anq/f noise (see e.g., [68] and [43]). In any case, it is widely

leads to process\ir (¢) with SCM [63], [64] as recognized in the literature that a final solution of this problem

i+ Fag 4 still has to be found: an important step toward the completion of
(Srnawsman (@), n = ) G (w07 (13) this process could, and should, be provided by LS PB models,
whereG), is the kth harmonic amplitude of the periodicat least for particular classes of devices and microscopic

function g(t) = f%(t) and(S),..» denotes the elementhoise sources. The case of GR noise in a uniform device (a

(m, n) of the SCM. doped semiconductor sample) was discussed in [63] and [64],
« n(t) is first filtered by h(t), yielding the stationary showing that the correct modulation approach to be applied

processynr (t), then modulated by (¢) [see Fig. 3(c)]: to the SS Lorentzian microscopic noise sources, for direct
this mechanism will be denoted as “FM” and leads t&R processes, is the FM scheme. However, care should be

processyryi(t) with SCM [63], [64] as exerted in generalizing this conclusion to any device class, as
) the following discussion suggests.

(S ens (@) o = Z Fpo i F*_, ‘h(w,j)‘ (14) .As acase stqdy, we s_h_aII consu:jer the PB simulation of apn

A diode: despite its simplicity, the bipolar nature of conduction
, i , ... in this device makes noise analysis in LS conditions complex.

Wher_EF’“,'S the kth harmonic amplitude of the perlodchS shown in [22, ch. 4] for a long device, under low-injection
function f(1). . conditions a closed-form analysis can be carried out, leading to
If h(w) is alow-pass function, itis apparent from (13) that thg,, o, ession of the SS noise spectrum including both diffusion

MF modulation scheme yields an SCM with null elements apat},y Gr noise. The well-known shot-like result is obtained [10]
from (0, 0), i.e., the baseband sideband, while the FM sche

(14), provided thaf (¢) has a large enough number of harmonics

(i.e., if the device is driven in nonlinear conditions), results in Si i, (W) = 2q(I + 2Is) + 4kgT[Re{Y (w)} — Y (0)] (16)

an SCM with several nonzero elements. Furthermore, for white

SS processes (13) and (14) yield the same result as follows:where I is the dc current,/s the saturation current of the

junction, andY (w) the small-signal admittance as a function
(Smp,mp(w))m,n = (Syea,vent (w))m,n =Gmn of frequency. Under forward bias conditions and low operating
— ZFm,—kF;_k~ (15) frequency, (16) is approximated by the full shot expression
k Sin,in(w) ~ 2(][-
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Fig. 4. Frequency dependence of the SS current noise spectrum for the short pn junction. The solid line is the PB model, and the symbols are abfalhed by th
shot noise formula embedding the parasitic resistance of the neutral regions.

A first simulation is performed for a short Si abrupt pn TABLE |
juncton, with doping levelsNy = Np = 10 o, SCHRSEGS ComENBEnEe TETE e I Ry
minority carrier mobilities p,, = 1390 cm?.V~l.s7! THE ELEMENTS ARE MEASURED IN10-20 A2.Hz—1
and p, = 470 cm?.V~—lt.st minority carrier lifetimes
T, = 7, = 1 us, cross section normalized to 1 nand Va=005V W=01V
side lengths Gum: in this case, the GR noise contribution to SCM element PB  circuit PB  circuit
the SS noise spectrum is negligible, and all of the shot-like
behavior is due to diffusion noise. The short-circuit current (+3,+43) 2276 2243 10.317 9.989
noise spectrum for a forward bias of 0.5 V is shown in Fig. 4, (+2,+2) 2977 2,247 10.448 10.054

where the PB simulation is compared to the result of the full

shot noise model (the dc currenﬁ is that evaluated by the PB (+1,+1) 2273 2247 10490 10.09

simulation): the frequency dependence is due to the presence (0,0) 2.272 - 2.246  10.496 10.102

of the intrinsic device capacitances and of the series, parasitic (-1,-1) 2973 2247 10490 10.095

resistancd?, of the neutral regions; the high-frequency plateau

is due to the thermal noise in such resistarf¢ewas extracted (=2,-2) 2277 2.247 10448 10.054

from small-signal analysis, obtaining a value of X2mThe (-3,-3) 2.276 2.248 10.317  9.989

agreement is generally good, apart from a small discrepancy

around 100 MHz, due to the fact that diffusion noise at those (+3,+2) 1.560 1539 8869 8.4l

frequencies does not result any longer into full shot noise, (+2,+1) 1.560 1.540  8.969  8.614

since the device sides are not short anymore with respect to the (+1,0) 1559 1540 8991 8.637

(frequency-dependent) diffusion length.
The same structure was then simulated under LS conditions ©0,-1) 1559 1540 8991  8.637

with a one-tone voltage excitation superimposed to a 0.5-V dc (-1,-2) 1.560 1.540 8969  8.614

component. The input tone was applied at two frequengjes: (—2,-3) 1.560 1.539 8.869 8.541

1 MHz and f, = 1 GHz with tone amplitude®, = 0.05 V and

Vi, = 0.1V, respectively. The LS steady-state analysis was per-

formed with N;, = 6 harmonics plus dc, so as to allow noiseénodel and the results of the circuit approach. In the latter, full

simulation to be performed up to the third sidebang (= 3). shot noise is amplitude modulated and the effecRpfand of

Around f., the device still exhibits SS white shot noise (sethe junction (depletion) capacitance are embedded: the agree-

Fig. 4): the full shot noise formula can be amplitude moduwment is generally good, apart for a sideband frequency around

lated according to (15), obtaining a very good agreement witlh0 MHz, where already in SS conditions a discrepancy takes

the results of the PB LS model, as shown in Table | for thglace.

diagonal and upper diagonal elements (independent) aff A more complex situation arises when intrinsically colored

the noise current SCM. The same kind of agreement holds a8 noise has to be modulated. As an example, we simulated a

for the other off-diagonal elements. Concerning the excitatidong Si pn junction, having the same parameters as the short

at 1 GHz, we report in Fig. 5 a comparison between the Rihe, apart from the lifetimes, = 7, = 160 ps. The para-
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embedding the parasitic resistance and the junction capacitance and using the distributed rigde).fBroken lines are generated by the full shot noise formula

embedding the parasitic resistance of the neutral regions.

sitic resistance id?; = 0.44 2. An SS simulation, including

or the accurate distributed expression¥qiw) is employed.

An LS simulation, with a 0.2-V input tone at 10 MHz super-
both diffusion and GR noise sources, was first carried out fonposed to the 0.5-V dc component, has then been carried out.
a 0.5-V dc working point, and the device admittance and tfée resulting diagonal elements of the SCM of the short-circuit
noise spectrum were compared to the ones calculated accordinise current are reported in Fig. 7, where they are compared to
to the distributed analytical model (see [22]): the noise spettie result of the modulation of (16), both following the MF and
trum closely follows the theoretical estimation (16), as shown the FM schemes, and further including the effect of the parasitic
Fig. 6, where the effect of the parasitic resistance, including itssistance and of the junction capacitance: details on the imple-
thermal noise, and of the junction capacitance have been addezhted expressions can be found in [69]. Fig. 7 clearly shows
to the intrinsic noise spectrum. Broken curves in Fig. 6 show thitiat, at least for the device under test and the operating condi-
poor agreement results if the full shot noise (white) approximéens taken into account, only the MF approach yields results in
tion is exploited: this happens both if the approximate lumpegbod agreement with the LS PB model. The FM scheme over-
estimates noise in the baseband sideband due to the high-pass
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