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Abstract: The effect of noise on the performance of Schottky Barrier Carbon Nanotube Field Effect Transistors (SB-
CNTFETs) has been investigated under various bias conditions. In order to calculate the noise power
spectral density, the Non-Equilibrium Green’s Function formalism (NEGF) is used to obtain the transmission
coefficient and the number of carriers inside the channel. Results are presented in two sections: In the
first section the Hooge’s empirical rule is used to investigate the flicker noise properties of SB-CNTFETs
with defects in the gate oxide region, while in the second section the thermal and shot noise properties of
SB-CNTFETs are studied. Finally, the best bias points in the ON and OFF states have been suggested
according to the total noise power spectral density and the device signal to noise ratio.
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1. Introduction

Carbon Nanotube Field Effect Transistors (CNTFETs)
have attracted much attention for their excellent electri-
cal properties. In these transistors, the use of carbon
nanotubes as the channel provides advantages over sil-
icon based devices. For example, the higher carrier mo-
bility and high current density tolerance of carbon nan-
otube based devices are well known [1, 2]. Moreover, in
these transistors the short channel and hot carrier effects
which deteriorate the frequency response of MOSFETs

∗E-mail: rghayour@shirazu.ac.ir

are resolved to some extent. These properties have led
researchers to investigate the performance of CNTFETs
as a device in communication engineering. CNTFETs are
divided into two general groups:

1. Schottky Barrier CNTFETs (SB-CNTFETs), in
which the intrinsic carbon nanotube is attached to
the metal electrodes which form Schottky barriers
at the source and drain contacts. The transistor
action is achieved by modulating these Schottky
barriers [3].

2. MOSFET-like CNTFETs (MOSCNTs), in which the
carbon nanotube is doped at its end caps. The
operation of these devices is somewhat similar to
MOSFETs and is based on modulating the voltage
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barrier at the interface between the doped and in-
trinsic parts of the CNT [4].

In this paper we have explored the noise properties of
SB-CNTFETs under various bias conditions. In order to
obtain the power spectral density of the flicker noise, the
number of carriers in the channel and the output current
of the transistor must be determined. The transmission
coefficient should also be calculated to obtain the power
spectral density of the thermal and shot noises. Among
the various theoretical approaches for calculating these
parameters, the Non-Equilibrium Green’s Function for-
malism (NEGF) provides an appropriate approach. This
method has recently attracted much attention due to its
accuracy and reliability over a large bias range. We have
incorporated the NEGF formalism in order to solve the
Schrödinger equation self-consistently with the Poisson
equation assuming ballistic transport inside the defect free
carbon nanotube. In this case, the most likely cause of the
flicker noise is the trapping and un-trapping of the carri-
ers by tunneling into the oxide [5]. The trapping and un-
trapping of the carriers is considered using the Hooge’s
empirical rule. After determining the number of carriers
and the output current we have followed the Hooge’s em-
pirical rule, considering the mobility fluctuation of carri-
ers to determine the power spectral density of the flicker
noise [5]. The thermal and the shot noises are calculated
by using the calculated transmission coefficient and the
well known Buttiker formula [6]. Finally, an optimum bias
condition has been determined according to the calculated
noise power spectrum. These results are very important
for communication applications in which a high signal to
noise ratio with minimum power dissipation is required.

2. Device structure
The structure of a conventional CNTFET is depicted in
Fig. 1. The transistor is a coaxially gated carbon nanotube
contacted with two pieces of metal as the source and drain,
and assumed to be operating at room temperature (300 K).
A zig zag (13,0) single walled carbon nanotube with a
length of 100 nm is used as the channel. The work func-
tions of the source and drain metals are chosen to be equal
to that of the CNT, and consequently the Fermi levels of
the source and drain lie in the middle of the CNT band
gap. The value of the metal work function is set to φg =
4.5 eV as given in [7], where TiC (Titanium carbide) can
be processed for such a value of work function [8]. The
same metal is used for the source and drain contacts and
the gate.
A coaxial CNTFET has a better gate electrostatic cou-
pling to the channel than a planar structure. In the former

Figure 1. The three dimensional and cross sectional view of a con-
ventional CNTFET. The CNT diameter is equal to 0.8 nm.
The sizes in this figure are not to scale.

case, the Poisson equation can be treated as a two dimen-
sional problem [9], whereas in the latter one, the Poisson
equation should be solved in the 3D system.

