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ABSTRACT

In this thesis, noise analysis of different Bipolar Junction Transistor (BJT), Field
Effect Transistor (FET) amplifiers and Metal Oxide Semiconductor (MOS)
differential amplifier is performed. The noises which can affect the performance of an
amplifier are of two type, intrinsic noise and extrinsic noise. Intrinsic noise is
generated within the amplifier and extrinsic noise may enter the circuit from the
external disturbance. Noise can affect the circuit performance in the large extent and
put a limit on the performance of the circuit. It is very important to predict noise
performance accurately especially in analog blocks in the mixed signal system design
so that overall system will work correctly. In this thesis the effect of external noise on
different BJT and FET amplifiers and MOS differential amplifier is analysed. In this
thesis the effect of noise is analysed at high frequencies. Circuits are also considered
for variable load resistance and capacitive load. In this work the effects of device
parameters on the noise performance of MOS differential amplifier is investigated.
Then comparison of the noise performance of the BJT and MOS differential amplifier
is done.

Electronic circuits can be represented by differential equations, in which all the
parameters are deterministic. Such differential equations are called ordinary
differential equations. The solution of such equations provides voltage or current of
the circuit. The solution of these ordinary differential equations do not include the
effect of noise as in these differential equations no source of noise is considered. In
order to analyse the effect of noise, noise/random signal source is added in the
ordinary differential equation. When noise/random term is added to the ordinary
differential equation, it becomes stochastic differential equation. It is assumed that
noise is a white Gaussian noise. Although it is an ideal condition, when it is assumed
that the noise is white Gaussian, it can be justified due to the presence of many
random signal effects. As per central limit theorem, when there are additive effects of
many random signals, the probability distribution of such random signals is Gaussian.
It can be difficult to separate each term that produces randomness in the circuit, so the

noise sources may be assumed to be white having flat power spectral density.

Generally noise analysis is performed in frequency domain. When the circuit is linear

and time invariant, this method is effective. But when noise analysis is done for

iv



extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. In this work a time domain method using SDE to analyse the
effect of noise on different amplifiers is used. The autocorrelation function and other
statistics like mean and variance of the output using stochastic differential equations
are obtained. In this work, an approach is used in which analytical solution of the
SDE is obtained. The time varying nature of the circuit will be taken into account by
analytical solution.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Any electric circuit is affected by two types of noises: internal noise and external
noise. Internal noise is created within the circuit or device. The examples of internal
noise are thermal noise, shot noise, transit-time noise, flickers etc. Thermal noise in
the circuit is caused by the discreteness of the electric charges [1-2]. At the finite
temperature, every dissipative electrical circuit has thermal noise. Shot noise is caused
by random variations in the arrival of electrons or holes at the output electrode of the
amplifier device. If the time taken by an electron to travel from the emitter to the
collector of a transistor becomes significant to the time period of the signal, random
fluctuations take place and create random noise, which is called transit-time noise.
The noise which is created outside the circuit is called external noise. The examples
of external noise are atmospheric noise, extraterrestrial noise and industrial noise.
Noise can affect the circuit performance in the large extent and put a limit on the
performance of the circuit. It is very important to predict noise performance
accurately especially in analog blocks in the mixed signal system design so that
overall system will work correctly. In the analysis of noise, a common method which
is used is to add a noise term to the right side of the deterministic equation. First such
model is formulated by Langevin in 1908 to describe the velocity of a particle moving
in a random force field.

If deterministic differential equations are used to model any circuit, the effects of both
types of noise will be ignored. To include the effects of both external and internal
noise, one can replace the input and internal parameters in the deterministic model by
random process. Such type of random differential equation may be interpreted as
stochastic differential equation (SDE) [3-4]. Solutions of these equations represent
Markov diffusion processes, the prototype of which is the Brownian motion process
also called Wiener process [5-8].

Generally, noise analysis electric circuit is performed in frequency domain. In this
thesis, a time domain method based on solving stochastic differential equation is used.

To derive and compute non-Gaussian, non-stationary and nonlinear stochastic



characterization of both amplitude and phase noise in an oscillator, the stochastic
differential equation approach is adopted in [9]. Using dissipative Hamiltonian
systems theory of ordinary differential equations (ODEs) and stochastic differential
equations, a qualitative theory of Josephson circuit family is developed in [10]. The
stochastic differential equation approach was adopted in [11] from simulation point of
view for noise analysis. This method is based on linearization of stochastic

differential equation about its simulated deterministic trajectory.

1.2 SDE AND ITS APPLICATIONS

Any electrical circuit which consists of resistor, inductor and capacitor may be
modelled by deterministic differential equation in which the coefficient of the
deterministic differential equation depends on circuit elements. This equation does not
include/ characterize the effects of any noise on the circuit. To include the effect of
noise we can add a noise to the input source and to the circuit elements. So when
noise is added in the deterministic differential equation, it becomes the stochastic
differential equation. It is assumed that the noise source which is added in the circuit
is white noise. The noise added in the parameters may be a correlated process. The
effect of noise in the electronics circuits is to be observed. Generally the components
of electronic circuits are resistors, inductors capacitors, active devices like bipolar
junction transistor, field effect transistor, metal oxide semiconductor transistor etc.
Electronic circuits can be represented by differential equations, in which all the
parameters are deterministic. Such differential equations are called ordinary
differential equations. The solution of such equations provides voltage or current of
the circuit. But solution of these ordinary differential equations do not include the
effect of noise as in these differential equations no source of noise is considered. In
order to analyse the effect of noise, noise/random signal source is added in the
ordinary differential equation. When noise/random term is added to the ordinary
differential equation, it becomes stochastic differential equation.

The ordinary differential equation can be written as

O = fx(o), 1) £>0 (3.1)

x(0) = x,



The solution of eq. (1.1) is the trajectory as shown in Fig.1.1.

Fig.1.1. Trajectory of an ODE

In many applications, however the experimentally measured trajectories of
system modelled by ODE do not in fact behave as predicted. It behaves as shown in
Fig.1.2.

Fig.1.2. Trajectory of a system under random effects

Hence it seems reasonable to modify ODE, somehow to include the possibility

of random effects disturbing the system. A formal way to do so is to write as

dx(t) _
ac

Fx(@®), ) +n®) t>0 (1.2)

x(0) = x,

where n(t) is the white noise. White noise is the time derivative of the Wiener
process. A Wiener process W (t) is a real-valued Gaussian process such that W(0) =

0 and the mean is zero.

n()) = =0 (1.3)



where W (t) is the Wiener process. From egs. (1.2) and (1.3), we get

T2 = Fx(0),0) + 552 (14)
dx(t) = f(x(t),t)dt + dW (t) (1.5)

This eq. (1.5) is the stochastic differential equation. Stochastic differential equation
can be used to analyze different circuits. Circuit noise analysis is traditionally done in
the frequency domain. In this thesis, a time-domain approach based on solving a
stochastic differential equation is used. The method of SDEs in circuit noise analysis
was used in [11] from a circuit simulation point of view. Their approach is based on

the linearization of SDEs about its simulated deterministic trajectory.
1.3 LITERATURE REVIEW

The noise which affects the electrical system is of two types: external noise and
internal noise. A well-known example of internal noise in an electrical circuit is
thermal noise caused by the discreteness of electric charges [1-2]. Many other types of
internal noises in electrical circuits are: shot noise, low-frequency noise, burst noise
etc. When deterministic differential equations are used to do the modeling of
electrical circuits, the effects of noise is ignored. Random effects due to both external
and internal noise can be included by replacing the input and internal parameters in
the deterministic model by random processes. Such types of random differential
equations may be interpreted as stochastic differential equations [3-4]. Solutions of
these equations represent Markov diffusion processes, the prototype of which is the
Brownian motion process also called Wiener process [5-8]. The method of SDEs is
used in paper [9] to derive and compute nonlinear, non-stationary and non-Gaussian
stochastic characterizations for both amplitude and phase noise in an oscillator. A
qualitative theory for the Josephson circuit family is developed in paper [10] using
dissipative Hamiltonian systems theory of ordinary and stochastic differential
equations. The method of SDEs in circuit noise analysis was used in paper [11] from a
circuit simulation point of view. Their approach is based on the linearization of SDEs

about its simulated deterministic trajectory.

Noise analysis of sampling mixer is performed in paper [12]. Three different sources
of noise are analyzed. Conventional frequency domain method is used to analyze the



external RF noise and intrinsic noise. Time domain method using stochastic
differential equation is used to analyze the external local oscillator (LO) noise. Noise
analysis of single-ended input differential amplifier is performed using stochastic
differential equation in paper [13]. Various statistics of output like mean and variance
is obtained using stochastic differential equation. In paper [14] application of Ito’s
stochastic calculus is shown to solve the problem of modeling RC circuit. Modeling
of RC circuit is done to analyze the effect of external and internal noise. DC analysis
of an RC circuit is performed using first order ordinary differential equation and its
stochastic analogues. In the deterministic model, noise source is added in potential
source and in resistance to obtain the stochastic model. Noise which is added in the
potential source is assumed as a white noise. In paper [15] noise analysis of simple
single stage low-pass filter (SSLPF) with the fractional-order capacitor is performed
with the help of stochastic differential equation. Various solution statistics of output
like mean, variance is obtained using stochastic and fractional calculus. The change in
statistics with the capacitor order is investigated. It is shown that advantage of fast
response can be achieved by having order of the capacitor greater than one but output
noise power is higher so capacitor order should be less than unity if better noise
performance is required The closed form solutions of the step response of fractional

filter are obtained.

Simulation and modeling of phase noise in open loop oscillator is performed in paper
[16]. A numerical methodology is presented for transistor level phase noise
characterization of open loop oscillator. New technique of noise simulation which is
able to compute noise is presented in paper [17]. In this technique noise sources are
included in the time domain. The spectrum characteristics of these sources are related
to the new models. In the new models every bias condition are considered. With this
method noise simulation is possible in transient analysis. This can be applied to any
kind of circuit. Jitter in ring oscillator is described and predictions are verified
experimentally in paper [18]. The methodology to guide design of voltage controlled
low-jitter ring oscillator is developed in this paper. Time domain figure of merit is the
important design parameter, which provides the link between circuit-level design and
system-level jitter. This also suggests that jitter performance of a ring depends on
individual gate and not on the number of gates in the ring. In paper [19] the analysis

of noise in MOS devices is presented. In paper [20] stochastic modeling of linear



circuits is done by including variance in parameters. Application of the stochastic
calculus in the modeling of a series RLC electric circuit is shown in this paper. To
obtain the stochastic model from deterministic model, noise is added in both potential
source and parameters. The noise which is added in the potential source is assumed as
a white noise. Non-Monte Carlo method is used to solve the resulting SDE. A review
is presented in paper [21] about the sources and characteristics of frequency
fluctuations in stable oscillators. Phase noise in stable oscillator usually arises from
additive voltage fluctuations and direct parameter modulation process [21].

A model is presented in paper [22] which is capable of predicting thermal noise in
MOSFET. The model presented in this paper predicts the behaviors of thermal noise
of both short and long channel devices accurately. [23] provides the introduction to
the problem of noise from the circuit design point of view. A Monte Carlo method for
circuit simulation is presented in paper [24]. Noise analysis of phase locked loop is
performed in paper [25]. Stochastic differential equation is used to formulate the
problem and techniques are discussed to obtain the solution. In paper [26] stochastic
circuit modeling is done with hermite polynomial chaos. The proposed methodology
gives better accuracy of statistical description than root-sum-square method for
random temperature influence analysis of a band pass filter. In paper [27] efficient
method for electronic circuit noise performance calculation is used. This method
allow to consider large number of uncorrelated noise sources. [28, 29] are referred for
the equivalent circuit of the active devices. A single-ended differential input amplifier
is used as the initial amplification stage of a preamplifier used in the read channel of a
HDD application [30]. Extrinsic noise enters into the read channels of the
preamplifier from the substrate capacitances of the input transistors connected to the
red heads [30]. [31-42] provided the knowledge about stochastic process, stochastic
differential equation, differential equation and random noise. A model which is
capable to predict noise accurately in electrical oscillators is introduced in paper [43].
Approach presented in this paper shows that the total phase noise is contributed by the
noise located near integer multiples of the oscillation frequency. In paper [44] the
analysis of white noise in oscillator is done. Noise is of major concern in oscillators,
because small noise into oscillator leads to change in its frequency spectrum and
timing property [45].A solid foundation for phase noise is developed in paper [45]

that is valid for any oscillator, regardless of operating mechanism. Nobel results are



established about the dynamic of stable nonlinear oscillators in the presence of
perturbations. Nonlinear equation is obtained for phase error, which is solved without

approximations for random perturbations.

