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Monte Carlo Analysis of the Behavior and Spatial
Origin of Electronic Noise in GaAs MESFET’s

Tomds Gonzalez, Daniel Pardo, Luca Varani, and Lino Reggiani

Abstract— We present a Monte Carlo (MC) analysis of elec-
tronic noise associated with velocity and field fluctuations in GaAs
MESFET’s. To this end, an accurate estimator of the instan-
taneous currents at the terminals is used, which improves the
precision of the method. Both the current and voltage fluctuations
at the different terminals of the device are investigated, thus
allowing for the spatial localization of the noise sources. Three
different MESFET geometries are analyzed. The results so found
compares well with experimental results and confirm the general
trend provided by existing phenomenological noise modeling. As
a general result, the noise in the drain current is found to increase
with the level of the current and remain constant with frequency
at least up to 100 GHz. In the case of the gate current, the noise
is null at low frequency and then increases quadratically. Under
saturation conditions, the source of the drain-voltage fluctuations
is localized at the drain end of the »n channel, and even penetrates
the drain n" region due to the presence of hot carriers in the
upper valleys.

1. INTRODUCTION

HE widespread use of GaAs MESFET’s for low-noise
high-frequency applications makes necessary a detailed
characterization of the noise performances in these devices [1].
The improvements achieved by the fabrication technologies
must be accompanied by the development of theories able
to explain the physical background of the microscopic noise
sources. The methods usually employed to this end need to
introduce approximations related to the statistical properties of
the noise sources (2], generally by characterizing the velocity
fluctuations at a given position through the diffusion coefficient
of the bulk material corresponding to the local electric field [3],
[4]. As an alternative to these models, the Monte Carlo (MC)
method has the advantage that the sources of diffusion noise as
well as the fluctuating fields are naturally accounted for in the
simulation, which provides directly their behavior. Therefore,
it is not necessary to incorporate them externally. Moreover,
the MC simulation includes all the processes relevant to
the transport in small semiconductor devices (nonstationary
effects, hot carriers, etc.).
The MC method has already been employed successfuily to
investigate the properties of noise in semiconductor materials
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and one-dimensional devices (resistors, nTnn™ structures,
Schottky-barrier diodes, etc.) [5}-[8]. However, in the case
of MESFET’s (and three-terminal devices in general), while
widely used for the study of the static characteristics [9]-[11],
it has been scarcely applied to analyze noise characteristics
[12]. The main difficulty involved in this analysis is to
have a good estimator of the currents at the terminals in
order to extract the information relevant to noise. To this
purpose, the approach which is usually employed consists,
for the conduction current, in counting the net number of
particles crossing the terminals at each time step and, for the
displacement current, in making the time derivative of the field
at the contacts [13]. This approach, which is appropriate to
obtain average stationary values, is not sufficiently accurate
to study fluctuations. In this paper we make use of a recent
technique proposed by Gruzinskis et al. [14] which makes
possible an improvement in the accuracy of the calculations
to the extent of analyzing the intrinsic noise of the device [15].

By applying two complementary operation modes, we
present a two-dimensional MC analysis of the current and
voltage fluctuations at the gate and drain terminals of GaAs
MESFET’s. In addition, we provide the spatial location of the
voltage noise inside the device. Three different MESFET
geometries and their influence on the noise performance
are considered; and only the noise processes related to the
intrinsic behavior of the device are investigated. The paper
is organized as follows. In Section II, the details of the
physical model, concerning the MC particle simulation and
the MESFET geometries considered, are described. In Section
I, the theoretical basis and the applied operation modes
are presented. The results of the simulations are given and
discussed in Section IV. Finally, the main conclusions are
summarized in Section V.

II. PHYSICAL MODEL

A. Simulated MESFET’s

The noise analysis is carried out mostly for the structure
shown in Fig. 1(a) (MESFET A). It consists of an n™nn*
structure with a one-micron channel modulated by a gate
contact of 0.5 ym. The source and drain contacts are placed
at the end of the nt regions and are 0.2 um long. Two slight
modifications of this geometry are then introduced in order to
analyze their influence on the MESFET noise performance.
Firstly, a GaAs semi-insulating substrate is included, like
shown in Fig. 1(b) (MESFET B). Secondly, starting from
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Fig. 1. Cross section of the MESFET geometries considered: (a) MESFET
A, without substrate, (b) MESFET B, with substrate.