3. Simulation approach

3.1. Calculation of carrier density and current
In order to simulate nanoscale transistors, we should solve
the Schrödinger equation to obtain the probability of car-
rier transmission from source to drain. The time indepen-
dent form of the Schrödinger equation is:

(
U − ~2

2m∇
2
)
ψ = Eψ, (1)

where E is the energy, U is the electrostatic potential,
~ is the reduced Planck constant, m is the effective mass
and ψ is the wave function. In order to solve the above
equation we need to determine the electrostatic potential.
The solution to the Schrödinger equation can be used to
calculate the carrier density (electrons or holes) on the
surface of the CNT. This in turn can be used to determine
the electrostatic potential. Therefore, a self consistent
solution of the Poisson and Schrödinger equations is nec-
essary.
We have used the NEGF formalism in order to solve
the Schrödinger equation and obtain the carrier trans-
port equations. An atomistic tight binding Hamiltonian
is used to describe the system [10]. The Green’s function
is the solution to the Schrödinger equation at each point
due to a unit impulse excitation at another point inside the
device, when the effect of external contacts is considered.
The Green’s function can be obtained using the following
formula [11]:

G(E) = [EI −H − Σs − Σd]−1, (2)
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where E is the energy, I is the identity matrix and H is
the Hamiltonian of the transistor channel. Σs(d) denotes
the self energy due to the source (drain) contact. The
self energies define how the carbon nanotube is coupled
to the source and drain. The Hamiltonian of the system
is truncated due to the self energies of the source and
drain. In other words, addition of these self energies to the
isolated Hamiltonian, H, results in a suitable Hamiltonian
which includes the effects of the contacts. A complete
discussion of the self energies can be found in [12].
A CNT consists of aligned carbon rings around the CNT
surface. The tight binding Hamiltonian of the CNT in the
real space basis has non zero blocks only on its main di-
agonal and on its subsidiary diagonals adjacent to the
main diagonal. In which each block on the main diagonal
represents the energy of the carbon atoms inside the cor-
responding carbon ring, while each block of the subsidiary
diagonals, represents the energy interaction between the
corresponding adjacent carbon rings. The effective masses
can be found using the specified Hamiltonian, where a de-
tailed definition of the specific Hamiltonian in real space
is given in Ref. [13]. From the applied Hamiltonian we
can extract the E-K dispersion relation, and then the
effective masses of both carriers can be found from the
following formula:

m∗ = ~2

∂2E/∂k2 . (3)

In Eq. (2) the dimensions of all matrices are M×M, where
M is the number of atoms of the CNT which is quite large.
This makes the calculation of the conventional NEGF
equations impossible on ordinary computers. In order to
reduce the computational burden, both the symmetry of
the device along the circumferential direction and the in-
variability of the carbon nanotube along its length are
exploited to use the uncoupled mode space approach [14].
In this approach, the Hamiltonian in the real space is con-
verted to a block diagonal form by a suitable basis trans-
formation. In the new space, each block in the Hamilto-
nian represents the Hamiltonian of an uncoupled circum-
ferential mode. The dimension of the Hamiltonian of each
circumferential mode is far less than the total number of
carbon atoms. Final results are obtained by superposi-
tion over the charge and current of these modes. Since
the dominant contribution to the current and charge on the
surface of the CNT arises from a small number of modes
of the lowest band gap, the consideration of seven modes
throughout our calculations proves sufficient.
The size of the Hamiltonian of each mode is Nl×Nl,
where Nl is equal to the number of carbon rings along
the CNT. In mode space the Hamiltonian of a mode is
used to calculate its Green function according to Eq. (2)
and the computational burden is drastically reduced. In

the following formulas the subscript ‘ q’ refers to the qth
mode under consideration. The Hamiltonian can be writ-
ten as [15]:

Hq =





U1 t
t U2 b2q

b2q U3 t
t U4

. . .




