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Abstract—In this paper, a detailed research of the high-fre-
quency noise sources and figures of merit (FOMs) of fabricated
deep-submicrometer n-channel fully depleted silicon-on-insulator
MOSFETs is carried out. Special care is given to reproduce the
main topology parameters, together with the most relevant para-
sitic elements of real devices in order to accomplish an accurate
and reliable simulation. The information provided by the Monte
Carlo (MC) tool allows getting a physical insight of the relation-
ship between internal quantities and the main noise sources inside
the device; moreover, the spectral density of velocity fluctuations
has been analyzed spatially in order to determine the local cur-
rent noise source in the gradual channel and velocity overshoot
sections of the effective channel. Together with the calculation of
intrinsic noise sources, the MC simulator is able to reproduce the
measurements for the main noise FOMs in the RF and microwave
frequency ranges. Moreover, the whole simulation framework
allows addressing the importance of parasitic elements in the final
value of these FOMs.

Index Terms—Fully depleted silicon-on-insulator (FD-SOI),
high-frequency noise, minimum noise figure, Monte Carlo (MC)
simulation, MOSFET, parasitic resistances, velocity fluctuations.

I. INTRODUCTION

I N TODAY’S wireless world, silicon CMOS devices for
analog RF applications may play a crucial role for a feasible

development of low-cost high-frequency designs [1], [2]. Sil-
icon-on-insulator (SOI) technology [3] has recently emerged
as the most reasonable solution to the problems of traditional
bulk devices when the size of the transistors reaches very
small dimensions [4], [5]. In order to fully profit and extend
the advantages provided by SOI transistors, it is necessary to
develop models and design tools specifically adapted for these
devices. In particular, an accurate modeling of high-frequency
noise is essential. In the last years, many efforts have been
devoted to the modeling of high frequency noise in deep-sub-
micrometer MOSFET devices see, i.e., [6]–[11]. Specifically,
models incorporating so-called physical noise sources are
of significant importance when dealing with short-channel
devices. Due to its stochastic nature, the ensemble Monte Carlo
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(MC) method [12] is a highly interesting alternative for the
study of noise phenomena. This modeling methodology intrin-
sically incorporates all the transport processes of importance
in small devices (including far-from-equilibrium phenomena,
such as nonstationary effects or the appearance of hot carriers)
and makes no assumption about the physical origin of noise
sources. These are provided in a natural way by means of the
fluctuations of carrier velocity generated by scattering mecha-
nisms in the simulation. In this way, an MC device simulator
can be considered as a global noise modeling tool, providing
from local noise velocity fluctuations to noise spectra of current
fluctuations at terminals and the main noise circuital parameters
such as the minimum noise figure. This modeling approach has
been widespread used for the study of noise in semiconductor
materials, III-V FET devices, n n n structures, diodes,
BJTs, etc. However, to the authors’ knowledge, it has been
barely considered in the literature for an overall investigation
(from microscopic noise sources to circuital noise parameters)
of high-frequency noise in MOSFETs.

In the present work, we analyze the information provided by
our in-house MC simulator in order to investigate the high-fre-
quency noise behavior of fabricated fully depleted (FD) SOI
MOSFETs. The paper is organized as follows: in Section II de-
tails are given about the devices under test and the MC procedure
for the study of high-frequency noise. In Section III the main
noise results are presented. First, the spectral density of drain
current fluctuations in the microwave range is analyzed for var-
ious bias conditions. The noise spectra of velocity fluctuations of
carriers in different regions of the channel (dividing the channel
in two different areas by considering the location were the satu-
ration velocity corresponding to bulk material is surpassed) are
also investigated. Afterwards, we shall focus on the study of the
noise through the normalized intrinsic parameters , and .
Finally, the most important parameters from the experimental
and circuital point of view, such as the minimum noise figure
NF , associated gain , noise resistance and

optimum reflection coefficient are studied taking into
account the effects associated to parasitic elements. Experi-
mental values and numerical calculations will be compared. In
Section IV the main conclusions of our work will be presented.