MESFET B, the gate is displaced 0.1 um toward the source
(MESFET C, not shown in Fig. 1).

The doping level of the source and drain regions is set
to 1017 ¢cm™3, far from the values used in real MESFET’s
(around 10'® cm~3), in order to get affordable computation
times in the simulations. When calculating magnitudes related
to the noise (correlation functions), the simulated time must be
considerably increased (by a factor around 100) with respect
to the case of calculating static characteristics. Increasing the
doping level to 10*® cm™3 in the nt regions would multiply
the computation time by a factor higher than 10, leading to
too long CPU times. The noise behavior obtained for low
dopings can be initially extrapolated to higher values, since
the physical model would be basically the same. However,
some changes can be expected. The elements which could
modify the observed electronic noise would be the higher
efficiency of impurity scattering (which in principle reduces
the noise) and the presence of electron-electron scattering and
Pauli exclusion principle (whose influence on the noise is a
subject to be studied).

The positioning of the contacts at the sides of the struc-
tures instead of the common planar geometry is due to
two reasons. Firstly, it makes practicable the implementation
of the algorithms used for the noise analysis and reduces
considerably the uncertainty of the calculations due to the
time discretization of the equations, as will be seen in the
following section. Secondly, it allows for a direct comparison
of the results obtained for MESFET A with those obtained
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from the one-dimensional simulation of the ntnn™ structure
corresponding to MESFET A without gate. In any case, the
MESFET noise properties are expected to be not significantly
affected by the positioning of the contacts.

B. Monte Carlo Simulation

The simulation of the GaAs MESFET’s is performed by
coupling self-consistently a two-dimensional Poisson’s solver
with an ensemble MC simulator, which is three dimensional
in momentum space and two dimensional in real space. The
MC procedure follows the standard scheme [16]. The value
adopted for the nonsimulated dimension of the devices is 0.714
pm, which means an average number of simulated carriers
between 9500 and 13000 depending on the bias. The model
for the GaAs conduction band consists of three nonparabolic
spherical valleys (I', L and X). The scattering mechanisms and
the GaAs physical parameters employed in the simulation are
the same as those used for the valleys of the first conduction
band in previous works [17]. To solve Poisson’s equation, a
uniform grid formed of 160 x 25 meshes of 100 x 80 A is
used for MESFET A, and a nonuniform grid of 160 x 44
meshes for MESFET’s B and C. The electric field is updated
with a time step of 10 fs for the current-noise calculations, and
of 2.5 fs for the voltage-noise calculations. The simulation is
performed at 300 K.

III. THEORETICAL ANALYSIS

A. Current Calculation

The prerequisite of the present noise analysis is to obtain
accurate values of the instantaneous currents at the terminals,
including the displacement contribution. To this end, here we
make use of the technique proposed in [14]. For the geometry
of MESFET A (see Fig. 1(a)), and assuming the source contact
as reference (Vs = 0), the currents per unit length at the
source, drain and gate at a time ¢, I,(t), I4(t) and I,(t), are
given by:

0—x4 M.

1 €0Er —
I,(t) = — 2i(t) — Ay;
O=2719 X 0= T X o

[o(ze1,95,t) = @(xg1, 95,1 — At)] N
Fa2"%d M,
Lu(t) = md%gz Q Z vailt) + 5 ; Ay,
le(zg2, 5. t) — (292, 5.t — At)]
- Eozh [Vb(t) = Vp(t — At)] 2)
1,(t) = L(t) = La(2) A3)

where ege, is the dielectric constant of the material, At the
time step, @ the linear charge density of a particle, v,; the
velocity in the x direction of the ¢th particle, M, the number of
vertical meshes, Ay, the vertical dimension of the jth vertical
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mesh, y; its y position, ¢ the electric potential, h the vertical
dimension of the device, Vp, the drain voltage, and Tg1,Tg2,
and x4 the z positions respectively of the left edge of the gate,
the right edge of the gate, and the drain. The summation over
1 is performed over the particles with z position between 0
and z4; in the case of the source current, and between Tg2
and 74 in the case of the drain current. Similar expressions
apply to the case of MESFET’s B and C, which consider the
fact that the source and drain contacts do not extend along the
whole sides of the structures.