Oscillator noise analysis is performed in paper [46]. Phase noise analysis in oscillator
is performed in paper [47] with colored noise source. Computer simulation of low
frequency 1/f noise performance of electronic circuit is described in paper [48]. A
numerical noise analysis method is proposed in paper [49] for nonlinear circuits with
periodic large signal excitation. A non-linear circuit is modeled as a linear periodic
time-varying circuit, for the small signal input response. For small signal
characteristics and noise figure for the linear periodic time-varying circuit, calculation
methods have been explained in paper [49]. Theory and practical characterization of
phase noise in oscillator due to colored, as opposed to white, noise sources is
presented in paper [50]. A theory for the noise analysis performance in mixer is
presented in paper [51]. The implementation of this theory is also included in paper
[51]. This theory is utilized to analyze the noise figure. An evaluation of the
performance of a coherent receiver has carried out in paper [52]. It is shown that the
AM noise due to the laser working as local oscillator degrades the expected SNR.
Numerical approach is presented in paper [53] to statistically characterize filtered
phase noise which encounter in heterodyne optical fiber receiver. The importance of
results in paper [53] is twofold. First, they can be used in error rate analysis of
heterodyne optical receivers. Second, they provide a general statistical representation

which is useful for large and small phase noise.

In paper [54] accurate and detailed noise calculation using MATLAB is proposed for
operational amplifier circuits. Total equivalent input spot noise voltage, total output
spot noise voltage, noise figure, integrated noise with its two components: 1/f noise
voltage and equivalent white noise voltage as well as noise power are calculated in
paper [54]. Noise performance study of low noise amplifier is presented in paper [55]
in small and large signal conditions. Measurements show that the LNA NF can
increase dramatically with the gain compression level. AM and PM noise analysis in
quartz crystal oscillators is performed in paper [56]. An algorithm to obtain ordinary
differential equation of oscillator behavior, including individual noise sources is
proposed in paper [56]. A method is proposed in paper [57] for noise analysis of dual

gate FET mixers. Simplified model for DGFET as a cascade of two FETs is used in

7



this method. Then noise correlation matrix of the DGFET mixer is calculated by
applying proper noise sources, by two noise temperature model. Noise analysis of
bipolar harmonics mixer for use with direct conversion receivers is presented in paper
[58]. Shot noise and thermal noise are modeled as amplitude modulated white noises,
which are considered as cyclostationary noises. To analyze the time-domain noise
performance of linear time- invariant and linear time-variant circuits, a custom
simulation tool that combines MATLAB and HSPICE is presented in paper [59]. In
this digital filter architecture is presented which generates physically realistic 1/f-

noise signals over short time intervals.

In [60] an approach of noise analysis of FET oscillator is presented. Internal noise
sources are introduced as random signals in the time-domain. Using the simulation
approach explained the elements that most strongly effect phase noise can be
separately identified and studied, and can help to develop circuit designs with better
optimize phase noise performance in FET-based oscillators. A numerical technique
for time domain noise analysis of oscillator is presented in paper [61]. An approach is
presented in paper [62] to characterize low frequency noise for semiconductor
devices. Using this technique, performance of different devices can be compared.
Modeling of RL circuit is done in [63] using SDE. Stochastic model is obtained for
the circuit by adding a noise term in both the source and the resistance. The analytic
solution for the obtained SDE is presented. A technique is presented in paper [64] for
the analysis of higher order electrical circuits excited from the random sources using
SDE. The current and voltage responses of the circuits are obtained. To analyze the
response of the circuit models of optional order, consisting of a cascade connection of
the RLGC networks, this method is applied. In paper [65] application of the SDE to
the problem of modeling RLC circuits is presented. The stochastic model is obtained
from deterministic model by adding a noise term to various parameters of the circuit.

The analytic solutions of obtained SDEs are found.

The nonlinear stochastic differential equation-generating power-law distributed signal
and 1/f noise are considered in paper [66]. The analysis shows that the power
spectrum may be represented as a sum of the Lorentzian spectra and provides further
insights into the origin of 1/f noise. Stochastic model of 1/f noise based on the linear
stochastic differential equation with the very slowly varying coefficients or consisting

of a superposition of uncorrelated components with different distribution of these

8



coefficients is considered in paper [67]. Stochastic behaviours of Tow-Thomas
biquadratic filter is analysed using stochastic differential equation in paper [68]. Noise
in the applied voltage source is considered as white noise. Stochastic behaviour of the
filter is analysed from the obtained solution. A noise analysis method based on
Multisim is presented in paper [69]. Multisim creates a noise model circuit, using
noise models of each resistor and semiconductor device, instead of AC models, then
performs analysis. It calculates the noise contribution of each resistor and other
semiconductor devices at the output node. The static noise margin model for pseudo-
CMOS logic circuit is derived in paper [70]. The impact of design parameters on
noise margin is analysed. [71] deals with the fabrication of an insulatorless wideband
low-noise amplifier. Low- noise amplifier includes two branches in parallel: a
common-source path and a common-gate path. To eliminate the noise contribution,
the noise cancellation technique is applied. The noise figure is improved. Noise
analysis of switched capacitor unity gain sampler is presented in paper [72]. The noise
analysis method starts from establishing noise model for the sampler in each clock
pulse. Then output noise power contributed by each noise source is derived, based on
the characteristic of charge transferring by capacitor and theory of random process.
Noise analysis of CMOS inverter is done in paper [73] using SDE. In this CMOS

inverter stochastic differential equation is developed.

On the basis of literature review, it has observed that the work can be proposed on the
noise analysis of different BJT amplifiers, FET amplifiers and MOS differential

amplifier.

1.4 RESEARCH OBJECTIVES

The objectives of the proposed research work are:

1. To do the noise analysis of different BJT amplifier configurations.

2. To do the noise analysis of different FET amplifiers configurations.

3. To do the noise analysis of differential amplifier (MOS).

4. To do the noise analysis of different amplifiers with variable load and

capacitive load.

1.5 CONTRIBUTION IN THE THESIS
Different BJT and FET amplifiers have various important applications, so their noise
analysis is very important. In superheterodyne receiver intermediate frequency (IF)



amplifier is used after mixer. IF amplifier consists of bipolar junction transistor or
field effect transistor amplifier. Radio frequency (RF) amplifier is also used in
receiver which consist of bipolar transistor or field effect transistor. FET or BJT stage
is used in the mixer of the receiver. In amplitude modulation receivers and frequency

modulation receivers, RF amplifier, mixer and IF amplifier are used.

Differential amplifier is very important circuit in analog circuit design. Operational
amplifier consists of differential amplifier. The differential amplifier is less affected
by noise if it works on dual input mode as compare to single ended input mode.
Differential amplifier in single ended input mode is used in hard disk drive (HDD)
application [30]. Preamplifier is used in hard disk drive application. Initial
amplification in preamplifier is done using single ended input differential amplifier.
Thus noise analysis of differential amplifier in single ended input mode is very

important.

In chapter 2, the noise analysis of different BJT amplifiers like common base
amplifier, common collector amplifier and common emitter amplifier is performed.
The mean and variance is determined for the circuits and observed that the noise
affects the considered circuits more at high input frequencies. The results are
compared with the Monte Carlo simulation results. These circuits are also analysed
for variable load resistance. In this thesis, in chapter 3 different FET amplifiers like
common source amplifier, common drain amplifier and common gate amplifier are
considered to do their noise analysis. First and second order statistics are obtained for
the output voltage for the circuits and found out that the noise performance of the
circuit degraded at high input frequencies. The results are compared with the Monte
Carlo simulation results. Noise analysis is also performed for variable load resistance.

Common source and common gate amplifier are analysed for capacitive load too.

Investigation into the noise analysis of MOS differential amplifier is done in chapter
4. This analysis leads us to the conclusion that the circuit becomes more sensitive to
noise at high input frequencies. Circuit is also considered for variable load resistance.
Then the effects of device parameters are investigated on the noise performance of
MOS differential amplifier. Then the noise performance of the BJT and MOS
differential amplifier is compared.

10



CHAPTER 2

NOISE ANALYSIS OF BJT AMPLIFIER
CONFIGURATIONS USING SDE

2.1 INTRODUCTION

Noise analysis of different BJT amplifiers is done in this chapter. The noises which
can affect the performance of an amplifier are of two type, intrinsic noise and
extrinsic noise. Intrinsic noise is generated within the amplifier and extrinsic noise
may enter the circuit from the external disturbance. The effect of external noise on
different BJT amplifiers is analysed. In this thesis, time domain method based on
solving stochastic differential equation is used. To derive and compute non-Gaussian,
non-stationary and nonlinear stochastic characterization of both amplitude and phase
noise in an oscillator, the stochastic differential equation approach is adopted in [9].
The stochastic differential equation approach was adopted in [11] from simulation
point of view for noise analysis. This method is based on linearization of stochastic
differential equation about its simulated deterministic trajectory. In [12] noise
analysis of sampling mixer is done. Three different sources of noise are analyzed.
Conventional frequency domain method is used to analyze the external RF noise and
intrinsic noise. Time domain method using stochastic differential equation is used to
analyze the external local oscillator (LO) noise. In [13] noise analysis of single-ended
input differential amplifier is performed using stochastic differential equation.
Various statistics of output like mean and variance is obtained using stochastic
differential equation. In [14] modeling of RC circuit is done to analyze the effect of
external and internal noise. DC analysis of an RC circuit is performed using first order
ordinary differential equation and its stochastic analogues. In [15] noise analysis of
simple single stage low-pass filter (SSLPF) with the fractional-order capacitor is
performed with the help of stochastic differential equation. Various solution statistics
of output like mean, variance is obtained using stochastic and fractional calculus. The
change in statistics with the capacitor order is investigated. The closed form solutions

of the step response of fractional filter are obtained.

The noise is assumed to be white Gaussian noise. Generally noise analysis is

performed in frequency domain. When the circuit is linear and time invariant, this

11



method is effective. But when noise analysis is done for extrinsic noise, the system
can be either non-linear or time-variance because of switching behaviour of the
signal. So frequency domain method is not applicable for extrinsic noise analysis.
Since external noise analysis has to be done so time domain method is used which

involves solving the stochastic differential equation.

2.2 NOISE ANALYSIS OF COMMON-BASE AMPLIFIER USING
STOCHASTIC DIFFERENTIAL EQUATION

The common-base amplifier is an important circuit in analog design. There are
varieties of applications of common-base amplifier. The noises which can affect the
performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise on the common-

base amplifier is analysed. The effect of noise is analysed at high frequencies.

The noise is assumed to be white Gaussian noise. Although it is an ideal condition,
when noise is assumed to be white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is
Gaussian. It can be difficult to separate each term that produces randomness in the
circuit, so the noise sources may be assumed to be white having flat power spectrum
density.