II. FABRICATED DEVICES AND MC PROCEDURE

The FD SOI n-MOSFET devices under test were fabricated
on 200-mm diameter UNIBOND wafers by means of a CMOS-
compatible process. The effective gate length is 160 nm, and
the thickness of the active layer is 30 nm, which ensures the full
depletion condition in the channel. The buried oxide thickness is
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Fig. 1. (a) Scheme of the simulated devices and (b) output characteristics for
various gate voltages.

400 nm and the total device width is 100 m. More details
about the fabrication and parameters of the devices can be found
in [13], [14].

The simulated structure [Fig. 1(a)] reproduces most of the
topology parameters in their actual values. The gate oxide thick-
ness is 5.5 nm, the overlap length has been estimated to be 45 nm
and the spacer length is 80 nm. The doping concentration of the
p substrate in the active layer is cm and the doping of
the n regions at the drain and source spacer and overlap areas
is cm . Numerical calculations have been performed
by using a two-dimensional ensemble MC simulator. The main
features of the simulator and the parameters considered for the
physical model can be found in [14]–[17]. The dynamic be-
havior of the devices under study was presented in detail in a
previous work [14]; a good agreement was found between ex-
perimental data and simulation results for the main dynamic fig-
ures of merit (FOMs) thanks to the careful consideration of the
topology of the devices and the extrinsic parasitics as well as
the access feed lines, which confirmed in a first step the validity
of the modeling approach. Fig. 1(b) shows the output charac-
teristics (experimental measurements together with MC simu-
lations) for different gate voltages ranging from 0.5 to 1.25 V.

Regarding noise calculations, several considerations must be
pointed out. As the purpose of our work is the characterization
of the noise performance of the devices at high frequency, we
chose a typical noisy two-port device representation: the noise-
less device is represented by a “black box” (described by admit-
tance parameters), and two current noise generators are consid-
ered, one at the input (gate) and the other at the output (drain),
both correlated [18]. These noise sources can be determined by
the EMC procedure without making any assumption about their
physical origin, by means of the analysis of instantaneous cur-
rent at terminals. Since the method provides the current fluc-
tuations for each timestep, the correlation functions for gate
and drain terminals (and the cross-correlation) can be calcu-
lated. Fourier transformation of these quantities allows the di-
rect determination of the spectral densities of current fluctua-
tions , and (corresponding to the gate
and drain and the cross-correlation between both) required for
the two-port noise analysis previously mentioned. The combi-
nation of these quantities with the complex four admittance pa-
rameters gives the main circuital FOMs (minimum noise figure,
associated gain, etc.).

Moreover, from the information provided by the simulator
it is also possible to analyze the so-called velocity-fluctuation
noise [18] by determining the spectral intensity of velocity fluc-
tuations (see Appendix I). In this way, the local noise source

can be investigated in different sections of the channel: in
our case, we considered two subsections of the channel, the dif-
fusive or gradual channel section, to which we will refer as Sec-
tion I (where the average velocity is below , the saturation
velocity in bulk material) and the overshoot section or Section II
(where ). Therefore, valuable information is obtained
about the noisy nature of carriers in the overshoot section, a sub-
ject of controversy in the literature.

To ensure the validity of the calculations, an accurate evalu-
ation of the instantaneous current fluctuations at source, drain
and gate terminals is necessary: we used an adaptation of the
Ramo–Shockley theorem for the calculation of these currents
[19], [20]. When dealing with the comparison with experimental
results, the effect of parasitics (that are provided by the experi-
mental measurements in a procedure completely separated from
numerical simulations) will be incorporated into the intrinsic
MC results. In this way, the influence of parasitic elements on
the final determination of the main noise FOMs can be readily
evaluated. Moreover, the simulation results and the microscopic
nature of the simulation approach allow bringing some under-
standing about the noise phenomena at high frequencies, as we
shall see in the next section.