If the contacts were placed at the top of the structures,
then (1) and (2) would contain the time derivative of the
potential in a second column of meshes and Vp would not
appear explicitly in the equations [14]. This would mean
that the mathematical uncertainty introduced by the time
discretization would increase considerably, and that the second
of the operation modes described in the following would be
much more difficult to implement.

B. Operation Modes

From a general point of view, a noisy MESFET (or any
two-port device) can be represented by the noiseless MESFET
together with two correlated noise sources. Therefore, apart
from the behavior of the noiseless device, four parameters
are needed for the full noise description of the MESFET:
the spectral density of two noise sources and their complex
correlation coefficient [1]. Several equivalent representations
can be used to this purpose, with either current or voltage
noise sources, so that a simple transform formula can be
found to pass from one representation to the other [18].
The characterization of the noiseless device is made by the
determination of the MESFET small-signal equivalent circuit,
which can also be easily done by means of the MC simulation,
as shown in [19]. Here we shall focus on the calculation of
the noise sources.

In this work, the noise in the MESFET is analyzed by
employing two of the above-mentioned representations, which
we shall call current- and voltage-noise operation modes,
respectively. In both modes the fluctuations are analyzed
through the calculation of the respective autocorrelation and
cross-correlation functions, which, after Fourier transform,
give the spectral densities. To provide an adequate resolution
of these functions, the carrier Kinetics inside the device is
simulated under stationary conditions during 650 ps, which
is a time long enough to get smooth results (and convergence)
both for the correlation functions and spectral densities. It
must be stressed that the analysis performed with the MC
method is only related to the intrinsic noise of the device, thus
disregarding any external noise sources (like those associated
with the contacts) or parasitic effects.

1) Current-Noise Operation: In this mode, the gate and
drain voltages remain constant in time, and the fluctuations of
the short-circuit currents and their correlation are investigated.
The current-noise sources are represented as two (correlated)
current generators in parallel at the input and output of the
MESFET, as shown in Fig. 2(a). Since Vp, is constant, in this
operation mode the last two terms in (2) cancel each other.

noiseless
8 | mesrer | 6

NI o

(a)

s Iy

L 5
i 8 noiseless v
s MESFET
\
C
(b)

Fig. 2. Representations of the noisy MESFET corresponding to the
two-operation modes in which the noise is analyzed: (a) current-noise
operation; (b) voltage-noise operation.

2) Voltage-Noise Operation: In this mode, the gate volt-
age and the drain current remain constant in time, and the
fluctuations of the short-circuit gate current, of the open-
circuit drain voltage and their correlation are investigated. The
noise sources are represented as a current generator in parallel
at the input and a voltage generator in series at the output
(correlated with the current generator), as shown in Fig. 2(b).
If we consider that the drain current is constant and equal to
Ipo, the instantaneous value of Vp at a time t is obtained
from (2) as:

At

eoerh

Vp(t) =Vp(t — At) -
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. IDO('/B(I - ng) - Q Z l/J‘I(f)
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1 y
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which is calculated in the simulation by applying an iterative
technique, since it is not possible to know the value of
(42, y,t) without knowing previously Vp(t), which is used
as boundary condition at the drain contact to obtain the
potential. Thus, Poisson’s equation is solved successively for
three times at the end of each time step: the first one with the
old value of Vp and the new carrier space-distribution, and the
two following ones with the value of Vp updated through (4)
by using the values of ¢(z 42, y, ¢) from the preceding solution.
The last two estimations of Vp are practically the same, what
confirms the convergence of the technique.

Since during the simulation we have the value of the
potential at the grid points for each time step, with this
operation mode we can perform a spatial analysis of the
voltage fluctuations by calculating the voltage spectral density
as a function of the position (z, y), as already reported for the
case of one-dimensional structures [6].
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Fig. 3. Drain-current versus drain-voltage characteristics of MESFET’s A
and B. The current in MESFET C is practically the same as that of MESFET
B. The gate voltages include the built-in potential of the Schottky contact
(= 07 V).