Noise analysis is generally performed in frequency domain. If the circuit is linear and
time invariant, this method is useful. The system can be either non-linear or time-
variance if the noise analysis is done for the external noise. Therefore frequency
domain method is not useful for extrinsic noise analysis. A time domain method using
SDE is used to analyse the effect of noise on the common-base amplifier. The
autocorrelation function of the output noise and other statistics like mean and variance
is obtained using stochastic differential equations. An approach is used in which
analytical solution of the SDE is obtained. The time varying nature of the circuit will

be taken into account by analytical solution.
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Fig. 2.3. Simplified High-Frequency Equivalent Circuit of CB amplifier
2.2.1 Analysis of Noise using SDE
Common-base amplifier is considered which is shown in Fig. 2.1. Fig. 2.2
represents its high-frequency equivalent circuit. We can obtain simplified equivalent
circuit using Miller’s Theorem as shown in Fig. 2.3 [28]. Now, we will analyse this
circuit using SDEs. From the simplified equivalent circuit, we obtain

, v, 1, (t) dv,s (t)
ip(t) = ’;:,e + ¢, ”d;f (2.1)

and
—ip (OTppr — Vpre(t) — Rs(ib(t) + gmvb’e(t)) —v(t) =0

iy (£) = — 29 - 2Ot 2.2)

where Rg = Ry + 1p,;,. From egs. (2.1) and (2.2), we get

dv Ie(t) 5(t)
e+ vy (8) = — ZT (2.3)
where k = — (2R 4 1y and
Ce RS’ Thre
Vo (t) = —gmRLVpr o (8) (24)

14



Consider v (t) = on(t) with n(t) as white Gaussian noise and o2 as the power

spectrum density of noise at input. We put vg(t) = on(t) ineq. (2.3)

avyr,(t) on(t)
—ar thvye () = -~
dv,r,(t) + kv, ()dt = —%

Then we put n(t)dt = dW(t) in the above equation, where W (t) is considered as a
Wiener process

_ adW (t)

CeRs!

dv,r,(t) + kv, ()dt = (2.5)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v, (t) . We take the expectation of both side of eq. (2.5)

E[adW (t)]

dE[vy ()] + kE[vyr (D)]dt = — Ry (2.6)
For the Wiener process, E[ocdW (t)] = 0, so from eq. (2.6) we obtain
T 4 KE [vy0(0)] = 0 2.7
The solution of eq. (2.7) is written as
E[v,,(0)] = cie™*¢ (2.8)

This is the mean of v,,(t), where ¢, is considered to be a constant, the value of
which depends on the circuit’s initial conditions. From egs. (2.4) and (2.8) we can

obtain the mean of the output
E[vo(t)] = —gmR. E[vyr.(8)]
E[vo()] = —gmRycie™™t (2.9)

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the
autocorrelation of the output process. Eq. (2.3) is rewritten

15



Pye® 4 ey, (£) = — 28 (2.10)

dt CeRg!

Eq. (2.10) is considered at time t = t; and we assume that the initial conditions for
the autocorrelation of v,/ (t) are zero at t; = 0. Both sides of eq. (2.10) is multiplied
by v,/ (t,) and then expectation is taken

ARy, vy, . C1,t2) Ryg vy, (t1t2)
—Dbrerble. = 4 kR t;, t,) = ——rble _— 2.11
at, TRy, v, (t1, t2) Y (2.11)

Again, eq. (2.10) is considered at time t =t, and we assume that the initial
conditions for the correlation of vg(t) and v,/ (t) are zero at t, = 0. Both sides of
eqd. (2.10) is multiplied by vg(t;) and then expectation is taken

ARyg vy, (E1,t2)

Ryg vs(t1,t2)
e Ry, (0, 1) = — =T (2.12)

CeRs/

We know that R, , (t1,t,) = 0?8(t; —t;), the solution of eq. (2.12) is given as

2
Rvs ,vb,e(tb tZ) = - d ek(tl_tZ) (213)

CeRs!
Now, we put the value of R, ., (t;,t;) fromeq. (2.13) ineq. (2.11), we obtain

(e—k(t1—t2) — e—k(t1+t2)) (214)

vale,vble(tlftZ) = 2k(ceR§)2

When we substitute t; = t, =t in eq. (2.14), we get the second order moment of

vbre(t).

E[vy2(0)] = ZR(:’ZRI)Z (1 — e~2kt) (2.15)

From egs. (2.4) and (2.15) we will have the second order moment of v,(t) that is

variance of the output in this case.
E[UO2 ®)] = (ngL)ZE[Ub'eZ(t)]

2 .2
E[v,2(0)] = —fxi;’ 1 — g2kt (2.16)

2.2.2 Simulation Results

16



To do the simulation of the above result, we used the following values of the
parameters. R, = 10*Q , R, =5x103Q , rp, =100Q , rp, = 1.5x103Q ,
ce = 2pF, o =0.25, g, =40mA/V.

Fig. 2.4 represents the variation of mean of output voltage with time for non-zero
initial conditions (v, (0) = 0.01V). The mean will be zero for zero initial
conditions. It has observed from Fig. 2.4 that the magnitude of mean of the output has
peak value 4 volts (12.375 volts in the case of single ended input BJT differential
amplifier [13]) and it reaches to steady state value of zero after 1us (7 ps in case of
single ended input BJT differential amplifier [13]). Fig. 2.5 represents the variation of
variance of output with time. After increasing linearly with time, variance becomes
constant. We also analysed the circuit for variable load resistance. Fig. 2.6 represents
the variation of variance with load resistance. It is observed that the time period of the
signal will be less than the time during which the mean of the signal varies if the
frequency of the input signal is more than 1MHz (142.8 kHz for single ended input
BJT differential amplifier [13]). So there will be more than 10 cycles (70 cycles for
single ended input BJT differential amplifier [13]) of the signal with error in the
results for the signals which have frequencies more than 10MHz. The standard tool
for the simulation with random input is Monte Carlo simulation. We compare our
results with Monte Carlo simulation. Fig. 2.7 shows the comparison of deterministic,
Monte Carlo and stochastic solution. Fig 2.7 shows that result of Monte Carlo
simulation is very close to the stochastic solution and deterministic solution (The
stochastic solution is very close to deterministic solution in [14] and deterministic

solution is very close to stochastic and Monte Carlo solution in [20]).
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2.3 NOISE ANALYSIS OF COMMON-COLLECTOR AMPLIFIER USING
STOCHASTIC DIFFERENTIAL EQUATION

The common-collector amplifier is an important circuit in analog design. There are
varieties of applications of common-collector amplifier. The noises which can affect
the performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the

common-collector amplifier. We analysed the effect of noise at high frequencies.

The noise is assumed to be white Gaussian noise. Although It is an ideal condition,
when noise is white Gaussian, it can be justified due to the presence of many random
signal effects. As per central limit theorem, when there are additive effects of many
random signals, the probability distribution of such random signals is Gaussian. It can
be difficult to separate each term that produces randomness in the circuit, so the noise

sources may be assumed to be white having flat power spectrum density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. A time domain method using SDE is used to analyse the
effect of noise on the common-collector amplifier. The autocorrelation function of the
output noise and other statistics like mean and variance are obtained using stochastic
differential equations. An approach is used in which analytical solution of the SDE is
obtained. The time varying nature of the circuit will be taken into account by
analytical solution.
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2.3.1 Analysis of Noise using SDE

Common-collector amplifier is considered which is shown Fig. 2.8. Fig. 2.9
represents its high-frequency equivalent circuit. By Miller’s theorem, ¢, and g,, can
be transferred into input side by c,(1 — k) and g,.(1 — k) and into output side by
ce (k—1)/k and g, (k —1)/k. Where g,, = 1/ry,. As the gain (k) for the
common-collector amplifier is approximately 1, the value of (1 — k) is close to zero.
So this approximation lead us to obtain the simplified high-frequency equivalent
circuit as shown in Fig. 2.10.Now, we will analyse this circuit using SDE. From the

simplified equivalent circuit, we obtain

vs(t)—vb/(t) _ dvb/(t)
Ry =G (2.17)
where Rg = R, + 1pp,,. EQ. (2.17) can be simplified further and written as
dv,/(t) s (1)
Do+ kv (8) = :T (2.18)
where k; = —
Vo (1) = ve(t) = gmR vy (1)
vo(t) = v (t) = ~Z2L v, (1) (2.19)

1+gmRyL

Consider v,(t) = on(t) with n(t) as white Gaussian noise and o2 as the power

spectrum density of noise at input. We put v,(t) = on(t) in eq. (2.18)
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dvb,(t) an(t)
+ kqvy () = - Y
dvy (t) + kyvy (t)dt = 2%

Then we put n(t)dt = dW(t) in the above equation, where W (t) is considered as a
Wiener process

adW (t)
CcRg!

dv,: (t) + kyv, (H)dt = (2.20)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v,/ (t) . We take the expectation of both side of eq. (2.20)

E[adW (t)]

dE[vy ()] + ki E[vy (D)]dt = CoRo! (2.21)
For the Wiener process, E[acdW (t)] = 0, so from eq. (2.21) we obtain
L} vy (8] = 0 (2.22)
The solution of eq. (2.22) is written as
E[vy (£)] = cie~kat (2.23)

This is the mean of v,/ (t), where c; is considered to be a constant, the value of which
depends on the circuit’s initial conditions. From egs. (2.19) and (2.23) we can obtain
the mean of the output

E[vo(0)] = E[v,(£)] = ~22"L E[v,:(1)]

1+gmRyL

E[ve(t)] = “L2BL_ e—hat (2.24)

1+gmRyL

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the

autocorrelation of the output process. Eq. (2.18) is rewritten

dvb/ ®

+ vy (£) = 28 (2.25)

CcRs!
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Eq. (2.25) is considered at time t = t; and we assume that the initial conditions for
the autocorrelation of v,/ (t) are zero at t; = 0. Both sides of eq. (2.25) is multiplied
by v, (t,) and then expectation is taken

ARy, vy, (t1t2)

Ryg vy, (t1,t2)

ccRg!

+ klR'Ubl ,vb, (tll tZ) = (226)

Again, eq. (2.25) is considered at time t =t, and we assume that the initial
conditions for the correlation of vs(t) and v,/ (t) are zero at t, = 0. Both sides of eq.
(2.25) is multiplied by v, (t;) and then expectation is taken

ARy vy, (E1,t2)

Ryg vs(t1,t2)
dt, + kles Uyt (tl, tz) = ss LR (2-27)

CcRs/

We know that R, (t1,t,) = 0*8(t; — t;), the solution of eq. (2.27) is given as

ela(ti—t2) (2.28)

o2
Rvs Vbr (tl' tz) =

CcRs!

Now, we put the value of R,,_,,,, (¢, t;) from eq. (2.28) in eq. (2.26), we obtain

2
R,,, ,vb,(tl' t,) = Zk(JC—R’)Z(e_kl(tl_tZ) - e—k1(t1+t2)) (2.29)
1\tchts

When we substitute t; = t, =t ineq. (2.29), we get the second order moment of

Ubr(t).

E[v, ()] = —2— (1 — e~2kat) (2.30)

2k1(CcR;)2

From egs. (2.19) and (2.30) we will have the second order moment of v, (t) that is

variance of the output in this case.

Elv?(9] = E[v,(0)] = 222 E [, 2(9)]

2 (ngL)ZJZ —2kqt
Bl(0] = — T goanay (2.3)

2.3.2 Simulation Results
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To do the simulation of the above result, we used the following values of the
parameters. R, = 10*Q, R, =5x103Q, r,,» = 100Q , ¢, = 0.8pF, o =0.25,
9gm = 40mA/V.

Fig. 2.11 represents the variation of mean with time for non-zero initial conditions
(v, (0) = 0.01V). The mean will be zero for zero initial conditions. It has observed
from Fig. 2.11 that the magnitude of mean of the output has peak value 0.01 volts
(12.375 volts in the case of single ended input BJT differential amplifier [13]) and it
reaches to steady state value of zero after 1us (7 ps in case of single ended input BJT
differential amplifier [13]). Fig. 2.12 represents the variation of variance with time.
After increasing linearly with time, variance becomes constant. We also analysed the
circuit for variable load resistance. Fig. 2.13 represents the variation of variance with
load resistance. It is observed that the time period of the signal will be less than the
time during which the mean of the signal varies if the frequency of the input signal is
more than 1MHz (142.8 kHz for single ended input BJT differential amplifier [13]).
So there will be more than 10 cycles (70 cycles for single ended input BJT differential
amplifier [13]) of the signal with error in the results for the signals which have
frequencies more than 10MHz. The standard tool for the simulation with random
input is Monte Carlo simulation. We compare our results with Monte Carlo
simulation. Fig. 2.14 shows the comparison of deterministic, Monte Carlo and
stochastic solution. Fig 2.14 shows that result of Monte Carlo simulation is very close
to the stochastic solution and deterministic solution (The stochastic solution is very
close to deterministic solution in [14] and deterministic solution is very close to

stochastic and Monte Carlo solution in [20]).
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2.4 NOISE ANALYSIS OF COMMON-EMITTER AMPLIFIER USING
STOCHASTIC DIFFERENTIAL EQUATION
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The common-emitter amplifier is an important circuit in analog design. There are
varieties of applications of common- emitter amplifier. The noise which can affect the
performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the

common- emitter amplifier. The effect of noise is analysed at high frequencies.