III. NOISE RESULTS

A. Intrinsic Current Noise Sources

Fig. 2 shows the values of as a function of frequency for
ranging from 0.5 to 1.25 V and V. As it can be

observed, for frequencies up to 50 GHz, a white noise behavior
is obtained. To achieve a correct determination of in this
frequency range, it is necessary to solve the electric field in the
simulation at each time step; in this way, the contribution of field
fluctuations is properly taken into account. For higher values of
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Fig. 2. Values of S as a function of frequency for various gate bias in
saturation (V = 1:5V). The inset shows the frequency dependence of S ,
S and Im[S ] up to 50 GHz for V = 1:0V and V = 1:5V.

frequency, tends to increase with due to plasma oscillation
phenomena, a fact that has been also observed in III-V FET de-
vices and in BJTs and HBTs [21], [22]. The white noise behavior
of in the gigahertz range evidences the velocity fluctuations
of carriers as the primary origin of drain noise (in the absence
of other noise processes not included in the model); in the next
subsection, velocity-fluctuation noise will be the subject of anal-
ysis. From now on, we will focus on this “white noise” range;
this is, up to 50 GHz (that includes the RF and microwave fre-
quency ranges).

With regard to , it exhibits dependence for these fre-
quencies (see inset of Fig. 2). Its origin has been associated to
the capacitive coupling to the gate of charge fluctuations within
the channel; therefore, the primary origin of is the same,
other than in the case of . For the imaginary part of
a linear dependence with frequency is observed. The real part
of has been found to be much smaller than the imagi-
nary part and it can be neglected in this frequency range. This
behavior is in good agreement with the results predicted by the
general theory for FETs [18] and in particular with the results
previously observed in bulk MOSFETs [15].

We shall now focus on , which is frequently considered as
the primary intrinsic noise source in a MOSFET device from a
circuital point of view. In Fig. 3(a) we show the values obtained
for as a function of for V. We have also
plotted the results predicted by the theoretical Klaassen/van der
Ziel’s model [18], [23] (this is , the value for

, extracted from the – curve, was 435 S/m , and
varies from 1 for V to 2/3 in saturation). As it can
be observed, for values of lower than 0.5 V (corresponding
to the triode regime), the drain noise generated by the device
slightly decreases when increases, and it is in good agree-
ment with the theoretical prediction. However, when reaching
the saturation region (high ) an increase of with the
drain bias is observed (in contrast with the theoretical model,
which remains constant). This behavior has been also described
by other authors attributing this augmentation of to channel

Fig. 3. (a) Values ofS as a function ofV forV = 1:0V and (b) average
values of electron energy along the channel for the same bias conditions.

length modulation (CLM) effects [8]. The nonlinearity within
the channel provoked by the appearance of the pinch off is trans-
lated into a progressive stronger transfer to the drain terminal of
the noise generated in the diffusive section as is raised (for
fixed ), what would explain the increase of .

However, it must be also noticed that, at high in satura-
tion conditions the above mentioned nonlinearity of the channel
yields to the appearance of high longitudinal electric fields near
the drain and, as a consequence, free carriers present an impor-
tant increase of energy in that area [Fig. 3(b)]. As is raised
in saturation for constant , the length of the overshoot sec-
tion is wider and the maximum value of energy is higher. As it
will be discussed in the next subsection, the local noise source

in the overshoot section also increases with and their
values are similar to those of the diffusive section. For the device
under test, noise generated by hot carriers near the drain could
be also an important contributor to drain current noise [24], [25].

Let us now analyze the dependence of on the gate bias at
a fixed equal to 1.5 V, in saturation conditions [Fig. 4(a)].
Together with the MC data, the results predicted for by
Klaassen/van der Ziel’s model [18], [23] are also shown. As it
can be observed, the values obtained in the simulation are sig-
nificantly higher than the theoretical prediction. Fig. 4(b) and
(c) shows the values of electron energy and concentration in the
inversion layer for various at the drain bias condition con-
sidered in Fig. 4(a). As is raised, the peak value of energy
near the drain is decreased; in contrast, an increase of the av-
erage energy of carriers is detected in the rest of the channel,
where the concentration of carriers is significant. Simultane-
ously, the average electric field in the diffusive region is raised,
and the number of particles in the whole channel is increased.
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Fig. 4. (a) Values ofS as a function ofV for a fixed drain bias, (b) average
values of energy, and (c) concentration of carriers along the channel for V =

1:5V and various gate-to-source voltages.