IV. RESULTS AND DISCUSSION

Before reporting the results of the noise analysis, Fig. 3
shows the drain-current versus drain-voltage characteristics
of MESFET’s A and B. In the case of MESFET C the
characteristics are practically the same as those obtained for
MESFET B, apart from a slight increase of the current at
the lowest values (in magnitude) of Vis. The gate voltages
include the built-in potential of the Schottky contact (—0.7 V).
The drain current, after a short linear dependence, exhibits a
saturation region, which is due to the screening effect of the
gate on the source region [10] and to the transfer of carriers
to the upper valleys. The saturation is less pronounced in
MESFET’s B and C due to the flux of current through the
substrate. To give an idea of the electrical performances of
these devices, for the operating point Vg = — 0.25V, Vpg =
1.5 V, the transconductance g¢,, and the current-gain cut-off
frequency fr are, respectively, 190 mS/mm and 47.5 GHz in
MESFET A, and 177 mS/mm and 44.5 GHz in MESFET B.

A. Current-Noise Operation

Since currents are calculated per unit length, the current
spectral densities are given in A2sm~2, and to convert their
values for the case of a real device with the same cross-section,
the results given here should be multiplied by the depth of the
simulated MESFET (0.714 pm) and by the depth of the real
device, thus accounting for the scaling factor introduced by
the different number of carriers considered. Fig. 4 shows the
dependence on frequency we find for the spectral density of
the short-circuit drain- and gate-current fluctuations, .S; p and
Sig» in the saturation region of MESFET A. S; , is practically
constant with frequency, and increases proportionally with the
value of the drain current. The noise at the gate is due to the
capacitive coupling of the fluctuations in the potential (carrier)
distribution along the channel. S;_ exhibits a 2 behavior, with
a proportionality factor which also increases with the drain-
current. The results of the MC simulation for the values of S;,,
at zero frequency are very small, and can be considered to be
null within the statistical uncertainty of this method. In order
to get exactly the f? dependence at low frequencies (up to
10 GHz), it is necessary to subtract S;, (0) from S;,(f). The
results given in Fig. 4 are calculated in this way. The behaviors
found for S;, and S;, are well known from the literature

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 42, NO. 5, MAY 1995

S. (A’sm™?)

Frequency (GHz)

Fig. 4. Spectral density of short-circuit drain- and gate-current fluctuations
as a function of frequency for several bias points in the saturation region of
MESFET A corresponding to a drain voltage of 1.5 V.
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Fig. 5. Spectral density of short-circuit drain- and gate-current fluctuations,
and real and imaginary parts of their cross correlation as a function of
frequency for the operating point Vgs = — 0.75 V, Vps = 1.5 V in
MESFET A.

[4], [20], [21]; but, to our knowledge, this is the first time
which they are quantitatively obtained from a self-consistent
MC simulation.

It must be emphasized that the resolution of the noise
spectral densities estimated as the Fourier transform of the
autocorrelation functions deteriorates specially when the val-
ues are small, like in the case of S;, at low-frequency. This
is due to the long time tail of the autocorrelation functions
(which do not vanish completely, but oscillate around zero)
when integrated to calculate the Fourier transforms. Thus, the
uncertainty in the results is high for the values of S;, at
low frequency; for the rest of magnitudes (and for S;, at
higher frequencies) the uncertainty is estimated to be within
a +15%. To increase the accuracy, a higher number of
carriers, a smaller grid size and a longer simulation time are
needed; requirements which are not always affordable from
the point of view of computation time. Other methods to
estimate the spectral densities, like the one presented in [22],
could improve the exactness, but always at the expense of
a longer simulation time. In any case, the results obtained
with the present technique are correct enough to characterize
completely the noise behavior in the MESFET.

Fig. 5 shows the spectral density of the drain- and gate-
current fluctuations and the real and imaginary parts of their
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drain-current fluctuations as a function of the drain voltage for several
gate voltages in MESFET A. The current spectral density in the ntnnt
structure corresponding to MESFET A without gate is also included.

2.0

cross-correlation, S;,;,, . for the operating point Vs = —0.75
V, Vbs = 1.5 V in MESFET A. S;,, and S, present the
behavior already commented. The imaginary part of the cross-
correlation increases proportionally with frequency, according
to predictions [20], at least up to 40 GHz. The real part takes
small negative values but, despite the large uncertainty in this
magnitude, is not strictly null at low frequencies, contrary
to what expected [4], [21]. These results give a correlation
coefficient, defined as jC(f) = Siqip (/)/v/Sic())Sep (),
with an imaginary part practically constant with frequency and
a real part taking low negative values (for frequencies higher
than 10 GHz), in agreement with the theoretical predictions
[20] and other numerical determinations [4].