, (4)

where U i(i=1, 2,…) is the electrostatic potential at the ith
carbon ring along the CNT, and t is the carbon-carbon
tight binding parameter which is equal to -3 eV [3]. b2q

for an (n,0) CNT is calculated as follows [15]:

b2q = |t × (1 + exp(−j2πq/n))| , (5)

where j is the imaginary unit. According to the above
Hamiltonian, the E − k relation and the band gap of the
qth mode can be found as [4]:

E(k) = ±
√
t2 + b2

2q + 2tb2q cos(3kacc/2), (6a)

Band Gap = 2× |t + b2q| , (6b)

where acc is the C-C bonding distance and is equal to
1.42 Å.
Using the nearest neighbor tight binding approximation,
all elements of the source self energy are zero except the
element (1, 1) which corresponds to the first ring, i.e. the
nearest one to the source. This element of the source
self energy can be calculated using a phenomenological
approach as [13]:

∑

MS

= γ
E − Em1 −

√
(E − Em1)2 − 4t2

2 , (7)

where Em1 is the mid-gap energy at the source contact
(which is considered to be zero as the reference of elec-
trostatic potential), and γ describes the coupling strength
between the metal and the carbon nanotube [13] and is set
to 0.7. A similar formula is used to calculate the nonzero
element of the drain self energy, except that the mid-gap
energy of the drain contact is used.
The density of states of a mode at a ring due to the source
(drain) can be found by calculating the corresponding di-
agonal element of Ds(d) [11]:

Ds(d) = GΓs(d)G+, (8)

where Γs(d) is the energy level broadening due to the
source (drain) contact, as [11]:
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Γs(d) = i
(
Σs(d) − Σ+

s(d)
)
. (9)

These energy states are filled according to the Fermi-
Dirac distribution function, therefore the total charge of
electrons for a specific mode of carbon nanotube can be
calculated by the following integration [13]:

Qe = (−e)
∫ ∞

En
(Dsf(E − Efs) +Ddf(E − Efd))dE, (10)

where e is the charge of an electron, and Efs(d) denotes
Fermi level in the source/drain contact. En for undoped
CNT is the mid gap energy of its band diagram for the
corresponding ring of the CNT. For a realistic calculation
of electron density, the upper limit of the integral (Eupper)
is set to:

Eupper = 0.4 +Max(Ec,max, Efs), (11)

where ‘Max ’ stands for ‘Maximum’ and Ec,max is the max-
imum of the conduction band edge along the length of
the CNT for the mode under consideration. In the above
equation all of the parameters are in eV.
The Fermi distribution function f(E) is given by:

f(E) = 1
1 + exp(E/KT ) , (12)

where K is the Boltzmann constant and T is the absolute
temperature. Similar expressions hold for calculating the
charge of holes:

Qh = (+e)
∫ En

−∞
[DS(1− f(E − Efs)) +Dd(1− f(E − Efd))]dE.

(13)
Here, the lower limit of the integral (E lower) is set to:

Elower = −0.4 +Min(Ev,min, Efd), (14)

where ‘Min’ stands for ‘Minimum’ and Ev,min is the min-
imum of the valence band edge along the length of the
CNT for the mode under consideration. Similarly, in the
above equation all of the parameters are expressed in eV.
The total charge which is obtained by summing the charge
of electrons and holes of the modes should be substituted
into the Poisson equation for obtaining the electrostatic
potential inside the device, as:

∇ ·∇V = −ρ/ε. (15)

In the above equation ρ is the charge density on the sur-
face of the CNT and V is the electrostatic potential. In

the case of SB-CNTFETs, the Drichlet boundary condi-
tion should be applied at the source and drain contact [3].
The Drichlet boundary condition is applied to solve the
Poisson equation at the gate, where no gate tunneling
current is assumed. As the gate voltage varies, the poten-
tial on the surface of carbon nanotube changes and this
leads to the change of Schottky barriers and the transis-
tor current. The nonlinear finite difference method is used
to solve the Poisson equation [16, 17], and the nonlinear
set of equations has been solved by the Newton-Raphson
technique. This method effectively reduces the iterations
of solving the Poisson and the Schrödinger equations [17].
After self consistency, the current for each mode can be
calculated using the following formula [11]:

I = (4e/h)
∫
T (E)(f(E − Efs)− f(E − Efd))dE, (16)

where h is the Planck constant and T is the transmission
coefficient, which is computed as follows [11]:

T (E) = trace(ΓsGΓdG+). (17)

3.2. Noise calculation
The flicker, thermal and shot noises are the main varieties
of noise often encountered in SB-CNTFETs [18]. It is
demonstrated that the flicker noise in SB-CNTFETs is
caused by the mobility fluctuation of carriers inside the
channel of the transistor. The power spectral density of
this kind of noise, denoted by Sf is best described by the
Hooge’s empirical formula [5]:

Sf = αH I2
Nf . (18)

In this equation αH is the Hooge’s parameter (which
should be measured experimentally),I is the drain current
of the transistor, f is the frequency and N is the number
of carriers inside the channel.
The value of the Hooge’s parameter due to the mobil-
ity fluctuation of carriers has been previously obtained
from the principles of MOSFET modeling [19]. Similar
to MOSFETs, we can define a mobility coefficient for the
carriers in ballistic CNTFETs by including only the oxide
charge scattering. According to the Matthiessen’s rule,
the mobility (µ) is defined as [19]:

1
µ = αNt , (19)

in which Nt is the number of occupied traps per unit area
inside the oxide [19], and α is the scattering coefficient
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which can be calculated using the same theoretical ap-
proach as given by Ning and Sah [20]. The time constants
of tunneling into the oxide for both electrons and holes can
be found by solving the Schrödinger equation using the
WKB approximation [19]. The value of αH can then be ob-
tained using the values of oxide tunneling time constants,
Nt , mobility, number of carriers and the scattering coef-
ficient using the same method as proposed in [19], which
is beyond the scope of this paper. In general, the value
of αH is not a common constant and is dependant on the
transistor fabrication. However, in this paper as in other
works we use a constant value for Hooge’s parameter. In
the next section (results and discussion) we calculate the
flicker, thermal and shot noises based on the formulas de-
tailed in this section and a constant value for Hooge’s
parameter.
To calculate the thermal and shot noises, the following
formula has been used [6]:

S = 2e2

h

+∞∫

−∞

{T (E) [fs(1− fs) + fd(1− fd)]

+T (E)(1− T (E))(fs − fd)2
}
dE, (20)

where the first two terms refer to the thermal noise and
disappear when the temperature reaches zero, at which
point the source and drain Fermi distributions (fs and fd)
become unit step functions. The third term represents the
shot noise and results from the partial transmission of
quantized charge [21] and enhances the total noise power
spectral density for fermions [6].

4. Results and discussion
In this section the results obtained by the NEGF and the
standard noise relations (assuming ballistic transport in-
side the channel) are discussed. According to the value
specified for a MOSFET of 10 nm channel length in the
ITRS roadmap, the nominal power supply voltage of 0.4 V
has been considered1. The SB-CNTFET as specified in [3]
is simulated and the calculated drain current versus the
gate voltage is shown in Fig. 2, where our result is ex-
actly consistent with that given in reference [3]. In SB-
CNTFETs, electron tunneling from the source contact and
hole tunneling from the drain contact constitute the major
components of the total current. The ambipolarity ob-
served in Fig. 2 can be justified using the self consistent

1 ITRS 2005: www.itrs.net/Links/2005ITRS/Home2005.htm

Figure 2. The calculated drain current versus the gate voltage for
the SB-CNTFETs with the same structure as that of Fig. 1.
The channel length (Lch) and the oxide thickness (tox ) for
each SB-CNTFET are specified.

band diagram sketched in Fig. 3. The transistor behav-
ior of the SB-CNTFETs is achieved by modulating the
Schottky barriers at the source and drain contacts. In the
bias region of Vgs > Vds/2 the electron tunneling current
at the source contact is dominant, while in the region of
Vgs < Vds/2 the hole tunneling from the drain contact is
the major component of the total current. At Vgs = Vds/2
the band diagram becomes symmetric and the tunneling
current is minimized. According to Fig. 3, it is obvious that
the increase of the gate voltage for V gs>V ds /2 reduces
the width of the source Schottky barrier and increases the
electron tunneling, therefore, both the number of electrons
inside the channel and the output current increases. Since
in this case the electrons constitute the majority of total
carriers denoted by N, it can be concluded that N varies
in a similar fashion to the output current. A similar justi-
fication is valid when the transistor operates in the hole
tunneling dominated regime.