The noise is assumed to be white Gaussian noise. Although It is an ideal condition,
when the noise is assumed to be white Gaussian, It can be justified due to the
presence of many random signal effects. As per central limit theorem, when there are
additive effects of many random signals, the probability distribution of such random
signals is Gaussian. It can be difficult to separate each term that produces randomness
in the circuit, so the noise sources may be assumed to be white having flat power
spectrum density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. A time domain method using SDE is used to analyse the
effect of noise on the common- emitter amplifier. The autocorrelation function of the
output noise and other statistics like mean and variance are obtained using stochastic
differential equations. An approach is used in which analytical solution of the SDE is
obtained. The time varying nature of the circuit will be taken into account by
analytical solution.

2.4.1 Analysis of noise using SDE

Common-emitter amplifier is considered which is shown in Fig. 2.15. Fig. 2.16
represents its high-frequency equivalent circuit. We can obtain simplified equivalent
circuit using Miller’s Theorem as shown in Fig. 2.17. Now, we will analyse this

circuit using SDE.

28



Fig. 2.15. Common-Emitter Amplifier

Fig. 2.16. High-Frequency Equivalent Circuit of CE amplifier
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Fig. 2.17. Simplified High-Frequency Equivalent Circuit of CE amplifier

From the simplified equivalent circuit, we obtain

vs(t)—vpr, (1) _ vp1, (1) . vy (t)
Rg/ Tyle dt

(2.32)

where ¢ =c, + c.(1 + gnR,) & Rg = Rs + 1y, EQ. (2.32) can be simplified

further and written as

Lue 1 ki, (6) = Bl (2.33)
where k = l(i+ -
¢ “Rg!
Vo(t) = —gmRLvpr (1) (2.34)

Consider v,(t) = on(t) with n(t) as white Gaussian noise and o2 as the power
spectrum density of noise at input. We put vs(t) = on(t) in eq. (2.33)

av,, (t) an(t)
T+ kv (0) = T
Ay, (t) + kv, ()dt = @

Then we put n(t)dt = dW(t) in the above equation, where W (t) is considered as a

Wiener process
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adW (t)
CRg!

dv,,(t) + kv, ()dt = (2.35)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v, (t) . We take the expectation of both side of eq. (2.35)

[odw (t)]

dE[vyo (D] + KE[vyo(D]dt = =222 (2.36)
For the Wiener process, E[adW (t)] = 0, so from eq. (2.36) we obtain
CELOL L KE w0 (0] = 0 (2.37)
The solution of eq. (2.37) is written as
E[vy ()] = cre™* (2.38)

This is the mean of v,/ (t), where c, is considered to be a constant, the value of
which depends on the circuit’s initial conditions. From egs. (2.34) and (2.38) we can

obtain the mean of the output

E[vo(0)] = —gmRL E[vyr(8)]
E[vo(t)] = —gmRrcie™ (2.39)

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the
autocorrelation of the output process. Eq. (2.33) is rewritten

dvb/e(t)
dt

+ kv, (t) =28 (2.40)

CRg/

Eqg. (2.40) is considered at time t = t; and we assume that the initial conditions for
the autocorrelation of v, (t) are zero at t; = 0. Both sides of eq. (2.40) is multiplied

by v, (t,) and then expectation is taken

ARy, v, (ty,t Ryg vp,)o (t1,t
Pomerpe @) | pp (ty ty) = zomwmetuts) (2.41)

dt, Vp'e Vp'e CRg!
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Again, eqg. (2.40) is considered at time t =1t, and we assume that the initial
conditions for the correlation of v,(t) and v,/ (t) are zero at t, = 0. Both sides of

eq. (2.40) is multiplied by v, (t;) and then expectation is taken

ARy vy, (t1,t2)

+ KRy, ,, (ty,t;) = “azstat2) (2.42)
dtz S'"p'e

CRg!

We know that R,,_, (t;,t;) = 0?8(t; — t), the solution of eq. (2.42) is given as
2
RUS Vpre (tlﬁ tZ) = %s’ ek(tl_tZ) (243)

Now, we put the value of R, ., (t1,t;) fromeq. (2.43) in eq. (2.41), we obtain

(e—k(t1—t2) — e—k(t1+t2)) (244)

vale ,Uble(tl'tZ) = 2k(cR§)2

When we substitute t; =t, =t ineq. (2.44), we get the second order moment of
vb’e(t).

0.2

2k(cR})’

(1 — e~2kt) (2.45)

E[vb’e2 )] =

From egs. (2.34) and (2.45) we will have the second order moment of v, (t) that is

variance of the output in this case.
E[UO2 ®)] = (ngL)ZE[vb'ez(t)]

252
Elvo*(0)] = 220 (1 - e (2.46)

2.4.2 Simulation Results

To do the simulation of the above result, we used the following values of the
parameters. R, = 10*Q , Ry =5x%x103Q , r,,, =100Q , 1., =15x%x103Q ,
Ce = 2pF c. = 0.8pF, o =0.25, g, =40mA/V.

Fig. 2.18 represents the variation of mean with time for non-zero initial conditions
(v, (0) = 0.01V). The mean will be zero for zero initial conditions. It has observed
from Fig. 2.18 that the magnitude of mean of the output has peak value 4 volts

(12.375 volts in the case of single ended input BJT differential amplifier [13]) and it
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reaches to steady state value of zero after 2us (7 us in case of single ended input BJT
differential amplifier [13]). Fig. 2.19 represents the variation of variance with time.
After increasing linearly with time, variance becomes constant. We also analysed the
circuit for variable load resistance. Fig. 2.20 represents the variation of variance with
load resistance. It is observed that the time period of the signal will be less than the
time during which the mean of the signal varies if the frequency of the input signal is
more than 500 kHz (142.8 kHz for single ended input BJT differential amplifier [13]).
So there will be more than 20 cycles (70 cycles for single ended input BJT differential
amplifier [13]) of the signal with error in the results for the signals which have
frequencies more than 10MHz. The standard tool for the simulation with random
input is Monte Carlo simulation. We compare our results with Monte Carlo
simulation. Fig. 2.21 shows the comparison of deterministic, Monte Carlo and
stochastic solution. Fig 2.21 shows that result of Monte Carlo simulation is very close
to the stochastic solution and deterministic solution (The stochastic solution is very
close to deterministic solution in [14] and deterministic solution is very close to
stochastic and Monte Carlo solution in [20]).
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Fig. 2.18. Variation of mean with time for CE amplifier
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Fig. 2.21. Comparison of deterministic, stochastic and Monte Carlo simulation for CE

amplifier

2.5 Conclusion

Noise analysis of different BJT amplifiers is performed. Stochastic differential
equation is used to do the external noise analysis for different amplifiers. Time
domain method is used to obtain the solution of stochastic differential equations.
Mean and variance of the output process is determined which may be useful in design
process. It has observed that noise affects the considered circuits more at high input

frequencies.
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CHAPTER 3

NOISE ANALYSIS OF FET AMPLIFIER
CONFIGURATIONS USING SDE

3.1 INTRODUCTION

Noise analysis of different FET amplifiers is done in this chapter. The noises which
can affect the performance of an amplifier are of two type, intrinsic noise and
extrinsic noise. Intrinsic noise is generated within the amplifier and extrinsic noise
may enter the circuit from the external disturbance. Effect of external noise is
analysed on different FET amplifiers. In this thesis, time domain method based on
solving stochastic differential equation is used. To derive and compute non-Gaussian,
non-stationary and nonlinear stochastic characterization of both amplitude and phase
noise in an oscillator, the stochastic differential equation approach is adopted in [9].
The stochastic differential equation approach was adopted in [11] from simulation
point of view for noise analysis. This method is based on linearization of stochastic
differential equation about its simulated deterministic trajectory. In [12] noise analysis
of sampling mixer is done. Three different sources of noise are analyzed.
Conventional frequency domain method is used to analyze the external RF noise and
intrinsic noise. Time domain method using stochastic differential equation is used to
analyze the external local oscillator (LO) noise. In [13] noise analysis of single-ended
input differential amplifier is performed using stochastic differential equation.
Various statistics of output like mean and variance is obtained using stochastic
differential equation. In [14] modeling of RC circuit is done to analyze the effect of
external and internal noise. DC analysis of an RC circuit is performed using first order
ordinary differential equation and its stochastic analogues. In [15] noise analysis of
simple single stage low-pass filter (SSLPF) with the fractional-order capacitor is
performed with the help of stochastic differential equation. Various solution statistics
of output like mean, variance is obtained using stochastic and fractional calculus. The
change in statistics with the capacitor order is investigated. The closed form solutions

of the step response of fractional filter are obtained.

The noise is assumed white Gaussian noise. Generally noise analysis is performed in

frequency domain. When the circuit is linear and time invariant, this method is
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effective. But when noise analysis is done for extrinsic noise, the system can be either
non-linear or time-variance because of switching behaviour of the signal. So
frequency domain method is not applicable for extrinsic noise analysis. Since external
noise analysis has to be done so time domain method is used which involves solving

the stochastic differential equation.

3.2 NOISE ANALYSIS OF COMMON-SOURCE AMPLIFIER USING
STOCHASTIC DIFFERENTIAL EQUATION

The common-source amplifier is an important circuit in analog design. There are
varieties of applications of common- source amplifier. The noises which can affect
the performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the

common- source amplifier. The effect of noise is analysed at high frequencies.

The noise is assumed to be white Gaussian noise. Although it is an ideal condition,
when noise is assumed as white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is
Gaussian. It can be difficult to separate each term that produces randomness in the
circuit, so the noise sources may be assumed to be white having flat power spectrum
density.

Noise analysis is generally performed in frequency domain. If the circuit is linear and
time invariant, this method is useful. The system can be either non-linear or time-
variance if the noise analysis is done for the external noise. Therefore frequency
domain method is not useful for extrinsic noise analysis. A time domain method using
SDE is used to analyse the effect of noise on the common- source amplifier. The
autocorrelation function of the output noise and other statistics like mean and variance
is obtained using stochastic differential equations. An approach is used in which
analytical solution of the SDE is obtained. The time varying nature of the circuit will

be taken into account by analytical solution.
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Fig.3.1. Common-Source Amplifier
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Fig.3.2. High-Frequency Equivalent Circuit of CS amplifier

Fig.3.3. Simplified High-Frequency Equivalent Circuit of CS amplifier

3.2.1 Analysis of Noise using SDE
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Common-source amplifier is considered which is shown in Fig.3.1. Fig.3.2
represents its high-frequency equivalent circuit. By Miller’s theorem, c44 can be
transferred into input side by cg4q(1+ gmR,") and into output side by ¢, =
cga (1 + gmR,")/gmR,’, Which can be approximated to c, = c4q. SO, we get the
simplified equivalent circuit as shown in Fig.3.3 [29]. Now, we will analyze this

circuit using SDEs. From the simplified equivalent circuit, we obtain

vi(t)—vgs(t) = ¢ dvgs(t)
Ry Uoat

where ¢; = cg5 + cgq(1 + gmR,’) . Above equation can be simplified further and

written as

dvgs(t) vi(t)
Bt ey (6) = 22 (3.1)

and

where k; =

Ciltg

dve(t) | vo(t)
Co # + ;_L' = —9mVygs (t) (3.2)

Consider v;(t) = on(t) with n(t) as white Gaussian noise and o2 as the power

spectrum density of noise at input. We put v;(t) = on(t) in eq. (3.1)

dvgs(t) _ on(t)

20 4 ey (6) = 2
on(t)dt
dvgs(t) + klvgs(t)dt = W

Then we put n(t)dt = dW(t) in above equation, where W (t) is considered as a

Wiener process

dvys(0) + kyvgs(Ddt = 20 (3.3)

CiRs

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v, (t) . We take the expectation of both side of eq. (3.3)

E[odw (t)] (3 4)

dE[vgs(O)] + k1 E[vgs (D) ]dt = ——

For the Wiener process, E[ocdW (t)] = 0, so from eq. (3.4) we obtain
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AE([vgs(t)]
I 4 I E[vgs (5] = 0 (3.5)

The solution of eq. (3.5) is written as
E[v,s(®)] = cyekat (3.6)

This is the mean of v, (t), where ¢, is considered to be a constant, the value of which

depends on the circuit’s initial conditions. Now, eq. (3.2) is considered to obtain the
mean of the output process. Simplify and take expectation of eq. (3.2), we obtain

dE[v, ()] + E[vo(1)] — _ng["gs(t)] (3 7)

dt CcoRL’ Co

The solution of this is given by

Elv,(t)]e*et = —2—eke=knt 4 ¢ (3.8)
ko—ks

where k, = 1/c,R;," and ¢, = —g,,c1/c,. €3 IS constant of integration which
depends on circuit’s initial conditions. Mean of output voltage will be zero if initial

conditions are zero.