Fig. 6 reports the low-frequency value of the drain-current
spectral density in MESFET A as a function of Vpg for
several Vg, together with the current spectral density in
the n*nn™ structure corresponding to MESFET A without
gate (up to voltages below the onset for Gunn oscillations).
As the absolute value of Vgg increases, thus narrowing the
width of the n channel, the device becomes more resistive
and S;, smaller. In the case of the ntnn* structure, where
the whole n region is a conducting channel, S; is larger and
increases significantly near the threshold voltage for the Gunn
oscillations. On the contrary, S;, in the MESFET exhibits
smooth variations with Vps for a fixed Vgg, and remains
practically constant after the onset of current saturation.

With the current-operation mode it is not possible to know
a-priori which is the spatial origin of the current fluctuations.
Nevertheless, several models point out that the main noise
contributions come from the ohmic part of the channel, i.e.,
the part under the gate on the side of the source [4], [20],
[23]. This explains why S;,, does not change with Vpg when
the MESFET is saturated. Indeed, under these conditions that
region of the device is not substantially affected by the increase
of the drain voltage. Furthermore, when Vg is modified, the
concentration of free carriers in that part of the channel is
significantly altered, and therefore the level of noise changes.
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Fig. 7. Low-frequency value of the spectral density of short-circuit

drain-current fluctuations as a function of the drain current for several drain
voltages in the saturation region of MESFET A.
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Fig. 8. Low-frequency value of the spectral density of short-circuit
drain-current fluctuations for V7, = 1.5 V in the three MESFET geometries
considered: (a) as a function of the drain current; (b) as a function of the
gate voltage.

Fig. 7 reports the dependence of S;, on the drain current
in the saturation region of MESFET A. The spectral density
increases almost linearly with the current except for a superlin-
ear tendency at the highest values. This behavior is exactly the
same as that found numerically and experimentally in [24]. As
already mentioned, S;,, does not depend on the value of Vpg,
but on the level of the current flowing through the device.

The values of S;,, obtained under saturation conditions in
the three MESFET geometries considered are shown in Fig. 8.
The dependence on the drain current and on the gate-to-
source voltage is similar in the three devices. For the same
value of the drain current, the noise is lower in MESFET’s
B and C [Fig. 8(a)], since an important part of the current
is flowing through the substrate, which is a highly-resistive
region that contributes to the drain-current noise less than
the n channel (through which all the current is flowing in
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Fig. 9. Spatial map inside MESFET A of the low-frequency value of the
spectral density of voltage fluctuations (with respect to the source) for two
bias points: (a) equilibrium, V;s = — 0.5V, Ip = 0.0 A/m (corresponding
to an average drain voltage of 0.0 V), (b) saturation, V;5 = — 0.5V, Ip =
91.1 A/m (corresponding to an average drain voltage of 1.3 V). The positions
of the source (S), the gate (G) and the drain (D) are indicated in the figure.

MESFET A). This means that the presence of the substrate,
which degrades the MESFET ac behavior [19], improves the
noise performance related to the drain current. This conclusion
may be misleading if it is extrapolated to the noise in general,
since here we are only dealing with diffusion noise. For
example, the presence of deep traps in the substrate can lead
to the appearance of generation-recombination noise [25]; and
other noise parameters, like the minimum noise figure, are
deteriorated by the lower value of the transconductance g, in
the devices with substrate [20]. In Fig. 8(a) it is also observed
that .S;, is always slightly lower in MESFET C, when the gate
is displaced toward the source, than in MESFET B. This is
related to the reduction of the ohmic part of the channel, main
origin of the drain-current noise. When S, is plotted versus
Vas [Fig. 8(b)], the differences found among the different
MESFET’s are strongly reduced, since the part of the channel
depleted by the gate for a given V5 is essentially the same in
the three devices, and the carrier concentration in the source
side of the channel is similar.