The combination of these facts produces an important augmen-
tation of the local noise source within the channel, as it will be
shown in the next subsection, thus producing the increase of
with .

B. Velocity Fluctuation Noise

According to the procedure indicated in Appendix I, we ana-
lyze the spectra of velocity fluctuations in the diffusive and
overshoot sections of the channel, what can provide useful in-
formation about the local current noise source. It is important to
remark that we do no intend to “double calculate” by two
separate methods: in fact, the determination of this quantity by
means of the spectral density of velocity fluctuations would re-
quire in a second step to evaluate the transfer of the local noise
source to the drain terminal through an impedance field [9]. The
calculation of this impedance field by means of MC device sim-
ulation is neither affordable nor reliable from the practical point
of view due to the stochastic nature of the simulation approach.

An example of velocity fluctuations (normalized to one par-
ticle) in the diffusive and overshoot sections can be observed in
Fig. 5(a) and (b). As shown in the graph, the amplitude of fluc-
tuations is much stronger in the overshoot section, what gives a
higher zero-time value of the correlation function of the velocity
fluctuations. Fig. 5(c) shows the results for in Sections I and
II as a function of for a fixed V. In the graph, we

Fig. 5. Velocity fluctuations as a function of time in (a) Section I and (b)
Section II for V = 1:0V and V = 1:5V. (c) S as a function of V
for fixed V = 1:5V; tendency lines are included (dotted lines). Dashed line
shows the value of S obtained from the bulk diffusion coefficient. Inset shows
S as a function of V for V = 1:0V.

have also plotted, as a reference, the low-field value of ,
being the diffusion coefficient calculated in bulk material with
analogous doping concentration as the substrate doping of the
SOI structure. As it can be observed, the spectral intensity of ve-
locity fluctuations, , is much stronger in Section II (velocity
overshoot) than in Section I (diffusive) especially for low ,
this is, in deep saturation and near the weak inversion regime.
As is increased, the difference between both sections is re-
duced: while in Section II does not show a significant depen-
dence on , a progressive augmentation with the gate voltage
is detected in Section I. This increase of in Section I is mainly
due to a larger zero-time value of the correlation function of ve-
locity fluctuations (when is raised, the higher average lon-
gitudinal electric field in that area yields to a larger amplitude
of velocity fluctuations), since the decay time of the correlation
function does not vary significantly with . In the case of
Section II transport takes place under a quasi-ballistic regime,
and once saturation conditions are reached for a given the
values of are not substantially modified when varying .

It is noteworthy that, even in the case of Section I, in which the
features of transport are closer to a diffusive regime, the values
obtained for are in general higher than the value predicted if
considering the bulk diffusion coefficient through . In
this case, only for low (where the average energy of carriers
is close to thermal equilibrium) a reasonable agreement is found
between both calculations.

The inset of Fig. 5(c) shows versus for the two sec-
tions of the channel considered. For low , the device oper-
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Fig. 6. q NS as a function of gate biasing for V = 1:5V in the two
sections of the channel considered. Inset shows the results for q NS as a
function of V for V = 1:0V.

ates in the triode regime, so the diffusive section in fact corre-
sponds to the whole effective channel, where the device behaves
practically like a linear resistor. At the beginning of saturation

V , is quite similar in both sections; neverthe-
less, when is increased remains rather constant in Sec-
tion I while it clearly augments in Section II. The increase of

at fixed leads (once that saturation is reached) to the
appearance of nonstationary phenomena and elevated longitu-
dinal electric fields near the drain. As a consequence, carriers
in Section II progressively reach elevated energies [Fig. 3(b)]
and the ballistic character of transport intensifies in that area.
From this result, the increase of versus in saturation
[Fig. 3(a)] could be attributed to a stronger contribution of the
noise generated in Section II. Nevertheless, it must be taken into
account also that as is raised the length of Section I is de-
creased due to a stronger CLM effect: within the framework
considered in this work a stronger impedance field in Section I
provoked by CLM can not be discarded as the origin of current
excess noise at the drain terminal.