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the
autocorrelation of the output process. Egs. (3.1) and (3.2) is rewritten

dvy(t) ImVgs(t)

”d—t + kv (t) = — + (3.9)
dvgs(t) 10
—E 1t devs () = ’;R (3.10)

Eqg. (3.9) is considered at time t = t, and we assume that the initial conditions for the
autocorrelation of v, (t) are zero at t, = 0. Both sides of eq. (3.9) is multiplied by
v, (t;) and then expectation is take

—9m Rvo,vgs (t1,t2)

Co

deo,vo (t1,t2)

dt, + szvo,vo (ti, tp) =

(3.11)
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Again, eqg. (3.9) is considered at time t = t; and we assume that the initial conditions
for the correlation of v, (t) and v, (t) are zero at t; = 0. Both sides of eq. (3.9) is
multiplied by v, (t;) and then expectation is taken

ARy pgs(t1,t2)

—9m Rvgs,vgs (t1,t2)

+ kZRvo,vgs (tb tz) = (3.12)

Co

Eq. (3.10) is considered at time t = t; and we assume that the initial conditions for
the autocorrelation of v, (t) are zero at t; = 0. Both sides of eq. (3.10) is multiplied
by v, (t2) and then expectation is taken

ARy gsgs(t1tz)
dt,

Rvi,vgs (t1,t2)
CiRs

+kiRy v, (t1, t2) = (3.13)

Again, eqg. (3.10) is considered at time t =t, and we assume that the initial
conditions for the correlation of v;(t) and v,(t) are zero at t, = 0. Both sides of eq.

(3.10) is multiplied by v;(t;) and then expectation is taken

dR‘l]i,Vgs (tl;tz)
dt,

Rvi,vi (tl!tZ)
CiRs

+ klei,vgs (t,tp) = (3.14)

Now, we want to have solutions of differential egs. (3.11), (3.12), (3.13) and (3.14) to
find out the value of R, , (t;,t,). We know that R, ., (t;,t;) = 028(t; — t;), the

solution of eq. (3.14) is given as

R (ty,t2) = 2 gkilti=tz) (3.15)

ViVgs CiRs

Now, we put the value of R, ,Ugs(tl, t,) from eq. (3.15) in eq. (3.13), we obtain

o? _ _ _
R,,gs_vgs(tl, t,) = m(e ki(ti=tz) _ o k1(t1+tz)) (3.16)

Now, we put the value of R,, ,,,gs(tl, t,) fromeq. (3.16) in eq. (3.12), we obtain

tz_tl) (k P ) (—Zk t +t2_t1) —kqyty——L
Rvo,Vgs(t1; t)) == ks (Q(CORL' —e\ " kL) —¢ TRy +e( e C"RLl))

RL'—kl Co

(3.17)
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—gmo?

where k; = m

Now, we put the value of R, ,vgs(tl, t,) fromeq. (3.17) in eq.

(3.11), we obtain

Rvo,vo (t1: tz) =

t2—tg t1 —t1—-tz
—2kqty+ 7 kqity— 7 —_—
e T 2TCcoRL _p¢" "2 CoRL 1¢ CoRL
CORL’

—ak t2—ty “t1-tp

ﬂ#((eCORL' —e CORL' ) _I_ n

—k 2 —

RL 1Co 2(k1+CORL,)

_ __t1 —t1—-tp
<e k1t2 CORL’—@ CoRL')
——) (318)
coRy’ 1

When we substitute t; = t, = t in eq. (3.18), we get the second order moment of

v, (t), that is variance of the output in this case.

E[vy (0] =
1 -2t 1 -2t
—at (e—Zklt_23(k1_CoRL'>t+eCoRL'> <e<_k1_CoRL')t_eCoRL'>
omks (1 — emonr) 2Ly 1 e )
R_L'_klc" 2(k1+CoRL') CoRL'_kl
(3.19)

3.2.2 Simulation Results

To do the simulation of the above result, we used the following values of the
parameters. R; = 10kQ, Rg¢ =5kQ , 1, =44kQ , 0 =0.25, c4s = 3pF, c4q =
2.8pF, gm = 0.00164/V.

Fig.3.4 represents the variation of mean of output with time for non-zero initial
conditions (v4s (0) = 0.01V). The mean will be zero for zero initial conditions. It has
observed from Fig. 3.4 that the magnitude of mean of the output has peak value 0.13
volts (12.375 volts in the case of single ended input BJT differential amplifier [13])
and it reaches to steady state value of zero after 1.5us (7us in case of single ended
input BJT differential amplifier [13]). Fig.3.5 represents the variation of variance of
output with time. We can observe that the variance attain a constant value of
approximately 4x10®° after 1ps. The variance has the maximum value of
approximately 5.1x10°. We also analysed the circuit for variable load resistance.
Fig.3.6 represents the variation of mean with load resistance. Fig.3.7 represents the
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variation of variance with load resistance. It is observed that the time period of the
signal will be less than the time during which the mean of the signal varies if the
frequency of the input signal is more than 666.67 kHz (142.8 kHz for single ended
input BJT differential amplifier [13]). So there will be more than 15 cycles (70 cycles
for single ended input BJT differential amplifier [13]) of the signal with error in the

results for the signals which have frequencies more than 10MHz.
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Fig.3.4. Variation of mean with time for CS amplifier
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Fig.3.7 Variation of variance with load resistance for CS amplifier

3.3 STOCHASTIC DIFFERENTIAL EQUATION NOISE ANALYSIS OF
COMMON-SOURCE AMPLIFIER WITH CAPACITIVE LOAD

The common-source amplifier is an important circuit in analog design. There are
varieties of applications of common- source amplifier. The noise which can affect the
performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the
common-source amplifier with capacitive load. The effect of noise is analysed at high

frequencies.

The noise is assumed to be white Gaussian noise. Although It is an ideal condition,
when noise is assumed as white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is

Gaussian. It can be difficult to separate each term that produces randomness in the
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circuit, so the noise sources may be assumed to be white having flat power spectrum

density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. A time domain method using SDE is used to analyse the
effect of noise on the common-source amplifier with capacitive load. The
autocorrelation function of the output noise and other statistics like mean and variance
are obtained using stochastic differential equations. An approach is used in which
analytical solution of the SDE is obtained. The time varying nature of the circuit will

be taken into account by analytical solution.
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Fig.3.8. Common-Source Amplifier with capacitive load
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Fig.3.9. High-Frequency Equivalent Circuit of CS amplifier (capacitive load)

-

L &
L 3
L 3
-

1

Fig.3.10. Simplified High-Frequency Equivalent Circuit of CS amplifier (capacitive
load)

3.3.1 Analysis of Noise using SDE

Common-source amplifier with capacitive load is considered which is shown in
Fig.3.8. Fig.3.9 represents its high-frequency equivalent circuit. By Miller’s theorem,
cga Can be transferred into input side by ¢;" = c44(1 + g»R4") and into output side by
Co = Cga (1 + gmRa’)/gmR4’, Which can be approximated to c¢,” = c 4. S0, We get
the simplified equivalent circuit as shown in Fig.3.10. Now, we will analyze this

circuit using SDEs. From the simplified equivalent circuit, we obtain
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vi(t)—vgs(t) Ci Avgs(t)
Ry Uodt

where ¢; = cgs + c4a(1 + gmRy") and R;" = (r,R4)/7,Rq . Above equation can be

simplified further and written as

dvgs(t) vi(t)
# + klvgs(t) = E (320)
1
where k; = —
dv,(t) Vo (t)
0 4t + Ry = _gmvgs(t) (3.21)

where ¢, = (¢, + ¢,")

Consider v;(t) = on(t) with n(t) as white Gaussian noise and o2 as the power

spectrum density of noise at input. We put v;(t) = on(t) in eq. (3.20)

dvgs(t) __an(t)
—ar +laves(t) = T
dvgs(t) + kyvgs (t)dt = 0%
s

Then we put n(t)dt = dW (t) in the above equation, where W (t) is considered as a
Wiener process

adW (t)

dvgs (1) + kyvgs (Dt = T

(3.22)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v, (t) . We take the expectation of both side of eq. (3.22)

dE[v45(0)] + k1 E[ngs ()] de = 222 (3.23)
For the Wiener process, E[odW (t)] = 0, so from eq. (3.23) we obtain
AE[vgs(t)]
— B 4+ I E[gs(D)] = 0 (3.24)

The solution of eq. (3.24) is written as
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E[v;s(®)] = cre7fat (3.25)

This is the mean of v, (t), where ¢, is considered to be a constant, the value of which

depends on the circuit’s initial conditions. Now, eg. (3.21) is considered to obtain the

mean of the output process. Simplify and take expectation of eq. (3.21), we obtain

dE[v, ()] n E[vo(t?] _ Z9mElvgs(D)] (3.26)
dt coRa Co
The solution of this is given by
E[v,(t)]eket = —2—etka=knt 4 ¢, (3.27)
ky—kq

where k, =1/c,R;" and ¢, = —g,,c1/c,. c3 is constant of integration which
depends on circuit’s initial conditions. Mean of output voltage will be zero if initial

conditions are zero.

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the

autocorrelation of the output process. Egs. (3.20) and (3.21) is rewritten

dv, (t) ImVgs(®)
"d—t + kv, (t) = —% (3.28)
dvgs(t) i(®)
S+ ks () = ’;RS (3.29)

Eq. (3.28) is considered at time t = t, and we assume that the initial conditions
for the autocorrelation of v,(t) are zero at t, = 0. Both sides of eq. (3.28) is
multiplied by v, (t,) and then expectation is taken

deo,vo (t1,t2)
dt,

—9m Rvo,vgs(tlrtz)

Co

+ kZRvo,vo (ti, tp) =

(3.30)

Again, eq. (3.28) is considered at time ¢t = t; and we assume that the initial conditions
for the correlation of v, (t) and vy,(t) are zero at t; = 0. Both sides of eq. (3.28) is
multiplied by v, (t;) and then expectation is taken

dRVoJ’gs (t1,t2)
dty

—9m Rvgs,vgs (t1.t2)

+ kZRvo,ng(tL t,) = (3.31)

Co
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Eq. (3.29) is considered at time t = t; and we assume that the initial conditions for
the autocorrelation of v, (t) are zero at t; = 0. Both sides of eq. (3.29) is multiplied
by v, (t2) and then expectation is taken

ARy ggwgs(t1,tz)
dt,

va-,VgS (t1,t2)

CiRs

+ kiR (1, t2) = (3.32)

Again, eq. (3.29) is considered at time t =t, and we assume that the initial
conditions for the correlation of v;(t) and v,(t) are zero at t, = 0. Both sides of eq.

(3.29) is multiplied by v;(t,) and then expectation is taken

dRVi,‘l]gs (tlvtz)
dt,

Rvi,vi (tlrtZ)
CiRs

+ kiRy, v, (t1, t2) = (3.33)

Now, we want to have solutions of differential egs. (3.30), (3.31), (3.32) and (3.33) to
find out the value of R, , (ti,t;). We know that R, ,, (t;,t;) = a28(t; — tp), the

solution of eq. (3.33) is given as

2
Ry wgs(ta, t2) = 9 pki(ti—tz) (3.34)

o CiRs

Now, we put the value of R, ,Ugs(tl, t,) from eq. (3.34) in eq. (3.32), we obtain

a2 _ _ _
Rugamgs (t1:t2) = gy (71071 = eTBTH) (3.:35)

Now, we put the value of R (tq,t,) fromeq. (3.35) in eq. (3.31), we obtain

VgsVgs
tz—t1) (k f__t1 ) (—Zk ¢ +t2—t1) kit —t1
Rygwgs(trtz) == 5 (e(c"Rd' — e\ Targ) _ \THR Ry ) 4 (TR cORd'))
’ ——kic
Rd' 1to
(3.36)
~gmo*>

where k3 = Now, we put the value of R, ,_ (¢,t;) from eq. (3.36) in eq.