4.1. The flicker noise

To calculate the amount of flicker noise, we have assumed
αH to be equal to 9.3×10−3,the same value as reported
by Ishigami et al. for SB-CNTFETs [5]. The flicker noise
power spectral density versus the gate voltage at f=3 kHz
is plotted in Fig. 4. Its magnitude is much lower and does
not show a monotonic behavior compared to that of MOS-
FETs [22]. It can be seen that for Vds = 0.4 V the flicker
noise power spectral density decreases as Vgs approaches
Vds/2. This is because the term I2 in Eq. (18) decreases
more rapidly than N. However, this is not true for Vds =
1 V, since in this case the decrease of I2 is almost com-
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Figure 3. Self consistent band diagram for the proposed structure
of Fig. 1. Data are for Vds = 0.4V, where Vgs=0.2V (solid
line), Vgs = 0.4 V(dashed line) and Vgs = - 0.2V (dotted
line). Efs and Efd are specified by bold dashed lines.

pensated by the decrease of N. Therefore, in the case of
Vds = 1 V the flicker noise exhibits approximately a bias
dependent behavior and reaches its maximum value near
Vgs=Vds/2. From a qualitative point of view consider the
following equation:

dSf
dVg

= αH
f
d(I2/N)
dVg

= αHe2

fL2
d(v2N)
dVg

=
(
αHe2

fL2

)[
v2
(
dN
dVg

)
+ 2Nv

(
dv
dVg

)]
. (21)

In the above equation, we have assumed that the output
current is equal to eNv/L, in which v is the average ve-
locity of the carriers and L is the channel length.
Now consider that the gate voltage increases from
V g=V d /2 for V d = 0.4 V; in this case both (dN/dV g)
and (dv/dV g) are positive. The increase of N due to in-
creasing the gate voltage is consistent with our earlier
discussion regarding the similarity between the behaviors
of N and I. However, the justification regarding the be-
havior of the average carrier velocity is more subtle and
requires an accurate investigation in different drain bias
regimes. At low drain voltages, for example V d= 0.4 V, the
bottom of the conduction band is higher than the source
Fermi level at V g =V d/2 as can be seen in Fig. 3. Thus, a
small increase of gate voltage does not lead to a consider-
able increase of N. However, when the bottom of the con-
duction band is shifted down by the increase of gate volt-
age, an electron in a specific energy level gains a higher
kinetic energy and moves faster toward the drain. As a
consequence, the average electron velocity increases and
the value of ( dv/dV g) becomes positive. We can follow

Figure 4. The flicker noise power spectral density versus the gate
voltage for the nominal device of Fig. 1 (tox= 2 nm). Data
are for Vds =0.4 V and Vds =1 V.

Figure 5. The value of I2/Sf versus gate voltage, the oxide thick-
ness is changed as a parameter for two different Vds at f
= 3 kHz.

the same reasoning to conclude that both ( dN/dV g) and
( dv/dV g) are negative before V g=V d/2 for V d =0.4 V.
Consequently, in this case Sf reaches its minimum at V g

=V d/2 .
Alternatively, when a high drain voltage is applied to the
transistor so that the bottom of the conduction band is
located beneath the source Fermi level at V g =V d/2 , an
increase in the gate voltage leads to the injection of signif-
icant amount of electrons near the conduction band edge
of the CNT, as there are numerous electrons in the cor-
responding energy range of the source metal. Injection
of these electrons with lower kinetic energy reduces the
average electron velocity in the CNT and hence the value
of (dv/dV g) becomes negative. For this reason, at V d =1
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Figure 6. The value of I2/Sf versus drain voltage for the proposed
device at different Vgs.

V, if V g increases above V g=V d /2 N increases while
v decreases, and at a certain bias point after V g =V d/2
the second term in Eq. (21) counteracts the first term and
dSf /dV g becomes zero. Then, further increase of the gate
voltage makes the second term dominant and dSf /dV g

becomes negative which indicates that Sf reaches its max-
imum point shortly after V g=V d /2 .
An important issue in communication systems is the value
of the signal to noise ratio. The value of Sf /RI2 is a mea-
sure of the noise to signal ratio when the transistor feeds
a load of R Ohms and is, in fact, proportional to Sf /I2.
This implication is in correlation with the definition pre-
sented by Ishigami et al. [5], where the parameter Sf /I2is
considered as the normalized noise power. Thus, we have
plotted I2/Sf as a measure of signal to noise ratio versus
gate voltage in Fig. 5. This parameter is proportional to N
and its magnitude is minimized at Vgs = Vds/2, where the
value of N is at a minimum. As shown in Fig. 5, decreas-
ing the gate oxide thickness resulted in a higher signal to
noise ratio by increasing the effective capacitance of the
device and the number of carriers. It is also evident that
the variation of the signal to noise ratio is lower at lower
drain voltages near Vgs = Vds/2, where it is in agreement
with our previous assertion that N does not vary consid-
erably for lower drain voltages near Vgs = Vds/2.
The signal to flicker noise ratio versus the drain voltage is
also plotted in Fig. 6. At higher values of Vgs the increase
in the drain voltage reduces the Schottky barrier height
at the drain contact and depletes the electrons from the
surface of the carbon nanotube. This results in a reduc-
tion in the number of carriers and the signal to flicker
noise ratio. However, for Vgs = 0.2 V it is possible to
have a drain voltage equal to the gate voltage which re-