B. Voltage-Noise Operation

Within this operation mode we shall focus on the drain-
voltage fluctuations and their spatial origin. Fig. 9 shows the
low-frequency value of the spectral density of voltage fluc-
tuations (as measured from the source contact), Sv(z,y; f),
as a function of the position inside MESFET A for fixed
values of Vig and Ip corresponding to the conditions of
equilibrium (Vg =—0.5V, Ip = 0.0 A/m) and saturation
(Vas =—0.5 V, Ip = 91.1 A/m). Here the spatial distribution
of the voltage noise can be clearly observed. Of course, in the
drain contact the value of the spectral density must be the
same for all the y positions, and in the gate contact must be
null since its voltage is kept constant in time.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 42, NO. S, MAY 1995
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Fig. 10. Spectral density of voltage fluctuations (with respect to the source)
as a function of frequency and x position for a fixed y position corresponding
t0 0.096 um in MESFET A at the operating point Vgs = — 0.5V, Ip =
91.1 A/m (average drain voltage of 1.3 V). The positions of the source (S)
and the drain (D) are indicated in the figure.

In contrast with the drain-current noise, for a fixed Vg the
low-frequency value of the drain-voltage noise increases as
the average value of Vpg becomes higher. Such an increase
is initially smooth in the linear region of the Ip—Vpg charac-
teristic, and then becomes sharp when the saturation region is
reached, due to the strong decrease of the output conductance
gds- In Fig. 9 it can be observed that there is a difference
of more than three orders of magnitude between the values of
the spectral density in equilibrium and in saturation conditions.
Moreover, the spatial origin of the noise is quite different in
the two conditions.

At equilibrium, the presence of the constant voltage in the
gate modulates the voltage spectrum in the y direction along
the channel. Thus, in the regions which are far from the gate,
the voltage fluctuations are found to be distributed mainly
along the whole n region, while approaching the gate these
are concentrated in the vicinity of the drain n* region. In
the case of saturation, the distribution of the voltage noise
changes drastically. There is almost no dependence on the y
position. The spatial origin of the fluctuations is localized in
the zone of the n channel between the gate and the drain,
and even penetrates the drain n™ region. It is due to the
fact that this is the part of the device which absorbs all the
variations of the drain voltage, screening their effect on the
source region. Moreover, an important presence of hot carriers
(and upper-valley population) takes place in this same region,
which makes it highly resistive, thus increasing the voltage
fluctuations. This presence of hot carriers extends into the
drain n™ region, and makes the low-frequency noise penetrate
inside it. This effect was already seen in ntnn™ structures [6].
Similar results for the spatial origin of the voltage fluctuations
under saturation conditions have been obtained in [26] by
using the impedance-field method.

Fig. 10 shows the spectral density of voltage fluctuations
along the channel in the y position corresponding to 0.096 um
as a function of frequency and z position for MESFET A at the
operating point corresponding to saturation (Vgs, =—0.5V,
Ip = 91.1 A/m). Here it can be clearly observed that the
increase in the drain-voltage noise takes place mainly at the
lowest frequencies (between O and 30 GHz) and is localized
between the gate and the drain; the penetration in the drain
n* region being less pronounced as the frequency increases.
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The drain-voltage noise under saturation is much lower in
MESFET’s B and C due to the higher value of the output
conductance gq, in these devices. The spatial origin of the
voltage fluctuations is similar to that of MESFET A.

V. CONCLUSIONS

We have presented a two-dimensional MC analysis of
electronic noise associated with carrier velocity fluctuations
in GaAs MESFET'’s by investigating the current and voltage
spectral densities at the gate and drain terminals. An accurate
estimator of the currents at the contacts has been used. Three
different. MESFET geometries have been studied and two
noise representations have been considered in the analysis.
Under saturation conditions, the noise in the drain current has
been found to be independent from frequency in the whole
range of device operation and to increase almost linearly with
the level of the current. The presence of a semi-insulating
substrate and the displacement of the gate toward the source
contact reduce the fluctuations in the drain current. The noise
in the gate current increases quadratically with frequency up
to 100 GHz. The spectral density of drain-voltage fluctuations
increases with the level of the drain current, specially in the
saturation region. The spatial origin of the voltage noise has
been determined. Accordingly, under current saturation the
voltage fluctuations are localized in the zone of the » channel
between the gate and the drain, and penetrate into the drain
n'" region due to the presence of carriers in the upper valleys.
As final remark, the MC method, by incorporating naturally
the processes responsible for the fluctuations, has been proven
to be a useful tool for the analysis of noise in three-terminal
devices.
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