2kq(Rsc))?’

(3.30), we obtain
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Rvo,vo (tb tz) =

tp—t1 t1 —t1—-t
—2kqty+ 7 kity— 7 7
k ta—ty —t1-tp R <e oRa —2e coRd 1¢ CoRa
- CLUE] ((ecoRd’ — e R4’ )Co d 4
——k-C 2 1
Ry 1€o 2(k1+CoRd,
(51 “t1-t
(e—kltZ_CoRd'_e CORd' )
— ) (3.37)
coRqg L
oftd

When we substitute t; =t, =t in eq. (3.37), we get the second order moment of

v, (t) that is variance of the output in this case.

(k —;>t _—2t
(e—zklt_ze 1 CcoRg +eC0Rd>

-2t ,
B[v3(0)] = 225 (1 efoRa ) 0L =

et 2 2(k1+co%yi')
<e<— —))
T, ) (3.38)
1

3.3.2 Simulation Results

To do the simulation of the above result, we used the following values of the
parameters. R; = 10kQ , Rg =5kQ , 1, = 44kQ , 0 = 0.25, ¢4 = 3pF, c4q =
2.8pF, c;, = 2pF g,, = 0.0016A4/V.

Fig. 3.11 represents the variation of mean of output with time for non-zero initial
conditions (vg4s (0) = 0.01V). The mean will be zero for zero initial conditions. It has
observed from Fig. 3.11 that the magnitude of mean of the output has peak value 0.14
volts (12.375 volts in the case of single ended input BJT differential amplifier [13])
and it reaches to steady state value of zero after 1.5us (7us in case of single ended
input BJT differential amplifier [13]). Fig.3.12 represents the variation of variance of
output with time. We can observe that the variance attain a constant value of

approximately 7.4x10° after lus. The variance has the maximum value of
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approximately 8.2x10°. Fig.3.13 represents the variation of variance with C.. It is
observed that the time period of the signal will be less than the time during which the
mean of the signal varies if the frequency of the input signal is more than 666.67 kHz
(142.8 kHz for single ended input BJT differential amplifier [13]). So there will be
more than 15 cycles (70 cycles for single ended input BJT differential amplifier [13])
of the signal with error in the results for the signals which have frequencies more than
10MHz.

0.05F -

magnitude of mean

0.06F o

0.04F T

002 b

Fig.3.11. Variation of mean with time for CS amplifier (capacitive load)
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Fig.3.13. Variation of variance with C,_ for CS amplifier (capacitive load)
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3.4 NOISE ANALYSIS OF COMMON-DRAIN AMPLIFIER USING
STOCHASTIC DIFFERENTIAL EQUATION

The common-drain amplifier is an important circuit in analog design. There are
varieties of applications of common- drain amplifier. The noise which can affect the
performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the

common- drain amplifier. The effect of noise is analysed at high frequencies.

The noise is assumed to be white Gaussian noise. Although It is an ideal condition,
when noise is assumed as white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is
Gaussian. It can be difficult to separate each term that produces randomness in the
circuit, so the noise sources may be assumed to be white having flat power spectrum
density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. A time domain method using SDE is used to analyse the
effect of noise on the common- drain amplifier. The autocorrelation function of the
output noise and other statistics like mean and variance are obtained using stochastic
differential equations. An approach is used in which analytical solution of the SDE is
obtained. The time varying nature of the circuit will be taken into account by

analytical solution.
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Fig.3.16. Simplify High-Frequency Equivalent Circuit of CD amplifier

3.4.1 Analysis of Noise using SDE

Common-drain amplifier is considered which is shown Fig.3.14. Fig.3.15

represents its high-frequency equivalent circuit. By Miller’s theorem, c4; can be

transferred into input side by c4s(1 — k) and into output side by c4s (k —1)/k. As

the gain (k) for the common-drain amplifier is approximately 1, the value of (1 — k)

is close to zero. So this approximation leads us to obtain the simplified high-

frequency equivalent circuit as shown in Fig.3.16. Now, we will analyse this circuit

using SDEs. From the simplified equivalent circuit, we obtain

vi(t)—vg(t)_c dvg(t)
Rs T hgd gy

Eqg. (3.39) can be simplified further and written as

where k; = -
gdits

dvg(t)
dt

vi(t)
CgdRs

+ ki, (t) =

vy (t) = ngL,vgs (t)

_ 9mRyr
bo(6) = 128y (1)

(3.39)

(3.40)

(3.41)

where v, (t) = v, (t). Consider v;(t) = on(t) with n(t) as white Gaussian noise and

a? as the power spectrum density of noise at input. We put v;(t) = on(t) in eq.

(3.40)
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dvg(t) __an(t)
" + kqvy(t) = _ngRs
__on(t)dt
vy (£) + kyvy (£)dt = =2

Then we put n(t)dt = dW(t) in the above equation, where W (t) is considered as a
Wiener process

adW (t)
CgdRs

dv, (t) + kyvy(t)dt = (3.42)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v, (t) . We take the expectation of both side of eq. (3.42)

E[odw (t)
dE[v,(0)] + k1E[vy(8)]dt = % (3.43)
For the Wiener process, E[adW (t)] = 0, so from eq. (3.43) we obtain
dE([vg(t)]
" 4 ki Evg (D] = 0 (3.44)
The solution of eq. (3.44) is written as
E[v,(D)] = cye k1t (3.45)

This is the mean of v, (t), where ¢, is considered to be a constant, the value of which

depends on the circuit’s initial conditions. From egs. (3.41) and (3.45) we can obtain
the mean of the output

ngLI

Elo(0] = 7 5 Elw®)]
E[ve(t)] = i;—:;;lcle_klt (3.46)

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the
autocorrelation of the output process. Eq. (3.40) is rewritten
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dvg(t)
dt

+ kv, (1) = 29 (3.47)

CgdRs

Eq. (3.47) is considered at time t = t; and we assume that the initial conditions for

the autocorrelation of v, (t) are zero at ¢; = 0. Both sides of eq. (3.47) is multiplied
by v, (t;) and then expectation is taken

dRyg g (t1t2)

Ry, pg(tyt2)
2 (£, 1) = Zozats

Vg,V
gvg ngRs

+ kR (3.48)

Again, eq. (3.47) is considered at time t =t, and we assume that the initial
conditions for the correlation of v;(t) and v, (t) are zero at t, = 0. Both sides of eq.
(3.47) is multiplied by v;(t;) and then expectation is taken

ARy; g (t1,t2)
dt,

Rvi Vi (tlrtz)

+ klei Vg (tl' tz) = CgaRs

(3.49)

We know that R,,, ,,.(t;,t;) = 0%8(t; — t,), the solution of eq. (3.49) is given as

2 ekl(tl_tZ) (350)

Ry, Vg (t,t2) = CgdRs

Now, we put the value of R, g (t4,t,) from eq. (3.50) in eq. (3.48), we obtain

Rvg vy (tl, tz) — (e—k1(t1—t2) _ e—k1(t1+t2)) (351)

2k1 (cgaRs)
When we substitute t; = t, = t in eq. (3.51), we get the second order moment of

v,y (8).

E[32(0] = 5o (1= o720 (3.52)

From egs. (3.41) and (3.52) we will have the second order moment of v, (t) that is

variance of the output in this case.

(ngL,)2

E[ve*(0)] = 5 E|v,* (1)
’ o+ gmr, 2 1% O
2 _ (gmRLN?0? __—2kqt
E[vy*(t)] = romRL?2ks(coaFs)? (1 —e~%Kab) (3.53)
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3.4.2 Simulation Results

To do the simulation of the above result, we used the following values of the
parameters. R; = 10kQ, Rg = 5kQ, 1, = 44kQ, 0 = 0.25, c4q = 2.8pF, gm =
0.0016A4/V.

Fig. 3.17 represents the variation of mean with time for non-zero initial conditions
(vg (0) = 0.01V). The mean will be zero for zero initial conditions. It has observed
from Fig. 3.17 that the magnitude of mean of the output has peak value 7.5x10° volts
(12.375 volts in the case of single ended input BJT differential amplifier [13]) and it
reaches to steady state value of zero after 1us (7 ps in case of single ended input BJT
differential amplifier [13]). Fig.3.18 represents the variation of variance with time.
After increasing linearly with time, variance becomes constant. We also analysed the
circuit for variable load resistance. Fig.3.19 represents the variation of variance with
load resistance. It is observed that the time period of the signal will be less than the
time during which the mean of the signal varies if the frequency of the input signal is
more than 1MHz (142.8 kHz for single ended input BJT differential amplifier [13]).
So there will be more than 10 cycles (70 cycles for single ended input BJT differential
amplifier [13]) of the signal with error in the results for the signals which have
frequencies more than 10MHz. The standard tool for the simulation with random
input is Monte Carlo simulation. We compare our results with Monte Carlo
simulation. Fig. 3.20 shows the comparison of deterministic, Monte Carlo and
stochastic solution. Fig 3.20 shows that result of Monte Carlo simulation is very close
to the stochastic solution and deterministic solution (The stochastic solution is very
close to deterministic solution in [14] and deterministic solution is very close to

stochastic and Monte Carlo solution in [20]).
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Fig.3.19. Variation of variance with R, for CD amplifier
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Fig.3.20. Comparison of deterministic, stochastic and Monte Carlo simulation for CD
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3.5 NOISE ANALYSIS OF COMMON-GATE AMPLIFIER USING
STOCHASTIC DIFFERENTIAL EQUATION

The common-gate amplifier is an important circuit in analog design. There are
varieties of applications of common- gate amplifier. The noises which can affect the
performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the

common-gate amplifier. The effect of noise is analysed at high frequencies.

The noise is assumed to be white Gaussian noise. Although It is an ideal condition,
when noise is assumed as white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is
Gaussian. It can be difficult to separate each term that produces randomness in the
circuit, so the noise sources may be assumed to be white having flat power spectrum
density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. A time domain method using SDE is used to analyse the
effect of noise on the common-gate amplifier. The autocorrelation function of the
output noise and other statistics like mean and variance are obtained using stochastic
differential equations. An approach is used in which analytical solution of the SDE is
obtained. The time varying nature of the circuit will be taken into account by

analytical solution.
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Fig.3.21. Common-Gate Amplifier
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Fig.3.22. High-Frequency Equivalent Circuit of CG amplifier

3.5.1 Analysis of Noise using SDE

We consider common-gate amplifier which is shown Fig.3.21. Its high-frequency
equivalent circuit is given in Fig.3.22. Now we will analyse this circuit using SDEs. If

we assume that the value of Ry is very small, then v, = v;. From the circuit, we get
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%+ +”° U = Gy (3.54)

To
Eq. (3.54) can be simplified further and written as

200+ kvo(8) = gv; (3.55)

where k = i(i + l) and g = (gm + i)i . Consider v;(t) = on(t) with n(t)
Cgd RL 7o To” Cgd

as white Gaussian noise and o2 as the power spectrum density of noise at input. We

put v;(t) = on(t) eq. in (3.55)

dv"(t) + kvy(t) = gon(t)

dvy(t) + kv, (t)dt = gon(t)dt

Then we put n(t)dt = dW(t) in the above equation, where W (t) is considered as a

Wiener process
dvy(t) + kv (t)dt = gadW (t) (3.56)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we take the

expectation of both side of eq. (3.56)
dE[vy(t)] + kE[vy(t)]dt = E[godW (t)] (3.57)

For the Wiener process, E[ocdW (t)] = 0, so from eq. (3.57) we obtain

dE[vo(t)

+ kE[vo(t)] =0 (3.58)
The solution of eq. (3.58) is written as
E[vg(0)] = cie™*t (3.59)

This is the mean of output process. Where c; is considered to be a constant, the value

of which depends on the circuit’s initial conditions.