To present a clearer idea of the local current noise source
in each subsection of the channel, in Fig. 6 we have represented
the values of the NS factor [see (A1) in the Appendix]. For
both sections, an increase of NS with is observed, what
explains the augmentation of with the gate bias at fixed
in saturation. In the case of Section II, the increase of NS is
due to the higher sheet carrier concentration as is raised,
while in Section I the increase of both and [Fig. 5(c)] com-
bine to produce a finally slightly higher NS factor than in the
overshoot section. Checking the dependence on , shown in
the inset, it can be observed how Section I presents a stronger
value of NS , although at high (when carriers reach el-
evated energies) the results for the overshoot section are quite
similar to those for the diffusive region.

C. , and Parameters

Spectral densities provide very useful information for the
high frequency noise analysis of the devices; nevertheless,
if one wants to compare the intrinsic noise behavior of the
device with other structures, it is necessary to use normalized

Fig. 7. Results for �, �, and C as a function of gate biasing.

parameters such as , which is related to drain noise, , asso-
ciated to induced gate noise, and , related to the correlation
between noise sources [18]. These parameters incorporate not
only the effect of intrinsic noise sources, but also the influence
of dynamic parameters, following the equations given in [26]
and [27]:

(1)

(2)

(3)

where corresponds to the admittance parameters (1 and 2 cor-
respond to the gate and to the drain terminals, respectively). As
previously mentioned, the dynamic behavior of the devices (an-
alyzed through the calculation of parameters) was satisfac-
torily evaluated in a previous work [14]. To complete the infor-
mation concerning intrinsic noise sources, in Fig. 7 we show the
results for , and as a function of for V,
in saturation conditions. First of all, an important increase of
with the gate biasing is obtained as compared to van der Ziels
prediction for a long channel device ( 0.7), which is due to
the enhancement of drain noise previously commented. On the
other hand, it must be highlighted the increase of for high
gate biasing, related to the corresponding raise of induced gate
noise because of the stronger capacitive coupling associated to
the elevated concentration of carriers along the channel. Re-
garding the values of , their average value is around 0.35,
slightly lower than the result predicted by long-channel FET
theory ( 0.4) [18].

D. Simulated and Experimental Extrinsic Noise Parameters

Once the intrinsic noise sources and parameters provided
by the MC simulation have been exhaustively analyzed, we
will focus on the comparative study between experimental
measurements and simulation results. For this purpose, the
most adequate parameters are the usual four noise parameters
(NF , and complex ), together with the associated
gain that shall give more information to circuit designers.
The process for calculating these parameters in the MC simula-
tion is not an obvious task: the effect of extrinsic elements must
be incorporated to the simulation results in order to allow a fair
comparison with experimental data. For this purpose, we used
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Fig. 8. Experimental measured data (solid lines) and MC results (symbols)
for the minimum noise figure and associated gain at two different frequencies,
2 and 16 GHz. Crosshair symbols show the intrinsic values of NF (in dB) at
16 GHz.

the modeling equations appearing in [28] which were elabo-
rated starting from the expressions given in [29]; the method is
based on the consideration of the device as a noise-free network
with two short-circuit noise current generators at the input and
the output (both correlated), together with the resistive noise
current generators associated to the access resistances ,

and . A scheme of the small-signal equivalent circuit
considered (including parasitic elements) can be found in [14].
The procedure was satisfactorily tested in a previous published
work for InP-based HEMT devices [30].

The values of the parasitic resistances were provided by the
experimental extraction procedure, and are completely indepen-
dent of the MC simulation: , and

. Taking into account the contribution of these
access resistances, the results obtained for the minimum noise
figure and the associated gain are shown in Fig. 8 for two dif-
ferent frequencies of operation, together with the experimental
data corresponding to those same frequencies. As it can be ob-
served, a good agreement is achieved between numerical simu-
lations and experimental data for both the bias and frequency
dependences. Excellent values for NF are obtained (min-
imum values of 0.4 and 2.7 dB at 2 and 16 GHz, respectively),
which confirm the interest of these devices for analog high fre-
quency applications. A linear dependence on frequency was
found for NF , in good accordance with the experimental
measurements. As it can be observed in Fig. 8, NF tends
to increase with the gate bias; by analyzing the expressions that
provide NF , we have checked that this is mainly due to the
increase of drain noise (related to ). However, it is necessary
to consider the contribution of induced gate noise in order to
perform a reliable modeling of high frequency noise, as previ-
ously observed by other authors in the case of bulk devices [31].
Indeed, neglecting the gate current fluctuations (and the corre-
sponding cross-correlation with the drain) leads to an important
underestimation of the intrinsic values of the minimum noise