Figure 7. The calculated normalized Fano factor versus the gate
voltage for different CNTs as the channel of the proposed
transistor, Vds is equal to 0.2 V.

moves the drain Schottky barrier and minimizes the sig-
nal to noise flicker ratio. In this case, further increase of
the drain voltage lead to construction of negative drain
Schottky barrier and injection of the holes from the drain.
The increase of the holes inside the device increases the
number of carriers and the signal to flicker noise ratio for
Vds > Vgs. It should be noted that in low frequency appli-
cations, the flicker noise becomes dominant and only the
signal to flicker noise ratio is sufficient to be considered
in designing the transistors.
The flicker noise in a ballistic planar SB-CNTFET is dis-
cussed by J. Appenzeller et al. [23] in 2007, whereas in this
paper we analyzed the noise in a coaxial CNTFET. The
results of that paper are in good correlation with ours. It
should be noted that we have assumed a greater Hooge’s
parameter, because in the coaxial structure the entire sur-
face of the CNT is covered by the oxide and the probability
of carrier tunneling into the oxide is higher. It should be
noted that the coaxial structure is recently fabricated [24].

4.2. Thermal and shot noises
To study the effect of thermal and shot noises, first the
Fano factor defined as S/(eI) is plotted versus the gate
voltage as shown in Fig. 7. The result is in good correla-
tion with that given in [25].
The sum of thermal, shot and flicker noises at the fre-
quency of 1 GHz has also been plotted as shown in Fig. 8.
This figure demonstrates that the behavior of flicker noise
as a function of the gate voltage is the same as the sum
of thermal and shot noises.
The inset shows the value of the signal to noise ratio de-
fined as I2/(S + Sf ) versus the gate voltage at Vds=0.4
V. From this figure it can be concluded that the best op-
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Figure 8. The Flicker and sum of thermal and shot noises versus the
gate voltage for the proposed transistor. The total noise
which is the sum of the three types of noises is also plotted.
The inset shows the signal to the total noise ratio.

erating bias regime for the transistor to be in the ON
state is Vgs > 0.4 V, while for operating in the OFF state
Vgs = Vds/2 is recommended despite having the lowest
signal to noise ratio. The reason for this recommendation
is that at this bias the value of the current, power dissipa-
tion and the probability of changing the signal level from
the OFF to the ON state by the noise is minimized.

5. Conclusion
The NEGF formalism is used to study the noise proper-
ties of SB-CNTFETs. In order to reduce the computa-
tional cost we have employed the uncoupled mode space
approach for the NEGF method and the nonlinear finite
difference method for solving the Poisson equation. The
current voltage characteristics of the transistor are plotted
and the ambipolar behavior is observed. The ambipolar
behavior is justified by interpreting the resulting band di-
agram. In SB-CNTFETs the flicker noise arises from the
fluctuation in the mobility of the carriers and can be calcu-
lated using Hooge’s empirical rule. The calculated flicker
noise power spectral density versus the gate and drain
voltages is plotted. We have compared the result to that
of a previously reported MOSFET and observed a much
lower flicker noise power in SB-CNTFETs. The interpre-
tations presented for the behavior of the flicker noise is
important for the application of these transistors at low
frequencies where the flicker noise is dominant. The Fano
factor as a parameter describing the thermal and the shot
noises is calculated. It is shown that the power spectral
density for the three categories of noises versus the gate

voltage varies similarly to the variation in the transistor
current. Finally, the best bias points for operating in the
ON and OFF states according to the calculated signal
to noise ratio are suggested. The results are fruitful for
designing circuits where a high signal to noise ratio is
needed, such as in communication engineering.
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