(B) Variance Analysis: Variance is the second order statistic of any signal or process.

To obtain the variance of the output, we will determine the autocorrelation function
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for the output process. Initial conditions are considered to be zero for obtaining the

autocorrelation of the output process. Eq. (3.55) is rewritten

dvy(t)
dt

+ kv (t) = gv; (3.60)

Now, consider eq. (3.60) t = t; and we assume that the initial conditions for the
autocorrelation of v, (t) are zero at t; = 0. Both sides of eq. (3.60) is multiplied by

v, (t,) and then expectation is taken

dRVO Vo (tlJtZ)

dt, + kRvo,vo (ty,t) = ngi Vo (t1,t2) (3.61)

Again, consider eq. (3.60) at t = t, and we assume that the initial conditions for the
correlation of v;(t) and v, (t) are zero at t, = 0. Both sides of eq. (3.60) is multiplied

by v;(t;) and then expectation is taken

dRVi Vo (tlltz)
dt,

+ kva- Vo (tll tZ) = ngi ,Ui(tll tZ) (362)
We know that R,,, ,,.(t;,t;) = 0%8(t; — t,), the solution of eq. (3.62) is given as
Rvi o (t1,t2) = go-zek(tl_tZ) (3.63)

Now, we put the value of R, ,, (¢, t,) from eq. (3.63) in eq. (3.61), we obtain

2,2
Ry, v, (ty,t,) = % (e—k(t1—fz) _ e—k(t1+fz)) (3.64)

When we substitute t; = t, = t in eq. (3.64) we will have the second moment of the

v, (t) that is variance of the output in this case

Elvo?(0)] = 52 (1 - e 7240 (3.65)

3.5.2 Simulation Results

To do the simulation of the above result, we used the following values of the
parameters. R, = 10kQ, 7, = 44kQ, 0 = 0.25, c;q = 2.8pF, g = 0.00164/V.

Fig.3.23 represents the variation of mean of output with time for non-zero initial

conditions (v, (0) = 0.01V). The mean will be zero for zero initial conditions. It has

66



observed from Fig. 3.23 that the magnitude of mean of the output has peak value 0.01
volts (12.375 volts in the case of single ended input BJT differential amplifier [13])
and it reaches to steady state value of zero after 1us (7 ps in case of single ended input
BJT differential amplifier [13]). Fig.3.24 represents the variation of variance of output
with time. After increasing linearly with time, variance becomes constant. We also
analysed the circuit for variable load resistance. Fig.3.25 represents the variation of
variance with load resistance. It is observed that the time period of the signal will be
less than the time during which the mean of the signal varies if the frequency of the
input signal is more than 1MHz (142.8 kHz for single ended input BJT differential
amplifier [13]). So there will be more than 10 cycles (70 cycles for single ended input
BJT differential amplifier [13]) of the signal with error in the results for the signals
which have frequencies more than 10MHz. The standard tool for the simulation with
random input is Monte Carlo simulation. We compare our results with Monte Carlo
simulation. Fig. 3.26 shows the comparison of deterministic, Monte Carlo and
stochastic solution. Fig 3.26 shows that result of Monte Carlo simulation is very close
to the stochastic solution and deterministic solution (The stochastic solution is very
close to deterministic solution in [14] and deterministic solution is very close to

stochastic and Monte Carlo solution in [20]).

67



0m T T T T T T T

0.002

0.008

0.007

0.006

0.005

mean

0.004

0.003

0.002

0.001

25 T T T T T T T

vanance

05 B

Fig.3.24. Variation of variance with time for CG amplifier
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3.6 STOCHASTIC DIFFERENTIAL EQUATION NOISE ANALYSIS OF
COMMON-GATE AMPLIFIER WITH CAPACITIVE LOAD

The common-gate amplifier is an important circuit in analog design. There are
varieties of applications of common- gate amplifier. The noises which can affect the
performance of an amplifier are of two type, intrinsic noise and extrinsic noise.
Intrinsic noise is generated within the amplifier and extrinsic noise may enter the
circuit from the external disturbance. The effect of external noise is analysed on the
common- gate amplifier with capacitive load. The effect of noise is analysed at high

frequencies.

The noise is assumed to be white Gaussian noise. Although it is an ideal condition,
when noise is assumed as white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is
Gaussian. It can be difficult to separate each term that produces randomness in the
circuit, so the noise sources may be assumed to be white having flat power spectrum

density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. A time domain method using SDE is used to analyse the
effect of noise on the common- gate amplifier with capacitive load. The
autocorrelation function of the output noise and other statistics like mean and variance
are obtained using stochastic differential equations. An approach is used in which
analytical solution of the SDE is obtained. The time varying nature of the circuit will

be taken into account by analytical solution.
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Fig.3.28. High-Frequency Equivalent Circuit of CG amplifier (capacitive load)

3.6.1 Noise Analysis using SDE

We consider common-gate amplifier with capacitive load which is shown Fig.3.27.

Its high-frequency equivalent circuit is given in Fig.3.28. Now we will analyse this
circuit using SDEs. If we assume that the value of R is very small, then v, = v;.

From the circuit, we get

dvg dv Vo—V;
Cod—— +C——+—=— 14
gd dt + L gt + To Im gs
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Eq. (3.66) can be simplified further and written as

dvo(t)
dt

+ kv (t) = gv; (3.67)

where k =

— () and g = (g +2)—

. Consider v;(t) = on(t) with
(cga +cL) 1o To” (cgd +cL) 10 ©

n(t) as white Gaussian noise and a2 as the power spectrum density of noise at input.
We put v;(t) = on(t) ineq. (3.67)

S22+ kg (1) = gon()
dvy(t) + kv (t)dt = gon(t)dt

Then we put n(t)dt = dW (t) in the above equation, where W (t) is considered as a

Wiener process
dvy(t) + kv (t)dt = gadW (t) (3.68)

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we take the
expectation of both side of eq. (3.68)

dE[vo(D)] + kE[ve(t)]dt = E[gadW ()] (3.69)

For the Wiener process, E[ocdW (t)] = 0, so from eq. (3.69) we obtain

O+ kE[wo()] = 0 (3.70)

The solution of eq. (3.70) is written as
E[vy(0)] = cre™*t (3.71)

This is the mean of output process. Where c; is considered to be a constant, the value

of which depends on the circuit’s initial conditions.

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the
autocorrelation of the output process. Eq. (3.67) is rewritten
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dvy(t)
dt

+ kv (t) = gv; (3.72)

Now, consider eq. (3.72) t = t; and we assume that the initial conditions for the
autocorrelation of v, (t) are zero at t; = 0. Both sides of eq. (3.72) is multiplied by
v, (t;) and then expectation is taken

dRVo Vo (tlitZ)

dat, + kRvO,vo (t1,t2) = ngi Vo (t1,t2) (3.73)

Again, consider eq. (3.72) at t = t, and we assume that the initial conditions for the
correlation of v;(t) and v, (t) are zero at t, = 0. Both sides of eq. (3.72) is multiplied

by v;(t;) and then expectation is taken

dRVi ) (tlvtz)
dt,

+ kRvi Vo (t, tp) = ngi ,vi(tli t2) (3.74)
We know that R,,, ,,.(t;,t;) = 0%8(t; — t,), the solution of eq. (3.74) is given as
Rvi Vo (t1,t2) = go-zek(tl_tZ) (3.75)

Now, we put the value of R, ,, (¢, t,) from (3.75) in eq. (3.73), we obtain

2,2
Rvo Vo (t1,t3) = % (e_k(tl_tz) - e_k(tIHZ)) (3.76)

When we substitute t; = t, = t in eq. (3.76) we will have the second moment of the

v, (t) that is variance of the output in this case

Elvy?(1)] = L2 (1 - e72K) (3.77)

3.6.2 Simulation Results

To do the simulation of the above result, we used the following values of the
parameters. C;, = 2pf, 1, = 44kQ, 0 = 0.25, ¢4q = 2.8pF, g, = 0.0016A/V.

Fig.3.29 represents the variation of mean of output with time. It has observed from
Fig.3.29 that the magnitude of mean of the output has peak value 0.01 volts (12.375
volts in the case of single ended input BJT differential amplifier [13]) and it reaches

to steady state value of zero after 2us (7us in case of single ended input BJT
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differential amplifier [13]). The mean will be zero for zero initial conditions. Fig.3.30
represents the variation of variance of output with time. Variance increases linearly
and reaches at constant value of 7.5x10° in 1ps. Fig.3.31 represents the Variation of
variance with C.. The variance decreases when C. increases. It is observed that the
time period of the signal will be less than the time during which the mean of the
signal varies if the frequency of the input signal is more than 500 kHz (142.8 kHz for
single ended input BJT differential amplifier [13]). So there will be more than 20
cycles (70 cycles for single ended input BJT differential amplifier [13]) of the signal

with error in the results for the signals which have frequencies more than 10MHz.
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Fig.3.29. Variation of mean with time for CG amplifier (capacitive load)
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3.7 Conclusion

Noise analysis of different FET amplifiers is done. Stochastic differential equation is
used to do the external noise analysis for different amplifiers. Time domain method is
used to obtain the solution of stochastic differential equations. Mean and variance of
the output process is determined which may be useful in design process. It has

observed that noise affects the considered circuits more at high input frequencies.
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CHAPTER 4

NOISE ANALYSIS OF MOS DIFFERENTIAL
AMPLIFIER USING SDE

4.1 INTRODUCTION

Noise analysis of MOS differential amplifiers is done in this chapter. The differential
amplifier is an important circuit in analog design. There are varieties of applications
of differential amplifier. The noises which can affect the performance of an amplifier
are of two type, intrinsic noise and extrinsic noise. Intrinsic noise is generated within
the amplifier and extrinsic noise may enter the circuit from the external disturbance.

The effect of external noise is analysed on MOS differential amplifier.

In this thesis, a time domain method based on solving stochastic differential equation
is used. To derive and compute non-Gaussian, non-stationary and nonlinear stochastic
characterization of both amplitude and phase noise in an oscillator, the stochastic
differential equation approach is adopted in [9]. The stochastic differential equation
approach was adopted in [11] from simulation point of view for noise analysis. This
method is based on linearization of stochastic differential equation about its simulated
deterministic trajectory. In [12] noise analysis of sampling mixer is done. Three
different sources of noise are analyzed. Conventional frequency domain method is
used to analyze the external RF noise and intrinsic noise. Time domain method using
stochastic differential equation is used to analyze the external local oscillator (LO)
noise. In [13] noise analysis of single-ended input differential amplifier is performed
using stochastic differential equation. Various statistics of output like mean and
variance is obtained using stochastic differential equation. In [14] modeling of RC
circuit is done to analyze the effect of external and internal noise. DC analysis of an
RC circuit is done using first order ordinary differential equation and its stochastic
analogues. In [15] noise analysis of simple single stage low-pass filter (SSLPF) with
the fractional-order capacitor is performed with the help of stochastic differential
equation. Various solution statistics of output like mean, variance is obtained using
stochastic and fractional calculus. The change in statistics with the capacitor order is
investigated. The closed form solutions of the step response of fractional filter are

obtained.
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The noise is assumed to be white Gaussian noise. Although it is an ideal condition,
when noise is assumed as white Gaussian, it can be justified due to the presence of
many random signal effects. As per central limit theorem, when there are additive
effects of many random signals, the probability distribution of such random signals is
Gaussian. It can be difficult to separate each term that produces randomness in the
circuit, so the noise sources may be assumed to be white having flat power spectrum

density.