Fig. 9. Experimental measured data (solid lines) and MC results (symbols) for
the module and phase of � and the equivalent noise resistance R .

figure. In our case, we found that the underestimation of the in-
trinsic noise factor ranges from 10 to 30% (up to 1.7 dB for the
noise figure) at 16 GHz in the bias range considered.

Regarding the other noise FOMs, the results for the phase
and module of , together with the results for (which
was found to be practically frequency independent in the mea-
surements) are shown in Fig. 9. It is noteworthy the accordance
between experimental measurements and MC data for the
optimum reflection coefficient. Nevertheless, in the case of

, although the bias dependence is quite well reproduced,
the MC data show a clear underestimation of the total value of
this quantity. The reasons for this disagreement are not clear at
the present stage of our research. If the value of the parasitic
gate resistance is increased, the simulation results are able to
reproduce the measured extracted value for . However, in
this case the other noise parameters disagree with experimental
results, which points toward other reasons for the discrepancy
in the results of . This discrepancy can not be attributed
to a failure in our model, since drift-diffusion models applied
to the study of the same devices under consideration in this
work also found a similar underestimation of [32]: a lack of
technological data knowledge could be therefore at the origin
of this discrepancy.

Since the EMC results provide the intrinsic behavior of the
devices it is possible to evaluate the importance of parasitics on
the final values of the main high-frequency noise FOMs. We
found that parasitic elements account for around 40% of the
total value of the noise factor at 16 GHz (the intrinsic values
for NF at 16 GHz are plotted in Fig. 8, crosshair symbols).
In the case of the associated gain, the importance of parasitic
elements is crucial especially at elevated frequencies. These re-
sults address the importance of focusing on the minimization of



RENGEL et al.: MICROSCOPIC INTERPRETATION OF THE RF NOISE PERFORMANCE 529

parasitic elements in order to fully profit from the exceptional
intrinsic behavior of the device under test. Moreover, taking into
account that parasitics can be reasonably predicted for a given
technology when performing the downscaling, the simulator can
be of great help to predict the tendency for the high-frequency
noise behavior of future downscaled devices.

IV. CONCLUSION

A complete numerical and experimental investigation of the
high-frequency noise behavior of deep-submicrometer FD SOI
MOSFETs has been performed in this work. The information
provided by the simulator, in terms of the internal quantities of
interest, allows getting a proper understanding of the intrinsic
noise sources. The bias dependence of the spectral density for
drain current fluctuations has been deeply analyzed, paying at-
tention to the onset of excess noise and the appearance of hot
carriers. The study of local velocity fluctuations by means of the
ensemble MC simulation has shown that carriers in the velocity
overshoot region have a stronger intensity of velocity fluctua-
tions and produce a significant local noise source. However, a
final conclusion about its influence on the drain current noise
would require the reliable evaluation of the adequate transfer
field by means of deterministic approaches. The results have ev-
idenced that in the case of the diffusive section, only for low
a reasonable agreement is found between and the prediction
obtained by considering the diffusion coefficient corresponding
to bulk material.

The detailed consideration of the real topology of the devices
and the parasitic elements yields a general good agreement be-
tween the experimental measurements and the MC simulation
for the most relevant noise FOMs, which confirms the reliability
of the simulator for the study of high-frequency noise. It must
also be mentioned the importance of a correct determination of
induced gate noise in order to perform a reliable calculation of
the minimum noise figure. Although the devices show an excel-
lent behavior in the GHz frequency range of operation in terms
of NF and , we have found that parasitic elements play
a determinant role on the total noise generated by the device.
In particular, the influence of parasitics on the minimum noise
figure can be weighted of around 40% of the total value of the
noise factor at 16 GHz, which may mask the excellent intrinsic
performance of the device.