Generally noise analysis is performed in frequency domain. When the circuit is linear
and time invariant, this method is effective. But when noise analysis is done for
extrinsic noise, the system can be either non-linear or time-variance because of
switching behaviour of the signal. So frequency domain method is not applicable for
extrinsic noise analysis. Time domain method using SDE is used to analyse the effect
of noise on the MOS differential amplifier. The autocorrelation function of the output
noise and other statistics like mean and variance is obtained using stochastic
differential equations. An approach is used in which analytical solution of the SDE is
obtained. The time varying nature of the circuit will be taken into account by
analytical solution.
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Fig. 4.1.MOS Differential Amplifier with one end grounded

78



-y —l—
1 —
o

Fig.4.2.High-frequency equivalent half-circuit of MOS differential amplifier
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Fig.4.3.Simplified high-frequency equivalent half-circuit of MOS differential
amplifier

4.2 NOISE ANALYSIS USING SDE

A differential amplifier is considered with one end grounded and the other end
provided with the input signal which is shown in Fig.4.1. Fig.4.2 represents its high-
frequency equivalent half-circuit. We assume that both MOS transistors are perfectly
matched. We can obtain simplified equivalent circuit as shown in Fig.4.3, using
Miller’s Theorem and using some approximation. Now, we will analyse this circuit
using SDE. From the simplified equivalent circuit, we obtain

vs(t)-vgs(t) c: dvgs(t)
R Loae

(4.1)

79



where ¢; = cgs + cga(1+ gmra' ), €o = €gq and 14" =14Rp /74 + Rp.

dv, (t) Vo(l) )
Co Tar +— T = —9mVys (t) (4-2)

Eqg. (4.1) can be simplified further and written as

dvgs(t)

s(t
+ k(1) = 212 (4.3)

CiRg

where k; = 1/¢;R, . Consider vs(t) = on(t) with n(t) as white Gaussian noise and

a2 as the power spectrum density of noise at input. We put v (t) = on(t) in eq. (4.3)

dv (t) 7(t)
gs + kl gs(t) = ULR
n(t)dt
dvys(t) + kyvys(t)dt = "C—R

Then we put n(t)dt = dW (t) in the above equation, where W (t) is considered as a

Wiener process

adW (t)

dvgs () + kqvgs(t)dt = (4.4)

CiRg

(A) Mean Analysis: Mean is the first order statistic of any signal or process. It gives
the average value of the signal. To obtain the mean of the output voltage, we first find

the mean of v ,(t) . We take the expectation of both side of eq. (4.4)

dw (t)
dE[vys(D)] + Ky E[vgs (D)]dt = %“] (4.5)
For the Wiener process, E[ocdW (t)] = 0, so from eq. (4.5) we obtain
M + Iy E[n,5(8)] = 0 (4.6)
The solution of eq. (4.6) is written as
Elvys(0)] = cie7kat (4.7)

which is the mean of v,,(t), where ¢, is considered to be a constant, the value of

which depends on the circuit’s initial conditions. Now, eq.(4.2) is considered to obtain

the mean of the output process. Simplify and take expectation of eq. (4.2), we obtain
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dE[v,(t)] + E[UO(t,)] — —9mE[vgs(t)] (48)
dt CoTd Co
The solution of this is given by
E[v,(D)]e*?t = —2—(etakt) ¢ ¢, (4.9)

ka—ky

where k, = 1/c,ry" and ¢, = —gmc1/c,. c3 IS constant of integration which depends
on circuit’s initial conditions. Mean of output voltage will be zero if initial conditions

are zero.

(B) Variance Analysis: Variance is the second order statistic of any signal or process.
To obtain the variance of the output, we will determine the autocorrelation function
for the output process. Initial conditions are considered to be zero for obtaining the

autocorrelation of the output process. Egs. (4.2) and (4.3) are rewritten

Wo® 4 1y (£) = — ImPas®) (4.10)
dt Co
dvgs(t) s(t)
—E + kg (2) = ’;—R (4.11)

Eq. (4.10) is considered at time t = t, and we assume that the initial conditions for
the autocorrelation of v, (t) are zero at t, = 0. Both sides of eq. (4.10) is multiplied

by v, (t,) and then expectation is taken

ARy, v, (t1,t2) —9Im Rvgvgs(t1,t2)

dt,

+ kaRyy v, (t1,t2) = (4.12)

Co

Again, eq. (4.10) is considered at time ¢t = t; and we assume that the initial conditions
for the correlation of v, (t) and v,,(t) are zero at t; = 0. Both sides of eq. (4.10) is
multiplied by v, (t,) and then expectation is taken

dRVoJ’gs (t1,t2)
dty

—9m Rvgs,vgs (t1,t2)

+ kZRvo,vgs(tlf ty) = (4.13)

Co

Eq. (4.11) is considered at time ¢t = t; and we assume that the initial conditions for
the autocorrelation of v,,(t) are zero at t; = 0. Both sides of eq. (4.11) is multiplied
by v, (t,) and then expectation is taken

dRVgs,Vgs (tl;tz)
dt,

R
+ klegs,vgs (t1,t2) = (4.14)

CiRs
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Again, eq. (4.11) is considered at time t =t, and we assume that the initial
conditions for the correlation of v(t) and v,,(t) are zero at t, = 0. Both sides of eq.
(4.11) is multiplied by v, (t;) and then expectation is taken

ARygpgs(t1,t2)

” + klRUSngs (t1: tz) = Rogvs(ttz) (4_15)
2

CiRs

Now, we want to have solutions of differential egs. (4.12), (4.13), (4.14) and (4.15) to
find out the value of R,_,, (t1,t;). We know that R,,_, (t1,t;) = 026(t; —t;), the

solution of eq. (4.15) is given as

2
(tq,t,) = L oki(ti—t2) (4.16)

Vs:Vgs CiRs

R
Now, we put the value of R,,_ vvgs(tl’ t,) fromeq. (4.16) in eq. (4.14), we obtain
2
Rygongs (t1t2) = s (e7a (6712 — e laltatta)) (4.17)

2k1 (Rsci)?

Now, we put the value of L ,vgs(tl, t,) fromeq. (4.17) in eq. (4.13), we obtain

f2=t t1 t2—ty tq
k (Z2) _ (ltegts) (-2l | ot
Rvo,vgs(tl; t)) == Ii - (e\cora/ — e corda’) — @ corqd’) + e cora”y
— . r1to
Tq

(4.18)

—gmo?
2kq (Rsci)?

(4.12), we obtain

where k5 = . Now, we put the value of R, ,,,gs(tl, t,) fromeq. (4.18) in eq.

Rvo,vo (tl' tz) =

t2-t1 t1 “t1-ta
—2kqto+ 7 kity 7 7
k ta—ty —t1—-ty . (e cord —2e coTd t+e “oTd
- - — . \CoT
ﬂ#((ecord — e CoTd > old + -
——k4C 2 —_—
Tq  (1Co 2(k1+COTd,)
_ __t1 —t1—-t2
<e 2 erg e COTd,)
- ) (4.19)
—ky

Con'
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When we substitute t; =t, =t in eq. (4.19), we get the second order moment of

v, (t), that is variance of the output in this case.

E[v; ()] =
1 -2t 1 -2t
ot (e—zklt_Ze(kl_cord’)t_I_ecord’) (e(_kl_cord’)t_ecord’>
oms (1 - efora ) 2L ¢ 1 - : )
T_d,_klco 2(k1+_c0rd') cord'_kl
(4.20)

4.3 SIMULATION RESULTS

To do the simulation of the above result, we used the following values of the
parameters. Rp, = 10kQ , Ry =5kQ , ry = 44kQ , g, = 0.0016 , 0 =0.25 ,
Cgs = 3PF, cgq = 2.8pF.

0.14

012 =

01 1

magnitude of mean
]
o
@
1

o

=

(27}
I

0.04F o

002 .

Fig.4.4. Variation of mean with time for MOS differential amplifier
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Fig.4.5 Variation of variance with time for MOS differential amplifier

Fig.4.4 represents variation of mean of the output with time for non-zero initial
conditions (v,(0) = 0.01V and v,,(0) = 0.01V). It can be observed from Fig.4.4
that the mean increases to peak value of 0.13 volts (12.375 volts in the case of single
ended input BJT differential amplifier [13] ) then it decreases to zero exponentially. It
can also be observed that the mean becomes zero after around 1.5us (7us in the case
of single ended input BJT differential amplifier [13]). Fig.4.5 represents the variation
of variance with time which shows that it reaches the steady state value around
3.9x10° in lps. The variance is having maximum value around 5.1x10°. The
maximum value of variance of the output is 1.8x10™ in case of single ended input
BJT differential amplifier [13].
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Fig.4.7. Effect of device parameter c,, for MOS differential amplifier
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From the analysis we can observe that if the frequency of the signal is more than
666.6 kHz (142.8 kHz for single ended input BJT differential amplifier [13]) then the
time period of the signal will be less than the time during which the mean varies. So
there will be more than 15 cycles (70 cycles for single ended input BJT differential
amplifier [13]) of erroneous results for the signals which have frequencies more than
10MHz (as in the case of HDD application [30]).

It can also be observed that the variance may also be controlled by the MOS

parameters. Fig.4.6 represents the variation of variance with cg. It shows that when
the value of ¢4 is increased the value of variance decreases. Fig.4.7 represents the
variation of variance with  c4q4. It shows that when the value of ¢, is decreased the

variance decreases. We also analysed the circuit for variable load resistance. Fig.4.8
represents the variation of mean with load resistance. Fig.4.9 represents the variation

of variance with load resistance.

09t .

08k A

o [=] o
o (1] ~
T T T
1 1 1

magnitude of mean

o

o
T

e
1

(=]

W

\‘
L

0.2f / )

01F

0 L . -
1000 2000 3000 4000 5000 6000 7000 8000 Q000

Fig.4.8. Variation of mean with load resistance for MOS differential amplifier
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4.4 CONCLUSION

Noise analysis of MOS differential amplifier is done. Stochastic differential equation
is used to do the external noise analysis for MOS differential amplifier. Time domain
method is used to obtain the solution of stochastic differential equations. Mean and
variance of the output process is determined which may be useful in design process. It
has observed that noise affects the considered circuit more at high input frequencies.
This circuit is also analysed for variable load resistance. Then the effects of device
parameters on the noise performance of MOS differential amplifier are observed.
Then comparison of the noise performance of BJT and MOS differential amplifier is
done.
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CHAPTER 5

CONCLUSION AND FUTURE DIRECTIONS

5.1 CONCLUSION

In this thesis, noise analysis of different BJT and FET amplifier circuits is performed
using SDE. We also did the noise analysis of MOS differential amplifier. Time
domain method is used to obtain the solution of stochastic differential equations.
Mean and variance of the output process is determined which may be useful in design

process.

In chapter 2, noise analysis of common base amplifier, common collector amplifier
and common emitter amplifier BJT amplifiers is performed. These circuits are also
analysed for variable load resistance. Mean and variance are determined for the
circuits and observed that the noise affects the considered circuits more at high input
frequencies. The results are also compared with the Monte Carlo simulation results.
The results are very close to Monte Carlo simulation results. In chapter 3, noise
analysis of common source amplifier, common drain amplifier and common gate
amplifier FET amplifiers is performed. The analysis is also done for variable load
resistance above mentioned amplifiers. Common source and common gate amplifier
are analysed for capacitive load too. The results are also compared with the Monte
Carlo simulation results. The results are very close to Monte Carlo simulation results.
From the analysis it is concluded that the performance of the circuit degraded at high
input frequencies. Analysis may be useful to have intermediate frequency amplifier,
radio frequency amplifier and mixer in receiver circuits with better noise

characteristics.

In chapter 4, the noise analysis of the MOS differential amplifier is performed. This
analysis leads us to the conclusion that the noise affects the circuit more at high input
frequencies. The analysis is also performed for variable load resistance for this circuit.
Then we observed the effects of device parameters on the noise performance of the
MOS differential amplifier. Noise performance of BJT and MOS differential

amplifier is compared from which it is observed that as far as cycles of erroneous
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result is concern MOS differential amplifier has better performance than BJT

differential amplifier.

5.2 FUTURE DIRECTIONS

The knowledge is ever expanding and so are the problems which the mankind strives
to solve. In this spirit, it is hoped that the current activity will lead to further

enhancements. The following are a few suggestions for further work in this area.

e In this thesis, we have focused our attention on stochastic differential
equations driven by Brownian motion. More general kinds of noise can also
be considered, for example, Poisson shot noise and more generally, a white
non-Gaussian noise.

¢ Internal noise analysis can also be done by considering the randomness in the
different components of the circuits. This can be done by adding the random
term in the components of the circuits.

e Increasingly, for many application areas, it is becoming important to include
elements of nonlinearity in order to model accurately the underlying

dynamics of a system.
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