APPENDIX I

Most of the deterministic approaches for the study of noise
are based in the consideration of ad hoc local current noise
sources which are weighted by appropriate transfer fields (that
can be determined i.e., by using Green functions) to obtain
their contribution to the final current/voltage noise at the
terminals, as in the so-called impedance field method (IFM).
Within this framework, the local current noise source can be
expressed in terms of the noise spectrum of the local velocity
fluctuations [33]

(A1)

where is the electron charge, the local sheet carrier den-
sity, is the length of the local section, the device width,

the local noise source and the local noise
spectrum of velocity fluctuations, also know as velocity-fluctu-
ation noise [18]

(A2)

where corresponding to velocity fluctuation corresponding
to one particle. According to Kubo [34], is related to the
high-frequency diffusion constant through

, so in most cases the diffusion coefficient substi-
tutes in the definition of the local noise source.1

To determine the noise spectrum of current fluctuations at the
drain terminal, it is necessary to take into account the influence
of a transfer field

(A3)

where is a dimensionless factor that, by analogy to the
IFM method applied to the calculation of voltage noise, is usu-
ally known as the “impedance field” [9].

In our model (A.3) is not employed since or
are not necessary to determine the final current noise

, which is directly obtained from the MC values of the
instantaneous current fluctuations at the terminals (see Sec-
tion II). However, we may evaluate both and
in two different regions of the channel in order to examine
the values of the local current noise source (which can be of
great interest for other groups using deterministic approaches)
since in our model velocity fluctuations are naturally given
without making any assumption about their origin, and hot
carrier phenomena are “built-in” in the simulation. For this
purpose, we have developed a procedure to determine, by
means of the data provided by the EMC simulator, the value
of , a quantity frequently used as the primary noise
source in deterministic approaches. Special care was given to
fulfill the requirements to correctly determine this noise source
[36], [37]: the contribution of concentration fluctuations must
be eliminated and the calculation must be performed in the
absence of fluctuations of the self-consistent electric field. For
this latter purpose, we “froze” the electric field by considering
its average value after a preliminary simulation during 100 ps.

Let us consider a section of the channel. Since the EMC
simulation provides the instantaneous values of velocity for
each simulated particle, we add all the values of longitudinal
velocity (which is the velocity component that contributes to
dc current and low frequency noise) of particles present in
each section of the channel. The total sum is divided by the
instantaneous number of particles present in that section
in order to obtain the average instantaneous velocity

(A4)

1To properly investigate nonequilibrium conditions or hot carrier phenomena,
a possibility is to extend the use of the Einstein relation with the adequate con-
sideration of the noise temperature and the mobility; this issue still remains a
controversial question, yielding different solutions in the literature (i.e., [32],
[35]).
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Fig. 10. Average longitudinal electron velocity in the channel for various
values of V ranging from 0.5 to 1.5 V at a fixed V = 1:5V in saturation.

In this way, the contribution of the fluctuations of the number
of particles is eliminated. The correlation function of the sum
of the x-component velocities of the individual carriers is pro-
portional to the number of particles simulated [38]. Therefore,
to normalize the velocity fluctuations to one particle we
multiply by the square root of the average number of par-
ticles. Afterwards, the spectral density of velocity fluctuations

is easily determined by using (A2). This methodology
to compute takes into account in a natural way the pos-
sible correlations between single carrier velocity fluctuations in
each section, which could be relevant in the case of inhomoge-
neous samples.

In the results shown in the present work, we divided the
channel in two different sections to analyze the contribution to
velocity fluctuations of carriers: Section I corresponds to the
part of the channel where carriers have a velocity below the
saturation one, , and Section II to the part of the channel
where is greater than in bulk material. Fig. 10 shows the
values of average carrier velocity in the longitudinal dimension
as a function of channel position for various values of at

V. The cross-correlations between velocity fluctu-
ations in Sections I and II where found to be negligible in the
frequency range of interest (this is, below 50 GHz) for all the
values of and considered.
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